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Samples and Geological overviews 
Samples 
The samples that were additionally analysed to literature data originate from four IF locations (3.75 Isua IF (Greenland), 
3.48 Ga Dresser IF and 3.45 Ga Panorama IF (Australia), 1.88 Ga Gairloch IF (Scotland)) and nine stromatolite locations 
(3.47 Ga Strelley Pool Fm. (Australia), 2.95 Ga Pongola Supergroup (South Africa), 2.7 Ga Tumbiana Fm. (Australia), 
2.2 Ga Hutuo Gr. (China), 1.4 to 1.12 Ga Shennongija Gr. (China), 1.1 Ga Tieling Fm. (China), 1.0 Ga Paranoá Gr. 
(Brazil), 0.95 Ga Jinshanzhai Fm. (China), 0.55 Ga Dengying Fm. (China)) distributed throughout the Precambrian. 
Geological overviews of these units are briefly described below. Depositional ages of the IFs and stromatolites of this 
study and the literature data are taken from the respective publications (see Table S-1). 
 
3.75 Ga old Isua Iron Formation, Greenland 
The Eoarchean Isua Greenstone Belt is located in southwest Greenland and comprises >3.7 Ga old iron formations 
intercalated into greenstone successions (Nutman and Friend, 2009). The area is highly deformed and experienced 
several up to amphibolite-facies overprints; despite their immense metamorphic history, the trace element composition 
of the studied IFs has been shown to reflect pristine seawater-like systematics. This study analysed the reference material 
IF-G from the C.R.P.G. - SARM characterised by (Govindaraju, 1994). 
 
3.48 – 3.45 Ga old Pilbara Iron Formations and stromatolites, Australia 
The Palaeoarchean Pilbara Supergroup of the Pilbara Craton, Australia, hosts greenschist-facies greenstone successions 
with intercalated sedimentary units. The targets of this study are jaspillites from the 3.48 Ga-old Dresser Formation, 
banded iron formations of the 3.45 Ga-old Panorama Formation, and stromatolitic carbonates from the unconformably 
overlying Strelley Pool Formation. The Dresser Fm. sediments are interpreted to have formed during severe land-sea 
transitions (Johnson et al., 2022). The slightly younger IFs of the Panorama Fm. have been deposited in a marine caldera 
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system (Bolhar et al., 2005), while the overlying stromatolites formed on an ancient marine carbonate platform (e.g., 
(Allwood et al., 2006)) and preserved pristine seawater-like REE signatures despite intense silicification (e.g., Van 
Kranendonk et al., 2002; Viehmann et al., 2020). 
 
2.95 Ga old Pongola stromatolites, South Africa 
The Mesoarchean Pongola Supergroup hosts ca. 2.95 Ga old stromatolitic carbonates of the Nzsue Group cropping out 
in the White Mflozi Inlier of the southeastern Kaapvaal Craton, South Africa. These stromatolites only experienced 
lower greenschist facies conditions and provided a unique window into microbial habitats due to their remarkable 
preservation and, thus, were the target of several studies from the interdisciplinary geosciences before (e.g., Eickmann 
et al., 2018; Siahi et al., 2018). The stromatolites were formed in a shallow, highly energetic, tide-dominated 
environment (Siahi et al., 2018). Silicification of some stromatolite layers occurred very early because stromatolite chert 
chips are found in the ambient surrounding carbonate. 
 
2.72 Ga old Tumbiana Formation stromatolites, Australia 
The 2.78 to 2.63 Ga old Fortescue Group was deposited in the Hamersley Basin on the Pilbara Craton and contains flood 
basalts with interbedded chemical and clastic sedimentary successions. One of these intercalated sedimentary 
successions is the Tumbiana Formation which is dated via U-Pb zircon ages to 2724 ± 5 Ma (Blake et al., 2004). 
Horizons of stromatolitic carbonates of the Meentheena Member have a kilometre-wide lateral extension, can easily 
recognised on their brownish-black weathering colour throughout the Hamersley Basin, and can be up to 20 m thick 
(Thorne & Trendall, 2001). The rock successions in this area experienced only low-grade metamorphism (Smith et al., 
1982) with temperatures not exceeding 300 °C (Lepot et al., 2008). The depositional environment of the Tumbiana 
stromatolites is somewhat debated: most studies argue for a non-marine, possibly ephemeral lake system (e.g., Bolhar 
& van Kranendonk, 2007; Awramik & Buchheim, 2009). However, some features such as bi-directional sedimentary 
structures, tidal channels with mud drapes, asymmetric ripples, and aragonite pseudomorphs argue for - at least 
periodical – marine conditions during deposition of the Meentheena Member (cf. Awramik & Buchheim, 2009). 
 
2.09 Ga old Hutuo Group stromatolites, China 
The Paleoproterozoic Hutuo Supergroup on the North China Orogen is prominently outcropping in the area of Mt. Wutai 
in the Shanxi Province. The base of the Hutuo Supergroup is notably unconformable, resting atop the Neoarchean 
Gaofan and Wutai Groups. Its sediment thickness exceeds 10.000 meters of excellent outcrop exposures of a storm-
dominated shallow marine environment, hosting an abundant and diverse collection of stromatolites (Shixing and 
Huineng, 1992). Metamorphic overprints only reached sub-greenschist facies, and, thus, marine carbon isotope 
signatures of the Lomagundi-Jatuli event are excellently preserved in carbonates of the Hutuo Supergroup (Ouyang et 
al., 2020). The domal stromatolites analysed here belong to the Qingshicun Fm. at the boundary of the Dongye and 
underlying Doucun Subgroups in the Wutai Mountain area that were dated via SHRIMP U-Pb ages from associated 
tuffs (2087 ± 9;  Wilde et al., 2004).   
 
1.9 Ga old Gairloch Iron Formation, Scotland 
The Palaeoproterozoic meta-volcanic and -sediment series at Gairloch belong to the Loch Maree Group of the Lewsian 
Gneiss Complex. These units exhibit peak amphibolite facies metamorphic conditions with evidence of retrograde 
greenschist facies overprints (Park et al., 2001). The Loch Maree Group is interpreted to reflect an oceanic plateau with 
clastic and chemical sediments deposited in relatively shallow water environments. Granodioritic to tonalitic gneisses 
of the Loch Maree Group were dated to 1903 ± 3 Ma (Park et al., 2001). 
 
1.4 Ga old Tieling stromatolites, China 
The Mesoproterozic Tieling Formation, North China, overlies the Archean basement and hosts elongated columnar 
stromatolitic carbonates deposited under high-energy subtidal marine conditions (Tosti and Riding, 2017). The 
sediments of the Tieling Fm. have undergone Perminan-Cretaceous deformations (Zhang et al., 2011), but well-
preserved locations occur, for example, at the 1439 ±14 Ma Jixian section (Tosti and Riding, 2017) from which our 
sample set originates.   
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1.4 – 1.12 Ga old Shennongija stromatolites, China 
The Mesoproterozoic Shennongjia Supergroup hosts over 11 km of marine sedimentary strata deposited on the Yangtze 
Platform in South China. The Shennongjia Supergroup contains stromatolites with diverse morphologies deposited in 
shallow shelf environments. Stromatolite samples analysed in this study are taken from the Kuangshishan (<1398 ± 20 
Ma), Taizi (1332 ± 67 Ma), Yemahe (1215.8 ± 2.4 Ma) and Shicaohe (1083.2 ± 4.6 Ma) Formations (Zou et al., 2019).  
 
1.0 Ga old Paranoà stromatolites, Brazil 
Chemical and clastic sediments of the low metamorphic (below greenschist facies) Paranoà Group were deposited on 
the passive continental margin of the Sao Fransisco Craton. The Paranoà Group unconformably overlies the 1.77 Ga old 
Araí Group and is also unconformably overlain by the < 0.74 Ga old Jequitai diamictite (Alvarenga et al., 2014). Zircon, 
phosphate, and biostrata ages of the stromatolitic carbonates of this unit point to a depositional age between 1.2 to 1.0 
Ga ago. The stromatolites were formed during a transition from a tidal, shallow water environment to a carbonate 
platform fully connected to the open ocean(Alvarenga et al., 2014; Stüeken et al., 2022; Viehmann et al., 2019).  
 
0.85 Ga old Jinshanzhai stromatolites, China 
The Jinshanzhai Fm. at the top of the Huaibei Group (~ 925 to 825 Ma) on the North China Craton consists of 20 m of 
red shale and reddish-brown small columnar dolomitic stromatolites cropping out below clastic sediments of the Gouhou 
Fm. including clasts of stromatolite fragments from the underlying Jinshanzhai Fm. (Wan et al., 2019; Yang et al., 2012). 
The Jinshanzhai and lower part of the Gouhou Fm are placed in the early Neoproterozoic, verified by detrital zircon U-
Pb ages, above the Great Cambrian Unconformity separates the Gouhou Fm. from the Houjiashan Fm. that can be placed 
by detrital zircon ages into the lower Cambrian (Wan et al., 2019). Iron-rich boxonia-type stromatolites have presumably 
been deposited in an open marine to slightly restricted environment based on carbonate-associated Ba signatures (Hohl 
et al., 2024). Halite pseudomorphs within the Jinshanzhai and Gouhou Fm. argue for hypersaline/evaporative 
environments at the time of deposition (Wan et al., 2019). 
 
0.55 Ga old Dengying stromatolites, China 
Stratiform dolomitic stromatolites occur in the Neoproterozoic Dengying Fm. of the Yangtze Platform in South China 
that conformably overlie black shales of the Doushantuo Formation or sandstones of the stratigraphic equivalent 
Guanyingya Fm (Zhu et al., 2007). Age estimates for the Dengyiang Fm range from 551 Ma to 542 Ma and are derived 
from the combination of chemo-, biostratigraphy, and chronological dating (e.g., Condon et al., 2005). The stromatolites 
of the Dengying Fm. formed under locally highly oxygenated open-shelf conditions (Ding et al., 2019).  
 
 
Methods 
Analytics and the Eu anomaly calculation 
Individual layers of Fe- and Si-rich layers of IFs and jaspers were cut by a diamond-coated saw and milled to 
homogenous sample powders within an agate ball mill. Iron Formation samples from the Gairloch IF were sampled with 
a stationary microdriller to produce microdrill cores of the individual layers (2 mm diameter x 20 mm length). Circa 
200 mg of sample powder, micro drill cores, and the IF reference material IF-G were digested in high pressure – high-
temperature Picotrace digestion blocks at 180 °C for three days in 10 ml of an HCl-HNO3- HF (3:1:1) mixture. The 
clear residues were evaporated to incipient dryness and treated twice with 5 ml conc. HCl. After evaporation, the samples 
were re-dissolved in 3 % HNO3 for ICP-MS measurements with an Agilent 7900 quadrupole at the University of Vienna 
and a Perkin Elmer NexION quadrupole at the former Jacobs University Bremen. 

Individual stromatolitic carbonate layers were sampled using a diamond-coated hand-held micro-drill. The 
homogenous sample powders were pre-washed with Milli-Q water or 1 M NaOH, leached with 1 M HAc for 6 to 12 
hours in centrifuge tubes, and centrifuged at 4500 RPM. The supernatants of the leached fraction were further diluted 
for trace element analyses in 2 % HNO3 and analysed using the Agilent 7900 quadrupole ICP-MS at Tongji University 
Shanghai. 

Europium anomalies are calculated relative to chondrite (subscript CN) with EuCN/EuCN* = EuCN/(0.667*SmCN 
+ 0.333*TbCN) with C1 values from (Anders and Grevesse, 1989) rather than to the more commonly used post-Archean 
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Australian shale (PAAS) to avoid positive Eu anomaly artifacts from shale normalisation. Typical features of Archean 
epiclastic sediments show minor LREECN enrichment relative to HREECN, flat to strongly depleted HREECN patterns, 
and the lack of or the presence of only very small negative EuCN anomalies (e.g., Taylor and McLennan, 1985, 1995). 
The latter is a result of the less common fractionation of Eu into feldspars of more evolved rocks which was less abundant 
in the Archean relative to post-Archean times. Thus, normalising a post-Archean shale such as PAAS to chondrite would 
inevitably result in negative EuCN anomalies of the shale (Fig. S-1). In turn, normalising to a post-Archean shale would 
then result in an overabundance of EuCN/EuCN* ratios as exemplarily shown for the IF reference material IF-G (Fig. S-
1). Note, that positive EuCN anomalies in seawater and its chemical precipitates are a clear seawater signal derived from 
the presence of high temperature hydrothermal systems that cannot be originated from the chemical weathering of clastic, 
plagioclase-rich sediments. If this is the case then ambient clastic sediments inevitably must also show the strong 
positive EuCN anomalies that are recorded in Archean chemical sediments which is not observed. Anyhow, even modern 
seawater for which high temperature, hydrothermal systems act as sinks rather than as sources due to immediate REE 
scavenging onto FeMn (oxyhydr)oxide surfaces close to vent sites (German et al., 1990) shows a positive PAAS-
normalised Eu anomaly (e.g., EuPAAS/EuPAAS* = 1.13 for Mediterranean seawater; Bau et al., 1997). Thus, we use here 
chondrite-normalisation of Eu values in marine chemical sediments to avoid this normalisation artifact of the more 
commonly used shale-normalisation on Eu/Eu* ratios, but give EuCN/EuCN* ratios for modern seawater and PAAS in 
Figs. 1 and 2 of the main text and Fig. S-2 for comparison.   
 

Figure S-1 REE patterns for the post-Archean Australian shale (PAAS) relative to chondrite (left) and IF reference 
material IF-G normalised to PAAS and chondrite (right). Chondrite-normalised values of post-Archean shales such as PAAS 
show strong LREE enrichment and negative Eu anomalies (left). Thus, normalising to a post-Archean shale would result in an 
overabundance of shale-normalised Eu/Eu* ratios that can be avoided by chondrite-normalisation (right). 
 

Sample selection for the EuCN seawater curves including a protocol to avoid detrital contamination and post-
depositional alteration 
The prerequisite for using geochemical fingerprints of marine chemical sediments to reconstruct ancient atmosphere-
hydrosphere systematics requires a pure chemical sediment, i.e., a sample that directly reflects the geochemical 
information derived from seawater. However, syn- (detrital contamination) and post-depositional processes (fluid-rock 
interactions during diagenesis, metamorphic events, or weathering) may mask and alter the initial geochemical 
composition from the fluid of which the chemical sediment precipitated.  

In this study, we applied a strict protocol and only consider IF and carbonate samples with typical seawater-like 
REESN patterns, including positive LaSN, GaSN, YSN anomalies, and heavy REESN over light REESN enrichment, as 
reliable archives for the Eu distribution through the Precambrian. Notably, typical seawater-like REESN patterns in 
stromatolites, of course, exclude stromatolites formed in freshwater and other non-marine settings. We emphasize that 
only chemical sediments passing this protocol showing typical seawater-like REESN patterns are used in this study and 
can reliably be used as archives for Eu systematics in deep and shallow marine settings through the Precambrian. 
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 In the following, the protocol to distinguish between pure chemical sediment samples and those that are affected by 
post-depositional processes, detrital contamination, BaO interference, and/or experienced REE fractionation processes 
under non-typical marine conditions is discussed in more detail: 
 
Post-depositional alteration: 

Rare Earth’s are generally considered very robust against post-depositional alteration processes even in 
Precambrian chemical sediments such as IFs and stromatolitic carbonates that experienced weak to high metamorphic 
grades (e.g., Bau, 1993). Bau (1991) proposed that alteration of whole-rock REE patterns during hydrothermal or 
metamorphic fluid-rock interactions is rather ineffective unless the water-rock ratio is >>102-103 or local metasomatic 
infiltration is severe. Indeed, Ague (2017) evaluated REE mobility in a variety of metamorphosed rock types in focused 
fluid flow settings such as veins or lithologic contacts where metasomatic signals are strong. This study observed pristine 
REE compositions in one-third of the sample set that didn’t experience REE mobility. If REE mobility occurred, 
however, then it typically coincided with fractionation within the REE series and REE incorporation into phosphates 
and/or garnets. It was also observed that breakdown or growth of plagioclase can deplete and enrich Eu in various rock 
types, respectively, but during this process, these rocks gained up to 250 % of REE concentrations, showed Eu 
correlation with Y due to garnet growth, and incorporated strong REE overprinting signatures of the metasomatic fluid 
(Ague, 2017). Noteworthy, that EuCN/Eu*CN ratios considered for Eu curves for IFs and stromatolites in this study show 
no correlations with P and Y concentrations (r2 < 0.1 for both stromatolites and IF if data are available). This indicates 
negligible REE distribution into garnets or phosphates and also that plagioclase growth, as well as Eu enrichments 
during plagioclase breakdown during metamorphic events in the here-considered chemical sediment samples, are 
insignificant.  

Iron Formations (e.g., Appel, 1983, Bolhar et al., 2004, Friend et al., 2008) and carbonates (Friend et al., 2008) 
of the early Archean Isua supracrustal Belt (Greenland) experienced several up to amphibolite-facies metamorphic 
overprints but mostly preserved their typical Archean seawater-like shale-normalised (subscript SN) REESN features 
such as positive LaSN, GdSN, YSN anomalies as well as a heavy REESN over LREESN enrichment. Similarly, REE can also 
be robust against carbonate dissolution and re-reprecipitation processes such as observed in silicified stromatolites of 
the ca. 3.4 Ga old Strelley Pool Fm of the Pilbara Craton (Australia) that almost exclusively consist of re-crystallised 
dolomite and silica in which the carbonates preserved the typical seawater-like REESN signatures (e.g., van Kranendonk, 
2002; Allwood et al., 2010; Viehmann et al., 2020). In contrast, associated hydrothermal cherts of the Strelley Pool Fm. 
show non-seawater-like REESN patterns and lack all the typical seawater-like REE features (Viehmann et al., 2020). 
This field example is in agreement with studies of, for instance, Banner et al., (1988) or Webb et al., (2009) showing 
that REE are very robust during dolomitisation processes because REE reside within the carbonate crystal lattice (Zhong 
and Mucci, 1995) and a considerable fraction of the carbonate had to be dissolved to change its REE distribution (Banner 
et al., 1988, Webb and Kamber, 2000). It is also observed that (early) Precambrian dolostones and limestones show very 
similar REE distributions based on different seawater chemistries in Precambrian relative to modern oceans (e.g., Bau 
and Alexander, 2006). In the Phanerozoic, however, REESN signatures in contemporaneous limestones and seawater 
may fairly differ from those of dolostones due to secondary dolomitisation. These observations somehow contradict a 
recent study by Fralick et al. (2024) who reported REE mobility in 2.8 Ga Steep Rock carbonates. While Sr-rich 
stromatolites show typical seawater-like REESN patterns with redox-sensitive negative CeSN anomalies, Sr-poor fenestral 
stromatolites rich in diagenetic cement and ambient ferroan dolomites lack the negative CeSN anomaly at still typical 
seawater-like REESN patterns. This rare case led the authors to conclude that seafloor diagenetic alteration occurred in 
the latter rock types by periodic influx of anoxic offshore water masses to overprint the initial negative Ce anomaly. In 
this case, the carbonate had to be almost completely dissolved and re-precipitated by incorporating the REE 
geochemistry of the anoxic seawater. The REE in the oxygenated shallow marine water mass and in the anoxic offshore 
sea masses (which is supposed to have precipitated the ambient IF) is, thus, most likely derived from different sources. 
To further prove this statement, source proxies such as Sr or Nd isotope compositions of pristine and diagenetically 
overprinted carbonates and associated IF should be prime targets to confirm and complete the picture.  

Anyhow, it is expected that the REE composition of chemical sediments that were altered during low- and high 
temperature post-depositional fluid-rock interactions during diagenesis, metamorphism or other hydrothermal or 
supergene enrichment processes will be enriched in light REE during these processes accompanied with a decrease of 
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the typical seawater-like positive LaSN, GdSN and YSN anomalies (e.g., William-Jones et al., 2012; Gutzmer et al. 2008). 
For instance, light REE enrichment can be observed in a few IF samples from the Isua Greenstone Belt (cf. Frei and 
Polat, 2007) that indicate post-depositional REE alteration. Louvel et al (2022) also proposed increased REE mobility 
in alkaline hydrothermal fluids as hydroxyl-carbonate complexes that differ fundamentally from those in acidic fluids. 
The authors showed that LREE are preferentially mobilised by alkaline fluids with temperatures ≥ 400 °C, while HREE 
are preferentially mobilised in temperature regimes ≤ 200 °C. HREE enrichment in alkaline systems is corroborated by 
REE studies of modern alkaline lakes that show strong enrichments in HREESN over LREESN due to domination of 
(poly)carbonato-REE complex speciation (e.g., Möller and Bau, 1993; Johannesson and Bird, 1994). If fluids were 
present in carbonate and IF lithologies, one would expect that REE mobilisation in carbonate succession would enhance 
REE mobility relative to IF. Additionally, alkaline fluids that reduce and mobilise Eu2+ in addition to the other 3+ 
charged REE should be > 250 °C (Bau, 1993), which would also increase LREE mobility above 400 °C (Louvel et al., 
2022). However, if REE mobilisation in both rock types related to severe fluid-rock interactions would have occurred 
at low or high temperatures, the remaining or recrystallised minerals of the carbonates and IFs would then result in 
REESN signatures that clearly differ from the typical seawater-like REESN patterns and anomalies. 

In summary, regardless of the potential high or low-temperature modification process(es) of REE in IFs and 
stromatolitic carbonates, if post-depositional alteration during fluid-rock interactions took place on the REE composition 
at some stages during Earth’s history, the REE signatures would result in non-seawater-like REE signatures and deviate 
from typical seawater-like REE signals.  

 
Syn-depositional detrital contamination: 

Contamination of detrital aluminosilicates that were co-sedimented with the IF or carbonates is a much more 
common observed phenomenon relative to post-depositional alteration. Clastic contamination modifies the pristine 
geochemical budget of chemical sediments which is especially important for carbonates and IFs that were deposited 
close to the ancient coastline and were particularly prone to contamination of subaerial or fluvial transported detrital 
material. Detrital aluminosilicates such as those derived from volcanic ashes, aeolian processes, or continental 
weathering show orders of magnitude higher REE concentrations among other almost immobile elements such as Al, 
Hf, Zr, or Th relative to IFs and carbonates. This concentration difference results in a strong impact of even minute 
amounts of detrital contamination on the overall geochemical composition of the chemical sediments. This is especially 
true when the sample material such as IFs and some of the carbonates were fully digested and attacked with a mixture 
of concentrated HF-HNO3-HCl in the laboratory (cf. Table S-2). At least for the stromatolitic carbonates, weak HAc 
leaching partly avoids the digestion of detrital aluminosilicates (cf. Hohl and Viehmann, 2021, and references therein). 
Anyhow, IFs and carbonates contaminated by different amounts of detrital material are always enriched in REE (and 
similarly other immobile elements) relative to their pure counterparts and show a wide range of REE concentrations and 
REESN patterns. REESN patterns that are subparallel to modern seawater (with the exception of redox-sensitive Ce and 
Eu) converge from almost seawater-like in pure chemical sediment endmembers to flat, shale-like REESN patterns with 
increasing amounts of detrital contamination (e.g., Nothdurft et al., 2004, Viehmann et al., 2015) as exemplary shown 
for the Neoproterozoic Urucum IF (Fig. S-2; Viehmann et al., 2016). Notably, even minute amounts of detrital 
contamination of the chemical sediments lead to a significant decrease of the light REESN over heavy REESN enrichment 
and the positive LaSN, GdSN, and YSN anomalies, resulting in flatter, non-seawater-like REESN patterns in chemical 
sediments that experienced detrital contamination (Fig. S-2).  

Thus, detrital contamination of the pristine geochemical REE composition in IFs and carbonates always leads 
to non-seawater-like REESN patterns and features and we emphasize that IFs and carbonates showing the typical 
seawater-like REE signatures must be devoid of significant post-depositional alteration processes or detrital 
contamination that would otherwise result in non-seawater-like REESN patterns and features. 
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Figure S-2 REESN patterns of pure IF, detrital 
contaminated IF samples from the Neoproterozoic Urucum 
IF relative to those of an ambient shale and modern 
seawater. The REESN patterns of pure IF samples that are 
devoid of detrital contamination are sub-parallel to those of 
modern seawater. In contrast, IF that are contaminated by 
variable detrital aluminosilicate contamination show 
decreasing typical-seawater-like HREESN over LREESN 
enrichment, LaSN, GdSN, and YSN with increasing REE 
concertation that eventually converge to the flat patterns 
observed in the shale (modified after Viehmann et al., 2016). 

 
Potential REE fractionation in stromatolite depositional environments 
Webb and Kamber (2000) reported REESN patterns in Holocene reefal microbialites of the Great Barrier Reef and 
observed that the microbialite REESN patterns are subparallel to those of ambient open ocean seawater. Based on this 
study, REE established as an elementary tool to reconstruct paleo-environments of microbial life throughout Earth’s 
history. While it became clear that (stromatolitic) carbonates with seawater-like REESN patterns formed most likely in 
a depositional environment connected to the open ocean, many stromatolitic carbonates at different times in Earth’s 
history also show non-seawater-like REESN patterns that were then related to other depositional environments (cf. Fogret 
et al., 2014, and references therein). This practice, however, strongly relies on the assumption that REE in stromatolitic 
carbonates are not fractionated from the ambient water in which the stromatolite formed.  

Johannesson et al. (2014), however, reported different REE patterns in microbialite carbonates and ambient 
waters in an extreme environment of a Mexican bolson system and showed that these microbial carbonates do not 
directly represent ambient water chemistry. The authors propose that fractionation between water and carbonate may be 
the result of preferential HREE incorporation by organic ligands associated with bacterial cell walls, microbialite 
biofilms, and/or exopolymeric substances (EPS; Johannesson et al., 2014). Organic matter, independent of freshwater, 
estuarine, or open ocean systems shows almost systematical, relatively flat REESN patterns with slight middle REE 
enrichment (Freslon et al., 2014). The presence of other particulate surfaces such as authigenic and detrital clays in 
stromatolite-forming environments (Suosaari et al., 2022), the occurrence of lithic and organic nanoparticles (Tepe and 
Bau, 2014, Merschel et al., 2017), and/or water mixing processes between groundwaters and lake/seawater (e.g., Zeyen 
et al., 2021, and references therein) may, however, also be responsible for non-seawater-like REESN features. Anyhow, 
regarding the to-date very speculative reasons for REE fractionation in microbial habitats and stromatolite-forming 
environments, we stress that pure stromatolitic carbonates that formed under open ocean conditions should preserve 
seawater-like REESN signatures and can be used as archives to investigate Eu and other REE signatures through deep 
time. We also want to underscore here that microbial mat systems are very complex bio-geological ecosystems that are 
far beyond well-understood and that further interdisciplinary research targeting the interactions of geochemical and 
microbiological processes within the different levels of microbial mats is urgently required for a better understanding 
of modern and ancient microbial ecosystems.   
 

 
 
 



 

Geochem. Persp. Let. (2025) 34, 57–61| https://doi.org/10.7185/geochemlet.2514  SI-8  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure S-3 Precambrian EuCN/EuCN* evolution curve of all stromatolites regardless of their depositional setting and Ba/Eu 
ratios. The average value of EuCN anomalies in all stromatolites (712 data points) shows persistent positive Eu anomalies in 
Archean samples. In comparison to the filtered graph (Fig. 2 of the main text), however, it becomes obvious that most of the high 
EuCN/EuCN* ratios are a result of BaO interference (Ba/Eu > 3000) rather than a true geochemical signal. Percentage values refer 
to the decrease of EuCN/EuCN* values relative to Palaeoarchean stromatolites from the Pilbara Craton. Respective data are given 
in Table S-2b. GOE: Great Oxidation Event; PAAS: Post Archean Australian Shale. 
 
Impact of BaO interferences: 

Screening for published Ba concentrations and positive correlations between EuCN/EuCN* and Ba/Eu (see Fig. 
2 of the main text for the filtered data and Fig. S-3 for all available stromatolite data regardless of their depositional 
setting and Ba/Eu ratios) were also applied because high Ba concentrations can lead to artificial EuCN anomalies based 
on BaO interferences on Eu during ICP-MS analyses that may significantly affect chemical sediments. This is 
especially true for carbonates with even lower REE concentrations compared to IFs, and almost all samples showing 
Ba/Eu ratios over 3000 (Fig. S-4: Viehmann et al., 2020) were excluded for interpretation. Figure S-4 also shows that 
higher REE concentrations of the IFs relative to the stromatolites typically lead to Ba/Eu ratios below the threshold 
of 3000, suggesting a less pronounced analytical impact on the REE composition of the IF. These observations lead 
to the inclusion of IF data even without published Ba concentrations. 
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Figure S-4 EuCN/EuCN* ratios relative to Ba/Eu ratios of IFs 
and stromatolites. EuCN/EuCN* ratios show no correlations with 
Ba/Eu until the threshold of ca. Ba/Eu ~ 3000. Over this 
threshold, analytical BaO interferences on Eu cause a strong 
increase in EuCN/EuCN* ratios that is especially pronounced 
within carbonates with lower REE concentrations relative to the 
IFs.  

 
 
 
 
 
 
 
 
 

 
 
Flux model for bio-essential elements 
The modal approach was adopted from (Sander and Koschinsky, 2011) and (Stüeken, 2020), using Geochemist 
Workbench® (GWB) and the thermo database. Results are shown in figures S-5, S-6, and Fig. 3 of the main text. A 
black smoker fluid from the modern Rainbow hydrothermal vent field in the mid-Atlantic was used as the hydrothermal 
endmember. This fluid was mixed with seawater in a ratio from 0.1 to 1000. Modern seawater was taken from (Sander 
and Koschinsky, 2011). In the Archean scenario, the seawater composition was set to differ from modern seawater in 
several parameters: pH was set to 7.0 in equilibrium with log(pCO2) = -1.5; the fluid was equilibrated with 10-5 bar H2 
instead of 0.21 bar O2; SO4

-2 was reduced to 20 µM; and Fe2+ was increased to 100 µM (see (Stüeken, 2020). The mixing 
calculations were done in the REACT module of GWB. Chloride was used for charge balancing. The maximum step 
size in the reaction (delxi under Config à stepping) was set to 0.0001. Supersaturated minerals in the hydrothermal 
fluid were allowed to precipitate prior to mixing, using the ‘dump’ function. The ‘flow-through’ function was used to 
prohibit minerals from back-reacting with the fluid, which is applicable in a scenario where fluid mixing occurs with 
progressive movement away from the vent center. 

In each model, the total number of moles of metals of interest (here Mn, Ni, Co, Cu, and Zn) was monitored. In 
all cases, some fraction of each metal precipitates upon mixing with seawater. Once precipitation had stopped, we used 
the final remaining amount of each metal, assuming that this amount would be dispersed into the global ocean. The 
hydrothermal flux was then calculated by multiplying the metal concentration with a hydrothermal water flux of 1014 
L/yr (Reinhard et al., 2013). 

River concentrations of the five elements were taken from the literature. Henderson and Henderson (2009) report 
average measured concentrations from modern rivers while (Hao et al., 2017) and (Moore et al., 2018) calculated river 
concentrations for the Archean, assuming anoxic conditions and distinct crustal compositions. In both cases, these 
concentrations were calculated by the modern river water flux of 3.74 x 1016 L/yr (Emerson and Hedges 2008). 
We acknowledge that many of the parameters used in this model are uncertain for the Archean ocean. However, the 
results can provide first-order trends. We find that for all five elements explored in this study, the hydrothermal flux 
was higher in the Archean than in the modern because a smaller fraction of each element precipitates. This is largely 
because the low redox state of Archean seawater limits the formation of metal oxides. Furthermore, the lower supply of 
sulfate impacts the formation of sulfide minerals (Fig. S-6).  
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Figure S-5 Estimate of the impact from riverine and hydrothermal sources onto modern and Archean oceans. The results are 
equivalent to Fig. 3 in the main text but illustrate the proportions of different metal sources relative to each other including an 
estimation for a 10x stronger hydrothermal flux during Archean times. 
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Figure S-6 Precipitation of minerals during mixing of hydrothermal fluid with seawater. Differences in the formation of oxides 
and sulfides due to differences in seawater composition affect the final concentration of metals that are dispersed into the global 
ocean. 
 
 
 
Supplementary Tables 
 
Table S-1 REE and Ba data of IFs (1a) and stromatolites (1b) from this study. 
 
Table S-2 Eu data of all IFs (2a) and stromatolites (2b) including references. 
 
Tables S-1 and S-2 are available for download (.xlsx) from the online version of this article at 
http://doi.org/10.7185/geochemlet.2514. 
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