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Marine clay maturation induces
systematic silicon isotope decrease in
authigenic clays and pore fluids

Check for updates

Sonja Geilert 1,2 , Daniel A. Frick 3,4, April N. Abbott 5 & Stefan C. Löhr 6,7

Marine silicate alteration exerts a major influence onmarine carbon and cation cycles, but has proven
difficult to quantify. In this context, silicon isotopes of marine pore fluids became an important tracer.
However, poorly constrained silicon isotope signatures of precipitates produced during silicate
alteration (i.e. authigenic clays) remain a major source of uncertainty. Here we present in situ silicon
isotope analyses of marine authigenic clays (intergrown iron-smectites and iron-glauconites)
occurring within recent sediments from the Oregon margin, eastern North Pacific. We identify a trend
to lower silicon isotopes (from −2.24‰ to −3.17‰), accompanied by decreasing aluminum/silicon
ratios and increasing potassium oxide contents, which we interpret as an isotopic shift caused by
progressive claymaturation via dissolution-reprecipitation reactions. Ourmodelling suggests that this
clay maturation pathway, together with mixing of other fluid sources, may induce pore fluid silicon
isotope shifts of up to −1.7‰, if sufficient newly precipitated clays are re-dissolved. This could
potentially produce silicon isotopes values significantly lower than seawater and implies that
conventional isotope-based approaches underestimate the prevalence of marine silicate alteration.
Our findings highlight that clay maturation must be considered when interpreting silicon isotope
signatures in terms of marine silicate alteration and upscaling to global element cycles.

Marine silicate alteration (MSA), the dissolution andprecipitation of silicate
minerals, is a key control on marine carbon and cation budgets1–5. MSA is
divided into forward weathering, which is the dissolution of detrital
minerals, releasing cations and alkalinity and consuming CO2; and reverse
weathering, which is the formation of authigenic clays (e.g. smectite, glau-
conite), consuming cations and alkalinity and releasing CO2

1,4,6,7. The first
authigenic precipitates are often Si-Al gels8. These gels can transform to
smectites and further to glauconites in organic-rich sediments under
reducing conditions in confined microenvironments, taking up K+ and
Mg2+ fromseawater/porefluids,metals fromdissolvingmetal-oxides, andSi
from dissolving biogenic silica and detrital minerals, while releasing H+6,7.
Despite the importance of MSA and its first description decades ago9, MSA
remains difficult to identify and quantify, and this is mainly attempted
indirectly via shifts in pore fluid composition1,10,11. MSA can consume up to
5-20 Tmol CO2 per year

1, similar or even in excess of terrestrial CO2 con-
sumption rates (11 – 23 Tmol per year)12,13, however the marine data set is

comparatively small. The net effect of MSA is highly uncertain because
counteracting processes that release CO2, such as marine authigenic clay
formation, can occur simultaneously14. Unknown reaction rates and CO2

budgets create large uncertainties in global carbon and climate models4,15.
Our lack of understanding of MSA processes causes a large knowledge gap
in reconstructing the chemical composition of the ocean in the geological
past, impacting our ability to forecast global CO2 and cation turnover, and
evenhampering the applicationofCO2-removal strategies tomitigate global
climate change.

In recent years, silicon isotopes (δ30Si) have been the most widely used
tracer in detecting MSA, given that distinct isotopic signatures in marine
pore fluids can be related to silicate dissolution and authigenic clay pre-
cipitation. From the Si released during silicate dissolution, the light Si iso-
topes are preferentially taken up in the solid phase during (consecutive)
precipitation11,16–19. An important process during MSA is the formation of
secondary authigenic clays, which can shift pore fluid δ30Si to high values,
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often exceeding seawater values16. Therefore, high pore fluid δ30Si is often
used as evidence for authigenic clay formation, without further considera-
tionof thenature of these precipitates. This generalizationbears certain risks
as a large range of marine authigenic clay types exist, showing broad
compositional range6,7,20,21 and thus likely also distinct Si isotope signatures.
However, authigenic clays are difficult to characterise due to their small size
(typically µm to sub-µm) and their intermingled occurrence with detrital
clays22. Consequently, current constraints on authigenic clayδ30Si signatures
derive from sequential leaching methods23,24, which always bear the risk of
unwanted co-dissolvingmineral phases (e.g. detrital clays), obscuring target
mineral Si isotope signatures. The large uncertainties associated with these
δ30Si signatures consequently also transfers to inferred benthic fluxes,
alkalinity, and cation budgets.

In this study, we use a new approach to identify the δ30Si signature of
authigenic clays by measuring in situ on a µm-scale Si isotopes in Fe-
smectites and Fe-glauconites from the Oregon margin (North Pacific).
These clays have formed pellets 100 s of µm in size, clearly separated from
the detrital clays that comprise the remaining sediment, and have recently
been mineralogically characterized20,25. This well-characterized sample
set allowsus toprobe the extent towhichSi isotope fractionationdependson
the clay type and to investigate if andhow they evolve during authigenic clay
maturation. Our Si isotope results show a large range in δ30Si spanning
~1‰, with a systematic shift to lower values with increasing clay maturity.
Our studyhighlights that porefluid δ30Si has tobe interpretedwith carewith
respect to silicate alteration, taking into consideration clay type, maturation
states, and formation processes.

Results
Authigenic clay geochemistry and types
X-ray diffraction analysis of the Oregon margin sediments (sample
HH1200-1 from 0 to 1.2 cm and HH1200-6 from 6.2 to 7.4 cm sediment
depth) has identified a chemically immature mineral assemblage consisting
of detrital quartz, feldspar (primarily albite), chlorite, mica (muscovite and/
or illite), pyroxenes, amphibole, and biogenic silica, as well as authigenic
clays (Fe-smectite and glauconite)20,25. The distinction between detrital and
authigenic clays is based on theirmorphology, as detrital clays have discrete
grain boundaries and angular shapes that stand in contrast to authigenic

clays, which are curvy, concentrated in pore-filling domains, and grow
around detrital grains22 (Fig. 1). Authigenic clays are concentrated within
sand-sized pellets (up to 1500 µm) formed via early diagenetic alteration of
macrofaunal fecal pellets close to the sediment-water interface, where they
cement and (partially) replace theprimarydetrital andbiogenic constituents
(Fig. 1). SEM imaging identifies textural maturities ranging from fragile,
incompletely cemented incipient pellets containing a high abundance of
detrital components (e.g. HH1200-6 ROI-3), to fully formed mature clay
pellets containing a lower quantity of detrital inclusions (e.g. HH1200-6
ROI-4). The latter, well-cemented, authigenic-clay dominated pellets were
targeted for in situ Si isotope analyses.

ElectronMicroprobe (EMP) analyses confirm that the authigenic clays
formed at the Oregon margin are comprised of intergrown Fe-smectite and
more mature Fe-rich glauconite, with average ( ± 1 SD) SiO2, Fe2O3, K2O,
and Al2O3 contents of 55.4 ± 0.9, 31.9 ± 2.5, 4.0 ± 0.8, and 2.6 ± 2.0 wt%,
respectively (Fig. 2; Table 1; individual analyses shown in Supplementary
Table 1). Authigenic clay K2O and Fe2O3 are positively correlated, but are
negatively correlated with Al2O3 and SiO2 (Fig. 2), indicating that matura-
tion of Fe-smectite to glauconite has proceeded through the substitution of
Fe3+ and Fe2+ for Al3+ in the octahedral sites and of Al3+ and Fe3+ for Si4+ in
the tetrahedral sites, with uptake of K+ in glauconite interlayer sites required
for charge balance6. This mineralogical evolution is also evident in a cross-
plot of M+*(Si/4)−1 versus VIFetotal/Σ

VI, in which M+ represents the sum of
the interlayer charge (Na + K+ 2Ca), Si/4 is the amount of tetrahedral Si
and VIFetotal/Σ

VI is the structural irondivided by the sumof octahedral bound
cations, which are VIFe2+/3+, VIMg2+, and VIAl3+ following Baldermann et al.6

andMeunier & El Albani26 (Fig. 2a). The samples show nomineralogical or
geochemical distinction between the two sampling depths.

Authigenic clay Si isotope signatures
In situ δ30Simeasurements on authigenic clays range from−2.13‰ (1200-6
ROI4B1) to−3.17‰ (1200-6ROI4A2) (Figs. 1, 3;Table 1).TheAl/Simass
ratios range between 0.02 and 0.16, excluding sample 1200-1 ROI 2 A1,
which has a higher ratio of 0.54, which we attribute to unintended ablation
of detrital silicate grains.Apositive correlation is observedbetween δ30Si and
Al/Si (Fig. 3a). Excluding sample 1200-1 ROI 2, where detrital material was
likely ablated, the δ30Si range within a single clay pellet mineral is ≤ 0.52‰

Fig. 1 | Site location off the Oregon margin and mineral maps of selected sam-
ples. Map showing the sampling location of core HH1200 (map created in Ocean
Data View, odv.awi.de, Schlitzer, R., 2023). Individual mineral maps of the 6
investigated regions of interest (ROI) as well as areas (white lines) and results of

in situ δ30Si in clays (labelled A to D) and plagioclase (labelled P1 to P4). Only
texturally mature (well-cemented) glauconite/smectite phases were chosen for Si
isotope analyses.
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Fig. 2 | Geochemical characterization of authigenic clays at the Oregon margin.
a Glauconitization process modified after Baldermann et al.6 and Meunier and
Albani26. b–e Cross-plots of K2O, Fe2O3, Al2O3, MgO and SiO2. Selected smectite-

glauconites indicate the samples further processed for δ30Si analyses. For compar-
ison, smectite-glauconites from the Northern German Basin6 and from SW Spain28

are shown.
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and thus relatively homogeneous considering the large total range. Cross-
plots of δ30Si versus major cations show distinct correlations, with
decreasing δ30Si with increasing K2O and Fe2O3 contents and decreasing
Al2O3 contents (Fig. 3). There is no isotopic difference between the two
sampling depths.

Plagioclase samples yield δ30Si between−0.29‰ and−0.63‰, similar
to previously reported plagioclase (albite) values (−0.4‰27). Plagioclase Al/
Si ratios range between 0.30 and 0.38 (Figs. 1, 3; Table 1).

Discussion
The impact of clay maturation on Si isotopes
Authigenic clays can undergo substantial compositional and mineralogical
change during early diagenesis, evolving from disordered, reactive initial
precipitates to increasingly ordered, mature clays such as glauconite6. K+

content is a robust maturity indicator for the smectite to glauconite series,
sinceK+ uptake to the interlayer sites is required tomaintain charge balance
withprogressive glauconitization21,28–30.Wecan therefore link the systematic
decrease in δ30Si along with decreasing SiO2 and increasing K2O con-
centrations (Fig. 3) to increasing authigenic clay maturation, whereby the
light Si isotopes are preferentially incorporated from solution.

A similar trend to lowerδ30Siwith increasingweatheringdegreewas also
found in terrestrial river sediments31, a paleo-delta32 and a marine shelf 16

(total range from+0.33‰ to−2.16‰) here, however, increasingAl/Si ratios,
indicate different mineralogical pathways during clay formation.

Also during opal maturation in a geothermal setting, a δ30Si shift of
−1‰has been attributed to repetitive dissolution-reprecipitation reactions,
continuously favouring the light Si isotope in the precipitate33. We propose
that a similar recrystallisation process can explain the isotopic shift from less
mature, relatively K-poor Fe-smectite to a more mature, K-rich glauconite
product30, where in each dissolution-reprecipitation step the light isotopes
are favoured in the more mature precipitate (Figs. 3, 4).

The fate of δ30Si: a reliable silicate alteration tracer in pore fluids?
Authigenic clay formation involves the preferential uptake of light Si iso-
topes, so that shifts in pore fluid δ30Si to values higher than seawater or
biogenic silica signatures are widely interpreted as evidence for authigenic
clay formation11,16–19,34. While this general inference is in most cases likely
correct, any quantitative assessment of silicate alteration rates and benthic
fluxes is hampered by the scarcity of direct authigenic clay δ30Si measure-
ments. Consequently, the extent to which clay δ30Si varies as a function of
clay type and clay maturity, and how this affects pore fluid δ30Si, remains
largely unknown.

In order to investigate the impact of early clay diagenesis on the pore
fluid δ30Si tracer, we construct a simple Rayleigh model that incorporates
repeated dissolution and reprecipitation steps. Next to clay diagenesis,
Oregon margin pore fluids are influenced by dissolution of biogenic silica
(diatoms) and detrital minerals20. As we do not know the Si fractionation
factor between fluid and solid, δ30Si of diatoms, ambient seawater and pore

Table 1 | Geochemical characterisation of Oregon margin samples

Sample na SiO2 Fe2O3 MgO K2O Al2O3 CaO Na2O δ30Si 2SE δ29Si 2SE Al/Si mass ratioc

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (‰) (‰) (‰) (‰)

Smectite-Glauconites

Depth interval 0–1.2 cm below seafloor

1200-1 ROI1 B1 8 56.6 29.3 4.7 2.6 4.4 0.6 0.9 −2.24 0.09 −1.19 0.07 0.10

1200-1 ROI1 B2 6 54.6 32.7 4.4 3.2 2.9 0.7 0.9 −2.30 0.14 −1.25 0.09 0.08

1200-1 ROI1 C1 6 55.9 33.1 3.7 3.6 1.9 0.1 1.1 −2.69 0.12 −1.40 0.08 0.03

1200-1 ROI1 C2 5 56.4 32.2 3.7 3.8 1.8 0.5 1.0 −2.98 0.08 −1.54 0.07 0.04

1200-1 ROI2 A1b 6 55.2 33.0 4.2 3.8 1.9 0.4 0.9 −1.37 0.23 −0.60 0.14 0.54

1200-1 ROI2 A2 10 55.0 33.4 4.2 3.6 1.8 0.4 1.0 −2.57 0.10 −1.33 0.07 0.09

1200-1 ROI2 A3 9 54.6 34.2 3.9 4.2 1.0 0.5 1.1 −2.93 0.06 −1.52 0.05 0.04

1200-1 ROI3 A1 6 55.2 32.0 4.3 4.6 0.9 1.0 1.5 −3.14 0.08 −1.51 0.06 0.03

1200-1 ROI3 A2 5 54.1 32.2 4.0 5.0 2.1 0.6 1.5 −2.62 0.17 −1.33 0.12 0.04

Depth interval 6.2–7.4 cm below seafloor

1200-6 ROI1 A1 3 55.6 33.1 4.0 4.4 1.9 0.4 0.2 −2.88 0.08 −1.50 0.06 0.04

1200-6 ROI1 A2 3 54.1 33.3 4.2 4.8 2.5 0.5 0.2 −3.05 0.09 −1.61 0.07 0.04

1200-6 ROI4 A1 9 55.2 34.2 3.9 4.1 1.0 0.4 0.9 −3.11 0.08 −1.66 0.06 0.02

1200-6 ROI4 A2 −3.17 0.09 −1.65 0.06 0.02

1200-6 ROI4 B1 9 57.4 24.5 4.5 2.6 8.6 0.8 0.4 −2.13 0.08 −1.13 0.06 0.16

1200-6 ROI4 B2 −2.56 0.07 −1.36 0.06 0.10

1200-6 ROI4 C 6 55.3 32.0 3.7 5.1 2.5 0.3 0.5 −2.94 0.07 −1.51 0.06 0.04

1200-6 ROI4 D 6 55.5 29.8 4.3 4.3 4.5 0.6 0.4 −2.76 0.07 −1.42 0.05 0.07

Feldspars/ Plagioclase

1200-1 ROI1 P1 8 63.3 1.3 0.8 0.2 20.8 4.3 10.9 −0.41 0.10 −0.23 0.08 0.38

1200−1 ROI2 P2 10 67.0 0.7 1.4 1.8 19.7 0.5 10.3 −0.50 0.12 −0.31 0.10 0.35

1200−1 ROI2 P3 7 65.3 2.5 7.7 0.7 16.2 0.4 8.9 −0.63 0.13 −0.27 0.09 0.30

1200-6 ROI3 P4 11 65.9 1.0 0.5 4.6 19.8 1.2 6.9 −0.29 0.11 −0.15 0.07 0.37

Average geochemical (EMP) and Si isotope (fsLA-MC-ICP-MS) analyses of Oregon margin smectite-glauconites and feldspars
Grey/white marking indicates individual minerals.
aNumber of analyses.
bMixture analysis of a detrital phase and an authigenic clay.
cBased on MC-ICPMS measurements.
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fluids or the amount of the respective fluid fraction that reprecipitates, we
need to make reasonable assumptions to constrain our model (see Sup-
plementary Method 1 and Supplementary Table 2). An alternative model,
with a different starting solution taking a lower diatom δ30Si value into
account is discussed in the supplementary information 1. We emphasize
that our model aims to explore the potential magnitude of the pore fluid
δ30Si shift associated with authigenic clay maturation, not model real pore
fluid values for the Oregon margin.

The best fits with the measured smectite-glauconite data are obtained
with a fractionation between pore fluid and authigenic clay of−3‰ after 5
dissolution-reprecipitation steps (Fig. 4, Supplementary Fig. 1; Supple-
mentary Table 2). The model with 5 repetitive steps is discussed in detail
below. After initial mixing of dissolving diatoms, detrital minerals (albite,
smectite), and seawater, an immature amorphous silica-gel phase likely
precipitates in dependence of the silica saturation state29, with a modelled
δ30Si of−1.3‰. This fits well with Si isotope analyses of a poorly crystalline,
immature authigenic clay phase from the Peruvianmargin16 and authigenic
silica from the Gulf of Mexico23 (Fig. 4). The corresponding modelled pore
fluid phase becomes isotopically heavier, shifting to values higher than
corresponding seawater (1.7‰ and 1.25‰35, respectively), fitting well with
the current criteria for identifying authigenic clay precipitation. Subse-
quently, mixing of other sources with low δ30Si values and repetitive dis-
solution and reprecipitation processes shift pore fluid δ30Si to values lower
than seawater (from1.1‰ to 0.1‰), as the light Si isotopesare consecutively
enriched in the fluid phase. This is particular true if dissolution dominates
over precipitation (only 20% of the dissolved Si re-precipitates as authigenic
clay; see supplementary method 1 for details), which is however difficult to
constrain in the current work. The dissolution of detrital phases, especially
clay, is enhanced by the degradation of organicmatter that lowers porefluid

pH6,36. The newly formed authigenic clay (here Fe-smectite) is thermo-
dynamically unstable during early diagenesis8, dissolves completely, and
transforms to the more stable glauconite phase6,28. In total, 5 dissolution-
reprecipitation steps are required to approach the lowest δ30Si values mea-
sured in the authigenic clays. A pore fluid δ30Si shift of up to -1.7‰ was
achieved in our model (Fig. 4; Supplementary Table 2). These inferred
multiple fractionation steps are also identified in leaching experiments
investigating different Si pools in marine sediments, even summing up to a
δ30Si difference of −5‰23.

It is also important tonote that allmodel approaches reach similar pore
fluid results after fractionation step 1 (a difference in δ30Si < 0.2‰), when
clay maturation dominates and determines the fluid composition. This
finding also highlights, that the importance of the starting seawater and
diatom Si isotopic composition decreases with increasing clay maturation
(Supplementary Table 2).

Si isotopes in marine pore fluids: implications for tracer
applicability
According to theK2O-basedmaturation classification ofOdin andMatter30,
theOregonglauconites are in the early ornascent stage ( ≤ 1000 yrs). Taking
the lowest sedimentation rate of 0.5 mm yr-1measured at theOregon shelf in
~200m depth37 as a maximum rate gives minimum ages of 12 to 136 years
for the averagedepth atHH1200-1 andHH1200-6, respectively. The large Si
isotope shift in the solids (Δ30Siglauconite-smectite =−0.99‰) and the overall
modelled porefluid shift (Δ30Simodelled =−1.7‰) introduced already during
this nascent clay maturation stage and well before 1000 years, will sig-
nificantly hamper interpretations of pore fluid δ30Si with respect to reverse
weathering and silicate alteration in general. Whether further clay
maturation produces an even larger fractionation is currently unknown, but

Fig. 3 | Isotopic and geochemical variations in Oregonmargin samples. In situ Si isotopes in authigenic smectite-glauconites and plagioclase shown as δ30Si versus the (a)
Al/Si ratio, (b) K2O, (c) Al2O3, and (d) Fe2O3. Error bars are 2 SE.
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we suggest that the Si isotope shift documented here should be regarded as a
minimum estimate. The usage of Si isotopes as silicate alteration tracers by
looking at pore fluid shifts alone is problematic as the full extent of marine
silicate alterationand associatedmarine alkalinity and cation cycling is likely
masked and underestimated due to authigenic clay maturation.

In order to reliably interpret pore fluid δ30Si signatures, clay maturity
should be assessed using crystallographic and compositional indicators. If
the authigenic clays are still in the early amorphous, gel-like stage, a direct
correlation between pore fluid and precipitate δ30Si appears to be feasible as
the formation process can still be regarded as a uni-directional process, as
the onset of multiple dissolution-reprecipitation steps has not yet begun. If
the authigenic clays are already in a higher mature state, pore fluid δ30Si has
the potential to shift to lower values than seawater, mask the formation of
authigenic clays and thus hamper the quantification of marine element
budgets. Further studies are required to refine the early diagenetic impact on
Si isotopes and validate a multi-proxy toolset to improve the assessment of
marine element cycling.

Methods
Study site and sampling
The sediment core was collected via multi-corer deployment on the con-
tinental slope in 1200m water depth in the eastern North Pacific on the
Oregon margin (43°52’ N, 124°54’W) in October 2012 (Fig. 1). A detailed
description of the site characteristics and the sampling procedure is given in
Abbott et al.25.

EMP analyses and mineral mapping
Sediment aliquots from two depth intervals were selected (0–1.2 cm and
6.2–7.4 cm). The mineralogy of authigenic clay pellets and detrital feldspar
grains suitable for in situ Si isotope analysis was determined by scanning
electron microscope-energy dispersive X-ray spectroscopy (SEM-EDS)
imaging and mineral mapping, using an FEI Teneo SEM running Thermo

Fisher Maps Mineralogy22. Major and minor element composition of
selected authigenic clay pellets and plagioclases was subsequently deter-
mined using a Cameca SX5 electron microprobe (EMP) (for details see
Supplementary Method 2).

In situ Si isotope analyses
In situ silicon isotope ratios were measured by femtosecond laser ablation
(fsLA)multi-collector inductively coupled plasmamass spectrometry (MC-
ICP-MS) at the Helmholtz Laboratory for the Geochemistry of the Earth
Surface (GFZ Potsdam). The method has been described in detail
previously38,39. Samples and bracketing standard NBS28 were intensity
matched by laser ablation frequency adjustments. Four reference materials
were repeatedly analysed during themeasurement sequence and are in good
agreement with published values. See Supplementary Method 3 for more
details.

Rayleigh model set-up
The model is based on an open system Rayleigh model following:

δ30Sipore fluid ¼ δ30Siinitial þ Δ30Si � LN f
� �

ð1Þ

and

δ30Sisolid ¼ δ30Siporefluid þ Δ30Si ð2Þ

We do not use the Rayleigh model in a classical sense, but assume a
non-continuous, multistep precipitation from solution, in which each
fraction is independent from the one before. This means, that δ30Siinitial is
calculated in each fractionation step independently. The δ30Siinitial is the
respective mixture between several components, with the components
depending on the preceding fractionation step. In step 1, we assume a
mixture of dissolving diatoms (δ30Si: 1.540) contributing 70% and seawater

Fig. 4 | Modelled pore fluid and solid evolution as a function of clay maturation.
Starting pore fluid composition was assumed to originate from a mixture of
entrained deepNorth Pacific (NP) seawater (δ30Si: 1.25‰35), as well as diatom (δ30Si:
1.5‰40), detrital albite (δ30Si: −0.4‰41), and detrital smectite (−1‰42) dissolution

in the first step. Steps 2 to 5 have no contribution from diatom dissolution anymore
but from pore fluid and authigenic clay dissolution from each previous step. Sub-
sequent dissolution and reprecipitation shift δ30Si to low values, attaining the lowest
measured Oregon glauconite δ30Si after five reaction steps (indicated as 1 to 5).
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(δ30Si: 1.25‰35), detrital albite (δ30Si:−0.4‰41), and detrital clays (smectite
with−1‰42), each contributing 10%. Inmodel steps 2 to 5, we assume that
the contribution fromdiatoms is negligible, because of the lowered solubility
caused by the uptake of aluminium, that is released during detrital mineral
dissolution43. Therefore, we assume a fluid mixture (δ30Siinitial of steps 2 to
5), that is composedof themodel resultsof thepreviousporefluid (50%)and
precipitating solid (20%) and a contribution (each 15%) from detrital albite
(δ30Si: −0.4‰41) and smectite (δ30Si: −1‰42). The results are listed under
column header ‘Mixed initial fluid δ30Si’ in Supplementary Table 2.

The fraction remaining in solution (f) is kept constant at 0.8. Lower
values of f cannot reproduce the low δ30Si measured in the smectite-
glauconites (Table 1). This finding also highlights, that dissolution is the
dominating process and that a maximum of 20% (1-f = 0.2) is re-
precipitating as higher mature clays. The best model fit is reached with a
fractionation between solid and fluid ðΔ30SiÞ of−3‰ (seemodel results for
Δ30Si of −2.5‰ and −2‰ in the Supplementary Method 1).

Data availability
Geochemical and Si isotope data is available in the main text and supple-
mentary information of this publication.
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