A RTl C L E W) Check for updates

Extensive primary production promoted the
recovery of the Ediacaran Shuram excursion

Fuencisla Cafiadas® "’*, Dominic Papineau® %34, Melanie J. Leng®>® & Chao Li® 4

Member IV of the Ediacaran Doushantuo Formation records the recovery from the most
negative carbon isotope excursion in Earth history. However, the main biogeochemical
controls that ultimately drove this recovery have yet to be elucidated. Here, we report new
carbon and nitrogen isotope and concentration data from the Nanhua Basin (South China),
where 83C values of carbonates (8'3C.yp) rise from — 7%e to —1%0 and 8N values
decrease from +5.4%o0 to +2.3%0. These trends are proposed to arise from a new equilibrium
in the C and N cycles where primary production overcomes secondary production as the
main source of organic matter in sediments. The enhanced primary production is supported
by the coexisting Raman spectral data, which reveal a systematic difference in kerogen
structure between depositional environments. Our new observations point to the variable
dominance of distinct microbial communities in the late Ediacaran ecosystems, and suggest
that blooms of oxygenic phototrophs modulated the recovery from the most negative 8'3C .
excursion in Earth history.
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ARTICLE

he Ediacaran Shuram excursion (c. 570 - ¢. 551 Ma) records

a significant C cycle perturbation in Earth history with

unusually light carbonate carbon isotope values (8'3Cc,y,)
down to —12%o and a characteristic lack of covariation between
carbonate and sedimentary organic carbon isotope trends!-2. This
isotope excursion was first described from the Shuram Formation in
Oman?. Afterwards, correlative studies from Australia, California,
and South Chinal*#° showed this excursion was a global phe-
nomenon. Although intensive studies have been conducted, the
mechanisms driving the origin and termination of the Shuram
excursion remain debated (see reviews in refs. 6-8).

There are various hypotheses proposed to explain the origin of
the Shuram excursion, and these can be summarised in two
principal groups. The first group proposes that the excursion
results from secondary, post-depositional alteration during burial
diagenesis, along with meteoric water or authigenic carbonate
precipitation® 1, The second group, however, suggests that the
excursion is a primary depositional carbon isotope signature
related to the oxidation of massive !3C—depleted dissolved
organic matter (DOC)!? or other types of organic carbon
pools!>14 during a globally synchronous ocean oxygenation
event>>. In the first case, the diagenetic overprint of the isotopic
signal would have required sediments to be chemically pre-
conditioned so that local processes produce the same signal
globally. The second case would imply the existence of a massive
DOC pool in which partial or complete oxidation would have
required abundant oxidants. Both hypotheses are controversial
with equivocal solutions. However, they may not necessarily be
mutually exclusive if some C-recycling processes started in the
water column and continued during diagenesis.

While it is possible that the Shuram excursion was a con-
sequence of diagenesis, increasing evidence support that
the excursion can also represent the oxidation of the marine
organic carbon pool. The abundance of cyanobacterial-like
microfossils in the black shales of the underlying Member 1113,
combined with !3C—enriched carbonate!® and widespread
phosphorite deposits in the Doushantuo Fm.!>17:18 suggest the
existence of elevated concentrations of organic matter from pri-
mary producers in the environment. In addition, if the DOC
oxidation drove the excursion, it is expected that there would be a
close relationship between the oxygenation of the water column
and the Shuram excursion. In support of this, shallow oxic con-
ditions are described from different environments>!9-21. In these
studies, Fe speciation and S isotopes are used to conclude that
organic-rich shales of Member IV were deposited in euxinic
environments. However, these studies also report high §238U,
8%8Mo, and Mo concentrations that suggest extensive ocean
oxygenation during the deposition of the Member IV. Lastly,
recent quantitative models propose a sufficient and realistic oxi-
dant budget for heterogeneous or partial oxidation of the DOC
occurring only on shelf areas of the global Ediacaran oceans?2, or
the total DOC exhaustion when surplus oxidant is generated
through bacterial reduction of sulfate weathered from evaporite
deposits®.

The recovery from the Shuram excursion to pre-excursion
813C.yrp values has been previously associated with the complete
oxidation of a DOC pool!?, decreasing input of weathered detrital
organic carbon!3, decreasing expelled hydrocarbons from sedi-
mentary organic matter'4, or reduced local DOC availability via
persistent consumption of reduced carbon at the shelfs’. In the
South China Nanhua Basin, the recovery from the Shuram
excursion is recorded in Member IV of the Doushantuo Forma-
tion (ca. 560 — 551 Ma). This member consists of organic—rich
shales of variable thickness (1 — 30 m) deposited during a sea-
level highstand with total organic carbon (TOC) contents up
to 15%2.

Here, we use new bulk C and N isotope and Raman data from
Member IV shales in six sections that span shallow to deep
environments in the Nanhua Basin to understand the bio-
geochemistry in the basin and its relationship to the Shuram
excursion, specifically with the recovery to pre-excursion §!3C.,,
values. Future studies should focus on sedimentological and
mineralogical observation to further explore the diagenetic phe-
nomena associated with the oxidation of organic matter during
this critical Neoproterozoic period?.

Results

Chemostratigraphic profiles. C and N concentration and isotope
data from six shelf—to—basin depositional environments of the
Nanhua Basin are illustrated in Fig. 1, summarised in Table 1 and
detailed in Table S1. Table 1 shows stratigraphic end-members of
Member IV (described in Supplementary Information), repre-
senting the chemo-stratigraphic trends for the evolution of the
measured C and N geochemical parameters. Proximal sections
include Xiangerwan, Zhimaping, and Qinglinkou, which are
located in the shelf lagoon paleo-environment?”. Distal sections
include Taoying (upper slope), Xiajiaomeng (lower slope), and
Fengtan (basin)?> (see Fig. Sla-c). The proposed stratigraphic
correlation of Member IV of these sections is based on new and
published data from the studied and nearby sections that con-
strain the lateral variability and isotopic expression of the Shuram
excursion in South China>2-28, More details on the geological
context of the studied sections can be found in Supplementary
Information. In addition, potential postdepositional alteration of
isotope signatures was evaluated based on §!*C,,,-TOC, TOC-
TN, TN-81°N, and Mn/Sr-8!3C_,, plots and resulted in no sig-
nificant alteration detected in the studied samples (see Supple-
mentary Information).

The carbon isotope composition of carbonates and organic
matter (813Cc,yp, and 8'°C,,,) from the proximal sections preserve
the most similar signal to the Shuram excursion in Oman?. In this
environment, values of 813C,; from the uppermost part of
Member III to the Member IV-Dengying Fm. boundary exhibit a
trend that gradually shifts from —7.1%o0 to —0.2%o (Fig. la).
Similarly, values of 813C0rg of the same interval present a shift
from ~—28%o to —38.6%o and recover again to ~—28%o at the
Member IV-Dengying Fm. boundary (Fig. 1b). These character-
istic trends are consistent with previously reported data from
nearby outcrop samples>>2%2%. On the other hand, the distal
sections present values of 613C0rg from —32.8%o0 to —38.5%0 and
S13C.orp values from —4.3%030 to —15.9%028 upward section. In
contrast to the recovery trend in the proximal sections, these
isotope trends for distal sections vary toward more !3C-depletions
at the top of Member IV. The exception to this is found in the
Xiajiaomeng section, located in the distal lower slope environ-
ment and presents the same 8'3C patterns as the proximal
sections with increasing 8!3C,,, from —32.8%o to —29.8%o and
S13C_yrp values from —3.7%o to —1.2%o upward section.

Previous late Ediacaran §!1°N data from the studied area are
scarce and have been reported from only two sections in proximal
environments2%31, and one in distal environments3?, and have a
range in values between +5.4%o and +2.3%o (n=83) (Fig. 1d)
towards the top of the Doushantuo Fm. Results from this study
are thus consistent with previous data. However, they present a
new and complete shelf—to—basin N profile, exclusively spanning
Member IV. Towards the top of Member IV, most data show
similar decreasing trends except the Taoying section, which
instead presents increasing 8'°N values from +2.5%o to +3.7%o.
8I°N variations from the base to the top of Member IV in the
distal environments range from +5.4%o0 to +2.6%o. In the
proximal area, however, Zhimaping shows more significant §!°N
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Fig. 1 New chemostratigraphic columns of carbon and nitrogen isotope compositions in Doushantuo Member IV. a Carbonate carbon isotopes.

b Organic carbon isotopes. ¢ Carbonate and organic carbon isotopes difference. d Sedimentary nitrogen isotopes. e Total organic carbon content. Data are
classified by depositional environments and, where applicable, shown in comparison with published data>26:28-30.68 *U — Pb age of 551.1+ 0.7 Ma®®.
Vertical dashed lines from left to right show Peedee belemnite, isotopic fractionation imparted to biomass by primary producers typically around —27%eo,
photosynthetic range 22-32%. based on compilations of A3Ccap-org throughout the Phanerozoic’®, and lastly 8'°N for atmospheric N,.

Table 1 Summary of geochemical results.

813Ccarb (%0) 313Crg (%) 815N (%) TOC (%) n
Environment Section Base Top Base Top Base Top Base Top
Shelf Lagoon Xiangerwan -4.1 —0.6 —37.7 —36.9 +4.4 +3.6 2.7 4.6 7
Zhimaping -7 -0.2 —38.6 —34.6 +3.7 +2.9 5.0 13 51
Qinglinkou -5.8 -3.6 —37.0 —27.7 +33 +2.3 0.3 9.6 15
Slope Taoying —4.3" -n3 —35.7 —385 +2.5 +3.7 11 17 10
Xiajiaomeng -3.7 -1.2 -32.8 —29.8 +4.3 +2.6 83 6.2 6
Basin Fengtan —11.5™ —15.9" —32.0 —34.4 +5.4 +3.4 03 0.9 21

number of samples.

Data show end-member values of Member IV (base and top). In sections where data at the base and top of Member IV were not available, data from the Member Ill-Member IV and Member V-
Dengying Fm. boundaries were used and are expressed in bold. (*) represents data from an analogous upper slope environment section (Siduping39). (**) represents data from the Fengtan section?8. n=

variations with a characteristic trend formed by two different
cycles upward section separated by sharp boundaries with values
between +3.7%o to 0%o and from +3.6%o to —1.4%o respectively.

Similarly, reported Precambrian C/N ratio data are limited, and
most of these data have a high C/N ratio®2. Measured C/N ratios
of Member IV black shales also markedly exceed the Redfield
ratio of 6.633, as shown in Fig. 2, with 94% of values between 10
and 90 (n=104). Sections from the proximal area collectively
show the highest C/N ratios, close to 90. Comparably, results
from distal sections (Taoying and Fengtan) show the lowest C/N
ratios, significantly below the Redfield Ratio, with values as low as
1.3. The statistical C/N distribution between environments also
reflects higher mean values in the proximal sections (n=73)
compare to the distal sections (#n =31), which show the lowest
mean values in the basin.

Raman spectral characteristics of organic matter. Raman
spectra of organic matter in the studied samples show the typical
features of disordered organic matter, with two broad bands at
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~1350cm~! (or D1 band) and ~1600 cm~! (G band). These
characteristic D1 and G bands, together with their intensity ratio,
defined as I-1350/1600, allow the identification of different pre-
dominant types of kerogen structures shown in Fig. 3. For
example, kerogen structure type-A predominates in proximal and
lower slope sections, and it is characterized by a wide D1 band, a
resolvable shoulder of the D4 band at ~1245cm™!, and a more
intense and narrower G band with a I-1350/I-1600 between 0.64
and 0.70. Kerogen structure type-B dominates in the basinal
environment (Fengtan) and is characterized by narrower D1 and
G bands with similar intensities and the I-1350/I-1600 1.03
(Fig. 3). In addition, the upper slope area shows a mixed type-C
kerogen structure characterized by a more intense G band, similar
to type-A, and narrower D1 and G bands, similar to type-B and
with an intermediate 1-1350/I-1600 value of 0.8 (Fig. 3). Impor-
tantly, these spectra of organic matter are used to estimate peak
metamorphic  temperatures  (Supplementary  Information;
Table S2) with results between 280-289 °C in the proximal sec-
tions and between 300-309 °C in the distal sections, thereby
confirming the authigenecity of organic matter.
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Nutrient availability in Late Ediacaran oceans. Phosphorous
and nitrogen are two limiting nutrients that play a significant role
in regulating the primary production of organic matter, so
understanding their availability in the Ediacaran oceans is
essential to evaluate the impact of organic matter production on
the Shuram excursion recovery. The occurrence of widespread
phosphorite deposits in Member IV343° and blooms of oxygenic
photosynthesis during the Ediacaran!®, and notably similar at
both ends of the Proterozoic3®, point to the high availability of
dissolved phosphorous that led to eutrophication in the water
column with high primary productivity in surface waters and
high organic carbon fluxes into sediments.

Nitrogen is the other major control for marine primary
production. In general, the balance in the N input-output
processes will determine the 8°N composition of oceanic N,
where N,-fixation and denitrification are the major processes®’. N
enters the ocean mainly through the biological fixation of
atmospheric N, while denitrification is the main pathway of N
loss from the ocean38, Both processes present characteristic
isotopic fractionations (& = 8" Npoduct = 8'°Nyeactant): N-fixation
~0 to —4%038, and denitrification between +15%o and +30%0%.
Our results reveal homogeneous spatial §!°N variations with
values between +5.4%o to +2%o, comparable with modern shelf
sediments. In modern oceans, nitrate is partially reduced by
microbial denitrification into N, or N,O with significant isotopic
fractionation, resulting in !°N-rich nitrate, which is then
assimilated into biomass%. In other words, denitrification or
assimilation processes exceed the supply of nitrate into the
modern ocean. Thus, within the modern 8!°N values range, the
shift from the base to the top of Member IV reflects a dynamic
environmental scenario from initial denitrification or nitrate
assimilation dominance towards a new ecological state
evaluated below.

Two principal mechanisms can account for the decrease of
815N: increasing nitrate availability and/or enhanced N-fixation.
In the first case, although this scenario is compatible with gradual
oxidation of the Ediacaran oceans>, prolonged anoxic conditions
in the deep ocean during the Ediacaran?>40 likely contributed to
extensive denitrification that removed nitrate from seawater.
Thus, nitrate unlikely exceeded denitrification, which does not
support a model of increased nitrate availability. Alternatively,
high P conditions, likely promoted by combined continental

weathering?! and P remineralization*2, would have led to active
biological N,-fixation to overcome the N loss due to denitrifica-
tion. This is because dissolved N is tightly correlated with
dissolved P in open ocean water, with an N/P ratio of 16/133, and
to maintain the ratio relatively constant, instantaneous changes in
the nitrate reservoir through denitrification would have led to
increased N,-fixation?? to return the nitrate reservoir to its initial
size, closer to the Redfield ratio. In addition, high phosphorus
availability in the proximal area, supported by the occurrence of
widespread phosphorite deposits, could also explain the lowest
815N values reached in the Zhimaping section, as low as —1.4%o,
as areas with high phosphorus content would have experienced
more intense N,-fixation to maintain the N/P ratio constant.
Hence, the general decrease of 81°N values in the Member IV is
best explained as a new equilibrium in the N cycle, whereby N,-
fixation becomes dominant over denitrification as the predomi-
nant biological process modulating sedimentary §'°N values.

Extensive primary production drove the recovery of the
Shuram excursion. One of the principal characteristics of the
Shuram excursion is the lack of covariation between carbonate
and sedimentary organic carbon &!3C trends. Covariation
between coeval 813C.,;, and 813C0rg isotope records has been
used to assess changes in the ancient dissolved inorganic carbon
(DIC) pool. This is because, under the conventional under-
standing of the carbon cycle, §13C of organic and carbonate
carbon is derived from the same marine DIC reservoir and covary
accordingly!2. Therefore, coupled 8!3C,,y1, and §!3C,,, signatures
reflect primary 8!13C signatures of seawater while decoupled
813C_,p, and 613C0rg signatures are interpreted as evidence for
diagenetic alteration in sediments?~!! or oxidation of organic
matter in the water column®>12,

Paired data sets of 8'3C,yp, and 8!3C,yy in this study are mostly
decoupled during the Shuram excursion and exhibit a coupled
trend only in the uppermost part of Member IV. This is
consistent with previous data reported in South China>2¢ and
shows the same pattern as the Shuram excursion in Oman3.
Although it cannot be entirely ruled out that the excursion was a
consequence of diagenesis, in the context of this study, the
negative §!3C,,;, excursions are interpreted as the result of the
remineralization of a massive 3C—depleted DOC pool!2. The
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Fig. 3 Raman spectra of organic matter in Doushantuo Member IV. a Raman spectra are organized by depositional environments and show the
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turning point to coupled and more positive trends would reflect a
transition towards a new environmental state proposed to be
dominated by oxygenic photosynthetic primary producers under
extensive bloom conditions.

The new proposed environmental state is illustrated in Fig. 4,
which represents a late Ediacaran C and N cycle evolution during
the Shuram excursion and the recovery to pre-excursion values.
Before the recovery, Fig. 4a, the environmental scenario was
characterized by denitrification as the principal N metabolic
pathway and heterotrophic remineralization of the existing DOC
that led to 13C—depleted rich DIC pool and, thus, low §13C 4,
However, during the recovery (Fig. 4b), extensive primary
productivity in shallow waters led to increased export production
and extensive organic carbon burial. Consequently, the 13C—
enriched DIC budget was considerably increased and eventually
counteracted the existing 13C—depleted DIC, probably aided by
decreasing DOC oxidation suggested previously>’, and drove
positive shifts in both §'*Cc,p, and 8!3C,y,, thus the recovery
from the Shuram excursion. In this latter scenario, N,-fixation
became the primary N metabolism in the N biogeochemical cycle
that, together with phosphorous availability mentioned above, led
to extensive primary production in the surface.

The dominance of primary over secondary production has also
been proposed for the contemporaneous Shuram Formation in
Oman, where preserved organic biomarkers reveal multiple
sources of syngenetic organic matter with more significant
contributions from bacterial than algal biomass during the
recovery of the Shuram excursion?4. In addition, the §1°N shift
toward lower values, and thus dominance of N,-fixation
metabolism, would have promoted the ecological advantage to
N,-fixing cyanobacteria relative to eukaryotic algae, which lack
the capacity for N,-fixation and instead preferentially assimilate
nitrate?>.

The variable dominance of distinct microbial communities can
be tested from the C/N data. Laboratory experiments reveal that
during early and maximum blooms, dominated by primary
producers such as cyanobacteria, C/N ratios tend to increase
above the Redfield ratio to a maximum because rates of total N
uptake exceed those of regeneration®. However, during post-
bloom periods, dominated by consumer interactions, C/N ratio
tends to decrease close to the Redfield ratio because of the
degradation of low molecular weight organic carbon*’. The C/N
ratios show a heterogeneous distribution between the studied
sections (Fig. 2), and are consistent with the dominance of
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Fig. 4 Schematic diagram showing the biogeochemical evolution of the late Ediacaran ocean. a During the Shuram excursion, denitrification was the
dominant N biogeochemical process. Recycling and remineralization of DOC by heterotrophic organisms led to a 13C—depleted rich DIC pool. Anoxic
waters were predominantly ferruginous2334. b During the recovery from the Shuram excursion N,-fixation became the main N biogeochemical process.
Extensive PP in shallow waters favored the increase of organic carbon fluxes towards deep waters and the 13C—enriched DIC budget, which counteracted
the 13C—depleted DIC pool and led to positive shifts in §'3C.ap and 513C0,g. Anoxic waters were predominantly euxinic23. XG Xiangerwan, ZM Zhimaping,
QK Qinglinkou, TY Taoying, XJ Xiajiaomeng, FT Fengtan. DOC dissolved organic carbon, DIC dissolved inorganic carbon, PP Primary production, OMZ
Oxygen Minimum Zone. Text in bold represents the dominant processes/fractions.

primary or secondary producers in the different environments.
For example, values near the Redfield ratio in the distal
environments (C/N between 1.3 and 26) suggest the dominance
of secondary production. However, values higher than the
Redfield ratio in proximal environments (C/N between 20 and
85) are consistent with those reported from this period in South
China2630 and elsewhere3! and represent periods of blooms of
primary production.

Source mixing between primary and secondary organic matter.
The new photosynthetic C produced near the surface may have
largely coexisted with older and recalcitrant DOC principally
stored in deep waters but ultimately brought to shallow depths via
upwelling!243. The heterogenous §'3C trends in the basin reflect
a source mixing between autotrophic and heterotrophic pools and
describe a transient C-cycle characterized by a longer C residence
time during the late Ediacaran than today’s ocean-atmosphere
system, which is 10° years. Thus, it is suggested that a hetero-
geneous decrease of the DOC pool size after extensive reminer-
alization into 13C—depleted carbonate would have led to the §!3C
trends heterogeneity along the basin, as previously proposed”.

Three different factors may have accounted for this hetero-
genous DOC pool size reduction. First, the presence of anoxic-
euxinic conditions in the mid-slope and deep basinal
environments?>40 allowed anaerobic degradation of organic
matter to dominate the production of 13C—depleted DIC buried
in carbonate precipitates. Second, the chemically resistant nature
of the refractory DOC in the deep ocean, which accounts for 72%
of the total organic carbon in the modern oceans®’, led to less
efficient microbial oxidation. This is because the refractory
fraction consists of high molecular weight and structurally
complex compounds rich in carbon resistant to microbial
oxidation and degradation®®>!, Third, upwelling during trans-
gression would have delivered 13C—depleted bicarbonate together
with regenerated nutrients from the deep sea to the photic zone,
which would fuel primary productivity and trigger a turnover of
13C—depleted mid-slope and basinal waters.

Extensive primary production in shelf environments would
lead to a sulfidic oxygen minimum zone (OMZ) immediately
below the productivity zone?3°2, which would favor the
preservation of organic matter. This scenario explains why the
distal lower slope section (Xiajiaomeng), interpreted to be located
immediately below the OMZ, presents a carbon isotope trend

similar to the proximal environment, characterized by high rates
of organic carbon burial. An OMZ also helps to explain why only
the Taoying section, located in the upper slope, shows an increase
in 8°N values likely due to anammox and heterotrophic
denitrification, which led to substantial N-loss. This is because
in OMZs, and other low oxygen systems, nitrogen loss by
denitrification or assimilation exceeds nitrogen supply in the
zone, and the remaining nitrate will become progressively
enriched in 1°N(®3). Any of the three factors mentioned above,
or a combination of them, imply a dynamic situation where DOC
is continuously produced and recycled, in which case the different
813Ceup and 813C,,, trends represent higher primary than
secondary production rates, allowing the DOC pool to wax
and wane.

Structural heterogeneity of organic matter. In order to inde-
pendently confirm the occurrence of different sources of biomass
in the Nanhua Basin, Raman spectra of organic matter are
investigated. The Raman spectra of organic matter in the studied
samples reflect the presence of different types of kerogen struc-
ture (type-A, type-B, and type-C; Fig. 3). One reason that may
account for different kerogen structures is the metamorphic grade
that affected the organic matter. However, the peak temperature
analysis (see Supplementary Information; Table S2) shows that all
the evaluated samples are below or near the base of the greens-
chist metamorphic grade, around 280—308 °C in proximal and
distal environments, respectively. In addition, there is no corre-
lation between temperature and spectral characteristics in the
studied samples (Fig. 3a). For example, spectra of organic matter
in the shelf lagoon and lower slope have a similar shape and I-
1350/1600 values but differ by ~15-20 °C in their peak meta-
morphic temperature. Similarly, the Raman spectra of organic
matter between the lower slope and basin show similar peak
metamorphic temperatures between 302 and 308°C, but
remarkably different shapes and 1-1350/1600 values. Therefore,
these observations imply that all these rocks were exposed to the
same temperature and pressure regime of regional metamorph-
ism, and thus, the observed different kerogen structures are not
associated with metamorphic temperature variations along
the basin.

An alternative interpretation for kerogen variability could be
the differential degradation of organic matter in the column
water. In marine environments, the two principal factors that
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may impact organic matter degradation are temperature and
redox conditions. Paleotemperatures inferred from isotope
compositions (830 and &30Si) in chert have been used to
estimate the late Neoproterozoic seawater temperature to be
around 25-28 °C°4°>. This range is only slightly higher than
modern ocean surface water, which is about 20 °C. Thus, the
kinetics of thermal mechanisms affecting organic matter
degradation (aerobic respiration, fermentation, etc.) likely worked
similarly to today. Hence, redox conditions might be a major
factor affecting organic matter degradation. Redox conditions in
the Nanhua Basin have been studied and inferred from multiple
geochemical proxies. For example, sulfur isotope composition of
pyrite and iron speciation in different proximal and distal
sections suggested prevailing ferruginous/euxinic deep waters
during the late Ediacaran®?32>, Likewise, high uranium and
negative molybdenum isotope trends measured in the same
environments were interpreted as extensive ocean oxygenation
during the deposition of Member IV black shales?%-21.

In the scenario that only a single type of organic matter was
present and preserved, the basin-wide stratified redox conditions
would have allowed a relatively homogeneous chemical degrada-
tion of biological organic matter throughout the basin. Further-
more, the likely similar sinking path in the water column and the
eventual anoxic/euxinic layer at the sea bottom and sediment-
water interface would have caused organic matter sequentially to
lose the same functional groups and undergo aromatization
during degradation irrespectively of the environment in it was
deposited. Consequently, a similar Raman spectra fingerprint
could be expected, regardless of its position in the basin.
However, Raman results described in this study show well-
differentiated spectra that require alternative explanations.

A plausible solution for different kerogen structures could be
the variable composition of organic matter associated with
various biomass sources, as previously argued>°. In recent studies,
heterogeneities in the Raman spectral I-1350/1600 parameter of
organic matter in microfossils have been interpreted to be
associated with the presence of organic compounds derived from
different sources. This is because the structural ordering of
organic matter depends on the original composition of the
biological precursor’=>°. This heterogeneity is remarkably
evident among the studied sections with I-1350/1600 values
between 0.62 and 1.05 (Fig. 3b and Table S2, SI) and with a
remarkable distribution easily correlated with the different
environments. In addition, specific characteristics of Raman
spectra also may point to various biomass sources. For example,
the D4 band is present in all samples but is exceptionally well
developed in the most distal section (Fig. 3 and Fig. S4b), where it
becomes a distinctive feature. The D4 band (at ~1245cm™—1)
often appears as a broad shoulder of the D1 band®®. The most
common interpretations of the origin of the D4 band focus on the
increase of structures with sp2-sp® hybridization and C-C or
C = C bonds®l. It is generally absent in purely graphitic or highly
carbonized materials but present in less mature OM where the
presence of C-C on aromatic rings provides robust chemical
structures that may prevent degradation®2,

As mentioned in the previous section, refractory DOC is
formed by structurally specific compounds rich in C-Cand C=C
bonds resistant to microbial oxidation and degradation®%>!. This
observation allows interpreting that kerogen structure type-B,
with distinctive D4 band, represents resistant organic matter rich
in C-C and C = C bonds, thus refractory DOC that would have
persisted in the water column. A widely accepted mechanism
links the chemical diversity of refractory DOC to microbial
diversity®>%4. These studies identified associations between the
production of refractory DOC with specific bacterial and archaeal

groups whereby these organisms altered the molecular structure
of DOM and made it resistant to further degradation, preserving
fixed carbon in the ocean. It was also observed that the rate of
formation of refractory DOC was dependent on the rate of
microbial activity®3. Therefore, it is suggested that kerogen
structure type-B represents refractory DOC that dominated in the
distal environment and was partly sourced by microbial activity
or heterotrophic remineralization. Accordingly, kerogen structure
type-A is suggested to represent photosynthetic production based
on its predominance in shallow environments. In the surface
ocean, the photosynthesis of organic molecules from CO, by
phytoplankton is the source of most of the ocean’s labile DOC®,
which is compositionally distinct from refractory DOC. For
example, proteins, carbohydrates and aliphatic materials are
enriched in labile DOC relative to the signatures of the deep
ocean, which is rich in resistant aromatic compounds®®. Thus, the
less pronounced D4 band shoulder, thus less C-C or C=C
bonds, in proximal samples could represent fewer aromatic
compounds and, therefore, labile organic matter.

However, this Raman spectra evaluation, considered alone,
cannot be used to distinguish primary from secondary produc-
tivity alone, but along with C and N isotope data, their
combination shows promising results. The described Raman
characteristics of the organic matter from the basin have a
distribution remarkably similar to the C isotope trends described
in this study. Specifically, the shelf lagoon and lower slope
sections, with kerogen structure denominated as type-A and I-
1350/1600 values between 0.62-0.72, are characterized by §'3C
recovery trends. In contrast, the basin section, which hosts
kerogen of type-B and I-1350/1600 values around 1.05, shows a
813C trend towards lower values. The correlation between
kerogen types and 8!3C trends further indicates that kerogen
type-A was the most dominant type in the Nanhua Basin and
represents organic matter sourced from primary production. If so,
dominant kerogen type-B sourced from heterotrophic production
during the Shuram excursion was overcome by kerogen type-A
sourced from extensive primary production, pointing to a new
environmental !3C—enriched DIC scenario that eventually
promoted the recovery from the Shuram excursion.

High primary production in Member IV of the Doushantuo
Formation is reflected by the occurrence of organic-rich shales
and phosphorite deposits. This increased primary production was
likely stimulated by phosphate availability and the consequent
increased N,-fixation and CO,-fixation. The enhanced primary
production is consistent with recently modelled organic carbon
fluxes during the Ediacaran, which predicts a higher proportion
of organic carbon burial than today®’. The ensuing recovery to
near-zero 813C.,, values was modulated by primary producers,
who fix both C and N. This new biological pump would have
caused increased exports of nutrients and organic carbon to
sediments. The identification of different types of organic matter
by Raman spectroscopy lends independent support for the
presence of various sources of biomass, which is most
parsimoniously interpreted as primary and secondary given
identical metamorphic grades. Hence, the dominance of oxygenic
photosynthesis resulted in the recovery of the Shuram excursion.
Secular changes in §!3C and 8'°N chemostratigraphy and Raman
structural order are useful tools to understand the evolution of
late Ediacaran environmental conditions and provide an
explanation for the recovery from the most negative carbon
isotope excursion in Earth’s history.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files (Supplementary Tables).
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