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Emergence of felsic crust and subaerial
weathering recorded in Palaeoarchaean barite

Desiree L. Roerdink®'®4, Yuval Ronen’, Harald Strauss ©?2 and Paul R. D. Mason®3

Reconstructing the emergence and weathering of continental crust in the Archaean eon is crucial for our understanding of early
ocean chemistry, biosphere evolution and the onset of plate tectonics. However, considerable disagreement exists between
elemental and isotopic proxies that have been used to trace crustal input into marine sediments, and data are scarce before
3 Ga. Here we show that chemical weathering modified the Sr isotopic composition of seawater as recorded in 3.52-3.20 Ga
stratiform barite deposits from three different cratons. Using a combination of Sr, S and O isotope data, barite petrography and
a hydrothermal mixing model, we calculate a Sr isotope evolution trend of Palaeoarchaean seawater that is much more radio-
genic than the curve previously determined from carbonate rocks. Our findings suggest that evolved crust containing high Rb/
Sr was subaerial and weathering into the oceans from approximately 3.7 + 0.15 Ga onwards with impacts on ocean chemistry

and the nutrient supply to the marine biosphere.

the weathering of continental crust over geological time

is strontium isotopes (¥Sr/*¢Sr) in marine chemical sedi-
ments. Strontium in seawater is derived mainly from two sources
with distinct radiogenic isotopic compositions: hydrothermal
alteration of oceanic crust with low and mantle-like ¥Sr/*Sr and
subaerial weathering of continental crust with higher ¥Sr/*Sr'.
Because Sr has a long residence time relative to the ocean mixing
rate, ¥Sr/*Sr in seawater is globally homogenized, and the balance
between oceanic and continental inputs can be recorded in the Sr
isotope ratios of authigenic marine minerals. Typically, the lowest
(least radiogenic) carbonate *Sr/*Sr values are taken as the best
estimate of seawater at any time because post-depositional altera-
tion is most likely to increase Sr isotope ratios’. Throughout the
Phanerozoic eon, carbonate shells and limestones show many sec-
ular variations in seawater Sr/*Sr that can be linked to changes
in seafloor spreading rates, as well as shifting tectonic, geographic
and climatic controls on the Sr isotopic composition of river-
ine run-off’. Further back in time, the seawater Sr isotope record
becomes compromised by the scarcity of unaltered sedimentary
carbonate rocks. Sparse Archaean carbonates with highly unra-
diogenic ¥Sr/*Sr have therefore been interpreted to represent
seawater, suggesting a mantle-dominated ocean chemistry at this
time*’. This curve and the concomitant rise in seawater ¥Sr/*Sr at
the Archaean-Proterozoic boundary support models and proxies
that argue for the late emergence of continental crust and onset of
weathering around 2.5 billion years ago (Ga) (refs. °'?). However,
recent work on two barite deposits suggested much higher seawa-
ter Sr/%Sr than the mantle-like value assumed from the Archaean
carbonate record at 3.2Ga (refs. '»'*). This finding questions the
assumption that the unradiogenic carbonates truly reflect seawa-
ter and challenges the validity of a mantle-like Sr isotope seawa-
ter evolution curve for the Palaeoarchaean era. The earlier onset
of weathering inferred from these barite data would be consis-
tent with Ti isotopic evidence for emerged felsic crust at 3.5Ga
(ref. %), weathering-induced decoupling of Hf and Nd isotope

O ne of the most accurate and complete records for tracing

systems in 3.4 Ga chert'® and Hf isotope ratios in black shales indi-
cating weathering of evolved crust by 3.0 Ga (ref. 7).

To correctly reconstruct the onset of crustal weathering and
emergence of continental crust, in this article, we investigate the Sr, S
and O isotopic compositions of six stratiform marine-hydrothermal
barite deposits from three different cratons covering a time window
of 320 Myr. Using a mixing model to assess hydrothermal influence
on the barite *’Sr/*Sr, we calculate a Sr isotope evolution trend for
Palacoarchaean seawater and use this result to constrain the tim-
ing at which weathering began to modify early ocean chemistry and
estimate the extent of early subaerial crust.

Barite record of seawater variations

We studied field and drill-core samples from barite deposits at
Londozi (3.52Ga, Theespruit Formation), Vergelegen (3.41Ga,
Kromberg Formation), Stentor/Amo (3.26Ga, Bien Venue
Formation) and Barite Valley (3.24 Ga, Mapepe Formation) in the
Kaapvaal craton, North Pole (3.49 Ga, Dresser Formation) in the
Pilbara craton and Sargur (3.20 Ga, Sargur Group) in the Dharwar
craton. All barite deposits occur in volcanic-sedimentary suc-
cessions consistent with shallow to deep marine environments
(Supplementary Table 1). Multiple sulfur isotopes provide evidence
for atmospherically generated sulfate that was ultimately derived
from volcanic eruptions'®*' and probably homogenized in global
seawater” (Supplementary Information). Measured biogenic iso-
tope effects suggest sulfate concentrations of ~8 uM SO,*~ during
barite formation®>*. By contrast, field observations point to a hydro-
thermal origin for the barium*. In all localities, barite is strongly
associated with chert®, silica dykes feed into barite horizons at
Barite Valley and North Pole***, and hydrothermal alteration zones
that are barium enriched relative to host rocks underlie barite at
Londozi and Sargur®**. However, all deposits lack polymetallic sul-
fide deposits, indicating that hydrothermal fluid temperatures were
relatively low and probably below 150°C (ref. *°). Low-temperature
hydrothermal activity is also consistent with the lack of an underly-
ing magmatic system, absence of sintering and in some cases the
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Fig. 1| Sr, S and O isotopic compositions of Palaeoarchaean stratiform barite. a, Measured &’Sr/%¢Sr versus age, with depleted (DM) and primitive (PM)
mantle curves. BV, Barite Valley. b, Measured 8Sr/%¢Sr versus 880 (ref. *%), with the published range of seawater sulfate 80 indicated by the shaded
region'“'®, ¢, Measured Sr/®°Sr versus 84S (ref. %), with the published range of seawater sulfate &S indicated by the shaded region'®***>. d, Measured
87Sr/86Sr versus A®S (ref. ). Regression line (with 95% confidence intervals, dashed lines) shown for bladed barite. DM and continental crust (CC)
reservoirs shown in panels b, ¢ and d. Error bars are indicated when errors are larger than the symbols. References for mantle curves and reservoirs are
given in Supplementary Table 11. VCDT, Vienna Cafion Diablo Troilite; VSMOW, Vienna Standard Mean Ocean Water.

small vertical extent of chert dykes*. Judging from mass fluxes in
modern low-temperature hydrothermal systems, individual barite
horizons could have formed from seawater in 10s to 100s of years
(Supplementary Information).

Two types of barite are observed in the six deposits: bladed bar-
ite consisting of coarse blades up to several centimetres long and
fine-grained granular barite (Supplementary Fig. 1). Crystal mor-
phology alone does not reveal the origin of the barite. However, a
combination of sedimentological evidence and morphology sup-
ports a primary origin for bladed barite at Barite Valley, except for
some isolated blades cutting through barite sands that appear to
have grown diagenetically”*°. A primary origin for bladed barite
is consistent with the tabular to bladed crystal morphology that is
predicted to grow in settings with low to moderate degrees of bar-
ite supersaturation®. By contrast, granular barite is often found
in association with heavy minerals and reworked quartz, indicat-
ing a detrital origin for this morphological type***’. Equigranular
textures can also form by recrystallization of barite during diagen-
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esis or metamorphism that has affected all deposits*’, from lower
greenschist facies (300-400°C) at North Pole, Barite Valley and
Vergelegen to upper greenschist facies (400-500°C) at Stentor/
Amo and ampbhibolite facies (500-650°C) at Londozi and Sargur
(Supplementary Table 1). To determine which barite can be used to
constrain Palaeoarchaean seawater #’Sr/*Sr, field data and mineral
morphology must be integrated with geochemical proxies.

Within individual deposits, bladed barite samples are Sr iso-
topically distinct from granular barite. Measured ¥Sr/*Sr val-
ues are lowest in bladed barite (Fig. 1a), with weighted averages
(£95% confidence intervals) ranging from 0.700562+0.00015
at Londozi (n=2), 0.700841+0.00004 at Vergelegen (n=6) and
0.701295+0.00008 at Barite Valley (n=4) to 0.701333 at Sargur
(n = 1) (Supplementary Table 2). No bladed barite was found in
samples from the Stentor/Amo deposit. By contrast, granular bar-
ite is characterized by higher average *Sr/*Sr of 0.700757 +0.00010
at Londozi (n=21), 0.701112+0.00001 at Vergelegen (n=2),
0.701240 +0.00013 at Stentor/Amo (n=5), 0.701478 at Barite Valley
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Fig. 2 | Modelled Palaeoarchaean seawater trend and the inferred onset of
crustal weathering at 3.7 + 0.15 Ga. Bladed barite &Sr/%¢Sr (blue diamonds)
with regression line (solid light blue curve, with dashed lines indicating
95% confidence intervals) and calculated Sr isotope evolution trend for
Palaesoarchaean seawater (dark blue lines and shaded area). Dashed lines
indicate extrapolation. CC, DM and PM curves are shown for reference

(see text and Supplementary Information for calculation). The onset of
large subaerial crustal weathering is defined from the intersection of the
extrapolated seawater trend and depleted mantle curves. References for
mantle and crustal curves are given in Supplementary Table 11.

(n=1) and 0.701814 +0.00033 at Sargur (n=3). These higher val-
ues cannot be explained by in situ ¥Rb decay because measured Rb
concentrations in acid-leached fractions from both types of barite
are very low and would require corrections less than our analyti-
cal precision (Supplementary Table 3). In addition, we carefully
selected least-weathered samples to avoid contamination with high
Sr/*Sr phases, as exemplified by two highly weathered samples
from Barite Valley (Fig. 1a).

If the Archaean oceans were homogeneous in ¥Sr/*Sr due to
a long Sr residence time', then different Sr/*Sr values in bladed
and granular barite would not represent local isotopic variations,
and only one of the two crystal morphologies may represent sea-
water. However, unlike the marine carbonate record, the lowest
Sr/%Sr in bladed barite cannot be unambiguously interpreted to
reflect seawater as ratios may have been lowered by hydrothermal
input of unradiogenic Sr (ref. '*). We therefore combine ¥Sr/*Sr
data with oxygen and sulfur isotopic compositions to select which
barite is most representative of seawater (Fig. 1b-d)'>*. Bladed
and granular barite is characterized by 80O and §™S values (see
Methods for calculation, Supplementary Table 2) that fall within the
range reported for Palaeoarchaean seawater from sulfate minerals
and carbonate-associated sulfate (Fig. 1b,c)'*'*****. Seawater-like
80 and 6*S values do not give direct evidence for seawater Sr
isotope ratios in hydrothermal barite since the source of Sr is not
directly coupled to that of SO,>~. However, the preceding observa-
tion is consistent with the low-temperature hydrothermal settings
inferred from field data as modification of seawater-like 830 val-
ues is expected above 150°C due to rapid oxygen isotope exchange
between dissolved sulfate and water’. This in turn suggests that
measured ¥Sr/*Sr has been relatively little affected by Sr from a
non-seawater source because leaching of Sr from rocks is limited

at these low temperatures, and low- to intermediate-temperature
hydrothermal fluids are dominated by seawater-derived Sr*”*.

Importantly, we observe the highest 5'*O values for each deposit
in bladed barite and in association with the most negative, and
therefore most seawater-like””, anomalous sulfur isotope signa-
tures (A*S, see Methods for calculation, Supplementary Table 2).
These samples also display a strong positive correlation (R>=0.95)
between ¥Sr/*Sr and A*S (Fig. 1d), in contrast to a weaker correla-
tion for granular barite (R*=0.64). Previous work has demonstrated
that the magnitude of seawater sulfate A*S decreases throughout
the Palaeoarchaean, as shown in Fig. 1d'®". Alternatively, these A**S
variations could reflect different photochemical reactions in volca-
nic plumes?, but this does not explain the systematic correlation
between ¥Sr/*Sr and A*S as atmospheric reactions do not affect
Sr isotope ratios. The observed correlation between Sr and S iso-
topes in bladed barite is therefore best explained by co-evolution
of A¥S and ¥Sr/*Sr in seawater due to progressive decay of ¥Rb.
This relationship may have been blurred in the granular barite as a
result of alteration or contamination, consistent with granular tex-
tures resulting from recrystallization processes. At water/rock ratios
of 1/10, metamorphic fluids with 50-1,000ppm Sr and ¥Sr/*Sr
~0.703-0.706 can shift Sr isotopic compositions from those mea-
sured in the bladed barite towards the higher values in granular bar-
ite (Supplementary Fig. 2).

On the basis of the O, S and Sr isotope systematics outlined in the
preceding, we conclude that Sr/%Sr of the bladed barite is as close
to Palaeoarchaean seawater as possible for a hydrothermal deposit.
The ¥Sr/%Sr values in the bladed barite define a strong regression
line (Fig. 2, R*=0.98) and are more radiogenic than two estimates
for the depleted mantle based on ¥Sr/**Sr=0.703 for modern
mid-ocean-ridge basalt” and an initial value of ¥Sr/*Sr=0.69950
(DM1)® or 0.69897 (DM2)" (Fig. la). By contrast, values are less
radiogenic than the estimated Palaeoarchaean continental crust
curve (Fig. 2). Our findings are consistent with previously reported
Sr isotopic compositions of the Barite Valley, Sargur, Vergelegen and
North Pole deposits'*'“*2. In the following, we explore the hydro-
thermal influence on barite #Sr/*Sr values to assess the Sr isotopic
composition of the Palaeoarchaean oceans.

Palaeoarchaean seawater evolution trend

We use a hydrothermal mixing model (Methods) to calculate a
plausible seawater Sr evolution trend from the *Sr/*Sr values
measured in bladed barite samples, based on the low-temperature
hydrothermal setting inferred from field and oxygen isotope data.
In our model, we calculate mixing ratios of seawater and hydrother-
mal fluid that lead to supersaturation with respect to barite. Our
calculations for a range of Ba concentrations show that the highest
degree of oversaturation occurs for a mixture consisting of 10-40%
hydrothermal fluid (Supplementary Table 6). Calculated saturation
indices are low (<0.2), which is consistent with our interpretation
that bladed barite formed as primary crystals®. We use this result
and a two-component mixing model to calculate ¥Sr/*Sr values of
seawater-hydrothermal fluid mixtures from which barite precipi-
tated. By varying the input value for seawater Sr/%Sr, we assess the
range of seawater compositions that is feasible with the highest and
lowest ¥Sr/*Sr values measured in bladed barite from Londozi,
Vergelegen and Barite Valley. For each deposit, we explore ¥Sr/*Sr
variations during hydrothermal leaching of both mafic and felsic
rocks.

From our constraints on the chemical conditions required for
barite precipitation and comparison of theoretical seawater-hydro-
thermal mixtures with those recorded in the bladed barite, we obtain
a seawater Sr isotope trend with a slope corresponding to ¥Rb/*Sr
values of 0.194-0.198 (Fig. 2). Our empirical trend plots between
modelled endmember scenarios of seawater ¥Sr/*Sr for early con-
tinental growth with constant and non-constant hypsometry'
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Belt (Supplementary Table 8).

(Fig. 3) and Sr isotope data from North Pole, Sargur and Stentor fall
well within the predicted range (Fig. 2). Calculated ¥Rb/*Sr values
(0.194-0.198) are substantially higher than the estimated value for
the early Archaean depleted mantle (0.07 +0.007) (ref. **) and con-
trast strongly with the mantle-dominated curve inferred from car-
bonate #’Sr/*Sr** (Fig. 3). This requires a supply of radiogenic Sr to
Palaeoarchaean seawater from a felsic (high Rb/Sr) source', which
is best explained by continental run-off and run-out from subaerial
crust’. Input of Sr from submerged felsic crust was probably very
limited' due to low seafloor weathering rates’ and reduced further
by subaqueous eruptions of flood basalts that covered continental
platforms*.

Onset of subaerial crustal weathering

The radiogenic Sr isotope values for 3.52-3.20 Ga seawater imply
detectable weathering of an emerged and felsic crustal source at
least 300 Myr further back in time than what has previously been
reported at 3.2 Ga (ref. '*). We further advance this by estimating
the start of subaerial weathering through extrapolating our seawa-
ter evolution trend, which is notably parallel to the crustal Sr iso-
tope curve (Fig. 2). The intersection of this trend and the depleted
mantle curve at 3.7 +0.15 Ga represents the time at which the input
of crustal Sr started to modify the Sr/*Sr of seawater away from
mantle-dominated values and identifies the onset of notable crustal
weathering. Improved constraints on the Palaecoarchaean Sr isotope
mantle curve are required to further reduce the uncertainty on this
estimate. However, a late Eoarchaean onset of crustal weathering
is consistent with the siliciclastic rock record, which shows that
physical weathering products appear for the first time in green-
stone belts around 3.4 Ga and possibly as early as 3.7 Ga (Fig. 3 and
Supplementary Table 8), as well as examples of exposed land sur-
faces by 3.5 Ga (ref. *°) and evidence for the existence of felsic crust
at this time*.
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If the extrapolation of our seawater Sr isotope trend is correct,
it implies that the late Eoarchaean geodynamic regime generated
granitic magmas and sufficient continental freeboard to support
weathering of emerged felsic crust from 3.7 Ga. We explore this fur-
ther and estimate the extent of subaerial crust for different weath-
ering scenarios using a Sr isotope mass-balance model (Methods).
Assuming a present-day area-normalized Sr weathering flux, our
calculation yields an area of emerged crust of 7-12% of Earth’s total
surface area, comparable to the combined land areas of Europe
and the Americas (Fig. 4). This scenario is consistent with limited
physical erosion due to reduced topography'’ and average weath-
ering intensities calculated for the Archaean and modern Earth.
However, this areal extent is substantially higher than previous
estimates for the extent of emerged crust (2-5%) that were based
on crustal evolution modelling' and oxygen isotope records®'
and interpreted as a Palaeoarchaean water world with little crustal
weathering. Mass-balance calculations demonstrate that our revised
seawater ¥Sr/*Sr trend can also be explained by smaller areas of
emerged crust if Sr weathering fluxes were 2-10 times higher than
today (Fig. 4), which is compatible with evidence for intense chemi-
cal weathering in Archaean sedimentary rocks*.

Our findings indicate that even for formerly considered negli-
gible extents of emerged crust, subaerial weathering was chemically
important between 3.52 and 3.20 Ga with respect to Sr and substan-
tially modified the Sr isotope budget of seawater, in contrast to its
oxygen isotope composition'’. This in turn implies that the appear-
ance of small areas of subaerial felsic crust may have had a more
substantial impact on the composition and nutrient availability of
the Palaeoarchaean oceans than previously thought.

Online content
Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary information,
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Methods

Analytical. Barite powders were drilled from the same spots as used for previous
multiple sulfur isotope'” and oxygen isotope analyses™ using a diamond microdrill.
Circa 100 mg of pure barite was reacted with concentrated hydrofluoric acid (HF)
to form insoluble SrF,, which was centrifuged together with undissolved BaSO,
to remove the supernatant. Strontium was subsequently leached from the residual
solids with 2N HNO, under sub-boiling conditions for 2 days. The dissolved
fraction was purified on an Eichrom Sr Spec ion exchange resin and analysed for
Sr isotopes using a Finnigan MAT 262 thermal ionization mass spectrometer

at the University of Bergen. Values are normalized relative to ¥Sr/*Sr=0.710240
for standard SRM987, with an error (26) of 0.000009. Aliquots of the

supernatant after the HF dissolution step and the dissolved fraction after the

2N HNO, dissolution step were analysed for Rb and Sr concentrations using a
ThermoScientific Element XR inductively-coupled plasma mass spectrometer at
the University of Bergen.

Oxygen isotopes were measured in a selection of barite powders from Londozi,
Vergelegen and Stentor/Amo using a ThermoFinnigan TC/EA high-temperature
pyrolysis unit coupled to a ThermoQuest Delta Plus XL mass spectrometer at
the University of Miinster”. Results are reported relative to Vienna Standard
Mean Ocean Water (VSMOW) as 8'*0 = [("*0/"°0) e/ ("*O/*O) ysow — 11
% 1,000 with an average analytical precision of 0.19%o on §'*O. In addition,
multiple sulfur isotopes were measured in samples from Sargur after converting
barite into sulfide by boiling with a Thode reduction solution (concentrated
HCI, HI and H;PO,). Isotope analyses were performed at the University of
Maryland on a dual-inlet ThermoFinnigan MAT 253 following cryogenic and
gas chromatographic purification. Results are reported relative to Vienna Canon
Diablo Troilite (VCDT) as 8*'S = [(*S/**S) e/ (**S/**S)ycpr — 1] X 1,000 and
A®S=5%S-1,000[(1 +8%5/1,000)**'* - 1], with an average external precision of
0.1%0 on 8*S and 0.02%0 on A*S (ref. ).

Mixing model. Barite solubility products at 0.6 M NaCl (modern seawater
salinity)®' were approximated by linear extrapolation of experimental results
at 0.2 M NaCl and 1M NaCl and 25-250°C (ref. **). The temperature of the
hydrothermal fluid was estimated at 150 °C on the basis of element enrichment
patterns and oxygen isotopes in similar silica alteration zones”, and seawater
temperature was estimated at 20 °C on the basis of isotopic evidence for
modern-like temperatures™. Sulfate concentrations in seawater were constrained
from the model of ref. ** for sulfate-dependent microbial isotope effects and
measured differences in 8*S of 12-20%o between barite and associated biogenic
pyrite minerals”. We assume the same SO,>~ concentration for the hydrothermal
fluid as subseafloor anhydrite precipitation and thermochemical sulfate reduction
were probably negligible at 150 °C. The saturation index SI was calculated as
log Q/K,, with Q=[Ba**][SO,"] and K, as the solubility product constant for
different mixtures of hydrothermal fluid and seawater (T'=20-150°C), assuming
mixing temperatures without conductive cooling and Ba concentrations in
the hydrothermal fluid and seawater at 75%, 90% and 99% of the solubility
concentrations at 150 °C and 20 °C, respectively (Supplementary Table 5).

Based on the obtained mixing ratio of hydrothermal fluid (HF) and seawater
(SW) during barite precipitation, barite (BA) Sr isotopic compositions were
predicted using equation (1)**:

8781/ 36 Srp

578t/ % Srqw — (7St/ ¥ Srqw X %HF) + (HJ X 878t/ 568 X %HF) (1)
S Isw

CCEDED)

with %HF as the fraction of hydrothermal fluid in the mixture during barite
precipitation (0.1-0.4) and [Sr]y/[Sr]gy as the ratio of Sr concentrations in

the hydrothermal fluid versus seawater. Results were calculated for [Sr],;;/

[Sr]g ratios of 0.5, 1, 2 and 3 on the basis of enrichment factors observed in
modern seafloor hydrothermal fluids*. To constrain the Sr isotopic composition
of the hydrothermal fluids, we assume that Sr is derived predominantly

from seawater (80%) with a small contribution from leached crust (20%), as
observed in low-temperature (150 °C) hydrothermal experiments™ and modern
low- to intermediate-temperature hydrothermal fluids”, and consistent with
seawater-dominated REE patterns in Palaeoarchaean alteration zones”. Sr isotopic
compositions of hydrothermal fluids were thus calculated from equation (2):

8781/ Srur = 0.8 x Sr/*Srgw + 0.2 x Sr/*%Sr, )

with ¥Sr/*Sr, as the isotopic composition of Sr leached from host rocks. For each
deposit, barite Sr isotopic compositions were calculated for two endmember
scenarios: (1) leaching of mafic rocks, with ¥Sr/*Sr, obtained from linearly
extrapolating basaltic achondrite best initial (BABI) (0.69897) (ref. *') to the
average modern mid-ocean-ridge basalt value of 0.703 (DM2) at the age of

each deposit, and (2) leaching of felsic rocks, with #’Sr/**Sr, constrained by
linearly extrapolating BABI to the average modern crust value of 0.7119 (ref. ®).
Calculations were iterated for different input values of ¥Sr/*Srg,, to obtain the
highest and lowest possible seawater Sr isotope composition that can explain
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the range in *’Sr/**Sr measured in bladed barite samples. No calculations were
performed for Stentor/Amo and Sargur due to insufficient bladed barite samples.

Mass balance. To calculate global weathering fluxes and areas of subaerial land for
the Palaeoarchaean, we assume Sr isotopic mass balance as in equation (3):

<87Sr/865r) = FH'I:‘7HFCW (87Sr/86Sr)H + FH‘Pf“iWFCW (87Sr/865r> w O

where (¥Sr/%Sr)gy, (¥Sr/*Sr)y and (¥Sr/%Sr) .,y represent the Sr isotopic
compositions of seawater, hydrothermal input and weathering inputs, and Fy; and
F, represent hydrothermal and continental weathering fluxes. Compared with
the modern oceanic Sr isotope mass balance', we define the continental weathering
flux as the combined continental run-off and run-out (groundwater discharge) flux
because both have similar #’Sr/*Sr and require the presence of subaerial land. In
addition, we assume that the diagenetic flux is negligible in the Archaean due to the
scarcity of carbonate minerals in the rock record and assume the same ¥Sr/*Sr for
ocean floor weathering and high-temperature hydrothermal activity (combined as
hydrothermal flux). We obtain (*’Sr/*Sr)g,, from our Sr isotope seawater curve and
use the mentioned estimated composition of the depleted mantle and continental
crust for hydrothermal and weathering inputs, respectively. On the basis of
previously estimated hydrothermal fluxes’, we calculate continental weathering
fluxes from our Sr isotope data at 3.52 Ga, 3.41 Ga and 3.24 Ga (Supplementary
Table 9) and use these results to evaluate required areas of emerged land in the
Palaeoarchaean for different weathering scenarios using equation (4):

FCVV

Few/Aem = ———— 4
CW//lem Amtxﬁzm ()

where F.y/A,, represents the continental weathering flux normalized to the area
of emerged crust, F,y the continental weathering flux, A, the total surface area
of Earth (5.1 10°km?) and f,,, the fraction of emerged crust. Modelled scenarios
(Fig. 4 and Supplementary Table 10) range from 0.5 to 10.0 times the modern-day
area-normalized continental weathering flux of 382 molkm=2yr~! Sr (combined
run-off and run-out)' to reflect the uncertainty in weathering intensities for the
Palaeoarchaean.

Data availability

Strontium isotope data obtained in this study are available in Supplementary
Table 2 and the Pangaea data repository under https://doi.org/10.1594/
PANGAEA.913541. We have used published Sr isotope data for Barite Valley,
Sargur and North Pole barite samples from refs. '*'**, § isotope data for Londozi,
North Pole, Vergelegen, Stentor/Amo and Barite Valley from ref. , and O isotope
data for Barite Valley from ref. **. Ages of the barite deposits are from refs. 2=,
The compilation of Archaean Sr isotope data shown in Fig. 3 is available in
Supplementary Table 7 with references. Source data are provided with this paper.
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