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CADBSTRACT

A systematic sludy using scanning eleciron microscopy, ¥-ray mupy and electron
microprobe analysss was carried out on urandain miinerals, such ag uraninite, coffimitz,
‘galeeite, meta-saleeite, thorite and (J-bearing minerals (xenotime, monazite, apatile,
zircon) from unaltered and altered Variscan peraluminous sranites and related
hydrothermal brecciated urasinmegearlz veins in order o stody the release, migratior,
sarption and (relprecipitation of U during alteration under oxidizing conditions. Uraninile
is magmatic and occurs mainly in the unaltered granite, is rare in the altered gramite and
was nol [ound i tho mineralized guartz veins. Ureninite from ths altered gramis s
fractared and hydrated, bas the radicactive damage hufos filled with late pyrite, TI-5-
bearing phases and Fe oxyhydroxides and iS5 analytical totals are lower than in the
uraninile from the unaltered sranite. The alteration zones und crystal rims are poorer mlJ
(86.7 w34 U0Oy) than the cores and unaltered zones (). 2 wit % U05) and sooe uraniite -
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crvstals are ~oplzced by coffinite, which rasulls from uraninita aiteration. Tae L contents
in eollinite crystuls rangs between 63.0 wt% UO: in the ring o $4.0 wi ¥ B0, m the
cores of crystals. Thorire wes found iu al the gran‘lc samples and i CORpreition 1
variable from 0.3 to 104 wt % U0, Some thorite seems to De primury, whereas the other
is related Lo the graniw alteration and replaces apatite and mondcite, s assouiated with
xenotime, and fills fractures of sevaral minemals. T Lhe altered granile, thorite has low
Uik, contents (046 wt. %} in [ractared crystal zomes. Monazize [rorn the altered pranite
has a pervasive porosily and some cryslals wers Formad by alleration of apalie, and are
fraquently replaced by thorite. Monazite and xemetime Ton aliered pravite and
hudrothermal veing have lywer U contents than these tninsrals from unaltersd granile. In
the zltored granitz, Renotime cryslals are zomed, with cores richer in 1 than the rims.
Anatte from the altered wranite is fractured, shows d'ssolution amd Ias lower U and I
coaients than apasite frum unaliersd granite. In quattz veins, apatie crystals are replaced
by uwranium phosphates and have high [ coarenis i~1.1 wt.% 17). In guarle veins,
siccen fAms have an exsraordinary U enrichment (up to 13 wt% UGy The mest alterad
“ims of chlosite and unatase from quartz veins are partially replaced by U-bearing Fe
oxvhydroxides, vontaining up te 3.7 wite UG, Meteoric waler wanped by deep
cirevlation through pranite faults, shear zones end (uart?. voins becgme enriched m U, P
and Mg due to the solubilisation of mauinly uraninite, cotfinite, thorite and monazite,
apatite, ehlorite. Uranium from these salutons was later adsorbed on Fe oxyhydroxides,
weathered surlaces of anatase, mireen and apatite, or precipitated as salecits and melu-
saleeie at the surlice of Fe minerals and at apatle weathered surface duc to local
saturarion, :

INTRODUCTLION

Uranium is a stuctural constituent in nearly two undred mineral species (TLETSCHER
AND MANDARING 1995} and more than iwo hundred valid wramivim-hearing mineral phases
were compilated by SMITII (1584). They are interesting as an epergy resowrce and play @ tote
in envirurmental problems assacizted with the disposal of radivactive waste materials, mining
conlamination and the remediation of comtarminawd sites. Therelore, the urunium minerals.
have been the subjects of an increase amount of atrention {BIURNS AND TrHCTI 19997,

Uraninjle is the most important uranium miceral i terms of abundance anid cconomic
value (FINCH and MURAKAMI 1929) and the principal cre mineral in the Porfugucss uranium
mineral deposits (COTFLO NEIVA 2003). [n general, it occurs in granites, pegmatites and
associated quartz veins. Uranigite is umstable in acid and oxidiving conditivms like those
found in acid hydrothermal and meteoric uids; it 1s easily dissolved ard probably the moest
mportan: source of dissolved U in groundwater emanating from weathered granite {errains <.
(BaSHaM 2t al. L9832, POUY cl al. 1886, CUNEY AND FRIEDRICH 1937, TISCIENLORF aND
FORSTER 1594, PLANT et al, 1999, FORSTER 1955, Hooor AN CTREY 2006). Other minerals
from tocks {c.g. thorite, huttonile, thoriamite, momavrite, titanite, xenotime, allanite, zircon)
host uraninm. and theic alteration by acid hydrothermal or weteoric fluids is alse a source af
disselved 1T in hydrothermal fluids or surtacs wacers and groundwater; maiy uTarium
deposits are derived from them {PLANT =t al. 1999, FORSTCR 1998, GamNES et al. 1997,
CABRAL PTHTO et al. 2008, HETHERNGTON AND HARLOY 2008).

The principal mechanistu of digsolution of U from minerats is oxidation. and the oxidant
is el { ARDELOUAS et al. 1999%, which is produeed by the oxidationt of pyrile, usually foumngd
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wsocinted with the urareum minerals. [he uranyl jon (L Oy 7y ard ils complexes are solunle
n water and can be transported over distances up to Kilometres. Changes in aqueouws
shemistry (pH, Eh. ionic noteacial), temperature, and pressurs Jead to the precipitation of new
wanium mincrals, such as urany] meyhydroxides. carbenales, silicates, phosphates, vanadates,
nolvbdates, arsenates, ele. (KOTZRR and KysFR 1993, (GAMNTS et el. 1947, TIMCT1 and
WMURAKAML 1999, MURIHY and SHOCK 1999, CaBRAlL PO ot al. 2008) Uranyl lon can
sisy be zorbed onle Te cxvhydroxides (TRIPARTHT 1983, HET AND L AMGMITIE, [9R3,
VURAKAMI et al. 1997, LOTILAMOSER AND ASHLEY 2003). Under reducing conditions Ut
wecipitates as an insoluble 0y, phase.

Uraninm miperalizetons are widespread in Cengral Pormugsl and some of them have been
axploiteit, wiith interraprions, until the cighties, but nowadays the production is stopped.
Although the uraniwm mines are of small size, the Porfuguese yramium resources made
Portugal the third or furth couatry with major resources in the Ogcidental Lurope (MATOS
Dias 1982}, The Portuguesc uranium deposits are mostly uragium-guartz veins related to
uraniim-bearing Variscan granites, which cut the granites and their confact metamorphic
avreole. The structural eontral of the mvineralizations is of extreme importance and locally the
epithermal wranium mineralization overlays a sulphide mesothermal mineralization or @
cassiterite-wolfrumite hyoothermal mineralization (COTELD NEIVA 2005, CABRAL PINTO et al.
2(0E}. '

There are verious generations of uraninitz in the Portnguese uranium depasits, Coffiniwe
is a reduced U-mineral contemporanecus with the last generation of waninite (COTRLO NEIYA
2003). The Portupuess wranium deposits alse contain U mineral species like oxides,
phosphates, silicates, sulphales and arsenates {PAGEL 198), COTELD NEWA 2003, CABRAT.
PINTO et ul, 2008}

The abandoned Vals de Abrutiga uranium mine, located in Central Porsugal close to a
Variscan perclominous biotite granite, is an vraninm phosphate mine, which was gxploited
until 1989, The pranite has a mean of 10 ppm U, presents hydrothermal ahteration and is the
tnost probahly sowrce of U (CATRAL PINTO et al. 2008}, The granite contains vraninitc and
tharite, whila coffinite is afso present in the hydrothermally altered granite, These minerals do
not veewr in the minerlized quartz veins. The ore mineral is saleeite, meta-saleeite and cther
U-phosphate phases, with similar compaositions to saleeite but with differert 1L.Cr
soncantrations, which occur as agurepaies of Tamellar crystals in millimetre-sized veins.

The petrography and geochemistry of U-bearing minerals and phases frome Wale de
Abratiga uranium mine were already given (CABRAT. PINTO and SILva 2007, CABRAL TINTO
et af. 2008). The contaminarion assoviated with this wranium deposit was studied (PINTO et al.
2{My4). Besides uraninite, coffinite, thorite, some uraniwm-bearing minerals and mineral
phases also occur in the graniie and in the mineralized quart veins, A systematic study using
scanning electron microscopy, and obtaining X-ray maps and many new slectron micraprihs
analyses of the yraniwm riinerals (uraninite, coffinite, thorite, saleeite, meta-salesite) and
uranium-bearing mincrals (xenotime, monazile, apatite, Zrcon, chlarite and anatase) is new
presented. The swmples are from the voaltered biatite gramitr, hydrothemal by altered biotite
granite and related hydrothermally uranium quarlz veins. This study pretends to understand
the release of U from minerals in the granite, jts migration within the hydrothermal Huids,
sorpticn and {reiprecipitation in the mineralized quartz veins, under oxidizing conditions.
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GEQOLOGICAL SETTING

The coarse- 10 very cearse-grained aorphyritic biotite Variscan granite (308411 Ma,
BILva et al 2000 is lecat] in central Portugal ard forms The border of the Beiras bathol il
The granitic magina intruded the Cambrian Beira schistrnelagray wake comples {Figurae 17,
which consists of chlorite phyliite with intercalations of metagraywake, melasandsione and
metacanglomerates and minor thin markle and dolomitic marbla beds. The intrusion prodused
an cuter some of contact mesamorphism, consisling of mica schist, and an inoer zone of
discominuous hornfels contact metamorphic surenle. Close to the contact, the granite shows a
prana-lincar fabric due "o the N-8 (o 10°E oriertation of feidspar pherocrysts caused by
magmatic i, NE-5W and alse some NW-SE aplie, ﬂphlf.—:—peg]]]ﬂtl‘tﬂ and permmalite veimns
and numerous quartz veins cut the granite.

The hotite granite iz peraluminous and coutaing foldspar phenccryats o average of
2x 5 cm, bul teach 10 x 13 ern and have euhedral, 1 % 1.5 cm, presnish blas cordierite, which
5 abundant close to the contact with the country rock. The gramite also contains
microgranular enclaves and xenoliths. The granlte is hyvdrothermally altesed if affected by
faults and shear zones, and the aitercd zone is locally very decp.

=z Frobable fauli 5 Vaie de Abrutiga Uranium Wine BAMondego river s=3Rosd
-~ Metamorphic contact aureale FEMeso-conozoic deposite L Faults nnd quartz veins
i1 Cambyrian whlst—mutaﬁ'ra‘ywal-z complex b7 Ordovician P¥{Variscan granitc

Figure 1. Lovation and geolagical map of the Variscen granite 2nd refate ] mmr.mhzed tydrathermal
guartz veins. Wodified fom Cabral Pinto et al. (2008),

The uranitm quartz veins cut the country phyllites, are thin, brecciated, ali gned along the
N43"W direction, which is the orientation of phyllite Mux claavage and contact granite--
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sounry rock. They Gl okl NW-SE s (Figure 1) The U-mineralization comsisls ol
secondary U-phosphates, mainly sulecile and meta-salesite, oeeurs in the interception of this
Fault system with late N1C-23°W faults, but also ocowrs disseminated in ihe phyliite at ven
wuliz. The spithermal uranium mineralization of quartz veins overleys o hydrothermal
wallranite-sulplide mineralization and the paragenetic sequence is given by CADRAL PIvIO
et al. (200K, '

The anandoned vale de Abrmipn uranium mine is Jocated in the phyllites, close to the
orarite (Figere 1) It produced u iotal of 93,323 kg UsOs, wilh w grade of 1kg UsOston and
operated from 1982 until 1989, with an interTupticm from 1983 1o {984 (ENLUY The
mireralization was dissem’zated from surface W about 50 m, and the exploration wus an open

pit.

ANALYTICAL METHODS

The unaltered granite was collected in quarries, et ydrothermally altered pranite was
obtained from altered areas. Samples from the mineralized quartz veins were collected ie drill
cores, provided by the National Uranium Enterprise (ENLD.

The miremlogical characteristics were examined using reflecied and ransmitted light
mictoscopy, secondary clectron imaging {SE), and backseattered cleetron imaging (BRI}, in
an clectron microprobe. The eleciron microprobe analysis were performad en polished thon
sections using two electien-microprobus, a JEOL IXB600 at the Department of Earth
Suiences, University of Bristol, UK., and a JEOL 8500-F, at LNEG, 5. Mameds de nfeata,
Portugal. The operating conditions for the JEOQL JX86(0 are Eiven in CABEAT. PINTO et al.
(A00R). The quantitative analysis and X-ray dat maps performed with the JEOT. B500-F were
obtained with the five wavelength Spectrometers installed, Operazing conditions were 20 kKV
acceleraling voltage and 100 aA current, Beam diameter was kept at 1 pun, Counting times
varied between 20 s for F, 8i, Fe, P, AL, Ca and 60 s for Ce, La, HF, Zr, Pb, Dy, Pr, Nd, Y, He,
Er, Sn1, Lu, Gd, ¥b, Th and U n order to improve statistics and count rates. Detz:tion limits
obtained for REE elements range between 124 ppm and 232 ppm. The glements, standards
and lipes uscd are: Si (FeaAkS8is0: ), Dy (DyPsO, bo): Fe (Fea0s, Ea); F{CaF, Kak P
(Cas(POL)F, Kaj 1IF (HF, La) Pb (PbS, La); Al (AhOy, Ka): Ca (Cas(PO::F, Ke); Pr
(PrPs0y4, LRY Ce (CelsOya, Lay Ti (TiO;, Ka): M (NdPsCha, Loy La (LaPsOqa, Lok Y
(YAG, Lae); Ao (Ho POy, La); Th {ThOy, Mix); Er (ErPsOns, Log: U (U0, MBY 3m
{SmPy0y4, Ty Zr (Zr5i0., La); 1u (LuP:0a, Lﬂi.};. Gid (GdPs0hg, L), ¥ (YDRP5O, La).
‘I'he concentradons of Dy, Hf, Pr, Nd, Ho, Er, Sm, Ly, Gd and Yb were analysed wusing a
LiFH crysial, mowned is a spectromester which wses a smaller diameter Rovwland Cirele
aliowing higher coun: rates although poorer resolution of wavelength. Th, Tm and Eu were
not measured with this microprobe. Data reduction was made by the use of Armsirang
micthod, wiich equizs Jeol micrupeobes. X-ray lings and backyround offsers were carefully
selected in erder to minimize interferences and also necessary corrections. Overlapping peaks
and hackgrounds wore identified after individual wavelength spectral scans on standards aund
spacimens. [he percentage of overlap was first determined by the calculation Toitine
perturmed by the machine on the chosen standards. The interference of ThMBE on LMo and
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TMooon Pb M3 were eliminated oy the use of Thiie UMB and PhLo. Also “he interferense
of Lal.B in Pr Lo was eliminated by the use of Prip. '

PETROGRAPHY
CGranite

The maltered porphyritic, biotite Variscan gracite contains guarts, microperthitic
wmicrocling, plagioclwse, biotike, cordicrite, rare priciary mwscovite, tourmaline, apatibe,
Fircon, mwnugte, xenotime, uraninite, thorile, fuorite, ilmenite, mitile, p}rrité and rare native
gold and silver. It contains phenocerysts of microperthitic mizrocline and andesine-oli oclase
(BILVA AN MEIVA, 199%/20007. The altered biudie granitc comtains the sams mincrals and
also has sueondary muscovite, chlorite, titanite, calcite, very rave epidute, allanite, cottinite,
thorile and monaxita. '

(ruartz is anhedral, with slight undulatory extinetion and comtains inclusions of feldspars, .

micas, monasite, xenotime, uraninite, coffinits, thorite, rutile and pyrite (Fleure 2a, b). There
are several generations of quartz. Quartz from altered granite is strougly fractured and
frequently fllled by alteration minerals (Figure 2b).

‘Fhe petrography and chemistry of the major reck-forming minerals in tle umaltered
biotile granite {s presented in SILva AND NEIVA (1999/2000) and SILva ct al. (2000},

Plagiowluse has nelusions of biotita, muscovite, zircon, monazite, ilmenite, pyrile, wraninits,

aird thodie (Figure 2. In the altered granite, both teldspars are vacaolated, fractured (Figure
2d), altered 1o secondary musciovile, und plagioctase is also altered 1o caleste. '

Biptite eontains inclusions of zircon, apatile, monazite, xenotime, ilmenite, pyrite,
uraninite and therite (Figure 2 e-h). loeally biotite occurs intcrerowth with iy

museovite. in the altered granits, biotite is altered to chiozite. Titanite oocurs related with this

chforitization. Primary muscovite is subbedsel and much [ess abundant than biotike,
Museovite contains quarly, zircon, apatile, monazite and xenotime mclugions. Cordiaeite is
suhedral and generally do not contain inclusions in the unaltered granite. In the altered

granile, cordierite is altercd to » mixfre of secondary muscovite and vhlorite,

Tourmaline reptaces feldspars und micas; is euhedral to anhedral, pleochroic from @-
pale yellow to &- greenish yellow. The euhedral crvstals are slightly zomed with a green rim i

and a light bluish preem core. Crystal's dimensions are in average 0.5 mm x 3 mm and |ocally
_show zircem inclusions. _ .
Uraninite ocenrs in the unaltercd and altered granites, bt it is rare in the altered Eranite.
Uraninite crysials are small (5-10 pn) and oceur enclosed in quartz, “eldspar, micas, fimenite,
chlorite and apatite (Figure 2a, d, h). Uraninite iz commonly asscctated with pyrite, wizcon
and manaxite and produced radicactive damage halos. Eubedral crystals are restricled to the
unatterec granite and searly homogeneous uraninite largely predeminates over zoned prains;
back-scattered eleclron imaging did not reveal zonation (Figure Zh). In the altered granite,
uraninite is fracturzd and vacuolated (Figure 2i-k) and the radicactive damage halos are filled
with late pyrile, U-S-besring phases and Fc uxyvhydroxides {Figure Zk-m).
Coffnit: occurs in the alzered granite, cnelesad in quartz. CoMfinite crystals are anhedml
tn sibhedral and have dimensions of 40 pum x 50 pm. Crystals are coroded and vacualaed; a
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compositional belcrogenely core-rim within single crystals i3 clearly visible under
nackscalterad electron (MSE)Y imaging (Figure 2n) and X-ray element mapping, where the
altered rima of the crystais are relatively darker than unaltercd arcas. Some coffinite grains
renlace wraminite arystals (Figare 2i)
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Figure 7. Backscattered images of minerals from the Variscan granize and related mincrabizes '

- hydrotiermal quarts veins, Central Portugal. Symbaels: Al allanite, Ap: aparite, B: biotite. {Ca: calcite, | |
Cls chinie, Colt coffinite, Ep: epidote, Fu: Fe oxyhydroxides, Fe-1 U-bearing Fe oxyhydroxides, TK: i

K -feldgpar, il: ilmenite, M: muscevite, Mon: menazize, Py: pyrite, Pl: plagioclase, Ph: Pb oxide, Ck
quartz, 5; saleeize, meta-salecjie and Fa-salesite, Th: thorite, U: srapinite, 1-7e-poase: U-T'e beuring
phases, Xz xenatime, Z: zircun. (Continued on fllowing pages)
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Figure 2 - continuation.
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Figun: 2 — continuation.

Phatographies from the Varisgan allered grunite {photography () is from the unalicred granite):

(a)  Cryvstal of uraninite (L)) enclosed in quartz {() wrain, with the radioactve darnage #one filled with
pyrite (P¥). '

(hy — Subliecral erystal of thorite (Th) with the radipactive damaws zone [ilied with kate pyriic (Py)
Thorate is enclosed in fractured quartz (Q)) graing. )

fo1 Fractured crystal of apatite (A p}, replaced by wherite (Th}, enclosed in plagioclass (P1.

iy — smalt crysmal of waminiie (L) enclosed in ihmenite (il), which is enclosed In vacuolated plagioc|ase

P .

' {&1 - Anrhedral crystal of thorile (Th) rimmed by pyrite (Py} and in contact with chlente (CX).

) — nopazite (Mon) mmmed by tharite { 1), which is immed by pyrite [Py}, Monazite 15 associated
with Zircon (7, which is also in contace with thorite. Minerals are enclased n biotite [B).

(=) - Apatitc (Ap). replaced by monazite {Mon), which is replaced by thotite (Th}, enclosed in biole
(B}, and chloritized (Ch) biotite (B ' '

(h) — Smeall erysmal of uraninite (L) enclosed in biotite (B] in (he unaitered graniic.

() — Fractured and zoned crestal of uraninite (1) eoclosed in chiorite (C1).

(1 — Crystal of uraninite {17} enclosed in fractured quartz ( Q).
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(¥ — Fractired arystal of uwraginite (U] enclosed In quarle () grau, wit Lhe radicactive Janage 2one
Bllel witk pyrife (Py),
i1 — Crystal of wraninite (L, rimmed by 2 radioactive darmage halio Alled with 11-T =-S-hearmgr phases
{U-Le-ohasesy and pyrite [Py, soclosed in quartz {£3).
imy  Crystal of wraninits (L), rimmed by a radioactive damaps zane fillad with L-Fe-hearing phases
(LI-Fe-abanses) and pyrite [Py, enclosed i goartz {07,
(n) - Comroded crystal of coffinite (Col) enclosed in fractured gquarls {Q), associalud mLh dn Pb oxide.
{0} Anhecral crvstal of thorite i Th cutting chlorte {C1) and muscovite (V).
{p) — Aphedral orystal of thorite (Th) associated with zircon (Zr), both enclosed in vacualated
magioclase {1'1). '
{9) - Practured crystal of monazite (Moz), ra.,placr:d ki thoele (10 and wenotims %3], enclosed in
chiloritesed (Ol hiocte (13).
{ry — Reduction of the photography (q): fractured crysmal of monazits (MMon), replaced by thorile (Th)
' " and xenotime ($lc), cncloscd n chlorweed {CI) bintite {B), which is in contact with quartz {Q).
{91 — Fractured crystal of apatite (Ap), replaced by therite {Th) which = atted by ilmenite (11},
enclosed in fractured quartz {0, and in contact with chloriwe (CL).
{ty — Fracred erystal of apatite (&p}, replaced by monarite (Mon), which is replaced b}- thorste (Th},
enclosed in biotita (8.

{u) — Reduction of the phatography (1): fractured crystsl of apatite (4p), replaced by mona?]tc: (hiom],

which is replaced hy thorite £h), enelesed in bictile (B}, which is in cotiact with muscovite.

(v} — Fractured crystal of apatite {Ap), replaced by monazile (Muw), whicl is replaced by thorite ("ﬂ'l-:i.

ricumed by ilmenite (1),

{w . Fraeturad orystal of maonazite (Mon) replaced by thorite {Th), encloss n chilorite (Cl).

{3 — Fraciured crystal of apaiite {Ap), teplaced by monﬂzlt-s (ion), which is replaced by taarite (Th,
enclased in chiorite (CI).

(v} -~ Zoned eryaial of zieeon (Zr), enclosed in guartz ({F).

{2} — Fractured cryvstal of apatite {Ap), enclosed in chlorite (CI), replaced By thorite (Th) in association -

with {lmenibes (il). The apalibe cryslal 1s ioined by cdleite {Ca).
{a) — Fractured crvetal of xemotime (Xe).

{ab) — Reduction of the photography (az): Fractured crystal of xenotime (¥e), cut by zircon, and cutting '

bictite |B) end plagioclass (P1).

(ac) ~ Crystal of Blolite (B). enclused in guactz (). with the rims replaced by allanite (Al) associated 0

with epidete (Ep) and chlorie (C1). Xenorime (Ke} and groon (1) are enclosod in biotite, and
ilmenite (i} rims the biotite crystal.
Photagraphies fromr the velated hydrothermal minerzlized quartz veins:
{ad) — Uraniun phosplioles (3) replocine apatite (Ap), flling quartz () Fractures,
" fae) — Urasders phosphates {5) and pyrite (Py) Slhng quearts () fractuees.
(af) — Urnivm phespiates (3, filling fracoures in the mineralized quurl.ﬁ (0 veins, wisociated with TT-rich Fe
’ cawhydroxides {Fe-L1) and pyrite {1y,
(g} — Chlorite 1C1] weatkersd o Fe oxyhydroxides (Fed.

Thorite was found in all granite samples, however it oocurs mainly in the altered pranite.
H occurs typically as small (5-8 um) crystals; most of them are anhedral to subbedral (Figure

Zb, ¢, e, ¥), some graing are sirongly zoped (Figure 2o), and the wi-hin-grain composilional

varigabiiiiy is iarge. 1t is usually hosted o mdjor minerals of the grenite, including guartz,
biotite, museuvite, chlorite, apatite, plagioclase (Figure 2b, ¢, locally associated with sircon
(Figure 2p), end focully culs chlosite and muscovite (Figure 2o}, In the altered granite, thorite
fills fractures of other mincrals, such as apatite, mopazite and bistite (Figure 23-%). mainly in
iheir rims (Figure 2z, g, 1, v} and scems to replace monazite along fractures, associated with
xenatime (Flgure 29
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Ziroon is zomed 10 the granite and saclosed in biotite and spatite end have inclusions of
guartz, It ig light brown to colourliss, prescnts a wery weak pleochroism, and is mainly
ezhedral and subhedral {Figure 2v), with varianle dimensions, o 10 um x 10 wm to 40 pm
x T pm. Apatite is suhwecral and sabhedral. s cryetals are fregquently Imelured and have
variabe dimensions, from 200 pm x 300 pun o 20 pio x 30 . 1 occues mainly enclosed in
iotite and plagioclasz {Figwe 2e, u) and contains inclusions of zircon and uraninite. In the
allored aranite, crystals of apatite have 2 parvasive porosity, indivaling disselution of apatite

with ™e formatior. of calcile (Figure 22). It is also bighly fracturated and is replaced by -

menazite and hodte (Figura 22). Whers alteration 1s more extersive, apatite s pracucally
pseudomorphosad by thorie.

Kenotime occurs as ehedral, roned, fractured erystals (- 10 pm x 12 wm}), enclozed in
guartz apd muscovite, associated with zircon (Figure Zaa, ab), and locally seerns 1o cut micas
and plagioclase (Figure 2ab). As relurred above it also ocowrs associated wilh tharite where it
is anhedral. Allenite ocours associated with epidote and chiloritized biotite (Figure Zau} n the
altered granite. The orystats are anhedral and are mostly 53 to 100 pun In size, rarely up to 150
LUITL. :

Ce-morazite is very light vellow, pressnts & very weak pleochroism, and commonly s
hasled in blatize and plagioclase. In general, it vecurs as subbedral crystals {(15pm x L5pm},
but in the altered gramite Ihe grains ([Spum x [Oum} are anhedral, corroded, fractured and
contain a scattering of holes or tiny inclusions of quartz. Locally It replaces apatite and is
replaced by thorite (Figure 21, u), which also eccurs atong its fractures. The altered monazite,
close (o the thorits, developed w high potosity and a distinct interfece ¢ould be observed
bepween the altered and the unattered zones in monasite (Figure 2q3.

MINERALIZED QUARTZ VEINS

The patrograpity and the paragenelic scquence of the minerahlized quariz vEina from the
Vale de Abrutiga were already published (CABRAL PINTO AND SILVA 2007, CABRAL PINTO et
al. 2008): so only & summary ol the petrographic characteristics of U-bearing minerals and
associated minerals is presented. The hydrothermal quartz veins are brecciated and composed
of quarkz, muscovits, chlorite, pyrite, apatite, He oxyhydroxides, saleeite, meta-salesite and
other U-phosphate phases, Their accessory minerals are monazile, zircon, xenotime, ferberite,
hithnerite, pyrrhotite, arsenopyrite, sphalerite and Ti oxides. The paragenetic sequenve has
three whases. The first phiase consists of silicates, phosphates, oxides and sulphides. Silicates
domirate in the second phase. The third phase comsists mainly of Fe-oxides and U-phosphates
that precipitated trom late supergenic solutions (CADRAL PINTO et al. 2008},

Quartz i3 anhedral and fractured, with muscovite, chlorite, pytite, Fe oxyhydroxides and
1.phosphares filling the fractures (Figure 2ad-ag). There are scveral generations of quartz.
. Xanoiime s rare, small and pecis betwesn, or enclosed in, the sceond and third genemiicns

of quartz or enclused in the U-phosphates, und is associated witk: zircon. There are also

sveral penerations of pyrile and the lase surrounds U-phosphates.

Zircon is anhedral to subhedral with dimensians bizger than in the granite (up to 50 pm X
120 pm? wnd s generaily enclosed n quartz. Zoned, dissolved and fractured zircon grains
were found and the fractures are flled with quarz and Fe oxyhydroxides. Apatite is rare,
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subhudral and is alweys dissolved and replaced by U-phosphates (Figure 2ad, ac). s
dimensions range from 10 um x 10 wm o 100 pm x 150 pm. Manazite oceurs enelosed in
P, muscovite, Fe oxvhydroxides and alse between quartz crvstals. It js anhedral, higger
than 1 the granite (average dimension s 23 un x 40um), [reguently dissalved and some of
its vacuoles are filled with quarlz,

Muscovite and chlorite also occur in several generations; locally they are imergrown,
surmitnded by Ubezaring Fe oxvhydroxides and in contact with saleeiie and meta-salesije,
Chlorite Is weathered to Te oxyhydroxides (Figure 2af). Ti oxidzs [anatase} are dark reddish
brown and the crystals are alten dissolvedl dmi vactolated and surrounded v uranium rich Fe
axyhydroxides.

Fe oxyhydroxides are abundant in the mincralized quartz veins. They are reddish brown
and reddish orange, often banded, lecally show colloidal lextures, fill [ractures and
microfrncturcs, surround the other crystals, vceur as masses, frequently replace muscovis,
chlerite, Ti oxides and are surroundad by urarium phosphates.

- Macroscopic crystals of U-phosphates oceur in the mineralizad quartz veins, and in the
adjacent phyllite, forming millimstre-sized veins and locally they cut pyrite. Salesite and
mwla-salesits wore not distinguished hy FDS at the SEM. They arce the last minerals, filling
microdtactures and the space between grain boundarics (Figure 2ag), have a yvellowish and
brownish volour, and oceur as aggregates of lamellar crverls, mostly in the range 3 um x 20
pm. they are often associated with pyrite, chlorite, swround the Fe-U oxyhydronides amd
replace U-rich aparnite,

CHEMCAL COMPOSITION OF U-MINERALS
AND U-BEARING MINERALS

Chemical analyses of uraninite are given in Table 1. The averase chemical formula of
uraninite from the unaltered granite is UpeaPbpasThe imFep o (Tzkle 1}, Thorium contents are
low, anc Pb is the second cation in wraninite {Table 1}. The waniniwe is poor In ¥ (mean

concentrations of 0.006 ap.f. .} and REE [mean concentrations of = 0002 apfu. LREE

(Ce+Pr+Me+Sm) and of =< (.00F a. p.fu. HREFE {Gd+Dv+H0+FrFYb+Lu}] Silicium and Al

wure Dresent with very fow conlents, of 0.007 ap.fu, and 0.002 apfu., ruspectively, (Tabla

1}, bur 81 reaches 0.023 aplu., and Al is up 0.012 a.p.fiL (CABRAL FINTO et al, 2008,
Caleum and Fe mean comwents are 0.004 ap.fu. and G.020 apfu, respectively. The
analytical 1-:}talq bave a tncan value of 98.84 wt.%. The crystals have rims richer in U and
poorer in Th than cores (Table 1. :

Tae  everage chemical formula of wraninile from  the  altercd granite  is
Uamew:ThﬂmFenm and the analytical totals range from 93.0 to 97.7 wi%% {T able 13
Generally, ke uraninite from the altered granite contains lowsr comcentrations of 1 than
uruninite 'fmm frush samples, ranging between 0.874 ané 0.926 a.p.fu. and with' & mean valus
of 0.903 apfu. The mzan concentrations of Ph and Ca are also slightly lower than in
unaltered yrasinite (Tabie 1),
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Uraniwn Mineral: from a Portupeese Variscan Peraluminous Granile. El

Tharicm (ol < 0031 apfad), ¥ {of < 00711 apfo), LREE {of < 0.002 aplw) und
FIRLEL fob = (1003 ap.fal) contents are similar in nraninite from unaliered granitc and sltersd
granite. Altered uraninite, from thz aliered granite, has higher mean 30, and F {0,023 and
{0,060 apto, respectively) concentratioms than umaltercd uraninite {0,007 ap.Zu. 31 and
0.017 a.p.fu I') Mean Fe concentralion of uraninite 35 Iower I the altered granite thas in the
mnaltered graaite (011 aad 0,020 ap fu., respectively). Therefore. in general uraninite from
the allered graute is poorer in U, Fe, Pb, Ca and richer in 5 and T. Locally, in the altered
sampies, uraninile is replaced by colfinite (Figurs 21) and it has lower Th and V and similar U
contents to uranimile from the allered samples {Table 1, analyses 1 and Z)

In spite of the smatl dimensions of uraninize grains, we can observe pattern zonings by X-
ray dot map obtained by lhe electron microprobe. Alered arcas of oraninite crystals are
relatively darker than unaltecred areas, which is due to & relatively lower U cortent. In the
altered granite, the uraninite graing have lower U contermis in the rims than in the cores and,
generadly, rims and alterstion zones are poorer in U, Th, Pb and Ce than cores (Table 1,
Figura 3a). - .

Representative dula for the chemical composition of coffinite from altered pranite are
given I Table 1. The chasacteristic- feature of this coffinite is relatively variable
concentrations of 51 (0.R24-1 01D apfu) and U (0R36-1.09% wp.fu). The ammmes ot s
rangs from below the Setection mit 1o {4131 ﬁ..j‘].i'.u. The colfinile 15 poorin Y, P, und REE,
particularly in HELL, with concemtrations of Y = 04129 aptn, P = GNT apfn,
(I.a+CetPr+MNd+5m) < 0,007 a.p.fu. and (GI+Dy+Ho+E-Ybh+Lu} < 0001 a.p.Cu. Thorium,
and Fb contents are low reaching 0.044 a.pdu. and 0.040 s p T, respactively. The analytical
totals range from 89.75 to 100.73 wt5, probably duc to differenr degrees of hydraration
(Table 1). ' .

Backseatlered claciton (BSE) inages and X-ray element maps show cleatly ditferences
hetween rim& and .corcs of coffinite, reflectivie an cnrichmenl in Th, Cu, Pb, Zfr and an
impoverishment n U in the crystal rims (Table I, Figure 3b). Coffinite intergrowths with
thorite were not [ound, bu somne culfinite prains replace wanintte (Figure 21).

Therite was found in all the granite samples and its composition is very variable in alf of
them, even within the graing. This wvariability is also referred by Forster (2006} Thorite
oceurs s very fime-grained: crystals (-10 pun), forms intergrowth with barge amounts of
associated minerals, such a8 Xenotime, monazite, apatite and zireon (Figs 2o, e-g, p-w). The
composition of thorte is dominated by the major. components Th and 5L Thorium
concentrations of thorite range batween 44.95-60.75 wiL% ThO,, in the unaltered granite, and
between 39.07-68.97 wt % ThQ; in the altered granile, so they are similar bt have a higher
variability in the altered granite {Table 3). The same chservation can be made for the S0,
wt % contents, ranging hetwesn 7.37-17.69 in thorite from unaltersd granite ang bebween
¥.18-18.07 in altered granits. The analvtical totals are low either in thorite Irom the soaltered
granite [75.£9 ° 9126 wt%} or the altered granite (75,71- 96.54 wt.%0), which can be due to
some Rydratation. '

The U, ¥, P. REE, Fe, Ca, Ph, and F contents of thorite from the alrered granite are
similar lo those of thorite from the unakered granite (Table 2. The 11, we.% concentrations
in thorite range between 045 10 8. 63 in the unaltered granite and belween (046 1o 10243 10 the
altered granite, The Yo wt% concentrations range from 0.01 10 3.62 in the unaltered
granite and itom 0LO7 to 4,20 in the altered granite!
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Figure 3. X-ray clements maps, obtained by the electron-microprobe, of minerals from the altered
granite and hydrothermal quartz veins. (a) - Altered crystal of uraninite from the altered granite,
(b)- Altered crystal of coffinite from the altered granite. (c) — Altered crystal of thorite from the
altered granite. (d) — Altered erystal of xenotime from the altered granite. (e) - Crystal of apatite
replaced by (meta)salecite from hydrothermal quartz veins,
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In rhe alterad granite, thorite securs filling fractures of other minerals, such as apatite,
monarice and Eiotite (Figure 2s-x), mainly i their ns (Iloure 2o g, £, ) and ssems to
replace monazite along fractares, associated with xenolime (Figura 2g). A zoned ervstal of
thorite was analysed (crystal B in Table 2) in the altersd granite and the darker nim is peorsr
in 81, Li, ¥. Ca, XRRE al richer in P, Th, e, ', F thdl‘.l the respective lighter core (Figure
2o, Table 2).

Figure 3¢ presents 4 X-ray map of a ﬁactur.,d thorite | grzin from the most altcrcd oranitc
(crystal A, Table 2) and close to the fraclures the brvsmh are wore alisred and dagker tran
the arcus away o those Foaclures, which may be due ko the decrease of U comtents. The
mast altered areas close to the fractures are clearly ]:IGCII‘E]:. in Jand &1 (0.46-3.87 wrts U0
and 9.935-12.99 wt% 5i(0);), than areas away from the fractares {7.23-10.43 wit.k 100 and
16.03-16.45 wt.% 5i0:) (Table 2 and Figure 3¢). These most altered areas are richer in P, Fe.
Pt. ¥ and Z¢ than the unaltered arcas (Table 2). S0 the alicred thorite I the peorest in 1) and
51 and the richest in P, Fe, P and F in s dimes and close 1o the fractures. The distribenion of

21 is ot homogeneous in the most altered areas (like that of Ph}. but Zr seems to surmound

thorite crystal (Figure 3¢).

Chemical compasiticns of zircon from the unaltered grarite and mineralized quartz veins
were preserded by CAabuAl PINTO et al. (2008}, Zircon compositions from the altered granite
and new analyses of zircon from the mineralized quartz veins are given in Table 3. In general,
zircon from the unaltered granite has the lowest mean Fe, P, U and Pt contents (0.20 wt.%
Fealls, 012 wi% Pals, 0.05 wib U0, 0.07 wt.% PhO) and the highest mean Zr and HY
content {6324 wt.% Zr0s, 1.42 wt.% IO, Table 3 and CABRAL PINTO et al, 2008} In
genetal, zireon fromo aliered prandte has the hiphest mean of P O40 wi% P05, Y (.55 wl%%
¥205), 13 (0.22 W% U0}, Tat+Ce (.28 wi.% REF20). Ph (0.23 wt.% PhO) and the lowest
mean of analy-ical totals, 51 and Zr (3{,1' 56 wi.%a 310, 61.29 wi.% Zr:), whereas the mean
Hf concentrations is similar to that in Zircon from mineralized quartz veins {Table 3Y. In the
unaltered granite, zircon does not present significant chernical variation either within grains
ot between graing, but the distnbotion of 17 (0 the altered graing shows a chemical zonation,
and the rim contains mare 1) (op to 0.62 wt % LUO;) than the core {Table 3} However same
altered crystals present an inverse zonation, with loss in U in the rims (Table 3). Zircon from
mineralized quartz veins has the h.ighcst meah contents of Mg (0.14 wt.% MgO) and 0.13
wt.% UQs, but very high values of U (~15 wi%, Uy were found i the rims of some
dissolved and altered crystals {Tabie 3). These rims with high U contents have very low
contents of 5i0 {~18 wi.%), Zr0a 43 Wi, %), analytical totals (—~89 wt ) and vary high
values of PaO)s {~3 wi. %) and Fe:0s (1.3 wt.%0) {Table 3). Therlore, numbers of cations per
vhemical formula were not calculated. The compaosition ol the respeclive unalterared cores is
close to [(Zr,HDB10L] and U contents are similar te those found a0 the wircon from sbered
granite {Table 3. CABRAL I'INTO et al. (2008) also presented values of U0; {~18 wi4a)

Teals (-8 wiB), Si0y (~14 wt.%) and ZrC--, (41 wr. .-n} in the rims cf very altersd zZircom -

cr¥stals,

Tha chemical analvses of xenptime (YPO,) are presented im Tablg 3. There is oo
signifivant dilferencs belween the chemical composition of xenotime from the unaltered and
altered granites, except for the U comfernt which is lower (mzan of 1.57 wt.% UQ:) in the

xenotime from the altered granite, whereas it has 2 mean of 2.33 wt.% UQ; in xenctime from

the unalered granite (Table 3). The rims of xenatirme crystals from the mtere-d granite are
poaorer in L) than respective cores (Table 3 and Figure 3c).
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Kenothoe [frore mineralized quartz veins i paorer in [, U, N4, and seder in Y, Th, Gd.
Drv, e, Lr, Lu then xenotime from the unaltered und altered gracites (Tuble 33 The xenotime
from runeralized quartz vuins has a mean content of 0,435 wt.% Uk, and 43 49 wt. % Yo0-,
wherees xemotime from unaltered and altered oranite have mean coneerurgtions of 1.57-2.35
Wi %% L0 ard 38.90-3%29 wt,% Y.0,, but a value of 1.02 wt % 130, oceours in the rims of
altered ¢rysials (lable 31 The HREE zre (La90-0.692 a.p.fir in venotme from the unaltered
and aliered gracites and 0.980 2 p.fu. in xerotime from mineralized quartz veins. 1he LEEE
are low and of 0.030-0.0253 a p fu. in xenome fomn uraltered and altered graniles and 9,935
&.pfau in xonolime from quartz veins (Table 3. Hafoium, Fz, Ca and Po wore Jdetected in
xenotime fros the granites but wera not found in xenotime [rom mineralized quarts veins
{Tabte 3). Thorium contents ars similar in xcrtime from all granite samples, bur skightly
higher Fh contents were found in xenotime fram quartx veing (Tahle 3).

The chemical compusition of Ce-monazite from the unaltered granite was prescried by
CaABRal PINTO ot al. {2008), but more new analyses srz given in Table 4. Chemicat
cormpeailion of monazite in the altered ganite 1s more variable than in the unaliered granite
and has genzsrally higher mean contents of 8i, Al and lower mear contents of U {077 wl%
1500, Ca, Th (6,84 wit B ThO;) and T (0.20 wL% F) than Ce-monazite from the wnaluered
granile (up to 2.04 wit.% Uy(y, .27 wt.% T, and 9.60 wt.% Th,, Tabls 4).

The Ce-monazite tromm the inincralized guartz veins is the poorest in Ca, ¥, Th, U and the
richest in %i, Fe, LREE and F (Tablc 4). 1t has mean concentrations of (119 wt % U:Oy and
114wt % Thy and a low analytical total {Table 4).

Chernical analyses of apatite from the granite and related hydrothermal quurtz veins are
given in Table 4. They ars F-apatites. Tn the altered granite and in mineralized quart: veins,
the apatite grains are vacuolated and show a high poresity {Figure 3e and Figure 2c, s-w, ac)
indicating apatite dissclution. Apatite from the altered granite generally has hipher mean
contents of Te, -ME, K. 83 Al Th, Y, La, Ce, and lower mean conients of Mn, Ca, Na, P, U, I,
and analytical totals, than apatite from the unaltered granite, but the analytical variability is
high in apatite fror the altered granite (Table 4). The most fractured apaciie prain from the
altersd granite has & low analylical tota (85.2% wi %5} and P concentration (30.09 wt.% P02

50 its structural chemical formula was nol caloulated (Table 4). Uranium contents are always
low in apatite from the unaltered anul alleted pranitss, but they reach 1.09 wi.% UO, in apatite
from mineralized quartz veins (Fable 4). Apatite from hydrothermal quark: veins has mean
soptents of ‘Cu and [ similar to the apatite from the unaltered granite, but higher mesn
comtents of U7 and F [(L13 wt % U0y, and 2.76 wt.% Fyand ¥, [.a and Ce were not deteeied in
thiz apatite (Table 4). Apatite crystals from the mineralized quartz veins associated with
uranium-phosphate phases have the highest U (1.09 wt.% UQ;) content {crystal A in ‘Table 4
and Figure 32). This apatite is richer in Fe and poorer in P than the apatite not assnciated with
uranium-phosphate phases (Table 4, crystal A).

The chemical compasition of saleeits, meta-saleeita, ferrous-substituted-salecite, (M1,
Fez'}ﬂjﬂg}g{PQ.i)z-dHID and other T-phospitare phases wiltk similar compositions bat with
differenl 10 conteris, ITown mineraiized quarz veins, were presemled ov CABRAL PINTO and
SILVA (2007) and CasrAL PINIO et al. {2008). Now, mare salecile and meta-saleeite analyses
trom the hydrothermal quarte veins are presented in Table 4. Some U-phesphates are
asso¢iated with apatite (Figure 2ad and Figure 3e), whike others are not (Figure 2af).
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In genera; wranium phosphates asscclated with apatite have lowe: Te( und higher M gt
and a0 than those not asseciated with apalite. However crystals with high Fe contenls were
also found in {retalsalesite assnciated with apatite (Table 4).

DISCUSSION

[raninits i3 The main host of uranium in the unaltered peralumineus biotite granite, which
has ACNE ranging from 108 to 1016 (SILva AWD NEIva 199972000). In peraluminous
Franites, uraninile is the host of considerable bulk~rack wranivm conlent (FORSTER 19997 and
is the most important ranium mineral in terms of abundance, ocewrrznee and economic value
(FINCTL AND MITRAKAMI 1999). The disposal of UO: from used muclear fuel is an
emvironmental issuc: so the stedies of stability, alteration and leaching of uraninjtc are
numetous {GRANDISTAFF 1974, LANGMUIR, 1978, PARES ANz POHL 1938, FINCH AND EWTNG

1992, JANECZEK AND EWING 199248, PEARCY 2t &l. 1994, FAYEK et ul. Fuwy, FENSEN et al. -

1097, FInCll AND MTRAKARL 1999, JENSITN ANp EWmG 2001, JERGIN AND SiNBA 2005,
EVING et al. 2005, BRUNO AND EWTNG 2006, DELITTUS et al, 2007).

Under exidizing conditions waninite gives rise te many complex wrany] ‘T'mm'ﬂ.l.:, such as
carhomates  {e.g. bijvoetits, wrancalgarite, znucalite, elc.), silicates {ez.:  coifinits,
sklodowskite, soddyile, swambolte). phosphates (e.g. yingjtangite, autunite and meta-
amtanite, saleeits, metasaleeite, ete), oxyhydroxides (eg.:  clarkeite, lanthinite,
vandendrivsschelte, etc.), vanudates (e.g. carnotite, cumdnite, etc), molybdates {er
calcurmolite, cousinite, ete.), arsenates ete, {KOTZER AND KYSLER 1993, (TATNS ET AL. 1997,
FInCH AND MuUpAan 15007,

Uraninite oecurs mainly in the unaltersd granite and is magmatic (CABRAL POITO er al.
ZO08 ) it is rare in the altered grandte and was not fownd in minerafized quartz veing, fn the
unaltered granite, some uraninite crystals are zoned with rims ennched in U and poorer in Th
than vores (Table 1 and CABRAL PIN D ot al, 2008), which reflzct the Th-TF substitutions. Fhe
uraninits from the unaltered granite is richer in 1F, Pb, Ca, Fe and poorer in 3 and F Lhan the
uraninite from the altered pranite (Table 1). In the altered granite. waninite shows fractures
and vacuoles and has the radioactive damage halos filled with Rate pyrite, U-S-bearing phases
and Fe oxyvhydroxides (Figure 2 i-k). The analytical totals of vraninite are lower in the altered
granite than in the unaltered graoite (Table 1). Crystal ima of uraninite from the altered
‘granite arc poorer in U than the respective core and rims and cores of zoned uraninite crystals
from the unallered granite (Tabke 1 and Figure 3u). Locally, in the altered yranile, uraninite is
replacad by coffinite, but the U contents of this uraninite &re similar to that of the altered
uraninite (Table |, zoalyses 1, 2} In general, the hydrothermal alteration caused & decrease in
U, Ph, Ca, Fe and an increase in S$i and F in the uraninite (Table 1) indicating uranium
removal from crysial rims and aleration zones and the formation of cothnite,

Coffinile TT[8i0:]1.4 OH)ax (Gaines el al.. 19973, is a retragonal orthasilicate with zireon-
type strueture. The U-Th silicates, thoriie and coffinite are usually metanitic and can
incorparate molecular Hat), and the formula (U, Th)S:0,. nH-0 (n=4) used by various auchord
(e.z. SPEER 1982, LUMPKTN AND CHAKOUMAKOS 1988, SMITHS 1989, JANECTER 199}, FNCH
AND MURAKAMI 1999) s equally valid (GarNes et i 1997} According to TIKCH AND
MURAKAML { 1999), the U-Th silicates form two series of anhydeous and hydrted minerals
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with tie chemical farmulas: LIRS0, and (LLUTRISHD nHL0 (ne4). The hydreated UV}
silicats, coffinite, was anly found in the most siered granite and some crvsals replace
uraningts (Figure 213 So, cotfinile resulls Srom uraninits alteration, since wraninile is unszabie
in supergenic and hydrothermal envi-ommenis (I'O1Y et al. 1986, GalNEs ot ul, 1997). The
lower analylical totals found in the analysed coffinite (Tabla 17 aze probably due te the
presence o2 O] or Ha(r as thare are coffinite anaivzes close to 100% and all the analyses wors
performed with the same anal ¥lival procedures. The analysed coifinite is close to the end
merber (US04, Collinite crysusly are altered and a cempositional heterageneity core-rim
wiz observad, with an lupoverishment in U in the erystal rirs, with lower Uy eontents up
to 10 wi.%, relatively to the respective cores, and enrichment in ') h acd Ca in (he Crystal rims
(Table | anc Figure 3b). The low U contents (0924 and 0.886 ap.tu} lound in the crystals
rims are duz o alteration and indicate uraninm mobilizatior. fromn coffinile, .

Thorite is widespread in the unalicred and alftered granites. Thorite seems ta be magmatic
inn the unaltered granite (Figure 2b), bt secondasy thorite was found in the altered eranite and
rzlated to the chioritization of biutiie (Figure Ze,0, w) and alteration of apatite (Fipure 2¢) and
plagicclase (Figure 2ph. Locally it is zoned (Figure 3c and Table 2) and accurs assoeiated
with wircon, but the textural relation does not allow 1o find out if it is a prodoct of rircon
alteration (Figure 2p}, as found by RUBIN vt al. (19890 In ths aftercd rranite, thorite replaces
apatits (Figure 2c, 2, v} and monazite (Figure 2f, g, 1), Is associated with xenotime, and fills
fractures of hiotite. : '

Thorite composition [s quite varlable (Tuble 2), which agrees with SPEER (1982) and
FORSILR (2006). The analytical tomls are low, ranging from 75,71 to 96,54, bu: the apalvses
are close to sioichiomerry (totals of 2.07 to 227 ap.fu, Table 23 These low Lotals are
probably attributed to hydratation, hecause thorite is highly metamitic, and the WDS scan did
nat shuw ths prasence of other elements, The high contenty of Te. Ca, Zr and P can indicare
some analytical intertferences (FORSTER 20043, because thorite occurs as very small crystals
assoviated with zircon, xenotime and replaces monazile and apatite (Table 2, Figure Zc, e,
W), wherans the high contents of ¥ and Zr may augrest a solid solution with xenctime =i
Zreo (FORSTER 2006). Thotite forms g solid solution with cofSnle {FORSTER 2006), bul the

-analysed colfinite is almost pure USiOy The 1) comtents in thorite range from 0.45 to 10.43
Uz wt.% U0 (Table 2 and Figure 4u). .

The U, Y, P, REE, Fe, Ca, Ph, and I" contents are not significantly different in thoriie
from the unaltered and =ltered granites, so it secms that there is no sigrificant difference in
the chemical composition of thorite from these granites. However, in thorite from the
unaitered eranite thers are a regular decrease i U content with ihereasinge P (Figurs 4%)
sonlent and an enrichment of (Y-+HREE) relatively to LREE (Tigure 4c) as found by
HETITRRINGTON AND [LARLOY {2008}, but they were not found in thorite from the aliered
granite. So there are two geperations of thorite, the [irst is primary and belongs to (he
unaltered graniie and the second results from alteration of ather minerels liks monile and
apatitc, In the ETI.ETBEI.EJ‘EIIHE, the zoned crvstals of thorite kave dms poarer in U, 5§, ¥, Ca,
REE and richer jia P, Th, o, Pbhand T than the respective cores; also i the allered zones close
to the fractures, thorite is poorer in U, S and richer in P, Fe, Pb and F than in unaltered zones
(Tabile 2 and Figure 3¢} So b and Si are mobilized from thorite in its rims and fracture zones,




Lrariwn Minerals fom a Portuguess Vurissan Perafaminons Granile. N9

f o
0,12 4
Ll
E
[ale =2 .
'E'_ i
2 ]
- e A
O
O - H
oo+ #' 'ij.q:" !
. o0 B ¥ 6/ 0
=l ' : P{apfu)
(a) (b}

{ch

Figure 4. (a) — Composition of thorite and colfinite platted on the basis of atom percentages in the -
Th=%{ system. Symbols: opcn-coffinite, close- thorite, (b) — U versus P for thorite. Sy mbols: open-
thorfte from the unalterad granite, close- thorite from the altered granite. (¢) — LREE versus Y¥-HREE.
Symhals: apen- thorire. from the ynaltered granile. close- thorite from the altered granite.

((e-mmonazite is a4 primary mineral (Figure 2f) or it can be formed by metasomatic
alteration of apatite (Figure 2t, u), which is also documente:] in the literature (HARLOV et &l,
20012, 20035, HARLOV ANT» FORSTER 2003} Otherway it is replaced by Lhorite (Figare 2q, t, 1,
w). Replacement of monazite by thorite is reported by FINGER & al. {1998}, TOWNSEND et al.

(20007 and HLTHERINGLON AND HARLOV {2008} found aigh huttenite (ThSIQ.) companent in

altered monazie. The texlural evidence found in the altcred granite indicates that some
monazile was formed by spalile alteration and in turm some Lthiyrite was Ionned from menazite
and apatite alteration.

Ce-monazite from the alrered granite is poorer in U, Ca, Th , F and reher in ST and Al
than Ce~monugite from the unaltered gramite (Table 43, so the l".ydrotherrnal alteration, of the
granite cuused romoval of L, Th, b and Ca from the monazite, Altered monuazile has a
parvasive porosity (Yigire 2f, 4. W) and is replaced by thorite, but wraninite was nol found in
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Lhiy aitered monzzite, 25 seported by HETTIRIMGLON AND HARLUY (2008), e io the exidiing
conditions of the hydrothermal Luid. %o semme Th was incorporated in thosite, which
precipilates in the [ractures and pores of mueeits bot U was removed Som monacie by the
hydrothermal  Owid, which agrees with HEOUT AND CUNEY  (2000), Monazite  trom
hydrowermal quarz veins is testurally and chemically cifferart omm Ce-monazite of the
urialtered granite, It has systermnatically lower Ca U, Th, ¥ and higher Si; P, LREE than
monazite [tom the unaltercd granile {Tahlc 41, because it is divsolved and has a hydrothermal
vrigia. The analvtical wials of monaate decrease Fom the unaltered granite to the altered
granite and o mineralized quartz veins (Table 47, bul the Juss in U, ‘Ih and ¥ ¢ontents in the
sume direction are prograssively much higher.

Xenotime from the unaltered granite is charactarized by kigher U contents than xenotime
from: the alterad pranite, and both have higher 17 cortents than xenotime from hydrothermal
veins {Tablz 3). In the altered granile, xenotime cryslals are voned, with cores richer in 17 than
ihe respective rims {Table 3, Figure 3d) ‘rulicaing loss of 17 in the crystal rims. %o the
teydrothermal alterlion of pranite cavsed & loss of U in xenotime, which was higher in the
crystal rims. '

Recanse of their sirsilar jonie radil, rure varth elemenws {REE), particularly the heavy rare

“earth elements (HREE) substitute for Y in xenotiwe structure [WaRk AND MILLOR 1993, NI
AND ITraurs 1995), The xenotime ffom e miseralized quante veins is richer in Y and
[IREL than xenctime from the unaltered and altered granites {Table 3} In all xenolime
crystals, the 1L.LREE contenis are very low because they are not readi’y incorporated into the
xenotime structure. Basides HREE, xenotime may accommadate significant concentrations of
Th and U (HCTIERMGTON el af. 2008). Uraniom is always enriched relative to Th in the
analysed xénotime and the highest Th content {mean of 0.004 apfu) was found in xenolime
from the mincrafized quartz veins, which has the lowest U contents (Table 3). Thers is s0
signifcant difference between the Th, % and IREE contents of xenolime From the voaltersd
and altered pranites, so the difference found in the U contents is due to alteration, indicating
mobilization of U from xenotime structurs, which is also supported by the fact that the rims
of erystals are impovarished in 1T eelativaly o their cores {Tablce 373

 According to FORSTER (2006}, the dominant complex coupled substitution in xenotime,
involving both eryslallopraphic sites in the lattice, is the thorfte (ThSiC,). Figures 29 and 21
show the intergrowth hetween xenntime and thorte. Compositional exchange belween the
two end-members, thorite and xenotime, is continuous because the minerals are iso-strustural
(FIETHERINGION et al. 2008%, but the anajg,rsed xenotime has very low coatents of Th {Table
3.

' Although xenotime and monazite have different structures, they have some compositional
and structural similarities (BROSKA of al. 2005). Figures 2 and © alse show the intergrowth
between xenotime and amonacite, which have equal numbers of structural POy teivahedra and
REQs polyhedra; however, monazite incorporales larger, lizn rare earth elements (LELE) in
the REOQ, polvhedron (BROSEA et al 2003).

1o ke altered granite and In the mineralized quarty veins, altered zircon is enriched in
uraniup. According to FORSTER (199%), uraninite i3 occasionally associated with zircon as
minute inclusions or also as thin exsolutions, whose grwin size doss oot allow accurate
analysis. Uraninite included in zivcon will promote its (aster metamitization and alteration.
Metamict zircon under hydrothermal conditions tooses 3i, U, Th and Pb {GEISLER et al. 20072,
2003). There {3 a significant loss of 5i n 2 sinong enrichment in 1 in the alered wircon
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{Table 43, BST image dic oot show coneentrations of U in restricted arsas withia zircon
arains but a contimans increase of 1 contents tooward the altered rims ard lractuess of zircon
cryvsla’s {Figure 2k in CARRAT. PINTD ot al. Z008). ‘lhe oxidizing condilions of the
Lydrothermal Thud did rot allow the precipitation of uraninite.

Zirvon rom the aliered grenite is richer n P, Fe, ¥, U, Lai Ce, 2% and poerer in §i, 7.
[1f. and has lower analytical totals than zircon from the unaltercd granite. So the aleration of
zitcon 18 expressed by a decreaze in i, Zr. HI, analytieal 1enals and an increase in Fe, Y,
Lat+Ce, P, U and P. Ir the altersd pranite, the corc of wircon erysmals have a chemical
compusition gimilar to zircon from the unalterad sgmamite with very low ar no uranium
contents, but the crystal rims have up to 0.62 wi.% U and crystal rim from the mineralized
crarts veing have ap to 1507 wi% UQ: (Table 3) but reaches 18 wi % U0 (CABRAL PINTO
gl al. 2008% 11ORE et al. (2008) also found gain mn U in oms of allered zircon grains. The
aftered zircon and zircon rims also have high contents al P20y (Table 4). The envichnent in P
is accompatied by enrichment in Y (Table 3) and HREE, promoting the formation of solid
solutions with xenotime {DERR et al. 1997). The structural relativniship belween xenolimne and
rircon is reflected by their occurrence as intimate intzrorowths in he related quartz veins
{CADRAL PINTO et al. 2008). However, it should be noted that a few crystals show an
impoverishmen: im U in their rims as found by OTISLER et al. (2002, 2003} in nms of ailered
zircon grains. The U-enrichmenl in rims of altered zircoa grains in quarty veins is associated
to the pfe%nce of Fe oxyhydroxides, which promoted the formation of new small -
phosphates at the margins of the altered »ircon fram U-rich supargenic solutions. Zircon in
the altered granite, spzcially in the ¢rvstal rims is alse rich 3o Fe {up w 0.66 wi.% Feo(h,
Table 3} Se the ennchment = U is a compositional feature characteristic of altered zircan
and is associated with high Fe contents (CABRAL PINTO et al. 2008

Apatite from the altered pranite and mineralized quartz veins is fractured and shows
disselution (Fig 2c.s-w,ac and Fipura 3a) and is replaced by thorite, xenotime, ard monazite,
which Al fractures (Figiure 2w, %, ac). Apatite from the aliered granite is pocrer in P, Ca, UL F
and ricker in Si, Th, Y, La and Ce than apatite from the unaltered granite {Table 4). 3o the
hvdrothermai alteration of apatite Ieads to a loss of P, Cx, U1, T to the hydrothenmal fluid,
while the anrichment in 8i, Th, Y, La and Ce leads to the formation of bydrothermal thorite,
senotire and monazize from apatite. Furthermore; the most fractured and altered crystals
have very low analytical totals and show a significant loss in P {Table 4), In gereral, apatiee
from mineralized quartz veins is the richest in LJ and ¥ (means of 0,13 wt.% Tk and 2.76
wt.% [, Table 4). Some apatite urysials wssociaied with or replaced by uranivm phosphates
have the highest uranium contents (1.09 wi% UQ., Table 4), are ricaer in Fe, but ita P
contents are lower than those from apatite not associated with the U-phosphates.

Figure 2ad and Figire 3e show (meta):aleeite crystals growing at the surface of ﬂpaﬂte
indicating the precipitation of (meta)saleeite at the reaction interfaces of dissviving apatits
. under local saturation. According to MUBRAKAMI et al. (1997), the vhservalion thal saleeite
pocurs where apatits have besn replaced indicates that the local geochemival condilions in
contact with apaiite crystals are sulficienl Lo precipiate salesite at the expense of P by local
saturation. Apatts is rare in quartz veins, probably due to its completely repiacernent by
galeeile. The formation of the suleeite and meta-zaleeits in the mineralized gquarly veins is
“directly related to weathered apatite and fe oxvhydroxides. The uranium was releascrd during
uraninite, eoffinite, thorite, monazite, xenotime dissolutions and the phosphorus was released
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cssentially frore apalile dissoluton. The magnasiam wes relesscd fTom chlorite alteration e
clay minerals and Fo axyvhydroxides.

Chiorite from the afrerod yranite is charmctedecd by the everage chemical firmizla
(M o e My, o8l 00 (080, AL i 0 OaOH) o (0=19), and s olussifed  ue
clinochlore (Barky 19800, Uranium was wol detected in this chlotite from altered granits,
wizich has 4 MgA{Mg-Fe} ratio of (.34 (CABRRAL PINTO, 2001} [0 the hydrothermal quartz
veins, chlutile is clinechiore (Balley 1980} Chlorite occurs disperscd belwesn quartz
crystels has the average formula (Me,  Je, oWy, AL o)y w0l (815 5,AL e 00 Ou HOIT
(=263, a Mg/iMg-~Fa) ratio of 0.53 and containg 404 wi% LO., but the clinochloe in
comact wih TU-phosphates from these wveins, has & composition (Mg ..Fe,
My AL U0 el 0815 aafly 5 ) 0 O IOOTHY . {n=6), & MpAMp—Le) ratio of 0.74, and on
average 0,12 wt.% U0, (CABRAL PINTQ et al, 2008),

The rims of chlorite crvatals are richer in U than the respective cores and Lhey are relatad
with Fe oxyhydroxides with high contents of UQ; (up to 5.63 wt.%0), Pale {up [0 7.07 wi.%),
MgO (up to 2.5 wlL%) (CaBral PO et al. 2008). The anatase was pot found in the
unaltered and altered praniles, bul it ggeurs in he hydrothermal quastz veing and is reh in U
and its vacuoles and rims are replaced by U-bearing Fe oxyhydroxides (CAGRAL PTIO et al,
2008). Sa the altzred rims of chlorite and anatase from mineralized gquartz veins are replaced
by U-bzaring Fe oxyhydroxides, containicg up to 5.6 wi% UO gad 3.7 wi.% P2O4), which
may he due to nano-inclusions of U-phosphates { CABRAL PINTO et al, 20087,

CGNCLUSIO&S

The unaltered peraluminous Variscan granite contsins wraninite and thorite. Uraninile is
rare in the alterec grunite and somce coffinite orystalr show L/ impoverishment in their fims; so
coffinite resulted from an early hydrothermal altergtion of uraninits, U raflinm-beanng
minerals in the umaltered granite are thorite, xenotime, Ce-monazite; zircon and apatite also
presert some 1. The textural, mineralogical and chamical changes found in this work shew
that urapinite, coffinite, thorite, xenotime, Ce-monazite, zircon, apatite, chlovite, anatase,
from altered granite and/or hywdrotheimal mineralized quartz wveins, are alterad, dissolved,
vacuo:aled and the rims of waninite, coffinite, thorite, xenolime, Ce-monarite, are pooter in
U than respective cores, indicating uratium removal lo the fluid, while the altered rims of
zircon, apatite, chloriw: and ‘anatasc crystals are richer in U than respective cores. The
enrichment in U is related Lo the presence of Fe minerals, Fe oxyhvdroxides and altered
apatie.

T'he L-mineralization in the quartz veins occurs in the intersection of twe Faull systemms
and the paragenelic sequence has thres phases. The first phase originated silicates, sulphides
aod phosphates (apatite, xenotime, monazie), while the precipitation of the U-phosphates
otewrs in 4e third supergenic phase [CADRAT. PWNTG =t al, 2008). the large and desp
Variscan faults were reactivated by the Alpine tectomsm and gave rise to a decp ciroularion of
meteoric waters within the granite, and aong the quartz veins, which were heated up and
becamc coriched in vrapium by solubilisation, and locaily the completely remobilization of
U-bearing minerals (COTELG NEVA 2003). These hot meteoric fluids dissolved (the
TemAiring) uraninite, coffndte, thorite, monazite, and xenotime, apatite in the biotite pranite
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ard apatite, monaeie, xenotime in the quartz veins and became enriched in L. and I', These
fluids were rcsponsible for the growth ol a new mineral assemblage in the hydrothenmal
guartz veins, where the dissolved 1J was fixed on the altercd surface of minerals. lie Zircon
and apatite, by acsarption: (TIRCHT aNp CUNRY 2000], of by precipitetion a3 uraniam
minerals, such as salecite and meta-saleeite, According to DF PUTTER et al. {1998), the
neoformation of discrate minerals on high-surface crea weatlering prodects, rather than dircet
glemental adsorption, could be a major mechanism in U secondary someeniratiatl,

Phosphorous resulted from the dissolution of aparite, monazite wnd xenotime from the "

granite and mineralized quartz veins and Mg was released o ke flind mostly by chioriie
alteration. The precipitation of U.phosphates’ cocurred at the surface of anatase and Fe
oxybydroxides, released from altered chlorite and sulphides, and at the alered apatits surface,
MIRAKAMI &f al. (1997) also reporied the precipitalion of micrecrysials of {mera)saleeite at
the surface ol Fe minerals even where groundwater LI concengations are low, as in the study
area. As groundwatcr is undersaturated with respect to uranyl pnosphates, such as saleaite
(PEVTO et al. 2004}, simple solubility-controlled precipitation was not the major mechanism,
but only onc for the formation of the mineralization {CABRAL PINTO et al. 2008). Thia
precipitation al the surface of the new Fe-minerals was the main factor responsible for U
retention within the quartz veins leading to the uraniumn phosphate minsralization of Vale ds
Abrutiga {CADRAL PTNTO AND S1Lva 2007). Howsver, salccile was also found replacing U-
rich apatite {Fig 2ad) and apatite js rare in the mineralized quartz veins, because it was
replaced by morazite and by U-phospahtes. The hydrothermal fluid is rich in U amd Mgz and
caleeite and mzta-salesite precipitated al apatite weathered surface, The immobilization of
VI from aquacus solurtions in a solid phase by interaction with apatite has been studied
(ORTIOREZ-REGES ef al, 1999, AREY el al. 1999, THOMSON et al. 2003, JEANTEAN ot al. 2005,
CONCA AN WRIGHT 2006, SIMON et al. 2008, WELLMAN et ab. 2008}, and the dominant
mechanisms are: dissolurion-precipitation or sorption onto the apatite surface with formation
of amorphous or microcrystalline Uf phases (JEANJEAN et al. 2003, SIMOX et al. 2008).

The uranium released from uraninite {and thorite?) in the early hydrothermal alterstion of
the pranize was immobilized n coffinite. Later, meteoric hos fuids, circulating through
reactivaled deep faults, promoted a high dissobution of (remaining} wraninite, coffnite,

tharite, xenulitne, monazite in the granite and became enriched i uranium. The alteration of

- monazite and apatite from the granite and Lhe mineralized quartz veins released P Lo the fluid,
while Mg and Fe ware released from the weathering of chlorits and sulphides. -
Close to the surface, where oxygen content is high, the brecciated guarle veins are
structural traps where Fe is immobilized us Fe onyhydroxides. These Fe axyhydroxides
precipitatad in fractures, pores and rims of the altered zircon, anatase and chlorite, The
precipitation. of U-phosphates occurs at the surface of these Fe oxyhydroxides and in the
weathered surface of apatite, immobilizing the uranium. ‘The Fe- exyhydroxides can also have
adsorbed some U, 2 and Mg, and its tmmsfiwmation to hegnatite or goethite leads to the
precipitation of U-phosphate minerals. The uptake of U by Si/AlTFe gels voald also coour
(CABRAL PINTO at . 2008}
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