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 Introduction

Prokaryotic microbial life was already present during
e Archaean aeon 3.8–2.5 Ga ago (Knauth, 2005, and refs.
erein). These ancient forms of life developed in the
chaean oceans, whose properties – salinity, temperature,
emistry – are not well understood, and are subject to
bated studies. Here we focus on the salinity of the
chaean oceans. The halogens would have been delivered
rly to the surface of the Earth by impacting bodies as well

 by catastrophic degassing of the mantle. Holland (1984)
timated that the salinity of the ancient oceans could have
en �1.2 times the modern inventory by assuming that

all evaporites found on the continents were once dissolved
in the oceans. Unfortunately, the extent of Precambrian
evaporites is unknown, due to their poor preservation.
Knauth (2005) went a step further by also considering
brines in stratified oceans and those presumably preserved
in continents, and proposed an Archaean ocean salinity
about 1.2–2 times the modern one. These authors
considered that the only efficient process to decrease
the salinity of the oceans is evaporite formation and
isolation onto continental platforms. Consequently, most
of halogens would have remained dissolved in the oceans
before the major pulses of continental growth. However,
another potential pathway for halogens to escape the
surface reservoirs is subduction and recycling into the
mantle, as suggested by recent budgets at arcs (Kendrick
et al., 2012, 2017). The flux of halogens from the mantle to
the oceans and from the oceans to the oceanic crust are
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A B S T R A C T

Fluids trapped in inclusions in well-characterized Archaean hydrothermal quartz crystals

were analyzed by the extended argon–argon method, which permits the simultaneous

measurement of chlorine and potassium concentrations. Argon and nitrogen isotopic

compositions of the trapped fluids were also determined by static mass spectrometry.

Fluids were extracted by stepwise crushing of quartz samples from North Pole (NW

Australia) and Barberton (South Africa) 3.5–3.0-Ga-old greenstone belts. The data indicate

that fluids are a mixture of a low salinity end-member, regarded as the Archaean oceanic

water, and several hydrothermal end-members rich in Cl, K, N, and radiogenic parentless
40Ar. The low Cl–K end-member suggests that the salinity of the Archaean oceans was

comparable to the modern one, and that the potassium content of the Archaean oceans

was lower than at present by about 40%. A constant salinity of the oceans through time has

important implications for the stabilization of the continental crust and for the habitability

of the ancient Earth.
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lso poorly constrained (Berner and Berner, 2012), and it is
ifficult to evaluate the salinity of ancient oceans from
eochemical mass balance considerations.

The composition of fluid inclusions in selected retentive
ineral phases of Archaean age have already been used to

rovide an insight into the composition of the past
ydrosphere (de Ronde et al., 1997; Weiershauser and
pooner, 2005). This approach is not without problems,
ince (i) fluid inclusions are not necessarily contempora-
eous with their host mineral, many of them being
econdary, and (ii) trapped fluids are generally a mixture
f several components including hydrothermal end-
embers. de Ronde et al. (1997) estimated that the

rchaean oceans’ salinity was about twice the modern one,
om correlations between relevant chemical species in
uid inclusions trapped in quartz-goethite deposits. These
amples, initially interpreted as hydrothermal chimneys
lder than 3.2 Ga, were later on regarded as Cenozoic
pring deposits (Lowe and Byerly, 2003). From statistical
nalysis of fluid inclusions trapped in hydrothermal quartz

 Archaean terrains worldwide, Weiershauser and Spoo-
er (2005) suggested that the Archaean oceans could have
een more saline than the present-day oceans by up to one
rder of magnitude.

Given their chemical inertness, noble gases behave as
hysical tracers in the environment. In particular, the
tmospheric partial pressures of non-radiogenic argon
otopes (36Ar and 38Ar) are unlikely to have drastically
aried in the past since the Earth’s building episodes,
4.5 Ga ago. The excellent match between the atmospher-
38Ar/36Ar ratio (two Ar isotopes of primordial origin) and
at of Ar trapped in primitive meteorites attests that

tmospheric Ar was not quantitatively lost to space.
dependently, noble gas isotope systematics indicates
at mantle degassing did not contribute quantitatively to
e atmospheric inventory of these elements after the

arth’s formation. The large difference in the 40Ar/36Ar
alues between the mantle (�104) and the atmosphere
98.6) implies that less than 2% of mantle 36Ar has been
ansferred to the atmosphere since the time of the Earth’s
rmation (e.g., Ozima and Podosek, 2002). A similar

onclusion is obtained from 36Ar flux estimates. The
odern flux of 36Ar from the mantle is �2000 mol/year
.g., Pujol et al., 2013 and refs. therein). Integrated over

.5 Gy and assuming a constant flux through time, the
mount of 36Ar degassed from the mantle is only about
.1% of its atmospheric inventory (5.55�1015 mol). The
egassing rate of the mantle was probably higher in the
ast because of a higher thermal regime. Coltice et al.
009) estimated that the melting rate of the mantle was

y a factor of �20 higher 3.5 Gy ago as compared to the
resent-day rate. In this case, the contribution of mantle
6Ar degassed to the atmosphere represents only 0.8% of

e 36Ar inventory, which is still negligible in the context of
is study. Further constraints on the behaviour of

tmospheric noble gases through time stem from the
nalysis of paleo-atmospheric gases trapped in Archaean
uid inclusions (FIs). The isotope compositions of neon,
rgon (38Ar/36Ar) and krypton of the Archaean atmosphere
ere found similar to those of modern air (Avice et al.,

017; Pujol et al., 2011), suggesting (i) no, or limited,

escape to space for these elements since that aeon, and (ii)
weak contribution from mantle noble gases (e.g., Ne). A
closed system atmosphere for inert gases, including N2, is
consistent with models of atmospheric evolution through
time since the Archaean aeon (Lichtenegger et al., 2010).

The concentration of noble gases in surface water is a
function of their atmospheric partial pressure (assumed to
be constant for, e.g., 36Ar, see above) as well as water
temperature and salinity. Thus, other dissolved species of
interest can be scaled to noble gas concentrations to
investigate their origin and behaviour through time. Our
group previously analyzed N2 together with Ar isotopes in
a suite of Archaean FI-bearing quartz. In hydrothermal
quartz FIs, argon is a mixture of dissolved atmospheric Ar
and of one or several hydrothermal end-members rich in
radiogenic 40Ar (hereby 40Ar*), thus permitting the
identification of mixing trends and therefore the compo-
sitions of the different components. Such identification has
otherwise been a major problem in previous FI studies.
Based on 40Ar/36Ar versus N2/36Ar correlations, Marty et al.
(2013) proposed that the Archaean partial pressure of
atmospheric N2 was comparable to, or lower than, the
present-day one and that the 15N/14N ratio did not vary
significantly since 3.5 Ga ago, in agreement with results
from aeronomic modelling (Lichtenegger et al., 2010). In
this work, we adopt the same approach for halogens (here
Cl) and potassium, also quantified together with argon
isotopes in neutron-irradiated quartz (e.g., Kendrick, 2012;
Kendrick et al., 2001). Using samples for which fluids
trapped in FIs have been demonstrated to be Archaean
(Avice et al., 2017; Marty et al., 2013; Pujol et al., 2011,
2013), we define the surface water component, presum-
ably seawater for the Cl/36Ar and K/36Ar ratios, and infer its
salinity from solubility data for argon.

2. Samples

Several of the present samples have been previously
analyzed to get insight into the composition of the
Archaean atmosphere.

2.1. Dresser formation, North Pole, Pilbara Craton, NW

Australia

Samples PI-02-39-# are from the 3.49-Ga-old Dresser
formation, Warrawoona Group, Pilbara Craton at North
Pole (Western Australia) (Foriel et al., 2004). These are
quartz-carbonate aggregates forming pods in undeformed
pillow basalts at the top of the Dresser formation. Quartz
contains abundant, 1–25-mm, two-phase (liquid and �5%
vapour) aqueous inclusions. They are randomly distributed
throughout the host quartz, which supports a primary
origin. The trapped fluids are interpreted as representing
mixing between a ‘‘North Pole seawater’’ end-member and
several hydrothermal components with variable Cl/K, Ba
and metal contents. The salinity of trapped fluids is highly
variable (average: �12%) with end-member values com-
parable to, or lower than, that of modern seawater (Foriel
et al., 2004). The age of trapped fluids is likely >2.7 Ga, and
probably contemporaneous with the Dresser formation
(Pujol et al., 2013). Trapped fluids contain Archaean paleo-
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mospheric argon (40Ar/36Ar = 143 � 24, 1s) and xenon
ujol et al., 2013).

Sample PI-06 consists of quartz filling 2–10 mm
ygdules in komatiitic basalt from a drillcore at the base

 the Dresser formation (Pujol et al., 2011). This formation
ver experienced a metamorphic grade higher than that of
e prehnite-pumpellyite facies (Foriel et al., 2004). The Ar–

 plateau age of that sample is by 3.0 � 0.2 Ga, lower than
e Dresser formation age, suggesting a resetting event of the
–Ar chronometer at that time (Pujol et al., 2011). The
pped neon and krypton have isotopic compositions similar

 those of air, and xenon is mass-dependently fractionated by
/u, a feature typical of Archaean atmospheric Xe (Avice et al.,
17; Pujol et al., 2011).

. Barberton Greenstone Belt (BGB), South Africa

BMGA-# samples are from a core drilled in the
omberg formation (3.33–3.47 Ga), BGB, South Africa
vice et al., 2017). The BARB 3 core (ICDP Project) mainly
mprises a succession of white and black cherts and
tramafic rocks. All samples of this study consist of
acro-crystalline quartz with different modes of emplace-
ent in rocks from the BGB, probably linked to early
drothermal activity (Hofmann and Harris, 2008). Trap-
d fluids contain Archaean paleo-atmospheric argon and
non, and present Ar–Ar apparent ages showing excess
Ar*, with a tendency consistent with the age of the
omberg formation (Avice et al., 2017).
All samples were neutron-irradiated to produce Ar

oxy isotopes proportional to the Cl (38Ar) and K (39Ar)
ntents, and analyzed by in vacuo crushing and static
ass spectrometry following methods and corrections
ven in Avice et al. (2017), Marty et al. (2013), and Pujol

 al. (2011, 2013). North Pole samples were sequentially
ushed under high vacuum with an activated piston (Pujol
 al., 2011), whereas Barberton samples were sequentially
ushed by squeezing the grains with a modified metal
lve (Avice et al., 2017). Nitrogen and argon were also
tracted by sequential crushing and combined nitrogen–
gon measurements were carried out by static mass
ectrometry following the method described in Humbert

 al. (2000).

 Results and discussion

With the conservative assumption that the partial
essure of 36Ar did not vary significantly with time, we
fer here that the seawater concentration of 36Ar in the
chaean aeon was a function of temperature and salinity
ly (assuming a sea level location for atmospheric gas
uilibrium). Thus, the Cl/36Ar and K/36Ar ratios of
awater would have varied primarily as a function of

 these two parameters, and (ii) the Cl and K concen-
tions of the ancient seawater. Fig. 1 illustrates co-
riations of these ratios for the analyzed samples,
ggesting that the entire array of variations can be
derstood as mixing between several end-members,
esumably different hydrothermal components, and a
mmon end-member with a low salinity. The present-day
linity of the oceans is represented by a thick blue line for

temperatures varying between 0 8C (a proxy of the average
modern deep-sea temperature of 2 8C) and 75 8C (a
plausible, but debated, temperature for the Archaean
oceans; Robert and Chaussidon, 2006). At this scale of
variations, data points for samples from two different
localities (NW Australia and South Africa) are consistent
with an ocean salinity comparable to, or lower than, the
modern one, but not with a salinity being two times higher,
or more, than the modern one. It is possible that some of the
samples, e.g., BMG3-11, might have trapped freshwater and
not seawater, in which case the correlations depicted in
Fig. 1 would pass through the origin. However, such an
origin is not supported by geochemical data (see sample
description), which indicates the occurrence of a palaeo-
seawater component in the FIs. Alternatively, some of the
fluids released during stepwise extraction could have been
contaminated by atmospheric noble gases other than those
dissolved in trapped palaeoseawater. The effect of this
contamination would be to add only 36Ar to the extracted
fluids, and therefore to have the correlations forced towards
the origin in Fig. 1. This could be the case for some of the
BMGA-3, and PI-06-03 stepwise data. Nevertheless, we
think that these possibilities, namely, low salinity and/or
atmospheric contamination, cannot account for several of
the observed trends (e.g., those defined by the PI-02-39,
BMG3-3, BMGA3-9 samples) that do not pass through the
origin, but rather intersect the range of values expected for a
seawater component (blue line in Fig. 1).

The Cl/36Ar and K/36Ar ratios could also have varied
following other processes than component mixings.
Evaporation in closed basins will tend to enrich Cl and K
while maintaining 36Ar at a constant level corresponding
to the solubility equilibrium of water with the paleo-
atmosphere. This could account for trends towards higher
Cl/36Ar and K/36Ar ratios (Fig. 1), but not for the low ratios
close to the origin. Likewise, boiling and phase separation
in a hydrothermal environment will favour loss of gases
including 36Ar with respect to Cl and K, and could account
for elevated Cl/36Ar and K/36Ar ratios, but not for the low
end-member values. Hence the low Cl/36Ar–K/36Ar end-
member component of Fig. 1 is unlikely to be the result of
secondary processing of trapped fluids.

Most samples in Fig. 1 show dispersion of data,
suggesting that mixing between more than two hydrother-
mal components and/or secondary processing occurred.
Each series of data for a given sample defines roughly
variable Cl/K ratios (slopes of the correlations) that can be
understood as chemically different hydrothermal end-
member compositions. Thus, most of the slopes do not
define the palaeoseawater composition. In hydrothermal
systems, chlorine is mainly conservative upon temperature
rise, mixing, and boiling, but the K concentration depends
on temperature and rock lithology during water–rock
interactions. K is indeed more mobile than Cl during
hydrothermalism due to K+ exchange with basalts authi-
genic mineral precipitation (e.g., Berner and Berner, 2012).
In fact, the Cl/K ratios vary between 32.5 (PI-02-39-02) and
0.1 (PI-06-03), which is consistent with variable exchange of
potassium between host rocks and hydrothermal waters.

Notably, The Cl/36Ar and K/36Ar ratios obtained
for sample PI-02-39-2 yield a statistically good linear
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egression (Figs. 1 and 2, MSWD = 0.75, probability of
t = 0.66). Chemical variations in this sample are,

herefore, consistent with a two-component mixing
etween a seawater-like component and a hydrothermal
omponent rich in Cl and K. The slope of the correlation is
2.5 � 4.1 (2s), comparable to the modern seawater ratio of
8.9. However, the slope is constrained by the value of the
ydrothermal end-member, whereas the Cl/K ratio of the
resumed Archaean seawater end-member appears closer

 �50, as suggested by data points with the lowest
l/36Ar and K/36Ar ratios (Table 1, sample PI-02-39-2, Cl/
 = 54.1 and 44.8 for crush 1 and crush 2 steps, respectively).
his suggests that the Archaean seawater may be poorer in K
elative to Cl than today. The hydrothermal end-member
alue (�31, Table 1) would then be coincidentally close to
e modern Cl/K ratio, due to water-rock interactions (e.g.,

uthigenic mineral precipitation) lowering the Archaean
eawater ratio of �50.

Using the equations given by Hamme and Emerson
004), we have computed the evolution trends upon
mperatures between 0 8C and 75 8C for three different

eawater compositions having salinities 0.5, 1, and 2 times
e modern salinity as represented by Cl and K (red, blue

nd green trends in Fig. 2). In this format, the intersection
f the PI-02-39-02 correlation with these trends defines
e composition and the temperature of the Archaean

eawater end-member (Fig. 2). This intersect selects a
alinity comparable to the modern one, and a seawater
mperature in the range 20–40 8C. A warmer seawater in
e Archaean than today is consistent with oxygen and

ilicon isotope variations in cherts and organic matter in
e distant past (Robert and Chaussidon, 2006; Tartèse

t al., 2017). Alternatively, such a noble gas-based
mperature range may reflect the temperature of surface

water in which atmospheric noble gases were dissolved,
rather than the mean seawater temperature.

There is, however, an excess of radiogenic 40Ar*
(labelled 40ArXS) in the initial fluid of the PI-02-39-02
sample. The 40Ar/36Ar ratio of the Archaean atmosphere
around 3 Ga has been shown to be 143 � 24 (1s), but the
initial ratio of the seawater component computed for this
sample yields a higher, although imprecise, value of
1226 � 920 (Fig. 3). 40ArXS could have been contributed after
deposition due to radiogenic ingrowth in the FIs but, given
the K content of the trapped fluid, a negligible amount of
40ArXS could have been contributed during the 3.5-Ga-long
history of the quartz. Indeed, we compute that during 3.5 Ga,
1–3�10�14 mol/g of radiogenic 40Ar could have been
generated by 40K in FIs, corresponding to less than 1% of
the total 40Ar (10�10–10�11 mol/g). 40ArXS could also have
been injected from the host quartz, although the low K
content of this phase might have not been sufficient to
produce such an amount. 40ArXS unsupported by other
species, e.g., Cl, is common in fluid inclusions (e.g., Avice et al.,
2017) and could result from water–rock interaction in an
environment where the production of radiogenic 40Ar from
the decay of 40K (T1/2 = 1.25 Ga) was one order of magnitude
higher than today. Contrary to 40Ar, N2 has been mostly
conservative in Archaean fluid inclusions (Marty et al., 2013)
and a correlation between Cl/36Ar vs. N2/36Ar yields
essentially the same information (Fig. 4), with a larger data
dispersion. Here, the possible range of salinity values would
be 0.5 to 1 times the modern one.

4. Implications

The present data are consistent with an Archaean
seawater salinity comparable to, or even lower than, the

ig. 1. Cl/36Ar vs K/36Ar variations for fluids trapped in Archaean quartz crystals from North Pole (NW Australia) and Barberton (South Africa) with ages

etween 3.0 and 3.5 Ga (data from Table 1). All samples host paleo-atmospheric argon and xenon and/or have Archaean Ar–Ar ages. Some of the data points

re out of frame. The common symbol families represent stepwise crushing data for a given sample. Red lines represent linear correlations for samples PI-

2-39-2 and PI-06-03, aimed at defining the upper and lower boundaries, respectively, for the observed Cl/K ratios. In this format, a two-component mixing

sults in a straight line joining the two end-members, whereas three-component mixing results in a cloud of data points embedded in a triangle limited by

e component end-members. Data are consistent with mixings between different hydrothermal end-members rich in Cl and K, and a common end-

ember with low Cl/36Ar and K/36Ar ratios, regarded as the Archaean seawater component. The thick blue line represents the modern seawater salinity for

mperatures between 0 and 75 8C.
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odern one. The relatively consistent salinity of the Earth’s
eans since the Archaean has far reaching consequences
garding the volatile cycle and the emergence of life on
e early Earth. Kendrick et al. (2017) proposed that up to
% of the total budget of H2O and heavy halogens now
side in surface reservoirs. Maintaining a constant salinity
ce the Archaean would require that the flux of H2O and

 to and from the oceans has also remained consistent
ce the Archaean. The dominant controls on early ocean

linity would be from the (i) variable rates of degassing
d subduction recycling of H2O and Cl and, (ii) the
questering of Cl from the ocean into crustal evaporites
d sediments. Continental freeboard studies have shown
at the sea level change since the Archaean is limited to
s than 500 m, indicating that the majority of the H2O

as degassed early and that the flux to the surface is
ughly balanced by the return through subduction (Parai

 al., 2012). In order to maintain a constant salinity since
e Archaean, the flux of Cl to the surface is also required to

 balanced by the return flux through subduction.
suming that the majority of the Earth’s volatiles were
gassed early and that the oceans were almost fully
rmed during the Archaean, this would imply that H2O
d Cl are coupled during subduction recycling. Using
rrent output fluxes of H2O and Cl from MORB and OIB
o et al., 1983; Parai and Mukhopadhyay, 2012), it is
timated that the equivalent to 0.25–0.64 ocean masses of

 and 0.15–0.53 ocean masses of H2O have been

subducted back to the mantle during the past 3.5 billion
years.

The coupling of H2O and Cl during subduction recycling
is complicated by the potential for Cl to be sequestered into
evaporite beds for geologically significant periods of time.
Estimates of ocean salinity 1.2–2 times the modern values
assumed that due to the presumed lower volumes of
continental crust in the Archaean all evaporites and
sedimentary brines were contained in the oceans (Holland,
1984; Knauth, 2005). As very little evidence remains for
Archaean evaporites, this calculation relies on crustal
evolution models to predict the timing of continental
growth stabilization, estimated to be around 1.2 Ga
(Knauth, 2005). However, recent crustal evolution models
calculated using the crustal degassing of 36Ar indicate that
continental crust was formed much earlier, with the
equivalent of 80% � 10% of the current continental mass
formed between 3.8 and 2.5 Ga (Dhuime et al., 2012; Pujol
et al., 2013). The mass of the continental crust has therefore
remained relatively stable since the Archaean. The drop in
salinity towards modern values associated with the forma-
tion of continental evaporites and sedimentary brines may
therefore have occurred earlier in the Earth’s history.

The fluid inclusions data suggest that the Cl/K of the
Archaean oceans (�50) could have been significantly
higher than the modern value of 29. A major source of
potassium in the oceans is now the erosion of the
continental crust. The deficit of K in the Archaean oceans

. 2. PI-02-39-2 data correlation. For this sample, the good linear correlation is consistent with a two-component mixing. The red, blue and green thick

es represent salinities of 0.5�, 1�, and 2� the modern seawater composition, as expressed by Cl and K, for temperatures of 0, 25, 50, and 75 8C. These

ges represent the possible end-members between present-day ocean bottom temperatures of 2 8C and those proposed for Archaean oceans of up to 70 8C
bert and Chaussidon, 2006). The insert shows the range of temperature-salinity which are consistent with the intersect of the data correlation with the

es defined above. The correlation is not consistent with salinities twice the modern value (de Ronde et al., 1997) or higher (Weiershauser and Spooner,

05). For a modern-like salinity, a temperature in the range 20–40 8C is compatible with the data. For higher temperatures, the calculated salinity would be

er than the present-day one.



Table 1

Argon, potassium and chlorine data for gases extracted by vacuum crushing of Archean hydrothermal quartz. See text for explanations on the analytical and data handling procedures.

Ech. 36Ar +/� 40Ar/ +/� Cl +/� K +/� Cl/36Ar +/� K/36Ar +/� Cl/K +/� N2 +/� N2/36Ar +/�
mol/g 36Ar mol/g mol/g mol/g

PI02-39-1a Crush 1 1.84E�14 3.80E�16 5092 195 4.17E�07 1.10E�08 b.d.l 2.30E+07 8.00E+05 9.50E+05 4.00E+04 24.2 1.3

Crush 2 1.68E�14 3.70E�16 6783 280 4.86E�07 1.30E�08 1.70E�08 5.00E�10 2.89E+07 1.00E+06 1.01E+06 3.72E+04 28.6 1.1

Crush 3 2.11E�14 4.00E�16 8971 306 8.83E�07 2.30E�08 3.35E�08 5.00E�10 4.18E+07 1.35E+06 1.59E+06 3.83E+04 26.4 0.8

Crush 4 7.95E�15 3.75E�16 10,242 844 4.11E�07 1.13E�08 1.70E�08 1.00E�09 5.17E+07 2.82E+06 2.14E+06 1.61E+05 24.2 1.6

Crush 5 7.58E�15 3.77E�16 11,053 954 4.21E�07 1.10E�08 1.91E�08 5.54E�10 5.56E+07 3.12E+06 2.52E+06 1.45E+05 22.0 0.9

Crush 6 1.18E�14 3.55E�16 5897 334 3.59E�07 1.10E�08 1.76E�08 5.35E�10 3.04E+07 1.30E+06 1.49E+06 6.35E+04 20.4 0.9

PI02-39-2a Crush 1 3.30E�14 5.30E�16 5585 143 6.15E�07 1.60E�08 1.14E�08 3.55E�10 1.86E+07 5.69E+05 3.45E+05 1.21E+04 53.9 2.2 1.28E�09 2.67E�11 3.88E+04 1.02E+03

Crush 2 2.82E�14 4.66E�16 5466 155 5.33E�07 1.40E�08 1.19E�08 4.01E�10 1.89E+07 5.86E+05 4.21E+05 1.58E+04 44.8 1.9 9.83E�10 2.06E�11 3.48E+04 9.30E+02

Crush 3 2.12E�14 4.07E�16 6111 216 4.46E�07 1.20E�08 1.00E�08 3.42E�10 2.10E+07 6.94E+05 4.71E+05 1.85E+04 44.6 1.9 6.57E�10 1.40E�11 3.09E+04 8.88E+02

Crush 4 1.62E�14 3.79E�16 7716 341 4.38E�07 1.10E�08 9.90E�09 3.65E�10 2.70E+07 9.24E+05 6.09E+05 2.66E+04 44.2 2.0 6.75E�10 1.44E�11 4.16E+04 1.31E+03

Crush 5 2.41E�14 4.36E�16 7093 226 6.10E�07 1.60E�08 1.40E�08 4.18E�10 2.53E+07 8.06E+05 5.81E+05 2.03E+04 43.6 1.7 9.64E�10 2.02E�11 4.00E+04 1.11E+03

Crush 6 1.13E�14 3.73E�16 8330 514 3.41E�07 9.00E�09 8.50E�09 2.82E�10 3.03E+07 1.28E+06 7.55E+05 3.54E+04 40.1 1.7 5.66E�10 1.22E�11 5.03E+04 1.99E+03

Crush 7 6.88E�15 4.04E�16 13,126 1298 3.30E�07 9.00E�09 7.90E�09 2.59E�10 4.79E+07 3.10E+06 1.15E+06 7.72E+04 41.8 1.8 6.20E�10 1.33E�11 9.01E+04 5.63E+03

Crush 8 7.66E�15 3.93E�16 13,453 1199 3.96E�07 1.00E�08 1.10E�08 3.18E�10 5.17E+07 2.96E+06 1.44E+06 8.46E+04 36.0 1.4 5.12E�10 1.05E�10 6.69E+04 1.42E+04

Crush 9 7.22E�15 3.99E�16 12,473 1178 3.58E�07 9.00E�09 9.60E�09 2.96E�10 4.96E+07 3.01E+06 1.33E+06 8.41E+04 37.3 1.5 5.43E�10 1.18E�11 7.52E+04 4.46E+03

Crush 10 9.43E�16 5.94E�16 38,192 27,226 1.43E�07 4.00E�09 4.50E�09 1.71E�10 1.52E+08 9.56E+07 4.77E+06 3.01E+06 31.8 1.5 3.43E�10 7.82E�12 3.63E+05 2.29E+05

Crush 11 2.08E�15 5.29E�16 15,773 5107 1.37E�07 4.00E�09 4.30E�09 1.67E�10 6.59E+07 1.69E+07 2.07E+06 5.32E+05 31.9 1.5 1.89E�10 4.99E�12 9.08E+04 2.32E+04

Pi-02-39-Pb Crush 1 4.6E�16 6.2E�17 9386 1270 1.5E�08 8.39E�11 1.64E�09 4.3E�10 3.38E+07 4.57E+06 3.60E+06 1.06E+06 9.4 2.5

Crush 2 6.1E�16 5.4E�17 11,993 1049 2.2E�08 1.453E�10 3.77E�09 9.6E�10 3.59E+07 3.15E+06 6.16E+06 1.66E+06 5.8 1.5

Crush 3 2.9E�16 4.4E�17 3392 518 2.5E�09 3.69E�11 6.80E�10 2.1E�10 8.74E+06 1.34E+06 2.38E+06 8.19E+05 3.7 1.1

Crush 4 1.0E�15 4.3E�17 8488 353 2.7E�08 1.428E�10 4.41E�09 5.7E�10 2.56E+07 1.07E+06 4.22E+06 5.73E+05 6.1 0.8

Crush 5 2.2E�15 8.1E�17 9913 368 6.8E�08 3.526E�10 1.14E�08 2.3E�09 3.09E+07 1.15E+06 5.19E+06 1.05E+06 6.0 1.2

PI-06-3c Crush 1 6.0E�14 5E�16 730 5 3.3E�07 1.2E�09 7.50E�08 1.00E�09 5.56E+06 5.08E+04 1.26E+06 1.98E+04 4.42 0.06

Crush 2 3.6E�14 3E�16 1058 10 3.0E�07 1.4E�09 1.35E�07 3.00E�09 8.30E+06 7.87E+04 3.72E+06 8.82E+04 2.23 0.05

Crush 3 1.4E�14 5E�16 1115 38 1.3E�07 1.1E�09 1.07E�07 1.00E�09 9.42E+06 3.43E+05 7.59E+06 2.78E+05 1.24 0.02

Crush 4 3.0E�14 5E�16 1433 21 3.4E�07 2.3E�09 3.81E�07 3.00E�09 1.13E+07 2.02E+05 1.27E+07 2.33E+05 0.89 0.01

Crush 5 1.1E�14 5E�16 3504 166 1.4E�07 1.3E�09 5.64E�07 3.00E�09 1.25E+07 5.80E+05 5.13E+07 2.35E+06 0.24 0.00

Crush 6 9.6E�15 3E�16 5410 178 1.3E�07 1.2E�09 8.60E�07 3.00E�09 1.38E+07 4.50E+05 8.96E+07 2.82E+06 0.15 0.00

Barbertond

BMGA3-13 Crush 1 8.0E�14 4.4E�15 3611 57 1.35E�06 7.57E�08 1.73E�07 1.22E�08 1.70E+07 1.34E+06 2.17E+06 1.96E+05 7.8 0.9

Crush 2 3.7E�14 2.1E�15 4376 90 7.83E�07 4.39E�08 6.95E�08 5.21E�09 2.11E+07 1.69E+06 1.87E+06 1.76E+05 11.3 1.4

Crush 3 1.5E�14 8.8E�16 3607 83 3.23E�07 1.83E�08 3.77E�08 3.40E�09 2.15E+07 1.74E+06 2.50E+06 2.69E+05 8.6 1.2

Crush 4 1.1E�14 6.7E�16 3980 111 2.78E�07 1.55E�08 3.21E�08 2.80E�09 2.52E+07 2.07E+06 2.91E+06 3.09E+05 8.7 1.2

Crush 5 1.3E�14 7.3E�16 3294 72 2.56E�07 1.43E�08 3.32E�08 3.41E�09 2.02E+07 1.62E+06 2.62E+06 3.09E+05 7.7 1.1

Crush 6 2.8E�14 1.6E�15 2388 33 4.24E�07 2.37E�08 5.43E�08 3.54E�09 1.50E+07 1.18E+06 1.92E+06 1.64E+05 7.8 0.9
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Table 1 (Continued )

Ech. 36Ar +/� 40Ar/ +/� Cl +/� K +/� Cl/36Ar +/� K/36Ar +/� Cl/K +/� N2 +/� N2/36Ar +/�
mol/g 36Ar mol/g mol/g mol/g

BMGA3-11 Crush 1 9.77E�16 5.69E�17 9606 763 1.16E�08 6.78E�10 4.62E�09 5.66E�10 1.19E+07 9.79E+05 4.73E+06 6.42E+05 2.5 0.4

Crush 2 3.01E�15 1.94E�16 12,491 1049 4.41E�08 2.49E�09 1.75E�08 1.39E�09 1.46E+07 1.25E+06 5.80E+06 5.93E+05 2.5 0.3

Crush 3 4.18E�15 2.45E�16 12662 1011 6.39E�08 3.73E�09 2.53E�08 2.26E�09 1.53E+07 1.27E+06 6.05E+06 6.47E+05 2.5 0.3

Crush 4 1.24E�15 1.46E�16 16272 2113 2.39E�08 1.41E�09 8.77E�09 8.60E�10 1.93E+07 2.55E+06 7.10E+06 1.09E+06 2.7 0.6

Crush 5 4.49E�16 4.03E�17 13726 1439 7.62E�09 4.46E�10 2.99E�09 2.24E�10 1.70E+07 1.82E+06 6.65E+06 7.78E+05 2.5 0.4

Crush 6 4.02E�16 2.35E�17 11834 943 4.46E�09 2.78E�10 0.00E+00 1.57E�10 1.11E+07 9.48E+05

Crush 7 7.25E�16 4.42E�17 14101 1150 1.23E�08 7.11E�10 4.37E�09 4.64E�10 1.70E+07 1.43E+06 6.03E+06 7.39E+05 2.8 0.4

Crush 8 1.40E�15 9.09E�17 14176 1200 2.43E�08 1.57E�09 8.43E�09 1.22E�09 1.74E+07 1.60E+06 6.03E+06 9.57E+05 2.9 0.5

Crush 9 5.74E�16 6.45E�17 18,893 2357 1.19E�08 7.08E�10 4.54E�09 4.79E�10 2.07E+07 2.64E+06 7.91E+06 1.22E+06 2.6 0.5

BMGA3-9 Crush 1 2.05E�15 1.30E�15 5809 479 1.75E�07 1.03E�08 b.d.l 8.54E+06 7.30E+05 n.d.

Crush 2 4.43E�14 2.50E�15 3207 250 2.39E�07 1.37E�08 b.d.l 5.39E+06 4.30E+05 n.d.

Crush 3 5.02E�14 2.80E�15 4050 314 3.69E�07 2.14E�08 1.01E�07 1.10E�08 7.35E+06 5.90E+05 2.01E+06 2.50E+05 3.7 0.5

Crush 4 4.40E�15 7E�16 5479 875 3.93E�08 2.37E�09 1.91E�08 1.11E�09 8.95E+06 1.45E+06 4.36E+06 7.00E+05 2.1 0.5

Crush 5 1.74E�14 1.30E�15 5142 470 1.49E�07 8.55E�09 4.94E�08 6.82E�09 8.56E+06 8.00E+05 2.83E+06 4.40E+05 3.0 0.5

Crush 6 1.31E�14 8.00E�16 7077 571 1.59E�07 9.33E�09 3.34E�08 3.83E�09 1.22E+07 1.02E+06 2.56E+06 3.30E+05 4.7 0.7

Crush 7 8.10E�15 5.00E�16 6409 520 1.02E�07 5.81E�09 3.15E�08 2.88E�09 1.25E+07 1.04E+06 3.87E+06 4.20E+05 3.2 0.4

BMGA3-3 Crush 1 6.50E�15 4.00E�16 6179 513 1.24E�07 6.97E�09 2.23E�08 2.39E�09 1.91E+07 1.61E+06 3.43E+06 4.30E+05 5.6 0.8

Crush 2 7.60E�15 5.00E�16 7326 605 1.08E�07 6.08E�09 3.16E�08 2.81E�09 1.43E+07 1.20E+06 4.16E+06 4.50E+05 3.4 0.5

Crush 3 3.00E�15 5.00E�16 5657 1041 2.98E�08 2.89E�09 1.53E�08 1.82E�09 9.83E+06 1.97E+06 5.04E+06 1.07E+06 2.0 0.6

Crush 4 7.00E�15 8.00E�16 7131 914 9.99E�08 5.96E�09 3.18E�08 3.20E�09 1.42E+07 1.85E+06 4.52E+06 6.90E+05 3.1 0.6

Crush 5 3.20E�15 4.00E�16 7173 1074 5.07E�08 2.94E�09 1.76E�08 3.09E�09 1.60E+07 2.42E+06 5.55E+06 1.24E+06 2.9 0.8

Crush 6 6.80E�15 7.00E�16 8558 943 1.19E�07 6.66E�09 2.94E�08 3.29E�09 1.74E+07 1.93E+06 4.30E+06 6.30E+05 4.0 0.7

a Marty et al., 2013.
b Pujol et al., 2013.
c Pujol et al., 2011.
d Avice et al., 2017 and unpublished.

b.d.l: below detection limit; n.d.: not determined.
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Fig. 3. PI-02-39-2 data. In this 40Ar/36Ar vs. Cl/36Ar format, a fair correlation is also observed, consistent with mixing between a low-salinity end-member

and an evolved fluid component rich in radiogenic 40Ar and in Cl. The correlation defines a low 40Ar/36Ar–Cl/36Ar end-member, presumably representing the

seawater component, and a high 40Ar/36Ar–Cl/36Ar end-member, representing the hydrothermal component. Note that the low 40Ar/36Ar component has

radiogenic 40Ar* in excess relative to the atmospheric composition, and could represent a moderately evolved seawater component having incorporated
40Ar*, but not Cl, from country rocks. The red, blue, and green thick lines represent salinities of 0.5�, 1� and 2� the modern seawater one, as expressed by Cl

and K, for temperatures of 0, 25, 50 and 75 8C (modern seawater symbols have been offset for clarity).

Fig. 4. Cl/36Ar vs. N2/36Ar data for sample PI-02-39-2. Same symbols as in Fig. 3.
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uld therefore be related to the smaller continental
servoir 3.5 Ga ago. However, the cycle of oceanic
tassium is poorly known, in particular the K flux
tween the oceans and the oceanic crust and the uptake

 K by sediments (see Berner and Berner, 2012).
The properties of the Archaean oceans such as salinity,

mperature and chemistry all played a crucial role in the
ergence of life. Salinity levels greater than modern

awater are suggested to have suppressed the evolution
 macroscopic marine life in the Archaean (Knauth, 1998).
e development of macroscopic life might have been
ited, as metazoan life forms cannot tolerate high-

linity conditions (Hay et al., 2006). This is consistent with
anobacteria (relatively salt tolerant) dominating the
ecambrian fossil record (Knauth, 2005). Our data are
wever consistent with Archaean oceans’ salinity being
mparable to that of the modern oceans at a plausible
mperature range of 0–75 8C.

This implies that the early forms of Archaean life were
t necessarily salt tolerant or restricted to the more dilute

aters of estuaries (Knauth, 1998), but might have already
en widespread throughout the oceans. The limited
versity of the eukaryotes within the Proterozoic fossil
cord (Schopf and Klein, 1992) may therefore be
counted for by nutrient limitation and/or widespread
lfidic conditions in the early oceans (Anbar and Knoll,
02). Likewise, the lack of evidence for Proterozoic
etazoans in the fossil record could indicate that early
etazoans developed in environments with low preser-
tion potentials, such as the Archaean deep-sea envi-
nments, which are erased at subduction zones. Note that
constant global ocean salinity through time does not
clude the possibility that saltier environments existed
ring the Archaean, as evidenced by highly saline early
awater trapped in fluid inclusions within 3.2-Ga quartz
ystals (de Ronde et al., 1997). In fact, the presence of
aporites on the Archaean crust and evidence of saltier
vironments hint at potential for localized evaporation
d formation of habitats such as lagoons suitable for life
ark, 1977). Our data also support the possibility that
nificant amounts of oxygen were already dissolved in

e oceans during the Archaean, as oxygen solubility in
awater increases with decreasing salinity and tempera-
re (Weiss, 1970).

 Conclusion

Data for FIs in Archaean quartz samples from different
calities present chemical variations which are consistent
ith mixings between several hydrothermal end-mem-
rs and a common component regarded as Archaean
awater. The latter appears to have a salinity (Cl)
mparable to that of modern seawater. We conclude
at the present data appear to exclude a salinity twice
gher than the modern value (Figs. 1 and 2). The Cl/K ratio
 Archaean seawater (�50) could have been lower than
e present-day one (29), suggesting that the Archaean
eans contained less potassium than the modern oceans.
The budget of Cl and K in the oceans is still largely
documented. Rivers are the main input flux of chlorine

can be a significant output flux, provided that evaporites
are stabilized onto continents (Berner and Berner, 2012).
Overall, the oceanic chloride budget appears to be in a
steady state on the long term, at least since 600 Ma (Berner
and Berner, 2012). Major unknowns are the fluxes at mid-
ocean ridges, which could be significant in either way
(Edmond et al., 1979). These uncertainties leave room for
the case of a salinity (e.g., Cl) of the Archaean oceans
comparable to the modern one. The oceanic cycle of
potassium is even less documented. The low potassium
content of the Archaean oceans suggested by this study
could be related to a smaller volume of Archaean felsic
crust than at Present. Indeed, a major source of potassium
in the oceans is now the erosion of the continental crust,
thus the deficit of K in the Archaean oceans may be the
result of reduced runoff from smaller continental reser-
voirs.

Acknowledgments

This study was funded by the European Research
Council (FP/7 2007–2013, grant agreement 267255). Ray
Burgess is thanked for mentorship and assistance during
Ar–Ar experiments. Samples were made available through
collaborations with Pascal Philippot, Axel Hofmann, and
Nick Arndt. We are grateful to Mark Kendricks and Romain
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