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Abstract

The nature of the rocks exposed to weathering and erosion on continents exerts an important
control on weathering feedbacks and the supply of nutrients to the oceans. It also reflects the pre-
vailing tectonic regime responsible for the formation of continents. How the chemical and litho-
logical compositions of the continents evolved through time is, however, still a matter of debate.
We use an extensive compilation of terrigenous sediment compositions to better constrain the na-
ture of rocks at the surface of continents at 3.25 Gyr ago and 250 Myr ago. Specifically, we use
geochemical ratios that are sensitive indicators of komatiite, mafic, and felsic rocks in the prove-
nance of the sediments. Our results show that the average Al,O3/TiO; ratio of fine-grained terri-
genous sediments decreased slightly over time from 26.2 & 1.3 in the Archean to 22.1 £ 1.1 (2SE)
in the Phanerozoic. In contrast, in the same time interval, the average Zr/TiO; ratio stayed nearly
constant at ~245 throughout Earth’s history. Considering the distinct behavior of Al, Ti and Zr
during sedimentary processes, we find that hydrodynamic mineral sorting had a minor effect on
the chemical composition of Archean fine-grained sediments, but could have been more effective
during periods of supercontinents. We show that the compositions of Phanerozoic sediments
(A1L,O3/Ti0,, Zr/Ti02, La/Sc, Th/Sc, Ni/Co, Cr/Sc) are best explained with igneous rocks at the
surface of continents consisting of 76 £ 8 wt% felsic, 14 + 6 wt% Arc-basalts and 10 £ 2 wt%
within-plate basalts, most likely in the form of continental flood basalts. Applying the same mass-
balance calculations to the Paleoarchean suggests continental landmasses with 65 + 7 wt% felsic,
25 + 6 wt% mafic and 11 + 3 wt% ultramafic rocks (all 2SE), likely in the form of komatiites. The
presence of volumetrically abundant felsic rocks at the surface of continents (as evident from the
sediment record) as well as at mid-crustal levels (as evident from presently exposed igneous rock
record) in Paleoarchean cratons is currently best explained with the onset of subduction magmatism

before 3.25 Ga.
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1 Introduction

In recent years, growing interest has been paid to the connections between Earth’s mantle, the
continental crust, and near surface environments. Fine-grained terrigenous sediments are key geo-
logical witnesses of how these reservoirs evolved through time. For example, the chemical and
isotopic compositions of detrital sediments can be used to quantify the redox state of the atmos-
phere and oceans through time (e.g. Canfield, 2005; Lyons et al., 2014, and references therein) as
well as the composition of the continental crust that was subjected to weathering and erosion (here-
after called “emerged crust”) (Condie, 1993; Rudnick and Gao, 2003; Taylor and McLennan, 1985).
Such studies have helped identify temporal and possibly causal relationships between shifts in the
composition and extent of the continental crust with dramatic changes in surface environments and
habitats for life, such as the Great Oxidation Event (GOE) (Bindeman et al., 2016; 2018; Condie,

2005; Greber et al., 2017a; Smit and Mezger, 2017).

The goal of our study is to reconstruct the rock composition of the emerged crust by using the
chemical compositions of sediments. This task is challenging, as processes such as chemical weath-
ering, diagenesis and hydrodynamic sorting of minerals can bias the chemical and isotopic compo-
sitions of sediments compared to those of their source rocks. In particular, elements that have high
solubilities in water like Mg, Ca, Sr, K and Na can be fractionated during weathering and sedimen-
tary processes (Taylor and McLennan, 1985). Thus, one often relies on ratios of elements that are
mostly insoluble, and use these to estimate the bulk composition of the emerged crust. Examples
of element ratios that were used for this purpose are La/Sc, Th/Sc, Th/Co, Ni/Co, Ct/Zn, Th/Cr,
La/Cr and Cr/U (Condie, 1993; Large et al., 2018; Smit and Mezger, 2017; Tang et al., 2016;
Taylor and McLennan, 1985). The observed shifts in the element ratios involving either Ni or Cr
of fine-grained terrigenous sediments towards the Archean-Proterozoic boundary were used to ar-

gue for a largely mafic emerged crust prior to 3.0 Gyr, which would have changed to be dominated
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by felsic rocks by around 2.5 Gyr (Large et al., 2018; Tang et al., 2016). This change in the nature
of the continental crust was used to argue for the initiation of modern style plate tectonics at ~3.0
Gyr ago (Dhuime et al., 2015; Tang et al., 2016). It was also suggested that the fast transition from
mafic to felsic rocks could have caused the first irreversible rise in atmospheric oxygen that oc-
curred at around 2.5 Gyr ago (Lee et al., 2016; Smit and Mezger, 2017). However, this interpreta-
tion of the chemical composition of fine-grained terrigenous sediments was recently questioned
based on the Ti isotopic composition of old sediments. As the Ti isotopic composition of common
igneous rocks correlates with the degree of magmatic differentiation (Greber et al., 2017b; Millet
and Dauphas, 2014; Millet et al., 2016; Deng et al., 2019), the Ti isotopic signature of fine-grained
terrigenous sediments can be used as a proxy to reconstruct the chemical composition of the
emerged crust (Greber et al., 2017a). In contrast to the proxies that rely on element ratios, no major
change in the Ti isotopic composition of the sediments was found since ~3.5 Gyr ago, implying
that the emerged crust contained >50 wt% felsic lithologies since then (Greber ef al., 2017a). A
potential explanation for the inconsistencies between the different studies is that Ni and Cr con-
centrations in sediments are not tracking the amount of exposed mafic crust, but record instead the
greater contribution of komatiites and ultramafic rocks in the Archean compared to the Proterozoic
and Phanerozoic (Greber et al., 2017a). Deng et al. (2019) argued instead that the heavy Ti isotopic
composition of Archean terrigenous sediments might be consistent with an emerged crust made
primarily of plume-related tholeiitic basalts and differentiated rocks akin to those found today in
Hawaii or Iceland. Further work is also needed to assess whether Ti isotope systematics can be

affected by hydrodynamic grain size sorting and weathering.

To evaluate the reasons for the observed discrepancies between the different studies, we com-
piled Al, Ti and Zr concentrations in fine-grained terrigenous sediments from the literature and use

already published compilations of Cr, Ni, Co, Sc, Th and La concentrations of sediments (Greber
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et al., 2017a; Tang et al., 2016; Taylor and McLennan, 1985) to reconstruct the lithological com-
position of the emerged continents 3.25 Gyr ago, a time of contention with regard to the nature of
the emerged crust and for which a large enough database of fine-grained terrigenous sediments is

available to draw meaningful conclusions.

2 Proxy ratios and mineral sorting in sediments

An element used to evaluate the provenance of fine-grained terrigenous sediments should ide-
ally fulfill the following criteria: (i) it should be fluid immobile and thus immune to processes
involving fluid-rock interaction, (i7) it should not be involved in biological processes, (iii) its con-
centration should be distinct among the different lithologies in the provenance, and (iv) it should
be minimally affected by mineral sorting during sedimentary processes. Aluminum, Ti and Zr are
among the most fluid immobile elements known (Taylor and McLennan, 1985) and are unim-
portant in biological processes. They thus fulfill criteria (7) and (ii). Because Ti is overall more
compatible during fractional crystallization than both Zr and Al, the Al,03/TiO; and the Zr/TiO,
ratios in igneous rocks correlate positively with the SiO, concentration, which is used here as proxy
for the magmatic evolution of an igneous system (Fig. 1). Also, no major difference can be ob-
served in these geochemical trends between rocks of Archean and post-Archean age as well as
between samples belonging to the alkaline, tholeiitic and calc-alkaline magmatic series (Fig.1 and
supplementary Fig. S1). Thus, the Al,03/TiO; and Zr/TiO, ratios can be used to discriminate be-
tween felsic (63 < SiO; < 80 wt%) and mafic components (45 < Si0, < 52 wt%; MgO < 18 wt%).
These elements thus fulfill criterion (ii7). Regarding criterion (iv), Garcia et al. (1994) suggested
that Al and Ti behaved similarly during sediment transport and that their ratio should not be af-
fected by mineral sorting, allowing one to use the Al,O3/TiO; ratio in fine-grained terrigenous

sediments to evaluate the chemical and lithological composition of their provenance (Hayashi et

5
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al., 1997). Although published studies indicate that these two elements do not get strongly decou-
pled during sedimentary processes, Al is mainly hosted in clay minerals, while Ti is also partly
concentrated in resistant heavy minerals such as ilmenite or rutile. Thus, more work is needed to
ascertain that the Al,O3/TiO; ratio is not fractionated by mineral sorting. Zirconium can be frac-
tionated during sedimentary transport due to the preferential sorting of zircon grains into sand-
stones (Garcia et al., 1991; 1994; Garcon et al., 2013b; 2014) and the Zr/Ti0, ratio of fine-grained
terrigenous sediments might be affected by mineral sorting during riverine transport and sedimen-
tation. The extent to which Al, Ti and Zr concentrations can be fractionated by mineral sorting
processes is currently difficult to quantify and depends on several factors; most importantly the
chemical and mineralogical composition of the provenance, the fluvial transport distance, and the
fluid motion pattern (Bouchez et al., 2011; Gargon et al., 2013a). However, it is reasonable to
assume that if any bias associated with mineral sorting is present, Zr concentrations will be most
affected, followed by Ti and then Al. As Al is enriched in clay minerals, the Al,O3/TiO, ratio of
fine-grained sediments should increase due to hydrodynamic mineral sorting, if it changes at all.
In contrast, as Zr is enriched in sandstones, the Zr/TiO;, and Zr/Al,O; ratios of fine-grained sedi-
ments might decrease due to sedimentary processes. This distinct behavior between the Al,03/Ti0O,
and Zr/TiO; ratios during sediment transport is corroborated by data from suspended and bedload
sediments from the Amazon and Ganga rivers (Bouchez et al., 2011; Lupker et al., 2011) (see
supplementary Fig. S2), but the question of to what extent such a bias impacts the geochemical
record of fine-grained sediments on a 100 Myr timescale is an open question. Using the Al,O3,
TiO, and Zr concentrations together can thus provide clues about the chemical and lithological
composition of a sediment’s provenance as well as on the effect of mineral sorting on their chemical

composition.
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Figure 1. A1,05/TiO; and Zr/TiO, weight ratios vs. SiO; concentrations of rocks from the dataset used in Keller
and Schoene (2012), containing a large diversity of plutonic and volcanic lithologies. Only rocks with total oxides
between 99 to 101 wt% are considered. A and B: Blue points represent samples younger than 2.5 Gyr and the
orange points are samples older than 2.5 Gyr. C and D: Green points represent tholeiitic rocks and purple points
are calc-alkaline samples (alkaline rocks are not shown). For more information about the definitions and filtering
process for the different magmatic series see supplementary Figure S1. For clarity, the y-axes for the Al,O3/TiO,
and Zr/TiO, ratios were cut at 120 and 1200, respectively. Both ratios correlate positively with SiO, irrespective
of their age and magmatic series. Thus, the Al,03/Ti0, and Zr/TiO; ratios in fine-grained terrigenous sediments

convey information on the average rock composition of the sediment provenance.
3 Data compilation, data treatment, and results

Chemical compositions of fine-grained terrigenous sediments were compiled from 63 publica-
tions (Supplementary Table S1). This dataset comprises Al,O3 (Wt%), TiO, (wt%) and Zr (ng/g)
concentrations of 1437 samples from 191 different localities spanning ages from present to 3.8 Gyr.

Q-Q plots show that the Al,03/TiO, and Zr/TiO, weight ratios depart from normal distributions

and are better explained by log-normal distributions (supplementary Figs. S3 and S4). The
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AL O3/Ti0, and Zr/TiO; ratios were first filtered for outliers using the Chauvenet criterion based
on a log-normal distribution. Hereafter, this filtered dataset is named “individual shale dataset”.
After this first outlier rejection step, the Al,O3/TiO; and Zr/TiO; ratios of samples from the same
locality and age were averaged to avoid overrepresentation of localities with many samples over
those with only few samples. To remove Al,O3/TiO; and Zr/TiO; ratios of sediments with an unu-
sual provenance and that do not represent a large-scale sampling of the continents, the averaged
ratios were also filtered for outliers using the Chauvenet criterion based on a log-normal distribu-

tion. This dataset is named “averaged shale dataset”.

The Al,03/Ti0, weight ratios (both Al,O; and TiO; in wt%) of the “averaged shale dataset”
range from 38.4 to 12.0 and decrease slightly with time from 26.2 + 1.3 (2SE; n=56) in the Archean
to 22.1 + 1.1 (2SE; n=47) in the Phanerozoic (Figs. 2 and 3). The Zr/TiO, weight ratios (Zr in ppm
and TiO, in wt%) show more relative dispersion than the Al,O3/TiO; ratios and range from 73 to
585 (Figs. 2 and 3), but exhibit within error constant averages between the Archean (243 + 24; 2SE,

n=55) and Phanerozoic (244 + 27; 2SE, n=42).
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Figure 2. Histograms and Kernel density estimations of filtered and locality averaged Al,03/TiO, (left) and
Zr/Ti0; (right) weight ratios of fine-grained terrigenous sediments sorted by age. Indicated in the panels are (7)
the number of locations that passed all filtering tests (n), (if) the mean, and (iii) the 2SE value. While the average

AlLO3/TiO; ratio is slightly decreasing, the average Zr/TiO, ratio does not change within error over time.
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Figure 3. Filtered and locality averaged Al,03/TiO; (A), Zr/TiO; (B), Cr/Sc (C) and Ni/Co (D) weight ratios of
fine-grained terrigenous sediments plotted versus their age. Cr/Sc and Ni/Co ratios are from the compilation of
Greber et al., (2017a) and are location-averaged as was done for Al,03/Ti0; and Zr/Ti0O; ratios. We only consider
Ni/Co and Cr/Sc ratios that passed the filter in Greber et al., (2017a), removing samples affected by weathering.
Diamictites are highlighted in red while other fine-grained terrigenous sediments are in blue. Indicated are the
calculated regressions (black dotted line) the 95% confidence interval of the mean (grey band). The correlation
between the AlO3/TiO, ratio and age ¢ (in Myr) of a sediment can be fitted with a power law
(Al,03/Ti02)ghate=20.8036+1.00059". The Zr/TiO, ratio of fine-grained terrigenous sediments is rather con-
stant and can be fitted with a linear regression (Zr/Ti0;)gpc=266.614-0.0067 * t. The Cr/Sc and Ni/Co ratios
are  fitted  with  the  following  formulas:  (Cr/Sc)ghae=5.5253+6.160 * 107 «t3>  and

(Ni/CO)gpate=2.1216+1.400 x 10710 x ¢3
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4 Discussion

4.1 Workflow

We first discuss the potential impact of hydrodynamic grain size sorting on the chemical
composition of the sediments by evaluating the relative abundances of their Al,O3;, TiO, and Zr
concentrations. We then show how the Al,O;, TiO, and Zr concentrations of fine-grained terri-
genous sediments (and their metamorphosed equivalents) are translated into the igneous rock com-
position of their provenance. To do so, we follow the modelling approach outlined in Greber et al.
(2017a), where a set of mass-balance equations are used to solve the measured compositions of the
fine-grained terrigenous sediments for the contributions of different igneous rock endmembers.
The Al,03/TiO; and Zr/TiO; ratios are only diagnostic of felsic vs. mafic rocks, so to tease apart
the contribution of komatiites, we consider ratios involving elements that are relatively compatible
in pyroxene and olivine, such as Ni, Co, Cr and Sc (Adam and Green, 2006). All these proxies are
insensitive to the presence of chemical sediments like carbonates and banded iron formations on
the emerged lands, but as discussed, can be applied to evaluate the relative contribution of different

igneous rock types to the sediment record.

To test the applicability of the Al,O3/TiO, and Zr/TiO; ratios of fine-grained terrigenous
sediments to reconstruct the composition of their provenance, we first apply our approach to the
mid-Phanerozoic crust 250 Myr ago, a time when there are good constrains on the nature of

emerged continents. We then calculate the rock composition of the emerged crust 3.25 Gyr ago.

4.2 Evaluating the degree of hydrodynamic mineral sorting over time

11
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Aluminium, Ti and Zr concentrations of sediments have previously been used to evaluate the im-
pact of mineral sorting processes on the chemical composition of sediments (Bouchez et al., 2011;
Garcia et al., 1991; 1994; Garzanti et al., 2011; McLennan et al., 1993). Mineral sorting can affect
the composition of a sediment by removing dense minerals such as zircon grains into the coarse-
grained sediment fraction. On the other hand, recycling of such coarse grained sediments like sand-
stones can also produce a fine-grained sediment fraction that is enriched in elements normally as-
sociated with dense minerals (McLennan et al., 1993). As diamictites are glacial sedimentary de-
posits, it has been suggested that they are generally less influenced by mineral sorting processes
(Gaschnig et al., 2016). While the Al,03/TiO,, Ni/Co and Cr/Sc ratios of all sediment types in our
database largely overlap at any given time during Earth history (Fig. 3), diamictites seem to have
in average a higher Zr/TiO; ratio compared to non-diamictite sediments (hereafter summarized as
shales) and this discrepancy is larger in the Proterozoic and Phanerozoic compared to the Archean
(Fig. 3B). This could mean that either both shales and diamictites have been affected by grain size
sorting. One of the most sensitive proxies to track hydrodynamic mineral sorting should be the
Z1/AlL,O3 (ppm/wt%) weight ratio, as Al,O; is enriched in fine grained clay minerals and Zr in
dense zircon grains. Another advantage of this system is, that mafic and felsic igneous rocks do not
exhibit a strong difference in their Zr/Al,O3 ratios (supplementary Figure S5). Consequently, if
fine-grained terrigenous sediments were significantly impacted by mineral sorting processes, one
would expect to observe a difference between the average Zr/Al,Oj ratio of the sediments and that
of the igneous rock record. We thus calculated the Zr/Al,Os ratio of our already filtered and locality
averaged shale database by dividing the Zr/TiO, with the Al,Os/ TiO, ratio (Table S1). In the
Archean, sediments define a rather narrow range in their Zr/Al,O; ratio; diamictites (11.6 = 2.4; n
= 4), shales (9.5 + 0.9; 2SE, n = 48) and igneous rocks (8.6 + 0.45; 2SE, n = 2342) overlap within

errors (Fig. 4). In the post-Archean, the scatter of the Zr/Al,Os ratio of the sediment and the igneous

12
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rock record becomes more pronounced, especially after around 1000 Ma (Figs. 4 and S5). On av-
erage, shales younger than 1000 Myr yield a Zr/Al,Os ratio (11.5 £1.1, 2SE, n=61) that is around
9.5 % lower, but still within error identical to that of the contemporary igneous rock record (12.7
+ 0.24, n=13096). Diamictites on the other hand define a higher Zr/Al,O3 ratio (18.7 + 3.0, n=15)
than igneous rocks. There are various possible explanations for the excess Zr in diamictites, in-
cluding that it is an inherited signal from a local source environment that contains igneous rocks
with high Zr/Al,Os ratios or that the glacier that produced these diamictites abraded and recycled
coarse grained and in zircon-rich sediments (McLennan et al., 1993). To summarize, hydrodynamic
mineral sorting had a seemingly small effect on the chemical composition of Archean fine-grained
sediments, but it might have become more important over time. The fine-grained sediments that
were deposited during the past 1000 Myr show more variation in their Zr/Al,Os ratios. Our dataset
is dominated by non-diamictite sediments that seem to be slightly depleted in Zr when compared
to the igneous rock record, as is expected from the scavenging of zircon grains into the sand-sized
sediment fraction. A consequence is that the linear equation applied to the age versus Zr/TiO; cor-
relation (Fig. 3B) of the fine-grained sediment record is useful to identify long-term trends in the
lithologic composition of the emerged crust, but likely provides a minimum estimate for the pro-

portion of felsic rocks in a sediments provenance.

To investigate potential changes in the mode of hydrodynamic mineral sorting over Earth’s
history, we applied a moving median with a step size of 25 Myr and a uniform kernel window
width of 250 Myr to the Zr/Al,Os ratio of the non-diamictite sediments. We find that several time
intervals of around 200 to 400 Myr width that are characterized by median Zr/Al,O; ratios that are
lower than the average composition of the igneous rock record (Fig. 4). Interestingly, the periods

defined by low Z1/Al,Oj; ratios correlate with age peaks in the detrital zircon record of Voice et al.,

13



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

(2011). It has been shown that these age peaks also broadly correlate with periods of superconti-
nents (Campbell and Allen, 2008; Hawkesworth et al., 2009; Roberts and Spencer, 2015; Worsley
et al., 1984) (Fig. 4). The temporal correlation between peak ages in detrital zircon grains, low
Z1/AL,Os ratios in the fine-grained sediment record, and larger landmasses is in agreement with
studies that suggest that transport distance and mineral sorting efficiency are positively correlated
(Garcon et al.,2013b; Powell, 1998). It is currently debated if the detrital zircon age peaks represent
episodic crustal growth due to enhanced magmatic activity (Arndt and Davaille, 2013; Condie et
al., 2017), or if they are a preservation bias phenomenon, meaning that rocks related to the colli-
sional mountain building stages of the Wilson-Cycle are better shielded from erosion into the ocean
(Cawood and Hawkesworth, 2015; Hawkesworth et al., 2009). We interpret the coincidence of
periods with low Zr/Al,Os ratios and zircon age peaks to reflect a sedimentological regime that
allowed for an increased production of sandstones and efficient hydrodynamic mineral sorting. In
a supercontinent cycle, transport distances from source rocks to marine sediments would be longer
and there would be more opportunities for large and dense minerals to be trapped on the continents,
as for example in foreland basins and associated lake systems. More work is needed to ascertain
the observation that supercontinents are associated with a decrease in the Zr/Al,O; ratio but the
present study shows that subtle variations in the geochemistry of terrigenous sediments through

time may convey important clues on sediment transport on continents.
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Figure 4. Top: Zr/Al,03 weight ratios of diamictite (red) and non-diamictite samples (blue) from the averaged
shale database. The black line is the moving median with step size of 25 Myr and window width of 250 Myr
through the non-diamictite samples (blue circles) to investigate the impact of mineral sorting on the Zr/Al,0O3
ratio of fluvial sediments. The dotted red line is the time dependent average composition of igneous rocks (see
Fig. S5). Bottom: detrital zircon age record after Voice et al., (2011). Periods of supercontinent formation are
indicated on top of the figure and are based on Cawood and Hawksworth (2015). Periods in which sediments
display lower median Zr/Al,0O; ratios compared to the mean of igneous rocks seem to be correlated with peaks

in the detrital zircon record and supercontinent cycles.
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4.3 Reconstructing the lithological composition of the mid-Phanerozoic emerged crust

To unravel the nature of the igneous rocks exposed to weathering 250 Myr ago, we first need
to define the rock endmembers. Igneous rocks can be broadly divided into ultramafic (<45 wt%
Si0,), mafic (45 - 52 wt% SiO3; MgO < 18 wt%), intermediate (52 - 63 wt% Si0,) and felsic rocks
(>63 wt% Si0,) (Le Bas and Streckeisen, 1991). Out of these groups, ultramafic rocks are expected
to be of subordinate importance for the Phanerozoic continents. Furthermore, as already indicated
by their name, the chemical characteristics of intermediate rocks are in between those of mafic and
felsic rocks. Regardless of their formation mechanism, the element composition of intermediate
rocks like andesites can effectively be modeled as a mixture of mafic and felsic rocks. Thus, they
are not regarded as an individual endmember in our model. Therefore, to reconstruct the lithologi-
cal composition of the mid-Phanerozoic emerged continents, we limit our endmembers to mafic
(subscript M) and felsic rocks (subscript F). The mass fractions of felsic (fz) and mafic (fy;) com-
ponents in the 250 Myr old fine-grained terrigenous sediments (and by extension of their prove-

nance) can be calculated using their Al,03/TiO; and Zr/TiO; ratios and the mass-balance equations:

. Al,0 ) Al,0
fF[TIOZ]F(%O;);(l-fF)[TIOZ]M(#;)M

(A1203) 0
Ti02 / spale fp[TiO2]p+(1-fp) [TiO2]m ;
( T ) ~ fF[TiOZ]F(TiZTrz)F+(1-fF)[TiOz]M(TiZTrZ)M o

Ti02/ gpate £ Ti0 ]+ (1-f) [TiOZ ] :

Greber et al. (2017a) used the Ti isotopic composition of fine-grained terrigenous sediments to
calculate the proportions of felsic and mafic rocks in the mid-Phanerozoic emerged crust using a

similar mass-balance equation:

549Ti _ f[TiOp] #8649 Tip+(1-fp)[TiO2 ] M84° Tiy
shale fp[TiO2]p+(1-fp)[TiO2]m

3,
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where 8"Ti is the Ti isotopic composition expressed as the deviation in permil of the *'Ti/*'Ti ratio
relative to the OL-Ti standard. The weight ratios Th/Sc and La/Sc (both ppm/ppm) are also good
indicators of the nature of the sediment provenance (Taylor and McLennan 1985). Thus, we also
use the published estimates of the average La/Sc (2.9 £ 0.5; 95% c.i.) and Th/Sc (1.0 £ 0.1; 95%
c.i.) ratios of shales of Phanerozoic age (0.6 to 0.0 Gyr) from Taylor and McLennan (1985), to test
if our model results are consistent between ratios normalized to Sc and ratios normalized to TiO,.

For those ratios, the mass-balance equations take the form:

(E) _ fF[SC]F(g)F*‘(l‘fF)[SC]M(E_DM
shale B

Sc fr[Sclp+(1-fp) [Sclm ),
(T_h) _ fF[SC]F(z_E)F+(1‘fF) [SC]M('E_DM 5)
S¢/shale fr[Sclp+(1-fp) [Sclm )

As can be seen in equations 1 to 5, next to the composition of the fine-grained terrigenous
sediments, the most important input parameters for our model are the concentrations and elemental
ratios of the rock endmembers. A potential difficulty in the mass-balance approach in the Phaner-
ozoic is to estimate the composition of the mafic endmember, as mafic rocks from Arc-settings
(Arc-basalts) are depleted in some elements such as Ti and Zr compared to within plate basalts
(WPB) that include Ocean Island basalts (OIB), continental flood basalts provinces (LIPs) and
intra-continental basalts not associated with LIPs (Fig. 4 and Table 1). A compilation of whole
rock compositions of WPB and Arc-basalt samples shows that the Al,O3/TiO; ratios are variable,
ranging from low values in OIB and LIP basalts (e.g., Emeishan LIP = 5.1 + 0.3; 2SE) to high
values in Arc-basalts (19.6 = 0.8; 2SE). The Zr/TiO; ratio is more or less constant among these
different mafic rocks (Table 1). The depletion of Arc-basalts in Ti and high-field-strength elements

in general (HFSE; e.g., Hf, Zr, Ti, Nb, Ta) relative to mid-ocean ridge basalts is well-documented
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and has been attributed to the presence of HFSE-rich minerals like rutile or ilmenite in the subduc-
tion zone system or to the lower mobility of HFSE in fluids responsible for the metasomatism of
the depleted mantle wedge (Kelemen et al., 2014; 1990; Miinker et al., 2004; Ulmer, 2001;
Woodhead ef al., 1998). Furthermore, it was also suggested that the high Ti concentration in OIBs
cannot be achieved solely by melting of a peridotitic mantle, but instead requires a small amount
of recycled mafic crust in its source (Prytulak and Elliott, 2007). To account for this chemical
diversity of modern mafic magmatic rocks, we split the mafic endmember into WPB and Arc-
basalts. We note fyypg = My pg/(Mypg + My + mgp) and fy. = 1 — fiyps — fr, the propor-
tions of these endmembers in the sediment provenance. Data from the Emeishan LIP has been used
for the Al,Os, TiO,, Zr, La, Th and Sc concentrations of the WPB endmember. The reasoning
behind this is that OIB and non-LIP intra-continental basalts are assumed to be volumetrically less
important for the Phanerozoic emerged crust compared to LIP and Arc-basalts. Figure 5 shows that
mixing between the Emeishan LIP and the calculated average Arc-basalt composition of the PetDB
database can explain the composition of all other types of basalt for the ratios that we are interested
in (black dotted line in Fig. 5), which is the reason why the composition of the Emeishan LIP is

used for the LIP end-member.

One can obtain exact solutions for the proportions of all rock types in the emerged crust (3
unknowns; fr, far, fwps) by writing sets of mass-balance equations (e.g., Egs. 6-7-11, 6-8-11, 6-9-
11 or 6-10-11), all involving the Al,O3/TiO; ratio, which distinguishes between WPB and Arc-
basalts (in addition to distinguishing between mafic and felsic rocks), and either the Zr/Ti0,, Th/Sc,

La/Sc ratios or 8*'Ti value, which distinguish between mafic and felsic rocks:

Al,0 Aly0 Al,0
fr[Ti (—_2 3) farc[Ti (—.2 3) fypp[Ti (—.2 3)
(Alzo?,) B FlTi02]r( g, 5 arclTi02] are| *Fig; et wea[TiO2lwpe( o woB ©)
TiO2 / ¢pale fr[TiO2]F+farc[TiO2] arc+fwpp[TiO2]wpp ’
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Zr

. . Zr . Zr
( 7r ) _fF[T102]F(TiOZ)F+fArc[TIOZ]Arc(TiOZ)ArC+fWPB[TIOZ]WPB(TiOZ)WPB )

TiO2/ ¢pale fr[TiO2]F+farc[TiO2] Arc+wpB [TiO2]wpp
Th Th Th
(Th) _ fF[SC]F(g)F‘i'fArc[SC]Arc(g) o Twes[Sclwes (g)WPB @®)
Sc/ shale fr[Sclp+farc[Sclarc+Hfwps[Sclwps
L _ L _ L
(La) _ fF[SC]F(ﬁ)F"'fArc [TIOZ]Arc(S_:)ArC"‘fWPB[TIOZ]WPB(S_:)WPB ©)
Sc/ shale fr[Sclp+farc[Sclarc+wps[Sclwes
S49Ti _fr [Ti02]p8% Tip+farc[TiO2) Arc8*" Tiarc+fwpg [TiO2lwpps*® Tiwpp (10)
shale fr[TiO2]p+farc[TiO2] arc+fwpB[TiO2lwpB ’
1 = fp+farc+fwes (11).

All the compositions of the rock endmembers and the fine-grained terrigenous sediments
to solve equations 6 to 10 are summarized in supplementary Table S2. The results of the various
sets of mass-equations are given in Table 2 and shown in Figure 6. The errors on these estimates
are 95% confidence intervals and have been calculated following the methodology outlined in
Greber et al. (2017a). The solutions involving the various pairs of proxy ratios all agree within
error, indicating that felsic material represented between 67 + 7 and 84 + 15 wt% of the emerged
crust 250 Myr ago. As expected, the Al,O3/TiO; - Zr/TiO; pair results in the lowest estimate of
felsic material because zircon grains can be scavenged into sandstones. The combination of
ALO3/TiO, and 8*'Ti yields the highest proportion of felsic rocks in the emerged crust 250 Myr
ago and the rather large error on this estimate is due to the quasi parallel evolution of these two
equations at a high felsic rock fraction (Fig. 6). A small change in the 8*Ti value of the WPB
endmember from +0.005%o (the average value of basalts from diverse tectonic settings; Millet et
al., 2016) to +0.04 %o (a plausible value for tholeiitic basalts; Deng et al., 2019), would shift the Ti
isotope curve in Figure 6 so that it overlaps with the solutions given by the La/Sc and Th/Sc ratios.

Averaging the results of the 5 different systems (Al,O3/Ti0,, Z1/TiO,, La/Sc, Th/Sc and Ti isotopes)
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without further corrections indicates that the emerged continents 250 Myr ago consisted of 76 & 8

wt% felsic rocks, 14 + 6 wt% Arc-basalts and 10 + 2 wt% within plate basalts.

This result can be compared to independent estimates of the felsic/mafic rock ratio in the
emerged continents based on surface mapping (supplementary Table S3 and gray bar in Figure 6)
(Condie, 1993; Diirr et al., 2005; Hartmann and Moosdorf, 2012; Moosdorf ez al., 2010; Wedepohl,
1995). Examining mapped mafic and felsic rocks, Condie (1993) and Wedepohl (1995) suggested
that the Phanerozoic emerged continents contained 87 and 89 wt% felsic lithologies, respectively.
Digital lithological maps of north America (Moosdorf et al., 2010) and Earth as a whole (Diirr et
al., 2005; Hartmann and Moosdorf, 2012) suggest a lower proportion of felsic rocks ranging from
61 to 77 wt% (supplementary Table S3). Overall, the felsic/mafic rock ratio in the emerged crust
from mapping agrees with our estimate based on the sediment record and shows that our approach
does not suffer from any obvious bias and can be applied to test whether the Paleoarchean emerged

crust was dominated by mafic lithologies or not.

With regard to Arc-basalts vs. WPB contributions to fine-grained marine sediments on the
modern Earth, it is to our knowledge the first time that such an estimate is provided. A caveat,
however, is that we chose the Emeishan LIP as WPB endmember due to its low Al,O5/Ti10, ratio.
Therefore, the contribution of WPB to the sediment flux is likely underestimated. As shown in Fig.
6, our estimate of the felsic and mafic proportions are robust, as the proxy ratio reconstructions
show little sensitivity to the abundance of felsic rocks when the ratio WPB/Arc-basalts is higher

than ~0.5.
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Figure 5. Zirconium concentration vs. Al,03/TiO; ratio in different types of Phanerozoic mafic rocks. Empty

circles are average values for various continental flood basalts (LIPs; i.e., CAMP, Emeishan, Deccan Traps and

Parana) calculated from the GeoRoc database and Hooper (2000). The square symbols represent different esti-

mates for Arc-basalts; light grey square is the mean of continental Arc-basalts, the dark grey square is the mean

of oceanic Arc-basalt (both from Kelemen et al. 2014) and the empty square is the average of Arc-basalt (both

continental and oceanic) after the PetDB database. The average composition of MORBs is from Gale et al. (2013),

and the two intra-continental basalt examples (Chaine de Puys, France; Doufutun, central China) are based on

Hamelin et al. (2009) and Lie et al. (2015), respectively. The data have been filtered following the criteria outlined

in Greber et al. (2017a), i.e. only rocks with SiO, concentrations between 45 and 52 wt% and MgO < 18wt% and

total major element concentrations between 99 and 101 wt% were considered. Errors are 2SE and sometimes

smaller than the symbol size. For data and references, see Table 1.
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Figure 6. Calculated proportion of felsic rocks in the emerged crust (x-axis) relative to the ratio of within plate
basalts to Arc-basalts (y-axis) that explains the Al,O3/TiO; (blue), Zr/TiO, (green), La/Sc (olive) and Th/Sc (red)
and 8*Ti (orange) values of the Phanerozoic fine-grained terrigenous sediment record (see supplementary Table
S2). The grey bar with black dotted line is the mean (82 + 7 wt%; 2SE, n=4) of different estimates of the abun-

dance of felsic rocks in the modern emerged continents based on surface maps (see supplementary Table S3).

4.4 Reconstructing the lithological composition of the Paleoarchean emerged crust

The rocks found in the Paleoarchean crust are of different nature than those found more re-
cently, calling for a careful assessment of the rock endmembers used in the mixing model. Mafic
rocks of Archean age are more homogeneous in their Ti and Zr concentrations than those in the
post-Archean (Moyen and Laurent, 2018), so there is no need to divide the mafic endmember into
sub-categories. Another distinguishing feature of the Archean crust is the common occurrence of
ultramafic komatiitic magmas (Arndt, 2003; Condie and O'Neill, 2011), lavas with a unique chem-

ical composition characterized by unusually high Mg, Ni and Cr concentrations. Consequently, to
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reconstruct the lithological composition of the emerged crust 3.25 Gyr ago, we rewrite our
endmember mixing model to quantify the relative abundances of felsic, mafic and komatiitic (fx)
lithologies. For these calculations, we use (i) the Al,O3/TiO, (Wt%/wt%), Zr/TiO, (ppm/wt%),
La/Sc (ppm/ppm) and Th/Sc (ppm/ppm) weight ratios, as well as §*°Ti values due to their sensi-
tivities to discriminate between Archean felsic and mafic rocks (Fig. 1 and Greber et al., 2017a)
and (ii) the Ni/Co and Cr/Sc ratios as indicators of the contribution of komatiites (Greber et al.,

2017a). The following mixing equations can be written:

) Al,0 . AlR0 - Alz0
fr [T102]F-A( Ti2023) A+fM[T102]M'A( Ti2023) A+fK[T102]K( T12023)

(22) = i - K (12),

TiO2 / ¢pale fr[TiO2]p-a+fm[TiO2IM-a+k[TiO2]k
. Zr . Zr . Zr
( 7r ) B fF[TIOZ]F-A(E)F_A"'fM[TIOZ]M-A(E)M_A*‘fK[TlOZ]K(E)K 13)
TiO2/ ¢hale fr[TiO2]p-a+fM[TiO2Im-a+fk [TiO2]k ’

549Ti _ fF[TiOZ]F.A549TiF+fM [TiOZ]M_A649TiM+fK[Ti02]K549Ti|( (14)
shale fp[Ti02]p+fM[TiO2]M-a+fk[TiO2 ]k ’

(E) _ fF[SC]F-A(%)F_A+fM-A[SC]M—A(';‘_E)M_A+fK[SC]K(:_lC])K
shale B

15

Sc fr.a[Sclp-a+fm-alSclm-a+fk[Sclk (13)

(E) _ fF[SC]F-A(E_z)F_A+fM—A[SC]M-A(E_z)M_A+fK[SC]K(E)K (16)
Sc/ shale fpa[Sclp-a+fm-alSclm-a+fk[Sclk

(&) _ fF[CO]F-A(%)F_A‘l'fM-A[CO]M-A(%)M_A‘FfK[CO]K(%)K (17)
Co/ shale fp.a[Colp.a+fum-a[Colm-a+fk[Colk ’

(9) _ fF[SC]F-A(%)F_A‘FfM-A[SC]M-A(%)M_AHK[SC]K(g)K (18)
Sc/shale fr.a[Sclp-atfm-alSclm-a+fk[Sclk ’

Here, subscripts -4 and M-A indicate the Archean felsic and mafic endmember compositions,
which are different from the modern (Keller and Schoene, 2018; 2012). All the parameters needed
to solve equations 12 to 19 are presented in supplementary Table S2. The Ni/Co and Cr/Sc ratios
of fine-grained sediments of various ages are from the data compilation of Greber et al. (2017a)
and we only considered the ratios that passed the filter to remove samples obviously affected by

2

weathering. The samples that did not pass the filter of Greber et al., (2017a) are indicate in “red
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in the supplementary Table S2. For consistency with the sedimentary Al,O3/TiO, and Zt/TiO; rec-

ords, Ni/Co and Cr/Sc ratios of sediments were also averaged by location (see Figure 3C and 3D).

We can calculate the proportion of felsic rocks needed in the emerged crust to explain the
AL O3/Ti0,, Zr/TiO,, La/Sc, Th/Sc, §*°Ti, Ni/Co and Cr/Sc signatures of the fine-grained sedi-
ments 3.25 Gyr ago, leaving the komatiitic to mafic rock ratio as a free parameter. This is illustrated
in Figure 5, where the felsic rock proportion (fr) of the emerged crust is plotted on the x-axis and
the ratio of komatiite to mafic fractions (fx/fu) is plotted on the y-axis. The results reveal that the
solutions for A1,O3/TiO,, Zr/TiO,, La/Sc, Th/Sc and §*°Ti plot in a very narrow range and follow
steep, subparallel curves. The solution for the Zr/TiO; signature of the sediments plots within the
range defined by the other proxies and unlike the modern, is not shifted towards a lower proportion
of felsic rocks. This agrees with our previous observation that the average Zr/Al,Os ratios of Ar-
chean sediments and igneous rocks are within error identical, which suggests that mineral sorting
processes during the Archean were limited, at least for the set of terrigenous sediments investigated
here. As discussed previously, one factor that controls the degree of zircon sorting into sandstones
is the transport regime and transport distance that the sediment grains are subjected to (Gargon et
al., 2013b). Thus, an explanation for the limited mineral sorting might be that the areal extent of
exposed landmasses was small in the Paleoarchean (Bindeman et al., 2018; Flament et al., 2013;
Rey and Coltice, 2008). Alternatively, zircon saturation in rocks of Paleoarchean age was likely
achieved less frequently 3.25 Gyr ago than in the modern due to higher degrees of partial melting
and lower concentrations in incompatible element in mantle-derived magmas (Keller et al., 2017),
a matter that would have limited the effect of hydrodynamic grain size sorting on the Zr concen-

tration of fine-grained terrigenous sediments.

As can be seen in Figure 6, the solution space defined by Cr/Sc and Ni/Co ratios is very differ-

ent from that defined by the other proxies. The required amount of felsic rocks to successfully solve
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equations 17 and 18 and to explain the Cr/Sc and Ni/Co ratios of terrigenous sediments strongly
depends on the ratio of komatiitic to mafic rocks in the emerged crust. The solutions of all 7 equa-
tions intersect in a small window. The composition of the fine-grained terrigenous sediment record
3.25 Gyr ago can only be explained with an emerged crust that contained 65 + 7 wt% felsic, 25 +
6 wt% mafic and 11 + 3 wt% komatiitic material (Table 2). This estimate also broadly agrees with
the reconstructed composition of the Early Archean emerged crust based on the currently exposed
igneous rock record of ~75 wt% felsic rocks and a komatiite to mafic rock ratio of 0.4 (Condie,

1993) (yellow star in Figure 6).

We tested if a shift in the dominant type of komatiitic rocks (Al-depleted, Al-undepleted, Al-
enriched) from the early to the late Archean impacts our model results, by changing the composi-
tion of the komatiite endmember. To do so, we used the chemical compositions of the chilled mar-
gins from the Komati formation (Al-depleted) and Weltevreden formation (Al-enriched) komatiites
from Puchtel et al., (2013). As can be seen in supplementary Figure S6 the nature of the komatiite

end-member has no significant influence on the result.

Deng et al., (2019) suggested that the Ti isotopic composition of Archean sediments might
not be the result of the erosion of a felsic emerged crust, but of continents made with dominantly
tholeiitic rocks. We tested this possibility by redefining the element concentrations of our felsic
and mafic endmembers using only tholeiitic rocks of Archean age (see Table S2 and Figure S1).
As can be seen in Figure S7, applying this new endmember classification, the solutions for the
element ratios Al,O3/Ti0,, Zr/Ti0,, Th/Sc, and La/Sc show a larger scatter than in our initial model,
but still call for a high percentage of igneous felsic material in the Paleoarchean emerged crust
(~55wt%). This value agrees within error with the estimate based the Ti isotope proxy of 60 + 8
wt% (see Table 2 and Greber et al., 2017a) and indicates that either tholeiitic magmatic series in

the Archean did not produce a significantly different Ti isotope vs. SiO, trend than calc-alkaline
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magmatism, or that the Paleoarchean continents consisted mainly of calc-alkaline rocks. The latter
is in agreement with a recent study, suggesting that since 3.8 Gyr calc-alkaline differentiation
trends dominated continental magmatism (Keller and Schoene 2018). Therefore, we argue that
considering the whole Archean rock catalogue leads to the most reliable definition of the various
Archean rock endmembers and translates the sediment record into the lithological composition of

the emerged crust most accurately.

At first sight, it might be even counter intuitive that a higher Al,O3/TiO; ratio of fine-grained
terrigenous sediments in the Paleoarchean (~27.7) compared to the Phanerozoic (~22.0) translates
into a lower estimate for the proportion of felsic material in the emerged crust. A factor explaining
the decreasing trend in the sedimentary Al,O3/TiO; ratio with time (see Fig. 3A) is the significant
increase in the TiO; concentration of mafic rocks over Earth’s history reflecting lower degrees of
melting and associated higher concentrations of highly incompatible elements in more recent mafic
magmas (Keller and Schoene, 2018). Because Al,Oj; is overall more compatible than TiO, during
mantle melting processes (but not during magmatic differentiation as shown by the increasing
AI203/Ti02 with increasing Si02 content; Fig. 1), lower degrees of partial melting shifts the av-
erage Al,O3/TiO; ratio of the continents towards lower values, despite the fact that the amount of
mafic rocks did not vary much. The Zr concentration in mafic rocks increases in a similar way as
the TiO, concentration (Keller and Schoene, 2018), which explains why the Zr/TiO; ratio in fine-

grained terrigenous sediments does not exhibit the same secular trend as the Al,O3/TiO; ratio.

The results presented here show that the composition of Paleoarchean fine-grained terrigenous
sediments requires an emerged crust with ~65 wt% felsic material (Table 2). The Paleoarchean
emerged continents were slightly more mafic and ultramafic compared to their modern counter-
parts, but to a lesser extent than was suggested previously (Dhuime et al., 2015; Large et al., 2018;

Tang et al., 2016). Consequently, the high Ni and Cr concentrations and accompanying high Ni/Co,
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Cr/Zn, Cr/U, Cr/Th and Cr/La ratios in 3.25 Gyr old sediments can no longer be taken as evidence
for an emerged crust dominated by mafic rocks. Figure 7 indeed reveals that the Ni/Co and Cr/Sc
ratios of 3.25 Gyr old fine-grained terrigenous sediments can be explained by an emerged crust
that contains 0 to 90 wt% felsic material, depending on the amount of komatiitic rocks present.
This means, that the concentrations of Ni and Cr in Paleoarchean sediments are largely controlled
by the abundance of ultramafic rocks and komatiites, so these elements are not sensitive proxies to

reconstruct the proportion of felsic material in the emerged crust during that time period.

Paleoarchean
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Proportion of felsic rocks (wt%)

Figure 7. Calculated proportion of felsic rocks in the emerged crust (x-axis) relative to the weight ratio of ko-
matiites to mafic rocks (y-axis) that explains the Al,03/TiO, (blue), Zr/TiO; (green), La/Sc (olive), Th/Sc (red),
8 Ti (orange), Ni/Co (black) and Cr/Sc (brown) values of the Paleoarchean fine-grained terrigenous sediment
record (ALLO3/TiO,=27.7 £ 1.4; Z1/TiO, =245 + 32; La/Sc = 1.4 £ 0.3; Th/Sc = 0.46 + 0.09; Ni/Co = 6.9 £ 0.9;
Cr/Sc = 26.7 + 4.0 and 8"Ti = 0.160+0.023%o, see supplementary Table S2). All seven proxies intersect in a
common narrow window (grey box), indicating that the emerged crust 3.25 Gyr ago contained approximately 65

wt% felsic material. The yellow star is the estimate from Condi (1993) based on mapping Early Archean terranes.
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4.5 Regional diversity in the lithological makeup of Archean continents

The new dataset of terrigenous sediment compositions allows us to investigate whether regional
variations existed in the lithological composition of the Archean continents. To do so, we subdi-
vided the Archean sediments of our averaged shale database into samples from (/) Southern Africa
(Zimbabwe, South Africa), (2) North America - Greenland, (3) Australia, (4) India and (5) Ukraine,
and plotted them in the Cr/Sc — Al,O3/TiO, diagram (Figure 8). The sediment data are encompassed
by the ternary mixing space defined by the felsic, mafic and komatiite end-members. There is no
obvious trend towards a more felsic composition of the emerged continents from the Paleoarchean
(squares) to the Meso- and Neoarchean (circles). As seen from this diagram, the broad secular trend
in the chemical composition of terrigenous sediments used to reconstruct the nature of the conti-
nents through time (this study; Tang et al., 2016; Greber et al., 2017a; Smit and Mezger 2017)
hides a lot of regional diversity. While the data points define an average Archean crust comprising
around 60 % felsic, 30 % mafic, and 10 % komatiite rocks, the contributions of these end-members
to individual shale localities shows a lot of variation with komatiite contributions that vary between
~0 and 50 % and felsic fractions between 0 and 90%. There does not seem to be any systematics
from craton to craton in the proportions of felsic to mafic rocks. The variations seem to be primarily
driven by the random distribution of mafic and felsic rocks in a given drainage basin. There is
however some systematic craton-to-craton variation in the fraction of komatiites. Sediments sam-
pled in the South Africa craton incorporated of a larger fraction of komatiites than average, while
the Indian craton is characterized by a lower komatiite fraction than average. This finding is cor-

roborated by the observation of Taylor and McLennan (1985) that the Archean greenstone belts
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from Barberton (South Africa) and from the Yilgarn Block (Australia) contain the highest abun-
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Figure 8. Cr/Sc vs. Al,03/Ti0; ratios of location-averaged samples of Archean age (3.8 to 2.5 Gyr), color coded
according to their origin and shape coded according to their age. Indicated in coarse dotted lines is the mixing
space defined by the felsic, mafic and komatiitic endmembers, with crosses marking each 10% mixing step.
Small dotted lines correspond to a provenance with 60 wt% felsic and 10 wt% komatiitic components. Filled
diamonds are the mean values of each location. The yellow star is the result of our endmember model for the

emerged crust 3.25 Gyr ago.
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4.6 Insights into Paleoarchean geodynamics

The question of the prevailing mode of tectonism during different periods of Earth’s history

has long been debated (see the following papers for an overview of the present state of this debate:

Cawood et al., 2018; Foley, 2018; Hawkesworth and Brown, 2018; Korenaga, 2018; Lenardic,

2018). It is generally accepted that magmatism and other associated processes in subduction zone

systems produce felsic lithologies (Barbarin, 1999; Grove et al., 2012; Jagoutz, 2010; Jagoutz et

al., 2009; Moyen and Martin, 2012). In modern settings, the transport of water into the mantle via

subduction zones can lead to:

(1)

(ii)

Metasomatism and melting of the mantle wedge through dehydration of the slab, producing
basaltic melts. These melts are then modified through fractional crystallization, mixing, and
assimilation during their ascent towards the surface, resulting in the production of felsic
lithologies (Annen et al.,, 2005; Hildreth and Moorbath, 1988; Miintener and Ulmer, 2018).
This leads to the segregation between shallow felsic and deep mafic lithologies. To finally
produce a bulk continental crust of andesitic composition, additional processes such as de-
lamination of lower crust mafic litholgies need to be at work (Jagoutz and Kelemen, 2015;

Rudnick and Gao, 2003).

In hot subduction settings, the hot and hydrated subducting slab itself can melt, producing
rare felsic rocks named adakites (Defant and Drummond, 1990). A similar mechanism in-
volving partial melting of hydrated subducted slabs in the presence of amphibole and/or
garnet may have produced felsic Archean TTGs (Foley et al, 2002; Moyen and Martin,

2012).

In either case (i or i), significant volumes of felsic rocks are expected to be produced in a subduc-

tion zone setting. Thus, a prominent line of argument for the absence of plate tectonics on Earth
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until 3.0 Gyr is based on the claim that the continental crust until that time was dominated by mafic

rocks (Dhuime et al., 2015; Tang et al., 2016).

The composition of the terrigenous sediments has not been the only line of evidence used
to argue for predominantly mafic continents in the Paleoarchean. Dhuime et al., (2015) used the
Sm-Nd and Sr isotopic compositions of igneous rocks to estimate the average Rb/Sr ratio of the
“juvenile continental crust” (the composition of mantle-derived magma that crystallized in the crust
after differentiation). For a given igneous rock of a given age and initial '*Nd/'**Nd and *'Sr/**Sr
ratios, they calculate a model age of crustal extraction from a depleted mantle source using '*'Sm-

'Nd systematics. They then calculate the Rb/Sr ratio needed to bring the ¥'Sr/*Sr ratio from a

depleted mantle value at the time of extraction (model age given by '*’Sm-'*

Nd) to the initial value
measured at the time of crystallization. As the Rb/Sr of igneous rocks correlates positively with
their SiO; concentration, the observed increase in the Rb/Sr ratio of juvenile continental crust from
3 to 2 Gyr was taken as evidence that the composition of the continental crust changed from mafic
to andesitic over that time period (Dhuime et al., 2015). The findings of a bulk mafic continental
crust (Si0, ~49 wt%) prior to 3.0 Gyr is at odds with the currently exposed rock record of that time
(Condie, 1993). A solution to this problem could be, that large parts of the mafic lithologies were
eroded and are no longer present. However, as shown by Greber et al., (2017a) and the present
study, such a process is not recorded in terrigenous sediments. There are two potential issues with

the reconstruction of Dhuime et al. (2015) based on *’'Rb-*Sr and '*’Sm-'*’Nd systematics of ig-

neous rocks:

(1) As seen in Figure 9A, most of the interpretation about the composition of the continents for
the time prior to 3.0 Gyr (i.e.,, samples with mantel extraction model ages Tpom = 3.0 Gyr) relies

on rocks that crystallized within the last 500 Myr (i.e., crystallization age tca < 500 Myr). Al-
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(i)

most all of them have low modelled Rb/Sr ratios. Thus, for the model to work, one has to as-
sume that the Sm-Nd and Rb-Sr systematics evolved as closed systems and remained undis-

turbed over billions of years despite magmatic and/or metamorphic reworking.

The calculated Sm-Nd mantle extraction model ages assume that all rocks were derived from
a depleted mantle reservoir. The depleted mantle, however, is an extreme endmember that
can bias the mantle extraction ages towards higher values. For example, in the study of
Dhuime et al. (2015) rocks from the Deccan Traps flood basalts (~65 Myr) (Vanderkluysen et
al, 2011) and basalts from the Kerguelen Archipelago (~25 Myr) (Doucet et al., 2005) were
used. In both cases, the ages of these rocks should be similar to their mantle extraction ages.
However, applying the mantle extraction age calculation of Dhuime et al. (2015) results in Tpu
ranging from 819 to 1190 Myr for samples from the Kerguelen system and from 1010 to 4366
Myr for samples from the Deccan Trap basalts. In both cases, their mantle extraction ages are
overestimated, which leads to a gross underestimation of the Rb/Sr ratio of the juvenile con-
tinental crust. Indeed, an older mantle extraction age will mean more time to produce radio-
genic 87Sr so a lower Rb/Sr ratio in the juvenile continental crust is called for to explain a given
initial 87Sr/86Sr ratio at crystallization. This issue is illustrated in Fig. 9B, where the modelled
Rb/Sr ratio is plotted as a function of the crystallization age of the rocks with a Tpm of 2 3.0
Gyr, i.e. data that is used to constrain the Rb/Sr ratio of juvenile continental crust added to the
continents before 3.0 Gyr (supplementary material 1 of Dhuime et al. 2015). As can be seen,
rocks that crystallized within the last 500 Myr yield lower modelled median Rb/Sr ratios than
rocks of older age. The median Rb/Sr model ratio of rocks that crystallized in the Archean (tca
> 2.5 Ga) and are thus likely the samples least affected by the problems outlined above is
0.088. This ratio translates into SiO, concentration of ~57 wt%, close to the average SiO; con-

centration of the modern bulk continental crust of Rudnick and Gao (2003) of 60.6 wt%.
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Based on the combined use of Ni/Co and 8" Ti measurements of fine-grained terrigenous
sediments, we previously concluded that the crust was predominantly felsic in the Archean. The
present study shows that available concentration data for Al, Ti, Zr, Th, La, Ni, Co, Cr and Sc in
fine-grained terrigenous sediments corroborate this conclusion. It also agrees with the inventory of
exposed Early Archean igneous rocks (Condie, 1993). Following the argument of Tang et al., (2016)
and Dhuime et al., (2015), our findings of a predominantly felsic crust since 3.25 Ga would support

the view that subduction-zones were already active at that time.

The argument has been made, however, that chemically evolved continents could be formed
without subduction zones. The Archean rocks of the Pilbara Craton in Australia are often put for-
ward as an example of how felsic rocks in the Archean were produced in thick volcanic plateau
complexes (Van Kranendonk et al., 2015). However, it is unclear if these settings are capable of
producing an emerged continental crust that contained in average 65 wt% of felsic material. A
petrological-thermomechanical numerical model investigating the formation of continental crust
via drip tectonics estimated a ratio of felsic to mafic rocks in granite-greenstone terranes of 1.2
(Sizova et al., 2015). This is a factor of 2 lower than the ratio of 2.6 estimated in this study that
represents the composition of the emerged continents, and a factor of 3.5 lower than the ratio ob-
served in currently exposed Early Archean terranes (Condie 1993). The latter value might be more

representative of deeper parts of Early Archean continents due to the effect of erosion.

To summarize, the lithological and chemical composition of the Paleoarchean emerged
crust should no longer be used as argument against the existence of subduction zones at that time.
Indeed, the geochemistry of terrigenous sediments of Paleoarchean age points to exposed rocks at
the surface of continents that were predominantly felsic; supporting the view that some form of
subduction processes were operating since the early Archean (Hopkins et al., 2010; Polat et al.,

2015; Reimink et al., 2018; Smart et al., 2016).
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Figure 9. Reevaluation of the data used in Dhuime et al. (2015) (supplementary information Excel file 1). (A)
Mantle extraction age based on Sm-Nd isotope systematic vs. crystallization age of the rocks, color coded after
calculated juvenile Rb/Sr ratios. A large fraction of the low Rb/Sr weight ratios for the pre-3.0 Gyr juvenile
continental crust derives from rocks that apparently resided in the continental crust for more than 2.5 Ga. We
argue that the very old mantle extraction ages (>3.0 Gyr) of young rocks (<500 Myr) are overestimates resulting

from the assumption that their mantle source was depleted. (B) Modelled Rb/Sr ratio of juvenile continental crust

vs. crystallization age of the rocks with a mantle extraction age of =2 3.0 Gyr. It can be seen that rocks with a

young crystallization age have lower modelled Rb/Sr ratios. The red bar is the median Rb/Sr ratio (0.088) of

rocks with a crystallization age of above 2.5 Gyr.

S Conclusions

A new compilation of Al,O3, TiO, and Zr concentrations of fine-grained terrigenous sedi-
ments was used to quantify the rock composition of the emerged crust 3.25 Gyr ago. We show that
the composition of detrital sediments in the Paleoarchean is best explained with the presence of

~65 wt% felsic rocks and ~11 wt% komatiitic and/or ultramafic material in the emerged crust.
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From our estimate, the proportion of mafic and ultramafic rocks decreased from around 35 to 24
wt% from the Archean to the Proterozoic. This shift is smaller than what was advocated previously
and we argue that the emerged continents 3.25 Gyr ago were already chemically mature, a result

that supports the operation of some form of subduction at that time.

We also used the Zr/Al,Os ratio of the sediments to investigate whether or not hydrody-
namic mineral sorting influenced their composition. We find that Archean samples were only mar-
ginally impacted by such processes. However, there might be a temporal correlation between time
intervals with low Zr/Al,Os ratios in fine-grained sediments and periods of supercontinents, indi-
cating the possibility that large landmasses and mountain building processes led to enhanced con-

tinental storage of dense minerals like zircons during those times.
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Figure S1. Panels A, B and C display Al,O3/TiO, ratios vs. SiO, concentrations of calc-alkaline (A), tholeiitic
(B) and alkaline (C) rocks. Panels D, E and F display Zr/TiO; ratios vs. SiO; concentrations of calc-alkaline (D),
tholeiitic (E) and alkaline (F) rocks. Data is from the compilation of Keller and Schoene (2012). Only rocks with
total oxides between 99 to 101 wt% are considered. Igneous rocks were sorted into alkaline and subalkaline series
based on their Na,O + K,0 and SiO; concentrations (wt%) after MacDonald and Katsura (1964). The subalkaline

rocks were subdivided into tholeiitic and calc-alkaline series by considering their FeOr/MgO weight ratios and

36



710
711
712
713
714

715

Si0, concentrations (wWt%) following Miyashiro (1974). Using the definition for alkaline, tholeiitic and calc-
alkaline rocks of Irvine and Baragar (1971) (division of subalkaline rocks is based on an alkali-iron-magnesium
-AFM- diagram), most of the SiO; rich tholeiitic rocks would enter the calc-alkaline field. However, irrespective
of the definitions chosen, the three magmatic series always exhibit positive correlations between the Al,03/Ti0,

and Zr/Ti0; ratios vs. SiO;, concentrations.
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entially transported in the suspended sediment fraction (presumably in clays). Data is from Bouchez et al. (2011)

and Lupker et al. (2011).
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Figure S5. Left: Zr/Al,0; weight ratios of igneous rocks plotted vs. SiO, concentration. A slight positive corre-
lation between these two parameters can be observed. For clarity, y-axis has been cut at a Zr/Al,O3 value of 38.
Right: Zr/Al,0O3 vs. age of all igneous rocks. Red line is a correlation through average values calculated at 500
Myr intervals (red circles), which can be fitted using a polynomial Zr/Al,03; = 12.478 + 0.001538¢ —

1.8927 * 107°¢2 + 3.1439 = 10719£3, with ¢ the age in Myr. Data is from Keller and Schoene (2012).
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Figure S6. Tests to evaluate if changing the composition of the komatiite end-member influences the recon-
structed crust composition. The end-member komatiite compositions considered are the Al-depleted Komati For-
mation (top panel) and Al-enriched Weltevreden Formation (bottom panel). The grey dotted lines are the rela-
tionships established based on Ni/Co and Al,03/TiO; ratios using the average composition of all komatiites.

Changing the composition of the komatiite endmember does not significantly influence the results.
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Figure S7. Test to evaluate if felsic and mafic endmembers defined by Archean tholeiitic rocks would translate
the 3.25 Gyr old fine-grained terrigenous sediment record into a mafic emerged crust. As shown, using these
endmembers leads to a bigger scatter than observed in our initial and preferred model, but would still call for

~55wt% felsic rocks in the Paleoarchean emerged crust.
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