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ABSTRACT

The South Mountain batholith (SMB). of Late
Devonian - Earlv Carboniferous ase (37?-361
Ma\, is an intrusive complex.of peraluminous grano'
diorites. monzogranites (adamellites) and leuco-
cratic monzosranites (leucoadamellites). La. Ce.
Sm. Eu. Tb. Yb and Lu have been analvzed in
22 whole rocks and 13 mineral separates from the
batholith. as well as in some Delites and quartz
metawackes from the Meguma Group. which con-
stitutes the principal country rock of the batholith.
In the bathotith. average values for >REE, LalSm
and Eu/Eu* all show a svstematic decrease from
granodiorite (104.2, 2.A, 0,47'), to monzogranite
(53.3, 1.6, 0.25), to leucocratic monzogranites
(15.1. 1.1, 0.18). respectively. REE concentrations
in the Meguma rocks are broadlv similar to those
in the granodiorites: therefore. the extent of com-
plete assimilation of countrv rocks cannot be as-
sessed. nor can partial assimilation of such material
account for the observed decrease of La,/Sm in
the SMB. Also, on the basis of rare earths. partial
melting of Meguma-like rocks is ruled out as a
source for the SMB. as is a process of direct partial
melting of any reasonable source material to pro-
duce the leucocratic monzogranites. Fractional crvs-
tallization of a mixture of plagioclase. biotite and
zircon from the granodiorite can account for part
of the decrease of >REE" LalSm and Eu/Eu* in
later rocks, and is in agreement with other models
for the evolution of the SMB based on major and
trace elements. The high degree of REE depletion
cannot. however. be modeled solely on a process
of fractional crystallization. Some greisenized rocks
from the interior of the SMB show severe deple-
tion in REE. Partitioning of REEs into late hydro.
thermal fluids as fluoride complexes may account
for the magnitude of the decreases in ZREE, La,/
Sm and Eu/Eue. The importance of fluid transport
relative to fractional crystallization probably in-
creased durins the cooling history of the batholith.

Keywords: granodiorite. monzogranite, leucocratic
monzogranite, greisen, rare earths. trace elem€nts,
fractional crystallization, assimilation. fluid in-
teraction, biotite, plagioclase, fluorite, South
Mountain batholith, Nova Scotia.

Sorvrrvrerne

Le batholithe South Mountain (d6vonien sup6-
rieur i carbonifire inf6rieur: 372-361 Ma) est un

complexe de roches intrusives hyperalumineuses:
granodiorites. monzogranites (adamellites) et mon'
zogranites leucocrates (leucoadamellites). Nous avons
d6termin6 les concentrations de La. Ce, Sm, Eu.
Tb. Yb et Lu dans 22 roches. 13 concentr6s de
min6raux et quelques 6chantillons de roches en-
caissantes (p6lites et m6tagrauwackes du groupe

Meguma). Les valeurs movennes des trois paramE-

tres'f, terres rares, LalSm .t Eu/Eot' diminuent
progressivement de la granodiorite (104.2,2.0, o:'47\
au monzogranite (53.3. 1.6' 0.25) d'une part' aux
monzogranites leucocrates (15.1' l.l. 0.18) d'autre
part. Les roches du Meguma ressemblent grosso

nrcd<t aux granodiorites 1u point de vue des terres
rares. On ne peut donc €valuer le degr6 d'assimi-
lation des roches encaissantes, ni attribuer d une
contamination la chute du rapport LalSm'dans
les roches diff6renci6es du batholithe. Daprbs ces
donn6es. une fusion partielle de roches du type
Meguma ne peut produire la suite de roches obser-
v6es. Une fusion partielle directe des roches disponi-
bles ir la source ne peut expliguer les monzonites leu-
cocrates. La cristallisation fractionn6e d'un m6lange
plagioclase * biotite a zircon i partir d'un magma
granodioritique explique, comme d'autres modlles. le
comportement des €l6ments maieurs et en faces'
et en outre rend partiellement compte de la chute
de f, terres rares. LalSm et Eu/Eu* pendant l'6vo-
lution du batholithe. Toutefois, l'appauvrissement en
terres rares est trop brutal pour que la cristallisation
fractionn6e en soit entiErement responsable. Cer-
tains greisens i l'int6rieur du batholithe montrent
l'6limination quasi-complEte des terres rares. Le
transfert de celles-ci en complexes fluorur6s dans
les fluides hvdrothermaux tardifs pourrait expli
quer I'appauvrissement observ6; ce processus est
probablement devenu plus important que la cristal-
lisaaion fractionn6e au cours du refroidissement du
batholithe.

Cl'raduit Par la Rddaction)

Mots-dAsi granodiorite. monzogranite, monzograni-
te leucocrate, greisen, terres rares, .6l6ments tra-
ces. cristallisation fractionnEe. assimilation. inter-
action avec phase fluide, biotite, plagioclase. fluo-
rine, batholithe South Mountain, Nouvelle-Ecosse.

INTRoDUcrroN

Geological setting

The South Mountain batholith (SMB) is a
post-tectonic, peraluminous granodiorite-granite
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Ftc.. 1.-Geologic-al map oJ the central portion of rhe South Mountain batholith, Nova Scotia, showing the
distribution of the major rock types and sample locations. Ftuorite localities are prefixei by F.

complex that outcrops over a large area (10,000
km'z) of southwestern Nova Scotia (Fig. l). It
intrudes deformed, greenschist- to amthibolite-
facies metawackes and metapelites of ihe Cam-
bro-Ordovician Meguma Group; these are the
oldest exposed rocks in southwestern Nova
Scotia, and may e*ceed 10 km in thickness.
Along its northwestern margin, the batholith
also intrudes a sequence of metasedimentary
and metavolcanic rosks ranging in age from
Ordovician to Lower Devonian (Emsian) and
known as the White Rock, Kentville, New
Canaan and Torbrook Formations (Taylor 1969,
Smitheringale 1973). These rocks were de-
formed and metamorphosed at the same time

as the Meguma Group, i.e., during the Acadian
orogeny; in this part of Nova Scotia, the orogeny
has been dated at 415-400 Ma (Reynolds &
Muecke 1978).

The batholith is massive. undeformed and
with locally discordant contacts, although the
general shape of the batholith is broadly con-
formable with the regional trends of deforma-
tion in the country rocks. The frequency, sizes
and shapes of country-rock xenoliths near the
margins of the batholith suggest that the main
mechanism of intrusion was stoping.

The batholith is unconformably overlain by
coarse, subaerial clastic rocks of the Horton
Group of Lower Carboniferous (Tournaisian)



age; therefore, the time for intrusion, crystal-
Iization, upfiff and erosion of the batholith is
bracketed between Emsian and Tournaisian ages.
Clarke & Halliday (1980) have reported Rb-
Sr ages ranging from 372 to 361 Ma for
various episodes of intnrsion in the batholith.

Petrology ol the batholith

The SMB generally consists of an envelope
of biotite granodiorite into which are intruded
a number of smaller, discrete bodies of biotite-
muscovite monzogranite, porphyry (porphyritic
monzogranite), leucocratic monzogranite, and
dykes and irregular bodies of aplite, pegmatite
and greisen. The more evolved rocks are asso-
ciated with a gravity low (Garland 1953) cen-
tred over the town of New Ross. The greater
volnme of magma in this area appears to have
been favorable for slow cooling, fractional crys-
tallization, concentration of incompatible ele-
ments including Sn-W-Mo{u-U, and evoltt-
tion of magmatic fluids (Charest 1976, Farley
1979). The rocks in the New Ross area show
varying degrees of hydrothermal alteration, and
most ef the mineral showings of the SMB are
located in this region.

Fractional crystallization of plagioclase and
biotite has been advocated to explain the trends
of major element chemical variation in the
batholith (McKenzie & Clarke 1975). Clarke
& Halliday (1980) also favored a closed-system
fractional crystallization model over batch melt-
ing to explain variation in Rb and Sr concentra-
tions. The present rare-earth element (REE)
study examines in more detail the effects of
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fractional crystallization,,country-rock contamr-
nation and hydrothermal flttidS in the chemical
evolution of the SMB.

ANALYTTCAL Pnocnpures

The new trace-element data (REEs, Cs, Sc,
Ta, Th, Hf) for this study were obtained by
instrumental neutron-activation analysis (INAA)
using a method first described by Gordon er a/.
(196S) and adapted as outlined by Gibson &
Jagam (1980). Approximately 0.1 g of well-
homogenized sample powder was irradiated in
silica-glass ampoules at a flux of approximately
5 x 10t' n cm-2s-r for 4-6 hours. Gamma
spectra from two 50 cm3 coaxial Ge(Li) de-
tectors (resolution of 2.2 keV FWHM for the
1332 keV of uoCo) were accumulated with a
4096-channel analyzer. Full energy peak-areas
were obtained by peak integration using linear
background-subtraction on a PDP 12 computer
or peak fitting with SAMPO (Routti & Prussin
1969) on a CDC 6400 comPuter.

Precision and accuracy of analyses attained
in our laboratory may be judged from seven
separate irradiations of standard rock G-2 re-
ported by lla et al. (1980). Precision varies
from 2-5ok for La, Ce, Sm, Eu, Lu, Cs, Hf,
Sc and Th to 5-10% for Tb and 10-15Vo for
Yb and Ta. The chondrite averages of Haskin
et al. (1968) have been used for normalization
of REE values.

Major element data and additional trace-
element determinations for all the samples
studied can be found in McKenzie & Clarke
(1975), Charest (1976) and Farley (1979).
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TSU l. m[ mRn mD onER lMC[ ELIENTS l[ nE Som ilOStAIX BAnoum
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La 34.3 34.5 30,3 27.8 24.0 19.8 24.4 21.2 13.6 13.7 l l .3 8.S 2.f f  4.46 4.n 2.n 2.93 2.42 1.9 0.274 7.13 5.89
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La Ce SmEu Tb Yb Lu
Frc, 2. Chondrite-nornralized REE abundances in South Mountain batho-

lith granitoid rocks: (a) granodiorites, (b) monzogranites and (c)'leucocratic 
monzogranites. Groups (b) and (c) include porphyries, aplites

and coarse, equigranular varieties.

ANelytrcer Rnsurrs

The classification of samples into granodio-
rite, monzogranite (including porphyries) and
leucocratic monzogranite (including some
aplites) is based on the system of Streckeisen
(1976). The traqe-element concentraiions for-
whole rock samples are reported in Table 1,
in which the rocks are grouped according to
the product of two chemical parameters that

correlate well with >7REE, namely, TiO, (wt.
%) and the Thornton-Tuttle differentiation
index (DI). Petrographic and chemical group-
ings agree except for M72-82, which is petro-
graphically a monzogranite but chemically a
granodiorite.

The rare-earth-element compositions of all
samples are shown in Figures 2 and 3. The
granodiorites are characterized by high total
rare-earths (average >1REE : 1O4.2 -+ 19.4
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+ Granodiofite
o Monzogranites
^ Leucocratic-^ monzogranites
O Greisen

La Ce SmEu Tb Yb Lu

Frc. 3. Average chondrite-normalized REE abundances for granodiorites,
monzogranites, leucocratic monzogranites and greisens from the South
Mountain batholith. Nova Scotia.
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ppm) and relatively small negative europium
anomalies (average Eu/Eu* : 0.47 -+ 0.09).
As shown in Figure 2a, the chondrite-normal-
ized patterns are broadly similar and show
marked LREE enrichment (average LalSm :
2.04). Sample M72-82 deviates from the "nor-
mal" pattern; its major element chemistry and
some trace-element characteristics suggest that
it is transitional between granodiorites and mon-
zogranites. By comparison, the monzogranites
have intermediate rare-earth concentrations
(average >7REE : 53.3 -r 25.9 ppm) and a
Iarger negative etrropium anomaly (average
Eu/Eu'r' : O.25 r- 0.O9). The patterns are
broadly similar to each other (Fig. 2b) but
show more within-group variation than the
granodiorites, and also are less LREE-enriched
(average LalSm = 1.55). Finally, the leuco-
cratic monzogranites have the lowest REE con-
centrations (average >IREE - 15.1 -+ 5.4 ppm)
and the largest negative europium anomalies in
the SMB (average Eu/Eu':' : 0.18 -r 0.06).
The patterns are generally similar (Fig. 2c) and
show virttrally no LREE enrichment (LalSm =
1 . 0 5 ) .

In the vicinity of New Ross, several mineral
deposits are associated with greisenized mon-
zogranite and leucocratic monzogranite (includ-
ing aplite and pegmatite). The greisens are es-
sentially quartz-phengite assemblages with minor
arhounts of other phases (Farley 7979) that oc-
cur in ioints or associated with minor intrusions.

E TREE

Frc. 4. Variation of LalSm and EulEu* with total
(>7REE) rare-earth content for all granitoid
rocks bf the South Mountain batholith. Symbols
as in Figure 3.
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Three greisen samples were analyzed in this
study, two of which had rare-earth and trace-
element contents similar to the considerably less-
altered monzogranite and leucocratic monzogran-
ite precursor rocks (Table 1, Fig. 3). The third
sample (Wl5) is a phengiteluartz-siderophyl-
lite-tourmaline-topaz-rutile-fluorite-copper sul-
fide greisen whose REE, Ba, Zr, Hf, Sc and Th
concentrations are significantly below those of
even the most depleted leucocratic monzo-
granite, whereas it is strongly enriched in alkali
elements such as Li, Rb and Cs. This sample
provides evidence of the ability of late fluid
phases to modify significantly the trace-element
concentrations of late-stage rocks in the SMB.
For comparison, the averages of the major group-
ings of rock are shown in Figure 3, which shows
the very clear trend of decreasing total REE
from early granodiorites (372 Ma; Clarke &

Halliday 1980), to, later monzogranites (366
Ma) and leucocratic monzogranites (J6l Ma).
At the same time, the negative Eu anomaly in-
creases in magnitude, and the relative light REE
enrichment (LalSm) decreases (Fig. 4). Two
of the greisen samples are not distinguishable
from their igneous precursors, but sample W15
(Table 1, FiS. 3) is markedly different.

Some of the other trace elements show covari-
ations with the REEs that are thought to be
significant, although sometimes poorly -defined.
Ba, Zr, Hf, Sc and Th all show a positive cor-
relation with tr7REE (Fig. 5) and are signifi-
cantly depleted in the late-stage leucocratic
monzogranites. The alkalis (Li, Rb, Cs) and
Ta, on the other hand, show a negative cor-
relation and are strongly enriched in the highly
differentiated rocks (Fig. 5).

The role of Ta is particularly notable. Nb, Ta
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Frc. 5. Covariation of selected trace elements with total REE content for all granitoid rocks of the Soutb
Mountain batholith.
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IAELE 2. RARE EARI1I AND O'IIJER TNACE TLEMEI.ITS IN I{INEMLS FROI'I THT SOUru NOUNTAIN BA'I}IOLITH
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l-Ptastoclase- l- Blot,lte - |
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and the REEs are usually concentrated together
in late-stage granitic pegmatites and muscovite
granites (Boyle 1974).In the SMB, Nb does not
vary significantly with differentiation (Charest
1976), whereas Ta increases and REEs decrease.

McKenzie & Clarke (1975) suggested that
closed"system fractional crystallization of plagi-
oclase and biotite could account for much of
the major element variation in the SMB. To
test this model, we separated plagioclase and
biotite from four different rocks and analyzed
them for REE and other trace elements (Table
2). The plagioclase mineral separates contained
some quartz, and the values in Table 2 have
been corrected for this impurity on the asslrmp-
tion that the quartz contained no REEs. As is
normal for plagioclase in granitoid rocks, the
>7REE is low and Eu/Eu'r' ratios greater than
unity (positive). The biotite separates were
analyzed both with poikilitic inclusions of apatite
and zircon and with at least some of these en-
closed phases removed. Those samples with
apatite and zircon partly removed have lower
>7 REE, Hf and Th. In the modeling calculations
the naturally occurring biotite-apatite-zircon
composite was used.

Fluorite is an important constituent of some
leucocratic monzogranites, aplites, greisen zones
and hydrothermal veins in the SMB. Specimens
of fluorites from lreins in granitic hosts from
seven localities in the SMB (Fig. l) were separ-
ated, checked optically to be free from inclu-
sions and analvzed for their trace-element con-

E Dart lal  r@val of lncluded apat l te and zlrcon.

tents (Table 2). Their low Hf, Th, Sc and 
'I'a

conteuts indicate that most of the REEs do not
reside in impurities of zircon, xenotime, mon-
azite or allanite, but are probably incorporated
into the fluorite structure. Furthermore, the
REE patterns of these REE-rich accessory

phases are unlike those observed in the fluorites.
The fluorites show a wide range of >7REE
concentrations and, in some cases, the fluorite
>7 REE content exceeds that of the granitic host
rocks.

The chondrite-normalized patterns of the
fluorites (Fig. 6) generally show enrichment of
the middle REEs relative to the LREE and
HREE, probably a reflection of their ionic size
relative to the Ca position in the fluorite struc-
ture, with the exception of a well-developed
negative Eu anomaly. Strong negative Eu ano-
malies are not a generally observed feature of
fluorites (e.g., Grappin et al. 1979); their petro-
genetic significance will be discussed in the
following section.

Fluorine complexing has been suggested as a
nreans of mobilizing rare earths, uranium (Kim-
berly 1978) and tin (Barsukov & Kuril'chikova
1966), and of separating Ta from Nb (Parker
& Fleischer 1968). The fluorites with the highest
concentrations of REEs, particularly HREEs,
(Fl-F3, Table 2) are associated with important
Sn and U mineralization in the SMB. The re-
mainder of the fluorites in Table 2 occur in
apparently barren hydrothermal veins. The po-
tential for using REE contents of fluorites in
geochemical prospecting is obvious.
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DrscussloN

As stated in the Introduction, the purpose of
this trace-element study is to provide further
insight into the proceises that controlled the
chemical evolution of the SMB. These processes
are known to be fractional crystallization, for
which there is considerable major- and trace-
element evidence (McKenzie & Clarke 197il.
assimilation of country rocks (Clarke & Halli-
day 1980) and late-stage modification by fluid
phases, for which there is evidence such as
reddened granites, greisen zones and very low
K/Rb ratios in the vicinity of New Ross (Mc-
Kenzie 1973, Charest 1976, Farley 1979).
Each of these three processes will now be ex-
amined in the light of the currently available
rare-earth and other trace element data. Since
younger plutons in the batholith have higher
Rb, Cs and Li, but not REEs) than the older
concentrations of magmatophile elements (e.g.,
phases of intrusion, a batch-melting model for
the origin of the SMB will not be considered
here.

F r ac t i onal cry s t allizat ion

As noted earlier. the trend of. REE concen-
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La Ce Nd SmEu Tb Yb Lu
Ftc. 6. Chondrite-normalized REE abundances in fluorites from the South

Mountain batholith.

trations in the SMB is downward with increas-
ing differentiation index and decreasing age
(Fig. 3). As a test of the fractional crystalliza-
tion model, plagioclase and biotite analyses
(Table 2) were combined in various ratios and
subtracted in various amounts from average
SMB magma in an attempt to match the REE
pattern of average late-stage rock (weighted
nrean of average monzogranites and average
leucocratic monzogranite in the ratio 4:1).

Two of the typical models are presented in
Figure 7. The first involved only plagioclase
(M72-137) and biotite (M7212) in roughly
equal amounts, representing a 525% cumulate
from the average SMB magma. (This plagio-
clase-, biotite-rich 'ocumulate" would be petrol-
ogically similar to the granodiorite.) After re-
moval of the fractionating phases, the residual
magma should approximate that of the average
late-stage magrna in the batholith. As can be
seen from Figure 7. the fit is erratic, being ac-
ceptable for La and Eu but unsatisfactory for
all other elements, especially the I/REEs, which
become enriched rather than depleted in later
differentiates. An improvement to the HREEs
is achieved by adding 3/r zircon (Hanson 1978)
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Flc. 7. Results of modeling rare earths by frac-
tional crystallization. Two model compositions are
shown: (1) removal of 55Vo plagioclase and 45Vo
biotite (Ps5Bj.) from average SMB magma to
model the average late-stage composition and
(2) removal of. 52Vo plagioclase, 45Vo biotrte
and 3Vo zircon (PseBrs.Q) from average SMB to
model the average late-stage composition. In
general, the fits are poor for the average late-
stage composition; this process certainly could
not be extended to account for the highly de-
pleted leucocratic monzogranites.

to the fractionating assemblage, i.e., in addition
to that already poikilitically enclosed in the
biotite. For this assemblage, the fit is reasonable
for La, Eu and Yb (i.e., one light, one middle
and one heavy rare-earth element) but in gen-
eral the fit is poor.

The acceptability of such a model becomes
questionable if one considers the Zr-2REE
correlation observed in Figure 5, since zircon
crystallization should rapidly deplete Zr (major
component) relative to REEs (trace compo-
nent). The observed correlation can only be
established during fractional crystallization if
zircon crystallized concomitantly with a nearly
equivalent amount of a phase in which REEs
are also major constituents, such as monazite
or allanite. Moreover, such a model would re-
quire the simultaneous crystallization of zircon

and rnonazite-or allanite in'nearly constant pro-
portions. In our view this is an- unlikely situa-
tion, since phosphorus shows no systematic de-
crease in the SMB crystallization sequence,
whereas Zr decreases progressively.

The limitations of such modeling are the
fixed compositions of phases, fixed proportions
of phases and simple subtraction of the cumulate
in a single batch. Moreover, mass-balance cal-
culations indicate that ) 50/o of. the REEs
in the granodiorites must reside in accessory
phases (see also Condie & Lo 1971). A more
dynamic model might involve a range of min-
eral compositions, variable proportions of
phases, a variation in the style of crystallization
(equilibrium verslts fractional, or Rayleigh
ver.',rs batch), and a greater consideration of
accessory phases, but such refinements would
probably not greatly alter the conclusions
reached below.

Two conclusions arise from these modeling
attempts. First, by refining the fractionation
model, it may be possible to account for the
derivation of average late-stage rocks from aver-
age SMB magma by the subtraction of plagio-
clase and biotite, although the amounts removed
are large. Secondly, the difference between
average late-stage rocks (weighted strongly in
favor of monzogranite) and average leucocratic
monzogranites (Fig. 7) is even greater than
the difference between average late-stage rocks
and the average SMB composition. Whereas
removal of plagioclase and biotite may account
for some of the REE depletion in the early
stages of the batholith. the reduced modal
amounts of these minerals in monzogranites and
leucocratic monzogranites and the much greater
REE differences involved make it a wholly un-
satisfactory mechanism to account for the late-
stage variation. Another process is indicated.

The other trace elements (Table l) similarly
show changes in concentration from granodio'
rites to monzogranites that can be explained by
a process of fractional crystallization. However,
the accelerated enrichments or depletions in
these elements from the monzogranite to leuco-
cratic monzogranite stages of evolution require
another explanation.

Assimilation of Meguma rocks

Partially digested xenoliths, clearly of Meg-
uma origin, are a common feature of the margi-
nal granodiorites of the SMB. In addition, the
frequent occurrence of ghost-like patches, mafic
schiieren, lacey sulfide "screens"o xenocrystic gar-
net (and cordierite?), coupled with abnormally
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high aluminum (Jamieson 1974) and radiogenic
strontium (Clarke & Halliday 1980) conients
in these marginal rocks, points to total (or near-
total) assimilation of nrany more xenolithic
blocks.

Liew (1979) and Muecke (unpr.rbl. data) have
analyzed the REE content of lithological sub-
divisions in the Meguma Group. For each ele-
ment determined, the restricted range of varia-
tion in Meguma rocks brackets the composition
of the average SMB (Fig. 8), and therefore
total assimilation of such material will not have
a large effect on the overall REE composition
of the batholith. Of course, those xenoliths that
are only partly assimilated will contribute more
or less than the average SMB composition, de-
pending on the phases involved, the distribution
coefficients and whether or not equilibrium is
attained. However, no addition of such a partial
melt to the average SMB magma could account
for the observed change in REEs from grano-
diorite to monzogranite to leucocratic monzo-
granite.

Clarke & Halliday (1980) have shown thar,
although the SMB magma nnderwent chemical
modification along its margins at the time of
intrusion, once a relatively thin granodiorite
margin had crystallized, the rest of the varia-
tion in stSr/8oSr could be explained by closed-
system fractional crystallization. The average
SMB magma may have undergone very little
REE modification as a result of total assimila-
tion during the initial phase of intrusion. At a
later stage, when some monzogranite plutons

Vb Lu

intnrded beyond the granodiorite envelope into
Meguma rocks, further assimilation may have
served to retard the general downward trend
of REEs ir'r the SMB. Since REEs decrease even
more rapidly from the monzogranite to leuco-
cratic monzogranite stages, further contamina-
tion probably was not an important process in
the chemical evolution of the batholith.

Role ol fluids

Products of the late stages of crystallization
of the SMB show abundant evidence of the
inrportance of aqueous fluids in the evolution
and modification of the rocks. Pegmatite and
aplite formation, greisenization, albitization,
polymetallic mineralization (Sn-W-Mo-Cu-U)
and "reddening" of phases are mainly found as-
sociated with the leucocratic monzogranites. All
these phenomena are thought to be closely re-
Iated to late-magmatic stages of the batholith
rather than postmagmatic processes. Fluorite
and topaz are important minor constituents in
many of the late-stage rocks and also occur as
vein minerals. Geochemical expressions of these
processes include strong enrichments in alkalis
(Li, Rb, Cs), Sn, Ta and F, as well as unusually
low K/Rb (-3M0) and Th/U (-0.35) ra-
tios.

The predominance of fluorine-bearing species
among vein minerals and as minor constituents
in late-stage rocks strongly suggests that fluorine-
enriched aqueous fluids played an important
role in the late-magmatic stage of the batholith.

La C€ Sm Eu Tb
Ftc. 8. Chondrite-normalized REE abundances of the estimated average

composition of the South Mountain batholith compared with the com-
position of Meguma Group metapelites and metawickes. Compositional
ranges plotted for the metasediments represgnt the mean t lo based on
18 analyzed metapelites and 28 nretaw;ckes (data from Liew 1979 and
Muecke, unpubl. data).
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Bandurkin (1961), Mineyev et al. (1966) and
Balashov & Krigman (1975) have suggested
that carbonate and fluoride anionic complexes
are the most effective means of stabilizing and
mobilizing REEs in aqueous solutions at
the magmatic stage. The strong partitioning of
REEs into CO,-rich fluids at elevated T and P,
probably as a result of complexing, has been
experimentally verified by Wendlandt & Harri-
son (1979). Equivalent evidence for REE be-
havior in the presence of fluorine-rich aqueous
solutions is still sparse, but preliminary experi-
mental data by Flynn and Burnham (1978)
suggest that fluoride is effective as a complexer
of REEs under magmaiic conditions.

Howevero there is strong, indirect evidence of
REE mobility in fluorine-rich fluids. Rare-earth
mineralization is frequently encountered in high-
temperature greisen deposits in close association
with fluorite (Bandurkin 196l). Grappin et al.
(1979) have investigated fluorite deposits ge-
netically related to granitic rocks and found
considerable REE enrichment in the fluorites (up
to 200x chondritic) and positive Eu anomalies.
They attributed the REE character of the fluo-
rites to the interaction of fluorine-rich hydro-
thermal solutions with feldspars in the associated
granites. Alderton et aI. (1980) attributed the
mobility of REEs during hydrothermal and su-
pergene alteration of granites from southwestern
England to the presence of fluorine in the altera-
tion fluids and the stability of REE fluoride
complexes.

Although crystal fractionation of combina-
tions of major and minor mineral phases from
a granodioritic parent magma may account for
the reduction of REE content observed in the
monzogranites, it is difficult to envisage how
this process could account for the very low
concentrations found in the leucocratic mon-
zogranites. The evidence for the interaction of
the latter with a fluorine-rich aqueous fluid leads
us to conclude that fluoride-complexing of the
REEs into an aqueous phase became the domi-
nant fractionation mechanism during the late
magmatic stage. Although our data on greisen
zones are still limited" in at least one case REE
concentrations approach detection limits and are
significantly lower than any probable parent
material. Removal of the REEs by the greisen'
izing solutions appears to be a feasible mechan-
ism for producing such abnormally low REE
concentrations in an acidic rock. The increas-
ingly negative Eu anomaly in the late-stage
roiks is probably also a function of the parti-
tioning of REEs into the fluid phase, rather
than a reflection of feldspar fractionation. Ex-

periments by Flynn and Burnham (1978) on
chloride-bearing systemso consisting of an
aqueous fluid phase and granitic melt, have
demonstrated a strong preferential incorporation
of Eu into the fluid phase (i.e., positive Eu
anomaly). We postulate a similar Eu enrich4ent
for fluoride-bearing or mixed fluoride-chloride
fluids and suggest that the removal of this flttid
constitutes the main mechanism of Eu deple-
tion observed in the late-stage rocks of the SMB.

The fluorite samples are clearly one sink for
REEs mobilized in the late hydrothermal fluids.
Unfortunatelv. neither the distribution coeffi-
cients of REEs between silicate melt and hydro-
thermal solution nor the distribution coefficients
between hydrothermal fluid and fluorite is
known. It is, therefore. not possible to estimate
either absolute or relative amounts of REEs
removed from the late magma^s in hydrothermal
ftuids. However. the fluorite data do indicate
that these soltttions mobilized the REEs, prob-
ably as fluoride complexes.

The unusual negative Eu anomalies in the
REE patterns of the fluorites have no obvious
explanation in terms of crystal chemisfy. Instead'
they may be related to the compositions of the
hydrothermal fluids, which in turn were derived
from magmas depleted in Eu through extensive
fractional crystallization of plagioclase. Thus.
we regard tlre negative Eu anomalies in the fluo-
rites is broadly reflecting the Eu depletion in
the source magmas of the SMB at the time of
their formation.

CoNctustoNs

Successively younger intnrsive phases of the
South Mottntain batholith, as defined by field
relations (McKenzie & Clarke 1975) and Rb/Sr
geochronology (Clarke & Halliday 1980)" are
characterized by decreasing >1REE' LalSm and
Eu/Eu*. In addition, Ba, Sc, Th, Hf and Zr
decrease and Rb, Cs and Ta increase from older
to younger intrusive rocks.

Fractional crystallization, assimilation of
country rock and interaction with deuteric
aqueolrs fluid were all considered as mechan-
isms to account for the variation in REE and
trace-element geochemistry. Fractional crystal-
lization of plagioclase and biotite can largely
explain the derivation of average late-stage
rocks from the average SMB magma, but can-
not explain the large chemical differences be-
tween the monzogranites and leucocratic mon-
zogranites. Since the average REE compositions
of the SMB and Meguma host rocks are very
similar. wholesale assimilation of country rocks
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by the SMB magma cannot produce the ob-
served REE variation dirring the cooling history
of the SMB. Also, partial melting of Meguma-
like material would be most unlikelv to have
given rise to the average SMB rnug.u. Finally,
the large changes in REE and trace-element
geochemistry were examined as possible prod-
ucts of late-stage interaction between the mag-
ma, Iate-stage fluids and solid granitic rocks.
The occurrence of substantially REE-depleted
greisen zones and somewhat REE-enriched fluo-
rite veins attests to the high mobility of REEs
at a Iate stage in the evolution of the batholith.
If fluorine-rich fluids also removed REEs from
the late-stage magmas, the same mechanism may
account for the substantial REE depletions in
the leucocratic monzogranites. The existence of
large volumes of REE-depleted rocks in the
SMB suggests that there may be associated
REE-rich mineral deposits yet to be found.
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