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The origin of anorthosites, which always attracted the attention of scientists and was repeatedly discussed in l i terature, 
remains an unresolved issue (Simmons, Hanson, 1978; Bogatikov, 1979; Owens, Dymek, 2001). Of particular interest is the 
origin of Precambrian autonomous anorthosites, since they are considered characteristic rocks of the early stage of the Earth 's 
evolution. Despite the long-term study of these rocks, their genesis remains controversial . 

This paper presents first results of the microscopic, microthermal, cryometric, Raman-spect roscopic , and microprobe 
investigations of melt and fluid inclusions in the minerals of anorthosite xenolith f rom the Udachnaya kimberli te pipe, Yakutia . 

According to the tectonic scheme of Rozen et al., 2001, this pipe is located within the Markhin granul i te-greenstone 
terrane. Doubly polished plates (100-150 pirn) were used for optical investigations of the melt and fluid inclusions under the 
transmitted light. Microthermometric investigations were performed in heating stage and freezing stage designed by Osorgin 
and Tomilenko (Osorgin, Tomilenko, 1990a, 1990b). Raman spectroscopy was performed on a R A M A N O R U - 1 0 0 0 (Jobin 
Yvon) one-channel Raman-spectrometer using argon laser. The chemical composit ion of minerals and melt inclusions was 
measured on a Camebax-micro microprobe and on the ion microanalyzer IMS-4f in the standard regime. 

The xenolith groundmass mainly consists of hypidiomorphic plagioclase grains (>85 vol %) with o r thopyroxene , 
cl inopyroxene, and amphibole in the interstices. Mafic minerals account for less than 15 vol %. Amphibo le is observed as 
subordinate xenomorphic grains. Occasionally, orthopyroxene is partially replaced by secondary amphibole along the margins . 
In addition, plagioclase hosts individual crystals or groups of crystals of octahedral spinel. Microstructural relat ionships 
between minerals in the studied xenolith suggest the fol lowing sequence of crystallization: plagioclase-spinel-or thopyroxene-
cl inopyroxene-amphibole. 

Based on X R F data the chemical composit ion of xenolilth (Sample Ud 90/4) is as fol lows (wt %): S i 0 2 48.0; T i 0 2 0 .22; 
A1203 22.4; F e 2 0 3 5.0; M n O 0.13; M g O 6.8; CaO 15.0; Na z O 1.33; K 2 0 0.2; L.O.I. 0.78; total 99.86. In terms of minera logy 
and petrochemistry, the xenolith corresponds to anorthosite association. Specific features of the chemical compos i t ion of 
minerals in the xenolith are illustrated by microprobe data presented in the table. 

Table. Chemical composit ion of minerals and melt inclusion in cl inopyroxene f rom the anorthosite xenolith , wt %. 

Component Plagioclase Orthopyroxene Clinopyroxene Amphibole Spinel Spinel * Melt 
core rim core rim core rim core rim inclusion** 

S i 0 2 47,4 47,2 52,5 52,8 49,6 50,1 40,6 40,9 0 ,06 0,07 58,1 
T i 0 2 0,03 0,02 0,02 0,02 0,38 0,4 2,0 2 ,0 0,12 0 ,16 0,3 
A1203 33,3 33,4 4,6 4,9 6,7 6,4 16,5 15,9 58,4 58,2 19,0 
FeO 0,08 0,08 16,3 15,3 7,2 7,0 10,8 10,5 23,5 23,3 3,05 
M n O 0,0 0 ,0 0,33 0,28 0,12 0,19 0,1 0 ,09 0,14 0,15 0 ,08 
C r 2 0 3 0,0 0,0 0,08 0,09 0,18 0,19 0,19 0,15 2,25 1,77 0 ,0 
M g O 0,06 0,05 25,1 25,6 13,3 13,3 13,8 13,6 14,5 15,4 2,54 
CaO 16,1 16,4 0,52 0,81 20,9 21,4 10,7 11,0 0,19 0,36 6,7 
N a 2 0 2,19 2,24 0,04 0,07 0,69 0,66 2,96 2,77 0,1 0 ,03 3,02 
K 2 0 0,05 0,04 0,0 0 ,0 0,02 0 ,0 0,6 0,8 0 ,0 0 ,0 4 ,36 
Total 99,21 99,43 99,49 99,87 99,09 99,64 98,25 97,71 99,26 99 ,44 97 ,15 
Ca/Ca+Na+K 0,80 0 ,80 

Notes: * - lamellar spinel in cl inopyroxene; ** - quenched glass of the homogenized (Thorn = 1120°C) melt inclusion in 
clinopyroxene. 

It should be noted that all studied grains of plagioclase, cl inopyroxene, and amphibole are composi t ional ly homogeneous . 
However , they significantly differ f rom minerals of Precambrian autonomous anorthosite massifs located in the northern part 
of the Kotuikan-Monkhoolin zone and the Magan zone of the Anabar Shield (Sukhanov, 1984). Plagioclase (Ango) is 
compositionally similar to the calcic end member of this mineral group f rom the Anabar anorthosite. However , o r thopyroxene 
and clinopyroxene significantly differ , primarily in terms of the A1203 content, f r om those of the Anabar anorthosi te (4.9 and 
2.12 wt % in orthopyroxenes and 6.7 and 3.63 in cl inopyroxenes, respectively). Amphibole is also enriched in A1 2 0 3 relative to 
the Anabar anorthosite. In addition, some clinopyroxene grains contain spinel as by lamellar spinel an exsolut ion product . T h e 
octahedral spinel in plagioclase and lamellar spinel in cl inopyroxene are composit ionally similar (table). T h e lamellar spinel 
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typica l ly res t r ic ted to the c l i n o p y r o x e n e co re is occas iona l ly deve loped over the ent i re grain. T h e higher A1 2 0 3 con t en t in the 
s tud ied o r t h o p y r o x e n e re la t ive to the A n a b a r anor thos i t e indicates its c rys ta l l iza t ion at a h ighe r p ressure (Longh i et al. , 1993) . 

Par t ia l ly and c o m p l e t e l y c rys ta l l ized p r i m a r y mel t inc lus ions and assoc ia ted fluid inc lus ions were f o u n d in c l i n o p y r o x e n e 
and s tud ied dur ing m i c r o s c o p i c inves t iga t ions o f plates . In s o m e cases , in add i t ion to normal mel t inc lus ions (i.e. f o r m e d 
th rough h o m o g e n e o u s e n t r a p m e n t ) , c o m p o s i t e mel t inc lus ions con ta in ing ini t ial ly en t r apped anoma lous ly large fluid p h a s e 
( h e t e r o g e n e o u s e n t r a p m e n t ) were a l so f o u n d . T h e assoc ia ted fluid inc lus ions typ ica l ly o c c u r toge ther with the c o m p o s i t e me l t 
inc lus ions . T h e mel t i nc lus ions in c l i n o p y r o x e n e cons i s t of several c rys ta l l ine phases , res idual g lass (in par t ia l ly c rys ta l l i zed 
inc lus ions) , and fluid phase , which o f t e n o c c u r s in the in ters t ices b e t w e e n c rys ta l l ine phases . T h e c l i n o p y r o x e n e - h o s t e d 
inc lus ions (up to 2 0 urn) m a k e u p azona l g roups of 2 -5 inclus ions . T h e y a re h o m o g e n i z e d at 1100-1120 °C. T h e fluid 
inc lus ions in c l i n o p y r o x e n e a re no m o r e than 15 Jim in size. At r o o m t empera tu re , all fluid inc lus ions in c l i n o p y r o x e n e a re 
m o n o p h a s e fo rma t ions . C r y o m e t r i c inves t iga t ions s h o w e d that they cons is t o f l iquid C 0 2 . T h e he te rogen iza t ion du r ing the i r 
coo l ing in the f r e e z i n g s t age is a c c o m p a n i e d by the f o r m a t i o n of gas bubbles . T h e f r e e z i n g t empe ra tu r e of l iquid C 0 2 is less 
than that of C 0 2 t r iple po in t , whe rea s its me l t i ng t empe ra tu r e is a l w a y s about - 5 6 . 6 °C, ind ica t ing near ly pu re C 0 2 c o m p o s i t i o n 
of the inc lus ions . I nc lu s ions in c l i n o p y r o x e n e are h o m o g e n i z e d into a l iquid C 0 2 at t e m p e r a t u r e s r ang ing f r o m -16 to -9 °C and 
ind ica t ing C 0 2 dens i ty (p ) r ang ing f r o m 1.01 to 0 .98 g /cm 3 (Va rga f t i k , 1972). T h e R a m a n spec t ro scopy of fluid inc lus ions a n d 
of fluid p h a s e in mel t inc lus ions in c l i n o p y r o x e n e a l so c o n f i r m e d their near ly pure C 0 2 compos i t i on . F lu id p h a s e of me l t 
inc lus ions lack r ims of l iquid water or wa te r so lu t ion , sugges t ing the a b s e n c e of s ign i f i can t water a c c u m u l a t i o n in the paren ta l 
me l t of anor thos i tes . S u c h h igh dens i ty va lues of l iquid C 0 2 indica te that c l i n o p y r o x e n e crys ta l l ized in the m a g m a t i c s y s t e m 
under h igh fluid p res su re . A t t e m p e r a t u r e s of - 1 1 0 0 - 1 1 2 0 °C ( h o m o g e n i z a t i o n t e m p e r a t u r e of mel t inc lus ions in 
c l i n o p y r o x e n e ) , the fluid p r e s su re is no less than 8 .0 kbar ( in tersect ion of the c o r r e s p o n d i n g i so the rms and i sochores in t he C 0 2 

sys tem) . A n a l o g o u s p r e s su re e s t ima tes w e r e ob t a ined f r o m expe r imen ta l da ta o n so lubi l i ty of the C a - T s c h e r m a k m o l e c u l e 
c o m p o n e n t in c l i n o p y r o x e n e assoc ia ted with anor th i te , p lag ioc lase , o r t h o p y r o x e n e , and spinel in the C a 0 - M g 0 - A l 2 0 3 - S i 0 2 

sys tem. 

T h e c o m p a r i s o n the chemis t ry of anor thos i t e xenol i th and q u e n c h e d g lasses f r o m the h o m o g e n i z e d mel t inc lus ions in 
c l i n o p y r o x e n e f r o m the s a m e s amp le r evea led a d is t inc t en r i chmen t of res idual mel t in S i 0 2 (up to 58.1 wt %) , N a 2 0 + K 2 0 
(up to 7 .38 wt %), and espec ia l ly K 2 0 (up to 4 . 3 6 wt % ) at the m o m e n t of c l i n o p y r o x e n e crys ta l l iza t ion . S i m u l t a n e o u s l y , the 
me l t is dep le t ed in F e O , M g O , and C a O . 

P l ag ioc l a se and o r t h o p y r o x e n e con ta in o n l y m o n o p h a s e l iquid C 0 2 i nc lus ions that a re s imi la r to those in c l i n o p y r o x e n e . 
T h e y a re up to 3 0 ^ m in s ize . The i r h o m o g e n i z a t i o n t empera tu re s r anges f r o m - 1 9 to -12 °C (p = 1 .03-0 .99 g / cm 3 ) in 
p lag ioc lase and f r o m - 1 6 to -9 °C ( p = 1 .01-0 .98 g / cm 3 ) in o r thopyroxene . T h e largest fluid inc lus ions un iversa l ly exh ib i t 
e v i d e n c e of part ial o p e n i n g and partial l e akage of the subs t ance (This is sugges ted b y the p r e s e n c e of ha los of s e c o n d a r y t iny 
fluid inclus ions) . T h e r e f o r e , the a b o v e dens i t y va lues of these inc lus ions are the lowes t e s t imates . T h e mel t ing t e m p e r a t u r e of 
sol id C 0 2 is a lso - 5 6 . 6 °C. B a s e d on R a m a n s p e c t r o s c o p y data , fluid inc lus ions in p l ag ioc l a se and o r t h o p y r o x e n e , l ike t h o s e in 
c l i n o p y r o x e n e , con ta in pure C 0 2 . 

T h u s , the de tec t ion and s tudy of mel t inc lus ions s h o w e d that the anor thos i tes c rys ta l l ized f r o m a h igh -Ca and h igh-Al mel t 
at t e m p e r a t u r e h igher than 1100 °C and f lu id p re s su re no less than 8 kbar . T h e ob ta ined da ta suppor t the m a g m a t i c o r ig in of 
anor thos i tes . T h e pa t te rn of d is t r ibut ion of t r ace e l e m e n t s in mine ra l s f r o m anor thos i t e , as well as in mel t i nc lus ions in 
c l i n o p y r o x e n e and h igh h o m o g e n i z a t i o n t empera tu re s of mel t inc lus ions ind ica te that the anor thos i tes cou ld not be f o r m e d 
du r ing the me l t i ng of crus ta l r ocks under the g ranu l i t e - fac ies m e t a m o r p h s i m . 

T h i s w o r k was s u p p o r t e d by the R u s s i a n F o u n d a t i o n for Bas ic Resea r ch , p ro j ec t s no. 0 0 - 0 5 - 6 5 4 1 8 , 0 3 - 0 5 - 6 4 8 6 4 
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