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This paper presents new data on geochemistry of rare-earth and high-field-strength elements in
the upper mantle peridotite (spinel lherzolites) and pyroxenite (amphibole clinopyroxenites, garnet
clinopyroxenites, websterites, and garnet websterites) xenoliths collected from Quaternary volcanoes
of the north-western part of Spitsbergen Island, Svalbard Archipelago. The fractionating of HFSE in
the peridotites and pyroxenites, and the effect of temperature on the equilibration distribution of these
elements between minerals of spinel lherzolites have been investigated based on geochemical features
of rocks and minerals, obtained by ICP MS and SIMS. It has been concluded that fractionation of Nb,
Ta, Zr, Hf, and Ti occurs in the upper part of the continental lithospheric mantle under the conditions
that exist at depth corresponding to the Moho discontinuity (at the temperature from 730 to 1180 °C
and pressures from 1.3 to 2.7 GPa). These conditions correspond to those of the phase transition of
spinel peridotites into garnet peridotites in the CMAS systems. It is most likely that the degree of part-
ial melting and the thermodynamic conditions of this process are the main factors regulating fractio-
nation of HFSE. The fractionation of these elements in the mantle of north-west Spitsbergen is notice-
ably different than in the mantle beneath Early Precambrian cratons.
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NEPUJOTHUTOB U ITMPOKCEHUTOB M3 YETBEPTUYHBIX BA3AJIbTOB
CEBEPO-3AITA/JHOT'O IHIMTMIIBEPTEHA

* Uncmumym 2eonoeuu u 2eoxpononocuu ooxkemopus PAH
** Cankm-ITemep6ypeckuil 20Cy0apcmeentviil yHuepcumen

B craTtbe npuBoAsSTCS HOBBIC JaHHBIE IO reoXxuMuH penko3eMensHbIX (REE) n BeIcOK03apsqHBIX
(HFSE) snnemMeHTOB U151 BEepXHEMaHTHITHBIX KCEHOJIMTOB M3 YETBEPTHYHBIX 0a3aJIbTOB CEBEpO-3ama/l-
Horo llInun6eprena, oTHOCAIUXCS K TOPOAaM NEPHI0TUTOBOH (IIMHUHENEBBIE TEPLOIUTEI) U MUPOK-
CeHUTOBOH (aM(UOOIOBBIC M TPAaHATOBBIC KIMHOMUPOKCEHUTHI, TPAaHATOBBIC M OE3rpaHaTOBBIC BEO-
cTeputsl) cepuii. Ha ocHOBe JaHHBIX O COJep KaHUMU JIIEMEHTOB B BAJIOBEIX IPo0Oax ¥ MUHEpAJax, IIo-
nyuyenHbix Merogamu ICP MS u SIMS, nccnenosano ¢paxunonuposanune HFSE B nepunorurax u
MUPOKCEHNUTAX, a TaK)Ke BIMSHHE TEMIIEpaTypbl HAa PAaBHOBECHOE PACHpEENeHHe 3TUX 3JIEMEHTOB
MEXIy MHHEpaJaMHy IIMHHEIEBBIX 1eploianToB. [lokasano, uro ¢ppaknumonuposanue Nb, Ta, Zr, Hf u
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Ti npoucxoauio B BepxHel 4acTH KOHTUHEHTAJIbHOH JTUTOC()EPHONH MaHTHH B YCIOBUSIX OJU3KUX K
TeM, KOTOpbIe UMEIOT MECTO Ha rpaHuiie Moxo (B nHTepBaie TeMnepatyp u aasaexuit 730—1180 °C,
1.3—2.7 I'lla cOOTBETCTBEHHO). DTH yCIOBUS COOTBETCTBYIOT TPAHUIIE MEXKIY OIBYMS (allisIMHA TITy-
OMHHOCTH (IITMHEJIEBBIX IIEPUIOTHTOB H IPAHATOBLIX MEPUIOTUTOB). Hapsiy ¢ TepMoanHaMU4ecKu-
MU napamerpamu, GakTopoM (HpaKIHOHUPOBAHMS BBICTyIala CTENEeHb IIAaBJICHNUsI MAHTHHHOTO Cy0-
crpata. Caenas BBIBOJ 0 TOM, uTo (dpakiponupoBanre HFSE B BepxHeil MaHTHH, [TOICTUIIAIONICH ce-
Bepo-3anaaubii LInundepren, mpoTekano CymecTBEHHO HHAYE, YeM B MAHTHH, PACIIOI0KEHHOH MO
paHHEOKEMOPHICKUMH KPaTOHAMH.

Kutouesvie c106a: KCEHOIUTHI, IEPUIOTHTHI, TUPOKCEHUTHI, BEPXHsISI MAHTHUS, PEIKO3EMEIbHbIE
1 BBICOKO3apsAHBIE HIEMEHTHI, (PPaKIIMOHUPOBAHUE.

INTRODUCTION

This paper presents new data on geochemistry of rare-earth elements (REE) and
high field-strength elements (HFSE) in the mantle peridotite and pyroxenite xeno-
liths collected from Quaternary volcanoes of the north-western part of Spitsbergen
Island, Svalbard archipelago. The effect of temperature on the equilibration distri-
bution of HFSE between the minerals of spinel peridotites, covering the temperatu-
re range of 730 to 1180 °C and pressure from 1.3 to 2.7 GPa, as well as the fractio-
nating of HFSE in peridotites and pyroxenites in the shallow mantle near Moho
have been investigated based on geochemical features of Svalbard xenoliths.

Geochemical studies of HFSE in mantle rocks and minerals are the leading to-
pic of modern mantle research. Because these elements are geochemical indicators
of the crust-mantle interaction, they help to identify sources of magmatic derivati-
ves. Recent studies have revealed that a mass imbalance exists for Nb, Ta and po-
ssibly Ti in the Earth: the continental crust and depleted mantle both have
sub-chondritic Nb/Ta, Nb/La and Ti/Zr ratios (Barth et al., 2000; Rudnick et al.,
2000; Miinker et al., 2003; Weyer et al., 2003; Pfander et al., 2007; Konig, Schuth,
2011). The Nb/Ta ratio of the silicate Earth is approximately 14.0. In the crust, this
ratio is equal to 12.0—13.0. In the basalts of the mid-ocean ridges, the average va-
lue of this ratio is 14.6, whereas in the chondrite C1 it is equal to 17.4—17.6. The
continental crust and the depleted mantle are not strictly complementary in their Nb
relation, and no mixing of these two reservoirs can produce the chondritic Nb/Ta
and Nb/La ratios in the silicate Earth. This leads to the assumption that the silicate
Earth has lost a certain amount of Nb and that there must be an additional reservoir
with a superchondritic Nb/Ta ratio. Thus, it is considered that such reservoir may
be subducted into the lower mantle the oceanic crust, transformed into rutile-bea-
ring eclogites at the core-mantle boundary (Rudnick et al., 2000). Another hypo-
thesis has been suggested by Wade and Wood (2001), who proposed that the impor-
tant role of the global budget of Nb is attributed to the terrestrial core. According to
this hypothesis, niobium may be partly dissolved in the core. The experimental stu-
dies of the chemical properties of Nb and Ta indicate a change in siderophile pro-
perties of Nb at high pressures, and show the lower siderophile character of Ta than
Nb, which is similar to that of vanadium (Mann et al., 2009; Wade, Wood, 2001).
A number of researchers have indicated the need to examine the role of the conti-
nental lithospheric mantle (CLM) in the global budget of Nb (Pfander et al., 2012).
Model calculations reveal that approximately 30 % of Nb may occur in the conti-
nental lithospheric mantle, but according to the authors a high Nb/Ta ratio in the
mantle is most likely limited to domains that have undergone carbonatite metaso-
matism. HFSE research on mantle peridotite and eclogite xenoliths (Nikitina, 2013;
Nikitina et al., 2014; Nikitina et al., 2015) support a hypothesis about the partial
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concentration of the missing niobium in the continental lithospheric mantle. Inde-
ed, the investigations show that the Nb/Ta and Nb/La ratios in mantle peridotite xe-
noliths, in spite of wide fluctuations (Nb/Ta from 8—10 to 80—100 and Nb/La
from 0.5 to 4—35), exceed chondritic values (17.6 and 1.0, respectively). Xenoliths
from the mantle beneath the Early Precambrian cratons, e. g., the Kaapvaal craton
or cratons of Eastern Siberian and North American platforms, are characterized by
highest Nb concentrations (0.15—10 ppm). Some researchers do not accept the
fractionation of Nb and Ta, or other HFSE in the upper mantle. Schmidt and co-au-
thors (2009) consider that during the transformation of the oceanic crust into eclo-
gites, Nb, Ta, Zr, Hf, and Ti have, on average, identical mobility, so significant
fractionation of Nb and Ta is not manifested.

The variations of Zr/Hf and Nb/Ta ratios in the natural reservoirs have a decisi-
ve importance in our understanding of the differentiation of the crust-mantle sys-
tem. Experimental data and observations show that these ratios change during the
magmatic process, in spite of very similar geochemical characteristics of these ele-
ments. All basalts, including basalts of Archean greenstone belts, MORB, and OIB,
have sub-chondritic Nb/Ta values and Zr/Hf values varying from sub-chondritic to
superchondritic (Biichl et al., 2002; Miinker et al., 2003; Pfander et al., 2007).

On this basis, following questions need to be answered: 1. What are the varia-
tions of Nb/Ta, Nb/La, Ti/Zr, Zr/Hf ratios in mantle xenoliths relative to those in
chondrite? 2. What are the degree and conditions for fractionation of Nb, Ta, Zr,
Hf, Ti in the shallow mantle near Moho? In this paper we try to answer to these qu-
estions using new geochemical data for mantle xenoliths from Quaternary basalts
of north-west Spitsbergen.

Mantle xenoliths (18 samples of peridotites and 14 samples of pyroxenites)
were collected from lavas and pyroclastic material of the Sverre Quaternary strato-
volcano and of the Sigurd and Halvdan slag cones, that located in the north-western
part of Spitsbergen Island along the deep Breibogen Fault (Johansson et al., 2005).
The K-Ar ages of the appearance of the Halvdan and Sigurd volcanic cones are 2.7
and 2.0 Ma respectively, the age of the Sverre volcano is between 10 and 6 thou-
sand years (Evdokimov, 2000; Sirotkin, Sharin, 2000). The displacement of the fo-
cus of Quaternary volcanism from south to north coincides with the opening of the
eastern Arctic Basin and the Norwegian-Greenland Sea (Sushchevskaya et al.,
2008).

The petrography and mineralogy as well as equilibration conditions (P, 7, f02)
for mineral assemblages observed in the studied xenoliths were described in detail
earlier (Glebovitskii et al., 2011; Goncharov et al., 2015). In the cited papers, one
can find a survey of previous publications concerned with the composition of mant-
le xenoliths, metasomatic processes and the upper mantle structure within the regi-
on (Amundsen et al., 1987; Genshaft, [lupin, 1987; Genshaft et al., 1993; Ionov
et al., 1993, 1996; Kopylova et al., 1996; Shubina et al., 1997; Maslov, Lasaren-
kov, 1999; Maslov, 2000; Evdokimov, 2000; Glebovitskii et al., 2011).

ANALYTICAL METHODS

The xenoliths selected for chemical analysis have not been affected by seconda-
ry processes such as development of carbonates in peridotites or the formation of fi-
ne-grained zones in pyroxenites. They were carefully cut using a diamond saw to
remove the basalt rims.
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The chemical composition of rocks was determined by XRF (for the major oxi-
des) and ICP-MS (for trace elements such as V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr,
Nb, Ba, La, Hf, Ta, Pb, Th, U) in the Central Laboratory of Russian Geological Re-
search Institute, Saint Petersburg. For XRF analysis, silicate was mixed with the
flux (50 % lithium metaborate and 50 % lithium tetraborate) at 1:9 ratio and smel-
ted in gold-platinum crucibles at the Classe Fluxer-Bis company (Canada). The lo-
wer limits of detection for Si0, and Al,O;, MgO and Na,O, and other oxides were
0.02, 0.05, and 0.01wt %, respectively. The REE contents in a solution of powde-
red rock samples were determined using a quadrupole mass spectrometer with in-
ductively coupled plasma. The deviation of error in determining Th, U, Pb, Hf, Lu,
Yb, Er, and Dy concentrations was estimated to be 10—15 %, the errors for the rest
of the trace elements including Ti, Sc, Zr, Sr and Nb were no more than 5 %. The
trace element contents in minerals were ascertained using Cameca SIMS-4f ion
microprobe (Yaroslavl Branch, Physical Technical Institute, Russian Academy of
Sciences) by the method described in (Fedotova et al., 2008).

WHOLE ROCK CHEMISTRY

Studied peridotite xenoliths are spinel lherzolites characterized by the assemb-
lage of olivine (Ol) + orthopyroxene (Opx) + clinopyroxene (Cpx) + spinel (Spl),
where Ol abundance is up to 84 %, Opx is up to 29 %, Cpx is up to 15 %, and Spl is
up to 4 %. Kaersutite is present as an minor mineral. The modal composition of
each xenoliths, calculated by the least-squares method from the whole rock and mi-
nerals chemistry, as well as the P—T conditions inferred from mineral equilibria
are shown in Table 1. The major and trace element compositions of peridotite xeno-
liths are presented in Table 2. They are characterized by an Al/Si ratio less than
0.112 (primitive mantle, PM) and an Mg/Si ratio higher than 1.047 (PM). On Al/Si
vs. Mg/Si and Ca/Si diagrams (Fig. 1), peridotite xenoliths show approximate line-
ar correlations between the ratios. These trends coincide with those reflected a
change of the composition of primitive spinel peridotites INTA and INTB at
1270—1390 °C and 1.0 GPa (Schwab, Johnston, 2001) and garnet peridotite WKR
at 1515—1950 °C and 3—7 GPa (Walter, 1998) as a function of the melting de-
gree.

Peridotite xenoliths, according to the primitive mantle-normalized rare-earth
element pattern, are depleted relative to PM and show a flat distribution of REE
from Sm to Lu (Fig. 2, a). An insignificant increase of Pr, Ce and La was observed
for the majority of the samples, including that with Lay > 1. The contents of Nd,
Sm, Dy, Er, and Yb monotonically decrease with an increase in the Mg/Si ratio
(Fig. 3, a, b). The resultant relations are similar to melting residues from the spinel
peridotite INTA at 1 GPa pressure over the temperature range from 1280 °C to
1390 °C (Johnston, Schwab, 2004). However, the contents of these elements in the
residues are lower than in peridotite xenoliths at the same Mg/Si ratio.

PM-normalized Rb-Lu patterns (Fig. 2, ») demonstrate a positive anomaly for
Nb and negative anomalies for Ta and Ti. Accordingly, peridotites are characte-
rized by the chondritic and predominantly superchondritic Nb/Ta ratio ranging
from 14.5 to 100. This ratio in the chondrite is equal to 17.4—17.6 (Barth et al.,
2000; Palme, O’Neill, 2003; Rudnick et al., 2004). The Nb/La ratio varies between
0.43 and 5.1, and in the majority of the samples it is lower than the same ratio (1.01)
for chondrite C1 (Palme, O’Neill, 2003). The Ti/Zr and Zr/Hf ratios range from
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Table 1
Modal compositions and P—T conditions for peridotite xenoliths

MopaanbHble cocTaBbl U P—T Ycj1oBUA MUHEPAJIbHBIX paBHOBeCl/lﬁ JAJIA KCEHOJIUTOB NMEPUI0TUTOB

Modal composition, %
Sample Volcano T,°C P,GPa
Ol Opx Cpx Spl

2161-71 11T 74 14 10 2 930 1.9
2161-2 11T 74 18 6 2 1060 2.4
2166-10 I 59 27 11 3 730 1.3
2166-11 11T 83 9 6 2 1030 2.3
2166-16 1 — — — — 940 2

2166-18 I 69 19 9 3 930 2

2166-24 1 60 27 10 3 880 1.8
2166-25 1 67 24 7 2 1150 2.7
2166-26 I 73 19 7 1 790 1.5
2166-3 I 51 33 13 3 910 1.9
2166-6 I 85 4 9 2 940 2

2166-7 I 84 5 10 1 1180 2.7
2166-8 1 79 11 7 3 770 1.5
2166-9 I 63 26 9 2 850 1.7
2172-24 1T 82 10 7 1 1090 2.5
CB-51 I 63 27 8 2 960 2.1
Sp-2 111 62 27 10 1 950 2

Sp-28 111 62 21 15 2 1080 2.4

Notes. Volcano: I - Sverre, II - Halvdan, III — Sigurd. Temperature calculated with the Opx-Cpx thermometer of

Wood and Banno (1973), pressure calculated by projection of temperature estimates to the 55 mW/m? regional geotherm
of Hasterok and Chapman (2011). The modal compositions of xenoliths calculated by the least-squares method using the
whole-rock and mineral chemistry.

19.1 to 154.6 for the former and from 28.4 to 52.4 for the latter. In most cases
they are lower and higher respectively, than in the chondrite C1 (Ti/Zr 119.6,
Zr/Hf 36.1).

In Fig. 4, the variations of the HFS element concentrations and their ratios for
studied xenoliths are plotted. Here, the compositions of spinel peridotite xenoliths
in Quaternary basalts from different regions are also shown for comparison. The
significant spread of the HFSE ratios is observed within all diagrams. Only perido-
tites from the mantle of the Central Asian Belt (Tokinsky Stanovik and Mongolia)
form the separate field on the diagram of Zr/Hf vs Zr. These peridotites are charac-
terized by high contents of Hf (higher than in the chondrite C1, where the Hf con-
tent is 3.86 ppm) and superchondritic values of Zr/Hf.

Pyroxenite xenoliths were collected from basalts of the Sigurd volcano. Their
modal compositions and P—7 conditions are shown in Table 3. Whole-rock major-
and trace-element contents are summarized in Table 4. These xenoliths are charac-
terized by the Al/Si, Ca/Si ratios higher and the Mg/Si ratio lower than in primitive
mantle (Fig. 1). The Mg/Si ratio for studied xenoliths does not change substantial-
ly, while the Al/Si ratio varies from 0.15 to 0.55. The pyroxenite xenoliths form
trends that intersect the PM geochemical fractionation line (Fig. 1) and also inter-
sect trends of melts composition, which formed during the melting of the primitive
spinel peridotites (Schwab, Johnston, 2001) and the garnet peridotite (Walter,
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Fig. 1. Al-Si vs Mg/Si (a) and Ca/Si (b) diagrams for mantle xenoliths and partial melts formed in mantle peri-
dotites. For reference, average compositions of basaltic rocks are also plotted.

I1—5 — xenoliths (/ — peridotites, 2—5 — pyroxenites: 2 — websterites, 3 — garnet websterites, 4 — garnet

clinopyroxenites, 5 — amphibole-bearing garnet clinopyroxenites); 6—8 — melts, formed during melting of INTA (6) and

INTB (7) spinel peridotites at 1270—1390 °C and 1.0 GPa (Schwab, Johnston, 2001) and WKR garnet peridotite (8) formed

at 1515—1690 °C and 3—7 GPa (Walter, 1998); 9 — picrites (Zhang et al., 2008), /0 — MORB (Klein, 2003); // — alkaline

basalts (Farmer, 2007); /2 — Quaternary alkaline olivine basalts of NW Spitsbergen (Evdokimov, 2000); /3 — PM (Plame,

O’Neill, 2003). Lines A—A’ and B—B’ show, respectively, trends of geochemical and cosmochemical fractionation from
Jagoutz et al (1979). Shaded areas outline fields of the studied pyroxenite compositions.

Puc. 1. Bapuanuu oTHOLIEHUH cofiepKaHUil TTTaBHBIX KOMIOHEHTOB B MAHTHHHBIX KCEHOJIMTAX U paciulaBax,
00pa3zoBaBLIMXCs MPH IIABJICHUH IEPUAOTUTOB. [{JIs CpaBHEHHS Ha [arpaMMy BBIHECCHBI CPETHIE COCTaBbI
0a3aJIbTOBBIX TTOPOJIL.
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Fig. 2. Primitive mantle-normalized (Palme, O’Neill, 2003) trace elements distribution patterns for peridotite
(up) (a, b) and pyroxenite (¢, d) xenoliths (down). Shaded areas outline normalized patterns for different types
of basalts.

1—4 — xenoliths: / — websterites, 2 — garnet websterites, 3 — garnet clinopyroxenites, 4 — amphibole-bearing garnet
clinopyroxenites; 5 — alkaline olivine basalts of the Sverre and Halfdan volcanoes (Sushchevskaya et al., 2008); 6 — picrites
(Zhang et al., 2008); 7— MORB (Klein, 2003).

Puc. 2. CriekTpsI peaKHX 3JEMEHTOB, HOPMUPOBAHHBIX K npuMmuTHBHOW ManTHH (Palme, O’Neill, 2003) mis
KCCHOJIUTOB TIEPUIOTHTOB (686€pXy) N MUPOKCEHUTOB (6HU3Y). BbaeneHs 001acTH, COOTBETCTBYIOIIHE CIIEKT-
paM pa3IuYHBIX THUIOB 0a3aJIbTOB.

1998). The fields of pyroxenites are located separately on both plots, indicating dif-
ferences between their compositions and those of main types of basalts (Fig. 1).
Only websterites, as is seen on the Al/Si vs Mg/Si diagram, have compositions clo-
se to mid-ocean ridge tholeiites.

All of pyroxenites are enriched by REE relative to primitive mantle (Fig. 2, ¢).
The mantle-normalized REE distribution patterns differ from those in the picrites
(Zhang et al., 2008), N-MORB (Klein, 2003) and alkaline olivine basalts of Sverre
and Halvdan volcanoes (Sushchevskaya et al., 2008).
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Fig. 3. REE concentrations vs Mg/Si (@, b) and Al/Si (c) ratios for xenoliths and products (restites and melts) of

INTA spinel peridotite melting at 1270—1390 °C and 1/0 GPa (Schwab, Johnston, 2001). REE concentrations
in primitive mantle (Palme, O’Neill, 2003) are also shown.

Puc. 3. 3aBucumoctu conepsxanus REE ot orHomenus Mg/Si u Al/Si B kKceHONUTaX NEPUAOTHTOB U MHIPOKCE-

HUTOB, & TaKXe MPOJyKTaX IUIaBJICHUs (PEeCcTHTaX M paciuiaBax) mmuHenaeBoro nepuporuta INTA mpu

1270—1390 °C u 1.0 I'TTa (Schwab, Johnston, 2001). Coxgep:kaHue 3JIeMEHTOB B IPUMUTHBHON MaHTHH T10:
(Palme, O’Neill, 2003).
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Fig. 4. Variation plots of HFS element concentrations vs their ratios for peridotite and pyroxenite xenoliths
from Spitsbergen and other regions (a—d).

1, 2— studied xenoliths: / — peridotites, 2 — pyroxenites; 3—8 — spinel peridotite xenoliths in Cenozoic basalts from the

North China Craton: 3 — Hannuoba (Rudnick et al., 2004), 4, 5 — Wangoing and Longgoing (Wu et al., 2003), and from the

Central Asian Folded Belt: 6 — Tokinsky Stanovik (A. Goncharov, personal communication), 7— Barchatny eruption center

(Kalfoun etal., 2002), 8 — Mongolia (Wiechert et al., 1997); 9 — chondrite C1 (Palme, O’Neill, 2003); /0 — MORB (Weyer
et al., 2003); // — Earth’s crust (Rudnick et al., 2000).

Puc. 4. Bapuanuu cogepxanuit HFS aneMeHTOB 1 X OTHOIICHUH B KCEHOJIUTAX MEPUAOTUTOB H TUPOKCEHHU-
TOB u3 6asanpToB llnuudeprena u APYrux peruoHOB.

The dependences between REE concentrations and the Al/Si ratio in the pyro-
xenite xenoliths are not identical to those for melts experimentally formed in spinel
lherzolites at 1280—1390 °C and at 1.0 GPa (Johnston, Schwab, 2004). On Fig. 3,
¢, the trends of decrease in Dy, Er and Yb concentrations occupy a diagonal positi-
on relative to similar trends for the melts, in which concentrations of listed ele-
ments increase with the Al/Si ratio decreasing (this tendency is especially clear for
Dy). Similar nonconformity also occurs for Zr, Y and Sr.

Positive anomalies for Ba and Ti, negative anomalies for Th, Zr, and Hf, and a
weak positive anomaly for Sr are observed on the Rb-Lu PM-normalized plot
(Fig. 2, d). The fields of pyroxenite and peridotite xenoliths are isolated on diag-
rams Nb/Ta vs Ta, Nb/La vs Nb, Ti/Zr vs Ti, and Zr/Hf vs Zr (Fig. 4). In case of py-
roxenites, despite of a higher Nb content than in the peridotites, chondritic and

36



Table 3
Modal composition and P—T conditions of mineral equilibria for pyroxenite xenoliths

MonaabHblie cocTaBbl H P—T yc10BHSI MHHEPAJIbHBIX PABHOBeCHI
JIJISl KCEHOJINTOB MUKPOKCEHUTOB

Sample Itlock Modal composition, % Iec p.GPa
ype Amph Cpx Grt Opx Spl
Sp-10 a 10 61 — 29 — 1010* 2.1
Sp-13 b — 68 2 16 1 1310 33
Sp-14 a — 65 — 31 4 1080* 23
Sp-16 c — 53 47 — — — —
Sp-18 c 5 52 33 — 10 — —
Sp-19 c — 61 37 — 2 — —
Sp-21 c — 71 22 — 7 — —
Sp-22 c 6 54 16 22 2 1140 2.7
Sp-23 c — 68 18 4 10 1100 2.2
Sp-26 a — — — — — 1000* 2.1
Sp-36 c — — — — — — —
Sp-4 c — 65 33 4 — 1140 2.5
Notes. Rock type: a — websterite, b — garnet websterite, ¢ — garnet clinopyroxenite. In case of garnet

websterites, temperature and pressure calculated using the Grt-Opx thermobarometer (Nikitina et al., 2010); in case of
garnet free pyroxenites, temperature calculated using the Opx-Cpx thermometer (Wood, Banno, 1973; indicated by an
asterix), pressure calculated by projection of temperature estimates to the 55 mW/m2 regional geotherm of Hasterok and
Chapman (2011).

sub-chondritic values of Nb/Ta (8.2—19.6) are predominantly observed, and the
Nb/La ratio is usually less than in the chondrite C1 (Palme, O’Neill, 2003). These
xenoliths are characterized by a significantly higher content of Ti (5400—
18 700 ppm) in comparison with peridotites (60—780 ppm) and by a superchondri-
tic Ti/Zr ratio. The Zr/Hf ratio varies from sub-chondritic to superchondritic
(19.0—40.8), but sub-chondritic values predominate.

HFSE IN THE ROCK-FORMING MINERALS OF PERIDOTITE XENOLITHS

Trace elements contents in minerals of peridotite xenoliths are given in Table 5
and partition coefficients of HFSE between the coexisting minerals are in Table 6.
Typical primitive mantle-normalized REE distribution patterns for Ol, Opx, and
Cpx from peridotite sample 2166-25 (Fig. 5, a) show the maximum concentrations
of REE in clinopyroxene and the minimum in olivine. The comparisons of sums of
REE contents in xenoliths obtained by different ways (Fig. 5, b) reveal a close agre-
ement among their values. These results provide an evidence that the major hosts
for REE in spinel peridotites are rock-forming minerals: clinopyroxene, orthopyro-
xene and olivine. Among them, clinopyroxene has the highest contents of Nb, Ta,
La, Zr, Hf, and Ti.

In spite of limited number of studied samples, there is possibility to analyse the
effect of the temperature on the equilibrium distribution of HFSE between the mi-
nerals of spinel peridotites. The xenolith equilibrium temperatures and pressures
span the ranges 730—1180 °C and 1.3—2.7 GPa, respectively. Peridotite xeno-
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Trace element contents (ppm)

Conepixanne peIKHX 3JeMeHTOB (pPpm)

Sample 2162-2 2166-3 2166-8

Mineral Ol Opx Cpx Ol Opx Cpx Ol Opx Cpx
Mode, % | 74 16 8 52 29 15 79 10 8
T,°C 1060 910 770
F,% 29 0 27

La 0.003 0.01 11.7 0.002 0.011 0.628 0.052 0.006 4.06
Ce 0.016 0.066| 374 0.007 0.043 3.97 0.177 0.04 7.32
Pr — 0.013 4.81 — 0.009 0.766 0.014 0.006 0.855
ZNd — 0.093| 239 — 0.106 5.38 0.02 0.029 5.32
Sm 0.007 0.039 4.84 — 0.039 2.57 0.014 0.02 2.03
Eu 0.002 0.015 1.6 — 0.011 0.974 0.004 0.01 0.814
Gd 0.004 0.049 3.08 — 0.049 3.17 0.018 0.03 3.45
Dy — 0.07 2.48 0.015 0.124 4.18 0.01 0.1 3.86
Er — 0.094 1.44 — 0.101 2.71 0.004 0.198 2.59
Yb 0.012 0.188 1.42 — 0.237 2.49 0.019 0.305 2.8
Ti 15.61 130 478 17.1 850 4108 17 592 3088

\Y 9.36 73.1 171 10 112 265 11.6 109 276

Cr 0.503 (2158 4424 78 1685 3801 161 1959 4719

Sr 276 0.44 | 304 0.582 0.488 47.4 1.46 0.514 75.8
Y 0.043 0.615] 11.6 0.041 0.868 22.8 0.152 0.89 21.7
Zr 0.363 0.424| 10.1 0.12 1.28 34.9 0.184 1.06 31.1
Nb 0.004 0.018 0.499| 0.01 0.005 0.22 0.006 0.011 0.159
Ba 0.137 0.056 3.69 0.188 0.051 0.371 0.56 0.113 0.653
Hf — 0.027 0.531 — 0.042 1.47 — 0.047 1.49
Ta — 0 0.149 — 0.014 0.281 — 0.014 0.254
U — 0.003 4.03 — 0.003 0.004 — 0.012 0.2
Nb/Ta — — 3.35 — 0.36 0.78 — 0.79 0.63
Nb/La 1.33 1.80 0.04 5.00 0.46 0.35 0.12 1.83 0.04
Ti/Zx 43.00 306.60 47.33 |142.50 664.06 117.71 92.39 558.49 99.29
Zr/Hf — 15.70 19.02 — 30.48 23.74 — 22.55 20.87

liths, for which trace elements in minerals were determined, mostly are assembled
from basalts of the Sverre volcano. The xenoliths from volcanoes Sigurd (samp-
le 2166-2) and Halvdan (sample 2166-24) were excluded from the examination,
since they are considerably different in trace element contents and their ratios from
the xenoliths of the Sverre volcano.

In clinopyroxenes from peridotite xenoliths of the Sverre volcano, the tempera-
ture dependence of Nb concentrations are positive, whereas this dependence for Ta,
Zr and Hf are weak or absent. The positive temperature dependences are also obser-
ved for Nb and Ta in orthopyroxenes (Table 7). The temperatures dependences of
Ti content in both pyroxenes are not clear, although a positive dependence of this
kind is observed distinctly in olivine. The Ti/Zr ratio in both pyroxenes increases
with an increase in temperature. The Nb/Ta ratio in orthopyroxene decreases when
temperature increases, while in clinopyroxene it increases at the same time. The
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Table 5
in minerals of spinel peridotites

B MHMHepaJiaX IINWHEJIEBbIX NePpUI0THTOB

2166-9 2166-10 2166-11
Opx Cpx Ol Opx Cpx Ol Opx Cpx
23 11 59 27 12 78 10 9
850 730 1030
15 10 30
0.015 6.91 0.008 — 2.38 0.004 — 1.76
0.038 12.4 0.029 0.007 4.09 0.018 0.02 4.37
— 1.33 0.002 — 0.657 0.002 — 0.745
0.03 6.99 0.014 0.005 5.02 0.006 0.013 7.27
0.008 2.11 0.006 0.008 2.4 0.01 — 2.37
0.006 0.745 0.007 0.006 0.997 — — 1.06
0.044 2.22 0.007 0.033 3.18 — 0.025 2.96
0.114 3.16 0.007 0.077 3.99 — 0.08 4.54
0.124 2.15 0.004 0.107 3.42 0.004 0.076 2.84
0.255 2.09 0.018 0.207 3.15 0.006 0.172 2.58
388 1889 10.9 680 3943 12.9 569 5868
91.3 249 10.8 98.5 280 11.8 90.9 464
1666 3672 156 1676 4259 187 1926 5151
0.203 77.1 0.711 0.135 65 1.08 0.167 58.6
0.748 17.3 0.031 0.626 22.2 0.042 0.613 34.4
0.794 21 0.263 1.18 37.7 0.273 0.897 31.4
0.01 0.149 0.008 0.004 0.149 0.009 0.008 1.3
0.043 0.166 2.75 0.041 1.83 0.196 0.055 1.12
0.058 0.981 — 0.017 1.76 — 0.019 1.37
0.02 0.187 — 0.005 0.349 — 0.011 0.274
0.016 0.184 — 0.003 1.65 — 0.014 0.074
0.50 0.80 — 0.80 0.43 — 0.73 4.75
0.67 0.02 1.00 — 0.06 2.25 — 0.74
488.67 89.95 41.45 576.27 104.59 47.25 634.34 186.88
13.69 21.41 — 69.41 21.42 — 47.21 22.92

partition coefficients Dy; in mineral pairs orthopyroxene-clinopyroxene, olivi-
ne—clinopyroxene, olivine—ortopyroxene increase with an increase in temperatu-
re (Table 7). D™ ™ is considerably higher (>0.1) than D'~ (<0.1) and
DI (<0.01). D™ and D™ both reveal significant temperature depen-
dences: the first decreases, and the second increases with an increase in tempe-

rature.

DISCUSSION

The partition of HFSE between minerals and fractionation of these elements in
spinel peridotites in the continental lithospheric mantle beneath north-west Spits-
bergen require discussion. Peridotites are melting residues of a substratum, that is
close to primitive mantle, and represent the mantle depleted by main lithophile
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Table 5 (continued)

Sample 2166-18 2166-24 2166-25

Mineral Ol Opx Cpx Ol Opx Cpx Ol Opx Cpx
Mode, % 69 18 10 60 27 10 67 21 10
T,°C 930 880 1150
F,.% 24 13 22
La 0.003 — 6.21 0.003 0.007 3.54 0.007 0.017 11.6
Ce 0.03 0.027| 119 0.033 0.012 3.83 0.019 0.066 19.6
Pr 0.003 — 1.3 0.001 — 0.228 0.004 0.013 —
Nd 0.01 0.028 6.94 0.007 0.018 1.3 0.023 0.066 10.09
Sm — 0.02 2.3 — — 1.16 0.013 0.032 2.54
Eu 0.003 0.012 0.927 — 0.007 0.432 0.009 0.014 0.864
Gd 0.002 0.107 3.05 0.003 0.022 2.15 0.014 0.034 2.81
Dy 0.003 0.09 3.84 0.003 0.048 2.96 — 0.091 3.06
Er — 0.389 2.72 — 0.106 2.23 0.022 0.138 1.86
Yb 0.019 0.026 2.55 0.018 0.163 2.43 0.041 0.218 1.59
Ti 18.5 687 4197 12.6 382 1742 26.5 601 2703
\% 13.7 98.3 325 11.7 85.6 231 110 90.8 244
Cr 228 1869 7667 174 1451 3437 0.5572287 4577
Sr 0.545 0.298 | 123 0.592 0.154] ol 302 0.375| 174
Y 0.059 0.871] 229 0.05 0.605 16.4 0.07 0.933 18
Zr 0.211 1.22 413 0.253 0.3 6.65 0.564 2.69 48.4
Nb 0.005 0.026 0.229 0.005 0.01 0.161 0.072 0.013 0.684
Ba 0.071 0.106 0.252 0.242 0.043 1.35 0.199 0.102 0.434
Hf — 0.061 1.81 — 0.023 0.828 — 0.061 1.5
Ta — 0.02 0.269 — 0.008 0.229 — 0.038 0.254
U — 0 0.133 — 0.007 0.147 — 0.008 0.189
Nb/Ta — 1.30 0.85 — 1.25 0.70 — 0.34 2.69
Nb/La 1.67 — 0.04 1.67 1.43 0.05 10.29 0.77 0.06
Ti/Zr 87.68 | 563.12 | 101.62 49.80 |1273.33 | 261.96 46.99 | 223.42 55.85
Zr/Hf — 20.00 22.82 — 13.04 8.03 — 44.10 32.27

components (Al,O;, Ca0, and FeO) and trace elements (V, Sr, Y, Ti, Zr, Nb, Ta,
and REE). These rocks have been crystallized at the deep level close to the bounda-
ry of the phase transition of spinel peridotites into garnet peridotites in
Ca0O—MgO—AIL,0O; system at 730—1180 °C, 1.3—2.7 GPa. Both Zr/Hf and
Nb/Ta ratios in peridotites vary from sub-chondritic to superchondritic, whereas in
pyroxenites, as in basalts, the Nb/Ta ratio is predominantly sub-chondritic
(8.2—19.6). The Nb/La ratio in pyroxenites are also usually lower than chondritic.
Additionally, sub-chondritic values of Zr/Hf are established for the majority of py-
roxenite xenoliths.

The distribution of trace elements between olivine, orthopyroxene and clinopy-
roxene in spinel peridotites and temperature dependences of partition coefficients
were studied experimentally at 1150—1500 K and 1.5 GPa (Witt-Eickschen,
O’Neill, 2005). It was shown that HFSE are redistributed from clinopyroxene into
orthopyroxene with an increase in temperature. The last mineral and olivine also
can be the main carriers of many incompatible rare elements at magmatic tempera-
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Table 6

The Ti, Zr, Nb, Ta partition coefficients between the minerals of the spinel peridotite xenoliths
(the Sverre volcano)

Kos¢pduuuentsr pacnpenenenus Ti, Zr, Nb, Ta Mmexay MUHepaJaMu KCEHOJIHTOB
IINUHeJeBbIX Mepua0TUTOB (ByJkan CBeppe)

DOpx-Cpx DOL-Opx DOL-Cpx

Sample T,°C
Ti Zr Nb Hf Ta Ti Zr Nb Ti Zr Nb

2162-2 | 1060 | 0.272 | 0.042 | 0.036 | 0.051 | — | 0.012 | 0.036 | 0.008 | 0.033 | 0.856 | 0.222
2166-3 910 | 0.207 | 0.037 | 0.041 | 0.029 | 0.050 | 0.004 | 0.003 | 0.082 | 0.020 | 0.094 | 2.000
2166-8 770 | 0.192 | 0.034 | 0.069 | 0.032 | 0.055 | 0.006 | 0.006 | 0.038 | 0.29 | 0.174 | 0.546
2166-9 850 | 0.205 | 0.038 | 0.067 | 0.059 | 0.107 | — — — — — —
2166-10 | 730 | 0.173 | 0.031 | 0.027 | 0.010 | 0.014 | 0.003 | 0.007 | 0.054 | 0.016 | 0.223 | 2.000
2166-18 | 930 | 0.164 | 0.030 | 0.114 | 0.034 | 0.074 | 0.008 | 0.003 | 0.005 | 0.027 | 0.173 | 0.192
2166-24 | 880 | 0.219 | 0.045 | 0.062 | 0.028 | 0.035 | 0.007 | 0.038 | 0.031 | 0.033 | 0.843 | 0.500
2166-25 | 1150 | 0.222 | 0.056 | 0.048 | 0.041 | 0.150 | 0.010 | 0.012 | 0.105 | 0.044 | 0.210 | 2.182

tures. The data obtained in the present work regarding the partition of HFSE betwe-
en the minerals of spinel lherzolites and temperature dependences of trace element
content and their ratios agree with the experimental data. There are temperature de-
pendences of Nb and Ta contents in clinopyroxene and orthopyroxene from spinel
peridotites over the range of 700—1200 °C. The Nb content and the Nb/Ta ratio in
clinopyroxenes increase with an increase in temperature. The Nb and Ta content in
othopyroxenes increase when temperature increases, whereas the Nb/Ta ratio dec-
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Fig. 5. Mantle-normalized REE distribution patterns for peridotite sample 2166-25 (@) and the plot of compari-
son of the sum of REE contents in studied peridotites obtained by the XRF method (WRXRF) and the same sum
calculated from REE contents in olivine, orthopyroxene and clinopyroxene (WR™rer) based on mineral modes
in xenoliths (b).
When calculating WRXRF and WRminer, Th, Ho, Tm, and Lu are ignored because these elements are not detected in studied
minerals. / — clinopyroxene, 2 — orthpyroxene, 3 — olivine, 4 — WRminer 5 WRXRF,

Fig. 5. HopmupoBaHHOE K IPUMUTHBHON MaHTHHU PACIIPEICIICHUE PEAKO3EMEbHBIX 3JIEMEHTOB B 00pasiie re-

pugoruta 2166-25 (a) u rpaduk cpaBHeHus cyMMbl copepkannii REE B nepunorurax, onpeieeHHbIX MeTo-

nom RRF 1 paccunTaHHBIX Ha OCHOBE JIaHHBIX O COZIEPKAHUH PEIKO3EMEIIbHBIX 3JIEMEHTOB B OJIMBHHE, OPTO-
MTHUPOKCEHE M KINHOMMPOKCEHE 1 MOJIAJILHOTO COIEPIKaHMSI MHHEPAJIoB B KceHomuTax (b).
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Table 7

Parameters of linear temperature dependence of Ti, Nb, Ta, Zr, Hf
contents, their ratios in minerals, and their partition coefficients
between minerals of spinel peridotite xenoliths (the Sverre volcano)

IMapaMeTps! JIMHeIHOI TeMIepaTypHO# 3aBHCUMOCTH COJdEPKAHUI
Ti, Nb, Ta, Zr, Hf , ux oTHoLIeHHii B MHHepaJax u
k03¢ pUIHEeHTOB pacnpee]eHns 3IeMeHTOB MeK/1y MHHepaJaMu
B KCEHOJIMTAX IINHHeJeBbIX NepuaoTuTOB (ByJaKkan Cseppe)

Linear equation
y=a+bT a b-10% 2 n
Element content in minerals
NbOpx —0.0384 6 0.793 8
NbCpx -0.932 13.2 0.89 8
TaOpx —0.0045 0.7 0.879 8
Zr0! —0.388 7.2 0.74 7
Element ratio in minerals
Ti/ZxCrx 185.14 -1070 0.891 5
Ti/ZxOpx 1219.7 —8382 0.916 7
Nb/TaCrx -3.622 52 0.9 5
Nb/TaOpx 1.565 —-11 0.84 5
Partition coefficients of element between minerals

poPx e 0.704 1.6 0.766 6

o1 ~Opx ~0.009 02 0.823 7
pY' e 0.024 0.6 0.821 7
N 0.122 -0.7 0.728 6

op-Cpx ~0.173 27 0.803 7

Notes. T is the temperature in degrees of Celsius, 72 is a coefficient of correlation,
n is a number of samples.

reases. No distinct temperature dependences of Ti contents in othopyroxene and
clinopyroxene are observed in studied rocks, whereas olivine is somewhat enriched
with this element. Taking into account that peridotites have high modal content of
olivine and this content increases as partial melting increases, olivine may be consi-
dered as a main concentrator of Ti in harzburgites and dunites. The partition coeffi-
cients of Ti between olivine and orthopyroxene and between olivine and clinopyro-
xene increase with an increase in temperature. Likewise, Do™ ™ are positively re-
lated with temperature. The values of D™ ™ and D™ “ correlate with
temperature, too. It is indicated that redistribution of Ta between orthopyroxene
and clinopyroxene occurs with increasing temperature from 700 to 1200 °C: ortho-
pyroxene concentrates Ta, while clinopyroxene is enriched with Nb. Based on the-
se data, we can draw some overall conclusions relative to fractionation of Nb, Ta,
Zr, Hf, and Ti between rock-forming minerals at the temperature from 700 to
1200 °C and comparably low pressure.

It is clear that the partial melting regulates HFSE fractionation in the mantle,
because of the temperature and pressure dependence of partition coefficients of the-
se elements between minerals and melts (Foley et al., 2000). Thermodynamic con-
ditions for melting as well as chemical compositions of minerals determine the de-
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gree of fractionation. It is possible to conclude that the process of Nb, Ta, Zr, and Ti
fractionation occurs already in the upper part of the continental lithospheric mantle
under conditions that exist at depth corresponding to the Moho discontinuity (the
boundary of the phase transition of spinel peridotites into garnet peridotites in
CMAS system). However, the degree of fractionation of HFSE elements in mantle
rocks of north-west Spitsbergen is noticeably weaker than in the mantle beneath
Early Precambrian cratons (Nikitina et al., 2014; Nikitina et al., 2015) , i.e., at hig-
her temperature and pressure (in the conditions of the diamond depth facies).

CONCLUSION

Our study of mantle xenoliths from Quaternary volcanoes of north-west Spits-
bergen have led to the conclusion, that fractionation of Nb, Ta, Zr, Hf, and Ti oc-
curs in the upper part of the continental lithospheric mantle under the conditions
that exist at depth corresponding to the Moho discontinuity. These conditions cor-
respond to those of the phase transition of spinel peridotites into garnet peridotites
in the CMAS systems. It is most likely that the degree of partial melting and the
thermodynamic conditions of this process are the main factors regulating fractiona-
tion of HFSE. The fractionation of these elements in the mantle of north-west Spits-
bergen is noticeably different than in the mantle beneath Early Precambrian cra-
tons.
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