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Fig. 2 ALO: w1% versus FeO wi% diagram showing (he composi-
tional variution of phlogopites from the Terskii Coust kimberlites and
meflittes, and the Kandalaksha monticellite kimberlite (K 25-1)

Chromites in the melilitites have gencrally lower TiO, (up to 1.4
w1%) and Cri(Cr— Al) ratios, and higher AlOs, compared with
those from the Terskii Coast kimberlites. Groundmass Ti-magne-
tites have significantly higher TiO, (up 1o 12 wi%) compared with
those from the kimberlites. Minor and accessory minerals include
fluorapatite, pectolite, larnite, strontianite, pyrite and chalcopyrite.
Chlorite and serpentine are also widespread alteration products.

Terskii Coast cpx-melilitites (T3-31-1 and T3-32-1)

The cpx-melilitites are also fine geained with rare microphenocrysts
of unhedral-subhedral olivine. They differ from the melilitites in
thal they contain clinopyroxene and melanite garnct in the
groundmass and lack nepheline, In T3-31-1, the olivine micro-
phenocrysts are zoned from Mg-rich corcs (mg# 0.87) to rims thal
are slightly poorer in Mg (mg# 0.85), while in 13-32-1, the olivine
microphenacrysts show reversed zoning, from relutively Fe-rich
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Fig. 3 Composition of spinel from the Kola kimberlites plotted on
the front face of the reduced spinel prism, compared with composi-
tional ‘trend 2 of spinels from worldwide kimberlites (Mitchell 1986).
Terskii Coust kimberlites ( + chromite cores, ¥ Ti-mugnetite rims. ¢
groundmass Ti-magnetite, @ chromite inclusion in olivine macro-
crysts). Kandalaksha monticellite kimberlite (M chromite cores. O Ti-
magnelite rims)

cores (mg# 0.83) to slightly Mg-rich rims (mg# 0.86), suggesting
that the crystallisation of the abundant co-existing groundmass Ti-
magneite occurred during olivine rim growth. All the olivine
phenocrysts contain appreciable amounts of CaO and show zona-
tion towards relatively Ca-rich rims, a lypical fealure of low-pres-
sure voleanic olivines (Simkin and Smith 1970)

Sample T3-31-1 also contains clinopyroxene macrocrysts with
slightly turbid cores surrounded by a clearer rim containing nu-
merous inclusions of Ti-magnetite. Occasionally the turbid clino-
pyroxenes form small aggregates, indicating that they arc probably
cognale in origin. Macrocrysts compositions range from chromian
ferroan diopsides to aluminian (itanian ferroan diopsides. Their
rims contain slightly higher AL:Os. Ti0, and FeO with lower SiOs,
MgO and mg# (0.91) compared to the macrocrysts cores (mg#
0.93). Groundmass ferroan diopsides are simitar (o the rims, sug-
gesting that late stage clinopyroxene crystallisation occurred

The groundmass is dominated by interlocking melilite laths
with interstitial anhedral olivine, Ti-magnetitc, clinopyroxene,
perovskite, Ra-rich phlogopite. fluorapatite, pectolite, thompsonite
and rare melanite garnel. The groundmass mica is Ba-bearing al-
uminous phlogopite (11-14 wi% Al,Os), with lower myg# (0.83—
0.87) and higher TiO, (2 4 wi%) compared 1o the melilitites and
the kimberlites. Tn T3-31-1, the groundmass melilite is highly 2
tered. Tn T3-32-1, magnesian Ti-magnetites occur as an abundant
groundmass phase containing up to 14 wi% TiO and 5 wi% MgO,
while in T3-31-1 Ti-magnetites have nificantly lower amounts of
MgO. Minor and accessory mincrals include traces of pyrite,
chalcopyrite. and secondary celestine and calcite veins. Chlorite
and serpentine arc alse present as alteration products.

Summary of mincralogical similarities and
differences between the rock types

All our analysed samples have undergone alteration to
some extenl, with the kimberlites suffering the greatest
degree of alteration and the melilitites the least
(Table 1). The most distinctive mincralogical differences
between the kimberlites and the melilitites are the higher
abundances of calcite. serpentine and olivine in the
kimberlites, and the presence of melilite in the melilitites.
The Kandalaksha monticellite kimberlite is clearly dis-
tinguished from the Terskii Coast kimberlites by its
abundant groundmass monticellite. The cpx-melilitites
are only distinguished from the melilitites by the absence
of nepheline and the presence of clinopyroxene. Olivine
phenocrysts and groundmass chromite, Ti-magnetite,
apatite, perovskitec und phlogopite of varying composi-
tions and quantity, are present in all the rock types.

Major and trace element geochemistry

The Kola kimberlites and melilitites were analysed by X-ray fiuo-
rescence (XRF) at the University of Edinburgh, using glass dises
for major clements and pressed powder blocks for trace elements
(Table 3). The XRF data include loss on ignition in the total. The
REE concentrations were analysed by a Philips PV8060 ICP-AES
simultaneous/sequential spectrometer at Royal Holloway, Univer-
sity of London (Table 4), using the method of Walsh et al. (1981).

Kimberlites

The Kola kimberlites arc all strongly silica under-
saturated (28-35 wt% SiO,). have very high MgO
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Table 3 Major and trace efement analyses of K ola kimberlites and melilitites by XRF (University of Edinburgh). Major elements in w1 %:

trace elements in ppm (LO/ loss on ignition)

K25-1 TI-28-1 T1-28-2 T2:29:1 12-30-1 T3-31-1 T3-32-1

Monticellite Kimberlite Kimberlite Melilitite Melilitite Cpx-melilitite  Cpx-melilitite

Kimberlite
Si0; 28.48 27.87 3513 34.61 35.10 40.12 36.36
TiO, 1.76 117 0.97 1.28 1.97 1.77 1.85
AlLOy 3.04 4.67 4.48 7.49 1041 8.27 11.08
Fea0n 12.48 891 6.83 11.71 13.04 .61 12.27
MnO 0.24 0.20 0.19 0.21 0.21 0.21 0.20
MO aa. 3k 23% 23.99 16.93 1223 1244 10.40
CaO 16.78 12.59 587 17.56 18.80 17.60 17.03
Nu;O 0.31 0.22 0.32 136 418 1.86 221
K20 0.77 2.11 275 0.44 1.42 0.92 1.33
P05 0.22 i 0.65 0.29 0.21 0.32 0.28
LOL 10.27 13.24 13.78 7.47 2.02 4.03 592
Total 99.68 98.26 99.06 99.35 99.59 94918 98.93
mg# 0.80 0.84 0.88 0.75 0.66 0.68 0.63
K>0iNa-O 248 9.59 8.59 0.32 0.34 0.49 0.6
e 19.8 19.1 146 13.7 12.8 25:1 124
.l 143 116 38 170 158 194 184
Cr 1228 1518 1316 520 300 488 143
Ni 1003 802 1180 592 272 282 125
Cu 140 18 28 196 251 204 261
7n 100 65 48 99 128 93 124
Rb 254 119.0 948 189 37.2 386 524
Sr v ] 2446 §59 1480 1767 1448 3494
¥ 9.7 13.8 16.4 14.0 16.7 209 188
Zr 90 216 123 132 131 222 238
Nb 106 136 237 76 124 108 162
Ba 268 6826 1571 473 405 584 590
Pb 6.5 21.8 107 12.1 67.7 9.6 17.4
Th 129 12.0 16.3 8.6 13.4 6.7 9.5

contents {24 25 wi%), very low ALO; contents (3.0
4.5 wi%) and K-O > Nua.O. The Terskii Coast kim-
berlites are strongly potassic with a K;O/Na,O ratio
ranging from 8.6 to 9.6 but thc Kandalaksha mont-
icellite kimberlite is significantly less potassic (K,O;
Na,O = 2.48). High losses on ignition (10 14%) in-
dicate high volatile contents and the analyses have not
’been recalculated on a volatile-free basis. The Terskii
Coast kimberlites have mg#s [rom 0.84 to 0.88, similar
to the range obtained by Kalinkin et al. {1993) but the
monticellite kimberlite has a lower mg# (0.80). re-

flecting its higher Fe,O, content. It also has lower
K»0 and P,05 contents.

All of the Kola kimberlites have high concentrations
of Ni und Cr (802 1180 ppm and 1228-1518 ppm, res-
pectively). Despite the abundance of mantle xenoliths
and xenocrysts, the Ni and Cr contents of the Kanda-
laksha monticellite kimberlite do not differ from those of
the xenolith-free Terskii Coast kimberlites. Trace cle-
ment abundances in Terskii Coast kimberlites normal-
ised to primitive mantle show an enrichment in all
incompatiblc elements, particularly Nb and LREE, and a

Table 4 Rare earth clement analyses in ppm of Kola kimberlites and melilitites. Data by ICP (University of’ London)

K25-1 TI-28-t Fi28e2, T2-29-1 T2-30-1 T3-31-1 T3-32-1
Montigellite Kimberlite Kimberlite Melilititc Melilitite Cpx-melilitite  Cpx-melilitite
Kimberlite
La 77.09 119.79 201.29 66.93 107.12 75.70 122.74
Ce 153.90 202.74 246.19 139.02 22318 161.10 24128
Nd 52.08 56.70 89.10 4290 69.40 54.00 6%.40
Sm 6.68 7.51 10.96 588 9.39 8.00 8.65
Eu 1.62 2.05 291 1.66 2.56 230 229
Gd 4.09 533 677 4.33 6.58 6.15 6.36
Dy 2.56 28], 349 272 364 385 385
Er 096 1.07 115 1.16 1.28 1.40
Yb 0.74 0.89 1.04 1.05 1.04 140
Lu 0.10 0.14 0.16 0.16 0.13 0.15
La/Yb 104.2 1346 193.5 037 103.0 541
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pronounced trough at K (Fig. 4b). When compared with
the trace element abundances in average group LA and
group 1B kimberlites (Smith et al. 1985), the patterns ure
similar except that the Terskii Couast kimberlites have
generally higher abundances of Rb, Ba and K. and in this
respect more closely resemble group 2 kimberlites. Pho-
sphorus is also anomalously enriched in the Terskii Coast
kimberlites. Sample T1-28-1 is especially enriched in Ba,
Sr and P, reflected in its high modal abundance of Ba-
rich phlogopite and Sr-rich apatite. The Terskil Coast
kimberlites have an average P»Os content of 2.1 wt%.
compared with global averages of Taylor et al. (1994) for
non-micaccous group 1A kimberlites (0.7 wt% P>QOs),
non-micaceous group 1B kimberlites (0.9 wt% P,Os) and
micaceous group 2 kimberlites (1.0 wt% P,0s). Figure 5
illustrates the enrichment in P in the Terskii Coast
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Fig. dab Mantle-normalised trace element abundances in: a Terskii
Coast melilitites (®) compared with melilitites from Upper Rhine
graben Province (O) (Wilson ct al. 1995), Algerian Sahara (V)
(Wilson et al. 1995), Canary Islands (O) (Hoernle and Schmincke
1993); b Terskii Coust kimberlites (@), Kandalaksha monticollite
kimberite (W) compared to average group 1A (O), average group 1B
(C) and average group 2 kimberlites (V) (Smith ot al. [985). Data
normalised to primitive mantle (Sun and McDonaugh 1989)
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Fig. 5 A SiO; versus P2Os diagram illustrating the anomalous P-Os
enrichment and depletion in the Terskii Coust kimberfites (@) and
melilitites (). Shown for comparsion are: other worldwide melilitites
() (Rogers et at. 1992, Wilson et ul. 1995), Kandalaksha monticellite
kimberlite (x). Kandaliksha ultramatic lamprophyres ( +) (Beard et al.
1996), average group A (©), average group 1B (0) and averge
group 2 kimberlites (V) (Taylor et al. 1994)

kimberlites compared to the melilitites and worldwide
kimberlites. This enrichment in P and Sr is not present in
the Kandalaksha monticellite kimberlite which has lower
trace element abundances compared with the Terskii
Coast kimberlites and average group 1A and group 1B
kimberlites (Smith ¢t al. 1985).

The Terskii Coast kimberlites (Fig. ﬁb) display ex-
trem¢ LREE cnrichment (La/Yb = 135-194) whereas
the Kandalaksha monticellite kimberlite is slightly less
enriched (La/Yb = 104). The Terskii Coast kimberlites
have lower HREE conients than the melilitites and the
ultramafic lamprophyres (Beard et al. 1996). However,
the monticellite kimberlite has lower overall REE
abundances than both the Terskii Coast kimberlites and
melilitites and the Kandalaksha Gulf ultramafic lamp-
rophyres (Beard et al. 1996).

Meclilitites and cpx-melilitites

The Terskii Coast melilitites and cpx-melilitites are sili-
ca-undersaturated (35 40 wi% SiO;). have high MgO
(10.4-16.9 wt%). low ALO; (7.5-11.1 wt%), relatively
low alkalis (1.4 4.2 wt% Na,O: 0.5-1.45 wt% K,0) and
moderate losses on ignition (2 7%). The Terskii Coast
melilitites are sodic with a low K,0/Na,O ratio ranging
from 0.32 to 0.6. Figure 7 shows the major oxide clas-
sification diagram of Le Bas {1989) which confirms that
these rocks all plot in the melilitite field. Kandalaksha
Gulf ultramafic lamprophyres (Beard et al. 1996} piot
close to the melilitites (Fig. 7) but the Kola kimberlites,
representative South African kimberlite compositions
and (he averages for different kimberlite groups (Smith
et al. 1985; Taylor et al. 1994}, ull plot in a separate field
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from the melilitites. There is very little difference in
major element chemistry between the melilitites and the
cpx-melilitites {Table 3). They exhibit a mg# range from
0.63 to 0.75, similar to that oblained by Kalinkin el ¢
(1993). A similar range in mg# in Hawailan oli
melilitites (mg# 65 69) was attribuled to olivine frac-
tionation by Brey (1978). The Terskii Coast melilitites
have a lower mg# range compared with mg# values from
the Upper Rhine graben, Germany (mgff 71-80: Wilson
et al. 1995; Brey 1978), the Balcones Province, Texas
(mgit 69-74: Brey 1978) and Cape Province, South Af-
rica (mg# > 77: Brey 1978).

High concentrations of Ni (272-592 ppm) and Cr
(300-520 ppm) generally occur in the melilitites and cpx-
mclilitites, except for T-32-1 which has distinctly lower
Ni and Cr concentrations (125 ppm and 143 ppm, res-
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Fig. 6ab Chondritc-normalised REE abundances in: a the Terskil
Coast melilitiles () and cpx-melilitites {x) compared with Kandalak-
sha ultramatic lamprophyres (+) (Beard e al. 1996); b the Terskii
Coast kimberlites (@) and the Kandalaksha monticellite kimberlite
(W) compared with Kandalaksha ulramafic lamprophyres (+)
(Beard et ul. 1996). Normalisation coefficients from Nakamura (1974)

o

pectively). Trace element abundances normaliscd to
primitive mantle (Fig. 4a) show an enrichment in all
incompatible elements, especially Nb and LREE, and
conspicuous troughs at K and P. There arc no significant
differences between the trace clement patterns for the
melilitites and the cpx-melilitites. Compared with me-
lilitites from elscwhere in the world. the patterns are very
similar, except that all the Terskii Coast melilitites have
significantly lower P abundances (Fig. 4a.5).

The Ters Coast melilitites and cpx-melilitites
(Fig. 6a) all display strongly LREE-enriched REE pat-
terns (La/Yb = 54 103) which are very similar to those
of (he Kandalaksha Gul( ultramafic lamprophyres
(Beard et al. 1996), although with slightly greater
HREE-depletion. Compared to Tertiary melilitites from
Europe (Wilson ¢t al. 1995: Hegner ct al. 1995), the
Terskii Coast samples are slightly more LREE-enriched
and significantly more HREE-depleted.

Isotope compositions

The Kola kimberlites and melilitites were analysed for Sr, Nd and
Pb isotope ratios using a Finnigan MAT 262 mass spectrometer in
dynamic callection mode [or Nd and Sr and static mode for Pband
Sm at the University of Tibingen (Iable 5). Analytical procedurcs
used for the isotope analysis are given in Hegner el al. (1995).
Within-run  precision for Sr and Nd is £ 107", and for
Pb + 0.001% per a.m.u. Eleven analyses of the Sr standard NBS
SRM 987 during the course of the siudy yielded
$SpSr  0.710240 £ 9 (26). while the La Jolla Nd standard
yielded "¥Nd/"“*Nd — 0.511850 = 10 (26 on 25 analyses). The Sr
and Nd isolope ratios of the Terskii Coast samples have been age-
corrected (o 382 Ma (the K-Ar age of 12-30-1) while the Kanda-
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Fig. 7 Ca0 ~ NapO - KyO wi% versus SiOp + AbOy wi%
diagram for the classification of melilitites, nephelinites und basanites
(Le Bas 1989) modifid to include kimberlites. Terskii Coast
melilitites (#). worldwide melililites (O) (Rogers et al. 1992; Hoernle
and Schmincke 1993; Wilson et al. 1995), Kandalaksha ultramafic
lamprophyres ( | ) (Beard ct al. 1996). Terskii Coast kimberlites (@),
Kandaluksha monticellite kimberlite (M), sclected South African
kimberlites (<) (Smith et al. 1985), average group 1A (Q), average
group (B (03 and average group 2 kimberlites (7) (Taylor et al
1994)
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Table 5 Rb, Sr, Sm and Nd concentrations and Sr. Nd and Pb isotope compositions of the Kola kimberlites and melilitites. Sm and Nd
data by isotope dilution (University of Tiibingen)

Sample Rock type Rb (ppm)  Sr (ppm) FIRbMSy MSrSr BT SN 81y
Kimberlite 118.8 2446 0.140 0.704765 0.70390 ~0.59
Kimberlite 95.0 859 0319 0.705592 0.70385 -2.69
Melilitite 189 1480 0.037 0.705245 0.70500 14.24
Melilitite 372 1767 0.061 0.704912 0.70458
Cpx-melilititc 39.0 1448 0.076 0.706798 0.70637
Cpx-melilitite 524 3494 0.043 0.706190 070578
Monticellite kimberlite 254 972 0.075 0.705095 0.70470
Sm(ppm)  Nd (ppm)  ""Smi"™Na  "INg/"Nd NN,
Kimberlite £.68 64.53 0.0813 0512244 0.512040
Kimberlite 12.59 106.1 0.0717 0.512297 0512117
Melilitite 685 49.86 0.0831 0.512396 0512187
Melilitite 10.94 80.43 0.0826 0.512450 0512242
Cpx-melilitite 9.1t 59.89 0.0920 0.512522 0.512291
Cpx-melilitite 10.02 77.13 00786 0.512461 0512264
Monticellite kimberlite 6.61 5201 0.0768 0.512554 0.512371
0P 2P ATpp Ay 08py 204py
TI-28-1 Kimberlite 18.613 15.507 38.666
TI-28-2 Kimberlite 18.851 15.497 40.100
12:29-1 Melilitite 18.950 15.581 39.032
T2:30-1 Melilitite 19.357 15.527 40.374
T3-31-1 Cpxmelilitite 19.842 15.689 39.932
T3-32-t Cpx-melilitite 20425 15.669 40.640
K25-1 Monticellite kimberlite 21,119 15.685 41,428

laksha monticellite kimberlite has been age-corrected 1o 365 Ma
(Lable 5). The Pb isotope results were not age-corrected, as accu-
rate Th and U concentrations have not been determined

Kola kimberlites and melilitites exhibit a small vari-
ation in eNd; {=2.03 to 3.9) but 4 much larger range in
£8r; (—.6 10 33) (Table 5, Fig. 8). The kimberlites have
both the eNd-eSr diagram neur to Bulk Earth. Their
&Nd;-£8r; values fall within the field of South African
group | kimberlites {Smith 1983). The Terskii Coast
kimberlites have significantly higher £Nd; and lower &Sr,
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Fig. 8 Sr-Nd isotope diagram of the Terskii Coust kimberliles (@)
and melililites (#) and the Kandalaksha monticellite kimberlite (W)
compured to: Arkhangelsk Kimberlites (O) (Mahotkin et al. 1997).
Kandalaksha ultramafic lamprophyres (1) (Beard ct al. 1996),
European melilitites () (Alibert et al. 1983) and field of Group |
kimberlites (Smith 1983)

than the majority of Arkhangelsk kimberlites analysed
by Mahotkin et al. (1997). The eNd; and &Sr; values of
the Kandalaksha monticellite kimberlite (Table 5) arc
significantly higher than those of the Terskii Coast
kimberlites, but are similar to the melilitites and Kun-
dalaksha Gulf ultramafic lamprophyres (Beard et al.
1996) (Fig. 8).

The melilitites also have higher £Sr; and eNd; than the
Terskii Coast kimberlites and plot in the top right
quadrant of the eNd-&Sr diagram (Fig. 8), while the cpx-
mclilitites have similar eNd; but have the highest €Sr;
{25-33). The particularly high £Sr; value and Sr content
of the epx-melilitites are probably duc lo contamination
by crustal Sr during hydrothermal alteration, indicated
by the presence of celestine and caleite veins. The eNd;-
£Sr; values of the melilitites are similar to those of the
Kandalaksha Gulf ultramalic lamprophyres (Beard et al.
1996) (Fig. 8) although some of the £Sr values may re-
flect alteration (presence ol strontianite). Comparison
with Tertiury melilitites from Europe (Alibert ¢t al.
1983) reveals that the Terskii Coast melilitites have
similar £Nd; but significantly higher eSr; values.

The Kola kimberlites and melilitites_exhibit a wide
range in present-day values for °Ph2*Pb = 18.61-
2012, 2"PbPMPb = 155-15.69 and *"PbMPh -
38.67 41.43 (Table 5). Figure 9 shows that the present-
day *Ib/***Pb valucs lor the Kola rocks plot close the
Northern Hemisphere Reference Line (NHRL) and that
the Terskii Coasl kimberlites plot in the field of group |
kimberlites (Smith 1983) whercas (he monticellite kim-
berlite and mclilitites are slightly more radiogenic. The
Pb isotope variation of the Kola rocks is similar to that
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Fig. 9 27Pb”Pb versus *Pb™Pb isotope variation in the Terskii
Coust kimberlites (@) and melilitites (#), and the Kandalaksha
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found in the Arkhangelsk kimberlites (E. Hegner, un-
published data), but is slightly more radiogenic than the
Kandalaksha Guif ultramafic lamprophyres (Beard et al.
1956).

Discussion
The Terskii Coast kimberlites

The magmatic rocks from the Ermakov-7 diatreme were
described by Kalinkin et al. (1993) as kimberlites duc Lo
the presence of diamonds and other high-pressure
phases such as chromite. chrome diopside and garnet.
The abundance of olivine macrocrysts in a groundmass
consisting of poikilitic phlogopite, calcite and serpentine
are prerequisites for the TUGS classification of a group 1
kimberlitc (Woolley et al. 1996). Muitigroup discrimi-
nant analysis was carried out to classify further kim-
berlite types on the basis of the entirc major element
composition (Taylor and Rock 1991), revealing that the
Terskii Coast kimberlites fall within the “non-micaceous
kimberlite (group 1A)™ field. The presence of olivine
macrocrysts, perovskite, atolled spinels, und apatite
oceurring as acicular radiating aggregates in serpen-
tine-calcite segregations, also suggests an alfinity to
non-micaccous (group 1) kimberlites (Mitchell 1995a).
The high mg#. Ni and Cr. low Al,O; and CaO con-
tents of the kimberlites (Table 3) suggest that they were
derived from a strongly depleted harzburgitic mantle
source. whereas high concentrations ol volatiles. in-
compatible elements and strong LREE enrichment in-
dicate @ carbonatc-metasomatised mantle source. The
high K/Na ratio indicates a K-rich component in the
source; however. the K-trough indicates that this ph
did not melt completely. The kimberlites are also
nificantly enriched in P, Ba and Rb compared to average
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group 1A and 1B kimberlites (Smith et al. 1985)
(Fig. 4b). suggesting that the mantle source was strongly
enriched in these elements. The Sr, Nd and Pb isotopic
compositions ol the Terskii Coast kimberlites (Fig. 8)
are within the range of South African group 1 kim-
berlites (Smith 1983) and indicate an asthenospheric
mantle source with an isotopic composition close to
Bulk Earth.

The Kandalaksha monticellite kimberlite

Multigroup discriminant analysis reveals that the
monticellite kimberlite has calcite kimberlite affinities
(Taylor ct al. 1994). Its high mg#, Ni and Cr contents
suggest that this magma was also derived from a small
degree partial melt of a mantle source, however high
mg#. Ni and Cr contents could be influenced by xeno-
crysts derived from the peridotite xenoliths. Mantle-
normalised trace element abundances (Fig. 4b) indicate
an enrichment in incompatible elements, suggesting a
metasomatised mantle source. The high abundunce of
primary Sr-rich calcite indicates that the mantle was
carbonated. Strongly Mg-rich olivine phenocrysts (Foye)
suggest an origin in a harsburgite mantle. The mont-
icellite kimberlitc has higher MgO, CaO, Fe;O; and
lower K,O and P,Os compared to the Terskii Coast
kimberlites, with a K/Na ratio intermediatc between
those of the Terskii Coast kimberlites and melilitites,
with slightly lower trace clement and REE abundances
indicating a less enriched source, perhaps at intermedi-
ate depths.

The Sr and Nd isotope composition of the mont-
icellite kimberlite is slightly less cnriched compared to
those of the Terskii Coust kimberlites (Fig. 8) and group
1 kimberlites (Smith 1983}, but is similar to those of the
Terskii Coast melilitites and the Kandalaksha vltramafic
lamprophyres (Beard ct al. 1996). suggesting a less en-
riched mantle source than that of the diamondiferous
kimberlites. It also suggests that a common source may
exist for the monticellite kimberlite, Terskii Coast me-
lilitites and the Kandalaksha Gulf ultramafic lamp-
rophyres (Fig. 8).

The melilitites and cpx-melilitites

There is very little difference in chemistry between the
melilitites and the ¢cpx-melilitites. The high mg#, Ni and
Cr contents indicate that they are all mantle-derived
magmas. The high concentration of incompatible ele-
ments and the LREE enrichment indicates that they
were derived from a small degree of partial melt of an
enriched mantle. T3-32-1 has the highest LREE enrich-
ment, the lowest mg# und the lowest Cr and Ni abun-
dances, indicating that it has undergone olivine and
pyroxene fractionation. Both the melilitites and cpx-
melilitites are significantly depleted in K and P. sug-
gesting that minerals such as phlogopite and apatite
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were residual in the source during partial melting. The
steep slope of the REE pattern indicates that garnel was
present in the mantle source. The radiogenic isotope
compositions of the melilitites are similar to those of the
Kandalaksha monticellite kimberlite and ultramafic
lamprophyres (Beard et al. 1996). However, the cpx-
melilitites have very high &Sr; values, which probably do
not reflect their mantle source.

Relationships between kimberlites and melilitites
Mineralogy of the mantle source

The kimberlites have higher MgO, K,0. P05, LOL.
mg# and lower SiO.. ALO; und Na,O than the me-
lilitites (Table 3). The higher MgQO in the Kola kim-
berlites could indicate a deeper harzburgitic source
compared 1o the melilitites; alternatively it could also
suggest that magnesite was present in the kimberlite
source. However, accumulation ol olivine macrocrysts
and/or xenocrysts would also increase the MgO. Ni and
Cr contents of a kimberlitic magma. The lower ALO; in
the Kola kimberlites suggests a strongly depleted harz-
burgitic source, whereas higher ALOs in the melilitites
indicate a lherzolitic source. In the kimberlites NaoyO is
always less than K,0, whereas in the melilitites Na,O
always exceeds K,0. A KO wt% versus NuaO wi%%
diagram (Fig. 10) discriminates between the Terskii
Coast kimberlites and melilitites. clearly demonstrating
the strongly polassic nature of the kimberlites and the
lack of overlap between the magma types. However, the
monticellite kimberlite and the ultramafic lamprophyres
(Beard et al. 1996) plot close to the melilitites. suggesting
a common origin. The kimberlite group averages (Tay-

Kandalaksha
ultramatic famprophyres

Naz0

Fig 10 Wt% KO versus wt% Na:O disgram. Terskii Coast
kimberlites (@) and melilitites (#) (this study and Kalinkin et al
1993), and Kandalaksha monticellite kimberlite (M). Shown for
comparison ure; Kandalaksha ultramafic lamprophyres ( +) (Beard
e al. 1996), average group 1A (O), average group 1B (1) and average
group 2 kimberlites (V) (Taylor et al. 1994)

lor et al. 1994) plotted for comparison reveal that groups
1A and IB have significantly lower K,O contents,
whereas average group 2 kimberlite plots closer to the
Terskii Coust kimberlite ficld. The potassic nature of the
Terskii Coast kimberlites and the more sodic nature of
the melilitites must reflect major mineralogical differen-
ces between their mantle sources. One possibility is that
phlogopite was present in the kimberlitic source giving a
high K{Na signature during partial melting, whereas the
shallower melilititic source could have contained par-
gasile which could have given rise to a lower K/Na
signature. The presence of pargasite in the shallower
lithospheric mantle is confirmed by the purgasitc-bear-
ing spinel peridotite xenoliths from the monticellite
kimberlite and a spinel peridotite xenolith found a mafic
dyke in the Khibiny Complex (Arzamastsev and
Dahlgren 1994). indicating that the lithospheric upper
mantle under the Kola Peninsula is metasomatised.
However, Rogers et al. (1992) considered that phlogo-
pite is also residual in the source of melilitites, and hence
an additional K-rich phase is required to be present in
the kimberlite source. to account for the significantly
higher K-content of kimberlites.

Terskii Coast melilitites are anomalously depleted in
P compared to other melililites worldwide (Wilsen et al.
1995; Hegner et al. 1995; Brey 1978; Rogers et al. 1992).
This P-depletion is undoubtedly controlled by a P-
beating phase such as apatite which remained residual in
the mantle source. The presence of apatite in the mantle
beneath the Kola Peninsula is indicated by the apatite-
bearing spinel lherzolite xenoliths in the monticellite
kimberlite and apatite-rich hornblendite xenoliths in the
ultramafic lamprophyres and carbonatite dykes (A.D.
Beard, unpublished data). A P-rich mantle is also indi-
caled by presence of a major apatite deposit in the
Devonian alkaline complex of Khibina {Kogarko et al.
1995).

In contrast, the Terskii Coast kimberlites are signifi-
cantly enriched in K. P and Ba compared lo average
worldwide group | kimberlites. This indicates either that
the source was significantly enriched in thesc elemenis
relative to the melilititic source, or that phases hosting
these elements in the kimberlite source melted com-
pletely. However, this is unlikely, as the kimberlites are
probably smaller degree melts than the melilitites, so
phases are more likely (o remain residual in their source.
A possible source for the unusual enrichment in the
kimberlites could be metasomatic veins composed of
varying modal amounts of K-richterite, Ba-rich phlo-
gopite and apatite, existing as a stockwork within a
depleted harzburgitic mantle (Foley 1992). K-richterite
is stable to a greater depth than phlogoepite and may
incorporate K and other large-ion lithophile elements
released by the breakdown of phlogopite at about
200 km depth (Foley 1991; Luth ct al. 1993; Kiminori
et al. 1997). Experimental work demonstrates that veins
of K-richterite, phlogopite and apatite will have low
solidus (emperatures, melting to produce K- and P-rich
melts (Vukadinovic and Edgar 1993; Edgar and
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Pizzolato 1995; Konzelt ct al. 1997). Alernatively,
another possibility could be the complete melting of a K-
Ba-P-rich metasomatic mineral phase. such as the
complex K-Ba phosphate recently recognised in 4
7 GPa (40-70 kbar) near-solidus experimental studies of
lamproites (Mitchell 1995b).

Constraints on depth of the mantle sources

The presence of diamonds and other high-pr
phases in the Terskii Coast kimberlites (Kalinkin et al.
1993) reveals that the kimberlitic magma originated
within the diamond stability ficld, whereas the non-di-
amondiferous Kandalaksha monticellite kimberlite and
the melilitites had shallower sources. The Kola kim-
berlites und melilitites are all LREE-enriched (Fig. 7a. b)
but the Terskii Coast kimberlites arc slightly more en-
riched in LREE and significantly more depleted in
HREE than the melilitites. The stronger HREE deple-
tion in the Terskii Codst kimberlites indicates a higher
proportion of garnet in the source and hence a greater
depth of the kimberlite source. A shallower source for
the melilitites can also be infetred from their higher
HREE contents.

Degree of partial melting

Both kimberlites und melilitites are generally regarded as
very small degree partial melts of a metasomultised car-
bonated mantle source (Brey 1978: Alibert et al. 1983;
Rogers et al. 1992). Breakdown of carbonale in the
kimberlite and melilitite source would reduce melt vis-
cosity and assist with the extraction of small melt frac-
tions (McKenzie 1989). The degree of partial melting is
dircetly related to the SiO, content of a melt and to its
NbfY ratio (Rogers et al. 1992). A Nb{Y versus S8iO,
diagram (Fig. 11) confirms that the Kola kimberlites are
maller degree melts than the melilitites. The Nb/Y ratio
is uscd as a trace element index because it encompasses
the range of clement incompalibility in a garnct-bearing
peridotite (Rogers et al. 1992) and should not be greally
affected by mctasomatic processes. Fields for OIB
(ocean island basalt) and MORB (mid occan ridge ba-
salt) are also plotted to demonstrate the negative cor-
relation between these rocks, which are due to morc
cxtensive degrees of partial melting. The Kandalaksha
Gulf ultramafic lamprophyres (Beard et al. 1996) plot
within the melilitite ficld, suggesting a similar degree of
partial melting.

The Ni and Cr conlents in the Kola kimberlites are
2-3 times higher than those of the melilitites, suggesting
that the kimberlites arc derived from much more de-
pleted (harzburgitic) mantle. Their higher LREE en-
richment also suggests 4 smaller degree melt. The REE
patterns of the Terskii Coast kimbetlites and melilitites
are slightly steeper than those of Kandalaksha Gulf ul-
tramafic lamprophyres (Beard el al. 1996), indicating
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Fig. 11 Nb/Y versus $i0» wi% disgram illustrating the degree of
partial melting in the Terskii Coast kimberlites () and melilitites ()
(this study and Kalinkin et al. 1993) and Kandaluksha monticellite
Ximberlite (). Shown for comparison are: Kandalaksha ultramatic
famprophyres (+) (Beard ct al. 1996), other worldwide melilitites (O)
(Rogers ct al. 1992; Wilson ot al. 1995), average group 1A (O).
average group IB (L), average group 2 kimberlites (V) (Taylor et al
1994) and ficlds for QIB und MORB (Rogers et al. 1992)

slightly greater source depths for the kimberlites and
melilitites, or more likely a smaller degree of partial
melting.

Isotopic constraints

The £Nd; valucs for Kola kimberlites and melilitites in-
dicate that the mantle source was originally depleted but
was subsequently metasomatised by fluids or melts to
account for the enrichment in incompatible elements.
Although the melilitites and the monticellite kimberlite
are LREE-cnriched. they have eNd; values near to Bulk
Farth which suggests that the melasomatism was com-
paratively recent prior to melting. The LREE, Ba. K,
Rb, Th, Nb and P were added to the depleted mantle by
ffuids or mells from a deeper (?plume-related) source,
and subsequent partial melting of metasomatised as-
thenosphere and lithosphere led (o the formation of the
kimberlites and melilitites, respectively.

Various authors have suggested that group 1 kim-
berlites are partial melts from an asthenospheric mantle,
isotopically similar to plume-related O1B (Smith ct al.
1985; Wyllic 1989; Zindler and Hart 1986). The Sr, Nd
and Pb isotope ratios for the Terskii Coast kimberlites
plot within range of group | kimberlites (Smith 1983)
indicating a possible plume-related asthenospheric
mantle origin. The monticellite kimberlitc and the me-
lilitites have higher Sr, Nd and Pb isotope ratios, sug-
gesting that they were derived from a different mantle
source. The particularly high £8r; values of the cpx-me-
lilitites are probubly due to crustal contaminalion or late
stage hydrothermal alteration. To explain the remainder
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of the isotopic variation, two end-members are required,
whereby the Terskii Coast kimberlites represent an as-
thenospheric  plume-related  end-member,  while  the
monticellite kimberlite and melilitites represent a shal-
lower lithospheric end-member. Thus, we suggest that a
Devonian mantle plume impacted upon the base of the
lithosphere to produce the spectrum of magmas em-
placed in the south Kola Peninsula. A similar model
involving a plume impact on the base of the lithosphere
was proposed lor the Late Cretuccous alkaline mag-
matism of the Alto Paranaiba igneous province in SE
Brazil by Gibson et al. (1995).

Concluding remurks

From the mineralogical, geochemical and isotopic evi-
dence for Devonian kimberlites and melilitites emplaced
contemporaneously on the southern coust of the Kola
Peninsula, the following conclusions can be draw:

1. The Terskii Coast kimberlites huve affinitics with
group | kimberlites and are derived from an astheno-
spheric harzburgitic mantle source within the stability
ficld of diamond. In contrast, the melilitites arc from a
shallower lithospheric lherzolitic source. The non-dia-
mondiferous Kandalaksha monticellite kimberlite is
closer to being a calcite kimberlite and is derived from a
harzburgitic source, at depths intermediate between that
of the Terskii Coast kimberlites and melilitites.

2. The Terskii Coast kimberlites are anomalously
enriched in K, P and Ba compared to other group 1
kimberlites, whereas the melilitites are distinguished
from worldwide melilitites by significantly lower P con-
tents. The KO and P,Qs contents of the magmas are
controlled by K- and P-rich phases in the mantle source.
The anomalous K- and P-cnrichment in the Terskii
Coast kimberlites suggests either (i) that phlogopite and
apatitc present in the kimberlite source melted com-
pletely. but remained residual in the melilitite source, or
(ii) that additional metasomatic phases such as K-rich-
terite or a K-Ba phosphate existed in the kimberlite
source.

3. The strongly LREE-cnriched REE patterns of the
kimberlites and melilitites suggest that they were both
derived from small degrees of partial melting of a
metasomatised carbonated mantle. However. the Nb/Y
versus Si0, diagram suggests that the Terskii Coast
kimberlites were smaller degree melts than the me-
lilitites. The kimberlitic magma was derived from melt-
ing of a deeper metasomatised mantle source than the
melilititic magma. The Kandalaksha monticellite kim-
berlite shows some geochemical similarities to the con-

temporaneous ultramafic lamprophyres of the Gulf of

Kandalaksha.

4. The Sr, Nd and Pb isotope ratios indicale that the
Terskii Coast kimberlites were derived from a plume-
related asthenospheric mantle source close to Bulk
Earth. The monticellite kimberlite and melilitites have
isotopic ratios that suggest a different mantle source. At

least two end-members are required to explain this iso-
topic variation, one with an usthenospheric plume-re-
lated origin (similiar to group | kimberlites and OIB)
and another with a shallower lithospheric origin.

5. Contrary to previous suggestions, melilitites do not
form a simple transition to kimberlites, but arc derived
from a shallower less-depleted mantle source with a
different metasomatic mineralogy. However, the process
of plume impact bencath the lithosphere gives rise to
both types of magma.

Acknowledgements We thank Dodie James (University of Edin-
burgh) for the XRE analyses, Claire Grater (Royul Holloway
University of London) for REE and Colin Stuart for drafting the
maps. This study was supposted by a grant from the Birkbeck
College Research Fund. Discussions with AA. Arzamastsev and
[.L. Mahotkin at « EUROPROBE workshop in Finland were very
helplul. The K-Ar dating was supported by the Hungarian Science
Foundation gran( no. T014961, We are grateful to Bob Thompson
and Daniel Demaille for their helpiul reviews

References

Alibert C., Michard A, Albarede F (1983) The transition from alkali
Dbasalts 1o kimberlites: isolope and trace element evidence (rom
melilitites. Contrib Mincral Petrol 82: 172-186

Arzamastsey AA (1994) Unique Palcozoic intrusions of the Kola
Peninsula. Kola Sci Cent Publ, Apatity

Arzamasisev AA, Dahlgren $ (1994) Plutonic mineral assemblages
in Paleozoic dikes and explosion pipes of the alkaline province
of the Baitic Shield. Geochem Int 31 (3): 57-68

V/Beard AD, Downes 11, Vetrin VR. Kempton PD. Maluski H (1996)
Petrogenesis of Devonian lamprophyre and carbonatite minor
intrusions, Kandalaksha Gulf (Kola Peninsula, Russia). Lithos
39. 93119

Bell K, Dunworth EA (19963 Alkaline rocks of the Turiy Peninsula,

including type-localily turjaite and (utjite: a review. Can

ral 34: 265 280

Brey G (1978) Origin of melilitites  chemical and experimental

constraints. J Volcanol Geothermal Res 3: 6] 88

Duncan RA. Hargraves RB. Brey GP (1978) Age, palacomagne-

tism and chemistry of melilitite basalts in the Southern Cape,
South Africa. Geol Mag 115: 317-396

Fdgar AD. Pizzolato LA (1995) An experimentai study of parti-

tioning of fluorine between K-richterite. apatite. phlogopite,
and melt at 20 kbar. Contrib Mineral Petrol 121: 247-257

Foley SF (1991) High pressure stability of the fluor- and hydroxy

end-members of pargasite and K-richterite, Geochim Cosmac-
him Acta 55: 26892694

Foley SF (1992) Vein-plus-wall-rock melting mechanisms in the

lithosphere and the origin of potassic alkaline magmas. Lithos
28: 435453

Galimov M, Zakharchenko OD, Mai'tsev KA, Malkin Al Pa-

vienko TA (1994) Carbon-isolope composition of diamonds
from Arkhangel'sk-Region kimberlite pipes (in Russian). Geo-
chem Int 31 (8): 71- 78
Gibson SA, Thompson RN, Leonardos OH, Dickin AP, Mitchell
1G (1993) The late Cretaceous impact of the Trindada mantic
plume: evidence [rom large-volume, mafic, polussic magmatism
in SE Brazil. J Petrol 36: 189-229

Hearn BC Jr. (1989) Alkalic ultramafic magmas in north-central
Montana, USA: Genetic connections of alndite, kimberlite und
carbonatite. [n: Kimberlites and related rocks. Spec Pub Geol
Soc Aust 14, pp 109119

Hegner E. Waller HJ, Satir M (1995) Pb-St-Nd isotopic compo-

sitions and trace element geochemisiry of megacrysts and me-
liitites  from the Tertiary Urach voleanic field: source
compesition of small volume melts under SW Germany.
Contrib Mincral Petrol 122: 322 335





image16.jpeg
Hoernle K, Schmincke HU (1993) The petrology of the tholeiites
through melilite nephelinites on Gran Canaria, Canary Islands
crystal fractionation, accumulation and depths of melting.
1 Petrol 34: 573-597

Janse AJA (1971) Monticellit bearing prophyritic peridotite {rom
Gross Brukkaros, South West Africa. Trans Geol Soc § Afr 74
45 55

Kalinkin MM, Arzamastsev AA, Polyakov 1V (1993) Kimberlites
and relaled rocks of the Kol region. Petrology 1: 173-180

Kapustin YuL (1994) Geochemistry of kimberlite-like rocks from
dikes and explosion pipes in carbonatite complexes. Geochem
Int 31(6): 27 45

Kiminori S, Katsura T, Tto L (1997) Phase relations of natural
phiogopite with and without enstatite up to 8 GPa: implication
for mantle metasomatism, Earth Planet Sei Lett 146: 511526

Kogarko LN, Kononova VA, Orlova MP, Woolley AR (1995)
Alkaline rocks and carbonatites of the world Former USSR,
Chapman and Hall, London

Konzett J, Sweeney RJ. Thompson AB, Ulmer P (1997) Potassium
amphibolc stability in the upper mantle: an experimental study
in a peralkaline KNCMASH system to 8.5 GPa. J Petrol 38:
537 568

Kramm L, Kogarko LN, Kononova VA, Vartisinen H (1993) The
Kola ulkaline province, CIS/Finland: precise Rb-Sr ages define
380-360 Ma age range ol all magmatism. Lithos 30: 33-44

Kratz KO. Glebovitskiy RV, Bilinskiy VL, Duk IB, Lilvinenko
LV, Sharkov GA, Porotova AA. Ankudinov LN, Platoncnkova
LN, Kokorina LK. Lazarev YK. Platunova AP, Koshechkin
Bl Lvukashey AD, Stelkov SA (1978) The Earth's crust in the
castern part of (he Baltic Shield (in Russian). Nauka, Leningrad

Kukharenko AA (1967} Alkali magmatism in the eastern part of
the Baltic Shicld. Zap Vses Miner Ob-va, Part 96. No. 5

Le Bas MJ (1989) Nephelinitic and basanitic rocks. J Petrol 30:
299 1312

Luth RW, ‘Trennes RG. Canil D (1993) Volatile phases in the
Earth’s mantle. In: Luth RW (ed) Experiments at high pressure
and applications 1o the Earth’s mantle. Mineral Assoc Can
Short Course Handb 21: 445-485

Mazhotkin 1L, Juravlev DZ (1993) Sr and Nd isotopic data for
diamond-kimberlites and melilitites of the Arkhangelsk region
(in Russian). Dokl Acad Navk 332: 491 496

Mahotkin 1L, Sablukov SM, Zhuravley DZ, Zherdev PU (1995)
Geochemisiry and Sr-Nd isotopic composition of kimberlites.
melililitites and basals from the Archangelsk region, Russia

(abstract). Tn: 6th Tnt Kimberlite Conf™ Abstr, Novosibirsk.
Russia, pp 342 343
Mahotkin [L. Zhuraviev DZ. Sablukov SM, Zherdev PU.

Thompson RN, Gibson SA (1997) Plume-lithosphere interac:
tion s & seodymanic model of origin of the Archangelsk dia-
mondiferous province. Trans Russ Acad Sei 353

McKenzie DP (1989) Some remarks on the movement SFamalimel
fractions in the mantle, Earth Planet Sci Lett 95: 53-72

Mitchell RI (1986) Kimberlites: mincralogy, geachemistry and
petrology. Plenum Press, New York

Mitchell RH (19954) Kimberlites, orangeites, and related rocks.
Plenum Press. New York

Mitchell RH (1995b) Melting experiments on a sanidine phlogopite
lamproite at 47 GPx and their bearing on the source of Jam-
proitic magmas. I Petrol 36: 1455- 1474

Nakamura N (1974) Determination of REE. Ba. Fe, Mg. Na and K
in carbonaccous and ordinary chondrites. Geochim Cosmoc-
him Acta 38: 757 775

Parsadanyan KS. Kononova VA, Bogatikov OA (1996) Sources of
heterogeneous magmatism of the Arkhungelsk diamondiferous
province. Petrology 4 460-476

Rock NMS (1991) Lamprophyres. Blackie. London

Rogers NW. Hawkesworth CJ, Palacz ZA (1992) Phlogopite in the

generation ol melilitites from Namaqualand, South Africa and

303

implications for clement fractionation processes in the upper
mantle. Lithos 28: 347 365

Sablukoy SM (1993) Petrochemical series of kimberlite rocks of the
Arkhangelsk Province (abstract). 6 Imt Kimberlite Conf Abstr,
Novosibirsk, Russia, pp 48 1-483

Samoilov VS, Alana: BV (1980) New data on the carbonatites
of the alkalinc-ultrabasic complex of Turiy Peninsula. Int
Geochem Rey 22: 3950

Simkin T, Smith JV (1970) Minor element distribution in olivine.
J Geol 78: 17-28

Smith CB (1983) Pb, Sr and Nd isotopic evidence for sources of
Southern African Cretaceous kimberlites. Nalure 30: 51-54

Smith CB. Gurney M, Skinner EMW, Clement CR. Ebrahim N
(1985) Geochemical character of Southern African kimberlites:
a new approach based on isotopic constraints. Trans Geol Soc §
Afr 88: 267-280

Staritsky Yu G, Orlova MP, Polynina LA (1981) Magmatism of
the Russia platform. In: Magmatism of the platform regions of
the USSR (in Russian). Nedra, Leningrad, pp 99-112

Sun S8, McDonough WF (1989) Chemical and isotopic systematics
of veeanic basahs: implications for mantle composition and
processes. In: Saunders AD, Norry MJ (eds): Magmatism in
ocean basins. Geol Soe London Spec Publ 42: 313-345

Taylor WR. Rock NMS (1991) Major element systemalics of al-

Kaline volcanic and lamprophyric rocks - toward a geochemical

and petrogenetic classification for the potentially diamond-

crous alkaline rocks {abstract). In: 5th Int Kimberlite Cont’
Tixt Abstr 414 416, CPRM Spec Publ 2/91. Brasilia. pp 414-416

Taylor WR., Tompkins LA, Haggerty SE (1994) Comparative
geochemistry of West African kimberlites: evidence for a mi-
Caceous kimberlite endmember of sublithospheric origin. Ce-
ochim Cosmochim Acta 58: 4017 4037

Ukhanov AV (1965) Olivine melilitite from the diamond-bearing
diatremes in Anabar. Dokl Akad Nauk USSR [Farth Sci Sect
153: 176-178

Clrych J, Povondra P, Rutsek J. Pivee E (1988) Melilititic and
melilite-bearing subvolcanic rocks from the Plounice River
Region, Czechoslovakia. Acta Univ Carol Geol 2: 19

Vartiginen H. Paarma H (1979) Geological characteristics of the
Sokli carbonatite complex. FinJand. Ticon Geol 74: 1296 1306

T Aetrin VR, Kalinkin MM (1992) Reconstruction of the processes

of intracrustal and crustal-mantle magmatism and metasomat-
ism (from (he result of the investigation of deep seated xeno-
liths) (in Russian). Kola Sci Cenl Publ

Vukadinovic D, Edgar AD (1993) Phase relations in the phlogo-
pitc-apatite system at 20 kbar: implications for the role of flu-
orine in mantle melting. Contrib Mineral Petrol 114: 247 254

Walsh JN, Buckley F. Barker J (1981) The simultancous determi-
nation of the REE in rocks using inductively coupled plasma
source spectrometer. Chem Geol 33; 141 153

Wilson M. Rosenbaum JM. Dunworth EA (1995} Meiilitites:
partial melts of the thermal boundary layer? Contrib Mineral
Petrol 119: 181 196

Woolley AR, Bergman SC, Tidgar AD, Le Bas MJ. Mitchell RH.
Rock NMS, Scott Smith BH (1996) Classil ion of lamp-
rophyres, kimberlites, and the kalsilitic, melilitic, and leucitic
rocks. Can Mineral 34: 175 186

Wyllie PJ (1980) The origin of kimberfites, I Geophys Res 85,
6902-6910

Whyllie PJ (1989) Origin of carbonatites: evidence from phase
equilibrium studies. Tn: Bell K (ed) Carbonatites. Unwin Hy-
man, London, UK, pp 500 545

Yoder HS (1975) Relationship of melilite-bearing rocks to kim-
betlite: a preliminary report on the system akermanite-CO,.
Phys Chem Earth 9: 883 894

Zindler A, Hart $ (1986) Chemical geodynamics. Annu Rev Farth
Planel Sci 14; 493-571





image1.jpeg
Contrib Mineral Petrol (1998) 130: 288-303

© Springer-Verlag 1998

A.D. Beard - H. Downes ' E. Hegner - S.M. Sablukov
V.R. Vetrin - K. Balogh

4

Mineralogy and geochemistry of Devonian ultramafic minor intrusions
of the southern Kola Peninsula, Russia: implications
for the petrogenesis of kimberlites and melilitites

Received: 3 March 1997 Accepted: 7 October 1997

Abstract Minor magmatic intrusions of kimberlite,
melilitite and cpx-melilitite occur in the southern part of
the Kola Peninsula, Russia, on the Terskii Coast and
near the town of Kandalaksha. They yield K-Ar ages of
382 + 14 Ma and 365 £ 16 Ma, similar to thc mag-
matic rocks from the Kola Alkaline Province. The
Terskii Coast kimberlites have mineralogical and geo-
chemical affinities with group 1 kimberlites, whereas the
Kandalaksha monticellite kimberlite more closely re-
sembles calcite kimberlites. The lower Al,O5 content in
the Kola kimberlites indicates a strongly depleted harz-
burgitic source, while higher Al,O; in the melilitites
suggests a lherzolitic source. The Terskii Coust kim-
berlites are anomalously potassic and significantly
enriched in P and Ba compared to other group 1 kim-
berlites. In contrast, the melilitites are sodic and are
anomalously depleted in P compared to worldwide me-
lilitites. Trace element patterns of the Kola kimberlites
and melilitites indicate the presence of K- and P-rich
phases in the mantle source. To account for the K-
troughs shown by both magma types, a K-rich phase
such as phlogopite is thought to be residual in their
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sources; however, the unomalous K-enrichment in the
Terskii Coast kimberlites may indicate that an addi-
tional metasomatic K-rich phasc {¢.g. K-richterite and;
or a complex K-Ba-phosphate) existed in the kimberlite
source. The P-depletion in the melilitites may suggest
that a phosphate phase such as apatite remained residual
in the melilititic source, However. anomalous P-enrich-
ment in the kimberlites cannot be explained by complete
melting of the same phase because the kimberlites are a
smaller degree melt; thus, it is most likely that another
metasomatic phosphate mineral existed in the source of
the kimberlites. The Kola kimberlites and mclilitites are
all strongly LREE-enriched but the kimberlites have a
steeper REE pattern and are significantly more depleted
in HREE, indicating a higher proportion of garnet in
their source. Higher Nb/Y ratios and lower SiO, values
in the kimberlites indicate that they were a smaller de-
gree partial melt than the melilitites. The presence of
diamonds in the Terskii Coast kimberlites indicates a
relatively deep origin, while the melilitites originated
from shallower depth. The non-diamondiferous Kan-
dalaksha monticellite kimberlite has lower abundances
of all incompatible trace elements, suggesting a higher
degree of partial melting and/or a less enriched and
shallower source than the Terskii Coast kimberlites. The
378r/%8r;, "PNd/'Nd, and Pb isolope compositions
confirm that the Terskii Coast kimberlites have close
affinities with group 1 kimberlites and were derived from
an asthenospheric mantle source, while the Kandalaksha
monticellite kimberlite and Terskii Coast melilitites were
derived from lithospheric mantle. Impact of a Devonian
asthenospheric mantle plume on the base of the Arch-
acan-Proterozoic lithosphere of the Kola Peninsula
caused widespread emplacement of kimberlites, me-
lilitites, ultramafic lamprophyres and other more frac-
tionated alkaline magmas. The naturc of the mantle
affected by metasomatism associated with the plume
and, in particular, the depth of melting and the stability
of the metasomatic phases, gave rise to the observed
differences between kimberlites and the related me-
lilitites and other magmas.
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Introduction

Both kimberlites and melilitites are primitive ultrabasic
magmas, with high incompatible element contents and a
pronounced cnrichment in light rare-earth clements
(LREE). They are both considered to be small degree
partial melts of an enriched upper mantle (Rogers ¢t al.
1992), although formed under different pressure and
temperature conditions and presumably from different
mantic mineralogies. In continental settings, melilitites
olten occur in or near zones of major rifting, e.g. Upper
Rhine graben, Germany (Wilson et al. 1995; Hegner
et al, 1993) and the Czech Rift (Ulrych et al. 1988) and
in plume-related environments, c.g. the Alto Paranaiba
Igncous Province, SE Brazil (Gibson et al. 1995) and
Hawaii (Brey 1978). Wilson et al. {1995) considered that
melililites come from partial melting of an cnriched
thermal boundary laycr at the base of the lithosphere.
Melilitites arc often associated with kimberlite mag-
matism, e.g. Sutherland area, South Africa (Duncan
et al. 1978), northern Siberia (Ukhanov 1965), SE Brazil
(Gibson et al. 1995) and with carbonatite and nepheli-
nite magmatism. ¢.g. the alkaline rock complex of Turiy
Mys in the Kola Peninsula (Saumoilov and Afanas’yev
1980; Bell and Dunworth 1996). Rock (1991) regarded
melilitites as the most mafic members of the alkali basalt
series. Various authors (Yoder 1975, Wyllie 1980) have
suggested that melilitites represent a transition between
alkali basalts and kimberlites. Alibert et al. {1983) pro-
posed that the kimberlite-melifitite-ulkali basalt transi-
tion is the result of a partial melling trend from garnet
harzburgite to garnet lherzolite, with decreasing garnet/
clinopyroxene ratio and increasing abundance of olivine
and orthopyroxene in the residue. However, this expla-
nation does not account for the differences Ko0/NuaO
ratios and several other geochemical contrasts between
kimberlites and melilitites.

[n an atlempt to understand their relationship and
petrogenesis, we present a study of Devonian kimberlites
and melilitites which were emplaced contemporancously
on the southern coast of the Kola Peninsula (NW
Russia). Some of these magmatic bodies have been
previously studied by Kalinkin et al. (1993). Ar-
zamastsev (1994), Arzamastsev and Dahlgren (1994) and
Sablukov (1995), and where possible we have tricd to
integrate these data scts into ours. We discuss the rela-
tionship of the kimberlites and melilitites with cach
other and with other contemporaneous ultramalfic rocks
from the Kola peninsula and adjucent areas, e.g Dev-
onian ultramafic lamprophyres of the Kandalaksha Gulf
(Beard et al. 1996) and kimberlites from the Arkhan-
gelsk arca (Parsadanyan et al. 1996; Mahotkin and
Juravlev 1993; Mahotkin et al. 1995, 1997). We highlight
similarities with, and differences from, average kimber-
lite groups (Smith et al. 1985; Taylor et al. 1994) and
worldwide melilitites (Alibert et al. 1983; Rogers et al.
1992; Wilson et al. 1995; Hegner et al. 1995). This study
indicates that the potassic, P-enriched kimberlites were
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derived from a deeper harzburgitic source, which was
metasomatised cither by a combination of K- and P-rich
mincral phases (e.g. K-richterite and apatite) or by a
single complex mineral phase (e.g. K-Ba-phosphate). In
contrasl, the melilitites were formed from melting of a
shallower, garnet lherzolite source with apatite, phlo-
gopite and pargasite residual.

In this paper. we present new mineralogical, geo-
chemical and isotopic data from the following loculities
in the southern part of the Kola Peninsula (Fig. 1): two
kimberlites (T1-28-1 and T1-28-2) from the Ermakov-7
diatreme, two melilitites (T2-29-1 and T2-30-1) from the
Zaporojniy 6a and Teremnoy 37-168 diatremes, and two
clinopyroxene {cpx)-melilitites (T3-31-1 and T3-32-1)
from the Hlcbnoe 4-29 and Hlebnoe 2 diatremes. All of
the above are from the Terskii Coast (Fig. 1). Sablukov
(1995) referred to  pyroxenc-free olivine melilitites
(termed “*melilitites™ in this study) as “kimmelilitites™
which he considered to be (ransitional between kim-
berlites and pyroxene-bearing olivine melilitites (*‘cpx-
melilitites™ in this study). We have also analysed a
monticellite-bearing dyke (K25-1) from the Kandalak-
sha area in the western end of the White Sea (Fig. 1),
discovered in 1960 and described as a “picrite porphy-
rite” by its discoverer N. Kurilyova and later as a
“monticellite kimberlite” by Vetrin and Kalinkin (1992).
Even though the presence of olivine macrocrysts/phe-
nocrysts in a groundmass consisting of poikilitic phlo-
gopite, monticellite and calcite is in agreement with the
TUGS classification of u kimberlite (Woolley et al. 1996),
it is not a “truc kimberlite” due to its high CaO content
and abundant groundmass monticellite (45-50%). 1t is
an unusual “kimberlite-like™ rock. very similar in min-
eralogy and composition (o a sill near the Gross Bruk-
karos volcanic centre in southern Namibia (Janse 1971)
and dykes in the Missouri River Breaks area of Mon-
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tana, USA (Hearn 1989) which are both regarded as
kimberlite-like and referred to as “monticcllite per-
idotites™. However, in (his study, the monticellite-bear-
ing kimberlite-like rock will be referred to as a
monticellite kimberlite.

Our dala characterise the type of kimberlite found in
the Kola Peninsula and yield important information on
the petrogenesis of kimberlites and their relationship
with melilitites and with other alkaline rocks of the
northern Baltic Shield. The fact (hat mantle-derived
sodic and potassic magmas were formed in the same
region during the Devonian magmatic event in the Kola
Peninsula has important implications lor the origin of
these magmas.

Geological setting

The Kola Aikaline Provinec is sitvated in the northeastern part ol
the Baltic Shigld and is related o Devonian continental rifting,
Ultrabasic and alkaline complexes. along with numerous dykes and
pipes. were intruded into the Kol Peninsula during the Middle
Palacozoic (Kogarko ct al. 1995). The central ulkaline complexes.
¢.g. Khibina, Lovozero, Ozernaya Varaka and Afrikanda, form
NE-SW (rending belt, associated with the Kontozero
(Kratz L al. 1978), while the alkaline complexes of Sokli (Finland)
Kovdor. Kandagubskii and Turiy Mys form a W-E (rending belt
related to the Kandalaksha deep fracture zone (Vartianian and
Paarma, 1979). Numerous carbonalite and lamprophyre and ai-
Kaline magmatic dykes and pipes oceur on the coast and islands of
the Kandalaksha Gulf at the northwestern end of the White Sea
(Arzamastsev and Dahlgren 1994; Beard et al. 1996) and along the
southern coast of the Kola Peninsuly, including the Terskii Coast
(Kalinkin ct al. 1993; Kapustin 1994). According to Kukharenko
(1967). these dykes and pipes arc not related to any particular
alkaline complex but ate the result of a wider deformation zone
Staritsky el al. {1981) suggested that the formation of the Kanda-
laksha Gulf dyke and pipe magmatism was controlied by the
Kandalaksha-Onezh rift

The Terskii Coast is situated 25 km cast of the Turiy Mys
carbonatite complex, on the northern cdge of the NW-SE (rending
Kandalaksha Graben (Fig. 1). Here @ swarm of breecia-fille:
and dykes of kimberlite, melilitite and rclated rocks oveurs within
the northwest trending Ermakovskii Graben (Kalinkin ct ak, 1993)
The Crmakovskii Graben is [ragmented into the Khlebninskii.
Ermakovskii and Kashkaranskii blocks by a series of NE trending
(ransverse faults (Fig. 1), Melilitites are the most numerous of the
intrusive bodies (19 pipes und & dykes) concentrated in the
half of the Khlebninskii block. The sparsely diamondiferous
berlites occur only in two pipes within the central Ermakovskii
block. Numerous ultrabasic foidite bodies also occur within the
western half of the Khiebninskii block (Kalinkin et al. 1993) but
have not been analysed in this study. The pipes and dykes have
intruded through the bascment of o Archaean gmeisses and
Prolerocoic graniloids, penetrating into the Riphean sandstones ol
the Terskaya Formation (Kalinkin et al. 1993)

At the NW end of the While Sea near the town of Kandalaksha,
a NW SE trending breccia dyke of monlicellite kimberlite has in-
truded into migmatized amphibolites (Vetrin and Kalinkin 1992).
The dyke is approsimately | 1.5 m wide, has vertical contacts and
contains up 1o 40% small (0.5 10 cm) peridotite xenoliths. A
magnetometer survey has indicated the presence of a second sub-
parallel dyke. lying below approsimately 100 m of Quaternary
deposits.

The K-Ar ages were obtained on whole rock samples at the
Institute of Nuclcar Rescarch. Hungary. A Terskii Coast melilitite
(T2-30-1) yielded an age of 382 + 14 Ma, which agrees with K-Ar
ages (337-382 Ma) previously determined on phlogopites from the
Terskii Coast kimberlites by Kalinkin et al. (1993). The Kanda-

laksha monticellite kimberlite (K 23-1) gave un age of 365 = 16 Ma
which falls within the range of K-Ar ages (360-368 Ma) for ul-
tramalic lamprophyres from the Kandalaksha Gulf (Beard et al.
1996), indicaling u close spatial and temporal relationship between
the kimberlitic. melilititic and lamprophyric magmatism. Thus.
these new age determinations clearly indicate that the Kola kim-
berlites and melilitites arc all part of the 360-3%0 Ma Kola Alkaline
Provinee (Kramm et al. (993). The ages are also similar to those of
the Arkhangelsk kimberlite ficld reported by Galimov et al. (1994)
and Parsadanyan et al. (1996) and that of & melilitite pipe (K. Ba-
Jogh, unpublished dauta) from the castern end of the White Sea.
indicating that the Kols kimberlites and melilitites are part of the
much wider Devonian ultramafic magmatic event in the northern
Bultic Shield.

Petrography and mineral chemistry

A sumimary of the mineralogical proportions of the analysed Kola
kimberlites and melilitites is given in Table 1. Electron niicroprobe
data for the major mincral phases (Table 2) were obtuied using a
Jeol 733 with an Oxford Instrument [SIS energy dispersion system
at Birkbeck College

Terskii Coast Kimberlites (71-28-1 and T1-28-2)

The Terskii Coast kimberlites are line-grained rocks consisting of
abundant rounded macrocrysts of olivine (completely pscudo-
morphed by serpentine). rarcr poikilitic phenacrysts of phlogopite
and microphenocrysis of olivine. The pscudomorphed ofivine
macrocrysts contain rare chromite, Ti-magnetite and rutile inclu-
sions. The olivine microphenocrysts are also completely ps
morphed by serpentine bul retain a euhedral habit which
distinguishes them from the macrocrysts. The mica phenocrysts arc
Bu-rich aluminous phlogopitcs (14.1716.2 w(% ALO) with u high
mg# (0.92-0.93). They exhibil strong zoning towards Ba- and Al-
rich rims accompanied by K-, Si- and Fe-depletion (Fig. 2), indi-
cating solid solution from phlogopite (owards the britte mica
kinoshitalite [BaMgiAbLSix0o(Oll),]. The Al-enrichment and
phlogopite-kinoshitalite compositional trends are charucteristic of
group | kimberlites (Mitchell 19950). The mica phenocrysts contain
numerous subhedral-cuhedral inclusions of Ti-magnetite, chromite.
perovskite. ilmenite with Ti-magnelite rims, and serpentine pseu-
domorphing an unknown mineral phase.

The groundmass is dominated by very line grained serpentine,
culcite und small Ba-rich phlogopite with higher FeO (up to 7.6
wi%). slightly lower ALOy (ca. 12 wi%) and mg# [Mg
(Mg F Fe)0.84] compared to the phenocryst micas. Perovskite and
atolled Ti-magnelites with serpentine-calgite cores arc also present
in the groundmass. Sr-rich apatite occurs as acicular radialing
aggregates in serpentine-calcite segregations. Mn-rich ilmenite oc-
curs only in TI-28-1 us a sparse groundmass phase (0.4 wi% MgO.
2.9 wi% MnO) und as rare inclusions in phlogopite (2.6 wi% MgO,
3.6 wi% MnO). Subhedral groundmass spincls arc magnesian al-
uminous chromite containing vatiable MgO (12 13 wt%), ALy
(6 9 w1%) and TiO, (2-3 wi%). They exhibit complex zoning, with
Cri(Cr—Al) ratios decreasing from 0.85 in the cores to 0.79 in the
vims. They are usually mantled by Ti-magnetite (Cr,
(Cr t Al) — 0.42 0.45] containing appreciable MgQ (6-8 wt%).
Magnesian Ti-magnetite also occurs as a subhedral groundmass
phuse with a similar composition_to these mantles. On u Ti
(Ti 4 Cr | Al) versus Fe? i(Fe*' + Mg) diagram (Fig. 3),
spinels from the kimberlites plot within the titanomagnetite trend
in kimberlites defined by Milchell (1986). Minor and accessory
minerals include rutile and monazite: veins of calcite and barite arc
also present.

Kandaliksha monticellite kimberlite (K25-1)

Swimple K25-1 iy fine grained and consists of abundant olivine
microphenocrysts and rarer spinel and olivine xenocrysts in a
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of kimberlites and melilities (p# present as phenocrysts: #ic present is Macrocrysts)

Sample K25-1 11-28-1 T1-28-1 T2.29-1 12:30-1 T3-31-1 T3-32:]
Locatity Kimberlite Kimberlite Kimberlite Melilitite Melilitite Cpx-melilitite  Cpr-melilitite
Kundalaksha  Ermakov-7  Frmukov-7  Zaporojnty 6a  Terenmoy Tichnoe 4-29  Hibnoc 2
T3-168
Phenocrysts
Macrocrysts
Olivine Abundant Abundant (me) Abundant (me) Abundant (ph) Abundant (ph) Common (ph)  Common (ph}

(me 4 ph)

Clinopyroxene  Not identified  Not identificd  Not identified

Growndmass

Olivine Rare Rare Common
Monticellite Very abundunt  Not identified  Not identified
Melilitite Not identified ~ Not identified  Not identified
Nepheline Not identified  Not identificd  Not identified
Phlogophite  Common Abundant Common
Apatite Rare Common Common
Opaques Common Common Common
Perovskite Rare Common Common
Clinopyroxene  Not identified  Not identificd  Nol identified
Caleite Rare Common Common
Pectolite Not identitied  Notidentified  Not idenlified
Serpentine Rare Abundant Abundant
Zeolites Nol identified ~ Not identified ~ Not identified

Melunite garnet Nol identiied  Not identitied  Not identified

Accessories

Chaleopyrite Rutile Rurile

Pyrite Monazite Chlorite

Chiorite Chlorile Umenite
Timenite

Not identified  Not identiticd  Common Commaon (ph}
(ph 1 me)
Not identified  Not identiied  Notidentified  Rare
Absenl Very rare Absent Absent
Abundant Abundant Abundant Abundant
Ahundant Abundant Notidentified  Not identified
Comtmon Rare Common Rare
Common Common Common Rare
Common Abundant Abundant Abundant
Rare Rare Common Absent
Not identitied  Not identitied  Common Common
Not identificd  Not identilicd ~ Not identilied  Not identified
Not identificd  Not identified  Not identificd  Common
Rare Not identified  Rare Not identified
Not identilied  Common Common Common
Not identilied  Not identified  Not identificd  Common
Chalcopyrite  Chalcopyrite  Chlarite Pyrite
Strontianite  Chlorite Pyrite Chaleopyrite

Celestine
Chlorite
Serpentine

Larnite Chalcopyrite

groundmass of monticellite and phlogopite. It contains numerous
pargasilc-bearing spinel peridotite xenoliths. The olivine micro-
phenocrysts are partly to completely pseudomorphed by serpenting
but still retain their original euhedral to subhedral hubit and are
zoned from Mg-rich cores (mg# — 0.90-0.92) to Fe-rich rims
(mg# — 0.84-0.87), which distinguishes them from the unzoned.
cracked and partly serpentinised olivine xenocrysts (my 0.86)
The olivine xenocrysts occasionally display undulose extinction and
contain rare small rounded inclusions of chalcopyrite and pyrite
They are thought 1o be derived rom disintegration of peridotite
xenoliths

The groundmass is dominaled by eubedral to subhedral
monticellite which contains rare euhedral inclusions of perovskite,
Unzoned poikilitic Ba-(ree phiogopite which is highly aluminous
(e, 18 wi% A0y with a high mgy (0.90) encloses numerous
cuhedral to subhedral inclusions of Ti-magnetite, chromite with Ti-
maguetite rims, rare olivine and monlicellite. Other groundmass
phases include abundant Sr-rich culcite (ca. 0.8 wi% SrO). Ti-
magnetite, cuhedral chromite, cuhedral perovskite. unhedral alivine
and a trace of acicular Sr-rich apatite. The high Sr content ol the
calcite suggests a primary origin, Small anhedral groundmass oli-
vines have my (0.87 0.88) similar to the olivine microphenocryst
rims and (o rare anhedral ofivine inclusions occurring in perovskite
and monticellite (mgd — 0.87). Groundmass spinels arc magnesian
aluminous chromiles containing similar MgO (913 wi%) and
1i0: (2 6 wi%), bul significantly higher ALQ, (924 wt%) com-
pared (o the chromites in the Terskii Coast kimberlites, They ex-
hibit complex 7oning with the CritCr +Al) ratios decreasing trom
0.79 in the cores to 0.33 in the rims and are mantled by nmagnesian
Ti-magnetite [Cri(Cr=Al) — 0.26-0.12]. The high TiOz of the
groundmass chromites distinguishes them from the TiOy-poor and
very AbOserich {up Lo 57 wi%) spinel xenocrysts which are cer-
{ainly derived fram the spinel lherzolite xenoliths. Serpentine and
chlorite are also present as widespread alteration products

The peridotite xenoliths vary in size from 0.5 to 10 cm. They are
rounded, coarse o medium grained and arc gencrally mantled by 4

serpentine alieration rind. They consist of olivine, chromian diop-
side, enstatite, spinel and rare amphibole and apatite, and represent
a suite of shallow mantle-derived spinel lherzolites, harzburgites
and dunites. No garnet peridotites were found

Terskii Coast melilitites (T2-29-1 and T2-30-1)

The melilitites are fine-grained porphyritic rocks with abundant
slightly serpentinised phenocrysts of subhedral olivine with ho-
mogeneous Myrich cores (mgé 0.89 0.92). often mantled by
shightly Fe-enriched rims {ma# 0.83-0.87). In 12-30-1, the olivine
phenocrysts contain rare reunded inclusions of monticellite and Cr-
spinel and the groundmass displays « weakly developed flow
structure of melilite laths, The melilite laths contain numerous in-
clusions of euhedral Ti-magnelite and perovskite and occasionally
display the characteristic “peg-structure”™, The groundmass con-
tains interstitiul mepheline, abundant subhedral Ti-magnetite.
chromite. cuhedrul perovskite. Ba-rich phlogopite and rare olivine.
In 12-29-1 the melilite and nepheline are highly altered. Sparse
groundmass micas in T2-29-1 are strongly zoned aluminous phlo-
gopites (11 13 wit% ALO;). with variable mg# (0.90-0.92) and
Ti0 (0.8-1.3 wi%). They have Bu-rich cores (3 4 wi% BuO) and
Ba-poor rims fca. 0.23 wi% Ba()) accompanied by a slight Fe-
cnvichment. In T2-30-1. the rare groundmass phlogopites have u
ignificantly Jower mg# (0.85 0.86), higher FeQ (6.8 6.7 wi%) and
TiO, (1.6 2.9 wit%) than thosc in T2-29-1

Spinels in the melilitites are titanian magnesian aluminous
chromites containing variable MgO (10 16 wi%) and ALO: (20 34
w(%). Their euhedral to subhedral cores are usually mantled by
magnesian Ti-magnetitc {ca. 10 wi% TiO). Some chromites in the
groundmass also exhibit complex zoning with high Cri(Cr - Al
ratios (0.37) in the cores decreasing (owards the rims [Cr
(Cr1 Al — 0.29] and are generally mantled by magnesian Ti-
magnelite. The abundant groundmass magnetite has o similar
composition 1o the Ti-magnetite mantles, but is generally Cr-free.
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