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Abstract

Formation of chemical heterogeneities and the extent of mixing in the mantle are
relevant questions to understanding large scale processes that dominate the bulk silicate
Earth, which can be addressed using different methods of analyses. A shear wave velocity
model was employed to evaluate the composition of the lower mantle. The model takes into
account the effect of minor elements i.e., the Ca-bearing lower mantle phase and the effect
of Al on Fe-Mg partitioning between bridgmanite and ferropericlase. The fractionation of
the lithophile '°Lu-'""Hf and 'Y’Sm-'**Nd systems in a hypothetical magma ocean was also
calculated to constrain the composition of the lower mantle. These two methods
demonstrate that the lower mantle composition is likely pyrolitic, and that the mantle is not
chemically stratified at the 660-km discontinuity. The reproducibility of **Nd/"*Nd
measurements was improved to 20 = £1.6 ppm (from 20 = £5-6 ppm). The measurements
demonstrate resolvable variability in a modern day mid-ocean ridge basalt (MORB) sample,
implying preservation of mantle heterogeneity for >4 Gyr. The distribution and variability
of "*Nd/"Nd throughout time, through stochastic modeling, suggest the presence of plate
tectonics already operating in the Hadean. Mg isotope measurements and major element
analysis of alkalic rocks from the Oslo Rift, show these HIMU (high time-integrated
2381 /*Pb) basalts to be from the peridotitic mantle, as the first strong evidence against
HIMU compositions as a tracer of recycled oceanic crust. In addition, the major element

compositions and Mg isotopes suggest the involvement of CO, sourced from the indigenous
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mantle, as opposed to carbonated lithologies or carbonatite metasomatism. Modeling of the
time scale of homogenization of the late veneer and the evolution of "W /"W isotope
signatures of the terrestrial mantle show that the late veneer signature takes a long time to
homogenize, during which it is possible to sample the mantle '**W/'®W values post-core
formation into the Archean. It is also possible to resolve the distribution of '**W/'**W and
2N d/"Nd isotope variations with the same mixing rate. The "W /'®W and '**Nd/'*Nd
distribution in the mantle are consistent with the same stirring rate that applies to the long-

lived radiogenic isotope systems.
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CHAPTER 1

Introduction

The Earth’s mantle, sandwiched between the crust and the core, takes up 80% of the
Earth by volume. Understanding the chemical structure and evolution of the silicate mantle
is integral to understanding the evolution of the crust, and the differentiation of the core.
Furthermore, the study of the terrestrial mantle is tied to understanding the origins of the
Earth, from its state early in solar system history, and its evolution throughout time.
Constraining chemical heterogeneities on a large scale is relevant to understanding what
sources and mechanisms have contributed to their development, and under what the
conditions the Earth was subjected to that generated such features. The problem of mantle
mixing is tied to the mode of convection that must have been dominated during the
evolution of the Earth, and understanding the conditions necessary to give rise to the
diversity of geological conditions on the Earth. The delivery of accretionary material to the
Earth after core formation is relevant to the delivery of volatiles such as water. All of these
problems have implications for understanding the origins of life.

One enduring problem with respect to the large-scale chemical structure of the mantle,
has been of understanding whether the Earth’s mantle has been chemically stratified at the
660-km discontinuity, like a layered cake. The upper mantle is widely presumed to be
pyrolitic, but the bulk composition of the Earth’s lower mantle has been a subject of debate.
A chemically stratified mantle on such a large scale has implications for understanding the

early state of the Earth; whether there was an early magma ocean, to what extent its depth



extended, and whether there are features still preserved through layered-mantle convection,
or whether whole-mantle convection has mixed away early features.

Tools such as the short-lived “*Sm-'*Nd isotope system are relevant to the problem of
exploring the extent of mixing in the mantle. With a short half-life of 68 or 103 Myr, the
lithophile "Sm-'*’Nd system can be used as a tracer of silicate differentiation that has
occurred within the first 500 Myr of solar system history. Positive and negative anomalies
well into the Archean have been discovered as evidence of this early differentiation. The
preservation of *Nd/"“Nd signatures well beyond after the extinction of '*Sm, serves as a
tracer for the extent of mixing in the mantle.

Modern-day '¥*Nd/*Nd anomalies were previously unresolved at 20 = 5-6 ppm
external precision. It was recognized that the development of ultra-high precision
measurements of “*Nd/'"Nd isotope ratios on the thermal ionization mass spectrometer,
had the potential of resolving whether there are traces of Hadean differentiation that are still
preserved at present day for over 4 billion years. In addition, understanding the distribution
of *Nd/"Nd anomalies with respect to time helps elucidate the state of mantle convection
in the early part of Earth’s history, on whether the isotope distributions would be more
indicative of sluggish mixing, stagnant lid convection, or plate tectonics.

HIMU (high time-integrated ***U/?**Pb isotope content), one of the four major
geochemical components along with EM1, EMII (enriched mantle I, IT), and DMM
(depleted MORB mantle), is an isotopic component that is traditionally understood to be
from recycled oceanic crust. Understanding HIMU is tied into tracing the extent of
involvement of recycled material in the production of geochemical heterogeneities, as

consequences of subduction and convection. It is also relevant to quantifying the extent of



contribution of recycled material to the genesis of chemical heterogeneities, and formation
of alkalic rocks with HIMU signatures at ridge spreading as well as continental rift zones.
The extent of the involvement of recycled oceanic material in the genesis of chemical
heterogeneities is in need of better constraints.

Highly siderophile (“iron-loving”) element (HSE) are present in elevated abundances in
chondritic proportions in the terrestrial mantle, in conflict with silicate-metal partition
coefficients of HSEs from high-pressure experiments, as the sequestration of HSEs in the
Earth’s core is predicted. Such a discrepancy has led to the hypothesis of a “late veneer,”
accretionary material that is thought to have been added and thoroughly mixed with the
terrestrial mantle, which would have comprised 0.2-0.9% of the Earth’s mantle. A late
veneer roughly CI meteorite composition could also have delivered the volatiles into the
Earth’s atmosphere and oceans.

87Hf decays into '*W with a short half-life of 8.9 Myrs. While '*Hf is lithophile, W is
siderophile, making it an ideal tracer for understanding the timing of core-formation. Owing
to the moderately siderophile nature of W, the delivery of late veneer is expected to have
affected the bulk silicate Earth '*W/"*W ratio and W concentration. The distribution of
the W isotope data with respect to time however, is not well understood. Modeling the time
scale of mixing of the late veneer may clarify the early conditions of late veneer delivery,
and the relation of measured '*W/'8*W ratios, to the mixing of the mantle.

This work is presented in four chapters. Chapter 2 is already published in Earth and
Planetary Sciences Letters and tests whether the terrestrial mantle is chemically stratified on
the scale of the upper and lower mantle volumes. The additional collaborators who have

been involved in this study include Shichun Huang, Michail Petaev, and Stein B. Jacobsen.



Chapter 3 has been submitted and is under review in Nature Communications. The study tests
whether the modern-day Earth still preserves heterogeneities from silicate differentiation
events produced in the Hadean with improved **Nd/"*Nd measurements for modern day
samples. In addition, the data distribution of '*Nd/'*Nd isotopes throughout time is used
to infer the style of tectonics in the Hadean. The main collaborator who has been involved
in this study is Stein B. Jacobsen. Chapter 4 has been submitted to Proceedings of the National
Academy of Sciences. The study pinpoints the source of highly alkalic HIMU basalts, a
geochemical component traditionally understood be a tracer of oceanic crust. Additional
collaborators who have been involved in this study include Fatemeh Sedaghatpour, Bjorn T.
Larsen, Else-Ragnhild Neumann, and Stein B. Jacobsen. Chapter 5 tests the evolution and
distribution of W /'®W isotopes in relation to the terrestrial mantle post-core formation
and the delivery of the late veneer.

Through addressing such topics, I elucidate extent of mixing in the terrestrial mantle and

its relationship to chemical heterogeneities through time.



CHAPTER 2
Is the mantle chemically stratified? Insights from sound velocity modeling
and isotope evolution of an early magma ocean
This chapter has been published in Earth and Planetary Science Letters. The collaborators that
were involved include (in the order of authorship) Shichun Huang, Michail I. Petaev, and

Stein B. Jacobsen.

Abstract
The upper mantle is widely accepted to be pyrolitic, but the bulk composition of the lower
mantle remains highly disputed. Recent modeling of the lower mantle shear wave velocity
profile has suggested that the lower mantle is enriched in bridgmanite, therefore implying a
higher Si/Mg than that of the upper mantle. We improve upon such modeling by taking
into account Ca-perovskite and considering the distribution of Fe between bridgmanite and
ferropericlase, more appropriate for Al-bearing systems. Using available experimental data,
we derive a means to constrain Al-Fe-partitioning for bridgmanite and ferropericlase,
constrain suitable values for the lower mantle, and apply these to lower mantle shear wave
velocity calculations. We also model chemical fractionations of the '*’Sm-'**Nd and '"*Lu-
"6Hf systems induced by a crystallizing magma ocean that would produce a putative Si-
enriched lower mantle. The comparison of the calculated '*Nd/'*Nd and
6Hf/"""Hf signatures with those of the terrestrial array shows that a Si-enriched lower
mantle, if ever formed, no longer exists. Calculations that consider the effects of minor
chemical components such as Ca and Al suggest that the lower mantle shear wave velocities

can resolve PREM for a pyrolitic composition to within 1%. Both mineralogical



calculations and geochemical magma ocean modeling support the idea that the Earth's
lower mantle is likely pyrolitic and that the mantle as a whole need not be chemically

stratified.

1.Introduction

The solid Earth is composed of three major chemical layers—the crust, the mantle, and
the core. These features were first identified by analyzing seismic waves generated by large-
scale earthquakes, penetrating into the interior of the Earth (e.g., Williamson and Adams,
1923). Later, when the physical properties of putative inner Earth materials were measured
in high pressure and temperature experiments, inner Earth seismic wave velocities and
density profiles were linked to the chemical compositions of these layers (e.g., Birch, 1952).

The silicate mantle 1s the Earth’s volumetrically largest division. Its chemical
composition and structure are a constant subject of inquiry and debate as they tie into many
1ssues pertaining to the origin of the Earth and its evolution (e.g., Javoy et al., 2010). One
of the most prominent seismic features of the mantle is the 660-km discontinuity,
characterized by a sharp jump in seismic velocity. This discontinuity, which serves as the
boundary between the upper and lower mantles, has traditionally been attributed to the
temperature and pressure-induced breakup of ringwoodite, (Mg,Fe),Si0,, into bridgmanite,
(Mg, Fe)Si0s;, (formerly referred to as “Mg-silicate-perovskite”), and ferropericlase,
(Mg,Fe)O (Ito and Takahashi, 1989).

There is yet no consensus on whether this discontinuity is also a chemical boundary
(e.g., Irifune et al., 2010; Murakami et al., 2012), which would imply different compositions

for the lower and upper mantles. The upper mantle composition is well established from



samples of mid-ocean ridge volcanism and mantle peridotites, and is widely presumed to be
pyrolitic (Ringwood, 1962). Pyrolite, a theoretical composition calculated as three parts
peridotite and one part normal mid-ocean ridge basalt (Ringwood, 1962), is depleted in Si
compared to chondrites. Chondrites are often considered to be the building blocks of the
Earth. If the bulk Earth has a CI-chondritic Si/Mg ratio, then the compensation for the
apparent depletion of Si in the upper mantle is explained either by sequestering of some Si
into the core (e.g., Allegre et al., 1995; Georg et al., 2007), or having a higher Si/Mg ratio in
the lower mantle (e.g., Taylor and McLennan, 1985), or both.

Such a chemical stratification in the mantle, if it exists, would have most likely been
caused by the gravitational settling of dense bridgmanite crystals during the solidification of
magma ocean not long after the Earth formation (Agee and Walker, 1988). The
preservation of such a chemically layered mantle throughout billions of years would imply a
lack of material transport between the upper and lower mantles throughout the history of
the Earth. Although seismic tomography has revealed slabs penetrating the 660-km
discontinuity (van der Hilst et al., 1997), the extent of material exchange between the upper
and lower mantles remains unclear.

The composition of the lower mantle has been evaluated by modeling sound velocity
profiles using experimentally derived physical properties of mantle minerals under proper P-
T conditions (Lee et al., 2004; Stixrude et al., 1992). However, in most experiments, the
chemical composition of the lower mantle is approximated by the Fe-Mg-Si-O system,
neglecting the less abundant major elements such as Al and Ca. The effect of Al on the
shear properties of bridgmanite, having only been explored in the past decade (Jackson,

2004; Murakami et al., 2012), has profound implications for interpreting the lower mantle



composition. Using experimental data obtained under lower mantle P-T conditions, recent
modeled seismic shear wave velocities of a pyrolitic lower mantle (Murakami et al., 2012)
were found to have large discrepancies from the shear wave velocities of the 1D seismic
profile, PREM (Dziewonski and Anderson, 1981). Specifically, their modeled shear wave
velocity profile for a pyrolitic lower mantle was much lower than PREM (~3% offset), that
was resolved by increasing the bridgmanite/ferropericlase ratio assumed in the lower mantle
compared to the pyrolitic composition.

The approach of Murakami et al., (2012) neglects the contribution of a Ca-bearing
phase and the effect of Al on Fe-Mg partitioning between bridgmanite and ferropericlease,
which in turn, affects the sound wave speeds of these minerals. Here, we model the shear
wave velocities of the lower mantle, taking these effects into account. The pyrolitic mantle
contains ~3—4 wt% CaO (e.g., McDonough and Sun, 1995), which in the lower mantle
resides in Ca-perovskite, CaSiO;, occurring alongside two other minerals, bridgmanite and
ferropericlase. Although the shear properties of Ca-perovskite have not been measured
experimentally, ab initio calculations (Karki and Crain, 1998) of cubic Ca-perovskite have
demonstrated high shear velocities which can potentially resolve the discrepancy between a
pyrolitic lower mantle and observed seismic wave velocities.

Calculations of lower mantle sound wave velocities usually consider bridgmanite and
ferropericlase with Fe-Mg partitioning characteristic of Al-free systems (e.g., Zhang et al.,
2013). Al, however, residing exclusively in bridgmanite, affects Fe-Mg partitioning to a
substantial degree. Although Al is reported to increase the amount of Fe in bridgmanite due
to the coupled substitution of (Fe** and AI’**) for (Mg** and Si*") (Wood and Rubie, 1996),

the extreme variability in the data (Fig. 1) has made the subject controversial. In particular,



relations among pressure, temperature and Fe-Mg partitioning behavior in coexisting Al-
bearing bridgmanite and ferropericlase have so far remained unclear. Another possible
complication is the spin transition occurring in ferropericlase, a high pressure effect
involving a change in an electron configuration from high spin to low, which subsequently
affects both the bulk and shear properties of ferropericlase. As Fe-Mg partitioning between
Al-bridgmanite and ferropericlase in the lower mantle can affect shear wave velocity
calculations, there is a necessity to critically assess and analyze the available experimental
data. Through such an analysis, we present a statistically significant correlation that is
capable of predicting K, values, use this relation to derive K suitable for the lower mantle,
and apply these to shear wave velocity calculations.

In addition, our study also explores the fractionation of lithophile trace elements in a
putative Si-enriched lower mantle that would have formed in a differentiating magma
ocean, by taking advantage of primordial fractionation effects in the '"*Lu-'"Hf and *’Sm-
’Nd radiogenic isotope systems between a silicate melt and high-pressure lower mantle
phases.

Using approaches from mineral physics and geochemistry, we evaluate the likelihood of
a chemically stratified mantle, with the lower mantle being enriched in Si compared to the

upper mantle.

2.Methods
2.1 Shear wave velocity modeling
Modeling a seismic velocity profile of a planetary layer such as the lower mantle

involves a series of calculations for different depths of the layer. Each step calculates the



compound shear wave velocities for a mineral aggregate representing a bulk chemical
composition at a given pressure and temperature. For the calculations of the aggregate
shear wave velocity of a pyrolitic lower mantle, the mineral proportions of lower mantle
minerals (~77.5 vol% bridgmanite [Al-(Mg,Fe)SiO;] ~15 vol% ferropericlase [(Mg,Fe)O],
and ~7.5 vol% Ca-perovskite [CaSiO;]) (e.g., Irifune, 1994) are used. Since the amount of
Fe in ferropericlase or bridgmanite affects the wt% proportions of these minerals, we
consider minor variations in the volume and weight proportions of lower mantle minerals
corresponding to different K, values, to account for small volume and density changes that
Fe inflicts for each corresponding phase. The lower mantle Fe/(Fe+Mg) is set to 0.107
(McDonough and Sun, 1995), similar to earlier estimates by Green et al., (1979) and
Jagoutz et al., (1979).

For the calculation of the shear wave velocity profile of the lower mantle, we utilize the
third-order Eulerian finite-strain equation (Stixrude and Lithgow-Bertelloni, 2005) to

calculate shear modulus (G), where the non-thermal portion is expressed as follows:
G= (1 + 2ﬁ5/2[G0+ (3K50G,0 - 5G0)f+ (6K50G,0 — 24KS() — 14G0 + 9/2KS0K,0)_f] (1)
Here, G, is the shear modulus at zero pressure, G’y is the pressure derivative of the shear

modulus, K), the bulk modulus, and K’, the pressure derivative of the bulk modulus. This

expression is thermodynamically self-consistent to £, where £, the finite strain, is defined as:

ey
S CR
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where p is density at corresponding depth, and p, 1s the density at zero pressure. Kgis the

1sentropic bulk modulus at zero pressure:

Kso = Kro(l + (44)} )/()T) (3)

Here, T'is the temperature at ambient pressure; Kry, the isothermal bulk modulus; a,, the
thermal expansion coefficient; and y,, the Griineisen parameter. Temperature corrections
for shear modulus are made using linear projections (e.g., Anderson, 1989; Deschamp and
Trampert, 2002). We adopted the Voigt-Reuss Hill averaging method (Hill, 1952) for the
aggregate shear modulus of Mg-perovskite, ferropericlase, and Ca-perovskite of the lower
mantle. Model calculations are performed along an adiabatic geotherm (Brown and
Shankland, 1981).

For the shear properties (G, G’) of bridgmanite, we use experimentally derived values
from Murakami et al., (2012), which were used to argue for a Si-enriched lower mantle.
The Fe-content in bridgmanite has been experimentally shown to have no bearing on its
shear modulus (Chantel et al., 2012). In contrast, the shear properties of ferropericlase are
affected by Fe. When calculating the change in the shear properties of ferropericlase with
respect to its Fe/Mg ratio, we refer to the studies of Jacobsen et al., (2002) and Murakami et
al., (2012). The pressure derivatives of the shear modulus (G’) in the original experiments
are derived using the second order Eulerian finite-strain equation (Davies and Dziewonski,
1975). For internal consistency in calculations, G’ is re-derived using the third order

expansion of the Eulerian finite strain equation (Stixrude and Lithgow-Bertelloni, 2005) by

11



refitting the raw data if reported, or refitting synthetic data generated using the published
elastic constants as described in the footnote of Table 1. As there are no experimental data
on the shear properties of Ca-perovskite, following Matas et al., (2007), we use ab initio

calculations of Karki and Crain (1998).

2.2 Deriving Kp: finding a correlation between different chemical components
The partitioning of Mg and Fe between bridgmanite (pv) and ferropericlase (fp) in Al-

free systems is described by the following reaction:

MgSi0,(pv) + FeO(fp) <> FeSi0;(pv) + MgO(fp) 4)

Where the partition coefficient, Kp, expresses the distribution of Fe and Mg between the two

coexisting phases:

Kp = (X0 | Xy ) (XL X ) )

Here, X, is the mole fraction of component 7 in phase a. Typical K, values in the Fe-Mg-
S1-O systems range from 0.2 to 0.3 (Auzende et al., 2008; Kobayashi et al., 2005; Mao et al.,
1997; Sakai et al., 2009), implying higher molar Fe/Mg ratios in ferropericlase than in
bridgmanite. In Al-bearing systems, however, K, values are higher by a factor of two or
more and show large variations (Fig. 1). This phenomenon is largely attributed to the

coupled substitution of (Fe** +AI**) for (Mg**+Si**) in bridgmanite, where Fe’** is thought to

12
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Figure 1. Variations of Kj, values with temperature and pressure. Blue, upward-pointing
and red downward-pointing triangles denote data for Al-bearing (Frost and Langenhorst,
2002; Irifune et al., 2010; McCammon et al., 2004; Murakami, 2005; Nishiyama and Yagi,
2003; Sinmyo and Hirose, 2013; Wood and Rubie, 1996; Wood, 2000) and Al-free systems
(Auzende et al., 2008; Frost and Langenhorst, 2002; Nakajima et al., 2012; Sakai et al.,
2009), respectively.
reside preferentially in the dodecahedral (A) site, and AI** in the octahedral (B) site, in the
form of Mg**,Fe?* Fe’*)(Al**,Si*")O; (Wood and Rubie, 1996). From the stoichiometric
considerations alone, contents of Fe>* measured by Mossbauer spectroscopy or EELS
(electron energy-loss spectroscopy) imply a “spill over” of Al** to the dodecahedral site in
the form of (Mg**,Fe?* Fe** AI’")(Al**,Si*)O3, and in some cases, an additional “spill over”
of Fe** from the dodecahedral to the octahedral site as
(Mg, Fe** Fe** AIP*)(AI** Fe**,Si*")Os. As literature data typically do not separate Fe’* and
Fe?* when reporting Kp, an apparent Kp (Kp.pp) is often reported instead, where Xg>' = (Fe**
+ Fe’*)/(Fe** + Fe** + Mg). For the sake of simplicity, hereafter we refer to Kp,y, as Kp.
We examine the correlations between different chemical components and experimental
conditions for the purpose of deriving a relationship or model that may be capable of
predicting K, values applicable to the lower mantle. In such an assessment of K for Al-
bearing systems, different chemical components, Al content in bridgmanite (X,/*) in atoms
per formula unit (apfu), Fe-content (Fe** + Fe**) in bridgmanite in apfu (Xg"), and Fe-
content in ferropericlase in apfu (Xg.), as well as experimental temperature (K) and
pressure (GPa) are compiled from a number of literature sources and treated as variables.

The apfu values are directly quoted from studies, or calculated from the reported mineral

analyses when necessary (Frost and Langenhorst, 2002; Hirose, 2002; Irifune et al., 2010;
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McCammon et al., 2004; Murakami, 2005; Nishiyama and Yagi, 2003; Sinmyo and Hirose,
2013).

Plotting different chemical components in 3D Cartesian coordinates (Xg.? vs Xg™ vs
Xr") reveals three groups of data, arranged qualitatively by the bulk Fe/(Fe+Mg) ratio
(Fe#t hereafter) of the bridgmanite-ferropericlase system. These data groups — labeled ‘low’,
middle’ and ‘high’ hereafter — roughly correspond to the bulk Fe# of below 0.10, 0.10-0.18,
and higher than 0.18, respectively. The ‘middle’ data group that includes the pyrolitic
composition (~ 0.107) also contains the highest abundance of data, and therefore was
deemed best suited for statistical analysis. This data group was used to derive a model
correlation among different chemical components and experimental conditions.
Temperatures in this group typically range from 1800 to 2400 K, spanning the range of the
lower mantle, while pressures range from 24 to 114 GPa. Coefficients of each of the
independent components (any combination of T, P, Xg.?, XaF", Xr", Kp) were derived in
relation to one component that was treated as a dependent variable (any of T, P, Xz, XA,

Xr") through linear least squares fitting, in the form of:

y=ax; tax.... aX,... +b (6)

Here, y is the dependent variable, x; to x, are independent variables, g, to a, are the
coefficients of the independent variables, and b, is a constant. Correlations where X;* was
potentially both a dependent and independent variable (e.g., Kp = aXg"' + b) were avoided
in such an approach, as there would be little to no predictive value. The statistical

likelihood of a randomly derived correlation between different chemical components and
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experimental conditions was then assessed by calculating p-values as a test of statistical
significance for the coefficients of independent variables simultaneously. Here the null
hypothesis is an absence of a correlation between the dependent and independent variables.
Following convention, p-values were deemed to indicate statistical significance at a value of
0.05 or less. A correlation was rejected as statistically insignificant and thus unlikely when
p-values were higher than 0.05 for any coefficient, including the constant.

Components with a high probability of being related to one another were plotted in
Cartesian coordinates (Fig. 2) to visually assess the linear least squares fitting. Here the
criteria for assessing the quality of the data was more rigorous. Each individual data point
that was noted to deviate from the trend was assessed and deemed to be an outlier when its
inclusion to the data set caused the p-value of a coefficient to surpass 0.01. For the sake of
completeness, we also plotted the experimental data that failed the p-test and were excluded
from calculating regression coefficients. The derived relation was further used to calculate

K} values (Section 3.2).
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Figure 2. The relationship between Xr*", Xa®¥, and T in Al-bearing systems. The mole
fractions are in apfu units, 7'is in K. The data form three planar clusters roughly
corresponding to the bulk Fe# of the system: the yellow plane with Fe#>0.18, the blue
plane with Fe# of 0.10-0.18 inclusive of the bulk silicate Earth, and the plane red plane
with Fe# < 0.10. The data sources are the same as in Fig. 1. To avoid cluttering, only the
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most oxidizing experiments buffered by Re-ReO, (2 log units above QFM) are marked by
crosses. Other experimental data were acquired at more reducing conditions spanning from
the CO,-CO buffer (2 log units below QFM) to IW buffer (~3.5 log units below QFM),
provided the equilibration of the experimental charge with Fe capsules has been achieved.
2.3 Magma ocean modeling

It is widely believed that the interior of the early Earth once contained a partially or
completely molten reservoir of silicate material referred to as a magma ocean (Elkins-
Tanton, 2012). If such a magma ocean was deep enough to include a large, or the entire
portion of the lower mantle, then the fractionation of Mg and Si, and thus Si-enrichment in
the lower mantle would have most likely been generated during early magma ocean
crystallization accompanied by gravitational settling of bridgmanite. The enrichment of the
lower mantle in bridgmanite would, in turn, fractionate lithophile trace elements such as
Lu, Hf, Sm, and Nd, leaving the upper mantle enriched in some elements and depleted in
others. This is because bridgmanite and Ca-perovskite are either greatly depleted or
enriched in Sm, Nd, and Lu relative to the melt from which they crystallize (Table 3).

Consequentially, a comparison of modeled trace element patterns produced by a
putative bridgmanite settling with available trace element signatures of the upper mantle can
shed light on whether this feature is still present if it has ever occurred. We test the
hypothesis of a layered mantle through a simplified magma ocean model that explores trace
element fractionation in such a scenario. Although the solidification of a magma ocean is
expected to produce increasingly denser materials from bottom up due to progressive
enrichment of residual liquid in FeO (e.g., Elkins-Tanton et al., 2003), we do not consider
this effect in our model, because likely gravitational instability and overturn would erase any

features of large scale mantle layering. For comparison of our model with the data, we refer

to the Hf-Nd signatures of accessible mantle samples, commonly known as the terrestrial
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Table 2. Solid-melt partition coefficients used in modeling

Sm Nd Lu Hf
Bridgmanite 0.050(2)! 0.0161(4)! 1.00(2)! 1.64(5)!
Ca-perovskite 21.1(10)!2 16.7(10)!2 13.5(7)12 1.70(2)12

YHere the solid-melt partition coefficients of ferropericlase are assumed to be negligible. The
numbers in parentheses next to the partition coefficients in the table indicate uncertainty.

ICorgne et al., 2005,
2Walter et al., 2004

Table 3. Present day CHUR values for magma ocean modeling
Ratios YISm/'"Nd  "Nd/"Nd - SLw/'THE VSHE/VTHS
Values 0.1967! 0.512638! 0.0336° 0.2827852
!Jacobsen and Wasserburg, 1984
Bouvier et al., 2008
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array (hereafter denoted as the terrestrial Hf-Nd array, to avoid confusion with the “mantle
array”) (Vervoort et al., 2011, 1999). The dataset currently contains '"*Hf/'""Hf and

N d/'*Nd ratios of more than 3500 samples from the continental and ocean crust, and the
depleted mantle. These ratios are often expressed in e-units (€5 Or €y,), which are defined as
the isotopic ratio deviations from those of chondrites, or CHUR (the CHondritic Uniform
Reservoir), in parts per 10,000.

Following Albarede et al., (2000) and Caro et al., (2005), we assume a magma ocean
with chondritic Sm/Nd and Lu/Hf ratios generated by an event such as the Moon-forming
giant impact (e.g., Tonks and Melosh, 1993). Although Boyet and Carlson (2005) argued for
a superchondritic Sm/Nd ratio of the bulk Earth based on the silicate Earth '**Nd/*Nd
ratios being about 20 ppm higher than in ordinary chondrites, Huang et al. (2013) showed
that the long-lived '*’Sm-'*Nd isotopic systematics are inconsistent with a superchondritic
Sm/Nd ratio for the silicate Earth. A superchondritic Sm/Nd ratio for bulk Earth inferred
from the extinct *Sm-'**Nd depends on two assumptions: (i) the bulk Earth is isotopically
most similar to ordinary chondrites and (ii) the difference between ordinary chondrites and
the Earth results from radioactive decay of '**Sm in a silicate Earth with a higher than O-
chondrite Sm/Nd ratio. As discussed by Huang et al (2013) it 1s not clear whether any of
these assumptions are correct. First, the bulk Earth is isotopically more similar to enstatite
chondrites than ordinary chondrites. Second, the available Sm-Nd isotopic data for
terrestrial rocks do not support a superchondritic Sm/Nd ratio for the Earth. Clearly, there
are too many uncertainties in how to use the extinct “*Sm-'*2Nd isotopic system for the type

of modeling done for the long-lived '*’Sm-'**Nd and '"*Lu-'"Hf isotopic systems. For this
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reason, we do not discuss the issue of possible superchondritic Sm/Nd ratio further in this
paper.

Upon cooling the magma ocean crystallized bridgmanite and Ca-perovskite. It is
unlikely that the Earth may have evolved from a single magma ocean; however, we assume
one for the purposes of testing the hypothesis of a homogeneously Si-enriched lower mantle
forming during magma ocean crystallization as suggested by Murakami et al., (2012). We
neglect ferropericlase because its trace element fractionation effects are negligible compared
to bridgmanite and Ca-perovskite (e.g., Walter et al., 2004).

Although the timing of such a large-scale differentiation event(s) is unclear, the last
magma ocean forming event is thought to have been the Moon-forming giant impact, with
the estimated timing of this event of about 30 (Jacobsen, 2005) but not exceeding 100 Ma
(Yu and Jacobsen, 2011) after the formation of the first Solar System condensates at 4.567
Ga. Here we assume the onset of upper and lower mantle differentiation to occur at 4.467
Ga.

Because Ca-perovskite has the largest effect on the solid-melt partitioning of Sm, Nd,
and Lu, and because the crystallization sequence of Ca-perovskite in relation to bridgmanite
1s unclear, we varied its amount in Si-enriched lower mantle scenarios, ranging from 2 wt%
Ca-perovskite (+98 wt% bridgmanite) to 7 wt% Ca-perovskite (+93 wt% bridgmanite), with
1 wt% increments. The calculated model signatures of the upper mantle are plotted in ¢-
units along with their complementary lower mantle compositions. Here the upper mantle
is set to take up 27 wt% of the whole mantle.

We consider two end-member magma ocean crystallization scenarios representing

batch (or equilibrium) and fractional crystallization (subscripts “eq” and “fr”, respectively)
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using equations from Caro et al., (2005) modified to include the effects of radioactive decay.
Described below is the case for the Sm-Nd system, which equally applies to the Lu-Hf
system when considering Lu in place of Sm, and Hf in place of Nd.

The bulk solid-liquid partition coefficient, D, is defined as:

D, =Y Dia" (7

where a” is the mass fraction of mineral m, and D; represents the crystal/melt partition
coefficient of element E in mineral m.
First, the upper mantle '’Sm/'*“Nd ratio (R") is calculated after assuming complete

solidification of the lower mantle:

RYM _ 47Sm /N derur (1= /)Dy, —D+1 (8)
h (1=/)(Dg, —D+1

Dy, ~1

R%M — 147Sm/144NdCHUR ;DM-I (9)

where ¢ is the presumed time between differentiation of the upper and lower mantle and
present day, 1 — fis the weight fraction of the lower mantle compared to the whole mantle,
where f1is the melt fraction (upper mantle).

The complementary lower mantle '*’Sm/'*Nd ratios (R*™) for the two crystallization

models was calculated as follows:
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ReLqM = 48 m /N d cprom Dy, (1= f)(Dy, 1) +1 (10)
DNd(1 - f)(DSm - 1) +1

DSm
R;’Mz 147Sm/144NdCHUR 1 _

; (11)
_f Nd

The evolution of '*Nd/*Nd ratio before and after magma ocean crystallization is
modeled using standard radioactive decay equations. For example, for the upper mantle we

have:

143Nd/144Nd eq(UM) - I43Nd/144NdCHUR(today) _ 147sm/144NdCHUR(today)( eﬂtE _ 1) +

WSm/ “Ndeur(e™s — )+ Ry, (e~ 1) (12)

where fz 1s the age of the Earth, and ¢ is the time passed from magma ocean crystallization
to present, and A, the decay constant of the radioactive parent isotope. Expressions are
analogous for the Lu-Hf system.

The solid-melt partition coefficients and CHUR values used in the modeling are listed

in Tables 2 and 3, respectively.

3. Results and discussion
3.1 A statistically significant relationship between chemical components and temperature

for Al-bridgmanite
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The statistical treatment of experimental data on bridgmanite equilibrated with
ferropericlase reveals a correlation in each data group which relates the Al-content in

bridgmanite, the Fe-content in bridgmanite, and temperature (K):

aXe? + BT+ Xa+ d=0 (13)

Such a formulation naturally forms a plane in 3-dimensional coordinates, whose axes
represent Xg"” vs X4 vs T (Fig. 2). Pressure as a variable (ranging from 24 to 109 GPa) was
found to be statistically insignificant (p-value > 0.6) and thus excluded in relation to other
components in Eq. 13. All of the components presented in Fig. 2 are directly quoted from
the literature or calculated from reported chemical analyses, with no additional treatment to
the data.

For the ‘middle’ group (Fig. 2; blue), the trend 1s well-defined. The coefficients of the
linear least squares fitting are a = 1.26, b = 3.36x107, c= -1, and d = -0.0978. When X,/
1s treated as the dependent variable, the p-value of coefficient b (the temperature component)
is ~1x10” for all the data compiled for this range of bulk Fe#, whereas the p-value of
coefficient ¢ (Xr”' component) is closer to 10",

P-values for Xz in relation to X, for the ‘low’ and ‘high’ groups of data are similarly
low, on the order of 10°. On the other hand, the p-values for the coefficients of the
temperature component in the “high” and “low” groups are ~0.06 and ~0.15 respectively,
possibly due to a weaker correlation compared to the relationship between X" vs Xz, or
more likely due to the small data set. Although the ‘low’ and ‘high’ data groups are not
directly applicable to the BSE, they do give important insights into crystal chemistry of

bridgmanite as discussed in section 3.2.
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3.2 K, for Al-bearing systems

The correlations between bridgmanite composition and temperature (Eq. 13) in all three
groups with different Fe# imply that the derived trends may be controlled by the crystal
chemistry of Al-bearing bridgmanite. It appears that there is a correlation between the Fe#
of a group and how Al’* and Fe’** are distributed between different sites. In the ‘high’ group
(Fig. 2, yellow), the Fe**/Al** ratio is close to 1 within 1 sigma uncertainty of Xg¥ and
Fe**/XFe measurements (Frost and Langenhorst, 2002, McCammon et al., 2004), requiring,
by a charge balance, AI** and Fe** to occupy the octahedral and dodecahedral sites,
respectively. In the ‘low’ group (Fig. 2, red) the AI**/Fe’** ratio exceeds 1.5, requiring AI**
to occupy both the octahedral and dodecahedral sites, leading to a chemical formula (Mg**,
Fe?*, Fe**, AI**)(AI**,Si*")O; (Frost and Langenhorst, 2002). The latter also applies to the
‘middle’ group which exhibits a slight overabundance of AI** compared to Fe’*
(AI**/Fe**~1.2; Frost and Langenhorst, 2002). Clearly, there is a positive correlation
between the bulk Fe# and the amount of Fe’* in the system that would be expected at
constant redox conditions expressed as, say, Fe**/Fe®" ratio. However, experiments
conducted under different controlled redox conditions span at least 6 log units of fy, (Fig. 2),
hence leaving the reason for such a correlation between the bulk Fe# and Fe**/Fe®* ratio
unclear.

Although the definition of K requires the knowledge of the Fe/Mg ratios of both
bridgmanite and ferropericlase, as Eq. 13 only constrains the Fe-content of bridgmanite, the
amount of Fe in ferropericlase is inferred indirectly. Using Eq. 13 to constrain the Fe-

content in Al-bearing bridgmanite, the Fe/Mg ratio of bridgmanite is approximated as:
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Xel/(1 - Xe?). (14

Then the Xg.” of ferropericlase is calculated from the mass balances of Fe and Mg:

€XFepV /(XFepV+XMng) +ﬂ(Fefp /(XFefp+XMgfp) = Fe#(lS)

where e and fare the respective mineral proportions of bridgmanite and ferropericlase in the
experimental charge. For the pyrolitic composition, e and fare 0.685 and 0.315.

The calculated Fe-contents in Al-bridgmanite, and ferropericlase (equations 13—15) as
well as corresponding K values reproduce the experimental data very well (Fig. 3). Despite
potential errors associated with approximations of Fe/Mg ratio in bridgmanite (Eq. 14) and
the indirect inference of Xg.? (Eq 15), 75% of the calculated K, values plot within £0.10 of
the experimental values, while 90% of the calculated K, values plot within £0.15 (R*= 0.87).
The effect of the bulk Fe# on the K is well demonstrated by two experiments conducted at
the same pressure of 24 GPa, near identical X' of ~0.11, similar temperatures of 1923 and
1873 K, but different bulk Fe# of 0.133 and 0.110 by Frost and Langenhorst (2002) and
Nishiyama and Yagi (2003), respectively. Although the expected response from a
conventional exchange equilibrium reaction dictates that the K, values should be similar for
the same intensive parameters despite different bulk compositions, the experiment at higher
Fe# yields Kp of 0.46, while at lower Fe# the Kp 1s 0.98. Our set of equations that takes

into account the bulk Fe# considers such a behavior very well (Fig. 3c).
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Our finding that the Fe-Mg partitioning between Al-bearing bridgmanite and
ferropericlase is strongly controlled by bridgmanite questions the notion (e.g., Irifune et al.,
2010) that Fe-partitioning behavior in Al-bearing systems is affected by the spin transition of
Fe in ferropericlase. For instance, a substantial decrease (of ~0.3) in K, at 44 GPa
compared to lower pressure values in the study of Irifune et al., (2010) can be explained by
the difference in Al content of bridgmanite, with X,'= 0.087 apfu and X, > 0.094, at high
and lower pressures, respectively. Here, the decrease in K}, is a reflection of the high
sensitivity of Kp to Al-content in bridgmanite rather than due to the spin transition in
ferropericlase. Moreover, the 47 GPa data point (Irifune et al., 2010) plots very close to a
low pressure (25 GPa) data of Frost and Langenhorst, (2002) (circled; Fig. 2). The
deviations of these points from the determined trends in 3D space may be results from errors
in electron microprobe analyses or incomplete equilibration of the synthesized sample, or
both. In contrast, a data point at 109 GPa (Sinmyo and Hirose, 2013) is shown to conform
to trends in Fig. 2, where the calculated K, value is reproduced to match the experimental
value to within 0.10 (Fig. 3). This further suggests that observed variations in K, values are
typically not related to the high pressure (>60 GPa) effects involving the spin transition in
ferropericlase.

Although large variations in Kp in Al-bearing systems (Fig. 1) were attributed to the
possible lack of equilibrium across experiments (e.g., Frost and Langenhorst, 2002), we find
the quality of the data to be more or less consistent from study to study. This is based on the
fact that the data follow distinct trends, which are largely defined by experimental
conditions such as temperature and the charge composition rather than by lab (study)

and/or apparatus type (diamond anvil vs multi-anvil cell).
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3.3 Calculation of lower mantle seismic profiles when considering Ca-perovskite and K

The lower mantle shear wave velocity profile of the mixture of bridgmanite and
ferropericlase in pyrolitic proportions (8:2 in volume) using the K, value of 0.24, typical of
Al-free systems yields a maximum offset from PREM of 3.3%, consistent with Murakami et
al., (2012). The addition of Ca-perovskite to the mixture while still assuming a K, of 0.24
reduces the offset of the calculations from PREM to around 1.6%, with the offset normalized
to PREM at a maximum at lower pressures (<60 GPa).

However, the primitive mantle composition contains 4.5 wt% ALO; (McDonough and
Sun, 1995), which mostly resides in bridgmanite (~5 wt% ALQO;). For the bulk silicate Earth
Fe# of 0.107, the solution of Eq. 13-15 yields a K value of ~1.05 at 1880 K, corresponding
to a depth of 670km (24 GPa) in the lower mantle. K, decreases along the lower mantle
adiabatic temperature profile (Brown and Shankland, 1980) to ~0.65 near 135 GPa (Fig. 4a).

Increasing K, from 0.24 to higher values characteristic of the BSE diminishes the
discrepancy of lower mantle shear wave velocity calculations from PREM to 0.2-0.6%.
Meanwhile, considerations in the 1 sigma uncertainties in the thermoelastic constants of Al-
bridgmanite alone in these calculations yields an uncertainty in lower mantle shear wave
velocity calculations of ~+£1%. An uncertainty of £0.10 in K, values translates to a ~0.1%

uncertainty in shear wave velocity calculations, which is negligible in comparison.
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Figure 4. Variations of K (a) and shear wave velocity (b) along the lower mantle adiabatic
geotherm. a) Calculation of projected Kj, values of the lower mantle based on analysis of
experimental data on an adiabatic geotherm. (a) The blue solid line shows K, values for a
pyrolitic lower mantle (McDonough and Sun, 1995). The dotted red line (Kp= 0.24) is
characteristic of Al-free systems. Note that the change of K, with mantle depth is due to the
temperature change along an adiabatic geotherm, independent of corresponding pressure
change. There is no effect of the spin transition in ferropericlase (see text for details). (b)
Open circles — PREM, yellow dash-dotted line - the model of Murakami et al., (2012) with
constant K»=0.24 and no Ca-perovskite, red dotted line — K, = 0.24 with Ca-perovskite,
solid blue line — variable K, plus Ca-perovskite. The consideration of Ca-perovskite and
high K, values characteristic of an Al-bearing pyrolitic model allows matching the pyrolitic
lower mantle seismic 1D shear wave velocity profile to within 1%.

The changes in shear and bulk properties induced by the spin transition of Fe in
ferropericlase are noticeable in pyrolitic lower mantle shear wave velocity calculations as a
small jump at ~60 GPa, whereas such features are not apparent in seismic 1D shear wave
velocity models. The velocity jump from high spin to low spin at 60 GPa (~1500 km depth
from the Earth’s surface) is calculated to be 0.3%. In contrast, variations in shear wave
velocities in 3D tomographic models such as S40RTS (Ritsema et al., 2011), reveal shear
wave velocity anomalies of up to 1.5%, with no clear indication of a global velocity change
occurring at depths corresponding to range ~60 GPa. It may well be that seismic 1D
models are incapable of resolving such a small scale discontinuity as one expected around
60 GPa, as inferred from tomographic shear wave velocity variations that are much larger
than the change of velocity incurred by the spin transition of Fe in ferropericlase at such
depths. Alternatively, an absence of a feature in 1D seismic models may be explained by a
gradual spin transition over a range of pressures in the mantle as observed in experiments
(e.g., Badro, 2014), rather than by an abrupt change at around 60 GPa.

The calculations in this study demonstrate the importance of less abundant major

elements such as Ca and Al in modeling shear wave velocities of the lower mantle. We note
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that the large offset of the shear wave velocity calculations of a pyrolitic lower mantle,
demonstrated to be incompatible with PREM by up to 3.2% (Murakami et al., 2012), can be
resolved by considering Ca-perovskite and Fe-Mg partitioning values characteristic of Al-
bearing lower mantle minerals. As Ca and Al cannot be excluded from the bulk silicate
Earth, the considerations of a Ca-bearing phase and the effects of Al on the shear wave
velocity model of the lower mantle may well support a lower mantle of a pyrolitic

composition over one that is Si-enriched.

3.4 Trace element signatures of magma ocean crystallization

Kato et al. (1988) have previously explored possible trace element fractionation during
solidification of a terrestrial magma ocean to conclude that the mantle was unlikely to be
chemically stratified. Owing to recent claims of a chemically stratified mantle involving the
entire volume of the lower mantle, here we explore the fractionation of trace elements due
to formation of a Si-enriched lower mantle using the Hf-Nd isotopic systems, while
comparing the results to the terrestrial array. Such a test is limited to the layered mantle
scenario because only the lack of communication between the upper and lower mantles
would have been capable of preserving these signatures.

The gravitational settling of denser crystals during the magma ocean crystallization
results in an enrichment of the lower mantle in Si compared to both the chondritic source
and the complementary residual melt, which formed the upper mantle. Once the
crystallization front rises to a depth where the bridgmanite and Ca-perovskite become
unstable, substantial fractionation of trace elements is no longer possible. At this point the

silicate magma ocean consists of 73 wt% solids, corresponding to the weight proportion of
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the silicate lower mantle, and 27 wt% residual melt which later solidifies to form the
primitive, pyrolitic upper mantle (“PUM?”; Fig. 5a). Subsequent repeated remelting of the
Earth throughout its geologic history produces materials of the terrestrial Hf-Nd array
representing the continental and ocean crust, as well as the depleted mantle (Blichert-Toft
and Albarede, 1997; Vervoort et al., 2011, 1999).

The differentiation of the bulk chondritic Earth into the model PUM and Si-enriched
lower mantle results in a strong fractionation trend in e4rexsSpace (Fig. 5). The model PUM
1s enriched in Hf relative to CHUR in all variants of lower mantle model compositions
explored here, exhibiting negative € values. The Sm and Hf content of the upper mantle, on
the other hand, are strongly controlled by the assumed Ca-perovskite content in the lower
mantle. The eyrey, signatures of the upper and lower mantles fractionate up to dozens of e-
units away from the CHUR in opposite, but complementary directions. The subsequent
differentiation of the PUM (arrows in Fig. 5b) into the depleted mantle and crust is
anticipated to transform a single PUM g€y, value (blue points in Fig. 5c) into an array
with a slope parallel to that of the terrestrial Hf-Nd array.

The consequences of having a Si-enriched lower mantle formed in a large-scale
differentiation event are demonstrated in Fig. 5¢ by the modeled erand ey, signatures of the
upper and lower mantles. Despite wide variations in Ca-perovskite content, the
fractionation of the trace elements is so large, that none of the modeled PUM gyr¢€y, values
comes close to CHUR, or remotely overlaps with the PUM fractionation line of the present
day terrestrial Hf-Nd array.

As the D values for the of the Sm-Nd and Lu-Hf isotope systems used here are

measured at pressures close to the 660km discontinuity, it is possible that the partition
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Figure 5. The effect of putative Si-enriched lower mantle on the Hf-Nd signatures of the
upper mantle: Model vs Observations. The blue and red symbols represent the putative
primitive upper (PUM) and complementary Si-enriched lower mantles, respectively. Open
squares and filled circles denote batch and fractional crystallization models, respectively. a)
A cartoon illustrating how the compositions of the model upper (blue arrow) and lower (red
arrow) mantle would evolve during crystallization of the CHUR magma ocean at 4.467 Ga.
b) A cartoon illustrating how the [l and [Ix4 of putative upper mantle would fractionate
(grey arrows) as it differentiates into a depleted upper mantle (DUM) and the crust. The
grey symbols show the present day terrestrial Hf-Nd array (Vervoort et al., 2011, 1999). ¢)
Model results. This model uses the decay constants of 1.867x10"" yr'! for '*Lu (Soéderlund
et al., 2004), and 6.54x10° yr' ’Sm (Kossert et al., 2009). The numbered blue and red
symbols show respectively the compositions of the putative upper and lower mantles at
different contents of Ca-perovskite (Ca-pv, numbers next to the symbols) in the modeled Si-
enriched lower mantle. The grey symbols show the terrestrial Hf-Nd array. The red and
blue crosses in the upper right corner show maximum uncertainties induced by the different
values of '*Lu decay constant and the timing of the mantle differentiation, respectively.
The lack of overlap between the modeled PUM reservoirs complementary to a putative Si-
enriched lower mantle and the terrestrial array argues against the presence of a Si-enriched
lower mantle in the present Earth.
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coefficients may change with pressure and temperature. In such a case, D values may well
increase with increasing pressure because of a positive Clapeyron-slope of fusion in silicates
(Liebske et al., 2005). This would tend to increase the fractionation effects of the egyreng
signatures (Fig. 5c), making the difference between modeled €€y, signatures and the
terrestrial Hf-Nd array larger.

The timing of differentiation of a global magma ocean and the uncertainty in the '"*Lu
decay constant are also incapable of significantly affecting large fractionation effects
predicted by our model of a Si-enriched lower mantle. The €4 values are affected by the
different plausible values of the '"“Lu decay constant (Bizzarro et al., 2003; Scherer et al.,
2001) by about 1 € unit at most. The explored difference in the onset of mantle
differentiation by * 100 Ma results in the maximum shift of the €&y, values of £2 € units.
None of these factors compensates for the lack of overlap between our model upper mantle
egrand ey, values and the terrestrial Hf-Nd array.

We note that the PUM &€y, signatures resulting from the formation of a Si-enriched
lower mantle (Fig. 5¢) cannot be erased by subsequent upper mantle melting, as these exr&yq
signatures are strongly controlled by minerals that are stable only under the lower mantle
conditions. Therefore, the lack of overlap between our model and the terrestrial Hf-Nd
array makes a Si-enriched lower mantle containing more than 93 wt% bridgmanite at
present day unlikely. In contrast, an early decoupling of Hf-Nd signatures (Hoffmann et al.,
2011; Puchtel et al., 2013) suggests that chemical layering was present early on, although
often inferred to occur at depths well into the lower mantle. Even if there was once
chemical stratification involving a composition change at the 660km discontinuity, the

upper and lower mantles have been subsequently disturbed and remixed rather than
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preserved perhaps during rigorous convection predicted by models of magma ocean

evolution (Tonks and Melosh, 1993).

4. Conclusions

The shear-wave velocity model of the lower mantle matches the pyrolitic composition
to within 1% when the contribution of Ca-perovskite and relatively high K}, values
characteristic of Al-bearing systems are taken into account.

The evaluation of experimental data on Fe-Mg partitioning between bridgmanite and
ferropericlase in Al-bearing systems shows that K, depends upon the Al content, the bulk
Fe# of the system, and temperature. Dependence of K on pressure up to 109 GPa is not
significant. K is also unlikely to be substantially (>0.10) affected by the spin transition of
Fe in ferropericlase. For the bulk silicate Earth composition combined with lower mantle
temperature conditions, K values likely exceed 0.65 throughout the whole lower mantle,
approaching ~1.05 near the 660km discontinuity.

Our modeling of the crystallization of a magma ocean with a Si-enriched lower mantle
yields exr and eng signatures that do not overlap with the present day terrestrial array,
implying that if such a Si-enriched lower mantle has ever formed, it was not preserved
throughout Earth’s history. It may be concluded that the lower mantle is likely pyrolitic,

and that the mantle as a whole need not be chemically stratified.
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CHAPTER 3
'2Nd/'*Nd variations support a Hadean origin of plate tectonics as well as limited
preservation of Hadean heterogeneity in the modern mantle
This chapter has been submitted to Nature Communications close to its present form. Stein B.

Jacobsen was a primary collaborator.

Abstract
Early silicate differentiation events for the terrestrial planets can be traced with the short-
lived *Sm-'“Nd system (~100 Myr half-life) by measuring '*Nd/'*Nd. Variations in
2Nd/"Nd are also an excellent tracer of the rate of mantle mixing (Jacobsen and Harper,
1996; Jacobsen and Yu, 2015) and thus a potential tracer of plate tectonics through time.
Evidence for early silicate differentiation in the Hadean (4.6 to 4.0 Ga) have been provided
by "Nd/'*Nd measurements of rocks that show both higher and lower values than the
present day mantle, demonstrating major silicate Earth differentiation within the first 100
million years of the solar system (Caro et al., 2006; Harper and Jacobsen, 1992). Low
2Nd/'*Nd provides evidence for the preservation of an early enriched Hadean reservoir
(Rizo et al., 2012). In contrast to these 'Nd/'*Nd variations in early Archean rocks, such
2N d/"Nd variations have not been resolved in rocks younger than 2.7 Ga (Jackson and
Carlson, 2012). We have obtained an external 20 uncertainty better than 1.6 ppm for
2Nd/'**Nd measurements to constrain level of homogeneity/heterogeneity in the mantle
for the last 2 Ga (compared to 5-6 ppm uncertainties in earlier measurements—Boyet and
Carlson, 2005; Jackson and Carlson, 2012). We report that most modern day MORB and

OIB samples as well as continental crustal rocks going back to 2 Ga are within 1.6 ppm of
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the average Earth 'Nd/'*Nd-value. We use a mantle mixing model to show that this is
consistent with a mantle stirring time of about 500 Myr since the early Hadean and
therefore the Earth’s thermal and chemical evolution has been largely regulated by plate
tectonics for most of its history. Some young rocks have '**Nd/'*Nd signatures marginally
resolved (~3 ppm), suggesting that the entire mantle is not equally well homogenized and
that some silicate mantle signatures from an early differentiated mantle (>4.1 Ga ago) are

preserved in the modern mantle.

High-precision measurements of the now extinct '**Sm-'**Nd system is an excellent tool
for tracing early silicate differentiation processes that occurred within the first 300-500 Ma
of solar system history and subsequent mixing through convective processes (Boyet and
Carlson, 2005; Burkhardt et al., 2016; Caro et al., 2006; Debaille et al., 2013; Huang et al.,
2013). Samarium and Nd are concentrated to different degrees in the melt with respect to
the solid during partial melting or fractional crystallization and produce variations in
Sm/Nd ratios. Only very early (less than 500 Ma after Earth formation) formed Sm/Nd
fractionated reservoirs develop **Nd/'*Nd variations while Sm/Nd fractionation
throughout Earth history is recorded by the long-lived '¥’Sm-'**Nd system as '¥*Nd/*Nd
variations. Variations in '**Nd/'*“Nd are now usually reported as u'**Nd =
[("*Nd/"*Ndsumpie/ "*Nd/**Ndsundara)—1] x 1,000,000, units of “parts per million (ppm)”,
with respect to the modern terrestrial values as a reference point (Caro et al., 2006; Harper
and Jacobsen, 1992; Jackson and Carlson, 2012). The first evidence for early silicate

differentiation in the Hadean is evident in 3.8 Ga Greenland Isua supracrustal rocks as
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positive u'*Nd-values (>0), preserving a record of the early depleted (high Sm/Nd ratio)
mantle (Caro et al., 2006; Harper and Jacobsen, 1992). A complementary, enriched (low
Sm/Nd) Hadean mantle reservoir, with negative u'**Nd values is the source of the 3.4 Ga
old mafic Greenland Ameralik dikes (Rizo et al., 2012) as well as the mantle source of 3.8
Ga old rocks on the North-east side of the Hudson Bay (O’Neil et al., 2008). The presence
of such variations of u'*Nd in rocks formed well after the extinction of **Sm is a measure of
the process of mantle mixing. Subsequent mixing of mantle reservoirs can only result in
smaller u'**Nd variations as a function of time, reflecting the extent of mixing, which act as
a tracer for geodynamic mixing of enriched and depleted reservoirs (Jacobsen and Harper,
1996). Measurements of u'*?Nd by Thermal Ionization Mass Spectrometry (Boyet and
Carlson, 2006a; Jackson and Carlson, 2012) of roughly present day rocks, including mantle
peridotites, MORBs, OIBs, kimberlites, and continental flood basalts, have not revealed
clearly resolved variations at the external reproducibility level of 5-6 ppm (20) except for
some recent indications from Reunion and Samoa (Horan et al., 2018; Peters et al., 2018) at
slightly improved precision. Thus, for the modern mantle, the well-established u'**Nd
variations in the oldest Archean rocks have largely been erased. We report new higher-
precision 'Nd/'**Nd measurements spanning from the present day to 2 Ga ago to further
investigate this issue and to assess the extent of mantle mixing, providing a perspective from
Nd isotopes to infer whether plate tectonics may have been present since the early Hadean,
or whether the changes in the extent of u'*Nd heterogeneity reflect major changes in such
processes for the early versus the later Earth (Debaille et al., 2013).

We report ultra-high precision *Nd/'"*Nd measurements of terrestrial samples

constraining the extent of mantle '*Nd/'*Nd heterogeneity through the past 2 Ga. The
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u'**Nd values of terrestrial samples are plotted in Figure 1 relative to the JNdi standard
which is assumed to be representative of average mantle. The **Nd/*Nd measurements
(Appendix II Table 1) were determined with an external 2o reproducibility of ~*+1.6 ppm.
Measurements were performed with our Phoenix Isotopx Thermal Ionization Mass
Spectrometer, using a dynamic measurement procedure to cancel out differences in detector
efficiencies. Measurements of the long-lived "¥’Sm-'“*Nd system are also reported (Appendix
II Table 2) to use the £'*Nd value (= [(**Nd/**Ndgmpe / **Nd/"**Ndcuur)-1] x 10,000) to
determine whether the mantle source of the samples had long-term enrichment (¢'“Nd < 0)
or depletion (¢'*Nd > 0) of a light-rare earth enriched component (typical for melts). MORB
samples include HIMU, enriched mantle 1 (EM1) and the depleted MORB mantle (DMM)
whose £'**Nd values are > 10, with the exception of an EM1 MORB with a low £'**Nd-
value of +0.8. A depleted N-MORB, is barely resolved to be 3 ppm lower (20 = 1.2) in
u'*’Nd than the JNdi standard, determined at a long-term reproducibility of better than 1.6
ppm. In contrast, all our other modern MORB and OIB measurements agree to within +1.6
ppm of the JNdi standard. This includes a highly depleted MORB sample from the Gakkel
ridge free of hot spot influence; an EM1 MORB, and Iceland and Hawaii samples. The
enriched '*Nd/"Nd signature (u'*Nd <0) in a depleted MORB sample indicates the
decoupling of the long-lived 'YSm-'**Nd and short-lived “*Sm-'*Nd systems, reflecting the
complex history of the mantle where an 1nitially enriched mantle reservoir is recycled to
later become depleted by melt extraction.

A number of continental crustal samples were selected to cover the age range from 300
Ma to 2 Ga,; they are all from the Baltic Shield area and range in compositions from

gabbroic to granitic. They are representative of the established *Nd/'*Nd evolution of the
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source of the Baltic Shield through this time period and also similar to the global evolution
(Andersen and Sundvoll, 1995). They all have u'**Nd-values within +1.6 ppm (20) of the
JNdi standard (Figure 1). We conclude from our new data that generally the mantle has had
a u'**Nd-value within £1.6 ppm for the past 2 Ga, while some slightly larger heterogeneities
may exist. The *Nd/*Nd uniformity for the past 2 Ga is in strong contrast to pre-2.5 Ga
data where ?Nd/'*Nd variations are the rule rather than the exception. This is shown in
Figure 2 where the u'*’Nd data (green squares) reported here for samples in the age range 0
to 2 Ga are compared to published u'*’Nd data for Archean rocks of 2.7 to 4.0 Ga age (blue
circles). It is well accepted that the Earth’s thermal and chemical evolution has been largely
regulated by plate tectonics for the past 2 Ga, but it is debated for earlier times. The
preservation of significant '*Nd/'*Nd heterogeneities in the mantle until 2.7 Ga ago has
been used to argue that throughout the Hadean and Archean, Earth was characterized by a
stagnant-lid regime, possibly with sporadic and short subduction episodes (Debaille et al.,
2013). Such a stagnant lid regime would seem to be inconsistent with geological evidence
that Phanerozoic-like plate tectonics were operating already ~3.8 billion years ago (Furnes
et al., 2007).

Plate tectonics is today the surface manifestation of mantle convection and mixing, but
is not the only possible mode of plate-mantle interaction which translate to different mantle
mixing rates (Debaille et al., 2013) at earlier times (Crowley and O’Connell, 2012). The
2N d/"Nd record can be used with a statistical, stochastic model (Jacobsen and Yu, 2015)
modified from (Kellogg et al., 2007) to infer the rate of mantle mixing and therefore used to
infer the surface tectonic style (Debaille et al., 2013). The model assumes upper and lower

mantle reservoirs that are initially uniform in isotopic composition, formed essentially at the
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origin of a fully grown Earth. The upper and lower mantle volumes are set up to represent
the early (Hadean) enriched (EEM), and early depleted mantle reservoirs (EDM),
respectively, most likely formed as the result of magma ocean differentiation. The model
assumes mixing of the whole mantle, with a stirring rate z, resulting in stretching and
thinning of layers with an initial heterogeneity length scales of /y,,,. and /.. The short-
length scales of the mantle reservoirs are stretched and thinned such that it decays
exponentially as a function of time ¢, , = [)e"’7, due to toroidal motion. A sampling box
simulating a melting column is placed randomly in the mixture of stretched reservoirs. As
the relative sizes of the reservoirs are initially much larger than the length scale of sampling,
sampled isotopic signatures demonstrate a bimodal distribution of heterogeneities in the first
few hundred million years of this model, as shown in Figure 2. We assume that the u'*Nd
of EEM would be —20 and u'*Nd of EDM would be +20 after the decay of '*Sm, if there
were no mixing of the two mantles. The complete set of parameters used are given in the
Methods section. The model results are shown in Figures 2 and 3 as purple crosses as a
function of time for a uniform mantle stirring rate (r) of 500 Myr. At early times, prior to 4
Ga, the model shows that one will expect to see the full range of u'**Nd for a mixing rate
that is similar to that of the modern plate tectonic cycle. This justifies our choice of initial
u'**Nd-values for the Hadean mantle reservoirs. Large variations are present through most
of the Archean (+20 ppm), up to the Late Archean at 2.7 Ga, where the combination of
Theo’s flow and Hudson Bay reveals a combined variation of up to 23 ppm (Debaille et al.,
2013; O’Neil and Carlson, 2017), which when compared to our new data document a rapid
changeover between this time and 2 Ga. For a convectively stirred mantle with a 500 Myr

stirring rate, there is such a rapid changeover from an Archean u'**Nd heterogeneous mantle
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to a u'*Nd homogenous post-Archean mantle (Figure 2). The broad ranges of u'**Nd values
are observed to converge into a limited distribution of values at around 2 Ga, predicting a
relatively quick change from a wide range of u'**Nd values (40 ppm maximum range at 3
Ga) into a much smaller range of 1.8 ppm (20) at 2.17 Ga. In this model, this results when
the layers in the mantle, carrying the Hadean 'Nd/'*Nd signatures, are sufficiently thin
that sampling of the mantle by basalt melt extraction always gives the average value. Once
the average '*Nd/'**Nd of a sampling box is no longer distinguishable from one another
after repeat sampling procedures on the scale of the sampling box (melting column), the
terrestrial mantle can be deduced to be homogeneous on the length scale of melting
(Methods Figure S3c¢).

Ultra-high precision measurements of Phanerozoic and Proterozoic samples are
compared with model results in Figure 3. Most samples that are measured in this study are
shown to cluster around u'*Nd = 0 and these results support using JNdi as representative of
u'*Nd in the average modern mantle. While the Proterozoic u'*’Nd data all are within +1.6
ppm, most of the data plot above the average modern mantle while one 1.08 Ga sample
plots significantly below these values. This may suggest that 1.08 Ga old sample records a
mantle that is different from the main trend of the samples. These small u'**Nd variations
are contrary to predictons from the model and may, if correct, suggest that some domains of
the modern mantle are not as well mixed as the dominant part of the mantle producing
magmas.

Histograms of u'*Nd-values for rocks whose ages are about 3.8 and 2.7 Ga are shown in
Figure 4 (panels a and c). They are compared with synthetic histograms (panels b and d of

Figure 4) predicted from the model with a mantle stirring rate of 500 Myr and are results
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from the same calculation shown in Figure 2. The data from the 3.7-3.9 Ga time window
show a bimodal distribution. The model results in panel b exhibit a bi-modal distribution.
The difference reflects the assumption of initial u'**Nd values of —20 and +20 of upper and
lower mantles. To get a better match one could invoke a slightly faster stirring rate (<500
Myr) in the Hadean or two 1nitially heterogeneous reservoirs. The data in panel ¢ and the
model results in d for 2.7 Ga gives a much better match showing that a stirring rate of about
500 Myr is needed to explain the overall pattern of 'Nd/'*Nd through Earth history. The
difference between the 3.8 Ga data and model will not alter this conclusion. As the early
enriched and early depleted reservoirs are gradually stretched and thinned due to
convection, the mantle is gradually homogenized, and the u'**Nd changeover from an early
heterogenous distribution to a late (after 2.7 Ga and is essential gone by 2 Ga — see Figures
2 and 3) homogenization of u'*Nd happens rapidly. The sensitivity of the isotopic pattern to
the mantle stirring rate is shown in the lower panel of Figure 2. A mantle mixing time of
about 500 Myr since the early Hadean is thus broadly consistent with the pattern of u'**Nd
in rocks through time. This value is typical for modern plate tectonics (Kellogg et al., 2007);
therefore u'*Nd data are consistent with the Earth’s thermal and chemical evolution being
continually regulated, through a mechanism such as plate tectonics for most of Earth’s
history. The combination of a wide range of u'**Nd variations prior to about 2.7 Ga as well
as their duration throughout the Archean require one or more massive initial differentiation
events, through an event such as the formation of an early magma ocean. Subsequent to that
early massive differentiation, our model demonstrates that there is no need for the currently
proposed stagnant lid (Debaille et al., 2013) or sluggish tectonics (Caro et al., 2017) to

explain the "?Nd/'*Nd record in rocks through time. The **Nd/'"*Nd evidence consistent
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with plate tectonics and geology evidence (Furnes et al., 2007) back to 3.8 Ga, and requires
the mixing process to start shortly after the initial magma ocean differentiation event that
resulted in the '*Nd heterogeneities in the early mantle. The general lack of u'*Nd
variations in young rocks suggests that the early magma ocean structure has been

thoroughly mixed between the upper and lower mantles.
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Figure 1. y'*Nd values of terrestrial samples plotted relative to the JNdi standard which is
assumed to be representative of the average mantle. Dotted lines indicate our measured 20
uncertainty of 1.6 ppm for this standard. a. New measurements from this study: Modern
day MORBs are shown in green squares, OIBs in red diamonds, continental crustal samples
whose ages range from 288 Ma to 1.792 Ga are shown in blue squares. All of these samples
are within the 1.6 ppm 2o error of the JNdi standard, except for one Atlantic N-MORB
sample which is slightly lower and outside the 2o uncertainty of JNdi. b. Plotted for
comparison are the data of an earlier study reporting u'**Nd measurements for a variety of
modern day MORBs and OIBs, at 26 = +6 ppm external precision (Jackson and Carlson,
2012). We conclude from our new data that the mantle has had a u'**Nd-value within +1.6
ppm for the past 2 Ga, while some slightly larger heterogeneities may exist. Recent studies of
Reunion and Samoa (Horan et al., 2018; Peters et al., 20}8) support this conclusion.
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Figure 2. In the upper panel, the u'**Nd data (green squares) reported here for sample on the
age range 0 to 2 Ga are compared to published u'**Nd data for Archean rocks of 2.7 to 4.0 Ga
age (blue circles — Bennett et al., 2007; Boyet and Carlson, 2006b; Caro et al., 2017, 2006;
Debaille et al., 2013; Maya et al., 2017; O’Neil et al., 2016, 2008; O’Neil and Carlson, 2017,

55



Rizo et al., 2013, 2012, 2011, 2016; Roth, 2014; Roth et al., 2013; Schneider et al., 2018).
Modern day measured samples of this study (green squares), which are clustered around 7 =
0, are slightly offset from 0 to better exhibit the distribution of the data in comparison to model
results. The data are compared to a results from a model for mantle mixing (Jacobsen and Yu,
2015). The rapid changeover happens when the layers in the convectively stirred mantle are
sufficiently thin that sampling of the mantle by basalt melt extraction will always only give
the average value. At early times one will expect to see the full range of u'**Nd for a mixing
rate that is similar to that of the modern plate tectonic cycle. The lower panel shows the
sensitivity of the time of change-over to a uniform u'*Nd-value to the stirring rate.
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Figure 3. 4'**Nd modern MORB and OIB sample measurements of this study (green squares),
compared to the last 2 Ga of the evolution diagram in Figure 2. The modern day data (7' = 0)
are offset from zero for clarity. Samples whose ages are older than 288 Ma are shown in blue
squares. The 20 = £1.6 ppm error band around 0 is indicated with broken lines. The model
results from Figure 2 are plotted in purple for comparison. A 500 Ma stirring rate is consistent
with the constraint of the mantle u'*Nd-value being with +1.6 ppm of the JNdi standard for
the past 2.0 Ga.
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Figure 4. Comparison of u'**Nd histograms for two times (panels a and ¢) with p'**Nd
histogrames predicted from the model with a mantle stirring rate of 500 Myr (panels b and d).
A mantle mixing time of about 500 Myr since the early Hadean is broadly consistent with the
pattern of u'**Nd in rocks through time. This value is typical for modern plate tectonics
(Kellogg et al., 2007); therefore u'**Nd data are consistent with the Earth’s thermal and
chemical evolution being largely regulated by plate tectonics for most of Earth’s history.
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Methods

Sample digestion and chemical separation of Nd and Sm

Samples (~100 mg) were dissolved in a mixture of concentrated HF and HNO; (1:4
ratio) using a CEM microwave system. The temperature is ramped to 180 °C in a span of 20
mins, and held at 1 hr, then ramped down to room temperature. The solution was dried
down on hot plates slowly at low temperature (~80 °C) and then redissolved in a mixture of
concentrated HCl, HNOj;, and MilliQ water (1:4:1) mixture using the microwave setup.
Samples that formed precipitates were repeatedly dissolved using the second step in different
ratios of HCI to HNO; to ensure complete dissolution.

The dissolved samples were processed through ion exchange chemistry using BioRad
AG50WXS8 Resin (100-200 mesh). The Teflon/Quartz ion exchange columns have a 1 cm
internal diameter 30 cm in length. The separated collection of rare earth elements (REE)
were then treated with 30% H,O, and further dried down and passed through 30 cm long
REE columns with BioRad AG50W X8 Resin (200-400 mesh) whose internal diameters
were 2 mm, to separate Nd from other REEs with 2-methylactic acid (0.2 M) calibrated at a
pH of 4.62, air pressurized to have a ~1 drop/min drop rate (~43.1 pL./drop). Samples were
passed twice through the columns. Nd concentrations of pre-cuts, post-cuts, and a small
fraction of the collected aliquot were measured with a Thermo i1CAP-Q quadrupole ICP-
MS, to be compared to a fraction of the Nd cut to ensure that the collected aliquot contained

98% of the Nd from the sample.
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Mass spectrometry

7Sm/'"Nd ratios were determined from concentration measurements of small dissolved
aliquots of whole rock samples measured for major and trace elements using a Thermo
1CAP-Q quadrupole ICP-MS. Standards, blanks, and standards were doped with 10 ppb In
for drift corrections.

In order to make '“Nd/'**Nd measurements, the Nd aliquots that were purified through
column chromatography (~1000-1500 ng) were loaded on a single 99.999% Re filament
zone refined filament (H Cross, USA) at ~1.0 A, with a 2:1 ratio mixture of sample solution
to 0.1 N H;PO, acid. The sample was heated at 1.3 A for 2 %2 to 3 minutes, after which it
was flashed at a dull red (~2 A) for 3 seconds to burn off organics and evaporate phosphoric
acid. The loading technique was important in consistency of runs and preventing reverse
fractionation. Samples were loaded in six increments for every 1 uL of solution with a
consistent evaporation time of 45 secs in between loads. Sample loading was focused on the
middle of the filament, where loads overlapped on top of one another.

The Nd isotope measurements were carried with our Isotopx Phoenix TIMS (thermal
ionization mass spectrometer) in two-step multi-dynamic mode with 10" Q resistors. A
Gains calibration was carried out prior to each measurement. The filaments were configured
in a triple filament arrangement, with two side posts and one center post. The side filaments
were ramped to an average of 2.3A and the center up to 4.5A. High ion beam signals (>1 V)
at low side-filament intensity (1.8 A), indicating early burn-off from a small reservoir, was
treated by preheating the sample from 5 to 8 hours at 5 to 20 mV. Then isotope data were
collected at 5 (n=3), 6 (n=2) or 7V (n=>55) for with an integration time of 10 secs per cycle.

Prior to each block consisting of 10 cycles for each sequence, half-mass baseline
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measurements were carried out for 10 secs with an automatic peak centering routine. The
number of cycles for each sample ranged from 150 to 2000 cycles, with an average of 500.

Typical '**Ce interferences for 'Nd were less than 1 ppm, as with '**Sm interferences for
4Nd. The ion exchange column cut was selected to be wide rather than narrow in order to
avoid potential fractionation effects due to incomplete collections. Thus '**Sm interferences
for the measurements of CH59-2 and one measurement of HLY 102-096 and K1714 each
were detected to range from 100-400 ppm even after two passes. The high interference
measurements of HL'Y 102-096, as well as of K1714, were observed to agree within 1.6 ppm
of other low interference (<1 ppm) measurements of the same samples.

We describe two procedures for data reduction by measurement of '**Nd/*Nd
involving two data collections sequences (labeled S1 and S2). We used two multi-dynamic
data reduction methods here called “Reduction 1: RED1” and “Reduction 2: RED2” for
purposes of distinction. Two reduction methods can be derived from the same set-up. The

sequence steps are off-set by two mass units as noted in the table below.

L2 Ax H1 H2 H3 H4 H5 H6
Sequence I | ®Ce | ®Nd WNd 4Nd | SNd 146N d 4Gy | “Nd
Sequence 2 | "2 Nd | '“Nd SNd "Nd | "Sm N d 'Nd

Multidynamic reduction RED1: The data collection sequence (S1) is the measurement of
2Nd and '**Nd in the Ax and H2 cups. The isotopic ratio is calculated from the ion beam
intensities (/) and the cup efficiency factors (). The second data collection sequence (S2) is
the measurement of '**Nd and **Nd in the Ax and H2 cups. The cup factors can be directly

cancelled out:

[ 142Nd(S1)(t1)j 1) (1) y fo _ 1 (1)
M

NS (1) ISP f. IS0
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[ 146 N 52 (tl)j I () y Sz _ L (1)
M

NSO (1) ISV f, IS)(@)

The standard way is to use a time interpolation method based on repeated measurement of a

reference peak. Assuming that the data follow the exponential law, the RED1 method

gives:
11(562)(t1) -’
exp(RED]1
N\ e | 150 @)
Nd ), ISP (¢)] 0.7219

the exponent, p is given by:

_ 0 /Mi4ag) _ In(141.907729/143.910093) _ oo
D ey i) In(145.913123/143.910093)

where the m’s represent the masses of the individual isotopes.

Multidynamic reduction RED2: In this method, the ratio obtained from the first sequence

(S1) is by measurement of '?Nd and '**Nd in the Ax and H2 cups. The second scan is the

measurement of '**Nd and **Nd in the Ax and H2 cups. Thus:

(81
(mMﬂ I fa

YNd ), L)

(52)
( 146Nd J — 11(562) (IZ) % fHZ
144 (S52)
Nd M 1144 (tz) fo
If we assume that the data follow the exponential law, then there is not complete

cancellation of cup factors:

(82) P
L () | S

exp(RED?2) YN
Y Nd =Iff§)(tl)fox L) f 4
" Nd ISV fos 0.7219

M
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The cup factors can be factored out separately:

2a) 1"

o onneny | e ()
Nd _ 1142 (tl) 1144 (tz) fH2

144Nd fo

CISD(@)] 0.7219

M

where
()
S

The two drift correction methods are distinguished by the unknown cup factor ratio,

1s the unknown cup factor ratio.

which can be calibrated by comparing the ratios of the intensities of '*“Nd(S1) versus “*Nd(S2).

“Drift corrections”: For both methods, the data are corrected for drift correction by

using time interpolation to correct for either intensity changes or ratio changes. Drift
corrections are necessary for each of the two different reduction methods. As the '**Nd
signals for Sequence 1 and Sequence 2 in the RED1 method are different due to the change
of signal intensity with time, the results are corrected to accommodate the change in the
intensity of the signal as a function of time. On the other hand, the drift for the RED?2 is
corrected with respect to the time dependence of ratios, as the '**Nd/'*Nd and “*Nd/"“Nd
ratios are being measured at different times. Drift corrections for the change of intensity are
made based on “Nd, which has no mass interferences. Intensities from Sequence 1 and
Sequence 2 throughout one block measurement (Sequence 1 and Sequence 2 signals
alternating in 20 cycles) are interpolated with a least-squares fitting with a fourth order
polynomial. Using this fitting, the intensity of the '*Nd, '**Nd, and "*Nd beams are

normalized to the first intensity from the block. For blocks of each run, each polynomial is
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manually checked through plots to ensure the polynomial function is capable of reasonably
accommodating the intensity drift. Poorly fitted points or blocks are eliminated from data

reduction. Interference corrections are applied after drift corrections.

1500 T T T . .
o
1000 | i
) o
5 _
~ 500} |
AN
%))
3
— 0r 1
N
3
s - @ Standards
-500 | O Terrestrial Samples 1
_ Least squares linear fit
 J g Standards
© (outliers from trend)
-1000 - - : -
-20 -15 -10 -5 0 5 10

(RED2-RED1)/RED1*10°

Fig. S1. This plot demonstrates the relationship between RED1 and RED2 as predicted
through the derived reduction methods. The discrepancy in **Nd/'*Nd values from the
different reduction methods (labeled as “RED1” or “RED2” in plot; x-axis) demonstrate a
correlation with the cup factors (y-axis; here “**Sn” signifies the '““Nd intensity of Sequence
“n,” where n is 1 or 2) shown here in this figure. We find that RED2 produces more
dispersion in '**Nd/'*Nd values in comparison to RED1 (demonstrating a 20 < £1.6
reproducibility), whose cup factors cancel out. Regardless of the whether the data fall on the
trend, all standards here demonstrate 20 < +1.6 external reproducibility with RED1. The
least-squares fit to the standards that fit the trend as indicated in dark blue reveal an
equation of y = 56.42x +187.2. The internal 1o standard errors for the y-axis vary between
~10 and 100. The regression line is bracketed by 1.6 ppm in the x-axis direction. Terrestrial
sample measurements that are offset from the trend include one measurement of the
following samples: DICE, HLY102-096, RAM-3, and E-58, and two GN-12-03
measurements.
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Model parameters and calculations

Model set-up
We use the short-lived “*Sm-
Fig. S2.
"2Nd system as an isotope tracer for a. b.
assessing the extent of C = 7
\\ V'
mixing(Kellogg et al., 2007, 2002) Two initial reservoirs Stretching of reservoirs

in the mantle using a simplified set-up(Jacobsen and Yu, 2015) summarized as follows. The
terrestrial mantle is assumed to differentiate into two homogeneous layers 100 Ma after
solar system history, corresponding roughly to the mass of the upper and lower mantles to
represent the early enriched mantle (EEM) and early depleted mantle (EDM) reservoirs,
respectively. Here the length scale of heterogeneity is determined by the short-length of the
reservoir, corresponding to the thickness of the layer, which decreases exponentially as a
function of time.

A melting event is represented by a sampling box that is 100 km in each dimension,
which is placed in a mixture of cubes of reservoirs Figure S3(a). This process is repeated
1000 times for each time step for every 100 Myr from the timing of differentiation (7 47,) to
present day (7). The resulting isotopic composition from the sampling box is calculated
from the averaged isotopic compositions of the EEM and EDM and their corresponding

volumetric proportions present in the box.
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Fig. S3.

O
a |:| D |:| Dl C
Sampling boxi m % | |:|]_|l:| I_D
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Length scale of heterogeneity
a. atl . b. at7, . c. Isotopic composition of one

sampling box is not discernable
from another here. Heterogeneity
is considered to be no longer
detectable at this scale;
considered “homogenous” at T ..

where c<b<a

Determination of starting parameters

The upper limit of the '*Nd/'*Nd value of the early depleted reservoir can be
constrained to a first degree based on observations of *Nd/'*“Nd values of early terrestrial
reservoirs. The '“Nd/'**Nd value in turn is linked with the '*’Sm/'**Nd values of the early

depleted reservoir by the relationship (Jacobsen and Wasserburg, 1980a):

_1_ N 5 (0) —4
Epzn JSem N pr (7)

Eepr _ S Eor _

where

(143Nd/ 144Nd)

(oNa ) L —1/x10,000

CHUR

=

(147Sm/ 144Nd),— 1
476, / 144Nd)c -

'HUR

ol
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where "'Sm/"Ndcyur is 0.1967(Jacobsen and Wasserburg, 1980b), Nzpr is the sum of a
stable, nonradiogenic Nd species in the reservoir “EDR” at time 7, and a is a constant that
determines the extent of depletion in the early depleted reservoir in relation to the Bulk
Silicate Earth (BSE). Np,,/Nps: for the modern day depleted mantle is typically is observed
to be ~0.6.

The p'*Nd value after the complete decay of **Sm (u'**Nd is defined to be [(***Nd/'*Nd
— "2Nd/'"*Ndgq)/"*Nd/"**Nd4] x 1,000,000) is sensitive to the timing of differentiation and
is dependent on the “’Sm/'*Nd ratio of the early depleted reservoir through the
relationship:

142\ EDM 142\ BSE (1465m/144Sm),0 147 G BSE " 197 g, EDM o "
W = 14487 + (147Sm/144Sm) 144 1 xe + 144 8] x[e - ]

t
t l, » ‘, l,

Where ¢, is the time at present, #, is the time at the beginning of solar system history, and
t,is time passed from the time of differentiation. ;46 = 6.731° yr''. 'Sm/'"**Sm, is set to be
0.00828(Marks et al., 2014).

The extent to which the different layers are mixed are determined by the sizes of the
reservoirs and their concentrations of Nd, and are constrained by relation (1). The
relationship between the mass of a reservoir (M), the concentration of Nd (C) in a reservoir,
and the abundance of Nd (V) in each of the reservoirs are

MprCrpr = Nepr,
‘Where the mass fraction of reservoir Xgpg 1S Mgpr/ Mpss,
and Xgpr + Xesr = 1
Parameters that are capable of fitting extant u'*Nd data were tested to be within a

limited range. We use the following values organized in a table below:
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Nepm/Nese | €epm EEEM Jfepm JfrEM u'"?Ndepy 4 “**Ndgpy
50% 26.6 -26.6 0.1782 -0.1782 20 -20

Here the timing of differentiation is set to be 100 Ma after solar system formation. The
relative sizes of the early depleted and enriched reservoirs are also linked to the

concentration of Nd in the reservoirs, for which we consider:

lS3 (EDM 152 (EEM MEDM/MEEM Rate ofmixing

CEDM CEEM

where /;,1s the length scale of heterogeneity of reservoir “2,” Mzp, 1s the mass of the
early depleted mantle, and the average Nd concentration of the reservoirs are mass balanced

so that the Bulk Silicate Earth concentration is 1.25 ppm(McDonough and Sun, 1995).
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CHAPTER 4
Mg isotopes of HIMU lavas from the Oslo Rift
demonstrate formation from a normal peridotitic mantle source
This chapter has been submitted to Proceedings of the National Academy of Sciences
close to its present form. The collaborators that were involved include (in the order of
authorship) Fatemeh Sedaghatpour, Bjorn T. Larsen, Else-Ragnhild Neumann, and Stein B.

Jacobsen.

Abstract

Alkalic to nepheline-normative basalts have highly fractionated trace element composition
and the mantle source of many of these is the HIMU mantle. The origin of the HIMU
source is subject to debate, but radiogenic isotopes have been used to favor recycled and
dehydrated oceanic crust as the source. Experimental and element abundance constraints
have been used to argue for a pyroxenite source, which could be formed from recycled
oceanic crust, or from carbonated peridotite. Here we present Mg isotope measurements
together with major and trace element analyses of highly fractionated, HIMU-like
nepheline-normative melilitites from the Oslo Rift. We find that their Mg isotopic
composition combined with their Gd/Yb ratio require a mantle source that is
predominantly normal garnet peridotite. Lavas with HIMU signature can be derived from
normal peridotite (without carbonate) sources as well as pyroxenite sources. The connection
of HIMU compositions to a normal mantle peridotite source presents the first strong

evidence against HIMU compositions as a tracer of recycled oceanic crust.
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Mantle mixing through plate tectonics involves the recycling of oceanic crust that has
been stretched and thinned throughout the mantle, and distributed below the lithosphere
(Kellogg and Turcotte, 1990). Although the recycled oceanic crust is understood to
contribute to the production of chemically heterogeneous mantle components, the process
and extent of the contribution is not fully constrained. In addition, the subduction of
oceanic crust is relevant to understanding the carbon cycle.

The formation of high time-integrated **U/?*Pb lavas (HIMU), has been thought to be
a tracer for the residue of recycled oceanic crust after modification by arc volcanism (Zindler
and Hart, 1986). Partial melting of altered oceanic crust has also been suggested to be one
possible source for the production of nepheline-normative magmas (low SiO,) and alkalic
basalts (Kogiso et al., 2003), to account for their isotopic and major element compositions.
Specifically, alkalic basalts, characterized by their high Na,O + K,O contents in comparison
to Si0,, are observed in such settings but rare in terms of occurrence. Understanding the
source and genesis of alkalic basalts is instrumental in elucidating the evolution of highly
fractionated magmas such as nephelinites and carbonatites, and the mechanisms involved in
the underlying mantle regarding their formation, as well as their role in rift formation and
decompression melting. However, the petrogenesis of alkalic, SiO,-undersaturated rocks,
and in particular nepheline-normative basalts, is controversial and their source lithology is
debated (Huang et al., 2015; Kogiso et al., 2003).

Alkalic compositions encompass basanites and nepheline-normative basalts, with
melilitites being one extreme end-member in terms of SiO,-undersaturation and occurrence
(Barberi et al., 1982). Partial melting experiments have been used to argue that peridotites

alone are insufficient in producing SiO,-undersaturated alkalic lavas such as nephelinites,
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melilitites, and kimberlitic compositions (Gerbode and Dasgupta, 2010; Kogiso et al., 2003).
High CO, or carbonated peridotite have been shown to experimentally reproduce
compositions similar to natural alkalic lavas (Dasgupta et al., 2007). Alternatively,
pyroxenites and eclogites have been proposed to explain major element abundances of
nepheline-normative magmas with HIMU signatures in ocean basalts (Hirschmann et al.,
2003).

Magnesium (Mg) isotopes have been used to characterize the mantle source of basalts,
as Mg is a major constituent of mantle minerals such as olivine, pyroxene, and garnet. Mg
consists of three stable isotopes, Mg, Mg, and *Mg. The mass differences between the
isotopes are significant enough to produce fractionation effects that are detectable at the
ppm level. Significantly lower §*Mg-values compared to the average peridotitic mantle (-
0.25%0 £0.07) (Teng et al., 2010, 2007) are attributed to carbonated lithologies in the mantle
source. Carbonate minerals such as dolomite, calcite and aragonite exhibit negative §*Mg-
values, substantially lower than the peridotitic mantle ranging down to —5.57 (Teng, 2017).
Low 8**Mg-values (down to —0.6) have been used to argue for source lithologies of alkalic
rocks to be subducted oceanic slabs, carbonated eclogites, and also influences due to
metasomatism by fluids in the mantle source (Dai et al., 2017).

The Skien area of the Oslo Rift has produced nepheline-normative lavas with unusual
Nd, Sr and Pb isotopic compositions (Anthony et al., 1989; Corfu and Dahlgren, 2008;
Jacobsen and Wasserburg, 1978) that correspond to HIMU signatures. Besides the isotopic
composition, the Brunlanes melilitites have low S10, content (35.5-40.0 %), moderate to
high total alkalis of Na,O + K,O (3.51-8.35%), low ALL,O; (7.6-10.9%), and high CaO (14.3-

20.5%) content (Appendix III Table S1).
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The Brunlanes samples (BR-01 to 05) collected and analyzed in this study cover 400 m
of the 800 m stratigraphy (Fig. 1). Roughly 500 m of the upper stratigraphic column has
been bracketed by samples that exhibit HIMU-like lead isotopic compositions (Corfu and
Dahlgren, 2008). The §**Mg isotopic compositions of the Brunlanes samples on average are

measured to be marginally lighter (average of —0.32%o; Table 1) than that of the average
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Fig. 1. Alkalic basalts from different regions plotted with respect to §*°Mg vs Gd/Yby (bulk
silicate Earth normalized ratios). The Brunlanes basalt melilitites from the Oslo Rift are
indicated in green circles (this study), the alkalic New Zealand South Island Antipodes lavas
are indicated in orange squares (Wang et al., 2016), and samples from the South China block
are indicated in blue triangles (Huang et al., 2015). Errors bars are 26. BHVO (blue diamond),
an ocean island basalt, is plotted (measurement from this study) for comparison with samples.
Plotted to represent the average mantle §*°Mg value of —-0.25%o(Teng et al., 2010, 2007) is San
Carlos Olivine (—0.28%o0) from this study as well as the 20 = £0.023 error, indicated as a solid
horizontal line and shading. The bulk silicate Earth Gd/Yby value (McDonough and Sun,
1995) is indicated as a dotted vertical line. The New Zealand South Island Antipodes
intraplate alkalic samples exhibit a correlated trend between 6*Mg and Gd/Yby, interpreted
to be sourced from garnet and spinel peridotite lithologies and a carbonated eclogite source
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(green star) that exhibits a high (>5) Gd/Yby and low §*Mg characteristic of carbonated
lithologies (Wang et al., 2016). The alkalic rocks from the South China block have been
interpreted to be affected by carbonatite metasomatism (Huang et al., 2015). The Brunlanes
basalts from the Oslo Rift exhibit extremely high Gd/Yby ratios similar to kimberlites, with
8%Mg values that are within the range of normal mantle peridotites, suggesting a garnet
peridotite source that has undergone small degrees of partial melting.

peridotitic mantle. The small deviation of measured §**Mg signatures from the average
peridotitic mantle in these Brunlanes samples are within the range of what is attributed to
partial melting and magmatic differentiation (Teng et al., 2007). As Mg isotope
fractionation from partial melting and fractional crystallization are minimal, signatures
reflect source lithology, and the similarity in the §°Mg signatures of the samples to those of
mantle peridotites strongly suggest that the samples are sourced from mantle peridotite. The
high Gd/Yby ratios (6.5—7.3) and generally strong HREE depletion in these lavas can only
be explained by residual garnet in the mantle source of these lavas (Wang et al., 2016). The
Gd/Yby ratios among these melilitites are among the most extreme, similar in range to
those found in Group I type, on-craton kimberlites (Becker and Le Roex, 2006), suggesting
that the Brunlanes basalts were likely generated from very small degrees of partial melting,
on the order of 1% (Appendix III Fig. S3). In addition to the Mg isotope signatures and
strong REE fractionation patterns of the measured Brunlanes samples, the source lithology
can be further assessed through factors such as FC3MS (FeO/CaO — 3MgO/Si0,)(Yang
and Zhou, 2013), and FeO/MnO ratios (Sobolev et al., 2005, 2007). Here, both the low
FC3MS values (<0.65) and FeO/MnO ratios (<60), in addition to Mg isotope signatures,
strongly suggest that the source is peridotitic rather than the type of pyroxenitic source

inferred for some other HIMU basalts (Fig. 3). In contrast, a correlation between §°Mg

1sotopes and Gd/Yby ratios was reported for New Zealand HIMU lavas (Wang et al., 2016)
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and is also apparent in HIMU basalts from the South China block (Fig. 2). These trends
have been interpreted to reflect mixed sources of peridotite and carbonated eclogite for the
New Zealand and South China localities. There is no evidence of such correlation in the
Brunlanes samples; they are all consistent with a single homogenous garnet peridotite
source.

HIMU-like intraplate lavas in New Zealand (Wang et al., 2016) are shown to be derived
from recycled carbonated eclogites and spinel and garnet peridotites, implying a shallower

source for

Table 1. Mg isotopic compositions of basaltic rocks and standards.

Sample Description Mg 20 Mg 20
BR-01 Nephelinite, Brunlanes -0.188 0.018 -0.362 0.036
BR-02 Nephelinite, Brunlanes -0.156 0.030 -0.306 0.043
BR-03 Nephelinite, Brunlanes -0.152 0.016 -0.300 0.020
BR-04 Nephelinite, Brunlanes -0.169 0.012 -0.327 0.021
BR-05 Nephelinite, Brunlanes -0.143 0.017 -0.301 0.042
SC-OI-H San Carlos Olivine -0.132 0.015 -0.279 0.022
Bulk Silicate Earth (peridotite) ~ 0.125  0.020 -0.250 0.040
Average MORB and OIB -0.125 0.030 -0.250 0.060
BHVO-2 Hawaiian basalt (USGS) -0.120 0.007 -0.226  0.019
BCR-1 Columbia River basalt (USGS)  -0.104 0.019 -0.196 0.031

8”Mg-values are relative to the DSM3 standard. Errors are reported at the 95% level
(20). SC-OI-H is from a 50g powdered handpicked San Carlos olivines prepared at
Harvard and distributed to other laboratories to rule out the effect of sample
heterogeneity. Bulk Silicate Earth and average MORB and OIB(Teng, 2017; Teng et
al., 2010). The 6*Mg and §**Mg - values we obtained for the standards BHVO-2 and
BCR-1 are the same as those summarized in other studies (Teng, 2017).
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the basalts. Here the strong degrees of light §*Mg fractionation, and relatively high Gd/Yby
ratios particularly eclogites. The suggested presence of a spinel peridotite source for the New
Zealand alkalic rocks place partial melting at a shallower depth than those of the Brunlanes
melilitites (Wang et al., 2016) (Fig. 2). Meanwhile, the garnet signature places the source of
the Brunlanes melilitites in the garnet-stability field, at a depth of at least over 75 km,
indicating a deep-seated source. In addition, thermobarometry (Lee et al., 2009) supports
the notion of a deep-seated source for these melilitites at a derived depth of 120-140 km
(Appendix IIT).

It has been argued that it is difficult to generate SiO,-undersaturated basalts with the low
Al,05 (<10.9 wt%) and high CaO (14-20 wt %) compositions exhibited in theses samples
from partial melting of dry peridotite alone (Hirschmann et al., 2003; Kogiso et al., 2003).

Experiments have

2.5 L L T T T
[ = |
2.0 F - I _ ]
i P | Pyroxenite source
15} A i
[ |:'| ]
Q 10} b ey g .
™ R - A t’_ﬂ‘_ ____________ ]
O [ # —a—
w O05F g @ 8 5
I ® o p ]
0.0 f o ¢ =® .
f o o | @ Oslo Rift (this study) ]
0.5 |  Peridotite source | A South China block s
i I B NZSouth Island-Antipodes | -
_10 I [ E U S RS S S E S S N
0 20 40 60 80 100 120 140
FeO/MnO

75



Fig. 2. FC3MS (FeO/CaO — 3Mg0O/Si0,) and FeO/MnO values for the strongly SiO,-
undersaturated Brunlanes samples (green circles), compared to the alkalic but more weakly
SiO,-undersaturated South China block (blue triangles — Huang et al., 2015), and the New
Zealand South Island Antipodes (orange squares(Wang et al., 2016)) for comparison. FC3MS
< 0.65 and FeO/MnO < 60 have been taken to be indicative of a peridotite source lithology
(3™ quadrant), while samples that plot in the 1* quadrant (FC3MS > 0.65 and FeO/MnO >
60) are thought to represent pyroxenite sources. The Brunlanes melilitites fall in the peridotite
source field, supported by Mg isotope measurements. The samples from South China and
New Zealand plot in the first quadrant, with some deviations, whose values reflect pyroxenite
or mixed sources. Reported Fe,O; values have been converted to FeO.

demonstrated that low degrees of partial melting of CO,-enriched peridotites may generate
melilitite compositions with CaO and Al,O; abundances that are comparable with the
samples analyzed 1in this study (Dasgupta et al., 2007). In contrast, the similar Mg isotope
signatures of the Brunlanes samples to those of normal peridotitic mantle demonstrate the
absence of recycled marine carbonate lithologies in their source. Although magmatic
carbonatites could be another source of carbonate, §**Mg values of carbonatites have most
often demonstrated extreme variability (—1.89 to —1.07%o0 Song et al., 2016; 0.13 to 0.37%o at
Oldoinyo Lengai Li et al., 2016) unlike the peridotitic mantle, which is uniform with respect
to §*Mg.

Observations regarding mineral textures of calcite that indicate exsolution of CO, in
nephelinitic lavas in the Oslo Rift (Anthony et al., 1989), support the likelihood of high CO,
content in the erupted magmas. The lack of §**Mg variation and similarity to that of the
normal peridotite mantle for the Brunlanes melilitites suggest that their source of CO, is
from the ambient peridotite mantle rather than recycled carbonated lithologies or
carbonatite metasomatism. The degree to which magmas can undergo enrichment in CO,

from the peridotitic mantle through low degree of melting and fractionation, can be assessed

through the C/ND ratio of the bulk silicate Earth and the enrichment factor of Nb (172 to
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465) in these samples, as CO, is as incompatible as Nb (Saal et al., 2002). An enrichment of
170 in C from a mantle background of 120 ppm (McDonough and Sun, 1995) suggests that
the magmas could have 2 wt % C (corresponding to 16 wt % of CaCQO;). This indicates that
melts that approach carbonatitic compositions, are capable of being produced from very
small degrees of partial melting from the ambient mantle, and carbonate enrichment in a
magma may happen during differentiation.

Oceanic crust that is recycled within the mantle is stretched and thinned due to mantle
convection, ranging from kilometers to meters wide, down to a few centimeters (Kellogg
and Turcotte, 1990). The dominant peridotite signature of these highly alkalic, Oslo Rift
samples precludes pyroxenitic (recycled) components as the source of HIMU. One possible
explanation for observing such a signature in peridotitic rocks is through mantle fertilization
where subducted, noncarbonated oceanic crust or eclogites are well-mixed and
homogenized into the peridotitic mantle (Yaxley and Green, 1998). Thus, the melilitites
from the Oslo Rift suggest the presence of alternative internal processes in the mantle that
are responsible for the production of HIMU signatures. In contrast to other studies of alkalic
lavas (Dai et al., 2017; Wang et al., 2016; Yang and Zhou, 2013), the Mg isotopic
measurements of the Brunlanes SiO,-undersaturated alkalic magmas of the Oslo Rift
establishes normal garnet peridotite as a source of alkalic magma genesis in this continental
rift setting. In using Mg isotopes to understand the source lithologies and processes involved
in the petrogenesis of mantle derived rocks, we conclude that there is not one singular
source or method in generating alkalic magmas across the globe. Lavas with HIMU
signature can be derived from normal peridotite (without carbonate) sources as well as

pyroxenite sources. HIMU appears to be relatively common in the mantle, but the HIMU
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end-member composition is relatively rare in volcanic rocks. The connection of HIMU
compositions to a normal mantle peridotite source presents the first strong evidence against

HIMU compositions as a tracer of recycled oceanic crust.
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CHAPTER 5
Exploring models of early Earth differentiation and late veneer delivery and

subsequent mantle mixing through '*W/"**W isotopes

Abstract
The hypothesized late veneer (or “late accretion) is thought to have replenished the
highly siderophile element (HSE) abundances of the terrestrial mantle post-core
formation, while suggested to have been involved in the delivery of the volatiles of the
Earth. As W is moderately siderophile, the delivery of the late veneer is also expected to
have affected the W isotopic composition of the mantle. Using a stochastic mixing
model, we explore the time scale at which the late veneer is homogenized into mantle, in
the form of an undifferentiated thin layer resembling a CI chondrite composition.
Assuming a mixing rate of 500 Myr as proposed by studies that employ similar mixing
models, we find that the time scale to mix and lower the W isotope composition of the
bulk mantle by the late veneer is up to ~2.5 Gyr. The W concentrations and W isotope
compositions of the reservoirs have no effect on the time scale of homogenization. Thus
a positive (¢"**W > 0) mantle W isotope signature due to mantle-core differentiation but
prior to late veneer delivery, is expected to persist and be sampled well into the late
Archean. An alternative scenario where the late veneer is initially mixed with only the
solid upper mantle prior to whole mantle convection is explored. We find that due to the
smaller size of the reservoir involved in mixing, the timescale at which the late veneer is
homogenized into the upper mantle is shortened by 20% (0.5 Gyr). If the
homogenization of the late veneer happened within the first 1 Ga of Earth’s history, it

must have occurred with a shorter mixing rate implying fast convection, within a smaller
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mantle volume, or in the presence of a fast-convecting magma ocean. Understanding a
full picture of the extent and time scale of mixing late veneer in the Earth’s mantle

requires resolution with '¥’Os/'®QOs isotopes.

Introduction
12Hf decays to '*W with a half-life of 8.9 million years. Owing to its short halflife
and the lithophile(earth-loving)-siderophile (iron-loving) nature of the parent-daughter
isotopes, the system is a tracer for early Earth differentiation processes. As the system is
specifically applicable to metal-silicate differentiation effects, the system has been used as
a tracer for the timing of core formation.

The notion of a late veneer (also referred to as “late accretion”), referring to
accretionary material that is thought to have been added to the terrestrial mantle post-
core formation, was introduced to accommodate the observation of elevated highly
siderophile element (HSE) abundances in modern day terrestrial rocks. Late veneer (also
referred to as “late accretion”) indicates delivery of material to the Earth after the
formation of the core. HSEs refer to elements such as Re, Os, Pt, Ir, Ru, and Pd. Owing
to their strong affinity to metal, the bulk of the HSEs are expected to have largely been
sequestered into the core during the differentiation of the metallic core and silicate
mantle at core-mantle boundary conditions, leaving the mantle stripped of HSEs. It is
commonly thought that the delivery of late veneer would have comprised 0.2-0.9% of
the Earth’s mass (Chou, 1978; Willbold et al., 2011), being well-mixed into the mantle.

The delivery of the late veneer would have not only affected HSE abundances, but

moderately siderophile elements and their isotopic compositions of the mantle. Among
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them, tungsten is of interest. Tungsten (W) isotope signatures of the ubiquitous mantle at
modern-day have been observed to be offset compared to carbonaceous and ordinary
chondrites by up to close to 2¢ units (Kleine et al., 2002; Yin et al., 2002), where € =
("W /18W — 182w /180 /182W / B4W x 10,000. Many portions of the W isotope
composition of the Archean mantle is elevated by 0.15 € units. As tungsten is a
moderately siderophile element, the delivery of late veneer would have inevitably
affected tungsten isotope signatures on top of HSEs, cumulatively lowering the "W
isotope signatures of the mantle. However, the £'**W isotopic signature of the mantle in
relation to the time scale of the homogenization of the late veneer is not well understood.

The short-lived '®2Hf-"#2W isotope system is relevant to understanding the mixing of
the late veneer. Another short-lived isotope system that is relevant to the time scale of
mantle mixing, is the **Sm-'**Nd system, specifically considered a tracer for early silicate
differentiation effects, owing to its lithophile nature and short half-life of 68 (Kinoshita et
al., 2012) or 103 (Friedman A M, 1966) Myr. Anomalies in "?Nd/'*Nd ratios (u'**Nd #
0) with respect to a terrestrial reference point (the modern-day mantle) reflect the
presence of a differentiation event before the system was long-extinct, whose occurrence
would have been within the first 500 Myr of solar system formation. Any anomalies
detected after this time frame would be reflective of the extent of mixing of the silicate
reservoirs. The '"Hf-"¥W and “*Sm-'*Nd systems combined act as a tracer of mantle
mixing.

The late veneer is not only thought to have been responsible for the HSE abundances
of the mantle, but also involved in the delivery of volatiles such as water (Drake and
Righter, 2002). Such a consideration is relevant to the study of the origins of life, as the

delivery of volatiles pertain to the formation of the oceans and the evolution of the
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Earth’s atmosphere. Isotopic tracers have been instrumental in identifying different
chondrites as candidate materials for the late veneer. In particular, carbonaceous
chondrites, over comets, have been considered as the likely candidate material
responsible for the delivery of water based on the similarity of their D/H ratios to the
ocean. Among chondrites, CI chondrites are the most primitive and the most abundant
in volatile content, being comprised of up to 10 wt% in water content.

Simple two-component diagrams have often been invoked to explore differentiation
scenarios of the early Earth, and their subsequent homogenization throughout time.
Considering CI chondrites as candidates for late veneer material, here we apply a
simplified stochastic mixing model in order to understand the extent and timing through
which a late veneer is well-mixed into the mantle. We aim to explore early Earth
differentiation and accretionary scenarios with the aid of the rock record throughout

time.

Methods

Observations from the Data

Based on the distribution of £¥?W isotopes as a function of time, it may be possible to
deduce a number of reservoirs sorted by the dominant £'**W signature based on the W
isotope rock record. There is generally an elevated €'®*W signature persisting throughout
the Archean and post-Archean (Fig. 7), with a dominant distribution around 15 ppm
(Fig. 8) (where ppm is units of “parts per million” and ppm= € x 0.01). This elevation is
in comparison to the modern-day, well-mixed mantle persisting throughout the Archean
and post-Archean. There are reservoirs whose dominant £'8?W signature clusters around

11 ppm (Liu et al., 2016); however, it may be questioned as to whether these clusters are
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distinctly resolved from 15 ppm due to the typical resolution of the measurements
(20=%0.04—-0.06¢). Schapenberg komatiites of 3.55 Ga age have demonstrated the
presence of a reservoir with a negative £'*W anomaly, averaging at —0.08 (Puchtel et al.,
2016). The dominant modern-day terrestrial mantle is considered to have an €W = 0.
€'%W isotopes demonstrate a distribution of data scattered in between up to 0.21 and -8,
indicating a broader range of £¥*W isotope signatures that is sampled throughout time.
The data points closer to €¥*W=0.21 have large error bars.

The £'®*W isotope signature of the modern day mantle is considered to fall on the
terrestrial standard at £'®W = 0 (Yin et al., 2002). However, the largest £'*W anomalies
have been discovered among modern day samples, with flood basalts demonstrating an
£'82W anomaly that is up to 0.50 units high, and ocean island basalts as low as -0.18
ppm. These reservoirs may be considered separate from the reservoirs inferred from

distribution of €'¥*W isotopes scattered as a function of time as discussed above.
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Fig. 1. Averages of different sample £'®*W signatures per locale or age, plotted with
respect to time. Data are from (Liu et al., 2016; Mundl et al., 2017; Rizo et al., 2016b,
2016a, Touboul et al., 2014, 2013, 2012, Willbold et al., 2015, 2011). An elevated £'¥*W
signature of 0.15 is apparent throughout the early history of the Earth, which is no longer
observed after 2.7 Ga. The data imply the presence of a reservoir at €W = 0.10 in
addition to one at 0.15. One reservoir is observed to have a negative €'**W anomaly of -
0.08 (Puchtel et al., 2016). The 2o external reproducibility error bars (+0.05) are shaded
around "W = 0. For reference, horizontal lines are plotted to represent €'*W isotope
values at 0.15, 0.11, 0 and -0.08.

Model Set-Up

It has been proposed that the chondritic late veneer £'W composition corresponding
to 0.5% of the bulk silicate Earth is capable of bringing down the bulk mantle £'¥*W
value by 0.15 (Morgan et al., 2001; Willbold et al., 2011). Most of the £'3*W isotopic
composition of the early rock record is demonstrated to be around 0.15 (Fig. 1). As the
bulk £%?W value of the terrestrial mantle after core formation is not known, as a starting
point, we set the terrestrial mantle that has largely differentiated into a reservoir with an
elevated £'*?W signature of 0.15 ppm, and a W concentration of around 13+10 ppb
(Arevalo and McDonough, 2008).

The late veneer is initially assumed to take up a top layer corresponding to a depth of
12.5 km of the terrestrial mantle, composed of a uniform composition corresponding to
the €W isotopic composition and W concentrations undifferentiated CI chondrites. A
layer of such a depth would correlate to 0.7% of the volume of the silicate Earth, which
1s within the range of late veneer mass estimates (0.2 to 0.9%). The delivery of late
veneer through large planetesimals is another alternative scenario that is capable of
embedding these bodies deeply into the silicate mantle upon impact, inducing faster
homogenization of the mantle. However, the size and masses of the bodies, as well as
the energy these from early heat sources such as radioactive elements would likely have

caused these bodies to differentiate into a silicate mantle and core. These scenarios have
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been explored in related studies (Marchi et al., 2018). In such a scenario, exploration of
the composition of late veneer as undifferentiated CI chondrites is not possible.

CI chondrites are primitive meteorites that are the most enriched in volatiles among
the different classes of chondrites (which include ordinary and enstatite chondrites). The
D/H ratio of the oceans are measured to be most similar to those of carbonaceous
chondrites rather than of comets. Thus, we employ CI chondrites as the most likely

candidate material to constitute the late veneer.

Based on the data, we test the following scenarios

(A)The late veneer is set to mix into the whole mantle 2890 km in depth. The
uppermost layer of the mantle is set to be the late veneer, which is comprised of a
chondritic €'®*W value of —1.9 (Yin et al., 2002), and a W concentration ranging
from 90-117 ppb (Jochum, 1996; Kleine et al., 2004). The W concentration of
Orgueil (CI chondrite) is measured to be 90.3 ppb in one study (Jochum, 1996),
while in another (Kleine et al., 2004), the measurements range from 109.2 to
116.8 ppb. We apply a stirring rate of 500 Myr, derived from similar whole
mantle mixing models (Kellogg et al., 2007, 2002) to explore the duration at
which the late veneer can be well-mixed into the whole mantle.

(B) We explore a scenario in which the late veneer may initially mix with a fraction
of the mantle (e.g., the upper mantle only, a depth of 660 km). Such a scenario
may be applicable in a partial magma ocean scenario, where the late veneer is
efficiently mixed into the mantle in an environment that is convecting relatively
rapidly, and where the lower mantle is subsequently mixed with the upper mantle

that has solidified. We test a scenario in which the late veneer is assumed to mix
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into a volume that corresponds to a solid upper mantle. A whole magma ocean
scenario, which would be in contact with the core, may effectively deliver the late
veneer into the core. Thus in considering the extent of mixing of the late veneer in
the silicate mantle, it is useful to assume a barrier between the liquid magma
ocean mantle and the core. The resulting upper mantle £'*W value after complete
homogenization with the late veneer results in an initial overall negative £'*W
composition, whose mass balance constraints are calculated such that the
involvement of the lower mantle with the upper mantle volume will subsequently
produce a W isotopic composition of €"#*W = 0. The W concentrations and &'%*W

isotopic composition of the late veneer is as scenario (A).

The model assumes that all domains of the reservoirs involved are equally mixed and
randomly sampled. Recent studies of W (Mundl et al., 2017; Rizo et al., 2016b) and Nd
(Hyung and Jacobsen, under review.; Horan et al., 2018; Peters et al., 2018) isotope
anomalies have shown that there are portions of the mantle preserving extreme isotope
effects, implying that this is not entirely the case. However, the bulk of the sampled
modern day mantle, which is homogeneous in "“Nd/'*Nd isotopes to within 5-6 ppm
precision, may still be considered a reflection of the extent to which the majority of the

mantle is well-mixed.

Mantle Stirring Function

The mantle is set to consist of two reservoirs corresponding to two layers, which are
gradually homogenized and mixed as a function of time. Here in this scenario, the upper

reservoir is set to pertain to the thickness of the late veneer layer, while the length scale
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of the lower reservoir pertains to the depth of the remainder of the bulk mantle for
scenario (A). In scenario (B), the upper layer is set to be the thickness of the late veneer,
and the lower layer is set to be the depth of the upper mantle volume, leaving the lower
mantle untouched.

The mantle reservoirs are gradually deformed with convective mixing, where the
short length scale of heterogeneity (thickness of the reservoirs) is assumed to

exponentially decrease as a function of time:

t
lt = 10 e Tstir

Where / is the length scale of heterogeneity, ¢ is time, and T = mixing rate. As
discussed in Kellogg et al., (2002), such a relationship is derived from simulations of 3D
mantle convection models. The set-up for the mixing of multiple reservoirs has been used
in (Kellogg et al., 2007, 2002); however, this particular case is simplified to fit short-lived

isotope systems following (Jacobsen and Yu, 2015).

Sampling Function

A random sampling box of size L’ is set to simulate a melting event that samples the
mantle mixture consisting of two reservoirs that are isotopically distinct. / is set to be 100
km, after the size of a typical melting column. As the short-length scale of heterogeneity
are most critical to the problem, each reservoir can be assumed to consist of cubes that
are randomly distributed throughout the mantle. The isotopic composition of the
sampling box is calculated by considering the isotopic compositions of the reservoirs and
the sizes and number of randomly distributed cubes. A sampling rate of 1000 per time
step of 100 Myr is employed in order to sufficiently explore the distribution of £'*W

values that likely to be sampled throughout time. We use the algorithm outlined in
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Jacobsen and Yu (2015) in calculating the numbers and sizes of the reservoirs per time

step for a random sampling scheme.

Mass balance equations

The isotopic composition of the sample is calculated by considering the volumetric
proportions, the isotopic compositions, and concentrations involved in the reservoirs

through the following relationship:

_ Cw,2 Cwg3
EW(CHUR),sample = EW(CHUR),2 X o ; + <9W(CHUR),3(1 - xz)—cw ;
ssample ,sample

where Cw,; and Cy;3 are the W concentrations, and ewcrur)2 and ewcrur)s are the initial W
isotopic compositions of the late veneer and the mantle, respectively, and x, corresponds
to the mass proportion of the late veneer. Cyumr 1s defined as the W concentration of the
mantle source of the sample, calculated through:

Cwsampre = Cw, 262 + Cwr3(1 — x2)
We explore values that range from 90.6 and 116.8 ppb for the W concentration of the
late veneer. A late veneer of a thickness of 12.5 km from the surface of the Earth
corresponds to a volumetric proportion of 0.7% of the mantle. We assume that volume
corresponds to mass requires that the density of the mantle be constant with depth.
However in such a case, even up to a 25% increase in the late veneer thickness may be
considered to be fractional in comparison to the thickness of the whole mantle.

The W concentration for the bulk the mantle is set to be within the range of 12.3—
12.5 ppb so the resulting bulk silicate Earth W concentration is around 13 ppb.
Assuming constant density throughout the mantle, late veneer that corresponds to 0.2%
of the volumetric proportion of the mantle corresponds to a layer that is 3.6 km thick,

and while a 16 km thick layer would correspond to 0.9% of the bulk mantle.
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Results

Due to mass balance constraints, the range of constraints in which it is possible to
solely use CI chondrites as late veneer to completely mix the elevated 0.15 £'¥W
signature to a bulk silicate Earth value of zero is limited. When considering a W
concentration of 90.3 ppb and a £'¥W value of —1.9, a late veneer volume constituting
0.9% (the upper limit of the estimate mass of the late veneer, corresponding to a 16 km
depth) of the mantle produces a bulk silicate Earth value of 0.024 £**W from 0.15,
indicating a necessity for a more negative £'**W value, a high W concentration, or a
higher proportion of late veneer material in comparison to the mantle. When considering
the maximum W concentration of the late veneer based on such measurements for
Orgueil at 117 ppm, a mass corresponding to 0.8% of the bulk mantle may be considered
for the late veneer. When considering the previous estimate of the bulk silicate Earth W
concentration of 29 ppb (McDonough and Sun, 1995), mixing the bulk mantle using the
same set of parameters results in an elevated bulk silicate Earth "W value of 0.077,
offset from 0. This type of £'¥*W elevation would be detectable as in comparison, the
long term external reproducibility of "W is typically at 20 = 0.04-0.06 € (Mundl et al.,
2017; Puchtel et al., 2016).

We explore scenario (A) through Figs. 2-5, in which a late veneer addition is
assumed to be gradually mixed into the entire mantle. Figs. 4-6. are focused on
exploring scenario (B), in which the late veneer is only initially mixed into the upper
volumetric portion of the mantle. Figs. 2 to 4 lay out the results for the time scales
involved in mixing a late veneer mass of 0.7% in comparison to the volume of the bulk

silicate Earth. Fig 2. lays out the distribution of €'*W isotopes evolving as a function of
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time. Following the model of Willbold et al., (2011), the bulk mantle after core-
formation here is assumed to represent a reservoir whose dominant "W is 0.15.
Invoking a stirring rate of 500 Myr, it is demonstrated that the elevated £'®*W signature
would persist throughout the mantle as the dominant signature for a prolonged period of
time. Negative €'*W signatures that result from the mixture of the late veneer and the
dominant positive £'*W mantle composition would have a high likelihood of being
sampled close to its full homogenization as recent as 2 Ga (Fig. 2). The sampling
distribution in the very early history of the Earth is demonstrated to largely biased
toward high £®?W signatures (Fig. 3), with a small probability of sampling the late
veneer itself being present. Assuming the mixing of a largely solid mantle in the early
history of the Earth, invoking a shorter mixing rate of 100 Myr is demonstrated to have
the potential to significantly shorten the time scale at which the late veneer may be

thoroughly mixed into the mantle after delivery (Fig. 4).
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Fig. 2. Distribution of £#?W isotopes throughout time, assuming a model of two layers,
where the upper shallow layer is the late veneer, and the lower reservoir corresponds to
the mantle after core-mantle differentiation. The layers are assumed to be of uniform
concentrations of W, and &'**W compositions. A uniform stirring rate of T = 500 Myr is
assumed throughout time. The model demonstrates that such an elevation of £'¥*W
isotope signatures can persist for close to 3 Gyr after delivery of late veneer. The timing
of delivery here in this model is assumed to be 4.57 Ga, but in the context of
investigating the persistence of Archean and post-Archean £'®*W signatures through the
mixing of late veneer, shifting the initial timing of delivery of the late veneer by up to 200
Myr is shown to be insignificant in comparison.
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Fig. 3. Histogram demonstrating the probability of sampling a reservoir characteristic of
the corresponding £'**W value at 4.37 Ga for sampling occurrences of 1000. In such a
scenario, the rock record will mostly reflect the elevated signatures of the mantle after
core-formation. It is shown that there is a small probability of “sampling” the late veneer
that has not be homogenized into the mantle at this time step (lower left-hand corner of
the figure).
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Fig. 4. Invoking a higher mixing rate of 100 Myr, as opposed to 500 Myr, starting from
solar system history will mix in the elevated 0.15 signature within the first 1.5 Gyr.
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Fig. 5. A model where the bulk £'®*W composition of the mantle decreases by 0.05 £'3*W
units as opposed to 0.15. Through comparison with Fig. 1., it may be deduced that that
the dominating factor that dictates the evolution of the distribution of €'*W signatures as
a function of time and their convergence, depends heavily on the relative sizes of the
reservoirs involved, but not by variables such as the starting £'**W compositions of the
late veneer and the bulk mantle.

In Fig. 5., we show the results of a tested scenario in which the mixing of a late
veneer, whose mass balance requirements hypothetically only lowers the bulk silicate
Earth €W isotope signature by 0.05. The time scale in which the two reservoirs are

fully equilibrated and homogenized are similar to that of the scenario of Fig. 2, despite

different parameters for the late veneer content.
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Fig. 6. Scenario in which the late veneer (at a volumetric proportion of 0.7% compared
to the bulk silicate Earth) is initially being mixed into a volume that corresponds to the
volume of the solid upper mantle at a mixing rate of 500 Myr. The time at which it takes
for the homogenization of late veneer into just the upper mantle is less than what it takes
for the homogenization into a full mantle. It may be deduced that the volumes of the
reservoirs, as well as the absolute sizes of the reservoirs have a role in affecting the time
scale at which the late veneer fully is mixed into the mantle. The resulting negative £'¥W
value of the mantle may be assumed to be fully mixed into €'®*W = 0 with the full mixing
of the rest of the lower mantle.

In Fig. 6, we show that the distribution of £'¥*W as a function of time as the late
veneer is being mixed into a reservoir whose size and depth resembles the solid upper
mantle volume. The involvement of mixing the late veneer into a smaller volume in

comparison to the whole mantle homogenizes the late veneer relatively quickly in

comparison to scenario (A) (Fig. 2.), shortening the time scale by 0.5 Gyr.

Discussion
We discuss the extent of the different reservoirs, and their relation to the

aforementioned models outlined in the Methods section. Model (A) is most capable of
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explaining the elevated distribution of £'®*W isotope anomalies that are observed
throughout time at a positive value of 0.15, to converge to 0 at modern day. With a
consistent 500 Myr mixing rate for the whole mantle, it is possible to explain the
presence of £'#?W positive anomalies of €'*W = 0.15 persisting up until 2.7 Ga (Touboul
et al., 2012), as the late veneer is not easily mixed into the mantle after its delivery.

The model however, is not capable of producing a potential second positive £'8*W
reservoir at a value of 0.11 persisting throughout time, nor a reservoir with a negative
€'¥W anomaly of -0.08 without assuming their presence a priori. The negative €'3*W
reservoir, at a value of —0.08 and dated to be 3.550 Ga old, is attributed to a silicate
differentiation event which is likely to have occurred before '82Hf was extinct, within the
first 60 Myrs (Puchtel et al., 2016). Due to the low likelihood of sampling the negative
€'®W anomaly as a residual of the late veneer, this reservoir can be excluded from being
considered as the residue that is dominated by a late veneer signature. As mentioned in
Puchtel et al., (2016), the isotope composition of this reservoir may be best explained by
as having been formed post-core formation, through silicate crystal-liquid differentiation
before *?Hf was extinct by 60 Myr.

It has been suggested that the “*Nd/'*Nd record and "**W/"**W record with respect
to terrestrial samples throughout time may be difficult to reconcile with a common
mixing rate (Rizo et al., 2016b). This is because both the ?Nd/'*Nd and "**W/'*W
ratios record signatures of early Earth differentiation, while exhibiting different data
trends as a function of time in the rock record. "?Nd/'*Nd ratios are not affected by the
late veneer, while, '*W /W ratios are. '*Nd/'*Nd ratios tend to have a broader
distribution of values ranging in 40 ppm, with a distribution to 30 ppm as recent as 2.7

Ga, whose variations are observed to decline throughout time. '2W /%W ratios mostly
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tend to exhibit an elevated signature of around 15 ppm throughout most of the Archean
and the post Archean (Fig. 7-8), with a convergence to £'®W = 0 at time zero (modern
day). It is demonstrated that it is possible to apply a consistent mixing rate of 500 Myr to
both the ¥?Hf-¥*W and '“Sm-'*Nd systems (Hyung and Jacobsen, under review) to
explain a large proportion of how the W isotopic signature is sampled throughout time
despite the differences in the data distribution. €'**W data are shown to be mostly
elevated from the terrestrial reference point of 0, whereas p'*Nd data are demonstrated
to more or less have positive and negative anomalies whose distributions are less skewed
in one direction over another. Such a disparity in data distribution among the two extinct
isotope systems may be a reflection of the differences in the relative sizes of the
“enriched” and “depleted” reservoirs for each of the isotope systems.

Contrary to expectations, even if for the involvement of a very small thin layer that is
small in terms of mass, our model dictates that a long period of time is necessary to
thoroughly mix late veneer material into the mantle, owing to the sheer size of the total
mantle. According to scenario (A), the likelihood of sampling the “late veneer” signature
material throughout the history of the Earth is very low, until the mantle is close to
homogenization.

The delivery of the late veneer is relevant to isotope systems that are characterized to
be highly siderophile. A point of consideration is the highly siderophile long-lived '®’Re-
1870s system (with a half-life of 41.2 Gyr), which consist of HSEs. ¥’OQs/'80s isotope
signature of Isua samples that are dated to be 3.8 Ga in age. The rock record in terms of
Os isotopic composition of most rocks are deemed to be chondritic from the very earliest
rock records. Owing to the difference in the partition coefficients of Re and Os, the

resulting '¥’Os/ 8Os of the value after core formation is calculated to have had an
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elevated signature compared to chondrites or the modern day mantle at around
1870s/180s = 0.15 or higher (Walker, 2009). The early rock record in places such as Isua
(Rizo et al., 2016b) has reflected an '®’Os/*QOs composition of around 0.10 In contrast
to the early rock record, modern day mantle peridotites are measured to have elevated
1870s/'80s isotopic ratios of at around 0.130, which is higher than measured
carbonaceous chondrites (at around 0.126) at present day. The "¥’Os/'%Os isotopic ratios
are most similar to ordinary chondrites, which lack in similarities in the D/H ratios of
the oceans, and in bulk volatile content. There is currently no consensus on the exact
mechanism involved for the evolution of the Os isotope signatures for the terrestrial rock
record throughout time.

The situation dictates a potential necessity for exploring cases of fast mixing in which
a chondritic late veneer is fully mixed into the mantle within the first 1 Gyr. In exploring
a scenario which employs the initial homogenization of the late veneer into an upper
mantle volume (scenario (B)), we find that it is possible to decrease the timing at which
the late veneer is thoroughly mixed into the mantle volume, by 20% (0.5 Gyr). Although
the involvement of just the upper mantle is still insufficient to decrease the time scale of
late veneer homogenization to less than 1 Gyr in such a case, the process may suggest
that the 3.8 Ga Isua samples that demonstrate chondritic '¥’Os/'®QOs values, must be
sourced from a mantle reservoir that was small enough to have homogenized quickly. In
addition, it is possible to consider that mixing the late veneer into fraction of the mantle
as a liquid magma ocean, in contrast to a solid mantle may have possibly induced a
faster rate of mixing due to turbulent processes (Tonks and Melosh, 1993). An
interpretation involving the delivery of the late veneer into a magma ocean may need

care because of its effects on the outgassing of volatiles (Elkins-Tanton, 2012).
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In contrast to scenario (A), scenario (B) is capable of potentially forming a distinct
silicate reservoir that has formed post-core formation, which neither resembles the
dominant mantle £¥?W value after core formation nor the £'W signature of the late
veneer itself. In such a case, the presence of a reservoir with lower £'W value (e.g., at
0.11) than the bulk mantle post-core formation, may be explained without invoking a
complementary mantle reservoir according to the fractionation processes involved due to
the difference in the partition coefficients of Hf and W while "*2Hf is still alive.

The extreme variability of "W discovered in some present-day flood basalts (Rizo
et al., 2016b) and ocean island basalts (OIBs) (Mundl et al., 2017) have been attributed to
different processes. The extreme positive anomalies varying up to £'#W = 0.48 (Fig. 7)
have been attributed to large impactors that would have created reservoirs that
equilibrated with the core very early on in Earth’s history, after a large portion of the
Earth’s core had already been formed, but prior to the delivery of the late veneer. The
negative £'**W values of modern-day OIBs have been thought to represent sampling
from the D” layer near the core-mantle boundary owing to the suggested negative
correlation between the €*?W isotopes and *He/*He ratios. A small fraction of the data
are characterized by large variations (up to 0.19) in ¥’Os/'®Qs ratios. Such indications
may hint at either the presence of recycled material or a complex processes involved
during the differentiation of the core and the mantle. Although the modern day W
isotope distribution affirms pockets of mantle parcels that are not equally mixed to be
completely homogenized at present day, an alternative hypothesis may be that the W
isotopic composition of the bulk of the terrestrial mantle is still evolving toward a more

negative £'3W isotopic composition, rather than having been homogenized at 0.
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Barring the extreme variability of £'¥*W discovered in some present-day flood basalts
and OIBs (Mundl et al., 2017; Rizo et al., 2016b), with this type of model presented in
this study, it is possible to reconcile the difference in the data distribution for the two
short-lived isotope systems throughout time, with a consistent rate of mixing. Likely
such a distribution disparity of the distribution of data of one system with respect to
other isotope systems, is a reflection of the sizes of the reservoirs of the “enriched” (e.g.,
negative u'*Nd, positive £#*W) and “depleted” (e.g., positive u'**Nd, negative £'¥*W)
reservoirs that have formed due to the different chemical affinities (lithophile, siderphile)
of the isotope systems and the extent of their involvement during the early differentiation
processes (core-mantle differentiation pertaining to the ¥?Hf-'8W system, silicate mantle

differentiation primarily pertaining to the *Sm-'“Nd) of the Earth.
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Fig. 7. "W ratios of terrestrial samples, plotted as a function of time. The negative
£'8W measurements for the modern-day OIB samples at around T = 0 are slightly offset
from their age, for clarity in presentation. Data are from (Liu et al., 2016; Mundl et al.,
2017; Rizo et al., 2016b, 2016a, Touboul et al., 2014, 2013, 2012, Willbold et al., 2015,
2011). The €¥*W isotopic values of the Vetreny komatiites at 2.4 Ga are represented by
their average (n = 5) and the 20 standard deviation (Touboul et al., 2013) rather than
their individual values as the data is unpublished. The horizontal line at £'¥W = 0
represents the present day, well-mixed terrestrial mantle. The shaded bands represent the
typical 20 external reproducibility for £'¥*W isotope measurements.
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Fig. 8. Measured distribution of €'¥*W-values, spanning from ages 2.4 Ga to 4 Ga. It is
worth noting a peak sample distribution around £#*W = 0.15. The error bars for the
samples whose measurements are higher than 0.20 are at 26=0.05-0.10 € units.

Summary and Conclusion

In considering the scenario where a late veneer is mixed into the mantle as a thin layer,
we find a number of things:

(a) The late veneer takes a long time to mix into the mantle. It is possible to have
the W isotope anomaly of the mantle from core formation that may persist into
the late Archean.

(b) The mixing rate and volumetric proportions of the mantle involved have a larger
effect on the time scale of the mixing of the late veneer rather than the W

concentration and the W isotopic composition of the mantle.
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(¢) The same rate of mixing can reconcile a positive #2W/#W isotope anomaly
persisting into the late Archean, as well as the ')Nd/'*Nd isotope data
distribution throughout the Earth.

(d) If a fraction of the mantle was homogenized with the late veneer, it may form a
distinct reservoir whose W isotope composition is smaller than that of the mantle
after core formation. If the homogenization of the two reservoirs has sufficiently
progressed before whole mantle mixing, it may be sampled. In such a case, a
complementary W isotopic reservoir is not necessary.

(e) The model affirms the presence of extreme W isotope anomalies at modern day
that there are portions of the mantle that preserve isotopic heterogeneity that has
formed in the Hadean that has not been equally mixed and sampled.

(f) An early mantle that has homogenized with the late veneer within 1 Gyr, may
require a faster rate of mixing, a smaller mantle reservoir that has homogenized
with the mantle before whole mantle mixing, or the delivery of a late veneer into

a turbulent magma ocean.
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CHAPTER 6

Conclusions

Through the studies presented in the dissertation, it is possible to make statements on the
state of the mantle. It is shown that the consideration of a realistic Earth composition that
includes minor elements is fairly important in the calculation of the lower mantle sound
velocity profiles. Notably, the partitioning of Fe-Mg in bridgmanite and ferropericlase at
lower mantle conditions can be said to primarily be affected by Al and temperature. Using
better constraints, it is possible to modify shear-wave velocity profile calculations of the
lower mantle. In considering the possibility of a large-scale magma ocean, if there was a Si-
rich mantle that has once formed, the fractionation of "*Hf/!""Hf as well as with
Nd/'*Nd signatures would have been too strong compared to the present day Hf-Nd data
array, owing to the involvement of Ca-perovskite and the shear volumetric proportion of the
Si-rich bridgmanite in the lower mantle. It can be deduced that the mantle is currently not
chemically stratified at the 660-km discontinuity, implying that whole-mantle convection
was in operation. It is possible that early large scale features have been erased due to this
process.

With advances in the precision of '**Nd/"*Nd measurements for the thermal ionization
mass spectrometer, it has become possible to detect small **Nd/'*Nd isotopic anomalies
that are unresolvable at 20 = 5 ppm precision. It is possible for the mantle to preserve
small ’Nd/"*“Nd heterogeneities formed in the Hadean in mid-ocean ridge basalts
(MORB). The majority of modern-day samples that were selected and measured, have

2Nd/'*Nd distributions that agree with within 20 <2 ppm, implying large-scale

108



homogenization of the modern-mantle amidst heterogeneity. The distribution of
"2Nd/'**Nd isotopes throughout the Archean and into the post-Archean suggest that plate
tectonics may have been operating starting in the Hadean.

Through analyzing Mg isotopes and major elements of Oslo Rift melilities, it is deduced
that CO, in lavas can be supplied by the background CO, of the peridotitic mantle, over an
addition of carbonates to the source through carbonated lithologies or metasomatism. The
analysis presents the first evidence that HIMU, traditionally thought to be a tracer of
recycled oceanic crust, is sourced from the normal peridotitic mantle rather than
pyroxenititc (more characteristic of recycled content) sources. The generation of highly
fractionated compositions being sourced from the peridotitic mantle, imply the importance
of possible factors such as lithospheric thickness than heterogeneous source compositions in
their genesis, and provide better constraints for the extent of involvement of recycled crustal
material in the genesis of lavas.

Late veneer material, if assumed to have initially been a thin layer on the upper part of
the mantle, takes a long time to fully homogenize into the mantle, during which it is
possible to sample elevated mantle W isotope signatures generated during core-formation.
Despite the vast differences in the data distribution of measured '*Nd/*Nd and "#*W /%W
ratios as a function of time, it is still possible to resolve the data through a common mixing
rate, which is deduced to be around 500 Myr according to similar models.

Overall, it may be concluded that large-scale mixing processes likely dominated the
terrestrial mantle throughout most of its time, with the potential to erase large scale features.
Despite the scale at which the mantle was and is currently being mixed, and the process in

which the Earth has gone through homogenization over billions of years, it is shown that it
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1s possible for isotopic heterogeneities to survive over long periods of time. Normal mantle
sources for extreme compositions possibly highlight the importance of dynamic processes in
producing geochemical heterogeneity. The implications regarding the delivery, extent, and
time scale of mixing of the late veneer and presence of plate tectonics in the early history of
the Earth, will further elucidate the conditions in which a terrestrial planet may harbor the

conditions that are conducive to life.

110



Appendix I

Supplementary Information to Chapter 2
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The data of Wood (2000), shown by the black circles, deviate significantly as a group from
established trends and were excluded from calculation of regression coefficients.

Reference
Wood, B.J., 2000. Phase transformations and partitioning relations in peridotite under
lower mantle conditions. Earth Planet. Sci. Lett. 174, 341-354.
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APPENDIX III

Supplementary Information File to Chapter 4

Materials and Methods

Analytical methods

All sample preparations and measurements were performed in the isotope laboratories at
the Department of Earth and Planetary Sciences, Harvard University. Rocks were crushed in
a shatter-box with a stainless steel mortar to under a 0.006 mm diameter grain size for
efficiency in dissolution. 100 mg samples were digested in CEM PFA Teflon microwave
vessels, first in a mixed solution of high purity HF-HNO; and then in a mixture of high purity
H,0-HCI-HNGQO;, at 180°C for one hour. Each step was followed by dry down. The resulting
residue was dissolved in 1 N HNO; for ion exchange column chemistry and major and trace
element analyses. Cation exchange chromatography was performed on an aliquot to separate
and purify Mg using Bio-Rad AG50W-X8 resin. The sample aliquot was passed through the
column twice to eliminate elements of interference. Pure Mg solutions were dried down and
re-dissolved in 2% HNO; for elemental and isotopic measurements. Another small aliquot
from the 1N HNO;j solution was for major and trace elemental analyses using an iCAP RQ
mass spectrometer (Thermo Scientific Quadrupole ICPMS). Isotopic analysis was performed
with a Nu Plasma II MC-ICPMS in low resolution mode. Magnesium isotope ratios were
measured using wet analysis procedures and the standard-sample bracketing method. The
results are reported in 8 notation (%o), where §*Mg = [(*Mg/**Mg)sampte’ CMg/**Mg)standard —

1] x 1000, x can be 25 or 26. The Mg standard is DSM3, a solution made from pure Mg metal
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(Galy et al., 2003). Reproducibility of Mg isotopic measurements is better than +0.03%o0 (20)

for the methods used in this study.

Supplementary Text

Summary of Results

Our measurements show that the samples to have low SiO, contents (35.5-40.0 %), high
contents of MgO (7.13-12.68%), Ti10, (3.87—4.57%), moderate to high total alkalis of Na,O
+ K,0 (3.51-8.35%), and CaO contents of 14.3-20.5%. Following nomenclature(Le Bas,
1989), the samples are classified as melilitites. The concentrations of compatible elements,
such as Ni, range from 91 to 223 ppm, while those of Cr range from 25 to 562 ppm. La/Yby
ratios are very high (39.4-46.5). The data generally lie on the Mg isotope mass fractionation
line (Fig. S1).

The §°Mg values in the five samples span from -0.362 to -0.300, with an average of -0.319
(Table 1). The §*°Mg values of the samples are on average, marginally lower than the §°Mg
of the normal peridotitic mantle (-0.25 + 0.07%o0). Gd/Yb (concentration) ratios based on
measurements are calculated to range from 8.1 to 9.8, similar to those reported from
kimberlites (Becker and Le Roex, 2006). Bulk silicate Earth (BSE) normalized Gd/Yby ratios
range from 6.5 to 7.3, an extreme in comparison to the New Zealand intraplate lavas(Wang

et al., 2016), and alkali basalts from the West Qinling orogeny (Dai et al., 2017).
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Fig. S1. Plot of sample compositions with respect to the IUGS classification. The samples
can be classified as melilitites (Le Bas, 1989).
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Fig. S2. Measurements of Mg isotopes for BR-01 through BR-05 (green circles), compared
with San Carlos Olivine (green square — SC-OL-H). The samples and SC-OL-H are shown to
plot close to a mass fractionation line (diagonal blue broken line) with a slope of 0.521 (Young
and Galy, 2004). Error bars are 20.
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Fig. S3. REE plots of the Brunlanes basalts. All samples show extreme REE fractionation,
similar to the Group I on-craton kimberlite average (Becker and Le Roex, 2006).
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Figure S4. Measured Ni and Th concentrations (ppm) for the Brunlanes basalts plotted on a
log-log scale. Plotted together with the data (line with crosses) are modeled melts with varying
degrees of remaining fraction of liquid, using a Rayleigh fractional crystallization model that
runs through the best fit line, derived using least-squares linear regression through the data.
The numbers from the top left to bottom right in the plot (1.0 to 0.50) indicate the modeled
remaining fraction of liquid. The two dotted vertical lines bracket a range of Th concentrations
possible in the source magma, where the upper bound (in bold) is constrained by the
concentration of Ni in the sample with the highest concentration. The vertical solid line
indicates the initial Th concentration chosen for the model. The Ni vs Th plot supports the
notion that the Ni concentrations evolved during the fractional crystallization of a partially
melt from the peridotitic mantle. The relationship deduced from this fractionation model
suggests that BR-02 must have been the most primitive of the Brunlanes samples, with BR-04
being the least primitive in development. Least squares linear fitting to the data yields a slope
of —2.14 and a y-intercept of 4.14, with 1o uncertainties of 0.365 and 0.354, respectively.
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Fig. S5. Measured Cr and Th concentrations (ppm) for the Brunlanes basalts plotted on a log-
log scale. Plotted with the data (line with crosses) are modeled melts with varying degrees of
remaining fraction of liquid using a Rayleigh fractional crystallization model that runs
through the best fit line, derived using least-squares linear regression through the data. The
numbers near the crosses from the top left to bottom (1.0 to 0.50) indicate the degree of
remaining fraction of liquid. The two dotted vertical lines bracket a calculated range of Th
concentrations possible in the source magma, where the lower bound (in bold) is constrained
by the concentration of Cr in the Bulk Silicate Earth (McDonough and Sun, 1995). The Cr vs
Th plot exhibits a similar trend to the Ni vs Th plot, reflecting the common fractional
crystallization process involved in the evolution of Ni and Cr element concentrations. Least
squares linear fitting to the data reveal a slope of —5.20 and a y-intercept of 7.22, with lo
uncertainties of 1.93 and 1.87, respectively.
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Fig. S6. Temperatures and pressures calculated for basalts from Brunlanes (B1) in the
southern part of the Oslo Graben, based on data (Neumann et al., 2002; Neumann, unpublished
data), on the basis of the thermobarometer utilized (Lee et al., 2009), based on whole rock
compositions. Basalt compositions for the Brunlanes basalts are represented by data from
another study, as the barometer cannot be used for strongly silica-undersaturated rocks (SiO,
<43 wt%), as the ones analyzed in the study. The results suggest a pressure of origin of 3.7-
4.1 GPa and temperatures in the range 1540-1580 °C to a first degree, supporting the notion
of a deep-seated origin for the Brunlanes melilitites. The Brunlanes samples overlap with data
on SiO,-undersaturated rocks from the nearby Skien area. The thermobarometer estimates
primary magma compositions by assuming pure olivine fractionation at low pressures to an
olivine composition of Fogy. The basaltic rocks for which Pand T'is estimated should therefore
have MgO > 9.0 wt%. fO, is taken to be close to the fayalite-magnetite-quartz (FMQ) buffer.
Underestimating fO, gives over-estimated temperatures (Lee et al., 2009). Lherzolite solidus
and melt percent isopleths (F) (Katz et al., 2003) are indicated on this plot. Data on the Oslo
Rift indicates that also high TiO, contents (>>3.0) may give over-estimated temperatures and
pressures. LAB: Lithosphere-Asthenosphere Boundary, based on tomographic data (Kolstrup
et al., 2015; Maupin et al., 2013). Red solid lines correspond to isentropic melting adiabats.
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Table S1. Compositions

Concentrations in

ppm
Element
Li
Be
B
O
Na
Mg
Al
Si
P
K
Ca
Sc
Ti
v
Cr
Mn
Fe
Co
Ni
Cu
/n
Ga
Ge
As
Rb
Sr
Y
Zr
Nb
Mo
Ag
Cd
Sn
Sb
Cs
Ba
La
Ce

BR-01

6.44
2.54
18.0
396222
8071
42982
40008
180556
11243
29290
142862
19.8
27393
531
25.5
2426
113474
52.9
91.6
162
190
30.8
5.59
2.84
54.8
1930
34.8
534
147
0.778
0.133
0.161
3.373
0.150
0.885
934
131
280

BR-02

4.67
1.96
17.1
391475
16742
76473
45712
161212
4128
15645
138905
41.1
26029
492
562
1865
116335
72.0
223.5
122
560
24.2
3.76
1.59
25.3
1468
23.6
332
241
0.86
0.085
0.105
3.45
0.136
0.586
763.9
90.2
204.8

BR-03

9.67
2.15
5.65
391894
12066
61297
42122
169373
5906
25116
123658
31.5
34343
607
353
2120
126323
62.5
153.1
103
177
29.2
4.47
2.03
55.8
2192
24.4
453
113
0.418
0.115
0.105
3.738
0.143
0.838
831
92
253
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BR-04

7.26
2.65
27.5
386388
5346
51157
43927
165910
5804
36909
146335
24.5
28553
412
73.4
2694
121359
55.9
68.4
128
205
29.7
5.32
2.60
84.0
1692
35.2
672
170
0.346
0.178
0.196
3.602
0.137
0.863
1160
128
339

BR-05

6.73
2.37
21.4
405193
28954
59292
57460
186903
5132
21415
102246
21.7
23179
409
264
2113
102292
56.8
120.8
132
197
26.1
4.44
1.93
40.7
2135
25.9
393
306
0.509
0.098
0.089
3.319
0.193
0.583
990
114
294



Pr 34.9 23.47 25.9 34.6 28.9
Nd 142 96.34 108 142 120
Sm 23.3 15.66 18.2 23.7 18.6
Eu 6.30 4.26 5.10 6.44 5.08
Gd 17.47 11.36 13.65 17.80 13.72
Tb 1.99 1.31 1.54 2.09 1.56
Dy 8.40 5.73 6.45 9.09 6.76
Ho 1.30 0.88 0.98 1.42 1.06
Er 3.08 2.09 2.30 3.41 2.53
Tm 0.368 0.254 0.267 0.411 0.309
Yb 1.93 1.36 1.40 2.21 1.66
Lu 0.261 0.185 0.192 0.294 0.223
Hf 10.03 8.01 10.58 13.73 8.74
Ta 9.26 10.32 9.26 11.18 16.86
\% 0.825 0.29 0.335 0.593 0.421
Au 0.0112 0.0120 0.0107 0.0129 0.0191
Tl 0.0398 0.0148 0.0393 0.0463 0.0279
Pb 6.90 5.71 4.39 5.08 6.44
Bi 0.0275 0.0236 0.0287 0.0298 0.0258
Th 10.65 7.48 7.55 11.86 9.34
U 3.78 4.30 3.86 3.83 11.11
Total 1000000.00 1000000.00 1000000.00 1000000.00 1000000.00
Concentrations of oxides in

weight percent

wt % BR-01 BR-02 BR-03 BR-04 BR-05
SiO, 38.63 34.49 36.23 35.49 39.98
MgO 7.13 12.68 10.16 8.48 9.83
FeO 14.60 14.97 16.25 15.61 13.16
Al,O; 7.56 8.64 7.96 8.30 10.86
CaO 19.99 19.44 17.30 20.48 14.31
Cr,0; 0.00 0.08 0.05 0.01 0.04
TiO; 4.57 4.34 5.73 4.76 3.87
MnO 0.31 0.24 0.27 0.35 0.27
Na,O 1.09 2.26 1.63 0.72 3.90
K;O 3.53 1.88 3.03 4.45 2.58
P,0:s 2.58 0.95 1.35 1.33 1.18
NiO 0.01 0.03 0.02 0.01 0.02
CoO 0.01 0.01 0.01 0.01 0.01
Total 100.00 100.00 100.00 100.00 100.00
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Table S2. Parameters used in fractional crystallization modeling

Th Ni Cr
D 0 3.14 6.2
Initial concentrations C? 6.3 270 1150

(ppm)
The D values for the Ni and Th are determined assuming Dy, = 0. Initial concentrations (C?)
are estimates, chosen to simultaneously reproduce the jy-intercepts of the plots.
Concentrations are calculated using the Rayleigh fractionation law: C, = C%F®, where F is
the fraction of residual melt, D is the bulk partition coefficient, Y, the initial concentration,
and C; the concentration of the residual liquid. Considering the Bulk Silicate Earth value
(McDonough and Sun, 1995) of Cr (2625 ppm) and the Ni content of a sample with the
highest concentration (223 ppm) as constraints, the initial magma is found to have Th in the
range 5.4 to 6.9 ppm; we chose 6.3 ppm for our calculations. The Th concentrations (with

D=0) leads to a degree of mantle melting of 1.3 % to produce the primary magma.
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Geology and Samples

Melilitites, nephelinites and basanites are the most Si-undersaturated basaltic rocks in the
Carboniferous-Permian Oslo Rift in SE Norway. The rift is a continental rift structure striking
N-S through the Precambrian crust of the Baltic Shield. The long-lived magmatism and high
volcanism lasted from latest Carboniferous to the end of Permian, about 60 million years
(Larsen et al., 2008; Sundvoll et al., 1990).

The tectono-magmatic development of the rift is divided into six stages, with magmatism
in all six stages. Volcanism on the other hand are only found in stage 2, 3 and 4. Volcanism
in these three stages were different both petrologically and volcanologically and were also
distributed different throughout the rift. Both basaltic, intermediate and felsic volcanism
occurred. Stage 2 named “The initial rift and first basaltic volcanism”. All volcanism during
this stage were basaltic, varying from the most Si-undersaturated to tholeiitic, and occurred
in the southern part of the rift. Most of the basalts during this stage were however, alkali
olivine basalts(Neumann et al., 2002, 1990), and locally exceeding 1 km of stratigraphic
thickness banking up against the eastern master fault (Schou-jensen and Neumann, 1988).
The undersaturated nephelinites and melilitites in Brunlanes and Skien in the SW were
formed during this stage.

The melilitites/nephelinites in this study were formed during stage 2, in the southern part
of the Oslo Rift, and are the oldest volcanic rocks erupted during an early stage of the rift
formation (Corfu and Dahlgren, 2008). The five samples analyzed are all from the Brunlanes

basalt area in Vestfold. The samples are in stratigraphical order from the lowest BR-01, BR-
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02, BR-05, BR-03 and the uppermost BR-04, covering about 600 m of the total 800 m

Brunlanes basalt stratigraphy (Corfu and Dahlgren, 2008).

P-T estimates

We have derived independent estimates for temperatures and pressures of origin for the
primary melts that gave rise to basaltic rocks in the Oslo Graben, using a thermobarometer
(Lee et al., 2009). The results are shown in Fig. S5. A series of limitations (Lee et al., 2009)
to the use of this thermobarometer is as follows:

- Because the thermobarometer estimates primary magma compositions by assuming pure
olivine fractionation at low pressures, the basaltic rocks for which P and T are to estimated
should have Mg0O>9.0 wt%.

- fO, 1s taken to be close to the fayalite-magnetite-quartz (FMQ) buffer. Underestimating
fO, gives over-estimated temperatures.

- The barometer cannot be used for silica-undersaturated rocks, and can therefore not be
used for nephelinites or other strongly silica-undersaturated rocks with SiO, less than
about 43 wt%.

The uncertainty for barometry is +0.20 GPa (Lee et al., 2009), and uncertainties in

temperature of = 3%, corresponding to ~40° for a temperature of 1400 °C.

A large proportion of the Brunlanes basalts of the B1 unit in the Oslo Graben has MgO
<9.0 wt%, some have SiO, <43 wt%. Therefore the thermobarometer of (Lee et al., 2009)
could only be used on a minority of the samples. An additional problem seems to be
associated with high TiO, concentrations. With very few exceptions the basaltic lavas on

which the thermobarometer of (Lee et al., 2009), is based have TiO, <3.0. wt%). Estimated
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temperatures and pressures for high-T1 rocks show a rough positive correlation between TiO,
and pressure, and, in spite of some scatter, a correlation between TiO, and temperature.
However, the P-T results obtained for the Brunlanes samples (3.9-5.7 wt%) do not appear to
be affected by their high TiO, contents.

In Fig. S6 we show the results obtained for the Oslo B1 basalts with MgO >9 wt%, Si0O,
>43 wt%. The Skien B1 basalts cover a P-T range of 3.7-4.9 GPa and 1540-1610 °C (Fig. S5),
and fall on, or close to the dry lherzolite solidus, indicating <10% melting. The two basalts
from Vestfold give a lower pressure, ~3.3 GPa, and temperatures of 1520 and ca. 1590 °C,
that suggests ~10 to ~22% partial melting.

Based on tomographic data from the TopoScandiaDeep (part of the TOPOEUROPE
study) the present day depth of the lithosphere-asthenosphere boundary (LAB) is suggested
to increase from ~120 km beneath the western part of the Oslo Graben, to about 200 km

beneath the Proterozoic basement east of the rift (Kolstrup et al., 2015; Maupin et al., 2013).
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APPENDIX IV

Code documentation for Chapters 3 and 5

The following Matlab codes have been written by Gang Yu, and modified slightly by
Eugenia Hyung, to simulate the homogenization of the enriched and depleted isotopic

reservoirs and sampling process:

Earth.m

sampling.m

Calculations can be performed by changing numerical values for initial conditions. After
saving the codes under the same folder, calculations can be run typing “Earth” into the
Matlab command window. Each set of codes should be saved as separate files. The code is
designed to calculate results for the different sampled isotopic compositions of the reservoirs
according to length scale of sampling, sampling number, and sampling time intervals.
“Earth_m.m” 1s a modified version of “Earth.m” to better incorporate two different mixing
rates throughout the history of the Earth. Results may be plotted by typing commands such
as “plot(tAlll,ewm,'b.")” into the command window. Additional utility codes for plotting

may be found by contacting Eugenia Hyung.

Farth.m

o

s By Gang Yu
clear all;
global ewm nsam volmZ volm
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[e)

s parameters
deltaT = 4567; % time for convection (Myr)
nsam = 1000; % change number of samples per time step here

% initial state

r = 6371; %km.. radius of the (target) planet 6371 is the
radius of the Earth in units of km.

rc = 6371-2890; %r*0.6; %km..radius of the planet's core;
“2890” is the depth of the mantle in km

103 = sgrt(1l-(1-(rc/r)"2)*44/136)*r-rc; % upper mantle
depth (km)

102 =r-rc-103; % lower mantle depth (km)

% volume
volp = 4/3*pi*r~3; % volume of the planet

volc = 4/3*pi*rc”3; % volume of planet's core

volm = volp-volc; $ volume of planet's mantle

volm2 = volp - 4/3*pi*(r-102)"3; % volume of upper mantle
$volm3 = volm - volmZ2;

ew2 = 1;%2.23; initial epsilon (W or Nd) value of reservoir

W27, where 2 in this case is the upper mantle

cw?2 = 0.055;%4; initial W or Nd concentration of reservoir
\\2//

ew3 = 5;%.15; initial epsilon (W or Nd) value of reservoir

“3”, where 3 indicates the lower mantle

cw3 = 0.01; %8; initial W or Nd concentration of reservoir
\\3//

o)

% predefining dimensions of variables for code to run
faster:

cwm = zeros (l,nsam);

samples = zeros(3,nsam);

massf = zeros(l,nsam);

tt = 4; %Ga $time at which mixing rate is set to change
taoAll = [500,500]; % mixing rates of mantle for 4.57 Ga -

tt, and 0 to tt, respectively. The code is intended to be
able to incorporate two different mantle mixing rates
consecutively.

%$taoAll = [500, 1000, 1500, 2000, 2500]; % mantle
convection rate (Myr-1)
$tao = 500;
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oe

n = length(taoAll);
ewm = zeros (n,nsam) ;

o\

%1lsOAl1ll = [1, 3, 10, 30, 100, 300]; % sampling size
1s0 = 100; % length scale of sampling

sn = length (1ls0All);

ewm = zeros (n,nsam);

o°

tAll = [0,67:100:4567]; % produces a vector consisting of
47 numbers including 0, then 67 (Ma) to (4567) Ma in 100
Myr increments

tAlll = fliplr(tAll)/1000; % tAll flipped to decrease
monotonically in units of Gyr

% predefining dimensions for code to run faster:

n = length(tAll);
ewm = zeros(nsam,n);
1t2 = zeros(1l,n);
1t3 = zeros(1l,n);
temp =0;

for j = 1:n

$Convection

stao = taoAll(]);
%$1s0 = 1s0A1l1(7)
t = tAll(j);

if t<=4567-tt
tao = taoAll(1l);

%Reduction of mantle heterogeneity by convection, assuming
exponential decay of the length scale of heterogeneities
due to toroidal motion

1t2(j) = 102*exp(-t/tao);

1t3(73) 103*exp (-t/tao) ;

else
if temp ==
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102 = 1t2(3-1);
103 = 1t3(3-1);
temp = 1;
end
tao = taoAll (2);
1t2(j) = 102*exp (- (t-4567+tt) /tao);
1t3(3) = 103*exp (- (t-4567+tt)/tao);
end

[

% Sampling

(o)

% sampling
samples = sampling(ls0, 1t2(3), 1t3(3));

% This line calls in the sampling function. Earth.m and
sampling.m must be in the same file for “Earth.m” to run.

o)

% mixing

massf = samples(3,:);

% calculation of the total concentration of W or Nd of
sampling box (for however many samples[=nsam] per time
step) :

cwm = cw2.*massf + cw3.*(l-massf);

% calculation of the resulting epsilon values [nsam] for
each time step:

ewm(:,Jj) = ew2*cw2./cwm.*massf + ew3*cw3./cwm.* (l-massf);

end

sampling.m

function samples = sampling(ls0, 1t2, 1t3 )
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global nsam volm2 volm

samples = zeros(3,nsam);
for i = l:nsam

1s = 1s0;

vm2 = volm2;

vm = volm;

samples2 =0;

samples3 = 0;

p2 = vm2/vm;

sp3 = 1-p2;

nsmax = min (1s”3/1t273,1s"3/1t3"3);

while nsmax > 500

nsampling =nsmax - 499;
samples2 = nsampling*pZ;

samV2 = samples2*1t273;

vm2 = vm2 - samV2;

samples3 = nsampling-samples?2;

samV3 = samples3*1t373;

vm = vm - samV2-samV3;
ls =(1ls*3-samV2-samV3)"*(1/3);

nsmax = min (1s”3/1t273,1s"3/1t3"3);

samples (1,1)
samples (2, 1)
samples?2 = 0;
samples3 = 0

= samples(l,1i) + samples2;
= samples (2,1) + samples3;

14

end

while nsmax > 10
ran = rand;
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if ran < p2

samples (1,i) = samples(1l,1i)+1;
samV = 1t2"3;
vm2 = vmZ2 - samV;

else

samples (2,1)=samples (2,1)+1;
samV = 1t373;

end

v

1

S

= vm - samV;
=(1ls”3-samV) "~ (1/3);

nsmax = min(l1s”3/1t273,1s"3/1t3"3);

end

while

(

1s>0)

Sprobability

P2

P

3

= vm2/vm;
= 1-p2;

pin2 = abs((1ls-1t2)"3/((1ls+1t2)"3));
%pedge?2 = 1 - pin2;

spout = l-pin-pedge;

pin3 = abs ((1ls-1t3)"3/((1ls+1t3)"3));
pedge3 = 1 - pin3;

rl
if

= rand;
rl<=p2 % upper mantle
if 1s>=2*1t2
samples?2 = 1;
else
r2 = rand;
if r2 <=pin2;
samples2=1;
else
samples2=rand;
end
end

samV =1t2"3*samples?;

if 1ls”3<samV
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samV =1s"3;

samples2 = samV/1t2"3;
end
vm2 = vm2 - samV;

else
if 1s>=2*1t3
samples3 = 1;
else

r2 = rand;

if r2 <=pin3;
samples3=1;

else
samples3=rand;

end

end
samV =1t3"3*samples3;
if 1s”3<samV
samV =1s"3;
samples3 = samV/1t3"3;
end

end

vm = vm — samV;
ls =(1ls*3-samV) "~ (1/3);

samples (1l,i)=samples(1l,1) tsamples2;
samples (2,1)=samples (2,1) tsamples3;

samples?2 = 0;
samples3 = 0;

end

samples (3,1)=samples(l,1i)/ (samples (1,1)+samples(2,1));

end
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end

The following code, “Earth m.m” is modified from Earth.m to
better incorporate two different consecutive mixing rates
into calculating the homogenization and sampling of the
enriched and depleted reservoirs via mantle mixing
throughout time

[e)

% By Gang Yu; modified by Eugenia Hyung
clear all;
global ewm nsam volm2 volm

(o)

s parameters

deltaT = 4567; % time for convection (Myr)
nsam = 1000; % number of samples

% initial state
r = 6371; %km.. radius of the planet 6371
rc = 6371-2890; %r*0.6; %km..radius of the planet's core

% upper mantle, lower mantle

$%%103 = sgrt(1-(1-(rc/r)"2)*44/136) *r-rc+131.4; % upper
mantle depth (km)

$%%102 =r-rc-103; % lower mantle depth (km)

% crust, upper mantle

= sqgrt(1-(1-(rc/r)"2)*44/136) *r-rc+131.4; % upper

03
antle depth (km)
02 =r-rc-103-2; % lower mantle depth (km)
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volp = 4/3*pi*r~3; % volume of the planet

$volc = 4/3*pi*(rc)”3; % volume of planet's core
volc = 4/3*pi* (rc)"3; % volume of planet's core
volm = volp-volc; $ volume of planet's mantle
volm2 = volp - 4/3*pi*(r-102)"3; % volume of upper mantle
$volm3 = volm - volmZ2;

$%%ewz2 = =-0.442;%wl;%2.23;

$%%scw2 = 2.32;%w0.055;%4;

%$%$%ew3 = 0.665;%w5;%.15;

$%%cw3 = 0.739;%w0.01; %8;

ew2 = -0.2;%wl;%2.23;

cw2 = 1.935;%w0.055;%4;

ew3 = 0.2;%wh;%.15;

cw3 = 0.9232;%w0.01; %8;

cwm = zeros (l,nsam);

samples = zeros (3,nsam) ;

massf = zeros(l,nsam);

%% Here starts the first part of the code that deals with
different mixing rates for mantle mixing

tt = 4.0, %Ga

% The two different mixing rates should be incorporated
into the code by modifying:

taoAll = [500,500];

%$This part of the code (until the next “%%”) is specific to
the early part of Earth’s history.

$taoAll = [500, 1000, 1500, 2000, 2500]1; % mantle
convection rate (Myr-1)

$tao = 500;

%n = length (taoAll);

%ewm = zeros (n,nsam);

%$1sOA1ll = [1, 3, 10, 30, 100, 300]; % sampling size
1s0 = 100;

%n = length (1s0All);

%ewm = zeros (n,nsam);
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tAll = [0,67:100:4567];
tAlll = fliplr(tAll)/1000;

n = length(tAll);

ewm = zeros (nsam,n);
1t2 = zeros(1l,n);
1t3 = zeros(1l,n);

temp =0;

% change the point in time in which the mixing rate changes
by modifying the following:

% unit of "1" is 100 Ma from 4.567 Ga ago

Q

for §J = 1:a

$Convection

$tao = taoAll (7))
%$1s0 = 1s0A11(7);
t = tAll(3);

if t<=4567-tt
tao = taoAll(1l);

%Reduction of mantle heterogeneity by convection
1t2(j) = 102*exp(-t/tao);
1t3(7) 103*exp (-t/tao);

else
if temp ==0
102 = 1t2(3-1);
103 = 1t3(3-1);
temp = 1;
end
tao = taoAll (2);
1t2(j) = 102*exp(-t/tao);
1t3(7) 103*exp (-t/tao) ;
end

[

% Sampling
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[

% sampling
samples = sampling(ls0, 1t2(3), 1t3(3));

Q

% mixing

massf = samples(3,:);

cwm = cw2.*massf + cw3.*(l-massf);

ewm(:,Jj) = ew2*cw2./cwm.*massf + ew3*cw3./cwm.* (l-massf);
end

ewm;

massft;

%% Here starts the second part of code that deals with
mixing rate for more recent times

% The two different mixing rates should be incorporated
into the code by modifying:

taoAll = [500,5007;

tAll (40);

for j = a:n

$Convection

$tao = taoAll (7);
$1s0 = lsOAll(j)
t = tAll( a+l);

if t<=4567-tt

tao = taoAll (2);

% The first number in taoAll indicates the mixing rate for
the earlier history of the Earth (from 4.567 Ga to 4.567 Ga
- a*0.1 Ga), while the second number in taoAll indicates
the mixing rate for recent history
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%$Reduction of mantle heterogeneity by convection
1t2(j) = 1t2(a)*exp(-t/tao);
1t3(3) 1t3(a) *exp (-t/tao);

else

o\°

if temp ==0

102 = 1t2(3-1);

103 = 1t3(3-1);

temp = 1;
end
tao = taoAll (2);
1t2(3) = 1t2(a-1) *exp(-t/tao);
1t3(j) = 1t3(a-1) *exp(-t/tao);
end

o o° o°

o®

¢}

% Sampling

(o)

% sampling
samples = sampling(ls0, 1t2(3), 1t3(3));

% mixing

massf = samples(3,:);

cwm = cw2.*massf + cw3.* (l-massf);
ewm(:,J) = ew2*cw2./cwm.*massf + ew3*cw3./cwm.* (l-massf);

end

massf

ewin,
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