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ARTICLE INFO ABSTRACT
Editor: Catherine Chauvel Data on the chromium stable isotope composition of planetary reservoirs have the potential to provide in-
Keywords: formation about core formation, partial melting and conditions of the Moon formation. In order to detect the
Cr stable isotopes small Cr isotopic differences between various reservoirs in the solar system, their compositions need to be
Komatiites precisely constrained. The current BSE value of 8°3Cr = —0.11 = 0.06%o (Sossi et al., 2018) cannot resolve
Mantle melting differences between achondrites, (Vesta 8°3Cr = —0.17 = 0.05%0) and chondrites (carbonaceous
Fractional crystallisation 8%%Cr = —0.12 = 0.05%o; ordinary 8°Cr = —0.11 = 0.04%o). The composition of the bulk silicate Earth

Bulk silicate Earth (BSE) is often used as a reference point for comparisons to other planetary reservoirs. However, past attempts to

estimate the Cr isotopic composition of the BSE have been unable to provide a well-constrained BSE value.
Traditional methods, using mantle peridotites, are affected by the susceptibility of Cr isotopes to fractionation
during metasomatism. More recently, the Cr isotope composition of the BSE has been calculated using koma-
tiites, in addition to mantle peridotites, to produce a more precise value (Sossi et al., 2018). In order to constrain
the BSE composition to a higher precision, the §°>Cr of remarkably fresh komatiite lava flows from three lo-
calities, ranging in age from 2.7 Ga to 89 Ma, have been investigated in detail. These included the Tony's Flow in
the Belingwe Greenstone Belt, Zimbabwe, the Victoria's Lava Lake in Fennoscandia, and komatiites from
Gorgona Island in Colombia.

In the komatiites studied, a range in Cr isotopic compositions was found, from §°*Cr = —0.16 + 0.02 to
—0.01 = 0.02%o. We show that the high degrees of partial melting that produced the komatiites, did not result
in Cr isotopic fractionation between the komatiitic melt and mantle residue. However, limited Cr isotopic
fractionation is found to be a consequence of komatiite lava differentiation. For the lava flows with high Mg
content and high Cr?* /Cryor (the molar ratio of Cr** /(Cr?* + Cr®™)), such as Tony's Flow and Gorgona, 8°>Cr
increases in the evolved portion of the magma during olivine fractionation due to the preferential inclusion of
light Cr into olivine. Other flows with lower MgO content do not show this behaviour because a smaller fraction
of the Cr is contained in olivine. The effects of fractional crystallisation must, therefore, be taken into account
when calculating the Cr isotopic composition of the source of komatiite lavas.

The weighted average of 8°3Cr for the komatiite lavas analysed is —0.12 * 0.04%o (n = 5) and represents
our best estimate for the Cr isotopic composition of the BSE. It agrees with the previous estimates, while pro-
viding an improvement to the uncertainty. There is no resolvable difference between this value and that of
chondritic meteorites. Our data also indicate that the §°°Cr of the mantle has been constant since at least the
Archean.
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1. Introduction

Variations in stable isotope ratios provide a powerful tool for ex-
ploring planetary interiors. The composition of the bulk silicate Earth
(BSE) is often used as a reference relative to which differences between
reservoirs can be identified. For example, comparison of the Si isotope
compositions of chondrites and the BSE showed that Si isotopes frac-
tionated during core formation (Armytage et al., 2011; Shahar et al.,
2009), whereas the different K isotope compositions of the BSE and the
lunar mantle likely indicate that K was lost during the Moon-forming
impact (Wang and Jacobsen, 2016).

Several recent studies have explored the Cr isotope composition of
reservoirs in the Solar System and on Earth. The stable chromium iso-
tope composition of planetary reservoirs has received attention due to
the variable geochemical nature of Cr, which means that its isotopic
composition may record information about a range of processes. For
instance, Cr can be lithophile or siderophile, depending upon the
oxygen fugacity and temperature (Fischer et al., 2015; Siebert et al.,
2011; Wood et al., 2008); it can also be compatible or incompatible
during mantle melting depending on its oxidation state (Li et al., 1995;
Roeder and Reynolds, 1991; Schreiber and Haskin, 1976). The geo-
chemical behaviour of Cr is expected to be recorded in the stable Cr
isotope composition.

Chromium stable isotope variations are presented using the delta
notation, defined as per mil deviations from the NIST 979 standard
(Ellis et al., 2002). Previous studies have investigated the behaviour of
Cr stable isotopes in a range of settings. Terrestrial core formation did
not fractionate the stable Cr isotope composition, as there is no re-
solvable difference between the 8°3Cr composition of the mantle and
chondrites (Bonnand et al., 2016b; Schoenberg et al., 2016). However,
crystallisation within planetesimal cores (iron meteorites) can lead to
variations in 8°°Cr, which can be used to identify the oxygen fugacity
during metal-silicate partitioning of the bodies they formed in
(Bonnand and Halliday, 2018). Lunar basalts show a small difference
compared to the composition of the BSE (Bonnand et al., 2016a; Sossi
et al., 2018), which has been linked to the loss of heavy Cr isotopes to
an oxidised gas in the lunar magma ocean. Other planetary bodies, such
as Vesta, are also isotopically light compared to Earth, which is ex-
plained by volatile loss of Cr (Zhu et al., 2019). In order to accurately
identify and interpret variations in Cr isotope data from other re-
servoirs, a well constrained value for the BSE is required.

Different methods are available for estimating the stable element
isotopic composition of the BSE, with the best method dependent upon
the behaviour of a particular element. The highly incompatible element
isotope compositions can be estimated using crustal samples, as the
crust is where the majority of these elements reside in the BSE, (e.g., the
BSE composition of §*'K can be estimated by analysing basalts from
different tectonic settings; (Tuller-Ross et al., 2019). In contrast, Cr is a
compatible element during mantle melting, with > 99% of the BSE
reservoir contained in the mantle (e.g., Xia et al., 2017). As such,
samples representative of the mantle must be used.

Peridotites are often used to study the composition of the BSE, as
they provide direct samples of the mantle. The first BSE 8°Cr value was
obtained from the average Cr isotopic composition of mantle peridotites
(8%3Cr = —0.12 = 0.10%o, n = 24; Schoenberg et al., 2008). Xia et al.
(2017) subsequently used a filtered set of mantle peridotites, to avoid
the effects of partial melting, and these yielded a similar value of
—0.14 = 0.12%o, (n = 12). However, §°>Cr values of mantle peri-
dotites are often affected by cryptic metasomatism (Xia et al., 2017;
Shen et al., 2018), the effects of which can be difficult to identify and
correct for.

Another method used to estimate the stable isotope composition of
the BSE is to use the primary composition of komatiite lavas (e.g.,
Badullovich et al., 2017; Dauphas et al., 2010; Gall et al., 2017; Greber
et al., 2015). Komatiites are high degree partial melts that were derived
from melting at temperatures significantly higher than those of the
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ambient mantle (Arndt et al., 1997, 1998; Arndt and Nisbet, 1982;
Green, 1975; Kushiro and Yoder, 1969). The high degrees of melting
mean that the komatiite melt composition approaches that of the
mantle peridotite. Furthermore, komatiite melts sample a large volume
of the mantle, therefore, small-scale metasomatic variations within the
mantle sources of komatiites were likely to be averaged out. Sossi et al.
(2018) used a filtered mantle peridotite and komatiite set of samples to
produce a more tightly constrained 8°3Cr value for the BSE of
—0.11 = 0.06 (n = 36). Komatiites with A; or A, spinifex zone tex-
tures were chosen, as these parts of lava flows were considered to have
compositions closest to those of their primary magmas (Faure et al.,
2006; Sossi et al., 2016). It is important that the Cr isotopic composition
of komatiite samples used in these studies are representative of the
primary komatiite melt; this, in turn, requires understanding of the
behaviour of Cr during differentiation of komatiite lava flows. Further
complications may arise from post-magmatic modifications, such as
seafloor alteration and metamorphism, and the effects these processes
may have had on the §°3Cr of komatiites.

Chromium behaviour in komatiites diverges from other silicate
melts. Komatiites contain higher Cr abundances (1000-3000 pg g~ 1)
than other melts; e.g., basalts typically contain < 500 pg g~ ' Cr
(Basaltic Volcanism Study Project, 1981). The amount of Cr in silicate
melts is limited by the low solubility of Cr®* (Hanson and Jones, 1998).
Higher formation temperatures of komatiites create higher Cr**/
Y Crror and melts of different compositions, which increases the amount
of total Cr that can be dissolved in the melt (Berry et al., 2006; Li et al.,
1995; Schreiber and Haskin, 1976; Sossi and O'Neill, 2016). In koma-
tiites, this occurs concurrently with high degree partial melting, which
exhausts the major Cr bearing phases, releasing more Cr into the melt
(e.g., Walter, 1998). In komatiite flows, Cr is contained within two
minerals, chromite (Barnes, 1998) and chromium rich olivine
(500-2000 pg g1, Arndt, 2008). The high Cr contents of olivine can be
the result of high Cr concentrations in the melt, elevated cr?* /5Crror
of the melt, and delayed crystallisation of chromite (Donaldson, 1982;
Shore, 1996). Delayed chromite crystallisation will occur if melt is
undersaturated in Cr. Chromium saturation is controlled by the Mg
content and the oxidation state of a komatiite melt (Barnes, 1998;
Murck and Campbell, 1986). Fractional crystallisation of olivine and
chromite leads to a distinct evolution of the Cr contents in komatiite
flows, as described in Arndt (2008) and shown in Fig. 1. Initial olivine
crystallisation and accumulation leads to an increase in Cr of the re-
sidual melt, followed by a decrease once chromite crystallisation be-
gins. Variations in Cr isotope composition may be affected by crystal-
lisation of these phases.

Variations in §°>Cr during fractional crystallisation of silicate melts
have previously been identified (Bonnand et al., 2020, 2016a). In lunar
basalts, crystallisation of isotopically heavy oxides leads to decreasing
8%3Cr in the melt (Bonnand et al., 2016a). A similar trend is seen in
ocean island basalts, where crystallisation of pyroxene and spinel leads
to decreasing 8°3Cr variations in the melt (Bonnand et al., 2020). The
magmatic evolution of §°>Cr in komatiites may also differ due to the
higher Cr concentration in these melts, the higher liquidus tempera-
tures, and the minerals that host Cr.

It is important that the emplaced komatiite lava composition is re-
presentative of that of the mantle. The effect of partial melting on 8>3Cr
has been debated in previous studies, with only small fractionations
expected in basalts (< 0.1%o, Shen et al., 2018, 2019; Bonnand et al.,
2020). The higher liquidus temperatures and greater degrees of partial
melting at which komatiites form may be expected to lead to even
smaller fractionations. Indeed, Sossi et al. (2018) found no difference in
8°3Cr between the compositions of komatiites and mantle peridotites.
Therefore, komatiites can be regarded as valuable probes of the Cr
isotope composition of the mantle. Komatiites in this study have also
been affected by non-magmatic processes that might be able to alter the
8%3Cr of silicate rocks (e.g. Farkas et al., 2013; Frei et al., 2014). The
effect that processes, such as weathering, serpentinisation, and crustal
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Fig. 1. Compilation of komatiites adapted from Arndt (2008)
10.000 L and Barnes (1998). MgO and Cr variations of komatiites are
& r explained by the accumulation and crystallisation of olivine
[ A [t and chromium. Accumulation of olivine increases the MgO
r ccumu a.IOI'l content and decreases the Cr content, while crystallisation of
I o of chromite olivine decreases MgO and increases Cr. Chromite accumu-
— r lation leads to higher Cr concentrations with little change in
Ay @ <>. (] . .
o L & < ClR 1 the MgO content. The chromium content of the melt increases
=) » r : until the flow is saturated and chromite crystallisation begins.
= o @ Crystallization
G 1,000 - ¥ Crystajlization or accumulation
. ® of olivin of olivine
I & chromite Bl
[, @ Tony’s Flow o0
[ Victoria Lava Lake| @ | @
|4 Gorgona ¢ |0
Literature Data
I I I I
5 15 25 35 45 55
MgO (%)

contamination, could have had on the 8°3Cr of komatiites, must be
considered.

In order to further improve the estimates of the 8°°Cr of the BSE
using komatiites, it is necessary to fully understand the behaviour of Cr
in these lavas. Fractionations that occur in komatiites will depend upon
the minerals present, and whether Cr behaved compatibility or in-
compatibility in these minerals will affect the choice of samples when
calculating the emplaced komatiite lava composition. Previously, A;
and A, spinifex-textured komatiite samples have been used to represent
the composition of the emplaced lava. Typically, A; and A, spinifex-
textured komatiites show a range in MgO content within lava flows,
and, therefore, they may represent various stages in the evolution of the
melt. Whether these komatiite samples are representative of the em-
placed komatiite lava will depend on how Cr behaved during crystal-
lisation. In this contribution, the effects of crystallisation on Cr isotopic
composition is considered for the first time through a detailed ex-
amination of three exceptionally well preserved komatiite systems, i.e.,
Gorgona Island, Tony's Flow, and Victoria's Lava Lake. This information
is used to provide a new estimate for the Cr isotopic composition of the
BSE.

2. Samples
2.1. Tony's Flow, Belingwe

Tony's Flow is part of the 0.5 to 1 km thick Reliance Formation,
from the Belingwe Greenstone Belt (Nisbet et al., 1977), which was
emplaced on continental crust in an extensional environment (Bickle
et al., 1975; Hunter et al.,, 1998). The flow has been dated at
2.69 * 0.01 Ga using the Pb—Pb isotope system on the whole-rock
samples (Chauvel et al., 1993). Some parts of the Reliance Group are
remarkably well preserved, and a few locations contain mainly primary
olivine, and even pristine glass preserved in olivines (Nisbet et al.,
1987; Renner et al., 1994). Other minerals within the flow include
augite, minor pigeonite, and chromite (Nisbet et al., 1987; Renner et al.,
1994).

A total of eight samples from the Tony's Flow were analysed in this
study, including five spinifex-textured and three cumulate komatiites
from Puchtel et al. (2009). The location of the samples within the flow
is illustrated in Puchtel et al. (2009). The komatiites have a range in
their chemical composition; MgO varies from 16.5 to 31 wt% and [Cr]
from 2023 to 2455 ug g~ . The MgO concentration of the parental li-
quid has been estimated at 24 wt%, calculated using the composition of
melt in equilibrium with the most MgO-rich olivines (Nisbet et al.,
1993; Puchtel et al., 2009). The oxygen fugacity of Tony's Flow is

estimated at AFMQ = +0.48 =+ 0.27 (Nicklas et al., 2018). The ko-
matiites from Tony's Flow have been chemically and isotopically well
characterised in previous studies (Nisbet et al., 1987; Puchtel et al.,
2009; Renner et al., 1994).

2.2. Victoria's Lava Lake, Vetreny Belt

The Victoria's Lava Lake is located in the Vetreny Belt in the
Fennoscandian Shield. The komatiites formed as a lava lake (Puchtel
et al., 1996), which has been dated at 2407 = 6 Ma, (Puchtel et al.,
1996, 1997, 2016) using the Re—Os internal isochron method. The
vetreny belt was formed as part of a large igneous province created by
impingement of a mantle plume upon continental crust of the Fennos-
candian Shield (Puchtel et al., 1997).

In this study, we used samples from Puchtel et al., 2016. Seven
samples were analysed, including four spinifex-textured komatiitic ba-
salts and three olivine cumulates. Pure chromite separates from two of
the cumulate samples were also analysed. The only minerals present in
the samples as phenocrysts are olivine and chromite. Primary miner-
alogy is commonly well preserved (Puchtel et al., 1996). Most elements
were shown to be immobile within Victoria's Lava Lake during seafloor
alteration and metamorphism; the metamorphic grade in the area does
not exceed prehnite-pumpellyite facies (Puchtel et al., 1996).

The samples analysed show a range in chemical compositions, with
MgO contents varying from 7.4 to 26.6 wt% and Cr contents from 372
to 3146 pg g~ '. While the average composition of the Victoria's Lava
Lake is 15% MgO, the parental magma was estimated to contain ~27%
MgO; it underwent assimilation-fractional crystallisation processes en
route to the surface (Puchtel et al., 2016). Contamination by tonalites is
recognized based on the trace element data, and modelling suggests
that this was on the order of 4% (Puchtel et al., 2016). The oxidation
state of the Victoria's Lava Lake has been estimated at
AFMQ = +0.43 = 0.26 (Nicklas et al., 2016, 2018).

2.3. Gorgona Island

Gorgona Island (25 km?) comprises late Cretaceous basalts, picrites,
komatiites, and plutonic rocks located off the west coast of Colombia
(Gansser et al., 1979). The suite is related to the Caribbean-Columbian
Oceanic Plateau. It is thought to have been generated in an ultra-hot
mantle plume (Arndt et al., 1997; Kerr, 2005; Révillon et al., 2000), and
was subsequently accreted to the South American continental margin
(Arndt et al., 1997). The komatiite samples from Gorgona are of par-
ticular interest as they were the first identified komatiite samples from
the Phanerozoic (Gansser et al., 1979). The komatiite flows on Gorgona



M. Jerram, et al.

Chemical Geology 551 (2020) 119761

Table 1

Cr isotopic composition and Cr concentrations of komatiites and chromite separates.
Sample Location Type §%3Cr 2s.e. Cr(ugg™ MgO (%)
GOR 94-3 Gorgona Cumulate —-0.14 0.01 2745° 28.6
GOR 94-17 Gorgona Cumulate —-0.12 0.01 932° 20.9
GOR 94-44 Gorgona Cumulate -0.15 0.01 2598° 24.7
GOR 94-19 Gorgona Spinifex —0.06 0.02 514" 23.9
GOR 94-43 Gorgona Spinifex —-0.12 0.01 1340° 23.4
TN-16 Tony's Flow Cumulate -0.12 0.01 22472 31.0
TN-19 Tony's Flow Cumulate —0.07 0.01 2223 30.3
ZV-10 Tony's Flow Cumulate -0.14 0.01 2284% 27.5
TN-01 Tony's Flow Spinifex -0.14 0.03 23322 24.0
TN-03 Tony's Flow Spinifex —0.06 0.01 2455% 20.2
TN-05 Tony's Flow Spinifex -0.13 0.01 2369? 19.5
TN-06 Tony's Flow Spinifex —0.09 0.01 21917 18.1
ZV-14 Tony's Flow Spinifex —0.01 0.01 2023% 16.5
12001 Victoria's Lava Lake Cumulate -0.14 0.01 31467 26.4
12105 Victoria's Lava Lake Cumulate -0.14 0.01 3170% 26.6
12106 Victoria's Lava Lake Cumulate -0.15 0.01 1933* 21.5
12101 Victoria's Lava Lake Spinifex -0.16 0.01 607% 10.5
12110 Victoria's Lava Lake Spinifex -0.15 0.01 12777 13.7
12117 Victoria's Lava Lake Spinifex -0.15 0.02 818* 11.2
12124 Victoria's Lava Lake Spinifex -0.15 0.01 372% 7.4
12001 Chr 1 Victoria's Lava Lake Chromite -0.14 0.01 242,400 -
12001 Chr 2 Victoria's Lava Lake Chromite —-0.14 0.04 239,000¢ -
12105 Chr 1 Victoria's Lava Lake Chromite -0.13 0.02 202,200 -
12105 Chr 2 Victoria's Lava Lake Chromite -0.13 0.02 249,800 -

Chromium concentration data were (a) adopted from (Puchtel et al., 2009, 2016), (b) through analysis using the Department of Earth Sciences, Oxford, PerkinElmer
NexION 350D Quadrople ICP-MS, or (c) by isotope dilution during the deconvolution of the double spike. An expanded data table is provided in the Appendix 2.

are dated at 89.2 = 5.2 Ma by the Re—Os method (Walker et al.,
1999). The young age of the Gorgona komatiites makes them some of
the best preserved globally. Komatiites from Gorgona Island have been
well characterised in previous studies (e.g., Arndt et al., 1997; Kerr,
2005; Kerr et al., 1996; Révillon et al., 2000). In this study, we analysed
two spinifex-textured and three olivine cumulate samples. The only
phenocryst mineral is olivine, which is contained in a groundmass of
plagioclase, pyroxene, and chromite (Echeverria, 1980; Kerr et al.,
1996). Gorgona Island has poor exposure and is faulted, which obscures
the geological relationships of these samples. It is therefore unclear how
many lava flows these samples represent. The komatiites analysed in
this study have a range of 20.8 to 28.6 wt% MgO and 514 to
2745 ug g~ ! Cr and formed from a melt with 22 wt% MgO (Arndt et al.,
1997).

3. Sample preparation and analytic methods
3.1. Sample dissolution

Aliquots of sample powders were initially digested in HF and HNO3
before being slowly dried down to prevent fluoride formation. Residues
were then re-dissolved in 6 M HCI. If undissolved material remained,
high-pressure dissolutions, using a high pressure asher, were carried
out. Samples were taken up in 6 M HCI and then pressurised within the
asher to 100-130 bar and heated to 250 °C for 10 h. The blanks from the
high-pressure dissolution were < 0.5 ng. The total procedural blank
was < 1 ng, which was negligible compared to the amount of Cr pro-
cessed (2 pg).

3.2. Sample Preparation

Aliquots containing two micrograms of Cr were equilibrated with a
50-54Cr double spike prior to chemical purification. A two-stage cation
exchange column chemistry was used to produce purified Cr. The first
column removes matrix elements, while the second column was de-
signed to further remove elements that create isobaric interferences (Ti,
V and Fe). An in-depth description of the column procedures is given in
Bonnand et al. (2016a). After Cr separation, the samples were treated

with H,0, to remove any organic material.

3.3. Thermal ionisation mass spectrometry

A Thermo Scientific Triton thermal ionisation mass spectrometer
(TIMS) was used to measure Cr isotopic composition. Chromium was
loaded on Re filaments in 6 M HCl along with a silicon boride activator.
Filaments were flashed to a dull red to ensure that a homogeneous glass
was formed. Measurements were made with an ion current of 3-
7 x 107! A for the largest isotope (°*Cr). The cup configuration used
allowed all isotopes of Cr (°°Cr, >2Cr, >3Cr and >*Cr) and elements with
isobaric interferences (*°Ti, 'V and °°Fe) to be measured simulta-
neously in static mode. A single run consisted of 540 ratio acquisitions,
with an 8.4 s integration time per ratio. The run was split into 54
blocks, with a 50 s baseline taken after each block. Amplifier gains were
measured before each session.

The reproducibility of measurements was calculated by repeat
measurements of geological standard JP-1 over a period of one year.
This gave a value of 8%3Cr = —0.107 + 0.019%0 (n = 11, 2 s.d.),
which agrees well with the results from the previous studies
(—0.128 = 0.022, Bonnand et al., 2016a). The external reproduci-
bility of 19 ppm achieved in this study is comparable or better than
those obtained in previous studies (22 ppm (Bonnand et al., 2016a) and
35 ppm (Schoenberg et al., 2016)). The internal precision of the in-
dividual runs was calculated as 2-times the standard error of the 540
blocks, with a 6 s.e. filter to remove outliers. The external reproduci-
bility of 19 ppm was used to report the uncertainties on the measure-
ments, as it was greater than the internal precision for all measure-
ments.

4. Results

The 8°3Cr compositions of komatiites and chromite separates are
reported in Table 1, respectively. Stable Cr isotope compositions of
komatiites measured in this study range from 8°3Cr = —0.16 to
—0.01%o (Fig. 2). There is an overlap between locations and the range
in values is similar to that reported in Sossi et al., 2018 (8°3Cr = —0.17
to —0.07%o).
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Fig. 2. Variations in 8°>Cr and [Cr] plotted against MgO (%), which can be used
as a proxy of crystallisation. The §%Cr of all komatiite flows overlap.
Resolvable variations in 8°Cr are identified in Gorgona and Tony's Flow ko-
matiites, while Victoria's Lava Lake has no change in Cr isotope composition.
Gorgona and Tony's Flow show an increase in §>3Cr at lower MgO (%). A po-
sitive correlation is seen between the [Cr] and MgO (%) at low MgO (%).

Victoria's Lava Lake komatiitic basalts have no resolvable difference
between the samples, with a limited 8°3Cr range from —0.16 to
—0.14%o, despite having a wide range in chemical compositions due to
extensive differentiation experienced by the lava lake. No correlation
between the Cr isotopic and the chemical composition of the flows
implies that the stable Cr isotope composition of this komatiite system
was not affected by fractional crystallisation. Chromite separates from
two Victoria's Lava Lake komatiite samples were also analysed (12001
and 12105, Table 1 and Fig. 3). The Cr isotopic compositions of the
chromite separates are identical to those of the bulk rock samples.

The Gorgona Island komatiites have §°3Cr compositions ranging
from —0.15 to —0.06%o. These samples do not show as clear a trend
between MgO and either [Cr] or 853Cr (Fig. 2) compared to the other
flows in this study. This is explained by the komatiites from Gorgona
Island coming from several different lava flows. Two komatiite samples
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from this locality with the lowest MgO wt% content have higher 8°3Cr
values than the two samples with highest MgO wt%, which could be
explained by fractional crystallisation increasing the 8°>Cr of the re-
sidual melt. Komatiite GOR 94-19 has the heaviest Cr isotope compo-
sition, which may also be caused due to fractional crystallisation in a
separate flow.

Tony's Flow has the largest range in 8°Cr from —0.14 to —0.01%o.
There is an increase in 8°°Cr at lower MgO contents, showing that the
Cr isotope composition of these komatiites may have been affected by
fractional crystallisation. The high MgO komatiite samples, which ex-
perienced only olivine fractionation, do not show a clear trend (Fig. 2).

5. Discussion

In order to obtain a precise and accurate §°>Cr value for the BSE
using komatiites, within-flow variations in §°>Cr must be considered. It
is important to ensure that the Cr isotopic compositions of the koma-
tiites were not affected by partial melting/fractional crystallisation or
post-magmatic alteration. The observed trends between Cr isotope
composition and MgO (%) provide evidence that fractional crystal-
lisation indeed effected some of the komatiites studied. This is assessed
in detail in the following section.

5.1. Differentiation of komatiite lava flows

Chromium in komatiites is hosted mainly by olivine and chromite,
with the distribution between these phases determined by the order and
conditions under which these minerals crystallise. Olivine usually
contains low concentrations of Cr; in mantle peridotites and mafic lavas
the concentration in this phase can be less than 100 pg g~ '. However,
in komatiites, the Cr concentration in olivine is usually higher
(500-2000 pg g’1 Arndt, 2008). This is due to a combination of greater
compatibility of Cr at high Mg contents, delayed crystallisation of
chromite, and higher Cr?* /3Crror (Donaldson, 1982; Shore, 1996).
The higher concentrations in komatiite olivines together with its modal
abundance make it a major host of Cr. Chromite is only present in ac-
cessory amounts in komatiites, but is also a major host (as shown in Fig.
A.1,) as it can contain up to 50 wt% Cr (the chromites in this study
contain less Cr, between 20 and 25 wt%)

Other mineral phases in komatiites, such as clinopyroxene and
sulphide, can contain up to 1000 pg g~ ! Cr and are predicted to have
different §°>Cr compositions. Sulphides have been calculated to contain
isotopically light Cr relative to olivine and chromite (Moynier et al.,
2011). In principle, these phases could affect the 8°*Cr evolution of
komatiite lavas. However, they are not liquidus phases in komatiites
and do not fractionate during differentiation of the lavas after empla-
cement (Appendix 1).

The evolution of Cr concentrations during differentiation of the
komatiite lavas is shown in Fig. 1. The data fall within the same general
evolution trend of Cr concentrations presented in Fig. 1 (modified from
Arndt, 2008). Olivine is the liquidus phase in komatiites and its crys-
tallisation reduces the Mg content of the melt. Fig. 1 shows that during
early crystallisation, where olivine is the only phase crystallising, there
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Fig. 3. The 8°3Cr composition of whole-rock samples and chromite separates from the Victoria's Lava Lake. Note that both komatiites have indistinguishable Cr

isotope compositions between the bulk rock and the chromites.
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Fig. 4. Comparison of chromite saturation curves of Tony's
Flow and the Victoria's Lava Lake. Samples analysed in this
study are represented with larger symbols. Tony's Flow has a
chromite saturation line that is depressed compared to the
Victoria's Lava Lake. This is due to the higher temperatures
within this flow, which causes Cr to be more soluble.
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is a slight increase in the Cr concentration of the residual melt. Chro-
mium concentrations increase until the melt becomes saturated in Cr,
and chromite starts to crystallise. Once chromite starts crystallising, the
Cr content of the residual melt decreases. This general trend is shown in
the combined komatiite data; however, there are differences between
the individual lava flows. In the following, the discussion is focused on
Tony's Flow and Victoria's Lava Lake, as the samples from Gorgona may
represent multiple flows, making trends from this locality less pro-
nounced. There are two main differences between the Victoria's Lava
Lake and Tony's Flow with respect to behaviour of Cr; (1) The Victoria's
Lava Lake does not show an increase in Cr concentrations in it's high
MgO samples and (2) the Cr saturation lines of the two flows are offset.

Chromite begins to crystallise once a lava is saturated in Cr.
Chromium is less soluble under more oxidising conditions and lower Mg
(Barnes, 1998; Murck and Campbell, 1986). During olivine fractiona-
tion, the Mg content of a komatiite magma decreases leading to Cr
saturation. Once saturation is reached the composition of the magma
will evolve along the Cr saturation curve. The saturation curves pre-
sented in Fig. 4 are fitted to the composition of the komatiites in this
study. The Victoria's Lava Lake does not show an increase in the Cr
concentration in the first komatiites to crystallise (Fig. 2b). Therefore,
the flow had already reached saturation in Cr in the emplaced lava
when crystallisation began, and chromite and olivine co-precipitated
over the entire range of compositions. The fact that chromite crystal-
lisation was not delayed in this system, could explain the lower Cr
content of the olivine.

The position of the chromite saturation curve in the MgO vs Cr
space will be controlled by the oxidation state of Cr. Fig. 4 shows that
chromite saturation is suppressed in Tony's Flow compared to the
Victoria's Lava Lake. This can be explained by higher Cr** /2Crror in
Tony's Flow. The Cr?* /%Crror is controlled by the oxygen fugacity of
the lava, the temperature and composition (Hanson and Jones, 1998; Li
et al.,, 1995; O'Neill and Berry, 2006; Sossi and O'Neill, 2016). The
oxygen fugacities of Tony's Flow and the Victoria's Lava Lake are in-
distinguishable, AFMQ = +0.48 = 0.27 and AFMQ = +0.43 *
0.26, respectively (Nicklas et al., 2016, 2018). Therefore, the difference
in Cr?* /%Crror must arise from Tony's Flow having a higher liquidus
temperature and a different composition compared to Victoria's Lava
Lake (Puchtel et al., 2009, 2016).

To summarise, the different Cr behaviour in Tony's Flow and
Victoria's Lava Lake can be explained by the differences in the Mg
content of their emplaced lavas and their liquidus temperatures. The
lower Mg content of the Victoria's Lava Lake means that chromite and
olivine co-crystallised over the entire range of the lava lake composi-
tions. Higher temperatures and a different composition for Tony's Flow
with respect to the Victoria's Lava Lake increased the Cr?* /2Cryor ratio

and the Cr saturation limit (Fig. 4).

The Gorgona komatiites do not show clear trends, unlike the other
two komatiite systems studied here (Fig. 2). There is a decrease in the
Cr content with decreasing Mg abundances in these komatiites. Major
element variations indicate that the major liquidus minerals in these
komatiite were also olivine and chromite. Although it is not possible to
tell when chromite crystallisation began, the Gorgona komatiites be-
have similarly to other komatiites, as shown by them plotting within
MgO-Cr space of other komatiites (Fig. 1). Variations in both [Cr] and
8%3Cr suggest that the Gorgona komatiites have evolved most closely to
Tony's Flow.

5.2. Non-magmatic effects on the §°>Cr of komatiites

In order to ascertain the manner in which Cr isotopes were frac-
tionated during crystallisation, it is first necessary to assess the effect of
non-magmatic processes on §°>Cr. The older komatiites analysed in this
study are described as remarkably fresh (Nisbet et al., 1987; Puchtel
et al., 1996; Renner et al., 1994). However, this is relative to rocks that
are billions of years old. Common alteration of Archean komatiites in-
cluded serpentinisation, which has been identified as a process that can
affect Cr stable isotopes (Farkas et al., 2013). Although many of the
komatiites in this study preserved most of their primary olivine, there
are parts of the komatiite flows that experienced partial replacement of
olivine by serpentine. Weathering is a low temperature process that can
affect the §°3Cr of rocks (Frei et al., 2014). Additionally, the ascent of
komatiite magmas to the surface can result in entrainment of crustal
material, which was shown to have modified the composition of the
primary magma (Puchtel et al., 2016). Therefore, before the effects of
fractional crystallisation are considered in more detail, the extent to
which these non-magmatic processes have overprinted the Cr isotope
composition must be assessed.

5.2.1. Crustal Contamination

The extent of crustal contamination in the komatiites from this
study has previously been evaluated using the lithophile trace element
systematics. The Victoria's Lava Lake was calculated to have experi-
enced ~4% assimilation of tonalite material (Puchtel et al., 2016). The
trace element compositions of Tony's Flow and the Gorgona komatiites
show no evidence of significant crustal contamination (Puchtel et al.,
2009; Révillon et al., 2002).

The 8°3Cr compositions of crustal material have a large range due to
the greater magnitude of fractionations that occur at low temperatures
and during melt fractionation (e.g., Bonnand et al., 2013; Frei et al.,
2014). Mixing with such material could in principle change the §°>Cr of
the primary komatiite magma. However, the tonalite material that
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mixed with the Victoria's Lava Lake samples contains much less Cr than
komatiites (40 ug g~ compared to 2000 ug g~ * (Puchtel et al., 2016)),
so the contribution to the Cr budget of komatiites from crustal material
will be < 0.1%. In order for crustal assimilation to have an effect on the
8%3Cr Victoria's Lava Lake komatiite system, outside of the analytical
uncertainty of our measurements, the contaminant must have had §°3Cr
value of > 20%o. So far, no natural terrestrial samples are known to
have 8°3Cr compositions even approaching this value.

5.2.2. Chemical alteration

The old age of komatiites means that they may have been exposed to
many post-magmatic processes that could have altered their chemical
composition. One method to identify if an element was immobile is to
demonstrate that it lies along an olivine control line (Arndt, 1994).
Application of this tool is not as straightforward for Cr, as the crystal-
lisation of chromite can also affect the liquid evolution line. However,
there are well known trends for Cr evolution in komatiite lava flows
(Murck and Campbell, 1986), which the samples in this study closely
adhere to (Fig. 2a), showing that Cr was not mobilized in these ko-
matiites. This is in agreement with previous studies that the Cr contents
of the komatiite flows utilised in this study have not been modified by
alteration (Kerr et al., 1996; Puchtel et al., 2009, 2016).

Another process that may have altered the 8°3Cr composition of
komatiites is weathering (Frei et al., 2014) and post eruptional hydra-
tion. These authors showed that removal of more soluble and iso-
topically heavy Cr®* results in the weathered rocks becoming iso-
topically lighter. Two methods were used here to investigate the effects
of weathering, the mafic index of alteration (MIA) and the chemical
index of alteration (CIA). The MIA uses the molar ratio of mobile ele-
ments to mobile and immobile elements (Egs. (1) and (2)) (Babechuk
et al., 2014). Different expressions can be used to account for the be-
haviour of Fe in oxidising and reducing environments.

MIA([r]
=100 x [Ale3/(Al203 + F8203(T) + MgO + CaO + Na,0 + Kzo)]
(€Y
MIA o]
=100 X [(Aleg, + F€203<T))
/(AL O3 + Fe, 031y + MgO + CaO + Na,0 + K,0)] @)
CIA = 100 x [Alej,/(Alej, + CaO + Na,O + Kzo)] 3)

Due to the lower atmospheric oxygen concentrations in the
Precambrian, the MIA[r] may be the best choice for the Victoria's Lava
Lake and Tony's Flow. However, the choice of the index does not affect
the result, as neither shows any correlation with 8%3Cr (Fig. 5a and b).
The CIA is an alternative index that does not include mafic elements
(MgO and Fe,;O3t) in the calculation (Nesbitt and Young, 1984, 1982).
There is no correlation between the CIA and 8°3Cr either (Fig. 5¢). It
should also be noted that the range in the CIA values for the komatiites
is very small, showing that these flows have not been significantly
chemically altered in terms of Cr isotopic composition.

5.2.3. Serpentinisation

Serpentinisation is a common alteration process in komatiites,
during which olivine and other minerals react with high-temperature
fluids. Samples from Tony's Flow and the Victoria's Lava Lake were
selected which show limited evidence of this alteration (Nisbet et al.,
1987; Puchtel et al., 1996). Farkas et al. (2013) has shown that ser-
pentinisation can lead to an increase in 8%3Cr. The loss on ignition (LOI)
index is used to quantify the amount of serpentinisation that has oc-
curred in the three komatiite systems. No systematic variations between
LOI and §°Cr are seen for the samples from this study (Fig. 6).

It is clear that the §°3Cr of the studied komatiites has not been af-
fected by contamination or post-magmatic processes, and, as such, the
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variations within the flows are explained solely in terms of magmatic
processes in the following sections.

5.3. Magmatic Cr isotope fractionation within komatiite flows

Magmatic processes have previously been shown to fractionate Cr
isotope compositions. The 8§°>Cr value of basalts can be slightly lighter
than that of the BSE (Schoenberg et al., 2008; Shen et al., 2019; Xia
et al., 2017), suggesting that melting or differentiation produces
magmas that are isotopically lighter. At higher degrees of melting,
applicable to the formation of komatiites, Rayleigh fractional melting
models suggest that the composition of melts will become closer to that
of the mantle. However, Shen et al. (2018) created non-modal melting
models to explore the effects of melting on the fractionation factor and
concluded that greater A3Crpantle.mere €Xisted at 10% partial melting
compared to 1% partial melting. This result was not seen in later work
on basaltic suites found the opposite, that larger A>*Criantemerc OC-
curred during the formation of lower degree melts compared to higher
degree melts (Bonnand et al., 2020). Komatiites formed under different
mantle conditions compared to basalts under which Cr and Cr isotopes
behave differently.

Previous studies of komatiites show that there is no detectable dif-
ferences between the average Cr isotope composition of komatiites and
that of mantle peridotites (Sossi et al., 2018), suggesting that there is no
Cr isotope fractionation during their formation. This is expected when
the greater fraction of Cr komatiites contains and smaller fractionation
factors at higher temperatures are considered. The conditions that ko-
matiite form reduce the compatibility of Cr (Appendix 1). Briefly,
melting a source that contains garnet and the higher temperatures de-
creases the compatibility of Cr in the mantle. The higher degree of
melting also leads to a higher fraction of the initial Cr entering the
liquid phase (Fig. A.2.). These effects are shown using non-modal
melting models (Sossi and O’Neill, 2017). In order to balance the Cr in
the system, the §>3Cr difference between the melt and the mantle will
decrease as a greater faction of Cr is removed from the mantle.

Higher temperature melting decreases equilibrium isotope fractio-
nation factors through the relationship A Crpangemerc o« 1/T2
(Schauble, 2004). The greater temperature of komatiite formation
(Arndt et al., 1997) compared to basalts will lead to half A>*Crpande-melc-
On the basis of these observations the composition of the primary ko-
matiite melt is expected to be within error of the mantle sources from
which they formed.

Fractional crystallisation can also affect the 8°Cr of magmas, with
basaltic suites becoming isotopically lighter at more evolved composi-
tions (Bonnand et al., 2020, 2016a; Shen et al., 2019). The stable Cr
isotope composition is heavier in the more evolved samples from Tony's
Flow and Gorgona, while the Victoria's Lava Lake komatiites do not
show any variation (Fig. 2a). The trend between MgO and §°>Cr of the
Tony's Flow komatiites is clearest in the more evolved samples, while
there is a greater scatter at higher MgO contents. The variation in 8>3Cr
of these flows requires fractional crystallisation of an isotopically light
phase.

Theoretical considerations of equilibrium isotopic fractionation
suggest that olivine will be isotopically lighter than the melt and other
phases in komatiites. Light isotopes are preferentially included in mi-
nerals that have lower oxidation states, and higher mineral coordina-
tion numbers (Schauble, 2004). The two minerals that host Cr within
komatiites are olivine and chromite. Olivine contains Cr within octa-
hedral sites (C.N. = 6) and can contain both Cr?* and Cr®*. Spinel also
hosts Cr in octahedral sites (apart from pure end members which can
also contain Cr in tetrahedral sites, C.N. = 4), but only contains cret
(Roeder and Reynolds, 1991). Therefore, olivine is expected to be the
isotopically lighter phase. Theoretical calculations and analysis of mi-
neral separates agree that olivine is isotopically lighter compared to Cr-
oxides (Shen et al., 2018, 2016) and the melt from which they formed
(Shen et al., 2019). Fractionation of isotopically lighter olivine is a



M. Jerram, et al.

Chemical Geology 551 (2020) 119761

S84,
", % /77(//
"op~Lags

4
L &
¢

Tony’s Flow
Victoria Lava Lake
Gorgona

* %

@)
@
@

-0.04 1

-0.08

833Cr (%o)

-0.124

-0.16 1

25

B

15 2

MIA [r]

-0.04 -

f

27 29 31

33
CIA

T

41 43
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plausible explanation for the 8°3Cr variations in the komatiites. Sam-
ples with high Mg contents and light §°3Cr likely formed by the addition
of olivines, while low Mg and high 8°3Cr komatiites are residual melts
formed following the removal of isotopically lighter olivine.

The evolution of Tony's Flow can be modelled using fractional
crystallisation equations (Shaw, 1970), in order to estimate the
A3Crojivine-melt- Initially the only mineral crystallising is olivine,
therefore A>*Cryojigmerr = A%>Clolivine-melr- At lower Mg concentrations

(< 21% MgO), chromite begins to crystallise as well. It is assumed that
chromite is forming with a composition similar to the melt (AS3Cryopia.
mete = 0), therefore, the A>3Cryojiq.merc can be given by the ratio of Cr in
olivine to chromite. Komatiites which have higher Mg contents than the
initial melt are formed through the accumulation of olivine with a
constant isotopic composition. It should be noted that while olivine
accumulation leads to progressively isotopically lighter cumulates; this
reflects the use of a constant isotopic composition. In reality, the
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Fig. 7. Fractional crystallisation and olivine accumulation
model used to recreate the composition of Tony's Flow. In
order to create the variation seen in the samples, olivine
—0.2%o lighter than the melt is required to form. The olivine
accumulation is assumed to occur with a constant composi-
tion. This will not likely occur in nature, as olivine will form
from an increasingly heavy melt, which will cause a flatter
olivine accumulation line. At 21% MgO chromite crystal-
lisation occurs, as identified in Fig. 2, with the partition
coefficient is increased and the fractionation factor is de-
creased.
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isotopic composition of the olivine will become heavier as the differ-
entiating parent melt becomes more evolved and heavier. Therefore,
the change in §°>Cr of cumulate komatiites with higher Mg as shown in
Fig. 7 can be assumed to be a lower limit.

The model is presented in Fig. 7. In order to recreate the variations
seen A®3Crojivinemerr = — 0.2%o is required. This value is nearly twice
that of previous estimates (Shen et al., 2019). This is most likely caused
by differences in the behaviour of Cr in komatiite melts compared to
other silicate melts. The sites available to Cr are determined by the
composition of the melt; Mg and Si ions tend to form tetrahedral sites
(O'Neill and Berry, 2006) which can contain Cr2+, whereas Ca, among
other cations, form octahedral sites, which contain Cr®*. The compo-
sition of komatiitic melts results in a high tetrahedral to octahedral site
ratios, which leads to stabilisation of Cr?™ in melts (Miletich et al.,
1999; O'Neill and Berry, 2006). The stabilisation of Cr** in high Mg
melts (O'Neill and Berry, 2006) may make these sites more en-
ergetically favourable for Cr ions. This change in the zero-point energy
of the site will lead to isotopically heavy Cr*>* in the melt compared to
Cr** in solid phases. This effect will be greatest for komatiites crys-
tallising from high Mg, low Ca melts, such as Tony's Flow and Gorgona,
compared to Victoria's Lava Lake.

The Victoria's Lava Lake has the same mineralogy as other komatiite
flows, therefore, the same Cr isotope trends may be expected in this
system. However, no 8°3Cr variations are seen (Fig. 2a). The 8%3cr
composition of chromites from Victoria's Lava Lake komatiites have the
same 8°3Cr composition as the bulk rocks (Fig. 3), which suggests that
the 8°3Cr in the Victoria's Lava Lake komatiites are determined by
chromite. In other komatiites, Cr is distributed more evenly between
olivine and chromites. However, in the Victoria's Lava Lake, olivine has
lower Cr concentrations, (565-806ug g_l, Puchtel et al., 2016). The
low Cr concentrations of olivine in this flow are likely due to a lower

2+ /3Crror (Fig. 4). This (i) decreases the compatibility of chromium
in the melt and, therefore, chromite crystallisation is not delayed and
(i) reduces the availability of Cr’* to enter olivine crystal lattice
(Donaldson, 1982; Shore, 1996). The lower Mg content of the Victoria's

Lava Lake komatiites results in a lower abundance of olivine compared
to other komatiite flows, further reducing the fraction of Cr hosted in
olivine compared to other flows. The amount of Cr contained in olivine
is no more than 7% of the total Cr budget (Table A.1). Assuming a
similar fractionation between olivine and melt in this flow as that cal-
culated for Tony's flow (A%3Crojivine.melt = — 0.20%0), the Cr isotope
composition of the Victoria's Lava Lake bulk rocks will closely match
that of the chromite.

5.4. Differences in 8>*Cr isotope fractionation during crystallisation
between komatiitic and other magmas

Previous studies have investigated 8°3Cr isotope fractionation
during crystallisation of lunar and terrestrial basalts (Bonnand et al.,
2020, 2016a; Shen et al., 2019). All these studies found that during
crystallisation, melts became progressively lighter in 83Cr, although
AP3Crgoliamerr vVaries between suites. Crystallisation of lunar basalts
shows the greatest variation in 8°Cr (Bonnand et al., 2016a). The §°>Cr
variation is explained by the crystallisation of isotopically heavy spinel
which leads to the melt becoming progressively lighter. The difference
in 8°3Cr across the suite is greater for lunar basalts compared to basaltic
suites from Hawai'i and Fangataufa (Bonnand et al., 2020; Shen et al.,
2019), which is explained by the crystallisation of pyroxene along with
spinel. The lighter isotopic composition of pyroxene limits the
A%3Cryoiidmere and reduces the amount of fractionation that occurs. The
8°3Cr variations are greatest at the end of the sequence of crystallisation
as the liquid they form from becomes highly fractionated.

The komatiites show different behaviour, with isotopically light
olivine leading to increasingly heavier §°>Cr. The contrasting isotopic
evolution displayed in this study can be understood in terms of the
redox conditions, temperature, and magma compositions (Fig. A.3).
Lunar basalts and terrestrial basalts have different Cr?*/=Crror, ex-
plained by different redox conditions and temperature (Berry et al.,
2006; Li et al., 1995). The komatiite samples have higher Cr?* /=Crror
ratios despite forming at similar fO, values to terrestrial basalts.
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Komatiites form from higher temperature magmas which will increase
the Cr?* /ZCrror, however the different behaviour is also due to the
composition. The Cr?*/ECrror ratio can vary greatly for different
compositions, and is sensitive to changes in the Ca and Mg concentra-
tions (Berry et al., 2006). The lower Ca and higher Mg of komatiitic
melts means there are fewer octahedral and more tetrahedral sites,
which stabilises Cr** in the melt and may lead to more energetically
favourable mineral sites (Miletich et al., 1999; O'Neill and Berry, 2006).
The higher Cr** /ZCrror ratio in the lunar basalts is due to lower fO,
and not differences to the sites that Cr occupies in the melt, therefore,
Cr?”" in lunar melts will not have been energetically favourable com-
pared to terrestrial basalts, and so crystallisation of Cr>* bearing mi-
nerals will not be isotopically light.

5.5. Estimates of Cr isotopic composition of the BSE

The 8°°Cr BSE composition can be estimated using the initial
composition of komatiite melts. No fractionation occurs during the
formation of the komatiite melts; therefore, the Cr composition of the
initial melt will reflect that of the source mantle. Komatiites have the
advantage over mantle peridotites in that small-scale 8>3Cr variations in
the source are homogenized as a much larger volume of the mantle is
sampled. Therefore, the small-scale effects of metasomatism, which
lead to increases in the uncertainties in estimates for the BSE using
mantle peridotites, are removed. The choice of method to calculate the
8%3Cr of the initial melts is discussed in order to provide a well-con-
strained and robust BSE estimate.

In Sossi et al. (2018), the komatiite samples used in their calculation
of the 8°°Cr BSE composition were those with A; and A, spinifex tex-
tures. Although composition of these samples is considered to be close
to the initial composition of the komatiite melt (Faure et al., 2006; Sossi
et al., 2018), A1 and A2 spinifex-textured komatiites do show variations
in the Mg and Cr concentrations within individual komatiite lava flows
(Table 1). Even these early formed parts of komatiite flows have ex-
perienced some degree of fractional crystallisation, which may cause
variations in the 8§%3Cr isotope composition, as seen by the spread of
853cr compositions (Fig. 8.). An average composition of spinifex-tex-
tured A1l and A2 komatiites from this study and Sossi et al. (2018) is
—0.12 *= 0.06%o (2 5.d., n = 26), with the relatively large uncertainty
on the average reflecting the above effect.

Two other methods for estimating the Cr isotopic composition of the
BSE are presented here. Komatiite samples analysed in this study, have
been combined with selected samples from Sossi et al. (2018), in the
calculations. In order to ensure that representative values of the initial
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melt are given for each location, only flows with multiple samples were
used. Two komatiite flows from Sossi et al. (2018), namely, Munro and
Komati, both of which had 3 or more komatiite samples analysed, met
these requirements. One sample (49 J) from the Komati flow was left
out of the calculation as it appears to have crystallised from a different
parental melt.

The first alternative approach is to use komatiites with chemical
compositions closest to that of the initial melt rather than using the
textures of komatiites to identify the best samples. The MgO content of
the melt can be estimated by calculating the composition that the most
MgO-rich olivine would be in equilibrium with (e.g. Bickle, 1982;
Nisbet et al., 1993; Toplis, 2005). The komatiite sample with the MgO
content closest to this initial value is assumed to be representative of
the initial melt (e.g. Hibbert et al., 2012). The initial melt MgO contents
were taken from literature sources (Arndt et al., 1997; Puchtel et al.,
2009, 2016; Sossi et al., 2016) and the komatiite from each flow with
the closest composition were selected as the best representation of the
melt (Table 2). The average 8%3Cr of these komatiite samples returns a
BSE value of —0.13 + 0.07%o (n = 5). However, this method selects
some 8°3Cr komatiite values that are at the light end of the 8°*Cr range
of values within komatiite flows (e.g., for Komati, Munro and Tony's
Flow, Table 2). This suggests that samples with the MgO content of the
initial flow do not always represent quenched komatiites. Instead, the
MgO content could be the result of a combination of olivine accumu-
lation and fractional crystallisation, which will not provide the §>Cr
composition of the initial melt.

The second approach is to use a weighted average of the composi-
tional variability within a flow by summing all parts measured. While
komatiite flows have differentiated, this occurred after the lava flows
were emplaced, therefore summing all parts of the flow will recreate
the initial liquid composition. A weighted average must be used as the
large range in Cr concentrations varies with the 8°Cr of the komatiites
(Fig. 8). Carrying out the calculations this way requires that the flow is
equally sampled. This can be checked by taking the average Mg or Cr
concentrations of the komatiite flows and comparing them to the initial
melt composition. For all flows in this study, the average Mg content is
within 15% of that of the initial melt, showing that the sampling re-
creates the composition of the initial melt. The same is true for flows for
which initial Cr concentration data is available, with recreated values
within 10%. The Victoria's Lava Lake komatiites represent a fractio-
nated melt; however, we assume that this, like the later crystallisation,
did not lead to any isotope variations. While this method is unable to
entirely sample the flows, the close agreement in 8°Cr between the
flows with better coverage (i.e. Victoria's Lava Lake and Tony's Flow)

> Fig. 8. 8°3Cr variations against Cr concentrations. The
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6‘0//] o Victoria's Lava Lake show no variations while Tony's Flow
S and Gorgona komatiites have heavier §°>Cr at lower Cr con-
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o 4 Victoria Lava Lake| @ | @ of komatiites similar to those from (Sossi et al., 2018). Sam-
Gorgona o o0 ples from Sossi et al. (2018) are all Archean spinifex koma-
Sossi et al., (2018)| & tiites. The high [Cr] of komatiites from Sossi et al. (2018), is
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Table 2

BSE estimates through different methods.
Method Victoria Lava Lake Tony's Flow Gorgona Komati Munro BSE
Closest Composition -0.15 —-0.14 —-0.12 —-0.08 -0.17 —0.13 += 0.06 %o
Weighted average -0.15 -0.10 -0.13 -0.11 -0.13 —0.12 += 0.04%o

This table recreated komatiite flow compositions using two different methods. The weighted average is able to best account for §>>Cr variations during crystallisation.

and those with fewer samples, along with the close match to the re-
created initial composition, provides evidence that the results are ro-
bust. The weighted averages of the flows are presented in Table 2. The
average Cr isotopic composition of the initial komatiite melts is
—0.12 = 0.04%0 (n = 5).

It is worth noting that the initial §>3Cr composition is reproduced
across the flows. Some variations may be expected due to the different
conditions of melting, initial mantle compositions or sections of the
flow not included in the average, however, this is not observed. This
confirms the robustness of using komatiite flows versus other samples,
as well as using the weighted average to estimate the 8>3Cr of the initial
komatiite melt.

On this basis, a more precise value of —0.12 * 0.04%o of the BSE
composition is proposed. This value is in agreement with the previous
estimates calculated using peridotites (8°3Cr = —0.12 * 0.10%o
(Schoenberg et al.,, 2008), —0.14 * 0.12 (Xia et al., 2017) and
8%3Cr = —0.11 =+ 0.06%o (Sossi et al., 2018)).

The new BSE composition can be used to re-evaluate deviations
between previously measured samples and the BSE using a two-tailed
Student's t-test. There was no significant difference with the composi-
tions of ordinary chondrites or carbonaceous chondrites, which agrees
that there was no Cr isotopic fractionation during core formation
(Bonnand et al., 2016b; Schoenberg et al., 2016). There are insufficient
enstatite chondrite data to compare. There is a statistical significant
difference between the 8>3Cr composition of the BSE and that of the
HED, which agrees with Zhu et al. (2019) that there has been loss of
heavy Cr isotopes during formation of Vesta.

Basaltic suites were also analysed using a two-tailed Student's t-test
(Bonnand et al., 2020; Shen et al., 2019). Five different suites were
analysed, with 4 having a resolvable difference in isotopic composition.
The Kilauea Iki suite (Shen et al., 2019), which did not have a re-
solvable difference from the mantle, has the highest MgO wt%., sug-
gesting that it represents a higher degree of melting. Therefore, re-
solvable isotopic shifts can only occur during low degree partial melting
of the mantle.

The weighted average composition of komatiites shows that there
has not been a change in the Cr isotope composition in the mantle over
the past 3.5 Ga (Fig. 9). Melting in the modern mantle is able to produce
small fractionations during melting (Bonnand et al., 2020; Shen et al.,
2019), however the small differences between melt and mantle and the
fraction of Cr removed is not large enough to change the isotopic
composition of the mantle. In the past, the behaviour of Cr during

0 Gorgona A
Victoria L 3
Tony's Flow v%
. Komati X
é _0_1ﬁ+ Munro ®
5 2
o -0.24
-0.3 T T T
0 1 2 3 4
Age (Ga)

Fig. 9. The weighted average 8°*Cr composition of the mantle through time
based on five komatiite flows. The composition of the komatiite flows is similar
over the history of the Earth.
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mantle melting would have been different, with higher temperatures
reducing equilibrium fractionation, as well as increasing the amount of
Cr in partial melts. Overall, this would have led to even smaller Cr
isotope fractionations and the 8°Cr composition of the mantle would
not be expected to change through time. This is illustrated by the
consistent composition of komatiites (Fig. 9).

6. Conclusions

The 8°3Cr values from komatiites from three komatiite systems
ranging in age from 2.7 Ga to 89 Ma have been collected using high
precision techniques. Komatiites from three systems, ranging in age
from 2.7 Ga to 89 Ma, show resolvable 8§°3Cr variations within in-
dividual lava flows, and variable [Cr] and 8°3Cr behaviour between
flows.

Chromium isotope and concentration variations in komatiites were
controlled by fractional crystallisation of chromite and olivine, and the
conditions under which these minerals form. The 2.4 Ga Victoria's Lava
Lake samples reflect crystallisation of chromite and olivine throughout
the sequence, whereas the 2.7 Ga Tony's Flow had a period of olivine-
only crystallisation prior to Cr saturation in the residual melt. A sys-
tematic difference between the saturation of chromite in these two
flows is due to the higher temperatures, different compositions, and,
therefore, higher Cr>* /2Crror in Tony's Flow.

The Cr isotope composition variations within Tony's Flow and
Gorgona komatiites are explained by different amounts of isotopically
lighter olivine distributed throughout the lavas. A plausible difference
between the melt and olivine of —0.20%o can reproduce 0.10%o var-
iations within the Tony's Flow komatiites. No isotope variation is seen
within the Victoria's Lava Lake. This is explained by the lower Cr
concentrations in olivine, due to the co-crystallisation of olivine and
chromite throughout this unit.

Using the komatiite §°Cr data from this study and previous work
has enabled us to obtain a new estimate for the Cr isotopic composition
of the BSE. Past methods for calculating the stable Cr isotope compo-
sition of komatiites, such as only considering spinifex-textured koma-
tiites, or using komatiites with chemical compositions that are closest to
the emplaced lava composition, gave less precise estimates. A weighted
average of five komatiite flows provides a better constrained value of
8%%Cr —0.12 = 0.04%o. The agreement between the Cr isotopic
composition of the BSE obtained using komatiites and those obtained
using other methods provides additional evidence that melting does not
lead to significant changes in §°3Cr.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2020.119761.
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