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Abstract:

The difference in the Si isotopic composition between the Earth and primitive
meteorites had been used to constrain the amount of Si in the Earth’s core. However,
there is presently a debate on the magnitude of the isotopic fractionation between metal
and silicates as function of temperature based on experimental data. Here, we use a
natural sample, an enstatite meteorite, Itqyi, as a natural experiment to determine an
independent Si isotopic fractionation factor between metal and silicate. We determined
the temperature of equilibrium between metal and silicate as well as the Si isotopic

composition between the phases. We find that the dependence of Si isotopes with
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Using this dependence of the §°°Si with temperature we estimate the bulk Earth §*°Si as
a function of Si content of the core for different plausible conditions. Even when using
the most extreme parameters, we show that the bulk Earth must be isotopically heavier
than any chondrites groups. We therefore confirm that core formation alone cannot
account for the isotopic difference between the Earth and primitive meteorites. We
show that there is no correlation between &*°Si and the Mg/Si ratio suggesting that
forsterite fractionation in the solar nebula may have had only a limited effect, if any.
Our new results therefore confirm that volatility should have had a fundamental effect

in shaping terrestrial planets chemical composition.
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1. Introduction

In order to explain the deficit in density of the Earth’s outer core it must contain
~10% of elements lighter than Fe (Birch, 1964). While, the nature of these lighter
elements is still debated, high-pressure high-temperature experiments show that it is
most likely composed of O, Si and S (e.g. Badro et al., 2015; Righter and Drake, 2003;
Siebert et al., 2013).

Because they are potentially fractionated between metal and silicate, stable
isotopes have been employed as independent tracers of core formation and composition
(e.g. Bonnand and Halliday, 2018; Creech et al., 2017; Fitoussi et al., 2009; Georg et al.,
2007; Hin et al., 2013; Hopp et al., 2018; Mahan et al., 2018; Roskosz et al., 2006;
Savage et al., 2015; Shahar et al., 2017; Shahar et al., 2009; Ziegler et al. 2010). In
particular it has been demonstrated that the *°Si/?Si of the silicate Earth is ~0.15 %o
(per mil) heavier than those undifferentiated meteorites argued to represent the
composition of the bulk Earth (e.g. Armytage et al., 2011; Fitoussi et al., 2009; Georg et
al., 2007; Zambardi et al., 2013; Poitrasson 2017). This excess in the heavier isotopes in
the silicate Earth is supposedly compensated by an isotopically light core (e.g. Georg et
al., 2007) and using estimates of the equilibrium isotopic fractionation between metal
and silicate it is possible to calculate the amount of Si that must be stored in the Earth
core to explain the observed isotopic difference, assuming no other source of isotopic
fractionation (e.g. Hin et al. 2014; Savage et al., 2014; Shahar et al., 2009; Ziegler et al.
2010). However, there is debate over the magnitude of Si isotope fractionation between
metal and silicate at equilibrium: the two experimental approaches, based on

high-pressure and high-temperature experiments using a piston-cylinder press return



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

different results, with Hin et al. (2014) calculating a smaller degree of isotopic
fractionation than Shahar et al. (2009) at the temperatures relevant to core formation.
The degree of this difference is significant, as using the Hin et al. (2014) isotopic
fractionation factor would either require an unrealistic amount of Si present in the core
(whatever chondrites type used as starting composition) to explain the silicate Earth
composition, if core formation was the only process which has affected the Si isotope
composition of the BSE since Earth’s formation.

An alternative and complementary approach would be to use natural samples that
contain equilibrated metal and silicate with measurable amounts of Si partitioned into
the metal. However, samples fitting this requirement (metal and silicate that
equilibrated at low fO, conditions) are rare and so far only two samples have been
studied (Ziegler et al., 2010). Using two enstatite achondrites, which equilibrated at
similar temperatures (1200 K and 1130K), Ziegler et al. (2010) measured the difference
in Si isotopic composition between metal and silicate. Their results are in agreement
with the experimental curve determined by Shahar et al. (2009), and fall off that
determined by Hin et al. (2014), although, since both meteorites analyzed here, Mount
Egerton and Norton County, equilibrated under similar temperature, it only provides
one data point to the calibration curve.

The hypothesis behind the above approaches is that the Si isotopic difference
between the BSE and chondrites is uniquely controlled by core formation. The fact that
an unrealistic amount of Si may need to be stored in the Earth’s core (e.g. Fitoussi and

Bourdon, 2012; Hin et al., 2014) together with the later discovery of heavy Si isotopic
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composition in angrite meteorites representing the silicate fraction of a small oxidized
(with a priori no Si in its core) de-volatized differentiated parent body suggest that
volatility may exert a strong control on the Si isotopic composition of a planet, which
have greatly changed our vision on how planet acquired their present chemical
composition (e.g. Fitoussi et al., 2009; Hin et al., 2017; Pringle et al., 2014; Sikdar and
Rai, 2020; Zambardi et al., 2013; Young et al., 2019). Based on a correlation between
§%Si and Mg/Si, Dauphas et al. (2015) proposed an alternative scenario in which the
enrichment in the heavy Si isotope represent gas-forsterite isotopic fractionation in the
solar nebula. The Earth would be relatively depleted in refractory phases (forsterite),
decreasing its Mg/Si ratio and increasing its 8°°Si. However, this approach needs also
an estimate of 8%°Si of the bulk Earth and therefore relies on the Si isotopic
fractionation during core formation.

Given the important implications cited above, it is therefore primordial to better
constrain the exact Si metal-silicate isotopic fractionation factor, to establish the
maximum effect of core formation on the Si isotopic composition of the Earth’s mantle,
in order to estimate the composition of the present bulk Earth. Here, we determine the
Si isotopic fractionation between metal and silicate using a recently discovered
meteorite, Itqyi. Itqyi is metal-rich and coarse-grained, regarded as an enstatite
achondrite (e.g. Patzer et al., 2001; Patzer et al., 2002) which, similar to the samples
utilized in Ziegler et al. (2010), equilibrated under very reduced conditions and
partitioned several percent of Si into its metal phase. Since there have been very limited

studies on Itqyi, we first demonstrate that metal and silicate phases are at equilibrium,
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and determine the fO, and temperature of equilibrium based on elemental partitioning
experiments. Finally, we present the Si isotopic composition of the metal and silicate
phases. We will show that the temperature of metal/silicate equilibrium is different
from the two meteorites used in Ziegler et al. (2010), which will allow us to provide a
new independent isotopic fractionation factor at a different temperature, to test the
previous estimates of the meta/silicate isotopic fractionation, estimate the maximum
effect of core formation on the Si isotopic composition of the mantle, and propose a Si

isotopic composition for the bulk Earth including different scenarios of core formation.

2. Samples and Methods

2.1 Samples

Itqyi is a coarse-grained enstatite achondrite mostly composed of enstatite (75%)
and kamacite (25%), plus traces of sulfides (Patzer et al., 2001). We obtained several
grams of the samples from Luc Labenne, the discoverer of Itqyi in the Western Sahara
Desert in 2000. This meteorite has an igneous texture with metal percolation features
between enstatite grains, triple junctions between enstatite grains and homogeneous
composition of enstatite and metal grains suggesting partial melting and
re-equilibration of the meteorite (Patzer et al., 2001). In order to estimate the elemental
distribution in the metal and silicate grains we have cut and polished a ~1cm section of
the sample (see Figure 1), mapped the sample with a field emission gun scanning

electron microscope (FEG-SEM) and determined chemical profiles and phase
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compositions with an electron probe microanalyzer (EPMA). We then selected and
mechanically separated 6 silicate grains and 4 metal grains for Si isotopic analysis.

A sample of BHVO-2 (Hawaiian basalt, USGS standard) was analyzed following
the same analytical methods for its Si isotopic composition, to evaluate the quality of
the Si isotopic measurements.

2.2.EPMA

Metal and silicate phases of the samples were analyzed using a Cameca SX-five
electron microprobe. Operating conditions were 15 kV accelerating voltage, 10 nA
beam current and counting times of 10-20 seconds on peak and background for major
and minor elements in silicate (Si, Mg, Fe, Al, Ca, Na, Ti and K). For trace elements (P,
Co, Ni, Cr, V) in both metal and silicate, analyses were collected with 15 kV
accelerating voltage, 100 nA beam current and counting times up to 50-100 seconds on
peak and background. Diopside glass (Si), wollastonite (Ca), orthoclase (K), anorthite
(Al), albite (Na), rutile (Ti) and pure oxides (Fe,03 MgO, SiO,, CaO and Al,03) were
used as standards for the major and minor elements. Pure metals were used as standards
for the metal and trace elements except apatite for P and pyrite for S. To avoid
secondary fluorescence contamination, silicate analyses were taken few tens of microns
away from the metallic phases. Electron probe analyses of both metal and silicate
phases are reported in Table 1.

2.3 Isotopic measurements

A thick section of Itqyi meteorite was crushed roughly using an agate mortar, and

the enstatite and metal fragments were handpicked under a microscope. The selected
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enstatite grains were fused in eight aliquots (2-3 mg for each aliquot) using NaOH as a
flux, at 720 °C in Ag crucibles (99.99% pure Ag at a trace metals basis). The fusion
cakes were placed in 30 mL Savillex beakers filled with 5-10 mL MQ-e H,0 (18.2 MQ
cm™), and the beakers were then placed in an ultrasonic bath for 15 minutes. The
samples were then transferred with pipette into pre-cleaned 50 mL tubes by rinsing the
sample-bearing Ag crucibles three to four times with MQ-e H,O. To avoid
over-acidification of the solutions, only 0.10-0.30 mL 16 M HNO; acid was added to
acidify the sample solutions till the sample solutions became clear so we reached a pH
of ~1. The metal fragments were dissolved in 8 M HNOj3 acid, and NaOH was added to
neutralize the solutions. Over these dissolution procedures, the NO3 /Si ratios in the
dissolved solutions were monitored, based on an existing observation that the Si
contents in enstatite and metal fractions of the Itqyi meteorite were 28 wt.% and 3 wt.%
respectively. Solution aliquots containing 20 ug Si from the Itqyi meteorite, BHVO-2
and NIST RM 8456 (historically, and from hereon called NBS28) were processed
through pre-cleaned BioRad Poly-Prep chromatography columns containing 1.8 mL
AG50X-12 (200-400 mesh) cation exchange resin to purify Si from matrix elements
(Georg et al., 2006). At low to neutral pH, Si is present as either neutral or anionic
species. Therefore, Si is eluted by MQ-e H,O rinsing with other anions like NO3 , while
cations were kept on the columns by the AG50X-12 resin (Fujii et al., 2015). The full
blank for the procedure is 20 ng.

The Si concentration of the purified samples was set to be 2 ppm in 0.2 N HNOs,

and were measured for Si isotopic composition on a Neptune plus multi-collector
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inductively-coupled-plasma mass spectrometer (MC-ICP-MS) at the Institut de
Physique du Globe de Paris (IPGP). Samples were analysed under “wet plasma”
conditions via a quartz-made spray chamber. Isobaric interferences (in particular from
1N™®0* on *°Si*) were avoided by measuring on the low mass peak shoulder under
medium mass resolution mode (M/AM = 5000). Under medium resolution mode, the
typical sensitivity for a 2 ppm Si solution with an uptake rate of 100 uL/min is 10-12 V
on “8Si*, and the blank over the whole analytical session is 5-10 mV on %Si*. A
sample-standard bracketing protocol was used in this study, i.e. measuring NBS28
standard once after each analysis on unknown samples. Each analysis contains 25
cycles with an integration time of 4 s for each cycle, and each sample was measured
four or more times. The Si isotopic results of the studied samples are reported in per mil
(%o) delta notation using both *°Si/*®Si and #Si/?Si ratios of the samples relative to
those of the NBS28 quartz standard, i.e. 5°°Si and 8*Si, respectively (Table 2).

While the used AG50X-12 columns cannot remove NOs; from Si, it has been
observed in this study that a mismatch of NO3;  between sample and bracketing NBS-28
standard can lead to an artificial shift of sub per mil level on the measured Si isotopic
ratio. For instance, a purified NBS28 aliquot with 0.44 M NOs5~ provides a A¥Si value
of —0.46 + 0.03 (2SE, n = 4) relative to another purified NBS28 aliquot with 0.2 M
NO; (Table 2). As such, aliquots of the fusion solution of NBS28 were doped properly
with HNO3 before being loaded on the AG50X-12 columns to reach similar NO3 /Si
ratios as the processed aliquots of enstatite and metal samples. In detail, this match of

NO; (0.44 M) between BHVO-2 and NBS-28 successfully returned to a §°°Si value of
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—0.25 £ 0.05 (2SE, n = 4), which is identical to the recommended value (—0.28 = 0.03;
Savage et al., 2014). Measurements on the NBS28 aliquots with 0.6 mg and 2.0 mg
dissolution masses provides 5°°Si value of +0.02 + 0.03 (2SE, n = 4) and +0.03 + 0.03
(2SE, n = 4), respectively, implying that the Si isotope protocol in this study is

applicable to the samples of small masses.

3. Results

The SEM (Figure 1) and EPMA analyzes of Si and Fe content (Table 1) confirm the
igneous coarse texture and the absence or very limited elemental zoning of the
meteorite (Patzer et al. 2001). The 120 degrees angles between grains are characteristic
of partial melting and the percolation of metal between the enstatite grains (Figure 1)
confirms the partial melting of the meteorite parent body (Patzer et al., 2001).

The EPMA Fe and Si abundance profile (Figure S1), show very homogeneous
distributions within the grains. The exception being at the grain boundary, within
50-100um (Figure S1) which may reflect contamination of the signal by secondary
X-ray fluorescence from the adjacent metal or silicate grain. The rest of the grains are
fairly homogeneous and we use the average composition of the EMPA profile as the
average composition of the grain. For example, the metal grain #1 (M1) is in contact
with enstatite grain #1 (E1) and enstatite grain #2 (E2). When the first 100um of the
silicate grain is excluded we obtain an average composition for Si (27.73 = 0.16
weight%, 27.88 + 0.24 weight%) and Fe (0.07 £ 0.02 weight%, 0.05 + 0.03 weight%)

content in E1 and E2 similar within 1SD.
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The isotopic composition of BHVO-2 and of the metal and silicate grains of Itqyi
are reported in the Table 2. All the data are reported using the §*Si notation, which is the
per mil deviation of the *Si/*®Si ration from the NIST NBS28 standard (x = 29 or 30).
Al the data reported here are mass-dependent, and only §*°Si will discussed below.
When not specified, the error discussed below for the §*°Si are the 2 standard deviation.

The &*°Si of two independently processed BHVO-2 (-0.26 + 0.02 and -0.25 + 0.05)
are in excellent agreement with previous literature data (e.g. Abraham et al., 2008;
Fitoussi et al., 2009; Pringle et al., 2013; Savage et al., 2010) and the 5*°Si of metal and
silicate of Itqyi is similar to what had been previously measured for other aubrite-like
rocks (Ziegler et al. 2010).

The 8°°Si of the 8 silicate grains are very homogeneous with an average of -0.57 +
0.05 (2SE, n = 8). The §Si of the 5 metal grains are slightly more variable with an
average of -3.44 + 0.19 (2SE, n = 5). When taken together and the error is propagated
the difference between the §*°Si of the silicate and metal phase A¥Sigjicate-meta=2.87 *
0.20 (2SE).

4. Discussion

We first estimate the fO, and T of equilibrium for the metal and silicate phases. The
fO, can be determined by basing it on the oxidation equation of Fe:

Fe +%02 = FeO, EqQ.1
and defining the fO2 relative to its deviation from the Iron-Wustite buffer (AIW),

defined as:

silicate silicate silicate

AW = 2log (%870 = 210g (F570) + 2109 (B ) . Eq.2

Ape Fe Fe
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In equation 2, a3lcate and aletl are the activities of FeO in the silicate and Fe in
the metal respectively, x;licete and xw¢®@ are the molar fractions of FeO in the
silicate and Fe in the metal respectively, and yglicate and ymetal  are the activity
coefficients of FeO in the silicate and Fe in the metal. If we assume ideal behavior, the
activity coefficients are equal to unity, and the equation becomes:

silicate

AIW = 2log (’“Fegml ) Eq. 3

m
XFe

By using the average composition of the silicate and metals determined by EPMA
(Figure S1) and by propagating the errors we obtain AIW = -6.6 = 0.8. This value is
consistent with equilibrium under very reduced conditions, similar to those estimated
for enstatite chondrites (Berthet et al., 2009).

The temperature of equilibrium can be estimated by comparing the distribution
coefficients of Si and Cr to experimental results. The distribution of Si and Cr between
metal and silicate is controlled by the following redox exchange reactions with Fe:

2Femetal 4 gjpsilicate — ppppsilicate | gjmetalpq 4),
Femetal 4 rppSilicate _ p,nsilicate | ~.metal (Eq. 5).
The equilibrium constant of these reactions can be expanded in terms of mole fractions,

activity coefficients and thermodynamic constants following:

metal metal
Xsi . Vsi .
xstllcate silicate
Si02 Ysioz

logK (Si) = logl s |+ logl 2

metal metal
silicate silicate
XFe0 YFeo

b P
—a+;+c.;, Eq. 6
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logK (Cr) = log

Eq. 7

"*]IG‘
"*]I"U

—
—

metal

metal
Xcr / . \
silicate
Xcro I
/ \K stllcate/

metal
stllcate
metal |
XFe / ilicat
silicate
XFe0

where a, b, ¢ are regression constants standing for the entropy, enthalpy, and volume
change of reactions (4) and (5) divided by the gas constant (i.e. ArS°/R, ArH°/R, and
ArV°/IR respectively), T the temperature in K and P the pressure in GPa. The metal
silicate partitioning of Si and Cr have been extensively studied in high pressure and
high temperature experiments (e.g. Corgne et al., 2008; Fischer et al., 2015; Siebert et
al., 2013; Siebert et al., 2011; Wade and Wood, 2005)) leading to different expressions
for the parameterization of the equilibrium constants of Eq. 6 and Eq. 7. The effect of
pressure on the partitioning of these two elements is negligible and these datasets can
be suitable for modeling the conditions of equilibration of Itqyi. Using the regression
constants and activity models for Si and Fe in the metal from Corgne et al. (2008),
Siebert et al. (2013) and Fischer et al. (2015), we calculate that the measured
concentrations of Si and Fe in the metal and silicate phases of Itqyi equilibrated at an
approximate temperature of 1530 K + 110 K.

Note here that each of the above studies treat differently the ratios of activity

o ] ] N ysdlcate
coefficients of oxides in the silicate [ “¥¢€0 /
y;élolcate

) (which represents the

effect of silicate composition on the partitioning of Si). This parameter was either

considered constant as in Siebert et al. (2013) and Fischer et al. (2015) or was modeled
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by using the non-bridging oxygen over tetrahedra structural parameter as a proxy as in
Corgne et al. (2008). In an effort to best constrain the temperature of equilibrium, we
consider that the particular experiments conducted in Corgne et al. (2008) represent a
good approximation of the conditions of P-T-fO,, and both metal and silicate
compositions present during the equilibration of the Itqyi achondrite. Using regression
parameters from Corgne et al. (2008) only lead to the highest T estimate for Itqyi
metal-silicate equilibration of 1650 K + 90 K.

The same above approach is followed using the Cr and Fe concentrations in metal
and silicate of Itqyi from Eq. (7). The regression constants and activity models of Eq. (7)
for Cr in metal are taken after Siebert et al. (2013) which represents an exhaustive
compilation of the existing dataset for Cr partitioning. Using Cr, a T of 1400 + 240 K is
derived for the metal-silicate equilibration of Itqyi in good agreement with the T
estimated using Si partitioning data. In the following we consider the estimate based on
Si partitioning data rather than Cr as it is more precise.

Here we show that enstatite and metal equilibrated in ltqyi under fO, of AIW-6.6
and at a temperature of 1530 K + 110 K. Note that using the approach developed in
Wasson (1994) leads to a similar T of equilibration of about 1500 K. This temperature is
~300-400 K higher than estimated for Mount Egerton and Norton County by Ziegler et
al. (2010) and by combining both studies we can add a second data point with which to
better constrain the variation of A% Sigjicate-metal a5 @ function of temperature.

Combining the temperature estimated above (T=1530 + 110 K) with

A*Sigiticate-meta= 2.98 + 0.18 (2SD) we can calculate the temperature dependence for
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isotopic fractionation by simply fitting a 1/T2 curve through our data point (we report
the error on the fit as 1SD error to be consistent with previous work Ziegler et al., 2010,
see Figure 2). The error includes uncertainties on the isotopic fractionation factor and
on the temperature of equilibrium. This returns a parametrization of:

A30g; __ 7.6 (£0.7)x105(1SD)
Sisiticate—metal = 72 .

This fit is in good agreement with the relation determined based on other enstatite
achondrites (Ziegler et al., 2010) [7.64 (+ 0.47) x10°)/T?] and with the experiments of
Shahar et al. (2009) [7.45 (+ 0.41) x10°%)/T?]. It is, however, of slightly larger magnitude
than the relationship estimated based on the experiments of Hin et al. (2014) [4.42 (=

0.05) x10°%)/T?] (Figure 2).

Implications for Earth’s core formation

In many previous studies, the A¥Simetarsilicate Parametrization has been coupled
with estimates for the Si isotopic offset between bulk silicate Earth (BSE) and
chondrites (A3°SiBSE-Chond) to calculate a mass-balance estimate of the amount of Si
present in Earth’s core (e.g. Armytage et al., 2011; Georg et al., 2007; Savage et al.,
2014; Shahar et al., 2009). Unfortunately, these models are extremely sensitive to the
measured A*Sigse.chong and can predict a wide range of values, with large uncertainties,
which easily overlap with the outer core mass deficit based on other methods. Instead,

here we calculate the maximum effect of core formation on the Si isotopic composition
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of the BSE using our new parametrization, and based on that, estimate the Si isotope
composition of the bulk Earth.

Both single stage core formation and continuous core formation using the most
modern high-pressure high temperature metal/silicate partitioning data suggest that the
core must contain between 2 wt. % and 9 wt. % of Si (e.g. Fischer et al., 2015; Rubie et
al., 2015; Siebert et al., 2013). The permitted range for the temperature of core-mantle
equilibrium at the base of a magma ocean is roughly 3200-4300 K in order to explain
moderately siderophile abundances on the Earth’s mantle (Badro et al., 2015; Siebert et
al., 2013). Using these parameters, we have calculated the maximum isotope effect that
core formation can have imparted on the Si isotope composition of the BSE. Following
the model delineated in Savage et al. (2014), for a single-stage core formation model,
the effect of core formation on the Si isotopic composition is plotted in Figure 3 as a
function of the increase in Si in the core (from 2 to 9 wt.%) (parameters used in the
model are indicated in the figure caption). The two lines plotted in Figure 3 are the
calculated 5°°Si isotope composition of the bulk Earth, for two temperatures of
equilibration (3200 K and 4300 K). If the core contains less than 7% Si, as suggested by
several studies based on elemental partitioning and physical properties (Antonangeli et
al., 2010; Badro et al., 2015), the bulk Earth must be heavier than any chondrites.

As can be seen even for the most extreme calculated case (3200 K equilibration
temperature and 9% Si in the core) this cannot account for 0.14 %o of the difference
between the chondrites and the Earth. In other words, the Si composition of the bulk

Earth may be at the lightest -0.43 % (note this value is extreme as core formation is
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unlikely to have remained at 3200mK throughout Earth’s differentiation). If we use less
extreme parameters (e.g. T = 3800 K, Si in core = 6 wt.%) we calculate a bulk Earth
value of ~ -0.35 %.. This value ~0.10 %o heavier than ordinary and carbonaceous
chondrites and ~0.20 %o heavier than enstatite chondrites (see Figure 4) (Armytage et
al., 2011; Fitoussi et al., 2009; Savage and Moynier, 2013; Zambardi et al., 2013).
The difference between the Si isotopic composition of the bulk silicate Earth and
chondrites may be due to either 1) inaccuracies in the estimation of the Si isotopic
composition of the BSE or 2) that the bulk Earth has a non-chondritic Si isotopic
composition.
Do we have an accurate estimate of the Si isotope composition of Earth’s mantle?
Silicon isotopes are very weakly fractionated by partial melting and fractional
crystallization. For example Savage et al. (2010) showed that ultramafic various mantle
rocks, MORBs and Island Arc basalts have all similar isotopic composition within error
and estimated the BSE to be at -0.29 £ 0.08 %o.. These findings are very consistent with
most other studies (e.g. Armytage et al., 2011; Fitoussi et al., 2009; Zambardi et al.,
2013; Ziegler et al. 2010) and combining all these data together Savage et al. (2014)
recommend a 8°°Si=-0.29 + 0.07 % for the composition of the BSE, which seems to be
a robust estimate of the Earth’s upper mantle composition. More recently, it has been
shown that high degree partial melting from the Archean mantle, komatiites, have
identical composition (-0.29 + 0.02 %o, Deng et al., 2019), giving further support to

previous estimates of the BSE.
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It should be kept in mind, however, that all the above BSE estimates are based on
samples derived from the upper mantle, and it has been posited that the lower mantle
may have a different isotopic composition. For example, it was proposed by Huang et al.
(2014), based on theoretical calculations, that lower mantle high pressure phases
(bridgmanite) should be isotopically lighter than upper mantle phases (olivines,
pyroxenes). Based on these calculations, Huang et al. (2014) suggested that the lower
mantle could be 0.1 permil lighter than the upper mantle. Considering the proportion of
lower (~75%) and upper (~25%) mantle, Huang et al. (2014) calculated that it could
be possible for the BSE to have a §*°Si of ~-0.37. It is however uncertain whether such
isotopic heterogeneity could fully be preserved in the lower mantle on the scale of 4.6
Ga or homogenized by global scale convection and still be present today (e.g.
Brandenburg et al., 2008; Stixrude and Lithgow-Bertelloni, 2012). In further evidence
against an isotopically layered mantle, Pringle et al. (2016) reported a large set of data
for Ocean Island basalts from various localities, which were mostly undistinguishable
(-0.32 +/- 0.09) from the isotopic composition reported by Savage et al. (2010). While
some samples measured by Pringle et al. (2016) were found to have 5*°Si values 0.1 %o
lower than upper mantle samples, these were not common, and although this paper
argued for the existence of some mantle heterogeneity (introduced by recycling of
crust), given the paucity of these isotopically “light” samples, it is unlikely that the bulk
of the lower mantle will be drastically different from the upper mantle, at least not to the

level of difference needed to bring the BSE to chondritic values (Pringle et al., 2016).
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We therefore suggest that the value of -0.29 + 0.08 %o for the Earth’s mantle is
accurate and representative of the BSE, and therefore explore the possibility that the

bulk Earth is non-chondritic in terms of its Si isotope composition.

The Bulk Earth has a non-chondritic Si isotope composition

We here consider that the bulk Earth has a heavier Si isotope composition than all
known chondrites groups. First, there is always the possibility that none of the
chondrites from our collection represent the Si isotope composition of the Earth’s
precursors materials — and that all of the Earth-chondrites accreted to the Earth (Drake
and Righter, 2002), and/or that Earth is an end-member Si isotopic composition, similar
to the arguments made for r-process anomalies (Fischer-Godde and Kleine, 2017).
However, given the small degree of variation in the Si isotope composition of all
chondrite groups, it more likely that Si that accreted to form the Earth started in the
solar nebula with a “chondritic” composition, and was subsequently fractionated prior
to or during accretion. Pringle et al. (2014) found that angrite meteorites, that are most
likely sampling a small parent body than Earth, are isotopically heavier than chondrites
by ~ 0.1 %o. Since these samples are among the most volatile depleted samples in the
solar system, it was suggested that the parent body of the angrite meteorites
experienced volatile loss that resulted in a preferential loss of the lighter Si isotopes.
Pringle et al. (2014) suggested that this volatile loss could also have affected Earth’s
precursors materials and would therefore increase the bulk Earth Si isotopic

composition. It was further suggested that based on model of volatile loss from
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planetesimals and isotopic fractionation under equilibrium that ~15% Si loss could
explain the composition of the Earth within the first Myrs of the Solar System (Young
et al., 2019). Alternatively, Dauphas et al. (2015) invoke Si isotopes fractionation
between condensing solids and the nebula gas, and that Earth’s precursors were
depleted in refractory phases (forsterite), decreasing its Mg/Si ratio and increasing 5*°Si.
This alternative scenario may also explain part of the Si isotopic fractionation of the
bulk Earth, however, it should be noted that there is a weak (coefficient of
determination, R*= 0.5) relationship between the §*°Si and the Mg/Si ratio for primitive
meteorites and the Earth (see Figure 4).

We therefore suggest that Earth’s precursor material underwent volatile depletion
during its accretion such that its Si isotope composition was fractionated from the
“chondritic” baseline, to a heavier isotopic composition (Hin et al., 2017; Pringle et al.,
2014; Young et al., 2019) . Core formation then further drove this bulk Earth value to its

current composition, which we measure today.

5. Conclusions

We have used an enstatite meteorite, Itqyi, as a natural experiment to determine the
Si isotopic fractionation factor between metal and silicate. To reach this goal, we have
performed a petrological and isotopic study of the meteorite in order to determine the
temperature of equilibrium as well as the Si isotopic composition between the phases.
We find that the dependence of Si isotopes with temperature to be 1530 K + 110 K. We

use this dependence together with various core formation model and composition to
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estimate the bulk Earth 5*°Si. We show that the bulk Earth must be isotopically heavier
than any chondrites groups, save that the lower mantle would be isotopically light due
to the preservation of bridgmanite/melt isotopic fractionation in the magma ocean. In
agreement with previous study we suggest that volatility have shaped the composition
of the Earth’s precursors and modified the final composition of the bulk Earth

compared to its original building blocks.
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Figure Captions:

Figure 1: Backscattered image of the Itqyi sample utilized in this study. The white
phases represents the Fe-rich metal while the dark phases represents the enstatite
minerals.

Figure 2: A¥Sigjicate-metat @ @ function of temperature. The A**Sisijicate-metas Obtained for
Itqyi is reported. The two curves represent the estimated relation of A**Sigiicate-metal VS
temperature from Shahar et al. (2009) and Hin et al. (2014).

Figure 3: Modeled silicon isotopic composition of the bulk Earth as a function of Si
content of the core for two temperatures of equilibrium (3200K and 4300K) using the
isotopic fractionation factor determined in this study. For the parameters used in the
model we used: Mass fraction of the BSE=0.67, mass fraction of the core = 0.33, mass
fraction of Si in the BSE = 0.212, &°°Si(BSE)=-0.29+0.08 (Savage et al. 2014),

30 o _ 7.6 (+0.7)x10°
A Slsilicate—metal - T2 .

Figure 4: 5%°Si as a function of Mg/Si ratio for various chondrites and the Earth (using
the updated 8%°Si for the bulk Earth calculated in the present study). The Si isotopic
composition of the meteorites are from literature (Armytage et al., 2011; Fitoussi and
Bourdon, 2012; Fitoussi et al., 2009; Zambardi et al., 2013).

Table Captions:
Table 1: Electron probe microanalyses of enstatite and metal phases.

Table 2: Silicon isotopic composition of the different samples analyzed in this study.
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Table 1. Electron probe microanalyses of enstatite and metal phases.

646 Wit%

Itgiy (Enstatite)

Wt%

Itgiy (Metal)

647 MgO

SiO,

Al,O3

FeO

CaO

TiO,

Cr,0;

37.050 (1.098)

59.404 (0.383)

0.560 (0.022)

0.061 (0.018)

1.616 (0.052)

0.029 (0.017)

0.032 (0.010)

Fe

Si

Ni

Cr

Co

Mg

88.960 (0.660)

2.436 (0.129)

4.441 (0.175)

0.210 (0.015)

0.284 (0.012)

0.136 (0.011)

Total

98.752 (0.731)

Total

96.467 (1.770)
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Table 2. Silicon isotopic composition of the different samples analyzed in this study.

Samples 5°Si 2sD 2SE  8°Si 2SD 2SE N Description
NBS28 0.00 0.08 0.01 0.00 0.10 0.01 154 26.3 mg
NBS28-test 1 0.01 0.05 0.03 0.02 0.06 0.03 4 0.6 mg, NO3” match
NBS28-test 2 0.04 0.07 0.03 0.03 0.06 0.03 4 2.0 mg, NO3" match
BHVO-2 -0.14 0.06 0.01 -0.26 0.14 0.02 35 16.0 mg, NO3 match
BHVO-2 -0.13 011 0.05 -0.25 0.11 0.05 4 NO; match: 0.44 N versus 0.44 N NO3’
Enstatite_01 -0.30 0.06 0.03 -0.64 0.16 0.08 4 NO; match
Enstatite_02 -0.32 0.05 0.03 -0.69 0.09 0.05 4 NO; match
Enstatite_03 -0.27 0.07 0.04 -052 0.07 0.04 4 NO; match
Enstatite_04 -0.27 0.04 0.02 -050 0.07 0.04 4 NO; match
Enstatite_05 -0.25 0.04 0.02 -049 0.07 0.04 4 NO3z match
Enstatite_06 -0.26 0.03 0.02 -0.58 0.03 0.01 4 NO; match
Enstatite_07 -0.27 0.09 0.05 -0.56 0.08 0.04 4 NO3z match
Enstatite_08 -0.28 0.04 0.02 -056 0.16 0.08 4 NOj; match
Metal_01 -1.71 0.06 003 -3.56 0.02 0.01 4 NO;3” match
Metal_02 -161 015 0.07 -3.16 030 0.15 4 NO;3” match
Metal_03 -1.71  0.04 0.02 -3.35 0.10 0.05 4 NO; match
Metal_04 -1.93 0.06 0.03 -3.74 0.04 0.02 4 NO; match
Metal_05 -1.76  0.07 0.04 -3.41 0.05 0.03 4 NO; match
Average Enstatite -0.28 0.04 0.02 -057 0.14 0.05 8

Average Metal -1.74 023 0.10 -3.44 044 0.19 5
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