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ABSTRAcT

IrrnopucrtoN

Phasesformed during the weathering of allanite are in
responseto extremely local conditions, including pe, pH,
and elementconcentrations.In tle weatheringenvironment
in western Virginia, secondarymonazite and cerianite are
primary sinks for REE and Th produced by the alteration
of allanite. Bastnlisite is limited spalially to areasbuffered
to higher pH, such as fractures within the allanite. Furthermore, the individual REE have different rates of loss;
the R.AE patterns reflect the preferential removal of light
R.EE as predicted by thermodynamic data. The oxidation
of Ce3+ producesa more insoluble phase(cerianite), leading to the relative enrichment of Ce in alteration products.
Th apparently enters relatively insoluble compounds or is
scavengedby goethite.

Allanite, the REE-rich member of the epidote
group, is commonly altered on a megascopic or
microscopicscaleto distinct crusts,patch6 and coatings; also, it may show anomalous optical or X-raydiffraction properties.Watson (1917)summarized
the physicalattributes ofthe crusts,noting an apparent zonation and variation in color, from reddish
brown to brownish yellow to ereyish buff to nearly
white. The causesof the alteration are varied, but
predominant processesinclude metamictization and
chemical attack.
Since Watson's (1917) work, many researchers
have investigated the products of alteration and
Keywords: allanite, bastnesib, cerianite, monazite, rhab- attempted to identify the processes and phases
dophane, florencite, rare-earth elements, thorium, produced(Table l). The purposeofthis paperis to
epigenealteration, weathering, Bunker Hill pegmatite, describethe chemical alteration of allanite from the
Virginia.
Bunker Hill pegnatite, Virginia, in light of recent
X-ray and neutron-activation analysesof the mineral
and its alteration products, and available therSouuxnn
modynamic data. Furthermore, the fractionation
effects of chemical alteration on the rare-earth eleLes min6rau:r n€oform6s au cours du lessivagede l,alla(REE) and thorium are described.
ments
nite temoiglent de facteurs (pe, pH et

concentrationsd,616ments) d'importance trbs locale. Dans le milisu dg tessivage actuel en Virginie occidentale, monazite secondaire
et cerianite sont les h0tes principaux des terres rares et du
thorium ainsi lib6r6s. La bastniisite est limit€e aux mitisu(
lampon€s i un pH plus 61w6,dans les fissuresdans I'allanite par exemple. De plus, les terres rares sont lib6r6es i
destaux diff6rents; les terres rares ldgdressont mobilis€es
davantage, comme le prddisent les donndesthermodynamiques. L'orydation du Ce3+ conduit i un min6ral moins
soluble (cdrianite), et unenrichissement relatif en Ce dans
les produits d'alt6ration. Le Th entrerait dan$descompos6srelativement insolubles ou serait capt6 par la goethite.

CnsMlcel Ar,rpnanroN
The equilibrium solubility of a mineral is a function of pet, pH, temperature,pressure,complexation (inorganic and organic), extent of structural
defects, degree of crystallinity, hydrolysis, ionic
strength and common-ion effects. Metamictization
brought on by the decay of U- and Th-seriesradionuclides causesstructural dislocatious that reduce
the degreeof crystallinity and increasethe susceptibility to chemical weathering (Mitchell 1973).

(Traduit par la Rddaction)
Mots-clds: allanite, bastdisite, cerianite, monazite, rhabdophane,florencite, terrs rares,thorium, altdration 6pig6n6tique,lessivage,pegmatitede Bunker Hill, Virginie.

fDeceased.

lpe is a parameter expressingtle redox state of an aqueous solution and is equal to tle negativelog ofthe activity
of electrons in solution. The use of pe has been recommended as a better representation of the redox state of
an aqueoussolution tlan Eh (cJ Stumm & Morgan 1981,
Nordstrom & Munoz 1986).
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Chlorlte ^
Florencl tez
Fluorlt€
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Goethlte
Halloyslte (7Xl
Holloyslte (l0X)[Endelllte]
'l|ydrmlca'

Hydm,qlbastngslte'
Il lite
Kaolinite
Lanthanlte
lilagnetlte
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l,lontmorlI 1onlte
'R[E-b€arJn9Phosohate-Sl
lIcat€'
Rhabdophane
Serlclts
Synchyslte
Thorlte
Ihorogml te.
oVudyavr'l
ts "

lilot
2P""."n""
actuelly ldentif'ted, but hypotheslzed(saebd 196l).
attrlbuted to alteratlon of mnazlte; homver, posslbly related to
al I anlte alterati on. rCoEDlex
REEcol lol d, Ce,Tl"St"(0,0H)".rH20
(Ylasov, 1966). Data fron: Adm & Younq(196T).CeFnlI CCrn6( 1 9 7 2 ) ,H a t a( 1 9 3 9 ) ,H e s s( 1 9 0 8 ) ,t l t t l e J o h n ( l 9 8 l a ' b ) ' i l e l n t z e r
(1981), illneyevet al. (1962), l|lneyevet al. (1973)' llltchell
( I 966), I'lltchel l-T tre-dllne ( l 980), PalaCEe-Etal, ( l95l l, Rlewyer
(1967), Riosalte 1982a'b)' Rlmalte (1984)'TaEEd(1961), sllver &
Grunenfelder(1957), Sv€rdrupet al. (1959), Takubo& Ueda(l9iB),
Vlasov (1966), Iatson (1917)ahdthis study.

The remaining solubility factors are inherent to
the aqueous phase. Temperature and pressure are
regulated by epigene conditions, and pe and pH
reflect the chemical charasteristics of the aqueous
phase that result from interactions with the
atmosphereand solid mineral phases.Complexation
and hydrolysis reactionsultimately result in the formation of clay minerals,various hydrous oxides,carfluorides, sulfates,and organic
bonates,.phosphates,
complexes,and in the transport and removal of elements in solution.
Thermodynamic data are available for only a few
mineralsidentified or consideredpossiblein the alteration products of allanite: serianite (Cea",Th)Or,
monazite-(La), thoritd, and thorianite; on the other
hand, data are available for many of the aqueous
ions and complexespossibly presentin groundwater
solutionsthat reactwith allanite (Appendix A). These
data permit the construction of solubility diagrams
for La, Ce, Y, Yb, and Th using the methods
described by Butler (1964) and the MODEL and
SIMNLIN computer procedures(SAS Institute Inc.
1982). Ligand concentrations in Fipure 1 are those
of typisal groundwater as usedby Langrnuir & Herman (1980), plus a typical value for ECO3 (Hem
1970).Figure 2 is similar to Figure I exceptthat tle
concentrationsof ECOr, DSO4,and EF are lower,
as anticipated under epigeneconditions oYer a felsic to intermediateplutonic or metamorphic terrane.
In both Figures, the activity of the l?.iXEin solution seemsto be governed by the relatively insoluble kEE fluorides, except at extremely high levels
of pH. Variation in fluoride stability among the
individual REE is evident; Bilal & Becker (1979)
found that in general, the stability of the fluoride
zSpeer(1980) consideredthorite, not huttonite,. to be the
stable speciesof ThSiOa under surficial conditions (c/
Lanepuir & Herman 1980).

saltsincreaseswith atomic number, but that salts of
the middle REE (Sm, Eu) are more stable than the
immediately adjacent, heavier REE fluorides.
Although no kEE fluorides (as REFr) have been
identified in any reportedepigeneassociations,substitution in fluorite is probably substantial(l Moller
1983).
Phosphate solubility is indicated by data for
LaPOa; as determined by Carron et al. (1958), t}lle
solubility increaseswith atomic number, exceptthat
aswith the fluorides, phosphatesof the middleR-EE
are less soluble than the immediately heaier REE
phosphates. At pH values greater than 10, REE
hydroxides ore lesssoluble than REE phosphates.
Carbonates phases are less soluble than the
hydroxide phasesbelow a pH of 10.8(La), 8.6 (n'
and 6.8 (vb) (Fig. 1) or a pH of 8.4 (La) and 6.3
ff) (Fig. 2), but are more soluble at all levels of pH
for Yb (FIg. 2) at a lower activity of ECO3.
Moreover, the heaw kEE catbonatesand hydroxides are generally lesssoluble below a pH of 8 than
the light-REE caxbonates.
The solubility curves of Ce phases display tbe
effect of the oxidation of Ce and the resulting
dominance of CeO2 at higher pe and pH. In all
cases,the solubility of the compoundsresulting from
the hydrolysis of Ce is greater than those of other
REE at a pe of 8, whereas it is variable at lower
values of pe. Thorium stability is governed by the
solubility of thorite below a pH of about 13.
T:heREE and actinides substitute for calcium in
one of the two z4 sites in the structure of allanite
(Dollase 1971).During the breakdown of allanite,
theseu4-sitecations are apparently removed in solution; the remaining elements(mostly Si, Al, and Fe)
may form aluminosilicates or are partly removed in
solution Gvlneyotet al. 1973,Littlejohn 1981a).Furthermore, Littlejohn (1981a) has suggestedthat
under hypogenicalkaline conditions, tle breakdown
of allanite could be describedas a two-step process
that results in the initial production ofthorite, bastn6site,and a montmorillonoid clay mineral, followed
by further reaction resulting in fluorite, synchysite
and chamosite.A similar reagtionhasbeensuggested
by Mneyev et al. (1973) for hypogene and epigene
alteration, resulting in the production of bastniisite'
fluorite, kaolinite, and magnetite.
In both examples,the REE componentsof allanitei
result in the formation of bastniisite,'although
Littlejohn (l98la) has also included the precipitation of thorite and synchysite.The formation of the
various clay minslsb is dependenton pH, [Al3*],
and [HaSiOa].
Gnolocv axn SScoNDARYMtNsRArocY
OF TIIE PECMATTTE

The samples of allanite and the products of its
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Frc. l. Solubility dia€ram for various speciesof La, Ce, yb, y, and Th as a function of pH. Curves for Ce are representativeof solubilities at pe 0 and pe 8. Concentrations:ELa I ppm, ECe I ppm, EYb 1 ppm, EY 1ppm, ETh I ppb, ECO3
l@ ppm, EF 0.3 ppm, EPO4 0.1 ppm, ESOa 1@ ppm, and ESiOa 9 ppm.

alteration used in this study were derived from the
Bunker Hill permatite (Mitchell & Redline 1980,
Meintzer l98l) and nearbyoutcropsof a similar, or
perhaps the same, pegmatite body. The pegmatite
is locatedin northwesternAmherst County, 7.4kfr,
southeastof BuenaYista, Virginia. The sampleswere
obtained as float immediratelyadjacent to the pegmatite, or from in situ saprolitrc material.
The pegmatite, including the saprolitic portion, is
overlain by an ultisol that extendsdownward abour
0.65 m to the baseof the & soil horizon. The soil
consistsof 3.61-7.25w.9o 6rganicmaterial (based
onoloss on ignition), quartz, kaolinite, halloysite
(7 A) (or disorderedkaolinite) 2ad minsl vermiculite, gibbsite, and goethite. Reaction pH (Harriss &
Adams 1966)variesfrom 4.0 to 5.8 in the O,.4, and
I horizons, and from 5.8 to 7.75 in the C horizon
and pegmatite saprolite.

Allanite occurs in the first intermediate zone of
the pegmatite, in an assemblageof allanite, biotite,
quartz and perthite. A partial composition of the
allanite, as determined by instrumental neutronactivation analysis and atomic-absorption spectroscopy, is given in Table 2.
Minerals attributable to the alteration of REEbeariug phases occur either as part of the
predominanily reddish orange rind that surrounds
or replacesallanite, or within fracturesin the allanite.
Mitchell & Redline (1980) and Meintzer (1981)
describedthe minerals asresufting from the weathering of the pegmatite:bastntisite,mona'ite, ceriarrJe,
florencite,thorogummite,kaolinite,haloysite (7 A),
halloysite (10 A), illite, gibbsite, goethite, and
lithiophorite. Since their studies, clear to purple
fluorite, distributed along thin fractures within the
allanite, has been identified in thin section.
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Monazite commonly forms thin light red to
pinkish grey and dark reddish brown, waxy crusts
on the alteratipn rind, intermixed with cerianite and
halloysite (7 A). The reddish coloration probably
arisesfrom amolphous iron oxides. Results of partial analysisof a crust of tlis type are given in Table
2 (sample L47).
Mabdophane was not identified wilh certainty in
any secondarymaterial from the pegmatitesamples.
However, material recovered from the secondoutcrop to the south-southwest contains mixtures of
monazite (dominant) and rhabdophane. Based on
morphology and different unit-cell dimensions
obtained by X-ray diffraction, this monazite is
thought to be primary.
Clay mineralsin the crustsprimarily con{ist of disordered kaolinite and some hplloysite (7 A). Minor
amounts of halloysite (10 A) and illite also ale
present. It is assumed that the halloysite (7 A)

lepresents,at least in part, dehydratedhalloysite (10
A), as humidity of soil and saprolite was not maintained from time of samplingto X-ray analysis.
Bastn?isitewas noted by Mitchell & Redline (1980)
to occur in lighter-colored zones and as thin white
veinswithin the rind. In addition, bastniisiteand cerianite were found as a botryoidal crust on a quartz
seamthat cuts a weatheredallanite, and they commonly occur ss thin pale blue to very light grey crusts
on broken surfacesof fresh allanite. The latter occurrence of bastn?isiteis the predominant one.
GsocHE[lrsrRv
Severalsampleswere selectedfor chemical analysis, including: (l) Two crystals of fresh allanite that
exhibit only partial metamictization (samplesL14
and L43). (2) A pseudomorphafter allanite removed
from a depth of about 1.5m and separatedinto L41

TTM ALTERATION
TABLE2.

Al
203,rrt.%
Fe203*
Mgo
Naro

Kzo
La,ppm
Nd
5m
Eu
Gd
Tb
Yb
Lu
Th

CHEMICAL
COMPOSITION
OF ALTERATION
OF ALLANITEAND PRODUCTS

114

143

Mean

141

t6.t
10.4
0.91
10.7
nd
0.46

16.9
7.63
0.42
12.1
nd
0.47
'17800 (3.
)
44100 (2.)
(
l
19200 r. )
4130 (1.

16.5
9.0
0.66
I I .4
nd
0.46

18.5
25.5
0.22
0.2t
nd
1. 0 0

24600 (3.)
61200 (2.)
23800 fir.)
2000 n. )

r2.0(1,)
1 r . 7r(. )
'r890
(23.)
1750(23.)
2Ls (6.)
213 (6.)
122 (4.)
52 (4.)

nd
3330 (3. )
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nd
3030 (3. )

21200
52650
21500
3065

r1.9
'r820

216
87.0
nd
3180

2260 (1.)
(2.)
6
' 1041500 ( r 3 . )
261 ( r.)
4 . 0 32( .)
34r (35.)
5 2 . 4( 8 . )
1 6 . 0( 7 .)
0 . 8 9 f i 4).
4420 (5.)

L42
ro (

28.3
0.10
0.23
0.10
0.56
8?2 0.)
32s0 0. )
nd
2 3 5 ( 1 .)
1. 2 8 3( .)
230 (35.)
3 8 . 2( 6 . )
8 . 3 5 ( 8).
0 . 7 8r(4 .)
8350 (s. )

16.3
7.50
o.26
0.17
0.45
2 i l 0 0 ( 3 .)
l0'1000 (2.)
20000 (1r.)
3150 0. )
2 9 . 2( 1 . )
2930 (5.)
249 (8.)
9 r . 5 ( 5 .)
9 . 9 8r(0 .)
2 1 5 0 ( 4 .)

total iron as Fe20?. nd: not detected. blank: not determined. Percentageuncerta'inty for INAAvalues
for REEand Th gtvEn in brackets.
114: Allanite, BunkerHill Pegnatite,AnherstCo., Va.
143: Allanite, BunkerHill Pegmatite,AmherstCo., Va.
Mean:Arithmetic meanof analysesfor allanites, L14 & L43.
L4l: Coresection of pseudomorph
after al'lanite, BunkerHill Pegnatite,AmherstCo., Va.
L42:0uter sectlon of pseudomorph
afler allanite, BunkerHill Pegmatite,AmherstCo., Va.
L47: Monazite-Cerianite-Halloysite(7X)
crust from allan'ite, BunkerHlll Pegmatite,AnherstCo., Va.
Concentratjonof REE,Th, and Fe was determinedby instrumentalneutronacfjyation analysis using lhg
(1981). Countsfor l53Gd103-KeV
peak and 141f,6
nethods
.l45-KeVoutlined in Allen & Mason(1973)and Meintzer233p6
peakswere comected for addition effgcts 61
resett'lng from activation of'Th. Correction
equal to'5% and2.5%,respectively of the 233Pa3l2KeVpeakwere apfilied.

(core) and L42 (outermost portion). This pseudomorph is typical of the weathering rind, exceptthat
in this casethe allanite has been completely altered.
(3) A pale red to light grey alteration rind (L47) copposedof monazite, cerianite,and halloysite (7 A).
The rind was removedfrom an allanite crystal oscurring within the soil overlying the pegmatite body.
The abundance of kEE in the sanples (normalized to Cl chondrite concentrations) is indicated in
Figure 3. Figure 4 is a plot of the abundanceof the .
R.EEin the alteration pseudomorph Q,4l,I-42) and
the crust (L47) normalized to the value of the arithmetic mean of the two allanite samples (Ll4 and
L43).
The REE are depleted not only in the pseudomorph, relative to the concentration in the original
allanite, but even more so in the outermost sestiou
QAZ) relanve to the core (L41). Despite the overall
depletion in REE, tle chondrite-normalizedplots of
all three alteration products reflect the relative
enrichment of light REE and the.distinstive negative Eu anomaly of the original allanite. Positive Ce
anomaliesare presentin tle alteration products, but
not in the original allanite, and are best-developed
in the outer pafi of the pseudomorpl^r(L42) and in
the monazite-cerianite-haloysite (7 A) cmst (L47).

In comparisonwith fresh allanite, L47 exhibits little changein the concentrationof the individual REE
except for a relative enrichment of Eu and Ce (Fig.
4). The small variation of La,y/Ybry (164 in fresh
allanite and 156 in,Wl) indicates insignificant fractionation of the heavyREE relative to the lielt REE
The samples of the alteration pseudomorph show
lossesof all REE relative to fresh allanite and, in
addition, they show fractionation effects resulting
in a relative cain in heavy versus \ght REE:
I^aNlYbjvis decr&sedto 95 and 6 f.or I-4l ard,IA2,
respectively. In addition, europium in L41 shows a
relative enrichment similar to that n IA7.
Thorium is relativelyimmobile during the weathering process, as is indicated by the increased
Tb/E&EEN, T\,/La,, TMCe valuesin the alteration
peudomorph(Iable 3). Thesevalues,however,are
lower in the monazite-cerianite-halloysite(7 A) crust
(L47) than in the fresh allanite.
DISCUSSION

Allanite is unstableunder surfaceconditions and,
moreover, its alteration is,hastenedby breakdown
of the crystal structure through metamictization.
With the onset of hydrolysis, the movement of the
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Frc. 3. Cl-chenfils-aermalizedplot of R.EE:mean
RAREEARTHELEN'ENT
alllanite(Ll4 and L43) (diamond),coreof alteration
pseudomorph
after allanite(L41)(square),outermost Frc.4. Alterationproductsof allanitenormalizedagainst
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composition
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tion of alterationpseudomorph
(L47)
(1978)multipliedby 1.5to allow for lossof volatiles
angle), and monazite-cerianite-halloysite(7A)
(do0.
havebeenusedfor normalization.

constituents of allanite is dependentlargely on p€pH conditions and the activitiesof various complexes
in the groundwater, e.g., (CO)z-, (POJ3-, F
(SO4F, and organic complexes.In addition, the
rate of flow of groundwater is im.portant in controlling the activity of ionic species,as the activities
of the various speciescommonly increasewith greater
contact-time witl specific compounds.
With the exception of Ce, the kEE are not pedependentin aqueoussolutionsunder epigeneticconditions; the extent of dissolution and movement is
dependent on the stability of complexes at the
prevailing pH. The availablethermodynamicdata
suggestvarying degreesof stability among-R.EEcomplexesand of solubility among species,as evident in
Figures I and 2. Thesedifferencesbring about a s€rtain degreeof fractionation evidencedby nonuniform losses of REE during breakdown of REEbearing minerals (cl, Balashov et ol. 1964, Nesbitt
1979,Bilal & Becker 1979,Bilal & Koss 1980a,b).
The loss of REE during chemical weathering of
allanite from the Bunker Hill pegmatite is accom.
panied by a relative enrichment of heavy relative to

light REE (Fig. 4), in agreementwith a range of pH
valuesof 3 to l0 basedon carbonate-hydroxidesolubility control (Fig. 2). A dominant fluoride sink, in
contrast, should have produced an enrichment of
light Rtr'E according to the thermodynamic data
(Figs. 1,2).

TABLE3.
Ratl o
ThlTREEN
Th/Ce
Ih/La
CeN/YbN
CeN/LaN
Ce/Cer

MTIOS
IHORII'MANDRARE-EARTH-ELENETT

liteanAllanlte
0.094
0.060
0.15
157
noE

1.18

L4l
I .28
0.74
I .96
97
1.02
1.47

L42
4.17
2.57
10.2
l0l
1.52
1.78

L47

0.043
0.021
0 .t 0
287
1.84
2.34

Cs*: Eouivalent to that value of Ce obtalned rere a smoth curve
dram frm La to Nd.
REEN,etc:Chondrlte-nomallzedvalue.
lileanallan'ite: value basedon allanlte sanples, 141 E 143.
Hill pegmatlte.
L4l: Core of allanlte alteration pseudomoryh'Bunker
L4?: outer part of allanlte alteratlon pseudmrph' Bunkerlill
p€gnatlte.
lqz: ftoiaiiti-certanlte-hal loysite (7R) crust frm al lanlte,
BunkerHlll pe$natlte.
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This nonuniformity of loss and, in particular, the
resultant relative enrichment of the Sm-Ho group
of REEhave been observedin previous studies (c,
Mineyev et al. 1973,Bilal & Becker 1979, Carron et
a/. 1958).The enrichment of Sm through Tb in this
study (Fig. 4) may also be indicative of this change
in stability, although the lack of data for Tb, Dy, .
and Ho preclude a definite statement.
Ce, on the other hand,
can be oxidized to its
'aqueous
tetravalent state in
solutions, and the
dominant speciesover a wide range of pe-pH conditions, consideringhydrolysis only, is cerianite(Fig.
5). The lack of data for monazite-(Ce)or cerium carbonate precludes the comparison of their solubilities with cerianite or other REEspecies, although in
light of the data for monazite-La and CePO! (aq),
one might speculatethat tle stability field of cerianite would be curtailed considering the magnitude
of POf- and COI- astivities common in groundwater (Fig. 5).
Supergenecerianite contains little Th (A.N. Mariano, pers. comm.) and may possiblyincorporate a
small amount of trivalent REE The precipitation of
cerianite therefore can effect further frastionation
of the REE, as is manifested by Ce anomalies in
precipitates or solutions. The positive Ce anomalies
shown by the weathering products studied (Fig. a)
result from this process.Furthermore, this process
would explain the extreme enrichment of Ce

95r

observedby Watson (1917) in a crust formed on
allanite from Little Friar Mtn., Virginia. In areasof
lower pH, such as higher in the weathering profile,
Ce3* may be the dominant Ce species(as predicted
in Fig. 5) and, thus, would be similar to La with
respestto ils mobility. The comparativelygrater loss
of Ce in a sample from the Il'men Mountains,
U.S.S.R., observedby Mireyev et al. (1962),possibly indicates a low-pe regime, resulting in trivalent
and more mobile Ce.
The Th releasedfrom the breakdown of allanite
is probably precipitatedas relativelyinsolublethorite
(or its hydrated form, thorogummite) in most
groundwater conditions, unless, owing to low concentrations, it is incorporated solely in cerianite or
other REE species.Th(OH)o may exist metastably,
but hasnever beenidentified in nature; exceptunder
very acidic or extremely alkalins seadidons, thorite
should remain tle dominant specia. Removalof Th,
therefore, is limited and probably occurs o$.ing to
organic or inorganic complexessuch as Th(I{POrg,
Th(SOJPO9, ThFT+, or Th(OH)PO!, as suggested
by Langmuir & Herman (1980).This lack of mobility is indicated by the high valuesof ThlREE (Iable
3) for the alteration pseudomorph, and reflects a
lower extent of Th removal semFaredto that of the
REE. The retention of thorium would also explain
the increasedlevel of radioactivity observedin the
outer crustsof alteration pseudomorpbs(Hata 1939).
As noted before, numerou$phasesresulting from
the breakdown of allanite under endogene and
epigene conditions have been reported (Table l).
Much of the original material is removed in solutions: Watson (l9l? determinedthat up to 75Voof
the original constituentsof allanite had beenremoved
from the sampleshe examined. One may conclude
that the resulting phasesare varied; as suggestedby
the thermodynamic data, the mineralogy of the
secondaryphasesof REE- and Th- bearing species
will vary from site to site dependingon the groundwater conditions enumeratedabove. A member of
the bastniisite- tlorbastnisite - hydroxyl-bastniisite
series is commonly reported in alteration
parageneses,allegedly owing to the stability ofthis
carbonate, whereasthe comparative rarity of lanthanite, calkinsite, or synchysiteis, in part, due to
the requirement of greater activities of ECO3, H2O,
and Ca2+ in the mineral-generating solution (c;11,
Saebd 1961, Littlejohn l98la). The formation of
bastn?isitewithin the inner fractures of the Bunker
Hill allanite is attributed to precipitation from
carbonate- and fluoride-bearing groundwater in a
zoneof relafivelyhieh pH buffered by silicatehydrolysis.Under theseconditions, mobility of the elements
is limited.
Contrary to the suggestionsof Ylasov (1960, the
ocqurence of cerianite is probably not as,rare as
previously considered.The stabiliry field of cerianite
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is broad and comparesin pe-pH spacewith those
of goethiteor hematite (Fig.7 .23 of Garrels& Christ
1965).Therefore, in rocks containing REE-bearing
minerals and secondary goethite or hematite, one
would anticipate the occurrence of cerianite if the
astivities of DPOaand ECO, were sufficiently low.
The fact that Mrneyevet al. (1973)found magnetite
as the common iron-bearing minsral indicates that
tle pe of the solutionsproducing bastniisitemay have
been too low to produce cerianite. This would be
expectedat the low pe anticipated at depth in endogene or deuteric solutions. The fields of magnetite
and cerianitedo not overlapexceptwherepH exceeds
8, pe is less than -5, and activities o1 5z-, and
H4SiOl are low.
The presenceof availablephosphateintle groundwater is indicated by the formation of R.EE phosphates.Secondarymonaziteis common asthin crusts
in the Amherst Co. occurrences,although it is typically restricted to the outer portions of the alteration pseudomorphs,whereit is mixed with cerianite.
The presenceof monazite and the lack of calcium
phosphatemineralsare probably indicative of weakly
acidic conditions of formation and the lower solubility of the rare-earth phosphates.Although they
are associatedwith primary monazite, rare florencite and rhabdophane also are present and may
represent additional phases resulting from the
precipitation of REEfrom the groundwatersolutions
emanating from the altering allanite.
Thorite and thorogummite were not identified in
materials formed by alteration of allanite, altlough
they would be anticipated on the basis of the thermodynamic data. As the concentration of Th is low
in the Amherst County allanite, the low levelsof Th
released are probably incorporated into other
minerals such as cerianite, bastniisite, or monazite,
or are scavengedalong with REE by goethite, as
reported by Koons et ql. (198O)and reviewed by
Langnuir & Herman (1980).
The remainder of the alteration products makes
up the bulk ofthe alteration pseudomorphand consistsof a mixture of clay minerals, quartz, goethite,
and gibbsite, plus undetermined amorphous to very
poorly crystallins ferris and aluminum hydroxides
and silica. Under the regime of intense weathering
present in western Virginia, the assemblageof ferric and aluminum hydroxides plus silica is transformed to goethiteand halloysite(10 A), with subsequent alterption of the halloysite (10 A) to
halloysite (7 A) and kaolinite.
In summary, the alteration of allanite is primarily dependenton the climatic and groundwater conditions, which impose definite physicochemical
domains. The alteration products represent a sontinuing change toward more stable speciesfor the
specific conditions. Generalreastions, such as have
been proposed by Mineyev et al. (1973) and

Littlejohn (1981a),may be usedto define certainconditions of alteration characterizedby specificpe, pH,
and chemical potentials. The conditions present in
this study area apparenlly are more oxidizjng and
less alkaline than those studied by Mtneyev et al.
(1973)zthe stable speciesare goethite and cerianite
instead of bastniisite and magnetite. Bastniisite is
present only in the more alkaline areas, such as
adjacent to the primary allanite or in fractures of
granitic rocks, where silicate hydrolysis buffers the
pH at relativelyhigh levels.This bastniisiteis a minor
reservoir of the REE and thorium, but sampleswere
not large enough for analysis by means available
during this study. In areaswheret}te pH is lower and
the pe and activity of POa are greater, such as
around the Bunker Hill pegoatite, the alteration of
allanite has resulted in the formation of secondary
monazite and cerianite as primary sinks for theR.EE
and Th, as summarized in the following two-part
reaction:
l.

+
l2(Ce,La,Ca)z(N,Fe)3Si2O7SiOaO(OH)
aUaoite
l02ll2o + 8H+*
8ceo2 + 8La(OHlz++ 8Ca2++
cerianite
+ 36 H4SiO4
l8FeO(OH)+ 18A1(OH)3
gibbsite
goethite

2. + 8H3PO4- 8CeO2+ 8LaPO4+
cerianite monazite-(La)
+ l8H4SiO4+
9AI2Si2O5(OH)a'2HAO
haUoysite(10A)
35H2O+ l8 FeO(OfD+ 8Ca2++ 16H+
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Thermodynamicpropertiesof mineralsand related La(OII)r(s)
substances
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^G]

Source

-683.67

J

-872,79

I

- 174t.73
- 3018.10

I

-5t46.22

I

I

-t279.22

I

-985.92

7

- 1816.19
-tM8.99

2

-2202.95

6

- t823.25
- 1830.70

6

- 3141.68
- 1705.96

6

cei*

-672.W

)

ce4+

- 503.80
-861.77

5

cq(oH)l+
Smqn,,J.A. (1980:)The actinide orthosilicates./n Ce"(OH)t+
Orthosilicates@.H. fubbe, d.). Mineral. Soc.
Amer., Rev.Mineral.5, 113-135.
CeOH3*

-1729.81

I

- 3010.49
- 785.3

I
4

SruMu,W. & Moncer.r,J.J. (1981):Aquotic Chemis- Ce(oH)3+
lry. Wiley-Interscience,New York.
Ce(OH):(s)

-1020.9

4

-t269.84

I

LaF3G)

Senao,P.C. (1961):On lanthanitein Norway.Nors&
Geol. Tidsskr. 41, 3lt-317.
SAS lrsrrrurB, INc. (1982):SAS/ETS User's Guide,
Cary, North Carolina.

Lasoi
La(So/!
LaH2P(n+*

LaPoa(s)*(monazite-(Lax)
scnurr,nc,R.D., vsncouwEN,L. & var DsnRrrsr,H.
(1976): Gibbs energiesof formation of zircon La2CO3(s)
(ZrSiOa), thorite (ThSiO4), and phenacite
La2v3\r,'
@e2sio). Amer. Mineral.6l, 166-168.
M. (1957):Alteration
Su.vgn,L.T. & GnuvBr.nrerosR,
of accessory
allanitein granitesof the Elbertonarea,
Georgia.Geol. Soc,Amer, Bull.6t, 1796(abstr.).
A.E. (1976):CriticalEtobilSrrarnr,
R.M. & MARTtsLL,
ity Constants. 4. Inorganic Complexes.Plenum
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