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Abstract (316 words)

Ca isotopes can be strongly fractionated at théhEagurface and thus may be tracers of
subducted carbonates and other Ca-rich surfaceialatem mantle rocks, magmas and fluids.
However, theés*¥*®Ca range in the mantle and the scope of intra-rmasutope fractionation
are poorly constrained. We report Ca isotope araljsr 22 mantle xenoliths: four basalt-
hosted refractory peridotites from Tariat in Morigand 18 samples from the Obnazhennaya
(Obn) kimberlite on the NE Siberian craton. Obnighgtites are Paleoproterozoic to Archean
melting residues metasomatised by carbonate-ridfoasilicate melts including unique
xenoliths that contain texturally equilibrated aamhtess*#“%Ca in 15 Obn xenoliths shows
limited variation (0.74-0.97%o) that overlaps théuea(0.94 + 0.05%o) inferred for the bulk
silicate Earth from data on fertile Iherzolitest Eulower thars*#*%Ca for non-metasomatised
refractory peridotites from Mongolia (1.10 + 0.03%)lk §***®Ca in four Obn peridotites
containing metasomatic carbonates ranges from®08%o. to 0.83 + 0.06%., with similar
values in acid-leachates and leaching residuegatidg isotopic equilibration of the
carbonates with host rocks.

We infer that (a) metasomatism tends to decra&¥&Ca values of the mantle, but its
effects are usually limited<Q.3%o); (b) Ca isotopes cannot distinguish “carbieaand
“silicate” types of mantle metasomatism. The lowi4f%Ca value (0.56%0) was obtained for
a phlogopite-bearing Obn peridotite with a veryth@a/Al of 8 suggesting that the greatest
metasomatism-induced Ca isotope shifts may beisa@aks initially low in Ca that
experienced significant Ca input leading to higltAT.arwo Obn peridotites, a dunite (melt
channel material) and a veined spinel wehrlite ghaighs***Ca values (1.22%o and 1.38%o),
which may be due to isotope fractionation by difdasduring silicate melt intrusion and
percolation in the host mantle. Overall, we findawidence that recycling of crustal

carbonates may greatly affect Ca isotope valuéisemglobal mantle or on a regional scale.
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1. INTRODUCTION

Two most abundant Ca isotopé%;a (96.94%) an&'Ca (2.09%), have a mass difference
of about 10% Kleuser et al., 2002and thus can experience significant fractionaadhow
temperatures near the Earth’s surface. The Capisotompositions, expressed &&“Ca
relative to the NIST SRM 915a reference materiahge by up to several permil in Ca-rich
sedimentary and other rocks formed or altered tteasurface Amini et al., 2009; Blattler
and Higgins, 2017; Fantle and Tipper, 2014; Fenagl.eR016. In contrast, high temperature
equilibrium isotope fractionation in the mantle glibbe at least an order of magnituide lower
(e.g.Huang et al., 2010; Wang et al., 2017; Zhu et2418. This difference may make it
possible to use Ca isotopes to trace recycling a¥i€h surface materials because mantle
rocks contaminated by surface materials may hausual isotope ratios. Hence, Ca isotopes
may shed more light on the long-lasting debate lenrble of crustal components in the
mantle (e.gXu, 2009 along with other non-convenional stable isotofeeg. Huang et al.,
2011; Wang et al.,, 20)6Ca isotopes are particularly promising to explthe role of
subducted Ca-rich sediments in the sources of man#tasomatism and mantle-derived
magmas (e.gChen et al., 2018; Huang S. et al., 2011; Zengl.e2810, and in carbon
cycling (e.g.Tappe et al., 2007

The application of Ca isotopes to these topics sgtes a good knowledge of, first, the
range of Ca isotope compositions in pristine marglkeks that contain no crustal additions,
and second, the extent of intra-mantle isotopeeddfitiation by melting and metasomatism
including non-equilibrium prosesses like diffusi(@g. Zhao et al., 201)7and inter-mineral
fractionation Huang et al., 2010; Kang et al., 2016; Wang et28l1,7. Recently Kang et al.
(2017)reported Ca isotope compositions for mantle pditeranging from fertile lherzolites

to harzburgites, and constrained the Ca isotopeposition of the bulk silicate Earth (BSE)
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and pristine melting residues. They also found #{4%Ca in metasomatized peridotites
spans a range from the BSE to considerably lowieiega

Here we repors*”“®Ca for a suite of strongly metasomatized, Ca-eedaiantle rocks to
better define the Ca isotope range in the lithospmaantle, primarily to constrain the role of
metasomatism by carbonate-rich and silicate m@lts provide whole rock (WR) data for 16
peridotite and two pyroxenite xenoliths from them@bhennaya (Obn) kimberlite in the NE
Siberian cratonl¢nov et al., 2015; lonov et al., 201)8as well as for acid leachates and
leaching residues of three Obn peridotites thatainormetasomatic carbonate. We also report
WR data for four refractory non-metasomatised puditiel xenoliths from Tariat in Mongolia

(lonov and Hofmann, 20070 better define the Ca isotope range in pristivedting residues.

2. LOCALITIES AND SAMPLES

2.1. Obnazhennaya and its mantle xenoliths

The ~160 Ma Obnazhennaya kimberlite (70°15’ N, B31B) is located in the NE
Siberian cratonKig. 1. It is one of only two kimberlites in Siberia tr@ntain peridotite
xenoliths sufficiently large and fresh for WR pegreochemical studies. Re-Os isotope data
suggest that their sources experienced partiaimgedt ~1.9 and 2.8 Gy agmfov et al.,
2015; lonov et al., 20H). Petrographic and chemical ddtanov et al., 2018Band
references therein) suggest that the Obn xenalith & unusual for cratons, with common
peridotites rich in clinopyroxene (cpx) and garimet low in orthopyroxene (opx), no sheared
rocks, and low P-T values suggesting a very thinttedithosphere<100 km). Some
samples contain alteration products (mainly sefpergt grain boundaries and veins in

olivine), but they are less common than in mostorria suites elsewhere.
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The Obn peridotites have protogranular to mosaigeggnular microstructures and are
grouped into four seriedble J: (1) low-cpx spinel harzburgites and dunites; (2)
phlogopite- and carbonate-bearing, Ca-rich rockhb \ew to moderate Al; (3) peridotites
with low to moderate Al, rich in Ca and cpx; (4)-8hrich lherzolites rich in pyroxenes +
garnet. They are distinguished from typical cratot@nolith suites by the rarity of
harzburgites and by gradual modal variations ofiredi, pyroxenes and garnet between
peridotites and pyroxenites. In some of these rogiksis replaced with late-stage cpx =
phlogopite Fig. 2a). Three peridotites contain pockets of carbo(idteMg-bearing calcite)
texturally equilibrated with garnet and olivingd. Z, d); these rocks are unique because
peridotite xenoliths containing carbonates of nentigin are extremely rare (e.thnov et
al., 1993. Pyroxenites (websterites) occur as discrete litbsdO-1080) and veins in
peridotites (Obn 58-13 and 68-1Eg. ).

The majority of the Obn xenoliths have lows@} (<1.9 wt.%) and high MgO (>42%),
consistent with an origin as residues of high-degpartial melting because these oxides are
considered to be robust melt extraction indiced,@ctause they plot on the Al-Mg trend
defined by experimental and natural (Tariat) mgltiesiduesKig. 3). Yet the Obn xenoliths
also show petrographic and chemical features #ratat be explained by melt extraction
alone, in particular anomalously high CaO at giésO3 (Fig. ). As a result, the Ca/Al
ratios of nearly all Obn peridotites in this stuahg much higher than in the primitive mantle
(McDonough and Sun, 199and in residual mantle peridotitderfov and Hofmann, 2007,
Palme and Nickel, 198%1.6-8.0 vs. 1.0-1.%iig. ). These and other data suggest that the
Obn xenoliths initially formed as refractory megiiresidues, but were reworked by silicate
and/or carbonatite metasomatism with significanir@@ait. The Ca-Al-rich rocks formed by
reaction and mingling with large amounts of silicatelts. The three Series 1 peridotites low

in both Ca and Al are melt-channel materiéds6v et al., 2018pb
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Another four peridotite xenoliths are from late Geoic (~0.5 Ma) alkali basaltic breccia
at Shavaryn-Tsaram in the Tariat district of cdritfangolia (lonov 2007 )within the Central
Asian orogenic belt. The samples are cpx-poor tiges or cpx-bearing spinel harzburgites
with modal and major oxide compositions typical fefractory melting residues, and no
evidence for metasomatisiofov and Hofmann, 2007Their ALOs; range (1.0-2.1 wt.%;
Table ) is similar to that for the Obn peridotites, b fTariat peridotites show no Ca

enrichments and no anomalous Ca/Al ratkig.(3).

2.2. Sample selection and treatment

The samples (aliquots of those reporteddmov et al., 2018landlonov and Hofmann,
2007 are listed inrable 1that provides a summary of essential petrologit @remical data.
The xenoliths are 10-30 cm in size. Their rindserremoved by sawing. Slabs of fresh
material from xenolith cores were inspected to malke they contain no host lava, veins or
modal gradations. A large amount of fresh maténaimally >100 g) was taken to provide
representative WR samples and crushed to <5-10mansteel jaw crusher carefully cleaned
to avoid cross-contamination. Splits of crushedemal (50-100 g) were ground to fine
powder in agate.

Three carbonate-bearing Obn peridotites (8-13,22arid 39-13) were acid-leached to
dissolve metasomatic calcite and analyze the ragudblution and the residue after leaching.
Aliquots of crushed<2 mm) rocks were treated with 5 ml of 10% HNOr 2 minutes at
room temperature, which produced Q8bbles for less than a minute. The solution was
extracted, the residue washed with 2 ml milli-Qevdbur times, and the wash water was
added to the acid-leach solution for analysis. fEs&dues were dissolved using the same
procedure as for WR powders (described below).iBuewvork showed that leaching of

silicate minerals (including phlogopite and ampleh@nd glass from mantle xenoliths with
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diluted cold HNQ for a few minutes does not destroy these phasesffext their surfaces

(e.g.,lonov and Hofmann, 1995; lonov et al., 1993

3. ANALYTICAL PROCEDURES AND DATA QUALITY

Sample dissolution, chemical purification and messctrometric analysis of Ca were
done at Arizona State University (ASU) followingopedures defined Bgomaniello et al.
(2015) Briefly, 10-60 mg of rock powder was digested using a mixtéi@acentrated HF
and HNQ (5:1) in a 7 mL SavilleX" PFA beaker on hot plate at 110°C fe3Xays. After
the digestion, the samples were dried at 80°C aftaixed with 6M (mol/L) HCI several
times to remove precipitated Galtil completely dissolved, then evaporated tandss. The
dried material was dissolved in 2M HN@r column chemistry.

Separation of Ca from sample matrix was performédraatically using the prepFAST
MC (ESI, Omaha, NE, USA) and the supplied 1 mL &reGlumn (part number CF-MC-
SrCa-1000) following the method Biomaniello et al. (2015Elution uses 2M HN@+ 1
wt.% H,O, to remove most major and trace matrix elementgs Siuted in 6M HN@and Ca
with 12M HNG:;. In the final step, 10 mL of 1M HF is used to rem@all remaining elements
from the resin (REE, Hf, Cd and U). The Ca yieldh# column chemistry, calculated by
comparing the amount of Ca before and after thensnlprocedure, ranged from 90% to
93%.Romaniello et al. (2015pund no detectable Ca isotope fractionation ayi€ls as
low as 75%. The concentrations of Ca and other etésnvere measured using an ICAP-Q
quadrupole inductively-coupled plasma mass speeten{lCP-MS: Thermo Scientific,
Bremen, Germany) at ASU following the methodRafmaniello et al. (2015)

Calcium isotope compositions were measured on audepmulti-collector (MC) ICP-MS

(Thermo Scientific, Bremen, Germany) at ASU equippéth a Jet sample cone, an H-
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skimmer cone, and an Apex-Q desolvating nebuliZ&i,(Omaha, NE, USA). Measurements
were done using the double spike method with sasstpledard bracketing. The Ca double
spike was prepared from two isotopically enricheC; powders (Isoflex USA)
containing**Ca (62.20 atom %) arfdCa (15.90 atom %), respectively. The isotope
compositions of the double spike and the in-howadaral isotope standard (“ICP1” NIST
10000 ppm ICP Ca standard, lot #X-10-39A) werebeated using MC-ICP-MS. The double-
spike solution was added as 2% of the total Caemination in samples24 hours before the
isotope analysis to allow full spike-sample equéion.

The samples and standards were measured in high#ies mode with a mass resolution
of >8000 (measured as M, whereAM is the mass difference at 5% and 95% peak height)
Optimized instrument operating parameters werepgagas, 0.9 L mity, auxiliary gas, 0.9
L min!; cooling gas, 14.50 L mih and N of 2-5 mL mif*. Ca samples were introduced at a
concentration of §ig/g and flow rate of 200 mL minyielding a sensitivity of ~3.3 VCa’
perpg/g Ca. Faraday cups were positioned to medé@eé, “*Ca’, *‘Ca’, *°Sc’, “°ca’, *'Ti",
and*®Ca’. **Sc was measured to align the uninterfered low-reasslder of the Ca and Ti
isotopes with its peak center. Once aligned, tmececup was set to measure an optimal
position on the uninterfered low-mass peak shoubfi€a isotopes.'Ti was monitored to
correct for the isobaric interferencefi on “*Ca. Doubly charged St which is a common
isobaric interference for Ca isotopes, was monitdoe all samples and standards using a
sub-configuration of Faraday cups. Details of thp configuration and interference
corrections are given iRomaniello et al. (2015Pouble-spiked Ca samples were run in
sequence with every two samples bracketed by thiwagntly spiked ICP1 in-house
standard. Mass bias and corrected isotopic ratere walculated using the Newton-Rhapson
procedurgAlbaréde and Beard, 20p4

Three purified and double-spiked secondary Ca stasdinternational reference
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materials NIST SRM 915a, NIST SRM 915b, and IAP&(p://www.ciaaw.org/calcium-
references.htinwere measured every 10-14 samples in each aralggssion to check if the
method consistently produces accurate and preaises: NIST SRM915a and SRM915b are
carbonate reference materials, and IAPSO is segveditsecondary standards were purified
using the same procedure as the samples. The 0aes@tios are calculated in delta notation
(6***Casrmorsa 8**Ca (%o) = [(“Cal*Cakampd(*’Cal?’Caist srm o15s1]. Final data are
reported a$***Casrmorsa(6**Ca (%o) = [(“Cal'Cakampd(**Cal’Cakist srm o15-1]

obtained by multiplying****Casrme1saby a scaling factor of 2.049 based on kinetic mass
dependent fractionatiory oung et al., 2002(Table 3.

All samples were measured at least 3 times; thiytige error is reported as 2 standard
deviations (2SD) of replicate measurements. Long-external precision (2SD 6f4*Ca in
SRM915a) during this study was 0.08%. (n=24), amdpttecision fos***%a can be
propagated as 0.082.049~ +0.16%.. Mears***%Ca values (relative to SRM915a) for
reference samples run in the same ses3iahl¢ 2)are: SRM915a, 0.00+0.16%. (n=24);
SRM915b, 0.70+0.16%. (n=20); IAPSO Seawater, 1.8P8%. (n=17); BHVO-2,
0.82+0.10%0 (n=3); PCC-1, 1.29+0.02%0 (n=3). Thedeemagree with data in the literature,
for exampleHe et al. (2017jeported).79+0.09%0 (n=7) for in BHVO-2 andu et al. (2017)
reported 1.15+0.09%. (n=7) for peridotite PCC-1 (a®Feng et al., 2016; Valdes et al.,
2014; Amsellem et al., 20} €onfirming the robustness of our analytical pchae. In
addition, full duplicates of sample Obn 8-13 ob¢aiby digestion of two batches of powder

reproduced within the analytical errdraple 3.

4. RESULTS

4.1. Caisotopes in whole-rock xenoliths

1C
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The5*4%Ca values in the WR xenoliths from the Obn sulb(e J range from 0.56 to
1.38%o, but the range is much more narrow (0.74-%Pfor 15 out of 18 samples analyzed
(Fig. 4). These 15 samples are mainly harzburgites, sotiatlude spinel and garnet
Iherzolites, wehrlites and pyroxenites, i.e. alim@ck types in the Obn suitéofov et al.,
20180. The three outliers are xenoliths with unusuakrtypes or major oxide compositions.
The highestl**%a (1.38 + 0.04%o) is in Obn 68-13,the only per idtet sampl e
in the suit e taken close to contact with a pyrotewnein Fig. 2b). The other sample with
high §*¥4%Ca (1.22 + 0.07%0) is a spinel dunite (melt chanmedterial
consisting of olivine and accessory chromite) wiith lowest AJO3 (0.14 wt.%)
among our samples. The low&$t*Ca value (0.56 + 0.03%0) is for peridotite Obn 24-
13,in which coarse opx isreplaced wit h fine-gradpockets of cpx, phlogopite
and ol offite&ign Jagridotite xenoliths from TariatMongolia (harzburgites to low-cpx
Iherzolites) havé*/*®Ca values from 0.96 to 1.12%.. Their range overtapshighest***°Ca
values found in four out of 15 “conventional” Obarwoliths (0.96-0.97%o), but is

considerably higher thaif**®Ca in the remaining 11 Obn samples (0.74—0.88%g). @).

4.2. Ca isotope data from acid-leaching experiments

Leaching by diluted HN@done on crushed (but not ground) aliquots of tlegeliths
should dissolve metasomatic calcite, but leavectritee silicate and oxide minerals. For one
sample (Obn 8-13ig. x) the WR powder was analyzed in duplicate. Thetamael 5***Ca
values determined for the leachate and residuseliss bulks**®Ca values calculated
using the Ca proportions in the leachate and rediolueach sample, are givenTiable 3

All four analyses obtained on sample Obn 8-13 atkinvanalytical uncertainty, with
§*/4%Ca values of 0.88 + 0.04%. and 0.83 + 0.12%. forWHe duplicates, 0.82 + 0.01%. for

the leachate and 0.84 + 0.06%o in the residue. Tiferehces between the leachate and

11
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residue for two other samples are insignificanval: 0.84 + 0.04%. for the leachate and

0.70 % 0.12%o for the residue of Obn 22-13, and @8306%. for the leachate and 0.81 +
0.08%o for the residue of Obn 39-13. To sum up,6fﬁ’é°Ca values of the leachates and
residues are essentially the same within analyticeértainty suggesting that the metasomatic

carbonates do not differ significantly 3**Ca from the host rock.

5. DISCUSSION

5.15*%Ca in refractory, melt-depleted peridotite mantle

The Obn and Tariat peridotite xenoliths are fragimef the lithospheric mantle, which is
believed to form from the asthenosphere eitherdmdactive cooling or, most commonly, by
additions of solidified melt extraction residudéang et al. (2017¢stimated thé***%Ca
value in the bulk silicate Earth (BSE; 0.94 + 0.0bf6em data for fertile off-craton lherzolite
xenoliths, which experienced no or only very lovgiees of partial melting, and have major
oxide compositions (MgO, ADs, CaO etc.) similar to those of the primitive mar({fPM).
They further argued that**®Ca values for refractory peridotites (formed bythitegrees of
melt extraction from fertile mantle) are somewhaghler (1.06 + 0.04%o) if they are not
significantly affected by post-melting metasomati§hy. 4).

The 5**%Ca values of the four melt-depleted peridotitesnfifdongolia (0.96—1.12%o)
follow the trends defined by the samples reportedng et al. (2017 plots vs. AJOs and
CaO Fig. 4a, b). Their averages (1.04 + 0.08%o for all foungd d.10 £ 0.03%o. for two most
refractory samples with the lowest Al and Ca) amesistent with the conclusion Kang et
al. (2017)on the effects of melting ait”*%Ca in residues. Combining the data on peridotites
with Al,O3 <2 wt.% from the study dfang et al. (2017and this work yields an average of

1.08 + 0.03%. for refractory mantle, i.e. ~0.14%. Vieathan the BSE estimate.

12
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The Obn peridotites studied here, however, aréeefertile mantle samples, nor pristine
melting residues because their modal and chemicapositions have been strongly affected
by melt metasomatismianov et al., 2018 The dunites (low-Ca-Al peridotites) appear to be
melt channel materials formed by reaction of peries with mafic melts, while the
ubiquitously high CaO and Ca/AFig. J, c), as well as occasional carbonates and late st
cpx, in the remainder of the peridotite suite ssfjgmportant Ca input, most likely by
carbonate-rich melts. The effects of melt extracto Ca isotope ratios in these samples must

have been obscured by the later processes.

5.2 Ca-isotope signatures of mantle metasomatism
5.2.16**%Cain carbonate-bearing xenoliths

The effects of carbonatite metasomatisndf{%a of mantle peridotites are examined
here directly using analyses of natural carbonatgihg xenoliths, which are very rare
worldwide (e.glonov et al., 1993)The precursors of Ca-rich, low-Al (0.4—1.9 wt.%®g)
Obn peridotites were refractory melting residuessibly akin to melt-depleted Tariat
peridotites g¢ection 5.), assuming that Al concentrations are not affebtethe
metasomatism. Th&#**®Ca values of WR Obn xenoliths containing metasarrztibonates
(0.74-0.88%0) are consistently lower (by 0.2—0.3%a)t for their likely residual protoliths
(1.08 £ 0.03%0 as discussed in the previous sectlbfgllows that the metasomatism of the
Obn peridotites by carbonate-rich media redui®8d%Ca values, but the Ca isotope change is
moderate.

Mass balance estimates using modal abundaiegde( 1)and observed Ca concentrations
in minerals [onov et al., 2018pshow that calcite hosts 75-85% of Ca in thesks.0the
fact thats*¥*%Ca values are similar for acid-leachates (i.e.oli&s! carbonates) and leaching

residues (silicates) for all the samples may indithat the carbonates are close to isotope
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301 equilibrium with Ca-bearing silicates (mainly garaed cpx) in the host peridotites. This
302 must be the case for garnet, which is texturallyildarated with calcite in pockets formed by
303 reaction of metasomatic liquids with opx and spiirél. 2, d). In contrast, cpx in these

304 rocks only occurs outside the calcite- and gareetibg pockets and may have existed before
305 their formation. Trace element datar(ov et al., 2018psuggest that the cpx may not be fully
306 equilibrated with the garnet in the metasomatickpts

307 Another xenolith strongly reworked by the carboteatype metasomatism is Obn 24-13,
308 in which much of the opx is replaced with cpx-pldpie pocketsKig. 2a;lonov et al.,

309 2018B. This sample has the loweéf“%Ca (0.56%.) for this study, i.e0.2%o lower than for
310 the carbonate-bearing Obn peridotites and ~0.5%eldhan for unmetasomatized Tariat
311 peridotites. This peridotite contains very littl&;@3 (0.41 wt.%) and has a very high Ca/Al of
312 8, suggesting that its Ca budget is dominated basoenatic Ca inpufg. 30.

313 It appears that, in general, the greatest metasamatduced Ca isotope offsets in the
314 Obn suite are for rocks initially very low in Caatrexperienced high Ca additions relative to
315 their Ca contents before the metasomatism, andajsa@ high Ca/Al ratios. The Obn suite
316 defines a negative Ca/Al v&***°Ca trend Fig. 4c), which remains significant (linear

317 correlation coefficients of 0.4—0.7) also withol two samples with the highest Ca/Al (5.9
318 and 8.0). Thus, assuming that all the Ca-rich, AdvBbn peridotites were metasomatized by
319 the same liquid th&***%Ca of such a liquid could be close to 0.5%o, likéibn 24-13.

320 Alternatively, xenolith Obn 24-13 may have beenasematized by a batch of Ca-rich liquid
321  with lower5**%Ca than for other Obn peridotites. It is also fkedat thes*”*%Ca in the

322 metasomatic media evolved as they percolated thrtheresidual mantle with higher

323 §""Ca.

324 We infer that the metasomatism of the type thatipced the carbonate-bearing Obn

325 xenoliths tends to decrease t&*%Ca values of residual mantle rocks, but its effacts

14



326 usually limited £€0.3%o0) even in cases of strong Ca enrichments apdrapt Ca isotope

327 equilibration between the metasomatic media andetverked peridotites.

328

329 5.2.2 Ca isotope signatures of “carbonatite” vsilisate” metasomatism

330 Kang et al. (2017)eporteds***®Ca ranging from 0.25 to 0.96%o for six harzburghes
331 low-cpx Iherzolites with “carbonatite-type” metasatism (inferred from WR and cpx REE
332 patterns) from the Udachnaya kimberlite in the @@r8iberian craton and from Taridtg.
333 1; Doucet et al., 2012; lonov et al., 201They found the lowesf**Ca of 0.25%. in a single
334 sample extremely low in AD; (0.09 wt.%) and with high Ca/Al (3.9), but othew+5**%Ca
335 (0.55-0.79%) xenoliths fromdang et al. (2017have both low CaO and low Ca/Ati§. 4b,
336 c), unlike those in this study. Furthermafang et al. (2017)eporteds***€Ca of 0.83 to

337 0.89%o for three Ca-Al-rich Iherzolites affected‘isylicate-melt” metasomatisni{(g. 4),

338  which overlap thé***%Ca range for the carbonate-bearing Obn xenoliths.

339 The§*/*%Ca range for eight out of nine metasomatized xémfromKang et al. (2017)
340 (0.55-0.96%o) is nearly the same as for the Obn IXésctudied here apart from two unusual
341 Obn peridotites (see next section) with hidfi*Ca Eig. 4). In particular, thé*¥*%Ca range
342 in the Udachnaya and Tariat xenoliths presumaligcegd by the silicate-melt metasomatism
343  (0.83-0.89%o) overlaps tfé**%Ca range in the carbonate-bearing and other Ca@irh

344  xenoliths of this study. We conclude tb4t*“Ca cannot be used to robustly distinguish
345 Dbetween “carbonatite” and “silicate” metasomatiinappears, however, that the lowest
346 §**%Ca in the lithospheric mantle may be found mainlyhie most refractory, low-Al

347 peridotites.

348

349 5.3 Peridotites with highs**“%Ca
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The5*4%Ca of 1.22 and 1.38%. in two Obn xenoliths are emitirbecause they are too
high to be attributed either to melt extractiomfréertile mantle gection 5.) or to reaction
with the same Ca-rich metasomatic media that aftettie other Obn xenoliths (which have
lower §**%%Ca). Metasomatized Tariat xenoliths have lod#8f%Ca as well §ection 5.2.p
Alternative explanations could take into accoumsteéiridence that both anomalous Obn
samples were affected by silicate melt percolatiogure D shows that peridotite Obn 68-13
was sampled close (1-2 cm) to a websterite vemposed of opx and cpx with minor
olivine and spinel. Fine-grained spinel websterégas with gradational contacts in this and
other Obn xenoliths formed shortly before the kinfibeeruption because long residence in
the mantle leads to recrystallization to more oparsd texturally equilibrated rocks(lov et
al., 2018h. Furthermore, the absence of sharp contactshuish peridotites excludes an
origin by intrusion of the kimberlite magma thatroed the xenoliths.

It is conceivable that the silicate liquid, whidrrhed the pyroxenite vein, had a high
5*¥%%Ca and conveyed this Ca-isotope signature to teegwsidotite by infiltration. This
hypothesis cannot be tested directly because we haa-isotope data on the vein, but it
does not appear likely. First***%Ca values for erupted continental and oceanic tiasal
magmas are <1.2%o (e.ghu et al., 2018 Second, the WR trace element pattern of Obn 68-
13 is very similar to that of other Obn peridotiteghis study (bnov et al., 2018fthat show
much lowers***%Ca. Finally, two pyroxenites analyzed in this sttidgluding another fine-
grained websterite, show low&¥*%Ca (0.74-0.93%.Table 2 further arguing against a
source liquid with an anomalously higf"*‘Ca.

A detailed study, with analyses of the vein anthefhost peridotites at different distances
from the vein, is needed to examine the HigfCa in Obn 68-13. However, a viable
alternative could be diffusion-driven kinetic fratation of Ca isotopes at the melt-rock

boundary, similar to that invoked to explain expentally produced***®Ca fractionation of
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6%o at the interface of molten basalt and rhyoRekter et al., 2003or anomalous Cr
isotope ratios in veined Tariat xenolith64 et al., 201Y. A diffusion-controlled process may
have also enriched dunite Obn 59-13 (likely of reglannel origin) in heavy Ca isotopes.
Kinetic fractionation of metal stable isotopes dgrimelt-rock reaction and melt
percolation was earlier invoked for Li, Fe, Mgoden et al., 2018; Pogge von Strandmann et
al., 2011; Teng et al., 2011; Weyer and lonov, 200 et al., 2018; Xiao et al., 2011.8nd
other elements. Evidence for diffusion-controlleali€otope fractionation has been
previously reported for a suite of peridotite xetal from North China that show
anomalously lows**4%Ca (-0.08 to 0.92%.) anif >4 e ¢hao et al., 2017 Variable, but
generally low, Mg# in those xenoliths are attrilsite percolation of evolved basaltic liquids
and possibly compositional effects of Ca isotopacfionation between co-existing cpx and
opx, supported by numeric modelindguang et al., 2010; Wang et al., 2Q1Mass balance
considerations suggest that if such a process pesdal lows***%Ca component, it should
also produce a complementary higfi*Ca component, which might explain the high-

§*44%Ca values in the two Obn samples.

5.4 Ca isotopes as tracers of Ca recycling

Mantle metasomatism by carbonatite and carbonakesilicate liquids extracted from
subducted slabs that contain sedimentary carbohatebeen repeatedly invoked for
lithospheric erosion and reworking of the mantiledsphere, in particular beneath the North
China craton (e.gChen et al., 2098 Our study, however, finds no coherent and sigguiit
Ca isotope variations in mantle xenoliths that ddu¢ seen as robust evidence either for
carbonatite metasomatism or links to subductioateel materials and tectonic settings.

Kang et al. (2017¥peculated that low***%Ca values in metasomatized mantle xenoliths

may be linked to recycled crustal materials bectiuseCa isotope compositions of
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sedimentary carbonates are highly heterogeneoumangi of these rocks have low#f*Ca
than BSE estimates (efgantle and Tipper, 2014; Farkas et al., 2016; @ri#t al., 2015;
Husson et al., 20)5In particularFantle and Tipper (2014&ported &***%Ca range from -
1.1 to 1.8%o. for 1301 carbonate rocks (with 95% atadrom -0.2 to +1.3%0) and a mean of
0.60 + 0.02%o, which is lower than the mean (0.91@4%o) they obtained for 153 silicate
rocks and minerals. Earlidruang S. et al. (201 Bttributed ~0.3%o variation is'***%Ca for

11 Hawaiian tholeiites (0.75-1.05%o) to additiorupfto 4% of hypothetical recycled marine
carbonates with***Ca of 0.2%. to a plume component witt*Ca of 1.05%..

In contrast, a more recent data compilation for BBcambrian (0.54-3.0 Ga) carbonates
(Blattler and Higgins, 2013%)ielded an averagé**®Ca of 0.94%. and showed that the means
for samples from 12 time intervals with >10 anatydal not exhibit a persistent temporal
trend.Blattler and Higgins (20173rgued that the mean of the available carbonaliensaét
dataset is indistinguishable fraif{*®Ca estimates for the BSE within uncertaimittler
and Higgins (20173lso reported &***Ca range of 0.5-1.3%o for carbonate veins from a
drilled section of 170 Ma altered oceanic crusthwine majority of the data between 0.88 and
1.28%0. They noted that the average for veins frioi: and the majority of other drilled sites
are higher than BSE estimates, which implies thatation of oceanic crust may not produce
low 3***%Ca values in subducted slabs.

Two aspects of the data in this study are congistéh the contention that sediment
recycling and subduction of oceanic crust may motipce significant bulk changes in the Ca
isotope composition of the mantle. The first igt tim@tasomatism does not appear to produce
considerablé***%Ca shifts from the BSE value in the majority ofdieal mantle peridotites.
This is expected if the meah**%Ca of recycled crustal materials is similar to thiathe
convecting mantle. The second argument is thediclear differences in th&**Ca values

of mantle xenoliths affected by “carbonatite” vsilitate” mantle metasomatisrse(ction
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425 5.2.2. The opposite should be observed if carbonatjtéds are derived from the recycling
426  of sedimentary carbonates wiff*®Ca distinct from those of mafic silicate melts, efhare
427 thought to be derived by low-degree melting andtiamation in upwelling deep mantle.

428 It is difficult, however, to assess how spatialstdrogeneous and extreme could be the
429 §**%Ca values of subducted carbonate sediments andigiréiates on a local or a regional
430 scale.Blattler and Higgins (201 7#eported standard deviations ranging from 0.03 23 %o

431 for means*”*®Ca values of individual sections/formations (wiftD analyses) of their

432 carbonate dataset, which may reflect Ca isotopiaidity within the formations. Mingling of
433 fluids expelled from different parts of subductéabge.g. various sediments and altered
434 oceanic crust) may further reduce Ca isotope viitiam the metasomatic media injected to
435 the mantle. Although one cannot rule out that rieegmf sedimentary units with anomalous
436  §**%ca values could locally introduce to the mantléooaate-rich fluids or liquids that differ
437 from the BSE estimate (0.94 £ 0.05%o) by >0.5%0 (leigf2SD values for individual

438 formations reported bBlattler and Higgins, 2017such cases may be rare.

439 This contention is supported by the limited curyeavailable Ca-isotope data on mantle
440 rocks. Thes***%Ca values in carbonate-bearing Obn xenoliths ate0jil0—0.15%. lower than
441 the BSE estimate. Only one out of 50 samples franersiption centers reported here and by
442 Kang et al. (2017deviates by >0.5%. from the BSE value. This spdakimited Ca isotope
443 variability in liquids expelled from subducted sfaland/or effective homogenization of their
444  compositions on the way to the mantle domains etlido far. Strongéf***“Ca deviations by
445 metasomatism cannot be ruled out at present, byifo@aare; in some cases they may be due
446 to kinetic isotope fractionation rather than exstitirce compositionséction 5.3 Overall, it
447 appears that Ca isotopes have little use as a whcarbonate recycling.

448 Chen et al. (2018kported &***%Ca range of 0.8—1.2%. in pyroxenes (cpx and opx)

449 from metasomatized peridotite xenoliths at FansiNE China. This range extends to higher
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450 values than for the peridotites reported in thislgtand the literaturé<@ng et al., 2017; Zhao
451 etal., 201). Chen et al. (2018ontended that the heavy Ca isotope compositians a

452  inconsistent with lows***®Ca in carbonated sediments from the Paleo-Asiaarpaad

453  attributed the higlh***Ca to Ca isotope fractionation during subductiosarbonated

454 sediments. The latter argument, however, may bedd with their conclusion that Ca

455 isotopes can be used to detect recycled crust&rialstin the mantle.

456 To sum up, our data show no clear evidence thatwstiton and recycling of surface

457 carbonates were responsible for mantle metasomatishiithospheric erosion beneath

458 Obnazhennaya. Overall, we see no evidence thatd@apes are robust and unequivocal
459 tracers of recycling of surface carbonates to thetta. It appears that although the Ca

460 isotope range in some sedimentary carbonate ssitesad, their global, regional and

461 temporal averages may not be very different f&8fi%Ca in the BSERlattler and Higgins,
462 2017 and the most common mantle peridotites. Itis glsssible that local Ca
463 isotope heterogeneities in subducted rocks ardddwit during the extraction of carbonate-
464  rich fluids from the slab, and mingling and trandgps the fluids/melts to the mantle

465 lithosphere. Finally, while fluids released fronbducted slabs impact the mantle wedge, the
466 subducted sediments are ultimately stored in tle@ deantle where they contribute to plume
467 sources (e.gZeng et al., 2000 In such a case, Ca isotope signatures of mettlaids

468 generated by recent subduction events may be sitoithose of plume-related magmatism.

469
470 6. SUMMARY OF CONCLUSIONS
471 The scope and the origin of Ca isotope variatiarthe lithospheric mantle are examined

472 using analyses of 22 mantle xenoliths, includirgyftrst data on carbonate-bearing mantle
473  rocks, as well as literature results. &*%Ca range of 1.10 + 0.03%. determined for

474  refractory, non-metasomatized off-craton peridstitehigher than the BSE estimate (0.94 +
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0.05%0) based on fertile Iherzolitesgng et al., 201)/due to isotope fractionation during
melt extraction.

The §***%Ca range for the majority of metasomatized peridstirom the Obnazhennaya
kimberlite on the SE Siberian craton is narrow 460.97%0) and overlaps the BSE value.
Bulk */*%Ca in Obn peridotites containing metasomatic aalcinges from 0.81 to 0.83%o,
with similar values in acid-leachates (carbonases) leaching residues. Metasomatism tends
to decrease th&"**%Ca values of the affected mantle rocks, but thecesfare usually limited
(<0.3%o0). Peridotites that were refractory and Ca-guedore the metasomatism, and which
received the greatest relative Ca input (seengs®&/Al) usually have the lowest*%Ca.

We find no evidence that*“*%Ca can robustly distinguish between “carbonatited a
“silicate” metasomatism, or that recycling of calstarbonates may greatly affect Ca isotope
compositions in the global mantle. The latter maylye very different from the global mean
§*44%Ca of subducted sedimentary carbonates implyingGhdsotopes have little use as a
tracer of carbonate recycling. It is conceivabyaver, that anomalowé**®Ca values are
produced locally by kinetic isotope fractionatiauridg intrusion and percolation of melts in
channels and host peridotites. Ca isotope sigratifrmelts and fluids generated by recent
subduction events may be similar to those of pluet@ed magmatism containing sediments

subducted long time ago.
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APPENDIX. SUPPLEMENTARY MATERIAL

Supplementary data associated with this articlebeafound, in the online version, at

http://dx.doi.org/...

Figure captions

Fig. 1. Locality map for the Obnazhennaya (Obn) and Udaghiidd) kimberlite pipes on
the Siberian craton, and the Cenozoic Tariat (Yaldanic field in central Mongolia.

Fig. 2. Photomicrographs in transmitted plane-polarizgltl{a-c), and a back-scattered
electron (BSE) image (d) of Obnazhennaya peridggt®liths. Abbreviations: Carb,
carbonate; Cpx, clinopyroxene; Phl, phlogopite; Spinel; Gar, garnet; Ol, olivine. (a)
Pocket of Cpx, Phl and Cr-spinel in Obn 24-13,likermed by reaction of carbonate-rich
media with orthopyroxene. (b) Websterite vein mefigrained, mosaic, spinel peridotite Obn
68-13; thin dark veinlet in the peridotite is cliley a Ca-free alteration mineral. (c) Carb-Gar-
OI-Spl pocket similar to that shown in detail in(d) Carbonate (Mg-Fe-Mn-bearing calcite)
texturally equilibrated (straight grain boundariegh garnet and olivine.

Fig. 3. Co-variation plots of MgO (a), CaO (b) and Ca/&) ys. AbOs (wt.%) in whole-
rock (WR) peridotite xenoliths from ObnazhennayérQarge circles; Obn 21-13 with ~8
wt.% Al,O3 is beyond the scale) and Tariat (“Tar”, trianglédso shown (small rhombs) are
additional Tariat samples from the literatulen@v (2007) lonov and Hofmann (200Y,)
which were not analyzed for Ca isotopes, and prmitnantle (PM) afteMcDonough and
Sun (1995)PM is a term used in studies of chemical composibf mantle xenoliths, which
is essentially equivalent to BSE commonly usedatdpe studies. The Obn peridotites plot
close to the melt extraction trend defined by ttezdture data for Tariat xenoliths on the Al-

Mg diagram (@); this is because both Al and Mgralaist melt extraction indices and are
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little affected by metasomatism. In contrast, tregarity of the Obn peridotites have much
higher CaO and Ca/Al due to post-melting Ca enrighits1 The highest Ca/Al ratios are in
low-Al,03 (<1.5 wt.%) rocks, i.e. residues of high degreas@lt extraction initially strongly
depleted in Ca, for which the metasomatic input idates the WR Ca budget.

Fig. 4. Co-variation plots 08**%Ca vs. (a) AlOs, (b) CaO and (c) Ca/Al (wt.%) in whole-
rock peridotite xenoliths from Obnazhennaya andatakarge filled symbols, data from this
study (circles, non-metasomatized melt-depletedaT peridotites; rhombs, metasomatized
Obn xenoliths; triangle, Obn peridotite next toedny; small empty symbols, data frdtang
et al. (2017Y¥or residual (KangRes, circles) and metasomatf{KeahgMet) peridotite
xenoliths. Abbreviations: L, low (<2 wt.%); H, higBSE, bulk silicate Earth (primitive
mantle). Also shown are co-variation trends (bésiries: exponential in a-b and linear in c)
and coefficients (B for residual, non-metasomatized Tariat peridstitem this study
combined with those frordang et al. (2017)The metasomatized peridotites tend to have
lower §**“%Ca than pristine melting residues, but the diffeeeis small except for some
samples with very low CaO ands8); (<1 wt.%). Thes***%Ca are correlated with Ca/Al in
the Obn suite, but not for xenoliths from the Udzaya kimberlite (small rhrombEang et

al., 2017.
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Table 1. Summary of essential data on xenoliths

5*%Ca T°C P, GPa Whole-rock composition, wt.% Ol Modal composiion, %
Sa. N° Rock type SRM 915a Ca-opx Al-opx Al,O3 CaO Ca/Al Mg# Mg# (0] Opx Cpx Sp Gar Phl  Carb PI
Low-Ca-Al dunites and harzburgites
Obn 59-13  Sp Dunite 1.22 n.a. n.a. 0.14 0.38 3.7 0915 0916 98.2 - 15 0.4 - - - -
Obn 60-13  Sp-rich Dunite 0.96 n.a. n.a. 0.93 0.63 0.9 0.888 0.892 944 - 2.2 3.3 - - - -
Obn 69-13 Sp Hz 0.90 923 1.5/ 0.76 0.33 0.6 0918 0921 748 238 0.7 0.7 - - - -
Phl-bearing, mainly carbonate bearing, Ca-rich peridotites with low to moderate Al
Obn 08-13  Gar-Sp-Phl Hz 0.85 729 21 1.20 2.77 31 0919 0921 699 204 0.8 0.5 23 1.6 4.4 -
Obn 22-13 Sp Hz 0.81 1027 11.5/ 1.82 2.20 1.6 0.917 0920 76.1 158 1.9 2.6 - 0.5 3.1 -
Obn 24-13  Sp-Phl Lh 0.56 784 1.5/ 0.41 244 8.0 0.918 0.920 84.2 6.6 3.6 0.1 - 24  3,1* -
Obn 39-13 Gar-Sp Hz 0.81 711 1.6 1.90 3.17 23 0.918 0.920 66.4 20.7 21 1.3 4.0 11 4.5 -
Obn 53-13  Gar-Sp-Phl Hz 0.74 767 2.6 142 3.22 31 0919 0924 757 120 0.5 1.7 2.9 1.8 5.4 -
Ca-rich peridotites with low to moderate Al
Obn 12-13  Sp Lh-Wh 0.88 1047 1.5/ 1.63 244 2.0 0.920 0.921 84.0 2.6 10.7 2.6 - - - -
Obn 37-13  Sp Lh-Wh 0.78 685 /1.5/ 0.57 2.48 5.9 0.915 0.918 85.2 3.9 10.5 0.4 - - - -
Obn 68-13 Sp Wh 1.38 891 1.5/ 0.88 2.94 45 0.909 0912 84.0 25 12.4 1.2 - - - -
0-1017 Sp Lh 0.77 706 1.5/ 1.10 2.50 3.1 0917 0923 748 130 112 1.0 - - - -
0-1061 Gar-Sp Hz 0.81 716 1.5/ 0.82 1.95 3.2 0.916 0919 87.7 2.6 4.2 1.3 4.2 - - -
Ca,Al-rich Iherzolites
Obn 06-13 Sp Lh 0.97 668 11.5/ 3.25 4.86 2.0 0.924 0.924 68.7 5.7 21.7 4.0 - - - -
Obn 21-13 Gar-Sp Lh 0.97 698 2.0 7.98 5.49 0.9 0.900 0.922 447 7.0 17.4 1.1 298 - - -
0-47 Sp Lh 0.80 n.a. n.a. 2.66 3.76 1.9 0.909 0908 618 220 16.2 n.a. - - - -
Garnet and plagioclase pyroxenites
Obn 58-13  Sp-PI Whbst vein 0.74 n.a. n.a. 11.08 3.22 0.4 0.919 - - 28.9 59.1 7.6 - - - 4.5
0-1080 Ol-Gar-Sp Whst 0.93 729 2.1 7.18 8.02 15 0.909 0922 301 126 381 1.3 179 - - -
Refractory Tariat peridotites
Mo04399-23 Sp Hz 1.08 876 /1.5/ 0.88 0.78 1.2 0.912 0.913 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mo-92 Low-cpx Sp Lh 0.96 898 /1.5/ 2.14 1.65 1.0 0.912 0.913 n.a. n.a. n.a. na. na na na na
Mo-94a Sp Hz 1.12 886 /1.5/ 0.96 0.76 1.1 0.910 0.911 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mo-95 Low-cpx Sp Lh 0.99 868 /1.5/ 1.54 1.38 1.2 0.908 0.909 n.a. n.a. n.a. na. na. na na na.

See Table 2 for details of Ca isotope data (reproducility, accuracy, analyses of reference samples). Value for Obn 8-13 is an average of two full duplicates.

Data on the samples are from lonov et al. (2018b). Sample 58-13 is a vein in a harzburgite.
Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Gar, garnet; Carb, carbonate (calcite); Phl, phlogopite; PI, plagioclase
Lh, Iherzolite; Hz, harzburgite; Wh, wehrlite; Wbst, websterite; n.a., not available; -, absent.

See lonov et al. (2018b) for opx-based methods used to obtain equilibration temperatures (T) and pressures (P); P=1.5 GPa is assumed for spinel peridotites.

Modal estimates obtained by least squares method from whole-rock and mineral analyses, and normalized to 100%.

*Modal carbonate in sample 24-13 is an estimate for a hypothetical calcite component that could react with opx to yield metasomatic Cpx-Spl+Phl pockets



Table 2. Whole-rock Ca isotope compositions of xenoliths and reference samples

644/42(:a 644/40(:a 644/40C
Sa. N° Rock type relative to 28D relative to relative to 28D n
ICP1 SRM 915a SRM 915b
Obn low Ca-Al dunite and harzburgite
Obn-59/13  Sp Dunite 0.25 0.03 1.22 0.52 0.07 3
Obn-60/13  Sp-rich Dunite 0.12 0.02 0.96 0.26 0.04 3
Obn-69/13  Sp Hz 0.09 0.09 0.90 0.20 0.18 3
Obn Phl-bearing, mainly carbonate bearing, Ca-rich peridotites with low to moderate Al
Obn-8/13 Gar-Spl-Phl Hz 0.08 0.02 0.88 0.18 0.04 3
“Obn-8/13 R 0.06 0.06 0.83 0.13 0.12 3
"Obn-22/13 Sp Hz, vermic. 0.04 0.06 0.81 0.11 0.12 3
Obn-24/13  Sp-Phl Lh -0.08 0.01 0.56 -0.14 0.03 3
"Obn-39/13 Gar-Sp Hz 0.05 0.04 0.81 0.11 0.08 3
Obn-53/13  Gar-Sp-Phl Hz 0.01 0.04 0.74 0.04 0.09 3
Obn Ca-rich peridotites with low to moderate Al
Obn-12/13  Sp Lh-Wh, vermic 0.08 0.05 0.88 0.18 0.11 3
Obn-37/13  Sp Lh-Wh 0.03 0.06 0.78 0.08 0.13 3
Obn-68/13  Sp Wh 0.32 0.02 1.38 0.68 0.04 3
0-1017 Sp Lh 0.02 0.04 0.77 0.07 0.07 3
0-1061 Gar-Sp Hz vermic 0.04 0.07 0.81 0.11 0.14 3
Obn Ca, Al-rich Iherzolites
Obn-6/13  Sp Lh, protogran 0.12 0.01 0.97 0.27 0.02 3
Obn-21/13  Gar-Sp Lh 0.12 0.03 0.97 0.27 0.06 3
O-47 Sp Lh 0.04 0.07 0.80 0.10 0.14 3
Obn gamet and plagioclase pyroxenites
Obn-58/13  Sp-Pl Whst vein 0.01 0.01 0.74 0.04 0.03 3
0-1080 Ol-Gar-Sp Wbst 0.11 0.07 0.93 0.23 0.14 3
Refractory Tariat peridotites
Mo4399-23 Sp Hz 0.18 0.01 1.08 0.38 0.03 3
Mo-92 Low-cpx Sp Lh 0.12 0.02 0.96 0.26 0.05 3
Mo-94a Sp Hz 0.20 0.01 1.12 0.42 0.03 3
Mo-95 Low-cpx Sp Lh 0.13 0.02 0.99 0.29 0.05 3
International reference samples
SRM 915a  Carbonate -0.35 0.08 0 -0.70 0.16 24
SRM 915b  Carbonate -0.01 0.08 0.70 0 0.16 20
IAPSO Seawater 0.54 0.08 1.82 1.13 0.16 17
PCC-1 Sp Lh 0.28 0.01 1.29 0.59 0.02 3
BHVO-2 Basalt 0.05 0.05 0.82 0.12 0.1 3

ICP1, in-house Ca isotope standard (see text). See Table 1 for other abbreviations.

®R denotes full procedural replicated sample.

®Calculated based on the analyses of residue and leachate given in Table 3.

n, number of repeated measurements of the same solution



Table 3. The Ca isotope composition of leachate, residue and calculated bulk rock.

644/42 C a 644/40 C a 644/40 C a
Sa. N° fraction relativeto 2SD relative to relative to 2SD
ICP1 SRM 915a SRM 915b
Obn-8/13 leachate 0.18 0.05 0.00 0.82 0.12 0.01
residue 0.83 0.06 0.03 0.84 0.14 0.06
calculated bulk 1.00 0.83 0.13 0.06
Obn-22/13 lechate 0.75 0.06 0.02 0.84 0.14 0.04
residue 0.25 -0.01 0.06 0.70 0.00 0.12
calculated bulk 1.00 0.81 0.11 0.12
Obn-39/13 lechate 0.75 0.05 0.03 0.83 0.13 0.06
residue 0.25 0.02 0.03 0.77 0.07 0.06
calculated bulk 1.00 0.81 0.11 0.08

ICP1, in-house Ca isotope standard (see text)





