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The Loon Lake pluton is a small, reversely zoned pluton with subordinate isolated bodies of diorite and granodiorite gneiss. 
This pluton is located within the Hastings Basin of the Grenville Province and intrudes the structurally complex Grenville 
Supergroup. 

A synthesis of the oxygen and strontium isotopic and trace element data for the monzonite core and quartz monzonite rim 
indicates that these units are cogenetic but the margin of the pluton has interacted with a C02-H20 fluid derived from the country 
rock. This interaction influenced the REE pattern and produced a noticeable enrichment of Rb, "0, and possibly Si02 in the rim 
but did not significantly influence the strontium isotopic systematics. A composite isochron including samples from both units 
indicates an emplacement age of 1065 ? 13 Ma with an initial strontium ratio of 0.7034 ? 0.0004. Samples from the isolated 
mafic units indicate an older age and therefore are not interpreted as cogenetic endmembers. 

The uniform but abnormally high S180 in the monzonite core and low initial strontium ratio are interpreted to reflect a source 
composition in the lower crust. 

Le pluton du lac Loon est de petite taille, inversement zone, et accompagnk de massifs de diorite et de gneiss granodioritique de 
dimension infkrieure. Ce pluton est localis6 dans le bassin d'Hastings de la province de Grenville et recoupe le supergroupe de 
Grenville structuralement complexe. Une synthkse des donnCes des isotopes de I'oxygbne et du strontium et des Cltments traces 
du centre de la monzonite et de la marge de la monzonite quartzifkre rBvble que ces unit& lithologiques sont cog6nCtiques, 
cependant la marge du pluton a r6agi avec un fluide de C02-H20 dCrivC de la roche encaissante. Cette reaction influence le patron 
de distribution des Climents de terres rares et a engendr6 un enrichissement marqut en Rb, ''0 et probablement en SiO2 dans la 
marge mais n'a pas influence de manitre importante le systkme du strontium isotopique. Un isochrone composite comprenant des 
Cchantillons appartenant aux deux unit& lithologiques rBvkle un 2ge de 1065 2 13 Ma avec un rapport initial de strontium Cgal A 
0,7034 0,0004. Les Bchantillons provenant des unit& mafiques indiquent un Lge plus grand et ne peuvent ktre interprCtBs 
cornme reprisentant les terrnes extrkmes cogCnCtiques. 

Le rapport uniforme et anormalement Clevi de 6180 au centre de la monzonite et le faible rapport initial de strontium sont 
considCrBs comme exprimant la composition de la source dans la crofite infkrieure. 

[Traduit par le journal] 
Can. J. Earth Sci., 19, 1045-1054 (1982) 

Introduction 
The Loon Lake pluton is exposed along the shores of 

Chandos (Loon) Lake, Chandos Township, Grenville 
Province of Ontario (Fig. 1). At the present erosional 
level, it has an ovoid outline (8 km x 5 km) and is zoned 
with a monzonite core transitional to a quartz monzonite 
rim. Additional rock types within the pluton include a 
band of granodiorite gneiss and several isolated mafic 
units. 

This pluton has been the subject of numerous studies 
beginning with the reconnaissance mapping of Adarns 
and Barlow (1910). This was followed by contributions 
on the structure (Cloos 1934; Saha 1957, 19591, 
petrography (Saha 1957, 1959; Shaw 1962; Dostal 

1973), contact relations (Chiang 1965), and geochemis- 
try (Shaw and Kudo 1965; McCammon 1968; Dostal 
1973, 1975; Shieh et al. 1976). 

Although a variety of geological and geochemical 
information is available for this pluton, at least two 
major questions remain: what is the emplacement age 
and what is the relationship between the various phases 
of the pluton? We have approached the former question 
by determining separate Rb-Sr whole rock isochrons on 
the monzonite and quartz monzonite members. By 
combining Sr and 0 isotopic and selected trace element 
data with the information obtained from previous 
studies, we have addressed, in detail, the relationship 
between the monzonite core and quartz monzonite rim. 
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FIG. 1. hcat ion map and general geology of the Chandos Township area showing sample locations. 

Geology and petrography 
The monzonite core (< 10% modal quartz) is massive 

to slightly foliated (Saha 1959) with an average modal 
composition of 45% K-feldspar (orthoclase), 42% plag- 
ioclase, 6% biotite, 3% hornblende and clinopyroxene, 
2% quartz, and 1% magnetite and ilmenite, with minor 
amounts of sphene, apatite, epidote, calcite, and sericite 
(Dostal 1973). Subtle mineralogical variations within 
this unit indicate an increasing acidic character towards 
the contact with the quartz monzonite rim. These trends 
include a general increase in the biotite/(hornblende 
+ clinopyroxene) ratio, quartz content, and decrease 
in the An content of plagioclase from the core to the 
margin (Saha 1959; Dostal 1973). 

The contact between monzonite and quartz monzonite 
is difficult to define. Sharp variations in lithology have 

been reported in outcrops 60m apart (Saha 1959) but 
generally monzonite is gradational into quartz monzon- 
ite in a zone approximately 45 m wide (Dostal 1973). 

The quartz monzonite rim is characterized by visible 
quartz and a strong "flow" foliation. The foliation is 
oriented parallel to the intrusion - wall rock contact 
and dips steeply towards the center of the pluton (Saha 
1959). The average modal composition of the quartz 
monzonite is 34% plagioclase, 34% K-feldspar (micro- 
cline), 25% quartz, 5% biotite, and 1% ilmenite and 
magnetite with similar accessory phases as the monzon- 
ite, plus zircon and allanite. The characteristic mafic 
mineral is biotite with only minor hornblende. Samples 
from both units show a weak but pervasive sericitization 
of plagioclase and a few samples contain slightly 
chloritized biotite. 
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HEAMAN ET AL. 

TABLE 1. Regression analyses for the Loon Lake pluton 

No. of Isochron 
Unit samples MSWDa Fvariateb Age(Ma)c R i model - 

Monzonite 6 0.65 3.84 1052221 0.703620.0006 York I1 
Quartz monzonite 8 3.14 3.58 1071217 0.703420.0005 York I1 
Composite 14 2.79 3.28 1065k13 0.703420.0004 York I1 

"Mean square of weighted deviates. 
bNumber of duplicates = 8. 
'Blanket errors for 87Sr/86Sr (0.02%) and 87Rb/86Sr (1.0%) applied to each sample. 

The mafic rocks generally consist of a diorite core 
transitional to a syenodiorite rim. The latter is distin- 
guished by a higher content of K-feldspar and biotite 
(Dostal 1973). The primary mineralogy of the diorites 
includes plagioclase, hornblende, and pyroxene (augite 
and hypersthene). Large biotite flakes are ubiquitous but 
are exclusively of secondary origin replacing pyroxene. 
Saha (1959) concluded that the mafic rocks are roof 
pendants but some of the geochemical trends reported by 
Dostal (1973, 1975) were interpreted to indicate a 
possible genetic relationship to the pluton. 

Other rock types within Chandos Township include 
the structurally complex sequence of quartzo-felds- 
pathic gneiss, amphibolite, and marble, which form part 
of the Grenville Supergroup (Fig. 1). The contact 
between the pluton and the Apsley gneiss (a quartz- 
biotite-plagioclase gneiss; see Shaw 1972) to the 
northwest is migmatitic but the intrusion - wall rock 
contact is generally abrupt, varying from a brecciated 
southwest margin to the juxtaposition of monzonite and 
pyroxene hornfels facies rocks to the south (Chiang 
1965). 

Analytical procedures 
Trace element concentrations (Table 2; Appendix) 

were determined using a Phillips PW 1450 automated 
X-ray fluorescence (XRF) spectrograph. The Rb/Sr 
ratios, for all samples analyzed for their Sr isotopic 
composition, were determined in triplicate following the 
Mo-Compton peak method (Reynolds 1963, 1967; 
Turek et al. 1977). The precision of the Rb/Sr data is 
2 1 .O% (2u) with an accuracy within + 1% of values 
reported for international standards (Abbey 1977). The 
precisions of the Rb, Sr, Zr, and TiOz data are + 1 .O, 
+ 1 .O, k3.0, and + 1.0%, respectively. 

Sample dissolutions for Sr isotopic analyses were 
performed in teflonB digestion bombs and Sr separation 
was accomplished by standard ion exchange techniques 
(Beakhouse and Heaman 1980; Heaman 1980). Total Sr 
blanks (for 250mg samples) were generally less than 
6 ng so no blank corrections were applied to this data. 
The samples were analyzed on a 25.4cm, 90" sector 
Nier-type mass spectrometer using magnetic field 

strength switching. Both field switching and data pro- 
cessing were controlled by an on-line microprocessor 
(TRS-80). Three analyses of the Eimer and Amend 
standard gave an average value of 0.70806 + 0.00005. 
To check the reproducibility of the entire chemical 
procedure, the standard GSP- 1 was analyzed (0.76875 + 
0.00011); this value is in good agreement with values 
reported in the literature (e.g., Pankhurst and O'Nions 
1973: 0.7688; Arth etal. 1980: 0.76892,0.76884). The 
average error for eight samples analyzed in duplicate is 
20.02%. 

In order to distinguish between isochrons and error- 
chrons and evaluate whether the age difference between 
two units is significant, the rigorous statistical treatment 
of Brooks et al. (1972) was adopted. The suggested 
F-variate cutoff level of 2.5, to distinguish between 
analytical and geological error (Brooks et al. 1972), was 
not feasible in this study since only eight samples were 
analyzed in duplicate. A compilation of the two error 
regression parameters for data from the Loon Lake 
pluton is presented in Table 1. For consistency, all 
isochron errors are reported from the York I1 model 
(York 1969) at the 20  level. All isochron ages are 
calculated using the revised decay constant hRb = 1.42 
x 10-" year-' (Steiger and Jager 1977). 

Oxygen was extracted from the rock powders using 
the BrF5 technique. Isotopic analyses were carried out 
by a Nuclide 3-60-RMS isotope ratio mass spectrometer 
and the results are reported in the conventional 6 
notation as per mil (%a) relative to SMOW (standard 
mean ocean water). The errors associated with these 
analyses are generally 0.1-0.2%0. A silicate reference 
sample (NBS-28) was routinely included in the analyses 
and yielded an average 6 value of 9.6%0. 

Isotopic results 
The strontium isotopic results for samples from the 

monzonite (M) core and quartz monzonite (QM) rim 
(Table 2) are plotted on separate Rb-Sr isochron 
diagrams (Fig. 2). The results from individual regres- 
sion treatments indicate that six M samples define an 
isochron age of 1052 + 21 Ma with an initial strontium 
ratio (Ri) of 0.7036 + 0.0006 and eight QM samples 
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1048 CAN. J. EARTH SCI. VOL. 19, 1982 

define an isochron age of 1071 +- 17 Ma (R, = 0.7034 + 
0.0005). The calculated age and Ri for these two units 
are statistically indistinguishable so the data from both 
units were combined to form a composite isochron (Fig. 
3). This composite isochron indicates an age of 1065 +- 
13 Ma (Ri = 0.7034 + 0.0004) and is interpreted to 
represent the emplacement age of the pluton. 

Five samples from the diorite-gabbro suite (Table 2) 
have a small range in 87Rb/86Sr (i.e., 0.016-0.175) 
thus precluding the construction of a separate isochron. 
When these data are compared with a reference isochron 
for the M or QM samples, two of the diorite samples plot 
distinctly above these lines, possibly indicating an older 
age for this unit. 

The whole rock oxygen isotopic results reported in 
Table 2 (Fig. 4) supplement the mineral data reported by 
Shieh et al. (1976) for the M and QM suites. However, 
in the present study, the strontium and the oxygen 
isotopic data were determined on the same samples. In 
general, the 6"0 data are consistent with the results of 
Shieh et al. (1976) and demonstrate that: 

(a) The oxygen isotopic composition of the M and 
QM samples are significantly higher than values repor- 
ted for "normal" granitoid rocks (Fig. 4) and fall 
partially within the field for high S1'O granitoid rocks 
(Taylor 1978). The 6 values for the monzonites are very 
uniform but appear to be approximately 2%0 higher than 
"normal" syenitoid rocks (Taylor 1968). 

TABLE 2. Sr and 0 isotopic data for the Loon Lake pluton 

Rb (ppm) Sr (ppm) Rb/Sr " ~ b / ~ ~ ~ r  s7~r/86Sf 6180WR (%o) 

Monzonite 
LL24 41.8 682 0.061 0.177 0.70628-CO.00010 9.6 
LL21 54.9 208 0.264 0.765 0.71446*0.00040 9.7 
LL27 73.5 186 0.396 1.148 0.7207520.00010 9.7 
LL18 62.3 124 0.501 1.453 0.72530*0.00010 9.3 
LL30 60.1 102 0.592 1.718 0.72981 *0.00011 9.7 
LL13 71.4 63.4 1.128 3.279 0.75290?0.00029 8.8 

Quartz monzonite 
LL4 73.2 520 0.141 0.408 0.70959*0.00031 11.2 
LL6 94.1 355 0.235 0.681 0.7142920.00007 10.6 
GN4 104 218 0.475 1.378 0.72381 *0.00011 11.6 
LL15 236 380 0.620 1.800 0.73096'0.00015 10.2 
GN8 96.4 141 0.682 1.979 0.73338*0.00014 9.9 
LL8 153 218 0.701 2.034 0.73435*0.00012 10.3 
LL49 188 180 1.043 3.032 0.75026*0.00012 12.0 
LL20 175 95.4 1.830 5.339 0.78640*0.00016 11.2 

Diorite 
LL56 8.4 1535 0.006 0.016 0.70359'0.00005 - 
LL47 25.0 1903 0.013 0.038 0.70419~0.00008 - 
LL25 27.1 1262 0.022 0.062 0.70455~0.00014 - 
LL22 54.8 1276 0.043 0.124 0.70563*0.00015 - 
LL57 48.8 809 0.060 0.175 0.7064420.00011 - 

I 
(b) The average 6180WR composition of the QM rim 

(10.9760) is distinctly higher than that for the M core 
(9.5%0). 

(c) The QM samples have a more heterogeneous 6180 , 
composition that does not correlate with distance from 
the contact. 

(d) Mineral fractionations are characteristic of mag- 
matic temperatures (Shieh et al. 1976). 

(e) The range of 6"O in the Loon Lake complex is 
comparable to values reported for other granitic to 
syenitic plutons in this region (e.g., Methuen, Coe Hill, 
Wollaston, and Deloro plutons; Shieh 1980). 

I 

Discussion 

a87Sr/86Sr ratios normalized to 86Sr/88Sr = 0.1194. I 

Numerous igneous plutons exhibit a compositional 
zonation from relatively mafic margins to more felsic 
cores (e.g., Vance 1961; Bateman and Chappell 1979; 
Halliday et al. 1980). The most appealing hypothesis for 
this zonation is the preferential crystallization of magma 
from the margin inward (Vance 1961). However, other 
models such as assimilation of mafic country rock by a 
felsic magma or multiple intrusions have also been 
advanced (Compton 1955; Saha 1959). 

The zonal pattern in the Loon Lake pluton and other 
monzonitic plutons from the Grenville Province (Er- 
manovics 1970; Wynne-Edwards 1957) is anomalous in 
this regard because the mafic end member occurs in the 
core. This relationship does not fit a model of early 
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HEAMAN ET AL. 

FIG. 2. Separate Rb-Sr whole rock isochrons for monzonite and quartz monzonite samples from the Loon Lake pluton. 

preferential crystallization at the margins; therefore, the 
role of the following four processes in the evolution of 

LOON LAKE the Loon Lake pluton is evaluated in light of all available 
COMPOSITE data. 

ID * 

,;i 
'= 
#' 0.76 

a m  

" ~ b / ' ~ ~ r  
(iii) The mineralogy of the M core is more mafic than 

the rim. The occurrence of clinopyroxene and horn- 
FIG. 3. Rb-Sr whole rock isochron diagram for all monzon- blende in the core with hornblende and biotite in the rim 

ite and quartz monzonite samples from the Loon Lake pluton. is consistent with fractional crystallization from the core 
(Symbols as for Fig. 2.) to the margin. 

1: 
/" 

: /'$ 

t = 1065 t 13 Ma 
R~ -0.7034 r 4 

;B 
2 4 6 

(a) Fractional crystallization 
Dostal(1973,1975) proposed that the evolution of the 

Loon Lake pluton was dominated by fractional crystalli- 
zation whereby the process of flowage differentiation 
concentrated early formed crystals (predominantly 
feldspar) in the core. The following criteria, compiled 
from Dostal (1973) and the present study, support the 
contention that this pluton involved some form of 
fractional crystallization: 

(i) The M and QM samples, in general, follow smooth 
and continuous geochemical trends. This was demon- 
strated by Dostal (1973) for major element oxides and 
elemental ratios (i.e., Ca/Sr and K/Ba) versus the 
differentiation index (DI). In addition, a similar pattern 
emerges on a Zr versus TiOz plot (Fig. 5). 

(ii) The K/Rb ratio is lower in the QM samples 
(Dostal1973), a trend consistent with the QM represent- 
ing a more differentiated end member of a consanguin- 
eous series (Shaw 1968). 
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NORMAL 
SYENlTOlD ROCKS~ 

NORMAL 
GRANlTOlD ROCKS 

LOON LAKE 
MONZONITE 

LOON LAKE 
QTZ. MONZONITE 

LASSWADE' 
MARBLE 

FIG. 4. Comparison of the oxygen isotopic composition of monzonite and quartz monzonite samples from the Loon Lake 
pluton with the field for normal granitic and syenitic rocks. In addition, the 6180 compositions of the Apsley gneiss and Lasswade 
marble are shown. (1) Taylor (1978); (2) Shieh et al. (1976); (3) Taylor (1968). 

FIG. 5. TiOz-Zr diagram for monzonite and quartz monzonite samples from the Loon Lake pluton. The Loon Lake trend is 
compared with data for the Apsley gneiss. (Symbols as for Fig. 2.) 

(iv) Within the M unit, Dostal (1973) demonstrated (v) The Ri's are indistinguishable for these units (see 
that the total rare earth element (REE) concentration is Fig. 2). This is consistent with a single magma evolution 
lower in the core, indicating the residual nature of the dominated by fractional crystallization if the initial 
margin of this unit. This is in agreement with a cumulate magma was isotopically homogeneous and the duration 
origin for the core (positive Eu anomaly) and predomin- of crystallization was relatively short (<5 Ma, e.g., see 
antly residual nature for the margin (negative Eu McCarthy and Cawthorn 1980) compared with the 
anomaly ) . half-life of " ~ b .  
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HEAMAN ET AL. 1051 

The Sr isotopic data indicate that the diorite unit may 
indeed be older than the other phases and, combined 
with the trace element data, are consistent with the roof 
pendant hypothesis of Saha (1959). Alternatively, the 
diorite bodies could represent fragments of source 
material transported by the magma. The high 6180 
composition of the diorite unit (8.0-9.2%0, Shieh et al. 
1976) is compatible with a fractional crystallization 
model as well as the other two hypotheses. 

- 

(vi) The age determined for each phase is the same 
within analytical error (see Fig. 2). 

However, a number of features are not consistent with 
a simple fractional crystallization model: 

(i) On Rb versus Sr (Fig. 6a) and Rb versus Zr (Fig. 
6b) diagrams the M samples follow a smooth trend, 
consistent with fractional crystallization dominated by 
feldspar separation. However, the QM samples are 
anomalously enriched in Rb and cannot be accounted for 
by fractional crvstallization. 

Sr ( P P ~ )  (b) Assimilation 
The role of assimilation in the evolution of the Loon 

- (ii) The 6180-m values for the QM unit (9.9- 12.0%0) 
are significantly higher and more variable than values 
for the M unit (8.8-9.7%0). This difference in 6180 
composition is too large to be explained solely by 
fractional crystallization at magmatic temperatures (see 
Taylor 1978). 

(iii) The total REE concentration in the QM is lower 
than that of the most differentiated M (Dostal 1973). 
Combined with a less fractionated REE pattern in the 
QM, these data are not compatible with a simple 
fractional crystallization model. 

Although many of the features of the Loon Lake 
pluton are consistent with a history dominated by 
fractional crystallization, additional processes must 
have been operating during the evolution of this pluton 
to account for the discrepancies. 

Dostal(1973) also considered the possibility that the 
diorite phase of the pluton is a cogenetic end member of 
the differentiated suite diorite-monzonite - quartz 
monzonite. However, the trace element data are not 
consistent with a model of continuous differentiation. 

W -  - 
E, a - 

8 n 
a m -  

strontium isotopic data. The country rocks are much 
older than the pluton (ca. 350 Ma, Heaman et al. 1980) 
and partial melting of the more radiogenic Apsley gneiss 
(assuming isotopic equilibration) or involvement of 
marble (87~r/s6Sr = 0.7050-0.7055, L. M. Heaman, 
unpublished data, 1979) would result in a significant 
elevation of the QM initial strontium ratio. Therefore, 
assimilation of local country rock with an M magma is 
not considered a significant process in the evolution of 
this pluton. 

(c) Separate intrusions 
The mechanism of separate intrusions has been 

proposed as a viable explanation for reversely zoned 
plutons including the Loon Lake pluton (Saha 1959). 
However, unlike the case with other intrusions, no 
brecciated contact has been observed between the M 
core and QM rim. An argument that has been used in 

~ O D  600 800 ,000 1 2 ~ ~  6180 compositions ranging from 8.3 to 16.9 and 25.2 to 

Zr (ppm) 
27.8%0, respectively (Shieh et al. 1976; see Fig. 4) and 
some form of mixing could account for the higher 6180 

FIG. 6. (a) Rb versus Sr; and (b )  Rb versus Zr diagrams for in the QM. 
the Loon Lake samples. (Symbols as for Fig. 2.) However, this model is not consistent with the 

0 I b) 

- 
o 

0 O 
o 

0 

O 0 a0 
+ O  o o 

B e  wbO % B e  
rn 

favour of separate intrusions is the cross-cutting rela- 
tionship of QM dikes and M. There is some controversy 
over this field relationship because aplite and pegmatite 
dikes in this area that are clearly younger than the pluton 
(t = 970Ma, Ri = 0.708; L. M. Heaman, unpublished 
data, 1979) have a modal composition equivalent to 

Lake pluton has been addressed by Dostal (1973). To 
explain the geochemical data, he suggested part of an M 
magma intruded higher levels in the crust while the 
remainder mixed with partial melts from the Apsley 
gneiss then subsequently intruded as a QM magma. 

This model is consistent with the oxygen isotope data. 
The major lithologic units in the vicinity of the pluton, 
the Apsley gneiss and Lasswade marble, have very high 

quartz monzonite. 
In order to evaluate the role of separate intrusions it is 

important to consider the following models: (i) magmas 
from separate sources intruded into the same region of 
the crust; (ii) magmas of variable composition generated 
by progressive partial melting of a common source; and 
(iii) separate melt fractions extracted from a chemically 
stratified magma. 
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1052 CAN. J. EARTH SCI. VOL. 19. 1982 

It seems virtually impossible to generate all the 
geochemical trends consistent with fractional crystalli- 
zation and especially the identical initial strontium ratios 
by successive intrusions of magma derived from separ- 
ate sources. 

It is conceivable to form two melt fractions of 
different composition by progressive partial melting 
(model (ii)). This requires an initial minimum tempera- 
ture melt to separate from its source and invade higher 
crustal levels. If some phase were exhausted in the first 
melting step, then the minimum melting temperature 
would increase and a second magma with a different 
composition could be generated. Although this mecha- 
nism does produce magmas with different composi- 
tions, a hiatus in the geochemical trends should be 
anticipated as for model (i). However, the smooth and 
continuous geochemical trends for the M and QM data 
(Dostal 1973) are at variance with this model. 

The third model is similar to the thermogravitational 
model proposed by Hildreth (1979). In a chemically 
stratified magma chamber, the roof zone remains stag- 
nant and somewhat isolated from the rest of the cham- 
ber. This region involves diffusive transport of compo- 
nents into and from the country rock. Typically, the roof 
zone has a higher fHZO than the lower part of the cham- 
ber, lower temperature, and is enriched in incompatible 
elements and SO2.  If there were diffusive transport of 
certain components from the country rock into this part 
of the magma, then this process could enrich the roof 
zone in "0. However, to maintain a similar strontium 
isotopic composition throughout the magma it is neces- 
sary to infer that strontium diffusion from the country 
rock was negligible. The Loon Lake complex could 
have been formed by successive magma tappings from 
the roof zone (QM magma) and lower down in the 
chamber (M magma). However, the difference in 
geochemistry resulting from this mechanism or the fluid 
interaction model (section d) would be difficult to 
recognize. Clearly an exposed intrusive contact would 
delineate between these two processes. 

(d)  Fluid interaction 
Shieh et al. (1976) postulated that fluid derived from 

the country rock interacted with the outer portion of the 
pluton and is responsible for the variable and elevated 
6180 composition of the rim. In addition, it was 
stipulated that the fluid must have been hot enough to 
maintain equilibrium oxygen isotope fractionation be- 
tween coexisting phases, characteristic of magmatic 
temperatures. 

The smooth and continuous trends displayed by M 
and QM samples on many major and trace element 
variation diagrams indicate that if a fluid phase did 
interact with the pluton it did not significantly alter most 
major and trace element abundances. However, there is 

independent evidence that diffusive transport of compo- 
nents into the margin of a pluton could enrich this zone 
in Si02 and incompatible elements (Hildreth 1979). If a 
large proportion of the modal quartz in the rim were 
generated this way, then fluid interaction could account 
for the hiatus in modal quartz content between the M 
core and the QM rim. 

Experimental studies have shown that the presence of 
an H20-C02 fluid phase has a profound effect on the ' 

partitioning of incompatible elements like Rb (Hollo- 
way 1979) and the REE (Wendlandt and Harrison i 
1978). The strong partitioning of Rb into a fluid phase, , 
which diffuses into the margin of the pluton, could 
explain the unusual enrichment of Rb in the QM rim. 
The diffusion of Rb into the magma must have occurred 
contemporaneously with the emplacement of the pluton. 
If the Rb enrichment occurred after complete crystalliza- 
tion of the M then, depending on the length of time 

i 
between closure of the M to Rb and Sr migration and Rb 
enrichment in the margin, the QM data should show a 
scatter on a conventional isochron diagram reflecting the 

I 
degree of Rb enrichment in each sample. Howevrr, 
scatter in excess of analytical error was not detected in 
the QM data. 

Considering the abundance of marble in the vicinity 
of the pluton, it is not unreasonable to believe that the 
fluid may have been C02 rich, and formed, in part, by 
decarbonation reactions in the marbles. Hence, it might 
be anticipated that the fluid would have contained a 
significant concentration of Sr, although noticeable 
enrichments in Sr cannot be detected in the QM samples 
on the Rb versus Sr diagram (Fi . 6a). Diffusion of Sr 
from the country rocks (87Sr/'6Sr > 0.704) into the 
margin of a crystallizing magma would tend to have a 
greater influence on those parts of the rim with the 
highest Rb/Sr ratio (or lowest Sr concentration). It is 
thus probable that the 87Sr/86~r ratio of the enriched 
areas is inversely proportional to the Sr concentration of 
these areas. Although the error on the ages and Ri, 
determined separately for the M and QM samples, 
overlap, the QM samples do indicate a slightly older age 
and lower Ri, consistent with minor additions of country 
rock Sr. Unfortunately, the resolution of these data is not 
sufficient to determine whether the differences in age 
and Ri are significant. 

Wendlandt and Harrison (1978) presented experi- 
mental data that demonstrated that the REE are enriched 
in a C02 vapour phase in equilibrium with an alkali 
silicate melt. However, the total REE abundance is 
lower in the QM rim, indicating that the REE were not 
enriched in the fluid phase or that the total REE 
abundance in the QM samples is masked by a more 
significant process such as quartz dilution. The REE 
pattern (i.e., a flat heavy REE trend) is difficult to 
reconcile with any of the proposed models. 
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The interaction of a fluid phase at the margin and roof 
zone of a differentiated magma chamber is consistent 
with most of the geochemical data (i.e., high and 
variable 6180 and enrichments in SiOz and Rb in the 
rim). This model is also consistent with the Sr isotopic 
data and geological information (i.e., sharp contact 
relations) if the diffusive transport of components into 
the magma occurred during magma ascent. 

Shieh et al. (1976) originally proposed that the pluton 
had interacted with a fluid phase to explain the high and, 
in the case of the QM samples, variable 6180 composi- 
tion. The model proposed here is very similar to that 

I 
, proposed by Shieh et al. (1976) except the present study 

indicates that fluid interaction was restricted to the 
margin and roof zone of the pluton. Therefore, the 
relatively high S180 composition of the M reflects the 

i oxygen isotopic composition of the source. 

Summary 
A synthesis of the available oxygen and strontium 

isotope data and additional trace element data indicates 
that the monzonite core and quartz monzonite rim are 
cogenetic but the enrichment of Rb, 180, and possibly 
Si02 in the rim and the REE pattern reflects the 
interaction with an H20-C02 rich fluid phase derived 
from the country rocks. Large scale assimilation has not 
played an important role in the evolution of the pluton. 

There is no strong indication that the presence of a 
fluid phase at the margin of the pluton has significantly 
affected the Rb-Sr whole rock systematics. Therefore 
the data from both units were combined to form a 
composite isochron (Fig. 3). This isochron indicates an 
emplacement age for the Loon Lake pluton of 1065 * 13 
Ma with an R, of 0.7034 ? 0.0004. However, it should 
be noted that with further refinements to the present 
isotopic data an anomalously old age for the quartz 
monzonite unit might be distinguished, reflecting the 
addition of radiogenic Sr from the country rocks. If this 
is the case, then the emplacement age for the pluton 
should be determined from the monzonite suite. 

Two diorite samples plot distinctly above the refer- 
ence isochrons for the monzonite core and quartz mon- 
zonite rim, indicating an older age for this unit. This 
information is consistent with the roof pendant theory 
originally proposed by Saha (1959). 

The isotopic data for the Loon Lake pluton are similar 
to those for many small granitoid plutons in this part of 
the Grenville Province. The uniform and abnormally 
high 6180 composition of the monzonite core may be 
inherited from its source region and, combined with a 
high K/Rb and low R,, indicates a source for the 
monzonite magma in the lower crust. Further enrich- 
ment of ''0 and certain other large ion lithophile (LIL) 

1 elements in the margin of these plutons reflects the 
1 important role of extraneous fluids in their evolution. 
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Appendix 
TABLE Al. Trace element data for the Loon Lake pluton 

Rb (ppm) Sr (ppm) Zr (ppm) TiOz (wt . %) 

Monzonite 
179 670 
63 816 

124 778 
208 1000 
682 934 
186 674 
106 923 
430 1056 

38 1282 
973 613 

Quartz monzonite 
21 1 674 
121 532 
520 835 
198 375 
355 583 
218 320 
42 417 

44 1 85 1 
380 875 
206 643 
95 260 
66 265 
60 422 

180 517 
37 1 39 1 
104 328 
141 365 
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