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Abstract—We present the results of a comparative study of several geochronometer minerals (baddeleyite,
zircon, apatite, phlogopite and tetraferriphlogopite) and isotopic systems (U-Pb, Th-Pb and Rb-Sr) from
phoscorites (magnetite-forsterite-apatite-calcite rocks) and carbonatites of the Kovdor ultramafic-alkaline-
carbonatite massif, Kola Peninsula, Russia. Uranium, thorium and their decay products are extremely
fractionated by minerals that crystallise from carbonatite and phoscorite magma. We obtain high-precision
ages from different chronometers, compare their accuracy, and evaluate the role of geochronological pitfalls
of initial radioactive disequilibrium, differential migration of radiogenic isotopes, and inaccurate decay
constants.

Apatite yielded concordant U-Th-Pb ages between 376 and 380 Ma. The accuracy of the?ZhafitéPb
ages is, however, compromised by uncertainty in the amount of radiotf¥Riz produced from initial excess
230Th. The?*®U-2°"Pb ages are relatively imprecise due to large common Pb correction and the uncertainty
in the initial Pb isotopic composition. The Th-Pb system yields a more precise age of 87&6t Ma.

Zircon from two carbonatite samples is characterised by moderate to low U contents, high Th contents, and
very high Th/U ratios up to 9000. THE*Pb*/**8 systems in the zircon are strongly affected by the presence
of exces$°*Pb*, produced by decay of initi&gf°Th. The2°®Pb*/*32Th ages of zircon from both carbonatite
samples are uniform and yield a weighted average of 37Z%294 Ma.

Baddeleyite U-Pb analyses are 3 to 6% normally discordant and have v&iZeie/2°Pb* apparent ages.
Eleven alteration-free baddeleyite fractions from three samples with no evidence for Pb loss yield uniform
208pp*/238 ages with a weighted average of 37&8%23 Ma (378.64 Ma after correction for initi&f°Th
deficiency), which we consider the best estimate for age of the phoscorite-carbonatite body of the Kovdor
massif. The?°Pb*/38U ages of baddeleyite fractions from five other samples spread between 378.5 and 373
Ma, indicating a variable lead loss up to 1.5%. The anomalously*eb”**U and2°"PbP°Pb ages are
consistent with the presence of excess radiogéHieb* in the baddeleyite. We interpret this as a result of
preferential partitioning of*'Pa to baddeleyite.

Fifteen phlogopite and tetraferriphlogopite fractions from five carbonatite and phoscorite samples yielded
precise Rb-Sr isochron age of 372t21.5 Ma, which is 5 to 7 m.y. younger than our best estimate based on
U-Th-Pb age values. This difference is unlikely to be a result of the disturbance or late closure of Rb-Sr system
in phlogopite, but rather suggests that the accepted decay constifbois too high.

Comparative study of multiple geochronometer minerals from the Kovdor massif has revealed an excep-
tional complexity of isotopic systems. Reliable ages can be understood through systematic analysis of possible
sources of distortion. No single geochronometer is sufficiently reliable in these rocks. Th-Pb and Rb-Sr can
be a very useful supplement to U-Pb geochronometry, but the routine use of these geochronometers together
will require more precise and accurate determination of decay constart&Tér and®’Rb. Copyright ©
2002 Elsevier Science Ltd

1. INTRODUCTION ous complex, in which extreme elemental fractionation both

Recent progress in analytical techniques has greatly im- facilnit_att_as high precision dating, and enhances the initial dis-
proved the precision of isotopic dating. This provides the equmbrlum.. ) ]
potential to resolve geological events very close in time, e.g., Carbonatites and related alkaline and ultrabasic rocks are
crystallisation of individual phases in igneous complexes. On thought to be formed by deep-mantle plumes penetrating
the other hand, the sources of error like uncertainty in decay through continental lithosphere (e.g., Gerlach et al. 1988, Bell
constants, and effects caused by deviation from initial secular and Simonetti 1996, Bell 1998). The precision of 0.3 to 1.0 Ma
equilibrium, which were safely ignored at a lower precision of is required for resolving individual pulses of magmatism, and
dating, become significant with improving precision and have for studying the dynamics of continental rifting and plume-
to be accounted for. The first aim of this study is to explore lithosphere interaction, but the approach to precise and accurate
these effects in a natural system—an alkaline-carbonatite igne-dating of carbonatites and related rocks is not well established.
The second aim of this study is to search for a precise and

* Author to whom correspondence should be addressed (yuria@ accurate way of dating carbonatites.
rom.on.can). Carbonatites and phoscorites (magnetite-forsterite-apatite-
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calcite rocks) contain numerous minerals enriched in U and(or)
Th: baddeleyite, zircon, apatite, zirconolite, perovskite, pyro-
chlore. It may seem therefore that precise age determination of
these rocks using the U-Pb method is easy and straightforward.
However, enrichment in U, Th and their decay products also
causes deviation from the secular radioactive equilibrium in
growing minerals, which results over time in the excess or
deficiency of radiogenic Pb isotopes. To optimise approach to
high-precision dating of carbonatites and phoscorites, and to
assure the accuracy of ages, a number of questions need to be
answered:

e Are the isotopic data of coexisting mineral chronometers
consistent with each other? Which mineral chronometers are
more reliable?

e How consistent are the U-Pb and Th-Pb ages?

e To what extent are the U-Pb ages affected by initial isotopic
disequilibrium in uranium decay chains?

e Are the data obtained by U-Pb method compatible with the
results of Rb-Sr dating, previously widely used for dating
carbonatite complexes?

We explore these questions in a detailed study of potential
mineral geochronometers from phoscorites and carbonatites of
the Kovdor massif, an ultrabasic-alkaline-carbonatite massif in
the Palacozoic Kola Alkaline Province. The Kovdor massif
contains wide compositional range of magmatic and metaso-
matic rocks, including severa generations of carbonatites and
phoscorites, and has not experienced regional metamorphism or
deformation. The geology of the massif, including relative
chronology of igneous phases, has been studied in detail, as
well as petrology, mineralogy, mineral chemistry, major and
trace element geochemistry, and isotope geochemistry (refer-
ences in Zaitsev and Bell, 1995). In addition, the carbonatites
and phoscorites of the Kovdor massif contain ubiquitous bad-
deleyite, apatite, phlogopite and tetraferriphlogopite, and in
some carbonatites abundant zircon. Finally, accessory minerals
from the Kovdor carbonatites and phoscorites are known to
have highly fractionated ratios of trace elements with similar
geochemical properties (e.g., Zr/Hf and Nb/Ta). These features
together make the Kovdor massif an excellent choice for a
comparative study of severa potentially useful U-Pb, Th-Pb,
and Rb-Sr chronometers.

2. GEOLOGY AND MINERAL PARAGENESIS

The Kovdor massif, with ca. 40.5 km? surface area, is a part
of the Palaeozoic Kola Alkaline Province, which consists of
more than twenty-four intrusive complexes of Devonian age
(Kramm et a., 1993). The Kovdor massif is a typical ultraba-
sic-akaline complex bearing a wide compositional range of
magmatic and metasomatic rocks, including olivinite, pyrox-
enite, ijolite- melteigite, turjaite, melilitolite and various
phoscorites and carbonatites. Kovdor is extremely important
economically, with magnetite, apatite, baddeleyite, phlogopite
and vermiculite as the main industrial targets, and has been the
subject of detailed geological and mineralogical study by Rus-
sian geologists. General geology, petrography and mineralogy
of the phoscorite and carbonatite occurrence in Kovdor have
been described in numerous publications (e.g., Kukharenko et
al., 1965; Kapustin, 1980; Krasnova & Kopylova, 1988).

Phoscorites and carbonatites occur at the contact of the
pyroxenite and the ijolite intrusions in the south-western part of
the massif (Fig. 1). They form a stockwork occur as steeply
dipping veins and pipe-like, almost vertical bodies, which have
been traced in drill holes to a depth of 1.5 km.

The phoscorites have a variable mineralogy, the major min-
eras being magnetite, forsterite, apatite, phlogopite, tetrafer-
riphlogopite, calcite and dolomite. Petrographically the bodies
are concentrically zoned. Their assemblages gradually change
from forsterite and apatite-forsterite phoscorites at the rim,
through apatite-forsterite-magnetite and phlogopite-cal cite-for-
sterite-magnetite to a core of tetraferriphlogopite-calcite-for-
sterite-magnetite and dolomite-magnetite phoscorites (Fig. 2).

The carbonatites at Kovdor are represented by calcite and
dolomite varieties. Mineral assemblages in carbonatites are
similar to those in phoscorites, but with major carbonates.
Several stages of phoscorite and carbonatite formation have
been recognised at Kovdor on the basis of cross-cutting field
relationships and mineralogy (Krasnova and Kopylova 1988).
Both phoscorites and carbonatites contain several Nb-, Ta-, Zr-,
Th and U-rich accessory minerals including zirconolite, calz-
irtite, pyrochlore, baddeleyite, zircon and perovskite. The crys-
tallisation sequence and relationships of such mineralsin car-
bonatites have been discussed by Kapustin (1980); Bulakh and
Ivanikov (1984) and Williams (1996).

Previous geochronologica study of the Kovdor massif have
yielded Rb-Sr mineral ages of olivinite and pyroxenite of 376.1
+ 0.6 Ma, 374.3 £ 0.3 Ma, and 373.1 = 4.6 Ma (U. Kramm,
personal communication 1994), within the range of Rb-Sr ages
of 380 to 360 Ma for the other intrusions in the Kola Alkaline
Province (Kramm et al. 1993). U-Pb dating of baddeleyite from
the Kovdor carbonatite and phoscorite yielded an age of 380 =
4 Ma (Bayanova et a. 1991), later revised to 382 = 3 Ma
(Bayanova et al. 1997). An attempt of *°Ar-“°Ar dating of
nepheline produced apparent ages between 400 to 600 Ma
(Karpenko and Ivanenko 1994), indicative of the presence of
excess “CAr.

Isotopic data for the Kovdor carbonatites were first obtained
as a part of areconnaissance Sr-Nd isotopic study of the Kola
Alkaline Province (Kramm 1993). Sr-Nd study of apatite, cal-
cite and dolomite from phoscorites and carbonatites revealed
two isotopically distinct groups of these rocks (Zaitsev and Bell
1995). Isotopic (Sr-Nd) and geochemical studies of Kovdor
silicate rocks suggest a complex evolution with several magma
batches derived from either a heterogeneous mantle source, or
from variable proportion of mixing between two magma res-
ervoirs (Verhulst et a. 2000). The noble gas and nitrogen
isotope studies (Marty et al. 1998, Dauphas and Marty 1999)
point to the origin of the Kovdor carbonatite magmas from a
deep mantle plume.

3. SAMPLES

Fourteen representative samples from the main phases of
phoscorites and carbonatites at Kovdor were analysed for this
study. Table 1 presents the various stages and temporal relation
of the phoscorites and carbonatites at Kovdor. The mineralogy
of samples and the succession of phases based on geological
relationships are also shown in Table 1. Eight out of the 14
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Fig. 1. Simplified geological map of the Kovdor massif, showing positions of phoscorites and carbonatites (after

Kukharenko et al. 1965).

samples have been previously analysed for Rb-Sr and Sm-Nd
(Zaitsev and Bell 1995).

4. ANALYTICAL TECHNIQUES

Minerals have been separated using standard heavy liquid
and magnetic techniques, and hand-picked under a binocular
microscope to produce 100% pure fractions of clear mineral
grains or fragments, free of alteration, inclusions, and cracks
(unless otherwise indicated in the tables). Some of the zircon
and baddeleyite fractions were abraded (Krogh 1982). Before
digestion, zircon was washed in 4N HNO; for 30 min on a hot
plate with 100°C surface temperature (maximum temperature
of the acids was ~60°C). Baddeleyite was washed in 2N HNO,
in the same conditions. Mica was washed for 30 minin 2N HCI

with ultrasonic agitation, to dissolve the adhering calcite and
apatite. Calcite and apatite are readily soluble in HCI and
HNO,, and were therefore cleaned in milder conditions, by a
brief (ca. 1 min) ultrasonic agitation in 0.IN HCl at room
temperature, to remove possibly contaminated surface layer.
The U-Pb procedure generally follows those described by
Amelin et a. (1994) and Amelin et a. (1997a) for analyses
performed at the Royal Ontario Museum (ROM) and at the
Washington University (WU). The main differences from the
published procedures are related to the separation and isotopic
analysis of Th, and to the use of severa U-Pb and U-Th-Pb
spikes during the various stages of this study. In the procedure
that we used originaly, the dissolved samplesin 1IN HBr were
loaded on anionite (AG1 X 8) columns. Bulk fraction contain-
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Fig. 2. Geological relationships within the phoscorite-carbonatite body (after Ternovoi 1977, Dunaev 1982). More
detailed map of the phoscorite-carbonatite body has been presented by Krasnova and Kopylova (1988).

ing Th and U was collected as the HBr wash, and Pb was
further eluted with 6N HCI. The Th and U separation using the
same anionite columns with absorption from 7N HNO,; and
desorption in 6N HCI and H,O was adopted from Tatsumoto
(1966). The above procedure was used to analyse all apatite and
some of the zircon and baddeleyite fractions. The total blanks
were5 = 2 pg Pb, 0.2 = 0.1 pg U. Since zircon and baddel eyite
have very low Fe contents, and separation of Fe istherefore not
required, we have adapted a version of the chemical separation
procedure of Krogh (1973) in HCI media, modified for Th-
U-Pb separation. This procedure uses smaller amount of HCI
and no HBr, so we hoped to achieve lower Pb blank. In this
case, samples were loaded on Bio-Rad AG1 X 8 anionite
columns in 3.1N HCI. Bulk fractions containing Zr, Th and

other elements were collected in 3.1N HCl wash. Pb and U,
which are retained by the resin in 3.1 HCI, were extracted with
6N HCI and H,0, respectively. Thorium was separated on the
same columns using 7N HNO; and 6N HCI. This procedure
yields a marginally lower blank of 3 = 1.5 pg for Pb, and was
used for zircon and baddeleyite analyses at the later stage of
this study.

Isotopic analyses of Th were performed on a VG-354 mass
spectrometer at the ROM in single collector mode, using var-
ious loading techniques. At the early stage, Th was loaded with
silica gel on Re single filaments and analysed as ThO™. This
technique yields very low loading blank (below detection limit
of ~0.1 pg), but the ionisation efficiency and running condi-
tions were not sufficiently reproducible. Later we accommo-

Table 1. Successive stages of formation of phoscorites and carbonatities of the Kovdor massif.

Stage Phoscorite type Samples Carbonatite type Samples
la Forsterite, apatite-forsterite (Ph 1) KV-2, KV-3
Ib Apatite-forsterite-magnetite (Ph 2) KV-4
Ic Calcite-forsterite-magnetite with phlogopite (Ph 3) KV-5, KV-6, Calcite with forsterite and phlogopite (C 1) 1/84, KV-18, KV-25,
KV-8, KV-9
Ila Calcite-forsterite-magnetite with tetraferriphlogopite (Ph 4) Calcite with tetraferriphlogopite (C 2) KV-21, 244/76, 127/85
Ilb Dolomite-forsterite-magnetite, dolomite-magnetite (Ph 5) Dolomite (C 3) 115/85

Based on the data of Krasnova & Kopylova (1988), stage division modified from Zaitsev & Bell (1995).
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dated loading Th on a single Re filament between two layers of
colloidal graphite (Edwards et al. 1986) and analysing as Th™.
This technique enhances Th emission from the filament metal,
producing the 2%2Th* currents of 3*10? to 2*10° ions/s from
graphite coated filaments without sample. However, these cur-
rents are insignificant compared to the ion beam produced by
the samples, and the reproducibility of running conditionsisfar
better than with the silica gel loads. The fractionation was
checked by repeated runs of an internal Th isotopic standard
prepared by mixing of natural Th and 2*°Th spike. The 2%2Th/
2%0Th ratio of 4.3611+29 (95% conf.) in this standard was
established by repeated total sample evaporation analyses. In
addition, both loading techniques were used for Th anayses
during spike calibration, and yielded compatible resuilts.

Three different mixed spikes were used for U-Pb and U-
Th-Pb analyses during this study: a 2*°U-2°Pb spike previ-
ously used for U-Pb dating at the ROM, a 2*U-?°°Ph spike
with dlightly different 23U/?°°Pb ratio prepared for the U-Pb
geochronological work at the WU, and anew 2*°U-23°Th-2%5pp
spike prepared at the ROM. In addition, a 2*°Th-233U-236U-
295ph spike for combined U-Pb and 2*°Th-U dating was pre-
pared at the ROM later (Neymark et al. 2000). All these four
spikes were calibrated against the same set of four normal
solutions. Three of these normal solutions were prepared of
pure metals uranium SRM-960, and lead SRM-981 or SRM-
982 at the ROM. The fourth normal solution was prepared of
SRM-960 U, SRM-982 Pb, and a high purity Th metal at the
NERC |sotope Geosciences Laboratory, Nottingham, by R.R.
Parrish. The U/Pb ratios in the spikes measured against all four
normal solutions agree within 0.1%. Further procedure check
was done using two standard zircons, and the results are re-
ported below.

Common Pb corrections were done by applying the Pb
isotopic composition of low-U calcite from the same samples.
For the samples from which no calcite has been analysed the
correction used Pb isotopic composition of calcite from the
phoscorite KV-5, the most primitive Pb found in Kovdor.
Uncertainties of individual analyses were propagated using the
PBDAT program version 1.24 (Ludwig 1993); errors are re-
ported at 20 .

Rb-Sr analyses follow the procedure of Amelin et al.
(1997b). The two modifications are the use of the ®Rb-34Sr
spike with higher 8Rb/3Sr = 912, instead of the spike with
85Rb/®*Sr = 9.83 used in our previous Sr isotopic work, and a
smaller size of the ion exchange columns used for the chemical
separation of Rb and Sr. Both spikeswere calibrated against the
same mixed normal solution. Average procedure blanks were
<0.7 pg Rband 5 = 2 pg Sr. One of the main sources of errors
in Rb-Sr dating of minerals with high Rb/Sr ratios is the
variable fractionation of Rb isotopes during analysis. The re-
producibility of Rb isotopic fractionation varies substantially
between ionisation methods. Loading Rb on Re filaments with
silica gel (following Papanastassiou and Wasserburg 1971)
resulted in ~2 to 2.5 times smaller range of fractionation than
the two alternative methods: single oxidised Ta filaments, and
triple filament assemblages. The average measured ®Rb/®"Rb
in our in-house natural Rb standard (a crystal of muscovite
processed through our standard chemica procedure), loaded
with silica gel, was 2.6163 = 0.0040 (0.151%, 2 sd) for single
Faraday collector runs, and 2.6316 = 0.0117 (0.445%, 2 d) for

single Daly detector runs. These values were used for Rb
fractionation correction, with appropriate error magnification,
of analyses of the Kovdor micas and the standard feldspar. The
Rb-Sr procedure was additionally checked by replicate analy-
ses of the standard feldspar SRM-607, the results of which are
discussed below.

Isochron, discordia line and weighted mean calculations
were performed using the ISOPLOT program version 2.95
(Ludwig 1997). Errors of the ages are quoted at the 95%
confidence level. Ages presented in the Tables 2-5 are calcu-
lated using the decay constants recommended by Steiger and

Jager (1977).

5. RESULTS

5.1. Standard Zircon

U-Pb and Th-Pb results for the zircon standards 91500 and
61.308B are presented in Tables 2 and 3. The data for the
zircon standard 91500 are also shown in Figure 3. Analyses of
the zircon standard 91500 during certification (Wiedenbeck et
al. 1995) showed variations in 2°°Pu/*8U age with the total
range of ca. 0.4%. These variations exceed analytical error and
presumably result from recent Pb loss. Our 2°°Pb/%¥U data
show a similar range of variations, but the fractions that we
have analysed are substantially smaller than those of (Wieden-
beck et al. 1995) and the uncertainties are accordingly larger, so
our data are consistent within error. The discordance of our
analyses is dightly larger than those of Wiedenbeck et al.
(1995). The difference between our®*®Pb/*3U weighted mean
of 0.17867 = 37 and the certified value of 0.17916 + 20
(recalculated from Wiedenbeck et al. (1995) using ISOPLOT,
error is 95% confidence interval) is ~0.25%. If this difference
isconsidered redl, itisnot aresult of abiasin spike calibration,
because some of the measurements included in the compilation
of Wiedenbeck et al. (1995) were done at the ROM using one
of the spikes that were also used in this study. We rather
attribute it to a dightly variable degree of Pb loss between
zircon fragments, as was aready pointed out by Wiedenbeck et
al. (1995). Our three 2°®Po/?*2Th analyses are aso reproduc-
ible, and their weighted mean is well within error with the data
of Wiedenbeck et al. (1995). The 2°’Pb/**®Pb data are in
excellent agreement with the certified values.

Our U-Th-Pb data for the zircon standard 91500 are thus
similar in precision and accuracy to those obtained during
certification. The only significant deviation is the low U/Pb
ages of fraction 54, which has 2°®Pb/?*2Th and 2°"Pb/2°°Pb
indistinguishable from other fractions. This points to a problem
with U analysis, rather than normal discordance. In the past, we
occasionally experienced high and variable U blank (up to 100
to 200 pg for the columns with 1 mL of resin) while using
anionite resin stored in the lab for over 6 to 8 months. The
problem was taken under control by washing anion exchange
columnswith HNO, (Amelin et al. 1997b). The fraction 54 was
analysed before the HNO; washing was implemented as a
mandatory part of the procedure, and was presumably affected
by U excess from the resin. All the other analyses in this study
were done using columns precleaned with HNO,, with regular
blank measurements confirming the negligible level of uranium
contamination.



Table 2. Baddeleyite and zircon U-Pb data.

Atomic ratios 6)

Apparent age, Ma

Fraction Sample Fraction Spike Fraction U Com.Pb 206/204 206Pb/ 207Pb/ 207Pb/ 206Pb/ 207Pb/ 207Pb/ Discord
number 1) 2) 3) wt, mg ppm pg 4) 5) 238U 20%err 235U  20%err  206Pb  20%err 238U 20 er 235U 20 er 206Pb 20 er %
Kovdor Complex
1 1/84 B col (30) UPb 0.416 100 207 778 0.06023 0.202 045356 0.316 0.05461 0.196 377.05 0.76 379.77 120 39641 440 488
2 B col (25) UPb 0.407 9% 166 917 0.06063 0.210 045596 0.324 0.05454 0.210 377.05 079 37877 123 39641 460 488
3 B col (1) UPb 0.025 21 9.5 232 0.05998 0.486 0.44926 2.074 0.05432 1938 37552 1.83 37676 7.81 38437 4320 230
4 244/76 B pb (32) UPb 0.774 64 20.8 9,079 0.06030 0.206 0.45356 0.258 0.05455 0.150 377.47 0.78 379.77 0.98 39380 340 415
5 B pb (18) UPb 0.224 7 10.3 6,393 0.06036 0.332 045429 0.358 0.05458 0.184 377.84 125 38028 136 39515 420 438
6 B pb (9) UPb 0.245 94 231 3,762 0.06016 0.338 045223 0374 005451 0.176 376.62 127 37884 142 39238 400 402
7 B blk (41) UPb 1.042 909 161 20,917 0.05668 0.762 042332 0.772 0.05417 0.098 35541 271 35842 277 37800 220 598
8 B db (40) UPb 1.060 71 205 13,822 0.06008 0.212 0.45203 0.250 0.05457 0.094 376.11 080 37870 095 39457 200 4.68
9 B pb (1) abr UPb 0.007 37 25 414 0.06050 0594 045332 3430 0.05434 3382 37869 225 379.60 13.02 38521 7280 1.69
10 B pb (1) sbr UPb 0.010 25 9.8 116 0.06082 0.588 0.46352 3.642 0.05527 3480 380.62 224 386.70 14.08 42327 76.60 10.08
11 B pb (1) abr UPb 0.011 64 17 1,607 0.06073 0470 0.45808 1.190 0.05470 1.070 380.08 179 38292 456 400.12 2380 501
12 B pb (1) abr UPb 0011 127 14 3,885 0.06046 0432 045712 0620 005483 0446 37845 163 38225 237 40536 1000 6.64
13 KV-3 B br (1) UPbWU 1455 131 298 25182 0.06065 0.168 0.45612 0.188 0.05455 0.050 379.55 064 38156 072 39376 120 361
14 B br (1) UThPb  0.209 30 10.3 2,334 0.06059 0.448 045649 0474 0.05464 0.150 379.23 170 38181 181 39750 340 4.60
15 B br (1) UThPb  0.280 89 7.8 11,968 0.05970 0.220 0.44905 0.228 0.05455 0.053 37381 082 37661 086 39389 120 510
16 B pb (20) inc UThPb 1.992 38 250 11,328 0.06012 0.176 0.45201 0.181 0.05453 0.042 37633 066 37869 068 39313 094 427
17 B br (20) euh UThPb 1.920 76 36.0 15395 0.06028 0.168 0.45350 0.172 0.05456 0.039 377.35 063 379.72 065 39421 086 4.28
18 KV-4 B br (8) UpbWU  0.966 92 276 12476 0.05963 0.160 0.44832 0.194 0.05453 0.058 37339 060 37610 073 39285 120 495
19 B br (3) UpbWwU  0.560 64 28.3 4920 0.06012 0.286 0.45186 0356 0.05451 0.100 376.35 1.08 37858 135 39226 220 4.06
20 B pb (12) UThPb  0.752 80 200 11,618 0.05959 0.218 0.44815 0.226 0.05454 0.063 37313 081 37598 085 39360 140 520
21 B br (18) UThPb  0.792 94 220 12,956 0.06005 0.232 0.45113 0.240 0.05449 0.061 37591 087 37807 091 391.33 136 394
22 KV-5 B br (1) UPbWU  0.616 71 79 20,823 0.06043 0.476 0.45468 0476 0.05457 0.136 37822 180 38055 181 39476 300 419
23 B br (1) long UPBWU 0225 113 55 17,589 0.06049 0.216 0.45461 0.224 0.05451 0.092 37858 082 38050 085 39218 200 347
24 B br (1) UPBWU 0.167 158 12.7 7,874 0.06036 0284 045357 0.284 0.05450 0.180 377.82 1.07 379.78 108 391.74 400 355
25 B br (1) UPbWU  1.286 48 110 21,816 0.06046 0.136 0.45393 0.158 054450 0.054 37844 051 380.03 0.60 389.69 120 2.89
26 B br (10) euh UThPb 1.754 91 180 34,629 0.06054 0.208 045475 0.212 0.05448 0.040 37889 0.79 38060 081 391.00 0.90 3.10
27 B br (4) euh UThPb 1.797 69 26.0 18,270 0.06056 0.172 0.45480 0.178 0.05446 0.044 379.06 065 38064 068 39026 098 287
28 KV-6 B br (1) UPbWU 0216 154 6.7 19,118 0.05966 0.210 0.44861 0.230 0.05454 0.080 37354 078 37631 087 39336 180 504
29 B db (4) UPbWU 0.608 191 9.7 46,635 0.06060 0.160 0.45599 0.176 0.05457 0.046 379.27 061 38147 067 39481 100 394
30 B br (5) euh UPb 0381 133 6.1 31,438 0.06037 0.310 045474 0.338 0.05463 0.084 37785 117 38059 129 39731 180 490
31 B db (1) euh UPb 0302 128 52 27,773 0.05978 0.420 0.45071 0440 0.05468 0.104 37426 157 377.78 166 39936 220 6.29
32 B db (1) UThPb 0266 148 6.3 23807 0.05989 0548 0.45046 0.550 0.05455 0.054 37496 205 37760 208 39379 122 478
33 B db (1) UThPb 0318 147 58 30,553 0.06057 0.276 0.45609 0.280 0.05461 0.047 379.09 1.05 38154 107 39643 106 437
34 B br (7) UThPb  0.851 145 82 57,081 006023 0185 045338 0.192 0.05459 0.053 377.03 070 37964 073 39563 130 470
35 Bdb(5)euh UThPb  0.843 166 55 97,032 0.06046 0.190 0.45529 0.195 0.05462 0.044 37842 072 38098 074 39657 098 458
36 KV-8 B db (2 UPbWU  0.527 73 153 9,808 0.06052 0.186 0.45485 0206 0.05451 0.072 37879 0.70 380.67 0.78 39214 160 340
37 Ba pb (10) UPbWU  1.186 54 29.7 8,423 0.06042 0.208 0.45388 0252 0.05448 0.074 37818 0.79 379.99 096 391.08 160 3.30
38 KV-9 Bbr(1)inc UPBWU 0.268 53 7.7 7,000 0.06044 0338 045518 0.356 0.05462 0.182 37828 128 38090 136 39687 400 468

(Continued)
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Table 2. (Continued)

Atomic ratios 6) Apparent age, Ma
Fraction Sample Fraction Spike Fraction U Com.Pb 206/204 206Pb/ 207Pb/ 207Pb/ 206Pb/ 207Pb/ 207Pb/ Discord
number 1) 2) 3) wt,mg ppm pg 4) 5) 238U 20 %err 235U 20 %err 206Pb 20 %err 238U 20 %err 238U 20 er 206Pb 20er %
39 B br (1) UPbWU 0.278 139 44 33345 0.06039 0.202 0.45403 0.212 0.05453 0.072 377.98 076 38010 0.81 393.01 160 382
40 Bbr(l)long UPbWU 0.166 93 6.6 8835 006052 0.198 045507 0.226 0.05453 0.108 37880 075 38083 0.86 39315 240 3.65
41 115/85 Z br (1) abr UPb 0132 021 10 179.0 0.09485 2.792 0.45233 20.306 0.03459 19.812 584.17 1631 37891 76.94
42 Z br (6) abr UPb 0351 008 14 237.0 0.16374 37.554 0.41624 93.458 0.01844 83.200 97751 367.09 353.36 330.24
43 Z yel (1) abr UPb 0128 015 1.0 184.0 0.13868  3.636 0.35366 76.938 0.01850 74.924 837.21 3044 307.47 236.56
44 Z yel (7) abr UPb 0381 006 84 39.8 010312 2.898 0.48815 58.268 0.03433 56.264 632.67 1833 403.65 235.20
45 Zbr(10)ebr UThPb 0984 013 25 317.2 0.09392 17.620 0.23320 19.620 0.01801 8460 578.70 101.97 212.83 41.76
46 Zyel (10) abr UThPb 0866 009 3.1 163.1 0.09260 28.600 0.54666 37.800 0.04282 23.600 570.89 163.27 442.80 167.38
47 Zcol (10) abr UThPb 0709 010 21 208.3 0.08762 30.800 0.40823 32.000 0.03379 8.180 54147 166.77 347.60 111.23
48 127/85 Z br (4) fib abr UPb 0472 43 91 8283 005883 0.248 043563 0.280 0.05371 0.126 36850 091 367.17 103 35873 280 —272
49 Zbr(4) fibabr UThPb 0.169 52 34 8423 005209 0.398 0.38942 0420 0.05422 0.132 327.34 130 33395 140 38024 300 1391
50 Z pb (6) abr UThPb 0145 36 35 5506 0.05876 0.548 043771 0576 0.05400 0.175 368.63 202 36863 212 37111 400 O0.77
51 Zbr (3) fibabr UThPb 0392 35 49 10,278 0.05906 0.364 0.43908 0.378 0.05392 0.102 369.89 135 36961 140 36785 220 —0.55
52 Z br (12) fib abr UThPb  1.045 39 39 38601 0.05919 0.208 0.43856 0.214 0.05374 0.050 370.68 077 36923 079 36020 114 —291
53 Z br (9) fib UThPb 0576 53 46 21,397 005182 0.232 0.37593 0.246 0.05261 0.082 32570 0.76 32404 080 31215 186 —4.34

Zircon standards

54 91500 Z UThPb  0.076 75 34 18427 017727 0391 1.83126 0.398 0.07492 0.096 1052.10 411 1056.70 4.21 1066.40 140 134
55 4 UThPb 0459 84 57 74324 017914 0.393 1.84920 0.396 0.07487 0.049 1062.30 417 106310 421 1065.00 0.99 0.25
56 4 UUThPb 0.031 76 13 20,068 0.17888 0.302 1.84622  0.314 0.07486 0.086 1060.80 320 1062.10 3.33 106460 170 0.36
57 4 UUThPb 0.042 73 0.9 36,504 0.17915 0.342 1.85029 0.400 0.07491 0.207 1062.30 3.63 106350 425 1066.00 4.20 0.35
58 4 UUThPb 0.012 83 09 12259 017822 0.349 1.83827 0.365 0.07481 0.106 1057.20 3.69 1059.20 3.87 106340 210 058
59 4 UUThPb 0.177 79 135 10,421 0.17813 0.371 1.83885 0.382 0.07487 0.086 1056.70 392 105940  4.05 1065.00 170 0.78
60 4 UUThPb 0177 79 36 42168 017827 0360 1.84109 0.365 0.07490 0.060 1057.50 3.81 1060.20 3.87 106590 120 0.79
61 4 UPDb 0177 67 23 55024 017883 0.206 1.84706 0.213 0.07491 0.055 1060.60 2.18 1062.40 226 1066.10 110 0.52
Certified 7) 81 0.17916 0.112 1.85020 0.092 0.07488 0.027 1062.40 1.19 1063.50 098 106543 057 028
62 61.308B Z UUThPb 0.171 183 15.0 61.2 0.000390 8.16 0.002833 2250 0.05266 18.90 2514 0.205 2872 0646 314 430
63 4 UUThPb 0.171 166 31 239.1 0.000389 5.27 0.002832 9.35 0.05284 7.31 2505 0.132 2872 0268 322 170
64 z UPb 0.171 145 8.1 97.4 0.000380 6.49 0.002774 12.60 0.05286 10.30 2452  0.159 2813 0354 324 230
Certified 7) 218 0.000389 0.13 0.002773 1.20 0.05161 0.94 2501 0.003 2810 0.034 270 27

1) Rock names and intrusive phases areindicated in Table 1. 2) fraction: B-baddeleyite, Z-zircon, col-colorless, pb-pale brown, br-brown, db-dark brown, blk-black, yel-yellow arb-abraded, euh-euhedral,
inc-opaque inclusions, fib-fiber-shaped grayish inclusions. 3) Spike: UPb-235U-205Pb spike (ROM); UThPb-235U-230Th-205Pb spike (ROM); UUThPb-233U-236U-229Th-205Pb spike (ROM);
UPbWU-235-205Pb spike (Washington University). 4) total common Pb in fraction. 5) The 206Pb/204Pb ratios are corrected for spike and fractionation, but not for procedure blank. 6) Atomic ratios
corrected for blank, spike, fractionation and initial common Ph.

so11100s0yd pue se1IreuoqeD Jo ABOoU0ILI03D

sove



Table 3. Th-Pb data.

Atomic ratios 2)

Fraction 208Pb*/
number Fraction U Th 208Pb/ 232Th/ 208Pb*/ 232Th
1) Sample Fraction wt, mg ppm ppm Th/U 204Pb 20% err 204Pb 20% err 232Th 20% er Age, Ma3) 20 er
66 KV-2 Ap 9.027 2.489 57.77 23.21 139.6 0.17 5,366 0.38 0.018885 0.43 378.16 141
14 KV-3 B 0.209 29.85 1.617 0.054 84 424 3,029 67.0 0.021269 3.30 425.38 14.04
15 B 0.280 88.86 5.984 0.067 260 91.4 22,690 101 0.015951 0.85 319.86 271
16 B 1.992 37.87 3.364 0.089 348 276 20,550 30.4 0.017957 0.37 359.73 1.35
17 B 1.920 75.90 7.361 0.097 482 18.8 28,790 20.2 0.017345 0.27 347.57 0.92
20 KV-4 B 0.752 79.87 83.39 1.044 2,712 41.6 265,000 42.0 0.012732 0.34 255.72 0.86
21 B 0.792 94.28 1115 1.183 4,116 36.0 323,000 36.4 0.015490 0.30 310.70 0.93
26 KV-5 B 1.754 91.19 3.528 0.039 454 44.6 29,640 47.6 0.018197 0.37 364.50 133
27 B 1.797 69.15 2.768 0.040 266 25.8 14,750 29.4 0.018277 0.37 366.08 1.36
32 KV-6 B 0.266 1484 9.484 .064 511 144 50,760 150 0.018032 0.56 361.22 2.04
33 B 0.318 146.8 6.924 0.047 495 166 50,960 173 0.018627 0.63 373.02 2.35
34 B 0.851 145.0 19.54 0.135 2,423 154 259,700 155 0.018074 0.32 362.05 115
35 B 0.843 166.0 11.22 0.068 1,988 440 421,600 444 0.017405 0.36 348.77 1.26
72 Ap 6.725 3.226 93.43 28.96 209.5 021 9,120 0.32 0.018780 0.31 376.08 1.07
76 KV-8 Ap 6.578 2.781 62.43 22.45 160.4 0.21 6,501 0.33 0.018795 034 376.37 1.10
81 KV-18 Ap 4.854 3.375 151.8 44.96 2245 0.20 9,893 0.40 0.018829 0.39 377.05 1.38
82 Ap 6.242 3.598 149.9 41.67 182.1 0.18 7,659 0.32 0.018785 0.34 376.18 1.15
45 115/85 z 0.984 0128 11240 8774 547,604 674 >1,000,000 0.018953 0.48 379.51 1.82
46 z 0.866 0.089 648.9 7260 220,973 296 >1,000,000 0.018807 0.47 376.61 1.78
47 z 0.709 0.103 668.1 6484 273,243 3060 >1,000,000 0.018775 0.42 375.96 1.59
49 127/85 z 0.169 52.46 455.5 8.684 27,396 1108 >1,000,000 0.018897 041 378.39 155
50 z 0.145 36.12 3434 9.506 17,266 948 >1,000,000 0.018790 0.57 376.27 214
51 z 0.392 34.64 275.8 7.963 27,054 256 >1,000,000 0.018901 0.32 378.47 121
52 z 1.045 38.75 350.2 9.038 114,564 170 >1,000,000 0.018813 0.29 376.72 1.10
53 z 0.576 52.75 418.7 7.938 63,883 1070 >1,000,000 0.018869 0.32 377.83 121
54 91500 z 0.076 74.78 257 0.3439 2,011 116 88,960 116 0.053926 0.52 1061.60 5.52
55 z 0.459 83.60 27.8 0.3321 7,726 191 480,200 191 0.054015 0.28 1063.30 297
59 Z 4 0.177 78.97 26.8 0.3387 1,134 415 30,990 41.6 0.053827 0.43 1059.70 458
Certified 5) 81.20 28.7 0.3443 0.053740 0.54 1057.80 5.50
62 61.308B Z 4) 0.171 182.61 248.2 1.359 54.8 14.9 233,600 36.7 0.0001290 10.3 2.607 0.269
63 Z 4 0171 165.65 2274 1.373 139 335 >1,000,000 0.0001265 5.92 2.558 0.151
Certified 5) 218.00 409.4 1.710 0.0001264 1.00 2.554 0.026

1) Fraction numbers as in Tables 2 and 5.

2) Atomic ratios corrected for blank, spike, fractionation and initial common Pb. The 208Pb/204Pb ratios are corrected for spike fractionation, but not for procedure blank.

3) Ages are calculated relative to Pb isotopic composition in calcite from KV-5, the most primitive Pb analyzed in Kovdor, assuming that the calcite contains no Th.
4) Analyzed with 233U-236U-229Th-205Pb spike, all other analyses with 235U-230Th-205Pb spike.

5) Weighted average values with 95% confidence errors recalculated form Wiedenbeck et al. (1995) using ISOPLOT (Ludwig 1997).
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Fig. 3. Reproducibility of U-Th-Pb analyses of the standard zircon
91500. Data from Tables 2 and 3 (analyses 55 to 61 for 2°Pb/2**U and
207ph/235, 54 to 59 for 2°8Ph/Z*2Th,a and 54 to 61 for 2°”Pb/?°Ph) are
shown with grey 2o error bars. U-Pb data for analysis 54, shown with
open bars, are not included in the mean calculation (see text). Solid and
dashed lines represent weighted means and 95% confidence intervals,
respectively. The weighted means of measurements performed during
the standard certification (recalculated from Wiedenbeck et al. (1995)
using ISOPLQOT, and plotted with 95% confidence errors) are shown
for comparison with black bars.

Fractions of the very young standard zircon 61.308B
(Wiedenbeck et a. 1995) were analysed for both U-Pb and
Th-Pb, using the procedures described above. The results of
three U-Pb analyses (Table 2) and two Th-Pb analyses (Table
3) are consistent with each other and with the results of
Wiedenbeck et al. (1995), obtained on much larger fractions.
From the combined data for the two standard zircons, and
considering the calibration of the mixed spikes against multiple
mixed normal solutions, we conclude that the U-Th-Pb data
obtained in this study are likely to be accurate within quoted

errors. Any statistically significant discrepancies in apparent
ages between various mineral geochronometers and between
different decay schemes are thus thought to be caused by the
natural rather than analytical reasons, and are interpreted ac-
cordingly.

5.2. Standard Feldspar

The Rb-Sr data for the standard potassium feldspar SRM-
607 are presented in Table 4. Four approximately 10 mg
fractions of this powdered standard yielded slightly variable
8’Rb/®®Sr ratios, and 87Sr/®8Sr ratios varying well outside of
errors. The Sr/%8Sr ratios are correlated with 8’Rb/®6Sr, and
we explain their variations to be a result of the sample heter-
ogeneity. The model Rb-Sr ages, calculated relative to the
initial 87Sr/®°Sr value of 0.710 + 0.001, are consistent within
error and give a weighted average of 1410.4 = 5.6 Ma (0.4%,
95% conf.), MSWD = 1.09. This model age isin close agree-
ment with the value of 1409.0 = 7.8 Ma, calculated from the
NBS certified Rb and Sr concentrations, and with the values
published by other authors, e.g., 1413.0 = 4.4 Ma based on the
data of Collerson et a. (1989). The two latter values are
recalculated relative to the initiadl Sr/%°Sr value of
0.710+0.001.

5.3. Kovdor Baddeleyite

Baddeleyite is ubiquitous in the Kovdor carbonatites and
phoscorites. In seven out of eight studied rocks baddeleyite
forms relatively large (up to 2 to 3 mm) clear brown crystals.
All the baddeleyite crystals found in the cal cite carbonatite 1/84
are colourless. This unusual appearance suggested that this may
be another mineral, but the XRD and microprobe analyses have
confirmed mineral as baddeleyite. All samples except one con-
tain visually homogeneous baddel eyite popul ations. The excep-
tion is the calcite carbonatite 244/76, which contains baddel ey-
ite of various hues from pae-brown to black. Twinning of
baddeleyite crystals is common in this sample, but is rarely
seen in the other studied rocks.

Uranium concentration in baddeleyite (Table 2) varies from
20to 190 ppm for the brown and colourless varieties. The black
baddeleyite (fraction 7) has much higher U content of 909 ppm.
Common Pb content is low in most fractions, but baddeleyite
fractions from some samples (e.g., 1/84, KV-4 and KV-5)
contain elevated common Pb amounts that correlate with the
fraction size. This may result from the presence of microscopic
inclusions of other minerals in baddeleyite crystals. We have
studied severa grains of baddeleyite from each sample using
SEM and microprobe and have not detected inclusions of other
minerals. However, epitaxic intergrowths of baddeleyite with
pyrochlore or torianite are known in carbonatites (Evzikova
1960, Krasnova et al. 1967). Thorium concentration in badde-
leyite (Table 3) varies greatly between samples. Baddeleyite
fractions from three out of four studied phoscorites have Th
contents of 1.6 to 19.5 ppm and Th/U ratios between 0.039 to
0.135, within the range of previously studied baddeleyite from
various rocks (Heaman and LeCheminant 1993). The badde-
leyite from the phoscorite KV-4 has unusually high Th content
of ~100 ppm and Th/U > 1.

All fractions of brown and colourless baddeleyite have
208pp/238Y ages between 373 to 380 Ma (Table 2 and Fig. 4a).
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Table 4. Rb-Sr data
Model
Fraction ~ Sample Fraction Rb Sr 87Rb/ 20 20 AgeMa 2o
number 1) Fraction description wt, mg ppm  ppm 86Sr  error 2) 87Sr/86Sr  error 3) 4) error
Kovdor Complex mica
1 KV-5 1 rounded pale-green 0.111 236 25.96 26.63 0.27 0.84499  0.00012 373.1 4.0
2 1 pale-green irreg shape 0462 213 41.27 15.04 0.16 0.78332  0.00004 3727 46
3 KV-6 1 subhed bright green 0.761 234 4574 1492 018 0.78289  0.00002 3736 50
4 1 subhed green zoned drk-light 0.304 218 16.64 38.58 0.40 0.90816  0.00006 372.6 39
5 1 rounded zoned green to yellow 0.373 203 39.65 1495 016 078271 0.00003 3722 45
6 KV-25 1 euhed zoned green-brown 0.191 306 10.88 8481 087 115117 0.00019 3708 38
7 1 euhed zoned green-brown 0.088 308 6.484 147.86 151 148428 0.00110 370.9 38
8 115/85 1 subhed blue 0.106 301 4455 1976 020 0.80831 0.00011 3725 41
9 1 subhed zoned blue to orange 0.161 283 5195 1588 016 078786  0.00005 3730 43
10 1 subhed orange 0177 349 2687 46634 480 316338 0.00102 3705 38
11 1 subhed orange 0.096 418 25.13 4933 050 0.96661 0.00010 3746 38
12 127/85 1 euhed orange-red 0546 416 2145 78820 1021  4.84600 0.00087 369.1 47
13 1 euhed orange-red 0333 414 1243 192692 2212 10.9171 0.00862 3723 42
14 1 euhed orange-red zoned drk-light 0186 277 6.521 131.12 134 1.40399  0.00030 375.2 38
15 1 euhed orange-red zoned drk-light  0.183 238 0.783 161820 16.32 9.31900 0.01000 3739 37
Feldspar standard

16 SRM-607 9.870 566 70.61 24.30 0.23 1.201252 0.000014 1409.7 132
17 9230 572 71.74 2419 030 1202488 0.000013 14195 175
18 10.800 535 66.35 24.47 0.14 1.203421 0.000015 1405.6 85
19 12500 522 65.60 2414 019 1200156 0.000013 14158 114

1) Rock names and intrusive phases are indicated in Table 1.

2) Errorsin 87Rb/86Sr ratios are propagated to include most sources of uncertainty, most significant being Rb fractionation and within-run statistics.

3) Errorsin 87Sr/86Sr are from within-run statistics.

4) Model ages are calculated relative to initial 87Sr/86Sr of 0.7035 = 0.0005 for the Kovdor Complex micas, and 0.710 =+ 0.001 for the feldspar
standard, using decay constant of 87Rb of 1.42*10-11 y-1. Errorsin model ages are propagated to include uncertainties in measured 87Rb/86Sr and

875r/86Sr, and initial 87Sr/86Sr. Error in 87Rb decay constant not included.

The black baddeleyite fraction has much younger 2°5Pb/?%8U
age of 355 Ma. The analytica errors vary greatly with the
relative content of common Pb. To minimise the effect of
uncertainty in the common Pb correction on precision and
accuracy of the ages, we shall only consider baddeleyite anal-
yses with 2°6Pb/2%4Ph > 3000, which comprise 82% of the total
number of analyses. These high-precision data, shown in Fig-
ure 4b, form a compact cluster with the 2°6Pb/%*8U age of ca.
378 Ma and the 2°"Pb/>*>U age of ca. 381 Ma. All the analyses
show normal discordance of 3 to 6%, well outside of the error
limits. The nature of this discordance is not obvious, and
therefore no precise and accurate age information can be de-
rived from these data without detailed consideration. Here we
only note that the analytical points with the same values but
larger random errors would appear concordant. It is clear that
an attempt to artificially exaggerate the errors to make the data
points seem concordant is the way of hiding the problem rather
than solving it, which would add an uncontrolled systematic
error to the calculated age.

The 2°Pb/?*2Th ages of the baddeleyite fractions vary
widely between 255 Ma and 425 Ma (Table 3). Excluding the
fraction 14 with the lowest 2°®Po/?°*Pb = 84 reduces the range
to 255 to 373 Ma. This range of variations is 17 times larger
than the range of 2°°Pb/>*®U ages of the same fractions. More-
over, al baddeleyite 2°®Pb/?*2Th ages are younger than the

208pp/238Y ages, and the scatter of the °®Pb/>*2Th ages does
not correlate with 2°®Po/?*Ph ratios (the measure of radiogenic
lead to common lead ratio for the Th-Pb system). This suggests
that the variations in the 2°®Pb/?*>Th ages could have been
caused by preferential loss of radiogenic 2°®Pb, rather than by
uncertainty in the common Pb correction.

5.4. Kovdor Zircon

Abundant zircon was recovered from the carbonatites 127/85
and 115/85. In the dolomite carbonatite 115/85 zircon is a
rock-forming mineral, which makes up ~20 to 30% of the rock
volume. Large zircon crystals (=5 mm) were broken into
fragments, and some fragments were abraded before analysis.
A peculiar feature of zircon from the calcite carbonatite 127/85
is the presence of numerous very thin and long, fibre-shaped
inclusions. Semiquantitative SEM-EDS data suggest that this
mineral belongs to the amphibole group. We have analysed
fractions rich with these inclusions, as well as fractions free of
visible imperfections.

Crystal cell dimensions of zircon from the carbonatite
115/85 were determined at the ROM using X-ray diffraction to
yield a = 6.617 A, ¢ = 5.989 A. These values are similar to
those of the standard zircon G42778 (Wiedenbeck et al. 1995)
analysed for comparison: a = 6.613 A, ¢ = 5.998 A, and are
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Fig. 4. Concordia diagrams showing baddeleyite U-Pb data. a) All
data; b) Fractions with 2°Pb/2*Pb > 3000. The fraction with low
205pp/238Y age of 355.4 Mais a high-U black baddeleyite from sample
244/76 (fraction 7).

within the range of the published values for a crystalline zircon
with undamaged structure (e.g., Holland and Gottfried 1955).

Zircon from the calcite carbonatite 127/85 has a relatively
low U content of 29 to 53 ppm, elevated Th content of 275 to
455, and Th/U ratios of 7.9 to 9.5. The U-Pb data are shown in
a concordia diagram in Figure 5a. Four out of six fractions
cluster near concordia at 367 to 369 Ma, while the other two
fractions show much lower ages close to 330 Ma. Three out of
six fractions show reverse discordance, presumably as a result
of the presence of unsupported 2°°Pb, formed by decay of
initial excess °°Th (Mattinson 1973, Ludwig 1977, Schérer
1984).

Zircon from the dolomite carbonatite 115/85 has extremely
low uranium content of 0.06 to 0.21 ppm, very high Th content
of 650 to 1120 ppm, and Th/U ratios of 6484 to 8774. These are
probably the highest values of Th/U ratios determined in a
zircon so far. U-Pb age determinations are not possible for
these zircons (Fig. 5b) because the radiogenic 2°°Pb content is
dominated by unsupported Pb, whereas the content of radio-
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Fig. 5. Concordia diagrams showing zircon U-Pb data. a) Zircon with
uranium content of 34 to 52 ppm and Th content of 275 to 455 ppm
from the calcite carbonatite 127/85 (filled ellipses). Baddeleyite data
are shown for comparison. b) Zircon with uranium content of 0.06 to
0.21 ppm and Th content of 648 to 1124 ppm from the dolomite
carbonatite 115/85. Grey square on concordia line covers the range of
all other zircon, baddeleyite and apatite data. The comparison between
these data shows that 50 to 80% of all radiogenic 2°°Pb in the dolomite
carconatite zircons are generated by decay of initial excess Z°Th.

genic 2°’Pb is too small to be measured and corrected for
common Pb with sufficient precision.

In contrast to the U-Pb system, the 2°®Pb-2*Th system in
both carbonatite zircons (Table 3) yielded consistent ages. The
weighted average 2°®Pb-2*2Th age of all five analysed zircon
fractions from the calcite carbonatite 127/85is 377.6 = 1.1 Ma
(MSWD=1.8). The three fractions from the dolomite carbona-
tite 115/85 yield the weighted average 2°®Pb-2*Th age of 377.2
+ 4.6 Ma(MSWD = 4.6). All these eight fractions from both
samples calculated together give the age of 377.52 = 0.94 Ma
(MSWD = 2.4).

5.5. Kovdor Apatite and Calcite

Both apatite and calcite are common primary minerals in
phoscorites and carbonatites. Apatite was analysed from six
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phoscorites of various phases, and from three carbonatites.
Uranium and thorium contents of 0.2 to 3.6 ppm, and 62 to 150
ppm, respectively (Tables 3 and 5) suggest that apatite may
yield precise U-Pb and Th-Pb ages, if precise and accurate
initial Pb isotopic composition can be determined. The coex-
isting and presumably cogenetic calcite appeared to have low U
content (<1 ppb to 90 ppb, Table 5). The Z8U/2*Pb < 1 in
five out of seven analysed fractions results in very small or
negligible radiogenic Pb growth over the period of ca. 380 Ma,
therefore the Pb isotopic compositions measured in low-U
calcite can represent the Pb isotopic composition in the magma.

Several approaches can be used to calculate U-Pb and Th-Pb
ages of minerals containing comparable amounts of radiogenic
and common Pb: 238U/2%Pp-20Ph/2%Pp, 23°U/2%4Ph-207 P/
204Pb,232Th/204Pb-208Pb/204Pb and 207Pb/204Pb_206Pb/204Pb
isochrons, and cal culating radiogenic 2°°Po* /228U and 2°7Pb*/
25 ages assuming certain initial Pb. In addition, the three-
dimensional linear total Pb/U isochron has been proposed
(Ludwig 1998) for calculating ages of series of cogenetic
samples with an undisturbed U-Pb system that shares the same
common-Pb isotopic composition, but has variable ratio of
radiogenic Pb to common Pb. The total Pb/U isochron uses all
of the relevant isotope ratios at the same time, yielding the
smallest judtifiable age-error of any possible U/Pb or Pb/Pb
isochron (Ludwig 1998). If the initial Pb composition in the
Kovdor massif is uniform, the total Pb/U isochron would be a
preferred method of age calculation for the apatite and calcite.
Application of this method to all analysed apatites and calcites
(Fig. 6) yields the age of 380.6 = 2.6 Ma (MSWD = 38), and
initial 2°°Pb/%*Ph = 18.724 + 0.042, 2°"Ph/?**Ph = 15.528 +
0.048. The conventional 238U/2%*Pp-25Ph/2%*Ph and 25U/
204ph-207pp/204pp jsochrons for the same analyses yield 380.6
+ 3.4 Ma (MSWD = 87.2) and 379.0 = 9.3 Ma (MSWD =
5.4), consistent with the total Pb/U isochron age.

Regressions of apatite analyses only yielded the total Pb/U
isochron age of 377.5 = 3.5 Ma (MSWD = 27), the U/
204pp-208pp/294ph jsochron age of 377.5 + 6.1 Ma (MSWD =
42), and the Z35U/?**Pb-2°"P/>°**Pb isochron age of 366 + 19
Ma(MSWD = 5.8). These apparent ages are within error of the
combined apatite + calcite values, but are less precise because
of a smaller range of U/Pb ratios.

Variations in the measured and initial (at 380 Ma) 2°°Ph/
204py ratios of the five low-U calcitesindicateinitial Pb isotope
heterogeneity between igneous phases. Pooling together the
data from different samples on the same isochron may be thus
not strictly correct, and the weighted means of individual
208py* /238y and 2°7Pb*/>*5U ages calculated using the calcite
Pb from the same sample may be more accurate. We have not
analysed calcite from the phoscorite KV-2, but used the most
primitive measured calcite Pb for common Pb correction. The
data from this sample are therefore not included in the mean
age calculations. The weighted mean of individual 2°°Pob* /258U
ages of apatiteswith [U] > 1 ppm, corrected using °°Pb/2°*Pb
in the coexisting calcite (datafrom Table 5),is379.9 = 1.7 Ma,
MSWD = 16. The weighted mean of 2°’Pb*/?**U ages calcu-
lated using the same approach is 378.5 = 6.9 Ma, MSWD =
2.3. These results are well within error of the pooled isochron
ages.

Four out of five apatite fractions (all except KV-2) analysed
for Th-Pb yield the weighted mean of 2°%Pb*/?*2Th ages of

376.4 = 0.6 Ma, MSWD = 0.46. This age is dightly younger
than the mean 2°°Pb*/2%8U age of the same apatite fractions,
and is within error of the mean 2°®Pb*/?*>Th age of the car-
bonatite zircons.

5.6. Kovdor Mica

We have analysed fifteen single grains of phlogopite and
tetraferriphlogopite from two phoscorites and three carbona-
tites. Choosing mica grains of varying appearance (Table 4)
yielded broad spread of Rb/Sr ratios from 15 to 1600, and
allowed us to obtain precise isochron Rb-Sr age. Individual
isochron ages for all five samples are between 371.1 + 10.1 Ma
and 373.7 = 9.9 Ma, and all agree within errors. Initial 87Sr/
865 ratios calculated from these isochrons, between 0.703 +
0.015 and 0.7099 + 0.0092, are also consistent within error. A
regression through al fifteen data points (Fig. 7) yielded the
age of 372.2 + 1.5 Ma and the initial 87Sr/®°Sr = 0.70368 +
0.00055 (MSWD = 0.67).

6. DISCUSSION

On the whole, the ages obtained from various isotopic sys-
tems in various minerals indicate that the Kovdor carbonatites
and phoscorites are ~372 to 380 m.y. old. In detail, however,
the age pattern is very complex, and the apparent ages disagree
well outside of the error limits. To obtain the precise and
reliable age of the massif and its constituent phases, we need,
first of all, to evaluate all possible factors that may influence the
accuracy of various geochronometers.

6.1. U-Pb and Th-Pb Systemsin Apatite and Zircon

None of the studied minerals (zircon, baddeleyite, apatite),
and none of the three decay schemes (%U-2°°Pb, Z*°U-
207pp,232Th-2%8Ph) can be a priori assumed to be free of dis-
tortion. Zircon has consistent 2**Th-2®Pb but erratic U-Pb
systematics. Baddeleyite shows discordance between the 238U-
298ph and 2°U-2°"Ph systems, and, in addition, irregular vari-
ations in 2*2Th-2°®Pp ages. Apatite contains relatively large
amounts of common Pb, and its U-Th-Pb ages are thus sensitive
to the common Pb correction.

The age discrepancies might have been caused by a number
of reasons. Two potential sources of inaccuracy are obvious:
erroneous common Pb correction for apatite, and initial excess
239Th in zircon and possibly in apatite. Other potential prob-
lems including variations in closure temperature between min-
erals, migration of radiogenic Pb, initial excess of 2*'Pa, and
inaccurate decay constants may be suspected but are more
difficult to verify. The uncertainty in common Pb correction for
apatite appears to be the least dangerous of these geochrono-
logical pitfalls. Several lines of evidence show that, despite
relatively large common Pb correction and the scatter of points
in isochron diagrams, the apatites yield accurate ages. All three
da:ay Schemes (238U'206Pb, 235u_207pb and 232Th_208pb)
yielded compatible ages, regardless of widely varying fraction
of radiogenic Pb in the total Pb: 0.6 to 6% for 2°Ph, 15 to 50%
for 2°®Pb, and 70 to 80% for 2°®Ph. The ages calculated from
the apatite data alone, and from the apatite and calcite data
together, also agree within error. The agreement between the
pooled isochron results, and the weighted means of apatite-



Table 5. Apatite and calcite U-Pb data.

Atomic ratios 3)

Apparent ages, Ma 4)

Initial Pb ratios at 378 Ma 5)

Pb 206Pb/ 207Pb/
No Fraction U pmm 238U/ 206Pb/ 207Pb/ 208Pb/ 206Pb/ 207Pb/ 204Pb 204Pb
1) Sample Fraction wt,mg ppm 2) 204Pb 20 er 204Pb 20 er 204Pb 20 er 204Pb 20 er 238U 20 er 235Pb 20 er (©)] 20 err (M 20 er
65 KV-2 Ap 34.060 2.62 1.78 237.98 0.83 33.036 0.046 16.277 0.026 136.866 0.296 378.3 13 3778 138
66 Ap 9.027 249 182 22378 0.51 32544 0030 16294 0.018 139.690 0.232 388.2 1.0 4048 12.2
67 KV-5 Ap 29.730 204 149 27412 0.60 35350 0.042 16427 0.022 143579 0304 3812 10 389.0 109
68 Cc 12.766 0.0002 1.62 0.0091 0.0001 18.654 0.022 15499 0.024 38351 0.074 18.653 0.022 15499 0.024
69 KV-6 Ap 21530 1.19 0.89 304.55 149 37229 0092 16516 0.024 207.894 0872 3784 18 3722 10.8
70 Cc 10.960 0.0121 1.28 0.6045 0.0021 18855 0.024 15540 0.026 38.838 0.078 18.818 0.024 15538 0.026
71 Ap 5080 0719 101 79462 0.73 23875 0084 15878 0.052 838038 0520 397.8 58 4715 6.2
72 Ap 6.725 323 242 304.73 0.80 37.338 0050 16554 0.023 209.630 0.440 380.3 09 3841 105
73 Ap 10.587 3.18 245 292.58 0.64 36.630 0.039 16514 0.021 205.840 0370 3810 09 3842 10.6
74  KV-8 Cc 13330 0.064 155 26397 0016 18888 0016 15545 0.018 38.660 0.058
75 Ap 5400 2.36 1.79 217.40 1.01 31.969 0066 16240 0.036 141551 0.350 3812 18 3746 17.3
76 Ap 6.578 278 184 280.26 0.88 35877 0051 16469 0.024 160540 0.340 3829 11 3835 9.9
77 KV-9 Ap 26.970 052 102 41371 0.8 21405 0028 15691 0.026 55010 0100 3974 45 4815 698
78 Cc 5256 0.0004 1.85 0.0143 0.0004 18.775 0.020 15509 0.022 38438 0.070 18.744 0.020 15509 0.022
70 KV-18 Cc 22368 0.0071 2.80 0.1614 0.0013 18679 0.028 15531 0.028 38.784 0.082 18.669 0.028 15530 0.028
80 Ap 24800 3.19 3.40 23355 1.19 32754 0052 16254 0.028 238.065 0558 3775 18 3611 15.9
81 Ap 4854 338 375 212.95 0.84 31576 0039 16225 0.022 224630 0449 379.3 16 3771 15.7
82 Ap 6.242 3.60 401 177.88 0.42 29431 0036 16.104 0.023 182230 0336 3787 14 3735 19.1
83 KV-21 Cc 3350 0088 1.68 33981 0.021 19163 0.038 15598 0.032 39219 0.092
84 Ap 7560 0214 070 24422 0.076 20.345 0.030 15.657 0.026 55,526 0.108 3525 133 3320 1940
85 KV-25 Cc 10270 0.031 225 0.8915 0.0032 18.677 0.014 15533 0.016 38969 0.056 18.622 0.014 15530 0.016
86 Ap 9230 211 164 154.72 041 27.883 0.026 16.003 0.020 93971 0.146 3747 11 3570 158

1) Fraction numbering continues from Table 2.
2) Total Pb content corrected for spike and fractionation, but not for procedure blank.
3) Atomic ratios corrected for blank, spike, fractionation and initial common Phb.

4) Ages calculated from slopes of two-point 206Ph/204Pb vs 238U/204Pb and 207Ph/204Pb vs. 235U/204Pb isochrons for apatite and coexisting calcite. Ages of apatites from sample KV-2 are calculated

relative to calcite from KV-5, having the most primitive Pb isotopic compositions among al analyzed calcites.
5) Only initial Pb isotopic ratios for calcite fractions with measured 238U/204Pb <1 are included.
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Fig. 6. U-Pb apatite and calcite data and total Pb-U 3-D linear
regression. 2°’Pb/?%Pb and 2%8U/?°°Pb ratios are not corrected for
initial common Ph. a) Data plotted in the Tera-Wasserburg concordia
diagram; b) Concordia plane projections.

calcite ages of individual samples, indicates that the influence
of theinitial Pb isotopic variations on the apatite U-Th-Pb ages
is insignificant. Elevated Th/U ratios of 22 to 45 suggest the
likely presence of unsupported 2°°Pb from the decay of initial
excess 2°Th. The 2°°Pb-**®U ages of apatites + calcites,
whether the pooled isochron or the weighted mean of individ-
ual sample ages, are older than the 2°’Pb->**U ages by ca. 1.5
Ma Taken at the face value, this difference is consistent with
the first-order assumption of the apatite growth from a magma
with Th/U between 2 and 4, with uranium-seriesisotopesin the
magma in secular equilibrium. The difference between the
208pp-238 and 2°7Pb-2*°U ages is, however, well within the
error limits.

The U-Th-Pb data thus constrain the age of the Kovdor
apatites at 380 to 376 Ma. There are good reasons to believe
that thisisthe age of the apatite growth from the magma, rather
than the timing of cooling. The diffusion of Pb in apatite
(Watson et a. 1985, Cherniak et al. 1991) is slow enough so
that the closure temperature of the U-Th-Pb system in the
Kovdor apatite, mostly large equant crystals with al dimen-
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Fig. 7. Rb-Sr isochron diagram for single grain phlogopite and
tetraferriphlogopite analyses from the Kovdor phoscorites KV-5 and
KV-6, and carbonatites KV-25, 115/85, and 127/85. Error bars are
smaller than the plotting symboals.

sions >1 mm, would be >600°C at a cooling rate >10°C/Ma,
typical for cooling of an intrusive body emplaced in arelatively
cold crust. This estimate is similar to the closure temperature of
620°C, obtained by Krogstad and Walker (1994) for large
apatites from the slowly cooled Tin Mountain pegmatite. The
estimated closure temperature is close to the homogenisation
temperature range of 620 to 870°C for melt inclusions in the
Kovdor apatite (Vekser et a. 1998a), suggesting that the
apatites were closed for U, Th and Pb diffusion shortly after
their crystallisation.

The Th-Pb age of 377.5 Ma of zircon, a mineral with still
slower diffusion of U, Th and Pb (Cherniak et al. 1997, Lee et
a. 1997, Cherniak and Watson 2000), further supports the
crystallisation of the Kovdor carbonatites at 380 to 376 Ma.
The 2%2Th decay chain contains no long-lived intermediate
products, so the 2*>Th/?°®Ph ages of both apatite and zircon are
not notably affected by initial disequilibrium. We can therefore
suspect that the apparent ages of other Kovdor mineralsthat are
outside of the 380 to 376 Mainterval, have been biased by the
problems like open geochemical systems, initial disequilibrium
in U decay chains, or inaccurate decay constants.

6.2. U-Pb Age of Baddeleyite and Significance of Pb Loss

With the age frame of 380 to 376 Ma for the Kovdor
phoscorite and carbonatite crystallisation established by the
U-Th-Pb apatite and Th-Pb zircon data, we can evaluate the
significance of the baddeleyite U-Pb data. The baddeleyite
207ph/235U ages of 380 to 382 Ma, and in particular the 2°"Po/
208pp ages of 390 to >400 Ma (Fig. 8a) outside of the 380 to
376 Ma limits. The anomalously old 2°"Pb/?°®Pb ages cannot
be explained by Pb or U loss, and the discrepancy is too large
to be related to inaccurate decay constant of 35U (Ludwig
2000, Mattinson 2000). This may suggest the presence of
excess 2°’Pb. We can therefore rely only on the 2°6Pp/Z38U
chronometer for a precise and accurate age determination of the
baddeleyites. The variations in the 2°°Pb/?*3U baddel eyite ages,
plotted in a histogram in Figure 8, however indicate the loss of
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Fig. 8. Histograms of U-Pb and Pb-Pb ages of the Kovdor baddeleyites. All data with 206Ph/204Pb are included. a)
comparison between 2°5Pb/Z38U, 2°7Pp/2%5U and 2°7Pb/?°®Pb ages. b) Comparison between 2°5Ph/Z*8U baddel eyite ages of
two groups of samples—those that suffered minor Pb loss (244/76, KV-3, KV-4, KV-6), and samples with uniform
206ph/238 ages and no detectable Pb loss (KV-5, KV-8, KV-9). More detailed explanation is in the text.

1 to 2% of radiogenic Pb from many of the analysed badde-
leyites. A variable Pb loss of up to afew percent is common in
baddeleyite (e.g., Heaman et al. 1993, Amelin et al. 1999). The
high-U black baddeleyite from the phoscorite 244/76 has low
208ph/238y age, possibly as a result of the Pb loss related to
radiation damage (the U content and therefore the dose is 5 to
40 times higher for this fractions than for al other analysed
baddeleyites).

An interesting feature of the 2°°Pb/>*®U data for the Kovdor
baddeleyite is that some of the samples show ~10 m.y. age
variations between fractions, while the others yielded consis-
tent ages (Fig. 8 b). If the Pb lossis arecent subsurface process,
then this difference may be related to the variations in the rock
fracturing and in the paths of ground water migration, which
result in a variable degree of weathering. Baddel eyite fractions

from the phoscorites KV5, KV-6 and KV-9 have 2°5Pb/>*8U
ages that agree within error, and probably were not affected by
weathering and Pb loss. All eleven fractions from these samples
yielded the weighted mean 2°°P/*®U age of 378.54 + 0.23
Ma, MSWD = 0.95. The quoted uncertainty includes all
sources of random errors known to us, but does not include
possible systematic errorsin the decay constant of 28U, and in
the composition of normal solutions. This age is close to the
upper limit of all baddeleyite 2°°Pb/?*8U ages, and this obser-
vation further supports the absence of Pb loss in baddeleyite
from the phoscorites KV5, KV-6 and KV-9.

Thereis strong evidence that the age of 378.54 + 0.23 Mais
accurate. All these baddeleyite fractions have 2°°Pb/2°*Pb ra-
tios >7000, and the uncertainty in common Pb correction is
negligible. Very low Th/U ratios suggest the initial deficiency
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in 2%°Th, but, unlike the initial excesses, it is easy to quantify.
Correction of the initid >*°Th deficiency for ThilU<<1 in
baddeleyite gives the age 378.64 Ma. We consider this age as
the most precise estimate for the timing of crystallisation of the
Kovdor phoscorites.

6.3. Evidence for Differential Mobility of Uranogenic and
Thorogenic Pb

Thereisamarked contrast between Th-Pb and U-Pb patterns
in zircon from the carbonatite 127/85. All five fractions anal-
ysed for 2%2Th/?°®Pp yielded invariable ages, which are also
consistent with the best baddeleyite 2°°Pb/?*8U age, and with
the apatite Th-U-Pb ages. This is strong evidence for closed
232TR/2%8pPp system in the zircon. On the contrary, the U-Pb
ages of the same fractions (Fig. 5a) are younger and widely
variable, providing clear evidence for Pb loss. These results are
not dependent on initial Pb correction, since all the fractions
have very radiogenic Pb with 2°°Pb/?**Pb > 5000. Small
variations in 2°°Pb/>*8U might certainly result from excess
230Th, but the large correlated variations can hardly be ex-
plained by any mechanism other than recent Pb loss.

The pattern shown by the baddeleyite is the opposite. The
208pp/238Y ages of the baddeleyite are reasonably consistent,
and, with the exception of the high-U fraction, show only a
small range of age variations about two percent. In contrast, the
variations in the apparent 2°®Pb/2*?Th ages are 17 times as
large, and all 2°®Pb/?*2Th ages are younger than the °°Pb/ZU
ages. Again, this pattern cannot be explained by an uncertainty
in common Pb correction (*°®Pb/2°*Pb ratios are from 260 to
>4000, much higher than in the apatites), or by initial isotopic
disequilibrium, but agrees with the higher mobility of radio-
genic 2°®Pb as compared to 2°°Pb in baddeleyite.

The difference in mobility of uranogenic and thorogenic Pb
has been previously reported for zircon (Steiger and Wasser-
burg 1966) and allanite (Barth et al. 1994). The notable feature
of al these examples of differential Pb mobility is that the
isotopic system that includes more abundant parent element (U
in our baddeleyite, and in zircon of Steiger and Wasserburg,
1966, and Th in our zircon and in allanite of Barth et a., 1994),
is more stable. If the differential mobility of radiogenic Pb was
caused by radiation damage, then radiogenic Pb produced from
the more abundant radioactive parent would be more mobile,
opposite to our observations. Another important feature is that
Th/U ratios in al these minerals are strongly fractionated
relative to their abundances in the source. All these observa-
tions can be explained by the differencein structural position of
U and Th in the crystal lattice: the more abundant element
replaces a main component (e.g., U replaces Zr in baddeleyite),
while the less abundant one (e.g., Th in baddeleyite) is effec-
tively excluded from the lattice during crystal growth, and is
located in crystal imperfections: dislocations, micro-fractures,
ateration zones, and/or in microscopic inclusions of a different
mineral phase. Checking this possibility would require a de-
tailed mineralogical study of minerals with high and low Th/U
ratios.

If our explanation of differential Pb mobility is correct, it
may be expected that baddeleyite from various rocks would
have better preserved U-Pb than Th-Pb, and Th-Pb system in
monazite would be typically more stable than U-Pb, whereasin

the minerals with more variable chemical compositions (apa-
tite, perovskite), which can easily accommodate both U and Th,
the stability of both U-Pb and Th-Pb systems is likely to be
similar. Our explanation for differential mobility of radiogenic
Pb can be further checked against the results of other compar-
ative U-Pb and Th-Pb geochronological studies. Unfortunately
these studies are sparse, because in the modern geochronologi-
cal practice the Th-Pb system is commonly considered redun-
dant and is rarely used to complement the U-Pb dating.

6.4. Extreme Elemental Fractionation and Initial
Disequilibrium in the Uranium Decay Chains

Two out of three mineras, analysed for U-Th-Pb in this
study, zircon and apatite, have Th/U ratios from 20 to almost
10000. These values are much higher than in any common
mantle and crustal rocks, and indicate a high degree of chem-
ical fractionation of Th from U during magma evolution and
minera growth. Thisfractionation resulted in the enrichment in
230Th relative to its long-lived parent nuclide 22U (Mattinson
1973, Ludwig 1977, Scharer 1984, Barth et a. 1989). If the
initial abundance of 2*°Th, 2*'Pa and other intermediate U-
series nuclides in the studied mineral is known, then the excess
or deficiency in radiogenic °°Pb and 2°’Pb can be calculated
and used to correct 2°°P/>*8U and 2°"Pb/?**U ages. The abun-
dance of 2*°Th in a growing mineral can be estimated from
Th/U ratios in the mineral and the parental magma, and the
known degree of disequilibrium in the magma

This approach was used by Scharer (1984) and in some
subsequent studies (e.g., Parrish 1990) to correct 2°6Pb/28U in
monazites for unsupported 2°°Pb, produced by decay of initial
excess 2°Th. Two simplifying assumptions were taken: the
parental magma is assumed to be in secular equilibrium, and
the Th/U ratio in melt is approximated by the Th/U ratio in the
host rock. The correction was found to improve concordance of
the data, however we think that in genera the above assump-
tions are unverifiable, and may be invalid in many cases.

Both of these assumptions are probably inapplicable to car-
bonatites and related rocks. The U-series studies of the lavas
from the modern carbonatite volcano Oldoinyo Lengai (Wil-
liams et al. 1986, Pyle et a. 1991) show high degrees of
disequilibrium between U, Th and Ra isotopes, probably the
most extreme among all studied modern volcanics. This dis-
equilibrium may be caused by chemical fractionation during
magma generation, and separation of immiscible carbonate and
silicate liquids, as shown by experimental data of Jones et d.
(1995) and Vekder et al. (1998b). In addition, early crystal
fractionation of a mineral strongly enriched in U or Th (e.g.,
baddeleyite, perovskite) would leave uranium-series nuclidesin
the residual melt in disequilibrium. All of these mechanisms of
fractionation are common in carbonatite genesis, so it is likely
that U-series nuclides on parental magmas of intrusive carbona-
tites were far from secular equilibrium.

Using Th/U in the host rock is as a proxy for the Th/U ratio
in the magma is not necessarily a valid assumption either. The
composition of the host rock of the studied minerals by no
means can serve as a chemica proxy for the parent medium
from which these minerals grew. Using the host rock as a
chemical proxy for the parent magma may be reasonable for
accessory mineral phenocrystsin volcanic rocks (e.g., zircon in
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a rhyolite). However, it is a poor assumption for cumulate
igneous rocks, due to crystal precipitation and evolution of the
melt during crystallization. The host rock in this case is a
combination of various cumulate minerals and crystallised in-
tercumulusliquid, rather than the parent melt. Moreover, equat-
ing parent magma with host rock is basically wrong and can
produce misleading resultsif applied to pegmatites or any other
rocksthat precipitate from aflow of afluid or volatile-rich melt.
In the latter case the medium from which the minerals grew
may only be found in the fluid/melt inclusions. The composi-
tion of the parent melt of the coarse-grained zircon-rich car-
bonatites is unknown, but it must have been very different from
their bulk rock composition. Because neither the Th/U ratio not
the equilibrium/disequilibrium state of the parental melts of
high-Th/U Kovdor apatite and zircon are known, we cannot
make any justifiable corrections for excess 2°Th. But the high
Th/U ratios and combined U-Th-Pb isotopic systematics pro-
vide reliable qualitative evidence for the presence of large
initial excess of 2%°Th.

In the decay chain of 2*°U, the only relatively long-lived
intermediate nuclide is 2**Pa. Unlike thorium, protactinium has
no stable or long-lived extant isotopes, therefore any specula-
tions about the 2**Pa disequilibrium have to rely on using
another element as a geochemical proxy. This makes even
qualitative estimates more uncertain than for the 2*°Th-2%8U
systematics. In aqueous systems both Th and Pa are essentially
insoluble and are scavenged by particles, although at dightly
different rates (e.g., Walter et al. 1997). The difference in the
Th and Pa behaviour is, however, very small compared to the
difference between these elements and U, so Th can serve as a
first-order proxy for Pa. In contrast, the behaviour of Pa in
magmatic systems is poorly known and may be very different
from that of 2*2Th. We are not aware of any experimental data
on Pa partitioning between carbonate or silicate melts and
crystallising solids, and therefore have to rely on speculations
based on valence and ionic radii. Since the oxygen fugacity of
carbonatite-phoscorite melts is sufficiently high 1707*° to
10~ bar (Friel and Ulmer, 1974, Treiman and Essene, 1984),
then protactinium exists predominantly in Pa>* state (e.g.,
Barth et a. 1989). In this case Pa can be expected to behave
similarly to Nb>* and Ta>*, rather than to much larger tetrava-
lent Th and U. Baddeleyite from the Kovdor carbonatites and
phoscorites is very rich in Ta and Nb (up to 6700 ppm and
17500 ppm respectively, Williams 1996, Williams and Zaitsev,
unpubl. data), and has extremely fractionated Nb/Ta ratios
between 1 and 4, ~5 to 15 times lower than the bulk earth
value. This supports the possibility of high enrichment in Pa
relative to U in baddeleyite.

Large excesses of 2°’Pb were described by Mortensen et al.
(1992, 1997) in pegmatite zircons, and the excess 2**Pa was
proposed as a likely source of unsupported 2°’Pb. The zircons
studied by Mortensen et al. (1992, 1997) had very low Th/U
ratios of <0.01. This observation supports our suggestion that
Th and Pa may show contrasting behaviour in fluid-rich mag-
matic systems.

If U-Pb discordance in the Kovdor baddeleyite is related to
the excess of #*'Pa, it requires ~100-fold increase of Z'Pa/
235 relative to the melt in secular equilibrium. Considering the
extreme Th/U and Nb/Ta fractionation, this level of Pa/U
fractionation is not unlikely. Preliminary U-Pb data for badde-

leyite from carbonatite of the Guli intrusive-volcanic complex
of the Meymecha-Kotui area (Kamo et a. 2000) suggest that
discordance related to the presence of excess 2°’Ph, presumably
produced from excess 2**Pa, may be a common feature of
carbonatitic baddeleyite.

6.5. Rb-Sr vs. U-Th-Pb Age Discrepancy: Is it Caused by
Slow Cooling?

The Rb-Sr mica results from two phoscorites and three
carbonatites are perfectly internally consistent and define a
precise isochron age of 372.2 = 1.5 Ma, whichis5to 7 m.y.
younger than our best estimate based on 2°°Pb/?*8U in badde-
leyite, and other reliable U-Th-Pb age values. The initial &S/
88gr ratio of 0.70368 + 0.00055 from the mica isochron is
identical to the Sr isotopic composition measured in low-Rb/Sr
calcite and apatite from the same samples (Zaitsev and Bell
1995). Mica grains are very well preserved, with no signs of
ateration that might suggest resetting of the Rb-Sr system. The
Rb-Sr mica isochron age is therefore expected to reflect the
timing of crystallisation, or the timing of closure of the Rb-Sr
system.

We first consider the possibility that the Rb-Sr vs. U-Th-Pb
age discrepancy is caused by the difference in closure temper-
ature in a slowly cooling system. The closure temperature for
Pb diffusion in apatite is ~600°C as discussed above. The
estimates for Rb-Sr system in phlogopite and biotite from
slowly cooling igneous and metamorphic rocks yielded the
range of closure temperatures from 300°C to 400°C (Arm-
strong et al. 1966, Verschure et al. 1980, Del Moro et al. 1982,
Jenkin et al. 2001). Recent experimental determination of dif-
fusion rate of Srin phlogopite (Hammouda and Cherniak 2000)
shows strong heterogeneity of diffusion, and suggests a range
of closure temperatures between 400 to 700°C depending on
crystallographic direction. The lower closure temperature esti-
mate is consistent with the results from natural systems. For
modelling purposes, we assume the closure temperature of
300°C, at the lower limit of the values determined in natural
systems.

The question of whether the difference in closure tempera-
tures can be responsible for the ca. 5 to 7 m.y. difference
between U-Th-Pb and Rb-Sr ages also depends on the cooling
rate of the Kovdor massif. Fortunately, the estimate of the
cooling rate for the Kovdor massif isrelatively straightforward.
The intrusions of the Kola Alkaline Province were emplaced in
anorogenic conditions, therefore their cooling was controlled
by diffusive heat transfer from the intrusive bodies to a much
larger volume of stable and relatively cold host upper crust.
Here we consider the cooling scenario, in which al igneous
phases of the Kovdor massif were emplaced within a short
time, and the entire massif cooled as a single body. Thisis the
case of slowest cooling for late igneous phases, including
carbonatites and phoscorites.

The Kovdor massif is a stock (approximately elliptical cyl-
inder) with radii of 3 and 5 km (Kukharenko et al. 1965,
Arzamastsev et al. 2000, see also Fig. 1). We assume the length
of the cylinder of 20 km, a maximum estimate based on gravity
modelling of Arzamastsev et al. (2000). The depth of emplace-
ment for the present erosional level of the Kovdor massif is
estimated at 2 to 4 km (Kukharenko et al. 1965, Samoilov and
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Bagdasarov 1975). With average continental gecthermal gra-
dient of 30°C/km and surface temperature of 0°C, we obtain the
temperature of the crust of 60 to 120°C at the level of emplace-
ment. Applying the formalism for cooling stock developed by
Lovering (1935), and using the range of possible thermal prop-
erties of rocks (Irvine 1970, Clauser and Huenges 1995), we
obtain the duration of cooling from 600°C to 300°C at the
centre of the body: 332 to 453 thousand years for the case of
crustal temperature of 100°C (average geothermal gradient,
best estimate of the depth of emplacement), and 671 to 917
thousand years for the case of crustal temperature of 200°C
(unusually high geothermal gradient, or emplacement at greater
depth). Any reasonable modifications of the model: late em-
placement of carbonatites and/or phoscorites, additional heat
transfer with magmatic fluids, displacement of carbonatites and
phoscorites from the centre of intrusion, or higher closure
temperature for Rb-Sr in phlogopite, would result in a higher
estimate of the cooling rate.

These estimates show that slow cooling of the Kovdor massif
can explain no more than 20% of the observed 5to 7 m.y. age
difference between U-Th-Pb-bearing minerals and Rb-Sr in
phlogopite. With most probable model parameters slow cooling
accounts for less that 10% of the age difference. We should
thus consider other possible causes of this age discrepancy.

6.6. Rb-Sr vs. U-Th-Pb Age Discrepancy: A
Manifestation of the Decay Constant Problem?

The low Rb-Sr age is difficult to reconcile with the U-Th-Pb
ages without assuming that the decay constant of (A 8’Rb) of
1.42%10~** y~—*, recommended by Subcomission on Geochro-
nology (Steiger and Jager 1977) and used by most of research-
ers since then, may be incorrect. The recommended 8’Rb has
not gained unanimous acceptance among geochronologists, and
has been contested mainly by researchers studying meteorite
and lunar chronology (Minster et al. 1982, Shih et al. 1985) on
the basis of comparison between Rb-Sr and U-Pb ages. The
evidence for the lower than recommended value of A 'Rb has
been summarised by Begemann et al. (2001). The comparative
Rb-Sr and U-Th-Pb data for terrestrial igneous rocks have not
been used in re-evaluation of the A 8’Rb value since the early
days of geochronology, because the rocks suitable for precise
and accurate dating with both Rb-Sr and U-Th-Pb, and satis-
fying other requirements for accurate cross-calibration, can
rarely be found (Begemann et a. 2001). Relatively small (i.e.,
fast cooling) and well preserved (free of metamorphic over-
print) anorogenic akaline-carbonatite intrusions like the
Kovdor massif may be among the favourable exceptions. As-
suming that the best baddel eyite age and the micaisochron age
both correspond to crystallisation of phoscorites and carbona-
tites (i.e., ignoring any effects of slow cooling), we obtain A
8’Rb = (1.396 + 6)*10 'y~ (0.43%, 20 error), relative to
the A 238U = 1.55125¥10 °y~* (Jaffey et al. 1971). The error
is a quadratic sum of the relative errors in the Rb-Sr and U-Pb
ages, and the conservative estimate of the uncertainty in 232U of
0.16% after Mattinson (1987, 2000).

The calculated A 8’Rb value will be dightly higher, if the
effect of slow cooling is taken into consideration. If the diffu-
sion rates (and thus the closure temperatures) of Pb in apatite
and Sr in phlogopite are assumed to be similar, then the

comparison between phlogopite Rb-Sr and apatite U-Th-Pb
will give accurate A 8’Rb value. Unfortunately the 2°°Pb/238U
system in the Kovdor apatite is obscured with an unknown
amount of initial excess ?*°Th, and the 2°’Pb/>**U chronometer
is not sufficiently precise to allow useful comparison. The
208pp/232Th gpatite age is precise and free of initial disequilib-
rium effect, but the error in A 2%2Th=4.948*10"" y~* (Le
Roux and Glendenin 1963) of 1.02% (20), adds an unaccept-
ably large uncertainty to the calculated A 8’Rb value. We can,
however, use our zircon and baddeleyite U-Pb and Th-Pb data
to evaluate A 2*>Th relative to the “gold standard” A 28U more
precisely, and use this new A 232Th value further to calculate A
8’Rhb. Assuming that baddeleyite and zircon were formed si-
multaneously, we obtain A 2Th = (4.934 + 15)*10" **y~*
(0.31%, 20 error) from 2°°Pb/?%8U in the baddeleyite and
208pp/232Th in the zircon. The recal culated Th-Pb age of apatite
with the new A 2%2Th is 377.5 Ma, and the A ®'Rb based on
comparison between the Th-Pb age of apatite and the Rb-Sr
isochron ageis (1.400 + 7)*10~ 'y~ * (0.53%, 20 error). If we
assume that cooling from the closure temperature of Pb diffu-
sion in apatite to the closure temperature of Sr diffusion in
phlogopite took 1 m.y. (a maximum estimate from the thermal
modelling), then the calculated A ’Rb is increased to
1.404*10" 'y~ Our estimates for A 8’Rb, with or without
consideration of slow cooling, are very close to the value of
1.402%10~** y~* suggested by Minster et a. (1982) and Shih
et al. (1985).

6.7. Age of the Kovdor Carbonatites and Phoscorites

With the current precision of dating we have not detected
any age differences between the igneous phases within the
phoscorites and carbonatites, and suggest that the age of 378.64
Ma applies to the whole body. The age of the geologically
earlier and more voluminous phases of ultramafic and alkaline
silicate rocks will be explored in a separate study.

7. CONCLUSIONS

Comparative study of multiple geochronometer minerals
from the Kovdor phoscorite-carbonatite body revealed an ex-
ceptional complexity of isotopic systems, which can be under-
stood though systematic analysis of possible sources of distor-
tion. From these data, we can draw a number of conclusions at
two different levels of confidence.

Almost certainly:

1. Determination of precise and accurate age of carbonatites
and phoscorites requires study of multiple minerals and
multiple isotopic systems No single geochronometer is suf-
ficiently reliable. The Th-Pb geochronometry can be a very
useful supplement to U-Pb geochronometry.

2. Baddeleyite may be affected by Pb loss up to a few percent
The degree of Pb loss varies between rocks. Baddeleyite
fractions not affected by Pb loss can provide very precise
and consistent 2°°Pb/>*8U ages.

3. Phoscorites and carbonatites of the Kovdor massif were
emplaced within a short period of time at 378.64 Ma.

4. Disequilibrium in U decay series can present a serious
complication to dating even for Palaeozoic rocks
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Probably:

1. U-Pb and Th-Pb chronometers in baddeleyite and high-Th
zircon show different mobility of radiogenic Pb U-Pb sys-
tem is more stable in baddeleyite, and Th-Pb is more stable
in zircon. This may be explained if uranium and thorium in
baddeleyite and in high-Th zircon occupy distinct structural
positions. In contrast, the U-Pb and Th-Pb in apatite behave
coherently.

2. Baddeleyite may contain unsupported radiogenic 2°”Ph,
which obscures the 2°"P/>°U and 2°’Pb/?°*Pb geochro-
nometers. The possible reason is preferential partitioning of
protactinium-231 relative to uranium into growing badde-

leyite.

3. Rb-Sr system in phlogopite and tetraferriphlogopite single
grains allows precise age determination of carbonatites and
phoscorites. The discrepancy between Rb-Sr and U-Th-Pb
ages did not result from late closure of Rb-Sr system in
phlogopite, but suggests that that the decay constant of 8’Rb
iscloseto 1.40* 10~ y~, rather than to the recommended
value of 1.42¢10"* y= %,
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