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Cover description

Photograph of a dismembered mafic dyke in anorthositic gabbro, Uvauk Complex,
District of Keewatin, Northwest Territories. The complex, located 100 km
northwest of Chesterfield Inlet, is comprised of an Archean layered gabbro-mafic
granulite-anorthosite suite which was deformed and metamorphosed at mid-crustal
levels during Late Archean and Paleoproterozoic events. It forms a rootless,
triangular segment (30 x 20 km) of straight gneisses, the boundaries of which are
marked by granulite grade ultramylonites.
Photo by S. Tella, GSC 1992-253 DD

The concordia plot displays the geochronology, canied out by Chris Roddick, on
a representative sample from the anorthositic gabbro ultramylonite. The data
suggests that the 1936 ± 8 Ma zircon age records a Paleoproterozoic, granulite
grade, ductile event that overprinted an Archean (ca. 2.59 Gal, granulite grade
mylonitic event. Titanite and rutile ages record post-mylonite, uplift and cooling
events. Thermobarometric data suggests that the Paleoproterozoic event occulTed
at pressures in excess of 10 kbar, (30 km).
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RADIOGENIC AGE AND ISOTOPIC STUDIES:
REPORT 9

INTRODUCTION

"Radiogenic Age and Isotopic Studies" is an annual
collection of research presentations containing U-Pb,
Sm-Nd, Rb-Sr, and 40Ar_ 39Ar data generated by the
Geochronology Laboratory under the auspices of the
of the Continental Geoscience Division, Geological
Survey of Canada. Report 9 contains 5 papers from
regions across Canada (see back cover), followed by
a compilation of 40Ar_39Ar and K-Ar ages. Authors
herein present data, relate results to field settings, and
make brief interpretations. Readers are thus
reminded that much of the research encompassed
represents "work-in-progress" and that more exten­
sive publications may follow at a later date. Listed at
the end of the report are additional publications con­
taining data produced by the CGD lab, mostly in
outside journals.

For the Geochronology Laboratory, 1995 was a year
of expectations and tragedy. On February 23, 1995,
Chris Roddick's accidental death left not only a scien­
tific legacy which has been profound for the Geological
Survey of Canada and scientists around the world, but
also an expertise that will be deeply missed in the
Geochronology Laboratory.

Chris Roddick made a substantial mark on isotope
geoscience. He contributed consistently careful and
meticulous scientific work to the literature, particu­
larly in the fields of40Ar-39Ar, Rb-Sr, and U-Pb geo­
chronology, and to the art of isotopic measurement
using modern mass spectrometers. Chris conceived the
use of the argon cOlTelation diagram, which allows
identification of extraneous argon components within
step-heated mineral samples, a method of argon data
analysis that is a standard procedure today. During the
last few years, efforts by Chris and colleagues in the
argon laboratory were focused on modernizing first the
K-Ar, and later the 40Ar-39AI' methodologies using a
low-blank double vacuum furnace and spot fusion
analyses with a laser. Chris was also the backbone of
computation and data management within the labora­
tory, designing and writing computer code not only to
effiCiently collect and store isotopic data in 40Ar_39AI',
U-Pb, Rb-Sr, and Sm-Nd methods, but also to facilitate
tabulation and presentation of isotopic analytical data
in a system that ranks among the best. He was also the
source of definitive advice and information on princi­
ples of measurement and interpretation of radiogenic

INTRODUCTION

La publication intitulee Radiogenic age and isotope studies est un
recueil annuel d'articles scientifiques contenant des resultats de
datations U-Pb, Sm-Nd, Rb-Sr et 40Ar_39AI', effectuees par le per­
sonnel du laboratoire de geochronologie, sous les auspices de la
Division de la geologie du continent (Commission geologique du
Canada, CGC). Le rapport 9 contient cinq articles sur des regions
d'un peu partout au Canada (voir la couverture arriere), suivis d'une
compilation d'ages determines au moyen des methodes 40Ar_39AI'
et K-Ar. Les auteurs presentent des donnees, etablissent des liens
entre les resultats et les milieux etablis a l'aide des travaux sur le
terrain, en plus de donner de courtes interpretations. Les lecteurs
doivent cependant garder en memoire qu'une bonne partie des
recherches citees sont «en cours» et que des publications plus
detaillees pourraient suivre. A la fin du rapport se trouve une Iiste
de publications, pour la plupart dans des revues scientifiques ne
relevant pas de la CGC, dans lesquelles on fait reference a des
donnees produites par le laboratoire de geochronologie.

L'annee 1995 en a ete une d'attentes et de tragedie pour le
laboratoire de geochronologie. Chris Roddick est decede acciden­
tellement le 23 fevrier 1995. Du point de vue scientifique, il a fourni
un apport qui a marque profondement la Commission geologique
du Canada et des collegues de partout dans le monde. Son depart
represente une perte de competences qui sera fortement ressentie au
laboratoire de geochronologie.

Chris Roddick a beaucoup apporte ala methode isotopique. Il a
contribue de fa90n continue aux ouvrages scienufiques par son
travail soigne et meticuleux, en particulier dans le domaine cie la
geochronologie basee sur les methodes 40Ar_39AI', Rb-Sr et U-Pb,
sans oublier son apport aux techniques de mesure isotopique faisant
appel aux spectrometres de masse modernes. Chris a con9u I'utili­
sation du diagramme de correlation avec ('argon, qui permet l'iden­
tification de composantes etrangeres contenant de I'argon a
I'interieur d'echantillons de mineraux chauffes par etapes, une
methode d' analyse des donnees relatives a cet element qui est
d'usage courant aujourd'hui. Au coms des quelques dernieres
annees, les efforts de Chris et de ses collegues du laboratoire ont
vise amoderniser d'abord la methode K-Ar, puis la methode 40Ar_
39AI', en utilisant un four adouble vide et afaible degre de contami­
nation et en effectuant des analyses par fusion ponctuelle a I'aide
du laser. Chris a aussi joue un role de piJier dans le domaine des
calculs et de la gestion des donnees au sein du laboratoire, concevant
et ecrivant des programmes informatiques, non seulement pour
recueillir et stocker efficacement des donnees isotopiques d' analyse
par les methodes 40Ar_39AI', U-Pb, Rb-Sret Sm-Nd, mais aussi pour
faciliter la mise en tableaux et la presentation de donnees iso­
topiques dans un systeme qui figure parmi les meilleurs.ll etait aussi
une source d' avis forme I et d' informations concernant les principes
de mesure et d'interpretation pour ce qui est de la methode basee

v



isotope science and its related uncertainties. For these
contributions and his generosity and enthusiasm, he
will be dearly missed.

Other transitions include the retirements of Robert
W. Sutlivan and Jean-Claude Bisson after long careers
with the Geochronology Laboratory; on behalf of the
staff, I want to thank these individuals for their efforts
and attention to detail. Their legacy has made our work
more fruitful and productive.

Expectations during the 1996 year include the com­
missioning of both the laser-fusion 40Ar_39Ar labora­
tory into routine operation, a task which has been
accomplished by laboratory staff after Chris Roddick 's
passing, and the installation and commissioning of the
GSC SHRIMP (sensitive high resolution ion micro­
probe) ion microprobe. Both Chris Roddick and Bob
Sullivan, in addition to others in the laboratory, played
1I1tegraI roles 111 these analytical initiatives, and without
their ideas and efforts the bringing of these new meth­
odologies into routine operation at the GSC could not
have occulTed.

Report 9, though shorter this year, because of the
time required to implement the massive changes to the
laboratory caused by retirements and Chris Roddick's
passing away, nevertheless continues the tradition of an
annual publication of recent work of the staff.

sur les isotopes radiogeniques et des incertitudes qui s 'y rattachent.
Son absence sera profondement ressentie pour toutes ces raisons,
mats aUSSI parce qu'il savait etre generaux et transmettre son
enthousiasme.

D'autres tra.nsitions ont eu lieu, notamment les departs de
Rob~lt W., Sulllvan et de Jean-Claude Bisson, qui ont pris leur
retratte apres une longue carriere au laboratoire de geochronologie.
Au nom du personnel, je tiens ales remercier pour leurs efforts et
I.eur souci du detail. Grace a leur contribution, nOire travail a ete plus
tructueux et productif.

Pendant I'annee 1996, on prevoit notamment amener le labora­
toire d'analyse 4oAr_39Ar par fusion laser a un mode d'utilisation
reguliere, une tache qui a ete aeeomplie par le personnel du labora­
t01re apres le deees de Chris Roddick; quant a la mierosonde ionique
SHRIMP de la CGC, elle a ete installee en decembre 1995 et est
done prete pour une utilisation reguliere. Le sigle SHRIMP est
forme iI partir de I 'expression anglaise sensitive high resolution ion
microprobe, e'est-a-dire mierosonde ionique sensible ahaute reso­
lution. Chris Roddiek, Bob Sullivan et d'autres membres du labo­
rat,oire ont joue des roles essentiels dans ces projets et, sans leurs
Idees et leurs effol1s, ces nouvelles methodes ne seraient pas du
quotidien de la CGc.

Le rapport 9 est plus court cette annee, principalement en raison
du te~ps qu '.il a fallu eonsaerer iI 1'instauration de changements
massIfs au sell1 du laboratoire a la suite des departs susmentionnes
et du deces de Chris Roddick. Il maintient neanmoins la tradition
d'une publication annuelle des travaux recents dans ce domaine.

Randall R. Pan-ish

vi
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Efficient mass calibration of magnetic
sector mass spectrometers

l.C. Roddick l

Roddick, f.C, 1996: Efficient mass calibration of magnetic sector mass spectrometers; in
Radiogenic Age and Isotopic Studies: Report 9; Geological Survey ofCanada, Current Research
1995-F, p. 1-9.

Abstract: Magnetic sector mass spectrometers used for automatic acquisition of precise isotopic data
are usually controlled with Hall probes and software that uses polynomial equations to define and calibrate
the mass-field relations required for mass focusing. This procedure requires a number of reference masses
and careful tuning to define and maintain an accurate mass calibration. A simplified equation is presented
and applied to several different magnetically controlled mass spectrometers. The equation accounts for
nonlinearity in typical Hall probe controlled mass-field relations, reduces calibration to a linear fitting
procedure, and is sufficiently accurate to permit calibration over a mass range of 2 to 200 amu with only
two defining masses. Procedures developed can quickly correct for normal drift in calibrations and
compensate for drift during isotopic analysis over a limited mass range such as a single element. The
equation is:

Field =AMassY2 + B'(Mass)P

where A, B, and p are constants. The power value p has a characteristic value for a Hall probe/controller
and is insensitive to changing conditions, thus reducing calibration to a linear regression to determine
optimum A and B.

Resume: Les spectrometres de masse asecteur magnetique fonctionnent habituellement avec des sondes
Hall et un logiciel qui se sert d' equations polynomiales pour definir et etalonner les relations masse-champ
requises pour la focalisation de masse. Ces appareils sont utilises pour I' acquisition automatique de donnees
isotopiques precises. Ils necessitent plusieurs masses de reference et un ajustement precis pour definir et
maintenir un etalonnage exact de la masse. Dne equation simplifiee est presentee et appliquee aplusieurs
spectrometres de masse contr61es magnetiquement. Cette equation tient compte de la non linearite des
relations typiques entre la masse et le champ qui sont contr6lees par la sonde, reduit I' etalonnage a un
ajustement lineaire et est suffisamment exacte pour permettre un etalonnage sur un intervalle de masse de
2 a 200 amu en n'utilisant que deux masses de definition. Les procedes elabores servent a corriger
rapidement I'ecart normal observe dans les etalonnages et acompenser l'ecart durant I'analyse isotopique
sur un intervalle de masse limite comme dans le cas d'un seul element. L'equation est la suivante :

champ =AmasseY2 + B·(masse)P

Oll A, B et p sont des constantes. La valeur de la puissance (p) est caracteristique pour une sonde Hall et ne
varie pas avec res conditions changeantes, ce qui reduit l'etalonnage a une regression lineaire visant a
determiner les valeurs optimales de A et de B.

1 Deceased
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INTRODUCTION

Mass spectrometer manufacturers now provide sophisticated
computer software to control the various functions of, and
data collection from, their instruments. To control the magnet
for focusing the required masses on ion beam detectors, it is
usual for the software to use a third degree or higher polyno­
mial equation to define the mathematical relation between the
mass and magnetic field as measured by a Hall probe. Cali­
bration of this polynomial relation requires the detennination
of the intensity of the magnetic field for at least three masses
over the mass range of interest. Because of the nonlinearity
of the relation of mass to field intensity, a larger number of
calibrating masses over the complete mass range will provide
a more precise calibration. This requirement of a number of
defining masses over a large mass range results in a calibra­
tion needing special samples with the appropriate range of
isotopes to encompass the mass range. Defining each isotope
for calibration involves varying the magnetic field in the
appropriate mass range for an element and then confirming
the correct isotope by identifying the relative abundances of
the isotopes for that element. With changes in operating
parameters or drift in instrument condi tions a new cal ibration
must be carried out. Therefore significant amounts of time
may be spent in maintaining a precise and accurate calibration
of the mass scale of the instrument. Here, an alternative
algorithm to the polynomial equation is presented. Using this
algorithm, calibration of the magnetic field is significantly
simplified and maintenance can be reduced to a re-calibration
using a single mass. The procedure appears to have general
applicability to magnetic sector instruments controlled with
Hall probes and is demonstrated for several different mass
spectrometers.

DEVELOPMENT OF A MASS-FIELD
ALGORITHM

The development of improved mass calibration of mass spec­
trometers was first carried out on a Finnigan-MAT 261 ther­
mal ionization instrument at the Geological Survey of

4 VG 3600

~ :l
VJ.......

'3
'---'

2
'"0-Q)

ii

Canada. Application of the algorithm to several other MAT
261 machines confirmed the general applicability of cali­
bration to this type of machine. Subsequently the algorithm
was used to calibrate a VG 3600 gas mass spectrometer and
a NBS Shields design 12", 90 magnetic sector thermal
ionization mass spectrometer controlled with Teslameters
recently developed by the National Institute of Standards
and Technology (NIST). All these instruments use Hall
probes to measure and control the magnetic field. Calibra­
tion of the VG 3600 is used for development of the algo­
rithm and the applicability to other instruments
demonstrates the usefulness of the algorithm in the cali bra­
tion of different mass spectrometers.

The equation relating mass (m) to magnetic flux density
(F) for mass spectrometers which use magnetic field switch­
ing of a magnet (radius r) to accelerate particles of charge q
through an electric field of V volts is

2'm'V=F2'q -r2 (I)

The high voltage is normally maintained at a constant
value and for particles of mass to charge ratio M (=m/q) the
basic relation simpl ifies to

F=A-MI/2 (2)

where A is a constant. Therefore the field required to focus
an isotope on a detector should be a linear function of the
square root of mass and detennination of the field at a single
mass will define the constant A and thus the field values at
all other masses. If the observed relation of mass to field, as
measured and controlled by a Hall probe, follows this relation
calibration is a trivial exercise. Unfortunately, this is not the
case and thus polynomial fits have been applied to the cali­
bration of mass spectrometers. In some cases these fits may
use the mass versus observed field and not the root mass
versus field data which are relatively linear (Fig. I).

Table 1 presents measured magnetic field intensity of
a VG 3600 mass spectrometer over the mass range 2H to
186W. A number of masses are multiple charge W isotopes
from the filament in the mass spectrometer. The observed
magnetic field values are expressed as volts of output from

Figure 1.

A plot showing the apparent linearity of the
variation of magnetic field intensity with the
square root of mass for a VG 3600 mass spec­
trometer as expected from Equation 2. The field
is expressed as a Foltage output ji'om a Hall
prohe. The data are from Tahle I.

o~----,-------,------,------,----r-----'2:-------:114
o 2 4 6 8 10 I

Square Root (Mass)
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J.C. Roddick

Table 1. Measured magnetic field in volts from a Hall
probe versus mass for a VG 3600 mass spectrameter.

Mass Measured Field
Isotope Charge M F in Volts A= F/M

--- 0 0.3074'

'H2 + 2.0157 0.43657 0.3075

"c 2+ 6.0000 0.75444 0.3080
35CI 2+ 17.484 1.29062 0.3087
28N + 28.006 1.63461 0.3089

'
82W 6+ 30.325 1.70181 0.3090

'''w 6+ 30.659 1.71140 0.3091
'88W 6+ 30.992 1.72098 0.3091
30Ar + 35.968 1.85449 0.3092
4°Ar + 39.962 1.95544 0.3093

''C,002 + 43.990 2.05320 0.3096
182W 3+ 60.649 2.41470 0.3101
,..W 3+ 61.317 2.42820 0.3101

'86W 3+ 61.985 2.44150 0.3101

'82W 2+ 90.974 2.96647 0.3110
,..W 2+ 91.976 2.98321 0.3111

' 8OW 2+ 92.977 2.99990 0.3111

' 82W + 181.948 4.22808 0.3135

'
84

W + 181.951 4.25222 0.3135

' 86W + 181.954 4.27611 0.3136

'Extrapolated value

the instrument's Hall probe. Figure I, a mass versus field
plot for these data, displays an apparently linear relation as
expected from the theoretical equation (Equation 2). Table I,
however, shows that the relation is not precisely linear as the
ratio of F/M (= A) ranges from 0.3075 to 0.3136, a variation
of about 2% over the tabulated mass range. A precise mass
calibration must correct for this small deviation from the
theoretical relation. An estimate of a limiting value of A may
be made by extrapolating the variation of A in Table 1 to zero
mass. Using this zero mass value of A, Figure 2A shows that
the deviation of the observed field from the theoretical field
based on Equation 2 is a regular positive variation with mass.
Addition of a function to Equation 2 which corrects for this
deviation from the theoretical function will better define the
observed mass-field relation tabulated in Table I and provide
a linear calibration procedure.

The correcting function must model the curve of
Figure 2A which shows an increasing field deviation with
increasing mass, and can be accommodated for by making the
correction proportional to mass raised to a power p that is
greater than 1.0. Therefore the correcting function approxi­
mating the curve of Figure 2 can be written as B· MP where B
is a constant. The power factor p will account for any curva­
ture of the correcting function and simplifies to a linear
con'ection with mass if p = 1.0. Modelling this relation to

0.08

c:
0 0.06--..
C'j

>
Q)

Cl 0.04
'"Cl
V
ri:

0.02

0
0 50

VG 3600

100

Mass
150

A
Figure 2A.

The deviations ofobserved magnetic field inten­
sity (Table 1)ji-om theoretical values defined by
the relation of Equation 2 (F = kM) for a VG
3600 mass spectrometer. The deviations, in units
of volts, are slightly nonlinear with mass with
increasingly positive values of up to 2.0%
greater than the theoretical field at mass 186.

200

0,-----------------------------,

-0.12

-0.16

Figure 2B.

A plot similar to Figure 2Afor a Finnigan-MAT
261 mass spectrometer at eight field values at
masses 23, 39, 88,144,187,208,238, and 270.
The field intensity is scaled to the same units and
intensity as the VG 3600 data al mass 186 to
permit comparison of deviations of the different
mass speetrometers. In this case the deviations
(in volts) are increasingly negative with -2.7o/c
deviation ji-am the theoretical field at mass 187.

-0.04
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o
~ -008.->
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an equation of a straight line is defined with a slope of 8 and
an intercept of A. Figure 3A presents the results of applying
regression analysis to the VG 3600 data in Table I with the
per cent deviations of the observed field from the regression
line plotted against mass. The deviations are generally less
than 0.03% over the mass range from 2 to 186 amu, with a

±O.002L/o reproducibility offield values using a beam centring
routine. These deviations can be compared to the precision
necessary to focus an ion beam in the detector. The VG3600
has a resolution of 300 at 5% peak height which is equivalent
to requiring the field to be within ±0.085% of the correct value
to collect 5% of the peak. Collector slit width is set to permit
collection of all the ion beam arriving at the slit for a ±0.040%
variation of the field and this results in a flat topped region of
the peak. Therefore over the mass range 2- 186 amu the
algorithm can focus on 5% of a peak and in most cases focus
on the maximum or flat topped region of a peak. The masses
with field deviations of 0.05-0.06% will be positioned on
>5011< of a peak and can be subsequently centred. \1agnet
hysteresis may be responsible for some of the observed scatter
as no attempt was made to determine the mass-field values in
a systematic manner (i.e. with increasing field). Note that if
mass is to be detclmined the equivalent per cent deviations
of mass from the regression line are double the field devia­
tions because mass is dependent on the square of the field
(Equation I). Sensitivity to the power factor p is shown in
Figure 38 where the same analysis is applied using p = 1.25.
There is a slight improvement in the fit of most masses over
the mass range defined.

Figure 4 presents the same analysis as above to data from
two Finnigan-MAT 261 mass spectrometers. The plot with a
power factor p = 1.25 is the same data as displayed in
Figure 28. The fit of the data is similar to that of the VG 3600
with the three lowest masses deviating by ±0.03-0.06% (with
±O.OOl % reproducibility) but the remaining masses are in

(4)

(3)

F/M 1/2 =A+8·Mp-0.5

F = A'Ml/2+8'MP

where p = 1.2 (typical).

The second term is a correction to restore linearity in the
F versus M relation. This equation can be rearranged to define
a linear function and regression analysis applied to a set of
calibration data to determine the best values of the parameters
A and 8 with p at a suitable fixed value. Rewriting Equation 3
as

determine the appropriate 8 and p which fit the curve of
Figure 2A shows that values of 8 =0.00016 and p = 1.25 are
best but the sensitivity to p is not great and p can have values
ranging from 1.15 to 1.30 with appropriate compensating
values of A and 8. Finnigan-MAT 261 mass spectrometers
show a similar non linear deviation but with an increasingly
negative deviation from the theoretical field with increasing
mass (Fig. 28). The appropliate power factor p, however, is
similar to the VG 3600 data with values from 1.0 to 1.3, and
typically 1.2.

The general equation defining the observed mass-field
relation is therefore:

0.04 -,---------------- ---------,

VG 3600c:
0 002
"-'ro
> 0Cl)

Cl
"'0

Cl) -0.02

~

~ -0.04

-0.06
50 1000

Mass

A

....... P = 1.20

150

Figure 3A.

A plol of derialions of ohserved magnelic field
inlensilies ./i'om calcula/ed \'[flues based on
applying t.qualion 3 10 VG 3600 daw ofTahIe J.
Reproducihilitv of Ihe field mlues is aboul
0.002(/( using a beam cenlring routine. Dl:'via­
tions of <±0.040% wi// accuralelyfocus a mass
in the ion detector. The del'iations are derived
from regression of the dma calculated using
Equmion4 with p = 1.2 and result in paramelers

200 ofA = 0.30729, B = 0.000160.

006,------------------------,
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0.04
VG 3600 B
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Figure 3B.

Plol of' Ihe same data as Fif!,ure 3A hili wilh a
regression using p = / .25. This regression re­
sults in parameters of A = 0.30746,
B = 0.000121.
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Figure 4.

A similar plol 10 Figure 3 for dala from Iwo
Finnigan-MAT 261 s. The per cent del'iationsfor
the data with p = 1.25 arc deri"edfrom a regres­
sion (){Ihe eighl obscn'alions in Figure 28, cal­
eulaled using Equalion 4 wilh p = 1.25 and result
in parameters ofA = 0.32303,8 = -0.000185. The
second data set isf;'OI/1 another MAT 261 wilh a/1
optimum powerfaClor p =1.0for the mass range
23 10 187 amu. Regression results are
A = 0.33138 and B = -O.OOl3G.

better agreement. This instrument has a 5% resolution of 500,
equivalent to a field uncertainty of±0.050% for detecting 5%
peak intensity and a peak flat topped region of ±O.O 18% of
field. Therefore over the mass range 23-270, the mass cali­
bration will focus on 5% of a required mass, and for masses
J00-270 on or near the optimum region of a peak. The second
data set with a mass range of 23 to 187 is from another MAT
261 with an optimum power factor of p = l.O, indicating a
linear deviation with mass from the ideal relation. In this case
all field values are within the range required to focus on the
flat topped peak region.

Figure 5 presents similar results for a NBS Shields 12"
mass spectrometer controlled with two different Hall probe
based NIST Teslameters. In the case of Teslameter # I the
magnitude of the observed deviations from the theoretical
relation (Fig. SA) are similar to the MAT 261 (Fig. 2B) but
with greater curvature of the relation. For this instrument a
larger power factor p of 1.7 is required to correct for the
curvature. Figure 5B shows that regression analysis of the
mass-field values fit to within 0.06% for all but masses 23
and 39 which deviate by ±O.I 0%. In contrast, calibration with
Teslameter #2 shows about 18 times less deviation from the
theoretical relation (Fig. SA) and very little curvature to the
correcting relation (optimum p = 0.35). The fit of the data also
is improved with calculated field values within ±0.020% of
the observed values (Fig. 5B). The relation is insensitive to
the power factor for Teslameter #2 and for a regression using
p = 1.0 the deviations remain within ±0.020% of observed
values. This instrument, with a 5% resolution of315, is similar
to the VG3600, and therefore requires a field uncertainty of

±0.085% for detecting 5% peak intensity. The peak flat
topped region is ±0.040% of field. Therefore over the mass
range 23-270, a calibration using Teslameter #2 can focus on
the optimum field for all masses. In contrast, for Teslameter
#1 the mass calibration will focus on 5o/c intensity of a
required mass for masses greater than 50 but at masses 23 and
39 the deviations are significant enough that a peak could be
missed.

APPLICATIOl\ OF THE ALGORITHM TO
MASS CALIBRATION AND ANALYSES

The use of the mass-field calibration algorithm for routine
analyses can be applied in several ways. If the magnet and
electronics are very stable there will be little or no change of
calibration with time and a detailed mass-field reference table.
such as Table 1 for the VG 3600, can be established. The
parameters A and B of Equation 3 could be determined once
and a recalibration carried out if any mass is found to be
drifting significantly from the calculated field value. Minor
drift can be corrected in a simple manner. Because of the
nearly linear relation of field with square root of mass (Fig. I),
to a very good approximation field drift arising from elec­
tronic drift, or minor magnet repositioning for optimum peak
shape, involves a small change of slope of the curve and a
change in all calibrated field values by the same fractional or
percentage amount. Thus a small fractional drift correction
determined from one mass can be applied to the field values
of other calibration masses and new parameters A and B
determined and a precise recalibration can be done using only
one measurement. This recalibration procedure is quite gen­
eral and also could be applied to polynomial calibrations.

Experience with Finnigan-MAT 261 instruments shows
that field drift of 0.02 to 0.1 o/c in a calibration is typical over
a week and over 2.0% in six months. The weekly variations
are sufficient to compromise centring on a desired mass but
a detailed multi-mass calibration curve is nol practical
because of the time and different elements required to main­
tain it. A procedure has been developed that utilizes the
aJvantages of the new algorithm and minimizes the mainte­
nance of an accurate mass-field reference table. Because only
two masses are required to define the parameters A and B for
the mass calibration curve, the simplified procedure utilizes
only two mass-field calibration values and no detailed cali­
bration is required. Although a minimum of two masses is
adequate, additional masses can be included in the mass-field
reference table to minimize the interpolation for the field of
a required mass. The procedure searches the table for the two
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Figure 5A.

Deviations of ohserved magnetic field intensity
at masses 23.39.88.144.187.208, and 270from
theoretical values defined by the relation of
Equation 2 for a NBS Shields 12" mass spec­
trameter using two different NIST Teslameters.
The field intensity is scaled to the same units and
magnitude as the VG 3600 data at a mass of187.
The magnitude and sign of the del'iations for
Teslameter #1 are similar to the Finnigan-MAT
261 (Fig. 2B) hut with greater nonlinearity to the
curve.
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A similar plot to Figure 3 for data given in
Figure SA. The deviations are derivedfrom
a regression of the field observations using
Equation 4. Teslameter #1 has an optimum
fit with p =1.7 and results in parameters of
A =0.32404. B =-0.0000129. Teslameter#2
has an optimum fit with p = 0.35 and results
in parameters ofA =0.31410. B = -0.00107.
although similarly goodfits are attained for
p up to 1.0 (excluding p = 0.5).
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masses nearest the required mass and uses the associated
fields to calculate optimum A and B parameters and then the
field of the required mass. Field drift can be corrected in the
same manner as outlined above: fractional drift determined
from one calibrating mass can be used to correct and update
the other calibrated masses in the mass-field reference table.

Routine analyses usually involves measuring intensities
of isotopes of a single element (i.e. Pb, Sr, Ar) or a range of
elements within a limited mass range (i.e. rare-earth ele­
ments). One isotope of an element under analysis is included
in the mass-field reference table and the isotopes of interest
are analyzed by sequentially focusing ion beams on a detector
and repeating the sequence many times. Magnet hysteresis
arising from cycling in a limited mass range will result in
small divergences from the expected field positions derived
from the standard calibration performed over a large mass
range. These deviations can be minimized by including
another nearby calibrated mass of the same element in the
mass-field reference table. The fields of the two reference
masses then can be used to determine A and B parameters and
thus the field values at other nearby masses in the analysis.

This inclusion of another calibrating mass can be modified
slightly to provide additional flexibility. Rather than actually
adding an additional nearby or local mass to the mass-field
reference table, this mass can be used to establish local A and

B parameters which are then retained in a second level cali­
bration. These parameters can then be used to calculate nearby
mass positions by difference from a mass in the reference
table near the local calibrating mass. The field for this mass
is not stored, only the local A and B parameters detelmined
at the time of calibration using the local mass. This local
calibration can be optimized to the hysteresis loop actually
used during data collection by cycling through the masses to
be measured to establish the hysteresis and performing a mass
calibration at two calibrating masses (one in the reference
table and the local calibrating mass) to establish the local A
and B parameters. Other nearby masses in the data sequence
then use these local A and B parameters and the field of the
nearest mass in the reference table to determine the optimum
mass positions. In practise local masses are defined as within
±12 amu of the mass used to establish the local parameters.
This technique is particularly useful for establishing precise
field positions of a baseline measurement, or a mass with an
ion beam intensity which is too small to accurately determine
the appropriate field value with a beam centring routine.

There are two reasons for not including the local calibrat­
ing mass in the reference table but only retaining the calcu­
lated local A and B parameters. First, it is an additional mass
to maintain as an up-to-date reference. Second, once estab­
lished the local calibration parameters A and B are quite
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A plol of de\'iations of observed magnelic
field inlensilies from calculated !'alues for a
Fil1nigan-MAT 261 in the Nd mass range. The
switching sequence loops Ihrough masses
146,144. etc. as shown. The devialions are
deril'ed from a two point solulion 10

Equalion 3 using obsen'ed fields al masses
150 and 142 with p = 1.2 and result in local
parameters A = 0.29639. B = -0.000200.
Reproducibility of Ihe field \'Olues is ahoul
±0.001% using a heam cenlring rOUline. This

151 is a different instrument 10 Ihose used to dis­
play resulls in Figure 4.

insensitive to changes of calibration due to drift. It can be
shown (Appendix I) that the error in field position of an
uncalibrated mass, arising from using previously established
local A and B parameters, can be expressed as

where M I and M2 are a currently calibrated mass in the
reference table, and the required uncalibraled mass, respec­
tively, and per cent drift is the long term drift in the field since
the last local mass calibration. The function strongly demag­
nifies the field error. For example if the calibrated mass is
40AI' and the field at 36AI' is calculated, the error is 0.05 I
(% drift) and a O. J% drift error results in an error in the mass
36 field of 0.005%. At heavier masses the error is smaller and
for masses 204 and 208 the error is 0.0 I0 (9l: drift).

Figure 6 demonstrates the application of this local cali­
bration technique and the levels of error in determining the
positions of seven Nd and one Srn isotope analyzed in a
Finnigan-MAT 261 instrument. A hysteresis loop was estab­
lished for the mass sequence 146, 144, 142, 143, 145, ISO,
148 and the masses 142 and 1SO were used to determine the
local A and B parameters. Tile fields of the other masses, were
also precisely detelmined using a beam centring routine and
the plot shows the deviations of the calculated field values
from the observed values as a result of using the .local cali­
bration parameters to detennine their field positions.

DISCUSSION

The algorithm presented as Equation 3 can successfully
model the deviation of the mass-field calibration from the
theoretical equation (Equation 2) over the mass range of
interest for all isotopic analyses. Reasons for deviation from
the theoretical relationship can be ascribed to several possi­
bilities. Magnet hysteresis cel1ainly plays a part in some of
the small deviations observed and minor magnet saturation
could be responsible for the overall divergence from the
theoretical value. Saturation could account for the Finnigan­
MAT 261 calibrations, however, the VG 3600 calibration

shows higher magnet fields at higher masses - the reverse of
a saturation effect. Therefore saturation may only be a minor
component.

Hall probe linearity is a more likely source of apparent
deviation as two different probes (NIST Teslameters) used to
control the same NBS 12" mass spectrometer produce differ­
ent calibrations. In addition, the same Teslameter used on a
different Shields NBS mass spectrometer (6") produces a
similar calibration to the 12" machine. Calibration for
Teslameter # I is significantly non linear and requires a power
factor p = 1.7 for optimum fit, whereas the second Teslameter
closely approximates the ideal relation (Fig. SA) and is insen­
sitive to the power factor, with excellent fits for pranging
from 0.35 to 1.0 (excluding the singularity at p =0.5). This
second Teslameter was deveJoped to improve on the first
probes characteristics by minimizing the minor intrinsic non­
linearities of Hall probes (R. Schideler, pers. comm., 1994)
and clearly measures the magnetic field with greater accuracy
and linearity than the first Teslameter. One characteristic of
the calibrations of three of the five probe lInits used is a
correlation of significant deviations at the low end of the mass
range with greater deviations from the ideal mass speclrome­
ter reJation. The VG 3600 shows maximum deviation at
masses 2 and 17; a MAT 261 deviates at masses 23 and 39,
and the NBS 12" with Teslameter #1 deviates at masses 23
and 39. These calibrations have the largest power factors
(p = J.2, 1.2 and 1.7). In contrast, the better fitting calibra­
tions have more linear deviations (p =1.0). The two Teslame­
ters on the NBS 12" instrument most clearly demonstrate this
correlation and suggest that Hall probes that can accurately
and linearly measure magnetic fields wi 11 provide the most
accurate calibrations of the mass-field relations of magnetic
sector mass spectrometers.

Despite the exact source of the deviation from the ideal
equation, the algorithm defining the mass-field relation for
mass spectrometers controlled with Hall probes appears to
have general applicability. In addition to the three types of
instlUments calibrated here the procedure has also been ap­
plied to mass-field data from SHRIMP 11, a large radius
double focllsing ion microprobe (Clement and Compston,
1994). The algorithm is also able to improve on linear and
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quadratic calibrations of this instrument. The ability to define
an essentially linear relationship results in an efficient tech­
nique of calibrating mass spectrometer magnets and maintain­
ing a calibration.

CONCLUSIONS

These calibrations for several different instruments with dif­
ferent electronics for controlling the magnetic field show that
the algorithm of Equation 2 has a general application to Hall
probe controlled mass spectrometers. There are several
advantages of this algorithm over usual polynomial fits:

I. The value of p has a limited range, even for different Hall
probe/controllers, and once determined for a probe it can
be a fixed value.

2. A fixed p reduces the algorithm to a linear relation with
only two unknowns (A, B in Equation 3) and any two
widely spaced masses are adequate to define the
calibration. This is a significant advantage as a single
calibrating standard with two elements of widely differing
atomic weight can be used to check and maintain the
calibration.

3. Because the mass-field relation has been reduced to a
linear relationship extrapolation outside the defined mass
range is precise, in contrast to polynomial fits in which
extrapolation produces increasing uncertainty in
obtaining the desired mass with increasing extrapolation.

4. As the algorithm will yield zero field at zero mass,
extrapolation to low masses is similarly precise.

5. The algorithm can be used to assess a calibration because
the A and B parameters, once established, have consistent
values with little variation. For example, if a recalibration
is attempted on the wrong mass (i.e. 207Pb mistaken for

8

206Pb) the parameters will differ significantly from the
expected values and the calibration can be rejected with a
waming to the operator.

6. The algorithm can be further refined by the introduction
of second level of local calibrating masses to increase the
flexibility of the procedure and account for the hysteresis
loop. As such, precise field positions for baseline
measurement or small mass intensities can be precisely
determiried.
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APPENDIX 1

Effects of field drift on use of local parameters

From Equation 3 with

p =1.2: F =A .JM + B· M 12

The field at one mass position can be expressed in terms of the field at another mass and the A and B
parameters. The field F2 at an uncalibrated mass M2 in terms of the field F j at M j , a calibrated mass is

For analysis in a limited mass range (±12 amu) the A and B parameters can be calibrated locally in this
mass range to provide precise field positions. If the field has drifted and a recalibration of the local A
and B parameters carried out a new F2' is

Suppose that the field of calibrated mass M 1 is corrected for the drift (to Ft') but the old local A and B
parameters are used for calculating the field of M2• then

The error in the field of M2 because of the use of the old local parameters is therefore:

, .. ru riA' , 1.2 12
F'err = F2 -F2 = (..;M2 -..;Mj HA -A)+(B -B)·(M2 -M1 )

For the calibration data in Table 1 the second term in the above equation is only 1% of the first term in
the region of mass 40 and about 3.9% near mass 207, corrections small enough to ignore the last term.
This approximation is equivalent to assuming B =0 and the theoretical relation in Equation 2 applies.

Thus the % error in the field of M2 can be simplified to

%~rr =(~M2 -fM;)/ ~M2 ·(i -A)/ A-I00

Since % drift in field can be approximated by (A' - A)/A'1 00 then

This relation shows that error in the field is demagnified by the mass terms. For example if the correct
mass is 40Ar and the field at 36Ar is calculated the error is 0.051 (% drift) and a 0.1 % drift in field results
in an error in the field of mass 36 of 0.005%. At heavier masses the error is smaller and for masses 204
and 208 the error is reduced to 0.010 (% drift). Therefore errors in field positions resulting from field
drift are generally less than 1/20 of the drift for masses greater than 35 when local calibration parameters
are used. This demagnification can be demonstrated graphically by considering that drift in the
mass-field relation in Figure 1 rotates the calibration curve about the origin. This shifts the field values
but the local slope of the line at any point is relatively insensitive to this shift of field and changes by a
much smaller amount.
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U -Pb zircon age for a volcanic suite in the Rankin
Inlet Group, Rankin Inlet map area, District of
Keewatin, Northwest Territories}

Subhas Tella2, l.C. Roddick3, and Otto van Breemen2
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Radiogenic Age and Isotopic Studies: Report 9; Geological Survey ofCanada , Current Research
1995-F,p.1l-15.

Abstract: U-Pb zircon analyses from a felsic band within dominantly mafic volcanics of the Rankin
Inlet Group yields a U-Pb upper concordia intercept age of 2663 ± 3 Ma. These supracrustals at Rankin
Inlet appear to be 15-20 Ma younger than volcanics of the Kaminak Group in the Tavani area, 70 km to the
southwest. The 2.68-2.66 Ga volcanism in the Tavani and Rankin Inlet areas coincided with the last stage
of the main phase of magmatism in the Slave Structural Province.

Resume: Les analyses U-Pb sur zircon d'une bande felsique dans des volcanites surtout mafiques du
Groupe de Rankin Inlet indiquent un age de 2 663 ± 3 Ma (intercept superieur avec la Concordia). Ces
roches supracrustales observees a I'inlet Rankin semblent plus recentes de l5 a20 Ma que les volcanites
du Groupe de Kaminak dans la region de Tavani, a70 km au sud-ouest. Dans les regions des inlets Tavani
et Rankin, I'episode volcanique qui s'est produit entre de 2,68 et 2,66 Ga co'incide avec le dernier stade de
la principale phase de magmatisme dans la Province structurale des Esclaves.

I Contribution to the Canada-NWT Mineral Initiatives 1991-96, a subsidiary Canada-Northwest Territories Economic
Development Agreement. Project funded by the Geological Survey of Canada

2 Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario K IA OES
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INTRODUCTION

The Rankin Inlet map area (Fig.l) encompasses a portion of
an Archean and Paleoproterozoic granite-greenstone-gneiss
teLTane within the western Churchill Structural Province of
the Canadian Shield. The results of most recent regional
bedrock mapping in the map area were reported by Armitage
et al. (1993), Tella (1994), Tella and Schau (1994), and Tella
et al. (1986), and the reader is referred to these publications
for a comprehensive overview of the geology and structure of
this region. In this study we report on an age from the felsic
volcanics of the Rankin Inlet Group (Fig. I, 2) and compare
these to previously reported U-Pb zircon ages of the Kaminak
Group in the Tavani area 70 km southwest of Rankin Inlet
(TeJIa et aI., 1990; Parker and RaIser, 1992) and with igneous
ages in the Slave Structural Province, District of Mackenzie.

GEOLOGICAL SETTING

The Rankin Inlet area is underlain by an Archean polyde­
formed metavolcanic-metasedimentary supracrustal
sequence, the Rankin Inlet Group (RIG). The sequence is
composed of massive and pillowed mafic volcanic flows,
felsic volcanics, interflow sediments, quartz-magnetite iron­
formation, and minor mafic and felsic tuffs, pyroclastics,
volcanic breccia, and gabbro sills (Tella et aI., 1986). The
main rock types are sheared and carbonatized mafic metavol­
canics (chlorite schist, amphibolite), minor intercalated mafic
and felsic tuffs, and greywacke. They are fine- to medium­
grained, well layered, and massive to well cleaved. Altered

RANKlN INLET GROUP (RIG)
MACQWID-G/BSON BELT (M GB;
YA7HKfED-ANGIKUN/ BELT(YAB)
ENNADAI GREENSTONE 8':LT(EGB)
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104°
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metamafic rocks contain blue-green amphibole, chlorite, bio­
tite, and carbonate. Chemically the volcanic rocks and associ­
ated gabbroic rocks are tholeiitic basalts (unpublished data of
Tella) and they show similar geochemical signatures to those
reported from the Tavani region (Park and RaIser, 1992).
Ultramafic (komatiitic) sills, in part containing Cu-Ni mlOer­
alization, occur within the mafic volcanic sequence.
Neoarchean ages of 2748 ± 92 Ma and 2776 ± 88 Ma were
determined using the Re-Os method on Ni-Cu-PGE ores from
ultramafic rocks of the Rankin Inlet Group (Hulbert and
Gregoire, 1993).

Two major cycles of volcanism with intervening con­
glomerate deposition are present within the mafic volcanic
sequence. The ultramafic rocks containing ores dated by the
Re-Os method are in the upper cycle of the Rankin Inlet
Group (Hulbert and Gregoire, 1993). Felsic volcanics, inter­
calated with the mafic volcanic rocks of which they make up
less than 10%, occur only within the lower volcanic cycle.

Previous strati graphic and structural studies (Tella
et aI., 1986; Borradaile et aI., 1989) in the Rankin Inlet
Group established that the sequence forms an F J homocline
that is folded into a southeast-plunging F2 syncJine. Strain
estimates based on deformed lava pillows reveal that the
Rankin Inlet Group stratigraphy is locally thinned, up to
12-23% of its original thickness on the flanks of the major
F2 fold (Tella et aI., 1986; Borradaile et aI., 1989). The
metamorphic grade of the Rankin Inlet Group IS green­
schist facies and both deformation and metamorphism are
considered to be Archean, because the structurally overly­
ing Proterozoic rocks were unaffected by penetrati ve
deformation and metamorphism.

HUDSON
BAY

o km 200

Figure 1. Sketch map showing the distribution of Archean supracrustal belts in the
Churchill Structural Province and the location ofthe Rankin Inlet Group (RIG).
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ANALYTICAL PROCEDURES AND RESULTS

Felsic sample 92TXA-410B, selected for the U-Pb dating,
contains a few qualtz eyes within the sheared felsic matrix,
suggesting a protoJith of rhyolite porphyry (Fig. 2). Zircons
are clear and colorless and consist mostly of euhedral to
suhhedral prisms with length to breadth ratios of 2: I. There
are, however, a significant number of more equidimensional

grains, some of which manifest igneous overgrowths on
distinct cores, which were avoided during crystal selection.
Mineral extraction and isotope dilution techniques for U-Pb
analysis are detailed in Parrish et al. (1987). Analytical results
are listed in Table I and displayed on a concordia plot with
2 sigma uncertainties (Fig. 3). Errors reflect propagation of
all analytical uncertainties (Roddick, 1987).
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Figure 2. Simplified p,eological sketch map, Rankinlnlet area, showing sample location.
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Table 1. U-Pb isotopic data, zircon fractions from sample 92TXA-41 OB.

Wt. U Pb' 206Pbf"'Pb3 Pbo' 206Pb' 206Pbf"'U' 207Pbf"'u' Disc. 207Pbl""'Pb' Age'
Fraction' (~g) (ppm) (ppm) (meas.) (pg) (mole%) (±10,%) (± la, %) (%) (± la, %) (± 2s, Ma)

Felsic volcanic, Rankin Inlet Group (92-TXA-410b; #3269; UTM 15 E 544972 N 6976287)

44 27 459 28 11.4 0.5247 ± .19 13.735 ± .72 0.76 0.18985 ± .59 2740.9 ± 19.3A, > 74 10
48 25 1687 8 9.7 0.4625 ± .13 11.586± .13 0.90 0.18169 ± .06 2668.4 ± 1.9B, > 74 10

0.18107 ± .04 2662.7 ± 1.4C, <74 14 78 44 1913 17 9.5 0.4997 ± .10 12.476± .11 0.92
40 2919 10 9.7 0.4933 ± .10 12.326 ± .11 0.91 0.18120 ± .05 2663.9 ± 1.5D, < 74 13 73

1.00 0.18097 ± .04 2661.8± 1.2E, > 74 11 88 49 3309 9 10.4 0.4905 ±.41 12.240 ±.41
50 28 593 11 9.4 0.5047 ± .22 12.688 ± .24 0.85 0.18232 ± .13 2674.1 ± 4.3F, < 74 4

, average breadths in microns; fractions are non-magnetic at a side • total common Pb in analysis corrected for fractionation and spike

slope of 1 degree and 1.7 A. 'corrected for blank Pb and U, common Pb
2 radiogenic Pb ' 2O'Pbl""'Pb model age.
3 measured ratio. corrected for spike and fractionation;
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Uranium contents range from 40-90 ppm (Table 1). Low
U concentrations notwithstanding, analyses are significantly
discordant, except fraction A that retlects a significantly older
Pb component (Fig. 3). Fraction A consisted of four small
orains in which it was difficult to establish the absence of
~ores; the 270Pb/206Pb model age of 2741 ± 20 Ma is taken as
a minimum for the inherited component. Discordant frac­
tion F plots slightly to the right of an apparent alignment of
the remaining data points (Fig. 3) suggesting that it contains
minor inheritance. Regression analysis of the remaining four
data points yields an upper intercept age of 2660 ± 3 Ma, a
slightly negative lower intercept of -209 ± 158 Ma and a level
of scatter (MSWD= 3.94) that is slightly beyond what could
be attributed to analytical uncertainties alone. Because of the
negative lower intercept, it is suspected that fraction B may
also contain minor inheritance, and as such, the assigned age
was calculated by forcing a line through clustered points
C, D, E, and the origin, yielding a time of emplacement of
2663 ± 3 Ma.
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DISCUSSION

The U-Pb age of 2663 ± 3 Ma establishes a precise
Neoarchean age for the Rankin Inlet supracrustal sequence
near Rankin Inlet. In the Tavani region syntectonic to late
tectonic granites and porphyry that intrude the metavolcanic
Kaminak Group yield precise U-Pb zircon ages of 2672 ± 2
Ma, 2666 ± 2 Ma, and 2666 ±9 Ma, respectively (unpublished
U-Pb data, J.c. Roddick in Parker and Ralser,1992). Tella
et at. (1990) summarized the magmatic history in the Tavani
area as: 2.68 Ga, felsic volcanics; 2.67-2.66 Ga, syntectonic
granites; and 2.66-2.65 Ga post-tectonic granites. The
younger age obtained from the felsic voJcanics of the Rank III

Inlet Group suggests that the volcanism and subsequent defor­
mation of the Rankin Inlet Group postdates that of the
Kaminak Group by 15-20 Ma.



The Rankin-Kaminak belts appear to be significantly
younger than supracrustal sequences north of the Snowbird
Tectonic Zone, such as the Wood burn Group dated at
2798+24/-21 Ma (Tella et aI., 1985), and the Prince Albert
Group dated at ca. 2.7-3.0 Ma (Schau, 1982). However,
identical U-Pb zircon ages have been documented from felsic
volcanic rocks in the Slave Structural Province west of the
Thelon Tectonic Zone: e.g. Russell Lake, 2658 ± 1 Ma and
Clan Lake, 2661 ±2 Ma (Mortensen et al., 1992). These ages
are at the younger end of the main 2.73-2.66 Ga 'Yellowknife
Supergroup' phase ofvolcanism and turbidite deposition that
is recorded throughout the Slave Province (Mortensen et aI.,
1988; van Breemen et aI., 1992; Villeneuve et aI., 1994).
VoJcanism of this age is clearly widespread in the Northwest
Territories; whether the magmatism in the Rankin-Kaminak
belts and the Slave Province are genetically related requires
further study.
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Archean crustal evolution in the central
Minto block, northern Quebec

T. Skulski1, l.A. Percival1, and R.A. Stem1

Skulski, T., Percival, lA, and Stern, RA, 1996: Archean crustal evolution in the central Minto
block, northern Quebec; in Radiogenic Age and Isotopic Studies: Report 9; Geological Survey of
Canada, Current Research 1995-F, p. 17-31.

Abstract: The central Minto block contains three volcano-sedimentary success ions. Near Lake
Qalluviartuuq, an isotopically primitive e·83 GaCNd +3.8 to +2.3) 2.83 Ga volcano-plutonic sequence
comprises depleted tholeiitic basalts, anorthositic gabbro, and diorite-granodiorite that is unconformably
overlain by <2.77 Ga conglomerates. Overlying the conglomerate is a more evolved e·76 GaCNd +1.8)
cale-alkaline sequence of pillow basalts, andesites, and peridotite cut by 2.73 Ga diorite. To the west, and
in inferred tectonic contact, the sediment-dominated Kogaluc sequence includes both isotopically evolved
calc-alkaline rocks e76 GacNd +1.6 to -0.1) including <2.76 Ga rhyolitic tuff, pillowed andesites, and
2.76 Ga quartz-feldspar porphyry, and less abundant, depleted tholeiitic basalts e·76 GaCNd +2.4). These are
interlain with sedimentary rocks including banded iron-formation, quartzite, and metagreywacke. Calc­
alkaline batholiths include 2.78 Ga pyroxene-bearing intermediate and felsic plutons e·78 GacNd <+2.7) and
younger, peraluminous tonalites (CNd <+1.3). Late, 2.73 Ga peraluminous granitoids are isotopicalIy
evolved e·725 GacNd -1.6).

Resume: La partie centrale du bloc de Minto contient trois successions volcano-sedimentaires. Pres du
lac Qalluviartuuq, une sequence volcano-plutonique isotopiquement primitive e,83 GaCNd +3,8 a+2,3) de
2,83 Ga comprend des basaltes tholeiitiques appauvris, du gabbro anorthositique et un melange de diorite
et de granodiorite, laquelle sequence est recouverte en discordance de conglomerats de < 2,77 Ga. Au-dessus
du conglomerat, on observe une sequence calco-alcaline plus evoluee e·76 GaCN,d +1,8) de basaltes en
coussins, d'andesites et de peridotites recoupes par de la diorite de 2,73 Ga. A !'ouest, la sequence
principalement sedimentaire de Kogaluc, que I'on suppose en contact tectonique, se compose de roches
calco-alcalines isotopiquement evoluees e,76 GaCNd +1,6 a -0,1) et, en moindre abondance, de basaltes
tholeiitiques appauvris e,76 GacNd +2,4). Parmi les roches calco-alcalines, il y a un tuf rhyolitique
« 2,76 Ga), des andesites en coussins et un porphyre quartzo-feldspathique (2,76 Ga). Ces lithologies sont
intercalees de roches sedimentaires (formation de fer rubanee, quartzite et grauwacke metamorphise). Les
batholites calco-alcalins consistent en des plutons intermediaires et felsiques a pyroxene de 2,78 Ga
e,78 Gac Nd < +2,7) et de tonalites hyperalumineuses plus recentes (CNd < +1,3). Les granito'ides hyperalu­
mineux tardifs de 2,73 Ga sont isotopiquement evolues e·725 GaCNd +1,6).

I Geological Survey of Canada. 60] Booth Street, Ottawa. Ontario KIA OE8
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INTRODUCTION

Geological mapping was initiated in 1994 in the central Minto
block to establish the distribution, geological and tectonic
setting, and economic potential of Archean granite­
greenstone belts (Percival et aI., 1995a, b; Lin et aI., 1995;
Winsky et aI., 1995). The Minto block comprises a number
of lithologically distinct crustal domains with prominent
northwest-trending structural and magnetic fabrics (Percival
et aI., 1992). Goudalie domain forms a central, north­
northwest-trending spine of granite-greenstone telTanes char­
acterized by regional magnetic lows, in contrast to the
plutonic-dominated Lake Minto and Utsalik domains (Fig.
1b). Percival et al. (1994) proposed that Utsalik and Lake
Minto domains represent protocratonic blocks, and the suture
separating the two lies in deformed rocks of the Goudalie
domain that include depleted mantle-derived oceanic rocks
(Skulski et aI., (994).

Geochronological (U/Pb and reconnaissance Sm/Nd) and
geochemical data, primarily from metavolcanic and plutonic
units from the central Minto block, are used here to define the
age of volcanic and plutonic sequences, to examine the rela­
tive contribution of mantle and continental crust in their
development, and to decipher their tectonic setting. The struc­
tural and geological setting of these rocks are discussed in Lin
et al. (1995), Percival et al. (J 995a), and Percival et al. (1996).

GEOLOGICAL SETTING

The geology of Minto block at the latitude of the Leaf River
has been summarized by Percival et al. (1992), Percival and
Card (1994), and Percival et al. (1994). The southern
Goudalie domain contains the Yizien greenstone belt (Fig. I b;
Percival and Card, 1992; Percival et aI., 1993; Skulski et aI.,
1994; Lin et aI., 1995; Skulski and Percival, in press). The
oldest unit in the Yizien belt is a 2786 Ma mafic-ultramafic
sequence with primitive £"'d values that is interpreted to. have
formed in an oceanic plateau environment (Skulskl and
Percival, in press). This sequence is in fault contact with a
2724 Ma calc-alkaline volcanic arc sequence, and a 2722 Ma
bimodal continental tholeiitic sequence which may have
formed during marginal basin development (Skulski and
Percival, in press). The youngest Yizien rocks consist of
<2718 Ma sedimentary rocks that rest unconformably on
2942 Ma tonalite and are overlain by 2697 Ma tholeiitic mafic
rocks and a depositional melange associated with overthrust­
ing of the mafic-ultramafic sequence. Polyphase deformation
o(the Yizien belt, documented by Lin et al. (1995), affected
the <2718 Ma sediments, and was largely over by 2693 Ma.

The southern Lake Minto domain (Fig. I) consists of
largely undeformed sheets of calc-alkaline, arc-related,
2725 Ma pyroxene±hornblende granodiorite and associated
mafic plugs (Stern et aI., 1994). Peraluminous diatexites were
intruded at 2713 Ma. Magmatism ended with the emplace­
ment of late granites at -2690 Ma. Enclaves of granulite
paragneiss, banded iron-formation, and mafic gneiss occur
within the various plutonic units (Percival et aI., 1992).

18

Qalluviartuuq belt

The Qalluvial1uuq belt (Fig. Ib; Percival et al., 1995a;
Winsky et aI., 1995) is a north-striking, amphibolite facies,
volcanic-dominated belt exposed between northern Lake
Qalluviartuuq and southern Payne Lake, with several major
branches (Fig. Ib). The Qalluviartuuq belt contains two vol­
canic sequences. North of Lake Qalluviartuuq, the older
sequence includes a volcano-sedimentary sequence of
basalts, pelite, and conglomerate intruded by hypabyssal
diorite-granodiorite with minor anorthositic gabbro. A zoned
diorite-granodiorite pluton whose upper part is cut by
hornblende-plagioclase dioritic dykes intrudes the upper part
of the older sequence. Resting unconformably on the grano­
diorite are clastic sediments comprising the base of the
younger volcano-sedimentary sequence (Percival et aI.,
1995a). The sediments are overlain by a sequence of andesitic
lapilli tuff and pillowed, epidotized basalts, and ultramafic
layers crosscut by a foliated diorilc dyke. Northward, along
strike, a massive, serpentinized peridotite body of 300 m
diameter is in abrupt (intrusive?) contact with the younger
greenstones. Winsky et aJ. (1995) proposed that the volcanic
package may be allochthonous with respect to underlying
sediments. However, recent mapping of the contact shows no
evidence of localized shear at the contact (Percival et aI.,
1996).

On Payne Lake (Fig. I b) the greenstone belt contains a
volcanic sequence of pillow basalts inclUding aphyric and
plagioclase glomeroporphyritic flows that are locally
amygdaloidal and interbedded with pillow breccia. These are
intruded by equigranular gabbro, and local plagioclase
megacrystic sills that grade into anorthositic gabbro. The
presence of anol1hositic gabbro in both the older sequence
north of Lake Qalluviartuuq, and at Payne Lake, suggests thal
the Payne Lake basalts and gabbros belong to the older
sequence. North of Payne Lake, a foliated tonalite is uncon­
formably overlain by monomict and polymict conglomerate
and quartz-rich sandstone intruded by gabbro.

Kogaluc-Tasiat belt

The Kogaluc-Tasiat greenstone belt and Payne Lake gneiss
belt (Percival et aI., 1995a) were originally considered to be
part of the Goudalie domain but are now recognized as a
northern extension of the Lake Minto domain (Fig. I; Percival
et aI., 1995b). Mid-amphibolite schists of the less than 2 km
wide Kogaluc belt extend northwards from Lake Canade to
Lake Tasiat (Fig. 1). The Kogaluc-Tasiat belt is sediment­
dominated and local preservation of facing criteria indicate
that the metasediments locally overlie intermediate metavol­
canic rocks. The southern Kogaluc volcanic rocks include
plagioclase-phyric andesite interbedded with semi-pelite, and
pillowed andesite intruded by diorite sills. These are overlain
by pelite, grit, pebble conglomerate, and a lens of quartz­
phyric rhyolitic tuff. The central and northem parts of the
Kogaluc belt contain silicate- and oxide-facies banded iron­
formation. A thick, oxide-facies banded iron-formation lies
locally at the interface between metavolcanic and metasedi­
mentary units and is overlain by quartz-rich siltstone.
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Granulite to upper amphibolite gneisses and schists that
are correlative with lower grade Kogaluc schists flank the
Kogaluc belt and extend northwards as the Payne Lake
gneisses (Percival et aI., 1995a). An inferred tectonic contact
separates the Payne Lake gneisses of the eastern Lake Minto
domain, from the Qalluviartuuq belt in the Goudalie domain.
Relative to the adjacent Qalluviartuuq belt, the Payne Lake
gneisses are distinguished by positive aeromagnetic anoma­
lies and the presence of thick silicate-facies banded iron­
formation. A small layered intrusion within the gneiss terrane
(Percival et aI., 1995a) contains a thin, plagioclase­
megacrystic gabbro overlain by magnetile-ferrogabbro,
norite, and a thick upper sequence of anorthositic gabbro.

Plutonic rocks

Plutonic rocks in the region are subdivided on the basis of
crosscutting relationships, presence of tectonic fabrics,
petrography, and normative corundum content (where
peraluminous rocks have >0.4% normative corundum
CIPW). Many parts of the map area contain metaluminous,
medium grained, weakly foliated to gneissic, biotite±
orthopyroxene±clinopyroxene±hornblende tonalites and
quartz diorites and less abundant pyroxene-bearing mon­
zodiOlite, granodiorite, and monzogranite. Microcline is rare
in the tonalites and quartz diorites, but antiperthite is present
and commonly weathers pink-red. Percival et al. (1995a)
interpret the pyroxene in this suite as having an igneous origin
because pyroxene-bearing plutons crosscut amphibolites,
hornblende and biotite commonly overgrow pyroxene, and
pyroxene can occur as subhedral phenocrysts. The foliation
in these plutons defines the regional tectonic fabric. The
plutons contain xenoliths of mafic gneiss, tonalitic gneiss, and
rare anorthositic gabbro with discordant fabric, and enclose
narrow belts of mafic granulite gneiss, paragneiss±banded
iron-formation. Neodymium model ages of three samples of
tonalite gneiss vary between 2.86 Ga and 3.1 Ga.

Large enclaves (up to 300 m) of pyroxenite, orthopy­
roxenite, clinopyroxenite, hornblendite, and homblende
pyroxenite are associated with metaluminous pyroxene­
bearing plutons and peraluminous tonalites. A small compos­
ite ultramafic body east of the Kogaluc belt contains an
orthopyroxenite core comprising orthopyroxene (En 82)
megacrysts with anhedral olivine inclusions (Fo 82) and
interstitial phlogopite, dolomite, hornblende, magnetite, pyr­
rhotite, and secondary tremolite. Crosscutting this unit is a
pegmatitic vein of megacrystic hornblendite (PBAS-94­
150B; see Table 3 below) containing clinopyroxene cores in
hornblende megacrysts, and interstitial patches of plagioclase
(An 33), biotite, quartz, and magnetite. The outer part of the
plug is a hornblende pyroxenite with hornblende megacrysts
enclosing clinopyroxene and orthopyroxene (En 75) and
interstitial biotite and magnetite. The pyroxenites have simi­
lar mafic mineralogy as the metaluminous pyroxene-bearing
tonalite-quartz diorite suite and may represent mafic cumu­
late enclaves (sec below).

The biotite±pyroxene-bearing metaluminous plutons are
commonly associated with younger, red feldspar tonalites.
This suite of peraluminous plutons is weakly foliated,
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medium- to coarse-grained, and distinguished in the field as
leucocratic rocks with red-weathering antiperthite, along with
biotite±muscovite±hornblende±clinopyroxene. A suite of
foliated peraluminous granodiorites and monzogranites
intrude Kogaluc schists and can be traced northward to south­
ern Lake Qalluviartuuq. The major mineral constituents are
quartz, microcline, plagioclase, biotite, muscovite, and in
pegmatites, garnet and tourmaline. Foliated, metaluminous
hornblende+biotite±epidote granodiorites are a minor com­
ponent of the map area. These plutons are distinguished by
the presence of microcline rhenocrysts and megacrysts. In
places the megacrysts are aligned parallel to the regional
tectonic fabric.

A nepheline syenite plug measuring 2 x 3 km occurs in
the eastem Lake Tasiat area. The pluton intrudes foliated
granodiorite and is cut by a Proterozoic diabase dyke. The
nepheline syenite is medium- to coarse-grained and locally
shows magmatic layering and a younger tectonic foliation
defined by nepheline and biotite. Phases of the pluton vary
from leucocratic nepheline syenites and pegmatites with bi­
otite, microcline, plagioclase, nepheline, ilmenite, and apatite,
to more melanocratic nepheline syenites containing biotile,
aegerine-augite, nepheline, microcline, perthite, plagioclase,
with accessory zircon, sphene, apatite, ilmenite, and fluorite.

Massive peraluminous biotite+muscovite monzogranite
plutons throughout the map area range from pegmatitic pods
to circular piu tons 4-5 km in diameter. Some of the larger
piu tons show a weak igneous foliation along their margins
that is locally discordant to the regional tectonic fabric.

GEOCHRONOLOGY

Zircon L' -Pb and Pb-Pb ages are presented for nine samples
from the central Ylinto block (Tables I and 2; Fig. 2). The
zircons were separated from the rock matrix using standard
heavy liquid and magnetic methods. Zircons were selected
using the light microscope, and then air-abraded following
the method of Krogh (1982). Analytical procedures used for
U-Pb zircon analysis have been summarized by Panish et al.
(1987), and the treatment of analytical errors follows Roddick
(1987) with regression analysis modified after York (1969)
and Davis (1982). Isotopic data have been corrected for the
measured U and Pb blanks of 0.5-2 pg and 4-20 pg, respec­
tively. Samarium-neodymium data are also presented and the
analytical methodology, accuracy, and precision are summa­
rized in Skulski et aJ. (1994).

Many of the zircon fractions analyzed had low L' contents
« I 00 ppm), which limited our success in analyzing single
grains as opposed to multiple grain fractions. Some of the data
to be presented below reveal complex discordance patterns,
and it is possible that much of the complexity could be due to
the mixing of inherited components with magmatic compo­
nents in the analyses. Complex discordance could also result
from multiple episodes of Pb loss. For example, some of the
zircons displayed thin rims, interpreted as metamorphic in
origin, that are undated in this study but which are possibly
2.67-2.71 Ga based on studies in the southern Minto block
(Percival et aI., 1992; Stern et aI., 1994). Lower intercepts in



many of the plutonic rocks in the Minto block are 1-1.8 Ga,
possibly indicative of a Proterozoic metamorphic event that
(Percival et aI., 1992; Stern et aI., 1994). Lower intercepts in
affected the rocks. Thus, the complexity in discordance could
in some cases be due to the combined effect of Archean,
Proterozoic, and younger Pb-loss events.

In this study, in which we present preliminary results and
interpretations, we have yet to conduct the detailed grain­
scale studies (e.g. backscattered imaging, cathodolumines­
cence) that would permit a better understanding of the
discordance patterns, and allow greater confidence to be
placed in the age interpretations. For the difficult samples, we
have tried to offer alternative interpretations of the data. The
reader is cautioned that in some cases there is no unique age
interpretation possible.

Table 1. Description of zircon fractions.

T. Skulski et al.

Lake Qalllll'iartllllq geochronology

Four samples of plutonic rocks from the Lake Qalluviartuuq
area were collected for U-Pb geochronology (Table I and 2;
Fig. Jb). These include anorthositic gabbro and biotite gra­
nodiorite associated witb the early Qalluviartuuq volcanic
sequence, a granodiorite cobble from sediments at the base
of the younger sequence that unconformably overlie biotitc
granodiorite, and a diorite dyke that cuts pillowed basalts
belonging to the younger sequence.

A sample of anorthositic gabbro was collected from an
irregularly shaped pluton (ca. I x 2 km) on the northem shore
of Lake Qalluviartuuq (QAN-92; Tables I and 2; Fig. 2, # 1).
The plutoD is part of a suite of plagioclase-phyric rocks that

Length
Fracl. max.(~m) Form Clarity Colour Zoning Inclusions Cores Fracture

1) Qalluviartuuq anorthositic qabbro (QAN-92)
2 300 prism/broken cloudy pale pink-brown yes opaque none many
3 200 equant/broken moderate pink-brown yes opaque none few
2) Qalluviartuuq biotite qranodiorite (PBAW-94-290)
1 <100 equant clear colourless-yellow yes apatite none few
2 <110 equant moderate colurless-grey yes apatite none few
3 <110 prism 1:1.5 moderate colurless-grey yes apatite yes few
4 <150 equant moderate pink-yellow yes apatite none few
3) QalluviartuuQ qranodiorite cobble (PBAW-94-2921
1 150 prism 1:2.5 moderate pale brown yes apatite none rare
3 110 prism/broken clear pale yellow-brown no apatite none few
4 110 equant clear pale yellow-brown yes clear none few
5 100 prism 1:2 clear pale yellow yes opaque none rare
4) QalluviartuuQ diorite dYke (PBAW-94-2931
1 BO equant clear pale pink-tan yes apatite none few
3 150 prism/broken clear colourless-pink no apatite none few
4 200 rounded moderate tan no apatite none rare
5) Koqaluc tonalite (PBAC-94-113)
1a 300 prism 1:2.5 clear colOUrless-yellow no apatite none none
1b 350 prism 1:3 clear colourless-pink no apatite thin rim rare
1c 230 prism 1:2.5 clear colourless-yellow weak apatite none none
2a 200 prism 1:2 clear colourless-pink yes apatite none none
2b 200 prism 1:2 clear colourless-pink yes apatite thin rim none
6) Kocaluc Quartz feldspar porphvry sill (PBAC-94-15B)
1 250 prism/broken clear pink-brown yes none thin rim many
2 250 prism 1:2 clear pale pink yes opaque none rare
3 300 prism/broken moderate brown-pink yes opaque yes few
4 250 dipyramidal moderate pink-brown yes none thin rim few
5 150 eQuant moderate colourless-pink yes none none rare
7) Kocaluc rhvolitic tuft (SNB-93-941
1b 200 prism 1:4 clear pale pink yes opaque none rare
2b 200 prism 1:2 moderate pale pink-brown no none none rare
3b 175 prism/broken moderate pink-brown weak small none none
4b 140 prism 1:2 clear pink-brown ves none none few
B) Koqaluc qranodiorite (SNB-93-95)
1c 200 prism/broken clear pale pink yes apatite thin rim none
5a 200 prism/broken moderate pink core yes apatite clear rim few
Ba 150 equant 1:1.5 moderate reddish-brown yes fluid large rare
9) Kocaluc monzoQranite (SNB-93-240)
1 290 prism 1:2.5 clear pale mauve no opaque large none
2 150 prism 1:2 clear pale mauve no none none none
3 1BO equant moderate pale mauve no opaque none few
A 300 prism 1:3 cloudy pale yellow yes opaque none none
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includes glomeroporphyritic sills and pillow basalts found in
the Lake Qalluviartuuq-western Payne Lake area. The anor­
thositic gabbro sample is a mesocumulate containing unal­
tered cumulus plagioclase (-An 65; up to 2 cm in length), and
intercumulus magnetite and secondary hornblende, and epi­
dote after pyroxene. The hornblende defines a prominent
stretching lineation. Accessory intercumulus zircon occurs as
inclusions in hornblende and is surrounded by pleochroic
radiation halos. Two multi-grain zircon fractions were
abraded and these include broken, pale pink-brown fractured
prisms (up to 300 /lm; fraction 2, Table I, # I), and broken,
pale yellow-brown, equant zircon (up to 200 !Jm; fraction 3).
Fraction 2 is slightly reversely discordant and has a
207PbP06Pb age of 2832 ± 1.7 Ma (Table 2; Fig. 2, #1).
Fraction 3 is discordant (1.6%) and a chord passing through
fractions 2 and 3 has a lower intercept age of 1766 Ma,

possibly reflecting episodic lead loss. With the few data
available at present, the age of the anorthositic gabbro is
interpreted to be 2.83 Ga.

A sample of medium grained biotite granodiorite was
collected from the older sequence beneath the nOJ1hern Lake
Qalluviartuuq unconforrnity (PBAW-94-290; Tables J and 2;
Fig. 2, #2). The sample was collected from the upper part of
a zoned diorite-granodiorite hypabyssal pluton that intrudes
the upper part of the older sequence. The foliated pluton
contains biotite, epidote, quartz, plagioclase, microcline, and
accessory apatite, sphene, and zircon. Four multi-grain frac­
tions of zircon were abraded and include <110 )Jm clear,
colourless to yellow equant and stubby prisms (fractions 1-3),
and a fourth fraction of pink-yellow, <150)Jm equantcrystals
(Table I). Possible inherited cores were observed in frac­
tion 3. Fractions I and 2 are concordant and overlap within
error. The 207PbP06Pb age of fraction 1 is 2831 ± 1.2 Ma and

Table 2. U-Pb zircon analytical data and interpretation of results.

Weight U Pbb Pbc 206~ ""'Pb 206Pb/"'U' '
01Pb/"'U' 2Q7PbI""'Pb' 2Q'Pbl''''Pb Disc

FractionS ~g ppm ppm pg "'Pb % (±10) (±10) (±10) (±20 Ma) %

1) Qalluviartuuq anorthositic gabbro (QAN·92; z38oo; 59'44·6.4'N 75'1'26.4'W)

2: 7. NM5' 14 76 59 25 1421 26.2 0.5531>0.10 15.308±.12 0.20073±-05 2832 ± 1.7 -0.3
3: 11.NM5' 11 58 40 7 2806 19.8 0.5342±.13 14.467±.14 0.19640±.04 2797 ± 1.4 1.6

2) Qalluviartuuq biotite granodierite (PBAW·94·290; z3819; 59'48·52.2'N 75'1'32.7"W)

1: 10. NM2' 10 74 49 12 2193 15.0 0.5510±.12 15.235±.13 0.2oo53±.04 2831 ± 1.2 0.1
2: 2. NM2' 6 48 32 30 332 15.6 0.5535±.26 15.281±.36 0.20023±.24 2828 ± 7.7 -0.5
3: 6. NM2' 7 80 54 5 3800 15.6 0.5497±.14 15.225±.14 0.20086±.04 2833 ± 1.5 0.4
4: 7 M2' 5 72 49 6 1983 16.1 0.5494±.19 15.262±.19 0.20147±.05 2838 ± 1.5 0.7

3) Qalluviartuuq granodiorite cobble (PBAW·94-292; z3943; 59'48'52.2'N 75'l'32.7'W)

1: 5. MO' 9 116 69 5 6674 10.2 0.5224±-09 13.740%.10 0.19077±.03 2749 %1.0 1.8
3: 5, NMO' 5 57 38 8 1267 15.0 0.5462%.17 14.881%.17 0.19760%.06 2806 ± 1.8 -0.1
4: 3. NMO' 7 125 78 10 2910 12.1 0.5367±.10 14.297±.11 0.19320±.03 2770 ± 1.1 0.0
5: 4, NMO' 4 141 87 6 3354 10.8 0.5364±.12 14.267±.13 0.19291>0.04 2767 ± 1.1 -0.1

4) Qalluviartuuq diorite dyke (PBAW-94-293; z3818; 59'48'58'N 75'2'0.4'W)

1: 34. NM5' 5 79 49 9 1433 11.9 0.5316%.14 13.820±.15 0.18853%.05 2729 ± 1.6 -0.9
3: 5, NM5' 5 40 26 5 1284 12.8 0.5511%.25 15.197±.25 0.20000%.06 2826 %1.9 -0.1
4: 1 NM5' 5 83 54 6 2344 13.1 0.5539±.14 15.369%.14 0.20123±.05 2836 ± 1.5 -0.2

5) Kogaluc tonallte (PBAC-94-113; z3683; 58'29'46.7'N 74'12'46.5'W)

la: 5, NM2' 12 56 35 11 1997 10.8 0.5425±.12 14.711±-12 0.19667±.06 2799%1.9 0.2
lb: 3. NM2' 11 61 38 9 2665 10.6 0.5419%.12 14.610%.12 0.19553%.04 2789 ± 1.3 -0.1
lc: 10, NM2' 25 57 35 9 5491 10.3 0.5400±.10 14.574%.11 0.19573±.04 2791 ± 1.2 0.3
2a: 11, NM2' 17 91 56 16 3238 9.6 0.5380±.09 14.443%.10 0.19468±.04 2782 ± 1.2 0.3

2b: 17 NM2' 8 79 49 17 1243 10.3 0.5390±.12 14.496%.12 0.19506±.05 2785 ± 1.8 0.3

6) Kogaluc quartz feldspar porphyry sill (PBAC-94-158; z3815; 58'28'30'N 74'29'30'W)

1: 5, NM-l' 5 173 101 10 2914 7.6 0.5248%.10 13.856±.12 0.19150%.03 2755 ± 1.1 1.6
2: 10. NM-1' 5 152 86 5 4419 7.1 0.5152±.11 13.536±.12 0.19058%.04 2747 ± 1.3 3.0
3: 2. NM·l' 9 88 52 5 5138 8.7 0.5306%.10 13.991±.11 0.19124±.03 2753 ± 1.1 0.4
4: 4, NM-l' 6 57 33 6 1616 6.5 0.5325%.18 14.093±.18 0.19194±.05 2759 ± 1.6 0.3
5: 3 NM-l' 7 65 38 8 2067 7.8 0.5252±-14 13.826±.14 0.19093%.05 2750 ± 1.3 1.3

7) Kogaluc rhyolitic tuff (SNB-93-94; z3263; 58'28'30'N 74'29'3O'W)

lb: 12, NM2' 4 205 122 5 4698 8.0 0.5326±.10 14.094±.11 0.19191±.03 2759 ± 1.1 0.3

2b: 5. NM2' 3 92 54 5' 1753 5.3 0.5439±.13 14.521%.13 0.19362±.05 2773 ± 1.7 -1.2

3b: 11, NM2' 3 173 104 7 2928 8.6 0.5364±.10 14.297±.11 0.19332%.04 2771 ± 1.2 0.1

4b: 9 NM2' 5 102 63 7 2122 9.9 0.5403±.12 14.476±.13 0.19432±.04 2779 ± 1.4 -0.2

8) Kogaluc granodiorite (SNB-93-95; z3270; 58'28'19.9·N 74'28'50'W)

1c: 2. M2' 5 68 43 7 1512 15.5 0.5250±.13 13.675±.14 0.18890±.05 2733± 1.6 0.5

5a: 1. M2' 7 151 91 2 1617 14.9 0.5007±.15 13.016±.15 0.18855%.05 2730 ± 1.6 5.0

8a: 1, M2' 2 230 134 2 880 7.7 0.5244±.22 13.664±.21 0.18899%.08 2733 ± 2.6 0.7

9) Kogaluc monzogranite (SNB-93-240; z3323; 58'39'52.6'N 74'58'16.4'W)

1: 1. NM1' 2 294 143 15 1163 3.5 0.4645±.45 11.478±.48 0.17922±.09 2646 ± 2.9 8.5

2: 3. NM1' 1 68 40 8 311 11.6 0.5134±.49 13.267±.49 0.18742±.26 2720 ± 8.6 2.2

3: 2. NM1' 2 102 65 18 470 15.6 0.5256±.17 13.625±.25 0.18800:.16 2725 ± 5.2 0.1
A: 3. NM1' 8 2301 1147 54 10900 0.9 0.4877±.10 11.982±.11 0.17819±.03 2636 ± 0.9 3.5

notes: a: fraction, number of abraded grains analyzed. NM nonmagnetic and M magnetic at side slope indicated; b: radiogenic Pb; c: total common Pb in
analysis in picograms d: corrected for Pb spike and fractionation: e: corrected for blank Pb and U, common Pb and mass fractionalion. Samples are located in

Figure 1.
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relative to fraction 2, provides a relatively precise estimate of
the crystallization age of the pluton (Fig. 2, #2). Fraction 3 is
slightly discordant and overlaps the error ellipse offraction 2.
Fraction 4 is discordant and has a 207PbP06Pb age of
2838 ± 1.5 Ma. A slightly older age for fraction 4 could be
the result of a small amount of inherited cores, although these
were not visible through the optical microscope. The small
spread in 207PbP06Pb ages of fractions I, 3, and 4 (2831­
2838 Ma) does not correlate with their radiogenic Pb contents
(Table I). Therefore, notwithstanding the fortuitous case in
which inherited and magmatic zircons have similar Pb con­
tents, the spread in 207PbP06Pb ages of all three fractions does
not appear to reflect a mixing relationship between inherited
and magmatic zircon components. The crystallization age of
the pluton is interpreted to be 2831 ± 1.2 Ma, the 207PbP06Pb
age of fraction I, and is similar to the preliminary age estimate
of the anorthositic gabbro.

Polymict orthoconglomerate overlies the 2832 Ma biotite
granodiorite, and a clast (20 cm in length) of medium grained
granodiorite (PBAW-94-292; Tables I and 2; Fig. 2, #3) was
collected to constrain the age of the younger sequence. The
foliated granodiorite contains biotite, hornblende, plagio­
clase, K-feJdspar, and accessory apatite and zircon. Four
multi-grain fractions of zircon were abraded and include
equant yellow-brown zircons (~I 10 Ilm; fraction 4, Table I)
and prismatic pale yellow to pale brown zircons (100-150 !Jm,
fractions I and 5). Fraction 3 consists of pale yellow-brown,
broken prisms (about 100 !Jm fragments) and has notably
lower U content (57 ppm) than fractions I, 4, and 5 ([16­
141 ppm; Table 2). Fractions 4 and 5 are concordant and
along with fraction 1 (1.8% discordant) define a discordia
with an upper intercept crystallization age of 2768 +2.9/
-2.5 Ma (MSWD =2.3) and a lower intercept age of 1395 Ma
(Fig. 2, #3). Fraction 3 is concordant and has a 207PbP06Pb
age of 2806 ± 1.8 Ma likely reflecting inclusion of inherited
zircons. The age of clastic sediments resting unconformably
on 2831 Ma granodiorite and overlying pilJowed volcanic
rocks of the younger sequence is less than 2768 Ma.

A foliated, fine grained dim·ite dyke cuts the younger
sequence north of Lake QaUuviartuuq (PBAW-94-293;
Tables I and 2, Fig. 2, #4). The diorite contains secondary
hornblende, cummingtonite, plagioclase, quartz, and acces­
sory magnetite, zircon, and apatite. Three fractions of zircon
were separated from a sample of the dyke. Fraction 1 consists
of small (80 !Jm), equant, euhedral, clear pale pink zircons
with colour zoning (Table I). Fraction 3 consists of broken,
clear, colourless prisms and fraction 4 is a single 200 !Jm
rounded, tan coloured zircon. Fractions 3 and 4 are concordant
and have 207PbP06Pb ages of 2826 ± 2 Ma and 2836 ± 2 Ma
and are interpreted to be inherited grains possibly derived
from underlying 2832 Ma granodiorite (Table 2; Fig. 2, #4).
Fraction I is slightly discordant and has a 207PbP06Pb age of
2729 ± 2 Ma. Since it is possible that fraction I included a
small amount of inherited cores, this result is interpreted as
the maximum crystallization age. A suite of chemically simi­
lar mafic to felsic, weakly foliated dykes cut late granitoid
plutons (Percival et aI., 1995a). The age of the younger
Qalluviartuuq sequence is constrained by the granodiorite
cobble and the diOl·ite dyke to be <2.768 Ga and >2.73 Ga.

24

Geochronology of the Kogaluc greenstone belt
and adjacent plutons

Five samples were collected from the Kogaluc greenstone belt
and surrounding plutons (Tables 1 and 2; Fig. la). These
include: orthopyroxene tonalite east of the Kogaluc belt,
rhyoJitic tuff and quartz-feldspar porphyry from the southern
Kogaluc belt, foliated two-mica granodiorite that cuts the
western margin of the Kogaluc belt, and massive mon­
zogranite that cuts foliated two-mica granodiorite.

A sample of weakly foliated orthopyroxene tonalite was
collected southeast of the Kogaluc belt (PBAC-94-113;
Tables I and 2; Fig. 2, #5). The pluton forms part of the
regionally extensive metaluminous pyroxene-bearing
IOnalite-quartz diorite suite. The rock is medium grained and
contains quartz, plagioclase, antiperthite, trace amounts of
orthopyroxene and biotite, secondary epiclote and chlorite,
and accessory zircon and apatite. Five multi-grain fractions
of zircon were abraded (Table I). These zircons range in size
from 200 to 350 Ilm and share common prismatic habit, high
clarity, apatite inclusions, and colourless to pale yellow-pink
colour. Fractions Iband 2b have thin rims developed on the
tips of zircon that were subsequently removed during abra­
sion. Fractions 1a, Ib, and 2b are concordant and fractions 2a
and Ic are only slightly discordant (0.3%; Table 2; Fig. 2, #5).
The zircon fractions encompass a range of ages from
2799 ± 2 Ma (I a) to 2782 ± I Ma (2a). Fractions I a and Ib
include larger crystals (300-350 !Jm) with slightly lower U
contents (56-61 ppm) relative to fractions 2b and 2a (200 Ilm;
79-91 ppm U).

The spread in ages can be explained in number of ways.
Pyroxene-bearing granodiorites in the Lake Minto domain
near Leaf River have zircon ages of 2725 ± 5 Ma (Percival et
aI., 1992; Stern et aI., 1994). Mixing between zircons of this
age and inherited zircons as old as 2830 Ma (Qalluviartuuq
biotite granodiorite) could account for the spread in zircon
ages (reference line in Fig. 2, #5). However, inherited zircon
cores are neither obvious under the optical microscope, nor
do the datatrlot near either of the end members. The spread
in 207PbPO Pb ages of fractions I b, 2b, and 2a could also
record a Paleoproterozoic lead-loss event. For example, frac­
tions I b, 2b, and 2a lie on a chord with a lower intercept age
of 1882 Ma. This lower intercept is just outside of the range
of lower intercept ages calculated for central Minto plutons
(176- 1766 Ma; this study). The preferred interpretation is that
the tonalite has a maximum crystallization age of2.78 Ga and
contains small amounts of inherited zircons that are 2.80 Ga
or older. This interpretation is supported by Sm-Nd isotopic
data on the tonalite and other members of the metaluminolls
suite. The tonalite has a 2.78 GaENd value of +2.5 and depleted
mantle Nd model age (TOM; DePaolo, 1980) of 2.78 Ga
(Table 3) reflecting the juvenile nature of its source. Four
widely-spaced samples from the metaluminous suite (includ­
ing pyroxene tonalite and granodiorite), with ENd ~ +1.9 have
TOM ages that range from 2.82 Ga to 2.75 Ga indicating
abundant juvenile metaluminous plutonism with a mean age
of2.79 Ga.



A 10 x 10 m ultramafic body east of the Kogaluc belt
associated with metaluminous pyroxene-bearing plutons was
sampled for Sm-Nd age dating. Mineral separates of plagio­
clase and hornblende were obtained from a pegmatitic horn­
blendite at the margins of the ultramafic body. A five point
isochron including orthopyroxenite, hornblende pyroxenite,
and pegmatitic hornblendite whole rock samples (PBAS-94­
150A, -150B, and -150C; Table 3) and hornblende and pla­
gioclase separates from the pegmatite, result in an imprecise
age of 2700 ± 87 Ma (MSWD = 10). This age, while impre­
cise, is barely within error of the maximum age estimate of

Table 3. Representative chemical analyses.
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orthopyroxene tonalite (2782 Ma) and supports the conclu­
sion that the pyroxenite bodies may represent ultramafic
cumulate enclaves derived from the pyroxene-bearing
tonalite and quartz diorite suite.

A less than 50 m thick quartz-feldspar porphyry (QFP) sill
from the central Kogaluc belt intrudes intermediate volcanic
rocks. A sample for U-Pb dating (PBAC-94-158; Tables 1
and 2, Fig. 2, #6) contains recrystallized quartz and plagio­
clase phenocrysts in a foliated ground mass of secondary
muscovite, biotite, microcline, plagioclase, tourmaline, and
accessory zircon. Five fractions of zircon were abraded and

PBAW PBAW PBAC PBAC SNB SNB SNB PBAS PBAS PBAS PBAS SNB PBAS
94290 94293 94113 94158 93094 93095 93240 94150A 94150B 94150C 94502 93131 94763

GOI 010 TON QFP RHY MGOI MGNT OPX HNB PYR NESYE AND BAS

SiO, 66.62 57.63 67.68 74.99 73.29 72.93 79.25 40.67 44.84 49.59 58.06 56.34 48.02

TiO, 0.73 0.54 0.50 0.11 0.24 0.22 0.03 0.30 0.83 0.33 0.37 0.80 1.02

AI,03 15.16 18.38 17.17 13.68 15.59 14.88 12.32 4.55 10.38 5.34 21.56 15.95 15.73

Fe,03 0.77 1.05 0.46 0.31 0.31 0.31 0.04 2.96 1.82 1.21 0.60 0.85 2.19

MgO 1.92 4.16 0.67 0.17 1.11 0.44 0.00 30.11 14.36 16.00 0.53 2.30 5.29

FeO 3.93 5.38 2.33 1.59 1.58 1.58 0.21 15.07 9.27 6.19 3.06 4.32 11.19

MnO 0.07 0.10 0.02 0.02 0.02 0.04 0.00 0.24 0.17 0.16 0.09 0.08 0.24

CaO 3.18 7.31 4.21 1.20 2.18 1.80 1.58 2.70 12.27 17.31 0.40 13.36 11.96

Na,O 4.06 4.55 5.17 4.55 0.99 4.23 3.32 0.87 1.58 1.06 8.90 1.94 2.42

K,O 2.64 0.14 0.84 2.61 2.78 3.32 3.32 0.54 1.47 0.38 5.30 0.41 0.40

P,O, 0.18 0.12 0.10 0.04 0.11 0.10 0.04 0.06 0.73 0.14 0.10 0.11 0.08

LOI 0.60 0.37 0.83 0.59 1.71 0.27 0.15 1.50 1.06 1.28 0.86 3.20 1.07
Th 7.0 1.6 0.35 12 3.6 9.7 2.5 0.73 2.9 0.74 0.26 2.7 0.25

Sc 15 16 7 1 4 5 7 15 56 68 0 20 48

Cr 14 40 0 18 6 8 0 50 318 2196 0 54 116

Ni 27 75 10 43 26 34 0 351 109 134 0 54 138

Co 27 31 55 36 5 4 1 166 69 45 17 16 70

V 84 122 66 8 34 28 26 100 260 171 15 146 305

Y 23 11 2.9 9.6 3.3 7.8 2.6 5.2 16 9.0 0.48 3.3 26

Zr 270 100 110 110 120 120 44 44 71 54 200 90 51

Hf 6.8 2.4 2.3 3.2 3.1 3.4 1.4 1.0 2.0 1.2 3.7 2.2 1.4

Nb 8.3 3.1 2.7 9.3 2.8 7.8 0.68 0.99 2.3 0.82 43 4.6 2.2

La 38 12 12 39 15 17 10 6.7 22 9.3 0.89 14 2.6

Ce 85 28 24 73 30 36 14 17 53 23 2.5 31 7.6

Pr 11 3.4 2.6 7.5 3.4 3.7 1.2 2.2 7.3 3.3 0.37 3.9 1.2

Nd 40 14 9.8 24 13 14 3.8 9.8 33 15 1.3 16 6.3

Sm 7.0 2.7 1.5 3.3 2.1 2.3 0.53 1.9 6.6 3.3 0.23 3.4 2.1

Eu 1.1 0.80 0.71 0.61 0.51 0.44 0.64 0.55 1.8 0.90 0.02 1.0 0.80

Gd 5.2 2.4 1.0 2.2 1.3 1.6 0.40 1.6 5.3 2.7 0.14 3.5 3.5

Tb 0.73 0.35 0.12 0.29 0.14 0.24 0.06 0.19 0.64 0.34 <0.02 0.52 0.63

Oy 4.0 1.9 0.57 1.5 0.64 1.3 0.36 0.97 3.1 1.7 0.09 2.9 4.0

Ho 0.76 0.37 0.09 0.28 0.10 0.25 0.06 0.18 0.55 0.30 <0.02 0.56 0.87

Er 2.0 0.99 0.23 0.76 0.24 0.72 0.20 0.45 1.3 0.73 0.06 1.5 2.4

Tm 0.34 0.14 0.02 0.13 0.04 0.13 0.04 0.06 0.18 0.11 <0.02 0.22 0.36

Yb 2.1 1.1 0.22 0.87 0.27 0.79 0.29 0.45 1.2 0.73 0.10 1.6 2.8

Lu 0.32 0.17 0.03 0.14 0.04 0.12 0.05 0.07 0.18 0.11 0.02 0.24 0.43

age(Ma)" 2830 2725 2780 2760 2760 2725 2725 2780 2780 2780 2725 2760 2830

cNd 2.8 1.9 2.6 1.4 0.1 -1.5 0.1 1.9 1.1 1.1 2.0 -0.1 2.4

TOM 2793 2768 2778 2788 2934 3017 2871 2826 2907 2908 2760

147Sm .1082 .1094 .0924 .0832 .1050 .0995 .0750 .1207 .1256 .1325 .0913 .1271 .2135
144Nd

143Nd" .511128 .511166 .510850 .510676 .510974 .510809 .510454 .511337 .511383 .511515 .510844 .511366 .513075
144Nd

• age used for calculating cNd' •• measured.
note: analytical methods described in Skulski et al. (1994). Abbreviations are as follows: GOt granodiorite; 010 diorite dyke; TON orthopyroxene
tonalite; QFP quartz feldspar porphyry; RHY myolitic tuff; MGOI muscovite granodiorite; MGNT muscov~egranite; OPX orthopyroxenite; HNB
megacrystic hombtendite; PYR hornblende pyroxenite; NESYE nepheline syenite; AND andesite; and BAS basalt.

25



Radiogenic Age and Isotopic Studies: Report 9

include: l) broken pink-brown prisms with thin clear rims;

2) small (:S:IOO J.lm) pale pink prisms; 3) two broken,
brownish-pink prism fragments with thin rims; 4) pink-brown
bipyramidal zircon with thin rims; and 5) pale pink bipyrami­
dal zircons (Table I). The thin clear rims found on zircons in
fractions I, 3, and 4 are interpreted to reflect the growth of
zircon during amphibolite grade metamorphism, and were
largely removed during abrasion. Fraction 4 is concordant and
all five fractions are scattered around a chord (MSWD = 19)
with a lower intercept age of 612 Ma and an upper intercept
age of 2757+6/-4 Ma (Fig. 2, #6). The scatter in the data could
reflect either multistage lead loss, or alternatively the range
in 207PbP06Pb ages from 2759 Ma to 2750 Ma (fractions 5
and 4; Table 2) could be the result of zircon inheritance. Since
the rock has a relatively primitive Nd isotopic composition
(2.76 GaCNd = + 1.4; Table 3), it is unlikely that it recycled large
amounts of older crust. Therefore, the range of 207Pb/206Pb
ages from 2759 Ma to 2750 Ma provides a reasonable bracket
of the crystallization age of the porphyry, and youngest
Kogaluc voleanism.

A sample of quartz-phyric rhyolitic tuff was collected
from the southern Kogaluc belt (SNB-93-94; Tables I and 2;
Fig. 2, #7). The tuff comprises a 50 x 500 m lens within pelites
and grits. It is foliated and contains recrystallized phenocrysts
of quartz, in a matrix of secondary muscovite, biotite, silli­
manite, andalusite, quartz, hornblende, tourmaline, pyrite,
and accessory zircon. Four multi-grain fractions of zircon
were extracted from the rock. These include pink-brown
prismatic crystals with aspect ratios of 1:2 to 1:4, and lengths
ranging from 140 J.lm to 200 J.lm (Table I). Fractions 4b, 3b,
and I b are concordant and span a range of 207Pb/206Pb ages
from 2779 ± I Ma (4b) to 2759 ± I Ma (1 b; Table 2; Fig. 2,
#7). This range of ages likely reflects various detrital zircon
components, and therefore, deposition of the tuff must have
been after 2759 ± I Ma. This maximum age estimate falls
within the estimated range of values bracketing the crystal­
lization age of the quartz-feldspar porphyry sill in the central
Kogaluc belt.

A peraluminous biotite+muscovite granodiorite that
intrudes the southwestern margin of the Kogaluc belt was
sampled (SNB-93-95; Tables I and 2; Fig. 2, #8). The pluton
is foliated, coarse grained, and composed of quartz, plagio­
clase, microcline, biotite, muscovite, and accessory magnet­
ite, zircon, and apatite. Three fractions of zircon were
abraded. Fraction Ic consists of a 200 J.lm prism with a thin
rim. Fraction 8a is a single zircon with a thin rim that was
abraded off. Fraction 5a is a single large broken prism tip with
a thin clear rim. The thin zircon rims, eliminated from the
analyzed grains, may have formed during amphibolite meta­
morphism accompanying development of a foliation in the
pluton. The three abraded fractions lie on a chord with a lower
intercept age of 176 Ma, and an upper intercept age of 2733
± 2 Ma (MSWD = 0.3), interpreted to be the crystallization
age of the granodiorite (Fig. 2, #8).

In the central Kogaluc belt, foliated peraluminous grano­
diorite is intruded by massive monzogranite. A sample of
monzogranite was collected for zircon U-Pb dating (SNB-93­
240; Tables I and 2; Fig. 2, #9). The monzogranite is
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composed of quartz, microcline, plagioclase, biotite, musco­
v ite, and accessory zircon and apatite. Four fractions of zircon
were abraded. Fractions I (single zircon) and 2 are clear, pale
mauve prismatic crystals (150-290 Ilm). A thin rim on fraction
I was removed during abrasion. Fraction 3 consists of equant
zircons of moderate clarity and pale mauve colour. Fraction A
consists of long prisms (1:3 aspect ratio, 300 Ilm length) that
are cloudy and are pale yellow. Fraction A is discordant
(3.5%), has a very high U content (2301 ppm; Table 3), and
must have sustained lead loss at a different time than the other
grains. Fractions 1,2, and 3 define a chord with an imprecise
U/Pb upper intercept age of 2727 +101-9 Ma (MSWD = 2.0;
Fig. 2, #9). Fraction 3 is concordant with a 207Pb/206Pb age

of 2725 ± 5 Ma and is interpreted to be the best estimate of
the crystallization age of the monzogranite consistent with
field relations.

GEOCHEMISTRY OF VOLCANIC
AND SEDIMENTARY ROCKS

The chemical and Nd isotopic composition of the voleanic
rocks are used here to determine the extent of crustaI rework­
ing and to help constrain their tectonic settings. Aphyric
basalts and plagioclase megacrystic pillow basalts from the
older sequence at Payne Lake and metabasalts from northern
Lake Qalluviartuuq are enriched in Fe and therefore tholeiitic
(Fig. 3). The most primitive tholeiitic basalt analyzed has
8.1 % MgO but has low Ni abundances (162 ppm), and is too
Fe-rich to have been in equilibrium with upper mantle olivine.
Trace element profiles reveal that tholeiitic basalts and
Qalluviartuuq anorthositic gabbro are depleted in incompat­
ible elements including La, Nb, and Th (Fig. 4). The Payne
Lake tholeiites have positive 2.83 GaCNd values of +2.4 to +3.8
(Table 3) reflecting derivation from Archean depleted mantle.
The 2831 Ma biotite granodiorite pluton within the older
sequence is calc-alkaline, has a low 147Sm/l44Nd value, posi­
tive 2.83 GacNd of +2.3, and a depleted mantle Nd model age
(TDM; Table 3) of 2.79 Ga that is close to the U/Pb crystal­
lization age (Table 3).

The Qalluviartuuq conglomerate is overlain by quartz­
rich sandstone. A similar association of older tonalitic base­
ment, conglomerate, and quartz-rich sandstone occurs around
Payne Lake. Two samples of quartz-rich sandstone have low
I47Sm/ I44Nd values, positive 2.83 GacNd (+2.0 and + 1.8), and
T DM ages of 2.86 Ga and 2.85 Ga. The Nd model age data
suggest that the sources of the sediments were dominantly
juvenile and similar in age and isotopic composition to biotite
granodiorites described to the north.

The younger sequence includes peridotite, basalt, andes­
ite, and diorite characterized by low Fe contents typical Of
cale-alkaline rocks (Fig. 3). With increasing differentiation
the cale-alkaline sequence shows a progressive enrichment in
light rare-earth elements (LREE) and Th relative to the heavy
REEs (HREE) and Y (Fig. 4). The cale-alkaline rocks are
depleted in Nb relative to both Th and La. The 2760MaCNd
values of cal-alkaline basalt and peridotite are + 1.9 and + 1.7,
indicating derivation from an isotopically primitive mantle
source (Table 3).
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1000.0...------------------,Kogaluc calc-alkaline volcano-plutonic rocks include
diorite, andesite, and quartz-phyric rhyolite (Fig. 3). With
increasing differentiation the sequence is characterized by
progressive enrichment in LREEs and Th relative to the
HREEs and Y (Fig. 4). All of the rocks show a prominent
enrichment in La and Th relative to Nb. Epsilon Nd values at
2760 Ma range from -0.1 to +1.6 and do not vary systemati­
cally with Si02 content (Table 3). Kogaluc calc-aLkaline
rocks can be distinguished from those at Qalluviartuuq by
their lack of mafic calc-alkaline rocks and their lower CNd
values. Samples of quartz-rich siltstone from the southern and
northern Kogaluc belt have low 147Sm/I44Nd values and TDM
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Figure 3. Fe versus Mg (cation %) diagram of
A) Qalluviartuuq-Lake Payne belts and
B) Kogaluc-Payne Lake gneisses.

Figure 4. Chondrite normalized trace element diagram of
A) Qallul'iartuuq-Payne Lake greenstone belt; B) Kogaluc
greenstone helt; C) Payne Lake gneiss belt; and D) late
foliated dykes.
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Figure 5. Chondrite normalized trace element diagram of
A) metaluminous. biotite±pyroxene quartz diorite-tonalite
suite and related pyro.:renites; B) peraluminous red feldspar
tonalites; C) peraluminous foliated and massive
granodiorites and 1110nzogranites; and D) nephefine syenites.

O. 1 l...L-.L...l----L-'----'--I.....1-L...J..-L-.J........l-l.....1-L...J..-L-.LJ

Th La Pr Sm Ht Gd Dy Ho Tm Lu
Nb Ce Nd Zr Eu Tb Y Er Yb

1.0

1000.0
Metaluminous Suite A

2.;::
"'0
C
0
.r:
0--::t:.
0e

1.0

0.1
1000.0

B

0.1
1000.0

Peraluminoius Suite C

100.0

2.;::
"'0
C
0 10.0.r:
0--::t:.
0e

1.0

foliated granodiorites /

0.1
1000.0

Tasiat Nepheline Syenite D

2.;::
"'0
C
o
.r:
o-­::t:.
oe

model ages of 2.93 Ga and 2.83 Ga respectively. These data
indicate variable contributions from older crust either as intact
source areas, or through the erosion of crustally-derived mag­
matic rocks.

A tholeiitic basalt from the northern Kogaluc belt, and an
amphibolite from the Payne Lake gneiss belt are depleted in
incompati ble elements (La, Nb, and Th; Fig. 4) and the former
has a high 2.76 GaCNd value of +2.3. The metabasalts are
chemically and isotopically similar to Payne Lake depleted
tholeiites. The layered intrusion from the Payne Lake gneiss
belt contains tholeiitic anorthositic gabbros, magnetite­
melagabbro, and norite. These are characterized by relatively
flat incompatible element profiles with prominent peaks in Zr
and Hf and slight depletion in Nb relative to La and Th
(Fig. 4).

Some of the youngest Archean rocks in the map area are
gabbro, diorite (e.g. PBAW-94-293; Table 3), and grano­
diorile dykes cutting Payne Lake-Qalluviartuuq greenstones
and Payne Lake gneisses. Three of the dykes are plagioclase­
phyric gabbros and diorite characterized by high Ti and Fe
(TiO~ 1.-2.3%) contents (Fig. 3). High Ti02 dykes «0.8%
Ti02) are tholeiitic and show a slight enrichment in Fe and
Ti. Both the low and high Ti02 dykes are enriched in LREEs
relative to HREEs and Y (Fig. 4). However, the high Ti02
suite is enriched in La relative to both Th and Nb. Three low
Ti02 dykes (diorite and granodiorite) have highly variable
2.725 GacNd values ranging between -1.7 in granodiorite to
+1.9 in diorite (e.g. PBAW-94-293, Table 3). Since even the
most primitive dyke contains inherited zircons derived from
2.83 Gajuvenile crust, the spread in CNd values likely retlects
the isotopic composition of the crust through which the dykes
passed.

GEOCHEMISTRY OF MAJOR
PLUTONIC SUITES

The 2.78 Ga metaluminous biotite±pyroxene±hornblende
suite of tonalites and quartz diorites is calc-alkaline and
characterized by parallel trace-element patterns showing
enrichment in Th and LREEs relative to Y and the HREEs
(e.g. chondrite-normalized La/Ybn 13-44; Fig. 5) and deple­
tion of Nb relative to Th and La. The HREEs and Y show
relatively little fractionation, with Gd/Ybn between 3 and 5.
The majority of the samples analyzed have 2.78 GaCNd values
between +0.8 and +2.5 with one at -0.2. The isotopic data
suggest only limited recycling (e.g. assimilation, subduction
zone recycling) of isotopically evolved crust. There is no
systematic variation between Si02 content with CNd' Tonalite
gneiss inclusions with 3.1 Ga T DM model ages would have
had 2.78 GaeNd values of -1.3 and local assimilation of crust of
this composition could account for the negative CNd data.

Pyroxenites in the high grade ten'ane are characterized by
less pronounced emichment in LREEs and Th, and fJatter
HREE patterns relative to the metaluminous pyroxene­
bearing suite (La/Ybn 5-13; Gd/Ybn 2-4; Fig. 5). Like the
felsic rocks however, they also show Nb depletion relative to
Th and La. The 2.780 GaCNd value of four samples varies
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between +2.6 and + 1.0, similar to the values of the metalumi­
nous plutons. These data lend support to the earlier suggestion
that the pyroxenites represent cumulate enclaves derived from
metaluminous magmas.

The red feldspar tonalites are mildly peraluminous rocks
with Shand index (molar Na+K+2Ca)/AI) ranging from I to
0.91. The tonalites are enriched in LREEs relative to HREEs
(LalYbn 18-2 I 1) to a greater extent than that of the metalu­
minous suite (Fig. 5). They show a prominent depletion in Nb
relative to Th and La (Fig. 5) and are similar to foliated
peraJuminous granodiorites. Two samples of tonalite have
2.78 GacNd values of +0.8 and + 1.3, overlapping values meas­
ured in metaluminous plutons.

The -2733 Ma foliated peraluminous granodiorites have
Shand indices of 0.97 to values as low as 0.83 in garnet­
muscovite pegmatite. They are enriched in LREEs relative to
HREEs (LalYbn 15-89) and show enrichment in 111 and La
relative to Nb (Fig. 5). The 2.725 GacNd values of four samples
varies from -1.6 to -1.0 for Kogaluc plutons, suggesting
substantial involvement of evolved crust in the generation of
Kogaluc plutons. A pluton from southern Payne Lake has an

CNd value of +2.0.

The -2725 Ma massive peraluminous monzogranites
have Shand indices of 0.97 to 0.88. These evolved plutons
have variable trace element patterns, in part reflecting access­
ory mineral fractionation (Fig. 5). They are enriched in
LREEs relative to HREEs (LalYbn 11-189), and include
samples showing greater fractionation amongst middle- and
heavy HREEs (GdlYbn 1-9). All of the plutons show enrich­
ment in Th (up to 1100 X chondrite) relative to Nb and to a
lesser extent La. Two samples of monzogranite have
2.725 GacNd values of 0.0 and + 1.2.

The nepheJine syenite pluton at Lac Tasiat is miaskitic
(agpaitic indices (Na+K)/AI <I) and does not show extreme
enrichment in incompatible trace elements (maximum Zr
410 ppm, Nb 97 ppm) as is typical of agpaitic nepheline
syenites. The nepheline syenites are enriched in LREEs, but
significantly, their trace element profiles peak at Nb (Fig. 5).
The latter is a common feature of both continental and oceanic
Phanerozoic alkaline suites. The trace element profiles show
a prominent peak in Zr and Hf and some contain macroscopic
zircon. The syenites also show a concave-up HREE profile
(Ho/Lun <I). A sample of nepheJine syenite has a low
I47Smi I44Nd value positive 2.725 Gac of +2 and aT aoe, Nd' OM b

of 2.77 Ma suggesting an Archean age for the pluton (Table
3). Two samples of nepheline syenite have 2.725 GacNd values
of + 1.3 and +2.0.

CRUSTAL EVOLUTION OF THE CENTRAL
MINTO BLOCK, 2.83-2.73 GA

Depleted tholeiitic basalts of the Payne Lake-Qalluviartuuq
belt erupted before 2.83 Ga based on the maximum age of
chemically correlative anorthositic gabbro (Table 4). The
presence at Payne Lake of pillowed and amygdaloidal tholei­
itic flows locally associated with sedimentary dolomites
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(Percival et aI., 1996), argues for eruption under shallOW
marine conditions. Depletion in incompatible trace elements
and high positive ENd values indicate derivation of tholeiitic
magmas from a depleted mantle source. The chemical and
physical volcanological constraints are consistent with erup­
tion on a continental shelf or oceanic plateau crust. Intrusion
at 2.831 Ga of isotopically primitive, calc-alkaline diorite­
granodiorite may reflect the onset of juvenile arc magmatism
(Table 4).

The <2.768 Ga, >2.73 Ga younger Qalluviartuuq calc­
alkaline volcanic sequence consists of locally emergent inter­
mediate volcano-plutonic centres and submarine mafic
extrusive rocks. The positive 2.76 GacNd values of calc­
alkal ine basalts (+ 1.9) suggest that the observed enrichment
in Th and La relative to Nb was acquired above a subduction
zone, rather than by assimilation of continental crust. Further­
more, the low Ti02 and Fe contents of the suite, in addition
to the presence of andesites and pyroclastic rocks, are addi­
tional features common to modem arc environments. The
<2.768 Ga cale-alkaline arc sequence may have formed on a
composite oceanic plateau-juvenile arc crust represented by
the older volcano-plutonic sequence.

The presence of depleted tholeiitic basalt and layered sills
may be an early feature of the Kogaluc greenstone belt and
Payne Lake gneiss belt. Anorthositic gabbro in the layered sill
within the Payne gneisses may be a suitable target for U/Pb
dating, and could test whether the tholeiites are coeval with
QalluviaI1uuq-Payne Lake tholeiitic basalts. The -2.76 Ga
Kogaluc sequence is likely to have formed in a continental
setting since: I) sedimentary and fragmental voleanic rocks
are common; 2) mafic volcanic rocks are rare; 3) the belt
contains rhyolite with low CNd values; and 4) quartz-rich
sediments have old TDM ages. Eruption ofKogaluc pillowed
andesites was followed by precipitation of locally thick
banded iron-formation and later deposition of quartz-rich
siltstones and immature clastic sediments. This suggests that
shallow marine volcanism was initially followed by tectonic
quiescence, and later renewed tectonic activity was accom­
panied by clastic sedimentation. Kogaluc cale-alkaline vol­
canic rocks have the chemical features of a continental margin
arc sequence including enrichment in Th and La relative to
Nb and abundance of andesites and felsic voleaniclastics.

The metaluminous biotite±pyroxene quartz diorites and
tonalites are as old as 2.78 Ga (Table 4). Correlation of the
Payne Lake gneisses with the 2.76 Ga Kogaluc sequence
indicates that pyroxene-bearing plutons containing supra­
crustal screens of Payne Lake gneiss are younger than
2.76 Ga. The suite has continental arc affinities, including
enrichment in Th and La relative to Nb, and the presence of
both high CNd values indicating mantle-derived magmas, and
negative values consistent with local assimilation of conti­
nental crust. Ancient tonalite gneiss inclusions may be relics
of an initially more widespread basement of ca. 3 Ga (c.f.
Stem et al., 1994). The metaluminous suite may represent the
older plutonic roots of a Kogaluc cale-alkaline arc. The
metaluminous plutons differ from 2725 ± 5 Ma pyroxene±
hornblende granodiorites-quartz monzodiorites in the Lake
Minto domain near the Leaf River (Table 4; Stern etaJ., 1994),
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Table 4. Summary of geochronology in the Lake Minto and goudalie domains:

Lake Mlnto Goudalie

south north south north

late granites 2676 m

2688 z

metamorphism 2671 z

2688 m

2693 z late pegmatite 2693 m

2696 z tho!. volcanism 2697 z

2699 z

2700 z late granodiorite 2702 z

2707 m ductile deformation --
diatexite 2713 z unconformity <2718

granite boulder 2718 z

tho!. volcanism 2722 z

qranodiorite 2725 z calc-alk. volcanism 2724 z

monzoqranite 2725 z

ductile deformation -- ductile deformation --
diorite 2729 z

granodiorite 2733 z

calc-alk. volcanism 2750-2759 z

<2759 z calc-alk. volcanism <2768 >2729

unconformity <2768

granodiorite boulder 2768 z

tho!. volcanism 2786 z

tonallte 2782 z

granodiorite 2832 z

tho!. volcanism >2832 z

mafic dykes <2903 z

tonalite gneiss 2903 z

basement 2942 z

tonallte gneiss 3100 TOM 3097 z

enclaves 3125 z

3543 z

• Notes: all ages in Ma. Abbreviations z - zircon, m - monazite, and TOM - Nd model age; data from
PerclvaJ et a!. (1992), Percival and Card (1994, references therein), this study.

in that the former lack positive Eu/Eu"' anomalies and have
lower (LalYb)n values (13-44 versus 11-172). The mildly
peraluminous red feldspar tonalites are commonly associated
with the metaluminous plutons and dating in progress will test
whether the two suites are coeval. The leucocratic tonalites
may represent younger contaminated melts following a pro­
tracted history of Kogaluc arc magmatism.

GranodiOlitic and granitic magmatism between 2733 Ma
and 2725 Ma (Table 4) involved significant recycling of upper
crustal rocks as reflected in the peraluminous nature and
negative CNd values of plutons at this time. It is likely that the
strongly peraluminous rocks reflect crustal stretching, defor­
mation, and crustal melting.
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Geology and age of the Lac ala Perdrix fenite,
southern Gatineau district, Quebec

D.D. Hogarth I and Otto van Breemen2

Hogarth, DD. and van Breemen, 0., 1996: Geology and age of the Lac a la Perdrix fenite,
southern Gatineau district, Quebec; in Radiogenic Age and Isotopic Studies: Report 9; Geological
Survey ofCanada, Current Research 1995-F, p. 33-41.

Abstract: The Lac ala Perdrix fenite lies in the Central Metasedimentary Belt of the Grenv iIle Province.
This 30 m wide fenite, adjacent to a narrow calciocarbonatite sill, replaces diopside-oligoclase gneiss and
is composed of magnesio-arfvedsonite, aegirine, microcline, albite, and fluorapatite. Near the contact with
carbonatite, it contains appreciable monazite and barite whereas aegirine virtually disappears.

Fenitization probably took place early in the igneous stage of carbonatite development. A Pb/U monazite
age of 1026 ± 2 Ma is thought to date fenite formation. Together with published data, this age shows that
carbonatite intruded metamorphic rocks near the close of the Grenville Orogeny.

Resume: La fenite de Lac ala Perdrix s'observe dans la ceinture metasedimentaire de la Province de
Grenville. Cette fenite, mesurant 30 m de largeur et en position adjacente par rapport aun etroit filon-couche
de calciocarbonatite, remplace un gneiss adiopside-oligoclase et se compose de magnesio-arfvedsonite,
d'regirine, de microcline, d'albite et de fluorapatite. Pres du contact avec la carbonatite, la fenite contient
de la monazite et de la barytine en quantite appreciable, tandis que I'regirine disparait pratiquement.

La fenitisation a probablement eu lieu au debut de 1'episode igne durant lequel s 'est forme la carbonatite.
On pense qu 'un age Pb-U sur monazite de I 026 ± 2 Ma correspond au moment de formation de la fenite.
Conjugue aux donnees publiees, cet age indique que la carbonatite a fait intrusion dans des roches
metamorphiques vers la fin de l'orogenese grenvillienne.

I Department of Geology, University of Ottawa, Ottawa, Ontario KIN 6NS
2 Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario KIA OE8
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INTRODUCTION GEOLOGICAL SETTING

In the Grenville Province, the age and origin of layered and
foliated rocks of carbonatite appearance and spatially related
fenites have been debated since the beginning of this century.
Carbonatite is used here in the broad sense defined by
Heinrich (1966) as "a carbonate-rich rock of apparent mag­
matic derivation or descent". Such rocks and associated
fenites are common north of Ottawa. Four Proterozoic occur­
rences were recognized in the Gatineau district: in a narrow
20 km long zone extending southwest from beyond Lac
McGregor, through the Lac ala Perdrix area, to the Haycock
iron mine (Fig. ], localities I, 2, and 3, respectively) as well
as calciocarbonatites, magnesicarbonatites, and fenites near
Meech Lake (Fig. I, locality 4, Hogarth 1966; Hogarth and
Rushforth, 1986). South of the Ottawa River, are found the
Blackburn fluidized magnesiocarbonatites of Cretaceous age
(Fig. I, locality 6; Rushforth, 1985; Hogarth et aI., 1988).

This paper focuses on the small Lac it la Perdrix fenite and
carbonatite (locality 1381 in Fig. 2), which features a
carbonatite-fenite contact, brecciated host rock, mineralized
fractures in fenite, and alignment of xenoliths in carbonatite.
At this outcrop, the grain size is sufficiently coarse to enable
clenr field observation and distinction of the most important
phases, without a hand lens. The occurrence offresh monazite
provides a means of dating this fenite, and together with new
petrological data may shed more light on the origin of these
problematic rocks.

Lac it la Perdrix lies in the Mont Laurier terrane (Davidson,
1995) of the western Central Metasedimentary Belt in
Quebec. No detailed geological map of the Lac ala Perdrix
area is presently available but general features were described
by 0.0. Hogarth and J.M. Moore in Baird (1972) and geology
of the area immediately to the south of Figure 2 was mapped
and described by Hogarth (1981).

The area outlined in Figure 2 is underlain by calcite marble
in the east, and mafic gneiss with subordinate biotite gneiss
and feldspathic quartzite in the west. Although most mafic
gneiss is amphibolite or diopside-oligoclase gneiss, assem­
blages scattered throughout the area, such as orthopyroxene­
clinopyroxene-plagioclase with or without hornblende and
biotite, are indicative of at least-hornblende granulite meta­
morphic facies. Massive pegmatitic to slightly foliated gran­
ite, interlayered with basic gneiss, is common in the
northwest. Gneiss, qualtzite, and pegmatite are cut by car­
bonatite sills and replaced by fenite. Layers of this association
(marble, gneiss, quartzite, pegmatite, fenite, and carbonatite)
trend north-northeasterly and dip moderately to steeply, gen­
erally to the west and are plicated into tight- to isoclinal folds.

In the northern part of Figure 2, this association is intruded
by post-tectonic diabase dykes that are vertical and east­
trending, similar to the Grenville dyke swalm for which Kamo
et al. (1995) obtained an age of 590+2/-1 Ma. Seemingly

Gron~
xl

McGregor

Rideau

River

X Alkalic/carbonatite occurrence
1, McGregor Lake
2, Lac Cl la Perdrix
3, Haycock Mine
4, Meech Lake
5. Quinnville
6. Blackburn

X 5
x

3

Fig. 2

~~:j2

20 km

X
4

N

Figure 1. Principal carhonatites in the National Capital area. Occurrences:
1) Lac McGregor, 2) Lac cl la Perdrix. 3) Haycock mine, 4) Meech Lake.
5) Quinnvi/le , 6) Blackhul'l1 quarries,
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post-tectonic, biotite-Iamprophyre (minette) was noted at
localities 1376 and 1377, but field relationships with the
surrounding rocks are obscured by overburden. Although by
no means conclusive, field evidence suggests that at
Quinnville (Fig. I) fenites are cut by a post-tectonic minette

dyke giving a K/Ar-biotite age of 886 ± 25 Ma (Hogarth,
1981), which is probably a regional cooling age (see below).
Overburden-filled west to west-northwest linear valleys
appear to be underlain by faults of minor displacement that
transect all rocks of the area (e.g. Fig. 2).

I

Proteroloic

• Diabase
• Fenite, carbonatite
D Granite

o Marble

o Gneiss

A. Foliation
.....- Fault
@ Sample site

Lac Cl

la Perdrix

Lac

(Ollingtord

500 metres

I

Figure 2. Geology of the Lac cl la Perdrix area Sample sites are those given text and tables.
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CARBONATITES AND FENITES

Near Lac ala Perdrix (area of Fig. 2) carbonatites (calciocar­
bonatites of Woolley and Kempe, 1989), are concordant,
elongate. and small. Occurrence 1486. the largest, is 270 m
long and 15 m (maximum) wide, but all associated fenites
contain appreciable calcite. The average width of fenite sur­
passes that of carbonatite by at least 10 to I.

This paper focuses on locality 1381 (Fig. 2), where a small
carbonatite, barely 2 m wide, is expo ed, wall-to-wall, in a
shallow surface scraping. Layering, most apparent on sur­
faces of nearby blocks, is accentuated by trai Is of small,
rounded, fenite xenoliths. The surrounding mafic gneiss is
intensely fenitized with patches of dull green aegirine-augite
and long, glistening, blue-black prisms of magnesio­
arfvedsonite. The fenite is 25 to 35 m wide. Near its contact
with carbonatite, barite and monazite become abundant but
aegirine virtually disappears, where it contains microcline,

Table 1. Distribution of radioactivity across
a fenite and its host rock.

Radioactivity!
Rock type, fenite background No. of
and host (10) readings

fenite (contact) 9.2 ± 3.9 20
fenite (interior) 3.6 ± 0.8 23
granite pegmatite 3.6 ± 0.3 2
mafic gneiss 2.9 ± 0.9 23
quartzite 1.4 ± 0.6 2

albite, magnesio-arfvedsonite, calcite, barite, and monazite.
The contact is strongly radioactive, owing to the mass effect
of monazite, where a scintillation counter consistently regis­
tered total radioactivity at least five times above background
(maximum 24; Table I).

The mineralogy and chemical composition of calciocar­
bonatite is dominated by calcite, amphibole, barite, and apa­
tite. Calcite is coarse grained and contains appreciable
strontium (0.3-0.40/,. SrO) and manganese (0.4-0.90/, MnO).
Pyroxene, approaching end-member aegirine (NaFeSi206), is
present as green euhedral prisms (possibly phenocrysts).
Other minerals, some possibly xenocrystic, are richterite
(commonly with a-rich rims). magnesio-arfvedsonite.
fluorapatite, phlogopite, barite (some grains coexisting with
celestite), allanite (some crystals rimmed with c1inozoisite).
andradite, euhedral end-member albite, and Ba-free micro­
cline. Locally, magnetite and/or ruti lated specularite fi II brec­
cias. Although reserves of iron ore proved to be insignificant,
intense prospecting anticipated Canada's railroad boom of the
1880s; at location 1473 (formerly the Thomas Watson prop­
erty) and location 1309, the "RainvilJe Creek iron occur­
rence" (formerly the lames Grant property), carbonatites and
fenites were later studied by Erdmer (1977).

The chemical composition of carbonatites in the Lac a la
Perdrix area sets them apart from typical GrenvilJe marble
(Table 2; WALL is the mean composition of two samples
collected just south of Lac Wallingford). Compared to local
marble, the carbonatites have a lower conterlt of Mg but
higher contents of Fe, K, P, Zr, REEs, Sr. and Ba. Although
the composition of carbonatites worldwide is extremely

Table 2. Abstracted bulk-rock analyses of carbonatites, fenites, and metasediments.

LOC 1309 1309 1347 1376 1381 1381 WALL HAY
ROCK carb fenite carb fenite carb fenite marble gneiss

Si02 (%) 4.88 56.25 5.77 48.11 20.62 26.75 4.19 50.55
AlP3 0.56 2.06 0.69 4.76 4.26 3.5 0.46 17.31
Fe20 3tot 10.6 11.93 4.59 9.26 4.98 9.26 0.34 12.02
MgO 1.5 12.35 1.48 13.43 7.61 3.6 6.26 4.9

CaO 43.06 6.51 42.91 6.4 28.17 1.1 41.82 7.34
Nap 0.15 5.71 0.2 5.66 0.87 4.76 0 3.15
Kp 0.3 2.03 0.38 2.91 2.19 0.56 0.22 1.87
P2O, 1.33 0.26 1.12 0.07 2.76 0.84 0.Q1 0
Total 62.38 97.1 57.14 90.6 71.46 50.37 53.3 97.14

Zr (ppm) 140 210 107 75 212 1,230 10 7.34
Nb 10 60 <10 <10 <10 <10 <10 <10
Cr 10 18 <10 <10 <10 <10 <10 49
U 0.4 0.62 1.84 0.56 2.44 1.3 n.a. 0.17

Th 2.68 3.75 7.65 83.55 9.15 125 n.a. 0.64
LLn 3,740 407 7,300 1,120 1,310 12,000 16 142
Sr 5,140 3,445 3,750 330 5,020 35,300 370 588
Ba 7,760 932 15,900 813 7,770 173,000 230 594

A. I. 1 5.6 1.1 2.6 0.9 2.4 0.5 0.4
LalYb 197 40 1,770 118 77 25,000 19 5.7

Notes: Major and most trace elements detemined by XRF (Univ. of Ottawa); REE by DCP-AES (Univ. of Ottawa); Th
by INAA (Ecole Polytechnique), U by INAA-DNC (Ecole Polytechnique). Abbreviations: A.I., agpaitic index (Na+K)!AI);
carb, carbonatite; HAY, basic gneiss near Haycock Mine; LLn, sum of lanthanides; loc, locality; n.a., not analyzed;
WALL, marble near Lac Wallingford.
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variable (Woolley and Kempe, 1989), the compositions of
local carbonatites fit much better those of calciocarbonatite,
especially for the trace elements Zr, REEs, Sr, and Ba.

Fenites replace gneiss, quartzite, and granite pegmatite
outwardly from carbonatite and, in some cases, without
apparent carbonatite in the core. They are characterized by
Na-rich amphiboles and pyroxenes, with amphiboles more
sodic (magnesio-arfvedsonite; Na t = 100 Na/(Na + K + Ca)
= 82) than those in the associated carbonatite (richterite; Nat
61). Amphiboles in local fenites and carbonatites (as well as
fenites and carbonatites worldwide) are much more magne­
sian (Mgt = 100 Mg/(Mg + Fe) = 71 ,74; fenites and carbona­
tites, respectively) than the associated pyroxene (Mgt = 17).
Magnesio-arfvedsonite and aegirine-augite preferentially
replace ferromagnesian minerals of the host rock, the compo­
sition of the metasome being controlled, in part, by that of the
paleosome. Aegirine preferentially replaces quartz. Other
characteristic minerals are neocrystallized ph10gopite (Mgt
87-93) and microcline (An 0.0, Ab 2.9, Or 97.1; BaO <0.5 %),
albite (An 0.1, Ab 99.2, Or 0.7), allanite, ferrian rutile, specu­
larite, monazite, apatite, calcite (SrO <0.1 %), and barite.

In the Gatineau district, major mineral growth proceeded
in four stages: I) Oxidation of iron and brecciation of the host
rock. 2) Replacement outward from breccia fractures, form­
ing sodic amphiboles and sodic pyroxenes, of which
magnesio-arfvedsonite and aegirine are the most common

D.D. Hogarth and O. van Breemen

species. The sequence of formation of pyroxene and amphi­
bole varies from location to location, even within an individ­
ual occurrence. 3) Growth of neocrystallized-microcline,
appearance of end-member albite, introduction of calcite.
4) Continued replacement and crystal growth of pyriboles
with consequent obliteration of fol iation in the host rock.
These stages appear to be universal in the development of
sodic fenites (Heinrich, 1966; McKie, 1966).

The most important chemical feature offenite results from
replacement of aluminum-rich minerals (such as biotite, horn­
blende, and plagioclase) by aluminum-poor minerals (such as
aegirine and magnesio-arfvedsonite). The rock then becomes
depleted in Al as fenitization progresses and peralkalinity,
here registered as agpaitic coefficient (A.I. = (Na + K)/AI),
increases in response. Thus A.I. of basic gneiss HAY is only
0.4, but in fenites 1309, 1376, and 1381, probably derived
from a similar rock, it varies from 2.4 to 5.6 (Table 2). Sample
HAY was channelled across one metRE in an orthopyroxene­
cl inopyroxene-scapolite-plagioclase-ilmenite gneiss, near
the Haycock mine.

Trace elements are also diagnostic. Characteristically,
fenites contain considerable Sr, Ba, and REES and their
unusually high values in the Lac ala Perdrix fenite (Table I;
far above the values in sample HAY) leaves little doubt that
they were added during metasomatism.

Figure 3. Poikilohlastic l110nazite crystal (M), Cllt across the prism axis h. with
magnesio-w!l'edsonite (A), ali:arin-stained calcite (C). and intermixed
microcline and alhite (K), in!enite 1381. Photomicrograph, plane-polarized light.
Bar scale = 1 mm.
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MONAZITE, ALLANITE, AND APATITE

Prismatic apatite is present in all carbonatites and fenites
examined in the region and it is Ce-rich fluorapatite contain­
ing barely detectable Cl. The very high Sr and low Mn
contents suggest that this apatite is connected with carbonatite
but not granite or regional skarn (Hogarth, 1989). Apatite
from localities 1377 and 1381 has a patchy, back-scattered
electron image, low-Ce content, and ragged outl ine; it may be
hydrothermally altered. Monazite (Fig. 3) occurs with apatite
in amphibole-fenite, at Lac ala Perdrix (occurrence 1381) and
the Haycock mine (Hogarth and Lapointe, J984; Hogarth et
aI., 1985); it has also been found with apatite in aegirine-fenite
near the Haycock mine and in aegirine-calciocarbonatite
north of Lac McGregor (Hogm1h et al., J985).

Rare-earth element minerals near Lac a la Perdrix are
monazite-(Ce), fluorapatite, and allanite-(Ce) at locality 1376
(Table 3). Large (millimetric) crystals of monazite (Fig. 3) are
elongated along the b axis, with well developed parting par­
allel to c (001). Small crystals are commonly pseudo­
bipyramidal. The mineral is orange in hand specimen, pale
green to colourless in transmitted light, and gives high-order
interference colours under crossed polars. The last attribute
suggests little or no radiation damage to the crystal structure.
It is Jow in Ca «0.05% CaO), Th «I % Th02), and U «0.1 %

U02) but, compared to monazite from other environments,
relatively high in Sr (0.25-0.30% SrO); LalNd is 2-3. This
composition characterizes monazite from igneous carbonatite
and fenite, but differs from monazite from hydrothennal
carbonatite and regional skarn (Hogarth et aI., 1991).
Chondrite-normalized REE curves of these minerals in fenite
1381 (Fig. 4) show a steep slope downwards towards HREEs,
in response to a strong bias of LREEs in carbonatites (Cullers
and Graf, 1984). The illustration suggests that the LREE
distribution is largely controlled by monazite.

Allanite prisms at locality 1376 are elongated parallel to
the b axis and tend to radiate. They are pleochroic from
orange-brown to grey and, under crossed polars, show high
second-order colours. They have low concentrations of U and
Th, features per1aining to allanite from igneous carbonatite
and fenite (Hogarth et aI., 1991). Allanite is also found in
aegirine-magnetite-calciocarbonatite (occurrences 1309 and
1347). Coexisting allanite and monazite, apparently in equi­
librium with apatite in amphibole-fenite at locality 1376, are
normally considered an 'antagonistic' pair (Broska and UhIer,
1991, 1993). Monazite with alJanite is, however, documented
in fenite in the Vishnevye Mountains, Russia (Zhabin and
Svyazhin, J 962) and in volcanic calciocarbonatite at
Uyaynah, United Arab Emirates (Woolley et aI., 1991).

Table 3. Allanite, monazite, and apatite compositions from carbonatite and fenite.

Allanite Monazite Anatite

Lac. 1347 1376 1376 1381 1309 1377 1381 1381
Rock carb fenite fenite fenite carb fenite carb fenite

n 2 2 3 6 6 3 3 3

S03 n.a n.a n.a 0.08 0.11 0.11 0.08 0.19
P,Os n.a n.a 29.87 30 41.54 42.31 42.53 40.85
SiO, 32 32.11 0.12 0.14 0.02 0.02 0.03 0.13
TiO, 0.03 0.02 0.03 0.03 n.a n.a n.a n.a
ThO, <0.02 0.02 0.24 0.85 <0.02 n.a n.a n.a

UO, n.a <0.02 0.03 0.08 <0.02 n.a n.a n.a
AI,03 n.a 13 n.a n.a n.a n.a n.a n.a
Fe,03 - 14.78 - - - - - -
FeO n.a 6.72 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Y,03 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.06

rLn,03 19.73 15.46 68.96 67.34 2.04 0.78 0.38 4.21
CaO n.a 14.54 0.07 0.04 48.92 53.8 50.84 49.27
MnO n.a 0.27 <0.01 <0.01 0.03 0.06 0.06 0.03
srC n.a n.a 0.28 0.24 5.26 1.08 4.62 2.65
PbO n.a n.a n.a 0.12 n.a n.a n.a n.a

Nap n.a n.a n.a n.a 0.43 0.43 0.38 0.52
F n.a n.a n.a n.a 3.51 3.32 3.63 2.61
Cl n.a n.a n.a n.a 0.01 0.02 0.03 <0.01
Hp - 1.6 n.a n.a 0.1 0.22 0.08 0.5
Total 51.78 98.52 99.6 98.92 100.49 100.7 101.12 99.92

LalYb - - >1000 700 - - - -
LalNd 2.3 2.3 2.5 2.8 0.8 1.4 0.5 0.9
Sr/Mn - - >20 >26 200 20 80 100
Th/U - - 8 10.6 - - - -
Notes. All analyses by WDS - EMP; Fep3' FeO. Hp derived by calculation. assuming stoichiometry; °=F, Cl
subtracted in totals. Abbreviations: carb carbonatite, rLn sum of lanthanides, loc location, n number of analyses
processed. n.a. not analyzed.
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MODE AND TIME OF FENITE FORMATION

The carbonatites ofthe Gatineau district can be best explained
in terms of deep-seated carbonatites, intruded as magma.
Following the general model of Gittins (1989, p. 594-592),
we infer that fenite was likely generated prior to carbonatite
emplacement, when expelled alkali-rich, hydrothermal solu­
tions reacted with wall rock; conversely, soda-pyroxenes and
soda-amphiboles were generated in the carbonatite magma as
a result of contamination by fenite xenoliths that were scraped
from the walls and then digested or partially digested (general
model of Le Bas, 1989, p. 438-440). Fenites, with an associa­
tion of soda amphibole, soda pyroxene, and Ca-free albite,
.are generally regarded to have formed at low to moderate
temperatures. Thus the range of 450-500°C proposed by
Currie and Ferguson (1971) for emplacement of an almost
identical mineral assemblage at Callander Bay, Ontario, was
probably not exceeded at Lac ala Perdrix.

Previous geochronology on the carbonatites were
obtained by the K-Ar method on micas. Phlogopite from
'fenite in the Haycock mine gave 862 ±31 Ma (Wanless et aI.,
1974), whilst on the other side of the Gatineau River,
reversely pleochroic phlogopite from two carbonate selvages,
near Meech Lake gave an average age of 904 ± 25 Ma
(Hogarth, 1966). These ages postdate tectonic events in the
Grenville Province, which were tenninated by 1000 Ma
(Davidson, 1995), and can be attributed to slow regional
.cooling through ca. 280 ± 40°C (Harrison et aI., 1985). It is

likely that the granulite facies metamorphism documented in
the mineralogy of the local gneisses corresponds to peak
metamorphism 80 km to the northeast, within the Mont
Laurier terrane (Corriveau et aI., 1994), dated at about
1185 Ma (Boggs et aI., 1994). Elsewhere, in the Central
Metasedimentary Belt of Ontario, middle amphibolite assem­
blages formed as late as 1030 Ma (Corfu and Easton, 1995).

The Lac a la Perdrix locality was chosen because of
accessibility and abundance of good quality, crystalline
monazite. Three single grains of monazite were analyzed
following methods described in Panish et al. (1987). Uranium
concentrations are low for monazite (250 ppm). Data points
for three single grains cluster on concordia, or slightly above,
with overlapping uncertainties (2 sigma). The close grouping
of monazite ages appears to rule out an inherited radiogenic
Pb component. (Table 4) Concordant analyses A and C yield
an average Pb/U age of 1026 ± 2 Ma (Fig. 5). As fenitization
occurred after peak metamorphism and as the closure tem­
perature of U-Pb in monazite is estimated at about 700°C
(Heaman and Parrish, 1991), this age is assigned to carbona­
tite emplacement and concomittant fenitization.

Previously dated carbonatites and fenites near the western
margin of the Central Metasedimentary Belt of Ontario are in
the range 1070 Ma to 1038 Ma (Lumbers et aI., 1991; V-Pb
zircon, no details of isotopic data nor localities are presented).
The latter age range corresponds to a 1080 Ma to 1050 Ma
period of northwest thrusting along the western bbundary of
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Table 4. U-Pb zircon isotopic data

F1 Wt. U Pb2 206Pb/ 204Pb3 pb,4 20BPb2 206Pb/ 2JBU5 207Pb/2JBU5 207Pb/ 206Pb5 206Pb/U Age 207pbIU Age Pb/Pb Age6

(ug) (ppm) (ppm) (meas.) (pg) (mole "I.) (± 10, "I.) (± 10,%) (± 10, "I.) (± 2o, Ma) (± 20, Ma) (±20, Ma)

Fenile, Lac ilia Perdrix
A 10 258 335 1,207 30 87.6 0.17256 ±.09 1.747 ±.15 0.07341 ±.11 1026.2 ±1.7 1025.9 ±2.0 1025.2 ±4.5
B 20 252 416 1,288 38 90.3 0.17236 ±.09 1.740 ±.15 0.07322 ±.1 0 1025.1 ±1.7 1023.5 ±1.9 1020.2 ±3.9

C 10 236 315 1,068 26 88 0.17260 ±.10 1.747 ±.18 0.07340 ±.14 1026.4 ±1.8 1025.9 ±2.4 1024.9 ±5.6

1 Single crystai 4 total common Pb in analysis corrected for fractionation and spike
2 radiogenic Pb 5 corrected for blank Ph and U, common Pb
3 measured ratio, corrected for spike and fractionation; 6 207Pb/206Pb model aqe.

Fenite
Lac a 10 Perdrix

0.174

1030

c
1020

Figure 5.

V-Ph Concordia plot oJmonazite data.

A & C: 1026 +2 Mo

1.76
0.168=-----------'------------L----...J

1.72

the Central Metasedimentary Belt (McEachern and van
Breemen, 1993). The carbonatilc and fenite at Lac ala Perdrix
thus appear to have formed late in the tectonic development
of the region and the Grenville orogen.
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Preliminary chronostratigraphy of the Tetagouche
and Fournier groups in northern New Brunswick l

R.W. Sullivan2 and C.R. van Staa13

Sullivan. R.W. and van Stool. CR., 1996: Preliminary chronostratigraphy of the Tetagouche and
Fournier groups in northern New Brunswick; in Radiogenic Age and Isotopic Studies: Report 9;
Geolop,ical Survey ofCanada. Current Research 1995-F. p. 43-56.

Abstract: Seven U-Pb zircon ages of volcanic rocks from northern New Brunswick are reported and a
preliminary stratigraphy of the middle Ordovician Tetagouche and Fournier groups is presented. Deposition
of the Tetagouche Group started with calcareous rocks of the Vallee Lourdes Formation in the Late Arenig
(>470 Ma). Quartz- and feldspar-phyric felsic volcanic rocks of the immediately overlying Nepisiquit Falls
Formation yielded U-Pb zircon ages between ca. 471 and 469 Ma. These volcanic rocks are time
stratigraphic equivalents of the feldspar-phyric dacites of the Spruce Lake Formation, which yielded a U-Pb
zircon age of ca. 470 Ma, and tholeiitic and alkalic pillow basalts of the structuraUy overlying Canoe Landing
Lake Formation. The final phase of rhyolitic to dacitic volcanism is marked by the emplacement of distinct
quaItz- and feldspar-phyric dacitic porphyries at ca. 465 Ma, thus limiting silicic volcanism to the Late
Arenig and llanvim. During the I1andeilo and Caradoc (ca. 464-457 Ma) volcanic activity in the Tetagouche
Group was characterized by extrusion of alkali basalts and minor comendites, interlayered with dark shales
and siltstones of the Boucher Brook F01mation. Oceanic crust of the Fournier Group was also formed during
this period.

Resume: Le present rapport fait etat de sept datations U-Pb sur zircon de volcanites de la partie nord
du Nouveau-Brunswick de meme que d'une stratigraphie provisoire des groupes de Tetagouche et de
Foumier de I'Ordovicien moyen. La sedimentation du Groupe de Tetagouche a debute par le depot des
roches calcaires de la Formation de Vallee Lourdes durant l'Arenigien tardif (> 470 Ma). Les vokanites
felsiques aphenocristaux de quartz et de feldspath de la Formation de Nepisiquit Falls sus-jacente onllivre
des ages U-Pb sur zircon variant entre environ 471 et 469 Ma. Ces volcanites sont des equivalents
chronostratigraphiques des dacites aphenocristaux de feldspath de la Formation de Spruce Lake (datation
U-Pb sur zircon aenviron 470 Ma) ainsi que des basaltes coussines tholeiitiques et alcalins de la Formation
de Canoe Landing Lake, structuralement sus-jacente. La phase finale du voJcanisme rhyolitique adacitique
est marquee par la mise en place, aenviron 465 Ma, de porphyres dacitiques distinets aphenocristaux de
quartz et de feldspath, ee qui limite le voleanisme silieique aI' Arenigien tardif et au Llanvirnien. Durant le
Llandeilien et le Caradoeien (environ 464-457 Ma), I'aetivite volcanique dans le Groupe de Tetagouche
s'est traduite par I'extrusion de basaltes alealins et c1'un peu de eomendites, interstratifies avee des shales
et des siltstones sombres de la Formation de Boucher Brook. La formation de eroute oeeanique assoeiee au
Groupe de Fournier remonte egalement aeette periode.

1 Contribution to Canada-New Brunswick Cooperation Agreement on Mineral Development (1990- J995), a subsidiary
agreement under the Canada-New Brunswick Economic and Regional Development Agreement.

2 Geological Survey of Canada, retired.
3 Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario K IA OE8
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INTRODUCTION

The Middle Ordovician, volcanic-dominated Tetagouche and
Fournier groups of northern New Brunswick are exposed
principally in the northern Miramichi Highlands and the
Elmtree-Belledune Inlier (Fig. 1,2). They represent the rem­
nants of a back-arc basin that was closed during the Late
Ordovician to Late Silurian (van Staal et aI., 1990; van Staal
et aI., 1991; Winchester et aI., 1992). The Tetagouche and
Fournier groups were internally imbricated and folded into
tight to isoclinal folds during the closure of the back-arc basin;
hence the present distribution of the rock units represents a
complexly folded tectonostratigraphy of volcanic and sedi­
mentary rocks (van Staal, 1994a). Analysis of the chronostra­
tigraphy of the formations present in the Tetagouche and
Fournier groups is therefore of vital importance to the struc­
tural analysis and understanding the internal geometry of the
volcanic-dominated units, assuming that chemically distinct
volcanic suites formed within a specific period (van Staal
et aI., 1991). Furthermore both the Tetagouche and Fournier
groups are host to numerous syngenetic massive sulphide
deposits that occur in several stratigraphic settings (van Staal
et aI., 1992). Understanding the chronostratigraphies of the
Tetagouche and Fournier groups is therefore important for
massive sulphide exploration and ore genetical studies.

This paper presents the available LT-Pb ages of volcanic
rocks and a preliminary working stratigraphy for the
Tetagouche and Fournier groups (van Staal and Fyffe, 1991).
However as each volcanic formation in the Tetagouche Group
appears to contain an internal chemical stratigraphy (Rogers,
1994, 1995), this paper is best considered a progress report
that may be modified by future age determinations.

ANALYTICAL METHODS

Zircon was concentrated from crushed rock samples by con­
ventional Wilfley table, heavy liquid, and Frantz magnetic
separation techniques. Zircons were strongly air abraded to
improve concordancy (Krogh, 1982). Chemistry, mass analy­
ses, and data reduction procedures are similar those outlined
in Parrish et al. (1987). Analytical blanks were typically 0 to
5 pg and 0 to 25 pg for U and Pb, respectively. Analytical data
are presented in Table I and displayed on concordia diagrams
in Figures 4 to 10. All quoted age errors are at the 20 (95%
confidence interval).

TETAGOUCHE GROUP

General stratigraphy

The base of the Tetagouche Group IS well exposed at Little
Falls in the Tetagouche River (Fig. 1). A black shale melange
in the underlying Miramichi Group is unconformably over­
lain by conglomerate and calcareous psammites and pelites
of the Vallee Lourdes Formation (Fig. 3; van Staal and Fyffe,
1991; Rice and van Staal, 1992). The Vallee Lourdes Forma­
tion yielded middle Arenig to early L1anvirn conodonts and
middle to late Arenig brachiopods (Nowlan, 1981; Neuman,
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1984). The Vallee Lourdes Formation thus is best mterpreted
as having a middle to late Arenig age. These fossils are
important as they impose upper and lower time constraints on
the underlying sedimentary Miramchi Group and overlying
volcanic rocks of the Tetagouche Group, respectively.
Although the base of the Tetagouche Group is rarely exposed
elsewhere, Vallee Lourdes Formation rocks occur locally in
several places (van Staal et aI., in press). Regional relation­
ships suggest that the dark shales and siltstones of the Patrick
Brook Formation that overlie the Vallee Lourdes Formation
at Little Falls, interfinger stratigraphically with the calcareous
rocks of the latter formation. Conglomerate beds intersected
in a drill hole east of the Brunswick No. 12 mine (1. Peter,
pers. comm., 1995) at the Patrick Brook Formation­
Miramichi Group contact are consistent with such an inter­
pretation, as they suggest that the Vallee Lourdes Formation
was only locally deposited. At Little Falls and elsewhere, the
Patrick Brook Formation is conformably overlain by and
interfingers with tuffaceous sediments and quartz- and
feldspar-phyric dacite and rhyolite of the Nepisiguit Falls
Formation (van Staal et aI., 1992; Rice and van Staal, 1992).

In the western part of the northern Miramichi Highlands,
near the hinge of the Tetagouche antiform, volcanic rocks
similar to those of the Nepisiguit Falls Formation occur as
small lenses interlayered with sanidine-phyric dacite and
rhyolite of the Spruce Lake Formation (formally referred to
as Caribou Mine Formation by Rogers, 1994, 1995), suggest­
ing that these two formations are coeval. This suggestion is
consistent with the observation that both the Nepisiguit Falls
and the Spruce Lake formations are host to several massive
sulphide deposits and iron-formation. However, the banded
iron-formation, typically associated with the massive sul­
phides in the Nepisiguit Falls Formation, is generally rare and
where present, jasperitic in nature in the Spruce Lake Forma­
tion, suggesting that depositional conditions varied in the
Tetagouche basin both in space and time. Both the Nepisiguit
Falls and Spruce Lake formations contain several chemically
distinct porphyritic silicic volcanic rocks (Rogers, 1995),
commonly referred to as porphyries. Each porphyry probably
formed at different times. The porphyries of the Splllce Lake
Formation are interlayered with pillowed tholeiitic basalts of
the Forty Mile Brook suite (van Staal et aI., 1991), indicating
that this formation was deposited subaqueously. A feidspar­
phyric dacitic tuff that closely resembles the Orvan Brook
porphyry (Rogers, 1994, 1995) is interlayered with the alkali
pilLow basalts and comendites of the Canoe Landing Lake
Formation suggesting that the Spruce Lake and Canoe Land­
ing Lake formations are coeval. This dacite has yielded an age
of 470+4/-2 Ma (Sullivan and van Staal, 1993).

The Nepisiguit Falls Formation is stratigraphically over­
lain by the Flat Landing Brook Formation, which comprises
aphylic or sparsely feldspar-phyric rhyolites, pyroclastic
rocks, tholeiitic basalts, and minor shales (van Staal and
Fyffe, 1991; van Staal et a\., 1991; 1992). A U-Pb zircon age
determination on an aphyric rhyolite yielded a date of
466 ±5 Ma (Sullivan and van Staal, 1990). The Flat Landing
Brook rhyolites have been intruded by and/or are interlayered
with chemically distinct quartz-feldspar phyric dacite por­
phyries (Rogers, 1994,1995), which do not seem to intrude
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Table 1. U-Pb zircon isotopic data.

R.W. Sullivan and C.R. van Staal

Sample & Fraction Wt. U Pb* 206E12b Pbc 2OOEI2d 206E12d 207E.bd Cor" 207E12d 207pbf 06Pb

I-Ig' ppm ppm 204Pb pg 200Pb 23llU 235U Coel. 206Pb age (Ma)

Nepisiguit Falls Formation (NFFm)
1. Quartz and feldspar augen schist Vl-631 (47'36'80"N, 65"49'60"W)
A,+105 54 205 28 5618 17 0.103 0.13644±.09% 1.5477±.10% 0.94 0.08227±.03% 1252.0±1.3
B,-105+74,3:1 41 167 18 5559 8 0.091 0.10610±.09% 1.0891±.10% 0.95 0.07444±.03% 1053.5±1.3
C,-105+74,3:1 28 187 24 2599 16 0.107 0.12649±.1O% 1.2991±.11% 0.94 0.07449±.04% 1054.7±1.6
E,±105+62,5:1 5 87 7 162 15 0.127 0.07578±.33% 0.5869±1.2% 0.62 0.05618±1.0% 459.3±45.1
F,±105+62,5:1 10 351 31 1560 12 0.158 0.08318±.10% 0.7083±.15% 0.71 0.06176±.11 % 665.8±4.6
2. Quartz and feldspar augen schist Vl-307 (47'24'45"N, 65°47'50"W)
A,-105+74,euh 40 269 25 2842 23 0.079 0.09537±.10% 0.8907±.13% 0.83 0.06774±.07% 860.5±3.0
B,-105+74,acic. 28 233 18 1416 22 0.107 0.07550±.20% 0.5855±.26% 0.70 0.05625±.19% 462.1±8.3
C,-74+62,acic. 21 246 19 638 40 0.119 0.07554±.30% 0.5850±.46% 0.58 0.05617±.37% 459.0±16.5
D, -74+62,3:1 48 257 24 2877 26 0.087 0.09521±.16% 0.9112±.18% 0.84 0.06941±.10% 910.9±4.0
E,-62,2:1 30 311 26 1810 28 0.078 0.08639±.11% 0.7567±.15% 0.76 0.06353±.10% 726.0±4.1
F,-105+62,acic. 137 241 19 6926 23 0.116 0.07618±.09% 0.5966±.10% 0.91 0.05680±.04% 483.9±1.9
H,-105+62,~4:1 77 275 21 4506 23 0.109 0.07762±.09% 0.6246±.11% 0.90 0.05836±.05% 543.3±2.2

Spruce lake Formation
3. Feldspar-phyric dacite VL·644 (47'37'00"N, 66"06'02"W)
A,+74,2:1,W,F 14 169 19 392 39 0.245 0.09871±.16% 1.0048±.33% 0.68 0.07383±.25% 1036.8±10.1
B,~4:1,acic. 15 193 16 80 223 0.216 0.07555±.59% 0.5848±2.4% 0.67 0.05614±2.0% 458.0±90.7

C,-74,2:1 16 195 17 1293 11 0.220 0.07809±.09% 0.6227±.18% 0.69 0.05783±.13% 523.4±5.8
D,-74,>4:1,acic 3 265 25 153 30 0.273 0.08206±.33% 0.6919±1.6% 0.58 0.06115±1.4% 644.5±62.3

Flat Landing Brook Formation (FLBFm)
4. Quartz and feldspar·phyric rhyolite VL-638 (47°24'14"N, 66°05'40"W)

A.+l05 29 96 9 548 29 0.184 0.08858±.15% 0.7881 ±.24% 0.68 0.06453±.18% 759.2±7.4

B,+105 44 92 9 1677 15 0.168 0.09366±.09% 0.8658±.11 % 0.88 0.06705±.05% 839.3±2.2

C,-105+74,~4:1 17 100 8 693 12 0.178 0.07475±.12% 0.5782±.38% 0.60 0.05610±.32% 456.3±14.2

D,-105+74,2:1 22 86 8 902 11 0.206 0.08516±.11% 0.7343±.22% 0.57 0.06254±.18% 692.7±7.9

E,-74+62,5:1 22 115 9 1245 9 0.186 0.07487±.11% 0.5834±.23% 0.59 0.05652±.18% 472.7±8.1

F,-62,5:1,W,F 14 98 8 505 13 0.192 0.07481±.17% 0.5806±.53% 0.54 0.05629±.46% 463.8±20.4

Boucher Brook Formation
5. Quartz and feldspar-phyric comendite dike VL-691 (47'28'20"N, 65"53'25"W)

A,+74,3:1W 55 223 19 5695 11 0.186 0.08023±.09% 0.6572±.10% 0.95 0.05941 ±.03% 582.1±1.4
B,+74,3:1F 45 561 46 7325 17 0.207 0.07596±.09% 0.6002±.10% 0.94 0.05731±.04% 503.5±1.6

C,-62+37,E 25 321 26 4734 8 0.186 0.07470±.09% 0.5806±.10% 0.92 0.05637±.04% 467.0±1.8

D,-62+37,4:1 19 320 25 2872 10 0.188 0.07425±.09% 0.5769±.11 % 0.92 0.05636±.04% 466.4±1.9

E,-74,5:1 10 188 15 127 79 0.195 0.07379±.33% 0.5716±1.4% 0.66 0.05618±1.2% 459.5±52.5
F,-74,E 7 364 29 450 27 0.181 0.07456±.14% 0.5803±.51 % 0.57 0.05644±.45% 469.9±19.86

6. Aphanitic trachyandesite VL-637 (47'38'58"N, 65"4T53"W)
B,+105,euh,W 9 304 31 488 32 0.239 0.09142±.27% 0.8292±.29% 0.90 0.06578±.13% 799.5±5.3

C,+105,F 16 516 45 549 72 0.331 0.07347±.12% 0.5694±.21 % 0.73 0.05621±.15% 460.6±6.6

D,+105,F 11 546 60 1069 33 0.270 0.09461±.09% 0.8949±.12% 0.84 0.06860±.07% 886.7±2.8

E, residuals 12 494 42 596 47 0.294 0.07399±.12% 0.5744±.48% 0.59 0.05630±.42% 464.1±18.8
FOURNIER GROUP, Pointe Verte Formation
7. Aphanilic tuffaceous rtwolite VL-646 (47'49'OO"N, 65°43'43"W)
A,-74,euh 19 186 22 935 27 0.163 0.11072±.09% 1.1314±.11% 0.87 0.07412±.06% 1044.7±2.3

B,-74,euh 21 143 21 706 37 0.179 0.13735±.12% 1.3912±.15% 0.76 0.07346±.1O% 1026.6±4.0
C,±74,acic. 21 90 11 215 65 0.215 0.10980±.15% 1.0317±.37% 0.67 0.06815±.29% 873.0±12.0

D,+74,3:1,S 3 125 23 455 10 0.136 O. 17343±.17% 1.7498±.20% 0.67 0.07317±.15% 1018.8±6.2

E,+74,2:1,S 4 369 97 2603 8 0.126 0.25144±.10% 3.1864±.11% 0.92 0.09191±.04% 1465.5±1.7

F,·62+37,euh 10 173 19 420 27 0.192 0.10092±.21% 0.9176±.57% 0.49 0.06594±.51% 804.6±21.2
Errors are 1 std. error of mean in % except 207Pbf06Pb age errors which are 20 in million years.
Pb' = radiogenic Pb.
• Sample weight error of ± 1 I-Ig in concentration uncertainty, all fractions were abraded, 3:1=L:B, W=whole zircons, F=zircon fragments, E=equant,

Acic. = acicular, Euh = euhedral, S = single grain
b Corrected for fractionation and spike Pb
C Total common Pb in analysis in picograms
d Corrected for blank Pb and U, and common Pb
e Correlation Coefficient of errors in 206Pbf:l8u and 207Pbf35U.
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the alkali basalts and interlayered dark shales and siltstones
of the overlying Boucher Brook Formation; hence they are
considered to represent the last stage of volcanic activity
contained within the Flat Landing Brook Formation.

The Flat Landing Brook, Spruce Lake, and Canoe Landing
Lake formations are overlain by the Boucher Brook Forma­
tion, which therefore can be considered as a regional cover
sequence to the volcanic-dominated formations of the lower
part of the Tetagouche Group. The Boucher Brook Formation
mainly consists of dark shales and siltstones interlayered with
chert, alkali basalt, and associated red shale. Dark shale and
silts tone also occur in the Patrick Brook Formation but chert,
alkali basalt, and red shale are absent in the latter (van Staal
et aI., 1992).

Nepisiguit Falls Formation

The Nepisiguit Falls Formation comprises fine grained tuf­
faceous sediments, commonly containing quartz and feldspar
phenoclasts, and quartz- and feldspar-phyric dacite to rhyolite
porphyries. These silicic volcanic rocks are capped locally by
iron-fonnation and massive sulphides. Because of the locally
intense defonnation, the porphyritic silicic volcanic and tuf­
faceous rocks are commonly referred to as quartz-feldspar

augen schists (e.g. see Lentz and Goodfellow, 1993). Quartz­
feldspar augen schists also occur locally in the Patrick Brook
Formation, but black shale typical of the latter is absent in the
Nepisiguit Falls Formation (van Staal et aI., 1992). The por­
phyries represent at least in part pyroclastic flow deposits (e.g.
Lentz and Goodfellow, 1993), but some may also represent
shallow level intrusions. Two quartz-feldspar augen schists
of the Nepisiguit Falls Formation were sampled for age dating
(VL-307 and VL-631).

Quartz-feldspar augen schist: sample 1 (VL-631)

This sample is a relatively coarse grained rock taken from a
large outcrop opposite the entrance to the Tetagouche Falls
park (Fig. 2), west of Bathurst. This quartz-feldspar augen
schist is bedded and locally some grading has been preserved.
The augen schist consists mainly of juvenile pyroclastic frag­
ments and over 60o/G by volume angular to moderately
rounded phenoclasts of quartz and feldspar, indicating that
they represent reworked silicic pyroclastic rocks, probably
deposited distal from their source. These tuffaceous sand­
stones have been described by Rice and van Staal (1992) and
are informally referred to as the Little Falls member of the
Nepisiguit Falls Formation by Langton and McCutcheon
(1993). They are separated by a few metres of dark shale and
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Figure 3. Schematic tectonostratigraphy of the Tetagouche and Fournier groups with all V-Ph zircon ages
determined by Sullivan and van Staa!.
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siltstone of the Patrick Brook Formation from the calcarenites
of the Vallee Lourdes Formation containing middle to late
Arenig conodonts and brachiopods.

The zircon population consists of a variety of types includ­
ing clear euhedral, prismatic, and acicular zircon. Some of the
crystals have elongated terminations which appear multifac­
eted, with some showing distinct, and others more nebulous
cores. Another type are clear and anhedral (rounded). Some
zircons show a clear inner domain with a pink outer domain.
Five zircon fractions A, B, C, E, and F were analyzed and
~ave a scattered linear trend that is interpreted as resulting
trom a mixture of inherited and magmatic zircons (Fig. 4).

The age of 471 ± 3 Ma is based on concordant fraction E
which was picked from the most acicular (LB :25:1) needle­
like zircons and is interpreted to be essentially free of any
inherited component. Fraction E e06Pb/238U and 207Pb;23SU

ages are 471 ± 3 and 469 ± 9 Ma respectively) plots slightly
above concordia but its error ellipse substantially overlaps the
curve and was used to estimate the age and error (Fig. 4 inset).
Regressing fraction E with other fractions, in pairs, yields
upper intercept ages ranging from 1365 to 1680 Ma, which
indicate a variety of ages of the inherited zircons.

Quartz-feldspar augen schist: sample 2 (VL-307)

The quartz-feldspar augen schist is a coarse grained tuf­
faceous rock taken from the base of the dam ofthe Nepisiguit
Falls type locality (Fig. 2), near the stratigraphic top of the
Nepisiguit Falls Formation, part of the Grand Falls member
of Langton and McCutcheon, (1993). The quartz-feldspar
augen schist is similar in composition to sample VL-631 of
the Little Falls member. In contrast to the augen schists of the
Little Falls member, those of the Grand Falls member are
interbedded with layers of massive rhyolite of the Mt. Moser
porphyry (Rogers, 1994,1995). These porphyritic rhyolites

have been interpreted by Lentz and Goodfellow (1993) as
subaqueous pyroclastic flow deposits. Although we agree at
least in part with this interpretation, some of the coarse
grained porphyritic rhyolites have very sharp contacts and
appear to cut bedding at a very small angle, and may represent
subvolcanic intrusions. The similarity in rare-earth element
patterns between the tuffaceous rocks and the porphyritic
rhyolites (McCutcheon et aI., 1989) suggests that both rock
types are related and derived from the same magmatic source;
hence this sample is interpreted to give a representative age
for the Mt. Moser porphyry.

The zircon population is characterized by rounded, dusty,
purple and light tan grains, a few of which were pitted
(possibly detrital), and clear, colourless euhedral zircons
ranging from more equant prismatic (LB up to 2: I) to acicu­
lar (LB :24: I). These latter zircons are considered primary
igneous but distinct cores were visible in some of the larger
zircons. Bulbous caverns and longitudinal cavities were also
observed. Seven zircon fractions A to F and H were analyzed
from the clearest euhedral equant and acicular type. This
yielded a linear trend that is interpreted as a mixino line
(Fig. 5). 0

The interpreted age of 469 ± 2 Ma is based on concordant
fractions Band C (essentially duplicate results) which con­
tained acicular (LB about 5: I) zircons that are considered to
be essentially free of any inherited component. The other five
fractions A, D, E, H, F ( more equi-dimensional) have older
ages and clearly contain inheritance. The age is estimated
from the average of the four U-Pb ages of Band C, and the
error estimated graphically from the concordia plot (Fig. 5
inset). The age of 469 ± 2 Ma is consistent, within en-or, by
lower intercert (LI) regression results of the other fractions.
Regression of five fractions A, D, E, H, and F only yields
LI = 468 ± 8 Ma. The regression of all seven data gives
LI =469 ± 6 Ma and an upper intercept (UI) of 1580± 80 Ma.

015·

NFFm 850

E.

476

474

Figure 4.

V-Ph concordia diagram for sample J, quartz
and feldspar augen schist, from the Nepisiguit
Falls Formation (NFFm). The upper intercept
age range is generated by regressing fraction E
with the other fractions in pairs.

INSET
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Geological interpretation

The U-Pb zircon ages of the tuffaceous rocks of the Little Falls
and Grand Falls members overlap in error and suggest an age
of ca. 470 Ma for the bulk of the Nepisiguit Falls Formation.
Although the Nepisiguit Falls Formation may contain three
chemically distinct porphyries, the 469 ± 2 Ma of sample
VL-307 may provide a minimum age if the interpretation by
Rogers (1994, 1995) that the Mt. Moser porphyry is the
youngest porphyritic rhyolite in the Nepisiguit Falls Forma­
tion is valid. The proximity of the Tetagouche Falls augen
schist with respect to the underlying fossiliferous Vallee
Lourdes Formation indicates that the Nepisiguit Falls Forma­
tion is late Arenig or early Llanvirn in age. This is consistent
with the ca. 470 Ma age deduced for the Arenig-Llanvirn
boundary by Tucker et a1. (1990) on basis of U-Pb zircon
dating of the Ordovician stratotypes in Britain.

Spruce Lake Formation

The Spruce Lake Formation contains three related feldspar­
phyric dacitic porphyries, that are chemically, pe.t­
rographica]]y, and texturally distinct from the other felslc
volcanic rocks in the Tetagouche Group (Rogers, 1994,
1995). The porphyries were initially included in the Flat
Landing Brook Formation by van Staal and Fyffe (1991)
although they were recognized as distinct and considered
coeval with the Nepisiguit Falls Formation (dacite unit of Flat
Landin a Brook Formation in Fig. 3 of van Staal, 1994a).
Rogers'( 1994, 1995) interpreted the dacitic porphyries mainly
as shallow level sills and cryptodomes emplaced in dark
shales of the Patrick Brook Fonnation, although lava flows
and pyroclastic rocks also occur. The porphyries and associ­
ated sediments occur in closely associated thrust sheets
emplaced on top of the Flat Landing Brook Formation (Fig. I)

during DJ deformation (van Staal, 1994a). The relationship
to the other Tetagouche Group volcanics is largely obscure as
the thrust sheets are bounded by shear zones on all sides
(tectonic horses of van Staal et aI., 1990). However, they are
locally interJayered with porphyritic volcanic rocks like those
of the Nepisiguit Fans Fonnation, contain massive sulphide
deposits and appear to have been intruded by quartz- and
feldspar-phyric dacitic porphyries like those in the Flat
Landing Brook Formation; hence they have been interpreted
as coeval with eruption of volcanic rocks of the Nepisiguit
Falls Formation.

Feldspar porphyry: sample 3 (VL-644)

This sample forms part of the Orvan Brook porphyry. The
relative age relationships among the three porphyry suites in
the Spruce Lake Formation are uncertain at this stage because
of the very large D I strains imposed on the rocks.

The zircon population consists primarily of clear, colour­
less euhedral, prismatic and acicular crystals and crystal
fragments with minor bubble inclusions. Evidence of possible
resorption was visible, as were obvious cores in a few zircons.
There was a minor amount of dark, well rounded, and pitted
zircon. Four fractions A, B, C, and D define a linear trend
(Fig. 6) that is interpreted as a mixing line.

The age of 470 ± 5 Ma is interpreted from concordant
fraction B, picked from acicular (L:B ~4: I) zircons and
interpreted to be essentially free of inheritance. The other
fractions are interpreted to contain inherited zircon compo­
nents. The age and error were estimated graphically from the
intersection of the error ellipse with the concordia curve
(Fig. 6). Various regressions with the other fractions indicate
somewhat higher ages. Regression of the three most concor­
dant fractions B, C, D gives 476+4/-7 Ma. It is possible that
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V-Pb concordia diagram for sample 2, quartz
and feldspar augen schist, from the Nepisiguit
Falls Formation (NFFm). The upper intercept
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seven fractions.
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fraction B, even though concordant, may have suffered Pb
loss and, as such, may be indicating an age that is somewhat
too young. Fraction B contained the best fine, aciCLllar zircons
and was strongly abraded, so that, although a somewhat older
age can not be ruled out, 470 Ma with realistic error of ±5 Ma
is considered the best estimate of the age.

Geological interpretation

The U-Pb zircon age of 470 ± 5 Ma is consistent with the
470 Ma age deduced for the proposed time stratigraphic cor­
relation with the Nepisiguit Falls Formation. Furthermore, it
is similar in age to the 470+4/-2 Ma age of the narrow band
of porphyritic dacitic tuff in the structurally overlying Canoe
Landing Lake alkali basalt (Sullivan and van Staal, 1993).

Flat Landing Brook Formation

The Flat Landing Brook Formation is dominated by a suite of
chemically related aphyric to sparsely feldspar-phyric dacites
and rhyolites (Taylor Brook rhyolites) and pyroclastic rocks
(Grant Lake pyroclastics, Rogers, 1994, 1995). Locally the
felsic volcanic rocks are interlayered with tholeiitic basalts
(van Staal et aI., 1991), red shales, tuffaceous greenish-grey
shales, and siltstones, and intruded by or interlayered with
chemically distinct dacite porphyry (Rogers, 1994,1995; QFP

on maps by van Staal, 1994b,c,d).

A spherulitic Taylor Brook rhyolite has given a l)-Pb
zircon age of 466 ± 5 Ma (Sullivan and van Staat, 1990),
which is consistent with the field observation that the Flat
Landing Brook Formation is younger than the stratigraphi­
cally underlying Nepisiguit Falls formation (Lentz and
van Staal, 1995). The Flat Landing Brook Fonnation is over­
lain by alkalic pillow basalts and shales of the Boucher Brook
Formation. Fossils have not been found at the base of the
Boucher Brook Fonnation; hence the upper age limit of the
Flat Landing Brook Formation is not well defined.

R.W. Sullivan and C.R. van Staal

Quartz-feldspar porphyry: sample 4 (VL-638)

This sample occurs as a narrow (2-3 m) band in the dacites of
the Spruce Lake Formation south of Canoe Landing Lake
(Fig. 2). This porphyry petrographically resembles the
Wildcat porphyry of Rogers (1995), which cuts other chemi­
cally distinct quartz-feldspar porphyries that appear to have
intruded the rhyolites and pyroclastics of the Flat Landing
Brook Formation elsewhere (Rogers, 1994). Hence, it pro­
vides an upper age limit to the felsic volcanism of the Flat
Landing Brook formation since similar porphyries appear
absent in the overlying Boucher Brook Formation.

The zircon population contains clear to somewhat mot­
tled, euhedral, prismatic, and acicular crystals. Some have
rod- and bulbous-shaped inclusions. There was little visible
evidence of cores. Six fractions A, B, C, D, E, and F were
analyzed and gave a linear trend that is interpreted as a mixing
line (Fig. 7).

An interpreted age of 465+2/-1 Ma is based on the con­
cordant fractions C, E, and F. These are all acicular with
LB 24: I. The age and error were estimated graphically from
the mean of the U-Pb ages with a minimum age given by the
464 Ma minimum of the 206Pb;238U ages of these three
fractions (Fig. 7 inset). Regression of all six data gives LI =

465 ± 3 Ma and UT = 1520 ± 20 Ma (MSWD = 1.8).

Geological interpretation

The U-Pb zircon age of 465 +2/-1 Ma for the quartz- and
feldspar-phyric porphyry is significant for the following rea­
sons: (I) It signals the end of non-alkalic felsic volcanism and
thus constraints the upper age of the Flat Landing Brook
Formation and lower age of the Boucher Brook Formation;
(2) The analyzed Devils Elbow Brook porphyry and the
feldspar-phyric dacites of the Spruce Lake FOtmation it
intrudes structurally underlie the Canoe Landing Lake alkali
basalts, containing an interlayered porphyritic dacite that

Figure 6.

V-Ph concordia diagram for sample 3,jeldspar­
phyric daciteJrom the Spruce Lake Formation.
The upper intercept result of 19/0 ± 25 Ma is
from a regression olthe j(JUrfractions.
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yielded a U-Pb zircon age of 470+4/-2 Ma (Sullivan and van
Staal, 1993). This relationship requires a thrust somewhere in
the highly deformed dark shales and siltstones, which sepa­
rate the two volcanic formations (van Staal, 1994a,b).

Boucher Brook Formation

The Boucher Brook Formation consist mainly of dark shales
and siltstones interlayered with alkalic basalts and intimately
associated red cherts and red shales. The alkalic basalts,
which locally contain differentiates of trachyandesite and
comendite, either as flows, tuff layers, or dykes, comprise
two main suites: the Brunswick alkali basalts and the
Beresford alkali basalts (van Staal et aI., 1991), both of which
yielded fossil ages from interlayered limestone pods. Cono­
donts in limestone interlayered with alkali basalt and comen­
dite of the stratigraphically upper part of the Brunswick suite
on the western flank of the Camel Back Mountain, near the
stratigraphic contact with the overlying Beresford suite
(van Staal, 1994d) indicate an early Caradoc age (Prioniodus
variabilis subzone of the A. tvaerensis zone, Nowlan, 1981).
Conodonts in nearby limestone interlayered with the overly­
ing Beresford suite alkali basalts indicate a middle Caradoc
age (Prioniodus alobatus subzone of the A. tvaerensis zone,
Nowlan, 1981). The alkalic basalts are overlain by Late
Caradoc black shale of the Dicranograptus clingani zone
(Riva and Malo, 1988) in Bathurst. Two felsic differentiates,
one of each alkali basalt suite have been sampled for age
dating.

Brunswick alkali basalt suite: sample 5 (VL-691)

A composite dyke ranging in composition from quartz- and
feldspar-phyric comendite in the core to alkali basalt in the
rim cuts the Nepisiguit Falls Formation in the footwall and
Flat Landing Brook Formation in the hanging wall of the
Brunswick No. 12 mine. The petrography of the dyke was

described by Lentz and van Staal (1995), who considered the
dyke to be a feeder to the overlying Brunswick alkali basalt
suite volcanic rocks. The comendite core of the dyke from the
west ore zone of the 850 m level in Brunswick No. 12 mine
was selected for age dating. Extrusive comenditic volcanic
rocks generally occur near the stratigraphic top of the
Brunswick alkali basalt suite; hence this dyke is interpreted
to provide age information concerning the upper part of the
Brunswick alkali basalt suite.

The zircon population ranged from clear, colourless euhe­
dral zircon, relatively free of internal features to those con­
taining varying amounts of bleb-like bubble inclusions and
rounded cavities. Equant, L:B ~3:1, acicular, L:B ~5:1, and
flat platy zircon types were present. The acicular zircons were
generally less clear. Cores were visible primarily in the col­
oured, more translucent zircons. Large, cored zircons were
also observed in thin section. Twins were observed as were
new zircon growths on the ends of presumably older crystals.
Rounded and pitted (detrital) crystals were noted. The sample
also contained abundant barite.

Six carefully selected zircon fractions A, B, C, D, E, and
F were analyzed and form a linear trend between ca. 460 and
ca. 1280 Ma, indicating that inheritance is involved (Fig. 8).
The data set is quite linear, although fraction C (discussed
below) falls somewhat above the general trend.

Fraction E consisted of fine acicular (L:B ~5:l) crystals
that were deliberately broken prior to abrasion and then
picked again. This was done to test the idea that breaking the
zircons would release any "core" and that with very selective
picking, one might obtain a more concordant analysis. The
procedure worked but because of sample loss, a relatively
high error resulted. This most acicular fraction E, noted to
have no visible core material, is concordant at 459 Ma but has
a larger error ellipse resulting from a large common lead
correction.
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Figure 7.

V-Pb concordia diagram for sample 4, quartz­
and feldspar-phyric dacite. The upper intercept
result of1520±20 Ma isfrom a regression ofthe
six fractions.
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The interpreted age of 459 ± 3 Ma is based primarily on
acicular fraction E but also on regression results which are
consistent with this age. Regression of all 6 fractions gives
LI =461 ± 2 Ma and lJI = 1280 ± 30 Ma (MSWD =6.3).
Regression of 5 fractions, excluding C, gives 459 ± 1 Ma
(MSWD = 0.22). Regression of the two most discordant
points A and B gives a lower intercept age of 459 ±2 Ma.

Fraction C plots above the general linear trend but a linear
trend also exists between fractions C and D, and possibly also
E and F (Fig. 8). This indicates that Pb loss as well as
inheritance may be involved. Fractions C and D have
207Pb;206Pb ages of 467.0 ± 1.8 and 466.4 ± 1.9 respectively,
which may be closer to the actual age. Regressions of frac­
tions C, D, E, and I-' forced through the origin gave ages of
466.7 ± 1.3 Ma. Tbus, invoking Pb loss, an altemative inter­
pretation is an age of 467 ± 2 Ma.

The preferred interpretation is that the dyke is 459 ± 3 Ma
because fraction E contained the most acicular zircon, and
because of tbe consistency of the other fraction regressions.
This age is also consistent with the geological field evidence.
An older age of ca. 467 Ma, however, can not be ruled out.

Geological interpretation

The interpreted age of 459 ± 3 Ma indicates that the
Brunswick suite has a probable age range between 464 Ma
and ca. 459 Ma. However, since the possibility of lead loss in
the zircons can not be ruled out, the comendite could be as
old as ca. 467 Ma. The interpreted 459 Ma age of the comen­
dite correlates with the lowest subzone of the A. tvaerensis
LOne (Nowlan, 1981), and hence the base of the Caradoc. This
is in good agreement with the results of Tucker et a1. (1990),
WllO placed the Caradoc-Llandeilo boundary at ca. 461 Ma.

Beresford suite: sample 6 (VL-637)

The Beresford suite contains locally two mappable basalt
units (van Staal et al., 1991). These basalts are best preserved
in an antiformal structure north of the town of Bathurst.
Except for a very narrow strip of rocks along the southern
limb of this structure, the pillowed basalts show a consistent
younging towards the north (van Staal et aI., 1988). A felsic
trachyandesite (van Staal et al., 1991) interlayered with the
youngest alkali basalt unit along the northern limb of this
structure was collected for dating.

The zircon population consisted partly of euhedral to
anhedral crystals, but was characterized by abundant massive
crystal fragments that were relatively free of internal features.
This habit may reflect the way they crystallized and the
alkaline chemistry of the trachyte, or they could be broken
larger zircons. The sample also contained clear euhedral
zir~on crystals, stubby to acicular LB ;:::5: 1, fine- to coarse­
grained, and often platy. Some of the larger euhedral zircon
crystals have mottled interiors. There is a trace amount of
rounded and pitted, possibly detrital, zircon. The sample also
contained abundant eubedral apatite.

Four fractions B, C, D, and E were analyzed and pro­
duced a scattered linear trend that is interpreted as a mixing
line (Fig. 9). A regression of all four fractions gives lower
intercept =457 ± 10 Ma. A regression of fractions C, E, and
forced through the origin gives an upper intercept age of
461 ± 6 Ma. Fractions C and E are both concordant which
makes interpretation somewhat problematic.

The preferred interpretation is an age of 457 ± I Ma based
solely on concordant and analytically superior fraction C. The
error being estimated graphically from the intersection of the
error ell ipse with concordia (Fig. 9 inset). The calculated ages
for Care 206Pb;238U age =457 ± 1, 207Pb;235U age =458 ± 2,
and 207Pb;206Pb age =461 ± 7 Ma.
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Fraction E is also concordant and appears to be slightly
older, but with much larger errors. Inheritance is involved as
evidenced from fractions Band D. Fractions C and E were
both picked from large, clear, massive zircon fragments.
Fraction C was selected after abrasion from the best, small
grains, whereas E was selected from the larger grains. As
such, fraction E may have had a small inherited zircon com­
ponent that could explain its somewhat older age.

Another possibility is that fraction C has suffered recent
Pb loss and that fraction E, at ca. 460 Ma, may be closer to
the actual age. In this case, with age and error estimated
graphically; an age of 460 ± I Ma is indicated.

The best age estimate is from the analytically superior
fraction C at 457 ± I Ma but with a more conservative en"Or
of +3/-1 Ma assigned to reflect the interpretation that Pb loss
is involved. Thus, 457+3/-1 Ma is the prefered age with
assigned error.

Geological interpretation

The 457+3/-1 Ma age for the upper part of the Beresford suite
dates the end of volcanic activity in the Tetagouche Group
and correlates with the upper part of the A. tvaerensis zone,
Nowlan (1981). This age is in good agreement with the
457 Ma U-Pb zircon date obtained by Tucker et aI., (1990)
for an ashbed occurring at the base of the A. super/JUs zone
(conodont zone immediately above the A. tvaerensis zone)
Gelli-grin limestone in Wales (Rhodes, 1953).

FOURNIER GROUP

The Foumier Group is best exposed in the Elmtree-Belledune
1nl ier north of Bathurst. The Fournier Group represents the
ensimatic part of the Tetagouche back-arc basin. It was inter­
nally imbricated and emplaced above the Tetagouche Group

during closure of the back-arc basin (van Staal et al., 1990).
The highest thrust sheet contains the ophiolitic Deveraux
Formation with a 464 ± 1 Ma age on gabbro and 460 ± I Ma
on off-axis plagiogranite (Sullivan et aI., 1990; Winchester
et aI., 1992). The Deveraux Formation structurally overlies
the Pointe Verte Formation, that comprises lithic wackes,
shales, and pillowed alkali basalts. Fossils indicate that the
Pointe Verte Formation ranges in age between middle to late
Arenig and the midd le Caradoc (van Staal and Fyffe, 199 I).

Felsic ash bed: sample 7 (VL-646)

A thick, aphanitic felsic ash bed, in the turbiditic lithic
wackes, immediately north of Limestone Point was selected
for age dating. Palynomorphs recovered from these rocks
indicated a Caradoc age (A. Achab, written comm. to J.
Langton, 1991).

The zircon population consists primarily of clear, colour­
less prismatic (LB ~3: I) crystals with lesser amounts of
acicular (L:B = 4: I) types. The best zircon was in the finer
-62, +37 f.lm size range. Four multi-grain fractions A, B, C,
and F, and two single grain fractions D and E were analyzed
and display a scattered linear trend when plotted (Fig. 10)
which indicates that inheritance is involved.

The very discordant and scattered data preclude a low
error estimate of the lower intercept regression age. The
multi-grain analyses appear to be complex ~3 component
mixtures. Fraction A plots somewhat to the right of the
general trend. An estimate of the age is taken from a regres­
sion of the three most concordant fractions A, C, and F which
give a lower intercept of 473 ± 17 Ma and upper intercept
age of \209 ± 18 Ma. Single grain D plots sl1rhtly above the
curve but is essentially concordant with 20 Pb;238U age =
1031 ± 3 Ma. Single grain E is somewhat discordant but its

Figure 9.

U-Ph concordia diagram/or sample 6, aphanitic
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suite o/the Boucher Brook Formation. The inter­
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207PbP06Pb age points to an age of 1467 ± 3 Ma. A lower
intercept age of 473 ± 17 Ma is the best estimate available
from this data set.

Geological implications

The lower intercept age of 473 ± 17 Ma confirms that the
ashbed is Lower or Middle Ordovician in age, compatible
with the fossil evidence. However, the large error covers the
whole Middle Ordovician and part of the Lower Ordovician;
hence it does not constitute a test or refinement of the infened
Caradoc age of this particular part of the Pointe Verte Forma­
tion on the basis of palynomorphs.

Significant is the presence of near concordant zircon
xenocrysts. Single grains D with 206Pb/238U age of 1031 Ma,
and E with 207PbP06Pb age of 1467 Ma, suggests proximity
of a basement that contains rocks of early and late Mesopro­
terozoic age. Basement of this age has been shown to be
present beneath the Tetagouche Group (Roddick and Bevier,
1995, van Staal et al., in press).

CONCLUSIONS AND GEOLOGICAL
IMPLICATIONS

The U-Pb zircon dates of the Tetagouche Group show a
relatively simple volcanic stratigraphy. The non-a Ikalic felsic
volcanic rocks seem to range in age between 471 and 465 Ma,
which corresponds closely with the time period of the
Llanvim as determined by Tucker et al. (1990). Despite the
overlap in error between most dated samples, the Nepisiguit
Falls Formation volcanic rocks (ca. 470 Ma) are older than
those in the Flat Landing Brook Formation (ca. 466 Ma), in
accordance with the field relationships. The deposition of
iron-formation and massive sulphides between these two
chemically distinct volcanic sequences represent a period of
relative volcanic quiescence, consistent with the lack of meas­
ured ages spanning the period between 469 and 466 Ma. The

Spruce Lake Formation volcanic rocks (ca. 470 Ma) appear
coeval with deposition of the Nepisiguit Falls Formation
volcanic rocks, yet interfingering between the two types of
volcanic rocks in the field is rare, suggesting the presence of
several geographically separated volcanic centres juxtaposed
by deformation.

The volcanic rocks in the Nepisiguit Falls and Spruce
Lake formations are all time equivalents to the structurally
overlying, relatively primitive tholeiitic and alkalic pillow
basalts of the Canoe Landing Lake Formation (ca. 470 Ma,
Sullivan and van Staal, 1993). However, basaltic feeder dykes
with the appropriate composition have never been observed
in the structurally underlying felsic volcanic rocks or sedi­
ments, supporting the interpretation that it is allochthonous
and far travelled (van Staal et al., 1991). Probably the Canoe
Landing Lake basalts and the underlying felsic volcanic rocks
formed in widely separated paIts of the Tetagouche back-arc
basin. The structurally higher Canoe Landing Lake Formation
probably formed closer to the oceanic side of the Tetagouche
basin, perhaps representing transitional crust. Dark shales and
greenish-grey siltstones, locally interfingering stratigraphi­
cally with the Canoe Landing Lake basalts, but generally
occuning below the base of the Canoe Landing Lake Forma­
tion (van Staal, I 994b), are therefore mapped as Patrick
Brook Formation. The Patrick Brook Formation also under­
lies and intelfingers locally with the volcanic rocks of the
Nepisiguit Falls and Spruce Lake formations (Fig. 3), indi­
cating that the Tetagouche basin was dominated by reduced
anoxic conditions for most of its lifespan (471-455 Ma),
interrupted locally by more oxidizing conditions during short
periods in the L1anvim and Llandeilo as a result of volean ism.
This is indicated by the intimate spatial association of oxide
facies iron-formation, jasperite, and red shale with felsic and
mafic volcanic rocks.

During the L1andeilo volcanic activity was characterized
by extrusion of the Brunswick alkali basalts, minor comen­
dites, and dark shales and siltstones in the Tetagouche Group,
while oceanic crust was formed in the fournier Group.
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Peralkaline volcanism in the Tetagouche basin waned in the
early to middle Caradoc, while sedimentation, characterized
mainly by black shale and cherts, records starved anoxic
conditions.
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A compilation of 40Ar_39Ar and K-Ar ages:
Report 25

P.A. Hunt! and l.C. Roddick2

Hunt, P.A. and Roddick, J.c., 1996: A compilation of40Ar}9Ar and K-Ar ages: Report 25; in
Radiogenic Age and Isotopic Studies: Report 9; Geological Survey ofCanada, Current Research
1995-F, p. 57-74.

Abstract: Twenty-three 40Ar_39Ar age determinations (including two potassium-argon analyses) carried
out by the Geological Survey of Canada are reported. Each age determination is accompanied by a
description of the rock and mineral concentrate used; brief interpretative comments regarding the geological
significance of each age are also provided where possible. The experimental procedures employed are
described in outline. An index of all Geological Survey of Canada K-Ar age determinations published in
this format has been prepared using NTS quadrangles as the primary reference.

Resume: Les auteurs presentent les resultats de vingt-trois datations 40Ar_39Ar (incluant deux analyses
par la methode K-Ar) realisees par des scientifiques de la Commission geologique du Canada. Chaque
datation est accompagnee d'une description de la roche et du concentre mineral utilises; lorsque cela est
possible, on presente aussi de brefs commentaires sur l'importance geologique de chaque age determine.
Le protocole experimental est decrit dans les grandes Iignes. Un index de toutes les datations K-Ar que la
Commission geologique du Canada a publiees dans la serie Radiogenic age and isotope studies a ete prepare
avec, comme reference principale, les numeros du SNRC.

I Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario, K IA DE8
2 Deceased, February 1995
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INTRODUCTION

This compilation of 40Ar_39AI' ages determined in the
GeochronoJogical Laboratories of the Geological Survey of
Canada is the latest in a series of reports, the last of which was
published in 1994 (Hunt and Roddick, 1994). In this new
contribution twenty-three determinations are reported. As in
the last report, a number of analyses (2) using the K-Ar
technique are reported. An explanation of 40Ar_39Ar proce­
dures used and general interpretation of the data are given
below. The format of this compilation is similar to the
previous reports, with data ordered by province or territory
and subdivided by map sheet number. In addition to the GSC
numbers, laboratory numbers (AAxxx and K-Ar xxxx) are
included for internal reference.

EXPERIMENTAL PROCEDURES

Conventional K-Ar

The data compiled here represent analyses carried out
between 1993 and 1994. Potassium, for conventional analy­
ses, was analyzed by atomic absorption spectrometry on
duplicate dissolutions of the samples. Conventional argon
extractions were carried out using a radio frequency vacuum
furnace with a multi-sample loading system capable of hold­
ing six samples. The extraction system is on-line to a modified
A.E.!. MS-l 0 with a 0.18 tesla permanent magnet. An atmos­
pheric Ar aliquot system is also incorporated to provide
routine monitoring of mass spectrometer mass discrimina­
tion. Details of computer acquisition and processing of data
are given in Roddick and Souther (1987). Decay constants
recommended by Steiger and Higer (] 977) are used in the age
calculations and errors are quoted at the 2 sigma level.

40Ar_39Ar analyses

The Geochronology Laboratory is replacing the conventional
K-Ar dating with the 40Ar_39AI' step heating technique for
most samples. In this technique a sample is irradiated in a
nuclear reactor to convert some K atoms to 39Ar. The 39AI' is
used as a measure of the K in the sample and a sample's age
is determined by the measurement of the 40Ar_39Ar isotopic
ratio (corrected for interfering isotopes and atmospheric Ar).
By step-Wise heating of a sample in a vacuum furnace ages
can be calculated for Ar fractions released at incrementally
higher temperatures. In general, ages determined from the
higher temperature steps represent AI' released from more
retentive sites in a mineral. For further analytical details see
Roddick (1990) and for an explanation of the principles of the
technique see McDougall and Harrison (1988) or Hanes
(1991).

The analyses reported here consist of three heating steps,
with the temperature of the first step selected to liberate most
of the atmospheric argon but a minimum of the radiogenic
argon from the sample. This step contains very little radio­
genic Ar and usually is not reported. The next temperature
step is selected to release about 50% of the radiogenic argon

58

from the sample. A final fusion step releases any remaining
Ar. The analyses are therefore essentially two age measure­
ments and permit a comparative test of the consIstency of the
ages of argon released from a sample. If the ages of the two
fractions are in agreement, it is assumed that a reliable age
can be assigned to the sample. Should the ages differ then it
is likely that there has been a disturbance to the K-Ar system
in the sample.

The results are presented in a format similar to the K-Ar
reports but with an additional section detailing the ages of the
steps and the preferred age of the sample. The first age given
represents the weighted mean age of all three gas fractions,
weighted and summed according to the amounts of 39Ar in
each fraction, and is indicated as an integrated age with 2a
uncertainty limits. The error limit on the age includes uncer­
tainty in irradiation calibration of the amount of K converted
to 39Ar (J factor, typically ± 0.5 - 1.0% 2a) which must be
considered when comparing the ages of different samples.
The integrated age is equivalent to a conventional K-Ar age
and, in samples that are not subject to recoil Ar loss (see
McDougall and Harrison, 1988), is the age which would be
determined by that technique. The per cent atmospheric argon
in the sample is given for this integrated age. The ages of the
last two steps are given separately, along with their 2a uncer­
tainties and proportions of sample argon, as percentages of
39Ar, in the fractions. The uncertainties of these ages do not
include irradiation calibration error since it does not contrib­
ute to uncertainties between heating steps on a single sample.
If these two ages agree within their error limits the preferred
age is a weighted mean of these fractions weighted by the
amounts of 39Ar in the fractions. The error estimate for this
age also includes uncertainty in the irradiation calibration.
This is termed the plateau age. If these two ages do not agree
then one of the steps may be designated as the preferred age.
In many cases of known complex geological history the age
of highest temperature gas fraction may be the best estimate
of the age as the lower temperature release may record a
partial 40Ar loss induced by the most recent geological reheat­
ing of the sample. In some cases excess argon is present in the
initial AI' released and in this case the highest temperature step
is also the best estimate of the age of a sample. Some expla­
nation of the reason for the preferred age is given in the
geological discussion of a sample.

The potassium concentration of the sample is also given.
This is determined from calibration of the mass specu'ometer
as a precise manometer, the conversion factor for 39AI' pro­
duction, and the weight of the sample. The precision of this
K concentration is one to four per cent and is limited mainly
by errors associated with weighing of the small (4 to 30 mg)
samples used for analyses.

The complete series of reports including the present one
is given in the Appendix.
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BRITISH COLUMBIA
(GSC 95-1 TO GSC 95-14)

GSC 95-1 Whole rock
45.1 ± 0.5 Ma, integrated 4oAr·39Ar

GSC 95-3 Whole rock
44.0 ± 0.4 Ma, integrated 40Ar_39AI'

K-Ar 4524

(AA529)

Wt % K =3.43
% Atmos. AI' = 10.5

Ages of three heating steps (% gas):
45.3 ± 0.1 Ma (55%), 44.5 ± 0.5 Ma (19%),
44.8 ± 0.2 Ma (15o/r)
Preferred age: integrated 40Ar-39Ar age of
45.1 ± 0.5 Ma

K-Ar 4526

(AA531)

Wt % K = 3.41
% Atmos. AI' =8.74

Ages of three heating steps (% gas):
44.2 ± 0.1 Ma (64%), 41.2 ± 0.4 Ma (7%),
43.4 ± 0.2 Ma (8%)
Preferred age: integrated 40Ar-39Ar age of
44.0 ± 0.4 Ma

(93B/12)

For interpretation see GSC 95-4.

From a dacite.
From a road outcrop, 0.8 km east of Clisbako
Canyon, B.C.; 52°43'20.9"N, 123°33'
13.I"W; UTM zone 10, 462607E, 5841329N;
sample HHB93371 O. Collected and interpre­
tated by P. Metcalfe.

For interpretation see GSC 95-4.

(938/13) From a dacite.
On the west side of Little Mountain, roadside
quarry, B.C.; 52°50'6.9"N, 123°54'48.1"W;
UTM zone 10, 438469E, 5854119 N; sample
HHB933501. CoJlected and interpretated by
P. Metcalfe.

GSC 95-2 Whole rock
47.7 ± 0.5 Ma, integrated 40Ar_39AI'

GSC 95-4 Whole rock
48.3 ± 0.5 Ma, integrated 40Ar_39AI'

Wt % K = 2.68
% Atmos. AI' =8.33

Ages of two heating steps (% gas):
48.0 ± 0.3 Ma (13%), 47.6 ± 0.5 Ma (4%)
Preferred age: 17 % gas plateau age of
47.9 ± 0.6 Ma

(93C/16)

K-Ar 4527

(AA532)

From a dacite.
From the summit of Toil Mountain, B.C.,
52°48'26.2"N, 124° 8'14.3"W; UTM zone 10,
423334E 5851224N; sample HH8933005.
Collected and interpretated by P. Metcalfe.

The four samples analyzed from the Clisbako River area
(GSC 95- 1, 2, 3,4) are Eocene in age and have previously
been assigned to the OOlsa Lake Group. All four samples are
dacites and contain augite and plagioclase phenocrysts, with
minor hornblende. Geophysical studies, satellite imagery, and

Wt % K =3.25
% Atmos. AI' = 9.9K-Ar 4525

(AA530) Ages of two heating steps (% gas):
48.5 ± 0.1 Ma (23%),47.6 ±0.2 Ma (10%)
Preferred age: 33% gas plateau age of
48.2 ±0.5 Ma

(93B/13) From a dacite.
From a roadside outcrop, 3.5 km south of the
main Michelle Creek Jogging road, B.C.:
52°48'2.T'N, 123°43'2.6"W; UTM zone 10,
451645E, 5851368N; sample HHB933306;
Collected and interpretated by P. Metcalfe.

For interpretation see GSC 95-4.
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chemical coherence of the Clisbako volcanic area indicates
that it is the root of an Eocene volcano with a late phase of
intense pyroclastic activity. The four samples are interpreted
as representing volcanic events prior to this eruption and
indicate a period of activity extending from at least 48.2 Ma
to 44.0 Ma.

This is the western most dated rock between latitudes 51 °
and 52oN, and at 120.4 Ma, also the oldest. The Early
Cretaceous (Aptian) age on hornblende is about equivalent to
the 117 Ma biotite date obtained from a granite on Price
Island, about 110 km to the northwest (see GSC 80-26 in
Stevens et aI., 1982).

For further interpretation see Summary of ages from the
Owikeno Traverse after GSC 95-14.

This sample is a dark, homogeneous, coarse grained,
hornblende-rich diorite. A faint foliation can be seen trending
northeast and dipping steeply to the southeast (050/75),
oblique to the regional trend. The outcrop is cut by a swarm
of basalt dykes trending west-northwest and dipping steeply
to the north. The diorite is thought to represent a cleaner phase
of the dioritic complex that underlies much of the eastern part
of the island south of the apparently younger Calvert Island
Pluton.

For interpretation see GSC 95-8.

Hornblende
109.3 ± 1.3 Ma, integrated 40Ar-39Ar

Hornblende
110.1 ± 1.2 Ma, integrated 40Ar_39AI'

From a massive quartz monzodiorite.
From the north shore of Calvert Island, S.c.,
south side of Kwakshua Channel, about 8 km
from west coast of the island; 51 °39 .07'N,
128°1.64'W; UTM zone 9, 567290E,
5722475N; sample RD67.50455. Collected
by M. Lasserre and interpreted by
lA. Roddick.

Wt % K =0.589
% Atmos. AI' =43.0

Ages of two heating steps (% gas):
110.0 ± 0.4 Ma (84%), 111.9 ± 1.0 Ma (15%)
Preferred age: 99 % gas plateau age of
110.3 ± 1.1 Ma

(l02P/9E)

GSC 95-8

K-Ar 4504

(AA458)

GSC 95-7

UTM zone 9, 559470E, 5723920N; sample
RD67.30245. Collected by W.W. Hutchison
and interpreted by l.A. Roddick.

This sample is from the Pruth Bay Granite, a highly
evolved pluton on the west coast. It consists of a leucocratic
biotite granite with a highly variable texture that ranges from
aplitic to coarse grained. It has well defined jointing, some
close (5-30 cm) and some wide (2-70 m). The granite is
inclusion-free and in most places massive. It is free of basalt
dykes which cut the diorite to the south.

For interpretation see GSC 95-8.

This sample comes from near the western margin of
Calvert Island Pluton. The rock is a clean, high-contrast,
quartz monzodiorite, with abundant mafic minerals (40% in
places), which probably accounts for the high density (2.86).
The outcrop is marked by irregularly distributed amphibolitic
inclusions, some elongate, some made nebulitic by feldspa­
thic metasomatism.

Wt % K =0.750
% Atmos. Ar = 17.9

Hornblende
119.8 ± 1.2 Ma, integrated 40Ar_39Ar

From a diorite.
From the sea cliffs on the exposed western
side of Calvert Island, B.C., about 6 km south
of the west end of Owikeno Traverse;
51°35A9'N, l28°8.34'W; UTM zone 9,
559650E, 5715750N; sample RD67.30235.
Collected by W.W. Hutchison and interpreted
by lA Roddick.

Ages of two heating steps ('/0 gas):
120A ± 0.2 Ma (78%), 120.5 ± 0.7 Ma (20%)
Preferred age: 98% gas plateau age of
120.4 ± 1.2 Ma

( 102P/9E)

K-Ar 4502

(AA456)

GSC 95-5

GSC 95-6

K-Ar 4505

(AA459)

(l02P/9E)

Biotite
104.2 ± ].0 Ma, integrated 40Ar_39AI'

Wt % K =6.82
% Atmos. AI' =27.3

Ages of two heating steps (% gas):
] 10.2 ± 0.2 Ma (74%),112.1 ± l.l Ma (11 %)
Preferred age: 85 % gas plateau age of
110.5 ± 1.1 Ma

From a leucocratic granite.
From the west side of the n011hern part of
Calvert Island, opposite Surf Islands, on the
west coast of B.C.; 5] °39.90' N, 128°8A1'W;

K-Ar 4503

(AA457)

(92M/12)

Wt % K = 0.513
% Atl11os. Ar = 25.7

Ages of two heating steps (% gas):
110.5 ± 0.3 Ma (77%), 109.7 ± 1.9 Ma (21 %)
Preferred age: 98% gas plateau age of
110.3 ± 1.2 Ma

From a moderately foliated, mafic tonalite.
From the north shore of Calvert Island, S.c.,
1.5 km west of Wedgborough Point, about
12 km from west coast of the island;
51°38.88'N, 127°58.10'W; UTM zone 9,

60



PA Hunt and J.C. Roddick

This date was expected to confirm an eastward younging,
even within the pluton, that was suggested by previous dates
on biotite (103.7 Ma (see GSC 93-11 in Hunt and Roddick,
1993) from the central part of the pluton, and 96.6 Ma (GSC
93-13, Hunt and Roddick, 1993) from the eastern margin.
This hornblende date of about 108 Ma, however, is within the
error limits of the hornblende date (about 107 Ma, see GSC
93-12, Hunt and Roddick, 1993) obtained from the east side
of the pluton. Taken at face value, the results suggest that
progressive west to east unroofing of the pluton is reflected
in the biotite dates but not in the hornblende dates. A blOtLte
date from the west side and a hornblende date from the central
pal1 of the pluton are needed to resolve the matter.

Wt % K=0.715
% Atmos. AI' = 19.6

From a mafic-rich, low-contrast diorite.
From a ridge 4 km north of the Machmell
River, 9 km east of Owikeno Lake, about
96 km east of the B.C. mainland coast;
51°38.70'N, 126°30.52'W; UTM zone 9,
672377E, 5724283N; sample RD67.50758.
Collected by M. Lasserre and interpreted by
J.A. Rodd;ck.

Wt % K = 0.478
% Atmos. Ar = 20.9

Ages of two heating steps (% gas):
77.8 ± O.! Ma (83%),78.8 ± 1.0 Ma (16%)
Preferred age: 99% gas plateau age of
78.0 ± 0.8 Ma

K-Ar 4520

(AA523)

(92M/9)

K-Ar 4521

(AA524)

GSC 95-10 Hornblende
78.2 ± I. I Ma, integrated 40Ar-39Ar

Ages of two heating steps (o/r gas):
84.1 ± 0.4 Ma (85%), 70.2 ± 1.3 Ma (14%)
Preferred age: step 3 age of 70.2 ± 1.5 Ma
with 14% gas

From a mafic, strongly foliated quartz diorite.
From a ridge 3 km west of Ankitree Creek,
16 km east of Owikeno Lake, about 103 km
east of the B.C. mainland coast; 51 ~40.45'N,

126°25.33'W; UTM zone 9, 678243E,
5727732N; sample RD67.50728. Collected
by M. Lasserre and interpreted by
J.A. Roddick.

The sample is from an unnamed quartz diorite pluton lying
west of MachmeJI Pluton and in most places separated from
it by the granitoid gneiss map unit. The rock has a prominent
vertical foliation, striking northeasterly (065), across the
regional trend. Aplitic veining and epidote are common.
Mafic minerals are abundant, forming about 30% of the rock
and in thin section are about evenly divided between horn­
blende and biotite. In this sample the ages of the two heating
steps do not agree, excess argon was present in the initial AI'

(92M/IO)

GSC 95-11 Homblende
85.4 ± 2.0 Ma, integrated 40Ar- 39Ar

This sample is from a dark, low contrast diorite which is
cut by synplutonic dykes and a feldspathic stockwork.
Although included within the granitoid gneiss map unit, the
rock is not foliated. On the basis of its density (2.92) the rock
could be classified as a hornblende gabbro. The thin section
shows 25-30% mafic minerals, dominated by decussate,
irregular-shaped clusters of hornblende.

For interpretation see Summary ofages from the O-.,vikeno
Traverse after GSC 95-14.

Hornblende
107.8 ± l.J Ma, integrated 40Ar_39Ar

Wt % K = 0.6085
% Atmos. Ar = 15.7

(92M/12)

K-Ar 4501

(AA455)

GSC 95-9

Ages of two heating steps (% gas):
108.6 ± 0.3 Ma (81 %), 109.5 ± 0.7 Ma (18%)
Preferred age: 99% gas plateau age of
108.7 ± 1.1 Ma

From a moderately foliated tonalite.
From the west shore of the B.C. mainland (east
side of Fit7. Hugh Sound), about 18 km from
the west coast; 51°41.34'N, I 27°52.81'W;
UTM zone 9, 577414E, 572682IN; sample
RD67 .50371. Collected by M. Lasserre and
interpreted by J.A. Roddick.

This sample was collected from near the western margin
of Fish Egg Pluton. The actual contact, however, lies some­
where in adjacent Fitz Hugh Sound. The outcrop is formed
by clean, coarse grained tonalite with north-trending, near­
vertical moderate foliation.

571382E, 5722170N; sample RD67.50575.
Collected by M. Lasserre and interpreted by
J.A. Roddick.

This sample comes from within 200 m of the eastern
margin of Calvert Island Pluton. The rock is a homogeneous,
rather dark tonalite containing about 2% amphibolitic inclu­
sions with hornblende and biotite in about equal abundance
which form, together, about 25% of the rock. The sample is
moderately foliated (325/55), roughly parallel with the pluton
margin and the regional trend.

The essentially identical dates of 110 Ma from GSC 95-6,
7 and 8 for hornblende and biotite suggests that the Pruth
Granite is possibly a phase of the Calvert Island Pluton. With
rapid cooling, the hornblende of the Calvert Island Pluton
closed at about the same time as the biotite of the Pruth
Granite. On this data alone it is not possible to distinguish
between progressive west to east uplift and sequential
intrusion.

For further interpretation see Summary of ages from the
Owikeno Traverse after GSC 95-14.
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released and so in this case the highest temperature step
(step 3) is assumed to be the best estimate of the age of
sample.

For interpretation see Summary ofagesfrom the Owikeno
Traverse after GSC 95-14.

GSC 95-12 Hornblende
75.8 ± lA Ma, integrated 40Ar_39Ar

dips 70" west. The sample has the composition of quartz
diorite, with about 12o/r mafic minerals. Hornblende and
biotite are about equal in abundance.

This date is somewhat older than the 54 Ma and 58 Ma
biotite ages from the Sheemahant Pluton (see GSC 80-45 in
Stevens, et al., 1982, and GSC 93-10 in Hunt and Roddick,
1993), but the higher closure temperature of hornblende may
account for the 61 Ma age. Interpretation is limited by the lack
of a biotite date from this sample.

For interpretation see Summary ofages from the Owikeno
Traverse after GSC 95-14.

GSC 94-13 Hornblende
61.0 ± 0.7 Ma, integrated 40Ar_39AI'

Wt % K = 1.04
K-Ar 4522 % Atmos. AI' = 21.6

(AA525) Ages of three heating steps (% gas):
60.7 ± SA Ma (3%), 61.1 ± 0.2 Ma (83%),
60.6 ± 0.9 Ma (13o/c,)
Preferred age: integrated 40Ar-39Ar age of
61.0 ± 0.7 Ma

Ages of two heating steps (% gas):
76.8 ± O. I Ma (70%), 7704 ±0.2 Ma (28ifo)
Preferred age: 98% gas plateau age of
77.0±0.8 Ma

Summary of Ages from the Owikeno Traverse

The OH'ikeno TrGl'erse is a closely sampled (roughly at 500 m
intervals) traverse that extends across the Coast Plutonic
Complex, from the west coast of Calvert Island (in Queens
Sound map area, 102P/9E), across Rivers Inlet (92M) and
Mount Waddington map areas (92N), and a short distance into

(AA522)

(92N/13)

GSC 94-14 Biotite
76.6 ± 0.8 Ma, integrated 40Ar_39AI'

Wt % K=7.25
K-Ar45l9 %Atmos.Ar= 15.7

From a homogeneous, massive ronalite.
From Mount Waddington map area, about I
km northeast of Wilderness Mountain, about
180 km east of the B.C. mainland coast;
51°56.76'N, 125°31.03'; UTM zone 10,
327000E, 5757800N; sample RD67.30956.
Collected by W.W. Hutchison and interpreted
by J.A. Roddick.

This sample is a tonalite from the Wilderness Mountain
Pluton which borders the northwest end of Klinaklini Pluton.
The outcrop is homogeneous, massive, with no inclusions
visible. Thin section shows about 18% biotite. This body has
yielded the most highly discordant biotite-hornblende dates
in the Coast Mountains (see GSC 78-61,62 in Wanless et al.,
1979, and GSC 80-23, 22 in Stevens et aI., 1982). The former
pair yielded 66 Ma biotite and 121 Ma hornblende, and the
latter, 86 Ma biotite and l40 Ma hornblende. On the basis of
further work by van del' Heyden (1991), who named the body
Wilderness Mountain Pluton, U-Pb dates were interpreted as
Late Jurassic. This biotite date fal [s midway between the
previous biotite dates, although the specimen was collected
about 6 km to the northeast of the previously dated rocks. The
specimen which yielded the 140 Ma hornblende came from a
foliated quartz diorite-diorite that appears to be thrust north­
easterly over the main mass of the pIuton. Whether it is part
of the p[uton, orpart of the more gneissic Atnarko Complex
to the west is not definitely known. Interpretation remains
difficult.

Wt % K = 0.979
% Atmos. AI' = 27.6

Ages of two heating steps (% gas):
74.6 ± 004 Ma (85%), 74.8 ± 0.7 (14%)
Preferred age: 99 % gas plateau age of
74.6 ± 0.8 Ma

(92M/9)

(92M/9) From a gneissic quartz diOl·ite.
From 2 km northeast of Mount Brager (within
a kilometre of the eastern border of Rivers
Inlet map area) B.C.; 5I o 44.22'N,
126°0A5'W; UTM zone 9, 706620E,
573581 ON; sample RD82.l2 I 50. Collected
and interpreted by J.A. Roddick.

This sample is from the granitoid gneiss map unit that
forms a reentrant between Sheemahant and Page pIutons. It
contains about 15% screens of irregularly layered gneiss
which consists of a dark, fine grained, salt and pepper amphi­
bolite cut by a network of feldspathic (partly pegmatitic)
veinlets. The gneissic foliation trends nearly due north and

K-Ar 4523

(AA526)

From a massive, high-contrast tona[ite.
From a ridge south of icefield, 6 km east of
'Ankitree Creek, about 112 km east of the
mainland coast, B.C.; 51°40.46'N,
l26°17.53'W; UTM zone 9, 687230E,
5728070N; sample RD82.12183. Collected
and interpreted by J.A. Roddick.

This sample is a massive, homogeneous, high-contrast
tonalite from the central part of Machmell Pluton. It is cut by
epidote veins which are flanked by hydrothermally altered
margins. Mafic minerals make up about 15% of the rock, with
hornblende and biotite in about equal abundance.
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Anahim Lake map area (nC). In straight line segments the
Owikeno Traverse consists of J I km in J02P, 140 km in 92M,
and 70 km in 92N, for a total of22J km and about 400 stations.

At least one sample was collected at each station and for
all homogeneous plutonic samples, specific gravity was
measured. Except for gabbros and hornblendites, each plu­
tonic sample was stained before estimates of the mineraJ
abundances were made and the rock classified. The results of
232 chemical analyses from the traverse collection appear in
Roddick (1983).

The Coast Mountains granitoid matrix in which the pIu­
tons are imbedded is very heterogeneous and difficult to map
on any scale. It includes granitoid gneiss, layers of practically
normal plutonic rock, dioritic complexes, elongate agmatites
with narrow screens of amphibolite, and metavolcanic and
metasedimentary rock (including crystalline limestone). In
part it resembles the Central Gneiss Complex in the Douglas
Channel map area to the north, but in this region it is not a
well defined unit. Yet, the granitoid matrix underlies most of
the area and, in spite of its complexity, dates from it may be
more significant than those from the plutons.

The 10 40Ar_39Ar age determinations in the cun'ent batch
extend the dated part of the traverse with five new ages from
the west end and five from the east end. The five new dates
from the west end of the traverse extends the trend of east to
west progressive cooling that was established previously
(Hunt and Roddick, 1993, p. J32- J36), and adds about J2 Ma
to the oldest previous date. From west to east the major units
dated are shown in Table I.

Previous radiogenic dates for the major plutons include
57.5 Ma and 53.0 Ma biotites from the Sheemahant Pluton
(see GSC 80-45 in Stevens et aI., 1982, and GSC 93-10 in
Hunt and Roddick, 1993); a hornblende-biotite pair from the
Doos Creek Pluton (82, 85 Ma, respectively; see GSC 89-15,
16 in Hunt and Roddick, 1990); and a 77-67 Ma pair from
K watna Pluton (see GSC 89-13, 14 in Hunt and Roddick,
1990).

By projecting the locations of those dates to the Owikeno
Tral'erse, and treating the hornblende and biotite dates as
separate data sets, Figure 1. charts the west to east sequences.
The distances were calculated as perpendicular offsets from
a line that trends 340 (the regional trend in that part of the
world) and passes through the westernmost date (120.4 Ma)

on Calvert Island (Table 2). Note that four date locations are
off the line of the Owikeno Traverse, but they fit well when
projected perpendicular to the axial trend of the Coast Plu­
tonic Complex.

The hornblende sequence shows consistent younging
eastward as far as the east side of Owikeno Piu ton (biotite
74 Ma, hornblende 81 Ma; see GSC 93-24, 23 in Hunt and
Roddick, 1993). The granitoid gneiss which confines the
pluton on the east yielded a hornblende age of 100 Ma~
GSC 93-26, Hunt and Roddick, 1993). To the east the four
hornblende ages from this study, 78-70-75-61 Ma (GSC
95-10, 11, 12, and 13) show a less consistent trend. The biotite
sequence, while less consistent than the hornblende, also
reflects a general west to east younging. The sequences may
be interpreted as a gradual unroofing of the plutonic terrane
from west to east. From other dates in other map areas in the
Coast Plutonic Complex, the unroofing spanned a longer
period of time, extending from the Late Jurassic to Late
Eocene. Some of it seems episodic and some continuous.
More data will probably indicate many exceptions to the
overall trend and provide focal points for more detailed
geological examinations.

Table 1. Major rock units dated from west to east along
the Owikeno Traverse.

~OAr_'J9Ar ages from the Owikeno Traverse

Rock Units Hornblende (Ma) Biotite (Ma)

Calvert Island diorite 120.4

Pruth Bay Granite 110.5

Calvert Island Pluton 110.3 (W side)
110.3 rE sidel

Fish Egg Piuton 108.7 (W side) 103.7 (central)
106.5 96.6 (E side)

West Dioritic comolex 99.4

Granitoid gneiss 103.6 91.7
to

97.7 89.2
94.2 91.2

East
Amback PiuIon 87.4 85.4

Owikeno Piuton 80.5 73.9

Granitoid Qneiss 100.0 80.6

Unnamed olulon 70.2

Machmell PiuIon 74.6

Granitoid Qneiss 61.0

Sheemahant Pluton 57.5

Wilderness Mountain Pluton 77.0

Owikeno Traverse K-Ar, "'Ar-"Ar doles

-+- Hornblende I
~ Biofite__"

Figure 1.

Plot of age vs. west to east distance in km for
hornblende and biotite 40Ar_39AI' and K-Ar ages
for the Owikeno Tral'erse.
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Table 2. Summary table of 4oAr-39Ar and K-Ar ages from rock units of the Coast Mt. Plutonic Complex.

Distance Hornblende Siotite Distance from
Easting Northing (km) (Ma) (Ma) Lab No. Rock Unit Traverse

559650 5715750 0.0002 120.4 GSC 95-5 Calvert Island diorite
559470 5723920 2.70 110.5 GSC 95-6 Pruth Say granite
567290 5722475 9.52 110.3 GSC 95-7 Calvert Island Pluton
571382 5722170 13.24 110.3 GSC 95-8 Calvert Island Pluton
577414 5726821 20.52 108.7 GSC 95-9 Fish Egg Pluton
586479 5730021 30.13 103.7 GSC 93-11 Fish Egg Pluton
610680 5683022 36.29 108 104 GSC 76-17,18 Smith Inlet Pluton 45km S of OT
594563 5729358 37.47 106.5 96.6 GSC 93-12,13 Fish Egg Pluton
605880 5728300 47.69 99.4 GSC 93-14 dioritic complex
609171 5725375 49.75 103.6 91.7 GSC 93-16,15 granitoid gneiss
612800 5726671 53.60 97.7 89.2 GSC 93-18,17 granitoid gneiss
616972 5727588 57.83 94.2 91.2 GSC 93-20,19 granitoid gneiss
636171 5728257 76.04 87.4 85.4 GSC 93-22,21 Amback Pluton
643550 5712250 77.33 82 85 GSC 89-13,14 Doos Creek Pluton 13 km S of OT
652144 5727141 90.60 80.5 73.9 GSC 93-23,24 Owikeno Pluton
656854 5726912 94.93 100 80.6 GSC 93-26,25 granitoid gneiss
644600 5762250 95.87 77 67 GSC 89-15,16 Kwatna Pluton 35 km N ofOT
672377 5724283 108.54 78 GSC 95-10 graniloid gneiss
678243 5727732 115.25 70.2 GSC 95-11 unnamed Pluton
667600 5753200 114.22 53.5 GSC 93-10 Sheemahant Pluton 30 km N ofOT
687230 5728070 123.78 74.6 GSC 95-12 Machmell Pluton
697010 5738540 136.61 57.5 GSC 80-45 Sheemahant Pluton
706620 5735810 144.65 61 GSC 95-13 granitoid gneiss
739000 5760800 183.74 77 GSC 95-14 Wildemess Mtn Pluton
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QUEBEC
GSC 95-15 TO GSC 95-18

Wt.% K= 8.10
K-Ar 4492 % Atmos. Ar=0.85

GSC 95-15 Biotite
1028 ± 0.7 Ma, integrated 40Ar_ 39AI'

(311/3)

(AA446)

64

Ages of two heating steps (% gas):
1023± I Ma (37%), 1032± I Ma (62%)
Preferred age: step 3 age of 1032 ± 8 Ma
with 62% gas

From a migmatitic metapelite.
From I km east of Lac du Camso, Quebec;
46°02.5'N, 75°25.5'W; UTM zone 18,
467400E, 5097950N; sample CQA3832.
Collected and interpreted by K.J.E. Boggs.

This sample is from the melanosome of a strongly foliated,
fine- to medium-grained, migmatitic metapelite (Corriveau et
aI., 1994; Corriveau and Jourdain, 1992). Leucosomes from
this sample also have given a U-Pb zircon age of
1188 ± 1.2 Ma. The two step heating ages of this sample do



not agree within error and because of the known complex
geological history the age of highest temperature gas fraction
(step 3) is considered the best estimate of the age. This biotite
age is also anomously old, nearly 50 Ma older than nearby
biotite samples ~ samples GSC 95-16 and GSC 95-17).
This is most likely due to excess argon contained within the
biotite of this sample. Extraneous argon is typical of Grenville
biotite from Ontario (Cosca et aI., 1991) to Labrador
(Dallmeyer and Rivers, 1983).

See GSC 95-18 for references.

GSC 95-16 Biotite
932 ± 7 Ma, integrated 40Ar_39Ar

Wt% K = 7.36
K-Ar 4493 % Atmos. Ar = 1.2

(AA447) Ages of two heating steps (% gas):
963 ± 2 Ma (39%), 916 ± 1 Ma (60%)
Preferred age: step 3 age of916 ±1 Ma with
60% gas

(31 J/3) From migmatitic metapelite.
From 2 km east of Lac FOlITchu, Quebec;
46°04.8'N, 75°18.1'W; UTM zone 18,
477200E, 5102800N, sample CQA3302.
Collected and interpreted by KJ.E. Boggs.

This sample is from the melanosome ofa strongly foliated,
fine- to medium-grained, migmatitic metapelite (Corriveau et
aI., 1994; Corriveau and Jourdain, 1992). A U-Pb monazite
from the melanosome of this sample has given a date of
1185 ± 3 Ma. This 40Ar_39Ar biotite age is interpreted as a
cooling age through 300°C (Dodson and McClelland-Brown,
1985) following regional metamorphism. In this case where
the step heating ages do not agree, the age of the highest
temperature gas fraction (step 3) is considered the best esti­
mate of the age.

Metamorphic cooling ages from this portion of the Central
Metasedimentary Belt (CMB), Grenville Province, Quebec
follow the same general pattern as those observed within the
Central Metasedimentary Belt of Ontario (Cosca et aI., 1992;
Cosca et aI., 1991). The belt yields a range of Precambrian
cooling ages.

See GSC 95-18 for references.

GSC 95-17 Biotite
956 ± 8 Ma, integrated 40Ar_39Ar

P.A. Hunt and J.C. Roddick

(311/6) From a migmatitic metapelite.
From Highway 117, 1 km north of Lac
Ganmon and Lacs Allard, Quebec; 46°26.7'N,
75°04.3'W; UTM zone 18, 494300E,
5148850N; sample CQA2039. Collected and
interpreted by KJ.E. Boggs.

This sample is from the melanosome of a strongly foliated,
fine- to medium-grained migmatitic metapelite (Corriveau
et aI., 1994; Corriveau and Jourdain, 1992). There are no
U-Pb ages from nearby samples. In this case where the step
heating ages do not agree, the age of the highest temperature
gas fraction (step 3) is considered the best estimate of the age.
1l1is date possibly corresponds to cooling through 300°C
(Dodson and McClelland-Brown, 1985) after extensive plu­
tonism and shearing along the nearby Nominingue­
Cheneville Shear Zone at c. 1165 Ma (Boggs et al., 1994).
The Central Metasedimentary yields a range of Precambrian
cooling ages.

See GSC 95-18 for references.

GSC 95-18 Biotite
1190 ± 9 Ma, integrated 40Ar_39Ar

Wt% K = 6.77
K-Ar 4495 % Atmos. Ar = 1.14

(AA449) Ages of two heating steps (% gas):
1199± 1 Ma (64%), 1191 ± I Ma (34%)
Preferred age: 98% gas plateau age of
1197 ± 9 Ma

(31J16) From a migmatitic metapelite.
From east side of Lac Mountjoie, 1 km south
of its northern end, Quebec; 46°18.5'N,
75°05.0'W; UTM zone 18, 491200E,
5128400N; sample CQA1280. Collected and
interpreted by KJ .E. Boggs.

This sample is from the melanosome of a strongly foliated,
fine- to medium-grained, migmatitic metapelite (Corriveau
et aI., 1994; Corriveau and Jourdain, 1992). A nearby U-Pb
monazite has given an age of 1183 ± 3 Ma. This 40Ar_39Ar
biotite age is anomously old, possibly due to extraneous
argon incorporated into the biotite during peak metamor­
phism or shearing along the Nominingue-Cheneville Shear
Zone at ca. 1165 Ma (Boggs et aI., 1994). These abnormally
old 40Ar-39Ar biotite ages are not uncommon throughout the
Grenville from Ontario (Cosca et al., 1991) to Labrador
(Dallmeyer and Rivers, 1983).

K-Ar 4494

(AA448)

Wt % K = 5.12
%Atmos.Ar= /5.1

Ages of two heating steps (% gas):
954 ± 1 Ma (64%), 967 ± 1 Ma (34%)
Preferred age: step 3 age of967 ±8 Ma with
34% gas
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NOVA SCOTIA
GSC 95-19

GSC 95-19 Biotite
367.7 ± 3.3 Ma, integrated 40Ar_39AI'

Wt % K = 6.16
K-Ar 4506 % Atmos. AI' = 3.72

(AA460) Ages of two heating steps (% gas):
372.5 ± 0.4 Ma (75%), 368.9 ± 0.5 Ma (21 %)
Preferred age: step 3 age of 368.9 ± 3.4 Ma
with 21 % gas

(11 K/ 10) From a pelitic schist.
On the Pembroke Lake road, 2.8 km northeast
of Margaree River, Nova Scotia; 46°34'57"N,
60 0 52'12"W; UTM zone 20, 663497E,
5160448N; sample CP93194. Collected and
interpreted by K.L. Currie.

The sample was collected from a pelitic schist, with the
assemblage biotite-muscovite-garnet, which forms a screen
4 m wide between migmatitic granite bodies with many peg­
matite layers up to several centimetres thick. These migmati­
tic granites form part of the Belle Cote Road gneiss, for which
a Silurian U-Pb zircon emplacement age of 429 Ma was
obtained near this locality (Jamieson et al., 1986). The Belle
Cote Road gneiss, 500 m to the west (but probably <lOO m
vertically) is thrust west over the Latest Devonian or Early

Carboniferous Fisset Brook Volcanics along the Margaree
Shear Zone (Lynch and Tremblay, 1994). This resulted in
the formation of new biotite and muscovite in the shear
zone. The two heating step ages do not agree within error
so therefore the highest temperature gas fraction may be
the best estimate of the age. This Ar-Ar age therefore
suggests that (i) any screens or enclaves in the Belle Cote
Road gneiss were metamorphosed sufficiently at -370 Ma
that no trace of pre-Acad ian metamorphism persists (if any
existed), and (ii) that traces of post-Acadian (Late Devonian­
CarboniferoLls) metamorphism, if any, cannot be found out­
side major shear zones. The coincidence of the Ar-Ar date
with U-Pb zircon dates for granitic plutons in this region
(compare Jamieson et al., 1986) confirms that Acadian granite
emplacement was accompanied by rapid uplift and unroofing,
a conclusion previously reached on stratigraphic grounds.

REFERENCES

Jamieson, R.A., van Breemen, 0., Sullivan, R.W., and Curl"ie, K.L.
19li6: The age of igneous and metamorphic evenlS in the western Cape

Breton Highlands, I\ova Scotia; Canadian Journal of Earth
Sciences, v. 23, p. 1891-1901.

Lynch, G. and Trembla)',C.
1994: Late Devonian-Carbonjferous detachment faulting and extensional

tectonics in western Cape Breton Island, Nova Scotia, Canada;
Tectonophysics, v. 238, p. 231-245.

NEWFOUNDLAND
GSC 95-20 to GSC 95-23

GSC 95·20 Muscovite
383 ± 5 Ma
Wt%K=8.19
Rad. AI' = 1.356x I 0-4 cmJ/g

K-Ar 4387 % Atmos. Ar= 0.7

(110/10) From a muscovite-rich schistose granite.
Derived from Windowglass Hill Granite,
18 km northeast off Port Aux Basques, Trench

66

along H Brook of the Isle Aux Morts River,
Newfoundland; 4r47'OO"N, 58°55'00";
UTM zone 21, 356500E 5291500N; sample
BD137-91. Collected by B. Dube and inter­
preted by B. Dube and K. Lauziere.

See GSC 95-23 for interpretation.
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Wt% K= 8.17
K-AR 4410 % Atmos. AI' = 2.5

Wt%K=7.74
K-AR 4409 % Atmos. Ar = lA

GSC 95-21 Muscovite
38] ± 6 Ma

GSC 95-22 Sericite
383 ± 4 Ma integrated 40Ar_39Ar

010/10)
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From a sericite-rich schist.
Derived from the Windowglass Hill Granite,
southwest coast of Newfoundland. Trench
located on top of Windowglass Hill, on the
west bank of the Isle AlIX Marts River,
Newfoundland; 47°44'00"N, 58°52'00"W;
UTM zone 21 352500E, 5288500N; sample
BD I 13-91. Collected by B. Dube and inter­
preted by B. Dube and K. Lauziere.

The K-Ar samples GSC 95-20 and GSC 95-2] are from a
muscovite-rich schist located within a trench along the H
Brook showing of the Isle aux Morts River. The 40Ar_ 39Ar
samples GSC 95-22 and GSC 95-23 are from a sericite-rich
schist located within a trench on top of the WindowgJass Hill
Granite. The schist is derived from a mylonitized Window­
glass Hill Granite (zircon dated at 424 Ma by Dube et aI., in
press). Mineralization occurs in stockworks of galena-rich
quartz vein lets. Several veinlets are perpendicular to both the
strong planar S3b fabric as well as to the down dip L3 stretch­
ing lineation suggesting emplacement as extension veinlets
during the reverse movement along the Cape Ray Fault Zone
(Dube et aI., in press). The integrated 40Ar_39Ar and K-Ar
results suggest either that the mineralization is the same age
and possibly related to the late tectonic Strawberry granite
(zircon, 384 ± 2 Ma) (Dube et aI., in press) or that the age of
the sericite and muscovite was reset by this younger intrusion
located near the dated samples. Results for the integrated
40Ar_39Ar indicate that the initial step of several per cent gas
gave the same age as the next two heating steps suggesting no
excess argon present. As the integrated age is the same for the
two heating steps, this strongly suggest that these ages have
not been reset (J.c. Roddick, pers. comm., 1994). However,
structural field relationships indicate that the ductile struc­
tures host of the mineralization, are crosscut by the Isle aux
Marts granite dated zircons at 386 Ma (DlIbe et aI., in press).
Thus, the gold-bearing hosting structures are pre-emplace­
ment of the StrawbelTY and/or Isle aux Morts intrusions.
However, the mineralization could still have been emplaced
in already developed older structures. Because of these con­
flicting relationships there is no unique interpretation of the
age of the mineralizing event but to say that the mineralization
is post-424 Ma and pre- to syn-384 Ma (Duhe and Lauziere,
unpub. data).

Ages of two heating steps + % gas:
380 ± 1 Ma (53%), 381 ± I Ma (42%)
Preferred age: 95 % gas plateau age of
381 ± 3 Ma

Wt % K = 8.14
Rad. Ar = 1.343x I0-4 cm3/g

K-Ar 4386 o/i: Atmos. Ar = 0.9

010/1 0) From a muscovite-rich schistose granite.
From the Windowglass Hill Granite, 18 km
northeast of Port Aux Basques, Trench along
H Brook of the ]sle Aux Morts River,
Newfoundland; 47°47'00" N, 58°55'00";
UTM zone 21, 356500E, 5291 SOON; sample
BD 135-91. Collected by B. Dube and inter­
preted by B. Dube and K. Lauziere.

See GSC 95-23 for interpretation.

GSC 95-23 Sericite
381 ± 3 Ma integrated 40Ar_39Ar

(110/10) From a sericite-rich schist.
Derived from the Windowglass Hill Granite
southwest coast of Newfoundland. Trench
located on top of Windowglass Hill, on the
west bank of the Isle Aux Morts River,
Newfoundland; 47°441t00"N, 58°52'00"W;
UTM zone 21 352500E, 5288500N; sample
BDI 15-91; Collected by B. Dube and inter­
preted by B. Dube and K. Lauziere.

See GSC 95-23 for interpretation.

(AA341) Ages of two heating steps + % gas:
383 ± I Ma (62%), 382 ± 1 Ma (33%)
Preferred age: 95 % gas plateau age of
383±4 Ma

(AA340)
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APPENDIX

The numbers listed below refer to the indil'idual sample determination numhers. e.g. (CSC) 62-189.
puhlished in the Geological Survey of Canada age repo/'fs listed below:

Detaminations Determinalions

GSC Paper 60-17, Report 1 59-1 to 59-98 GSC Paper 79-2, Report 14 78-1 to 78-230

GSC Paper 61-17, Report 2 60-1 to 60- 152 GSC Paper 81-2, Report 15 80-1 to 80-208

GSC Paper 62-17, Report 3 61-1 to 61-204 GSC Paper 82-2, Report 16 81-1 to 81-226

GSC Paper 63-17, Report 4 62-1 to 62-190 GSC Paper 87-2, Repol1 17 87-1 to 87-245

GSC Paper 64-17, Report 5 63-1 to 63-184 GSC Paper 88-2, Report 18 88-1 to 88-105

GSC Paper 65-17, Report 6 64-1 to 64-165 GSC Paper 89-2, Report 19 89-1 to 89-135

GSC Paper 66-17, Report 7 65-1 to 65-153 GSC Paper 90-2, Report 20 90-1 to 90-1 13

GSC Paper 67A, Report 8 66-1 to 66-176 GSC Paper 91-2, Report 21 91-1 to 9 J-187

GSC Paper 69a, Report 9 67-1 to 67-146 GSC Paper 92-2, Report 22 92-1 to 92-100

GSC Paper 71-2, Report 10 70-1 to 70-156 GSC Paper 93-2, Report 23 93-1 to 93-73

GSC Paper 73-2, Report 11 72-1 to 72-163 GSC Current Research 1994-F, Report 24 94-1 to 94-62

GSC Paper 74-2, Report 12 73-1 to 73-198 GSC Current Research 1995-F, Report 25 95-1 to 95-23

GSC Paper 77-2, Report 13 76-J to 76-248

GSC Age Determinations Listed by N.T.S. Co-ordinates

1-M

1-N
2-C
2-D

2-E

2-F
2-L
2-M
3-D
10-N
11-0
11-E
11-F
11-J
11-K
11-K/10
11-L

11-N
11-0
11-0/10
11-P
12-A

12-A/5
12-A/11
12-A/15
12-6
12-E

68

62-189.190;63-136,137:66-170,171;70-145,146,
147,152
65-150; 70-156
70-155
59-94.95,96,97,98;60-151,152;63-182;65-142,
143; 66-172; 70-153.154
62-187, 188; 63-168, 169. 170, 171. 183, 184;
64-159; 65-144,145,146.147, 148, 149; 67-144;
70-151 ; 78-229, 230
70-148; 80-206
72-158.159
66-173; 73-192.193,194
63-161
72-163
70-122.123
66-156,157,158; 70-124,125; 78-209; 87-14
62-168.169; 78-211; 80-200; 87-14
78-212
66-159.160,161; 78-210; 80-199
95-19
65-133,134,135;66-163;70-128,129,130;72-124.
125,126;76-231,232.233.234,235.236,237,238,
239
78-206,207,208; 81-206, 207
61-202; 63-162; 65-138,139,140,141; 66-168
94-57, 58; 95-20, 21, 22, 23
67-143
67-142; 70-120, 121; 72-160, 161; 73-197. 198;
81-212,213,214.215,216,217
89-128,129,130
94-61
94-60
60-147; 61-199; 62-186; 63-166,167; 81-218, 219
65-129; 66-153; 70-102,103,104,105; 72-95

12-H
12-1

12-L
12-M
12-0
12-P
13-A/3
13-C
13-0
13-E
13-F
13-H
13-1
13-J

13-K

13-L

13-M
13-M/3
13-M/6
13-M/11
13-M/14
13-N

13-N/6
13-N/9
13-0

13-0/13
14-C

60-148; 61-203, 204; 70-143,144,149
60-149; 61-200, 201; 64-158; 66-169; 70-150;
72-153.154,155.156.157; 73-195.196
60-133,134,143
78-202, 203. 204, 205
60-135
73-191
91-167,168,169,170,171.172
66-167; 67-138
60-132
64-160; 70-133; 80-201
60-145; 67-136,137
60-146; 67-141
70-138, 142; 72-140, 150
70-134,135,136,137; 72-139; 78-228; 87-1,2.3,
4, 5
60-144; 61-196; 62-183, 184, 185; 63-178. 179;
72-141, 142, 143; 73-168, 169; 76-241. 242, 244,
247,248;81-208.209,211
61-197; 62-177; 63-148,163,177; 64-157; 65-151;
73-163,164,167; 76-240, 245
63-174; 64-162; 70-131,132; 73-174; 76-243
87-19
87-6
87-7
87-8
62-178; 63-172; 73-176. 177, 178, 179,183,184;
76-246; 81-210
87-9
87-10
62-179,180, 181, 182; 67-133, 134, 135; 70-140,
141; 72-144, 145, 146, 147, 148, 149, 151, 152;
73-180,181,185,186,187,188,189.190
87-11
72-138; 73-182



14-0 60-143; 63-175; 65-122,152; 73-166 23-G
14-0/3 87-12
14-E 61-195; 62-172; 63-181; 64-164; 65-153; 66-166; 23-H

72-134; 73-165, 172 23-1
14-E/7 92-94,95 23-J
14-E/9 92-89,90 23-M
14-F 62-171; 63-180; 64-163; 72-135,136,137 23-0
14-F/5 92-91 23-P
14-F/11 92-92
14-F/13 92-93 23-P/8
14-L 63-173,176;64-165;67-130,131,132,140;73-171, 24-A

175;78-213,214,215,216,217,218,219,220,221, 24-8
222,223,224,225,226,227 24-C

14-M 67-129; 72-133; 73-170,173 24-0
15-M 76-174,175 24-F
20-1 72-162 24-G
20-P 61-194; 62-167 24-H
21-A 59-93; 62-163, 164, 165, 166; 65-132; 66-155; 24-1

92-71,72,73,74,75,76,77,78,79,80,81,82,83; 24-J
93-63 24-K

21-8 61-193; 62-161, 162 24-L
21-E 59-89,90,91;60-117,118;64-132;66-142;72-103, 24-M

104,105 24-N
21-G 60-136; 62-159; 63-155; 66-154; 67-128; 70-108, 24-P

109,110;72-111,112,113,114,115,116,117,118, 25-A
119,120,121,122,123; 80-198; 87-15,16,17; 25-C
89-113 25-0

21-G/12 89-116 25-E
21-G/13 89-114,115 25-1
21-G/14 89-117,118,119;90-107 25-1/14
21-H 62-160; 64-156; 65-131; 72-127,128,129,130 25-K
21-H/15 90-112 25-P
21-1 64-154; 70-127 26-8
21-1/2 90-111 26-C
21-1/3 90-113; 91-164; 92-86, 87 26-F
21-1/4 91-165 26-H
21-1/13 91-116 26-J
21-J 61-187,188,189,190,191,192; 62-155,156,157, 27-A

158; 63-156,157,158,159; 65-130; 70-111,115, 27-8
116,117,118,119; 72-107,108,109,110; 90-109, 27-C
110 27-0

21-J/3 89-120 27-F
21-J/4 91-163; 92-84, 85, 88 27-G
21-J/6 89-121,122 29-G
21-J/10 89-123 31-C
21-J/11 89-124,125 31-0
21-J/13 90-108; 91-161,162 31-E
21-J/15 89-126 31-F
21-L 62-119,120,121; 64-128; 67-120
21-M 59-86,87; 60-114; 62-145; 80-191 31-G
21-N/8 91-160
21-0 64-155; 70-112; 72-106 31-H
21-0/2 89-127 31-J
21-0/4 87-18 31-J/3
21-0/8 94-55,56 31-J/6
21-P 70-113,114 31-L
22-A 62-122; 64-131; 65-125, 126, 127, 128; 66-152; 31-U11

70-106,107; 72-97, 99,100,101,102; 31-M
22-M3 88-85,86,87,88,89,90,91,92,93,94,95,96,97

31-M/2
22-8 61-184,185,186; 70-101; 72-96 31-M/3
22-0 60-113,115; 73-144,145,155; 80-192,193,194, 31-M/6

195 31-M/7
22-F 60-116; 62-144; 66-146 31-N
22-H 72-98; 31-0
22-H/4 88-80,81,82,83,84 31-P
22-K 61-163 32-A
22-N 64-127; 66-144, 145 32-8
22-P 61-166; 62-142 32-8/5
23-A 67-119 32-C
23-8 59-88; 62-140,141; 66-147,148,149,150; 73-150,

151,152,153,154,161,162
23-C 61-164,165,171 32-0
23-0 63-138,152; 81-204
23-F 64-144

P.A. Hunt and J.C. Roddick

60-137,138,139,140; 61-198; 80-202, 203, 204,
205
62-173,174,175,176; 64-161; 66-165; 73-156
59-64; 60-129,141,142; 63-164,165
62-123; 66-164
81-205
59-63; 60-128; 62-139; 87-20
60-131; 61-181; 65-120, 121; 70-100; 73-159;
76-227, 228, 229
87-13
60-130; 72-93,132; 73-158,160
63-134,135; 67-117; 70-98, 99
60-126, 127; 73-149
62-124
59-65; 62-136
62-137; 67-118
62-138; 66-151; 73-146, 147, 157; 76-230
64-124; 65-123; 67-116; 72-94
62-134,135; 67-115
63-132
61-175
61-176,178; 62-125
61-179,180
62-132,133,170; 67-139; 70-139; 72-131; 73-148
67-64,114
64-136,137
66-143
73-139
66-70
89-133
61-52
78-123
59-37,38; 73-73; 78-122
66-69
66-68
81-140
81-139
81-117,118,119
87-134,135
61-50,51; 64-36; 70-65; 72-37, 38; 87-136,137
70-66,67;81-115,116
70-64
70-68
81-91, 92, 93, 94
59-57; 63-115; 64-119, 122; 65-111 ; 73-134, 135
62-116,117,118;88-73,74,75,76
59-44, 45, 48, 49, 50
59-51,52,53,54,55,56; 61-161; 65-113; 66-134;
70-84; 72-86, 87
60-112; 63-133; 64-125, 126; 65-112; 67-127;
70-85,86,87,88,89,90,91; 72-88; 78-196
59-92; 61-182,183; 66-141; 78-200, 201
63-139,140; 65-114,115,116,117; 66-137,138
95-15,16
95-17,18
61-159,160; 62-114,115; 73-130,131,132,133
89-112
59-76,77,78; 61-157; 65-110; 70-83; 80-173,196,
197; 87-21, 22
87-23,24
87-25
87-26
87-27,28,29,30
59-79,80,81,82,83,84,85
65-118,119
60-111
60-110
70-92,93,94,95;72-89
93-62
59-67, 68, 69, 70, 71, 72, 73, 75; 60-106; 64-129;
67-124; 72-90; 76-212, 213, 214, 215, 216, 217,
218,219;80-184,185
59-66,74;61-167,168;63-149,150;64-85;66·130,
132,133; 67-121,122; 80-172,187,188,189,190
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32-E
32-F
32-G

32-G/8
32-G/9
32-H
32-H/13
32-L
32-N
32-0
32-P
33-A
33-F
33-H
33-1
33-J
33-M
33-N
34-B
34-C
34-0
34-F
34-G
34-1
34-1/3
34-J
34-L
34-M
34-0
34-P
35-A
35-C
35-F
35-G
35-G/16
35-H
35-J
36-C
36-H
37-A
37-B
37-C
37-0
37-E
37-F
37-G

37-H
38-A
38-B
38-C
39-B
39-E&F
39-H
40-G
41-H
41-1

41-J

41-J/8
41-J/10
41-K
41-N
41·0

41-P

70

66-131
61-169; 67-123; 73-136; 76-220
60-107,108; 61-162; 62-146,147,148,149,150,
153,154;63-136,137,141,142,143,144,145,146,
147; 64-145, 146, 147, 148, 149, 150, 151, 152;
66-139; 67-113,126; 72-91; 73-137,138; 76-221,
222,223,224,225,226
92-69,70
92-66,67, 68
60-109; 62-151,152; 64-153; 78-199
92-65
61-170
87-31
64-143; 67-125
66-140; 70-96, 97; 80-186; 81-203
59-62
60-120
59-61
59-60
60-119
66-95
59-58,59
63-153,154; 64-141; 78-197,198
64-135
63-93; 65-85, 86, 87
64-134
61-172
62-130,131
94-54
61-173
60-121
65-83,84
61-177; 64-142
61-174; 62-126,127,128,129
60-124; 64-138,139
64-133,140
60-122
65-124; 66-135, 136; 73-142, 143
91-159
60-125; 73-140,141
60-123
59-36
66-67
70-57,60,61; 81-130,134
73-66
81-125,126,133
81-127,128,129,131,132,135
70-55; 72-35
62-86; 64-34, 35; 70-51
67-55, 56, 57, 58, 59, 60, 61, 62, 63; 70-54; 72·34;
73-67
70-56, 62, 63, 75; 72·36
70-58,59
70-53; 73-68
70-52
61-49; 81-95, 98, 99
81-96,97,100,101
81-91, 92, 93, 94
63-111,112
59-46,47; 61-158; 62-113; 73-125
59-43; 61-149,150; 62-106,107,108,109; 63-117;
66-118,119,120,121,122; 73-126,127,128,129;
88-77,78,79
59-42; 60·105; 61-145, 146, 147, 148; 62-105, 111,
112; 63-128,129; 64-89,111; 65-107,108; 66-114,
115,116,117; 67-110,111,112; 76-211; 81-199,
200,201;87-32,33,34,35,36,37,38
87-39,40
87-41
65-105
61-142; 63-122; 64-84; 65-106; 66-113
61-143,144;64-103,104,112;65-109;80-166,167;
81-202; 87-42, 43
61-151,152,156; 65-100,107; 70-81,82; 80-174,
175,176,180,181,182,183

42-A

42-B

42-C
42-0

42-E
42-F
42-G
42-H
42-1
42-L

42-M
43-E
43-G
43-K
44-P
45-J
45-0
45·P
46-A
46-B
46-C
46-E
46-F
46-J
46-K
46-L
46-M
46-N

46-0
46-P
47-A

47-B

47-0
47-F

48-A
48-B
48-C
48-0
48-E
48-F
48-G
52-A

52-B

52-B/13
52-C
52-0
52-E
52-E/10
52-E/15
52-F
52-H
52-1
52-K
52-L
52-U5
52-M
52-N
52-0
53-A
53-B
53-C
53-0
53-E

53-G

60-104; 63-118,119,130; 80-168,169,170,171,
177,178,179
80-156,157,158,159,160,161,162,163,164,165;
87-44,45,46,47,48,49
62-110; 73-111,112,120; 73-117,118
63-123; 64-116, 118; 67-104; 72-82, 83; 73-119;
80-153,154,155
61-140; 64-115; 73-113; 76-210
60-102; 64-102,105; 73-114,115,116,121,122
60-103; 63-113,114; 66-123,124
73-123,124
66-125,126,127,128,129; 72-85
64-86, 87, 88, 92, 93, 94, 95, 96, 97, 98, 99, 114;
65-104;66-111,112
60-100; 62-103, 104; 63-120, 121; 73-109, 110
60-101
67-106,107; 70-80
70-79
64-72
81-190
81-189
73-91
73-88, 89, 90
65-77; 73-87
73-86
65-79
65-78
65-52
65-53; 80-107
65-57; 67-90
65-54,58; 73-109,110; 80-103,104
65-55,59; 80-105, 106, 108, 109; 81-120, 121, 122,
123,124,138
80-110
64-28; 73-91
67-54; 78-119,120,121
65-56; 76-168, 169, 170, 171; 80-94, 95, 96, 97, 98,
99,100,101,102
78-117,118
64-30,33; 66-66; 80-111,112,113,114,115,116,
117
64-29
62-85; 64-32
63-19,20;73-69,70,71,72
64-31
87-138,139,140,141
87-142,143,144
87-145,146,147
60-99; 61-138; 64-101,113; 67-98, 99,100,102,
103,105; 72-81
60-98; 61-132,133; 63-116; 87-50, 51, 52, 53, 54,
55, 56
87-57
60-95; 61-131; 62-102
66-110; 67-108
60-93,94; 61-130; 66-107
87-58
87-59
60-92; 64-106,108; 73-107,108
61-139; 67-97,101
64-120
61-134,135; 64-90, 91
59-41; 60-89, 90; 73-106; 80-152
87-63,64
60-87,88; 70-76; 72-71
60-91; 87-60
61-136
65-103
63-110;87-61
60-97; 62-101; 64-117; 87-62
60·86; 70-77; 72-72, 73, 75
78-177,178,179,180,181,182,183,184,185,191,
192,193,194,195
61-137



53-J
53-K
53-L
53-M
53-N
54-D
54-F
54-L
55-D
55-E
55-K
55-L

55-M
55-N
56-A
56-8
56-C
56-D
56-D/l
56-E/15
56-G
56-J
56-K
56-M
56-0
56-P
57-A
57-C
57-F
57-G
58-8
58-C

59-8
62-1/7

62-P
63-A
63-H

63-H/16
63-1

63-J

63-K

63-K/15
63-L
63-M
63-N/2
63-N/6
63-N/7
62-N/8
63-0
63-P

64-A
64-C
64-D
64-E
64-G
64-H
64-1
64-L
64-N
64-P
65-A
65-C

60-96
67-96
64-78; 67-95; 81-198
62-100; 66-108; 72-74, 77, 78
66-109; 70-78
60-80; 61-122; 66-106
61-123
67-92,93
80-122,123,124,125,127,128
60-64; 72-67
61-105
60-61; 66-94; 67-87, 88, 89; 72-51, 52, 53, 54, 56,
57,58,59,60,61,62,63,64,65,66;81-194,195
61-102; 62-96; 65-73, 74; 66-93; 76-189,191,192
61-103; 73-85; 76-193,194,195
81-196
65-76
59-33
64-74; 73-84; 76-190
87-65,66
89-110
65-80
61-93,94
61-92; 78-170,171,172
61-91
61-97
65-81,82; 76-196,197
61-96
61-95; 63-92
67-53
63-17; 92-51
63-18;78-112,113,114,115,116
72-33; 81-105,106,107,108,109,110,111,112,
113,114
81-102,103
88-51,52,53,54,55,56,57,58,59,60,61,62,63,
64,65,66,67,68; 91-122,123,124,125,126,127,
128,129,130,131,132,133,134,135,136,137,
138,139,140,141,142,143,144,145,146,147,
148,149,150,151,152,153,154,155,156,157,
158
61-128,129; 78-186
72-76
60-85; 76-198, 199, 200, 201, 202, 203, 204, 205,
206,207,208,209; 78-187
89-111
60-84; 61-124,125,127; 64-79; 78-188,189,190;
81-197
61-119,120; 63-99,100,101,102,103,104,105;
64-80,81,82,83; 65-96, 97, 98; 67-94; 73-103
60-73,74; 61-112, 118; 63-96, 106, 108; 73-92, 93,
94, 105
92-62, 63, 64; 93-61; 94-53
60-72; 73-98, 101, 102
60-71; 73-95, 96
94-52
88-71
88-70
88-69; 88-72
60-79; 65-99,100; 73-104
60-83;61-121,126;65-101,102;66-100,101,102,
103,104,105
60-81,82
60-75,76,77; 61-116,117; 62-99; 63-107
73-99,100
67-91
61-115
59-40
60-78; 63-109; 64-77
60-67;80-145,146
61-113;62-98
61-114
59-34; 80-126,129,130
60-63; 78-142, 143; 80-131, 132, 133, 134, 135,
136,137

65-0
65-F
65-G
65-H
65-1
65-J

65-K
65-N
65-0

65-P
66-A
66-A/5

66-A/9
66-D
66-E
66-H

66-J
66-L
66-M
66-N
68-D
68-H
69-F
73-0
73-P
74-A
74-8
74-E
74-H
74-1
74-K
74-M
74-N

74-0
74-P
75-A
75-8
75-0
75-E

75-E/8
75-F
75-H/15
75-1
75-J
75-J/8
75-K
75-L
75-Ul0
75-U15
75-M
75-N
75-0
75-0/4
75-P
76-A
76-8
76-8/1
76-8/7
76-8/8
76-C
76-0
76-E
76-F
76-G

P.A. Hunt and J.C. Roddick

61-83
64-73
60-62; 61-106; 64-71; 65-71, 72; 66-91; 87-67, 68
64-70
78-168,169; 87-69, 70, 71, 72
59-35; 61-104; 78-144, 145, 146, 147, 148, 149,
150,151,152,153,154,155,156,157,158,159,
160,161,162,163,164,165,166,167;81-150,152;
87-73,74,75
61-101; 62-97; 81-146,147,148,149
60-60
61-100; 62-95; 81-151, 153, 154, 155, 156, 157,
158,159,160,161,162
66-92
61-98,99; 65-75
88-44, 45, 46, 47, 48; 91-120, 121; 92-52, 53, 54,
55
88-49,50
63-44; 66-89
61-86
59-32; 81-163,164,165,166,167,168,169,170,
171,172,173,174,175,176,177,178,179,180,
181,182,183,184,185,186,187,188,191,192,
193
61-89,90
63-65
64-63; 65-69, 70; 66-90
61-87,88
81-104
65-60,61
62-87A,87B
60-69
60-70; 73-97
61-111; 80-141
60-68
61-107
80-140,142,143,144,150
80-147,148,149
66-99; 78-174,175
63-94
59-39; 60-65; 61-108; 63-97, 98; 64-76; 65-95;
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