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1. Mo sources and sinks and isotope systematics in modern environments
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Figure DR1. A: Isotope fractionation of Mo from modern seawater to selected sedimentary Mo
archives and major sinks: carbonates (Voegelin et al., 2009); oxic sediments (Barling et al., 2001,
Siebert et al., 2003); suboxic and anoxic sediments (Barling et al., 2001, Siebert et al., 2003, Siebert et
al., 2006, and Poulson et al., 2006); and euxinic sediments (Barling et al., 2001, Arnold et al., 2004).
All Mo isotope compositions have been recalculated as Mo relative to the standard reference
material NIST 3134=0.25%o (Table DR1, Greber et al., 2012, Néagler et al., 2014, Goldberg et al.,

2013). B: Oxidation state of seawater relative to its molybdenum isotopic signature.

2. Description of samples and localities

a. Modern microbialitic carbonate samples from the Bahamas

Four modern thrombolites and four modern stromatolites were sampled at Highborne Cay,
Northern Exumas, Bahamas in March 2010 (Myshrall et al., 2010). They formed in modern

oxic seawater with a temperature of 25°C and a salinity of 33-35.5 PSU (Edgcomb et al.,



2014). These cm-to-m-scale microbialites contain microbial mats with cyanobacteria, and
some mollusks are present (Myshrall et al., 2010). O, and sulfide measurements on similar
stromatolitic and thrombolitic samples revealed an oxic first centimeter with anoxic sediments

below (Myshrall et al., 2010; Edgcomb et al., 2014).

b. 2.52 Ga stromatolitic carbonates, Gamohaan Formation, Campbellrand Subgroup

Outcrop samples of stromatolitic carbonates from the Gamohaan Formation, in the upper part
of the Campbellrand Subgroup (Ghaap Group, Transvaal Supergroup, South Africa; from
locations 27°23.000’S, 23°20.833°E and 27°37.666°S, 23°24,050’E), were provided by Dawn
Sumner. The Gamohaan Formation is dated at 2.52 Ga (Sumner and Bowring, 1996) and
2.516 Ga (Altermann and Nelson, 1998) by U-Pb dating of zircon from volcanic ash beds.
The sedimentology of the Gamohaan Formation was detailed by Sumner, (1997), and Sumner
and Grotzinger, (2004). Variability in the nature of microbialitic carbonates is significant
(Sumner, 1997), ranging from cm-scale planar and contorted laminar mat assemblages to
decimeter-scale columnar and bedded cuspate assemblages. The sedimentology near
stromatolites indicates a deep subtidal and sub-wave-base depositional environment (Sumner
and Grotzinger, 2004). Previous REE data from Gamohaan carbonates have shown an
important hydrothermal input (strong Eu anomaly and primitive Nd isotope composition;
Kamber and Webb, 2001). Moreover, the REE patterns indicate the precipitation of these

carbonates from shallow water in an open anoxic basin (Kamber et al., 2014).

C. 2.80 Ga microbialitic carbonates and crystal fans, Mosher Carbonate, Wabigoon

Subprovince

The Mosher Carbonate is part of the Steep Rock Group in the Wabigoon Subprovince of the
Canadian Shield (48°47.717°N, 91°38.000°W and 48°48.983°N, 91°38,367°W). It was age-

constrained to older than 2780 Ma by U-Pb dating of zircon from the overlying komatiite



(Tomlinson et al., 2003; Fralick et al., 2008) with underlying sandstone providing a detrital
zircon age of less than 2801 Ma (youngest zircon 2779+22 Ma, Denver Stone, personal
communication). Previous sedimentological studies have demonstrated excellent preservation
of biogenic and abiotic features (microbialites, digital stromatolites, crystal fans) in the
Mosher carbonate (Veizer et al.,, 1982). The carbonate was deposited as the ocean
transgressed over bedrock channels cut into the top of a mafic volcanic dominated ocean
plateau (Fralick et al., 2008). Carbonate production was able to keep pace with relative rise of
sea-level until, after deposition of 200 to 500 meter of carbonate, deepening water caused iron
formation to laterally move over the platform. This platform has been identified as an oxygen
oasis within an otherwise anoxic ocean (Riding et al., 2014; Fralick and Riding, 2015).
Microbialite and stromatolite samples (P-09 and P-10) come from the central lagoonal area,
while crystal fan samples (P-02 and P-06) come from giant domes that formed the outer
raised edge of the platform, semi-isolating it from the ocean (Wilks and Nisbet, 1984; Riding

et al., 2014; Fralick and Riding, 2015). All samples were obtained from outcrop.

d. 2.93 Ga stromatolitic carbonates, Ball Assemblage, Red Lake Greenstone Belt

The Ball assemblage is part of the Red Lake Greenstone Belt in the Uchi Subprovince,
Canadian Shield (51°03.000°N, 94°07.017°W and 51°01.867°N, 94°11,400°W). It is dated to
between 2.92 and 2.94 Ga by U-Pb dating of zircons (Corfu and Wallace, 1986). The Ball
assemblage is dominantly composed of mafic volcanic rocks and their intrusive equivalents,
with some accessory stromatolitic carbonates (Corfu and Wallace, 1985; Corfu and Stone,
1998; Sanborn-Barrie et al., 2001). The chemistry of its magmatic rocks reveals a volcanic arc
origin with possible plume activity (Sanborn-Barrie et al., 2001). The carbonate formation has
been described as a platform with stromatolites, crystal fans, laminated carbonates, carbonate-

associated iron formations (IF), and cherts (Mclntyre and Fralick, 2017). Previous REE



measurements and sedimentological observations have shown that the carbonates precipitated
in a relatively flat-topped shallow-water platform while the IF originated offshore, but in less
than 200 meters of water. However, minor regressions could cause semi-restricted and
evaporatic conditions, provoking a water density difference and down-welling. Decimeter-
scale stromatolites, crystal fans, carbonate crusts, and probable gypsum, now pseudomorph,
were deposited on extensive tidal flats, whereas offshore mounds of crystal fans and
microbialite dominated landward of the transition to cherts, carbonaceous shales, and iron
formation (Mclintyre and Fralick, 2017). Recent studies suggest that deposition of the marine
carbonate platform occurred during a volcanic hiatus (Sanborn-Barrie et al., 2001; Mclintyre

and Fralick, 2017). All samples were obtained from decimeter-scale stromatolites sampled in

outcrop.
e. 2.97 Ga stromatolitic carbonates, Chobeni Formation, Nsuze Group, Pongola
Supergroup

The Chobeni Formation is the middle formation of the Nsuze Group in the White Mfolozi
inlier of the Pongola supergroup, South Africa (28°14.476°S, 31°10.313’E and 28°14.437°S,
31°10,300°E). It is dated at 2.97 Ga by U-Pb dating of zircon (Mukasa et al., 2013). Several
sedimentary and geochemical studies have assigned the White Mfolozi section deposits to a
depositional environment characterized by a tidal channel with intertidal to shallow subtidal
influences (Beukes and Lowe, 1989; Siahi et al., 2016; 2018). Samples come from the main
carbonate of Chobeni Formation. Half of the samples (1A to 3B) are stromatolitic dolomite
obtained from m-scale stromatolitic bioherms, while the remaining samples (8 to 10B) are

bedded dolarenites. All samples were obtained from outcrop.



3. Mo isotope measurements

All material used for Mo analysis, from crushing to the isotope measurement, was Mo-free.
The Mo purification protocol used is derived from Siebert et al., (2001); Voegelin et al.,
(2009); and Asael et al., (2013). 1.5 g of powder was digested by 6N HCI; this represents a
more rigorous digestion than was performed for trace elements (see section DR5b), dissolving
carbonate but also Fe and Mn oxides, as well as likely some clays if present, but leaving more
crystalline silicates and recalcitrant minerals intact. This particular digestion protocol was
chosen principally for our data to remain comparable to the majority of Mo-carbonate isotope
studies that have used this same method (Voegelin et al., 2009; 2010; Eroglu et al., 2015). A
¥"Mo-"Mo double-spike (DS) was added before digestion. The DS is useful for tracing any
isotopic fractionation during chemistry and to correct for instrumental mass bias during the
isotope analyses. In order to avoid bias in the measurement and the double spike data
reduction, a DS/Natural Mo ratio close to 1 was employed. Due to the low Mo concentration
in our samples, Mo was not detected by ThermoFisher Scientific Element2 HR-ICP-MS
measurement. Thus, we first tested the sample by the blind addition of DS in order to obtain a
first DS/Nat ratio before determining the dose of DS required for making the final sample
measurement.

Samples underwent two Mo purification steps. During the first step, samples were
Mo- and Fe-purified by anion exchange chromatography on columns filled with Biorad AG1-
X8 resin, 200-400 mesh. After adding the sample in 6N HCI solution to the column, the
matrix was washed away with 6N HCI and the Fe-Mo fraction eluted with 3N HNO3. The
Mo-Fe cut was dried and the sample taken up in 0.24N HCI to prepare for the second Mo
purification step. Subsequently, the Mo was eluted using 0.24 N HNO3 on a cation exchange
column with Biorad AG 50W-X8 resin, 200-400 mesh, while the Fe was eluted to waste using

6N HCI. The pure Mo solution was dried and taken up in 2% HNOj; for measurement by



ThermoFisher Scientific Neptune MC-ICP-MS (Péle Spectrometry Océan, Brest, France).
The double spike deconvolution method of Siebert et al., (2001) was used to obtain 5**Mo and
Mo concentration. Our in-house standard, Mo-SPEX, demonstrated a 2SD reproducibility of
0.09 %o across all sessions. Our total blank was 0.6 ng. Our data were acquired relative to Mo-
SPEX and converted relative to Roch-Mo2 and then to SRM 3134 (see Table DR1).

For samples analyzed in this study, major element compositions indicate variable degrees of
detrital contamination and silicification of the samples (see Figure DR2). **Mo values
corrected for detrital input (5°*Moau) are provided in Table DR2 when Ti concentrations are
known and Mo concentrations enriched above crustal values relative to Ti ([M0Oaun] > O,
calculated as per Voegelin et al., 2009). The correction was 0.04%o on average, and results in
8%®Mogut. values that are shifted away from crustal-like compositions towards more extreme
values, thus to be conservative, only non-corrected data were employed for the figures and

discussion.

4. Data compilation and differences between shale and carbonate records

This work presents a compilation of molybdenum isotope compositions of shales and
carbonates through geological time. These two lithologies are known to record the Mo
isotopic signature of the seawater from which they precipitated, as shown in the Figure DR1
(Siebert et al., 2003; Voegelin et al., 2009). These data can indicate the global redox condition
of seawater via the preferential uptake of lighter Mo isotopes by Mn- and Fe- oxides; the
stronger a role manganese oxides play in marine Mo cycling the more seawater tends towards
a heavier molybdenum isotope signature (Figure DR1). This compilation gathers 730

previously reported Mo data from reduced sediments from 24 articles, 201 carbonate



8®Mo data from 5 articles, and 85 iron formation §**Mo data from 6 articles (see Tables DR3
to DR5).

Initial 5°”®*Mo data have been corrected to 5°*Mo by a simple multiplication of 3/2
(Barling et al., 2001; Arnold et al.; 2004; Wen et al., 2011, see Tables DR3 and DR4). All
data are expressed relative to the standard NIST SRM 3134 = 0.25%o in order to compare all
data together and to preserve the modern seawater value of 2.36%o from Siebert et al., 2003
(see Table DR1 for conversion). No detrital correction was applied to carbonate data from
Voegelin et al., (2009), from Eroglu et al., (2015), and from Romaniello et al., (2016), nor for
most of the shale data, with the exception of three samples from Neubert et al., (2008).

There are several possibilities for the origin of the discrepancy discussed in main text
that is apparent between the two lithologies prior to 2.6 Ga. First, not all samples have
necessarily been deposited under fully-marine conditions. For instance, some shales in the
compiled dataset, specifically those from the 2.76 Ga Hardey Formation and the 2.77 Ga
Mount Roe Basalt (Fortescue Group, Wille et al., 2013) are fluvial or lacustrine in origin
(Blake, 1993 and Thorne and Trendall, 2001). Furthermore, stromatolitic carbonates and
dolarenites from the 2.97 Ga Chobeni Formation appear to have been deposited under
brackish water conditions based on sedimentological and Sr isotope data (Siahi et al., 2016;
2018), as well as REE patterns that show some, but not all, features characteristic of seawater
(Siahi et al., 2018; this study; Figure 2). However, for the remainder of shales and carbonates
older than 2.65 Ga that were compiled or measured for this study, multiple lines of evidence
confirm their marine origin (see supplementary discussions on sample provenance and on
REE spectra features). Secondly, the localization of the two lithologies at different margin
depths, coupled to the heterogeneity of the seawater Mo isotopic signature between shallow
and deep waters, may have induced a distinction in the record of seawater composition of

shales and carbonates. It is likely that oxidizing niches during the Paleoarchean were localized



to near-shore or lagoonal environments (Lalonde and Konhauser, 2015), such that focused Mn
cycling created spatial Mo isotope heterogeneity that was captured by shallow-water
carbonate and IF. However, residence times of waters on continental shelves, carbonate
platforms, and epeiric seas is generally on the order of days to years, and it is, therefore,
difficult to imagine an oceanic Mo residence time smaller than these intervals even at
dissolved Mo concentrations that were less than 1000 times modern levels. Such spatial
heterogeneity may be possible in highly restricted basins or under conditions of extreme Mo
drawdown, and future studies might specifically target such settings to resolve this issue.
Third, is that diagenesis may affect 5*®Mo values in carbonates (Voegelin et al., 2009; Eroglu
et al., 2015; Romaniello et al., 2016; see supplementary discussion on diagenesis). For
modern carbonates that are in contact with sulfidic porewaters during early diagenesis,
enrichment in [Mo], as well as a trend to heavier 8°°Mo values, is observed and results in
carbonate 8°°Mo values that approach the seawater value. In older carbonates, relationships
between Mo and [Mo] is either non-existent (Voegelin et al., 2010; Wen et al., 2011;
Eroglu et al., 2015), or if present, inverse to that of modern samples (\VVoegelin et al. 2010; this
study; Figure DR5a).

Multiple factors other than sulfide-dependant enrichment of seawater Mo may
influence carbonate Mo isotope compositions, including the addition of oxide-bound Mo,
detrital Mo, and increasing degree of silicification (Figure DR4b). All of these processes tend
to drive Mo to crustal values, or even lighter, and cannot explain the heavy enrichments
observed in our carbonate dataset. As discussed in the main text, the failure of shales
deposited prior to 2.6 Ga to experience authigenic Mo enrichment from seawater, and thus
record the Mo isotopic composition of seawater, is the most parsimonious explanation for the

contrasting values between shales and carbonates at that time.
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5. Supplemental methods and interpretation

a. Measurement of major elements

An aliquot of each sample powder was digested in 1 ml HNO3z and 3 ml HF, reacted overnight
and neutralized by boric acid before measuring major elements by HORIBA Ultimat2 ICP-
AES (Pdle Spectrometry Ocean, Brest, France). Some samples were previously ashed at
500°C to determine the relative loss on ignition (LOI) of the sample (Table DR6). Major
element data were employed to constrain detrital contamination, silicification, and the

presence of Mn- and Fe-oxides (Figure DR2).
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Figure DR2. Ternary diagram representing the degree of purity of carbonate samples
(CaCO3+MgCOs; Fe and Mn as FeCO; and MnCOs; being insignificant at this scale), as well as

influences from detrital contamination (TiO,, Al,O3, Fe,O3, MnO, Na,0, K0, P,0s) and silicification



(SiOy,). Post-Archean Australian Shale (PAAS) and Upper Archean Continental Crust from Taylor &

McLennan 1985 are plotted on a CaCO3+MgCO3 scale.

b. REE+Y measurement, normalization, and signatures

An aliquot of each sample powder was digested in 5% trace-metal grade acetic acid according
to Rongemaille et al., (2011) in order to extract trace elements from the carbonate phase and
evaluate authigenic components derived from seawater without dilution of these signals from
detrital material or Fe-Mn oxides that might otherwise dominate the trace element budget at
the whole-rock scale. The REE+Y were measured by ThermoFisher Scientific Element2 HR-
ICP-MS at the Pdle Spectrometry Océan in Brest, France (Table DR6). REE+Y data for each
sample were normalized to the REE+Y composition of Post-Archean Australian Shale
(PAAS) in order to evaluate the nature and the chemistry of the water from which the
carbonates precipitated (Taylor and McLennan, 1985; McLennan, 1989). Ce anomalies were
calculated as Ce/Ce’= Ce/(0.5La+0.5Pr), and Pr anomalies as Pr/Pr'= Pr/(0.5Ce+0.5Nd), as
per Bau and Dulski (1996). Carbonates, like BIF and some shales, tend to record the REE+Y
signature of the ambient waters in which they formed. Their REE+Y pattern is specific to
different aqueous environments:

- Modern seawater pattern characteristics are a positive La anomaly, a positive Gd
anomaly, a positive Y anomaly, and LREE and MREE depletion relative to HREE
(Kamber and Webb, 2001; Bolhar et al., 2004; Kamber et al., 2014). All of these
characteristics are the result of different complexation behaviors of these elements in
relation to organic ligands, pH, and [COs*] (Sholkovitz et al., 1994; Nozaki et al.,
1997; Quinn et al., 2006). Moreover, a negative Ce anomaly is expressed when
conditions are sufficiently oxidizing in the water column. All the characteristics listed
above, with the exception of the positive Gd anomaly, are characteristics of modern

deep sea venting fluids as well.



An Archean seawater pattern revealed by multiple analyses of BIF data shows, in
addition to modern seawater characteristics, a positive Eu anomaly due to the release
of Eu by strong hydrothermal activity in the ocean at that time (Bolhar et al., 2004;
Planavsky et al., 2010).

Modern freshwaters (rivers and lakes) tend to have a uniform flat REE+Y pattern
(Kamber et al., 2014). They can present Eu and Ce anomalies as a function of
plagioclase weathering and pH.—Nevertheless, complications can arise when the
catchment is principally composed of carbonate. In this case, rivers may take on a
REE+Y pattern similar to seawater (Xu and Han, 2009).

Waters from restricted ocean basins tend to record the La, Gd, and Y anomalies
characteristic of open seawater, while the slope of the pattern may be reversed relative
to normal seawater (HREE and MREE depletion relative to LREE) (Kamber et al.,
2014).

While the above relates to modern aqueous REE+Y features, as discussed above, there
is strong evidence that many of these features extend back to the early Archean. One
important exception is the Ce anomaly, which is generally absent in Archean chemical
sediments (e.g., Bau and Dulski, 1996). While the residence time of Ce today is lower
(0.05-0.13 ky for Ce) than its neighbors (e.g., 0.28 ky for Nd) (Alibo and Nozaki,
1999) due to oxidation of Ce(lll) to less-soluble Ce(IV), in anoxic waters its residence
time was likely closer to that of Nd before extensive Ce redox cycling, and in all
scenarios, the short residence times for REE+Y in seawater makes them local rather

than global proxies.
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of carbonate samples normalized to Post-
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6.

Evidence for marine origins of the studied carbonates

In order to attribute a seawater Mo signal to our carbonate samples and to compare them to

marine shale data, their marine settings have to be established. Indeed, variability in carbonate

deposition through geological time and among different environments is consequential.

REE+Y patterns are a valuable proxy for constraining depositional environment, and

accordingly, we attribute a marine setting to our samples if they record characteristics of

Archean seawater REE+Y patterns as described previously:

The modern Bahamas samples all have modern seawater characteristics with the
exception of the Ce anomaly (c.f. Figure DR3). Indeed, a true negative Ce anomaly is
lacking. We believe that this is a reflection of carbonate lithification in anoxic marine
porewaters below the sediment-water interface (Visscher et al., 1998; Tostevin et al.,
2016; see also sample description).

The 2.52 Ga samples from the Gamohaan Fm. all record seawater characteristics
(Figure DR3). Moreover, previous sedimentological study described the environment
of the Gamohaan Formation as an open marine basin (Sumner et al., 1997); Altermann
and Nelson, 1998) but also as including “vanished evaporites” (Gandin and Write,
2007). The absence of a Ce anomaly indicates a local absence of O, in the water
column.

The 2.80 Ga samples from the Mosher Carbonate record a global seawater REE+Y
pattern with LREE and MREE depletion relative to HREE and positive La and Y
anomalies (Figure DR3). Crystal fan and microbial samples indicate the presence of
oxygen in the water column (negative Ce anomaly), while the stromatolite sample
records anoxic conditions (no Ce anomaly), suggesting local redox variability. All

samples display a positive Eu anomaly, typical of Archean seawater. The preservation



of an open seawater REE+Y signature suggests an open basin.

- The 2.93 Ga samples from Ball Assemblage all record seawater REE characteristics
(Figure DR3). Recent studies suggest that deposition of the marine carbonate platform
occurred during a volcanic hiatus (Sanborn-Barrie et al., 2001; Mcintyre and Fralick.,
2017). Positive Eu anomalies strongly indicate a connection to the open ocean. No
samples analysed here from the 2.93 Ga Ball Assemblage display a true Ce anomaly,
thus indicating local anoxia and anoxia in the area the where the REE concentrations
in the water were derived.

- The 2.97 Ga samples from the Chobeni Fm. display a different REE+Y pattern than
previous samples (Figure DR3). Indeed, no Y and La anomalies are present.
Moreover, the slope is flat between MREE and HREE, which might signify proximity
to the coast, similar to the 2.93 Ga samples from this study. Previous sedimentological
and chemical studies described the Chobeni environment as an estuary or intertidal

setting (i.e., Hicks et al., 2011; Siahi et al., 2016; 2018).

7. Potential contamination and post depositional effects on Mo isotopes in

carbonates

Almost all samples with high SiO, concentrations (>50 wt%) showed no authigenic Mo
enrichment and Mo that appear to trend to 0%o with increasing degree of silicification (see
Figure DR4b). Dolomitizing fluids are unlikely to have significantly affected the §%®Mo ratios
of the 2.80 Ga and 2.93 Ga samples, as no trend between the Mo isotopic composition and
Mg is present (data not shown). A lack of correlation between Al,O3 and SiO, show that
silicification rather than detrital contamination was the major determinant of SiO, content
(Figure DR4c). The only contamination uncorrected on both Mo and §®*Mo data comes from

Fe (see Figure DR4a).
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Figure DR4. Mo isotope compositions of carbonate samples from this study plotted as a function of
(@) iron concentration and (b) silica concentration. For (b), data was corrected for detrital
contamination and arrows indicate a putative silicification trend. (c) A lack of correlation between
Al,Os vs. SiO, demonstrates that the SiO, content in our Archean samples was determined largely by

silicification as opposed to detrital contamination.

Ancient carbonate samples from this study have all been affected by diagenetic processes to
some degree, as indicated by their light 5'°0 values (Figure DR5b). The 2.93 Ga carbonates
from the Ball Assemblage are characterized by a minimum &'°0 of -16.4%o, and may have
been more strongly affected by diagenesis, especially dolomitized samples in which Sr
isotope compositions appear to have been be reset (Mclintyre and Fralick, 2017). The extent to

which the §**Mo composition of these samples has been affected remains unclear, but this is



critical for assessing the reliability of the 5°*Mo signal with respect to Neoarchean seawater.

n

B | i

= 2 o

& 1f in E 4 % o

% { B 2 i 5

) )

(m]

= Don® A 2 . B

oo': a on o

s 0 A % Ay s 0
n A A A ©
[ T o
3 A 3
(-2} (-]

o é o

1 _1 -
L
2 1 1 1 1 2 L L L
0 0.05 0.10 0.15 0.20 0.25 -20 -15 -10 -5 0
18
Mo (ppm) 350, (%)
A Bahamas, modern [ Gamohaan Fm.,, 2.52 Ga

@ Mosher Carbonate, 2.80 Ga I Ball Assem., 2.93 Ga /A Chobeni Fm., 2.97 Ga

Figure DR5. Mo isotope compositions of carbonate samples from this study plotted as a function of
(@) Mo concentration determined by isotope dilution and (b) oxygen isotope composition of

carbonates.

The possibility of diagenetic alteration or resetting of the 8°°Mo ratio in carbonates has been
addressed previously (Romaniello et al., 2016; Eroglu et al., 2015; Voegelin et al., 2009).
Romaniello et al. (2016) studied modern carbonates from the Bahamas and observed a close
relationship between the 5%Mo of modern samples and the H,S,q concentration in sediment
pore waters. Organic-rich carbonates typically display significant H,S,q concentrations in pore
waters, and correspondingly, high carbonate bound Mo concentrations, consistent with the
redox sensitive nature of Mo. Conversely, organic-lean white carbonates are generally
characterized by low Mo concentrations attended by low HyS,, in pore waters. Thus,
carbonates with high pore water H,S,q concentrations tend to quantitatively capture the global

seawater 5°°Mo ratio, while carbonates with lower H,Sqq levels record lighter 5**Mo values



that do not fully capture the global seawater signal, but a lower value. In other words, more
strongly-reducing conditions during early diagenesis lead to carbonates with higher Mo
concentrations and a heavier §*Mo isotopic ratio that is likely to be more representative of
the global §°®Mo seawater value. In older carbonates, however, the relationship between
8*Mo and Mo concentration that is observed from modern carbonates is either non-existent
(Wen et al., 2011; Eroglu et al., 2015; Voegelin et al., 2010), or if present, inverse to that of
modern samples (Voegelin et al., 2010). Previous studies agree that carbonate diagenesis
drives 8%®Mo to lighter values. Given that initial 5%®Moca, = 6®Mosy, and that bacteria
preferentially uptake lighter Mo isotopes (Zerkle et al., 2011), microbial sulfur cycling that
occurs in the reducing pore waters found in stromatolites should lead to a post-depositional
signal of §®Mocan < 8®Mosw (Eroglu et al., 2015). Additionally, the absorption of Mo on Fe-
(hydro)oxides surfaces in suboxic pore water should similarly produce a signal where
8®Mocap < 8®Mosw (Goldberg et al. 2009; Voegelin et al., 2009). McManus et al. (2002)
similarly proposed that the diagenesis of authigenic carbonate-hosted Mo leads to light
isotope enrichment in the sediment. Indeed, even organic-rich, suboxic sapropels have been
shown to have 5°*Mo values lighter than expected due to diagenetic effects (Reizt et al.,
2007). Here, contrary to Romaniello et al. (2016), our global data display an inverse trend
between 5*®Mo ratios and Mo concentrations (Figure DR5a). This mirrors the findings of
Voegelin et al. (2010), who observed a similar relationship in the GKPO1 core that samples
the 2.64-2.50 Ga Ghaap Group, South Africa, and records 8"®Oppg < -10%o as well (Fisher et
al., 2009).

Finally, while organic matter preferentially sequesters light Mo isotopes (King et al., 2018),
we calculate that at Mo concentrations typical for Neoarchean and older shales, this process
was unlikely to have affected the dissolved Mo reservoir of open seawater. Quite simply,

taking the average concentration of ~1 ppm Mo for Neoarchean and older shales (Figure 1C),



if one attributes a concentration of 1 ppm Mo to the totality of carbon buried annually today
(10" mol C / year), this represents only 0.0007% of the modern Mo exit flux (or 0.75% if we
conservatively assume a Neoarchean exit flux 1/1000 smaller than today; see Table DR7).
Therefore, it appears highly unlikely that the association of light Mo with organic matter in
the Neoarchean had much of a role, if any, in the heavy isotopic enrichment of seawater Mo

at that time.
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