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1 Supplementary Data

The following supplementary data files are available on Zenodo at https://doi.org/10.5281/zenodo.17158910.

Data S1. Excel file containing the dataset of candidate mid- and late Ediacaran glaciogenic deposits.

Data S2. Excel file detailing the latitudinal extent of glaciation by 1 Myr steps from the Cryogenian (720 Ma) to Quaternary
(0 Ma).

Data S3. Mid-Ediacaran icehouse Fast Ocean Atmosphere Model (FOAM) global circulation model climate simulation
netCDF files.

Data S4. Mid-Ediacaran icehouse LMDZ atmospheric circulation model simulation netCDF files used to force the GRISLI
ice sheet model.

Data S5. Mid-Ediacaran icehouse glacial onset GRISLI ice sheet model simulation netCDF files.

Data S6. CSV file of palaco-rotated candidate MEIH deposits produced from these analyses.

Supplementary code files are available on GitHub at: https://github.com/twwh01/MEIH.
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2 Phanerozoic- and Cryogenian-style icehouse climate states

85 Table S1. Comparison of Phanerozoic and Cryogenian icehouse climate states.
Criteria Phanerozoic Cryogenian
Sedimentology Similar to modern glacial deposits. Similar to modern glacial deposits with addition of post-
glacial ‘cap carbonates’ (Hoffman et al., 2017).
Geographical Low altitude ice sheets restricted to mid- to high latitudes  Depending on the model followed, low altitude ice sheets
extent of ice (i.e. glaciogenic deposits found polewards of ~30 ° are either:
sheets latitudes) (Evans, 2003; Macdonald et al., 2019; Merdith @) globally distributed, in a full ‘snowball’
etal., 2025). state (Evans, 2003; Hoffman et al., 1998,
2017; Kirschvink, 1992) or a less intense
‘slushball’ state (e.g. Allen and Etienne,
2008; Micheels and Montenari, 2008), or
(ii) concentrated at low latitudes resulting
from strongly seasonal continental
glaciation of paleomagnetically-equatorial
continents with Earth in a high obliquity
orbit (e.g. Evans, 2003; Williams et al.,
2016).
Duration Several to tens of millions of years (see Table 1 and Fig. Several millions to tens of millions of years (see Table 1
5) (Etienne et al., 2007; Evans, 2003; Macdonald et al., and Fig. 5) (Hoffman et al., 1998, 2017; Prave et al.,
2019; van der Meer et al., 2022; Merdith et al., 2025; 2016; Rooney et al., 2015; Tasistro-Hart et al., 2025).
Montaiiez and Poulsen, 2013; Raymond and Metz, 2004;
Wicander et al., 2011).
Internal Ice sheets fluctuate on orbitally-driven time scales Geological data are inconclusive. Some studies support
dynamics producing significant sea level change of up to ~130 m Phanerozoic-like orbital forcing of Cryogenian ice

Inferred climate
conditions

Our preferred
definition

within 15 kyr (Clark et al., 2009), ~200 m within 100 kyr,
and up to ~300 m over 1 Myr (van der Meer et al., 2022),
with associated sedimentary facies change (Ghienne et
al., 2014).

By comparison to greenhouse intervals, lower global
mean surface temperatures, and stronger vertical and
latitudinal temperature gradients (Fenton et al., 2023;
Judd et al., 2024; Scotese et al., 2021; Woodhouse et al.,
2023).

Low altitude ice sheets in polar and mid-latitudes (i.e.
non-tropical), exhibiting cyclic (orbitally-driven)
fluctuations; ice sheets persisting for several millions to
tens of millions of years.

advance and retreat (Etienne et al., 2007; Leather et al.,
2002; Spencer, 1985), including marked climatic
variation (Ye et al., 2024) and intervals with open marine
conditions (Prave et al., 2016). Other studies have shown
very limited Marinoan ice sheet grounding line
oscillation over the whole four million year interval (e.g.
Tasistro-Hart et al., 2025), with stable ice sheets
eventually melting rapidly due to very high CO> build-up
(Evans, 2003; Hoffman et al., 1998, 2017). This
uncertainty may be partly due to different study locations
with respect to the ice sheet (i.e. near the centre or on the
fringes).

Characterised by extreme (‘freeze-fry’) climate
oscillations governed by hysteresis (tipping-point)
effects; nearly uniform very cold (freezing) global

temperatures with a geologically rapid onset and
termination globally when atmospheric CO2 levels build
to a catastrophic tipping-point (Evans, 2003; Hoffman et
al., 1998, 2017).

Rapid onset of freezing at all latitudes, with or without
cyclic ice sheet fluctuation, ice sheets persisting for
several millions to tens of millions of years.
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3 Assessing glaciogenic deposits

Sedimentary deposits can indicate either that freezing conditions were present in the proximal vicinity (e.g. a tillite), or that
(low altitude) freezing conditions were present somewhere on Earth (e.g. a dropstone). Ice-related sediments can be grouped
into two depositional categories: glacial ice, and non-glacial ice. Although such sedimentary deposits represent different
formation conditions, they both indicate freezing temperatures. Furthermore, putatively glaciogenic sediments take many
forms and are often open to multiple non-glaciogenic interpretations.

In this section, we briefly describe and evaluate different types of ice-related deposits, and outline how we can semi-
quantitatively integrate them into data-model comparison studies. We begin by outlining how we can assess the likelihood of
an icy origin for sedimentary deposits, i.e. how likely it is that the available evidence indicates an ice-related depositional

mechanism rather than any other depositional mechanism.

3.1 Distal indicators of ice: how far can icebergs get?

Properly identified ice-rafted debris (IRD) or iceberg scours can be regarded as distal evidence for low altitude glaciation, in
the absence of any indicators of proximal glaciation (e.g. low frequency occurrences of dropstones or till pellets not otherwise
associated with striated pavements or tillites). Hill and Condron (2014) used scour marks off the coast of Florida, USA, to
show that large “icebergs up to 300 m thick drifted to southern Florida (24.5° N)” after calving in the Arctic during the Last
Glacial Maximum (LGM). Headland et al. (2023) found that Antarctic-origin icebergs have been recorded as far north as
26.83° S, in the middle of the South Atlantic Ocean (approximately 26° W) by the barque Dochra on 30 April 1894 (Munn,
1911). During the LGM and in the recent past, icebergs have been able to drift from northern and southern polar latitudes to
near-tropical latitudes in both continental shelf and ocean settings.

A 1980 Institute of Oceanographic Sciences (I0OS) project evaluating sediment dredge hauls of the northeast Atlantic Ocean
found that glacially-derived material dominates hauls from ridges and seamounts from polar latitudes to approximately 40 °N,
and that glacial erratics have been found as far south as 30°N (Davies and Laughton, 1972; Kidd and Huggett, 1981) — similar
to the independently documented near-tropical latitudes of iceberg occurrences. Kidd and Huggett (1981) also note that neither
seabed photographs nor dredge hauls showed evidence of clasts larger than 14 cm in diameter, and that 6 cm was a more
typical maximum diameter, even though the dredge can recover clasts with a volume of 1 m3. Those authors consequently
inferred that glacially-derived boulders are rare in settings distal of present day ice sheets (Kidd and Huggett, 1981).
Sedimentological evidence for low-altitude glacial ice throughout Phanerozoic icehouse intervals spans polar to mid-latitudes
(approximately 90 to 40 °; Evans, 2003; Macdonald et al., 2019), possibly reaching near-tropical latitudes during the peak of
the Late Palaeozoic Ice Age (see Fig. 5; Merdith et al., 2025). This pattern is consistent with the ocean floor studies of the late
Cenozoic north Atlantic Ocean (Davies and Laughton, 1972; Kidd and Huggett, 1981) and suggests that evidence of large,
outsized clasts in marine settings interpreted as glaciogenic in origin may therefore be good evidence for the maximum

palaeolatitudinal extent of ice sheets and low-altitude glaciers in deep time.
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Icebergs have not been documented as crossing the Equator. Ice-rafted debris may therefore be a useful indicator that there
was grounded ice at sea level somewhere in the same hemisphere, except during very cold (‘snowball Earth”) conditions.
However, the location at which the IRD is found need not itself be particularly cold. Abundant and locally widespread IRD
may be used to indicate proximity to an iceberg source, but the presence of lone or sparse IRD only indicates that low altitude

ice was present on Earth, likely in the same hemisphere, at the time of deposition.

3.2 Weighting confidence of glaciogenicity

Here, we build on the method of assessing likely glaciogenicity of geological deposits developed by Tindal (2023) and updated
by Wong Hearing et al. (2026). The five-star rating system can be used to assess the likelihood that any particular sedimentary
deposit had a glacial origin (see Table 1 and Data S1). Importantly, this scheme takes account of the diversity of possible
sedimentological and depositional setting evidence for glaciogenicity, much of which evidence can also result from non-glacial
origins.

Five qualitatively-defined categories of confidence are used, with individual lines of evidence being given a rating of zero to
five stars (Tindal, 2023). Each deposit may have multiple different lines of evidence, all of which contribute to an overall
rating for the whole deposit. In this way, a deposit may be confidently considered glaciogenic if it has either one “unequivocal”
line of evidence or several weaker (“strong”, “circumstantial”, “weak”, “equivocal”) lines of evidence (Tindal, 2023). We have
added a “zero star” or “insufficient” category (see Table 1; Wong Hearing et al., 2026), which Tindal (2023) implicitly included
but did not define.

Tindal's (2023) approach to semi-quantitatively combining lines of evidence was to use a geometric progression with an
interval ratio of }2, making two lines of evidence from one level equivalent to one line of evidence from the next level. For
example, two three-star (“circumstantial”) lines of evidence in one deposit would be equivalent to one four-star (“strong”) line
of evidence. It is therefore theoretically possible to have a ‘greater than five-star’ deposit, though in practice this is not a

concern for potential Ediacaran glaciogenic deposits.

3.3 Diamictites and dropstones

Diamictites are “any non-sorted or poorly sorted terrigenous sediment that consists of sand and/or larger particles in a muddy
matrix” that has been lithified (Flint et al., 1960a, b). Since this definition was developed, the term “diamictite” has been
considered non-genetic (Eyles et al., 1983; Flint et al., 1960a, b) as it is recognized that poorly sorted sediment in a muddy
matrix can have many different depositional origins. Consequently, though this is often overlooked, not all diamictites are
tillites or even glaciogenic deposits. As noted by Tindal (2023), “a mudrock with a single boulder; a sandy mudstone; and a
clast supported conglomerate with a muddy matrix can all be considered to be diamictites.”

For ancient diamictites to be confidently considered to represent tillites, they should be supported by several lines of evidence,

not all of which will be available in the published literature, or even possible to determine from the geological record.
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3.3.1 Clast-rich diamictites (candidate tillites)

A rock comprising a muddy matrix with floating outsized clasts of at least sand size could be classed as a diamictite (Flint et
al., 1960a, b; Tindal, 2023). A variety of processes can result in the deposition of sediment with a diamict fabric, including
sediment rafting, floatation and gravitational processes, and proximal glacial action. The depositional mechanisms of
infrequent lonestones are addressed in the section below. The formation of clast-rich diamictites that could arguably be
proximal tillites are dealt with here.

Gravitational processes that incorporate outsized clasts into a deposit include turbidity currents and debris flows, which can
transport cobble- and boulder-sized clasts, and that result in a wide range of sedimentary structures. These include chaotic,
unstructured deposits as well as laminae in finer material that larger clasts may disrupt, “giving the appearance of a dropstone
bearing deposit” (Bennett et al., 1996). Outsized clasts can also be deposited after rolling or bouncing either down a slope, or
by escaping as outrunners from the sides or end of a mass flow — “outrunner blocks” up to 18 m high and 70 m long can travel
at least 25 km on a slope of <1° after separating from a submarine landslide, and may produce large scour marks (Nielsen and
Kuijpers, 2004). Gravitational processes can therefore cause deposition of very large, outsized clasts in fine grained sediment.
The depositional context is as important as the sedimentological characteristics of a deposit for assessing likely glaciogenicity
(Tindal, 2023). Sedimentological characteristics are assessed separately below as these apply equally to lonestone and clast-
rich diamictite deposits. Here, we consider that outsized clasts deposited as massive or stratified diamictites are good indicators
of proximal glacial activity if the depositional setting shows no indicators of downslope transport in the target deposit or
stratigraphically adjacent deposits; i.e. the sediments were deposited in a flat or distal setting (Table S2). Outsized clasts
deposited as massive or stratified diamictites in settings with evidence for downslope transport or associated with other, non-
diamictite, reworked deposits provide weak evidence for a glacial origin, i.e. whilst plausibly glaciogenic this is not the most

parsimonious mechanism for deposition.

Table S2. Clast-rich diamictites as an indicator of glaciogenicity. Clast-rich diamictites are distinct from isolated or infrequent lonestones
in a muddy matrix (for which see Table S3). Note that the substantial increase in land plants and nektonic vertebrates in the late Silurian and
Devonian increases the number of non-ice raft sources from the Devonian Period onwards. After Tindal (2023, table 2.2).

Rating Clast-rich diamictite
sk k Outsized clasts deposited as a massive or stratified diamictite in a flat or distal setting not on or near the base of a
slope.
%k N/A
* Outsized clasts deposited as a massive or stratified diamictite in a setting with other reworked deposits.

3.3.2 Clast-poor diamictites (candidate dropstones and ice-rafted debris)

Ice-rafted debris, typically in marine sediments, is routinely used for understanding Cenozoic cryosphere dynamics and should

be considered as a separate line of evidence to tillites: both lithologies may be considered diamictites (following Tindal, 2023).
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A rock comprising a muddy matrix with floating outsized clasts of at least sand size would be classed as a diamictite (Flint et
al., 1960a, b; Tindal, 2023). Bennett et al. (1996) define “a dropstone as a clast of anomalous size, and/or lithology, indicative
of vertical or oblique introduction into the host sediment”; ‘dropstone’ is therefore a genetic term, linking the presence of an
outsized clast with its method of emplacement (Tindal, 2023). Separating the emplacement mechanism from structures
observed in a rock, one may consider interpreting a lonestone disrupting (bending, penetrating, rucking, or rupturing) laminae
above and below it as a dropstone (Evans and Benn, 2004; Tindal, 2023). There are many ways of emplacing outsized clasts
in water-lain sediments, including rafting (biological, ice, pumice), floatation processes, gravitational processes, and projectile
processes (Bennett et al., 1996, fig. 2).

In an Ediacaran and Cambrian context, the only plausible biological agent of dropstone emplacement is via uprooted algal (or
arguably soft-bodied metazoan) holdfasts which in the present can reach the open ocean and transport clasts up to boulder size
(400 mm; Bennett et al., 1996; Huggett and Kidd, 1983); there would have been no plants, no corals, and no pelagic animals
with gastroliths (Bennett et al., 1996). Ice-rafting can carry sediment ranging from very fine to large boulder size over long
distances and may deposit either isolated lonestones or clusters of finer grained material as dump structures. Ice-rafting may
be caused by the flow of a grounded ice sheet into the sea (or a lake) and subsequent transport as an iceberg. Ice-rafting may
also derive from seasonally frozen settings (seas, rivers, lakes) which may result in considerable volumes of ice-transported
material (Bennett et al., 1996). Pumice rafting would usually result in only lithic fragments of pumice (or similar felsic volcanic
rock) being deposited. Other floatation processes typically only apply to finer sediments (long axis < 15 mm) that can be
supported by surface tension (Bennett et al., 1996; Moeller and Ingolefsson, 1994).

Gravitational processes can introduce outsized clasts into a deposit include turbidity currents and debris flows (see above).
Outsized clasts can also be deposited after rolling or bouncing down a slope or by escaping from the sides or end of mass flows
as outrunners. Gravitational processes can, therefore, cause deposition of very large, outsized clasts in fine grained sediment.
Projectile processes — volcanic eruptions and bolide impacts — may result in dropstone deposition, typically close to the source
for large clasts (Bennett et al., 1996). Volcanic sources will usually be readily identifiable from the clast composition, shape,
and surface characteristics, as well as the geological setting (Bennett et al., 1996). Bolide sources are a vanishingly rare
prospect at most intervals in the geological record, and clast lithology can be an indicator (Bennett et al., 1996).

Glaciogenic dropstones do not necessarily indicate proximal grounded ice; rather they indicate that once-grounded ice has
floated above the location at which the dropstone was deposited. Ice-rafted debris is likewise a useful indicator that there was
grounded ice at sea level. However, the location of the IRD deposit need not necessarily be particularly cold. Abundant and
locally widespread IRD may be used to indicate proximity to an iceberg source, but the presence of lone or sparse IRD only
indicates that low altitude ice was present on Earth (likely in the same hemisphere) at the time of deposition.

Clast shape and surface characteristics may aid in diagnosing the depositional mechanism of lonestones (Bennett et al., 1996).
Faceting — ‘iron-wedging’ — and striation would support a glaciogenic origin for a lonestone, but one must also consider the
possibility of reworking of older material (Bennett et al., 1996), so depositional setting is also important particularly if the

stone is deposited on or near the base of a slope (Tindal, 2023).
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Table S3. Clast-poor diamictites as an indicator of glaciogenicity. Clast-poor diamictites: fine-grained rocks with outsized clasts or
lonestones which may or may not disrupt laminae in the surrounding sediment, as distinct from clast-rich diamictites (for which see Table
S2). Note that the substantial increase in land plants and nektonic vertebrates in the late Silurian and Devonian increases the number of non-
ice raft sources from the Devonian Period onwards. After Tindal (2023, table 2.2)

Rating Clast-poor diamictite
sk k Outsized clasts that:
1) disrupt laminae above/below in a flat or distal setting not on or near the base of a slope; or
(i1) are deposited as a massive or stratified diamictite in a flat or distal setting not on or near the base of
a slope.
* * Outsized clasts that disrupt laminae above/below, from a setting where downslope transport is not reported, or

confirmed absent.

* Outsized clasts that may disrupt laminae above/below in or associated with reworked deposits.

3.3.3 Clast shape and clast surface

Clast shape is frequently reported in sedimentological studies and may be useful in diagnosing transportation mechanism and
distance. Following the Powers (1953) roundness scale of (1) very angular, (2) angular, (3) subangular, (4) subrounded, (5)
rounded, and (6) well-rounded, Hambrey and Harland (1981) suggest that glacial deposits typically comprise angular to well-
rounded clasts and must have both subangular and subrounded clasts. Following Tindal (2023), a conservative requirement for
possible glaciogenicity from clast roundness is to require at least four classes from Powers' (1953) scale, including subangular
and subrounded. More crudely, ice can transport elongate clasts further than a higher energy or turbulent flow (Evans and
Benn, 2004). A deposit with several elongate clasts may be more readily interpreted as having an ice-related depositional

process, or may have only had a short transport distance (Tindal, 2023).

Table S4. Clast shape as an indicator of glaciogenicity. After Tindal (2023, table 2.3).

Rating Clast shape
% Several elongate clasts.
* Clasts with at least four different grades of roundness, including subangular and subrounded, or a few elongate
clasts.

Clast surface — faceting and striation — can also be used to help diagnose the depositional mechanism of a rock with outsized
clasts. Clasts entrained either at the bottom or the margins of a glacier or ice sheet can be abraded by scraping against the
underlying bedrock or other clasts also entrained in the ice, typically producing one or multiple smoothed faces (facets), but
such smooth surfaces can be produced by non-glacial means as well (Knight, 2008; Varkonyi and Laity, 2012). Faceted clasts
can present as ‘flat-iron’/dreikanter stones, or ‘bullet-shaped’ clasts. Striations on clast surfaces can only form from a
directional contact with a harder object, which can occur during downslope reworking (Van Hoesen and Orndorff, 2003), fault
plane movement (Eyles and Boyce, 1998), and glacial action, all of which can produce diamictites with striated clasts. Glacial

action and turbulent currents may cause scratching that develops grooves without a preferred orientation (Van Hoesen and
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Orndorff, 2004), and aligned striaec can be caused by both glacial ice and fault-actions. In practice, it may be difficult to
differentiate poly-directional scratches and aligned striae in published literature unless the specimens are well figured (Tindal,
2023). Producing and preserving clasts with both striated and faceted surfaces is challenging without a glacial mechanism,

particularly if there are multiple striated or faceted surfaces.

Table S5. Clast surface texture as an indicator of glaciogenicity. After Tindal (2023, table 2.4).

Rating Clast surface
2.8, 8.9 Clasts with striated and facetted surfaces.
* % N/A
* Clasts with either facetted surfaces or striae.

Clast lithologies. The lithologies of outsized clasts in a diamictite can be informative about the processes that collected those
clasts together. Extra-basinal lithologies not found in local lithologies or basement rocks can be indicative of a glacial origin.
In practice, this is hard to test in deep time contexts since a complete sedimentary basin is rarely preserved, or at least rarely
exposed. Following Tindal (2023), a pragmatic approach can be taken for using clast lithology as an indicator of potential
glaciogenicity of a diamictite: the presence of siliciclastic, carbonate, metamorphic, and igneous clasts. This categorization of
clast lithologies can be combined with stricter criteria, such as a known extra-basinal or very long-distance source to produce

a framework for interpreting clast lithologies as a possible indicator of glaciogenicity (Table S6) (Tindal, 2023).

Table S6. Clast lithology as an indicator of glaciogenicity. After Tindal (2023, table 2.5).

Rating Clast lithology

Yk k Clasts include all of siliciclastic, carbonate, metamorphic, and igneous lithologies; or clasts of a lithology not
otherwise known from the basin; or non-abraded clasts (i.e. with little physical weathering) that must have
travelled at least 100 km.
* Clasts include three of siliciclastic, carbonate, metamorphic, and igneous lithologies.

* Clasts include two of siliciclastic, carbonate, metamorphic, and igneous lithologies; or diamictite described as
“heterogeneous” or “polymict” without further description.

3.3.4 Grain clusters (frozen aggregates; till pellets)

Frozen aggregates are clusters of sediment grains temporarily ‘cemented’ by interstitial ice which can break off from larger
icebergs in blocks with more that 7.5% lithic fragments and sink to the seafloor before the ice completely melts (Gilbert, 1990;
Huggett and Kidd, 1983; Ovenshine, 1970). Goldschmidt et al. (1992) found that frozen aggregates could maintain their form
over a 4 km fall through seawater and initial burial in the cold waters of the Arctic Ocean and peripheral seas. Icebergs from
which frozen aggregates calve may derive from glaciers that embedded sediment grains during their transit over land, from

lacustrine or fluvial ice that drifts out to sea, or from sea ice that formed in contact with a beach or shallow coastal seafloor.
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Frozen aggregates behave like dropstones — i.e. are ‘dropped’ from the iceberg and fall to the seafloor intact — until the
interstitial ice melts and they enter the geological record as a cluster of interlocking outsized sediment grains in a finer matrix.
Clusters of sediment grains may also form as lag deposits from currents, so a current-origin for clusters of sediment grains

must be excluded for confident interpretation of grain clusters as frozen aggregates.

Table S7. Grain clusters as an indicator of glaciogenicity.

Rating Grain clusters
% %k Kk Uncemented clusters of close-packed interlocking outsized grains, isolated in a fine-grained sediment without
evidence of current flow, disrupting laminae (if present), and occurring at multiple closely spaced stratigraphic
horizons.
Yk k Uncemented clusters of close-packed interlocking outsized grains, isolated in a fine-grained sediment without

evidence of current flow and disrupting laminae (if present).

¥ Uncemented clusters of outsized granules in a fine-grained matrix that may host other sediment grains without
specific evidence of current flow for their deposition though surrounding sediment may show signs of current flow
for deposition.
* Uncemented clusters of outsized clasts without evidence of erosive lower contacts.

* Lag deposits of outsized clasts in a fine-grained sediment where there is direct evidence of an erosive base, current
deposition, or several laterally extensive deposits confined to one or several specific horizons.

3.4 Geomorphology and erosion surfaces

Geomorphology is a crucial lens through which to understand relatively recent glacial activity, and can be used to understand
ancient glaciers as well (Hambrey and Harland, 1981; Tindal, 2023). Glacially striated rock surfaces are unequivocal evidence
for grounded ice at a given location, but as with diamictites there are non-glacial processes that can produce striated surfaces.
Such non-glacial processes include human activity, movement on fault planes (slickensides), and landslides (Gee et al., 2005;
Means, 1987; Tindal, 2023). Moreover, it can be difficult to date the age of striation of a striated surface. A recent review of a
“classic” Cryogenian striated pavement in North America found it more likely to be a “recent erosional phenomenon” (Vandyk
et al., 2021). Whilst it is possible to differentiate ancient glaciogenic from other striated surfaces, even “classic” examples
should be considered carefully on a case-by-case basis. Structural features that indicate a probable glacial origin of a striated
surface include crescentic gouges, chatter marks, and s-forms (Hambrey and Harland, 1981; Shaw et al., 2020; Tindal, 2023),
in the absence of evidence for non-glacial fluvial processes which can also produce similar erosive features (Shaw et al., 2020).
Valleys with a U-shaped cross section are typical of large-scale glacial erosion and can be recognised by mappable
unconformities and lateral variation in unit thickness, even in ancient deposits (Dietrich et al., 2021; Tedesco et al., 2016).
Recessive erosion of glacial valley fill deposits can also reveal ancient ice-stream morphologies in modern landscapes (Dietrich
etal., 2021; Le Heron, 2017). To be sure of a glacial origin for ancient geomorphological features there should be other direct

evidence of ice, such as extensive striation of surfaces within the feature (following Tindal, 2023).
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Roches moutoneés are glacial erosion features comprising asymmetrical hills with striated upstream faces and ice-fractured
downstream faces. In practice, it is difficult to identify such features in very ancient deposits. Moraine ridges are glacial
depositional features that form in sub- and pro-glacial settings (Evans and Benn, 2004). Although difficult, it is possible to
identify ancient moraine ridges from diamictite dimensions though, as Tindal (2023) notes, there are other processes that could

cause variations in diamictite thickness, including erosion or reworking.

Table S8. Star rating scheme for geomorphological or erosional feature evidence for ice. After Tindal (2023, table 2.6).

Rating Geomorphology and erosion surfaces
sk ko ke Extensive striated surfaces with crescentic gouges, chatter marks and s-forms.
2888 ¢ Extensive surfaces with striae and some, but not all, of crescentic gouges, chatter marks and s-forms.
sk k Extensive surfaces with striae and/or small surfaces with crescentic gouges, chatter marks, and s-forms.

U-shaped valleys or branching valley networks.

* k Large smooth surfaces and/or small surfaces with striae.

Palaeotopography resembling:

(1) roche moutoneé structures, or
(ii) (i1) moraine-like ridges.
* Small smooth surfaces.
* Uneven bedrock topography.

3.5 Glendonites (ikaite)

Ikaite is a metastable hydrous calcium carbonate (CaCO3-6H,0) mineral that precipitates a characteristically stellate morph in
cold marine settings in the water column or at the sediment-water interface (Buchardt et al., 1997; Pauly, 1963), just below the
sediment-water interface (Stein and Smith, 1986; Suess et al., 1982; Zhou et al., 2015), and in sea ice (Dieckmann et al., 2008),
as well as in non-marine lacustrine (Council and Bennett, 1993) and terrestrial settings (Field et al., 2017).

Experimental work has shown that low temperatures are not sufficient to favour ikaite precipitation over other more stable
carbonate forms like aragonite, calcite, and vaterite, though the difference in saturation between ikaite and other carbonates
decreases substantially as temperatures cool towards 0 °C (Bischoff et al., 1993). In modern oceans, ikaite typically precipitates
where bottom-water temperatures are below 4 °C, though it may rarely precipitate at up to 10 °C (Zhou et al., 2015), which is
close to the reported maximum precipitation temperature of 8 °C to 9 °C in a terrestrial setting (Field et al., 2017). However,
ikaite has been experimentally precipitated at temperatures up to 35 °C in high pH conditions (pH > 9.2; Tollefsen et al., 2020),
and in the field ikaite is commonly not found in seafloor sediments with suitable water temperatures for its precipitation (i.e.
<10 °C; Zhou et al., 2015). Ikaite is therefore not a simple palaco-thermometer.

Factors that favour ikaite precipitation are low temperature (<10 °C, typically <4 °), low pCO,, high pressure (e.g. deeper
water), high phosphate, and high alkalinity (particularly Mg) conditions (Bischoff et al., 1993; Zhou et al., 2015). Organic-

rich sediments are also associated with favouring ikaite precipitation (Stein and Smith, 1986; Suess et al., 1982), which may
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be due to their high phosphate concentrations (Bischoff et al., 1993; Zhou et al., 2015). There is also geochemical evidence
that microbial action (bacterial sulfate reduction) may be important in promoting ikaite formation (Qu et al., 2017). In the
absence of evidence for exceptionally high alkalinity, ikaite precipitation may be taken as indicative of cool (<10 °C and likely
<4 °C) phosphate-rich seafloor conditions.

Ikaites are typically preserved in the geological record as glendonites: pseudomorphs of ikaite by more stable minerals
including various carbonates or silica. Although most geological occurrences of glendonites are small, the original report of
ikaite described columns of typically 1 m but up to 10 m in diameter and 0.5 m to 20 m high from the seafloor of Ika Fjord,
Greenland, and reaching up to just 0.5 m below the low tide sea level (Pauly, 1963). At Ika Fjord, sea temperatures were 3 °C
at the seafloor and 7 °C 1 m above the seafloor (Pauly, 1963).

Whilst glendonites do not necessarily indicate anything about sea surface conditions, or whether ice was present at sea level
at the time of formation, their presence can provide useful contextual evidence for a cold climate locally, especially when

combined with other lines of evidence.
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4 Candidate mid-Ediacaran glaciogenic deposits

Here we review the evidence for potential glaciogenicity and depositional age of all candidate glaciogenic deposits identified

as plausibly of MEIH-interval age (i.e. deposited between ~600 to 579 Ma; see Figure 1).

4.1 Amazon Craton
4.1.1 Serra Azul Formation (Parecis Basin, Brazil)

The Serra Azul Formation (Alvarenga et al., 2007) was deposited in the Juruena sub-basin of the Parecis Basin, northwest
Brazil, and lies between carbonates of the Araras Group and siliciclastics of the Alto Paraguay Group, which are interpreted
as recording the opening of the Clymene Ocean basin and its closure in the Brasiliano orogeny, respectively (Figueiredo et al.,

2011; Lamoso et al., 2023; McGee et al., 2015a).

Sedimentology. The Nobres Formation (uppermost Araras Group) is overlain by the Serra Azul Formation, and the contact,
though unobserved, is thought to be unconformable as carbonate clasts similar to the Araras Group are found in the lower
Serra Azul Formation (Alvarenga et al., 2007; McGee et al., 2013, 2015a). The Nobres Formation comprises shallow marine
dolomitic carbonates including dolostones, silicified carbonates, and a cross-bedded dolostone with peloids, and oolites, and
towards the top of the formation includes stromatolitic dolostones and evaporative sedimentary features, indicating further
shallowing (containing mud cracks and evaporites) (Figueiredo et al., 2011).

The Serra Azul Formation is typically up to 300 m thick, with the diamictite (sometimes known as ‘Unit A’) typically about
70 m thick (Alvarenga et al., 2007; Figueiredo et al., 2011), though it has been reported locally as ~180 m thick and up to 1
km thick (McGee et al., 2013). Above the diamictite, ‘Unit B’ comprises laminated mudstones and siltstones with granules of
quartz and chert, as well as claystones, with very fine and fine sandstones becoming more common up-section forming a
coarsening-upwards sequence (Alvarenga et al., 2007).

Unit A, the diamictite unit, comprises massive diamictite with a clay- to silt-grade matrix hosting millimetre- to centimetre-
scale clasts and rare larger clasts up to 30 cm diameter (Alvarenga et al., 2007). The clasts include carbonates, cherts,
sandstones, mudstones, quartzites and quartz grains, as well as mafic and (weathered) granitic igneous rocks, and gneiss
(Alvarenga et al., 2007; McGee et al., 2013, 2015b). Clasts of typically 0.5 cm to 10 cm range from rounded or well-rounded
to very angular (Alvarenga et al., 2007; McGee et al., 2013, 2015b). Clasts may also be polished, striated, and faceted, including
possible bullet-shaped clasts (Alvarenga et al., 2007; McGee et al., 2013, 2015b).

McGee et al. (2013, 2015b) interpret the Serra Azul diamictite as recording a transitional environment from a grounded icesheet
to a glaciomarine setting, with the depositional setting becoming deeper up-section due to glacioeustatic sea level rise in the
immediate aftermath of glaciation. McGee et al. (2013) also infer glacial erosion and incision from the highly variable thickness

of the Serra Azul Unit A and underlying Araras Group, which is locally absent, although carbonate clasts similar to rocks of
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the Araras Group appear in the Serra Azul diamictite even in sections missing the whole Araras Group. McGee et al. (2013)
rely on changing stratigraphic thicknesses and local mapping to evidence the palaeotopography onto which the Serra Azul

Formation was deposited; no erosive contact surface is described.

Age constraints. The depositional age of the Serra Azul Formation is poorly constrained. The Mirassol d’Oeste Formation
(lowermost Araras Group) carbonates have produced a Pb-Pb whole-rock isochron age of 627 + 32 Ma (Babinski et al., 2006;
cited as 633 + 25 Ma in Figueiredo et al., 2011), supporting an Ediacaran maximum age for the Serra Azul Formation. Detrital
zircon U-Pb dates from the Serra Azul diamictite indicate a depositional age after 650 Ma and probably after 646 Ma (McGee
et al., 2015a). Detrital muscovite Ar-Ar dates from the Serra Azul Formation have provided a maximum depositional age of
640 £ 15 Ma (McGee et al., 2015b). Detrital zircon U-Pb dates from the Spotuba Formation (middle to upper Alto Paraguay
Group) provide a maximum depositional age for this formation of 615 Ma, and detrital zircons from the Diamantino Formation
(uppermost Alto Paraguay Group) provide a maximum depositional age for this formation of 528 + 9 Ma from the youngest
grain, or 560 = 13 Ma from a weighted average of the second and third youngest grains (McGee et al., 2015a). Detrital
muscovite Ar-Ar dates clustering around 544 + 7 Ma support the younger, Cambrian, maximum depositional age for the
Diamantino Formation (McGee et al., 2015b).

Chemostratigraphic evidence supports a mid-Ediacaran age for the Serra Azul diamictite. Stable carbon isotope (8'3C) values
through the Araras Group (Mirassol d’Oeste, Guia, and Nobres formations) rise steeply from approximately —10 %o directly
above the Puga Formation to approximately —1 %o to 0 %o through the Guia Formation and most of the Nobres Formation
(Alvarenga et al., 2011). Carbon isotope values peak close to the top of the Nobres Formation with values up to approximately
+10 %o (Alvarenga et al., 2011). This is similar to the global early Ediacaran §'3C curve, which recovers quickly from a basal
Ediacaran negative excursion to a low positive plateau throughout the early Ediacaran, with a small negative excursion (to ~0
%o0) between 590 to 585 Ma and a return to more positive values between 586 to 580 Ma before a negative excursion at ~580
to 578 Ma (Yang et al., 2021). An alternative reading of the Araras Group 8'*C data is that it represents only early Ediacaran

values, i.e. the post-Cryogenian negative excursion recovery and rise into the positive plateau at ~620 Ma (Yang et al., 2021).

Summary. The upper Alto Paraguay Group is either latest Ediacaran or early Cambrian in age (<540 Ma, possibly <528 Ma;
McGee et al., 2015a, b). The Araras Group is likely early to mid-Ediacaran in age, though this relies on sparse and difficult to
interpret chemostratigraphy, as the available radiometric age constraints have large uncertainties. The Serra Azul Formation
is not likely to be much older than 600 Ma, based on this chemostratigraphy and the loose radiometric age constraints. The
Serra Azul Formation is also likely to be older than Cambrian age, based on the absence of paleontological data (particularly
trace fossils) in the Alto Paraguay Group and the few available radiometric age constraints. It is probable that the Serra Azul
Formation is older than or coeval with the Shuram excursion, which is not captured in the Araras Group §'3C data; one of the
early (~620 Ma) or mid-Ediacaran (~585 to 580 Ma) positive §'*C peaks may be captured. It is probable that the Serra Azul

diamictite is of approximately mid-Ediacaran age, though younger and older Ediacaran ages cannot be ruled out.
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Table S9. Rating of possible glacial influence on the Serra Azul diamictite.

Category Description Rating
Outsized clasts Outsized clasts deposited as a massive (but not stratified) diamictite in a flat or distal ok
setting not on or near the base of a slope.
Clast shape Clasts are well rounded to very angular. *
Clast surface Clasts with striated and faceted surfaces. % %k
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, metamorphic, igneous). 1.8, 8. ¢
Geomorphology Uneven bedrock topography. (No erosional surfaces have been observed but erosion

clearly occurred.)

Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. Sk kk

4.2 Arabian Shield
4.2.1 Antaq Polymictic Conglomerate (and other Jibalah Group conglomerates: Jifn, Mataar)

Here, we follow Tindal (2023) in considering the Antaq Polymictic Conglomerate as representative of other polymictic
conglomerates in the geographically restricted Jibalah Group, excluding the Dhaiqa Formation (see below). This approach

follows the correlations of Al-Husseini (2014).

Sedimentology. Kusky and Matsah (2003) described several conglomeratic facies of the Jifn Formation in the Jifn Basin,
including a “polymict basal conglomerate” (p. 336) that is distinct from other conglomerates higher in the succession which
comprise entirely and evidently local clasts. The polymict conglomerate apparently both unconformably overlies and, in some
places, is intercalated with Jibalah Group volcanic deposits (Kusky and Matsah, 2003), implying a short time gap and local
erosion at the base of the conglomerate. The Jifn Formation basal conglomerate is characterized as a massive conglomerate
with rounded to subrounded sand to boulder grade (up to 35 cm diameter) clasts of granite, rhyolite, andesite, and sedimentary
lithologies from the underlying Murdamah Sandstone Conglomerate (Kusky and Matsah, 2003); carbonate clasts are also
mentioned in logs (e.g. Vickers-Rich et al., 2012), but not in primary reports. The Jifn Formation polymict conglomerate occurs
around the flanks and base of the basin: the polymict conglomerate is thickest around the northeastern side of the basin, and is
thinner in the south, southwest, and west where it can be intercalated with mafic volcanic rocks (Kusky and Matsah, 2003).
The northeastern side of the Jifn Basin is defined by the main branch of the Halaban-Zaeghat fault which was active during
deposition of the Jibalah Group, controlling the shape and evolution of the Jifn Basin as a pull-apart basin (Kusky and Matsah,
2003). That the thickest deposits of the polymict conglomerate are found on the faulted sides of the Jifn Basin led Kusky and
Matsah (2003) to conclude that it is a high energy downslope deposit with pulses of deposition controlled by fault movement.
Since Kusky and Matsah (2003), Al-Husseini (2014) reported the description of the Antaq Polymictic Conglomerate (Rubtayn
Formation, Antaq Basin) from an unpublished honours thesis (Nettle, 2009; University of Adelaide) as being a blocky,
massive, deposit of predominantly sub-rounded quartz clasts in a quartzofeldspathic matrix, with occasional sedimentary
structures (cross bedding). In turn, Nettle et al. (2014) gave only brief mention of the Antaq Polymictic Conglomerate, whilst
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describing the overlying deposits in more detail as fine and medium sandstones and siltstones, with carbonate concretions and
metre-scale soft sediment deformation structures, including fluid escape structures, convolute bedding, and slump folds. The
middle Rubtayn Formation apparently comprises similar sandy and silty facies to the lower part of the formation, without the
conglomerates which do return in the upper part of the formation as a more than 200 m thick predominantly massive polymictic
conglomerate, which is interpreted as an alluvial deposit (Nettle et al., 2014). Soft sediment deformation structures are also
reported, though are less common, in the upper Rubtayn Formation (Nettle et al., 2014). The Antaq Basin is interpreted
similarly to the Jifn Basin as a dextral pull-apart basin which was actively faulting during deposition of the Rubtayn Formation

sediments (Al-Husseini, 2014).

Age constraints. In the Jifn Basin, the Jibalah Group is constrained by zircon U-Pb TIMS dates from the underlying rhyolite
of 624.9 + 4.2 Ma and from an intruding felsic dyke in the upper Jibalah Group of 576 £ 5.3 Ma (Kusky and Matsah, 2003).
In the Dhaiqa Basin, the upper Jibalah Group (Dhaiqa Formation) is constrained by a tuff zircon U-Pb LA-ICP-MS date of
569 + 3 Ma (Vickers-Rich et al., 2012).

In the Antaq Basin, the Jibalah Group is constrained by a series of dates from Nettle et al. (2014): the underlying basement
microgranite yielded a zircon U-Pb CA-TIMS date of 618.17 + 0.2 Ma, a tuff in the upper Rubtayn Formation (sample WP065)
yielded a zircon U-Pb LA-ICP-MS date of 596 + 17 Ma, and two tuffs in the middle Muraykah Formation yielded
stratigraphically incongruent LA-ICP-MS dates of 579 + 17 Ma (sample S02-04) and 604 + 18 Ma (sample S02-23) from their
youngest concordant ages.

In the Dhaiqa Formation, putative Ediacaran fossils, possibly resembling a frondose taxon and Aspidella discs, have been
reported from the middle Muraykhah Formation, offering support for a late Ediacaran (<579 Ma) age for the upper Jibalah
Group (Vickers-Rich et al., 2012).

Summary. The Antaq and other Jibalah Group polymictic conglomerates were likely deposited in the mid-Ediacaran, after
625 Ma and before ~579 Ma, based on radiometric and palacontological constraints (Kusky and Matsah, 2003; Nettle et al.,
2014; Vickers-Rich et al., 2012).

The Jibalah Group polymictic conglomerates are generally interpreted as fault-controlled gravity-driven deposits around the
margins of small pull-apart basins, with the respective overlying finer siliciclastic units reflecting a facies change as deposition
becomes more distal with respect to the basin margins (Al-Husseini, 2014; Kusky and Matsah, 2003; Nettle et al., 2014). Much
of the Jibalah Group is interpreted as being deposited in a non-marine setting: many of the coarser siliciclastics, including
tabular and trough cross-stratified sandstones, and some of the conglomerates, are interpreted as fluvial to delta plain facies
which transition upwards into finer grained siliciclastic units, some of which (at least in the Antaq Basin) were likely deposited

in a shallow marine, tidal, setting (Nettle et al., 2014).
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Table S10. Rating of possible glacial influence on the Antaq Polymictic Conglomerate and other Jibalah Group polymict conglomerates.

Category Description Rating
Outsized clasts Outsized clasts deposited as a massive diamictite in a setting with evidence for *
downslope reworking of deposits.
Clast shape Clasts are rounded to subrounded.
Clast lithology Clasts of two lithology classes (siliciclastic, igneous). Note that carbonates are described *

from the area but are not mentioned as being represented in the conglomerate clasts.

Summary Weak: some ice-free depositional environments could produce this evidence. * k

4.3 Avalonia
4.3.1 Gaskiers Formation (Conception Group)

The Gaskiers Formation crops out on the eastern side of St. Mary’s Bay, southern Avalon Peninsula. It conformably overlies
the Mall Bay Formation and is conformably overlain by the Drook Formation (Carto and Eyles, 2011; Eyles and Eyles, 1989).
The Mall Bay and Drook formations comprise fine-to-medium and fine-to-coarse sandy turbidites, respectively, with common

soft-sediment deformation and slumping (Carto and Eyles, 2011; Eyles and Eyles, 1989).

Sedimentology. The Gaskiers Formation is up to 300 m thick and comprises four main facies: massive diamictite, slumped
diamictite, stratified diamictite, and turbidites (Carto and Eyles, 2011; Eyles and Eyles, 1989; Tindal, 2023). The formation
“consists predominantly of massive and crudely-stratified diamictites” (Eyles and Eyles, 1989). Both massive and stratified
diamictite facies typically have sharp, locally erosive basal contacts (Eyles and Eyles, 1989). The stratified diamictite facies
comprises crudely stratified (10 cm to 40 cm layers) units that grade into the massive diamictite facies (Eyles and Eyles, 1989;
Tindal, 2023). The slumped polymict diamictite facies includes sediment rafts of sandstones, siltstones, mudstones, carbonates,
and diamictites that can be up to tens of metres in length (Eyles and Eyles, 1989). The sediment rafts may include striated
clasts (Eyles and Eyles, 1989). The Gaskiers Formation turbidites grade up from polymict granules, consistent with reworking
of a glacial source (Tindal, 2023).

The massive and stratified diamictite facies clasts include a wide range of different lithologies, are rounded to very angular,
typically 3 cm to 10 cm in diameter, but reach up to 80 cm (Eyles and Eyles, 1989; Myrow and Kaufman, 1999; Tindal, 2023).
Moreover, the diamictites include faceted (‘bullet-shaped’) and elongate clasts, clasts with multiple striated faces, and chatter-
marked garnets which all indicate a glaciated source for the diamictite material (Briickner and Anderson, 1971; Carto and
Eyles, 2011; Gravenor, 1980). Laminated siltstones and sandstones are interbedded with the diamictite units and have outsized
clasts which appear to have been vertically emplaced (Williams and King, 1979). Clast lithologies comprise siliciclastics
(mudstone, siltstone, quartzite, conglomerate), rarer carbonates, and various igneous rocks (basalt, granite, diorite,

granophyre), though no metamorphic lithologies have been reported (Carto and Eyles, 2011; Eyles and Eyles, 1989).
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The Gaskiers Formation is interpreted as having been deposited by submarine downslope reworking of glacially-derived
sediment, consistent with the inferred depositional setting of the conformable overlying and underlying formations and the
evidence for intraformational slumping in the Gaskiers Formation itself (Carto and Eyles, 2011; Eyles and Eyles, 1989; Tindal,

2023).

Age constraints. The Gaskiers Formation has been associated with a thin (15 cm to 50 cm thick) ‘cap carbonate’ unit with
8"3Cean values averaging about —5 %o but as low as —7.6 %o in the in situ carbonates (Myrow and Kaufman, 1999). Lower
8"3Ceary values (down to —7.8 %o) were recovered from limestone intraclasts in the upper beds of the diamictite (Myrow and
Kaufman, 1999). Tindal (2023) confirmed that the ‘cap carbonate’ is only found in the northern part of the Avalon Peninsula,
at the Kitchuses and Harbour Main sections, where the Gaskiers Formation is thinnest. The limestone clasts within the
diamictite (Myrow and Kaufman, 1999) comprise slumped rafts up to 40 cm thick in which the limestone may be interbedded
with siltstone or diamictite facies and only occur in the upper 1.5 m of the Gaskiers diamictite (Tindal, 2023). Tindal (2023)
associates the thinning of deposits to the north as an indicator of reduced sediment supply, rather than reduced accommodation
space, and uses this as a supporting argument for a sediment-starvation model (Kennedy and Christie-Blick, 2011) for
carbonate deposition directly above the Gaskiers diamictites. Reduced clastic supply in northern Newfoundland is also
supported by the prevalence of phosphate nodules in the 19 m of siltstones that overly the carbonate units at Kitchuses and at
least 6 cm at Harbour Main (Tindal, 2023).
The depositional age of the Gaskiers Formation is tightly constrained by two radiometric dates close below and one radiometric
date close above the diamicite in the St. Mary’s Bay area (Pu et al., 2016):

- 580.34 £ 0.52 Ma (tuff 7.75 m below diamictite; sample GCI-7.75, Mall Bay Formation, Great Colinet Island);

- 580.90 + 0.40 Ma (tuff 6.55 m below diamictite; sample GCI-6.55, Mall Bay Formation, Great Colinet Island);

- 579.63 +0.44 Ma from tuff 0.90 m above diamictite (sample NoP-0.9, Drook Formation, North Point Bay).
These radiometric constraints give a maximum depositional duration for the ~300 m thick diamictites of 1.67 Myrs, and
potentially less than 1 Myr (Pu et al., 2016). Glaciogenic sedimentary deposits have not been reported from the overlying
Drook Formation. A recent report has found candidate glaciogenic sedimentary deposits in the underlying Mall Bay Formation

on the Colinet Islands (see 4.3.2; Fitzgerald et al., 2024).

Summary. The Gaskiers Formation is interpreted as having been deposited by submarine downslope reworking of glacially-
derived sediment, consistent with the inferred depositional setting of the conformable overlying and underlying formations
(Carto and Eyles, 2011; Eyles and Eyles, 1989; Tindal, 2023). The geological setting - a slope setting within which gravity
flows are the predominant means of deposition for Gaskiers Formation sediments as well as for the overlying and underlying
formations -substantially down-weights glaciogenicity scores for outsized clasts (lonestones and diamictites). Nevertheless,
the Gaskiers Formation remains one of the most likely candidates for a mid-Ediacaran glaciogenic deposit and is considered

glaciogenic here.
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Radiometric constraints give a maximum depositional duration for the ~300 m thick diamictites of 1.67 Myrs and a minimum
duration of <1 Myrs (Pu et al., 2016). Glaciogenic sedimentary deposits have not been reported from the overlying Drook
Formation, but a recent report has found glaciogenic sedimentary deposits in the underlying Mall Bay Formation on the Colinet
Islands which extends mid-Ediacaran glacial conditions on the Avalon Peninsula to much more than 1 Myr in duration (see

4.3.2; Fitzgerald et al., 2024).

Table S11. Rating of possible glacial influence on the Gaskiers Formation.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in a setting with other *
reworked deposits.
Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits.
Clast shape Elongate clasts are present. * k
Clasts are well rounded to very angular. *
Clast surface Clasts with striated and faceted surfaces. ke k
Clast lithology Clasts of three lithology classes (siliciclastic, carbonate, igneous). * k
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. s %k %k k

4.3.2 Mall Bay Formation (Conception Group)

The Mall Bay Formation is the lowest formation of the Conception Group on the southern Avalon Peninsula, SE
Newfoundland, Canada. A recent study (Fitzgerald et al., 2024) has reported sedimentary evidence for cold (freezing) climate
conditions in the upper 550 m of the Mall Bay Formation (total thickness >1000 m), directly and conformably beneath the

glaciomarine Gaskiers Formation (see 4.3.1).

Sedimentology. Fitzgerald et al. (2024) reported glendonites, outsized clasts, frozen sand aggregates, and coarse sandstone
lags in the upper half of the Mall Bay Formation. In particular, they suggest that the types and intensity of glacial indicators
increase up through the Mall Bay Formation towards the Gaskiers Formation (Fitzgerald et al., 2024). Fitzgerald et al. (2024)
identified eight distinct facies in the Mall Bay Formation. These include distal turbidites (F1: Bouma sequence Tqgy),
volcaniclastics and tuffs (F2), massive mudstones (F3), syn-sedimentary folded (slumped) mudstone (F4), feldspar-rich
turbiditic sandstones (F5—F7), and diamictite (F8). F1 includes rare granule to pebble-grade acidic to intermediate intrusive
igneous outsized clasts that deform underlying laminae and are draped by overlying laminae, as well as common glendonites
(Fitzgerald et al., 2024). The background sediment of F1 includes outsized clasts that occur both isolated and in clusters at
discrete levels; these levels are overlain by thick units of massive mudstone (Fitzgerald et al., 2024). Convolute laminae are
also present in F1, suggesting intervals of rapid deposition (Fitzgerald et al., 2024). Isolated large unweathered basaltic clasts

occur in F1 and are interpreted as volcanic bombs (which have also been identified in the overlying Gaskiers Formation; see
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Eyles and Eyles, 1989). There are also clast aggregates present that are composed of interlocking grains of variable size and
roundness lacking obvious cement (Fitzgerald et al., 2024). The chaotic diamictite facies (F8) comprises a muddy to medium
sandy matrix supporting granule to cobble-sized well-rounded to angular clasts, primarily of bimodal volcanic and intrusive
igneous lithologies reflecting the underlying basement, some of which are faceted (bullet-shaped), break or deform underlying
laminae, and are draped by overlying laminae, including some near-vertically emplaced elongate clasts (Fitzgerald et al., 2024).
Age constraints. The Mall Bay Formation is the lowest unit in the Conception Group and rests unconformably on the upper
Harbour Main Group, which has been dated at 606.8 + 3.7 Ma (Krogh et al., 1988). The uppermost Mall Bay Formation has
been dated at 580.90 + 0.82 Ma (sample GCI-neg6.55, 6.55 m below the top of the formation) and 580.48 + 0.87 (sample GCI-
neg7.75, 7.75 m below the top of the formation), giving a minimum age constraint of 580.90 + 0.82 Ma for deposition of the
Mall Bay Formation (Pu et al., 2016). Given that the glaciogenic deposits are all in the upper 500 m of the Mall Bay Formation,
it may be assumed that the glacial interval is closer to 580 Ma than it is to 606 Ma. Matthews et al. (2021) obtained radiometric
dates throughout the Conception Group, including from the upper Drook Formation and lower Briscal Formation (samples
DRK-10 and DRK-1, respectively), which yielded radiometric ages of 574.17 + 0.66 Ma and 571.38 + 0.66 Ma. Taking 571.38
Ma as the minimum age of Drook Formation deposition (Matthews et al., 2021), and 579.88 Ma as the maximum age of Drook
Formation deposition (Pu et al., 2016), with a total thickness of 770 m (Fitzgerald et al., 2024) the average sedimentation rate
of the Drook Formation was 9 cm kyr'!. Assuming little change in depositional setting between the Mall Bay and Drook
formations and a similar sedimentation rate, the top 500 m of the Mall Bay Formation may have been deposited over ~5.5
Myr, but we note that sedimentation rate is known to vary substantially locally and regionally (Grace and Lowe, 2025;

Matthews et al., 2021) and so this estimate should be treated with caution.
Summary. The upper Mall Bay Formation was deposited immediately prior to the Gaskiers Formation diamictite (~580 Ma)
and above the Harbour Main Group (<606 Ma), with evidence for proximal glaciation in the upper half of the formation,

assumed to be at least ~5 million years in duration.

Table S12. Rating of possible glacial influence on the Mall Bay Formation.

Category Description Rating
Outsized clasts Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits and volcanically-emplaced outsized clasts.
Clast shape Some elongate clasts are reported. *
Clasts are well rounded to angular. *
Clast surface Clasts with faceted surfaces are reported. *
Clast lithology Clasts of two lithology classes (siliciclastic, igneous). *
Grain clusters Uncemented clusters of outsized granules without specific evidence of current flow for *
their deposition (surrounding sediment shows signs of current-related deposition).
Glendonites Glendonites present in the background mudstones. —
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. %k Kk
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4.3.3 Trinity diamictite (Rocky Harbour Group)

The Trinity diamictite, or Trinity facies, of the Rocky Harbour Group, crops out in the Trinity area on the Bonavista Peninsula,
northeast Newfoundland, Canada, where it ranges from ~15 m thick in the south to >100 m in the north (Normore, 2011). The
spatial distribution of candidate glaciogenic deposits on the Bonavista Peninsula have been poorly understood, even as the
evidence for glaciogenicity has been well developed across different outcrops. Recent work has now better illuminated the
spatial, stratigraphic, and temporal distributions of candidate glaciogenic deposits in the Bonavista Peninsula, allowing the
previous lumping under the heading of ‘Trinity diamictite’ (e.g. Tindal, 2023; Wong Hearing et al., 2026) to be better
elaborated upon here (following Gomez et al., 2025b, a, 2026; Mills et al., 2024).

Sedimentology. The Trinity facies comprises a green or purple poorly sorted internally laminated and sometimes massive
siltstone or sandstone matrix-supported diamictite with well-rounded pebbles and cobbles, and rarer angular boulders, some
of which are striated, faceted (flat-iron and bullet-shaped), and deflect or penetrate underlying laminae and are draped by
overlying laminae (Mills et al., 2024; Normore, 2011; Pu et al., 2016). The outsized clasts exhibit mostly mafic and felsic
igneous lithologies, commonly with feldspar phenocrysts, similar to those of the older Bull Arm Formation (Mills et al., 2024;
Pu et al., 2016), but other lithologies certainly occur in this unit with Tindal (2023) noting three lithology classes. As well as
outsized clasts, there are wispy lenses of coarse sandstone, which have been interpreted as ice-rafted debris (Pu et al., 2016).
South of New Bonaventure, the basal Trinity facies includes bi-directional cross-bedded sandstones with lenses of pebble-rich
sediment, which have been interpreted as an iceberg dump structure (Normore, 2011). The unit broadly thickens from south
(~15 m) to north (>100 m), and the matrix grain size decreases from south to north (Normore, 2011).

The Trinity facies is interpreted as a Gaskiers Formation-correlative glaciomarine or glaciolacustrine deposit formed by rapid
progradation northwards, in part informed by the apparent variety of lower and upper contacting units (Normore, 2011). The
lower contact of the Trinity facies is at least locally abrupt (Pu et al., 2016). The upper contact of the Trinity facies is typically
transitional into parallel laminated siltstones, with a decreasing outsized clast content (Normore, 2011).

The sedimentary deposits surrounding the Trinity facies are known as the Monk Bay, Cape Bonavista, Kings Cove Lighthouse,
Herring Cove, and Kings Cove North facies (Normore, 2011; Pu et al., 2016). These units include conglomerates, sandstones,
siltstones, mudstones, and tuffs, with the finer sediments sometimes laminated and many of the deposits showing evidence of
reworking in both shallow water and deeper water downslope settings (Normore, 2011). The strata immediately underlying
the Trinity facies are interpreted as recording multiple glacial advances and retreats over a shallow marine shelf resulting in

well-developed parasequences (Gomez et al., 2024, 2025b, a; Mills et al., 2024).

Age constraints. The Trinity diamictite is one of the best constrained candidate Ediacaran glaciogenic deposits (Tindal, 2023).

The unit is constrained by stratigraphically congruent zircon U-Pb CA-ID-TIMS dates from samples below (B1552; tuff bed,
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579.63 + 0.15 Ma), within (OBJP-03; detrital zircon, diamictite matrix; 579.35 £+ 0.33 Ma), and above (OBJP-01; tuff bed;
579.24 + 0.17 Ma) the diamictite (Pu et al., 2016).

Summary. The Trinity diamictite is well-constrained as a regional correlative of the Gaskiers Formation diamictite, deposited
at~579 Ma (Pu et al., 2016). There is good evidence for a glaciogenic origin for the Trinity diamictite, with a thick and intricate
diamictite containing glacially worked clasts, as well as evidence for multiple phases of ice expansion and contraction within

specific sections (Gémez et al., 2024, 2025a, b; Mills et al., 2024; Pu et al., 2016).

Table S13. Rating of possible glacial influence on the Trinity diamictite (Rocky Harbour Group).

Category Description Rating
Outsized clasts Outsized clasts that disrupt laminae deposited as a massive or stratified diamictite in a ke k
flat or distal setting not on or near the base of a slope.
Clast shape Clasts are well rounded to angular. *
Clast surface Clasts with striated and faceted surfaces (flat-iron and bullet-shaped). kK
Clast lithology Clasts of three lithology classes are reported. * k
Grain clusters Uncemented clusters of outsized granules without specific evidence of current flow for * Kk
their deposition (though surrounding sediment does show signs of current-related
deposition).
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. s %k %k k

4.3.4 Mercantile diamictite (Rocky Harbour Group)

The Mercantile diamictite is now known to be stratigraphically below the Trinity facies in the lower Rocky Harbour Group
and crops out across the northern Bonavista Peninsula, northeast Newfoundland, Canada, where it can be up to 50 m thick
(Gomez et al., 2026). Recently published mapping and radiometric dating work allow the Mercantile diamictite to be included

in this compilation as a distinct unit.

Sedimentology. The Mercantile diamictite is lithologically similar to the Trinity diamictite and is well documented by Gémez
et al. (2026). The stratigraphically adjacent Jones Pond Member and lower Plate Cove East Member are interpreted as
glaciofluvial facies associations (Gomez et al., 2026). The Mercantile diamictite comprises clast-rich and clast-poor diamictites
as well as minor stratified conglomerates, sandstones, and laminites bearing outsized clasts (Gémez et al., 2026). The basal
contact of the Mercantile diamictite is typically sharp and in places scoured up to 1.5 m with ripped up clasts and sand wedges
as well as internal faulting of the underlying and overlying deposits (Goémez et al., 2026). The Mercantile diamictite comprises
matrix-supported diamictites of varying clast density, with rounded to angular (including elongate) clasts commonly facetted
(flat-iron, bullet, rhombic, and triangular shapes) with microstructures including flutes and pits, and rarely striated (Gémez et

al., 2026). Outsized clasts have been identified which satisfy criteria for being interpreted as dropstones: clast size independent
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of bed thickness, long axes orientated vertically locally, strata below are curved and deformed, strata above draping and bulging
over the outsized clasts (Gomez et al., 2026). Clusters of clasts are also reported (Gomez et al., 2026). Diamictite clasts are
predominantly red felsic tuffs, with additional rhyolite, basaltic, andesitic, mudstone, sandstone, chert, and quartzite
components (Gomez et al., 2026). Glendonites are also present in strata close below and above the main diamictites deposits
(Gémez et al., 2026).

The Mercantile diamictite is interpreted as a glaciomarine or glaciolacustrine deposit formed before the nearby Trinity
diamictite and the Gaskiers Formation further south (Gomez et al., 2026). Parasequences are developed in strata between the
Trinity and Mercantile diamictites, indicating fluctuations in glacial conditions and likely glacial-interglacial cyclicity (Gomez

et al., 2026).

Age constraints. The Mercantile diamictite is stratigraphically constrained as being below the well-dated Trinity diamictite
(older than 579.63 + 0.15 Ma) (Pu et al., 2016). The Mercantile diamictite is also constrained to below a tuff in the Monk Bay
Member with a zircon U-Pb CA-ID-TIMS date of 584.6 = 3.6 Ma (Gémez et al., 2025a, b; Mills et al., 2024). Detrital zircons
within and stratigraphically adjacent to the Mercantile diamictite indicate a maximum depositional age of ~589 +2 Ma (Gémez
et al., 2025a). Zircon U-Pb CA-ID-TIMS dates from tuffs in the underlying Plate Cove Formation (which lacks evidence of
glacial influence) provide a further maximum depositional age constraint of 591.3 + 1.3 Ma (Gomez et al., 2025a; Mills et al.,

2017, 2024).

Summary. The Mercantile diamictite is well-constrained as a regional correlative of the Gaskiers and Mall Bay glaciogenic
deposits, with a likely depositional age between 589 to 584 Ma. There is good evidence for a glaciogenic origin for the
Mercantile diamictite, as well as the surrounding Monk Bay Member deposits and overlying Trinity diamictite. Taken together,

the lower Rocky Harbour Group deposits record multiple expansions and retreats of ice sheets from ~589 to ~579 Ma.

Table S14. Rating of possible glacial influence on the Mercantile diamictite (Rocky Harbour Group).

Category Description Rating
Outsized clasts Outsized clasts that disrupt laminae deposited as a massive or stratified diamictite in a % %k k
flat or distal setting not on or near the base of a slope.
Clast shape Clasts are well rounded to angular. *
Clast surface Clasts with striated and faceted surfaces (flat-iron and bullet-shaped). ok
Clast lithology Clasts of two lithology classes are reported. *
Grain clusters Uncemented clusters of outsized granules without specific evidence of current flow for *
their deposition (though surrounding sediment does show signs of current-related
deposition).
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. % %k %k k
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4.3.5 Gwna Group

Also known as the Llanddwyn Island Conglomerate. Outsized clasts have been reported from the possibly Ediacaran-age mafic
mudstones of the Llanddwyn Island Conglomerate, Llanddwyn Island Volcanic Member, Bodorgan Formation, Gwna Group,
Ynys Llanddwyn, southwest Anglesey, Wales, United Kingdom (Kawai et al., 2008). The Llanddwyn Island Conglomerate
outcrop is fault-bounded and small, perhaps as little as 20 m? and 1.5 m thick (Tindal, 2023). Because it is fault-bounded, the
precise stratigraphic placement of the Llanddwyn Island Conglomerate within the Llanddwyn Island Volcanic Member is

uncertain.

Sedimentology. The Bodorgan Formation consists of crudely bedded conglomerates with a muddy to sandy matrix hosting
quartzite, arkose, metamorphosed carbonate, and metamorphosed basic igneous clasts (Dartnall, 2019; Schofield et al., 2021;
Tindal, 2023). The Llanddwyn Island Volcanic Member comprises metabasite, after massive brecciated pillow basalts
(hyaloclastites), and includes minor components of limestone, mudstone, and sandstone (Dartnall, 2019; Schofield et al., 2021;
Tindal, 2023).

The muddy matrix informed Kawai et al.'s (2008) interpretation of a distal marine setting into which sandstone clasts had
somehow been introduced, with bent laminae in these mudrocks interpreted as evidence for vertical emplacement of the clasts.
Those authors concluded that iceberg dropstones were the most plausible interpretation for the vertically emplaced clasts.
Kawai et al. (2008) considered the Llanddwyn Island Conglomerate to be a clast-bearing variant of a ‘mafic mudstone’. Tindal
(2023) visited and redescribed two sections where this ‘mafic mudstone’ had been described. The first location is characterized
by thinly bedded red and pale green mudstones, whereas the second location is characterized by apparently conglomeratic
deposits (Tindal, 2023). At Location 2, Tindal (2023) found the ‘mafic mudstone’ of Kawai et al. (2008) which comprises a
matrix of black mudstone with coarse quartz grains and discontinuous lenses of red silicified mudstone, up to Secm by 10 cm,
and white sandstone, up to 15 cm by 50 cm or larger (their fig. 6f). The red silicified mudstone is similar to the mudstone from
Location 1, which is a possible source for these clasts. Tindal (2023) inferred a potential tectonic origin for this unit,
interpreting the flattened and elongated clasts as possible boudinaged sandstone and mudstone beds of variable original
thickness, supported by evidence of tectonically-fused grains and the local fault with which the clasts are aligned.

Also at Location 2 is the Llanddwyn Island Conglomerate which is a matrix-supported (70 % matrix) conglomerate of rounded
to well-rounded clasts of red or pale green sandstone and basalt, typically 1 to 5 cm diameter, occasionally up to 15 cm
diameter, orientated parallel to cleavage (Tindal, 2023). Note that Kawai et al. (2008) reported large chert pebbles but Tindal
(2023) was unable to find any. Wavy, discontinuous, and bifurcating white crystalline veins that pervade the matrix are bent
around clasts and concentrated between large clasts, with some veins cutting through clasts (Tindal, 2023). Tindal (2023)
inferred that these are the “bent laminae” of Kawai et al. (2008), with the bent veins wrapping equally above and below clasts
in a manner that is compatible with tectonic warping but incompatible with the warping and draping of laminae below and

above a dropstone.
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The Bodorgan Formation is interpreted as submarine volcanic and downslope mass flow deposits of which the conglomerates
are one component (Dartnall, 2019; Schofield et al., 2021). The Llanddwyn Island Conglomerate is interpreted as one of
several downslope-deposited conglomerates in the Bodorgan Formation, but one which incorporated contemporaneous pillow
basalts (Schofield et al., 2021; Tindal, 2023). However, Tindal (2023) makes the cautionary observation that metamorphism
and deformation has obliterated most original evidence of the depositional environment of the Llanddwyn Island

Conglomerate, so any genetic interpretation can only be tentative.

Age constraints. The Gwna Group is poorly constrained in age. The upper and lower boundaries are faulted contacts and until
recently there were no radiometric or other age constraints from the Gwna Group itself, and age interpretations relied on the
dates of regional metamorphic events (Kawai et al., 2008). The older age interpretations suggested a possible Gaskiers-
correlative depositional age (Kawai et al., 2008), but these are based mostly on older Rb-Sr whole-rock ages. Recent U-Pb
detrital zircon dating suggests that the Llanddwyn Island Volcanic Member has a maximum depositional age of 550 + 24 Ma
(Asanuma et al., 2017), and regional litho- and tectonostratigraphy has been used to infer a late Cambrian depositional age

(Schofield et al., 2021), though this remains uncertain.

Summary. An Ediacaran age for the Gwna Group Llanddwyn Island Conglomerate is possible, but perhaps not likely
(Schofield et al., 2021). Currently, the age of the Llanddwyn Island Conglomerate is best described as “uncertain”.

The glaciogenicity of the unit is also uncertain, given the degree of post-depositional alteration. However, there is no good
evidence for it being glaciogenic (Dartnall, 2019; Schofield et al., 2021; Tindal, 2023). Rather, a downslope mass flow origin
is preferred, with a glaciogenic source for the clasts and matrix unnecessary to explain the deposit. Warped laminae reported
beneath dropped stones (Kawai et al., 2008) are in fact deformed diagenetic or metamorphic mineral veins (Tindal, 2023),
though post-depositional alteration also makes it impossible to rule out that the clasts did disrupt primary laminae that have
since been obliterated (Tindal, 2023). The conglomerate is one of several such deposits in the Bodorgan Formation, and is
primarily distinguished from those other coarse siliciclastic units by its association with contemporaneous hyaloclastic basalt

(Schofield et al., 2021; Tindal, 2023).

Table S15. Rating of possible glacial influence on the Gwna Group Llanddwyn Island Conglomerate.

Category Description Rating
Outsized clasts Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits and volcanically-emplaced outsized clasts.
Clast lithology Clasts of two lithology classes (siliciclastic, igneous). *
Summary Weak: some ice-free depositional environments could produce this evidence. *
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4.3.6 Squantum Member (Roxbury Conglomerate Formation)

The Squantum Member (Roxbury Conglomerate Formation) crops out in the Boston Basin, northeast USA, and was deposited
on the Avalonian portion of Gondwana in the late Neoproterozoic. The Boston Basin represents a back-arc basin setting within
the Avalon Terrane, the modern extent of which is strongly demarcated by faults (Carto and Eyles, 2012). The Ediacaran
stratigraphy in the Boston Basin is organized into the Boston Bay Group, which comprises two formations: the lower Roxbury

Conglomerate, and upper Cambridge Argillite.

Sedimentology. The Roxbury Conglomerate is divided into three members. The lower Brookline Member is predominantly
composed of conglomerates, the middle Dorchester Member is primarily fine-grained (argillaceous) turbidites with minor
conglomerates, and the upper Squantum Member is mostly diamictite facies interbedded with sandstones and siltstones (Carto
and Eyles, 2012). The Cambridge Argillite comprises approximately 5.5 km of tuff-rich finely laminated to thinly bedded fine-
grained (argillaceous) turbidites (Carto and Eyles, 2012). Across the Roxbury Conglomerate, three primary and conformably
associated facies are recognized: (1) conglomerate and sandstone, (2) diamictite, and (3) mudrock (Carto and Eyles, 2012).
The conglomeratic and sandstone facies (1) are common in the Brookline Member, which can be up to approximately 1.3 km
thick (Tierney et al., 1968) and comprise massive clast- and matrix-supported conglomerates with erosive bases that grade up
to normally graded sandstones (Carto and Eyles, 2012). The conglomerate clasts are pebble- to boulder-sized, moderately to
well sorted, subrounded to rounded, and are predominantly of lithologies found within the Boston Basin, including rhyolites,
dacites, basalts, diorites, and granites (Carto and Eyles, 2012). The sandstones which grade out of the conglomerates are mostly
massive but some develop low-angle cross-lamination, whilst laminated normally graded sandstones also occur and may have
soft sediment deformation structures including convolute laminae and ‘dish-and-pillar’ structures (Carto and Eyles, 2012). The
conglomerate and sandstone facies are often interbedded with diamictites and thick mudrocks (Carto and Eyles, 2012). The
conglomerate and sandstone facies is interpreted as the result of rapid deposition from cohesionless gravelly debris flows
representing T, (conglomerate) to Ty (sandstone) division of the Bouma sequence (Bouma, 1962), with a likely fluvial origin
of the clasts (Carto and Eyles, 2012). Rapid deposition is supported by the soft sediment deformation structures observed in
the sandstone bodies (Carto and Eyles, 2012).

The diamictite facies (2), typically associated with the upper Squantum Member, comprises massive or chaotic matrix-
supported polymict diamictites with pebble- to boulder-sized, moderately to well sorted subrounded to angular clasts of
predominantly local lithologies (felsic and mafic volcanics, granodiorite, quartzite, siltstone, and sandstone), similar to the
clasts of the conglomerate facies (Carto and Eyles, 2012). The diamictites vary from ~8 m thick in outcrop to 215 m in the
subsurface (Carto and Eyles, 2012; Tierney et al., 1968). The diamictite facies is typified by sharp, erosive basal contacts and
transitional upper boundaries as the diamictites grade into sandstones or conglomerates (Carto and Eyles, 2012). The chaotic
diamictites can show crude stratification with large rafts of conglomerate, sandstone, and mudrock poorly mixed through the

diamictite (Carto and Eyles, 2012). Faceted clasts have not been found, and striated clasts identified by earlier workers (Sayles,
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1914) were not found by subsequent investigators (Carto and Eyles, 2012). Carto and Eyles (2012) noted that the distinction
between the Roxbury Conglomerate diamictite and conglomerate facies is the proportion of matrix (conglomerates: 10 vol.%
to 30 vol.%; diamictites: 80 vol.%) with other characteristics, particularly clast composition and form, being remarkably similar
— a similarity noted by previous workers who were also sceptical of a glaciogenic origin (Dott, 1961; Socci and Smith, 1990).
The diamictite facies is interpreted as the result of early-stage downslope mixing of conglomeratic and muddy material deriving
from primary fan or slope-deposited conglomerates, an interpretation that is supported by the conformable, interbedded,
relationship between the diamictite facies with coarse- and fine-grained turbidites (Carto and Eyles, 2012).

The argillite facies (3) refers to “rhythmically laminated (0.1 to 1 mm thick) muddy-siltstones that grade subtly into mudstone”
(Carto and Eyles, 2012). The argillite facies is typical of the Cambridge Argillite but is interbedded with both the conglomerate
and diamictite facies throughout the Boston Bay Group on scales of centimetres to hundreds of metres thickness (Carto and
Eyles, 2012). Sedimentary structures include parallel to wavy laminations, cross-lamination, and both large- and small-scale
slump folds which occur throughout the unit in argillite, interbedded with conglomerate and diamictite facies as well as with
discrete tuff horizons (Carto and Eyles, 2012). The argillite facies has been consistently interpreted as reflecting deep marine
(below storm wave base) low-density turbidite deposits (Carto and Eyles, 2012; Dott, 1961; Thompson and Bowring, 2000).
A fourth facies, or perhaps a sub-facies of the argillite facies, is also considered: the pebbly argillite (Carto and Eyles, 2012).
Stratigraphically and geographically limited to approximately 0.5 m in total thickness, directly underlying diamictites at
Squantum Head, is a laminated argillite with matrix-supported pebbles (approximately 75 vol.% matrix) that is interbedded
with non-pebbly laminated and graded argillites (Carto and Eyles, 2012). The clasts are all small, typically gravel-size or
smaller, rounded to subrounded, and composed of the same local lithologies as the conglomerate and diamictite facies (Carto
and Eyles, 2012). The pebbly layers form couplets with overlying thin laminae of massive pebble-free argillite (Carto and
Eyles, 2012). The ‘diamictite-argillite couplets’ have been interpreted as ice-rafted debris or dropstones — and this remains
possible — but an interpretation as debrite-turbidite couplets where finer material is sheared off the top of a dilute debris flow
as it transitions to a turbidity current and settles out onto the deposited debrite is more parsimonious with the surrounding
facies (Carto and Eyles, 2012). Important to this non-glaciogenic interpretation is the apparent absence of any larger (cobble-
or boulder-sized) clasts from the pebbly argillite (Carto and Eyles, 2012). The pebbly argillite is interpreted as a slightly more
distal equivalent of the diamictite facies, representing part of a debris flow that ran away from or further than the main flow,
resulting in a more dilute flow (Carto and Eyles, 2012).

The weight of evidence reviewed by Carto and Eyles (2012) argues against a primary glaciogenic origin for the ‘Squantum
Tillite’. However, it does fulfil several criteria for consideration as having some glacial influence. Tindal (2023) considered
the Squantum Member a four-star unit with “possible varves, and diamictite and lonestones with angular to subrounded clasts
from four lithological groups, some of which are striated”. On balance, the most parsimonious interpretation for the deposition
of the Squantum Member is as a continuation of downslope remobilization of fan or slope deposits of sandstone, mudstone,
and conglomerate. The conglomerates may have an originally glaciogenic origin, but that is not certain and could equally, or

perhaps more plausibly given the absence of strongly faceted or striated clasts, derive from a fluvial setting.
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Age constraints. Volcanic samples taken for palacomagnetic study from the Lynn-Mattapan volcanic complex of northern
Massachusetts provide maximum age constraints for the Roxbury Group and the Squantum Member (Thompson et al., 2007).
Sample MT95-1 (Saugus) rhyolite porphyry from site BOS 18 yielded a weighted mean U-Pb age of 595.8 + 1.2 Ma
(Thompson et al., 2007). Sample MT01-28 (Newton) rhyolite porphyry from site BOS 3B yielded a weighted mean U-Pb age
0of 597.4 +£ 1.5 Ma (Thompson et al., 2007). Sample MT-KK10 (Needham) rhyolitic ash-flow tuff from site BOS 10A yielded
a weighted mean U-Pb age of 596.0 + 1.4 Ma (Thompson et al., 2007). Sample WE7-1A (Hingham) dacitic ash from site BOS
15 yielded a weighted mean U-Pb age of 595.7 = 1.6 Ma (Thompson et al., 2007). The Squantum Member is therefore younger
than 595.8 + 1.2 Ma. This age agrees with Thompson and Bowring's (2000) earlier study on detrital zircons and tuff clasts
within the Squantum Member and Cambridge Argillite. Thompson and Bowring (2000) recovered ages of 593 = 3 Ma (sample
MT99-4; Pb-Pb age of detrital zircons in sandstone), 600 + 1 Ma (sample AW94-3; Pb-Pb age of crystal-poor tuff clast), 610
+ 2 Ma (sample AW94-4; Pb-Pb age of porphyritic granophyre clast), and 595.5 + 2.0 Ma (sample MT96-6; Pb-Pb age of
welded tuff clast) from the Squantum Member. Thompson and Bowring (2000) recovered ages of 565 = 5 Ma (sample 198-
14; Pb-Pb age of detrital zircons in argillite) and ~568 Ma (sample MT94-2; Pb-Pb age of youngest concordant zircon in ash
bed). Older ages of zircons in both the Squantum Member and Cambridge Argillite demonstrate the presence of xenocrysts (in
the ash bed) and long-lasting detrital zircons in the Boston Basin. Thompson and Bowring (2000) consider 595.5 + 2.0 Ma as
the maximum age for deposition of the Squantum Member, and that it must have been deposited before approximately 570

Ma, following the Cambridge Argillite ash bed age.

Summary. The Squantum Member was likely deposited between 595 Ma and 570 Ma, potentially correlating with Gaskiers-
equivalent glaciogenic deposits regionally and globally, though there remains a substantial uncertainty regarding its

depositional age.

Table S16. Rating of possible glacial influence on the Squantum Member (Roxbury Conglomerate). Absence of evidence is noted in this
table as the Squantum Member has received a lot of attention and was previously given a higher four-star/strong rating (Tindal, 2023; Wong
Hearing et al., 2026).

Category Description Rating

Outsized clasts Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits (pebbly argillite facies).
Outsized clasts deposited as a massive or stratified diamictite in a setting with other *
reworked deposits.

Clast shape No reported elongate clasts. Clast shape ranges from sub-rounded to sub-angular, -
occupying only three roundness classes.

Clast surface No faceted clasts. Striated clasts reported by early workers have not been documented -
since, despite extensive further study of the deposit.

Clast lithology Clasts of local lithologies, similar in composition to the conglomerate facies, from two *
lithology classes: igneous — felsic and mafic volcanics, and granodiorite — and
sedimentary — sandstone, siltstone, and quartzite.

Summary Weak: Some ice-free depositional environments could produce this evidence. * %
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4.4 Baltica
4.4.1 Glussk Formation, Vilchitsy (=Vilchanka) Group (Ukraine, Belarus, Poland)

Sedimentology. Tindal (2023) classed glaciogenic strata in the Blon and Glussk formations (Vilchitsy Group or Vilchitsy
Series) as three- and four-star glaciogenic deposits, respectively, and gave these deposits a very broad plausible age range. The
Glussk Formation is referred to as the Vlichitsy Formation, overlying the Blon Formation, in Chumakov (1981). The Blon
Formation is widely regarded as Cryogenian in age and is not considered here.

The Vilchitsy Group comprises hundreds of metres of siliciclastic stratigraphy including diamictites, sandstones, siltstones,
and claystones (Paszkowski et al., 2018). The Ukrainian equivalent of the Vilchitsy Series is the Brody Suite, which is an order
of magnitude thinner than the Vilchitsy Group in Poland and Belarus, and comprises claystones and siltstones with irregularly
distributed pebbles (Paszkowski et al., 2018).

The Glussk Formation comprises three major diamictite beds separated by sandstones and laminated claystones and siltstones
with outsized clasts (Chumakov, 1981, 2004). The laminated claystones and siltstones are interpreted as lacustrine varves with
dropstones, and the alternation of diamictites and varved sediments is interpreted as evidence of repeated glacial advance and
retreat (Chumakov, 2004). The diamictites are matrix-supported, with a clay-sized matrix with clasts typically 3 % to 8 % of
rock volume, though rarely reach up to 15 %, irregularly distributed throughout the diamictite and sometimes occurring in
clusters, and ranging from coarse sand to boulder size (<70 cm), typically in the pebble to cobble size range, and ranging from
well-rounded to very angular, with most clasts being subangular (Chumakov, 1981). The clasts comprise orange quartzites to
sandstones, granites, gneisses, and rarer quartz, quartzite, schist, dolomite, feldspar, diorite, and amphibolite pebble-sized
clasts, alongside cobbles to boulders that are dominated by the orange quartzites to sandstones, granites, and gneisses
(Chumakov, 1981). Some clasts have flat faceted surfaces with thin to coarse striations, which may occur as single or
subparallel striae (Chumakov, 1981). The non-quartzite or sandstone clasts are thought to derive from beyond the depositional

basin (Chumakov, 1981).

Age constraints. The Blon Formation, is likely to be Cryogenian in age, but the Glussk Formation, which unconformably
overlies the Blon Formation and is unconformably overlain by the Volyn Group, is more challenging to date. Chumakov (2004)
ascribes the Blon Formation to a Cryogenian glaciation, with the intervening hiatus equating to either the mid-Cryogenian
warmer interval, or the early Ediacaran interval between the Marinoan and Gaskiers glaciations, as well as drawing a clear
distinction between the Vilchitsy glacial strata and the late Ediacaran (North African and Baykonur) glaciations. Chumakov
(2004) further discusses the similarity of the three major diamictite units separated by varved claystones and siltstones with
dropstones to other units that are now recognized as terminal Cryogenian (e.g. the Nantuo, Fiq, and Blaini formations).

Francovschi et al. (2023) ascribe the Blon Suite to the terminal Cryogenian Marinoan glaciation, and correlate the Glussk Suite
with the Brody Suite (Ukraine) and the Zukov Suite (Bialystok Group, Poland) together as possible correlatives of the Gaskiers

Formation. Shumlyanskyy et al. (2016) provided minimum age constraints on the Brody Suite with radiometric dates of 571
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+ 13 Ma and 573 + 14 Ma from igneous zircons in the unconformably overlying Volyn Group. This minimum age constraint
is supported by higher precision radiometric dates from the middle Volyn Group of 569.40 £+ 0.12 from a sample in Belarus
(sample KOB-25, Rataychitsy Formation; Srodon et al., 2023). The Glussk Formation and its local correlatives are therefore
reliably older than 570 Ma. However, there is substantial stratigraphic uncertainty around their true depositional age, which

could be anything from Cryogenian to >570 Ma.

Summary. The Glussk Formation and correlative strata are reasonably interpreted as glaciogenic on the basis of published
descriptions and are plausibly of mid-Ediacaran age (>570 Ma). However, they could be as old as Cryogenian, and Chumakov
(2004) discussed the stratigraphic similarity of the Glussk Formation with several deposits now thought to have been deposited

during the Marinoan glaciation.

Table S17. Rating of possible glacial influence on the Glussk Formation.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in a setting with other *
reworked deposits (sandstones interpreted as fluvial).
Outsized clasts that disrupt laminae above/below in a flat or distal setting (varved ok
claystones and siltstones) not on or near the base of a slope.
Clast shape Clasts of all grades of roundness are present. *
Clast surface Clasts with striated and faceted surfaces (with subparallel aligned striations). ke k
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, igneous, metamorphic). Yk k
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. %k Kk

4.4.2 Tany, Koyva (=Koiva), and Starye Pechi formations (Serebryanka and Sylvitsa groups)

The Serebryanka and Sylvitsa groups in the Central Urals, Russia (Baltica) include three formations which may be glaciogenic
(e.g. Chumakov, 2011; Maslov et al., 2013). Stratigraphically, the Tany Formation is the lowest member of the Serebryanka
Group and rests unconformably on likely Cryogenian-age (though poorly dated) siliciclastic and volcaniclastic deposits. The
Koyva (=Koiva) Formation occurs in the middle of the Serebryanka Group and includes diamictites, volcaniclastics, and
possible dropstones. The Starye Pechi Formation is the basal unit of the Sylvitsa Group, variably conformable and

unconformable on the upper Serebryanka Group (Chumakov, 2011).

Sedimentology. The Tany Formation is up to 800 m thick and comprises two diamictite members separated by a sandstone
and shale member, all of variable internal thickness (Chumakov, 2011). In the Lower Member, diamictites alternate with
schists, limestones and dolomites, slump breccias, and mafic volcanic rocks, the lower pillow basalts of which have yielded a
radiometric date (Chumakov, 2011; Maslov et al., 2013). The Lower Member diamictite matrix is dark grey and hosts clasts

of quartz sandstone, felsic igneous rock (up to 45 %), gneiss, and carbonate, which can be up to 3.5 m diameter and may occur
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as clusters of clasts (Chumakov, 2011). Rare shale beds include outsized clasts as well (Chumakov, 2011). In places, there is
a dolostone bed at the top of the Lower Member (Chumakov, 2011). The Middle Member comprises quartz-feldspar sandstone
beds (Chumakov, 2011). The Upper Member comprises massive and stratified diamictites interbedded with laminated shales
hosting outsized clasts, and has a sharp but conformable transition into the overlying Garevka Formation, which consists of
interbedded shales and sandstones (Chumakov, 2011).

The Koyva Formation composition is regionally variable (250 m to 600 m thick), and predominantly consists of laminated
claystones, siltstones, clay-silt shales, limestones, and dolomites, with either conglomerates (Maslov et al., 2013) and/or
diamictites present north of the Sylvitsa River but none to the south (Chumakov, 2011). Where present, the diamictites or
conglomerates occur in the upper part of the formation and are interbedded with shales which may, but do not all, have outsized
clasts, as well as alkali basalt flows in the northern outcrops (Chumakov, 2011; Maslov et al., 2013). Rhythmically laminated
shales are described from throughout the formation which, in the uppermost part of the formation, may have small outsized
clasts and dolomite interbeds (Chumakov, 2011; Maslov et al., 2013).

The Starye Pechi Formation is up to 500 m thick and predominantly comprises thinly bedded yellow-green grey siltstones and
mudstones, with massive and stratified diamictites interbedded with sandstones and shales with outsized clasts in its lower part
(Chumakov, 2011; Maslov et al., 2013). The diamictite matrix is a dark grey sandy siltstone which hosts clasts of unreported
roundness but which “vary in size and shape”, including some striated and grooved, and predominantly comprise lithologies
of the underlying strata alongside some quartz, quartzite, and plagioclase-rich granites (Chumakov, 2011), however Ipat’eva
in Maslov et al. (2013) pointed out that these clasts are rare. The upper part of the Starye Pechi Formation includes carbonate
olistoliths (Chumakov et al., 2013).

Chumakov et al. (2013) interprets some of the dolostones associated with the diamictites, and other lithologies, in the Tany
and Koyva formations to be cap carbonates, related to the end of glaciation in the terminal Ediacaran. However, the precise
stratigraphic relationships of various lithologies, including the carbonates supposedly overlying the diamictites, within the
Koyva Formation are not clear since the original stratigraphy has been disrupted by syn-sedimentary slumping and much later
faulting (e.g. Chumakov et al., 2013).

Alongside diamictites, these Middle Urals successions include conglomerates, carbonate breccias, turbidites, flysch, and
slumps (Chumakov, 2011; Chumakov et al., 2013; Maslov et al., 2013), all consistent with deposition on the outer shelf and
continental slope (Chumakov, 2011). Furthermore, the upper Starye Pechi Formation, as well as the underlying Kernos and
Buton formations, include carbonate olistoliths (Chumakov et al., 2013), which are also indicative of gravity-driven deposition
on a slope. Such evidence for major downslope deposition calls into question the glaciogenic interpretation of the Tany, Koyva,
and Starye Pechi diamictites, which were apparently deposited in a regime of substantial gravitationally-driven mass
movement.

Age constraints. Grazhdankin et al. (2011) provided a minimum depositional age of 567.2 + 3.9 Ma for the Starye Pechi

Formation, and therefore also for the underlying Koyva and Tany formations, from tuff bed zircons in the overlying Perevalok
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Formation. The Serebryanka and Sylvitsa groups underlie the White Sea assemblage Ediacaran macrofossils of the East
European Platform (Grazhdankin et al., 2011), which also indicates deposition before ~557 Ma (Yang et al., 2021).

The minimum depositional age may also tentatively be constrained by carbon isotope stratigraphy, as the uppermost
Serebryanka Group (Buton and Kernos formations) and the lowermost Sylvitsa Group (Starye Pechi Formation) have yielded
extreme negative (typically —10 %o to —15 %o) carbon isotope values from olistoliths (Chumakov et al., 2013). In particular,
very negative carbon isotope values (at least —12 to —14 %o) have been recovered from the upper Starye Pechi Formation, above
the diamictite at the base, and similarly negative values were also recovered from the Kernos and Buton formations, uppermost
Serebryanka Group (Chumakov et al., 2013). All of these very negative carbon isotope values are in the range of Shuram
excursion values (e.g. Yang et al., 2021). No similarly negative carbon isotope values have been recovered below the Buton
Formation, though the upper Koyva Formation carbonates record negative values as low as —9.3 %o (mean + standard deviation:
—5.4 £+ 1.8 %0), more typical of the post-Gaskiers excursion.

The maximum depositional age of all three formations is constrained by a zircon date of 598.1 + 6.0 Ma from pillow basalts
at the base of the Tany Formation, underlying all of the potentially glaciogenic strata (Maslov et al., 2013).

Combined, these radiometric constraints indicate that potentially glacial deposition began sometime after 598 Ma and ceased
before 567 Ma, before the end of the Shuram isotope excursion. There is tentative evidence for the Shuram isotope excursion
above the Koyva Formation, possibly though not certainly spanning the Starye Pechi Formation. Further chemostratigraphic
data are needed to properly interpret the depositional age of these rocks, but it is probably that the Tany and Koyva formations
were deposited before 575 Ma, and that the lower Starye Pechi Formation was deposited between 575 to 566 Ma.

Summary. The Tany and Koyva formations were most likely deposited between 598 Ma and 575 Ma, making them plausible
correlatives of the Gaskiers icehouse. It is possible that the Starye Pechi Formation was also deposited during this interval, but
it is also possible that it was deposited after this interval and sometime before 567 Ma (i.e. during the Shuram excursion).
Additional radiometric or chemostratigraphic age constraints are required to resolve this question.

The glaciogenicity of all three deposits is questionable. Although all three represent 3-star deposits, there is strong evidence
for contemporaneous gravity-driven deposition for the non-diamictite strata in all cases. It is possible that all or some of the
diamictites were also the result of gravitational rather than glacial processes, as the features that strongly indicate glaciogenicity
are rare at least in the Starye Pechi Formation (Ipat’eva in Maslov et al., 2013). The case for glaciogenicity of the Starye Pechi
Formation is further questioned because the diamictites are interbedded with massive sandstones and there are substantial
olistoliths in both the underlying (Buton and Kernos formations) and overlying (upper Starye Pechi Formation) strata, all
indicative of an environment of significant mass transport.

In summary, whilst it is plausible that the Tany, Koyva, and Starye Pechi formations include glaciogenic diamictites deposited
between 598 to 567 Ma, the case for glaciogenicity is uncertain and better age constraints are needed to truly determine the

minimum depositional age.

34



Table S18. Rating of possible glacial influence on the Tany Formation.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in a setting with other *
reworked deposits.
Outsized clasts that disrupt laminae (assumed due to “dropstone” but not explicitly *
stated or illustrated) in a setting with other reworked deposits.
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, igneous, metamorphic). * ok k
Summary Circumstantial: this evidence could be produced by specific, but rare, ice-free 1.8 8 ¢
depositional environments.
920 Table S19. Rating of possible glacial influence on the Koyva Formation.
Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in a setting with other *
reworked deposits.
Outsized clasts that disrupt laminae (assumed due to “dropstone” but not explicitly *
stated or illustrated) in a setting with other reworked deposits.
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, igneous, metamorphic; assumed, ke k
as Chumakov's (2011) description mainly comprises ‘similar to Tany Formation’).
Summary Circumstantial: this evidence could be produced by specific, but rare, ice-free ke k
depositional environments.
Table S20. Rating of possible glacial influence on the Starye Pechi Formation.
Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in a setting with other *
reworked deposits.
Outsized clasts that disrupt laminae (assumed due to “dropstone” but not explicitly *
stated or illustrated) in a setting with other reworked deposits.
Clast surface Rare, striated clasts. *
Clast lithology Clasts of three lithology classes (siliciclastic, carbonate, igneous). *
Summary Circumstantial: this evidence could be produced by specific, but rare, ice-free ok

depositional environments.

4.4.3 Zukéw (Zukow) Formation

925 The Zukéw Formation, Biatystok Group, is known only from subsurface deposits in the Lublin region of Poland, and

particularly in the Kaplonosy IG 1 and Wisznice IG 1 boreholes. It has variably been interpreted as glaciogenic or fluvial and

alluvial in origin (Francovschi et al., 2024; Krzeminska et al., 2022; Pacze$na, 2014).

Sedimentology. The Zukow Formation comprises polymict conglomerates and coarse sandstones with subordinate thin beds

930 of brown mudstones and fine sandstones (Paczesna, 2014). The “unsorted” polymict conglomerates include quartz and feldspar
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clasts up to 10 cm in diameter which have “a good degree of rounding”, alongside fragments of crystalline (igneous and
metamorphic) basement up to 30 cm, which are “unrounded” (Paczesna, 2014).

At its base, the Zukéw Formation makes an angular unconformity with the likely much older Polesie Formation and
Mesoproterozoic crystalline basement across various boreholes (Pacze$na, 2014). At its top, the Zukéw Formation has an
unconformable contact with the overlying volcanics of the Stawatycze Formation, Volyn Group (Pacze$na, 2014). The
combination of low-angle planar crossbedding, repeated fining-upward patterns, and rounding of quartz clasts informed
Pacze$na (2014) interpretation of the Zukéw Formation as a predominantly fluvial (braided river channel) deposit associated

with alluvial fans.

Age constraints. The maximum age constraint for the Zukéw Formation is provided only by the assumed early Neoproterozoic
age of the sedimentary deposits and Mesoproterozoic crystalline basement that they overlies (Pacze$na, 2014), though it is
lithostratigraphically correlated with the Brody and Glussk formations in Ukraine and Belarus respectively (Francovschi et al.,
2024; Paczesna, 2014).

The minimum age of the Zukéw Formation is constrained by radiometric dates from the overlying Volyn Group in the
Kaplonosy IG 1 borehole. Krzeminska et al. (2022) produced an igneous zircon U-Pb SHRIMP date of at least 567.0 + 7.8 Ma
(MSWD = 0.108) from an andesitic tuff between the basalts of the lower Stawatycze Formation, lower Volyn Group, at -1720
m in the Kaplonosy IG 1 borehole (sample Kap-1720). This date is consistent within uncertainty with the 569.89 + 0.17 Ma
CA-ID-TIMS date obtained by Srodon et al. (2023) from a detrital zircon in a paleosol in the lower Teremiski Formation
(upper Volyn Group) at —1449.8 m in the Kaplonosy IG 1 borehole (sample Kaplonosy-3).

Summary. The Zukéw Formation is plausibly early or mid-Ediacaran in age and is likely to be older than ~570 Ma. The lack
of direct radiometric constraints and angular unconformities above and below the Zukéw Formation hamper a more precise
age assignment. The sedimentology of the Zukéw Formation has been interpreted as glaciogenic in older literature, but it is
now regarded as more likely a braided river and alluvial fan deposit (Francovschi et al., 2024; Pacze$na, 2014). From the

available evidence, a non-glaciogenic interpretation is probable.

Table S21. Rating of possible glacial influence on the Zukéw Formation.

Category Description Rating
Outsized clasts Description is of a clast-supported conglomerate, not a diamictite with outsized clasts. -
Clast shape Unclear. Clasts in some beds have “a good degree of rounding” whereas in others are *
described as “unrounded”.
Clast lithology Clasts of three lithology classes are reported (igneous, metamorphic, siliciclastic). *
Summary Weak: some ice-free depositional environments could produce this evidence. * %
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4.5 Gondwana: Australia
4.5.1 Bunyeroo Formation (South Australia)

Ediacaran strata in South Australia are organized into the Wilpena Group, which comprises the Nuccaleena, Brachina, ABC
Range Quartzite, Bunyeroo, Wonoka, Bonney Sandstone, and Rawnsley Quartzite formations. Ediacaran macrofossils are
known from the Rawnsley Quartzite (e.g. Droser and Gehling, 2015; Evans et al., 2020; Gehling and Droser, 2012; Glaessner,
1958, 1959; Sprigg, 1948), and the Wonoka Formation hosts a major negative carbon isotope excursion that has been correlated

with the Shuram excursion globally (e.g. Calver, 2000; Husson et al., 2015; Williams and Schmidt, 2018; Yang et al., 2021).

Sedimentology. The Bunyeroo Formation occurs in the Adelaide Geosyncline, South Australia. It is unconformably overlain
by the Wonoka Formation (and Wonoka CIE). The lower strata of the Bunyeroo Formation contain the Acraman Impact Ejecta
Horizon (AIEH) (Gostin et al., 2010). In the Bunyeroo Formation, lonestones and granule clusters — possible types of IRD —
have been recorded from within 10 m above and below the AIEH and are most common in the 1 to 2 m below the AIEH
(Gostin et al., 2010; Young, 1995). The Bunyeroo Formation is typically fine-grained, “a monotonous sequence of grayish red
and greenish shale”, with dolomite concretions in the lower 30 m of the formation (Wallace et al., 1996). Aside from the AIEH,
the Bunyeroo Formation lacks sedimentary structures and is thought to have been deposited below storm wave base in a deep
shelf setting against the background of rising sea level (Gostin et al., 2010; Haines, 1986; Wallace et al., 1996).

Lonestones and granule clusters are found “sporadically” in units that show “no evidence of grading and slumping” (Gostin et
al., 2010). The lonestones and granule clusters “comprise 2 mm, rounded quartz granules and subangular to rounded pebbles
2 to 5 cm in diameter (Young, 1995, cited in Gostin et al., 2010). Identified pebble lithologies are siltstone, sandstone and
quartzite; no volcanic clasts have been identified, although the AIEH clasts themselves are dacites (Gostin et al., 2010). The
pebbles occur in fissile, finely laminated mudstone (shale) that shows no evidence of grading and slumping. Laminae are partly
compacted around the pebbles” (Gostin et al., 2010). Only one subrounded lonestone has been figured (Gostin et al., 2010),

with a “near-rectangular aggregate of poorly sorted quartzose sand, interpreted as a frozen aggregate” (Gostin et al., 2010).

Age constraints. The Bunyeroo Formation was deposited below the Wonoka excursion and above the Cryogenian Elatina
Formation (e.g. Williams and Schmidt, 2018), potentially putting the Bunyeroo Formation and AIEH into the MEIH interval.
Such an age assignment is tentatively supported by a (not formally published) Rb-Sr whole rock date of 593 + 32 Ma (Webb
et al., 1983, cited in Compston et al., 1987) and with other, similarly uncertain, age constraints (Lloyd et al., 2020). Efforts at
better constraining the age of the AEIH by radiometric dating, particularly with zircon U-Pb dates, have not yet been successful

(Compston et al., 1987; Gostin et al., 2010; Williams and Schmidt, 2018, 2021).

Summary. The Bunyeroo Formation was deposited in the middle Ediacaran, likely between 595 to 579 Ma. Following the

star rating scheme, the Bunyeroo Formation includes sparse rounded to subangular outsized clasts that show some evidence of

37



995

1000

1005

1010

1015

disrupting laminae in a low energy setting (Gostin et al., 2010), with no indication of elongated clasts, and clasts from only

one of the lithology classes, all of which can be locally sourced.

Table S22. Rating of possible glacial influence on the Bunyeroo Formation.

Category Description Rating
Outsized clasts Outsized clasts that may disrupt laminae in a low energy setting. *
Clast lithology Clasts of one lithology class (siliciclastic: siltstone, sandstone, quartzite) which can all

be locally sourced.

Summary Equivocal: many ice-free depositional environments could produce this evidence. *

4.5.2 Dey Dey Mudstone (South Australia and Western Australia)

Sedimentology. The Dey Dey Mudstone includes fresh feldspars and detrital micas, as well as clusters of poorly sorted silt-
sized quartz grains in a very fine-grained muddy matrix (Gostin et al., 2010). Laminae in the Dey Dey Mudstone may be
graded (Gostin et al., 2010). Scanning electron microscopy (SEM) examination of the Dey Dey Formation quartz granules did
not show any indicators of glacial abrasion (Gostin et al., 2010; Young, 1995). Gostin et al. (2010) interpret the clusters of
quartz granules as till pellets deposited from melting icebergs. They further suggest that the presence of fresh feldspars supports
interpretation of a frigid local/regional climate with limited chemical weathering. Finally, Gostin et al. (2010) explain the
absence of dropstones in the Dey Dey Mudstone as being due to sparse sampling of the formation by coring, and the rarity of

dropstones in the neighbouring Bunyeroo Formation.

Age constraints. In the Officer Basin, the Dey Dey Mudstone also captures the AIEH horizon and is considered to have been
deposited in the middle Ediacaran, between ~595 to 579 Ma (Gostin et al., 2010).

Summary. The Dey Dey Mudstone is likely mid-Ediacaran in age. There is no good evidence for glaciogenicity, though an

IRD interpretation of the quartz granules cannot be ruled out.

Table S23. Rating of possible glacial influence on the Dey Dey Mudstone Formation.

Category Description Rating
Clast lithology Clasts of one lithology class (siliciclastic) which can be locally sourced. -
Grain clusters Uncemented clusters of outsized clasts without evidence of erosive lower contacts. *

Summary Equivocal: many ice-free depositional environments could produce this evidence. *

Summary of Bunyeroo Formation and Dey Dey Mudstone deposits. If these data are bona fide glaciogenic IRD, then the
implication is of grounded ice somewhere globally (potentially in the Northern Hemisphere) at the time of deposition. The

time of deposition is thought to be approximately 590 Ma to 580 Ma (Compston et al., 1987; Gostin et al., 2010; Williams and
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Schmidt, 2021) which is consistent with radiometric age constraints with large uncertainties and chemostratigraphic correlation
(i.e. fairly close but unconformably below the Wonoka excursion). The palaeolatitude of these strata as determined from
Bunyeroo Formation samples is 15.7° £+ 6.5° (Schmidt and Williams, 1996).
If these are Gaskiers-equivalent glaciogenic deposits, then they require either:

a. icebergs calving in the Southern Hemisphere to drift across the palaeo-equator,

b. icebergs calving from a Northern Hemisphere grounded ice sheet, or

c. areconsideration of the palaeolatitude of South Australia in the mid-Ediacaran.
The first of these options is unlikely, though perhaps possible in an intense icehouse interval. The second of these options
requires low altitude grounded ice at low northern latitudes or the presence of a higher latitude continent than is currently
known. This also seems unlikely. The final option is always plausible, but there are otherwise robust palacomagnetic
constraints on Wilpena Group strata (Schmidt and Williams, 1996).
Regarding glaciogenicity, none of the pebbles examined show evidence of surface striations (Gostin et al., 2010; Young, 1995),
and the illustrated photomicrograph of a “pellet of poorly sorted quartz silt in an ultrafine matrix” from the lower Dey Dey
Mudstone (Gostin et al., 2010) includes other silt-sized quartz clasts not in well-defined lenses but occurring in more quartz-
rich bands (not quite laminae) alongside the described better-defined quartz-rich lens. A downslope origin for these features is
also plausible. Some of the larger clasts in the Bunyeroo Formation are more plausibly dropstones, but they occur sparsely (as

described and figured) and do not show signs of surface striation or particular shaping (i.e. faceting) by ice-related processes.

4.5.3 Croles Hill diamictite (northwest Tasmania)

Sedimentology. The Croles Hill Diamictite (Togari Group, Kanunnah Subgroup) crops out in northwest Tasmania, Australia,
and is a polymict diamictite up to 250 m thick with basaltic, rhyolitic, and sedimentary (siliciclastic and carbonate) clasts
(Calver et al., 2004, 2026; Everard et al., 2007; Mulder et al., 2020). Calver et al. (2004) report intercalations of laminated
mudstones with outsized clasts (“dropstones”, op. cit. p. 894). The Kanunnah Subgroup is a turbiditic succession of sandstones,
shales, diamictite, and basalts (Calver, 2000). The diamictite is only reported from the southern Smithton Synclinorium and
its clasts are predominantly basaltic and minor felsic volcanics (Calver, 2000). The tholeiitic basalts (diamictite clasts and in
situ) have characteristic intraplate rift geochemical signals (Brown, 1986; Calver, 2000; Crawford and Berry, 1992). Rhyolites
underlying the Croles Hill Diamictite sometimes form a hyaloclastite (Calver et al., 2004). In section, clasts in the diamictite
appear angular and may bend faint laminae in the surrounding sandy-siltstone (Calver et al., 2004). No faceted or striated clasts
have been reported but the well-lithified matrix makes it difficult to inspect individual clasts (Calver et al., 2026).

All clasts found in the Croles Hill Diamictite have potential source rocks in the immediately surrounding strata. No striated
clasts have been reported. The Kanunnah Subgroup is described as turbiditic and was deposited in a rift-related setting with a
large fault (the Roger River Fault) thought to have been active nearby around the time of Croles Hill Diamictite deposition

(Mulder et al., 2020).
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Age constraints. Calver et al. (2004) dated a rhyolite flow directly underlying the Croles Hill Diamictite at 582.1 + 4.1 Ma.
Recent CA-ID-TIMS U-Pb radiometric dates from rhyodacites immediately below and interbedded with the Croles Hill
Diamictite at Robbins Passage provide maximum and syn-depositional age constraints of 579.20 + 0.65 Ma and 578.86 = 0.69
Ma, respectively (Calver et al., 2026). The Croles Hill Diamictite is therefore of mid-Ediacaran age, likely deposited at or
around 579 Ma.

Summary. Whilst plausibly of Gaskiers glaciation age, evidence of glaciogenicity of the Croles Hill Diamictite is currently
rated circumstantial — and the broader tectonic context provides a plausible non-glacial origin for the diamictite as a mass flow

deposit.

Table S24. Rating of possible glacial influence on the Croles Hill diamictite.

Category Description Rating
Outsized clasts Outsized clasts deposited as a massive or stratified diamictite in a setting with other *
reworked deposits.
Outsized clasts which may deflect laminae occurring in a section with known active *
volcanism (hyaloclastite) and with turbidites in the surrounding strata.
Clast lithology Clasts of three lithology classes (siliciclastic, carbonate, igneous) which can be locally * k
sourced.
Summary Weak: some ice-free depositional environments could produce this evidence. ok

4.6 Gondwana: North Africa

Potentially glaciogenic strata have been identified from several sites in North Africa. Here, we disregard all deposits that are
confirmed or highly likely to be Cryogenian in age and focus on three units from Morocco that are thought to be middle to late
Ediacaran in age: the Tiddiline Group, the Izdar Member, and the Ouarzazate Group. The Ouarzazate Group is well dated as

being younger than 565 Ma and is not further considered here (Vernhet et al., 2012).

4.6.1 Tiddiline Group

The Tiddiline Group, part of the PII Supergroup succession on the West African Craton (Reguibat Shield), comprises 1 to 3
km thick early to mid-Ediacaran siliciclastic deposits and crops out in the Bou Azzer inlier, south of the Anti-Atlas Fault in
the Anti-Atlas mountain range (Letsch et al., 2018). Post-depositional deformation and faulting complicates local and regional
correlation of the group, and stratigraphic relationships between different sections are difficult if not impossible to reconstruct

from sedimentological evidence (Letsch et al., 2018; Vernhet et al., 2012).

Sedimentology. The siliciclastics include matrix-supported diamictites, as well as siltstones, sandstones, and conglomerates

(Letschetal.,2018; Youbi et al., 2020). Matrix-supported diamictites near Ait Ahmane (northeast Bou Azzer inlier) and Cobalt
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mine (western Bou Azzer inlier) occur in similar successions and are thought to have been deposited below a >250 m thick
coarse-grained micaceous and K-feldspar rich sandstone which shows signs of soft sediment, brittle, and ductile deformation
(Letsch et al., 2018). In the Bou Azzer inlier, matrix-supported diamictites can be several tens of metres thick and occur within
a succession of siliciclastics (Letsch et al., 2018). At the base of the succession, unconformably overlying sedimentary and
crystalline basement, is a clast-supported conglomerate, with predominantly granodiorite clasts and rarer sandstones, which
grades into a matrix-supported diamictite with similar clast composition and then to laminated sandy siltstones (Letsch et al.,
2018). The main massive diamictite is deposited on these laminated sandy siltstones and comprises a clay- to sandy silt-grade
matrix supporting pebble- to boulder-sized clasts randomly distributed throughout the unit (Letsch et al., 2018). The diamictite
clasts range from well-rounded to sub-angular, and include quartz sandstones (typically well-rounded, spherical), micritic
carbonates, gneisses, granodiorite-diorite intrusive igneous, gabbro, and volcanic rocks, with larger pebble- or cobble-sized
clasts sometimes breaking in sifu (Letsch et al., 2018). Rare striated and faceted pebbles have been reported (Letsch et al.,
2018). Bullet-shaped clasts are reported but this may be due to fracturing rather than abrasion (Letsch et al., 2018). Within the
matrix-supported diamictite are occasional centimetre-scale sandstone lenses that may show evidence of plastic and brittle
deformation, including folding, boudinage, and tearing (Letsch et al., 2018).

Matrix-supported diamictites in the Sirwa inlier, central Anti-Atlas, are interbedded with a variety of siliciclastic sedimentary
deposits including shales, greywackes, and breccias, along with igneous units variously interpreted as volcanics or intrusive
sills and sometimes called the Imghi Formation assigned to the Saghro Group (Letsch et al., 2018; Thomas et al., 2002). These
are reported from near Tizwat and have been assumed to be older than the diamictites of the Bou Azzer inlier (Letsch et al.,
2018). The Tizwat matrix-supported diamictites occur within at least three levels in a succession of mudstones, sandstones,
conglomerates, and volcanics (Letsch et al., 2018). The matrix-supported diamictites comprise a sandy mudstone matrix, with
well-rounded to angular sand grains, hosting well-rounded pebbles to small boulders (1 to 50 cm diameter) randomly scattered
throughout, though occasionally clustered (Letsch et al., 2018). Similar to the diamictites of the Bou Azzer inlier, clasts are
mainly quartz sandstones with less common rhyolites, cherts, and coarsely crystalline (presumably intrusive) igneous
lithologies, as well as one reworked diamictite clast (Letsch et al., 2018). The diamictites are typically massive, but
occasionally clasts appear clustered together (Letsch et al., 2018). The diamictites are separated by laminated siltstones and
mudstones, which may show evidence of mass movement (slumping), as well as graded sandstone beds with sharp basal
contacts, interpreted as turbidites (Letsch et al., 2018). The laminated siltstones and mudstones include outsized clasts which
disrupt laminae below and are draped by laminae above (Letsch et al., 2018).

Matrix-supported diamictites have also been reported from the I[gherm and Kerdous inliers in the western Anti-Atlas, including
near Timzioura (Choubert, 1972; Letsch et al., 2018). The diamictites near Timzioura occur as massive matrix-supported units
tens of metres thick, with angular quartz sandstone clasts, similar to the underlying basement, up to 3 m in diameter found near
the bottom of the diamictite (Letsch et al., 2018). Clasts range from centimetre-scale to at least 3 m in diameter, are angular to

well-rounded, and are predominantly of local basement lithologies, in particular quartz sandstone (Letsch et al., 2018).
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In summary, various outcrops show the Tiddiline Group diamictites in the Anti-Atlas Mountains to be massive, matrix-
supported units with sub-centimetre- to metre-scale angular to well-rounded clasts of a wide range of lithologies. Some clasts
are faceted and some are striated, though bullet-shaped and elongate clasts are not reliably reported. Laminated siltstones and
mudstones above and between diamictite beds host outsized clasts showing evidence of vertical emplacement, disrupting
laminae below and above. However, these mudstone-siltstone units can be slumped and co-occur with sandstones that show

evidence of deposition from a gravity flow.

Age constraints. Inglis et al. (2004) provided maximum age constraints for the end of deposition of the Tiddiline Group
diamictites from zircon U-Pb TIMS ages of 579.4 + 1.2 Ma and 578.5 + 1.2 Ma from the Bleida granodiorite, which cuts across
the regional fabric of the Tiddiline Group (though the exact contact is not observed). Blein et al. (2014) reported that
conglomerates of the basal Ouarzazate Group, which include granodiorite cobbles thought to derive from the Bleida
granodiorite, sit unconformably on stratified Tiddiline Group conglomerates that do not have these granodiorite clasts,
suggesting that the Bleida granodiorite was intruded (or at least exposed at the surface) after deposition of the Tiddiline Group
and before deposition of the Ouarzazate Group. The Bleida granodiorite age constraints are consistent with the depositional
age of the Gaskiers and Trinity diamictites in Avalonia (Pu et al., 2016).

Letsch et al. (2018) provide further radiometric (CA-ID-TIMS) constraints from detrital and igneous zircons for both the onset
and termination of deposition of the Tiddiline Group diamictites. The majority of detrital zircon ages from within the
diamictites, or their interbeds, group around 592 Ma to 593 Ma. In the Ansra section, an ignimbrite from above the main
diamictite, but well below the last diamictite and dropstones, yielded a youngest single grain (and interpreted crystallization)
age of 593.12 + 0.14 Ma (sample 14DL21) (Letsch et al., 2018). An igneous zircon from an ignimbrite overlying the
glaciogenic strata provides a further U-Pb LA-ICP-MS age constraint of 574.9 = 3 Ma (sample 14DL15) (Letsch et al., 2018).
The maximum depositional age constraints of Inglis et al. (2004) and Letsch et al. (2018) are in close agreement. It is very
likely that the termination of Tiddiline Group glaciogenic sediment deposition preceded or was coincident with the termination
of Gaskiers and Trinity diamictite deposition at approximately 579 Ma (Pu et al., 2016), and predates the onset of the Shuram
carbon isotope excursion, which is likely 574 Ma or younger (Yang et al., 2021).

The maximum age of Tiddiline Group deposition is constrained by detrital zircon dates from diamictite clasts. An ignimbrite
clast within the lower diamictites of the Tiddiline Group has yielded a 593.12 + 0.14 Ma date (sample 14DL21) (Letsch et al.,
2018). Several other detrital zircon ages from geographically widespread samples in the lower Tiddiline Group cluster around
592 Ma to 593 Ma (Letsch et al., 2018). Collectively, these dates suggest a maximum depositional age of ~593 Ma for the
Tiddiline Group diamictites, which is considerably older than the onset of deposition of the Avalonian Gaskiers and Trinity
diamictites (Pu et al., 2016), but is consistent with the discovery of a deeper tail of glaciogenic sediments in the Mall Bay
Formation on Avalonia (Fitzgerald et al., 2024).

Summary. The Tiddiline Group deposits are most likely glaciogenic in origin, and include facies interpreted as terrestrial

(tillites) and marine (dropstones in laminites, though these may also be interpreted as lacustrine) glaciogenic (Letsch et al.,
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2018). Letsch et al. (2018) cite as further evidence supporting a glaciogenic interpretation the presence of both brittle and
ductile deformation, including planar microfabrics with high birefringence clay seams, which are commonly found in
Quaternary tills that have been subglacially deformed (van der Meer, 1994; van der Meer et al., 2003; Menzies, 2000). The
generally massive and chaotic diamictites are similar to Quaternary till deposits, and the Tizwat diamictite pebble clusters have
been interpreted as iceberg dumps (Letsch et al., 2018) which are also found in Quaternary glaciolacustrine and glaciomarine
deposits. These perhaps provide additional circumstantial evidence for a glaciogenic interpretation for the Tiddiline Group
diamictites, though other mass flow deposition mechanisms remain possible.

It is likely impossible to unpick the number and nature of glacial advances and retreats, except to say that at least one of them
occurred over “considerable pre-glacial topography” (Letsch et al., 2018), suggesting that this may have been the first
glaciation in the region for a substantial interval of time, possibly since the Cryogenian. Letsch et al. (2018) conclude that the
most parsimonious explanation for the number, variety, and extent of glaciogenic rocks in the Tiddiline Group, along with the
consistency of radiometric dates recovered from these strata, is that they were deposited during a single icehouse interval. It is
likely that there were at least local, more probably global, advances and retreats of an icesheet proximal to the Anti-Atlas
region during deposition of the Tiddiline Group from the three diamictite beds, interpreted as terrestrial tillites, found in the
Sirwa inlier which are separated by alternating sandy siltstone and claystone laminae and which sometimes host outsized clasts
with evidence of vertical emplacement, interpreted as ice-rafted dropstones (Letsch et al., 2018). Letsch et al. (2018) further
interpret the depositional setting of the laminites as lacustrine (based on the absence of evidence for coastal deposits) which

perhaps makes local rather than global icesheet fluctuations a more plausible explanation for changing depositional conditions.

Table S25. Evidence of glacial influence in the Tiddiline Group diamictites.

Category Description Rating

Outsized clasts Outsized clasts deposited as massive diamictites in a setting with evidence for gravity- *
flow deposition of stratigraphically adjacent units.

Outsized clasts that disrupt laminae above/below in a setting with evidence of *
downslope deposition.

Clast shape Clasts are well-rounded to angular. *
Clast surface Clasts striated (alignment not reported) and faceted. % %k k
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, metamorphic, igneous). * %k *k
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. % %k Kk

4.6.2 Izdar Member

Rocks assigned to the Izdar Member crop out in the Zenaga inlier, eastern Anti-Atlas Mountains, between the Bou Azzer (east)
and Timjich (wester) inliers, near the reservoir and dam of Taghdout (Letsch et al., 2018). The Izdar Member includes

diamictites and has been identified as lying on top of a polished surface (Letsch et al., 2018). Letsch et al. (2018) identify the
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Zenaga inlier [zdar Member as distinct from the rest of the Ouarzazate Group polished surfaces and diamictites discussed in

Vernhet et al. (2012).

Sedimentology. The contact between the Izdar Member and underlying PII Group shallow marine sediments is a polished and
striated angular unconformity with irregular but smooth micro-scale topography of divots, fractures, and steps, as well as
metre-scale undulations of dips and bumps or swells, similar to roches moutonnées (Letsch et al., 2018). Fault-related
slickensides are well-developed elsewhere in both the PII sandstones and the [zdar Member diamictites, but are not observed
on the plane of the angular unconformity between the two units (Letsch et al., 2018). The lower part of the Izdar Member
comprises typically chaotic matrix- and clast-supported diamictites with intermittent sandstone lenses (Letsch et al., 2018).
The diamictite clasts are predominantly quartz sandstones, and more rarely basement lithologies, ranging from coarse sand to
boulder grade, well-rounded to very angular, occasionally bullet- or triangle-shaped (possibly due to fracturing) (Letsch et al.,
2018). The upper Izdar Member is well-bedded, with siltstones, sandstones, and conglomerates interbedded with the
diamictites.

The Izdar Member diamictites thin laterally toward the west and are gradually replaced by shales, sandstones, and less common
stratified diamictites which have typically been associated with the Saghro Group (Letsch et al., 2018). The silty shales contain
boudinaged sandstones and outsized clasts of quartz sandstones and carbonates ranging from pebble-grade to very angular
megaclasts of 40 m long, with the smaller clasts being typically subrounded to well-rounded, though these also have angular
fractured or faceted surfaces (Letsch et al., 2018). The outsized clasts may be draped by surrounding laminae (Letsch et al.,

2018), though this is hard to see.

Age constraints. The Izdar Member has been assigned to the basal Ouarzazate Group (or PIII). In the Zenaga inlier, the Izdar
Member typically rests on a polished and striated unconformity over shallow marine sandstones of the PII Group, which is
thought to be of earlier Neoproterozoic (Tonian to Cryogenian) age (Letsch et al., 2018). In places, a thin unit of thinly bedded
intercalated green-grey shale to fine sandstone units over a basal boulder bed is sandwiched between the PII and Izdar Member
deposits (Letsch et al., 2018). Detrital zircon dates from the Izdar Member show a similar age spectrum to that of the Tiddiline
Group, with significant populations at ~2090 Ma and ~590 Ma, including a youngest single grain age of 592.31 = 0.18 Ma
(Letsch et al., 2018).

The upper contact of the Izdar Member is poorly constrained due to tectonic activity on the major Anti-Atlas fault, which has
complicated field relationships (Letsch et al., 2018). The Oufalla granite, which abuts the Izdar Member with an uncertain
contact relationship, and the Izdar Member are unconformably overlain by siliciclastics and volcaniclastics of the Ouarzazate
Group (Letsch et al., 2018). An ignimbrite at the base of the Ouarzazate Group near Tamazarra was dated at 574.9 + 3.0 Ma
(sample 14DL15) (Letsch et al., 2018).

The shale-with-outsized-clasts facies to the west of the main Izdar Member may be its lateral equivalent, which would give

the same radiometric constraints for each, but this relationship has not been fully resolved in the field (Letsch et al., 2018).
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The shale facies rests on an ignimbrite dated at 593.12 + 0.14 Ma (youngest single grain in sample 14DL21) (Letsch et al.,
2018). Detrital zircons from a sandstone bed in the Izdar Member gave a typical bimodal age distribution, with the younger
mode at approximately 593 Ma (sample 14DL22) (Letsch et al., 2018). The upper contact constraint for this shale facies is the
same basal Ouarzazate Group ignimbrite as for the diamictite facies of the Izdar Member: 574.9 3.0 Ma (Letsch et al., 2018).

Summary. The Izdar Member is likely of the same depositional age as the Tiddiline Group diamictites (approximately 593
Ma to 579 Ma), though strictly it has a younger minimum age constraint (574 Ma). It was deposited before the Ouarzazate
Group. The Izdar Member diamictites display glaciogenic characteristics, but are not as clear as other Ediacaran examples. In
particular, the large 40 m long block may be more plausibly explained by downslope mass flow rather than glacial deposition.

The polished eroded surface is more convincingly glaciogenic, however, and contributes to an overall four-star rating.

Table S26. Evidence of glacial influence in the [zdar Member.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive diamictites in a setting with evidence for gravity- *
flow deposition of stratigraphically adjacent units.
Outsized clasts that disrupt laminae above/below in a setting with evidence of *
downslope deposition.
Clast shape Clasts are well-rounded to very angular. *
Clast surface Some faceted (bullet-shaped) clasts present. *
Clast lithology Clasts of (at least) three lithology classes (siliciclastic, carbonate, basement — *

unspecified but described as being metamorphic intruded by igneous rocks).

Geomorphology Extensive surfaces with striae and/or small surfaces with crescentic gouges, chatter ok
marks, and s-forms.

Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. %k Kk

4.7 Laurentia
4.7.1 Fauquier Formation (upper Lynchburg Group, northern Virginia)

Deposited on the margin of Laurentia (Virginia, USA) during the Ediacaran (Hebert et al., 2010), the Fauquier Formation is
part of the upper Lynchburg Group and overlies the lower Lynchburg Group Mechum River Formation, which has also been
interpreted as glaciogenic but is generally considered to be Cryogenian in age (Bailey and Peters, 1998; Tollo and Hutson,
1996), being correlated with Sturtian deposits (Hebert et al., 2010). Here, we follow the Cryogenian age interpretation for the

Mechum River Formation and discuss the plausibly Ediacaran age for the Fauquier Formation.

Sedimentology. The Fauquier Formation comprises a basal diamictite, followed by a thick sandstone-dominated unit, and
finally a thin carbonate with low 3'3C values, and is overlain by the Catoctin Volcanic Formation (Evans and Raub, 2011;

Hebert et al., 2010). The basal diamictite comprises rounded to angular cobble- and boulder-grade clasts in a matrix of cross-
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bedded coarse sandstone (Hebert et al., 2010). The diamictite clasts primarily comprise basement granite and gneiss, and the
boulder-grade clasts reduce in frequency up-section (Hebert et al., 2010). The basal diamictite has been interpreted as a pro-
glacial outwash deposit (Hebert et al., 2010).

Overlying the diamictite unit throughout the basin are thick deposits of immature siliciclastic rocks including greywackes,
argillites, arkoses, and pebbly sandstones (Hebert et al., 2010). The greywackes and argillites are interpreted as gravity-driven
deposits including turbidites, and the arkoses and pebbly sandstones are interpreted as proximal marine or even fluvial deposits
(Hebert et al., 2010). Further up section, these units pass into calcareous siltstones and shallow marine limestones which
include an intra-formational breccia, laminated rhythmite, and microbial limestones (Hebert et al., 2010). Pillow basalts of the
Catoctin volcanics overlying the shallow marine limestones and appear to have been deposited before the carbonate was fully

lithified (Hebert et al., 2010).

Age constraints. Hebert et al. (2010) consider the volcanic Catoctin Formation to conformably overly the Fauquier Formation,
with the implication of very little temporal hiatus between the two units. They argue that radiometric dates from the lower
Catoctin Formation can therefore provide a minimum depositional age for the Fauquier Formation. Zircons from Catoctin
Formation volcanics have yielded radiometric dates of 570 = 12 Ma (Bluemont Quadrangle, northern Virginia) and 564 £+ 9
Ma (South Mountain, Pennsylvania), as well as a 572 + 5 Ma date from a Catoctin-related dyke (Aleinikoff et al., 1995).
Further zircon U-Pb dates from the lower 50 m of the Catoctin Formation basalts have been dated at 571 + 1 Ma (Southworth
et al., 2009), which further supports a minimum depositional age of about 570 Ma for the Fauquier Formation.

Hebert et al. (2010) infer that the Catoctin Formation is conformable with the carbonates of the upper Fauquier Formation due
to observations of soft sediment deformation in those carbonates. They further argue that the upper Lynchburg Group (Fauquier
Formation) is closer in age to the overlying Catoctin Formation volcanics than it is to the underlying lower Lynchburg Group
(Mechum River and Bunker Hill formations), which are putatively glaciogenic deposits dated at around 700 Ma (Bailey and
Peters, 1998; Tollo and Hutson, 1996).

Summary. The Fauquier Formation diamictite is likely mid-Ediacaran in age, deposited before 571 Ma. The glaciogenicity of

the Fauquier Formation is uncertain.

Table S27. Rating of possible glacial influence on the Fauquier Formation diamictite.

Category Description Rating
Outsized clasts Outsized clasts deposited as a massive or stratified diamictite in a setting with other *
reworked deposits.
Clast shape Clasts are rounded to angular. *
Clast lithology Clasts of two lithology classes (metamorphic, igneous) which can be locally sourced. *
Summary Equivocal: many ice-free depositional environments could produce this evidence. * %k
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4.7.2 Inishowen (=Inishowan) beds

Condon and Prave (2000) described candidate Ediacaran glaciogenic deposits from the Southern Highland Group on the
Inishowen (also spelled ‘Inishowan’) Peninsula, County Donegal, Republic of Ireland. These deposits are generally correlated
with the Dalradian Supergroup in Scotland, bounded in the southwest by the Highland Boundary Fault (Scotland) and

equivalent Clew Bay — Fair Head faults in Ireland.

Sedimentology. The Inishowen beds comprise five candidate dropstone diamictites, each between a few centimetres to a few
decimetres thick, occurring sporadically, separated by tens of metres, in a ~500 m thick succession of arkosic sandstones and
mudstones (Condon et al., 2002; Condon and Prave, 2000). Three of the five candidate dropstone-bearing beds consist of
granule to pebble grade (up to 25 mm) angular to well-rounded quartzite, gneiss, schist, and igneous clasts, at least some of
which are exotic to the local stratigraphy, which can pierce laminae and have laminae draped over them, separated by decimetre
to metre thick mudstone deposits lacking outsized clasts (Condon et al., 2002; Condon and Prave, 2000; Prave and Fallick,
2011). Where the outsized clasts are present they are not graded (Condon and Prave, 2000).

In the two stratigraphically higher horizons, the outsized clasts occur predominantly in pelagic mudstones between relatively
clast-poor mudstone turbidites, and this is interpreted as a relatively continuous rainout of iceberg dropstones with background
sedimentation punctuated by turbidity currents (Condon and Prave, 2000). One of the outsized clasts in the second lowest
diamictite, up to ~10 cm diameter, is made up of a cluster of rounded to angular small pebbles (~4 to 8 mm) of quartz and
feldspar in a sand-mud matrix (Condon and Prave, 2000). This was interpreted as a frozen aggregate dropped from the base of
an iceberg (Condon and Prave, 2000).

In the lowest outsized clast-bearing interval is a convex-up dome-shaped structure with a planar non-erosive base and irregular
edge that is up to 20 cm thick and 1 to 2 m in diameter and comprises poorly sorted coarse-grained material described as a
diamictite (Condon et al., 2002; Prave and Fallick, 2011). This was interpreted as an iceberg dump structure (Condon et al.,
2002).

The strata between the five identified horizons with outsized clasts consist of a heterolithic suite of thin bedded normally
graded and cross bedded sandstones, (up to 2 m) thick bedded graded to massive arkoses with sharp erosive bases, pebbly
sandstones, and finely laminated or ripple-topped mudstones, all indicating unidirectional flow in a deep marine slope setting
(Condon et al., 2002; Condon and Prave, 2000).

The deposits stratigraphically adjacent to the ~500 m thick arkosic succession are quartzitic, with the abundant feldspar in the
arkosic units being interpreted as the result of cold climate weathering with limited chemical breakdown (Condon et al., 2002;

Condon and Prave, 2000).

Age constraints. There are no direct age constraints on the Inishowen beds. An Ediacaran age interpretation is dependent on

correlation with the poorly constrained Dalradian Supergroup in Scotland. Regarding the Inishowen beds, this correlative
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framework hinges on a lithostratigraphic correlation between the Culdaff Limestone (Ireland, below Inishowen beds) and the
Tayvallich Limestone (Scotland, below the Tayvallich keratophyre) and between the upper Inishowen beds and the Loch na
Cille Boulder Bed (Condon and Prave, 2000; Harris et al., 1994). The Tayvallich keratophyre was dated at 595 + 4 Ma
(Halliday et al., 1989) and this was considered a likely age for both the Inishowen beds and Loch na Cille Boulder Bed (Condon
et al., 2002; Condon and Prave, 2000). However, (Dempster et al., 2002) highlighted the uncertain stratigraphic relationship
between the dated keratophyre and the Dalradian deposits, notably that it might intrude and crosscut adjacent deposits, and
that there is likely an inherited component to the 595 Ma age determined by Halliday et al. (1989) who used a standard
multigrain analysis. More recently, the 601 + 4 Ma tuff bed zircon U-Pb date from the Tayvallich Volcanics (Dempster et al.,

2002) has been used as the maximum age constraint for the Inishowen beds (Prave and Fallick, 2011).

Summary. The age of the Inishowen beds is likely Ediacaran, and possibly mid- to late Ediacaran, but the dating evidence is
weak and its age assignment is here considered uncertain. The evidence for glaciogenicity is not conclusive, but is stronger
than that for the supposedly correlative Loch na Cille Boulder Bed (see below). Notably, well rounded to angular granule to
pebble grade outsized clasts of three lithological categories occur across multiple horizons (Condon and Prave, 2000; Prave
and Fallick, 2011); some of the clasts apparently disrupt laminae both below (warping and penetrating) and above (draping)
(Condon et al., 2002; Condon and Prave, 2000); clasts occur in both event (turbidite) and background (pelagic mudstone) beds
(Condon and Prave, 2000); some clasts comprise aggregates of granules, interpreted as frozen aggregates (Condon and Prave,
2000); one large patch of diamictite in mudstone is up to 2 m in diameter and has been interpreted as an iceberg dump structure
(Condon et al., 2002).

The pebble-bearing horizons are separated by tens of metres in a ~500 m thick heterolithic arkosic succession (Condon et al.,
2002; Condon and Prave, 2000). The arkosic succession is situated with hundreds of metres of quartzitic arenites, with the
compositional change to arkose inferred to represent a cooler weathering regime, spanning the interval of the pebble beds

(Condon et al., 2002; Condon and Prave, 2000). This could also reflect a change to a more proximal source region.

Table S28. Rating of possible glacial influence on the Inishowen beds.

Category Description Rating
Outsized clasts Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits.
Clast shape Clasts are well rounded to angular. *
Clast lithology Clasts of three lithology classes (siliciclastic, igneous, metamorphic), at least some of *
which are considered exotic.
Grain clusters Uncemented clusters of outsized granules without specific evidence of current flow for *
their deposition (though surrounding sediment does show signs of current-related
deposition).
Summary Circumstantial: this evidence could be produced by specific, but rare, ice-free ok

depositional environments.
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4.7.3 Loch na Cille Boulder bed (Tayvallich Formation, southwest Scotland)

Sedimentology. The Loch na Cille Boulder Bed is part of the Tayvallich Subgroup, Argyll Group, Dalradian Supergroup, and
crops out on the Tayvallich Peninsula, western Scotland, United Kingdom. The Tayvallich Subgroup comprises fine-grained
turbidites, limestones, and intrusive and extrusive basaltic rocks and rarer felspar-porphyritic rocks, as well as the Loch na
Cille polymict conglomerate, deposited on a submarine slope (Tindal, 2023). Tayvallich Subgroup lithologies on the
eponymous Peninsula include (pillowed) basalts, tuffs, feldspar porphyry, keratophyre, pale grey to brown limestone,
conglomerate, and mudstone (Tindal, 2023).

There are four distinct conglomerate groups in the Tayvallich Subgroup (Tindal, 2023): basalt + limestone clasts in a basalt +
limestone matrix; finely crystalline keratophyre + minor basalt in an epidotized fine-grained matrix; clast-supported basalt +
feldspar porphyry conglomerate; polymict conglomerate comprising feldspar-porphyry, keratophyre, basalt, quartzite, and
limestone clasts in a dark green mudstone matrix with rare quartz sand. The last of these has generally been considered as the
key representative of the Loch na Cille Boulder Bed (Tindal, 2023) and has been interpreted as a candidate Ediacaran
glaciogenic deposit on the basis of supposedly exotic clasts (Condon and Prave, 2000; Elles, 1935; McCay et al., 2006; Prave,
1999; Prave and Fallick, 2011). Tindal (2023) comprehensively demonstrated that the lithologies of all the clasts known from
the Loch na Cille Boulder Bed can be found “in outcrop within one kilometre” of the boulder bed outcrops. The clasts of the
Loch na Cille Boulder Bed show no specific signs of being glacially reworked (e.g. striations, faceted surfaces, warped
laminae), nor are any of the clasts truly exotic in origin; rather it can be parsimoniously interpreted as one end member of the

gravity-driven conglomerate deposits on a volcanic-carbonate slope (Tindal, 2023).

Age constraints. The Loch na Cille Boulder Bed has a maximum depositional age constraint of 601 =4 Ma from a tuff bed
zircon U-Pb date several hundred metres stratigraphically below it (Dempster et al., 2002). Cambrian rocks overlie the

Dalradian Supergroup and provide the minimum depositional age constraint.

Summary. The Loch na Cille Boulder Bed is likely mid- to late Ediacaran in age, following loose radiometric and
lithostratigraphic constraints (Dempster et al., 2002; Prave and Fallick, 2011). However, it is unlikely to be of glaciogenic
origin. There are no diagnostic glaciogenic features, and the broad range of clast lithologies can be found both geographically

and stratigraphically in close proximity to the boulder bed (Tindal, 2023).

Table S29. Rating of possible glacial influence on the Loch na Cille Boulder Bed.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive diamictites in a setting with other reworked *
deposits.
Clast lithology Clasts of three lithology classes (siliciclastic, carbonate, igneous). * %
Summary Weak: Some ice-free depositional environments could produce this evidence. * k
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4.8 North China Craton
4.8.1 Fengtai Formation

The Fengtai Formation crops out on the southeast margin of the North China Craton where its sedimentology has recently been
described from the Huainan and Huoqiu sections (Yue et al., 2025). The Fengtai Formation unconformably overlies the Tonian

Sidingshan Formation and is unconformably overlain by the Cambrian Houjiashan Formation (Yue et al., 2025).

Sedimentology. The Fengtai Formation crops out across the Huainan and Huoqiu regions on the North China Craton where it
can reach up to 100 m thick, typically thinning south and east (Yue et al., 2025). The source of most clasts in the diamictites
can be found within the basin, notably various carbonate lithologies in the Sidingshan Formation, which unconformably
underlies the Fengtai Formation with a scratched and scoured erosional contact surface (Yue et al., 2025).

In the Huainan area (Bagongshan section and surrounding area), there are four facies associations. The massive matrix-
supported diamictites are several to tens of metres thick, massive in structure, with the exclusively carbonate (locally-derived)
angular to subrounded clasts comprising up to 50 % of the rock and typically 1 to 50 cm in diameter, exceptionally >1 m
diameter, in a carbonate matrix (Yue et al., 2025). Some clasts are striated, with striations having a consistent orientation,
variable length, and widths and depths of 1 to 3 mm (Yue et al., 2025). However, Yue et al. (2025) observe these striations
continuing into the diamictite matrix, i.e. they are not confined to clast surfaces, and therefore interpret the striations as
evidence of post-depositional processes including fault plane movement and much later erosion. Approximately 0.5 to 2 m
thick dolostones, with or without ‘dropstones’ overlie the massive diamictites and are up to 10 m thick (Yue et al., 2025).
These units are typically massive dolostones with bedding rarely visible and rare, poorly sorted, outsized clasts of 5 to 15 cm
(rarely 30 cm) diameter throughout (Yue et al., 2025). The overlying units are generally flat-based with an erosive contact
(Yue et al., 2025). Thin-bedded matrix-supported stratified diamictites and thin to medium-bedded clast-bearing sandstones
overlie the dolostones (Yue etal., 2025). The sandstones host subangular carbonate clasts up to 3 cm diameter that are randomly
distributed throughout the beds (Yue et al., 2025). Yue et al. (2025) interpret these clasts as disrupting (breaking underlying
and being draped by overlying) laminae in the sandstones, but the figured outcrop photograph (their fig. 5c) appears to show
a series of chemical alteration fronts rather than sedimentary laminae. A fourth facies association — laminated sandstones,
shales, and limestones — occurs in the upper Fengtai Formation and lacks outsized clasts, though some of the alternations are
considered by Yue et al. (2025) to be rhythmites. This facies association is conformable above the diamictites below, and
unconformable below the (Cambrian) Houjiasjan Formation above with an erosional contact with evidence for subaerial
exposure and intense, lateritic, weathering (Yue et al., 2025). Tan et al. (2025) describe the Fengtai Formation at the
Bagongshan section as comprising cyclic units of dolomitic breccia that broadly fines upwards to become breccia-bearing
muddy dolostone, with the lower breccia being massive and hosting angular to subangular gravel clasts and the upper breccia-

bearing muddy dolostone being laminated and hosting gravel-sized clasts with their long-axis typically aligned with bedding.
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Tan et al. (2025) also note that outsized clasts can reach up to 1.3 m (typically 0.5 to 25 cm) and are predominantly dolostone,
with minor chert, sandstone, and hematite grains.

In the Huoqiu area (Xiaomeiyoa section and surrounding area) there are also four facies associations. The massive grey
diamictites association is up to 20 m thick, with pebble to boulder grade (up to 50 cm diameter) subrounded to angular
carbonate clasts, and occasionally displays weak stratification with discontinuous wavy and parallel laminae (Yue et al., 2025).
There are truly stratified diamictites as well, comprising thick-bedded matrix-supported diamictites and clast-supported
(conglomeratic?) units with subrounded to angular clasts up to 10 cm diameter, sometimes displaying normal grading and
parallel lamination (Yue et al., 2025). Clasts are typically aligned with laminations (Yue et al., 2025). One figured thin section
from this facies (Yue et al., 2025, fig. 8a) does show an angular (quartz?) gravel clast disrupting underlying micritic carbonate
laminae and draped by overlying laminae, suggesting a plausible interpretation of this clast as a dropstone. Where calcareous
shales and limestones alternate, they are separated by an erosional surface at the top of the limestones (Yue et al., 2025). A
dark shale plus limestone association comprises (rhythmic?) alternation of organic-rich shales and parallel laminated
limestones lacking any outsized clasts (Yue et al., 2025). A third diamictite facies association is also identified with normally
graded sandstones and shales, directly overlying the dark shales and limestones association (Yue et al., 2025). These diamictites
are massive, clast-rich (up to 50 %), with subrounded to angular carbonate clasts up to 10 cm diameter, and are overlain by
graded, and parallel and cross-laminated sandstones which themselves grade into calcareous shales with abundant phosphate
nodules (Yue et al., 2025).

The depositional interpretation of the Fengtai Formation has been of gravity flow deposits close to the coarse material (due to
the poor sorting, high angularity of clasts, and the predominance of local lithologies) (Li et al., 2018), but Yue et al. (2025)
and others challenge this interpretation because of the rapid stratigraphic transitions from massive diamictite to dolostones and
sandstones with outsized clasts interpreted as dropstones, all of which they infer to be glaciogenic in origin. The dropstone
interpretation is questionable based on the field photographic evidence (Yue et al., 2025, fig. 5c) but there is some supportive
thin-section evidence (Yue et al., 2025, fig. 8a).

Age constraints. The depositional age of the Fengtai Formation is poorly constrained. It rests unconformably on the
Sidingshan Formation which is considered to be Tonian in age, and is unconformably overlain by the Cambrian Series 2
Houjiashan Formation (Tan et al., 2025; Yue et al., 2025). Detrital zircon LA-ICP-MS U-Pb dates from Fengtai Formation
shales yield an ~640 + 18 Ma maximum depositional age (Niu, 2016, unpublished MSc thesis cited in Yue et al., 2025). More
detailed detrital zircon study has not led to tighter radiometric age constraints (Tan et al., 2025). The Fengtai Formation is
lithostratigraphically correlated with the Luoquan and Zhengmuguan formations of the North China Craton (Yue et al., 2025),
but the detrital zircon U-Pb age spectra of these units are quite different to that of the Fengtai Formation, except for parts of

the Zhengmuguan Formation in the Helanshan area (Tan et al., 2025)
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Summary. The Fengtai Formation is plausibly though not demonstrably Ediacaran in age, and it could reasonably be
interpreted as late Cryogenian based on (unpublished) low resolution zircon U-Pb dates. There is little evidence for
glaciogenicity. Whilst plausibly deposited in or close to a glaciated area there is only one figure of a clast reasonably interpreted
as a dropstone (Yue et al., 2025, p.8a). Other supposed dropstone evidence (Yue et al., 2025, p.5¢) is more likely to be
misinterpreted chemical alteration haloes, which undermines the validity of the general statements of dropstones being present.
The pre-existing interpretation for the depositional conditions of this unit are of downslope debris flow deposits, and that

interpretation remains plausible.

Table S30. Rating of possible glacial influence on the Fengtai Formation diamictite.

Category Description Rating
Outsized clasts Outsized clasts deposited as a massive and stratified diamictite in a setting with other *
reworked deposits.
Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits.
Clast lithology Clasts of one lithology classes (siliciclastic, igneous) which can be locally sourced. -
Clast roundness Clasts with three grades of roundness (subrounded, subangular, angular). —
Summary Equivocal: many ice-free depositional environments could produce this evidence. * %

4.9 Rio de la Plata Craton

The Maldonado Group includes the Playa Hermosa and Las Ventanas formations, and the San Carlos Formation is considered
to be a lateral equivalent of the Las Ventanas Formation (Pecoits et al., 2011). The Maldonado Group was deposited over an
angular unconformity with Paleoproterozoic to Neoproterozoic basement rocks of the Lavalleja Group in southeast Uruguay
on the Rio de Plata craton (Pecoits et al., 2011). Upper Ediacaran to lower Cambrian rocks unconformably overlie the

Maldonado Group (Pecoits et al., 2011).

4.9.1 Las Ventanas Formation (Maldonado Group)

Sedimentology. The Las Ventanas Formation comprises siliciclastic sediments including a basal conglomerate, diamictites,
sandstones, and siltstones, with fine-grained rhythmites towards the top of the up to 1250 m thick formation (Pecoits et al.,
2011). The approximately 250 m thick San Carlos Formation comprises conglomerates, sandstones, and siltstones, which fine
upwards to mudstones, and does not have any evidence of glaciogenic sediments (Pecoits et al., 2011).

During deposition of the Maldonado Group, this part of the Rio de Plata craton experienced active strike-slip and normal
faulting, and active volcanism with the intrusion and extrusion of calc-alkaline and alkaline granites and shoshonitic basalts
during the transition from a back-arc basin (pre-Maldonado Group) to a strike-slip basin (syn-Maldonado Group) and finally
a foreland basin (post-Maldonado Group) (Pecoits et al., 2011). This geotectonic setting provides several non-glaciogenic

emplacement mechanisms for often putatively glaciogenic features.
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Putative evidence for glacial influence in deposition of the Las Ventanas Formation comes from outsized clasts with faceted
surfaces in fine-grained rhythmites (Gaucher et al., 2008; Pecoits, 2003; Pecoits et al., 2008, 2011). Diamictites and dropstones
have been reported from the middle of the Las Ventanas Formation near Minas (Gaucher et al., 2008). The diamictite comprises
angular to subrounded carbonate, sandstone, quartzite, metasiltstone, granitoid, and rhyolite clasts up to 25 cm in diameter
embedded in a ferruginous clay-silt mudstone matrix, with the matrix typically comprising 35 to 40 % but up to 100 % by
volume (Gaucher et al., 2008). The diamictites range from massive to slightly normally graded (Gaucher et al., 2008).
Carbonate and metasiltstone clasts occur as lonestones, which may be elongate or ‘bullet-shaped’ (Gaucher et al., 2008).

The Las Ventanas Formation diamictites range from massive to weakly graded, occasionally reverse graded, with granule to
boulder sized clasts of carbonate, siliciclastic, igneous, and metamorphic rocks, some of which are allochthonous to the basin,
ranging from angular to rounded and occasionally bullet-shaped (Gaucher et al., 2008; Pecoits, 2003; Pecoits et al., 2008,
2011). Pecoits et al. (2011) identify two different diamictite types: pebble- to cobble-grade clasts in a massive muddy matrix,
and cobble- to boulder-grade clasts in a massive to laminated mudstone matrix that form thick (2 to 10 m) beds with clasts
sometimes faceted and striated. Rhythmites throughout but particularly in the upper part of the formation, have millimetre- to
centimetre-scale alternations of silt and sand sized sediments with clays, and are punctuated with outsized clasts that deform

the laminae (Pecoits et al., 2011).

Age constraints. Radiometric dates constrain Maldonado Group deposition to a middle Ediacaran age (Pecoits et al., 2011).
Igneous intrusions provide minimum age constraints for the deposition of the Las Ventanas Formation. Syenites intruding the
Las Ventanas Formation have yielded a Rb-Sr date of 520 &= 5 Ma (Bossi et al., 1993). The Pan de Azucar pluton intrudes the
Las Ventanas Formation and has yielded a Rb-Sr date of 559 + 28 Ma (Gaucher et al., 2008; Preciozzi et al., 1993) and an Ar-
Ar date of 579 + 1.5 Ma from hornblende in the syenite (Oyhantgabal et al., 2007). Maximum age constraints for deposition
of the Las Ventanas Formation come from (meta)basalts at the base of the formation, which have yielded a K-Ar date of 615
+ 30 Ma (Sanchez Bettucci and Linares, 1996), or from the uppermost Lavalleja Group which has yielded a U-Pb zircon date
of 590 = 2 Ma (Mallmann et al., 2007). Acritarchs from the Las Ventanas Formation are characterized by low diversity
assemblages of large sphaecromorphs, dominated by Leiosphaeridia alongside Soldadophycus, with the assemblage being
considered typical of lower to middle Ediacaran strata (Gaucher et al., 2008). There are no chemostratigraphic constraints on

the Maldonado Group.
Summary. There is strong evidence for glacial influence on the deposition of the Las Ventanas Formation. There is reasonable

evidence that the Las Ventanas Formation was likely deposited after 600 Ma, probably after 590 Ma, and before 579 Ma,

which is supported by biostratigraphic evidence for deposition before approximately 580 Ma.

53



1470

1475

1480

1485

1490

Table S31. Evidence of glacial influence in the Las Ventanas Formation.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in proximal settings with *
evidence for current deposition of other stratigraphically adjacent units.
Outsized clasts that disrupt laminae above/below in a flat setting (rhythmites). Kk
Clast shape Clasts are rounded to angular. *
Clast surface Clasts striated (alignment not reported) and faceted. Y Sk k
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, metamorphic, igneous). * %k
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. * %k Kk

4.9.2 Playa Hermosa Formation (Maldonado Group)

The Playa Hermosa Formation is considered to be a lateral equivalent of the Las Ventanas Formation (e.g. Pazos et al., 2011;
Pecoits et al., 2011), which is consistent with radiometric dates for both units (Mallmann et al., 2007; Oyhantcabal et al., 2007,
Rapalini et al., 2015).

Sedimentology. The Playa Hermosa Formation comprises a lower member of conglomerates, diamictites, fine sandstones,
pelites, and laminated fine-grained sediments, and an upper member of conglomerates, sandstones, diamictites, and volcanic
(hyaloclastic) rocks (Pazos et al., 2003, 2011). The lower member is interpreted to have a glaciogenic influence. The lower
member conglomerates include predominantly subrounded though up to angular pebble-grade clasts of felsic igneous rocks,
mylonitic rocks, and deformed rhythmites, and have been interpreted as sediment gravity flow deposits (Pazos et al., 2003,
2011). The diamictites include abundant rhythmite clasts and angular feldspathic clasts, are massive, with pebble-sized angular
clasts and substantial lateral variability in clast density (Pazos et al., 2003). Syn-sedimentary soft sediment deformation occurs
throughout the lower member but is concentrated towards the top (Pazos et al., 2011). The conglomerates have irregular bases,
sometimes with evidence of loading, are discontinuous at outcrop scale, and are clast-supported (Pazos et al., 2011). Gravel
and sand layers alternate with mud to form coarse rhythmites which contain outsized bullet-shaped quartzite clasts of boulder-
grade (Pazos et al., 2011). There are also fine-grained rhythmites of silt and clay layers, some of which alternate with normally
graded and rippled sandstones (Pazos et al., 2011). The diamictites typically have sharp basal contacts and may interbed with

normally graded sandstones and claystones (Pazos et al., 2011).

Age constraints. The Playa Hermosa Formation rests unconformably on a tonalite gneiss dated at ~1.7 Ga (Pazos et al., 2011;
Sanchez-Bettucci et al., 2009). The depositional age of the Playa Hermosa Formation is constrained by radiometric dates above
and below. A sample from the basal Playa Hermosa Formation has yielded a detrital zircon U-Pb SHRIMP date of 594 + 16
Ma (based on an Isoplot youngest detrital zircon analysis) (Rapalini et al., 2015). The minimum depositional age of the Playa

Hermosa Formation is constrained by three zircon U-Pb SHRIMP-dated samples from a microsyenite dyke intruding the Playa
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Hermosa Formation (sample SA-20 / SdAn-1), a syenite (sample SA-8 / SdAn3), and a flow-banded rhyolite from the El
Tambo Formation (sample SA-12 / SdAn-2), all belonging to the Sierra de las Animas igneous complex (Rapalini et al., 2015).
These samples were dated at 574.5 + 8.1 Ma, 587.4 + 7.3 Ma, and 581.8 + 3.4 Ma respectively, with a grand mean weighted
U-Pb age of 578.0 +£ 4.3 Ma (Rapalini et al., 2015).

Summary. The Playa Hermosa Formation was likely deposited after 594 Ma, though there is a large uncertainty associated

with this date, and before 578 Ma (Rapalini et al., 2015).

Table S32. Evidence of glacial influence in the Playa Hermosa Formation.

Category Description Rating

Outsized clasts Outsized clasts deposited as massive diamictites in a setting with evidence for reworking *

of these and stratigraphically adjacent deposits.
Outsized clasts that may disrupt laminae above/below in or associated with reworked *
deposits.
Clast surface Faceted (bullet-shaped) clasts are reported. *
Clast lithology Clasts of three lithology classes (siliciclastic, metamorphic, igneous). * &

Summary Circumstantial: this evidence could be produced by specific, but rare, ice-free ok

depositional environments.

4.10 Sao Francisco Craton
4.10.1 Iporanga Formation

The Iporanga Formation is part of the Neoproterozoic to early Paleozoic succession formed on the Riberira Belt during the
Brasiliano Orogeny (Campanha et al., 2008). The Ribeira Belt formed during the collision of the Sdo Francisco, Congo, and

Parana cratons (Campanha et al., 2008).

Sedimentology. The Iporanga Formation comprises polymict breccias and conglomerates interbedded with sandstones and
rhythmic pelites, and has been variably interpreted as glaciogenic (tillite), turbidites and other mass flow deposits, and
reworked tillites (Campanha et al., 2008). The Iporanga Formation conglomerates comprise millimetre- to decimetre-scale
clasts of claystone, rhythmite, quartz, sandstone, conglomerate, amphibolite, gneiss, granitoid, and volcanic lithologies in a
fine-grained (pelitic) matrix (Campanha et al., 2008). In the lower units, the conglomerates are clast-rich and massive, with
slaty and crenulation cleavage developed through matrix and clasts (Campanha et al., 2008). The conglomerates transition into
fine-grained turbidites with interbedded sandstones and conglomerates with a coarser, sandy, matrix (Campanha et al., 2008).
There is no evidence of striated clasts or surfaces, and the initial interpretation of a glaciogenic origin for the unit hung on the
polymict nature of the conglomerates and breccias, which certainly include some clasts not currently known from the region,

whilst subsequent workers have favoured a downslope mass flow deposition model (Campanha et al., 2008).
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Age constraints. Campanha et al. (2008) produced radiometric age constraints for the Iporanga Formation from an underlying
volcanic unit (sample IP808) and granite clasts in the basal breccia of the formation (sample F203) using zircon U-Pb SHRIMP
dating. Sample IP808 yielded a SHRIMP age of 579 + 34 Ma from the youngest population of zircons, and sample F203
yielded a SHRIMP age of 593 + 15 Ma from two granite clasts with similar zircon populations (Campanha et al., 2008).

Summary. The Iporanga Formation was likely deposited in the mid-Ediacaran (Campanha et al., 2008) and is plausibly of
MEIH interval age, though precise age constraints are lacking. The glaciogenicity of the Iporanga Formation is also
questionable, with most recent work supporting a gravity-driven mass flow depositional interpretation in keeping with the
tectonic setting proximal to a collisional orogen (Campanha et al., 2008). Although a glaciogenic, or reworked glaciogenic,

origin cannot be ruled out, this interpretation is not strongly supported by the evidence.

Table S33. Evidence of glacial influence in the Iporanga Formation.

Category Description Rating

Outsized clasts Outsized clasts deposited as massive conglomerates and breccias (sometimes described *
as diamictites) in proximal settings with evidence for current deposition of
stratigraphically adjacent units.

Clast lithology Clasts of three lithology classes (siliciclastic, metamorphic, igneous). * %

Summary Weak: Some ice-free depositional environments could produce this evidence. * &

4.11 South China
4.11.1 Doushantuo Formation: karst surfaces and glendonites

There is no reliable evidence of glaciogenic sediments or glacial erosion surfaces in the Doushantuo Formation of South China,
though Retallack (2022) mentions that karst surfaces within the formation may be due to glacioeustasy without expansion on
this point. However, abundant glendonites have been well-documented from several (but not all) sections in the lower to middle
Doushantuo Formation, between the EN1 and EN2 negative §'*C excursions (Wang et al., 2017, 2020). The Doushantuo
Formation is an organic-rich and phosphate-rich deep-water deposit — all of which are factors strongly associated with
enhanced ikaite precipitation and stabilization (Bischoff et al., 1993; Zhou et al., 2015). The Doushantuo Formation
glendonites indicate cool (<10 °C, likely <4°C) bottom water temperatures during deposition.

Glendonite occurrences in the Doushantuo Formation have all been reported between the negative §'*C excursions EN1 and
EN2 (Wang et al., 2017, 2020). The EN1 excursion is associated with the basal Ediacaran Nantuo cap carbonate, whereas the
EN2 excursion is commonly considered a (terminal-) Gaskiers-related (~580 Ma) excursion, and the EN3 excursion at the top

of the Doushantuo Formation is thought to correlate with the Shuram 3'3C excursion (Yang et al., 2021).
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In the Zhangcunping section, Hubei Province, glendonites are reported from Unit 6 above an unnamed minor negative §'3C
excursion and below the larger EN2 excursion (Wang et al., 2017). The unnamed minor excursion is dated at 609 + 5 Ma
(SIMS zircon U-Pb) (Zhou et al., 2017) and <612.5 + 0.9 Ma (sample 18SC25; CA-ID-TIMS youngest detrital zircon U-Pb
date) (Yang et al., 2021). The minor unnamed excursion is correlated into the Jiulongwan section, Yangtze Gorges area,
western Hubei Province, to a horizon dated at 587.2 + 3.6 Ma (sample F1404; Re-Os whole-rock isochron) (Yang et al., 2021).
No glendonites are reported above the EN2 excursion. The nearest overlying radiometric age constraint is from the top of the
Miaohe Member, Doushantuo Formation, Jiajawan section, western Hubei Province, which is above EN3 and is dated at 550.1
+ 0.6 Ma (sample 16JJW-3; CA-ID-TIMS zircon U-Pb date) (Yang et al., 2021). The onset of the Shuram excursion is
considered to be approximately 574 Ma, and not earlier than 578.7 Ma (Rooney et al., 2020; Yang et al., 2021).

The Doushantuo Formation glendonites are considered here to indicate cool (<10 °C) or cold (<4 °C) bottom waters at least

around parts of the South China craton between 610 Ma (or perhaps 587 Ma) and 575 Ma.

4.12 Tarim
4.12.1 Xichangjing Formation

The Xichangjing Formation was deposited in the Altaids orogenic belt on the northern margin of the Tarim and North China
cratons (Niu et al., 2024). The Xichangjing Formation is particularly well studied in the Beishan region, on the Hanshan and
Shuangyingshan blocks (Niu et al., 2024).

Sedimentology. In the Xichangjing Formation, 18 facies have been identified, comprising four clast-rich diamictite facies,
four matrix-rich diamictite facies, and 10 apparently non-glacial facies, arranged into eight facies associations (Niu et al.,
2024). The proglacial marine facies association includes cherts, limestones, shales, and mudstones, which may be slumped,
interbedded with matrix-rich stratified and massive diamictites with a very fine-grained (siliceous flour) matrix hosting
unsorted outsized clasts (0.5 mm to 2 m) of marble, biogenic limestones, crystalline limestones, quartzites, and volcanic
lithologies, that sometimes deform laminae and may be abraded (flat-iron or bullet shaped) and striated (Niu et al., 2024).
Some diamictites show evidence of syn-sedimentary shearing, with bounding shear planes and aligned elongate clasts (Niu et
al., 2024). Some of the diamictites have planar, non-erosive, bases and have heterogeneously distributed clusters of clasts,
interpreted as iceberg overturning deposits (Niu et al., 2024).

Matrix-supported massive diamictites also occur in the submarine retreat and marginal marine facies associations, the latter of
which also includes stratified diamictites, and with diamictites interbedded with laminated limestones and calcareous shales
laterally traceable over wide areas (Niu et al., 2024). Both diamictite types include faceted (flat-iron) and striated clasts which
range from 1 mm to 0.5 m in diameter and are interpreted as the result of proximal glacial outwash flows (Niu et al., 2024).
The fan-delta and submarine fan facies associations predominantly comprise conglomerates and massive sandstones that are

typically lenticular at outcrop scale and not traceable beyond ~50 m (Niu et al., 2024). The conglomerate clasts are well-sorted,
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rounded pebbles of quartzite, carbonate, and volcanic lithologies, and the sandstones represent the coarser Bouma sequence
turbidite divisions (Ta), and both show no evidence of direct glacial influence (Niu et al., 2024). The inner and outer shelf
facies associations also show no evidence of direct glacial influence and include laterally continuous limestones interbedded
with chert, tuffaceous mudstone, and manganiferous deposits (Niu et al., 2024). Finally, a cap carbonate facies association has
been described comprising dolomite and limestone beds (Niu et al., 2024).

In the glacially-influenced facies associations, alternations between the different diamictite facies and between diamictites and

other lithologies have been interpreted as cyclical signals of glacial advance and retreat (Niu et al., 2024).

Age constraints. The Xichangjing Formation rests unconformably on Mesoproterozoic basement rocks and is unconformably
overlain by trilobite-bearing Cambrian rocks of the Pochengshan and Shuangyingshan formations (Niu et al., 2024). Detrital
zircon analyses from the Xichangjing, Pochengshan, and Shuangyingshan formations provide a radiometric age control for the
deposition of the Xichangjing Formation (Niu et al., 2024). In particular, maximum depositional ages from three samples in
the Xichangjing Formation are 601.3 + 6.4 Ma (sample A2), 594.5 + 6.5 Ma (sample Al), and 591.1 £ 5.6 Ma (sample E1),
suggesting a maximum depositional age for the formation of ~591 Ma (Niu et al., 2024). Detrital zircons from the overlying
Cambrian formations include an age peak at 561 Ma that is absent from the Xichangjing Formation, perhaps indicating that it

was deposited before this time and providing a minimum depositional age constraint of 561.9 + 4.8 Ma (Niu et al., 2024).

Summary. The Xichangjing Formation was most likely deposited between ~591 to 561 Ma (Niu et al., 2024). The Xichangjing
Formation includes abundant sedimentological evidence of glacial influence in its deposition; most of this evidence indicates
proximal subaqueous (likely submarine) deposition and reworking of glacially-derived material from a glacier or icesheet that

waxed and waned repeatedly (Niu et al., 2024). A glaciogenic interpretation for this unit is highly parsimonious.

Table S34. Evidence of glacial influence in the Xichangjing Formation.

Category Description Rating
Outsized clasts Outsized clasts deposited as massive and stratified diamictites in proximal settings with *
evidence for current deposition of other stratigraphically adjacent units.
Outsized clasts deposited as a massive or stratified diamictite in a setting with other *
reworked deposits.
Clast surface Clasts striated (alignment not reported) and faceted (flat-iron and/or bullet-shaped). % %k k
Clast lithology Clasts of four lithology classes (siliciclastic, carbonate, metamorphic, igneous). ok k
Summary Strong: no realistic ice-free depositional environment is likely to produce this evidence. % %k k
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1605 Fig. S1. Mid-Ediacaran (600 Ma) PALEOMAP palaeogeographic reconstruction (Scotese, 2016; Scotese and Wright, 2018) which
provided the topographic-bathymetric boundary conditions for our climate and ice sheet model simulations, in an Eckert IV projection.
Colours indicate altitude in metres above sea level (m a.s.l.). Thick grey lines indicate the 0 m a.s.l. contour.
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1610 Fig. S2. Mid-Ediacaran (600 Ma) PALEOMAP palaeogeographic reconstruction (Scotese, 2016; Scotese and Wright, 2018) which
provided the topographic-bathymetric boundary conditions for our climate and ice sheet model simulations, in a south polar stereographic
projection to emphasize the South Pole region used for ice sheet simulations. Colours indicate altitude in metres above sea level (m a.s.l.).
Thick grey lines indicate the 0 m a.s.l. contour.
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Fig. S3. Zonally-averaged sea-ice cover fraction simulated by FOAM at different pCO; levels (warm austral summer orbital configuration).

Dark blue line: mean annual zonally-averaged sea-ice cover fraction; light blue envelope: shaded zero to maximum annual zonally-averaged
sea ice cover fraction.
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Fig. S5. Ice sheets simulated using the GRISLI ice sheet model after 10 kyr of model integration for (A) 6, (B) 8, (C) 12, and (D) 16 times
pre-industrial atmospheric level (PAL) pCO2 (1 PAL = 280 ppmv). Each panel shows the GRISLI-simulated ice sheet thickness (heatmap
colours) and the extent of the FOAM-simulated mean annual 50 % sea ice fraction (thick white lines). Contrast with Fig. 4, which shows ice
sheet thickness simulated at equilibrium after 300 kyr of ice sheet model integration. The map is a south polar projection with latitudes
shown every 15° between 90 to 45 °S and map margin at 35 °S.
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