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stabilization following the Sturtian Snowball glaciation

Copyright © 2023
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement

Fred T. Bowyer'-*t*, Alexander J. Krause*3t, Yafang Song?, Kang-Jun Huang®*, Yong Fu®, of science. No claim to

Bing Shen®, Jin Li’, Xiang-Kun Zhu’, Michael A. Kipp®, Lennart M. van Maldegem®,
Jochen J. Brocks®, Graham A. Shields®, Guillaume Le Hir'®, Benjamin J. W. Mills?,
Simon W. Poulton?

original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).
The body fossil and biomarker records hint at an increase in biotic complexity between the two Cryogenian

Snowball Earth episodes (ca. 661 million to <650 million years ago). Oxygen and nutrient availability can

promote biotic complexity, but nutrient (particularly phosphorus) and redox dynamics across this interval

remain poorly understood. Here, we present high-resolution paleoredox and phosphorus phase association

data from multiple globally distributed drill core records through the non-glacial interval. These data are first

correlated regionally by litho- and chemostratigraphy, and then calibrated within a series of global chronostrati-

graphic frameworks. The combined data show that regional differences in postglacial redox stabilization were

partly controlled by the intensity of phosphorus recycling from marine sediments. The apparent increase in

biotic complexity followed a global transition to more stable and less reducing conditions in shallow to mid-

depth marine environments and occurred within a tolerable climatic window during progressive cooling after

post-Snowball super-greenhouse conditions.

INTRODUCTION
The end of the Sturtian cryochron [ca. 661 million years (Ma) ago |,
during which global mean temperature increased from Snowball to
super-greenhouse conditions, documents one of the most profound
paleoclimatic shifts in Earth's history (1). In the subsequent Cryo-
genian non-glacial interval (ca. 661 Ma to <650 Ma ago), molecular
biomarker data record an increase in sterane diversity and abun-
dance inferred to represent the transition from dominant bacterial
to dominant green algal primary productivity. A proposed trigger
for this fundamental ecological revolution is an increase in weath-
ering-derived P availability following Sturtian deglaciation, al-
though the appearance of mesophilic marine algae may have been
delayed at tropical latitudes as a direct consequence of post-Snow-
ball super-greenhouse conditions (2, 3). The radiation of green
algae may then have expanded benthic habitats and created more
efficient food sources for the subsequent appearance of larger, met-
abolically active organisms (2).

While intuitive, this hypothesized coevolution of biotic and geo-
chemical change has remained difficult to test empirically, for two
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main reasons. The first is the absence of a unified global chronostra-
tigraphic framework with which to correlate all non-glacial sedi-
mentary successions. While this interval benefits from numerous
high-resolution regional lithostratigraphic, sequence stratigraphic,
and chemostratigraphic studies [e.g., see (4-15)], no fully integrated
global correlation framework or age model exists to explore the po-
tential regional versus global trends in data and biotic records of
coeval carbonate and siliciclastic successions (4). The second limi-
tation concerns the absence of essential geochemical information
for this interval with which to resolve coupled paleoredox and P dy-
namics. Therefore, despite considerable effort, the evolution of re-
gional versus global paleoenvironmental redox conditions remains
poorly understood, and attendant changes in the supply and recy-
cling of nutrients (particularly P) remain unconstrained.

To address these challenges, we first provide a series of possible
global lithostratigraphic and chemostratigraphic age models for the
Cryogenian non-glacial interval, to fully calibrate inter-regional
geochemical and fossil data, and to explore ongoing uncertainties.
We then present the first high-resolution multiproxy paleoredox
and phosphorus dataset for this interval, from five drill core profiles
that document marine sedimentary successions in Australia and
South China. For each core, we interpret regional redox dynamics
using integrated records of Fe speciation, trace metal concentra-
tions, and pyrite sulfur isotopes (8°*S,,), before assessing associated
changes in the degree of bioavailable P recycling via P phase asso-
ciation analyses. Last, we calibrate our data alongside pertinent pub-
lished geochemical data within each global age framework to
provide a series of possible timelines for the coevolution of the bio-
sphere and changes to the regional and global geochemical environ-
ment throughout this interval. Trends in the time-calibrated data
compilations are considered relative to the modeled duration of
post-Sturtian climatic recovery associated with the silicate weather-
ing feedback. This enables a fully integrated assessment of the rela-
tive timing of geochemical and climatic stabilization, allowing links
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to changes in the biotic record to be interrogated through the non-
glacial interval.

RESULTS

Global correlation of Cryogenian non-glacial successions
The timings of Sturtian glaciation (ca. 717 Ma ago) and deglaciation
(ca. 661 Ma ago) are relatively well calibrated by U-Pb and Re-Os
geochronology on multiple continents (Fig. 1) (16—18). However,
the precise timing for the onset of reglaciation associated with the
Marinoan cryochron remains uncertain (4, 17, 19). Current best es-
timates from U-Pb geochronology suggest that the onset of Marino-
an glaciation occurred after 651.69 + 0.64 Ma in Laurentia (19), after
651.2 + 3.3 Ma in South China (20), and before 639.29 + 0.26 Ma on
the Congo Craton (21). These radiometric ages permit possible
non-glacial durations of between ca. 10 Ma and 21 Ma. Therefore,
we present a series of age models that encompass the full range of
possible non-glacial durations (models A to D; fig. SI and table S1).
Model A is displayed throughout the main text, wherein the non-
glacial duration is set at ca. 11 Ma (see the Supplementary Materi-
als). However, the relative trends in geochemical data and patterns
of fossil occurrence are consistent between each model (set by the
global correlation of regional lithostratigraphic composite profiles;
Fig. 1F). The age models presented assume globally synchronous
timings for glaciation and deglaciation, which are currently justified
on the basis of available geochronological constraints and associat-
ed uncertainties, and modeled estimates of Snowball Earth dynam-
ics (see Discussion, and Materials and Methods).

Trends in 8"°C_,,, and 3 Sr/®Sr during the Cryogenian non-
glacial are well established and described from carbonate-dominat-
ed successions globally [e.g., see (4-6, 8, 11, 22, 23)]. These trends
are reproduced in our age models and summarized briefly to aid
reference. Each named 8'°C_,y, excursion recorded throughout
the Cryogenian non-glacial interval corresponds to a positive or
negative deviation from 0%o, and the absolute durations of each ex-
cursion remain uncertain (see below and Materials and Methods).
The non-glacial record begins in strata deposited atop Sturtian dia-
mictites with the Rasthof negative §'Cc,y, anomaly [Fig. 1B; note
that this is renamed the “Twitya carbon isotope excursion (CIE)" or
Cryogenian CIE “Cnl” by Hoffman et al. (4)]. This excursion is
globally reproducible but variable in magnitude with minimum
values exhibited in mixed siliciclastic-carbonate successions of Aus-
tralia and Laurentia [see below; (7, 13)]. The duration of recovery
from the Rasthof anomaly toward positive §'*C_,, values [“Cn2”
of (4)] is poorly constrained because of a dearth of available radio-
metric ages in carbonate successions (Fig. 1B). Positive 8B Car
values are subsequently interrupted by the negative Taishir
anomaly ("Cn3" of (4)]. The magnitude of the Taishir anomaly is
highly variable with the most negative 8"3C_app, values exhibited at
the base of Taishir Unit 3 in the carbonate-dominated Zavkhan
terrane, Mongolia (8). The Taishir anomaly appears to coincide
with a transition from highstand to transgressive deposition in mul-
tiple regions (e.g., Arctic Alaska, Congo craton, and Zavkhan
Terrane; Fig. 1F). The subsequent interval of positive 8Cearby
termed the “Keele Peak” ["Cn4" of (4)], also exhibits highly variable
magnitude, ranging from 0 to 1%o to >11%o. A maximum deposi-
tional age of 651.69 + 0.64 Ma (zircon U-Pb chemical abrasion
isotope dilution thermal ionization mass spectrometry) constrains
83 C ., values that may be associated with the Keele Peak in the
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upper Kingston Peak Formation of Laurentia [see the Supplemen-
tary Materials; (13, 19)].

Variability in the magnitude of the Taishir anomaly and Keele
Peak between sections has previously been examined in detail
within the context of regional lithostratigraphy and facies of the
Otavi Group of the Congo craton, northern Namibia (4, 12), but
is clearly demonstrated on other cratons. The differences in magni-
tude but general consistency of trends in §'*C.,y, have been suggest-
ed to reflect facies-related differential diagenesis (4, 12, 13, 23).
Following the Keele Peak, numerous global successions record a
prominent downturn in 83C o, termed the “Trezona” anomaly
["Cn5" of (4)], which reaches a nadir approaching —12%o in Lau-
rentia and Australia (Fig. 1B). As discussed in numerous studies,
Marinoan glacial erosion is a likely cause for the variable continuity
of carbonate successions (e.g., truncated in Mongolia) and thus the
completeness of the preserved Trezona anomaly, in the aftermath of
the Keele Peak (4, 8).

The 8"Ceopp, age framework directly anchors 878r/%%Sr data in
carbonate samples from the Congo craton, Laurentia, Zavkhan
terrane, and Arctic Alaska (6, 8, 11, 16). The resulting 87Gr/86Sr
profile is consistent with previous compilations (6, 8, 16, 22) and
shows initially low values of ~0.7067 immediately following Stur-
tian deglaciation with a gradual increase to ~0.7074 before the
onset of Marinoan glaciation (Fig. 1C).

Cryogenian paleotemperature

The initiation of global deglaciation at the termination of the Stur-
tian and Marinoan cryochrons required super-greenhouse condi-
tions driven by the long-term build-up of atmospheric CO, (1).
Model estimates of the subsequent decline in atmospheric CO, con-
centrations in the aftermath of Cryogenian Snowball glaciations
have accounted for a range of possible rates of CO, drawdown via
the silicate weathering feedback, associated with differences in
weathering profiles and runoff (Fig. 1D) (24). Using these pCO,
values in the ocean-atmosphere general circulation climate model
FOAM (25) yields an envelope of minimum and maximum global
mean surface temperature change associated with decreasing atmo-
spheric pCO, throughout the Cryogenian non-glacial interval (Fig.
1D and table S1). While associated uncertainty envelopes are large,
these model runs reveal initially high global average temperatures
(>48°C), associated with post-Sturtian super-greenhouse condi-
tions, to lower temperatures (~6° to 27°C) in the prelude to Marino-
an reglaciation (Fig. 1D). The lower bound of this uncertainty
envelope (solid black line in Fig. 1D) represents the pCO, evolution
most consistent with the conditions required to initiate the Marino-
an Snowball Earth glaciation and corresponds to the presence of a
highly reactive surface (due to glacial rock flour) in the upper layers
of the soil (24).

Cryogenian biostratigraphy

Figure 1E shows a schematic depiction of the age ranges of key bio-
marker data, microfossil assemblages (including problematica), and
problematic macrofossil occurrences throughout the Cryogenian
non-glacial interval that result from the global lithostratigraphic
and chemostratigraphic correlation. We do not attempt to interro-
gate the biological affinity of any putative fossils but simply show
the relative ages of each reported specimen/assemblage (table SI).
The non-glacial fossil record is dominated by a low-diversity micro-
fossil assemblage, largely constrained to the Cnl to Cn3 interval
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Fig. 1. Integrated chronology and biostratigraphy of globally distributed Cryogenian non-glacial successions (model A; table S1). (A) Paleogeography after (77),
but note ongoing uncertainties associated with precise positions of some cratons (especially South China and the Congo craton) (7, 4). All subsequent data are color-
coded by provenance (region/craton) as indicated in (A) and by colored bars to the right of (F). (B) Global composite 613Cca,b profile based on regional lithostratigraphic
and chemostratigraphic correlation, followed by subsequent best-fit to data trends exhibited in the most continuous globally distributed successions. (C) Global 8”Sr/%6Sr
chemostratigraphy calibrated directly within the 8'*C.., age model. (D) Range in possible atmospheric CO, concentration after (24), shaded to indicate likelihood based
on corresponding temperature relationship. Expected changes in global mean surface temperature based on FOAM (fast ocean-atmosphere model) CO,-temperature
relationship. The solid black line represents the CO,-temperature scenario most consistent with conditions required to initiate the Marinoan Snowball glaciation and
corresponds to the presence of a highly reactive surface of glacial rock flour [see (24) for detailed methods]. (E) Fossil occurrences, including putative body fossils, mi-
crofossils, problematica, and biomarkers (full references and model ages in table S1). The maximum age for the first appearance of biomarker data from a shale package
150 m below (or within) a Marinoan-age diamictite of the Ghadir Mangil Formation, Oman, remains poorly constrained (29). OSM, organic spore-like microfossils (28). (F)
Regional composite lithostratigraphic correlation, color-coded by dominant lithology and paleodepth interpretation (see legend). Colored bars to the right show the
color coding of data and information in (A) to (C), (E), and (G). (G) Radiometric geochronology (U-Pb and Re-Os) used to calibrate the timing of global Sturtian deglaciation
and anchor magnitudes and trends in 8">C .y, in this age model (table $3). See Materials and Methods for details of age model construction and tables S1 and S3 for
compiled data and full references.
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(26-28). Sediments that immediately overlie Sturtian glacial depos-
its contain biomarker data that are restricted to traces of cholestanes
(C,7 steranes) possibly indicating minimal red algal activity (2). The
subsequent first appearances of green algal (C,5 and C,9) and puta-
tive sponge (C;) steranes in pre-Marinoan to Marinoan-equivalent
shales of Oman [(29) but see (30)] are poorly constrained relative to
the 8'*Cc,y, profile but are likely younger than Cn1 based on their
absence from postglacial deposits of the lower Aralka Formation (2).
Reported occurrences of putative macrofossils, including aspidella-
morph “Twitya discs” in the lower Ice Brook Formation of Laurentia
[e.g., see (31)], are restricted to the latter half of the Cryogenian
non-glacial interval, from Cn3 to Cn5 (table S1).

Geological and stratigraphic context of sampled drill cores
We report geochemical data from 295 drill core samples that span
the Cryogenian non-glacial interval, recovered from five siliciclas-
tic-dominated sections deposited on two paleocontinents (fig. S2).
The analyzed material includes samples of the Aralka Formation of
the Amadeus Basin (Centralian Superbasin) and Tapley Hill Forma-
tion of the Adelaide Superbasin, Australia, and the Datangpo and
Xiangmeng formations of the Nanhua Basin, South China. Full
details of all analyzed drill cores are presented in the Supplementary
Materials and are briefly outlined below. Additional published data
compiled in Figs. 2 to 5 are presented in table SI.

The Amadeus Basin and Adelaide Superbasin, Australia
Three drill cores were investigated from the Amadeus Basin of the
Centralian Superbasin (BR05-DD01 and Wallara-1) and the Stuart
Shelf of the Adelaide Superbasin (SCYW-79-1A). In the central-
western Amadeus Basin, core BR05-DDO01 comprises Sturtian gla-
cially influenced diamictites of the Areyonga Formation, overlain by
~331 m of mid-outer ramp dolomitic shale and siltstone, with rare
stromatolitic carbonate interbeds of the Aralka Formation (9). The
lower ca. 243 m of the Aralka Formation in core BR0O5-DDO01 host
low sterane/hopane ratios (<0.012), where eukaryotic steranes are
limited to cholestane (2). Red siltstones that dominate the upper-
most ~100 m of the sampled interval may represent progressive
shallowing of the upper Aralka Formation during the non-glacial
or may correlate with the Ediacaran-Cambrian Arumbera sand-
stone (see the Supplementary Materials). Sediments of the
Wallara-1 core were deposited in the Amadeus Basin to the east
of BRO5-DDO01 and constitute a similar but condensed lithological
profile, comprising diamictite of the Areyonga Formation overlain
by dolomitic shale of the lowermost Aralka Formation.

Core SCYW-79-1A recovers strata of the northwest Adelaide
Superbasin, along the northeastern Stuart Shelf. In this core, Stur-
tian glaciogenic deposits of the lower Umberatana Group (Yudna-
mutana Subgroup) are represented by the Appila tillite (32, 33) and
are conformably overlain by non-glacial carbonaceous shales and
siltstones of the Tapley Hill Formation (Nepouie Subgroup). The
Tapley Hill Formation was deposited time-equivalent to the
Aralka Formation of the Amadeus basin, and correlative transgres-
sive siliciclastic deposits throughout the Centralian Superbasin (33).
In addition to the high-resolution record obtained for SCYW-79-
1A, we also provide data for the Tapley Hill Formation from a
second core recovered from the Adelaide Superbasin (SR/17-2).
Because of low sampling resolution, we do not discuss this core in
detail, but the results are provided in the supplementary dataset
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(tables S4 and S5) and the trends in all associated datasets mirror
those obtained from SCYW-79-1A.

The Nanhua Basin, South China

The Nanhua Basin developed along the southeast margin of the
Yangtze Block, South China, as a consequence of rifting during
the Tonian break-up of Rodinia (34). The most complete Cryoge-
nian sections of the Nanhua Basin were deposited within the
Hunan-Guangxi sub-basin in eastern Guizhou Province and
western Hunan Province. Here, the succession includes syn-
glacial deposits of the Sturtian (including the Gucheng, Tiesi'ao,
Dongshanfeng, Chang'an, and Fulu formations) and Marinoan
(Nantuo Formation) cryochrons, separated by the non-glacial Data-
ngpo and Xiangmeng formations (14, 17, 34).

We present data from two drill core profiles that comprise con-
tinuous siliciclastic deposits of the Datangpo and Xiangmeng for-
mations. Core ZK102 records outer shelf-slope shales and
siltstones of the Datangpo Formation, while core ZK3603 records
deeper, slope-basin shales of the Xiangmeng Formation. In both
cores, the contacts between the Datangpo and Xiangmeng forma-
tions and the underlying and overlying diamictites appear to be
conformable (14).

Geochemical results

Geochemical techniques are outlined in Materials and Methods,
and further discussion, including a detailed evaluation of the ro-
bustness of the applied multiproxy approach, is provided in the Sup-
plementary Materials. Sturtian-age deposits have highly reactive to
total iron (Feygr/Fer) ratios of >0.22 and pyrite to highly reactive
(Fepy/Feyr) ratios of <0.60 (Cores BR0O5-DD01, Wallara-1, and
SCYW-79-1A; Figs. 2 and 3). At the lithological transition
between glacial and non-glacial deposits, all studied cores record
prominent and synchronous increases in Feyr/Fer and Fe,,/Fepr
ratios, and total organic carbon (TOC) and authigenic molybde-
num (Mo,y) concentrations, which represent Mo enrichment rel-
ative to the detrital background flux (Figs. 2 to 4; see Supplementary
Materials for methods). Fe,,,/Feyg ratios peak in the lowermost sil-
iciclastic-dominated intervals of each non-glacial succession, culmi-
nating in values that are ubiquitously >0.60. This interval is also
associated with a peak in &’ 451[,y and a negative 8" Corg excursion
and is time-equivalent to the Rasthof anomaly based on its position
immediately overlying Sturtian diamictite (Figs. 1, 2, and 4). Follow-
ing this initial peak, the most continuous cores deposited in shelf
settings (BR05-DDO01, SCYW-79-1A, and ZK102) exhibit progres-
sive decreases in Feyr/Fer ratios that approach values of <0.38, ac-
companied by decreasing Fe,,,/Fepr (<0.60) and decreasing Mogym
(Figs. 2 to 4). By contrast, all samples from the most distal core
(ZK3603) continue to record Feyg/Fer > 0.38. In this core, Fe,,/
Feyr ratios oscillate from <0.60 to >0.60 with low Mo,
throughout.

Australian cores record total phosphorus (Pr,) concentrations
that approximate, or slightly exceed, the average Phanerozoic
shale (AS) value [Amadeus Basin mean = 684 parts per million
(ppm), Adelaide Superbasin mean = 951 ppm; AS = 700 ppm;
(35)], but normalization to Al suggests that the majority of
samples are elevated relative to average shale (Amadeus Basin
mean = 0.013, Adelaide Superbasin mean = 0.017; AS = 0.008;
Figs. 2, G and Q, and 3G) (35). By contrast, cores from South
China are depleted in Py, relative to average shale, both in absolute
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Fig. 2. Stratigraphy and selected geochemical data for the Aralka Formation of the Amadeus Basin recovered by drill cores BR0O5-DD01 and Wallara-1. Data
include (A and K) total organic carbon (TOC), (B, C, L, and M) Fe speciation, (D and N) authigenic Mo concentrations (Mo,), (E and O) 634Spy, (Fand P) 613C0,g, and (GtoJ
and Q to V) P speciation. Horizontal red bands indicate the intervals of euxinic water column conditions, and horizontal yellow bands indicate the intervals of ferruginous
water column conditions with sulfidic pore waters (detailed redox interpretation is provided in the Supplementary Materials and table S2). Vertical dashed lines in (B), (C),
(L), and (M) correspond to calibrated threshold ratios for paleoredox interpretation by Fe speciation, detailed in Materials and Methods. Vertical dashed lines in (H), (1), (R),
and (S) correspond to the Redfield ratio. Wa, Wallara Formation. Positions of samples analyzed for biomarker data in core BR05-DDO01 (2) indicated by green stars. S/H,

sterane/hopane ratio.
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Fig. 3. Stratigraphy and selected geochemical data for the Tapley Hill Formation recovered by drill core SCYW-79-1A. Data include (A) TOC, (B and C) Fe speciation,
(D) MO,yeh, (E) 8%*S,,y, (F) §"3Coyq, and (G to L) P speciation. Additional Fe speciation data are from Canfield et al. (37) and &>*S,,, are from Gorjan et al. (15). Horizontal red
bands indicate the intervals of euxinic water column conditions, and horizontal yellow bands indicate the intervals of ferruginous water column conditions with sulfidic
pore waters (detailed redox interpretation is provided in the Supplementary Materials and table S2). Vertical dashed lines in (B) and (C) correspond to calibrated threshold
ratios for paleoredox interpretation by Fe speciation, detailed in Materials and Methods. Vertical dashed lines in (H) and (I) correspond to the Redfield ratio.

concentration (mean = 454 ppm) and after normalization to Al
(mean = 0.005) (Fig. 4, G and Q). The available samples in each en-
vironment record minor increases in Py, and Pr,/Al across the
transitionary interval from Sturtian-aged glacial deposits to overly-
ing non-glacial shales (Figs. 2 to 4). In South China, this is repre-
sented by a short-lived positive excursion at the conformable
boundary between the Tiesi'ao and Datangpo formations, followed
by recovery to low values, but high values are maintained in Austra-
lian cores throughout the duration of non-glacial deposition follow-
ing this initial increase.

Shelf cores (BR05-DDO01, Wallara-1, SCYW-79-1A, and ZK102)
show consistent stratigraphic trends in the ratios of organic carbon
to organic phosphorus (Cyrg/Pyr,) and organic carbon to reactive
phosphorus (Corg/Preac), Where Py, equates to the sum of phospho-
rus bound in iron phases (Pg.), authigenic carbonate fluorapatite,
biogenic apatite and calcium carbonate (P,,), and organic
matter (Po) (36). The observed trends in Corg/Porg and Corg/Preac
largely mirror the trends observed in paleoredox data, whereby peak
values of Cyrg/Porg and Corg/Preqc in the lowermost non-glacial de-
posits are followed by decreasing values in overlying strata (Figs. 2 to

Bowyer et al., Sci. Adv. 9, eadf9999 (2023) 25 August 2023

4). In core SCYW-79-1A, Cyry/Pyr, values recover and remain scat-
tered throughout the sampled non-glacial interval (Fig. 3H). By
contrast, Corg/Porg and Corg/Preqc ratios in the most distal core
(ZK3603) remain elevated throughout, with a possible decreasing
trend in Cyg/Pore toward the top of the non-glacial succession
(Fig. 4, R and S). The analyzed cores show regional distinction in
P phase associations, whereby Australian cores (BR05-DDO01,
Wallara-1, and SCYW-79-1A) are dominated by P4, and subordi-
nate P, (Figs. 2, J and T, and 3]), while cores from South China
show a lesser Py, contribution relative to P, (Fig. 4, J and T). The
most distal core (ZK3603) also shows a substantial contribution
from Pp. (Fig. 47T).

DISCUSSION

Tracking the evolution of non-glacial water column and
pore water redox conditions

Shelf-to-slope environments in Australia and South China display
markedly similar trends in Fe speciation and redox-sensitive trace
metal datasets across the transition from syn-glacial to postglacial
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Fig. 4. Stratigraphy and selected geochemical data for the Datangpo and Xiangmeng formations recovered by drill cores ZK102 and ZK3603, respectively. Data
include (A and K) TOC, (B, C, L, and M) Fe speciation, (D and N) Mo, (E and 0) §**S,,,, (F and P) 8">C,,q, and (G to J and Q to V) P speciation. Additional §'>C,4 data for
ZK3603 are from Peng et al. (14). Horizontal red bands indicate the intervals of euxinic water column conditions, and horizontal yellow bands indicate the intervals of
ferruginous water column conditions with sulfidic pore waters (detailed redox interpretation is provided in the Supplementary Materials and table S2). Vertical dashed
lines in (B), (C), (L), and (M) correspond to calibrated threshold ratios for paleoredox interpretation by Fe speciation, detailed in Materials and Methods. Vertical dashed

lines in (1) and (S) correspond to the Redfield ratio.

deposition (Figs. 2 to 4 and figs. S3 to S5). Compiled Fe speciation
data from limited syn-glacial shale interbedded with Sturtian-age
diamictite in Australia and South China support deposition under
equivocal (Feygr/Fer = 0.22 to 0.38) to anoxic and ferruginous
(Fepr/Fer > 0.38, Fe,y/Feyr < 0.60) water column conditions
(Figs. 2 to 4), consistent with previous Fe speciation studies (37).
Dominantly ferruginous subglacial conditions are also consistent
with models for the genesis of syn-glacial Fe formations (32, 37,

Bowyer et al., Sci. Adv. 9, eadf9999 (2023) 25 August 2023

38). In the immediate aftermath of Sturtian deglaciation, elevated
Feyr/Fer ratios support anoxic depositional conditions (39) (see
the Supplementary Materials for expanded discussion). Elevated
Fe,,/Feyr ratios and redox-sensitive trace element enrichments
support sulfidic pore water conditions in all cores (Figs. 2 to 4
and figs. S4 and S5), and moderate to high Mo, concentrations,
which require appreciable free sulfide, suggest short-lived intervals
of euxinia in some cores (BR05-DDO01, Wallara-1, and ZK102; Figs.
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Fig. 5. High-resolution global age model compilation of selected geochemical proxy data (published and herein), modeling results, and fossil occurrences
(following model A). (A) 8"*Ceary (B) 634Spy, (C) Feyr/Fer, (D) Fep,y/Feyp, (E) global mean surface temperature and calculated relative O, saturation of surface seawater
(gray envelope) based on FOAM CO,-temperature relationship, (F) Corg/Porg, (G) Corg/Preac; and (H) fossil occurrences summarized from Fig. 1 and references therein
(occurrences calibrated directly within each age model; table S1). Data in (A) and (B) are color-coded according to provenance (see Fig. 1). Data in (F) and (G) are
color-coded according to threshold ratios of Fe speciation data in the same samples (see legend). (C) and (D) show the five-point moving averages for a global compilation
of Fe speciation data, binned by depositional environment (see legend and table S1). Horizontal dashed lines in (C) and (D) represent the calibrated threshold ratios for
deposition under different paleoredox conditions discussed in Materials and Methods (39, 74). See table S1 for the full geochemical dataset, age model, and full
references.
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2 and 4). Short-lived euxinia at this level is also consistent with
available information on the morphology and size distribution of
framboidal pyrite in deposits of the Nanhua Basin (40). The close
agreement between two independent paleoredox proxies (i.e., Fe
speciation and Mo,,q,) provides strong support for a robust paleo-
redox reconstruction (see the Supplementary Materials for expand-
ed discussion). Where Feyg/Fer is >0.38 and Fe,,/Fepy is >0.60, but
concentrations of Mo, are low to moderate, these data are conser-
vatively interpreted to reflect the development of sulfidic pore
waters beneath a ferruginous water column, where Mo enrichment
was limited by sulfide availability and/or sedimentation rate (Figs. 2
to 4 and figs. S4 and S5) (41). However, during, and in the imme-
diate aftermath of, Sturtian deglaciation, seawater Mo and U con-
centrations are highly likely to have been depleted as a
consequence of long-term (ca. 56 Ma) trace metal drawdown
under dominantly anoxic Snowball ocean conditions and/or inter-
vals of semi-restriction (see fig. S3) (42). For this reason, some core
intervals interpreted to record sulfidic pore waters within sediments
deposited beneath a ferruginous water column may instead repre-
sent deposition beneath a euxinic water column (e.g., Wallara-1;
Fig. 2 and fig. S4).

Following the short-lived euxinic/sulfidic interval, shelf-to-slope
environments (BR05-DD01, SCYW-79-1A, and ZK102) record a
gradual decrease in Feyg/Fer, Fe,y/Feyg, and Moy, that together
suggest a trend toward less reducing conditions (Figs. 2 to 4).
However, elevated Feygr/Fer (>0.38) in all samples from ZK3603
suggest that anoxia was maintained in the deepest environments
throughout the non-glacial interval, with variable Fe,,/Feyr (0.43
to 0.77) and generally muted trace metal enrichments implying
dominantly ferruginous conditions, with the occasional develop-
ment of sulfidic porewaters during early diagenesis (Fig. 4 and
fig. S5).

The majority of globally distributed successions record gradual
shallowing throughout the Cnl and Cn2 interval (e.g., see Fig. 1F),
which may suggest that slow rates of deposition in the immediate
aftermath of deglaciation promoted higher relative accumulation
of organic carbon in anoxic deep waters, and this was followed by
infill of accommodation space and gradual shallowing into less re-
ducing surface to mid-depth waters. However, there are a number of
lines of evidence to suggest that the trends in paleoredox data are
not controlled solely by changes in a depositional rate. First,
though each of our cores shows sedimentological evidence for shal-
lowing, the trends in paleoredox data do not always correspond di-
rectly with recorded lithological shifts (see the Supplementary
Materials). For example, in core ZK102, the transition from black
to gray shale (ca. 1280 m) is not noted to correspond with an in-
crease in mean grain size that may otherwise represent abrupt shal-
lowing and associated depositional rate increase (Fig. 4). Hence, the
geochemical trends recorded in underlying strata cannot simply be
attributed to an increasing depositional rate. Second, diagenetic
models suggest that muted Mo,,, would be expected in intervals
of elevated sedimentation rate (41). However, our deepest core
(ZK3603), which was likely deposited at the slowest rate when con-
sidering total core thickness, lithofacies, and deposition throughout
the full non-glacial duration, exhibits persistently low Mo,y
despite Feyr/Fer > 0.38 and Fe,,,/Fepg as high as 0.77 (e.g., see
Fig. 4, M and N). If increasing sedimentation rates throughout
the non-glacial were solely responsible for the observed decrease
in Moy, in shelf-slope environments then moderate Mo, may

Bowyer et al., Sci. Adv. 9, eadf9999 (2023) 25 August 2023

be expected in deeper settings, where sedimentation rates remained
low and pore waters were occasionally sulfidic (e.g., ZK3603), but
this is not recorded. Last, a number of independent geochemical
proxies have similarly been interpreted to record a transition
toward less reducing conditions across this interval, including sedi-
mentary selenium (Se) isotope data in successions of both Laurentia
and Australia and Fe isotope data from the Nanhua Basin (43, 44).
In sum, trends in the reported geochemical data are most parsimo-
niously interpreted to represent temporal changes in the extent of
reducing conditions rather than shifts associated with depositio-
nal rates.

Interrogating the importance of regional redox conditions
for the evolution of the non-glacial P cycle

Phosphorus is generally accepted to be the ultimate limiting nutri-
ent for primary productivity on geological time scales (45) with a
principal source of phosphate to the marine system being via con-
tinental weathering. However, both persistent and transitory
changes in marine redox conditions can profoundly alter the
degree of syn-depositional and early diagenetic recycling of bioa-
vailable phosphorus from sediments (46—50). The ability of bacteria
and archaea to store P is reduced under anoxic conditions (51). Fur-
thermore, microbial sulfate reduction under euxinic water column
conditions, or within sulfidic sediment pore waters, promotes the
preferential release of P from organic matter and limits the forma-
tion of unsulfidized Fe minerals to which P can readily re-adsorb
(36, 51, 52). Sulfidic pore water conditions, elevated temperature,
and reduced pH may also limit P uptake through inhibition of
apatite authigenesis (53). In this way, sulfidic conditions, ocean
warming, and acidification all have the potential to supplement nu-
trient input for primary production in surface waters by driving ex-
tensive bioavailable P recycling from sediments (48, 54).

Given that the Cog/Poyg of organic carbon delivered to the sedi-
ment is expected to approximate the Redfield ratio (106:1; see the
Supplementary Materials), molar ratios of Coe/Prg in excess of the
Redfield ratio cannot simply occur as a function of elevated organic
carbon burial. Instead, molar ratios of Cyy/Por, that exceed the Red-
field ratio (e.g., see Figs. 2U, 3K, and 4U) indicate preferential P
release during the anaerobic remineralization of organic matter,
which is commonly particularly intense during microbial sulfate re-
duction (51). Phosphorus released by this process, and via reductive
dissolution of Fe (oxyhydr)oxide minerals, can either be recycled to
the water column or fixed in the sediment via “sink-switching” to
authigenic phases, either in the form of carbonate fluorapatite, via
uptake to Fe (oxyhydr)oxide minerals close to the sediment-water
interface, or via precipitation of vivianite ((Fe;PO,),.8H,0) (55—
58). The degree to which bioavailable P is recycled to the water
column relative to organic carbon is indicated by the ratio of
Corg/Preac; Wwhereby values higher than the Redfield ratio suggest P
recycling, and values close to the Redfield ratio are indicative of P
retention in sediments (see the Supplementary Materials for ex-
panded discussion). Corg/Preac ratios below the Redfield ratio can
result either from additional drawdown of P in association with
Fe minerals formed under ferruginous water column conditions
[e.g., see (47, 48)] or via extensive aerobic oxidation of organic
matter under oxic conditions followed by sequestration of a propor-
tion of the released P in association with microbial biomass (36).

With the exception of some oxic and ferruginous samples from
the Amadeus Basin, all Cy4/Po.s data are elevated relative to the
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Redfield ratio (Figs. 2U, 3K, and 4U). The highest C,y/P,g values
correspond to euxinic/sulfidic depositional conditions (Australia
max Corg/Porg = 1,397, South China max Cog/Porg = 11,293). In
Australia, Cyrg/Preqc ratios are commonly lower than the Redfield
ratio, implying sedimentary P retention (Figs. 2V and 3L). Here,
Corg/Preac ratios greater than the Redfield ratio (max Corg/Preac =
315) are generally restricted to sulfidic/euxinic samples from
Wallara-1, which also have the highest Mo,,, (Fig. 2, N and V,
and fig. S4), consistent with the expected higher degree of P recy-
cling under more sulfidic conditions. Together, and consistent with
contemporaneous elevated 634Spy, this suggests that the degree of
bioavailable P recycling from sediments in the Australian basins
was limited by the availability of sulfate to promote both microbial
sulfate reduction and subsequent Fe (oxyhydr)oxide dissolution. As
a result, bioavailable P recycling in Australian sections was restrict-
ed to some localized environments that were characterized by short-
lived euxinia and/or where pore water sulfide was generated close to
the sediment-water interface in the immediate aftermath of Sturtian
deglaciation (Wallara-1; Fig. 2V).

In contrast to the Australian record, both drill cores from South
China show a clear distinction in Cy.g/Preqc between oxic and anoxic
samples (Fig. 4V). Here, oxic samples yield Corg/Preqc ratios below
the Redfield ratio, indicating efficient sedimentary P retention,
whereas sulfidic/euxinic samples are dominated by Corg/Preac
ratios that greatly exceed the Redfield ratio (max Cyyg/Preac = 771),
implying efficient recycling of bioavailable P to the water column
(Fig. 4V). While P recycling under sulfidic/euxinic conditions on
the shelf-slope (ZK102) was restricted to the interval immediately
following Sturtian deglaciation, sulfidic pore water conditions
were sufficient to permit a degree of bioavailable P recycling in
the deepest basinal environment (ZK3603) throughout the non-
glacial interval (Fig. 4V).

Assessing the global response of paleo-marine redox and
phosphorus to Sturtian deglaciation
A recent study based on the character of P-bearing minerals and
associated thermodynamic modeling of Tonian carbonates was in-
terpreted to reflect an interval of enhanced P concentrations (59).
However, the broader significance of this work remains unclear,
and given the intense climatic perturbations to the Earth System
that occurred in the interim, the coevolution of paleo-marine
redox conditions and P cycling during the critical Cryogenian inter-
val also remains unclear and warrants study. During Sturtian degla-
ciation, marine phosphate concentrations may have been high due
to enhanced weathering rates promoted by the high surface area of
sediments generated by glacial erosion (60). Furthermore, active
rifting associated with the break-up of Rodinia resulted in the de-
velopment of paleotopography that was highly weatherable (1).
During, and in the immediate aftermath of, Sturtian deglacia-
tion, the primary sources of bio-available P to Australian basinal en-
vironments would have been from the chemical weathering of
glacial rock flour and exposed Tonian large igneous provinces
(61, 62). An additional P source was contributed via bioavailable
P recycling under euxinic conditions and from sulfidic sediment
pore waters. This interval of relatively efficient P recycling was
short-lived in Australian basins, largely as a consequence of
limited water column sulfate availability. Elevated 634Spy in succes-
sions of both South China and Australia approach or exceed con-
temporaneous 8%*Scas (as recorded in carbonates of the Congo
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Craton), which likely attest to low-sulfate concentrations in global
seawater at the onset of non-glacial deposition (Fig. 5B) (15, 63).
The interval of globally extensive sulfidic/euxinic conditions in
the immediate aftermath of Sturtian deglaciation (Fig. 5, C and
D) would have further reduced oceanic sulfate concentrations via
widespread pyrite burial. Dissolved P would also have been supplied
to the Nanhua Basin by chemical weathering of glacial rock flour
and exposed crust, but our P phase association data suggest that
this P input was strongly supplemented by enhanced recycling of
bioavailable P from sediments under both euxinic conditions and
when sulfidic pore waters existed close to the sediment-water inter-
face (Fig. 6A). An additional source of sulfur from local hydrother-
mal activity may help explain sustained sulfide availability in the
deep Nanhua Basin, despite generally low global marine sulfate con-
centrations (38).

The dual source of bioavailable P from primary input and redox-
dependent recycling from sediments likely resulted in extensive
surface ocean primary productivity and a short-lived, but globally
widespread, interval of euxinic/sulfidic depositional conditions.
This interval of anoxia has been recognized in multiple regional
Fe speciation datasets (full compiled dataset and references in
table S1) and is also consistent with reported Mo isotope data
(42). The resulting global episode of pyrite and organic carbon
burial is evident in the geochemical records of &’ 4Spy, TOC, and
Fe,y/Fepg, all of which are elevated (but to a regionally variable
degree) approximately coincident with the Rasthof anomaly and
the subsequent rising 8'*C,yp, limb approaching Cn2 (Fig. 5, A
to D).

The burial of organic carbon and pyrite permits the long-term
build-up of oxygen in the atmosphere (64). Furthermore, the solu-
bility of oxygen in seawater is inversely related to temperature, and
an increase in the O, saturation of surface seawater would therefore
have accompanied gradual cooling in the aftermath of initial super-
greenhouse conditions (Fig. 5E). Consistent with these observa-
tions, our global compilation of Fe speciation data supports a
trend toward less reducing water column conditions in shallow to
mid-depth environments during gradual cooling in the aftermath of
the initial postglacial productivity peak (Figs. 5, C and D, and 6B
and table S1). The partial and gradual oxygenation of shallow to
mid-depth environments may also be consistent with the relative
timing of temporary oxygenation recorded by §***U,,y, and rare
earth element patterns in the lower Taishir Formation of Mongolia
(65, 66), as well as trends in Fe isotope data recorded in the Data-
ngpo Formation (44), and Se isotope data recorded in successions
from both Australia and Laurentia (43).

We further interrogate the published Fe speciation record (n >
570) by using available sedimentological and lithostratigraphic in-
formation, and published facies interpretations from each deposi-
tional environment to bin data by relative depositional depth
from inner shelf to slope and basin (table S1). Data trends revealed
by five-point moving averages of binned Fe speciation data within
the compiled age models suggest that (i) the shallowest environ-
ments experienced the fastest transition to sulfidic/euxinic condi-
tions during the melting stage of Sturtian deglaciation, (ii) the
shallowest environments experienced the fastest transition to less
reducing conditions in the aftermath of Sturtian deglaciation, and
(iii) the deepest basinal environment in South China remained
anoxic throughout the non-glacial interval (Figs. 5, C and D, and
6B). The combined record also hints at the possibility for partial
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oxygenation of outer shelf-to-slope environments coincident with
the Trezona (Cn5) anomaly (Fig. 5C). While numerous uncertain-
ties remain in the relative timings of these transitions between each
prescribed paleodepth, all environments from the shelf to slope
clearly display the same broad transition to less reducing conditions
in the interval from Cnl1 to Cn2 (Fig. 5, C and D). Continued redox
stratification throughout the non-glacial interval, in addition to

Bowyer et al., Sci. Adv. 9, eadf9999 (2023) 25 August 2023

regionally sulfidic deep marine deposition under sulfate-limited
conditions, is also consistent with the available Mo, §°*S, and
838U, records (e.g., Fig. 5B and table S1) (42, 66).

In a low-sulfate, post-Sturtian global ocean, the gradual decrease
in weathering-derived nutrient and sulfate input would have
reduced the shallow marine area conducive to the development of
euxinic water column and sulfidic porewater conditions, leading to

11 of 17

€202 ‘Y0 Jequieldes uo uopuo]abis|[oD A1isienlun e B10aous 105 MMM//:SAdNY Wol) papeoumoqd



SCIENCE ADVANCES | RESEARCH ARTICLE

enhanced sedimentary P retention in shelf environments. Global
cooling and decreasing atmospheric pCO, may also have led to en-
hanced apatite authigenesis (53). This was accompanied by a corre-
sponding reduction in the global areal extent of shallow seafloor
conducive to bioavailable P recycling, which persisted in lower pro-
ductivity deep basin environments (Fig. 6B). Even with continued
continental P supply, a global decrease in sedimentary P recycling,
relative to P retention, limited primary productivity and expanded
the area of shallow marine oxic waters. This led to reduced organic
carbon and pyrite burial on continental shelves, which may have
stalled or slowed continued atmospheric oxygenation. However,
positive 8"3Cup, values recorded during the Cn2 and Cn4 intervals
may also imply that organic carbon burial persisted, but that the
preservation of organic carbon was largely restricted to the anoxic
deeper ocean and in zones of upwelling, consistent with high TOC
throughout our deepest analyzed core (Fig. 4K) (14, 67).

Geochemical stabilization and ecological transition during
the Cryogenian non-glacial
Untangling cause and effect from the calibrated records of geo-
chemical change and biotic first and last appearances is limited by
the fragmentary nature of the paleontological record and the sensi-
tivity of geochemical proxies to capturing ecologically meaningful
changes to ecosystem habitability. Hence, we make the following
observations based on our current understanding of Cryogenian
non-glacial chronology and the available geochemical proxy record.
In the immediate wake of Sturtian deglaciation (Cn1), microfos-
sil records, climate modeling, P phase association, and paleoredox
proxy data suggest that a depauperate assemblage of micro-organ-
isms inhabited warm, P-rich, redox-stratified waters, with anoxic
and euxinic deeper waters recorded in multiple globally distributed
environments (Figs. 1, B, D, and E, and 5). Available biomarker data
show a low abundance or even the absence of eukaryotic algae in
this interval, and by inference, primary production was most
likely dominated by cyanobacteria (Fig. 5H) (2). The associated
low sterane/hopane ratios (cholestane only) are recorded through
ca. 240 m of strata that are coincident with, and overlie (and
thereby postdate), the transition to less reducing conditions record-
ed by multiproxy geochemical data from the same core (BRO5-
DDO1; Fig. 2) (2). This cyanobacterial-dominated assemblage there-
fore largely persisted throughout the gradual expansion of less re-
ducing surface to mid-depth waters, during increasing §'"°C_,y, to
Cn2 (Figs. 1, B and E, and 5, C and D). While the absolute age
for the first appearance of green algal steranes and putative
sponge biomarkers remains uncertain, it likely postdates Cn1 (2)
and is interpreted herein to have a maximum relative age coincident
with the peak of Cn2, corresponding to the temporal position of the
upper Aralka Formation recorded by core BR0O5-DDO01 (Fig. 5H).
The delayed rise to dominance of green algae and first appear-
ance of Demospongiae following global postglacial geochemical sta-
bilization may reflect the continued environmental impediment of
high sea surface temperatures for mesophilic algae before climate-
carbon steady state (Fig. 5E and fig. S1) (2). Because of the dearth of
globally distributed biomarker data in this interval, our age model
makes the implicit assumption that there was one globally synchro-
nous shift from red algal to green algal primary production. Follow-
ing Cn3, the latter half of the Cryogenian non-glacial interval
documents the first appearance of problematic macrofossils (Fig.
5H) [see, e.g., (31)]. These structures are found in strata that were
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deposited during a time in which our combined record supports
generally stable redox stratification, with oxic to dysoxic (above
the reduction potential conducive to the oxidation of ferrous Fe)
shallow to mid-depth waters, and largely ferruginous basinal
waters. The combined record also hints at the possibility for
further pulsed oxygenation associated with the Trezona anomaly
(Fig. 5C).

This age model framework, combined with our paleoredox and
nutrient data, resolves an intuitive sequence of biotic first appear-
ances relative to attendant climatic and geochemical change. It con-
strains the rise to dominance of green algae, and the first appearance
of putative sponges and problematic macrofossils to an interval
characterized by waning continental nutrient delivery. This interval
was characterized by increased sedimentary P retention and the
global expansion of less reducing, and likely more oligotrophic,
inner to outer shelf environments (Figs. 1E and 5, C, D, F, and
G). The timing of the maximum first appearance of putative
sponges and problematic macrofossils is also consistent with the
time scale of silicate weathering and CO, drawdown required to
convert the inhospitable postglacial super-greenhouse environment
to a cooler, habitable climate (Figs. 1D and 5E and fig. S1) (24).
Thus, the gradual global stabilization of geochemical environments
appears to have set the stage for an increase in biotic diversity and
complexity following the Sturtian Snowball deglaciation. The time
frame required for environmental stabilization may similarly be re-
sponsible for the delayed appearance of complex macrofossils (68)
following Marinoan Snowball deglaciation.

MATERIALS AND METHODS

Global chronostratigraphic age model construction

The construction of global age models follows a hierarchical ap-
proach by first integrating litho- and 8'°C.,y, chemostratigraphic
information section by section into regional composite correlations
based on published stratigraphic information. Individual sections
are subdivided into units that are interpreted to represent broadly
invariant lithofacies based on lithostratigraphy and sedimentology,
and sedimentation rates are constant within (but permitted to vary
between) each unit. Sedimentation rates are generally consistent
with lithofacies (e.g., low rates in units of deeper marine shale
and higher rates in units of shallow marine oolitic grainstone). Hi-
atuses are permitted at surfaces that show evidence of exposure or
erosion, or where prior geochronological or geochemical informa-
tion informs the presence of a cryptic hiatus. We then compare each
regional composite to globally distributed datasets to produce
global chemostratigraphic age frameworks.

We begin calibrating non-glacial age frameworks by construct-
ing a chemostratigraphic scaffold of established 83C_app trends from
globally distributed carbonate-dominated successions of the Congo
Craton, northern Namibia, the Zavkhan terrane of Mongolia, and
the Brooks Range of Arctic Alaska (4, 8, 11, 12). The resulting shape
of the 8"C_,1, skeleton, and calibration of %’Sr/**Sr data from cor-
responding carbonate samples, is consistent with previous compos-
ite profiles developed for this interval (Fig. 1, B and C) (4, 8, 13, 22,
69, 70). This skeleton profile provides a scaffold for calibration of
geochemical data from interbedded carbonate-siliciclastic packages
that include successions of the Centralian and Adelaide superbasins
of Australia, and the Hay Creek Group and Kingston Peak Forma-
tion of Laurentia [e.g., see (7, 9, 10, 13)]. In this intermediate step,
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the ages of clastic units are constrained after visual alignment
between 8'°C.,,;, data from interbedded carbonates and trends in
the global 8'°C,y, scaffold. This approach thereby calibrates
trends in a variety of proxy data from siliciclastic strata (e.g., Fe spe-
ciation and 834Spy) relative to global trends in 8'°C,yp. Last, we in-
tegrate wholly siliciclastic successions [e.g., Greenland, the Nanhua
Basin, South China (14, 42)] that lack any 8"3Cyyp tie points but
may contain radiometrically dated tuff interbeds [e.g., see (17)],
8"°Cyrg which may or may not correlate with global records of
8"Cearp» and geochemical proxy data of regional significance
(e.g., Fe speciation). Given the sparsity of available radiometric con-
straints throughout the non-glacial interval, the absolute ages and
durations of some of the resulting global geochemical trends and
excursions remain uncertain (see the Supplementary Materials for
expanded discussion).

Geochemical methods

To investigate the coevolution of biotic and geochemical records
throughout the Cryogenian non-glacial interval, we used indepen-
dent geochemical proxies that characterize regional water column
and pore water paleoredox (Fe speciation and redox-sensitive
trace element concentrations), as well as nutrient (P phase associa-
tion) dynamics. Details of chemical extraction protocols and analyt-
ics, alongside detailed data interpretation for each core, are provided
in the Supplementary Materials. All data analyzed herein are pro-
vided in tables S4 and S5.

Major and trace element concentrations of all samples were mea-
sured by inductively coupled plasma optical emission spectrometry
and mass spectrometry, respectively, after quantitative HNO;-HEF-
HCIO, digestion. Fe speciation was performed after the established
methodology of Poulton and Canfield (71) to extract operationally
defined Fe phases, including Fe associated with carbonates (Fe.,,,),
ferric oxides (Fe,y), magnetite (Fep,,), and pyrite (Fep,y). The sum of
these Fe pools constitutes the proportion of Fe that is considered
highly reactive (Feygr) toward dissolved sulfide (72, 73). Ratios of
Feyr/Fer > 0.38 support Feypr enrichment and deposition under
anoxic bottom water conditions, whereas values of <0.22 indicate
deposition from oxic bottom waters (39). The intermediate range
of 0.22 to 0.38 is regarded as equivocal because of the possibility
for rapid sediment deposition or early diagenetic transformation
of unsulfidized Feyg to poorly reactive sheet silicate minerals
(39). For anoxic samples (Feyr/Fer > 0.38), the degree of sulfidation
of the Feyg pool can be used to distinguish ferruginous (Fe,,,/Fepr <
0.7) from euxinic (Fe,,/Feygr > 0.8) conditions, with an intermedi-
ate zone ascribed to “possible euxinia” (39). Recent analyses of Ho-
locene sapropels and the euxinic Lake Cadagno indicate that Fe,,/
Fepr > 0.6 may be a more suitable threshold for distinguishing fer-
ruginous from possible euxinic conditions (74). We interpret pos-
sible euxinia in our study cores through a combination of Feyg/Fer
> 0.38 and Fe,,,/Feyg > 0.6, with additional corroborating evidence
from authigenic trace element (Mo, U, and Re) enrichments (calcu-
lations and screening criteria detailed in table S2).

Selected shale samples from each core were analyzed for pyrite
sulfur isotopes (834Spy), TOC, organic carbon isotopes (613C0rg),
and P phase associations. The P measurements use a sequential ex-
traction method to distinguish the proportion of total P (Pr,) asso-
ciated with detrital apatite (Py,) relative to potentially bioavailable
and reactive (P,.) minerals, including Fe (oxyhydr)oxides (Pg.),

Bowyer et al., Sci. Adv. 9, eadf9999 (2023) 25 August 2023

organic matter (P,g), and authigenic carbonate fluorapatite, bio-
genic apatite, and CaCOj3-bound P (P,,y,) (75, 76).
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