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Early continental crust generated by reworking of
basalts variably silicified by seawater

Luc André'?*, Kathrin Abraham3, Axel Hofmann?, Laurence Monin’, llka C. Kleinhanns® and
Stephen Foley ®¢

The Archaean continental crust comprises two major groups of silicon-rich granitoids: the tonalite-trondhjemite-granodiorite
and granite-monzonite-syenite suites, which differ in their sodium-to-potassium ratios. How these felsic granitoids evolved
from their mafic precursors remains elusive and the subject of great debate. Here, we present silicon isotopic constraints on the
formation of representative trondhjemitic and granitic plutons from the Kaapvaal craton that range in age from 3.51-2.69 billion
years ago. We identified very consistent silicon isotopic signatures, all uniformly 0.1-0.2%. heavier than rocks of the modern
continental crust. This unusual composition is explained by the melting of a mafic source that included significant propor-
tions (15-35 wt%) of silicified basalts, which were common supracrustal rocks before 3 billion years ago. Before the melting
event that formed the granitoid magmas at depth, portions of the mafic source rocks were enriched in silica by interaction
with silica-saturated seawater. The addition of silica depresses the stability of amphibole at similar water activity, allowing
trondhjemitic and granitic melt production at lower temperatures from protoliths with contrasting silica contents: 52-57 and
>60 wt%, respectively. This explains why granitoids were able to form very early in Earth history but did not emerge in signifi-

cant amounts on other rocky planets.

he Earth is unique among the rocky planets of the solar system
in possessing a thick felsic continental crust. Recent models'~
are converging to indicate that the continental crust formed
relatively early in Earth’s history and reached 30-70% of its present
volume by 3 billion years ago (Ga), depending on the rate of crustal
recycling’. Granitoids of the high-Na tonalite-trondhjemite-grano-
diorite (TTG) and high-K granite-monzonite-syenite (GMS)
suites comprise the bulk of this early phase of continental growth.
Establishing how these granitoid rocks formed is critical for under-
standing how the continental crust grew in this early phase and why
this phenomenon is unique among the rocky planets. Silicon is the
most abundant cation in the Earth’s continental crust®, and its abun-
dance distinguishes the continental crust from the other major Earth
reservoirs. Defining the source of silicon in early crustal TTGs and
GMSs through a study of their isotopic composition (8°°Si) is there-
fore a potential way to track how the continents initially formed.
The main modern terrestrial silicate reservoirs have quite simi-
lar average Si isotopic compositions. In particular, basaltic melts
(8°°Si=—0.3240.12%o; average of refs. ®’) do not differ from their
mantle-source reservoirs (—0.29 + 0.08%0)°%, but their differentiated
melts become very slightly enriched in heavy silicon (up to a maxi-
mum 6°Si of around —0.14%¢) due to the small bulk A®Si_ ;...
isotopic fractionation (around —0.125%o¢)°. Together, these rocks
define an ‘igneous array’ (Fig. la), which describes the predicted
changes of the Si isotopic composition as a function of the silica con-
tent of melts®’. With the exception of sediment-derived peralumi-
nous leucogranites'*'" and a few andesites'!, all Phanerozoic Si-rich
rocks (Si0,>55wt%) fall on this trend (Fig. 1a). In contrast with
igneous reservoirs, supracrustal rocks exhibit significant Si isotopic
differentiations of up to 10%o¢ due to large equilibrium and kinetic
isotopic fractionations between phases at low temperatures'>'*. This

is the consequence of preferential incorporation of light isotopes
(**Si) in precipitated secondary minerals", biogenic silica'?, and
clays in soils and sediments', all three of which are counterbalanced
by the relative enrichment of *Si in the water-dissolved silicon frac-
tions. These diverse mineral-fluid interactions converge to make
the global hydrosphere the principal terrestrial **Si-rich reservoir.
Hence, silicon isotopes have the great advantage of effectively dif-
ferentiating between marine authigenic precipitates and the weath-
ering products of silicates.

Precambrian seawater was enriched in Si, which led to wide-
spread deposition of banded iron formations (BIFs) and cherts.
These display a wide range of Si isotopic compositions'*'*: silicon
in BIF is usually light (mean 8*°Si at —1.1%0'°), while in cherts it is
mostly heavy (mean &*Si at +0.8%¢'°). Both probably precipitated
from a common oceanic reservoir with heavy Si isotopes because
of contrasting isotopic fractionations'®: the combined Fe-Si gel
precursors of BIFs'®'” display A*Siy ,queous (—2.3 t0 —3.2%0)'¢ twice
the magnitude of pure Si gels (A™Sig \queon=0 to —1%0)'® from
which cherts were probably deposited. During the Eoarchaean to
Palaeoarchaean, the paucity of emerged continents'® limited the
soil-derived silicon flux to seawater. Instead, oceanic silicon input
was mostly from the leaching of Si from oceanic crust by high-tem-
perature hydrothermal alteration'. Si input is considered to have
been equal to Si removal through the low-temperature hydrothermal
silicification of oceanic substrate and the deposition of amorphous
silica associated with BIFs and cherts on the seafloor'. Because all
of these precipitates are enriched in 2*Si relative to seawater, by mass
balance, this implies that both the remaining Si-saturated seawater
and the subsequent precipitated silica would have developed higher
6%Si through time'. In parallel, because they reacted with heavy
seawater Si, the silicification of Archaean oceanic substrates—
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Fig. 1| Bulk-rock silicon isotopic composition versus SiO, content.

a, The dotted line marks the linear ‘igneous array’ of the equation ‘63°Si
(%0)=0.0056 x SiO, (wt%) —0.567', defined by the differentiation

trends of Afar and Iceland® (black squares). The grey domain is a 2 s.e.m.
uncertainty of +0.05%o around that trend line®. Most other terrestrial
igneous rocks plot within this domain, including: the Cedar Butte volcano
differentiation trend from the Snake River? (grey squares); the Finland
granophyre from the Duluth complex?? (grey triangles); the Torres del
Paine differentiation trend?® (brown circles); aluminous I-type granites'™™"
(yellow circles); peralkaline A-type granites'®"" (orange circles); mafic

and felsic melts from the granulitic McBride xenoliths*’ (grey diamonds);
basalts, gabbro and diorite (dark green triangles); and some calc-alkaline
andesites" (light green triangles). Peraluminous S-type granites'®"" (blue
circles) constitute a prominent exception, deviating markedly towards low
5°°Si. b, Silicon isotopic compositions of bulk TTG (yellow diamonds) and
GMS (red squares) from the eastern Kaapvaal craton. The samples are
consistently heavier than rocks of the terrestrial ‘igneous array’ (the small
black symbols represent all rocks falling on the igneous array shown in a).
TTGs plot just to the right of the array (dashed blue line), as defined by
the mixture between unsilicified (purple circles) and silicified metabasalts
(blue circles) and intercalated cherts (blue triangles) from the Onverwacht
Group?. Other cherts from the Buck Reef Chert of Barberton (white
triangles)*® are plotted for comparison. The elliptic domain between 52 and
57 SiO, wt% indicates the composition of the putative source for TTGs as
proposed here. The yellow arrow parallel to the igneous array defines the
probably positive increases in both §%°Si and SiO, provoked by equilibrium
melting of silicified protoliths to produce TTGs. The error bar represents
the average 2 s.e.m. error (+0.05%0) on 8°°Si (Methods).

principally basaltic—caused them to acquire bulk positive Si iso-
topic compositions®. Therefore, Si isotopes have a great potential
to fingerprint the source of Archaean granitoids by distinguishing

between potential contributions from BIFs, shale, igneous rock,
silicified basalt and cherts, on a graded scale from negative to
positive 8%Si signatures. A crucial factor is the strong resistance
of silicon isotopic signatures to metamorphic equilibration, even
at temperatures >700°C*'. This implies that supracrustal *°Si will
survive unchanged to depths where melting might occur'®".

Representative granitoid rocks from the vicinity of the Barberton
Greenstone Belt (BGB) of the Kaapvaal craton were selected to
encompass the Archaean progression from early TTG plutons
(3.51-3.11 Ga; mostly trondhjemitic granitoids) to later GMS plu-
tons (3.20-2.69 Ga, mostly K-rich granites). Their normative feld-
spar compositions are illustrated in Supplementary Fig. 1 and the
sample locations are listed in Supplementary Table 1. §*°Si and §*Si
for all samples, as well as the pluton ages and some key geochemical
features (SiO,, K,0/Na,O, Eu/Eu*, La,/Yby, Sr/Y and Lu/Hf), are
summarized in Supplementary Table 2. In terms of their average
8%Si, there are no resolvable differences between TTG and GMS
samples at +0.01+0.11%0 (+2s.d; n=15) and —0.03+0.11%o
(£2s.d; n=22), respectively. On a 8%Si versus SiO, diagram
(Fig. 1b), they all plot clearly above the ‘igneous array’, and are sig-
nificantly heavier than both Phanerozoic I- and A-type granites
(8%Si=—-0.19+0.08%0'"""), as well as dacite-rhyolite melts differ-
entiated from basalts (8°°Si=—0.17 + 0.08%0"*?).

Origin of the heavy Si isotopic signature of TTG

Two main families of models have been proposed for the origin of
TTG magmas: (1) melting of metabasalts recycled into the mantle
or reworked at the base of a thickened basaltic crust®; and (2) frac-
tionation of hydrous basalts*. In both cases, garnet and/or amphibole
play a key role in shaping the geochemistry of the melts, especially in
producing their characteristic fractionations of light from heavy rare-
Earth elements (Lay/Yby) as well as of Sr relative to Y. Both garnet
and amphibole could preferentially incorporate the light Si isotopes
relative to quartz®, and it has been calculated® that a melt produced
by low-degree melting of eclogite might bear heavier Si isotopic val-
ues (—0.13 <8*Si < —0.07%o), close to the range of what we observe
for the Barberton TTGs. However, because we do not see any varia-
tion of 5°°Si as a function of the large variation in Lay/Yb, (5-68) and
Sr/Y (22-228) found in the TTGs (Supplementary Fig. 2a,b), partial
melting or fractional crystallization involving garnet or amphibole
can be ruled out as the major cause for the recorded heavy 6*Si.

Thermal diffusion is another potential means to provoke
changes in Si isotopes, with *Si being consistently enriched towards
the cold end of the system?”. In this case, the heavy Si isotopic com-
position of TTGs would be consistent with thermal diffusion-con-
trolled isotopic fractionation, whereby 6*Si increases with cooling
at decreasing depth. However, in the three natural occurrences of
felsic rocks where a possible diffusion-related fractionation has
been proposed*>*, the silicon isotopic composition of the felsic
components remains within the range of the igneous array (Fig. 1a).
Furthermore, if thermal diffusion were to account for the high
8%Si of the Barberton granitoids, it is unclear why these differ from
Phanerozoic granitoids. Our conclusion is that thermal diffusion
generates quite limited Si isotopic fractionation and is far from suf-
ficient to account for the observed high &*°Si values.

Crustal assimilation by granitoid melts of all types is wide-
spread and has to be considered as a plausible cause of the observed
heavy 8*Si. Cherts are well represented within the ~18-km-thick
Onverwacht Group of the BGB into which several of the stud-
ied TTGs intruded”. Their variable but generally heavy &¥Si
(Fig. 1b) identifies them as potential contaminants, especially given
the presence of chert xenoliths in some TTG plutons®. However,
most TTGs plot far outside the domain delineated by possible
assimilation and fractional crystallization curves’' for a chert assim-
ilation (Supplementary Fig. 3a,b), which can thus be ruled out as the
controlling factor for their high &*°Si.
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Basalts from the Onverwacht Group bear average mantle-like
signatures (8*Si=-0.30+0.14%0 (+2 s.e.m.))”, although &%Si
values are more scattered compared with their modern equiva-
lents due to hydrothermal overprints (Fig. 1b). In contrast, silici-
fied Onverwacht Group seafloor basalts display *Si-enriched
seawater-derived isotopic signatures (8°°Si=+0.43+0.14%0 (+2
s.em.))”. In a 8%Si-SiO, diagram (Fig. 1b), Barberton TTGs plot
to the right of and below the trend defined by these unsilicified and
silicified basalts and associated cherts. This observation supports
the hypothesis of TTG derivation by melting of a stack of variably
silicified mafic rocks that were geodynamically placed into appro-
priate pressure-temperature conditions for melting. This is because
the melting process would produce liquids enriched in silica with
only limited Si isotopic fractionations (~0.1%o0)’, pushing the data
laterally to the right of the silicified basalt trend. It is worth men-
tioning that all early Archaean rocks exposed to seafloor conditions
(including ultramafic and felsic volcanics) were prone to silicifica-
tion”, but we focus our discussion on basalts because they are the
most common rocks in greenstone belts*”. Cherts must have been
part of the mixture of rocks that melted, but only to a small extent,
because they are both volumetrically minor and relatively infertile
compared with silicified basalts. Since their average Si isotopic com-
position (8*Si=+0.39+0.17%o (+2 s.e.m.))* overlaps with that of
the silicified basalts (Fig. 1b), any contribution from the cherts is
effectively included in the weighted average of silicified basalts.

Since the metabasalts of the Theespruit Formation (~3.54 Ga)
incorporate the oldest silicified rocks at the base of the Onverwacht
Group and predate all studied TTGs (3.51-3.11 Ga), they can be
regarded as a suitable source type. Using their average composi-
tions of silicified and unsilicified metabasalts as potential mixing
end members (Supplementary Table 3), mixtures including about
15-35% of silicified metabasalts (one for every three parts on aver-
age) account for TTG’s properties (both its K,0/Na,O ratio and its
8%Si values) (Supplementary Fig. 4). This range equals about 52-57
SiO, wt% in the TTG protoliths. Using phase equilibria modelling,
Johnson et al.”” constrained the origin of TTGs from the Pilbara
craton as produced by 20-30% melting of low-MgO tholeiites
of the ~3.5Ga Coucal Formation from the Pilbara Supergroup.
Our proposed mixture incorporating approximately 1:3 propor-
tions of silicified and unsilicified Theespruit metabasalts has a
major element composition similar to the average Coucal basalt
(C-F2; Supplementary Table 3). In particular, its low MgO content
(5.6wt%) supports this 1:3 assemblage as a suitable source rock
from which TTG-like melts could be extracted at realistic geother-
mal gradients (700-1,100°C GPa™')™.

All Theespruit metabasalts have low Lu/Hf values (Fig. 2), which
is again similar to the Coucal basalt (0.12; Supplementary Table 3).
This is another key point, because a source with such a low Lu/Hf
ratio relative to normal mid-ocean ridge basalts (N-MORBs; 0.195)
is necessary to account for the very low Lu/Hf characteristics
(0.035 on average) of early Earth TTGs’*. This is probably the
consequence of the preferential depletion of Lu relative to Hf during
Archaean basalt alteration”, which is especially amplified in most
silicified portions of the Onverwacht Group with the highest §*Si
(Fig. 2). Therefore, we are confident that ~1:3 mixture of silicified
and unsilicified Theespruit metabasalts constitutes a robust source
rock for all Barberton TTGs.

Silicifying a metabasalt source promotes TTG melts

Rocks with higher SiO, contents have more restricted amphibole
stability at similar water activity™. Since TTG-like Archaean crust
probably formed by the melting of garnet amphibolite”, the addi-
tion of free quartz in the mafic protolith permits melting at lower
temperatures (AT=~100°C)***, at the relatively low MgO con-
tent™ that results from silicification. This promotes TTG produc-
tion earlier in Earth’s history when the MgO-rich crust would have
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Fig. 2 | §3°Si versus Lu/Hf. 5°°Si and Lu/Hf data for Theespruit (triangles)
and Hooggenoeg-Kromberg (circles) silicified (blue) and unsilicified
(purple) metabasalts were taken from refs. 2°?°, respectively. The N-MORB
(brown cross) Lu/Hf and 8°°Si values are from refs. ©*°, respectively. Lu/Hf
ratios decreased as a consequence of silicification?®. This is apparent

in the decrease of Lu/Hf as a function of the increase in §3°Si, while
corresponding La/Nb and Th/Nb ratios remained undisturbed and in the
close range of fresh N-MORBs (Supplementary Table 3). This is confirmed
by the range of Lu/Hf ratios (+1s.d.) observed in another large dataset of
silicified (SiO, > 60 wt%; Lu/Hf=0.084 + 0.062; n=16; blue arrow) and
unsilicified (SiO, < 60 wt%; Lu/Hf=0.174 + 0.045; n=81; purple arrow)
Onverwacht Group basalts®. The low Lu/Hf value of the proposed TTG
source (oblique black cross) is in accordance with the low Lu/Hf

features of TTG and GMS from the BGB (symbols as in Fig. 1b). The

error bars represent the average 2 s.e.m. error (£0.05%0) on &°Si and a
reproducibility confidence of +0.01 units on the Lu/Hf ratio (Methods).

otherwise been incapable of producing TTG melts*’. The enhanced
fertility is proposed to occur via the fluid-absent breakdown of
amphibole + plagioclase + quartz to produce a peritectic assemblage
of garnet-pyroxenes with melts”. As such, the addition of quartz
causes plagioclase to be a reactant, leaving more Na available for
incorporation into the TTG-like melt. Importantly, this boosted
fertility ceases when free quartz is exhausted from the assemblage®.
This would have applied to the silicified mafic source considered
here with 52-57wt% SiO,, whereas the melting of amphibolites
with still higher SiO, (60 wt%) would have generated granodioritic—
granitic melts with K/Na ratios higher than trondhjemites®. Hence,
anatexis to produce TTG melts probably requires silicified metaba-
salts carrying relatively low silica contents (blue elliptic domain in
Fig. 1b). During equilibrium melting, we expect isotopically heavier
melts, balanced by isotopically lighter restites (yellow arrow in
Fig. 1b). However, if an isotopic disequilibrium arises through rapid
melt extraction following the dehydration melting of &Si-light
amphiboles triggered by the 6*Si-heavy quartz comsumption®,
melt 3°°Si might be either slightly lighter or heavier than the initial
composition of the protolith, depending of the amphibole-to-quartz
ratio involved in the melt.

Origin of the heavy Si isotopic signature of GMS

Two major mechanisms have been invoked to explain the origin
of K-rich GMS melts: (1) melting of older TTG gneisses’*; and
(2) partial melting of enriched tholeiites”. The high §*Si values of
most GMSs (close to the TTG range) appear to be straightforward
evidence in favour of their derivation from the melting of a TTG-
rich protocrust. However, the relationships between pluton ages,
their 8°°Si values and Eu anomalies (Fig. 3) indicate that a clear dis-
tinction needs to be made between most of the older (>3.11Ga)
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Fig. 3 | Hadean-Archaean 6°°Si granitoid signatures. This 5°°Si versus
age diagram compares the TTG (diamonds) and GMS data (squares) from
this study with compositionally different layers from the Amitsoq gneiss?
(white circles) and estimated &%°Si values of pre-3.3 Ga felsic rocks (black
circles) from which detrital Jack Hills zircons*? originate. Note that the
black error bar for secondary ion mass spectrometer zircon &°Si values

is larger (£0.2%0)** than the brown one for MC-ICP-MS bulk-rock &%°Si
values (+0.05%0). TTG and GSM samples are colour coded depending

on their Eu anomaly (red, Eu/Eu* >1.0; orange, 0.8 < Eu/Eu* <1.0; yellow,
0.6 <Eu/Eu*<0.8; purple, 0.4 < Eu/Eu* <0.6; blue, Eu/Eu*<0.4). The
dashed red line represents the upper limit (around —0.1%0) of the igneous
array at 75wt% SiO,. All rocks above this threshold are regarded to carry a
significant proportion of seawater-derived Si in their protoliths.

K-rich granites (Dalmein, Nelspruit, Piggs Peak and Salisbury Kop
plutons), which bear very similar §*Si, Eu/Eu* (>0.7) and Sr/Y
(13-53; Supplementary Fig. 2b) values to TTGs, and the younger
(~3.1-2.69 Ga) GMS intrusions, which have slightly lighter 5*°Si sig-
natures, significantly more negative Eu anomalies (<0.6) and lower
Sr/Y ratios (<10; Supplementary Fig. 2b). Partial melting of a TTG-
like source should be characterized by large proportions (>45 wt%)*
of residual plagioclase left after the extraction of the felsic melts.
Older GMSs with small or no Eu anomalies are inconsistent with
such plagioclase-rich residues. For this reason we speculate that the
older K-rich granites continued to tap a heavy 6*Si silicified metab-
asalt-like reservoir, but with overall higher K,0/Na,O ratios cou-
pled with higher silica (>60wt%) contents (which promotes high
K/Na in the melt*) than our proposed source for the trondhjemitic
melts. Conversely, the younger K-rich granitoids probably record
the melting of a pre-existing TTG-like felsic crust. Micas are known
to be enriched in **Si with respect to feldspar (with a A*Siyg, fadspar
of about —0.3%o) in a tonalitic composition®'. Therefore, the trend
to lighter 6*Si signatures seen in younger GMSs may merely reflect
disequilibrium mineral melt segregation, if melt fertility were con-
trolled by rapid dehydration melting of mica with a sluggish dif-
fusion-restricted Si availability from heavier residual plagioclases.

Implications for the Hadean-Archaean record

Our results suggest that the intense silicification of mafic lavas,
which was ubiquitous on the Archaean seafloor before 3.0Ga,
played a major role in the generation of the granitoids that formed
the early felsic continental crust on Earth. This confirms the impor-
tance of feedbacks between surface and deep Earth processes dur-
ing the Palacoarchaean and earlier times. Accordingly, we infer a
genetic link between the reworking of silicified mafic protoliths
at depth and extensive Si enrichment of the Kaapvaal subconti-
nental lithospheric mantle about 3.3Ga ago®. Although similar
seawater-derived silicon recycling at depth has been detected on
a much smaller isotopic scale in some Phanerozoic andesites'!, its

effect on the Archaean TTGs and GMSs is an order of magnitude
larger, reflecting the large-scale ‘non-uniformitarian’ silicification of
Archaean supracrustal rocks, which contrasts with the scarcity of
silicification on modern seafloors. This typically Archaean altera-
tion style is accompanied by extensive element redistributions®,
many of which differ from element depletion-enrichment patterns
observed during modern-day interactions between seawater and
oceanic crust. The substantial lowering of Lu/Hf ratios by silicifica-
tion appears as a diagnostic characteristic of this non-uniformitar-
ian alteration (Fig. 2), because it strongly contrasts with the lack of
Lu/Hf disturbance by modern seafloor alteration processes®'.

A potential caveat to our findings is that all of the data come from
the Kaapvaal craton in southern Africa; hence, there could be a geo-
graphical bias. However, the various constituent layers (Qz feldspar-,
amphibole- and mica-rich layers) of the tonalitic Amitsoq Gneiss
from 3.8 Ga (Isua, West Greenland) exhibit similar heavy 8*Si values®
(Fig. 3). Besides, Trail et al.*’ recently proposed that Hadean-Archaean
detrital zircons extracted from the Jack Hills metaconglomerate
(Yilgarn craton, Western Australia) bear seawater-derived Si isotopic
signatures. Zircons are enriched in ?Si relative to whole rocks*, with
a A®Siyyp ircon Of about +0.35%o for tonalitic felsic systems*. Applying
this fractionation factor to the Jack Hills 8*Si database of detrital
zircons*’, we can evaluate the 5*°Si of felsic whole rocks from which they
were eroded. Most are in the range of the Barberton TTGs (Fig. 3),
revealing that most felsic rocks from the early Archaean (and possi-
bly the Hadean) might carry similar proportions of seawater-derived
silicon. This highlights the probable global significance of reworked
silicified seafloor protoliths as an essential element to generate the pri-
mordial felsic nuclei of continental crust.

By linking the primeval growth of silicic crust to the evolution
of seawater—seafloor interactions on the early Earth, we implicitly
address the question of why granitoid rocks are rare or absent on
other rocky planets, in particular in the Martian crust, which is
mostly basaltic (~50wt% SiO,) with few rock types perhaps petro-
graphically reminiscent of TTGs". With the rapid disappearance
of an early ocean around 4.1-3.7Ga**, Mars lacked a surficial
Si-saturated water reservoir that would have been able to inter-
act with its basaltic crust for a sufficiently long time period. The
absence or restricted scale of such interactions prevented the silici-
fication of Martian mafic rocks that would have been essential, fol-
lowing their subsequent transport to depth, to trigger the formation
of a thick TTG-like protocrust.
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Methods

Silicon isotopes. Silicon was concentrated from 5mg of powdered sample digested
with 0.2 g analytical-grade NaOH into carbon SIGRADUR crucibles at 730 °C for
10 min in a muffle furnace. The fusion beads were dissolved in 50 ml bi-distilled
0.01 M HNO, to obtain an Si stock solution sufficiently dilute to avoid silicic acid
polymerization. The acidified solution at a pH of ~2 was recommended’’ for the
complete dissolution of Fe-oxyhydroxides and a quantitative elution yield without
Si isotopic fractionation during the following purification step. The sample solution
was eluted on 1.8-ml Bio-Rad AG 50W-X12 (200-400 mesh; hydrogen form)
cation exchange resin, conditioned with different HCl and HNO, pre-cleaning and
Milli-Q water rinse steps*. Some 3 ml of ~60 ug Si was loaded on the column and
eluted with 2 ml Milli-Q water. Although the speciation of dissolved Si in water

is pH dependent, it occurs as neutral or anionic species at low to neutral pH and
thus is not retained by the resin, whereas cationic matrix elements are efficiently
retained. The final solution of ~10 ppm Si was directly acidified to 0.14 M HNO,
for isotope analyses. The reference standards were prepared according to the same
method, in parallel with the specimens. Quantitative recovery of Si for the whole
method was 99 +4%. The full chemical preparation was replicated three or four
times on all samples, starting from the rock powders to check the reproducibility of
the chemical procedure.

Si isotopic compositions were measured using a Nu Plasma II multicollector
inductively coupled plasma mass spectrometer (MC-ICP-MS) in dry plasma
mode using the CETAC Aridus II desolvator at the Université Libre de Bruxelles,
following published methodologies™. The sample introduction system was
equipped with a CETAC C-Flow PFA concentric nebulizer with an uptake rate of
100 ulmin~'. The membrane and spray chamber of desolvator were cleaned with
10% v/v warm (70 °C) HNO, and dried with isopropanol on argon gas flush to
eliminate any residues that may compromise the analyses by memory effect and/
or high background. The instrumental mass bias and drift were corrected both by
external Mg doping, applying the exponential mass bias law, and by the standard-
sample bracketing method*. To resolve all molecular interferences (*SiH*, “N,*
and “N'*O*), the measurements were performed at pseudo-high resolution on the
interference-free lower mass side of the plateau of flat-top peaks setting with an
offset next to mid-slope. A single analysis consisted of three blocks of 20 runs with
a 5s integration time by run on each Si and Mg isotope, separated by 2 to allow
the parameter switch in dynamic mode. The average within-run reproducibility
was 0.14%o (2s.d.). Typical Si sensitivity was ~20 V ppm~" with a 500-1,000 signal-
to-blank ratio, which represents a four- to sixfold improvement compared with
our earlier published conditions (125 < signal/blank < 175)*. The Mg doping
concentration was adjusted to 0.4 ppm Mg for 1 ppm Si to have the Si/Mg voltage
ratio close to 1.

Nine specimens using the same total chemical procedure replicated four times
were analysed with two different mass spectrometers. Two powder solutions
were measured three times each with the Université Libre de Bruxelles Nu
instrument following the aforementioned procedure. The remaining two powder
solutions were run three times each with a Neptune MC-ICP-MS at the Pole
Spectrométrie Ocean (Brest), using an APEX desolvation unit and medium mass
resolution mode, and following the methodology described in ref. '*. The gap
(A Neprune) Detween the mean of both groups of measurements varies between
0.02 and 0.08%o, with a mean of 0.04%o (Supplementary Table 4). This provides
an important analytical validation of our in-house determinations and shows
the optimal character of six repetitions on two powder aliquots. Hence, we could
routinely use the value of two standard errors of the mean (2 s.e.m.) of six total
replicates (two duplicates of three powder aliquots; see Supplementary Table 2) as a
correct estimate of how far the sample mean of the data is likely to be from the true
population mean, with a probability of 95%. This is the external error associated
with each measurement listed in Supplementary Table 2. On average, it is +0.03
and +0.05%o for *Si and 8*'Si, respectively.

Data are reported as & values in per mil relative to the international NBS-
28 silica standard. Several external standards (GA granite, BHVO-2 basalt and
diatomite) were regularly measured during each analytical session. The long-term
reproducibilities for 3*°Si obtained on these three standards and given by 2s.d.
over 2-year measurements were of 0.16%o (n="76), 0.18%o (n=37) and 0.19%0
(n=88), respectively. Our results gave a mean 6*°Si value of —0.24 +0.02%o (2
s.e.m.; n="76) for GA granite, —0.29 +0.03%o (2 s.e.m.; n=37) for BHVO-2 and
+1.26 +0.02%o (2 s.e.m.; n=88) for diatomite. They are all in very good agreement
within the uncertainties of the previous measurements, the references of which
are given in the Supplementary Table 2. All granitoid samples and the standards
analysed in this study define, within error, a good terrestrial mass-dependent
fractionation law (8Si=0.5095x8*Si; Supplementary Fig. 5a,b), which is
consistent with equilibrium (slope: 0.51785%Si) or kinetic (slope: 0.50928*Si)
mass-dependent fractionations.

Major and trace element compositions for specimens 99/xxx are reported
in ref. **. Major and trace element compositions for specimens BAR 1-10 were
obtained by X-ray fluorescence (major elements) and ICP-MS (trace elements) at
the University of Mainz, Germany, and followed standard procedures™. Data for
SW5-1 and MG18/MG35 are reported in refs. >, respectively. For BAR11-16,
SINC1 and SINC2, major element contents were determined as reported in ref. 7,
while trace elements where analysed by ACME Laboratories in Vancouver, Canada,
using ICP-MS following lithium borate fusion. The quality of data was monitored
using in-house standard SO-19. For the analyses in this paper, precision was
better than 10% except for Be, Cs and Lu (better than 23, 18 and 13%, respectively),
on the basis of two repeat analyses of the standard. Accuracy was better than
10% for all elements except Be (better than 23%). Detection limits were typically
below 0.1 ppm for rare-earth elements, and below 1 ppm for all other elements
except V (below 8 ppm). Previously unpublished results are compiled in
Supplementary Table 5.

Data availability
The data supporting the findings of this study are available within the article and its
Supplementary Information files.
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