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Abstract Lherzolite xenoliths in Miocene to Pleis-term depletion in incompatible elements similar to un-
tocene basalts from five sites in the Hamar-Daban rangetasomatised xenoliths from other occurrences south
in southern Siberia provide sampling of the mantle closend east of Lake Baikal. The formation of feldspar and of
to the axis of the Baikal rift. These anhydrous spinelpongy aggregates after clinopyroxene, and the enrich-
Iherzolites commonly have foliated fabrics and spongyent in alkalies appear to be recent phenomena related
rims around clinopyroxene, and many contain accessduoy infiltration of an alkali-rich, HO-poor fluid into
feldspar. The feldspar occurs in reaction zones adjacspinel peridotites.

to spinel and orthopyroxene (where it appears to have

been formed by the reaction: spbpx+cpx+fluid
- fs+ol) and less commonly as thin, irregular veins. Thiatroduction

feldspars have variable compositions but are generally

alkali-rich; their K,O content ranges from 0.3 to 11.2%A large number of mantle xenolith occurrences are
and is much higher than in plagioclase from orogenknown in the Baikal rift zone (BRZ) in southern Siberia,
Iherzolites (usually<0.1% K,O). The temperature rangeRussia (Kiselev et al. 1979; Ashchepkov 1991). Basaltic
for the Hamar-Daban xenolith suite (950-100) is rocks in the BRZ commonly occur outside the basins of
more restricted than for spinel peridotite xenoliths frorthe rift system. Xenolith occurrences nearest to the rift
other occurrences in the Baikal area. The feldspar-bearis are on the northern slope of the Hamar-Daban
ing lherzolites yield equilibration temperatures similaRange south of Lake Baikal (Fig. 1). [A number of geo-
to or slightly lower than feldspar-free ones. The majoritgraphic maps provide an alternative transcription
of the Hamar-Daban Iherzolites are fertile and clinopyKhamar-Daban” that does not properly render that
roxene-rich, as for most other occurrences in the Baikahme from Russian or Buryat (Mongolian) into English].
region. Trace element compositions of selected xenolitet chemical and microprobe analyses of some xeno-
and their clinopyroxenes were determined by ICP-M8$ths from that area have been published in Russian liter-
INAA and proton microprobe. Feldspar-bearing xen@ture (Kiselev et al. 1979; Ashchepkov 1991). We pre-
liths are enriched in alkalies indicating that feldspar fosent here microstructural, major element, trace element
mation is associated with addition of material and is naind isotopic data for a suite of lherzolite xenoliths col-
simply due to isochemical phase changes. Most xerleeted at several sites in northwestern Hamar-Daban
liths and their clinopyroxenes studied are depleted (Rig. 1). An unusual feature of the Hamar-Daban xeno-
light REE and have contents of Sr, Zr and Y common fdiths is common occurrence of accessory feldspar that is
fertile or moderately depleted mantle peridotites. Fevery rare in other peridotite xenolith suites worldwide.
are moderately enriched in LREE, Sr, Th and U. Sr-Ntihe major aim of this paperisto addressthe origin of feld-
isotope compositions of clinopyroxenes indicate longpar in the source region of the xenoliths. Another aim is
to provide direct information of the composition of the
uppermost mantle in the vicinity of a continental rift.
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16. One sample comes from a basaltic outcrop in the
Suhaya river valley 15km south of the town of
Slyudyanka in northern Hamar-Daban (Fig. 1). The age
of the host basalt is 18 Ma (unpublished-lK&r data of I.
Ashchepkov)

Xenoliths in the young ‘valley’ basalts were collected
in lava flows at two sites on the left bank of the Margasan
river 20 km south of village Zun-Murino (Fig. 1). Most
samples are from a lava flow with an age of 1 Ma; a
nearby 4 Ma lava flow (unpublished K-Ar data of I.
Ashchepkov) contains abundant cpx megacrysts, but
very few xenoliths. A few other occurrences of mantle
xenoliths are known in western Hamar-Daban that are
not represented in our collection: Hubutuy river valley
south of the Tumusun volcano and Mount Urunduchi
(35 Ma) in western Hangarul ridge. Xenoliths from Bar-
toy locality in southern Hamar-Daban were described
earlier (Ashchepkov 1991; lonov et al. 1992b).
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Sample preparation and analytical methods

Fig. 1 Location map. Volcanic fields (after Kiselev et al. 1979)

and xenolith occurrences southwest of Lake Baikal. The Hamdfresh material for bulk rock analyses and mineral separation was
Daban volcanic field is shown witthicker fill (the basalts may not taken from central parts of the xenoliths taking care to avoid

cover the whole area shown, but in places occur as eroded relichafaltic veins and altered material. The rocks were crushed by
former continuous lava flows). Sampling sites are showhagge hand in a steel mortar and their aliquots ground in agate ball mills.
stars other known xenolith occurrences amall stars. Inset Clinopyroxene (cpx) was separated magnetically from the 0.3—
shows location of major Cenozoic volcanic fields south and east@® mm size fraction, then grains free of visible inclusions, cracks

Lake Baikal and surface contamination were hand-picked under microscope.
The final cpx separates were leached in diluted HF and HCI and
washed in distilled water and analysed by instrumental neutron

: : : tivation analysis (INAA) or dissolved (without grinding) in a
zoic basalts occur in the western section of the Hamipixture of concentrated HF and HCJQor inductively coupled

Dabanrange, south and southwest of southern tip of L§{8sma (ICP-MS) or thermal ionisation (TIMS) mass-spectromet-
Baikal (Fig. 1). The volcanic activity was most wideric analysis. _ _
spread and abundant in the Miocene and eruptions con-Major elements in bulk rocks were determined by X-ray fluo-

; ; ; ; escence spectrometry (XRF) using glass fusion discs at Macquar-
tinued locally until the Pleistocene. The Ollgocené University. Na and K contents were obtained by flame photome-

. : . e d
Miocene lava flows have been uplifted during the fajgt?y at Macquarie University and at Géttingen University (lonov

rifting” in the Baikal area in the last 3—4 Ma and occur irt al. 1992a). Mineral major element compositions were obtained
the watershed areas of the Hamar-Daban range as “si@ma Cameca Camebax JX 50 electron microprobe at Macquarie
mit” lava covers and their relics in topographic highglnlversny using the WDS technique. The microprobe was used

. : : with 15 kV accelerating voltage, sample current of 10 nA and a
(Kiselev et al. 1979; Logatchev and Zorin 1987). Th@eam diameter of 2—8m. Standards were natural and synthetic

Pliocene-Pleistocene basalts often form ‘valley’ lavi@inerals, matrix corrections were done by PAP (Pouchou and Pi-
flows in modern ravines and river valleys. choir 1984) procedures.
The 20 xenoliths used in this study are listed in Trace element analyses of five bulk rocks and two clinopyrox-

; : : e separates were performed by ICP-MS on a VG PlasmaQuad
Table 1. They have been collected at five sites in the wegsls; | 5o Centre @iogique et Gephysique, Montpellier, fol-

ern Hamar-Daban Range, including two occurrences fing the procedure reported by lonov et al. (1992c). Detection
Pliocene-Pleistocene “valley” lava flows on its northlimits in the solids (taking into account chemical blanks) were
western slope, two “summit” Miocene-Pliocene volcani@-5-2 ppb for most REE, Rb, Nb, Ta, Hf, Th, U and 5-30 ppb for

centres and a lava outcrop near Lake Baikal (Fig. 1). TR&" ZF, St Ba, Pb and Sc. Precision was controlled by measure-
ént of standard samples in each run and normally stayed within

Tumusun and Margas_an volcanic Centre_s are basa@@% for element concentrations well above the detection limits.
necks or dyke-like bodies that form summits in the warwo cpx separates were analysed by INAA using Ge(Li) detectors
tershed area topping a series of Miocene lave flows wifdr y-rays higher than about 100 KeV and an intrinsic Ge detector
a total thickness of about 500 m. Basaltic tuffs that afp_renergles below 150 KeV at the University oblBgne (courtesy

. . . of H.-G. Stosch). Clinopyroxene and feldspar were analysed using
pear to be associated with these eruption centres c proton-induced X-ray emission (PIXE) technique (Ryan et al.

er_Oded Mioce_ne basalts indica_.ting |at(_3 Miocena99o) at CSIRO, Sydney. Clinopyroxene was analysed in grain
Pliocene eruption ages. The xenoliths for this study wemunts, feldspar (and some additional cpx grains) was analysed
collected from the summit volcanic rocks whose-Kr in situ in thin sections. Sr and Nd isotope analyses of a host basalt

: _ d four clinopyroxene separates were performed at the Cos-
age is 5-7 Ma (Ashchepkov 1991). A sample of hoﬁfochemistry Division of Max-Planck-Institut fir Chemie in

basal 73-16b from the Tumusun volcano was cut frofainz, Germany using established procedures (Jagoutz and
the lava fragment that entrained peridotite xenolith 73vanke 1986).
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Table 1 Summary of petrography, temperature estimates and miepx shown as visual estimates relative to total cpae =5%,
eral compositions for xenoliths (- absent. Abundance of sponggmmon5-30%,abundant30—-99%)

Locality Petrography Temperature estimat&s)( Mineral chemistry

Sample N
Accessory Spongy Foliation Wells (1977) Ca-6px opx-spf mgd Cr,0O4 Al,O,
feldspar cpx core-rim core-rim core-rim in ol in spl in cpx

Central Hamar-Daban, the Margasan volcano:

83-36 common rare - 1005 1005-20 1015-50 0.893 8.6 7.0
83-50 rare V. rare weak 990-1015 1005-20 1020-45 0.895 8.4 6.8
83-69 common rare common 960-1000 990 980-995 0.897 10.5 6.5
T-1-30 - rare weak 975-1010 970-1030 990-1040 0.892 8.4 6.7
Central Hamar-Daban, the Tumusun volcano:

XD-1 abundant common common 950-975 975-985 970 0.896 11.8 6.4
98-13 common common common 950 950 950-975 0.893 9.3 6.5
73-16 - abundant common 980-1005 970-990 990-1005 0.889 7.7 7.0
502-7 - common weak 995-1025 1010-30 1010-45 0.897 10.6 6.7
502-13 - abundant weak 955-985 970-995 990-1020 0.889 8.4 6.7
502-15 - rare - 1000-20 1005-25 1000-45 0.898 10.9 6.7
520-9 common abundant - 995 1005 980 0.901 16.2 5.9
Northwestern Hamar-Daban, lava flows in the Margasan river valley:

AM-1 abundant common - 880 875-890 955-925 0.898 7.9 7.1
601-1 rare veins - common 965-1015 985-1030 940-975 0.908 26.1 4.5
601-3 rare rare common 975-1020 965-1020 970-1020 0.899 11.9 6.7
601-13 - common weak 1005-25 990-1025 995-1050 0.893 9.6 6.6
604-1 - common weak 1010-15 995-1015 1010-35 0.891 8.9 6.8
604-5 - abundant weak 980-1020 1005-1025 1035-60 0.878 6.9 7.2
604-7 - - strong 965-990 955-995 970-1005 0.898 13.1 5.9
604-1% - rare - 980-1000 995-1015 1030 0.897 11.8 6.6
Northern Hamar-Daban, a lava flow south of Slyudyanka:

SL-5Z - common weak 1145-1100 1125-15 1120-35 0.899 12.1 6.7

2 ThermometersCa-opxBrey and Kdhler (1990)ppx-splSachtleben and Seck (1981); temperatures calculated at 15 kbar
b Contains accessory apatite
¢ Cores of largest pyroxenes yield the followifigestimates: Wells 1093, Ca-opx 1070C, opx-spl 1094C

. . Many rocks contain accessory feldspar (Table 1). Most com-
Rock microstructures and modal compositions monly the feldspar occurs in fine-grained material adjacent to
partially resorbed spinel and orthopyroxene. The fine-grained ma-
All xenoliths studied are spinel Iherzolites. They have similar mterial commonly is made up of subhedral olivine (Fig. 2B) and
crostructures and grain size in all occurrences except Slyudyanfedspar, but may also contain clinopyroxene and very small grains
Most common are foliated fine-grained lherzolites, less abundaoit Cr-rich spinel or Ti-rich oxides (ilmenite or rutile, Fig. 2C).
are medium-grained protogranular rocks. Grain size in the foliat@dhe feldspar typically occurs as interstitial material between the
Iherzolites is typically 1-2 mm for olivine (ol) and orthopyroxenesecondary olivine (Fig. 2B), but also forms larger aggregates made
(opx) and 0.5-1.0 mm for clinopyroxene and spinel (spl) but isp of interlocking equant or prismatic grains (Figs. 2C, D). Both
significantly larger in the protogranular rocks: 2—4 mm for ol andpinel and orthopyroxene grains in contact with such pockets are
opx and up to 1-2 mm for cpx and spl. Foliation in the rocks ismbayed and partially replaced by the feldspar-bearing fine-
defined by elongated pyroxenes and olivines and chain-like clugrained material (Fig. 2B), which may enclose relics of orthopy-
ters of spinel. The degree of foliation varies strongly, and trangiexene optically continuous with a nearby opx grain. Many opx
tions between the fine-grained foliated and medium-grained prgrains in sample 520-9 have been transformed into aggregates of
togranular microstructures are also present (Table 1). Strain féae-grained olivine with minor interstitial feldspar. The transpar-
tures are not observed, and cores of pyroxenes usually haveemb brown or reddish spinel grains have spongy reaction rims con-
exsolution lamellae. sisting of black Cr-rich spinel and feldspar (Figs. 2B, C).
Clinopyroxene-rich (12-16% cpx) lherzolites are the most Less common are thin interstitial and cross-cutting feldspar
common, with rare cpx-poor varieties. Many clinopyroxene graingins. The veins are often connected with the fine-grained
are rimmed with fine-grained, spongy aggregates of seconddgldspar-bearing pockets around spinel and orthopyroxene
cpx (optically continuous with the parent grain) containing afFig. 2D). The distribution of the feldspar-bearing aggregates and
intricate network of vermicular microchannels and rare feldspaeins is heterogeneous within a single hand-specimen so that one
inclusions. The spongy clinopyroxene is present in all samplesrt of a xenolith or even of a single thin section may be relatively
studied except 604-7 (Table 1). The amount of the spongy cpxrish in these components and another entirely free of them. Both
quite variable within each sample but normally does not exceéuke textural position of the feldspar and its irregular distribution
10% of the total cpx content (Table 1). However, in some samplexlicate textural disequilibrium. The feldspar veins and pockets in
much or all of the clinopyroxene has transformed into the sponglye xenoliths are sharply terminated at contacts with host basalt
aggregate. No other minerals in the rocks appear to be affectedamd show signs of thermal reaction. The host basalts consist of dark
this process, and spinel grains inside or adjacent to the spongy licate glass with microlites of pyroxenes, feldspar and olivine;
show no alteration (Fig. 2A). they are very different from the feldspar-bearing material in the
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Fig. 2A-D Photomicrographs of Hamar-Daban xenoliths itocalities (Kiselev et al. 1979; Ashchepkov 1991). However, rare
plane-polarised transmitted lighh. Spongy clinopyroxeneGpX peridotites with accessory phlogopite were reportedly found in the
in sample 604-5 completely replacing primary cpx. Spirgp) Margasan river valley by |. Ashchepkov. Pyroxenites (discrete
and orthopyroxenedpX grains adjacent to cpx are not altered. Irxenoliths and veins in peridotites) occur in the Tumusun and Mar-
most other xenoliths spongy cpx occurs as rims around primaggsan volcanic centres, some containing kelyphitised garnet
cpx and does not exceed 10-20% of the total cpx content. Field(@shchepkov 1991).

view 5 mm.B Fine-grained olivine-feldspar aggregate replacing

corroded spinel and orthopyroxene grains. The spinel is rimmed

with a spongy aggregate of black chromite and alkali feldspawI . rs

Interstitial feldspar Fs) occurs between subhedral olivin®If ajor element compositions

grains. Sample 520-9, field of view 1.2 mn€ Same asK), and equalibration temperatures

feldspar largely occurs as subhedral prismatic grains accompanied

by tiny grains of Ti-rich oxides (which give to feldspar aggregat : :
cloudy appearance) and Na, Al-poor cpx. Sample 98-13, fieldegfeno“ths from the Tumusun and Margasan volcanic

view 1.2 mm.D Feldspar veins at grain boundaries of primar$€ntres commonly have moderately high contents of the
Inerzolite minerals connected to a fine-grained olivine-feldspabasaltic” major oxides: AIO;, CaO, TiGQ, Na,O. Their
pocket fop righf) containinig resorbed spinebkack) and orthopy- Mg numbers [mg-=Mg/(Mg+Fe),] range from 0.895
roxene. Sample XD-1, field of view 1.2 mm to 0.902 (Table 2); some xenoliths from the Margasan
river valley are moderately depleted. The contents of
xenoliths in lour, mineral assemblages and chemical compo Cao (Fig. 3), ALO;, TiO, are negatively correlated with
tion and in particdlar the feldspar aggregates do not contair?si h.e MgO contents and Mg numbers as .Is common world-
cate glass. There are no textural or chemical indications thiide. Most of the Hamar-Daban xenoliths analysed plot
feldspar-bearing pockets and veins in the xenoliths are relatedaB major element variation diagrams (Fig. 3A) in the
the host volcanic rocks. _ ) middle of the compositional fields for common peri-
Accessory sulphides are present in most rocks either as smadltites from other xenolith occurrences in the Baikal

interstitial grains or inclusions in silicate minerals (lonov et al_. SN
1992a). Sample 604-15 contains accessory apatite as small Af-Z0ne and northern Mongolia: Vitim, Bartoy and Tar-

hedral interstitial grains that have a turbid or vesicular appearani@ (lonov 1986; Press et al. 1986; lonov etal. 1992b,
due to abundant fluid inclusions. No amphibole or phlogopite h4993).

been found in any of the samples in this study. Sample 83-69 A striking difference, however, is consistently high

contains a needle-shaped fine-grained aggregate of-KNa 0 :
feldspar and rutile that may have been formed after a grain BPments of KO (0.03 to 0.08%) and of N® (Fig. 3B),

amphibole or mica. Available Russian publications do not repof? the Hamar-Daban peridotites (Table 2, Na and K
any amphibole- or mica-bearing xenoliths from these and nearayalyses were obtained in two different laboratories). All
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Table 2 Whole rock major element contents in selected xenoliths and a host basalt from Hamar-Dabablemt®€ntrynot deter-

mined)
73-16b 73-16 83-36 83-50 83-69 98-13 XD-1 AM-1 520-9
(Basalt)
Sio, 46.85 45.72 45.46 44.85 44.69 44.80 44.98 45.02 44.02
TiO, 2.00 0.16 0.153 0.134 0.114 0.134 0.13 0.12 0.05
Al O, 14.56 3.91 4.12 3.57 3.14 3.58 3.14 3.89 2.26
Cr,0, 0.39 0.43 0.45 0.45 0.43 0.50 0.43 0.51
>FeO 10.30 8.13 8.12 8.06 8.02 8.08 7.97 7.91 8.23
MnO 0.16 0.12 0.13 0.13 0.13 0.13 0.14 0.14 0.11
MgO 10.29 38.29 39.01 40.06 41.27 40.06 39.68 39.83 43.45
NiO 0.25 0.25 0.25 0.26 0.25 0.27 0.25 0.29
CaO 8.89 3.52 3.32 3.10 2.54 2.99 3.26 3.22 1.50
Na,0* 3.60 0.43 0.37 0.35 0.28 0.39 0.45 0.39 0.28
K02 1.85 0.09 0.033 0.053 0.045 0.082 0.10 0.03 0.1¢°
P,O5 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.08 101.01 101.39 101.00 100.95 100.92 100.62 101.23 100.80
mg# 0.640 0.894 0.895 0.899 0.902 0.898 0.899 0.900 0.904
Ba (ppm) 467 2.2 1.5 1.5 2.0
Sr (ppmy 785 14 13.5 13 9.5 12 17 11° 7°
#Na and K determined by flame spectrometry
P Ba and Sr determined by ICP-AES at Goéttingen University (lonov et al. 1992a)
¢ K and Sr contents obtained by XRF at Macquarie University
5 T T T T T T 005 T T T T T T
+ Vitim x N
x x x Tariat md-_-,
49 x * Bartoy | 044 x ,‘i‘;{ 7.} 7
o x © 5
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Fig. 3A Correlation between the contents of MgO and CaO arhigh bulk rock Na and K contents possibly could be
B between MgO and N& (determined by flame photometry, thisre|ated to the presence of feldspar and spongy clinopy-
work and lonov et al. 1992a) in peridotite xenoliths from Hamarr- xene

Daban in comparison with those from other localities south an - . . .
east of Lake Baikal (Press et al. 1986: lonov et al. 1992b; longv Microprobe analyses of selected xenoliths are givenin
et al. 1993). Feldspar-bearing Hamar-Daban lherzolites are shokhable 3 and some additional information (#gn ol,
asfilled symbolsin plot B. The Hamar-Daban samples plot withCr,O, in spl, AL,O; in cpx) is provided in Table 1 for all
other fertile peridotites in the MgoCaO diagram, but above thesamples studied. In all xenoliths except two the olivine
Mgﬁgg%?egeﬁgjdgmgﬁtgy the other xenolith suites because g numbers are below 0.900, £, contents in spinel
are quite low (7 to 13%) and alumina contents in pyroxe-
nes are high (6—7% in cpx). Overall, the mineral chem-
peridotites from Tumusun and Margasan volcanic ceistry, in addition to the bulk rock major element compo-
tres and Margasan river valley (both feldspar-bearirgitions suggests the moderately fertile character of the
and feldspar-free) plot above the Mg®la,O trend de- mantle beneath Hamar-Daban.
fined by xenoliths from other sites in the BRZ (Fig. 3B) Feldspar is compositionally variable, with CaO con-
because of their elevated Na contents. The high K caents ranging from 0.05to 10.8%, Mafrom 3.9t08.1%
tents cannot be due to contamination or analytical erraad K,O from 0.3 to 11.2% (Table 3); alkali-rich compo-
as the Hamar-Daban samples were prepared (e.g. xesitions are most common (Fig. 4). Feldspar grains of dif-
lith rims cut off) and analysed in the same manner as, afeting chemical compositions may be found nearby with-
often together with, other xenoliths from Siberia anth a thin section. There is no general relationship be-
Mongolia that yielded low £0.01%) K contents (ex- tween the textural position of feldspar (i.e. vein vs inter-
cept some hydrous peridotites) (lonov et al. 1992a). Thkdtial) and its composition. Feldspar is relatively rich in
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Or Sachtleben and Seck (1981) (Table 1). The values ob-
tained from all three methods are very similar, in partic-
ular those for the Wells and Ca-opx thermometers (with-
in 25° C). The opx-spl thermometer shows more scatter
for some samples, probably because it is very sensitive to
possible opx-spl disequilibrium due to mineral zoning
(Sachtleben and Seck 1981). The rims of pyroxenes yield
somewhat higher (by 5-4@) temperatures than their
cores for most samples (Table 1).

Both Wells and Ca-opx thermometers yield equilibra-

° tion temperatures ranging from 950 to 10 and a
® Hamar-Daban single value of 880C for cores of pyroxenes (except for
o X Zabargad the Slyudyanka occurrence). The temperature range for
H + N. Apennines the xenoliths that come from four different occurrences
o ° is rather narrow indicating a uniform thermal regime in
*% the uppermost mantle beneath the northwestern Hamar-

Daban. They are well within a normal temperature distri-
Ab An Dbution for spinel peridotites from active continental re-

gions (O’Reilly and Griffin 1985) and indicate a general-
Fig. 4 Feldspar compositions in Hamar-Daban xenoliths and {§ higher lithospheric heat flow than continental shield

peridotites from orogenic massifs in northern Appennines, Ita g ; _ ;
(Beccaluva et al. 1984; Rampone et al. 1995) and Zabargad Islaynr(?as' Equilibration temperatures for feldspar-bearing

(Bonatti et al. 1986; Piccardo et al. 1988). Feldspars in Hamdperidotites are similar or slightly lower than for feldspar-
Daban xenoliths have high content of orthocla€)(and albite free ones, consistent with an interpretation of a shal-

(ADb), and low anorthiteAn) content low(er) location for these samples. The temperature
range for the northwestern Hamar-Daban is more re-
stricted than those obtained earlier for two other locali-

titanium (0.15-0.35% TiQ). Olivines show no zoning, ties south of Lake Baikal: Bartoy, 890—-1095 (lonov

and the fine-grained olivine grains replacing orthopyet al. 1992b), and Tariat, 880-1100 (lonov 1986;

roxene (Fig.2B) are very similar in composition td’ress et al. 1986).

coarse primary olivines, except for higher contents of Cr An earlier reconnaissance electron microprobe study

and Mn in the former (sample 520-9, Table 3). No signiBf nine other peridotite xenoliths from the Slyudyanka

icant zoning has been found in spinel cores, but blackcurrence (Ashchepkov 1991) indicated temperatures
spongy rims of spinels in reaction zones (Figs. 2B, @f 1120-1200C (after Wells 1977) for eight samples
are high in Cr, Fe and Ti (see sample 83-69, Table 3nd a value o£ 90C C for a single one. Our detailed

Fine-grained clinopyroxene in feldspar-bearing aggrelectron microprobe work on sample SL-52 has found

gates is poor in Na and Al (sample 98-13, Table 3)hat the cores of largex2 mm) pyroxene grains yield

Spongy rims of clinopyroxene are also poor in,8a lower temperature estimates (1070-10€) than cores

(below 1%) and AJO;, but rich in CaO £20.5%). No of small pyroxenes (1120-1128&). It appears that the

glass has been found in their interstices, but rare feldspaurce region of the Slyudyanka suite has experienced a

inclusions occur. major heating event on a time scale that has not allowed

In the majority of xenoliths pyroxenes have highecomplete re-equilibration of the minerals in coarse-
contents of Al and Cr in rims as compared with cores, gsained peridotites.

well as high Ca in orthopyroxene rims and lower Ca in

clinopyroxene rims. The zoning is usually restricted te

~100um of the rims, whereas the cores of pyroxenes iinace element and radiogenic isotope compositions

the fine-grained foliated peridotites are homogeneous.

This zoning pattern may indicate a recent heating eveiithe ICP-MS and INAA trace element data are given in

or alternatively, incomplete equilibration during feldspafable 4; the proton microprobe data are given in Tables 5

formation. In contrast, some protogranular and weakand 6. Some samples have been analysed for the same

foliated peridotites show unmixing in cores of pyroxeelements by different methods. The ICP-MS values for
nes, and their large~3—-4 mm) orthopyroxene grainsRb, Sr, Nd and Sm in basalt 73-16b and Sr in cpx are

(that may be relics of the original rocks little affected bwithin +2% of those determined by TIMS isotope dilu-

deformation) are lower in Ca and Al than the smaller opion (Table 7); values for Sm and Nd in the cpx are within

grains and may have preserved arecord of slow coolingdr7% of the TIMS values. The contents of Sr and Zr
the past. determined by proton microprobe (by spot analysis of
Equilibration temperatures were estimated for corgsain cores) in cpx 83-36 and 98-13 are withirb% of

and rims of pyroxenes using the two-pyroxene thethe values obtained by ICP-MS on handpicked cpx

mometer of Wells (1977), the Ca-opx thermometer gfrains. Overall, the ICP-MS data that make up a larger

Brey and Kohler (1990) and the opx-spl thermometer pfart of our database for trace elements are in very good
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Table 4 Trace element compo-

sition (ppm) of bulk peri- Basalt Bulk peridotites Clinopyroxenes

dotites, clinopyroxene sepa-

rates and a host basalt 73-16b 83-36 83-50 83-69 98-13 83-36 8325083-69* 98-13
Sc 21.8 21.1 18.7 16.4 16.1 62.4 65.3 66.5 69.6
Rb 34.3 0.33 0.60 0.60 0.77 0.033 0.028
Sr 732 15.7 13.7 9.40 12.5 82.7 83.4
Zr 187 7.05 6.27 4.49 6.05 36.1 35.8
Nb 46.2 0.128 0.122 0.081 0.355 0.305 0.208
Ba 459 1.69 1.37 1.29 1.56 0.03 0.06
La 31.6 0.437 0.236 0.186  0.538 1.26 1.01 1.04 2.85
Ce 64.6 1.26 0.727  0.551 1.30 4.31 3.46 3.70 6.78
Pr 7.53 0.181 0.131 0.104 0.179 0.837 1.05
Nd 30.6 0.932 0.752 0.582 0.872 4.89 3.74 3.56 5.38
Sm 6.08 0.322 0.285 0.222 0.288 1.91 1.91 1.98 1.89
Eu 2.01 0.136 0.120 0.090 0.116 0.801 0.77 0.71 0.771
Gd 5.87 0.499 0.457 0.335 0.425 2.93 2.85
Th 0.788 0.090 0.083 0.060 0.077 0.542 0.52 0.57 0.528
Dy 4.53 0.620 0.589 0.416  0.533 3.73 3.65
Ho 0.830 0.139 0.133 0.093 0.118 0.828 0.813
Er 2.13 0.413 0.404 0.279 0.355 2.33 2.32
Tm 0.293 0.062 0.060 0.043 0.053 0.339 0.40 0.31 0.337
Yb 1.85 0.405 0.394 0.281 0.349 2.09 2.34 2.00 2.07
Lu 0.278 0.067 0.065 0.048 0.057 0.328 0.33 0.30 0.326
Hf 4.18 0.201 0.188 0.141 0.181 1.27 1.05 1.03 1.27
Ta 2.53 0.007 0.007 0.005 0.019 0.027 0.028
Pb 6.34 0.149 0.085 0.165 0.232 0.076 0.659
Th 3.41 0.013 0.011 0.011 0.130 0.029 0.225 0.761
U 1.04 0.0094 0.013 0.014 0.066 0.0095 0.284
ZrxP 1.30 0.82 0.83 0.78 0.81 0.71 0.72
Hf/Sm  0.69 0.63 0.66 0.64 0.63 0.67 0.67
Th/U 3.3 1.4 0.8 0.7 2.0 3.1 2.7

2 |INAA analyses (courtesy of H. Stosch)
b Zr*=Zr/[(Sm+Eu)/2], mantle-normalised (Hofmann 1988)

agreement with the TIMS and PIXE data. The INAA 10 s e e A e e e
values for Nd and Smin cpx 83-50 and 83-69 are system-
atically lower (by 9-16%) than those obtained by TIMS.
The contents of Sr and Ba determined in five bulk rock
samples by ICP-AES (Table 2) are in satisfactory agree-
ment with the ICP-MS determinations, though the .
ICP-MS technique is more precise at low Ba and Sr con-;
tents.

The REE distribution patterns in the four bulk rock //’*;*‘*M

- . ulk rocks

samples of peridotites from Tumusun and Margasan vol-
canoes are almost parallel to each other from Sm to Lu i
(Fig. 5). The contens of these moderately compatible
REE are positively correlated with the contents of Caand 0.1 — T
Al and negatively correlated with the Mg numbers of the LaCePr Nd SmEuGdTb Dy Ho Er TmYb Lu
rocks. The HREE contents in sample 83-36 are similar to
their estimates for the primitive mantle Hofmann’s
(1988). All bulk rocks and clinopyroxenes except 98-13
have slight to moderate depletion in light REE (LREE).
Sample 98-13 has an almost flat, slightly U-shaped REE
pattern both in bulk rock and clinopyroxene due to g, 5 Normalised (after Hofmann 1988) REE contents in bulk
minor LREE enrichment superimposed on moderate deek xenoliths and clinopyroxene separates. *INAA analyses
pletion in intermediate REE relative to HREE. Clinopy-
roxene 83-36 shows a much more pronounced depletion
in LREE than the bulk rock suggesting the presence @Fig. 6B). Their most conspicuous features are marked
LREE-enriched intergranular material. positive anomalies for Rb, U, K and (in two samples

Unlike the relatively simple REE patterns, the tracenly) Pb. The patterns for all the Hamar-Daban peri-
element distribution plots for the xenoliths (includinglotites analysed have similar shapes suggesting that their
highly incompatible elements) are quite compleanomalies may have similar origins for all the samples.

(&)
II|IJII
Illllll

1

tive mantle
1

nmi

o
w

IIIIIH
IIIIIII

Sample / P

4 83-69 Cpx* o 83-36 Cpx
4 83-69 WR e 83-36 WR
98-13 Cpx o 83-50 Cpx*
98-13 WR = 83-50 WR

<

<



182

RbB Th Nb_ K Ce Pr

Sr

Hf_ Ti
r

Eu

Gd Dy Er

100

| IIIIIII

—_
o

| IIIIII|

Rock / Primitive mantle

U Ta LIaIPIbINd Sm 7
T T T

T T T 1T 1771

e 73-16b (Hamar-Daban)

o 8603-1 (Bartoy)
o 302-36 (Vitim)
|

I'Il

Tb 'Ho Tm Lu
T T T 11T 17

| A.Basalts

I
I
I
|

1 1][1]][

Il IIIIlll

1

rerr 1111111111 1T 1 11 T 1T 17

Rb. Th Nb K Ce Pr
Ba U Ta La|Prb1

Nd Sm

Sr

Hf_ Ti

Zr Eu Tb
I

Gd Dy Er_Yb
[Ho Tm Lu
T T T 77T

Rock / Primitive mantle

Ililllll

T

1T

|B.
I
|
|

o

I
I
|
|

Peridotites

o

e 83-50
o 83-69
= 98-13

conclude that host infiltration did not significantly affect
the trace element composition of the bulk peridotite
xenoliths from Mongolia, Arizona and Bartoy. Post-
eruption alteration (e.g. by groundwater) can be a serious
concern for elements that are known to be relatively mo-
bile in sub-surface environments (U, Pb, K, Rb, Ba). In
contrast to magma infiltration, its effects are difficult to
define and identify. There is no petrographic evidence,
however, for any significant post-eruption alteration in
the xenoliths studied; they have no serpentine or smec-
tite, although they may contain thin films of amorphous
grain boundary material.

All four xenoliths shown in Fig. 6B contain accessory
feldspar and it would be reasonable to suggest that the K
and Rb in them reside in the feldspar (i.e. the rocks were
enriched in K and Rb before their entrainment by
basaltic magma). The contents of K and Rb in the
feldspars are extremely variable; nevertheless rough esti-
mates of their average contents can be made from the
data in Tables 3 and 6+ 5% for K,O and 60 ppm for Rb.

If these estimates are of the right order of magnitude,
then the bulk rock contents of K and Rb would be consis-
tent with the presence of about 1% of the feldspar, an
estimate that does not contradict the petrographic obser-
vations. The contents of U and Pb in the feldspars are
below detection limits of the proton probe, and we have
no direct evidence to suggest that the U and Pb spikes in

|
|
0.1 T T ! T T T T T T T T T
Nb K Sr Hf_Ti_Gd Dy Er_Yb
Ba U Ta La Pb Nd Sm Zr Eu Tb Ho Tm Lu

LU

bulk peridotites could be attributed to the presence of
feldspar.
Fig. 6A, B Normalised abundance pattern diagranss.Host Apartfrom the en_r'Chment in alkalies and the U sp|ke,
basalt 73-16b from Hamar-Daban in comparison with representf€ Margasan xenoliths 83-50 and 83-69 show consistent
tive basalts from the Bartoy and Vitim localities (lonov and Hofdepletion in incompatible elements from intermediate
mann 1995)B Bulk rock xenoliths from Hamar-Daban. All ele- gnd light REE to Nb, Ta and Th (Fig. 6B). Tumusun
m?rﬂtitsgun:gg{l‘ge(aOaf:ﬁaggringagg)ed to their concentration in ﬁgnolith 98-13 has the highest contents of Th, U and Pb
(as well as of K and Rb). Surprisingly, clinopyroxene is
a major host for U, Th and Pb as well as of REE in the
To interpret the patterns it is necessary, first of all, teenolith (Fig. 7A). The trace element pattern of the
distinguish between their mantle-derived componentinopyroxene is well correlated with that for the bulk
and possible contamination from host infiltration antbck (except that the cpx is very low in Nb, Ta, Rb and
posteruption alteration processes (Zindler and Jago®a), and the bulk rock enrichment in incompatible ele-
1986). ments (except K and Rb) appears to reside largely in the
Trace element distribution for the host basalt 73-16Binopyroxene. In contrast, clinopyroxene 83-36
from the Tumusun volcano (Fig. 6A) is very distinc{Fig. 7B) shows consistent depletion in incompatible ele-
from that the xenoliths. Contamination by host basattents from LREE to Th and the cplulk rock ratios are
therefore would be easy to identify. The very high comauch lower for LREE than for HREE. It is not clear if
tents of K and Rb in the Hamar-Daban xenoliths cannfgldspar may have contributed to the minor LREE en-
be a result of infiltration of the host magma as the hoschment in bulk 83-36 as the REE contents of feldspars
basalts are rich in Nb and Ta and have high (Nb/Taare below detection limit of the proton probe (100-
K,Rb) ratios, whereas the xenoliths have very low co200 ppm). Overall, post-eruption alteration does not
tents of Nb and Ta and low (Nb, TAK,Rb) ratios. Mass have to be invoked to explain the spikes in the trace ele-
balance estimates based on data from Tables 2 and 4 imdent pattern of xenolith 98-13, as it can be adequately
cate that the presence of as much as 1.8 to 4.5% and &xplained by the residence of K, Rb and Ba in accessory
2.2% of the basalt in the four xenoliths analysed woufeldspar, and of Th, U and Pb in clinopyroxene. The bulk
be required to explain their high contents of K and Ritock U spikes in the other three xenoliths result in very
respectively. However, even 1% contamination by tHew Th/U ratios (Table 4) compared with the bulk earth
basalt would result in much higher bulk rock contents alue of 4 (3.1 in cpx 83-36) and might be due to post-
Nb, Ta, Ba, Th than those measured (Table 4). Similaruption alteration.
and other evidence has been used by Stosch et al. (1986)All bulk rock xenoliths and clinopyroxenes have neg-
Zindler and Jagoutz (1986), and lonov et al. (1992b) &dive anomalies of high-field-strength elements (HFSE),
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Ro U Ta Ce Pr Sr Hf_Ti_Gd Dy Er Yb Table 5 Proton probe analyses of clinopyroxene (ppm)
ITIhlNlblLlalF‘lb'VNIdIS:’nIerIElullelHIOI-I-rnll_'lfJ
- A. Sample 98-13: i Sample N Sr Y Zr Ni Zn
103 bulk rock and cpx The Margasan volcano:
2 3! ] 83-36 83 19.1 38.0 393 16.3
g 1 | - 83-50 82 19.6 36.6 376 14.3
IS 1 7 83-69 68 16.0 30.0 340 13.0
= - [l -
-§ , A The Tumusun volcano:
s '3 3 XD-1? 82 15.4 38.0 350 12.0
g q 3 98-13 79 18.8 37.7 333 9.2
s 31 o 98430 ] 73-16 77 18.3 33.6 338 14.4
1 -13 Cpx n 502-7 78 14.4 29.3 380 12.0
1 ® 9%B13WR 4 502-13 70 18.0 31.7 338 14.5
| 502-15 75 15.1 29.9 344 14.3
0.1 L L L L L B 520-% 55 12.1 18.7 354 11.2
Rb_ U Ta Ce Pr St Hf_Ti_Gd Dy Er Yb
i No La Pb Nd Sm 2r Eu Tb Ho Tm Lu Lava flows, Margasan river valley:
| B omoe o336 Lo 8 m W
105 bulk rock and cpx o 601-13 69 14.9 25.5 333 12.6
2 . 3 604-1 80 19.0 35.0 352 15.0
g q - 604-5 34-105 13-21 29-40 290-336 9to42
2 b 7 604-7 47 9.4 14.9 349 11.5
'g% ] /\ R & Average of determinations in grain mounts and thin sections
2 E
s -] 20
S o 83-36 Cpx
. ® 83-36 WR -
/! 15 1 4 A
O R e Co A S e Oy B v £ £
Th “Nb La Pb Nd Sm Zr Eu Tb 'Ho Tm' Lu & 107 1 &
. o >~ m Margasan -
Fig. 7A, BPartitioning of trace elements between whole rock and 57 4 Tumusun 1
clinopyroxene in two Hamar-Daban lherzolites from ICP-MS data 2 NW Hamar A B
(Table 4). All element abundances are normalised to their concen-  [N—— . . . , .
tration in the primitive mantle (Hofmann 1988) 089 090 091 092 093 10 20 30 40
mg# Zr, ppm
20 40
which have been defined as depletions or enrichments of My .
the HFSE relative to the adjacent elements on compatiZ® * o1 a 1%
bility diagrams (Figs. 6B, 7). In this paper we use th ] é
normalisation values and compatibility order after Hofs '° 1 ] 1% &
mann (1988), which, in particular, defines the Zranoma- _ | o | ] o 110
ly as Zr*=Zr/[(Sm+Eu)/2]. Zr* in bulk rocks range c D
from 0.78 to 0.83; two clinopyroxenes analysed have Zr*

of 0.71 and 0.72 (Table 4). The negative Zr-Ti anomalies o 20 40 60 8 100 120 20 40 60 80 100 120
in bulk rocks are less pronounced than in clinopyroxene, S, ppm Sr, ppm

which may be due to positive Ti and Zr anomalies in ) )
orthopyroxene (Rampone et al. 1991; McDonough et g. 8A-D Correlation between the contents of Sr, Zr and Y in

1992). The HfSm ratios in bulk rocks and cIinopyroxe-C inopyroxenes from Hamar-Daban lherzolites obtained by proton

. Rt microprobe, and the relation between their Mg number{ghand
nes are only marginally lower than the primitive mantle content (see text)
value of 0.69 (Table 4), and the negative anomalies are
less pronounced for Hf than for Zr (Figs. 6B, 7).
affected by feldspar formation (e.g. rims of primary
grains adjacent to feldspar or fine-grained cpx in
Proton microprobe data for clinopyroxene and feldspdeldspar-bearing pockets). The contents of Sr, Zr and Y
inthe clinopyroxenes are negatively correlated with their
Cores of large#0.3 mm) clinopyroxene grains from 16Mg numbers (Fig. 8A) and the ¢{Cr+Al) ratios of
xenoliths were analysed by proton microprobe for Sr, Zspinel. Clinopyroxenes in the ‘fertile’ xenoliths
Y, Ni, Zn (Table 5). These results refer to primarymg#, =0.889-891, Cf(Cr+Al)g,=6.9-8.5) contain
clinopyroxene only and to not document the compositiofv—83 ppm Sr, 34—-38 ppm Zr and 18-20 ppm Y as com-
of spongy clinopyroxene and of clinopyroxene possiblyared to~55 ppm Sr, 15 ppm Zr and 7 ppm Y in the
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moderately depleted xenoliths. Most xenoliths with lowach other within samples and are not in equilibrium
contents of Zr and Y in clinopyroxene are from NWwith minerals of the host peridotite. Little data are avail-
Hamar-Daban (Fig. 8). There is a strong positive correlable on trace element composition of feldspar in mantle
tion between the contents of Zr and Y (Fig. 7B) and toeridotites. An ion probe study of plagioclase from |her-
lesser extent for Zr Sr and Y=Sr pairs (Figs. 7C, D). As zolites of the External Liguride units of the Northern
a result, their elemental ratios are very similar in mogtppennine orogenic belt in Italy (Rampone et al. 1993;
samples: StZr=2.4+0.3, SYY=4.5+0.4, and Zf Rampone etal. 1995) yielded a range of 70-170 ppm Sr
Y=1.9+0.2 (+2s). However, clinopyroxenes in xenoand very low abundances of Y and Z{ ppm); no Rb
liths 601-1 and 601-3 (from NW Hamar-Daban) plot ofand Ba were reported and appear to be below the detec-
the Zr—Sr and Y-Sr trends and have higher/&r and tion limit of ~1 ppm. The Hamar-Daban feldspars have
Sr/Y ratios because of relatively high contents of Sr (6@arkedly higher contents of Sr (and apparently of Rb and
and 102 ppm respectively) at rather low contents of Aa) and may be related to an enrichment event.
(14 and 28 ppm) and Y (7 and 13 ppm). The high Sr may
be due to metasomatic enrichment by a fluid rich in Sr,
but poor in Y (HREE) and HFSE (e.g. O'Reilly et al.Sr—Nd isotope compositions
1991; lonov et al. 1994). The enrichmentin Srappears to
be unrelated to feldspar formation as these two sampsand Nd isotopic compositions of the four clinopyroxe-
contain little feldspar, and only cores of clinopyroxenees analysed plot within the “mantle array” (Fig. 9) inthe
grains were analysed. The contents of all elemenipper-left part of the field of mid-ocean-ridge basalts
analysed are very variable in cpx 604-5, which is al{®ORB), extending to higher than MORB*Nd/**Nd
less magnesian (m#g=0.88) than clinopyroxene in anyand lower than MORBSr/2Sr in the DMM field (Zin-
other lherzolite. Sample 604-5, the two xenoliths witbler and Hart 1986) and define a depleted mantle source
the SyZr ratios in clinopyroxene that plot off the ‘depleregion. The Hamar-Daban samples plot within the field
tion’ trend in Figs 8C and 8D, and the only xenolith wittoutlined by LREE-depleted Iherzolite xenoliths from
apatite, are from the young lava flows in the NW Hamathree other central Asian localities: Vitim (lonov and
Daban. Clinopyroxenes from this locality show more edagoutz 1989), Bartoy (lonov et al. 1992b), and Tariat
idence for metasomatism than those from the Tumus(®tosch et al. 1986) (Fig. 9). The -SKNd isotopic com-
and Margasan volcanic centres. positions of the Hamar-Daban clinopyroxenes are very
Feldspar has extremely variable contents of Rb, Sr asignilar to those of unmetasomatised xenoliths from Bar-
Ba (Table 6):<2 to 149 ppm Rb, 40 to 3110 ppm Sr, 7@oy and Tariat, and have somewhat low&iNd/**4Nd at
to 3590 ppm Ba. These great variations are observgidhilar 8’Sr/®¢Sr as compared with the majority of
both between feldspars from within a single thin sectistrongly depleted Vitim Iherzolites. LREE-enriched cpx
and different xenoliths. In sample 98-13, two smaf8-13 plots in the low**3Nd/**“Nd-high 8’Sr/®¢Sr end
feldspar segregations adjacent to the same spinel grafrthis ‘depleted’ field, but distinctly away from the se-
have very different contents of Rb and Sr: 149 ppm Rparate field defined by clinopyroxenes from metaso-
51 ppm Srin one, an&2 ppm Rb,~200 ppm Sr in the matised Bartoy and Tariat xenoliths that have much
other; the KO contents in the same feldspar aggregatsver **3Nd/**“Nd and highef’Sr/8°Sr values, suggest-
vary from 0.4 to 5.4%. With the small number of feldspang distinct sources gand timing of the metasomatic
analyses done for each sample (three to five), it is netents.
possible to conclude whether the data summarised inThe three LREE-depleted clinopyroxenes from the
Table 6 may be typical for a given xenolith or are charaddargasan volcano (83-36, 83-50, 83-69) have very simi-
teristic only of the specific feldspar grain or segregatidar **’Sm/**Nd ratios of 0.243 0.04, and do not define
analysed. The extreme variations of K, Rb, Sr, Ba in tlem isochron that could constrain the age of depletion.
feldspars indicate that they are not in equilibrium withlowever, their depletion age can be estimated if we as-

Table 6 Proton probe analyses

of fe|dspar (ppmb|ank en- Detect. XD-1 520-9 83-69 98-13

tries below detection limit, o -

high Ni values may be due to limits Av. vein Pocket Av.of3 Av.of2 N5 N° 12 N° 13

the presence of fine-grained

olivine in fe|dspar segrega- Fe 20 900 2900 900 800 600 3500 9700

tions) Ni 10 34 20 122 22 168 211
Cu 5 29 6 39 12 40 171
Zn 4 11 20 6 8 72
Ga 3 15 13 12 11 9 12 14
Rb 2 32 3 60 58 124 149
Sr 4 1060 3110 860 143 41 49 206
Y 4 20
Ba 50 1555 2760 2520 195 70

Rb/Sr 0.030 0.001 0.069 0.40 3.0 3.1 <0.01
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0.5138 T - - T T T T Vitim, and Bartoy (lonov et al. 1992b). The model age
. B Hamar-Daban Cpx information indicates a major depletion event or a series

Basalts 4 of depletion episodes in the mantle beneath Hamar-Da-
ban in the Proterozoic, probably about 2 Ga ago. The
{ Rb—Sr model age of cpx 98-13 is quite high as well
(1.6 Ga) and one can speculate than the rock also experi-
enced a depletion event2 Ga ago followed by enrich-
ment in LREE some time later. It appears that the LREE
enrichment took place significantly later than the deple-
tion event, as the Nd-isotope composition of the cpx 98-
13 (with a low**’Smy/*4“Nd ratio of 0.20, which is close
to the bulk earth value) has not evolved far from the
X BSE | depleted field defined by the LREE-depleted xenoliths

° (Fig. 9).

The host basalt 73-16b from the Tumusun volcano has
a Sr—Nd isotopic compaosition very similar to those of
basalts from two other localities in the Baikal region for
which data are available [Bartoy (Housh etal. 1992;
Fig.9 Sr—Nd isotope composition of clinopyroxenes fromlonov et al. 1992b) and Vitim (unpublished data of lonov
Hamar-Daban xenolithfi(led square} and of their host basalt and Jagoutz 1991], butitis less radiogenic with respect to
(filled circle) (lonov and Jagoutz, in preparation). Also shown argr and more radiogenic with respect to Nd than the host

available data for other basalts from the Baikal region and centr, - S .
Mongolia €mpty circleslonov et al. 1994), bulk silicate Earth fdcks for xenoliths from Tariat in central Mongolia

(BSB and fields for clinopyroxenes from the Vitim, Bartoy and(Stosch et al. 1986; lonov et al. 1994) (Fig. 9). The very

Tariat occurrences (Stosch et al. 1986; lonov and Jagoutz 198@&rrow range of St Nd isotope compositions shown by

lonov et al. 1992b) the basalts from Hamar-Daban, Bartoy and Vitim sug-
gests that late Cenozoic basalts in the Baikal region have
been derived from an isotopically homogeneous mantle

sume that they were derived from a primitive mantlgource region characterised by a moderate time-integrat-

source and experienced only one depletion episo@el depletion inincompatible elements relative to the bulk

Their Sm—Nd and Rb—Sr model ages calculated relatigarth composition. On the other hand, the Tumusun

to bulk earth composition (Table 7) are fairly close tbasalt has higher contents of HREE and Sc, a higher Mg

each other for each sample (with#0.2 Ga) and there- number (0.64) and lower alkali contents than xenolith-

fore may be significant (Stosch et al. 1986). Altogethebearing basalts from Bartoy and Vitim (lonov and Hof-

the Sr and Nd model ages for the three clinopyroxengfann 1995).

define an age interval of 1.8 t0 2.5 Ga, or even a narrower

range of 1.8to 2.1 Ga if the high Nd model age for 83-50

is discarded. The latter range is identical to that earlier

obtained for LREE-depleted xenoliths from Tariat,

o

Bulk Earth
0.5134 =«

0.5130 |

143N4d /144Nd

73-16 bas ]

0.5126

0.704 0.705

87gr /865r

0.702 0.703

Table 7 Concentrations of K,

Rb, Sr, Sm and Nd and SiNd Host basalt Clinopyroxenes from peridotite xenoliths:
isotope data (data after lonov
and Jagoutz (|n preparation)’ 73-16b 83-36 83-50 83-69 98-13
n.d. not determined)
Sample wt (mg) 66.0 11.8 6.3 13.4 19.3
K, ppm 13670 40.6 47.3 n.d. n.d.
Rb, ppm 33.7 0.020 0.011 n.d. n.d.
Sr, ppm 716.5 80.9 80.4 74.1 81.6
Sm, ppm 6.21 1.86 1.76 1.73 1.77
Nd, ppm 30.0 4.58 4.43 4.23 5.29
47Smy/14“Nd 0.125 0.245 0.240 0.247 0.202
14Nd/ T4 Nd® 0.51278+2 0.51325%4 0.51330t2 0.51319t2 0.51312+2
Eng’ 2.2 12.0 12.9 10.8 9.4
8’Rb/®5Sr 0.136 0.00073 0.00041 n.d. n.d.
87Sr/863r 0.7041%-2 0.70254+2 0.702112 0.7024#3 0.70276t 2
Nd model age, Ga 2.05 2.47 1.78 /13.5/
Sr model age, Ga 1.77 2.11 1.81 1.57

2 14N d/**“Nd as measured

P eng adjusted by—0.6 (Jagoutz and Wanke 1986)

¢ Sm—Nd model ages calculated wittt’Sm/**“Nd=0.1966,***Nd/***Nd=0.512636
9 Rb—Sr ages calculated with RBr=0.03, and®’Sr/26Sr=0.7047 (bulk earth)
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variable, but they are in general poor in Ca and rich in Na
and K (Table 3). Such alkali-rich feldspars could possi-
) ) bly be stable in mantle peridotites at somewhat higher
Experimental constraints pressures than the K-poor plagioclase with moderate Na
contents in the experimental work on model peridotites.
Experimental studies of reactions between the end mem-
bers forsterite (Fo) and anorthite (An) (Kushiro and Yo-
der 1966) have shown that they are stable at less tHamssible effects of metasomatism
8.5+ 0.5 kbar at 1250C, but ok-opx+cpx+spl is the
stable assemblage at higher pressures. The pressur&hmd common location of feldspar-bearing aggregates be-
the transition between plagioclase and spinel stabilitween adjacent spinel and orthopyroxene grains
fields in the system Ca©MgO—AIl,O,—SiO, (CMAS) (Fig. 2B), the ubiquitous association of the feldspar with
is temperature dependent and varies between abboe-grained olivine, and the available experimental data,
6.5 kbar at 900C and 9 kbar at 1300C (Green and Hib- indicate that the feldspars in the Hamar-Daban |herzo-
berson 1970; Herzberg 1978). These results, howevdtes were formed as a result of the reaction:—Alpx
cannot be directly applied to natural peridotites that cor~-Na—Al-cpx+Al —spl+-K—Na-bearing fluid=ol+Na
tain appreciable amounts of Na and Cr, e.g. the presenckk —Ca—fs+Cr—spl. For example, the reaction be-
of sodium enlarges the depth region over which plagibween olivine and labradorite was approximated by
clase Iherzolite can exist (Windom and Unger 1988). Ti&reen and Hibberson (1970) as follows:
phase transitions in the peridotites are controlled by cou-
pled and sliding reactions involving changes in plagi®@CaALSi,O4- 2NaAlSL0; +8Mg,SiO,
clase and spinel solid solutions and thus occur over a labradorite olivine
range of pressures at a given temperature. A study of
reactions between magnesian olivine {Hoand labra- =3CaMgSjOg- 2NaAlSi2Q+10MgSiO3+3MgAlLQ,
dorite (Ansg), and between olivine and plagioclase in a omphacite enstatite  spinel
complex pyrolite composition (Green and Hibberson
1970) has found that there is a 5-phase field of The high K contents of the feldspars replacing spinel
ol+opx+cpx+pl+Al—spl between 9kbar and 1l1-and pyroxene as well as the presence of K-rich feldspar
14 kbar (depending on composition) at 12@in which veins necessitate addition of K to the peridotites as little
plagioclase content in bulk rock decreases with incregstassium is present in the pyroxenessQ ppm in the
ing pressure. It should be noted that the hih- cpx, Table 7) and spinel in the xenoliths. The contents of
boundary for the stability field of plagioclase could noK and Rb (to a lesser extent M2, Fig. 3B) in bulk rock
be very tightly located in the experiments, because of tkenoliths from Hamar-Daban are high relative to com-
difficulty of distinguishing small amounts of plagioclasenon anhydrous peridotite xenoliths and even to some
from possible incipient melting (Green and Hibbersohydrous peridotites. For example, the average contents of
1970). Pure albite (Ab) is stable in the Ab-Fo system up (435 ppm) and Rb (0.57 ppm) in the four Hamar-Da-
to about 18 kbar at 90 and 23 kbar at 122%C (Win- ban xenoliths analysed are higher than for amphibole
dom and Unger 1988); sanidine (KAISjDis stable in lherzolite xenoliths from the nearby Bartoy volcanoes
association with forsterite up to 20 kbar at 10@ (270 ppm K and 0.23 ppm Rb) (lonov and Hofmann
(Wendlandt and Eggler 1980). Thus the experimentd995). The experimental constraints and trace element
data suggest that plagioclase may be stable in fertile pexvdence strongly suggest that the formation of feldspars
dotites up to 8-9 kbar at 80C and 11-12 kbar atin the mantle beneath Hamar-Daban was a result of a
1200 C (Green and Hibberson 1970; Jaques and Gremmetasomatic event that enriched mantle rocks in potassi-
1980), whereas alkali feldspars can be stable at sonue and other alkalies.
what higher pressures. The nature of that event and of the media responsible
Equilibration pressures for the feldspar-bearinfprthe metasomatism remainuncertain. Particularly sur-
Hamar-Daban xenoliths are not known, but they can Ipeising is that trace element patterns of the Hamar-Da-
roughly estimated from the depth to Moho (referred to dmn xenoliths (Fig. 6B) show marked K and Rb spikes,
crustal thicknesses by Zorin et al. 1989) obtained by rkut no strong enrichment in other incompatible elements
gional seismic and gravity studies+45 km for the (except U). The available evidence appears to suggest
Hamar-Daban Range decreasing northwards to abtit the enrichment was caused by an exotic fluid rich in
40 km at the southern shore of Lake Baikal. Assumirg, Rb and Na (possibly U), rather than by a silicate melt.
the average crustal density ef2.8 g/cn® (Zorin et al. Melt compositions identical to the troctolitic (6fs) or
1989), this suggests pressure may be about 12 kbar jigdtispathic pockets and veins apparently cannot be pro-
below the crustmantle boundary. This estimate is higheduced by mantle igneous processes. Many feldspars are
than the upper limit of 10-11 kbar of plagioclase stabiltoo richin Rb (30-150 ppm, Table 6) to have precipitated
ty inferred for fertile peridotites a+ 1000 C (Creenand from a basaltic melt (e.g. like 73-16b) considering that
Hibberson 1970; Jaques and Green 1980). The compd3™¢'is well below unity both for plagioclase and alkali
tion of feldspars in the Hamar-Daban xenoliths is quiteldspars (Ewart and Griffin 1994). Mantle metasoma-

The origin of feldspar in mantle peridotites
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tism by a silicate melt would probably produce enricht010 C for neoblast crystallisation. Rare accessory pla-
ment in other incompatible elements (e.g. Nb, Th, La) igioclase (K-poor) was found in some peridotite xenoliths
addition to alkalies (an argument used earlier to rule ofsom eastern Sikhote-Alin near the Pacific coast of
xenolith contamination by host magma). The absence®iberia where the crust in thin (lonov et al. 1995), and
amphibole and mica in the Hamar-Daban xenolith suifteom north China and eastern Australia (H. Ma and O.
apparently indicates ‘dry’ conditions in their source resaul, personal communications, 1995).
gions and suggests that the inferred metasomatising fluidPlagioclase peridotites are common in orogenic peri-
was poor in water since it precipitated feldspar ratheotite massifs believed to be slices of the upper mantle
than the alkali-rich ‘hydrous’ minerals. By-products ofectonically emplaced into the crust, e.g. Ronda (Frey
the fluid-induced reaction consuming Ti-bearing pyroxet al. 1985), Lanzo (Boudier 1978) and other massifs in
enes and spinel to produce feldspar and olivine are tingrthern Italy (Beccaluva et al. 1984; Rampone et al.
grains of Ti-rich oxides, rutile and ilmenite in thel995), and peridotites on the Island of Zabargad in the
feldspar aggregates, and high titanium contents (0.1Bed Sea (Bonatti etal. 1986). Two groups of plagio-
0.40%) in the feldspars (in hydrous peridotites Ti islase-bearing rocks are commonly identified based on
commonly accommodated by amphiboles and micdhe plagioclase content and textural position (Bonatti
The alkali-rich, water-poor fluid may probably consisét al. 1986; Rampone et al. 1995). In spinel Iherzolites
largely of CQ, though its origin remains to be estabwith accessory<{2%) plagioclase, it is confined to thin
lished. rims around Al-rich spinels and fine-grained aggregates
A genetic link between feldspar-rich veins in thef pl+ol+px. Plagioclase lherzolites2% pl) are most
xenoliths and host basaltic magma has been suggestethmon, they contain broad~0.5-1.0 mm) rims of
previously (Ashchepkov 1991). However, this is not corequigranular plagioclase around Cr-rich spinels, gra-
sistent with the new textural observations, trace elememiblastic oltpl+px domains and pl exsolution within
data and major element compositions of the vein minatlinopyroxene. On Zabargad Island, the pl-peridotites
als obtained in the present study. have textures ranging from porphyroclastic to cataclas-
tic, indicating various degrees of tectonic deformation.
They are found in localised zones or bands (often togeth-
Comparisons with other occurrences er with amphibole peridotites) within protogranular
of feldspar peridotites spinel Iherzolite that makes up largest part of the peri-
dotite body; some rocks have pl-rich veins forming a
Mantle xenolith suites with feldspar-bearing peridotitesetwork around elongated Iherzolite lenses. Plagioclase
are extremely rare, as the plagioclase peridotite stabilitgmposition (Fig. 4) in fertile lherzolites commonly
field constrains their occurrence on the continents to aenges from Ap;to An,,; some pl-peridotites have more
eas with crust<40 km thick and high geothermal gradi<alcic plagioclase, Agyto Ang; (Bonatti et al. 1986; Pic-
ent. Limited occurrences have been reported mostgrdo et al. 1988; Rampone et al. 1993). The contents of
from regions of marked extension such as the Basin adO in plagioclase from all orogenic massifs are very
Range province of the southwestern USA. Rare pl-bedow and do not exceed 0.1% (including plagioclase from
ing peridotite xenoliths have been found (together witliabbroic rocks) (Boudier 1978; Beccaluva et al. 1984;
more abundant pl-bearing websterites and composite B®onatti et al. 1986; Piccardo et al. 1988; Rampone et al.
ridotite-gabbro xenoliths) in the Cima volcanic field1993). Spinels in pl-peridotites have higher/@2r+Al)
California, where the present-day Moho is at27— ratios, and clinopyroxenes have lower Na and Al contents
30 km (Wilshire et al. 1991). Plagioclase in the Cimeelative to spinel Iherzolites. Pl-peridotites typically
peridotites occurs either as coronas around spinel otiagve equilibration temperatures of 850-980(Bonatti
texturally equilibrated with the peridotite; its composiet al. 1986; Woodland et al. 1992; Rampone et al. 1995).
tion ranges from A, to Angg with Or contents of 0-1%.  The origin of plagioclase in orogenic massifs is at-
Wells (1977) equilibration temperatures of the plagidfibuted to decompression during uplift and magmatic or
clase peridotites range from 960 to 10@ Plagioclase metasomatic processes. Clinopyroxenes from pl-lherzo-
formation is attributed to infiltration of spinel peri-lites in the External Liguride massifs or northern Italy
dotites by basaltic melts often followed by deformatiowere found to have much lower Sr contents than clinopy-
and recrystallisation. Amphibole and phlogopite occur ioxenes from spinel lherzolites (Rampone et al. 1993)
many peridotite xenoliths including pl-bearing rockand show decoupling in the behavior of Sr and Zr. Ram-
(Wilshire et al. 1991). pone (1993) attributed the trace element patterns to sub-
Four plagioclase-bearing Iherzolite xenoliths hawolidus re-equilibration of spinel lherzolites in a closed
been reported from Oahu, Hawaii (Sen 1988). All thesystem and explained the origin of plagioclase by meta-
rocks exhibit strong foliation and porphyroclastic texturmorphic evolution during decompression, without the
whereas such strong deformation is not seen in othmgcurrence of igneous processes. Bonatti et al. (1986)
peridotite xenoliths from the same locality. Plagioclaseoted that the Zabargad pl-peridotites tend to be richer in
crystals of equant habit occur in the groundmass, as W€k and Al relative to the spinel Iherzolites, and attributed
as tiny grains of zoned spinel with highly variable comthe origin of these plagioclase peridotites to crystallisa-
position. Wells’ (1977) thermometer yielded 960+ion of a small fraction of ‘exotic’, extraneous basaltic
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melts trapped in spinel peridotites with subsequent rasignificant and commonly very high content of potassi-
equilibration. Piccardo et al. (1988) explained plagiatm, whereas plagioclase from orogenic lherzolites is
clase formation by incomplete metamorphic equilibraypically very poor in K £0.1% K,0O, Fig. 4).
tion during decompression assisted by crystallisation of
liquids, produced locally by an incipient low-pressure
partial melting. Woodland et al. (1992) suggested thEie nature of the uppermost mantle
the presence of metasomatic fluids locally assisted pleneath the Hamar-Daban
gioclase-forming reaction in Ronda rocks. Kurat et al.
(1993) argued that plagioclase-rich veins in Zabarg&ridotite xenoliths studied from the four sites (Tu-
peridotites were formed as a result of metasomatimusun and Margasan volcanoes and two lava flows in the
rather than igneous processes. Margasan river valley) have similar textures, modes,
Plagioclase peridotites are locally abundant at a feswemical compositions and equilibration temperatures.
oceanic localities, notably at St. Paul's Rocks, the oceltrcan be concluded therefore that the mantle in north-
floor off the Galicia coast and the Romanche Fractumestern Hamar-Daban has consistent characteristics for
Zone, and some studies suggest that overall ab@ibl at least 50 km across (i.e. between the xenolith occur-
abyssal peridotites appear to have once contained plaginces studied) at the depths sampled. Typical of this
clase (Dick and Bullen 1984). Spinels in abyssal pl-pennantle domain is the fine grain size and foliation of the
dotites are richer in TiQand FgO, and tend to be more peridotites, fertile or moderately depleted modal and
Cr-rich as compared to spinels in pl-free peridotitamajor element compositions, the absence (or extreme
from the same localities. These features can be attribptucity) of amphibole and mica and the ubiquitous pres-
ed to a reaction between Al-spinel and a melt to produeace of intergranular feldspar and spongy clinopyrox-
plagioclase and Cr-spinel, and abyssal pl-peridotites came.
be considered as hybrid rocks formed by crystallisation The textural, chemical and isotopic data indicate a
of trapped melt in a mantle tectonite (Dick and Bullemomplex history for this mantle domain. Most xenoliths
1984). studied show regular correlations between the contents
Overall, there are some common features betweeh major elements and compatible trace elements in
feldspar-bearing xenoliths from Hamar-Daban and plecks and minerals (Figs. 3, 8); many lherzolites and
peridotites reported from other localities worldwidetheir clinopyroxenes are depleted in LREE and other in-
e.g. reaction relationships of feldspar with Al-spinel areompatible trace elements (Figs. 5, 6). These relation-
widespread. A link between pl-rich peridotites and techips appear to be consistent with the origin of the peri-
tonic deformation has been documented both in alpingetite series as a result of variable degrees of extraction
type massifs (Zabargad, Lanzo) and xenolith suites fromf partial melts from an originally homogeneous fertile
Cima, California and Oahu, Hawaii. Foliation is alséherzolite (Frey et al. 1985). The relatively high contents
common in the xenoliths from the four sites in Hamamf Sr (Figs. 8C, D), LREE, Th and U (Fig. 7A) in some
Daban. clinopyroxenes suggest subsequent local enrichment
However, some aspects of pelbgy andgeochem- episode(s) that occurred well before the eruption of host
istry of the feldspar-bearing peridotites from Hamar-Ddasalts. Bulk rock enrichment in alkalies and formation
ban are unique for that xenolith suite: (1) the feldspaif feldspar and spongy clinopyroxene was the latest and
compositions are richer in Na, Ti and particularly K tharelatively recent event.
in any other peridotite suite for which chemical data are This young event may have been related to the devel-
available (Fig. 4), (2) many feldspars are very rich in Rlmpment of the Baikal rift north and west of Hamar-Da-
Sr, and Ba, (3) feldspars are locally heterogeneoushan. Some workers relate the “fast rifting” in the last
terms of major and trace element compositions, th8y4 Ma to an asthenospheric upwelling (Logatchev and
show strong textural and chemical disequilibrium witEorin 1987) that allegedly reached the base of the crust
host peridotites and no evidence of re-equilibration,(#) the broad area southeast of Lake Baikal. However, our
reaction relationships of feldspar with orthopyroxengata do not indicate any significant differences between
and the presence of spongy clinopyroxene are quite cothe younger Pleistocene-Pliocene (1-4 Ma) and the older
mon, (5) no amphibole and mica have been found in tiflerobably “pre-rift”) Pliocene-Miocene (5—7 Ma) xeno-
Hamar-Daban xenoliths, (6) there is no unequivocal telth suites. Equilibration temperatures of the Hamar-Da-
tural or chemical evidence for trapped or injected silban xenoliths are not higher than for those from other
cate melt, though trace element data suggest enrichmeaturrences in the region located further from the rift
in alkalies, and (7) crustal thickness beneath Hamar-Dand are well below temperatures expected for mantle di-
ban suggests a greater depth of origin than for othapirs (Logatchev and Zorin 1987). Therefore, the north-
known series of feldspar peridotites. This evidenceestern Hamar-Daban area appears to be beyond the
strongly suggests that the formation of feldspar in ttmone (probably restricted to the rift axis) where the re-
Hamar-Daban mantle was a relatively recent event aoent active rifting has significantly affected the litho-
that it was related to infiltration of an alkali-rich,,@- spheric mantle. This study and other work on mantle
poor fluid into spinel peridotites. A distinctive feature okenoliths in the Baikal region (lonov etal. 1992b;
feldspars from the Hamar-Daban xenoliths appears tolkselev and Popov 1992) found no evidence that the
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“anomalous mantle” beneath the BRZ defined by lov@nov DA, Ashchepkov IV, Stosch H-G, Witt-Eickschen G, Seck

_ iae ; _ HA(1993) Garnet peridotite xenoliths from the Vitim volcanic
P-wave velocities immediately beneath the Moho (7.7 field, Baikal region: the nature of the garnet-spinel peridotite

7.8 kny/s) consists of partially melted rocks. transition zone in the continental mantle. J Petrol 34:1141—
. . . 1175
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