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Abstract

Calcium stable isotopes are mainly fractionatedndulow-temperature geochemical
processes and have, therefore, the potential ¢e tkeathering and incorporation of recycled
carbonated material in the mantle. However, behafi€a isotopes during mantle processes
over Earth's history is not well understood. Irstsiudy, we present Ca isotopic compositions
of 27 spinifex-textured and olivine cumulate kontes ranging in age from 2.41 to 3.55 Ga.
The Ca isotopic composition of all spinifex textireomatiites analyzed is similar, with an
averaged**%a = 0.92 + 0.16%. (n=7; 2SD) (permil deviation hét‘Ca/°Ca ratio from
SRM915a). This value is identical, within error,th@ previous estimates of the composition
of the mantle. In contrast, olivine cumulates fraghe Weltevreden Formation in the
Barberton Greenstone Belt are isotopically heav@mnpared to the rest of the komatiites
studied. While igneous processes and sea-floaiatitte unlikely account for this Ca isotopic
signature, crystallization of an early crust fronglabal magma ocean is a possibility, in
agreement with previously obtained O, Os, Nd, Hftapic data and trace elements

systematics.

1. Introduction

As a refractory element (Tc=1517° K, Lodders, 203 abundance and isotopic
composition are not affected by volatility procesfigat may have occurred during the early
stages of Earth's formation and evolution, in csttto more volatile elements, such as Ga
(Kato and Moynier, 2017) or even Si and Mg (Pringteal. 2014; Hin et al., 2017). As a
lithophile element, Ca is not segregated into tbee cand, therefore, its abundance and
isotopic composition in the Bulk Silicate Earth @Sshould be representative of the bulk
Earth. On the other hand, Ca isotopes fractionateg mantle processes (e.g., Huang et al.

2010, Kang et al. 2016; 2017). This was first iftated by up to ~0.2%o. differences between
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the Ca isotopic composition (reported®4*®Ca, the permil deviation of tHéCaf°Ca ratio

in a sample from that of the SRM915a standard)eoidptites and basalts, which is related to
either partial melting or fractional crystallizatiqe.g., Amini et al., 2009; Huang et al.,
2010;; Kang et al., 2016; Amsellem et al., 2017n¢at al., 2017; Valdes et al., 2019).
Furthermore, Ca isotopes are highly fractionatedleutow temperature surface processes; in
particular, Ca is ~0.5%. enriched in lighter isotep® marine carbonates compared to basalts
(e.g., Gussone et al., 2005; Skulan et al., 199dja® and DePaolo, 1999; Farkas et al.,
2011; Fantle and Tipper, 2013; Schmitt et al., 2008 La Rocha and DePaolo, 2000).
Calcium isotopes can, therefore, be used as traferarbonate contamination in the source
of magmatic rocks (e.g., Huang et al., 2011). Havethese applications are limited by the
poor knowledge of the Ca isotopic composition of thodern terrestrial mantle and its
evolution through time due to recycling of subddcteaterial, formation of the crust and/or
chemical exchange with the sub-lithospheric marflethermore, the composition of the
bulk silicate Earth (BSE) is central to inter-pltarg comparisons (e.g., Simon and DePaolo,
2010, Valdes et al., 2014, Amsellem et al., 201iramy) and Jacobsen, 2017).

The Ca isotopic composition of the BSE has beest stimated by Simon and
DePaolo (2010) and Huang et al. (2010) and, marenty, revisited by Kang et al. (2017).
Huang et al. (2010) measured the Ca isotopic coitiosof clinopyroxene and
orthopyroxene in two different mantle peridotitesl ausing the proportion of each mineral in
the mantle, estimated the BSE value to3#%*Ca = 1.05 + 0.04%.. Simon and DePaolo
(2010) and more recently Simon et al. (2017), sstggkthat the similarity of measured
peridotites, basaltic rocks, and extraterrestrahgles reflect the BSE composition, which
after a ~0.1%o correction to account for excE&a in the SRM915a standard (see Simon et
al., 2009; Mills et al., 2018) return(s?)54"*Ca of 0.88 + 0.07%. (2sd). Kang et al. (2017)

focused their study on a large suite of peridotiesoliths, both fertile and metasomatized.
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Their estimate is slightly lighter than the onenirdduang et al. (2010), with th&**%Ca
value of 0.94 = 0.05%o.

The goal of the present study is to obtain newrmftion on the behavior of Ca
isotopes during high temperature processes anestomhether the Ca isotopic composition
of the BSE varies through time via analyzing koitegti of various ages. Komatiites are
ultramafic volcanic rocks with >18% MgO. Most kornitas are Archean in age, although
there are rare occurrences in the Proterozoic, (dapski et al., 2004) and even Phanerozoic
(Echeverria, 1980). Nisbet et al. (1993) used kateatto trace the evolution of the thermal
regime of the mantle through time. The origin ofrladiites is generally related to anydrous
partial melting in hot mantle plumes (e.g., Campld&€89; Arndt et al., 2008), but alternative
scenarios also exist (e.g., hydrous melting in sabdn zones, Grove and Parman, 2004).
Since komatiites are formed by 30 to 50% partialtimg (Herzberg 1992), and Ca is an
incompatible element, it is enriched in the melatige to the mantle residue. The almost
guantitative extraction of Ca, together with thetfahat the melting occurred at high
temperatures, implies that Ca isotopic compositbkomatiites| is likely representative of
their mantle source. Therefore, komatiites are wesgful for studies of the evolution of Ca
isotopic composition of the mantle through time wass also previously shown for Ga, Sr,
Mg, Fe, Mo, Ti, Zn and Ni (Kato et al., 2017; Aniseh et al., 2018; Dauphas et al., 2010;
Greber et al., 2015; 2017; Sossi et al., 2018; &adl., 2017).

Here, we present the Ca isotopic composition ok@mnatiites ranging in age from
2.41 Ga to 3.55 Ga from South Africa, Fennoscanaim Canada. We show that the Ca
isotopic composition of most komatiites overlap hait error with the estimates of the
present-day BSE (0.94 + 0.05 %0, Kang et al. 201 505 * 0.04 %0, Huang et al. 2010).
However, some samples show departure from thisageewith both light (down to 0.64 *

0.03%0) and heavy (1.54 + 0.09%.) Ca isotopic compmss. In particular, the olivine
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cumulates from the Weltevreden formation in the b@aion Greenstone Belt and one
cumulate sample from the Boston Creek in the AbiBbeenstone Belt are enriched in the
heavy Ca isotopes compared to the rest of the kibesatWe explore here the different
processes that could produce these variations.efhehment in the heavier Ca isotopes of
the Weltevreden komatiites is suggested to originfiom crystallization of an early

terrestrial magma ocean, as was previously proptmethese komatiites by Puchtel et al.

(2013; 2014) and Byerly et al. (2017).

2. Samples and Methods

2.1. Samples

A total of 27 komatiites (olivine and pyroxene sfer-textured and olivine
cumulates) were analyzed for Ca isotopic compasifi@able 1). The komatiite samples from
the Victoria’s lava lake in the Vetreny Belt andetiKostomuksha Greenstone Belt in
Fennoscandia, the Barberton Greenstone Belt (imgudhe Komati and Weltevreden
Formations and Schapenburg Greenstone Remnant) outh SAfrica, the Belingwe
Greenstone Belt in Zimbabwe, and the Abitibi Gréans Belt (the Boston Creek Flow) in
Canada have previously been studied for trace elearel HSE abundances and Pt-Re-Os,
142143 d, '®4W isotope systematics by Puchtel et al. (2016h322014; 1998; 2001; 2005;
2018). All samples studied come from variably défgtiated lava flows, with the spinifex-
textured upper part and the olivine cumulate lopait. They all show features of seafloor
alteration and/or metamorphic grade from prehniteypellyite facies (Vetreny Belt, Boston
Creek, Weltevreden) to greenschist-amphibolite ec{Schapenburg, Kostomuksha and
Komati). In some of the komatiites (Schapenburgstdmuksha, Boston Creek), most
olivines have been altered to serpentine, chlami@/'or magnetite and some of the pyroxenes

have been altered to tremolite and chlorite. VetrBelt komatiites have assimilated up to
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4% crustal rocks (Puchtel et al., 1996; 2016a). Rdmatiites studied here are classified as
both Al-depleted/enriched (Schapenburg, Komati, tédeéden, Kostomuksha, Boston
Creek) and Al-undepleted (Belingwe, Vetreny). Olvicumulate samples present an average
composition of olivine between 30% to 50% for Kastksha, 50% for Belingwe and 60%

for Barberton (Puchtel and Humayun, 2005; Puchtal.e2009b; Puchtel et al., 2013).

2.2. Analytical techniques

Between 15 to 30 mg of sample powder was digaatadHNG;/HF mixture (1:3) on
a hot plate at 120 °C for 48 h. When dried dowmL2of 6N HC| were added to the sample
residues to destroy any fluoride phases. Calcium segerated from the matrix using DGA
extraction chromatography resin and Sr-selectiteaetion chromatographic resin following
the protocol described in Valdes et al. (2014) Antsellem et al. (2017). Calcium was first
eluted with Sr using 1.8 mL of DGA resin in conceteéd HNQ and was afterwards eluted
on 200uL of 20-50 um of Sr-selective extraction chromatographic rasirBN HNG; to
separate it from Sr. Final Ca cuts were dried dewd redissolved in 0.1 N HNGor mass
spectrometric analysis.

The Ca isotopic composition was measured usiftpeamoFischer Netpune multi-
collector inductively-coupled plasma mass-specttem¢MC-ICPMS) at the Institut de
Physique du Globe de Paris. Samples were introdwitbda desolvating Apex nebulizer at
an aspiration rate of 50Lxmin™. Each analysis included 20 cycles with an intégnatime
of 8.389 s. The intensity of the ion beams on tlassas 42, 43 and 44 were measured and
“2CafCa andCa/*Ca ratios were calculated. Measurements were rhigmresolution slit
mode with a mass resolution of R~6350. Calciumoisiat variations are defined here in per
mil units and using th&‘Cd*°Ca ratio:5"*%Ca = (({“Ca°Cakampéd(**Cal’Caliandard-1) X
1000 to facilitate comparison with literature dataconverting the results using the mass-

dependent fractionation law***Ca = -1.9748**Ca after making sure that the data were
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mass-dependent. The standard bracketing method (WBT SRM 915b as the standard)
was used for correcting for mass-fractionation miyrithe analysis. The Ca isotopic
composition was re-normalized to SRM 915a usingisbépic composition of SRM 915a
relative to SRM 915b from Valdes et al. (2014) 6f74%. for 3***®Ca. The analytical
uncertainty was calculated from repeated measuresnoérthe same solutions and is defined

as the 2SE to be 0.05%o.

3. Results

Calcium isotopic compositions of komatiites froniststudy are reported in Table 1
and presented in Figure 1. TB&*%Ca values range from 0.64 + 0.03 %o to 1.54 + 0.09 %o
averaging 1.03 £ 0.46 %o (2SD n=27). These valueslap with previously reported data for
two 89 Ma Gorgona Island komatiite3'{*®Ca= 0.77 + 0.06%. and 0.61 + 0.06%o) and two
3.5 Ga komatiites from the Onverwacht Group in Sfrica ***Ca= 1.03 + 0.05%. and
0.98 + 0.04%o0) (Amini et al., 2009). TH&*¥“%Ca values obtained in this study are also similar
to those in peridotites (ranging from ~0.9 to ~AR&ini et al., 2009; Kang et al., 2016; 2017;
Amsellem et al., 2017; Zhao et al., 2017) as wellcamost igneous rocks (~0.9, e.g., Amini
et al., 2009; Simon and DePaolo, 2010; Valdes.eP@lL4; Amsellem et al., 2017; Simon et
al., 2017).

The Ca isotopic compositions of the spinifex-tegtlisamples are less scattered than
those of the olivine cumulate komatiites, and @usround the BSE estima&{*Ca= 0.92
+ 0.16 %o, 2SD n=7). In contrast, the 5 olivine cuatess from the Weltevreden Formation
and Boston Creek are enriched in the heavier Gapss §***“Ca ranges from 1.33  0.05%o
to 1.54 + 0.09%0), whereas one Kostomuksha olivinedate is depleted in the heavier

isotopes §***%Ca = 0.64 + 0.03%o).
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4. Discussion

4.1 The evolution of thed***%Ca of the bulk silicate Earth through time

On average, irrespective of ages and locationg)ifegitextured komatiites have
isotopic compostions (frord***Ca = 0.83 + 0.03%. t&***%Ca = 1.06 + 0.05%0) similar to
the estimates for the BSE’s (0.88 £ 0.07%o, 1.0504%0. and 0.94 + 0.05%.) based on the
data for peridotites (Simon and DePaolo, 2010; lguathal., 2010 and Kang et al., 2017).
Since spinifex-textured komatiites crystallized atelely quickly and experienced little
fractionation after emplacement (Donaldson, 19#&y are usually taken as the next best
samples (with the chilled margin samples beinghst) to represent the composition of the
emplaced komatiite lava. Hence, among the sampfedyzed, the spinifex-textured
komatiites are expected to best represent the @apis composition of the mantle. The
variability observed in the olivine cumulates via# discuss in a different section.

Komatiites formed via high degrees of partial nmgjfiand Ca, as an incompatible
element, was mostly incorporated into the meltjtimg the effect of isotopic fractionation
during melt extraction. Hence, komatiites are #asamples of Ca isotopic composition of
the Archean mantle. Since spinifex-textured kortegtirepresent nearly the original liquid
composition, in order to estimate the Ca isotommposition of the BSE, only spinifex-
textured komatiites were used. As such, 7 komadat®ples were chosen including the 2.72
Ga Boston Creek, 2.82 Ga Kostomuksha, and the G&%chapenburg komatiites. These
komatiites do not show any resolvable Ca isotopigations with emplacement age, ranging
from 5*¥*%Ca = 0.83 + 0.03%. t6***%Ca = 1.06 + 0.05%0, implying that the extractionthd
continental crust from the mantle over the 800 M&arth's history did not have an effect on
the Ca isotopic composition of the komatiites searc

When averaged together, these samples vield a Bié&ita value of 0.92 + 0.16%.

(2SD n=7) which is indistinguishable from the estied composition of the BSE (0.88 *
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0.07%0,1.05 = 0.04%0 and 0.94 = 0.05%0, Simon and &R®010; Huang et al. 2010 and

Kang et al. 2017, respectively).

4.2 Effects of crustal assimilation and post-empt@ement isotopic fractionation
on the Ca isotopic composition of the komatiites

Assimilation of crustal material has been showhadwe occurred in some komatiites
(e.g., Cattell, 1987; Arndt and Jenner, 1986) dmsl dould have potentially modified the Ca
isotopic composition of the original melt. Howeveome crustal rocks (granite3*/*%Ca=
~0.8%0, Gussone et al., 2016) have slightly lighfer isotopic composition compared to
peridotites and most of the komatiites studiedyels as lower Ca abundances (< 2 wt%, e.g.,
Marshall and DePaolo, 1989). As such, crustal coimation would have shifted Ca isotopic
composition of the komatiites in the opposite diwtg and, therefore, cannot be responsible
for their heavier Ca isotopic composition. Moreqgueass-balance calculations indicate that,
in order to account for the lightest Ca isotopimposition of the komatiites (~0.8%o., Table
1), more than 50% crustal material (granites) neledbe assimilated by the komatiitic
parental magma, which is not observed in any of kbmatiites studied based on trace
element and isotopic data. The effect on Ca isatopk a post-emplacement crustal
assimilation through a mixture of basalts and sedis is more difficult to estimate
regarding the variability 05**¥*®a in sediments, depending on the location andyyhe of
sediments. However, the degree of contaminatiorthisaprocess is unlikely to exceed 10%
(Huppert et al., 1984). In any way, the only koiited in this study that were shown to have
undergone ca. 4% crustal assimilation, the VetrBeit komatiites (Puchtel et al., 1996;
2016a), show a range 8f¥*%Ca from 0.89 + 0.06%. to 1.06 + 0.11%., which oveslapith

that for the fertile peridotites from Kang et &20(17). Therefore, we conclude that there is
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little to no evidence that crustal assimilationeateéd the Ca isotopic composition of the
parental komatiitic magmas.

Post-magmatic alteration is another process that mae modified the primary Ca
isotopic composition of the komatiites (e.g., Jadinal., 2012; Hindshaw et al., 2013;
Jacobson et al., 2015). Among the samples studkee, lkomatiites from the Schapenburg
and Munro Township localities show evidence of Ga€» during serpentinization (Puchtel
et al.,, 2009a; 2009b). Both the Komati and Weltdere formations of the Barberton
Greenstone Belt have undergone seafloor alteratimh CaO was affected by secondary
processes (Puchtel et al., 2013). Furthemore, Bu@ttal. (1998) showed that in the
Kostomuksha komatiites, CaO was mobile during aften and preferentially removed from
the samples with high modal olivine contents (cgponding to the cumulate samples). This
IS consistent with the negative correlation betw€a® content and loss on ignition (LOI)
observed in some komatiites (Boschi et al., 200€pitization of plagioclase during
serpentinization results in the incorporation of iNghe calcic plagioclase of the crust and
the removal of Ca from the plagioclase to the fluid

Serpentinization has been suggested to resultizceease in th&***%Ca (John et al.,
2012) and this process may explain the compositiotihe isotopically light Kostomuksha
sample (see Figure 1). Figure 2 presents the Gapisocompostion and the CaO abundance
of the komatiites relative to their LOI determinpceviously (Puchtel et al., 1998; 2013;
2016a; 2016b and 2018). In the komatiite sampléis wp to 6% LOI, CaO concentration and
Ca isotopic composition are constant, whereas impgss with LOlI > 6%, CaO
concentrations generally decrease, whiled{€%Ca of the Kostomuksha samples decreases
and thed*¥*®Ca of the 5 early Archean olivine cumulates from Weltevreden and Boston
Creek localities increases. Therefore, the lightisééopic composition of the Kostomuksha

komatiite sample 94100 (LOI = 10.1%) is likely teld to serpentinization. On the other
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hand, the heavy Ca isotope composition of the Widtken and Boston Creek olivine
cumulates cannot be explained by serpentinizatiohr( et al., 2012). It is more likely to be
related to another process (e.g., differences e gburce compositions, partial melting,
accumulation of isotopically heavy olivine, etegdelow).

Another way to monitor the effect of alterationtes use the ratio of Ca over an
immobile element during alteration processes, a&lZr. CaO/Zr ratio does not correlate
with 3***Ca (Figure 3), indicating that the heavy Ca isatopbmpositions of the
Weltevreden and Boston Creek komatiites are nottdwsecondary processes alone. The Ca
content in komatiites is dominated by the amountntdrstitial liquid and products of its
crystallization (e.g., pyroxene and plagioclase)the Weltevreden cumulates, olivine grains
(Ca0~0.24%) are surrounded by interstitial magmagioxene, mostly augite (CaO~10%).
In all komatiites, the Ca content strongly corregatvith the Zr content (Figure 4) implying
that the Ca content reflects igneous processesmiton or source effects and not

secondary alteration as Zr is insoluble in aquélnuss.

4.3 Primordial magma ocean processes recorded in éhheavy Ca isotopic
composition of the Weltevreden komatiites?

The olivine cumulate samples of the Weltevredennfation from the Barberton
Greenstone Belt have the heaviest Ca isotopic ceitipo of all komatiites studied,
averaging 1.47 £ 0.11%.. These heavy signatures wieserved for dunites (Amini et al.,
2009; Huang et al., 2010) and wehrlites (lonov let2018) which are likely due to their
petrology with a low content of Ca. The dunite amehrlite present the highest content of
olivine in peridotites thus, this isotopic signaucould rather be related to equilibrium
iIsotopic fractionation between olivine and meltodisine is enriched in the heavier isotopes

of Ca (~1.16%0) compared to clinopyroxenes (~0.9%b)t*Cay.cp,=0.8% (Kang et al.,
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2016). Huang et al. (2019) have estimated the ifnaation factor between forsterite (the
main liquidus mineral in komatiites) and diopsidee( main Ca-bearing mineral phase in
komatiites) to be up to 0.9%. at 1000K. However, ftinactionation factor decreases
considerably with the temperature and komatiitigmas can reach liquidus temperatures of
up to 1600°C (e.g., Puchtel et al., 2013). The difference @b%. between olivine cumulate
and olivine spinifex might thus be difficult to mwcile with fractional crystallization.
Moreover, there is no corelation between the oéiviontent in the cumulates with their Ca
isotopic composition. This is consistent with thésence of fractionation during
differenciation observed in Kilauea Iki Lava lakengples (Zhang et al., 2018) and in the
homogeneity in different type of mantle rocks (Cle¢ml., 2019). In addition, the enrichment
of the heavier isotopes is not systematic for afhalates, since Weltevreden komatiites are
the only ones enriched in the heavier Ca isotopes.

Weltevreden komatiites might be unique and wouldehéeen generated under
different conditions compared to other komatiifeisis is illustrated by the olivines from the
Weltevreden formation samples that are enrichatierlighter O isotopes compared to other
komatiites and other volcanic rocks (Byerly et @D17). These authors show that the low
5'%0 reflect that of the mantle source of these kaiteatthat was affected by fractionation of
mineral phases stable under the magma ocean amglitiluring transition from silicate to
metal oxide phases, as oxygen isotope composiaonbe modified by up to 1.5%. during
this type of fractionation (Zheng, 1997).

The Weltevreden komatiite source shows highly pasitnitial eHf and near-zero
initial eNd value which plot off the Nd-Hf terrestrial evatn array (Puchtel et al., 2013). To
explain this decoupling, an early depleted resertoat was isolated from a primordial
magma ocean was suggested by these authors; ses/oe was characterized by Hf-Nd

relationships different from those of the upper treanin addition, the initiak'®°0s and
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y*¥’Os values of these komatiites defined a differemtwtion trend from chondritic paths,
implying an early isolation of deep mantle domgiRachtel et al., 2014). These domains are
thought to represent the early products of crygttibn of a magma ocean located at the
bottom of the lower mantle (Abe, 1997) and werelifkderived from the residual liquid
separated during crystallization of the magma ocesith Mg- and Ca-perovskites as
fractionating phases suggested by melting expetsn@ng., Ito et al., 2004; Wood et al.,
2000; Ringwood et al., 1970). Fractionation of tigha isotopes in Ca-perovskite vs.
pyroxene is consistent with these observations.ededuilibrium conditions, phases with the
shortest Ca-O bond (i.e. lower coordination numibend to be enriched in the heavier Ca
isotopes (Huang et al., 2010). Calcium in Ca-pétibehas the highest coordination number
(CN=12) compared to other Ca-bearing minerals (QN&Inyth and Bish, 1988 and Sowrey
et al., 2004). Cumulate should, therefore, be @edcin lighter Ca isotopes leading to the
residual liquid with heavier Ca isotopic compositiovhich is indeed observed in the
Weltevreden komatiites. If the heavy Ca isotopimposition of the Weltevreden komatiites
is due to mantle heterogeneity following magma oceystallization, the question is why
the Komati komatiites are not isotopically heavynasl. A possibility would be that they do
not sample the same source, as suggestexHbylata, which reflect the difference of Ca
isotopic composition (Figure 5). As Komati samplase older than the Weltevreden
komatiites, the residual liquid representing theirse of Weltevreden komatiites would
record a longer history of crystallization produgian isotopically heavier source. This is
consistent with the estimates for the proportion€a and Mg-perovskite that crystallized to
form the mantle domains that later gave rise takbmati and Weltevreden komatiites (30%
and 40% crystallization, respectively). To estimidwe evolution of Ca isotopic composition
of the residual liquid representing the sources tleg Barberton komatiites from the

crystallization of the magma ocean, we use a Rglyldistillation equation.
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5Camett = (5Canitial meit+ 1000)f™ — 1000

Where f represents the fraction of Ca remaininghie melt anda represents the
isotopic fractionation factor between the crystais the melt. We consider 5 different values
of a representing a fractionation between the crysial$ the melt ranging from 0.1%o to
0.5%0 which would be expected in equilibrium frac@bion due to their different
coordination number. Th&Canita meltiS Set to be 1%.. The results of the modeling amwsh
in Figure 6. In order to explain the data for theli&vreden and Komati komatiites, between
10% and 50% of the Ca remains in the melt for dimér and between 50% and 90% for the
latter. Considering the silicate perovskite melttiganing of Ca, which is estimated to be
between Rapv-mei= 3 and 4 under the lower mantle conditions (Corghel., 2005), and
using the crystallization fractionation law, we g¢ict a difference of at least 10% in the
degree of crystallization between the source of Kibiand Weltevreden komatiites where the
source of Weltevreden komatiites would have beeiecefd by more crystallization,
consistent with the results from Puchtel et al.1@0 Furthermore, during perovskite
partitioning in a magma, Nb/Ta and Zr/Hf ratios apgected to correlate because of the
difference of compatibility of these elements imrqwskite (Chakhmouradian et al., 2013).
This is observed for Barberton komatiites (Figu@® and the Ca isotopic composition
correlates with Nb/Ta (Figure 7b). These results egplain the variability in Ca isotopic
composition between the Komati and Weltevreden ki@ and suggest that the residual

liquid of the source of the latter was more affddig crystallization.

Conclusions
The Ca isotopic composition of 27 spinifex-textui@td cumulate komatiites from
around the globe, ranging in age between 2.41 af®1@Ba, has been analyzed. The spinifex-

textured komatiites have similar isotopic composii averaging at 0.92 £ 0.16%o,
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indistiguishable from the previous estimates foe tBSE composition derived from
peridotites (Huang et al., 2010; Kang et al., 20Etythermore, the Ca isotopic composition
of the Archean mantle has been shown to have liegrical to that of the modern mantle.
Olivine cumulate komatiites from the 3.26 Ga Waeleslen Formation of the

Barberton Greenstone Belt are strongly enrichetthenheavier Ca isotopes compared to the
other komatiites studied. When considered togewigr the available O, Os, Nd, and Hf
isotopic data for these rocks (Byerly et al., 20Rdéchtel et al., 2013, 2014), magma ocean
processes appear to be the most likely mechanismpiain the Ca isotopic composition of

these komatiites.
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Figure captions

Figure 1: Calcium isotopic composition of olivinergulate (square symbols, OI-C) and
olivine and pyroxene spinifex (circle symbols, Qlé&angle symbols, Px-S) textures of
komatiites in the study sorted by age with Bartixethe oldest and Vetreny the youngest.
The shaded areas represent three estimates ofSthe B

Figure 2: a) Calcium isotopic composition and bPGantent of komatiites relative to their
loss of ignition (LOI data from Puchtel et al., B392013; 2016a; 2016b and 2018).

Figure 3: Calcium isotopic composition of komasitelative to CaO/Zr ratio ( CaO and Zr
data from Puchtel et al., 1998; 2013; 2016a; 2CG&b2018).

Figure 4: Zr content of komatiites relative to théaO content (data from Puchtel et al.,

1998; 2013; 2016a; 2016b and 2018).
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Table 1 - Calcium isotopic composition of komatiite relative to SRM915b and renormalized to
SRM915a.

Sample Location Texture Age (Gy) 35%*ca’ 2sé n?
BV0O3 Komati Fm Barberton Greenstone Belt Ol-cumulate  3.48 1.14 0.02 4
BV10 Komati Fm Barberton Greenstone Belt Ol-cumulate  3.48 1.01 0.04 4
BV13 Komati Fm Barberton Greenstone Belt Ol-cumulate  3.48 1.11 0.06 4
BV15 Komati Fm Barberton Greenstone Belt Ol-cumulate  3.48 1.09 0.04 4
501-1 Weltevreden Fm Barberton Greenstone Belt Ol-cumulate  3.26 1.47 0.05 4
501-8 Weltevreden Fm Barberton Greenstone Belt Ol-cumulate  3.26 1.40 0.06 4
564-2 Weltevreden Fm Barberton Greenstone Belt Ol-cumulate  3.26 1.49 0.06 4
12-6 Weltevreden Fm Barberton Greenstone Belt Ol-cumulate  3.26 1.54 0.09 4
94100 Kostomuksha Greenstone Belt Ol-cumulate  2.82 0.64 0.03 7
94126 Kostomuksha Greenstone Belt Ol-cumulate  2.82 0.80 0.05 6
TN 17 Belingwe Greenstone Belt Ol-cumulate 2.7 0.84 0.09 4
TN 18 Belingwe Greenstone Belt Ol-cumulate 2.7 1.04 0.05 4
TN 19 Belingwe Greenstone Belt Ol-cumulate 2.7 0.85 0.10 5
ZV 10 Belingwe Greenstone Belt Ol-cumulate 2.7 0.89 0.05 4
Ol-Px

BCO6 Boston Creek Abitibi Greenstone Belt cumulate 2.7 0.88 0.07 7
BC08 Boston Creek Abitibi Greenstone Belt Ol-cumulate 2.7 1.33 005 7
01001 Vetreny Belt Victoria lava lake Ol-cumulate 241 0.89 0.06 4
01104 Vetreny Belt Victoria lava lake Ol-cumulate  2.41 1.06 0.11 3
01105 Vetreny Belt Victoria lava lake Ol-cumulate 241 0.96 0.04 3
01106 Vetreny Belt Victoria lava lake Ol-cumulate  2.41 0.92 0.06 7
SCH

2.6 Schapenburg, South Africa Ol-spinifex 3.55 0.92 0.05 6
SCH

3.6 Schapenburg, South Africa Ol-spinifex 3.55 0.90 005 7
9497 Kostomuksha Greenstone Belt Ol-spinifex 2.82 1.06 005 7
PHO8  Abitibi Greenstone Belt Munro Twonship - 2.7 1.01 0.04 7
PH28  Abitibi Greenstone Belt Munro Twonship Ol-spinifex 2.7 0.86 0.05 5
BC02 Boston Creek Abitibi Greenstone Belt Px-spinifex 2.7 0.83 0.03 6
BC03  Boston Creek Abitibi Greenstone Belt Px-spinifex 2.7 0.88 0.03 7

1 2se= 2 x standard deviatiovr/
%2 The Ca isotope ratios are normalized relativeRM®15A
3 h= number of measurements
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