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Understanding the growth rate of the continental cust through time is a
fundamental issue in Earth sciencé?. The isotopic signatures of noble gases in the
silicate Earth (mantle, crust) and in the atmospheg permit exceptional insight into the
evolution through time of these reservoird However, no data for such compositions
exists for the distant past, and temporal exchangates between the Earth's interior and
its surface are severely under-constrained due to &ck of samples preserving the
original signature of the atmosphere at the time otheir formation. Here, we report the
analysis of argon in 3.5 Ga-old hydrothermal quartz Noble gases are hosted in primary
fluid inclusions containing a mixture of Archaean feshwater and hydrothermal fluid.
Our component analysis shows the occurrence of Arelean atmospheric argon having a
lower “°Ar/3°Ar (143+24, 3.5 Ga ago) than the present-day valugvhere *°Ar has been
produced by the radioactive decay of°K which has a half-life of 1.25 Ga, and®Ar is
primordial in origin). This ratio is consistent with an early development of the felsic
crust, which might have played an important role inclimate variability during the first

half of the Earth's history.

The continents formed by extraction of incompatigdiements from the mantle such as
those producing radiogenic heat (U, ). The extracted elements have been stored at the
Earth's surface since the crust is buoyant, thatess dense than the underlying mantle.
Consequently, the development of the continentsotga the composition of the mantle and
also shaped the thermal regime of the silicatehEafitt no consensus exists on the mode of
formation and on the growth rate of the crust. @giglal units formed during the first Ga are
scarce, and geochemical methods available to modstal evolution such as Sm-Nd of
shale$, U-Pb and Hf isotopes of zircolfSmay have difficulties in distinguishing between
reworking of already existing crust and creatiorjusenile crust (although a combination of

isotope tracers seems to provide better constthints
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The terrestrial atmosphere has evolved due tailekxchange between the mantle
and the surface of our planet. The inert gasetenatmosphere have accumulated for eons
and have kept an integrated memory of the degassirige mantle and the crust. Argon
isotopes are potentially useful tracers of thesehamgey *°Ar is primordial, and has been
thoroughly degassed from the mantle early in Edaittory, whereasAr, in negligible
amount at the time of terrestrial accretion, hasnberoduced by the decay 8K. Presently
“%Ar is the most abundant argon isotope in the atmesp (the atmospheri®Ar/*®Ar =
298.69), a robust indication of terrestrial degassingtigh time. The atmosphere contains
1.65 x 16° moles of*°Ar**, which corresponds to aboulf of the total’°Ar produced in the
solid Earth (4.0 x 18 mol “°Ar for a silicate Earth K content of 280 ppih The mantle has
been evolving through convection and partial mgltoluring which argon was degassed from
mantle-derived magmas into the hydrosphere and sgheve, while potassium was
concentrated into magmas due to its incompatiblereaand in-part stored in the continental
crust. As soon as the continental crust was forreedn partially, produced radiogerftAr
was less easily degassed into the atmosphere. Quersdy, the atmospherf@Ar/3°Ar ratio
has the potential to trace not only mantle actibtyt also the growth of the continental
crust®, and to constrain the numerous models of mantissphere evolution that have been
proposed*™’. Unfortunately, the record of ancient atmospheiigon isotope ratios in
sedimentary rocks is severely compromised by sulesgn situ “°Ar production as well as
by interaction with crustal fluids containinfAr from fluid-rock interaction. Only two
attempts to measure ancient atmosphere in a ssaglenentary rock appear to have been
unaffected by the presence of excé¥. Cadogaf® and Rice et & proposed that the
“OAr/®Ar ratio of the atmosphere in the 395 Ma RhyniergHe¢E Scotland, was 294.1 + 1.5
(re-normalized to a present day value of 298.5618)3This temporal change require&°Ar

flux of 6.2+2.1 x 10 mol/yr from the solid Earth (crust+mantle) to @wmosphere averaged
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over the last 400 Ma, which is consistent with atemporaneou$’Ar flux of 11+1 x 10
mol/yr estimated from measurements of atmosphegoratrapped in Antarctic ice over a

time period of 780 KZ.

Our sample comes from the 3.5 Ga-old Dresser FammgiVarrawoona Group,
Pilbara Craton) at North Pole, Western AustralibisTiormation comprises metabasalts and
metakomatiites interleaved with three beds of gharetasediments that have experienced
low-grade metamorphisth The lowermost unit is intercalated with severailite beds and is
overlain by silicified carbonatéJndeformed pillow basalts are found above the aintath
the chert-barite horizon. Some of the pillow basalbst isolated quartz-carbonate aggregates
forming pods. The studied sample is from one ofseéh@ods which resemble typical
mineralisation associated with passive hydrotheronaulation of water through shallow
crust. Intrapillow quartz crystals contain abundan®5 pm, two phase (liquid and <5%
vapor) aqueous inclusionghat have been extensively studied for their chegsfs Fluid
inclusions are randomly distributed throughout tlwst quartz, which argues for a primary
origin. The absence of crosscutting veins, metatnorpverprint, and deformation features
affecting basalt pillows and associated pods ind&aegligible fluid remobilization and

circulation after deposition and crystallization.

The argon and xenon abundances and isotopic cotigmssitogether with K and Cl
contents, were measured by vacuum stepwise crustulhgwed by stepwise heatingf the
powder remaining after crushingsing the extended Ar-Ar metfddTables Al & A2
Supplementary Information). With this method, sasplvere irradiatetefore analysisvith
neutrons to transform°Cl, *'Cl and *K to °Ar, *®Ar and °Ar, respectively, in order to
determine the Cl and K contents on the same eidrasteps as°Ar and *°Ar. Our crushing
step data (Table Al) confirm the presence of hydnwhal fluids that were previously

identified by X-ray microfluorescente the CI/K ratios from crushing experiments vary
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between 3.6 and 9.4 (Figure Al, Supplementary imé&bion), within the range of-28

previously observed.

The*Ar/*°Ar and CIF®Ar ratios clearly correlate (Fig. 1) between a comgnt rich in
radiogenic “°Ar and chlorine and having a near-constant®8l/ ratio of 3245+330
(Supplementary Information), and a second componétht low “°Ar/*°Ar and low CIF°Ar
values. Because potassium was also measured ia ¢éxésmctions, we compute how much
“%Ar could have been produced in-sifiiAris) by “°K decay during 3.5 Ga (Table Al). This
accumulation can account for only 5% at best afl 8Ar for the crushing steps, and 25-34%
for the heating steps. Thus the correlation of Eigdicates mixing between a I6%Ar/*°Ar,
low salinity component that we regard as water aioimtg dissolved atmospheric gases, and
an hydrothermal fluid end-member containing exc¢8as (*°Aryy), in constant proportion
with respect to Cl. The component displaying lowcBhtents and loW’Ar/*°Ar ratios also
has low CI/K ratios (<2; Fig. Al, Supplementarydmhation), and is most apparent in the
stepwise heating release of gases from the crusdragles, possibly preserved in micrometric
fluid inclusions (Fig. 1). The low CI/K ratio cannbe explained by a simple dilution of the
hydrothermal fluids released during sample crushimg by the occurrence of a seawater
component (CI/K = 57 for modern seawater). It stéad consistent with the occurrence of a

paleo-atmospheric end-member dissolved in freshwate

An estimate of the atmospheffAr/3°Ar ratio can be derived from the intercept of the
correlation shown in Fig. 1. However, the data malso be corrected féPArs. Since K is
measured for all crushing and heating steps, theecion only requires knowledge of the
time of argon trapping in the samplehe Dresser formation is well dated at 3.52 Gahay
U-Pb methoff, at 3.5 Ga by the Sm-Nd metlfddand at 3.49 Ga by the Pb-Pb metfiod
Massive barite from the Dresser formation has a dJ-Xe: represent xenon isotopes

produced by the natural fission BfU) age of 3.7+0.5 G4 and contains excesses'diXe
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(***e*) from the double electron capture decay'¥Ba (Ty» = 6 x 13° a) in both fluid
inclusions and in the matrix, that demonstrateahtquity of trapped noble ga$ésAr-Ar
dating of trapped fluids could not be directly detmed for the present sample due to the
large contribution of inherited Ar, but we presamthe Methods section an Ar isotope data
analysis that suggests strongly that fluids trapgpdatie samples are2.7 Ga, probably as old
as the Dresser uniurther evidence that hydrothermal quartz can stolde gases over Ga
timescales arises from the study of another hyerathal quartz sample filling vacuoles in the
komatiitic basaltic unit in the Dresser formatiolm. that sample, in-situ radiogenic Ar
dominates over the hydrothermal and atmospheriqponent$®, and yields a Ar-Ar plateau
age of 3.0+0.2 G4 Both that sampf& and the one studied here (Supplementary Informjtio
have radiogenic**Xe* from the decay of very long-lived®®Xe, and the stable isotope
composition of trapped xenon appears fractionatkdt (is, enriched in the light isotopes
compared to the modern atmospheric Xahle A2 and Fig. A3Supplementary Information),

a signature of paleo-atmospheric xenon from thehédaa eoff. The last regional
metamorphic event took place 2.7 Ga ago, after lwthe terranes have been thermally and
tectonically stable up to the preseéniThese different lines of evidence, including téetural
ones presented above for a primary origin of fluidusions, indicate an Archean age for
fluids trapped in this sample, consistent with thenation age of 3.5 Ga, with a possible

lower limit of 2.7 Ga.

After correction for radiogenit’Ar, the intercept of the mixing correlation yields
Archean atmospherf@Ar/*°Ar ratio of 143+24 (95 % conf. int., MSWD = 1.5)fo= 3.5 Ga,
obtained using an error-weighted York's regresSiokssuming younger fluid ages 3.0 Ga
and 2.7 Ga, the initid’Ar/*°Ar ratios are 189+21 and 211+21, respectiv@lye first heating
step at 400°C released argon WitAr/*°Ar = 305+13, which is consistent with the modern

atmospheric “°Ar/*°Ar ratio (298.6+0.%"), and could indicate modern atmospheric
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contamination. Although during this stépAr from neutron irradiation of°K was also
released, suggesting that trapped argon was releaisehis temperature, we attempted
regressions without the 400°C data, which yieldedhaan atmospherit®Ar/*°Ar ratios of
143£29 (3.5 Ga), 190428 (3.0 Ga) and 212+27 (2.). Gaese values are undistinguishable
from those obtained by including the 400°C steppalastrating that the results do not depend

the low temperature step data.

We have developed a first order rate box modebidtig Hamano & Ozim3 in
which the mantle degasses Ar isotopes into the sthmre through geological time.
Potassium is extracted from the mantle during alantielting and is retained in majority in the
developing continental crust. The boxes are thetlmatne crust which accumulates K and
the atmosphere. The variables are the mantle éxtnacate, the crustal degassing rate for
“%Ar (characterized by & parametérvarying between 0.05, representing almost no atust
degassing, and 0.37, corresponding to 50% crustgssing, ref. 9 for justificatio@nd the
fraction of early degassé€8Ar. The constraints of the model applied to vakdtite possible
solutions are the present-day matier/*°Ar ratios (5,000 and 40,000 for mantle plume and
mid-ocean ridge basalt sources, respectively); ¥e>°Ar ratio of the modern atmosphere of
298.6°, the paleoatmospherfeAr/*°Ar values determined above, the fraction of bulicaie
Earth K present in the present-day continentalt¢hetween 20% and 5084, and the mean
“OAr flux to the atmosphere in the last 400 ¥aepresenting modern conditions. Hundreds of
tests run with this model gave all possible sohgionatching modern conditions and the
range of Archaean atmosphef®Ar/*°Ar ratios (Supplementary Information). The best
solutions indicate that: (i) catastrophic mantlegaksing during the first 170 Ma (impact
degassing of accreting bodies cannot be differeatibere); (i) between 170 Ma and 3.8 Ga,
less than 10 % stable felsic crust; (iii) betwee® Ga and 2.5 Ga, formation of a crustal

volume equivalent to 80+10 % of the present-day, ¢ng between 2.5 Ga and present-day,
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less than 30 % crustal generation, consistent possible reworking of previously emplaced

felsic crust.

The extraction of a large reservoir of felsic crdsting the Archaean eon modified
profoundly the thermal regime of the Earth by stgrheat-producing radio-elements at the
surface. It might have been instrumental to deerélas partial pressure of atmospheric,CO
via alteration of this juvenile crust, from highntents of several percents necessary to
prevent Earth's surface from total freezing when3hin was ~25 % less energetic (&9, to

a few hundreds of ppm that allowed snowball Eapisales in the late Archaean.
Methods Summary

We selected quartz because of its generally lowtetdnof noble gas-producing
elements (e.g., K and U). The sample was firstroatitradiated (to obtain, in addition to
natural Ar isotopes, the Cl and K contents), themgpessively crushed, and the resulting
powder was heated in several temperature st8fisis predominantly from the atmosphere,
but “°Ar can be contributed by three sources, the atnesph'excess™’Ar from the
hydrothermal component®@r.y) and*°Ar produced in-situ“Ar;s) from the in-situ decay of
‘K. To determine the atmosphef®Ar/*°Ar ratio, the measure®’Ar content needs to be
corrected for contributions 8fAryy and*®Ar,s. Evaluating the latter requires only knowledge
of the age since K is also measured. In additiogdological and geochemical evidences
presented in the main text, we have applied assital approach that confirms the Archaean
age of the trapped fluids. We first correct for thgdrothermal contribution. The
hydrothermal CfPAryy ratio is obtained from the analysis of the crughions which are
dominated ¥95%) by this component (Table A3). The step-heaturgdata are corrected for
hydrothermal contribution by substracting the dtepting Cl contents multiplied by the

Cl/*°Aryy ratio obtained above. The assumption that th& Al ratio of the step-heating
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and crushing runs are similar is justified by th@que slope of the Fig. 1 correlation.
Corrected step-heating data define several equafjone per temperature step) with two
unknowns, the amount of in-situ produc®ar which depends on fluid age, and the initial
(atmospheric§°Ar/3°Ar ratio. We explored the sets of ages and infflat/*°Ar values that fit
best the equations and found that they correspmadi¢s around 3.5 Ga (Methods, Table A3
and Fig. A2 in Supplementary Information). Thesesagere then used to correct f8Ar,s
the regression shown in Fig. 1. The initial, preabiy paleo-atmospherf@Ar/*°Ar ratio was

computed using the error-weighted regression mefiéark?®.
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Figures

Figure 1: *°Ar/*°Ar vs. CI/*°Ar for step-heating and step-crushing data of thertadiated
sample (top : all data; bottom : enlargement on thestepwise heating data)Data define a
two-component mixing trend between an hydrothersrad-member rich in chlorine and
inherited *°Arny, and a low*Ar/*®Ar, CI/*°Ar end-member representative of low salinity
water component containing dissolved atmospherseglalThe open symbols represent data
from Table Al, and the red symbols represent dataected for in-situ production of
radiogenic*’Ar since the time of fluid trapping (dotted linedasolid line, error-weighted
regressions of uncorrected, and age-corrected cepectively). Here an age of 3.5 Ga has
been taken, and the regressionifrfer age-corrected data yieldf#\r/*°Ar = 143 + 24 (95 %
conf. int.) for the Archaean atmosphere at 3.5 Taking other possible ages of 3.0 Ga and
2.7 Ga (see text and Methods for justification) whlange th&°Ar/*°Ar values to 189+21 and
211421, respectivelyThese different possible values are also usedhén @mospheric

“OAr/*®Ar evolution and crustal growth model shown in Fg.

Figure 2: Evolution of the atmospheric*®Ar/ *°Ar ratio and of the volume of continental
crust relative to its present-day volume, as a furion of time. A- atmospherié®Ar/*°Ar

vs. time obtained with our box model described he Supplementary Information. The
shadowed areas integrate the trajectories of atneoisp °Ar/°Ar ratio through time for the
two extreme rates of crustal degassifpg0(05 corresponds to less than 1% crust degassing
rate andp=0.37 corresponds to 50% crust degassing)ra@nly the corresponding model
runs that match our inferrédAr/*®Ar range of values for Archaean atmospheric arguh a
ages (shown as vertical bars) on one hand, andailvedary conditions presented in Table A3
on another hand, are represented. B- Crust frastsoriTime. Evolution of the volume of
continental crust through time, represented asaetiém of the present-day volume. The
shadowed areas integrate the model runs thatefictimditions defined above. Note that the
different boundary conditions we tested (ages 6f@a, 3.0 Ga and 2.7 Ga, corresponding
initial “°Ar/*°Ar ratios of 143+24, 189+21, and 211+2Espectively)yield essentially the

same evolution curve for crustal growth.

Pujol et al/14



14000 |

12000 |

10000 |

40 '
Ar
Ar

8000

6000

4000

2000

2000

O crushing
1 step-heating

® crushing
B step-heating

}age (3.5 Ga)
corrected

24¢¢ 310

1800
1600
1400
1200
1000
800
600
400
200

¥~143+21

312

313

1.10°

2.10°8 3.10°

CI/*°Ar

Figure 1

Pujol et al/15

4.10°

5.10°



314

2986 === oo

250

20045 T 4

150

100

Atmospheric 40Ar/36Ar

(U]
o
1
2.7 Gaold

100

~
(9]
|

Crust fraction (%)

N
wu
|

315

316
317

318 Figure 2

Pujol et al/16



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

Methods
Neutron irradiation and Ar isotope analysis

The argon isotopic analysis of neutron—irradiateeartz (0.09 g), performed at
Manchester University, United Kingdom, was usedd&iermine Ar, K (via**Ark), Cl
(*®Ar¢), Ca €’Arcy) concentrations. Neutron irradiation of samples warried-out in position
B2W of the SAFARI-1 reactor, NESCA, Pelindaba ($oafrica) with a fast neutron flux of
1 x 10°® n/cm? as determined from Hb3gr flux monitors imd in the irradiation.
Experimental procedures were similar to those dsdr previously’. Samples were
progressively crushed in vacuo using modified N§pvalves. Liberated gases were purified
using hot (400°C) Al-Zr getters before being anatyin the mass spectrometer. Samples of
crushed residue were stepped heated in a Ta-mestsfarnace using several temperature
steps, each of 30 min duration. One low temperastep at 200 °C was used to remove
adsorbed atmospheric noble gases from the sanfpdegiential temperature steps at 200°C
intervals between 400-1600°C were used to extrgcnafrom the quartz. The argon is most
likely to be contained in microscopic fluid incloss, because the siliceous matrix does not
contain appreciable amount of noble g&&d%or both crushing and stepped heating isotopic
measurements were made using the MS1 mass spetgramang a Faraday detector for Ar
isotope measurements. Average furnace hot blar8@0¢C) were 4 x 18 mol of *°Ar. Data
were corrected for mass discrimination, radioactigeay since irradiation and minor neutron
interference corrections obtained from irradiatatiss Concentrations of K, Ca and Cl were
determined from samples using Hb3gr monitor data

Fluid composition

Gases released by step crushing reveal the cotigmosf a hydrothermal component
having a CI/K molar ratio between 3.7 and 9.4, vatavated'’Ar/*°Ar ratio. The range of
CI/K is within hydrothermal end-member values fodadlarge fluid inclusions analyzed by
Foriel et al. (ref. 22) (Figure Al). Gases releabgdrushing have lower argon isotope and
Cl/K (<2) ratios.*°Ar/*°Ar and CI/K correlate, indicating that the I63r/*°Ar component (i)
cannot result from dilution of an hydrothermal cament by air because of the correlated

variation of the CI/K ratio; and (ii) cannot be nmg with seawater (CI/K = 57 for modern
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seawater) because the latter would result in aerg®ev correlation betweefiAr/*°Ar and
CI/K.

Statistical constraints on the age of trapped fluid

The correlations shown in Fig. 1 use the data giwverTable Al (Supplementary
Information). In order to derive the initid]Ar/*°Ar ratio which we propose to be that of the
atmosphere at the time of fluid trapping, data neelde corrected for in situ production, and
the age of trapped fluids is critical. In the mééxt we have given several geological and
geochemical arguments that these fluids are Archaeage, here we further analyze the

present data.

Argon-40 (°Arror) trapped in fluid inclusions and in the matrixasmixture of three
components : in-situ producé@Ar (“°Aris) since closure of the sample, atmosphé&tr
(“°Ararv) trapped at the time of closure, and inheritecbar§fom the hydrothermal fluid
(“PAriy).

PArror = “Arny +CArs + *Arary

In gases extracted by crushinArror is dominated by hydrotherm&PAryy and
“CArarm represent only a few percent of tof8Ar. This is can be verified for the most
extreme conditions, by computing the maximéftars contribution assuming a maximum
age of 3.5 Ga and“8Ararw content obtained by multiplying the obser8alr by the modern
value of °Ar/*°Ar)arm (298.6). This is a non-realistic case becauseribt possible for both
conditions to apply, however it demonstrates tlrandn the most extreme c&%&ryy is> 95
% of total*®Ar.

The CIf°Artor value of the crushing steps represents the natthé hydrothermal fluid
end-member at better than 95%. We assume thatltff#\Cratio of the hydrothermal end-
member is the same for the crushing runs as forstp-heating runs. The assumption is
justified by the fact that the data identify a $engydrothermal end-member having a constant
CI/*°Ar ratio, e.g., in &°Ar/*°Ar vs. CIP°Ar diagram. Thus we correéfArror extracted by
step-heating for th&%Aryy contribution, using the mean (E¥rro7) value of the crushing
runs. In practice, we subtract from stepheatfigrror the measured stepheating Cl

(Clstepheatiny multiplied by the mean (CfIAr) crushingratio:

(40ArTOT)stepheating: (40ArHY)stepheating" (40Arls)stepheating+ (AOArATM)stepheating

Pujol et al/18
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<=> [(40Arls)stepheating" (40ArATM)stepheatin]; = (40ArTOT)stepheating' Clstepheatiné (CI/4OArTOT)crushing

In order to be independent from the age and froenititial (*°Ar/*°Ar)atm value, we
calculated the (CIfAryy) ratios of the crushing steps by correct!frror from the (small)
contributions of*°Ararm and*°Ar s for ages varying between 0 and 3.5 Ga &M *°Ar) atwm
ratios varying between 100 and 298.6. For all themwditions, the (C{fAray) ratio varies
between 3100 and 3300, which is well within thendtad deviation of 330 among the 4
crushing data (computed with data from Table Alg @tain (CH°Ar)y = 3245 (mean of
all these conditions) + 330 (standard deviation floe four crushing steps§’Ar from
stepheating runs consists now of a mixture of in-giroduced*°Aris and atmospheric

“OArarm. For each step, we computed the amoufitarfs as :

(40ArIS)stepheating= [(40Arls)step heating" (40ArATM)stepheatin]; - (36ArATM )stepheating?( (40Ar/36Ar)ATM

(where [(°Aris)sep heatingt (*’Aratm)stepheatin has been computed as above). Since we do not
know a priori {°Ar/*®Ar)atm, we consider this ratio as an input parameterwibich we
assume different values, in practice varying iwastn 100 and 298.6. With the obtained
(4°Ar|s)stepheating we compute the corresponding ages as we alsoKaoacentarion for each

step.

Thus for each*fAr/3°Ar) arw input value, we obtain a set of stepheating datavee test
statistically the homogeneity of ages between fifferdnt steps. For that, we computed the
Ar-Ar  plateau (using the Isoplot software developedy K. Ludwig,

http://bgc.orglisoplot_etc/isoplot.htjnkcorresponding to eacHCAr/*°Ar)arm value (Table

A3). The best solutions are those for which ages liae lowest standard deviation and the
mean square weighted deviation (MSWD) value cloted (meaning that the errors can
account for the spread of data), as given in TakBeand illustrated in Fig. A2, and
correspond to ages close to the formation age5oGa. For ages lower than 3 Ga, the MSWD
value becomes rapidly close to 0 and the standawhtions increase dramatically. This,
together with an age of 3.0 Ga obtained for a esty analysed quartz sample (for which
the in-situ produce®Ar was dominant and the hydrothermal contributicaswonstant for all
steps, so that direct Ar-Ar plateau ages couldtiained’) as well as with the geological and
morphological evidence discussed earlier, points paleo-Archaean age for fluids trapped in

guartz, probably the formation age, and excludgsuag age for trapped fluids.
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Xenon isotopic signature

Xenon isotope analysis was done at CRPG NancycErdture quartz grains (1-2 mm
in size) were selected and ultrasonically cleangld acetone. After cleaning, 0.2-0.8 g of the
guartz sample was loaded into a stainless steel fimbcrushing. The tube was then baked
overnight at 150°C under high vacuum to desorb apheric noble gases from the sample
surface before extraction. The sample was crushemben temperature by activating a piston
1000 times. During crushing, condensable gasesdimzy xenon were trapped in a glass cold-
finger immersed in liquid nitrogen to separate thieam lighter noble gases (He, Ne, Ar).
After cryogenic separation, the non-trapped fractvas rapidly pumped, condensable gases
were desorbed, and Xe was purified using five ssgige getters cycled between 700°C and

room temperature. Xe isotopes were then analyzesidiy mass spectrometry.

The Xe isotope abundances (Figure A3, Table Ag)malized to'**Xe and to the
isotopic composition of xenon in modern air, digpéxcesses at masses 126 and 131 (Figure
A3-a), comparable to excesses reported by Srinivagar an Archaean barite sample, and
attributed by this author to cosmic ray spallatieactions forming?®Xe, and production of
130Ba (ny)'*'Xe by epithermal neutrofs**3* Interaction with cosmic rays is consistent with
the location of the present sample at the surfiice.only *®Xe and*®*Xe isotopes are in
excess relative th2Xe, but also are other lighter Xe isotopes inclgditiXe and*?*xe. *%e
is itself in excess of**Xe, indicating the contribution of the natural watitivity of **Ba
(**Ba(2EC}*%Xe, with a half life of 6.0 + 1.1 x 8a?") and therefore the presence of an old
xenon component. Thus the heavy isotopes of xelfai{**Xe) must also be contributed by
products of the natural fission 6f°U and the original Xe isotope composition has to be
corrected. The U content was measured in thesplsar{Service d'Analyse des Roches et
des Minéraux, CRPG Nancy, France) by two differaethods (light leaching of powders to
obtain an average U content of fluid inclusionsg &h measurement of quartz before any
crushing) which both gave a similar U concentratid®.15 ppm. In Figure A3-b, the heavy
isotope abundances of Xe are corrected for contoibuwof fissiogenic Xe during 3.5 Ga
(using the younger fluid ages of 3.0 or 2.7 Galtesao a smaller but essentially comparable
corrections, Fig. A3-b). The corrected Xe abundasaearly deficient in heavy Xe isotopes
(~1%/amu) compared to modern air. Such depletiam)d previously in well dated samples
like 3.5 Ga barite and 3.0 Ga qudftZ” #®is proposed to represent the Xe isotope
composition of Archaean air.
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Building of the model

We used a 3 reservoir (mantle crust and atmosphersf) order rate, box model
similar to the one developed by Hamano & OZirtidgure A4). In such a model, the mantle
contained initially primordial noble gases (hef®r) that were subsequently degassed into
the atmosphere. However, atmospheric noble gasgist inave been contributed by sources
other than mantle degassing, e.g., late accrefionlatile-rich bodies. In this case, the model,
although conceptually different, yields essentiéitly same results. Indeed it does not make a
mathematical difference between an early catasitoprent that injects mantle-derivadhr
into the atmosphere before production of significliAr, and the occurrence of ¥Ar-
bearing atmosphere, with later contribution *&r from the mantle. Note that the early
degassing event is required by all models basedroisotopes, to account for the large
“OAr/*°Ar contrast between the mantle and the atmosph&#r is only produced from the
radioactive decay of’K, with a half life of 1.25 Ga. Potassium, initialin the mantle, has
been extracted together with Ar, during mantle mgl{we assume that both Ar and K are
highly incompatible during mantle melting, whichuell established in the case of K, and
well supported by experimental data for'r Ar degasses into the atmosphere and a fraction
of K is transferred in the crust (resulting in 20% bulk silicate Earth potassium being stored
in the crust nowadays)°Ar produced in the crust partly degasses (seepeagraph). Thus,
“OAr originates from both the mantle and the crusid @s flux into the atmosphere will
depend on mantle convection/degassing and alstvendlume of crust that stores K. The
computations were carried out with the Sf8lleode. Data used to build this model and

constrain its solutions are presented in Table A4.

The mantle convection rate impacts directly ondbgassing of Ar and on the storage
of K in the crust through felsic crust productidn.order to mimic the decrease of heat in
Earth, especially that due to radioactivity, an angntial decrease of mantle convection is
classically assumédHowever, such an exponential decrease is noicirff to explain the
modern high*°Ar/*°Ar difference between the present-day mantle ambsphere, so that an
early catastrophic degassing event is requiredabairred in the first ~100-200 Ma. Such an
early high convection rate is independently supggbtiy extinct radionuclidé$*’. Different
durations of catastrophic degassing have beerndtesig a time interval of 170 Ma gives the
largest numbers of solutions. Thus degassing cede separated in two parts: before 170
Ma during the intense degassing with a constaet eatd after 170 Ma with the exponential

decrease of degassing. A fraction of radiogenioragenerated in the crust degasses into the
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atmosphere, with a degassing coefficient takenaagmhe between 5% and 50 %, the last
number corresponding to a comparison between RIR&K-Ar ages for crustal rocksThe
model is run with variable atmospheff&r/*°Ar ratios constrained by the present quartz data
at the different periods of time defined above3ts Ga,*’Ar/*°Ar = 119-167; t = 3.0 Ga,
“OAr/*®Ar = 167-211; and t = 2.7 GEAr/*°Ar = 190-232. The crustal growth curves obtained
with these different closure ages are indistingaidd (Figure 2), which means that these
results are not model-dependent within the 2.7Ga%ange.

The solutions of our Ar-based model evolution o tontinental crust indicate that
about half of the present-day continental crust alesady present 3.5 Ga ago (range : 31-55
%) and that at our lower age limit of 2.7 Ga, thestal volume was 69-88 % of the present-
day felsic crust. Our continental crust growth @syFig. A5) are intermediate between those
representing early and intense growth in the Had&®rand those representing [&até or
sigmoidal growth3*. They predict a larger crustal volume in the Hadé&zan the model
based on U-Pb or Hf isotope compositions of zircétmwever, these geochemical proxies
integrate crustal reworking, which can be corredtedy combining these data with oxygen
isotoped. In such a case our model runs are consistentthitse derived from U-Pb, Hf and
O isotopes of continental zircons, that is, highstal production in the Archaean, followed by
a factor of ~2-4 reduction of the net growth raggibning at ~ 3.0 Ga ago (same position of
the inflection, Fig. A5).
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