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ABSTRACT

A study of the chemical evolution and paragenesis of the uranium minerals at the Palermo No. 1 and Ruggles granitic
pegmatites, Grafton County, New Hampshire, revealed four stages of secondary mineralization. A total of eight uranium minerals
were identified in the four stages. The first stage is a mixture of uranyl oxide hydroxide-hydrates represented by mineral “A”,
which surrounds and replaces a uraninite core. The second stage is a carbonate stage found only af the Palermo No. 1 pegmatite,
and is represented by rutherfordine. The third stage is represented by uranyl silicates. At the Palermo No. 1 pegmatite, this stage
consists of B-uranophane, and at the Ruggles pegmatite, it consists of soddyite and B-uranophane. A final fourth stage is a
phosphate stage represented by phosphuranylite and meta-autunite I. The first three stages of mineralization developed from
hydrothermal and meteoric processes. With dropping temperatures, hydrothermal fluids reached meteoric temperatures and
acquired the characteristics of meteoric water. The pH shifted from acidic (pH less than about 6 at 100°C) to alkaline (pH > 7 at
25°C). Since mineral “A” contains hydroxyl and a low amount of molecular water, it probably formed at a temperature greater
than 100°C in the acidic environment. After the first stage, the hydrothermal fluids likely reached the temperatures of meteoric
water. The initial pH of the meteoric water was acidic (pH less than about 6 at 25°C) and then slowly shifted to alkaline. The
mineralizing fluids became oversaturated in CO3, Ca, X, and Si. Uraninite and mineral “A” became unstable and were replaced
by rutherfordine and uranyl silicates. The fourth or phosphate stage developed from the introduction of groundwater. The uranyl
phosphate minerals precipitated from an acidic fluid (pH < 7 at 25°C) that was oversaturated with Ca, K, U, and P.

Keywords: uraninite, Ruggles granitic pegmatite, Palermo granitic pegmatite, schoepite, rutherfordine, soddyite, B-uranophane,
compreignacite, phosphuranylite, meta-autunite-I, New Hampshire.

SOMMAIRE

Nous avons étudié I’évolution chimique et la paragenése des minéraux uraniferes des pegmatites granitiques de Palermo No. 1 et
de Ruggles, dans le comté de Grafton, au New Hampshire, et nous en déduisons quatre stades de minéralisation secondaire. En tout,
huit minéraux uraniferes ont été identifiés dans ces quatre stades. Le premier est un mélange d’oxydes-hydroxydes hydratés d’uranyle,
représentés par le minéral “A”, qui entoure et remplace un coeur d’uraninite. Le second stade, décelé 4 Palermo No. 1 seulement,
implique le minéral carbonaté rutherfordine. Le troisidme stade implique des silicates A uranyle. Daus la pegratite de Palermo No. 1,
ce stade comprend I'uranophane-B, et dans celle de Ruggles, cette demidre est accompagnée de soddyite. Une stade final, & phosphates,
est représenté par la phosphuranylite et la méta-autunite 1. Les trois premiers stades de minéralisation se sont développés a partir de
processus hydrothermaux et météoriques. Avec une diminution de la température, Ia phase fluide a atteint la température de météorisation,
et a acquis les caractéristiques de I’eau météorique. Le pH s’est déplacé du cdté acidique (pH inférieur & environ 6 2 100°C) vers le
c6té alcalin (pH supérieur 3 7 2 25°C). Comme le minéral “A” contient de I’hydroxyle et une faible quantité d’eau moléculaire, il s’est
probablement formé 2 une température supérieure 3 100°C, dans le milien acidique. Aprés ce premier stade, la température a
probablement convergé sur celle de I'ean météorique. La phase fluide est progressivement devenue alcaline, et sursaturée en COs, Ca,
K et Si. L'uraninite et le minéral “A” sont devenus instables, et ont ét¢ remplacés par la rutherfordine et les silicates 4 uranyle. Le
quatri®me stade, & phospahtes, s’est développé suite i I’introduction de 1’eau météorique. Les phosphates d’uranyle ont ét€ précipités
d’un fluide acidique (pH inférieur & 7 & 25°C) qui était sursaturé en Ca, K, Uet P.

(Traduit par la Rédaction)

Mots-clés: uraninite, pegmatite granitique de Ruggles, pegmatite granitique de Palermo, schoepite, rutherfordine, soddyite,
uranophane-§, compreignacite, phosphuranylite, méta-autunite-I, New Hampshire.
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INTRODUCTION

The chemical evolution of uranium minerals has not
been as well studied in the granitic pegmatite environ-
ment as in sandstone-hosted uranium deposits. In this
paper, we present a detailed investigation of the chemical
evolution and paragenesis of the secondary uranium
minerals in two granitic pegmatites, the Palermo No. 1
and Ruggles. Our investigation was stimulated by recent
findings of Finch & Ewing (1992) on alteration and
geochemistry of uraninite.

The Palermo No. 1 pegmatite is located near North
Groton Village, Groton, Grafton County, and the Ruggles
mine is located in Grafton, Grafton County, both in
New Hampshire (Fig. 1). These pegmatites were chosen
because the internal zoning is well documented from
past investigations and well exposed from past mining
efforts, and because specimens are readily available for
study. The internal zonation of both pegmatite bodies
was thoroughly investigated by Cameron et al. (1954)
and Page & Larrabee (1962). At the Palermo No. 1
pegmatite, relationships of the accessory minerals to the
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internal zonation of the pegmatite have been well estab-
lished from past studies on the phosphate minerals by
Segeler et al. (1981).

PREVIOUS INVESTIGATIONS

The occurrence of uraninite in granitic pegmatite has
long been recognized. Uraninite and associated secon-
dary minerals were identified at Haddam Neck, Con-
necticut (Ingerson 1938), but their origin was not
discussed. Shaub (1938) described the habit and com-
position of uraninite from the Ruggles mine, and deter-
mined an age of 304 Ma for the pegmatite on the basis
of the U-Pb method on uraninite. The mineralogy of
primary and secondary uranium minerals in granitic
pegmatites was discussed by Page (1950). Ford (1955)
described the zonation and mineralogy of a uraninite-
bearing pegmatite in Lac La Ronge, Saskatchewan, and
recognized two stages of uraninite deposition.

The most comprehensive work covering the miner-
alogy of uranium in granitic pegmatites was done by
Frondel (1956). He recognized three zones of secondary
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uranium minerals resulting from the alteration of
uraninite, and described three unknown minerals,
among which was.phase “A”, documented here and in
Foord efal. (1997) in greater detail. Frondel (1956)
found that the uraninite core is surrounded by 1) a
zone of hydrated uranyl oxides, 2) a uranyl silicate
zone, and 3) an outer uranyl silicate + phosphate zone.
The minerals in the outer zone also are deposited in
fractures in the immediate vicinity of the earlier-deposited
minerals. This outer zone results from a period of
leaching of the earlier-deposited minerals.

METHODS OF INVESTIGATION

Specimens used for the mineral identifications
and paragenesis were sought from the Mineralogical
Museum collection at Harvard University, and from
Mr. Robert Whitmore, Weare, New Hampshire, to
complement field studies by the first author to deter-
mine the position of the unmined pods of uranium
minerals in the various zones of the Palermo No. 1
pegmatite. Mineral identifications were made using
SEM-EDS (scanning electron microscopy — energy
dispersion spectrometry), LAM — ICP — MS (Laser-
ablation microprobe — inductively coupled plasma —
mass spectrometry), TGA (thermogravimetric analysis),
and X-ray powder diffractometry (Straumanis method).

GEOLOGICAL SETTING AND MINERALOGY

Palermo No. 1 pegmatite

The Palermo No. 1 pegmatite is hosted by the
Devonian Littleton Formation, which consists of a
quartz — mica — sillimanite schist. The pegmatite body
is 85 m long, 42 m wide, and concordant with the host
rock; it contains six zomes: a quartz — muscovite —
plagioclase border zone, a plagioclase — quartz — mus-
covite wall zone, a plagioclase — quartz — perthite inter-
mediate zone, a quartz — plagioclase — perthite
intermediate zone, a plagioclase — quartz — muscovite —
perthite core-margin zone, and a quartz — perthite core.
The core-margin zone contains the uranium minerals,
along with phosphates and beryl. This zone is a fine-to
coarse-grained pegmatite that is 9 m thick on the foot-
wall side of the core. On the hanging-wall side, this unit
forms discontinuous lenses.

The core-margin zone consists of 30% plagioclase,
25% quartz, 25% muscovite, and 20% perthite. Plagio-
clase occurs as oval aggregates of “cleavelandite” 3 m
long by 2.2 m wide, rimmed by greenish yellow musco-
vite. Medium-grained muscovite and massive quartz
form equally large aggregates. The quartz is similar to
the massive quartz in the core, and the uranium minerals
are embedded in muscovite.
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Ruggles pegmatite

The Ruggles granitic pegmatite, 14.5 km southwest
of the Palermo No. 1, also is hosted by the Littleton
Formation. The pegmatite body is 500 m long, with a
maximum width of 100 m and a thickness of 50 m. The
main body forms a northeast-trending tabular sheet that
has an extremely variable dip to the southeast. A lobe-
like eastward dipping extension is attached to the north
end of the main body.

This pegmatite shows thirteen well-defined zones:
a plagioclase — quartz — muscovite border zone, a pla-
gioclase — quartz wall zone, a muscovite — quartz —
plagioclase first intermediate zone, a plagioclase — per-
thite — quartz — biotite — tourmaline second intermediate
zone, a quartz — plagioclase third intermediate zone, a
plagioclase — muscovite — quartz — perthite fourth inter-
mediate zone, a perthite — quartz — plagioclase fifth
intermediate zone, a graphic granite core of the east-
dipping extension, a perthite — quartz sixth intermediate
zone, a perthite core of the main pegmatite body, quartz
lenses and veins, muscovite — plagioclase replacement
bodies, and a sericitized perthite — plagioclase — quartz
replacement body.

Uraninite and associated secondary minerals occur
in irregular bodies of massive quartz and late veins
adjacent to the perthite core. Uraninite also occurs in
the perthite — quartz sixth intermediate zone, near the
contact with the perthite core. Shaub (1938) described
uraninite and associated secondary minerals of uranium
in the sixth intermediate zone.

Mineralogy

A total of eight uranium minerals were identified,
seven from the Palermo No. 1, and six from the Ruggles
pegmatite (Table 1). Uraninite is the only primary ura-
nium mineral; the rest are secondary. Of the eight uranium
minerals, only meta-autunite shows a fluorescence
response to either long- or short-wave ultraviolet light.
The secondary minerals were deposited as concentric
bands or zones around a central core of partially to
completely replaced uraninite and in fractures and along
cleavage planes of the host minerals [Figs. 1 and 2 of
Foord et al. (1997)]. Mineral “A” and rutherfordine are
confined exclusively to concentric bands around a
uraninite core, with each band dominated by a different
species. Depending on the degree of alteration and
transport of elements, these bands of uranium minerals
are less than 5 cm across. Secondary minerals deposited
in fractures and cleavage planes can cover zones up to
0.6 m across.

Frondel (1956) reported vandendriesscheite occurring
at both Palermo No. 1 and Ruggles pegmatites. Parson-
site was reported to occur on three specimens from the
Ruggles pegmatite by Frondel (1950). These two min-
erals are rare, and were not identified during this study.
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TABLE 1. PARAGENESIS OF URANIUM MINERALS FOR THE PALERMO NO. 1 AND
RUGGLES PEGMATITES, NEW HAMPSHIRE

Palermo No. 1 pegmatite

TIME ——
o, waninite  —
(UO)(OH),¢ LH,0 to (UO)(OH), mineral "A®  —
U0,(C0oy rutherfordine -
Ca(UOC,),[Si0y(OH)],#SH,0 B-uranophane J—
Ky(U0,)0,(OM)e8H,0 compreignacite .
KCa(H,0)5(U0,),(PO,0,#8H,0  phosphuranylite —
Ca(U0,3,(PO),*2-6H,0 meta-autunite 1 —

Ruggles pegmatite

TIME ——

U0, uraninite  —
(UO)(OH),»AH,0 to (UC)(OH), mineral "A®  —
(U0,),510,02H,0 soddyite —
Ca(UO,),[SiOy(0H)],*5H,0 B-uranophane —

KCA(H,05(U0),(PO)O,8H,0  phosphuranylite —

Ca(UO,),(PO,),*2-6H,0 meta-auntunite 1 —_—

CoMPOSITION OF URANINITE

Uraninite compositions are controlled by the geo-
chemical conditions during crystallization. Pure
uraninite with the stoichiometry UO, has never been
reported; this fact indicates the existence of US* in the
structure, which was caused by processes other than
post-depositional oxidative alteration (Finch & Ewing
1992). Uraninite in granitic pegmatites typically contains
significant concentrations of Th, Pb and the rare-earth
elements (REE), and lesser amounts of Ca, Si, and Fe.

Uraninite generally occurs as unaltered, euhedral
crystals in both pegmatite bodies, but it also occurs as
dendritic growths in albite and K-feldspar. Crystals
vary in size from 1 to 10 mm, but most crystals are less
than 3 mm across. Where partially altered, uraninite
forms a black, massive core enclosed by mineral “A”,
rutherfordine or soddyite. The dendrites can likewise be
altered to secondary minerals.

Unaltered uraninite is associated with hematite,
which occurs as a thin crust covering the crystal faces.
Iron oxide stains the surrounding grains of feldspar
hosting the uraninite. This iron oxide staining also
occurs with the associated secondary minerals.

THE DECOMPOSITION OF URANINITE

The decomposition of uraninite takes place in an
oxidizing environment, where U is oxidized to US*,
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During the initial stages of oxidation, the crystal struc-
ture of uraninite remains stable. The stability of urani-
nite depends on the ability of the structure to
accommodate additional oxygen [see Frondel (1958)
for discussion]. The chemical composition of the initial
uraninite determines the redox conditions under which
it is stable (Finch & Ewing 1992).

Uraninite from a pegmatitic environment can have
Ut in excess of U%, thereby reducing the unit-cell
parameter ao. However, the presence of Th in uraninite
from a pegmatitic environment will increase gy (Berman
1957). Grandstaff (1976) reported that unaltered
uraninite from pegmatites can have high concentrations
of US+ in its structure, with concentration ratios of
UsH U4 = 1:1,

In a pegmatitic environment, uraninite may incorpo-
rate US* during its formation. One atom of oxygen per
unit cell (Z = 4) is the maximum amount of “excess”
oxygen that can be incorporated into the structure. The
amount of oxygen that can be incorporated into
uraninite is controlled by the availability of interstitial
sites that are compatible with the cubic structure [see
Frondel (1958) and Finch & Ewing (1992) for discus-
sion]. Thus the limit of oxidation for uraninite is UO; 5.
For uraninite with US:U* in excess of 1:3, charge
balance is maintained by incorporating Ca, Ba, Mg,
Fe, K, Na and REE ions in the structure rather than
incorporating oxygen (Finch & Ewing 1992).

The ratio of U*;U% in the uraninite from the
Palermo No. 1 and Ruggles pegmatites has not been
determined, but can be inferred from results of the
LAM-ICP-MS analyses [see Foord et al. (1997) on
mineral “A”). LAM-ICP-MS data of the uraninite from
both pegmatites show small amounts (<1 wt.% each)
of Ca, Si, Mg, Mn, Na, and Th, and from 2.2 to 2.6 wt.%
K,0 and from 4.6 to 5.9 wt.% PbO. The presence of
these elements in uraninite from both pegmatites suggest
a Ut+;U% in excess of 1:3.

Finch & Ewing (1992) noted that the alteration of
uraninite in an oxidizing environment is inhibited by an
increased oxidation state of the primary uraninite,
which can reach a US+:U* value of 2:1. Alteration can
also be inhibited by the saturation of interstitial sites,
especially with O and Pb. The uraninite from the
Palermo and Ruggles pegmatites contains several wt.%
Pb, but the interstitial sites are not saturated with Pb and
O. Therefore, these samples of uraninite are susceptible
to further oxidation as a result of increasing Eh.

Mineral “A”

Mineral “A” was described as an unknown mineral by
Frondel (1956). It is the only mineral of the first stage of
mineralization, and is a common component of orange
“eummite”. We found it to be the principal phase in pure
unaltered orange “gummite” at the Palermo and Ruggles
pegmatites, where it replaces uraninite as fine-grained,
orange, waxy masses [see Figs. 1 and 2 of Foord et al.
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(1997)]. Additional studies were done on this mineral
in an attempt to define it as a new species. These studies
revealed mineral “A” to be a mixture of different types
of dehydrated schoepite and related compounds. Re-
sults of electron-microprobe and TGA analyses reveal
that mineral “A” is a uranyl-oxide hydroxyl-hydrate.
The compounds forming this mixture can have the
formulas (UO,)(OH),+¥2H,0 and (UQ,)(OH),.

Frondel (1956), Smith (1984) and Finch & Ewing
(1992) noted that uranyl oxide hydrates are the first
phases to form during the corrosion of uraninite under
oxidizing conditions. Mineral “A” was the first phase to
form during the alteration of uraninite at both pegma-
tites. A simplified oxidation reaction that developed
mineral “A” may be written as

UOz(cr) + 2H+(aq) g U0%+(aq) + H%g) (1)
UO¥ g + 2¥5H,0 —
(UO)(OH),-¥4HyO ey + 2H o) @

The 2H* g that is generated in reaction 2 may con-
tinue to react with the primary uraninite, causing additional
replacement of uraninite by mineral “A”. This reaction
will continue as long as water can reach the mineral “A”
— uraninite interface. However, this infiltration of water
was of limited extent, leaving unaltered cores of uraninite.

Rutherfordine

Rutherfordine is found only at the Palermo No. 1
pegmatite and was the next phase to develop after
mineral “A”, i.e., during stage 2. Rutherfordine occurs
as fine-grained earthy yellow masses replacing mineral
“A” or orange “gummite”, forming pseudomorphs
representing the shape of the original crystals of
uraninite. Rutherfordine can be partially replaced by,
and associated with, B-uranophane.

At the Palermo No. 1 pegmatite, rutherfordine
formed from H* and HCO;~ reacting with mineral “A”.
The following reactions are proposed for the development
of rutherfordine from mineral “A”:

(UO)(OH),*¥2H,0cry + 2H* oy —
UO3*ag + 2(OH) ) + ¥2H,0 + Hyg 3)

UO%"'(aq) + HCOQ,“(aq) — UOz(CO:;)(m-) + H+(aq) (4).

The development of rutherfordine first required the
decomposition of mineral “A” by hydrogen into a
uranyl complex (eq. 3). This uranyl complex in turn
reacted with carbonate, producing rutherfordine (eq. 4).
The hydrogen produced from the reaction in (4) can
continue reacting with mineral “A” in the presence of
carbonate, thus continuing the replacement of mineral
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“A”, This reaction will continue as long as waters can
reach the mineral “A” — rutherfordine interface.

Soddyite

Soddyite is found only at the Ruggles pegmatite and
was the next phase to form at the expense of mineral
“A”, Soddyite replaces mineral “A”, mimicking the
shape of the original crystals of uraninite that mineral
“A” originally replaced. In addition, soddyite crystal-
lized in fractures and cleavage planes in muscovite,
quartz and perthite in the immediate vicinity of the
replaced mineral “A” phase. In fractures and open
spaces, soddyite occurs as well-developed, light yellow,
orthorhombic, needle-like crystals a few micrometers
long. Soddyite is associated with B-uranophane within
the pseudomorphs of mineral “A” and in fractures. The
interval of crystallization of soddyite and B-uranophane
overlaps, and f-uranophane dominates over soddyite in
the fractures.

Soddyite developed from solutions with dissolved
silica and hydrogen reacting with mineral “A”. Acid
water containing dissolved hydrogen will react with
mineral “A”, placing uranium in solution (eq. 2).
The products of this reaction could be expected in turn
to react with dissolved silica, producing soddyite. The
following reaction is proposed for the development
of soddyite from the components of decomposition of
mineral “A”:

2[UO% ] + HySiOugg) + 2(0OH)aq) —
(UO02),8i042H,0 ey + 2H4 g (6}

Sufficient hydrogen is put into solution from this
reaction to continue the decomposition of mineral “A”.
In addition, concentrations of uranium and silica in
solution were sufficient to precipitate soddyite beyond
the immediate vicinity of mineral “A”.

B-Uranophane

The most common secondary uranium mineral found
at both pegmatites is J-uranophane. It was the next
phase to form during stage 3, after rutherfordine and
soddyite. At the Palermo No. 1 pegmatite, B-uranophane
replaces uraninite and rutherfordine, and is part of the
pseudomorphs after mineral “A”. At the Ruggles peg-
matite, B-uranophane crystallized with and after the
soddyite. It replaces uraninite and mineral “A”.

At both pegmatites, B-uranophane is abundant in
fractures and along cleavages of the adjacent minerals. It
forms a light yellow band around the replaced uraninite;
B-uranophane can completely replace uraninite, ruther-
fordine and mineral “A”, and also can be formed as
well-developed crystals (5 mm across) lining cavities
that were once occupied by uraninite.
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Before B-uranophane can precipitate, uraninite,
mineral “A” and rutherfordine need to be placed into
solution. The earlier-developed minerals will be broken
down by hydrogen (equations 1 and 3). The compo-
nents placed in solution from this decomposition will
react with Ca and silica also in solution to produce
B-uranophane. The following reaction is proposed for
the development of B-uranophane from the components
of decomposition of uraninite and mineral “A”:

2(UO%+)(aq) + 2(H48104)(aq) + Ca2+(aq) +
4(0H‘)(aq) + H20 —>
Ca(U0y),[Si03(0H) 1o 5HyOcry + 2HY gy (6).

Since rutherfordine is stable in solutions with a pH of
6, it should decompose in an alkaline solution (pH
greater than approximately 7) containing hydroxyl and
hydrogen. The following reaction is proposed for the
decomposition of rutherfordine:

UOz(COg)(ct) + Z(OH")(aq) + 2H+(aq) —
UO3¥ag) + HCOj3 ) + H,0 .

Uranium placed in solution by this reaction will react
with calcium and silica, producing B-uranophane
(eq. 6). The H* produced in (6) in conjunction with OH-
will continue decomposing rutherfordine, cansing -
uranophane to replace rutherfordine, This replacement
will continue as long as the rutherfordine — -urano-
phane interface is accessible to these reactive fluids.

Concentrations of uranium, calcium and silica in
solution were sufficient to be transported into fractures
and cleavages. The following reaction is proposed for
the precipitation of B-uranophane from a fluid that was
transported into fractures: '

2[U02(OH)3“](81D + 2(H45i04)(aq) + Ca2+(aq) —>
Ca(U0,),[Si03(OH)]*5H,0yy + H,O ®).

In equation 8, uranium is transported as the uranyl
complex UO,(OH);~. This complex is being proposed
for uranium transport because it is most abundant at a
pH above 7 (Finch & Ewing 1992), which favors the
precipitation of B-uranophane. In addition, hydroxyl
and hydrogen are generated from the decomposition
of mineral “A” (eq. 3), which can generate a uranyl-
hydroxyl complex.

Compreignacite

Compreignacite is a rare phase that was identified on
three specimens from the Palermo No. 1 pegmatite. This
mineral formed during stage three after B-uranophane
and occurs as a translucent glassy yellow coating on
uraninite, mineral “A”, mtherfordine and B-urano-
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phane. The yellow coating consists of orthorhombic
crystals a few um across. It was not found in association
with the phosphate phases.

Compreignacite precipitated from saturated solu-
tions that were transported into fractures. The following
reaction is proposed for the precipitation of compreig-
nacite from a solution:

6[[]02(0H)3]"(aq) + ZK"'(aq) + 4H+(aq) —
K3(U0,)604(0OH)s*8Hy0 ey ).

The equation shows that uranium was transported as
the uranyl complex UO,(OH);~. Compreignacite precipi-
tated from the same fluid as B-uranophane, at similar
conditions of pH. For these reasons, the same complex
was used as in equation 8 to account for the precipitation
of compreignacite.

Phosphuranylite

After B-uranophane and compreignacite crystallized,
phosphuranylite formed during stage 4. Phosphu-
ranylite is found in both pegmatites, in fractures and
cleavages of muscovite, plagioclase, quartz, and per-
thite. The mineral occurs as a dark yellow crust that
shows well-developed orthorhombic crystals a few pum
across. Phosphuranylite also occurs as a pseudomorph
after B-uranophane; it can coat earlier phases, and can
be associated with meta-autunite I. At the Ruggles peg-
matite, phosphuranylite is associated with fluorapatite in
the sixth intermediate zone adjacent to the perthite core.

Phosphuranylite precipitated from an aqueous fluid
containing uranium, phosphorus, potassium, and cal-
cium. Uranium was placed in solution from the decom-
position of the earlier phases and transported to
fractures, where phosphuranylite precipitated. The fol-
lowing reaction is proposed for the development of
phosphuranylite from an aqueous solution:

7(UO2)2+(aq) + 4(H:P04)2“(aq) + K+(aq) + Ca2+(aq)
+ S(OH)—(aq) +10H20 —
KCa(H;30)3(U02)7(PO4)402°8Hy0¢cry
+ 4H"'(aq) (10).

In equation 10, the transport of uranium is attributed
to the UO3*eq complex. This complex was used be-
cause it is the predominant complex of uranium in
acidic solutions [pH less than about 7 at 25°C: Langmuir
(1978)], which favors the precipitation of phosphura-
nylite. Phosphorus is transported as (HPO4)?-, which
can occur over a wide range of pH depending on concen-
tration, and is the most important ligand in natural
groundwaters (Finch & Ewing 1992). Equation
10 demonstrates the high concentrations of phosphate
needed to produce uranyl phosphates.
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The replacement of $-uranophane by phosphuranyl-
ite is not common, and will only take place in the
presence of high concentrations of phosphate (Finch &
Ewing 1992). At both pegmatites, phosphuranylite
replaced P-uranophane, but is of minor importance.
B-uranophane is first decomposed in the presence of
hydrogen in an acidic aqueous fluid before it is replaced
by phosphuranylite. The following reaction is proposed
for the decomposition of B-uranophane:

Ca(U0,),[Si03(0OH) 15 SHyO ey + Hi gy —
Z(U 02)2’*' (e + Ca2"‘(aq) + 2(H48104)(aq)
+ 5(0OH)- (1.
The products of equation 11, with the exception of
silica, will react with potassium and phosphate and
produce phosphuranylite (eq. 10). Silica entering the
solution in equation 11 will remain in solution because
the pH is too acidic to produce uranyl silicate minerals,
and calcium is being used to precipitate phosphuranyl-
ite. A sufficient amount of hydrogen ions is produced
during the precipitation of phosphuranylite (eq. 10) to
continue reacting with B-uranophane at the phosphura-
nylite — B-uranophane interface. The replacement reaction
will continue as long as fluids can reach this interface.

Meta-autunite I

Meta-autunite I is the last phase to crystallize during
stage 4. At both locations, the mineral coats fractures
and cleavages in plagioclase, perthite, muscovite and
quartz. Meta-autunite I is most abundant in bands sur-
rounding the phosphuranylite band; it is rarely associ-
ated with the earlier secondary minerals, but where
present, it coats the earlier-formed phases along frac-
tures. The mineral occurs as well-developed yellow-
green tetragonal plates that vary in size from a few um
to 2 mm across and as light gray scaly coatings.

Meta-autunite I precipitated in isolated locations in
and adjacent to the pegmatite core. At the Palermo
No. 1 pegmatite, meta-autunite I is found in hydrothermal
quartz veins in the core with smoky quartz (Segeler
et al. 1981). Meta-autunite I, the first dehydration phase
of autunite, is the most stable mineral in this series with
respect to autunite (Takano 1961).

Meta-autunite I precipitated from an acidic aqueous
fluid containing uranium, phosphorus and calcium ions.
The following reaction is proposed for the precipitation
of meta-autunite I:

2(Ut 2+(aq) + 2(['['?04)2“(&‘1) + Ca2+(aq) + 6H,0 —
Ca(U02)2(PO4)2‘6H20(“) + 2H+(aq) (12).

Both meta-autunite I and phosphuranylite precipi-
tated from the same aqueous fluid. Therefore, both
minerals will precipitate as a result of similar reactions.
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All the K was used when phosphuranylite precipitated,
leaving the excess Ca in solution, which in turn precipi-
tated as meta-autunite I in the last phase.

DISCUSSION

There has been much discussion in the literature as
to whether the secondary alteration of uraninite in peg-
matites resulted from reactions with a late-stage hydro-
thermal fluid or meteoric water. Ross ef al. (1931)
suggested that uraninite alteration in the Spruce Pine
pegmatites was caused by reactions with a late-stage
hydrothermal fluid. Frondel (1956) pointed out that
uranium deposits in sandstone undergo a similar se-
quence of alteration as in granitic pegmatites under
weathering conditions. In granitic pegmatites in India,
uraninite near the surface is altered into “uranium
ocher” and grades downward into unaltered uraninite
(Frondel 1956). Frondel (1956; W.R. Griffitts, pers.
comm., 1990) suggested that the alteration of uraninite
in granitic pegmatites is the result of chemical reactions
with circulating meteoric waters and perhaps some
hydrothermal waters.

At the Palermo No. 1 and Ruggles pegmatites, the
bulk of the evidence presented is consistent with early
hydrothermal interaction with uraninite and a later
development of the secondary uranium minerals at a
meteoric stage. When a hydrothermal fluid cools, it
could be expected to converge onto the same chemical
and physical characteristics as meteoric water. At both
pegmatites, the development of the secondary uranium
minerals is a kinetic as well as a temperature problem.
However, kinetics and pH are more important at
temperatures typical of meteoric processes.

The first stage of uraninite alteration produced a
uranyl hydroxyl hydrate (mineral “A”), which is a mix-
ture of nearly completely dehydrated forms of
schoepite. Completely hydrated schoepite forms from
the weathering of uraninite and is typically the first
uranyl phase to precipitate from water in contact with
the atmosphere (Finch & Ewing 1992). Moore (1973)
noted that phosphate minerals with a low degree of
hydration crystallized at higher temperatures than those
with a high degree of hydration. The same inference
can be applied to explain the precipitation of mineral
“A” and fully hydrated schoepite. Since mineral “A” is
nearly dehydrated, it could not have formed from the
weathering of uraninite by meteoric waters in contact with
the atmosphere. Instead, mineral “A” likely formed in a
closed system from late-stage hydrothermal fluids.

From investigations of phosphate minerals at the
Palermo No. 1 pegmatite, Segeler e al. (1981) sug-
gested that the late-stage hydrothermal fluids might
have been active over the temperature range 350° to
50°C. Mineral “A” crystallized at the beginning of this
hydrothermal stage, probably somewhat above 300°C.

The precipitation of uranyl-hydroxide hydrates re-
quires large oversaturations, and may involve solutions
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with significant concentrations of silica (Finch &
Ewing 1992). Mineral “A” developed from a fluid that
was oversaturated not only with respect to mineral “A”,
but also probably with silica. Uranyl silicates did not
precipitate from this solution with mineral “A” because
the pH was too acidic (pH less than about 6), and the
temperature was above 25°C.

After mineral “A” crystallized, the residual late-
stage hydrothermal fluids cooled to the temperature of
meteoric water (25°C). Thus this remaining fluid con-
verged onto the same pH and chemical characteristics
as meteoric water. The pH is temperature-dependent; at
100°C, neutral pH is 6; in other words, with dropping
temperature, a neutral pH for the same fluid would shift
toward 7 (Romberger 1984). When the hydrothermal
fluid cooled to temperatures of meteoric water, the
initial pH remained acidic and with time, slowly shifted
toward neutral (pH 7 at 25°C) to alkaline when the
uranyl silicates precipitated.

At the Palermo No. 1 pegmatite, the second stage of
alteration produced the uranyl carbonate rutherfordine.
This pegmatite contains abundant carbonate minerals,
mostly siderite. Water reacting with siderite will con-
tain dissolved carbonate as HCO;~. Where the partial
pressure of CO, exceeds 1022 atm. in meteoric waters,
dehydrated schoepite becomes unstable, and rutherfordine
will form (Finch & Ewing 1992). When the hydrother-
mal fluid that developed mineral “A” cooled to mete-
oric temperatures, it became oversaturated with
carbonate, and the partial pressure of CO, exceeded
10-22 atm. Mineral “A” became unstable in this fluid
and was partially to completely replaced by rutherfordine.

In uranium-rich aqueous solutions [EU = 10M,
P(CO,) = 10-2 atm. at 25°C], rutherfordine is dominant
at a pH of 6 (Finch & Ewing 1992) and can be stable at
a pH ranging from <6 to 7 (Sergeyeva et al. 1972). The
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precipitation of rutherfordine at the Palermo No. 1 peg-
matite took place in near-neutral to acid waters (pH less
than about 6 at 25°C).

At the Ruggles pegmatite, carbonate is absent, and
soddyite was the next phase to crystallize. Soddyite is
the first uranyl silicate phase to crystallize during the
silicate or third alteration stage. The precipitation of
urany! silicates from a solution requires oversaturations
of silica and calcium (Finch & Ewing 1992).

The stability boundaries for soddyite, schoepite, and
uranophane at 30°C have been proposed by Finch &
Ewing (1992). They are dependent on the activity of
Ca?, H,SiO, and pH. Schoepite is stable in environ-
ments with low activities of dissolved Ca and silica.
With increasing activities of dissolved silica and at low
activities of Ca, soddyite becomes stable at the expense
of schoepite. At 30°C, the stability boundary between
schoepite and soddyite is defined by an activity of
H,Si0, greater than 1042 and an activity ratio
aCa*/a2H* less than 104, as illustrated in Figure 2.

Soddyite precipitated from an aqueous fluid that had
an activity of dissolved HySiO, greater than 10-*2 and
a low value of aCa?*/a2H* (<10%) with a near-neutral to
acid pH (pH greater than about at 25°C). Mineral “A”,
unstable in this solution, was replaced by soddyite.
Solution saturations were sufficient for uranium and
silica to be transported into fractures and cleavage
planes, where soddyite precipitated.

Beta-uranophane, found at both pegmatites, was the
next mineral to precipitate during the third stage of
alteration. The stability diagram for soddyite, schoepite,
and uranophane (Fig. 2) shows uranophane becoming
stable at aCa?*/a2H* between 1055 and 102, depending
on the activity of HySiO,. This demonstrates that the pH
required for the precipitation of f-uranophane is higher
than for the precipitation of soddyite. Whereas soddyite
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2.
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aH,8i0,, aCa?* and pH. Lines dashed where metastable with respect to becquerelite.
Diagram modified from Finch & Ewing (1992).
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precipitated at an acidic to near-neutral pH, B-uranophane
crystallized at an alkaline pH (27 at 25°C). Beta-urano-
phane can crystallize over a wide range of silica activities,
ranging from 10-2 to 10-5,

At the Palermo No. 1 pegmatite, conditions were not
favorable for the precipitation for soddyite. Either the
calcium activities and pH were too high, or it was the silica
activity that was too high. Instead, f-uranophane pre-
cipitated. However, in the Ruggles pegmatite, both
minerals precipitated.

At the Ruggles pegmatite, f-uranophane and soddyite
deposition overlapped, which places some constraints
on the activities of Ca and silica and on pH. Soddyite is
expected where the activity of HySiOy is greater than
1042, the activity ratio Ca?*/H* is below 108, and the
pH is near-neutral to acidic. Beta-uranophane can be
expected to form at the same activity of silica as soddyite
if the ratio of activity of Ca?* to that of H* is greater
* than 108 and the pH is alkaline (Fig. 2) (Finch & Ewing
1992). Based on the above constraints, the initial crys-
tallization of B-uranophane probably took place where
H,Si0, activity exceeded 1042 at a pH of less than
about 7 at 25°C. Later, with increased activity of
H,Si0;, increased ratio of Ca?* to H* activities and
increase of the pH to the alkaline range, the deposition
of B-uranophane was favored over soddyite.

At the Palermo No. 1 pegmatite, compreignacite pre-
cipitated at the close of the third stage of alteration.
Since compreignacite crystallized with B-uranophane,
it probably precipitated under the same alkaline condi-
tions as B-uranophane. Because compreignacite is so rare,
it probably crystallized under restricted chemical con-
ditions, i.e., only where the pH and concentrations of K*
and US+ were sufficiently high to favor its precipitation,

The fourth and final stage of alteration is charac-
terized by the precipitation of uranyl-phosphate minerals.
Phosphuranylite was the first phase to precipitate,
followed by meta-autunite I.

Uranyl phosphate minerals precipitate from an acidic
aqueous fluid with high concentrations of phosphate.
On the basis of previous experimental work, Finch &
Ewing (1992) suggested that phosphate concentrations
need to be high, at about 10-2 M, with an acid pH, to
precipitate uranyl phosphate in the absence of a cata-
lyst. At a pH exceeding approximately 7, fluorapatite
should maintain phosphate concentrations below those
required for the precipitation of uranyl phosphates. At a
pH below 7, fluorapatite is increasingly soluble, possibly
allowing phosphuranylite to precipitate.

At the Ruggles pegmatite, fluorapatite associated
with urany] phosphate minerals is etched. This etching
suggests the presence of acidic solutions at the stage
the uranyl phosphate minerals were precipitated. The
replacement of B-uranophane by phosphuranylite fur-
ther indicates the acidic conditions needed to precipitate
uranyl phosphates. Uranyl silicates can be replaced by
uranyl phosphates when phosphorus concentrations in
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groundwater are elevated (Finch & Ewing 1992). Beta-
uranophane is unstable in acidic groundwater and will
decompose. If this decomposition takes place in the
presence of high concentrations of phosphorus, then
B-uranophane can be replaced by phosphuranylite.

Minerals of the phosphuranylite group have higher
solubilities than those of the autunite group (Finch &
Ewing 1992). Therefore, the precipitation of phosph-
uranylite will require higher degrees of saturation of the
solution than for meta-autunite I. Equation 10 shows
that higher proportions of UO3*ap and HPOZ are
needed to generate phosphuranylite than is the case for
meta-autunite I, as shown in equation 12. Since higher
concentrations of the solution are needed to generate
phosphuranylite, it is more closely associated with uran-
inite and the earlier secondary minerals than with meta-
autunite I.

CONCLUSIONS

The paragenetic sequence determined for the
Palermo No. 1 and Ruggles pegmatites (Table 1) con-
firms the sequence of alteration observed by Frondel
(1956). The secondary uranium minerals at the Ruggles
and Palermo No. 1 pegmatites developed from the
alteration of primary uraninite by hydrothermal fluid
and groundwater. At the Palermo No. 1 pegmatite, four
stages of alteration took place: uranyl oxide hydrate,
uranyl carbonate, uranyl silicate and uranyl phosphate.
At the Ruggles pegmatite, the uranyl carbonate stage
is missing.

The first three mineralizing stages and mineral par-
agenesis represent continuous changes in pH and fluid
saturations in a closed system. Initial alteration took
place at temperatures above or near 300°C, with an
acidic pH. After stage one, the initial hydrothermal
fluid cooled and, with time, the pH shifted to approxi-
mately 7 at 25°C. During the carbonate or second stage,
the fluid remained acidic, with a pH closer to 6 at 25°C,
and was oversaturated with carbonate. The third or
silicate stage had an initial acidic pH that shifted to
slightly alkaline at the close of this stage. Initially, the
Ca and Si saturations and pH favored the deposition of
soddyite. Later, Ca and Si saturations increased along
with the pH, and B-uranophane precipitated.

The fourth stage represents alteration by the intro-
duction of groundwater in an open system. During this
stage, phosphuranylite and meta-autunite I precipitated
from an oversaturated, acidic aqueous fluid. After the
close of the third stage, the remaining aqueous fluid was
alkaline; the introduction of groundwater shifted the pH
of this fluid to the acidic range.

Phosphuranylite and meta-autunite I precipitated
from an acidic solution with oversaturations in ura-
nium, phosphorus, calcium, and potassium. After the
precipitation of phosphuranylite, the solution became
oversaturated with respect to meta-autunite I, and this
final phase precipitated.
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The alteration of uraninite and precipitation of sec-
ondary uranium minerals under late-stage hydrothermal
and meteoric conditions in a pegmatite are not well
understood. Most work has been concentrated on the
alteration and precipitation of these minerals under
weathering conditions in sandstone deposits. Much
experimental work remains to be done to determine
Eh and pH constraints for the precipitation of these
minerals in a pegmatite-forming environment.
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