View metadata, citation and similar papers at core.ac.uk

Received: 24 February 2021

Revised: 2 October 2021

Accepted: 6 October 2021

DOI: 10.1111/gbi.12478

ORIGINAL ARTICLE

EEERERTETE - wiLey

Contrasting nutrient availability between marine and brackish
waters in the late Mesoproterozoic: Evidence from the Paranoa

Group, Brazil

Eva E. Stiieken®

1School of Earth & Environmental
Sciences, University of St Andrews, St
Andrews, UK

’Department of Geology, University of
Vienna, Vienna, Austria

3Department of Lithospheric Research,
University of Vienna, Vienna, Austria

“State Key Laboratory of Marine Geology,
Tongji University, Shanghai, China

Correspondence

Eva E. Stiieken, School of Earth &
Environmental Sciences, University of St
Andrews, UK.

Email: ees4@st-andrews.ac.uk

Funding information

Natural Environment Research Council,
Grant/Award Number: NE/V010824/1
and 41950410566; School of Earth &
Environmental Sciences at St Andrews

| Sebastian Viehmann®3® | Simon V. Hoh!*

Abstract

Understanding the delayed rise of eukaryotic life on Earth is one of the most fun-
damental questions about biological evolution. Numerous studies have presented
evidence for oxygen and nutrient limitations in seawater during the Mesoproterozoic
era, indicating that open marine settings may not have been able to sustain a eu-
karyotic biosphere with complex, multicellular organisms. However, many of these
data sets represent restricted marine basins, which may bias our view of habitability.
Furthermore, it remains untested whether rivers could have supplied significant nutri-
ent fluxes to coastal habitats. To better characterize the sources of the major nutri-
ents nitrogen and phosphorus, we turned to the late Mesoproterozoic Paranoa Group
in Brazil (~1.1 Ga), which was deposited on a passive margin of the Sdo Francisco
craton. We present carbon, nitrogen and sulphur isotope data from an open shelf
setting (Fazenda Funil) and from a brackish-water environment with significant riv-
erine input (S3o Gabriel). Our results show that waters were well-oxygenated and
nitrate was bioavailable in the open ocean setting at Fazenda Funil; the redoxcline
appears to have been deeper and further offshore compared to restricted marine
basins elsewhere in the Mesoproterozoic. In contrast, the brackish site at Sdo Gabriel
received only limited input of marine nitrate and sulphate. Nevertheless, previous re-
ports of acritarchs reveal that this brackish-water setting was habitable to eukaryotic
life. Paired with previously published cadmium isotope data, which can be used as a
proxy for phosphorus cycling, our results suggest that complex organisms were per-
haps not strictly dependent on marine nutrient supplies. Riverine influxes of P and
possibly other nutrients likely rendered coastal waters perhaps equally habitable to
the Mesoproterozoic open ocean. This conclusion supports the notion that eukaryotic

organisms may have thrived in brackish or perhaps even freshwater environments.
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1 | INTRODUCTION

The Mesoproterozoic era (ca. 1.6-1.0 Ga), which was bracketed by
major biological, chemical and climatic perturbations associated
with global oxygenation events in the Paleo- and Neoproterozoic
(Lyons et al., 2014), was crucial for the evolution of our biosphere
because it saw the appearance and initial radiation of eukaryotic
life as indicated by numerous occurrences of eukaryotic micro-
fossils (e.g. Adam et al., 2017; Beghin et al., 2017; Buick & Knoll,
1999; Javaux et al., 2001; Knoll & Nowak, 2017; Pang et al., 2020;
Strother et al., 2011). These fossils tend to occur mostly in shal-
low marine and possibly lacustrine environmental settings, which
may be due to persistently anoxic conditions at depth. Deep marine
anoxia has been invoked to explain the delayed rise of metazoans
(Reinhard et al., 2016), and it probably also hindered the expan-
sion of the first more complex eukaryotic organisms. Several data
sets indicate that throughout most of the mid-Proterozoic only land
surfaces and the surface ocean were mildly oxygenated (Gutzmer
& Beukes, 1998; Hardisty et al., 2017; Sindol et al., 2020), while
the deep ocean was largely ferruginous with a low sulphate reser-
voir (Gilleaudeau & Kah, 2015; Kah et al., 2004; Luo et al., 2014;
Planavsky et al., 2011; Poulton et al., 2010). Sulphidic (euxinic) con-
ditions likely existed in upwelling zones along continental margins,
and occasional entrainment of sulphide into surface waters may
have further restricted the habitat of complex eukaryotic organ-
isms. In a globally anoxic ocean, several essential nutrients may
have been limiting, because remineralization of organic matter was
suppressed, base metals were trapped in sulphide minerals, phos-
phorus was efficiently scavenged by ferrous iron, and nitrate was
more rapidly reduced to N, gas (Derry, 2015; Kipp & Stiieken, 2017;
Koehler et al., 2017; Reinhard et al., 2013, 2017; Sttieken, 2013).
This emerging view of the mid-Proterozoic ocean can explain the
protracted expansion of eukaryotic life into open marine realms;
however, it also raises the new question of whether the deep ocean
was indeed a significant nutrient source at the time, similar to mod-
ern upwelling zones, or if organisms were instead mostly reliant on
terrestrial nutrient runoff.

To address this question, we turned to the late Mesoproterozoic
Paranod Group in central Brazil. This unit contains interbedded
stromatolitic carbonate and siliciclastic intervals in which previous
workers identified diverse assemblages of microfossils, including
cyanobacteria and acritarchs (Fairchild et al., 1996). Trace elements
and cadmium isotope data from the carbonate units indicate depo-
sition under an oxygenated water column (Viehmann et al., 2019).
Importantly, the strata include facies from an open shelf setting
that was well connected to the open ocean as well as stromatolites
formed in a brackish waters with limited seawater exchange and ev-
idence of significant riverine influence on water chemistry (Section
2). The Paranoa Group thus allows us to compare and contrast living
conditions for eukaryotic life under the influences of marine and riv-
erine input. To do so, we analysed samples of stromatolitic carbon-
ate beds for organic carbon, nitrogen and sulphur isotopes. Samples
were taken from two field localities: Fazenda Funil and Sdo Gabriel,

which are thought to represent an open subtidal and an intertidal

lagoon environment, respectively (Viehmann et al., 2019).

2 | GEOLOGICAL SETTING

Chemical and siliciclastic sedimentary rocks of the Mesoproterozoic
Paranoa Group were deposited along a passive continental margin of
the Sao Francisco Craton and crop out in mid-eastern Brazil in the
state of Goids. The Paranoa Group unconformably overlies ca. 1.77 Ga
Paleoproterozoic (meta)sedimentary rocks of the Arai Group and is un-
conformably overlain by the Jequitai diamictitite of the <0.74 Ga old
Bambui Group (Alvarenga et al., 2014; Pimentel et al., 1999, 2011). Age
constraints suggest a late Mesoproterozoic to earliest Neoproterozoic
depositional age for the Paranoa Group based on Sr-C isotope chem-
ostratigraphy (Alvarenga et al., 2014). The maximum deposition age
is further constrained to 1.54 Ga by U-Pb dating of detrital zircons
(Matteini et al.,, 2012). Diagenetic xenotime overgrowth of zircons,
dated with Lu-Hf, indicates a minimum depositional age of ~1.04 Ga
(Matteini et al., 2012). Biostratigraphy, specifically microfossil assem-
blages and the occurrence of the Conophyton metulum Kirichenkio in
the upper Paranoa Group and point to an age bracket of 0.9-1.2 Ga
(Dardenne et al., 1976; Fairchild et al., 1996). Taken together, the age
is therefore best constrained to a range from 1.0 to 1.2 Ga.

The sedimentary strata of the Paranoa Group are approximately
1000 m thick and divided into nine lithostratigraphic units that
were deposited during two transgressive and one regressive cycle
(Alvarenga et al., 2014; Campos et al., 2012). Most of the Paranoa
Group is made up of siliciclastic rocks including sandstones, siltstone-
sandstone rythmites and shales. Dolo- and limestone lenses, which
were the focus of this study, occur within the rythmite. These lenses
are several tens of metres thick and extend over hundreds of metres
along strike (Alvarenga et al., 2014). They are interfingered with pelitic
and psammitic rocks, which also occur as intraclasts (Campos et al.,
2012). In outcrop, the carbonate units are classed as mudstones and
intraclastic grainstones, packstones and floatstones with local coni-
cal or columnar and rarely dome-shaped stromatolites. Campos et al.
(2012) proposed that the carbonate lenses represent topographic
highs during the time of deposition. Tidal indicators within the silici-
clastic sedimentary rocks, as well as micritic rip-up clasts from some
of the carbonates (Campos et al., 2012) suggest that—with important
exceptions highlighted below—sediment deposition largely occurred
on an open platform environment with frequent storm events and
sporadic subaerial exposure (de Morrison Valeriano, 2016). The stro-
matolitic strata investigated in this study come from the upper part of
the Paranod Group and were deposited during the second transgres-
sion cycle (Campos et al., 2012). Samples were collected at two local-
ities (Figure 1): Fazenda Funil (46°56.4'W, 15°46.9'S) and Sao Gabriel
(47°35.5'W, 15°14.1'S). The conical stromatolites (Conophyton metu-
lum Kirichenko) from Fazenda Funil are thought to have been depos-
ited on an open platform, as indicated by tidal features in associated
siliciclastic rocks and storm rip-up clasts within the carbonate lens, as
described above (Campos et al., 2012; de Morrison Valeriano, 2016).
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FIGURE 1 (a) Simplified geological map of the field locality in Brazil; (b) Stratigraphic section through the Paranoa Group. The grey
triangle and circle indicate our sampling sites. Modified from Viehmann et al. (2019)

The conical morphology of the stromatolites suggests a water depths
of around 20 m (Alvarenga et al., 2014; Campos et al., 2012). In con-
trast, the dome-shaped stromatolites and planar microbialites from
Sao Gabriel are thought to represent shallower water depth (Campos
et al, 2012). Carbonates from this setting are flat-laminated, and
storm indicators are absent (Fairchild et al., 1996). The depositional
setting of Sao Gabriel has therefore been interpreted as a restricted
lagoon. Eukaryotic microfossils have been documented at this locality
(Fairchild et al., 1996). The entire sedimentary package has been only
weakly metamorphosed (below greenschist facies, Fuck et al., 1988).
The environmental contrast between the two settings is fur-
ther supported by trace elements and cadmium isotope data from
the carbonates (excluding detrital siliciclastic contributions), as
shown by Viehmann et al. (2019). These data show a typical ma-
rine signature for Fazenda Funil with depletion in shale-normalized
(SN) light rare earth elements (REE, Ybg,/Prg = 2.1-3.9), strongly
superchondritic Y/Ho ratios (37.9-46.2) and fractionated Cd iso-
topes (e1¥?/110Cd = -3.5 to +3.8 units, where £11%119¢d = [(**2Cd/M
0cd) 112Cd/11°Cd)st‘_}md‘_mj—1] x 10,000, and the ‘zero reference’
standard is NIST SRM 3108. Note that this e-notation can be con-
verted to the more familiar 8-notation by dividing by 10, meaning that
5'12Cd in these rocks falls between -0.35%o and +0.38%o). In con-
trast, domal stromatolites from Sao Gabriel show light REE enrich-

sample/(

ment (Ybg,/Prg, < 0.84) and weakly developed superchondritic Y/
Ho ratios (33.6-39.3), Gd, anomalies (Gd/Gd* = 1.1 to 1.3) and near
crustal e™#11°Cd values (-0.54 to —-0.17 e-units). We note that nor-
malizing the REY inventory of Sdo Gabriel stromatolites to local, am-
bient hinterland rocks instead of to the commonly used PAAS (Post

Archean Australian Shale) results in typical seawater-like REY pat-
terns for these rocks (Viehmann et al., 2019); however, ‘seawater-like’
REY patterns can already develop in freshwater environments even
with minute amount of seawater (5%-10%, Tepe & Bau, 2016). The
data are therefore best explained by a scenario where the Sao Gabriel
stromatolites grew in a setting that experienced significant riverine
input from the hinterland paired with occasional flooding by seawater
(Viehmann et al., 2019). Overall, these geochemical trends are thus
strong evidence for two distinct water masses. In other words, the
geochemistry supports the sedimentological interpretation that Sao
Gabriel was deposited further inland, perhaps in a lagoon or estua-
rine setting, compared to Fazenda Funil. This study site is therefore
ideal for comparing nutrient sources to the late Mesoproterozoic bio-
sphere. We used carbon and sulphur isotopes to gain further insights
into the depositional settings and nitrogen isotopes to reconstruct
nitrogen metabolisms. The previously published Cd isotope data
can serve as an indirect proxy for phosphorus availability (discussed
below). For a detailed petrographic description of these samples,

refer to the supplementary files of Viehmann et al. (2019).

3 | METHODS

3.1 | Sampling

Sample descriptions of stromatolites from both the Sdo Gabriel and
Fazenda Funil locations studied here directly correspond to those
provided by Viehmann et al. (2019). While Viehmann et al. (2019) used
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individual stromatolite laminae for trace element and Cd isotope anal-
yses, the sample requirements for this study (several grams) exceeded
the amount of individual stromatolite layers. Sdo Gabriel stromato-
lite laminae are <2 mm in thickness; Fazenda Funil conophyton layers
are 0.5 to 3 cm thick. We therefore cut new, larger pieces comprising
several laminae out of each stromatolite. Individual stromatolites are
listed in Table 1, where secondary indices (lower to higher numbers)
correspond to interior, middle and upper parts of individual stroma-
tolites. The subsamples were cut from horizontal stromatolite slabs,
using a diamond-bearing saw. Additionally, we analysed pieces of car-
bonate infill that had formed between stromatolite domes at the Sao
Gabriel location (Table 1). The stromatolite pieces were hammered
into mm-sized chips on a steel plate, and the chips were washed in
glass beakers with methanol (reagent grade), 1N HCI (reagent grade)
and 18 MQ cm™ DI-H,0. Each solvent was applied for about 5-10 s
and then decanted. The clean chips were dried in a closed oven at
60°C and then pulverized in an agate ball mill.

3.2 | Decarbonation for organic carbon,
nitrogen and reduced sulphur analyses

The powder was decarbonated with 2N HCI (reagent grade) in
glass centrifuge tubes at 60°C overnight. The next day, the sam-
ples were centrifuged and the acid was decanted. A few drops
of fresh acid were added to ensure that the samples were no
longer reactive, indicating that all carbonate had been dissolved.
The residues were then washed with 18 MQ cm™ DI-H,0 three
times and dried at 60°C. The dried residues were stored in scin-
tillation vials. All glassware used during the sample preparation
was pre-combusted at 500°C overnight to remove organic matter.
With regard to sulphur, this decarbonation protocol removed all
carbonate-associated sulphate and any trace sulphate evaporite
minerals, leaving behind organic-bound and pyrite-bound sulphide
phases. We will therefore refer to it as total reduced sulphur, ab-
breviated as TRS in the following.

TABLE 1 Organic carbon, nitrogen and sulphur data of decarbonated residues

TOC 8C, N 8N

Identifier [%] [%o] [%] [%o] TS [%]

Fazenda Funil (open platform)
BR-FF-20 1.33 -30.47 0.05 6.68 0.53
BR-FF-20-1 0.59 -29.79 0.05 6.30 0.52
BR-FF-20-2 0.31 -28.90 0.04 6.40 0.37
BR-FF-20-3 1.11 -30.25 0.05 6.77 0.62
BR-FF-20-4 1.11 -30.47 0.06 6.94 0.45
BR-FF-30 1.50 -30.90 0.09 6.70 0.44
BR-FF-30-1 0.58 -30.76 0.06 717 0.43
BR-FF-30-2 1.73 -29.58 0.11 7.20 0.65
BR-FF-40 242 -30.18 0.13 7.40 0.58
BR-FF-40-1 2.58 -29.56 0.10 6.85 0.67
BR-FF-40-2 272 -29.61 0.11 6.55 0.65
BR-FF-40-3 2.22 -30.20 0.10 6.77 0.66
BR-FF-40-4 1.17 -29.73 0.07 6.85 0.49
BR-FF-50 0.91 -30.87 0.08 8.38 0.52
BR-FF-50-1 1.03 -30.29 0.07 7.88 1.23
BR-FF-50-2 0.77 -31.19 0.08 8.25 0.51

Sao Gabriel (restricted lagoon)
BR-SG-1 1.22 -27.04 0.03 2.75 0.25
BR-SG-Strom-1 2.04 -26.95 0.06 4.42 0.57
BR-SG-carb. 2.26 -26.81 0.08 4.61 0.35

infill-1
BR-SG-2 1.46 -26.90 0.04 3.33 0.44
BR-SG-Strom-2 1.71 -26.93 0.05 3.45 0.44
BR-SG-carb. 2.08 -27.05 0.06 3.88 0.49
infill-2

5%, C/N C/s 5 Bene
[%o] [at] [g/g] [%o] 5112Cd [%o]
8.12 29.56  2.49
-0.69 1426 114 24.4
1.48 9.52  0.84 0.17 +0.05
5.55 27.21 1.78 n=1
6.82 23.00 246
17.90 1912 343
8.97 1203 135 0.01 + 0.07
10.05 1773 2.64 n=3
12.99 2245 414
13.83 30.23  3.83
13.31 3010  4.16 33.5 -0.23 +0.11
9.60 2610  3.38 n=5
7.87 18.64  2.38
8.61 12.60 176
3.37 1757  0.84 30.1 0.38 +0.05
8.45 11.89 1.51 n=1
24.41 4174  4.86
25.17 4010  3.59 -0.06 +0.03
26.04 3273  6.51 n=1
27.05 42,04  3.34
26.93 4417 393 -0.02 + 0.05
27.84 3972 4.23 n=1

Note: Abundances are in weight per cent. at., atomic ratio in units of mol/mol. Average 5'2Cd of same hand specimen carbonate leachate Cd isotopic
analyses reported in Viehmann et al. (2019), +1 SD of multiple (n) analyses
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3.3 | Carbonate-associated sulphate extraction

For a subset of samples where enough material was available, we
extracted carbonate-associated sulphate (CAS). Around 10 g of un-
treated rock powder was weighed into glass beakers and mixed with
roughly 50 ml of concentrated H,O, to oxidize any pyrite contained
in the sample (Wotte et al., 2012). The H,0, was left to react for 24 h
and then removed with a pipette. Next, the samples were washed
with 100 ml of 10% NaCl brine to mobilize sulphate contained in
evaporite minerals or produced from pyrite oxidation. The brine was
again left for 24 h and then carefully decanted. The residual sample
was then washed twice with 18 MQ cm™ DI-H,0. To extract CAS,
50 ml of 2N HCl was added to each sample and left to react and oc-
casionally swirled until effervescence had stopped (approximately
30 min). The resulting solution was filtered twice to separate it from
residual insoluble solids. The pure solution was then poured back
into a clean glass beaker and mixed with 20 ml of 0.5 M BaCl,, which
reacts with sulphate to form BaSO, precipitates. These precipitates
were left to settle for 2 days, collected by centrifugation in 50 ml
Falcon tubes and washed twice with 18 MQ cm™ DI-water. The resi-

dues were left to dry at 60°C and then analysed as described below.

3.4 | Isotopic analyses

For the C-N-S isotope analysis, the appropriate amount of powder (2-
10 mg for decarbonated residues, 0.15-0.20 mg for barite) were weighed
into a tin capsule, and 0.5-1.5 mg of V,0, (Elemental Microanalysis) was
added as a combustion aid. The capsules were sealed and combusted in
an elemental analyser (EA Isolink, Thermo Fisher) that was coupled via
a Conflo IV to a gas source isotope-ratio mass spectrometer (MAT253,
Thermo Fisher). The EA was equipped with a combustion reactor filled
with WO, and electrolytic copper, a water trap filled with magnesium per-
chlorate, and a ramped gas chromatograph oven, which allows measuring
all three elements (carbon, nitrogen and sulphur) in one combustion (Sayle
et al., 2019; Stieken et al., 2020). Isotopic data are expressed in delta
notation as & [%o] = [(Re,rpe/R ) - 1] x 1000, where R = *C/**C
for carbon, °N/N for nitrogen and 3*$/3%S for sulphur. The reference
standards are VPDB for 8'°C, atmospheric N, gas for 5'°N and VCDT
for 5%%S. Isotopic data were calibrated with USGS-40 and USGS-41 for
carbon and nitrogen and with IAEA-S2 and IAEA-S3 for sulphur. USGS-
42 was used for quality control and gave values of -21.00 + 0.28%o. for
813C, +7.99 + 0.26%o for 8°N and +7.55 + 1.17 %o for §°*S, which
agree well with the internationally accepted values of -21.09 + 0.10%s.,
+8.05 + 0.10%0 and +7.84 + 0.25%o respectively. The large uncertainty
in °*S in our measurements may be due to heterogeneity in this refer-

reference’

ence material. For comparison, IAEA-S2 and IAEA-S3 showed a repro-
ducibility in §**S of 0.5%o. Peak areas were calibrated for abundances.
Average reproducibility for 83C, 8*°N and &%*S (1SD) over multiple
decarbonated aliquots of the same sample was 0.17%., 0.50%0 and
1.95%o respectively. The reproducibility for 5%4S is again relatively poor
for our samples, which in this case we attribute to internal heterogeneity
within the samples. Because these samples contain over 90% carbonate,

separate aliquots had to be decarbonated for replicate analyses, mean-
ing that the variability in our measurements could easily be affected by
nugget effects of isotopically heterogeneous pyrite grains. However, the
range of measured values far exceeds our uncertainty, meaning that the
presented average values are still interpretable.

4 | RESULTS

The analysed samples from the two localities of the Paranoa Group
overlap widely in their total organic carbon (TOC, 0.31-2.72 wt.%),
total nitrogen (TN, 0.03-0.13 wt.%) and total reduced sulphur (TRS,
0.25-1.23 wt.%) contents in the decarbonated residues (Table 1).
However, ratios of organic carbon to total nitrogen (C/N) and or-
ganic carbon to sulphur (C/S) are distinct between the two locali-
ties. Samples from Sao Gabriel have on average both higher C/N
(40.1 + 3.9, 1 SD) and higher C/S ratios (4.4 + 1.2) compared to
Fazenda Funil (C/N = 20.1 + 7.0, C/S = 2.8 + 1.1, Figure 2). When
TN is plotted versus TOC (Figure 2a), both localities show strong
correlations (r> = 0.68 and 0.90), indicating that the nitrogen in these
rocks was largely introduced together with organic matter. However,
the Fazenda Funil samples have a significant positive TN intercept of
0.037 wt.%, whereas the Sdo Gabriel samples have a small negative
TN intercept (-0.018 wt.%, reduces to -0.006 wt.% if one outlier is
removed). The rocks from Fazenda Funil therefore contain a slight
excess of nitrogen relative to organic carbon.

In terms of organic carbon isotopes (613C0rg), the Fazenda Funil
values (-30.1 + 0.6%o) are on average 3%o lower than those of Sao
Gabriel (-27.0 + 0.1%o, Figure 2b). This isotopic offset is mirrored in
previously reported carbonate carbon isotope ratios (§*°C__,), which
are lower at Fazenda Funil (-1.0 + 0.2%o) compared to Sio Gabriel
(+2.0 + 0.1%o) (Viehmann et al., 2019). Nitrogen isotope values (§*°N)

are systematically lower at Sdo Gabriel (+3.7 + 0.7%o) compared to

carb

Fazenda Funil (+7.1 + 0.6%.o, Figure 2b), while sulphur isotope values
of reduced sulphur (634Sred) are systematically higher at Sdo Gabriel
(+26.2 + 1.3%o0) and lower at Fazenda Funil (+8.5 + 4.7%., range
-0.7%0 to +17.9%., Figure 2c). Only three samples from Fazenda
Funil yielded sufficient carbonate-associated sulphate for isotopic
analyses (634SCAS), and the values that we measured were +24.4%o,
+30.1%0 and +33.5%o (Table 1). 8*°N anticorrelates with C/N ratios
(Figure 2d), which argues against significant (>1%o) metamorphic al-
teration of nitrogen isotopes (cf. Haendel et al., 1986; Thomazo &
Papineau, 2013), consistent with the sub-greenschist metamorphic
grade of these rocks (Fuck et al., 1988).

5 | DISCUSSION

5.1 | Sulphurcycling

Sulphur isotopes are primarily fractionated during microbial sulphate
reduction under anoxic conditions, where the resulting sulphide be-
comes depleted in 82*S by up to 70 %o relative to sulphate (Canfield,
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2001; Sim et al., 2011). If sulphate reduction occurs in sedimentary
pore waters, it may become diffusion-limited and express strong
Rayleigh distillation effects, especially if sulphate concentrations
in the overlying water column are less than a few mM (Fike et al.,
2015; Gomes & Hurtgen, 2013, 2015). Under these conditions, the
residual porewater sulphate becomes progressively enriched in
535, as does the produced sulphide (Figure 3a). The isotopic com-
position of seawater sulphate during the deposition of the Paranoa
Group is thus perhaps best estimated by our lowest 5345<:As value
(+24.4%o). This value falls within the range of previous estimates for
late Mesoproterozoic seawater (+20%o to +30%o, Chu et al., 2007).
The two slightly higher 634SCAS values of +30.1%0 and +33.5%o
may be part of the isotopic variability that is seen throughout the
Proterozoic, when seawater was relatively sulphate-poor (Kah et al.,
2004; Luo et al., 2014; Shen et al., 2002); however, it is also pos-
sible that these subtle enrichments reflect the effects of Rayleigh
fractionation within carbonate-rich sediments, where the residual
isotopically enriched sulphate could be trapped as CAS. Similarly,
the 634Sred values between -1%o. and +18%o. in the Fazenda Funil
samples are most parsimoniously interpreted as partial sulphate re-
duction (ca. 45%-55%) under closed-system conditions (Figure 3a).
This interpretation is consistent with cadmium isotope data from

Viehmann et al. (2019), which revealed diagenetic fractionation
effects within an anoxic microbial mat. For the Sdo Gabriel sam-
ples, where we were unable to extract CAS from the samples and
where the measured 6345red values are significantly higher than at
Fazenda Funil, sulphate reduction likely progressed further, leading
to the complete consumption of the initial sulphate reservoir. This
interpretation is consistent with observations from modern anoxic,
sulphate-poor lakes, where preserved sulphides approximate the
composition of the initial sulphate (Gomes & Hurtgen, 2013, 2015).
In Figure 3a, the §%'S__, values from Sdo Gabriel are thus probably
best represented by cumulative sulphides at the endpoint of the x-
axis (0% 5042' remaining).

This interpretation would imply that the total sulphate reser-
voir at the Sdo Gabriel site was smaller (and thus more rapidly con-
sumed) than at Fazenda Funil. As indicated by previously published
REY data and sedimentology, this setting experienced significant
riverine water input and was only occasionally flooded by seawater
(Viehmann et al., 2019) (Figure 4). Mesoproterozoic seawater sul-
phate levels are estimated to have been <2 mM (Fakhraee et al., 2019;
Kah et al., 2004; Luo et al., 2014) compared to 28 mM in the modern
ocean and roughly 0.16 mM in modern rivers (Burke et al., 2018).
These constraints allow for the possibility that Mesoproterozoic
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Isotopic models. (a) Rayleigh fractionation imparted during microbial sulphate reduction. Orange area corresponds to the

reduced sulphur measurements at Fazenda Funil. (b) Rayleigh fractionation imparted during nitrate reduction (denitrification) occurring
offshore at the redoxcline. The dashed line shows the degree of denitrification that needed to occur to generate a nitrate pool with a
composition of +8%o. (c) Equilibrium carbon isotope fractionation during CO fixation and organic carbon burial. Dashed blue and red lines
may explain observed organic and inorganic carbon isotope data at the two study sites. (d) Organic carbon versus carbonate carbon isotopes
from the two sites. Each data point is the average of all measurements from the respective locality. This approach was taken, because
organic and inorganic carbon isotopes were not measured on the exact same sample aliquots. Carbonate carbon data are from Viehmann

et al. (2019). The 1:1 trend line marks the expected offset between localities that differ in the rate of organic carbon burial while the

fractionation facture during CO, fixation is constant (see panel c)

river water and seawater were not as different as they are today in
terms of sulphate content; however, our data are best explained if a
significant difference existed already at that time. Further support
for this interpretation comes from organic carbon to sulphur ratios,
which are known to scale with salinity, because less saline waters
tend to contain less dissolved sulphate (Berner & Raiswell, 1984;
Wei & Algeo, 2019). The higher C/S ratios at Sdo Gabriel relative to
Fazenda Funil (Figure 2c) thus probably point towards a less saline
water column. An alternative interpretation could be that Fazenda
Funil experienced water-column euxinia and is therefore enriched in
S relative to TOC (Leventhal, 1983); however, this is unlikely because
(a) the C/S ratios at Fazenda Funil fall within the range of average
seawater (2-6, Wei & Algeo, 2019), (b) as noted above the 634SCAS
and 6345red values indicate diagenetic sulphate reduction under
closed-system conditions rather than open-system sulphate reduc-
tion in the water column, and (c) shale-normalized rare earth element

and yttrium (REY) patterns of the Fazenda Funil carbonates would

show REY remobilization features typical for anoxic environments
(cf. Planavsky et al., 2010) rather than the observed typical open
ocean seawater-like patterns (Viehmann et al., 2019). Our data thus
point towards a relatively sulfate-depleted setting at Sdo Gabriel,
controlled by sulfate-poor freshwater input from rivers and only
minor contributions of sulfate-enriched seawater from occasional
flooding.

5.2 | Carbon cycling

Carbon isotopes are fractionated during CO, fixation of primary
producers where biomass becomes depleted in §'°C relative to the
CO, source (Figure 3c). The magnitude of the fractionation differs
between different metabolic pathways, but typically falls around
-27 + 7%o for average marine biomass (Schidlowski, 2001). If an-
aerobic organisms are present, especially during diagenesis, they
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may further lower this value by generating and consuming isotopi-
cally light methane. This mechanism thus effectively increases the
net fractionation between the organic and inorganic carbon phase.
Highly negative 613C0rg values in the rock record are therefore typi-
cally interpreted as evidence for methane cycling (e.g. Thomazo
et al., 2009). In the case of the Paranoa Group, §3C values from
Fazenda Funil are roughly 3%. lower than those from Sao Gabriel,
which could indicate that Fazenda Funil hosted a slightly larger pro-
portion of anaerobes within sediments. However, when compared
to previously published 613Cmb values from both sites (Viehmann
et al., 2019), the fractionation between inorganic and organic car-
bon remains constant at ca. -29%. (Figure 3d), that is *3C_,, values
show a similar 3%o. difference between the two sample sets. Instead
of invoking a change in the fractionation factor that resulted from
diagenetic alteration of biomass, a more parsimonious explanation
appears to be that the relative degree of organic carbon burial was
slightly elevated at Sao Gabriel compared to Fazenda Funil, such that
the isotopic composition of the dissolved inorganic carbon (DIC) res-
ervoir was pushed to heavier values (Figure 3c). The biomass of pri-
mary producers feeding on this isotopically enriched DIC would thus
have become enriched as well. If so, then the Sdo Gabriel lagoon—
although poorly connected to the global ocean—hosted a highly pro-
ductive microbial ecosystem.

5.3 | Nitrogen cycling
5.3.1 | Background on nitrogen isotope
fractionation

The main source of nitrogen to the biosphere is biological N, fixation
to ammonium, which typically imparts a small isotopic fractionation
of —2%o to +1%o (Zhang et al., 2014). During biomass degradation
under oxic conditions, such as in the photic zone of the ocean where

most biomass turnover occurs (e.g. Burdige, 2007), the ammonium is
rapidly oxidized to nitrate with no net isotopic alteration. The result-
ing nitrate is thus the major species of fixed nitrogen in oxic seawa-
ter. In oxygen minimum zones in the water column, dissolved nitrate
can be reduced back to N, gas by denitrifying microbes (e.g. Lam &
Kuypers, 2011), and this process imparts a strong isotopic fractiona-
tion of 12.5%0 on average, rendering the residual nitrate reservoir
isotopically enriched (Kritee et al., 2012). If, however, denitrification
occurs within sedimentary pore waters under diffusion-limited condi-
tions, the net isotopic effect is much smaller (0%o to 3%. Kessler et al.,
2014; Rooze & Meile, 2016). The ratio of water-column denitrification
to sedimentary denitrification therefore controls the average isotopic
composition of the marine nitrate reservoir. In the modern ocean, this
value is approximately +5%o reflecting roughly 30% water-column
denitrification (Stiieken et al., 2016; Zhang et al., 2020). The §'°N
value of marine nitrate can be archived in the geological record, be-
cause nitrate is assimilated into biomass as a major nutrient, and this
biomass can be buried and preserved in sediments. 8*°N values of
sediment cores from the modern ocean therefore also fall around a
mean of +5%o, reflecting the composition of seawater nitrate (Tesdal
et al., 2013). This picture changes, however, in anoxic basins, such as
the Black Sea, where the nitrate reservoir in surface waters is very
small. Here, the biomass of N,-fixing organisms and ammonium as-
similators makes up a significant proportion of buried organic matter,
leading to sedimentary §'°N values close to 0%o (Fulton et al., 2012).
Mixing of biomass from nitrate assimilators and N,-fixing organisms
leads to intermediate values (Kipp et al., 2018; Thunell et al., 2004).

5.3.2 | Nitrogen sources and sinks in the
Paranoa basin

In the case of the Paranod Group, the distinct 5'°N values be-
tween the two sampling sites thus indicate differences in nitrogen



STUEKEN ET AL.

metabolisms during the time of deposition. The relatively high values
up to +8%o at Fazenda Funil are most parsimoniously explained as
the relics of nitrate-assimilating organisms. In other words, dissolved
nitrate was likely present in the water column and bioavailable. To
attain a value of +8%o, this nitrate reservoir must have undergone
partial denitrification in the water column elsewhere (Figure 3b), pos-
sibly along a redox cline in deeper waters further offshore (Figure 4);
however, the preservation of the isotopic signature of nitrate in the
rock record indicates that the residual amount of nitrate was high
enough to sustain a significant fraction of the local ecosystem (Kipp
et al., 2018). This residual nitrate pool would have been washed up
onto the continental shelf.

Similar to sulphate, the marine nitrate reservoir with a 5N
of +8%o probably also periodically spilled into the lagoon at Sao
Gabriel. However, the comparatively lower 5'°N values at this site
(mean 3.7 + 0.7 %o) suggest that an additional source of isotopically
light nitrogen was present. The most likely source is biological N,
fixation, which would have contributed biomass with a composition
around -2%eo to +1%eo. Similar to the modern Cariaco basin (Thunell
et al., 2004), mixing of biomass from N,-fixers and nitrate assimila-
tors probably led to an average composition of +3%o to +4%o. It is
also possible that isotopically light nitrate was washed in by rivers,
derived from oxidation of microbial mats on land (Thomazo et al.,
2018). In any case, our nitrogen isotope data thus suggest that ni-
trate was bioavailable in the open shelf setting represented by
Fazenda Funil, where it may have been supplied by remineralization
of organic matter occurring within a deep oxic photic zone. We find
no evidence from these data that a riverine input of nitrate was nec-
essary for sustaining life in open marine settings. In contrast, at Sao
Gabriel, where seawater input was intermittent (Viehmann et al.,
2019), the eukaryotic ecosystem that has been described from this
locality (Fairchild et al., 1996) may have been sustained by a combi-

nation of prokaryotic N, fixation and possibly riverine nitrate input.

5.3.3 | Considering diagenesis

Diagenesis can alter sedimentary §°N values by a few permil
(Altabet et al., 1999; Freudenthal et al., 2001; Lehman et al., 2002;
Moebius, 2013; Robinson et al., 2012), but the effect is biologically
driven and largest in oxic sediments where organic ammonium is
partially oxidized to nitrate. In this case, the residual ammonium
becomes isotopically enriched in the heavy isotope. Under anoxic
conditions, growth of N,-fixing anaerobes can lower the net N
value (e.g. Lehman et al., 2002). In other words, diagenetic alteration
of sedimentary 5'°N is dependent on the environment and therefore
part of the environmental signature that we are trying to extract. If
the samples from Fazenda Funil were affected by partial ammonium
oxidation to nitrate during diagenesis and therefore isotopically
enriched, it would only support our overall conclusion that nitrate
was present in the water column at this site. However, the rela-
tively lower C/N ratios and the high TN intercept at Fazenda Funil
argue against significant aerobic ammonium oxidation, because this
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process removes organic carbon and nitrogen simultaneously. In
contrast, anaerobic biomass degradation coupled to sulphate reduc-
tion oxidizes carbon to CO, but cannot oxidize ammonium; ammo-
nium oxidation coupled to sulphate reduction is thermodynamically
unfeasible, allowing ammonium to build up in pore waters (Sttieken
et al., 2016). Subsequent adsorption of this pore water ammonium
to clay minerals would thus explain the enrichment in TN in the
Fazenda Funil samples (Figure 2a). At Sdo Gabriel, where C/N ratios
are higher and the TN enrichment is lower, sulphate-driven biomass
degradation was likely less important, consistent with evidence for a
smaller sulphate reservoir (Section 5.1) and higher rates of biomass
burial (Section 5.2). Hence prior to diagenesis, 5N values at Sio
Gabriel may have been lower than what was measured, while at
Fazenda Funil pre-diagenetic values were possibly slightly higher or
similar to the final archived value. Diagenetic alteration does there-

fore not impact our overall conclusions.

5.4 | Comparison to other mid-Proterozoic basins
The isotopic properties of the two sampling sites present a self-
consistent environmental scenario for the Paranoa basin (Figure 4):
Oxic waters rich in nitrate and sulphate flushed around the stroma-
tolites that were growing offshore at Fazenda Funil; nitrate acted
as a major nitrogen source to living organisms at this site; sulphate
underwent partial reduction during anaerobic diagenesis within mi-
crobial mats. In contrast, the more restricted lagoon at Sdo Gabriel
only received occasional seawater input and therefore had a limited
reservoir of marine nitrate and sulphate. Sulphate was more rapidly
and quantitatively consumed during diagenetic reduction, and the
marine nitrate limitation was offset by biological N, fixation or pos-
sibly by an influx of nitrate from land. With regard to sulphur, similar
basinal gradients with higher sulphate availability offshore and lower
availability onshore have previously been described from other mid-
Proterozoic basins. In the Roper basin in northern Australia (~1.4 Ga),
534S values of reduced sulphur are depleted down to -20%o in deep
basinal facies and enriched up to +50%. on the inner shelf (Figure 5)
(Shen et al., 2003). In the Taoudeni basin in NW Africa (~1.1 Ga),
values within a euxinic wedge offshore along the coast (within the
chemocline) drop down to around -20%o while values from inter-
mittently euxinic deeper waters range from -5 to +35 and samples
from shallow waters on the shelf plot between 0 and +20 (Figure 5b)
(Gilleaudeau & Kah, 2015). In both cases, the very light values were
interpreted as evidence of sulphate reduction within the water
column, while the heavy values likely suggest diagenetic sulphate
reduction under closed-system conditions. Water-column sulphate
reduction is not observed in the Paranoa Group, but the relative en-
richment in 34S at both Fazenda Funil and S3o Gabriel is compara-
ble to the enrichments seen in non-euxinic facies in the Roper and
Taoudeni basins and probably explained by the same mechanism of
diffusion-limited diagenetic sulphate reduction within sediments.
However, the nitrogen data from the Paranod Group differ
somewhat from those of other mid-Proterozoic basins (Table 2).
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sotope data between the Paranoa Group in Brazil (this study), the Taoudeni Basin in NW Africa

(Gilleaudeau & Kah, 2015) and the Roper Group in northern Australia (Shen et al., 2003)

TABLE 2 Comparison of 8'°N values between Mesoproterozoic basin.

Unit Site/sub-unit Age [Ga] Setting 8"Nintertidal  '°N subtidal Ref.
Paranoa Gp Sdo Gabriel, Fazenda Funil ~1.1 Passive margin +3.7 +£0.7 +7.1+£0.6 1
Bylot Spgp Arctic Bay Fm 1.05 Intracontinental +3.5+1.2 +2.4 +£0.7 28
graben
Vindhyan Spgp Bijaygarh Shale 1.2 Epicontinental basin +1.8+0.7 3
Roper Gp multiple units 1.36-1.5 Epicontinental basin +3.0+1.7 +2.4+0.9 4
Belt Spgp Helena Embayment 1.4-1.5 Intracontinental rift +4.1+14 +0.1 £ 0.9 5
Jixian Gp Gaoyuzhuang Fm 1.56 Epicontinental basin +7.5+ 15 6
Bangemall Spgp Edmond Gp 1.5-1.6 Epicontinental basin +3.5+14 +21+14 4

Note: Each value is the average of multip

le analyses for a particular basin and facies, +1 SD. Blank cells reflect absence of data. Where applicable,

data from intermediate facies were excluded. 1. This study, 2. Hodgskiss et al. (2020), 3. Gilleaudeau et al. (2020), 4. Koehler et al. (2017), 5. Stiieken

(2013), 6. Wang et al. (2020).
2For the intertidal setting of the Arctic B

ay Formation, only the lower 600 m of the Alpha River section were considered; the subtidal setting includes

the upper Alpha River section and the entire Shale Valley section (Hodgskiss et al., 2020).
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51N values in parts of the Belt Supergroup (~1.45 Ga), the Roper
Group (~1.4 Ga), the Bangemall Supergroup (~1.55 Ga) and the Bylot
Supergroup (1.2 Ga) typically fall around +3%o to +4%o in intertidal
facies and between 0%o and +2.5%. in subtidal facies (Hodgskiss
et al., 2020; Koehler et al., 2017; Stteken, 2013). Subtidal sedimen-
tary rocks from the Vindhyan Supergroup (+1.8%o, 1.05 Ga) also fit
into this pattern (Gilleaudeau et al., 2020). Sedimentary lithology
is unlikely to play a role, because nitrogen is primarily introduced
into sediments via burial of organic matter, independently from the
carbonate content. As noted above, some ammonium partitions into
clay minerals during diagenesis, but the isotopic fractionation asso-
ciated with that is small. Hence, the ratio of clays to carbonates is
not expected to impart a systematic change on the preserved isoto-
pic value. Therefore, this basinal gradient of nitrogen isotope ratios
has been interpreted as evidence that nitrate bioavailability was re-
stricted to shallow waters during the mid-Proterozoic, imposing an
additional throttle on the radiation of eukaryotic life (Koehler et al.,
2017; Stlieken, 2013). The relatively high values of +7%. on average
from the subtidal setting at Fazenda Funil in the Paranoa Group rep-
resent an outlier and are more akin to observations from the Jixian
Group (1.56 Ga) (Wang et al., 2020). In the latter case, these values
were interpreted as evidence for low biological productivity, which
allowed nitrate to accumulate in surface waters further offshore
than in other basins. It is possible that a similar explanation applies
in the case of the Paranoa Group. Alternatively, the redoxcline that
separated oxic surface waters from anoxic deep waters may have
been deeper in the Paranod basin, similar to what has been invoked
for the Paleoproterozoic where §'°N values around +7%o are fre-
quently observed in offshore facies (Kipp et al., 2018). Importantly,
the Paranoa Group was deposited along a passive continental mar-
gin rather than in a restricted intracontinental basin. It is therefore
conceivable that the Paranoa basin was less stagnant with a deeper
mixed layer that pushed the redoxcline to greater depth. Our data
may therefore suggest that nitrate was bioavailable in the open shelf
settings such as Fazenda Funil without the need for significant fluvial
nitrate input. On the other hand, continental settings as represented
by Sdo Gabriel were also able to support eukaryotic ecosystems, de-
spite limited access to the marine nitrate pool, indicating that the
marine nitrate reservoir was not a necessary requirement for eu-
karyotic life. In other words, our data suggest that both offshore ma-
rine and continental settings contained bioavailable forms of fixed
nitrogen, just derived from potentially different sources. From the
perspective of nitrogen, continental settings such as Sao Gabriel

may thus have been as habitable as open marine shelf environments.

5.5 | Using Cd isotopes as an indirect proxy for P
cycling in the Paranoa basin

The second major nutrient to consider is phosphorus. Phosphorus
abundance data from bulk sedimentary rocks are difficult to inter-
pret with regard to bioavailability, due to potential detrital input and
diagenetic migration. However, we can make indirect inferences
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about phosphorus bioavailability between the two sites by looking
at the previously published cadmium isotope records. Viehmann
et al. (2019) showed that the authigenic (detrital-input corrected)
Cd isotopic compositions of carbonate leachates from the Fazenda
Funil and Sao Gabriel stromatolites express considerable fractiona-
tion (~7.3 & units = 0.73 in 5'2Cd space) that exceeds the range of
the weathering flux from continental crust into the modern ocean
(Schmitt et al., 2009). Cadmium concentrations and its isotopes are
gaining increasing traction in biogeochemistry, because they can
indirectly record the availability of the macronutrient phosphorus
(Abouchami et al., 2014; Boyle et al., 1976; Gault-Ringold et al.,
2012; Xie et al., 2019). It has been shown that in highly productive
surface waters of the modern ocean, the uptake of Cd by phototro-
phic organisms leads to an overall depletion of seawater in dissolved
Cd concentrations and a shift in isotopic composition of residual Cd
to higher values (§'*2Cd of +0.3%o to +0.5%0) due to the preferential
(biological) uptake of the light isotope species into biomass (Conway
& John, 2015; Guinoiseau et al., 2019; Lacan et al., 2006; Xie et al.,
2019). Under nutrient limited conditions, the remaining dissolved Cd
pool becomes isotopically enriched due to Rayleigh fractionation,
and this residual enriched Cd reservoir can be preserved in shallow-
water carbonates (Hohl et al., 2017). A regeneration of organic-
bound Cd in modern deep waters is achieved via oxidation of sinking
dead biomass, releasing Cd back into seawater. This remineraliza-
tion process results in rather homogenous Cd isotopic compositions
of 512Cd of 0% to +0.15%o in the modern deep oceans (Ripperger
et al., 2007; Schmitt et al., 2009; Xie et al., 2019). Importantly, the
pathway of biological uptake in the photic zone and remineralization
at depth mimics the behaviour of P in seawater, which makes Cd
isotopes a promising tool for tracking P cycling in deep time.

In the case of the Paranoa Group, authigenic §*2Cd values
in carbontes from the more continental setting at Sido Gabriel
(-0.02 + 0.05 %o and —0.06 + 0.03%o) fall close to average continen-
tal crust (~0%o, Schmitt et al., 2009) while authigenic §'*2Cd values
from the open shelf at Fazenda Funil are significantly fractionated
(=0.35%0 to +0.38%o) (Viehmann et al., 2019). The isotopic enrich-
ment at Fazenda Funil is thought to result from Cd uptake into bio-
mass and into sulphide precipitates within microbial mats. According
to this model, the highest 5112Cd values would coincide with maxi-
mum Cd depletion of the dissolved Cd pool in pore waters of the an-
cient microbial mats following Rayleigh-type fractionation patterns
(Viehmann et al., 2019). If biological uptake is the major Cd sink, as
in the modern ocean, this would mean that Cd isotopes do indeed
approximate the behaviour of P and therefore reflect active meta-
bolic depletion of the P reservoir at Fazenda Funil. Alternatively, it is
possible that the Cd isotope fractionation observed in these samples
was caused predominantly by diagenetic sulphide formation and is
therefore not reflective of P availability. For example, Guinoiseau
et al. (2018) showed in an experimental set-up that Cd isotope
fractionation can be initiated under euxinic marine environments,
and Hohl et al. (2019, 2020) found that sulphide precipitation in re-
stricted marine basins alters the overall Cd isotopic composition in
the basin waters. To test whether the observed 8''%Cd fractionation
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in stromatolitic carbonates is truly biological in origin or initiated
by the sulphidic conditions expected within a Proterozoic microbial
mat, we averaged the Cd isotope compositions of individual stro-
matolite laminae of the Fazenda Funil locality reported in Viehmann
et al. (2019) and set them into relation to the C, N and S isotopic
compositions of the same stromatolite samples analysed in this
study (Table 1). This approach was taken, because different amounts
of sample material were used for the study of Viehmann et al. (2019)
and this study; however, samples of both studies originate from the
exact same hand specimens and region of the various stromatolites.
The results show that the highest average authigenic §*2Cd val-
ues at Fazenda Funil coincide with the highest §!°N (r? = 0.40) and
with the lowest 5%4S values (r* = 0.51) in individual hand specimens
(Figure 6), which both indicate relatively oxic conditions with signif-
icant available nitrate and sulphate pools. This pattern is opposite
to what would be expected from sulphide-induced Cd isotope frac-
tionation. Therefore, the negative correlation between §'*2Cd and
534S may reflect a mixing trend between an isotopically heavy fluid,
where the Cd pool is influenced mainly by biological activities under
oxic conditions, and an isotopically light fluid with Cd affected by
remineralization of organic matter and possibly by limited sulphide
precipitation. Biomass remineralization is like the major source of
isotopically light Cd, because the fractionation factor during bi-
ological uptake is high compared to that of sulphide formation
(Hohl et al., 2020). This means that the elevated authigenic §'*2Cd
values at Fazenda Funil most likely reflect biological consumption
of Cd and—by extension from the modern ocean—of dissolved P.
Importantly, the modelled Cd isotopic compositions of Proterozoic
seawater in this basin (~0.55 5'2Cd units) (Viehmann et al., 2019)
overlap with values reported from surface seawaters (SSW) in the
modern oceans (5112Cdssw generally between +0.3%0 to +0.5%o)
(e.g. George et al., 2019; Sieber et al., 2019; Xie et al., 2019), which
further supports our interpretation of similar nutrient cycling and
P-uptake in the phototrophic zone.

In contrast, at the Sdo Gabriel locality, authigenic §'*2Cd values
plot close to crustal values, reflecting a strong influence by river-
ine nutrient influx that was not significantly affected by subsequent
isotopic fractionation. However, we know from the carbon isotope
data (Section 5.2) that this setting experienced significant biolog-
ical activity. Hence, the lack of isotopic fractionation in Cd is un-
likely to reflect limited primary productivity. Instead, it is more likely
that the dissolved Cd reservoir was too large (and too frequently
refreshed) to experience significant isotopic alteration by partial
biological uptake of Cd. If correct, this interpretation would imply
that other major nutrients, particularly P, whose behaviour appears
to mirror that of dissolved Cd in the modern ocean (see above), were
relatively abundant in the Sao Gabriel lagoon. Considering the sig-
nificant freshwater input to Sdo Gabriel, as indicated by REY data
(Viehmann et al., 2019) and sulphur geochemistry (this study), our
results therefore suggest that freshwaters were relatively enriched
in P, potentially more so than the Mesoproterozoic open ocean,
which is thought to have been P-depleted (Reinhard et al., 2017). We
stress that the Cd isotope proxy is still in its infancy and more data
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FIGURE 6 Average Cd isotopic compositions obtained on
carbonate leachates compared to average nitrogen (a) and sulphur
isotopic compositions (b) obtained on same stromatolite hand
specimen (error bars represent 1SD within subsamples). Light grey
triangles represent Fazenda Funil, and dark grey circles represent
Sab Gabriel

are needed to corroborate its applicability to Proterozoic settings.
However, our conclusion is consistent with modelling studies sug-
gesting that Precambrian river waters were P-enriched compared
to today and compared to Precambrian seawater (Hao et al., 2017,
2020). Brackish and freshwater settings may therefore have offered

important niches for early life.

6 | CONCLUSIONS

The Paranoa Group presents itself as an open marine shelf that was
probably well-oxygenated. Sulphate reduction appears to have been
limited to sedimentary pore waters, and nitrate was sufficiently
bioavailable to sustain a large proportion of the ecosystem. This
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environment was thus hospitable to eukaryotic life, as supported
by the presence of eukaryotic microfossils. However, the Paranoa
Group provides two important nuances to our view of eukaryotic
habitats: First, the passive margin environment captured by these
rocks may have been better mixed and perhaps more deeply oxy-
genated than restricted basins; and second, brackish waters such as
those represented by Sao Gabriel were probably equally habitable
to complex organisms, as evidenced by eukaryotic acritarchs at this
site (Fairchild et al., 1996). Phylogenetic data suggest that some of
the first eukaryotes thrived in non-marine environments during the
mid-Proterozoic (Sanchez-Baracaldo et al., 2017), but this hypoth-
esis has been difficult to test with geological samples because of the
low preservation potential of non-marine sedimentary rocks (Peters
& Husson, 2017). The Paranoa cannot fill this gap, but it demon-
strates that settings with only intermittent seawater input were in-
habited and perhaps not even directly dependent on marine nutrient
supplies. In fact, riverine nutrient fluxes may have led to elevated
abundances of phosphorus in fresh- and brackish-water settings. To
better understand the evolution of eukaryotic life, it may therefore
be important to place stronger emphasis on reconstructing riverine

nutrient fluxes on the Proterozoic Earth.
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