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ABSTRACT

A detailed survey of accessory minerals in the poorly to moderately differentiated F-poor biotite granites from
Niederbobritzsch, Erzgebirge, Germany, reveals the presence of various, late magmatic to postmagmatic secondary rare-earth
(REBE minerals, including cerite-(Ce), thorian synchysite-(Ce), synchysite-(Ce), and an unidentified RE&ch
fluorocarbonate(?). Cerite-(Ce) iRR&Esilicate that, to date, has been found in only half a dozen occurrences worldwide. It had
not previously been described from a granite. The composition of cerite-(Ce) from Niederbobritzsch is characterized by lower
bulk REEcontents but higher abundances of Si, Al, Ca, and F than that from other occurrences. Dissolution of thorian monazite-
(Ce) during interaction with a F-, GOand Ca-bearing fluid gave rise to the formation of thorian synchysite-(Ce) containing up
to 18.1 wt% ThQ. Previously reported contents of Th in synchysite-(Ce) did not exceed 1.6 wt% TieOspatial relations
between the secondaREEminerals and their precursor attest to a differential mobility oEREEand Th during fluid—rock
interaction. Under the prevailirigfT X-conditions, the. REEwere more soluble and, thus, mobilized further away from their site
of removal relative to Th, which tended to be reprecipitated next to its precursor. Virtually unchanged whteEbakigets
and continuous, unfractionated chondrite-normalizR&E patterns of the secondaREE minerals, however, imply that the
lanthanides were transported over distances of millimeters or centimeters only.

Keywords cerite-(Ce), synchysite-(Ce), rare-earth elements, thorium, accessory minerals, lanthanide tetrad effect, electron-mi-
croprobe analysis, biotite granite, Niederbobritzsch pluton, Erzgebirge, Germany.

SOMMAIRE

Un examen détaillé des minéraux accessoires des granites a biotite faiblement ou modérément évolués et a faible teneur en
fluor a Niederbobritzsch, Erzgebirge, en Allemagne, révele la présence d’'une variété de minéraux secondaires a tedies rares tar
magmatiques ou bien postmagmatiques, par exemple cérite-(Ce), synchysite-(Ce) thorifere, synchysite-(Ce), et un
fluorocarbonate(?) non identifié contenant Th et terres rares. La cérite-(Ce) est un silicate de terres rares signaéssqu’ici
endroits au monde, et dans des roches autres qu’un granite. Sa composition a Niederbobritzsch se distingue par une teneur plus
faible en terres rares, et plus forte en Si, Al, Ca, et F. La dissolution de la monazite-(Ce) thorifere au cours d’'uina eteract
une phase fluide contenant F, £6 Ca a mené a la formation de la synchysite-(Ce) pouvant contenir jusqu’a 18.1% (poids) de
ThO,. On ne connaissait pas cette espece avec plus de 1.6% gd &h@elations spatiales entre les minéraux secondaires a
terres rares et leurs précurseurs témoignent d'une mobilité differentielle des terres rares légéres et du thorium au cours de
I'interaction de roche et #0. Dans les conditions ambiantes de température et de pression dans ce contexte, les terres rares
légeres étaient davantage solubles et, ainsi, ont été mobilisées sur une plus grande échelle que le thorium, qui &étéueprécip
prés de son précurseur. En revanche, le profil des terres rares des roches entiéres est resté inchangé. Les spedtresicontinus e
évolués des terres rares légeres dans ces minéraux secondaires, par rapport aux teneurs chondritiques, laissent ssipposer que le
terres rares ont été transportées sur une échelle millimétrique ou tout au plus centimétrique.

(Traduit par la Rédaction)

Mots-clés cérite-(Ce), synchysite-(Ce), terres rares, thorium, minéraux accessoires, effet de tétrade, analyse a la microsonde
électronique, granite a biotite, pluton de Niederbobritzsch, Erzgebirge, Allemagne.
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INTRODUCTION (brockite), silicates (titanite, epidote)REE fluoro-
carbonates (bastnésite, synchysite, parisite), fluorides

Mass-balance calculations and direct observatiolfuocerite), oxides (cerianite) and, very rarely, oxy-
have demonstrated that the major proportion of the raifdorides €.g, Johan & Johan 1993).
earth elementsREE with the exception of Eu), as well ~ The chemical composition of primaREE-Y-Th—
as 'Y, Th, U, and other high-field-strength elements (Zt-rich accessory minerals in the Variscan granites from
Hf, Nb, Ta, W) in most crustal rocks is accommodateithe German part of the Erzgebirge, including monazite
in accessory mineralg. @, Bea 1996). Allanite, mona- (Forster 1998a), xenotime (Forster 1998b), thorite and
zite and apatite constitute the primary hosts for the lighircon (Forster 1998c¢), and uraninite (Forster 1999), has
rare-earth elementsREB) in peraluminous granites of been intensively studied. However, there is no adequate
I- and S-type affinity (Jefferies 1985, Waetal 1992, investigation of secondaEEminerals. The presence
Bea 1996, Forster 1998c). Allanite and thorite are thef compositional extremes such as cheralite-(Ce), mona-
main contributors to the bulk-rock Th content ofite-(Ce) rich in the huttonite component, brabantite,
allanite-bearing, weakly peraluminous granites, whereasnotime extremely rich in heavy rare-earth elements
monazite accounts for most of the Th in stronglfHREB), thorite with a significant concentration of U,
peraluminous granites, which characteristically lack, HREE and Zretc, among the magmatic accessory
allanite €.g, Forster 1999). minerals gave rise to the expectation that their alteration

In this fourth paper in a series BEE-Y-Th-U-rich minerals may also include phases of “atypical“ compo-
accessory minerals in peraluminous granites, | report thigion.
occurrence and chemical composition, and discuss the The rhombohedrdlREEsilicate cerite-(Ce), ideally
genesis, of two rare secondarREE minerals, cerite- (Ce,La,Nd,Ca)(F¥,Mg,Al)(Si0,)s(SiOs0H)(OH,F)
(Ce) and thorian synchysite-(Ce), from the Niederbde.g.,Moore & Shen 1983), is known from only about
britzsch granite, eastern Erzgebirge, Germany. | reptralf a dozen occurrences worldwide. It was first de-
the first electron-microprobe data on cerite-(Ce), whicécribed by J.J. Berzelius from the BastR&E deposit
has not yet been observed in a granitic rock. BreakdownSweden, and provided the source for the discovery of
of Th-rich monazite-(Ce) resulted in the formation o€erium (Hisinger & Berzelius 1804). Other occurrences
thorian synchysite-(Ce), which shows the highest conemprise: Precambrian pegmatites near Jamestown,
centration of Th known to date for this mineral. Fur€olorado (Goddard & Glass 1938EEbearing hydro-
thermore, the textural and paragenetic relations betwetiermal veins from the Mountain Pass carbonatite, Cali-
the primary and secondaREEminerals allow conclu- fornia (Glasst al 1958), metasomatized metamorphic
sions on the differential mobility of thREE and Th rocks from the Ural Mountains (Silberminz 1929; cited
during granite alteration. Moreover, the relative distande Glasset al 1958) and the Ukrainian Shield (Mar-
of migration of the lanthanides and Th between sourcienko 1989) in Russia, a skarn deposit in the People's
mineral and site of reprecipitation can be estimated froRepublic of Korea (Marchenko 1989), syenite peg-
their whole-rock budgets and the shape of chondritexatites in the Oslo region, Norway (Larsen 1996), car-
normalizedLREE patterns of the secondary accessoryonatites from the Kola Peninsula, Russia (Belolipetskii
minerals. & Voloshin 1996), and metamorphosed carbonatites

within the Central Metasedimentary Belt boundary zone
BACKGROUND INFORMATION in the Grenville Province, Ontario (Moecher al.
1997).

Magmatically crystallized accessory minerals dis- Synchysite, theoretically (Ce,La,Y,Nd,Ca,Th)
play different stabilities during fluid-induced, pervasivé€COs),F, may be extremely variable with respect to pre-
late-magmatic to hydrothermal alteration that normallgominant elements of tHREE plus Y (Ce, Nd, or Y).
affect peraluminous granites. Whereas monazite is co®ynchysite-(Ce) was first discovered in syenitic
monly relatively immune to hydrothermal decomposipegmatites from Narssarssuk, Greenland (Flink 1901).
tion, unaltered and non-metamict allanite and thorite afidne Grebnik bauxite deposit in former Yugoslavia con-
only rarely recorded in such granites. However, evestitutes the first site from which synchysite-(Nd) was
monazite is locally reported to become severely altere@scribed (Maksimoyi& Pant6 1978). The first record
and to have dissolved during albitization, sericitizatiorgf synchysite-(Y), formerly named “doverite”, is from
chloritization, or greisenization of granites, although thiéae Scrubs Oaks iron mine, New Jersey (Srettlal.
driving forces for that instability are not yet completely1955). Synchysite-group minerals are known from a
understood (Cathelineau 1987, Poitrassbal 1996, variety of geological environments. They occur in
2000). (1) carbonatites and associated mineralization (Hogarth

Alteration of primary accessory minerals and subset al. 1985, Andersen 1986, Wall & Mariano 1996),
guent remobilization and redeposition of ttREEin  (2) granitic rocks with related pegmatites and metaso-
peraluminous granites may result in crystallization ahatic rocks (Johan & Johan 1993), (3) hydrothermal ore
newly formed allanite, monazite, apatite and thorite ateposits (Lottermoser 1995), (4) sedimentary rocks
other secondary minerals. The latter include phosphaidsaksimovic & Panté 1978), (5) as fissure minerals in
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Alpine metamorphic rocks (Huen & Gramaccioli 1969)divided into five major groups according to mineralogi-
and (6) even in dinosaur bones (Lozinski 1971). A mok&l, geochemical and isotopic criteria (Forsteral.
complete list of references to occurrences of synchysit®98): low-F biotite granites, low-F two-mica granites,

is provided by Forster (in prep.). high-F, high-P Li-mica granites, high-F, low-Pmica
granites, and moderate-F, low-P biotite granites. A great
GeoLocicAL CONTEXT number of these granites have directly (tin and tungsten)

or indirectly (uranium) contributed to the formation of

The Variscan Erzgebirge is situated in the bord@xtensive and highly varied metallic ore deposits, for
region between Germany (Saxony) and the Czech Rehich the Erzgebirge is famous among economic ge-
public, at the northwestern margin of the Bohemiaalogists €.g, Tischendorf & Forster 1994).
Massif, which constitutes the largest area of exposure The Niederbobritzsch massif in the eastern Erzge-
of Variscan metamorphic basement rocks in centrhlrge, Carboniferous in age according to Pb—Pb zircon
Europe. It represents a NE-SW-trending antiforma&vaporation dating (328 6 Ma; Tichomirova 1997),
structure in the Saxothuringian Zone of the Variscdmelongs to the group of late-collisional low-F biotite
orogen, which exposes crystalline rocks metamorphosetbnzogranites that possess transitional |- to S-type af-
in the early Carboniferouse(g, Kroner & Willner filiation (Forsteret al 1999). It forms a multiphase plu-
1998). In the late Carboniferous and early Permian, then that consists of four mappable, texturally and
Erzgebirge basement was invaded by rhyodacitic to rhgempositionally distinct intrusive units genetically re-
olitic lava flows and lamprophyric dikes and, volumetrilated by magma differentiatioria fractional crystalli-
cally more importantly, by numerous granite plutons ofation €.g, Rosler & Budzinski 1994). The samples that
various sizes and compositions (Fig. 1). These granitesntain theLREE minerals discussed herein represent
of late- and post-collisional structural position are sulgranites of the first and third stages of intrusion, respec-
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Fic. 1. Geological sketch-map showing the distribution of the various groups of Variscan granites in the Erzgebirge (slightly
modified from Forsteet al 1999) and the positions of granites in which secondary fluorocarbonates or fluorideRBEthe
have been identified. See text for further explanations.



70 THE CANADIAN MINERALOGIST

tively. Their compositions in terms of major and trac@osts abundant fine- to medium-grained, dark enclaves

elements are given in Table 1. of syenodioritic composition. These enclaves are inter-
preted to represent the unmelted granite protolith
PETROGRAPHYAND MINERALOGY OF THE GRANITES (Rosler & Budzinski 1994). Grains of synchysite-(Ce)

are found in a more evolved unit, a fine- to medium-
The cerite-(Ce)-bearing sample, TB-334—FT, is grained, equigranular monzogranite (TB—336-FT) al-
medium- to coarse-grained, porphyritic granodiorite tmost devoid of enclaves.
monzogranite (hybrid granite), which characteristically The intrusive units of the Niederbobritzsch massif
show correspondence in terms of major minerals
(quartz, K-feldspar, plagioclase, albite, biotite), but
differ strongly with respect to the occurrence and com-
TABLE 1. MAJOR- AND TRACE-ELEMENT COMPOSITION OF GRANITES posi’[ion of primary accessory phases (Tab|e 2) Allanite-
FROM THIF. NIEDERBOBRITZSCH MASSIF. GERMANY (Ce) constitutes the principal host of thREEin the
hybrid granite, in which it typically forms large (up to
Sample No.  TB-334-FT  TB-372FT  TB336FT  IB3B-F 5 mm gjze), compositionally zoned, euhedral to

Sub-intrusion No 1 2 3 aplite . 8 .
) subhedral solitary grains that are heavily altered and

y ok 00 14n 26s hydrated, and isotropic to weakly anisotropic (see also
Si0, (wt ) ) ! .. .
'l‘lioi( % 059 036 025 012 Rosler & Bothe 1990). Electron-microprobe analyses
ALO, 156 14.7 13.1 127 (Table 2, anal. 1) indicate moderately high concentra-
Fe,05 354 255 1.64 0.61
MnO 0.059 0.047 0.026 0.011
MgO 1.40 065 0.45 0.15
Ca0 246 1.46 0.65 051
Na.O 380 386 322 328 TABLE 2. CHEMICAL COMPOSITION OF PRIMARY
KO 130 482 507 517 ACCESSORY MINERALS FROM NIEDERBOBRITZSCH, GERMANY
, . 5 .
P,0; 023 021 011 0.03
H 0.93 091 0.99 0.93
CE)O 0.09 0.08 0.13 0.13 Sample TB-334-FT TB-336-FT

, ) : !
F 0079 0.085 0.043 0.025
O=F 0.033 0.036 0.018 0.011 ) N
Total 90.9 09.7 99.8 999 Mineral Aln Thr Thr Zm Zm Mnz Mnz Xot Um Zm Zm
Li (ppm) sg 54 60 18 AnalNo. 1 2 3 4 5 6 7 8 9 10 11
Sc 67 46 37 24
\% 57 24 19 <3
Cr 103 5 38 3 PO, wt% 005 0.50 068 000 012251 299 342 000 0.85 0.00
Co 6.4 19 14 036 Si0, 292 197 198 324 258 338 041 040 000235 319
Zn 69 37 38 13 TiO, 292 005 153
Ga 21 25 18 15 Z:0, 0.08 9.65655 53.1 549 662
Rb 167 262 257 258 HO, 178 1.07 180 172
Sr 390 196 87 45 ThO, 155618 526 000 205154 124 027 6.07 018 0.02
v 16 21 20 20 uo, 005 802 143 0.16 0.80 057 097 229863 152 015
7x 203 182 115 ‘132 ALO, 108 052 053 0.00 134 000 000 0.00 000 073 000
Nb 13 1§4 B i s $¢,0, 0.00 0.07 0.14 001
gs 872’ 6é7 455" 152 Y,0, 028 060 025 000 121 1.08 170415 080 2.82 000
a
la 47 20 26 16 La,0, 481 002 018 131 124 000
Ce 89 76 53 34 Cc,0, 104 006 125 0.00 083261 245 012 004 0.1l 0.00
Pr 10.5 9.0 6.5 4.4 Pr,0, 1.06 0.00 0.26 2.58 256 0.05
Nd 35 30 22 16 Nd,0, 344 006 105 002 077 929 886 028 012 0.12 0.00
Sm 58 58 45 37 Sm,0, 045 0.08 023 000 023 146 149 020 005 0.12 0.00
Eu 1.4 086 0.57 0.26 Gd,0, 0.17 0.11 0.07 000 023 088 103 272 0.19 0.15 0.00
Gd 4.5 5.0 3.9 34 Tb,0; 0.09 0.13 0.56 0.09
1b 0.61 0.76 0.63 0.58 Dy,0, 0.06 012 0.04 0.00 0.18 0.14 047 409 0.12 030 007
Dy 32 4.1 3.6 34 Ho,0, 0.08 007 1.02
Ho 0.60 0.75 0.70 0.66 Er,0, 009 0.00 008 0.18 407 0.19
Er 1.6 21 2.0 21 T 02 067
Tm 024 031 033 035 2% :
Vb 15 21 21 24 Yb,0, 0.02 000 000 024 000 005 488 005 058 0.04
Lu 0.24 034 033 038 Lu,05 000 0.00 074
Hf 6.1 6.0 42 39 Ca0 918 432 136 003 283 074 267 022 0.00 0.00
Ta 1.0 26 26 31 FeO 129 016 276 000 227 000 0.00 0.00 206 0.00
Pb 21 37 38 4] MgO 0.81
Th 15 20 25 31 MnO 071
u 34 7 16 12 PbO 0.00 026 0.03 000 003 022 021 008 392 001 0.00
F 0.00 0.00 000

A/CNK 1.01 1.04 1.10 1.07
;{r//?;’f f;? fgg 539 gg-i Total 888 962 93.7 99.9 93210021000 984 979 89.8 100.2
é 3 U3 .2 B
Lay/Luy 199 119 331 431
BwEu* 0.778 0.471 0.398 0217

blank: not analyzed, a: interpolated (straight line between nearest adjoining REES).
Symbols: Aln allanite, Thr thorite, Zrn zircon, Mnz monazite, Xnt xenotime, Urn
* total iron as Fe,0,, A/CNK = molar ALQ,/(Ca0 + Na,0 + K,0). uraninite.
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tions of Th and low contents of U, Y, and tHREE done on complex naturREEphosphates (monazite and
Metamict thorite—coffinite (Table 2, anal. 2) and thorxenotime) were used to determine the peak and back-
ite—zircon (Table 2, anal. 3) solid solutions account fground positions of each element and to identify over-
the major proportion of the bulk-rock Th and U conlapping peaka lines were used for P, Si, Fe, Ca, and
tents. Zircon is commonly fresh and poor in the larF, La lines for Y, La, Ce, Yb and Lu, ang lines for
thanides and actinides (Table 2, anal. 4). Howeve?y, Nd, Sm, Gd, Th, Dy, Ho and Er. Problems due to
metamictization locally gives rise to zircon composiinterferences of THp with UM, and of YL« with
tions characterized by strongly enhanced levels of PbMa, were eliminated by using the Wla, UMB and

Th, U, Al, Ca, Fe, and tHeEE and a concurrent deple-PbMp lines. Minor interferences of My with UMpB

tion in Zr and Si (Table 2, anal. 5). Other accessomyere corrected using the procedure of Amli & Griffin
minerals that crystallized from the granitic melt are ap§1975). The concentration of F was calculated by em-
tite and magnetite. In contrast, pyrite, garnet, horipirical correction for the major interference oflGe
blende, titanite, and sillimanite, which occur in variablgvith FKa. The following analyzing crystals were used:
proportions throughout the granite, probably represehl for theREEand Fe, TAP for Si, Al and Y, PET for
minerals from the metamorphosed protolith that wer, Th, U, Ca and Pb, and PC1 for F.

incorporated into the granitic melt as result of resorp- Primary standards included pure metals for Th and
tion of the mafic enclaves (Résler & Budzinski 1994)U, vanadinite and a synthetic glass (0.79 wt% PbO) for

In the less Ca-rich sample TB—336—FT, allanite-(Cd)b, synthetic phosphates prepared by Jarosewich &
is absent, and monazite-(Ce) both rich in the huttoniBoatner (1991) for th&®EE and natural minerals and
(Table 2, anal. 6) and brabantite components (Tables¥nthetic oxides for other elements. Accuracy of the
anal. 7) are the principal hosts of ttREEand Th. The calibration was checked routinely using synthetic ThO
presence of U-rich xenotime-(Y) (Table 2, anal. 8) anahd UQ ;5 synthetic glass SRM 610, which contains
Th-rich uraninite (Table 2, anal. 9) is an indication ofome hundred ppm of Th, U, and Pb, and RiEE
the more evolved nature of the granite. Grains aflasses prepared by Drake & Weill (1972). Reproduc-
metamict zircon enriched in U, Y, and tHREE(Table ibility of the stated compositions in the SRM 610 glass
2, anal. 10) become increasingly more important iwas better than 15%, that in tREEglasses, better than
modal abundance relative to grains of unaltered zirc&10%. A further check on calibration was made for
(Table 2, anal. 11). Xenocrystic accessory minerals froraproduction of the stoichiometry and composition of
the granite protolith are subordinate in abundance cowrm in-house monazite standard analyzed in various labo-
pared to sample TB—334—FT. ratories.

Despite the presence of altered allanite, thorite, and The analytical errors (precision) for tREEdepend
zircon grains, the biotite granites generally belong to tlem the absolute abundance of each element. Relative
least intensively overprinted granites among the fiverrors are estimated to be <1% at the >10 wt% level, 5—
groups of Variscan Erzgebirge granites. With respect 1®% at the 1 wt% level, 10-20% at the 0.2 to 1 wt%
the major minerals, late-magmatic and postmagmatievel, and 20—40% at the <0.1 wt% level. The analytical
effects in the Niederbobritzsch granite are minor, antchcertainties for the actinides and for lead are more
confined to partial replacement of pre-existing phasesiform and amount to about 10%, even for concentra-
(chlorite * titanite+ epidotet rutile in biotite, albitet  tions below 0.1 wt%. Detection limits were approxi-
white micat clinozoisite+ fluorite + carbonate in pla- mately 200—-300 ppm for all elements monitored, except
gioclase). lead & 100 ppm).

A variety of analytical techniques were used to ob-
ANALYTICAL CONDITIONS tain high-precision whole-rock geochemical dagay (
Forsteret al 1999). The concentrations of the major

Mineral compositions were obtained using @lements, V, and Cr were established by wavelength-
CAMEBAX SX-50 electron microprobe, employing adispersion X-ray-fluorescence spectrometry. Analysis
PAP correction procedure (Pouchou & Pichoir 1985jor fluorine was performed using ion-selective electrodes.
The operating conditions were: accelerating potential Zhe amount of total water and @®ere determined by
kV, beam current 40-60 nA (measured on the Faradegmbustion — infrared detection. Concentrations of the
cup), and beam diamete3n. The counting times on rare-earth elements plus Rb, Sr, Y, Zr, Cs, Ba, Hf, Pb,
the peak are 300 s for Pb and 200 s for Th and U, andTih, and U were established by inductively coupled
each case, half that time for background counts on bgitasma — mass spectrometry (ICP-MS; Perkin—Elmer/
sides of the peak. For tHREE and other elements, Sciex Elan Model 500 ICP — mass spectrometer). Analy-
counting times were 60 s and 40 s on the peak, respsis- for Li, Sc, Co, Zn, Ga, Nb, and Ta was also per-
tively. formed by ICP—MS (Fisons/VG Plasma Quad PQ 2+).

X-ray lines and background offsets were selected Tthe concentration of Be was determined by inductively
minimize interferences and their correction (Exley 198@oupled plasma atomic emission spectrometry on a
Roeder 1985). Wavelength-dispersion spectral scavarian Liberty 200 ICP — emission spectrometer.
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ResuLTs concentrations below their detection limits (Table 3,
analyses 1-3). The sum of the oxides of La, Ce, Pr, Nd,
Petrographic description of the REE minerals Sm, and Gd in cerite-(Ce) ranges from 60.3 to 63.4 wt%.

Chondrite-normalizedREE patterns of cerite-(Ce) are

Owing to their small grain-size and surface detericteep and free of anomalies (Fig. 2a). Cerite-(Ce) con-
ration by the electron beam, tREE minerals do not tains between 22.5 and 23.1 wt% Si@ppreciable con-
show up well in optical and back-scattered electraients of Ca (6.9-8.2 wt% CaO) and Al (2.4-3.4 wt%
(BSE) images. Therefore, it is preferable to describe tih¢,03), and minor amounts of Fe (0.1-0.6 wt% FeO).
minerals and their textural relationships in the text rathEfuorine is invariably present in concentrations ranging
than to show them in microphotographs. from 1.3 to 2.5 wt%. Analytical totals between 94.6 and

Cerite-(Ce) fills a small euhedral fracture in albite,96.8 wt% suggest the presence of some wid.Hi,
about 50um in length and 5-15m in width. Anun-  Th, U, Mg, Mn, and Pb were sought but not found.
identified REE minerabccurs as two tiny, bright (inthe  Theunidentified REE minerdh allanite is F-bear-
BSE image) elongate grains within a patchily zonedhg (3.4 wt%) and contains 55 wt. BREEO; (Table 3,
strongly hydrothermally altered euhedral crystal odnal. 4). It is distinguished by high concentrations of Ca
allanite, which also contains inclusions of thorite tog8.2 wt% CaO) and, particularly, Th approaching 16.3
small to be analyzed (1+3n across). Itis located alongwt% ThG,. P, Si, Ti, U, Al, and Fe occur in concentra-
the internal growth-zones of the host allanite-poor tions of less than 1 wt%.
synchysitgCe) is hosted in biotite and constitutes an Thorian synchysit€Ce) associated with monazite
anhedral grain of about 50m in length and 2@um in  (Table 3, anal. 4-8) in sample TB-336-FT contains
width, which shows an amoeboid texture and evidenbetween 4.8 and 18.1 wt% ThO horium occupies up
of considerable corrosion. It contains many vacuolds 11.5 at.% of the cations (the minimum content of ce-
that are irregular in shape and typically less thamb rium amounts to 14 at.%), which justifies use of the
long. They likely represent more soluble areas withiname thorian synchysite-(Ce) according to the recom-
the mineral, and are not the result of plucking durinmmendations of the IMA. TheREE are present in con-
thin-section preparatioriThorian synchysitéCe) dis- centrations between 28.9 and 45.4 WiREE,O3. The
plays the same texture as the Th-poor synchysite-(Cepncentrations of Y pluslREEvary between 2.0 and
Textural relationships indicate that thorian synchysité.7 wt% of the oxides. TheREEHREEratio is high
(Ce) forms the breakdown product of thorian monazit€8—15). Ca constitutes the dominant divalent cation

(Ce), with which it is intimately intergrown. (16.8-18.3 wt% CaO). Fluorine concentration ranges
from 4.9 to 6.4 wt%. Systematically detected elements,
Chemical composition of the REE minerals which occur in concentrations less than 1 wt%, com-

prise P, Si, U, and Al.
Cerite-(Ce) in sample TB-334-F is strongly en- The amount of thorium is positively correlated
riched in theLREE and contains Y and tHdREEin  with that of Si (correlation coefficieR = 0.930), Ca
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Concentration ranges of REE in: ¢ cerite-(Ce), o thorian synchysite-(Ce), a synchysite-(Ce), e allanite-(Ce), 4 monazite-(Ce).
= ynidentified REE mineral; o whole-rock.

Fic. 2. Chondrite-normalizeREEpatterns of primary and second&Eminerals in granite samples FT-334—FT (a) and FT—
336-F (b) from Niederbobritzsch. Chondrite data were taken from Anders & Grevesse (1989).
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TABLE 3. CHEMICAL COMPOSITION OF SECONDARY REE MINERALS
FROM NIEDERBOBRITZSCH, GERMANY

Sample TB-334-FT TB-336-FT

Mineral cerite-(Ce) unident thorian synchysite-(Ce) synchysite-(Ce)
Anal. No 1 2 3 4 S % 6 6a 7 7a 88 8 9 9a 10 10a
P,O; (wt%) 0.01 0.00 0.02 021 0.06 0./ 024 0.5 028 0.7 025 0.6 005 0./ 0.00
Sio, 23.0 229 225 137 042 [0 048 1.2 082 23 095 26

TiO, 0.00 0.00 0.00 0.86

ThO, 0.00 0.00 0.00163 476 2.7 120 7./ 179 715 18.1 11.2 079 0.5 0.00
uo, 0.00 0.00 0.00 0.3 0.02 013 0.1 024 0.7 021 0.1 000 0.03
ALO, 275 298 240 06 022 0.7 029 0.9 0.6 0.5 015 0.5

Y,0, 0.00 0.00 0.00 0.03 3.25 43 191 26 L1l L7 110 1.6 204 2.7 113 15
La, 05 210 216 224 169 106 9.7 957 9.1 772 80 766 7.7 125 11.6 13.1 123
Ce, 0, 31.0 302 31.6 27.9 21.5 19.5 182 7.2 141 145 141 14.0 245 22.6 247 23.1
Pr,04 226 2.05 233 242 234 2.1 197 L9 169 L7 155 15 249 23 271 25
Nd, 0, 6.87 696 696 7.27 9.13 81 765 7.1 593 6.0 587 57 967 87 953 87
Sm,0, 022 023 0.18 0.36 188 16 136 1.2 087 0.8 095 0.9 154 1.3 152 13
Gd,0, 0.02 0.03 0.03 015 1.48 1.2 091 0.8 070 0.7 065 0.6 105 0.9 084 0.7
Th,0; 0.00 0.00 0.00 0.00 0.04 0.05 0.03 0.04 0.05 0.04
Dy,04 0.00 0.00 0.00 0.03 0.58 05 024 0.2 025 6./ 009 6./ 032 0.3 026 (.2
Ho,0, 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00
Er,O; 0.00 0.00 0.00 0.00 023 0.2 008 0./ 007 0./ 009 0.7 016 0./ 007 0.1
Yb,0, 0.00 0.00 0.00 0.00 0.07 0./ 0.02 0.01 0.02 0.08 0./ 002
L, 04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 7.78 7.65 6.91 823182 482 18.0 50.0 169 51/ 190 52.7 18.1 489 181 49.5
FeO 028 0.63 0.14 138

MgO 0.00 0.00 0.00

MnO 0.00 0.00 0.00

PbO 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.07 0.1 0.00 0.00

F 145 1.29 247 3.39 5.62 5.46 581 5.53 5.31 4.66
Total 96.0 96.1 96.8 86.2 780 76.3 722 73.1 76.4 74.6

blank: not analyzed. The proportion of cations (in atom percent) is given in italics in columns 5a, 6a, 7a, efc.

(R=0.878), and PR = 0.971), and shows negative cor- Discussion

relations with theLREE (R = —-0.980), Y plusHREE

(R=-0.971), and Y pluREE(R = —-0.988). These cor- Occurrence of secondary REE minerals

relations preclude a substitution of Th for the lantharin the Erzgebirge granites

ides according to the common mechanisnf; BhSi*

— REB* + PP* (huttonite substitution) and argue in- The presence of cerite-(Ce) and synchysite-(Ce) in

stead for the other mechanism*Th Ca&* — 2 REE*  the granite from Niederbobritzsch supports the idea that

(brabantite substitution). Charge balance can also becondaryREE minerals are more widespread in the

maintained by the reactions th+ P* — 3REE¥* and Variscan Erzgebirge granites than previously consid-

2 Th* + St — 4 REB". ered, and that a careful search in other granites of the
Synchysit€Ce) is poor in Th (0—0.8 wt% Thand region is warranted. Moreover, abundance of second-

contains between 49.5 and 53.2 WtREE,O3 and be- aryREEbearing phases demonstrates that, in part of the

tween 2.3 and 3.7 wt% (0; + HREEO3) (Table 3, granites, primary accessory phases such as monazite and

anal. 9-10). Thé. REEHREEratio is higher (14-22) xenotime became unstable during fluid—rock interaction

than in the Th-rich variety of the mineral. Other compaand underwent decomposition, with remobilization of

nents, in addition to Ca (17.9-19.8 wt% CaO) and the lanthanides and actinides into newly formed alter-

(3.3-5.3 wt%), are present in subordinate quantities. &tion minerals.

all analyses of synchysite, the ratio of @Gasusthe In addition to Niederbobritzsch, fluorocarbonates

other detected cations (in atom %) is close to 1:1, aad fluorides of th&EEwere recently noted from the

predicted from its ideal stoichiometry (see Table 3). following granites in the Erzgebirge (see Fig. 1):
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bastnésite-(Ce) as an alteration product of allanite-(Cefal (see below) rather than a single mineral species, this
in the Kirchberg granite (Forstet al 1998), fluocerite- material will not be discussed further in this paper. How-
(Ce) and bastnasite-(Ce) in fluorite from the Altenbergver, it appears worth tabulating the compositional data,
granite (Forsteet al. 1987), bastnasite-(Ce), synchysitefor the sake of future studies.

(Ce), and synchysite-(Y) in the granites from Cinovec/ In defining compositional ranges of the minerals
Zinnwald (Johan & Johan 1993, Forster, in prep.jtudied, one has to make sure that the measured con-
synchysite-(Ce) in microgranites from Gottesbergentrations refer to components of the structure and not
(Forster 1999), synchysite-(Ce) — synchysite-(Y) solitb analytical artefacts. The degree to which potential
solutions in the Markersbach granite (Forster, in prepgnalytical problems might have influenced the compo-
Moreover, the extremely raREEarsenate chernovite- sitional data presented herein will be discussed in the
(Y) presently was discovered in the granites frorfollowing section.

Altenberg (unpubl. data of the author) and Zinnwald

(Kempeet al 1999, unpubl. data of the author). Potential analytical problems
Overall chemical composition of cer(€e) Small grain-size, narrow zones of homogeneous
and synchysitéCe) composition, and a great number of holes [particularly

in the synchysite-(Ce) grains] pose a series of potential
Present knowledge on the compositional variabilitproblems to the electron-microprobe analyst. These tex-
of cerite-(Ce) is limited and confronted with seriousural features only allowed a maximum beam-size of 3
analytical difficulties. Its compositions were previously.m. A more defocused beam, however, would be re-
determined by wet-chemical analysis or spectrographieiired to minimize decomposition of the minerals,
methods on impure samples consisting of two ore monghich was a problem particularly for the synchysite-
complexly intergrown and finely disseminated minerglCe) minerals and cerite-(Ce). Mineral degradation is
phasesd.g, Goddard & Glass 1940, Hanson & Pearcene potential reason for the low totals and high appar-
1940, Moore & Shen 1983). From these analytical rent HO concentration in cerite-(Ce) compared to its
sults, chemical compositions of cerite-(Ce) were olitheoretical composition. Furthermore, differential vola-
tained by subtraction of impurities and recalculation tility of elements under the electron beam may have
100%. Thus the mineral from Niederbobritzsch probzaused slight disturbances in the relative proportions
ably is the first grain of cerite-(Ce) analyzed by ele@mong the elements. The petrographic features de-
tron microprobe. scribed pose another problem in that elements from ad-
Compared to previous compositions of cerite-(Cgacent minerals may have been in the excitation volume
(given in parentheses) compiled by Glassl.(1958) of the electron beam. This circumstance can potentially
and given by Marchenko (1989), the mineral fronfead to compositions that represent a mixture of two (or
Niederbobritzsch (see Table 3) is slightly poordREE  more) phases. External compositional influences from
(ca. 65-71 Wt%REEQ3), but richer in Ca (3.0-5.8% the neighboring major silicates also may account for the
Ca0), Al (0.3-1.3% AIO3) and F (0.9-1.7%). With Siand Al contents measured in thorian synchysite-(Ce).
respect to the concentration of $j@is at the high end High contents of Si, Ti, Al, and Fe in the “unidentified”
of the known range of compositions (17.2—22.8 wt%)REE mineral in allanite-(Ce) are likely analytical
Although synchysite-(Ce) has been described froartefacts from the host mineral. Also, part of the Ca and
several occurrences, compositional data for that minertdeREEmay relate to the allanite host. Finally, although
surprisingly, are uncommon and incomplete. Completee homogeneity of the phases studied was routinely
electron-microprobe analyses of synchysite-(Ce) aohecked by thorough BSE imaging, the presence of
almost non-existente(g, Ngwenya 1994). Identifica- mineral inclusions on the submicrometer scale cannot
tion of that mineral is commonly based on opticabe totally excluded. Contamination by a small percent-
physical, and crystallographic properties or omage of &REEfluorocarbonate (? synchysite) also could
semiquantitative chemical analyses. The vast majorigxplain the slightly higher contents of Ca and F, the
of previously examined examples of synchysite-(Céypwer contents of thREEand the lower analytical total
contain Th in concentrations below 1 wt%. To myn the cerite-(Ce) relative to results of wet-chemical
knowledge, the highest Th content known to datanalyses for this mineral. Intimate admixture R&E
(1.6 wt% ThQ) was determined in a synchysite-(Cepearing phases (bastnasite, allanite, monazite, térne-
grain in a calcite carbonatite from Tundulu, Malawbohmite) and other minerals (fluorite, quartz) with
(Ngwenya 1994). cerite-(Ce) are almost universald, Goddard & Glass
Chemically, the unidentifieREEmineral in allanite- 1940, Hanson & Pearce 1940, Glastsal. 1958,
(Ce) does not resemble any known mineral. An analyfidarchenko 1989). All previously described examples
cal total of 86 wt% suggests that it is probably af cerite-(Ce) are fine-grained intergrowths or aggre-
fluorocarbonate or a F-bearing hydroxide. Because itgmtes of several minerals, and pure samples for chemi-
likely that the chemical data given in Table 3 refer to @al analyses have not yet been isolated. A better
fine-scale intergrowth or mixture of more than one mininderstanding of compositional variations in ttiREE



CERITE-(Ce) AND THORIAN SYNCHYSITE-(Ce) 75

silicate mineral must await additional electron-microinteraction of a F—~C@-Ca-bearing fluid, the Th-rich
probe work involving grains of larger size within amonazite-(Ce) grain was completely dissolved, and the
matrix that minimizes potential analytical problems. mobilized elements were trapped in thorian synchysite-
(Ce) immediately at the site of their release. Strong simi-
Conditions of mineral formation larities in the Th concentration and tR&EE patterns
(Fig. 2b) between the primary and secondBEmMIN-
Textural relationships suggest that both cerite-(Cedrals suggest alteration under nearly closed-system con-
synchysite-(Ce), and the unidentifi®EE phase are ditions, as also does the presence of Si and P in thorian
secondary minerals and of postmagmatic origin. synchysite-(Ce). Additional phosphorus, not incorpo-
The F-rich nature and the high content of Ca imted into the structure of thorian synchysite-(Ce), is
cerite-(Ce) in sample TB-334-F imply that the mineralikely consumed in the formation of secondary apatite,
crystallized from a + and C&*-bearing aqueous solu- which is observed in the vicinity of the alteration as-
tion under conditions of low activity of G&. Given semblage.
the apparent lack of Cakn the vicinity of theREE Th-poor synchysité€e) is not associated with any
mineral, the concentrations of F and Ca, however, wepetential precursor mineral. It may have originated from
apparently below the saturation levels for fluorite. Thbreakdown of Th-poor monazite which, however, is rare
presence of fluorine in the fluid may be attributed to thie the granite. Incomplete dissolution of Th-rich mona-
replacement of biotite by chlorite. The absence of otheite, resulting in preferential loss of th&kREE to a
primary or secondafEEminerals in the neighborhood F—-CO,—Ca-bearing solution, is another plausible
of cerite-(Ce) limits identification of the sources of thenechanism that may account for the Th-poor second-
LREE Nevertheless, theREE and Ca in cerite-(Ce) ary REEmineral.
may be liberated either during alteration of allanite-(Ce) The crystallization of synchysite-(Ce), Ca-rich
(e.g, Table 2, anal. 1) or breakdown of earlier-formederite-(Ce), and the unidentified Ca-bearRigE min-
LREEfluorocarbonates. The albitization of plagioclaseral suggests that the fluids from which they precipi-
may have further contributed to the Ca budget of thiated were enriched in €a Depletion of Ca from the
fluid. If allanite is considered as the source oftREE  parent fluid would have resulted in the formation of
and Ca, which may also explain the Al enrichment iparisite and, finally, bastnésite, which are poorer in Ca
cerite- (Ce), strong fractionation of thREEandHREE  but apparently absent at Niederbobritzsch. The forma-
during alteration must have occurred, as implied by thi®on of fluorocarbonates and F-bearing cerite-(Ce) also
contrastingREE patterns of both minerals (Fig. 2a).attests to an overall F-rich composition of the solutions.
Late-stage thoriteg(g., Table 3, anal. 2) and zircon Thermodynamic calculations have demonstrated that
(Table 3, anal. 5) constitute potential hosts oHREE ~ fluoride or mixed carbonate—fluoride complexes can
Y, and Th released during alteration of allanite-(Ce) baiominateREE speciation €.g, Wood 1990a, b). The
not fixed in cerite-(Ce) because of its affinity to thescarcity of the secondary F-bearREEminerals in the
LREE Niederbobritzsch granites, however, implies that a high
The crystallization sequence of cerite-(Ce) and ttmncentration of fluorine was probably achieved only
secondanREEfluorocarbonate(?) in allanite cannot bdocally (close to zones of chloritization of biotite) and is
established from paragenetic relationships. Howeverot necessarily a component of the composite fluid per-
the occurrence of cerite-(Ce) as a fracture-controllenblating through the granitic rock. The occurrence of
mineral may suggest that it postdates the formation BEE fluorocarbonates in the F-poor Niederbobritzsch
the other phase. In this situation, unknown fluorcand Kirchberg biotite granites indicates that their for-
carbonates [? synchysite-(Ce)] witREE abundances mation was not restricted to F-rich granites, such as
similar to theREE phase in allanite (Fig. 2a) would bethose from Altenberg, Zinnwald, Markersbach, and
another favorable precursor mineral for cerite-(Ce). Gottesberg in the Erzgebirge.
Formation of theunidentified Th-rich REE fluoro-
carbonatg?) is undoubtedly related to the destabilizaMobility of the REE and Th during fluid—rock
tion of allanite-(Ce) during interaction with a fluidinteraction
phase, which added F and £&hd removed theREE
Th, and probably also Ca from the allanite structure. The occurrence of secondaREE minerals in the
Relative to the abundances in the precursor allanite, tNeederbobritzsch granite is consistent with evidence
newly formed alteration mineral has concentrated thiedicating that the(REE and Th can be mobile during
LREE whereas the origindiREE concentrations re- alteration of granitic rockse(g, Exley 1980, Cathe-
mained nearly unchanged (see Fig. 2a). This hypothekieau 1987, Waret al 1992, Irber 1999). The appar-
suggests that tHeREEwere mobilized more effectively ent close spatial association of thorian synchysite-(Ce)
than theHREE with its source phase, thorian monazite-(Ce), however,
The intimate association dforian synchysit€€e) suggests that Th was less mobile tharL fREE which
with thorian monazite-(Ce) supports the proposal thatay be transported away over longer distances. The lim-
the former is a replacement product of the latter. Duririted solubility of Th relative to theREEis apparently
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not a special feature of the Niederbobritzsch granite aatl compositional variability. The relatively high con-
is more the rule, in general, given the widespread ocentrations of Al in cerite-(Ce) may indicate solid solu-
currence of secondary thorite in altered allanétg( tion toward térnebohmite, idealREBAI(OH)[SIO4],
Littlejohn 1981, Buda & Nagy 1995) and thorite inclu{Shen & Moore 1982). Enrichment of fluorine is com-
sions in altered zircon (Rubeét al. 1989). Insignificant patible with suggestions dfloore & Shen (1983) on
mobility of Th also is demonstrated by the presence, the occurrence of an F-analogue of cerite-(Ce). The
the same monazite crystal, of altered parts richer in Temonstrated ability of synchysite-(Ce) to incorporate
than unaltered parts, indicating that the newly formetigh concentrations of Th supports the suggestion that
monazite can effectively take up Th removed durinip the case of an even higher activity of Th in the fluid,
fluid—rock interaction (Poitrassat al 1996). Although a fluorocarbonate of the composition synchysite-(Th)
Th-rich monazite generally appears to be more stabtey potentially be formed. Within the bastnasite-group
than Th-poor monazite, it also may be the subject afinerals, the existence of thorian bastnésite as a replace-
dissolution, as demonstrated in this paper. ment product of ferrian thorite has already been docu-
The chondrite-normalize®EE patterns of the mented (Pavlenket al. 1965).
Niederbobritzsch granites, which contain the secondary Synchysite has been demonstrated previously to rep-
LREE minerals, are regular (see Fig. 2). Furthermoregsent a breakdown product of allanite (Littlejohn 1981)
no visible disturbances (enrichment or depletion) in thend apatite (Hogartét al. 1985). However, the occur-
bulk-rockREE Y, and Th budgets could be recognizedence of thorian synchysite-(Ce) in the Niederbobritzsch
(see Table 1). Consequently, these elements were gadnite implies that synchysite also can be formed as a
mobilized over distances exceeding several decimeteeplacement mineral of monazite. Alteration of mona-
or meters, but likely over distances of a few millimetersite into parisittREECa(CQ)sF,, and secondary apa-
or centimeters only (less than the size of the samplé® is known from the granites of Xihuashan, China
crushed for bulk-rock analysis). This is in agreemeriMaruéjol et al. 1990). Replacement of monazite by
with previous observations indicating that the wholebastnasite has been described in “amazonite”-bearing
rock abundances of tHREE (except of Eu), Y, and Th granitic pegmatites of the Kola Peninsula, Russia
in metaluminous and peraluminous I- and S-type gréBelolipetskii & Voloshin 1996).
nitic rocks are barely affected, even under the condi- Although well demonstrated in laboratory experi-
tions of strong, fluid-induced alteratioa.¢, Balletal ments €.g, Litvina et al. 1996, Yaita & Tachimori
1985, Warcet al 1992, Poitrassoet al. 1996). Mobili- 1996), the significance of the lanthanide tetrad effect in
zation and transport of tHeEREE over only a fewum geochemistry is not universally acceptesld,
during alteration of britholite-(Ce) and redeposition intdlcLennan 1994, Pan 1997). Therefore, it remains ques-
bastnasite-(Ce) also have been recognized in volcaticnable whether the mere absence of a tetrad effect
rocks from the Vico volcanic center, Latium, Italy (Dellanecessarily indicates the absence of signifidRBE
Venturaet al. 1999). transport. The lanthanide tetrad effect is a characteristic
Similarities among the secondaREE phases and feature of many Erzgebirge granite intrusioesg(,
their precursor minerals with respect to the shape Gbcherieet al 1991, Bau 1996, Irber 1999, Fors&tr
chondrite-normalizelREEpatterns and the absence o&l. 1999), but these are more highly evolved, richer in
any discontinuities at La and Nd may also suggest thfatorine, and more intensively altered than the granite
the LREEin the granites studied did not migrate ovefrom Niederbobritzsch. In these more highly evolved
great distances. It is commonly expected that an aqueeks, fractionatedREE patterns are confined to late-
ous fluid that mobilizes the rare earths from a parentystallized primary and secondary accessory minerals,
mineral will initially display REE patterns similar to including monazite (Forster 1998a), xenotime (Forster
those of the source, as will a secondary mineral precidi998b), and thorite (Forster 1998c).
tated from that fluid. However, with increasing distance Finally, the lack of significant transport of tREE,
from the source, thREEIn the fluid will progressively Y, and Th indicates that these elements can be used with
fractionate, primarily because the solubilities of the larsome confidence in modeling the magmatic evolution
thanide species are unlikely to all be the same. Fraaf-the Niederbobritzsch granite and probably many com-
tionated REE patterns are attributed to chemicapositionally similar igneous rocks elsewhere.
complexation in aqueous fluids rich in potential ligands
such as F and CBau 1996). Irregular, curveeEE ACKNOWLEDGEMENTS
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