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Abstract 

Carbonates (3.5 to 3.3 Ga) in the East Pilbara Terrane (EPT), Western Australia, including interstitial 15 

carbonate between pillow basalts, fracture-filling calcite, sedimentary carbonates and carbonate 

associated with stromatolites, provide valuable geochemical archives for reconstructing Early Earth 

environments. This study highlights three key findings: (1) Fracture-filling calcite D-2-W from the 3.48 

Ga Dresser Formation acts as a proxy for Paleoarchean shallow seawater geochemistry. It exhibits high 

Sr (1789 μg/g), δ¹³C (+2.20‰), δ¹⁸O (-13.03‰), and age-corrected ⁸⁷Sr/⁸⁶Sr (0.700596), alongside low 20 

concentrations of rare earth elements (REE) and Y (briefly REE+Y), near-chondritic Y/Ho ratios, and 

shale-normalized REE+Y patterns characterized by heavy REE enrichment, positive La and Y anomalies, 

and absence of Ce and Eu anomalies. These features reflect a shallow marine setting likely influenced 

by anoxygenic photosynthetic processes and low-intensity volcanic-hydrothermal interactions. (2) EPT 

interstitial carbonates reliably trace Paleoarchean seafloor hydrothermal systems driven by basalt-25 

seawater interactions. During hydrothermal alteration, water-rock reactions enriched carbonates in 

basalt-derived trace elements (Mg, Fe, Mn, light REE), lowered Sr and δ¹³C, and elevated ⁸⁷Sr/⁸⁶Sr and 

Eu/Eu*. (3) Post-depositional alterations of the interstitial carbonates exhibit distinct multi-element 

behaviors: recrystallization, often driven by low-temperature hydrothermal fluids, subtly shifts original 

geochemical compositions while preserving REE+Y patterns and δ¹³C values. In contrast, ankeritization, 30 

induced by high-temperature fluids, resulting in significantly elevated abundances of basalt-derived 

elements, altered REE+Y patterns with middle REE enrichment and pronounced positive Eu anomalies, 

and markedly higher ⁸⁷Sr/⁸⁶Sr ratios. Consequently, this study challenges the classical paradigm of using 

singular isotopic proxies (e.g., ⁸⁷Sr/⁸⁶Sr) to trace continental emergence, by establishing key geochemical 

fingerprints to discriminate between seawater and hydrothermal signatures in Archean carbonates. These 35 

insights provide critical calibration points for modeling early Earth ocean-tectonic evolution. 
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1. Introduction 

The geochemical composition of Paleoarchean seawater is still a subject of debate, due to the absence of 

pristine fluid inclusions or unaltered sedimentary archives older than 3.5 billion years (Ga). Previous 40 

works predict that the Paleoarchean ocean water composition was likely anoxic, ferruginous, phosphorus, 

sulfate-free, and dominated by hydrothermal processes (Veizer et al., 1989, 1992; Van Kranendonk et 

al., 2003; Rasmussen and Muhling, 2023; Pellerin et al., 2023; Rasmussen et al., 2024; Xiong et al., 

2025). However, direct geochemical evidence has been obscured by post-depositional overprinting—

particularly in carbonates where fluid-rock interactions mask primary signals (Veizer et al., 1989; Shields 45 

and Veizer, 2002; Van Kranendonk et al., 2003). Nonetheless, sedimentary carbonates are still regarded 

as the most valuable proxies for reconstructing past ocean conditions, as they integrate diagnostic 

elements from seawater during precipitation in various settings (Veizer, 1983; Smrzka et al., 2019). Thus, 

distinguishing pristine from secondary signatures is crucial for using carbonate as a proxy for past 

seawater compositions.  50 



Two widely utilized approaches are microfacies analysis and geochemical techniques. Carbonate 

microfacies consistently reflect depositional and burial conditions (Flügel and Munnecke, 2010). 

Consequently, microfacies analysis, especially when combined with field geological studies such as 

mapping and profiling, provides compelling visual evidence of primary formation processes and 

subsequent alterations (Biswas, 1983; Flügel, 2004; Yarmohammadi et al., 2020; Abd-Elhameed et al., 55 

2025). This makes it an indispensable prerequisite for conducting robust geochemical analyses. 

Geochemical approaches include the analysis of elemental compositions and isotopic signatures. More 

specifically, some major and trace elements behave mobile during alteration, allowing their abundance 

to estimate primary and secondary signatures. For instance, carbonate rock alteration results in an inverse 

Sr-Mn relationship, with progressive recrystallization leading to Sr loss and Mn gain (Veizer et al., 1989; 60 

Banner and Hanson, 1990). Due to the mobility of Sr in aqueous fluids, the primary primary 87Sr/86Sr 

ratios in carbonate minerals easily shift towards diagenetic fluid values. Post-depositional alteration 

nearly always changes the primary 87Sr/86Sr of carbonates (Veizer and Compston, 1974; Burke et al., 

1982), with radiogenic fluid sources (e.g., clay minerals) increasing ratios, and juvenile volcanic sources 

or dissolution of less radiogenic minerals decreasing them (Shields and Veizer, 2002).  65 

Despite these challenges, certain reliable tracers of depositional conditions, such as rare earth elements 

(plus yttrium, collectively referred to as REE+Y), can withstand later alteration and preserve original 

data (Parekh et al., 1977; Johannesson et al., 2006). Carbonate minerals, notably calcite, serve as long-

term stores for lanthanides, incorporating them more effectively than other trace elements (Sabau et al., 

2014). Significant loss of trace elements from the mineral lattice only occurs with complete mineral 70 

dissolution (Stipp et al., 2006). The resistance of REE+Y to alteration makes them valuable tools for 

reconstructing ancient environments and water sources (Bau and Dulski, 1996; Webb and Kamber, 2000; 

Kamber and Webb, 2001; Bolhar et al., 2005; Bau et al., 2010; Zhao et al., 2021).  

Among REE+Y, Y and Ho, geochemical twins, typically behave coherently in environments, keeping 

Y/Ho ratios in igneous rocks and epiclastic sediments near 28 (Bau, 1996; Zhao et al., 2022), which 75 

approximates the chondritic value range of 26 to 27 (Pack et al., 2007). However, modern seawater and 

marine sedimentary carbonates from Archean and Paleoproterozoic eras show Y/Ho ratios exceeding 44 

(Alibo and Nozaki, 1999; De Baar et al., 1985; Van Kranendonk et al., 2003; Kamber et al., 2004; 

Komiya et al., 2008; Planavsky et al., 2010; Luong et al., 2018), due to specific marine geochemical 

fractionation. Bau and Dulski (1999) attributed this to conservative Y near-vent mixing versus non-80 

conservative Ho mixing during high-temperature hydrothermal fluid-seawater interaction, with Ho 

preferentially scavenged by Fe oxyhydroxides (Bau et al., 1996, 1998; Bau, 1999; Smrzka et al., 2019). 

Additionally, Ho is scavenged about twice as fast as Y due to differing complexation with inorganic 

(carbonate ions) and organic ligands, enriching Y in seawater (Nozaki et al., 1997; Zhang et al., 1994; 

Qu et al., 2009). In addition, Eu is redox-sensitive (Eu³⁺ in oxidizing and Eu2⁺ in reducing environments) 85 

and exhibits strong temperature dependence: above 250°C in reduced sulfur environments, nearly all Eu 

in acidic fluids is divalent (Sverjensky, 1984). Eu²⁺ has lower sorption affinity than Eu³⁺, preferentially 

partitioning into the dissolved phase over trivalent REE neighbors (Bau, 1991; Bau and Möller, 1992). 

This decoupling is pronounced during high-T metamorphism (>250°C) under reducing conditions 

(Sverjensky, 1984; Bau, 1991, 1993; Bilal, 1991), yielding chondrite-normalized Eu/Eu* > 1 in high-T 90 

fluids and Eu/Eu* ≈ 1 in low-T fluids (<250°C) (Bau and Dulski, 1996). Thus, combining petrology and 



geochemistry aids in identifying primary and secondary carbonate facies, recognizing depositional 

environments and assessing diagenetic alteration impacts. 

Within carbonate facies, sedimentary carbonates (e.g., stromatolites) are favored as critical archives for 

reconstructing Paleoarchean seawater composition (Van Kranendonk et al., 2003; Allwood et al., 2010; 95 

Sugitani et al., 2015; Nutman et al., 2016; Viehmann et al., 2020; Hohl et al., 2024; Xiang et al., 2024). 

For example, stromatolitic carbonates in the Strelley Pool Formation (ca. 3.4 Ga; briefly SPF) exhibit a 

higher average δ¹³C value (2.53 ± 1.11‰; Lindsay et al., 2005; Flannery et al., 2018; Xiang et al., 2024) 

compared to the near-constant seawater δ¹³C of ~0‰ (Schidlowski, 1988), a positive deviation linked to 

restricted marine settings where photoautotrophic microorganisms in microbial mats sequestered ¹²C, 100 

enriching environmental and carbonate ¹³C (Melezhik et al., 2001; Arp et al., 2011; Xiang et al., 2024). 

These carbonates exhibit REE+Y patterns characteristic of anoxic seawater with hydrothermal influence, 

including smooth LREE depletion, no Ce anomaly, positive La, super-chondritic Y/Ho ratios, and 

pronounced positive Eu anomalies (Van Kranendonk et al., 2003; Viehmann et al., 2020), which align 

with sedimentological observations (Allwood et al., 2006a, 2007). However, multiple dolomite 105 

generations (Allwood et al., 2009; Flannery et al., 2018; Xiang et al., 2024) and reset Sm-Nd isotopes 

(Viehmann et al., 2020) indicate post-depositional alteration, potentially obscuring pristine seawater 

geochemistry. 

Recent studies of interstitial carbonates in basalt interpillow spaces of the 3.53–2.83 Ga Pilbara Craton 

(Western Australia), formed through hydrothermal alteration of Archean oceanic crust, provide novel 110 

geochemical constraints on Archean seawater composition and crust-seawater interactions (Nakamura 

and Kato, 2002, 2004; Yamamoto et al., 2004; Lindsay et al., 2005; Shibuya et al., 2012; Marien et al., 

2023; Xiang et al., 2024). Compared to stromatolites, these carbonates exhibit lower δ¹³C values (-0.12 

± 1.76‰; Shibuya et al., 2012; Xiang et al., 2024) and similar REE+Y patterns but with higher total 

REE+Y concentrations and near-chondritic Y/Ho ratios (Nakamura and Kato, 2004; Yamamoto et al., 115 

2004; Marien et al., 2023). Marien et al. (2023) distinguished two calcite types: (1) coarse-grained (Type 

I) with elevated Mn (478–14790 μg/g), high REE+Y, low Sr, and radiogenic ⁸⁷Sr/⁸⁶Sr(i), precipitated 

from boiling seawater trapped during pillow lava eruption; and (2) fine-grained (Type II) with lower Mn 

(13.7–420 μg/g), higher Sr (825–2516 μg/g), and ⁸⁷Sr/⁸⁶Sr(i) of 0.7010–0.7011 (3.34 Ga) and 0.70137 

(3.12 Ga), formed from seawater in degassing spaces with minimal fluid-rock interaction. Most samples 120 

yield Sm-Nd isochron ages consistent with host rocks (Marien et al., 2023). Petrographic and in-situ 

geochemical analyses by Xiang et al. (2024) identified four interstitial carbonate facies: sparry calcite, 

acicular crystal-fan calcite, recrystallized blocky/massive sparry calcite, and ankerite. Their formation 

was driven by Mg-, Fe-, Al-, Si-, and Mn-enriched fluids derived from hydrothermal chlorite breakdown 

during basalt-seawater interactions. However, unaltered material identification and diagenetic correction 125 

remain essential for reconstructing depositional conditions and resolving the "complex and prolonged" 

diagenetic histories of marine carbonates (Bathurst, 1975; Fantle et al., 2020).  

This study thus focuses on the geochemical diversity of Paleoarchean carbonates from the 3.53–3.17 Ga 

East Pilbara Terrane (EPT)—the Pilbara Craton's ancient nucleus and one of only two cratons preserving 

extensive, low-grade metamorphosed Paleoarchean exposures that contains Earth's oldest biosignatures, 130 

including microfossils and stromatolites (the other being the Kaapvaal Craton, southern Africa; Van 



Kranendonk et al., 2002, 2008, 2019; Allwood et al., 2006a, 2007; Lepot, 2020). Facies-specific 

geochemical analyses (major/trace elements, REE+Y patterns, and age-corrected ⁸⁷Sr/⁸⁶Sr) reveal 

insights into seawater composition, hydrothermal fluid chemistry during seawater-basalt interactions, 

and early Earth mantle-crust-ocean coupling. Post-depositional alteration effects were also quantified to 135 

refine future paleoenvironmental reconstructions. 

2. Sampling information 

2.1 Geological setting 

The EPT evolved through a series of at least three mantle plume events: the Warrawoona event (3.53–

3.42 Ga), Kelly event (3.35–3.29 Ga), and Sulphur Springs event (3.27–3.24 Ga), creating a complex 140 

volcanic plateau (Smithies et al., 2005; Huston et al., 2007; Van Kranendonk et al., 2002, 2006a, b, 2007a, 

b, 2015; Champion and Smithies, 2007; Pirajno, 2007a, b). These events resulted in a >20 km thick 

(ultra)mafic and felsic volcano-sedimentary succession, part of the Pilbara Supergroup (Fig. 1). Multiple 

tectonic models for Pilbara Supergroup volcanic rocks have been proposed (Glikson and Hickman, 1981; 

Hickman, 1983; Bickle et al., 1983, 1993; Barley et al., 1984; Barley, 1993; Arndt et al., 2001; Ueno et 145 

al., 2001; Kitajima et al., 2001; Kato and Nakamura, 2003), but recent studies favor an origin from 

discrete mantle melting events on older felsic crust (Van Kranendonk et al., 2002, 2007a, b, 2015; 

Hickman and Van Kranendonk, 2004; Van Kranendonk and Pirajno, 2004; Fischer and Gerya, 2016), 

with the dome-and-keel pattern forming North Pole Dome through granitic dome diapirism during crustal 

overturn (Van Kranendonk et al., 2019). The region's tectonic history marked by repeated uplift and 150 

deepening suggested by alternating geological features. 

Figure 1: (a) Simplified geological map of the North Pole Dome, Eastern Pilbara Terrane, Western Australia, 

including sampling localities (red stars). (b) Simplified stratigraphy of the studied Archean rocks (Xiang et 

al., 2024; modified from Van Kranendonk and Hickman, 2000; Van Kranendonk et al., 2007b; Hickman and 

Van Kranendonk, 2012). 155 

 

The Pilbara Supergroup was subdivided into four autochthonous groups: Warrawoona, Kelly, Sulphur 

Springs, and Soanesville groups (Van Kranendonk, 2006; Van Kranendonk et al., 2006a, 2007a, 2008, 

2015, 2019). The Warrawoona Group (>12 km thick) consists of eight volcanic cycles capped by 

sedimentary units silicified by hydrothermal fluids (Hickman and Van Kranendonk, 2004; Van 160 

Kranendonk, 2006; Van Kranendonk et al., 2019). It includes pillowed basalts, komatiitic basalts, and 

felsic volcanic rocks, along with minor sedimentary units (Buick and Barnes, 1984; Lowe and Byerly, 

1986; Thorpe et al., 1992; McNaughton et al., 1993; Byerly et al., 2002).  

In the studied region, the oldest, basaltic North Star Basalt formation (3490 ±15 million years, Ma Ar/Ar) 

was overlain by the Dresser Formation with a U-Pb zircon age of 3481± 2 Ma (Van Kranendonk et al., 165 

2008; Hickman and Van Kranendonk, 2012). This formation, a low‐eruptive felsic caldera affected by 

syndepositional growth faults in a restricted marine setting, stands out for its remarkable preservation of 

subaerial epithermal features including geyserites and hot springs, which potentially harbor microbialite 



fossils (Nijman et al., 1998; Van Kranendonk et al., 2008; Djokic et al., 2017, 2021; Baumgartner et al., 

2019; Tadbiri and Van Kranendonk, 2020; Caruso et al., 2021). Overlying the Dresser Formation is an 170 

approximately 4 km thick mafic succession of the Antarctic Creek Member of the Mt Ada Basalt, with 

U–Pb zircon age of 3470 ± 2 Ma (Byerly et al., 2002; Hickman and Van Kranendonk, 2012). It underlies 

up to 1.3 km of felsic volcanic and volcaniclastic rocks of the Duffer and Panorama formations, and up 

to 150 m of the Marble Bar Chert Member of the Towers Formation in the far southeastern corner of the 

dome (Hickman and Van Kranendonk, 2012). The Apex Basalt, the stratigraphically youngest basaltic 175 

formation in the Warrawoona Group, has a depositional age ranging from 3463 to 3454 Ma, as 

constrained by zircon U-Pb ages from the underlying felsic Duffer Formation (Thorpe et al., 1992; 

McNaughton et al., 1993) and the overlying felsic Panorama Formation (Thorpe et al., 1992). The 

Strelley Pool Formation, with a detrital zircon U-Pb age of 3414 ± 34 Ma (Gardiner et al., 2019) and a 

carbonate Sm-Nd isotopic age of approximately 3253 ± 320 Ma (Viehmann et al., 2020), disconformably 180 

overlies the Panorama Formation. It comprises fluviatile to shallow marine conglomerates and quartzite, 

well-preserved stromatolitic marine carbonates of diverse macroscopic and microscopic forms, and some 

coarse clastic rocks, deposited on a carbonate platform that spanned the EPT (Lowe, 1983; Van 

Kranendonk et al., 2003; Van Kranendonk, 2006, 2007; Allwood et al., 2006a). This formation is 

conformably succeeded by the 3350-3335 Ma Euro Basalt, which includes a 1.5 km-thick basaltic 185 

komatiite unit and up to 5 km of overlying, interbedded komatiitic and tholeiitic basalts (Van Kranendonk 

et al., 2006a, 2019; Hickman and Van Kranendonk, 2012). 

2.2 Sample description  

The studied EPT carbonates comprise three distinct facies: ~3.5–3.4 Ga interstitial carbonates in pillow 

basalt interspaces, ~3.5–3.4 Ga bedded sedimentary carbonates, and ~3.4 Ga stromatolites. Sampling 190 

sites are marked on the EPT geological map, and their stratigraphic positions are shown in Figure 1. 

Detailed petrographic features, formation mechanisms, and depositional settings are fully described in 

Xiang et al. (2024) and summarized here. 

Interstitial carbonates fall into four types: (1) primary, acicular crystal-fan calcite from the Apex Basalt 

(Fig.2a); (2) recrystallized/altered, blocky/massive/sparry calcite from the North Star, Apex, and Euro 195 

Basalts, and the Dresser Formation (Fig.2b, c); (3) blocky ankerite from the North Star and Mt Ada 

Basalts (Fig.2d); (4) fracture-filling sparry calcite from the Dresser Formation (Fig.2e). These carbonates 

likely precipitated abiotically from high-alkalinity hydrothermal fluids generated by seawater-basalt 

interactions.  

Figure 2: Thin-section photomicrographs from the North Pole Dome, Eastern Pilbara Terrane 200 

(Western Australia). The samples reveal four distinct types of interstitial carbonates: (1) primary 

facies: the acicular crystal-fan calcite (a); (2) recrystallized/altered facies: blocky calcite (b) and 

massive calcite and sparry calcite (sparite) in (c); (3) The blocky ankerites often exhibiting the 

calcite overgrowth; (4) Fracture-filling calcite precipitated in wide fractures. Sedimentary 

carbonates include two types, namely marine ankerite associated with organic matter (f, g) and 205 

terrestrial hydrothermal dolomite-calcite assemblages (h). (I, j) show stromatolite from the Strelley 



Pool Formation displays tri-generational dolomite, with initial generation (D1) partially 

recrystallized into subsequent generations (D2-D3). Samples (a-c) derive from the Apex Basalt, (d) 

from Mt Ada Basalt, and (e, f-h) from the Dresser Formation. All photographs were taken under 

plane-polarized light except (b, c) under cross-polarized light and (j) under Cathodoluminescence. 210 

Scale bars in (a, f-h) are 200 µm (also applies to b-e, i), whereas the scale bar in (j) is 25 µm. 

(Mineral abbreviation: Cal-calcite, Qtz- quartz, Ank-ankerite, Dol-dolomite). 

Bedded sedimentary carbonates include two types: one is mainly ankerite closely associated with organic 

matter and chert from the Dresser Formation and Euro Basalt (Fig.2f, g); the other is dolomite-calcite 

from the Dresser Formation (labeled as DB in Table 1; Fig.2h). These carbonates formed through 215 

organomineralization, with varying hydrothermal influences: DB likely originated in a subaerial 

hydrothermal pond, while others formed in shallow marine settings with minor hydrothermal input. 

The stromatolite sample consists of three generations of dolomite cemented by chert from the Strelley 

Pool Formation (Fig.2i, j), indicating microbial extracellular polymeric substance (EPS)-mediated 

biomineralization in shallow marine environments. 220 

3. Methods 

3.1 Sample preparation 

Samples were prepared via two approaches. Homogeneous whole-rock samples, including bedded 

sedimentary carbonates (Tsu and DB) and stromatolite (Strelley), were fully pulverized and homogenized 

using an agate ball mill. For the remaining samples, mineral facies were selected based on petrographic 225 

observations. Small cylinders (~1 cm in diameter, devoid of visible alteration, inclusions, or secondary 

porosity) were drilled from rock sections, ultrasonically cleaned in ethanol three times, air-dried at room 

temperature, and then crushed into fragments. These carbonate fragments were hand-selected and ground 

to powder in an agate mortar. 

 230 

A sequential leaching protocol was employed to isolate the carbonate fraction and minimize 

contamination, using ultrapure reagents throughout. Carbonate powder (~50 mg) was digested overnight 

in ~0.3 M HNO₃ within Teflon beakers at room temperature, followed by centrifugation to separate 

supernates and potential precipitates. The supernates were dried at 80 °C, while precipitates were dried 

at 60 °C. To eliminate organic contaminants that could interfere with precise measurements, dehydrated 235 

supernates were dissolved in 0.2 mL concentrated HNO₃ at 80 °C for 2 h, sequentially treated with 0.2 

mL H₂O₂ for 15 h and 0.2 mL 6 M HCl for 2 h, and then dried at 80 °C. The residue was refluxed in 1.2 

mL 3 M HNO₃, centrifuged to isolate supernates and insoluble fractions, and the supernates were dried 

again for further analysis. Insoluble fractions from both centrifugation steps were weighed to determine 

the mass of the analyzed sample and dissolved fractions. Carbonate geological reference materials (Jls-240 

1, JDo-1, Cals-1; Table A.1) and procedural blanks were processed alongside samples to ensure 

reproducibility and quality control. All procedures and measurements were conducted at the Geoscience 

Center, University of Göttingen. 



 

3.2 Elemental concentrations 245 

Major and minor element concentrations were determined using an Agilent 5100 VDV inductively 

coupled plasma-optical emission spectrometer (ICP-OES). Aliquots of digested sample solutions were 

diluted to 10 mL in a 2 wt% HNO₃ + 0.5 wt% HCl matrix, and dilution factors were calculated 

gravimetrically. Calibration was performed by measuring a blank solution and six multi-element 

calibration standards. Measurements of international reference materials (Jls-1, JDo-1, Cals-1) bracketed 250 

sample analyses, with standard deviations of Jls-1 and JDo-1 used to estimate measurement precision for 

calcite and dolomite, respectively. Seven procedural blanks were analyzed periodically, and their mean 

value was subtracted from each calibrated measurement before applying individual dilution factors. 

Trace element concentrations in the samples were determined using a Thermo Fisher Scientific iCAP Q 

ICP-MS equipped with an Apex desolvating nebulizer and PFA spray chamber. Aliquots of digested 255 

samples were dried, dissolved in 0.4 M HNO₃–0.05 M HF, and diluted gravimetrically to a final ~5000× 

factor via two-step dilution. The method utilized an internal standard (containing 100 ng/g ⁹Be, 10 ng/g 

¹¹⁵In, and 10 ng/g ²⁰⁹Bi), multi-element external calibration standards, and 20 ppb Ba, Nd, Pr standard 

solutions to correct spectral interferences (e.g., ¹³⁵Ba¹⁶O⁺ on ¹⁵¹Eu⁺, ¹⁴¹Pr¹⁶O⁺ on ¹⁵⁷Gd⁺, ¹⁴⁶Nd¹⁶O⁺ on 

¹⁶²Dy⁺). Oxide formation (<0.6% CeO/Ce) was negligible. Reference materials (Cal-s, JLs-1, JDo-1) 260 

were analyzed every five samples to monitor data quality. Long-term precision and accuracy for rare 

earth elements (REEs) were <10% (RSD), except for Sm, Eu, Gd in JLs-1 (accuracy <20%; Table A.1). 

Only elements with <10% accuracy were used to correct matrix effects and instrumental drift (not 

addressed by internal standardization); JLs-1 and JDo-1 served as references for calcite and dolomite, 

respectively. 265 

All REE and Y concentrations are normalized to Post-Archean Australian Shale (PAAS; subscript SN, 

after Pourmand et al., 2012), which reflects the composition of weathered and recycled terrigenous 

material derived from the continental crust (Taylor and McLennan, 1985). Anomalous behaviors are 

quantified using the following equations:  

Ce/Ce* = CeSN/(0.5PrSN + 0.5LaSN), Pr/Pr* = PrSN/ (0.5CeSN + 0.5NdSN) (after Bau and Dulski, 1996) ;  270 

La/La* = LaSN/(3PrSN– 2NdSN) and Gd/Gd* = GdSN/(2TbSN - DySN) (after Alexander et al., 2008);  

Eu/Eu* = EuSN/(SmSN
2 * TbSN)1/3  and Y/ Y* = YSN/(0.5ErSN × 0.5HoSN) (after Lawrence et al. 2006).  

The widespread positive La anomaly in Archean samples may affect Ce anomaly calculations; thus, the 

validity of the revised Ce/Ce* equation is assessed by cross-plotting with Pr/Pr*. Light-to-heavy REE 

ratios in Archean carbonates are expressed as Pr SN /Yb SN (Planavsky et al., 2010), while Sm SN /Yb SN is 275 

used here to reflect middle-to-heavy REE ratios, rather than LREE depletion as suggested by Kamber 

and Webb (2001). To compare Y and REE behaviors, Y (+3: 1.02 Å) is positioned between Dy (+3: 1.03 

Å) and Ho (+3: 1.02 Å) (ChemGlobe, 2026) in PAAS-normalized REE+Y patterns. Y’s anomalous 



behavior relative to REEs is evaluated using non-normalized Y/Ho weight ratios, reflecting their ionic 

radius similarity (Bau and Dulski, 1996). 280 

3.3 Radiogenic Sr isotopic composition 

Aliquots of sample solutions and reference materials (JLs-1 and JDo-1) were spiked with 87Rb-84Sr tracer 

solutions. The spiked aliquots were dried, dissolved in 3.0 mL 2.5 M HCl, and subjected to cation 

exchange chromatography using BioRad AG 50×8 (200–400 mesh) resin to separate Rb and Sr from 

matrix elements. The Rb fraction was collected, dried, dissolved in 0.5 M HNO₃. Concentrations of Rb 285 

were determined on a ThermoFisher Scientific ELEMENT2 mass spectrometer using an ID-SF-ICPMS 

technique as described in Willbold and Jochum (2005). The Sr fraction was further purified with Triskem 

Sr-spec resin (50–100 μm) to eliminate residual 87Rb interference on 87Sr during mass spectrometry, 

following the method of Pin et al. (2014). Measurements were performed on a ThermoFisher Scientific 

Neptune Plus MC-ICP-MS equipped with a Teledyne Cetac Aridus3 desolvation system. Sr isotope ion 290 

currents were measured with 10¹¹ Ω amplifiers, while interfering isotopes (e.g., 83Kr and 85Rb for Sr) 

were monitored using 10¹² Ω amplifiers. NIST SRM 987 was analyzed every five samples, followed by 

reference materials and procedural blanks. The 86Sr/88Sr ratio was normalized to 0.1194 using an 

exponential law. After offline correction implementing the double isotope dilution equation of Boelrijk 

(1968), the long-term mean 87Sr/86Sr ratio for NIST SRM 987 is 0.710246 ± 0.000009 (2σ, n = 65 over 295 

60 months). The 87Sr/86Sr ratios for JDo-1 and JLs-1 are 0.707575 ± 0.000028 (2σ, n = 2) and 0.707847 

± 0.000019 (2σ, n = 2), respectively, whereas repeated long-term digestions and measurements of the 

basaltic geological reference material JB-2 yielded 87Sr/86Sr of 0.703675 ± 0.000006 (2σ, n = 9 over 60 

months). Further details regarding the analytical technique can be found in Hegner et al. (2020). 

4. Results 300 

Table 1 presents the concentrations of major and trace elements, along with PAAS-normalized REE+Y 

anomalies, in EPT carbonates. The dissolved mass fraction is the mass ratio of the dissolved to weighed 

sample. For the interstitial carbonates studied, lower dissolved mass fractions indicate more quartz 

cement or post-deposition veins. Most interstitial carbonates have dissolved mass fractions >70 wt%, 

except D-1 and E-3. In contrast, whole-rock samples of bedded sedimentary carbonates and SPF 305 

stromatolites have lower mass fractions (down to 16.5 wt%) due to significant amounts of chert matrix. 

A highly silicified SPF stromatolite sample (SHAW), with an extremely low dissolved mass fraction 

(0.37 wt%), is excluded from most analyses but included for its REE+Y pattern. 

Table 1: Geochemical compositions of the various carbonates from the East Pilbara Terrane, 

Western Australia  310 

4.1 Major and trace elements 

Based on major and trace element data (Table 1) and carbonate rock classification (Fig.3a), the primary 

interstitial calcite averages 39.5 ± 0.8 wt% Ca, 0.5 ± 0.3 wt% Mg, 1.4 ± 0. 7 wt% Fe, and 0.8 ± 0.1 wt% 



Mn. The altered interstitial calcite exhibits comparable Ca (40.8 ± 0.8 wt%) and Mn (0.8 ± 0.2 wt%) but 

lower Mg (0.2 ± 0.1 wt%) and Fe (0.5 ± 0.3 wt%). The interstitial ankerite averages 25.1 ± 3.8 wt% Ca, 315 

6.5 ± 1.5 wt% Mg, 8.8 ± 1.3 wt% Fe, and 0.7 ± 0.2 wt% Mn. The fracture-filling calcite contains 42.2 ± 

0.0 wt% Ca and trace amounts of Mg (≤0.2 wt%), Fe (≤0.1 wt%), and Mn (~ 0.0 wt%). Sedimentary 

carbonates are primarily ankerite, with averages of 22.8 ± 2.3 wt% Ca, 8.6 ± 1.6 wt% Mg, 9.8 ± 2.0 wt% 

Fe, and 1.1 ± 0.2 wt% Mn, except for calcite-dominated sample DB (36.6 wt% Ca, 2.3 wt% Mg, 0.2 wt% 

Fe, and 0.2 wt% Mn; possibly with minor dolomite). SPF stromatolites consist of dolomite (22.7 wt% 320 

Ca, 12.0 wt% Mg, 1.7 wt% Fe, and 0.4 wt% Mn). Sr is highly enriched in fracture-filling calcite, ranging 

from 1198.5 to 1789.3 μg/g (1493.9 ± 417.8 on average), while its levels are far lower in interstitial 

carbonates (the primary 119.1 ± 17.3 μg/g, the altered 89.4 ± 26.7 μg/g, ankerite 151.3 ± 86.3 μg/g, on 

average), sedimentary carbonates (60.2 ± 41.2 μg/g on average), and stromatolites (47.8 μg/g). 

Figure 3: (a) Carbonate rock classification based on converted CaCO₃-MgCO₃-(Fe+Mn)CO₃ 325 

compositions (wt%). It reveals that the EPT carbonates mainly comprise calcite, dolomite, and 

ankerite. Cross-plots of EPT carbonates display molar Mg/Ca ratio vs. (b, c) Fe (wt%), (d) Mn 

(wt%), and (e) Sr (μg/g), revealing varied Fe, Mn, and Sr levels across carbonate facies. The dashed 

square in (b) is enlarged in (c), with grey lines and envelope indicating strong Fe-lithology 

correlations, suggesting dissolved Fe mainly from carbonates. Data on interstitial carbonates are 330 

sourced from Nakamura and Kato (2004), Yamamoto et al. (2004), and Marien et al. (2023), while 

sedimentary carbonate and stromatolite data come from Viehmann et al. (2020). (Abbreviations: 

Cal. –calcite; P-primary; A-altered; Carb. -carbonate; SPF- Strelley Pool Formation; ref-

reference). 

Plots of molar Mg/Ca ratio against Fe, Mn, and Sr concentrations show variable levels of these elements 335 

across EPT carbonate facies (Fig. 3b-e). Samples of primary and altered interstitial calcites, marine 

sedimentary carbonates, and SPF stromatolites exhibit a strong lithological control on Fe (wt%) that its 

linear variation with the molar Mg/Ca ratio in calcite and dolomite facies. This suggests that dissolved 

Fe primarily originates from carbonates rather than other minerals. However, considering petrological 

findings (Xiang et al., 2024), large deviations in interstitial ankerite and sample DB may stem from 340 

ankerite-calcite mixing and iron oxide contamination, respectively, which may also explain deviations 

in some other carbonates and stromatolites (Nakamura and Kato, 2004; Yamamoto et al., 2004; 

Viehmann et al., 2020; Marien et al., 2023). Regarding Mn and Sr, fracture-filling calcite shows notably 

higher Sr but lower Mn, while other carbonate facies display no correlation and significant differences. 

Some diagnostic trace element concentrations (Fig.4) are briefly introduced below (excluding outliers). 345 

Interstitial carbonates have consistently low Al contents, ranging from 0.00 to 0.07 wt% (0.02 wt% on 

average). Sedimentary carbonates show a similar Al range but a higher mean (0.07 ± 0.05 wt% on 

average), while fracture-filling calcite and SPF stromatolites have negligible Al. Sc concentrations rise 

in the order (on average): fracture-filling calcite (0.25 μg/g), interstitial ankerite (0.72 μg/g), stromatolite 

(1.81 μg/g), altered interstitial calcite (2.31 μg/g), primary interstitial calcite (2.45 μg/g), and sedimentary 350 

carbonate (8.36 μg/g). A similar trend is seen for Ti, likely in anatase (Xiang, 2023), with averages 

increasing from 0.07 to 4.83 μg/g. Ba, often of hydrothermal origin, is lower in interstitial carbonates 

(9.26 μg/g on average) and higher in sedimentary carbonates and stromatolites (67.58 μg/g on average). 



The extremely high Ba (4594.74 μg/g) in DB is due to its location atop bedded barite layers. Rb is 

generally low in carbonates: interstitial carbonates (0.04 μg/g on average), fracture-filling calcite (0.01 355 

μg/g), stromatolites (0.06 μg/g), and sedimentary carbonates (0.67 μg/g). 

Figure 4: Plots showing trace element concentrations (Al in wt%, others in μg/g) in the EPT 

carbonates. The SPF stromatolite and the Paleoarchean seawater endmember (D-2-W, details in 

Section 5.2.1) are marked by diamond and star, respectively. (Abbreviations: Cal. –calcite; P-

primary; A-altered; Ank.-ankerite; Carb. -carbonate). 360 

4.2 Rare earth elements and REE+Y patterns 

Figure 5 displays the PAAS-normalized REE+Y patterns across different stratigraphic layers whereas in 

Figure 6, selected trace element ratios are present. 

Figure 5: The PAAS-normalized REE+Y patterns of EPT carbonates and referenced counterparts, 

stratigraphically organized. (a) North Star Basalt, (b) Dresser Formation, (c) Mt Ada Basalt, (d) 365 

Apex Basalt, (e) Strelley Pool Formation, and (f) Euro Basalt. Abbreviations: "ICal" denotes 

interstitial calcite (P = primary facies, A = altered facies); "IAnk" indicates interstitial ankerite; 

"Sed Carb" represents sedimentary carbonate; "FFCal" refers to fracture-filling calcite. "ICal-

I" and "ICal-II" are Type I and II interstitial carbonates from Ref.2; "Carbi" in (f) denotes 

carbonate inclusions in Euro pillow basalt margins (Ref.7). "Ref-X" indicates data from reference 370 

X, while "Ref-X.mv" represents the mean of referenced data in Figure A.1. References: Ref.1 - 

Van Kranendonk et al. (2003); Ref.2 - Marien et al. (2023); Ref.3 - Nakamura and Kato (2004); 

Refs.4-6 - Van Kranendonk et al. (2003), Allwood et al. (2010), Viehmann et al. (2020); Ref.7 - 

Yamamoto et al. (2004). 

Figure 6: Plots of diagnostic REE+Y ratios and the PAAS-normalized REE+Y anomalies for EPT 375 

carbonates and references. (a) Y/Ho weight ratios, (b) Y/Y*, (c) Eu/Eu* vs. total REE+Y (μg/g), (d) 

Ce/Ce* vs. Pr/Pr*, (e) Gd/Gd vs. La/La*, and (f) Sm/YbSN vs. Pr/YbSN. These reveal that EPT 

carbonates generally exhibit near-chondritic or elevated Y/Ho ratios, no Ce anomaly, and positive 

La, Eu, and Y anomalies, along with LREE depletion. Reference data are sourced from Van 

Kranendonk et al. (2003), Nakamura and Kato (2004), Yamamoto et al. (2004), Allwood et al. 380 

(2010), Viehmann et al. (2020) and Marien et al. (2023). (Abbreviations: Cal. – calcite; P – primary; 

A – altered; Carb. – carbonate; SPF- Strelley Pool Formation; ref.- reference). 

Total REE+Y concentrations increase from fracture-filling calcite (2.27 ± 0.05 μg/g) and stromatolite 

(4.43 μg/g) to sedimentary carbonates (41.54 ± 9.87 μg/g). Interstitial carbonates, however, display a 

wide range of concentrations due to sparse data availability: primary interstitial calcite ranges from 23.32 385 

to 142.95 μg/g, altered interstitial calcite from 13.19 to 399.79 μg/g, and interstitial ankerite from 18.10 

to 128.68 μg/g. 

Absolute Y/Ho ratios are relatively consistent across most samples, with primary interstitial calcite 

showing 32.86 ± 2.94, altered interstitial calcite 35.24 ± 4.90, interstitial ankerite 33.53 ± 4.61, fracture-



filling calcite 33.53 ± 4.30, and sedimentary carbonates 31.38 ± 2.34. The stromatolite sample stands out 390 

with a significantly higher Y/Ho ratio of 46.50, suggesting a unique geochemical signature. 

Average Y/Y* ratios vary more widely, with primary interstitial calcite at 1.57 ± 0.98, altered interstitial 

calcite at 2.08 ± 1.50, interstitial ankerite at 4.07 ± 5.13 (ranging from 0.87 to 11.68), and sedimentary 

carbonates at 1.63 ± 0.60. Fracture-filling calcite and stromatolite exhibit even higher values of 21.49 ± 

0.21 and 28.49, respectively, indicating distinct Y anomalies in these samples. 395 

The Eu/Eu* ratios increase from fracture-filling calcite with a ratio of 1.18 ± 0.19, the ratios increase 

through primary (1.69 ± 0.20) and altered (1.58 ± 0.36) interstitial calcites, with a maximum in interstitial 

ankerite (2.99 ± 1.00). Sedimentary carbonates (2.30 ± 0.60) and stromatolite (2.32) fall within the range 

observed for ankerite, indicating a similar degree of Eu anomaly. 

Ce/Ce* ratios are relatively uniform, with primary interstitial calcite at 1.04 ± 0.03, altered interstitial 400 

calcite at 1.08 ± 0.06, interstitial ankerite at 0.95 ± 0.08, fracture-filling calcite at 1.06 ± 0.01, and 

sedimentary carbonates at 0.98 ± 0.06 (excluding the outlier DB with a value of 0.36). Stromatolite shows 

a Ce/Ce* ratio of 1.03, consistent with the other samples. 

La/La* anomalies present a diverse range: primary interstitial calcite at 2.10 ± 0.39, altered interstitial 

calcite at 2.07 ± 0.67, interstitial ankerite at 0.70 ± 1.21, fracture-filling calcite at 2.26 ± 0.04, sedimentary 405 

carbonates at 2.63 ± 1.01, and stromatolite at 5.00.  

Pr SN /Yb SN ratios also exhibit a wide range, with primary interstitial calcite from 0.07 to 0.16, altered 

interstitial calcite from 0.07 to 0.38, interstitial ankerite from 0.22 to 1.48, fracture-filling calcite from 

0.04 to 0.13, sedimentary carbonates from 0.08 to 0.72, and stromatolite at 0.2. Similarly, Sm SN /Yb SN 

ratios vary from primary interstitial calcite (0.17 to 0.48), altered interstitial calcite (0.12 to 0.83), 410 

interstitial ankerite (1.12 to 3.04), fracture-filling calcite (0.11 to 0.35), sedimentary carbonates (0.24 to 

1.41), to stromatolite (0.72). The feature of Pr SN /Yb SN and Sm SN /Yb SN < 1 indicates that most of these 

carbonates show HREE enrichment, and interstitial ankerite displays MREE enrichment, while partial 

sedimentary carbonates may exhibit LREE depletion, consistent with their REE+Y pattern shapes (Fig.5).  

Overall, EPT carbonates exhibit HREE enrichment, no Ce anomaly, slight La and Gd positivity, and 415 

strong positive Eu and Y anomalies, consistent with prior studies (Fig. 5, 6; Van Kranendonk et al., 2003; 

Nakamura and Kato, 2004; Yamamoto et al., 2004; Allwood et al., 2010; Viehmann et al., 2020; Marien 

et al., 2023). However, some exceptions exist: CP-1 (highest REE+Y) shows only a positive Eu anomaly, 

while three low-REE+Y Dresser Formation samples exhibit only Y anomalies (Fig. 5a, b). A decline in 

Y anomalies with increasing total REE+Y is observed, but no clear correlation exists for Eu anomalies 420 

(Fig. 6a-c). Notably, the convex REE+Y pattern with MREE enrichment and strong Eu positivity is also 

seen in highly silicified SPF stromatolite (SHAW), which combines features of its less altered counterpart 

and Mt Ada interstitial ankerite (Fig. 6a-c). 



4.3 Stable δ¹³CVPDB，δ¹⁸OVPDB and radiogenic ⁸⁷Sr/⁸⁶Sr isotopes 

The carbon and oxygen isotopic compositions of various carbonate types are listed in Table 1 with data 425 

sourced from Xiang et al. (2024). Average δ¹³CVPDB values increase sequentially: altered interstitial 

calcite registers the lowest at -0.29 ± 1.30‰, followed by interstitial ankerite at 0.53 ± 0.38‰, primary 

interstitial calcite at 0.63 ± 0.12‰, sedimentary carbonate at 1.39 ± 0.38‰ (with the notable exception 

of sample DB at -5.10‰), fracture-filling calcite at 2.27 ± 0.10‰, and stromatolite peaking at 2.50‰. 

For δ¹⁸OVPDB, interstitial carbonates show lower values: primary (-16.70 ± 0.56‰), altered (-18.71 ± 430 

0.99‰), ankerite (-16.77 ± 1.96‰), fracture-filling (-15.42 ± 3.38‰); sedimentary carbonate is -14.62 

± 1.4‰ (except DB at -7.88‰), and stromatolite is -13.16‰. 

Table 2 presents age-corrected radiogenic Sr isotopic compositions of EPT carbonates. Fracture-filling 

calcites exhibit the lowest ⁸⁷Sr/⁸⁶Sr ratios (0.700596), comparable to Dresser barites (McCulloch, 1994; 

Chen et al., 2022), suggesting a plausible 3.5 Ga seawater origin. Primary interstitial calcites range from 435 

0.701796 to 0.704172 (mean: 0.703094 ± 0.000979), while altered interstitial calcites are slightly higher 

(0.701917–0.706543; mean: 0.704306 ± 0.001725). Interstitial ankerites show a broader range 

(0.705341–0.712832; mean: 0.708688 ± 0.003115). Sedimentary carbonates vary widely (0.702203–

0.715458; mean: 0.709158 ± 0.004810), exceeding interstitial calcites and aligning with interstitial 

ankerite. SPF stromatolites have an intermediate ratio (0.705217).  440 

Table 2: The age-corrected radiogenic Sr isotopic compositions of the EPT carbonates. 

5. Discussion  

5.1 Clastic Contamination 

Even trace amounts of clastic or terrigenous components can alter the REE+Y patterns and Sr isotopic 

compositions of carbonates due to the contrasting REE+Y concentrations between shale (high) and 445 

carbonate (low) (Kamber and Webb, 2001). However, this study minimized the effect of clastic 

contamination through several measures. Firstly, petrographic analysis of thin sections revealed no 

textural evidence or detrital material. Secondly, the use of micro-drilling for interstitial carbonates and 

chemical separation with low-concentration HNO3 at room temperature significantly reduced potential 

silicate dissolution. Thirdly, systematic relationships between Fe contents and Mg/Ca molar ratios 450 

indicated that soluble Fe originated from calcite or ankerite, not iron silicates or (oxy)hydroxides (Fig. 

3b, c). 

To further support the absence of clastic components, multiple parameters were evaluated. The minor 

dissolution of detrital contaminants (typically aluminosilicate minerals) can elevate Al, Th, Sc, and Zr 

concentrations in leachates. Accordingly, positive correlations between Al and these elements were used 455 

to identify terrigenous detrital contamination (Webb and Kamber, 2000; Nothdurft et al., 2004; Ling et 

al., 2013). Empirical "cut-off values" such as 2000 μg/g Al and 5 μg/g Zr (Schier et al., 2018), and 0.5 

μg/g Th and 2 μg/g Sc (Ling et al., 2013) were applied. In this study, most samples (except two interstitial 



calcites) had Al contents below 2000 μg/g, unrelated to inferred silicate contents. Zr and Th 

concentrations in all samples were below empirical thresholds, though some samples had higher Sc 460 

concentrations. However, the lack of systematic correlations between Al and other elements points 

against detrital contamination (Fig. 7).  

Figure 7: Plots of Al content (wt%) versus the concentrations (μg/g) of (a) Sc, (b) Th, (c) Zr, (d) Ti, 

(e) Rb, and (f) total REE to evaluate potential detritus contamination. The grey dashed line 

represents the binary mixing line between seawater endmember D-2-W and the EPT basalt 465 

endmember (mean value, MV), while another line shows the binary mixing line between D-2-W 

and the MUQ endmember, with grey numbers indicating the weight fractions of basalt or MUQ 

(methods in Appendix A) The plots reveal that only a few sedimentary carbonates may have been 

slightly affected by detritus, with contamination fractions up to 0.03. (Abbreviations: Cal. – calcite; 

P – primary; A – altered; Ank. – ankerite; Carb. – carbonate; SPF – Strelley Pool Formation). 470 

Binary mixing lines (Fig. 7; methods in Appendix A) between Paleoarchean seawater (D-2-W), average 

Paleoarchean EPT basalt compositions (data from Van Kranendonk and Pirajno, 2004; Yamamoto et al., 

2004; Nakamura and Kato, 2004; Smithies et al., 2005; Jenner et al., 2009; Johnson et al., 2017; 

Nakamura et al., 2020; Tusch et al., 2021; Tympel et al., 2021; Caruso et al., 2021), and MUQ (Mud 

from Queensland, Kamber et al., 2005) further support the scarcity of dissolved components from basaltic 475 

rocks and weathered crust. Most EPT carbonates deviated significantly from these mixing lines, 

indicating minimal volcanic detritus. Sedimentary carbonates, however, showed higher Th and Rb levels 

closer to the MUQ mixing line, Ti near the basalt line, and Zr near both, suggesting a potential detrital 

input of approximately 1.5% (maximum 3%). Yet, this minor fraction would not significantly alter the 

REE+Y patterns of sedimentary carbonates, as demonstrated by subtracting 3% of the average EPT basalt 480 

and MUD compositions from the sedimentary carbonate mean value based on the binary mixing model 

(Fig. 8).  

Figure 8: PAAS-normalized REE+Y patterns for EPT carbonates and referenced data showing 

mean values and ranges across lithologies: (a) primary interstitial calcite (Primary ICal.), altered 

recrystallized interstitial calcite (Recryst. ICal.), interstitial ankerite (Ank.), and fracture-filling 485 

calcite (Fracture Cal.); (b) sedimentary carbonates (Carb.) and Strelley Pool Formation (SPF) 

stromatolites (dashed blue line: highly silicified counterpart of stromatolite). The orange dashed 

line represents a 3% reduction from the sedimentary carbonate mean, based on a binary mixing 

model, indicating maximum basalt detritus contribution (Fig.7). Similarly, the brown dashed line 

reflects a 3% MUD composition reduction. The mean REE+Y patterns normalized to Primitive 490 

Mantle (PM; Palme and O’Neil, 2014) are shown for (c) EPT carbonates and (d) modern references 

(note: true values ×10⁶ on log y-scale). In (c), mean values of carbonates from the Euro pillow basalt 

margin ("Euro Carb(i)", Yamamoto et al., 2004) and Type-I and II interstitial carbonates ("Euro 

ICarb-I" and "Euro ICarb-II", Marien et al., 2023) are plotted. All lines illustrate a distinct shift 

from seawater to interstitial carbonates. Abbreviations in (d): HT – High Temperature; LT – Low 495 

Temperature; NPDW – North Pacific Deep Water; NPSW – North Pacific Surface Water. Data 

sources: a. Hongo and Nozaki (2001); b. Bau and Dulski (1999); c. Alibo and Nozaki (1999). 



Thus, experimental methods, diagnostic element correlations, and binary mixing models confirm that the 

studied EPT carbonates are largely free from clastic influence, making their geochemical compositions 

reliable proxies for further discussion. 500 

5.2 Primary Geochemical Proxies of Paleoarchean Marine Fluids 

Based on diagnostic geochemical signatures (e.g., REE+Y patterns, δ¹³C and ⁸⁷Sr/⁸⁶Sr ratios), two 

distinct pristine carbonate facies can be distinguished that precipitated respectively from surface 

seawater and low-temperature hydrothermal fluids, respectively. 

5.2.1 Surface Seawater Composition Recorded in High-Strontium 505 

Calcite 

Among interstitial carbonates, fracture-filling calcite stands out as it precipitates from fluids circulating 

through fractures in the basaltic basement, possibly leading to recrystallization of earlier interstitial 

carbonate formed from seawater-derived hydrothermal fluids. Three pieces of evidence suggest its parent 

fluids are plausible representatives of Paleoarchean seawater. 510 

Firstly, fracture-filling calcite exhibits seawater-like carbon isotopic compositions. Xiang et al. (2024) 

observed a decreasing δ¹³C trend among EPT carbonates, from the SPF stromatolites (3.08 ± 0.30‰), 

marine sedimentary carbonates (1.85 ± 0.48‰), to interstitial carbonate (0.22 ± 0.98‰), aligning with 

reference data (Lindsay et al., 2005; Flannery et al., 2018; Shibuya et al., 2012; Nakamura and Kato, 

2004). This trend arises from the mixing of seawater and mantle-derived CO₂. In restricted marine 515 

settings, photoautotrophs sequester ¹²C, enrich environmental ¹³C and lead to positive δ¹³C values in 

marine carbonates (Melezhik et al., 2001; Arp et al., 2011; Xiang et al., 2024). As hydrothermal and 

mantle CO₂ mixing increases, carbonates precipitate with lower δ¹³C. Fracture-filling calcite shows an 

average δ¹³C of 2.27 ± 0.10‰, within the range of stromatolites and marine sedimentary carbonates, 

suggesting its formation in a shallow marine environment influenced by microbial activity and minimal 520 

hydrothermal input.  

Secondly, the unique seawater-like REE+Y pattern of fracture-filling calcite indicates that it retains 

original Paleoarchean ocean signatures, at least regionally. Its REE+Y concentrations are significantly 

lower than other interstitial and sedimentary carbonates, and slightly lower than SPF stromatolites (Fig. 

8). This calcite exhibits HREE enrichment, lacks Ce but shows positive La and Y anomalies, aligning 525 

with SPF stromatolite patterns except for near-chondritic Y/Ho ratios and the absence of Eu anomaly 

(Figs. 6, 8). Super-chondritic Y/Ho ratios (>44) are common in marine sedimentary carbonates and SPF 

stromatolites (Fig. 6b; Van Kranendonk et al., 2003; Allwood et al., 2010; Viehmann et al., 2020), as Ho 

and other REEs are scavenged by particulate matter (inorganic and organic) or iron (oxy)hydroxides 

(Nozaki et al., 1997; Bau and Dulski, 1999; Qu et al., 2009; Smrzka et al., 2019). Conversely, the near-530 

chondritic Y/Ho ratios (33.53 ± 4.30) in fracture-filling calcites result from the lack of iron 

(oxy)hydroxides (Fe and Mn mainly in the calcite lattice) and particulate matter. Its positive Y/Y* 

anomalies (21.49 ± 0.21) are much higher than in other interstitial carbonates (up to 11.68) and closer to 

that in SPF stromatolite (28.49), pointing to a seawater origin. Additionally, it displays a subparallel 



REE+Y pattern and lower concentrations compared to Type-II carbonates, which likely precipitated from 535 

hot seawater circulating through degassing spaces in pillow Euro basalts, preserving typical seawater-

like REE+Y systematics (Marien et al., 2023). Marien et al. (2023) noted that even minor (<1%) 

hydrothermal fluid or fluid-rock interaction can markedly shift the composition of seawater-derived 

carbonates to produce the observed REE+Y pattern in calcite. Additionally, when normalized to PM, 

fracture-filling calcite closely mirrors the modern marine REE+Y pattern, except for the negative Ce 540 

anomaly (Fig. 8d; Alibo and Nozaki, 1999; Hongo and Nozaki, 2001), reinforcing its seawater origin 

with negligible hydrothermal alteration. 

Thirdly, the remarkably low ⁸⁷Sr/⁸⁶Sr ratios of fracture-filling calcite provide compelling evidence for its 

seawater origin. A widely accepted principle in seawater Sr isotope studies is that the lowest ⁸⁷Sr/⁸⁶Sr 

ratios offer the most reliable maximum estimate of contemporaneous seawater values (Veizer and 545 

Compston, 1974; Burke et al., 1982). However, nearly all ~1000 Precambrian carbonate samples in the 

Precambrian Marine Carbonate Isotope Database (PMCID) have undergone post-depositional alteration, 

skewing their ⁸⁷Sr/⁸⁶Sr ratios to higher values (Shields and Veizer, 2002). Consequently, barite ⁸⁷Sr/⁸⁶Sr 

ratios have been used as a proxy for seawater radiogenic Sr isotopic composition, yielding a minimum 

value of 0.700447 at ~3.5 Ga (from Dresser Formation barites; Chen et al., 2022). Yet, barite often has 550 

hydrothermal or hybrid origins, potentially inheriting less radiogenic Sr isotopic signatures that may not 

exclusively reflect seawater. In contrast, integrating Sr, O, and C isotopic analyses with REE+Y patterns 

on the same carbonate samples can effectively resolve this uncertainty. The fracture-filling calcite 

exhibits a ⁸⁷Sr/⁸⁶Sr ratio as low as 0.700596 (sample D-2-W), matching values from 3.48 Ga Dresser 

Formation barites (McCulloch, 1994; Chen et al., 2022) and lower than those of Type-II vesicle 555 

carbonates (0.701049–0.701097 at 3.34 Ga; Marien et al., 2023), both interpreted as seawater signals. 

These findings collectively suggest that the parent fluid for the fracture-filling calcites was shallow 

marine water at 3.5 Ga, which infiltrated the basaltic basement along fractures likely caused by tectonic 

activity, without subsequent hydrothermal alteration or water-rock interaction modification. Therefore, 

the D-2-W calcite, with the lowest ⁸⁷Sr/⁸⁶Sr ratio, will serve as the 3.5 Ga seawater endmember in 560 

subsequent discussions on seawater-basalt reactions and hydrothermal effects on carbonate geochemistry. 

Its key geochemical features are: high Sr concentration (1789 μg/g), δ¹³CVPDB (+2.20‰), δ¹⁸OVPDB (-

13.03‰), initial ⁸⁷Sr/⁸⁶Sr ratio (0.700596), low REE+Y concentration (2.24 μg/g), and a PAAS-

normalized REE+Y pattern showing HREE enrichment (Pr SN /Yb SN 0.04 and Sm SN /Yb SN 0.11), no Ce 

(1.07) or Eu (1.05) anomalies, but positive La (2.24) and Y (21.64) anomalies with a near-chondritic 565 

Y/Ho ratio (36.57). 

5.2.2 Low-Temperature Hydrothermal Signatures from Seafloor Alteration 

Textural evidence (interpillow and vesicle- fillings), geochemical signatures (REE, C-O-Sr isotopes 

matching seawater), and syn-eruptive ages (Sm-Nd isochrons) suggest most Archean interstitial 

carbonates precipitated from basalt-seawater interaction (Nakamura and Kato, 2002, 2004; Yamamoto 570 

et al., 2004; Shibuya et al., 2012; Marien et al., 2023; Xiang et al., 2024). Their abiotic precipitation is 

implied by the lack of organic influence (Xiang et al., 2024), supported by experiments and simulations 

(22–350 °C; Gudbrandsson et al., 2011; Stockmann et al., 2011; Gysi and Stefánsson, 2012; Galeczka et 



al., 2014; McGrail et al., 2017; Menefee et al., 2018; Xiong et al., 2018; Voigt et al., 2018; Lahir et al., 

2025; Luo et al., 2025), showing carbonate formation triggered by alkalinity, salinity, and temperature 575 

fluctuations during the reaction (Degens et al., 1984; Kempe, 1990; Reitner et al., 1995; Flügel and 

Munnecke, 2010). In modern settings, such carbonates are abundant in older crusts, forming from low- 

to moderate-temperature hydrothermal fluids during late-stage seafloor alteration (Bach et al., 2001, 2003, 

2011; Gillis et al., 2001; Heft et al., 2008; Coogan and Gillis, 2013). CO2-rich seawater, heated by 

intrusions, circulates within oceanic crust, reacts with rocks at up to several hundred °C, enriching fluids 580 

with cations like Ca, Fe, Mn, and Mg, which later precipitate as carbonates during cooling (Brauhart et 

al., 2000; Doyle and Allen, 2003; Nakamura and Kato, 2004; Yamamoto et al., 2004; Shibuya et al., 

2012; Xiang et al., 2024). Thus, interstitial carbonates stand as pivotal indicators for basalt-seawater 

interaction, given their direct derivation from this process.  

The REE+Y patterns in interstitial carbonates offer crucial insights: consistent fluid-carbonate partition 585 

coefficients confirm that carbonate REE concentrations reflect those of the fluids (Toyama and Terakado, 

2019; Nishino et al., 2022), while pattern shapes and anomalies reveal hydrothermal processes and 

conditions (Debruyne et al., 2016). In modern oceans, hydrothermal vent fluids typically show uniform 

LREE depletion and pronounced positive Eu anomalies normalized to LREE-rich PAAS (Bau and Dulski, 

1999; Hongo and Nozaki, 2001), but LREE enrichment and weaker positive Eu anomalies when 590 

normalized to a LREE-depleted PM composition (Fig. 8d; Debruyne et al., 2016). For example, despite 

PAAS-normalized similarities of carbonates within basaltic degassing spaces, dolomite inclusions show 

pronounced PM- normalized MREE enrichment and strong positive Eu anomalies, reflecting non-

equilibrium interactions between basalt and seawater (Yamamoto et al., 2004), whereas Type-II calcite 

displays HREE enrichment, negative Eu, and positive Y anomalies, suggesting direct seawater 595 

precipitation with minimal fluid-rock interaction (Marien et al., 2023). Thus, selecting an appropriate 

reference framework and accurately interpreting REE+Y data are essential. Generally, PAAS is in favor 

as a reference for the seawater and PM for hydrothermal precipitates (Debruyne et al., 2016). 

Despite similar geochemical traits, REEs with smaller ionic radii fractionate during hydrothermal 

processes due to higher element mobility, selective leaching from source rocks (e.g., carbonatites, 600 

basalts), and ligand complexation (e.g., Cl⁻, F⁻, CO₃²⁻, SO₄²⁻) during transport (Bau, 1991; Debruyne et 

al., 2016; Zhao et al., 2021, 2022). For instance, high-temperature fluids leach REE+Y from oceanic 

crust, particularly plagioclase, yielding LREE-enriched patterns and positive Eu anomalies due to Eu³⁺ 

reduction to Eu²⁺ (Michard and Albarede, 1986; Klinkhammer et al., 1994; Douville et al., 1999; Bao et 

al., 2008; Yoshida et al., 2024). Low-temperature fluids and seawater mixing rapidly scavenge REE+Y 605 

via Fe-Mn oxyhydroxides, preferentially removing LREE and Eu, flattening patterns and reducing Eu 

anomalies with distance from vents (Owen and Olivarez, 1988; Ruhlin and Owen, 1986; Barrett and 

Jarvis, 1988; Olivarez and Owen, 1989, 1991; Zhao et al., 2022).  

The pattern shape and lack of Eu anomaly in primary interstitial calcite (Fig. 8), the initial carbonate 

phase formed during water-rock reactions (Xiang et al., 2024), suggest a low-temperature hydrothermal 610 

fluid origin. This calcite exhibits elevated REE+Y concentrations, a near-chondritic Y/Ho ratio, and a 

PAAS-normalized REE+Y pattern marked by HREE enrichment, no Ce anomaly, and positive La, Gd, 

Eu, and Y anomalies. Notably, when normalized to PM, minimal REE fractionation and a slightly 



positive Y anomaly are observed (Fig. 8), reinforcing the low-temperature hydrothermal fluid 

interpretation. This Y-enriched flat REE pattern suggests this fluid originated from seawater circulating 615 

through basaltic basement of presumed mantle origin, with its REE+Y abundances modified during 

water-rock reactions. 

Parent hydrothermal fluid temperatures can be estimated using stable oxygen isotopes. Marine carbonate 

δ¹⁸O values reflect both the isotopic composition of precipitating fluids and temperature-dependent 

fractionation during formation and potential recrystallization. For undiagenetized primary interstitial 620 

calcite, formation temperatures can be inferred from its δ¹⁸O value if the parent fluid’s δ¹⁸O is known, 

using the paleotemperature equation (Shackleton and Kennett, 1975): 

𝑇 (°𝐶) = 16.9 − 4.38( δ18O𝐶𝑎𝐶𝑂3 − δ18O𝑤) + 0.1 ( δ18O𝐶𝑎𝐶𝑂3 − δ18O𝑤)2        (Eq.1) 

Here, δ¹⁸OCaCO3 is referenced to PDB, and δ¹⁸Ow to VSMOW. Since the low-temperature hydrothermal 

fluids derived from seawater and its unknown δ¹⁸O value, here take seawater δ¹⁸O value in the calculation. 625 

Given ongoing debate over Paleoarchean seawater δ¹⁸O, a range of scenarios spanning −13.3‰ (Jaffrés 

et al., 2007), −8‰ (Kutyrev et al., 2024), −5‰ (Herwartz et al., 2021), −1.2‰ (Shackleton and Kennett, 

1975), 0‰ (Hoefs, 2018), and +3.3‰ (Johnson and Wing, 2020) were evaluated (Table 3). As seawater 

δ¹⁸O increases from −13.3‰ to +3.3‰, calculated seawater temperatures rise from 15.7 °C to 115.1 °C, 

while hydrothermal fluid temperatures range from 33.0 ± 2.8 °C to 144.5 ± 4.6 °C, consistent with low-630 

temperature hydrothermal circulation. The low-temperature seafloor alteration (<200 °C) was also 

evidenced by fluid inclusion studies in ca. 2.22 Ga basaltic andesites from the Kaapvaal Craton, driven 

solely by volcanic pile cooling (Gutzmer et al., 2003). Such fluid temperatures are plausible through heat 

loss during oceanic crust cooling in modern off-axis settings (Wheat et al., 2017; Coogan and Gillis, 

2018).  635 

Table 3: Temperatures calculated with the δ18OPDB values (‰) of the seawater endmember (D-2-

W) and primary interstitial calcites, and various seawater δ18OSMOW values (‰). 

The collective evidence supports a low-temperature hydrothermal origin for the primary interstitial 

calcite, offering insights into seafloor alteration processes. Its geochemical characteristics are as follows: 

δ¹³CVPDB (0.63 ± 0.12 ‰), δ¹⁸OVPDB (-16.70 ± 0.56 ‰), an initial ⁸⁷Sr/⁸⁶Sr ratio of 0.703094 ± 0.000979, 640 

low REE+Y concentrations (23.32 to 142.95 μg/g), and a PAAS-normalized REE+Y pattern displaying 

HREE enrichment (Pr SN /Yb SN 0.07 to 0.16 and Sm SN /Yb SN 0.17 to 0.48), no Ce (1.04 ± 0.03), but 

positive La (2.10 ± 0.39), Eu (1.69 ± 0.20) and Y (1.57 ± 0.98) anomalies alongside a near-chondritic 

Y/Ho ratio (32.86 ± 2.94). Elemental analysis reveals elevated Mg, Fe, Mn, Al, Sc, Ti, V, Rb, Mo, and 

U concentrations, contrasted by much lower Sr levels compared to the seawater endmember 645 

5.3 Post-Depositional Modification of Geochemical Tracers 

Geochemical proxies, such as high spatial sampling resolution Mg/Ca, δ18O, δ13C, and 87Sr/86Sr 

measurements facilitate climate reconstruction, constrain weathering and hydrothermal fluxes, and track 

seawater evolution (Hess et al., 1986; Capo and DePaolo, 1990; Veizer et al., 1999; Zachos et al., 2001; 



McArthur et al., 2001; Fantle et al., 2020). However, some proxy records from ancient carbonates may 650 

reflect diagenetic rather than primary signals, and thus should be validated through petrographic 

observations or multiple isotopic and trace elemental proxies to detect diagenetic processes (Banner and 

Hanson, 1990; Swart, 2015; Fantle et al., 2020). Chemical disequilibrium is crucial for triggering 

carbonate geochemical alteration; without it, minimal to no alteration occurs, despite obvious textural or 

physical alteration signs (Fantle et al., 2020). Disequilibrium may arise from fluid chemistry differing 655 

from the formational environment, and/or variations in fractionation factors or partition coefficients 

between formational and diagenetic settings, which may depend on system thermodynamics, e.g., 

temperature, kinetics, or metastable solids (Fantle et al., 2020). Consequently, shifts in diagnostic 

features of secondary carbonates can offer insights into water-rock reactions during diagenesis. 

Petrographic analysis identifies two alteration processes in primary interstitial calcite (Xiang et al., 2024): 660 

recrystallization (forming altered interstitial calcite) and ankeritization (producing interstitial ankerite). 

Key diagnostic features, including Sr-Mn-Fe concentrations, REE+Y abundance, Y/Ho ratio, Eu 

anomaly, 87Sr/86Sr, and δ¹³C values, were selected and visualized in radar plots to depict potential 

geochemical variations across carbonate facies (Fig. 9). In these radar plots, the minimum data values 

mark the lower axis boundary, and the maximum values define the upper limit. The percentages for each 665 

carbonate facies are then computed to emphasize the observed deviations. 

Figure 9: Radar plots integrate diagnostic geochemical features across carbonate facies, including 

Sr-Mn-Fe concentrations, REE+Y abundance, Y/Ho ratios, Eu anomalies, ⁸⁷Sr/⁸⁶Sr, and δ¹³C 

values. Data ranges (min-max) define axis boundaries, with percentages calculated per facies to 

highlight compositional deviations. (a) Radar plots for fracture-filling calcite, primary/altered 670 

interstitial calcite, and interstitial ankerite reveal fluid-driven geochemical signatures. (b) 

Comparative radar plots of sedimentary carbonates and stromatolites enable rapid diagnosis of 

depositional environments and diagenetic histories through patterned geochemical deviations and 

similarities. 

5.3.1 Trace Element Redistribution during Recrystallization 675 

Carbonate recrystallization entails changes in crystal size, shape, and lattice orientation without altering 

mineralogy (Flügel and Munnecke, 2010; Fantle et al., 2020). This process impacts carbonate 

geochemistry, affecting Sr concentration, 87Sr/86Sr ratio, δ18O, and Mg/Ca ratio (Baker et al., 1982; 

Killingley, 1983; Kastner et al., 1986; Richter and DePaolo, 1988; Schrag et al., 1995; Fantle and 

DePaolo, 2006; Swart, 2015). The geochemical composition of recrystallized calcite hinges on that of 680 

parent calcite and the altering fluid. For example, Kastner et al. (1986) found increased Sr and Mg in 

recrystallized carbonate, likely due to advective fluid flow through mid-ocean ridge flank sediments 

involving low-temperature alteration of volcanic glass. Additionally, meteoric water, with its low salinity, 

high oxygen, and low δ18O and δ13C values, yields chemically and isotopically unique diagenetic 

products (Brand and Veizer, 1980, 1981; Allan and Matthews, 1982; Lohmann, 1988).  685 

Compared to primary interstitial calcite, altered interstitial calcite exhibits elevated REE+Y abundance, 

Y/Ho, and ⁸⁷Sr/⁸⁶Sr ratios, alongside lower Fe and δ¹³C, while maintaining consistent Sr, Mn, and Eu/Eu* 

(Fig. 9a). Its radar plot shape closely resembles that of primary interstitial calcite, suggesting that the 



fluid responsible for dissolution-recrystallization shares the same origin, i.e., a low-temperature 

hydrothermal fluid derived from seawater-basalt interaction. This fluid likely forms through prolonged 690 

fluid-rock interaction. Evidence lies in the covariations of δ¹³C with δ¹⁸O and of ⁸⁷Sr/⁸⁶Sr ratios with 

Eu/Eu*. 

In recrystallized calcite, δ¹³C and δ¹⁸O values are mainly controlled by the isotopic composition of 

reactive fluids and the system's openness to fluid exchange (Swart, 2015; He et al., 2024). Temperature, 

pH, and precipitation kinetics also impact fractionation (O’Neil and Epstein, 1966; Zeebe and Wolf-695 

Gladrow, 2001; McConnaughey, 2003), but are often restricted by fluid composition and system 

openness. Open systems enable continuous fluid flow for sustained exchange, making isotopes align with 

fluid-dominated values (e.g., meteoric water influx reduces δ¹⁸O); closed systems, with limited fluid 

access, retain original isotopic features (Swart, 2015).  

Compared with primary interstitial and fracture-filling calcites, the altered interstitial calcite shows a 700 

negative co-variation of δ¹³C and δ¹⁸O (Fig. 10a). Biological processes can result in carbonate δ¹³C and 

δ¹⁸O deviating from physicochemical equilibrium values (known as “vital effects”; Lee and Carpenter, 

2001; Swart, 2015), usually yielding lower δ¹³C and δ¹⁸O values. Yet, these vital effects can be excluded 

since interstitial carbonate is an abiotic product of water-rock reactions in the oceanic crust without 

organic matter (Nakamura and Kato, 2004; Yamamoto et al., 2004; Shibuya et al., 2012; Marien et al., 705 

2023; Xiang et al., 2024). The observed trend may stem from either the mixing of Archean seawater with 

hydrothermal fluids interacting with mantle-derived rocks or carbonate precipitation under non-

equilibrium conditions causing isotope fractionation (Marien et al., 2023). Xiang et al. (2024) supported 

this by showing that vein calcites in basalt, in a relatively closed system and more affected by basalt 

alteration, have lower δ¹³C and δ¹⁸O values than interstitial calcite. Thus, the δ¹³C-δ¹⁸O covariation in the 710 

altered interstitial calcite suggests it may have taken in more basalt-derived signals. 

Figure 10: The cross-plots of (a) δ¹³C vs δ18O, and (b) the age-corrected 87Sr/86Sr ratios vs the 

PAAS-normalized Eu/ Eu* ratios of the EPT carbonates. The co-variations reflect progressive 

seawater-basalt reaction (indicated by black arrows). The grey line indicates the regression line 

based on data of fracture-filling calcite D-2-W, the primary interstitial calcite and interstitial 715 

ankerite, and the grey envelope is plotted with the confidence interval of 95%, generated via 

Seaborn regplot (default). To be noted, some altered interstitial calcite and SPF stromatolite are 

located in the area. Data sources: (a) Modern seawater data from Kroopnick (1980) and Tan 

(1988); Carbonatized Apex basalt data from Nakamura and Kato (2004); Mantle flux data from 

Degens et al. (1984) and Hayes and Waldbauer (2006); (b) Type-I and Type-II Euro interstitial 720 

calcite data from Marien et al. (2023). (Abbreviations: P-primary; A-altered; Cal. –calcite; Carb. 

-carbonate).  

The second piece of evidence is the strong positive correlation (Pearson’s r = +0.96) between Eu 

anomalies and ⁸⁷Sr/⁸⁶Sr ratios in fracture-filling calcite, primary interstitial calcite, and ankerite (Fig. 10b). 

The interstitial ankerite likely precipitated from high-temperature hydrothermal fluids, formed as 725 

seawater circulated into the deep oceanic crust, heated, and reacted with basaltic wall rock (detailed in 

Section 5.3.2). This positive covariation suggests increasing hydrothermal alteration of basaltic rocks 



with temperature. It is important to note that part of the altered interstitial calcites, along with Euro Type-

I and Type-II carbonates (as classified by Marien et al., 2023), cluster within the 95% confidence interval 

of the regression line. This clustering suggests a shared cause for the elevated Eu anomalies and ⁸⁷Sr/⁸⁶Sr 730 

ratios observed. Furthermore, a comparable correlation was observed in Late Ediacaran rhodochrosite, 

implying that radiogenic Sr was contributed by deep-sourced hydrothermal fluids that extracted 

radiogenic Sr from underlying sediments (Gao et al., 2021). The similar geochemical behavior of Eu and 

Sr during hydrothermal alteration is due to the comparable radii of Eu²⁺ and Sr²⁺ (McCarthy, 1971; 

Shannon, 1976), possibly leading to analogous geochemical responses. As the temperature rises during 735 

hydrothermal transformation, water-rock reactions continue to occur, leading to synchronous changes in 

the contents of Eu and Sr elements in the fluid. However, the similarity in Sr concentrations, ⁸⁷Sr/⁸⁶Sr 

ratios, and Eu/Eu* values between altered interstitial calcite and primary facies implies limited Sr and 

Eu redistribution during the process. This, in turn, suggests that even minor water-rock reactions can 

readily trigger calcite recrystallization. 740 

5.3.2 Elemental Reset Mechanisms in Ankeritization 

Ankeritization converts calcite (CaCO₃) to ankerite (Ca(Fe,Mg)(CO₃)₂) via Fe²⁺- and Mg²⁺-rich fluid 

influx from adjacent rocks during burial or hydrothermal activity (Boles, 1978; Hendry et al., 2000). 

Petrographic studies show interstitial ankerite in schistose basalts, while basalts with less dynamic 

transform contain interstitial calcite (Xiang, 2023; Xiang et al., 2024). The Fe and Mg in fluids that drive 745 

ankeritization mainly derives from chlorite breakdown. In metamorphism, Fe and Mg in basalt are 

retained by secondary chlorite, which has a high affinity for these elements (Cathelineau and Nieva, 

1985), thereby reducing Fe incorporation into calcite by trapping much of the dissolved Fe²⁺ and Mg. 

Nevertheless, as water-rock interactions continue, chlorite migrates into interstitial fluids and 

decomposes, releasing Mg and Fe that prompt the dissolution of interstitial calcite and the formation of 750 

interstitial ankerite. The validity of this origin is reinforced by the pronounced positive correlation 

between Eu anomalies and ⁸⁷Sr/⁸⁶Sr ratios (Fig. 10b), as shown in Section 5.3.1.  

However, despite the similarity in δ¹³C and δ¹⁸O values between interstitial ankerite and calcite，their 

isotopic covariance is weaker than the correlation observed between Eu anomalies and ⁸⁷Sr/⁸⁶Sr ratios  

(Fig.10). This discrepancy likely stems from mineralogical controls. No research on ankerite exists, but 755 

dolomite studies may offer insights. Dolomite typically has higher δ¹³C and δ¹⁸O compared to calcite 

when both minerals form or coexist under equilibrium conditions (Sheppard and Schwarcz, 1970). For 

instance, at 20–25°C, dolomite is enriched in ¹⁸O by ~4.9–6.8‰ and in ¹³C by ~2.4‰ relative to calcite, 

though these differences diminish with rising temperature (Degens and Epstein, 1964; O’Neil and 

Epstein, 1966; Sheppard and Schwarcz, 1970; Matthews and Katz, 1977). Carbon isotope fractionation 760 

is less temperature-sensitive than oxygen isotope fractionation (Rubinson and Clayton, 1969; Romanek 

et al., 1992), with δ¹³C differences being smaller, more variable, and influenced by local carbon sources 

(Tan and Hudson, 1971; Mozley and Burns, 1993). Consequently, δ¹³C was prioritized over δ¹⁸O as a 

diagnostic indicator in this study (Fig. 9). 

Ankeritization tends to occur at relatively high temperatures. Experiments indicate that under 765 

hydrothermal and metamorphic conditions, chlorite subtly dissolves at 100–275 °C (Smith et al., 2013), 



decomposes at 300 – 400°C, releasing Fe and Mg into fluids (Saccocia and Seyfried, 1994; Hwang, 1988). 

Unlike other carbonates, PAAS- and PM-normalized REE+Y patterns in interstitial ankerite show higher 

REE+Y abundance, remarkably, MREE enrichment and strong positive Eu anomalies (Figs. 6, 8). REEs 

prefer calcite to dolomite, with KD (dolomite/calcite) fairly stable (0.17-0.23), while both show a gradual 770 

LREE-to-HREE decrease (Dawson and Hinton, 2003). Hence, MREE enrichment originates from parent 

fluids, not mineralogy. Roberts et al. (2009) attributed similar MREE enrichment in dolomitic schist 

samples (∼880– 550 Ma) to their precipitiation from hot (~250°C), saline brines interacting with schist 

basement. This unique REE+Y pattern and the high Eu Eu/Eu* ratios (2.99 ± 1.00) of interstitial ankerite 

suggests its precipitation from high-temperature hydrothermal fluids (>250°C) rather than low-775 

temperature systems.  

Typically, high-temperature hydrothermal fluids usually originate from the interplay of deep heat sources 

(magmatic or tectonic), water–rock reactions at depth, and fluid circulation through faults or fractures, 

often exceeding 350-400°C (Witt, 1988; Charlou et al., 2002; Koschinsky et al., 2008; McDermott et al., 

2018; Tao et al., 2020; Witt et al., 2024). A study on hydrothermal pipes in 3.47 – 3.43 Ga volcanic rocks 780 

from the Barberton Greenstone Belt showed initial fluid-temperatures of 200–270°C due to seawater-

basalt reactions or deep granitic intrusions before mixing with cold seawater (de Wit and Furnes, 2016). 

In North Pole Dome, multiple faulting, intrusion, and eruption events created numerous hydrothermal 

channels and diverse basalt alteration facies (Hickman and Van Kranendonk, 2004; Gifkins et al., 2005; 

Van Kranendonk, 2006; Caruso et al., 2021; Brenner et al., 2024). In Mt Ada Basalt (with interstitial 785 

ankerite), five hydrothermal episodes were recorded, with heat sources including nearby granite intrusion, 

fluid flow along high-permeability bedding planes, and prolonged alteration with repeated new basalt 

flow eruptions (Brenner et al., 2024). Notably, the marked positive link between Eu anomalies and 

⁸⁷Sr/⁸⁶Sr ratios strongly backs the idea that high-temperature fluids, heated by prolonged seawater 

reactions with deep or newly-erupted basalt flows and circulating via faults/fractures, likely triggered 790 

ankeritization. 

5.3.3 Validation in Sedimentary Carbonates and Stromatolitic Facies 

Based on the discussion above, it is possible to determine the depositional environments and diagenetic 

evolution of sedimentary carbonates and SPF stromatolites, by comparing the similarities and differences 

in their radar plots with those of interstitial carbonates. For instance, sedimentary carbonates have been 795 

discerned to originate from either marine or terrestrial environments, based on sedimentological, 

petrological analyses, and their δ13C signatures (Xiang et al., 2024), with each facies exhibiting distinct 

radar plot configurations.  

Sedimentary carbonates exhibit certain hydrothermal geochemical signatures. Those in marine settings 

are identified as ankerite (Fig. 3a), and their radar-plot shape closely resembles that of interstitial ankerite 800 

(Fig. 9b). Despite showing higher Fe-Mn concentrations and lower Eu/Eu*-⁸⁷Sr/⁸⁶Sr ratios, this similarity 

in radar shape strongly points to the influence of high-temperature hydrothermal fluids. In contrast, the 

one sample (DB) that likely originated in a terrestrial hydrothermal pond is low-Mn calcite (Fig. 3a) and 

shows a distinct radar shape with low Fe-Mn-Sr, the lowest mantle-like δ13C value, as well as the high 

Eu/Eu*-⁸⁷Sr/⁸⁶Sr ratios (Fig. 9b). Positive Eu anomalies in sedimentary carbonates are commonly linked 805 



to remnants of high-temperature hydrothermal fluid activity (Michard et al., 1983; Kamber and Webb, 

2001; Van Kranendonk et al., 2003; Bau and Alexander, 2009; Bau et al., 2010; Johannessen et al., 2017). 

Notably, three marine samples and sample DB deviate from the regression line, with ⁸⁷Sr/⁸⁶Sr ratios 

rising faster than Eu/Eu* ratios (Fig.10b). This has been used to argue for Sr originating from 

terrestrial sources (Wei et al., 2019; Gao et al., 2021). However, Marien et al. (2023) proposed that 810 

the highly radiogenic ⁸⁷Sr/⁸⁶Sr in high-Mn carbonates results from contamination by co-existing Rb-

rich quartz with highly radiogenic Sr. Since these samples were deposited in shallow marine 

slopes/lagoons or terrestrial hydrothermal ponds and all link to co-existing quartz or chert layers 

(Xiang et al., 2024), both explanations are somewhat plausible, warranting further research to clarify 

their contributions. 815 

Stromatolites exhibit shallow marine signatures, supported by radar-plot data showing high δ13C values 

and Y/Ho ratios, alongside low Fe and REE+Y concentrations, aligning with prior studies (Van 

Kranendonk et al., 2003; Lindsay et al., 2005; Allwood et al., 2010; Flannery et al., 2018; Viehmann et 

al., 2020; Xiang et al., 2024). It is noteworthy that the SPF Stromatolite experienced subsequent alteration, 

evidenced by laminae recrystallization and euhedral dolomite overgrowth on laminae margins (Allwood 820 

et al., 2009; Xiang et al., 2024). This alteration may have been slightly influenced by high-temperature 

hydrothermal fluids, as indicated by two pieces of evidence: (1) the stromatolite's REE+Y pattern shows 

MREE enrichment relative to seawater, especially in its highly silicified counterpart (Fig. 8b); (2) SPF 

Stromatolite data points align within the Eu/Eu*-⁸⁷Sr/⁸⁶Sr regression line, close to interstitial ankerite 

(Fig. 10b). Allwood et al. (2006b) reported maximum temperatures of 200-500 °C during its history, but 825 

the timing remains unclear. 

The upper Strelley Pool Formation, preserving SPF stromatolites, is intersected by colloform-crustiform 

black and white chert veins that don not extend into the overlying Euro Basalt (Van Kranendonk and 

Pirajno, 2004; Sugitani et al., 2015; Zepeda et al., 2023). Brenner et al. (2024) suggested this upper part 

likely marks the epithermal capping horizon of a hydrothermal system, with activities around ∼3.35 Ga. 830 

Van Kranendonk and Pirajno (2004) inferred that hydrothermal circulation was possibly driven by heat 

from the Euro Basalt and influenced by older continental crust. For more precise dating, isotopic studies 

are crucial. The Sm-Nd isotopic ages of SPF stromatolites (3.25 ± 0.32 Ga) match the deposition age of  

the Strelley Pool Formation's deposition age within error but also overlap with a thermal event linked to 

the 3.2 Sulfur Springs Group eruption or a younger event at 2.72 ± 0.22 Ga (Viehmann et al., 2020).   835 

In summary, radar plot comparisons offer a rapid, effective tool for distinguishing depositional settings 

and diagenetic pathways in carbonates and stromatolites. However, pinpointing specific geological 

processes requires integrating this method with sedimentological, petrographic, and lithofacies data to 

ensure robust interpretations. 

5.4 Implications for Early Seawater Strontium Isotope Evolution 840 

The radiogenic Sr isotopic composition of seawater is primarily shaped by the interplay between 

radiogenic riverine inputs from continental weathering and less radiogenic mantle inputs via mid-ocean 



ridges, preserved in well-preserved marine carbonates (Veizer, 1989). However, this continental 

weathering-dominated Sr cycling model may not apply to Earth's early history.  

Unlike the modern ocean, where continental river discharge is a controlling factor, the Archean ocean 845 

was dominated by large-scale hydrothermal interactions between seawater and ocean floor basalts 

(Veizer et al., 1982). Thus, marine Sr isotopic composition was expected to be less radiogenic, close to 

Bulk Silicate Earth (BSE). Elevated ⁸⁷Sr/⁸⁶Sr ratios have traditionally been attributed to continental 

weathering (Satkoski et al., 2016, 2017; Ravindran et al., 2020; Roerdink et al., 2022; Marien et al., 

2023), based on the assumption that continental materials, with higher Rb/Sr ratios, produce higher 850 

⁸⁷Sr/⁸⁶Sr ratios through 87Rb decay. While valid in this study, continental weathering was not the sole 

driver of elevated ⁸⁷Sr/⁸⁶Sr ratios in early Archean marine authigenic minerals. 

This study presents age-corrected ⁸⁷Sr/⁸⁶Sr ratios of EPT carbonates from various facies (Fig. 11), 

alongside data from carbonates and barites (McCulloch, 1994; Shields and Veizer, 2002; Satkoski et al., 

2016; Ravindran et al., 2020; Roerdink et al., 2022; Chen et al., 2022; Marien et al., 2023) and Sr isotopic 855 

evolution lines for seawater, BSE, Depleted Mantle (DM), and Upper Continental Crust (UCC; details 

in Appendix A). Age-corrected ⁸⁷Sr/⁸⁶Sr ratios of fracture-filling calcites overlap with Dresser barite data, 

falling between BSE and UCC evolution lines, reflecting the less radiogenic seawater composition at 

~3.5 Ga. However, some carbonates show higher ⁸⁷Sr/⁸⁶Sr ratios, even above the UCC line, likely 

elevated by hydrothermal alteration of oceanic basaltic crust. This is supported by a strong positive 860 

correlation between Eu anomalies and ⁸⁷Sr/⁸⁶Sr ratios in interstitial carbonates (Fig. 10b; discussed in 

Section 5.3). Thus, hydrothermal fluids are not always less radiogenic than contemporary seawater; they 

can be more radiogenic if derived from interactions between seawater and oceanic basaltic crust or felsic 

basement with higher ⁸⁷Sr/⁸⁶Sr ratios. Consequently, elevated age-corrected ⁸⁷Sr/⁸⁶Sr ratios alone cannot 

serve as definitive evidence for continental weathering emergence without accounting for hydrothermal 865 

input during deposition.  

Figure 11: (a) The temporal variations in Sr isotopic compositions of EPT carbonates, alongside 

reference data from carbonates and barites, plotted against the Sr isotopic evolution curves of Bulk 

Silicate Earth (BSE), Depleted Mantle (DM), and Upper Continental Crust (UCC). The region 

marked by the dashed black rectangle is expanded in (b). The blue line represents the inferred 870 

seawater Sr isotopic evolution, based on the least radiogenic values observed at any given time. (b) 

The Sr isotopic compositions of fracture-filling calcites and barites from the Dresser Formation, 

sharing the same labels as (a). Details of the evolution lines are provided in the Appendix A, with 

carbonate and barite references sourced from McCulloch (1994), Shields and Veizer (2002), 

Satkoski et al. (2016), Ravindran et al. (2020), Roerdink et al. (2021), Chen et al. (2022) and Marien 875 

et al. (2023). (Abbreviations: P-primary; A-altered; Carb. –carbonate; SPF- Strelley Pool 

Formation). 

5.5 Controls on Ocean Chemistry in the Paleoarchean Eon 

Modern marine geochemistry is determined by main material fluxes to ocean including river run-off 

(deliver materials to the surface ocean at the land-sea boundaries), atmospheric deposition (to all regions 880 



of the surface ocean), hydrothermal activity (to deep and intermediate waters above seafloor) and 

subsequent fate of the material by various sinks (Chester, 2009). In the Paleoarchean, continental 

weathering and hydrothermal activity were the primary drivers of ocean chemistry, influencing nutrient 

availability, redox conditions, and the evolution of the early biosphere. 

Larger impacts of continental weathering flux on ocean chemistry at 3.26 Ga than previously suggested 885 

were proposed by Satkoski et al. (2016) with evidence of more radiogenic 87Sr/86Sr ratios in barite than 

contemporaneous mantle. This was predated at approximately 3.7 ± 0.15 Ga by Roerdink et al. (2022) 

with the same method using stratiform barite from three 3.52 -3.20 Ga cratons (i.e., Kaapvaal, Pilbara 

and Dharwar). Despite debates over the validity of using barite or carbonate 87Sr/86Sr ratios for this 

purpose, the Archean continents existed, yet were mostly submerged (Arndt, 1999; Kitajima et al., 2001; 890 

Kump and Barley, 2007), with less than ~4% of Earth's surface exposed (Kump and Barley, 2007; 

Flament et al., 2013). Evidence of the EPT's subaerial exposure periods includes erosional 

unconformities, locally preserved desiccation cracks, widespread rippled sedimentary carbonate rocks 

and stromatolites, and alluvial paleosols (Lambert et al., 1978; Walter et al., 1980; Groves et al., 1981; 

Buick and Dunlop, 1990; Van Kranendonk, 2006; Djokic et al., 2017; Retallack, 2018; Van Kranendonk 895 

et al., 2019). Djokic et al. (2017, 2021) reported geyserite and siliceous sinter in the Dresser formation, 

interpreting them as a fluvial, subaerial hot spring, supported by abrupt lateral facies changes, associated 

channelized clastic deposits, and distinct geochemical data. The subaerial area is also corroborated by 

sedimentary carbonate rock DB, whose average mantle-like δ13C value of -5.8 ‰ and sedimentological 

textures suggest a restricted hydrothermal pond rarely affected by seawater (Xiang et al., 2024). Thus, 900 

terrigenous inputs from subaerial weathering have likely influenced ocean geochemistry on a regional-

scale. Notably, subaerial weathering would have delivered key nutrients, especially phosphorus, to the 

oceans, supporting early microbial life and potentially influencing the evolution of the biosphere (Jones 

et al., 2015; Hao et al., 2020; Roerdink et al., 2022). 

In comparison, in the early Archean, hydrothermal flux via a large-scale interaction between seawater 905 

and seafloor basalts was likely a major control on ocean geochemistry (Veizer et al., 1982). There was 

extensive hydrothermal activity, as evidenced by the widespread presence of sediments such as cherts, 

BIFs, and carbonates in three greenstone belts, whose origins were explained by the chemical reactions 

between hydrothermal fluids and seawater (Dymek and Klein, 1988; Veizer et al., 1989; Bau and Dulski, 

1996; Van Kranendonk et al. 2003; Van den Boorn et al., 2007; Allwood et al., 2010; Shibuya et al., 910 

2010; Ledevin et al., 2014; Westall et al., 2015; Duda et al., 2018; Nutman et al, 2019a; Hickman-Lewis 

et al., 2020; Viehmann et al., 2020; Rouillard et al., 2021; Marien et al., 2023; Xiang et al., 2024). 

Widespread hydrothermal activity has imprinted distinct REE+Y abundance patterns on marine 

authigenic sediments, featuring smooth HREE enrichment, negative Ce anomalies, positive La and Y 

anomalies, and notably, a pronounced positive Eu anomaly (Van Kranendonk et al. 2003; Allwood et al., 915 

2010; Nutman et al, 2019a, b; Hickman-Lewis et al., 2020; Viehmann et al., 2020; Marien et al., 2023; 

herein). Beyond being a primary REE+Y source, hydrothermal fluids also transported significant 

quantities of Ca, Mg, Fe, Mn, Si, and various trace elements. These elements precipitated as carbonates 

within pillow basalts, reacting with CO2 in the fluids and serving as a major carbon sink on early Earth 

(up to 90%; Nakamura and Kato, 2004; Yamamoto et al., 2004; Marien et al., 2023; Xiang et al., 2024). 920 



Additionally, some elements were released into the anoxic Archean ocean, providing essential metal 

nutrients for early life (Catling and Zahnle, 2020; Lepot, 2020). 

Microbial activity shaped early Archean ocean geochemistry, with microbes driving C, S, and Fe 

biogeochemical cycles via metabolism (Zhelezinskaia et al., 2014; Lepot, 2020; Johnson et al., 2022; 

Mateos et al., 2023). Regarding carbon isotopes, anoxygenic photoautotrophs in the photic layer prefer 925 

¹²C, enriching ¹³C in shallow marine carbonates (e.g., sedimentary, stromatolites) with positive δ¹³C 

values (Lindsay et al., 2005; Arp et al., 2011; Flannery et al., 2018; Xiang et al., 2024). Methanotrophs, 

in contrast, oxidize ¹³C-depleted methane, producing organic matter/DIC with negative δ¹³C values 

incorporated into carbonates (Schopf et al., 2017; Lepot, 2020). Microorganisms also affect seawater 

REE+Y patterns: their particulate organic carbon adsorbs LREEs (Cantrell and Byrne, 1987; Hathorne 930 

et al., 2015; Smrzka et al., 2019) and scavenges Ho faster than Y (Nozaki et al., 1997; Zhang et al., 1994; 

Qu et al., 2009), causing LREE depletion and super-chondritic Y/Ho ratios in shallow seawater and 

carbonates.  

Consequently, a dual-regime ocean emerged, shaped by the interplay of continental weathering, 

hydrothermal venting, and microbial activity. Hydrothermal venting mainly governed deep-ocean 935 

chemistry, whereas continental weathering and microbial activity predominantly influenced shallower 

ocean areas. Given that carbonates only capture the geochemical conditions of adjacent fluids, they offer 

at most a regional view of the water column. Hence, caution is crucial when extending the geochemical 

traits of some samples to a global scale. Moreover, to gain a comprehensive understanding of the 

geochemical cycles and compositional evolution of seawater, especially concerning Sr isotopic 940 

composition, further studies on ancient carbonates from diverse facies and depositional settings are 

highly encouraged. 

6. Conclusion 

Paleoarchean rocks (3.5 to 3.3 Ga) of the East Pilbara Terrane (EPT), Western Australia, contain 

carbonates in a variety of facies, including interstitial carbonate between pillow basalts, fracture-filling 945 

calcite, sedimentary carbonates and carbonate associated with stromatolites. High spatial resolution 

analysis of geochemical features encoded in these carbonates (major and trace elements, the REE+Y 

patterns, stable C, O and radiogenic Sr isotopes, emphasizes the significance of EPT carbonates as 

valuable archives for reconstructing early Earth environments on Early Earth. More specifically, our 

investigations yielded the following key findings:  950 

(1) The fracture-filling calcite D-2-W from the Middle Basalt Member of Dresser Formation (3.48 Ga) 

serves as a proxy for Paleoarchean shallow seawater, featuring high Sr (1789 μg/g), δ¹³C (+2.20‰), 

δ18OVPDB (-13.03‰), age-corrected ⁸⁷Sr/⁸⁶Sr (0.700596), low REE+Y, near-chondritic Y/Ho, and PAAS-

normalized REE+Y patterns with HREE enrichment, positive La and Y anomalies, and no Ce/Eu 

anomalies, reflecting a shallow marine setting likely influenced by anoxygenic photosynthetic processes 955 

and low-intensity volcanic-hydrothermal interactions. 



(2) EPT interstitial carbonates reliably reflect hydrothermally driven by basalt-seawater interactions in 

the Paleoarchean seafloor. With rising temperatures during hydrothermal alteration, water-rock reactions 

occur, enriching carbonates in basalt-derived trace elements (Mg, Fe, Mn, LREE), lowering Sr and δ¹³C, 

and synchronously increasing ⁸⁷Sr/⁸⁶Sr and Eu/Eu*. Thus, the elevated carbonate ⁸⁷Sr/⁸⁶Sr ratios alone 960 

(even more radiogenic ⁸⁷Sr/⁸⁶Sr than contemporary Bulk Silicate Earth), cannot prove continental 

weathering emergence without considering hydrothermal influence. 

(3) Interstitial carbonates undergo two post-depositional alteration, i.e. recrystallization and 

ankeritization. Recrystallization, often induced by low-temperature hydrothermal fluids, slightly shifts 

geochemical compositions toward those of the altering fluid but minimally affects normalized REE+Y 965 

patterns and δ¹³C values. In contrast, ankeritization, triggered by high-temperature hydrothermal fluids, 

causes dissolution and neomorphism, resulting in elevated basalt-derived element abundances, altered 

REE+Y patterns with MREE enrichment and strong positive Eu anomalies, and a higher ⁸⁷Sr/⁸⁶Sr ratio, 

while δ¹³C remains consistent.  

(4) Compared with interstitial carbonates, deviations in eight key diagnostic indicators (Sr-Mn-Fe 970 

concentrations, REE+Y abundance, Y/Ho ratio, Eu anomaly, ⁸⁷Sr/⁸⁶Sr, and δ¹³C value) enable rapid 

diagnosis to differentiate depositional settings and diagenetic pathways in sedimentary carbonates and 

stromatolites.  

(5) A dual-regime ocean emerged from continental weathering, hydrothermal venting and microbial 

activity, with hydrothermal venting controlling deep-ocean chemistry and the latter two influencing 975 

shallower areas. As carbonates reflect nearby fluid conditions and offer a regional view, caution is 

required in globalizing sample features, and more ancient carbonate studies across facies and settings are 

needed to fully understand seawater's geochemical cycles and evolution. 
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Appendix A. Supplementary Material  1010 

Supplementary material includes methodology on the binary mixing model (Fig. 7), Sr 

isotopic evolution line (Fig. 11), and related supporting figures (Figs. A.1 and A.2), 

along with geochemical data for reference samples Cal-s, Jls-1, and JDo-1 (Table A.1). 

Figure A.1 displays PAAS-normalized REE+Y patterns of the referenced EPT 

carbonates in Figure 5. Figure A.2 presents histograms showing the concentrations of 1015 

Al (wt%), Th, Sc, Ti, Zr, Rb, and total REE (μg/g) in EPF basalts, with their mean 

values (MV) used in the binary mixing model of Figure 7. 
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Table 1: Geochemical compositions of the various carbonates from the East Pilbara Terrane, Western Australia  

Formation North Star Basalt Dresser Fm. Mt Ada Basalt Apex Basalt 

Age (Ma) 3490 3480 3470 3460 

Lithology 
Interstitial 

Cal.(A) 

Interstitial 

Ank. 

Interstitial 

Cal.(A) 
Interstitial Ank. Interstitial Cal.(P) Interstitial Cal.(A) 

Sample ID CP-1 CP-2 D-3 A-1-C A-1-E A-2 A14673-1 A22-1 A22-2 ABAS-2 ABAS-3 Apex1 Apex2 

(wt%)              

Dissolved 

fraction(%) 
96.7  99.7  71.6  98.6  82.9  92.7  92.0  93.9  91.9  75.9  96.6  75.5  82.8  

Al 0.014  0.003  0.005  0.009  0.403  0.008  0.072  0.007  0.024  0.996  0.013  0.020  0.201  

Ca 41.596  22.069  41.162  23.701  30.644  23.819  39.796  39.637  39.000  38.418  40.570  40.896  40.387  

Fe 0.292  8.925  0.710  10.409  7.322  8.423  0.810  1.152  1.434  2.534  1.109  0.558  0.797  

K bd bd bd bd bd bd bd bd bd bd bd bd bd 

Mg 0.153  8.191  0.244  6.099  4.624  7.245  0.199  0.465  0.612  0.774  0.198  0.115  0.254  

Mn 0.940  0.598  1.068  0.827  0.834  0.497  0.780  0.951  0.808  0.623  0.611  0.685  0.544  

Na bd bd bd bd bd bd bd bd bd bd bd bd bd 



(𝜇𝑔/𝑔)              

Sc 7.351  0.464  0.393  1.297  10.695  0.408  1.487  2.430  11.437  15.749  3.426  1.188  2.664  

Ti 0.284  0.243  0.117  0.259  5.346  0.000  1.317  0.200  0.488  8.088  0.925  0.530  1.498  

V 1.006  1.273  2.118  62.298  55.349  7.350  3.968  2.658  3.125  55.570  3.309  1.320  7.666  

Ni nd nd nd 5.151  13.040  nd 8.585  5.233  5.988  32.884  5.251  7.634  13.230  

Zn nd nd nd 33.148  35.887  nd 3.413  1.950  6.740  19.351  1.390  1.888  4.699  

Rb 0.116  0.030  0.011  0.090  0.110  0.042  0.030  0.012  0.039  0.038  0.020  0.029  0.007  

Sr 74.047  26.952  78.124  159.617  216.531  202.047  108.339  100.443  112.337  141.104  133.304  120.572  115.930  

Y 115.176  15.990  7.261  22.683  38.089  3.918  11.066  26.054  62.464  13.509  12.695  10.762  13.030  

Zr 0.008  0.000  0.011  0.000  0.090  0.000  0.169  0.198  0.170  0.235  0.255  0.149  0.098  

Mo 0.209  0.175  0.240  0.173  0.204  0.141  0.185  0.196  0.197  0.389  0.187  0.215  0.207  

Ba 0.931  0.459  5.778  18.400  8.113  91.466  34.427  5.060  7.110  23.867  11.632  4.268  6.287  

La 31.071  7.105  0.711  0.577  3.717  2.513  1.391  3.277  6.265  1.917  1.235  1.590  1.690  

Ce 84.082  11.126  1.340  2.710  14.595  4.476  2.841  7.443  16.116  4.652  2.538  3.275  3.815  

Pr 12.335  1.495  0.161  0.775  3.304  0.626  0.402  1.079  2.544  0.716  0.354  0.452  0.572  



Nd 57.269  6.729  0.711  6.193  21.188  2.742  1.929  5.078  12.843  3.645  1.698  2.157  2.921  

Sm 18.313  1.933  0.196  4.897  11.237  0.786  0.662  1.723  4.881  1.428  0.586  0.691  1.014  

Eu 6.704  0.781  0.052  2.672  6.757  0.656  0.248  0.626  1.572  0.587  0.226  0.200  0.316  

Gd 22.411  3.059  0.386  7.880  14.034  1.059  0.986  2.431  6.845  1.884  0.988  1.020  1.447  

Tb 3.234  0.425  0.071  1.114  1.732  0.139  0.168  0.432  1.258  0.287  0.182  0.164  0.228  

Dy 21.389  2.414  0.636  5.371  8.112  0.689  1.215  3.251  9.379  1.909  1.447  1.212  1.624  

Ho 4.109  0.414  0.172  0.797  1.227  0.109  0.301  0.790  2.167  0.428  0.372  0.298  0.390  

Er 11.098  1.116  0.593  1.702  2.577  0.223  0.933  2.557  6.762  1.271  1.250  0.968  1.249  

Tm 1.670  0.135  0.107  0.194  0.291  0.023  0.138  0.410  1.075  0.190  0.206  0.152  0.190  

Yb 9.693  0.756  0.688  1.067  1.619  0.126  0.895  2.724  7.529  1.295  1.471  1.038  1.317  

Lu 1.238  0.098  0.109  0.134  0.206  0.015  0.145  0.450  1.251  0.212  0.247  0.179  0.228  

Hf nd nd nd 0.007  0.016  nd 0.004  0.007  0.019  0.007  0.004  0.006  0.005  

Th 0.017  0.024  0.000  0.001  0.015  0.000  0.006  0.000  0.007  0.028  0.000  0.002  0.001  

U 0.001  0.002  0.007  0.001  0.002  0.001  0.028  0.048  0.039  0.019  0.019  0.006  0.004  

REE+Y 399.79  53.58  13.19  58.77  128.68  18.10  23.32  58.33  142.95  33.93  25.49  24.16  30.03  



Y/Ho 28.03  38.61  42.33  28.47  31.05  36.00  36.72  32.98  28.82  31.60  34.17  36.07  33.43  

Ce/Ce* 1.00  0.82  0.95  0.69  0.81  0.86  0.91  0.94  0.93  0.93  0.92  0.93  0.92  

Pr/Pr* 0.98  0.96  0.93  0.78  0.89  0.99  0.94  0.96  0.95  0.94  0.94  0.94  0.93  

La/La* 1.21  1.96  1.69  -0.13  -0.52  1.48  2.04  1.57  2.21  2.64  2.03  1.98  3.03  

Gd/Gd* 1.14  1.01  1.57  0.87  0.98  0.96  1.10  1.12  1.07  1.09  1.20  1.19  1.15  

Eu/Eu* 1.87  1.92  1.07  2.56  3.21  4.26  1.70  1.65  1.45  2.01  1.63  1.34  1.47  

Y/Y* 0.18  2.51  5.17  1.21  0.87  11.68  2.85  0.93  0.31  1.80  1.98  2.70  1.94  

PrSN/YbSN 0.38  0.59  0.07  0.22  0.61  1.48  0.13  0.12  0.10  0.16  0.07  0.13  0.13  

SmSN/YbSN 0.83  1.12  0.12  2.01  3.04  2.74  0.32  0.28  0.28  0.48  0.17  0.29  0.34  

(‰) Ref.a              

δ 13CVPDB  -2.31  0.01  0.63  0.83  0.77  0.52  0.62  0.44  0.69  0.65  0.77  0.25  0.04  

δ 18OVPDB   -19.17  -14.34  -19.81  -18.14  -18.57  -16.05  -16.74  -17.29  -16.72  -16.97  -15.79  -17.58  -17.70  



Formation 
Apex 

Basalt 

Euro 

Basalt 

Euro 

Basalt 

Euro 

Basalt 

Dresser 

Fm. 

Dresser 

Fm. 
Dresser Fm. Dresser Fm. Dresser Fm. Dresser Fm. Euro Basalt 

Strelley Pool 

Fm. 

Age (Ma) 3460 3350 3350 3350 3480 3480 3490 3480 3480 3480 3350 3410 

Lithology 
Interstitial 

Cal.(A) 

Interstitial 

Cal.(A) 

Interstitial 

Cal.(A) 

Interstitial 

Cal.(A) 

Fracture 

Cal. 

Fracture 

Cal.. 

Sedimentary 

Carb. 

Sedimentary 

Carb. 

Sedimentary 

Carb. 

Sedimentary 

Carb. 

Sedimentary 

Carb. 
Stromatolite 

Sample ID Apex3 E-1 E-2 E-3 D-2-R D-2-W D-1 PDP DB TSU E-4 Strelley 

(wt%)             

Dissolved 

fraction(%) 
86.0  90.2  92.0  32.5  99.0  99.9  30.5  81.3  16.5  27.9  63.4  76.7  

Al 0.025  0.022  0.001  0.007  0.002  0.003  0.113  0.008  0.100  0.031  0.074  0.000  

Ca 40.442  41.153  40.372  40.405  42.159  42.199  21.088  26.167  36.557  21.543  22.504  22.664  

Fe 0.661  0.556  0.187  0.093  0.000  0.068  12.098  9.623  0.156  10.008  7.339  1.671  

K bd bd bd bd bd bd bd bd bd bd bd bd 

Mg 0.162  0.129  0.091  0.090  0.000  0.177  6.470  9.884  2.255  7.323  9.339  11.986  

Mn 0.732  0.508  0.757  0.817  0.000  0.007  0.965  1.331  0.200  1.060  0.962  0.440  

Na bd bd bd bd bd bd bd bd bd bd bd bd 



(𝜇𝑔/𝑔)             

Sc 1.200  2.391  14.310  1.002  0.266  0.236  9.557  4.768  46.775  7.298  11.821  1.813  

Ti 0.565  0.405  0.000  0.369  0.102  0.034  8.776  0.134  5.300  2.403  7.548  1.429  

V 1.574  1.716  0.856  1.013  0.178  0.194  36.445  5.201  5.481  19.733  51.124  2.169  

Ni 7.404  6.204  5.833  nd nd nd nd nd nd nd 167.581  nd 

Zn 1.433  0.000  0.000  nd nd nd nd nd nd nd 30.683  nd 

Rb 0.046  0.011  0.013  0.033  0.012  0.009  1.018  0.019  1.379  0.435  0.514  0.060  

Sr 112.434  100.155  67.115  46.766  1198.471  1789.259  46.869  127.956  66.446  37.982  21.624  47.821  

Y 15.885  15.600  32.563  18.240  1.116  1.363  14.653  26.309  23.191  10.961  12.443  2.133  

Zr 0.136  0.073  0.004  0.003  0.000  0.000  0.332  0.095  0.865  1.154  1.052  0.936  

Mo 0.223  0.134  0.154  0.306  0.026  0.012  0.456  0.301  0.100  0.238  1.832  0.103  

Ba 6.425  7.887  4.430  3.005  112.364  1.456  33.261  132.848  4594.744  110.834  5.418  55.556  

La 2.248  1.994  5.661  2.100  0.121  0.083  1.863  2.410  2.175  1.257  3.673  0.274  

Ce 4.392  4.039  13.882  3.386  0.236  0.120  4.716  4.654  1.517  3.206  9.950  0.439  

Pr 0.602  0.562  2.011  0.441  0.034  0.016  0.784  0.709  0.658  0.517  1.579  0.069  



Nd 2.863  2.715  9.406  2.142  0.166  0.072  4.059  3.555  3.282  2.710  7.183  0.360  

Sm 0.920  0.861  3.246  0.727  0.061  0.027  1.829  1.627  1.316  1.180  2.101  0.166  

Eu 0.266  0.339  1.547  0.288  0.020  0.008  0.737  1.035  0.985  0.461  0.798  0.088  

Gd 1.432  1.365  4.678  1.488  0.125  0.078  2.712  2.629  2.354  1.610  2.746  0.302  

Tb 0.231  0.223  0.781  0.251  0.021  0.015  0.417  0.463  0.432  0.261  0.409  0.046  

Dy 1.674  1.634  5.297  2.090  0.168  0.151  2.484  3.305  3.486  1.665  2.276  0.253  

Ho 0.410  0.400  1.114  0.519  0.037  0.037  0.499  0.745  0.768  0.348  0.408  0.046  

Er 1.298  1.247  3.065  1.696  0.103  0.122  1.339  2.242  2.313  1.029  0.977  0.118  

Tm 0.203  0.183  0.435  0.284  0.014  0.019  0.180  0.328  0.383  0.156  0.115  0.016  

Yb 1.299  1.153  2.850  1.834  0.076  0.111  1.144  2.151  2.411  1.075  0.651  0.101  

Lu 0.219  0.188  0.446  0.300  0.010  0.015  0.170  0.317  0.341  0.167  0.091  0.016  

Hf 0.005  0.004  0.012  nd nd nd nd nd nd nd 0.039  nd 

Th 0.000  0.001  0.010  0.000  0.000  0.000  0.340  0.002  0.013  0.174  0.161  0.015  

U 0.012  0.016  0.009  0.005  0.002  0.001  0.096  0.005  0.413  0.036  0.016  0.027  

REE+Y 33.95  32.50  86.98  35.79  2.31  2.24  37.59  52.48  45.61  26.60  45.40  4.43  



Y/Ho 38.74  38.96  29.24  35.17  30.48  36.57  29.35  35.33  30.19  31.50  30.52  46.50  

Ce/Ce* 0.91  0.91  0.97  0.85  0.88  0.79  0.90  0.85  0.30  0.92  0.95  0.77  

Pr/Pr* 0.94  0.94  0.97  0.91  0.94  0.95  0.95  0.94  1.23  0.93  1.02  0.94  

La/La* 2.05  2.16  1.41  3.02  2.29  2.24  2.93  2.82  2.64  3.76  1.01  5.00  

Gd/Gd* 1.16  1.16  1.02  1.44  1.33  2.06  0.96  1.04  1.23  0.98  0.93  0.91  

Eu/Eu* 1.32  1.77  2.20  1.62  1.32  1.05  1.89  2.77  3.11  1.85  1.88  2.32  

Y/Y* 2.16  2.26  0.69  1.50  21.34  21.64  1.59  1.14  0.95  2.22  2.26  28.49  

PrSN/YbSN 0.14  0.14  0.21  0.07  0.13  0.04  0.20  0.10  0.08  0.14  0.72  0.20  

SmSN/YbSN 0.31  0.33  0.50  0.17  0.35  0.11  0.70  0.33  0.24  0.48  1.41  0.72  

(‰) Ref.a             

δ 13CVPDB  0.21  0.21  0.99  -2.37  2.34  2.20  0.97  1.26  -5.10  1.46  1.88  2.50  

δ 18OVPDB   -17.37  -19.23  -19.52  -19.31  -17.81  -13.03  -15.95  -12.69  -7.88  -14.66  -15.19  -13.16  

Note: 

1. Anomalies were calculated based on PAAS-normalized values (after Pourmand et al., 2012): 

     Ce/Ce* = CeSN/(0.5PrSN + 0.5LaSN) and Pr/Pr* = PrSN/ (0.5CeSN + 0.5NdSN) (after Bau and Dulski, 1996)  

     La/La* = LaSN/(3PrSN– 2NdSN) and Gd/Gd* = GdSN/(2TbSN - DySN) (after Alexander et al., 2008) 

     Eu/Eu* = EuSN/(SmSN
2 * TbSN)1/3 and Y/ Y* = YSN/(0.5ErSN × 0.5HoSN)  (after Lawrence et al. 2006) 

2. bd: below the limits of detection; nd: not determined 



3. Stable carbon and oxygen isotopes are from Ref. a (Xiang et al., 2024). 

4. Abbreviations: Cal. –calcite; P-primary; A-altered; Ank. - dolomite; Carb. -carbonate; Fm. -Formation; SPF- Strelley Pool Formation. 

 

 



Table 2: The age-corrected radiogenic Sr isotopic compositions of the EPT carbonates. 

Lithology Formation Age (Ma) SampleID Sr (μg/g) Rb (μg/g)  87Rb/86Sr   87Sr/86Sr  2sigma (2σ)  N  87Sr/86Sr (i) 

Interstitial Cal.(P) Apex Basalt 3460 A14673-1 93.89 0.03 0.0009 0.703205 0.000004 95 0.703159  

A22-2 103.2 0.03 0.0007 0.704209 0.000004 96 0.704172  

ABAS-2 127.9 0.04 0.0008 0.703291 0.000005 92 0.703250  

ABAS-3 119.7 0.02 0.0005 0.701822 0.000004 96 0.701796  

Interstitial Cal.(A) Euro Basalt 3350 E-1 98.21 0.01 0.0002 0.706552 0.000004 98 0.706543  

E-3 34.91 0.02 0.0016 0.706605 0.000005 95 0.706540  

Apex Basalt 3460 Apex1 112.02 0.03 0.0008 0.704684 0.000005 95 0.704657  

Apex2 105.78 0.01 0.0003 0.703327 0.000006 97 0.703326  

Apex3 102.38 0.02 0.0007 0.703687 0.000005 97 0.703664  

Dresser Fm. 3480 D-3 71.57 0.01 0.0003 0.701919 0.000005 94 0.701917  

North Star Basalt 3490 CP-1 62.72 0.08 0.0038 0.703678 0.000004 97 0.703496  

Interstitial Ank. Mt Ada Basalt 3470 A-1-C 116.99 0.07 0.0017 0.707917 0.000004 97 0.707833  

A-1-E 160.05 0.09 0.0016 0.708825 0.000004 97 0.708746  

A-2 165.2 0.03 0.0005 0.712846 0.000005 98 0.712832  

North Star Basalt 3490 CP-2 20.02 0.02 0.0025 0.705454 0.000004 93 0.705341  

Fracture Carb. Dresser Fm. 3480 D-2-R 1089.56 0 0 0.700666 0.000005 96 0.700678  

D-2-W 1754.68 0 0 0.700583 0.000005 96 0.700596  

Sedimentary. Carb. Euro Basalt 3350 E-4 14.81 0.36 0.0706 0.714446 0.000006 99 0.711009  

Dresser Fm. 3480 D-1 33.11 0.72 0.0632 0.71216 0.000005 98 0.708969  

DB 61.34 1.09 0.0516 0.718059 0.000005 96 0.715458  

TSU 30.79 0.36 0.0337 0.70985 0.000004 96 0.708153  

 PDP 103.96 0.01 0.0003 0.702207 0.000005 97 0.702203  



SPF Stromatolite Strelley Pool Fm. 3410 Strelley 40.05 0.05 0.0035 0.705377 0.000005 96 0.705217  

 

Note: 

1. 86Sr/88Sr ratio was normalized to 0.1194 using an exponential law. 

2. 86Sr/87Sr ratio of NIST SRM 987 is 0.710246 ± 0.000009 (2σ, n =48).  

3. 86Sr/87Sr ratios of JDo-1 and JLs-1 are 0.707575±28 (2σ, n=2) and 0.707847±19 (2σ, n=2), respectively. 

4. 86Sr/87Sr (i) are 86Sr/87Sr ratios after correction of Rb and age.  

5. Abbreviations: Cal. –calcite; P-primary; A-altered; Ank. - ankerite; Carb. –carbonate; SPF- Strelley Pool Formation; Fm. – formation. 



Table 3: Temperatures calculated with the δ18OPDB values (‰) of the seawater endmember (D-2-W) and primary interstitial calcites, and various seawater δ18OSMOW 

values (‰). 

SampleID Lithology Formation Age (Ma) 
Calcite δ18O 

(PDB, ‰) 

Temperature (℃) calculated via seawater δ18O (‰) 

-13.3 (a) -8 (b) -5 (c) -1.2 (d) 0 (e) 3.3 (f) 

A14673-1 

Primary interstitial 

calcite 
Apex Basalt 3460 

-16.74  33.2  62.8  82.1  109.1  118.3  144.9  

A22-1 -17.29  35.9  66.2  85.8  113.2  122.5  149.4  

A22-2 -16.72  33.0  62.7  81.9  108.9  118.1  144.6  

ABAS-2 -16.97  34.3  64.3  83.7  110.9  120.0  146.8  

ABAS-3 -15.79  28.4  57.1  75.8  102.1  111.0  137.0  

D-2-W Seawater calcite Dresser Formation 3480 -13.03  15.7  41.5  58.5  82.7  91.0  115.1  

Note: 

1. The paleotemperatures are calculated via equation (Shackleton & Kennett, 1975): 

𝑇(°𝐶) = 16.9 − 4.38 (δ O18
𝐶𝑎𝐶𝑂3 − δ O18

𝑤) + 0.1 (δ O18
𝐶𝑎𝐶𝑂3  − δ O18

𝑤)2 5 

2. References: a. Jaffrés et al., 2007; b. Kutyrev et al., 2024; c. Herwartz et al., 2021; d. Shackleton & Kennett, 1975; e. Hoefs, 2018; f. Johnson and Wing, 2020.  



 

 

Figure 1: (a) Simplified geological map of the North Pole Dome, Eastern Pilbara Terrane, Western Australia, 

including sampling localities (red stars). (b) Simplified stratigraphy of the studied Archean rocks (Xiang et 10 

al., 2024; modified from Van Kranendonk and Hickman, 2000; Van Kranendonk et al., 2007b; Hickman and 

Van Kranendonk, 2012). 

 

Figure 2: Thin-section photomicrographs from the North Pole Dome, Eastern Pilbara Terrane 

(Western Australia). The samples reveal four distinct types of interstitial carbonates: (1) primary 15 

facies: the acicular crystal-fan calcite (a); (2) recrystallized/altered facies: blocky calcite (b) and 



massive calcite and sparry calcite (sparite) in (c); (3) The blocky ankerites often exhibiting the 

calcite overgrowth; (4) Fracture-filling calcite precipitated in wide fractures. Sedimentary 

carbonates include two types, namely marine ankerite associated with organic matter (f, g) and 

terrestrial hydrothermal dolomite-calcite assemblages (h). (I, j) show stromatolite from the Strelley 20 

Pool Formation displays tri-generational dolomite, with initial generation (D1) partially 

recrystallized into subsequent generations (D2-D3). Samples (a-c) derive from the Apex Basalt, (d) 

from Mt Ada Basalt, and (e, f-h) from the Dresser Formation. All photographs were taken under 

plane-polarized light except (b, c) under cross-polarized light and (j) under Cathodoluminescence. 

Scale bars in (a, f-h) are 200 µm (also applies to b-e, i), whereas the scale bar in (j) is 25 µm. 25 

(Mineral abbreviation: Cal-calcite, Qtz- quartz, Ank-ankerite, Dol-dolomite). 

 

Figure 3: (a) Carbonate rock classification based on converted CaCO₃-MgCO₃-(Fe+Mn)CO₃ 

compositions (wt%). It reveals that the EPT carbonates mainly comprise calcite, dolomite, and 



ankerite. Cross-plots of EPT carbonates display molar Mg/Ca ratio vs. (b, c) Fe (wt%), (d) Mn 30 

(wt%), and (e) Sr (μg/g), revealing varied Fe, Mn, and Sr levels across carbonate facies. The dashed 

square in (b) is enlarged in (c), with grey lines and envelope indicating strong Fe-lithology 

correlations, suggesting dissolved Fe mainly from carbonates. Data on interstitial carbonates are 

sourced from Nakamura and Kato (2004), Yamamoto et al. (2004), and Marien et al. (2023), while 

sedimentary carbonate and stromatolite data come from Viehmann et al. (2020). (Abbreviations: 35 

Cal. –calcite; P-primary; A-altered; Carb. -carbonate; SPF- Strelley Pool Formation; ref-

reference). 

 

Figure 4: Plots showing trace element concentrations (Al in wt%, others in μg/g) in the EPT 

carbonates. The SPF stromatolite and the Paleoarchean seawater endmember (D-2-W, details in 40 

Section 5.2.1) are marked by diamond and star, respectively. (Abbreviations: Cal. –calcite; P-

primary; A-altered; Ank.-ankerite; Carb. -carbonate). 



 

Figure 5: The PAAS-normalized REE+Y patterns of EPT carbonates and referenced counterparts, 

stratigraphically organized. (a) North Star Basalt, (b) Dresser Formation, (c) Mt Ada Basalt, (d) 45 

Apex Basalt, (e) Strelley Pool Formation, and (f) Euro Basalt. Abbreviations: "ICal" denotes 

interstitial calcite (P = primary facies, A = altered facies); "IAnk" indicates interstitial ankerite; 

"Sed Carb" represents sedimentary carbonate; "FFCal" refers to fracture-filling calcite. "ICal-

I" and "ICal-II" are Type I and II interstitial carbonates from Ref.2; "Carbi" in (f) denotes 

carbonate inclusions in Euro pillow basalt margins (Ref.7). "Ref-X" indicates data from reference 50 

X, while "Ref-X.mv" represents the mean of referenced data in Figure A.1. References: Ref.1 - 

Van Kranendonk et al. (2003); Ref.2 - Marien et al. (2023); Ref.3 - Nakamura and Kato (2004); 

Refs.4-6 - Van Kranendonk et al. (2003), Allwood et al. (2010), Viehmann et al. (2020); Ref.7 - 

Yamamoto et al. (2004). 
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Figure 6: Plots of diagnostic REE+Y ratios and the PAAS-normalized REE+Y anomalies for EPT 

carbonates and references. (a) Y/Ho weight ratios, (b) Y/Y*, (c) Eu/Eu* vs. total REE+Y (μg/g), (d) 

Ce/Ce* vs. Pr/Pr*, (e) Gd/Gd vs. La/La*, and (f) Sm/YbSN vs. Pr/YbSN. These reveal that EPT 

carbonates generally exhibit near-chondritic or elevated Y/Ho ratios, no Ce anomaly, and positive 

La, Eu, and Y anomalies, along with LREE depletion. Reference data are sourced from Van 60 

Kranendonk et al. (2003), Nakamura and Kato (2004), Yamamoto et al. (2004), Allwood et al. 

(2010), Viehmann et al. (2020) and Marien et al. (2023). (Abbreviations: Cal. – calcite; P – primary; 

A – altered; Carb. – carbonate; SPF- Strelley Pool Formation; ref.- reference). 



 

Figure 7: Plots of Al content (wt%) versus the concentrations (μg/g) of (a) Sc, (b) Th, (c) Zr, (d) Ti, 65 

(e) Rb, and (f) total REE to evaluate potential detritus contamination. The grey dashed line 

represents the binary mixing line between seawater endmember D-2-W and the EPT basalt 

endmember (mean value, MV), while another line shows the binary mixing line between D-2-W 

and the MUQ endmember, with grey numbers indicating the weight fractions of basalt or MUQ 

(methods in Appendix A) The plots reveal that only a few sedimentary carbonates may have been 70 

slightly affected by detritus, with contamination fractions up to 0.03. (Abbreviations: Cal. – calcite; 

P – primary; A – altered; Ank. – ankerite; Carb. – carbonate; SPF – Strelley Pool Formation). 



 

Figure 8: PAAS-normalized REE+Y patterns for EPT carbonates and referenced data showing 

mean values and ranges across lithologies: (a) primary interstitial calcite (Primary ICal.), altered 75 

recrystallized interstitial calcite (Recryst. ICal.), interstitial ankerite (Ank.), and fracture-filling 

calcite (Fracture Cal.); (b) sedimentary carbonates (Carb.) and Strelley Pool Formation (SPF) 

stromatolites (dashed blue line: highly silicified counterpart of stromatolite). The orange dashed 

line represents a 3% reduction from the sedimentary carbonate mean, based on a binary mixing 

model, indicating maximum basalt detritus contribution (Fig.7). Similarly, the brown dashed line 80 

reflects a 3% MUD composition reduction. The mean REE+Y patterns normalized to Primitive 

Mantle (PM; Palme and O’Neil, 2014) are shown for (c) EPT carbonates and (d) modern references 

(note: true values ×10⁶ on log y-scale). In (c), mean values of carbonates from the Euro pillow basalt 

margin ("Euro Carb(i)", Yamamoto et al., 2004) and Type-I and II interstitial carbonates ("Euro 

ICarb-I" and "Euro ICarb-II", Marien et al., 2023) are plotted. All lines illustrate a distinct shift 85 

from seawater to interstitial carbonates. Abbreviations in (d): HT – High Temperature; LT – Low 



Temperature; NPDW – North Pacific Deep Water; NPSW – North Pacific Surface Water. Data 

sources: a. Hongo and Nozaki (2001); b. Bau and Dulski (1999); c. Alibo and Nozaki (1999). 

 

Figure 9: Radar plots integrate diagnostic geochemical features across carbonate facies, including 90 

Sr-Mn-Fe concentrations, REE+Y abundance, Y/Ho ratios, Eu anomalies, ⁸⁷Sr/⁸⁶Sr, and δ¹³C 

values. Data ranges (min-max) define axis boundaries, with percentages calculated per facies to 

highlight compositional deviations. (a) Radar plots for fracture-filling calcite, primary/altered 

interstitial calcite, and interstitial ankerite reveal fluid-driven geochemical signatures. (b) 

Comparative radar plots of sedimentary carbonates and stromatolites enable rapid diagnosis of 95 

depositional environments and diagenetic histories through patterned geochemical deviations and 

similarities. 

 



Figure 10: The cross-plots of (a) δ¹³C vs δ18O, and (b) the age-corrected 87Sr/86Sr ratios vs the 

PAAS-normalized Eu/ Eu* ratios of the EPT carbonates. The co-variations reflect progressive 100 

seawater-basalt reaction (indicated by black arrows). The grey line indicates the regression line 

based on data of fracture-filling calcite D-2-W, the primary interstitial calcite and interstitial 

ankerite, and the grey envelope is plotted with the confidence interval of 95%, generated via 

Seaborn regplot (default). To be noted, some altered interstitial calcite and SPF stromatolite are 

located in the area. Data sources: (a) Modern seawater data from Kroopnick (1980) and Tan 105 

(1988); Carbonatized Apex basalt data from Nakamura and Kato (2004); Mantle flux data from 

Degens et al. (1984) and Hayes and Waldbauer (2006); (b) Type-I and Type-II Euro interstitial 

calcite data from Marien et al. (2023). (Abbreviations: P-primary; A-altered; Cal. –calcite; Carb. 

-carbonate).  
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Figure 11: (a) The temporal variations in Sr isotopic compositions of EPT carbonates, alongside 

reference data from carbonates and barites, plotted against the Sr isotopic evolution curves of Bulk 

Silicate Earth (BSE), Depleted Mantle (DM), and Upper Continental Crust (UCC). The region 

marked by the dashed black rectangle is expanded in (b). The blue line represents the inferred 

seawater Sr isotopic evolution, based on the least radiogenic values observed at any given time. (b) 115 

The Sr isotopic compositions of fracture-filling calcites and barites from the Dresser Formation, 

sharing the same labels as (a). Details of the evolution lines are provided in the Appendix A, with 

carbonate and barite references sourced from McCulloch (1994), Shields and Veizer (2002), 

Satkoski et al. (2016), Ravindran et al. (2020), Roerdink et al. (2021), Chen et al. (2022) and Marien 

et al. (2023). (Abbreviations: P-primary; A-altered; Carb. –carbonate; SPF- Strelley Pool 120 

Formation). 
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1. Binary mixing model 15 

The influence from possible detritus component can be assessed based on the binary mixing model (or 

two-component mixing model) following the equation: 

𝐶!"#$ = 𝐶%$ × 𝐹 + 	𝐶&$ × (1 − 𝐹)   (Eq. A.1) 

where 𝐶%$ , 𝐶&$ , 𝐶!"#$  are the concentrations of element E in component A, B and mixture, respectively, 

while F is a weight fraction. In this work, the binary mixing lines are calculated using the composition 20 
of fracture-filling calcite D-2-W as seawater endmember, the mean value of EPT basalts as the basaltic 

endmember (Van Kranendonk and Pirajno, 2004; Yamamoto et al., 2004; Nakamura and Kato, 2004; 

Smithies et al., 2005; Jenner et al., 2009; Johnson et al., 2017; Nakamura et al., 2020; Tusch et al., 2021; 

Tympel et al., 2021; Caruso et al., 2021), and the composition of MUQ (MUd from Queensland, Kamber 

et al., 2005) as an endmember of the weathered upper continental crust. For the EPT basalts, Al and Ti 25 

contents were usually given by the contents of oxides Al2O3 and TiO2, and in this study calculated 

through Equation A.2, if lack of Al and Ti concentrations: 

𝐶$ =	𝐶'# 	× 	𝑀$ 	× 	𝑚 ÷	𝑀'#	   (Eq. A.2) 

where 𝐶$ and 𝐶'# represents the concentrations of element E (here Al or Ti) and oxide EnOm, while 

𝑀$  and 𝑀'#  represents the atomic weight of element E and molecular weight of its oxide. The 30 

histograms of the element concentrations of EPT basalts used for estimating detritus contribution are 

illustrated in Figure A.2, showing the mean value of Al 7.00 wt% (N=373), Th 0.76 μg/g (N =396), Sc 

35.75 μg/g (N=366), Ti 6216.94 μg/g (N=273), Zr 73.95 μg/g (N=308), total REE 47.24 μg/g (N=410) 

and Rb 23.43 μg/g (N=395).  

2. Sr isotopic evolution line 35 

The Sr isotopic evolution lines of the Bulk Silicate Earth (BSE), Depleted Mantle (DM) and Upper 

Continental Crust (UCC) are calculated based on assumptions below. The BSE Sr isotopic evolution line 

is calculated from the Basaltic Achondrite Best Initial (BABI) at 4.56 Ga of 87Sr/86Sr = 0.69897 (Hans et 

al., 2013) and bulk Earth 87Rb/86Sr = 0.085 (Taylor and McLennan, 1995). The differentiation occurred 

at 3.8 Ga (White, 2005; Alexander Bentley, 2006). After that, UCC evolved highly heterogeneously in 40 

its 87Sr/86Sr due to substantial Rb/Sr fractionation during igneous differentiation processes (White, 2014), 

thus in this work using the assumed 87Rb/86Sr of 0.26 to generate a present-day 87Sr/86Sr ratio of 0.714053 

(an average present-day isotope composition of 87Sr/86Sr ~0.715, Yokoo et al., 2004). Similarly, the 

present-day DM is also heterogeneous in its Sr isotope composition, owing to melt extraction and re-

fertilization by recycled crust (White, 2014). Therefore, a present-day 87Sr/86Sr value ~0.702 to 0.703 of 45 
the global mid-ocean ridge basalts (MORB) on average (DePaolo and Wasserburg, 1977; Salters and 

Stracke, 2004) is considered to be representative for the upper depleted mantle, and accordingly an 

evolution line with 87Rb/86Sr = 0.05 and the present-day 87Sr/86Sr ratio of 0.702603 is used in this work 



to indicate the DM evolution. The related decay equation is listed below with a Rb decay constant (𝜆	 Rb() ) 

of 1.394 ×10-11 /a (with t in millions of years, Nebel et al., 2011):  50 

(87Sr/86Sr) present = (87Sr/86Sr) initial + (87Rb/86Sr) × (𝑒*+-1)   (Eq. A. 3) 

  



Table A.1: The concentrations of major and trace elements of the references Cal-s, Jls-1 and JDo-1.  

Sample ID Cal-s JLs-1 Jdo-1 

Reference Ref. a this work Ref. b, c this work Ref. b, c this work 
 (μg/g) 1st 2nd (μg/g) 1st 2nd (μg/g) 1st 2nd 

 MV 

(N=25) 
RSD % 

MV 

(N=2, 

4*) 

RSD% 
MV 

(N=4*) 
RSD% 

MV 

(N=7) 
RSD % 

MV 

(N=2, 
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RSD% Offset 
MV 

(N=3*) 
RSD% Offset 

MV 

(N=7) 
RSD % 

MV 

(N=4*) 
RSD% Offset 

MV 

(N=2*) 
RSD% Offset 

(wt%)       
  

   
  

 
  

    
 

 

Al   0.015  141.4    1383.2  0.008  23.4      637  0.023  141.4      

Ca   39.499  2.6    414000  41.401  0.6      247000  24.923  4.4      

Fe 294  <0.011    106  <0.035      147  <0.028  
    

K   <0.509    N.A.  <1.636      N.A.  <1.314  
    

Mg 2358  <0.063    4400  0.220  19.1      227000  11.247  1.5      

Mn 12.076  <0.001    16.4  0.001  8.9      51  0.005  6.5      

Na   <0.414    N.A.  <1.330      N.A.  <1.068  
    

(μg/g)       
   

 
  

    
 

  
 

 

Sc   0.255  8.1  0.356  6.9    0.226  10.9   0.315  12.5     0.296  12.6   0.400  6.3   

Ti   1.895  11.8  1.320  0.9    0.675  8.8   0.886  6.6     1.491  5.1   2.024  1.5   

V   1.700  2.3  1.271  6.0    2.268  1.3   1.893  5.8     3.526  1.6   2.976  0.7   

Ni 5.000  100.0  N.A. N.A. 6.860  2.3    N.A  
 6.572  3.4     N.A  

 6.160  0.8   

Zn 15.440  18.7  N.A. N.A. 10.675  2.9    N.A  
 4.386  4.0     N.A  

 38.435  0.3   

Rb 0.897  64.5  0.085  4.8  0.055  3.5  0.114  6.0  0.055  6.3  0.483  0.062  4.5  0.545  0.140  50.6  0.032  9.0  0.230  0.035  0.4  0.247  

Sr 249.000  4.4  237.880  0.5  259.295  0.9  285.000  1.7  312.369  1.0  1.096  312.823  0.7  1.098  117.000  3.4  116.658  1.1  0.997  117.737  0.4  1.006  

Y 1.950  4.1  1.722  0.5  1.846  1.1  0.216  1.5  0.229  0.6  1.060  0.226  1.0  1.048  10.400  4.0  9.886  1.1  0.951  9.897  0.5  0.952  

Zr 1.360  86.8  0.205  1.5  0.142  1.8  0.320  11.6  0.040  2.1  0.125  0.059  2.9  0.185  0.560  16.9  0.120  3.7  0.214  0.163  1.6  0.291  



Mo 0.185  25.4  0.155  1.6  0.106  2.0    0.039  8.7   0.051  8.8    
 0.128  4.9   0.143  1.8   

Ba 2.260  211.5  1.207  1.3  1.313  1.5  453.000  4.1  437.858  0.8  0.967  441.142  0.3  0.974  7.000  26.4  5.640  1.6  0.806  5.754  0.2  0.822  

La 0.820  8.5  0.768  1.1  0.832  0.6  0.107  1.3  0.118  1.3  1.102  0.115  1.4  1.073  7.700  3.0  7.742  0.6  1.005  7.733  0.5  1.004  

Ce 0.347  28.0  0.279  1.6  0.298  1.4  0.187  2.7  0.183  1.2  0.980  0.187  0.3  0.998  2.020  2.5  1.994  0.3  0.987  1.997  0.3  0.989  

Pr 0.092  17.4  0.082  1.4  0.088  0.9  0.024  0.9  0.023  0.7  0.954  0.023  2.4  0.994  1.050  3.1  0.980  0.8  0.933  0.980  0.4  0.934  

Nd 0.375  19.7  0.341  0.9  0.365  1.1  0.090  0.9  0.092  2.3  1.019  0.096  3.8  1.059  4.090  2.2  4.057  0.7  0.992  4.051  0.2  0.991  

Sm 0.058  43.1  0.060  2.2  0.065  1.3  0.019  1.5  0.022  1.7  1.203  0.021  1.7  1.157  0.680  2.1  0.686  1.1  1.010  0.683  0.5  1.005  

151Eu 0.018  44.4  0.015  3.1  0.014  1.3  0.005  5.5  0.002  51.6  0.430  0.005  10.7  1.123  0.162  2.4  0.159  1.0  0.982  0.153  0.9  0.945  

153Eu 0.018  44.4  0.015  3.7  0.016  3.5  0.005  5.5  0.008  8.7  1.726  0.007  28.9  1.447  0.162  2.4  0.158  1.2  0.977  0.157  0.7  0.971  

Gd 0.095  22.1  0.087  1.7  0.095  7.5  0.021  1.4  0.025  5.8  1.161  0.024  6.5  1.124  0.900  2.5  0.842  1.9  0.935  0.832  0.6  0.924  

Tb 0.013  23.1  0.013  1.8  0.014  3.3  0.003  0.9  0.003  6.2  1.070  0.003  2.2  1.052  0.120  2.0  0.117  1.0  0.974  0.115  0.6  0.954  

Dy 0.092  21.7  0.093  2.4  0.101  0.6  0.020  1.1  0.019  2.3  0.975  0.020  3.2  1.017  0.750  2.5  0.724  0.7  0.965  0.710  0.2  0.947  

Ho 0.024  12.5  0.024  2.1  0.026  1.2  0.005  1.6  0.005  3.3  1.006  0.005  2.7  1.005  0.167  2.2  0.160  0.8  0.959  0.160  0.3  0.956  

Er 0.072  16.7  0.077  1.6  0.084  2.3  0.014  3.4  0.014  2.6  1.020  0.014  3.8  1.021  0.460  2.0  0.448  0.5  0.975  0.447  1.9  0.972  

Tm 0.011  27.3  0.011  3.1  0.011  2.7  0.002  3.2  0.002  9.6  0.903  0.002  5.2  0.997  0.056  2.3  0.054  1.9  0.963  0.054  2.6  0.956  

Yb 0.062  22.6  0.065  1.1  0.070  6.0  0.013  1.8  0.012  1.4  0.961  0.013  4.2  1.019  0.305  1.9  0.294  0.7  0.964  0.289  0.0  0.947  

Lu 0.010  30.0  0.010  2.9  0.011  9.7  0.002  1.3  0.002  4.4  1.003  0.001  12.2  0.749  0.043  3.8  0.041  1.7  0.953  0.040  1.3  0.930  

Hf 0.031  77.4  N.A. N.A. 0.004  13.0  0.008  57.9  N.A  0.000  0.002  19.8  0.201  <0.03  N.A  
 0.005  4.3   

Th 0.022  113.6  0.020  3.4  0.018  2.3  0.016  5.2  0.016  3.4  1.007  0.018  2.0  1.107  <0.04  0.039  0.7   0.040  1.0   

U 0.727  7.3  0.734  0.6  0.770  0.4  1.830  5.6  1.569  0.5  0.857  1.540  0.4  0.841  0.880  3.4  0.756  0.7  0.859  0.733  0.8  0.833  

Note: 
1. The mean value is indicated by MV. RSD% represents the relative standard deviation in percent. Offset is calculated as the ratio of the mean value to the 
reference value. “N.A.” indicates “Not Available”. 
2. The reference data of Cal-s are taken from Ref. a (Potts et al., 2000), while the reference data of Jls-1 and JDo-1 are obtained from Ref. b (Schier et al., 2018) for 
major elements, and Ref. c (Dulski, 2001) for trace elements that the measurement number is marked with an asterisk (*) in the mean value (MV) column. 



 

 
Figure A.1: The PAAS-normalized REE+Y patterns of referenced EPT carbonates, focusing on 
interstitial carbonates in (a) Apex Basalt and (b) Euro Basalt. "ICarb" denotes interstitial 
carbonates, with "ICarb-I" and "ICarb-II" representing Type I and II from Ref.2; "Carbi" in (f) 
refers to carbonate inclusions that are carbonates filling cavities in Euro pillow basalt margins 
(Ref.3). (c) and (d) display stromatolite and sedimentary carbonate results from the Strelley Pool 
Formation. Lines of similar color indicate varied data sources from different references; the red 
"Mean" line represents the average of referenced data. References: Ref.1 - Nakamura & Kato 
(2004); Ref.2 - Marien et al. (2023); Ref.3 - Yamamoto et al. (2004); Refs.4-6 - Allwood et al. (2010), 
Viehmann et al. (2020), Van Kranendonk et al. (2003). 
 
 
 
 

Figure S1: The PAAS-normalized REE+Y patterns of referenced EPT carbonates, focusing on interstitial 
carbonates in (a) Apex Basalt and (b) Euro Basalt. "ICarb" denotes interstitial carbonates, with "ICarb-I" and 
"ICarb-II" representing Type I and II from Ref.2; "Carbi" in (f) refers to carbonate inclusions that are carbonates 
filling cavities in Euro pillow basalt margins (Ref.3). (c) and (d) display stromatolite and sedimentary carbonate 
results from the Strelley Pool Formation. Lines of similar color indicate varied data sources from different 
references; the red "Mean" line represents the average of referenced data. References: Ref.1 - Nakamura & Kato 
(2004); Ref.2 - Marien et al. (2023); Ref.3 - Yamamoto et al. (2004); Refs.4-6 - Allwood et al. (2010), Viehmann et 
al. (2020), Van Kranendonk et al. (2003).
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Figure A.2: The histograms about the concentrations of Al (wt%), Th, Sc, Ti, Zr, Rb and the total 
REE (μg/g) in the EPF basalts. The mean values (MV) are shown in every image. Data come from 
Van Kranendonk and Pirajno, 2004; Yamamoto et al., 2004; Nakamura and Kato, 2004; Smithies 
et al., 2005; Jenner et al., 2009; Johnson et al., 2017; Nakamura et al., 2020; Tusch et al., 2021; 
Tympel et al., 2021; Caruso et al., 2021.   
 
  

Figure S2: The histograms about the concentrations of Al (wt%), Th, Sc, Ti, Zr, Rb and the total REE (μg/g) in 
the EPF basalts. The mean values (MV) are shown in every image. Data come from Van Kranendonk and 
Pirajno, 2004; Yamamoto et al., 2004; Nakamura and Kato, 2004; Smithies et al., 2005; Jenner et al., 2009; 
Johnson et al., 2017; Nakamura et al., 2020; Tusch et al., 2021; Tympel et al., 2021; Caruso et al., 2021.  
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