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Abstract

The nature of emerged continents through time is highly debated. Several studies relying on trace element data concluded
that the Archaean crust was predominantly mafic, while Ti isotope systematics point to an Archaean crust that was
predominantly felsic. Here, we resolve the inconsistency between these two approaches by applying a novel statistical
method to a compilation of published elemental concentrations in terrigenous sediments (the OrTeS database). We use
a filter based on the Local Outlier Factor to reject sediment samples that have been affected by alteration processes
or mineral fractionation during transport. The nature of the emerged continents is calculated using an inverse mixing
model based on a Markov Chain Monte Carlo algorithm. A procedure is presented to automatically select elemental
ratios that are best suited for constraining the sediment provenance. We find that for all systems that accurately reconstruct
themodern-day composition of the continents, a continuous >50% felsic contribution is required to explain the composition
of fine-grained terrigenous sediments starting from 3.5 billion years ago. This finding is consistent with an early onset
of plate tectonics. We estimate the geothermal gradient in the Archaean upper continental crust by tracking the
reconstructed concentrations of the radiogenic heat-producing elements K, U, and Th through time. Radioactive heat
production in the bulk continental crust was 50% higher in the Archaean compared to the present, resulting in a
continental geothermal gradient that was about 40% higher.

1. Introduction

The operation of plate tectonics on the Earth today shapes
many aspects of its habitability and long-term sustainability –
controlling topography, climate feedbacks, and the supply of
biochemically-important elements to the oceans. Establishing the
time when plate tectonics started is important for understand-
ing the conditions that allowed life to emerge and thrive, as well
as constraining Earthʼs early geodynamics. Very diverse initiation
ages for plate tectonics can be found in the literature (from 0.85
to >4.2Ga; Hopkins et al.,2008; Korenaga,2013; Tanget al., 2016;
Greber et al., 2017; Greber and Dauphas, 2019; Brown and John-
son, 2018; Cawood et al., 2018; Rosas and Korenaga, 2018; Holder
Et al., 2019). One approach to constraining the beginnings of plate
tectonics is to measure the composition of fine-grained terrige-
nous sedimentary rocks (primarily shales and diamictites) and
thereby infer the nature of igneous rocks exposed to weathering
on emerged continents (Tanget al., 2016; Greber et al., 2017; Gre-
ber and Dauphas, 2019). A limitation of this approach is that it
cannot provide any constraint on the nature of submerged con-
tinents, which could have dominated in the Archaean (Flament
Et al., 2008; Korenagaet al., 2017; Bindeman et al., 2018).

Subduction processes and associated arc magmatism is con-
ducive to the production of large areal extents of felsic rocks on
continents (Arndt, 2013; Tang et al., 2016; Greber et al., 2017). In
the Archaean, the argument has been made that felsic rocks known
as TTGs (Tonalite-Trondhjemite-Granodiorite) could have been pro-
duced by melting of a thickened mafic oceanic crust (Smithies,
2000). In this model, extraction of TTG melts formed by melting
of hydrated basaltic crust would leave behind a refractory residue.
While some felsic rocks could undoubtedly be produced by this
process, it is not clear whether these would be volumetrically im-
portant (Roman and Arndt, 2019). For example, in modern-day Ice-
land, felsic rocks represent only ∼6-10% of exposed rocks. Hence,
detecting a large contribution of felsic rocks to terrigenous sed-
imentary rocks may be indicative that subduction and possibly
plate tectonics were operating.

Two types of terrigenous sediments have been used to infer
the composition of the crust: diamictites and shales. Diamictites
are the products of continental erosion by glaciers. Although they
provide a means of assessing the composition of the crust (e.g.,
Gaschnig et al., 2016; Tanget al., 2016; Chen et al., 2019), they are
scarce in the geological record. Shales are ubiquitous sedimentary
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rocks that were formed by the deposition of fine-grained marine
sediments but they can suffer from chemical alteration as well
as mineral fractionation caused by size or density sorting during
weathering and transport.

In their seminal study, Taylor and McLennan (1985)demon-
strated that several geochemical ratios in shales, including Th/Sc,
La/Sc, and LREE/ HREE, all display significant changes at
around 3.0 to 2.5Ga. Consistently, these ratios shift from (ap-
parently) more mafic signatures in the Archaean to modern-like,
felsic signatures in the post-Archaean. In the past several years,
many geochemical ratios in fine-grained terrigenous sediments
(e.g., Cr/U, Cr/Zn, Nb/Ta, Ni/Co, Cu/Al2O3) have been brought to
bear on the issue of the nature of the early emerged crust. These
studies all agree that the early Archaean Earth was predominantly
mafic, and transitioned to its modern felsic state at around 2.5 Ga
(Large et al., 2018; Smit and Mezger, 2017; Sun, 2018; Tang et al.,
2016; Chen et al., 2019). Meanwhile, other studies based on Ti iso-
topes and some geochemical ratios (Al/Ti, Zr/Ti, La/Sc, Th/Sc,Cr/Sc,
Ni/Co) reached the opposite conclusion that the Archaean emerged
continental crust was predominantly felsic since at least 3.5 Ga
(Greber et al., 2017; Greber and Dauphas, 2019). This would sup-
port an early initiation of subduction and possibly plate tectonics.
Mapping of Archaean terranes shows that they comprise 75% fel-
sic rocks, 18% mafic rocks, and 7% ultramafic rocks (Condie, 1993).
This suggeststhat either the geochemical proxies pointing to a pre-
dominantly mafic Archean continental crust were misinterpreted,
or that these predominantly-felsic Archaean terranes are affected
by a strong preservation bias.

The purpose of this study is to perform a data-driven quan-
titative re-analysis of published sedimentary geochemical compo-
sitions, employing modern statistical methods to estimate the
emerged crust composition as a function of time. Our methods aim
to identify and eliminate biases that might have affected earlier
studies. We then apply our compositional model to estimate the
geothermal gradient within the early Archaean crust.

2. Methodology

Our approach is based on a three-endmember mixing model
(Tang et al., 2016; Greber et al., 2017; Greber and Dauphas, 2019;
Chen et al., 2019). We assume that most of the continental crust
is sourced from mixtures of mafic, felsic, and ultramafic rocks
(mainly in the form of komatiites until 2.5 Ga). We use igneous
rock databases to calculate the compositions of these three end-
members. Then, we use measured elemental ratios in sediments
to calculate what endmember mixtures best explain the geological
observations, using a Markov Chain Monte Carlo (MCMC) inverse
method. The outline of this reconstruction process is shown in
Fig.1for the Ni/Co-Th/Scratios, and details of each step of this
process are given below. The C++and Python codes used in this
reconstruction are available on the authorsʼ GitHub page (https://
github.com/mpptacek/ArchaeanMCMC).

Not all geochemical ratios are suitable for our study. Some ra-
tios do not differentiate between the three endmembers and are
thus of no use in a mixing model. Some elements can be mobilized
by chemical weathering, affecting the composition of terrigenous
sediments. Others can be fractionated in coarse grain sediments
that concentrate minerals resistant to weathering and/or that have
high density. For these reasons, we use a filtering algorithm to de-
tect sediments that were obviously affected by these processes and
remove them from our analysis.

There are two major sources of data for our reconstruction. The
first is the igneous rock database from Keller and Schoene (2012)
(named ʼKS12ʼ hereafter), which was modified by us (named the
Origins Lab Igneous Rock Database, or ʼOrIgnʼ). The second is a
terrigenous sediment database compiled from published literature
data, containing measurements of shale, loess, and diamictite
samples (named the Origins Lab Terrigenous Sediment Database, or
ʻOrTeSʼ).

2.1. Calculating endmember composition

We use the OrIgn database for calculating most endmember
compositions. The first step is to extract three subsets from this
database: felsic, mafic, and komatiitic rocks. We use the classifica-
tion scheme of Le Bas and Streckeisen (1991) for this partitioning:
rocks with SiO2 concentrations in the range 63-80wt.% are clas-
sified as felsic, those with <18wt.% MgO and 45-52wt.% SiO2 as
mafic, and rocks with >18 wt.% MgO which are also labelled as
ʻKomatiiteʼ in the database are classified as komatiitic. We remove
all records where the major element concentrations sum to less
than 98% or more than 102%. For several elements, the reporting
of concentrations in the KS12 database used heterogeneous units
(ppb, ppm, wt%). These have been corrected in the new database.

The modern mafic endmember requires additional considera-
tion since KS12 contains some mid-ocean ridge basalts (MORBs),
whose chemistry differs from basalts found on the continents. The
oldest oceanic crust, found in the Mariana trench, is ∼170Myr
old; therefore, when calculating the modern mafic endmember,
we exclude all rocks younger than 200 Myr from KS12. To com-
pensate for the missing samples, we add data from a separate
dataset generated from a query of the PetDB database (http://
www.earthchem.org/petdb). This query includes samples from
large igneous provinces, volcanic arcs, orogenic belts, volcanic
fields, and volcanic provinces, all dated to <200Myr.

It is well-established that the dominant mafic lithologies on the
Earthʼs continents have changed over time (Keller and Schoene,
2012), mostly due to cooling of the mantle. Rocks from the TTG
suite were very common during the Archaean but were replaced
by more K-rich granites in the post-Archaean. TTGs are thought
to have formed by melting of the oceanic crust in a hot sub-
duction setting possibly similar to the modern setting where the
rare adakites are formed (Moyen and Martin, 2012; Deng et al.,
2019). To capture the secular evolution in igneous rock compo-
sitions through time (see supplementary file mmc3), we use a
moving average model with a Gaussian kernel. This allows us to
express the concentration of each element in each endmember as
a smooth function of time. For every time t, the model computes
the concentration of element X as a weighted averageof all mea-
surements in the database, [X]i, according to:

This is done separately for each endmember. The applied
weight of sample i, wi(t), is a Gaussian function of the time dif-
ference between the age of the sample (ti) and the time t:

This function assigns significant weight to samples that are sim-
ilar in age to t, and a low weight to samples which differ more
in age. The parameter σ2

B defines the aʻbandwidthʼ of the averag-
ing kernel. We optimize the bandwidth value via a standard k-fold
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Fig.1. Graphical overview of the crustal provenance
reconstruction process using Ni/Co and Th/Sc ratios as
examples. The inputs are two databases: the OrTeS
sedimentary database (panel A) and the OrIgin igneous database
(panel B). The rocks in the igneous databaseare first sorted into
the categories of felsic, mafic, and komatiitic rocks based on
their major element chemical compositions (see text and
Greber et al., 2017 for details). The average composition of
these ʻendmembersʼ through time is computed (D; blue=felsic,
yellow=mafic; green=komatiite; Section 2.1; available as
supplementary file mmc3). The sedimentary data is filtered for
outliers using the local outlier factor (panel C; Section 2.2),
then extrapolated to a continuous time series using a bootstrap
technique (panel E; Section 2.3). At each time-step, a Markov
Chain Monte Carlo (MCMC) technique is used to find what
mixture of igneous endmembers (D) best explains the observed
sedimentary composition (C) (panel F; Section2.4). This results
in a final time series of best-fitting endmember mixtures
through time (G). To find which combinations of geochemical
ratios are best suited to reconstructing endmember mixtures,
we employed an exhaustive grid search technique (Section
2.5). (For interpretation of the colours in the figure(s), the
reader is referred to the web version of this article.)
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cross-validationmethod (see supplementary file mmc1 for details).
A value of 1000 Myr is suitable for most elements in our igneous
database.

To estimate element ratios and their uncertainties, we use a
similar Gaussian moving average model to compute a separate fit
for each ratio involved in the reconstruction. For a numerator ele-
ment A and denominator B, the ratio A/B is computed as:

This approach is more robust than computing a moving average
of the ratio, since it respects mass-balance.

We then use a bootstrap algorithm (Efron and Tibshirani, 1986)
to estimate the confidence interval on the element ratios of the
end-members. We generate 10,000 synthetic datasets by drawing
with replacement from the original dataset until each synthetic
dataset has the same number of samples. We then compute the
best fit to each of our synthetic datasets. Finally, for each time
t, we compute the standard deviation of all the synthetic best-
fit values at that time and use that value as the standard de-
viation of the endmember ratio at that time. This procedure is
performed separately for the felsic and mafic endmembers. Since
our databases only contain a limited number of komatiites, we
consider the komatiitic endmember composition constant through
time (AppendixA; supplementary file mmc6). We do not consider
uncertainties in the absolute elemental concentrations.

In Fig. S1 (supplementary file mmc1), we plot the concentra-
tions and selected elemental ratios for Archean igneous rocks aged
3.0-3.8Ga and compare them with modern igneous rocks from Ice-
land and the Andes. As illustrated, the majority of Archean rocks
follow Andes-like calc-alkaline trends. We make no assumption,
however, with regard to the magmatic differentiation series that
igneous rocks belong to, as we simply take the average of all felsic
rocks in any age interval, regardless of their tholeiitic, calc-alkaline,
or alkaline affinities. The only assumption that we make is that
the inventory of felsic rocks of any given age available for sam-
pling today is representative of felsic rocks that were exposed to
weathering at that time.

2.2. Filtering the sedimentary archive

Terrigenous sediments are the products of chemical and physi-
cal weathering of the continents. During soil formation and trans-
port to the oceans, minerals can be altered into new alteration
phases, fluid-mobile elements can be leached, and large and/or
high-density minerals can be sequestered into coarse grain sed-
iments. After deposition, diagenesis can further modify the con-
centrations of fluid-mobile elements in the sediments. All these
processes can alter elemental ratios such that the final composi-
tion of a sediment is no longer representative of its initial source.
All studies relying on ancient sedimentary archives are confronted
with this complication. Tominimize the impact of these effects on
our analysis, we filter the sediments in OrTeS to algorithmically
identify samples whose compositions have obviously been altered
by secondary processes.

In igneous rocks, element ratios are often correlated. Our filter-
ing process was therefore designed to verify that the samples in
OrTeS obeyed the same patterns as those found in igneous rocks.
We designed a hyperdimensional density-basedfilter based on the
Local Outlier Factor (LOF) algorithm (Breunig et al., 2000) to elim-
inate samples obviously affected by secondary processes. The first
step in this filtering process is to find and rank the chemical ratios
that best correlate with the proxy ratios. Algorithmically finding
well-correlated ratios is a non-trivial matter, since the correla-
tion metrics most often used in geochemistry are only applicable

to monotonic (rank-based Spearman, Kendall) or linear (Pearson)
relationships. During magmatic differentiation, however, the com-
patibility of elements can change depending on the nature of the
crystallizing minerals, often creating non-monotonic trends. For
this reason, we have chosen to use a popular non-monotonic corre-
lation metric from information theory, the pairwise Mutual Infor-
mation (MI). MI works by quantifying the difference between the
joint distribution of two variables, f(X, Y), and the product of the
individual marginal distributionsof these variables, f(X)·f(Y). If X
and Y are correlated, the joint distributionwill be substantially
different from the product of the marginal distributions, leading to
a high value of MI (and vice versa). A graphical example is pro-
vided in the supplementary file mmc1 (Fig. S2). MI is unbounded,
taking on values between zero (independent variables) and +∞
(strongly dependent variables), which makes its interpretation un-
intuitive. More conveniently, MI can also be expressed as the MI
generalized correlation coefficient rMI(X,Y), which takes its values
between 0 (independent) and 1 (strongly dependent), and is equal
to the Pearson coefficient for a bivariate normal distribution (Lange
and Grubmüller, 2006). Hence, MI can be interpreted as a gener-
alization of Pearsonʼs coefficient for non-linear relationships. As an
example, the MI algorithm determines that the Th/Sc ratio in ig-
neous rocks is most closely correlated with Nb/TiO2, Ce/Co, and
Hf/Ni ratios.

To apply the LOF algorithm to our data, we first algorithmi-
cally select 8 ratios from the pairings of the 16 fluid immobile
elements considered in this study (Sc, Cr, Co, Ni, Pb, Zr, Hf, Nb, Ta,
Ti, Al, La, Ce, Yb, Y, and Th; see Sect.2.5 for details on the ratio-
nale behind the selection of these elements). This selection always
includes the proxy ratios that will later be used in the reconstruc-
tion. If less than 8 ratios are used in the reconstruction, we also
include additional ratios, chosen by selecting ratios among the re-
maining elements that best correlate with any of the proxy ratios
in the mmc6 igneous rock database. We first create a list of ʻcan-
didateʼ filter ratios containing all possible pairings of the sets of
16 ʻreliableʼ elements into 8 ratios. We sort this extensive list of
candidates (2,027,025combinations in total) in order of descend-
ing mutual information with the original set of proxy ratios. Since
MI is a pairwise metric, we calculate the correlation of each can-
didate ratio with each proxy ratio separately – our method cannot
consider correlations of three or more ratios simultaneously. Then,
we repeatedly select the first ratio in this sorted list not containing
an element that occurs in one of the previously-selected ratios. For
example, if our reconstruction system is Ni/Co+Th/Scand we want
to filter out samples with spurious Th/Sc ratios, we first find the
ratio most correlated with Th/Sc that does not include elements
Ni/Co, which is Nb/TiO2(Fig. S3). The Nb/TiO2ratio is added to
the filter, and any following ratios are not allowed to contain Th,
Sc, Ni, Co, Nb, or Ti. This process is repeated until eight total ratios
have been selected, which includes the original proxy ratios. In the
context of a Ni/Co+Th/Screconstruction, the same approach would
be used for detecting spurious Ni/Co ratios.

Once the filtering ratios have been automatically selected, we
apply the Local Outlier Filter (LOF) (Breunig et al., 2000; Schubert
et al., 2014) to the sedimentary record. The intuition behind the
LOF algorithm is straightforward: the average distance of an outlier
to its k(we use k=50) nearest neighbours should be significantly
higher than the average distance between each of those nearest
neighbours and their own k nearest neighbours. In other words,
the outlier should be in a region in data space that is sparsely
populated (low local density) compared to its nearest neighbours.
This approach, which relies on a comparison between densities
of points and their neighbours, is robust to changes in the aver-
age density across different regions. For instance, komatiites are
significantly less sampled in geochemical databases compared to
basalts, but because their local density is consistent, they will not
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Fig.2.Example output of the bootstrap algorithm when applied on filtered sedi-
mentary Th/Sc(ppm/ppm) data. Red dotted line represents 95% confidence intervals,
thick black line the best fit. The model used was a moving average with a Gaussian
kernel of 400 Myr bandwidth (see inset). The blue points are sediment measure-
ments which have been accepted by the LOF filter – grey points have been rejected.

be flagged as outliers (which might happen in a method that only
uses global average density). It can also be easily applied to high-
dimensional spaces, allowing us to filter using many ratios at once.

Converting a raw LOF score into a binary decision to either
eliminate or keep a sample is not straightforward, and several
methods exist (Kriegel et al., 2009). For our purposes, we use the
OrIgn database as a reference point. To eliminate outliers from
the OrTeS database, we first compute the LOF of every point in
OrIgn using k=50nearest neighbours.We use the one-sided95th
percentile of this range as the critical value of our test. For each
measurement in OrTeS, we find its knearest neighbours in OrIgn,
compute its LOF, and flag the sample as an outlier if the value is
above the critical value. Only samples that are not flagged as out-
liers are used in the next steps of our calculation.

By construction, applying this filter to igneous rocks would flag
5% of the samples as outliers. Applying this filter to Ni/Co-Th/Sc
(and the 6 other ratios automatically selected by our algorithm:
Nb/TiO2, Cr/Ta, Al2O3/Pb, Hf/Yb, La/Y, Ce/Zr) in OrTeS flags 9.5%
of the samples as outliers, showing that the sedimentary samples
show more scatter than igneous rocks, which most likely reflects
the imprint of secondary modifications by weathering, transport
and diagenesis. As an example, Fig. S3 shows the shale samples
detected as outliers for the Th/Sc system.

2.3. Secular evolution in the geochemistryof sediments

The sedimentary rock record is sparsely populated and contains
significant gaps in time. Moreover, individual sediment composi-
tions can be influenced by local drainage basins rather than large
swaths of emerged continents, meaning they might not necessarily
resemble the global average. To resolve these problems, we esti-
mate the global average composition for each ratio with as much
data as possible. To this end, we use a Gaussian moving weighted
average model similar to that used for endmember compositions
(see Sect.2.1for details). This allows us to compute a smooth,
continuous best-fit to the sparse sedimentary data. In this case,
we use a kernel bandwidth of 400 Myr. Applying the same boot-
strapping procedure to the sediments as we did to the endmember
concentrations, we compute both the best-fit and 95% confidence
intervals for the proxy ratio as smooth functions of time. An ex-
ample output of this procedure is shown in Fig.2.

2.4. Markov chain Monte Carlo inversion

Using the quantities estimated above, we calculate, at each age,
what mixture of the felsic, mafic, and komatiitic endmembers best
reproduces the sediment proxy ratio data. This is achieved by
minimizing the misfit between the calculated and observed sed-
imentary compositions.The misfit is quantified using the χ2error
function:

where Ro
J is the value of the jth observed geochemical ratio in

sediments, R∗
jis the prediction of our mixture model, and σj

2

The effective variance of that ratio (described below).
Defining pF, pM, and pKas the fractions of the felsic, mafic, and

komatiitic endmembers in the upper continental crust at a given
time, we can write the model predicted value of the jthratio as,

with the coefficients,

vK=pK[BKj];vM=pM[BMj];vF=pF[BFj].
An additional constraint arises from the fact that the contribu-

tions of the three endmembersmust sum to 100%(pF+pM+pK=
1). To solve this system of equations for three endmembers, at
least two proxy ratios are required. The values pK, pM, and pF
are the model parameters, and the proxy ratios (Roj) are the ob-
served values that the model is trying to reproduce. In a simple
regression, we would only have uncertainty in the observations.
However, here we also have uncertainties in the model, since we
do not have exact knowledge of the endmember compositions (es-
timated in Sect.2.1). One way to calculate the uncertainty in this
context is the effective variance method, which considers variance
in both the model parameters and the observations. The effective
variance of the jthratio is:

where σsj represents the uncertainty in the sedimentary signal,
and σKj, σMj, σFj are the uncertainties in the komatiitic, mafic,
and felsic endmembers, respectively. These uncertainties are es-
timated by the bootstrap algorithm and change as a function of
time. We did not propagate uncertainties in the absolute concen-
trations, only in the ratios.Tominimize the χ2misfit and calculate
the confidence intervals of the fit parameters (pK, pM, and pF),
we use the Metropolis-Hastingsalgorithm (Metropolis et al.,1953),
which belongs to the class of Markov Chain Monte Carlo (MCMC)
computational methods.

For each geological time, 1.5million iterations of the Metropolis-
Hastings algorithm are executed.We record the Markov Chain state
at every iteration and keep track of the state with the lowest χ2
(the best fit). The first fifth of the Markov Chain states (300,000 it-
erations) is discarded (to allow for burn-in), and the rest are used
to calculate the confidence interval of the endmember. We have
verified that the Markov Chain converges to its equilibrium dis-
tribution within two hundred iterations, ensuring our confidence
interval estimates are accurate (Fig. S4). We run this procedure
with a 10 Myr time step starting from the earliest time when sed-
imentary data is available (usually around 3.5 Ga, though this
depends on the ratios used).
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Fig.3.Metrics of solubility in aqueousmedium against igneous compatibility for most naturally-occurring elements. Solubility is roughly quantified as the natural logarithm
of the ratio of the elemental concentration in seawater (SW) to that in the upper continental crust (UCC). Igneous compatibility is quantified as the logarithmic ratio of UCC to
primitive mantle (PM) concentrations. The ideal combination of proxies for reconstructing the continental crust will contain elements that are insoluble and span a wide range
of igneous compatibility. Such a combination will make it easy to distinguish between komatiite, mafic, and felsic rocks. See text for a more in-depth discussion of element
suitability. Primitive mantle concentration data from McDonough and Sun (1995); upper continental crust data from Wedepohl (1995); average seawater concentrations from
Bekov etal. (1984), Nozaki (1997), and Sohrin etal. (1998).

2.5. Proxy ratio search

As previously discussed, not all ratios are well suited for our
reconstruction. The suitable elements should (i) have low aque-
ous solubility so that they are minimally affected by weathering,
(ii) not be concentrated in especially resistant or dense miner-
als so that they are not fractionated during transport, and (iii)
span a wide range of concentrations in the igneous endmembers
considered. Figure3shows a plot of aqueous solubility (roughly
quantified using the ratio of the concentration in the oceans to the
continental crust) against igneous compatibility (quantified using
the ratio of the concentration in the continental crust to the prim-
itive mantle). No element completely fulfils all our criteria; hence,
some compromise must be sought.

On the modern Earth, the elements that have low apparent sol-
ubility (from low to high) are Fe3+, Th, Al, Sc, REEs, Co, Mn3+,4+,
Pb, Be, Sn, Zr, Nb, Y, Ti, Ga, Hf, In, Ta, Zn, Cu, Cr3+, and Ge. In the
Archaean ocean,Fe and Mn existedmostly in the soluble Fe2+and
Mn2+oxidation states, and are therefore unreliable proxies.

The elements that are the most compatible in olivine, namely
Sc, Cr, Co, Ni, and the Platinum Group Elements (Ru, Rh, Pd, Os,
Ir, Pt – ʻPGEsʼ) will be most diagnostic of the contribution of ko-
matiitic and mafic rocks. The PGEs are concentrated in trace min-
erals and can be segregated into heavy minerals. Furthermore, a
significant proportion of the PGEs is delivered to sediments by
extra-terrestrial sources, also rendering them unsuitable for our
purposes. The elements that are the most incompatible will be
most diagnostic of felsic input. Large ion lithophile elements (K,
Rb, Cs, Sr, Ba, Pb, and Eu2+) are highly incompatible, but usually
also rather soluble – hence, they are unsuitable for our purposes.
Pb is very particle reactive and has a low residence time in the
oceans. Other elements that are incompatible and have low solu-
bility in seawater are the High Field Strength Elements (Zr, Hf, Nb,
Ta, Ti), the Rare Earth Elements, Y, and Th. Among the REEs, we
use the insoluble light REEs La and Ce. In the Archean, Ce existed
as Ce3+whose solubility was presumably similar to insoluble La3+.
Under modern oxic conditions, Ce can be oxidized to 4+,which is
even less soluble.

Considering all the criteria, the insoluble elements that should
be the most reliable and discriminating are Sc, Cr, Co,Ni (compat-
ible), Pb, Zr, Hf, Nb, Ta, Ti, Al, La, Ce, Yb, Y, and Th (incompatible).
One aspect not addressed in this selection is the issue of min-
eral fractionation during transport. Indeed, some of the elements

identified above are concentrated in very fine alteration minerals
(e.g., Al in clays), while others are concentrated in large detrital
minerals (e.g., Zr and Hf in zircons). Greber and Dauphas (2019)
examined this question by tracking the evolution of the Zr/Al ratio
in terrigenous sediments through time. They found that the ef-
fect of mineral fractionation was relatively minor, and reconstruc-
tions involving ratios potentially fractionated by mineral sorting
(Al2O3/TiO2or Zr/TiO2) yielded results similar to other ratios. Our
analysis also shows that the reconstruction of the continental crust
composition does not depend much on the choice of the proxy ra-
tio. As discussed in Sect.3, application of the inversion algorithm
to recent sediments yields a model continental crust composition
that agrees with independent estimates. Its application to diamic-
tites also yields results that are consistent with those inferred from
shales of the same age. We have also performed an inversion ex-
cluding 4 elements that could be prone to mineral sorting (Zr,
Hf, Ce, and Yb) and find that the reconstructed composition of
the upper continental crust is little changed compared to that in-
ferred when those elements are included (Fig. S5). We therefore
conclude that while mineral sorting during transport is expressed
in shales, its effect on the inversion is small and does not affect
our conclusions. Furthermore, the chemical compositions of sed-
iment samples strongly affected by mineral sorting would move
away from the trend defined by igneous rocks and the samples
most affected would be detected as outliers by the LOF algorithm
(Sect.2.2).

There are many possible ways to combine the 16 elements se-
lected into a set of ratios. Using two ratios in the reconstruc-
tion, the number of potential combinations is 5,460. Using six
ratios, there are 18,918,900 possible choices, and for eight ratios
(i.e., including all suitable elements) there are 2,027,025choices.
Geochemical intuition and previous work tell us that some combi-
nations of ratios are better suited than others to reconstruct the
composition of Earthʼs crust. An example comparison is shown
in Fig.4: the Ni/Co+Th/Scmixing system is well-formed and can
clearly differentiate between the three endmembers, while the
Cr/V +Ni/Co system is degenerate and small uncertainties in the
shale/diamictite composition will result in large uncertainties in
the calculated endmember proportions.

To objectively rank which combinations of elemental ratios are
most useful, we applied our inversion algorithm to three synthetic
sedimentary compositions (e.g.,Fig.4). Two of these compositions
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Fig.4.Illustration of our approach to find the best-formedmixing space (Sect.2.5; Table1). We performed an exhaustive search of all possible combinations of selecting n
ratios from a set of 16 elements (Sc, Cr, Co, Ni, Pb, Zr, Hf, Nb, Ta,Ti, Al, La, Ce,Yb, Y, and Th) for values of n between 2 and 8. For each mixing space, we input three synthetic
test points, with variances (shown as red crosses) corresponding to the real-world variances of those ratios in our sedimentary database. We then run our reconstruction
algorithm on these synthetic test points, using real endmember compositions, and calculate how accurately the rock proportions are recovered by the inversion. In the
degenerate example (right), even small uncertainties in the synthetic test points lead to a large deviation in the predicted endmember contributions. The well-formed system
(left) is ranked 21/5460by the algorithm.

Table1
Combinations of proxy ratios that best recover their synthetic input, sorted by the number of ratios. Our
proxy rating metric is based on supplying our reconstruction algorithm with a set of three synthetic inputs
(Fig.4) and determining how accurately and precisely the procedure recovers them. See Section2.5for a
detailed explanation.

NumberofratiosPossiblecombinationsBestsystem

2 5 , 4 6 0 N i / T i O 2 , S c / Z r
3 1 2 0 , 1 2 0 A l 2 O 3 / T i O 2 , N i / Y , S c / Z r
4 1 , 3 5 1 , 3 5 0 A l 2 O 3 / T i O 2 , N i / Y b , S c / Z r , T a / T h
5 7 , 5 6 7 , 5 6 0 A l 2 O 3 / T i O 2 , L a / Y b , N i / Y , S c / Z r , T a / T h
6 1 8 , 9 1 8 , 9 0 0 A l 2 O 3 / T i O 2 , C o / N i , C r / Y b , L a / Y , S c / Z r , T a / T h
7 1 6 , 2 1 6 , 2 0 0 A l 2O 3 / L a , C e / Y , C o / N i , C r / Y b , H f / T i O 2 , S c / Z r , T a / T h
8 2 , 0 2 7 , 0 2 5 A l 2O 3 / L a , C e / Y , C o / N i , C r / Y b , H f / T i O 2 , N b / P b , S c / Z r , T a / T h

were generated using Archaean-age endmembers in proportions
suggestedby Greber et al. (2017) and Tang et al. (2016), respec-
tively representing a mostly-felsic and a mostly-mafic emerged
crust (with proportions of 15/27/58% and 15/70/15% komati-
ite/mafic/felsic). The third synthetic sedimentary composition is
similar to the present-day composition of the continental crust
(28% mafic and 72% felsic mixture of modern endmembers). We
artificially added noise to these synthetic compositions so that the
variance in the synthetic input matched the real-world variance
seen in OrTeS. We then ran the MCMC inversion on the synthetic
data, and rejected those combinations of ratios that did not recover
the original inputs. Next, we took the maximum predicted uncer-
tainty from these three cases and used it to rank the combinations
of ratios, ranking combinations with the lowest uncertainty as the
best. After exhaustively applying this test to all 46.2million possi-
bilities, we found the best combinations of ratios for every number
of ratios from two to eight (listed in Table1; see supplementary
file mmc4 for an extensive list of all the rankings). The best set
of 2 ratio proxies is Ni/TiO2and Sc/Zr. To our knowledge, these
two ratios have not been used previously in provenance studies,
illustrating the virtue of algorithmically searching for the element
ratios that are best suited to do the inversion. This algorithmic
selection, however, does not run against geochemical intuition. In-
deed, Ni is highly compatible and is concentrated in komatiites
relative to mafic and felsic rocks while Ti is incompatible during
mantle melting and thus enriched in mafic rocks relative to ko-
matiites (Fig.3). The Ni/TiO2ratio is thus a good discriminator of
the contribution of komatiites. Zirconium is highly incompatible
relative to Sc (Fig.3) and the Sc/Zr ratio thus distinguishes be-
tween felsic and mafic rocks. The element ratios that have been
traditionally used to infer the nature of the provenance of terrige-

nous sediments are ranked high by our algorithm. For example, the
Ni/Coratio used by Tanget al. (2016), Greber et al. (2017)and Gre-
ber and Dauphas (2019) first appears in the 2-ratio ranking paired
with the Sc/Zr ratio at rank 11/5460.The Th/Sc ratio used by Tay-
lor and McLennan (1985) and Greber and Dauphas (2019) first
appears paired with the Cr/TiO2ratio at rank 7/5460(Th/Sc+Ni/Co
is ranked 21/5460). The Al2O3/TiO2, Zr/TiO2, and La/Sc used by
Greber and Dauphas(2019) are paired in our highest ranking with
Ni/Co (ranked 232/5460), Ni/Yb (9/5460), and Ni/Co (670/5460),
respectively. Note that the selection of the ratio by the algorithm
does not depend solely on whether the topology of the mixing
curves is the most discriminant (Figs.1, 4), which can be tackled
in part by geochemical intuition, but also on whether the ratios
are well determined and have little analytical or geologic scatter,
which is more difficult to assess other than algorithmically. The
best set of 8 ratio proxies (Al2O3/La, Ce/Y, Co/Ni, Cr/Yb, Hf/TiO2,
Nb/Pb, Sc/Zr, and Ta/Th) should provide the least biased estimate
of the nature of the provenance as the different ratios are poten-
tially sensitive to different biases.

3. Results

We used our novel reconstruction pipeline to re-process sedi-
ment geochemistry data which had previously been used to argue
for a mafic Archaean emerged crust. Our reconstruction indicates
that sedimentary data are consistent with an upper continental
crust containing >50% felsic material at 3.5 Ga.

We also used combinations of geochemical ratios found to be
the most diagnostic based on our algorithmic approach. In all
cases, these ʻbestʼ systems point to a predominantly felsic Archaean
(Fig.5). The reconstructed composition of the Earthʼs emerged
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Fig.5.Reconstructed contribution of felsic, mafic, and komatiitic material to the upper continental crust as a function of time, according to several different systems of proxy
ratios. (A) The best eight-ratio system Al2O3/La, Ce/Y,Co/Ni, Cr/Yb, Hf/TiO2, Nb/Pb, Sc/Zr, Ta/Th.(B) The best seven-ratio system Al2O3/La, Ce/Y,Co/Ni, Cr/Yb, Hf/TiO2, Sc/Zr,
Ta/Th. (C) The best six-ratio system Al2O3/TiO2, Co/Ni, Cr/Yb, La/Y, Sc/Zr, Ta/Th. (D) The best five-ratio system Al2O3/TiO2, La/Yb, Ni/Y, Sc/Zr, Ta/Th. (E) The best four-ratio
system Al2O3/TiO2, Ni/Yb, Sc/Zr, Ta/Th.(F) The best three-ratio system Al2O3/TiO2, Ni/Y, Sc/Zr. (G) The best two-ratio system Ni/TiO2, Sc/Zr.

crust is consistent with the conclusions drawn from Ti isotope sys-
tematics (Greber et al., 2017) and element ratios Al/Ti, Zr/Ti, La/Sc,
Th/Sc, Cr/Sc, and Ni/Co (Greber and Dauphas, 2019). The early Ar-
chaean continental crust was 56 ±2% felsic, 34 ±2% mafic, and
10 ±1% komatiite, resulting in a global SiO2 concentration of
61wt.%. This result does not depend on the choice of proxies used
in the reconstruction (including those previously used to argue for
an early mafic crust). We validated our results by verifying that
for the modern, our algorithm yields an emerged crust compo-
sition corresponding to the modern emerged crust. We calculate
that in the modern, the emerged crust should be 80 ±2% felsic
and 20±2% mafic with a global SiO2 concentration of 66 wt.%, in
agreement with independent estimates (Condie, 1993; Rudnick and
Gao, 2003). The predicted negligible contribution of komatiite to
the modern continents is a natural conclusion of our data; we do
not artificially force our calculation to reduce komatiite as a func-
tion of time. Our reconstructed composition for the Archaean is in
good agreement with a study that inventoried rocks of Archaean
age and concluded that they comprise 75% felsic, 18% mafic, and
7% komatiite rocks (Condie, 1993). This suggests that there is no
strong preservation bias for or against felsic rocks.

Gaschniget al. (2016) argue that diamictitesmay be more reli-
able proxies of crustal composition, since (i) they are less affected
by mineral sorting, and (ii) low-temperature glacier alteration is
less likely to mobilize fluid-mobile elements. In theory, our LOF fil-
ter should remove shale compositions most modified by secondary
processes, and thus our results should not be too affected by min-
eral sorting or chemical alteration. We investigated the suitability
of diamictites as proxies for the emerged crust by separating the
shale and diamictite samples in the OrTeS database into two sepa-
rate subsetsand running a reconstruction using only the diamictite
samples. We found no statistically significant difference from the
reconstructions based only on shales. Diamictites may offer a less
altered view of the crust composition than shales but since the re-
sults of our algorithm are the same with diamictites as with shales,
we posit that using both simultaneously is the preferred approach,
especially since shales are much more abundant in the geological
record.

4. Discussion

Our reconstruction predicts that the ratio of mafic to felsic
rocks in the crust has remained mostly steady through time.
Though komatiites have disappeared gradually through time, they
have mostly been substituted by mafic rocks. As discussed by Gre-

ber et al. (2017), this finding is consistent with the operation of
subduction and possibly plate tectonics before 3.5 Ga.

Because the average compositions of the endmembers them-
selves have changed through time, we predict that the average
concentrations of some elements in the continents (for example
P, K, Mg, U, Th, Ni, Cr, and Co) have undergone significant changes
(Fig.6; Fig. S6; supplementary file mmc5). These changes could
have had significant impact on the surface environment. For in-
stance, high concentrations of Mg in the Archaean (2.6 times the
modern value) might have caused much more extensive dolomiti-
zation, as it would have increased Mg concentrations in seawater.
The changing concentrations of species important for radioactive
dating, such as 176Lu -176Hf, 147Sm -143Nd, and 87Rb -87Sr (Fig-
ure S7), could also influence calculations of model ages of mantle
extraction. Other implications of how a changing chemistry of the
continents might have affected surface conditions and life are dis-
cussed in Greber et al. (2017). Below, we focus on determining
why our results differ from some earlier studies, despite using the
same observations, and the possible implications of our results on
the thermal structure of the Archaean continental crust.

4.1. Comparisonwith earlier studies

Several previous studies have used elemental ratios to infer
the nature of the Earthʼs emerged crust in the Archaean. Most of
these studies remained qualitative, merely pointing out that some
ratios were closer to the mafic endmember and therefore that
the Earthʼs emerged crust must have been more mafic. The ratios
discussed in that context were La/Sc, Th/Sc, LREE/ HREE (Tay-
lor and McLennan, 1985); Cr/U (Smit and Mezger, 2017); Th/Cr,
La/Cr, LREE/ HREE (Large et al., 2018); and Ni/Lu, Th/Sc,Eu/Eu*
(Gaschnig et al., 2016). Tang et al. (2016) and Chen et al. (2019)
applied a more quantitative approach to this problem by using the
Ni/Co, Cr/Zn, and Cu/Al2O3ratios with the aim of reconstructing
the composition of the Earthʼs crust.

In many of these studies, the continental crust is thought of
as being composed of mafic and felsic lithologies (Large et al.,
2018; Smit and Mezger, 2017). The problem with this approach
is that the Archaean crust comprised significant amounts of ko-
matiite, which are very enriched in elements that are compatible
in olivine (notably Cr, Ni and Co). Hence, certain secular trends
that were previously interpreted to reflect a greater proportion of
mafic lithologies instead reflect the greater contribution of komati-
ites. Another potential pitfall is that some of the elements used
are either very soluble (U) or mildly insoluble (Zn), and the sol-
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Fig.6.Reconstructed concentrations of selected elements through time in the Earthʼs upper continental crust normalized to calculated modern-day values. This
reconstruction used the best eight-ratio combination, thereby using as much information as possible to obtain the most robust result. The concentration of Si in the upper
crust increased from 61% to 66% since 3.5 Ga, indicating that despite the observed changes in the concentrations of many major, trace, and rare earth elements, the crust
has remained predominantly andesitic over the last 3.5 billion years. The main driver of change in elemental concentrations is the changing composition of both mafic and
felsic rocks through time (due to the secular cooling of the Earth) and the greater proportion of komatiites in the Archaean, rather than a change in the relative proportions
of felsic and mafic material.

Fig.7.The results of running a Th/Sc +Ni/Co reconstruction with our time-variant endmember model (left), and with a time-invariant endmember model based only on
modern rocks, effectively ignoring the changes in the composition of igneous rocks over the last several billion years (right). Ignoring this change in the composition of
igneous rocks introduces a strong bias towards mafic in the Archaean.

ubilities of some of these elements are highly sensitive to the
redox state of the oceans and changed at the GOE and the Neo-
proterozoic oxidation event (e.g.,U and Cr). Using soluble elements
increases the probability that the sedimentary data may have been
affected by chemical weathering. Furthermore, several of these
studies did not take into account the fact that the compositions
of igneous endmembers changed with time. Archaean mafic rocks
were produced by higher degrees of partial melting and were less
enriched in incompatible elements than their modern equivalents
(KellerandSchoene,2018). Felsic rocks were dominated by TTGs
and are now dominated by granites (Condie, 1993and references
therein). Ignoring the changes in endmember composition intro-
duces a strong bias towards mafic in our reconstruction (Fig.7)
and explains why some previous studies obtained a more mafic
Archaean emerged crust.

The study of Tang et al. (2016) most resembles ours in its
approach, as it considers changes in the composition of the end-
members through time and the presence of komatiites in the Ar-
chaean rock record. Though the authors concluded that rocks ex-
posed to weathering were predominantly mafic, they also ascribed
very large uncertainties to their reconstruction. Furthermore, their
predicted crustal MgO concentrations generally agree with ours for
the entirety of the Archaean.

Chen et al. (2019) used the Cu/Al2O3ratio of diamictitesto ar-
gue for a predominantly mafic crust at 2.9 Ga. They find an average
Cu/Al2O3(ppm/wt%) ratio of ∼4.4 in ∼2.98 Ga diamictites from
the Kaapvaal craton while diamictites ∼2.4 Ga or younger have
lower values of ∼2.1 to 1.0. As shown in Figure S8, our compi-
lation of shale and diamictite compositions does not show such
a decrease. Furthermore, the shale+diamictite record of Cu/Al2O3
ratios is well reproduced by our 3 component mixing model in-
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volving a predominantly felsic crust. The discrepancy with Chen
etal. (2019)could be due to the fact that the ∼2.98Ga diamictites
with an elevated Cu/Al2O3ratio are all from the Kaapvaal craton
and may provide an unrepresentative view of the Archean crust,
while shales provide a temporally and geographically more diverse
record of the emerged crust.

4.2. Implications forthe thermal structureofArchaeancontinental crust

Heat-producing elements K, U, and Th are highly incompatible,
and thus enriched in felsic rocks. As a result, about half of the
surface heat flux at the surface of the modern continental crust
is attributable to the decay of radioactive elements K, U, and Th
within the crust while the other half comes from the mantle (Jau-
part et al., 2015). Heat production in the continental crust would
have been very different if it was predominantly mafic (Large et al.,
2018; Smit and Mezger, 2017; Sun, 2018; Tang et al., 2016; Chen
Et al., 2019) or felsic (this study; Greber et al., 2017; Greber and
Dauphas, 2019). Below, we use our reconstruction of the secular
evolution of the concentration of K, U, and Th to calculate the
continental geotherm between 3.5 Ga and present, following the
methods and assumption of Rudnick et al. (1998). Note that this
approach is uncertain as the results depend on the thickness of
the Archaean crust and lithospheric mantle, as well as the compo-
sition of the crust at depth, which are all very poorly constrained.

If the concentrations of K, U, and Th in the crust were only
affected by radioactive decay, calculated backwards from their
present-day values, the rate of heat production from radioactive
decay would have been 2.75times todayʼs levels at 3.5 Ga (Fig.8a).
However, our reconstruction shows that the crustal concentrations
of K, U, and Th were substantially lower in the past compared to
the present (Fig.8b). Accordingly, our prediction is that in the Ar-
chaean crust, the rate of heat production from radioactive decay
was only 1.5 times todayʼs level (Fig.8c).

Due to the secular cooling of the Earth, mantle temperatures
were higher than present during the Archaean. To quantify the
relative contribution of these two effects (higher radioactive heat
production and higher mantle potential temperature), and thereby
produce an estimate of the geotherm for the Archaean continents,
we constructed a numerical model of heat transfer in the litho-
sphere. In modern continents, the thermal structure shows great
variability (Chapman, 1986). With this caveat in mind, we model
only a single representative column of crust using the steady-state
heat transport equation:

where z is the depth below the surface (in m), T the temperature
(in K), Q the amount of heat production(in W/kg), ρ the material
density (in mg/m3), and K the thermal conductivity (W.K−1.m−1).
The boundary conditions for this equation are typically specified
in terms of heat flux at the surface and at the base of the litho-
sphere (Rudnick et al., 1998). However, while there are estimates
of modern and Archaean mantle temperatures inferred directly
from the chemistry of erupted lavas, the heat flux at the base
of the lithosphere is more difficult to constrain. Hence, we de-
fined our boundary conditions using absolute temperature instead
of heat flux. We fixed the surface temperature at 288 K, and the
lithospheric temperature at 1539 and 1739 K for the present day
and early Archaean respectively, reflecting the fact that the man-
tle potential temperature could have been 200-300K higher in the
Archaean than present (Herzberg et al., 2010). We set the crustal
thickness as 41 km, and the lithospheric thickness as 125 km.

We use the parametersfrom Rudnick et al. (1998) for thermal
conductivity, density, and relative variation in radioactive element

Fig.8.Changes in crustal radiogenic heat production through time. (a) Predicted
contributions of K, Th, and U to crustal heat production, in a hypothetical scenario
where their crustal concentrations remained constant through time. (b) Relative
changes in the concentrations of these elements through time normalized to the
present-day values, as predicted by our reconstruction. (c) Our estimate of actual
crustal radiogenic heat generation based on the changes in concentration given by
our reconstruction, constructed by multiplying (a) with (b). Note that the amount of
heat produced by radioactive elements in the continental crust is predicted to have
decreased by around 50% over the last 3.5 Ga.

concentration with depth. Their model supposes that 44% of the
total radiogenic heat production occurs in the upper third of the
crust, 46% in the middle, and 10% in the lower third. We also
used their value of radiogenic heat production in the lithospheric
mantle. We then substituted the estimates of total crustal heat
production derived from our MCMC reconstruction: 4.66×10−10

W.kg−1for the modern, and 7.17×10−10W.kg−1for the early
Archaean. Since our reconstruction can only estimate the composi-
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tion of the upper crust, we assume that changes in concentrations
of elements in the lower crust scale proportionally with those in
the upper crust.

For the modern day, our model reproduces contemporary mea-
surements of continental heat flux, yielding a value of 60 mW.m−2

as compared to global average of ∼65 mW.m−2(Jaupart et al.,
2015and references therein). The calculated near-surface ther-
mal gradient is 20◦C.km−1. When brought into the Archaean, our
calculation predicts a surface heat flux of 84 mW.m−2, and a near-
surface gradient of 28◦C.km−1, consistent with the earlier esti-
mates of Rudnick et al. (1998). The model also predicts a Moho
temperature of 963 K in the Archaean, compared to 835 K in the
modern. Of this 130 K difference in temperature, our model in-
dicates that 40% is attributable to increased mantle temperatures,
and 60% to the increased crustal radiogenic contribution.

The thermal gradient ( T/ P) recorded by metamorphic rocks
of various ages spanning ∼3 Gyr of Earthʼs history has been used
to argue for a relatively late and progressive onset of modern-style
plate tectonics (Brown and Johnson, 2018; Holder et al., 2019). It
relies on the finding that the modern-day bimodal distribution be-
tween (1) cold subduction-related thermal gradients and (2) hot
thermal gradients away from subduction zones was only progres-
sively established over a time span of 2.6Gyr. Our geotherm calcu-
lation shows that little change is expected in the thermal gradient
away from subduction zones,consistent with the finding by Brown
and Johnson(2018)and Holder etal. (2019)that the mode in the
distribution of T/ P values of metamorphic rocks corresponding
to hot geotherms did not change with time. Their results, how-
ever, are also consistent with shallower, hotter subduction in the
Archaean, which we argue may be called for by the dominance of
felsic rocks at the surface of continents (this study; Greber et al.,
2017; Greber and Dauphas, 2019).

5. Conclusions

Ratios of selected elements have previously been used to argue
for a predominantly mafic crust in the Archaean. After a re-analysis
of published literature data, we demonstrate that measurements
once taken as evidence for a mostly mafic crust are instead con-
sistent with a felsic upper continental crust during the Archaean.
Such a large felsic contribution to the upper crust is best ex-
plained if subduction and possibly plate tectonics were already
well-established on the Earth during the early Archaean. Finally,
we present a model for the thermal structure of Archaean conti-
nental crust based on our geochemical findings.

The conclusions reached in this study rely on the use of sev-
eral statistical tools that (1) detect sedimentary samples that have
been severely compromised by chemical and physical weathering
processes,applying a nearest neighbour filtering algorithm, (2) de-
lineate the evolution of proxy ratios in sediments through time by
using a non-parametric moving average model and assessing the
uncertainty using a bootstrap method, (3) assess the contributions
of the three endmember rock types (mafic, felsic and ultramafic)
using a MCMC approach to quantify the uncertainties of the best
fit parameters, and (4) objectively identify which elemental ra-
tios are best suited for reconstructing the proportions of the three
endmembers in the continents through time. This work therefore
underlines the value of data-driven advanced quantitative and sta-
tistical methods within the field of elemental geochemistry.
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