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Abstract

Constraining the evolution of Pb isotopes in the bulk silicate Earth (BSE) is hampered
due to the lack of a direct determination of Earth’s U/Pb and initial Pb isotope composition.
All estimates of these parameters are strongly model dependent and most Pb evolution
models start with a meteoritic source, i.e., the primordial Pb composition determined in
troilite from the Canyon Diablo iron meteorite. During the condensation of the elements in
the solar nebula, accretion of the Earth, and its subsequent chemical evolution, the U/Pb was
modified. Different models make different assumptions about the timing and extent of this U-
Pb fractionation during Earth’s chemical evolution that cannot always be related to known
global geological processes at the time of this modification. This study explores geochemical
constraints that can be related to known geological processes to derive an internally
consistent model for the evolution of the U-Th-Pb systematics of the silicate Earth.

Lead is chalcophile, moderately volatile, and as a result strongly depleted in the BSE
compared to primitive meteorites. Any process affecting the abundance and isotope
composition of Pb in Earth throughout its early history has to be consistent with the
abundance of elements with similar chemical and physical properties in the same reservoir.
The abundances of refractory to moderately and highly volatile elements in the BSE imply
that the proto Earth was highly depleted in volatile elements and therefore evolved with a
very high U/Pb (33¥U/%Pb= p >100) prior to collision with the Moon-forming giant
impactor. This impactor had close to chondritic abundances of moderately to highly volatile
elements and delivered most of Earth’s volatile elements, including the Pb budget. Addition
of this volatile rich component caused oxidation of Earth’s mantle and allowed effective
transfer of Pb into the core via sulfide melt segregation. Sequestration of Pb into the core

therefore accounts for the high pugsse, which has affected ca. 53 % of Earth’s Pb budget. In
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order to account for the present-day Pb isotope composition of BSE, the giant impact must
have occurred at 69 =10 Myr after the beginning of the solar system. Using this point in time,
a model-derived p-value, and the corresponding initial Pb isotope composition of BSE, a
single stage Pb isotope evolution curve can be derived. The result is a model evolution curve
for BSE in 208Pb-297Pb-2"Pb-204Pb-isotope space that is fully consistent with geochemical
constraints on Earth’s accretionary sequence and differentiation history. This Pb-evolution
model may act as a reference frame to trace the silicate Earth’s differentiation into crust and
mantle reservoirs, similar to the CHUR reference line used for other radio-isotope systems. It

also highlights the long-standing Th/U paradox of the ancient Earth.
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Introduction

The U-Pb system is among the most powerful isotope systems for the investigation of
Earth’s differentiation history. Its application has improved our understanding regarding the
age of the Earth (e.g., Gerling, 1942; Holmes, 1946; Houtermans, 1946; Patterson, 1956), the
mantle as an evolving and compositionally heterogeneous reservoir (e.g., Gast et al., 1964),
as well as the formation and reworking of the continental crust and its recycling back into the
mantle (e.g., Tilton & Barreiro, 1980; Zartman & Doe, 1981; Hofmann & White, 1982;
Zindler & Hart, 1986; Peucker-Ehrenbrink et al., 1994; Chauvel et al., 1995). At the same
time, the compositional spectra of the rocks investigated in these studies have created
concerns regarding the fractionation behavior of U and Pb and their timing among the major
terrestrial reservoirs. The reason is that the average Pb isotope compositions of these
reservoirs, approximated by mid-ocean ridge basalts (MORB — upper mantle), ocean island
basalts (OIB — lower mantle), and marine sediments (upper crust) are similar but all of them
show an excess in 2°Pb/2%Pb compared to the compositional array of primitive meteorites,
the presumed building blocks of the Earth (Fig. 1).

In a Pb evolution diagram showing 2°’Pb/?*Pb vs 29Pb/%*Pb, primitive and
differentiated meteorites as well as a selection of marine sediments define an isochron,
originally termed “Geochron”, with an age of 4.55 Ga (e.g., Patterson, 1956). The lowermost
point on the Geochron is defined by the primordial Pb isotope composition. It is
approximated by the least radiogenic Pb isotope ratios determined on any solar system
material, i.e., the Pb isotope composition of troilite from the iron meteorite Canyon Diablo
(e.g., Tatsumoto et al., 1973). The fact that all accessible reservoirs on Earth plot to the right
of the Geochron, including all estimates for BSE (Fig. l1a), reveals a complexity in the

terrestrial U-Pb system that is not seen in other isotope systems. In contrast to the U-Pb
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system, isotope systems like Sm-Nd and Lu-Hf that comprise only lithophile refractory
elements indicate that the continental crust and the upper mantle are complementary
reservoirs. Due to the refractory and lithophile behavior of U and the volatile and chalcophile
behavior of Pb, it is problematic to mass balance the Pb isotopes in the bulk silicate Earth
(BSE) and use them to trace the evolution and constrain the size of the different silicate
reservoirs through Earth’s history. This issue of mass balancing the terrestrial Pb isotope
evolution has been termed the 1% Pb paradox (e.g., Allégre, 1969). Recent solutions to the
problem have searched for a hidden or rarely tapped reservoir that has evolved with a low
time integrated U/Pb (u = 2*3U/2%*Pb) to balance the isotopic signatures of the other reservoirs
(e.g., Murphy et al., 2003; Hofmann, 2003; Burton et al., 2012). Other efforts have focused
on identifying geological mechanisms that affect the element partitioning of U and Pb, such
as oxidization and preferential recycling of U into the mantle (e.g., Staudigel et al., 1995),
(hydrothermal) transport of Pb into the crust (e.g., Peucker-Ehrenbrink et al., 1994), and
retention of Pb in the lower crust or in mantle sulfides (e.g., Hart & Gaetani, 2006). While the
sum of these processes is likely to provide an explanation for the similarity in average isotope
composition of the different reservoirs, none of these solutions can be used to address the
second part of the paradox: the apparent decoupling between the Pb isotope composition of
the BSE and the Geochron (Fig. 1). This is because the BSE is a theoretical reservoir that has
evolved as a closed system after Earth’s accretion was completed and the core had
segregated. Afterwards, no geologic process can be applied to this aspect of the paradox. It
follows that either the bulk Earth and/or BSE cannot be approximated by a meteoritic
composition or that pugse changed at least once before closure of the system. In any case, it
implies that the “true” Geochron cannot be directly approximated by the meteoritic isochron,

but must instead lie to its right and have a shallower slope (e.g., Hofmann et al., 2003). Thus,
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a review of possible processes that fractionated U-Pb during accretion may help to better
understand this issue and identify the processes that caused this aspect of the Pb paradox.
This study revisits the effects of Earth’s accretion history on the U-Th-Pb isotope
systematics and derives a model for the Pb isotope evolution of the BSE. This Pb-evolution
model is based on existing literature estimates for the present-day Pb isotope composition for
BSE and an accretion and differentiation model for the Earth that is consistent with cosmo-
and geochemical constraints for the possible components that make up the Earth as well as
the timing of Earth’s accretion and internal differentiation. The derived model curves for
207Pb/2%Pb vs. 2°Pb/2%Pb and 2%8Pb/2%4Pb vs. 2°Pb/2%*Pb can act as reference lines for the Pb
isotope evolution of BSE and can potentially be used to further improve our understanding

regarding the differentiation history of Earth, as it is done with other radio-isotope systems.
Previous models for the evolution of terrestrial Pb

The Pb isotope composition of the BSE is a parameter that has often been derived in
conjunction with solutions to the Pb paradoxes. However, only few studies describe the
evolution of terrestrial Pb isotopes in defined reservoirs with concrete model evolution curves
in 207Pb/2%Pb vs. 206Pb/2%Pb and 2°8Pb/?*Pb vs. 20°Pb/2%Pb space. Among those that do, the
more prominent models approximate the Pb isotope evolution of the major terrestrial
reservoirs by modeling the element cycling between them (e.g., Zartman & Doe, 1981;
Zartman & Haines, 1988; Kramers & Tolstikhin, 1997). They produce highly satisfactory
solutions to explain the 1% Pb paradox, but do not provide an evolution curve for the BSE.

Other studies focused on establishing a single growth curve for the evolution of
loosely-defined “terrestrial Pb” (e.g., Doe & Stacey, 1974; Stacey & Kramers, 1975;
Cumming & Richards, 1975). Among those, the most widely used model for the discussion

of the Pb isotope evolution is that of Stacey & Kramers (1975). Currently, this evolution
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curve is used routinely for common Pb corrections in U-Pb dating, because it is thought to
represent the Pb isotope composition of average crust through time. The initial isotope
composition for the model is primordial Pb, as measured in Canyon Diablo troilite. The
evolution curve is in part constructed to fit a set of Pb isotope ratios determined on
“conformable” or “stratiform” lead ores. These are galena-rich ore deposits that lie parallel to
the stratification of enclosing volcano-sedimentary sequences. Their approximate ages are
determined relative to absolute ages of other lithologies in the stratigraphic unit. In many
such deposits, primary and pristine galena is characterized by homogeneous Pb isotope ratios
over a large area of up to tens of kilometers, indicating they are derived from a uniform
source (e.g., Stanton and Russell, 1959). The Pb isotope evolution model proposed by Stacey
and Kramers (1975) requires a globally significant change in p and k (k = 2*Th/?*U) of their
source at ~3.7 Ga, in order to accommodate the data from ancient stratiform lead ore deposits
and the initial Pb isotope ratios of Canyon Diablo. However, no geological event can be
identified that could be associated with the major change of p = 7.19 before 3.7 Ga to p =
9.74 starting at 3.7 Ga. The same is true for the required concomitant change in « from 4.6 to
3.78. An alternative model for the evolution of “terrestrial Pb” was proposed by Cumming &
Richards (1975). Their model uses continuous open system behavior to change p, implying
that core formation, and thus removal of Pb from the silicate reservoir, continued over
billions of years; an idea that is inconsistent with stable siderophile-lithophile element ratios
in different reservoirs throughout Earth’s history (e.g., Newsom et al., 1986; Jochum et al.,
1993). While neither of the two studies specifically intended to model the evolution of BSE
or the mantle as an analogue, the loose definition of “terrestrial Pb” has often been
interpreted to reflect exactly that, which is why other associated caveats are mentioned.

In summary, no Pb isotope evolution curve for the BSE has been derived that is fully

consistent with the global geological evolution of the Earth. However, the element
7
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abundances in BSE and information on the formation and differentiation of the Earth
combined with their known timing can be used to develop a model for the Pb evolution of
BSE that fits all known events and processes that could have affected the U-Pb system

globally.

Methods

The accretion of the Earth

The composition of the Earth and its accretion history are questions that have long
been investigated using element abundances and isotope compositions of meteorites, which
are considered its possible building blocks (e.g., Ganapathy & Anders, 1974; Anders, 1977,
Morgan & Anders, 1980; Winke, 1981; Sun, 1982). In view of these criteria it has been
shown that the Earth likely has an end member composition with respect to meteorites (e.g.,
Burkhardt et al., 2011; Render et al., 2017) and cannot be formed by accretion or mixing of
only currently known materials in the solar system. This suggests that the accretion and
differentiation of the Earth is the result of a unique sequence in terms of early solar system
processes and their relative timing, which have formed Earth with its present composition. A
key element of many models is that the Earth formed from various amounts of chemically
very distinct materials. The relative composition of the refractory and volatile elements of the
Earth as well as the depletion of Earth’s mantle in redox-sensitive siderophile elements can
be explained by a two-component mixture (e.g., Winke & Dreibus 1988; O’Neill, 1991;
Albarede et al., 2009; Rubie et al., 2015; Ballhaus et al., 2017): 1) a major component that
was highly volatile element depleted and reduced, with 2) a minor component that was
relatively volatile rich and oxidized. Together, the two components make up at least 99 % of

the solid Earth. Some evidence for this pathway can be extracted from the relative element



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

abundances in the BSE, as they represent the final product of the entire accretion history
(Fig. 2; e.g., Winke & Dreibus, 1988; O’Neill, 1991).

The highly refractory lithophile and moderately volatile lithophile elements define a
step function in BSE, each with relative CI abundance, but with a ca. 6 to 7-fold difference
(Fig. 2, Lodders, 2003; Wang et al., 2018). This step may define the (relative) contribution
and initial composition of the two components that make up the Earth. These observations are
consistent with the model of Winke & Dreibus (1988) regarding the differences in size and
compositions of Earth’s two major building blocks. Thus, proto-Earth might have accreted
almost free of volatile elements and subsequently mixed with a volatile undepleted body
(e.g., Albarede et al., 2009; Ballhaus et al., 2017). The siderophile elements are strongly
depleted in BSE, which is commonly attributed to core formation by segregation of an Fe-
melt from the silicate mantle. Likewise, almost all chalcophile elements such as Cd, TI, and
Pb are also strongly depleted. Assuming these chalcophile and moderately volatile elements
were delivered by the minor component, their low abundance is in part the result of the size
difference between the two bodies that made up the Earth (Fig. 2). An additional depletion of
chalcophile elements after addition of the second component to the Earth was likely caused
by segregation of a sulfide melt during the final stages of core formation (e.g., O’Neill,
1991). Based on these observations, Pb depletion in the BSE relative to the solar system
abundance of the elements is due to two very distinct processes: 1) the initial extreme
depletion of Earth in volatile elements due to incomplete condensation of volatile elements
from the solar nebula and 2) removal of Pb from the mantle via a sulfide melt after mixing of

the volatile element depleted proto-Earth with a smaller oxidized component.
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Earth’s accretion from a U-Pb perspective

In order to integrate the Pb isotope evolution in BSE with the accretion and
differentiation of the Earth, the following assumptions are made regarding the two mixing
components: The abundances of lithophile elements in BSE can be reproduced by mixing of
85 % of material that is highly volatile depleted and reduced (i.e., proto-Earth) and 15 % of
material that is undepleted in volatile elements and oxidized. The proportions are derived
from the abundance of the lithophile refractory and moderately volatile elements in BSE,
which are not affected by core formation processes (Fig. 2, S-Table 1; e.g., O’Neill, 1991).
They are consistent with the sizes of the two bodies inferred from models that argue for the
formation of the Moon by a giant-impact (e.g., Benz et al., 1989; Canup & Asphaug, 2001),
and are therefore treated to correspond to the same event. These constraints obtained from the
lithophile elements have implications for the Pb isotope evolution in BSE following accretion
and differentiation of the Earth. Both components formed from the solar nebula within the
very first million years of the solar system, and thus initially had primordial Pb isotope
compositions, albeit different volatile element abundances, and thus different U-Pb ratios.
The proto-Earth accreted from highly volatile element depleted material, with a high
238U/2%Pb (u >100), while a CI chondritic composition is assumed for Theia, the giant
impactor (ca. p = 0.19, Allégre et al., 1995). Due to the refractory character of both U and
Th, both bodies accreted and evolved with a k equal to primordial composition (k = 3.88,
Blichert-Toft et al., 2010). Each body evolved independently until their collision and
subsequent complete mixing, in fractions of 0.85 and 0.15, yielding the initial Pb isotope
composition of the BSE. Model parameters and constants are summarized in Table 1. All

errors are propagated from the initial uncertainties of their individual contribution (S-
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Table 1). The following equations describe the isotope compositions and evolution of each

body at time t,:
206 206
< Pb) _ < Pb> n y(e’lxtl _ e/lth)
204 204
Pb . Pb "

207 207
_Pb — _Pb +( K ) (exlytl _ elytz)
204pp o 204pp ., \137.82

208 208
_Pb — _Pb +w (exlztl _ exlztz)
204py, 204py,

t2 t1

with @ = 232Th/?%Pb, the present-day best-estimate 238U/23U = 137.82 (Hiess et al., 2012),

Ay the decay constants of 23U, 233U, 2*?Th (Jaffey et al., 1971, Le Roux & Glendenin,
1963), and the beginning of the solar system t;, with Canyon Diablo primordial Pb isotope
composition.

Figure 3 illustrates the model in Pb isotope space for a t; = 60 to 160 Myr after the
start of the solar system. Due to its high p-value, the proto-Earth evolved rapidly to highly
radiogenic Pb isotope ratios (Fig. 3a). In contrast, the Pb isotopes in Theia did not evolve
much beyond the primordial Pb isotope composition during the first 160 Myr of the solar
system (Fig. 3b and d). The two components were mixed during or shortly after the giant
impact. Each possible initial Pb isotopic composition of the BSE (BSEix;) is a function of the
relative contributions of the two bodies and the time of mixing. Its composition lies closer to
the minor, i.e., undeleted component, because of the very low elemental abundance of Pb in
the proto-Earth. Anywhere from the mixing array (BSEisi), an evolution curve for the BSE
can be constructed resulting in a present-day Pb isotope composition that plots to the right of
the meteorite isochron (the apparent Geochron) and in the range of the different published
estimates for BSE (Fig. 3a and c). Using estimates of the BSE Pb isotope compositions from

the literature as target values, the timing of the mixing event can be deduced. By varying pusse
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for every possible time of collision and mixing as starting point, the decay equation is solved
to yield the best fit between model and literature data, and thus the initial Pb isotope

composition of BSE and the time of the giant impact are constrained.

Results

Figure 4 shows a plot of literature estimates and corresponding model results for BSE
in Pb isotope space. The model successfully reproduces the BSE estimates of all chosen
studies. The numbers correspond to the mixing time of the two major components that make
up the BSE in the proportion 85:15, in Myr after the beginning of the solar system. The
estimates for BSE have very similar 2’Pb/?°Pb and differ mostly in terms of 2°°Pb/2**Pb and
208pp/294Pb, which lead to later mixing times the higher both of these ratios are. In contrast,
higher 297Pb/?*Pb ratios lead to earlier mixing times due to the shorter half-life of >U and
the resulting rapid ingrowth of 2’Pb during the early history of the solar system. In Fig. 4a, a
sharp increase in mixing times can be seen between the estimates of Galer & Goldstein
(1991) and Kamber & Collerson (1999), which again is mainly a function of increasing
206pp/204Ph, The estimate of Kramers & Tolstikhin (1997) is likely an outlier because the BSE
composition was not purposefully constrained in their model calculations (Murphy et al.,
2003). Based on the calculated timing of mixing, the estimates for the Pb isotope composition
of BSE can be combined into two groups, with average times for the mixing event of
69 £10 Myr and 125 £34 Myr after the beginning of the solar system (Table 2). Each BSE
estimate can only be reproduced at one specific point in time, within a tight age range of ~2-
3 Myr for which p will vary slightly (< 0.1 % difference). Solutions with young ages require
p-values between ca. 8.4 and 8.7 (8.6 on average) while the other grouping requires p-values
between ca. 8.9 and 9.5 (9.1 on average). In the 2%Pb/2%Pb vs. 2°Pb/2%4Pb diagram (Fig. 4b),

the mixing times increase diagonally towards more radiogenic values. The same grouping is
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observed, except with no correlation between the required k and mixing time; the average « is
4.1.

The different ages obtained for the formation of BSE can, to some extent, be
explained by the assumptions invoked by the different models. Davies (1984) deliberately
chose an isotopic composition for the BSE that plots close to the meteoritic isochron.
Similarly, Galer & Goldstein (1991), who used the approach of Allégre & Liew (1989),
forced the BSE values to lie close to the apparent Geochron. The estimate of Kwon et al.
(1989) is based on isotope compositions of magmatic alkaline complexes as target values.
Finally, Allégre et al. (1988) and Allégre & Liew (1989) used the mean isotope composition
of Ocean Island Basalts (OIBs) as target values. In the remaining studies BSE was not forced
to lie within a predetermined range. Most models account for the effects of accretion and core
formation, often by assuming an initial low-p stage and restarting the Pb isotope evolution
with Canyon Diablo isotope composition or slightly more evolved values between 4.52 and
4.50 Ga, after core formation was completed (e.g., Liew et al., 1991; Kwon et al., 1989).
Generally, the studies for which earlier mixing times are obtained assume that core formation
progressed relatively fast or in a single catastrophic event within the first ca. 65 Myr of
Earth’s accretion (e.g., Galer & Goldstein, 1996; Murphy et al., 2003). Those for which ages
indicating later U-Pb fractionation are obtained assume that core formation progressed more
slowly, lasting 100 Myr or longer, and hence start their U-Pb evolution model only around

4.45 Ga (e.g., Zartman and Haines, 1988).

Discussion

The isotope composition of the BSE is commonly used as a reference reservoir for the
evaluation of differentiation processes throughout Earth’s history. However, pupse and its

initial isotope composition are poorly constrained because multiple changes of the parent-
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daughter ratios are required throughout Earth’s history. This is problematic because except
for the primordial Pb isotope composition, no other parameter can be measured directly or
deduced from analyses of primitive meteorites or their components, as it is possible with
isotope systems like Sm-Nd or Lu-Hf. The latter include only refractory and lithophile
elements which are neither affected by volatile element loss during the accretion process nor
by core formation during the early stages of Earth’s evolution. Thus, planetesimals and
planets preserve chondritic relative abundances of these systems (e.g., Bouvier et al., 2008;
Burkhardt et al., 2011; lizuka et al., 2015). Using literature estimates for BSE, a range of
scenarios concerning possible compositions and the timing of these changes in U-Pb ratios
can be derived (Fig. 4). A comparison of the model results and their underlying assumptions
with independent constraints regarding these early geological processes and events allows
identification of the most consistent scenarios. If these are then applied to the U-Pb
systematics, it is possible to derive the isotope evolution of a model BSE within a solid

framework that considers geological mechanisms for U-Pb fractionation as well as timing.

The Earth-Moon system

Literature estimates for the Pb isotope composition of BSE are used as input
parameters in an evolution model in order to determine the initial Pb isotope composition of
the BSE based on mixing of the proto-Earth with the giant impactor Theia, in proportions
constrained by the relative abundances of lithophile elements in BSE (0.85:0.15, Fig. 2).
Consequently, the time at which the two components mixed and the resulting initial Pb
isotope composition of the BSE is established, also constrains the timing of the formation of
the Moon. The latter has long been a focal point of attention of cosmochemical research and a
complete discussion is beyond the scope of this paper. However, a number of constraints

exist with which the Pb isotope evolution model has to be consistent with: The oldest mineral
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dated from the Moon is a zircon with a U-Pb age of 4.417 +6 Ma, providing an absolute
minimum age for the formation of the Moon (Nemchin et al., 2009). All distinct lunar mantle
reservoirs, i.e., KREEP, mare basalts, Mg-suite norite, and the Kalahari lunar meteorite have
identical '*W/!84W isotope signatures despite having different Hf/W (e.g., Touboul et al.,
2015; Kruijer et al., 2015). In addition, the weighted mean of these reservoirs shows a well-
resolved 2W excess of 26 +3 ppm compared to the BSE (Kruijer and Kleine, 2017). These
characteristics have been used to put constraints on the earliest time of lunar differentiation.
These vary, depending on the assumptions, between 40-60 Myr (Thiemens et al., 2019) and
>70 Myr after solar system formation (Kruijer and Kleine, 2017). In addition, an average Lu-
Hf model age of ca. 60 £10 Myr (15) was calculated using the four least-radiogenic initial Hf
isotopic compositions obtained from KREEP-zircon (Barboni et al., 2017). Recalculating this
age by weighing the individual data points according to their assigned errors and applying a
student’s-t multiplier results in an age of 62 £24 Myr (95 % conf.). Lastly, a Rb-Sr model age
of 87 +13 Myr was obtained by calculating the 8’Sr/%¢Sr lunar initial (LUNI; Carlson and
Lugmair, 1988) from CAI or angrite isotope compositions and Rb/Sr = 0.03 (Halliday, 2008).
While none of these estimates is free of assumptions, they also carry a lot of weight in that
they are built around well-determined and robust isotopic constraints. The good agreement
between different independent isotope systematics suggests that the Moon formed early, i.e.,
within the first 100 Myr of the solar system.

Samarium-Nd, Rb-Sr, Lu-Hf, as well as Pb-Pb isotopic measurements define
isochrons and model ages for lunar rocks between 4.34 and 4.37 Ga or ca. 200-230 Myr after
beginning of the solar system (e.g., Carlson et al., 2014; Snape et al., 2016; Borg et al., 2011,
2015, 2019). The lithologies investigated in these studies cover a large area and sample both
crustal and mantle reservoirs, indicating they record primordial differentiation during

crystallization of the lunar magma ocean. This interpretation, albeit the easiest of the results,
15
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is inconsistent with the “old” Hf and Sr lunar model ages, the oldest terrestrial model ages
from Archean rocks (e.g., Kemp et al., 2010; Morino et al., 2017), and younger than the
oldest zircon on the Moon (Nemchin et al., 2009). While the two discussed age ranges for the
Moon are both built around robust isotopic data, they cannot be tracing the same geologic
event. This controversy remains a vivid topic of discussion within the field of
cosmochemistry.

Based on these estimates, BSE Pb isotope estimates from the younger grouping (wtd.
avg. 2, Table 2) do not yield results consistent with the timing of Moon formation. The
remaining estimates define a relatively tight corridor for possible Pb isotope signatures of the
BSE. From this cluster, an average mixing time of 69 +10 Myr after the beginning of the
solar system is obtained (wtd. avg. 1, Table 2). This is in broad agreement with constraints
from Hf-W, Lu-Hf, and Rb-Sr isotope systematics. Using the composition of the Nantan iron
meteorite (Blichert-Toft et al., 2010) the obtained mixing time would be younger by ca.
5 Myr. Here, the composition of Canyon Diablo is preferred because the model starts at the
beginning of the solar system and therefore using the more primitive Pb isotopic composition

is appropriate.
The effect of core formation on the U-Pb systematics of the BSE

The difficulty in determining the Pb isotope composition of the BSE stems in part
from the observation that Pb has to partition to some extent into the core during Earth’s
accretion (e.g., Oversby & Ringwood, 1971). It was proposed early that this process is likely
the cause of the high p-value of the mantle and BSE (u = 7-10) that contrasts with the low p-
value observed in chondritic meteorites (n <1, Alleégre et al., 1995). The degree of this so-
called “core-pumping” and the timescale, over which it occurred, have drastic effects on pusse

and its time integrated Pb isotope composition. Likewise, the timing and magnitude of this
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process needs to be reconciled with the (relative) abundances and distribution of other
elements, especially the siderophile and chalcophile elements in the BSE (Fig. 2). An
important parameter that controls the chemical affinities of these elements is the oxygen
fugacity (fO2) of the mantle. This parameter also influences the possible formation of Fe-
melts. Under reducing conditions, Fe occurs as metal and segregates into the core together
with other siderophile elements. Oxidizing conditions promote the segregation of a sulfide
melt in the magma ocean, as Fe becomes ferrous (lithophile). Extraction of such a sulfide
melt promotes the depletion of chalcophile elements in the co-existing silicate melt (e.g.,
O’Neill, 1991).

Different accretion models for the Earth have been proposed that take these possible
processes into consideration (Winke & Dreibus, 1988; O’Neill, 1991; Albarede et al., 2009;
Rubie et al., 2015; Ballhaus et al., 2017). In these models it is suggested that Earth originates
initially from reduced and volatile element depleted material and that volatile-rich material
was accreted during a later stage. On this basis, it follows that the proto-mantle was initially
reduced and became oxidized later through addition of the volatile-rich material and
homogenization in a global magma ocean (e.g., Wade & Wood, 2005; Wood et al., 2006).
With increasing O, the solubility of S in silicate melts decreases strongly (e.g., Holzheid &
Grove, 2002; Moretti & Ottonello, 2005). Therefore, core formation can be sharply divided
into two distinct stages: 1) The segregation of an Fe-rich metallic melt (reduced mantle)
followed by 2) segregation of sulfide melt (oxidized mantle). Experimental studies have
shown that Pb is primarily chalcophile (e.g., Jones & Drake, 1986; Jones et al., 1993).
Consequently, the depletion of Pb and other siderophile/chalcophile and volatile elements in
the BSE can be attributed to the segregation of a sulfide melt, the “Hadean matte” (e.g.,
O’Neill, 1991; Wood & Halliday, 2005; Lee et al., 2007; Kiseeva & Wood, 2015; Laurenz et

al., 2016), in a single event right after the giant impact. The proposed pronounced change in
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fO, is consistent with the observation that the siderophile elements Fe and Ga occur in
relative chondritic abundances similar to the strongly lithophile moderately volatile elements
in BSE, which are inherited from Theia (Fig. 2, component B). This is because both Fe and
Ga are lithophile under oxidizing conditions (Righter, 2011) which further implies that, as the
two components mixed, core formation continued via segregation of sulfide melts.

The consequence of this accretionary sequence was that mixing of proto-Earth with
Theia lowered pgse to ca. 3.54 and subsequent sulfide segregation caused an instantaneous
increase of pgse shortly after the giant impact. Thus, by comparing the initial concentration of
204Pb in BSE obtained from the mixing model to the estimated 2**Pb abundances of the
primitive mantle (Galer & Goldstein, 1996), it is possible to calculate a depletion factor of Pb
for the BSE. The Cl-normalized concentrations of 2%*Pb in BSEini (this study) and the
primitive mantle are 0.053 and 0.025 respectively. By this comparison, about 53 % of Pb was
removed during the second stage of core formation, assuming that Theia delivered Pb in CI
chondritic abundance relative to the refractory elements. This is a maximum estimate as it
does not account for Pb lost from the Earth’s mantle by volatilization during the giant impact
and escape from the Earth’s Roche limit (e.g., Connelly & Bizzarro, 2016).

Another consequence of these geochemical relationships is that the idea of an initial
low-p stage for proto-Earth, is inconsistent with core formation by metal-silicate segregation.
Since U is refractory and lithophile, it was delivered in CI chondritic abundances. A low-pu
therefore implies that the same is true for Pb, meaning the proto-Earth had a CI bulk
chondritic composition. Thus, the volatility budget, and therefore fO. of the mantle would
have been too high during accretion, Fe would have been ferrous, such that siderophile and
chalcophile metals could not have segregated except by sulfide segregation. Further, it would
be arbitrary to assume the presence of Pb without the presence of other volatile elements, and

thus to a certain degree, the presence of water in the form of OH", which ultimately leads to
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the same problem. Consequently, the most coherent solution is to assume that the proto-Earth
was essentially volatile free, which also significantly increases the likelihood that the giant
impactor provided a major part of the Earth’s volatile budget as well as water; in view that
the late veneer can only account for ca. 0.5 % of material of the BSE (e.g., Becker et al.,

2006).
The Pb-isotope composition of the BSE

The isotopic composition of the BSE acts as a reference reservoir in many
geochemical studies that discuss the differentiation of the Earth. In detail, the Pb isotope
composition of BSE can be modelled using the primordial composition of Canyon Diablo as
a starting value in combination with a model for the chemical composition of the different
components that make up the Earth (Fig. 2). Then, by comparing the canonical mixing times
with those obtained from estimates for the Pb isotope composition of present-day BSE
(Fig. 4), an internally consistent model for the Pb evolution in BSE is derived. The average of
solutions, in agreement with independent geological and geochemical constraints, yields an
initial Pb isotope composition of the BSE of 2%Pb/2%4Pb = 9.345, 207Pb/2%Pb = 10.37, and
208pp/204Ph = 29.51, with pgse = 8.63 £0.06 and ksse = 4.05 +£0.20 (Table 2). The latter value
is indistinguishable from independent estimates of the solar system value of Kssytem =
3.876 £0.016 and xgse = 3.90 £0.13 (Blichert-Toft et al., 2010; Wipperfurth et al., 2018). The
increase in ppsg occurred ca. 69 Myr after the birth of the solar system, which also
corresponds to the time of the Moon-forming giant impact. The derived parameters can be
used to construct a BSE isotope evolution curve for the U-Th-Pb systematics, with a present-
day composition of 2%Pb/?%Pb = 18.05, 29Pb/?**Pb = 15.56, and 2**Pb/>**Pb = 38.2 (Fig. 5

and S-Table 2):
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206P
<W> = 9345 + 8.63 (eM*56a — oAxt2)
t2

27p 8.63
04 = 10.37 < ) Ay4.56a _ ,Apt2
<204Pb>t2 * 137.82 (e e )

208Pb
<W> = 2951 + 34.8 (eh456a — g2st2)
t2

with Axy. the decay constants of 23%U, 2*°U, and 2*’Th (Jaffey et al., 1971, Le Roux &
Glendenin, 1963) and t; = 4.498 Ga.

The trajectory of the Pb evolution curves is strikingly similar to the isotopic
compositions of Pb ores, i.e., galena from stratiform deposits. This is unexpected because of
the ambiguity related to the origin of these minerals. Originally, the homogeneity and time-
integrated alignment of these ores was interpreted to reflect derivation from a reservoir that is
larger and more homogeneous than the continental crust, i.e., the mantle (e.g., Russell, 1956;
Wilson, 1956). A crustal origin was later suggested, in part because the Pb isotope ratios of
young, unaltered volcanic rocks can differ significantly (up to >10 %) among the volcanic
suites, but also from the galena growth curve, which argues against a uniform deep-seated
source for Pb ores. A detailed discussion on this matter can be found in Richards (1971), who
advised episodic or continuous models to be used, but also concluded that model ages of ores
have no exact geological significance. It has also been pointed out that in recent metalliferous
sediments the Pb isotopic compositions are quite heterogeneous, and thus cannot represent a
homogenous mantle source but show the influence of different high-p crustal contributions
(Peucker-Ehrenbrink et al., 1994). Lastly, the youngest Pb ores have isotopic compositions
indistinguishable from average river and oceanic sediments, again indicating they are derived

from crustal sources (Hofmann, 2001). Overall, it can be argued that Pb ores in stratiform
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deposits constitute a mix of mantle and crustal material that depends on the composition of
the volcano-sedimentary unit they are derived from, the nature of the process by which these
ores formed, and the time passed between magmatic emplacement and ore formation.

However, for the Archean the differences in Pb isotope compositions between
continental crust and mantle are much smaller than for the present-day situations due to the
dominance of juvenile crust in the Archean. Thus, if the time interval between mantle
melting, emplacement, and ore formation was relatively short, ancient Pb ores might indeed
approximate the isotopic composition of the isochronous mantle. Support for this hypothesis
potentially lies in the good match observed in 2°7Pb/2%*Pb vs 20°Pb/2Pb isotope space
(Fig. 5a). The fit, as approximated by the time-integrated model composition relative to that
of galena, is better than 1 % at any time before 3 Ga (Table 3). In addition, uranogenic Pb
model ages calculated against our proposed BSE initial Pb isotopic composition agree within
1.4 % or better. This concordance not only indicates that ancient Pb ores could be
representative of the mantle, but also that the nature of this mantle source was primitive.

A comparison of the galena data with the new model curves for BSE reveals a better
fit in 29%Pb/2%Pb vs 2°Pb/2%*Pb space, for galena younger than ~3 Ga compared to older
samples. If an isotope evolution curve is purposefully fit to the Pb isotope composition of
ancient galena, using BSEim; (Fig. 5, black curves), the average agreement between model
curve and the isotope ratios of the ancient galena improves significantly (<0.20 % scatter),
but induces significant changes in parent-daughter ratios ([galena = 8.42 and Kgalena = 4.27).
Subsequently, the isotope evolution curves deviate from younger galena. This ‘kink’ is best
observed in 2%Pb/2%Pb vs 2%Pb/24Pb isotope space where an apparent transition towards a
lower k-value can be seen between ca. 3 and 2 Ga (Fig. 5b); which also implies a
concomitant increase in p-value during the same time frame. It has been shown

experimentally that U is more chalcophile than Th under reducing conditions and could have
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partitioned into the core during sulfide segregation, thereby instantly increasing Kmande and
decreasing mante (Wohlers & Wood, 2017). Later re-equilibration at the core-mantle
boundary then let to the observed gradual reverse. An indication of this process are estimates
of Kmodern mantle and Kerust Of 3.87 and 3.95 respectively, which yield a mass weighted estimate
for BSE of 3.90 (Wipperfurth et al., 2018). However, the same authors have shown by Monte
Carlo simulation that core formation has only a negligible effect on xgse. In addition, sulfide
melt segregation requires oxidizing conditions to occur and to date, the chemical affinities of
U and Th in oxidized, sulfur-bearing environments are not well understood.

Thus, the instantaneous change from the proposed pgse and kgse to the galena values
might instead have occurred after accretion was completed, followed by a progressive change
during the late Archean. An alternative process that could change « is fractional
crystallization of Mg-silicate perovskite (MgPv) during magma ocean crystallization. Under
high P/T conditions (ca. 26 GPa and >2000 °C), the partition coefficient of U into perovskite
is up to four times higher than Th allowing for effective element fractionation (e.g., Liebske
et al., 2005). Such a fractionation could have imparted a low x on the deeper parts of the
mantle and a higher x on the shallower parts, attributed to changes in the U concentration in
the upper mantle. Deep mantle convection slowly erased this stratification so that the Pb
isotope composition of ancient (>3 Ga) galena requires a lower p and higher k compared to
those that formed after ca. 2.75 Ga (‘kink’ in Fig. 5b). However, the partition coefficients of
U into MgPv are only as high as Dy = 0.2 meaning that substantial fractionation is required to
raise the Th/U of the residual liquid significantly. Another problem is that Pb is much more
compatible in MgPv (up to Dp, = 1.46) and would thus lead to an increase of U/Pb in the
residual melt rather than a decrease, as predicted by the ancient galena. This mechanism
therefore additionally requires that MgPv crystallization occurred during or shortly after the

sulfide segregation which effectively removed Pb from the silicate melt.
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A full discussion of this issue is far beyond the scope of this paper, but it appears that
the current solutions to this paradox remain speculative. Despite this, the proposed Pb model
not only highlights the existence of this paradox, but also allows its quantification which can

eventually be tested against new solutions of this issue.

Conclusions

The element abundances and isotope compositions of the refractory lithophile
elements in Earth are very similar to primitive meteorites. However, the observed p of the
BSE is much higher and its Pb isotope composition more radiogenic than in any of Earth’s
potential parent bodies. These differences require fractionation of U from Pb during Earth’s
accretion or shortly thereafter. Previously, these processes were attributed to global
differentiation events, for which however no geologic evidence exists (e.g., Stacey &
Kramers, 1975). Some models require core formation to continue throughout Earth’s history,
which were later rebutted (c.f., Cumming & Richards, 1975; Newsom et al., 1986; Jochum et
al., 1993). In other cases, and due to the lack of direct geochemical constraints, many models
use an initial BSE Pb isotope composition equal to primordial Pb (e.g., Zartman & Haines,
1988) and assume a closure age of 4.45 Ga for BSE to account for the effects of core
formation (e.g., Doe & Stacey, 1974). For this study, literature estimates for the Pb isotope
composition of BSE have been examined and brought in agreement with a planetary
accretion model for the Earth. The model requires only a minimum of assumptions, i.e., a
volatile depleted proto Earth (with a high p-value) and the delivery of the majority of volatile
elements by the giant impactor. Support for these model constraints are found in the element
and isotope abundances observed in the BSE (e.g., Wénke & Dreibus, 1988; Albaréde et al.,
2009; Rubie et al., 2015; Ballhaus et al., 2017). Using these constraints, an internally

consistent model is derived that broadly reproduces the potential time of the giant impact, the
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elevated p-value of the BSE, and the initial and present-day Pb isotope composition of the
undifferentiated mantle, thus removing the first Pb paradox. This model for the Pb isotope
evolution of the BSE is fully consistent with geochemical constraints and the accretion
history of the Earth, particularly the volatile budget, the final major accretion by a giant
impact, and core formation.

The Pb paradox of the BSE can be understood in terms of a heterogeneous
distribution of volatile elements in the two main components that made up the Earth. The
existence of two components with very distinct volatile element budget implies that they
likely accreted in different parts of the solar system. Therefore, it is possible that the
establishment of the Pb isotope systematics in the primitive mantle is the result of the same,
single catastrophic chance event that also formed the Moon and brought the volatiles to
Earth. This event is the giant impact which occurred 69 +10 Myr after the beginning of the
solar system; in agreement with estimates for the crystallization of the lunar magma ocean.
The collision caused large scale melting of the mantle and the second stage of core formation
in the form of segregation of sulfide melts, by which ca. 53 % of Earth’s Pb budget was
removed from the mantle generating the present high p-value observed in the silicate
reservoir of the Earth. The resulting Pb isotope evolution curves (*°’Pb/2%Pb vs 2%Pb/2%“Pb
and 28Pb/2%Pb vs 20Pb/%Pb, Fig. 5) allow for a more robust discussion of Earth’s
differentiation history because they are closely tied to a geological context and do not require
any assumptions regarding the Pb isotope composition or evolution of any of the major
terrestrial reservoirs. It can serve as a reference frame to understand the chemical
differentiation of the silicate Earth into different reservoirs over time, similar to the CHUR
reference for the Lu-Hf and Sm-Nd isotope systems that can be used for mass-balancing

crustal growth and concomitant mantle depletion (e.g., Doe & Zartman, 1979; Kramers &
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Tolstikhin, 1997). Finally, it provides a tangible frame for the Th/U paradox of the ancient

mantle and might prove to be potentially useful for its solution.
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Fig. 1: Illustration of the 1% Pb paradox. (a) Estimated 2°’Pb/?%Pb vs 20°Pb/?*Pb of
BSE. All average isotope compositions of the displayed terrestrial reservoirs plot to the right

of the 4.57 Ga Geochron. Consequently, this is also the case for all estimates of the BSE. By
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theoretical reservoir that remained a closed system after core formation. (b) Estimated
208pp/204Ph vs 20Pb/2%Pb of BSE. Isotope ratios for CC from Allégre & Lewin (1989),
MORB from Gale et al. (2013), and OIB from Kumari et al. (2016). BSE literature estimates

as displayed in Fig. 4.
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abundances of the lithophile elements can be approximated by a step function, representative
of two component mixing, rather than following a poorly defined depletion trend as a
function of condensation temperature. Element abundances from McDonough & Sun (1995),

Lodders (2003), and Wang et al. (2018).
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the low abundance of 2°*Pb. In contrast, Pb in Theia did not evolve much beyond its initial

composition, due to its similarity to CI chondrites. The BSE mixing array (purple triangles,
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910  characters indicate the time the model composition intersects with the BSEi,; mixing array,
911  followed by the required p-value. Each literature estimate can only be solved for one specific
912  point in time. (b) Equivalent to (a) but with k instead of pu. Fewer values are shown because
913  not all studies provide estimates for 2°®Pb/2%Pb. BSE estimates from [DZ-79] Doe & Zartman
914  (1979); [D-84] Davies (1984); [A-88] Allégre et al. (1988); [ZH-88] Zartman & Haines
915  (1988); [AL-89] Allegre & Lewin (1989); [K-89] Kwon et al. (1989); [L-91] Liew et al.
916  (1991); [GG-91)/[GG-96] Galer & Goldstein (1991, 1996); [KT-97] Kramers & Tolstikhin
917  (1997); [KC-99] Kamber & Collerson (1999); [M-03] Murphy et al. (2003).
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Fig. 5: Comparison of Pb isotope evolution curves in 2%8Pb-2"Pb vs. 29Pb-204Pb isotope

space. The initial BSE isotope composition is calculated for 69 Myr after beginning of the
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924

925

926

927

928

929

930

931

solar system, as derived from the cluster of younger ages in Fig. 4. The same cluster is used
for uese and kgse allowing construction of the bulk silicate Earth model (purple curve). Grey
symbols are used to fit the black curve using a least squares linear regression, as well as for
model age calculations displayed in Table 3. Open symbols are not included in calculations
and represent data from other globally available stratiform deposits, pooled from Stacey &
Kramers (1975) and Cumming & Richards (1975). The ‘kink’ in (b) refers to the observed
gradual change in k-value from the ancient galena (k = 4.27) source back towards the modern

mass weighted best estimate of kssg = 3.90 (Wipperfurth et al., 2018).
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Table 1: Parameters BSE;,; mixing model

ComponentA  Component B

proto-Earth Theia
relative size (%) 85.2(9)' 14.8 (9)"
28 (mollg) 5.00x10°™"" 3.38x10°™"
2Pp (mol/g) 500x10°" 1.80x10"°
u 100 0.188
K 3.90 3.90
205Pp/ % Phyy 9.307 9.307
207 Pp/ % Phyy 10.294 10.294
298P/ % Phyy 29.476 29.476

"error in the last significant digit, from S-Table 1

Table 2: BSE;,; mixing ages (tmix)

tmix + V] +(%) w * (%) K * (%)
D-84 56 2 8.38 0.06
K-89 60 2 8.38 0.08 35.3 0.03 4.21 0.06
GG-91 61 1 8.67 0.01 339 0.00 391 0.08
L-91 72 2 8.50 0.09 36.6 0.00 4.30 0.09
GG-96 78 1 8.59 0.01 34.3 0.00 3.99 0.03
M-03 79 2 8.67 0.06
KT-97 81 2 8.05 0.00
KC-99 99 2 8.91 0.03
AL-89 130 3 9.05 0.07 38.8 0.05 4.28 0.04
A-88 131 3 9.1 0.02 38.2 0.03 419 0.05
Dz-79 139 3 8.98 0.03 355 0.00 3.96 0.07
ZH-88 180 4 9.45 0.03 38.1 0.00 4.04 0.02
Witd. avg. 1* 69 10 8.63 0.74 34.8 6.0 4.05 54
Wtd. avg. 2 125 34 9.12 26 36.7 6.5 4.08 44

"time of mixing of component A and B in Myr after the start of the solar system

*Witd. avg. 1= D-84 to MKC-03, Wtd. avg. 2 = KC-99 to ZH-88, with 95 % conf. absolute errors
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Table 3: Comparison of most primitive Pb isotope signatures of galena from ancient ore deposits and BSE isotope compositions for the same age

206pp[204py 207pp/204pp 208pp204pp geological model

sample literature  model % delta literature  model % delta literature  model % delta age [Ga] age [Ga]'

Isua, Greenland'

460000-1 11.02 11.11 0.77 12.89 12.96 0.58 30.99 30.97 0.07 3.8072 3.862
Pb539 11.18 11.27 0.80 13.05 13.13 0.63 31.13 31.10 0.09 3.741° 3.791
Pilbara, Western Australia®®

Big Stubby 11.89 11.90 0.06 13.69 13.71 0.14 31.81 31.66 0.47 3.471°¢ 3.462

Doolena Gap 12.14 12.22 0.66 13.85 13.96 0.79 32.23 31.95 0.88 3.329° 3.320
South Africa*s

Daylight 12.43 12.51 0.61 14.07 14.16 0.66 32.27 32.21 0.19 3.200¢ 3.198

Rosetta 12.52 12.60 0.60 14.12 14.22 0.67 32.38 32.29 0.28 3.160° 3.154

References: 1, Frei & Rosing, 2001; 2, Richards et al., 1981; 3, Richards, 1977; 4, Ulrych et al., 1967; 5, Saager & Kdppel, 1976
a U-Pb zircon age, Baadsgaard et al., 1984; Compston et al., 1986
® tourmaline-bulk sphalerite isochron, Frei & Rosing, 2001
¢ Thorpe et al., 1992
9 max. stratigraphic age, Cumming & Richards, 1975
¢ Pb-Pb, U-Pb w hole rock; min. age for Onverw acht group, Sinha, 1972
937 1 207Pp/208Pb model isochron age derived from BSE, ; and galena isotope compositions

938  Supplementary Material

S-Table 1: Size estimate component B

Element Cland Sc normalized
F 0.152
Cs 0.170
Rb 0.137
B 0.119
cl 0.096
Na 0.185
Ga 0.162
K 0.143
Mn 0.194
Fe 0.120
Avg. 0.148
S.d.f 0.009
939 " standard deviation of the mean
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S-Table 2: BSE model curve

tmix’I M w K

69 8.63 34.8 4.05
t[Ga] 206ppR04py  207pp04py 208y 2040y

4.50 9.345 10.37 29.51
4.25 10.00 11.51 30.04
4.00 10.63 12.41 30.56
3.75 11.24 13.11 31.08
3.50 11.83 13.66 31.60
3.25 12.40 14.09 32.11
3.00 12.94 14.42 32.61
275 13.46 14.68 33.11
2.50 13.97 14.89 33.60
225 14.45 15.05 34.08
2.00 14.92 1517 34.56
1.75 15.36 15.27 35.03
1.50 15.79 15.35 35.50
1.25 16.21 15.41 35.96
1.00 16.61 15.45 36.41
0.75 16.99 15.49 36.86
0.50 17.36 15.52 37.31
0.25 17.71 15.54 37.75
0.00 18.05 15.56 38.18

"time of mixi ng of component A and B

941 in Myr after the start of the solar system
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