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Rare earth element characteristics of pyrope garnets from 
the Kaavi-Kuopio kimberlites – implications for mantle 
metasomatism
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Abstract
Peridotitic garnet xenocrysts from five kimberlite pipes in the Kaavi-Kuopio area of east-
ern Finland have been studied using major and trace element geochemistry to obtain in-
formation on the stratigraphy, compositional variability and evolutionary history of the un-
derlying lithospheric mantle. Ni thermometry on garnet xenocrysts gives 650–1350°C and,
when extrapolated to the geotherm determined using mantle xenoliths, indicates a sam-
pling interval of c. 80–230 km.Three distinct mantle layers are recognized based on the xe-
nolith/xenocryst record: (1) A shallow, <110 km, garnet-spinel peridotite layer character-
ized by distinctive “CCGE” pyropes. (2) A variably depleted lherzolitic and harzburgitic ho-
rizon from 110 to 180 km. (3) A deep layer, >180 km, composed largely of fertile materi-
al.The chondrite-normalized REE profiles of subcalcic harzburgitic garnet xenocrysts origi-
nating from layer 2 bear evidence of an extensive ancient melt extraction event, similar to 
that observed in lithosphere underlying Archean cratons elsewhere. Memory of this event 
has possibly also been preserved in the REEN signatures of rare depleted garnets from lay-
er 3 and in the CCGE pyropes from layer 1 despite their saturation in Ca.The lherzolitic 
and megacryst garnet varieties exhibit LREEN depletion relative to MREEN and HREEN, with 
the steady enrichment from SmN to YbN typical of Ca-saturated mantle garnets. The en-
richment of MREE and HREE probably derives from a metasomatic event caused by sili-
cate melts close in composition to megacryst magma, which also imprinted a Ti-metaso-
matic overprint on many pyrope garnets. Harzburgitic and rare lherzolitic garnets, however,
appear to have escaped this metasomatism.
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1. Introduction

The Kaavi-Kuopio Kimberlite Province situated at
the Karelian craton margin contains at least nine-
teen kimberlites with mineralogy typical of Group
I kimberlite (Tyni, 1997; O’Brien & Tyni, 1999).
The pipes have intruded Archean (3.5–2.6 Ga)
basement gneisses and allochthonous Proterozo-
ic (1.9–1.8 Ga) metasediments thrust onto the cra-
ton during the Svecofennian orogeny (Kontinen et
al., 1992; Fig. 1). Several methods have been used
to date the kimberlite magmatism (Tyni, 1997; Pel-
tonen et al., 1999; Peltonen & Mänttäri, 2001) but
the U-Pb ion probe ages of 589-626 Ma from per-
ovskites (O’Brien et al., 2005) are considered to be
the most reliable.

Mantle xenoliths and xenocrysts from the Kaavi-
Kuopio pipes have been studied by Peltonen (1999), 
Peltonen et al. (1999), Woodland & Peltonen (1999) 
and Lehtonen et al. (2004). A geotherm correspond-
ing to a 36 mW/m2 has been calculated using heat 
flow constraints and xenolith modes, thermobarom-
etry and thermal properties (Kukkonen & Peltonen, 
1999; Kukkonen et al., 2003). The xenolith/xeno-
cryst suite provides evidence of vertical composition-
al variability of the lithospheric mantle adjacent to 
the ancient suture zone between the Archean Karelian 
craton and the Proterozoic Svecofennian mobile belt, 
with at least three distinct mantle horizons identified 

Fig. 1. Generalized geo-
logical map of Fennoscan-
dia. The Archean/Protero-
zoic boundary marks the
subsurface extent of the
Archean craton as deter-
mined by Nd isotopes.The
black diamonds represent
diamond-bearing kimberli-
tes and lamproites.
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(Lehtonen et al., 2004): 1. An upper zone, shallow-
er than 110 km, distinguished by Ca-saturated but 
Ti-, Y- and Zr-depleted pyropes. The rare xenoliths 
originating from this layer are garnet-spinel harzbur-
gites, containing secondary Cpx. 2. A garnet perido-
tite zone occurs at 110 to 180 km depth, and rang-
es in bulk composition from harzburgite to lherzolite 
to wehrlite. 3. A deep, more fertile zone, from 180 to 
240 km, from where the bulk of the garnet facies pe-
ridotite xenoliths were derived. Mantle eclogite xe-
noliths originate also from this deepest layer, some of 
them being highly diamondiferous (Peltonen et al., 
2002). The stabilization ages of these distinct man-
tle layers are still to be resolved but at least the up-
per and the middle layers are believed to be Archean, 
with a similar age to that of the overlying crust (Pear-
son, 1999). The lowermost layer may represent Ar-
chean lithospheric mantle that has been considerably 
re-fertilized by melt metasomatism (Lehtonen et al., 
2004). Alternatively it is possible that this section of 
the mantle has been tectonically emplaced during the 
Svecofennian collision event at 1.88 Ga (Peltonen et 
al., 1999). Re-Os isotope measurements on mantle 
xenoliths will eventually provide direct evidence on 
the stabilization ages of the different mantle horizons 
(Peltonen & Brügmann, submitted).

The aim of this study was to obtain additional in-
formation on the composition, origin and evolution-
ary history of the stratified lithospheric mantle un-
derlying Kaavi-Kuopio by studying major, trace, and 
rare-earth element contents of peridotitic garnet xe-
nocrysts from five kimberlite pipes. Garnet xeno-
crysts do not contain as much information as man-
tle xenoliths because coexisting minerals are not avail-
able, but they are far more abundant in kimberlites 
and in principle provide a statistically robust sample 
of the underlying mantle (Schulze, 1995). The trace 
element contents of garnets and the shapes of their 
rare-earth element (REE) patterns normalized to C1-
chondrite composition, record a diverse range of geo-
chemical behavior controlled by pressure, tempera-
ture and composition of their host rock, which them-
selves are related to the origin, provenance and ther-
mal history of the mantle (e.g. Griffin et al., 1999a, 

1999b; Canil et al., 2003). Garnet is a sensitive pet-
rogenetic indicator, since it has very low D values 
for the light REE and increasingly larger D’s for the 
heavy REE (Green, 1980), and provides information 
about depletion and metasomatic events prevalent in 
the lithospheric mantle prior to, or contemporaneous 
with, the kimberlite magmatism. 

2. Samples

Samples were selected from five Kaavi-Kuopio Province
kimberlites, Lahtojoki, Kylmälahti, Kärenpää, Niilon-
suo and Ryönä (Table 1). In the case of Lahtojoki and
Kylmälahti kimberlites xenocryst grains (0.25–2.0 mm)
were liberated by lightly crushing the kimberlite ma-
terial followed by heavy medium separation and hand
picking. The hard magmatic Niilonsuo kimberlite was
processed in a similar way but first fragmented electro-
dynamically at Forschungszentrum Karlsruhe GmbH.
The Kärenpää and Ryönä samples were heavy miner-
al concentrates handed over to the Geological Survey of
Finland (GTK) by Malmikaivos Oy (Tyni, 1997).

Thousands of garnet xenocrysts were recov-
ered from the kimberlite concentrates out of which 
c. 1300 were selected for analysis (Table 1). In this 
study an unsorted population of xenocrysts has been 
used in order to get unbiased information on the gar-
nets present within the kimberlites. Except for the 
garnet-poor Niilonsuo kimberlite, the number of an-
alyzed garnets per kimberlite does not represent (even 
though loosely correlates with) the total number of 
garnets within the sample.

3.Analytical techniques

Garnet major element compositions were determined 
by a Cameca Camebax SX50 electron microprobe 
(EMP) at GTK, applying an acceleration voltage of 
25 kV, probe current of 48 nA and beam diameter of 
1 µm. 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). Typical theoret-
ical detection limits are in the range of 10–20 ppb 
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for REE, Zr and Y, and 2 ppm for Ti and Ni. Trace 
Ni data by EMP were obtained on pyrope grains em-
ploying 500 nA probe current, 600 s counting times 
on peak plus background positions and were reduced 
by the CSIRO TRACE program for the SX50 (Rob-
inson & Graham, 1992). Cross-checking of the trace 
methods shows that Ni 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 based on their major el-
ement composition into harzburgitic, lherzolitic, weh-
rlitic, megacrystal, eclogitic and crustal varieties accord-
ing to Schulze (2003). In addition, the term “CCGE”
which stands for “chromite-clinopyroxene-garnet equi-
librium” was adopted from Kopylova et al. (2000) for
distinctive Ca-saturated garnets, which in this study
have low Ti, Y and Zr. For equilibration temperatures
the Ni thermometer (Griffin et al., 1989a) was applied
using the calibration of Ryan et al. (1996).

4. Review of previous results

Major part of the following results of garnet geo-
chemistry and Ni thermometry from Kaavi-Kuopio 
kimberlites has been discussed already in Lehtonen 
et al. (2004). However, this study also contains major 
and trace element data on garnets from Ryönä kim-
berlite (Table 1), which was not included in the previ-
ous study. Selected major and trace element analyses 
for pyrope xenocrysts are presented in Table 2. The 
entire analytical database is available as an Open file 
at the Geological Survey of Finland (Lehtonen et al., 

Table 1. Description of kimberlite samples and the number of garnets selected for major and trace element anal-
ysis.

Kimberlite Pipe 
number

Location Size Sample type Sample 
size

Garnet 
majors

Garnet 
traces*

Garnet 
REE

Lahtojoki
Kylmälahti
Kärenpää
Niilonsuo
Ryönä

7
17
5
2
10

Kaavi
Kuopio
Kaavi
Kaavi
Kuopio

2 ha
2 ha
700 x 30 m
300 x 50 m
2 ha

weathered kimberlite material
drill core
concentrate
kimberlite boulders
concentrate

~4 kg
~1 kg

~100 g
~2 kg

~100 g

614
188
95
18
392

192
102
12
9

186

73
57

Total 1307 501 130

*) Ni, ±Y, ±Zr, ±Ga, ±Sc

2005) or can be requested from the author by e-mail.
Major and trace element analyses from garnets in the 
Kaavi-Kuopio mantle xenoliths have been published 
in Peltonen et al. (1999). 

4.1. Garnet major element geochemistry

CaO and Cr
2
O

3
contents of garnets from Kaavi-Kuo-

pio peridotite xenoliths and garnet xenocrysts are 
shown in Figure 2 and the classification of xenoc-
rysts based on Schulze (2003) is presented in Figure 
3. It is evident that lherzolitic garnet predominates 
over other garnet varieties. Moreover, a well-devel-
oped pyrope trend (CCGE) exists similar to that de-
scribed by Kopylova et al. (1999; 2000) and Carbno 
& Canil (2002) from the Slave craton (Fig. 2). Or-
ange relatively Cr-poor but Ti-rich pyropes of meg-
acryst composition are also common among the xen-
ocrysts. A few grains in the lower right corner of the 
CaO-Cr

2
O

3 
diagram, at high levels of Ca and low lev-

els of Cr, fall into the “eclogitic” category (Schulze, 
2003). None of the garnets from xenoliths and only 
a minor portion of the garnet xenocrysts are classified 
as subcalcic harzburgitic grains.

4.2. Garnet thermometry and 
trace element geochemistry

The T
Ni

histogram in Figure 4 for Kaavi-Kuopio gar-
net xenocrysts shows bimodal distribution including 
a strong low temperature peak at 700 to 850°C con-
sisting dominantly of CCGE pyropes and a stronger 
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Fig. 2. Cr2O3 vs. CaO of Kaavi-Kuopio kimberlite-derived
garnets.The xenocryst data are representative of the en-
tire mantle garnet population of the pipes. Crustal gar-
nets are excluded from this diagram using the classfica-
tion by Schulze (2003). The harzburgite, lherzolite and
non-peridotite fields are redrawn after Gurney (1984)
and the wehrlite field is separated according to Sobo-
lev et al. (1973).Arrow pointing NE marks the “CCGE”
garnet trend, i.e. chromite-clinopyroxene-garnet equilib-
rium, recognized in spinel-garnet peridotites from the
Jericho kimberlite (Kopylova et al., 2000).

Fig. 3. Classification of garnet xenocrysts recovered from
heavy mineral concentrates according to the scheme of
Schulze (2003). Term “CCGE” adopted from Kopylova
et al. (2000) for distinct garnets (discussed in text); us-
ing the Schulze classification these garnets would be la-
belled as lherzolitic varieties.

sampling peak at 1000 to 1150°C consisting of lher-
zolitic, harzburgitic and megacryst varieties. CCGE 
pyropes do not occur at higher temperatures than 
850°C. Based on the Y contents of garnets, 1150°C 
represents another break in the lithosphere, separat-
ing mantle that contains strongly depleted pyropes 
from more enriched mantle, as seen in Figure 5 where 
T

Ni
temperatures have been extrapolated to the lo-

cal geotherm (Kukkonen and Peltonen, 1999; Kuk-
konen et al., 2003). The “Y edge” (terminology af-
ter Griffin & Ryan, 1995) does not mark the low-
er boundary of the lithosphere, as all xenoliths from 
>1150°C are coarse granular peridotites typical of 
subcontinental lithospheric mantle (Peltonen et al., 
1999). Figure 5 shows that the main horizon of sam-
pling at 1000 to 1150°C corresponds to the mantle 
section from 140 to 175 km.

The two breaks, 850 and 1150°C, in the mantle 
stratigraphy show up as well using the TiO

2
contents 

and Mg# of garnets (Fig. 6). Variations in the pyrope 
TiO

2
contents as a function of temperature close-

ly follow the same pattern as the pyrope Y contents, 
since both of these elements reflect the degree of de-
pletion or enrichment within the mantle (e.g. Griffin 
& Ryan, 1995). Mg# is a substantially different pa-
rameter of garnet composition than Ti and Y. Mg# of 
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Table 2. Representative*) electron microprobe and LA-ICP-MS analyses of garnet xenocrysts from Finnish kimberlites.

EPMA analyses
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4682.02
10657.02
4398.96
10000.02

#9
#31
8101.96
8103.96

4403.96
#43
15947.01
15946.01
15971.01
18078.01
18092.01
13374.95
4686.02

15995.01
#106
#94
15924.01
10660.02
4674.02
10635.02
13358.95
4692.02
4611.02
#11
8108.96
18147.01
18155.01
18077.01
8109.96
10634.02
#17
4703.02
4669.02
#22

13362.95
4655.02
18160.01
4672.02
8114.96

Lherzolite
Lherzolite
Lherzolite
Lherzolite

Lherzolite
Harzburgite
Lherzolite
Lherzolite

Harzburgite
Harzburgite
Harzburgite
Harzburgite
Harzburgite
Lherzolite
Lherzolite
Lherzolite
Lherzolite

Wehrlite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite
Lherzolite

Megacryst
Megacryst
Megacryst
Megacryst
Megacryst

CCGE
CCGE
CCGE
CCGE

Sympl. type
Sympl. type
Sympl. type
Sympl. type

Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal

N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type
N-type

N-type
N-type
N-type
N-type
N-type

39.61
40.17
40.83
40.16

40.18
40.94
40.65
40.62

42.19
41.00
41.05
41.34
40.89
41.16
40.87
41.05
40.18

41.03
40.04
39.99
40.14
40.21
39.58
40.69
41.13
39.72
40.37
40.36
42.41
41.44
41.55
41.43
41.27
40.33
41.68
40.93
41.06
40.89

41.46
40.50
41.28
40.23
41.30

0.05
0.00
0.00
0.01

0.04
0.02
0.24
0.27

0.03
0.28
0.11
0.31
0.07
0.34
0.25
0.36
0.03

0.58
0.53
0.91
0.88
0.90
0.15
0.54
0.55
0.63
0.86
0.61
0.47
0.54
0.56
0.56
0.60
0.89
0.41
0.49
0.49
0.03

0.52
0.64
0.65
0.77
0.64

20.21
17.68
17.01
17.90

17.83
18.60
14.50
14.41

19.35
17.24
16.81
18.08
15.90
17.46
16.93
16.64
18.57

19.20
17.31
15.99
17.62
16.82
20.11
19.37
19.75
19.71
18.67
16.74
19.92
19.45
18.95
17.25
19.25
17.28
20.88
21.04
21.11
19.54

21.11
21.05
20.57
20.23
20.74

5.01
7.55
8.62
7.55

7.39
6.58
10.87
10.94

6.05
8.08
8.49
6.59
10.21
7.57
8.39
8.56
5.90

4.49
6.89
7.71
5.70
6.24
4.55
4.08
4.35
4.18
5.49
7.86
3.73
4.01
5.05
6.96
4.07
6.28
2.39
2.40
2.01
5.09

2.08
2.16
2.51
2.91
1.48

8.74
8.25
7.74
8.20

7.85
8.34
6.62
6.58

6.44
6.22
6.31
6.49
6.31
7.03
6.90
6.65
6.80

9.93
8.98
9.27
9.35
9.75
8.56
8.52
7.05
8.48
7.29
8.20
6.71
7.58
7.06
6.73
7.73
8.45
7.14
8.23
8.18
8.49

7.71
8.03
8.33
8.50
9.07

0.48
0.53
0.56
0.51

0.55
0.61
0.39
0.41

0.36
0.32
0.32
0.29
0.36
0.41
0.38
0.40
0.26

0.51
0.53
0.42
0.42
0.42
0.42
0.40
0.41
0.41
0.38
0.48
0.31
0.28
0.30
0.28
0.37
0.44
0.30
0.33
0.29
0.55

0.32
0.28
0.29
0.34
0.37

18.35
17.16
17.60
17.60

19.07
19.65
19.34
19.24

23.19
20.81
21.26
21.04
22.35
20.26
19.81
20.04
20.95

17.29
17.58
17.64
17.84
18.04
19.91
19.39
20.80
19.63
20.46
19.04
22.14
21.20
21.00
20.91
20.89
19.02
21.69
21.58
21.19
19.11

21.13
21.31
20.90
20.67
20.76

0.00
0.00
0.00
0.00

0.00
0.00
0.01
0.02

0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.02

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.02
0.01
0.01
0.01
0.02
0.01
0.01
0.02
0.01
0.00

0.02
0.01
0.01
0.01
0.02

6.38
7.44
7.67
7.43

5.54
4.72
6.70
6.74

3.06
5.18
4.24
4.83
2.82
5.56
6.05
6.05
5.78

7.28
6.85
6.87
6.37
6.12
5.20
5.55
4.83
5.40
5.32
5.97
4.72
4.80
5.25
5.57
4.94
6.04
4.63
4.40
4.70
5.72

4.41
4.76
4.85
5.00
4.23

0.00
0.00
n.a.
0.01

n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.01

n.a.
n.a.
n.a.
n.a.
0.11
0.05
0.09
n.a.
0.07
0.11
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.09
n.a.
0.06
0.05
n.a.

n.a.
0.04
n.a.
0.06
n.a.

98.92
98.83
100.08
99.40

98.44
99.47
99.48
99.35

100.69
99.16
98.68
99.00
98.95
99.82
99.58
99.91
98.65

100.33
98.76
98.82
98.38
98.69
98.59
98.69
99.06
98.33
98.99
99.27
100.59
99.42
99.76
99.75
99.30
98.86
99.19
99.56
99.14
99.52

98.91
98.88
99.41
98.79
98.79

*) The entire analytical database is available as the Geological Survey of Finland Open file report M 41.2/2005/1 (Lehtonen et al., 2005)
Schulze 03 = Schulze (2003); RGP96 = Ryan et al. (1996)
n.a. = not analyzed
n.d. = not detected
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LA-ICP-MS analyses
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13.3
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63.9
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46.2
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42.3
28.3
34.2
44.6
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28.6
35.1
43.3
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39.3
44.3
31.8
27.1
33.7
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37.3
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0.08
0.08
0.12
0.08
0.14

0.06
0.10
0.12
0.12
0.11
0.06
0.04
0.06
0.05
0.04
0.04
0.05
0.09
0.09
0.07
0.03
0.05
0.05
0.04
0.06
0.15

0.04
0.11
0.04
0.02
0.04

0.13
0.16
1.01
0.28

0.85
0.80
1.21
1.07

0.36
0.46
0.78
0.29
0.54
0.37
n.d.
0.41
0.71

0.39
0.43
0.35
0.52
0.33
0.45
0.23
0.22
0.21
0.29
0.33
0.30
0.24
0.30
0.45
0.24
0.30
0.32
0.24
0.30
0.54

0.25
0.37
0.22
0.25
0.20

0.53
0.13
1.06
0.33

5.63
4.07
6.39
7.23

2.95
1.53
2.94
1.07
3.06
1.44
1.61
1.53
1.21

1.22
1.46
1.05
1.41
0.93
1.84
0.98
0.74
0.70
0.90
1.60
1.38
1.07
1.28
2.15
1.02
0.93
0.75
0.70
1.13
0.96

0.66
0.80
0.90
0.91
0.83

0.18
0.17
0.17
0.15

3.48
3.03
5.41
5.75

0.82
0.63
1.06
0.92
2.04
1.07
0.73
0.94
0.46

1.09
1.03
0.78
0.87
0.74
1.32
0.57
0.62
0.45
0.79
1.08
0.66
0.65
0.87
0.98
0.71
0.80
0.56
0.45
0.66
0.51

0.55
0.74
0.63
0.55
0.50

0.08
0.08
0.03
0.04

1.35
1.18
1.90
2.11

0.19
0.20
0.27
0.27
0.46
0.32
0.08
0.19
0.13

0.67
0.56
0.40
0.46
0.46
0.53
0.36
0.26
0.32
0.43
0.46
0.27
0.29
0.26
0.33
0.35
0.52
0.31
0.40
0.39
0.30

0.29
0.42
0.33
0.31
0.32

0.18
0.09
0.18
0.16

4.49
4.11
7.19
6.73

0.57
0.70
0.98
1.07
1.39
1.67
0.30
0.86
0.11

2.57
2.95
2.01
1.64
2.20
2.02
1.39
1.23
1.43
1.58
1.83
1.38
1.19
1.47
1.74
1.45
1.65
1.03
0.85
1.41
0.91

1.32
1.27
1.02
1.25
1.67

0.28
0.11
0.16
0.05

3.70
2.09
4.76
4.77

0.17
0.57
0.51
0.89
0.32
1.17
0.12
0.34
0.09

4.71
4.17
2.97
3.07
3.02
2.25
2.98
1.84
2.60
2.55
2.54
1.90
2.50
2.27
1.70
2.09
2.83
1.86
1.87
1.84
1.96

1.95
2.03
2.28
2.32
2.98

0.51
n.d.
0.01
0.08

1.39
0.37
1.28
1.76

0.18
0.37
0.42
0.54
0.06
0.38
0.11
0.23
0.18

3.07
2.36
2.24
2.27
1.83
1.39
1.75
1.16
1.70
1.52
1.21
1.02
1.30
1.29
1.24
1.36
1.79
1.50
1.59
1.52
1.19

1.69
1.52
1.45
1.94
2.19

0.62
0.35
0.34
0.36

1.32
0.09
1.02
0.74

0.11
0.70
0.48
0.70
0.24
0.47
0.47
0.35
0.53

3.08
2.18
1.95
2.36
1.74
1.27
1.54
1.68
1.55
1.77
1.11
1.43
1.39
0.97
0.94
1.87
1.95
1.50
1.68
1.56
1.40

1.77
2.10
1.91
2.03
2.40

0.25
0.08
0.14
0.14

0.28
0.08
0.23
0.18

0.11
0.15
0.07
0.06
0.07
0.14
0.05
0.13
0.12

0.44
0.35
0.30
0.41
0.25
0.24
0.35
0.23
0.26
0.24
0.19
0.28
0.26
0.20
0.19
0.31
0.32
0.24
0.35
0.35
0.22

0.29
0.32
0.32
0.28
0.44

688
795
826
777

803
814
1154
1156

1034
1106
1122
1124
1134
1061
1047
1185
1297

993
1006
1071
1084
1112
918
1004
1041
947
1109
964
1355
1222
1196
1383
1160
1155
1188
1216
1234
1185

1233
1202
1187
1108
1155
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garnet reflects bulk composition but it is also strong-
ly controlled by the temperature dependent Mg-Fe 
exchange with olivine, Opx, Cpx and Mg-chromite 

Fig. 4. Distribution of TNi for Kaavi-Kuopio pyrope xen-
ocrysts using the calibration of Ryan et al. (1996). Ti-
rich megacryst composition garnets are included for il-
lustrative purposes. Megacryst garnets with Cr2O3>1.5
wt% and MgO>18 wt% are shown as they reach the
same contents of these elements as do lherzolitic py-
ropes, implying equilibration with olivine similar to that
in the lherzolites.

Fig. 5.Y contents of pyropes vs.TNi (Ryan et al., 1996)
show an edge at about 1150°C (modified from Lehto-
nen et al., 2004). Depths marked on the right vertical
axis of the diagram are calculated by extrapolating the
TNi temperatures of pyropes to the local geotherm de-
termined by Kukkonen et al. (2003). Cr-rich (Cr2O3>1.5
wt%) megacryst composition grains are included in the
diagrams, see Fig. Cap. 4.

(Stachel et al., 2003). Moreover, Ca has a significant 
crystal chemical effect on the Mg-Fe partitioning be-
tween garnet and olivine (Stachel et al., 2003; O’Neill 
& Wood, 1979). The lower temperature boundary at 
c. 850°C corresponds to the break in TiO

2
at approx-

imately 110 km depth and separates extremely low Ti 
content CCGE pyropes with Mg# around 0.80 from 
a lherzolitic and harzburgitic (and wehrlitic) horizon 
exhibiting a wide range in both parameters. The sec-
ond boundary roughly at 1150°C or ca. 175 km is the 
limit below which only a very few TiO

2
-depleted py-

ropes occur and pyrope Mg# values are less variable. 
Harzburgitic garnets with depleted Y and Ti contents 
exist only at temperatures below 1150°C; the rare de-
pleted grains from higher temperatures are all lher-
zolitic varieties (Figs. 5 and 6a). In the middle man-
tle layer (110–175 km) there exists a distinctive group 
of garnets with low Mg# (0.76–0.78) that is absent in 
the other two mantle horizons. These garnets are clas-
sified as lherzolitic and wehrlitic varieties according to 
Schulze (2003) but probably represent melt-metaso-
matic garnets based on their high Fe and Ti contents. 
In Figure 6a they plot among the most Ti-rich gar-
nets, by having TiO

2
in the range of 0.5–1.0 wt%. 

Y contents of these low Mg# garnets are also elevat-
ed (>>10 ppm): in Figure 5 they plot with the bulk of 
the middle temperature garnets. According to the Zr-
Y classification by Griffin & Ryan (1995; Fig. 7) the 
Kaavi-Kuopio garnet xenocrysts from the middle and 
the lower mantle layer (lherzolitic, wehrlitic and meg-
acryst varieties) bear evidence of melt metasomatism, 
which appears to have been a prevalent process in the 
deeper levels of the upper mantle prior to, or contem-
poraneous with kimberlite magmatism. A phlogopite 
(hydrous) metasomatic trend seems to be absent in all 
xenocrysts (Fig. 7).

5. Results

Figure 8 shows C1-chondrite-normalized (Mc-
Donough & Sun, 1995) rare-earth element (REE) 
profiles of garnets from the Kaavi-Kuopio Province 
peridotite xenoliths (Fig. 8a; Peltonen et al., 1999) 
and selected garnet xenocrysts (Figs. 8b-8g). Based on 
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their host rock type (lherzolite, harzburgite or wehr-
lite defined by modal petrography), showing strong 
LREE depletion relative to MREE and HREE with 
steady enrichment from Sm

N
to Yb

N
, typical of Ca-

saturated mantle garnets (e.g. Shimizu, 1975). This 
type of garnet REE

N
patterns are herein termed “N-

type”. Garnets from garnet-spinel facies harzburgite 
xenoliths have ultra-depleted REE

N
profiles, partic-

ularly in terms of MREE and HREE. Garnet ana-
lyzed from a phlogopite- and Cpx-bearing garnet-spi-
nel symplectite in L14 xenolith has a convex-upward 
REE

N
pattern that shows strong MREE (Nd to Eu) 

enrichment followed by a decrease towards HREE. 
The symplectites have been taken to represent de-
composed primary garnet (Peltonen et al., 1999).

5.2. Rare-earth element contents of peridotitic 
garnet xenocrysts

The REE
N

profiles of all garnet xenocrysts classified 
as megacrysts (Table 3, Class 6; Fig. 8g) and most 
of the xenocrysts classified as intermediate temper-
ature (Class 4; Fig. 8e) to high temperature (Class 
5; Fig. 8f ) lherzolitic pyropes are N-type, similar to 
those from the garnet facies peridotite xenoliths de-
scribed above. A subset of the Ti- and Y ± Zr poor 

Fig. 6. TiO2 a) and Mg# b) vs. TNi (Ryan et al., 1996) and depth for the Kaavi-Kuopio xenocryst pyropes showing
three distinct layers of the underlying mantle. Depths are calculated as in Fig. 5. Cr-rich (Cr2O3>1.5 wt%) megacryst
composition grains are included in the diagrams, see Fig. 4.

major and trace element compositions and Ni ther-
mometry results described in section 4, the garnet 
xenocrysts can be classified into six classes, as listed in 
Table 3. These are discussed further below.

5.1. Rare-earth element contents of garnets in 
peridotite xenoliths

The REE
N

patterns of garnets in the garnet facies peri-
dotite xenoliths (Fig. 8a) are very similar regardless of 

Fig. 7. Y vs. Zr for the Kaavi-Kuopio pyrope xenoc-
rysts (from Lehtonen et al., 2004). Melt and phlogopite
metasomatism trends are drawn after Griffin and Ryan
(1999b). Solid black line defines the depleted field.

a) b)
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Fig. 8. C1-Chondrite normalized (McDonough & Sun,
1995) REE profiles of garnets from (a) xenoliths and
(b-g) of garnet xenocrysts. Gd and Lu data not availa-
ble from xenoliths. See text for discussion.

a)

b)

c) g)

d)

e)

f)
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(TiO
2 
< 0.4 wt%; Y ± Zr < 10 ppm) lherzolitic and 

nearly all of the intermediate temperature harzbur-
gitic (Class 3; Fig. 8d) grains have sinusoidal REE

N 

patterns, diagnostic for subcalcic harzburgitic garnets 
(e.g. Shimizu, 1975). The positive slope from La

N
to 

Nd
N

is due to a strong increase in compatibility in 
the garnet structure with decreasing ionic radius of 
the LREE from La to Nd (e.g. Stachel et al., 1998). 
The sinusoidal REE

N
profile is characterized by en-

richment in Sm over Dy, and LREE enrichment, as 
measured, for instance by (Nd/Y)

N
greater than uni-

ty (Fig. 9). The (Nd/Y)
N
, in fact, distinguishes gar-

nets with sinusoidal REE
N

patterns and (Nd/Y)
N
>>1, 

from those with LREE depleted N-type patterns and 
(Nd/Y)

N
<<1 (Pearson et al., 1998). The (Sc/Y)

N
ratio 

of garnets (Fig. 9) provides a measure of the deple-
tion of HREE, since Sc is preferentially accommodat-

ed into garnet during depletion. Values of (Sc/Y)
N
>>1 

are characteristic of depleted compositions, whereas 
(Sc/Y)

N
~1 are obtained from undepleted garnet vari-

eties (Pearson et al., 1998).
The ultra-depleted REE

N
profiles of the low tem-

perature CCGE garnet xenocrysts (Class 1; Fig. 8b) 
coincide with those from garnets in the garnet-spinel 
harzburgite xenoliths (Fig. 8a). These REE

N
profiles 

show a distinct positive slope in HREE from Er/Dy 
to Lu. This slope has been interpreted to represent the 
memory of a previous melt depletion event (Stachel 
et al., 1998). In Figure 9 CCGE garnets are clearly 
distinct from the other garnet varieties with high (Sc/
Y)

N
and (Nd/Y)

N
indicating extreme depletion.

The rare low temperature garnet xenocrysts other
than CCGE’s, i.e. lherzolitic and harzburgitic grains
(Class 2; Fig. 8c), have similar convex-upward REE

N

patterns to garnet analyzed from L14 xenolith (Fig.
8a). Garnet xenocrysts with this type of REE

N
pat-

terns also form a minor portion of the high temper-
ature lherzolitic grains (Class 5, Fig. 8f) but are ab-
sent among the intermediate temperature xenocrysts.
In Figure 9 these “symplectite-type” garnets partially
overlap with the sinusoidal varieties by having (Nd/Y)

N

ratios within the range 1–3 but stand out from them
by having lower (Sc/Y)

N
ratios, i.e. closer to unity.

6. Discussion

Figure 10 presents the REE profiles of garnets from 
the peridotite xenoliths and garnet xenocrysts nor-
malized to a garnet from a well-equilibrated high-
temperature sheared lherzolite xenolith with primi-

Table 3. Garnet xenocryst classification based on major and trace element geochemistry and Ni thermometry.

Class Classification
Schulze (2003)

TNi (oC) garnet
Ryan et al. (1996)

Mantle layer
(km)

Figure REE profile normalized to C1-chondrite
(McDonough & Sun, 1995)

1
2
3
4
5
6

CCGE*
LHZ, HRZ
HRZ
LHZ, WHR
LHZ
MEGACR.

< 850
< 850

850–1150
850–1150

> 1150
mostly > 1150

< 110
< 110

110–175
110–175

> 175
mostly > 175

8B
8C
8D
8E
8F
8G

ultra-depleted
convex upward (i.e. symplectite-type)
sinusoidal
N-type, rare sinusoidal
N-type, very rare sinusoidal or symplectite-type
N-type

*) Classification after Kopylova et al. (2000) for distinctive Ca-saturated and Ti-, Y and Zr-depleted pyropes. 
Classified as lherzolitic pyropes according to Schulze (2003).

Fig. 9. Sc/Y (N) vs. Nd/Y (N) for garnet xenocrysts. (N
= normalized to C1-chondrite composition after Mc-
Donough & Sun, 1995).
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tive, undepleted mantle composition (J-4 from Jag-
ersfontein; Table 1 in Stachel et al., 1998). Normali-
zation to a primitive garnet instead of C1-chondrite 
has the advantage that the resulting REE patterns are 
not dominated by crystal chemical effects, such as 
the strong increase in compatibility with decreasing 
ionic radius from LREE to HREE. From the garnet 
REE contents the following evolutionary history can 
be suggested for the lithospheric mantle underlying 
Kaavi-Kuopio.

6.1. Stage 1: Sinusoidal garnet formation

The sinusoidal REE
N

profiles (Fig. 10a) of the sub-
calcic harzburgitic (Class 3) and the rare Ti-poor 
lherzolitic (Classes 4 and 5) garnet xenocrysts indi-
cate that the primitive mantle experienced an exten-
sive komatiite melt extraction event similar to that 
observed elsewhere, resulting in extreme LREE and 
HREE depletion, the first step in the formation of 
cratonic peridotites (e.g. Shimizu & Richardson, 
1987; Nixon et al., 1987; Stachel et al., 1998). Subse-
quently the lithosphere was most likely composed of 
highly depleted garnet harzburgite and Ti-poor lher-
zolite, the residues of this melt extraction process. Si-
nusoidal REE

N
patterns were developed as a result 

of fluid metasomatism involving introduction of (re-
peated) pulses of a fractionated fluid/melt with low 
HREE and variable LREE/MREE into the deplet-
ed lithosphere (Stachel et al., 2004). With respect to 
their Y and Zr contents, the subcalcic harzburgitic 
garnets plot in the compositional field of depleted 
garnets (Fig. 7), underlining the highly fractionated 

Fig. 10.The four principal types of Kaavi-Kuopio garnets
according to their REE patterns normalized to garnet
from a well-equilibrated garnet lherzolite xenolith with
primitive mantle composition (J-4 from Jagersfontein,
Stachel et al., 1998). a) sinusoidal subcalcic harzburgitic
and rare sinusoidalTi-poor lherzolitic garnet xenocrysts
b) convex upward garnet xenocrysts and a garnet from
a symplectite in L14 xenolith c) garnets from garnet pe-
ridotite xenoliths and N-type lherzolitic and megacryst
garnet xenocrysts, and d) ultra-depleted CCGE garnet
xenocrysts and garnets from garnet-spinel harzburgite
xenoliths. See text for discussion.

a)

b)

c)

d)
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character the fluid/melt must have had. The sinusoi-
dal REE pattern was previously thought to arise from 
disequilibrium effects, causing the larger LREE cati-
ons to diffuse faster than the smaller HREE in garnet 
structure (Hoal et al., 1994), but experiments do not 
confirm this process (Ganguly et al., 1998).

Garnets with convex-upward REE
N

patterns, i.e. 
the symplectite type varieties (Classes 2 and 5), nor-
malized to J4 garnet, have an extreme MREE hump at 
nearly 10 times primitive garnet and a strong decrease 
towards HREE (Fig. 10b). They are considered as a 
subtype of sinusoidal REE

N
garnets described above. 

According to Ivanic et al. (2003), the very steep pos-
itive slope from LREE to MREE of these garnets is 
likely to have been produced by an evolved metaso-
matic fluid or melt with Sm

N
/Lu

N
>>1 and with Sm

N
/

La
N
≤1. The authors suggest that the formation of 

such LREE-enriched melts may result from fraction-
al crystallization where garnet itself plays the major 
role in generating the extreme LREE enrichment over 
HREE because of its widely varying partition coeffi-
cients.

6.2. Stage 2: N-type garnet formation

Figure 10c illustrates that the N-type varieties, i.e. the 
bulk of the xenolith-hosted, lherzolitic and megacryst 
classes, are closest to the primitive J4 garnet compo-
sition in terms of REE contents. Based on subparallel 
chondrite-normalized whole rock REE patterns and 
variable Al

2
O

3
contents of the garnet facies perido-

tite xenoliths, Peltonen et al. (1999) concluded that 
these rocks originally formed as ultramafic cumulates 
from mafic-ultramafic melts with broadly chondrit-
ic REE distribution (E-MORB). These cumulates 
could represent early Proterozoic oceanic lithosphere, 
tectonically subducted and now underplating the cra-
ton margin, and/or younger asthenospheric additions 
to the base of the lithosphere. Another monitor of 
mantle fertility is the Cr content of mantle garnets 
that is mainly controlled by the level of major ele-
ment depletion in the host peridotite (Griffin et al., 
1999a, 1999b). Indeed, the “primitive” REE profiles 
of the lherzolitic garnet varieties (Fig. 10c) with con-

tradictory depleted major element chemistries (e.g. 
Cr

2
O

3
>>4 wt%) are not considered as a primary fea-

ture but may have also resulted from metasomatic 
re-enrichment (Griffin et al., 1989b, Stachel et al., 
1998), such as infiltration of the Archean mantle by a 
metasomatic melt close in composition to megacryst-
forming magma (Burgess & Harte, 2004). There are 
some considerations that favor the idea of re-fertili-
zation in the Kaavi-Kuopio mantle section. The Y-Zr 
classification (Fig. 7) indicates melt metasomatism. 
The Ti contents of the garnets from the garnet facies 
peridotite xenoliths and the N-type garnet xenocrysts 
classified as lherzolitic/wehrlitic types are clearly ele-
vated (TiO

2 
up to 0.89 wt% and 1.01 wt%, respec-

tively) and, moreover, their REE contents are iden-
tical to those of the megacryst composition pyropes 
(Figs. 8a, e-g). Although few in number, the exist-
ence of high-temperature Ti-poor lherzolitic grains 
with sinusoidal REE

N
profiles (Fig. 8f ) is extremely 

significant for the hypothesis of melt metasomatism. 
The latter type of garnet xenocrysts possibly originat-
ed from remnants of depleted material that was once 
predominant at depths greater than 180 km but that 
was virtually destroyed by re-fertilization as evidenced 
by the abundance of Ti-rich pyropes. This MREE, 
HREE and Ti enrichment event did not affect these 
rare depleted high-T lherzolitic grains nor the medi-
um-T subcalcic harzburgitic (Fig. 8d) and Ti-poor 
lherzolitic varieties (Fig. 8e). Lower LREE concentra-
tions in lherzolitic garnets compared to harzburgitic 
grains may be a consequence of the redistribution of 
REE during re-equilibration with Cpx (Stachel et al., 
1998). Wang (1998), for example, has demonstrat-
ed that the Cpx/garnet partition coefficient for Ce is 
2.91 and for Yb 0.02.

6.3. Stage 3: CCGE garnet formation

Kopylova et al. (2000) suggested that Ca-saturated 
Cpx-bearing garnet-spinel cratonic peridotites that 
host CCGE garnets are restricted to extraordinary 
mantle segments, since garnet and spinel-bearing 
mantle is usually too depleted to provide sufficient 
Cpx for development of the CCGE trend. The rari-
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ty of the trend may also derive from the disequilibri-
um between phases in cratonic spinel-garnet perido-
tites (Kopylova et al., 2000; Smith & Boyd, 1992). 
In the Kaavi-Kuopio mantle segment CCGE gar-
nets are hosted by garnet-spinel harzburgites contain-
ing minor amounts (<5 %) of Cpx. In the xenoliths 
CCGE garnets exhibit an irregular and amoeboidal 
texture that is very different from the rounded ap-
pearance of garnets in the garnet facies peridotite xe-
noliths (Peltonen et al., 1999). The amoeboid texture 
of the CCGE assemblages is typical of spinel-garnet-
pyroxene intergrowths, which represent equilibrium 
textures in low-T peridotite xenoliths (Ionov et al., 
1993; Field & Haggerty, 1994).

The ultra-depletion of CCGE garnets with respect
to Ti, Y, Zr and REE (Figs. 6, 7, 10D) combined with
their contradictory saturation in Ca, indicate that their
host-peridotite has experienced a multi-stage history
of depletion and enrichment events. The distinct pos-
itive slope of CCGE garnets in HREE from Dy/Er to
Lu (Figs. 8b and 10d) has been interpreted elsewhere
to represent a memory of an ancient melt extraction
event that affected the primitive mantle source (Sta-
chel et al., 1998). According to Kopylova et al. (2000)
CCGE garnets may originate from an ultra-depleted
mantle that has been later re-fertilized in Ca by some
chemical enrichment process. The excess Ca has led
to the crystallization of secondary Cpx and the trans-
formation of harzburgitic garnets to lherzolitic, simi-
lar to that described from mantle garnets from suites
in Kimberley, South Africa (Schulze, 1995; Griffin et
al., 1999b). Interestingly, the proposed enrichment
process has not fertilized the trace element contents of
the garnets or affected their REE contents. Moreover,
the whole rock analyses of the rare Kaavi-Kuopio gar-
net-spinel facies peridotite xenoliths show that, in fact,
they contain less CaO than the other peridotitic xeno-
lith varieties, 0.19–0.92 wt% vs. 0.72–1.55 wt%, re-
spectively (Peltonen et al., 1999).

Peltonen et al. (1999) concluded that the low-T 
garnet-spinel peridotites could represent harzburgitic 
residues, i.e., remnants of the reworked Archean lith-
osphere, metasomatized shortly before or during in-
vasion by a kimberlite-derived melt or fluid complete-

ly obscuring their ancient isotopic signature. Carbno 
& Canil (2002) suggested based on the Slave craton 
examples that this enrichment event could have been 
carbonatite metasomatism, where Cpx forms from 
Opx as a result of the interaction of carbonate melt 
with harzburgite (Yaxley et al., 1998). However, nei-
ther of these events would likely preserve the ultra-de-
pleted nature of CCGE garnets with respect to trace 
elements, since the distribution of trace elements 
among all minerals in a peridotite will control the 
signature of garnet. Overall, the trace element budget 
for garnet-bearing peridotites is dominated by both 
Cpx and garnet (Glaser et al., 1999; Schmidberger & 
Francis, 2001). An intriguing possibility is that the 
shallow (<110 km) CCGE garnet bearing mantle lay-
er has been somehow affected or modified by events 
connected to the Svecofennian orogeny, since this 
layer is not observed further into the Karelian craton 
based on mantle xenocryst studies from the Kuhmo 
area kimberlites (O’Brien et al., 2003).

7. Conclusions

The REE contents of the Kaavi-Kuopio mantle-de-
rived garnet xenocryst bear evidence of an extensive 
ancient melt extraction event, similar to observations 
from lithosphere underlying Archean cratons else-
where. The highly depleted lithosphere was subse-
quently affected by fluid metasomatism involving in-
troduction of a fractionated fluid/melt low in HREE 
giving rise to the sinusoidal REE

N
patterns, charac-

teristic for subcalcic harzburgitic garnets worldwide. 
Lherzolitic garnets, forming N-type REE patterns, 
document an enrichment event of MREE and HREE 
probably by metasomatism by silicate melts that also 
imprinted a Ti-overprint on most of the pyrope gar-
nets. Harzburgitic and rare lherzolitic garnets have 
remained unaffected in zones or layers by this meta-
somatic event. Lower LREE concentrations in lher-
zolitic garnets compared to harzburgitic varieties may 
be a function of the redistribution of REE during re-
equilibration with Cpx.

The results from this study are consistent with the 
previous work that distinguished three layers in the 
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lithospheric mantle underlying Kaavi-Kuopio ter-
rain. The subcalcic harzburgitic garnets forming si-
nusoidal REE

N
patterns do not occur at temperatures 

(T
Ni

) higher than 1150°C, i.e. at depths greater than 
175 km. Garnets originating from the deepest lay-
er of the lithosphere (>175 km) are mostly Ti-rich 
megacryst and lherzolitic garnets, but there are also 
a few lherzolitic grains depleted in Ti, Y and Zr, and 
with sinusoidal REE

N
. These rare grains, as well as the 

more frequent depleted grains from the 110–175 km 
horizon, assumingly represent depleted mantle mate-
rial that escaped the melt metasomatic event result-
ing in the formation of abundant Ti-rich garnets. The 
probably multi-stage history of the shallowest mantle 
layer (<110 km) consisting of garnet-spinel-harzbur-
gite and characterized by CCGE garnets remains an 
open research topic.
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