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ABSTRACT

Quartz- and topaz-hosted melt, fluid, and mineral micro-inclusions have been studied to shed light on the origin of the
massive and banded Li,F-enriched granites that host the Orlovka tantalum deposit, in Transbaikalia, Russia. Certain quartz and
topaz grains, similar to most of the others in their morphology and structure, contain primary or secondary melt inclusions (or
both), suggesting that these rocks are of magmatic origin. Their textural features are assumed to stem from differefit regimes o
cooling of parental melts, as indicated by morphological peculiarities of rock-forming minerals. From thermometric and analyti-
cal studies of the melt and fluid inclusions, it follows that the Li,F-enriched granites were formed from melt that wasianriche
F (~4 wt%) and KO (~6 wt%), contained CQn addition to HO (mole fractions are ~0.08 and ~0.92, respectively), and had
unusually low viscosity (~50 Pass at 86). The existence of quartz crystals that contain melt inclusions and columbite—tantalite
microcrystals in the same growth-zones suggests that the melt became tantalite-saturated during early stages of crgstallization
the top of the intrusion and late in the crystallization sequence at lower levels. With regard to results of model calt@ations
uppermost position of the most Ta-rich melt in the pluton is considered to be caused by the removal of interstitial risidual me
from deeper parts of the magmatic body and emplacement into a previously solidified crystalline carapace rather than by crystal
settling.

Keywords granite, tantalum, banded texture, melt inclusions, melt viscosity, Orlovka deposit, Transbaikalia, Russia.
SOMMAIRE

Nous avons étudié des micro-inclusions de magma (verre), fluide et solides piégées dans le quartz et le topaze d’échantillons
d’'un granite massif ou rubanné enrichi en Li et F, situé au Transbaikal, en Russie, afin de déterminer 'origine du gisement de
tantale d’Orlovka, qui lui est associé. Certains grains de quartz et de topaze, semblables a la plupart des autres ea atorpholog
en structure, contiennent des inclusions vitreuses primaires ou secondaires (ou les deux), montrant que ces rochement une orig
magmatique. Leur développement textural serait d0 au régime de refroidissement imposé au magma parent, comme en témoigne
les particularités morphologiques des minéraux principaux de ces roches. A partir des études thermomeétriques et analytiques des
inclusions vitreuses et fluides, les granites enrichis en Li et F se seraient formés a partir d'un magma enrichi en E)-d®6, poi
H,O (~6%), contenant aussi du gfes fractions molaires dans la phase gazeuse étant ~QOB&H-0.92 (CQ)], et possédant
une viscosité anormalement faible (~50 Pass &@®p0 'existence de cristaux de quartz contenant a la fois des inclusions
vitreuses et des microgermes de columbite—tantalite dans une méme zone de croissance fait penser que le magma est devenu
saturé en tantalite au cours des stades précoces de sa cristallisation au sommet de la chambre magmatique, et pluentardivement
profondeur. Selon nos calculs, la position apicale de la fraction magmatique la plus enrichie en Ta serait due a la wigration d
liquide résiduel interstitiel des parties profondes de la chambre vers le sommet, et sa mise en place dans une caliapace cristal
déja solidifiée, plutdt que par accumulation de cristaux vers le bas par gravité.

(Traduit par la Rédaction)

Mots-clés granite, tantale, texture rubannée, inclusions vitreuses, viscosité, gisement d’Orlovka, Transbaikal, Russie.
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INTRODUCTION GEoLoGY

Banded rocks observed in the endocontact parts of The Orlovka tantalum deposit is located in Eastern
many small shallow bodies of granite consist of layefBransbaikalia, Russia, 140 km southeast of Chita city,
that differ strikingly in texture and composition. Con+o the south of the Siberian craton, where Paleozoic (D—
formity of the layers to a contact surface and cryst&l;?) metasedimentary rocks constitute the upper part of
morphology indicating that the growth direction washe Aginskaya microplate, which underwent widespread
inward to the magmatic body suggest a magmatic orragmatism during the Early Mesozoic. In its northeast-
gin related to a temperature gradieng(,Whiteet al.  ern part, the microplate was intruded by granite plutons,
1981, Shannoet al 1982, Cartert al 1988, Webber the largest of which, from gravimetric data, is 24 by 22
etal 1997, London 1998). On the other hand, 1) bandé&eh in dimension at a depth of 3 km and is exposed at
rocks are most typical of granite intrusions associatadirface as three separate granitic bodies (cupolas):
with hydrothermal ore deposits, 2) many layers are athangilay (8 kmi) in the center, Spokoyny (0.06 kKm
most monomineralic or differ greatly from “normal”in the east, and Orlovka (about 2 ®nin the west
magmatic rocks in chemical composition, and 3) son{Potap’ev 1971, Beskiet al 1994). For all these gran-
layers are enriched in molybdenite or wolframite, beryites, K—-Ar estimates of age vary from 136 to 74 Ma
fluorite and other minerals that rarely occur in unaltergPotap’ev 1971); a more recent Rb—Sr determination for
igneous rocksd.g, Povilaitis 1961, 1990, Potap’evthe Orlovka granite yielded an age of 1423 Ma
1971, Carteret al 1988). These features of bandedNegreyet al 1995).
granites are not compatible with the regularities of equi- At the surface and to a depth of about 450 m, the
librium magmatic crystallization and, hence, lead oneupolas were found to be composed predominantly of
to suspect a significant role of a fluid phase in their foporphyritic biotite granite. Other varieties of limited
mation, which is supported, in a special case, lyccurrence were considered to be either coeval igneous
Lowenstern & Sinclair (1996). rocks or metasomatically altered biotite granite

In this paper, we explore these issues by focussi(igotap’ev 1971, Beskiat al. 1994). The Li—F granites
on identification and examination of fluid and melt in-occur only in the upper part of the Orlovka cupola and
clusions in the Orlovka topaz — Li mica — albite graniteyere originally described as albitized and greisenized
in eastern Transbaikalia, both massive and banded, thattite granite (Zalashkova 1969, Potap’ev 1971, Koval
will be hereafter referred to as Li—F granite. Bandeti975; Fig. 1). More recently, additional field observa-
rocks of similar composition are poorly studied, and thions and detection of melt inclusions in topaz grains
origin of topaz — lepidolite — albite granites (magmatifrom these granites have served as a basis for the con-
or metasomatic) is still controversihld.particular, some clusion that the Li—F granites are magmatic in origin
key examples of such rocks, formerly considered asd form a separate sheet-like body emplaced between
albitized and greisenized biotite granite (“apogranitethe underlying biotite granite and roof of the Orlovka
after Beuset al 1962), are considered at present to beupola (Beskiret al 1994).
of magmatic origin ¢.g, the Orlovka granite: Beuet Although there was disagreement among previous
al. (1962) and Koval (197%ersusBeskinet al (1994), investigators on the role of magmatic and metasomatic
the Beauvoir granite: Aubert (1969¢rsusRaimbault processes in formation of the Li—F granite enclosing Ta
et al (1995), and the Yashan granite: elual (1984) mineralization, they were unanimous in distinguishing
and Xia & Liang (1985)ersusYin et al. (1995)]. In a zonation in the Orlovka granite cupola. As a result,
order to assess the role of magmatic processes in ftive main features of the zoning shown in Figure 1 and
mation of the Orlovka Li—F granites and the associatekpressed in terms of the metasomatic concept (Koval
Ta mineralization, we first established the paragenetl®75) may be seen also in the map and cross-section
sequence of host minerals and their temporal relatiotirat illustrate the structure of the sheet-like intrusion of
ships with minerals of columbite—tantalite group (herd-i—F granite (see Beskigt al 1994). Outward from the
after, columbite—tantalite), and then proceeded to @entral portion of the Orlovka cupola, which is com-
investigation of the fluid and melt inclusions. Interpreposed of porphyritic biotite granite and two-mica gran-
tation of the inclusion-derived data is made with enite, and above these in the cross-section (see Fig. 1), the
phasis on the peculiar properties of preserved melts dridF granites become enriched in albite (29.5 to 44.6
uncertainties inherent in the thermometric and analytiol.%), topaz (~0.1 to 2.8%), microlite (0-10 to 20—150
cal procedures used. grams per tonne), and columbite—tantalite (60 to 150—

The present study is part of a more extensive inve800 grams per tonne). The Ta:Nb ratio in the latter in-
tigation that will elucidate the mechanisms producingreases along these lines from 0.57 to 2.36, Li-bearing
banded Li—F granite on the basis of petrographicuscovite gives way to lepidolite or zinnwaldite, and
geochemical, isotopic, and experimental data. For preicrocline turns into the variety “amazonite”
liminary data, see Zaraislat al. (1997) and Seltmann (Zalashkova 1969, Koval 1975, Beskinal.1994). The
et al (1998). granite of the uppermost zone is an orebody that has
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Fic. 1. Schematic geological map of the Orlovka cupola and cross-section derived from exploration- drilling data (modified
after A.M. Grebennikov, V.I. Belykbt al, unpubl. data) in terms of the apogranite concept (Koval 1975). The southwestern
end of the Khangilai cupola is shown at the top right of the map.

been partly mined. It is remarkable that defenders tifree, of these minerals are dominant in adjacent units,
both the metasomatic and magmatic models for the Livhich permits recognition of layers (0.5 to 15 cm) com-
F granites assume enrichment of the upper zone in T@sed predominantly of quartz—albite, or quartz—micro-
Nb, Li, Rb, F to be mainly caused by a redistribution afline (“amazonite”), or quartz—mica assemblages. In
elements by postmagmatic hydrothermal solutioreddition, some layers are relatively enriched in topaz or
(Zalashkova 1969, Koval 1975, Beslkihal 1994). columbite—tantalite and beryl. Typically, quartz—albite
Banded rocks are confined to the upper, highly minayers are fine-grained (aplite-like), whereas quartz—
eralized zone, where they form subhorizontal layers arica and quartz—microcline layers are medium- to
flat lenses 0.1 to 1.5 m thick and up to several tens cbarse-grained, and some have a pegmatitic texture.
meters in lateral extent within the massive Li—F granite. Some layers, especially those that are microcline-
In addition, subordinate, steeply dipping dike-like bodrich, exhibit uniform orientation of elongate crystals
ies of the banded granite occur (Zaraiskyal 1997). which nucleated on the upper boundary of the layer and
Alternating layers in these rocks all contain quartz, afirew downward in the form of fan-like aggregates.
bite, microcline (“amazonite”), Li-enriched mica, andSimilar textures in silicic rocks are classified as “unidi-
topaz. However, as a rule, only two, less commonhgctional solidification textures” (Shannehal. 1982)
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and are interpreted to reflect a thermal gradient durirpnes (Fig. 2h) or are distributed randomly, singly or in
magmatic crystallization (Fenn 1977, Brandeisal. small groups, without relation to healed microfractures
1984, Swanson & Fenn 1986). Nevertheless, bandadd surfaces of thin sections. Primary inclusions also
rocks similar to those described above have been intéyrm isolated cloud-like clusters inside host crystals
preted as products of profound hydrothermal alteratiqgrains) (Fig. 2g). Significant numbers of inclusions,
of the “quartz albitite” that forms xenoliths in thehowever, are of ambiguous origin, because in many
Orlovka Li—F granite and dikes in country rocks (Beskigases thin doubly-polished plates (0.3—0.4 mm) do not
et al 1994). reveal the regularities in distribution of the inclusions
throughout host crystals (grains).
Key samples
Melt inclusions

Although more than 30 samples were collected
throughout the Orlovka cupola and adjacent part of the Quartz- and topaz-hosted primary Ml in the samples
Khangilay cupola, only seven of these were chosen, atudied (Figs. 2a, b) are few in number and small in size
ter initial petrographic observation, for extensive studfrarely in excess of 1pm in diameter). Ribbon-like
of melt and fluid inclusions (see Fig.1). Three of thesgroups of the secondary MI, observed only in topaz, are
represent porphyritic two-mica granite from theather scarce as well; some of these groups contain many
Khangilay cupola (Z41 and Z73) and the deep levels téns of cogenetic inclusions, however. Few topaz grains
the Orlovka cupola (Z8). Four samples represent tleentain both primary and secondary MI. A list of inclu-
following varieties of the Li—F granites: massivesions studied thermometrically and volumetrically is
unbanded porphyritic granite, which is widespread atresented in Table 1, which shows that the melt inclu-
lower levels of the Li,F-enriched intrusion (A36), thin-sions are present in all key samples. Of course, some
banded granite enriched in columbite—tantalite and berylineral grains in these samples do not contain MI. Nev-
as compared to other similar rocks (Z78), pegmatiteertheless, there is no reason to assume that all grains
aplite rock that may be defined as a transitional typevoid of Ml are nonmagmatic in origin inasmuch as
between the massive and thin-banded granites (Z18)pst of these grains are similar to the MI-containing
and a 1.5-cm-thick pegmatite veinlet perpendicular wounterparts in morphology, composition and distribu-
the thin-banded granite and, hence, representing ondioh of mineral micro-inclusions.
the latest derivatives of the Li—F granites (Sh-57). The Taking into account the nature of MI and the gen-
chemical compositions of these key samples are reration of host minerals, we assume the primary Mi
ported by Zaraisket al (1997) and reproduced below,from the two-mica granites (28, 241, Z73), the second-
and their mineralogical and textural features are dary Ml from the massive Li—F granite (A36), and those
scribed in the Appendix A; thus only the essential infefrom the Li—F veinlet pegmatite (Sh57) are relevant to
ences related to the mineral sequence are presentssl late-magmatic (near-solidus) stage of formation of
below. the appropriate rocks. Both quartz- and topaz-hosted

At least some of the muscovite in the two-mica gramprimary Ml from the banded Li—F granites (Z19, Z78)
ites crystallized simultaneously with quartz phenocrystare assumed to have formed during the main (sub-
whereas there is no evidence that biotite ever existediguidus) stage of crystallization of these rocks.
the Li—F granites. These observations are inconsistent At room temperature, both primary and secondary
with the idea that the Li—F granite is a metasomaticalMI contain microcrystalline aggregates and spherical or
altered biotite granite. In all Li—F granites, topaz occuideformed gas bubbles plus aqueous solutions, which
in both early- and late-stage mineral assemblagesgpically occupy intercrystalline space and are indis-
columbite—tantalite occurs only in the late-stage min-
eral assemblage in granite from lower levels, but crys-
tallized throughout the formation of granite in upper

.- . . . I'ABLE 1. LIST OF MELT INCLUSIONS STUDIED FROM ORLOVKA
levels. Unidirectional growth of rock-forming minerals

i i i - I Sample Label Rock type Tlost ML n T, °C
is typical only in upper-level granite. o
Z73 i-8  Biotite granite Qte, mtrx Prim. 5 650: 700
78 1-9  Biotite granite Qtz, mtrx Prim. 22 650; 750; 800
TYPESOF INCLUSIONS THEIR ORIGIN AND TlMlNG Z19 1-5  Aplite layer with Amz megacrysts Toz,mtrx. Prim. 2 650; 700
Z19 2-4  Aplite laycr with Qlz megacrysts Toz Prim 4 700
H H id i H Z19 2-3  Pegmatoid layer Qtz,mtrx Prim.” 2 700
Melt InCIUSIonS (MI) andﬂUId InC|USIOnS (Fl) haVe Z78 1-10 Quartz-enriched layer Qtz. Prim* 2 650; 700
been identified in rock-forming quartz and topaz in adss 21 Quartz-enriched layer Qtz PrimS 6 700
e : H H : 6 1-7  Massive Toz-hearing granite Toz Sce.” 154 650; 700; 800
dition to the abundant crystalline inclusions descnbeﬁ 26 Massive Topbearing sranite “To Secs 73 750
],

in Appendix A. Most of these M| and FI are confined tohs? Pegmatite veinlet Tor  See. 17 650:750: 800
$hs7 Pegmatite veinlet Toz Sec 14 750

planes (healed microfractures) cutting the host mlneraﬁlmbmm, sudied thermometrically.

|n Vanous d|reCt|Ons hence they are Secondary ||"] Of‘|l-cmpcmturcs at which the melt inclusions were heated under confining argon pressure
of 5 kbar; underlined digit signifies the run temperature after which quenched inclusion

gln Wlth respeCt to the hOSt Melt and ﬂUId InCIUSIonSb«,um«, homogeneous (glass without fluid bubble).
classified as primary are confined to Separa’[e growth;ogeuetic magmatic fluid inclusions (MF1) are present.

NN
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Fic. 2. Digital micrographs showing melt and fluid inclusions and structural peculiarities of some rock-forming minerals from
the Li—F granites: (a, b) Unheated primary melt inclusions in topaz and quartz, respectively. (c) Two images of the same melt
inclusion quenched after 1.5 h of exposure aft64&pper image) and subsequent 2 h of exposure &Cq&fver image).
Observed migration of the fluid bubble, heterogeneous at room temperature (horizontal arrow), in melt, now glassy (vertical
arrow), has taken 90 minutes at 860(d) Topaz-hosted inclusion formei entrapment of two immiscible phases, silicate
melt and C@-rich fluid, and quenched after 20 h of exposure at@0B kbar confining argon pressure. Concentric envelopes
surrounding the gas bubble (arrow) are: liquicbGfueous solution, and glass. (e) Healed microfracture in topaz comprising
inclusions of silicate melt and exsolved £@h fluid (arrows) quenched after 20 h exposure af@P8 kbar confining
pressure. The combined inclusion shown in the previous micrograph lies in this microfracture. (f) Quartz-hosted, unheated
primary MFI, containing aqueous solution (vertical dotted arrow) and liquid-gaseaub@@ontal dotted arrow), is con-
fined to the growth zone enriched in topaz micro-inclusions (vertical solid arrow), generally combined with MFI (horizontal
solid arrows). (g) Zoned groundmass quartz whose core (arrow), by contrast to rim, is filled with MFI and topaz microcrystals.
(h) Intermittent growth-zones of quartz megacryst, enriched in MFI, Ml, and topaz micro-inclusions (arrow) and free of them.
(i) Change in habit of tantalite from acicular (vertical arrow) to dendritic (horizontal arrows) as growth zone of quattz almos
free of inclusions gives way to that filled with MFI, MI, and topaz micro-inclusions. (j) Columnar crystals of columbite—
tantalite (horizontal arrows) whose opposite terminations are hosted by different mineral grains in the aplitic Li-F granite.
Length of scale bars is givenjim. The micrographs are obtained using the digital camera Kodak DC 210.
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TABLE 2. EPMA DATA ON COMPOSITION (IN WT %) OF SOME CRYSTALLINE PHASES FORMING
TOPAZ-HOSTED MELT INCLUSIONS AND MINERAL MICRO-INCLUSIONS IN QUARTZ
FROM THE TWO-MICA AND Li-F GRANITES

Total
No. Sample Mineral SiO0, TiO; ALO; FeO MnO MgO CaO Na,0O K,0 F Cl  P,Os minus

O=F

Crystalline phases forming melt inclusions
1 Z78  Muscovite 4796 <0.05 33.52 025 030 <0.04 022 022 989 141 <0.02 na 9318
2 -"-  Fluorite® ? 13.6 006 229 0.16 0.05 <0.03 3273 0.15 0.04 30.87 <0.03 n.a 79.95
3 -t Quartz 100.06 <0.05  0.20 <0.10 <0.03 <0.04 <0.04 <0.05 <0.02 <0.33 <0.03 n.a 10026
4 A36  Quartz 99.49  <0.05 0.47 <0.07 <0.03 <0.04 <0.05 <0.09 0.03 <048 <0.05 n.a 9999
5 -"-  Microcline 63.11 na. 2289 024 <0.03 <0.04 023 1.57 1244 155 <005 na 10138
Mineral micro-inclusions

6 Z73  Biotite 36.52 3.13 1617 22.03 055 545 0.17 009 969 124 0.08 <0.05 94.60
7 74 Muscovite 4522 <0.04 36.86 120 0.06 <0.06 <0.03 0.66 10.46 055 0.01 <0.05 94.79
8 773 Muscovite 4412 0.09 3490 035 0.03 <0.06 024 030 1049 049 002 0.05 9087
9 778  Zinnwaldite®? 43.51 na. 2127 1486 093 <0.07 <0.02 008 991 481 002 na 9337
10 -"-  Zinnwaldite®? 43.04 na. 2230 1391 135 <0.07 <0.02 0.09 10.10 523 <0.02 na 93.82
11 Z78 Albite 68.39 na. 1944 na. na.  na 005 11.69 0.10 na na na 99.67
12 773 Fluorapatite 0.44 <0.04 <0.08 0.12 026 <0.07 5544 022 005 4.88 0.02 41.]0 100.48
13 Z78  Topaz 32.17 <0.06 54.05 <0.10 <0.05 <0.10 <0.02 <0.05 <0.02 17.70 n.a. na 9647
14 -"-  Topaz 3156 <0.04 54.66 <0.07 <0.04 <0.07 <0.02 <0.04 <0.01 1577 na na 9535
15 -"-  Topaz 3175 <0.04 55.10 <0.07 <0.03 <0.07 <0.02 <0.04 <0.01 1633 na na 9631
16 741 Fluorite® 021  0.06 <0.04 0.09 na <004 5393 0.06 0.08 4721 0.02 na 101.66
17 Z73  Fluorite® 0.14 <0.05 <0.04. 0.08 na <0.04 5293 <0.05 047 4652 0.02 na. 100.16
18 Z19  Fluorite’ 0.13 na. <0.04 0.09 0.07 <004 50.55 0.08 <0.02 48.76 0.02 <0.02 99.70

n.a., not analyzed.

z Excess of Si and Al is assumed to be resulted from excitement of adjacent daughter quartz and host topaz.
Expected H,O and Li,O contents are ~2.8 and 3.7 wt %, respectively.

¢ Composition is presented in wt % elements rather than their oxides.

cernible visually (Figs. 2a, b). Upon heating, howeveFE! (Fig. 2e). All quartz-hosted MI were found within
the gas bubble decreases in size and dissolves into ttie growth-zones which, as compared to adjacent ones,
solution (it reappears during cooling). Owing to the scaare highly enriched in the cogenetic FI and topaz mi-
city of large MI, only a few crystalline phases were anarocrystals. Certain MI-containing growth-zones are
lyzed within two topaz-hosted MI using electron-probenriched not only in topaz, but also in columbite—tanta-
micro-analysis (EPMA). These phases are quartz (Nolie microcrystals (Figs. 2i, 3).
and 4 in Table 2), K-feldspar (No. 5), muscovite (No. 1),
and fluorite-like fine particles (No. 2). Sodium-richFluid inclusions
phases are not detected in these inclusions. They are
believed to have been either ground off or, conversely, Taking into account that some growth-zones in
covered by other minerals. It must be noted that tliartz grains and healed microfractures in topaz grains
dominant daughter phases quartz and muscovite weantain cogenetic Ml and Fl, the latter are considered to
identified in topaz-hosted MI previously in the Volyn'be representative samples of the fluid exsolved from the
pegmatites (Lemmleiat al 1962) and in the Akchatau melt; thus they will hereafter be referred to as “mag-
ongonite-like dikes (Reyét al 1989). These minerals matic fluid inclusions” (MFI). The great majority of the
(xalbite, microcline) and, to a lesser extent, natrosilitélFl are small in size (<1@.m) and similar in phase
are also typical of quartz-hosted crystallized MI frontomposition. At room temperature, both primary and
various topaz-free granites.§, Reyf 1973, 1990, 1997, secondary MFI contain liquid and gaseous,@Caddi-
Stelmachonok & Kanakin 1992). The minerals presetibn to an aqueous solution, which forms a barely vis-
in quartz-hosted MI from the Orlovka granites are nable film in most of the inclusions (10 to 20% by
yet identified owing to their small size. volume) or occupies up to 85 vol. % in certain of the
As a rule, primary Ml in topaz are not associateMFI| populations. All the MFI in separate quartz grains,
with cogenetic fluid inclusions, whereas some healezl’en those that are zoned and large in size, are visually
microfractures in topaz from the massive and bandéutlistinguishable from each other relative to the volume
granites and pegmatite veinlet contain cogenetic Ml afartion of aqueous solution. However, the latter varies
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""" \b/ Tantalite microcrystals (Ta,0, - 64.07 wt %, Nb,O.- 11.87,
5 abite MnO - 6.95, FeO - 8.22, TiO, - 0.74, SnO, - 0.30)

M *q Melt inclusions (No.1 and 2 in Table 4)

:”:\\ Growth zones enriched in topaz microcrystals and CO,-rich MFI in zoned quartz crystal

Fic. 3. Schematic sketch of the thin-banded Li—F granite (sample Z78) and magnified image of a zoned quartz crystal from a
medium-grained layer.

distinctly from grain to grain in the fine-grained Li—Fbecause the glass in these inclusions contains enlarged

granite (Z19). Inasmuch as the mogO-enriched MFI three-phase bubbles [aqueous solution, liquid,@@d

occur, along with MI, within the healed microfracturesgaseous C@(Fig. 2d)].

the HO content of the exsolved fluid is likely to in-  Neither the C@free inclusions nor those contain-

crease as degassing of the magma progresses. ing daughter crystals were observed among the MFI. As
Within growth-zones enriched in crystalline micro-+o the secondary FlI not associated with MI, most of them

inclusions, the MFI are usually associated with topagso contain liquid C& whereas two-phase aqueous

(Fig. 2f), but rarely with albite. In healed microfracturesecondary inclusions are scarce.

containing MI and MFI, some inclusions of both types

are integrated by accident, resulting in formation of ResuLTsoF MICROTHERMOMETRY

“combined” inclusions. As a rule, the latter are not vi-

sually distinguishable among unheated Ml; they become The goals of the thermometric examination of Ml

discernible after heating at 640-860and quenching were: (1) to determine a homogenization temperature
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for the inclusion fluid constituenf{_q), which makes contain glass and a fluid bubble, gaseous in decrepitated
it possible to calculate an,8 content of Ml Cy—n) Ml and gas-liquid in undecrepitated ones (Fig. 2c).
based on the procedure described by Naumov (1979) Because heating at atmospheric pressure fails to pre-
and Reyf (1990), (2) to measure a temperature at whigént the decrepitation of relatively large MI, most of
MI becomes homogeneous;) and obtain glassy in- them were heated under a confining argon pressure of
clusions suitable for electron-microprobe analysis, arlkbar during 8 to 20 h at a preselected temperature. This
(3) to estimate salinity and G@ontent of FI and Ml procedure (Appendix B) precludes observations of the
fluid constituents. The instrumentation and techniquésclusions during heating, thus their phase assemblage
used in this study are described in the Appendix B. at run conditions can only be determined if the inclu-
sion is “frozen”via quenching, much as happens when
Melt properties chilling homogenized MI from “normal” granites. For
example, even small (d4m) MI hosted by a ground-
The fluid constituents of all Ml studied that are hetmass quartz grain from the Khangilay biotite granite
erogeneous at room temperature homogenize to liqgample Z73) displayed incomplete melting of the crys-
at 210 <T,,_ < 29C°C. This range corresponds to a bulkalline phases after 8 h of heating under 5 kbar confin-
fluid density of 0.79 to 0.90 gect) assuming a salinity ing pressure at 68C, whereas all these inclusions, as
of about 5 wt% NaCl equivalent (see Table 3, lapel well as those $um in diameter, became totally homo-
Using these data and measurements of volumes of tfeneous (glassy) after heating for 20 h a@0®50 <
gas bubble and MI, the,® content is calculated for a T, < 700°C).
series of MI from all key samples (Fig. 4). The calcu- In contrast, both quartz-hosted and topaz-hosted Ml
lated values suggest that the late-stage melt in tfrem the Orlovka granites, quenched after sequential
Khangilay cupola contained about 4.5-5 wt%OH experiments performed at 68D (8 h), 700C (20 h),
whereas HO content of the main-stage melt of Li-F
granites was close to 6 wt% and increased to ~12% at
the final stage of crystallization (Fig. 4). The value of T
6 wt% H,O is in agreement with experimentally deteﬁ-ﬂ/"H—o‘ :
mined solubilities of HO in F-enriched granite melts at
1 to 2 kbar and & 800°C (Kovalenko 1979, Webster 13
1990, Holtzet al 1993). The highest estimates obtained? |
in this study (~12 wt% kD), are consistent with certain 1 [ = 7
H.0 solubilities reported [up to 10.9 wt%® at 1 kbar, 10 [
750°C, 3.4 wt% F in melt: Kovalenko (1979); upto 11.5 ¢ -
wt% H,O at 2 kbar, 65T, 0.9 wt% F in melt: London g -
et al. (1988)], but they are ~1.5 times greater than ex-
perimental results by Holit al.(1993). Because of the IR TR 0 U W0 S U U ) AU
small size of the MI, we were unable to check these’ | !
estimations for accuracy using secondary-ion mass |
spectrometry (SIMS) or Fourier transform infrared spec-4 [ i
troscopy (FTIRS). However, data reported by Thomas3

14 [ ¢

2
1
1
4
1
1
V4
4
4
1
1
1
1
1

& Klemm (1997) confirm that our procedure yields re- DT
sults that are commensurate with those obtairiad TIRGFET HENHLLERL8
EPMA and SIMS. TR
Upon heating above 400, almost all Ml in excess O L8008 ggggR o0 LLw
NN <N NNN L CL DUV D DY

of ~5 um in diameter decrepitate, that is, turn irrevers-
ibly dark because of leakage of their fluid constituent
through microcracks that appear owing to increasing;. 4. H,0 content of the melt inclusions computed from
internal fluid pressure which, as follows from the microthermometry and volumetry that were conducted
Burnham model, may far exceed the pressure at the timeprior to and after heating up to 7@at argon pressure of
of trapping (Burnham 1979, Student & Bodnar 1996). 5 kbar and following chilling (open and filled symbols, re-
In accordance with determined salinity of the fluid (~5 spectively). Results obtained using both procedures for the
wt% NaCl equiv.) and density (0.79 to 0.90 g=&n same Ml are connected with dashed line. Normal and flat-
the calculated internal pressure in our Ml attains 2.5— €ned rthorrblﬁlare prl_mtargll a_rtlrc‘il\sﬂiclondary Teg |n_i:r|]u3|ons,
: P : respectively. Ml associated wi are marked with sym-
4.7 kbar at 5_0‘(‘(:, prior to the beginning Of melting of bol above abscissa. Figures following a sample number are
the crystalline phases. The latter begin to melt at the label of MI group and, next, number of inclusions meas-
<600°C, and only two phases, melt and gas bubble, are yreq. Bars are one standard deviation for the single meas-
discernible under a microscope In inclusions that remain urement ort one standard error for the mean of several
undecrepitated at 620. After chilling, these inclusions ~ measurements.
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750°C (8 h), and even at 860 (14 h), contain a fluid we found the Rayleigh numb&ato be<2.7 x 107°
bubble in glass. This finding suggests that a homogand the Reynolds numbBeto be<3.7 X 107°.
neous state of the inclusions was never attained at thesePerceptible convection in a closed spherical volume
run conditions. Such a scenario, however, seems toib&nown to begin aRa> 10° (Kutateladze 1990) and,
unrealistic for the following reasons. On the one handjith accepted parameters, would be possible only if the
the measured volume portion of fluid constituents imclusion were=0.145 m in diameter. This means that
every group of cogenetic Ml not associated with fluithe bubble motion in our case was governed by gravity
inclusions is relatively uniform (relative standard deviarather than by melt convection, and hence, the melt vis-
tion<25%), suggesting that the fluid was exsolved froroosity may be estimated using a Stokes-like formula
trapped melt rather than the result of simultaneous trafpubble as a solid sphere):
ping of melt and a coexisting immiscible fluid phase.
On the other hand, low-temperature examination of V= 2geAper? 1
glass-hosted fluid bubbles in the relatively largey(t - T 1)
MI from sample Sh57 shows that the fluid is poor in
carbon dioxide and contains ~4.8 wt % NaCl equivale
(see Table 3, lab&). Such a fluid is highly soluble in
any melt, and hence the® mass in a glass-hosted fluid
bubble must be significantly lower than in the fluid con-
stituent of this Ml prior to heating. These estimationd/ =
however, differ insignificantly, although a slight deficit n 6+9em"/ e’
in HO content of the quenched glassy Ml is regular, ) ) ) )
suggesting that about 1 wt%® remains dissolved in WhereV is velocity (10*°mes™ in our case)g is grav-
glass after quenching (symbols tied with dashed line ify (9.8 mes?), Ap is the difference between melt and
Fig. 4). fluid densities (2200-600 = 1600 kg*H r is bubble
The above data allow us to assume that, at leastr@flius (9.5 10" m), n' and " are melt and fluid
some heating experiments, the fluid was entirely di¥iscosities, respectivelyn( = 6 X 10°° Pas).
solved in the MI at run conditions and later exsolved The calculated value of the viscosity of entrapped
during chilling. From our experience, similar behaviofelt at 660C and ~5.9 wt% bD (Table 4, Fig. 4) is
is typical for MI from granites containing magmatic47 Pass (31 Pass using the Stokes formula). This esti-
topaz or fluorite and is thought to be caused by the r@ation seems ynreasonable because it is about three
duced viscosity of F-enriched melts (Reyfal 1989, orders of magnitude lower than the experimentally de-
Negreyet al 1989). termined viscosities of granitic melts with similag
contents at the same temperatwg ( Persikov 1984,
Evidence for the low viscosity of the inclusion melt Dingwell et al 1996). Also, from melt-inclusion data
obtained using the “quenching” method of Thomas
A key piece of evidence for the low viscosity of thd1994), it follows that viscosities of preserved F-poor
entrapped mels the fact that the gas bubbles in severdlranitic melts range from $@o10° Pass at 80€C. At
topaz-hosted MI from sample A36 changed their posite same time, the determined viscosities of the F- and
tions at 646-66(°C in a time as short as 1 to 1.5 h. Thi&-fich pegmatite-forming melts are found to be as low
attests to abnormally low viscosities of the melt, whicAS 16 to 10" Paes at 806C (Thomaset al. 1996), and
is quite unusual for Ml from “normal” granites. Thisour estimation falls within this interval. Nevertheless,
bubble motion is subtle at any moment, but it is readifji¢ inclusions under discussion may well contain
detected through sketching or taking serial microphot@luminofluoride “melt”, whose coexistence with F-rich
graphs at regular intervals. Such micrographs (Fig. 2@janitic melt is shown experimentally to be possible
made it possible to measure a horizontal projection @pljuk & Anfilogov 1975, Kovalenko 1979). This prob-
the pathway traversed by the bubble in 90 minutes (M can be only solved by the determination of the com-
ignoring its vertical component), and to calculate thosition of glassy Ml and will be considered below.
velocity (1x 1029mes). In principle, just as the buoy- [N any case, owing to the low viscosity of the in-
ancy of gas bubbles may induce their motion, which @uded melt, the homogenization temperature could not
not necessarily vertical in a closed volume, so also chf determined. Therefore, a temperature of formation
melt convection, induced by a temperature gradieffr) of the Orlovka granites was estimated from the fol-
(DT) at inclusion walls. Assuming thatTDcannot ex- lowing data. On the one hand, the easily discernible fluid
ceed 1C in a 20-mm inclusion and using “reasonablePubble was observed in several undecrepitated second-
values of the thermal conductivity,= 0.963 Jemles™t ~ ary topaz-hosted MI (sample A36) at 660during ex-
« K% heat capacityC, = 1340 Jekg'sK L, melt density amination in a heating stage. On the other hand, a
f'm = 2200 kgemd, melt thermal expansioa = 5 x  solidus temperature close to 7G0s determined for the
105K, and melt dynamic viscosity= 10 to 10 Pass Khangilay biotite granite (see above), which does not
(Sharapov & Golubev 1976, Jaupart & Brandeis 1986y0ntain topaz and is poorer in,® than the Orlovka

'3?, more precisely, a Hadamard—Rybczynski formula
(vapor bubble with internal circulation):

2g'Ap°l’2 . 1+ /v zg'Apﬂ’z

@)
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TABLE 3. RESULI'S OF THE LOW -TEMPERATURE EXAMINATIONS OF TITE i i i
INCLUSION AND CALCULATED FLUID COMPOSITIONS ASTFTT mlcrOfra(.:tu res in .topaz. If the COO“ng pathway Of a
WAS IN THE TERNARY $YSTLEM H,0-CONaCl hypothetical melt is presented by the vector Figure

Sampie zm 7z we s A as oA afluid phase would appear in the model system at
nelusion type ) i MF g - ,
tnclusion ¢ MECoMEMPT owmi o MFDome mee o pointa’, with X(COy) in the coexisting melt and fluid
Labels corresponding . L. N .
wihoeinbig S g i i e . < h corresponding to positions of poirdas a_nd a. With a
Melung emperarure, °C: B i temperature decrease, the mole fraction of @Che

solid COy =574 574 nm, no. -569 -572 572 P ’ ’

ice no.  mo. mm 36  no  no  no. crystallizing melt would evolve frora’ throughb’ and

clathrate, beginning no. no. n.o 0.5 0. no. 0. ! ! I I

e e e A ave e e’ to d’, whereasX(CO,) in the exsolved fluid would
CO;, phases homogeni- Change fI’OITa '[hl’OUghb ande to d
alior °Cr 24.4 ’ 26.0" il
e € M B0 e S 216 Within the framework of the model system, one can
fraction” 09 08 029 017 015 027 016 infer that if the most C@rich of the MFI studied corre-
Fluid composition, mole . e . -
fractions: sponds in composition to poiatthen the volatile com-

1,0 0274 0456 0884 0955 0923 0879 095  position associated with the Orlovka parental magma is

CO, 0.722 0.538 0.106 0.030 0066 0.111  0.033 ape R R

NaCl 0003 0006 0010 0.015 0011 0.010 0011 specified by poing’ [X(H20) = 0.92,X(CO;) = 0.08].
e ™ 0 5k s s as s ax On the other hand, the fluid constituents of the second-
nm., not moasurcd: 1.0, not absorved. N ' ary topaz-hosted MI from the pegmatite veinlet, which
“ not measured, accepted by analogy with MFI from Z78 i i I
" homogenization into liquid in the all listed MFT, except for that labeled . are assumed to be the IateSt derivatives of the Li-F
“mean of 3 to 4 measarements for cach MFT group. magma, correspond to pogit[X(H,O) = 0.97 X(CO,)

= 0.03]. This finding suggests that the pegmatite-form-
ing melt was a product of advanced degassing of the

granite (Fig. 4). The solidus of the Li,F-enriched magma .
is therefore assumed to be in the interval°66 < T.°C
700°C. 1000

950 t

crystals

;melt +

Properties of the fluid phase

In order to determine the composition of volatiles, 900
both those dissolved in the melt and those exsolved fromgsg - -§
it during crystallization of the Li—F granite, the fluid iy
bubble in one of the glassy MI and certain MFI from 800 ¥ :
some key samples was studied using a low-temperatur 50 el
technique. The fluid composition was computed using al |
the programs CLATCOM (Yerokhin 1993) and 700 gt
FLINCOR (Brown 1989), with the assumption that the
fluid is in the ternary system,;®@-CQ,—NacCl (Table 3). 650 [ Q
Although the fluid in our case is expected to contain F R S S . g e
in addition to Cl, it is unlikely that the use of the simpli- 00 0102 03040506 0708 0910
fied system for calculations can introduce large errors in Mole fraction of CO,
the results because total salinity of the liquid phase is low
(no visible salt crystals appear at negative temperatures).

Assuming the calculated bulk salinity of the inclu-
sion to be negligible, the data may be generalized usi?go
the diagram constructed by Ryabchikov (1975) for the
system granite—D—CQ,. This diagram displays a re-
lationship between two volatile componentsOHand 650}
CO,, in coexisting melt and exsolved fluid (dashed and : : : : ; : : :
solid curves, respectively, in Fig. 5A) as temperature @@@ 5 : 5 : : ; B
decreases at constant pressure (2 kbar). The diagt%@ro R b ! ! L !
cannot be applied completely to the Li—F granite inas- 0-0 0.1 02 03 04 05 06 07 08
much as addition of F in the model system would shift Xco
the curves toward lower temperatures. Nevertheless, we 2

Canle?terpret oTrSatat()qudallt_atlggly. 5 . d Fic. 5. Relationship between volatile components in coexist-
e square labels b, d, &n Figure 5 are in accor ing melt and exsolved fluid in the system granitgaH

with those in Table 3 and signify a composition of the 0, at 2 kbar by Ryabchikov (1975). Lower diagram is a
quartz-hosted MFI associated with the primary MI, magnified part of the upper one. Labeled arrows show com-
whereas round labefs g, hin Figure 5B relate to the  positions of the inclusions studied; labels correspond to
MFI confined, along with the secondary MlI, to healed those in Table 3 (see text for explanation).
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hypothetical parental melt. Also, all MFI studied assalectron beam (spot siz€l5 wm) and to select only
ciated with the secondary MI are strongly depleted ilarge inclusions%40 m) for analysis. However, Ml at
CO;, (pointsf, g, hin Fig. 5B), as if microfractures were least 15.m in diameter are scarce in the Orlovka gran-
healed by a residual melt. ites and, in addition, fluid bubbles in remelted MI make
From the above, it may be deduced that the observiediifficult to prepare glassy areas that are more than 6
variation in the MFI compositions reflects the composbky 8 um in size for analysis with a defocused electron
tional evolution of the fluid exsolved from a gDear- beam.
ing hydrous magma. If so, the predominance of the most As a result, the relative intensity of Na and K spec-
CO,-rich MFI in quartz from the thin-banded granitestral lines § = wt% NgO or K;O) registered at one
which is similar to that of sample Z78, suggests thgpoint” at equal intervals drops quickly, and the aver-
these rocks were formed very early during degassingajed value of is always lower than the first measure-
the Li,F-enriched magma. Unfortunately, a similar linenent (Fig. 6). In the cases studied (15 analyses with
of reasoning cannot be applied to the massive Li—F graseunt times of 25 s divided into five equal intervals),

ite, which is devoid of primary MFI. the dependence dfon timer is well described by the
equation] = a * (a +r)°. This allows the calculation of
CoMmPOSITIONOF THE MELT INCLUSIONS Jvalue at “zer®” time, which is believed to correspond

most closely to the true concentration (Fig. 6). In Table

The results of electron-microprobe analysis of thé, the analytical results adjusted in such a manner are
glass in the remelted MI from quartz and topaz vamparked “c”.
widely from inclusion to inclusion and, in some cases, Possible distortion of the analytical results due to
from point to point within single inclusions: Si@anges excitement of a host mineral may be considered using
from 48 to 72 wt %, AlO; from 12 to 35%, KO from compositions of topaz-hosted melt inclusions obtained
1 to 6%, NaO from <0.06 to 6%, and F from 1 to 7%.using scanning electron microscopy with energy-disper-
In principle, the scatter in analytical data may reflect:sion spectrometry (SEM—EDS). At first glance, the

1) either the real diversity in composition of trappe@EM—-EDS data shown in Figure 7 indicate that the cen-
melts, resulting either from geochemical evolution of &ral part of the glassy MI (point 1) differs from the outer
liquid phase in crystallizing magma, or from coexistene (point 2) in elevated Si concentration and reduced
ence of immiscible liquids, or from enrichment of melAl concentration, as if melt adjacent to the inclusion
layer adjacent to dissimilar growing minerals in differwalls was contaminated by topaz, for example, because
ent incompatible elements, of overheating above the trapping temperature. In this

2) or the difference in composition of analyzeatase, however, the run temperature (Zg0wvas only
glassesthat may occur, even though all Ml containe®0°C in excess of the expected temperature of homog-
the same melt, if these Ml were heated at different teranization; a lack of strong overheating is corroborated
peratures or some MI were too large for crystallinby the observation that the inclusion dimensions prior
phases to melt completely or for the melt to equilibrat® and after heating are identical. Moreover, composi-
with the host mineral at given temperature and duratidions recorded at points 3 and 4 (Fig. 7) differ from each
of heating, other as if the host mineral in the vicinity of the Ml was

3) or the failure to obtain representative composgontaminated by the inclusion glass, which is consid-
tions owing to some peculiarities of the analytical proered impossible. At the same time, all these discrepan-
cedure or of the object that was studied. cies can be explained on the assumption that the electron

Although none of these possibilities can be excluddzeam, at point 2 for example, excites not only the glass
a priori, certain of these may be discarded in specificut the adjacent topaz as well.
cases. In particular, in view of the evidence for the very Additional evidence in favor of such assumption
low viscosity of the trapped melt, it is unlikely that thecomes from the EPMA data of five cogenetic MI con-
causes listed above in the points (1) and (2) may be fired to a single healed microfracture in topaz from the
sponsible for the scatter in the analytical data relatedsample Sh57 (Fig. 8). Melt inclusions 2 to 5 were ana-
compositions of different parts of a single glassy Ml dyzed at 1-3 points each at a single level, whereas MI—
to compositions of several secondary MI, uniform il was ground (polished) three timés., became
size, confined to one healed microfracture and remelteeduced in thickness, and analyzed at each level at a
simultaneously at a temperature somewhat in excesscehtral point. Although data points in Figure 8 form two
the expected {T(see description below). groups, as if two melts, a Si@ch and a Si@poor

The above reasons allow us to infer that the mostere trapped by different inclusions, it seems evident
probable causes of the scatter under discussion are:tfef the MI-1 data point shifts to the right owing to par-
instability of a hydrous glass under the electron beartigl excitement of host topaz when the thickness of the
resulting in migration of Na, K, and F during analysisinclusion glass becomes too small. In the light of this
and (b) small size of the melt inclusions studied, whiclinding, the MI-2 and MI-4 are thought to have been
makes possible partial excitement of the host minergiround excessively, resulting in excitement of the un-
To minimize these factors, it is usual to use a defocusedrlying material of the host.
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Model: y=a*(a+x)"|.
a=13.2465
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b=-0.1667
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Fic. 6. The drop in intensity of the K and Na spectral lides\{t% K,O and NaO) with
time, typical of electron-microprobe analysis of glassy melt inclusions. Values corre-
sponding to the “zef count time are believed to be the closest to true concentrations
(sample 278, MI q1).

ALO, KO F
1 5520 22.85 4.50 3.20
2 5216 3560 2.26 4.81
3 3220 4359 053 11.50

4 31.58 55.07 <0.0116.74

Fic. 7. Back-scattered electron image and major-element maps (X-ray) of a topaz-hosted glassy melt inclusion from sample
Sh57. Position and electron-beam diameter are shown to scale as target-like “points”. The major-element concentrations (in
wt%) listed on the lower left are obtained using SEM—-EDS (points 1 to 3) and EPMA (point 4).
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T

The pattern of data points in Figure 8 leads us to 70
conclude that the compositions of topaz-hosted Ml gg L.\
showing SiQ << 66 wt% and AlO3; >> 16 wt% are not
representative. Similarly, compositions of quartz-hosted
MI showing SiQ >> 70 wt% are assumed to be unrep- 64 fon
resentative of our case as well. The EPMA and SEM—32
EDS data that do not satisfy these constraints areg
excluded from further consideration except for analyses =
of MI-26 from sample A36 (No. 710 in Table 4), which e
are useful for interpretation of the following problem.

As can be seen from Table 4 (No. 1 and 2), two pri-
mary Ml from different growth-zones of a single crys-
tal of quartz show opposite K:Na ratios. This difference

... Regression

T 95% confid. |
] 1to5 Inclusion
numbers

4

is unlikely to result from peculiarities of our analytical 52 .
methods (EPMA and SEM-EDS), and may indicate that 12 14 18 18 20 22 24
the melt composition changed with time during crystal ALO.. wt %

formation. However, similarly different ratios that are
associated with minor variations in Si and Al, and wide
variation in the proportion of F, are typical for adjacerfiic. 8. Variation in EPMA estimations of Sj@nd AkOs
parts of the glassy MI-26 (compare No. 7, 8 and 9, 10 concentration in five cogenetic topaz-hosted Ml from sam-
in Table 4). This Ml was completely melted at 620 ple _Sh57, attrlbute_d to a variable extent of host_—mmeral
and was held at 686G for 4 h and then quenched. In excitement. All the inclusions labeled 1-5 are confined to a
this case, the observed difference cannot be explainedtsv'\?(?loer ?ﬁrﬁgsd g?:ﬁrso{;aecgéibsome of them are analyzed at
by the excitement of the host mineral by the electron P '
beam, and suggests a compositional heterogeneity of
this glass, even though both low viscosity of the melt
and small size of the inclusion (6 byu®n) would be ites (No. 1-3 in Table 4), whereas the secondary MI
expected to provide a homogeneous distribution of N&lo. 4-6 in Table 4) contain the late-stage, residual
and K in melt before chilling. Therefore, we assume thatelts. Nevertheless, their compositions are similar in
compositional heterogeneity (as precrystallization statespect to major components, except for theigONa
may arise in low-viscosity melts during cooling. In viewcontent. This difference may be artificial in view of the
of the uncertainties discussed, the difference in K:Nancertainties inherent in our analyses.
ratio detected in the quartz-hosted MI cannot be inter- As noted above, the unusually low viscosity of the
preted unambiguously at present. Also, there still reaelt in the inclusions studied raises a question: is it an
mains a question of whether the observed differenceatuminosilicate or aluminofluoride melt? The data
NaO + K;O and hence ASI (aluminum saturation inshown in Table 4 prove unambiguously that the MI con-
dex) values between quartz-hosted and topaz-hosteih aluminosilicate melt, although distinctly depleted
inclusions (Table 4) is real or apparent. in Si0, and NaO + K,0O and enriched in F as compared
As might appear at first sight, a rather significanto the Orlovka Li—F granite and pegmatite reported by
deficit of the analytical total is balanced by the indeZaraisky et al. 1997 (No. 14-19, respectively in
pendently determined & contents of MI (Fig. 4). It Table 4). Atthe same time, the melts are similar in com-
was shown above, however, that almost glDHlis- position to the residual melt in the system granitg&-H
solved in melt at the conditions of homogenizationF at 1 kbar, 750 and 700 (No. 12 and 13 in Table 4,
exsolves again upon chilling and forms a gas-liquidovalenko 1979) and to Ml in quartz from the high-F,
bubble (Fig. 2c¢), which is normally ground off in thehigh-P granitic pegmatite (No. 11 in Table 4, an aver-
course of preparation of inclusions for analysis. At thage of 19 analyses, Websg&tral 1997). From this rea-
same time, the included melt may well be enriched soning, we infer that: (1) owing to small sizes of the
Li, undetectableia EPMA and SEM—EDS, although it inclusions and the impossibility to defocus the electron
is abundant in the Orlovka granites [790 to 1100 pprbeam, both EPMA and SEM-EDS underestimate the
Zaraiskyet al (1997)]. This assumption seems to be alevel of alkalis, especially Na, and (2) both the banded
the more reasonable since Li, along with F, are compand massive granites studied in this work crystallized
nents that will reduce melt viscosity to the greatest ekom melts similar in composition to residual melt in

tent (Dingwellet al. 1996). the F-rich hydrous granite system.
Inasmuch as there is no evidence that trapped melts
differ significantly from a bulk melt in contents of ma- Discussion

jor elements (see Discussion), the primary Ml analyzed
are believed to be a sample of the main-stage melts thatAs follows from the above, both the massive and
are parental to the thin-banded and “transitional” graivanded granites making up the sheet-like body in the
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Orlovka cupola crystallized from J@- and fluorine- ites, although it is uncommon in the lower-level Li—F

rich, low-viscosity melts containing a quantity of £0 granites. One of the possible reasons for the formation
in addition to HO. Although these granites sufferedof zoned crystals and banded rocks would be the wide
postmagmatic alteration, their textures formed at a maffactuations in pressure, which is a more variable pa-
matic stage, which suggests that the textural diversitgmeter than temperature in a plutonic environment. In
results from the peculiar conditions of magma crystallour case, however, the lack of detectable variation in

zation at different levels of the intrusion. densities and compositions of the MFI confined to dif-
ferent growth-zones in a multiply-zoned crystal argues

Conditions of cooling as a factor determining against a wide fluctuation in pressure throughout the

textural diversity of the rocks period of formation of a single crystal. Also, we show

that the observed change in composition of the fluid
It is a special feature of the banded granites occwexsolved from the melt throughout the degassing period
ring at the uppermost level of the pluton that fan-likés consistent with isobaric crystallization of parental
and axiolitic aggregates of crystals are widespread, amgma (Fig. 5).
the evidence for unidirectional crystal growth is pro- On the other hand, the textural features described are
nounced. Also, zoning of both the groundmass quartbnsidered to be inherent to magmatic rocks crystallized
grains (Fig. 2g) and quartz megacrysts (Figs. 2h, i, 3)fi®m undercooled, and thus supersaturated, liquid in the
typical for the banded and aplitic (“transitional”) granpresence of a significant temperature-gradient, where

TABLE 4. SELECTED RESULTS OF EPMA AND SEM-EDS ANALYSES OF MELT INCLUSIONS (M)
IN THE ORLOVKA Li~F-ENRICHED GRANITE, TANSBAIKAL, RUSSIA, AND
BULK COMPOSITION OF THE SAMPLES SELECTED FOR STUDY

No. Sample MI origin ~ Si0, ALO; FeO MnO CaO Na,0 K,0 F Total H,0" ASI
host mineral and label —0=2F

1 Z78, quartz Prim, q2° 67.18 14.40 <0.52 039 0.05 6.00° 1.19° na 8921 520813
2 R Prim, ql 6838 14.11 1.51 049 006 1.60° 598 3.33 9406 na 16
3 Z19, topaz Prim,t2 6729 14.44 <0.04 <0.04 0.06 1.06° 2.74° 671 8948 60+073.1
4 Sh57, topaz Sec,, t1 66.39 12.81 041 031 029 034 450 7.18 8921 99+£0.7 24
5 S Sec,, t3 68.59 14.56 0.04 031 073 0.84° 3.36° 1.05 89.04 -"- 29
6 - Sec., t5 66.01 1586 0.56 034 021 070° 295 2,17 87.89 -"- 36
Mean of 4 to 6 67.00 1441 034 032 041 053 360 346

7 A36, topaz Sec., 26 67.36 20.04 <0.06 <0.03 0.15 135 340 186 9338 59£0534
8 - Sec., 26 68.57 19.96 <0.06 <0.03 0.15 1.18 423 423 9654 -"- 31
Mean of 7 and 8 6796 20,00 0.15 1.26 382 304

9  A36, topaz Sec., 26 67.94 20.27 <0.06 <0.03 049 444 169 179 9587 59+0522
10 =" Sec., 26 68.13 20.34 <0.06 <0.03 046 555 142 177 9693 - - 19
Mean of 9 and 10 68.04 2030 048 500 156 178

11 MI, pegmatite® 67.50 1580 041 005 024 3.00 430 310 9820° 12 16
12 RM, 750° 67.94 1344 070 na na 3.05 423 3353 9140 77 14
13 RM, 700° 6488 1439 085 na na 372 441 417 9066 73 13
14 A92, massive Li-F granite 7120 17.00 0.78 0.08 008 630 400 018 9954 na. 12
15 A36 - 73.30 1580 040 ©.08 0.11 4.89 450 140 99.8%% na. 1.1
16 Z73, two-mica granite 7490 13.50 135 001 047 3.66 416 012 98.12° na 1.1
17 Z78, thin-banded granite 72.04 1512 125 017 015 425 516 095 9869 na. 1.1
18 Z19, pegmatite 7120 1590 0.67 010 019 399 663 0.62 99.04* na. 1.0
19 Sh37, pegmatite veinlet 76.60 13.40 065 008 037 1.15 537 228 9896 na 1.4

MgO, P,0;, and Clin melt inclusions studied are <0.06, <0.17, and <0.04 wt%, respectively, ASL: Aluminum Saturation
Index: molar [AL,0/(Na,0 + K,0 + 0.5:Ca0)]; n.a.: not analyzed.

s Estimations are based on volumetric and microthermometric data (Fig. 4), except for last three values. ® Result from
SEM-EDS analysis. ° Values are recalculated using a procedure described in text and shown in Figure 6. ¢ Melt
inclusions in quartz from pegmatite (mean of 19 EPMA) from Erzgebirge P-rich Li-F-enriched granite (Webster et al.
1997). * Including 3.6% P,Qs, 0.3% Li,0, and 1.2% H,0. “Residual melts in the system granite — H,O — HF at 1 kbar,
750° and 700°C (Kovalenko 1979). &In addition, samples A36, Z73, Z78, Z19, and Sh57 contain <0.01, 0.25, 0.01,
0.01, and 0.01% TiQ,, respectively, <0.1, 0.3, <0.04, <0.04, and <0.04% MgO, respectively, <0.05, 0.07, 0.03, 0.01,
and 0.01% P,0;, respectively.
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the kinetics of mineral nucleation and growth play aAl possess the lowest diffusivity among the major ele-
important role in the formation of the rock’s texturaments in granitic melts (Johannes & Holtz 1996), their
(e.g, Kirkpatrick 1975, Petersen 1985, Swanson & Fergontents in quartz-hosted Ml would be expected to dif-
1986, Brandeis & Jaupart 1987). Under such conditiorfer from those in topaz-hosted Ml if the trapped melt
the occurrence of multiple growth-zones may well beere in strong disequilibrium with a bulk melt.
caused by the existence of so-called boundary layers, Contrary to expectation, Si and Al contents of the
which accumulate components that are incompatibMl hosted by these minerals are quite similar (No. 1, 2
with quickly growing crystals, such that melt supersatwand 3—6 in Table 4). This finding suggests that compo-
ration and mass nucleation of the mineral(s) consumisgions of the Ml studied are representative of the bulk
incompatible elements occur. In the special case thatlt, which was shown to be saturated in both quartz
topaz nucleation occurs just ahead of the surface oiad topaz throughout crystallization of the Li—F gran-
quartz crystal, a depletion of the boundary-layer mates (see Appendix A). Nevertheless, we believe that the
(BLM) in fluorine must suppress 4 solubility composition of the BLM differentiated somewhat from
(Kovalenko 1979, Holtet al 1993), which might give that of the bulk melt during periods preceding the mass
rise to the separation of fluid phase. This would explaimucleation of topaz in front of growing quartz grains
why almost all topaz-rich growth-zones in quartz corflight growth-zones in Figs. 2h, i). It is likely that the
tain numerous MFI (Fig. 2f), as opposed to zones edifference was not revealed by EPMA of the MI-1, 2
riched in albite. In all likelihood, the drop in fluorine(Fig. 3, Table 4) because the latter formed when numer-
content of the BLM reduces not only the solubility obus topaz microcrystals had already nucleated, and su-
H>0, but the solubility of tantalum as well. Evidenceersaturation of the BLM in Al and F had been relieved.
for such a drop is provided by the change in columbitedthough the distinction between compositions of the
tantalite habit from acicular to dendritic just after théopaz-saturated bulk melt and supersaturated BLM re-
beginning of topaz nucleation (Fig. 2i). Such an infemains unknown, it is assumed to be in the range of un-
ence agrees with the experimental data on solubilitiesrtainties inherent in the analytical procedure used in
of columbite—tantalite in granitic melts, which depenthis investigation.
on fluorine content (Keppler 1993, Linnen & Keppler
1997). It must be emphasized that decrease in coluBaturation of Li,F-enriched melt in columbite—tanta-
bite—tantalite solubility, not an increase in Ta(Nb) corlite and Ta(Nb) content of magma
centration, provides the conditions for supersaturation
in similar cases. The key to understanding the role of magmatic pro-
Clearly, the growth of crystals must be fast enougtesses in formation of the Ta mineralization lies in the
for the effect of a boundary layer to manifest itself, edinding that the melt was saturated in columbite—tanta-
pecially in the light of the data obtained on the very lolite at certain stages of crystallization, as indicated by
viscosity of the trapped melt. In our case, the requiressociation of this mineral with Ml in some growth
rate of crystal growth was most likely attained as a regenes of quartz from banded granites. Strictly speak-
sult of undercooling of the melt at the upper level of thiag, the situation shown in Figure 2i does not provide
intrusion, where a temperature gradient was significaran answer to the question as to whether only the bound-
Although boundary layers operate only on the scale afy-layer melt or also the bulk melt was saturated in
crystals, it seems highly probable that kinetic factors acelumbite—tantalite. In most cases, however, the oppo-
responsible for the formation of thin-banded textures age ends of a columnar crystal of columbite—tantalite
well, since disequilibrium would work at any scale. Thigre hosted by different minerals, microcline and quartz
problem, of course, calls for further investigations; abbr microcline and albite (Fig. 2j), suggesting that at least
factors considered, however, we believe that the textueatertain part of the former has crystallized from a bulk
features described are more likely to owe their origin tmelt. Since such relationships are characteristic of the
the undercooling of melt than to fluctuations in prestransitional” aplitic granite, fine-grained parts of the

sure or temperature. banded granites, and fine-grained groundmass of the
massive Li—F granite, we assume that these varieties crys-

Correspondence between the MI and tallized from the melt saturated in columbite—tantalite.

bulk-melt compositions As follows from the experimental results, the solu-

bilities of manganocolumbite and manganotantalite in
In view of the evidence for influence of a boundaryhe iron-free granitic melts strongly depend on the mo-
layer on formation of the Li—-F granites, it is importantar ratio Al/(Na + K + 2Mn), temperature, and concen-
to determine to what extent the boundary-layer mettations of HO and F (Keppler 1993, Linnen & Keppler
differs in composition from the bulk melt. There is nd997). In particular, at pD-saturated conditions
way, in our case, in which this question can be clarifie@0C°C, 2 kbar) and concentration of 0.05 wt% MnO in
except by revealing the difference in compositions dfuorine-free melt, 70 to 100 ppm Nb or 500 to 1400
the MI hosted by quartz (only Si is compatible) and tggpm Ta are required for manganocolumbite and
paz (Si, Al, and F are compatible). Inasmuch as Si anthnganotantalite saturation, respectively.These values,
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however, would decrease or increase with the increamed the model melt viscosity is either 50 or 1000 Paes.
of MnO (MnO + FeO) or F content, respectively. Results of the calculations (Fig. 9) indicate that the set-
The independent information on columbite—tantalitding of phenocrysts would be efficient even if the melt
solubility in granitic melts comes from SIMS data orviscosity exceeded the value derived from the Ml stud-
Ta content of Ml in quartz from the pegmatite hostegs by more than an order of magnitude.
by an unaltered F- and P-rich granite at the Ehrenfrie- On the other hand, if the initial Ta content of the
dersdorf Sn—W mine, Erzgebirge, Germany (Weletteremplaced magma was ~60 ppm, a very efficient separa-
al. 1997). The presence of accessory columbite—tant&n of phenocrysts from liquid would be required to
lite in this pegmatite suggests that the pegmatite-forrobtain a melt with 180 ppm Ta. This may be illustrated
ing melt was saturated relative to Ta and Nb at the finasing the equation for the Rayleigh-type fractionation:
magmatic stage, at least locally. Taking into account that
the Ta and Nb content of 12 Ml ranges from 25 to 521 C/C* = F (1) 3)
ppm and from 23 to 150 ppm, respectively, we assume
that the highest of these values is characteristic whereC andC* are current and initial Ta content of the
columbite-saturated melts and the lowest, of undersatuelt, respectively (180 and 60 ppm in this case)the
rated ones. As a first approximation, the Ta content obaulk partition-coefficient for Ta (a value of 0.2 is ac-
tantalite-saturated F-rich melt is expected to be aboegpted), anér is the mass fraction of melt, which varies
200 ppm. If so, then the late-stage melt in the Orlovkkeom 1 to O as crystallization progresses. As can be seen
cupola might also contain 200 ppm Ta, or 244 ppin Figure 10, the settling of phenocrysts brought in with
Ta0s, and hence only the whole-rock ;08 content the emplaced magmsa30 vol.% from the petrographic
far in excess of 200 ppm requires an assumption thadlbservation, which mearis= 0.7) would be insuffi-
guantity of Ta was added in such cases at the postmagent for the required threefold enrichment of melt in
matic stage. Ta (@—b—cin Fig. 10). Such enrichment would be at-
In reality, the average F@s(Nb,Os) content of the tained only provided that 75% of the magrRa=(0.25)
uppermost, ore-grade part of the Orlovka cupolkad crystallized and are devoid of crystalsg-fin
(banded rocks included) and underlying massive LiHHg. 10) prior to the beginning of columbite—tantalite
granites is 180(120) ppm and 60(70) ppm, respectivetyystallization. This is highly improbable, because some
(Zalashkova 1969). This is in agreement with the eviextural features of the upper-level granites suggest that
dence that the melt became saturated in columbite—tdiney crystallized in the presence of a significant tem-
talite early in the crystallization at the upper level of thperature-gradient. Under such conditions, a relatively
intrusion and late in the crystallization at the lower leviast movement of the solidification front may suppress
els. Hence, the abundances ofgand NbOs deter- crystal settling.
mined in granites of the upper and lower levels are
believed to be those of the parental magma. A subordi-
nate contribution of the magma-derived fluids to the
formation of the orebody can be explained in this case
because enrichment of the exsolved fluid in,CTable
3, Fig. 5) entails a significant decrease of the fluid/melt
partition coefficient for most lithophile elements, includ-
ing Nb (Websteet al 1989).

The reasons for occurrence of the most
Ta(Nb)-enriched melt at the top of the intrusion

Taking into account that Ta and Nb are incomp.
ible with major rock-forming minerals of granite
(Rollinson 1993) and that the estimated viscosity of 1
melt was as low as ~50 Paes, the first possibility to
considered for an explanation of nonuniform Ta(Nb :
distribution in the magmatic body is the enrichment of 40k [ - X
its apical parts in incompatible elemenis crystal set- ;
tling. To estimate the efficiency of this mechanism, i
model calculations were performed as applied to Ta,
using the Stokes formula (1) with an assumption that
crystals are spherical in shape, 1 to 10 mm in diametgfs. 9. Calculated velocity of settling (meters per day) of
the crystals and melt densities are 2.6 and 2.25gscm  spherical phenocrysts 1 to 10 mm in diameter depending
respectively, the bulk partition coefficient for Tais ~0.2 on accepted viscosity of the melt (dotted-dashed lines for
prior to beginning of columbite—tantalite crystallization, 50 Pa-s, solid lines for 1000 Pa-s).

“Velocity of settling
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Irrespective of whether crystal settling occurs or not, 10
a residual melt within the inner part of the intrusion must 9 |
become enriched in Ta(Nb) until saturation wkdalls
below ~0.2, and this is the case that follows from the
petrographic observations (see Appendix A)FAt0.2,
in the general case, a crystallizing magma contains a” | :
crystalline framework with a pore-space filled with re; 4 [
sidual melt. Removal of the latter requires either exisg
ence of a strong pressure-gradient or deformation of 3
framework, and is normally hampered in the granitic :
systems by the high viscosity of the melt. This restric- 5 |...
tion, however, is reduced in our case owing to the un- ;
usually low viscosity of the melt, which leaves room ¢ A
for a relatively easy migration and collection of the T P :
interframework residual melt inside cooling cracks 7 la L
within the crystalline carapace. Being almost devoid of 1

crystals and somewhat undercooled, this melt could pro- 1 08 060504 03 0.2 0.1
duce rocks exhibiting the textural features inherent to F

some granites from chilled zones of hypabyssal intru-

sions. Fic. 10. Increase of Ta concentration in the mé&l with

The latter scenario seems to be applicable to the for- respect to that in initial magm&x) as mass fraction of the
mation of the Li—F granites for the following reasons. melt (F) decreases from 1 to 0.1, provided that Rayleigh-
First, the banded granites form subhorizontal flattened type fractionation occurs (see text for explanation).
lenses and steeply dipping dike-like bodies, much as the
granophyric bodies, a conventional example of the seg-
regated interstitial residual melt, occur in mafic sills
(e.g, Marsh 1996). Second, this scenario explains why ACKNOWLEDGEMENTS
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ArPENDIX A. KEY SAMPLES

Samples Z8, Z41 and Ze8nsist of porphyritic two- Li-enriched mica (5-7 vol.%), and topaz (2-5 vol.%)
mica granite in which quartz, microcline, and albite- oliwith minor acicular and columnar columbite—tantalite
goclase form both the phenocrysts (6 to 10 mm in sizeicrocrystals (Fig. 2j). Smaller (20-%0m) albite mi-
and groundmass8 mm). Partial replacement of biotitecrocrystals in topaz, as well as albite and topaz in quartz,
and microcline by muscovite and albite, respectively, e typical of this rock. Some quartz grains contain rare
common, as if these rocks were a product of hydrothepund micro-inclusions of fluorite (No. 18 in Table 2).
mal alteration of a biotite granite. However, both th&he presence of zoned quartz grains is a special feature
phenocrystic and groundmass quartz grains contain roi-the aplitic granite. The core of such grains is filled
crocrystals of biotite and muscovite 0.01-0.05 mm iwith very small (1-4u.m) topaz and fluid inclusions,
size, and these are typically confined to separate or cavhereas the outer zone is free or almost free of them
centric growth-zones along with magmatic zircon anFig. 2g). Unzoned quartz grains either with or without
fluorapatite (No. 6—8 and 12 in Table 2). Hence, at leaste inclusions also occur as separate grains. In this fine-
part of the rock-forming muscovite is thought to havgrained matrix, columnar or wedge-like, centimeter-
crystallized from a melt. The same is true of sn=ll( sized megacrysts of “amazonite”, quartz and, rarely,
wm) globular particles of fluorite (No. 16 and 17 intopaz occasionally form fan-shaped aggregates which
Table 2) grew in one direction (downward, at outcrops). The

Sample A36epresents the massive, unbanded varpegmatitic part of the sample forms a layer 7—8 cm thick
ety of Li—F granite (“albitized granites enriched in musthat is composed of the described megacrysts (60 to 80
covite and Li mica” in Fig. 1). It consists of fine-grainedsol.%), which are hosted in a fine-grained matrix that is
(<1 mm) quartz — microcline — albite aggregates comsimilar to the adjacent aplitic layer.
taining up to 30 vol.% of coarser (3—4 mm) subhedral Sample Z78s a thin-banded rock that consists of
phenocrysts of quartz and, to a lesser extent, topaz, ldtermittent layers 2 to 8 mm thick composed of either
enriched mica, and rarely microcline. Quartz and topdine-grained (0.15 to 0.3 mm) quartz—albite aggregates
contain albite as micro-inclusions (10—afn); biotite  with minor microcline and topaz or medium- to coarse-
micro-inclusions are not observed. A few of the quarigrained aggregates of quartz, microcline (“amazonite”),
phenocrysts contain micro-inclusions of topaz anénd Li-rich mica with subordinate albite, topaz, and
rarely, elongate columbite—tantalite within their marscarce beryl. Columnar columbite—tantalite microcrys-
ginal zone. In contrast, similar inclusions are rather cortals €10 pm thick, <150 um long) are common in all
mon in the groundmass quartz, suggesting thhyers.
columbite—tantalite crystallized later, during formation Many large £6 mm) quartz subhedra in coarse-
of the fine-grained groundmass. grained layers are zoned and show the growth vectors

Sample Z1%epresents a pegmatite—aplite variety afo be unidirectional irrespective of the layer to which
the Li—F granite (a transitional type between massivhe crystal belongs. The growth zones differ from each
and thin-banded granites). The aplitic part of this sampi¢her in the amount of crystalline micro-inclusions and
(and these rocks) is a fine-grained (0.3 to 0.6 mm) atteir composition. Some of these zones are enriched in
gregate of quartz, microcline, albite (25—30 vol.% eachgn unidentified hair-like mineral or in tabular albite
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microcrystals (No. 11 in Table 2, Fig. 3). Also, micro- Sample Sh5€onsists of two parts: thin-banded Li—
inclusions of light-colored mica that are enriched in F; granite and a pegmatite veinlet 1.5 cm thick cutting
Fe, Mn and depleted in Mg (zinnwaldite?, No. 9 and libe layers at a right angle, and hence, representing one
in Table 2) form marginal zones in some quartz crysf the youngest derivatives of the Li—F granite. The thin-
tals. However, growth zones filled wigl5 pm-sized banded part is similar to that from sample Z78; how-
topaz microcrystals (No. 13—-15 in Table 2, Fig. 2h) areler, it is poorer in columbite—tantalite and devoid of
fluid inclusions (Fig. 2f) are the most common antberyl. The pegmatite veinlet is composed of coarse-
sharply defined. Many such zones contain acicular grained (5 to 8 mm) aggregates of quartz and “amazo-
dendritic columbite—tantalite crystals (Figs. 2i, 3), andite” with subordinate and finer grained (2 to 4 mm)
some are free of fluid inclusions. Taking into accourdlbite, topaz, and Li mica. The veinlet selvages are en-
the fact that only one type of mineral micro-inclusiomiched in quartz and contain scarce topaz and columnar
predominates in each zone, and that its size is more tlwapstals of “amazonite” oriented perpendicular to the
an order of magnitude less than that of mineral grainsd@ontacts. A similar orientation also is typical for radi-
adjacent fine-grained layer(s), the micro-inclusions amge-acicular aggregates of columbite—tantalite. A lack
considered to represent minerals cocrystallizing witha zonality and growth zones filled with topaz and fluid
host rather than relics of a fine-grained rock replacedicro-inclusions differentiate the pegmatite quartz from
by the quartz porphyroblast. that belonging to the thin-banded part of this sample.

APPENDIX B. INSTRUMENTATION AND TECHNIQUES

Microthermometry cal quartz glasses. The deviation of the data points from
the exponential best fit does not exce€d2°C in the
A heating stage with a silicon carbide heating eleange from +30to —56C.
ment was used along with a Pt/Pt—-Rh thermocouple
calibrated using known melting points of seven chemklectron-microprobe analysis
cally pure materials and two FI synthesized at controlled
temperature and pressure. The power-law best fit of Crystallized and glassed MI as well as mineral mi-
these data yields standard error of estimate#C in  crocrystals are analyzed at the Geological Institute (GIN
the range from 100to 1100C and+1.7°C in the range SB RAS), Ulan-Ude, using the analyzer MAR-3 pro-
from 150 to 350C. duced by the Krasnogorsky Mechanical Plant. The
When using the heating stage, a temperature cyclisgmples were analyzed at 20 kV, 40 nA beam current
in the range from 100 to 380 was carried out to deter- using a spot size of gm for glass and 2 to gm for
mine the temperature of homogenization of fluid corerystals, 10 s count time for crystals and some glassy
stituents of all preselected MI. Then temperature wasclusions. Most of the latter were analyzed using 25 s
raised to 580-60C in 30—40 min and was maintainedtotal count time with data collected every 5 s. An at-
constant over 1.5-2 hours. Further heating was stepwitempt to decrease beam current was not successful, since
with 1.5-2 hr isothermal exposure after each step aitdesulted in significant increase of random error. Sev-
temperature increment of 5@ 20°C depending upon eral glassy MI were analyzed at the IGEM RAS, Mos-
attained degree of melting of crystalline phases. cow, using a scanning electron microscope JSM 5300
Heating of MI under confining argon pressure usingith a LINK ISIS energy-dispersion spectrometer at 25
a high-pressure vessel with internal heater was cokl acceleration voltage, approximately 1 nA current,
ducted at the Institute of Experimental Mineralogy (IEMabout 2pm spot size, 60 s count time, with readings
RAS), Chernogolovka. Upon heating, pressure waaken every 12 s.
raised up to 5 kbar along the isochore chosen in accor-
dance with averaged density of a fluid constituent of tHigetermination of the kO content
MI and then held constant during 8 to 20 h at & melt inclusiongwcm)
preselected temperature. The reverse path was used
when cooling. The determination is based on the following con-
The cooling stage is equipped with a copper-constacepts that were originally described by Naumov (1979)
tan thermocouple calibrated with inclusions of pure CQand then refined by Reyf (1990).
(determined using Raman spectroscopy) homogenized (1) In the isochoric hydrous system of low to mod-
in liquid at different temperatures (determined using erate salinity, the homogenization temperatdig is
mercury thermometer with accuracy #.1°C) and unequivocally determined by the “filling coefficient”
with solutions of known eutectic temperatures introF = Vji¢/(Viiq + Vgad WhereViq andVgasare the volumes
duced into elongate cavities, abundant in some techof-liquid and gaseous phases, respectively, & 289,
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plot of Ty, versusF by Lemmlein & Klevtsov 1956). in percent relative t&,*, the calculated KD content
Hence, the volume of fluid constituent of a My =  of melt inclusion (in wt%) is:
Vyad (1 - F), may be calculated provided that its salinity
(Csa) and Ty, are determined thermometrically and the  WGgi= 1003 Mg /(WMpi+ CMpj)
volume of the gas bubble atZDis measured with suffi-
cient accuracy, using the Fedorov universal stage. ABhe measurement of parameters used in calculations
suming that the mass ob@ within a gas bubble at 20 (Vgas Vin*, Vimus Vimi» Th and Csy) is associated with
is negligible, the bulk density of the fluid is accepted tcandom errors that affect the accuracy of estimation of
be equal to th& value, and the mass of hydrous soluthe WG, value. The measurements\QfsandVy,* in
tion WMy is equal toF+Vy. If muscovite is present 75 Ml that are 4 to 2pm in diameter were performed
among crystalline phases, its® content must be ac- independently by two investigators; the double measure-
counted forWMnys= Ve dne 0.04 = 0.114 Vs where  ments differ from the mean by less than 15% in 92% of
Vms and dms are measured volume and mean densithe cases (less than 10% in 88% of the cases). The un-
(2.85 gecm®) of muscovite; the weight proportion of certainties in determination of the valuesTgf{within
0.04 is typical HO content of muscovite. Thus, the to-the range from 150% to 3%0) andCs, are found to be
tal mass of HO in a melt inclusiolWM,;is equal to <3°C and<3 wt% NaCl equivalent, respectively. As-
WMy + WMns suming that measurements of igs Vinus Vi, Thand

(2) The Ml volume measured prior to heatiMg,{) Csa are associated with maximum random errors of
is only a part of the total volume of inclusioni{); itis  15%, 20%, 20%, 5 and 50% respectively, these errors
indeterminable at such conditions because the matemaé calculated to result in an overestimation or underes-
identical to a host mineral precipitates at the cavity waltgnation of theWG,; value (within the range from 2 to
and inherits its optical orientation. Upon heating, howt0 wt% HO) by 3 to 15% relative each, the contribu-
ever, the precipitated material goes into the melt, resulien of the volumetric errors being the greatest. If errors
ing in the increase of the visible size of Mld, Figs. in measurement of the listed parameters are of the same
2g, h, iin Reyf 1997). At the point of full homogenizasign, the effect of some of them updG,; is opposite
tion, the measured rath,,/V* for the quartz-hosted in sign and, hence, the total error is believed to be gen-
MI varies from 1.6 to 1.8, depending on whiclerally of about 15% relative. In a special case, in which
mineral(s) (feldspars or muscovite) predominate amortige effects of all errors in measurements are of the same
crystalline phases. Assuming that the mean density o$ign, the additive (total) error in determination of the
Ml crystalline constituent is equal to that of granites (2. WGy value would attain 40% relative. However, such a
gecnT?), its mass is accepted to O®y,i= 2.7(/mi— V4). case is unlikely to be common; in addition, it can be
With the proviso that all volumetric data are presentadentified provided that several cogenetic inclusions are

measured.



