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Abstract

Peridotitic clinopyroxene (cpx) and pyrope garnet xenocrysts from four kimberlite pipes in the Kaavi—Kuopio area of
Eastern Finland have been studied using major and trace element geochemistry to obtain information on the vertical
compositional variability of the underlying mantle. The xenocryst data, when combined with the petrological constraints
provided by peridotite xenoliths, yield a relatively complete section through the lithospheric mantle. Single-grain cpx
thermobarometry fits with a 36-mW/m? geotherm calculated using heat flow constraints and xenolith modes and geophysical
properties. Ni thermometry on pyrope xenocrysts gives 700—1350 °C and, based on the cpx xenocryst/xenolith geotherm,
indicates a wide sampling interval, ca. 80—230 km. Plotting pyrope major and trace element compositions as a function of
temperature shows there are three distinct layers in the local lithospheric mantle:

(1) A low-temperature (<850 °C) harzburgite layer distinguished by Ca-rich but Ti-, Y- and Zr-depleted pyropes. The
xenoliths originating from this layer are all fine-grained garnet-spinel harzburgites with secondary cpx.

(2) A variably depleted lherzolitic, harzburgitic and wehrlitic horizon from 950 to 1150 °C or 130 to 180 km.

(3) A deep layer from 180 to 240 km composed largely of fertile material.

The peridotitic diamond window at Kaavi—Kuopio stretches from the top of the diamond stability field at 140 km to the base of
the harzburgite-bearing mantle at about 180 km, implying a roughly 40-km-wide prospective zone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction distinct kimberlite clusters containing at least 19
kimberlites with mineralogy typical of Group I

The Kaavi—Kuopio Kimberlite Province situated kimberlite (Tyni, 1997; O’Brien and Tyni, 1999).
at the edge of the Karelian Craton comprises two The pipes have intruded Archean (3.5-2.6 Ga)
basement gneisses and allochthonous Proterozoic

* Corresponding author. Fax: +358-20-550-12. (1.9-1.8 Ga) metasediments (Kontinen et al., 1992;
E-mail address: marja.lehtonen@gsf.fi (M.L. Lehtonen). Fig. 1). Several methods have been used to date the
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Fig. 1. Map illustrating the diamond prospective area of Northern Europe characterized by (a) low heat flow (simplified from Kukkonen and
Joeleht, 1996) and (b) lithosphere thicker than 170 km based on seismic data (Calcagnile, 1982). Generalized geology modified after Gaal and
Gorbatschev (1987). The Archean/Proterozoic boundary marks the subsurface extent of the Archean craton. The black diamonds represent

diamond-bearing kimberlites and lamproites.

kimberlite magmatism (Tyni, 1997; Peltonen et al.,
1999; Peltonen and Maénttéri, 2001), but the U—Pb
ion probe ages of 589-626 Ma from perovskites
(O’Brien et al., in press) are considered to be the
most reliable. Mantle xenoliths from the Kaavi—
Kuopio pipes have been studied by Peltonen et al.
(1999), and a geotherm of 36 mW/m? has been
calculated using heat flow constraints and xenolith
modes and geophysical properties (Kukkonen and
Peltonen, 1999). The xenolith suite provides evi-
dence of a compositionally stratified lithospheric
mantle adjacent to the ancient suture zone between

the Archean Karelian Craton and the Proterozoic
Svecofennian mobile belt. A shallow zone (<900
°C) of garnet-spinel harzburgites is underlain by a
zone of garnet facies peridotites (180—240 km)
including lherzolitic, harzburgitic, olivine websteritic
and wehrlitic varieties (Peltonen et al., 1999). Mantle
eclogite xenoliths are also present, some of them
being highly diamondiferous (Peltonen et al., 2002).
The upper mantle beneath the Karelian Craton is
interpreted to have a mixed origin, consisting of
remnants of thinned Archean subcontinental litho-
spheric mantle, possibly underlain by early Protero-
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zoic lithosphere and/or younger material underplated
around 1.8 Ga (Peltonen et al., 1999). The small
number of xenoliths available gives a limited sam-
pling of the lithosphere relative to the xenocryst
record. The aim of this study was therefore to obtain
additional information on the vertical compositional
variability of the lithosphere by carrying out a
systematic study of peridotitic clinopyroxene and
pyrope garnet xenocrysts from four Kaavi—Kuopio
kimberlites.

2. Samples

Samples were selected from four kimberlites: the
2-ha Lahtojoki (Pipe no. 7 with 26 cpht of +0.8 mm
diamonds), the 2-ha Kylmélahti (no. 17, marginally
diamondiferous), the 700 X 30 m Kérenpdd (no. 5,
diamond grade unknown) and the 300 X 50 m Nii-
lonsuo (no. 2, microdiamond-rich). Xenocryst grains
(0.25-2.0 mm) were liberated by lightly crushing the
kimberlite material—except for the hard magmatic
Niilonsuo kimberlite which was fragmented electro-
dynamically at Forschungszentrum Karlsruhe—fol-
lowed by heavy medium separation and hand
picking. Hundreds of garnet and clinopyroxene
(cpx) xenocrysts as well as 20 garnet-cpx aggregates
were recovered from the concentrates. Other mineral
phases appropriate for P—T calculations (i.e., ortho-
pyroxene) were not found to coexist with garnet or
cpx. Garnets in this study are unsorted and represent
the entire range of garnet populations within the
kimberlites. However, for the cpx grains, an attempt
was made to choose only peridotitic varieties, based
on their bright green color.

3. Analytical techniques

Mineral compositions were determined by a
Cameca Camebax SX50 electron microprobe (EMP)
at the Geological Survey of Finland. For garnet
analyses, an acceleration voltage of 25 kV, probe
current of 48 nA and beam diameter of 1 um were
applied. The parameters for cpx analyses were 15
kV, 30 nA and 5 pum, respectively. Selected garnet
xenocrysts were analyzed for trace elements by LA-
ICP-MS at the University of Cape Town using the

methodology and equipment described in Grégoire et
al. (2003). Detection limits are in the range of 10—20
ppb for Zr and Y and 2 ppm for Ti and Ni. Trace Ni,
Mn and Ti data by EMP were obtained on pyrope
grains employing 500-nA probe current, 600-s count-
ing times on peak plus background positions and
were reduced by the CSIRO TRACE program for the
SX50 (Robinson and Graham, 1992). Cross-checking
of the two trace methods shows that Ni, Ti and Mn
analyses in pyrope by EMP can achieve similar
precision to those of LA-ICP-MS down to the level
of ca. 10 ppm.

The garnets were classified into harzburgitic, lher-
zolitic and nonperidotitic varieties according to Gurney
(1984); the compositional field for wehrlitic garnet was
separated from the lherzolite field using the division of
Sobolev et al. (1973). Equilibration pressures and
temperatures of the peridotitic cpx xenocrysts were
calculated using the single-grain cpx thermobarometer
of Nimis and Taylor (2000, NT hereafter). The cpx
xenocrysts were screened according to the composi-
tional and crystal structural criteria of Nimis and Taylor
(2000) in order to calculate pressures and temperatures
only for those grains that had probably coexisted with
orthopyroxene and garnet. Xenolith P—T data were
calculated using NT and the method of Brey et al.
(1990, BKN hereafter). For garnet xenocrysts, the Ni
thermometer (Griffin et al., 1989a) was applied using
both the calibration of Ryan et al. (1996) and that of
Canil (1999).

4. Results
4.1. Garnet major element geochemistry

Representative EMP analyses of garnet xenocrysts
are presented in Table 1 and representative garnet
analyses from the xenoliths were taken from Peltonen
et al. (1999). CaO and Cr,0O; contents of pyropes
from peridotite xenoliths and pyrope xenocrysts (Fig.
2) show that lherzolitic garnets (G9 according to
Dawson and Stephens, 1975) predominate. In addi-
tion, orange Ti-rich pyropes of megacryst composition
(G1/G2) are common among the xenocrysts. Subcal-
cic harzburgitic garnets (G10) represent about 6% of
the analyzed grains. All of the G10 garnet analyses
came from xenocrysts, suggesting that their host
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Table 1

Electron microprobe and LA-ICP-MS analyses of garnet xenocrysts from Finnish kimberlites

Sample 1D 4682.02  10657.02 4398.96  4403.96  #43 15947.01 15946.01 18279.01 15995.01 #106
Classification CCGE CCGE CCGE HRZ HRZ HRZ HRZ HRZ WHR WHR
Si0, (wWt.%) 39.61 40.17 40.83 42.19 41.00 41.05 41.34 41.53 41.03 40.04
TiO, (wt.%) 0.05 0.00  0.00 0.03 0.28 0.11 0.31 0.01 0.58 0.53
AL O3 (Wt.%) 20.21 17.68  17.00 19.35 17.24 16.81 18.08 16.04 19.20 17.31
Cr,O5 (Wt.%) 5.01 7.55  8.62 6.05 8.08 8.49 6.59 10.24 4.49 6.89
FeO (wt.%) 8.74 8.25 7.74 6.44 6.22 6.31 6.49 6.27 9.93 8.98
MnO (wt.%) 0.48 0.53  0.56 0.36 0.32 0.32 0.29 0.37 0.50 0.53
MgO (wt.%) 18.35 17.16 17.60 23.19 20.81 21.26 21.04 22.92 17.29 17.58
NiO (wt.%) 0.00 0.00  0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
CaO (wt.%) 6.38 7.44  7.67 3.06 5.18 4.24 4.83 2.62 7.28 6.85
Na,O (wt.%) 0.00 0.00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
K50 (wt.%) 0.00 0.00 n.a. n.a. 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.92 98.83  100.08 100.69 99.16 98.68 99.00 100.08 100.33 98.76
Mg/(Mg+Fe) 0.789 0.787 0.802 0.865 0.856 0.857 0.853 0.867 0.756 0.777
Ni (ppm) 12 20 23 50 62 65 65 66 44 46

Y (ppm) 2.8 02 05 1.1 3 3 3 13 25 23

Zr (ppm) 3.8 0.8 2.4 3.9 16 5.7 21 1.2 64 64

Tni (°C) RGP 687 795 826 1034 1105 1122 1124 1129 993 1006
Tni (°C) Canil 833 916 938 1082 1127 1137 1139 1142 1055 1064
Sample ID #94 15,924.01 #9 4674.02  #11 10,635.02  13,358.95 4694.02 18,078.01 4611.02
Classification WHR WHR LHZ LHZ LHZ LHZ LHZ LHZ LHZ LHZ
SiO; (Wt.%) 39.99 40.14 40.18 39.58 4036 40.68  41.13 40.19  41.16 40.37
TiO, (wt.%) 091 0.88 0.04 0.15 0.61 0.54  0.55 035 0.34 0.86
ALO5 (Wt.%) 15.99 17.62 17.83 20.11 16.74 19.37  19.75 20.05 17.46 18.67
Cr,05 (Wt.%) 7.71 5.70 7.39 455  7.86 4.08 435 488 7.57 5.49
FeO (wt.%) 9.27 9.35 7.85 8.56  8.19 8.52  7.05 6.57 7.03 7.29
MnO (wt.%) 0.42 0.42 0.54 042 048 0.40 041 032 041 0.38
MgO (wt.%) 17.64 17.84 19.07 19.91 19.04 19.39  20.80 2172 20.26 20.46
NiO (wt.%) 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00
CaO (wt.%) 6.87 6.37 5.54 520 597 5.55 483 470  5.56 5.32
Na,O (wt.%) n.a. n.a. n.a. 0.05 na. 0.09 na. 0.04 na. 0.11
K0 (wt.%) 0.00 0.00 0.00 0.00  0.00 0.00 na. 0.00  0.00 0.00
Total 98.82 98.38 98.44 98.59 99.27 98.69 99.06 98.93  99.82 98.99
Mg/(Mg+Fe) 0.772 0.773 0.812 0.806  0.806 0.802 0.840 0.855 0.837 0.833
Ni (ppm) 56 59 21 34 40 46 51 53 55 63

Y (ppm) 17 17 17 13 14 16 11 1.4 1.7 14
Zr (ppm) 50 46 45 46 43 42 28 39 38 45
Tni (°C) RGP 1071 1084 803 918 964 1004 1040 1050 1061 1109
Ti (°C) Canil 1106 1114 922 1004 1035 1063 1086 1092 1099 1129
Sample 1D 18,065.01 8101.96 10,634.02 18,155.01 18,147.01 18,077.01 4672.02 8114.96  4655.02 18,193.01
Classification LHZ LHZ LHZ LHZ LHZ LHZ TiP TiP TiP TiP
SiO; (Wt.%) 40.86 40.65 4033 41.55 41.44 41.43 4023 4130 40.50  41.29
TiO, (Wt.%) 0.29 0.24 0.89  0.56 0.54 0.56 0.77  0.64 0.64 043
ALO; (Wt.%) 16.97 14.50 17.28  18.95 19.45 17.25 2023 20.74 21.04 2239
Cr,05 (Wt.%) 8.52 10.87 6.28  5.05 4.10 6.96 291 1.48 2.16 034
FeO (wt.%) 6.55 6.62 845  7.06 7.58 6.73 8.50  9.07 8.03  8.89
MnO (wt.%) 0.34 0.39 0.44 030 0.28 0.28 034 037 028 029
MgO (wt.%) 20.21 19.34 19.02  21.00 21.20 2091 20.67  20.76 21.31  20.01
NiO (wt.%) 0.00 0.01 0.01 0.0l 0.01 0.01 0.01  0.02 0.01 0.0l
CaO (wt.%) 5.72 6.70 6.04 525 4.80 5.57 5.00 4.23 476 543




Table 1 (continued)

M.L. Lehtonen et al. / Lithos 77 (2004) 593—-608

597

Sample ID 18,065.01 8101.96 10,634.02 18,155.01 18,147.01 18,077.01 4672.02  8114.96  4655.02 18,193.01
Classification LHZ LHZ LHZ LHZ LHZ LHZ TiP TiP TiP TiP
Na,O (wt.%) n.a. n.a. 0.08 n.a. n.a. n.a. 0.06 n.a. 0.04 n.a.
K,0 (wt.%) 0.00 n.a. 0.00  0.00 0.00 0.00 0.00 na. 0.00  0.01
Total 99.49 99.48 98.86  99.76 99.42 99.75 98.79  98.79 98.88  99.18
Mg/(Mg +Fe) 0.846 0.839 0.800 0.841 0.833 0.847 0.812  0.803 0.825 0.800
Ni (ppm) 64 71 71 79 84 118 63 71 80 92

Y (ppm) 1.1 20 15 13 14 10 15 16 14 11
Zr (ppm) 25 41 44 43 35 41 43 39 37 23
Tni (°C) RGP 1117 1154 1155 1196 1222 1383 1108 1155 1201 1264
Tni (°C) Canil 1135 1157 1158 1182 1198 1288 1129 1157 1186 1222

RGP=Ryan et al. (1996), Canil=Canil (1999); n.a. =not analyzed.

peridotites were more susceptible to fragmentation
than other xenolith varieties. Moreover, a well-devel-
oped pyrope trend exists in the wehrlitic field similar
to that described by Kopylova et al. (1999, 2000) and
Carbno and Canil (2002) from the Slave Craton. The
trend, named CCGE by Kopylova et al. (2000) after

“chromite—clinopyroxene—garnet equilibrium,” is
characterized by Ca and Cr saturation but shows less
enrichment in Cr than the usual lherzolitic trend, and
this is taken to indicate that the garnets equilibrated
with coexisting cpx and chromite. The Kaavi—Kuopio
xenolith record supports this conclusion since the
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Fig. 2. Cr,05 vs. CaO of Kaavi—Kuopio kimberlite-derived garnets. The xenocryst data are representative of the entire garnet population of the
pipes, whereas the xenolith data represent more limited sampling. The harzburgite, lherzolite and nonperidotite fields are redrawn after Gurney
(1984) and the wehrlite field is separated according to Sobolev et al. (1973). Arrow marks the “CCGE” garnet trend, i.e., chromite—
clinopyroxene—garnet equilibrium, recognized in spinel-garnet peridotites from the Jericho kimberlite (Kopylova et al., 2000).



598

fine-grained garnet-spinel harzburgite xenoliths with
minor amounts (<5%) of secondary cpx (Peltonen et
al., 1999) contain garnets that plot along the same
CCGE trend.

4.2. Clinopyroxene major element geochemistry

Clinopyroxenes in the garnet-cpx aggregates are
chrome diopsides that contain 0.50—4.67 wt.% Cr,03
and 1.21-4.43 wt.% Na,O. Their Mg/(Mg + Fe) ratios
range from 0.90 to 0.94. The corresponding values for
the entire cpx xenocryst population that qualified for
P—T calculations are 0.50-3.21 wt.% Cr,03, 0.77—

M.L. Lehtonen et al. / Lithos 77 (2004) 593—608

3.03 wt.% Na,O and 0.88—0.96 Mg/(Mg + Fe). Rep-
resentative EMP analyses of cpx xenocrysts are pre-
sented in Table 2. Fig. 3, where cpx analyses from the
xenoliths (Peltonen et al., 1999) and xenocrysts (this
study) are plotted in a Cr,O3 vs. Mg/(Mg+Fe)
diagram, shows that the two populations coincide
rather well.

The CCGE trend seen in garnet is reflected by cpx
geochemistry as described by Kopylova et al. (1999).
The cpx grains from garnet-spinel peridotite xenoliths
and most of the low-7 (<900 °C, NT) cpx xenocrysts
show an unusual negative correlation in Mg number
and Cr (Fig. 3) due to partitioning of Cr and Mg into

Table 2

Electron microprobe analyses of clinopyroxene xenocrysts from Finnish kimberlites

Sample ID 13,751.01 17,915.01 17,887.01 13,743.01 17,895.01* 17,857.01 17,896.01 17,905.01 13,801.01 13,773.01
SiO; (Wt.%) 54.80 54.61 54.70 55.32 54.98 54.80 54.92 55.34 55.14 54.98
TiO, (Wt.%) 0.00 0.00 0.29 0.30 0.26 0.22 0.32 0.14 0.33 0.31
ALO5 (Wt.%) 1.64 1.34 1.78 2.10 1.54 1.67 1.80 2.50 1.75 1.78
Cr,05 (Wt.%) 1.10 0.94 0.87 1.11 1.37 1.39 2.01 1.85 1.92 1.65
FeO (wt.%) 1.36 1.63 2.70 322 2.17 2.66 2.30 2.39 2.95 2.55
MnO (wt.%) 0.00 0.01 0.14 0.01 0.11 0.07 0.14 0.00 0.00 0.02
MgO (wt.%) 16.89 17.38 16.29 15.97 16.89 16.48 16.41 16.44 16.93 17.15
NiO (wt.%) 0.08 0.00 0.07 0.03 0.02 0.04 0.09 0.03 0.03 0.02
CaO (wt.%) 22.43 22.55 21.39 20.71 21.11 20.63 20.10 18.96 19.44 19.36
Na,O (wt.%) 1.12 0.87 1.37 1.82 1.45 1.46 1.75 223 1.79 1.75
K0 (wt.%) 0.04 0.02 0.03 0.01 0.01 0.02 0.01 0.05 0.01 0.03
Total 99.46 99.35 99.63 100.63 99.95 99.44 99.87 99.93 100.28 99.62
Mg/(Mg+Fe) 0.957 0.950 0.915 0.898 0.933 0.917 0.927 0.925 0.911 0.923
T (°C)NT 779 855 881 893 937 975 984 1017 1066 1078

P (kbar) NT 34 37 40 43 45 45 44 45 49 51
Sample ID 13,707.01  #3_104" 13,706.01 17,835.01 17,850.01 17,832.01 13,767.01 13,850.01* 17,848.01 13,824.01
SiO; (Wt.%) 55.24 54.43 55.34 55.04 55.22 55.10 55.47 55.45 55.77 55.25
TiO, (wt.%) 0.37 0.30 0.37 0.31 0.24 0.29 0.14 0.20 0.23 0.16
ALO;5 (Wt.%) 1.89 1.71 1.85 1.62 1.48 1.58 1.72 1.73 1.63 2.73
Cr,05 (Wt.%) 1.58 1.34 1.41 2.07 2.25 1.76 1.09 0.94 2.62 0.67
FeO (wt.%) 3.00 3.02 3.15 2.27 2.20 233 3.30 3.46 3.37 4.53
MnO (wt.%) 0.03 0.03 0.01 0.04 0.08 0.10 0.06 0.05 0.22 0.10
MgO (wt.%) 16.86 17.00 17.30 17.51 17.53 18.19 18.93 19.15 19.07 19.71
NiO (wt.%) 0.05 0.07 0.05 0.02 0.11 0.11 0.06 0.06 0.07 0.07
CaO (wt.%) 18.92 19.13 19.02 18.61 18.52 18.54 17.77 17.49 15.86 14.04
Na,O (wt.%) 1.97 1.64 1.81 1.83 1.82 1.62 1.33 1.42 1.98 1.89
K,0 (wt.%) 0.03 0.01 0.03 0.04 0.04 0.01 0.03 0.02 0.02 0.01
Total 99.94 98.70 100.44 99.41 99.48 99.63 99.90 100.07 100.89 99.15
Mg/(Mg +Fe) 0.909 0.909 0.907 0.932 0.934 0.933 0.911 0.908 0.910 0.886
T (°C)NT 1091 1102 1117 1140 1157 1190 1279 1292 1309 1364

P (kbar) NT 57 54 56 54 55 54 56 61 57 58

NT=Nimis and Taylor (2000).
# Intergrown with garnet.



M.L. Lehtonen et al. / Lithos 77 (2004) 593—-608 599

5.0
o A CPX xenocryst, T<900°C (NT)

45 X CPX xenocryst, 900°C<T<1150°C (NT)

1 CPX XENOCRYST, T>1150°C (NT)

* * O GNT-CPX pair

4.0 +C L .

O GNT peridotite xenolith
35 O 4 GNT-SPIN harzburgite xenolith

Cr203 Wto/o in CPX
[\
(92}

1.0

0.5 ~1
n=215

0.0

A
¢ CCGE-trend

0.860 0.880 0.900

0.920 0.940 0.960 0.980
Mg# CPX

Fig. 3. Cr,03 vs. Mg number for Kaavi—Kuopio clinopyroxenes. The temperatures for cpx xenocrysts are calculated after Nimis and Taylor
(2000, NT). Cpx grains from garnet-spinel harzburgites and the low-temperature cpx xenocrysts (7<900 °C), in particular, follow the CCGE

trend described by Kopylova et al. (1999).

silicate phases controlled by the presence of spinel
with a constant Cr/Mg ratio.

4.3. Clinopyroxene thermobarometry

Single-grain cpx thermobarometry fits reasonably
well with a geotherm of 36 mW/m? calculated using
heat flow constraints and Kaavi—Kuopio xenolith
modes and geophysical properties (Kukkonen and
Peltonen, 1999). Fig. 4 shows the correspondence
between the xenolith and xenocryst data. Although
there is a shift to lower pressures and slightly lower
temperatures in NT results relative to BKN for data
from the same xenoliths, these shifts are along the
modeled heat flow curves and therefore do not
affect the fit of the data to the preferred Kukko-
nen—Peltonen geotherm (Fig. 4, KP). The BKN P—
T values for xenoliths on this geotherm indicate a
wide sampling range, approximately 90-230 km.
The cpx xenocrysts with compositions along the
CCGE trend (Fig. 3) have NT temperatures and

pressures in the range of 800-900 °C and 37-41
kbar, respectively, indicating derivation from the
same depth range as the garnet-spinel peridotites,
i.e., shallower than 130 km according to the local
geotherm.

4.4. Garnet thermometry and trace element
geochemistry

A subset of the pyrope xenocrysts shown in Fig.
2 was analyzed for trace elements. Representative
analyses are presented in Table 1. The Ty; histo-
grams (Fig. 5) show bimodal distributions using
both the calibration of Ryan et al. (1996, used
hereafter in Ty; values) and that of Canil (1999).
The two peaks in the sampling include a strong
low-temperature peak at 700—850 °C consisting
dominantly of the CCGE pyropes described previ-
ously, and a stronger sampling peak at 1000—1150
°C, which includes all but one of the G10 pyropes
analyzed for Ni and a second population of more
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Fig. 4. P—T calculated for xenoliths, cpx-garnet pairs and cpx xenocrysts using the thermobarometers of Brey et al. (1990, BKN) and Nimis and
Taylor (2000, NT). Reference model geotherm for 36 mW/m? (PC) from Pollack and Chapman (1977) and 36 mW/m? (KP) from Kukkonen and
Peltonen (1999), the latter calculated for the Karelian craton at 600 Ma. Depth in kilometers is converted from pressure according to Kukkonen
et al. (2003). The diamond—graphite transition is redrawn after Kennedy and Kennedy (1976).

typical wehrlitic grains (i.e., with compositions that
do not plot along the CCGE trend). In addition to
being the highest temperature at which the latter
two pyrope types occur, 1150 °C also represents a
break in the stratigraphic section of the lithosphere
based on the Zr and Y contents of garnets, sepa-
rating mantle that contains strongly depleted
pyropes from more enriched mantle (Fig. 6). The
intermediate temperature (1000—1150 °C) webhrlitic
population is enriched in Y and Zr relative to all
other pyrope varieties (Fig. 6) and to the ultra-
depleted low-temperature CCGE garnets in particu-
lar. Fig. 6 also shows megacryst composition Ti-rich
pyropes (TiPs), which have an enigmatic origin, but
are nevertheless included here for illustrative pur-
poses. We defend the reasoning for plotting at least
the most Mg-rich TiPs on these diagrams as they
reach the same Mg and Cr contents as lherzolitic
pyropes, implying equilibration with olivine similar

to that in the lherzolites. The great majority of these
Mg-rich TiP analyses plot at temperatures above the
1150 °C edge.

The two breaks in the mantle stratigraphy under-
lying Kaavi—Kuopio also show up well using TiO,
contents of the pyropes, as seen in Fig. 7, where the
Tni temperatures have been extrapolated to the local
geotherm (Kukkonen and Peltonen, 1999) to give
pressures and depths for each grain. Overall, the
garnet xenocrysts cover a sampling interval from 80
to 230 km, without any major discontinuities. The
main horizon of sampling at 1000—1150 °C corre-
sponds to the mantle section from 140 to 180 km,
from which only few xenoliths have been recovered.
The lower temperature boundary at about 850 °C
corresponds to the break in TiO, at approximately 110
km depth above which only extremely low TiO,
content pyropes exist, most of these being CCGE in
composition. The second boundary roughly at 1150
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°C or ca. 180 km is the limit below which only a very
few TiO,-depleted pyropes occur.

5. Discussion
5.1. The CCGE trend in garnet

The compositional trend of Ca- and Cr-saturated
garnets (CCGE) seen in the Kaavi—Kuopio garnet-
spinel peridotites and low-T garnet xenocrysts is only
rarely observed in kimberlites or associated xenoliths.
Kopylova et al. (1999, 2000) and Carbno and Canil
(2002) described it from garnet-spinel peridotite xen-
oliths in the Jericho and Drybones Bay kimberlites in
the Slave Craton. Similar garnets are also found in
minor proportion in the Ranch Lake kimberlite con-
centrate (Cookenboo, 1996). The few other localities
with this type of trend include the chromite-bearing
garnet lherzolites from the Thumb primitive minette in
the Colorado Plateau (Ehrenberg, 1982; Smith et al.,
1991), which show the trend strongly, and a set of rare

peridotites from the Lesotho xenolith suite (Smith and
Boyd, 1992).

Smith and Boyd (1992) noted that the CCGE
trend parallels the compositional trend in garnet
produced by experiments on natural (spinel-bearing)
lherzolite (Brey et al., 1990). The CCGE garnets
from Kaavi—Kuopio are plotted in Fig. 8, along with
the compositional fields for garnets from Jericho
(Kopylova et al., 1999, 2000), Thaba Putsoa, Leso-
tho (Smith and Boyd, 1992) and the lherzolite
experiments (Brey et al., 1990). The Kaavi—Kuopio
CCGE trend parallels that of the other two kimber-
lites, but at lower temperatures and pressures, and
cuts slightly across the isotherms derived from the
experimental data. The temperatures and pressures
estimated from Fig. 8 for Kaavi—Kuopio CCGE-
bearing xenoliths are reasonably consistent with the
P—T of the cpx from these xenoliths and the Ty;
values of the garnets (Fig. 5). Taken together, this
indicates derivation from temperatures and pressures
below 900 °C and 40 kbar, i.e., shallower than 130
km according to the local geotherm.
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Kopylova et al. (2000) concluded that Ca-saturated
cpx-bearing garnet-spinel cratonic peridotites are re-
stricted to mantle segments of special character since
Cr-rich rocks are normally poor in Ca and vice versa.
Garnet and spinel-bearing mantle, which is harzbur-
gitic under most Archean cratons (Griffin et al.,
1999a), tends to be too depleted to provide sufficient
cpx for development of the CCGE trend. Moreover,
the rarity of the trend may derive from the disequi-
librium between phases in cratonic spinel-garnet peri-
dotites (Kopylova et al., 2000; Smith and Boyd,
1992). The mantle beneath Jericho (Kopylova et al.,
2000) and the Colorado Plateau (Ehrenberg, 1982) are
special because their spinel-garnet mantle is lherzo-
litic or cpx-bearing harzburgitic. These locations are
also characterized by the complete absence of sub-
calcic harzburgitic garnet (G10) and the presence of
lherzolitic Ca-saturated garnet at all mantle depths
(Kopylova et al., 2000; Griffin and Ryan, 1995). The
Kaavi—Kuopio mantle segment is similar to that of
Jericho in the respect that the CCGE trend derives
from garnets in garnet-spinel harzburgites with minor

amounts (<5%) of cpx. However, despite this simi-
larity in host rock for the CCGE garnets, the Kaavi—
Kuopio mantle also differs significantly from that of
Jericho (and the Colorado Plateau) since it contains
G10s in the deeper layers of the lithosphere, and
moreover, one G10 grain falls within the temperature
range of the CCGE garnets (Fig. 7). Overall, the
CCGE trend in Kaavi—Kuopio exists only in a nar-
row, upper layer of the lithosphere (<120 km), as its
lower parts are of a completely different nature.

The ultradepletion of CCGE garnets with respect to
Ti, Y and Zr, combined with their contradictory
saturation in Ca, indicate that their host peridotite
was not produced by a single partial melting event of
the primitive mantle. The CCGE garnets may have
been derived from a mantle source that has been
ultradepleted by melt extraction and later refertilized
in Ca by some chemical enrichment process such as
carbonatite metasomatism (Kopylova et al., 2000;
Carbno and Canil, 2002). The addition of Ca led to
crystallization of secondary cpx (as seen in Kaavi—
Kuopio garnet-spinel facies xenoliths) and the trans-
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formation of harzburgitic garnets to wehrlitic. The
transformation from harzburgite to lherzolite has been
described from mantle garnets from suites in Kimber-
ley, South Africa (Schulze, 1995; Griffin et al.,
1999b). In contrast to the peridotitic minerals in the
mantle beneath Jericho (Kopylova et al., 1999) and
the Colorado Plateau (Smith and Ehrenberg, 1984;
Smith et al., 1991), the Kaavi—Kuopio grains do not
display extensive zoning that would indicate such
secondary refertilization. This suggests that there
was sufficient time for equilibration with the meta-
somatizing agents. This conclusion is also supported
by the garnet-cpx Sm—Nd isochrons of garnet-spinel
facies xenoliths that yield ages of 600 Ma (Peltonen et
al.,, 1999), the same age as the host kimberlites,
suggesting continuous re-equilibration of garnets at
mantle temperatures up to the time of emplacement.

Based on the whole rock REE abundances, region-
al geology and model presented for the local geo-
dynamic evolution, Peltonen et al. (1999) concluded
that the low-T garnet-spinel peridotites could repre-
sent harzburgitic residues, i.e., remnants of the
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reworked Archean lithosphere, metasomatized shortly
before or during the invasion of a kimberlite-derived
melt or fluid completely obscuring their ancient iso-
topic signature. Carbno and Canil (2002), however,
suggested that the abundance of ultradepleted (Zr, Y,
Ti) but Ca-enriched garnets in Drybones Bay kimber-
lite may be explained by carbonatite metasomatism,
where cpx forms from opx as a result of the interac-
tion of carbonate melt with harzburgite (Yaxley et al.,
1998).

5.2. The 180-km boundary

The petrographic evidence for modal metasoma-
tism seen in the Kaavi—Kuopio garnet facies xenoliths
(Peltonen et al., 1999) is in agreement with the garnet
xenocrysts. The Y —Zr diagram (Fig. 9) shows that the
xenocryst record is comprised of depleted and melt
metasomatized grains. The wehrlitic pyropes, in par-
ticular, preserve evidence of melt metasomatism,
whereas the lherzolitic grains show this chemical
signature to a lesser extent. Most of the harzburgitic

50
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Fig. 9. Plot of Y and Zr for the Kaavi—Kuopio pyrope xenocrysts. Melt and phlogopite metasomatism trends after Griffin et al. (1999b). Solid

black line defines the depleted field.
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and all of the CCGE xenocrysts plot in the “depleted”
field.

As illustrated in Figs. 6 and 7, there is a distinct
upper temperature limit for strongly depleted garnets
defined by low Ti, Zr and Y contents at 1150 °C (Tx;),
corresponding to a depth of 180 km on the local
geotherm. According to Griffin and Ryan (1995), this
kind of garnet composition “edge’ marks the position
of the inferred base of the lithosphere. Another
interpretation, however, is supported by the existence
of a few depleted garnet xenocrysts of Tj—temper-
atures higher than 1150 °C in the Kaavi—Kuopio suite
(Figs. 6 and 7). These are significant because they
may represent remnants of a previously existing
depleted layer or deeper extension of the 130—180
km layer that was refertilized by melt metasomatism.
Such metasomatism could have caused the destruction
of all previously existing harzburgitic material in this
layer and forced the crystallization of abundant Ti-rich
pyropes.

The Ty of the compositional edge in garnet also
corresponds to the “kink™ or “step” seen in xenolith
geotherms from various kimberlite fields (Griffin and
Ryan, 1995) reflecting a change from an essentially
conductive geotherm to a steeper temperature gradi-
ent (Finnerty and Boyd, 1987; Griffin and Ryan,
1995). Xenoliths along the “kink” or above the
high-T" “step” of the geotherm commonly have
foliated microstructures and show geochemical evi-
dence of infiltration by asthenosphere-derived melts
(Smith et al., 1991; Griffin et al., 1989b). However,

Svecofennian mobile belt
kimberlites

km

50

100

none of the Kaavi—Kuopio xenoliths, from a strati-
graphic record that goes down to 240 km, shows any
of the textural or geochemical features of sheared
high-T peridotites (Kukkonen and Peltonen, 1999).
Thus, the 1150 °C/180-km edge determined by the
garnet compositional break does not mark the base
of the lithospheric mantle at Kaavi—Kuopio, but
instead represents a sublithospheric mantle composi-
tional discontinuity.

6. Conclusions

Lithosphere mantle xenoliths in Group I kimber-
lites from the Kaavi—Kuopio area of Eastern Finland
provide evidence of a stratified mantle underlying the
SW margin of the Archean Karelian Craton. This
craton edge has experienced a complicated history
including rifting around 1.95 Ga and continental
collision around 1.88 Ga (Nironen, 1997; Peltonen
et al.,, 1998), and consequently, the mantle stratigra-
phy is complex. With the present resolution, at least
three lithospheric mantle layers can be distinguished
(Fig. 10): (1) an upper layer, shallower than 130 km,
composed of secondary cpx-bearing CCGE pyrope-
spinel harzburgites; (2) a middle garnet peridotite
layer, from 130 to 180 km, ranging from lherzolite
to harzburgite to wehrlite; and (3) a lower, more fertile
layer, from 180 to 240 km, from where the bulk of the
garnet facies peridotite and eclogite xenoliths were
derived.

Karelian craton

carbonatites

Crust

Shallow SCLM
(fine-grained, modally
metasomatized harzburgite)

Middle SCLM

150

200 +

250 - Asthenosphere

(coarse, variably depleted
Iherzolite / harzburgite / wehrlite)

Deep SCLM
(coarse, refertilized |herzolite)

Fig. 10. Schematic cross section through the rifted and redocked edge of the Karelian craton showing the three distinct petrologic layers in the
mantle inferred from pyrope and xenolith compositions. Stars mark the depth of origin of the xenoliths based on BKN thermobarometry.
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The ages of these distinct mantle layers are still to
be resolved, but we believe at least the middle, and
likely the upper layer, to be Archean, with a similar
age to that of the overlying crust. The lowermost layer
may represent Archean mantle that has been consid-
erably refertilized by melt metasomatism. This is
supported by the few low-Ti pyropes thought to be
from this depth and representing remnant depleted
material. Alternatively, it is possible that this section
of the mantle has been tectonically emplaced during
the collision event at 1.88 Ga. In terms of diamond
prospectivity, the graphite—diamond stability curve
(Kennedy and Kennedy, 1976) transects the middle
mantle layer and implies a diamond window in the
Kaavi—Kuopio mantle between 140 and 180 km,
defined by the lower temperature stability limit of
diamond and the deepest extent to which G10 garnets
occur, a roughly 40-km-thick prospective zone. Ad-
ditionally, a well-sampled component of diamondifer-
ous eclogites adds considerably to the diamond
potential of this mantle.
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