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ABSTRACT

Several generations of collinsite were formed during the hydrothermal alteration of phoscorite and dolomite carbonatite in the
Kovdor alkaline-ultramafic complex, northwestern Russia. The collinsite at this locality shows isomorphic substitution of Sr for
Ca at the A crystallographic site, which is atypical both for this species and for the entire fairfieldite group. The Sr content reaches
0.74 atoms per formula unit and shows an inverse correlation with Ca. Sr is found to account for no more than 37% of the total
occupancy of the A site, a proportion that fits the Lewis acidity of interstitial cations, a value of 0.25 valence units (assuming a
disordered distribution of Sr), which in turn matches the Lewis basicity of the structural unit in collinsite, the chain
[Mg(PO4)2(H2O)2]. The collinsite-bearing assemblages were formed by juvenile hydrothermal solutions derived from phoscorites
and carbonatites that had been cooling in a tectonically active environment. Textural evidence and strontium isotopic character-
istics show that the assemblages were superimposed upon the host rocks after the cataclasis of the dolomite carbonatite and
selective leaching of its primary minerals. The Sr isotopic composition of collinsite and the associated hydrothermal phosphates
shows no contribution from any crustal component. Being confined to faults, the orthomagmatic hydrothermal solutions migrated
upward and were not mixed with groundwater or crustal fluids in tectonic channels prior to deposition of the collinsite-bearing
assemblages. The active fluid–rock interaction below 270°C under wide variations in pH–Eh parameters, f(O2), f(S2), and rela-
tively low f(CO2) did not homogenize the isotopic composition of Sr between the solutions and the affected carbonate rock.

Keywords: collinsite, strontian, hydrothermal, juvenile, phosphate, electron-microprobe analysis, carbonatite, Kovdor Complex,
Russia.

SOMMAIRE

Plusieurs générations de collinsite ont été déposées lors de l’altération hydrothermale de la phoscorite et de la carbonatite à
dolomite du complexe alcalin et ultrabasique de Kovdor, dans le nord-ouest de la Russie. La collinsite de cet endroit fait preuve
d’une substitution du Sr pour le Ca dans le site A de la structure, ce qui n’est pas typique de cette espèce ou des membres du
groupe de la fairfieldite en général. La teneur en Sr atteint 0.74 atomes par unité formulaire et montre une corrélation inverse avec
la teneur en Ca. Le Sr atteint donc une teneur maximale de 37% du site A, une proportion qui concorde avec la prédiction faite à
partir de l’équivalence de l’acidité de Lewis des cations interstitiels, 0.25 unités de valence (en supposant une distribution
désordonnée du Sr), et de la basicité de Lewis de la chaîne [Mg(PO4)2(H2O)2], le module structural de la collinsite. Les assem-
blages à collinsite se sont formés à partir de solutions hydrothermales juvéniles dérivées des phoscorites et des carbonatites au
cours de leur refroidissement dans un milieu tectoniquement actif. D’après l’évidence texturale et les caractéristiques des isotopes
de strontium, les assemblages ont été imposés aux roches-hôtes après la cataclase de la carbonatite à dolomite et le lessivage
sélectif de ses minéraux primaires. La composition isotopique du Sr dans la collinsite et les phosphates hydrothermaux associés
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INTRODUCTION

Hydrothermal activity commonly accompanies the
waning stages of formation of highly evolved carbona-
tites and phoscorites. The composition of the hydrother-
mal assemblages depends more on the postmagmatic
tectonic regime than on the composition of the magmas
parental to the mineralizing fluid, which implies that in
many instances, the late mineralization involves disequi-
librium conditions. In particular, the carbonatites in
Kovdor complex, Kola Alkaline Province, northwest-
ern Russia, contain hydrothermal assemblages domi-
nated by rare phosphates of magnesium, but do not
contain F- and REE minerals that are typical of the late
assemblages related to similar carbonatites elsewhere
(i.e., the Vuorijarvi, Seblyavr, Sokli and Palaborwa
complexes). This peculiarity seems to be due to the
openness of the hydrothermal system and to the intense
alteration of the various primary minerals in phoscorites
and carbonatites of the Kovdor complex.

We describe in this paper the occurrence of collinsite
in hydrothermal mineral assemblages enclosed by al-
tered phoscorites and carbonatites in the Kovdor alka-
line-ultramafic complex, and report on the chemical
composition of the collinsite and some features of its
genesis. We thus shed light on the late stage of evolu-
tion of the mantle-derived melt–fluid system that en-
tered the upper crust.

BACKGROUND INFORMATION

There is a paucity of data on minerals of the
fairfieldite group, in general A2B[TO4]2•2H2O, where A
= Ca, B = Mg, Fe, Mn, Zn, Ni, or Co, and T = P, As, and
in particular on the Ca–Mg–P member of this group,
collinsite. The collinsite of the Kovdor complex was
originally described in vuggy phoscorite and carbonatite
by Rimskaya-Korsakova (1965), who found this min-
eral to be non-stoichiometric and enriched in Sr and Ba
(3.51 wt.% SrO, 1.23% BaO). Kapustin (1980) sug-
gested that these data, acquired by wet-chemical analy-
sis, reflected contamination by impurities, and described
Sr-free collinsite in the same massif. An X-ray-diffrac-
tion pattern similar to the ASTM 14–314 standard (cur-
rently marked as obsolete in the ASTM
powder-diffraction file) was obtained for this sample of

collinsite. Nevertheless, the strontian variety of
collinsite (6.3 wt.% SrO) was again found in a hydro-
thermal assemblage with strontiowhitlockite by Britvin
et al. (1991).

Kapustin (1980) mentioned that some etched
samples of collinsite from the Kovdor complex are cov-
ered with products of alteration of the mineral. Upon
preliminary examination, we found such material to be
covered with tiny crystals of a late phosphate. A single
qualitative estimate of the composition of this late phos-
phate suggests that it is messelite (Liferovich et al.
2000a).

Our study of hydrothermal assemblages in the
carbonatites of the Kovdor complex has confirmed the
presence of strontian collinsite. Moreover, we have
found this variety to be predominant in the Kovdor com-
plex. In some cases, the collinsite contains significantly
more Sr than was originally described.

GEOLOGICAL SETTING

The Kovdor complex results from the multiphase
emplacement of alkaline-ultramafic silicate rocks,
phoscorites and carbonatites into Archean biotite
gneisses (Kukharenko 1965). The general geology of the
intrusion has been described in detail by Kogarko et al.
(1995) and Verhulst et al. (2000), among others. The
massif is predominantly composed (from the older core
toward the younger periphery) of dunite, clinopyroxe-
nite, jacupirangite and rocks of the ijolite–melteigite
series. Between the core and the periphery, there are
discontinuous zones of turjaite, melilitolite, clinopy-
roxene–olivine rock enriched with phlogopite, garnet –
amphibole – monticellite rock, nepheline pyroxenite,
and bodies of phoscorite and carbonatite.

The largest body of multistage carbonatite and
phoscorite is a 0.8 � 1.3 km stock. It intruded clinopy-
roxenite and ijolite–melteigite at the intersection of N-
and NE-trending faults 380 ± 4 Ma ago (Dunaev 1982,
Bayanova et al. 1997). The geology, petrography and
mineralogy of the stock were studied in great detail
(Ternovoi 1977, Krasnova & Kopylova 1988, and ref-
erences therein). The dominant calcite phoscorites and
carbonatites give way to less abundant dolomite-bear-
ing varieties, and the late dolomite carbonatite forms a
linear system of mutually subparallel veins. This sys-

ne révèle aucun apport de la croûte. Confinée aux plans de failles, la phase fluide orthomagmatique a monté sans se mélanger aux
nappes d’eau souterraines ou aux fluides d’origine crustale dans les chenaux d’origine tectonique avant de déposer les assem-
blages à collinsite. L’interaction entre roche et phase fluide aqueuse à une température inférieure à 270°C en présence de fluctua-
tions importantes en conditions de pH–Eh, f(O2), f(S2), et à f(CO2) relativement faible, n’a pas permis une homogénéisation des
isotopes de Sr entre les solutions et les roches carbonatées affectées.

(Traduit par la Rédaction)

Mots-clés: collinsite, strontifère, hydrothermal, juvénil, phosphate, données à la microsonde électronique, carbonatite, complexe
de Kovdor, Russie.
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tem formed mostly along the NE-trending fault, where
steeply dipping fractures are filled by dolomite veins
0.1–3 m thick and 20–150 m long that have been traced
down by drilling to a depth of almost 2 km (Khomyakov
et al. 1982).

The available Sr and Nd isotope data show the
phoscorites and carbonatites to be derived from the de-
pleted mantle (Zaitsev & Bell 1995, Verhulst et al.
2000). The initial Sr isotope ratio of phoscorite and
carbonatite ranges from 0.70320 to 0.70395. Apatite,
calcite and dolomite from the same rocks show less
variation: (0.70330 < (87Sr/86Sr)i < 0.70363 (Zaitsev &
Bell 1995, Verhulst et al. 2000). Some dolomite car-
bonatite has a whole-rock (87Sr/86Sr)i as high as
0.70470(10) (Landa et al. 1982).

Postmagmatic activity along faults occurred in the
Kovdor phoscorite–carbonatite stock and was accom-
panied by local hydrothermal alteration in the enclos-
ing rocks. Cataclasis in the NE-trending fault mostly
affected the dolomite carbonatite veins that had been
filled this fault at the late magmatic stage, whereas the
N-trending fault intersected all the rock varieties. Some
primary minerals in carbonatite and phoscorite (mostly
pyrrhotite and, to a lesser extent, fluorapatite, forsterite
and phlogopite), were subject to intense hydrothermal
alteration and replacement by other minerals, whereas
the rock-forming dolomite was not dissolved
(Liferovich et al. 2000b). Ponomareva & Krasnova
(1990) proposed that some hypothetical primary phos-
phate (probably newberyite) had also been dissolved in
the dolomite veins, leaving cavities. Postmagmatic pro-
cesses have formed numerous cracks, fissures and cavi-
ties in affected rocks and imparted a vuggy texture to
the altered dolomite veins. It is in the vicinity of such
vugs that the most intensive alteration of primary min-
erals took place along axial zones and endocontacts,
where cracks and fissures are more abundant. The less
affected intermediate zones commonly contain fresh
aggregates of the primary fluorapatite and phlogopite.
Intense cataclasis and alteration in the N-trending fault
zone caused serpentinization of the phoscorites and for-
mation of subvertical slickensides and cracks, com-
monly filled with late hydroxylapatite, dolomite and
calcite.

DESCRIPTION OF COLLINSITE AND ITS OCCURRENCE

Two types of collinsite-bearing assemblages occur
in the Kovdor massif: i) assemblages that line vugs and
fissures in altered dolomite carbonatite confined to the
NE-trending fault, and ii) assemblages in mineralized
fissures in serpentine–magnetite cataclasite formed af-
ter phoscorites along the N-trending fault.

Several generations of collinsite appear sporadically
in assemblages of the first type throughout the vuggy
dolomite carbonatite studied, e.g. it is found down to
1900 m in the drill core. The collinsite in vugs and fis-
sures is associated with late magnetite (soot-like masses

replacing primary pyrrhotite), euhedral late sulfides (py-
rite or pyrrhotite, hexagonal according to X-ray diffrac-
tion) and all the hydrated Fe- and Mg-phosphates known
in the Kovdor.

Collinsite in assemblages of the second type occa-
sionally occurs in small cracks filled with calcite and
hydroxylapatite and enclosed by serpentine–magnetite
cataclasite. The same rock was found to enclose a
stockwork of mineralized fissures lined with collinsite
and kovdorskite (Fig. 1) at a depth of 250–270 m from
the surface; this zone was stripped and mined out in
1996. This occurrence contained an outstanding volume
of rare hydrothermal phosphates. The stockwork was as
thick as 3–5 m and was traced along the strike and dip
directions for some tens of meters. Mineralized cavities
up to 0.5 m3 in size were confined to shear fractures,
and the walls of vugs were lined with collinsite–
kovdorskite druses, some of which provide evidence of
multiple intramineralization adjustments (Figs. 1c–e).
For example, collinsite and kovdorskite may show an
alternation of clear zones with zones filled with magne-
tite and dolomite particles. The number of zones reaches
15, and a regular upward diminution in particle size was
observed in each (Figs. 1d, e) in accordance with the
principles of sedimentation in a liquid medium (Stokes’s
law). The kovdorskite druses are covered with a fine-
grained kovdorskite and magnetite “regolith” in places,
and some have been mechanically damaged in situ and
even cut by slickensides (Fig. 1c).

At Kovdor, the collinsite occurs as lath-like fibers
elongate along [100] and arranged in reniform masses
with a serrate surface (Fig. 2a), although it may also
form spherulites or clusters of bladed crystals (Fig. 2b).
The habit of the collinsite is very similar to that of
collinsite in the Yukon (Robinson et al. 1992). The pris-
matic crystals described previously in the Kovdor mas-
sif (Kapustin 1980) and at Milgun, Australia (Bridge &
Pryce 1974) were not found in this study.

ANALYTICAL TECHNIQUES

The chemical composition of collinsite was deter-
mined by the wavelength-dispersion X-ray technique
(WDS) with a Cameca MS–46 electron microprobe at
the Kola Science Centre, Russia. The electron beam was
defocused to 30 �m, and the samples were moved dur-
ing the analysis so as to minimize decomposition of the
mineral under the beam. The following were used as
standards: synthetic AlPO4 (P), apatite (Ca), forsterite
(Mg), celestine (Sr), barite (Ba), synthetic MnCO3 (Mn)
and hematite (Fe). The raw data were ZAF-corrected.
The H2O content of a sample of ordinary collinsite and
of the most Sr-rich sample was established by
thermogravimetric analysis (courtesy of Dr. D.V.
Makarov). Semi-quantitative energy-dispersion X-ray
analyses (EDS) and evaluation of collinsite homogene-
ity in back-scattered electron images were carried out at
the University of Oulu using a JEOL JSM–6400 scan-
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FIG. 1. Collinsite–kovdorskite stockwork in the N-trending fault-zone that cross-cuts the phoscorites and carbonatites. (a) Sketch
map. (b) Geological section. (c) Druse of collinsite and kovdorskite lining a fissure. (d) Zoned crystal of kovdorskite crystal
composed of zones contaminated by magnetite–dolomite particles (clasts) alternating with water-clear zones. (e) Contami-
nated zone in a kovdorskite crystal, showing an upward gradation in the size of the particles.

ning electron microscope. The powder infrared-absorp-
tion spectra were obtained with a Specord–75 spectro-
photometer. A DRON–2 diffractometer (CuK�
radiation, SiO2 monochromator, 30 kV, 40 mA) was
employed to obtain X-ray-diffraction patterns of the
several generations of collinsite with gradually increas-
ing abundances of Sr.

Phosphate samples that had been hand-picked for Sr
isotopic analyses were dissolved in a HNO3–HCl mix-
ture, and Rb and Sr were separated by conventional ion-
exchange techniques, and their concentrations were
determined by isotope dilution using single 87Rb and
84Sr spikes. Sr isotope ratios were measured using a MI–
1201T mass spectrometer operated in double Re-fila-
ment mode and normalized to 86Sr/88Sr = 0.1194
(Steiger & Jäger 1977). The NBS SRM–987 standard
gave measured 87Sr/86Sr values of 0.71044 ± 0.0004
during the run period. The reproducibility of the 87Sr/
86Sr values is quoted to be about 0.04% (2�). To verify
the results, an apatite sample with a known 87Sr/86Sr
ratio was analyzed. Fluorapatite from the huge phlogo-
pite – olivine – diopside pegmatite (the Kovdor phlogo-
pite deposit) gave a 87Sr/86Sr value of 0.70340(14),
which is in full accord with the value obtained by Landa
et al. (1982) for a similar sample.
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CHEMICAL COMPOSITION

The compositional range of the Kovdor collinsite
was determined from 51 quantitative WDS analyses;
representative results are shown in Table 1. The initial
data show that Sr may be an important constituent of
collinsite at Kovdor. The possible presence of tiny Sr-
rich impurity phases was ruled out by examining of all
the analyzed areas in reflected light and by SEM. In the
case of strontiowhitlockite–collinsite aggregates (Fig.
1c), only strontiowhitlockite-free areas of collinsite
larger than 100 �m in size were analyzed. To test the
analytical data for Sr, collinsite from Reaphook Hill
(Australia), Rapid Creek (Yukon Territory) and
messelite from Messel (Germany) were analyzed using
the same analytical procedure. No Sr was detected in
these reference samples.

Most of samples of collinsite analyzed from Kovdor
contain from 0.25 to 20.9 wt.% SrO [from 0.01 to 0.74
Sr atoms per formula unit (apfu); �R2+ cations = 3 apfu],
and some samples contain up to 3.27 wt.% BaO (0.07

apfu Ba). There is no correlation between Sr and Ba
contents. As illustrated in Figure 3a, the Sr + Ba value
is inversely proportional to Ca [correlation coefficient
R = –0.99, n = 53, including the data of Rimskaya-
Korsakova (1965) and Kapustin 1980], indicating
homovalent substitutions involving Sr and Ba for Ca at
the A site. The maximum amount of Sr observed in our
samples (0.74 apfu, see Table 1, anal. 9) corresponds to
37% occupancy of the A site, and probably indicates a
limit of Sr-for-Ca substitution in the structure of
collinsite.

The extent of substitution of Fe and Mn for Mg is
negligible in most of the Kovdor samples (Fig. 3b). Only
in a very late association with chamosite and barićite is
collinsite enriched in Fe (0.27–0.31 apfu Fe, anal. 2 in
Table 1) and depleted in Sr.

X-ray mapping of collinsite from Kovdor (Fig. 4)
reveals: i) compositionally homogeneous crystals and
aggregates (both Sr-poor and Sr-rich), and ii) aggregates
composed of concentric zones of differing Sr:Ca ratio,
varying significantly in width (zones thinner than 35–
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FIG. 2. Morphology of collinsite in vugs of the veins of altered dolomite carbonatite in the NE-trending fault zone. Back-
scattered electron images. (a) Serrate aggregate of collinsite crystals. (b) Cluster of collinsite crystals on late dolomite. (c)
Aggregate of strontiowhitlockite and strontian collinsite. (d) Lamellae of an unidentified late phosphate epitactically over-
growing crystals of collinsite.
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40 �m were not analyzed because of the beam diameter
employed).

No evidence was found for alteration of collinsite,
as Kapustin (1980) had described. We made the sug-
gestion earlier that tiny crystals of messelite may be
present on the surface of the collinsite (Liferovich et al.
2000a), but this suggestion also lacks support in the
present dataset. The lack-luster samples of collinsite that
had seemed to be altered, were observed under the SEM
to possess lamellae 0.5–5 �m in length epitactically
growing on the third-order pinacoids of the crystals
(Fig. 2d). These lamellae are similar in shape to the host
crystals of collinsite, and the SEM–EDS analyses, made
on natural faces, show the presence of P, Ca and Mg in
proportions typical of collinsite. Sr, Ba, Fe and Mn were
sought, but not detected. Unfortunately, the lamellae are
too small for accurate identification.

X-RAY-DIFFRACTION STUDY

X-ray powder-diffraction patterns were obtained for
four generations of collinsite with gradually increasing
Sr concentrations. Only samples with a variation of
≤0.5–1.0 wt.% in SrO were studied.

All the powder X-ray-diffraction patterns come close
to that reported by Kapustin (1980) and deviate from
the ASTM–JCPDS standards 26–1063 and 70–1785 in
terms of the intensities of the characteristic reflections
(Table 2). The unit-cell parameters are compared in
Table 3. A systematic increase of a and b accompanies
enrichment in Sr, whereas c changes insignificantly.
This is in line with details of the crystal structure of
collinsite. It is composed of infinite [Mg(PO4)2(H2O)2]
chains parallel to c, and the Ca atoms are located in in-
terstices (Hawthorne 1999). Given the significant dif-
ference in ionic radius between Ca and Sr (Shannon
1976), one would expect a distortion of the structure in
response to incorporation of Sr2+, but the XRD patterns
do not exhibit superlattice reflections that could indi-
cate cation ordering or geometrical distortion of the
structure. A crystallographic study of strontian collinsite
by the Rietveld method is in progress.

INFRARED SPECTROSCOPY

The IR spectra obtained for the strontian and Sr-poor
collinsite varieties (Table 1, anal. 1 and 9, respectively)
contain similar sets of absorption bands (Fig. 5), those
observed for ordinary collinsite (strong bands italicized)
being at 3050, 1646, 1525, 1105, 1005, 942, 768, 585,
558 and 448 cm–1, and those for strontian collinsite at
3070, 1630, 1510, 1109, 994, 941, 746, 576, 555, and
458 cm–1. The IR spectrum for messelite, obtained for
comparative purposes, is close to that of strontian
collinsite.

The main absorption bands in the collinsite spectra
are assigned to the vibrational modes of PO4 groups and
hydrogen-bonded systems. Strong absorption bands at
3050–3070 cm–1 and 1510–1525 cm–1 indicate that the
H2O molecules form very strong hydrogen bonds with
anionic groups, which agrees with the fairly high tem-
perature of dehydration of collinsite (Liferovich et al.
2000a). There is some evidence for the higher polari-
zation of H2O molecules by Ca than by Sr, as the H-
bond appears to be stronger in ordinary collinsite than
in the strontian variety (3050 cm–1 as compared with
3070 cm–1). On the whole, a shift and distortion of some
bands are observed in the spectrum for the strontian
collinsite, and the shift in the band corresponding to the
librational vibrations of H2O is the most essential dif-
ference between the IR spectra of this and the Sr-poor
variety. This is due to the difference in the strength of
the Ca–H2O and Sr–H2O bonds (wavenumbers 768 and
746 cm–1, respectively, Fig. 5).
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minerals. Results of 78 analyses are plotted. Data from
Palache et al. (1951), Frondel (1955), Rimskaya-
Korsakova (1965), and Kapustin (1980) are shown.
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FIG. 4. Spatial relationship between Sr-poor collinsite and
strontian collinsite. (a, b, c) Peripheral concentric zone
composed of strontian collinsite on an aggregate of Sr-poor
collinsite. (d, e) The opposite relationship. Scanning im-
ages of polished samples in back-scattered electrons (e–)
and in characteristic radiation of designated elements.
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The similarity in IR-spectra between the Sr-poor
collinsite, strontian collinsite and messelite may be re-
garded as indirect evidence in favor of the structural
stability of strontian collinsite. Any distortion in the
collinsite structure would result in significant differ-
ences in the IR spectra, as seen in dimorphous pairs of
minerals belonging to the roselite and fairfieldite groups.
IR spectra of roselite and wendwilsonite are, for in-
stance, quite different from those of their triclinic coun-
terparts owing to splitting in the region of the stretching
and bending modes of the anion group (Pekov et al.
2001). The IR spectra obtained in this work do not show
any evidence of structural distortion that could be caused
by the incorporation of Sr.

STRONTIUM ISOTOPE COMPOSITION

87Sr/86Sr values were obtained for the late phos-
phates in the collinsite-bearing assemblages. The fol-
lowing were analyzed: i) the coeval strontian collinsite
and hydroxylapatite in the mineralized fissures of the
serpentine–magnetite cataclasites (N-trending fault), ii)
hydroxylapatite, goyazite and crandallite associated
with collinsite in a vuggy vein of altered dolomite
carbonatite (NE-trending fault), and iii) fresh primary
fluorapatite in the less-altered intermediate zone of the
same vein. The measured 87Sr/86Sr values can be con-
sidered initial because of the negligible Rb/Sr values in
the phosphates (all Rb contents are ≤3 ppm). The (87Sr/
86Sr)i values obtained range from 0.70330(13) to

0.70380(14) in the late phosphates in the hydrothermal
assemblages. With allowances made for the precision
of the 87Sr/86Sr measurements, both the collinsite and
the associated hydrothermal phosphates seem to have
formed from solutions with (87Sr/86Sr)i between 0.70328
and 0.70417. This range overlaps the range of (87Sr/
86Sr)i values of the magmatic phoscorite–carbonatite
series at Kovdor given by Zaitsev & Bell (1995) and
Verhulst et al. (2000), but is much lower than the (87Sr/
86Sr)i values characteristic of the crustal environment
(e.g., Archean gneisses around the Kovdor massif and
groundwaters that percolate through the gneisses). The
(87Sr/86Sr)i values of the hydrothermal collinsite-bear-
ing assemblages also differ from those of the vuggy
dolomite carbonatite that enclose them in the NE-trend-
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FIG. 5. IR absorption powder spectra of strontian collinsite (1) and Sr-poor collinsite (2),
corresponding to anal. 1 and anal. 9 in Table 1.
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ing fault. The primary fluorapatite typical of this
carbonatite is characterized by (87Sr/86Sr)i =
0.70510(14), which is in accordance with the data of
Landa et al. (1982) for a whole-rock dolomite
carbonatite, and which differs from the range typical of
the massive (unaltered) dolomite carbonatite of the
Kovdor massif (Zaitsev & Bell 1995, Verhulst et al.
2000). A comparison of (87Sr/86Sr)i values for the hy-
drothermal collinsite-bearing assemblages, the vuggy
dolomite veins enclosing them, unaltered Kovdor
phoscorites and carbonatites, and the Archaean gneisses
around the massif is given in Table 4.

DISCUSSION AND CONCLUSIONS

Sr in collinsite

Our examination of the collinsite-bearing paragen-
eses deposited from the most Sr-rich solutions confirms
the assumption made above regarding the limits of Sr
incorporation in collinsite. The aggregates that crystal-
lized from such solutions are composed of strontio-
whitlockite and collinsite (Fig. 1c), the latter containing
0.23 apfu Sr (Table 1, anal. 4), i.e., involving Sr at
11.5% of its A site, by comparison with 37% (0.74 apfu
Sr; Table 1, anal. 9) in the most strontian collinsite. The
strontiowhitlockite forms 40–45 vol.% of these aggre-
gates (Fig. 1c; Liferovich et al. 2000a) and contains 51.4
wt.% SrO, whereas the residual collinsite contains 6.3–

6.9 wt.% SrO (Britvin et al. 1991; Table 1, anal. 4). A
simple calculation shows that the collinsite–strontio-
whitlockite aggregates contain 1.2–1.3 times more Sr
than the most markedly strontian collinsite of the same
volume. Thus it must have been the marked enrichment
of solutions in Sr that caused the deposition of Sr
mineral(s) sensu stricto, but this did not provoke a pro-
gressive incorporation of Sr into the collinsite structure
above the limit of 37% of A site.

An explanation for the incorporation of Sr into
collinsite could be formulated in terms of bond-valence
theory. Brotherton et al. (1974) and Hawthorne (1999)
have shown a chain of composition [Mg(PO4)2(H2O)2]
to be the main structural unit. This chain possesses a
Lewis basicity of 0.25 v.u. (valence units), whereas Ca
and Sr are characterized by Lewis acidity values of 0.28
v.u. and 0.20 v.u., respectively (Hawthorne 1999). In the
case of Sr randomly substituting for 37% of Ca at the A
site, the resulting Lewis acidity of the interstitial cation
becomes 0.25 v.u. [(63 � 0.28 + 37 � 0.20) / 100]. As
this value satisfies the valence-matching principle, a
stable strontian collinsite variety with a disordered ar-
rangement of Sr versus Ca forms where Sr is present in
the collinsite-forming solutions. Ba is found in collinsite
only in minor quantities (Table 1). In addition to the
significant difference in ionic radii between Ca2+ and
Ba2+, the limited incorporation of Ba in the structure
may be due to its much lower Lewis acidity relative to
that of Ca (Brown 1981). Consequently, Ba accumu-
lated in residual solutions during the crystallization of
collinsite and was deposited as rimkorolgite (Britvin et
al. 1995) or gorceixite (Liferovich et al. 1999).

Conditions of the formation of collinsite-bearing
assemblages

The conditions under which the hydrothermal pro-
cesses took place were estimated on the basis of our
study of the collinsite-bearing parageneses. The variety
of hydrothermal minerals replacing primary pyrrhotite
(gladiusite, vivianite, several generations of pyrite, mag-
netite and pyrrhotite, etc.) testifies to the variability of
f(S2), f(O2) and pH–Eh due to the openness of the hy-
drothermal system, i.e., the lack of equilibrium
(Liferovich et al. 2000b). The f(CO2) in hydrothermal
solutions was insufficient to form siderite after pyrrho-
tite, which is a typical product of similar hydrothermal
alteration in a carbonatite at Khibina (Zaitsev et al.
1998). This relatively low f(CO2) allowed the upper
limit for the temperature of the hydrothermal process to
set below 270–250°C, which corresponds to the release
of gaseous CO2 from a carbonatite-derived fluid
(carbotherm) that initially had dissolved 30–60 mol.%
CO2 (Bowers & Helgeson 1983, and references therein;
Bulakh & Ivanikov 1984, Zaitsev et al. 1998). This ther-
mal range agrees well both with data presented by Ting
et al. (1994) concerning the temperature of homogeni-
zation of H2O–CO2 fluid inclusions in carbonatites, and
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with data given by Pirogov (1987) showing that a
postmagmatic generation of apatite in the Kovdor
carbonatites has trapped the liquid inclusions which
decrepitate at 270°C. Cocrystallization of the hexago-
nal pyrrhotite and collinsite shows that temperature of
their deposition was above 248°C, according to the data
of Kissin & Scott (1972) on the crystallization of iron
monosulfide polymorphs from aqueous solutions. These
estimates agree with range of 270–120°C given by
Moore (1973) for the crystallization of fairfieldite-group
minerals in highly fractionated pegmatites. We thus
suggest that the collinsite-bearing assemblages at
Kovdor were formed under similar low-temperature
conditions.

The (87Sr/86Sr)i characteristics of the collinsite-bear-
ing assemblages (Table 4) shed light on the source of
the hydrothermal solutions, which must have been de-
rived from an orthomagmatic fluid fractionated from the
mantle-derived Kovdor phoscorites and carbonatites,
i.e., they were juvenile by definition. The fluid was not
derived immediately from the 87Sr-rich veins of dolo-
mite carbonatites that host the hydrothermal assem-
blages. Without going into details, we can suggest,
according to model of Farver & Giletti (1989), that the
primary fluorapatite in the unaltered (intermediate) parts
of the dolomite veins had been enriched with 87Sr as a
result of dynamothermal metamorphism (caused by
postmagmatic disturbances along the NE-trending fault)
i.e., without any contribution from the crustal compo-
nent. Whole-rock enrichment of a dolomite carbonatite
with 87Sr, as described by Landa et al. (1982), probably
had more complex reasons and could be due to the re-
distribution of 87Sr from the Rb-rich jacupirangite
(Verhulst et al. 2000) that had been cross-cut by the
dolomite carbonatite and underwent the same
dynamothermal disturbances.

Recent findings by Barrat et al. (2000) show the sus-
ceptibility of the apatite structure to Sr introduction
under metamorphism and the resistance of the structure
to removal of the secondary Sr by any solutions, even
through partial leaching of the mineral. Creaser & Gray
(1992) demonstrated the preservation of the (87Sr/86Sr)i
ratio in apatite upon the hydrothermal alteration of an
igneous rock. This leads us to formulate at least three
conclusions: i) the relatively high 87Sr/86Sr value in the
primary fluorapatite of the dolomite carbonatite had not
been changed via hydrothermal alteration of the
carbonatite, and can thus provide correct information on
the dynamothermal event that took place before these
alterations; ii) the hydrothermal hydroxylapatite in the
mineralized vugs could not have been depleted in 87Sr
as a result of any epigenetic waters that entered the hy-
drothermal system (an influx of the groundwater into
the system has been taking place for at least the last 35
years, during which time phoscorites and carbonatites
have been intensively mined in an inundated open pit);
iii) the similarity in Sr isotope compositions of the
collinsite, goyazite and crandallite, which are coeval

with the hydroxylapatite (Table 4), demonstrates the
preservation of (87Sr/86Sr)i values in these species as
well.

Unfortunately, examination of the stable isotope sys-
tems in the same hydrothermal minerals may provide
misleading data on account of the unknown behavior of
these systems in complex hydroxy-hydrated phosphates
in contact with epigenetic solutions; the �Nd versus �Sr
approach to the genetic consideration is hampered by
lack of REE in the hydrothermal phosphates of the
Kovdor complex (Liferovich et al. 1999).

We can assume from the textural evidence and the
Sr isotope characteristics that collinsite-bearing assem-
blages were superimposed upon the dolomite
carbonatite veins, and thus, the mineralized veins of
vuggy dolomite carbonatite should not be regarded as a
peculiar, highly fractionated carbonatite, enriched in the
volatiles, P, Sr, and Ba. Although the hydrothermal
collinsite-bearing assemblages sampled here are con-
fined to faults relatively near the surface, groundwater
did not contribute crustal Sr to the hydrothermal sys-
tem. This feature can be explained in terms of an up-
ward flow of juvenile solutions under high pressure that
did not allow for marked influx of crustal water prior to
the crystallization of the hydrothermal phosphates.

The deposition of assemblages from hydrothermal
solutions that differed markedly from their host rocks
in (87Sr/86Sr)i shows that these assemblages were formed
under conditions that were unfavorable for the homog-
enization of 87Sr/86Sr values between the rock and the
fluid through intense rock–fluid interaction. Homogeni-
zation of the Sr isotope composition between the car-
bonate rock and the hydrous solutions was not achieved
within the temperature range 270–110°C under condi-
tions of wide variations in pH–Eh, f(O2), f(S2) and rela-
tively low f(CO2).

The history of growth of the collinsite-bearing as-
semblages clearly indicates the complicated nature of
the hydrothermal processes that take place in
carbonatites associated with alkaline-ultramafic massifs.
It illustrates the final stage in the crustal evolution of
mantle-derived orthomagmatic fluids.
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