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The Earth’s most severe ice ages interrupted a crucial interval in
eukaryotic evolution with widespread ice coverage during the
Cryogenian Period (720 to 635 Ma). Aerobic eukaryotes must have sur-
vived the “Snowball Earth” glaciations, requiring the persistence of
oxygenated marine habitats, yet evidence for these environments
is lacking. We examine iron formations within globally distributed
Cryogenian glacial successions to reconstruct the redox state of the
synglacial oceans. Iron isotope ratios and cerium anomalies from a
range of glaciomarine environments reveal pervasive anoxia in the
ice-covered oceans but increasing oxidation with proximity to the ice
shelf grounding line. We propose that the outwash of subglacial melt-
water supplied oxygen to the synglacial oceans, creating glaciomarine
oxygen oases. The confluence of oxygen-rich meltwater and iron-rich
seawater may have provided sufficient energy to sustain chemosyn-
thetic communities. These processes could have supplied the requisite
oxygen and organic carbon source for the survival of early animals and
other eukaryotic heterotrophs through these extreme glaciations.

oxygenation | glaciation | Snowball Earth | iron formation | Fe isotopes

he Cryogenian ice ages, known as the Sturtian (717 to 660 Ma)

and Marinoan (ca. 640 to 635 Ma) glacial episodes (1), fea-
tured low-latitude ice sheets at sea level (2-6) and widespread
marine ice cover that drastically reduced the habitable ecospace
for eukaryotes for millions of years. The oceans prior to these
“Snowball Earth” events were characterized by oxygenated sur-
face waters overlying a low-O, water column (7), and global ice
coverage would have exacerbated oceanic anoxia. This has been
suggested to have led to the mass mortality of marine aerobes (4,
5), possibly restricting aerobic eukaryotes to supraglacial envi-
ronments such as low-latitude areas with partial melt on glacial
surfaces or cracks in ice shelves (3, 8-10). Yet, the Cryogenian
fossil record (although sparse) does not appear to have a signifi-
cantly lower species richness than the preglacial interval (11), and
multiple eukaryotic clades evidently endured through the ice ages
(12, 13). Molecular clock and biomarker evidence may also sup-
port the persistence and diversification of key eukaryotic lineages,
including metazoans, across the Cryogenian ice ages (14-17). The
survival of aerobic eukaryotes through the Snowball Earth glaciations
seemingly requires continually oxygenated refugia with an available
organic carbon supply (12).

Geochemical and sedimentological investigation of Cryogenian
synglacial sedimentary successions is essential for testing hypoth-
eses regarding the potential habitats for aerobic eukaryotes during
Snowball Earth. Although there is evidence for an oxic atmo-
sphere (18, 19), the few geochemical studies of Cryogenian syn-
glacial sediments are indicative of an anoxic water column during
glaciation (7, 18, 20, 21). Sedimentological evidence has been used
to argue for ice-free conditions during Cryogenian glaciation (e.g., ref.
22), but this evidence continues to be contentious (3) and the nature
and location of potential oxic marine environments remain elusive.

Iron formations (IFs) are found in many successions deposited
globally during the Sturtian glaciation (20), the first and longest
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Cryogenian ice age. These marine chemical sediments are unique
geochemical archives of synglacial ocean chemistry. To develop
a global picture of seawater redox state during extreme glaci-
ation, we studied 9 IF-bearing Sturtian glacial successions across 3
paleocontinents (Fig. 1): Congo (Chuos Formation, Namibia),
Australia (Yudnamutana Subgroup), and Laurentia (Kingston
Peak Formation, United States). These IFs were selected for
analysis because they are well-preserved, and their depositional
environment can be reliably constrained.

Cryogenian Glacial Environments

All 9 of the studied IF-bearing successions show sedimentolog-
ical evidence for deposition in glaciomarine environments, in-
cluding a stratigraphic association with ice-rafted debris-bearing
marine strata and diamictites containing glacially striated clasts.
Sedimentation in glaciomarine environments is controlled by dis-
tance from the grounding line where the ice shelf begins to float
(23-25), and glaciomarine deposits can be broadly categorized
into ice-contact, ice-proximal, and ice-distal facies (e.g., refs. 23
and 26). The ice-contact environment is a narrow setting within
~2 km of the grounding line where coarse-grained, massive
diamictites are abundant due to basal ice melting and subice
shelf rain-out processes (23, 26). The ice-distal environment (greater
than ~10 km from the grounding line) is predominantly characterized
by fine-grained, laminated sediments deposited from the settling
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Geological setting and sedimentology of the studied Sturtian IFs. (A) Geological maps of the study areas of the Chuos Formation, Kunene,

Namibia (1, Okavare; 2, Landeck; 3, Lowenfontein; 4, Orusewa); the Yudnamutana Subgroup, Adelaide Fold Belt, South Australia (5, Oraparinna; 6,
Willippa; 7, Holowilena South); and the Kingston Peak Formation, southern Death Valley, California (8, Sperry Wash; 9; Kingston Range). (B) Repre-
sentative stratigraphic columns of the IF-bearing Sturtian glacial intervals of the Chuos Formation, Yudnamutana Subgroup, and Kingston Peak For-
mation (see S/ Appendix, Figs. S1-S8 for stratigraphic columns from all study areas). (C) Interbedded diamictite and IF of the Chuos Formation,
interpreted as evidence of IF deposition in an ice-contact glaciomarine environment. (D) Laminated IF clast within ferruginous diamictite, Yudnamutana
Subgroup. (E) Laminated IF interbedded with siltstone and sandstone turbidites, interpreted to represent an ice-distal glaciomarine environment,
Kingston Peak Formation. (F) Simplified global continental reconstruction at ca. 680 Ma highlighting the paleogeographic distribution of Sturtian IFs
(red squares). The dark gray areas correspond to cratonic regions and the light gray areas represent the inferred distribution of the fragments of the
supercontinent Rodinia; inferred plate boundaries and subduction zones are represented by black and red lines, respectively. Reprinted from ref. 67.
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of suspended sediment from meltwater plumes and turbidite
deposits (23, 26). The ice-proximal environment is transitional
between the ice-contact and ice-distal facies. This setting features
diamictites at a lower relative abundance than the ice-contact
environment; these diamictites lack evidence for glaciotectonism
and are interbedded with mass flow deposits and laminated ma-
rine sediments (SI Appendix). The depositional environments of
the studied strata vary regionally and stratigraphically, and thus
each IF sample was prescribed to a glaciomarine setting (ice-
contact, ice-proximal, or ice-distal) based upon the predominant
facies association of the interbedded lithologies.

Lechte et al.

The Sturtian glacial successions of the Chuos Formation (northern
Namibia) are dominated by massive diamictites containing abundant
faceted and striated clasts and in places show evidence for subglacial
deformation diagnostic of the ice-contact glaciomarine environ-
ment (27, 28). The Chuos IFs are typically interbedded with
these Fe-rich diamictites (Fig. 1C), although in some instances
they are more closely associated with laminated marine sediments
indicating a range of depositional environments from ice-contact
to ice-distal (SI Appendix, Figs. S1-S3). The Sturtian Yudnamu-
tana Subgroup (South Australia) features diamictites with out-
sized clasts and dropstone-bearing siltstones and shales (29). The
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Yudnamutana IFs are variably associated with Fe-rich diamictites
(Fig. 1D) and siltstones interpreted to have been deposited in all 3
glaciomarine settings (SI Appendix, Figs. S4-S6). The Sturtian
glacial deposits of the Kingston Peak Formation (California)
predominantly comprise turbiditic sandstones and siltstones, with
glaciogenic debris flow conglomerates and minor diamictite (30,
31). The IFs of the Kingston Peak Formation are typically thin
(<5 m) and interbedded with siltstones, sandstones, and mass flow
deposits and are therefore predominantly interpreted to have
been deposited in the ice-distal environment. However, rare IFs
associated with massive diamictites are interpreted to be ice-proximal
(Fig. 1E and SI Appendix, Figs. S7 and S8). These Sturtian IFs
therefore occur in the full range of glaciomarine environments,
facilitating a holistic reconstruction of the synglacial paleoredox
landscape.

Synglacial Redox Proxies
To gain insight into the paleoredox conditions of the Sturtian
glaciation, we generated elemental and Fe isotope geochemical
data on petrographically screened IF samples (Materials and
Methods). These IFs are composed of fine-grained hematite with
variable silica cement and low detrital content and were deposited
due to the oxidation of dissolved (ferrous) Fe in seawater (e.g.,
refs. 20 and 28; SI Appendix). The IF geochemical data consis-
tently display a well-defined trend correlating with the relative
proximity to the ice-grounding line, suggestive of a paleoredox
gradient (Fig. 2). The ice-contact facies IFs are the most enriched
in Fe: Using Al as a proxy for detrital input, the Fe/Al ratios of ice-
contact IFs are often several orders of magnitude higher than
those of ice-proximal and ice-distal settings (Fig. 24). The pres-
ervation of this Fe enrichment despite the high detrital sedimen-
tation rates of ice-grounding zones (26) implies greater rates of
ferrous Fe oxidation in these settings. Like Fe, Mn is a redox-
sensitive metal that is soluble under anoxic conditions, forming
Mn oxides in the presence of O,. Mn oxides rapidly undergo re-
ductive dissolution in the presence of ferrous Fe in seawater (32),
and therefore Mn-oxide enrichments (or sedimentary Mn enrich-
ments linked to a Mn-oxide shuttle to the sediment water interface)
can be linked to an oxygenated water column (33). Only the ice-
contact IFs contain appreciable Mn oxides (Fig. 2B), suggesting that
this environment was more oxygenated during glaciation.

Redox variability in the synglacial seawater is supported by the
rare earth element geochemistry of these IFs. Cerium (Ce)

anomalies are a well-established, robust paleoredox proxy: Ce is
depleted in seawater under oxic conditions relative to nonredox
sensitive rare earth elements due to oxidative scavenging, resulting
in Ce anomalies in oxic seawater (Ce,/Ce,* < 1 when normalized
to upper continental crust; SI Appendix). IFs are considered to
reflect the rare earth element composition of their contempora-
neous seawater (34), and the most prominent negative Ce
anomalies are found within ice-contact IFs (Ce,/Ce,* > 0.62; Fig.
2C). Therefore, these data support the interpretation that the
local environment near the ice-grounding zone was oxygenated.

The Fe isotopic compositions of the studied IFs provide ad-
ditional insights into Snowball Earth marine redox dynamics.
The IFs have an exceptionally large range of Fe isotope ratios
(Fig. 2D), with extremely low 5°°Fe values down to —1.8%o and
anomalously high values up to 2. 7%0 Only the ice- contact facies
IFs have significant negative &°°Fe values (mean &°Fe =
—0.57%o; n= = 14). All other Sturtian IFs have near-excluswely
positive 5°°Fe values, with 1ce prox1ma1 (mean §°°Fe = 1.1%o;
n =21) and ice-distal (mean °°Fe = 1.5;n = 46) IFs displaying a
trend toward more positive values with increasing distance from
the grounding line.

The Fe 1sotoplc composition of detrital and hydrothermally
sourced Fe is typically unfractionated (=0.5 < 8°°Fe < 0%o), and
positive °°Fe values in chemical sediments prov1de a unique
fingerprint of partial oxidation of ferrous Fe in anoxic seawater
which can lead to a fractionation of ~1 to 3%o (35-37). After the
transition to an oxidizing atmosphere during the Great Oxida-
tion Event (ca. 2,400 to 2,200 Ma) upwelling ferrous Fe was
typically quantitatively oxidized in the oxic, mixed ocean surface
waters (32), preserving the largely unfractionated Fe 1sot0 ic
signature of the ferrous Fe source. The markedly positive 5°°Fe
values of the Sturtian IFs across a range of environments, in-
cluding extreme fractionations (5°°Fe < 2.7%o) in the ice-distal
IFs, represent some of the heaviest 8°°Fe values ever reported
(Fig. 2E and SI Appendix, Fig. S9). The most fractionated Fe
isotope ratios reported here are comparable only to Archean
values from sediments deposited prior to the advent of oxygenic
photosynthesm (38). We 1nterpret the widespread, highly positive
8°°Fe values found in the ice-distal IFs to indicate a very small
degree of ferrous Fe oxidation in an anoxic water column with
severely inhibited atmospherlc exchange due to widespread ice
coverage (i.e., [Fe**] > [O,]). These results are consistent with
positive Fe isotope data reported for Cryogenian IFs from
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Fig. 2. Box plots of the Sturtian IF redox proxy data. (A) Fe/Al ratios, (B) Mn/Al ratios, (C) Ce anomalies (Ce/Ce,*), and (D) Fe isotope ratios (5°°Fe) from the
ice-contact, ice-proximal, and ice-distal facies. Note that multiple facies are present in each study area (S/ Appendix). (E) Box plots showing the range of Fe isotopic
compositions of the Sturtian IFs (this study; n = 81) relative to marine sediments (IFs, shales, carbonates, hydrothermal deposits, Fe sulfides, and Fe oxides; lit-
erature data updated from ref. 68; S/ Appendix) from 3 time bins: prior to and during the Great Oxidation Event (>2,200 Ma; n = 1118), between the Great
Oxidation Event and the Phanerozoic (2,200 to 541 Ma; n = 321), and the Phanerozoic Eon (<541 Ma; n = 252). Boxes represent 50% of the data (the interquartile
range); the mean is represented by a black circle and the median by a black line. Outliers (outside the interquartile range) are represented by a gray circle; extreme
outliers (greater than double the interquartile range from the median; n = 6) are not shown. Whiskers represent extreme values that are not outliers.
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southern China (39-41), northern Canada (42), and Australia
and Alaska (43). Collectively, these data show anoxic seawater
dominated the synglacial Sturtian oceans.

Negative seawater 5°°Fe values can result from distillation
during the progressive oxidation of a ferrous Fe reservoir (35),
and these Fe isotopic characteristics can be transferred to the
sediment pile through local quantitative ferrous Fe oxidation (S
Appendix). The highly fractionated ice-contact IFs show the most
negative 8°°Fe values (5°°Fe > —1.8%o) reported for rocks de-
posited after the Great Oxidation Event (SI Appendix, Fig. S9).
We interpret these negative 6°°Fe values to reflect extensive
oxidation of a highly evolved ferrous Fe reservoir proximal to the
grounding line. This model is consistent with the common oc-
currence of markedly positive 5°°Fe values in most Sturtian IFs.
Therefore, these geochemical data demonstrate a relatively high
degree of oxygenation in the ice-contact glaciomarine environ-
ment but widespread marine anoxia distal from glaciated mar-
gins, providing direct evidence for environment-specific marine
oxygenation during Snowball Earth.

Glacial Meltwater Oxygen Pump

Several independent geochemical indicators (redox-sensitive
metal enrichments, Ce anomalies, and Fe isotopic composi-
tions) in Sturtian glacial successions display the same trend of
increasing seawater oxygenation with proximity to the ice sheet.
The interpretation that the ice-contact environment is signifi-
cantly more oxidizing than other marine environments is sup-
ported by statistical analyses (SI Appendix, Fig. S10). We
interpret this paleoredox gradient as strong evidence for a gla-
cially derived O, source. Glacial ice formed via the accumulation
and compaction of snow (meteoric ice) contains trapped air
bubbles and constitutes the majority of the mass of modern ice
sheets. Glacial meltwater can be produced on the ice sheet surface,
at the base of ice shelves, and at the ice sheet base (due to geo-
thermal flux, pressure, and frictional heating). The melting of
meteoric ice by any of these processes typically produces meltwater
containing O, dissolved from trapped air bubbles (44). This melt-
water supplies subglacial systems with O, (45), as seen in modern
subglacial lakes that are oxygenated due to meltwater supply (46).

Glacial hydrology and thermal regime influence the redox
state of subglacial meltwater: When residence time is high due to
inefficient drainage, subglacial meltwater O, can be consumed
due to prolonged water—rock interactions and microbial activity
(45, 47). Conversely, when meltwater drainage is efficient, oxy-
genated meltwater can be delivered to ice shelf waters (48). The
sedimentology of the studied Cryogenian glacial successions—
featuring thick diamictite successions with abundant clasts of di-
verse lithologies, dropstones, channel structures, glaciotectonized
strata, and evidence of ice sheet dynamism—is consistent with
deposition beneath extensive ice shelves fed by ice streams from
polythermal ice sheets (SI Appendix). In this scenario, subglacial
meltwater would likely be supplied to the proglacial setting by an
interconnected, channelized drainage system and supplemented by
basal melting of the ice shelf. Oxygen oases may therefore have
been localized to the outlets of ice streams where meltwater supply
was sufficient to maintain oxygenated glaciomarine habitats.

The basal melting of meteoric glacial ice to generate oxygenated
meltwater, and the subsequent oxidation of ferruginous seawater in
the subice shelf environment (49, 50), provide a simple explanation
for the IF geochemical trends (Fig. 3) as well as the localized as-
sociation between IFs and glacial deposits during this time. Al-
though Sturtian IFs have previously been assumed to represent
oxidation during deglaciation (5), we suggest that these deposits
instead point to a unique redox environment in the synglacial oceans.
IFs in glacial sediments are a “red flag” for marine oxidation pro-
cesses, and this association is most apparent during the Sturtian
glaciation (SI Appendix), which likely featured a strong redox con-
trast between an oxygenated atmosphere and ferrous Fe-rich oceans
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Fig. 3. Schematic model for the outwash of oxygenated basal meltwater to
anoxic glaciomarine environments (not to scale). IFs deposited in ice-contact
settings (within ~2 km of the grounding line) are characterized by negative
5°°Fe values and may feature negative Ce anomalies and Mn-oxide enrich-
ment, indicative of oxidizing conditions. Ice-proximal IFs (~2 to 10 km from
the grounding line) display predominantly positive 5°°Fe values and negli-
gible to slight positive Ce anomalies. Ice-distal IFs (greater than ~10 km from
the grounding line) feature slight positive Ce anomalies and highly positive
5°6Fe values, with negligible Mn oxides. These geochemical trends are in-
dicative of oxygenated glaciomarine environments which could have sup-
ported aerobic eukaryotes despite widespread anoxia during extreme
glaciation. Microaerophilic Fe-oxidizing bacteria may have proliferated
where O,-bearing meltwater mixed with ferruginous seawater, potentially
supporting heterotrophic food webs.

fostered by ice cover. Although atmospheric pO, estimates vary, an
oxidizing atmosphere is considered to have been maintained during
Snowball Earth (18, 19), an assertion supported by these data.
Ongoing oxygenic photosynthesis is required to sustain an oxygen-
ated atmosphere throughout a Snowball Earth event in order to
balance the outgassing of reduced volcanic gases (51). We suggest
that these deposits are evidence for ongoing photosynthetic activity
which must have continued in surficial environments throughout the
glaciation (3, 9).

Oxygenated Marine Ecosystems

The fossil record indicates that multiple extant eukaryotic clades had
evolved prior to the Sturtian glaciation, including archaeplastidans,
opisthokonts, and amoebozoans (11, 13, 52), and several other
eukaryotic lineages are thought to have emerged before the
Cryogenian (15, 16, 53). Many of these eukaryotes are obligate aer-
obes, and therefore the oxygenation of the Cryogenian glaciated
margins by a glacial meltwater pump may have been critical for
maintaining synglacial ecosystems. Basal melting would have
maintained a consistent background supply of meltwater to pro-
glacial marine environments during the Cryogenian glaciations (3,
54). By analogy to the modern glaciated margins of Antarctica,
plumes of meltwater could have extended for multiple kilometers
from the grounding line (e.g., ref. 55), surrounding the paleo-
coastline of the rifting Rodinia supercontinent (Fig. 1F) and pro-
viding a stable redox environment for aerobic eukaryotes. Thus,
these oxygenated habitats would likely have been more extensive
and more stable over multimillion-year timescales than other hy-
pothesized oases such as ice crevasses. If ice-free polynyas existed,
the currently available geochemical evidence for pervasive anoxia
suggests that they were not widespread or stable throughout the
Sturtian glaciation. Glaciomarine settings would therefore have
been important oxygenated refugia for a range of protists.

Given that the availability of O, is vital for complex multi-
cellular life (56), subice shelf oxygen oases may have also been
important refugia for early animals. Most current molecular clock
analyses estimate that animal multicellularity evolved prior to the
Cryogenian (e.g., refs. 15 and 16; SI Appendix). The earliest ani-
mals were likely benthic, as sponges are considered to be a basal
metazoan clade (e.g., refs. 15 and 16), and we suggest that the
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oxygenation of the seafloor in glaciomarine environments could
have provided a habitat for possible Cryogenian benthic macrofauna.
Freshwater inputs could have also been important for maintaining a
lower ambient salinity for early sponges, as ice sheet growth would
have raised the salinity of the synglacial oceans during glacial onset.
Modern sponges can be abundant and diverse in schizohaline and
hypersaline marine environments. However, the taxonomic rela-
tionships of euryhaline sponges, and the mechanisms responsible for
hypersalinity tolerance, are unresolved (57, 58). Therefore, it re-
mains unclear whether early sponges would have been capable of
osmoregulation (9). If sponges survived Snowball Earth, then basal
melting may have helped to establish suitable habitats for early
metazoans in glaciomarine environments.

These glaciomarine environments may have had similarities to
modern Antarctic subice shelf settings, where diverse ecosystems
of animals (including sponges) and other heterotrophic eukaryotes
thrive under hundreds of meters of ice (59, 60). The chemical
weathering of subglacial rock leads to delivery of bioessential
nutrients to glaciomarine habitats via subglacial meltwaters (61).
Although this process also supplies organic carbon sourced from
subglacial microbial assemblages (62), the extent of ice coverage
during Snowball Earth would have likely restricted photosynthetic
primary productivity and food sources may have been compara-
tively scarce in the Cryogenian synglacial oceans. However, pho-
tosynthetic refugia would have supplied dissolved and particulate
organic matter to the synglacial oceans. Supraglacial melting, and
subsequent meltwater draining through moulin networks, could
have transported organic matter from surface environments (such
as cryoconite pans; refs. 8 and 9) to subice shelf settings.

Primary productivity driven by chemoautotrophic bacteria may
have also been an important source of labile organic matter to
Cryogenian glaciomarine habitats. Chemoautotrophic activity
maintains diverse heterotrophic ecosystems in modern oxic sub-
glacial lakes (46, 63). Similarly, chemosynthesis in modern subice
shelf environments fosters metazoan communities up to 100 km
from the open ocean (64, 65), where the advection of photosyn-
thetically derived organic carbon is considered to be negligible
(60). Planktonic marine Fe-oxidizing bacteria are widespread in
aqueous environments where O, and ferrous Fe coexist (e.g., ref.
66). An oxygen gradient established by the confluence of plumes
of O,-bearing meltwater with ferrous Fe-rich seawater would have
produced ideal conditions for the proliferation of microaerophilic
Fe-oxidizing bacteria during Snowball Earth. Planktonic marine
Fe-oxidizing bacteria shed their precipitated Fe-oxides (66): this
process may have contributed to IF deposition and would have
permitted the remineralization of produced organic carbon.
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Chemosynthesizers may therefore have been an important con-
stituent of heterotrophic food webs during Snowball Earth.

Conclusions

IFs preserved within Sturtian glacial successions provide valuable
insights into the effects of global glaciation on ocean chemistry.
Our observations bolster the case that there was widespread ma-
rine anoxia during the most severe ice age in Earth’s history,
supportive of significant ice coverage inhibiting exchange between
the oceans and the oxic atmosphere. This oceanic anoxia would
have restricted marine habitats for aerobic eukaryotes. However,
Cryogenian IFs provide empirical evidence for oxygenated gla-
ciomarine habitats during Snowball Earth. We suggest that at-
mospheric oxygen was transferred to the oceans throughout the
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of subglacial meltwater ventilated glaciomarine environments near
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survival and shaping the subsequent radiation of key lineages of
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Materials and Methods

IF samples were prepared as polished thin sections and petrographically ana-
lyzed using reflected light microscopy and scanning electron microscopy. Well-
preserved samples were crushed to a fine powder using an agate ring mill. For
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