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Abstract-—Major, minor, and trace clement contents have been defermined in seven uitramalic xenoliths,
the host basanite, and some mineral separates from xenoliths from Kapfenstein, Austria. Most of the
xenoliths represent residues after extraction of different amounts of basaltic Hquid. Within the sequence
therzolite to harzburgite contents ol AL Ca. Ti, Na. S¢, V, Cr and the HREE decrease sysiematically with
increasing Mg/Fe and decreasing Yb/Sc. Although all samples are depleted in highly incompatible
clements. the less depleted end of our suite very closely approaches the chondritic Yb/Sc ratio and
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consequently the primitive upper mantle composition.
Chromium behaved as a non-relractory element. Conscguently it should have higher abundances in
basalts than observed, suggesting that most basalts experienced Cr fractionation by chromite separation

during ascent.

Several processes have been active in addition to partial melting within the upper mantle bencath

Kapfenstein:

(1} a hornblendite has been identified as wet alkali-basaltic mobilisate:
(2) an amphibole lherzolite is the product of alkali-basalt metasomatism of a common depleted

Iherzolite;

(3) two amphibole therzolites contain evidence for rather pure water metasomatism of normal de-

pleted therzolites;

(4) a garnct-spincl websterite was a tholeiitic liquid trapped within the upper mantle and which
suffered a subsequent partial melting event (partial remobilization of a mobilisate).

(5) Abundances of highly incompatible elements are generally very irregular, indicating contamination
of upper mantle rocks by percolating liquids (in the mantle),

Weathering is an important source of contamination: ¢.g. U mobilization by percofating groundwater,
Contamination of the xenoliths by the host basanite liquid can only amount to approximately

5.5 x 107* parts.

Distributions of minor and trace clements between different minerals apparenty reflect equilibrium

and vary with cguilibration temperature.

INTRODUCTION
THE KarrensteN locality is part of a volcanic pre-
vince which cxtends from Bachern Mountains, Yugo-
slavia, through S and SE-Styria and S-Burgenland,
Ausiria, info the Balaton area, Hungary (‘Styrian
volcanic are’). The volcanic rocks are of late Tertiary
age and comprise dacites, andesites, trachyandesites,
trachytes, basalts, alkali basalts, basanites and nephe-
linites (Hauser, 1954; HerirscH, 1963, 1965, 1967).
Lava compositions have changed in space and time,
The older {Miocene} volcanic activity is confined to
the southern part of the arc and is characterized by
andesitic and trachytic lavas. The younger (Pliccenc)
volcanics mainly occur froms southern Styria cast
wards, in Burgenland and in Hungary and are of
alkali-basaltic composition (HuriTscH, 1963, 1967;
KoriMany, 1964). Among these volcanoes there are
several tuff cones which contain a wide variety of
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xenoliths of crustal and upper mantle origin. Kapfen-
stein is one of those locatities which has early been
recognized and subscquently become a classical one
(SiMGUND, 1899, Hrerirscr, 1908; Scrapuer, 1913
SCHOCKLITSCH, 19354). Analytical data on xenoliths
from Kapfenstein are scarce. A few analyses of min-
erals from ultramafic xenoliths have been performed
by ScuaprLer (1913) and Ross et al. (1954). Kurat
{1971} described and analyzed a websterite and a lher-
zolite nodule and ascertained the upper mantle origin
of these rocks. Subsequently a petrologicai and geo-
chemical study of a large suite of ultramafic xenoliths
from Kapfenstein was started (Kurat et al, 1976,
1977a, 1979). A few samples of special genetic interest
have been selected for an extensive geochemical study
{KuraT et al,, 1977b) with the objective of character-
izing the upper mantle below Kapfensiein and (o shed
some light on the genesis of these rocks.
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SAMPLES AND PROBLEMS

As mentioned before, the volcanic tuff of Kapflensiein
contains a variety of xenoliths of upper mantle to shailow
depths origin. Extensive descriptions have been given by
ScHADLER (1913} and SCHOKLITSCH (1935a). The tufl itsell
is rather finc grained and very rich in xenoliths mainly of
shatlow origin. Basaltic scoriae arc generally small (up to
em in diameter) and glass-rich (KURAT, 1971). No lava
flows have been encountered. Basalt samples suitable for
analylical purpose are very rare bui occasionally some
basaltic ‘bombs are found. Ultramafic xenoliths are gener-
ally small-sized (~1 cm) but can reach 30cm in diameter
(Herirsch, 1908). All shapes from irregular or regular
angular fragments o spheroidal ‘nodules’ are present.
Most nodules are friable, whereas angular tenoliths tend to
be physically resistant. Most ultramafic xenoliths are
medium to coarse grained but grain sizes of up to 1 cm are
very rare. All rocks investigated in this study are described
in detail in KURAT ef al. (1979) and Scrulrz ef al. (1379).

Short characterizations of the rocks investigated to-
gethor with the results and open problems of the previous
petrological investigations are given below.

Haost basanite

Ka 170. Vesicular vitrophyric rock with abundant
phenccrysts of augite and plagioclase; commeon are xeno-
crysts of otiving, orthopyroxene, clinopyroxene, and spincl
which obviously have been derived from peridotite inclu-
sions: interstitial glass is very alkali-rich and bears variable
amounts of small plagioclase laths and titanian magnetite
(compare Kurat, 1971 ScHuLTZ et al, 1979).

Ultramafic xenoliths

Rock samples for this study have been selected from a
suite of 36 wltramalic xenoliths alter extensive peirological
investigation (KURAT et al., 1976, 19774, £979). This study
showed that the upper mantle below Kapfenstein has a
rather monotonous composition, Rocks are almost exclus-
ively members of the spinck-lherzolite-harzburgite-dunite
suite with spincl-therzolite being by far the most abundant
rock type. OF that suite characteristic samples from highly
residual. harzburgite to apparently only slightly _depleted
therzolite have been selected for this study. Very Tew
samples document somce Jocal inhomogeneities within the
upper mantle below Kapfenstein, Four amphibote-spinct-
Iherzolites and one garnet-spinel websterite (Kurat, 1971)
were found in the Kapfenstein locality. Some ol these
samples have been selected mainly because their genesis
cannot fully be understood on the basis of mincral chemi-
cal studies alone. A short characterization of ultramafic
rocks arranged according (o sample nusmber is given below
together with their specific genetic problems to be solved in
this study.

Kea 13

Garnet-spinci-websterite. This rock has previously been
described by Kurat (1971) Tt consists of clinepyroxenc
{ ~ 60 vol%), orthopyroxene (~ 30 vol%), 5-10% spinei and;
minor amounts of garnct and opagues. Texture is grana-:
blastic and clinopyroxenes show extensive_cxsolutions of!

orthapyroxene, spinei and garnel. All garnct present has

apparceily exsolved from clinopyroxene. The petrological*; -
| Ka 168

study could not resolve the question whether this rock is a
cumutate, an igneous rock or a residual rock. KUraT
(1971} speculated that it might be a residual rock alter
partizl melting of a previous eclogite rock of “pictitic or
tholciflic composition.

Ka 103

This sample consists of two parts: an amphibole-spinel-
lherzolite with a hornblendite attached to it. The hbl-sp-
Iherzolite is a typical equigranular granoblastic rock with
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dispersed greenish-brown titanium pargasites which arc
integrated into the texture. Close to the hornblendite con-
tact there are large shegts of phlogopiles and a zone of
large clinopyroxencs, The rock is slightly deformed. )

The hornbiendite {a layer of approximately 2 x 2 x 6cm)
consists almost exclusively of coarse-grained (~ 1 cm) tita-
nium pargasite which has a tendency to form eguilibrium
triple points. Sulfides (now oxidized) are gencrally present
as droplike inclusions within large hornblende crystals,
Oflivine (rounded inclusions in hornblende} and phlogopite
(intergranular) are rare and irregutarly distributed.

The genesis of the hornbiendite layer (origmaliy prob-
ably a vein) is readily understood as a local wet basaltic
mobilisate. The open question is whether this mobilisate
was locally devived from the amphibole Therzolite or came
frora a remole site. The presence of phlogopite, the K-rich
composition of hornblende, and the high and slightly vari-
able FeO content of olivine (FeO ~ 10%) in the amphibole
Iherzolite coukd be indicative of a primitive composition.
Trace clement analyses should help to solve the guestion
whether Ka 195 in fact is a primitive sample or a portion
of the upper mantle which has been metasomatically
altered by a liquid of wet basaltic composition.

Kaili

Amphibole iherzolite, medium grained; typical equi-
granular granoblastic: green spincl; clinopyroxenes have
sometimes 01'111opyro;gg!)e_g_ggzwgl}gigg_lhmeliae: brown tita-
nium pargasitc is focated around spinel grains. The overall
mineral chemistrics arc indistinguishable from normal
amphibole-frec lherzolites. The amphibole has a low K-
content (KURAT et al., 1979). This suggests that amphibole
was formed late by HoO-metasomatisma. Trace element
analysis should show whether this metasomatism was con-
fned 1o a pure H,O addition to a normal lherzelite or
whether seme other mobile elements have been added or
not.

Ka 125

~—Cgarse grained therzolite of the normal dunite-lherzolite

series. Spinels arc hrown and both clino- and ortho-
pyroxenes bear exsolution lamellag, The rock s slightly

deformed and some small scale fine-grained recrystaliisa-
tions have developed at grain boundaries.

Ka 155

Amphibole-lherzolite, medium grained, ecquigranuiar
granoblastic and slightly sheared. Spinels are brown.
Amphibole is very light brewn K-poor pargasite, and fincly
dispersed throughout the rtock. Therc is no apparent
textural relationship between spincl. clinopyroxene and
amphibole. The low K content of the amphibole suggests a
similar genesis as has been mentioned for Ka 11 although
the reaction sp + cpx -+ H,O-—hbl is petrographically
not apparent. An alternative genetic modei could be a
partia} melting event and cxtraction of liquid after
H,O-metasomatism has taken place.

-~ . a2 o
1240 (. <

Coarse-grained harzburgite of the normal dunite-iherzo-
lite series with dark brownish-red spincis and granoblastic
texture.
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s e g
Coarse-grained Iherzolite with brownish green spinels,
clinopyroxene._exsolution  lamciiac in Zorthopyrbxenc,
slighily tectonically distorted. The FeQ content of the oli-
vine (9.7 wt%) places the sample at the ‘primitive’ end of

the main dunite-lherzolite serics.

Modal mingral composition
Because most xenolith samples from Kapfenstein are
small and coarse-grained, modal mincral composiions
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Table 1. Caleulated modal compositions of

spinel peridotites from Kaplenstein, Austria.

Bulk analytical data have been used from

Table 2 and mineral data from Table 7 and
from KURAT et af. {1979)

Sample 01 Opx Cpx Sp Amph,
Ka 167 83.4 13.7 2.2 0.6 -
Ka 125 6.4 4.4 7.9 1.4 -
Ka 105 65.4 8.4 8.4 1.2 6.6
Ka 185 86,5 20.2 10.B 2.2 0.6
Ka 119 69,8 17.2 10.6 1.7 0.8
Ka 168 57,2 24.4 14.2 4.2 -

have not been measured by pointcounting thin-sections.
Instead, we have used electron microprobe analyses of
minerals and butk analyses of rocks to calculate the modal
contents of oliving, orthopyroxene, clinopyroxene, amphi-
bole, and spinel. Such calculations are relevant if all
elements used for these calculations are

(a) homogeneously distributed within the minerals
{b) no other miner phase contains significant amounts of
these elements.

The calculated modal compositions are given in Table 1,

Since we used major elements in these caleulations, trace
eiement analyses of scparated minerals and bulk samples
provide an independent check on the calculated modal
composition. For samples Ka 168 and Ka 167 (see Tables 3
and 7) the abundances of S¢, Yb, Ca, Ni, Co and Na in the
bulk samples can be satisfactorily accounted for by the
calculated modal mineralogy. Mass balance cannot, how-
ever, be achieved for the light REE {LREE). Their abun-
dances must partly be governed by minor phases very rich
in LREE.

ANALYTICAL METHODS

For bulk chemical analyses approximately 5-10g
depending on average grain-size of each sample were hom-
ogenized and aliquots taken for analyses with different
methods, Major clements were determined by instrumental
fast neutron ({4 MeV} activation anaiysis (IFNAA,
Tescake and WANKE, 1974) and by X-ray fluorescence

analysis (XRF, PatMe and Jacourz, 1977). Instrumentai
thermal neutron activation analysis (ITNAA} and, in two
cases, radiochemical ncutron activation analysis (RINAA)
has been applied for trace element and Fe determination
on 200 mg aliquots. The analytical scheme used is similar
to that described by WANKE ef al. {1977a). Mineral separ-
ates, prepared by hand-picking under the microscope, have
been analysed by ITNAA only.

In Tables 2 and 3 major and trace element contenis of
the host basanite and 7 ultramafic xenoliths are summar-
ized. Data for Si, Al, and Mg are averages of IFNAA and
XRF dala. For Ca and Tt the XRF data were used. Iron,
Mzr, Cr, Na, K, and trace element contents have been
determined by ITNAA with the exception of K. Cu. Zn.
Ga, Ge, As, S, Rb, Sr, Cs. Ba. W. Ir, Au, U. and REE in
samples Ka 103 and Xa 168 which have been determined
by RNAA. Accuracies for the analysis of Mn, Na, and Cr
are estimated to be 2%, For the K analyses accuracies are
generally lower (5-10%) and depend on the K content of
the samples. Accuracies of trace element determinations
are given in the last column of Table 3 (sce WANKE ef al.
1977b, for detailed discussion). Major and miner element
contents of minerais have been determined by clectron
microprobe X-ray analysis (KURAT et al., 1979).

RESULTS AND DISCUSSION
A bulk compositions

Basanite (Ka 170}, The Kapfenstein basanite is very
similar in composition to several nepheline basanite
lavas from the Styrian volcanic arc, such as those
from the Steinberg near Feldbach (S1iny, 1923), and
from the Kindsbergkogel and Kldch (SCHOKLITSCH,
1932, 1933, 1935b). Major and trace element contents
of the Kapfenstein basanite (Tables 2 and 3) are very
similar to those reported from basanites of San
Carlos, Arizona (Frey and Prinz, 1978). The degree
of REE [ractionation (Fig. 1), however, is much higher
in the Kapfenstein basanite as compared to the San
Carlos basanites: The La/Yb ratio for the Kapfenstein
basanite is 28.9 whereas for San Carlos the same ratio
varies between 14.2 and 19.2. This is duc to a stronger
enrichment {factor of 2} of light rare earth elements

Table 2. Major element contents of host basanite and ultramafic xenoliths from Kapfenstein, Austria, in w1, (TFNAA
and XRF)

Ka 170 Ka 103 Ka 167

Basanite Websterite Harzburg. Lherzolite Hbl-lherz Hbi-Lherz

Ka 125

Ka 105 Ka 153 Ka 111 Ka 160

Hbl-Lherz therzolite

5102 45,41 47,49 41.92 42,78 44.21 43,64 a3.21 43,42
Ti0o 1.95 0.47 0,008 0.03 .08 5.GY G.om 6. 12
A1203 14,39 12,85 0,96 .85 a4} 2,58 2.38 4.45
Crods 0.056 0,184 0,183 5.303 0,396 2218 0,679 6,535
Fed 1 9,70 .49 B.57 5.09 9.57 795 6. 16 9.14
MnG 0.197 0,165 .125 3.135 0,184 G. 929 1,134 . 130
e 8.28 19.9 a6.26 43,28 39,60 a0, a8 21.29 35,63
Al 9.44 9.93 0.59 1.75 2.0t 2.36 5,35 304
a0 4,16 0.961 0.084 0. 127 0,469 0.225 0,291 0,285
K50 2.18 0.0084  ©0.0088  0.017 0.0275 0. 006 0.0088 0,002
Total 95.73 59,44 98.70 98, 06 98,46 97.85 95,60 93.75
JO M g 82.6 90.6 90.5 88,1 50.3 0.0 89,7
Mg+ LFe

! Total Fe as FeO.
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Table 3. Trace clement contents of host basanite and pltramafic xenoliths from Kaplenstein, Austria

Clement Ka 170 Ka 103 Ka 167 Ka 125

Ka 105 Ka 155 Ka 111 Ka 168 Accuracy

Basanite Websterite Harzburg. Lherzolite Hbl-Lherz, Hol-Lherz. HiEl-Lherz, Lherzolite %
Sc{ppm) 16.3 39.6 6.5 9.1 11.8 13.4 14,4 14,7 2
Zo(ppm) 36.5 53.3 125.0 113.0 109.0 14,0 113.0 106.0 2
Ni{ppm) 190.0 560.0 2750.0 2270.0 2010.0 2400.0 2360.0 2250,0 5
Cu{ppm) el 44,5 e e o e ... 6.4 5
7r(ppm) 22.2 40.8 60.0% 75, 0% 95,0% 6.0% 9a,0% 46,1 5
Galppm) . 0.5 1,4% 2.8% e 3.4% 2.43 5
ce{ppm) 1.7 e e 1.4 15
As{ppm) 7.2 0.8 g,22% 0.3% 0. 18 5
Se{ppm) e 0.09 0.25 1%
Ab( ppm) az.7 D.24 0.12 15
Srippm}  1100.0 18.6 8.9 5
Cslpom) 1,83 0,006 0.006 20
Ba(ppm) g924.0 9.0 - . cee 2.3 10
Lalppm) 68,5 0.44 0.19 0.25 0,78 0. 11 0.24 0, 18 5
Celppm) 1245 1.77 e . 2.6% - v 0.69 5
gm{ ppm } 8.8 1.18 0,033 0.088 g.28 0.18 0.24 0.27 a
Eul{ppm) 2:79 0.45 0.017 G.037 0. 11 0.06 0.093 0.10 5
Th{pom) 1.07 0.40 ce ) o.o06% 0.06% 0.075 5
Dy {ppm} 5.71 3.0 v 0.48% . . 0.54 5
Yo { ppm) 2.37 1.83 0.090 0.16 0.25 0.25 0.35 .37 5
Lu{pom) 0.33 0.29 0.015 v 0.036 .037 0.G53 0.056 5
b (ppm) G.28 0.65% 0.08* 0.064% 0,12 .- 0,18 0,15 10
Ta(ppm)} 5.51 0.014 s . 10
W {ppb} - 23.0 8.9 10
Re{ppb ) Q.1a e e e <0,28 10
Ir(pph)} . . 4.0 6.0 a.u 4.0 4.5 5
Aul ppb ) v 2.6 .. 067 5
Th{ppm) 8.28 n.21 0.03 C 10
U (pom) 2.70 0,52 0.009 10

* Aceuracy reduced by a factor of 2.

(LREE) relative to the heavy rare earth elements
(MHREE) which have the same abundance in both
basanites. Since the Mg/Mg + Fe ratio of the Kap-
fenstein basanite (0.603) and its contenis of Ni and Co
are high, the strong enrichment of the LREE cannot
be attributed to fractional crystallization but rather
indicale a primitive liquid derived by 2 small degree
of partial meliing of upper mantle rocks. Also the
Ni/Co ratio is in accordance with this view and fits
theoretical calculations based on experimental distri-
bution coeficients (Irving, 1978). The high degree of
REE {ractionation clearly places the site of meli gen-
eration into the deeper parts of the upper mantle
where garnei peridotiles are stable (Kay and GasT,
1973).

Spinel-therzolite-harzhurgite main series

The maior element composition of spinel therzolite
and harzburgite xenolitlis from all over the world is
rather similar (compare MaaLOE and Aokt 1977} and
varies in between rather narrow limits. Differences in
bulk chemical compositions ar¢ mainly confined to
variations in Al, Ca, Ti, Na, and K contenis (for a
general discussion sce Ringwoon, 1975). Tn Tables 2
and 3 our analyses have been arranged in the order of
increasing Yb and Sc contents. Apparently, Ka 105
does not fit the sequence in several instances. Thus,

the main harzburgite-Therzolite series consists of the
samples Ka 167, Ka 125. Ka 155 Ka 111, and Ka 168
in the order of increasing ‘primitiveness’. In that order
the CaO conteats vary from 0.59% (Ka 167) te 3.04%
(Ka 168). AL, Ti, Cr, Na, S¢, and ¥b increase in the
same order in a paraliel pattern. Although variations
of the Mg/Mg + Fe ratios in the therzolite series are
rather small, they continuously decrease with increas-
ing Ca, Al Sc elc. contents. As mentioned before,
hornblende Therzolite Ka 105 does not compietely fit
into that sequence. This can be explained by a wel,
basaltic metasomatism which led to the formation of
amphibole and caused considerable contamination of
the original (probably rather strongly depleted) lher-
zolite (see discussion below). Hornblende Iherzolites
Ka 111 and Ka 155, however, completely fit our main
series in spite of sccondary harnblende being present
(see discussion below). They, therefore, will also be
included into the discussion of (he main lherzolite
scrics,

Comparison of the Therzolite suile from Kapfen-
stein with data for xenoliths from other localities
reveals some remarkable features of the Kapfenstein
samples:

{1y Most Kaplenstein samples have extremely low
K contents. Ka 168 contains only 10 ppm K in spite
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KAPFENSTEIN

00

Apundances relative te C1

Fig. 1. REE pattern (normalized to CI) of samples from

Kaplenstein, Austria, 170: host basanite; 103: websterite:

168, L1, 155, 105 and 125: lherzolites: (67: harzburpite.
Discussion in the text.

ol its rather high modal clinopyroxene content of
more than 0% (Table 1). Only some therzolite xeno-
liths from Victorian basanites have comparable low
K-contents (Grerx et ol, 1968). These K contents
enable us to place an upper limit for the contami-
nation of xenoliths by the host basanite. In the case of
Kaplenstein only 5.5 x 107* parts of the host basa-
nite {Ka 170) could account lor the K content of Ka
168. A dilation of that order of magnitude of a basal-
lic fiquid by a solid rock appears to be physically
unfleasible. Even minor contaminations of our xcno-
liths by the host basanite appear 10 be remote.

(2) Spincl lherzolite Ka 168 has the lowest
Mg/Mg + Fe ratio and the highest Al and Ca con-
tents of the Kapfenstcin main lherzolite series. s
CaO content (3.04%) is among the highest reported so
far from lherzolites {compare MaaLor and AOKL
1977). Except for a depletion of highly incompatible
ciements, Ka 168 closely approaches (he composition
of postulated mantle material (RvGwoon, 1975:
Pais ef al., 1978).

Table 4. INAA of solution lcached from lherzolite
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Trace element contenmts in the main harzburgite-
lherzolite series in most cases arc clearly correlated to
the major clement concentration trend but there are
some peculiarities, In order to facilitate the discussion
of trace ¢lements, we separate them into three groups:

(a) Elements which are incompatible with respect to
olivine, orthopyroxene, clinopyroxens, and spinel.
These are the LIL (large ion lihtophile) clements K,
Rb, Cs. Ba, Sr, U, Th, and the LREE and clements
which are imcompatible because of their high charge
like Ta, Hf, and Nb.

(b} Efements which arc to some degree aceepted by
clinopyroxene and lo a lesser degree by orthopyrox-
ene and which are almost completely rejected by
ofivine: Na, Sc. V, Ti. Cr (under upper mantle condi-
tions) and the HREE.

ic) Elements which enter the olivine lattice like Zn,
Co, Ni, and Mn. These three groups will be discussed
separately:

(@) Highly incompatible elements. From Tables 2
and 3 and Fig. 1 it is apparent that the concentrations
of highly incompatible elements, especially (hat of the
LREE, do not follow the trends of Ca, Sc or the
HREE within the sequence Ka 167 to Ka 168. Poias-
sium behaves very similar and rather unpredictable.
For example, Ka 168 which has the highest contents
of Ca, Al, Sc, etc. has the lowest K content encoun-
tered. It 15 obvious that the highly incompatible ele-
ments are not present in the expected abundances and
that the amounts present are the result of at least ene
contamination process. This inconsistent behaviour of
incompatible elements has been observed in samples
from many localities and has been attributed to vary-
ing degrees of contamination by the host lava or an
undefined “phase”. The latter conclusion was. for
example, reached by Frey and Grenn (1974} in a
study on ultramafic xenoliths from Victorian basa-
nites. Basu and Murtiy (1977) showed that the con-
centrations of K. Rb, Sr, and Ba in mineral [ractions
from therzolites can be considerably reduced by wash-
ing the samples in diluted HCl. We have performed a
similar leaching experiment on Ka 167, a harzburgite
which is the most depleted sampic of our suite but
shows an enrichment of La over Lu (Fig. 1). The bulk
sample Ka 167 was leached in 0.5 N HCI (or 10 min.
The leached fraction was highly enriched in incom-
patible elements. Our resulls are summarized in
Table 4. Although determination of the mass of (he
leached fraction causes some probioms. (he enrich-
ment factors derived are out of the range of 4 possible

Ka 167 (0.5 NHCL 10min) and distribution ratio

solution/bulk.
% Fe ppm  Mn Ca Na Se Cr As 8r Ba K Lta Sm Eu ¥h Lu
Solution  §%.6 1790 201 890 3.6 350 11 5 250 1100 6.08  0.95  0.24  O.5  0.06
%93 55 .82 .61 .71 G885 0,28 - - 116%) 27,8 a2 25 1 5 a

' Assuming a chondrilic Ba/La ratio in bulk Ka 167.

oA g e
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error in mass determination. In addition to the nor-
mal LIL elements, As and Br are also enriched in the
leachable fraction. However, we do nof have data for
these elements from the bulk sample.

During mineral separation we observed in sample
Ka 111 ‘black dots’ on freshly broken grain surfaces.
Inspection of Ka 167 showed that similar dots are
present. Becausc of these dots being much more abun-
dant in Ka 111 than Ka 167 we investigated samples
of Ka [} by electron-scanning microscopy, electron
microprobe analysis, and INAA. An example of a
‘black dot’ is shown in Fig. 2. These dots are beiween
50 and 500 um in diameter, have a smooth surface but
leave~—if removed-—an etched imprint on the surface
of olivine but not on pyroxenes. The nature of this
material has not yet been identified. Electron micro-
probe analysis showed that these black dots contain
high amounts of Mn (around 249, MnO), Ni (4%
NiO}, and Ba (0.6% BaQ). The latter is enriched 1000
times above the lherzolite level. A partial analysis is
given in Table 5. The totals of the analyses are always
low implying the presence ol probably carbonates
(HCI leachable) which appear to be mixed with sili-
cates. In order to ascertain that the ‘black dots’ are
indeed the contaminating phase which contains the
highly incompatible elements, a few olivine grains es-
pecially rich in ‘black dots’ were analysed separately.
The results (Table 5) show a strong enrichment of La
and Sm in *black dot--rich olivines as compared to
the bulk clivine fraction. We believe that we have
found the mysterious phase which is the carrier of the
highly incompatibie clements in our lherzolite
samples and will try to fully characterize this phase in
the near future.

These black dots could contain the key to an
understanding of contamination and enrichment pro-
cesses by vapor and fluid transport in the upper
mantle. Three modes of formation can be envisaged:

(1) Weathering processes,

(2) Deposit from emanations of the host basanite
during ascent, and

(3) Deposit from emanations from deeper parts of
the mantle.

The composition and the very high contents of
incompatible elements {Ba, La) and Mn, as well as the
etching phenomena observed suggest transportation
by a vapor or high temperature liquid phase. The
formation of round, droplike deposits instead of a
continuous cover of grain surfaces. suggests liguid
immiscibility or condensation processes which are
likely to occur in H,O + CO; mixtures.

(b) Pyroxene-compatible elements. The concen-
trations of several clements increase in a regular way
with increasing modal clinopyroxene contents and de-
creasing Mg/Fe ratios. This trend can best be demon-
strated by using the Yb/Sc ratio as a fractionation
index as has been suggested by PaLME et al. {1978).
Thus, the harzburgite with very low concentrations of
Ca, Al, Sc, etc. also has the lowest Yb/Sc ratio. This
ratio increases with decreasing .degree of depletion
and Ca, Al, Ti, Yb, Sc, Cr, and Na systematically
increase in the same direction. Chromium which is
generally considered to be a refractory element does
not behave that way and decreases continuously from
Ka 168 to Ka 167. Obviously, the distribution coefii-
cient DEY, _jper,, must be larger than unity, This find-
ing is in agreement with observed and cxperimentally
determined mineral-liquid distribution  coefficients
(IRving, 1978) which can be used to calculate rock-
liquid distribution coefficients. The Dffu.iners. > 1
implies, that primitive melts from the upper mantle
should be enriched in Cr as compared to upper
mantle residual rocks. This is indeed the case for
ultramafic liguids like komatiites (NessrrT and Suw,
1976 ARNDT et al., 1977; NISBET et al, 1977) where

Table 5. Partiat analyses of ‘black dots” and olivine rich in ‘black dots’ from lherzo-
fite Ka 111, Kapfenstcin, Austria. Accuracies for La and Sm determinations in
olivines rich in ‘black dots’ are 13 and 15%, respectively

Electron microprobe analysis of "black dots” in wed ghe-%

5102 Tl[)2 .D.].ZOB CI"ZOS \."2[)3 Fel NiO Cal Cul MO
23.9 G.7 10.9 <(1.02 =0.,02 10.5 4.1 0.9 0.8 23.5
in g0 Cal Ban Na2E] KEO F’205 803 Total
=0.02 1.4 2.8 0.6 .2 0.2 1.0 0.7 82.2
INAA of bulk olivime {106 mg) in ppm

Fe Co tin Er La Sm
74000 132 1035 57 G.032 G.0063
INBA of olivime rich in "black dots" (1.9 mg)} in ppm

Fe
58000

Co Mn Cr La
131 005 68 G.26

Sm

0,026




KAPFENSTEIN 111

Fig. 2. Secondary electron image of a ‘black dot’ from sample Ka 111 and ctched imprint (arrow) of a
removed ‘black dot’ at surface of olivine, Widths of pictures are: A: .57 mm; B: 023 mm; C: 0.11 mm.
Images B and C are enlargements of upper part of picture A.
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Fig. 3. Plot of wt%;, Cr;O; in bulk vs wt% CryO; in spinel

of rocks of the main harzburgite-lherzolite series from

Kapfenstein, Austria. Note the strong anticorrelation
which also shows up in any mineral-rock plot.

the Cr contents aiso tends to be independent of the
total MgO content. Experimental data also support
this observation (BICKLE et al, 1977} Kimberlites
(Stueer and Goigs, 1967; GURNEY and EBRAHIM,
1973}, some oceanites {LE MAITRE, 1962; GUNN er al,,
1970; Upron and WADSWORTH, 1972) and a few con-
tinental basalts (Hicazy, 1954; CLARKE, 1970) have
Cr contents comparable to that of the most depleted
sample of the Kapfenstein residual sequence ({like
Ka 167). If they have been produced by partial melt-
ing of a fertile mantle material like Ka 168 they must
have lost about half of the original Cr by fraction-
ation during ascent. The overwhelming majority of
basalts is strongly depleted in Cr (compare Prinz,
1967) and therefore appears to be strongly fraction-
ated. Apparently Cr is quickly used up by very early
crystallization of chromite from basaltic melts and
most basaits stifl considered being ‘primitive’ have
fractionated Cr abundances. Spinetl-liquid distribu-
tion coefficients for Cr (under low-p conditions) are
very large (up to ~ 1000, HiLL and ROEGER, 1974) and
rather small amounts of early crystallizing chromite
will take up most Cr present in the primitive basaltic
liquid. With increasing ultramafic character of basal-
tic Hquids Cr-spinel apparently is no longer a liquidus
phase and therefore no Cr fractionation does occur.
Chromium therefore appears to be the most sensitive
clement in basaltic fiquid fractionation.

With decreasing Cr-content of the Kapfenstein
residual rock suitc the Cr-contents of the minerals
increase (see Fig. 3 and discussion on mineral com-
positions). Ytterbium shows the opposite behaviour.
The bulk contents of Yb increase parallel to Cr from
Ka 167 to Ka 168 and the minerals become success-
tvely richer in Yb. Aithough the simpie correlation of
increasing clinopyroxene contents and increasing pyr-
oxenie compatible element contents offhand implies a
simple mixing model, the regular and opposite behav-
iour of Cr and Yb contradicts this view as do the
regular changes of mineral compositions with the
Yb/Sc bulk ratio. Thus, the series from Ka 168 to Ka

167 represents a sequence of residues from different
and increasing degrees of partial melting.

The fractionation index Yb/Sc can be used fo esti-
mate the limit composition for the Earth’s mantle (e.g.
PaLMg et al., 1978). The almost chondritic Yb/Sc ratio
of Ka 168 implies that it is the most primitive sample
encountered in Kapfenstein.

(c) Olivine-compatible elements. Since olivine is the
most abundant mineral in all samples, concentrations
of olivine-compatible clements are not likely to
change considerably in a residual sequence as repre-
sented by Ka 168 to Ka 167. With decreasing Yb/Sc
(the fractionation index) only the Mg/Fe ratio in-
creases regularly, Cobalt, Ni, Zn, and Mn do not
show any regular variation within our residuai therzo-
lite suite. The rather high variability of buik Zn con-
tents is probably due fto sampling because smali
amounts of ({the rather irregularly distributed) spinel
will undoubtedly strongly influence the bulk Zn
content.

Of some interest is the Ni/Co ratio. Aithough both
Ni and Co are depleted by a factor of about 5 relative
to chondrites, the Ni/Co ratio is almost exactly chon-
dritic. The mean Ni/Co rafic of the harzburgite-lher-
zolite series is 21.06 4 0.28 which is very close to the
mean Ni/Co ratio of nine carbonaceous chondrites of
2221 + 1.12 found by applying the same analytical
procedures (unpublished data, MPI Mainz). The uni-
form Ni/Co ratios of lherzolites have been used by
Frey and GRreeN (1974) as an argument against a
cumulate origin of these rocks. Although Ni/Co ratios
of cumulate dunites can be indistinguishable from
residual dunites, lherzolites {(containing appreciable
amounts of opx and cpx) formed by gravitational
fractionation generally can not have a chondritic
Ni/Co ratio because the distribution coefficients of Ni
and Co between liquid and olivine are different (e.g.
IrvinG, 1978). As a consequence, after a certain
degree of fractional crystallization the Ni/Co ratio of
the liguidus phases must change and be different from
the chondritic ratio.

Amphibole-lherzolites Ka 111 and Ka 155

These amphibole lherzolites have major, minor and
trace clement contents which fit the main lherzolite-
harzburgite series {Table 2 and 3). The REE have
almost chondritic abundances in Ka 111 and give a
flat, unfractionated pattern (Fig. 1). Ka 155 shows an
overall stronger depietion with a pronounced relative
depletion in LREE. The slight depletion of LREE
over HREE in Ka 11} may be the result of contami-
nating a rock with a strong depletion in LREE by a
L.REE-rich phase, such as the black dots (see discus-
sion above). The content of incompatible ¢lements in
Ka 111 is close to the less depleted end whereas Ka
155 is in intermediate position in the lberzolite-harz-
burgite series. The petrological evidence for late for-
mation of hornblende by reaction of spinel, clino-
pyroxene and water in Ka 111 is supported by trace
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clement data. Although the REE data indicate a con-
tamination by a phase rich in LREE a contamination
by a wet basaltic liguid can be excluded. The for-
mation of amphibole probably was solely caused by
water metasomatism. This conclusion is supported by
the low K-contents of both the amphibole and the
butk rock Ka 1il. For Ka 155 a similar genesis fol-
lowed by a partial melt formation can be envisaged.
The overall major and trace clement contents, which
fit the normal series, exclude a contamination of this
rock by a hasaltic liquid. Since hornblende is not
generally associated with spinels the latter probably
reacted away during formation of a liquid. This event
could also have caused the pronounced depletion of

Amphibole-—therzolite Ka 105

This amphibole Therzolite fits in most elemental
contents (Tables 2 and 3) ‘normal® lherzolites such as
the series Ka 168 to Ka 167 which has been discussed
above. However, the Fe/Mg ratio, the alkali content,
and the abuadance of LREE are significanily higher
in Ka 105 as compared to the normal {herzolite series.
The REE abundance pattern (Fig. 1) shows practically
unfractionated HREE at about chondritic abun-
dances. The LREE are irregularly enriched over the
HREE. On the basis of these geochemical data, we
suggest that Ka 105, a previous ‘normal’ therzolite,
has been impregnated by a wet basaltic liquid of a
composition similar to the composition of the amphi-
bole present. Under the prevaiting high pressure con-
ditions this liquid or almost ali of this liguid crystal-
lized as amphibole similar to what has been suggested
by Conquert (1971) for comparable rvocks from
Lherz. A subscquent metamaorphism of the contami-
nated rock led to a redistribution and equilibration of
elements from both partners. Thereby the Fe/Mg
ratio and the alkali contents of all phases increased.

This view is supported by the presence of a horn-
blendite layer in sample Ka 105, Hornblende in this
vein has a composition very similar to hornblende in
the hbl-lherzolite 103, An analysis of that pargasite is
given in Table 7. Since the hornblendite contains only
very minor amounts of other minerals beside parga-
site, ils composition very closely approaches that of
the bulk hornblendite. As is evident from Table 7 its
chemical composition corresponds to an alkali olivine
basalt. Minor and trace clements mostly fit the major
clement chemistry: The REE are highly fractionated
and show the pattern of & typical liquid of atkali oli-
vin basalt composition. The LREE, however, indicate
ioss of the final liguid {taking along the most incom-
patible elements) caused by restricted acceptance by
the amphibole lattice (for distribution coefficients sce
TrRvingG, 1978). Alkali contents are high as are the con-
tents of Ta and Hf relative to the HREE. The Ni
content and the Ni/Co ratio are high and indicate
some subsolidus equilibration with the host lherzolite
during the post-magmatic metamorphic event. In con-
clusion we suggest, that the hornblendite vein in

sample Ka 105 almost completely represents a wet
alkali-basaltic liquid which partially impregnated the
host therzolite. Subsequent subsolidus recrystaliiza-
tion led to an elemental exchange betweeen the host
lherzolite and the amphibole leading to (beside
others} a high Fe/Mg ratio of the host fherzolite and
to a high Ni/Co ratic of the hornblendite.

Garnet-spinel-websierite (Ka 103)

The major element chemistry of Ka 103 is that of a
picritic basalt. This composition is exceptional for
pyroxenites (compare Aokt and Suma, 1974; Frey
and Prinz, 1978). Only a few analyses reported in the
literature arc comparable to the analysis of Ka 103.
Kornrropst (1969) reports pyroxenites from Beni
Bouchera of somewhat similar compositions and
Jackson and WriGHT (1970) describe comparable
pyroxenites from Hawail.

Websterite Ka {03 is depleted in LREE as com-
pared to the HREE (Fig. 1). This REE pattern typi-
cally characterizes a residue after extraction of a
liquid produced by a small degree of partial melting.
The low K, Ba, and St contents of Ka 103 strongly
support this view. The HREE, however, are enriched
by about a factor of 10 relative to CI chondrites.
Since a residuum of picritic composition cannot be
enriched in REE over the starting material (see
Irving, 1978, for crystal-liquid partition coefficients)
and since the Earth’s mantle may only have 1--3 times
the amount of REE in CI chendrites (sec discussion in
RmnvGgwoop, 1975) the websterite Ka 103 definitely
represents a liquid. This view is strongly supported by
its high, alinost unfractionated (1} Cr, Ni, and Co con-
tents and its Ni/Co ratio, which fits the calculated
ratio for partial melts derived from upper mantie
material. The Cr content is high and comparable 10
depleted mantle rocks {like Ka 167). All these par-
ameters indicate that Ka 103 represents a liquid
which was formed by & high degree of partial melting
of upper mantie rocks.

The overali composition of Ka 103 can, however,
ol be explained by one single fractionation process.
At least two fractionation steps are necessary in order
to enrich the HREE and deplete the LREE and other
highly incompatible clements. The most probably
genetic moded appears to be the following: Ka 103
represents a liquid which crystailized within the upper
mantle. During the latter stage of crystallization or
during a subsequent partial remelting event it lost a
small amount of partial melt. This second event
caused the cbserved deficit in incompatible clements
like K and LREE. The HREE contents probably did
not change significantly during the partial melting
event and indicate an original liguid composition of
tholeiitic type. These liquids are characterized by a
rather ‘primitive’, unfractionajed abundance of REE
(Frey and Haskiy, 1964; FrReEY e al, 1968; Gast,
1968 ; PucHELT and EMMERMANN, 1977) with an over-
all abundance of 3-15 times chondritic. From such a
rock extraction of a partial melt highly enriched in
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Table 6. Partial analyses of oxidized sulfides from websterite Ka 103,
Kaplenstein, Austria

Microprobe analysis (average of 10 different areas)

. Fe Wi 5
weight-% 40.0 3.7 4.6
o +12.0 +5.4 +5.5
INAA (0.3 mg)

. Fe I i, Co Cu
wedght-gb 40.0 2.7 0.062 0.G6

Sc Ga As S W Au 3]

pRr 10.0 V7.0 190.0 25.0 13.0 0.9 236.0

LREE can produce the pattern observed in Ka 103.
This loss of the low temperature melting portions
could either have occurred during the later stage of
crystaltization of Ka 103 from the melt or during 2
later partial melting process. The latter appears to be
more plausible because of the almost complete extrac-
tion of K. Masupa and JiBik1 (1973) report some very
similar REE abundances from Mid-Atlantic-Ridge
gabbros which they interpret as an indication for
liquid-solid separation during the late-stage crystalli-
zation phase. Since garnet is present in Ka 103 only in
small amounts and is clearly ol secondary origin
{exsolution from clinopyroxene), the REE pattern
cannol be the result of a cumulate origin of Ka 103,
An origin by accumulation of pyroxenes is also
clearly impossible because even clinopyroxenes crys-
tallizing from a melt rich in incompatible elements
fike Ka 170 should contain three times lesser amounts
of HREE than rock Ka 103.

All major and trace element data are compatible
with the two stage gencsis model cxcept U which is
much too high (0.52 ppm). This high U content causes
very unusual K/U {87) and Th/U (0.40) ratios {c.g.
Green et al., 1968). The sample obviously has been
conlaminated by a U-rich phase either hefore or after
eruption. In order to clarify this a second sample from
inside the nodule has been anaiyzed for U and Th
with the result that the Th content was the same and
the U content was 1.46 ppm, three times higher than
in our first sample. Thus, the high U-content was con-
firmed and evidence for an inhomogencous disiribu-
tion of 1} was obtained. Further studies showed, that
in this xenolith U is highly concentrated in an Fe-
and Ni-rich phase. Microscopy and clectron micro-
probe analysis showed this phase to be a finegrained
and recrystatlized mixture of Fe oxides and sulfides,
obviousty the oxidation products of former sulfides.
Analytical data for separates of this material are given
in Table 6. The extremely high U content (230 ppm) is
readily apparent and the bulk composition is consis-
tent with a derivation from former sulfides. The most
plausible explanation is weathering whereby oxidized
U from groundwater became trapped in the more
reducing local environment of decaying sulfides. As

shown by our data this process is very effective. Tt
certainly takes place at many xenolith {and other)
localities, thus being a major source of contamination
of ultramafic rocks.

B mineral compositions

Mineral compositions for all samples investigated
in this study have been determined by electron micro-
probe analysis. In addition, mincral separates from
some rocks have been analysed for major, minor and
trace element conlents, Data for those samples (Ka
168, Ka iil, Ka 105, and Ka 167) are given in

Table 7. Mineral chemical data for the remaining "/ :

samples can be found in KURAT er al, {1979). :

Maior and minor element compositions in all

samples, except Ka 105, are homogencous  as
measured with the electron microprebe. The homeo-
geneity extends beyond the scale of a thinscction
“(~lcm) as is shown by the excellent accordance
between microprobe analyses and INAA for which
samples have been taken from different portions of
cach rock. Since major elements are in equilibrium
between different phases, minor and trace element
distributions may also be in equilibrium.

Trace clement contents of minerals change, as
expected, according to the distribution trends of the
bulk rock samples. This provides clear evidence for
real bulk compositional variations between different
rocks and coniradicts mixing models which explain
butk compositional variations by different propor-
tions of minerals rich in trace elements (eg. clino-
pyroxene) and minerals poor i trace elements (e.g.
olivine). This relationship is clearly evident in Fig. 4.
The HREE abundances in pyroxenes clearty reflect
the degree of fractionation of each sample in the same
order as it is shown by the bulk rock samples. The
LREE are strongly variable and in scveral samples
show positive anomalies. Obviously, different min-
erals are contaminated by a phase rich in LREE 1o
different degrees. From modal mineral contents of Ka
167 and Ka 168 (Table 1) and from data in Table 7 it
is evident that mass balance has been achicved for all
trace clements except the highly incompatible cle-
ments. Thus the major portion of the trace clements
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Table 7. Electron microprobe and INAA analyses of minerals from ultramafic xenoliths from Kapfenstein, Austria.
Accuracics of REE and Hf determinations are in all cases less than a factor of two lower than those given in Table 2

Ka 168 Ka 111 Ka 167 Ka 105
Sp-lherzolite Hbl-sp-lherzolite Harzburgite Hornblendite
Electron microprobe analyses
‘ T TR e
YA Opx Cox Spiw_ 01 Cpx ¢ Sp° 01 Opx Cpx Sp;  Amph.2)

5i0p 40,3 84,4 51,6 009 ‘4oz s2.4 0.12 40.4  53.8 51.9 0714 a4.1

. Ti0p <0.02 0.3 0.60 a.12 8,03 .42 Q.08 <=0.02 Q.07 Q.27 g.10 2.50
Aloln <0.02 4.6 6.9 57.0 0,04 0.58  85.0 =0.02 4.1 5.6 50.4 11.6
Cra0s <0,02 0.37 0.79 5.3 <g.02 0.81 11.1 “=<0.02 0.53 1.06 16.1 8.14
Fel 1) 9,7 5.1 2.7 1t .3 3.0 2.4 3.2 5.8 2.687 113 5.8
Wnd 8,1 0.15 0.1 4.1 0.13  0.09 d.12 .12 .13 0.09 0.13 g.12
s8] 49,4 33.9 15.8 21.3 a8.4 15.9 21.1 49,7 34.0 16.3 20.4 17.4
Cal 8,07 0.74 20.1 =G,02 c,08 19.8 <0,02 .06 .78 18.9 <0.02 10.6
“Nap0 =0.02 Q.10 1.0 <0.02 =0.02 1.38  =0.02 <0.02 d.11 1.44 <0.02 2.83
Total 93.92 160.58 100.46 99,02 98,18 99.60 99.93 99.48 99,32 99,23 9B.87 97.44 2)
Instrumental neutron activation analysis of mineral separates

% Fe ?.83 4.90 2.13 ‘7.85 ?7.059 2.52 5,85 4.44 2.30 7.3 4.93
ppm "
Nex 108 a0a 11976 129 130 12850 139 a55 9830 G3 20400
Sc 2.16 i17.5 67.5 1.12 2.28 69.3 2.558 17.6 58.5 0.5 21.1
Cr 52 2255 5047 56100 657 5860 114 3318 71580 123860 1250
M 1054 1100 598 702 1035 746 862 580 &72 29 580
Co 137 59 20.1 206 132 25.5 132 58.5 30.0 210 53,2
Ni 2950 750 340 3270 2990 2920 8350 520 _EGO_EL_ 290
Zn 40 24 .. 740 39 . 44 40 740 50
Ga 3.8 5.0 . 4.0 2.6 a4 14
ta 0.03 Q.12 .80 0.032 1.3 0.04 0.62 2,53 1.3
Sm 4.603 0.05 7.78 71,3083 1.6 0.006 0.021 0.53 5.‘:_38
Eu §.005 3.03 .69 ... b7 0.26 1.79
Yo g.047 0.29 2.0 0.043 2.1 0,025 g.21 1.27 .21
Lu 0.015 0.046 0.32 0.0062 0.34 0.0%3 .0632 0.28 0,18
Hf 0. 16 1.18 L. 0,94 0.42 4.1

' Total Fe as FeQ.

2 K,0 1.25%; Rb 423, Sr 310, Cs 0.28, Ba 380, Ce 34, Tb 0.61, Dy 3.5, Ta 34, Au 0.019, Th 0.5, U 1.3—all in ppm.

of the second and third groups (pyroxene and olivine
compatible respectively, see above) is residing in the
four main minerals. Contributions from minor phases
like the blagkAlots are negligible. Textural and major
element chemical equilibrium of the lherzolite mineral
assemblages are the result of a high temperature and
high pressure metamorphism. Major element distribu-
tions between different minerals {mainly pyroxenes)
indicate that the whole suite of ultramafic xenoliths
has equilibrated between 940 and 1100°C  and
15-27kb (seec Kurat et al, 1979), Thus the whole
collection has been sampled by the basanite liquid
from a depth interval of approximately 50-80km
within the upper mantle.

Since major elements clearly show a temperature
dependent distribution between the main minerals
(KURAT et al, 1979), it can be expected, that trace
clements will behave in a similar way. First, however,
it has to be ascertained that the trace elements indeed
have equilibrium distributions between different
phases. Figure 5 demonstrates that this is indeed the
case for Cr and Yb which have been chosen as
examples. The general distribution of Cr and Yb
between different minerals is by and large the same in
both rocks. Differences in bulk ¥b contents of the

rocks are reflected in the Yb contents of the minerals.
This is, howsver, not the case for Cr, which has a
lower abundance in Ka 167 (0,183 wt%, Cr,03) as
compared to Ka 168 (0.535%). With increasing resi-
dual character of lherzolites (our main series) the bulk
Cr content gradually decreases because the Dﬁ{‘u_“,ogk
is larger than unity and consequently Cr enters prefer-
entially the liquid {compare Fig. 3. On the other
hand the spinels become increasingly Crerich with
increasing residual character of the rock. This hap-
pens because of Dithy roor > Dfify o and because
the D§S 1. increases with increasing Cr content of
spinel from about 20 for Al-spinel (D§ .., ~12,
Table 7; DE, i, ~ 1.6, IRVING, 1978} up to 1000 for
chromite (Hir and Roeper, 1974). Thus, the amount
of spinel decreases with increasing loss of partial melt
and the Cr content of spinel increases. This high Cr
content of spinel causes higher Cr concentrations in
all other phases of the residuai rock.

The apparent mingral-mineral distribution cocffi-
cients for trace clements in different rocks should be
of the same order of magnitude but should also reflect
different equilibration conditions as do the major
clements. In Fig. 6 this fine-structure of apparent
distribution coefficients is readily visible. There is a
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Fig. 4. REE pattern (normalized to CI) of clinopyroxene
and orthopyroxene separates [rom ultramafic xenoliths
from Kaplenstein, Austria.

systematic differcnce in these distribution coefficients
in samples Ka 168 and Ka 167. Distribution coefli-
cients larger than unity decrease from Ka 168 to Ka
167 whereas distribution coefficients smaller than 1
increase. Furthermore, the numerical differences be-
tween distribution cocfficicats from Ka 168 and Ka
167 increase with increasing deviation from unity.
Since these trends are in petfect accordance with the
trends of the major element distribution coefficients,

the different trace clement distribution coefficients must;
reflect different physical environments of equilibra-

tion. Because volume changes with changing pressure
in solids are small compared to thermal expansion,
the influence of pressure on distribution coefficients

can be neglected {compare RAMBERG and DEVORE, |

1951 ; THoMPsON, 1955). Therefore, the variations in
distribution coefficients in the Kapfenstein samples
are probably due to differences in equilibration tem-
peratures..Correlation with equilibration tempera-
tures estimated from the composition of coexisting
pysoxenes (Davis and Boyp, [966; NemrU and
WyLLIE, 1974) is perfect. Ka 168—according to the
pyroxene geothermometer——-equilibrated at 960°C and
Ka 167 equilibrated at 1100°C. The direction of
change in distribution coefficients is correct, because
they should tend to approach unity with increasing
temperature. Unfortunately no calibrations for a trace
element geothermometer are available. Comparison
with experimental data (Irving, 1978; LINDSTROM and
WEiLL, 1978) reveals that only the distribution coeffi-
cient for Ni agrees in order of magnitude and direc-
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tion. Large discrepancies are encountered in D&, ops
{experimental ~15, in nature ~4), DE;,A,O, (experi-
mental ~ 14, in nature ~ 100!} and Dg{»»om (experi-
mental ~0.31, in nature ~2}. The Cr distribution
causes the largest problems and experimental data do
not fit at all the reality in upper mantle rocks.

CONCLUSIONS

Petrological analyses of a suite of 36 uitramafic
xenoliths from Kapfenstein, Austria, suggest that the
upper mantle below Kapfenstein has been sampled by
the basanite lava between approximately 50-80 km
below the surface (KURAT et al., 1979). I spite of the
approximately 30km sampling profile, the upper
mantle below Kapfenstein appears to be of a rather
monotonous composition with lherzolite being by far
the most common rock type. Furthermore, these lher-
zolites generally show litlle variation in mineral com-
position which implies little variation in bulk com-
position for a large proportion of lherzolite samples
investigated. The overaill range of modal compositions
reaches from lherzolite to dunite and is characterized
by continuously changing minerai compositions. The
most apparent variables are the Fe/Mg ratio of the
sificates and the Cr confent of spinel. The Cr content
of spinels tends to systematically increase with de-
creasing Fe/Mg ratio of the silicates. Within this suite
of rocks ranging from high (Fe/Mg)y, and low
(Cr/Alg, to low {Fe/Mgly and high (Cr/All, bulk
major, minor and trace element contents vagy simi-
larly in a regular manner. According to our data pre-
sented above this suite represents a residual sequence
formed by different degrees of partial melting in the
upper mantle. Samples Ka 168, Ka 111, Ka 155, Ka
125, and Ka 167 represent such a sequence from a

10000 ;- -
ppm rpm
Cr b
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100 |- 41
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oL oPX CPX sp
10 ! A 1 : 0.1

Fig. 5. Distribution of Cr and Yb between different min-
erals in samples Ka 167 and Ka 168.
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Fig. 6. Apparent distribution coefficients for Na, Cr, Se. Ma. Co, and Ni between clinopyroxene and
olivine, orthopyroxene and olivine, and clinopyroxene and orthopyroxene in different wltramafic rocks
[rom Kapfenstein. Austria.

‘primitive” lherzolite to a highly depleted harzburgite.
Characteristically. Al, Ca, Ti. Na, Sc. ¥V, Cr. and the
HRET conients decrease systematically within this
depletion sequence Ka 168 1o Ka 167, Simultanously
the Mg/Fe ratio increases and the Yh/Sc ratio, a frac-
tionation index infroduced by PaLme et al. {1978),
decreases. Although all samples of this depletion
sequence are depleted in highly incompatible elements
and consequently no real ‘primitive” mantle rock was
found. the less depleted endmember of our suite (Ka
168) very clesely approaches the chondritic Yb/Sc
ratio. Ka 168 is therefore a rather primitive sample of
the Earth’s mantle which escaped large-scale partial
melting processes (e.g. PALME et al., 1978).

Chromium has been found to be a non-refractory
clement and bulk contents of lherzolites-harzburgites
decrease with decrcasing Yb/Sc ratio. Simultaneously
the Cr contents of the minerals increase. The distribu-
tion coeflicient for Cr between a partial liguid and
therzolites according 1o our data is larger than unity.
Conscquently, partial melts (e.g. basalts) should be
much richer in Cr than they normally are. We sus-
pect, that Cr of most basalts is fractionated by early
crystallization and separation of chromite. Only lunar
basalts {e.g. TavLor, 1975) and some terrestrial basic
and uitrabasic ignecus rocks appear to be really
unfractionaled with respect to Cr.

Only very few samples bear evidence for local
inhomogeneitics as well as evidence for mobilization
processes taking place within the upper mantle:

(1) the hornblendite Xa 105 represents a wet alkali-
hasaltic mobilisate which crystallized within the upper
mantle. This basaltic mobilisate not only formed the
hornblendite but also caused

(2) a basalt metasomatism of a normal lherzolite
which led to formation of the amphibole-lherzolite
Ka 105 This amphibole-therzolite formerly was
probably 2 normal member of the lherzolite-dunite
sequence but because of the addition of an alkali-
basaltic component deviates in several compositional
parameters from that sequence. For example, the
Fe/Mg ratio, the overall alkali contents, and the
abundance of the LREE arc significantly higher in Ka
105 as compared to the normal lherzolite series.

{3} Two amphibole-lherzolites (Ka 111 and Ka 155)
give cvidence for H,0 metasomatism taking place
within the upper mantie. The overall bulk and
mineral compositions of these rocks fit perfectly the
normal lherzolite-dunite sequence. Amphibole in
these samples has been formed by reaction of spinel
with clinopyroxene and water. No contamination of
these samples by larger amounts of incompatible ele-
ments is detectable. Thus, addition of solely water 1o
a normal lherzolite, causing formation of amphibole
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characteristically poor in K, is responsible for the
formation of these rocks.

(4) The garnet-spinet websterite sample Ka 103 pro-
vides evidence for formation and trapping of tholeiitic
ligquids within the upper mantle below Kapfenstein.
Furthermore, Ka 103 has experienced a subsequent
partial melting event which led to a strong depletion
of incompatible elements. This rock is an important
exampie of partiad mobitization of a former mobilisate.

{5) Behaviour of highly incompatible clements is
generally very irregular and there is ubiguitous
evidence for contamination. We¢ have identificd a
contamination phase which in some samples can be
found as ‘biack dots’. Although the origin of these
dots has not yet been ascertained, they could rep-
resent condensates rich in Mn, Ni, Ba, La, and other
highly incompatible elements from vapors diffusing
through upper mantle rocks. These gases could have
originated within the deeper mantle and therefore
could represent’ degassing products of the deeper
mantle.

(6) Another source of contamination is weathering.
In Ka 103 we found clear evidence for a strong U—
contamination caused by percolating groundwater.
The U dissoived in groundwater thereby becomes
trapped by decaying sulfides in the rock. In the case
of Ka 103, U contamination by weathering caused the
extremely high U content within partly oxidized sul-
fides of 230 ppm. This process obviously is very cffi-
cient and probably affected all sampies to some
degree.

Investigation of trace element distributions between
different minerals not enly revealed that the lherzo-
lite-dunite series is indeed a depletion series but also
showed that several trace clement distribution coeffi-
cients are strongly dependent on equilibration tem-
perature and thus are suitable for geothermometry.
Unfortunately, experimental data on trace clement
partitioning arc scarce and in many cases contradict
out observed distribution coefficients. We hope that
our data stimulate more experimental efforts which
eventually should lead to well calibrated geo-
thermometers based on trace element distributions
between minerals.
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