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Abstract

A carbonatite dyke from the Sarnu-Dandali alkaline complex, Rajasthan, India, contains a
remarkable suite of rare earth, strontium-rich minerals with spectacular primary textures.

Sr, Mn-rich calcite in the outer 5 mm of the dyke contains exsolved lamellae of carbocernaite,
(Ca,Na)(Sr,Ce,Ba)(COs),, orientated parallel to its twin and cleavage planes. The amount of exsolved
carbocernaite increases away from the dyke margin as the Sr content of the calcite increases to a
maximum 13 wt.%. Sr levels as high as this in calcite have previously been recorded only in
experimental work. The carbocernaite exsolution suggests that Sr-rich calcium carbonate can be a host
for major amounts of REF in carbonatite magma.

Separated by a sharp internal boundary, is a complex possibly cotectic intergrowth of carbocernaite
and Sr-rich calcite with late Ca-rich strontianite (19 wt.% CaO). Other minerals in the dyke include
baryte, pyrrhotite, alabandite, sphalerite and occasional bastnisite—(La) and thorite. Bands of late
britholite-(Ce) traverse the dyke.

The host rock for the dyke is fenitized melanephelinite which is itself traversed by narrow, <1 mm,
carbonatite veins beleived to predate the carbonatite dyke. Allanite, britholite-(Ce) and rare
monazite-(Ce), developed at the boundary between the carbonatite dyke and the fenite, may have
been produced by a reaction between the dyke and the wall rock, or may be related to the later
britholite mineralisation. '

The textures and mineral compositions indicate primary crystallisation. They are unique amongst
rare earth-rich carbonatites which are usually late-stage phenomena with signs of secondary alteration.

Comparison with experimental data available for the calcite—strontianite system suggests conditions
of 500 °C and 2 kbar for coexisting Sr-rich calcite and Ca-rich strontianite. A smaller scale intergrowth
of calcite containing only 2.9 wt.% SrO and coexisting Ca-strontianite may correspond to a further
unmixing at 350 °C and 2 kbar. Since no experimental data are available for a calcite—carbocernaite~
strontianite system, mineral chemistries and the interpreted sequence of crystallisation have been used
to construct a hypothetical phase diagram.

KEYwoRDSs: carbonatite, Rajasthan, REE, strontian calcite, carbocernaite, strontianite, britholite-
(Ce), cotectic, exsolution, micrographic intergrowth.

Introduction of a suite of alkali pyroxenites, melanephelinites,

ijolites, and micro-melteigites cut by thin dykes of

THE alkaline igneous rocks of the Sarnu-Dandali  carbonatite with later thin dykes of foidal syenite
area, Barmer District, Rajasthan, India, consist and phonolite (Chandrasekaran et al., 1990). The

Mineralogical Magazine, September 1993, Vol. 57, pp. 495-513
© Copyright the Mineralogical Society



496

assemblage occurs as scattered outcrops sur-
rounded by wind-blown sands and covers an area
of ca. 200 km®. The purpose of this paper is to
describe and interpret the 25 mm wide marginal
portion of one of the carbonatite dykes. This has
been found to contain an assemblage of REE, Sr
and Mn-rich carbonates that is remarkable both
for its unique mineral compositions and for its
spectacular mineral textures. The dyke is believed
to be about 100 mm wide, although only the outer
25 mm could be sampled. It penetrates a melane-
phelinite (described by Chanadrasekaran et al.,
1990, samples C251 and C253) and has fenitized
its surrounding host rock. The carbonatite suite as
a whole has not yet been studied in detail but it is
known that other carbonatites are also REE-rich.

Analytical methods

Whole-rock analysis for major elements was
made by X-ray fluorescence analysis at the
University of Leicester with an ARL 8420 dual
goniometer wavelength dispersive spectrometer
using a 3kw Rh X-ray tube. The data were
processed using ARL 386 software. The trace
elements were similarly analysed but using 3 kw
Rh and W tubes on the Philips PW1400 X-ray
spectrometer. Duplicate analyses were per-
formed using combined atomic absorption and
spectrophotometric methods as described by
Srivastava (1977). CO, was determined
gravimetrically.

Electron microprobe analysis and backscat-
tered electron imagery were carried out at The
Natural History Museum, London. A Hitachi
$2500 scanning electron microscope equipped
with a Link AN1055/S energy-dispersive analysis
system (operated at 15kV and 1nA on a
vanadium calibration standard) was used for
preliminary analyses and to check beam sensitive
material. A Cambridge Instruments Microscan 9
wavelength-dispersive microprobe (operated at
20 kV and 25 nA specimen current on the Fara-
day cage) was used for the analysis of REE-
minerals. A set of REEF silicate glasses, synthe-
sised at the University of Edinburgh, were used as
standards for the rare earth elements and empiri-
cal correction factors were used for the inter-
ference where necessary. Matrix correction was
by ZAF.

The identities of two of the minerals, calcite
and carbocernaite, were checked by X-ray
Debye-Scherrer powder diffraction.
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Whole-rock chemistry

The whole-rock chemistry was determined
before it was appreciated that the dyke was
heterogeneous and therefore the analysis repre-
sents the whole of the marginal portion of sample
C254, excluding the fenite and the calcite veins.

In terms of its major oxide constituents
(Table 1), the carbonatite has a composition
transitional between that of sovite and ferrocar-
bonatite, with some unusual features. (1) The
MnO content is high at nearly 3%. However,
MnO is known to increase with the fractionation
of carbonatite (Clarke ez al., 1992, in press). (2)
The high sum of Na,O + K;O at >1% is
abnormal because there are no feldspars, micas,
amphiboles or pyroxenes in the carbonatite.
Carbocernaite is a possible host mineral for the
sodium but the host for the potassium is not
known. (3) Elements usually present in low

TABLE 1
Whole rock analysis of carbonatite dyke

c254

wt?%

S ioz 2.27
T i02 0.06
Al 203 0.35
Fe,05(T) 4.65
Mn0 2.78
Mgo 0.88
Ca0 39.30
Nazo 0.75
KZO 0.63
PZOS 0.76
LoI 34.00
Total 86.43
Total 101.00
including
trace elements

ppm
v 1
cr 6
Ni 17
n 3400
Ga 7
Rb 1
sr 53000
Y 133
r 1
Nb 227
Ba 11830
La 22850
Ce 27750
Nd 4950
Th 34

Fezos(T) = total iron as Fe,05
Lo1 = loss' on ignition
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quantities in carbonatite are present in major
proportions, viz. ca. 6% REE, 5% SrO and 1.2%
BaO, and this prompted the electron microscope
search for thc REE-bearing host minerals.

The multi-element variation diagram (Fig. 1),
in which the Sarnu carbonatite is compared with
the average carbonatites of Woolley and Kempe
(1989), shows that the Sarnu carbonatite has the
chemical character of a typical carbonatitc that
has undergone fractional crystallisation, as shown
by Clarke etal. (1992). It has relatively high
normalised ratios for La, Ce, Nd and Ba but a
slightly lower ratio for Sr. Nb, Zr and Ti have
smaller ratios as appropriate to clements that
occur in minerals commonly fractionated early
from carbonatite magma, i.e. pyrochlore, zircon
and titaniferous magnetite. P is also usually much
reduced in fractionated carbonatite owing to the
carly precipitation of apatite, the P content of the
Sarnu carbonatite is only slight lower than that for
the average carbonatites plotted on Fig. 1. This is
surprising in view of the lack of apatite in the
dyke. However, clectron microprobe analysis

revealed an abundance of the mineral britholite-
(Ce) (the silicatec analogue of apatite) which
contains minor P as well as rare monazite-(Ce)
(30 wt.% P,0s) and probable dagingshanite.

Mineralogy and petrology

Hand specimen

In hand specimen the boundary between dark
grey fenitized melanephelinite and the light grey
carbonatite dyke is sharp. Immediately adjacent
to the fenite there is a 5 mm wide band of coarse-
grained carbonatite which is darker in colour than
the rest of the carbonatite due to the presence of a
greater concentration of <0.5mm opaques.
Beyond this band the carbonatite is medium-
grained and apparently uniform.

Thin section

At first sight, under an optical microscope, the
carbonatite appears to be composed almost
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Sarnu dyke C254 (Table 1) with average calciocarbonatite and fcrrocarbonatite of Woolley and Kempe (1989).
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entirely of calcite with rare isolated crystals of
opaque minerals and faint outlines of possibly
more complicated textures. However, the texture
of the carbonatite is beautifully displayed under
the scanning eclectron microscope by backscat-
tered electron imagery of a polished thin section
(Fig. 2).

The main constituents of the carbonatite are
strontian calcite, carbocernaite (Ca,Na)(Sr,Ce,-
Ba)(CO3)2, bl’ithOlitC-(CC) (C32CC3(SiO4)3_
(OH,F)), and calcian strontianite, plus minor
baryte, pyrrhotite, sphalerite, alabandite (MnS),
Fe-oxides and, probably, daqgingshanite (Sr,Ca,-
Ba,Ce),(PO4)(CO3);). In addition, an assemb-
lage of allanite-(Ce), britholite-(Ce) and rare
monazite-(Ce) is present at the boundary
between the carbonatite dyke and the fenite.

The dyke is heterogeneous and, for clarity, the
carbonatite and fenite have been divided into
seven Areas, A—G (Fig. 2). The main features of
each of these areas is described in Table 2 which
may be used together with Figs 2, 3 and 4.

Mineral chemistry

Calcite in the dyke contains exceptionally high
levels of Mn and Sr (Table 3). Values for MnO
range from 3.15 to 4.34 wt.% and SrO ranges
from 2.9 to an unprecedented 13 wt.%. These
figures can be set against values normally
reported from carbonatites of about 1-2 wt.%
SrO and 1 wt.% MnO. It is possible that the Sr
and Mn could be in an exsolved phase and not
actually in the calcite structure. That this could be
a microscopic phase, is largely discounted by the
uniform backscattered coefficient of areas much
larger than the spatial resolution of the electron
microprobe and an XRD confirmation of calcite.
However, there is still a small possibility that
cryptocrystalline exsolution textures may be
present and a transmission electron microscopy
study would be extremely useful.

The Sr content of calcite increases from Area A
to Area B concomitant with the increasing
amount of exsolution; compare analyses 1 and 2
in Table 3 which contain 4.98 and 10.77 wt.%
SrO respectively.

Compositions in Area C are also variable.
Much of the calcite is high in Sr and Mn and,
therefore, similar to calcite in the exsolved
crystals of Area B (analysis 3 in Table 3), but in
contrast, calcite in the centre of crystals which
contain a calcian strontianite—calcite small-scale
intergrowth (Fig. 3d) contains much less Sr
(analysis 4, Table 3).

Calcite in the narrow veins penetrating the
fenite is of a (relatively) low Sr, low Mn variety
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(analysis 6, Table 3) and is much more like a
‘normal’ carbonatite calcite.

Chemical trend across Areas A and B. The
apparent chemical trend across the outer part of
the dyke (i.e. Areas A and B) shown by the
changing Sr content of calcite and the increase in
the amount of exsolved carbocernaite was tested
by making a series of ten raster analyses on areas
of about 120 x 150 um, chosen to cover both
uniform calcite and exsolution features with as
few impurities as possible. The results (Table 4)
were used to construct plots of Ca and Sr versus
the degree of exsolution on an arbitrary scale of 1
to 5 based on the size of the carbocernaite
lamellae seen on a backscattered electron image
(Fig. 4). These graphs confirm that there is a
general trend in the ‘pre-exsolution composition’
of the carbonate. Ca decreases and Sr increases
with increasing distance from the dyke margin.
Thus, the crystals at the edge of the dyke are not
simply frozen equivalents of the crystals with the
large exsolution lamellae.

Calcian strontianite, whether as blebs in Sr-rich
calcite, narrow partial mantles on large carbocer-
naite crystals (Fig. 3c), or strontianite in Sr-poor
calcite (Fig. 3d), varies little in composition
throughout Area C. The Ca content of the
strontianite is exceptionally high with nearly
20 wt.% CaO, equivalent to 52 mol.% Ca {ana-
lyses 7, 8 and 9 in Table 3).

Experimental data for calcite and strontianite.
Although the Sr levels in the calcite and the Ca
levels in strontianite are higher than any pre-
viously reported in natural rocks, such compo-
sitions have been synthesised in experimental
studies. The effects of Sr substitution on the
calcite (trigonal)-strontianite (orthorhombic ara-
gontie structure) equilibrium have been investi-
gated by Carlson (1980) and equilibria in the Sr—
Ba—Ca carbonate system have been studied by
Chang and Brice (1972). In order to compare the
minerals from Sarnu with experimental results it
is necessary to be satisfied that the impurities such
as Ba, Mn and REE will not have a major effect
on the phase boundaries. Chang and Brice (1972)
demonstrated that low levels of barium have very
little effect on calcite-aragonite equilibria. The
effect of the presence of Mn and REE (up to
0.38 wt.% in strontianite, Table 3) is not known,
but in order to fit the observed compositions to
the experimental data of Carlson (1980), REE
have been assigned to the Sr site and Mn to the Ca
site (see Table 3, mol.%). Fig. 5a shows that the
observed compositions of the coexisting neigh-
bouring calcite and strontianite at the edge of
carbocernaite in Area C (Fig. 3c) plot onto the
isothermal section at 500 °C at about 2 kbar. No
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Fig. 2. Composite backscattered electron micrograph of a polished thin section of Sarnu carbonatite C254. Area
A —strontian calcite (dark grey), some britholite-(Ce) (white) and opaques (whitc). See also Area E. Area B—
strontian calcite (dark grey), lamellae and interstitial crystals of carbocernaite (mid-grey), smail cquant opaques
(white) and concentrations of britholite-(Ce) (white). Area C—intergrown carbocernaite (mid-grey) and calcite
(dark grey); concentration of britholite-(Ce) at centre of this arca, approximately parallel with the dyke margin
(white); anhedral baryte at margins of large carbocernaite crystals (white). See Fig. 3 for details. Area D—calcite
(dark grey) with lamellae, and interstitial crystals, of carbocernaite (mid grey) and concentrations of britholite-(Ce)
(white). Area E—fenite—carbonatite boundary: on carbonatite side —calcite (dark grey), allanite-(Ce) (mid-grey)
and britholite-(Ce) (white). On fenite side—albite (dark grey) and phlogopite (grey). Area F—fenite. Major
constituents are albite and phlogopite. Area G—calcite vein (starts from here but not visible on backscattered
image).
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TABLE 2 Petrology of the Samu carbonatite dyke, C254

alabandite) Unevenly distributed small, equant, associated crystals
Minerals Comments pyrrhotite) of pyrrhatite (F 60.9, S 38.5 wt%) and alabandite (Mn
56.4, Fa 7.6, S 36.5 wt%), similar to those seen in
Aceas A and B. Also pyrrhatite at edges of large
carbocernaite crystals.
Area A calcite near fenite contact
sphalerite targer (300 gm) but rarer subhedral grains at grain
boundaries. High Fe at 13.9 wt% (Zn| ‘Fen L L 4252)
Outer 2-4 mm of the dyke o
britholite-{Ce)} Band cuts obliquely across the area, same as in Areas A

Sr-Mn-rich calcite

Large euhedral {~ 1mm) crystals.

Uniform backscattered coefficient on Fig. 2 but, under
higher magnification most crystals contain aligned
"blebs® (Fig. 4} which are too small for electron
microprobe analysis. Number and size of blebs increases
with increasing distance from the dyke margin, grading
into Area B.

and

Area D calcite with lameltae of carbocernaite and much
interstitial carbocernaite

Britholite-(Ce)) Irregutar band cuts obliquely across Areas A and B One centimetre into the dyke
{white, and shown on the inset, in Fip. 2). Concentrated
between the large calcite crystals and often within the - .
interstitiat carbocernaite. carbocernaite) Texture similar to Area B (Fig. 2) but proportion of
calcite) interstitial carbocernaite between the calcite is greater
and boundary between Areas D and C is less obvious
than the boundary between Areas B and C. Proportion of
alabandite) Small, equant crystals scattered throughout the calcite. calcite to carbocernaite is approximately 2:1.
phyrrotite) Minor phases.
britholite-{Ce)} Again within the interstitial carbocernaite.
Ares B Calcita crystals with large carbocernaite lamellae
Area E fenite-carbonatite boundary
1-3 mm wide
Hand specimen boundary is sharp
Sr-Mn-rich calcite Large euhedral crystals, slightly larger than in Area A
Crystals contain large exsolution lamellae of
brlthome (Ce))

carbocernaite, orientated alonv the calcite cleavages and
twin planes SOHZ) and {1011}, visible on Fig. 2 (see
also Fig. 3a). in transmitted luhl, the lamellae are
difficult to distinguish from the calcite, and under
crossed polars they are sometimes seen to be in opticat
continuity with it,

n thm sectlc‘)n the boundary is marked by aggregates of

monaznteOle))

{Ce) and rare monazite-(Ce)
which lie just within the carbonatite {Table 6 nos 8, 9
and 10, and Fig. 2}. May be fragments of the wall rock
which have become incorporated into the carbonatite
dyke and have reacted with it. No surviving "fenite”
mineral phases were detected.

carbocernaite Lamellae in calcite {see above) and 100 ym crystals

interstitial to the calcite. calcite these aggreg: is ibed in Area A.
britholite-{Ce}) Irregular band cuts obliquely across Areas A and B

{white, and shown on the inset, in Fig. 2). Concentrated ]

between the large calcite crystals and aoften within the Area F fenite

interstitial carbocernaite.
alabandite) Small, equant crystals scattered throughout the calcite in aibite Major phase. Euhedral turbid 40 x 400 m crystals.
pyrrhotite) both areas. Minor phases. Ab97, Table 7.

Area C “"cotectic” intergrowth of calcite and
carbocemaite

Complex intergrowth of carbocernaite and strontian

phlogopitic mica

Major phase. Turbid brown anhedral grains up to 1 mm
diameter. At margin with calcite vein (Area G} - mica is
green, more magnesian and with lower Al O, content
{Table 7) as typifies more strongly fenitizéd Micas iLe
Bas and Srivastasa, 1989).

calcite reminiscent of a "symplectic™ ar micrographic” opaques Mainly concentrated in the phlogopite and ilmenite plus
texture {Figs. 2 and 3b,c,d). Sharp boundary with Area B magnetite, the majority are about 10 ym in diameter but
defined by a line of carbocernaite (Fig. 2). ranging up to 400 ym.
carbocernaite Identity confirmed by XRD. Crystals vary in size from apatite Occasional crystals. Contain about 1 wt% SrO but no
150 pm to 1.5 mm. Not zoned. Contain occasional detectable REE (Table 7 no. 6).
inclusions of bastnisite-{La) (Fig. 3b and Table 4) and
thorite. Large crystals grade into the "micrographic™
texture. In places the carbocernaite is so narrow and
elongate as to resemble a spinifex quench texture.
Area G calcite vein in fenite
Sr-Mn-rich caicite Contains numerous <4 gm blebs of carbocernaite,
calcian strontianite (Fig. 3c). .
The fenite is cut by a number of fine calcite veins.
Largest vein is of variable width, maximum 0.2 mm, and
Ca-rich strontianite  Anhedral blebs in calcite and narrow partial mantles of penetratas the fenite from the carbonatite dyke.
the same strontianite at the edge of the large carbocer-
naite cvvstals {Fig.3c).
le in h in some calcite crystals calcite Sr-Mn rich but much less so than the calcite from the
consnsnno of strontianite and calcite (Fig. 3d). dyke {Table 3 no. 6). No exsolution.
baryte At margins of carbocernaite, anhedral 60 x 20 ym is rimmed by REE-rich titanite}an REE-
crystals (Fig. 3d). Contains 3.6 wt% SrO, traces of Na rich titanite (Table 8) similar in composition to that
and Ca. described in Skye granites by Exley {1980}
dagingshanite apatites Have REE- and Sr-rich rims and also_occasional tiny

{(Sr,Ca, Ba Ce] (PO HCO,}.). Smau (20 um) crystals at
the edge 6: 3d). is very
close to tha! of strontiym- uch dagmgshamte described
by Appieton gy al. 1992 from the Nkombwa carbonatite,
Zambia.

monazite-(Ce) crystals at their margins (Table 7).

other experimental conditions produced these

for carbonatite (Wyllie, 1989), and we believe
two compositions. This temperature is realistic

that the pressure is also consistent with the
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Fic. 3. Backscattered electron micrographs. (a) In Area B. Lamellae of carbocernaite (white) in calcite crystal (mid-
grey) with interstitial carbocernaite (white). Other small (<10 um) white crystals within the calcite are alabandite
and pyrrhotite. (b) Area C. Carbocernaite (mid-grey) —calcite (dark grey) intergrowth. Cluster of white crystals is
britholite-(Ce). Note also bastnasite inclusion (b). (c) Area C. Detail of area just to left of Fig. 3b. Carbocernaite
(cb), strontianite (slightly darker grey, to the left of carbocernaite) and calcite (black) with intergrown
carbocernaite and strontianite. (d) Area C. Detail of area outlined on Fig. 3b. Carbocernaite (mid-grey, one crystal
marked cb) with late dagingshanite (d) and baryte (b). Other white crystals are also baryte. The upper half of the
photo contains an example of the small scale strontianite (mid-grey)—‘low Sr-calcite’ (black) intergrowth. See
Table 3 for analyses. The lower half of the photo has ‘high Sr-calcite’ (black).



Bulk electron microprobe analyses of individual crystals in Areas A and B,

CARBOCERNAITE EXSOLUTION
TABLE 4

i.e. the analyses include both the calcite and the lamellae
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Anal. No. 1 2 3 4% 5 6 7 8* 9 10
Magnification X700 x700 x700 x700 X700 x700 x700 x700 x200 x700
Exsolution very Little little Llittle fine fine fine medium coarse coarse coarse
Type of 1 2 2 3 3 3 4 5 5 S
exsolution

Nazo - 0.42 0.25 0.40 0.30 - - 0.52 0.40 0.53
Mgo 0.25 0.33 0.25 0.59 0.36 0.32 0.49 0.50 0.61 0.39
Si02 - - - 0.25 - - - - - -
ca0 41.95 42,36 41.61 39.74 41.49 40.01 38.57 36.35 36.47 36.08
MNo 3.51 3.7 2.85 3.59 4.07 2.94 3.82 3.70 3.45 3.29
FeO(T) 0.37 0.48 0.41 0.61 - 0.77 1.38 1.53 0.99 0.43
Sro 5.73 5.16 7.49 7.26 6.74 10.18 8.82 10.93 11.09 11.76
8a0 - - - - - - 0.77 0.59 - -
Lazo3 - - - - - - 1.00 0.95 0.90 -
(:e203 0.72 - - 0.84 0.75 1.1 0.91 1.42 1.41 1.04
803 - - 0.22 - 0.30 0.48 - - 0.25 -
Totat 52.53 52.46 52.87 53.27 53.71 55.32 55.75 56.48 55.31 53.51

FeO(T) = total iron as Fe0
below EDS detection Limit of about 0.1 wt%
backscattered electron image on Fig. 4

*
"

amount of uplift and erosion likely to have
occurred in the Sarnu area since the Cretaceous
period.

The small-scale intergrowth of low-Sr calcite
and calcian strontianite in Area C (Fig. 3d,
analyses 4 and 9 in Table 3) is consistent with re-
equilibration at a lower temperature when the
amount of Sr that may have been accommodated
in the calcite decreased greatly, but the amount of
calcium in coexisting strontianite decreased very
little. A best match is achieved on the 350400 °C
isothermal sections, again at about 2 kbar
(Fig. 5b).

Carbocernaite, (Ca,Na)(Sr,Ce,Ba)(COs),, is a
rare mineral. Here it has been distinguished from
the chemically similar mineral, burbankite (Na,-
Ca,Sr,Ba,Ce)s(CO3)s, by X-ray diffraction and
by its stoichiometry which consistently gives a
ratio of 6: 6 cation : carbonate rather than the 6:5
ratio that would be expected for burbankite
(Table 5). We believe that the analyses presented
here are the first detailed microprobe analyses of
carbocernaite in the literature.

The first description of carbocernaite was from
a geological setting similar to that at Sarnu. It
occurs in 0.5 to 1 mm wide dolomite—calcite

carbonatite veins in pyroxenites and ijolites of the
Vuorjirvi Massif, Kola Peninsula (Bulakh et al.,
1961), although the associated minerals are differ-
erent. The chemistry of the Vuorjarvi carbocer-
naite is closely comparable with that at Sarnu.
Values for (calculated) CO, are very similar.
Strontium is higher at Sarnu than at Vuorjirvi,
21.4 wt.% compared with 12.43 wt.%, the high
Sr content being compensated by lower Na, REE
and Ca in the analyses reported here.

In Area B of the Sarnu dyke the exsolution
lamellac and interstitial crystals of carbocernaite
differ in composition (compare analyses 1 and 2
with 3 in Table 5), the former having lower Na
and Sr and higher Ca. The wavelength-dispersive
analyses of the exsolution lamellae given in
Table 3 were checked on the energy-dispersive
microprobe (which operates at a lower probe
current and so has greater spatial resolution) to
ensure that there was no contamination from the
surrounding calcite. There is little variation
within the carbocernaite of Area C which has an
average composition close to that of the inter-
stitial carbocernaite of Area B (compare analyses
4-9 and the average with analysis 3 in Table 5).

Throughout the dyke, carbocernaite is strongly
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of 1 (very little, fine exsolution) to 5 (abundant, large lamellae). For example, Fig. 4a show type 5 with large

lamellae of carbocernaite (white) in calcite (dark grey). Note also the presence of fine blebs (white) in the

background and larger rounded crystals of sulphide (white) (see also Figs. 2 and 3a). Fig. 4b is type 3 with abundant
fine, aligned blebs and occasional rounded sulphides.

light rare earth (LREE) enriched with La being
the dominant lanthanide in all cases except in
some of the exsolved material (Table 5).

There are no experimental data available on
the possible conditions of formation or phase
relations of carbocernaite.

Britholite-(Ce) varies little in composition
throughout the dyke (Table 6). It is always near
the end member Ca,Ce;(Si04);(OH,F).

Clark (1984) reports britholite-(Ce) as occur-
ring chiefly in nepheline syenites and contact
metasomatic deposits related to alkali syenites
and granites. For example, britholite-(Ce) is
present in place of the apatite in the more highly

evolved rocks of the Shonkin Sag laccolith,
Montana (Nash, 1972). Britholite-(Ce) thus
appears to be a low-temperature mineral asso-
ciated with late-stage or secondary events.

Rare earth patterns. All of the REE minerals in
the Sarnu carbonatite are strongly light REE-
enriched, as is characteristic of carbonatites.
However, the light REE-enrichment is particu-
larly strong and suggests a high degree of
fractionation. This is illustrated by the greater
enrichment in La relative to Ce and Nd of Sarnu
compared with that of the average carbonatites
on Fig. 1. The degree of light-REE-enrichment is
such that only the light REE are detectable by
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electron microprobe in most Sarnu minerals and  illustrate the major points. There is no relative
thus comparison of the chondrite-normalised fractionation between ‘exsolved’ and ‘cotectic’
REE patterns is a little difficult. However, a plot  carbocernaite (i.e. carbocernaite in Areas A, B,
of the ratios La/Ce verus La/Nd (Fig. 6) serves to  C and D) and the bastnésite inclusion in carbocer-
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TABLE 5
Electron microprobe analyses of carbocernaite and bastnisite-(La)

carbocernaite bastnisite
Area B B B c c c c c c c c
number 1 2 3 4 S 6 7 8 9 10 1"
ANALYSIS w-3 -4 W F H 1 J T u average sd

of 13
lamel tae interstital large crystals with britholite narrow crystals inctusion in
in calcite carbocernaite

NaZO 0.53 0.44 3.83 3.97 4.26 4.86 4.05 4.66 3.65 4.1 0.64 -
Mg0 - - - 0.23 - - - - - - -
Al203 - - - - - - 0.09 - - - -
Ca0 24.21 26.04 17.15 16.28 16.36 15.93 17.10 16.66 17.81 16.95 0.72 0.1
MnO 0.69 0.57 0.37 0.45 0.37 0.35 0.43 0.52 0.16 0.04
sro 16.01 15.78 18.74 19.67 21.60 20.22 23.33 22.26 23.98 21.36 2.41 0.15
Ba0 1.45 1.78 1.64 0.95 1.26 1.24 1.66 1.66 1.64 1.44 0.41 -
Laj0y 12.40 8.55 13.26 12.67 11.85 12.98 10.41 11.32 9.4 11.77 1.70 32.95
Ce,05 10.68 10.22 10.16 10.32 9.69 10.23 8.67 8.97 8.69 9.72 1.02 23.74
Pry0y 0.64 0.7 0.76 0.88 0.80 0.72 0.65 0.59 0.89 0.75 0.13 1.94
ud203 1.75 1.40 1.82 2.07 1.87 1.92 1.89 1.84 2.08 1.98 0.19 5.37
szo3 0.44 - 0.31 0.34 0.16 0.17 0.18 0.65 0.30 0.29 0.13 0.26
EuZO3 - - - - - - - 0.16 - - -
F - - - 0.21 - - - . 0.27 - 6.55
TOTAL 68.11 64.92 68.36 68.16 68.22 68.70 68.40 69.12 68.88 68.36 71.11
Wt% coz* 31.53 31.52 32.02 31.75 31.96 32.56 32.22 32.82 32.15 32.01 35.54
total* 99.64 96.44 100.38 99.91  100.18 101.26 100.62 101.94 101.03 100.37 106.65

formula to 20 O formula to 24(0)
Na 0.435 0.368 3.314 3.474 3.757 4.215 3.560 4.053 3.201 3.608 Ca 0.08%0
Ca 9.565 9.633 6.686 6.526 6.243 5.785 6.440 5.947 6.799 6.392 Mn 0.0243
total 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 Sr 0.0608

La 12.2917

Ca 1.409 2.385 1.514 1.345 1.728 1.881 1.867 2.059 1.832 1.826 Ce 8.7914
Mg 0.000 0.000 0.000 0.155 0.000 0.000 0.000 0.000 0.000 0.000 Pr 0.7130
At 0.000 0.000 0.000 0.000 0.000 0.000 0.048 0.000 0.000 0.000 Nd 1.9406
Mn 0.000 0.000 0.261 0.218 0.143 0.171 0.142 0.133 0.165 0.000 sm 0.0972
sr 2.544 2.553 3.141 3.334 3.689 3.411 3.972 3.750 4.073 3.631 totat 24.0000
Ba 0.240 0.301 0.287 0.168 0.225 0.218 0.299 0.299 0.291 0.255
La 1.935 1.358 2.182 2.109 1.988 2.150 1.741 1.873 1.525 1.965 F 13.9689
Ce 1.654 1.612 1.600 1.705 1.613 1.682 1.439 1.473 1.439 1.610
Pr 0.098 0.111 0.124 0.145 0.133 0.118 0.107 0.096 0.147 0.123
Nd 0.264 0.215 0.290 0.334 0.304 0.308 0.306 0.295 0.336 0.320
Sm 0.064 0.000 0.048 0.053 0.025 0.026 0.028 6.101 0.047 0.045
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.025 0.000 0.000
total 8.209 8.535 9.505 9.564 9.847 9.965 9.946  10.096 9.854 9.773
F 0.000 0.000 0.000 0.300 0.000 0.000 0.000 0.000 0.386 0.000

* = Co2 calculated by stoichiometry, and
sd = standard deviation
betow detection Limit

corresponding total

naite is also very similar. However, britholite-
(Ce) is consistently less light-REE-enriched than
the other Sarnu minerals. This may be because
the britholite-(Ce) represents a different stage of
mineralisation, with different relative concen-
trations of REE available from the mineralising

fluids and/or it could be that the availability of two
(7 and 9-fold coordinated) sites for REE in
britholite-(Ce) gives rise to a slight crystal chemi-
cal preference for the heavier REE. Some evi-
dence in favour of the second idea is provided by
the much more light-REE-enriched normalised
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TABLE &
Electron microprobe analyses of other rare earth minerals: britholite-(Ce), dagingshanite, monazite-(Ce), allanite-(Ce) and REE-rich titanite

AREA C AREA E AREA G
britholite-(Ce) daqingshanite britholite-{Ce) monazite-(Ce) allanite-(Ce) titanite
average of average of 3
average of 5 with at edge of
representative analyses 9 snalyses sd carbocernaite sd¢  carbocernaite sd
1 2 3 4 5 6 7 8 9 10 1
Mgo - - - - - - - - - 1.03 0.58
A0 . . . - R R - - - w2 3.42
$i0, 2.23 23.98 25.15  23.69 2.20 0.61 23.87 0.40 - 19.85 1.18 31.07 19.64
P05 0.59 8.5 0.15 2.31 0.89 0.6 8.50 £.31 8.82 0.43 2.08 28.96 - -
) 7.8 7.92 8.00 1119 8.65  0.96 8.31 0.39 7.75 1.57 10.22 0.34 8.37 2.34
Tio, R - - - - - - - - - 15.06
Q) 1.35 1.50 1.48 1.29 147 0.2 1.54 0.21 - 1.27 - 3 1.22
Fed(T) - - - - . - - - - 12.1 10.06
sro 1.34 1.50 1.73 1.85 179 0.32 1.80 0.42 33.41 1.37 2.9% - - 0.80
Y305 0.25 0.25 0.05 0.26 0.24 0.1 0.34 0.09 - - - - -
Bad - - - - - - 3.17 0.53 - - - -
La,0 1615 15.58  25.39  20.86 18.87  4.47  15.04 0.82 10.97 1.7 19.89 29.52 1.7 16.66
Cej0, 31.87  31.43  28.31  26.26 29.00 1.8  30.40 1.20 10.91 1.35 31.83 32.34 13.57 22.30
PV‘ZU3 3.18 3.25 1.89 2.35 2.60 0.50 3.0 0.23 - <1.2 2.07 - -
Nd,0 10.35  10.36 5.51 6.46 8.42 2.23  10.38 0.46 1.53 0.63 6.10 4.69 - -
Sm,0y 0.91 0.82 0.27 0.62 072 0.26 0.93 0.1 - - - -
£u,0, 0.21 0.26 B - - 0.22 0.05 - - - - -
§d,0, 0.88 .86 0.74 0.95 0.87 0.92 0.07 - - - - -
Dy, 0y 0.12 - - - 6.20 0.20 6.08 - - - -
Tho, 0.12 - - - 0.53 0.53 0.34 - - - - 1.63
F 1.27 1.36 1.94 2.26 1.52 0.37 1.2 0.14 n.a. n.a. n.a. n.a. n,a
0 - - - - - - 0.42 0.08 - - - -
TOTAL 100,66 99.66 100.61 100.33 99.97 99.41 77.29 94.18 99.10 95.34 93.7
0=F,CL 0.56 0.60 0.86 1.00 0.68 0.55 - - - N
TOTAL 100,10 99.06  99.75  99.33 99.29 98.86 77.29 94.18 99.10 95.34 93.71
Formula calculated to 25(D) 28¢0) 25(0) 24¢0) 25(0) 20¢0)
Ca 2,215 2.259  2.250  3.066 2.445 2.357 P 3.400 ca 3.076 si 0.278 si 6.232 si 3.600
Mn 0.302  0.338  0.32% 0.279 0.328 0.345 s 0.144 o 0.302 3 5.780 A 0.400
sr 0.133  0.150  0.171  q0.178 0.177 0.179 total  3.544 sr 0.310 total  6.058 total  4.000
Y 0.035  ©0.035  0.007  0.035 0.034 0.047 ¥ 0,000
8a 0.000  ©0.000  0.000  ©.000 0.000 0.000 ca 3.788 8a 0.000 ca 0.086 Mg 0.308 “g 0.159
La 1.571 1530 2,459 1,968 1.835 1.469 sr 7.935 La 2.061 La0;  2.570 AL 3.3614 AL 0.338
Ce 3,077 3.063 .71 2.459 2.800 2.947 Ba 0.567 ce 3.274 ce,0;  2.79 Ca 6.232 Ca 0.084
Pr 0306 0.315  0.18Y  0.219 0.250 2.250 La 1.846 Pr 0,000 Pr0y  D.178 an 1.802 Ti 2.595
Nd 0.975  0.985  0.517  0.588 0.793 0.982 ce 1.823 Nd 0.612 Nd,03  0.395 Fe 0.546 unp 0.189
sm 0.083  0.075  0.026 0,055 0.066 0.085 Nd 0.249 sm 0.000 total 6,024 la 0.868 Fe 1.542
Eu 0.019  0.024  0.000  0.000 0.000 0.020 total 16,208 Eu 0.000 ce 0.998 sr 0.085
Gd 0.077  0.076  0.064 0,081 0.025 0.081 6d 0.000 total  9.922 La 1.126
Dy 9.0t0  0.000  0.000  0.000 0.017 0.017 2% 0.000 ce 1.496
Th 0.007  0.000  0.000 0,000 0.032 0.032 ™ 0.000 h 0.068
total B.808  8.849  B8.723  8.928 8.801 8.852 total  9.636 total  7.682
3 0.132  0.133  0.033  0.500 0.198 0.201 3 0.495
si 6.390  6.383  6.604 6,060 6.381 6.322 si 5.577
total  6.522  6.516  6.637 4,560 6.579 6.523 total  6.072
f 1.059  1.145  1.611 1,828 1.270 1.040 ¥ 0.000
Analyses 1-6 by WDS, 7-11 by EOS
FeO(T) = total iron as FeO
n.a. = not analysed

- = below detection limits

patterns of monazite-(Ce) and allanite-(Ce) co-
existing with britholite-(Ce) at the boundary zone
(Area E).

Discussion
A carbonatite?

Although of unusual mineralogy in terms of its
mineral compositions, textures and the propor-

tion of REE minerals, this rock conforms to the
definition of a carbonatite (Le Maitre et al., 1989)
because its intrusive relationships are igneous and
because it is composed of >50% carbonate
minerals. Five further features confirm this identi-
fication. (1) The rock is part of a larger suite of
carbonatites and associated silicate rocks (Chan-
drasekaran et al., 1990), the former containing
similar minerals to those reported here. (2) The
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whole-rock chemistry is consistent with that for
carbonatite, but one that is unusually rich in many
compatible and incompatible elements (cf. Wool-
ley and Kempe, 1989). (3) The silicate rock
bordering the carbonatite is consistent with: hav-
ing been fenitized. (4) All the minerals reported
here are known from other carbonatites. (5) The
texture of the large calcite crystals, especially in
Areas A and B, of smooth crystal boundaries and
triple junctions, is typical of sgvitic carbonatites.

Comparison with oher carbonatites

REE-rich carbonatites are typically formed in
the late stage of carbonatite emplacement. They
are often Fe-Mg-rich carbonatites and they
usually exhibit secondary textures indicative of
formation under hydrothermal or carbothermal
conditions [Mariano, 1989). The textures of the
majority of REE carbonatites contrast markedly
with the magmatic. textures, indicative of mag-
matic temperatures, seen in the Sarnu dyke.

Therefore, the unusual mineral chemistry of the
Sarnu dyke may be linked directly to the unusual
conditions of formation: with carbocernaite, Sr-
rich calcite, Ca-rich strontianite and Sr-contain-
ing baryte at Sarnu in contrast with the more
common assemblage of Ca-poor strontianite plus
calcite (or frequently, dolomite/ankerite), Fe, Mg
oxides, RE-minerals and Sr-poor baryte seen: at
other localities, for example in the Kangankunde
and Nkombwa. carbonatites, in Malawi and Zam-
bia (Wall, 1991).

Perhaps the best known REE carbonatite is the:
intrusion at Mountain Pass, California (Olsen
et al., 1954). Although Mountain Pass and Sarnu
are quite different in terms of size, a comparison
between the two is useful because Mountain Pass
is one of the few carbonatites with evidence: of
primary crystallisation of major amounts of REE.
Some of the main carbonatite at Mountain Pass
(the Sulfide Queen carbonatite) consists of a
calcite carbonatite with an igneous texture com-
prising phenocrystal Sr-bearing baryte, calcite
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(with about 0.4 wt.% SrO) and RE fluocarbo-
nates such as bastnisite, synchisite and parisite.
Carbocernaite has not been reported. Experi-

thiental work by Jones and Wyllie (1986) predicts

that it would be possible to crystallise bastnzsite
from a carbonatite melt of Mountain Pass compo-
sition at about 600°C and 1kbar pressure,
condmons not far removed from the >500 °C and

naite at Sarnu.

The differing mineralogy can be related to

differences in bulk chemistry bétween the two
carbonatites. Two components distinguish Moun-
tain Pass from' Sarnu: the F and Sr contents.
Fluorine is high at Mountain Pass as shown by the
abundatice of the RE-fluocarbonate minerals. In
contrast, F is low at Sarnu and mainly restricted to
the post-magmatic britholite-(Ce) traversig
Areas A, B, C anid D (apart from rare inclusions

of bastnas1te in carbocernaite). Sr, however, is
hlgh at Sarnu and the presence of high levels of St’

in‘a magmiatic énvirontnent could be an important
factor in favouring the crystallisation of carbocer-
naite, as well as stabilising the first REE-rich
catbonate that then underwent exsolution to

prodiuce Sr-rich calcite and carbocetnaite in
Areas A and B. The exsolution téxtures in the

Sarnu carbonates indicate high solubility of Sr
and REE in the original carbonate melt. It is also
noteworthy that the two localities are similar in
that both have little apatite and the overall P
contents are low.

Interpretation of the textures

Calcite veins, Area G. Since the calcite vein
(Area G) in the fenite is cut by the carbonatite
dyke it is interpreted as being emplaced first.
Furthermore, because the calcite is' Sr- and Mn-
bearing as typifies carbonatites (Table 3), thé vein
G can be assumed to record an early manifes-
tation of carbonatité magmatism at this locality.
The apatite in the vein could have crystallised
from the carbonatite magma with the REE-rich
rims being formed later, at the same time as the
late-stage mineralisation marked by the britho-
lite-(Ce) bands. Alternatively, because both apa-
tite and magnetite are also found as constituents
of the fenite, it is possible that they are relicts of
the original rock that survived in the carbonate
vein but have been affected by later REE
mineralisation. Ilmenite has been noted else-
where in the fenite associated with magnetite and
may have been a source of titanium for the REE-
rich titanite.

Areas A, B and E. Areas A and B, which are

cut by C, represent the next phase. Since the grain
size increases from A to B, it is suggested that A
représents the initial and ch1lled component of
this phase. The marginal zone of the fenite in
contact with' A is altered from the fenitic assemb-
lage of albite + phlogopite to an allanite-(Ce)—
britholite-(Ce)y assemblage (Area E). The alter-
ation is superimposed on the fenitic assemblage
and, therefore, must be later. It could be caused
either by the adjacent Aréa A carbonatite, or by
the event that produced the oblique zone of
britholite-(Ce) across Areas A, B and C.

The gradual textural transition from A to B
with' increasing exsolution of carbocernaite is
accompanied by increasing REE and SrO in the
calcite crystallising from the carbonatite’ magma.
For example: succ’essively 6.3, 8.0, 8.8 and
11.2 wt.% SrO is showr in the averaged data of
rastet’ analyses in Table 4. The MnO contents
remain in the range 3-4 wt.%. The primary
caleite that crystallised in Area B is progressively
accompani¢d by the crystallisation of interstitial
carboceérnaite. This indicates that the carbonatite
magma moved compositionally across a field
crystallising increasingly Sr,REE-rich calcite {0 a
two-phase boundary where carbocernaite also
crystalhsed

Aréq €. The large strontian calcite=¢arbocer-
naite intergrown crystals of Area C are not
believed to be two' phases refated by exsolution
because the texture is markedly different from
that betwéen the same two phases in Area B.
However, it could be argued that the host phase in
Area C was the carbocérnaite, and exsolution of
Sr-calcite from it produced a texture akin to that
seen in perthitic feldspars. Were this the case,
such an' exsolution texture would be expected in
Area D. It is not observed. Symplectic inter-
growth ¢an' be ruled out because large patches,
and sometimes whole crystals, are in optical
continuity indicating single crystal growth. In
symplectites- optical continuity is, in contrast,
usually more localised with many centres of
crystal growth.

The intergrowth texture of Area C corresponds
more closely to micrographic crystallisation’ of
two phases on a cotectic. The ¢longate or spinifex
appearance of thé intergrowth in' places might
suggest rapid crystallisation from a supercooled
liquid. In addition, to this intergrowth; there is
exsolution of blébs and lamellae of carbocernaiteé
and Ca-rich strontianite from the Sr-calcite prob-
ably representing further cooling and/or decrease
in pressure. In' some calcite erystals this has
produced a' Ca-strontianite—‘low-Sr-calcite’ inter-
growth (Table 3, Fig. 3d).

Since the carbocernaite and Sr-calcite in Area
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TABLE 7
Electron microprobe analyses of minerals in fenite (Area F) and calcite vein cutting the fenite (Area G)

fenite Calcite vein
Area F Area G
1 3 2 4 S 6 7 8
phlogopite albite apatite apatite apatite
away from “'green" near rim core
calcite vein calcite vein FW25 FW35 FW30
SiO2 39.20 39.42 42.84 36.69 67.15 Sio2 - 2.9 -
Tio2 1.92 1.98 0.56 1.42 - PZOS 41.83 37.11 43.02
Alzo3 16.04 14.29 12.25 16.53 20.89 Ca0 52.71 45.95 51.59
FeO(T) 14.83 13.79 9.79 15.95 0.31 FeO(T) 0.34 - -
Mgo 15.89 17.41 21.43 15.22 - sro 0.91 1.61 1.73
Ca0 - - 0.33 0.25 0.59 La203 - 2.46 -
Na20 0.44 - 0.65 0.65 11.01 59203 - 5.22 1.16
K20 9.53 9.15 9.08 9.01 - Nd203 - 1.96 -
total 97.85 96.04 96.93 95.72 99.95 total 95.79 97.22 97.5
Mg:Fe 2:1 Ab 97.16

ALl analyses are energy-dispersive
FeO(T) = total iron as FeQ
- = below detection

C have the same compositions as the late-stage
carbocernaite and Sr-calcite in Area B (sce
Tables 3 and 5), similar crystallisation conditions
are envisaged, with the difference that a third
phase, Ca-rich strontianite, joined the other two
phases in the later stages of crystallisation,
followed by baryte and pyrrhotite. Thus the
composition of the liquid remaining in the final
stages of crystallisation of Arca B, was Iittle
different from that of the bulk of Area C,
indicating a further continuity in the source of the
carbonatite magma.

Inclusions of bastnisite-(La) and thorite in
carbocernaite indicate that these minor phases
crystallised early.

Summarising, the sequence of crystallisation
interpreted for Area C is as follows:

1. Minor bastnisite-(La) and thorite

2. Cotectic carbocernaite and Sr-calcite, joined
later by Ca-rich strontianite.

3. Late-stage magmatic crystallisation of baryte,
daqingshanite, and sphalerite. Exsolution to give
further carbocernaite, Ca-rich strontianite, and
‘Low Sr-calcite”.

4. Post-magmatic carbothermal crystallisation of
britholite-(Ce) along fracture zone.

Crystallisation of alabandite, Fe-oxides and
pyrrhotite is difficult to place within the sequence
and appears to have occurred throughout.

Area D. In Area D, the interpretation is similar
to that for Area C but with slower cooling causing
the more coarse-grained intergrowth of carbocer-
naite and Sr-calcite, and the more coarse-grained
exsolution of carbocernaite from calcite, with the
bulk composition remaining approximately the
same.

Construction of a phase diagram. A least-
squares mixing program, PETMIX (Bryan et al.,
1969), was used to calculate the proportions of the
phases from the whole rock analysis. The primary
carbonate (i.e. the Sr-calcite and the carbocer-
naite intergrowth) was taken as a single compo-
sition (78% by weight), interstitial carbocernaite
(2%), Ca-strontianite (1%), pyrrhotite (7%),
baryte (2%) and britholite-(Ce) (10%). The
components used were SiO,, FeO, MnO, CaO,
SrQ, BaO, P,0Os and total RE oxides. The sum of
squares of residuals was 0.420.
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Using data given in Table 4 and the above
interpretations, including the deduction that
Areas C and D represent cotectic crystallisation,
a possible phase diagram can be constructed for a
CO;-saturated system. It is plotted using the
wt.% components CaO—SrO + Ba)-RE oxide
(Fig. 7). The bulk composition of the whole dyke
lies in the Sr-calcite field at point X. The earliest
carbonatite recorded here crystallised to give
calcite composition G in the <1 mm veins. The
first phase of crystallisation in the dyke initially
precipitated a calcite richer in Sr, A on Fig. 7,
which with progressive fractionation became even

s

richer in Sr and in REE, B on Fig. 7. The bulk
liquid, however, must have moved along the line
B’, since the final crystallisation in Arca B is
carbocernaite in apparent equilibrium with the
Sr-calcite. The calcite, on cooling, intersected a
solvus on which carbocernaite was exsolved. Area
C would have had a composition such that it
coincided with the cotectic between the calcite
and carbocernaite fields, point C on Fig. 7. Owing
to the sharp discontinuity betwecen Areas B and
C, it is possible that C represents a slightly later
pulse of magma. It crystalliscd rapidly, presuma-
bly because Area B was relatively cold, and the

SrO+BaO

solvus/

Ca-strontianite

miscibility gap

X
Carbocernaite

Britholite
X

CaO

3. REE ox.

FiG. 7. Sketch of possible phasc diagram constructed from the analytical data in terms of wt.% CaO., (SrO + BaO),

and 2REE oxides. X = bulk composition of the whole dyke. A, B, C and G correspond to areas on Fig. 2. Dotted

line : variation in calcite composition, dash-dot line = inferred change in liquid composition, solid and dash lines =

position of cotectic (dashed where inferred). B', C' arc the calculated liquid compositions, C’ is taken from the bulk
analyses from carbonatc crystals given in Table 4. PQ is the line of the section given in Fig. 8.
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calcite again exsolved carbocernaite on cooling,
with strontianite also being exsolved. The subsoli-
dus relations envisaged are sketched on Fig. 8.

Conclusions

1. The Sarnu carbonatite dyke is particularly
rich in REE, Sr and Ba with 6, 6 and 1.2 wt.%
oxide in the bulk rock respectively. The texture of
the rock is much easier to see under a scanning
electron microscope than under a transmitted
light microscope. Detailed electron microprobe
analysis and backscattered electron imagery has
revealed a complex sequence of crystallisation of
strontian calcite, carbocernaite, calcian strontia-
nite and britholite-(Ce).

2. Limits of solid solution between calcite and
strontianite, not previously seen in nature, are
reported. The calcite has up to 13 wt.% SrO and
the strontianite up to 20 wt.% CaO. Comparison
with experimental systems suggests conditions of
about 500 °C and 2 kbar for crystallisation of high
Sr-calcite and high Ca-strontianite and 350 °C and
2kbar for later low Sr-calcite and high
Ca-strontianite.

3. The carbonatite is rare amongst rare-earth-
rich carbonatites in having evidence of primary
crystallisation of rare earth minerals and believed
to be unique in showing evidence of exsolution of
a rare-earth-rich phase from a calcium carbonate.
The presence of Sr is probably important in
stabilising the initial crystallisation of the
Str,REE-rich carbonate.

4. Determination of the mineral compositions
and interpretation of the beautifully developed
textures has allowed a first attempt at the

4
7 4

/strom,'
+L »

stront.

Temperature

Ccgs+carbo. + stront.

I ¥ i m

Strontianite
plus carbocernaite

Fic. 8. Sketch of possible pseudobinary system along
PQ of Fig. 7. Ccy = calcite; stront = strontianite; carbo
= carbocernatie. X = bulk compoesition of whole dyke.
L = liquid. A, B, and C correspond to areas on Fig. 2
and B’, C’ and the corresponding liquid composition.

Caicite

F. WALL ET AL.

construction of a phase diagram incorporating
solvi for calcite, carbocernaite and strontianite
and a calcite-carbocernaite cotectic.
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