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Wüllnerstraße 2, 52062 Aachen, Germany 
3Institute of Earth Sciences, University of Iceland, Sturlugata 7, 102 Reykjavík, Iceland 
 

*corresponding author: eemu.ranta@helsinki.fi 

 
Abstract 
 
The salinification of Earth’s early oceans impacted both the climate and the evolution of life. 

However, available halogen data of Archean seawater samples are at apparent odds with a 

conventionally assumed mantle origin of sea salt, highlighting a critical lack of mechanistic 

understanding of how the Archean oceans became salty. Here, we present new triple halogen (Cl-Br-

I) data from high temperature (~750–840 °C) fluid inclusions from a gabbroic intrusion in Iceland. 

Our data show that the magmatic degassing fractionates the halogens and generates fluids with high 

Br/Cl and I/Cl that match with Archean seawater. These observations suggest that seawater salinity 

in the Archean oceans was primarily regulated via fluids exsolved from cooling intrusions during 

genesis of early crust, and that the mantle had a modern-like halogen composition by 3.5 Ga. Our 

findings highlight the strong connection between the chemistry of the mantle, magmatic fluids and 

the oceans, with implications for understanding the chemical environments that guided the evolution 

of early marine organisms. 

 

Introduction 
 
Oceans of the Archean eon (4.0–2.5 Ga) harboured Earth’s earliest known organisms (Knoll et al., 

2016). In order to understand the conditions that were conducive to early life, considerable effort has 

been dedicated to deciphering the chemical makeup of Archean seawater (e.g., Walker, 1983). The 

origin and abundance of sea salt are of particular interest due to its impact on the climate (Olson et 

al., 2022) and the solubility of oxygen (Knauth, 1998), and its close link to the evolution of Earth’s 

mantle and crust (Schilling et al., 1978; Sharp and Draper, 2013). In the modern oceans, the dominant 

influx of solutes stems from riverine transport of continental weathering products, whereas Archean 

solute fluxes were sourced mainly by magmatism and magmatic-hydrothermal activity (e.g., Kamber 

and Webb, 2001). Accordingly, ocean salinity in the Archean and Paleoproterozoic has been assumed 

to be mantle-derived (Schilling et al., 1978; Marty et al., 2018). However, available samples of 

Archean seawater show higher Br/Cl and I/Cl relative to both the modern and the primitive mantle, 

challenging this explanation (Fig. 1). The mismatch could be explained by a shift of mantle halogen 

composition towards lower Br/Cl and I/Cl over time, fractionation of mantle-derived halogens during 

magmatic processes, or a hitherto unknown Br-I sink in Archean oceans. Testing of these hypotheses 

is challenging because the halogen composition of the Archean mantle is difficult to constrain 

(Kendrick, 2024) and the extent of halogen fractionation between melts and magmatic fluids—which 

distribute mantle halogens to the oceans at submarine hydrothermal systems—remains uncertain 

(Kendrick et al., 2018). 
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In addition, magmatic temperature fluids (> 600 °C) have never been sampled in situ and fluid 

inclusion (FI) studies targeting fossil magmatic-hydrothermal high-T fluids have largely focussed on 

felsic, continental and/or convergent margin settings (e.g., Audétat and Zhang, 2019). Hence, 

compositional data of magmatic fluids from mafic-dominated crustal environments is limited, with 

no combined single-FI Cl-Br-I analyses available. This hampers our ability to estimate mantle-

derived solute fluxes into the oceans, especially in the Archean, when magmatism was dominantly 

mafic and submarine (Cawood and Hawkesworth, 2019). 

To address this knowledge gap, we report the first triple halogen (Cl-Br-I) data for individual 

magmatic-temperature FIs in oceanic mafic-dominated crust. The data were collected from the fossil 

Vesturhorn volcanic complex in East Iceland, which offers an opportunity to investigate the effect 

of the magmatic fluid formation process on halogens at a modern setting resembling Archean crust.  

 

 

 
Figure 1. Halogen systematics of magmatic brines. (A) Brine inclusion host quartz Ti contents. Phase 
1 quartz has high Ti contents of 150±25 ppm (1σ), indicating formation temperatures of 750–840 °C 
(Fig. S2). Low Ti contents (<3 ppm) in Phase 2 quartz indicate a lower-T hydrothermal origin. (B) The 
halogen compositions of Vesturhorn FIs are distinct from Icelandic melts (Waters, 2021) but overlap 
with Archean seawater (Channer et al., 1997; Burgess et al., 2020). Fluid exsolution trends are 
modelled assuming closed-system equilibrium fluid-melt partitioning (Tables S3, S4) from melt 
compositions representing an Iceland average basalt and the primitive mantle. Plotted are 
compositions of mid-ocean ridge basalts (Kenrick et al., 2017) and their source mantle (Kendrick, 
2024), primitive mantle (Kendrick et al., 2017) and CI chondrites (Lodders and Fegley, 2023). The light 
brown field envelopes modern marine pore water compositions reflecting binary mixing of seawater 
and high-I/Cl organic matter (Kendrick et al., 2018; Fusswinkel et al., 2022). (C) A typical Vesturhorn 
brine inclusion with multiple daughter phases.  
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Samples and results 
 
Here, we report halogen (Cl-Br-I) and trace element laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) data from quartz-hosted FIs. Full methodological details and datasets 

are provided in the Supplemental Material11. The FIs occur in a miarolitic cavity within an exposed 

gabbroic intrusion belonging to the 3.7–4.3 Ma Vesturhorn volcanic complex (Martin et al., 2011) 

in East Iceland. Iceland is arguably the best-available modern analogue of Early Earth crustal 

formation processes due to its high magma production rates and a thickened, oceanic plateau-type 

crust formed by a hot mantle plume (Reimink et al., 2014). The simple geological context of 

Vesturhorn minimizes fluid contributions from secondary, post-magmatic events, or external fluid 

sources (e.g., seawater or sediments) which complicate interpretation of FI data at continental, 

submarine, or ancient settings. 

The investigated miarolitic cavities occur within an aplitic vein that grades into a coarse-

grained gabbroic host rock (Fig. S1A). The cavities host two generations of quartz that are 

distinguished by their optical and cathodoluminescence (CL) colours, inclusion assemblages and Ti 

contents. The earliest-formed quartz (Phase 1) is represented by optically clear quartz cores with 
purple-to-violet CL colours, and high Ti contents (150±25 ppm; 1σ). Phase 1 quartz is overgrown by 

prismatic crystals of later-formed green quartz with actinolite inclusions  (Phase 2) that is CL inactive 

and Ti-poor (1-2 ppm; Fig. 1A, Fig. S1B–D). In this work, we focus on the most common FI 

assemblage consisting of co-occurring vapor-rich (70–90 % vapor, 10–30 % liquid at 20 °C) and 

brine FIs (liquid-vapor-multiple solid: Figs. 1C, S1E–F). This assemblage forms inclusion trails that 

exclusively occur in the interior, actinolite-free Phase 1 quartz and terminate prior to the Phase 2 

quartz overgrowth zones (Fig. S1B), and are hence interpreted to be coeval with Phase 1 quartz. High 

homogenisation temperatures of the fluids (> 600° C) and high Ti concentrations of the host quartz 

suggests that the fluids were trapped at high temperatures (750–840 °C; Figs. 1A, S2), compatible 

with a magmatic or near-magmatic formation environment. We interpret the FIs to represent 

magmatic fluids formed during late-stage crystallization of the host gabbro.  

The brine inclusions contain a (Na,K,Fe)Cl-rich aqueous fluid with a salinity of approximately 

50 wt.% NaCleq (Fig. S3). Compared to most magmatic fluids associated with silicic plutons, the 

brines have high K-Fe contents relative to Na (Fig. S3A) and have distinctly high Fe/Mn and Ba/Mn 

(Fig. S4A–B). The major cation composition of the fluids was likely buffered by the host rock due 

to rapid fluid-rock equilibration at low water/rock ratios and high temperatures (Dolejš and Wagner, 

2008). The brines are rich in Cu-Zn-Mo-Ag, similar to high-temperature FIs observed in deep parts 

of the active Reykjanes hydrothermal system in Iceland (Bali et al., 2020) and continental granitic 

systems (Fig. S3B).  

 

Discussion 
 
Fractionation of halogens during magma degassing 
 
Our new measurements provide the first empirical Cl-Br-I estimates for high-T magmatic fluids in 

oceanic environments and offer an opportunity to test melt-fluid partitioning behavior of halogens in 

natural samples. Experimental studies show that Cl, Br and I are strongly hydrophilic and partition 

from a melt into an exsolved aqueous magmatic fluid phase, with Dfluid–melt increasing from Cl to Br 

to I (Miranda et al., 2025). Hence, fluid exsolution from intrusions is expected to fractionate the 

halogens, generating magmatic fluids with high Br/Cl, I/Cl and I/Br relative to the source melt. The 

Cl-Br-I ratios measured in the brine FIs are assumed to closely represent that of the bulk magmatic 

fluid, since halogens strongly partition into the brine phase during vapor-liquid separation, and 

 
1Supplemental Material (detailed method descriptions, Tables S1–S5, and Figs. S1–S10) for this preprint 

can be accessed at github.com/eemu.  
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because Cl-Br-I are not fractionated during vapor-liquid phase separation nor reaction with basaltic 

host rocks (Kendrick, 2018).   

We modelled the I/Cl and Br/Cl composition of magmatic fluids exsolving from Icelandic 

magmas, using a range of Dfluid–melt calculated after Miranda et al. (2025; Figs. 1B, S8; Tables S3, 

S4). Magmatic fluids develop higher Br/Cl (up to ~4 × 10–3) and I/Cl (up to ~90 x 10–6) relative to 

an average Icelandic undegassed melt composition (Br/Cl = 1.4 × 103,  I/Cl = 15 × 10–6; Waters, 

2021). The magmatic fluid exsolution trend occupies an almost unpopulated field among published 

halogen data from geological environments (Fig. 1B). The Vesturhorn brines overlap with this trend, 

with average molar Br/Cl and I/Cl of 4.1 × 10–3 and 73 × 10–6, respectively. This halogen signature, 

together with high formation temperatures (> 750°C), strongly support that the FIs trap a primary 

magmatic fluid prior to mixing with external fluids. Because mid-ocean ridge basalts and Icelandic 

melts have a near-identical halogen composition (Fig. 1B), the Vesturhorn FIs provide an accurate 

proxy of the halogen signature of magmatic fluids produced by modern ocean floor magmatism. Of 

particular note is that the elevated I/Cl of the Vesturhorn brines contrasts sharply with the low I/Cl 

of modern seawater (0.9 × 10–6), precluding seawater contribution, whereas their high Br/Cl is 

distinct from the seawater-organic matter mixing trend (Figs. 1B, S10). Hence, Cl-Br-I systematics 
offer a uniquely suited geochemical tool for distinguishing between magmatic, marine organic matter 

and seawater-derived fluid sources in geological environments in general. 

 

 

 

 
Figure 2. The (A) Br/Cl and (B) I/Cl evolution of Earth’s oceans. The two cartoons illustrate the regime 
shift from (C) an Archean anoxic ocean world, where magmatism is the primary halogen supplier to 
the oceans, to (D) the modern state, where the oceans’ halogen budget is regulated by continental 
weathering, subduction and organic matter burial. The grey fields indicate the 2.4 Ga Great 
Oxygenation Event and possible earlier transient/localized oxygenation events (Liang et al., 2025). 
Published Archean seawater data are plotted from North Pole, Australia (Foriel et al., 2004; Burgess 
et al., 2020), Barberton, South Africa (Channer et al., 1997), Hamersley Group, Australia (Burgess et 
al., 2020) and the Ongeluk Formation, South Africa (Gutzmer et al., 2003). The MORB mantle and CI 
chondrite compositions are from Kendrick (2024) and Lodders and Fegley (2023), respectively. 
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Halogen composition of Earth’s early oceans and mantle 
 
A key observation from our new halogen data is that the Vesturhorn Br/Cl and I/Cl signatures overlap 

with the halogen signature of Archean seawater (Fig. 1B). This similarity provides compelling 

independent evidence that the origin of salt in Archean seas was magmatic and sourced from fluids 

formed during submarine magmatism, for reasons outlined below. The composition of Archean 

seawater is known indirectly from compositions of sediments that precipitated from seawater (Veizer 

et al., 1982; Kamber and Webb, 2001) and from FIs thought to preserve Archean seawater or 

seawater-origin hydrothermal fluids (Channer et al., 1997; Burgess et al., 2020). Ocean salinity 

appears to have been close to its modern value of 3.5 wt.% NaCl since at least 3.0 Ga (Marty et al., 

2018). However, Archean seawater (or hydrothermal fluids of seawater-origin) had higher Br/Cl 

(1.5–4.3 × 10–3) and I/Cl (21–140 × 10–6) relative to modern seawater (Br/Cl =1.5 × 10–3;  I/Cl = 0.87 

× 10–6; Figs. 1B,2; Burgess et al., 2020). This change in halogen composition reflects a wider 

biogeochemical regime shift in the Earth’s oceans following the Great Oxygenation Event (GOE) at 

~2.4 Ga, marking the large-scale oxygenation of the oceans and diversification of marine organisms 

(e.g., Holland, 2002), with major consequences for oceanic halogen budgets (Fig. 2). Post-GOE 

oceans are depleted in I and Br relative to Archean seawater, as marine algae fixate the oxidized 

iodine species, IO3
–, and to a lesser degree, Br, in seawater (Hardisty et al., 2014). The lack of 

biological halogen sinks in pre-GOE oceans (Fusswinkel et al., 2022) means that the observed 

Archean seawater signatures reflect an inorganic high Br/Cl-I/Cl halogen source. 

Continental weathering was limited during the Archean, as the continental masses were 

submerged by oceans that covered up to 98% of global surface area (Flament et al., 2008). 

Accordingly, volcanism forming the mafic oceanic crust, oceanic plateaus, as well as the proto-

cratons occurred below sea level (Cawood and Hawkesworth, 2019). The low continental freeboard 

combined with higher rates of magmatism (Herzberg et al., 2010) caused a ~50 times higher 

magmatic-hydrothermal/continental weathering solute input ratio into the oceans relative to the 

present (Fig. 2C; Kamber and Webb, 2001). Similarly, the halogen budget in Archean oceans has 

been assumed to be mantle-buffered (Schilling et al., 1978; Burgess et al., 2020), although the Br/Cl 

and I/Cl of Archean seawater do not match with either the modern upper mantle nor estimated 

primitive mantle compositions (Fig. 1B).  

Our data demonstrate that this mismatch could be caused by fractionation of the halogens 

during exsolution of magmatic fluids from a mantle-derived source melt. All published Archean 

seawater halogen compositions fall close to the modelled magmatic fluid exsolution trend of 

Icelandic magmas, representative of the modern mantle, whereas no data overlap with the primitive 

mantle fluid exsolution trend (Fig. 1B). We propose that this overlap reflects an Archean mantle that 

had a similar halogen composition to the modern, i.e., depleted in I relative to Cl compared to the 

primitive mantle. Our findings are compatible with the halogen mantle evolution model of Kendrick 

et al. (2020) suggesting that Earth’s mantle may have reached modern mantle-like I/Cl values by 3.5 

Ga—the age of the oldest Archean seawater samples (Fig. 2)—due to early subduction of 

serpentinized lithosphere. Alternatively, mantle with a subchondritic I/Cl could be produced by 

preferential partitioning of I to the core during core-mantle differentiation (Jackson et al., 2018) or 
collisional erosion of a Hadean halogen-rich surface reservoir during Earth’s accretion (Sharp and 

Draper, 2013).  

Regardless of the mechanism that caused early I depletion of the mantle, our observations 

suggest that the halogen input to the Archean seas was dominantly magmatic and channeled via 

magmatic fluids emanating from cooling intrusions in the Archean submarine crust (Fig. 2C). 

Magmatic fluid fluxes from intrusions to the oceans could be substantial, as intrusive magmatism 

contributes ~4–10 times more mass to the oceanic crust than extrusive volcanism (White et al., 2006). 

A simple mass balance model shows that the flux of magmatic fluids to the Archean oceans may 

have been sufficient to salinate the oceans to 0.5–1x modern seawater salinity within < 1.5 Ga (Fig. 

S9). Notably, magmatic fluids with similar halogen signatures may have formed both in Archaean 

mafic-dominated submarine crust as well as in submerged plateau-type proto-cratons. 
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This work demonstrates that the halogen composition of Earth’s early oceans provide independent 

constraints on the timing and mechanisms of the contemporaneous evolution of Earth’s mantle and 

crust. This insight should spark efforts to improve our currently patchy temporal resolution of 

Archean and Proterozoic ocean halogen compositions (Fig. 2A–B). The implied high volumes of 

magmatic fluid inputs to Archean oceans has implications for understanding the chemical 

environments near Archean submarine hydrothermal vents. Our data show that aqueous 

environments with high K/Na and high Zn and Mn concentrations—essential nutrients for 

protocells—are not exclusive to inland geothermal systems (Mulkidjanian et al., 2012) but could also 

form near submarine vents with high magmatic fluid influx. 

 

Conclusions 
 
This study provides a new baseline composition for magmatic fluids produced during the genesis of 

oceanic crust. The results have implications for the chemistry of hydrothermal vents on the Archean 

seafloor, where magmatic fluid fluxes may have been higher than in modern systems. The data confirm 

experimental evidence that Cl-Br-I fractionate during fluid exsolution from a silicate melt, resulting in 

a characteristic high Br/Cl and I/Cl magmatic fluid halogen signature that overlaps with Archean 

seawater. Together, these observations reconcile the mismatch between mantle and seawater halogen 

signatures, providing compelling evidence that the salinity in the Archean oceans had a dominantly 

magmatic origin and was sourced from a mantle that had a similar halogen composition to the modern 

by 3.5 Ga.  
 

Acknowledgements 
 
This research was funded by Research Council of Finland Grant (FINMAG, No.  338714) awarded to 

C.B. and a K.H. Renlund grant awarded to E.R. We thank K. Doig for assistance with EPMA analysis, 

and P. Jokela and N. Ranta for field work support. 
 

References cited 
 
Audétat, A., and Zhang, D., 2019, Abundances of S, Ga, Ge, Cd, In, Tl and 32 other major to trace 

elements in high-temperature (350–700° C) magmatic-hydrothermal fluids: Ore Geology Reviews, 

v. 109, p. 630-642, http://doi.org/10.1016/j.oregeorev.2019.05.017 

Bali, E., Aradi, L.E., Zierenberg, R., Diamond, L.W., Pettke, T., Szabó, Á., ... and Szabó, C., 2020, 

Geothermal energy and ore-forming potential of 600 °C mid-ocean-ridge hydrothermal fluids: 

Geology, v. 48(12), p. 1221-1225, http://doi.org/10.1130/G47791.1 

Burgess, R., Goldsmith, S.L., Sumino, H., Gilmour, J.D., Marty, B., Pujol, M., and Konhauser, K.O., 2020, 

Archean to Paleoproterozoic seawater halogen ratios recorded by fluid inclusions in chert and 

hydrothermal quartz: American Mineralogist, v. 105(9), p. 1317-1325, http://doi.org/10.2138/am-

2020-7238 

Cawood, P.A., and Hawkesworth, C.J., 2019, Continental crustal volume, thickness and area, and their 

geodynamic implications: Gondwana Research, v. 66, p. 116-125, 

http://doi.org/10.1016/j.gr.2018.11.001 

Channer, D.D., de Ronde, C.E.J., and Spooner, E.T.C., 1997, The Cl-Br-I-composition of∼ 3.23 Ga 

modified seawater: implications for the geological evolution of ocean halide chemistry: Earth and 

Planetary Science Letters, v. 150(3-4), p. 325-335, http://doi.org/10.1016/S0012-821X(97)00101-5 

Dolejš, D., and Wagner, T., 2008, Thermodynamic modeling of non-ideal mineral–fluid equilibria in the 

system Si–Al–Fe–Mg–Ca–Na–K–H–O–Cl at elevated temperatures and pressures: implications for 

hydrothermal mass transfer in granitic rocks: Geochimica et Cosmochimica Acta, v. 72(2), p. 526-

553, http://doi.org/10.1016/j.gca.2007.10.022 

Flament, N., Coltice, N., and Rey, P.F., 2008. A case for late-Archean continental emergence from thermal 

evolution models and hypsometry: Earth and Planetary Science Letters, v. 275(3-4), p. 326-336, 

http://doi.org/10.1016/j.epsl.2008.08.029 

http://doi.org/10.1016/j.oregeorev.2019.05.017
http://doi.org/10.1130/G47791.1
http://doi.org/10.2138/am-2020-7238
http://doi.org/10.2138/am-2020-7238
http://doi.org/10.1016/j.gr.2018.11.001
http://doi.org/10.1016/S0012-821X(97)00101-5
http://doi.org/10.1016/j.gca.2007.10.022
http://doi.org/10.1016/j.epsl.2008.08.029


This is a non-peer reviewed manuscript that has been submitted to Geology. 

Foriel, J., Philippot, P., Rey, P., Somogyi, A., Banks, D., and Ménez, B., 2004, Biological control of Cl/Br 

and low sulfate concentration in a 3.5-Gyr-old seawater from North Pole, Western Australia: Earth 

and Planetary Science Letters, v. 228(3-4), p. 451-463, http://doi.org/10.1016/j.epsl.2004.09.034 

Fusswinkel, T., Niinikoski-Fusswinkel, P., and Wagner, T., 2022, Halogen ratios in crustal fluids through 

time—Proxies for the emergence of aerobic life?: Geology, v. 50(10), p. 1096-1100, 

http://doi.org/10.1130/G50182.1 

Gutzmer, J., Banks, D.A., Lüders, V., Hoefs, J., Beukes, N.J., and Von Bezing, K.L., 2003, Ancient sub-

seafloor alteration of basaltic andesites of the Ongeluk Formation, South Africa: implications for the 

chemistry of Paleoproterozoic seawater: Chemical Geology, v. 201(1-2), p. 37-53, 

http://doi.org/10.1016/S0009-2541(03)00225-0 

Hardisty, D.S., Lu, Z., Planavsky, N.J., Bekker, A., Philippot, P., Zhou, X., and Lyons, T.W., 2014, An 

iodine record of Paleoproterozoic surface ocean oxygenation: Geology, v. 42(7), p. 619-622, 

http://doi.org/10.1130/G35439.1 

Herzberg, C., Condie, K., and Korenaga, J., 2010, Thermal history of the Earth and its petrological 

expression: Earth and Planetary Science Letters, v. 292(1-2), p. 79-88, 

http://doi.org/10.1016/j.epsl.2010.01.022 

Holland, H.D., 2002, Volcanic gases, black smokers, and the Great Oxidation Event: Geochimica et 

Cosmochimica Acta, v. 66(21), p. 3811-3826, http://doi.org/10.1016/S0016-7037(02)00950-X 

Jackson, C.R., Bennett, N. R., Du, Z., Cottrell, E., and Fei, Y., 2018, Early episodes of high-pressure core 

formation preserved in plume mantle: Nature, v. 553(7689), p. 491-495, 

http://doi.org/10.1038/nature25446 

Kamber, B.S., and Webb, G. E., 2001, The geochemistry of late Archean microbial carbonate: implications 

for ocean chemistry and continental erosion history: Geochimica et Cosmochimica Acta, v. 65(15), 

p. 2509-2525, http://doi.org/10.1016/S0016-7037(01)00613-5 

Kendrick, M.A., 2024, Halogen Cycling in the Solid Earth: Annual Review of Earth and Planetary 

Sciences, v. 52, p. 195-220, http://doi.org/10.1146/annurev-earth-031621-111700 

Kendrick, M.A., 2018, Halogens in seawater, marine sediments and the altered oceanic lithosphere, in 

Harlov, D.E., and Aranovich, L.Y., eds., The Role of Halogens in Terrestrial and Extraterrestrial 

Processes, Springer, Cham, Switzerland, p. 591–648, http://doi.org/10.1007/978-3-319-61667-4_9 

Kendrick, M.A., Danyushevsky, L.V., Falloon, T.J., Woodhead, J.D., Arculus, R.J., and Ireland, T., 2020, 

SW Pacific arc and backarc lavas and the role of slab-bend serpentinites in the global halogen cycle: 

Earth and Planetary Science Letters, v. 530, 115921, http://doi.org/10.1016/j.epsl.2019.115921 

Kendrick, M.A., Hémond, C., Kamenetsky, V.S., Danyushevsky, L., Devey, C.W., Rodemann, T., ... and 

Perfit, M.R., 2017, Seawater cycled throughout Earth’s mantle in partially serpentinized lithosphere: 

Nature Geoscience, v. 10(3), p. 222-228, http://doi.org/10.1038/ngeo2902 

Knauth, L.P., 1998, Salinity history of the Earth's early ocean: Nature, v. 395(6702), p. 554-555, 

http://doi.org/10.1038/26879 

Knoll, A.H., Bergmann, K.D., and Strauss, J.V., 2016, Life: the first two billion years: Philosophical 

Transactions of the Royal Society B: Biological Sciences, v. 371(1707), 20150493, 

http://doi.org/10.1098/rstb.2015.0493 

Liang, X., Stüeken, E.E., Alessi, D.S., Konhauser, K.O., and Li, L., 2025, A seawater oxygen oscillation 

recorded by iron formations prior to the Great Oxidation Event: Nature Geoscience, v. 18, p. 417–

422, http://doi.org/10.1038/s41561-025-01683-7 

Lodders, K., and Fegley Jr, B., 2023, Solar system abundances and condensation temperatures of the 

halogens fluorine, chlorine, bromine, and iodine: Geochemistry, v. 83(1), 125957, 

http://doi.org/10.1016/j.chemer.2023.125957 

Martin, E., Paquette, J.L., Bosse, V., Ruffet, G., Tiepolo, M., and Sigmarsson, O., 2011, Geodynamics of 

rift–plume interaction in Iceland as constrained by new 40Ar/39Ar and in situ U–Pb zircon ages: 

Earth and Planetary Science Letters, v. 311(1-2), p. 28-38, http://doi.org/10.1016/j.epsl.2011.08.036 

Marty, B., Avice, G., Bekaert, D.V., and Broadley, M.W., 2018, Salinity of the Archean oceans from 

analysis of fluid inclusions in quartz: Comptes Rendus Geoscience, v. 350(4), p. 154-163, 

http://doi.org/10.1016/j.crte.2017.12.002 

Miranda, M., Zajacz, Z., Tsay, A., and Bouvier, A.S., 2025, The fluid/melt partitioning of chlorine, 

bromine and iodine in felsic magmas and the utility of halogen ratios to track the devolatilization 

and fluid fluxing of magma reservoirs: Geochimica et Cosmochimica Acta, v. 392, p. 88-106, 

http://doi.org/10.1016/j.gca.2024.11.026 

http://doi.org/10.1016/j.epsl.2004.09.034
http://doi.org/10.1130/G50182.1
http://doi.org/10.1016/S0009-2541(03)00225-0
http://doi.org/10.1130/G35439.1
http://doi.org/10.1016/j.epsl.2010.01.022
http://doi.org/10.1016/S0016-7037(02)00950-X
http://doi.org/10.1038/nature25446
http://doi.org/10.1016/S0016-7037(01)00613-5
http://doi.org/10.1146/annurev-earth-031621-111700
http://doi.org/10.1007/978-3-319-61667-4_9
http://doi.org/10.1016/j.epsl.2019.115921
http://doi.org/10.1038/ngeo2902
http://doi.org/10.1038/26879
http://doi.org/10.1098/rstb.2015.0493
http://doi.org/10.1038/s41561-025-01683-7
http://doi.org/10.1016/j.chemer.2023.125957
http://doi.org/10.1016/j.epsl.2011.08.036
http://doi.org/10.1016/j.crte.2017.12.002
http://doi.org/10.1016/j.gca.2024.11.026


This is a non-peer reviewed manuscript that has been submitted to Geology. 

Mulkidjanian, A.Y., Bychkov, A.Y., Dibrova, D.V., Galperin, M.Y., and Koonin, E.V., 2012, Origin of 

first cells at terrestrial, anoxic geothermal field:  Proceedings of the National Academy of Sciences, 

v. 109(14), p. 821-830, http://doi.org/10.1073/pnas.1117774109 

Olson, S., Jansen, M.F., Abbot, D.S., Halevy, I., and Goldblatt, C., 2022, The effect of ocean salinity on 

climate and its implications for Earth's habitability: Geophysical Research Letters, v. 49(10), 

e2021GL095748, http://doi.org/10.1029/2021GL095748 

Reimink, J.R., Chacko, T., Stern, R.A., and Heaman, L.M., 2014, Earth’s earliest evolved crust generated 

in an Iceland-like setting: Nature Geoscience, v. 7(7), p. 529-533, http://doi.org/10.1038/ngeo2170 

Schilling, J.G., Unni, C.K., and Bender, M.L., 1978, Origin of chlorine and bromine in the oceans: Nature, 

v. 273(5664), p. 631-636, http://doi.org/10.1038/273631a0 

Sharp, Z.D., and Draper, D.S., 2013, The chlorine abundance of Earth: implications for a habitable planet: 

Earth and Planetary Science Letters, v. 369, p. 71-77, http://doi.org/10.1016/j.epsl.2013.03.005 

Veizer, J., Compston, W., Hoefs, J., and Nielsen, H., 1982, Mantle buffering of the early oceans: 

Naturwissenschaften, v. 69, v. 173-180, http://doi.org/10.1007/BF00364890 

Walker, J.C.,1983, Possible limits on the composition of the Archean ocean: Nature, v. 302(5908), p. 518-

520, http://doi.org/10.1038/302518a0 

Waters, E., 2021, Halogen heterogeneity in the Icelandic mantle source: Doctoral Dissertation, University 

of Manchester, PQDT, https://proquest.com/openview/11e5b29a74bf84b15051c10cbe342b05 

White, S.M., Crisp, J.A., and Spera, F.J., 2006, Long‐term volumetric eruption rates and magma budgets: 

Geochemistry, Geophysics, Geosystems, v. 7(3), Q03010, http://doi.org/10.1029/2005GC001002 

http://doi.org/10.1073/pnas.1117774109
http://doi.org/10.1029/2021GL095748
http://doi.org/10.1038/ngeo2170
http://doi.org/10.1038/273631a0
http://doi.org/10.1016/j.epsl.2013.03.005
http://doi.org/10.1007/BF00364890
http://doi.org/10.1038/302518a0
https://proquest.com/openview/11e5b29a74bf84b15051c10cbe342b05
http://doi.org/10.1029/2005GC001002

