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ABsrRAc"r

Allanite, zircon, and other exotic rare-earth minerals, including hellandite, monazite, parisite, synchisite, euxenite, and
polycrase, have been found at the Mattagami Lake mine Archean Zn-Cu-Ag-Au volcanogenic massive sulfide (VMS)
deposit, Quebec. Zir:con in the least-altered rhyolite host-rock is interpreted to be relict, and igneous in origin. Fresh grains
of allanite, hellandite, monazite, parisite, and synchisite occur in cross-cutting veins and evidently belong to the late
greenschist-facies metamorphism. Metamict grains represent an earlier generation of allanite, and may have crystallized during
the hydrothermal alteration associated with the formation of the ore deposit on the seafloor. Euxenite and polycrase replace
skeletal ilmenite. Whole-rock analyses and mass-balance calculations reveal that a large proportion of the REE in all rocks
of the Mattagami I.ake mine resides in these rare-earth minerals, particularly in allanite and zicon, which account largely for
the abundances of IREE and HREE, respectively. This illustrates the potential of these minerals for controlling the distribution
of REE in VMS deposits. In particular, preferential dissolution and recrystallization of allanite dominate the distribution of the
LREE. In contrast, the HREE were relatively immobile, apparently because of the chemical resistance of zircon and
(Y,M)-oxides.

Keyvvords: rare-earth minerals, allanite, zircon, hellandite, geochemistry of the rare earths, volcanogenic massive sulfide
deposit, Mattagami Lake mine, Quebec.

Sotlnuens

Nous avons trouv6 allanite, zircon, et autres min6raux exotiques enrichis en lerres rares, par exemple hellandite, monazite,
parisite, synchisite, euxenite et polycrase, dans le gisement arch6en de sulfures massifs volcanog6niques i Zn{u-Ag-Au
de Mattaganri Lake, Qudbec. Le zircon pr6sent dans les rhyolites h6tes les moins alt6r6es serait d'origine ign6e. Les cristaux
d'allanite, de hellandite, de monazite, de parisite et de synchisite saines se trouvent en veinules qui recoupent ces roches,
et donc r6sultent d'une remobilisation sous conditions du facies schistes verts. Les grains mdtamictes repr6senteraient une
g6n6ration pr6coce d'allanite, et pourraient avoir cristallis6 au cours d'un 6pisode hydrothermal sur le fond ocdanique,
lors de 1a formation du glte. L'eux6nite et le polycrase remplacent f ilm6nite, squelettique. Les compositions de roches et les
r6sultats de bilans g6ochimiques r6vblent que la plus grande partie des concentrations de terres rares des roches tr la mine
Mattagami Lake rdside dans ces mindraux, et surtout dans l'allanite et le zircon, qui rendent compts des abondances de terres
rares l6gbres et lourdes, respectivement. Nos r6sultats illustrent le potentiel qu'ont ces min6raux pour r6gir la distribution
des terres rares dans les gisements de sulfures massifs volcanogdniques. En particulier, la dissolution pr6f6rentielle et la
recristallisation de l'allanite exercent le contr6le dominant sur la distribution des terres mres l6gdres. Par contre, les terres rares
lourdes d€montrent une immobilite relative dans ce milieu, qui serait due i I'insolubilit6 du zircon et des oxydes l Y et Nb.

(Traduit par la R6daction)

Mots-cl6s: min6raux porteus de terres rares, allanite, zircon, hellandite, g6ochimie des tenes rares, gisement de sulfures
massifs volcanogdniques, mine de Mattagami Lake, Qu6bec.

INTRoDUcrroN

The geochemistry of the rare-earth elements (REE')
has been widely applied to models of exploration and
genesis for a variety of ore deposils (Kerrich & Fryer
1979,  F le ischer  1983,  Fryer  & Taylor  1987,

Lottermoser 1992, and references therein), and particu-
larly for volcanogenic massive sulfide (VMS) deposi*
(Graf 1977, Campbell et al. 1984, Lesher el al.1986,
Maclean 1988, Whitford et al. 7988, Banett et al.
1991, Schandl & Gorton 1991, Schandl et al. l99l).
For exarnple, REE geochemistry is particularly helpful

* Present address: Departrnent of Geological Sciences, University of Saskatchewan, Saskatoon, Saskatchewan S7N 0W0.
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Frc. 1. Geological outline of section 39 of the Mattagami Lake mine orebody, with sample locations (after Costa 1980, Costa
et al. 1983). Only samples mentioned in the text are indicated; the pyrosmalite-bearing samples of Pan et al. (1993a) arc
represented by solid circles. Sample FR1 (least-altered rhyolite) is located beyond the area shown in Fig. 1.

in the analysis of greenstone-belt stratigraphy to
distinguish tholeiitic and calc-alkaline volcanic series
(Ir4ackan 1988), and is becoming increasingly impor-
tant as a direct tool for exploration of VMS deposits
(Campbell et al. 1984, Lesher er al. 1986). Similarly,
the characteristics ofREE distribution in massive sul-
fide ores and their spatially associated alteration
haloes and volcanic host rocks are routinely examined
for possible genetic relationships and for constraints
on the nature and physicochemical conditions (mixture
with seawater, temperature,flO), pH, erc.) of the ore-
forming fluids. Alteration pipes below several YMS
deposits have provided some of the most convincing
examples for REE mobility under hydrothermal condi-
tions (e.9., Campbell et al. 1984, Maclean 1988,
Whitford et aL.1.988).

Although the rapidly growing body of whole-rock
abundances of the REEhas provided much insight into
VMS deposits, very few studies have been accompa-

nied by detailed petrographic descriptions or miner-
alogical data. In particular, the REE-bearing minerals
are rarely described (Schandl & Gorton 1991, Schandl
et al. 1991, Pan & Fleet 1992, 1993). Most ancient
VMS deposits have experienced a regional meta-
morphic or late-stage episode of hydrothermal alter-
ation (or both) after the syngenetic mineralization on
the seafloor (Franklin et al. 198L, Schandl et al.1990,
Large 1992, Pan et al. L993a). Therefore, the petro-
graphic and mineralogical characteristics of all rock
types, including ore and gangue, alteration pipes (or
haloes), and host volcanic suites, must be well defined
in order to permit a meaningful interpretation of the
geochemistry of the REE in VMS deposits.

In this paper, we report on texture and chemistry of
some exotic rare-earth minerals, including allanite,
hellandite, monazite, parisite, synchisite, euxenite, and
polycrase, as well as zircon, from the Mattagami Lake
mine Archean Zn{u-Ag-Au massive sulfide deposit
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of the Matagami mining district, Quebec. The
Mattagami Lake mine is a classic example of an
Archean volcanogenic massive sulfide deposit that has
been generated by syngenetic processes on the
seafloor and subsequently subjected to a regional
metamorphism of greenschist-facies grade (Roberts
1975, Roberts & Reardon 1978, Costa 1980" Costa
et al. L983,Pan et al. L993a). Detailed observations
of texture were made in order to establish the para-
genetic sequence of the rare-earth minerals. Their
chemical compositions were characterized by
electron-microprobe analysis. In addition, whole-rock
analyses and mass-balance calculations were per-
formed to assess the potential of these accessory min-
erals in the control of the distribution of the REE in
the Mattagami Lake mine and other VMS deposits that
have undergone low-grade metamorphism. Finally,
the present study also has an important bearing on the
behavior of the RE4 M, Y, and Z in alteration pipes
or haloes associated with VMS deposits (Campbell
et al. L984. Maclean & Kranidiotis 1987. Maclean
1988, Whitford et al. 1988, Schandl & Gorton 1991,
Schandl et al. L99l).

GroLocrcar SsTTr.rc

The Mattagami Lake mine is the largest of thirteen
Archean polymetallic (Zn-Cu-Ag-Au) massive sul-
fide deposits in the Matagami mining district, north-
western Quebec, which lies within the northernmost
volcanic center of the Abitibi greenstone belt, Superior
Province (Roberts 1975, Roberts & Reardon 1978,
Costa 1980, Costa et al. 1983, Maclean 1984). The
geology of the Matagami mining district and its mas-
sive sulfrde deposits have been described by a number
of investigators (Roberts 1975, Roberts & Reardon
1978, MacGeehan & Maclean 1980, Costa 1980,
Costa et al- 7983, Maclean 1984, Maclean
& Kranidiotis 1987). Most of the orebodies of the
Mattagami mining district lie at the top of rhyolites of
tle Watson Lake Group and are overlain by the Key
tuffite. a distinctive unit of intercalated chemical sedi-
ments and epiclastic materials of trondhjemitic
composition, and the Wabassee andesite (Fig. 1).
Regional metamorphism in the Matagami mining dis-
trict varies from greenschist to amphibolite facies
(Jolly 1978).

The Mattagami Lake mine includes two orebodies
of 19 and 2 million tonnes, respectively, with an aver-
age of L2.8Vo Zn,0.7Vo Cu, 40 glt Ag, and 0.6 g/t Au
(Costa 1980, Costaet aL.1983). The deposit is located
on tle hinge of a local, second-order anticline of a
regional anticline, and is clearly seen to be deformed if
its present configuration is outlined relative to the
overlying andesite - Key tuffite contact (Roberts
1975). The larger orebody is characterized, by a
regular vertical zonation in sulfide - oxide - silicate
mineral assemblages; this includes, stratigraphically

downward, the Key tuffite, a pyrite - sphalerite uni!
and a pyrite - pyrrhotite - magnetite unit (Fig. l; cl
Roberts 1975, Roberts & Reardon 1978, Costa 1980,
Costa et al. 1983). The footwall to the Mattagami
Lake mine is a vitroclastic rhyolite, which constitutes
the uppermost volcanic unit of the Watson Lake
Group and exhibits varying degrees of alteration. The
least altered footwall rocks are characterized by tlle
assemblage K-feldspar, albite-oligoclase, quartz, and
biotite, with subsidiary chlorite, epidote, allanite,
ilmenite, calcite, zircon, and polycrase, and were
classified by Costa et al. (1983) as quartz kerato-
phyres. Proximal to the orebody, albite is progres-
sively consumed by chlorite, which preserves perlitic
and spherulitic textures and may comprise up to 90Vo
of the rock (Costa 1980, Costa et a/. 1983); these
chlorite-rich rocks are hereafter referred to as chlori-
tite. The upper portions ofthe chloritite footwall zone
also are characterized by numerous, inegularly distrib-
uted veins and microveins of sulfides and silicates
transecting the chloritite matrix. The veins and
microveins are composed of variable amounts of
pyrite, pyrrhotite, and sphalerite together with quartz,
talc, phlogopite, chlorite, stilpnomelane, rare actinolite
(Costa 1980, Costa et al. 1983), allanite, and hellan-
dite (see below). Electron-microprobe analyses by
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Costa et al. (L983) revealed that the chlorite in the
cross-cutting microveins is more magnesian than its
counterpart in the matrix.

The Mattagami Lake mine is a Noranda-type
Archean VMS deposit according to the two-fold
classification of Morton & Franklin (1987). Although
an epigenetic origin involving processes of hydro-
thermal replacement was proposed by earlier investi-
gators, the polymetallic massive sulfide deposits,
including the Mattagami Lake mine, are presently
accepted as classic examples of syngenetic massive
sulfide bodies, generated by contemporaneous,
coupled volcanic, hydrothermal, and sedimentary
processes (Roberts 1975, Roberts & Reardon 1978,
MacGeehan & Maclean 1980,  Costa 1980,
Costa el al. 1983, 1984, Maclean 1984" Maclean &

Kranidiotis 1987). Based on a detailed study of major-
and trace-element geochemistry, mineral chemistry,
stable isotopes, and fluid inclusions, Costa and
coworkers (Costa 1980, Costa et al. 1983,1984) con-
cluded that the Mattagami Lake ore and gangue were
precipitated from a brine pool on the seafloor (see also
Pan et al. L993a) that was ponded in a seafloor depres-
sion at the top of the Watson Lake Group rhyolite.
Subsequently, the Mattagami Lake deposit was
metamorphosed to a regional greenschist facies (Jolly
1978" Costa et al. L983,Panet al. L993a). In addition,
the bleached nature and the local presetrce of quartz
and plagioclase phenocrysts with extremely inegular
margins (conoded? cf, MacGeehan & Maclean 1980)
in the least-altered rhyolite indicate that seafloor
weathering also may have occurred in the area.



ANALYTICAL PRoCEDURES

A large number of samples from the Mattagami
Lake mine VMS deposit,-including many in the Suffel
Collection in the Department of Geology at the
Univenity of Westem Ontario, were at our disposal.
Petrographic observations of the present study were
based mainly on a suite of samples (Fig. l) collected
by Costa (1980) and Costaet at. (1983). Six represen-
tative samples (one of massive sulfide ore, one of talc
- actinolite rock, three of chloritite, and one of
the least-altered rhyolite) were studied in detail by
electron-microprobe (EMP) analysis and modal analy-
sis. Characterization of the rare-earth minerals was
made by a combination of transmitted- and reflected-
light microscopy, X-ray diffraction, back-scattered
electron imaging, and quantitative chemicgl. analysis
by EMP.

The chemical composition of rarejearth minerals
and REE-bearing minerals (t.e., ziiixri, titanite, and
apatite) was determined using a JEOL JXA-8600
Superprobe fitted wilh four automated wavelength-
dispersion spectromefers, at the University of Westem
Ontario. Analytical'procedures were generally similar
to those in Pan & Fleet (1990, 1 99 l) but included four
separate schedules bec4use of the larle number of ele-
ments required for corlprehensive analyses. One
schedule specifically for elements of atomic number
less than 26 (Tables 1,2) was'carried out at an acceler-
ating voltage of 15 kV, a beam current of 10 nA, a
beam diar4eter of 2-5 pp,.20. s count, using minerals
as standards, Theotheretrehefts w-ere included in
three separate scheduled ldirontaifing Si, al, Fe, anO
Ca for matrix-correction purposes) at an accelerating
voltage of 25 kV, 20 nA beam current, 2-5 pm beam
diameter, and 30 s count. Standards included the syn-
thetic glasses of Drake & Weill (1972) for REE (with
peak selections and peak-overlap corrections after
Roeder 1985) and Y (la),:Ba2NaNbrO15 for Nb (tal,
manganotantalite for Ta (Mcr,), pure Th for Th.(Ma),
pure U tor U (IrIa), scheelite for W (Mc), and zircon
for Hf (Zcl) and Zr (La). Matrix corrections were
made on-line using the Tracor Northem ZAF program.

Major elements and Nb, Y, and Zr for three sam-
ples of the footwall chloritite were deterrnined by XRF
at the University of Western Ontario. Eight samples
were selected for REE analyses: four of massive sul-
fide ores, one of talc - actinolite rock. and three of
chloritite. Concentrations of the REE were determined
by instrumental neutron activation analysis (INAA) at
the University of Western Ontario.

PsrRocRApHy .qND Mn'rERAr- Cnmnsrny

Allanite

Allanite has been found as a trace constituent of
variable size in several samples of the least-altered
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rhyotte. Within the orebody, it is exceedingly rare in
massive sulfide ores, but is locally abundant in the
talc-actinolite rock @g. 2a). In the footwall chloritite,
alanite has been found in all samples exarnined in this
study. Most interestingly, theie is a general ilcrease in

. the modal abundance of allanite toward tlie orebody,
which corresponds to the increase in intensity of
chloritizatiori. However, it was not possible to quanti-
fy the distribution of allanite, and exceptions to the
correlation do exist on a local (i.e., hand-specimen)
scale, reflecting an inhomogeneous distribution of this
mineral. Moreover" two textural varieties of allanite
are readily distinguished in the footwall chloritite:
extensively altered (nearly amorphous, metamict)
grains are commonly surrounded by fresh (or less
metamict) crystals (Figs. 2b, c). Grains of fresh
allanite also occur in tle cross-cutting veins of quartz,
sulfides (Fig. 2d) and silicates, and two textural

. yarieties of allanite in the talc-actinolite rock of the
: giebody also are locally distinguished. However, this
:,lextural distinction is not possible in the massive
''sulfide ores, where allanite occurs only as single

discrete grains with no evidence of metamictization; a
replacement texture involving allanite has not been
obse.fved either in the least-altered rhyolite.

C6mpositional zonation is a characteristic feature of
aUanite in the least-altered rhyolite and is present in a
few grains in the talc - actinolite rock, but has not
been observed in either of the textural varieties of
allanite in the footwall chloritite. As expected, the
metamict grains commonly yielded lower EMP oxide
totals than the fresh grains (Table 1). The allanite
grains in the talc - actinolite rock of the orebody are
noticeably richer in Mg and Fe than those in other
lithologies (Iable 1), indicating control by whole-rock
composition of host rocks. Several grains of allanite in
direct contact with sphalerite from the orebody and in
sample CD5-13 from the chloritite footwall zone con-
tain a minor amount of Zn (up to 0.8 wt.Vo ZrOt
Table 1). Zinc has been reported as a minor element in
allanite grains associated with sphalerite by
Ovchinnikov & Tzimbalenko (1948) and by Johan
et al. (1983). Several silicate minerals (e.9., actinolite,
dannemorite, and manganpyrosmalite) from tle ore-
body of the Mattagami Lake mine also contain minor
amounts of Zn (Pan et al. 1993a\. A minor amount
of F is present in all grains of allanite from the
Mattagami Lake mine (Table 1), but Cl was not
detected.

A minor amount of Y is present in all grains of
allarfte of the Mattagami Lake mine, and the metamict
grains appear to have slightly higher values ofthis ele-
ment tlan the fresh ones (Table 1). Surprisingly, Th
and U were not detected in allanite by EMP in this
study, including in the metamict grains, from which
these two elements may have been preferentially
leached to form monazite; see Figs. 2b, c; cf. Pan
& Fleet 1991, Pan et al. 1993b). With respect to the

r37
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ftc. 2. Photomicrographs (ad,e) and back-scattered electron images (b,c,$ illustrating rare-eailh minerals from tle Mattagami
Lake mine: a) locally abundant allanite (Ah) in the talc - actinolite CIlc and Act) rock of the orebody; b) fresh allanite
(Ahr) replacing metamict allanite (Aln.) in the footwall chloritite, with monazite (I\tInz) at their boundary; c) fresh allanite
(Aln) replacing metamict allanite; note monazite (Mnz) after metamict allanite, and parisite (Prs) and synchisite (Syn) as
small patches (brigh! rimming fresh allanite; d) ailanite (Aln) and apatite (Ap) in a cross-cutting vein of quartz (Qu) and
pynre (Py) from the footwall chloritite; e) hellandite in a cross-cutting microvein (tughlighted) of quartz (Qtz), sphalerite
(Sp), and Mg-rich chlorite (ChI) from the footwall chloritite; f) polycrase @ly) in intimate intergrowth with ilmenite Om)
from the footwall chloritite.

levels of the REE, the metamict grains are noticeably
lower in total abundances than the fresh ones.
However, the chondrite-normalized REE patterns of

these two textural varieties from a given saaple axe
remarkably parallel to each other (Fig. 3c). Allanite
gains in all rock type$ are characterized by marked
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enrichments of. LREE over HREE (Frg. 3), and their
degree of LREE|HREE fractionation varies from one
sample to another. Europium is invariably unde-
tectable in all cases, indicating pronounced negative
Eu anomalies (Fig. 3).

Hellandite

Hellandite is a rare (Ca,YBEE borosilicate min-
eral, frst reported in a granite pegmatite near Kragero,
Norway (Briigger 19031, cf. Hogarth et al. 1972,

allanite (fresh)
allanite (metamict)
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Mellini & Medino 1.977). To date, only four other
occlurences have been described and, again, all are
hosted by granite (Predazzo, Italy; Emiliani
& Gandolfi 1965) and pegmatites @akefiel{ Quebec,
Hogarth et al. 19721, Quyang, China, Ma et al. L986:
Tahra, Japan, Miyawaki et al. 1987). A crystal-struc-
ture determination by Mellini & Merlino (1977) estab-
lished that hellandite has a silicoborate chain structure
and a formula of [Ca5., ff "REps.otr r.s] (Al,Fe)z(OH)a
lSi8BsO4.(OH)al for the Italian material.

Hellandite at the Mattagami Lake mine was found
by petrographic investigation, and subsequently con-
firmed by EMP analysis and X-ray diffraction.
Hellandite occurs as a major constituent within the
cross-cutting microveins of quartz, sphalerite, chlorite
@ig. 2e), and phlogopite in sample CD5-13 from the
chloritite footwall zone. It is the only B-bearing min-
eral in the Mattagami Lake mine; tourmaline, regarded
as a common B-bearing mineral in massive sulfide
deposits elsewhere [Slack & Coad (1989) and refer-
ences thereinl, has not been observed.

The hellandite of the Mattagami Lake mine occurs
as stubby prismatic grains (generally less than 100 pm
in maximum dimension), with {100} polysynthetic
twinning (see also Hogarth et al. 1972), and com-
monly in intimate intergrowth with sphalerite
(Fig. 2e). X-ray single-crystal precession photographs
are consistent with a space group P2la (cfi Hogarth
et al. 1.972, Mellini & Merlino 1977). X-ray powder
diffraction (Gandolfi camera, CrKu, radiation) yielded
sharply defined diflraction lines and gave a 18.88(2),
b 4.70(l), c 10.27(3) A, B 111.6(3)o, in agreement
with values in the [terature (Hogarth et al. 1972).

At the Mattagami Lake mine, the hellandite con-
tains a significant Al content and only minor amounts
of Fe and Mn (Table 2). It is characterized by a
marked enrichment in the middle REE (particularly
Gd and Dy) over other REE, and thus exhibits a
concave-downward chondrite-normalized REE pattem
devoid of a Eu-anomaly (Fig. 3c).

Monnzite, parisite, and synchisite

Monazite [(RE4PO4] is present as small grains
(ess than 30 pm in diameter) along fractures and grain
boundaries of metamict allanite @gs. 2b, c) in sam-
ples CD5-11 and CD5-13. The monazite contains
minor amounts of Y, Th, and U (Table 2), and is
characterized by high IR.EEIHREE ftactionation and a
pronounced negative Eu-anomaly @ig. 3c).

Parisite ICa(REE)r(CO3)3F2] and synchisite
[Ca(RE4(CO:)zF] are present as small grains (less
than 30 pm in diameter) along the fractures of meta-
mict allanite and also as small patches (less than
10 pm wide) rimming grains of fresh allanite (Fig. 2c)
in sample CD5-11. Parisite and synchisite both con-
tain significant contents of Y (Table 3) and have
nearly parallel chondrite-normalized REE patterns;
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both minerals are characterized by marked enrich-
ments in LKEE over HREE and pronounced negative
Eu-anomalies (Fig. 3b).

Euxenite and polycrase

Electron-microprobe analyses (Table 2) established
that some extremely small (less tharL 20 pm in diam-
eter) opaque grains in intimate intergrowth with
ilmenite (Frg. 2D in samples CD5-1 1 and CD5-13 are
(Y,REE) Nb-Ti oxides with a general formula of
ABzOa. Rare-earth, AB2O6-type Nb-Ti oxides include
a number of mineral species (aeschynite, euxenite,
polycrase, etc. cf.Ewing 1976, Cem! & Ercit 1989).
Both Nb- and Ti-dominant varieties have been
analyzed in these two samples, although the latter (Ti
dominant) is relatively more common than the former.
Both oxides have Y as the most abundant cation in the
A site and, therefore, may be classified as euxenite and
polycrase, respectively, according to the nomenclature
of Ewing (1976). An X-ray powder-diffraction study
of these oxides was unsuccessflrl owing to their small
size. They probably are metatct and pervasively
altered as well (cl Ewing 1976, Cernf & Ercit 1989).
Several grains of polycrase also have been found in
intimate intergrowth with ilmenite in a sample of the
least-altered rhyolite (FR1 ).

The euxenite contains significant amounts of Al,
Fe, Si and Ca, all of which are generally low in abun-
dance in the polycrase (Table 2). Both minerals are
characterized by high concentrations of the middle
REE" and thus exhibit concave-down'ward chondrite-
normalized REE pattems (Fig. 3b). However, the
euxenite is considerably lower in absolute contents of
Y and IREE than the polycrase (Table 2). ln addition, a
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minor amount of W has been detected in both minerals
(fable 2), and scheelite also occurs as a trace phase in
their chloritite host-rocks. Thorium and U contents
have also been detected but are surprisingly low in
both euxenite and polycrase of the Mattagami Lake
mine (Table 2; cf. Ewing 1976). The polycrase in rhe
least-altered rhyolite has a similar, concave-downward
chondrite-normalized REE pattert to those of the
footwall chloritite (Fig. 3a).

Zircon, titanite, and apatite

Zircon is a common but minor or trace constituent
in all samples of the least-altered rhyolite and the foot-
wall chloritite. All grains of zircon are compo-
sitionally similar and contain significant amounts
of llf (up to 2 wt.Vo IIfOr, Y (2 vrt.Vo YrOr), and REE
(3 wt.Vo >REE2O', mainly the HREE; Table 2,
Fig. 3a), and minor Th and U contents (less than
0.5 wt.Vo of their respective oxides).

Titanite and apatite are present in trace amounts in
all rock types of the Mattagami Lake mine. A minor
amount of Y (up to 0.65 wt.Vo Y20) has been
detected in titanite. However, rare-earth elements were

not detected in either mineral by EMP analysiso even
where they are in close association with allanite.

Wuor-B-Rocr Gr@HEMrsrRY

The whole-rock geochemistry (major- and selected
trace-elements) of the massive sulfide orebody, foot-
wall chlorit ite, and host volcanic rocks at the
Mattagami Lake mine has been studied in detail by
Costa and coworkers (Costa 1980, Costa et al.1983).
These authors recognized that the least-altered rhyo-
lites and the footwall chloritite are all characterized by
high concentrations of Zr, Y and Nb, and by constant
ratios of A12O3 to TiO2 Grg. 4a), Zr Fie.4b), Hf and
Sc, which they attributed to a single parental rock of
uniform initial composition. An inspection of the data
in Table 2 of Costa et al. (1983) reveals that there is
also a l inear correlation bet\i leen Y and Al2O3
(Fig. 4c), but no apparent correlation between Nb and
A12O3 Gig. 4d). We attribute the latter to analytical
problems for Nb in the study of Costa et al. (1983)
based on the following three observations. Firstly, the
mineralogical data of tlte present study indicate that
Nb is immobile in the footwall chloritite (see below).

F o.4

3 E

N

1 000

800

000

400

200

0

60

E
o

-s 40

z

€ 300
o

_o

c
a

a
a a

a a
t

!t-r:.
. i+* '
t  r  Rz=0.81

d
l 1

a

a
t

a 3 t '
. t a

a r

* to '  r

a a

a a

a

a

Rz = 0.14

1 0  t 5
AlzOg (wt. o/o)

1 0  1 5

AleOs (wt. o/.)

1 0  1 5

AlzOe (wt. %)

1 0  1 5

AlzOa (wt. %)

1 0 0

Flc. 4. Plots of TiO2, M, Y and 7r versus AlzO: in the host rhyolite and the footwall
chloritite of the Mattagami Lake mine. Solid circles represent dara from Costa (1980)
atdCosta et al, (1983); crosses, data of this study. R2, squared correlation-coefficient.

a
,'

t  t t a a

E C

.*
o r I

Rz = 0.85

b

. o

i . .
f.

r- !
a
a

Rz = 0.84



t42 TIIE CANADIAN MINERALOGIST

cD5-13

La CE Pr Nd SM EU Yb Lu

Frc. 5. Chondrite-normalized REE patterns of whole-rock samples of the Mattagami l,ake
mine. FRI is the least-altered rhyolite ofCosta (1980) and Costa et al. (1983);CD2-3
is a talc - actinolite rock; CD5-10, CD5-11, and CD5-13 are all chloritites.
Chondritic values are those ofTaylor & Mclennan (1985).

1 0 2

1 0 r

o)

E
c
o
o
-v
o
o
cc

1 0 0

Secondly, there appears to be a correlation between
Nb and Al2O3 among the present three samples
(Fig. 4d). Thirdly, Maclean & Kranidiotis (1987)
have documented a linear correlation between Nb and
Al2O3 in chloritites at the Phelps Dodge deposit in the
Matagami mining district.

"fhe REE abundances in all four samples of the
massive sulfide ores are near or below the limits of
detection by INAA (results not presented here; see
also Barrett et al. 199D. The talc - actinolite rock
(CD2-8) from the orebody contains measurable con-
tents of the REE (Table 3), giving a LR0E-enrtched
chondrite-normalized pattem (LaN/YbN = 4.40), with a
positive Eu anomaly [Frg. 5; log@uN/EuN*) = 0.63].
Three sarnples of the footwall chloritite contain elevat-
ed concentrations of the REE (Table 3). Their chon-
drite-normalized patterns are characteristically fl at
(0.96 < La*/Yb" < 1.59) and exhibit a moderate nega-
tive Eu anomaly [og(Eus/8u11*) ranging from -0.50
to -1.091, which appears to increase in magnitude with
the increase in total .REE contents (Fig. 5). Costa
(1980) and Costa et al. (1983) presented chondrite-
normalized REE patterns of two samples of the least-
altered rhyolite (FRl and FR2), both of which are
generally flat, with a pronounced negative Eu anomaly
(Fig. 5; see also Figure 5 of Costa et al. 1983).
Therefore, the host rhyolites of the Mattagami Lake
mine, which also are characterized by low ZrlY ratios,
high abundances of high-field-strength (HFS) ele-
ments, and low abundances of Sc and Sr (Costa 1980,
Costa et al. 1983, l,esher e/ al. 1986), belong to the
FIIIb subgroup of Archean felsic metavolcanic rocks,
according to the classification of Irsher et al. (1986).

DtscusstoN AND CoNcLUsIoNs

Signift.cance of rare-earth minerals

The importance of the rare-earth minerals and
zircon to the REE abundances in their respective host-
rocks can be assessed from mass-balance calculations
based on comparison of the rtEE concentrations
(Tables 1,2) and modal data of these minerals with
their respective whole-rock compositions (Table 4).
We emphasize that several uncertainties exist in these
calculations, even ifthe analytical uncertainties in the
measurement of REE contents are considered to
be minimal. For example, the inhomogeneous distri-
bution of these minerals makes representative
sampling for both whole-rock and modal analyses
difficult, if .not impossible. In particular, modal abun-
dances are imprecise because of unfavorable statistics
(1.e., there are only a few grains of each of these min-
erals for more than 10,000 points counted for each
sample, and 50,000 points for sample CD5-13). In
addition, the compositional heterogeneity of allanite
makes accurate estimation of the average kEE con'
tents in this mineral difficult. However, with the
exception of La in CD5-11, the results of all five sam-
ples are similar (Table 4) and therefore considered to
be representative.

Many studies of granite and rhyolite indicate that
trace or minor amounts of rare-earth minerals, such as
allanite and monazite, and other accessory minerals
(e.g., zircon, titanite and apatite) commonly control
the characteristics of the REE during magmatic differ-
entiation (e.g., Michael 1988, Stix & Gorton 1990, and
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The significance of these rare-earth mins1al5, pffi-
cularly allanite, and zircon as major carriers of REE is
not confined to the Mattagami Lake mine. Present
observations extend this conclusion to many other
well-known Canadian VMS camps (e.9., Kidd Creek,
Manitouwadge, and Sturgeon Lake, Ontario; Noranda,
Quebec; Snow Lake, Manitoba; see also Pan & Fleet
1993). It is noteworthy that allanite is by far the most
abundant rare-earth mineral in all of the above camps,
although monazite and xenotime have been reported
recently by Schandl et al. (1991) to be more abundant
than allanite in three Ontario VMS deposits (1e., Kidd
Creek, Geco at Manitouwadge, and Winston Lake).
We note that allanite, particularly in the form of
metamict grains, can be easily overlooked or misiden-
tified in VMS and other ore deposits. Indeed, rare-
earth minerals (mainly allanite and, to a lesser extent,
monazite) have recently been found to be largely
responsible for the local concentration and remobili-
zation of the REE in precious-metal deposits (e.g.,
Hemlo gold deposit, Ontario; Pan & Fleet 1990, 1991)
and in the Thompson nickel sulfide deposit of
Manitoba, mineralized in platinum-group minerals and
gold (Chen et aL.7993, Pan & Fleet 1993).

Paragenesis of the rare-earth minerals

It is well known that seafloor weathering, with its
oxidizing conditions, would result in separation ofthe
less soluble Ce4 from the trivalent REE, consequently
leading to a signiflcant Ce anomaly visible in chon-
drite-normalized REE patterns (Grat 1977, Elderfield
& Greaves 1981. Maclean 1988). Cerium anomalies
are not present in any samples examined in the present
study @g. 5), and the small ones in the least-altered
rhyolites in Figure 5 of Costa et al. (1983) are proba-
bly attributable to minor analytical errors for Pr
(Fig. 5). Therefore, seafloor weathering does not
appear to have had a significant effect on the REE
systematics of the Mattagami Lake deposit.

It has been demonstrated by Costa (1980) and Costa
et al. (L983) that the Mattagami Lake mine VMS
deposit was formed by syngenetic ore-forming
processes during hydrothermal alteration on the
seafloor; subsequently, it was metamorphosed to a
regional greenschist facies (Pan et al. L993a).
However, distinction of the effects of these two even$
within the orebody and the footwall chloritite of the
Mattagami Lake mine has proven to be difficult,
because of similarity in the mineral assemblages @an
et al. 7993a). Indeed, the very existence of a low- or
very-low-grade prograde metamorphism in many
VMS deposits, including that at the Mattagami Lake
mine, was commonly ignored in many previous
studies of these deposits (c/. Slack & Coad 1989).
Recently, Schandl et al. (1990,1991) suggested that
much of the present sericite - chloritite alteration at
Kidd Creek postdated the syngenetic mineralization by
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references therein). Table 4 shows that a large propor-
tion of the LREE in the least-altered rhvolite of the
Mattagami Lake mine resides in allanite, whereas
tlre majority of the HREE (as monitored by Yb) is
hosted by polycrase and zircon. However, the REE
characteristics of the host rhyolite of the Mattagami
Lake mine YMS deposit may not be controlled by the
crystallization of accessory minerals during vol-
canism, because the rare-earth minerals in the least-
altered rhyolite (e.9., polycrase) probably postdated
the primary magmatic crystallization (see below). Stix
& Gorton (1990) reported significant variations of Z
and LREE contents in rhyolites, related to the crystal-
lization of zircon and, a LREE-ich phase(s) which, in
turn, may be controlled by iron and volatile contents
of the magma.

Table 4 also shows that allanite contains alarge
portion of tbe LfuEE in the foofwall chloritite and the
talc - actinolite rock of the orebody. gimilafly, a signi-
ficant proportion of the HREE, Zx, Nb, and Y in the
footwall chloritite is hosted by polycrase and zircon
(Table 4). Therefore, any preferential dissolution (or
resistance to dissolution), crystallization, and recrys-
tallization of these minerals during the seafloor
hydrothermal alteration and the subsequent regional
metamorphism (see below) would profoundly modify
the REE characieristics ofthese roctrs.
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50 to 100 million years. Pan et al. (1993a) suggested
tlat the pyrosmalite-series minerals and some other
silicates (e.9., phlogopite and the Mg-rich chlorite in
tle cross-cutting veins of the footwall chloritite; see
also Slack & Coad 1989) of the Mattagami Lake mine
formed during the greenschist-facies regional meta-
morphism.

Zircon is a common accessory mineral in almost all
rhyolites (e.9., Stix & Gorton 1990). Zicon grains in
metamorphosed felsic volcanic rocks from the Abitibi
greenstone belt, including those in volcanic rocks
associated with the Kidd Creek orebody (Nunes &
Pyke 1981), commonly yield Ul?b ages consistent
with the age of the felsic volcanism (Corfu et al.
1989). Therefore, the zircon in the least-altered rhyo-
lite of the Mattagami Lake mine is interpreted to be a
relict, igneous phase. Similarly, the zircon grains in
the footwall chloritite, of similar chemical compo-
sition to tlose in the least-altered rhyolite, also are
most likely relict, and igneous in origin.

The fresh grains of allanite replacing the metamict
ones (e.9., Figs. 2b, c) in the footwall chloritite and the
talc - actinolite rocks of the orebody must have
crystallized later in the paragenetic sequence, and
probably during the greenschist-facies regional meta-
morphism. This is supported by the local presence of
grains of fresh allanite in the cross-cutting veins and
microveins of quartz (Fig. 2d), phlogopite, and Mg-
rich chlorite. Similarly, monazite, parisite, and syn-
chisite, all in close association with fresh grains of
allanite (and replacing metamict allanite) most likely
crystallized during the regional metamorphism. This is
consistent with the recent studies by Schandl &
Gorton (1991) and Schandl et al. (1990,1991). These
authors obtained U-Pb ages from monazite, allanite,
and rutile in t}ree Ontario VMS deposits (Kidd Creek,
Geco, and Winston Lake) that were much younger
than their respective volcanic host-rocks. The hellan-
dite of the Mattagarni Lake mine, which is restricted to
the cross-cutting microveins, also is interpreted to be
part of the greenschist-facies regional metamorphic
assemblage and, therefore, represents a new type of
occlurence for this rare mineral (see above).

The remaining of rare-earth minerals in the
Mattagami Lake mine are of uncertain origin. The
distinction between the metamict and fresh grains of
allanite (Figs. 2b, c) is certainly compositional (1.e.,
higher U and Th in the forrner), because the metamict
grains are not significantly older relative to the time
required for metamictization (cf. Pan et al. 1993b).
The apparent replacement relationship of the metamict
grains of allanite by fresh ones does indicate that the
former may have crystallized during an earlier para-
genetic sequence, such as the seafloor hydrothermal
alteration responsible for the base-metal minerali-
zation and chloritization. This is supported by the
apparent (but presently not quantified) increase in
modal abundance of this mineral in the footwall

chloritite, accompanying the increase in intensity of
chloritization toward the orebody.

Euxenite and polycrase in the least-altered rhyolite
and the footwall chloritite are associated exclusively
with skeletal iLnenite and therefore might be relict,
and igneous in origin. However, their small grain-size
and irregular shape argue against this interpretation.
We suggest that they originated by replacement, and
that their speciflc location was controlled by the proxi-
mity of a favorable host, with one oxide replacing
another. Thus, these rare-earth minerals would have
forrned during the initial devitrification and recrystal-
lization of the rhyolite gtoundmass, that is, in a late-
magmatic phase, or at the time of the seafloor alter-
ation, or in the subsequent diagenesis. Alternatively,
euxenite and polycrase may have formed during the
1ow-grade metamorphismo representing a final
recrystallization of the Y, Nb and i/REE oxides. In
any event, euxenite and polycrase represent only a
very local remobilization of REE, and we believe that
the mobility of middle and HREE in the least-altered
rhyolite and the footwall chloritite was constrained by
their close association with chemically resistant phases
and components (i.e., zircon and Y,M-oxides). It is
noteworthy that euxenite and polycrase in granitic
pegmatites are found in assemblages attributed to
metasomatic replacement rather than in those of
primary magmutic crystallization (dern9 & Ercit
1989, Hanson et al. L992). Also, allanite in the least-
altered rhyolite most likely formed during low-grade
metamorphism.

Comments on REE mobility

There is little doubt that REE are mobile during the
extensive hydrothermal alteration that occuned within
and around many VMS deposits (Campbell et al.
1984, Maclean 1988, Whitford et al. L988, Schandl
& Gorton 1991, Schandl et aI. 1991, among others).
rREE mobil ity in the footwall chlorit ite of the
Mattagami Lake mine is demonstrated by not only a
wide range of total rREE abundances (Table 3), but
also varying inter-REE ratios (e.9., LaN/YbN; Table 3),
particularly compared to the least-altered rhyolite
(Frg. 5). ln addition, the apparent general increase in
the modal abundance of allanite in the footwall chlori-
tite toward the orebody also indicates REE mobility.
Recent studies by Schandl and coworkers (Schandl
& Gorton 1991, Schandl et al. l99l) suggest that
mobilization of the REE in the alteration haloes
around VMS deposits postdated the syngenetic ore-
forming processes, contradicting earlier studies (e.9.,
Campbell et al. 1984, Mackan 1988, Whitford er aL
1988), which linked the alteration assemblages (and
consequently the REE remobilization) to the
hydrothermal alteration on the seafloor responsible for
the syngenetic ore-forming processes. The present
study shows that the seafloor hydrothermal alteration
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and the subsequent, greenschist-facies regional meta-
morphism have both contributed to the REE charac-
teristics of the rocks at the Mattagami Lake mine
VMS deposit. Much of the observed deposit-scale
remobilization of the REE probably occurred during
the seafloor hydrothermal alteration. The remobili
zation of the REE during the low-grade regional meta-
morphism at the Mattagami Lake mine was very likely
localized in scale (see also Pan & Fleet 1990, L991,
1993). The low-grade regional metamorphism, the last
event to cause recrystallization, was more significant
in defining the present mineralogy of the REE.

Many studies (e.g., Campbell et al. 1984, Maclean
1988, Whifford et al.1988, Schandl et al.1997)have
documented that LREE are relatively more mobile
than HREE in alteration pipes or haloes associated
with VMS deposits. For example, CampbeTl et al.
(1984) observed that at Kidd Creek, the LREE were
preferentially leached from a sringer copper zone and
deposited in an overlying chloritized rhyolite. Schandl
et al. (I99L) noted extensive depletion in the IREE in
the sericite schist at the Geco mine, Manitouwadge.
The present study shows that the observed remobili-
zation of the LREE at the Mattagami Lake mine was
probably largely related to a preferential dissolution in
the host rhyolite and reprecipitation as allanite in the
chloritite proximal to the orebody. Both of these
processes may be temperature-dependent. Maclean
(1988) suggested that significant depletions in the
LREE are typical of chloritites that have experienced
relatively high-temperature leaching, whereas LREE
additions simply reflect precipitation of LREE-
enriched minerals from the fluid at lower tempera-
tures.

In contrast to the IREE" the HREE in the alteration
pipes below VMS deposits are commonly found to be
immobile or less mobile (Campbell et al. 1984,
Maclran 1988, Whitford et al. 1988). This appears to
be in contradiction with the results of hydrothermal
experiments and thermodynamic calculations (e.9.,
Cantrell & Byrne 1987, Wood 1990), which demon-
strated that there is an increased stability of REE com-
plexes (e.9., carbonate, fluoride, etc.) with increase in
atomic number. The present study shows that most of
the HREE n the rhyolite of the Mattagami Lake mine
reside in a refractory phase (zircon) and two other
phases ofuncertain origin (polycrase and euxenite).

In addition, it has been suggested that many high-
field-strength (IIFS) elements, such as Z, IIf, and Nb,
were highly immobile in the alteration pipes below
several VMS deposits (Campbell et al. 1984,
Maclean & Kranid iot is  1987.  Maclean 1988,
Whitford et al. 1988). This is supported in the
Mattagami Lake mine by the linear correlations of
these elements (except for Nb, see discussion above)
with A12O3 Gig. 4; cl Costa 1980, Costa et al. L983).
The present study indicates that the resistance of
zircon and Y,M-oxides may have contributed greatly

to the immobility of IIFS elements and the HREE i^
the chloritite of the Mattagami Lake mine. Yttrium, on
the other hand, is considered to be immobile by
Maclean (1988) and Whitford et al. (1988), but
mobile by Campbell et al. (1984). The linear corre-
lation between Y and Al2O3 in the chloritite (Fig. 4c)
indicates that Y was probably immobile during the
seafloor hydrothermal alteration at the Mattagami
Lake mine. However, the occurrence of hellandite in
cross-cutting microveins indicates mobility of this
element during the low-grade regional metamorphism.
It is noteworthy the remobilization of Y during the
low-grade metamorphism also is extremely localized
in scale (i.e., microveins) and is not evident, even in
the whole-rock data (Fig. 4c).

An increase in the magnitude of the negative Eu
anomaly in the footwall chloritite with increasing
LREEIHKEE fractionation and total rREE abundances
also has been documented in several VMS deposits
(l\hitrord et al. 1988). This is commonly attributed to
a preferential partitioning of this element to the
hvdrothermal fluid as Eu2*, and therefore is an indi-
cator for low/(O2) conditions (Maclean 1988,
Whitford et al. L988, and references therein). The lack
of data for Eu in allanite and zircon in the present
study (Tables 1, 2) prevents a direct evaluation of the
relative importance of the seafloor hydrothermal alter-
ation and the low-grade regional metamorphism to the
negative Eu anomaly in the footrvall chloritite of
the Mattagami Lake mine. It is assumed, however, that
the Eu remobilization occurred mainly during the
seafloor hydrothermal alteration and was consistent
with the lowflO) conditions that produced the pyrite
+ pyrrhotite t magnetite assemblages during ore for-
mation (see also Maclean 1988). A positive Eu anom-
aly in the talc - actinolite rock ofthe orebody (Ftg. 5)
is common to many VMS deposits and moderr vent-
sites (Whitford et al. 1988, Barrett et al. L991, and
reference's therein). This is also attributed to a prefer-
ential remobilization of Eu (as Eu2+) from the footwall
(Whitford et al. 1988), because it is complement ry to
the increased negative Eu anomaly within the footwall
chloritite.

AcrrqowtsocElvnl.lrs

We thank N.D. MacRae for stimulating discussion
and helpful suggestionso two referees for constructive
reviews and comments, and R.F. Martin and R.C.
Peterson for editorial assistance. We also thank A.H.
Mumin for providing samples of the Sturgeon Lake
camp, Ontario, D. Dillon, Curator of the Suffel
Collection at the University of Western Ontario, for
provision of samples of other Canadian VMS mining
camps, and D.M. Kingston and Tsai-Way Wu for ana-
lytical assistance. This study was supported by a
NSERC research gant to MEF.



r46 TI{E CANADIAN MINERALOGIST

Rmrnm{ces

BARRETT, T.J., MecLsAN, W.H., Cerral,tm, S., Hov, L.
& RtvsnrN, G. (1991): Massive sulf ide deposits of
the Noranda area, Quebec. III. The Ansil mine. Caz.
.1. Earth Sci. 28,1699-1730.

BROccER, W.C. (1903)l Uber den Hellandit, ein neues
Mineral. Nyt nag, f. Nanw, Kristiania 41,213-221.

CAMIBELL, I.H., LssHER, C.M., Coao, P., FneNrr,N, J.M.,
Gonroll, M.P. & TuunsroN, P.C. (1984): Rare earth eie-
ment mobility in alteration pipes below massive Cu-Zn
sulphide deposits . Chcm Geol. 45,181-212.

CarqpelL K.J. & Bvnwn, R.H. (1987): Rare earth elemenr
complexation by carbonate and oxalate ions. Geochim.
Cosmachim Acta 51. 597-605.

eeRNl, p. & Encrr, T.S. (1989): Mineralogy of niobium and
tantalum: crystal chemical relationships, paragenetic
aspects and tleir economic implications. /n l,anthanides,
Tantalum and Niobium @. Mdller, P. Cern! & F. Saup6,
eds.). Springer-Verlag, New York Q7-79).

Cnerrr YuaN, FLEET, M.E. & PeN YueNurNc (1993):
Platinum-group minerals and gold in arsenic-rich ore at
the Thompson mine, Thompson Ni Belt, Manitoba,
Canada Mineral, Petrol. 49, 127 -146.

Conru, F., KRocH, T.E., KwoK, Y.Y. & JnrseN, L.S. (1989):
U-Pb zircon geochronology in ttre southwestern Abitibi
greenstone belg Superior hovince. Can J. Earth Sci. 26,
1747-t763.

CosTA, U.R. (1980): Footwall Alteration/Ore Fonnation at
Mattagami rnine, Quebec. Ph.D. thesis, Univ. Western
Ontario, London, Ontario.

- BARNrrr, R.L. & KERprcH, R. (1983): The Mattagami
Lake Mine Archean Zn-Cu sulfide deposit, Quebec:
hydrothermal coprecipitation of talc and sulfides in a sep-
floor brine pool - evidence from geochemisfiy, 180/160,
and mineral chemistry, Econ. Geol. 78, 11,4+1203,

& _ (1984): The Mattaganri Lake mine
Archean Zn{u sulfide deposit, Quebec: hydrothermal
coprecipitation of talc and sulfides in a sea-floor brine
pool - evidence from geochemisry, 180/160 and rnineral
chemistry - a reply. Ecoa GeoL.79,1953-1955.

Dnere, M.J. & WBu.l,, D.F. (1972): New rare earrh elemenr
standards for electon microprobe analysis. Chem, Geol.
10. 179-181.

ELDERFELD, H. & Gp:eavss, M.J. (1981): Negative cerium
anomalies in the rare earth element patterns of oceanic
ferromanganese nodules. Earth Planet. Sci. Lett. 55,
163-1,70.

Etmnm, F. & Gawooln, G. (1965): The accessory minerals
from hedazzo granite (Norh ltaly). IU. Datolite, gadoli-
nite, hellandite, ancylite, s1'nchisite, uraninite. Mineral.
P etro gr. Acta 11, 123-131,

EwINc, R.C. (1976): A numerical approach toward the
classification of complex, orthorhombic, rare-earth,
AB2O6-type Nb-Ta-Ti oxides. Can. Mineral, 14,
11  1-1  19 .

FluscrtsR, M. (1983): Distribution of the lanthanides and
yttrium in apatites from iron ores and its bearing on
the genesis of ores of the Kiruna Wpe, Econ. Geol.78,
1007-1010.

FRANKT.$r, J.M., LyDoN, J.W. & SANGsren, D.F. (1981):
Volcanic-associated massive sulfide deposits, Econ.
Geol., 75th Annlv, Vol.,485-627 .

Fnvsn, B.J. & TAyLoR, R.P. (1987): Rare-earth element
distributions io uraninites: implications for ore genesis.
Chem. Geol. 63, 101-108.

Gnar, J.L., Jn. (1977): Rare earth elements as hydrothermal
tracers during the formation of massive sulfide deposits
in volcanic rocks . Econ. Geo|.72.527-548.

HANsoN, S.L., Sn[4oNs, W.8., WEBBER, K.L. & Fersrsn,
A.U. (1992): Rare-earth-element minsralegy of granitic
pegmatites in the Trout Creek Pass district, Chaffee
County, eolorado. Can. Mineral.30, 673-686.

HocARrH, D.D., Cuao, G.Y. & Hannrs, D.C. (1972): New
data on hellandite. Can, Mineral.ll,760-776.

JouaN, 2., Ouon, E. & I\cor, P. (1983): Analogues germa-
nifdres et gallifdres des silicates et oxydes dans les gise-
ments dp zinc des Pyr6n6es centrales, France; argutite
et carboir i te, deux nouvelles espbces minerales.
Tschermnl<s Mineral. Petuogr Mitt. 31, 97 -1,19.

JoLLy, W.T, (1978): Metamorphic history of the Archean
Abitibi belt. 1z Metamorphism in the Canadian Shield
(J.A. Fraser & W.W. Heywood, eds.). Geol. Surv. Can ,
Pap.78-10,63-77 .

KERRIcIT, R. & Fnyen, B.J. (1979): Archean precious-metal
hydrothermal systems, Dome mine, Abitibi greenstone
belt. tr. &EE and oxygen lsotope relations. Can J. Earth
Sci.16,444458.

Lancr, R.R. (1992): Australian volcanic.hosted massive
sulfide deposits: features, styles, and genetic models.
Econ. Geol. E7 , 47 l-510,

LEsIrER., e.M., Gooowu, A.M., Cetvtpswr., I.H. & GonroN,
M.F, (1986): Traoe.element geochemistry of ore-asso-
ciated barren, felsic metavolcanic rocks in the Superior
Province, Caaada. Can J, Earth Sci, 23,222-237.

LorrnnvrosBn, B.G, (1992): Rare earth elements and
hydrothermal ore formation processes. Ore Geol. Rev.7,
2541.

Ma, R., Zsexc, J. & YANG, F. (1986): Hollandite of Quyang,
in Hebei, China, Acta Geol. Sinica 60,68-77 (Chinese
with English abs(.).



REE MINERAIOGY. MAITAGAMI IAKE DEPOSIT r47

MAcGEEHAN, P.J. & MacLeeN, W.H. (1980): An Archean
sub-sea.floor geothermal system,'talc-a1kali" trends, and
massive sulphide genesis. Nature 2.86, 7 67 -'17 1.

MACLEAN, W.H. (1984): Geology and ore deposits of
the Matagami Disrrict. /n Chibougamau Stratigraphy and
Mineralization (J. Guha & E.H. Chown, eds.). Can. Inst.
Mining Metall., Spec. Vol. U, 483-495.

- (1988): Rare earth element mobility at constanl inter-
REE ratios in the alteration zone at the Phelps Dodge
massive sulphide deposit, Matagami, Quebec. Mineral.
Deposita 23,231-238.

_ & KRANtDrorrs, p. (1987): Immobile elements as
monitors of mass transfer in hydrothermal alteration:
Phelps Dodge massive sulphide deposits, Matagami,
Quebec. Econ. Geol. U,951-962.

MErrnq, M. & MERLs{o, S. (1977): Hellandite: a new type
of silicoborate chain. An. Mineral. O. 89-99.

Mtcuan6 P.J. (1988): Partition coefiicients for rare earth ele-
ments in mafic minerals of high silica rhyolites. The
importance of accessory mineral inclusions. Geochim.
Co smochim. Acta 52, n 5 -282.

MryAwAKr, R., Nerer, I., Nacasurua, K., OKAMoro, A.
& Isonr, T. (1987): The first occurences of hingganite,
hellandite and wodginite in Japan. J. Mineral. Soc. Japan
18, 17-30 (in Japanese with English abstr.).

MoRroN, R.L. & FneNra"N, J.M. (1987): Two-fold classifi-
cation of Archean volcanic-associated massive sulfide
deposits. Econ. Geol. 82, 1057-1063.

NuNFs, P.D. & PrKE, D.R. (1981): Time-stratigraphic cone-
lation of the Kidd Creek orebody with volcanic rocks
south of Timmins, Ontario, as infened from zircon U-Pb
ages. Econ. Geol. 76,944-951.

OvcHNNIKov, L.N. & TavEAt.eN'Ko, M.N. (1948): Mangan-
orthite from Vishnevy Mts. Dokl. Acad. Sci. USSR 63,
191-194.

PaN YuaNlrrNc & Flnnr, M.E. (1990): Halogen-bearing
allanite from the White River gold occurrence, Hemlo
are4 Ontario. Can. Mineral. ?4,67-75.

- & - (1991): Vanadian allanite-(l,a) and vanadian
allanite-(Ca) from the Hemlo gold deposit, Ontario,
Catad.a- Mineral. Mag. 55, 497-507.

- & - (1992)t Mineralogy and genesis of calc-
silicates associated with Archean volcanogenic massive
sulphide deposits of the Manitouwadge mining camp,
Ontario. Caa l. Earth Sci.29" 1375-1388.

- & - (1993) Rare earfh minerals in some Canadian
precious-metal and massive sulphide deposits. 1z Rare
Earth Minerals: Crystal Chemistry, Origin and Ore
Deposits. London, U.K. (abstr.).

-, BARNETT, R.L. & Csru YuaN (1993a):
Pyrosmalite in Canadian Precambrian sulfide deposits:
mineral chemistry, petrogenesis and siguificance. Can.
Mineral. 31,695-710.

& MAcRAE, N.D. (1993b): LaG alteration in
titanite (CaTiSiO5): redistribution and remobilization of
rare earth elements and implications for U/Pb and Th/Pb
geochronology and nuclear waste disposal. Geochirn.
C o smoc him Ac ta 57 . 355 -367 .

RoBERrs, R.c. (1975): The geological sett ing of the
Mattagami Lake mine, Quebec: a volcanogenic massive
sulfide deposit. Econ. Geol.70, Il5-I29.

- & RsanooN, E.J. (1978): Alteration and ore-forming
processes at Mattagami Lake mine, Qtebec. Can. J.
Earxh Sci.15.1-21.

RoEDER, P.L. ( 1 985) : Electron-microprobe analysis of miner-
als for rare-earth elements: use of calculated peak-overlap
corrections. Can. Mineral. 23, 263-27 1.

Scrr,qrol, E.S., Deus, D.W., GoRroN, M.P. & WesrNsvs,
H.A. (1991): Geochronology of hydrothermal alteration
around volcanic-hosted massive sulphide deposits in the
Superior hovince, Ontario Geol. Surv., Misc. Pap. 156,
105-120.

& KRocH, T.E. (1990): Are the alteration halos
of massive sulfide deposits syngenetic? Evidence from
U-Pb dating of hydrothermal rutile at the Kidd volcanic
centre, Abitibi subprovince, Canada. Geology 18, 505-
508.

- & Gonrou, M.P. (1991): Postore mobilization of rare
earth elements at Kidd Creek and other Archean massive
sulphide deposits. Econ. Geol.86, 1546-1553.

Slecr, J.F. & Coeo, P.R. (1989): Multiple hydrothermal
and metamorphic events in the Kidd Creek volcanogenic
massive sulfide deposit, Timmins, Ontario: evidence
from lourmalines and chlorites. Can. J. Earth Sci.26,
694-715.

Srx, J. & GoRroN, M.P. (1990): Changes in silicic melt
structure between the two Bandelier caldera-forming
eruptions, New Mexico, USA: evidence from zirconium
and light rare earth elements. "L Petrol.31, 126l-1283.

TAyLoR, S.R. & MCLENNAN, S.M. (1985): The Continental
Crust: its Composition and Evolution Blackwell, Oxford,
U.K.

Wsrrrono, D.J., Konscu, M.J., PoRRrn, P.M. & CRAvEN,
S.J. (1988): Rare-earth element mobility around the
volcanogenic polymetallic massive sulfide deposit at Que
River, Tasmania Australia. Chem. Geol.68, 105-1 19.

Wooo, S.A. (1990): The aqueous geochemistry of the rme-
earth elements and yttrium. 2. Theoretical predictions of
speciation in hydrothermal solutions to 350oC at satu-
ration water vapor pressure. Chem. Geol. 88, 99-125.

Received January 19, 1993, revised manuscript accepted
Apri|20,1993.


