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The Murun complex contains a nurnber of unusual and mineralogically unique rocks. 

Many of them are problematic in texms of their genesis and petrographic interpretation. These 

enigmatic rocks include charoite assemblages, as well as unique Ba-Sr-nch carbonatites and 

alkaline ultramafic dykes refmed to as lamproites or lamprophyres. 

Charoitites occur in about 25 localities dong the southem margin of the Little M u m  

intrusion. Obtained compositional data for charoite suggests, in general, the empirical formula: 

(K,Na)3(Ca,Sr,Ba,Mn)sSi12030(OH,F)- 3&0. X-ray diffraction patterns of mosaic-fibrous and 

schistose charoite are indexed using a primitive monoclinic ce11 with the following parameters: 

a =19.86(1) A, b=32.13(2) A, c=7.952(9) A, p97.24" (mosaic-fibrous) and n =32.13(2) A, 
b= l9.64(2) A, c=8.509(6) A, 8=95.23" (schistose). Some of the patterns of rnosaic-fibrous 

charoite can also be refined on a triclinic ce11 (a =19.96(1) A, b = 32.17(2) A, c =7.258(4) A, 
a=93.51°, fb99.45", y-89.50°). Cornparison of the compositional and structural data of 

charoite and "tubew-chah silicates of similar composition (canasite and miserite) suggests that 

charoite has a significantly higher relative proportion of Si04 tetrahedra to octahedrally- 

coordinated cations than two other minerais. Possible similarities between the structural motifs 

of charoite and phyllosilicates are demonstrated. 

The carbonati te bodies are confined to the aeginne-microcline fenite aureole in the 

southern contact zone of the Little Murun massif with the Precambrian crystalline basement. 

Three minerdogical types of the studied carbonatites are distinguished: calcite carbonatite (i), 

Ba-Sr-Ca carbonatite (ii), and phlogopite-calcite carbonatite (iii). In addition, the quartz- 

feldspar-carbonate rock is classified as a distinct lithoiogical type. Carbonatites of types (i) and 

(ii) noticeably differ in tenns of the composition of rock-forming silicates (potassium feldspar 

and clinopyroxene) and primary carbonates (Sr-rich calcite or barytocalcite, respectiveiy). In 

both cases, the primary carbonates underwent complex exsolution processes. Typical 

exsolution textures are represented by primary carbonates in a core, and the subsolvus mineral 

assemblage wnfked to marginal parts of the crystal. The composition of the primary 

carbonates bewmes progressively depleted in Ba + Sr (calcite) or Sr (barytocalcite) towards the 

margin, suggesting that interstitial fiuids played an important role in the onset of exsolution 

processes promoting an outward diffusion of components in the peripheral zones of carbonate 



crystals. In contrast to the calcite-carbonatite, the phlogopite-calcite carbonatite [type (iii)] is 

devoid of clinopyroxene and Ba-Sr-Ca carbonates, and rarely exhibits exsolution textures. 

Potassium feldspar and phlogopite from the carbonatite of type (iii) are Ba-rich, and show core- 

to-rim zonation pattern of decreasing Ba content- The mineralogical differences between the 

carbonatites of types (i) and (iii) clearly indicate that the latter crystallised f?om a volatile-rich 

magma depleted in Na, under more reducing conditions, and upon crystallisation, underwent a 

rapid Ioss of residual volatiles. Texturd and minerdogicaI features of the quartz-feldspar- 

carbonate rock suggest that the rock is transitional from carbonatites to quartz-calcite rocks 

locally known as "torgolites". 

The youngest igneous suite at M u m  is represented mostly by dykes and sills. Studied 

hypab y ssal and volcanic rocks are divided into eight petrographic groups : lamprop hyre, 

pseudoleucite syenite, pseudoleucite italite, kalsilite melasyenite, eudialyte-bearing syenite, 

"potassium-batisite" syenite, Iamprophyllite- and barytolarnprophyllite-bearing syenite, and 

aegirlliite. The compositional trends of mafk minerals fiom different groups clearly indicate 

that their parental magmas could not be derived fiom the same source, and that the magma 

rnixing cannot account for the diversity of the hypabyssal rocks found at Murun. The 

compositional data of mafic minerals are in agreement with the previous findings, supporting 

the consanguuieous nature of Iamprophyres, phlogopite clinopyroxenites and shonkinites 

(including melasyenites). The syenitic rocks containhg major proportions of such "agpaitic" 

minerals as eudialyte, "potassium batisite" and larnprophyllite-group minerals clearly represent 

the most evolved magmas. Compositions of their characteristic accessory minerals crystallised 

early in the evolutionary history suggest enrichment of parental magmas in Sr, Ba and Zr. The 

compositions of mafic minerals from pseudoleucite syenites fall off major evolutionary trends, 

therefore the source of these rocks is uncertain. 

Clearly, further studies of the geochemistry and mineralogy of the alkaline ultramafic 

rocks, unique Ba-Sr-rich carbonatites and charoitites of the Munin complex are required. 
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CHAPTER 1. Introduction 

1.1. Geological setting 

The Murun potassic alkaline complex is one of the largest in the Aldan Shield of eastern 

Siberia. The complex is a part of the Atbastakh-Munui region of the north-western Aldan Shield. 

The Murun complex and its fenite aureole occupy a total area of approximately 150-1 80 sq. km at 

the current level of erosion. The complex incorporates four distinct intrusive bodies, induding 

Bol'shoi (Great) M u m ,  Malyi (Little) Murun, Dagaldyn and Kedrovyi (Cedar) (Bonsov & 

Evdokîmov 1984; Konev et al. 1996). The Little Munin is the largest (ca. 48 sq. km) and the best 

studied of these intrusions- 

The Cretaceous alkatine magmatism at Murun is generally c o f i e d  to the contact between 

the Archean crystalline basement of the Aldan Shield and the upper Proteîozoic - Cambrian 

sedimentary basin (Fig. 1.1.1). Most authors recognise the following major intrusive phases within 

the M u w  pluton: clinopyroxenite, melasyenites and shonkinites, syenite-porphyries, alkaline 

syenites, kalsilite and pseudoleucite syenites, nepheline syenites, phonolites and trachytes, dikes of 

agpaitic rocks and minettes, and carbonatites (Borisov & Evdokimov 1994; Ivanyuk & Evdokirnov 

1991, Mitchell & Vladykin 1996, Konev et al. 1996; Figs. 1.1.1,2.1.1). The individual multiphase 

intrusions show little or no evidence of in situ magrnatic differentiation. 

With a few exceptions, the Murun rocks are distinctly potassic in character, with the K to 

Na atomic ratio reaching 14 in some peîrographic units. Some varieties of kalsilite-bearing rocks 

show unusual textural features, and bear local names Ullfafniliar to most of western petrologists. 

These include kalsilite analogues of urtite-melteigites and juvites (yakutites and feldspar yakutites, 

respectively), and also massive pseudoleucite rocks in which leucite has been replaced by an 

aggregate of kalsilite plus potassium feldspar (synnyrites and melasynnyrites). It is noteworthythat 

a few rock types fiom Murun have been described under different narnes by different authors (for 

example, see Chapter 4.1). In some studies, petrographic characterisation and interpretation of 

certain rock types ("lamproites", yakutites, phlogopite clinopyroxenites, among others) has clearly 

been made on the basis of premature deductions about their genesis. 

1 





1.2 Background information 

The complex was discovered in the late 1930-s - early 1940-s by the V-G-Ditmar 

expedition. Since then, dozens of scientists fiom different research and prospecting institutions 

have been involved in the geological exploration of Murun. As this exploration progressed, the 

complexity of the geological and tectonic situation at Murun became increasingly evident. The 

Murun complex is, perhaps, best known for a suite of Ca-rich fenitic rocks developed h m  the 

Proterozoic carbonaceous sandstones. Beginning in the 1960-s, a number of new minerals of 

unusual composition and structure have been discovered in the fenites. Many of these, 

including fiankamenite and the new gernstone charoite, are quite common in the M m  rocks, 

but have not been encomtered anywhere else in the world. 

There is no agreement between geologists as to what the composition of the parental 

magma was, or how the intrusions developed in time, or regarding genetic relationships 

between the individual petrographic series. At present, there are two major views on the 

evolution of the Murun complex. Orlova et al. (1987, 1988) suggest that the complex 

developed as a layered lopolith by magmatic differentiation. The alternative concept supported 

by Ivanyuk & Evdokimov (1991), Mitchell & Vladykin (1996), Konev et al. (1996) and others 

suggests that the individual intrusive phases were emplaced independently as a series of 

plutonic and hypabyssal bodies. 



CHAPTER 2. C haroi te. 

2.1. Occurrence, petmgraphic and minerrlogical features of chamite-bearing rocks 

(charoitites) 

Charoitite is the name used locdly to refer to a rock consisting of more than 50 vol.% 

of charoite. Charoitites occur in about 25 locahties dong the southern margin of the Little 

Murun pluton These are collectively known as the "Lilac Rock" charoite deposit (Fig. 2.1.1). 

Depending on the geologicd setting, four types of charoite-bearing rocks have been 

disthguished by Borisov (1 985). The charoitites of type I occur as thin (2-3 cm) veins of fine- 

grained massive charoite in aegirine fenites developed in the country sedimentary rocks: 

sandstones, shales and gneisses. The second and third types occur in breccia zones, and are 

represented by nests and veins of texturally diverse charoite (type two) and blocks of 

charoitite (type three). The charotites of we four are found at the contact with carbonatites. 

The charoitites of types two and three are mined comrnercially. 

A typical sarnple of charoitite consists of rounded grallis of quartz and microche, as 

well as euhedral crystals and steliate aggregates of greenish black aegirine, honey-yellow 

tinaksite and greenish grey fhnkamenite set in a mesostasis of charoite demonstrating a 

diversity of colours and textures (Figs 2.1.2-2.1 -5). Charoitites fkom some localities within 

the Lilac Rock deposit a h  contain large subhedral crystals of pearly-white platy fedorite and 

paie bluish green pectolite (Fig. 2.1.6), sprays of CO lourless strontian fluorapatite (Fig. 2.1.7) 

and brownish red miserite, as well as platy crystals of tokkoite, commonly in intergrowths 

with tinaksite. Associated minerals also include agrellite, hydroxyapophyllite (Fig. 2.1.8), 

Manite, turkestanite (Fig. 2.1.9), barite, sulphides and carbonates. The latter comprise calcite, 

strontianite, barytocalcte, witherite, burbankite and ancylite-(Ce), and commonly occur as 

segregations and microlayers conformable with layers of charoite (Fig. 2.1.10). In BSE 

images, carbonates commonly appear as exsolution aggregates similar to those f m d  in 

calcite carbonatite and Ba-Sr-Ca carbonatite (see Chqter 3), but containing generally greater 

proportions of strontianite and burbankite. Formuiae and representative compositions of some 

of the rock-formiog and accessory minerals of charoitites obtained in this work are 

summarised in Tables 2.1.1-2.1 .S. 



Fig. 2.1.1. .Schematic geological map of  the "Lilac Rock" deposit (after M.D. Evdokimov & 

Reguir 1994). 1: Quaternary rocks; 2 - 8: Cretaceous alkaline and carbonatitic 

rocks (2 - carbonatites and related rocks; 3 - charoitites, 4 - fenites, 5 - 
nepheline syenites, 6 - pseudoleucite syenites, 7 - porphyritic syenites, 8 - 

alkaline syenites); 9 - 12: Precambrian metamorphic and sedimentary rocks (9 - 
sedimentary carbonate rocks, 10 - sandstones and quartrites, 1 1  - granite 

gneisses; 12 - fenitized granite gneisses); 13: fault zones; 14: geological contacts 

(a - observe4 b - inferred). Individual charoitite localities are numbered 1-25 



Fig. 2-1.2. Radial aggregates of aegirine (dark green) in schistose 

charoite (iilac). Yellow - tinaksite. Actual size. 



Fig. 2.1.4. Frankamenite (grey, greenish grey) in undulatory-fibrous 

charoite (iilac). White roundish grains are quarfz. Actuai size. 

Fig. 2.1.5. Charoite (violet) developed interstitially between the grains of 

quartz and rnicrocline. Yellow - tinaksite. Note oblique chanrcter 

of charoite with respect to quartz and microcline. Actual size. 



Fig- 2.1 -6. Charoite (iilac, violet) in association with pectolite (green), tinaksite 

(yellow), aegirine (black), quartz and microcline. Actual size. 

Fig. 2.1.7. Strontim fluorapatite (radial aggregates, grey) and aegirine 

(brownish green) in charoite (crème). Parallel polars. F.O.V. 3.5 mm 



Fig. 2.1.8. Hydroxyapophyllite (dark brown) in a charoite-quartz-fedorite 

matrix with aegirine (black). Actual size. 

Fig. 2.1.9. Turkestanite (indicated by an arrow) in schistose charoite. Black - 
aegirine. Actual size. 



Table 2.1.1. Characteristic minor and accessory minerals of charoitites. 

Silicates: 

MISEIUTE 

FEDORITE 

TOKKOITE - 
PECTOLITE 

AGRELLITE 

T~NAKSITE 

DALYITE 

HYDROXYAPOPHYLLITE 

TURISESTANITE 

Sulph ides: 

MURUNSKITE 

D3ERFISHERITE 

IDAITE 

TIHALcusm 

Carbonates: 

: vacant site. 



Table 2.1.2. Representative compositions of exotic silicates fiom charoitites. 

Si02 
Ti02 
A 1 2 0 3  
Fe203 
Nb205 
Mn0 
Mg0 
Ca0 
Na20 
K20 
F 
-O=Fz 
&O 

Total 

55.6 L 
n.d 
n-d 
n.d 
n.d 

0.30 
n-d 

22.85 
6.3 O 
9.96 
n.d 

- 
n.d 

Total 96.99** 100.75' 95.44 99.95 98.27 

n.d = not detected. * Total also includes F e 0  0.12 m.%; ** Totd also includes (wt.%): Ba0 
0.47, L%03 0.94 and Ce203 1.51; # Total also includes (wt.%): REEz03 0.62 and CO2 0.82. Al1 
analyses obtained in this work (unless references are giveti). Analyses 1-3: tinaksite (1  - Mu-13; 
2 - Mu-IO; 3 - Mu-112); 4-6: fiankamenite (4 - Mu-13; 5 - Evdokimov & Reguir 1994; 6 - 
Lasebnik & Lasebnik 1981); 7-8: fedorite (7 - Mu-11; 8 - Lasebnik & Lasebnik 198 1); 9-10: 
pectolite (9 - Mu-1 1 7; 10 - Mu4 1); 1 1 - 12: miserite ( 1  1 - Mu-2; 12 - Lasebnik & Lasebnik 
1981); 13-14: tokkoite (1 3 - Mu-2; 14 - Konev et al. 1996); 15-1 7: dalyire (1 5 - Mu-Il; 16 - 
Mu-1I9/7; 17 - Konev et al. 1996); 18-19: hydroxyapophifite (MU-13). 



TabIe 2.1.3. Representative compositions o f  clinopyroxene, potassium feldspar and 
titanite fkom charoitites (this work)- 

SiO-, 
Ti02 

Fez03 
Fe0 
v 2 0 3  

m 2 0 5  
Mn0 
Mg0 
Ca0 
Na20 
K20  
Total 

Si 
Ti 
Al 
~e~~ 
~ e ~ '  
v 
h% 
Mn 
Mg 
Ca 
Na 
K 

Formulae calculated on the basis of: 

6 atoms of oxygen 8 atoms of oxygen 

n.d = not detected; * ~ e ~ i / F e ~ +  ratio calculated fkom stoichiometry. Analyses 1-4: 
clinopyroxene (Mu-13: 1-2 - core, 3-4 - nm); 5-7: potassium feldspar (5 - Mu-1 I ;  6 - Mu- 
13; 7 - Mu-l19/7); 8-9: titanite (Mu-117). 



Table 2.1.4. Representative compositions of strontian fluorapatite fiom charoitites 

(îhis work). 

1 2 3 4 5 6 7 
Wt. % low-AZ high-AZ hw-AZ high-A2 Zow-AZ h igh -AZ 

Total 101.61 100.67 98-76 99.1 1 101.23 101.39 100.89 

Fonnulae calculated on the basis of 8 cations 

n.d = not detected. AZ - average atomic number. Analyses 1-2 - Mu-139/14; 
3 4  - MU-13; 5-7 - MU-121. 



Table 2.1 S. Representative compositions of burbankite fiom charoitites (this work). 

Total* 100.36 98.83 97.70' 99.74 101.61 97.17 96.62 99.78 98.13 

Formulae caiculated basing on 1 5 atoms of oxygen: 

Na 1.688 1.709 1,524 1.807 1.813 1.775 1.617 1.837 1.520 
Ca 1.085 1.126 1.408 1.002 0.994 1.112 1.192 1.054 1.240 
C A  cations 2.773 2.835 2.652 2,809 2.807 2.887 2.809 2.891 2.760 

Ca 0.1 12 0.059 0.279 0.274 0.249 0.262 0.209 0.216 0.165 
Sr 2.681 2.851 2.310 2.424 2.421 2.252 2.279 2.664 2.757 
Ba 0.065 0.054 0.191 0.1 13 0.131 0.486 0.512 0.064 0.078 
La 0.072 0.014 0.081 0.077 0.089 - - 0.016 - 
Ce 0.070 0.022 0.116 0.112 0.110 - - 0.040 - 

B cations 3.000 3.000 3 . 0 0 0 ~  3.000 3.000 3.000 3.000 3.000 3.000 

n.d = not detected ; * calculated on the basis of stoichiometry. # Total also includes 0.14 wt-% 
Pr203 and 0.42 wt.% Nd2O3; ## s u m  also includes 0.006 apfû pr3+ and 0.01 7 apfb ~ d ~ ' .  
Analyses 1-2: Mu-I 1; 3 - Mu4 3; 4-5: Mu-121; 6-7: Mu-194/33; 8-9: Mu-139/14. 



Fig. 2.1.10. Bwbankite (grey) and Sr-rich barytocalcite (white) 

interlayered with charoite (black). BSE image. 

2.2. Background information on charoite 

2 -2.1 Name. rnorphoZogy, physical and optical properties 

Charoite was discovered in 1949 and confirmed as a new minera1 species in 1977 

(Rogova et al. 1978). According to the discoverers of the mineral, the name originates from 

the Chara River, situated close to the southem border of the Murun complex (Rogova et al. 

1978). An "unofficial" hypothesis suggests the Russian word "charovat' " (to charm) as a 

possible origin for the name (Evdokiroov 1995). 

Eight texturally different varieties of charoite have been previously distinguished 

(Borisov 1985; Evdokimov 1995). According to these authors, this iextural diversity results 

£rom different crystallisation conditions as well as tectonic settings in which charoite was 



Fig- 2.2.1.1. Massive charoite (Mac) with tinaksite (yellsw) cut by a veinlet of 

aegirine. Actual size. 

Fk- 2-2- 1-2. Mosaic-fibrous charoite (violet) bordered by a quartz-aegirine 

aggregate. Actual size. 



fomed. The earliest variety to c-xystallise is massive, very fine-grained charoite (Fig. 2.2.1.1)- 

It was followed by parallel nbrous, undulatory-fibrous (Fig. 2.1.4), felted, radial aggregates, 

mosaic-fibrous (Fig. 2.2.1 -2) and schistose varieties (Figs. 2.1 .2,2.1.3 and 2.1 -9). In addition 

to the texturd divemity, charoite shows a broad spectnun of colours fkom Mac to brown and 

grey, often within the same hand-specimen. As has been previously uidicated by several 

studies (Nikol'skaya et al. 1976; Yarovoi & Rokshaev 1992; Dutrow & Henry 1996), MI? 

and h4n3' ions are responsible for the colour and cathodoluminescence of charoite. Study of 

the iight dispersion characteristics of charoite (Bukhtiyarova et al. 1996) showed substantial 

differences in terms of transparency and dispersion indexes between different varieties of the 

mineral. These authors suggested that strong anisotropism in the light-dispersion properties is 

responsible for siiky iridescence of charoite, whereas the pearly iridescence occurs as a result 

of isotropie and smooth light dispersion. 

Macroscopically, charoite is characterised by vitreous or siky lustre. Measured 

density of the mineral is 2.54 g/cm3, hardness corresponds to 41 2k6 kg/mm3 (Mohs 5). In 

thin section, charoite is colourless. Thick fragments of the mineral c m  be slightly pleochroic 

fiom colourless to pink Optically, the mineral is biaxial positive, with 2V in the range of 28- 

30" and the following refraction indices: a = 1 .550(2); P = 1 -553 (2); y = 1.559(2) (Rogova et 

al. 1978). 

2.2.2- Crystal chemistry of charoite 

Since 1976, a number of studies on the composition of charoite have been published. 

At least, nine different versions of the empirical formula have been proposed (Table 2.2.2.1). 

The analytical data available show noticeable variations in the proportions of the major 

elements, i.e. Na, K, Ca, Si and H20, as well as the minor elements Sr, Ba and Mn (Table 

2.2.2.2). In some cases, minute amounts of Fe, Al, Mg, Ti, Zr and Th are also present in 

charoite. 



Table 2.2.2.1, Diverse fonnulae of charoite. 

Formula Reference 

Vasil'ev (1 990) 

Nikishova et al. (1985) 

Borneman-Starinkevich (1 982) 

Chukhrov (198 1) 

Kraeff et al. (1 980) 

Rogova et al. (1978) 

Lasebnik et al. (1 977) 

Nikol'skaya et al. (1 976) 

H z 0  is one of the most variable components of the mineral. In most studies, the water 

content was determined by thennogravimehic analysis. Rogova et al. (1978) and Kraeff 

(1980) observed continuous loss of hygroscopic H20 (ca. 2.4-3.2 wt.%) between 30°C and 

300°C, with a maximum at about 290-3 00°C. According to Kraeff (1 98O), the remainder of 

the Hz0 (ca. 1.5 wt.%) is released fiom charoite behveen 300°C and 490°C (maximum at 

about 430°C). Rogova et al. (1978) reported a loss of ca. 1.3 wt.% H 2 0  in the temperature 

range 300-600°C (maximum at 330°C), followed by gradua1 release of ca. 2.0 wt.% H20 fiom 

350°C to 1000°C, with minor maxima at 440°C, 760°C and 970°C. Charoite is prone to 

deuteric/secondary alteration and commonly shows evidence of dehydration, cation leaching, 

and release of Mn plus Fe in the form of hydroxides. 

2.2.3. Structural studies 

The crystal structure of charoite has not been thus far determined because none of the 

textural types yields crystals large enough for single-crystal X-ray studies. Even thin optically 

uniform fibers appear to be multi-domain intergrowths when examined with a CCD X-ray 



Table 2.2.2.2. Representative compositions of charoite fiom the previously published data. 

Si02 
A 1 2 0 3  
Fe203 
Fe0 
Mn0 
M g 0  
Ca0 
s a  
Ba0 
NaLO 
&O 
H ~ O +  
F 
-O=F-, 

Total 

57.70 
n-d 
0.80 
n.d 
0.10 
n.d 

23.24 
0.80 
2.03 
2.38 
7.87 
4.20 
0.25 
0.1 1 

99.26 

n.d = not detected; n.a = not analysed. Analyses 1-2: Rogova et al. 1978; 3: Kraeff et 
al. 1980; 4-5: Nikishova et al. 1985 (4 - representative analisis; 5 - average of 7 
analyses); 7-9: Konev et al. 1996 (4 - massive charoite, 5 - radial agregates of 
charoite, 6 - undulatory-fibrous charoite). * Total Fe is given as FeO; ** Total also 
includes 0.07 wt.% TiOz. 



detector (R-H-MitcheIl and P .Burns, personal communication). IR spectra of charoite were 

found to be reminiscent of layer silicates of apophyllite type (Nikol'skaya et al. 1976). A 

number of X-ray powder difiction studies conducted on charoite (Rogova et al. 1978, 

Nikishova & Lazebnik 1982, Nikishova et al. 1985) showed that most of the XRD patterns 

rneasured could be indexed on a monoclinic cell. However, there is a substantial disagreement 

among the researchers with regard to the unit-ce11 parameter values (Table 2.2-3.1). 

Taking into account compositionai similarities between charoite and monoclinic 

canasite bNa3Ca5(Sii2030)(OH,F)41, Rogova et al. (1978) suggested that these two minerals 

had some structural affinities. The crystal structure of canasite was detemiuied by Chiragov et 

al. (1969, 1972) and Rozhdestvenskaya et al. (1988). It consists of (Si12030)~ "tubes" 

(tunnels) comprising four wollastonite-like "dreiei' chains aligned parallel to [O 1 O]. The 

"tubes" are comected by octahedrally-coordinated Na and Ca comprising zigzag walls 

subparallel to (001). K atoms are accommodated within the "tubes", and are coordinated by 

nine or twelve oxygens (marginal and central sites, respectively) (Fig. 2.2.3.1). 

Nikishova et al. (1985) proposed that the textural features, optical properties, Debaye 

pattems and unit-ce11 parameters of charoite are more consistent with those of miserite 

w a s  (Si207)(Si6015)(OH,F)2], than canasite. These authors suggest that in spite of the 

significant compositional differences between these two minerals, charoite and miserite are 

likely to exhibit similar structural features. The crystal structure of triclinic miserite was 

descriied by Scott (1976) as quadruple (Si12030) ''tubes" parallel to [O011 fomed by three- 

membered sub-chains of silica tetrahedra. The "tubes" are C O M ~ C ~ ~  dong [O 101 by double 

walls of Cao6 polyhedra. Independent Si207 groups are "sandwiched" between the two units 

of the double wall. In common with canasite, K atoms are accommodated within the (Si17030) 

"tubes" (Fig. 2.2.3.2). The structure of miserite has three independent vacant sites. One is 

octatiedrally-coordinated, and can be occupied by Y, REE, etc. The other two sites are 

confined to (Si12030) tunnels and can incorporate large cations, as  well as zeolitic H20 and F 

(Fig. 2.2.3.2). 



Table 2.2.3.1. Cornparison of the unit-ce11 parameters of charoite, canasite and miserite. 

mosaic-fibrous 

19.86 32.13 7.95 90 97.24 90 5038.13 

19.96 32.17 7.26 93.51 99.45 89.50 4589.85 TMS WOK 

schistose 

32.13 19.64 8.51 90 95.23 90 5346.07 

3 1.82 7.13 22.10 90 94.25 90 5000.19 Rogova et al. (1 978)* 

19.60 32.02 7.25 90 94.33 90 4537.06 Nikishova & Lasebnik (1 982)* 

10.70 32.00 7.25 90 113.0 90 2285.06 Nikishova et al. (1985)" 

19.61 32.12 7.20 90 93.76 90 4525.32 ASTM 42- 1402 (Vasil'ev, 
1990, private cornmunication.)* 

MISERTTE: 

10.10 16.0 1 7.38 96.42 1 11 -15 76.57 1081.85 Scott (1976) 

* Texturd type of studied charoite is not given by the authors. 



Fig- 2.2.3.1. Polyhedral representation of 

ap proximately down [O 1 O] 

the crystal structure of canasite viewed 

(Rozhdestvenskaya et al., 1988). The 

(Si12030)~ "tubes" (green) accommodate K atoms (purple), and are 

"interlayered" with zigzag walls of Na- and Ca-centered octahedra (red 

and yellow, respectively). 



Fig. 2.2.3.2. Perspective view of the miserite structure down [O011 (Scott, 

1976). Double w d s  of Caos octahedra (red) incorporate Si207 

groups (blue) and separate the (Sin03& tunnels (green). Atoms 

of K (purple), and two vacant sites (grey arxi orange) are 

accommodated within the tunnels. The remaining vacant site 

(yellow) cm be occupied by Y, REE, etc. 



2.2.4 Genesis of charoitites 

The nature of charoitites-forming processes has been a subject of scientific debate. 

Until now, two major hypotheses have been proposed. Vorob'ev et al. (1983) suggest a 

magmatic origin for the charoite-bearing rocks. According to Vladykin et al. (1994), the 

composition of microinclusions in the minerais of charoitites supports the "magmatic" 

hypothesis and shows that the charoite rocks crystallised fiom a fluid-saturated melt 

corresponding to Merentiates of ultrapot assic magmas. However, the majority of researchers 

interpret charoitites as a typical example of metasomatic rocks (Bonsov 2985; Evdokimov & 

Reguir 1994; Konev et al. 1996). According to these authors, the remarkable diversity in 

texture, colour and chemistry of charoite-bearing rocks, as welI as their paragenetic 

characteristics support this point of view. 

23 Results of the present work 

2.3.1 Samples description 

In this work, we examined a series of fiesh samples representing various textural types 

of charoite. The samples were examined using optical and scanning electron microscopy, 

back-scattered electron @SE) imagery, X-ray powder difiaction (XRD), X-ray energy- 

dispersion spectrometry and transmission electron microscopy (TEM) (see Appendix A). 

2.3 -2 Buck-scattered electron imagery 

For BSE imagery, we used small (CU. 2 ~ 0 . 5  mm) elongate fragments of mosaic- 

fibrous charoite placed on a carbon tape and wated with gold. In BSE, the mineral appears as 

thin, acicular hgments and laths with a distinct fibrous texture (Figs. 2.3 -2 - 1, 2.3.2.2a,b). The 

images were obtained parallel and perpendicular to the direction of charoite fibres. Parallel to 

the elongation, the fibrous texture persists to at le& fractions of a micron (Figs. 2.3.2-3a,b). 

BSE images across the elongation of the fibres and laths show a conspicuous "basal" cleavage 

but no other characteristic texmal features (Fig. 2.3.2.4qb). 



Fig. 2.3.2.1. BSE image of elongated fragments and fibres of charoite. 

F.O.V. 12 p m  



Fig. 2.3.2.2. BSE images of elongated fragments and laths of charoite. 

F.O.V. a - 140 pm; b - 40 p. 



Fig. 2.3.2.3. BSE images of charoite fibre dong elongation. 

F . 0 . V . a - 6 p ; b - 3 p .  



Fig. 2.3.2.4. BSE images of terminations of charoite fragments. 

F.0 .V .a -400p;b-11  p. 



2 -3 -3. Composition 

In this work, I determuied the composition of the massive, paralleI-fibrous, 

unduiatory-fibrous, radial, mosaic-fibrous and schistose varieties of charoite. The analytical 

data show noticeable compositional variations among the different textural types of the 

mineral, as well as among the grains corresponding to the same type. Concentrations of the 

major and minor elements in charoite vary as follows (wt%): Na20 1.0-2.0, K20 7.6-9.5, 

Ca0 19.6-23.4, SrO 0.4- 1.9, Ba0 0.7-3 -7, Mn0 0-0.5, SiOz 56.0-60.0 (Table 2.3.3.1). In a 

few cases, minor arnounts (< 0.2 wt.%) of TiOz and M g 0  were detected in the mineral. The 

H 2 0  content in charoite was determined by CHN anaiysis using a SCP SCIENCE analyser. 

The amount of H 2 0  in schistose charoite corresponds to 5.3 wt.%. Taking into account the 

analytical data published previously, and the proposed empincal fomulae for charoite (see 

Chapter 2.2.2; Tables 2.2.2.1, 2.2.2.2), I attempted to calculate the fornula on basis of 3 1 

cations, 93 negative charges, 18 and 12 atoms of Si. Calculations to 12 atoms of Si gave the 

best results (i.e. gave cationic sums closest to integers), suggesting, in general, the empirical 

formula: (K,N~)~(C~,S~,B~,M~)SS~I~O~~(OH,F)- 3Hz0. This formula is close to that given for 

charoite by Chukhrov (1 980) (Table 2.2.2.1). Compositional variations in the samples studied 

come~pond to the generalised empirical forIllula (~2.03-2.50~~0.42~.82)~46-320(~~0-~23~~~0.05- 

022.~~.05-0.30,~.11)~4.84-5.47Si12030 (OH,F)' 3Hî0- 

2.3.4. X-ray dzfiaction studies 

Samples of mosaic-fibrous and schistose charoite were examined by powder X-ray 

difiaction. Unfortunatelly, data obtained using a STOE Stadi diffiactometer were found to be 

unsatisfactory due to the low peak-to-background ratio. In order to reduce preferred- 

orientation effects, powder samples studied using a Philips 3710 difiactometer were prepared 

with hairspray, whose contribution to the XRD patterns relative to other fillers (silicone, 

vaseline, etc.) is minimal. 



Table 2.2.2.1. Representative con~positions of different varieties of charoite (our data). 

SiOz 
Mn0 
Ca0 
Sr0 
Ba0 
Na20 
K20 
Total 

Si 

Mn 
Ca 
Sr 
Ba 
Na 
K 
Z: 

Fomulae calculated on the basis of 12 atoms of Si: 



Table 2.3.3.1. (Continues). 

Formulae calculated on the basis of 12 atonis of Si: 

n.d = not detected. * Total also includes 0.07 wt. % MgO; ** includes 0.022 apfu Mg. ' ~ o t a l  dso includes 0.16 wt.% TiOz; 'IM 

includes 0.024 apfu Ti. Total also includes 0.04 wt.% Mg0 and 0.01 wt.% TiOi; includes 0.013 apfu Mg and 0.002 apfu Ti. 
Analyses 1-3: massive charoite (Mu-1 1 917); 4-5: parnllel-jibroiis cliaroite (Ch- l O); 6- 13: rirrdtilritory~fib~'~~~~ cliwoite (6- 1 1 : Ch-l 1, 
12- 13: Ch-2); 14- 1 7: radial charoite (Ch- 1 3); 1 8-2 1 : mosaic-fibrous charoite (1 8- 19: Mu- 112, 20-2 1 : Ch- 1 6); 22-25: schistose 
charoite (22-23: Mu4 2 1,24-25: Mu- 1 17). 





Table 2.3 -4.1. Representative X-ray difiaction pattern of mosaic-fibrous charoite 
with two types of refïnement (M 70 reflections). 

h k l  



Table 2.3 -4.1. (Continues). 



Table 2.3.4.2. Representative X-ray difiction pattem of schistose charoite 
(Tst 66 reflections). 



Unit-cell parameters of mosaic-fibrous and schistose charoite were refïned using 

different software packages based on least-squares methods, including IT012 (Visser and 

Shirley 1 W8), DICVOL9 1 (Boultif & Louer 1 99 1) and TREOR90 (Werner 1 995). The X-ray 

diffraction patterns (ca. 100 reflections; Fig. 2.3.4.1) were subsequently indexed using the 

software package CELLSVD (Lowe-Ma 1993). For both varieties of charoite, the indexing 

yielded the best results using a primitive monoclinic ce11 with the following parameters: a 

=19.86(1) A, b=32.13(2) c=7.952(9) A, k97.24" (mosaic-fibrous) and n =32.13(2) A, 
b=l9.64(2) A, c=8.509(6) A, p95.23' (schistose) (Tables 2.2.3.1, 2.3.4.1 and 2.3 A.2). Some 

of the XRD patterns of mosaic-fibrous charoite could also be rehed on a triclinic ce11 (a 

=19.96(1) b = 32.17(2) A, c =7.258(4) A, ~ 9 3 . 5 1  O, e=99.45", y89.50°), in which case, 

however, one strong reflection (&7.85 L$ 1- 15) could not been indexed (Tables 2.2.3.1 and 

2.3.4-1). Accorduig to the suggested exlier empincal formula of charoite (see Ctiapter 2.2.2), 

for both monoclinic and trichic cells the number of formula units per unit-ce11 (estimated 

fiom the molecular weight and measured density) is close to 6. 

Interestingly, two ce11 dimensions (a and b) in ail the samples are consistently refined 

to similar values regardless of the ce11 chosen and indexing program used. These parameters 

also cornelate quite well with previously publïshed data for charoite (Table 2.2.3.12.2.3- 1). 

Differences between the alternative refinements arise mostly fiom the choice of parameter c 

and 8, and may indicate the existence of several polytypes of charoite. The uncertainty in c 

may also resuit fiom remnant preferred orientation of the charoite fibres. 

As the refinement of mosaic-fibrous charoite on the basis of a monoclinic ce11 gave the 

best correlation between the calculated and observed data, 1 chose these results for fiirther 

analysis of the charoite structure. 

2.3 S. Transmission electron microscopy study 

TEM data for mosaic-fibrous and schistose charoite were provided by Dr. Roger H. 

Mitchell. The mineral was fomd to be very unstable under the electron beam. Most of the 



Fig. 2.3 .S. 1. TEM m e s  of mosaic-fibrous charoite: a - SAED pattern; 

b - High-resolution direct-Iattice image. 



selected-area electron difiaction (SAED) patterns show extremely weak, fuzzy or split 

reflections. Some of the SAED patterns and hi&-resolution (HR) direct lattice images are 

shown in Figures 2.3.5.1 a,b and 2.352. Since the structure of the minera1 is unknown, we 

could not estimate the exact orientation of TEM patterns. Our interpretation of TEM data was 

aùned at c o d h i n g  unit-ce11 parameters of charoite obtained by XRD studies. The 

proportions between the parameters of monoclinic and ûiclinic reciprocal cells were estimated 

as follows: 

l/a : llb : llc = 1/19-86 : 1/32-13 : 2/7-95 = 1.6 : 1 : 4 (mosaic-fibrous, monoclinic); 

lla : llb : llc = 111 9.96 : 1/32-17 : 1 l7.26 = 1.6 : 1 : 4.5 (mosaic-fibrous, triclinic); 

llu : llb : I/c= 1/32-13 : 1/19.64 : 118.51 = 0.6 : 1 : 2.3 (schistose, monoc1inic)- 

Figure 2.3.5.1 a shows a SAED pattern of mosaic-fibrous charoite taken dong the 

fibres. Distances between the central reflection and two closest reflections relate to each other 

as 1.66, which is somewhat close to the bla ratio in both monoclinic and triclinic models. 

Distances between the lattice f i g e s  on one of the hi&-resolution direct-Iattice images of 

mosaic-fibrous charoite conespond to ca. 8 A and 10 A (Fig. 2.3.5.1b). These numbers c m  be 

correlated with parameter c (7.95 A) and one half of parameter a (19.87 A) of the monoclinic 

cell. 

Fig. 2.3.5.2. High-resolution direct-lattice image of schistose charoite. 
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Some of the hi&-resolution direct-lattice images of schistose charoite show lattice 

fÎinges with a spacing of approximately 7 A resembling parameter c of mosaic-fibrous 

charoite (Fig. 2.3 -5.2). 

2.4 Discussion and conclusions 

2.4.1. Cornparison of charoite, canasite and miserite shztctures 

Taking into account the earlier-made proposais of structural similarities between 

charoite, canasite and miserite (see Chapter 2.2.3), 1 shall compare these three minerals fkom 

both compositional and structural standpoints (Table 2 -4.1.1). 

Compositionally similar charoite and canasite also have comparable unit-ce11 

parameters n (19.87 A and 18.84 A, respectively), and parameter c of charoite (7.95 A) and b 

of canasite (7.24 A) are also close. However, parameter b of charoite (32.1 5 A) is larger than 

c of canasite (12.64 A), resulting in the unit-cell volume of charoite being about 3 times 

greater than that of canasite (Table 2.4.1.1). If, according to Rogova et al. (1978), charoite 

and canasite have similar structural motifs, the structure of charoite should be composed of 

tunnels interlayered with walls of cation-centred octahedra. Our analytical data (see 

Chapter 2.2.2), indicate that Na in charoite is present in minor amounts, and is prone to 

volatilisation under the electron beam. Hence, 1 assume that both K and Na atoms in charoite 

structure are accommodated at weakly bonded sites withui the structural tunnels. For 

comparative purposes, 1 multiplied the formula of canasite by 3. As we c m  see (Table 

2.4.1. 1), the number of Si04 groups in both minerals is identical, as is the number of K atoms. 

However, the amount of octahedrally-coordinated cations is significantly greater in canasite 

than in charoite (48 and 30, respectively). Therefore, either the configuration of octahedral 

walls or the entire structural~rnotif of charoite is different in cornparison with canasite. 

Compositionally, miserite and charoite are quite different (Table 2.1.1). The two 

minerals have different parameters c (7.95 A for charoite and 7.28 A for miserite), whereas 

the a and b edges of the charoite ceIl (19.87 A and 32.15A) are nearly double those of 

miserite (10.10 A and 16.01 A). The ce11 volume of miserite is about 4.6 times smaller than 





that of charoite. As in the case of canasite (see above), miserite has a significantly lower 

relative proportion of Si04 tetrahedra to octahedrally-coordinated cations than charoite (Table 

2.4.1.1). In addition, the number of K atoms in miserite (9.2) corresponds to nearly half the 

amount of &Na) atoms in charoite (1 8). 

In order to simulate the structural motif of charoite, 1 attempted to change the 

configuration of the octahedral walls in misente and canasite by removing some of the Ca 

octahedra and "straightening" the cormgated octahedral walls interlayered with the (Si12030) 

tunnels. These attempts did not resuit in any realistic model which would allow us to achieve 

the desirable stoichiometry without drastic changes in the configuration of (Si12030) tunnels. 

Therefore, we conclude that the structure of charoite probably shows very little affinity to 

those of canasite and miserite. 

2.4.2. Specututions on the structure of charoite 

A plausible structural model for charoite must account for the significantly high levels 

of "structurd silica" in this mineral. The high relative proportion of Si04 tetrahedra to 

octahedrd y-coordinated cations (predominantl y Ca) observed in charoite is only found in 

phyllosilicates and related structures. As a simple analogy, let us consider the structure of 

micas. For the convenience of cornparison to the formula of charoite, the general formula of 

trioctahedral micas can be written as: K18(Mg,Fe)54(Si,A1)720~80(OH,F)36. From this formula, 

it is obvious that for each "unit" of seventy-two (Si,A1)04 tetrahedra, there are fie-four 

octahedrdy-coordinated cations (Mg,Fe). As there are significantly fewer octahedrally- 

coordinated cations available in charoite (see Chapter 2.4.1), the occurrefice of continuous 

layers of edge-sharing octahedra (as in trioctahedral micas) is highly unlikely in the structure 

of charoite. 

Among the phyllosilicates, the best correspondence in tems of the octahedral-to- 

tetrahedral cation ratio is observed between charoite and [ C ~ V ~ ' ( S ~ ~ O ~ ~ ) O -  4H91. This 

compound crystallises in two structurally similar polymorphs, cavansite and pentîgonite 

(Evans 1973). Both structures represent a network of Cfold and 8-fold rings formed by (SiOi) 



Fig. 2.4.2.1. Projection of  cavansite structure on (001) (Evans, 1973). Sheets of Si04 

tetrahedra (green) are interconnected by discontinuous layers o f  Ca07 (red) 

and V05 (blue) polyhedra. Zeolitic &O (yellow) is accom rnodated within 

the structural cavities. 



Fig. 2.4.2.2. Projection of pentagonite structure on (001) (Evans, 1973). Sheets 

of Si04 tetrahedra (green) are interconnected by discontinuous 

layers of Cao, (red) and VOS @lue) polyhedra. hirple - atorns of 

oxygen, yellow - &O. 



Fig. 2.4.2.3. Simulated structure of (Ca,V)z7(Si,~Ol~o)O18-3 6H20. Si04 

tetrahedra (green) fom sheets comected dong [O101 by layers 

of Ca (red) and V @lue) octahedra Atoms of K (red) are 

accommodated within the structural channels. 



chains Iinked into sheets paralle1 to (010). The silicate sheets are intercomected by 

discontinuous layers incorporating Ca and V atoms in a seven- and five-foId coordination, 

respectively (Figs. 2.4.2.1, 2.4.2.2). For M e r  cornparison, 1 favoured the structure of 

pentagonite as it is geometrically simpler than that of cavansite. In order to outline analogies 

between charoite and [~ae'(~i40io)0- 4Hz0], I ignored three (K,Na) atoms in the charoite 

formula. 1 also "modified" the atomic coordinates in the structure of pentagonite (using the 

software ATOMS) so that both Ca and V became octahedrally-coordinated, forming double 

chains of octahedra between the silicate sheets. The modified formula of this hypotheticd 

compound can be written as (Ca,V)27(Si720 so)O is. 36H20, Le. there is twenty-seven octahedra 

per each "unit" of seventy-two Si04 t e t r aheh  From interatornic distances in this structure, I 

expect that K can be accomodated between the chains of octahedra, within the structural 

channels (Fig. 2.4.2.3). 

The results obtained in the present study have to be treated with caution. The mode1 

proposed is very approximate, and cannot be as yet used to refine the crystal structure of 

charoite nom the powder-dieaction data. The importance of our hdings is that we refined 

the empirical formula of charoite and demonstrated similarity between this mineral and 

phyllosilicates, as wetl as its differences relative to the 'Yube9'-chain silicates of similar 

composition. 



CHAPTER 3. Carbonatites. 

3.1 Geological setting of the Murun carbonatites 

The rnajority of carbonatite bodies are confined to the southern contact zone of the 

Little Mumm with the Precambrian crystalline basement. Carbonatites occur in an aureole of 

aegirine-microcline fenites developed after Archean granite-gneisses, and Upper Proterozoic 

metasedimentary rocks (quartzites and sandstones) (Fig. 2.1.1). The carbonatites are closely 

associated with "torgolites" (quartz-carbonate rocks) and charoitites, and occupy an area of 

more than 10 km2 (Vorob'ev & Malyshonok 1985). The carbonatites commonly fonn veins and 

Ienses up to 0.5 m in thickness, or occur as cylindricd zoned bodies up to 1 m in diameter 

(Kogarko et al. 1995; Konev et al. 1996). According to some investigators (Wadykin & Tzanik 

1999), the main carbonatite body may reach up to 30 m in thickness, and is formed by 

interlayered pyroxene-, alkali feldspar-, and carbonate-rich zones. Several carbonatite bodies 

also occur in a contact zone of the Kedrovyi ("Cedar") syenite stock, sorne 5 lan south-east of 

the Little Mum.  These foxm veins or lenses (1 -20 cm in thickness) in syenites, or occur as 

zoned bodies, several meters in size, with carbonates compnsing up to 70 volumetric percent of 

the rock (Konev et al. 1996). 

Previous studies have distinguished several varieties of carbonatites at the Murun 

complex (Vorob'ev & Malyshonok 1985; Konev et al. 1996). Two major types include calcite 

carbonatites and Ca-Sr-Ba carbonatites. The latter are divided into two groups: strontianite- 

b-ocalcite and calcian-strontianite carbonatites (Konev et al. 1996). ~ c c o r d i n ~  to Konev et 

al. (1 W6), the majority of the calcite carbonatites and calcian-strontianite carbonatites are 

confined to the Kedrovyi massif, where they are closely associated with strontianite- 

barytocalcite carbonatites. Carbonatite bodies in the fenite aureole of the Malomuninskii massif 

are represented chiefly by the strontianite-barytocalcite variety. 



3.2 Petrographic description of the samples studied 

During the present study, twenty samples corresponding to various types of the M u m  

carbonate-rich rocks were examined. On the bases of their rnineralogical and textural features, 

the samples were divided into four groups: 

- calcite carbonatite; 

- Ba-Sr-Ca carbonatite; 

- phlogopite-calcite carbonatite; 

- quartz-feldspar-carbonate rock. 

Calcite carbonatite examined in the present shidy shows significant variation in the 

proportions of major and accessory mineral phases. The rock is composed mainiy of carbonate 

(predominantly calcite), alkali feldspar and clinopyroxene. In the majority of samples, 

carbonates constitute fiom 25 to 80 vol.% of the rock, potassium feldspar fiom 10 to 70 vol.%, 

and clinopyroxene fiom 5-55 vol.%. Accessory minerais include titanite, quartz, dalyite, 

fluorapatite, barite, sulphides, tinaksite, zircon and turkestanite. In some sampIes (e.g. Mu- 

136132, -136/33, -136152), titanite and tinaksite gain the status of rock-foxming minerals, and 

together comprise up to 70 vol.% of the rock. In these samples, fine-grained calcite and akali 

feldspar are developed interstitially between titanite and tinaksite grains, and constitute only 10 

to 30 vol.% of the rock. In hand specimens of the calcite carbonatites, carbonates occur as 

white to greyish-white aggregates, commody replacing potassium feldspar. The latter 

cornmonly foms greenish-grey or brownish-green subhedral-to-euhedrd grains up to 5 mm in 

size. Clinopyroxene occurs as dark green-to-almost black radiai aggregates of elongated 

crystals up to 1.3 cm in diameter, or small ( < 2 mm) anhedral grains in a carbonate matrix. In 

the titanite- and tinaksite-rich samples, titanite forms straw-yellow or brownish yellow elongate 

or wedge-shaped crystals up to 2 mm in size. Tinaksite foms acicular honey-yellow crystals up 

to 1.5 mm in length. 

Ba+-Ca carbonatites examined in the present study are composed mainly of 

carbonate, potassium feldspar and clinopyroxene. Accessory minerals include potassic 



Fig. 3 -2.1. Phenocryst of potassium feldspar in a carbonate matrix. Note a turbid altered core 
and inclusions of xenocrystic feldspar. Ba-Sr-Ca carbonatite (Mu-7). Field of view 
(FO Y )  6 mm; (a) piane-polarized light, (b) crossed polars. 



ig. 3 -2.2. Radial aggregates of clinopyroxene nom Ba-Sr-Ca carbonatite, FOW 6 mm 
for both images. (a) Relict eagment of potassic richterite (pale blue) in 
clinop yroxene (green). (Mu- 14); plane-polarized light . @) Relat ionships 
between clinopyroxene, Fe-rich potassium feldspar (anomalous interference 
colour: ink-blue), and carbonates (white to grey) (Mu- 180); crossed polars. 



Fig. 3.2.3. Tabular crystals of phlogopite @ale orange-to-brownish yellow) in a mosaic 
of calcite cryaals phlogopite-calcite carbonatite (Mu-23 8). Note the 
presence of potassium feldspar (white, lefi) and sulphides (black). FOV 6 
mm for both images; plane-polansed light. 



richterite, dalyite, barite, fluorapatite, sulphides, fluorite and vanadinite. The modal 

composition of Ba-Sr-Ca carbonatites fkom the Murun complex is (vol.%): 45-40 carbonate, 

25-20 alkali feldspar, 25-20 chopyroxene, ca. 5 apatite, <5 other accessory phases. However, 

the proportions of the major mineral phases vary significantiy fkom one sample to another. The 

majority of the carbonatite samples examuied have a layered texture fomed by clinopyroxene- 

and potassium feldspar-rich zones in a carbonate matrix. Carbonate-rich zones of the rock are 

fine-grained, white to greyish-yellow with minor amounts (c 10 vol.%) of subhedral-to- 

anhedrai clinopyroxene and potassium feldspar. Silicate-rich zones are composed of dark-green 

clinopyroxene and light yellow-to-greyish green, rarely apple-green (amazonite-like) potassium 

feldspar. The latter commonly occurs as euhedral cxystals up to 6 mm with clear margins and a 

darka core, or clusters of euhedral-to-subhedra1 grains "cernented" by fine-grained carbonates 

(Fig. 3.2.la,b). Clinopyroxene occurs as elongate crystals or radial aggregates of acicular 

crystals up to 1.5 cm in diameter in a carbonate matrix (Fig. 3.2.2qb). 

In phlogopite-calcite carbonatite, phlogopite comprises ca. 40 vol.% of the rock, 

carbonate @redominantly calcite) Ca. 35 vol.%, and alkali feldspar less than 10 vol.% (Fig. 

3.2.3a,b). Accessory phases include andradite, titanite, fluorapatite, rutile and sulphides. 

Qziurtt-feldspar-carbonate rocks consist mainly of quartz (ca. 20 vol.%), calcite (ca. 3 0 

vol.%), potassium Mdspar (ca. 30 vol.%), and clinopyroxene (ca. 20 vol.%). The accessory 

mineral assemblage includes titanite, dalyite, sulphides and barite. In hand specirnens, 

subhedral-to-euhedral grains of greenish potassium feldspar (up to 1.3 mm), and dark green 

acicular crystals and radial aggregates of clinopyroxene are distributed irregularly in a white 

fine-grained quartz-carbonate matrix. 

3.3 Mineralogy of the carbonate-rich rocks 

3.3.1 Silicates 

Potassium feldspar is one of the major constituents of the examined rocks. In the 

majority of samples, the mineral foms subhedral-to-euhedral phenoqsts up to 6 mm in 

length, cornmonly with resorbed marghs. Most of feldspar phenocrysts are fiactured and 



altered by carbonates to varying degrees. Large grains (>2 mm) comrnody contain anhedral, 

highly-altered hgments of xenocrystic(?) feldspar. Grains of potassium feldspar less than 2 

mm normally have a clear, fiesh appearance. Some of the potassium feldspar crystals £kom the 

Ba-Sr-Ca carbonatite (cg. Mu-7) show a prominent interpenetration twinning. The crystals 

fiom the calcite carbonatite comrnody have a characteristic cross-hatched twinning. Potassium 

feldspar fiom the calcite carbonatite and Ba-Sr-Ca carbonatite comrnody shows anomalous 

(ink-blue, brownish blue) interference colours, possibly arising fiom ~e~~ in the structure (Figs. 

3.2.2b and 3.3.1.la,b). 

Potassium feldspar from the Ba-Sr-Ca carbonatite, calcite carbonatite and quartz- 

feldspar-carbonate rock has very unusual composition. The mineral is highly enriched in Fe 

content, Le. up to 7.5 wt.% or 0.27 atoms per formula unit (apfu) (Table 3 -3.1.1, Fig. 3 -3.1 -2). 

In back-scattered electron images (BSE) and thin section, most of the feldspar phenocrysts 

exhibit a weak-to-moderate oscillatory or imegdar zoning resulting from variations in Fe203 

content (fkom 0.2-2.5 wt.% in low-average-atomic-nrunber (AZ) zones to 3.0-7.5 W.% in high- 

AZ zones; Table 3.3.1.1). The Fe/AI ratio varies fiom 0.06 to 0.40 among the zones. Such high 

concentrations of Fe are extremely rare in naturdy-occurring alkali feldspar. Linthout and 

Lustenhouwer (1993) reported up to 14.5 wt.% FeD3 in high sanidine fiom Cancarix, Spain. It 

is noteworthy, however, that the highest Fez03 concentrations in Cancarix material were 

detected only in thin (< 3 p) rims of sanidine crystals open into a miarolitic cavity occupied 

by aegirine grains, and that the central parts of the sanidine grains, as well as their nms not 

facing the cavity have only 1.0-3.6 wt.% Fe203. Most of the sanidine analyses with hi& Fe 

content given by Linthout and Lustenhouwer (1 993) also have low totals (as low as 86.4 wt.%) 

and excess of Si in the empirical fomulae (up to 3.13 apfu). Previously published data for 

potassium feldsgar fiom the Murun complex (Konev et al. 1996) also indicate elevated 

concentrations of Fe in the samples fiom the calcite carbonatite (up to 2.6 W.% Fe203) and 

fiom foyaites (up to 3.0 wt.% Fez03). Iron-rich alkali feldspar was also reported from several 

other localities, including Itrongay, Madagascar (up to 2.9 wt.% Fe203: Seto 1923, Nyfeler 



Fig- 3.3.1.1. Oscillatory-zoned crystals of potassium feldspar fiom the Ba-Sr-Ca carbonatite 
(Mu-14), crossed polars. (a) Phenocryst partially altered to a fine-grained carbonate 
aggregate, FOV 6 mm. (b) Cluster of crystals in a carbonate matrix; FOV 4.5 mm. 



Al, at. % Si, at. % 

O calcite carbonatites 

Ba-Sr-Ca carbonatites * quartz- feldspar-carbonate rocks 

Fig. 3.3.1.2. Compositions of Fe-bearing potassium feldspar fiom 
carbonate-rich rocks of the Murun complex. 



Table 3 -3.1.1. Representative compositions of potassium feldspar fiom the carbonate-nch rocks. 

63.30 63.35 63.86 63.44 63.68 62.62 62.32 
13.45 15.78 14.64 16.78 16.00 13.73 13.13 
6-52 3.70 5.55 2.74 3.83 6.03 7.24 
n.d n.d n.d n.d n.d n-d n.d 

16-41 16.59 16.82 16-54 16.29 16.35 16.29 

99.68 99.42 100.87 99-50 99.80 98.95 98.98 

Formulae calculated on the b a i s  of 8 atoms of oxygen 

3.011 2.992 2.995 2.982 2.990 3.000 2.996 
0.754 0.879 0.809 0.930 0.886 0.775 0.744 
0.233 0.132 0.196 0.097 0.135 0.217 0.262 

- - - - - - - 
0.996 1.000 1.006 0.992 0.976 0.999 0.999 

0.309 0.150 0.242 0.104 0.152 0.280 0.352 

Total 101.36 101.49 

Formulae calculated on the basis of 8 atoms of oxygen 

-- - -- 

n.d = not detected. Analyses 1-1 1 : Ba-Sr-Ca carbonatite- (1 -3 - M U - ~ ;  4-5 - Mu-14; 6-9 - Mu-15; 
10-1 1 - Mu-151); 12-15: calcite carbonatite (12 - Mu-136/32; 13 - Mu-136/33; 14-1 5 - Mu- 
1 O52/.O); 16-19: quartz-feldspar-carbonate rock (16-1 7 - Mu-136/46; 18-1 9 - Mu-145); 20-22: 
phlogopite-calcite carbonatite (Mu-238). 



1998) and Leucite Hills, Wyoming (up to 4.8 wt.% Fe203: Cannichael 1967). Several Fe- 

bearing phases with feldspar-type structure have been prepared synthetically. They include 

low-sanidine with the composition K[Alo.nFeo28Si308] synthesised under hydrothermd 

conditions at 525OC (P=2 kbar) by Nadezhina et al. (1993), and K[FeSi30s] grown 

hydrothennally at P=1-2 kbars by Wones & Applernan (1 961, 1963). 

The compositions of the potassium feldspar examined in the present work show 

negative correlation between the AL and Fe contents (Fig. 3.3.1.2), suggesting the simple 

substitution scheme ~ e ~ + o  Al3+. The substitution mechanism and re-distribution of ~e~~ among 

the Ti and T2 positions in natural feldspars was investigated previously by several researchers. 

These studies have s h o w  that in low rnicrocline and low albite, ~e~~ is confined exclusively to 

the Tl sites (Petrov et al. 1989). In low-sanidine, ~e~~ ions occupy both Ti and T2 sites, with 

preference for Tl (Petrov and Haker 1988). Nyfeler et al. (1998) concluded that in high- 

sanidine, increasing Si - Al disorder is accompanied by more equal distribution of ~ e ~ +  between 

the Tl and T2 positions. 

In contrast to other types of carbonate-rich rocks studied in the present work, potassium 

feldspar fiom the phlogopite-calcite carbonatite contains no detectable Fe203. Some 

phenocrysts, however, show a weak zoning resulting fiom enrichment of a rim in the celsian 

componen; (up to 6.6 mol.% Bd2Si2O8). Ba0 content varies fkom ca. 1.7 W.% in the core to 

3.5 wt.% in the outermost parts of the cxystals, i.e. fiom 0.03 to 0.06 apfb (Table 3.3.1.1). 

Clinopyroxene is found in the majority of the samples examined with an exception of 

the phlogopite-calcite carbonatite. The mineral commonly occurs as coarse (ca. 1 cm) prismatic 

crystals, or radial aggregates of elongate crystals up to 1.5 cm in diameter (Fig. 3.3.1.3a9b). The 

crystals of clinopyroxene are pleochroic fiom brownish yellow or orange brown to dark green 

or bluish green. Some of the crystals exhibit complex zoning (e.g. Mu-145; Fig. 3.3.1.3b) and 

. twinning (e.g. Mu-8) in thin section. Radial aggregates of pyroxene may enclose anhedrd 

hgments of highly-resorbed pyroxene, probably representing an earlier generation of the 



Fig. 3.3.1 -3. Complexly-zoned clinopyroxene from the quartz-feldspar-carbonate rock, plane- 
polarised light. (a) Clinopyroxene associated with quartz (below) and carbonates 
(upper rïght corner), Mu-136146, FOV 6 mm; (b) phenocrysts of clinopyroxene and 
potassium feldspar in a quartz-carbonate matrix; Mu145; FOV 4.5 mm. 
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Table 3.3.1.2. Representative compositions of clinopyroxene froin the carbonate-rich rocks. 
.. . 

Wt.% 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
core rim core rim relief lt os! 

NazO 8.03 8.30 9.63 
Mg0 2.83 2.87 2.94 
Ca0 10.17 9.38 8.01 
Mn0 0.50 0.47 0.40 
FeO* 8.85 7.18 2.57 
Fe203* 15.41 17.00 24.27 
v203 0.49 0.33 0.41 
Alz03 n.d n.d n.d 
Ti02 
SiOz 
Total 

Na 
Mg 
Ca 
Mn 
~e'' 
~ e ) '  
v 
Al 
Ti 
Si 

Aeg 
Di 
Hed 

Fonnulae calculated on the basis of 6 atoms of oxygen 

n.d = not detected; * ~ e ~ ' / ~ e "  ratio calculated from stoichiometry. Analyses 1-6: Bo-Sr-Ca carbonatite (1-3 - M i d ;  4 - Mu-14; 5-6 - Mi,-IJI); 
7- 1 3: calcite carboitotite (7-9 - Mu- 180; 10 - Mu-1 36/32; 1 1 - MU- 1 36/52; 12- 1 3 - Mu- 10.52/20); 14-1 5: qicnrtz-fcldspar-carbonate rock (Mil- 
1 45). 

u 
00 



1-1 calcite carbonatite 

1-d Ba-Sr-Ca carbonatite 

quartz-fe tdspar-carbonate rocks 

"benstoniteWcarbonatite (Mitchell & Vladykin, 1996) 

overall compositional trend of pyroxene £kom 
') Little Murun (Mitchell & Vladykin, 1996) 

Fig. 3.3.1.4. Compositions of clinopyroxene fkom carbonate-rich rocks 
of the Murun alkaline cornplex. 



mineral. In a few cases, stellate aegirine aggregates contain anhedral fragments of potassic 

nchterite (Fig. 3.2.2a). Compositionally, the bulk of the clinopyroxene crystals fiom the 

carbonatites correspond to aegirine and aegirine-augite (Table 3 -3.1 -2; Fig. 3 -3-1.4). The 

fragments of early clinopyroxene fkom the Ba-Sr-Ca carbonatite and calcite carbonatite, 

however, have a preponderance of the diopside component (m. 41 -7 mol.% CaMgSi2O6; 

analyses 4 and 12 in Table 3.3.1 -2). Most of the clinopyroxene is Ai-poor with Ti02 content 

varying from 0.2 to 2.2 wt.% in pyroxene fiom the Ba-Sr-Ca carbonatite, 0.7 to 1.8 M.% from 

the calcite carbonatite, and 0.3 wt.% in pyroxene £?om the quartz-feldspar-carbonate rock. Most 

of the clinopyroxene crystals exhibit noticeable enrichment in V2O3 content (up to 1.2 wt.% in 

the Ba-Sr-Ca carbonatite; up to 1.8 wt.% in the calcite carbonatite and ca. 0.4 wt-% in the 

quartz-feldspar-carbonate rock). Those f?om the calcite carbonatite and Ba-Sr-Ca carbonatite 

show a significant compositional variation within the aegirine field (Fig. 3.3.1.4). The 

innermost parts of the crystals correspond to aegirine-augite (cn. 50 mol.% NaFeSi206), 

whereas rim zones contain ca. 73-83 mol.% NaFeSi20s. Clinopyroxene fiom the quartz- 

feldspar-carbonate rock is the most evolved in terms of the aegirine content, containing up to 

85 mol.% NaFeSif16 (Table 3 -3.1 -2, Fig. 3.3.1.4). 

Amphibole is rare in the exarnined samples. The mineral probably represents rernnants 

of an early paragenesis, as it occurs exclusively in the Ba-Sr-Ca carbonatite as anhedral 

resorbed hgments in the central parts of stellate aegirine aggregates (Fig. 3.2.2a). Amphibole 

is also fond  as subhedral-to-euhedral diamond-shaped crystals up to 0.6 mm enclosed in a 

carbonate matrix (Fig. 3.3.1.5). The mineral is slightly pleochroic fkom Iight blue to greyish 

blue. 

According to the contemporary nomenclature (Leake et al. 1997), the amphibole 

corresponds to potassic nchterite (Table 3.3.1.3), and commonly shows a core-to-rim zoning, 

with a core enriched in Fe, and depleted in Mg. The Z(FeO+Fe203) and Mg0 contents vary 

fiom Ca. 17.2 and 12.6 wt.%, respectiveiy in the cores to 1 1.2 and 16 wt.% in the peripheral 



parts of the cryaals. The amphibole is Ti-poor (< 0-6 wt.% TiOt). and does not contain 

detectable Al. Initially, an atternpt was made to recalculate the amphibole analyses on the basis 

of 13 small cations in the C- and T-sites (Mg+Fe+Mn+Ti+Si) and 23 negative charges. This 

recalculation method leads to unrealistic amounts of large cations (Na+K+Ca) in the A- and 8- 

sites. Hence, we suggest that a small proportion of Ca may enter the C-site in the Murun 

richtente, as originally proposed for some sodic amphiboles by Hawthorne (1983). As the total 

number of cations cannot exceed 16, we recalculated the analyses assuming the complete 

occupancy at al1 cationic sites (Table 3 -3.1 -3). 

Fig. 3.3.1.5. Euhedral crystal of potassic richterite (blue) and clinopyroxene (greenish 

brown) in a carbonate matrix (white), Ba-Sr-Ca carbonatite (Mu-151). 

FOV 6 mm; plane-polarised light. 



Table 3 -3.1 -3. Representative compositions of potassic richterite 
fiom Ba-Sr-Ca carbonatites. 

Wt. % 1 2 3 4 5 6 7 

SiOz 
Ti02 
FeOS 
Fe203* 
M g 0  
Mn0 
Ca0 
Na20 
K 2 0  

Total * 

Si 
~ e ~ ~ w  
C 

Ti 
~ e ~ '  

Mg 
Mn 
C 

Na 
K 
Ca 
C 

Fonnulae calculated on the basis of 16 cations 

n.d = not detected; * ~ e ' + / ~ e ~ +  ratio calculated fiom stoichiometry. 
Analyses 1-2: Mu-8; 3-5: Mu-14; 6-7: Mu-151 (6 - core, 7 - nm). 



Phlogopire is found only in the phlogopite-calcite carbonatite, where it foms 

polygranular aggregates of subhedral, commonly altered grains in a carbonate ma&, or occurs 

as euhedral tabular crystals up to 3 mm across (Fig. 3.2.3a,b). The majority of phlogopite 

crystals show distinct pleochroism fiom orange to light brown or fiom lettuce-green to brown. 

In %SE, the phlogopite commonly exhibits distinct zoning with a high-AZ core and 

homogeneous or oscillatory zoned relatively low-AZ rim. The difference in AZ is created by 

variations in BaK and FdMg proportions (Table 3.3.1.4). The core of phlogopite crystals 

contains up to 2.4 wt.% BaO, up to 11 wt.% FeO, 9.8 wt.% K20 and 20 wt.% MgO, as opposed 

to ca. 0.2 wt.% BaO, 7.7 wt.% FeO, 10.5 W.% K20 and 22-5 wt.% Mg0 in the Iow-AZ zones 

(Table 3.3.1 -4). Some of the phlogopite also contains appreciable TiOz (up to 1 -4 wt.%), and is 

slightly enrïched in Mn0 (ca. 0.4 wt.%) and V203 (up to 0.2 WL%; Table 3.3.1.4) contents. In 

terms of the composition, the Murun phlogopite is similar to micas f?om several other 

carbonatite occurrences, e.g. Mt. Weld (Australia), carbonatite complexes of Arkansas 

(U.S.A.), and Busumbu (LJganda) (Fig. 3 -3.1 -6a and refaences therein). Our material is unusual 

in containing hi& Ba coupled with negligible Na content (Fig. 3.3.1.6b). 

Thnite is relatively common in the calcite carbonatite, and in some cases (e.g. Mu- 

136/33 and Mu-136/32), comprises 20 to 60 vol.% of the rock. The minerai occurs as 

subhedral-to-euhedral, elongated or wedge-shaped, straw-yellow crystals up to 1 mm in size, 

set in a carbonate matrix. The titanite is found in association with tinaksite, alkali feldspar, 

calcite, clinopyroxene and turkestanite. The mineral is commonly resorbed almg fractures and 

margins by carbonates, barite and tinaksite (Figs. 3.3.1.7 and 3.3.1.8), and in some samples 

(e.g. Mu-1 14/2), is almost M y  replaced by these minerais. In thin sections, the rnajority of the 

titanite crystals show distinct zoning, with red cores and colourless-to-grey r ims  (Fig. 

3.3.1.9a.b). This zoning results fkom enrichment of the central parts of crystals in Nb (up to 1.7 

wt.% Nb205) relative to the margins (ca. 0.5 wt.% Nb2O5) (Table 3.3.1 S). Some of the titanite 

fiom the calcite carbonatites also exhibits slight e ~ ~ h m e n t  in Zr content (up to 0.7 W.% 

ZrOz). The titanite is Al-fiee, and contains moderate FeS3 (0.6 to 2.3 wt.%) and ca. 0.5 wt.% 



Table 3 -3.1 -4. Representative compositions of phlogopite fiom the phlogopite- 
calcite carbonatite (Mu-23 8). 

S i 0 2  
Ti02 
A1203 
FeO* 
Fez03* 
v203 
Mn0 
Mg0 
Na20 
&O 
Ba0 

Total 

Si 
Tirv 
Al 
Fe3+ 
C 

Fe2+ 
Tivr 
v 
Mg 
Mn 
C 

Na 
K 
Ba 
C 

Fomulae calculated on the basis of 1 1 atoms of oxygen 

n.d = not detected; * ~ e ~ + / ~ e ~ +  ratio calculated from stoichiometry; 1-3: 
weakly zoned grain; 4-7: strongly zoned grain (4-5 - core; 6-7 - rirn). 



M u m  (this work) 

Afnkanda (Chakhmouradian, 
unpublished data) 
Arkansas (McCormick & 
Heathcote 1988) 
Sukulu (McCormick & 
Le Bas 1996) 
Busumbu (McCormick & 
Le Bas 1996) 
Nooitgedacht (McConnick & 
Le Bas 1996) 
Newania (U1adka.r & 
Wimmenauer 1986) 

Dubrava (Skosyreva et al. 1988) 

Mt- Weld (Middlemost 1990) 

Fen (Mitchell 1980, 
Andersen 1989) 

Loch Borralan (Young et al. 1994) 

Uyaynah (Woolley et al. 1991) 

Jacupiranga (Gaspar & 
Wyllie 1982) 

Tapira (Brigatti et al. 1 996) 

Blackburn (Hogarth et al- 1988) 

Fig. 3.3.1.6. Compositional variation of phlogopite fkom several carbonatite 
complexes. 



Fig. 33.1.7. TinsLnite and carbonates (white, pi&, blue) developed interstitially 
and dong the nactures in titanite (yeilowish-grey). Calcite carbonatite 
(Mu- 136/33); FOV 6 mm; crossed polars. 

Fig. 3.3.1.8. BSE image of tinaksite (medium grey) developed 
interstitially with respect to potassium feldspar (dark grey) 
and titanite (light grey). Calcite carbonatite (Mu- 1 3 6/33). 





Table 3.3.1 S. Representative compositions of titanite fiom carbonatites 

Total 99.64 

30.56 30.33 30.24 30.73 30.18 
n.d ii,d n.d n,d n.d 

1.42 0.81 1.63 0.57 1.20 
38.00 39.10 37.50 39.15 37.47 
0.64 n,d n.d n,d 0.67 
0.79 0.64 0.56 1.73 0.43 

28.73 27.82 27.76 28.08 27.77 
0.41 0.68 0.38 1.23 0.58 

100.55 99.38 98.07 101.49 98.30 
Formulae calculated on the basis of Zcations = 3 

0.992 0.992 1 .O03 0.982 0.999 
- - - - - 

0.035 0.020 0.041 0.014 0.030 
0.927 0.961 0.936 0.941 0.932 
0.01 O - - - 0.01 1 
0.012 0.009 0.008 0.025 0.006 
0.999 0.975 0.987 0.982 0.985 
0.025 0.043 0.025 0.076 0.037 

n.d = not detected. Analyses 1-9: Ca carbonatites (1 - Mu-1 M/2; 2 - Mu-136132; 3-6 - Mid36/33 [3-4 - core of a zoned crystal, 5- 
6 - rim]; 7 - Mu-1 36/52; 8-9 - Mu-1 OW2O); 10- 1 1 : phlogopite-calcite cnrbonatite (Mu-238); 1 2:  qt<~itz#eldspar-cal-bonare rocks 
( M d  45). 



Na20 (Table 3.3.1.5). At the Muxun complex, Nb-rich titanite (4.0 wt.% Nb205) has been 

previously described fiom a quartz vein (Konev et al. 1996). However, the available 

cornpositional data on titanite fkorn the Murun carbonatites lack detectable N b 2 0 5  (Konev et al. 

1996). Significant enrichment in Nb20s contents (up to 6.2 W.%) were observed in titanite 

from a granitic pegmatite of Zdkievka, Poland (Janeczek 1996). Coupled enrichment in Nb (5 

1.5 wt.% Nb20s) and Zr (4.2 wt.% 25-02) was reported for titanite fiom nepheline syenite at 

Oldoinyo Lengai, Tanzania (Dawson et al. 1995). 

Titanite is rare in the phlogopite-calcite carbonatite, where it occurs as anhedral-to- 

subhedral grains up to 50 pm across, commonly with rutile(?) rims. Relative to the calcite 

carbonatite, titanite fiom the phlogopite-calcite carbonatîte is devoid of zoning, and has 

different compositional features. Here, titanite contains appreciable Zr (up tu 2.0 wt.% 21-02) 

and is depleted in Nb (1 0.17 wt.% Nb205) (Table 3.3.1.5). The Fe203 content in titanite frorn 

the phlogopite-calcite carbonatite varies fiom 1.0 to 1.2 W.%. The rnineral also contains minor 

M203 (ca. 0.2 W.%) and Na20 (ca. 0.3 wt-%). 

In the quartz-feldspar-carbonate rock, titanite is found as rare subhedral-to-euhedral 

oikocrysts up to 140 pn in size, highly-resorbed by carbonate muierals and barite. Here, 

titanite is commonly associated with rutile. Compositionally, the rnineral corresponds to the 

empincal formula: (Ca.943Nao.o79)(Tio.95 1 F ~ o ~ o o 9 ~ ~ 0 ~ 0  I 5 ~ 0 . 0 0 3 ~ ( S i 0 . 9 9 5 ~ ~ 0 . 0 0 5 ~ ~ 5 -  

TiMksite. The Mumn complex is the type-locality for tinaksite 

~a&Ca2Ti(Si7Oi9)(OH)1 (Rogov et al. 1965). Here, the mineral occurs in a variety of rocks, 

including charoitites and carbonatites. In the samples examined, tinaksite was found 

predominantly in the calcite carbonatite (e-g. Mu- l36/32, Mu- l36/33), in association with 

titanite, potassium feldspar, carbonates, clinopyroxene, and quartz. The mineral forms 

subhedral-to-anhedral elongate crystals up to 1.5 mm in length, or radial aggregates of elongate 

crystals, and is commonly developed interstitially (Figs. 3.3.1.7 and 3.3.1.8), or dong the 

fractures in titanite, and frequently contains resorbed fkagrnents of clinopyroxene. 



Table 3 -3.1.6. Representative compositions of tinaksite fkom the calcite carbonatite and 
charoitite. 

Fonnulae calculated on the basis of 19.5 atoms of oxygen 

n.d = not detected. Analyses 1-6: calcite carbonatite (1 -2 - Mu-114/2; 3 -4 - Mu-136/33; 
5-6 - Mu-136/52); 7-9: charoitite (7 -Mu-13; 8-Mu-IO; 9 - Mu-112). 



CompositionaIly, tinaksite fiom the calcite carbonatite is sunilar to the material fkom 

charoitites (Table 3.3.1.6), and shows rather noticeable intergranular variation in terms of Mn0 

(0.4-2.0 a%) and F 4 0 3  (0.9-3.1 a%) contents (Table 3-3.1.6). Some of the tinaksite grains 

are enriched in *Os (up to 0.6 a%). 

Dame (K2Zr[Si60i5]) was found in minor amounts in the majority of the rocks, with 

the exception of the phlogopite-calcite carbonatite. In the calcite carbonatite and Ba-Sr-Ca 

carbonatite, the mineral foms anhedral-to-subhedral elongate grains up to 0.6 mm in size, and 

is commonly developed hterstitially or dong fiactures in potassium feldspar and calcite. In the 

quartz-feldspar-carbonate rock, the mineral is found in association with strontianite and 

ancylite-(Ce) as fiachire fillings in low-Sr calcite, and prismatic grains (- 30 p) confined to 

the boundaries between calcite and quartz grains. Al1 dalyite compositions are enriched in the 

davanite component [up to 10 mol.% K2Ti(SioOls)J, and correspond to the empirical fomula: 

KI . ~ ~ - ~ o o ( ~ ~ o . ~ o - o . ~ ~ T ~ ~ . ~ ~ ~ ~ ~ ~ ) ( S ~ ~ . ~ ~ - ~ . ~ ~  ) Previously, dalyite has been described in different 

rock types fiom the Murun complex, including fenites, charoitites, carbonatites, aegirinites, 

alkali syenites, and eudialyte-nch rocks (Konev et al. 1996). In the latter, dalyite was described 

as one of the rock-forming minerais. Ti-nch (up to 5.9 wt.% TiOz, or ca. 40 mol.% 

K2Ti[Si6OI5]) varieties of the mineral were observed in the charoitites of the Munui complex 

(Konev et al. 1996). 

Turkestanite [idealised structural fomula Th(Ca,Na)z(Kl, .)(Si8020)-d&O] was first 

described at the Dara-i-Pioz complex, Tajikistan (Pautov et al. 1997). The mineral represents a 

Ca-dominant analogue of steacyite [Th(Na,Ca)2(Kl, x)(Si8020)]. Among our sarnples, the 

mineral is found only in the calcite carbonatite (Mu-136/33) as subhedral-to-euhedrd prismatic 

crystals up to 0.4 mm in length commonly associated with titfite. Most of the turkestanite 

crystals are altered dong fiactures and margins (Fig. 3.3.1.1 Oa,b). Fresh parts of the crystals are 

relatively uniform in composition (analyses 1-4 Table 3 .3.1.7), and show slight e ~ c h m e n t  in 

Na, K and Th, dong with depletion in U and LREE contents relative to the material fkom Dara- 



Fig. 3.3.1.10. Crystals of turkestanite enclosed in titanite (black). Calcite 
carbonatite (Mu-136133). (a) BSE false colour image, F.O.V. 300 
p; (b) BSE image. Note a fiesh core of the crystals (a - greenish 
yellow; b - medium AZ, grey), thin intermediate zone (a - greenish 
blue; b - low-AZ, dark grey), and an irregular rim (a - yellowish red; 
b - high-AZ, white) ainched ui heavy elements (primarily Ba and 
Sr). For corresponding compositions, see Tables 3.3.1 -7 & 3.3.1.8. 
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Table 3 -3.1 -7. Representative compositions of turkestanite. 

Murun 
this work 

(MU-136/33) 

Dara-i-Pioz 
Pautov et al. Reguir et al, 

(199 7) (1999) 

Fomulae calculated on the basis of 20 atoms of oxygen 

- 

n.d = not detected; # our recalculation of the original analytical data; * represents 
Z(Y+Yb); ** total dso includes 0.01 wt.% MnO; 0.10 wt.% Fez03 (0.01 1 apfu 
~ e ~ ' ) ;  0.07 W.% Pr203 (0.004 apfu Pr); 0.05 wt-% Sm203 (0.003 apfu Sm); 0.06 
wt.% [Gd2O3+ Dy203] (0.003 apfu [Gd+Dy]); 0.20 wt.% F, and 1.76 W.% H20'. 



Table 3 -3.1.8. Representative compositions of altered turkestanite. 

this work 
(Uu-136/33, see Fig. 3.1.10) 

Konev et al. 
(1996) 

Wt.% medium-AZ low-AZ inter- high-AZ 
m e  mediate zone marginal zone 

z 2 3 4 5 

Total 101.41 86.57 89.44 85.61 8 7 . 8 ~ ~  

n.d = not detected; ' represents W E ;  Total also includes 0.05 wt.% 
FeO. 



i-Pioz. Also, in contrast to the Dara-i-Pioz turkestanite, our material lacks detectable Pb, Mg, 

Al and Y. AItered parts of turkestanite grauis have low analysis totals and are impovenshed in 

Na, K, Ca and Si, and enriched in Ba and Sr (Table 3.3.1.8). The Iow totals probably result 

from a significant amount of molecular HtO in the peripheral areas of the crystals. Previously 

published analytical data on turkestanite fiom the Munui complex exhibit similar 

compositional features (Konev et al. 1996; analysis 5 Table 3.3.1.8). Hydration of turkestanite, 

as well as leaching of the alkalis and Ca from its structure, and the increase in Ba and Sr 

contents may result from metamictisation of the mineral and its reaction with a late-stage 

interstitial fluid. 

Andradite was found only in a sample of the phlogopite-calcite carbonatite (Mu-238). 

Here, the minerai forms rare anhedral-to-subhedra1 grains up to 40 p in size. Andradite occurs 

in association with strontianite and Sr-nch calcite as fiacture fillings in a feldspar matrix. The 

minera1 commonly exhibits zoning with peripheral parts of the crystals (ca. 8 pm in width) 

enriched in Ti02 (eom ca. 1 .O wt.% in the core to Ca. 2.2 wt.% in the rim). E ~ c h m e n t  in Ti02 

is accompanied by depletion in Fe203 content (nom C a .  28.7 wt.% in the core to ca. 26.5 wt.% 

in the outermost parts). The complete compositional range of andradite can be expressed by the 

=pincal f ~ r I d a :  (~~2.~3.0i~~O.Oi~.O6)(~~~+1.61-1.8 ~F~~+O.O~-O.O~AO.~ l4.l6~i0.O54.l6~@.0l4.&.02- 

o . o ~ ~ o . o ~  -0.Od[Si2.94l-l0 1~4.00l- 

Zircon is very rare in the rocks examined, and found only in the calcite carbonatite (Mu- 

1052/20). Here, the mineral occurs as anhedral-to-subhedral grains (up to 3 0  p m  in size) 

associated with potassium feldspar (Fig. 3.3.1.11). Compositionally, most of the zircon crystals 

correspond to nearly pure ZrSi04. In BSE, some of the grains exhibit irregular zoning with 

hi&-AZ zones enricheci in Tho2 (up to 3.0 W.%) (Fig. 3.3.1.12). 



Fig. 1.1 1. BSE image of anhedral zircon (Zrn) associated with laths of  potassium 
feldspar (Kfs) and clinopyroxene (Cpx) in a carbonate matrix. Note that 
the crystal of calcite (Cal) has a homogeneous Sr-rich core and a Sr- 
depleted margin with inc1usions of stronti&te (white). (Mu-1 OW2O). 

Fig. 1.12. BSE 
earic 

image of irregularly zoned crystal of zircon with hi& 
:hed in Th; white spot at the bottom is barite, black back 

Sr-nch calcite. calcite carbonatite (Mu- 1 OSU2O).  



3.3.2 Gzrbonates 

Carbonates with divalent cations 

Culclte is fomd in al1 four types of carbonate-nch rocks. The mineral is a major 

constituent of the calcite carbonatite, where it forms subhedral-to-euhedra1 grains up to 3 mm 

in size with a coarse cleavage and characteristic deformational twiming. Some of the calcite is 

developed interstîtially or dong fractures in feldspar, clinopyroxene, tinaksite and titanite. In 

some cases (e.g Mu-136/32), the crystals of calcite are characteriseci by undulatory extinction 

and bent cleavage (Fig. 3 -3 -2.1). 

Fig. 3.3.2.1. Bent cleavage in calcite, right top and lefi bottom - titanite (yellowish- 

grey). Calcite carbonatite (1 3 613 2); FOV 6 mm; plane-polarised light . 

In BSE, Sr- and Ba-rich (up to 5.6 wt.% SrO, and 1.9 wt.% BaO: Table 3.3.2.1) high- 

A Z  calcite fkom the calcite carbonatite commonly exhibits subsolidus re-equilibration textures 

resulting f?om depletion in Sr at the margin and along cleavage fractures (Fig. 3.3.2.2a). Low- 



Sr (0.5-2.5 W.% SrO) relatively low-AZ calcite often occurs as intergrowths with minute 

anhedrd grains of Ca-bearing strontianite and Sr-Ca-Ba carbonates of variable stoichiometry 

(Fig. 3.3.2.2b). niese aggregates probably result f7om fluid-induced exsolution phenornena in 

the primary Sr-enriched calcite. In some cases, the minerd contains anhedrd inclusions of 

burbankite, whose ongin is uncertain. 

In the Ba-Sr-Ca carbonatite, calcite occurs primarily in ineicate intergrowths with Sr- 

Ca-Ba carbonates, Ca-enriched strontianite and EE-bearing carbonates (Fig. 3.3.2.3a,b). in 

thio section, these intergrowths appear as 'patchy", commody resembling a spider in shape, 

greyish aggregates of anhedral-to-subhedral grains. The identity of individual minerd phases 

cannot be readily detennined. In BSE, calcite is conspicuous as low-AZ lenticular, oval or 

elongate lamellae fiom a few pm to 100 p in length, confined to the exsolution assemblage 

(Fig. 3.3.2.3a,b). In common with the calcite carbonatite, some calcite crystals ffom the Ba-Sr- 

Ca carbonatite occur as anhedral grains with Sr- and Ba-rich cores (up to 6.6 wt.% Sr0 and 2.0 

wt.% BaO), and a re-equilibratim assemblage coniined to the margins of the qstals.  This 

assemblage is composed of Sr- and Ba- depleted calcite, Ca-nch strontianite, and minute grains 

of Ba-Sr-Ca carbonates. 

In the phlogopite-calcite carbonatite, calcite is the main carbonate phase. It foms a 

matrix of subhedral grains with characteristic twinning and rhombohedral cleavage (Fig. 

3.2.3a,b). The minerai is also developed interstitially with respect to the phlogopite crystals, 

and as an alteration product afier potassium feldspar. Some of the calcite grains contain rninor 

inclusions of apatite and barite. Compositionally, the calcite is relatively unifoxm, and contains 

up to 6.5 wt.% Sr0  and ca. 0.6 wt.% Ba0 (Table 3.3.2.1). In contrast to the calcite carbonatite, 

the exsolution textures composed of low-Sr calcite and Ca-rich strontianite are much Iess 

common in the phlogopite-calcite carbonatite. 

Calcite fÏom the quartz-feldspar-carbonate rock is similar to that f?om the calcite 

carbonatite in having a subsolidus re-equilibration texture. The mineral occurs as anhedral-to- 

subhedral grains, with Sr-nch high-AZ cores (up to 5.3 wt.% Srû), and low-AZ Sr-depleted 



. (a) 

.ong 
see 
:s, a 

Fig. 2.ExsoIution textures in the calcite carbonatite (Mu-1052/20), BSE images 
'Tatches" of Sr-poor calcite and Ca-nch strontianite (speckled areas) al 
margins and fractures in primary Sr-nch calcite (Cal); for abbreviations 
Fig. 15; (b) calcite (dark grey) - strontianite (white) exsolution aggregatt 
medium grey grain in the top left corner is burbankite. 



Fig. 3.3.2.3.BSE images of exsolution textures in the Ba-Sr-Ca carbonatite. (a) calcite (black)- 
barytodcite (grey) aggregates with ancylite-(Ce) devdoped dong hctures 
(white), Mu-14; (b) primary Sr-rich barytocalcite (medium grey) with exsolution 
textured margins of  calcite (black) and barytocalcite @ght grey), note grain 
c o d g  toward the interstitial spaces. White spon are kukharenkoite. Mu-1 5. 
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Table 3.3.2.1. Representative compositions of strontian calcite. 

Ca0 
Sr0 
Ba0 
CO2* 
Total 

48.98 53.63 51.41 54.54 52.40 
6.62 0.68 4.85 0.56 3.92 
1.99 1.67 0.79 n.d a d  

41.82 42.86 42.63 43.04 42.79 
99.41 98.84 99.68 98.14 99.11 

Formulae calculated on the basis of 1 cation 

0,919 0,982 0,946 0,994 0.961 
0.067 0.007 0.049 0,006 0.039 
0.014 0.011. 0,005 - - 
1.000 1.000 1.000 1.000 1.000 

Wt. % 13 14 15 16 17 18 19 20 21 22# 23'' 

Ca0 53.65 54.19 5 1.64 52.82 54.69 51.10 52.12 54.57 54.57 49.57 52.28 
S r 0  1.91 1.14 5.37 2.77 1 .41 6.47 2.95 1.95 1.79 5.27 3.44 
Ba0  n.d n.d 1.3 1 n,d n.d 0.64 0.85 0.53 n.d 0.72 n.d 
CO2* 42.92 43.01 43.18 42.63 43.52 43 .O3 42.40 44.00 43.77 41.35 42.49 
Total 8.48 98.34 101.50 98.22 99.62 101.24 98.32 101.37 100.43 96.91 98,21 

Formulae calculated on the basis of 1 cation 

Ca 0.981 0.989 0.938 0.972 0.986 0.932 0.964 0.973 0.978 0.941 0.966 
Sr 0.019 0.011 0,053 0.028 0,014 0,064 0.030 0.019 0,017 0.054 0.034 
Ba - 0.009 - 0.004 0.006 0.003 - 0.005 
CO3 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

n.d = not detected; * calculated on the basis of stoichiornetry; # analysis sum also includes 0.32 wt.% MnO, conesponding to 0.005.- 
apfu; '' analysis sum also includes 0.30 wt.% MnO, corresponding to 0.004 apfu. Analyses 1-7: BR-&-Ca carbonatite (1-2 - MM- 
7; 3-4 - Mu-8; 5-6 - Mu-14; 7 - Mu-15); 8- 17: calcite carbonatite (8-9 - Mu-114/2; 10- 1 1 - Mu-136/32; 12 - Mu-180; 1 3-1 4 - 
Mu-136/33; 1 5 - M u 4  36/52; 16- 17 - Mu-1052/20); 1 8 - phlogopite-calcite carbonatite (Mu-238); 19-23; qirartz-jieldspar- 
carbonate rock (1 9-2 1 - Mu-145; 22-23 - Mu-136/46). 



Fig. 3.3.2.4. Ancylite-(Ce) (white) developed interstitially with respect to quartz 
(dark grey) and Sr-rich calcite (grey); note ovoid inclusions of Sr-nch 
calcite in quartz. Quartz-feldspar-carbonate rock (Mu- 145); B SE image. 

Fig. 3.3.2.5. BSE image of kukharenkoite (white) with strontianite (grey) in calcite 
(black). Ba-Sr-Ca carbonatite (Mu-8). 
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margins (ca. 2.0 wt% SrO). In common with the Ba-Sr-Ca carbonatite, calcite fiom the quartz- 

feldspar-carbonate rock forms intergrowths wi th Sr-Ca-Ba carbonates and minor strontianite. In 

contrast to the other carbonate-rich rocks examined, calcite in the quartz-feldspar-carbonate 

rock in some cases forms "graphic" intergrowths with quartz. Oval grains of calcite (up to 25 

p in diameter) are also found as inclusions in equant quartz crystals (Fig. 3.3.2.4). These 

inclusions contain cn. 3.5 wt % SrO, and are compositionaily sunilar to the high-AZ calcite. 

Strontianite occurs in different proportions in al1 four rock types, but is especially 

abundant in the Ba-Sr-Ca carbonatite. As a part of the calcite-strontianitz intergrowths (see 

above), strontianite is associated with minor Ba-Sr-Ca carbonates and barite, and foms 

anhedral grains up to 20 p in the low-Sr parts of calcite grains (Fig. 3.3.2.2a,b). Here, the 

minera1 is notably enriched in Ca0 (up to 22.5 wt.% in the calcite carbonatite and 20.2 wt.% in 

the phlogopite-calcite carbonatite: Table 3.3.2.2). in the Ba-Sr-Ca carbonatite, strontianite also 

occurs in complex intergrowths with Sr-Ca-Ba carbonates, calcite, and REE carbonates (Fig. 

3.3.2.5). This strontianite shows a significant intergranular compositional variation in ternis of 

Ca0 content (fioxn 1.4 to 22.0 W.%: Table 3.3.2.2). Strontianite is rare in the quartz-feldspar- 

carbonate rock, and is characterised by relatively low Ca content (3.2 to 5.5 wt.% Cao; Table 

3.3.2.2). The amount of witherite component (BaC03) in strontianite varies fiom 1 .O to 7.4 

mol.% in the calcite carbonatite; fiom 1.1 to 5.0 mol.% in the Ba-Sr-Ca carbonatite, fiom 0.6 to 

2.3 mol.% in the phlogopite-calcite carbonatite, and fiom 1.2 to 8.6 mol.% in the quartz- 

feldspar-carbonate rock. Some strontianite crystals also contain appreciable R&Q3 (5 2.5 

wt.% in the calcite carbonatite; 5 3.9 wt.% in the Ba-Sr-Ca carbonatite; and I 1.4 wt,% in the 

quartz-feldspar-carbonate rock: Table 3 -3.2.2). 

In thin section, Sr-Ca-Ba carbonates appear as anhedral-to-subhedral grains and 

oikokxysts (1 OSmm), with a coarse perpendicular cleavage and bronze-pinkish interference 
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colours (Figs. 3.3.2.6, 3.3.2.7 and 3.3.2.8). The minerals dso occur interstitially with respect to 

feldspar, clinopyroxene, titanite and tinaksite. 

Fig. 3.3.2.6. Oikocryst of Ba-Sr-Ca carbonate bellow, pi&) enclosing grains of 

potassium feldspar (grey) and clinopyroxene (black, elongate) in a quartz 
matrix (white). Quartz-feldspar-carbonate rock (Mu- 136/46); FOV 6 mm; 
crossed polars. 

In BSE, Sr-Ca-Ba carbonates are discemible as a constituent of the complex exsolution 

aggregates with strontianite, calcite and REE carbonates (see above) (Fig. 3 .3.2.3a,b), here, the 

Ba-Sr-Ca phases occur as anhedral grains from 5 to 50 pm in size, and calcite-free aggregates 

(up to 3mm in size) of variable composition. In minor arnounts, Sr-Ca-Ba carbonates occur in 

the calcite-strontianite exsolution aggregates in the calcite carbonatite (see above), where they 

fom anhedral grains up to 10-20 W. The Ba-Ca-Sr carbonates exhibit a wide compositional 

variation (Table 3.3.2.3), ranging from almost pure [CaBa(CO&] (e-g. analyses 1 and 4 Table 

3.3.2.3), to Sr-rich varieties (e.g. analyses 2, 5 and 9 Table 3.3 -2.3). Some of the grains 



Fig. 3.3 -2.7. Ba-SrCa carbonates @ink, light green) with clinopyroxene (Cpx) in the 
Ba-Sr-Ca carbonatite (Mu-15 1). FOV 6 mm; crossed polars. 

Fig. 3.3.2.8. Primary barytocalcite with warse cleavage (bronze yellow; bottom 
fight) associated with zoned potassium feldspar (light grey) and stellite 
clinopyroxene (d& green). Ba-Sr-Ca carbonatite (Mu-15). FOV 6 mm; 
crossed polars. 86 
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correspond to olekminskite [(Sr,Ca,Ba) CO3], a mineral first described fiom the Murun 

complex by Konev et al. (1991) (e.g. analyses 17 and 28 Table 3.3.2.3). 

Carbonates of rare-earth elements. 

Ancylite-(Ce) [SrCe(C03)2(0H)- H20] is one of the most abundant REE-bearîng 

carbonates in our samples. The mineral is found predomùiantly in the Ba-Sr-Ca carbonatite, 

and in lesser amounts, in the calcite carbonatite and quartz-feldspar-carbonate rock. Ancylite- 

(Ce) occurs as anhedral-to-subhedral discrete crystals up to 170 jun in size or aggregates of 

anhedral grains commonly confinecl to the interstitial spaces and fractures in the exsolution 

aggregates. In the quartz-feldspar-carbonate rock, ancylite-(Ce) also foms stellate aggregates 

of elongate crystals up to 60 pm across, and is associated with strontianite or developed 

interstitially relative to calcite and quartz (Fig. 3.3.2.4). The ancylite-(Ce) shows a notable 

intergranuiar variation in composition (Table 3.3.2.4). In terms of the proportions of individual 

REE, the Murun ancylite is similar to that fhm Narssârssuk (Greenland), and low-Nd ancylite- 

(Ce) fiom the Bearpaw Mts. (Montana, U.S.A.) (Fig. 3.3.2.9). In terms of Sr-Ca-WE 

contents, our data are similar to those for the material from Khibina (Kola Peninsula, Russia), 

Bearpaw Mts., and some of the ancylite-(Ce) fkom Narssârssuk. (Fig. 3.3.2.9, and references 

therein). 

Burbankite [(Na,Ca)3(Sr,Ca,REE,Ba)3 (C03)5] was fïrst described by Pecora & Kerr 

(2 953) in carbonatites fIom the Bearpaw Mountains, Montana. Subsequently, the mineral was 

found in several other occurrences, including carbonatites of the Khibina complex (Zaitzev et 

al. 1998) and Chipman Lake complex (Platt & Woolley 1990), nepheline-syenitic rocks of 

Mont Saint-Hilaire (Chen & Chao 1974) and Eastern Uluaine (Litvin et al. 1998). Recently, 

burbankite has been described in fluid inclusions in quartntes bordering the Kalkfeld 

carbonatite complex (Biihn et. al 1999). 



Ancylite-(Ce) 
0 Murun, this work 

Bearpaw Mountains (Reguir & Mitchell 2000) 
Khibina (Zaitsev et al. 1998) 

r Narssarssuk (Pekov et al. 1997) 
* Benfontein (Mitchell 1 995) 

Ancylite-(La) 
Khibina (hkovenchuk et al. 1997) 

" Ancylite-(Nd)" 

Bearpaw Mountains (Reguir & Mitchell 2000) 

Fig. 3.3.2.9. Compositional variation of ancylite. 



Table 3.3 .M. Representative compositions of ancylite-(Ce) fiom carbonate-rich rocks and 
charoitites. 

Total 92.65 93.14 91.94 91-55 92.97 91.79 91.18 93.94 96-81 91.49 

Fonnulae calculated on the basis of 2 cations 

* calculated on the bais of stoichiometry; n.d - not detected; analyses 1-4: Ba-Sr-CU carbonatire 
(1-3 - Mu-7; 4 - Mu-14; 5 - Mu-151); 6: calcite carbonutite (Mu-180); 7 :  quartz-feldspar- 
carbonate rock (Mu-145); 8- 1 0: charoitite (Mu-1 98). 



Burbankite is rare in the rocks examined, and is found only in the calcite carbonatite 

and quartz-feldspar-carbonate rock The minera1 occurs as anhedral-to-subhedd elongate 

grains up to 30 pm enclosed by the calcite-strontianite exsolution aggregates (Fig. 3.3.2.2b), or 

as hcture  Glings. Burbankite is also found in Ba-Sr-Ca carbonate-dominated exsolution 

aggregates in tinaksite-rich samples of the calcite carbonatite (sample Mu- 1 1 4/21, where it is 

associated with calcite, strontianite and kukharenkoite. Recalculation of the microprobe 

analyses of burbankite to structura1 formulae invariably results in somewhat low cation total in 

the A-site (Na+Ca) (Table 3.3.2.5), possibly indicating the presence of vacancies. However, the 

low cation totals may be merely an artefact resulting fiom vaporisation of Na under the electron 

beam. Burbankite nom the examined samples exhibits noticeable intergranular compositional 

variation, especially in terms of Sr-Ba-REE proportions in the B-site (Table 3.3.2-5). Sr0 and 

Ba0 contents Vary fiom 33.5-44.0 wt.% and 0-8.0 wt.%, respectively (Table 3.3.2.5). Some of 

the burbankite grains are REE-fiee, whereas in other crystals, -O3 reaches 4.8 wt.%. It is 

noteworthy, that although most burbankite shows a preponderance of Ce among the rare-earth 

elements, in some of the crystals, La is a dominant REE (e.g. analysis 3 Table 3.3.2.5). In tenns 

of (Na+Ca)-@*Ba)-REE proportions, the Munui burbankite is sunilar to the material fiom 

Mount St.Hilaire, the Azov region, and some samples fkom the Khibina wmplex, Chipman 

Lake and the Bearpaw Mountains (Fig. 3.3.2.10 and references therein). Burbankite fiom the 

KaMeld massif and most of the samples fkom the Khibina cornplex (Zaitsev et al. 1998) is 

depleted in BaO, and significantly emiched in Na20 and REE203 relative to our materid (Fig. 

3.3.2.10). 

Kukharenkoite-(Ce) pa2Ce(C03)3F] is rare in the rocks examined. This mineral was 

fkst described from carbonatites of the Khibina alkaline complex (Zaitzev et al. 1996). 

Kukhardoite-(Ce) has also been found in carbonatites of the Vuorijirvy mmplex, Russia, at 

the Mont Saint-Hilaire alkaline complex and the Saint-Amable nepheline syenite dl, Canada 

(Zaitzev et al. 1996). To our knowiedge, it has not been previously observed at Murun. 



Table 3.3.2.5. Representative compositions of burbaakite fiom the calcite carbonatite. 

Total 98.07 

Ca 0.275 
Sr 2.173 
Ba 0.354 
La 0.086 
Ce 0.112 
C B cations 3.000 

Fomulae cdculated on the basis of 15 atoms of oxygen: 

* calculated on the basis of stoichiometry; n.d = not detected; 1-5: Mu-1 MD; 6-9: Mu-1 052-20. 



Murun, this work 
Murun (Konev et al., 1 996) 
Bearpaw Mountains (Reguit & Mitchell, 2000) 
Bearpaw Mountains (Effenberger et al., 1 985) 
Khibina (Belovitskaya et al., 1998) 
Khibina (Zaitsev et al., 1998) 
Chipman Lake (Platt & Wooley, 1990) 
Kalkfeld (Buhn et al., 1999) 
Azov region (Litvin et al., 1998) 
Mont St. Hilaire (Chen & Chao, 1974) 

Fig. 3.3.2.10. Cornpositional variation in burbankite. 
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M u m ,  this work 
* Khibina (Zaitsev et al. 1 9%) 

Vuorijiiny (Zaitsev et ai. 1998) 
a Mont St Hilaire (Zaitsev et al. 1998) 

Fig. 3 -3.2.1 1 .. Compositional variation of kukharenkoite. 



Kukharenkoite-(Ce) is found as anhedral grains (15-100 pn in size) embedded in the 

exsolution aggregates (Figs. 3.3.2.3b and 3.3.2.5), where it is commonly associated with 

burbankite. In contrast to the type material, kukharenkoite fiom M m  exhibits significant 

intergranular compositional variation, especially in temis of the CeLa proportion. The majority 

of cumpositions are very similar to the data of Zaitsev et al. (1996), but some samples differ 

fkom the type materid in being significantly enriched in La (Table 3 -3.2.6, Fig. 3.3.2.1 1). A 

few compositions correspond to a distinct mineral species, Le. "kukharenkoite-(Za)" (Table 

3.3.2.6, Fig. 3.3.2.1 1). 

3.33 Quam 

Quartz is found predominantly in the quartz-feldspar-carbonate rock (Mu-145 and Mu- 

l36/46), where this minera1 comprises 1 5-20 vol.% of the rock. 

Fig. 3.3.3.1. Relationslips of quartz (grey) with potassium feldspar (crosshatched) and 
calcite (fine-grained, multicoloured). Quartz-feldspar-carbonate rock (Mu- 
145); FOV 6 mm; crossed polars. 



Hae, quartz occurs as oikocrysts enclosing euhedral crystals of potassium feldspar, 

clinopyroxene and calcite (Figs. 3.3.3.1 and 3.3.2.6) or as graphic intergrowths with calcite. 

Some of the quartz grains contain inclusions of relatively high-Sr calcite (Fig. 3.3.2.4). Quarh 

is also found in minute amounts in the Ba-Sr-Ca carbonatite and calcite carbonatite, where it is 

developed interstitially and as fiacture fillings in the earlier-crystallised phases. 

33.4 Fluorapa&e 

Fluoraparite is found as a ubiquitous constituent in al1 types of rocks examined in the 

present study. In the Ba-Sr-Ca carbonatite and quartz-feldspar-carbonate rock, the mineral 

forms subhedral-to-euhedrd pnsmatic (up to 100 p in length) or rounded (up to 50 p in 

diameter) crystals embedded in the carbonates, or developed interstitidy and dong the 

fractures in feldspar and other earlier-crystallised minerais. In calcite carbonatite, fluorapatite is 

found in cavities and hctures in the calcite-strontianite intergrowths. In the phlogopite-calcite 

carbonatite, fluorapatite occurs as anhedral-to-subhedrai grains and aggregates of subhedral 

crystals (up to 230 pm in size) in a phlogopite matrïx. The mineral is generally enrïched in Sr0  

and is characteristically devoid of Si. In the calcite carbonatite and Ba-Sr-Ca carbonatite, 

flourapatite commonly shows a weak-to-moderate irregular zoning, with hi&-AZ zones 

enriched in Sr0 (up to 6.7 wt%: Table 3.3.4.1). Some apatite crystals fiom the quartz-feldspar- 

carbonate rock and calcite carbonatite show a different zonation pattern, with hi&-AZ zones 

enriched in LREE (up to 1.5 wt.96; analyses 6, 8 and 9, Table 3.3.4.1). In contrast to the other 

examined carbonate-rich rocks, some of the fluorapatite crystals h m  the quartz-feldspar- 

carbonate rock contain appreciable Na (up to 0.5 m.%; Table 3.3.4.1). 

Previously, Sr-rich apatite has been described fiom many carbonatite occurrences 

worldwide, including Gatineau, Quebec (4.7 wt.%: Hogarth et al. 1985) and Oldoinyo Lengai, 

Tanzania (2.24.6 wt.%; Dawson 1993). Chalchmouradian & Mitchell (1998) have observed 

extremely Sr-rich (up to 12.8 wt.% SrO) fluorapatite in dolomite carbonatites of Lesnaya 

Varaka, Russia. 



Table 3.3 -4.1. Representative compositions of fluorapatite from carbonatites. 

Fomiulae calculated on the basis of 8 cations 

n.d = not detected. Analyses 1-4: Ba-Sr-Ca carbonatite (1 -2 - Mu-8; 3-4 - Mu-15); 5-6: calcite 
carbonatite (Mu-1052/20); 7-9: quartz-feldspar-carbonate rock (Mu-145). 



33.5 Barite 

Barite is a common late-stage minera1 in the samples examined. The mineral forms 

subhedral-to-euhedral crystals up to 50 pm across that are typically confined to cavities and 

fiactures. It also occurs among alteration products developed afier earlier-crystallised minerals 

(e.g. titanite). Barite commonly occurs in the calcite-strontianite and Ba-Sr-Ca carbonate- 

calcite-strontianite intergrowths, where it is associated with kukharenkoite, ancylite-(Ce) and 

birrbankite. Compositionally, barite fiom the Munin carbonatites shows slight enrichment in 

Sr0 and Ca0 contents (both I 1 .O W.%). 

33.6 Fluorite 

This mineral occurs in aggregates (up to 200 p in size) of anhedral grains developed 

interstitially or dong hctures in potassium feldspar and carbonates, and was found only in one 

sample the Ba-Sr-Ca carbonatite (Mu- 1 80). 

In the samples examined, sulphides are found in subordinate amounts. Fyrrhotite and 

pyrite occur predominantly in the phlogopite-calcite carbonatite. Here, pyrrhotite forms 

anhedral-to-subhedra1, commonly elongate grains up to 250 pn in size, commonly containhg 

inclusions of potassium feldspar, titanite, and apatite. Pynte occurs as subhedral crystals up to 

150 p in size generally confined to cavities and fiactures. 

Chahpyrite occurs in most of the examined rocks as anhedral-to-subhedral, rarely 

diamond-shaped grains up to 100 p across, typically showing an alteration rim. The minerai 

is associated with galena, bornite and sphalerite. 

Bornite forms subhedral grains up to 200 p, commonly with exsolution lammelae of 

an unidentified phase, and in few cases, is altered to barite dong fiactures and margins. 



Galena and sphalerie are found predomuiantly as rare minute (CU. 40 p) inclusions in 

chalcopyrite. Galena occurs predominantly in the quartz-feldspar-carbonate rock, where it 

f o m  anhedral grains, commonly with an aiteration rim. 

Diggenite [Cu&] occurs chiefly in the Ba-Sr-Ca carbonatite as rare anhedral grains up 

to 170 pn in size, conEined to fkactures in the carbonates and clinopyroxene. 

Most of the sulphide rninerals are poor in minor elements and typically correspond to 

the ideal compositions. Sphalerite and digenite may contain appreciable Fe (ca. 0.2 wt.% and 1 

wt.%, respectively). 

3.3.8 Vunadates 

Vanadinite pb5(V04)3C1] is extremely rare in the rocks examuied, and was found only 

in a sample of the Ba-Sr-Ca carbonatite (Mu-151), where it forms anhedral-to-subhedra1 

interstitial grallis Ca. 20 pm in size. n i e  mineral exhibits relative enrichment in Cu0 (up to 

1.26 wt.%)), Ba0 (up to 1.2 wt.%) and F e 0  (up to 0.6 wt.%) (Table 3.3.8.1). 

Vanadinite occurs in intimate intergrowths with an unidentified Pb- and Cu-bearing 

vanadate with composition correspondhg to the general empirical formula: (Pb, 

CU,B~,C~)~(VO~)(OH) (Table 3 -3.8.1). UnWre in mottramite [PbCu(V04)(OH)] , the vanadate 

of the current study has a Pb:Cu proportion that is close to 2:l. This mineral also contains 

appreciable Ba0 (1.3-1.5 wt.%), Fe0 (1 0.7 wt%) and, in some cases, Mn0 (1.0 wt.%) (Table 

3.3.8.1). The iow analyses totals may reflect the presence of some amount of molecular water- 



Table 3 3 -8.1. Representative compositions of vanadinite and an unidentified Pb-Cu 
vanadate fiom Ba-Sr-Ca carbonatite (Mu- 1 5 1). 

SiO2 
Fe0 
v205 

Pb0 
Ca0 
Mn0 
Cu0 
Ba0 
Cl 
-o=F 
H20* 
Total 

Si 
~e'' 
v5+ 
Pb 
Ca 
Mn 
Cu 
Ba 
Cl 
OH 

Formulae calculated on the basis of: 
13 anions 

- - - 0.0 18 
0.1 14 0.085 0.037 0.040 
2.898 2.861 2.897 1 .O53 
5.073 5.087 4.916 1.160 

- 0.028 0.070 0.040 

0.52 
0.57 

2 1 -49 
59.54 
0.59 

n.d 
1 1.96 
1.54 
n.d 

- 
2.24 

98.45 

3 cations 
0.03 8 
0.034 
1 .O27 
1.158 
0.046 

- 
0.653 
0.044 

- 
1 .O80 

n-d = not detected; * calcutated from stoichiometry. Analyses 1-4: vanadinite; 5-7: 
unidentified vanadate. For analyses 5-7, S, As and P were sou& but not found. 



3.4 Discussion and conclusions 

3.4.1 Genesik of the Murun carbonatites and related rocks 

Sr- and Ba-rich carbonatites fiom Murun alkaline complex represent a compositionally 

and mineralogically unique rock type, and have no direct analogues. In addition to Ca- rich 

strontianite, calcite with elevated Sr contents, olekminskite [(Sr,Ca,Ba) CO3], and Ba-Ca-Sr 

carbonates with the general formula (Ca0.97-1- 1 sBao.53-o,9&o.o -0.44)(C03)2, several rare minerals 

have been found in the examined rocks. These include burbankite, ancylite-(Ce) and 

kukharenkoite; the latter has not been previously described fiom the Munui rocks- In the 

present work we distinguished three mineralogical types of carbonatites: calcite carbonatite (i), 

Ba-Sr-Ca carbonatite (ii), and phlogopite-calcite carbonatite (iii). 

In the carbonatites of types (i) and (ii), the earliest mineral paragenesis to crystallise 

includes potassium feldspar, followed by aegirine-augite, and a p r i m q  Ca-Sr-Ba carbonate 

(strontian calcite or barytocalcite). In some samples, the early mineral assemblage also indudes 

titanite, zircon, potassic richterite, and strontian apatite. The late stage mineral assemblage is 

composed of stellite aegirine, products of exsolution in p r i m q  carbonates, fluorite, dalyite, 

barite, sulphides, REE-bearing carbonates, vanadinite, and in the calcite carbonatite, tinaksite 

and turkestanite. 

The calcite-carbonatite and Ba-Sr-Ca carbonatite differ noticeably in ternis of the 

composition of rock-fomllng silicates (Figs. 3 -3.1.2 and 3 -3.1.4). Potassium feldspar fiom the 

Ba-Sr-Ca carbonatite is significantly enriched in ~e~~ (0.06-0.27 apfü) in cornparison with the 

calcite-carbonatite (0.0 1-0.10 apfu). This compositional dissimilarity clearly results fkom 

different xOz) in two types of parental magma. However in both cases, the crystals of 

potassium feldspar show oscillatory zoning with some variation in Fe/Al among the zones (Fig. 

3.4a,b), indicating fluctuations inA02) throughout the crystallisation span of the feldspar. 

In the temary systern c ~ F ~ ~ + s ~ ~ o ~ ~ M ~ s ~ ~ o ~ - N ~ F ~ ~ ~ s ~ ~ o ~ ,  the compositions of 

clinopyroxene from the two types of carbonatites define subparallel, partially overlapping 

trends, indicating that these wbonatites evolved independently and cannot represent 

differentiates from a single parental carbonatitic magma (Fig. 3 -3.1.4). The early clinopyroxene 



h m  the calcite carbonatite is represented by sodic diopside and aegirine-augite depleted in 

hedenbergite wmponent relative to the aegirine-augite fkom the Ba-Sr-Ca carbonatite- The 

observed difference in F ~ ~ + / M ~  ratio may result fiom (i) clifferait oxygen figacities during the 

crystdlisation of the two types of clinopyroxene, or (ii) cornpetition for Mg or between 

clinopyroxene and other mafic mulerals (e.g., Mitchell & Vladykin 1 996; Piilonen et ai. 1 998). 

As the Ba-Sr-Ca carbonatite crystallised in a more oxidised environment (see above), we 

suggest that the generally higher F ~ ~ + / M ~  ratio in the clinopyroxene fiom this carbonatite 

resulted nom sequestration of Mg by alternative hosts such as amphibole. This conclusion is 

fûrther supported by the occmence of relict richterite in some samples of Ba-Sr-Ca carbonatite 

(Figs. 3.2.2a and 3.3.1.5). 

The major mineralogical difference between the carbonatites of type (i) and (ii) is the 

nature of primary carbonates. In type (i), the primary carbonate is a Sr-rich calcite with 

relatively low Ba contents (I 1.9 wt.% BaO), whereas the rocks of type (ii) contain 

barytocalcite as a major carbonate phase, and only minor Ba-rich calcite as a part of the 

subsoludus mineral assemblage. In both cases, the prirnary carbonates became unstable upon 

cooling and undenvent complex exsolution processes. Typical exsolution textures consist of 

primary carbonates in a core, and the subsolvus mineral assemblage confined to marginal parts 

of the crystal. The composition of the primary carbonates becomes progressively depleted in 

"impurity" components (Ba + Sr in calcite, and Sr in barytocalcite) towards the margin. In our 

opinion, this indicates that interstitial fluids played an important role in the onset of exsolution 

processes promoting an outward diffiision of components in the peripheral zones of carbonate 

crystals. The mineralogy of the exsolution assemblage is strikingly simila. in the two types of 

carbonatites (Fig. 3 -4.1. l), whereas the proportion among the three prhciple constituents 

(calcite, strontianite, and barytocalcite) is very different. During the exsolution process light 

rear earth elements (LREE) present in the primary carbonates in trace amounts, were 

incorporateci in kukharenkoite and partly in strontianite (up to 3.9 wt. % LREE203). 



calcite carbonatite 

Ba-Sr-Ca carbonatite 

quartz-feldspar-carbonate rocks 

phlogopite-calcite carbonatite 

charoitites 

Fig. 3.4.1.1. Compositional variations of Ca-, Sr- and Ba-bearing carbonates 
fiom the carbonate-rich rocks of the Murun cornplex. 



In the carbonatites of type (i), the primary Sr-rich calcite contains 5-6 mol.% SrC03. If 

we neglect the effect of Sr removal by d i h i o n  during the exsolution process, the composition 

of the primas. Sr-rich calcite attests to ~ s ~ s a t i o n  temperatures in excess of 650" C (Fig. 

3 -4.1.2a). At lower temperatures, pressures greater than 4 kbar are required for incorporation of 

significant Sr into calcite. As the subsolvus calcite and, especially, strontianite show a 

significant variation in composition, the exsolution probably occurred over a range of 

temperatures. Comparatively low Ca contents (< 30 mol.% CaC03) in strontianite indicate total 

pressures not exceeding 2 kbar and temperatures generally below 3 50° C (Fig. 3.4.1.2b). 

Crysallisation conditions for the carbonatites of type (ii) cannot be readily infened 

fiom the available experimental data because the system CaC03-SrC03-Bac03 has not been 

studied in sufficient detail. There is complete miscibility between witherite and strontianite at 

al1 temperatures and pressures, whereas in the system BaC06aCO3, a complete solid solution 

exists only above 850' C (Fig. 3.4.1.3). Below 500' C, the system incorporates two solvii 

separating orthorhombic witherite and rhornbohedral calcite fiom monoclinic bmytocalcite 

[CaBa(C03)2]. At ambient pressures, the barytocalcite-type structure is stable in a relatively 

nmow range of compositions, and only a few mol.% of SrCO3 can be incorporated into this 

structure. The solubility of SrCO3 in barytocalcite increases with pressure (Chang 1965); 

however, even pressures in excess of 20 kbar cannot account for 13-22 mol.% SrC03 present in 

the primary barytocalcite fiom Murun. 

In the phlogopite-calcite carbonatite [type (iii)], the early mineral assemblage includes 

phlogopite, primary Sr-rich calcite, potassium feldspar, apatite, and subordinate amounts of 

andradite and titanite. The late-stage mineral assemblage is composed of sulphides (mostly 

pyrite and pyrrhotite), rutile (rimming titanite), and secondary carbonates exsolved fiom the Sr- 

nch calcite. In contrast to the calcite-dominant carbonatites of type (i), this type is devoid of 

clinopyroxene and Ba-Sr-Ca carbonates. The two types of carbonatites also differ in the 

composition of feldspar phenoaysts. In the phlogopite-bearing type, potassium feldspar lacks 

detectable Fe, and contains appreciable Na and Ba contents (0.7-1.2 and 1.7-3.5 wt.% 
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respective oxides). In common with potassium feldspar, phlogopite fiom the type-(iii) 

carbonatite is enriched in Ba (up to 2.4 wt.% BaO). Both minerais exhibit a sirnilar core-to-rim 

zonation pattern of decreasing Ba content This indicates that early sequestration of Ba in the 

silicates precludd crystallisation of prirnary Ba carbonates such as barytocalcite. The 

mineralogical differences between the carbonatites of types (i) and (iii) clearly indicate that the 

latter crystallised kom a volatile-rich magma depleted in Na, and under more reducing 

conditions. In the phlogopite carbonatite, exsolution textures are much less cornmon than in the 

calcite carbonatite, and contain strontianite comparatively enriched in Ca (30-45 mol. % 

CaC03). The above observations may indicate that the carbonaîites of type (iii) crystallised at 

greater depths (at P 2 4 kbar), and upon crystallisation, underwent a rapid loss of residual 

volatiles. 

In addition to the three types of carbonatites, we classifjr the quartz-feldspar-carbonate 

rock as a distinct lithological type. This rock is generally similar to the calcite-dominant 

carbonatite of type (i), but contains large modal proportions of quartz. This mineral crystallised 

late in the evolutionary history of the rock forrning oikocrysts, graphic intergrowths with calcite 

and equant crystals with abundant calcite inclusions. These textural features suggest that the 

quartz-feldspar-carbonate rock is transitional fiom carbonatites to quartz-calcite rocks locally 

known as "torgolites" (Konev et al. 1996). The 'Yorgolites" are essentially bimodal rocks with 

about 60-70 vol.% of quartz and 30-40 vol.% of calcite intergrown in a mamer reminiscent of 

the graphic texture in pegmatites. Konev et al. (1996) interpret these unusual rocks as a product 

of eutectic crystallisation of quartz and calcite. Although such a genetic interpretation is 

thermodynamically plausible (Lee & Wyllie 1998), and consistent with some texturd 

characteristics of the quartz-calcite rocks, it does not explain the presence of ovoid calcite 

inclusions in quartz oikocrysts, nor the large modal proportions of alkali feldspa- and aegirine 

in these rocks. In ternis of composition, the carbonates and feldspar from the quartz-feldspar- 

carbonate rocks are a lmst  identicai to their cornterparts in the calcite-carbonatites of type (i) 

(Figs. 3.3.1.2 and 3.4.14, whereas the clinopyroxene is significantly ncher in the aegiine 



cornponent Fig. 3.3.1.4). The above observations rnay indicate that the calcite-carbonatites and 

quartz-carbonate rocks are cognate, but the latter crystallised fiom a more evolved source 

enriched in alkalis and silica. Such processes as assimilation of wakock  material and anatexis 

may have contributed to the formation of the quartz-feldspar-carbonate rocks and "torgolites". 

For comparative purposes, we also plotted on Figure 3.4.1.1 the compositions of 

carbonates fiom the charoitites. In these rocks, Sr-rich calcite, Ca-rich strontianite, 

bmytocalcite and witherite occur as strings of anhedral grains embedded in charoite (see also 

Chapter 2.1). Compositionally, these minerals are very similar to their counterparts in the Ba- 

Sr-Ca carbonatite, and may represent derivatives fiom the same source. Although we did not 

observe witherite in our carbonatite samples, Konev et ai. (1996) describe this mineral as a 

product of exsolution of the primas. strontian barytocalcite C~.76Sro.erBao.80(C03)~. 

3.4.2 Cornparison with d e r  carbonatite complexes 

In addition to the M u m  complex, Sr-rich carbonatites have been observeci only at a 

few other occurrences worldwide. In the majonty of these, high REE and relatively low Ba 

levels accompany the general enrichment of carbonatites in Sr. A Sr-rich carbonatite dyke has 

been described at Samu-Dandali alkaline complex, Rajasthan, India (Wall et al. 1993). In 

contrast to the carbonate-rich rocks fiom Munrn, the carbonatite at Sarnu-Dandali is REE-rich 

and Ba-poor. This carbonatite is composed of exceptionally Sr-nch calcite (up to 13 wt.% SrO) 

occurring in two major parageneses, Le. in exsolution aggregates with carbocemaite 

[(C%Na)(Sr,Ce,Ba)(C03)2], and in a complex cotectic intergrowth with carbocemaite and Ca- 

rich (19 wt.% Cao) strontianite. Both calcite and strontianite fiom the Samu carbonatite are 

Ba-poor, and only in few cases, incoprate appreciable Ba0 (up to 1 .O wt.% in calcite, and up 

to 2.5 wt. % in strontianite). On the basis of compositions of coexisting calcite and strontianite, 

Wall et al. (1993) suggested that the Rajastan carbonatite dyke formed at T=500°C and 

P=Zkbar. These data are in general agreement with the P-T conditions iderred in this work for 

the Murun calcite carbonatite. 



Carbonatites fiom the Bearpaw Mt. (Montana) represent another example of Sr-rich 

carbonate rocks associated with alkaline complexes (Reguir & Mitchell 2000)- The Bearpaw 

carbonatites contain Sr-rich calcite (5.5 wt.% SrO) that forms exsolution aggregates with Ca- 

nch strontianite (I 7.2 wt.% Cao) resembhg those found in the Munui calcite carbonatites. In 

m t r a s t  to the carbonate-rich rocks of the Murm complex, the Bearpaw carbonatites are devoid 

of primary Ba-rich carbonate minerals (ie. barytocalcite). At Bearpaw, Ba is concentrated 

predominantly in late-stage REE-bearuig carbonates, including carbocemaite 

[(Ca,Na)(Sr,Ce,Ba)(CO3)2], burbankite [(Na,Ca)3(Sr,Ca,REE,Ba)3(C03)5] and huanghoite-(Ce) 

IBaCe(C03)2Fl 

Sr- and Ba-rich calcite carbonatites have been recently described at the Dunkeldykslq 

alkaline complex, Tajikistan (Faiziev et al. 1998). Here, Ba, Sr and M E  are incorporated in 

Ba- and REE-bearing strontian calcite (CU. 0.2 wt.% BaO, 0.2 wt.% RE&03, and 6.2 M.% 

S a ) ,  strontianite, celesthe, barite, fluorite (up to 0.8 wt% -O3), and several REE-bearing 

fluorcarbonates. As suggested by Faiziev et al. (1 W8), al1 these minerals were fonned during 

the exsolution processes in hypotheticai primary Ca-, Sr, Ba-, REE-, F- and S04-rich 

carbonates. However, the diversity of the minerals in the "exsolution" assemblage and some 

textural features of the hmkeldyksky carbonatites (in parbicular, confinement of the late-stage 

phases to cleavage d a c e s  in the primary carbonates) suggest that the genetical mode1 

proposed by Fakiev et al. (1998) is unredistic, and that the role of fluids in the cxystallisation 

of fluonte and sulphates was underestimated. 



C~APTER 4. Hypabyssal and Volcanic Rocks 

4.1 Geologicd setting of the studied hypabyssal and volcanic rocks 

The youngest igneous suite at Munui is represented rnostly by dykes and sills (up to 20 

m in thickness) cross-cutting phlogopite clinopyroxenite, kalsilite clinopyroxenite, kalsilite 

syenite and shonkinite in the noah-eastem part of the complex. They also intrude volcanic 

rocks (leucite tinguaite, phonolite, solvsbergite and trachyte) in the north-central part of the 

complex, as weli as charoitites and rocks of the exo- and endocontact (Mitchell and Vladykin 

1996; Panina 1997). 

Mitchell and Vladykin (1996) distinguish three mineralogically distinct types of the 

hypabyssal rocks at Munui: (1) phlogopite-rich rocks containhg potassium batisite, potassium 

richterite and wadeite; (2) agpaitic dykes with kalsilite, potassium feldspar, 

barytolamprophyllite and eudialyte; (3) tausonite-, wadeite- and barytolamprophyllite-bearing 

dykes. Type (l), as well as potassium richtente-phlogopite-leucite lava flows associated with 

leucite phonolite were originally described as lamproites by Vladykin (1 98S), and subsequently 

studied as such by Orlova et al. (1992), Panina and Vladykin (1 994), Vladykin (1997), and 

Panina (1997). On the contrary, Mitchell and Bergman (1991), and Mitchell and Vladykin 

(1996) showed that the compositional features of mica and clinopyroxene fiom the phlogopite- 

nch rocks of type (1) correlate well with those fiom the mica-rich plutonic rocks, and that the 

bblamproite-like" dykes, in fact, represent a lamprophyric facies of the plutonic suite. 

Two other types of 'lamproites" were desdbed fiom the phlogopite pyroxenites and 

shonkinites of the "Martov anomaly" in the northem part of the Murun complex (Panina and 

Vladykin 1994). These "lamproites" are represented by the phlogopite-rich olivine- 

clinopyroxene-pseudoleucite rocks forming an intrusive body (up to 100 m in thickness), and 

by dykes (up to 3 m in thickness) of phlogopite-rich pseudoleucite-richterite rocks with 

clinopyroxene and batisite. 

Lamproites were also described fiom several other localities in the Aldan shield, 

including Yakokutskii alkaline massif, Ryabinovyi massif, Molbo River area and Upper 

Yakutian depression (Panina and Vladykin 1994). 



4.2 Petrographic description of the samples studied 

In the present work, twenty samples representing various types of the Murun hypabyssal 

and volcanic rocks were examuied. Because the major rock-forming r n i n d s  of these rocks 

(clinopyroxene, mica and amphibole) were characterised in detail by Mitchell & Vladykin 

(1 W6), the ernphasis of the study is on their accessory rninerdogy. 

On the basis of the textural features and mineralogical composition, we divided the 

samples into foliowing eight groups: 

1 - lamprophyre (Mu-215, -150, -232, -241, -3/100, -23 1/13); 

2 - pseudoleucite syenite (Mu-2 1 6, - 167/l9); 

3 - pseudoleucite iîalite (Mu-23 5);  

4 - kalsilite melasyenire (Mu- 172); 

5 - eudialyte-bearing syenire (Mu-245, - 1 96, - 1 75, - 1 94); 

6 - "potassium-bu fisite " synite (Mu- 1 86/6, -23 7, - 1 7 1 ) ;  

7 - Iamprophyllite- and ba~tolamprophyllite-bearing syenite (Mu-23 6,  - 1 84/11 ); 

8 - aeginnite (Mu- 1 90). 

Group (1) lamprophyre is composed mainly of biotite (1545 vol.% of the rock), 

clinopyroxene (5-40 vol.%), amphibole (5-30 vol.%), potassium feldspar (5-35 vol.%), and, in 

some examples, olivine (up to 15 vol.%). In the majority of samples (e-g. Mu-232, -23 1/13), 

biotite, clinopyroxene a d o r  amphibole f o m  phenocrysts (up to 3mm in size) set in a fine- 

grained potassium feldspar-biotite-clinopyroxene-amphiboleapa te groundmass (Figs. 4.2.1, 

4.2.2). In some samples (e.g. Mu-150, -3/100), phenocrysts of biotite are accompanied by 

macrocrysts of olivine (Fig. 4.2.3). The accessory mineral assemblage of the lamprophyre 

includes apatite-group minerais, wadeite, tetra-ferriphlogopite, titanite, ilmenite, zircon, 

titanomagnetite, quartz, rutile (?), talc, monazite-(Ce), sulphides, barite and carbonates. 



Fig. 4.2.1. Phenocrysts of biotite bellow), amphibole (colourless) and clinopyroxene 
@aie green) in a fine-grained groundmass. Lamprophyre, Mu-23 1/13. FOV 
3.5 mm; plane-polarised light. 

Fig . 4.2.2. Phenocrysts of biotite (crearn and greenish yellow) and amphibole 
(greenish blue and purplish-blue) in a fine-grained groundmass. 
Lamprophyre, MU-232. FOV 3.5 mm; plane-polansed light. 
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Fig. 4.2.3. Phenocrysts of biotite (reddish brown), clinopyroxene (pale green) and olivine 

(white grains with high relief) in a potassium feldspar-clinopyroxene-biotite 

groundmass. Larnprophyre, Mu-VI 00. FOV 3 -5 mm; plane-polarised light. 

Pseudoleucite syenite of group (2) incorporates pseudoleucite sodalite syenite (e-g. Mu- 

216) and gamet-pseudoleucite syenite (e.g. Mu-167/19). In the pseudoleucite sodalite syenite, 

phenocrysts of clinopyroxene (up to 0.4 mm) and rounded pseudomorphs of potassium feldspar 

plus sodalite (up to 0.7 mm in diameter) developed after leucite phenocrysts, are set in a fine- 

grained groundmass (Fig. 4.2.4). In some cases, anhedral-to-subhedral grains of clinopyroxene 

are enclosed by the sodalite pseudomorphs. Sodalite and potassium feldspar pseudomorphs 

comprise about 20 vol.% of  the rock phenocrysts of clinopyroxene 5 vol.%, and the 

groundmass accounts for 75 vol.%. The groundmass is composed mainly of clinopyroxene, 

potassium feldspar and biotite, with subordinate barytolamprophyllite, a cancrinite-group 

minera1 and kalsilite. Accessory minerals also include titanite, sulphides, and barite. In the 

gamet-pseudoleucite syenite, phenocrysts of leucite and gamet are replaced by potassium 



Fig. 4.2.4. Phenocrysts of clinopyroxene (greenish yellow) and pseudomorphs of 
sodalite &er leucite in a fine-grded groundmass. Pseudoleucite sodalite 
syenite, Mu92 16. FOV 3.5 mm; plane-polarised light . 

Fig. 4.2.5. Phenocrysts of gamet (hexagonal1 y-shaped, left) and pseudoleucite in the 
fine-grained clinopyroxene-potassium feldspar groundmass exhibiting flow 
texture. Gamet-pseudoleucite syenite, Mu-167/19. FOV 3.5 mm; plane- 
polarised light. 
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feldspar, carbonates and other seconâary minerals (20 VOL%) set in a fine-grained 

clinopyroxene-potassium feldspar groundmass (80 vol%) shoshowmg a flow texiure (Fig. 4.2.5). 

The pseudomorphs and gmundmass are extensively altered to Fe-Ti oxides/hydroxides, 

muscovite, ferripyrophyiïite and jarosite. The latter m i n d  commody occurs as hcture 

filliqs-hhgs in elongate cavities possibly left after the decomposition of the clinopyroxene. 

Accessory miner& also include quartz, suiphides and barite. 

In the pseudoleucïte Mite (e.g. Mu-235), potassium feldspar pseudomorphs afkr 

leucite (ca. 35 vol.%), phenocrysts of clinopyroxene (ca. 20 VOL%)), and rare phewcrysts of 

biotite (CS vol%) are set in a clinopyroxene-biotite-apatite pundmass (eu. 40 vol.%) (Fig. 

4.2.6). The phenocrysts of clinopymxene and the groundmass are strongly altered to a mïxîure 

of carbonates @redominanily barytocalcite). Accessory minerals also include ilmenite and 

barit e. 

The kalsilite melasyenite (e-g. Mu-172) is composeci of phenocrysts of biotite and 

diopside (each about 25 vol.% of the rock), fluorapatite (eu. 10 vol.%), and fine-grained 

kalsilite-potassium feldspar aggregates (ca. 40 vol.%) developed intaiitially between the 

phewcrysts (Fig. 4.2.7). The kalsilite-potassium feldspar aggregates also contain minor 

amouats of aegirine, fluorapatite and quartz Accessories also include magnetite, chromite, 

barite and Fe-hydroxides. 

The eudialyte-bearing syenite of group (S), is divided into two subgroups: eudialyte 

aegirine syenite (eSg Mu-245) and eudialyte-bearing nepheline syenite (e.g Mu-196). In the 

eudialyte aegirine syenite, aegirine comprises 70 VOL% of the rock, potassium feldspar about 

10 VOL%, eudialyte 10 VOL%, and nepheline less than 5 vol.%. Aegirine forms radial and 

fibrous aggregates of small (CU. 100 pm in length) acicular crystals, and large (up to 2 mm in 

le@) subhedral relicts commoniy enclosed by the fine-grained aggregates of the mineral (Fig. 

2.4.8). Coarse (up to 2 mm in size) prismatic crystals of potassium Wspar and eudialyte are 

developed interstitially between the aegaine aggregates. Accessory minerals include 

lamprophyllite, sulphides, strontianite and an unidentifïed Na-Fe-Sr silicate. Eudialyte-beariag 



Fig. 4.2.6. Pseudomorphs o f  potassium feldspar after leucite (greyish white) and 
altered phenocrysts of clinopyroxene (yellowish grey) in a fine-grained 
biotite-clinopyroxene-apatite groundmass. Pseudoleucite italite, Mu-23 5 .  

fiactured) and apatite (colourless) in a groundmass composed of kasrLite- 
potassium feldspar intergrowths. Kalsilite melasyenite, Mu-172. FOV 3.5 
km; plane-pol&sed light. 
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Fig. 4.2.8. Relict of prismatic clinopyroxene (Ae) enclosed by fibrous clinopyroxene 
(bright yellowish, bluish and pinkish green), also present are prismatic 
crystds of eudialyte (Eud) and potassium feldspar (grey, top). Eudialpe 
aegirine syenite, Mu-245. FOV 3 -5 mm; crossed polars. 

Fig. 4.2.9. Clusters of "potassium-batisite" crystds (grey), fibrous clinopyroxene 
(green), and interstitial potassium feldspar (colourless). 'Totassium- 
batisite" syenite, Mu-237. FOV 3.5 mm; plane-polarised light. 



nepheline syenite is composed mainly of fine-&raineci (100-200 pu) aggregates of aegirine 

crystah comprising about 75 vol.% of the rock, and subheQal nepheline grains (20 vol%). 

Prismatic crystals of eudialyte (up to 0.5 mm in laigth) are developed in the nephehe matrix, 

and are commonly replaced by strontiade and wadeite. Other accessory minerais include 

potassium feldspar, lamprophyllite, titanite, apatite-group rninerals and galena 

'Totassiumbatisite" syenite is composeci niriinly of thin prismatic or rectangular 

crystals and radiai aggregates of clim,pymxene (50-55 VOL% of the rock), ooarse (up to 1.2 cm 

in l e m )  elongate crystak of "potassium batisite" (20-30 vol.%), and subhedral-to-euhedral 

grains of potassium feldspar (ca. 20-30 vol%) developed interstitially between the 

clinopyroxene and "potassium batisite" (Fig. 4.2.9). Acicular crystais of clinopyroxene 

commonly penetrate "potassium-batisite" grains. The accessory minetal assemblage includes 

Manite, wadeite, muscovite, barytolamprophyllite, rutile (?), hollandite-type minerals, and in 

SOM -les (e-g. Mu-1 86/6), an unidentined Ti-Pb silicate aud thorianite. 

In the lamprophylhe- and biuytolamprophyllite-bearing syenite of group (7), 

chopyroxene comprises 50-70 VOL% of the rock lamprophyliïte or barytolamprophyllite 10- 

20 vol.%, potassium feldspar with Milite 15-20 VOL%, and wadeite 10-15 VOL%. Thin 

elongate laths of barytolamprophyllite and lamprophyllite (up to 0.5 cm in length) are 

commonly overgrown by fibrous agpgates of ~Iinopyroxene. The latter mineral also f o m  

radial aggregates (up to 2 mm in diameter) and discrete acicular grains in the potassium 

feidspar-kalsilite-clinopyroxene matrix. Large (up to 3 mm) prismatic grains of wadeite are 

c ~ ~ l l ~ l l ~ r d y  found intergrown with lamprophyllite and barytolamprophyllite (Fig. 4.2.10). 

Accessory minerals include nepheiine, apatite-pup minerals, sulphides, bante, an unidentifieci 

Pb-AI silicate, aad in some cases (e-g. Mu-184/11), tausonite (Fig. 4.2.1 1). 

Aegirinite is composed of 90 vol.% of fine-grained clinopyroxene. Potassium feldspar is 

developed interstitially between the clinopyroxene grairis and commonly ahered to carbonates 

and muscovite. Accessory minerals are wadeite, celadoaite, rutile (?), mapetite, sulphides, and 

an unidentifieci Ba-Ti Al-silicate. 



Fig. 4.2.10. Relationship between wadeite (Wad), lamprophyllite (yellow) and acicular 
clinopyroxene; rnatrix - potassium feldspar (colourless). Lamprophyllite- 
bearing syenite, Mu- l84/l l .  FOV 3.5 mm; plane-polarised light. 

Fig. 4.2.11. Tausonite (opaque) developed along fkactures in lamprophyllite (yellow). 
Green - clinopyroxene, colourless - potassium feldspar. Lamprophyllite- 
bearing syenite, Mu4 84/11. FOV 3.5 mm; plane-polarised light. 



4.3 Minenlogy of the examined rocks 

4.3.1 Silicates 

C2.nopyroxene is one of the major constituents of the examined rocks. In the majority of 

the lamprophyre samples, the mineral occurs as brownish or olive-green to dark green, 

anhedral-to-subhedrai elongate grains (ca. 100 )im in length) in th& groundmass. In some 

samples (e-g. Mu-241, -150, 3/100), clinopyroxene also forms subhedral-to-euhedral elongate 

(up to 0.8 mm in length and up to 1 mm across) phenocrysts. Most of the phenocrysts are 

slightly pleochroic fiom pale green to yellowish green, and are commonly resorbed by mica 

and carbonate mineralsi (Fig. 4-3.1.1). 

Fig. 4.3.1.1. Phenocrysts of clinopyroxene (green) pady replaced by biotite and 

carbonates, and phenoqsts of phlogopite (reddish yellow). Left - part of 

an alteration "corona" around olivine. Lamprophyre, Mu- 1 50. FOV 3.5 

mm; plane-polarised light. 



In the pseudoleucite syenite (group 2) and pseudoleucite italite (group 3), clinopyroxene 

occurs as subhedral to anhedral phenocrysts (up to 0.7 mm in length), and forms anhedral-to- 

subhedral grains (50-100 pm in size) in the groundmass. The phenocrysts are cornmonly zoned, 

with colourless or pale yellow core and yellowish green rim (Fig. 4.2.4). The phenocrysts are 

commonly strongly altered by carbonates, muscovite and barite, and in some cases (e.g. Mu- 

167/19), almost fully replaced by jarosite, ferripyrophyllite and muscovite (Fig. 4.3.1.2). 

Fig. 4.3.1.2. Equant crystals of jarosite (white) and 

fmipyrophyllite (dark grey) filling cavities with 

relicts of clinopyroxene. Matrix - potassium 

feldspar. Pseudoleucite syenite l67/l9. BSE image. 

In the kalsilite melasyenite (group 4), colourless to paie yellowish green clinopyroxene 

forms subhedral-to-euhedral, elongate (up to 1.5 mm in length and up to 0.4 mm across) 



phenocxysts (Fig. 4.2.7). Minor amounts of olive-green clinopyroxene are found in the h e -  

gtained kalsilite-potassium feldspar groundmass. 

In the eudialyte-bearuig syenite (group 5), "potassium-batisite" syenite (group 6), and 

barytolamprophyllite- and lamprophyllite-bearing syenite (group 7), clinopyroxene forms 

fibrous or radial aggregates (up to several mm in diameter) of yelIowish-green to olive-green 

acicular crystals, or occurs as subhedral elongate or rectangular relicts enclosed by these 

aggregates (Fig. 4.2.8). In the group 6 and 7 rocks, acicular crystals of clinopyroxene 

commody penetrate coarse grains of c>otassiurn batisite", and barytolamprophyllite or 

lamprophyllite, respectively (Figs. 4.2.1 0, 4.2.1 1). Ln some samples of the 

barytolamprophyllite- and lamprophyllite-beraing syenite (e.g. Mu-236), clinopyroxene also 

forms elongate (up to 0.3 mm in length) subhedral-to-euhedral grains in the feldspar-kalsilite 

matrîx. 

In the aegirinite, greenish-yellow to dark green clinopyroxene forms fibrous aggregates 

of fine (CU. 1 O0 p in size) grains. 

Compositionally, cIinopyroxene nom the lamprophyre ranges fiom diopside 

(phenocrysts in Mu-3/100 and Mu-150) to aegirine-augite (growidmass in Mu-1 SO), and to 

aeginne (groundmass in Mu-241). Most of the compositions fiom the lamprophyre have I 12 

mol.% of hedenbergite component and lie close to the overall trend of pyroxene fiom Little 

Munm, as gïven by Mitchell and Vladykin (1 W6), (Table 4.3.1.1, Fig. 4.3.1 -3). 

The majority of the compositions of clinopyroxene fiom the pseudoleucite italite, 

eudialyte-bearing syenite, larnprophyllite- and barytolamprophyllite-bearing syenite, and 

aegirinite correspond to aegirine, with 5 8.5 mol.% CaMgSi206 and 5 13 mol.% CaFeSi20a 

(Table 4.3.1 .l, Fig. 4.3.1.3). 

Compositions of clinopyroxene fiom the 'potassium-batisite" syenite show noticeable 

variation within the aegirine field. The innermost parts of the crystals contain ca. 70 mol.% 

NaFeSi20a and Ca. 8 mol.% CaFeSiOs, whereas their rims are depleted in hedenbergite (ca. 2 

mol. %) and enriched in aegirine (up to 86 mol.%). 



Table 4.3.1.1. Representative compositions of clinopyroxene. 

SiOz 54.99 
Ti02 0.25 
Zr02 n.d 
A1203 0.10 
v203 n.d 
Fez03* 11.95 
FeO* 1.63 
Mn0 n.d 
Mg0 10.83 
Ca0 16.19 
Na20 5.24 

Total* 101.18 

54.15 54.07 52.94 51.39 51.99 5 1.65 
0.45 0.39 0.6 1 1 .O6 0.71 0.86 

n.d n.d n,d n.d n.d n.d 
0.19 0.58 0.48 0.18 0.07 0.33 
0.2 1 n.d 1 .O2 0.16 0.11 0.23 
4.11 3.19 27.58 18.03 20.80 23.82 
3.48 2.53 2.00 5.37 4.68 4.35 
0.16 n.d n,d 0.30 0.26 0.40 

14.04 15.46 2,Ol 4.60 4.14 3,22 
21.63 23.70 2.59 10.33 9.59 7.32 

1.89 0.98 1 1.85 7.61 8.17 9.20 

100.3 1 100.90 101 ,O8 99.03 100.62 101.38 

Formulae calculated on the basis of 6 atoms of oxygen 
1.991 f .968 1.998 1.986 1.982 1.963 
0.012 0.01 1 0.01 7 0.03 1 0.020 0.025 

- - - - - - 
0.008 0,025 0.021 0.008 0.003 0.01 5 
0,006 - 0.03 1 0.005 0.003 0.007 
0.1 14 0.087 0.784 0.524 0.597 0.681 
0.107 0.077 0.063 0.174 0.149 0.138 
0.005 0.007 - 0.010 0.008 0.01 3 
0.770 0.839 0.1 13 0,265 0.235 O. 1 82 
0.852 0,924 0.105 0.428 0.392 0,298 
0.135 0.069 0.867 0.570 0.604 0.678 



Table 4.3.1.1. (Continued). 

Wt.% 13 14 15 16 17 18 19 20 21 22 23 24 

Si02 51.68 
Ti02 0.39 
Zr02 n.d 
Al2O3 0.16 
v203 0.11 
Fe203* 30.62 
FeO* 2.72 
Mn0  0.11 
Mg0 0.62 
Ca0 2.38 
Na20 11.85 
Total * 1 00.60' 

52.26 51.20 50.46 53.35 50.83 5 1.24 
0.35 0.81 2.74 1 .O4 0.96 0.73 
n.d n.d n,d n,d n.d n.d 

0.45 0.41 0.75 0.5 1 0.24 0.28 
n.d n.d 0.20 n.d n.d n.d 

3.54 9.19 25.49 23.39 3 1.82 29.43 
6.64 7.34 5.60 1.67 2.2 1 2.94 
0.35 0.31 0.43 0.45 0.40 1.31 

12.54 9.21 0.25 4.38 0.28 0.52 
23.50 19.90 4.51 6.68 1.77 3.53 
0.72 2.67 10.90 9.97 12.13 1 1.26 

100.35 101.04 101.33 101.44 100.64 101.24 
Formulae calculated on the basis of 6 atoms of oxygen 
1.956 1.935 1.938 1.992 1.959 1.967 
0,010 0.023 0.079 0.029 0,028 0.02 1 

- - - - - - 
0.020 0.018 0,034 0.022 0.01 1 0.01 3 

- - 0.006 - - - 
0.100 0.261 0.737 0.657 0,923 0.850 
0.208 0.232 0.1 80 0.052 0.07 1 0.094 
0.01 1 0.010 0.014 0.014 0.01 3 0.043 
0.700 0.519 0.014 0.244 0.01 6 0.030 
0.943 0.806 0.186 0.267 0.073 O. 145 
0.052 0.196 0.812 0.722 0.906 0.838 

n.d = not detected; * ~ e ~ ' l ~ e ~ '  ratio calculated from stoichiometry; # ~ o t a l  also includes 0.07 wt.% K20 (0.003 apfb K). Analyses 1- 
6: lamprophyrc (1 -2 - Mu-1 50,3 - Mu-241; 4-5 - Mu-3/100; 6 - Mu-232); 7-  1 1 : batisite/shcherbakovitc sysnite (7-8 - Mu-1 71; 9 - 
MU-23 7; 10- 1 1 - Mu-186/6: 10 - core, 1 1 - rim); 12: barytolamprophyllite-and lamprophyllite-bearing syenite (1 2 - Mu-184/11; 13 
- Mu-2.36); 14- 1 5 :  aegirinite (Mu-1 90); 16- 1 8: pseudoleucite sodalitc syenite (Mu-216, 16 - low-AZ; 17 - mediumdc 1 8 - hi&- 
AZ); 19: garnet-pseudoleucite syenite (Mu-1 67/19); 20-21 : eudialite-bearing syenite (20 - Mu-245; 2 1 - Mu- 1%); 22-24: 
pseudoleiicite italite (Mu-235). 
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Compositionally, clinopyroxene nom the pseudoleucite syenite varies nom diopside to 

aegirine (Table 4.3.1.1, Fig. 4.3.1 -3). The mineral nom the pseudoleucite sodalite syenite (e.g., 

Mu-216) has the highest amount of the hedenbergite component (up to 30 mol.%) among the 

rocks studied. Cores of the clinopyroxene phenocrysts fiom the sample Mu-21 6 contain ca. 25 

mol.% of NaFeSi206 and CU. 50 mol.% CaMgSi206. Some of the phenocrysts have irregularly- 

zoned rims with hi&-AZ zones containing up to 80 mol.% of NaFeSizOa and only 1.5 mol.% 

CaMgSi2O6, and low-AZ zones containing as low as 10 mol.% of NaFeSi206 and up to 70 

mol.% CaMgSi206 (Table 4.3.1.1, Fig. 4.3.1.3). In the gamet-pseudoleucite syenite (e.g. Mu- 

l67/l9), the composition of strongly altered clinopyroxene crystals varies from having only 15 

mol.% of NaFeSi206 and as much as 65 mol.% CaMgSi206 to nearly pure aegirine with only 4 

mol.% of CaMgSia06 and 5 mol. % of CaFeSi2O6 components (Table 4.3.1.1, Fig. 4.3.1.3). 

The majority of the clinopyroxene compositions fkom the rocks examined show 

noticeable enrichment in &O3 (up to 1.0 wt.% in the lamprophyre and 0.8 W.% in the 

pseudoleucite italite). Typically, A1203 ranges fiom 0.1 to 0.4 wt.%, but in some cases (e.g., 

lamprophyre, Mu-241; pseudoleucite sodalite syenite, Mu-216) may reach 0.8 wt.% (Table 

4.3.1.1). Ti02 content varies fiom 0.4 to 1.3 wt.% in the lamprophyre, fiom 0.4 to 2.7 wt.% in 

the pseudoleucite syenite, fiom 0.4 to 3.2 wt.% in the pseudoleucite italite, fiom 0.4 to 2.2 

wt% in the "potassium-batisite" syenite, fiom 0.4 to 1.6 wt.% in the lamprophyllite- and 

barytolamprophyllite-bearing syenite, and is about 0.8 wt.% in the eudialyte syenite, and 1.2 

W.% in the aegirinite (Table 4.3.1.1). 

Mica. 

Biotite is one of the major constituents of the group 1 lamprophyre. Here, it occurs as 

platy phenocrysts up to 4 mm in length, short prismatic subhedral-to-euhedral erystals in the 

groundmass (ca. 100 pm in length) and in some cases, as an alteration rim (e.g. Mu-3/100, Fig. 

4.3.1.4) or as a part of a thick "corona" around olivine macrocrysts (e.g. Mu-1 50, Fig. 4.3.1 S). 

The majority of the biotite phenocrysts are distinctly pleochroic fiom light yellow to greenish 



Fig. 4.3.1.4. Biotite N n s  (reddish brown) around olivine macrocrysts (colourless). Left 
- phenocryst of clinopyroxene @ale green). Lamprophyre, Mu-31100. 
FOV. 3.5 mm, plane-polariseci light. 

Fig. 4.3.1.5. "Corona" of tetra-femphlogopite (orange-red), potassic richterite (white), 
and biotite (orange-yellow) on altered olivine (grey). Lamprophyre, Mu- 
3/100. FOV. 3.5 mm, plane-polarised iight. 
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yellow, or fiom orange yellow to reddish yeliow and brownish red. The phenocrystic and 

groundmass biotite is commonly resorbed by carbonates. Biotite is also found in the 

pseudoleucite sodalite syenite (group 2) and pseudoleucite italite (group 3). In the 

pseudoleucite sodalite syenite (e.g. Mu-2 16), biotite occurs in a fine-grained clinopyroxene- 

potassium feldspar groundmass as anhedral-to-subhedral grains up to 100 p. In the 

pseudoleucite Mite (e.g Mu-235), biotite forms rare yellowish orange to red phenocrysts up to 

150 pm in length, and dark red subhedral-to-euhedral grains in a clinopyroxene-biotite-apatite 

groundmass Vig. 4.2.6). 

Al1 compositions of the phenocrysts fkom the lamprophyre correspond to intemiediate 

mernbers of the phlogopite-annite series (Table 4.3.1.2). The majority of these phenocrysts 

show a core-to-rim zoning with a core enriched in M g 0  (up to 26.2 wt. %), and depleted in 

F e  (c 3.9 wt. %) and TiOz (c 0.7 wt%), where Fe& is total Fe expressed as FeO. Rims of 

the phenocrysts contain up to 33.4 wt.% Fe& (e.g. Mu-21 5), 5.9 wt.% Ti02, and are relatively 

poor in Mg0 (< 5.0 wt.%). "Depletion" in M g 0  is commonly coupled with a decreasing Al203 

content (fiom 13.2 W.% in the core to 7.6 wt.% in the rim; Table 4.3.1.2). Some of the 

phenocrysts show slight enrichment in Ba0 (up to 1.2 wt.%). The groundmass biotite fkom the 

lamprophyre (Table 4.3.1.2; analyses 3, 10 and 12) is relatively depleted in Al, and enriched in 

Ti and Fe in cornparison with the phenocrysts. The groundmass biotite fkom the pseudoleucite 

syenite shows preponderance of the annite component, and contains only ca. 3.5 wt.% M g 0  

(Table 4.3.1.2; analysis 1 3). Biotite phenocrysts fiom the pseudoleucite italite (Table 4.3.1.2; 

analyses 14 and 15) are zoned with a wre containing up to 19.4 wt.% MgO, 12.3 wt.% Fe&, 

0.9 wt.% TiOz, 9.4 wt.% &O3, and a rim arichd in F e  (up to 21.6 W.%) and Ti02 (up to 

2.7 W.%), and depleted in Mg0 (to 14.7 W.%) and A.1203 (to 6.0 wt.%). Biotite compositions 

fiom each of the samples studied form distinct evolutionary trends (Fig. 4.3.1.6). Also shown 

on Figure 4.3.1.6 are compositional data for mica fiom the plutonic rocks and some of the 

hypabyssal rocks of the Little Murun massif (as detennined by Mitchell and Bergman 1991, 

and Mitchell and Vladykin 1996). Most of the biotite compositions obtained in this work fa11 



Table 4.3.1.2. Representative compositions of mica and fempyrophyllite. 
-- 

Wt. % lW 2** 3** 4# 5# 6** 7' 8' 9# IO# Il** 12# 1 3# 

40.45 41.30 37.57 34.01 37.32 40.68 40.54 
1.43 0.73 2.50 5.91 2.83 1.24 1.33 

10.08 10.97 12.28 7.94 13.19 11.24 10.12 
n,d n.d 0.12 n.d n.d n.d n,d 

11.36 9.38 15.69 33.38 14.05 11.58 9.54 
n.d n.d 0.13 0.31 0.17 0.24 n.d 

21.12 21.92 17.46 4.99 16.58 20.76 22.04 
n,d n,d n.d 0.27 0.3 1 n,d 0.74 

10.21 10.31 9.58 8.50 9.33 10.51 10.17 
n,d n.d 1.17 n,d 0.99 n.d n,d 

94.65 94.61 96.50 95.31 94.77 96.25 94.48 
Formulae calculated on the basis of 1 1 atoms of oxygen 

2.999 3.025 2.819 2.829 2.840 2.970 2.992 
0.080 0.040 0.141 0.370 0,162 0.068 0.074 
0.881 0,947 1,086 0.778 1.183 0,967 0,881 

- - 0,007 - - - - 
0.704 0.575 0.985 2.322 0,894 0,707 0.589 

- - 0.008 0,022 0.01 1 0.01 5 
2.335 2.394 1.954 0.619 1.88 1 2.260 2.426 

- - - 0.044 0.046 - 0.106 
0,966 0.963 0.917 0.902 0.906 0.979 0.958 

- - 0.034 - 0.030 - 



o o u , m . q w a t - - ~ - + ,  C V O -  1 - 3 -  
* P o  c ?  c?? c z q  n-r- w - O *  w 9 - 5  b: 
m CV - O\ m o o  - 



within the field of the Murun plutonic rocks. However, some of the lamprophyre samples (e-g. 

Mu-2 15) exbibit noticeable enrichment in Ti02 content (Fig. 4.3.1 -6)- 

Muscovite is found in the gamet-pseudoleucite syenite (group 2, Mu-1 67/19)? 

"potassium-batisite" syenite (group 6, Mu- 1 86/6), and aegirùiite (group 8, Mu- 1 go), where it 

f m s  as an alteration product of clinopyroxene and potassium feldspar. The mineral contains 

up to 4.5 wt.% Fe203 (0.23 apfir ~ e ~ 3 ,  and in case of the gamet-pseudoleucite syenite, up to 0.8 

wt.% Mg0 (0.09 apfi Mg) (Table 4.3.1.2). 

Tetra-ferri~hloeo~ite [ K M ~ F ~ ~ + s ~ ~ o ~ ~ ( o H ) ~ ]  is found only in one sample of the 

lamprophyre (Mu- 1 50). The mineral forms pinkish-yellow to dark red elongate grains, and is 

confïned to a central part (ca. 0.5 mm in thichess) of an alteration "corona" around olivine 

macrocrysts (Fig. 4.3.1 -5). This tetra-ferriphlogopite has nearly ideal composition with only 0.1 

wt.% Ti02 and 0.3 wt.% A.1203 (Table 4.3.1.2; analysis 16). 

Celadonite w e 3 + ( b l g , ~ e 2 3  Si40io(OH)2] occurs only in a sample of aegirinite (Mu- 

190), where it forms clusters of platy and acicular grains up to 180 p in length, and is 

confined to cavities and fractures in the aegirine mesostasis. The mineral is associated with 

calcite, potassium feldspar, rutile (?), and pyrite. To our Imowledge, celadonite has not been 

previously identified at Murun. 

The identification of celadonite and tetra-ferriphlogopite has been made ody on the 

basis of electron-microprobe analyses (Table 4.3.1.2); hence structural studies are required to 

confinn these identifications. 

Fempyrophyllite [ F ~ ~ + ~ s ~ ~ o ~ ~ ( o H ) ~ I  occm as an alteration product in the garnet- 

pseudoleucite syenite (Mu-167/19). Here, the mineral occurs dong fractures and in cavities, 

and is commonly associated with jarosite and muscovite (Fig. 4.3.1.2). A representative 

composition of ferripyrophyllite is given in Table 4.3.1.2. Ferripyrophyllite is a rare minera1 

species and, prior to our study, had not been recognised at Munui. 
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FeIdspar 

Potassium felbar.  In the lamprophyre, potassium feldspar occurs predominantly as 

tinhedral grains (up to 60 pn across) in the groundmass. In some cases (e-g. Mu-215), the 

mineral also foms coarse (up to lm in size) subhedral-to-euhedral grains in the biotite- 

clùiopyroxene-potassium feldspar mesostasis, and is strongly resorbed by carbonates (Fig. 

4.3.1.7). In the pseudoieucite syenite and pseudoleucite italite, potassium feldspar foms 

pseudomorphs d e r  leucite, and is commonly altered to Fe-Ti oxides/hydroxides, d o n a t e s ,  

muscovite and ferripyrophyUite. The mineral from the pseudoleucite syenite is also found as 

minute (ca. 40 pm across) anhedral grains in the fine-grained potassium feldspar-clinopyroxene 

matrix. In the kalsilite melasyenite, potassium feldspar is fomd exclusively as fine-grahed 

intergrowths with kalsilite (Fig. 4.3.1 -8). In the eudialyte-bearing syenite, '>otassium-batisite" 

syenite, and lamprophyllite- and barytolamprophyllite-bearing syenite, potassium feldspar 

foms coarse subhedrai or euhedral prismatic crystals (up to 2.5 mm in length) commonly 

replaced by carbonates (Fig. 4.2.8). In the larnprophyllite- and barytolamprophyllite-bearing 

syenite, and in some samples of the "potassium-batisite" syenite (e.g. Mu-18616), anhedral-to- 

subhedrd grains of the mineral also develop interstitiaiIy with respect to clinopyroxene, 

lamprophyllite and "potassium batisite" (Figs. 4.2. IO, 4.2.1 1, 4.3.1 -9). In the aegirinite, 

potassium feldspar is rare, it occurs interstitially with respect to aegirine grains, and is 

commonly altered to carbonates plus muscovite. 

Representative compositions of potassium feldspar fiom the examined rocks are given 

in Table 4.3.1.3. Typically, Fez03 content varies fiom 0.3 to 0.9 wt.%, but in some samples 

may reach 1.4 wt.% (lamprophyre, Mu-311 OO), and 1.8 W.% C'potassium-batisite" syenite, 

Mu-186/6). Ba0 varies fkorn below the detection limit (0.2 wt.%) to 2.1 wt.% in the 

lamprophyre, 1.5 wt.% in the pseudoleucite syenite, 3 .O wt.% in the "potassium-batisite" 

syenite, and 1.6 wt.% in the lamprophyilite- and barytolamprophyllite-bearuig syenite. 

Potassium feldspar fkom the pseudoleucite italite, eudialyte syenite and aegirinite is devoid of 



Fig. 4.3.1.7. Altered potassium feldspar (brownish; top left), prismatic grains of calcite 
(greyish white), phenocrysts of biotite (elongate colourless), and 
clinopyroxene (green to dark green). Lamprophyre, Mu-2 1 5 .  FOV. 3.5 
mm, plane-polarised light. 

Fig. 4.3.1.8. Kalsilite-potassium feldspar intergrowths. FOV 100 pm. 
Kalsilite melasyenite, Mu- 172. BSE image. 



Table 4.3.1.3. Representative compositions of potassium feldspar. 

F o d a e  calculated on the basis of 8 atoms of oxygen 

Total 

Formulae calculated on the basis of 8 atoms of oxygen 

ed=not detected. Analyses 1 4 :  biotite-rich rock (1: Mu-231/13,2: Mu-241, 3 4 :  Mu-3/100); 5- 
7 - pseudoieucite syenite ( 5 4 :  Mu-167/I9, 7: Mu-216); 8 - pseudoleucite italite (Mu-23.5); 9 - 
eudialyre syenite (Mu-245); 10- 14 - batisite/shcherbakovite m i t e  (10- 12: Mu-171, 13- 14: Mu- 
18616); 1 5- 16 - barytolamprophyilite- and lamprophyllite-bearing syenite (1 5 : Mu-1 8411 1, 1 6: 
Mu-236); 1 7 - aegirinite (Mu- I 90). 



detectable Ba (Table 4.3.1.3). Generally, this mineral contains less than 0.5 wt.% Na20, Le. less 

than 5 mol,% albite). 

Fig. 4.3.1.9. Potassium feldspar (grey) developed interstitially with respect to 

lamprophyllite (mars lammelae) and fibrous clinopyroxene. 

Lamprophyllite-bearing syenite, Mu- 184/ll. F.O.V. 3.5 mm, plane- 

polariseci light. 

Albite is found only in one sarnple of the lamprophyre (MU-232), where it occurs as a 

groundrnass mineral associated with potassium feldspar and biotite. Albite forms anhedral-to- 

subhedral grains up to 70 pm in sue. Compositiody, the mineral corresponds to nearly pure 

albite with i 0.35 wt.% Ca0 (c 2 mol.% morthite) (Table 4.3.1.3). 

Nepheline is found only in the eudialyte-bearing nepheline syenite (Mu- 196) and sorne 

samples of barytolamprophyllite-and lamprophy llit e-bearing s yenit e (e .g. Mu-23 6 and - 



Table 4.3.1.4. Representative compositions of kalsilite and nepheline. 

Si02 
f i 2 0 3  

Fe203 
NatO 
K20 
Total 

Fondae calculated on the basis of 4 atoms of oxygen 

n.d = not detected. Analyses 1-3 : hlsilite ( 1  -2 - barytolamprophyllite-bearing syenite, 
Mu-236; 3 - kalsilite melasyenite, Mu- 172); 4-8: nepheline (4-5 - barytolamprophyllite- 
bearing syenite, Mu-236; 6-8 - eudialyte-bearing syenite, 6-7: Mu-245; 8 : Mu-1 96). 



the eudialyte-bearing nepheline syenite, white subhedral hctured crystals of the minera1 (up to 

1 mm in length) are developed intmtitially relative to clùiopyroxene and eudialyte. In the 

barytoiamprophyiiite- and lamprophyllite-bearing syenite, nepheiine is extrernely rare, and 

f o m  stmngiy aitered anhedral-to-subhedral grains (up to 150 pi across) in the potassium 

feldspar-kalsilite-clinopyroxene matrix. 

Nepheline wntains 7.7 to 8.4 wt.% K20 (24 to 26 mol.% WSi04) .  Al1 compositions 

plot close to the NaMSiQ - KAlSi04 join within the Morozewicz-Buerger convergence field 

of Tilley (1954) for plutonic nepheline, suggesting low crystallisation temperatures or 

quilibration (Hamilton 1961, Mitchell & Platt 1979). Nepheline is somewhat enriched in ~ e ' +  

(up to 1.4 wt.% in barytolamprophyllite- and lamprophyllite-beining syenite, and 2.4 wt.% in 

the eudialyte-bearing syenite, Table 4.3.1 -4). 

Kalsilite is found in the kalsilite melasyenite, and some samples of the 

barytolamprophyllite-bearing syenite (e.g. Mu-236) and pseudoleucite syenite (e.g. Mu-2 1 6). In 

the kalsilite melasyenite, the mineral occurs in the vermiform intergrowths with potassium 

feldspar, developed interstitially with respect to biotite and diopside (Fig. 4.3.1.8). In the 

barytolamprophyllite-bearing syenite and pseudoleucite syenite, kalsilite forms anhedral grains 

(up to 150 pm) in the groundmass. Kalsilite fiom the pseudoleucite syenite is typically altered 

to an unidentified canainite-group mineral. 

Kalsilite nom the barytolamprophyllite-bearing syenite and kalsilite melasyenite is 

noticeably emiched in F@O3 (up to 3.3 wt.% Fez03 or 0.07 a& ~e '+ ,  and 4.2 wt.% or 0.09 

apjb ~ e ' + ,  respectively; Table 4.3.1.4). Na20 content varies from below the detection limit to 

0.4 wt.% N a 2 0  (< 2 mol.% nepheline) in kalsilite f?om the barytolamprophyllite-bearing 

syenite, and 0.1 wt.% (< 1 mol.% nepheline) fiom the kalsilite melasyenite (Table 4.3.1.4). 

Previous studies of the Murun kalsilite fkom kalsilite syenites, yakutites, tinguaites and 

synnyrites showed that the Na20 content typically does not exceed 0.1 wt.% (or 0.0 1 apfb Na), 

and that the mineral can contain up to 3.2 wt.% Fe203 (or 0.06 apfi ~ e ~ 3  (Samsonova & 



Donakov 1968; Konev et al- 1996)- Similarly to the Murun material, kalsilite fkom the 

pseudoleucite syenites and synnyrites of the Southem Sakun massif (western Aldan shield is 

Na-poor (< 0.1 wt.% Na20), however, the Fe203 content is noticeably iower (< 1.1 wt. %) than 

that of the Murun mineral (Kononova et al. 1997). 

Amphibole is found exclusively in the lamprophyre. In sample Mu-150, colourless 

elongate and diamond-shaped (in cross-section) crystals of amphibole occur in "coronas" 

around olivine (Fig. 4.3.1 S). Amphibole fkom sample Mu-Y100 forms thin (ca. 100 pm in 

thickness) alteration rims on olivine. In sample 23 1/13, amphibole occurs as slightly pleochroic 

(fiom colourless to pale greenish blue) subhedral-to-euhedral prismatic phenocrysts up to 0.8 

mm in length (Fig. 4.2.1) cornmonly exhibiting a prominent parallel twinnuig. Amphibole fiom 

sample Mu-232 is strongly pleochroic fiom greenish-blue to purplish-blue. The mineral foms 

prismatic (up to 1.2 mm in length and 0.7 mm across) phenocrysts Pig. 4.2.1), and small (CU. 

50 p across) anhedrd grains in the potassium feldspar-biotite-clinopyroxene-apatite 

groundmass. The phenoaysts are partly altered to clinopyroxene dong the rim and fkactures. 

According to the existing nomenclature (Leake et al. 1997), al1 amphibole compositions 

f?om samples Mu-1 50, 3/100, and 23 1/13 correspond to potassic richterite (Table 4.3.1 S). It is 

noteworthy , however, that they exhibit a significant variation within the potassic-richtente 

field. The F a  and Mg0 contents correspond to ca. 1.5 and 22.9 wt.%, respectively in 

amphibole fiom the "corona" (Mu-150), 6.9 and 19.7 in samples fiom the alteration Nn on 

olivine (Mu-31100), and 8.5 and 18.8 W.% in the phenocrystic amphibole (Mu-23 1/13}. 

Typically, this amphibole is Al-poor (c 0.2 wt.% A1203), but in some cases (eg .  Mu-3/100), 

may contain up to 1.0 wt.% &O3 (Table 4.3.1.5). TiOz content varies fiom negligible (e.g. 

Mu-31100) to 0.5 wt.% (e.g. Mu-150). The amphibole fiom sample Mu-232 corresponds to 

magnesioriebeckite (Table 4.3.1.5, analyses 6-7). In BSE, the mineral exhibits an irregular 

zoning with high-AZ zones enrichecl in F e  (up to 21.3 wt.%), and impovenshed in Mg0 (to 

1 1.6 wt.%) relative to the low-AZ areas (eu. 16.2 wt.% Fe* and 14.0 wt.% MgO). 



Table 4.3.1 S. Representative compositions of amphiboles fiom lamprophyre. 

Wt. % 1 2 3 4 5 6 7 

Si02 
Ti02 
A1203 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Na20 
K20 

Total 

Si 
MIV 
~ e ) +  IV 

C 

Ti 
Alvr 
F ~ ~ + v ~  
~ e "  
Mg 
Mn 
C 

Ca 
Na 
C 

Na 
K 
C 

F o d a e  calculated on the basis of 23 oxygens 
(Fe2%e3' ratio - from stoichiometry) 

n.d = not detected. Analyses 1-5: potarsic richterite (1 : phenocrysî, Mu-231/13; 2-3 
- "corona" on olivine, M d S O ;  4-5 - alteration rim on olivine, Mu-3/100); 6-7: 
magnesioriebeckite (zoned phenocrysî, Mu-232: 6 - low-AZ, 7 - high-AZ). 



Olivine is found only in two samples of the lamprophyre (Mu- 150 and 3/1 00). In sample 

Mu-150, the mineral forms anhedrd greyish-green macrocrysts (up to 3 mm across) swrounded 

by a thick (up to 2 mm in thickness) “corons" composed (fiom the olivine outwards) of tetra- 

ferriphlogopite, potassic richterite, and biotite (Fig. 4.3.1.5). in sample Mu-3/100, olivine 

occurs as colourless to very pale green anhedral-to-subhedral phenocrysts (up to 0.7 mm 

across) commonly mantled b y phlogopite (Figs. 4.2.3,4.3.1.4). 

Compositionaily, olivine fiom sample 3/100 shows the preponderance of the forsterite 

component (nom 70.2 to 75.8 mol.% MgsSi04, Table 4.3.1.6). The fayalte and tephroite 

components Vary nom 23.6 to 28.9, and fiom 0.6 to 0.9 mol. %, respectively. Sorne of the 

olivine compositions exhibit slight enrichment in Ca (up to 0.2 wt.% Ca0 or 0.3 mol.% Caz 

Si04; Table 4.3.1.6). Compositions of the macrocrysts of olivine strongly altered by talc from 

the sample Mu- 1 50 could not been determined. 

Table 4.3.1 -6. Representative compositions of olivine fkom lamprophyre. 

Wt. % 1 2 3 4 5 6 

Si02 37.50 37.55 3 7.98 3 8 -34 38.04 3 8 .O4 
Fe0  26.38 25.28 22.70 21.91 22.97 25.22 
Mn0 0.85 0.7 1 0.50 0.53 0.54 0.8 1 
Mg0 3 5.97 36.27 38.85 39.51 38.54 36.95 
Ca0 n.d n.d 0.13 n.d 0.20 0.15 
Total 100.70 99.81 100.16 100.29 100.29 101.17 

Formulae calculated on the basis of 4 atoms of oxygen 

End-member components (mol.%) 

Forsterite 70.19 71.33 74.77 75.83 74.30 7 1 .52 
Fayalite 2 8.87 27.88 24.50 23.59 24.84 27.3 8 
Tephroite 0.94 0.79 0.55 0.58 0.59 0.89 
Larnî te - - 0.1 8 - 0.28 0.2 1 

n.d = not detected. 



Sudalite is found exclusively in the samples of pseudoleucite sodalite syenite (e.g. Mu- 

216). The mineral forms rounded pseudomorphs (up to 0.7 mm in diameter) after leucite 

phenocrysts set in a fine-grained groundmass (Fig. 4.2.4). The minerai has nearly ideal 

composition with sIight enrichment in Fe203 (up to 0.4 wt.%), and nosean component (up to 0.6 

wt.% S03) (Table 4.3.1.7). 

A cancrinite-group mineral is an accessory phase in the pseudoleucite sodalite syenite 

(Mu-216). The minerai is commonly developed as fiachire fillings in clinopyroxene, in 

association with barite and barytolampr@hyilite. The cancrinite-group mineral has relatively 

uniform composition (Table 4.3. I .7), with the Na content exhibithg the most signifiant 

variation (fiom 4.91 apfic to 5.50 apfu). The stoichiometry of this mineral exhibits clear 

similari ties with the K-S04-nch mernbers of the cancrinite group, pitiglianoite 

[&~~~S~sAi6024(S04)* 2&0] and gi~eppettite [(WY ca)7-a(SiyN) 12024 (SO&l) I -2. 

Eudiai'yte [ideally, N~~~C~(F~~+,~~Z~~(S~,N~)(S~~~O~~)(O,OH,H~O)~(C~,OH)~] 

occurs exclusively in the samples of eudialyte-bearing syenite (group 5). In the eudialyte- 

aegirine syenite (e.g. Mu-245), the mineral foms subhedral-to-euhedral prismatic crystals up to 

2 mm in length (Fig. 4.2.8). Eudiaiyte kom the eudialyte-bearing nepheline syenite (e.g. Mu- 

196) occurs as euhedral prismatic crystals up to 0.5 mm in length, partially repiaced by 

strontianite and wadeite (Fig. 4.3.1.1 O). 

In BSE, the mineral commonly exhibits an oscillatory zoning with hi&-A2 zones 

enriched in Zr and M .  and proportionally depleted in Ti and (Table 4.3.1.7, analyses 4-7). 

The Zr0 and Mn0 contents Vary nom 11.2 and 4.2 wt.% (respectively) in the low-AZ zones, to 

12.3 and 6.3 wt.% in the hi&-AZ zones, respectively, whereas the Ti02 and Fe0 contents are 

ca. 1.1 and 5.4 wt.% in the low-AZ zones, and ca. 0.6 and 4.2 wt.% in the hi&-AZ zones (Table 

4.3.1.7). The high-AZ zones also wntain elevated levels of Nb (up to 1.7 wt.% Nb20s, or 0.41 

apfL Nb), whereas the low-AZ zones Lack detectable Nb. 



Table 4.3.1.7. Representative compositions of sodalite, cancrinite-group mineral and eudialyte. 

Total 

Si 
Ti 
Al 
~ e ~ +  
~ e ~ +  
Nb 
Zr 
M n  
Sr 
Ca 
Na 
K 
s6+ 
Cl 

100.12* 

6 oxygens 

5.971 
- 

5.949 
- 

0.043 
- 
- 
- 
- 
- 

7.549 
0.033 
0.067 

49.99 
1-15 
n-d 

5.49 
- 

n.d 
1 1 .25 
1.75 
4.17 

10.89 
9.58 
1.63 
n.d 

0.57 
0.13 

96.34 

Fonnulae calculated on the basis of: 
~ ( ~ i + ~ l + ~ e ~ > = 1 2  Z(Si+TM+ZrtNb)=29 

n.d = not detected. * Total also includes 0.38 wt.% Mg0 (0.091 apfu Mg). Analyses 1 :  
sodalite @sedoleucite sodalite syenite, Mu-21 6); 2-3 : cancrinite-group mineral 
(pseudoleucite sodalite syenite, Mu-216); 4-7: eudidyte (4-5 - eudiolyte syenite, Mu-245; 6-7 
- eudiuiyte-benring nepheline syenite, Mu-196). 



Fig. 4.3.1.1 O. Zoned eudialyte crystals with alteration rims. Pink - wadeite, white 

- strontianite, black - nepheline. Eudialyte-bearing nepheline 

syenite, Mu- 196. F.O.V. 0.8 mm. False-colour BSE image. 

The M u m  eudialyte has unusuaily high K20 contents, varying fiom 1.4 to 2.0 wt.% 

(0.9 to 1.3 apfi K). Previous studies of the eudialyte-type rninerals showed that K20 content in 

these mînerals usually does not exceed 0.5 wt.% K20 (Johnsen & Cirice 1999), and ody rarely 

reaches 0.6 wt.% (Temiscaminque County, Quebec; Johnsen & Grice 1999). In addition, the 

eudialyte studied in this work is also enriched in Sr (up to 6.3 wt.% SrO or 1.9 apfu Sr). Sr0 

concentrations in eudialyte-type minerais typically do not exceed 0.5 W.% (Johnsen & Grice 

1999). High Sr0 contents in eudialyte-type minerals were previously reported fiom several 

occurrences, including manganokhomyakovite ~ a 1 2 S r 3 C a & h 3 ~  W(Si25073)(0,0H,H20)3 

(C1,0H)2] fkom Mont Saint-Hilaire, Quebec (9.6 wt.%; Johnsen et al. 1999), material fkom the 

Gardiner cornplex, East Greenland (4.1 wt.%), Khibina massif, Kola Peninsula, Russia (2.0 

wt.%) and Burpala massif, Siberia, Russia (1 -7 wt.%) (Johnsen & Grice 1999). 

Gamet is found exclusively in the samples of gamet-pseudoleucite syenite, where it 

forms hexagonally-shaped phenoqsts (up to 0.4 mm in diameter) profusely altered to a 



Table 4.3.1 -8. Representative compositions of titanian andradite 
fiom the gamet-pseudoleucite syenite (Mu4 67/19). 

wt. % 1 2 3 4 5 

Si02 
Ti02 
A 2 0 3  
F e 0  
Fe203 
v203 
Mn0 
M g 0  
Ca0 
Na20 

Total 

Si 
~ e ~ *  
C 

Ti 
Al 
~ e ~ +  
~ e ~ ' '  
v3+ 
M g  
CB 

Ca 
Na 
M n  

Fe 
C4 

Fonnulae calculated on the basis of 8 cations 

n.d = not detected. 



mixture of Fe-Ti oxides and hydroxides, relict gamet, muscovite and barite (Fig. 4.2-5)- 

Compositionally, the gamet corresponds to titanian andradite with the general f o d a  

( ~ ~ ~ 7 ~ ~ . 0 5 ~ ~ . ~ . 0 2 ~ ~ ~ ~ 0 . 0 2 ~ . ~ ~ ~ ~ ~ 1 . I 2 ~ ~ 0 ~ 6  L F ~ ~ + O . I ~ M O . O ~ V ~ + O . O ~ ~ .  (~ i262~e~+0&3 .~0 lZ  

(Table 4.3.1 A). 

Barytolamprophylllite [ideall y, (Na,Ca)2(Ba,Ca, Sr)z(Ti,Fe)3(Si04)4(0,0H)2] and 

ZumprophyIZite [ideally, (Na,Ca)2(Sr,Ba,Ca)2(Ti,Fe)3(Si04)4(0H,F)2] are among the major rock- 

fomüng minerals in the lamprophyllite- and barytolamprophyllite-bearing syenite. They occur 

as slightly pleochroic (fkom brownish yellow to greenish yellow) laths up to 2 cm in length 

commonly intergrown with clinopyroxene and wadeite (Fig.4.2.10). In some cases (e.g. Mu- 

184/11), tausonite and clinopyroxene are developed aiong fractures in the lamprophyllite (Fig. 

4.2.11). Barytolamprophyllite is also found as an accessory phase in the eudialyte-bearing 

syenite, where it occurs as subhedral elongate crystals up to 0.5 mm in length developed 

interstitialiy with respect to nepheline, or overgrowths on eudialyte crystals. In some samples of 

the '~tassium-batisite" syenite (e.g. Mu-237), fine-grained aggregates of barytolamprophyllite 

in association with rutile (?) are developed as cavity fillings in the clinopyroxene matrix. In the 

pseudoleucite syenite (e-g. Mu-2 16), barytolamprophyllite and lamprophyllite occur as radial 

aggregates of elongate crystals (up to 70 pm in diameter) cornmonly mantled by calcite (Fig. 

4.3.1.1 1 a,b). In these aggregates, the core is composed essentially of larnprophyllite, whereas 

the rim consists of barytolamprophyllite. In the pseudoleucite syenite, barytolamprophyllite 

also fonns re-equilibration rims on titanite (Fig. 4.3.1.12). 

Chernical data on barytolamprophyllite and lamprophyllite fiom the rocks examined are 

given in Table 4.3.1 -9 and Fig. 4.3.1.13. Also shown on Fig. 4.3.1.13 are the compositions of 

lamprophyllite-group mïnerals from perallcaline rocks world-wide (afier Chalchmouradian & 

Mitchell 1999). 



Fig. 4.3.1.1 1. Radial aggregates of lamprophyllite (green) and 
barytolamprophyllite (mi) crystals. in (a), note a 
calcite rim on barytolamprophyllite (light blue). 
Pseudoleucite syenite, Mu-216. FOV. 80 pm. False 
colour BSE image. 



Fig. 4.3.1.12. Re-equilibration r h  of larnprophyllite 

(white) on titanite (grey). Pseudoleucite 

syenite, Mu-2 16. BSE image. 

In the barytolamprophyllite-bearing syenite (e.g. Mu-23 6),  mo st compositions 

correspond to barytolamprophyllite with ca. 15.8 wt.% BaO and 5.8 wt.% SrO. In the 

lamprophyllite-bearing type (eg.  Mu-1 84/11 ), the majority of crystals contain ca. 1 6.9 wt.% 

Sr0 and 2.0 wt.% Ba0 (Thle 4.3.1.9, Fig. 4.3.1.13). The sum of Ca and alkalies (apfu) is 

slightly higher in the lamprophyllite (Ca. 13.6 wt.%) than in the baryolamprophyllite (ca. 12.7 

W.%). Most larnprophyllite fkom the eudialyte-bearing syenite is enriched in Sr (19.0-20.9 

wt.% SrO), depleted in Ba (0.9-1.9 wt.% BaO), and has the lowest C(Na+K+Ca) content among 

the rocks studied (Table 4.3.1.9, Fig. 4.3.1.13). In the "potassium-batisite" syenite, al1 

compositions fa11 within the barytolamprophyllite field with 12.8-1 5.8 wt.% Ba0 and 5.0-7.9 

wt.% SrO. The C(Na+K+Ca) content is slightly higher than that of the mineral fiom the 

barytolamprophyllite-bearing syenite, Le. Ca. 1 3.2 wt,% (Table 4.3.1 -9, Fig. 4.3.1.1 3). 

Larnprophyllite fiom the cores of the radial aggregates fiom the pseudoleucite syenite is 



Table 4.3.1.9. Representative compositions of lamprophyllite-group minerals. 

Si02 31.67 
Ti02 28.19 
Zr02 0.37 
A1203 n.d 
Fe203* 3.01 
Mn0 2.28 
Mg0 0.69 
Ca0 1.14 
Sr0 16.82 
Ba0 2.05 
K20 2.20 
Na20 10.40 
Total 98.82 

Si 4.000 
Ti 2.678 
Zr 0.023 
Al - 
~ e ~ '  0.286 
Mn 0.244 
Mg 0.130 
Ca 0.154 
Sr 1,232 
Ba 0.101 
K 0.354 
Na 2.547 

31.26 30.95 30.83 33.20 29.03 27.84 28.14 
28.69 28.43 28.36 24.16 22.33 24.85 25.28 

n.d 0.63 0.74 n.d n.d 0.50 0.28 
n.d n.d n.d 0.70 0.69 0.09 0.09 

2.83 2.53 3.04 6.31 7.55 2.96 4.77 
2.76 2.40 2.21 3.01 2.98 0.09 1.95 
0.32 0.30 0.31 0.53 0.36 0.28 0.43 
1 ,O2 0.84 1.12 1.20 0,79 1,89 1.18 

19.31 20.85 19.88 11.63 n.d 0.40 6.13 
1.37 1.86 1.131 5.24 23.83 27.83 16.03 
1.34 0.85 1.12 3.00 3.69 2.13 2.73 

10.18 10.37 10.39 1 1.08 7.25 9.47 8.48 
99.08 100.01 99.26 100.06 98.50 98.43" 95.49 

Structural fonnulae calculated on the basis of 4 atoms of Si, 
4,000 4.000 4.000 4,000 4.000 4.000 4,000 
2.761 2.791 2.781 2.189 2.314 2.685 2,703 

- 0.040 0.047 - - 0.035 0.019 
O - - 0.099 0.112 0.015 0.015 

0.273 0.249 0.298 0.572 0.783 0,320 0.510 
0.299 0.265 0.244 0.307 0,348 0.01 1 0.235 
0.061 0.058 0.060 0.095 0.074 0.060 0,091 
0.140 0.117 0.175 0.155 0.117 0.291 0.180 
1,433 1,578 1,503 0.813 - 0,033 0.505 
0.069 0.095 0.058 0.247 1.287 1.567 0.893 
0.219 0.142 0.186 0.461 0.649 0,390 0,495 
2.526 2.625 2.627 2.588 1.937 2.638 2.337 

n.d = not detected; * Total Fe given as Fez03; ** Total also includes 0.1 0 W.% Nb205 (0.006 apfh Nb). Analyses 1-8: lamprophylliie (1 -3 - 
lamprophyllite-bearing syenite: Mu-1 8411 1; 4-5 - eudial'te-bearing syenite: 4-5 - Mu-245, 6-7 - Mu-196; 8 - pseudoleucite syenite: Mu- 
2 16, core of a radial aggregate); 9- 15: barytolamprophyllite (9- 1 0 - pseudoleucite syenite: Mu-2 1 6, 9 - rim of a radial aggregate, 10 - 
intergrowth with clinopyroxene; 1 1 - 1 3 - bavytolamprophyllite-bearing syenite: Mu-236; 14- 1 5 - "potassitïm batisite" syenite: Mu-237). 
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re-equilibration trend obsereved in some 
crystals h m  Pegmatite Peak 

Fig. 4.3.1.13. Compositions of larnprophyllite and barytolarnprophyllite 
from Murun and other occurrences. 



&ched in Ba relative to the other rock types, and contains co. 5.2 wt-% Ba0 and ca. 10.3 

wt.% Sr0 (Table 4.3.1.9, Fig. 4.3.1.13). Barytolamprophyllite f?om the outermost parts of these 

aggregates is Sr-poor, with ca. 22.9 wt.% Ba0 and only 0.2 wt.% SrO. The overall 

evolutionary trend shown on Fig. 4.3.1.14 is almost pardel to the re-equilibration trend 

detemiined for the zoned crystals fiom Pegmatite Peak (Chakhmouradian & Mitchell 1999). 

However, the X(Na+K+Ca) content is noticeably higher in the compositions fiom the 

pseudoleucite syenite (ca. 13.5 wt.%), than in those fiom Pegmatite Peak (ca. 11.9 -%)- The 

re-equilibration rims on titanite fiom the pseudoleucite syenite correspond to 

barytolamprophyllite with less than 0.3 W.% Sr0 and, in terms of Ba-Sr-C(Na+K+Ca) 

proprtions, fall close to the barytolamprophyliite fiom the radial aggregates (Fig. 4.3.1 -13). In 

lamprophy1lite and barytolamprophyllite fiom the rocks studied, MnO content is typically 

about 2.3 a%, but in some cases, reaches 3.3 wt.% (outermost parts of the radial aggregates 

nom the pseudoleucite syenite). Some of the compositions exhibit noticeable enrichment in 

Z- content (up to 0.5 wt.% in barytolamprophyllite fkom the pseudoleucite syenite, and up to 

0.7 W.% in lamprophyllite fiom the eudialyte-bearing syenite). The A1203 contents in both 

m i n d s  are typically low, not exceeding 0.2 wt%. 

In the examined samples, "potassium batisite " occurs exclusively in the '~otassium- 

batisite" syenite. In sampIes Mu-237 and 186/6, the mineral forrns greyish elongate (up to 3 

mm in Iength and 0.3 mm in thickness) or oval crystals, as well as their parallel intergrowths 

(Fig. 4.2.9). 'Totassium batisite" from sample Mu471 forms warse prismatic grains up to 1.2 

cm in length. The mineral is co~lmonly associated with titanite (Fig. 4.3.1.14), and typically 

replaced dong the rim and hctures by a T i 9  phase, an unidentified Ti-Pb silicate, hollandite- 

type m i n d s  and thorimite. 



Fig. 4.3.1.14. c'Potassium batisite" (white) in association with 
titanite (light grey), clinopyroxene (grey), hollandite- 
type mineral (indicated by an arrow) and potassium 
feldspar (da& grey). Mu-237, BSE image. 

Compositionally, the c'potassium batisite" from Murun corresponds to neither 

shcherbakovite nor batisite sensu stricto. In batisite ~ a ~ K ) ( B ~ K ) T i 2 ( S i 4 0 1 2 ) 0 2 ] y  Na M y  

occupies one structural site, and prevails over K in the other, so that Naz > Kx (Nikitin & Belov 

1962, Schmahl & Tilhanns 1987). In shcherbakovite Wa(K,Na)(K,Ba)Ti2(S40i2)02], K 

predominates over Na in one of the alkali-cation sites and prevails over Ba in the third site, i.e. 

Kz > Naz and Kz > Bar (Kostyleva-Labuntsova et al. 1978). In wmrnon with shcherbakovite, 

the mineral studied in this work clearly shows the preponderance of K in one of the alkali- 

cation sites, but contains more Ba than K in the third site (Table 4.3.1.10). A mineral with 

similar wmposition was previously describecl fkom the Walgidee Hills lamproites (Australia) 

under the name "noonkanbahite" @rider 1965). Unfortunately, this name was subsequently 

discredited without a proper consideration of cation ordering. Lazebnik & Lazebnik (1 986) and 

Konev et al. (1996) refer to the Murun material as 'X-batisite", but this name has not been 

approved by IMA as a valid t m .  The mineral studied in this work contains C a .  3.9 wt.% 



Table 4.3.1.10. Representative compositions of "potassium batisite". 

Nb205 
Si02 
Ti02 
Zr02 
Fe203 
Mn0 
Mg0 
Ca0 
Sr0 
Ba0 
Na20 
K20 

Total 

Nb 
Si 
Ti 
Zr 
~ e ~ '  
Mn 
Mg 
Ca 
Sr 
Ba 
Na 
K 

n.d n.d n.d 0.25 n.d 
38.90 38.33 38.28 38.96 38.83 
22-22 20.29 19.67 20.12 19.43 
1-69 0.58 2.76 0.82 1 .O9 
4-00 4.22 3-41 3.95 3.61 

n.d n.d n.d n.d 0.21 
n.d n.d 0.19 n.d 0.18 
0.49 0.47 0.90 1.38 1.14 
0-90 a-d 0.63 0.65 0.76 
17.46 20.48 17.63 18.12 18.55 
5.59 5.62 5.02 5.14 5.24 
8.27 7.9 1 8.60 8.20 8.2 1 

99-52 97.90 97.09 97.59 97.25 

F o d a e  caiculated on the basis of 9 cations 
- - - 0.013 - 

3.946 3.985 3.990 4.032 4.03 1 
1.695 1.586 1.544 1.566 1.517 
0.085 0.029 0.141 0-040 0.055 
0.305 0.330 0.268 0.308 0.282 

- - - - 0.018 
- - 0.030 - 0.028 

0.053 0.052 0.101 0.153 0.127 
0.053 - 0.038 0.039 0.046 
0.694 0.835 0.721 0.735 0.755 
1.099 1.133 1.016 1.031 1.055 
1.070 1.049 1.145 1.083 1.087 

n.d = not detected. 1-4: MU-186/6, 5-7: Mu-23 7,8-9: Mu-l 71. 



F d 3 ,  and is typically Nb-poor (2 0.3 wt% Nb205). Z r 0 2  content varies fkom 0.6 to 2.8 wt.% 

(Table 4.3.1 .IO). Some of the C'p~tassium-batisite" grains contain minor Mn (5 0.2 wt-% MnO) 

and Mg (5 0.4 W.% MgO). Sr0 and Ca0 contents Vary from below the detection limit to 2.0 

wt.%, and fkom 0.5 to 1.4 a%, respectively (Table 4.3.1.10). 

Wadeite KZrSi3O9] is relatively common in the lamprophyllite- and 

barytolamprophyfite-bearing syenite where it occurs as colourless subhedral-to-euhedral 

pnsmatic crystaIs up to 3 mm in length (Fig. 4.3.1.15). Wadeite is commonly intergrown with 

elongate crystals of lamprophyllite and barytolamprophyllite; rarely, it forms anhedral-to- 

subhedral poikilitic crystals hosting inclusions of clinopyroxene and kalsilite (Fig. 4.3.1.1 6). In 

the "potassium-batisite" syenite, wadeite is less abundant, and occurs as subhedral-to-euhedral 

prismatic crystals (up to I mm in length) in the clinopyroxene-potassium feldspar matrix. The 

minerd commonly associated with "potassium batisite" and hollandite-type titanates. Wadeite 

is also found in some samples of the eudialyte-bearing syeaite (e-g. Mu- l96), where it foms 

rare anhedral-to-subhedral grains (up to 100 pm across) confïned to the alteration N n s  around 

eudialyte crystals (Fig. 4.3.1.10). In the aeginnite (Mu-1 !JO), wadeite is extremely rare. Here, 

anhedral grains of the mineral occur as a part of an alteration assemblage developed after the 

clinopyroxene and potassium feldspar. In the aegirinite, wadeite is closely associated with 

calcite, ancylite-(Ce), and an unidentified Ba-Ti silicate. Wadeite has not been found in the 

samptes of the lamprophyre. 

Compositional data for wadeite fkom the rocks examîned are given in Table 4.3.1.1 1. 

Some of the crystds exhibit slight enrichment in F e 0  (up to 0.6 wt.% in the lamprophyllite- 

and barytolamprophyllite-bearing syenite, 0.3 wt% in the "potassium-batisite" syenite, and 0.2 

wt.% in the eudialyte-bearing &te). Na20 is minor and does not exceed 0.4 wt.%. Wadeite 

fkom the "potassium-batisite" syenite, and lamprophyllite- and barytolamprophyllite-bearing 

syenite is unusually rich in Ti (up to 3-0, and 1.0 wt.% Ti02, respectively), whereas samples 

fiom eudialyte-bearing syenite and aegirinite are Ti-poor (Table 4.3.1.1 1). Previously published 



Fig. 4.3.1.15. Wadeite (coIourless) and lamprophyliite (pinkish-yellow) surrounded 
by undulatory-fibrous aggregates of  aegirine (green). Dark brown to 
opaque - tausonite. Lamprophyllite-bearing syenite, Mu- 1 84/11. FOV. 
3.5 mm. Plane-polarïsed light. 

Fig. 4.3.1.16. Poikilocrystal of wadeite (light grey) with 
inclusions of ciinopyroxene (grey). White 
elongate crystals - barytolamprophyllite, dark 
grey - potassium feldspar. Barytolamprophyllite- 
bearing syenite, Mu-236. BSE image. 



Table 4.3.1.1 1. Representative compositions of wadeite. 

Si02 45.07 
Ti@ 1 .O0 
Zro2 31.02 
F e 0  n.d 
Na20 n.d 
&O 23.73 
Total 100.82 

Fonnulae calculated on the basis of 9 atoms of oxygen 

n.d = not detected. Analyses 1-2: barytolamprophyllite- and lamprophyllite-beuring 
syenite ( 1  - Mu-1 84/11, 2 - Mu-236); 3-6: "potassium batisite" syenite (3-4 - Mu-186/6; 
5-6 - MU-23 7); 7: eudialyte-bearing syenite (Mu- 1 96); 8 : aegiriniie (Mu- 190). 



data show that the T i 9  content in the Murun wadeite is I y p i d y  below 0.6 wt% (Mitchell & 

Vladykin 1993; Konev et al. 1996)- Ti-rich wadeite (up to 2.8 w t %  Ti02) was reported from 

the Leucite Hill lamproites, Wyoming (Channichael 1967; Mitchell & Bergman 1991). 

Subsequently, an unnamed Ti-analogue of wadeite with the formula F2(Ti,Zr)Si30g] 

containing up to 22.4 wt.% Ti02 and only 0.7 wt-% Zr02 was found in the intergrowths with 

wadeite-type phases of variable Ti@ contents in a groundmass of lamproites fiom the same 

locality (Mitchell & Steele 1992). These authors suggested the presence of a limited solid 

solution between the Zr- and Ti-dominant end-rnembers. 

Titanite is relatively rare in the hypabyssal rocks. In the lamprophyre (e.g. Mu-23 1/13), 

this mineral forms euhedral wedge-shaped crystals (up to 20 pm across) or anhedral-to- 

subhedral grains (up to 200 p in size) in the clinopyroxene-biotite-potassium feldspar ma&. 

Anhedral-to subhedral grains of titanite fiom the pseudolericite syenite (Mu-2 16) are commonly 

mantled by re-equilibration rims of barytot amprophyllite (Fig. 4.3.1.1 3). In this rock, minute (< 

20 p across) grains of titanite also occur as inclusions in pyrite. Titanite is a characteristic 

accessory minerai in the "potassium-batisite" syenite (Mu-237, l86/6), where it forms elongate 

commonly fractured grains (up to 0.4 mm) in the potassium feldspar-clinopyroxene matrix 

(Fig. 4.3.1.1 1). The mineral is closely associated with "potassium batisite" and hollandite-type 

phases. In the eudialyte-bearing syenite (Mu-196), titanite occurs as extremely rare anhedral 

grains up to 50 pm in size. 

The titanite is relatively poor in minor elements (Table 4.3.1.12). The mineral fiom the 

"potassium-batisite" syenite is Al-fi=, whereas titanite fiom the lamprophyre and 

pseudoleucite syenite is slightly enriched in &O3 (up to 0.1 and 0.3 wt.%, respectively). Fe203 

content is Ca. 1.4 wt% in samples fiom the lamprophyre, C a .  2.2 wt.% in the pseudoleucite 

syenite, and 0.9-2.2 wt.% in titanite from the "potassium-batisite" syenite. Typically, the 

Munui titanite is devoid of detectable Nb, but in some cases contains up to 0.6 wt.% Nb20s 

("potassium-batisite" syenite). The mineral from the lamprophyre and pseudoleucite synite is 



Table 4.3.1.12. Representative compositions of titanite. 

SiO2 
a 2 0 3  
Ti02 
Fe203 
Z r 0 2  

m 2 0 5  

Ca0 
Sr0 
Na20 
K20 

Total 

Si 
AI 
Ti 
~e~~ 
Zr 
Nb 
Ca 
Sr 
Na 
K 

Fonnulae calculated on the basis of Ccations = 3 

n.d = not detected. Analyses 1 : lamprophyre (Mu-23 1 /13); 2: pseudoleucite 
syenite (Mu-2 1 6 )  3 -6: "potussiurn batisite syenite " (3 -5 - Mu- 1 86/6; 6 - Mu- 
237). 



Sr- and Na-poor, whereas titani te fiom the "potassium-batisite" sy enite is somewhat e ~ c h e d  in 

Sr0 (up to 1.1 m.%) and Na20 (up to 0.8 a.%) contents (Table 4.3.1 .12). 

Unidenified silicates 

Ba-Ti Al-silicate occurs in the aegirinite (Mu- 190) as radial aggregates (up to 0.2 mm in 

diameter) of thin fibrous crystals. The mineral is undoubtedly part of an alteration assemblage, 

and is cornmonly associated with calcite, ancylite-(Ce), and rutile (?). Compositionally, this 

minerai corresponds to the general empincal formula ( K , ~ a ) ~ ~ e ~ + A l ~ i s i ~ . &  (Table 4.3.1.13, 

analyses 3 and 4; Fig. 4.3.1.17)- 

T a  silicate is found in the '~otassium-batisite" syenite (Mu-186/6). The minerd 

foms anhedral grains less than 30 pm a m s s  developed dong fractures in the 'potassium 

batisite" (Figs. 4.3.1.1 8, 4.3.1.19). 

Fig. 4.3.1. 18. Unidentified Ti-Pb silicate (red) developed dong the fracture in 

the "potassium batisite" (yellow). Dark blue - potassium feldspar, 

green - titanite, light blue - clinopyroxene. "Potassium-batisite" 

syenite, Mu-1 86/6. F.O.V. 180 pm. False colour BSE image. 



Fig. 4.3.1.17. EDS spectnim of an unidentinecl Ba-Ti Al-silicate 
fiom the aegirinite (Mu-190). 





Table 4.3.1.13. Representative compositions of unidentifid silicates. 

Nb205 
Si02 
Ti02 
Z r 0 2  
M203 

ce203 

Fe0  
Mn0 
Mg0 
Sr0 
Ba0 
Pb0 
Ca0 
Na20 
K20 

Total 

n.d. = not detected. 1-2: Ti-Pb silicate ("potassium-batisite" syenite, 
Mu-18616); 3 4 :  Ba-Ti Al-silicate (aegïsinite, Mu-190); 5-6: Na-Fe-Sr 
silicate (eudial yt e aegirine s yenite, Mu-245). 



- The mineral contains major Si, Ti and Pb, and has relatively uniforrn composition 

(Table 4.3.1.13, analyses 1-2). Some crystals also contain significant amounts of F e 0  (up to 5.0 

W.%) and Ba0 (up to 3.0 wt.%). Other elanents present in minor quantities include K, Na, Al, 

Sr, Mn, Ca, and in some cases Ce (Table 4.3.1.13). The general empirical formula of this 

mineral can be written as (P~,B~)(T~,F~~")~(s~,AI,F~~')~(o,oH) 13. 

Na-Fe-Sr silicate is found in the eudialyte-aegirine syenite (e-g. Mu-245), where it 

occurs as subhedral rectangula. crystals (up to 80 pm across) developed interstitially with 

respect to nepheline, and commonly associated with strontianite. Representative compositions 

of this mineral are given in Table 4.3.1.13 (analyses 5-6). The ernpirical formula of the mineral 

is (N~,K)~(s~,c~) , (F~",M~)(s~,A~,F~~+)~o 

4.3.2 Qxides 

Magnetite is found in some of the samples of the lamprophyre (e.g. Mu-3/100, -232), 

kalsilite melasyenite (eg. Mu- 1 72), and aegirinite (Mu4 90). The mineral typically foms 

anhedral-to-subhedral elongate or rounded grains up to 80 pn a m s s  developed inerstitially or 

dong fractures in olivine (lamprophyre) or clinopyroxene (aegirinite). in the kalsilite 

melasyenite, magnetite also occurs as rare minute (< 20 p in sïze) grains in the kalsilite- 

potassium feldspar aggregates. In the lamprophyre, magnetite also foms intergrowths with 

rutile (?). Representative compositions of the minera1 are given in Table 4.3.2.1 - Magnetite 

fiom the aegirinite is enriched in Cr203 (up to 14.8 wt.%) and depleted in Ti02 (2 0.7 wt.%) 

relative to the crystals fiom the lamprophyre (ca. 4.5 and 7.8 W.%, respectively), and kalsilite 

melasyenite (ca. 2.1 and 1.8 wt.%, respectively). Samples fiom the lamprophyre and kalsilite 

melasyenite typically contains minor Mn0 (5 0.5 wt.%) and M g 0  (5 0.9 wt,%). 



Table 4.3.2.2. Representative compositions of magnetite and chromite. 

Si% 
A1203  
Ti02 
Fez03* 
FeO* 
Cr203 
Mn0 
Mg0 
Total* 

Si 
Al 
Ti 
~ e ~ '  
~ e ~ '  
Cr 
Mn 
M g  

n.d 0.30 0.34 0.90 n.d n.d 
0.16 n-d n.d n.d 0.1 1 0.25 
1.82 4.49 4.16 0.65 1.59 1.64 

62.63 59.93 53.34 50.36 32.64 31.38 
30.57 35.76 33.71 32.98 30.59 30.09 
2.05 n.d 7.80 14.81 32.50 34.45 
0.41 n.d 0.59 nad 0.95 1.34 
0.87 n.d 0.94 n.d 1.30 1 .58 

98.51 100.18 100.53 98.70 96.78 97.90 

Formulae calculated on the basis of 4 atoms of oxygen 
- 0.01 1 0.0 13 0.034 - - 

0.007 - - - 0.005 0.01 1 
0.053 0.229 0.1 18 0.019 0.045 0.045 
1-824 1.720 1 .508 1.447 0.918 0.871 
0.989 1.140 1 .O59 1.053 0.956 0.928 
0.063 - 0.232 0.447 0.960 1.004 
0.013 - 0.0 19 - 0.030 0.042 
0.050 - 0.053 - 0.070 0.087 

n.d = not detected; * ~ e ~ + / F d '  ratio calculated fiom stoichiomeûy. 
Analyses 1-4: magnetite (1 : kalsilite melasyenite, Mu-1 72; 2-3 : 
lamprophyre, 2 - Mu-232; 3 - Mu-3/100; 4: aegirinite, Mu-190); 5-6: 
chromite (5 - core, 6 - rim of a zoned crystal; Mu-2 72). 



C h m i t e  is found exclusively in the kalsilite melasyenite (Mu-1 72). The mineral occurs 

as rare minute (S 20 pm in size) inclusions in clinopyroxene. The inclusions commonly exhibit 

a weak variation in Cr203> hin0 and M g 0  (Table 4.3.2.1). 

Abnenite is rare in the rocks examined. The mineral occurs as anhedral grains (up to 120 

pm in size) developed interstitially in the biotite-clùiopyroxene-potassium feldspar groundmass 

in the lamprophyre (e.g. Mu-241) and pseudoleucite italite (e.g. Mu-235). Ilmenite fkom both 

rock types has elevated Mn0 contents (up to 5.6 w t %  or 0.12 apfù Mn in the Iarnprophyre, and 

6.5 wt.% or 0.14 apfi Mn in the psedoleucite syenîte; Table 4.3 -2.2). 

Rutile(?) is found in the majority of the rocks examined (except the pseudoleucite 

italite, kdsilite melasyenite, and eudidyte-bearing syenite). The mineral occurs as anhedral-to- 

subhedral grains up to 100 p in size commoniy associated with titanite and sulphides. Rutile 

has nearly ideal composition; only in a few cases (e.g. aegirinite, Mu-190) does it exhibit 

noticeable enrichment in Fe203 (up to 2.1 M.%) and Nb205 (up to 1 -6 a%; Table 4.3.2.2). 

HoIIandite-type K-&Fe titanates are relatively common in the "potassium-batisite" 

syenite (Mu-237 and 186/6). These minerais form rare anhedrai-to-subhedral grains (up to 50 

p in size), and are conjïned to cavities and fractures in the "potassium batisite" and titanite 

(Fig. 4.3.2.1). The titanates are commody associated with rutile (?), an unidentified Pb-Ti 

silicate, and wadeite. The latter mineral, in some cases, forms a rim on crystals of titanates. 

The hollandite-type minerals fiom M u m  have been previously describecl by Lazebnik 

et al. (1 N S ) ,  Mitchell &Wadykin (1 993), and Chakhmouradian & Evdokimov (1 997). These 

studies demonstrate that the Muun hollandites (sensu latu) are essentially members of the 

pseudobinary system K2-x(Ti,Fe)gOio - Ba2-x(Ti,Fe)8016. Both K- and Ba-dominant minerals 

contain ody negligiile amounts of other B-site cations such as Mn or Cr. 



Table 4.3.2.2. Representative compositions of ilmenite and rutile (?). 

Total 

Formdae calculated on the basis of: 

3 atoms of oxygen 2 atoms of oxygen 

n.d = not detected; * All Fe given as FeO, stoichiometry suggests that 
no Fe203 is present; ** ~ e ~ + / ~ e ' +  ratio calculated fiom stoichiometry. 
Analyses 1-3 : ilmenite (1 : lamprophyre, Mu-24 1 ; 2-3 : pseudoleucite 
italite, Mu-235); 4-6: rutile (?) (aegirinite, Mu-190). 



Compositionally, the hollandite-type phases studied in this work c m  be divided into two 

groups: Pb-fiee and Pb-bearing &Ba)-Fe titanates. In BSE, the Pb-fkee hollandite commonly 

exhibits a core-to-rim zoning with a low-AZ core and a high-AZ rim (Fig. 4.3.2.2). 

Compositionally, the core of the crystals shows the preponderance of the K-dominant (i.e. 

priderite) component (Nomsh 1954; Sinclair & McLaughlin l982), whereas the pe r i phd  

zone corresponds to henrymeyerite p a ~ e ~ * ~ i ~ 0 ~ ~ ~  (Mitchell et al. 2000) (Table 4.3.2.3). The 

Pb-fiee titanate from sample Mu-1 86/6 exhibits noticeable enrichment in Mn and V. Mn0 and 

V203 contents vary fiom 0.2 and 0.6 W.% in the cores of the crystals to 0.9 and 1 .O wt.% in the 

peripheral zones, respectively (Table 4.3.2.3). 

The Pb-bearing '%ollandite" is found exclusively in sample Mu-186/6. In BSE, this 

minerai commonly exhibits an irregular zoning resulting from variations in the Pb/(Ba+K) ratio 

(Fig. 4.3.2.3). The Pb-bearing compositions show the preponderance of Ba (ca. 9.7 wt.% BaO, 

0.52 apfu Ba) over K (CU. 1.4 wt.% &O, 0.25 apfi K); the Pb0 content varies fkom 6.6 to 12.5 

wt.%, or fkom 0.24 to 0.45 apfu Pb (Table 4.3.2.3). The mineral shows the following overall 

com~osi t iod  rage: ma.5 i-O.fib0.36-0.4~&2 1429N~.034.07)(Ti62430Fei .70-1.78)016 (Table 

4.3.2.3). Recalculation of the microprobe analyses of the Pb-bearing "hollandite" on the basis 

of 16 atoms of oxygen indicates that rnost of Fe present in the composition of this minera1 

occurs in trivalent foxm, thus suggesting the existence of a solid solution between the two 

hexatitanate end-members, ~ a . F e ~ ~ ~ ~ i ~ 0  and ~ b ~ e ~ ~ ~ ~ i s 0  16. 

An experimental study shows that the Ba- and Pb-dominant end-members (synthesised 

at P-latm and T=llOO°C fiom the stoichiometric quantities of PbC03, BaC03, T i 9  and Fe203 

using the ceramic technique) form a continuous solid solution series of the general formula Pbl- 

x ~ a x ~ e 3 + 2 ~ i s ~ 1 6  (Reguir & Mitchell, unpublished data). Intermediate members of this series 

with low-to-moderate Pb contents are tetragonal in symmetry [14/m, a = 10.1 119(4) A, c = 

2.9714(2) A], whereas those with higher Pb contents may be monoclinic. 

To our knowledge, prior to the present work, Pb-bearing hollandite-type titanates had 

not been observed at Murun or elsewhere. However, Pb-bearing manganates, including the end- 



Fig. 4.3.2.1. Pb-free hollandite (indicated by an arrow) 
developed dong fiacimes in "potassium 
batisite" (white); associated phases are t.ita.de 
(iight grey) and clinopyroxene (dark grey). BSE 
image. 'Totassium-batisite" syenite wu-237). 

Fig. 4.3.2.2. Zoned grain of Pb-free hollandite. Blue core corresponds 
to pndente, yellowish-red intermediate part to barian 
priderite, and peripheral pi* zone to henrymeyente. 
Green - "potassium batisite". FOV 90 pm- False colour 
B SE image. "Potassium-batisite" syenite (Mu-23 7). 
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Fig. 4.3.2.3. a) EDS spectrum of the Pb-bearing hollandite. 
b) Zoned crystal of Pb-bearing hollandite. Blue - 
"potassium batisite". FOV 40 Fm. False colour BSE image. 
a) and b): "Potassiumbatisite" syenite (Mu-186/6). 



member coronadite [(Pb,h)@h,V)80i6], are relatively comrnon in nature (Bar-Matthews 

1987; Nicholson 2 986). 

Tatrsonite (SrTi03) is a relatively common accessory mineral in the lamprophyllite- 

bearing syenite (Mu-184A 1). The minera1 foms subhedral-to-anhedral rectangular or equant 

crystals (up to 100 pn across) commonly confined to fractures in lamprophyllite or developed 

interstitially (Figs. 4.2.1 1, 4.3.1.1 5). In BSE, tausonite exhibits a weak irreguiar zoning with 

hi&-AZ zones emiched in IlREE and depleted in Sr. The ZREE203 and Sr0 contents vary fkom 

1 1.4 and 36.3 wt.% in the high-A2 zones (respectively) to 2.0 and 46.4 wt.% in the low-AZ 

zones (Table 4.3.2.4). The mineral shows very little variation in terms of the Ca0 and Fe203 

contents (2.4 - 3.3, and 0.3-0.4 wt.%, respectively). Tausonite nom the Murun was desmibed 

in detail by Vorob'ev et al. (1989) and Mitchell & Vladykin (1993). The latter authors reported 

up to 17.8 wt.% ZREE203 (or 37.4 mol.% of the loparite component) in the composition of 

tausonite. 

Thorïanite is extremely rare in our samples, and found only in one sample of the 

c'potassium-batisite" syenite (Mu-18616). The mineral forms auhedrd grains (up to 20 p in 

size) typically confïned to cavities and intergrown with rutile (?). The rnineral contains up to 

8.6 wt.% U02 (0.09 apfir U) and 1.3 wt.% Pb0 (0.01 apfU Pb). 

4.3 -3 Phosphates 

Apatite-group minerals are found in most of the samples studied, (except pseudoleucite 

syenite, '~otassium-batisite" syeaite and aegirinite). In the lamprophyre, apatite is relatively 

common, and occurs as anhedral-to-subhedra1 elongate crystals in the groundmass. Typically, 

the size of apatite crystals does not exceed 100 p, but in some samples (e.g. Mu-1 50) reaches 

1.5 mm. Apatite is a common accessory mineral in the kalsilite melasyenite (Mu-1 72), where it 

forms subhedral pnsmatic grains up to 0.6 mm in lenm (Fig. 4.2.7). in the pseudoleucite italite 



Table 4.3 -2.4. Representative compositions o f  zoned tausonite 
fiom the 1amprophyIite-bearing syenite (Mu- 1 844 1). 

Wt.% 1 2 3 4 5 
hi&-AZ zone intermediate low-AZ zone 

Ti02 
Fe203 
Nb205 
La203 
ce203 

Nd203 
Th02 
Sr0 
Ca0 
Na20 

Total 

Ti 
~ e ~ '  
Nb 
La 
Ce 
Nd 
Th 
Sr 
Ca 
Na 

43.94 44.32 44.58 44.25 
0.32 0.33 0.32 0.40 
n.d 0.79 a d  n.d 
4.05 2.30 1.86 0.70 
6.42 4.85 3.20 2.44 
0.94 0.70 n.d n.d 
2.74 0.68 0.79 1 .O1 
36.34 42.58 43.95 44.62 
2.40 2.58 3.30 3.30 
2.69 1.68 1.56 1.47 

99.84 100.81 99.56 98.19 

Forrnulae calculated on the ba i s  of: 

3 atoms of oxygen 

0.989 0.984 0.995 0.998 
0.007 0.007 0.007 0.009 

- 0.01 1 - - 
0.045 0.025 0.020 0,008 
0.070 0.052 0.035 0.027 
0.010 0.007 - - 
0.019 0.005 0.005 0.007 
0.63 1 0.729 0.756 0.776 
0.077 0.082 0.105 0.106 
O, 156 0.096 0.090 0.085 

n.d = not detected; n.a = not analysed. 



(Mu-235), apatite forms rare subhedral grains in the groundmass. In the eudiaiyte-bearing 

syenite, the minerai is rare, and occurs as segregations (ca, 200 pn across) of anhedral crystals 

developed along fractures in potassium feldspar, and marginally replaced by strontianite (Fig. 

4.3.3-1). 

Fig. 4.3 -3.1. Sr-rich apatite (grey) with high-A2 parts 
enriched in Sr0 content. White - 
s trontianite. Eudiai yte-bearing syeni te, 

Mu- 196. BSE image. 

Apatite is relatively common in the barytolamprophyllite-bearing syenite (Mu-236), 

where it occurs as anhedral-to-subhedral grains (up to LOO p in size) containùig minute (c 6 

pm across) inclusions of gaiena and an unidentified Pb-Al silicate. Here, apatite is developed 

along hctures in potassium feldspar and commonly coexists with barytolamprophyllite. In 

BSE, many of the crystals show irregular or core-to-rim zoning. 
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Represenbtive compositions of apatite-group minerals are givm in Table 4.3.3.1. Most 

of the apatite compositions are very poor in Na and REE, with the exception of 

barytolarnprophyllite-bearing syenite (Mu-23 6), and some lamprophyre samples ( eg .  Mu-2 1 5). 

In the barytolamprophyllite-bearing syenite, al1 apatite compositions are slightly enriched in 

REE203 (up to 1.2 wt.%), whereas in the lamprophyre, bigh-AZ zones of the crystds contain up 

to 4.4 wt.% -O3, and low-AZ zones are devoid of REE. The apatite compositions obtained 

in this work essentially belong to the solid solution between the apatite and strontium-apatite 

[Ca5(P0&(0H,F) - (Sr,Ca)S(P04)3(0H,F)] (Table 4.3.3.1). In the lamprophyre, Srû varies 

fiom 1.4 in low-AZ zones to 14.0 wt.% in high-AZ zones (Table 4.3.3.1, analyses 1-6). In 

weakly zoned apatite fiom the pseudoleucite italite, Sr0 content varies f?om 3.2 to 4.2 wt.% 

(Table 4.3.3.1, analyses 13-14). The anhedral crystals f?om the barytolamprophyllite- and 

eudialyte-bearing syenite are extremely rich in Sr (up to 3 1.9 and 44.9 wt.% SrO, respectively; 

Table 4.3.3.1, analyses 7-1 1); with some compositions corresponding to strontium-apatite (2.74 

upfi Sr; Table 4.3.3.1, analysis 12). 

Sr-rich apatite was previously described fiom a wide variety of alkaline rocks, including 

lamproites, nepheline syenites and associated pegmatites (Edgar 1989; Mitchell & Bergman 

1991; Konev et al. 1996; Chakhmouradian & Mitchell 1999; Mitchell & Chalchmouradian 

2000), and carbonatites (see Chapter 3.3.4, and references therein). Strontium-apatite with ca. 

46 wt.% Sr0 was found in agpaitic pegmatites of the Inagli and Khibina alkaline complexes 

(Pekov et al. 1995). Apatite fiom lamproites is typicaily enriched in Ba, and has lower Sr0 (< 

13 wt.%) contents relative to its counterparts fiom agpaitic rocks (Edgar 1989; Mitchell & 

Bergman 1 99 1 ; Chakhmouadian & Mitchell 1999). 

Several elongate grains of monazite-(Ce) [ (Ce,La,Nd,Th)P04] (ca. 8 p in size) were 

observed in one sample of the lamprophyre (Mu-232). Representative compositions of this 

mineral are given in Table 4.3 -3.1 (analyses 15- 16). 



4.3.4 Carbonates 

Ancylite-(Ce) is found exclusively in sample Mu-190 (aegirinite), where it forms rare 

anhedral grains (up to 100 pm in size) confined to cavities in calcite. Compositiondy, this 

ancylite shows a wide variation in terms of La, Pr and Nd contents (Table 4.3.4.1). Some of the 

compositions are e ~ c h e d  in T m  (up to 3.6 wt.%). 

Table 4.3 -4.1. Representative compositions of ancylite-(Ce) fiom aegirinite (Mu4 90). 

Wt. % Formulae to 2 cations 
1 2 3 1 2 3 

Total* 93.97 92.04 91.87 

* calculated on the basis of stoichiometry; n.d - not detected. 

Calcite is a cornmon alteration product in the majority of the rocks studied. In some of 

the lamprophyre samples (e.g. Mu-215), this mineral dso foms subhedral-to-euhedd 

prismatic grains up to 0.4 mm in size (Fig. 4.3.1.7). Strontianite occurs predominantly in the 

eudialytie-bearing syenite, where it replaces Sr-nch apatite. Coarse (up to 0.2 mm) anhedral 

grains of barytocalcite are developed dong fiachires in the pseudoleucite italite. 

Representative compositions of calcite, strontianite and barytocalcite are given in Table 

4.3.4.2. Calcite is typically enriched in Sr0 (up to 2.2 wt.%), and in some cases, Ba0 (up to 1.2 

wt.%). Calcite fiom the potassium feldspar-albite-biotite groundmass of sample Mu-232 

(Iamprophyre) is Sr- and Ba-free, but contains up to 0.7 M.% Fe0 and MgO, and 0.5 wt.% 



Table 4.3 A.2. Representative compotitions of calcite, strontianite 
and barytocalcite- 

Total* 

Fonnulae calculated on the basis of 2 cations 

n.d - not detected; * calculated on the basis of stoichiometry. Analyses 1-3: 
calcite (1 - MU-23U13; 2 - Mu-232; 3 - Mu-190); 4-6: strontianite (4 - 
MU-245; 5-6 - Mu- 1 96); 7: barytocalcite (Mu-23 5).  



Mn0 (Table 4.3.4.2, analysis 2). Al1 compositions of strontianite contain appreciable Ca0 (up 

to 3.3 wt.%) and Ba0 (up to 1.6 M.%). Barytocalcite is typically enriched in Sr0 content (up to 

2.4 a%). 

4.3.5 Sulphates 

Jarosite we3+3 (so&(oH)~ J is a common accessory mineral in sample Mu- 1 67/ 1 9 

(pseudoleucite syenite). In plane poiarised light, the mineral appears as honey-yellow to 

greenish yeiiow subhedral-to-euhedral rounded or pseudohexagond crystals (up to 50 pm 

across) or segregations of such crystals. Jarosite is developed in prismatic or acicular cavities 

(Fig. 4.3.1.2, 4.3.5.1). The cavities contain anhedral fragments of clinopyroxene strongly 

altered to muscovite and fhpyrophyllite. 

Fig. 4.3 S. 1. Round cxystals of jarosite (rd)  and fdpyrophyliite (dark 

blue) developed in the cavity in potassium feldspar @lue). 

F.O.V. 100 p. Mu-1 67/19. False-colour BSE image. 

Jarosite is unusually rich in Sr0 (up to 1.4 wt.%) and Ba0 (up to 2.0 wt.%). The overall 

wmpositional variation of this mineral c a .  be expressed as (&.774.82Na().o54.1 lSro,os-0.07B~.~ 

o.07)(Fe3+2.62-2.d5si~ 10.1~~0.10-0. ~ ~ ~ ~ 0 . ~ . 0 7 ) ( ~ ~ ~ ) 1 . 8 ~ - i . ~ 8 ~ ~ ~ ~ 0 ~ - 0 ~ 6 ~ ~ ~ ~ 6  (Table 4.3 .S. 1)- 

Jarosite has not been previously recognised at Murun. 



Table 4.3 S. 1. Representative compositions of jarosite fiom the 

pseudoleucite syenite (Mu4 67/19). 

Wt. % Formulae to 6 cations 

1 2 3 1 2 3 

Si02 
Ti02 
A1203 
Fe203 
Sr0 
Ba0 
K20 
Na20 
p205 
so3 
Total 

Barite is a common late-stage mineral in most of the sampies examined (with the 

exception of ''potassium-batisite" syenite). The mineral is typically confinecl to fractures and 

cavities, and also occurs as a part of alteration assemblages developed after earlier-crystallised 

phases (e.g. gamet in psedoleucite syenite Mu-167/19 and pyrrothite in lamprophyre Mu- 

23 1/13). 

4.3.6 Sulphides 

In the samples exâmined, sulphide rninerals have not been found in the pseudoleucite 

italite, kalsilite melasyenite, "potassium-batisite" syenite, and barytolamprophyllite- and 

lamprophyllite syenite. 

Djerjkherite E ( F ~ , C U , N ~ ) ~ ~ S & ~ ]  is found in one sample of the lamprophyre (Mu- 

231/13). The mineral forms subhedral grains (up to 90 p across), typically with an altered 

rim, and is commonly associated with pyrite and chalcopyrite (Fig. 4.3.6.1). Djerfisherite 

shows a noticeable intergranular variation in terms of its Fe, Cu and Ni contents (Table 

4.3.6.1). 



Fig. 4.3.6.1. Djerfisherite (light grey, fiactured, top) in 

association wi th pyrrhotite (light grey, 

bottom). BSE image. 

Table 4.3.6.1. Representative compositions of djerfisherite 

from the lamprophylite (Mu-23 1/13). 

1 2 3 

wt. % 

1 2 3 
Formulae to 26 atoms of S 

Total 99.84 101.1 1 98-16 C(Cu,Fe,Ng 25.119 25- O76 25.180 



Pynre occurs in the majority of the lamprophyre samples (e-g. Mu-23 1/13, -1 50, -2 15), 

in the aeginnite (Mu-190) and some samples of the pseudoleucite syenite (e.g. Mu-216). In the 

lamprophyre, pyrite occurs as anhedral-to-subhedrai grains (up to 150 p in size) in the 

groundmass, or is devetoped interstitially. In the aegirinite, pyrite forms anhedral-to-subhedral 

grains (up to 200 jm in size) commonly developed dong fractures and associated with rutile 

(?), celadonite and calcite. Rare anhedral grains of pyrite (< 50 pm in size) h m  the 

pseudoleucite syenite are commonly developed in cavities and dong fkactures in 

clinopyroxene. 

Orrhotite is found in the groundmass of one lamprophyre sample (Mu-231/13). The 

mineral foms rare subhedral grains (ca. 100 p m  in size) commonly associated with pyrite and 

djerfisherite, it is strongly altered to a mixture of barite and Fe-sufphates of variable 

stoichiornetry. 

Chalcopi.'n'te occurs in some samples of the lamprophyre (e-g. Mu-215) and 

pseudoleucite syenite (Mu-216). This mineral forms rare anhedral-to-subhedral grains (up to 20 

p in size) in the groundmass, and is commonly associated with pyrite. 

Galena is found in the eudialyte-bearing syenite (Mu-196, -245), and some samples of 

the lamprophyre (Mu-215). The mineral occurs as rare minute (< 30 p) grains in the 

groundmass (eudialyte-bearing syenite) or as inclusions in pyrite and chalcopyrite 

(lampr0phyre)- 

Sphalerite occurs in some samples of the pseudoleucite syenite (Mu-2 16) and eudialyte- 

bearing synite (Mu-245), where it forms minute (< 40 p) crystals in the groundmass. 

Most of the sulphide minerals are poor in rninor elements and typically correspond to 

the ideal compositions. 



4.4. Discussion and conclusions 

Although relatively minor in proportion, the rocks described in this section provide 

some useful insights into the evolutionary history of the M m  complex. The observed 

petrographic diversity cannot be explained in terms of a simple differentiation mechanism. For 

example, compositional trends exhibited by clinopyroxene and mica fkom different hypabyssal 

suites (Figs. 4.3.1.3 and 4.3.1 -6) clearly indicate that their parental magmas could not be 

derived f?om the same source. V q  little overlap between individual trends suggests that, in 

our case, magma mixing was not a significant petrogenetic factor and, by no means, can 

account for the diversity of hypabyssal rocks observed at Munui. Further, none of the rocks 

studied contain conspicuous xenocrysts, attesting tu generally low degrees of assimilation of 

the walLrock material. The data obtained in this work are consistent with the earlier hdings of 

Evdokimov et al. (1989) and Konev et al. (1996) that the M m  complex is a series of discrete 

successive intrusions, rather than being a colossal differentiated Iopolith. 

It has been suggested in a number of studies (e-g., Evdokimov and Chalchmouradian 

1994, Mitchell and Vladykin 1996) that most of the hypabyssal rock types at Munui could be 

correlateci with a distinct plutonic series. This conclusion is substantiated not only by the spatial 

association of hypabyssal and plutonic suites, but also by similarities in their modal 

composition, accessory mineralogy and evolutionary trends of individual minerals. For 

example, Mitchell and Vladykin (1 996) demonstrated that the phlogopite-rich rocks previously 

identified as lamproites are devoid of the characteristic mineralogical f-es pertaining to 

lamproites, and merely represent a lamprophyric facies of the clinopyroxenite-shonkinite suite. 

The compositional trends of mafic minerals determinecl in the present study are in good 

ajgeement with the data of Mitchell and Vladykin (1996), M e r  supporting the 

consanguineous nature of lamprophyres, phlogopite clinopyroxenites and shonkinites 

(including melasyenites). In a broad sense, the lamprophyric rocks f3om M u m  can be 

classified as minettes; however, the latter texm is vague and should be avoided (Mitchell 1994). 

The syenitic rocks of types (5) to (7) clearly represent the most evolved magmas, as 

they contain major proportions of such charactenstic "agpaitic" minerals as eudialyte, 



lamprophyliite, barytolamprophyllite, wadeite and 'K-batisite". Present in lesser quantities are 

tausonite, K-Ba-Pb titanates, strontium-apatite, and unidentified Ba- and Sr-bearhg phases. 

Most of these minerals crystallïsed early in the evolutionary history (nearly siniultaneously 

with the felsics and prismatic aegirine); hence, their presence reflects enrichment of parental 

alkaline magmas in Sr, Ba and Zr. A similar mineral assemblage occurs in potassic nepheline- 

syenite pegmatites associated with the phonolitic rocks in the Crazy Mountains area, Montana 

(Mïtchell and Chalchmouradian 2000), and with the rischomte-urtite series in the Khiiina 

complex, Kola Peninsula (Yakovenchuk et al., 1999). Therefore, it is reasonable to suggest that 

the agpaitic rocks studied in this work are genetically related to nepheline syenites and, 

possibly, phonolites. Alternatively, agpaitic magmas enricheci in Sr, Ba and Zr could represent 

an extreme hctionation product fiom an alkali-syenitic source. The alkaline syenites comprise 

the bulk of the M m  wmplex, being far more comrnon than the nepheline syenites. It is also 

noteworthy that pegmatites associated with the alkaline syenites contain some of the 

characteristic "agpaitic" minerals, e.g., wadeite, K-Ba titanates and lamprophyllite. 

The relationship of pseudoleucite syenites to other rock types is uncertain. The 

compositions of clinopyroxene and phlogopite fiom sample Mu-216 plot significantty off the 

major evolutionary trends (Figs. 4.3.1.3 and 4.3.1 A). Diopside arid aegirine-augite fkom the 

gamet-pseudoleucite syenite (Mu- 1 67/ 19) also are emiched in the caFe2+si206 component. 

Both these samples exhibit a well-dehed flow texture, and undoubtedy represent products of 

magmatic crystallisation. Although the pseudoleucite syenites were affected by late-stage 

processes (e.g. replacement of prirnary felsic minerals by sodalite and cancrinite), we do not 

believe that these processes could be responsible for the "abnomal" compositional 

characteristics of the mafic minerals (note the fiesh appearance of clinopyroxene phenocrysts in 

sample Mu-216: Fig. 4.2.4). Therefore, the source of these rocks rernains problematic; the are 

most probably related to the plutonic pseudoleucite syenites, kalsilite syenites or synnyrites. 

Further studies of the geochemistry and mineralogy of the potassic alkaline rocks fiom Murun 

are clearly required to resolve this problem. 
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A P P m I X  A. 

Anaiytical techniques. 

The composition and BSE images of minerais were obtained using a Hitachi 570 

scanning electron microscope equipped with a LINK ISIS analytical system incorporating a 

Super ATW Light Element Detector or a JEOL JSM-5900LV scanning electron microscope. 

Raw EDS spectni were acquired for 100-200 seconds five time) with an accelerating voltage of 

20 kV and a beam cwrent of 0.86 or 0.55 nA. The spectra were processed with the LINK ISIS- 

SEMQUANT sofbvare, with fiil1 ZAF corrections applied. The following lines (and well- 

characterised natural and synthetic standards) were used: PK & FKa (fluorapatite), C K  

(sylvine), BaL (benitoite), A1K (conind~n), FeK & TiK (ilmenite), NaKa Cjadeite), MnK 

(mangrnoan fayalite), KK (orthoclase), MgK (pericl ase), CaK, SiK (wollastonite), SrL 

(synthetic SrTi03), SK (chalcopyrïte), L d ,  Cd, PrL, NdL & NbL (loparite), Y L  (synthetic 

YF3), EuL (synthetic EuF3), Cr& G a ,  HM, PbM, SmL, SnL, TaM, ThM, ZrL, UM and VK 

(pure metals). 

XRD powder patterns of charoite (Cu K a  radiation) were obtained at Lakehead 

University with a Philips 37 10 difiactometer (Ni monohromator, h=CuKcx, 20 range: 5-145O; 

step size: 0.02'; time per step: Is), and at Queen's University with a STOE Stadi difiactometer 

(Ge monochromator, h=CuKa., 20 range: 2-120"; step size: 0.02'; time per stqx 43s). 

TEM examination of the charoite samples was done at the Brockhouse Institute for 

Materials Research (McMaster University, Ontario) using a JEOL 2010F field-emission STEM 

operated at 200 kV. 




