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Abstract

We present a five-reservoir open-system model for the 82Hf-'82W and 146Sm-142Nd
isotope evolution of the Earth to constrain early mantle-crust exchange and late accretion
processes. In the presented model, core formation is complete within 30-100 Myr after solar
system formation. The complementary bulk silicate Earth (BSE) differentiates to form a
continental crust (CC), an incompatible element depleted upper mantle (UM), an initially
primitive but continuously evolving lower mantle (LM), and an isolated reservoir (IR) where
the recycled crust is stored for 1 Gyr before mixing into the LM. Late accretion adds bulk
Earth-like material to the mantle after core formation, concurrent to progressive silicate
differentiation. The 82w and '%2Nd isotope evolution in each reservoir is calculated with a
series of differential equations that compute the changing abundance of each isotope from the
start of solar system evolution (t = 4.56 Ga) to the present (t = 0 Ga). Core formation until at
least 45—-60 Myr after solar system initial is most compatible with the modeled 82W evolution
of the silicate Earth, which limits the amount of late accreted material to about 1.0-0.5%.
However, the pre-late accretion 8w and Hf/W (or W) of the BSE depend strongly on the
rate and duration of core formation and determine the amount of late accreted material
necessary to evolve to the present u'®Wegse ~ 0. The interdependency of these parameters is
key for evaluating the variable influence of late accretion and early mantle-crust interaction on
the Hf-W evolution of the BSE. Nevertheless, heterogeneous distribution of the late accreted
material to the mantle, in combination with Hadean crust formation and recycling is required
to form a mantle reservoir with a small range of 82W excesses between 10-15 ppm throughout
the Archean, as observed in most Archean rocks. Reproducing the observed *2Nd and 82w
signatures in Hadean-Eoarchean mantle-derived rocks with our model further requires that
continental crust starts to form within the first ~50 Myr after core formation. Continuous
exchange between the crust and the different mantle reservoirs in our model leads to post-
Archean homogenization of early-formed #2W and *2Nd heterogeneities and development of
present bulk silicate earth values in all silicate reservoirs. But if part of the recycled CC in our
model is isolated from further exchange with other crustal and mantle reservoirs, the average
LM reservoir in the presented model maintains slightly negative pu*®W since late accretion,
which provides a possible explanation for the observed #2W deficits in some young ocean
island lavas.

Keywords: Hf-W isotope system, 142Nd, open system evolution, late accretion, core formation,
early earth
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1. INTRODUCTION

Owing to the limited rock record of Hadean and Archean rocks, our understanding of the
geodynamic processes during Earth’s earliest evolutionary phase remains rudimentary. The
182H£-182\y systematics of meteoritic and planetary samples have shown that terrestrial core
formation occurred within the first 30—-100 Myr of solar system formation (e.g., Lee and
Halliday, 1995; Harper and Jacobsen, 1996; Kleine et al., 2002; 2009; Yin et al., 2002; Halliday
and Wood, 2009). Continued accretion after core formation added further material, which
determined the mantle abundances of the highly siderophile elements (HSE: Re, Os, Ir, Ru, Pt,
Rh, Pd, and Au) and influenced Earth’s 82W isotope evolution (Kimura et al., 1974; Kleine,
2011). It remains debated when core formation ceased, and thus when late accretion began,
how long the late accretion phase lasted, and if dispersal of late-accreted material created
transient, but variably long-lived HSE and 82W isotope heterogeneities in the Earth’s mantle.
Van de Locht et al. (2018), for example, argued that mantle rocks younger than 3.8 Ga have
HSE abundances similar to the modern mantle, suggesting termination of late accretion and
complete homogenization of the accreted material at ~3.8 Ga. Others argue for longer
homogenization timescales based on lower than present HSE abundances in komatiites older
than ~3.0 Ga (Maier et al., 2009). Concurrent to late accretion, Earth’s earliest crust started to
form (e.g., Wilde et al., 2001; Harrison et al., 2008), which initiated the progressive
compositional differentiation of the silicate Earth.

The short-lived radioactive decay systems 82Hf-182\W (t;, = 8.9 Myr) and 1°Sm—-242Nd (tu/
=103 Myr) are variably sensitive to the different geodynamic processes during Earth’s earliest
evolutionary phase (e.g., Kleine et al., 2002; Boyet and Carlson, 2005; Caro, 2011; Kleine,
2011; Kleine and Walker, 2017; Rizo et al., 2016; Rosas and Korenaga, 2018; Carlson et al.,
2019). Owing to the moderately siderophile behavior of W under highly reducing conditions,
the 82Hf-182W decay system is mostly sensitive to metal-silicate fractionation during core
formation or early magma ocean crystallization (e.g., Kleine et al., 2009). However, under
more oxidizing conditions typical of silicate differentiation processes after core formation, W
is lithophile and more incompatible than Hf (Newsom et al., 1996; Righter and Shearer, 2003;
Arevalo and McDonough, 2008). Early crust formation and concurrent mantle depletion
therefore also influence the 82w evolution of the silicate Earth, if they start within the lifetime
of 82Hf. On the other hand, because Sm and Nd are refractory lithophile elements (Nd is more
incompatible than Sm), the 1*6Sm-12Nd decay system is controlled exclusively by the timing
and nature of silicate differentiation within the first ~500 Myr of Earth’s history (e.g., Jacobsen
and Harper, 1996; Boyet and Carlson, 2005, Caro et al., 2006; Roth et al., 2013).

Most mantle-derived rocks older than 2.4 Ga have non-zero p'®W within a narrow range
of about +10 to +15 (u'®W is the ppm deviation in *82W/*4W relative to the present terrestrial
standard), which are variably attributed to core formation, non-uniform distribution of late
accreted material within the mantle, and silicate melt-crystal or metal-silicate fractionation in
an early magma ocean (e.g., Willbold et al., 2011; Touboul et al., 2012; Touboul et al., 2014;
Liu et al., 2016; Puchtel et al., 2016; Puchtel et al., 2018; Archer et al., 2019; Tusch et al.,
2019). Despite u*®W within a narrow range of +10 to +15, u**?Nd in Archean mantle-derived
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rocks vary from positive to negative values (U'*2Nd is the ppm deviation in 1*2Nd/***Nd relative
to the present terrestrial standard), indicating that chemically distinct crustal and mantle
reservoirs started to form within the first ~500 Myr of Earth’s history (e.g., Bennett et al., 2007,
Rizo et al., 2011; O’Neil et al., 2016). The 3.8-3.3 Ga old rocks from the Isua Supracrustal
Belt, Greenland, for example, have p'2wW >0 and p!4?Nd >0 (Willbold et al., 2011; Rizo et al.,
2016). On the other hand, ~3.5-3.3 Ga old rocks from the Pilbara Craton, Western Australia,
have u®w >0 but u'*2Nd ~0 (Archer et al., 2019), and the ~4.0-3.6 Ga old rocks from the
Acasta Gneiss Complex, Canada have p*®?W >0 and p*?Nd <0 (e.g., Roth et al., 2014;
Willbold et al., 2015; Reimink et al., 2018). With p!¥W <0 and pu'“?Nd <0, the ~3.5 Ga old
Schapenburg komatiites are an exception (Puchtel et al., 2016). Variable 14Nd excesses and
deficits coupled with excess 82W of similar magnitude in most Archean mantle-derived rocks
imply that heterogeneous early-formed mantle and crustal components are part of their mantle
source(s). In contrast, post-Archean rocks are generally similar to the modern accessible mantle
with u'®wW ~0 and p!*?Nd ~0 (Rizo et al., 2013; Mundl et al., 2018; Rizo et al., 2019),
indicating progressive homogenization of Hadean and early Archean W and *°Nd
heterogeneities. However, some young ocean island basalts (OIB) have p!?W <0, which
require either the preservation of 82W deficits produced during the life-time of ®Hf or
incorporation of core material with u*®wW ~ —200 (Mundl et al., 2017; MundI-Petermeier et al.,
2020; Rizo et al., 2019).

Here, we present an open system model for the isotopic evolution of Earth’s major
reservoirs, which is adapted from the model presented by Kumari et al. (2016, 2019) by
incorporating the **Sm-1%2Nd and 82Hf-82W isotope systematics, and by implementing an
additional core reservoir within a five-reservoir model of Earth’s isotopic evolution. The model
quantitatively evaluates how (i) the duration and rate of core formation influence the pre-late
accretion p'W, W concentration and Hf/W ratio of the bulk silicate earth and how the
interdependency with (ii) the amount, rate, and style of late accretion, and (iii) the timing and
nature of silicate differentiation (i.e., crust formation and crust-mantle interaction) affects the
182\ and 42Nd isotope evolution of the evolving silicate Earth.

2. METHODS: OPEN SYSTEM EVOLUTION OF THE EARTH
2.1. General model set-up

The model presented here is an extended version of the model presented by Kumari et al.
(2016, 2019), which uses the long-lived U-Th—Pb, Rb—Sr, Sm—Nd, and Lu—Hf isotope
systematics to quantify mass fluxes between a bulk continental crustal reservoir (CC), and two
different mantle reservoirs to simulate the geochemical evolution of the silicate Earth. The
modeled mantle reservoirs consist of an incompatible element depleted, so-called upper mantle
(UM), and a non-primitive lower mantle (LM). In addition, there is an isolated reservoir (IR),
where recycled continental crust is stored before being transferred into the LM. In this open
system, or “box modeling” approach, radiogenic isotope ratios in a reservoir are functions of
the parent-daughter ratios in each reservoir as well as the fluxes into and out of the reservoirs
(e.g., Paul et al., 2002; Kumari et al., 2016).
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Here, we extend the open system model of Kumari et al. (2016, 2019) by including an
additional core reservoir. Starting with the elemental inventory of bulk earth, the core forms in
different time periods, by mass and species (i.e., the moderately siderophile element W)
exchange between core and mantle until the core has reached its present mass (see Fig. 1,
section 2.3 and the supplementary material for equations describing the rate of mass and species
exchange between core and mantle). Core formation results in formation of a complementary
silicate reservoir, the bulk silicate earth (BSE), with initial pt82wW, W concentration and Hf/W
determined by the duration and rate of core formation (section 2.3). After core formation, late
accretion of bulk Earth-like material and concurrent silicate differentiation into bulk crust and
different mantle reservoirs regulate the #2Hf-'82W and 1*Sm-142Nd isotope evolution in this
five-reservoir model of Earth’s isotopic evolution.

Specifically, the CC grows by mass fluxes from the LM and UM reservoirs and shrinks by
recycling into the mantle (Fig. 1). One fraction of the recycled crustal material goes into the
UM, which can be varied with the model parameter fr (fr has a default value of 0.4, Kumari et
al., 2016). The remainder, 1-f, is stored in the IR before being transferred to the LM. The
default storage time in the IR is 1 Gyr, but shorter and longer residence times are also explored.
Long residence times (>4.5 Ga), for example, simulate formation of an early reservoir that
remains isolated for the rest of Earth’s history (e.g., Boyet and Carlson, 2005). The outgoing
flux into the CC and the influxes from the CC, LM, and late accreted material determine the
evolution of the UM (Fig. 1). The LM evolves by the initial influx from late accreted material,
and the continuous influx of recycled CC after transient storage in the IR, and the outgoing
fluxes into the UM and CC (Fig. 1).

A series of first-order differential equations, describing the changing abundance of each
isotope species in each reservoir, is solved numerically using the fourth-order Runge-Kutta
method at 1 Myr time steps from 4.56 Ga to the present (see supplementary material of Kumari
et al., 2016 for details and also supplementary material of this study for additional equations
constraining the core-mantle mass and species exchange). The set of fixed and variable model
parameters (Tables S1-S3) are discussed in detail in Kumari et al. (2016, 2019). These include
reservoir masses (M), the residence or isolation time (IT) of the recycled CC material in the IR,
and bulk mass or elemental transfer factors (D) between the different reservoirs, which are
constrained by simultaneously reproducing the estimated present-day average elemental
abundances and isotope ratios of each reservoir (Tables 1-3). These present terrestrial reservoir
compositions are constrained by global data of mid-ocean ridge basalts (MORB, UM), plume-
derived ocean island basalts (OIB, LM), and the continental crust (CC) (see details in Kumari
et al., 2016, 2019). The composition of the additional core reservoir in the model presented
here (Table 2) is taken from estimates of Arevalo and McDonough (2008) and McDonough
(2014).

Note that the mass transfer factor Di in our model is NOT a bulk solid-melt partition
coefficient, but rather a parameter that represents the combined mass transfer for each element
i between the different reservoirs (Paul et al., 2002). Mass transfer could result from several
processes such as one or more melting events, potential fluid transport, etc. A value of D; >1
enriches, and a value of Di <1 depletes a given reservoir in the element i. Based on constraints
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from the long-lived radioactive decay systems (Rb-Sr, Sm-Nd, Lu-Hf, U-Pb, Kumari et al.,
2016 and 2019), our model assumes exponential crustal growth with 90% of the flux coming
from the UM and the remainder from the LM, resulting in a present mass fraction of the UM
reservoir (mum = Mum/Mwm) of ~0.5-0.6. Because the majority of the CC is thus formed from
the UM, the model parameter mum effectively controls the concentration of each element in the
UM (C'um = Mium/(Mm x mum); where Cluwm is the concentration of element i in the UM, Mium
is the mass of element i in the UM, and Mw is the total mantle mass). We have also performed
model simulations by varying the parameters muwm, fr, Di, and the residence time of recycled
crust in the IR to explore different scenarios that satisfy the observational constraints from the
182\ and 1%2Nd data in Archean rocks.

2.2. Initial state of the model

The initial bulk Earth abundances of *4¢Sm, 82Hf, and *82W were calculated using the solar
system initial isotope ratios of *6Sm/“4Sm = 0.0085 (Boyet et al., 2010), EHf/*®Hf =
1.018x10"* (Burkhardt et al., 2008), and *82W/*¥*W = 0.864598 (Kleine and Walker, 2017), and
the present abundances of the stable isotopes *44Sm, 18°Hf, and #*W. The abundances of the
stable isotopes (1**Sm, 18Hf, 184W) are calculated using their present relative abundances and
concentrations of Sm, Hf, and W in the bulk Earth (Table 1). The solar system initial
142N d/**Ndi is calculated using the following equation:

142Nd/144th: 142Nd/144Ndi + (lAGSm/IMSm)I (144Sm/147sm)P (147Sm/144Nd)P (1_e—).146Xt) (1)
where t is the time from the origin of the solar system to the present. Further, the (}*’Sm/***Nd),
and (***Sm/*7Sm), are calculated using the present abundances of isotopes and concentrations
of Sm and Nd in the bulk Earth (Table 1). The calculated initial abundances of all modeled
radioactive parents, radiogenic daughters, and stable isotopes in the bulk Earth are given in the
supplementary material (Table S4).

2.3. Core formation

In our model, core formation begins at t = 4.56 Ga (the start of solar system condensation)
and starts with the mass (5.94 x 10%*kg) and elementary inventory (Sm, Nd, Hf, W) of the bulk
Earth (Table 1). In the default model set-up, the core grows linearly to its present mass of 1.883
x 10%* kg for periods of 30, 45, 60, or 100 Myr. The 30 Myr core formation period is one end-
member case, constrained by single-stage instantaneous ®2Hf-'®2W core growth models
(Kleine et al., 2009). For the 100 Myr end-member, 182Hf is almost completely extinct at the
end of core formation.

In each increment of core formation, W goes into the core, but Hf, Sm, and Nd stay in the
complementary silicate reservoir, the bulk silicate earth (BSE). The BSE thus maintains
chondritic Sm/Nd and p!?Nd values until the end of core formation, but evolves to
progressively lower W concentrations (Wese) and higher Hf/Wgse and p'2Wagse values. The
latter are determined by the rate and overall magnitude of the W flux to the core, which in our
model, is controlled by the bulk silicate-metal transfer factor, Dwsilicate-metal. The Hf/Wase
(Wese) and pu!82Wegse values at the end of core formation define the subsequent 82w evolution
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of the BSE, but unfortunately remain unknown (Kruijer et al., 2015, Touboul et al., 2015). We
therefore use the present p!82Wase to constrain the 82w evolution of the BSE. The present
u82Wese is 0 by definition, but has been lowered by continued accretion after core formation,
during the so-called ‘late accretion’ phase. Recent estimates of the present, pre-late-accretion
U¥2Wese range from +10 and +40 (Kruijer et al., 2015; Touboul et al., 2015). We use a
H82Wese target value in the middle of this estimated range, and adjust Dw silicate-metal fOr €ach
given core formation period such that the BSE evolves to pu®w = +25 at the present day,
without adding any late accreted material.

This strategy allows exploring how different rates of core formation, simulated by varying
Dwisilicate-metal, influence the modeled Wasg, Hf/Wase, and u®?Wase values at the end of core
formation, and how these different starting values change the 82w evolution of the evolving
crust and mantle reservoirs during subsequent late accretion and silicate differentiation
processes (see detailed discussion in sections 3.1, 4.1).

An alternative strategy would be to assume that the present pre-late accretion u'®Wgse
value (+25) is equivalent to the u'®Wpgse value at the end of core formation. But this
assumption inherently implies that there is no contribution of radiogenic W to the 82w
budget of the BSE after core formation ended, that is, late accretion started after 32Hf became
extinct (>80-100 Myr). Although this may be a viable assumption (e.g., Maurice et al., 2020),
the duration of core formation remains unknown (e.g., Rudge et al., 2010). Moreover, despite
the short ca. 8.9 Myr half-life of 182Hf, radiogenic '®?W contributes significantly to the 82w
budget of the BSE, if core formation is shorter than ~80 Myr (Fig. 2). Hence to allow for
different core formation periods, and thus starting times of late accretion, we used the core
growth model described above, and discussed in more detail in section 3.1, to constrain the
U!82Wese and Hf/Wase (Wese) at the end of core formation.

Any deviations from the default linear core formation model, for example a large mass and
thus W flux to the core early or late during core formation (e.g., by a giant impact), influence
the initial pu'¥Wase, Wase and Hf/Wese at the start of late accretion, and thus the subsequent
182\ evolution of all silicate reservoirs (Fig. 3). Different, non-linear core formation scenarios
are therefore also explored, and discussed in more detail in sections 3.1 and 4.1.

In addition, the comparatively large uncertainty of the present, pre-late accretion pu*®Wese
target value, with a possible range of values between +10 and +40, affects the modeled
U82Wase evolution. This uncertainty is caused by the large uncertainty of the parameters
required to make this estimate (Kruijer et al., 2015; Touboul et al., 2015). Namely, the amount
and type of late accreted material, which is derived from the HSE concentrations of the BSE,
but especially the Wgse (13 = 10 ppb, 2SD, Arevalo and McDonough, 2008). The chosen target
value in our model, u*®¥Wegse = +25, is therefore by no means a robust constraint. How these
imposed uncertainties on the u'®Wasse evolution influence other model-derived constraints,
e.g., the mass of late accreted material, is discussed in detail in sections 3.2 and 4.2.

2.4. Late accretion
Late accretion is the addition of extra-terrestrial material to Earth after the end of core
formation (Chou, 1978; Walker, 2009). In our model, late accretion thus starts with the end of
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core formation at 30, 45, 60 or 100 Myr after solar system formation (4.56 Ga) and ends at 3.8
Ga. Addition of late accreted material until 3.8 Ga marks the end of the so-called ‘lunar
cataclysm’ (Tera et al., 1974), which is often considered as the end of the late accretion period
(e.g., Maier et al., 2009; van de Locht et al., 2018). The late accreted material (also termed ‘late
veneer’) used in this study has Hf and W abundances similar to estimates for bulk Earth (Cw =
180 ppb, Cnr = 197 ppb; Table 1; McDonough, 2014) and a p!82W of —190 + 10 (Kleine et al.
2004). The late accreted material (LAM) is added until the BSE has a p!®W ~ 0 at 3.8 Ga
similar to its present value. The target for the evolution of the UM reservoir is the narrow range
of u*®W values between +10 and +15 that is observed in most mantle-derived Archean rocks
(4.0-2.5 Ga), and the pu*®W ~0 for post-Archean basalts (e.g., Mundl et al., 2018; Rizo et al.,
2019).

We investigate different styles of late accretion. During uniform, or homogeneous late
accretion, the fraction of LAM going to the UM and LM is proportional to the mass of these
mantle reservoirs (section 3.4.1). Non-uniform or heterogeneous late accretion is when the UM
reservoir receives a smaller relative fraction of the incoming material than the LM reservoir
(section 3.4.2). Note that although we use the terminology of upper and lower mantle (UM and
LM), there is no spatial connotation implied. Rather, these two boxes in our model should
simply be perceived as two different mantle reservoirs that can receive different amounts of
LAM (and have different in-and outgoing fluxes from and to the crust).

We also simulate different rates of late accretion, for example adding a significant fraction
of the material at the beginning or end of the late accretion period, which simulates sudden
addition of large single bodies versus addition of a fixed amount per time interval (linear flux
rate). How the different rates, but also composition of the late accreted materials (e.g.,
differentiated vs. undifferentiated objects) affect the pu®wW evolution of the different silicate
reservoirs, as well as the geodynamic implications of the different late accretion scenarios will
be discussed in detail in sections 3.3 and 4.2.

3. RESULTS
3.1. Effect of core formation on the pre-late accretion Wase, Hf/Wese, and p*®?Wase

The evolution of ut82Wegse for core formation periods of 30, 45, 60 and 100 Myr is shown
in Fig. 4. In each case, u'®Wsese evolves to the chosen present target value of +25 without late
accretion (Kruijer et al., 2015; Touboul et al. 2015; Kruijer and Kleine, 2017).

Notably, even for a core formation period of 60 Myr, when 82Hf is nearly extinct, a minute
amount 82Hf is left over in the BSE (**2Hf/*®Hfgse >0, Fig. 2), which leads to a subsequent
increase of u%Wase, if not counteracted by the addition of late accreted material (Fig. 4).
Hence, for core formation times, tcr, less than ~80 Myr (Figs. 2 and 4), the duration of core
formation influences pu*®?Wsse considerably and, depending on Hf/Wsase at tcr, determines how
much radiogenic 82W is produced in the BSE after core formation.

Different p*®2Wgse and Hf/Wase (*¥°Hf/*®*Wase =0) at tcr for different rates and durations
of core formation (Figs. 3 and 4) result from different mass and associated W flux rates required
to accumulate the total mass of the core over different core formation periods. The W flux rate
to the core is controlled by the silicate-metal transfer factor Dw silicate-metal in OUr model (section
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2.3). Different Dw gsilicate-metal Values lead to different Wgse and Weore at tcr (Table 4). Because
Hf remains entirely in the evolving BSE, the different Hf/Wagse at tcr thus result solely from
the different Wase values at tcr. Hence the Dwsilicate-metal 1S Set such that the Hf/Wgsg and
H82Wese at tcr lead to the present pre-late accretion target value p82Wagse of +25 (Table 4; Fig.
4, eqn 2), which is calculated by:

182W/184WBSE =0 = 182W/184WBSE,tCF + [182Hf/180HftCF X 180Hf/184WBSE,t=O] (2)
For our default linear core formation model, the u'Wpgse at tce (**?W/*8*Wase wcF) decreases
for shorter core formation periods, tcr (Table 4; Fig. 4). But because 82Hf/*®Hficr increases
exponentially with shorter tcr during the lifetime of *2Hf, Hf/Wgse (**°Hf/*®*Wgse 1=0) also has
to decrease to evolve to a fixed present u%?Wese (132W/*8*Wegse =0, Table 4). Shorter core
formation periods during the lifetime of 82Hf therefore lead to lower u*®Wsase, but also require
lower Hf/Wase at tcr to evolve to the same present pre-late accretion pu*®Wese of +25 (Table
4; Figs. 3 and 4). The low Hf/Waske values at tcr for short core formation times are due to high
Wse values caused by low Dwgilicate-metal Values (Table 4).

Any deviations from the default linear core formation model, for example a large mass and
thus W flux to the core early or late during a given core formation period, influence the
U82Wase, Hf/Wase (Wase) values at the end of core formation, tcr (Table 4; Fig. 3). For fast
core growth rates early during a given core formation period, u'®Wese at tce increases
compared to the linear core growth model (Table 4; Fig. 3). As the value of (**2Hf/*Hf)icr is
only a function of tce, higher u'®Wase at tce in response to fast early core growth rates during
a given core formation period therefore require lower Hf/Wase to get the same present p82Wgse
(+25, Fig. 3).

Hence, different rates and durations of core formation cause variable p!®2Wgse, Hf/Wase,
and Wase at the end of core formation or start of the late accretion period (Figs. 3 and 4).
Ultimately, these different BSE starting values determine the subsequent 82W isotope
evolution of the BSE, and influence other model-derived constraints, foremost the amount of
late accreted material required to evolve to u'¥Wese = 0 at the end of the late accretion period,
as discussed in the following.

3.2 The relation between the rates of core growth and the amount of late accretion

The amount of late accreted material (LAM) and the rate and duration of core formation
are interdependent parameters, because the different u'®Wegse and Hf/Wgse (Wase) values in
response to different rates and durations of core growth determine how much LAM is required
to evolve to p!82Wese = 0 at the end of the late accretion period (3.8 Ga). In our default linear
core growth model, the amount of LAM varies from 1.9% to 0.07% relative to the bulk Earth
mass for core formation periods between 30 and 100 Myr, and is largest for short core
formation periods (Table 4; Fig. 4). Longer core formation periods require less LAM, mainly
because Wese at tcr is lower, and although Hf/Wasse and p'®Wese are higher compared to
shorter core formation periods (Table 4; Fig. 4; section 3.1).

Any deviations from the linear core formation model, for example rapid early or late core
growth, and thereby a large W flux to the core early or late in the pre-late accretion period (e.g.,
following the moon-forming impact), considerably influence the p*®?Wgse and Wase (or
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Hf/Wase) at the start of the late accretion period, and thus also the amount of LAM required to
evolve to u!82Wase ~0 at the end of late accretion (Fig. 3 shows results for tce = 45 Myr, Table
4). Rapid early core growth leads to higher p'#2Wegse and #2Wese (lower Hf/Wgse) immediately
after core formation and require a larger mass of LAM compared to linear core growth (Fig. 3;
Table 4). A rapid rate of core growth late during the core formation period, for example by a
giant impact, leads to lower p'®Wegse and Wase (higher Hf/Wese) immediately after core
formation and requires a smaller mass of LAM compared to linear core growth (Fig. 3; Table
4). The rate and duration of core formation thus have a large influence on the p*®?wW and W
concentration (Hf/W) of the BSE and thus also the amount of LAM inferred from the 82w
systematics. Similar effects are also observed for other core formation periods of 30, 60, and
100 Myr (Figs. S1-S3; Table 4).

The amount of LAM is most sensitive to Wask at the end of core formation (Table 4; Fig.
5). This is because late accretion essentially compensates for the excess ®2W that leads to the
assumed p®Wpgse = +25 without late accretion, compared to u'82Wegse = 0 including LAM.
This small amount of excess 82W depends on the values of p!%2Wgsg, Hf/Wese (Wase) and
182Hf/180Hf at the end of core formation (egn. 2), and is therefore set entirely by the pre-late
accretion processes (core formation rate in our model, see detailed discussion in sections 3.1
and 4.2). Because the absolute amount of excess 82W scales with Wgsg, the amount of late
accreted material needed to develop to pu*®?Wase = 0 is most sensitive to Wase at tce. The lower
Wase at tcr, the smaller is the absolute amount of excess 82w, and the smaller is the amount
LAM required to develop to u*®Wase = 0 at the end of late accretion (Table 4; Fig. 3).

Other than Wasg, the composition of the LAM has an effect on the required amount of
LAM. But since variable rates and duration of core formation result in highly variable Wase
(Table 4), and if the variation in pu'®W of possible late accreted materials is comparatively
small (Kleine et al., 2009; see further discussion in section 4.2), the composition of the LAM
has a subordinate effect on the amount of LAM compared to the value of Wgsg, which is set
by core formation (and early accretion, see further discussion in section 4.2).

3.3 B2\ isotope evolution of the BSE: influence of variable rates of late accretion

The shape of the ut8Wagse evolution curve during the late accretion phase depends strongly
on the amount of LAM per time interval, that is, the rate of late accretion. The constant
composition and amount of LAM per time interval in our default model (linear late accretion
rate, Fig. 6a-b and section 2.4) leads to a linear decrease of p!82Wase shortly after the end of
core formation until pt¥Wsase = 0 at the end of late accretion at 3.8 Ga. In contrast, adding 90%
of the total amount of LAM to the mantle in the initial 100 Myr of late accretion (rapid late
accretion scenario) leads to a rapid decrease of p'82Wegse in this time interval (Fig. 6a-b). When
90% of the total amount of LAM is added in the last 100 Myr of late accretion time (delayed
late accretion scenario) the BSE maintains high u'®Wase values, depending on the initial
U82Wase, and Hf/Wase at the start of late accretion (i.e., the rate and duration of core formation,
section 3.1). Thereafter, p82Wagse rapidly drops to 0 during this final late accretion phase (Fig.
6b).
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Note, however, that the BSE evolution shown in Fig. 6b and d is essentially a theoretical
reservoir evolution, because mantle-crust differentiation starts concurrent to late accretion, and
thus the BSE reservoir ceases to exist with the start of late accretion. The subsequent silicate
Earth evolution is effectively captured by the evolving mantle and crust reservoirs (UM, LM,
IR, CC) in our model. The 8w evolution of the evolving mantle and crustal reservoirs is
influenced by several parameters. These are how the LAM is distributed between the different
mantle reservoirs (UM and LM), and how the distribution of W between the evolving mantle
and crustal reservoirs affects the W concentrations (and Hf/W) and thus the proportion of W
from the LAM to the amount of W in each reservoir. The latter essentially regulates how
sensitive each reservoir reacts to the incoming late accretion flux. Starting with the simplest
case of uniform distribution of the LAM to the UM and LM (homogeneous late accretion) in
the following (section 3.4.1), it will be discussed how the variable distribution of the LAM
between the UM and LM (heterogeneous late accretion, section 3.4.2), and variable rates of
late accretion affect their 182W evolution (section 3.4.3).

3.4 Crust-mantle 1#2W isotope evolution
3.4.1 Homogeneous late accretion

Figure 7 shows model results for uniform or homogeneous addition of the LAM to both
the evolving UM and LM reservoir until 3.8 Ga for core formation periods of 30, 45, 60, and
100 Myr, using the set of model parameters listed in Table S2. For transfer from mantle to
crust, the default bulk elemental enrichment factor for W between mantle and crust (Dw), is set
equal to that of Th and U (~200) as used by Kumari et al. (2016) based on the assumption that
W is similarly incompatible during silicate differentiation as U and Th (Righter and Shearer,
2003; Arevalo and McDonough, 2008).

In Fig. 7, all silicate reservoirs initially develop u*®wW >0 due to decay of left-over 82Hf,
which then variably decreases due to the addition of LAM with W = —190. Notably, the
LM is the largest silicate reservoir in our model, but the bulk of the CC is formed by the mass
flux from the UM (section 2.1, Kumari et al., 2016, 2019). This means there is only a small
outgoing flux from the LM to the CC. The return-flux of the CC goes into the UM and IR (Figs.
1 and 7). Because the isolation time of the recycled material in the IR is ~1 Gyr before mixing
into the LM, there is effectively no incoming flux of recycled CC into the LM until 1 Gyr after
core formation (~3.5 Ga). Even thereafter, the effect on p*®?Wyy is minimal owing to the small
amount of W in the recycled crust relative to the large amount of W in the LM. Hence, the LM
maintains a ‘near-primitive’ composition and thus evolves similarly to the BSE until the end
of the late accretion period (3.8 Ga), and subsequently maintains a p*82w ~0 (for all four core
formation periods).

The CC is formed mostly by the mass flux from the UM (Fig. 1, section 2.1), and thus only
little W is left in the UM leading to high Hf/Wuwm values (Dw > Dwf). Consequently, the UM is
very sensitive to the addition of LAM, which changes its u*®Wum more easily than that of any
other reservoir. In fact, the UM retains so little W after the core formation that the addition of
small amounts of LAM overwhelm the otherwise increasing p*®?Wuwm due its high Hf/Wuw,
resulting in u*®Wuym <0 in the Archean (Fig. 7).
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There are two ways to counteract the evolving u'8Wuywm <0 in our model: (1) adding less
LAM and (2) recycling crust (CC) with pu*®wWywm >0. Increasing the recycling flux of the CC
into the UM relative to the IR by varying the parameter fr (from 0.1 to 0.9, section 2.1) results
in a less negative u'®Wuyw in the Archean (Fig. 7). But the effect is limited due to the relatively
small mass of the CC at this time, and thus the small amount of W recycled into the UM.
Therefore, the only way to counteract the negative p'#2Wuywm is by non-uniform addition of
LAM to the UM and LM, that is, by heterogeneous addition of the LAM to Earth’s mantle.

3.4.2 Heterogeneous late accretion

Figure 8 shows the W evolution in the different modeled silicate reservoirs when the
LAM is added linearly, but non-uniformly, to both the UM and LM for a core formation period
of 45 Myr, and late accretion until 3.8 Ga (model results for core formation periods of 30, 60
and 100 Myr are shown in Figures S4-S7). Adding only a small fraction (2%) of the total
amount of LAM to the UM (and the remainder to the LM) leads to positive p'®2Wuwm values at
the beginning of the late accretion period (Figs. 8 and 9). Geodynamically, this corresponds to
a scenario where parts of a progressively depleting mantle (the modeled UM) receive less LAM
than other parts of the mantle (e.g., the LM in our model). The scenario where the UM receives
only 2% of the total amount of LAM and the remaining 98% goes into the LM (Fig. 8)
successfully reproduces the pu®Wywm target range, i.e., the observed range of p!82w ~ +10-15
of most Archean rocks.

The key parameters for achieving a successful solution shown in Fig. 8 are the non-uniform
mixing of LAM into the mantle, and the recycling of CC with pu*®2w >0. Addition of recycled
crust with high p*82W to the UM results in a significant increase in the p'#2Wuyw in the Archean
(Fig. 8). The kink in the p*82Wuwm evolution observed immediately after the end of late accretion
at 3.8 Ga in Fig. 8 marks the effect of crustal recycling, which becomes more pronounced after
the end of late accretion and protracts the time interval of p*®Wuym ~+10—15 until the end of
Archean. Hence, a balance between the addition of LAM with p!82wW <0 (-190) and recycling
of CC with p*¥W >0 is essential for maintaining a near-constant u'#wW ~+10-15 in the UM
over the entire duration of the Archean. Progressive interaction of crust and mantle afterwards
slowly homogenizes p*82W in the crust and mantle reservoirs resulting in a steady decrease of
H2W in the CC and UM (and increase in LM) from ~+10-15 since the Archean towards the
present p*8?Wase = 0.

However, maintaining p*¥2Wuw in the range of +10 to +15 requires that the total amount
of LAM added to the UM is comparatively small (2% of the total flux, Fig. 8). But even then,
u82Wywm is between +10 and +15 only for a short time-period between 3.8 and 3.5 Ga if the
default mantle-crust transfer coefficient Dw of 200 is used (Fig. 9a). Prolonging the time
interval of u8Wywm ~ +10 and +15 therefore also requires a higher W flux to the crust, resulting
in a higher Hf/W ratio in the UM, and consequently, an increased W flux with positive p®w
back into the UM. Such a higher W flux to the crust is simulated by increasing the mantle-crust
Dw from 200 (Fig. 9a) to ~400, and is used for the models shown in Figure 8 and 9b, which
reproduce the target range of p!%2Wym ~+10-15 in the Archean. Similar ®2W evolution
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patterns in mantle reservoirs are also observed for core formation periods of 30 Myr (Fig. S5),
60 Myr (Fig. S6), and 100 Myr (Fig. S7).

Adding a larger fraction of the total amount of LAM to the UM, for example 10%, leads to
a steep decline from p!2Wym >+20 at the beginning, to ~0 at the end of the late accretion
period at 3.8 Ga, which is shown in Fig. 9a for a Dw of 200. Increasing the Dw from 200 to
400 in this case does not compensate for the p'#Wym ~0 at the end of the late accretion period
(not shown), and thus such a larger fraction of LAM to the UM cannot reproduce the target
range of 8w~ +10 to +15 in the UM.

3.4.3 Variable rates of late accretion

Positive u*®Wyw between ~+10 to +15 in Archean rocks require a mantle reservoir that
receives only a small fraction of the total LAM, which in our model is the UM. How the LAM
is distributed per time interval, i.e., the rate of late accretion, only has a second-order effect on
the 82w evolution of the UM.

Several different scenarios are explored (Fig. 6), for example a high flux initially or late,
which simulates accretion of single large bodies. In case of a high flux early in the late accretion
period, 90% of the total amount of LAM is added non-uniformly to the mantle in the first 100
Myr after the core formation, whereas the remaining 10% is added to the mantle thereafter until
3.8 Ga (from the total, 2% added to UM and 98% to the LM as in Fig. 8). In this case, u*¥?Wum
decreases from values >+25 to values <+10 in the time interval between 4.0 and 2.5 Ga (Fig.
6¢) and therefore does not reproduce the target range of +10 to +15 in this time-period. For
delayed late accretion or a high flux towards the end of the late accretion period, only 10% of
the total amount of LAM is added to the mantle until 3.9 Ga and the remaining 90% of the
material is added in the last 100 Myr of the late accretion period between 3.9 and 3.8 Ga. In
this case, the u*®Wywm suddenly decreases from +26 at 3.9 Ga to ~0 at 3.8 Ga (Fig. 6¢), but
thereafter increases towards a positive value due to addition of recycled crust with pu*®2w >0,
and maintains p'82Wym ~+10-15 only for the second half of the late accretion period.

These results show that reproducing the observed excess *®2W in Archean rocks requires
uneven distribution of the LAM between different mantle reservoirs, that is, heterogeneous
rather than homogeneous late accretion. Although the rate of late accretion also influences the
u82W evolution of the silicate reservoirs, the mass fluxes associated with concurrent crust
formation and recycling back into the mantle dominate the W distribution and therefore
determine how sensitive the 82W isotope evolution of the crust and different mantle reservoirs
is to the amount of LAM in each time interval (Fig. 6). The most plausible pu*®wWuym evolution
that reproduces the observed p'®W-~+10-15 from ca. 4.0 to 2.5 Ga in Archean rocks is for
addition of only ~2% of the total amount of LAM to the UM with a constant late accretion rate,
and the remainder going to the LM (Fig. 6).

3.5 16Sm-142Nd isotopic evolution

Samarium and Nd are lithophile elements, and thus the 1*2Nd/***Nd and **3Nd/***Nd isotope
evolution is not affected by core formation. The model results for various core formation
periods therefore represent the initiation of silicate differentiation at different times after solar
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system initial (Fig. 10, Fig. S8). The u!*2Nd evolution in all the terrestrial reservoirs in our
model is also not affected by late accretion, because the Sm/Nd (}46Sm/*#4Sm, 14’Sm/144Sm,
and *Sm/**4Nd) of the late accreted material (Supplementary Table S4) and the mantle are
assumed to be chondritic and contribute only a negligible amount of the BSE’s Sm-Nd budget.
Therefore, deviations from p*2Nd # 0 in the presented model result from silicate differentiation
only, that is, incompatible element depletion and enrichment of the various mantle reservoirs
(UM, LM, IR) in response to formation and recycling of the CC.

Assuming the same model parameters that reproduced the 2W isotopic evolution in the
mantle (Fig. 8) and assuming the same Dsm and Dng values adopted by Kumari et al. (2016 and
2019) that successfully reproduced the long-lived ¥4’Sm-143Nd systematics, the pu*>Nd of all
modeled mantle reservoirs remains within the range of the present BSE composition (Fig. 10a,
Fig. S8; u*°Ndsse = 0 + 5.6; e.g., Rizo et al., 2013). In contrast, u**Nd in mantle-derived
rocks reach a maximum value of +17.5 by the end of the Hadean (4.0 Ga, Rizo et al., 2013)
and +11 by the end of the Eoarchean (3.6 Ga, Saji et al., 2018). These positive 1*?Nd anomalies
in mantle-derived rocks generally disappear after ~2.5 Ga, suggesting homogenization of 14’Nd
signatures in Earth’s mantle by the end of the Archean (e.g., Caro, 2011; Rizo et al. 2013,
Carlson et al., 2019), similar to what is observed for the ¥2W evolution (Rizo et al., 2016;
Mundl et al., 2018; Rizo et al., 2019).

One way to achieve positive p*?Nd values in the presented model, similar to what is
observed in Archean mantle-derived rocks, is to restrict the recycling flux from the CC to the
UM. Less recycling of CC into the UM should lead to more positive pu**?Ndum. However,
crustal recycling during the Hadean and Archean is essential for reproducing the 1*3Nd isotopic
evolution in our previous studies (Kumari et al., 2016, 2019), in good agreement with the
results of Jones et al. (2019) and Rosas and Korenaga (2018). It is also required to maintain the
u82Wym ~+10-15 during the entire Archean (Section 3.2). Producing significantly positive
u*2Ndum values by restricting the recycling flux to the mantle reservoirs in the model is
therefore problematic.

Another parameter that affects the extent of Nd depletion in the UM is its relative mass
(mum). The mass of the UM in the presented model increases to ~60% of the entire mantle at
present (i.e., mum = 0.6). This is consistent with the mass-balance of heat producing elements
(Turcotte et al., 2001; Arevalo et al., 2013) and the mass flux from the LM to the UM in our
model, which is scaled to match the present plume flux (see Kumari et al., 2016, 2019 for a
more detailed discussion of this aspect). The long-lived isotope systematics evaluated in our
earlier models (Kumari et al., 2016, 2019), however, allow for some flexibility in the present
value for the mym. Decreasing the present mym value but maintaining the same rate of crustal
growth (see section 2.1, Kumari et al., 2016, 2019) effectively leads to the extraction of the
same amount of CC from a relatively smaller fraction of the UM, and thus greater depletion of
Nd in the UM. For example, decreasing mum from 0.6 to 0.4 considerably changes the evolution
of u!*?Nd and £3Nd in the UM, CC, and IR, but leads to a negligible change in the LM for
silicate differentiation starting 45 Myr after Earth formation (Fig. 10b and Fig. S9). Compared
to mum = 0.6, assuming mum = 0.5 results in a p*Ndum of +3.6, and a higher p*?Ndum of
+5.6 during the Hadean (Fig. 10b). Although p**?Ndum of +11.5 is achieved in the Hadean for
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muwm = 0.4, mum <0.5 cannot reproduce the 182Hf-182W systematics in our model, which limits
the plausible values for mum. For mum = 0.5, but slightly higher Dsm and Dng values than
assumed by Kumari et al. (2016; Fig. 10a-b; Table 3 case 1), our model generates a p*’Ndum
of ~ +11 by the end of the Hadean and Eoarchean (Fig. 10c, Table 3 case Il). The resulting
e43Nd evolution in the terrestrial reservoirs also satisfies the present constraints (Fig. S9; Table
3).

Interestingly, varying the residence time of recycled CC in the IR from 10 Myr to 5000
Myr, and therefore mimicking either complete mixing of the recycled crust with the LM or the
formation of an isolated crustal reservoir, leads to no significant variation in the pu4Nd of the
crust and mantle reservoirs, except for the latter case where the IR evolves to a present p!4’Nd
of ~—10 (Fig. 10a). These results are in principal agreement with the mass balance discussed
by Boyet and Carlson (2005), who concluded that an early-formed, and subsequently isolated
crustal reservoir must be much more incompatible element enriched than the current
continental crust (the CC reservoir in our model) or, almost the entire mantle must have been
involved in Hadean crust formation to develop p*?Nd # 0 of the accessible silicate Earth.

4. DISCUSSION
4.1 Constraints on the rate of core formation

In our model, different mass and associated W flux rates to the core are achieved by
changing the bulk silicate-metal transfer factor, Dw,siiicae-metal (Table 4 and Table S5). These
different W flux rates to the core determine the pre-late accretion p!8Wasg, Wese, and Hf/Wgse
values for different core formation periods and have the principal control on the amount of
LAM necessary to evolve to p'#2Wgse = 0 (section 3.1).

In previous models (e.g., Halliday et al., 1996; Harper and Jacobsen, 1996; Kleine et al.,
2004; Rudge et al., 2010; Fischer and Nimmo, 2018), the u*®?Wssg, Wase, and Hf/Wase values
at the end of core formation are regulated by several parameters during early accretion and core
formation processes. Other than the duration of core formation, these are the rate of accretion,
the type of accreting material (differentiated or undifferentiated bodies), the extent of metal-
silicate equilibration of the accreting (differentiated) material, and the partitioning of W
between metal and silicate. None of these parameters, however, is well constrained. A wide
range of underlying parameters (e.g., accretion rate, metal silicate equilibration rate, accretion
of differentiated or undifferentiated bodies), and thus early accretion and core formation
scenarios is therefore compatible with the isotopic constraints (Rudge et al., 2010). But any
combination of these diverse parameters effectively sets the W concentration (Hf/W ratio) and
u82W of the BSE at the end of core formation. Although simplified, the same result is achieved
in our model by varying the bulk silicate-metal transfer factor for W (Dwisilicate-metal), Which
effectively allows investigating a wide range of core formation scenarios.

Notably, the Dwsilicate-metal USed in our model is different from the W partition coefficient
between metal and silicate (K%w metarsilicate). However, our model-derived concentrations in the
core and BSE (Table 2) can be used to calculate an effective K metausilicate fOr variable core
formation periods, and core formation scenarios. Assuming linear core growth, the calculated
KW, metasilicate IS 11.5 for tce = 30 Myr, 23 for tcr = 45 Myr, 46 for tcr = 60 Myr, and 331 for
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tce = 100 Myr (see supplementary material section 1). In comparison, the K%w metasiticate inferred
in previous studies ranges from ~17 to ~200 (Wade and Wood, 2005; Kleine and Walker,
2017). Therefore, although the Dwgilicate-metat IN OUr model is essentially a free parameter
allowing for a wide range of possible core formation scenarios, calculating K% metaissilicate Values
from the W concentrations in the core and BSE at the end of core formation allows comparing
our model results to those of more complex core formation models, and thus narrowing down
the plausible range of scenarios. Assuming linear core growth, for example, the calculated
K% metalssilicate Values are in good agreement with literature values (Wade and Wood, 2005;
Kleine and Walker, 2017) for tcr ~ 30-80 Myr (see more detailed discussion in the
supplementary materials).

Hence, the key parameters that determine the p!®Wgsg, Wese, and Hf/Wese values at the
end of core formation in our, and previous more elaborate core formation models, are the timing
and rate of core formation and associated W flux to the core (Table 4). The continuous, linear
core formation rate used in our default model is considered a median case. In this case, core
formation times between 40-60 Myr result in Wese and Hf/Wase values within the estimated
range (Wase = 13 £ 10, Arevalo and McDonough, 2008; Hf/Wgse = 17+ 5, Kleine et al., 2009;
Table 4, Fig. 11).

The Wase (Hf/Wask) at the end of core formation, however, depends more strongly on the
rate rather than the total duration of core formation (section 3.1 and 3.2; Fig. 11). The Wagse
(and p*®2Wese) increase and the Hf/Wese decrease for progressively larger W flux rates to the
core early during a given core formation period (Fig. 3 and 11). Even for a core formation time
of 100 Myr, where the Wase is excessively low (and thus Hf/Wagse unrealistically high) for a
linear core formation rate (Table 4; Fig. 11), Wase and Hf/Wgse within the range of current
estimates can thus be found by varying the core formation rate. If more than 50% of the W is
transferred to the core within the first 30 Myr of the 100 Myr core formation period, for
example, the resulting Wase and Hf/Wgse are within the range of current estimates (Table S5;
Fig. 11). There is a limit, however, on the rate of early core formation. Models where 90% of
the W goes into the core in the first 10 Myr of core formation all have very similar, but
excessively high Wgse (low Hf/Wasse) independent of the total duration of core formation
(Table 4; Fig. 11).

Overall, therefore, it is mostly the rate of core formation, rather than the total duration of
core formation that influences the u*®Wegse, Wase, and Hf/Wgse values at the end of core
formation. The Wase is very sensitive to this effect, and becomes much lower (Hf/Wgse higher)
if a large fraction of the W is transferred to the core in the second half of a given core formation
period. Compare, for example, the Wgse (Hf/Wgsg) for variable rates of core formation for tcr
=100 Myr in Table S5 and Fig. S3. Hence, single events, for example a giant impact, which
cause large, sudden mass fluxes to the core also have a large influence on the p!%2Wgsg, Wask,
and Hf/Wase values at the end of core formation. Such scenarios are captured by our models
where 90% of the W enters the core in the first or last 10 Myr of core formation (Table 4).
Excessively high Wgse (low Hf/Wagse) result for rapid early core growth, and low Wase (high
Hf/Wgse) for late core growth, independent of the duration of core formation. A giant impact
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shortly before the end of a 100 Myr (or longer) core formation period, for example, is therefore
difficult to reconcile with current estimates of the Wase and Hf/\Wagse values (Table 4; Fig. S3).

Overall, the discussion above shows that more precise constraints on Wgse would provide
tighter constraints on several key, but largely unconstrained processes, such as the duration and
rate of core formation, the timing of a giant, moon-forming impact during the pre-late accretion
phase, but also the amount of late accreted material, as discussed in the following.

4.2 Constraints on the amount and type of late-accreted material

Addition of variable amounts of LAM decreases the u*®?Wegse to 0 by the end of the late
accretion period (3.8 Ga, Fig. 4). As discussed in sections 3.2 and 4.1 and shown in Figs. 3-5
(Table 4), the amount of LAM depends mostly on the Wgse at the end of core formation. For
the default linear core formation model, Wagse at the end of core formation (38-1.5 ppb) and
the amount of LAM (1.9-0.07%) decreases with increasing duration of core formation (Figs. 3
and 4; Table 4). However, the rate of core formation has a large influence on the Wase
(Hf/Wase and p*82Wagse) at the end of core formation and thus also the amount of LAM inferred
from the 82W systematics. Consequently, an even larger range of Wgse (68—0.09 ppb) and
amount of LAM (3.4-0.004%) results, even for a fixed duration of core formation (e.g., 100
Myr), but variable rates of core growth (or rate of W transfer to the core, Table 4, Table S5;
Fig. S3).

Nevertheless, the amount of LAM inferred from the W isotope systematics in our model
(Table 4; Fig. 4) is generally in good agreement with HSE-based estimates. However, the rate
of core formation and the amount of LAM are mutually dependent on Wesk, that is, estimates
of the amount of LAM based on 82W isotope constraints are only possible for a given rate and
overall duration of core formation. Because a wide range of (early accretion and) core
formation scenarios in our and previous models (e.g., Halliday et al., 1996; Harper and
Jacobsen, 1996; Kleine et al., 2004; Rudge et al., 2010; Fischer and Nimmo, 2018) are
compatible with current constraints on Wase (13 = 10, Arevalo and McDonough, 2008) and
Hf/Wese (17+ 5, Kleine et al., 2009), the ®2W isotope systematics alone do not allow tight
constraints on the amount of LAM (Fig. 5), until more precise estimates of the Wgse become
available.

Notably, the amount of LAM inferred from our model (Table 4; Fig. 4) is derived for a
single composition of the LAM (section 2.4). Considering variability in the W concentration
and/or isotope composition of the late accreted material, for example by accreting differentiated
versus undifferentiated bodies, certainly influences the amount of LAM, but only within the
bounds set by the core formation (and early accretion) processes (section 3.2). Late accretion
contributes only ~7-13% of the W budget of the BSE in our models (Table 4), which is
consistent with other estimates (e.g., Kleine and Walker, 2017). The present elemental and
182\W budget in the silicate Earth (Wasse and p!8?Wase) is therefore mostly set during the pre-
late accretion phase. Considering variability in the type of LAM (e.g., differentiated vs.
undifferentiated bodies) is thus certainly important, especially for reconciling constraints on
the amount and type of LAM from the HSE budget and the 82W isotope evolution, but is of
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subordinate importance for constraining the amount of LAM from the 82W isotope constraints
alone.

The effect of differentiated (e.g., Marchi et al., 2018) versus undifferentiated (as assumed
in our modeling study) nature of late accreting bodies on the Hf-W isotopic evolution of Earth
needs to be evaluated. In order to be compatible with the HSE, Re-Os, and moderately-volatile-
chalcophile element (e.g., Se-Te) constraints, Kruijer et al. (2015) suggest a carbonaceous-
chondrite-like LAM composition with a minor fraction of iron-meteorite-like material. Note
that our bulk-Earth-like LAM pu!82W and W concentrations are similar to Kruijer et al. (2015).
Different chondrite groups have very similar u!8wW and W concentrations (e.g. Kleine et al.,
2004) and chondrites constitute 80% of the mix of LAM favored by Kruijer et al. (2015). The
u82W and W concentrations of the LAM vary mainly by changing the proportion of chondrite
to iron meteorite (IV A group has 10 times higher W and p'82wW = —350). But because of the
fractionated HSE patterns of the iron meteorites, there is limited flexibility on the
chondrite/iron meteorite ratio (Day et al., 2016; Walker et al., 2008; McCoy et al., 2011).
Therefore, the associated variation in bulk p*®W and W compositions of the LAM is
comparatively small and has a second-order effect on the amount of LAM and thus the p'82w
evolution of the silicate Earth during the late accretion phase.

However, if a large fraction of the LAM were differentiated material (Marchi et al., 2018),
the bulk u'®wW and W composition of the accreted differentiated material could change
significantly depending on how much of the impactor’s core was retained in (or equilibrated
with) Earth’s mantle. According to simulations by Marchi et al. (2018), ~20-70% of the
impactor’s core are retained in Earth’s mantle depending on impactor’s size, angle and velocity.
Taking pu*®W and W compositions of core and mantle of impacting differentiated body from
Marchi et al. (2018), the bulk impactor composition changes considerably, ranging from p*e2w
= +26 and W = 45 ppb for retaining 20% of the impactor’s core to p'#2W = —163 and W = 120
ppb for retaining 70% of the impactor’s core, the latter is similar to our LAM. Thus, depending
on the composition of impactors, its size, and impact conditions, late accretion of differentiated
bodies may introduce much more heterogeneous material with respect to p*®w and W
composition than accreting undifferentiated bodies. In this case the effect of late accretion on
u82W and W composition of Earth is difficult to predict due to an enormous range of free
parameters (impactor’s size, fraction core retained, impact conditions, etc.) and thus any
modeled scenario would be highly speculative. We did not include any specific model of
differentiated impactor for this reason. Moreover, metal distribution and/or metal-silicate
equilibration may be limited to localized domains (Marchi et al., 2018, Maas et al., 2021) and
create considerable (transient?) heterogeneity in u'®W with either higher or lower p*82w than
the terrestrial mantle at the time of impact.

4.3 Impact of present pre-late accretion p'#Wase on the amount of late-accreted material

Varying the assumed present, pre-late accretion value of p'82Wgse = +25 influences the
modeled u'®W evolution of the BSE. This value is estimated by subtracting LAM from the
present BSE with u'®Wgse = 0 (e.g., Kruijer et al., 2015; Touboul et al., 2015). With a mass
and composition of the LAM constrained by the HSE systematics (e.g., Day et al., 2007,
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Walker, 2009; Fischer-Godde and Becker, 2012), and current estimates for the Wgse (Arevalo
and McDonough, 2008), the resulting present pre-late accretion p!8?Wsse varies between +10
and +40 (Kruijer et al., 2015; Touboul et al., 2015).

A different present pre-late accretion p'®Wase leads to a different #2W evolution of the
BSE. As discussed in detail in sections 3.1 and 3.2, the latter is controlled by the parameters
listed in equation (2). That is, the pu*®Wagse at tcr (*2W/**Wesk, 1ce), as well as the Hf/Wese
and 82Hf/*8Hf at tcr. These parameters, and thus the present pre-late accretion value for
U82Wese, are controlled by the rate and duration of core formation (and early accretion). The
ratio 182Hf/ Hf is entirely controlled by time, i.e., the duration of core formation (tcr), whereas
the pu®Wese and Hf/Wase at tcr are mostly influenced by the rate of core formation. Because
Hf/Whask is determined by Wasg, which is the main parameter that controls the amount of LAM,
a different 82W evolution of the BSE also affects the amount of LAM (sections 3.1 and 3.2).
Early rapid rates of core growth for a given tcr, for example, lead to high u'®Wsse at tcr, but
low Hf/Wgse due to high Wgse (Table 4). Achieving higher present, pre-late accretion
u82Wese in this way therefore requires larger amounts of LAM to decrease p*®?Wase to 0 (and
vice versa). Several quantitative examples, showing to what extent the amount of LAM is
affected by different ¥2Wgse evolution resulting from variable present pre-late accretion
U82Wese values are given in the supplementary material (Tables S6 and S7). These examples
show that the amount of LAM is affected considerably by assuming a different Wase
evolution, but on a similar order as by varying the duration and rate of core formation. Hence,
the interdependency of p'®?Wese and Hf/Wese (Wase) at tcr on the amount of LAM make it
impossible to constrain the amount of LAM from the 182Hf-182W isotope systematics alone
without constraining the duration and rate of core formation. Figure 12, for example, shows
that even for a given amount of LAM, e.g., constrained by the HSE systematics, a given value
for Wase (Hf/Wasg), as well as present pre-late accretion pu*®?Wase, the 82Hf—182\W isotope
systematics are compatible with a range of p'®Wase at tcr, i.e., principally permit many
possible combinations of duration and rate of core formation (Fig. 12; Table 4; cf. Rudge et al.,
2010). Notably, this large possible range of u*82Wese at the end of core formation (cf. Halliday
et al., 1996; Harper and Jacobsen, 1996; Kleine et al., 2004) complicate constraining the
1821182\ evolution of the Earth-Moon system even for tight constraints on the initial lunar
p2W value (cf. Kruijer et al., 2015; Touboul et al., 2015; Kruijer and Kleine, 2017; Maurice
et al., 2020).

Owing to the interdependency and considerable uncertainty of the present pre-late accretion
U*2Wase, Wase (Hf/Wasg), and the amount of LAM (sections 3.1 and 3.2), the 82Hf-182w
evolution of the Earth-Moon system remains underdetermined. Reducing the uncertainty on
the present Wese (13 = 10, 2SD; Arevalo and McDonough, 2008) however, would narrow down
the target range for Wase (Hf/Wgsg) of core formation models, and thus also the present, pre-
late accretion p'®Wese value, and would also allow constraining the amount of LAM more
precisely. Deriving more precise constraints on the present Wagse therefore, is key for improving
our understanding of core formation processes, and the #2Hf-182W evolution of the Earth-
Moon system.
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4.4 The rate and style of late accretion and its admixing to the mantle

Archean komatiites (4.0 to 2.4 Ga) with variable HSE abundances (~50-65%) relative to
the modern mantle have u'®W roughly between +10 and +15 (Willbold et al., 2011, 2015;
Touboul et al., 2012; Rizo et al., 2016; Dale et al., 2017; van de Locht et al., 2018). The 3.55
Ga Schapenburg komatiites are an exception with u'82w of —8.4 + 4.5 (2SD) and lower HSE
abundances than the modern mantle (Puchtel et al., 2016). Similarly, a recent study by Puchtel
et al. (2020) reported a pu*®W of ~ —10 for the source of ~2.05 Ga old Jeesiérova and Kevitsa
komatiites from the Central Lapland Greenstone Belt, Finland, which seemingly derived from
a source containing ~120 = 5% of HSE budget of the present BSE. However, the long-lived
radiogenic isotope systematics of most Archean komatiites and post-Archean mantle-derived
basalts generally indicate derivation from a variably incompatible element depleted mantle
(e.g., €¥*3*Nd >0), and thus our model simulations aimed for a range of u*®Wywm of +10 and +15
between 4.0 and 2.5 Ga in the modeled UM reservoir (e.g., Fig. 8).

For homogeneous late accretion, none of the modeled mantle reservoirs achieve the target
range of u'®wW ~+10 to +15 in the mantle between 4.0 and 2.5 Ga (section 3.2). Adding LAM
to both the UM and LM in the same relative proportions for a period of 760 Myr (until 3.8 Ga)
results in u*®Wuywm <0 throughout the Archean for core formation periods of 30—100 Myr (Fig.
7). This corresponds to a geodynamic scenario where the LAM was quickly distributed and
homogenized throughout the entire mantle (uniform mixing) until the end of the abundant lunar
cratering period (e.g., Tera et al., 1974; Kring and Cohen, 2002). In this scenario, pt#2Wym <0
takes until after 2.0-1.5 Ga to dissipate and approach pu'®w ~0 (Fig. 7). In the LM reservoir,
u82W values >>15 result before 3.8 Ga and steeply decrease to ~0 in the early Archean, and
thereafter remain nearly constant until the present (Fig. 7). But the modeled LM retains p*?Nd
and **Nd ~0 (Fig. 10 and Fig. S8 and S9), and thus could only explain Archean komatiites
with pt®wW >0, but p*2Nd ~0 and £!**Nd ~0 before ~3.5 Ga (e.g., Willbold et al., 2011, Rizo
etal., 2016; Archer et al., 2019) or p!82W ~0 and p2*2Nd = £1**Nd ~0 after ~2.5 Ga (Rizo et al.,
2013; Mundl et al. 2018; Rizo et al., 2019).

Therefore, maintaining p'¥Wuywm in the range of +10 to +15 requires that the total amount
of LAM added to parts of the mantle, the UM in our model, is comparatively small (2% of the
total late accretion flux, Fig. 8). This corresponds to a geodynamic scenario where the
impactors are not efficiently homogenized within the entire mantle but are distributed and/or
equilibrated with only parts of the mantle, similar to what has been suggested by 82W studies
of Archean rocks (Willbold et al., 2011; 2015; Dale et al., 2017; Archer et al. 2019).

Variable flux rates of LAM in different time intervals during the entire late accretion period
(early rapid, delayed or linear fluxes) also affect the evolution of p'#2Wuym (Fig. 6). A large flux
early in the late accretion period fails to produce the pu*®Wywm of +10 to +15 for a prolonged
time period, but either a delayed or linear late accretion model (or a constant flux of late
accretion to mantle) successfully reproduce the p*#2Wuywm of +10 to +15 from 4 to 2.5 Ga (Fig.
6¢). Although the rate of late accretion therefore influences the u*®W evolution of the silicate
reservoirs, the mass fluxes associated with concurrent crust formation and recycling back into
the mantle dominate the W distribution and thus the 82W isotope evolution of the crust and
different mantle reservoirs (compare Fig. 6b, ¢ and d).
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4.5 Timing of early silicate differentiation

Observed pl*?Nd excesses in Archean komatiites are crucial evidence for the onset of
mantle depletion in response to crust formation in the Hadean. The ubiquitous presence of
u42Nd excess (U'*2Nd ~+15) in 3.8-3.7 Ga old rocks from the Isua Supracrustal Belt suggests
that the source mantle must have acquired this *2Nd excess during the Hadean, implying
silicate differentiation starting ~4.5 Ga (Caro et al., 2006; Boyet and Carlson, 2006; Bennett et
al., 2007; Rizo etal., 2011, 2013; Rizo et al. 2016; O’Neil et al., 2016; Saji et al., 2018). Similar
142Nd excess (M'*?Nd: +5 to +15) are also identified in other ancient terrains such as the Yilgarn
Craton in Western Australia (3.7 Ga; Bennett et al., 2007) and the Abitibi Greenstone Belt in
Canada (2.7 Ga; Debaille et al., 2013).

However, the model parameters that successfully reproduce the nearly constant target 82w
signatures in the UM do not result in significant u'4?Nd excesses in the modeled UM (Fig.
10a), which would be required to explain the combination of p!82W ~+10-15 and p!*?Nd >0
observed in many Archean komatiites (Willbold et al., 2011; Rizo et al., 2016). More positive
U42Nd of ~+11 by the end of Hadean can be achieved in the presented model in two ways: (1)
increasing the elemental enrichment factors (Dsm and Dna), thus more efficient transfer of Sm
and Nd from the UM to the CC and/or, (2) decreasing the fraction of present depleted mantle
(mum) from which 90% of the crust is being formed, thus effectively extracting the same
amount of CC from a smaller mass of UM. Both parameters are varied such that u'*2Nd of
~+11 by the end of Hadean can be achieved. The required Dsm and Dng (Table 3, case 11) and
mum = 0.5 are slightly different from the values assumed in Kumari et al. (2016, 2019), but
consistent with the 43Nd and #W evolution in the crust-mantle system (Figs. 13 and S9).
Figure 13, for example, shows the effect of mym (0.6—0.5) on the evolution of 8w, where
the u*®Wyw at the end of late accretion is slightly less positive due to addition of same amount
of LAM for a smaller relative UM mass, but the target +10 to +15 during the Archean is still
reproduced (see Fig. S9 for the 14’Sm—*3Nd evolution).

Therefore, both the modeled 82Hf-182\ systematics and *4°Nd (}43Nd) data on Archean
komatiites require that formation of differentiated crust (low Sm/Nd and Hf/W) and mantle
(high Sm/Nd and Hf/W) initiated soon after core formation. A delay in silicate differentiation,
for example after the first 200 Myr, results in a maximum p**?Ndum of ~+5 by the end of the
Hadean, similar to the present value. Delayed crust formation, particularly after the life-time
of 82Hf, would also affect the pu*®Wuym evolution, because this would limit both the pu*®Wecc
to less positive values and the amount of crustal return flux into the UM, thus making it difficult
to protract the time interval of p*8Wym ~+10 to +15 for the entire Archean (4.0-2.5Ga). Our
model therefore suggests that a significant amount of early crust formation, within the life-time
of ¥Hf, and its subsequent recycling is essential for reproducing the variable, but often
decoupled p*®W and pl#2Nd signatures in Archean rocks.

The box-model by Rosas and Korenaga (2018) also indicates rapid continental crust
formation in the early Hadean, creating as much as the present volume of continental crust by
the end of the Hadean. The extensive mantle depletion in the Hadean, in response to the massive
crustal growth in the model of Rosas and Korenaga (2018) produces an average p*4?Nd ~+15
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in the upper mantle, close to the maximum value measured thus far in Archean rocks (u**?Nd
=+17.5; Rizo et al., 2013). If taken as the average of a distribution of values around the mean,
the lower average p*2Ndum ~+11 in our model is in principal agreement with the more positive
u2Nd values observed on some of the Archean rocks, and permit more moderate crustal
growth rates in the Hadean compared to the model by Rosas and Korenaga (2018).

In general, once the short-lived systems become extinct, recycling of crustal material and
its mixing in the convective mantle removes the early-formed isotopic anomalies by the end of
the Archean (for ¥*2Nd) and drives the 82W-1%2Nd isotopic compositions of the crust and
mantle reservoirs towards pu*4?Ndsse ~0 and p'#Wpgse ~O0.

4.6 Implications for the p'8W—u'4?Nd systematics in Archean rocks

The reason for decoupling the p*®w and p!*2Nd signatures in Archean rocks is that
although crust-mantle exchange affects both systems in the same sense, the 182Hf-182W isotope
evolution of the BSE is significantly affected by core formation and thereafter modified by late
accretion, but the Sm—Nd system is not. In the presented model, the UM has positive values
for both 82w and p!#2Nd in the Archean (Fig. 8, Fig. 10c, see also Fig. S4 for core formation
times of 30, 60 and 100 Myr), in good agreement with what is observed for the 3.8—-3.3 Ga old
rocks from the Isua Supracrustal Belt, Greenland (Willbold et al., 2011; Rizo et al., 2016). The
p2W >0 but u'*?Nd =0 for the 3.45-3.3 Ga rocks from Pilbara Craton, Western Australia
(Archer et al., 2019), can be explained by a more moderately depleted mantle, which still
preserves the positive u'8Ww (Fig. 8), but develops no significant u**?Nd anomalies (Fig. 10a).
A positive u*®W and negative pl*2Nd is observed in the modeled CC (Figs. 8 and 10c),
suggesting that the u*®W >0 and p2#2Nd <0 in the 4.0-3.6 Ga old rocks from the Acasta Gneiss
Complex, Canada (e.g., Roth et al., 2014; Willbold et al., 2015; Reimink et al., 2018) are
inherited crustal signatures. The coupling of negative pu*4?Nd and p'®2W observed in the 3.55
Ga old Schapenburg komatiites (Puchtel et al., 2016), are more difficult to explain within the
context of the presented model, because no single reservoir has both pu**?Nd and p*®w <0 at
any given time (Figs. 8 and 10). These rocks therefore likely have a more complex, multi-stage
history, and perhaps acquired or inherited their p4’Nd and p*®W signatures during different
phases of their evolution (Puchtel et al., 2016).

4.7 Implications for p*2W deficits in modern OIBs

Several studies have reported negative u'2wW (-5 to —23) in plume-derived ocean island
basalts (OIB, Mundl et al., 2017; Rizo et al., 2019; Mundl-Petermeier et al., 2020). This
observed 82W-depletion in some modern OIBs can be explained within the framework of our
model if part of the recycled CC remains isolated for most of Earth’s history; see the evolution
of the IR for an isolation time of 5000 Myr in Fig. 8 and Fig. S4. The IR in our model is
essentially a storage container for part of the recycled continental crust. As such, the IR could
either be perceived as an isolated part of the continental crust, or an isolated reservoir of
recycled CC in the mantle, although it is probably difficult to store low-density crust enriched
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in incompatible and heat producing elements such as Th, U and K for sufficiently long time
periods at a mantle boundary layer (e.g., the core-mantle boundary).

Nevertheless, for a residence time of the recycled CC in the IR of 5000 Myr, there is no
material exchange between the IR and LM, allowing the LM to retain a ®2W-deficit acquired
during late accretion. Consequently, u*®Wyu develops and maintains approximately constant
values of —6.9 (tcr = 30 Myr) and —-5.8 (tcr = 60 Myr) from the end of late accretion to the
present (Figs. 8 and S4), despite significant mass transfer from the LM to the UM (and from
the CC to the UM and LM). Hence mantle plumes originating from a mantle reservoir that has
received (or equilibrated with) a certain flux of late accreted material but has never incorporated
a recycled CC with u'8w >0, could principally have small *2W-deficits. Note that the LM in
our model represents most of the total mantle, especially in the early Archean. As mass fluxes
in our model are instantly homogenized within each reservoir, the value for each reservoir at
any time should be taken as the average of a distribution of values around the mean. Higher or
lower values are therefore implied for each reservoir. Moreover, smaller, natural mantle
reservoirs with similar evolution may develop more extreme values than the large reservoirs
(or ‘boxes’) in our model, which may account for the larger range and overall more negative
p*2W values in OIB compared to the modeled range of u'Wyy in the scenario discussed
above.

Alternatively, the W deficit in young OIBs have been explained by core-mantle
exchange processes (Rizo et al., 2019; Mundl-Petermeier et al., 2020), which would not require
preservation of early-formed 82W anomalies in any mantle or crustal reservoir. For example,
Rizo et al. (2019) suggested that diffusive exchange at the core-mantle boundary or exsolution
of W-rich and HSE-poor Si-Mg-Fe oxides from the outer core to the mantle can modify the
p82W of the mantle from +20 to about —20. But this would double the HSE abundances, which
is inconsistent with the low HSE abundances observed in most OIB with u*®W <0 (Mundl et
al., 2017). Alternatively, Mundl-Petermeier et al. (2020) suggest that equilibration of a
(partially) molten silicate layer with the Earth’s core could explain the p'®W deficits in OIB
without leading to strongly enriched HSE abundances. Although the exact mechanisms of core-
mantle exchange processes remain ambiguous, core-mantle exchange is an attractive way to
explain observed #2W deficits in some OIB, because it alleviates the need for preserving early-
formed 82W anomalies, which according to the model presented here, is difficult and only
possible under special circumstances. Recently, Lesher et al. (2020) argued that thermo-
diffusion could lead to iron isotope fractionation across the core-mantle boundary, causing
entrainment of fractionated core material into the convecting mantle. Because this scenario
would also affect the mantle’s u*82W, it should lead to predictable 82w and stable Fe isotope
variations, and thus be a readily testable hypothesis.

5. CONCLUSIONS

The presented five-reservoir open-system model (Fig. 1) investigates how the 46Sm-142Nd
and 82Hf-182W isotope systematics of the silicate Earth are affected by late accretion, and
progressive mantle-crust differentiation after core formation. Different rates and durations of
core formation result in variable p*¥w, Hf/W, and W concentration of the bulk silicate earth
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(BSE) at the start of late accretion. The initial pu'8Wgse, Hf/Wase, and Wese are interdependent
parameters and understanding the 82Hf-182W evolution of the silicate earth therefore requires
detailed constraints on the timing and rate of core formation and the associated W flux to the
core, including the time, composition, and mass flux of a potential moon-forming giant impact.
But all these parameters remain major unknowns. It is clear, however, that the rate rather than
the total duration of core formation mainly controls the 182Hf-182\W systematics, and thus more
precise constraints on the rate of early accretion and core formation, and the associated W
distribution between silicate and metal are required to narrow down possible range of u*®Wagse,
Hf/Wasg, and Wase values at the start of late accretion.

Ultimately, these different BSE starting values determine the amount of late accreted
material required to evolve to u!®Wgse = 0 at the end of the late accretion period, and the 82w
evolution of the evolving mantle and crustal reservoirs. The amount of late accreted material
is mainly determined by the pre-late accretion Wase value and thus most sensitive to core
formation and early accretion processes. The!®2W evolution of the evolving mantle and crustal
reservoirs is controlled by the proportion of W from the late accreted material to the amount of
W in each reservoir. The latter essentially regulates how sensitive each reservoir reacts to the
incoming late accretion flux. A progressively depleting mantle with low W concentration is
very susceptible to addition of late accreted material with p'82W <0 (-190), leading to p*82w
deficits, which can only be avoided by limiting the amount of late accreted material.
Heterogeneous addition of the late accreted material to Earth’s mantle is therefore required to
develop variably incompatible element depleted mantle with u'®w >0, as observed in most
Archean rocks. Maintaining the near-constant p'#2wW ~+10 to +15 observed in mantle-derived
rocks throughout the Archean in a progressively more depleted mantle reservoir requires a
balance between the addition of late accreted material with u*®W <0 and recycling of crustal
material with u*82w >0. Although the rate of late accretion also influences the 82w evolution
of the evolving mantle and crustal reservoirs, it is only a second-order effect, because the mass
fluxes between these reservoirs dominate their W concentrations, and because late accretion
only contributes ~7—13% of the BSE’s W budget.

Notably, reproducing the observed, and often decoupled 2Nd and 82w signatures in
Hadean-Eoarchean mantle-derived rocks requires the initiation of continental crust formation,
and recycling back into the mantle within the first ~50 Myr after core formation. Due to
continuous crust-mantle exchange, these early-formed W and #’Nd isotopic anomalies
generally disappear in the post-Archean in all silicate reservoirs. However, the recently
observed 82W deficits in some young OIBs can be explained within the framework of the
presented model by mantle materials that never incorporated a recycled flux of early formed
crust with p*®wW >0, and can thus preserve p'®?W deficits acquired during late accretion.
Alternatively, the ¥2W deficits in some young OIBs may result from core-mantle exchange,
which would obviate the need for preserving early-formed 82W anomalies, but, of course has
very different geodynamic implications.
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FIGURE CAPTIONS

Fig. 1. Schematic representation of a five-reservoir open-system model of the Earth showing
the mass fluxes between the reservoirs. The core and the silicate reservoirs exchange material
only during core formation. Subsequently, late accreted material is added to the mantle
reservoirs with concurrent silicate differentiation, that is, formation of continental crust and its
recycling into the mantle.

Fig. 2. The calculated radiogenic contribution of 2V from 82Hf decay in a BSE-like reservoir,
calculated by (**2Hf/**Hf)tcr x (**°Hf/***Wgse; ter is the time after solar system initial (4.56
Ga) when core formation ended, and thus the starting point of the BSE evolution. For a BSE-
like reservoir with (*Hf/*®W)gse = 25.4 (Kleine and Walker, 2017), the radiogenic
contribution of W from ®Hf decay is analytically resolvable (i.e., >5 ppm) for core
formation periods up to ~80 Myr, for (*¥2Hf/*®Hf)tcr starting from a solar system initial
({S2HF/AOHf)i = 1.018 x 10,

Fig. 3. Diagrams showing (a) three different core growth models for a total duration tcr = 45
Myr, and (b) the corresponding evolution of u!82Wgse with (dashed lines) and without (solid
lines) adding late accreted material (LAM) to achieve a present-day pu*®?Wsse = 0. The black
lines are for linear growth, the red curves show results for 90% of core growth within the first
10 Myr and the blue curve for 90% of core growth within the last 10 Myr of the entire 45 Myr
core formation period. Also listed in panel (b) is the mass of LAM (relative to bulk Earth mass)
and the p'¥Wgse and W concentration (*¥*Wegse) at the end of core formation (45 Myr) for
each of the three scenarios. Similar plots for core formation periods of 30, 60, and 100 Myr are
provided in the supplementary materials (Fig. S1, S2, and S3). These results for each model
are also listed in Table 4.

Fig. 4. Modeled u®2Wase evolution with (green lines) and without late accretion (black lines)
for four different core formation times (ice) of 30, 45, 60, and 100 Myr after solar system
formation at 4.56 Ga. The green lines show the isotopic evolution of p*®?Wsse after core
formation to p'®Wese = 0 at 4.41 Ga by the addition of late accreted material of bulk Earth-
like composition; the amount of late accreted material (LAM) for each tcr is given in wt% of
the bulk Earth mass. The end of late accretion at 4.41 Ga is chosen for illustrative purposes,
i.e., to clearly resolve the differences between the individual model curves.

Fig. 5. The diagram shows the amount of late accreted material (LAM) versus the W
concentration in the bulk silicate earth (Wasg) for different core formation periods (tcr) and
rates of core formation. Different colors represent variable core formation periods and different
symbols represents variable core formation rates. The squares represents models where 90%
of the core forms in the initial 10 Myr, the circle represents linear core formation models, and
the triangle represents models where 90% of the core forms in the last 10 Myr of the core
formation period. Results for tcr = 100 Myr also include cases where 70% and 50% of the core
formed by the initial 30 Myr, shown here with the + symbol. Data are from Table 4 and Table
S5. Present-day Wase = 13 £ 10 (2SD) is shown by the shaded gray box.

Fig. 6. (a) Plots showing three different late accretion scenarios in which same amount of late
accreted material (LAM) is added to the mantle after core formation. Core formation ends at
45 Myr after solar system formation and late accretion ends at 3.8 Ga. The rate of accretion is
varied by adding either 90% of total late accreted material to the mantle in the initial 200 Myr
of total late accretion time period (rapid late accretion (LA) scenario) or 90% of total late
accreted material to the mantle in the last 100 Myr of total late accretion time period (delayed
late accretion scenario). Linear late accretion assumes a constant flux of late accreted material
to the mantle in each time interval of late accretion. Panel (b) shows the modeled evolution of
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u82Wese for the three different late accretion scenarios, panel (c) the evolution of p82w for
the modeled UM reservoir, and panel (d) the 82w evolution curves for all modeled reservoirs
combined. The pink box shows the target range for p!¥2Wym = +10 to +15 between 4.0 and
2.5 Ga.

Fig. 7. Plots showing the temporal evolution of p'®w in all the silicate reservoirs with
concurrent silicate differentiation and late accretion. Late accretion (LA) to the mantle starts
directly after core formation at (a) 30, (b) 45, (c) 60, and (d) 100 Ma and proceeds until 3.8
Ga. Also shown are isotopic evolution curves for variable recycling fluxes to the UM, adjusted
by the model parameter fr, which is the fraction of recycled crust (CC) going to the UM (fr =
0.1 to 0.9). The remainder of the crustal recycling flux (1 — fr) is stored in the IR reservoir for
1 Gyr before being mixed with the LM. The present-day pu*®W of the terrestrial standard is 0
+ 39 (2SD), shown as a green box. The heading in each panel, e.g.,
“tcr_45Myr_LA_760Myr_fr(0.1, 0.4, 0.9) IT 1000Myr” lists the model parameters used in
each simulation. For example, tce_45Myr, means a ‘core formation time’ of 45 Ma after Earth
formation, LA_760Myr refers to a total ‘late accretion’ period of 760 Myr after Earth
formation, fr is the fraction of the recycling flux from the CC into the UM, and IT_1000Myr
indicates that the recycled CC material that goes into the IR (1— fr) is stored in the IR for 1000
Myr before being mixed to the LM. The same notation is used in the headings of all subsequent
figures and summarizes the key model parameters of each simulation. More detailed model
parameters are given in Supplementary Tables S1 and S2.

Fig. 8. Diagram showing the temporal evolution of p!2W in all the silicate reservoirs for
concurrent silicate differentiation and late accretion (LA) after a core formation period of 45
Myr. Here, late accreted material is added non-uniformly to the mantle for a total period of
760 Myr after solar system initial with 2% being added to the UM and the remaining 98% to
the LM. The pu'®Wuwm evolution successfully reproduces the observed excess 182W (10-15
ppm) reported in Hadean-Archean rocks, which is shown by the pink shaded region. The kink
in the p!8Wuwm evolution observed immediately after the end of late accretion at 3.8 Ga marks
the effect of crustal recycling, which becomes more pronounced after the end of late accretion
at 3.8 Ga and protracts the time interval of u'®Wuym ~+10-15 until the end of Archean. The
effect of variable isolation times (IT: 10, 1000, and 5000 Myr) of recycled material in the IR
on the evolution of u'®W in all the reservoirs is also shown. For further details of the model
see main text and Table S3 (tcr = 45 Myr). The present-day p!8?Wase = 0 + 3.9 (2SD) is shown
by the green box. Results for core formation periods of 30, 60 and 100 Myr are shown in Fig.
S4.

Fig. 9. Diagrams showing the p'®W evolution in all modeled silicate reservoirs for a core
formation time tce = 45 Myr with non-uniform mixing of late accreted material (LA) to the
mantle until 760 Myr after Earth formation (3.8Ga). Comparison of isotopic evolutions for (a)
addition of 2-10% of late accreted material to the UM and the remaining 90-98% to the LM
using a W silicate-silicate transfer factor Dw of 200. Panel (b) shows results for addition of
2% of late accreted material to the UM and 98% to the LM, but using a higher a Dw of 300-
400. The Dw =400 case represents the successful solution also shown in Fig. 8.

Fig. 10. (a) u**2Nd evolution in silicate reservoirs for silicate differentiation (and simultaneous
addition of late accreted material for 760 Myr) starting after core formation time (tcg) of 45
Myr; results for other core formation periods are shown in Fig. S8. Model parameters are as in
Fig. 8. The green shaded region represents the present-day terrestrial average pu'*Nd =0 + 5.6

(Rizo et al., 2013). (b) Temporal evolution of p!42Nd in silicate reservoirs for tce = 45 Myr and
a variable muwm in the range 0.6-0.4. All other model parameters and conditions are the same
as in (a). (c) Temporal evolution of pu*2Nd in silicate reservoirs for tcr = 45 Myr and mum =
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0.5. Solid lines represent u**>Nd evolution with Dsm and Dng used by Kumari et al. (2016,
2019), which are also used in modeling the results shown in (a) and (b). Dashed lines show
isotopic evolution with higher Dsm and Dng (Table 3 case II). Corresponding temporal
evolution of Nd for cases (b) and (c) are shown in Fig. S9.

Fig. 11. Diagram showing the effect of variable core formation periods (tce) and rates of core
formation (early, linear or late, as given by the labels for each curve) on (Hf/W)gse. Gray bar
shows the range of Hf/Wgse (17+ 5, Kleine et al., 2009). Data are from Table 4 and Table S5.

Fig. 12. Diagram of u!8Wase versus Wgse showing that the pre-late accretion p!82Wagse at tcr
can be very variable and compatible with similar Wgse and thus amounts of late accreted
material (LAM = 0.82-1.1% in the examples shown above). Data are from Table 4 (for core
formation periods of 30 and 45 Myr cases) and Table S5 (for core formation period of 100
Myr case). Note that the present-day pre-late accretion pu*®?Wase is +25 in each case.

Fig. 13. p®W evolution in all the silicate reservoirs considering late accretion and
simultaneous silicate differentiation (same way as described in Fig. 8) after core formation
ends at 45 Myr, for mum of 0.6 (solid lines) and 0.5 (dashed lines). The kink in the p¥2Wum
evolution observed immediately after the end of late accretion at 3.8 Ga marks the effect of
crustal recycling, which becomes more pronounced after the end of late accretion and protracts
the time interval of u*#Wyw ~+10-15 until the end of Archean. Additional model parameters
and simulation conditions are provided in Table S3. Similar plots for core formation period of
30, 60, and 100 Myr are provided in Fig. S10.
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Table 1. Present-day concentrations (ppm) in bulk Earth as well as the solar system initial (SSI) and present-
day terrestrial standard isotopic ratios used in the model.

Concentrations (ppm) Bulk Earth References
Hf 0.197 McDonough (2014)
w 0.180 "
Sm 0.27 "
Nd 0.84 "
SSI Value
182\ p 1184 Calculated using terrestrial standard and p'®?Wss
WIEW 0.864598 of -349 + 0.07 (Kleine and Walker, 2017)
1821 £/180H £ (1.018 £ 0.043) x 10*  Kleine and Walker (2017); Burkhardt et al. (2008)
i ifind 142
1427\ /44N d 1141462 Calcu_late.d using the r_nodlflgd Nd decay
equation; see eqn (1) in section 2.2
1465 m/144Sm 0.0085 + 0.0007 Boyet et al. (2010)
Terrestrial Standard Value
142N d/ANd 1.141836 Roth et al. (2014)
182\ /18ty 0.864900 Kleine and Walker (2017)




Table 2. Model-derived present-day concentration of W (ppb) and u*®?W of core and silicate
reservoirs for various core formation period (tcr) of 30, 45, 60, and 100 Myr. Model
parameters are given in Supplementary Table S3.

Core BSE LM IR UM CC mantle*
Target W (ppb) 500+120* 13+10! 10002 8.3+7.1!
tcr = 30 Myr
W (ppb) 483 42.1 575 3010 2.04 2900 24.2
nid2w -235 -0.1 -2.6 5.2 4.0 2.9
tcr = 45 Myr
W (ppb) 521 22.9 315 1640 1.1 1580 13.3
82w -216 0.2 -2.2 5.4 4.2 3.1
tcr = 60 Myr
W (ppb) 543 11.8 12.2 940 053 750 5.2
82w -207 0.7 -1.7 5.8 4.7 3.6
tcr = 100 Myr
W (ppb) 562 1.7 2.3 120 0.08 120 1.0
uld2w -199 0.03 -2.4 52 41 29

Note: 'Arevalo and McDonough (2008) and McDonough (2014) with 2 uncertainty;
Rudnick and Gao (2014); * represents value for mean modern mantle, calculated as
(Wrmx0.4 + Wymx0.6).



Table 3

Table 3. Model-derived present-day Sm and Nd concentrations (ppm) and isotopic ratios
(U**°Nd and £**Nd) in UM and CC for mym = 0.50. Case | is for Dsm and Dnq adopted
from Kumari et al. (2016, 2019) and Case Il is for higher Dsm and Dna.

Target range Case | Case Il

Dsm, um—cc 8 12
Dsm, Lm—cc 25 25
Dnd, uM—cc 18 30
Dnd, LM—cc 35 50
Csmicc 3.5-62 34 45
Csm,um 0.58-0.71° | 0.3 0.3
Cnad,cc 16-28? 19.6 28.1
Cnd,um 0.24-0.27" 0.9 0.8
eNd in CC -10 to -25° -22.5 -22.9
e*3Nd UM 8to 12° 9.2 16.4
H*2Nd in CC -5.6t0 +5.6¢ | -1.5 -0.9
H2Nd in UM -5.6t0 +5.6¢ | 1.2 1.7
H2Nd in UM (@ 4.0 Ga) ~11-17.5¢ ~5.6 ~10.6

Note: ?Rudnick and Gao (2014), Taylor and McLennan (1995), Taylor (1964);
b\Workman and Hart (2005), Salters and Stracke (2004); ®Jacobsen and Wasserburg

(1979); “Rizo et al. (2013).



Table 4

Table 4. Model-derived result in the core and BSE, after complete core formation assuming three types of core growth, and with or
without late accretion (LA) for core formation period (tcr) of 30, 45, 60, and 100 Myr.

Core formation model, tcr= 30 Myr

Core formation model, tcr= 45 Myr

90% in first 10 Myr Linear 90% in last 10 Myr | 90y in first 10 Myr Linear 90% in last 10 Myr
with with with with with with
no LAM LAM no LAM LAM no LAM LAM no LAM LAM no LAM LAM no LAM LAM
at tcg = 30 att=0 | attcp =30 att=0 | attcg,=30 att=0 | attce =45 att=0 | attcgp=45 att=0 |attcgr=45 att=0
DW,siIicate-metaI 3.40 5.05 6.54 3.45 6.67 9.55
M8 wcore -281 -281 -235 -235 -217 -217 -279 -279 -216 -216 -203 -203
pEWese -28.0 0.50 -75.3 -0.10 -152 -0.50 7.97 0.06 -32.9 0.50 -148 0.04
Woeore (ppb) 410 410 483 483 519 519 413 413 521 521 551 551
WeasE (ppb) 72 77 38 42 22 24 70 76 21 23 6.9 7.7
Hf/Wese 3.8 3.6 7.1 6.5 13 11 3.9 3.6 13 12 39 35
LAM 3.5% 1.9% 1.1% 3.4% 1.0% 0.34%

Core formation model, tcr=60 Myr

Core formation model, tcr= 100 Myr

90% in first 10 Myr | Linear 90% in last 10 Myr | 90y in first 10 Myr Linear 90% in last 10 Myr
with with with with with with

no LAM LAM no LAM LAM no LAM LAM no LAM LAM no LAM LAM no LAM LAM

at tcr = 60 att=0 | attcr =60 att=0 | attce, =60 att=0 | attcg,=100 att=0 attce, =100 att=0 attce, =100 att=0
Dwisilicate-metal | 3+49 8.43 12.66 3.52 13.54 20.99
B2 core -277 277 | -207 207 | -199 199 | -276 276 | -199 199 | -197 -197
p182Wgge 20.4 044 |-9.92 001 | -152 073 | 248 061 | 14.0 -0.04 | -162 -0.01
Weore (ppb) 416 416 543 543 561 561 417 417 562 562 565 565
Wase (ppb) 69 75 11 12 2.1 2.4 68 74 15 17 0.09 0.10
Hf/\Wsse 3.9 3.7 26 23 130 113 4.0 3.7 181 161 3048 2747
LAM 3.4% 0.52% 0.10% 3.4% 0.07% 0.004%
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Figure 4
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Figure 6
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Figure 9

40

T T (a): T T T T T T | ' (b):

LA fraction to UM = 2%; D,, = 300
— =— = = LAfraction to UM = 2%; D, = 400

— i =10%: = -
30 LA fraction to UM = 10%; D,, = 200 30
— = = = LAfraction to UM = 2%; D,, = 200

=
=
— LM
— IR
-20 |- — UM S
[ —— CC
X —— BSE
-30 F ]
-40 . ] . ] . ] . ] L ] 40 b 1 . 1 L 1 A 1 A
4000 3000 2000 1000 0 4000 3000 2000 1000 0

Time (Myr) Time (Myr)



Figure 10
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Figure 11
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Figure 12
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Figure 13
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