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INTRODUCTION

This year's edition of "Radiogenic Age and Isotopic
Studies" marks the tenth anniversary of its initial publi
cation. Initiated in 1987, "Radiogenic Age and Isotopic
Studies" has become a yearly tradition amongst
researchers and staff of the Geological Survey of
Canada. Once again, the Geochronology Subdivision,
Continental Geoscience Division presents a collection
of papers on various geoscience research topics within
the fields of U-Pb, 40Ar;39Ar, Sm-Nd, and Rb-Sr
dating. Readers are reminded that the contributions
often contain provisional results and interpretations of
on-going research, or consist of completed studies of
limited scope. Typically, articles of greater depth and
magnitude are published in external journals, and a list
of such recent works is provided at the end of this vol
ume. Nonetheless, all reports herein present brief
regionaJ and local field settings, and reJate data in an
appropriate geological context.

The year 1996 was highlighted by the commission
ing of the SHRIMP (Sensitive High Resolution Ion
Microprobe), allowing micrometre scale age determi
nations on individual mineral grains. With the acquisi
tion of the SHRIMP, new research horizons are
attainable, promising discoveries on the age and evolu
tion of Canada's landmass with unparalleled detail.
Once in full operation, the SHRIMP laboratory was
officially dedicated to the memory of the late Chris
Roddick, who spearheaded the effort to bring the
SHRIMP to the GSc. Since the passing of Chris, Richard
Stern has led the SHRIMP program. With the capable
help of Mike Gerasimoff, Richard oversaw the installa
tion of the instrument, established an appropriate ana
lytical standard and saw that the SHRIMP quickly
matured to a fully operational research tool. Appropri
ately, the description, calibration, and operation of the
SHRIMP are the object of the first paper of this volume.

Other papers presented in this volume exemplify
the span of the Geochronology Subdivision's involve
ment, both in time through the geological eons and in
space across the Canadian landmass. Included are reports
on the age and evolution of the Archean Slave and
Keewatin crust, which are the focal point of extensive
recent and upcoming mapping efforts by the Continental
Geoscience Division. Contributions on the Paleopro
terozoic include papers on the Trans-Hudson Orogen
in Manitoba and southern Baffin Island, and the

INTRODUCTION

L'edition de cette annee de Radiogenic Age and Isotopic Studies
(Ages radiometriques et etudes isotopiques) marque le dixieme
anniversaire de cette publication. Lancee en 1987, la parution de
cette publication est devenue un evenement annuel pour les cher
cheurs et le personnel de la Commission geologique du Canada.
Une fois de plus, la Sous-division de la geochronologie de la Division
de la geologie du continent presente plusieurs mticles sur divers
sujets de recherche lies El la datation radiometrique par les methodes
U-Pb, 40Arj39Ar, Sm-Nd et Rb-Sr. Il est ici utile de rappeler aux
lecteurs que les rapports regroupes dans la presente publication ne
contiennent souvent que les resultats et les interpretations provi
soires de recherches en cours ou qu' ils consistent en un compte
rendu final d'etudes de portee limitee. En general, les articles plus
approfondis et de grande portee sont publies dans des revues scien
tifiques extcrieures; une liste des articles publies recemment est
donnee El la fin de la presente publication. Neanmoins, tous les rap
ports contenus dans la presente publication renferment un resume
descriptif du milieu regional et local dans lequelles echantillons ont
ete recueillis et contiennent une interpretation qui place les donnees
dans le contexte geologique approprie.

Le point saillant de l'annee 1996 a ete la mise en service de la
microsonde SHRIMP, acronyme anglais de Sensitive High Resolution
Ion Microprobe (microsonde ionique El haute resolution et El haut
niveau de sensibilite), qui permet d'effectuer des datations El
I'echelle du micron dans des grains individuels de mineraux.
L'acquisition de la microsonde SHRIMP a ouvert de nouveaux
horizons de recherche, laissant entrevoir des decouvertes interes
santes sur I'age et I'evolution de Ja masse continentale du Canada El
un niveau de detail sans precedent. Lorsqu' il est devenu complete
ment operationnel, le laboratoire qui abrite la microsonde SHRIMP
a ete officiellement inaugure El la memoire du regrette Chris Roddick
grace El qui la CGC a fait I'acquisition de cet appareiJ. Depuis la dis
parition de Chris, Richard Stern a pris la releve El la direction du pro
gramme SHRIMP. Avec J'aide de Mike Gerasimoff, Richard a
supervise I'installation de l'instrumentation, etabli une norme
d 'analyse adequate et a vei lle ace que la microsonde SH RI MP dev i
enne rapidement un outil de recherche completement operationnel.
11 est donc a-propos que la description, J'eta)onnage et le fonction
nement de la microsonde SHRIMP fassent J'objet du premier article
de la presente publication.

Les autres articles apparaissant dans le present volume illustrent
I'eventail des travaux de la Sous-division de la geochronologie, tant
dans le temps (a travers les grandes divisions des temps geolo
giques) que dans J'espace (a Ja grandeur de la masse continentale du
Canada). Le lecteur trouvera egalement des articles sur I'age et
l'evolution de la croute archeenne de la Province des Esclaves et du
district de Keewatin, deux regions ou la Division de la geologie du
continent a entrepris des travaux de cartographie geologique de
grande envergure. Les contributions sur le Paleoproterozo'ique
incluent des articles sur I'orogene trans-hudsonien au Manitoba et
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Taltson Magmatic Zone of northern Alberta. Also included
are reports on the Ordovician Tetagouche Group of New
Brunswick, and on aspects of Cordilleran evolution.

The continued vitality of the Geochronology Subdivision's
program would not be possible without the diligent work of
its support staff. Gerry Gagnon and Ron Christie produce
pure mineral separates from rock specimens. Fred Quigg
assures continued production of 40Ar/39Ar data. Diane
Bellerive and Jack MacRae perform the delicate procedures
to extract nanogram levels of Pb and U from carefully selected
mineral separates. Klaus Santowski meticulously measures
isotopic ratios on a solid source mass spectrometer. Students
Katherine Baker, Jasen Robillard, Nicole Sanborn, Steve
Walker, and Shane Wilkinson provided invaluable help in
mineral preparation. All are warmly thanked for their
reliability and commitment.

dans le sud de I'lie de Baffin, ainsi que sur la zone magma
tique de Taltson dans le nord de I'Alberta. D'autres articles
portent sur le Groupe de Tetagouche de I 'Ordovicien au
Nouveau-Brunswick, ainsi que sur certains aspects de I'evo
lution de la Cordillere.

La vitalite sans cesse renouvelee du programme de la
Sous-division de la geochronologie ne saurait exister sans la
diligence de son personnel de soutien. Gerry Gagnon et Ron
Christie s' occupent de la production de concentres de mine
raux purs 11 partir d'echantillons de roches. Fred Quigg livre
de maniere ininterrompue les donnees 40Ar/39Ar. Diane
Bellerive et Jack MacRae realisent les operations delicates
d'extraction de nanogrammes de Pb et d'U dans des concen
tres de mineraux choisis. Klaus Santowski mesure avec
minutie les rapports isotopiques sur un spectrometre de masse
11 source solide. Les etudiants Katherine Baker, Jasen Robillard,
Nicole Sanbom, Steve Walker et Shane Wilkinson ont fourni
une aide inestimable 11 la preparation des mineraux. Nous les
remercions chaleureusement de leur travail consciencieux et
de leur devouement.

Reginald 1. Theriault
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The GSC Sensitive High Resolution Ion
Microprobe (SHRIMP): analytical techniques of
zircon V-Th-Pb age determinations and
performance evaluation

R.A. Sterni

Stern, RA, 1997: The GSC Sensitive High Resolution Ion Microprobe (SHRIMP): analytical
techniques of zircon U-Th-Pb age determinations and peljormance evaluation; in Radiogenic
Age and Isotopic Studies: Report 10; Geological Survey ofCanada, Current Research I997-F,
p.I-31.

Abstract: Analytical methods of zircon U-Pb-Th age determinations using the newly acquired Sensitive
High Resolution Ion Microprobe (SHRIMP) have been established and are reported in detail. In a SHRIMP
analysis, an attempt is made to sample the smallest possible amount of zircon that can give useful age infor
mation, usually a spot selectively variable from about 5 to 30 f.lm diameter and < I /-lm deep. Only 1-lOng of
zircon is sampled, three orders of magnitude smaller than a typical isotope dilution thermal ionization mass
spectrometry (ID-TlMS) analysis. Causes and mitigation of the variable relative yields of Pb, U, and Th due
to the sputtering process are discussed. Megacrystic zircon from the Kipawa syenite complex has been
adopted as the current PbfU and PbfTh standard; the PbfU age of the standard has been independently deter
mined by ID-TIMS analysis at 993.4 ± 0.7 Ma. SHRIMP data reduction and error propogation procedures
are summarized.

The overall performance of the SHRIMP was evaluated by analyzing zircons of varying ages (0.5 to
2.7 Ga) using the new zircon standard to calibrate the Pb/U and PbfTh ratios. Both 207Pbj206Pb and
206Pbj238U ages agree within errOr with the ID-TlMS ages. The 208Pbj232Th are systematically younger and
indicate unknown analytical problems. Under routine conditions, 2a age uncertainties for single spots in
average zircons decrease from typically ±49'0 at 0.5-1.5 Ga, to ±2% at 1.9 Ga, and ±0.5% at 2.7 Ga. The 2a
errors on pooled analyses of relatively simple zircon samples decrease from ±1.5% at 0.5- 1.5 Ga, ±0.5% at
1.9 Ga, and ±O.2% at 2.7 Ga. For zircons <1.5 Ga, precise age determinations rely mainly on pooling of
206Pbj238U ratios or regression on a Tera-Wasserberg diagram, whereas for zircons >1.5 Ga, ages are
derived mainly from the pooled 207Pbj206Pb ratios of concordant zircons. As a rule of thumb, it is generally
possible to derive a SHRIMP zircon age that has an error of about five times that of a precise ID-TlMS
analysis.

Resume: Le present rapport consiste en un compte rendu detaille des methodes analytiques qui ont ete
etablies aux fins d 'utilisation de la microsonde SHRIMP (microsonde ionique ahaute resolution et ahaut ni
veau de sensibilite), dont la Commission geologique du Canada vient de faire 1'acquisition, pour la datation
U-Pb-Th sur zircon. Lors d'une analyse ala microsonde SHRIMP, on tente d'utiliser la plus petite quantite
possible de zircon qui puisse produire des donnees utiles sur 1'age, ce qui correspond dans les faits aun point
de dimension variable preetablie d'environ 5 a30 /-lm de diametre et de Mm de profondeur. Le poids de

I Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario K IA OE8
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l'echantillon de zircon analyse n'est seulement que de 1-10 ng, so it mille fois moins que celui necessaire a
une analyse typique par dilution isotopique et spectrometrie de masse athermoionisation (ID-TIMS). Les
causes de la variabilite des rendements relatifs de Pb, U et Th, qui est liee ai' erosion superficielle de l' echan
tillon, et les mesures aprendre pour attenuer ces effets sont abordees. Les gros phenocristaux de zircon du
complexe syenitique de Kipawa ont ete adoptes cornme etalon des rapports Pb/U et PbfTh; I'age Pb/U de
l'etalon a ete independamment etabli par analyse ID-TIMS a993,4 ± 0,7 Ma. Les methodes de reduction
des donnees et de propagation de l'erreur appliquees aux analyses ala microsonde SHRIMP sont decrites
succinctement.

La performance globale de la microsonde SHRIMP a ete evaluee par l'analyse de zircons d'ages varies
(de 0,5 a2,7 Ga) en utilisant le nouvel etalon de zircon pour calibrer les rapports Pb/U et PbfTh. Les ages
207Pbj206Pb et 206Pb/238U co'incident, al'interieur de l'intervalle d'erreur, aceux etablis par analyse 10
TIMS. Les ages 208Pbj232Th sont systematiquement plus recents et indiquent des problemes analytiques de
caractere non detelmine. Dans les conditions normales, les valeurs 20 de I' erreur qui entache les datations
de points precis dans des zircons moyens diminuent de fa~on inversement proportionnelle al'age, passant
typiquement de ±4 % ades ages de 0,5-1,5 Ga, a ±2 % aun age de 1,9 Ga et finalement a±0,5 % aun age de
2,7 Ga. Les valeurs 20 de l'erreur sur les analyses groupees d'echantillons de zircon relativement simples
diminuent dans le meme sens, passant de ±1,5 % ades ages de 0,5-1,5 Ga, a±0,5 % un age de 1,9 Ga et
finalement a±0,2% aun age de 2,7 Ga. Pour les zircons de <1,5 Ga, des datations precises peuvent etre
obtenues surtout par un regroupement de determinations individuelles du rapport 206Pbj238U ou encore par
une regression dans un diagramme de Tera-Wasserberg, tandis que pour les zircons de >1,5 Ga, les ages
sont surtout etablis apartir du regroupement de determinations individuelles du rapport 207Pbj206Pb de
zircons concordants. Regie generale, il est possible de deriver un age sur zircon au moyen de la microsonde
SHRIMP avec un intervalle d' erreur d' environ cinq fois superieur acelui d 'une analyse 10-TIMS precise.

INTRODUCTION

On December 12, 1995, a 208Pb+ signal from a feldspar target
was detected for the first time at the ion collector of the GSC' s
new Sensitive High Resolution Ion Microprobe (SHRIMP)
occupying the new ground-floor facility, the J.c. Roddick Ion
Microprobe Laboratory, at 601 Booth Street, Ottawa. This
seemingly modest achievement nevertheless signified the
beginning of a new era in geochronological research within
the GSC, and marked the end of a two year long preparatory
period during which the instrument was manufactured,
exhaustively tested, and finally delivered to Ottawa. The
GSC's SHRIMP 11 (Clement and Compston, 1989) is a sec
ond generation instrument, a modified version of the highly
successful SHRIMP I prototype that was designed and built at
the Research School of Earth Sciences, Australian National
University (RSES-ANU; Clement et aI., 1977). Clement et al.
(1977) had one simple, but ambitious, goal in mind in design
ing the original SHRIMP: to build an instrument that would
permit precise in situ measurement of isotopes in mineral
grains.

Over the past 15 years, both SHRIMP I and SHRIMP IT
have proven highly successful peIiormers throughout a range
of analytical tasks, including the measurement of isotopes of
U, Pb, Th, Hg, Ca, Ti, REEs, and S in several mineral targets.
By far the most widespread application of the SHRIMPs,
however, has been the determination ofU-Pb isotopic ages of
zircon (Compston et al., 1982, 1984). The zircon dating capa
bilities of the SHRIMP became more widely recognized fol
lowing the discovery of the oldest zircons on Earth (Froude
et aI., 1983). The SHRIMP has been used to tackle the most
complex geochronological targets, including the dating of the
oldest rocks on Earth (Bowring et aI., 1989).

2

The demand for an in situ isotopic age dating tool at the
GSC stems largely from the increasing demand to date com
plex mineral targets, such as zircons with cores and over
growths. It is possible to date parts of such grains with
existing methods at the GSC, by physical isolation of zircon
fragments followed by isotope dilution solution chemistry
and thermal ionization mass spectrometry (10-TIMS).
Although this approach can precisely resolve many complex
goechronological problems, the work is time consuming and
it is not always possible to isolate different generations of zir
con. In addition, the zircon analyzed may be discordant and
thus yield ambiguous results. Many complex dating problems
require the analysis of much smaller amounts of zircon than is
practical and cost-effective with ID-TIMS. Age determina
tions by the SHRIMP answer the need for controlled (i.e. in
situ) analysis of the smallest possible amounts of material. As
will be discussed in Part II, there are other benefits to in situ
spot age detelminations, but there are some drawbacks too, in
particular the poorer analytical precision. It is the opinion of
the author that the SHRIMP and 10-TIMS are complemen
tary methods and that it is important for the geochronologist
to choose the method that best suits the particular problem,
and sometimes both will be required.

The most important application of the SHRIMP at the
GSC will be the determination of U-Pb ages of zircons. In
'Part I' of this report, the methods of determining U-Pb ages
of zircons are described, including sample preparation,
mass spectrometry, data acquisition, age calculations, and
error estimation. Also reported are the characteristics of the
essential element of this new analytical program, a new in
house zircon standard. In 'Part II', the accuracy and precision
of the GSC SHRIMP data are compared to well-determined
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ID-TIMS ages for seven different samples spanning 2 Ga,
and the relative strengths and weakness of the respective
methods are discussed.

PART I: ANALYTICAL METHODS
OF U-Pb-Th ANALYSIS

Nomenclature

Throughout this paper, the following conventions apply. In
discussion of isotopic ratios or ion count rates, those with a
'+' sign (e.g. 206Pb+j238U+) indicate measured values at the
collector. The use of a ,*, indicates that the Pb isotope has
been corrected for common Pb (e.g. 206*Pb+). Where the'+'
sign is omitted (e.g. 206Pbj238U), it is assumed that all correc
tions have been applied (common Pb, interelement fractiona
tion, etc.).

Statistical examination of data employs the use ofX2, the
reduced chi squared value, sometimes referred to as the mean
square of weighted deviates (MSWD). The X2 value is used to
assess the likelihood that the data fit a particular model (e.g.
single population of numbers, or a fit to a linear regression).
Tables of X2 distributions like those in Bevington (1969,
Table CA) can be used to assess the probability (P) that a
given X2 value may be exceeded, and P values are indicated
throughout the text. The higher the value ofP, the more confi
dence one has that the data fit the particular model. Generally,
P should exceed 5% to be considered a valid fit. For assessing
the fit to a mean, X2 values were determined using n-l degrees

of freedom; for fits to a straight line, n-2 degrees of freedom
were used; 's' refers to standard deviation, 'se' standard error,
o to 68% confidence interval, and 20 to 95%. confidence
interval, where 0 incorporates several factors in addition to
counting errors in assessing the confidence interval.

The SHRIMP I/ Ion Microprobe

Figure I shows a schematic diagram of the GSC SHRIMP II
and periferal devices. The SHRIMP is a Nier-Johnson type
double-focusing secondary ion mass spectrometer (SIMS)
that analyses secondary ions generated at the target mineral
by a beam of primary oxygen ions (02-)' A double-focusing
mass spectrometer simultaneously corrects for both direc
tional and velocity (kinetic energy) inhomogeneities in a
source ion beam (e.g. Roboz, 1968). A single magnetic sector
mass spectrometer such as the GSC's MAT 261 used in ID
TIMS analysis of zircon is capable of directional refocusing
of ions that have a small angular divergence from the heated
Re filament, but there is no capability or requirement for
velocity refocusing, as the ions have essentially uniform
kinetic energies. In SIMS, the ions generated at the target also
have a wide angular divergence, but in addition they have
widely different kinetic energies, and it is necessary to
employ an additional energy focusing device (electrostatic
analyzer). The large size of the SHRIMP (3.5 x 6 m) is
required for optimal directional refocusing of the ion beam
and to minimize abberations in the electrostatic and magnetic
fields, all necessary for maximum beam transmission.

remote
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ELECTROSTATIC ANALYZER (ESA)
CHAMBER

source (object) slit ------'w.J~.,l,.,
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Figure 1. Schematic plan view of the J.c. Roddick Ion Microprobe Laboratory, showing Ihe layoul of the
SHRIMP 11 and periferal deVices.
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What follows is a brief description of the main compo
nents of the GSC SHRIMP, with emphasis on those factors
that have a significant influence on data acquisition.

Primary column

The purpose of the primary column is to produce a beam .of
pure 02- ions that can be focused to a spot on the target zIr
con. The primary oxygen ions are generated In a Kratos
Analytical Ltd. duoplasmatron by oxygen gas discharge
within a hollow Ni cathode, and are extracted at 10 kV
potential. The primary beam is mass filtered by a 'Wie~ fil
ter' to prevent 0- or contaminants such as N02-, or OH- trom
reaching the target. Normal vacuum conditions in the primary
column during operation are about 1.2 x lO-6 mbar. The pn
mary column employs Kohler primary ion focusing, which
provides radially uniform primary beam density independent
of the spot size. The most important practical aspect of Kohler
imaging is its influence on the material actually sputtered and
analyzed. Pelfect Kohler imaging produces flat-bottomed
pits, and these are ideal because the material analyzed co~es

from a uniform depth. Figure 2 shows a profile across a Pit In a
zircon created with the 200 pm Kohler aperature in a typical
analysis lasting 18 minutes. Note that the bottom, which is
only 0.65 pm deep, is flat but it has shallowly sloping edges
where the beam was weaker and therefore not in perfect
KohJer mode. In practice, perfect Kohler imaging is difficult
to achieve and comes at a significant loss in beam transmis
sion. Thus, the sputtered zircon during standard running con
ditions comes from a dish-shaped depression that is generally
only 0.5-1.0 pm deep.

..J O. 65 1lill

-~':':":":":"r

Figure 2. Secondary electron image ofa pit created with the
100 pm Kohler aperature during a routine zircon analySIS. At
top is Cl profile ofa pit along its long axis, obtained wirh the
use ofa Tencor Instruments stylus. Note that rhe pit is dish
shaped, hm'ing fiar bottoms and shallow-dipping Ivalls.
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Table 1. Dimensions of the primary oxygen beam spot.

Kohler aperature Spot size, Approx. Spot Beam density
diameter (IJm) 1 x W (IJm 2

) area (IJm 2
) (pA/lJm 2

)

200 25 x 33 2592 1.0
100 13.5 x 19 806 1.1
70 8.0 x 12 302 1.4
50 6.0 x 11 207 1.3
30 4x6 75 1.0

From the above example, the amount of zircon sputtered
for the 200 pm aperature is about 8 ng. Using the 100 pm
aperature, generally preferred in most zircon applications, it
is determined that about 2.4 ng of zircon is actually sputtered
during the course of a typical analysis (zircon density =4.65
pg/pm3). Assume, for illustration, that the zircon had 50 ppm
of total Pb (highly variable depending on age and U content),
then the total amount of Pb sputtered in this case is 0.12 pg,
but only 40% of the analysis time is spent analyzing the Pb, so
only 0.05 pg of Pb is available for analysis. The very small
amount of Pb analyzed is one of major reasons why SHRIMP
207Pb;206Pb ages are less precise than those of ID-TIMS. The
sputter rates are deliberately low because the objective of the
analysis is to analyze as little zircon as possible, within the
constraints of the counting statistics of the analyzer system
(see 'Error analysis' for further discussion).

The spot size is defined by the particular Kohler aperature
inselted into the path of the primary beam. Five different
Kohler aperatures are available and the resulting spot diame
ters ranoe from approximatety 5 to 30 pm (Table I). The spots
are elli;tical due to the 45° incidence angle of the cylindrical
primary beam with respect to the plane of the target. For t~e

majority of zircon analyses, the 100 pm Kohler aperature wIll
be used, producing a spot about 13.5 x 19 pm in dimension. In
Kohler mode the sputter rate is dependent only on beam den
sity ('brightness'), not spot size. Primary beam brightness
decreases over a period of several days of running as the
duoplasmatron becomes clogged with nickel oxides. The
beam density for typical run conditions averages about l.O ±
0.2 pA/pm2. The rate of penetration of the primary beam into
zircon can be reported as depth (nm) per minute per beam
density, and for typical conditions is about 42 nm/minl
(pAlfl m2).

As an example calculation, suppose a particular zircon
was sputtered for 15 minutes using the 200 pm Kohler apera
lUre while monitoring a primary current of 3.0 nA. The
beam density using the spot areas of Table I is 1.16 pA/pm2 .

The depth of penetration would be 42 x 15 x 1.16 =732 nm =
0.73 pm.

Source chamber

The source chamber houses part of the primary column, the
sample target, and the secondary extraction column. ~he

source chamber is pumped by a 1200 Lis cn Cryogemcs
Helium cryopump and is normally at a pressure of 6 x 10-8

mbar. Two samples are permitted within the source chamber,
and a further three may be stored in the sample Jock above the



source chamber. Positive secondary ions generated during
the mechanical sputtering of the mineral (e.g. Zr+, Pb+, U+,
Th+) are extracted at 90° from the surface of the sample by a
750 V potential and accelerated through a total 10 kV poten
tial to Earth ground. Focusing and steering of the secondary
ions is accomplished by an an-ay of three quadrapole lenses.
A Faraday plate that partially intersects the secondary beam
(the 'secondary beam monitor') is used to measure the inten
sity of the total secondary ion emission from the target. The
secondary ions are focused on the back side of the adjustable
'source slit', which is the ion optical object of the analyzer
system. For zircon analysis, the source slit is kept at a nominal
100 flm width. The ribbon-shaped beam of secondary ions
passing through the source slit is steered by deflecting plates
prior to entry into the drift tube to the electrostatic analyzer.

Electrostatic analyzer

The secondary ions enter the electrostatic analyzer (ESA)
chamber, which is a 1272 mm radius, 90° cylindrical electro
static sector, for filtering and focusing according to the
kinetic energy of the ion. The vacuum is held at about 5 x 10-8

mbar by twin Alcatel 450 Lis turbomolecular pumps. The
ion beam passes between two cyclindrical aluminum plates,
2.5 cm thick and 30 cm high, spaced 6 cm apart, between
which a potential of 950 V is placed (positive on the outer
radius). loos of identical energy will be focused at the same
poiot on a plane beyond the electrostatic field. A
mechanically-adjustable slit situated on the energy focal
plane of the ESA is used to select a particular portion of the
energy spectrum to pass through to the mass analyzer, termed
the 'energy window'. Presently, this energy window is set at
2.5 mm, equivalent to ~20 eV. A pneumatically-driven Fara
day plate immediately beyond the energy window can be
inserted in order to measure the intensity of the energy
filtered secondary beam. A quadrapole lens situated at the
exit to the ESA chamber permits steering and adjustment of
the apparent position of ion optical object of the magnetic
sector.

Magnetic sector

The secondary ions enter a 1000 mm radius, 72.5° magnetic
sector at a 15° angle for mass dispersion and refocusing. Ions
of identical mass are refocused to the same point on the mag
net focal plane beyond the magnet. The GSC SHRIMP uses a
prototype laminated electromagnet (Buckley Systems Ltd.,
New Zealand), designed for improved speed of switching.
Control of the magnetic field is through four Hall Effect
probes.

Detector

The mass-dispersed ions pass through the resolving (collec
tor) slit, normally set at a width of 100 )Jm, located on the
focal plane of the magnet. The position of the collector
assembly can be rapidly translated along its axis during anal
ysis to optimize focusing of individual isotopes. Ion collec
tion in zircon analysis is accomplished with a single
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secondary electron multiplier (ETP model AF 150H) into
which the isotopes of interest are sequentially stepped. Each
arrival of an ion at the first dynode of the electron multiplier
generates a pulse of secondary electrons that, if above a
selectable threshold value, is converted into one ion 'count'
by an Ortec 9302 DiscriminatorlPreamplifier. The number of
counts generated in a specified period is measured by an
Ortec 994 Dual Counterrrimer and subsequently used in data
processing. The rate of arrival of counts is measured and con
verted to an analogue signal by the 'ratemeter' for use by the
operator in tuning the secondary beam transmission. A typi
cal count rate for 206Pb+ in zircon would be 500 c/s (counts
per second), which represents an ion current of 8 x 10- 17 A.
Such a signal is orders of magnitude smaller than the typical
206Pb+ ion beams used in thermal ionization mass spectrome
try of zircon, and hence the need to use an electron multiplier
under all conditions of zircon analysis. Vacuum for the col
lector assembly is provided by an Alcatel 450 Lis turbomo
lecular pump, and is normally about 7 x 10-9 mbar.

Mass resolution and peak shape

The SHRIMP is designed to operate routinely at high mass
resolutions with the flat-topped peaks required for precise
isotopic analysis. For U-Pb age determinations of zircon, a
mass resolution 'R' of greater than 5000 (R=M/~M@1%
peak height; M is mass in amu) is required to separate the iso
topes of interest from inteliering isotopes of nominally iden
tical integral mass number. The peak shape has been
examined and optimized using Pb-feldspar, and the width of
the flat tops is 0.012-0.014 amu at the normal operating reso
lution of about 5500. See below for further discussion.

Sensitivity

In order that the widest possible beam of secondary ions
extracted from the target can be analyzed, large radius elec
trostatic (r = 1.3 m) and magnetic (r = 1.0 m) sectors are
required (Matsuda, 1974). Compared to other ion micro
probes, the SHRIMP is, therefore, highly sensitive to the
presence ofU and Pb (and other elements) in the mineral sam
ple. An experiment conducted using the zircon SL 13 revealed
the following percentages of the total secondary ions trans
mitted to various points in the flight path:

at target surface: 100%

to secondary beam monitor (SBM): 37.5%

through SBM: 37.1 %

through source slit: 37.0%

through energy window: 5.6% (energy analyzed beam)

Thus, about63% of the generated secondary ions fail to be
transmitted through to the source slit. By the time the energy
analyzed beam has passed through the energy window, only
5.6% of the original complement of secondary ions are pres
ent. Calculations using estimates of the mass of zircon eroded
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show that about 0.3% of the sputtered Pb atoms are actually
detected at the collector, a figure that, while low, is similar to
TIMS analysis of Pb.

A useful gauge of sensitivity and thus overall pelt'orm
ance of the GSC SHRlMP is the count rate of 206Pb+ at the
collector, normalized to the 206Pb content of the zircon in
ppm, normalized to the primary beam intensity (c/s/ppm/nA).
Sensitivity for the GSC SHRIMP, assessed with the assump
tion that the SLl3 standard zircon has 19 ppm 206Pb, nor
mally ranges between 20 and 26 c/s/ppm/nA, a similar range
as reported for the ANU SHRIMP H.

Samples

The SHRIMP is capable of accepting grain mounts, standard
polished thin sections, or rock slabs. Grain mounts of zircon
are by far the most common method of sample preparation, as
literally hundreds of zircons can be mounted on a single
epoxy disk. Zircons are picked from the heavy liquid concen
trate and divided into magnetic fractions with a Frantz separa
tor. The zircons within each magnetic fraction are further
subdivided by morphology and size, identical to the proce
dure followed for an ID-TIMS analysis. Perhaps differing
slightly from the ID-rIMS procedure, however, is that one
seeks out the morphologically complex grains, such as those
with cores and rims, as these may record the complex history
of the rock. Also, depending on the recovery and complexity,
grains with a range of magnetic properties are often selected,
as there is a desire not to bias the results by selecting only the
least magnetic ones. The grains are not abraded, as this action
could potentially wipe out age complexities that are sought.

Once selected, the zircons are transferred by pipette or
tweezers to the surface of a piece of sticky tape (3M 666)
located on the bottom of a custom Teflon mounting assembly.
The zircons are packed as closely as possible without touch
ing one another into neat, rectilinear matrices, with individual
fractions separated by larger spaces. A few fragments of the

standard zircon are also included on the mount. The zircons
are then covered with Struers Epofix epoxy resin and
allowed to cure overnight, yielding an epoxy disk 2.5 cm in
diameter and 7 mm thick. The mid-points of the zircons are
exposed with 9 flm, 6 flm, and finally 1 flm diamond polishing
compounds.

Following polishing, the zircons on the mount are photo
graphed in transmitted and reflected light. The mount is then
washed with soap by hand, rinsed with deionized water, air
blown to remove water droplets, and allowed to dry under a
heat lamp. The mount is then coated with 4.0 nm of high
purity Au (Aesar 99.9999%) using an Edwards Auto 306
caater. This amount of Au is sufficient for cathodolumines
cence (CL) and back-scattered electron (BSE) imaging of the
zircons at GSC's electron microbeam facility. Cathodolumi
nescence and back-scattered electron imaging may reveal
internal structures of the zircon not observable with visible
light (e.g. Hanchar and Miller, 1993), and these images are
used to locate suitable areas for analysis. Subsequently, the
mount is repolished lightly with 1 flm diamond paste to
remove the Au, cleaned, and recoated with 7.0 nm of Au.
Clamped into its stainless steel holder, the resistance across
the surface of the sample measured with a multimeter is less
than SO Qlcm.

The sample is then loaded into the sample lock of the
SHRIMP and held under high vacuum Cl x 10-7 mbar) for a
minimum of 24 hours prior to transfer into the sample cham
ber for analysis.

Mass spectra ofzircon

The mass spectrum of zircon generated by the sputtering pro
cess is quite complex, as almost any combination of metal
ions and oxides may form. The majority of ions are believed
to be in the + I electronic state. Although +2 ions may also be
present, none are known to inhabit the part of the spectrum of
interest in U-Pb analysis of zircon. An example of a zircon
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mass spectrum (Kipawa zircon) in the mass range of interest
(196-254 amu) for zircon analysis is shown in Figure 3.
Highlighted are the positions of the nine peaks used in zircon
analysis. Figure 4 shows more detailed mass spectra near the
peaks of interest. Note that the Pb, U, and Th isotopes are
always the peaks of greatest mass in anyone region. The most
significant nearest neighbours are Hf-Si-Zr-O isobars, all
readily separated from the Pb isotopes at a resolution of 5500.

The Pb hydrides 206Pb IHand 207Pb 1H are a potential
problem in SHRIMP analysis because the masses of the
hydrides are almost identical to the metals. The mass of
206Pb IH is 206.9822 amu, which is only 0.0064 amu higher
than 207Pb at 206.9758 amu. A mass resolution of about
32000 would be required to separate these isobars. Similarly,
the mass of 207Pb I H is only 0.0071 amu higher than 208Pb.
The effect of hydrides is to increase the measured
207Pb+j206Pb+ value. It is possible to test for the presence of
hydrides by comparing the measured 207*Pb+j206*Pb+ value
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Figure 4. More detailed mass spectra (vertical log scale) ofKipawa zircon in (±0.25
amu intervals centred on the isotopes ofinterest. Mass resolution is ahout 5500. Note
that the Ph. U. and Th isotopes are always the heaviest within the region ofinterest.
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for a zircon with the accepted value for that zircon. A signifi
cantly higher value for 20hPb+j206*Pb+ could indicate that
hydrides were present during analysis. Previous experience at
ANU has shown that hydrides present as contaminants on the
sample surface are usually undetectable after the sample
mount has been at high vacuum for 24 hours. Accordingly, all
zircon mounts remain at high vacuum in the sample lock for a
minimum of 24 hours prior to analysis. The primary beam is
also mass separated to avoid hydrides in the primary beam
(e.g. OH-) hitting the target. The results of tests on several dif
ferent zircons with the GSC SHRIMP suggest no statistically
significant difference in the 20hPb+/206*Pb+ values with the
accepted values (see 'PaIt 11'). It is possible that an increase in
the 20hPb+j206*Pb+ due to hydrides could be counterbal
anced by mass fractionation (which would lower the ratios),
but at the present time there is no reason to suspect that
hydrides are a problem.

Table 2. Mass stations ('peaks') visited in
a SHRIMP zircon age analysis.

Actual typical count
Peak mass (amu) time (s) per scan

90Zr,'60 195.805 2
204Pb 203.973 20
background 204.040 20
206Pb 205.974 15
207 Pb 206.976 25
208Pb 207.977 15
232Th 232.038 5
238U 238.051 5
232Th160 248.033 3
238U'60 254.046 3
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Typical time-series record for each of the 10
mass stations visited during a zircon analysis.
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remains constant during an analysis. A linear
regression is used to calculate the count rate at
the mid-point time for each isotope.
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Overview of the zircon analysis

The single most important aspect of the routine analysis of a
zircon is the following: the objective of an analysis is to
determine the isotopic composition of the zircon at the mid
point of the run. In other words, one is trying to obtain an esti
mate of the zircon age at a specific depth and time during the
analysis. Although it is possible to do depth profiling, where
one is specifically interested in the compositional changes of
the zircon with depth, the SHRIMP is really not designed for
this approach. It is commonly found that the composition of
the zircon during the course of the analysis is essentially con
stant, due to the very small amounts of material analyzed.
Sputtering is a very slow and controlled process compared to
other is situ sampling methods, such as laser ablation, and it is
generally not necessary to account for changing target com
position. Nevertheless, with some zircons, typically those
with fine oscillatory zoning, compositional changes are
observed despite the shallow penetration.

A routine run is divided into nonnally 6 to 8 'scans', each
comprising a series of ten mass stations ('peaks') that are
sequentially visited for a specified period oftime (Table 2). A
certain total number of counts will be received at the collector
for each peak during the specified time period. As the run pro
ceeds, variations in the secondary ion yields of each isotope
will normally occur as a consequence of the deepening of the
hole and fluctuations in the intensity of the primary beam.
Nevertheless, variations in secondary ion intensity can be
corrected for by normalizing the counts on a peak to the total
secondary ion beam current as measured at the secondary
beam monitor (SBM) within the sample chamber (Fig. I).

Figure 5 shows an example of an 8 scan, 10 peak zircon
analysis, obtained over a 20 minute period. Throughout the
run the signal intensity either increases (J96Zr20+, 232Th+,
238U+, 254UO+) or decreases e06Pb+, 207Pb+, 208Pb+,
248ThO+), generally in a linear fashion. The results for each
isotope can be treated as a linear 'time series'. If rastering of
the spot prior to analysis was not totally effective, 204Pb+ may
fall off after the first one or two scans. A linear regression is
performed on the eight scans for each peak, and the mid-point
count rate calculated for each isotope. The isotope ratios are
then calculated using the statistically determined mid-point
count rates (see 'Error analysis' for further discussion).
Changes in either the isotopic composition (i.e. apparent age)
or elemental abundances of U or Th of the zircon during the
erosion of the pit would result in more complex, nonlinear
time series, and a spline fitting procedure is available for such
cases.

Initial data processing is done on-line immediately fol
lowing tennination of an analysis using software provided by
the manufacturer, and this gives the analyst the first-pass iso
tope ratios and ages. However, complete processing of the
data and final age determinations are done off-line using two
custom software applications and various spreadsheet appli
cations. Control of the SHRIMP and offline processing are
accomplished with Power Macintosh computers.
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Secondary ion production of Pb+, U+, and Th+

In order to determine the 206Pb/238U, 207Pbj235U, and
208Pbj232Th ages of an unknown spot sample of zircon, hoth
the isotopic composition of Pb and the Pb/U and PbfTh ratio
(weight or atomic) must be determined. While the determina
tion of the Pb isotopic composition is straightforward (see
below), the precise determination of the Pb/U and PbfTh val
ues presents some difficulties. For example, under typical
SHRIMP analytical conditions, the measured 206Pb+/238 U+
in a zircon is normally two to five times the actual 206Pbj238u
value, varying from spot to spot and from sample mount to
sample mount (i.e. [206Pb+/238U+)/[l06Pb;238U]=2 to 5).
Similarly, [208Pb+j233U+)I[208Pb;232UJ=3 to 8. Thus, Pb is
enhanced over U and Th as a consequence of the SHRIMP
analysis, and it is understanding and controlling this instru
mental effect that is discussed next.

Understanding the relative ionization Yields of Pb,
U, and Th

The crucial parameter in any age determination is the secon
dary ion current of an element or molecular species e (e.g.
206Pb+, 238U+), sie , measured at the collector while sputtering
is occun-ing, where

(I)

and PIe is the primary particle flux (ions/second) during meas
urement of the isotope e , Ye is the total number of secondary
particles of e removed per primary particle impact or 'sputter
yield', cxe is the ionization probability of e, 8e is the fractional
concentration of e in the surface layer, and l1 e is the transmis
sion of e in the analysis system. In order for
[206Pb+/238U+]I[206Pb;238U)= I, si206/,i238 must equal

8206/8238' and for this to occur, PI206= PI238 , Y206=Y238'
CX206=CX238' and 11206 =11238' In other words, if the measured
isotopic ratio is to equal the ratio in the sample, the primary
particle flux, the sputter yield, the ionization probability, and
the transmission of each isotope must be identical at all times.
As it has already been stated, l206Pb+/238U+]/[206Pb;238U] is
not equal to unity and also varies, and therefore one or more

of PIe' Ye'CY'e' and l1e must be different between isotopes and
a)so variable. Let us now consider each of these factors to
determine what may be causing this particular analytical
problem.

Primary particle flux, PIe

The primary ion current may fluctuate by several per cent
overthe course of an analysis due to uncontrollable variations
in O2- ion production in the duoplasmatron, but there is no
systematic relationship between the intensity of the primary
ion beam with the particular isotope being measured. Further
more, primary beam intensity fluctuations a.re largely can
celled out by nonnalizing the collected ion beam to the total
secondary ion signal ('secondary ion normalization'), and
thus in practice it can be assumed that P1206= PI238 and P1208=
PI232·
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Sputter yield, Ye

Sputtering is a complex subject in its own right (see, for
example, Benninhoven et aI., 1987). In brief, an incoming
high energy 02- ion is thought to penetrate the surface of the
target and loses energy through elastic collisions with the tar
get atoms. The target atoms in turn strike other target atoms,
generating a 'collision cascade' of target atoms, causing con
siderable disruption of the crystal structure. A fraction of the
jossled target particles, those having sufficient momentum to
overcome the surface binding energy and the correct vector,
will be ejected backwards from the surface (i.e. sputtered)
about 10-l4 to 10- 12 s after plimary impact. The sputtered par
ticles include both atomic and molecular species, and are
thought to be derived from the upper 1-2 nm of the surface.
Sputtering is essentially a surface process (Williams, 1983),
whereas lattice damage may extend to 10-25 nm.

The sputter yield Ye is governed by a number of factors,
including kinetic energy of the primary beam, the primary
particle mass and charge, angle of incidence of the primary
beam, and the nature of the target. All except the last factor
may be considered as constants in the SHRIMP, i.e., the
accelerating voltage of the primary beam is kept at 10 kY, the
primary beam is mass filtered and consists of only 02- ions,
and the angle of incidence is fixed at 45°.

The sputter yields from chemically complex targets are
dependent on the binding energy of the element, which in turn
is dependent on its mass, charge, crystal structural configura
tion, and neighbouring elements. In zircon analysis we should
not expect that Y206 should be the same as Y238. However, as
explained by Shimizu and Hart (1982), once the crater has
been eroded down to the interaction depth of the beam, a
steady state will exist whereby the composition of the sput
tered particles will be equivalent to that of the undisturbed
bulk solid. The analysis of Shimizu and Hart (1982) would
suggest steady state is reached after 4 nm depth penetration,
which occurs after about 6 seconds of burn time in the case of
the SHRIMP. Consequently, differential sputter yields
between Pb, U, and Th are not important in explaining differ
ential ion yields of these elements during a typical SHRIMP
run lasting several minutes.

Ionization probability, cxe

As it is only charged (positively, in the current SHRIMP con
figuration) particles that can be electrostatically extracted
from the sample, accelerated, and mass analyzed, the forma
tion of secondary ions from the sputtered particles is a crucial,
but highly complex and controversial issue. There is no gen
erally accepted model for secondary ion formation, such as
whether ion formation occurs within or above the sample sur
face (e.g. Williams, 1979). Nevertheless, it is this factor that
may be largely reponsible for the differing secondary ion
yields of Pb, U, and Th.

The ionization probability of an element depends upon:

a. Ionization potential. The first ionization potential of Pb is
7.42 eY whereas that ofU is 6.08 eY and Th is 6.95 eY. As
Pb has the higher ionization potential, all things being
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equal one would expect it to be less easily ionized,
opposite to the observed relationship. Clearly, factors
other than the ionization potential are at work.

b. Electronic state of the target. The ionization probabilities
of Pb and U are enhanced in the presence of an
electronegative element such as oxygen at the sample
surface. Oxygen reduces the availability of electrons that
could otherwise recombine with the positively charge
ions of interest. In SHRIMP, deliberate increases in the
partial pressure of oxygen in the sample chamber result in
a relative increase in the ionization probability of Pb
compared to U. From day to day there are variations in the
partial pressure of oxygen in the sample chamber, and
there may be local variations in oxygen activity on the
sample surface. Thus, the relative yields of Pb+, U+, and
Th+ appear to be influenced by variations in oxygen
partial pressure.

c. Primary particle reactivity. Use of 02- as the primary
particle provides an electonegative element to the target
zone that enhances ionization, but this can be assumed to
be relatively constant from sample to sample and spot to
spot.

d. Target composition. The ionization probability of an
element is dependent upon the composition and crystal
structure of the target, a phenomenon termed the "matrix
effect" (Shimizu and Hart, 1982). Highly metamict and
annealed zircon, comprising silica and baddeleyite
phases, shows enhanced Pb+ yields compared to
nonmetamict zircon (McLaren et aI., 1994). It is
important that the matrix remain constant from spot to
spot, which is usually, but not necessarily, true during an
analysis of an unknown zircon.

e. Energy distributions. It is well known that the relative
proportions of secondary ions vary as a function of their
kinetic energy. Most of the secondary ions have rather
low energies (1-10 eV), but their proportions change as
their energy increases. In the GSC SHRIMP, the energy
bandpass to the magnet is about 20 eY (-5/+15 eY relative
to maximum transmission), which is not as wide as desir
able, but required to meet the acceptance of the magnet. In
theory it might be possible to select a specific, narrow
energy bandpass in which there was no discrimination of
the Pb/U and Pb/Th ions. However, the ion intensities
would be too low and the instrumental setup would be
very sensitive to any changes in the position of the energy
spectrum (discussed below).

Transmission, 11 m

The main function of the Au conducting layer on the sample
mount is to maintain a surface of equal potential (about +750
Y) with respect to the first extraction electrode. Excess elec
trons at the sputter site, originating from the primary 02
beam and from positively charged secondary ions, are con
ducted across the Au-coated sample surface in order to main
tain this extraction potential. An accumulation of negative
charge at a particular spot on the sample surface would have
the effect of lowering the overall extraction potential, and



thus the overall 10 kV accelerating potential of the secondary
ions. Lowering the accelerating potential would cause a shift
in the position of the energy spectrum at the exit to the ESA
chamber, potentially altering the relative intensities of the
isotopes transmitted to the magnet through the energy win
dow. Furthermore, the relative extraction efficiencies of Pb+,
U+, and Th+ probably vary with the extraction potential.

Although the conditions of secondary energy and mass
analysis are constant, it appears that each sample mount is
slightly different in the way that charge is dissipated across its
surface. The quality of the Au coating, the presence of irregu
larities on the mount (e.g. scratches, pits, and grain edges), the
depth of the pit, and the nature of the electrical contact estab
lished between the steel sample holder and the Au-coated sur
face all appear to have a role. Consequently, sample mounts
can be subtly different in the conditions under which secon
dary ions are extracted from their surfaces. Transmission
conditions of Pb, U, and Th cannot be assumed to be constant
from sample mount to sample mount. However, studies at the
GSC have shown that the transmission conditions over the
surface of a single mount can be stabilized, and remain so
indefinitely.

Mitigation of the variable relative elemental yields

The factors causing the ratio [206Pb+/238 U+]/[l°6Pb;238U]
to be greater than one and variable from mount to mount and
spot to spot are the ionization probabilities (ae) and transmis
sion efficiencies (llm) of Pb, U, and Th. These difficulties
have been largely overcome by the following analytical
practices:

1. A standard zircon having a normal zircon crystal structure
and well known and constant Pb/U and Pb/Th is included
within each sam£le mount. It is found that the relative
yields of 206Pb+/ 38U+ and 208Pb+;232Th+ are systematic
with UO+/U+ and ThO+/Th+for any particular mount (see
below). These calibration or 'working' curves are
established on the standard to correct for the spot-to-spot

.. . h l' . Id f 206Pb+/238U+ dvanatlOns III t e re atlve Yle s 0 an
208Pb+;232U+ on the mount. The relative ion yields
determined for the standard at the UO+/U+ and ThO+/Th+
of the unknown are applied to the unknown spot. These
practices ensure that there is no bias of the Pb/U and
Pb/Th data due to calibration from a separate mount. The
calibration curves established differ slightly between
mounts, but do not for change with time. Consequently,
once the calibration curves have been established they
remain valid as long as the mount is not removed from its
steel holder.

2. To minimize variation in depth penetration and resultant
changes in secondary ion extraction efficiencies, the burn
time and primary beam currents are kept as similar as pos
sible between all spots.

RA Stern

Kipawa standard zircon

The requirements of a suitable ion microprobe zircon stand
ard are stringent. The zircon must be homogeneous in Pb/U
and Pb/Th ratios to within I% at the scale of tens of microme
tres across and a few micrometres deep, requiring the zircon
to have undergone virtually no lead loss since crystallization.
The 206Pbj238U, 207Pb;235U, and 208Pbj232Th ratios must
also have been determined by an independent method, nor
mally isotope dilution thermal ionization mass spectrometry.
Abundance levels of radiogenic Pb should be 20 ppm or
greater to ensure good counting statistics. The zircon crystal
structure should be matched with the unknowns; if nonmeta
mict zircons will be analyzed then the standard should be
nonmetamict. The zircon should be plentiful, free of inclu
sions, and occur in pieces at least 50 ).lm in dimension, suit
able for mounting with unknowns having a range of
thicknesses. Ideally, the zircon should be homogeneous in
abundance levels of Pb, U, and Th in order that it can be used
to calibrate their abundance levels in the unknowns, although
this is not required to determine accurate ages.

A number of candidate zircons from among the GSC's
collection were considered over several months before adopt
ing material from the Kipawa Syenite Complex (Currie and
van Breemen, 1996). The zircon occurs at a rare mineral site
in a skarn-like unit at the margins of the syenite body. The
reader is referred to Currie and van Breemen (1996) for a
description of the geology and occurence of rare minerals at
this site. Zircon crystals reach several centimetres in diameter
in pegmatitic patches within amphibolite, and such material
was collected and analyzed by Currie and van Breemen
(1996) for age dating purposes.

The original zircon material (Z2430) was further investi
gated in this study in order to determine its utility as a
SHRIMP standard. Fragments of the least-magnetic, opti
cally clear zircon from sample Z2430 were mounted in
epoxy, polished, and C-coated in order to perform cathodolu
minescence imaging. The purpose of the cathodolumines
cence imaging was to determine the degree of heterogeneity
in U contents in the fragments. It is been found that bright
cathodoluminescence zones correlate with zircon of low U
content and vise versa. About 30-40% ofthe zircon fragments
are unzoned, and these are preferred targets for SHRIMP
analyses. The abundance levels of U and Th in the grains that
have a uniform cathodoluminescence are, however, not suffi
ciently uniform to be suitable as an abundance standard. Both
U and Th average about 250 ppm, with ranges of about ±25%
and ±50%, respectively. In a later section it is demonstrated
that the Kipawa zircon is suitably homogeneous in Pb/U and
Pb/Th ratios.
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Isotope dilution analysis

Results of six isotope dilution analysis of six clear, colourless
fragments of the Kipawa zircon sample Z2430 are summa
rized in Table 3 and plotted in Figure 6. Fractions A, B, and C
are from Currie and van Breemen (1996) and were air
abraded prior to analysis, whereas 0, E, and F were
unabraded for this work. The fragments weighed from 22 Ilg
to 74 Ilg each. The results show that the bulk fragments are
slightly discordant, from 0.1 to 0.3% relative to the origin.
The weighted mean ratios and 95% confidence limits are as
follows: 207Pbj206Pb = 0.072265 ± 0.000041 or 993.4 ±
0.7 Ma, 206Pbj238Pb = 0.16632 ± 0.00015 or 991.4 ± 1.1 Ma.
The fact tbat the grains show some discordance, albeit small,
suggests that some Pb loss may be observed in the SHRIMP
analyses, and indeed, this is the case; a small fraction of
SHRIMP spots of the Kipawa zircon can be recognized as
having anomalously low Pb/U and Pb/Th and are omitted
from the calibration. For the purpose of calibrating the
206Pbj238Pb and 208Pbf-32Th results, Kipawa zircon Z2430 is
assumed to have an age of 993 Ma.

Pb/V and Pb/Th calibration using the Kipawa
standard zircon

We have seen above that the raw 206Pb+/238 U+ and
208Pb+j232Th+ values of unknowns by themselves would be
of little use, as for anyone spot we have no independent way
of determining the elemental discrimination conditions that
existed during the analysis. The concurrent measurement of a
standard zircon, however, provides a solution to this problem.
Extensive analysis of the Kipawa zircon standard was carried
out for two main reasons: firstly, to examine the reliability of
the zircon (i.e., the extent to which random samples of this
zircon are concordant from spot to spot and grain to grain) and
secondly, to establish the characteristics of the Pb/U and
Pb/Th calibration lines for the GSC SHRIMP.

Hinthorne et at. (1979) were the first to use UO+/U+ to
correct for the changing relative yields of 206Pb+ and 238U+.
Based on the sputtering model of Anderson and Hinthorne
(1973), which related the ion yields to temperature, electron
density. and composition of a plasma, Hinthorne et at. (1979)
established an exponential relationship between
206Pb+j238U+ and UO+;U+. Compston et al. (1984) initially
used a linear relationship for the ANU SHRIMP I, and later a
quadratic function was adopted (Williams and Claesson,
1987). Recently, Claoue-Long et a!. (1995) have recom
mended the use at ANU of a power law relationship for
UO/U-Pb/U (i.e. 206Pb+/238U+=0.00S(UO+/U+)2). The
results to date from the GSC SHRIMP using Kipawa zircon,
however, indicate that a simple linear relationship is all that is
required at the present time, i.e.:

.0
0..
u
'c
Q)
Ol
o
'6
~
11

L!l~"" ...NO
NO
..... 0
00
do

mN(()o;;tC"')
OT""" .......... C")

oc:icicicio

'"c:
:B g ODOMMM

.0
a.

(2)

(3)

206Pb+/238 U+ = m(UO+fU+) + b

208Pb+j232Th+ = m(ThO+/Th+) + b

where m is the slope and b is the y-intercept.
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Figure 6.

Concordia plot showing ID-TlMS data on six
fragments of Kipawa zircon. Data from O.
van Breemen (pers. comm., 1996) and this
study. Error ellipses are at 95% confidence
level.
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Figure 7 shows an example of 238UI60+/238U+ versus
206*Pb+/238 U+ and 232Th 160+/232Th+ versus
208*Pb+j232Th+ (abbreviated as 'UO/U-Pb/U' and 'ThO/Th
Pb/Th' in the following discussion) and I se error bars for the
Kipawa zircon. The data were obtained by analyzing 25 sepa
rate spots on a single zircon fragment over a two day period,
and the Pb isotopes have been corrected for common Pb. In
the UO/U-Pb/U plot (Fig. 7a), the UO+/U+ values range from
7 to 8, and corresponding 206Pb+/238U+values from 0.46 to
0.58. A least-squares linear regression, in which
206Pb+/238U+is the dependent variable, yields a correlation
coefficient (R) of 0.984, slope (m) of 0.126 ± 0.005 (I se), and
intercept (b) of -0.43. The I s of 206Pb+j238U+ about the line is
1.4%. Similarly for the ThO/Th-Pb/Th plot (Fig. 7b),
R=0.967, m=0.0466 ± 0.0026, b=-0.277, and I s for
208Pb+/232Th+=2.1 %.

Similar experiments as this one were carried out periodi
cally over several months on different Kipawa zircon frag
ments on different sample mounts, and the results are
summarized in Table 4. The first observation is that the
degree of scatter about a best-fit straight line differs between
experiments. For example, the 1s of 206Pb+/238U+ relative to
the predicted value at the measured UO+/U+ ranges from
0.9% to 2.9%, and for 208Pb+j232Th+ it is 1.5% to 3.6%.
When enough data are available for any pmticular experiment
it is sometimes apparent that certain spots fall below the main
trend. Low 206Pb+/238U+is usually correlated with low
208Pb+j232Th+, and appear to be spots in which Pb loss has
occurred. Such obvious outliers have been excluded from the
results in Table 4. Nevertheless, the fact that the degree of fit
varies depending on the grains analyzed suggests that the
effects of Pb loss cannot always be avoided. Variations in the
quality of the zircon grains rather than instrumental effects
appear to govern the degree of coherence in the Kipawa zir
con to a best fit straight line.

The slope of the calibration line versus mean UO+/U+and
ThO+/Th+ values for each analytical session indicated in
Table 4 are plotted in Figure 8. For both isotopic systems

there is no apparent correlation of slope with UO+/U+or
ThO+/Th+, indicating that higher order functions are not
required within the range of UO+/U+ and ThO+/Th+
considered. For UO/U-Pb/U (Fig. 8a), the weighted mean
slope is 0.125 ± 0.005 (2 se) and X2 = 1.04 (P=40%). The
slopes for ThO/Th-Pb/Th show more scatter (Fig. 8b), but
still may be considered a single population with a weighted
mean slope of 0.0438 ± 0.0022 and X2 = 1.73 (P=IO%). The
y-intercepts range from -0.35 to -0.54 for UO/U-Pb/U and
-0.16 to -0.44 for ThO/Th-Pbrrh. The correlation lines shift
slightly up or down with each sample mount, causing the
y-intercepts to differ. It is possible that a power law relation
ship would better describe the relationship over more exten
sive ranges in UO+/U+and ThO+/Th+. As the vast majority of
analyses of unknown zircons will be within the range of mean
UO+/U+and ThO+/Th+ values shown, a linear fit has been
adopted for the time being.

The mean slopes determined for the Pb/U and Pb/Th cali
bration lines are not fundamental properties of SIMS analysis
of zircon, but instead depend, in part, on the particular instru
mental setup of the GSC SHRIMP. Changes in the slope can
be affected by adjusting the width of the ESA energy window,
or by using a different type of sample holder. For example,
analyses of Kipawa zircon mounted on a thin section gave
UO+/U+values between 4 and 5, and a calibration line with a
slope of about 0.09 in one analytical session.

The observed positive correlations between 238U 160+
and 206Pb+, and 232Th 160+ and 208Pb+ may result from their
similar ionization probabilities and similar energy distribu
tions. A high UO+/U+or ThO+/Th+ at a particular spot indi
cates that, for whatever reason, UO+ and ThO+ are being
ionized and/or transmitted relatively more efficiently. One
can think of UO+/U+and ThO+/Th+ as the monitors of the
'run conditions' for any particular spot, with the relative
yields of 206Pb+/238U+and 208Pb+/232Th+, respectively,
being (linearly) dependent on spot run conditions.
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The scatter of data about the Pb/U and Pbrrh calibration
lines for the Kipawa zircon is the main source of propagated
error in determining the 206Pb/23SU and 20SPb;232Th ages for
the unknowns (see below). Consequently, a great deal of
attention has been payed in this report to understanding and
mitigating the factors that could produce scatter in these
curves. The Kipawa zircon, while not a perfect solution,
appears to be sufficiently reliable in terms of the concordancy
of random spots. It is recommended that at least ten analyses
be obtained for each sample mount to obtain the best control
on the Pb/U and Pbrrh ages.

14

Calculation o.f206Pb;238U 207Pb;23Su and'J , ,

208Pb;232Th ratios in the unknowns

Once the UO/U-Pb/U and ThOrrh-Pbrrh calibration lines
for the standard have been determined, the 206Pb;23SU and
2oSPb;232Th values of the unknowns can be calculated from
the 206Pb+;23SU+ and 2oSPb+;232U+ values by applying the
following simple ratio relationship:

(206Pb+/23SU+) /(206Pb+/23SU+) =unk std
(206Pbj23SU)unJJ(l°6Pb;23SU)std
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Therefore,

e06Pbj238U)unk = e06Pbj238U)std x (5)
(206Pb+j238U+)unk/<206Pb+j238U+\td

where,

(206Pb+j238U+\nk is measured ratio in the unknown,
corrected for common Pb,

e 06Pb+/238U+)Sld is the standard value, calculated from
the UO/U-Pb/U calibration line of the standard at the
UO+/U+of the unknown,

e 06Pbj238U\mk is the value of interest,

and e06Pbj238U\td equals 0.1666 for Kipawa zircon.

And similarly,

(208Pb+j232Th+)unk/e08 Pb+j232Th+\td = (6)
(208Pb/232Th)unk/e08Pbj232Th)std

Therefore,

e 08 Pbj232Th)unk = e 08Pbj232Th\td x (7)
e 08Pb+j232Th+\nk/e08 Pb+j232Th+)std'

where e 08Pbj232Th)Sld is assumed to be 0.05038 for
Kipawa zircon.

These simple relationships assume that the Pb+/U+ and
Pb+/Th+ elemental discrimination of the unknown is the
same as that of the standard under the same analytical con
ditions. The 'same analytical conditions' means that the
unknown and standard are compared at the same UO+/U+
and ThO+/Th+values, which are those of the unknown. The
e06Pb+/238 U+)std and e08Pb+j232Th+)std values have to be
calculated from the linear approximations, as it would be
fortuitous if a standard had actually been analyzed at
exactly the same UO+/U+ or ThO+/Th+ value as the
unknown.

The e 07Pbj23SU)unk follows from the e 06Pb;238U)unk'
i.e.,

(207Pbj23SU).unk = e06Pbj238U)unk x (8)
207Pbj2ot>pb x 238Uj23SU

where 238Uj23SU=137.88 and the Pb isotopes have been
corrected for common Pb.

Common Ph corrections

The potential sources of common Pb in a SHRIMP analysis
of zircon include the Au coating and the initial Pb in the zir
con itself. In an isotope dilution analysis ofPb, the isotopic
composition of the common Pb in any total Pb analysis
must be inferred, usually chosen as a blend of the laboratory
'blank' and an estimate of the intrinsic common Pb in the
zircon. The situation in a SHRIMP analysis is not that dif
ferent, except that the counting statistics on 204Pb are much
less favourable. Not only are smaller amounts of zircon
analyzed, but also the probe spot can be placed deliberately
in opticaUy clean areas of the zircon, away from cracks or
inclusions, where the amount of intrinsic common Pb is
usually very small. Common Pb corrections tend to be most
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important for Neoproterozoic to Phanerozoic zircons and
those of any age with low U contents, i.e. where the quantities
of radiogenic Pb are low.

Table 5 reports measurements of the Pb isotopic composi
tion of the sUlface blank for the sample mounts and the pure
Au used in the evaporative coating procedure (data from
B. Davis, pers. comm., 1996). To obtain the measurement of
the sUlface blank, a 15 mL Savillex beaker was washed in
soap, rinsed in deionized water, dried under a heat lamp,
and then the inside was evaporatively coated with Au, a

procedure identical to the treatement of the sample mounts.
The beaker and its contents were then dissolved in 3 N HN03
and spiked with 205Pb prior to Pb column chemistry. The pure
Au sample was cleaned in acetone and H20, dissolved in 3 N
HN03, and prepared unspiked. The total Pb determined from
the analysis of the surface blank was 180 pg. A replicate anal
ysis yielded a similar result. The isotopic composition of the
pure Au is identical to the composition of the surface blank,
indicating that the common Pb on the sample surface is
accountable entirely by the Au coating.
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Table 5. TIMS Pb isotopic analysis of surface blank and pure Au
(B. Davis, pers. comm., 1996).

206Pbfo4Pb 204Pbfo6 Pb 207Pbf04Pb 208Pbfo4Pb 207Pbfo6Pb 20BPbfo6 Pb Total Pb (nn)'

pure Au 17.335 0.05769 15.516 37.077 0.895 2.138

surtace blank 17.476 0.05722 15.503 36.981 0.887 2.116 180

2 se external precision in ratios is estimated at <0.5%
• total Pb deoosited on the surtace of the samole

( 12)

( 13)

(14)

In mosl unknowns the levels of common Pb are either
undetectable or at a consistently low level from sample to
sample, and it is inferred that the common Pb composition of
these samples is that of the Au coating. Such reasoning is
similar to that commonly followed in isotope dilution analy
sis where there is an assumption about the expected levels of
blank in each unknown analysis. This assumption is validated
here by the observation that the common Pb content
decreases with rastering time of the area around the spot prior
to an analysis. Common Pb is undetectable or very nearly so
after complete removal of the Au. It is not always time effi
cient, however, to raster for the amount of time needed to
eliminate the surface blank, and hence the need to make a cor
rection. Keeping the Au coating to the absolute minimum is
very impOltant in this regard.

Most zircon analyses yield a count rate for 204Pb (back
ground corrected) of 0.1-0.3 c/s. For the unknowns, a 204Pb
count rate of I cls has been selected as the cutoff value, below
which the surface blank composition is used, and above
which the isotopic composition of the common Pb foJ lows the
model of Cumming and Richards (1975).

Two separate ways to determine the quantity of common
Pb (here used to mean total nonradiogenic Pb) in an analysis
are discussed next. In both of these calculations, three factors
f206, f207 , and f208 can be derived, where:

f206 = fractional amount of total 206Pb which is common
Pb

=206Pb from common PbP06Pb total

= 206PbcP06Pb
t

(9)

f207 = 207PbJ207Pb,

= f206 x e 07PbP06Pb\/e07PbP06Pb)r (10)

f208 = 208PbcP08Pb,

= f206 x e08PbP06PbVe08PbP06Pb)1 (I J)

where 't' is the measured (total) Pb, and 'c' is the common
Pb.

These factors are used to correct the measured isotopic
ratios for the presence of the common Pb, e.g.:

206'~Pb+/23SU+=(l-f206) x e 06Pb+/238U+)

20hPb+P06"'Pb+ = e 07 Pb+/206Pb+)

x (l-f207)/(I-f206)

20s*Pb+/232Th+ = (l-f20S) x e08 Pb+/232Th+)

204Pb method of common Pb correction

This method uses the measured 204Pb isotope to determine
the proportion of common Pb, similar to the methodology
employed in an isotope dilution analysis. The 204Pb count
rate is calculated as the 204Pb total count rate minus the
'background' count rate measured at a nominal mass of
204.04 amu where there are no known isotopes present. The
background counl rate is normally one-quarter to one-half of
the total 204Pb count rate. The difficulty with this method is
the large error in the correction that results from the few
counts of 204Pb in most zircons (see further discussion in
'Error analysis '). The calculation of 204cf206' the fraction of
206Pb that is common Pb determined by the '204 method', is
as follows:

204cf = e 04PbP06Pb) le04PbP06Pb) . = ( I5)
206 206 ?06 I c

Pbc/- Pb l

The advantage of this method is that only e04PbP06Pb)c
has to be assumed (i.e. the isotopic composition of the com
mon Pb). The '204 method' is used in cases where one wants
to make no assumptions about the Pb/U, Pb/Th, and
207PbP06Pb ages of the analyzed zircon. The 204 method is
always the one used for studies of zircons older than about
1.5 Ga and in any study in which assessment of concordancy
is an issue.

207Pb method of common Pb correction

The 207 correction for common Pb compares the measured
207Pb+P06Pb+ value with the expected radiogenic 20hpbl
206*Pb value for the zircon, i.e.,

207cf2 = [e07Pb+p06Pb+)_(20hpbP06"'Pb)]/ (J 6)
[(~~7PbP06Pb\-e07*PbP06*Pb)]

In addition to the common Pb composition, this method
also requires the 20hPbP06*Pb to be specified. This method
is generally used only for certain Phanerozoic zircons that are
thought to be near concordant based initially on the 204
correction. The idea here is that the difference in
20hPb;206*Pb in zircons up to about 500 Ma is relatively
small, and therefore it is possible to estimate the
20hPbP06*Pb value in such a zircon with sufficient accu
racy. Young zircons have low 20hPb, which results in large
propagated en'ors in the 20hPbP06*Pb ratio using the 204
method. Although discussed here as an option, in general this
method is not favoured at the GSC due to a desire to utilize the
207PbP06Pb ratio despite its relatively high uncertainty.
Analyses of young zircons, for whicb the common Pb contri
bution is significant and variable, can be assessed using a
Terra-Wasserburg diagram, in which the uncorrected
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207Pbj206Pb values are plotted against the uncorrected
238U/206Pb values and a regression line fitted through the
data.

232Th;238U Ratios and Th abundances

Although it contains no age infonnation, the 232Thj23SU
value is useful in petrogenetic interpretations of zircon and is
also used to calculate the elemental abundance of thorium.
For a zircon that has remained a closed system since
crystall ization,

2oSPb*j206Pb* = [232Thj238U][(eA2321 - 1)/ (17)
(eA23S1 _ I)]

For the 993 Ma Kipawa zircon the second term is a
constant:

Consequently, if there are variations in the Th/U ratio in
the Kipawa zircon, and the secondary ion yields of 232Th+
and 238U+ (or 24SThO+ and 254UO+) are identical (i.e. no
instrumental fractionation), a plot of 232Th+/23SU+ (or
248ThO+j254UO+) versus 208Pb*j206Pb* will yield a straight
line through the origin of slope=0.30236. The species
248ThO+ and 2S4UO+ are normally used because the ion
intensities are considerably greater than for 232Th+ and
23SU+. Figure 9 is such a plot for 179 spots from several dif
ferent grains of Kipawa zircon. The mean slope of a line
forced through the origin is 0.33108 ± 0.000471 (I se), which
is significantly greater than 0.30236. Thus, at a given
2oSPb*j206Pb* the measured 248ThO+j2S4UO+ is too low,
with 2S4UO+ ionized in preference to 248ThO+. Thus,

2os*Pb+j206*Pb+ = f O-UO x 0.30236 x (19)
(l48ThO+;2!~UO+)

wherehhO_UO = 0.33108/0.30236 = 1.095 ± 0.0209 Cl se)

Therefore,

232Th;238U = hhO-UO x (l48ThO+;2s4uo+)

= 1.095 (l48ThO+j2S4UO+) (20)

This analysis uses the variable 208*Pb+j206*Pb+ to
independently assess the ThO+/UO+ disclimination factor

«ThO-~eW.~and it as.sumes ~hat fr~cti.o?ation of th~ Pb .is.oto~es
(I.e., "Pb+/206"'Pb+) IS IOslgOlflcant (see JustIficatIOn
below). The factor hhO-UO is only weakly dependent on
UO+/U+values for a particular sample mount. An average of
several mounts is as follows:

hhO-UO = 0.0318[UO+/U+] +0.859 (21)

Generally, data for anyone mount show considerable
scatter about such a line, indicating that UO+/U+ is not the
best monitor of the relative ionization yields of ThO+ and
UO+. As the 232Th;238U ratio is not used for any age calcula
tions, a better predictive model for fTbO-uO is really not
required. Consequently, the measured 24l>ThO+j2s4UO+ val
ues in unknowns are multiplied by the constant 1.095 ±
0.0209 (1 se) to obtain the true 232Thj238U values. Higher
precision in the 232Thj238U is not required, as this ratio is not
used to calculate 208*Pb;232Th ages at the GSC laboratory, as
can be done. From 232Th;238U it is straightforward to convert
this atomic ratio to a weight ratio, i.e., Th/U (wt.) =
232Th/238U x 0.968, and hence the Th concentration from the
U abundance (see below).

A fixed ±2%: (1 se) uncertainty in f lllo-uo is added in
quadrature with the counting statistical error on
248ThO+j2S4UO+ (typically 0.5%) to derive the errors in the
232Thj23SU and Th/U weight ratios. The Th abundance is
assigned a blanket 1 SD error of ±10% due to the error in the
U concentration of the SL 13 zircon standard (see below).
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Figure 9.

248ThO+j254UO+ versus 208*Pb/206*Pb for
Kipawa zircon. This correlation allows the rela
tive instrumental fractionation of248ThO+from
254UO+ to be calculated (see text for details),
used in determining the Th ahundances.
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U and Pb abundances

Although the main aim of SHRIMP zircon analysis is the
determination of isotopic ratios of Pb, U, and Th, the abun
dances of these elements in the zircons can also be deter
mined. Only the interelement isotopic ratios are necessary for
an age calculation, and in a SHRIMP analysis the interele
ment isotopic ratios of Pb, U, and Th are directly measured.
By contrast, in isotope dilution U-Pb and Th-Pb analyses, the
interelement ratios are calculated from precise measure
ments of the abundances of each of Pb, U, and Th and the iso
topic composition of Pb in the sample. The comparatively
imprecise SHRIMP method of determining U and Pb abun
dances is described next (see above for Th).

To determine the U abundance in an unknown, a standard
with known U content must be present on the sample mount.
The standard is analyzed as usual and its 196Zr20+j238U+ and
UO+(U+values are determined. The 238U+ is ratioed with
J96Zr?0+ under the assumption that the Zr abundance is equal
in all zircons and that the collected 196Zr20+ signals of stand
ard and unknown wiJl be of equal intensity when measured
under exactly the same analytical conditions, i.e.:

(196Zr20+j238U+\nk/( 196Zr20+j238U+)sld = USld/Uunk

Uunk (ppm) = Ustd (ppm)/ (22)

[( 196Zr20 +/238U+)unk/(J 96Zr20+j238U+)stdJ

As previously explained, UO+/U+ is a monitor of the ana
lytical conditions, and it is important to compare standard and
unknown at the same UO+(U+value. Consequently, as we
have seen for Pb(U, the (196Zr20+j238U+\td has to be calcu
lated at the UO+(U+of the unknown. Claoue-Long et al.
(1995) reported a power law relationship between
196Zr2 0+/238U+ and UO+/U+(i.e. I96Zr2 0+;238U+ =
a(UO+(U+)O.66). Attempts were made with the GSC SHRIMP
to independently determine the form of the (196Zr20+j238U+)

versus UO+(U+working curve using SLl3 zircon, but it was
found that the relationship was poorly defined owing to the
known >±IO% variation in U content of that zircon. Never
theless, during analysis of a particular grain ofKipawa zircon
the relationship shown in Figure 10 was observed. Only
seven spots were visited, but they lie along a least squares
straight line (X2=0.53, P=75%) with m=0.496 ± 0.026 (I se),
b=0.755 and R=0.993. Analysis of other parts of this grain
during subsequent sessions worsened the excellent correla
tion observed. Although the linear cOITeJation has not been
duplicated in other grains since, it appears that the seven
analyses of that particular day by chance hit a part of the grain
having identical U contents. Such a correlation line will be
difficult to confirm, as few zircons are sufficiently homo
geneous in U content to conduct such an experiment. There is
a ±6% difference in the discrimination factor between
196Zr20+ and 238U+ over the range of UO+(U+values shown
in Figure 10, so that the variations in zircon U abundance for
such a study would need to be «±6%. Despite the fortui
tious results of Figure 10, Kipawa zircon is otherwise too
heterogeneous in U content (e.g. Table 3) to be used in deter
mining the UO(U-Zr(U calibration line for a particular
mount.

Instead, the UO(U-Zr(U calibration line is established by
analyzing SLl3 zircon on a second 'standard' mount (U =
238 ± 23 ppm (l se); 1. Williams, pers. comm., 1996). Thi.s is
not an ideal situation, as it is likely that each mount has a
unique UO/U-Zr(U calibration line (i.e. the y-intercepts
vary), and compounding the problem is the fact that SL 13 zir
con has only moderately uniform U contents. Thus, the form
of the UO(U-Zr(U calibration line determined above is of lit
tle value at the present time, being overwhelmed by the
required use of SLl3 on a separate mount. The external repro
ducibility ofU contents is estimated to be - ±1O% (I se) with
this method.

Figure 10.

254UO+/238U+ versus /96Zr20+/238U+ for a sin
gle fragment of Kipawa zircon. This correlation
shows that the relative instrumental fractiona
tion of 196Z1"20+ from 238U+ varies systemati
cally with 254UO+;238U+ The 196ZI"20+/238U+

parameter is used to determine the U abundance
in an unknown.

IP19, Kipawa grain 6 (07/04/96)

n=7
slope =0.496 +/-0.026
intercept =0.755
R =0.993
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laSld=±tO.16XSX [1 + l/n+(xp-xm)2/SS xx]1/2 (27)

where to.16 is the t multiplier for n-2 degrees of freedom
(from statistical tables), n is the number of data points (e.g.
spots on the standard), s = [i=llo nI(Ym - y )2/n-l] 112 is the
standard deviation of measured values (ym) relative to pre
dicted values (yp)' xp is thex value of the calculation, xmis the
mean x value, and SSxx = 1=1 10 nI(xi-xm)2. The third term in
the square brackets is generally of secondary importance and
has been ignored because the UO+/U+or ThO+/Th+ of the
unknown is never very far from the mean of the standard cali
bration line. Thus, the above equation can be simplified as,

la Sld = ± to.16 x s x (I + l/n)1/2 (28)

Average la Sld for (206Pb+/238 U+)sld and
e08Pb+j232Th+\ld are 1.6% (range 0.9 to 2.9%) and ±2.5%
(range 1.5-3.7%), respectively. The I awl determined for a
particular sample mount is applied as a blanket error to the
unknowns and is usually the major source of error in the final
e 06Pbj238U\nk values. Note that no reference calibration is
necessary for the Pb isotopes, and they are not detectably
fractionated from each other (see below).

b. counting errors

'Counting errors' refers to the uncertainties that result from
instrumental effects during the run. In understanding how
counting errors are calculated, it is important to recall that
normally the objective of an analysis is to determine the iso
topic composition of the zircon at the mid-point of the run.
During each visit to a peak, a certain total number of counts
will be received at the collector. The uncertainty associated
with each visit to a mass station (i) is modelled by Poisson dis
tribution as I s = (nj) 1/2, where n is the number of counts
received in the count period.

It is obvious, but needs to be emphasized, that no two vis
its to a mass station occur at exactly the same time period.
Consequently, the ratios of the isotopes have to be calculated
at the same arbitrary time, chosen as the mid-point of the run.
The mid-point time occurs at the half way point between the
last mass station of the first scan and the first mass station of
the last scan. The ellW in calculating from a linear regression
the total number of counts at the mid-point of the time series is
as follows. An unweighted least-squares linear regression is
calculated for each time series analysis of an isotope. Outliers
may be recognized and omitted. A X2 value is determined for
the fitted line. The mid-point count value for the isotope is
calculated, nmid' The total counting error associated with the
time series of a particular isotope is (nIOI) 1/2, where nlol is the
total number of counts in the time series (Inj)' Therefore, the
fractional counting error associated with anyone mass station
IS:
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Total Pb contents follow from the 206Pbj238U and U abun
dance (in flg!g-l) i.e,

206Pb }Jmo!/g-I = 238U }Jmo!/g-I x 206Pb*j238U

= (U pg!g-I/238.0289 g/mo]-I)x

0.992743 x 206Pb*j238U (23)

207Pb }Jmo!/g-I =207Pbj206Pb x 206Pb }Jmol/g- I (24)

208Pb pmo!/g-I = 208Pbj206Pb x 206Pb flmol!g-I (25)

Totalling and converting to weights:

Total radiogenic Pb (J..lg!g) = (205.974 g!mole- I x (26)
206Pb flmo!/g-l) + (206.976 g/mol- I x207Pb flmo!/g-I) +
(207.977 g/mol- I x 208Pb J..lmol!g-I)

Error analysis

In estimating the total uncertainty of e 06*Pbj238U)unk'
e 07 *Pbj235U)lInk,e08*Pbj232Th\nk' antI e07'~Pbj206*Pb)unk
on a single spot, the following separate errors need to be
incorporated:

a. error due to the standard calibration;

b. counting errors,

c. common and background Pb corrections,

d. composition of the common Pb,

e. mass fractionation of Pb isotopes, and

f. isobaric interferences (hydrides).

Note that for ease of calculation all errors on ratios, ages,
and elemental abundances for single spots are quoted as ± la
(68% confidence interval). Only summary age calculations
are quoted at the 95% confidence interval (2a).

a. standard calibration

Here we are concemed with the fit of the UO/U-Pb/U and
ThO/Th-Pb/Th calibration lines and determining the error in
the calculated e 06Pbj238U)Sld and e08Pbj232Th)sld at the
UO+/U+and ThO+/Th+ of the unknown (used in equations
5 and 7). The error is essentially the standard deviation of the
measured 206Pb+/238U+and 208Pb+j232Th+ of the standard
about the linear regression line, augmented by factors that
depend on the number of points in the regression (e.g.
Mendenhall and Sincich, 1995). Note that a simple,
unweighted least squares linear regression is used, that is,
with minimization of e 06Pb+/238 U+)Sld or e08Pb+j232Th+)sld
as the dependent variable. More sophisticated regressions
that involve weighting, two-variable linear regression, and
error correlations have been compared with the simple linear
regression and not found to be sufficiently beneficial to offset
the inconvenience associated with carrying out such a regres
sion with the current setup for data reduction. From a simple
linear regression it is straight forward (see Mendenhall and
Sincich, 1995) to calculate the 68% confidence interval of an
individual value of y (i.e. 206Pb+j238U+) at a specified value
of x (i.e. UO+/U+):
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(nIOI ) 1/2/n101 = l/(nI01)1/2

Therefore, for nmid the I s uncertainty is:

nmid x 1/(ntol )1/2

(29)

(30)



The 1 s error is augmented by the degree of fit of the line,
i.e.,

± I s = (X2) 1/2 x nmid x 1/(n
101

) 1/2 (31)

To obtain a l s error in the midpoint count rate, nmid is
divided by the count period to obtain (c/s)mid' which has a
counting error of:

±1 s = (x2) 1/2 x (c/s)mid x I/(n
101

)1/2 (32)

Once the errors for each of the mid-point count rates have
been calculated, any additional errors, including the errors
associated with the common Pb and background correction
(see below), are added quadratically. Then the ratios of the
isotopes are calculated and the % I s count rate errors are
summed. For example, for the 206Pbj23SU ratio the total
counting error in per cent is [(±l s206Pb%)2 + (±I
s238U%)2] 1/2.

c. common Pb and background corrections

The common Pb and background corrections introduce addi
tional errors in the count rates for 206Pb, 207Pb, and 20sPb.
Take for example an analysis with a total count rate for 204Pb
of 0.14 c/s. If 204Pb is monitored for about 100 s then the 1 s
counting error is about 0.14 x I/( 14) 1/2 =±0.037 c/s. Assum
ing, in this example, a background of 0.047 cls collected over
the same period, then the 1 s counting error for background
would be about ±o.on c/s. Thus, the elTor in the background
corrected 204Pb count rate (0.093 c/s) for this spot is [(0.037)2
+ (0.022)2] 1/2 =±0.043 cls (± 46%). Assuming that the com
mon Pb has the composition of the Au, the count rates and
errors for 206Pb, 207Pb, and 20sPb due to the common Pb
would be 1.61 ±0.74 cls, 1.44 ±0.66 cls, and 3.44 ±1.58 eis,
respectively, with errors calculated at ± 46% as determined
above in this example.

The factors f206, f207 , and f20S and their total uncertain
ties, taking into account the errors associated with the com
mon Pb and background correction, would normally be
calculated next from the required isotopic ratios and counting
errors (e.g. see equations 9, 10,11, IS). Typical raw (uncor
rected) 206Pb, 207Pb, and 20SPb count rates and counting
uncertainties for Kipawa zircon are 500 ± 2.5 cls, 36 ± 0.4 cls,
and 180 ± 1.1 eis, respectively. Gathering the appropriate
count rates, we obtain 204cf206 =206Pbcj206Pb

t
= l.61/S00 =

0.0032, which has a fractional uncertainty of [(0.74/1.61)2 +
(2.5/500)2] 1/2 = 0.46. Following identical measures for the
other isotopes, we obtain:

204cf206 = 0.0032 ± 0.0015

204cf207 =0.040 ± 0.018

204cf208 =0.019 ± 0.009

As an example of how 204cf206 is used, consider that in
this example the measured 206Pb+/23SU+value is 0.500 ±
0.004, and we wish to covert this to the radiogenic ratio
with errors. The conversion to a radiogenic 206*Pb+j23SU+
is (1_204cf ) x 206Pb+/23SU+. The uncertainty in the
radiogenic~~%*Pb+j23SU+can be shown to be equal to [(( 1
204Cf206)(±ls6/3S))2 +(CZ06Pb+j23SU+)(±lsf206))2]1/2 = [((1-
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0.0032)(0.004))2 + ((0.500)(0.00 15))2] [/2 =±0.00406. In this
case it can be seen that the common Pb correction does not
significantly increase the uncertainty in the 206*Pb+/23SU+

value, and this is true for most zircons.

Now consider the calculation of the uncertainty in the
radiogenic 20hPb+j206*Pb+ ratio from a measured value of
207Pb+j206Pb+ = 0.07200 ± 0.00087, with error based on
counting statistics. The radiogenic 20hPb+j206*Pb+ =
207Pb+j206Pb+ x (1-f207)/(1-f206) = 0.06934 and the quadratic
summation of the errors (not shown) yields ±O.OO 155. The
error in the 207*Pb+j206*Pb+ went from ±1.2% to ±2.2% after
common Pb cOITection, which is a significant increase. The
common Pb correction will noticeably increase the error in
the 20hPb+j206*Pb+ value for most zircons less than 1.5 Ga,
but generally has only a minor influence on Archean zircons.
The 20sPb isotope ratios are usually affected to a moderate
extent, but usually less than 207Pb.

d. common Pb composition

At this point in the analytical program no errors have been
assigned to the isotopic composition of the common Pb. The
errors associated with this factor are much less than the errors
that are typically associated with estimating the common Pb
ratios based on measurement of 204Pb. For instance, in the
previous example, the uncertainties due to counting statistics
alone on the 206Pbj204Pb, 207Pbj204Pb, and 20sPbj204Pb val
ues of the common Pb are ±6S%, much greater than the uncer
tainty in the common Pb composition.

e. mass fractionation of the Pb isotopes

The issue of mass fractionation ofthe Pb isotopes in SHRIMP
has been addressed by several workers (Campston et aI.,
1984; Williams and Claesson, 1987; Wiedenbeck and
Watkins, 1993; Roddick and van Breemen, 1994), and to date
there has been no convincing case made for significant mass
fractionation. The results from tests comparing isotope dilu
tion and GSC SHRIMP 207PbP06Pb ages of several different
ages suggest no detectable mass discrimination (see 'Part II',
this report). Consequently, no additional uncertainty due to
mass fractionation is applied to the data.

Summary

The following is a summary of the factors considered in the
calculation of uncertainties in the important isotopic ratios
and elemental abundances, arranged in decreasing
importance:

(206*PbP3SU)unk: uncertainty in the standard calibration
(UO/U-Pb/U regression), counting statistics, common Pb
and background corrections

(207*Pb/23SU)unk: uncertainty in (206*PbP3SU)unk and

(207*PbP06*Pb)unk

(207*Pb;206*Pb)unk: uncertainty due to counting
statistics, common Pb and background corrections
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Table 6. Summary of age results for test samples using SHRIMP and ID-TIMS. Errors are
at the 95% confidence level.

ID-TIMS: best concordant SHRIMP: best concordant
Sample # age estimate (Ma) age estimate (Ma) ID-TIMS data source

Z3940 476 ± 2 481 ± 8 V. McNicoll (pers. comm., 1996)
Z2170 (SL13) 572.1 ± 0.2 (206-238) 578 ± 6 Roddick and van Breemen (1994)

576.2 ± 0.7 (207-206)
Z3053 1161 ± 2 1164±17 O. van Breemen (pers. comm., 1996)
Z3134 1856 ± 2 1857 ± 11 Stern and Lucas (1994)
Z3371 2589 ± 1 2587 ± 6 M. Villeneuve (pers. comm., 1996)
Z3935 2667 ± 1 2660±11 O. van Breemen (pers. comm., 1996)
Z1242 2681 +1.9/-1.4 2680 ± 6 Mortensen and Card (1993)

(208"Pb/232Th)unk: uncertainty due to standard
calibration (ThO/Th-Pb/Th regression), counting
statistics, common Pb correction, and background
cOITection

U, Pb, and Th abundances: blanket error of ±1O%.

Th/U ratio: ±2% uncertainty in the ThO-UO fractionation
factor, counting statistics.

PART 11: PERFORMANCE EVALUAnON

In' Part I' of this report. the methods of determining U-Pb-Th
ages and errors using the GSC SHRIMP were presented. In
order to validate the analytical methodologies employed
and to examine the precision and accuracy of the isotopic
ages under routine analytical conditions, a series of tests
were performed upon seven different zircon samples over a
period of three months. Published and unpublished isotope
dilution data derived from the GSC laboratory exist for each
of the test samples and, for most, the isotope dilution ages are
very precise and unambiguous.

Test samples and analytical method

Table 6 summarizes the rock types, isotope dilution ages, and
data sources for each of the test samples. The sample numbers
and Pb/U ages are as follows: Z3940 (476 Ma), Z2170 (572
Ma), Z3053 (l I 61 Ma), Z3134 (1856 Ma), Z3371 (2589 Ma),
Z3935 (2667 Ma), Z 1242 (2681 Ma). Concordia plots of each
are shown in Figure 11. With the exception of sample Z2l70
(SL13), which is metamorphic in origin, all the zircon ages
represent crystallization events.

Zircons selected from the same mineral fractions used to
obtain the ID-TIMS ages were mounted (5-30 grains) along
with several Kipawa zircon fragments on three separate
epoxy disks (IP2, IP 19, IP25). Routine mounting, imaging,
and coating protocols were followed for each. The samples
were then analyzed using the SHRIMP, and at least six spot
analyses were obtained per sample. The number of scans
ranged from six to eight, and peak collection times varied
slightly between samples, but was similar to that shown in
Table 2. The calibration line for Kipawa zircon on each
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mount was established with ten or more analyses from one
or more fragments. The data were reduced as described in
'Part 1', with the 204Pb method used for common Pb correc
tion. No special treatments were employed in the analyses of
the test zircons, as the objective was to investigate the per
formance under routine conditions.

Test results

Table 7 summarizes the 204-corrected isotopic data for the
test samples. Figure 11 shows Wetherill concordia plots of
the SHRIMP data plotted alongside the ID-TIMS data at the
same scale. Note that the SHRIMP data for individual spots
are plotted as 68% confidence level error polygons, whereas
the ID-TIMS data for the zircon fractions are shown as 95%
confidence level eUipses or crosses for clarity. It is immedi
ately obvious that a SHRIMP datum (a spot) is significantly
less precise than an 10-TIMS datum (a fraction). The reasons
for this difference have been eluded to in 'Part 1'. Firstly, the
count rates for the abundant Pb or U isotopes at the collector
in an 10-TIMS analysis are usually on the order of 106 c/s,
whereas in a SHRIMP analysis the count rates are typically
J02 to 103 c/s, i.e. the ion signals in a SHRIMP analysis are at
least 1000 times weaker. This difference reflects the approxi
mately 103 smaller mass of zircon analyzed in a SHRIMP
analysis. As the uncertainty in the intensity of an ion beam is
inversely proportional to the square root of the total number
of arrivals (see' Part 1"), it is an unavoidable fact of Poisson
counting statistics that SHRIMP data will be less precise over
approximately the same counting period.

Secondly, the method of determining the Pb/U ratios in a
SHRIMP analysis, that is, by reference to standard, is funda
mentally less precise than an isotope dilution determination
(further discussion below). The standard zircon is not per
fectly concordant everywhere, and the method of correction
for changing interelement fractionation from spot to spot is
only an approximation. The uncertainty in the Pb/U ratio of
the unknown can be no better than the Pb/U ratio detelmined
for the standard, which is usually -1.5% (I cr) per spot. The
interelement ratios in an 10-TIMS analysis are referenced
back to precisely calibrated reference solutions and the uncer
tainties in the interelement ratios are almost entirely due to
(favourable) counting statistics.



Because the uncertainty in the SHRIMP Pb/U ratio has a
lower limit, but the Pb-isotope ratios do not (being deter
mined principally by the Pb-isotope counting statistics and
the common Pb correction), the dimensions of the error poly
gons on a conventional concordia plot will vary depending on
the concentrations of radiogenic Pb in the zircon. Long,
skinny error polygons result from analyzing zircons with lots
of radiogenic Pb (e.g. > 1.5 Ga magmatic zircons), whereas
equant or flattened ones result from zircons with smaller
amounts of radiogenic Pb (e.g. <1.5 Ga zircons).

SHRIMP single and grouped ages

The approaches used to derive final ages from SHRIMP data
vary depending on the age of the sample and the nature of the
data. As in ID-TIMS work, there is a desire to rely as much as
possible on concordant data. In the case of SHRIMP, how
ever, a single concordant spot determination mayor may not
be sufficiently precise for certain applications. As a general
rule, for zircons < 1.5 Ga the age on an individual spot cannot
be determined to better than about ±4% (20'), the error on the
most precisely determined ratio CZ06PbP38U) in younger zir
cons. For zircons>1.5 Ga, where the 207PbP06Pb age is more
precisely determined, the 20' age error in a single spot will
typically be about ±2% to ±0.5%, depending on age and Pb
content. The age errors are discussed in more detail below.

When higher precision on a SHRIMP age is required a
number of SHRIMP concordant analyses can be statistically
pooled together or discordant analyses may be linearly
regressed in the conventional way. Some analysts new to
SHRIMP may feel uncomfortable with statistical pooling, but
in fact the methods are fundamentally no different than
existing approaches used in ID-TIMS. In both analytical
methods there is commonly an attempt to improve the final
age estimate by multiple analysis of the sample. There are
actually very few zircon samples in which a geological age
determination could be made on the basis of a single ID
TIMS analysis, whether concordant or not, and there are few
analysts who would be satisfied with just one data point no
matter how precise. Attempts to replicate a concordant or
near-concordant analysis is always preferred, as the analyst
gains a better understanding about possible internal geologi
cal age variations in the sample that may affect the final age
and uncertainty estimate. For example, an old core may not
have been detected in the first, single, near-concordant ID
TIMS analysis, and only revealed through multiple analyses.

As it is relatively easy and fast (-20 min) to collect a
SHRIMP analysis, an attempt is normally made to analyze
the zircon of interest in various places or on several grains.
The analyst attempts to collect a sample of the population, as
large as practicable in the given time, perhaps 10-20 spots if a
high-precision age is required. This is not only good analyti
cal practice, but it is also useful because the number of data
points is sufficiently large that statistical processing is mean
ingful. Attempts at collecting such a large number of analyses
on a single age population in ID-TIMS would be infrequent
and costly. The larger sample size in a SHRIMP data set has
certain analytical advantages, in that it usually inspires more
confidence in assessing whether one or more age popu/ations
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exist, as long as the ages are sufficiently different. However,
the greater sample size comes at a price, as each datum is less
precise. Nevertheless, if the sample yields statistical evidence
of being a single population of ages, a final result can be cal
culated that, while never reaching the precision of a good ID
TIMS analysis, can be within a factor of five or so.

The statistical methods of analyzing SHRIMP data are a
subject for future application papers. For the test samples
older than 1.5 Ga, final weighted mean ages and 95% confi
dence errors were calculated by pooling the 207Pb;206Pb data
for all spots <3% discordant (Table 7). For zircons <1.5 Ga,
where shallow discordance is difficult to assess with
SHRIMP data, final ages rely upon accumulating and analyz
ing a sufficient number of data points such that the concor
dant 206PbP38U age can be statistically distinguished. Such
an analysis is assisted by the use of logarithmic probablility
plots of the 206PbP38U ages, where a grouping of concordant
spots will form a 'plateau' of ages, through which a line can be
drawn of constant slope. Probability plots are included as
insets in Figure 11, and the one for Z3940 illustrates well the
concordant age plateau and the trailing off to low 206PbP38U
ages of spots that have suffered Pb loss. Such points have
been omitted from the final age calculation.

SHRIMP versus ID-TIMS ages

How well do the SHRIMP compare, assuming that the 'true'
ages are represented by the ID-TIMS data? Plotted in Fig
ure 12 are the ratios of the SHRIMP isotopic age to the ID
TIMS age, for each isotopic system. Errors are shown at the
95% confidence level and incorporate the errors in both the
SHRIMP and ID-TIMS ages. A line is drawn across the dia
grams at a value of 1.0, indicating perfect agreement of the
SHRIMP and ID-TIMS results. A value greater than I indi
cates the fractional amount that the SHRIMP age is older than
the ID-TIMS age, etc. The final SHRIMP ages have been cor
rected for common Pb by the 204Pb method, and for reference
a small dash indicates the data prior to correction.

The 207Pb;206Pb age data (Fig. 12a) all lie within the 95%
confidence limits of 1.0, indicating that, within the precision
of the analyses the 207Pb/206Pb ages are in perfect agreement
with the accepted ages. For the young zircons, the
207Pb/206Pb ages are not particularly useful owing to the pau
city of 207Pb and the large correction for common Pb, but for
the Archean samples the data are more useful as there is prac
tically no effect due to common Pb. Also plotted are data for
approximately 100 analyses of the Kipawa standard accumu
lated over several months. On the basis of these data it is con
cluded that fractionation of the Pb isotopes is not significant.
Furthermore, the results indicate that the 204 method of com
mon Pb correction is a suitable method of estimating the com
mon Pb, and that there are no significant isobaric
interferences on the Pb isotopes.

Plotted at the same scale in Figure 12b are the 206PbP38U
data. Once again, all analyses fall about a value of 1.0 within
error. Note that the correction for common Pb is insignficant
for most test samples, and that the errors are similar
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regardless of age. On the basis of this diagram, it is concluded
that the calibration of the Pb/U ratio is valid using the Kipawa
zircon standard as a reference.

Looking more closely at the data, there is an apparent
negative trend to the data, with young samples showing
206Pb(238U ages about I% higher than the accepted values
and one old sample giving a 206Pb(238U age about I% lower.
It is not certain from the limited number of samples whether
this effect is due to some unknown analytical problem

associated with Pb/U calibration or a real geological effect.
For example, for the Archean zircons, it is quite reasonable to
suppose that the pooled 206Pb(238U ages include spots that
have suffered a small amount of Pb loss, too small to be rec
ognized and omitted for the pooled final ages, but skewing the
data to slightly younger ages. The ID-TIMS analyses, for that
matter, do show varying degrees of Pb loss. For the younger
SL13, it has been shown by Roddick and van Breemen (1994)
that the ID-TIMS data are, in fact, slightly discordant.
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Figure n. Concordia plots showing paired SHRIMP and ID-T/MS results at the same scale for seven test
zircon samples ofdiffering age. SHRIMP data are shown with 10 error polygons, whereas ID-T/MS data
are at 20.
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Table 7. SHRIMP analytical data (corrected for common Pb using 204 method) for test samples.
All errors are 10.

U Th Pb·
SPOTS ppm ppm ThlU ppm ""Pbl"'Pb ,,""PbI"'Pb ""Pbf"'Pb 1206 " 1206 1207 1208 ""Pbl"'Pb ,,"'PbI"'Pb "PbJ"'Th ",,"PbJ"'Th

3940/10-3.2 322 152 0.47 26 3.21e-04 8.11e-05 3118 0.00556 0.00141 0.0849 0.0783 0.1407 00035 0.0227 0.0009
3940110-13.1 253 176 0.70 22 2.84e-05 1.17e-04 35224 0.00049 0.00202 0.0077 0.0047 0.2223 00050 0.0239 0.0009
3940/10-16.1 799 573 0.72 69 2.52e-05 4.08e-05 39620 0.00044 0.00071 0.0070 0.0043 0.2191 0.0023 0.0245 0.0008
3940/10-13.2 197 112 0.57 16 3.03e-04 2.15e-04 3301 0.00525 0.00372 0.0786 0.0634 0.1668 0.0085 0.0224 0.0014
3940110-16.2 985 763 0.77 83 1.000-05 1.00e-05 100000 0.00017 0.00017 0.0028 0.0016 0.2389 0.0015 0_0236 0.0007
3940110-4.1 161 71 0.44 13 3.38e-04 1.56e-04 2954 0.00587 0.00271 0.0915 0.0915 0.1252 0.0062 0.0224 0.0014
3940/10-1 .1 226 131 0.58 19 1.78e-04 1.3ge-04 5607 0.00309 0.00241 0.0487 0_0365 0.1749 0.0060 0.0238 0.0012
2170-2.3 213 19 0.09 18 4.70e-04 1.17e-04 2130 0.00814 0.00202 0.1096 0.3789 0.0288 0.0046 0.0300 0.0033
2170-2.4 217 20 0_09 19 2.24e-04 2.40e-04 4474 0.00387 0.00416 0.0549 0.2235 0.0289 0.0093 0.0296 0.0075
2170-2.5 203 19 0.09 19 7.63e-05 8.85e-05 13101 0.00132 0.00153 0.0191 0.0738 0.0355 0.0037 0.0287 0.0349
2170-2.6 216 20 0.09 19 2.56e-04 1.28e-04 3902 0.00444 0.00222 0.0651 0.2617 0.0269 0.0050 0.0278 0.0041
2170-2.7 219 19 0.09 19 1.75e-04 1.40e-04 5716 0.00303 0.00243 0.0427 02007 0.0259 0.0054 0.0287 0.0050
2170-2.8 210 19 0.09 19 1.330-04 l.4ge-04 7511 0.00231 0.00259 0.0330 0.1268 0.0341 0.0060 0.0187 0.0081
2170-2.9 218 20 0.09 19 2.ooe-04 1.24e-04 5013 0.00346 0.00214 0.0492 0.2054 0.0287 0.0050 0.0204 0.1166.
2170-1.1 215 20 0.09 19 9.88e-05 1.1ge-04 10122 0.00171 0.00206 0.0252 0.1197 0.0270 0.0046 0.0268 0.0048
2170-1.2 217 20 0.09 19 1.000-05 1.000-05 100000 0.00017 0.00017 0.0026 0.0122 0.0301 0.0015 0.0261 0.0609
2170-1.3 212 19 0.09 19 1.ooe-05 l.ooe-05 100000 0.00017 0.00017 0.0026 0.0119 0.0307 0.0018 0.0334 0.0020
2170-1.4 207 18 0.09 18 6.610-06 6.600-05 151286 0.00011 0.00114 0.0017 0.0078 0.0311 0.0027 0.0174 0.0082
2170-1.5 200 18 0.09 17 2.03e-04 8.57e-05 4934 0.00351 0.00149 0.0515 0.2364 0.0243 0.0034 0.0218 0.0492
2170-1.6 231 21 0.09 20 2.14e-04 9.13e-05 4672 0.00371 0.00158 0.0559 0.2630 0.0223 0.0036 0.0224 0.0030
2170-1.7 243 21 0.09 21 1.000-05 8.000-05 100000 0.00017 0.00139 0.0025 0.0124 0.0296 0.0032 0.0317 0.0039
2170-1.8 225 20 0.09 20 1.00e-05 1.000-05 100000 0.00017 0.00017 0.0025 0.0123 0.0297 0.0012 0.0309 0.0021
3053-4.1 86 71 0.82 19 3.38e-04 1.67e-04 2958 0.00586 0.00289 0.0647 0.0515 0.2320 0.0077 0.0566 0.0023
3053-4.2 54 32 0.60 11 8.51e-04 2.07e-04 1175 0.01474 0.00356 0.1447 0.1550 0.1745 0.0088 0.0573 0.0032
3053-4.4 117 100 0.85 27 3.71e-04 9.88e-05 2693 0.00644 0.00171 0.0694 0.0540 0.2427 0.0046 0.0567 0.0016
3053-4.5 107 85 0.79 23 3.86e-04 1.46e-04 2593 0.00668 0.00253 0.0736 0.0625 0.2157 0.0062 0.0549 0.0021
3053-4.6 95 76 0.79 21 6.20e-04 1.50e-04 1613 0.01075 0.00259 0.1123 0.0910 0.2320 0.0064 0.0590 0.0021
3053-4.7 105 81 0.78 23 1.46e-04 1.04e-04 6863 0.00253 0.00181 0.0276 0.0233 0.2265 0.0049 0.0590 0.0018
3053-4.8 88 70 0.79 20 2.44e-04 1.60e-04 4103 0.00422 0.00277 0.0470 0.0368 0.2373 0.0066 0.0611 0.0022
3053-4.9 97 76 0.78 22 2.96e-04 1.35e-04 3384 0.00512 0.00234 0.0561 0.0459 0.2287 0.0059 0.0585 0.0021
3053-4.10 120 103 0.86 27 2.3ge-04 1.12e-04 4192 0.00413 0.00193 0.0447 0.0350 0.2451 0.0053 0.0552 0.0017
3053-4.11 94 76 0.81 21 2.82e-05 9.61e-05 35524 0.00049 0.00167 0.0055 0.0043 0.2406 0.0045 0.0596 0.0018
3134-8.2 86 27 0.31 29 1.00e-05 1.00e-05 100000 0.00017 0.00017 0.0014 0.0042 0.0689 0.0016 0.0969 0.0041
3134-8.4 115 33 0.28 38 1.33e-05 5.37e-05 75472 0.00023 0.00093 0.0018 0.0061 0.0797 0.0022 0.0914 0.0038
3134-7.1 93 28 0.31 32 8.190-05 6.74e-05 12210 0.00142 0.00117 0.0111 0.0348 0.0844 0.0028 00938 0.0044
3134-7.2 96 29 0.30 33 1.810-06 6.52e-05 552486 0.00003 0.00113 0.0002 0.0008 0.0838 0.0027 0.0943 0.0042
3134-7.3 87 23 0.27 30 1.20e-04 6.50e-05 8324 0.00208 0.00113 0.0159 0.0554 0.0761 0.0027 0.0973 0.0055
3134-3.2 200 80 0.40 72 7.590-05 3.650-05 13184 0.00131 0.00063 0.0103 0.0248 0.1109 0.0016 0.0969 0.0024
3134-3.3 122 38 0.31 39 1.560-05 5.40e-05 64103 0.00027 0.00094 0.0021 0.0065 0.0883 0.0022 0.0908 0.0034
3134-13.1 137 47 0.34 47 1.980-05 4.980-05 50403 0.00034 0.00086 0.0027 0.0074 0.0990 0.0020 0.0947 0.0029
3134-14.1 162 70 0.43 58 5.270-05 4.91e-05 18990 0.00091 0.00085 0.0072 0.0157 0.1223 00020 0.0962 0.0027
3134-14.2 88 27 0.30 30 1.800-04 9.87e-05 5555 0.00312 0.00171 0.0241 0.0775 0.0797 0.0038 0.0898 0.0047
3134-8.5 146 50 0.34 45 6.750-05 6.460-05 14819 0.00117 0.00112 0.0092 0.0269 0.0908 0.0025 0.0814 0.0031
3134-11.1 175 70 0.40 60 2.07e-04 5.5ge-05 4838 0.00358 0.00097 0.0278 0.0618 0.1168 0.0030 0.0938 0.0035
3134-8.1 134 58 0.44 48 3.12e-05 2.54e-05 32031 0.00054 0.00044 0.0042 0.0092 0.1250 0.0018 0.0949 0.0033
3134-13.1 155 61 0.39 52 8.600-05 3,42e-05 11629 0.00149 0.00059 0.0116 0.0271 0.1145 0.0021 0.0921 0.0030
3134-19.1 271 128 0.47 98 1.72e-05 1.390-05 58005 0.00030 0.00024 0.0024 0.0046 0.1385 0.0013 0.0979 0.0021
3134-19.2 287 137 0.48 103 6.07e-05 2.690-05 16464 0.00105 0.00047 0.0083 0.0164 0.1349 0.0017 0.0945 0.0028
3134-19.3 100 27 0.27 35 7.260-05 5.41e-05 13770 0.00126 0.00094 0.0099 0.0344 0.0756 0.0025 0.0954 0.0045
3371-A9.1 183 37 0.20 93 1.000-05 1.000-05 100000 0.00017 0.00017 0.0009 0.0066 0.0557 00008 0.1287 0.0041
3371-A9.2 164 32 0.20 86 1.37e-05 1.24e-05 72993 0.00024 0.00022 0.0012 0.0092 0.0545 0.0007 0.1351 0.0037
3371-A2.1 59 19 0.32 31 3.990-05 2.46e-05 25038 0.00069 0.00043 0.0035 0.0162 0.0901 0.0016 0.1307 0.0047
3371-A4.1 164 90 0.55 92 1.430-05 1.700-05 69881 0.00025 0.00029 0.0013 0.0035 0.1519 0.0017 0.1318 0.0029
3371-61.1 101 37 0.37 56 2.380-05 3.430-05 41946 0.00041 0.00059 0.0021 0.0087 0.1013 0.0017 0.1338 0.0038
3371-67.1 89 35 0.39 49 2.47e-05 2.2ge-05 40453 0.00043 0.00040 0.0022 0.0084 0.1080 0.0015 0.1339 0.0051
3371-65.1 78 29 0.37 41 l.ooe-05 1.ooe-05 100000 0.00017 0.00017 0.0009 0.0036 0.1024 0.0012 0.1285 0.0042
3371-610.1 83 35 0.42 47 4.46e-05 2.92e-05 22422 0.00077 0.00051 0.0040 0.0142 0.1147 0.0018 0.1361 0.0049
3371-615.2 88 35 0.40 46 3.55e-05 2.74e-05 28145 0.00062 0.00048 0.0032 0.0118 0.1102 0.0024 0.1282 0.0045
3371-69.1 113 40 0.35 61 1.00e-05 1.00e-05 100000 0.00017 0.00017 0.0009 0.0038 0.0974 0.0011 0.1323 0.0033
3371-66.1 99 34 0.34 47 3.62e-05 3.64e-05 27609 0.00063 0.00063 0.0032 0.0141 0.0936 0.0020 0.1152 0.0042
3371-614.1 94 33 0.35 50 1.93e-05 2.20e-05 51733 0.00034 0.00038 0.0017 0.0073 0.0975 0.0015 0.1322 0.0040
3371-610.2 88 36 0.41 48 6.57e-05 2.68e-05 15232 0.00114 0.00046 0.0059 0.0211 0.1132 0.0016 0.1347 0.0046
3371-68.1 81 39 0.48 44 5.21e-05 3.16e-05 19205 0.00090 0.00055 0.0046 0.0147 0.1299 0.0028 0.1315 0.0047
3935-3.2 141 157 1.11 89 1.10e-05 3.16e-05 90580 0.00019 0.00055 0.0009 0.0014 0.3013 0.0028 0.1331 0.0073
3935-2.2 241 263 1.09 155 2.90e-05 2.13e-05 34471 0.00050 0.00037 0.0025 0.0036 0.2972 0.0023 0.1374 0.0026
3935-2.3 195 155 0.79 118 1.460-04 3.22e-05 6846 0.00253 0.00056 0.0124 0.0245 0.2158 0.0021 0.1372 0.0031
3935-3.3 223 179 0.80 132 8.460-05 3.460-05 11822 0.00147 0.00060 0.0071 0.0143 0.2163 0.0028 0.1323 0.0033
3935-17.1 78 50 0.64 46 6.78e-05 5.650-05 14751 0.00117 0.00098 0.0057 0.0144 0.1717 0.0033 0.1324 0.0044
3935-6.1 64 47 0.74 38 1.03e-04 4.8ge-05 9693 0.00179 0.00085 0.0088 0.0192 0.1954 0.0032 0.1314 0.0053
3935-6.1 176 100 0.57 96 1.460-04 4.51e-05 6841 0.00253 0.00078 0.0124 0.0358 0.1465 0.0026 0.1242 0.0034
3935-7.1 270 180 0.67 164 1.8ge-05 1.070-05 52994 0.00033 0.00018 0.0016 0.0039 0.1787 0.0013 0.1383 0.0034
3935-13.1 142 111 0.78 81 7,45e-05 3.75e-05 13432 0.00129 0.00065 0.0064 0.0134 0.2028 0.0027 0.1269 0.0038
3935-6.2 188 108 0.58 109 9.160-05 2.86e-05 10912 0.00159 0.00050 0.0078 0.0221 0.1503 0.0019 0.1327 0.0033
1242-26.1 148 96 0.65 88 3.52e-05 3.01e-05 28433 0.00061 0.00052 0.0030 0.0072 0.1808 0.0023 0.1351 0.0035
1242-26.2 172 117 0.68 102 3.57e-05 2.01e-05 28035 0.00062 0.00035 0.0030 0.0072 0.1834 0.0019 0.1337 0.0033
1242-18.1 113 65 0.57 63 1.68e-04 5.58e-05 5970 0.00290 0.00097 0.0142 0.0435 0.1368 00030 0.1131 0.0035
1242·10.1 168 88 0.53 98 2.48e-05 2.070-05 40339 0.00043 0.00036 0.0021 0.0063 0.1455 0.0013 0.1383 0.0033
1242-1.3 207 193 0.93 131 2.350-05 2.04e-05 42517 0.00041 0.00035 0.0020 0.0034 0.2544 0.0023 0.1365 0.0026
1242-25.3 141 113 0.80 85 9,460-05 3.37e-05 10569 0.00164 0.00058 0.0081 0.0158 02195 0.0025 0.1333 0.0034
1242-11.2 196 107 0.55 118 1.9ge-05 2.13e-05 50302 0.00034 0.00037 0.0017 0.0048 0.1533 0.0021 0.1425 0.0035
1242-3.1 276 334 1.21 190 2.930-05 1,40e-05 34141 0.00051 0.00024 0.0025 0.0032 0.3347 0.0019 0.1422 0.0024
1242-3.2 198 126 0.64 116 7.44e-05 2.44e-05 13446 0.00129 0.00042 0.0063 0.0156 0.1741 0.0021 0.1358 0.0033
1242-2.1 166 89 053 99 3.43e-05 2.080-05 29197 0.00059 0.00036 0.0029 0.ooB5 0.1482 0.0014 0.1439 0.0034
1242-2.2 146 78 0.53 85 6.87e-05 3.390-05 14560 0.00119 0.00059 0.0058 0.0172 0.1460 0.0021 0.1365 0.0031
1242-7.1 119 58 0,49 70 1.040-05 2.04e-05 96525 0.00018 0.00035 0.0009 0.0028 0.1367 0.0021 0.1424 0.0040
1242-6.1 117 66 0.56 70 4.66e-05 3.190-05 21455 0.00081 0.00055 0.0039 0.0113 0.1518 0.0025 0.1399 0.0044
1242-8.1 137 n 0.57 82 1.82e-04 3.720-05 5488 0.00316 0.00064 0.0153 0.0423 0.1532 0.0021 0.1349 0.0035
1242-8.2 160 79 0.49 92 4.300-05 2.08e-05 23267 0.00074 0.00036 0.0036 0.0112 0.1409 0.0018 0.1395 0.0035
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"'PbI :t:2O&Pbl ""Pbl :t:
207PbI ""PbI :t:207PbI AGE (Ma) ,."ge(Ma) AGE (Ma) .age (Ma) AGE (Ma) ,."ge(Ma) AGE (Ma) .age(Ma) %

'" "'U '" "'U "'Pb "'Pb "'Pbl"'Th ""Pbl"'Tb "'Pbt"'l "'Pbt"'U ""Pbt"'U ""pb!'" ""PbI"'Pb ""PbI"'Pb CONC
0.0772 0.0016 0.5739 0.0213 0.0539 0.0015 453.0 18.4 479.6 9.5 460.6 13.9 366.7 65.4 130.8
0.0774 0.0024 0.6096 0.0307 0.0571 0.0020 476.7 18.5 480.6 14.6 483.3 19.6 496.0 80.3 96.9
00782 0.0015 0.6011 0.0172 0.0557 0.0011 490.1 15.4 485.5 8.9 477.9 11.0 441.6 43.4 109.9
0.0774 0.0018 0.5916 0.0428 0.0554 0.0036 447.4 27.9 480.8 10.7 471.9 27.7 428.8 153.7 112.1
0.0755 0.0014 0.5818 0.0128 0.0559 0.0006 471.3 14.2 469.1 8.2 465.6 8.2 4488 23.5 104.5
0.0779 0.0017 0.5633 0.0326 0.0524 0.0027 447.7 27.0 483.7 10.3 453.7 21.4 304.2 120.2 159.0
00787 00019 0.5883 0.0327 0.0542 0.0025 474.4 23.3 488.3 11.5 469.8 21.1 380.0 109.1 128.5
0.0926 0.0019 0.7617 0.0329 0.0597 0.0021 597.7 64.1 570.7 10.9 575.0 19.2 591.8 79.8 96.4
0.0921 0.0022 0.7608 0.0580 0.0599 0.0042 588.9 147.9 567.8 13.0 574.5 34.0 600.8 158.1 94.5
0.0971 0.0020 0.8138 0.0333 0.0608 0.0020 572.7 674.5 597.5 12.0 604.6 18.8 631.4 71.9 94.6
0.0923 0.0021 0.7300 0.0360 0.0573 0.0023 553.6 80.0 569.4 12.6 556.6 21.3 504.5 92.2 112.9
0.0948 0.0022 0.7983 0.0396 0.0611 0.0025 571.5 98.8 584.0 12.7 595.9 22.6 641.1 91.6 91.1
0.0957 0.0025 0.7994 0.0450 0.0606 0.0028 375.2 161.0 588.9 14.8 596.5 25.7 625.5 103.8 94.2
0.0926 0.0022 0.7666 0.0398 0.0601 0.0026 409.1 2186.8 570.9 13.2 577.8 23.2 605.2 96.1 94.3
0.0944 0.0022 0.7740 0.0355 0.0595 0.0022 573.0 95.2 581.3 13.0 582.0 20.5 584.9 81.4 99.4
0.0942 0.0022 0.7597 0.0252 0.0585 0.0012 521.6 1166.1 580.1 13.0 573.8 14.7 549.0 46.2 105.7
0.0959 0.0023 0.7997 0.0344 0.0605 0.0020 664.4 39.3 590.5 136 596.7 19.6 620.1 72.3 95.2
0.0945 0.0019 0.7876 0.0264 0.0605 0.0015 349.1 163.5 581.8 11.1 589.8 15.1 620.7 53.9 93.7
0.0935 0.0021 0.7481 0.0319 0.0581 0.0019 436.0 950.4 576.0 12.6 567.1 18.7 531.7 74.5 108.3
0.0942 0.0023 0.7313 0.0316 0.0583 0.0019 447.4 58.4 580.3 13.3 557.3 18.7 464.5 75.1 124.9
0.0920 00019 0.7744 0.0295 0.0611 0.0018 630.4 76.1 567.3 11.1 582.3 17.0 641.2 65.3 88.5
0.0928 0.0018 0.7841 0.0218 0.0613 0.0011 615.1 41.1 572.2 10.5 587.8 12.5 648.8 38.5 88.2
0.1986 0.0048 2.0900 0.1018 0.0783 0.0030 1113.4 44.5 1168.0 25.9 1145.5 34.0 1103.2 80.8 105.9
0.1955 0.0050 2.1334 0.1255 0.0792 0.0040 1126.7 60.3 1151.0 26.8 1159.7 41.5 1175.9 102.2 97.9
0.1994 0.0039 2.1389 0.0677 0.0777 0.0018 1115.2 30.5 1171.8 21.1 1160.8 22.2 1140.3 45.5 102.8
0.1966 0.0041 2.0539 0.0872 0.0758 0.0026 1080.8 40.3 1157.0 21.9 1133.6 29.4 1089.1 71.0 106.2
0.1985 0.0045 2.1022 0.0943 0.0768 0.0028 1157.6 39.2 1167.1 24.4 1149.5 31.4 1116.6 73.3 104.5
0.1996 0.0045 2.1962 0.0797 0.0798 0.0021 1158.4 33.5 1173.3 24.2 1179.8 25.7 1191.7 51.9 98.5
0.2017 0.0049 2.1401 0.1005 0.0770 0.0029 1198.3 42.8 1184.3 26.1 1161.9 33.0 1120.2 76.5 105.7
0.1987 0.0042 2.1261 0.0829 0.0776 0.0023 1149.3 40.3 1168.3 22.8 1157.3 27.3 1136.9 61.0 102.8
0.1953 0.0041 2.1383 0.0778 0.0794 0.0022 1086.7 33.2 1149.8 21.9 1161.3 25.5 1182.7 55.2 97.2
0.1970 0.0038 2.1832 0.0686 0.0796 0.0018 1189.2 33.5 1159.1 20.6 1169.3 22.3 1188.1 45.7 97.6
0.3283 0.0071 5.0826 0.1335 0.1130 0.0014 1870.0 76.4 1820.2 34.5 1633.2 22.5 1848.0 22.5 98.5
0.3204 0.0063 5.0026 0.1171 0.1133 0.0012 1768.6 70.5 1791.5 30.7 1819.7 20.0 1852.2 19.3 96.7
0.3327 0.0068 5.2245 0.1466 0.1139 0.0019 1813.0 81.1 1851.3 33.0 1856.6 24.2 1862.6 30.7 99.4
0.3309 0.0068 5.2770 0.1324 0.1157 0.0014 1822.1 77.6 1842.6 32.8 1865.2 21.6 1890.4 22.2 97.5
0.3339 0.0075 5.3308 0.1500 0.1158 0.0017 1875.9 101.2 1857.4 36.5 1873.8 24.3 1892.0 25.9 98.2
0.3421 0.0061 5.3170 0.1157 0.1127 0.0012 1869.8 43.8 1896.8 29.6 1871.6 18.8 1843.8 18.7 102.9
0.3124 0.0068 4.9164 0.1251 0.1141 0.0012 1756.8 62.2 1752.5 33.4 1805.1 21.7 1866.3 19.7 93.9
0.3268 0.0064 5.1780 0.1241 0.1149 0.0014 1827.8 53.9 1822.9 31.0 1849.0 20.6 1878.5 21.4 97.0
0.3388 0.0064 5.2737 0.1195 0.1129 0.0012 1856.9 49.1 1880.8 31.0 1864.6 19.5 1846.6 18.7 101.9
0.3331 0.0070 5.2053 0.1507 0.1134 0.0020 1737.3 86.8 1853.2 33.7 1853.5 25.0 1853.8 32.2 100.0
0.2981 0.0064 4.6427 0.1191 0.1130 0.0013 1582.1 57.3 1681.7 31.8 1757.0 21.7 1847.7 21.3 91.0
0.3262 0.0063 5.0613 0.1224 0.1125 0.0014 1812.5 64.7 1820.0 30.6 1829.7 20.7 1840.6 22.7 98.9
0.3347 0.0065 5.2448 0.1172 0.1137 0.0010 1832.1 61.8 1861.0 31.7 1859.9 19.2 1858.7 15.7 100.1
0.3170 0.0054 4.9944 0.1000 0.1143 0.0010 1780.8 55.3 1774.9 26.6 1818.4 17.1 1868.5 15.4 95.0
0.3353 0.0055 5.2330 0.0948 0.1132 0.0007 1887.1 39.3 1864.2 26.8 1858.0 15.6 1851.0 10.4 100.7
0.3343 0.0058 5.2262 0.0999 0.1134 0.0007 1824.7 51.8 1859.3 27.9 1856.9 16.4 1854.2 11.7 100.3
0.3457 0.0068 5.3962 0.1303 0.1132 0.0014 1842.3 83.3 1913.8 32.5 1884.3 20.9 1851.8 21.7 103.3
0.4775 0.0085 11.3920 0.2184 0.1730 0.0009 2448.6 73.5 2516.3 37.2 2555.8 18.1 2587.2 8.8 97.3
0.4965 0.0096 11.7440 0.2472 0.1715 0.0011 2560.6 66.5 2598.9 41.6 2584.2 19.9 2572.7 10.4 101.0
0.4838 0.0092 11.7380 0.2475 0.1760 0.0013 2483.6 84.2 2543.7 39.9 2583.8 19.9 2615.4 12.0 97.3
0.4927 0.0082 11.6550 0.2080 0.1716 0.0008 2502.4 52.4 2582.2 35.4 2577.1 16.8 2573.0 8.1 100.4
0.5020 0.0097 12.0800 0.2573 0.1745 0.0012 2538.5 68.3 2622.3 41.9 2610.7 20.2 2801.7 11.3 100.8
0.4984 0.0086 11.8090 0.2230 0.1719 0.0010 2540.2 90.9 2606.9 37.1 2589.4 17.8 2575.7 9.8 101.2
0.4817 0.0087 11.8420 0.2338 0.1753 0.0012 2443.1 75.0 2534.7 37.8 2576.1 19.0 2608.8 11.7 97.2
0.5086 0.0092 11.9810 0.2382 0.1709 0.0010 2578.3 87.0 2650.7 39.5 2602.9 18.6 2566.0 9.8 103.3
0.4752 0.0098 11.2690 0.2576 0.1720 0.0013 2438.1 80.0 2506.4 42.9 2545.6 21.6 2577.1 12.9 97.3
0.4965 0.0083 11.8690 0.2127 0.1734 0.0008 2511.3 59.4 2598.8 36.0 2594.1 16.9 2590.4 7.6 100.3
0.4316 0.0083 10.3960 0.2228 0.1747 0.0013 2203.6 76.9 2312.7 37.5 2470.7 20.1 2803.4 12.3 88.8
0.4834 0.0086 11.5460 0.2220 0.1732 0.0010 2509.0 71.7 2542.0 37.3 2568.3 18.1 2589.2 9.5 98.2
0.4884 0.0095 11.5720 0.2424 0.1719 0.0010 2553.4 82.5 2583.7 41.1 2570.4 19.8 2575.7 10.0 99.5
0.4873 0.0110 11.6880 0.2986 0.1740 0.0017 2497.5 83.3 2559.2 47.8 2579.8 24.2 2596.0 16.0 98.6
0.4953 0.0095 12.3830 0.2600 0.1813 0.0012 2525.5 129.7 2593.5 40.9 2633.9 19.9 2665.0 11.1 97.3
0.5051 0.0089 12.8380 0.2432 0.1815 0.0011 2601.9 46.6 2635.6 38.3 2653.1 18.3 2666.4 9.7 98.8
0.5008 0.0089 12.4830 0.2424 0.1808 0.0011 2597.8 54.3 2617.1 38.2 2641.4 18.4 2660.1 10.0 98.4
0.4928 0.0086 12.4210 0.2437 0.1828 0.0013 2511.2 58.6 2582.7 37.2 2836.8 18.6 2678.5 11.9 96.4
0.5009 0.0113 12.5860 0.3180 0.1822 0.0016 2513.4 78.2 2617.6 48.7 2649.2 24.1 2673.4 14.9 97.9
0.5040 0.0116 12.5080 0.3242 0.1800 0.0017 2495.4 95.3 2830.9 50.0 2643.3 24.7 2852.8 15.5 99.2
0.4775 0.0086 11.8910 0.2454 0.1806 0.0014 2365.5 61.3 2516.2 37.8 2595.9 19.5 2658.7 13.3 94.6
0.5209 0.0088 12.9270 0.2317 0.1800 0.0008 2617.9 59.8 2703.2 37.3 2674.4 17.0 2652.6 7.2 101.9
0.4774 0.0092 11.8940 0.2517 0.1807 0.0012 2415.3 69.0 2516.0 40.1 2596.1 20.0 2659.2 11.4 94.6
0.5053 0.0091 12.5930 0.2569 0.1808 0.0013 2518.1 58.7 2836.4 39.3 2649.7 19.4 2659.9 12.3 99.1
0.5070 0.0097 12.8610 0.2742 0.1840 0.0014 2561.1 61.5 2643.9 41.5 2669.5 20.3 2689.1 12.4 98.3
0.5044 0.0107 12.6890 0.2905 0.1824 0.0012 2537.0 58.8 2832.8 45.9 2656.8 21.8 2675.2 10.9 98.4
04910 0.0093 12.2160 0.2615 0.1805 0.0014 2165.5 64.3 2575.1 40.3 2621.2 20.3 2657.0 13.2 96.9
0.5111 0.0090 12.9480 0.2420 0.1837 0.0008 2618.5 58.1 2661.2 38.4 2675.9 17.8 2687.0 7.5 99.0
0.5101 0.0097 12.8300 0.2650 0.1824 0.0011 2586.6 46.1 2657.2 41.7 2667.3 19.7 2674.9 9.7 99.3
0.5014 0.0100 12.4550 0.2761 0.1802 0.0014 2528.5 59.9 2619.6 43.0 2639.3 21.1 2654.5 12.6 98.7
0.5223 0.0090 13.2540 0.2514 0.1840 0.0012 2691.8 61.5 2709.1 38.0 2697.9 18.1 2689.6 10.4 100.7
0.5274 0.0091 13.3490 0.2436 0.1836 0.0008 2687.9 43.1 2730.5 38.6 2704.7 17.4 2685.5 6.8 101.7
0.5032 0.0082 12.7080 0.2218 0.1832 0.0008 2574.5 58.6 2627.3 35.3 2658.2 16.6 2681.8 7.5 98.0
0.5207 0.0087 13.1140 0.2391 0.1827 0.0010 2717.4 60.8 2702.2 36.9 2687.9 17.4 2677.1 9.3 100.9
0.5075 0.0092 12.7350 0.2645 0.1820 0.0015 2586.0 56.0 2645.8 39.6 2660.3 19.8 2671.3 13.4 99.0
0.5212 0.0107 13.2440 0.3000 0.1843 0.0014 2690.1 70.7 2704.4 45.5 2697.2 21.6 2691.9 12.2 100.5
0.5190 0.0106 13.0840 0.3020 0.1828 0.0016 2646.6 78.8 2694.9 44.9 2685.7 22.0 2678.8 14.4 100.6
0.5207 0.0090 13.0910 0.2467 0.1824 0.0011 2557.4 62.5 2702.0 38.1 2686.2 17.9 2674.4 9.6 101.0
0.5052 0.0093 12.7090 0.2505 0.1825 0.0009 2839.8 61.4 2836.1 39.9 2658.3 18.7 2675.3 8.5 98.5
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(b)

The same data for the test samples are plotted in Figure 14
as the 20' error in the age as a percentage of the absolute age.
For the ID-TIMS data, the 20' errors in age drop from roughly
0.2% at 500 Ma to about 0.05% at 2700 Ma. The errors in the
SHRIMP 206Pb;23SU ages for zircons < 1.5 Ga are 1-1.5%
and are the best that can be achieved for zircons of this age.
For zircons> 1.5 Ga, a final age can be determined to a 20'
precision of 1.0% to 0.2%, decreasing with increasing
age. The interesting feature of figure 14 is that, regard
less of the absolute age, it is generally possible to derive a
SHRIMP age that has an error about a factor of five times
greater than the ID-TIMS error. Thus, if 0' errors of 1-2 Ma
were obtained in an ID-TIMS analysis, then errors of 5-1 0 Ma
can be expected from SHRIMP.

Although beyond the scope of this report to discuss the com
plexity and controversy over the age of SL 13, it is interesting
to note that the SHRIMP mean 206Pbj238U age of 578 Ma is
more consistent with the ID-TIMS 207PbP06Pb age of
576 Ma rather than the 206Pb/23SU age of 572 Ma.

In Figure 12c, it can be seen that the SHRIMP mean
2osPbj232Th ages range from 0.5-3.0% younger than the
accepted ages. Although none of the test samples has been
analyzed for 2osPbj232Th isotopes, it is inconceivable that all
the test samples would have preferentially lost 20sPb or
gained 232Th to similar extents. Presently, the age discre
pency is interpreted to be due to an unknown analytical bias.
Preliminary analyses of the 208Pbj232Th ratios in the Kipawa
standard by ID-TIMS (B. Davis, pers. comm., 1996) indicate
an age similar to the concordant Pb/U age, and therefore, the
problem may not be the Kipawa zircon. More work is needed
to verify the ID-TIMS data and to investigate possible sys
tematic errors in the data reduction procedure.

Comparison of SHRIMP and ID-TIMS age errors

The 95% confidence intervals for the SHRIMP ages for the
zircon test samples are compared with the ID-TIMS errors for
the same samples in Figures 13 and 14. The absolute values of
the 95% confidence errors in Ma are shown in Figure 13 for
each of the 207Pb/206Pb, 206Pb;23SU, and 208Pb/232Th

SHRIMP ages. The ID-TIMS data have 20' errors of 1-2 Ma
regardless of age and are consistently better than the
SHRIMP data, for reasons explained previously. For the
SHRIMP data, the absolute error depends on the age of the
sample and the isotopic system being considered. For zircons
<1.5 Ga the 206Pb/23SU data provide the most precise ages,
with 20' errors of 5-8 Ma at 500 Ma, whereas, for zircons
> 1.5 Ga similar absolute errors are instead derived from the
207Pbj206Pb data.
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Figure 12. SHRIMP ages/or test samples normalized to the
ID-TIMS age versus age. Error bars are 95% confidence
level. Small ticks above the datum indicate no correction/or
common Ph, a) 207Pb/206Pb ages. b) 206Pb;238U ages,
c) 208Pb;232Th ages.
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CONCLUSIONS

Since the delivery of the SHRIMP in November, 1995, the
principal objective of the first year has been to establish zir
con geochronology as a routine analytical method. Despite
numerous technical difficulties encountered during the first
six months, including an exhaustive search for potential zir
con standard materials, the results in this report demonstrate
that the zircon geochronology program is now in place. An

attempt has been made here to bring together the basic
concepts, approaches, and analytical methods pres
ently employed in determining U-Pb-Th isotopic ages in zir
con. There is no doubt that the analytical methods will be
refined and improved with time, and consequently this repOlt
should not be taken as the last word on subject. For example,
while the Kipawa zircon is a suitable zircon standard, the
search continues for even better material that may someday
take its place.
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Throughout this repOIt it has been necessary and useful to
compare and contrast the data obtained by SHRIMP with iso
tope dilution thermal ionization mass spectrometry (ID
TIMS). Table 8, after Stern (1996), presents a summary of the
relative strengths and weaknesses of these two methods. It is
apparent that in many ways the techniques are complemen
tary. SHRIMP excels at geochronology in complex zircon
targets, such as those with complex inheritance or Pb loss, or
in cases where zircon must be analyzed in situ. SHRIMP is
also the technique of choice for rapid surveys of large zircon
populations, such as in the study of provenance characteris
tics of detrital zircon suites. Isotope dilution still remains the
method of choice for obtaining the highest precision analysis
of homogeneous, near concordant zircons. It is unlikely that
any technology now or in the future will be able to match the
precision of a good ID-TIMS analysis. What the SHRIMP
brings to the GSC laboratory is a rapid method of obtaining
age information with unprecedented horizontal and vertical
(depth) spatial resolution. The SHRIMP is an interactive geo
chronological tool that allows the geochronologist to respond
in real time to the age data being generated. Hypotheses can
be tested, modified, rejected, or confinned over the space of a
few hours. In the author's view, it is this element of interactiv
ity that clearly distinguishes the SHRIMP analysis from an
ID-TIMS analysis.
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Table 8. Comparison of relative performance of GSC SHRIMP II and ID-TIMS
in U-Pb zircon dating (after Stern, 1996).

SHRIMP ID-TIMS*

Mass of zircon analyzed 1-10 ng per spot >1000 ng per fraction

typical mass of Pb analyzed -0.1 pg per spot >100 pg per fraction

Reproducibility (1 cr) of 2c6PbF8u age -1.5% per spot 0.2% per fraction

Reproducibility (1 cr) of 207Pbf06Pb age 0.5-10.0% per spot (depends 0.05-0.08% per fraction
on age)

Overall instrumental Pb sensitivity 0.3% 0.6%
(collected Pb/total Pb)

# data points in one year (GSC 4000 (20 spots/day * 200 days) 1200
potential)

Ability to determine precise «0.1 % 2 possible in some cases, but routine in many cases, but
se) ages of geological events resource intensive difficult if zircon is complex

Ability to tackle complex dating very strong, if sufficient age possible in some cases;
problems (inheritance, Pb-Ioss, contrasts exist resource intensive; may be
overgrowths, etc.) uncertainties in age

interpretation

ability to tackle detrital studies excellent for rapid surveys of highly resource intensive;
protolith ages; weaker at excellent for precise
precise determination of determination of youngest
youngest zircon zircon

ability to carry out in situ (contextual) excellent: thin sections and not possible
studies rock slabs

fate of analyzed material essentially nondestructive sample destroyed

*isotope dilution statistics from B. Davis and M. Villeneuve (pers. comm., 1996)
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Modified chemical procedures for the extraction
and purification of uranium from titanite, allanite,
and rutile in the Geochronology Laboratory,
Geological Survey of Canada

WJ. Davis1, V.l. MeNieoll l, D.R. Bellerive l , K. Santowski I,

and DJ. Seoul

Davis, WJ., McNicol/, VJ., Bellerive. DR., Santowski, K., and Scott, DJ., 1997: Modified
chemical procedures for the extraction and purification of uranium from titanite, allanite, and
rutile in the Geochronology Laboratory, Geological Survey of Canada; in Radiogenic Age and
Isotopic Studies: Report 10; Geological Survey ofCanada, Current Research 1997-F,p. 33-35.

Abstract: A procedure for the extraction and purification of U from Fe-, Ca-, and Ti-bearing minerals
using UffEVA·SPECTM extraction chromatographic material is described. The procedure has several
advantages over previous techniques: it requires less time, uses much smaller quantities of high-purity
acids, and yields improved U analysis by thermal ionization mass spectrometry.

Resume: Le present rapport consiste en une description d'une methode d'extraction et de purification
de U contenu dans des mineraux aFe, aCa et aTi qui utilise le materiau chromatographique d'extraction
U{fEVA·SPECTM. Cette methode offre plusieurs avantages par rapport aux techniques precedemment
utilisees : elle requiert moins de temps, utilise de plus petites quantites d 'acides de haute purete et produit de
meilleurs resultats quant aux analyses de U par spectrometrie de masse athermoionisation.

I Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario K IA OE8
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INTRODUCTION

This paper describes a new procedure adopted for the routine
extraction and purification of uranium (0) from minerals that
contain impOItant quantities of iron (Fe), such as titanite,
rutile, allanite, and perovskite. The method uses
O/TEVA·SPECTM extraction chromatographic material
(Eichrom Industries, Inc., Darien, Illinois), a substance spe
cifically designed for the selective sorption of 0 and tetrava
lent actinides from acidic nitrate media (Horwitz et aI., 1992).
The principal difficulty in O-Pb analyses of Fe-bearing min
erals is that inefficient chemical separation of 0 from other
cations, in particular Fe, results in poor ionization and mea
surement of 0 by theIIDal ionization mass spectrometry
(Parrish et aI., 1992). Previous procedures to separate 0 from
Fe at the GSC laboratory involved time consuming column
chemistry using anion exchange resins in 8 N HN03 (Panish
et aI., 1992). The method used large quantities of Ultra-pure
8 N HN03 and did not consistently result in satisfactory mass
spectrometric analysis. The method described here uses
much smaller quantities of HN03, requires a single column
procedure for 0 purification, provides low 0 blanks, and rou
tinely yields good quality U signals during thermal ionization
mass spectrometry.

Table 1. Procedure for the extraction of U
using UITEVA.SPEC™ material.

Column washing
Wash columns (stored in HCI) with HN03 and H20

Add 50 IJL of UiTEVA&SPEC™ resin
Wash with 0.35 mL of 0.02N HN03
Add 0.15 mL 2N HN03 to condition

Add sample and collect U
Add sample to column
Add: 0.02 mL 2N HNO 3

0.02 mL 2N HNO 3

0.02 mL 2N HNO 3

0.40 mL 2N HNO 3

Replace with U collection beakers
Add: 0.02 mL 0.02N HNO 3

0.02 mL 0.02N HNO 3

0.02 mL 0.02N HNO 3

0.35 mL 0.02N HNO 3

0.01 mL H 3P04
Evaporate to dryness

0.50 ,---------------------,

CHEMICAL PROCEDURES

Washing volume 0.02 N HI\J03 (mL)

After initial elution in 3.1 N HC1, which removes Ti and Ca
but retains 0, Fe, and Pb, U is separated from Pb and collected
along with Fe in 1 N HBr. Lead is further purified in HBr and
collected in 6.2 N HCl as described by Pallish et al. (1992).
The HBr solution containing Fe and 0 is evaporated on a hot
plate and the precipitate dissolved in 0.15 mL 2 N HN03.

Uranium extraction

The 0 purification procedure uses U/TEVA·SPECTM, an
extraction chromatographic resin made up of diamyl
amylphosphonate sorbed on a polymeric substrate of Amber
lite XAD-7. A full description of the material and its properi
ties is given by Horwitz et al. (1992). The Teflon™ columns
have a reservoir volume of 50-55 )JL and a resin bed length of
12 mm. The recommended loading capacity for 50 )JL of
U/TEVA·SPECTM chromatographic material is 0.2 to
0.4 mg of U, several orders of magnitude greater than 0 con
tents of the sample material. There is no jeopardy of over
loading the columns, even with large U-rich samples.

O/TEVA·SPECTM chromatographic material (100
200 )Jm) is washed in 15 mL Savillex™ capsules by
repeated rinsing and decanting with 2 N HN03 and 0.02 N
HN03 (4 or 5 cycles). The material undergoes hydrolysis if
stored for long periods in H20 which can inhibit stripping of
U from the material (Eichrom Industries, pers. comm., 1996).
For this reason, the material is stored dry and small batches of
material are cleaned and prepared prior to use.

The chemical procedure is detailed in Table 1. The Tef
Ion™ columns are cleaned in 6 N HCl, and rinsed with HN03
and H20 prior to addition of the U/TEVA·SPECTM material.
The precleaned resin is added to the column and 0.35 mL of
0.02N HN03 is passed through the column to further clean it.
The effectiveness of this cleaning procedure has been

•

1.40

•

1.05

•

L
o 0.35--0-.7-0

0.25 !-
I

Mineral selection, weighing, spiking, and dissolution follow
procedures outlined in Parrish et al. (1987, 1992). Following
dissolution in HF-HN03, the sample is taken up in 6.2 N HC1,
evaporated to dryness and dissolved in 0.20 mL 3.1 N HCI.
This solution is added to Teflon™ columns containing
0.25 mL of 200-400 mesh BioRad Laboratories™ AGIX8
anion exchange resin (bed length =1.5-2.0 cm). Cleaning of
the resin follows methods described by Parrish et al. (992).

Figure 1. Total U blank versus washing volume ojO.02 N
HN0 3·
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evaluated in an experiment in which four columns were
washed with variable amounts of 0.02 N HN03, ranging
from 0.35 mL to 1.4 mL. The U content of each of the four
washes was measured by isotope dilution (Fig. I). All of the
blank determinations were less than I pg and the blank did not
decrease with larger washing volumes. Four separate sample
batches have been processed between May and September
1996 using this cleaning procedure; 13 of 15 blank determi
nation are less than 1 pg, and all are less than 4 pg.

Prior to adding the sample the resin is equilibrated with
0.15 mL of 2 N HN03. Iron and other cations are eluted in
0.46 mL of 2 N HN03, whereas U is strongly retained on the
UffEVA·SPEC™ material. Uranium is then stripped and
collected in a total of 0.41 mL of 0.02 N HN03. One drop of
phosphoric acid is added to the solution prior to evaporation.
The sample is then ready for analysis by thermal ioniztion
mass spectrometry.

W.J. Davis et al.

SUMMARY

The procedure using UffEVA·SPEC™ extraction chroma
tographic material results in precise and stable uranium
analyses on the mass spectrometer. A total of 102 titanite,
20 rutile and 2 allanite fractions have been processed using
this technique with consistently good results and total proce
dural blanks. The main advantages of the technique are the
very efficient separation of uranium from other cations, in
particular Fe, the significantly reduced quantities of ultra
pure nitric acid required by the procedure, and improved
quality of U signal measured on the mass spectrometer.
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2.70-2.58 Ga plutonism and volcanism
in the Slave Province, District of Mackenzie,
Northwest Territories 1

M.E. Villeneuve2, J.R. Henderson2, R.B. Hrabi3, V.A. Jackson4
,

and C. RelP

Villeneuve, ME., Henderson, JR., Hrabi, RB., Jackson, V.A., and Relf, c., 1997: 2.70-2.58 Ga
plutonism and volcanism in the Slave Province, District ofMackenzie, Northwest Territories; in
Radiogenic Age and Isotopic Studies: Report 10; Geological Survey of Canada, Current
Research 1997-F, p. 37-60.

Abstract: New U-Pb zircon age dates are reported from eleven plutonic and seven volcanic rocks sampled
in five greenstone belts in the Slave Province. Three of these belts are in the northwestern Slave Province
(High Lake greenstone belt, Anialik River volcanic belt, and Napaktulik Lake volcanic belt) and the other
two are located in the central Slave Province (Winter Lake supracrustal belt, Courageous Lake volcanic
belt). Locally, the volcanic and plutonic rocks help constrain structural and depositional history within a
belt, define the age of metallogenesis and allow for inter-belt correlation of units. Regionally, the age data
support previous data sets, with the ages of volcanic rocks from greenstone belts falling between 2705 Ma
and 2671 Ma. Plutonic rocks are in accord with general evolution from predeformationaI2.70-2.64 Ga
tonalites and diorites to 2.62-2.59 Ga K-feldspar megacrystic granites and finally to postdeformationaI2.60
2.58 Ga two-mica granites. A distinct break in magmatic activity between 2.640 and 2.625 Ga remains
evident in the data set for the plutons. The data also highlight inconsistencies in the time offormation of
deformational fabrics recorded by plutonic rocks, suggesting that local strain regimes play a major role in
fabric development, even within a single belt.

Resume: Dans la Province des Esclaves, onze roches plutoniques et sept roches volcaniques provenant
de cinq ceintures de roches vertes echantillonnees ont ete datees selon la methode U-Pb sur zircon. Trois des
ceintures de roches vertes s'etendent dans le nord-ouest de la Provinces des Esclaves (ceinture de roches
vertes de High Lake, ceinture de roches volcaniques d' Anialik River et ceinture de roches volcaniques de
Napaktulik Lake) et les deux autres sont situees dans le centre de celle-ci (ceinture de roches supracrustales
de Winter Lake, ceinture de roches volcaniques de Courageous Lake). AI'echelle locale, les roches vol
caniques et plutoniques nous fournissent des renseignements qui nous aident a reconstituer l'evolution
structurale et sedimentaire de la ceinture dans laquelle elles se trouvent, adater I' epoque de la metallogenese
etacorreler des unites d'une ceinture aI'autre. AI'echelle regionale, les datations s'integrent bien aux ensembles
de donnees radiometriques anterieurs et permettent de situer entre 2 70S et 2 671 Ma I' age des roches

I Contribution to Canada-Northwest Territories Mineral Initiatives (1991-1996), an initiative under the Canada-
NOIthwest Territories Economic Development Cooperation Agreement/Contribution to Slave NATMAP Project

2 Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario K 1A OE8
3 Department of Geological Sciences, Queen's University, Kingston, Ontario K7L 3N6
4 NWT Geology Division, Department of Indian Affairs and Northern Development, Box 1500, Yellowknife, NWT,

XIA 2R3
5 Canada-NWT Mineral Initiatives Office
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voicaniques aJ'interieur des ceintures de roches vertes. Les roches plutoniques s'inserent dans un schema
general d'evolution, qui debute par des tonalites et de diorites anterieures ala defonnation datees de I'inter
valle 2,70-2,64 Ga, se poursuit par des granites agros phenocristaux de feldspath potassique d'un age de 2,62
2,59 Ga et se tennine par des granites adeux micas posterieurs ala defonnation remontant a2,60-2,58 Ga. Un
arret bien net de I' activite magmatique entre 2,640 et 2,625 Ga demeure evident dans les ensembles de donnees
tirees des plutons. Les donnees mettent egalement enlumiere des incoherences dans la chronologie de I'appa
rition des fabriques de defonnation qui touchent les roches plutoniques, ce qui laisse supposer que les regimes
de defonnation locaux ont joue un role important dans la formation des fabriques, meme au sein d'une seule
ceinture.

INTRODUCTION

The Slave Province, an Archean granite-greenstone-turbidite
telTane located in the northwestern Canadian Shield has been
the focus of a number of geoscientific studies operating
under the umbrella of the Slave NATMAP project. Most of

the mapping was centred along a north-south corridor that
roughly approximates the extension of an isotopic boundary
defined by Nd (Davis and Hegner, 1992) and Pb (Thorpe
et al., 1992) isotopic compositions, separating values exhibit
ing components of old crust in the west from more juvenile
signatures in the east (Fig. I).

Figure 1.

Regional map of the Slave Province with
location ofmapping projects.
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The geology of the Slave Province can be roughly subdi
vided into four main categories. Gneisses, volcanic rocks,
and tonalites older than ca. 2.8 Ga form basement inliers
throughout the western Slave Province. Included in these are
the ca. 3.96 Ga Acasta gneisses (Bowring et aI., 1989a, b) of
the west-central Slave Province, the 3.15 Ga Augustus granite
at Point Lake (Henderson et aI., 1982), the ca. 2.9 Ga Sleepy
Dragon Complex (Henderson et aI., 1987) northeast of
Yellowknife, as well as 3.3-3.1 Ga rhyolites in the Winter
Lake belt and Napaktulik Lake volcanic belt (Villeneuve
et aI., 1993; Villeneuve and van Breemen, 1994). Other scat
tered occurrences of rocks older than 2.8 Ga are present
throughout the western Slave Province, but, as of yet, none
have been found in the east, providing a general geological
basis for the east-west dichotomy of isotopic compositions.

Unconformably and structurally overlying the basement
rocks are 2.71-2.66 Ga greenstone volcanic-turbidite belts
that form the Yellowknife Supergroup (Henderson, 1970).
This association was first described from stratigraphic studies
in the Yellowknife area, but the similarity of the associations
within many of the greenstone volcanic-turbidite belts has led
to its application on a province-wide basis. In general, age
dating has borne out the temporal similarities inferred from
the lithological associations (Mortensen et aI., 1988; van
Breemen et aI., 1992). The volcanic and associated synvol
canic intrusions consist of a bimodal suite of tholeiitic basalts
and andesites, and a calc-alkaline suite of intelmediate to felsic
volcanic and volcaniclastic rocks. The first suite has been
termed the Yellowknife type (Padgham, 1992), after its type
locality, and the latter the Hackett River type (Padgham,
1992) after the prototypal succession in the central and east
ern Slave Province. On the surface, ages of dated volcanic
rocks from any given belt do not display a noticeable bias
towards a unique age range (van Breemen et aI., 1992). Such
statements, however, must be tempered by the relatively
small data set of ages «40 U-Pb ages on felsic volcanics) and
regional scale of mapping that is the norm for many of the
greenstone belts.

Associated with, and forming the dominant palt of, the
supracrustal success ions in the Slave Province are large accu
mulations of turbidite deposits principally derived from vol
canic and plutonic sources. Dating of interlayered felsic
volcanic units (Henderson et aI., 1987; Mortensen et aI.,
1988; van Breemen et aI., 1992; Bleeker and Villeneuve,
1995) indicates that many of the turbidite sequences are coeval
with volcanism younger than 2.70 Ga. Detrital zircon
geochronology on some of these packages highlight sources
from within the volcanic and synvolcanic plutons of the
Yellowknife Supergroup as well as detritus sourced in the
prevolcanic basement units (Villeneuve et aI., 1994; Villeneuve
and van Breemen, 1994).

Recent mapping in the Slave Province, coupled with new
U-Pb geochronology has defined a period of volcanism and
sediment deposition around 2.62-2.60 Ga that postdates the
volcano-turbidite success ions that are typical of the
Yel10wknife Supergroup. Primarily recognized in the field
by units of polymictic boulder conglomerate that unconform
ably overlie volcanic and turbidite sequences, detrital
dating of these rocks indicate an age younger than 2.6 Ga

M.E. Villeneuve et al.

(Isachsen and Bowring, 1994; Vil1eneuve et aI., 1994;
van Breemen et aI., 1994). Of special note, the central portion
of the High Lake volcanic belt contains a sequence of felsic to
intermediate volcanic rocks associated with chemically
deposited sedimentary rocks, black slates, poorly bedded
volcanic- and shale-clast conglomerates, and psammitic
greywackes (Henderson et aI., 1995). Ongoing dating within
this part of the belt shows that this supracrustal package was
deposited between 2.62 and 2.61 Ga (Henderson et al., 1995;
M. VilJeneuve, un pub. data, 1996).

Lastly, plutonic activity was prevalent from 2.72 to
2.58 Ga, although there appears to be evidence for a hiatus in
plutonic activity between 2640 and 2625 Ma (van Breemen
et aI., 1992). Age dates of plutons suggests that the bulk of
activity took place after 2625 Ma (van Breemen et aI., 1992
and references therein), with these plutons forming the seas
of granite between greenstone turbidite belts. The composi
tion of the postvolcanic plutonic rocks progressed from meta
luminous hornblende±biotite diorite and tonalite at 2.63 Ga
through to K-feldspar megacrystic biotite granites at ca.
2.61 Ga through to smaller plutons of peraluminous two mica
megacrystic granites at 2.59 Ga until cessation of magmatism
at 2.58 Ga (Davis et aI., 1994).

Some of the results of an age dating program carried out as
part of the Slave NATMAP program are described below. For
the most part, these samples build on the original regional
data set and groundbreaking work of Mortensen et al. (1988),
Isachsen et al. (1991), and van Breemen et al. (1992). The
results herein represent some of the first age dates produced
from the various map areas in the Slave Province and, as such,
were chosen primarily to address questions of local signifi
cance such as age of deposition or constraining the timing of
deformation. The significance of each age within the context
of local geology is given after each sample and the contribu
tions to the broader regional problems are dealt with in a brief
discussion at the end.

ANALYTICAL METHODS

Following the separation of heavy minerals using heavy liq
uids, samples were passed through a Frantz LB-I magnetic
separator to purify zircon and titanite. Zircon crystals were
selected for analysis based on criteria that optimized for their
clarity, lack of cloudiness and colour, and lack of fractures.
All zircons were abraded prior to analysis to increase concor
dance by removing the outer portions of the grains where
much of the Pb-Ioss and alteration take place (Krogh, 1982).

Fol1owing abrasion, photography, and final mineral
selection, mineral fractions were analyzed according to meth
ods summarized in Parrish et a1. (1987). Data have been
reduced and errors have been propagated using software writ
ten by J. C. Roddick; error propagation was done by numeri
cal methods (Roddick, 1987; Parrish et aI., 1987). Error
ellipses on concordia diagrams are shown at the 20 (95% con
fidence) level of uncertainty. Final errors are indicated on
Table 1. Linear regressions on discordant alTays of data use a
modified York (1969) method that takes into account the
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Table 1. U-Pb data.

wt.b
Radiogenic ratios (±1 0, %)f

U Pb
c 206Pb/ Pb

e 208Pb/ 207Pb/206Pb Discord.
h

Fraction
a 204pbd 206pbf 207Pb/235U 206Pb/238U 207pbP06Pb Age (Ma)9 %~g ppm ppm pg

Anialik river volcanic belt
CR-99-0558 Anialik tonalite (Z2788; 67.7954oN 11 0.86600 E)
A(Z) 5 60 33 351 26 0.23 10.645±0.39 0.4556±0.34 0.16945±0.18 2552±6 6.2
I(Z) 16 60 34 1604 14 0.22 11.105±0.15 0.4681±0.14 0.17207±0.05 2578±2 4.8
J(Z) 8 42 25 1220 9 0.25 11.805±0.15 0.4901 ±0.15 0.17469±0.06 2603±2 1.49
R-36-91 Northern rhyolite (Z2348; 67.7616°N 110.9455°E)
A(Z) 46 38 23 1952 29 0.19 13.139±0.20 0.5177±0.21 0.18406±0.10 2690±3 0.01
B(Z) 24 26 16 1232 4 0.16 13.069±0.15 0.5161±0.15 0.18367±0.09 2686±3 0.17
C(Z) 20 32 19 1125 3 0.16 13.120±0.17 0.5180±0.17 0.18369±0.08 2686±3 -0.2
E(Z) 10 46 27 816 17 0.16 13.132±0.18 0.5179±0.18 0.1 8392±0.1 0 2689±3 -0.07

High Lake volcanic belt
R-30-91 High Lake granite (Z2415; 67.3884°N 11 0.8532°E)
A(Z) 5 141 86 1208 20 0.24 12.140±0.19 0.5007±0.18 0.17584±0.07 2614±2 -0.013
B (Z) 16 78 46 3460 7 0.2 11.907±0.13 0.4934±0.12 0.17503±0.03 2606±1 0.98
C(Z) 6 106 60 1286 16 0.17 11.830±0.19 0.4894±0.18 0.17533±0.06 2609±2 1.92
94-HSAJ-244 High Lake rhyolite (Z3889; 67.3566°N 11 0.8039°E)
A(Z) 7 41 25 657 15 0.16 13.429±0.33 0.5247±0.30 0.18562±0.10 2704±3 -0.7
B(Z) 5 63 37 1871 2 0.15 13.215±0.14 0.5155±0.14 0.18593±0 .06 2707±2 1.2
D(Z) 5 116 69 2571 8 0.16 13.222±0.11 0.5165±0.10 0.18567±0.04 2704±1 0.9
E(Z) 6 62 38 1150 12 0.16 13.320±0.16 0.5205±0.14 0.18559±0.07 2704±2 0.1
93-HSA-J389 Rush rhyolite (Z3275; 67.3947°N 11 0.96500 E)
A(Z) 7 53 31 2852 4 0.14 13.309±0.11 0.5195±0.10 0.18579±0.05 2705±2 0.37
C(Z) 6 59 36 2814 4 0.17 13.401±0.12 0.5232±0.11 0.18577±0.04 2705 ±1 -0.34
D(Z) 4 59 35 943 9 0.15 13.284±0.18 0.5184±0.18 0.18585±0.09 2706 ±3 0.61
R-40-91 James River rhyolite (Z2414; 67.1714°N 11 0.9654°E)
A(Z) 10 138 83 2308 2 0.15 13.234±0.11 0.5196±0.10 0.18471 ±0.04 2696±1 -0.09
B(Z) 13 71 42 2080 14 0.15 13.097±0.15 0.5143±0.14 0.18471 ±0.04 2696±1 0.94
C(Z) 11 84 49 2429 12 0.17 12.309±0.14 0.4944±0.13 0.18056±0.04 2658±1 3.12
D (Z) 9 238 145 1863 36 0.18 13.165±0.31 0.5177±0.30 0.18444±0.04 2693±1 0.18
Canoe Lake rhyolite (Z1183; 67.1425°N 111.60000 E)
3a (Z) 24 121 71 4557 21 0.15 13.114±0.10 0.5154±0.09 0.18454±0.03 2694±1 0.66
3b (Z) 20 155 92 5507 18 0.17 12.889±0.10 0.5084±0.09 0.18385±0.03 2688±1 1.72
3c (Z) 27 157 90 4315 31 0.17 12.445±0.10 0.4891±0.09 0.18455±0.03 2694±1 5.73
A(Z) 5 98 59 1144 13 0.16 13.127±0.21 0.5154±0.21 0.18473±0.08 2696±3 0.74
B(Z) 5 145 87 3339 0 0.16 13.175±0.11 0.5179±0.10 0.18451±0.04 2694±1 0.17
92-HSA-727 Hood River rhyolite (Z2765; 66.8868°N 11 O.2843°E)
A(Z) 32 17 10 1616 1 0.08 12.740±0.13 0.5100±0.13 0.18119±0.05 2664±2 0.34
B(Z) 13 30 17 1485 6 0.11 12.809±0.16 0.5110±0.15 0.18181±0.O6 2669±2 0.39
D (Z) 6 99 56 3249 6 0.09 12.854±0.12 0.5124±0.10 0.18194±0.04 2671±1 0.17
E(Z) 11 61 35 1427 15 0.1 12.870±0.12 0.5135±0.11 0.18179±0.05 2669±2 -0.1
92-HSA-728 Ulu granite (Z3060; 66.8956°N 110.9124°E)
C (Z) 2 116 65 451 13 0.19 11.315±0.38 0.4741±0.36 0.17310±0.14 2588±5 4.02
E(Z) 2 125 61 739 3 0.15 10.278±0.24 0.4300±0.23 0.17333±0.12 2590±4 13.04
F(Z) 2 105 60 357 14 0.19 11.693±0.35 0.4894±0.35 0.17328±0.17 2590±6 1.01
R-33-91 Foliated quartz diorite (Z2635; 67.6270oN 11 0.8376°E)
A(Z) 11 154 92 4488 7 0.25 11.689±0.12 0.4865±0.11 0.17427±0.03 2599±1 2.03
B(Z) 5 142 84 2799 7 0.25 11.646±0.18 0.4823±0.17 0.17511±0.04 2607±1 3.23
C(Z) 11 138 81 3154 15 0.24 11.523±0.13 0.4796±0.13 0.17425±0.04 2599±1 3.41
E(Z) 6 114 70 796 27 0.25 11.980±0.17 0.4968±O.14 0.17488±0.08 2605±3 0.23
D(Z) 5 289 179 2694 16 0.31 11.677±0.11 0.4853±0.10 0.17449±0.04 2601±1 2.36
R-32-91 Two mica granite (Z2634; 67.6279°N 11 0.8305°E)
A(Z) 4 152 79 1283 12 0.22 10.302±0.22 0.4363±0.21 0.17128±0.07 2570±2 10.95
F (Z) 1 321 149 551 15 0.17 9.570±0.36 0.4023±0.36 0.17255±0.15 2583±5 18.36
C-tip(Z) 6 199 56 2266 9 0.07 4.574±0.13 0.2739±0.12 0.12113±0.06 1973±2 23.5
D(Z) 1 124 55 285 6 0.16 9.058±0.93 0.3897±0.85 0.16857±0.41 2544±14 19.44
E(Z) 1 654 254 717 26 0.15 7.984±0.22 0.3432±0.19 0.16875±0.11 2545±4 29.12
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Wt.
b

Radiogenic ratios (+10, %)f
Discord. hU Pb

c 206Pb/ Pb
e 208Pb/ 207Pb/206Pb

Fraction
a 204pb

Cl 206pbf 207Pb/235U 206Pb/238u 207Pb/206Pb Age (Ma)9 %Ilg ppm ppm pg

Napaktulik Lake volcanic belt
91-VJ-4400 Mirror Lake granite (Z2486; 66.5851°N 112.3598°E)

A(Z) 1 1678 771 1686 25 0.140 9.540±0.13 OA066±0.11 0.17016±0.05 2559±2 16.57

B(Z) 4 1321 645 204 792 0.190 9A02±0.51 OA181±0.15 0.16308±OA3 2488±14 11.22

C(Z) 7 1191 432 2557 65 0.070 7.246±0.11 0.3442±0.10 0.15268±0.05 2376±2 22.77
E(Z) 5 652 276 564 156 0.100 8.676±0.22 0.3923±0.10 0.16038±0.17 2460±6 15.55

D(Z) 3 1311 632 1104 100 0.090 1OA11 ±0.20 OA459±0.18 0.16936±0.07 2551±2 8.17

F (Z) 3 3278 1487 408 671 0.060 9A25±0.26 OA339±0.11 0.15754±0.21 2430±7 5.20

H (Z) 1 1311 522 840 39 0.110 8.074±0.15 0.3641 ±0.11 0.16081±0.08 2464±3 21.79

J (Z) 3 2893 1376 661 334 0.080 10.111±0.19 OA460±0.12 0.16441±0.12 2502±4 5.92

K(Z) 2 569 260 162 211 0.220 8.747±0.67 0.3831±0.17 0.16558±0.56 2514±19 19.65

91-VJ-4401 Hood River granite (Z2487; 66.6095°N 112.2912°E)
A(Z) 5 273 175 804 57 0.310 12.343±0.15 0.5000±0.11 0.17905±0.08 2644±3 1AO

B(Z) 1 242 166 524 10 OA80 11A68±0.29 OA840±0.26 0.17186±0.17 2576±6 1A7

C(Z) 1 215 138 719 4 0.380 11.442±0.22 OA812±0.20 0.17247±0.13 2582±4 2.32
D(Z) 4 129 85 957 12 OAOO 11.508±0.16 OA841 ±0.15 0.17240±0.07 2581±2 1.68
E(Z) 5 51 36 180 47 0.500 11.747±0.50 OA936±0.43 0.17263±0.33 2583±11 -0.13
F(Z) 4 58 37 266 26 OA60 10.821 ±OA1 OA562±0.28 0.17203±0.30 2578±10 7.20

91-VJ-4403 Eastern granite (Z2488; 66.6834°N 112.0584°E)
A(Z) 6 117 59 1260 16 0.110 10.932±0.14 OA593±0.13 0.17262±0.06 2583±2 6.82
C(Z) 2 135 51 591 12 0.080 7.734±0.22 0.3537±0.20 0.15857±0.15 2441±5 23.14
E (Z) 3 92 51 413 24 0.160 11.696±OA4 OA880±0.38 0.17384±0.26 2595±9 1.54
F-FRAG (Z) 62 63 36 12502 10 0.180 11.786±0.10 OA915±0.09 0.17390±0.04 2596±1 0.85
G-FRAG (Z) 47 60 35 6151 11 0.180 11.875±0.10 0.4947±0.09 0.17409±0.03 2597±1 0.29
TBM-122 Football granite (Z3059; 66.6587°N 112.2553°E)
A(Z) 9 187 105 5581 9 0.150 12.001 ±0.12 OA949±0.11 0.17587±0.03 2614±1 1.03

B(Z) 2 117 71 539 12 0.260 11.942±0.54 OA933±0.52 0.17560±0.21 2612±7 1.26
E(Z) 5 90 35 484 20 0.220 7.554±0.22 0.3291±0.18 0.16646±0.13 2522±5 31.28
F(Z) 6 141 54 1187 14 0.250 7.013±0.14 0.3133±0.13 0.16233±0.07 2480±2 33.23
TITAN-X(T) 101 232 145 2279 316 0.300 11.963±0.13 OA942±0.12 0.17556±0.04 2611±1 1.04
TITAN-Y (T) 104 258 170 3952 212 0.360 12.109±0.10 OA993±0.09 0.17591 ±0.03 2615±1 0.19

Winter Lake volcanic belt
HLB-92-B0021 A Eastern gneiss leucosome (Z3415; 64.2539°N 112.6404°E)
A(Z) 2 445 215 792 40 0.060 11.341±0.17 OA513±0.11 0.18226±0.12 2674±4 12.19
B(Z) 2 751 402 1473 28 0.050 12.700±0.13 0.5042±0.12 0.18270±0.07 2678±2 2.08
C(Z) 1 186 104 1819 4 0.120 12A63±0.13 OA982±0.13 0.18144±0.05 2666±2 2.73
D(Z) 1 223 114 407 17 0.070 11.803±0.27 0.4748±0.26 0.18031 ±0.14 2656±5 6.87
E (Z) 1 146 83 633 10 0.110 12.850±0.28 0.5145±0.14 0.18114±0.20 2663±7 -0.57
F (Z) 2 132 70 1899 3 0.120 11.874±0.13 0.4754±0.13 0.18117±0.05 2664±2 7.09
VN-93-03 Providence granite (Z3375; 64.7667°N 112.2333°E)
B(Z) 2 104 63 1477 5 0.220 12.529±0.16 0.5071 ±0.14 0.17921±0.09 2646±3 0.07
D(Z) 5 91 56 1258 6 0.210 12.746±0.16 0.5100±0.16 0.18127±0.07 2665±2 0.37
C(Z) 4 93 58 2390 1 0.240 12.508±0.13 0.5061 ±0.13 0.17925±0.06 2646±2 0.27

Courageous Lake volcanic belt
Deb rhyolite (Z3416; 64.0011°N 111.231rE)
A(Z) 1 212 123 844 2 0.130 13.151±0.23 0.5158±0.22 0.18492±0.14 2698±4 0.73
C(Z) 2 217 127 968 14 0.130 13.243±0.15 O.5190±0.15 0.18504±0.08 2699±3 0.16
E(Z) 4 157 92 5767 4 0.130 13.251±0.11 O.5186±0.10 0.18533±0.03 2701±1 0.37
F(Z) 2 99 57 1798 1 0.110 13.235±0.13 0.5176±0.13 0.18544±0.07 2702±2 0.59
aAII zircon fractions are abraded; (Z)=Zircon, (T)=Titanite
bError on weight = ±0.001 mg
CRadiogenic Pb
dMeasured ratio corrected for spike and Pb fractionation of 0.09±0.03%/AMU
erotal common Pb on analysis corrected for fractionat/on and spike, of blank model Pb composition
fCorrected for blank and spike Pb and U and common Pb (Stacey-Kramers model Pb composition equivalent to the 207PbfOOPb age)
gAge error is ±2 se in Ma
hDiscordance alona a discordia to oriqin.
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scatter of the points about the line~ a discussion in Parrish
et aI., 1987). Fraction letters shown on concordia diagrams
are keyed to the fraction letters in Table 1.

ANIALIK RIVER VOLCANIC BELT

The Anialik River volcanic belt, together with the adjacent
Kangguyak gneiss belt (McEachern, 1993) represents the
northernmost project in the western Slave Province (Fig. 1).
The doubly-plunging antiformal structure in the northern part
of the belt is cored by the synvolcanic Anialik River igneous
complex (Fig. 2), a composite piu ton of tonalite
trondjhemite-granodiorite suite rocks, with phases dated at
2703 ± 1 Ma, 2693 ± 2 Ma and 2683 ± 3 Ma (Abraham et aI.,
1994). This complex has an intrusive contact with the vol
canic belt at its southern end and is in tectonic contact on its
eastern and western margins (Relf, 1995). Part of the western
contact is cut by the 2602 ± 2 Ma (Abrahams et aI., 1994)
Chin Lake stock, an undeformed, leucocratic, two-mica
quartz monzonite.

The volcanic rocks enveloping the Anialik River volcanic
belt have been subdivided into three general units by Relf
(1995) that comprise: I) massive and pillowed basaltic to
andesitic flows, breccias, and minor volcaniclastic sediments
forming a mafic unit; 2) dacites, rhyodacites, and fragmental
volcanic rocks forming an intermediate to felsic unit; and
3) rhyolite flows and tuffs fonning a felsic unit. Apart from
the sample of dacite reported herein, two other felsic volcanic
rocks from the felsic unit on the west side of the belt were
dated by Abraham et al. (1994). An age of 2677 ± 3 Ma was
obtained on a felsic tuff and a similar age of 2678 ± 2 Ma was
obtained on a quartz-feldspar porphyry, displaying a tempo
ral cOITelation with other volcanic rocks of the Yellowknife
Supergroup.

Sedimentary rocks make up only a minor component of
the belt. Synvolcanic sedimentation takes the form of thin
slaty lenses and brown-weathering carbonates interbedded
with intennediate to felsic volcanic rocks (Relf, 1995) and
discontinuous silicate, oxide, and carbonate facies iron
formation. The most distinctive unit in the Anialik River vol
canic belt consists of lenses of clast-supported granite and
volcanic boulder conglomerate, with rounded boulders
embedded in a fine grained, chloritic matrix displaying a pro
nounced throughgoing foliation. Tirrul and Bell (1980) pro
posed that the unit rests unconfOIwably on the underlying
volcanic rocks. A syenite boulder from the conglomerate
yielded a poorly defined age of2590 ±10 Ma (Villeneuve and
van Breemen, 1994), corroborating this interpretation. Fur
ther mapping in the belt yielded several other lens-shaped
examples of clast-rich polymictic orthoconglomerate, gener
ally occurring adjacent to faults. The youngest detrital zircon
grain analyzed in a subsequent sample, has a concordant age
of 2600 ± 3 Ma (Villeneuve and van Breemen, 1994), sug
gesting that these conglomerates were deposited late in
the tectonic history of the Slave Province.

In fault contact along the western side ofthe Anialik River
volcanic belt are the amphibolite-facies ortho- and paragneisses
ofthe Kangguyak gneiss belt (McEachern, 1993; Relf, 1995).
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Tonalite gneiss and granitic gneiss make up the bulk of the
exposure within the belt and have produced ages ranging from
3.3 Ga to 2.95 Ga (Isachsen and Bowring, 1994, M. Villeneuve,
unpub. data, 1995), suggesting that the gneisses fonn part of a
basement complex in the northwestern Slave Province.
Isolated occurrences of paragneiss consists of migmatitic
biotite schist, quartzite, and metamorphosed conglomerate
containing cobbles of granite, quartzite, and amphibolite in a
multiply deformed coarse hornblende-rich matrix (Relf, 1995).
Detrital zircon geochronology indicates a maximum deposi
tional age of 2880 ± 2 Ma for the conglomerate (Villeneuve
and van Breemen, 1994) and a poorly defined maximum age
(due to discordance of analyses) of 3.15 Ga for the quartzite
(Relf et aI., 1994a). There is an abundance of 3.3-3.1 Ga
zircons in both units (Villeneuve and van Breemen, 1994).
Although contact relationships were not observed between
the paragneisses and orthogneisses, the presence of detrital
zircons with ages correlative to the orthogneiss units suggests
that the orthogneisses are basement to the paragneisses.

The Kangguyak gneisses are separated from the Anialik
River volcanic belt by the Tohokatak fault (Relf et aI., 1994a).
Early fault movement, interpreted to be Archean (Relf et aI.,
1994a; Relf, 1995), consists of complex, ductile dip-slip and
strike-slip motion, possibly consisting of multiple episodes of
movement between 2.64 Ga and 2.60 Ga (Relf, 1995). Over
printing brittle-ductile greenschist grade fault fabrics sug
gests later reactivation of the fault during the Proterozoic,
coincident with orogeny in nearby Wopmay Orogen.

The Kangguyak gneiss belt and Anialik River volcanic
belt appear to have separate structural histories until ca.
2.64 Ga (Relf et aI., 1994a; Relf, 1995) whereupon the main
cleavage forming event in the Anialik River volcanic belt (02
in Anialik River volcanic belt, 03 in Kangguyak gneiss belt)
can be correlated with movement along the Tohokatak fault
(Relf, 1995). The overall geometry of the Anialik River
volcanic belt is controlled by the development of north
northeast-trending, upright folds that form D3 in the volcanic
belt. Timing of the D3 deformation is constrained by intrusion
and subsequent deforn1ation of a carbonatite intrusion com
plex (Relf et aI., 1994b; Relf, 1995), emplaced around
2600 Ma. Timing of peak metamorphic conditions in the
Kangguyak gneiss belt and western Anialik River volcanic
belt is determined from titanite geochronology on igneous
plutons (Abraham et aI., 1994; Villeneuve and van Breemen,
1994; Relf et aL, 1994a) that give ages around 2.65-2.64 Ga,
in agreement with a hornblende 40A1';39AI' age of 2.64 Ga
from the Kangguyak gneiss belt (H. Sandeman, unpub. data
i!:! Relf, 1995). Peak metamorphic conditions in the eastern
Anialik River volcanic belt are synchronous with intrusion of
ca. 2.61 Ga granites (Relf, 1995), suggesting a diachronous
event across the belt.

For this study, two samples have been dated from the
Anialik River volcanic belt that augment the previous geo
chronological work of Abraham et al. (1994) and help con
strain timing of volcanism and deformation.
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Anialik tonalite

A sample of equigranular, medium grained biotite tonalite
(CR-92-0558) was collected from a dyke located about 500 m
west of Grays Bay (Fig. 2). The dyke, one of a series that are
up to 30 cm wide, both cuts the foliation in the surrounding
mafic volcanic rocks and is folded about it (Relf, 1995) in iso
clinal folds with north-northeast fold axes, suggesting that it
was intruded post-S2 (D2) and deformed by the north
northeast-trending, fold-forming event (D3 of Relf, 1995).

Zircons from the sample are subequant, multifaceted,
euhedral clear crystals with relatively low U content. Although
of good optical quality, analysis of one to three grain fractions
indicates that Pb loss plays a role in the U-Pb systematics of the
zircons, with results being 2-11 % discordant (Fig. 3a). Frac
tions A through H have larger than nonnal error ell ipses due to
the low U content coupled with elevated lab blank levels (up to
30 pg) during the period of the analyses. Additional analysis of
two other multigrain fractions (I, 1), gave results that are both
lower in error and more concordant. Regression of all six
analyses yield an upper intercept age of 2613 ± 6 Ma
(MSWD=2, lower intercept= 1041 ± 90 Ma). The age of the
Anialik tonalite is interpreted as the time of intrusion, and rep
resents the minimum age for the D2 cleavage forming event.

Because the tonalite dyke emplacement is interpreted to be
syn-D3 and a nearby 2600 Ma carbonatite intrusion (Grays Bay
Alkaline Complex, Fig. 2) is interpreted as deformed by D3
(Reff, 1995) it suggests that the formation of the open folds that
define the overall shape of the belt may have occurred, either
sporadically or continually, over a 10 Ma period. This 2600 Ma
age is slightly at odds with the 2602 ± 2 Ma age of the Chin
Lake stock, interpreted to be a post-tectonic pluton (Abraham
et aI., 1994). The fact that the post-2600 Ma String Lake con
glomerate carries a strong foliation in the matrix, suggests that
D3 deformation continued after emplacement of the Chin Lake
stock. The combination of ages suggests that D3 may also rep
resent strain partitioning on a belt-wide scale, such that the last
deformational fabrics were not recorded during emplacement
of the Chin Lake stock.

Northern rhyolite

A foliated biotite dacite porphyry was collected from the
northeast side of the Anialik River volcanic belt, just inshore
from Grays Bay. This sample is a plagioclase-quartz eye por
phyry located in the centre of a complex of rhyolite to dacite
dykes marked by self-intrusion and a carbonate-matrix rhyo
lite breccia around the margins, suggesting that the sample is
part of a high level intrusion within a rhyolite dome complex.
Biotite (5%), euhedral plagioclase phenocrysts (10%), and
quartz eyes (10%) are distributed within a fine grained matrix
displaying minor carbonate alteration.

Zircons from the sample are clear, euhedral, low-U
prisms, with a typical magmatic morphology. Uranium con
tent is around 25-40 ppm, with all fractions giving concor
dant, reproducible results (Fig. 3b). The weighted average of
the 207PbP06Pb ages is 2687 ± 2 Ma.

The 2687 ± 2 Ma age on the northern rhyolite from the east
side is 10 Ma older than the 2678 ± 2 Ma and 2677 ± 3 Ma
determined from felsic volcanic rocks on the west side of the
belt (Abraham et aI., 1994). Although the small number of
dated volcanics in the belt prevents working out detailed stra
tigraphy, it is clear that volcanism spanned at least 10 Ma and
correlates with the age of other Yellowknife Supergroup vol
canic rocks throughout the Slave Province.

HIGH LAKE GREENSTONE BELT

The High Lake greenstone belt abuts the eastern side of the
Anialik River volcanic belt at Grays Bay (Fig. 4) and then
diverges from the Anialik River volcanic belt by taking a
southerly trend as opposed to the southwesterly trend of the
Anialik River volcanic belt. Separating the two belts is a com
posite pluton that contains sporad ic, small remnants of green
stone belts (Jackson, 1989). The High Lake greenstone belt
continues southward, is transected by the lames River, and
terminates south of the Hood River.
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Figure 4.

Geological sketch map ofHigh Lake greenstone
belt (modifiedfrom Henderson et al .. 1994) with
location ofgeochronological samples marked.
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The High Lake greenstone belt has been divided into three
broad north-trending parts by Henderson et al. (J 995). The
western volcanic domain forms the western margin of the belt
from Canoe Lake northwards (Fig. 4). It comprises interme
diate to felsic volcanic rocks and nonbedded volcaniclastic
rocks, as well as subordinate occurrences of mafic volcanic
rocks in the area between Rush Lake and High Lake (Henderson
et aI., J993b, 1995).

The eastern boundary of the western volcanic domain coin
cides with the Kennarctic River. East of the boundary, the cen
tral mixed domain is a band of mixed banded iron-formation
and marbles that can be traced from Canoe Lake to High Lake
(Henderson et aI., 1995). The central mixed domain is several
kilometres wide nOIth of High Lake, pinches to a few hundred
metres width at High Lake, and gradually widens to around 10 km
south of the James River (Henderson et aI., 1995). Mafic,
intermediate and felsic volcanics are capped by chemical
sedimentary rocks (marbles, including stromatolite-bearing
carbonates (Henderson, 1975), chert iron-formation), that are,
in turn, overlain by graphitic shales (Henderson et aI., J993a,
1995). Black slate-grey siltstone turbidite couplets and poorly
bedded conglomerate containing volcanic and shale clasts are
interbedded with and overlie felsic volcanic and volcaniclastic
rocks (Henderson et aI., 1993a, 1995).

Uranium-lead zircon dating of three felsic volcanic rocks
and detrital zircon dating of a grey siltstone clearly show that
the central mixed domain is much younger than other vol
canic belts dated in the Slave Province. Three felsic volcanic
rocks, collected from widely spaced localities, give overlap
ping ages of 2616 ± 3 Ma (Henderson et aI., 1995) and 2616 ±
I Ma and 2612 ± 3 Ma (M. Villeneuve, unpub. data, 1996).
Detrital zircons from a grey siltstone layer collected from
within the domain contains five concordant zircon analyses
with ages of2618 to 2608 Ma and two concordant analyses at
2667 and 2658 Ma (Villeneuve, unpub. data, 1996), suggest
ing that some parts of the central mixed domain are younger
than 2608 Ma.

Although other occurrences of young supracrustal rocks
have been previously noted in the Slave Province, (Isachsen
and Bowring, 1994; Villeneuve et aI., 1994; Villeneuve and
van Breemen, 1994), these have generally been restricted to
cobble and boulder conglomerates of limited extent, uncon
formably overlying 2.71-2.67 Ga Yellowknife Supergroup
rocks. The uniqueness of the central mixed domain lies in the
presence of a supracrustal package containing extrusive rocks
interbedded with distinct sedimentary facies, coupled with the
broad areaJ extent of the domain. Further geochronological
work is underway in an attempt to distinguish the tectonic and
depositional environments represented by this domain.

The third domain, the eastern volcanic domain (Henderson
et aI., 1995) is defined by a package of mafic and intermediate
volcanic rocks similar to the western volcanic domain
(Henderson et aI., 1995). It starts as a narrow 2 km wide zone
at the James River and stretches to the Hood River where it
forms most of the width of the High Lake greenstone belt
(Henderson et aI., 1995), with a western boundary consisting
of a high-strain zone (Fig. 4). In addition, a package of tur
biditic sediments east of Snofield Lake, which is
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lithologically similar to other Yellowknife Supergroup
assemblages, may also be part of this domain, as it contains
detrital zircons with ages from ca. 2.73 Ga to 2.67 Ga. These
ages are indicative of, but not exclusive to, a correJation with
turbidite packages common throughout the Slave Province.

Dates presented here focus on the western and eastern vol
canic domains and associated plutons. Data for the central
domain will be presented elsewhere, pending the outcome of
ongoing studies focused in that area.

High Lake diorite and rhyolite

Along the western shore of High Lake (Fig. 4) a synvolcanic,
massive sulphide Cu-Zn-Pb±Au±Ag deposit is located
within highly gossanized and sheared intermediate to felsic
volcanic rocks (Jackson, 1989; Henderson et aI., 1994).
Intruding the mineralized volcanic rocks is a small pluton of
weakly foliated hornblende-bioitite diorite (R-30-91), inter
preted to be an apophysis of a larger diorite pluton (Henderson
et aI., 1993a) that intruded the greenstone belt to the west.
Zircons are sharply terminated, multifaceted and clear with
little to no internal growth zoning. One concordant single
grain fraction (A) and two discordant two-grain fractions
(B and C) result in a discordia (Fig. 5a) with an extremely
poor fit (MSWD= 19), possibly due to minor inheritance in
fraction C. Regressing using a Davis (1982) technique that
places greater emphasis on the concordant analysis, results in
the interpreted crystallization age of 2613 ± 5 Ma (lower
intercept = 796 ± 1250 Ma, probability of fit = 41 %).

A sample of hydrothermally altered rhyolite (94-HSAJ-244)
was collected from the north end of High Lake. Although the
sampled unit is unminera1ized, it is correlated with the mineral
ized, sheared, and hydrothermally altered volcanic and volcani
clastic rocks that host the massive sulphide deposit. Zircons
from this unit are <100 flm, clear, colourless, prismatic, sub
hedraJ to euhedraJ grains, often with ragged edges. Uranium
content is low and analysis of four multigrain fractions resulted
in three analyses less than I % discordant (Fig. 5b) and one
reversely discordant fraction (A, -0.7% discordant). Although
the outer surface of the zircons is roughened by the intense
alteration of the rhyolite by postdepositional fluids, the U-Pb
systematics results in a crystallization age of2705 ± I Ma (lower
intercept = -420 ± 800 Ma, MSWD=1.8).

The age of the two units indicates that the diOIite body
intruding into the package of felsic volcanics hosting the
High Lake deposit is not synvolcanic in age. It has been
suggested that the mineralization at High Lake is related to syn
volcanic, mainly hydrothermally-driven processes (Henderson
et aI., 1995), marked by the occurrence of "dalmatianite". A
review of "dalmatianite" occurrences, as mapped by Hender
son et al. (J 993a) shows that this alteration texture occurs in
intermediate volcanic rocks spatially related to diorite plu
tons (e.g. eastern margin of Rush Lake sequence, High Lake,
and west of the High Lake diorite) and therefore likely repre
sents a contact metamorphic effect in hydrothermally altered
intermediate volcanic rocks. As such, 2613 ± 5 Ma represents
the minimum age for the alteration that gave rise to the mas
sive sulphide mineralization at High Lake.



Rush rhyolite

The Rush Lake sequence is a sequence of intermediate to fel
sic volcanic rocks that have a general northwest strike and
form a distinct angular discordance with the northerly strik
ing main part of the western volcanic domain (e.g. the area
west of High Lake). The Rush Lake volcanic units are then
cut by nOJ1herly striking, deformed mafic dykes interpreted
as possible feeders to the unconformably overlying pillowed
volcanics (Henderson et al., 1994).

The Rush rhyolite (93-HSAl-389) is a quartz-phyric fel
sic volcanic rock, with large quartz eyes and lath-shaped pla
gioclase phenocrysts up to 4 mm long, a classic example of
Slave Province felsic volcanic rocks. Embayed quartz pheno
crysts are generally monocrystalline and feldspars are fresh.
Clots of fine grained, altered biotite are scattered throughout.
The groundmass consists of very fine grained, evenly distrib
uted biotite, feldspar, and quartz, with a foliation defined by
alignment of the fine biotite flakes. Zircons range from elon
gate (l:w>4: I) to stubby (l:w=] :]), prismatic, clear crystals
with sharp terminations. Minor fluid inclusions can be seen In

some crystals. Three multigrain fractions are all between
0.6% and -0.3% discordant, resulting in a well constrained
age of 2705 ± I Ma (Fig. 5c) for the unit.

This age is identical to the age of the rhyolite at High
Lake. Because the unconformably overlying mafic pillowed
volcanics are intruded by the 26] 3 ± 5 Ma High Lake diorite,
they are constrained to between 2705 Ma and 2613 Ma. Two
possible scenarios present themselves to explain the angular
unconformity between the older felsic volcanic rocks and the
overlying mafic volcanic rocks and their intrusive equiva
lents: ]) the Rush Lake sequence may have been formed else
where and amalgamated to the main part of the western
volcanic domain to be intruded and overlain by the mafic
rocks or 2) it may have fOlmed as the basal part of the main
westell1 volcanic domain sequence and rotated (deformed?)
relative to the rest of the domain, prior to extrusion of the
mafic volcanic rocks.

lames River rhyolite and Canoe Lake rhyolite

The lames Riverrhyolite and Canoe Lake rhyolite are located
in the western volcanic domain (Henderson et al., 1995),
almost due south of High Lake. The lames River rhyolite
(R-40-91), collected from a crystal-rich portion of a red
weathering, massive quartz-feldspar porphyritic rhyodacite,
immediately north of the lames River, yielded a small
num ber of clear, stu bby, euhedral zircons with sharp termina
tions and edges. Four fractions of three to four crystals each
(A, 13, D, F) were analyzed, with fraction A giving a concor
dant analysis at 2696 ± 3 Ma (Fig. 5d) and the other fractions
forming a discordia with an upper intercept age of 2695 ±
2 Ma (MSWD=4, lower intercept=-11±200 Ma). Fraction C,
consisting of a single large, dark brown, subhedral equant
crystal is morphologically anomalous when compared to the
remainder of the zircon population. Analysis of this crystal
resulted in a 3% discordant fraction that plots to the left of the
discordia line formed by the other fractions. The most likely
scenario, due to the clearly distinct morphology, would
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suggest that this crystal was a xenocryst with a different Pb
loss trajectory than the other crystals, resulting in an apparent
younger 207PbP06Pb age. Alternatively, it is possible that
fractions B, D, and F contain inherited components and that
the "Hue" discordia runs through fractions C and A. In either
case, fraction A provides a general pinning of the age to ca.
2695 Ma.

Preliminary data for the Canoe Lake rhyolite was reported
in M0I1ensen et al. (1988). Three analyzed fractions were not
collinear (3a, 3b, 3c), but suggested an age of between 2.70
and 2.69 Ga. Zircon separates from the original sample were
used to form two additional fractions (A and B), both of
which proved to be less than] % discordant (Fig. 5e). Ignor
ing the most discordant fraction (3c), a regression results in a
crystallization age of 2696+4/-3 Ma (MSWD=6, lower inter
cept=77I ± 355 Ma). The Canoe Lake rhyolite, as described
by Mortensen et al. (1988) is a massive, unfoliated, qual1z
feldspar porphyry, with partially recrystallized quartz
phenocrysts.

Both these samples represent rhyolites from the southell1
portion of the westell1 volcanic domain (Henderson et al.,
1995). Although slightly younger than rhyolites in the south
ern portions of the western volcanic domain, these data are
still consistent with age corrdations with the Yellowknife
Supergroup. The ca. ]0 Ma difference in ages between the
more northern and southern pal1s of the domain may point
towards formation in separate magmatic centres or differ
ing stratigraphic exposures.

Hood River rhyolite

The Hood River rhyolite (92-HSA-727) represents the only
sample collected from the eastern volcanic domain. The sam
ple is a biotite-quartz-feldspar porphyry crowded with altered
biotite phenocrysts, sericitized plagiocJase phenocrysts, and
recrystallized qUaI1Z-eyes in a fine grained matrix of quartz
and feldspar. Zircons from the sample are clear, crack-free,
colourless euhedral crystals with slightly resorbed edges and
terminations. Fluid inclusions near the sUlface of the grains
are common, but are rare in the interior. Although most crys
tals are less than 150 flm in length, one extremely large (ca.
600 flm diameter), broken crystal was included in the zircons
chosen for air abrasion and analysis. During ahrasiol1 this
crystal fragment broke into two parts, of which fraction A
ultimately was analyzed. The three other fractions all have,
within error, the same 207Pb;206Pb age of 2670 Ma and are all
less than 0.4% discordant (Fig. 5f). Fraction A is 0.3% discor
dant but has a slightly younger 207PbPobPb age of 2664 Ma.
This discrepancy is interpreted to be the result of insufficient
removal of zircon material along the zone of weakness where
the large crystal broke apart, resulting in parts of the crystal
that experienced minor Pb loss being retained in the analysis,
possibly coupled with insufficient abrasion due to the large
size of the crystal. As such, the crystall ization age is inter
preted to be represented by the weighted average of the
207PbP06Pb ages of the other fractions and equal to 2670 ±
I Ma.
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This age is the youngest of the five volcanic rocks ana
lyzed in the study area. As such, it may represent a young part
of western volcanic domain's homoclinal sequence or it could
represent a tcctonically separate package of volcanic rocks in
the eastern volcanic domain that bears no genetic relation to
those in the western volcanic domain.

Ulu granite

The Ulu gold property of BHP Minerals consists of gold
bearing dilatant zones within massive basalt in the western
volcanic domain. Henderson et al. (1995) suggested that gold
deposition was synchronous with the development of the
northeast-striking, S3 cleavage in the country rocks. This
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cleavage is truncated by an intrusive contact with the Ulu
granite (93-HSA-728), a two-mica granodiorite with recrys
tallized megacrysts of K-feldspar as well as coarse grained
quartz and plagioclase. Biotite forms the bulk of the mica in
the rock. Three fractions of clear, euhedral zircons resulted in
analyses that are I to 3o/c discordant, but collinear (Fig. 5g).
Regression of all three points results in an age of crystalliza
tion of 2588 ± 4 Ma (MSWD=OA, lower intercept=-27 ±
I 12 Ma). As such, the gold mineralization and S3 cleavage
development are interpreted to be older than 2588 Ma.

Two-mica granite and foliated quartz diorite

These two granites were collected within I km of each other,
from the granitic terrane north of the High Lake greenstone
belt and east of the northwestern side of the Anialik River vol
canic belt. The foliated quartz diorite (R-33-91) is a coarse
grained, hornblende-biotite quartz diorite that contains a
moderate to strong north to north-northeast-striking, steeply
dipping mineral foliation, principally defined by alignment of
biotite. Recrystallized, coarse-grained hornblende fOlms
15% of the rock and biotite approximately 5%, with large,
partially to wholly sericitzed plagioclase and minor quartz
forming the remainder. A small, elongate two-mica granite
body (R-32-91) intrudes into the main body of the foliated
quartz diorite to the west. The straight, sharply defined

contact between the two is exposed along the base of a hill,
with little evidence for chill margin in the foliated quartz
diorite or intermixing of the two intrusive bodies. The sharp
truncation of foliation by the two-mica granite constrains the
timing of deformation. The two-mica granite is similar in lith
ology to the 2602 ± 2 Ma Chin Lake stock (Abraham et aI.,
1994) that intrudes the western margin of the 2705-2683 Ma
Anialik River igneous complex (Abraham et aI., 1994). It is a
coarse grained, muscovite-rich (ca. 15-20%) quartz monzo
nite displaying recrystallized quartz and variably altered K
feldspar.

The foliated quartz diorite contained slightly pink, clear,
euhedral prismatic zircons with sharp edges and termina
tions. Analysis of five one (A, B) to three grain (E) fractions
resulted in linear array of four analyses (Fig. 5h), with frac
tion E being concordant. Fraction B, was a darker grain
whose data falls to the right of the discordia line defined by
the other fractions, suggesting that it may be xenocrystic.
Regression of the other four fractions gives a upper intercept
age of 2603+6/-4 Ma (MSWD=6.0, lower intercept =315 ±
396 Ma), interpreted to be the age of crystallization.

The two-mica granite gave a very low yield of pink to red,
subhedral, moderate to poor quality zircons with a heteroge
nous morphology ranging from subrounded to elongate pris
matic. Even after heavy abrasion, all the zircon fractions
yielded discordant results, with four of the fractions aITanged
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in a poorly defined linear pattern (Fig. Si). Fraction C, a bro
ken tip of a larger zircon appears to have been affected by a
secondary Pb-Ioss event that has moved it off the Pb-loss tra
jectory displayed by the other crystals. Fraction F, a dark red
crystal that stood out from the other fractions of clear, pink
crystals, probably contained an inherited core, and was ana
lyzed separately for this reason. Ignoring fraction C and F,
linear regression of the other three fractions gives an age of
2580 ± 8 Ma (MSWD=5.0, lower intercept =199 ± 77 Ma).

The larger than normal en-or is the result of regression of three
discordant fractions coupled with potentially complex Pb
loss histories as evidenced by fraction C.

The age of the foliated quartz diorite is similar to the age
range given for the Mistake Lake Suite (Relf, 1995). The age
of the two mica granite is in accord with other ages of
muscovite-bearing granites throughout the Slave Province,
although it is 20 Ma younger than the nearby Chin Lake stock.

0'
C\l

Regional plunge

x

1
o Malic volcanic rocks

Legend
o Unloliated biotite granite

o Foliated biotite± hornblende
granite

C) Mixed granite, tonalite, migmatite,
orthogneiss, granodiorite

o Pelites± malic to lelsic volcani
clastic rocks

Q2) Felsic volcanic rocks

x

x
x x

xx
x

x
xx

x

x
x x x

x

x

x
x

x
x x

x

x x x x
x x x x

x

x

x

x

x

x

x

x
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x
x

x

x x

x
x x

x x

x

x

x
x

x

x x
x

x x
x

x

x

x

x

x

Xx l------------l>>>>>x1 5krn -x x x x x
x x x x x x ~~ x x x x x

x :.: ......x
~ ......; x x

x x..,"'X x x x
...x:' ... x x x x x

x x x x x

x x x
x x x

x x x x
x x x:- .... x x

x...... "X.... x x
x x x

x x x x x x x x x x x x x x x
x x x x x x x x x x x x x x x

x x x x x x x x x x x x x x
x x x x x x x x x x x x x x

Figure 6. Geological sketch map for the Napaktulik Lake volcanic belt with
location ofgeochronological samples marked.

50



The age of the foliated quartz diorite is further evidence of a
post-2605 Ma deforrnational event that can be correlated to

D3 deformation in the Anialik River volcanic belt.

NAPAKTULIK LAKE VOLCANIC BELT

The Napaktulik Lake volcanic belt is located just east of
Napaktulik Lake (formerly Takijuq Lake, Fig. 6). The belt
consists of mainly mafic volcanic and turbiditic sedimentary
rocks that contain minor intervening felsic volcanic rocks.
The belt strikes broadly north-south, varies in width from 1-8 km
(Fig. 1) and has undergone metamorphism at medium to low
grade (Jackson and Falck, 199 I).

The belt is separated from the Tree River volcanic belt to the
northeast by less than a kilometre of granitoid rocks. The Tree
River volcanic belt is, in turn, continuously exposed until it
merges with the southemmost, highly attenuated portion of the
Anialik River volcanic belt (Tirrul and Bell, 1980; Relf, 1995).
The Anialik River volcanic belt appears to contain far less meta
sedimentary material than either the Tree River volcanic belt or
the Napaktulik Lake volcanic belt, and is bounded to the west by
a major fault structure, the Tohokatak Fault Zone (Relf et aI.,
I 994a; Relf, 1995). The southern Napaktulik Lake volcanic belt
narrows to less than a kilometre in width, but is continuous with
the Hanikahamijuk Lake volcanic belt (Gebert, 1994). The
Hanikahamijuk Lake volcanic belt differs from the Napaktulik
Lake volcanic belt in a number of respects. It contains a much
higher proportion of felsic volcanic rocks, less turbiditic sedi
mental)' rocks and it is characterized by a pronounced northeast
trend, as opposed to the more northerly trend of the Napaktulik
Lake volcanic belt. Detailed con'elations between the two belts
remain uncenain at this time. Isachsen and Bowring (J 994)
rep0l1 a 3.0 Ga age on tonalites and 2.7-2.66 Ga volcanics that
contain older inheritance from the southern extension of the
Napaktulik Lake volcanic belt.

The belt is bounded to the east by a medium- to coarse
grained biotite K-feldspar megacrystic granite (informally
named the eastern granite), that contains a very weak defor
mational fabric. The west side of the belt consists of mixed
lithologies of biotite±homblende tonalite, granodiorite, and
granitic gneiss. High grade supracrustal rocks are also present
along the western side of the belt. Hence, the Napaktulik Lake
volcanic belt straddles the boundary between a Jittle
deformed granitoid terrane to the east and a terrane consisting
of highly deformed migmatites and gneisses to the west.

Internally, the belt is intruded by plutons that form ellipti
cal map patterns. These plutons are more highly deformed
than their external counterparts to the east and they contain
inconsistent mineral lineations, suggesting that their initial
map patterns have been modified by later deformation.

The rocks contain a predominant, bedding-parallel fabric,
that also contains pre- to syndeformational growth of cordier
ite and amphibole porphyroblasts. This fabric is deformed
about open to tight folds with northwest- or northeast-striking
axial surfaces. The plunge of the axes of the northeast folds
alternate from north to south, over the distance of a few kilo
metres, It is possible that some of these fold reversals are
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indicative of east-west Proterozoic crossfolding, similar to
fold patterns recognized further south along the west margin
of the Slave Province (King et aI., 1992). Due to the lack of
Proterozoic rocks, this deformation can only be restricted to
the Late Archean or younger (Jackson and Yilleneuve, 1993).

Hood River granite

This unit (91-YJ-440 I) is a biotite granite that weathers to
buff. The granite is compositionaJly homogenous, medium
to coarse-grained, and contains irregular K-feldspar pheno
crysts up 1.5 cm long with microperthitic texture. Plagioclase
is sericitized and commonly zoned. Quartz is clear and dis
plays undulose extinction and annealed textures. Traces of
anhedral garnets « 1mm diameter) are present. The rock con
tains a moderate to strong foliation.

Zircons from this sample are stubby, sharply terminated,
and relatively free of inclusions. A few fractures traverse
some crystals. Five of six fractions form a coJlinear array
(Fig. 7a), anchored by a concordant analysis (fraction E). The
large error on fraction E is due to the high proportion of com
mon Pb in the analysis; exacerbated by low U content and
small sample size of the single grain. By regressing all the
analyses, apart from fraction A, an age of 2582+5/-4 Ma
(MSWD = 1.2, lower intercept =128 ± 401 Ma) is obtained.
Fraction A has a minimum age of 2644 Ma, and is interpreted
to contain an inherited component.

The K-feldspar megacrysts, minor garnet, and age of the
granite show that this pluton is correlative with the group 3
granites (Davis et aI., 1994), representative of the one of the
last phases of magmatism in the Slave Province. Although the
nature of the pluton is suggestive of the C6b suite (King et aI.,
1991), the Hood River granite contains a pronounced pene
trative foliation, showing that a component of deformation in
parts of the Napaktulik Lake volcanic belt is younger than
2582 Ma.

Eastern granite

This rock (91- YJ-4403) is a medium- to coarse-grained bio
tite granite, with sparse (5- 10%), 1-2 cm long rectangular
K-feldspar phenocrysts, set in an equigranular ground mass
of K-feldspar, zoned and sericitized plagioclase, and clear
quartz. The quartz has undulose extinction, but in general the
pluton is isotropic to weakly foliated. The granite is a large
body that forms the eastern boundary of the Napaktulik Lake
volcanic belt and extends southwards into the adjacent
Contwoyto Lake map area and northwards into the Hepburn
Island map area.

Zircons are stubby, euhedral crystals, generally devoid of
fractures, but containing minor clear inclusions. In addition, a
large, clear crystal was broken apart during sample prepara
tion. Two of the largest fragments (F and G), each more than
250 pm across, were analyzed separately and were 0.9% and
0.3% discordant with small individual enors (Fig. 7b). An
analysis of a 74 flm single crystal (fraction E) gave similar
results, but with larger enor, while a similar single grain anal
ysis (fraction C) was significantly more discordant. A
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regression through these four points results in a tight con
straint on the age of crystallization of2599 ± I Ma (MSWD =
0.4, lower intercept = 790 ± 24 Ma). Fraction A, not included
in the regression, plots to the right of the discordia line and is
interpreted to contain a component of slightly older inherited
zircon. Alternatively, by regressing the most concordant frac
tions and assuming that fraction C has large and complex Pb
loss patterns, an age of 2598 ± I Ma is calculated, overlapping
within error of the other regression. To cover both possibili
ties, an age of2598 ± 3 is estimated for the age of the rock.

Football granite

This unit (TBM-122) is a lozenge-shaped two-phase pluton
comprising an older, grey tonalite that is crosscut by
deformed granitic and pegmatitic veins. The tonalitic phase,
which is dated here, is texturally and compositionally similar
to that found in paIts of the gneissic terrane along the west
side of the Napaktulik Lake volcanic belt.

The composite pluton stretches northwards from a south
pointing apex on the nOlth shore of the Hood River and fonns a
doubly plunging antifonnal structure that plunges shallowly
southwest at the southern end. The regional plunge then
reverses across the Hood River, such that the Hood River gran
ite displays a northerly plunge. Age dating places a maximum

age of 2.58 Ga on the crossfolding event in the Napaktulik
Lake volcanic belt (Jackson and Villeneuve, 1993). However,
the plunge reversals define fold hinges with the same orienta
tion and frequency as Early Protero7.0ic crossfolds noted else
where in the Slave Province and the overlying ca. 1.86 Ga
Wopmay Orogen (King, 1986). As such, the elliptical shape of
this pluton may be paItly the result of post-Slave events.

Two populations of zircon are present in the sample.
Large, subhedral to anhedral, clear inclusion and crack-free
crystals up to 200)Jm diameter fonn the minority population,
while the remaining zircons are small «74 flm) clear crystals.
Dark brown titanite is also present. Analysis of two large
crystals (fractions A and B) resulted in near concordant points
(Fig. 7c) and analysis of two smaller crystals resulted in
extremely discordant results (fractions E and F). The degree
of discordance suggests that the smaller crystals may have
been more prone to Pb loss than the larger crystals due to their
decreased sLllface:volume ratio. All the points are roughly
collinear, and a modified York (1969) regression results in an
age of crystallization of 2617 ± 8 Ma (MSWD=42, lower
intercept=460 Ma). Because of the high MSWD, a Davis
(1982) regression, which gives more weight to near concor
dant analyses was used for the zircon regression. The result
ing age is 2617 ± 2 Ma (probability of fit=2%, lower
intercept=460 Ma).
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Analysis of two fractions of titanite yielded one concor
dant and one near-concordant analysis. A regression through
the two titanite analyses results in an age of 2614 ± 4 Ma,
indistinguishable from the age given by the zircons. Regres
sion of all the zircon and titanite data gives an age of 2615 ±
4 Ma (MSWD=24, lower intercept=485 ± 37 Ma), which is
interpreted to be the crystallization age for the tonalite com
ponent of the Football granite.

WINTER LAKE SUPRACRUSTAL BELT

The Winter Lake supracrustal belt is volcano-sedimentary belt
that merges with supracrustal assemblages at Point Lake and
continues southward for J00 km (Fig. 8). The 1:250 000 scale
mapping of the Winter Lake supracrustal belt by Fraser ( 1969)
and more recently by Thompson (1992) and Thompson et al.
(1993, 1994) have placed the belt within a regional deposi
tional and metamorphic framework. In addition, the more
recent mapping of Thompson et al. (1993, 1994) has outlined
the geology of the granitic-gneiss complex lying east of the
Winter Lake supracrustal belt. Concurrent with the more
recent work, 1:50000 mapping in the belt has highlighted not
only a broad time-span for the deposition of stratigraphic
sequences in the belt, but also the distinctly different character
of the eastern and western portions (Fig. 9) of a 5-10 km wide
supracrustal belt (Hrabi et aI., 1993, 1994, 1995).

The structural base of the eastern side of the Winter Lake
supracrustal belt is comprised of variably deformed felsic and
mafic volcanic rocks up to 4 km thick (Hrabi et aI., 1993,
1994). Well exposed to the south and west of Newbigging
Lake, the felsic volcanic rocks are primarily massive, silic
eous rhyolites and tuffs and include a fiamme-bearing unit
from which an age of 3118+11/-8 Ma was derived (Villeneuve
and van Breemen, 1994). Directly above the basal unit, a dis
continuous, thin unit of crossbedded orthoquartzite contains
discordant zircons with a narrow range of 207PbP06Pb ages
between 3.16 and 3.14 Ga, although its contact relationship
with the underlying felsic volcanic rocks is unclear because
of localized high strain at the contact. The absence of detrital
zircons younger than 3.1 Ga implies correlation with the low-

. ermost felsic volcanic (Hrabi et aI., 1993, 1994). Also associ
ated with this band of localized high strain and overlying both
the 011hoquartzite and 3.1 Ga felsic volcanics is pillowed
komatiitic basalt (Hrabi et aI., 1993, 1994, 1995). This unit,
originally grouped with the lowermost structural sequence
(Hrabi et aI., 1993) was reinterpreted as being in conformable
contact with the overlying folded package of massive and pil
lowed mafic volcanics that dominate the central stratigraphy
of the Winter Lake supracrustal belt (Hrabi et aI., 1994).

The mafic volcanics within the eastern sequence have a
tholeiitic affinity and are correlated with Yellowknife Super
group strata based upon lithological associations and geo
chemistry (Hrabi et aI., 1993, 1994). A sequence of
polymictic conglomerates and associated arkoses rest uncon
formably on the mafic volcanics and extensive turbidite
deposits and are preserved in a steeply-plunging structural
basin (Hrabi et aI., 1995). This unit was deposited after the DJ
deformation that is evident in the underlying turbidite
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section, but is deformed about later upright F2 folds (Hrabi
et aI., 1995). Detrital dating has confirmed an age younger
than 2670 Ma for this sequence, but the depositional and
lithological similarity of the units, coupled with the distinct
structural history of the sequence suggests that they are cor
relative to the ca. 2.6 Ga boulder conglomerates found else
where in the Slave Province (Villeneuve et aI., 1994; Isachsen
and Bowring, 1994; Relf, 1995). Although the maximum
depositional age remains unresolved, the sediments are cross
cut by a small, undeformed pegmatitic leucogranite that has
produced a monazite U/Pb crystallization age of 2548 ± 2 Ma
(Villeneuve, unpub. data, 1995).

The western side of the Winter Lake supracrustal belt
resembles the eastern side but differs in some imp0l1ant
details. The structural base of both sides of the belt are made
up primarily of felsic to intermediate volcanics (Hrabi et aI.,
1995), but on the western side, the felsic volcanics are 3305 ±
2 Ma (Villeneuve, unpub. data, 1995). Orthoquartzite is
joined by iron-formation in a thin unit that separates the old
volcanics at the base from a thick homoclinal package of pil
lowed and massive mafic vo1canics (Hrabi et aI., 1995).
These flows, unlike those on the eastern side, have both tho
leiitic and calc-alkaline affinities and display geochemical
evidence of crustal contamination (Hrabi et aI., 1994; Hrabi
et aI., 1995). Locally, the top of the mafic volcanic rocks is
demarcated by a late fault zone, above which sits a heteroge
nous assemblage of mafic and ultramafic volcanic flows, vol
caniclastic rocks, and clastic and chemical sedimentary
rocks, all intruded by gabbro and peridotite sills (Hrabi et aI.,
1995). Rapid facies changes are the norm and many of the
ultramafic rocks are medium- to coarse-grained tremolite
bearing schists (Hrabi et aI., 1995). The top of this section, on
the east, is sharply marked by another late fault.

Dating in the Winter Lake supracrustal belt has concen
trated on the felsic volcanic rocks at the structural base and
the detrital units unconformably overlying the pillowed vol
canic rocks of the eastern section. This is primarily due to the
paucity of dateable units in the mafic volcanic rocks that
make up the central portion of the stratigraphy. Apart from
the units detailed below, two other units were dated from just
east of the margin of the belt. A strongly foliated biotite mon
zogranite gave an zircon U/pb age of 2720+8/"7 Ma and a
titanite U/Pb age of 2659 ± 5 Ma (Villeneuve, 1993). An
undeformed leucocratic dyke that crosscuts the thin layer of
amphibolites wrapping around the margin of monzogranite,
gave amonazite U/Pb age of2587 ±2 Ma (Villeneuve, 1993).

Eastern gneiss leucosome

This sample (HLB-92-B0021 A), collected from the gneiss
terrane along the eastern margin of the Winter Lake belt rep
resents the leucocratic portion of a fine grained, banded bio
tite granitic gneiss. Banding is defined by alignment ofbiotite
and flattening of quartz grains. The sample is part of a larger
granite-gneiss complex that is bounded to the west by the
Winter Lake supracrustal belt and to the east by the Courageous
Lake volcanic belt. Comprising mixed migmatitic gneisses,
granitic gneisses, and crosscutting undeformed granites
(Thompson et aI., 1995), parts of this complex are interpreted
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Figure 8.

Geological map of the northern and southern
halves of the Winter Lake supracrustal belt
(modified from Hrabi et al., 1995). Location of
geochronological samples are marked,
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as basement to the Yellowknife Supergroup strata (Thompson
et aI., 1995). The sampled granitoid gneiss has an irregular
gneissosity that becomes abruptly transposed parallel with
the margin of the Winter Lake supracrustal belt near the con
tact (Hrabi et aI., 1993). This culminates in occurrences of
mylonite along the boundary, with structural indicators
displaying evidence for complex movements along that
zone (Hrabi et aI., 1993), suggesting that the Winter Lake
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supracrustal belt may be (at least in part) allochthonous with
respect to the structurally underlying granitic gneisses (Hrabi
et aI., 1993).

The zircons from the sample are a relatively homogenous
population of colourless to very pale pink, euhedral prismatic
crystals with L: W of around 2: I. They are clear, have some
what blunt terminations and edges and contain minor clear
inclusions and minor fractures. Six single-grain fractions
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Figure 9. Schematic tectonstratigraphy of the Winter Lake supracrustal belt (modified from
Hrabi et al., 1995).
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give a poorly defined linear array at varying degrees of dis
cordance (Fig. lOa). Taking the four rightmost fractions,
including fraction E that plots slightly above concordia,
results in an age of 2667+7/-6 Ma (MSWD=5.7, lower inter
cept=144 ± 248 Ma). Although it is assumed that fractions A
and B contain a cryptic component of inherited Pb, if they are
included in the regression, they have very little effect on the
interpreted age (2670+12/-9 Ma, MSWD=29, lower inter
cept=149 ± 375 Ma).

It is possible that the zircons in the leucosome are meta
morphic in origin and that 2667 Ma marks the time of peak
metamorphic conditions. However, given the euhedral,
homogenous nature of the zircon population and morphology
typical of magmatic rocks, it is more likely that this age represents
the time of crystallization of the granitic magma. In addition,
2667 Ma is significantly older than ages ascribed to peak
metamorphic conditions, such as an age of ca. 2.61 Ga for
thermal peak metamorphic conditions in the nearby
Contwoyto Lake area (King et aI., 1992; Relf, 1992) or
2.65-2.64 Ga in the more distant Anialik River volcanic belt
(Relf, 1995). For these reasons, 2667+7/-6 Ma is considered
to be the age of granite crystallization.

The age of the large area of granitoid-gneiss complex east
of the Winter Lake supracrustal belt and the evidence for the
presence of crust significantly older than the Yellowknife
Supergroup strata is one of the important unresolved ques
tions in the Slave Province. This age clearly shows that some
of this complex is coeval with Yellowknife Supergroup vol
canism and highlights the role of late Archean tectonics in
emplacing supracrustal belts adjacent to apparent basement
complexes.

Lake Providence pluton

Collected along the shoreline of Lake Providence, this large
pluton of variably foliated hornblende syenogranite (YN-93-03)
has a thin, conformable veneer of amphibolite-grade

supracrustal rocks around the margins (Thompson et aI.,
1993; Hrabi et aI., 1994). The foliation in the pluton increases
in intensity towards the margins and, apart from at the very
northern end, is conformable with the foliation in the sur
rounding metamorphosed supracrustal rocks.

The sample gave a good yield of elongate, very clear,
inclusion-free prismatic zircons. Slight irregularities on flat
faces coupled with rounding of terminations and edges are
evidence of minor, late resorption. Two of three fractions
gave reproducible, concordant results (B, C; Fig. lOb) at
2646 Ma and a third three-grain fraction (D) has an error
ellipse that grazes concordia at 2664 Ma. It is interpreted that
age of the pluton is given by the two younger, most concor
dant fractions with an weighted average 207PbP06Pb age of
2645.8 ± 1.6 Ma and that the slightly more discordant fraction
o contains a component of inherited Pb.

The age of this pluton, coupled with the map pattern sug
gests that this body represents an intrusion into mafic volcan
ics of the Yellowknife Supergroup.

COURAGEOUS LAKE VOLCANIC BELT

The Courageous Lake volcanic belt (Fig. 1) is a typical Slave
Province greenstone belt comprising metamorphosed mafic
volcanic and volcaniclastic rocks punctured by rhyolite
intrusions. Mapped in detail by Dillon-Leitch (1984), the belt
was divided into a upper cycle on the eastern side and a lower
cycle on the western side of the belt. The lower cycle is partly
recognized by the abundance of high level felsic porphyries
that form irregular bodies within the mafic succession. Gold
mineralization is common within the belt and past-producing
mines include the Salmita and Tundra mines on the east shore
of Matthews Lake. Previous geochronology in the belt is
sparse, but Yilleneuve (1993) reported two ages on felsic por
phyries from each cycle. One, located on Courageous Lake
within the lower cycle, returned an age of 2729+8/-7 Ma and
is among the oldest dated Yellowknife Supergroup volcanic
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rocks. The other sample, from a body midway down the west
ern shore of Matthews Lake gave an age to the upper cycle of
2671 +5/-4 Ma.

DEB rhyolite

The DEB massive sulphide (Cu, Zn, Pb, and Ag) deposit is
located about 5 km south of the 2671 +5/-4 Ma rhyolite and
5 km west of the Tundra mine within the lower cycle
(Dillon-Leitch, 1984).
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Lake belt (Villeneuve, 1993), Point Lake belt, Hanikahamijuk
Lake belt (Mortensen et aI., 1988), and the Anialik River
volcanic belt.

Data from the western domains mostly represent ages
from a single belt. The Yellowknife greenstone belt serves as
a model for the level of geochronology required to pinpoint
definitive timeframes and episodes of volcanism. The best
evidence for younger and older volcanic rocks comes from
near Yellowknife, where there is a clear concentration of age
dates, coupled with a one of the longest histories ofgeological
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A specimen from a large diameter drill core was selected
for dating purposes. The sample is a typical quartz-eye rhyolite
porphyry that yielded elongate, clear, sharply terminated
prismatic crystals and crystal fragments. Pieces of zircon with
ends removed due to the presence of transverse fractures are the
most common form and all zircons are less than 80 flm long.
Heavy air abrasion results in four fractions plotting within
0.7% of concordia (Fig. 11), all with the same 207PbP06Pb
ages. By taking a weighted average of the 207PbP06Pb ages, a
crystallization age of 270 I ± I Ma is infelTed.

This age falls between the previously dated rhyolite sam
ples and because of the absence of intrusive or extrusive
relationships in the sampled core, indicates that this part of
the stratigraphy is older than 270 I ± I Ma and is probably
correlated with the older, lower succession as suggested by
Dillon-Leitch (1984).
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Figure 12. a) PIOI ofage of I'olconic rocks dated in the Slave
Province. Western belts are generally proximal to older
(>2.8 Ca) basement, rocks from eastern belts do not have
isotopic or age data for proximal older hasement. Darafrom
the western domain is dominated by dating in the Yellowknife
belt (Isachsen et aI., /99/) while data from the eastern
domains represent a few ages from a number of widely
scaltered bellS (Villeneul'e and van Breemen, 1994 and
references therein). The volcanic data forms a smooth
continuum of ages between ca. 2.72 Ca and 2.66 Ca and
argues against a distinct. Slave Province-wide hiatus in
volcanic activity. b) Plot of age of plutonism in order of
ascending age. This plot is an updated version of one
presented by Fan Breemen et al. (1992) and includes new data
presented herein as well as data listed in Villeneuve and van
Breemen (1994). The magmatic gap, first noted by van
Breemen et al. (1992) continues to he evident in the plutonic
age data.

SUMMARY AND CONCLUSIONS

Although geochronological studies carried out in conjunction
with the mapping studies described here turned up new and
interesting departures from pre-1992 conceptions of Slave
Province geology (e.g. ca. 3.1 Ga volcanic rocks, <2.62 Ga
supracrustal rocks), much of the data from these areas serves
to reinforce and refine the conclusions of earlier workers.
Chief among these are the continued evidence for the domi
nance of the Yellowknife Supergroup (Henderson, 1970)
strata within almost every greenstone belt of the Slave Province
and that the evolution of the plutonic suites tends to follow the
pattern described by Davis et at. (1994). In general, the data
presented here agrees with data produced by previous geo
chronological studies. Mortensen et al. (1988) provided broad
regional coverage of many of the volcanic belts, Isachsen
et a1. (1991) produced a timeframe for deposition of the type
section of Yellowknife Supergroup rocks in the Yellowknife
basin, and van Breemen et al. (1992) provided the temporal
relations between the plutonic suites.

Figure 12a compiles age data for volcanic rocks from
throughout the Slave Province, separated into volcanic belts
associated with basement inliers >2.8 Ga in age (Western
domains) and volcanic belts that do not have evidence for sig
nificantly older basement (Eastern domains). This division is
also based on the east-west dichotomy in the north-central
Slave Province pinpointed by the isotopic work ofDavis and
Hegener (1992). Data from domains that straddle the bound
ary between the two types of volcanic belts are separated out.
These include ages on volcanic rocks from the Courageous
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mapping. The approximately ten ages on volcanic rocks from
within the Yellowknife belt (Mortensen et aI., 1988; Isachsen
et aI., 1991) clearly point to a hiatus in volcanic activity
between 2700 Ma and 2685 Ma.

The data from the eastern domains appears to show a
shorter timespan but more continuous activity for volcanism.
However, data from the eastern domains generally represents
a few analyses from a number of widely scattered belts, with
none having the degree of detailed mapping and geochrono
logical control found in the Yellowknife belt. Because the
oldest volcanic units at Yellowknife (Kam Group) are domi
nated by mafic volcanism and required careful mapping to
find feJsic units suitable for age dating (lsachsen et aI., 1991),
the lack of older age dates may simply represent a sampling
bias within the eastern domains.

The overall data in Figure 12a shows that although an age
gap is present at Yellowknife, it is not a pan-Slave phenome
non, since volcanic rocks from the Anialik River volcanic
belt, the Back River volcanic belt, Hanikahamijuk Lake vol
canic belt (Mortensen et aI., 1988) and the High Lake green
stone belt have ages that fall within this timespan. As such,
there is a remarkable continuum of ages within the volcanic
rocks on a regional basis, although, as evidenced by the
Yellowknife belt, a hiatus may be present locally. One final
feature of Figure 12a overrides all of the other factors. With
less than thirty-five age dates covering >500 km2 of geology,
and with approximately one-third of the ages coming from
the Yellowknife belt, the aforementioned points are but
sweeping generalizations pending future extension of the cur
rent mapping, especially within the eastern Slave Province.

The ages presented for the plutonic rocks closely match
the ages predicted by the detailed studies of plutonic suites in
the Contwoyto Lake area (King et aI., 1991, van Breemen et
aI., 1992; Davis et aI., 1994). In essence, a tripartite break
down approximating that of Davis et al. (1994) holds, with
ca. 2.70 Ga to 2.64 Ga equigranular, foliated horn
blende±biotite tonalites, diorites, and trondjhemites followed
by 2.62 Ga to 2.59 Ga megacrystic biotite granites and finally
with 2.60 Ga to 2.58 Ga two-mica, post-tectonic, coarse
grained granites.

The addition of eleven new ages on intrusive rocks (out of
a total of >80 plutons dated) has not filled the ca. 2640
2625 Ma magmatic gap (Fig. 12b) first noted by van Breemen
et al. (1992). This magmatic gap continues to be a Slave
Province-wide phenomenon and represents a break between
minor plutonism associated with major volcanism and major
plutonism associated with minor volcanism (e.g. High Lake).

One of the more interesting phenomena highlighted by
the intrusive suite age data revolves around the timing of
regional deformation. Taken as a whole, this data shows some
striking anomalies, with plutons such as the 2602 Ma Chin
Lake stock of the Anialik River volcanic belt being unde
formed, yet the nearby <2600 Ma String Lake conglomerate
and ca. 2600 Ma Grays Bay alkaline complex (Relf et aI.,
1994b; Relf, 1995) displaying a strong penetrative foliation
that can be correlated on a regional scale. The syn-D3 age of
the 2613 ± 6 Ma Anialik tonalite can be contrasted with the
2600 Ma age of carbonatite intrusion and the 2605+6/-4 Ma
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of the foliated quartz diorite, both of which are also deformed
about a regional north-northeast-trending axis. In a similar
light, the relatively undeformed 2599 Ma eastern granite of
the Napaktulik Lake volcanic belt is 15 Ma older than the
foliation-bearing Hood River granite. Given the large size of
the eastern granite, this may illustrate partitioning of strain
around the margins of such large isotropic bodies.

As such, the foliation-forming deformation event
recorded in the Hood River granite or the lack of foliation in
the Chin Lake stock highlights the importance of localized
strain states within the more regional deformation events.
Alternatively, these cases may illustrate a strong episodicity
to the terminal derformational event in the Slave Province. As
is aptly illustrated by rocks in the High Lake greenstone belt
and Anialik River volcanic belt, major deformational events
(in this case) may occur over a period of several million years,
either episodically or continuously. Clearly, care must be
taken in comparing degrees of foliation between piu tons to
ensure similarity in lithology of the plutons and surrounding
country rocks, as well as the size and age of the plutons to
accurately gauge the presence and timing of a major deforma
tional event.
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Sm-Nd isotopic study on mafic volcanic rocks from
the Rankin Inlet and Tavani regions, District of
Keewatin, Northwest Territories 1

R.J. Theriault2 and S. Tella2

Theriault, RI and Tella, S., 1997: Sm-Nd isotopic studies on majic volcanic rocks from the
Rankin Inlet and Tavani regions, District ofKeewatin, Northwest Territories; in Radiogenic and
Isotopic Studies: Report 10; Geological Survey ofCanada ,Current Research 1997-F,p. 61-66.

Abstract: Sm-Nd isotopic compositions are presented on eleven Late Archean mafic volcanic whole
rock samples of the Rankin Inlet and Tavani areas of the eastern Rankin-Ennadai grecnstone belt. Three
samples from the lower volcanic cycle of the Rankin Inlet Group yielded ENd(2.66 Ga) values of -1.1 to + 1.6,
and 147Sm/I44Nd ratios from 0.1289 to 0.1410, suggesting interaction of the mafic magmas with an older
LREE-enriched crustal contaminant. Rocks of the upper volcanic cycle yielded ENd(2.66Ga) values of +1.8 to
+4.5 and 147Sm/I44Nd ratios of 0.1374 to 0.1999, and are relatively uncontaminated compared to the lower
volcanic cycle. The presence of crustally contaminated volcanic rocks in the lower volcanic cycle indicates
that it may have been underlain by older continental-type basement rocks, or that its mantle source was con
taminated with crustally-derived fluids or sediments. Four samples from the Tavani area have ENd(2.68 Ga)

values of +2.1 to +3.4, indicating derivation from depleted mantle sources, with no obvious interaction with
older LREE-enriched crust. One of the five samples from the Tavani area yielded a ENd(2.68 Ga) value of
+0.6, raising the possibility of minor contamination from an older crustal component.

Resume: Dans le present rapport, sont fournies les compositions isotopiques du couple Sm-Nd tirees de
I' analyse sur roche totale de onze echanti lions de roches volcaniques mafiques de I' Archeen tardif prove
nant des regions de Rankin Inlet et de Tavani, dans la pmtie est de la ceinture de roches vertes de Rankin
Ennadai. Trois echantillons provenant du cycle volcanique inferieur du Groupe de Rankin Inlet ont donne
des valeurs ENd(2,66 Ga) de -1,1 a+ 1,6 et des rapports 147S m/144Nd de 0,1289 a0, 141 0, ce qui indique une
interaction des magmas mafiques avec un contaminant crustal plus ancien, enrichi en terres rares legeres.
Les roches du cycle volcanique superieur ont produit des valeurs ENd(2.66 Ga) de + 1,8 a+4,5 et des rappoL1s
147Sm/144Nd de 0, 174 a0, 1999, et elles sont relativement peu contaminees par rapport acelles du cycle vol
canique inferieur. La presence de roches volcaniques contaminees par des materiaux crustaux dans le cycle
volcanique inferieur portent acroire que les roches de ce cycle se sont deposees peut-etre sur des roches de
socle de type continental plus anciennes ou que la source du magma dans le manteau a ete contaminee par
des flu ides provenant de la croDte ou des sediments. Quatre echantillons provenant de la region de Tavani
affichent des valeurs ENd(2,68 Ga) de +2, I a+3,4, ce qui indique qu' ils sont issus de sources mantelliques
appauvries et qu'aucune interaction evidente ne s'est produite avec une croGte plus ancienne qui aurait ete
enrichie en terres rares legeres. L'un des cinq echantillons de la region de Tavani a produit une valeur
El'oid(2,68 Ga) de +0,6, ce qui soul eve la possibilite d'une faible contamination par une composante crustale
plus ancienne.

I Contribution to Canada-Northwest Territories Mineral Initiatives (1991-1996). an initiative under the Canada
Northwest Territories Economic Development Cooperation Agreement.

2 Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario K1A OES
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INTRODUCTION

Because the Sm-Nd isotopic system remains undisturbed
throughout most cl1.Jstal processes, it is a poweJful tool for
identifying source regions of volcanic rocks, and for under
standing the nature of the crust at the time of volcanism. The
Rankin-Ennadai belt is an Archean greenstone-granite
gneiss terrane in the Heame Province of the Churchill Struc
tural Province (Fig. I). Due to largely reconnaissance level
studies, paleogeographic reconstructions of the Rankin
Ennadai belt have been imprecise. Before detailed recon
stl1.Jctions can be established, and before viable comparisons
can be made with other Archean cratons, a more sophisticated
geological, geochronoJogical, and isotopic data set is
required. The goals of this paper are to report the results of an
Sm-Nd study of volcanic rocks from the northeast segment of
the Rankin-Ennadai belt, in the Rankin Inlet and Tavani
regions (Fig, I), and to consider the magmatic sources and
possible contaminants from which these volcanic rocks
evolved.

GEOLOGICAL SETTING

The Rankin-Ennadai greenstone-granite-gneiss belt extends
approximately 700 km, from Rankin Inlet on Hudson Bay to
northeastern Saskatchewan (Fig. I). Supracrustal sequences
include mafic to felsic volcanic rocks, turbiditic sandstones
and mudstones, iron-formation, and local conglomerate, car
bonate, and mature siliciclastic rocks. For much of its extent,
rocks of the Rankin-Ennadai belt are unconformably overlain
by Paleoproterozoic sedimentary rocks of the Hurwitz
Group. Reconnaissance geological investigations were car
ried out by several workers (e.g. Wright, 1967 and references
therein). The results of most recent regional bedrock mapping
have been reported by Tella et al. (1986, 1992), Tella (1994),
and Asper and Chiaranzelli (l996a).

Rankin Inlet

Different stratigraphic names have been applied to different
geographic regions of the Rankin-Ennadai belt. In the Rankin
Inlet area, the Rankin Inlet Group is a polydeformed

cd Ca. 1.85-1.76 Ga Baker Lake and
Wharton groups

<lID
64°
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Figure 1. Sketch map showing lithostratigraphy of the Hem'ne Province. Locations ofpre-3 Ca rocks are
shown, after Aspler and Chiarenzeffi, 1996b_ (I Hemmer et al., 1995; 3.1-3.3 Ca granulites, 2Loveridge
et al., 1988; 3190 (?) Ma granulite orthogneiss, 3274 ± 18 Ma Kasba granodiorite gneiss).
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metavolcanic-metasedimentary supracrustal sequence· that
consists of massive and pillowed mafic volcanic flows, felsic
volcanic rocks, intetflow sediments, quartz-magnetite iron
formation, and minor mafic and felsic tuffs, pyroclastics, vol
canic breccia, and gabbro sills (Tella et aI., 1986). The main
rock types are sheared and carbonatized mafic metavolcanic
rocks (chlorite schist, amphibolite), minor intercalated mafic
and felsic tuffs, and greywacke. The metamorphic grade of
the Rankin Inlet Group is greenschist facies, and both defor
mation and metamorphism are considered to be Archean
because structurally overlying Proterozoic rocks were unaf
fected by penetrative deformation and metamorphism. The
volcanic rocks and associated gabbroic bodies are tholeiitic,
and display compositional features of MORB, (mid ocean
ridge basalt) OIB, (ocean island ba<;alt) and continental
basalts (S. Tella, unpub. data, 1989).

Two major cycles of volcanism are recognized within the
mafic volcanic sequence. The contact between the lower and
upper volcanic cycles is, for the most part, conformable.
However, sheared contacts between the sequences have also
been observed at several localities, thus their present struc
tural position may not reflect their stratigraphic order. Inter
calations of felsic volcanic rocks are only in the lower
volcanic cycle and represent less than ten per cent of the
sequence.

R.J. Theriault and S. Tella

U-Pb isotopic studies on zircon fractions from a felsic vol
canic band within the Rankin Inlet Group yielded an upper
concordia intercept age of 2663 ± 3 Ma (Tella et aI., 1996).
Komatiitic sills, in part containing Cu-Ni mineralization, in
the upper volcanic cycle have been dated at 2748 ± 92 Ma and
2776 ± 88 Ma, using the Re-Os method on Ni-Cu-PGE ores
(Hulbert and Gregoire, 1993).

Two sets of samples, representative of the lower and
upper volcanic cycles, were selected for Sm-Nd isotopic
analysis. Sampling locations and brief lithological descrip
tions are given in Table I.

Tavani

In the Tavani region, 70 km southwest of Rankin Inlet
(Fig. I), Archean supracrustal rocks are divided into two vol
canic and sedimentary sequences, the Kasigialik Group and
the Tagiulik Formation (Park and RaIser, 1992). The former
is further subdivided into the Atungag, Akliqnaqtuk, and Evi
taruktuk formations which consist of variable proportions of
mafic to feJsic volcanic rocks and intercalated sedimentary
rocks. Archean metamorphic grade varies from subgreen
schist to upper amphibolite facies around granitoid com
plexes. Paleoproterozoic subgreenschist facies and
deformational processes affected the Hurwitz Group cover
rocks (Park and RaIser, 1992). The mafic volcanic rocks of

Table 1. Description, location and Sm-Nd isotopic data of samples from the Rankin Inlet and Tavani
areas. ENd for Rankin Inlet samples calculated at 2.66 Ga, and ENd for Tavani area calculated at 2.68 Ga.

Sm Nd 143Nd/'44Nd

Sample Description Latitude Longitude (ppm) (ppm) 147Sm/14~d (2a) ENd

Rankin Inlet area
Upper volcanic cycle

85TX-014 fine grain massive basalt 62°51'51" 92°12'17" 2.97 10.32 0.1742 0.512473(9) +4.5
85TX-177-1 fine grain pillowed metabasalt 62°40'29" 92°00'43" 1.87 5.65 0.1999 0.512787(11) +1.8
85TXA-429A fine grain massive basalt 62°48'26" 92°18'26" 2.62 11.37 0.1394 0.511779(12) +3.0

Lower volcanic cycle

85TXA-160 v. fine grain, metabasalt with 62°52'51" 92°14'43" 4.08 18.42 0.1339 0.511575(5) +0.9
disseminated sulphide

85TXA-177 fine- to med.-grain amphibolitic 62°52'59" 91 °36'9" 7.64 35.82 0.1289 0.511527(7) +1.7
matavolcanic

85TXA-399A v. fine grain, fractured 62°47'51 " 92°25'5" 4.87 20.89 0.1410 0.511602(5) -1.1
metabasalt crosscut by quartz
veins

Tavani area

89TX-021 fine grain, epidotized pillow 62°09'50" 93°28'1" 2.25 6.74 0.2019 0.512858( 9) +2.5
basalt

89TX-050 fine grain, massive basalt flow 62°08'45" 93°54'45" 8.75 39.81 0.1329 0.511686(9) +3.4
with minor quartz veining

89TX-055 fine- to med.-grain andesitic 62°09'30" 93°55'20" 5.26 24.84 0.1279 0.511533(10) +2.1
basalt

89TX-072 med. grain chloritized massive 62°07'30" 93°59'0" 5.66 25.12 0.1361 0.511599(10) +0.6
basalt flow

89TX-081 fine grain, sheared pillow 62°07'50" 93°55'20" 2.96 965 0.1857 0.512585(9) +2.8
basalt
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the Tavani area resemble those of the Rankin Inlet area geo
chemically, and correspond to MORB, om, and intra-plate
type basalts (Park and Raiser, 1992).

Based on U-Pb geochronology and structural studies, vol
canism, plutonism, and deformation occurred within a period
of 25 Ma, with 2.68 Ga felsic and mafic volcanism, 2.67
2.66 Ga syntectonic granite plutonism and 2.66-2.65 Ga post
tectonic granite plutonism (Tella et al., 1990; Park and
Raiser, 1992). The ca. 2.63 Ga age obtained from the felsic
volcanic rocks of the Rankin Inlet Group (Tella et al., 1996)
suggests that the volcanism and defotmation of the Rankin
Inlet Group postdates that of the Tavani area by 15-20 Ma.

ANALYTICAL PROCEDURES

147Sm/144Nd ratios vary from 0.1394 to 0.1999, and given the
elevated CNd values, suggest minor LREE-enrichment upon,
or shortly before final eruption.

Tavani

Four of the five basaltic samples from the Tavani area yielded
CNd values of +2.1 to +3.4, similar to the upper volcanic cycle
of the Rankin Inlet area. One sample (89TX-081) has a CNd

value of +0.6, which may indicate a minor, yet undetermined
amount of crustal contamination. The 147Sm/144Nd ratios of
0.1279 to 0.2019 show that the Tavani samples are variably
LREE-enriched to depleted. The Sm-Nd isotopic composi
tions of the Tavani samples are apparently not associated with
structural or stratigraphic position.

DISCUSSION AND INTERPRETATION

-8 • Upper volcanic cycle
o Lower volcanic cycle

-12 0 Tavani area

Felsic Churchill crust

+---------1~~---r:De leted mantle4

"D 0 t-C"",H,-,-U~R__"7'""'",----,o~ ---1

Z

W -4

The data from the Rankin Inlet area indicate noticeable differ
ences between the Sm-Nd isotopic compositions of the lower
and upper volcanic cycles. The lower volcanic cycle yields
CNd values ranging from -1.1 to + 1.6. These values require the
involvement of an older LREE-enriched component in the
petrogenesis of these mafic rocks. The Nd isotopic composi
tions of the lower volcanic cycle may indicate that an older
basement underlies the Rankin Inlet Group, and that lavas of
the lower volcanic cycle were contaminated by older crustal

The analytical methods employed are a variant of those
described by Richard et a!. (1976). Whole rock powders were
spiked with a mixed 148Nd_ 149Sm solution and dissolved in
an HF-HN03mixture. Separation of bulk rare-earth elements
was done by cation exchange chromatography on Tru
Spec™ resin calibrated fOI'optimal recovery ofLREE. Purifi
cation of Sm and Nd was done by HDEHP-teflon powder
chromatography. Total procedure blanks were approximat
ely 100 pg for Nd and less than 40 pg for Sm. Isotopic compo
sitions were measured on a MAT-261 solid source mass
spectrometer in static mode. Neodymium isotopic composi
tions were normalized to 146Nd/I44 Nd =0.7219 and corrected
to LaJolla 143Nd/144Nd =0.511860. Repeated analysis of an
Ames Nd metal solution yielded 143Nd/144Nd =0.5]2]65 ±
20 (external 2a error) (equivalent to LaJolla 143Nd/I44Nd =
0.51 I875).The external reproducibility of individual CNd val
ues is within 0.5 CNd unit. On the basis of replicate analyses,
147Sm/144Nd ratios are generally reproducible to 0.3%. The
c:'-lct values were calculated assuming present-day CHUR
(Choudritic uniform reservoir) J43Nd/ I44Nd = 0.512638 and
147Sm/I44Nd =0.1967. Given the 2663 ± 3 Ma age of the fel
sic volcanic band in the Rankin Inlet Group (Tella et al.,
1996), CNd values for the Rankin Inlet Group were calculated
at 2.66 Ga. The CNd values for the Tavani area were calculated
at 2.68 Ga.

RESULTS

Rankin Inlet

2 2.5 3
Time (Ga)

3.5

Six samples of mafic volcanic rocks from the Rankin Inlet
Group were analyzed. Three of the six samples were from the
lower volcanic cycle, and the remaining three samples were
from the upper volcanic cycle. The lower volcanic cycle
rocks yielded CNd values of -1.1, +0.8, and + 1.6 (Fig. 2,
Table ]), and suggest vaIiable contamination from older
crust. The 147Sm/J44Nd ratios for the lower volcanic cycle
range from 0.1289 to 0.141 0, indicative of LREE enrichment.
The upper volcanic cycle CNd values range from + 1.8 to +4.5,
similar to values estimated for Late Archean depleted mantle
(e.g. Abitibi belt of the Superior Province, Machado et aI,
1986; eastern Slave Province, Davis and Hegner, 1992). The

Figure 2. CNd versus Time plot for whole rock samples ofthe
Rankin Inlet and Tavani areas. The CNd for Rankin Inlet
samples calculated at 2.66 Ca, and CNd for Tavani area
calculated at 2.68 Ca. Parameters for CNd calculations are:
143Nd/144Ndo(CHUR) = 0.512638, 147Sm/144Nd = 0.1967
(Jacobsen and Wasserburg, 1980). Depleted mantle curve
depicted according to parameters ofColdstein et al. (1984),
where the mantle has evolved linearly since 4.5 Ca to cNdO =
+10. Field for Churchill Province (Rae and Hew"ne
provinces)felsic crust after Crocker et al., 1993; Dudas et al.,
1991; Patchett and Arndt. 1986; Stevenson et al., 1989;
Theriault, 1992; ThCriault et al .. 1994. CHUR = chondritic
uniform reservoir.
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rocks. Alternatively, the more evolved CNd values of the
lower volcanic cycle may reflect contamination of the mantle
source by subduction of terrigenous sediments. The
147Sm/J44Nd ratios, ranging from 0.1289 to 0.1410, indicate
that the lower volcanic cycle rocks are enriched in LREE,
consistent with the assimilation of a chemically differentiated
contaminant. The degree of contamination remains uncer
tain, and an accurate evaluation of the contribution from an
older crustal contaminant requires precise knowledge of the
concentration and isotopic composition of the Nd provided
by the uncontaminated source and the contaminant. In spite
of these limitations, one can speculate on the nature of a
potential crustal contaminant to the Rankin Inlet Group. Con
sidering that the E"Id value of -1.1 of sample 85TXA-399A
represents an upper limit on the E:--Jd(2.66 Ga) value of the crus
tal contaminant, it is possible to estimate a TDM model age for
this crusta I component. Assuming that the crusta I component
had a typical crust-like 147Sm/144Nd ratio of 0.1 and an
ENd(2.66 Ga) value of -l.l, the corresponding TDM is 3.0 I Ga
(using the parameters of Goldstein et aI., 1984). It is impor
tant to note that the calculated TDM age of 3.0 I Ga is strictly a
lower limit on the TDM model age for a potential crustal con
taminant, and that its true TDM age is likely significantly
older, given the fact that sample 85TXA-399A is a contami
nated basalt and not the contaminant itself.

Although only three samples from the upper volcanic
cycle have been analyzed, the E"Id values of + 1.8 to +4.5 indi
cate derivation from juvenile sources. The absence of obvi
ous crusta I contamination in the Nd isotopic compositions of
the upper volcanic cycle suggests that the upper and lower
volcanic cycles had different petrogenetic histories, and that
perhaps they were emplaced in different tectonic settings.
The lower volcanic cycle may have been emplaced in or near
older continental crust whereas the upper volcanic cycle was
emplaced in an environment devoid of older crust. The I'Nd
values from the Tavani area (+0.6 to +3.4) suggest derivation
mostly from juvenile source. One sample with an ENd value of
+0.6 (sample 89TX-081) may indicate minor influence of an
older component.

Older continental basement rocks have not been found in
the Rankin Inlet and Tavani areas. Furthermore, Aspler and
Chiarenzelli (l996b) propose that the Rankin-Ennadai belt
was deposited in an oceanic setting which contained only
minor fragments of pre-existing continental crust. This pro
posal is consistent with the Nd isotopic data for the Tavani
area and the upper volcanic cycle, but fails to explain the Nd
isotopic compositions of the lower volcanic cycle. The exist
ence of Mid- to Early Archean age crystalline rocks in the
Rankin-Ennadai belt has only been documented in the south
western part of the belt, and include 3.3-3.1 Ga mafic granu
Iites in the Athabasca lozenges in the southwestern part of the
Snowbird tectonic zone of northern Saskatchewan (Hanmer
et aI., 1995) and granitic gneisses as old as 3274 ± 18 Ma near
Kasba Lake east of the Athabasca lozenges (Loveridge et al.,
1988) (cf. Fig. I). Thus, the nature ofa crustal component in
the Rankin Inlet Group and Tavani mafic volcanic rocks
remains uncertain, and awaits further U-Pb geochronologi
cal, geochemical, and isotopic investigations of intercalated
felsic volcanic and sedimentary rocks.

R.J. Theriault and S. Tella

CONCLUSIONS

Mafic volcanic rocks from the lower volcanic cycle of the
Rankin Inlet Group yield I'Nd values suggesting variable con
tamination from an older crustal component. This may sig
nify the presence of older basement to the Rankin Inlet
Group, or mantle sources which were variably contaminated
with continental materials. The TOM age of the crustal con
taminant is likely older than 3.0 I Ga. Upper volcanic cycle
rocks do not show compelling evidence of crustal contamina
tion in their Nd isotopic compositions, which are similar to
Late Archean depleted mantle signatures documented else
where in the Canadian Shield (Davis and Hegner, 1992;
Machado et aI., 1986; Vervoort et al., 1994). Tavani area
mafic volcanic rocks generally give E:'.Id values similar to
those of the upper volcanic cycle of the Rankin Inlet Group,
and may have formed remote from older crustal rocks.
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Preliminary V-Pb geochronology of the Hall
Peninsula east of Iqaluit, southern Baffin Island

David J. Seoul

Continental Geoseienee Division

Scott, D.J., 1997: Preliminary V-Pb geochronology ofthe Hall Peninsula east ofIqaluit, southern
Baffin Island; in Radiogenic Age and Isotopic Studies: Report 10; Geological Survey ofCanada ,
Current Research, I997-F, p. 67-78.

Abstract: A corridor east ofIqaluit has been mapped and sampled for U-Pb geochronology; the initial
U-Pb isotopic results of this study are presented here. At the western end of the corridor, an orthopyroxene
monzogranite of the Cumberland batholith was emplaced at 1857+5/-3 Ma, and a younger garnetiferous
phase at 1850+3/-2 Ma. These rocks intrude the central metasedimentary gneisses that were metamor
phosed at ca. 1869 Ma; the metasedimentary rocks are interpreted as the northern continuation of the
Tasiuyak gneiss of the Torngat Orogen. The eastern metatonalitic rocks are Archean, with emplacement
ages of ca. 2921 Ma, 2849+ 10/-7 Ma, 2844+6/-5 Ma, and 2797+27/-15 Ma, and record variable tectonother
mal overprints between 1844 and 1736 Ma. Possible correlatives of these rocks in West Greenland and
northern Labrador are discussed.

Resume: Un corridor aI'est d'Iqaluit a ete cartographie et echantiJlonne aux fins d 'etudes geochronolo
&iques U-Pb; les resultats des analyses isotopiques par la methode U-Pb sont livres dans le present rapport.
A l'extremite occidentale du corridor, un monzogranite aorthopyroxene du batholite de Cumberland a
donne un age de I 857 +5/-3 Ma et une phase agrenat plus recente a ete datee a I 850 +3/-2 Ma. Ces intru
sions recoupent les gneiss metasedimentaires de la partie centrale du corridor, lesquels ont ete metamor
phises aenviron I 869 Ma et qui constitueraient, selon les interpretations, le prolongement septentrional du
gneiss de Tasiuyak de l'orogene de Torngat. Les roches metamorphiques de caractere tonalitique de la par
tie est sont archeennes, ayant livre des ages de mise en place d'environ 2 921 Ma, 2 849 + I0/-7 Ma,
2844 +6/-5 Ma et 2 797 +27/-15 Ma. Ces roches ont conserve egalement la trace de divers evenements tec
tonothermiques qui se sont deroules entre I 844 et I 736 Ma. L'auteur discute de correlations possibles de
ces roches avec d'autres du Groenland occidental et du Labrador septentrional.

I GEOTOP, Universite du Quebec aMontreal. c.P. 8888, succursale centre-ville, Montreal (Quebec) H3C 3P8
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INTRODUCTION

The Precambrian geology of southern Baffin Island com
prises Archean metaplutonic rocks as well as Paleoprotero
zoic metaplutonic and metasedimentary rocks. The bedrock
geology of the area was mapped at reconnaissance scale in
1965 (Blackadar, 1967). This investigation clearly outlined
the major lithological packages present on the Hall Peninsula
(Fig. I), a poorly known region that links the Ungava and
South Baffin orogens with the Torngat and Nagssugtoqidian
orogens of northern Labrador and West Greenland. A more
detailed examination of the geology of the Hall Peninsula was
undertaken along an east-west corridor (Scot!, 1996a), in
order to evaluate the hypothesis that these rocks represent in
part the along-strike continuation of the Torngat Orogen, and
to determine the relationship of these rocks to the southeast
ern margin of the Cumberland batholith.

This work contributes to the Geological Survey of
Canada's NE Laurentia program (St-Onge et aI., 1996a,b;
Hanmer et aI., 1996a,b; Scott et aI., 1996) and the
LITHOPROBE Eastern Canadian Shield Onshore-Offshore
Transect (ECSOOT), and facilitates a more detailed compari
son of geological events in southern Baffin Island with those
in northernmost Labrador and northern Quebec.

Figure 1. Location of study area on Hall Peninsula;
rectangle east of Iqaluit outlines area shown in Figure 2.
AI =Allen Island; BI =Brevoort Island; CB =Cumberland
batholith; CSB = Cape Smith Belt; NA = Narsajuaq Arc;
NQO = New Quebec Orogen; OF = Okalik Fiord;
Tgn = Tasiuyak gneiss; TO = Torngat Orogen. Modified
from Hoffman (/989).
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GEOCHRONOLOGYOFTHE
HALL PENINSULA

The geology of the Hall Peninsula corridor is divisible into
three principallithological domains (Blackadar, 1967; Scot!,
1996a, b): a western domain is dominated by orthopyroxene
and garnet-bearing monzogranites of the Cumberland batho
lith, a central domain comprises siliciclastic metasedimen
tary rocks (Tasiuyak gneiss) and subordinate metaplutonic
rocks, and an eastern domain consists of tonalitic gneisses,
monzogranite, and minor metasedimentary rocks (Fig. 2).
Detailed descriptions of the rocks in each domain have
recently been presented (Scot!, 1996b). Initial U-Pb geo
chronological results are outlined, from west to east, in the
following sections. Whereas U-Pb isotopic analysis of some
samples is complete, results from other samples are prelimi
nary. Where pending analyses are indicated, the reader is
advised that revisions to the stated ages and consequent inter
pretations are to be expected.

Analytical methods

Heavy minerals were separated from representative samples
by standard crushing, grinding, hydrodynamic, and heavy
liquid techniques. Sorting of the heavy mineral concentrates
was peli'ormed using a Frantz isodynamic separator; highest
quality titanite and monazite were recovered at O.5-0.75A
(10° side slope) and zircon at -0.5 - _1° side slope (1.8A).
Unless otherwise stated, only fracture- and inclusion-free
crystals were selected for analysis (Table I). Extraction of Pb
and U from zircon and monazite followed the procedure out
lined by Pan'ish et al. (1987); for titanite, a revised purifica
tion technique using UTEVA resin was used to purify U
(Davis et aI., 1997). Most of the zircon analyses are of single
crystals or crystal fragments; multi-grain analyses are of
restricted populations (n<5). Analytical data were reduced
using algorithms developed by Roddick (1987).

Western plutonic domain

The metaplutonic rocks of this domain have been interpreted
as the southernmost exposures of the ca. 1.86 Ga Cumberland
batholith (Jackson and Taylor, 1972; Jackson et aI., 1990),
and are the eastward continuation of the rocks examined by
St-Onge et al. (1996a, b) and Scot! et al. (1996), interpreted as
part of a Paleoproterozoic magmatic arc (e.g. Hoffman,
1990). Whereas the petrogenesis of these rocks, which form
one of the most extensive plutonic belts in the northeastern
Canadian Shield, is not well known, they intrude the metasedi
mentary rocks of the central domain (Scot!, 1996a). The
southwest margin of the batholith (Fig. I) is in tectonized
intrusive contact with rocks of the Meta Incognita Peninsula
(St-Onge et aI., 1996a).



Orthopyroxene-biotite monzogranite, Anna
Maria Port (0351)

Medium- to coarse-grained orthopyroxene-biotite monzo
granite is the dominant rock type in the western plutonic
domain (Fig. 2), and indeed is typical of much ofthe southern
exposure of the Cumberland batholith (Scott et aI., 1996).

Zircon separated from this sample consists of colourless,
short prismatic crystals. Whereas most of the diamagnetic
grains are of high quality, some are altered and cracked. Five
highly abraded crystals were analyzed individually (Fig. 3a);
the five analyses regress to yield an upper intercept of
1857+5/-3 Ma and a lower intercept of 227 Ma. The upper
intercept age is interpreted as the time of emplacement of the
monzogranite at this location.

D.J. Scatt

Garnet-biotite monzogranite (0107)

Monzogranite characterized by the presence of biotite and
deep-red garnet is a subordinate phase of the Cumberland
batholith. Red-garnet monzogranite is commonly associated
with variably digested rafts of semipelitic metasedimentary
material, suggesting that much of the aluminum required to
form garnet is derived from the metasedimentary inclusions
(Scott, 1996b; Scott et aI., 1996).

A wide variety of rounded zircon grains is present in this
sample; due to the association with variably digested
metasedimentary material, such grains are suspected to be
xenocrysts and hence were not analyzed. Discrete, euhedral
zircon overgrowths on some of the rounded crystals are the
only euhedral zircon in the sample. Four such overgrowths,
removed from their cores and heavily abraded, were analyzed
individually. The four analyses are slightly to moderately
discordant, and regress to yield an upper intercept of

lOkm

Paleoproterozoic

t...>.~/ ~I monzogranite. with opx or garnel

t::·.::::·.::::·.::.] psammite, quartzite, semipelite

~~~~}~ white monzogranite, lilac garnet

mI:I:nI marble, calc-siJicl\te

I~ 1: Iorlhopyroxene tonalite

CD metaperidotite, metapyroxenite

m amplUbolile. locally gabbroic

Archean and/or Paleoproterozoic

~ orlhopyroxene·biotite tonalite gneiss with mafie bands

t~ ~ ~ I pink monzogranite, ± orthopyroxene

'\ 73 51 foliation
211=-.... Lt mineral elongation lineation
75'\ F2 fold axis

/ brilllefault

63°S0'N

Figure 2. Geological map ofthe corridor examined east ofIqaluit on the Hall Peninsula. Locations ofsamples
D351. DIOS, DI07, and D302 are shown.
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Table 1. U-Pb isotopic data.

Fraction Concentrations Atomic ratios Age

Description # of Weight U Pb (rad) Pb (corn) 206 Pbl 208 Pbl 206 Pbl 207 Pbl 207 Pbl 207 Pbl
[1) grains (l1g) (ppm) (ppm) (pg) 204 Pb 206Pb 238U (5) 235U 15] 206Pb [5] 206 Pb

[2] [2J [3J [4) [5J (± 10", %) (± la, %) (± la, %) (Ma)

Orthopyroxene-biotite monzogranile, Anna Maria Port (D351) 1857 +5/-3 Ma

1 z, cl, eu, sp, dia 1 9 43 15 3 3401 0.079 0.3334±.10 5.224±.l2 0.11364±.06 1858.5
2 z, cl, eu, sp, dia 1 4 47 16 3 1563 0062 0.3304±.16 5.176±.21 0.11361±.15 1858.0

3 z, cl, eu, sp, dia 1 8 80 7 4 3116 0.094 0.3274±.15 5.125±.17 0.11354±.06 1856.8

4 z, cl, eu, sp, dia I 7 39 13 2 2566 0.061 0.3312±.11 5.179±.12 0.11341±.06 1854.7
5 z, cl, eu, sp, dia 1 10 47 16 8 1495 0.091 0.3310±.11 5.174±.13 0.11339±.07 1854.5

Gamet-biotite monzogranite (0107) 1850 +3/-2 Ma; mz: ca. 1856 Ma

1 mz, p gr, eu, fr, IF 1 10 5827 11720 17 73090 5.864 0.3328±.09 5.208±.10 0.11351±.03 1856.3
2 rnz, p gr, eu, fr, IF 1 5 6631 12680 6 121300 5.527 0.3325±.09 5.200±.10 0.11343±.03 1855.0

3 z, rn br, eu, og, dia 1 6 896 291 5 23300 0.029 0.3306±.09 5.151±.10 0.11300±.03 1848.2

4 z, rn br, eu, og, dia 1 4 620 201 5 13770 0.026 0.3292±.09 5.124±.11 0.11288±.03 1846.3

5 z, rn br, eu, og, dia 1 6 1003 328 6 16940 0.036 0.3304±.09 5.141±.10 0.11287±.03 1846.1

6 z, m br, eu, og, dia 1 6 1044 331 6 15200 0.026 0.3236±.09 5.011±.10 0.11229±.03 1836.8

White monzogranite (DI08) 1869 +9/-3 Ma; mz:1862 ± 3 Ma

1 z, m br, eu, og, dia 1 6 1782 579 4 47800 0.012 0.3352±09 5.279±.10 0.11421±.03 1867.4
2 z, rn br, eu, og, dia 1 5 3691 1186 6 65720 0.008 0.3332±.09 5.242;!:-1O 0.11412±.03 1866.0

3 z, rn br, eu, og, dia 1 5 1126 370 3 49630 0.023 0.3}27±.08 5.229±.1O 0.11398±.03 1863.7

4 mz, p yl, eu, IF 1 9 4334 6305 14 62390 3.913 0.3343±.09 5.250±.10 0.11391±.03 1862.6
5 mz, p yl, eu, IF 1 11 2519 7064 10 59070 8.561 0.3345±08 5.247±.1O 0.11379±.03 1860.8

Orthopyroxene-biotite tonalite (D302) 2797 +27/-15 Ma

1 z, cl, eu, sp, dia 3 8 302 189 4 22630 0.178 0.5306±.08 14.100±.09 0.19274±.03 2765.7

2 z, cl, eu, sp, dia 1 6 284 182 6 9565 0.215 0.5280±.09 13.963±.10 0.19178±.03 2757.5

3 z, cl, eu, sp, dia 3 12 298 188 9 1216 0.156 0.5250±.08 13.806±.12 0.19072±.06 2748.4

4 z, cl, eu, sp, dia 3 13 153 94 13 5143 0.163 0.5246±.09 13.784±.10 0.19057±.03 2747.1

5 z, cl, eu, sp, dia 4 6 227 139 7 6412 0.171 0.5204±.10 13.612±.11 0.18970±.03 2739.6

Foliated tonalite, Brevoort Island (D352A) 2844 +6/-5 Ma

1 z, cl, eu, sp, dia 1 3 115 71 2 5361 0.106 0.5447±.11 15.011±.11 0.19988±.04 2825.2
2 z, cl, eu, sp, dia 1 4 45 27 4 1620 0.088 0.5368±.13 14.649±.13 0.19793±.06 2809.2

3 z, cl, eu, sp, dia 3 6 77 51 36 382 0.096 0.5355±.14 14.505±.24 0.19645±.17 2796.9

4 z, cl, eu, sp, dia 1 3 88 51 4 2007 0.075 0.5314±.14 14.367±.14 0.19610±.07 2794.0

5 z, cl, eu, sp, dia 3 6 118 65 6 3406 0.080 0.5024±.10 13.064±.11 0.18860±.04 2730.0

Granitic vein in tonalite, Brevoort Island (D352B) (2820 ± 5 Ma) og: 1842 +41-2 Ma

1 z, cl, eu, sp, dia 3 7 102 62 10 2238 0.097 0.5362±.10 14.632±.11 0.19792±.04 2809.1

2 z, cl, eu, sp, dia 1 4 146 83 4 5264 0.064 0.5280±.09 14.147±.10 0.19433±.03 2779.1

3 z, cl, eu, sp, dia 4 4 218 129 8 3233 0.097 0.5286±.09 14.144±.1O 0.19405±.03 2776.8

4 z, cl, eu, sp, dia 4 4 258 154 11 3543 0.136 0.5182±.09 13.803±.10 0.19317±.03 2769.4

5 Z, P br, eu, og, dia 1 5 1131 357 4 31150 0.001 0.3297±.08 5.116±.10 0.11257±.03 1841.3

6 z, p br, eu, og, dia 1 6 3086 975 8 47470 0.003 0.3293±.lO 5.107±.10 0.11247±.03 1839.6

7 z, p br, eu, og, dia 1 8 1749 549 11 31030 0.002 0.3271±.09 5.069±.10 0.11239±.03 1838.4

Foliated tonalite, Alien Island (D353A) (ca. 2921 Ma) og: ca. 1844 Ma

1 z, cl, eu, eq, dia 1 10 96 62 6 9557 0.116 0.5650±.09 16.363±.10 0.21005±.03 2905.9

2 z, cl, eu, eq, dia 1 9 89 58 7 3987 0.134 0.5586±.09 16.067±.11 0.20860±.03 2894.7

3 z, p br, eu, og, dia 1 3 734 231 12 3331 0.002 0.3257±.09 5.062±.10 0.11273±.04 1843.9

Granitic vein in tonalite, Alien Island (D353B) 2835 ± 11 Ma; og: ca. 1760 Ma; t: 1736 ± 2 Ma

1 z, cl, eu, sp, dia 1 15 79 48 5 9034 0.091 0.5471±.1O 15.101±.11 0.20019±.04 2827.8

2 z, p br, eu, sp, dia 1 8 131 77 5 6624 0.092 0.5281±.11 14.239±.12 0.19555±.03 2789.4

3 z, p br, eu, sp, dia 1 7 100 59 6 4080 0.089 0.5286±.11 14.236±.12 0.19532±.03 2787.5

4 z, rn br, eu, og, dia 1 3 1202 387 3 2327 0.062 0.3129±.08 4.644±.11 0.10763±.05 1759.6

5 t, rn br, eu, fr, IF 4 32 205 66 43 2976 0.095 0.3100±.17 4.543±.19 0.10630±.04 1736.8

6 t, m br, eu, fr, IF 4 30 203 65 45 3066 0.084 0.3075±.10 4.504±.11 0.10624±.05 1735.9

Foliated tonalite, Okalik Fiord (D354A) 2849 +10/·7 Ma

1 z, p br, eu, Ip-ac, dia 4 5 269 156 6 8990 0.034 0.5473±.09 15.152±.10 0.20079±.03 2832.6

2 z, cl, eu, Ip-ac, dia 3 4 325 190 5 9268 0.041 0.5459±.09 15.113±.10 0.20078±.03 2832.5

3 z, p br, eu, Ip-ac, dia 1 6 99 57 5 4000 0.027 0.5433±.12 14.945±.12 0.19952±.04 2822.3

4 z, p br, eu, Ip-ac, dia 1 6 86 48 5 3395 0.036 0.5270±.10 14.244±.11 0.19601±.04 2793.3
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Fraction Concentrations Atomic ratios Age
Description # of Weight U Pb (rad) Pb (corn) 206 Pbl 208 Pbl 206 Pbl 207 Pbl 207 Pbl 207 Pbl
[1] grains ()lg) (ppm) (ppm) (pg) 204 Pb 206 Pb 238U [5] 235U [5J 206Pb [5] 206 Pb

[21 [2J [3) [4] [5] (+ 10", %) (± 10", %) (± 10", %) (Ma)

Granitic vein in tonalite, Okalik Fiord (0354B) (2768 ±13 Ma); og: ca. 1829 Ma
1 z, p br, eu, lp-ac, dia 1 4 975 496 11 10210 0.016 0.4937±.08 12.384±.10 O.l8192±.03 2670.5
2 z, p br, eu, lp-ac, dia 1 4 1584 818 11 17120 0.017 0.4876±.08 12.110±.11 0.18014±.05 2654.2
3 z, p br, eu, Ip-ac, dia 2 9 1815 856 29 15850 0024 0.4574±.09 1O.848±.1O 0.17200±.03 2577.2
4 z, p br, eu, lp-ac, dia 2 7 2428 1114 17 26350 0.021 0.4397±.09 1O.251±.11 0.16908±.04 2548.5
5 z, m br, eu, og, dia 1 4 878 275 5 15650 0.004 0.3259±.10 5.01O±.11 O.l1149±.03 1823.9
6 z, m br, eu, og, dia 1 6 534 160 11 5462 0.008 0.3114±.09 4.659±.1O 0.10853±.04 1774.9
PI Mineral: z =zircon; mz =monazite; t = titanite. Colour: cl =colourless; pk =pink; br =brown; yl - yellow; gr - green; p - pale; m - medium
Form: eq =equant; sp =short prism; Ip =long prism; ae =acicular; eu =euhedral; og =overgrowth; fr =fragment. Magnetic properties: dia =
diamagnetic at -0.50tilt of Frantz magnetic separator; IF =non-magnetic between 0.5 and l.OA at 100 side slope.
[2J Concentrations are known to <10% for sample weights above 20 )lg, 10-20% for weights below 20 )lg.
{3] Total common Pb present in analysis corrected for Pb in spike and fractionation.
[4] Measured ratio, corrected for fractionation and spike.
[5] Ratios corrected for spike, fractionation, blank, and initial common Pb. Errors quoted are at the 1-sigma confidence level.

1850+3/-2 Ma (Fig. 3b). Two euhedral fragments of pale
greenish-yellow monazite have been analyzed; both are
slightly discordant, with analytically indistinguishable
207PbP06Pb ages of 1856.3 and 1855.0 Ma, respectively
(Fig. 3b). A possible interpretation of these data is that the
age of the zircon overgrowths (1850+3/-2 Ma) represents the
crystallization of the monzogranite, and that the two slightly
older monazite fragments are xenocrysts inherited from the
associated metasedimentary rocks.

White mOllzogranite (D108)

Distinctive, white-weathering monzogranite, characterized
by the presence of abundant lilac garnets, is intimately associ
ated with the metasedimentary rocks of the western domain
(Scott, 1996b). It occurs as diffuse, irregular seams or pods
generally parallel to compositional layering and foliation in
the clastic rocks, and as discrete, tabular bodies locally dis
cordant to layering. The intimate spatial relationship with the
metasedimentary rocks suggests that the monzogranite may
be derived locally by anatexis of the host metasedimentary
rocks (Scatt, 1996b).

The wide variety of rounded zircon crystals present in this
sample and the infened origin by partial melting of metasedi
mentary material suggests that much of the zircon may be
xenocrystic. Euhedral, medium-brown overgrowths are pres
ent on many of the rounded zircon crystals, and are essentially
the only euhedral zircon in the sample. Three such over
growths, removed from their cores and heavily abraded, have
been analyzed individually. All of the analyses are -0.2 to
0.8% discordant, with 207PbP06Pb ages between 1867 and
1864 Ma (Fig. 3c). The analyses regress to yield an upper
intercept of 1869+9/-3 Ma. Euhedral monazite is present in
this sample; two crystals, analyzed individually, have
207PbP06Pb ages of 1862.6 and 1860.8 Ma (Fig 3c). The age
of the zircon overgrowths, and probable time of crystallization
of the white monzogranite, is interpreted as 1869+9/-3 Ma.
The average age of the monazite, 1862± 3 Ma, is interpreted

as the time at which the present monzogranite sample cooled
through the blocking temperature of monazite (ca. n5°C,
Panish, 1990).

Central metasedimentary domain

The dominant rock type in the central domain (Fig. 2) is rusty
weathering biotite psammite with ubiquitous lilac garnet,
identical to that found as enclaves in the western plutonic
domain (Scott, 1996). These rocks physically resemble and
are along strike from the ca. 1.93 Ga Tasiuyak paragneiss of
the Torngat Orogen (Fig. I) (Scatt and Gauthier, 1996). It has
been suggested that the present unit and the Tasiuyak parag
neiss are lateral equivalents (Hoffman, 1989; Scott and
Gauthier, 1996). Sheets of fine- to medium-grained
orthopyroxene-biotite tonalite up to one kilometre thick and
several kilometres long (Fig. 2) intrude the metasedimentary
rocks of the central domain. An intrusive age of 1890 ± 2 Ma
has been determined for one of these bodies (Scott, 1996b),
providing a younger bracket on the timing of sedimentation.

Pb-isotopic compositions of detrital zircons extracted
from a representative sample of psammite have been analyzed
using the Laser Ablation Microprobe lCP-MS technique
(Scott and Gauthier, 1996). The 207Pb;206Pb ages of fifty
three individual grains were determined; -60% are younger
than ca. 2.0 Ga, and none are older than 2.4 Ga. These data
indicate a depositional age younger than 2.0 Ga, and suggest
that extensive Archean material was not available in the
source region during sedimentation. Zircon overgrowths,
removed from rounded detrital grains and analyzed individu
ally using the conventional isotope dilution thermal ioniza
tion technique (U-Pb) are 1852 ± 2 Ma (Scott and Gauthier,
1996), interpreted as the age of the thermal peak of metamor
phism at this location and possibly coincident with the gen
eration of the white, gametiferous monzogranites. Monazite
recovered from two representative psammite samples will be
analyzed in an attempt to quantify the timing of the high
grade metamorphism recorded by these rocks.
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Eastern plutonic domain

The boundary between the metasedimentary rocks of the cen
tral domain and the metaplutonic rocks of the eastern domain
is drawn at the easternmost occunence of continuous panels
of metasedimentary rocks (Fig. 2). Similar metasedimentary
rocks also occur within the eastern domain. Fine- to medium
grained orthopyroxene-biotite tonaJite is the dominant rock
type in the eastern plutonic domain. It is commonly finely
layered, weakly to moderately foliated, and characterized by
the presence of disrupted mafic layers or xenoliths (Scort,
1996a). Pegmatitic granitic veining, predominantly parallel
to layering but locally discordant, contributes to the overall
streaky, gneissic appearance of these rocks.

Orthopyroxene-biotite tonalite (0302)

A representative sample of medium-grained, orthopyroxene
biotite tonalite was collected near the eastem edge of the tran
sect area (Fig. 2). Orthopyroxene is extensively retrogressed
to hornblende. The diamagnetic fraction of the heavy miner
als comprises almost exclusively colourless, short, prismatic
zircon crystals, although many are extensively cracked and
fragmented, and contain colourless, needle-shaped (fluid?)
inc Iusions.

Four multigrain fractions and one single grain were ana
Iyzed. The five analyses regress to yield an upper intercept of
2797+27/-15 Ma and a lower intercept of 2093 Ma (Fig. 4).
The upper intercept is interpreted as the age of emplacement
of the tonalite; the lower intercept suggests that this sample
experienced a Paleoproterozoic tectonothermal event.

Reconnaissance samples, east coast

Coastal exposures of the eastern tonalitic gneisses were
examined at three localities (Fig. I); logistical considerations
precluded geological mapping in these areas, so the following
samples were coUected for "reconnaissance" age determinations.

D.J. Scatt

At each location, samples of the dominant rock type (fol iated
to gneissic tonalite) and subordinate granitic veining were
collected.

Foliated tonalite with granitic veins,
Brevoort Island (0352)

Samples of weakly foliated hornblende-biotite tonalite
(D352A) cut by narrow, discrete pink granitic veins (D352B)
were collected near the shed adjacent to the airstrip on
Brevoort Island (Fig. I). The host tonalite is slightly more
biotite-rich adjacent to the veins, suggesting the veins may
have been generated by in situ partial melting of the host
tonalite.

Zircon separated from the foliated tonalite is dominantly
colourless and of relatively high quality; short, prismatic
crystals are by far the most common morphology. Concentric
(growth?) zoning was observed in transmitted light (petro
graphic microscope, condenser in) in many of the crystals.
Three single grain and two multigrain fractions were ana
lyzed (Fig. 5a); they regress to yield an upper intercept of
2844 +6/-5 Ma and a lower intercept of 1833 Ma. The upper
intercept is interpreted as the emplacement age of the tonalite,
while the Jower intercept is suggestive of a younger tectono
thermal event.

Short prismatic crystals are the dominant zircon morphol
ogy recovered from the pink granitic vein sampled (D352B),
although many of these grains are overgrown by medium
brown zircon. Three multi-grain and one single grain frac
tions of colourless prisms were analyzed; all are discordant
(1.8-3.4%), with 207PbP06Pb ages between 2809 and
2769 Ma (Fig. 5b). Three fragments of brown overgrowths,
physically separated from their respective cores, were exten
sively abraded and analysed individually. The three analyses
regress to yield an upper intercept of 1842+4/-2 Ma, inter
preted as the time of formation of the overgrowths. A refer
ence Iine from the age of the brown overgrowths, 1842 Ma,
through the analyses of two of the youngest colourless prisms

0.55r-------------------------,
0302 orlhopyroxene-biotite tona/ite

0.52

Figure 4.

V-Ph concordia diagram. eastern tonafitic
gneiss.

0.54

:J
'"'"N......
..0

0.530..
OD
0
N

2797+27/-15 Ma

to 2093 Ma
O. 51~..t:--"----~'=""=--'----:-''--='--:-''----:-'~----'----I

13.0 13.5 14.0 14.5 15.0

73



Radiogenic Age and Isotopic Studies: Report 10

a) 0352A hornblende-biotite tonalite,
Brevoort Island

0.55

:J
gJ
":.. 0.53
.D
CL
~
'"

0.51

to 1833 Ma

2800 I
/1

0#2
#4 3 2844+6/-5 Ma

Figure 5.

U-Pb concordia diagrams, east coast recon
naissance samples. Titanite analyses shown as
shaded ellipses.

0.4~ 2L...0--...L-~1~3"".0~--'--~1....14~.0~--'----:1~5:-:.0~-"""-~16.0

207 pb/ 235 U

0.56 .....---------------------"""":'""7""---,

0.55

:J
gJ
N 0.54
:0
CL

~
0.53

0.52

b) 0352B pink granitic vein,
Brevoort Island

2820±5 Ma

2840

0.51~----L.~"---__:_~---"---__:_::_::---"---~
13.0 14.0 15.0 16.0

207 pb/ 235 U

0.58..------------------------,

c) 0353A hornblende-biotite tonalite,
AI/en Island

ca. 2921 Ma
0.56

:J
gJ

'":0
CL
~
'" 0.54

0.5f41...-0-"--.L...----1-5':-.~0---.L...----1~6':-.-=0---"----1':-:'.7.0
207 pb/ 235 U

74



D.J. Scolt

0.56 ,.------------------------,

Figure 5. (cont.)

0.55

:J 0.54
'"C'l
N

:c
11.

13 0.53
N

0.52

d) 03538 white granite vein,
Alien Island

2835±11 Ma

2840

0.51 !--=----'---:-"_:_-........--:-7-=----'-----:-=-=--'---~
13.5 14.0 14.5 15.0 15.5

207Pb/235U

0.57 r--------------------------,
e) 0354A hornblende-biotite tonalite,

Okalik Fiord

0.56

2849+10/-7 Ma
:J
'"C'l
N 0.55

:c
11.

13
N

0.54

0.53

0.52~--........--_:_'-=----'---~_:_---'----~_=_----J
14.0 14.5 15.0 15.5

207
Pb

/235
U

0.55 r--------------------------,
f) 03548 white granite vein,

Okalik Fiord

2768±13 Ma
0.51

:J
~
N

:c
11.

<Do
N

0.47

0.43 '-_.........__........__.L..-_-'-__........__.L..-_-'-__........_--J

10.0 11 .0 12.0 13.0 14.0
207 Pbl 235 U

75



Radiogenic Age and Isotopic Studies: Report 10

yields an upper intercept with concordia of 2820 ± 5 Ma; this
is interpreted as the minimum age of the coJourless crystals. It
seems reasonable to suggest that 1842+4/-2 Ma represents the
age of fonnation of the granitic veins, possibly by partial
melting of the tonalitic host rock, and that the colourless
prisms (>2820 Ma) are xenocrysts from the host (2844 Ma)
tonalite.

Foliated tonalite with granitic veins,
Alien Island (D353)

Representative samples of foliated hornblende-biotite tonal
ite (0353A) with narrow, discrete white granitic veins
(03538) were collected from a cliff face on the west side of
AlIen Island (Fig. I).

Zircon and titanite were recovered from the fol iated tonal
ite; most of the zircon in the diamagnetic population consists
of colourless, euhedral prisms, but medium-brown over
growths are present on a small proportion of the crystals.
Two colourless prisms have been analyzed individually; both
are discordant, with 207Pb/""Pb ages of 2906 and 2895 Ma
(Fig.5c). A single pale-brown overgrowth is discordant, with
a 207Pbr"Pb age of 1844 Ma. A reference Iine from 1844 Ma
through the analyses of the two prisms has an upper intercept
age of 2921 Ma, interpreted as the minimum age of the col
ourless zircons. AdditionaJ analyses of colourless prisms and
overgrowths will refine the above interpretation; analyses of
titanite are pending.

Colourless to pale-brown euhedral zircon prisms, some
with medium-brown overgrowths, and titanite were recov
ered from the sampled white granitic vein (0353B). Three
colourless prisms, analyzed individually, are variably discor
dant with 207PbP06Pb ages between 2829 and 2788 Ma
(Fig. 5d). An analysis of a single medium-brown overgrowth,
removed from its core and heavily ahraded, is 0.3% discor
dant with a 207PbP06Pb age of 1760 Ma. Two multigrain
analyses of titanite are identical in age at ]736 ± 2 Ma. A
regression of the three colourless prism analyses, forced
through 1760 Ma, yields a discordia with an upper intercept
of 2835 ± I J Ma, interpreted as the minimum crystallization
age of the colourless zircon. The 1760 Ma age of the over
growth is tentatively interpreted as the age of a significant tec
tonothermal event. The titanite age may represent final
cooling through ca. 700°C (Scott and St-Onge, 1995) follow
ing this event. One possible explanation of these data is that
the veins were formed at 2835 ± I I Ma, and strongly meta
morphosed at ca. ]760-1736 Ma; alternatively, the colourless
zircons may be xenocrysts in a vein formed at ca. 1760 Ma,
subsequently metamorphosed at 1736 ± 2 Ma. Additional
analyses of both types of zircon are pending.

Foliated tonalite with granitic veins,
Okalil, Fiord (D354)

Samples offoliated hornblende-biotite tonalite (0354A) with
discrete white granitic veins (03548) parallel to the fol iation
were collected at the head of Okalik Fiord (Fig. I).
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Zircon recovered from the 1'01 iated tonalite consists domi
nantly of short, prismatic to acicular crystals that range from
colourless to pale brown. Two multigrain fractions and two
single crystals analyzed individualJy regress to yield a discor
dia with an upper intercept of 2849+10/-7 Ma and a lower
intercept of 1788 Ma (Fig. Se). The upper intercept is inter
preted as the emplacement age of the tonalite, whereas the
lower intercept strongly suggests the effects of a significant
Paleoproterozoic tectanothermal event are recorded. Titanite
recovered from this sample has yet to be analyzec1.

Much of the zircon separated from the white granitic vein
(03548) is physically similar to that in the host tonalite, prin
cipally pale-brown, short, prismatic to needle-like crystals.
Medium-brown overgrowths are present on many of the
short, prismatic grains. Two single crystals and two two
grain fractions have been analyzed; all are significantly dis
cordant (3.8-9.3~),with 207Pb/206Pb ages between 267 J and
2549 Ma (Fig. Sf). Two medium-brown overgrowths,
removed from their cores, strongly abraded and analyzed
individually, have 207PbP06Pb ages of 1823.9 Ma (0.3% dis
cordant) and 1774.9 Ma (1.8% discordant), respectively. A
reference line through the two cmalyzed overgrowths has an
upper intercept of 1829 Ma, interpreted as an estimate of the
crystallization age of the zircon overgrowths. A reference
line from 1829 Ma through the analyses of the two most con
cordant short prismatic crystaJs has an upper intercept of
2768 ± 13 Ma, interpreteu as an estimate of the minimum age
of the pale-brown prisms. One explanation of these data is
that the white granitic veins formed at 2768 ± 13 Ma, and
were metamorphosed at ca. 1829 Ma; alternatively, the pale
brown prisms may be xenocrysts in a vein formed at ca.
1829 Ma. Titanite recovered from this sample has yet to be
analyzed.

DISCUSSION

The metaplutonic rocks of the western domain represent the
sOLlthern continuation of the ca. ] .86 Ga CumberJand batho
lith (Jackson and Taylor, 1972; Jackson et al., ]990). The
eastern limit of the batholith is an intrusive contact with the
metasedimentary rocks of the central domain; the southwest
margin is a tectanized intrusive contact with gneisses of the
Meta Incognita Peninsula (St-Onge et al., 1996a; Scott et aI.,
1996). The present results suggest that the main
orthopyroxene-biotite phase of the monzogranite (035 I) was
emplaced at 1857+5/-3 Ma, whereas the subordinate red
gamet phase (D 107) was emplaced at 1850+3/-2 Ma. Gen
erar-ion of the lilac-garnet white monzogranite (0108) in the
host metasedimentary rocks may have occulTed ca. 1869 Ma,
suggesting that these rocks were metamorphosed prior to
emplacement of the CumberJand batholith.

The Archean rocks of the eastern domain, and the those
sampled along the coast, collectively document a protracted
history of late Archean tonalitic magmatism, from possibly as
old as ca. 2.92 Ga (0353A), to 2.80 Ga (D302). The two
intermediate-aged samples are identical within error at
2.85 Ga (0352A and 0354A). The U-Pb systematics of all of
these samples show evidence of substantial disruption in the



Paleoproterozoic. Formation of subordinate granitic veins at
1.84-1.83 Ga (D352B, D354B) and ca. 1.76 Ga (D353B)
documents a period of penetrative and widespread metamor
phism during this period. Titanite at 1.74 Ga (D353B) may
bracket the waning stages of this event. The possible signifi
cance of these observations is discussed below.

REGIONAL CORRELAnONS

Based on similarities in Iithological assemblage, metamor
phic grade, along-strike continuity of aeromagnetic anomaly
patterns (Hoffman, 1989), and detrital zircon ages (Scott and
Gauthier, 1996), it seems reasonable to concur with Hoffman's
(1989) suggestion that the rocks of the central domain may
represent the northern continuation of the Tasiuyak gneiss
complex of the Torngat Orogen (northern Labrador). The
1.89 Ga orthopyroxene-biotite tonalite sheets in the central
metasedimentary rocks are identical in age to similar rocks
that intrude the Tasiuyak gneiss in northern Labrador (Scott
and Machado, 1995; Scott, 1995a). Metamorphism of the
metasedimentary rocks occurred between ca. 1869 Ma
(D1 08) and 1850 Ma (Scott and Gauthier, 1996), correspond
ing to the end of extensive felsic plutonism in the Torngat
Orogen. The 1.84-1.76 Ga thelmal event documented in the
eastern Archean rocks is synchronous with movement within
the Abloviak and Komaktorvik shear zones in northern
Labrador (Bertrand et aI., 1993; Scott and Machado, 1995).

Whereas the Paleoproterozoic tectonic link between
northern Labrador and southern Baffin appears reasonable,
the tectonic significance and cratonic affinity of the Archean
metaplutonic rocks of the eastern domain and coastal region
are not clear. Several possibilities have been suggested.
These rocks may represent: I) a distinct Archean microconti
nent (Burwell craton, Hoffman, 1989); 2) reworked Archean
gneisses of the Nagssllgtoqidian Orogen of West Greenland
(Jackson et aI., 1990); or 3) the northern continuation of the
Archean Nain craton (Scott and Campbell, 1993). The
metasedimentary rocks within the eastern domain, although
physically similar to the Paleoproterozoic units of the central
domain, are of unknown age and affinity.

The southern continuation of Hoffman's (J 989) Burwell
craton has been shown to comprise rocks of the Nain craton
and 1.91-1.87 Ga intrusions (Scott, 1995a, b), thus the exis
tence of a discrete Burwell craton is considered doubtful.
Scott and Campbell (1993) have suggested that the Archean
Nain craton may in part continue northward onto the Hall
Peninsula, based in large part on the northward continuity of
Paleoproterozoic units. Although synchronous tonalitic
magmatism has been documented in northern Labrador
(Scott, I995b), discordant mafic dykes, which are character
istic of the Nain craton in Labrador and correlative southern
parts of the North Atlantic craton in West Greenland, have not
been observed during reconnaissance of the eastern coastal
area.

Jackson et al. (1990) have correlated the rocks of the eastern
domain with reworked Archean gneisses of the Nagssugtoqidian
Orogen in West Greenland. Recent reconnaissance SHRIMP
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U-Pb analyses in West Greenland by Kalsbeek and Nutman
(1995) has begun to document the limited extent of ca. 1.9 Ga
metaplutonic rocks in ca. 2.9-2.6 Ga essentially dyke-free
tonalitic gneisses. Detailed conventional U-Pb dating by
Connelly and Mengel (1996) documents an Archean mag
matic evolution (2.88-2.84 Ga) strongly overprinted by
Paleoproterozoic tectonotherrnal activity (1.85- 1.83 Ga); the
timing of these magmatic and thermal events strongly resem
ble that of the eastern gneisses, and supports a correlation
across Davis Strait.

The timing of amalgamation of potentially distinct
Archean blocks in West Greenland is the subject of current
debate (e.g. Connelly and Mengel, 1996). The apparent
northward continuity of Paleoproterozoic features onto Baffin
Island suggests that the Archean rocks of the Hall Peninsula
and those of northern Labrador were part of the same "eraton"
prior to Torngatian orogenesis (1.91 Ga). If the proposed
Hall-Nagssugtoqidian and Nain-North Atlantic craton corre
lations are correct, much of the Archean material in this
region must have been assembled prior to 1.91 Ga.
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Timing of early deformation within the long-lived
Elbow Lake Shear Zone, Trans-Hudson Orogen,
Manitoba1,2,3

Kevin M. Ansde1l4 and lames J. Ryan5

Ansdell, K.M. and Ryan, II, 1997: Timing ofearly deformation within the long-lived Elbow Lake
Shear Zone, Trans-Hudson Orogen, Manitoba; in Radiogenic Age and Isotopic Studies: Report
10; Geological Survey ofCanada, Current Research 1997-F, p. 79-88.

Abstract: The Elbow Lake Shear Zone forms a strand within a high strain con-idor in the central Flin
Flon belt that records an episodic defomlational history in excess of 100 Ma. Three new U-Pb zircon ages
are presented to bracket the timing of the earliest deformation within this zone, and their significance is
interpreted in terms of the development of the Amisk collage. The earliest recognized fabrics (S I) are
mylonites within gabbro-diabase-basalt assemblages which are crosscut at right angles by a suite of pink
tonalite dykes. Zircons from one of these dykes yielded discordant ages, which suggest that the dyke could
be as old as 1870 ± 2 Ma. In the same region, a pair of grey tonalite dykes both yielded high precision ages of
about 1866 Ma, but they have different amounts of strain. The earlier dyke was intensely sheared, then
intruded by the weakly foliated dyke. Both dykes then formed boudins at a scale of tens of metres during
subsequent shear episodes. The variable states of strain in dykes of the same age is good evidence for synki
nematic (02) dyke emplacement at 1866 Ma, during initial shortening of the successor arc built upon the
Amisk collage.

Resume: La zone de cisaillement d'Elbow Lake, qui forme un cordon au sein d'un conidor d'intense
deformation dans le centre de la ceinture de Flin Flon, temoigne de deformations episodiques qui se sont de
roulees sur une periode de plus de 100 millions d 'annees. La present rapport fournit les resultats de trois nou
velles datations U-Pb sur zircon qui permettent d'encadrer l'epoque de la deformation initiale a J'interil:ur
de cette zone et contient une interpretation de ces resultats qui s' insere dans le contexte de I'evolution du col
lage d' Amisk. La fabrique la plus ancienne observee (S I) est foumie par des mylonites formees au sein d'as
semblages de gabbro-diabase-basalte qui sont recoupes a angle droit par une suite de dykes de tonalite rose.
Des zircons extraits de I'un de ces dykes ont livre des ages discordants, qui nous permettent de supposeI' que
I'age de ce dyke remonterait aussi loin qu'a I 870 ±2Ma. Dans la meme region, une paire de dykes de tonal
ite grise ont livre des ages tres precis d 'environ I 866 Ma, maisleur etat de deformation diff'ere. Le dyke le
plus ancien a ete intensement cisaiJ le et a ete recoupe par le dyke a faible foliation. Les deux dykes ont
ensuite ete segmentes en boudins d 'une dizaine de metres au COUl'S d 'episodes de cisaillement subsequents.
Les etats de deformation variables de ces dykes d'age semblable sont des indices probants d'une mise en
place syncinematique (D2) a 1 866 Ma, durant I'episode de raccourcissement initial de I'arc qui s'est edifie
sur le collage d'Amisk.

I Contribution to the Shield Margin NATMAP Project
2 Contribution to Canada-Manitoba Partnership Agreement on Mineral Development (1990-1995), a subsidiary

agreement under the Canada-Manitoba Economic and Regional Development Agreement.
:1 Contribution to Canada-Saskatchewan Paltnership Agreement on Mineral Development (1990-1995), a subsidiary

agreement under the Canada-Saskatchewan Economic and Regional Development Agreement.
4 Department of Geological Sciences, University of Saskatchewan, 114 Science Place, Saskatoon,

Saskatchev.an S7l\ 5E2
5 Centre for Defoll11ation Sludies in the Earth Sciences, Department of Geology. University of New Brunswick,

p.a. Box 4400, Fredericton, New Brunswick E3B SA3
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INTRODUCTION

The Flin Flon belt (Fig. 1) in the Paleoproterozoic Trans
Hudson Orogen comprises a variety of volcanic-dominated
tectonostratigraphic assemblages (1.92 to 1.88 Ga) that are
unconformably overlain by fluvial sedimentary rocks (ca.
1.85 to 1.83 Ga) and intruded by felsic to ultramafic intrusive
rocks (ca. 1.89 to ) .83 Ga) (e.g. Stern et aI., 1993, 1995a, b;
Ansdell, 1993; Whalen and Stern, 1996; David et aI., in
press). The belt is segmented into distinct blocks by a system
of shear zones (e.g. Bailes and Syme, 1989; Ryan and
WiJliams, 1994; Fedorowich et aI., 1995). Detailed structural
analysis of some of these shear zones indicate that they
have had complex and protracted histories (e.g. Ryan and
Williams, 1996a; Lucas et aI., 1996). The early stages of
deformation in these shear zones are difficult to identify and
notoriously difficult to date. The study of Lucas et al. (1996)

identified an 1866 Ma piuton that crosscuts a fabric in the
Meridian-West Arm shear zone and represents the only other
study to address the timing of early fabric development in the
Flin Flon belt. They suggest that this shear zone is one of a
number that were active at that time, and which juxtaposed
disparate tectonostratigraphic assemblages to form the
Amisk collage (Fig. 1).

The Elbow Lake Shear Zone is a major structure that
dissects the central part of the Flin Flon belt, and extends
from Athapapuskow Lake to the southern fl ank of the Kissey
new Belt (Fig. I) where it appears to root in amphibolite grade
high strain zones (Ryan and Williams, 1995b). The complex
deformational history of the El bow Lake Shear Zone has been
unravelled in the Elbow Lake area (Fig. 2), where six distinct
ductile fabrics have been characterized (Ryan and Williams,
1996a). The relationship between the various deformation
fabrics, peak metamorphism, and granitoid plutons in the

South Flank of
Kisseynew Belt

101"30' 101"00'

25 km

100"30'

-Ultramafic - -Faults

D -Ordovician limestone

D -Missi metasediments

D -Granitoid plutons

D -Shear zone rocks

I':::::~I -Arc assemblage

D -Ocean floor assemblage

D

•
-Gabbro !!IIIIII -Amphibolite

Figure 1. Location map of the central Flin Flon bell, between the Kisseynew Belt to the north and Paleozoic
cover to the south. The boundary bef11!een the Amisk collage and the Snow Lake Assemblage is the Morton Lake
fault zone. takenjrol1l Syme et af. (1995). The Elbow Lake area is highlighted and is shown in detail in Figure 2.
The main Elbow Lake Shear 20ne trends southwest and continues through Cranberry Portage. The strand that
hends to the southeast is the Isbvasum Lake shear zone (ILS2).

80



K.M. Ansdell and J.J. Ryan

- Gra::n;:it=o::id;r:::;:=:z;io!J - Shear zone
pIu tons rocks

ARC ASSEMBLAGE
~..
~

+
+

++
+

+ +

4

+ + + +
+ + + ~

+ + +
+ + + ++ + +
+ + + + .

3

Gants
Lake
batholith

2

SCALE (km)

OCEAN ISLAND
[c::::i8(J -Long Bay Formation

OCEAN FLOOR
t~«r" < :. ·m-MacDougall's Pt., Claw Bay
'" c' •.. '.", and Moen Bay Fms.

Form surfaces
.................. SI

~S2

". - _ Shear zone boundary
_-------__- Fault trace

+++ .. +4-+
,-+++++

+"1..-+++
~ .... "r I- + + 4-

.. + ----+ ++
+ .,. + + + .....
+++++-t+ + .. + + .,.
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study have the prefix 93JR-, whereas samples ofWhalen and Hunt (1994) are denoted by WXMS. CBSZ =
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81



Radiogenic Age and Isotopic Studies: Report 10

area indicates that parts of the shear zone had been active at
intervals over a period of at least 100 Ma (Ryan and Williams,
1995a). Detailed structural mapping within the shear zone has
identified an intimate relationship between early deformation
and dyke emplacement. The objective of this paper is to pro
vide geochronological data on the age of deformed dykes,
which aid in bracketing the timing of the earliest deformation
within the Elbow Lake Shear Zone. The data indicates that a
significant early deformation history can be recognized in the
Amisk collage, in spite of masking by later deformational
fabrics.

GEOLOGICAL AND STRUCTURAL SETTING
OF THE ELBOW LAKE AREA

The Elbow Lake area (Fig. 2) hosts 1.90 Ga juvenile arc,
ocean floor, and ocean island tectonostratigraphic assem
blages (Syme, 1992; Stern et aI., 1995a, b) intruded by volu
minous tonalitic to granodioritic intrusions ranging in age
from 1876 to 1845 Ma (Whalen, 1992; Whalen and Hunt,
1994). The structural history of the Elbow Lake area is briefly
reviewed here to provide background for the discussion of the
geochronological data. A more complete account of the struc
tural features in the central Flin Flon belt can be found in
Ryan and Williams (1996a). Detailed structural mapping at
Elbow Lake has identified six ductile and one brittle-ductile
to brittle generations of structures by relating fabrics to
metamorphic minerals and dated intrusive rocks (Ryan
and Williams 1996a, and references therein).

With rare exceptions, all fold axes, lineations, and foli
ation elements in the Elbow Lake area are vertical. Simpli
fied form surfaces traces for SI' S2' S4' and Ss are shown in
Figure 2. The earliest fabric (SI) occurs as mylonites in gab
bra, diabase, and basalt, and as a rare bedding parallel fablic
within interflow sedimentary units in the volcanic rocks. The
S I can be convincingly identified only in areas which are cut
by a suite of pink tonalite dykes (Fig. 3a, b). The second gen
eration of fabrics (S2) developed during a progressive east
west shortening episode that produced a north-south struc
tural grain and regional foliation across the central Flin Flon
belt (Ryan and Williams, 1996b). The D2 deformation epi
sode appears to have been prolonged, and accompanied the
1.87 to 1.84 Ga plutonism across the area. The S2 fabrics are
more intensely developed in the 1864 Ma plutons than the
1845 Ma piu tons, suggesting that the bulk of the strain devel
oped early in 02' The youngest timing of S2 is pinned by the
Little Swan Lake pluton (Fig. 1) which crosscuts S2 structures
and yielded a U/Pb titanite age of 1826 ± 5 Ma (WhaJen and
Hunt, 1994). Locally preserved, shallow F2 folds indicate
that 02 was the deformation episode responsible for the
steepening of strata and S I fabrics (Ryan and Williams,
1996a, b). The S2 varies in character from a flattening fabric,
to a differentiated crenulation cleavage where it overprints SI
or bedding at a high angle.

The third generation of structures (S3) is a regional
mylonite zone (Iskwasum Lake shear zone) best exposed in
the Iskwasum Lake area (Fig. 1). At Elbow Lake, S3 shreds
the suite of pink tonalites, and has a unique relationship to
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regional metamorphism (Ryan and Williams, 1996a). Unlike
S I and S2 mylonites, S3 mylonites are still relatively fine
grained but annealed, indicating that they developed coinci
dent with regional metamorphism.

The remaining structural features postdate peak regional
metamorphism. Fourth generation structures include the
north-northwest-trending Claw Bay shear zone on the eastern
side of Elbow Lake (Fig. 2) and an early manifestation of the
east-trending Berry Creek Shear Zone which transects the
southern extremity of the exposed Flin Flon belt (Fig. I). Fifth
generation structures (Ss) are pervasive across the map area
(Fig. 2), comprising the dominant fabric in the Elbow Lake
Shear Zone, and they developed during retrograde metamor
phic conditions. Throughout most of the Elbow Lake Shear
Zone, earlier fabrics have been obliterated by Ss' and a perva
sive Ss crenulation cleavage developed in the wall rocks. The
S6 structures are restricted to the southern extremity of the
exposed Flin Flon belt, and are associated with reactivation of
the Berry Creek Shear Zone. Brittle-ductile and brittle struc
tures are broadly grouped in a seventh generation, and vary
from north-northeast- to north-northwest-trending with
insignificant offset. The brittle-ductile structures may have
developed at about 1760 Ma, which is the K-Ar and Ar-Ar age
obtained from a number of biotite and hornblende samples in
the Elbow Lake area (Whalen and Hunt, 1994). These ages
represent cooling ages and are interpreted to coincide with the
transition to brittle-ductile deformation in the crust during
exhumation of the Flin Flon belt (Ryan and Williams, 1995a).

ANALYTICAL TECHNIQUES

The samples, which are described in detail below and located
on Figure 2, were collected from sites where the structural
relationships were well constrained and would thus solve spe
cific problems. The samples were jaw-crushed and swing
milled, and zircons separated using conventional Wilfley
Table, heavy liquid, and magnetic separation techniques.
Selected zircons were abraded, spiked with a mixed 2osPb_
233U_235U, and dissolved in Teflon microcapsules. The com
plete U-Pb analytical methods, including column chemistry,
mass spectrometry, and data reduction procedures, used at the
Geological Survey of Canada are described in Parrish et al.
(1987) and Roddick et al. (1987). Lead procedural blanks
associated with these samples were generally less than 15 pg.
The U and Pb concentrations and U-Pb isotopic data for zir
con fractions are presented in Table I. The error ellipses on
the concordia diagrams are at the 2a level.

SAMPLE DESCRIPTIONS AND RESULTS

Pink tonalite (93JR163c)

A pink weathering, equigranular quartz-plagioclase tonal
ite dyke was collected from a suite of dykes in the south
ern Elbow Lake area that crosscut the SI mylonite foliation
in gabbro, diabase, and basalt at a high angle (Fig. 3a, 3b).
The dykes vary in width from 20 cm to 1 m, and have fairly
irregular margins. These high angle dykes are weakly folded



by F2 folds, developing a weak S2 tlattening of quartz. The
dykes are locally intensely deformed by post-S2deformation.
They thus provide an excellent constraint on the minimum
age of SI development. Ryan and Williams ([996a) suggest
that the textural and compositional characteristics of this suite
are similar to the larger Elbow Lake tonalite, which has been
dated at )864+5/-4 Ma (Whalen and Hunt, 1994).

Zircons are euhedral prismatic, exhibit magmatic zon
ing, have abundant fractures and inclusions, and poor clarity
(Fig. 4a). They were subdivided into two groups based on
magnetic characteristics, and abraded separately. Fractions A
to C are less magnetic than fractions D and E. Fractions D and

a) 5 I mylonite in gablHo alld diabase which is crossCUl at
90° by a pink tonalite dykl!. Thl! mafic Xl!noliths in thl!
dykes also have a myloniticfabric. The dyke is weakly F2

folded and has a weak 52 fabric. NOle mechanical pencil
for scale.

b) The sample collection site for 93JRJ63c. Note the F2
folds in the thin I-I'isps ofdyke material which CUI across
the mafic tectonite. The sledge hammer is about 40 cm
long.

K.M. Ansdell and J.J. Ryan

E are more discordant (5.4 to 6.6% discordant) than the less
magnetic fractions (1.6 to 3.6% discordant), although there is
no relationship between uranium concentrations, which
range from 183 to 629 ppm, and 207Pb;206Pb age. A regres
sion line constructed through all five fractions yields an upper
intercept age of 1868+21/-12 Ma (Fig. 5), although they are
not col linear as indicated by an MSWD of 62.6. Fraction A
consists of a single zircon grain and yields the oldest
207PbP06Pb age of 1870+/- 2 Ma. However, this analysis is
discordant and so the 207Pb;206Pb age represents a minimum
crystallization age. The poor quality of the zircons suggests

c) The well-foliated grl!y tonalite is intrudl!d by the more
mildly deformed quartz phyric grey tonalite. Both dykes
yielded almost exact ages.

d) Xenolith of the wl!lIIoliated tonalite and its contact with
the mafic wall rocks, within the later, less deformed
quartz phyric grey tonalite.

Figure 3. Photographs from sample collection sites.
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that they may have been susceptible to variable lead loss
during the prolonged deformation, metamorphic, and fluid
history of the Elbow Lake Shear Zone. Note that any partial
resetting likely occurred within 100 Ma after dyke intrusion,
since there is no geological, structural, or isotopic evidence
for later resetting events. The most conservative estimate for
the age of the tonalite is about 1868 Ma. However, there is no
morphological or compositional evidence to suggest that the
grain analyzed in fraction A was inherited, and so we suggest
that the dyke is likely older than 1870 Ma.

Grey/beige porphyritic tonalite (93JR147c)

This sample is a beige-weathering plagioclase-homblende
blue quartz eye porphyritic tonalite dyke. The dyke is about
1 m wide and is best exposed within a low-strain lozenge in
the Elbow Lake Shear Zone. The core of the dyke is essen
tially unfoliated, but grades very rapidly into mylonite at its
margins ind icating significant postemplacement ducti le
deformation. Isolated porphyroclasts of plagioclase and blue
quartz scattered throughout the mylonite indicate that much
of the mylonite may be derived from this unit.

The zircons consist of generally colourless, prismatic
grains with indistinct growth zonations (Fig. 4b). They are
commonly cracked, contain mineral inclusions, and are rela
tively magnetic. Zircons were separated into two large frac
tions, and abraded separately. Fractions A and B came from

Table 1. U-Pb zircon analytical data.

one large fraction which had lengtll/width ratios of about 4: I,
whereas fractions C to E were from the other fraction which
consisted of stubbier grains. However, the distinction
between the fractions is not obvious, and thus are considered
to have formed part of the same morphological group,
although the more elongate zircons had lower U contents (32
72 ppm) than the more stubby grains (148-180 ppm). Never
theless, all fractions are less than I % discordant, and yield
identical 207PbP06Pb ages suggesting that they grew at the
same time. The analysis of fraction B is imprecise and is not
plotted on Figure 6. A discordia line through these points
yields an age of 1866+2/-1 Ma, which is interpreted as the
crystallization age of the tonalite.

Foliated beige tonalite (93JR147j)

A sample of a lighter coloured, plagioclase-hornblende por
phyritic tonalite was collected 10 m west of 93JR147c. This
tonalite is a Iittle finer grained, lacks the abundant blue quartz
eyes and has a more intense foliation. This sample, 93JR 147f,
is in intrusive contact with a tonalite which is similar in
appearance to 93JRI47c (Fig. 3c) and which contains xeno
liths of the intensely foliated 93JR 147fmaterial. One xenolith
of the intensely foliated dyke preserves the intrusive contact
between 93JR 147f and the mafic wall rocks (Fig. 3d). These
relationships indicate that 93JRI47f is older than 93JR147c,
and more deformed.

Zircon Wtb U Pbc 206pbd Pbe 208Pb 206 pb' 207pb' 207pb' 207Pb/206Pb9
fractiona (I.1.g) (ppm) (ppm) 204Pb (pg) (%) 238U 235U 206Pb age (Ma)

93JR147C Porphyritic tonalite
A 10 72 25 1679 3 6.7 0.3353±0.11 % 5.274±0.13% 0.11407±0.07% 1865±3
B 8 32 11 216 19 6.5 0.3355±0.26% 5.226±0.60% 0.11297±0.49% 1848±18
C 8 164 56 4867 1 5.5 0.3354±0.10% 5.276±0.11 % 0.11410±0.04% 1866±2
0 20 180 61 9332 2 6.3 0.3335±0.10% 5.245±0.11 % 0.11406±0.03% 1865±1
E 13 148 51 6165 1 6.8 0.3332±0.09% 5.240±0.10% 0.11406±0.03% 1865±1

93JR147F Foliated tonalite
A 4 70 25 1058 2 9.4 0.3352±0.19% 5.276±0.21% 0.11417±0.09% 1867±3
B 5 118 42 950 10 8.0 0.3374±0.12% 5.307±0.17% 0.11405±0.10% 1865±4
C 7 166 56 2784 4 8.2 0.3243±0.09% 5.093±0.11 % 0.11388±0.05% 1862±2
0 5 78 30 79 111 12.3 0.3510±0.45% 5.518±1.80% 0.11402±1.53% 1865±55
E 7 127 45 3518 1 9.0 0.3355±0.09% 5.276±0.11 % 0.11406±0.04% 1865±2
F 8 37 13 346 11 10.2 0.3355±0.18% 5.274±0.33% 0.11402±0.25% 1864±9

93JR163C Pink tonalite
A 6 183 62 3218 1 7.2 0.3259±0.11% 5.139±0.12% 0.11438±0.06% 1870±2
B 5 311 103 6370 0.1 4.9 0.3288±0.09% 5.150±0.11% 0.11359±0.03% 1858±1
C 3 193 63 1006 3 5.6 0.3213±0.12% 5.026±0.17% 0.11344±0.12% 1855±4
0 5 192 60 3998 1 5.1 0.3084±0.11% 4.779±0.12% 0.11240±0.05% 1839±2
E 6 629 204 983 70 6.5 0.3171±0.10% 4.985±0.16% 0.11401±0.11% 1864±4

a All fractions air abraded
b Weighing uncertainty - 1 IJg
C Radiogenic Pb
d Measured ratio corrected for fractionation and spike
e Total common Pb in analysis corrected for fractionation and spike
f Corrected for blank Pb and U, and common Pb (Stacey-Kramers model Pb composition at the interpreted age of the zircons); errors are

1 standard error of the mean in percent
9Corrected for blank and common Pb; errors are 2 standard errors of the mean in Ma
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Figure 4.

Typical zircons from each sample prior to abrasion.
A) 93JR163c, B) 93JRJ47c, C) 93JRJ47j.
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The zircons are clear, prismatic, well-facetted, and speck
led with inclusions (Fig. 4c). Prior to abrasion the zircons
were separated into stubby grains with a length/width ratio of
about 3: I, and more elongate euhedral grains. After abrasion,
three fractions (A to C) were picked from the fonner group,
and three from the latter (D to F). There is no distinct differ
ence in the U concentrations between the two groups. Frac
tions E and F are concordant, and have 207PbP06Pb ages of
1865 ± 2 and 1864 ± 9 Ma, respectively. Fraction C yielded
the most discordant analysis (3.2% discordant), and a
207Pbj206Pb age of 1862 ± 2 Ma. Fraction D was excluded
from the regression calculations, and is not plotted on
Figure 7, because the analysis was extremely imprecise. The
other fractions are collinear and yield an upper intercept age
of 1866 +3/-2 Ma, which is interpreted as the age of crystalli
zation of the tonalite.

DISCUSSION AND CONCLUSIONS

Field and petrographic relationships in the Elbow Lake area
have identified several generations of structural fabrics. The
relative timing of these fabrics has been constrained using
crosscutting relationships between fabrics and plutons, and
their relation with metamorphic mineral growth. Together
these observations suggest that the Elbow Lake Shear Zone
was active for more than 100 million years (Ryan and
Williams, 1996a). During detailed structural mapping,
tonalitic dykes were identified within the Elbow Lake Shear
Zone that crosscut early fabrics but are themselves deformed,
making them useful for constraining the early history of the
shear zone.

The first generation of structures (S I) consist of mylonites
which developed in gabbro, diabase, and basalt, and which
are crosscut at a high angle by the tonalite sample 93JR 163c.
The age of the Elbow-Athapapuskow ocean floor assemblage
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is fairly well constrained to ca. 1.90 Ga by a synvoleanic
diabase sill and a gabbro pegmatite (Stem et aI., 1995b). Zir
cons from the pink tonalite dyke, which contains an S2 fabric,
yielded discordant ages with an imprecise upper intercept of
1868 Ma. A fraction consisting of a single grain yielded an
age of 1870 ± 2 Ma, and this is interpreted as the most likely
minimum age of the tonalitic dyke. The scatter about the
regression line is likely due to redistribution and partial loss
of Pb during later regional metamorphism or fluid movement
during defonnation. This effect has also been observed in the
Cleunion Lake area in the southern flank of the Kisseynew
Domain, and attributed to the same process (Ansdell and
Norman, 1995). The poor quality zircons in the tonalite dyke
were probably particularly susceptible to Pb loss during
metamorphism. The tonalite dyke is considered to be an off
shoot of the Elbow Lake tonalite, which yielded similar poor
quality zircons and an upper intercept age of 1864+5/-4 Ma
(Whalen and Hunt, 1994).

The SI mylonites thus developed after 1.90 Ga, the age of
the ocean floor assemblage, but prior to 1.87 Ga, the age of the
crosscutting pink tonalite dykes. These mylonites juxtapose
ocean floor assemblages of differing affinities, but lie within
a high-strain corridor which was reactivated at several inter
vals throughout a complex deformation history. Lucas et al.
(1996) showed that the early fabrics associated with some
structures in the Flin Flon area developed at about 1.88 to
1.87 Ga, and proposed that distinct volcanic assemblages
were juxtaposed at this time during the development of the
Amisk collage accretionary complex. The similarity in tim
ing between the structures in the Flin Flon area and the SI
mylonites in the Elbow Lake Shear Zone suggests that they
may represent part of a suite of structures that were active
during the construction, or accretion of the Amisk collage.
Although the 1870 Ma tonalite dyke is the only dated
intrusion that stitches early structures in the central Flin Flon
belt, the timing of accretion in this area may also be con
strained by the Gants Lake batholith, one of the largest plu
tons in the Flin Flon belt (Fig. I). The oldest phase of this
composite body is 1876+7/-4 Ma (Whalen and Hunt, 1994),
only slightly younger than synvoleanic intrusions dated at
1880 Ma in the Snow Lake arc and the 1885 Ma shoshonites
near Flin Flon. Although there is no direct evidence that the
collage was accreted prior to 1876 Ma, the Gants Lake batho
lith is similar to other medium-potassium, cale-alkaline arc
type plutons in the belt, suggesting that it too intruded an
already thickened, and thus accreted, volcanic pile. There
fore, a possibility is that the S I shear zones predate 1876 Ma,
with the likely scenario that arc volcanism and accretion were
coeval during the development of the accretionary complex.

The similar age of 1866 Ma for the north-trending dykes,
which record different amounts of ductile strain, is strong evi
dence for synkinematic (D2) dyke emplacement at that time.
The ca. 1870 Ma tonalite dyke was intruded at a high angle to
the S J mylonitic fabric, whereas the ca. 1866 Ma dykes were
intruded subparallel to S2' These observations suggest that
there was a distinct, albeit short, period of tectonic quiescence
between D I and D2· The 1866 Ma date probably marks the
initiation of D2deformation, although this deformation phase
is protracted since S2 fabrics are also observed in 1845 Ma

K.M. Ansdell and J.J. Ryan

piu tons in the Elbow Lake area. The fact that there is a con
centration of dykes in shear zones that predate regional meta
morphism is strong testament that S2 shear zones
preferentially channelled magma.

These new ages constrain the timing of a significant early
fabric in the Elbow Lake area which was probably related to
accretion of distinct voleanic assemblages, and indicate that
the bulk of the north-south structural grain in the central Flin
Flon belt developed early in the tectonic history through a
combination of accretion (0 I) and east-west sholtening (D2)
of the postaccretion successor arc built upon the collage.
Since S2 is more intensely developed in the 1.87- I .86 Ga plu
tons than the 1.845 Ga plutons, D2 is interpreted to have been
in its waning stages by 1845 Ma. The combination ofvolumi
nous plutonism and D2 deformation between 1.87-1.84 Ma
probably contributed significantly to crustal thickening,
uplift, and erosion at that time, with the resulting detritus col
lecting in fluvial basins on the emergent accretionary com
plex (Lucas et aI., 1996; Ryan and Williams, 1996b).
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Thermochronology of hornblende and biotite from
the Wekusko Lake area, Flin Flon Domain,
Trans-Hudson Orogen, Manitoba1

D. Marsha1l2, K. Connors3, and K. Ansdell4

Marshal!, D., Connors, K., and Ansdel!, K., 1997: Thermochronology of hornblende and biotite
from the Wekusko Lake area, Flin Flon Domain, Trans-Hudson Orogen, Manitoba; in
Radiogenic Age and Isotopic Studies: Report 10; Geological Survey of Canada, Current
Research 1997-F, p. 89-100.

Abstract: Geothermobarometry results from the central region of the Wekusko Lake area of the eastern
Trans-Hudson Orogen yield temperatures ranging from 575 to 625°C and estimated pressures of I to
3.8 kbar. These conditions were reached at ca. 1820-1805 Ma. However, cooling below the AI' closure tem
peratures for hornblende (i.e. -500°C) and biotite (-350°C) did not occur until ca. 1755 Ma (range 1764 to
1747 Ma). The six samples analyzed in this study show evidence of hydrothermal degassing and, therefore,
must be considered as minimum ages. However, these results from Wekusko Lake are consistent with Ar
AI' ages for homblende and biotite throughout the eastern Trans-Hudson Orogen suggesting, therefore that
post-peak metamorphic exhumation was delayed over a significant area or AI' diffusion was relatively
homogeneous throughout the eastern Trans-Hudson Orogen. If this delay is attributed to collision with the
Superior craton during or soon after peak metamorphism, then overthrusting of the eastem Trans-Hudson
orogen by the Superior craton prevented the typical exhumation cycle which should follow thrust stacking
and regional, burial metamorphism.

Resume: La presente etude fournit de nouveaux resultats de geothermobarometrie relatifs it la partie
centra le de la region du lac Wekusko. dans "est de ]'orogene trans-hudsonien. Les temperatures obtenues
sont comprises entre 575 et 625°C et les pressions estimees, entre 1et 3,8 kbar. Ces conditions ont ete attein
tes it environ 1 820-1 805 Ma. Cependant, le refroidissement subsequent au-dessous des temperatures de
fermeture de la hornblende (-500°C) et de la biotite (-350°C) it l'egard de l'argon n'a eu lieu que vel's
1 755 Ma (l 764 it] 747 Ma). Les six echantillons analyses dans le cadre de la presente etude revelent des
signes de degazage hydrothermal et, par consequent, les ages obtenus doivent etre consideres comme mini
maux. Cependant, les resultats obtenus dans la region dulac Wekusko sont en bon accord avec les donnees
Ar-Ar existantes pour les homblendes et biotites de I'ensemble de la partie est de J'orogene trans-hudsonien,
ce qui suggere que I'exhumation ulterieure au pic thermique du metamorphisme a ete retardee dans un vaste
secteur, ou que la diffusion de AI' a ete relativement homogene dans toute la partie est de J'orogene trans
hudsonien. Si ce retard est attribue it une collision avec le craton de la Province du Jac Superieur pendant, ou
peu apres, le pic du metamorphisme, alors le chevauchement de la partie est de l' orogene trans-hudsonien
par le craton de la Province du lac Superieur aura empeche le deroulement normal du cycle d'exhumation
consecutif it l'empilement des nappes et au metamorphisme regional d'enfouissement associe.

1 Contribution to the Shield Margin NATMAP Project
2 Department of Earth Sciences, CarJeton University, Ottawa, Ontario K IS 5B6
3 Etheridge Henley Williams, Suite 34A, Waiters Drive, Herdsman Business Park, Osborne Park, Western Australia,

6017 Australia
4 Department of Geological Sciences, University of Saskatchewan, 114 Science Place, Saskatoon,

Saskatchewan S7N OWO
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INTRODUCTION

The Wekusko Lake study area occurs along the faulted
boundary between the Flin Flon and Kisseynew belts in the
eastern part of the Paleoproterozoic Trans-Hudson Orogen in
central Canada. This orogen represents the broad collision
zone between the Archean Superior and Rae-Hearne prov
inces (Hoffman 1989; Fig. Ia). The juvenile rocks of the
Trans-Hudson Orogen are dominated by three principal tec
tonostratigraphic packages: i) volcano-plutonic rocks of the
Amisk collage (Flin Flon belt); ii) File Lake Formation tur
bidites of the Kisseynew belt; and iii) alluvial-fluvial sand
stones of the Missi suite (Stauffer, 1990) which occur in both
belts.

The arc and ocean floor volcanic rocks of the Amisk col
lage (Fig. I) were amalgamated and were subsequently
intruded by numerous 1.87-1.84 Ga plutons (Lucas et aI.,
1996). The extensive turbidite basin of the Kisseynew belt
developed partly within the Amisk collage. The 1.86- 1.84 Ga
turbidites (Oavid et aI., in press) are overlain by sandstones of
the 1.85-1.83 Ga (Ansdell and Connors, 1994; Ansdell and
Norman, 1995) Missi suite and may be laterally equivalent to
coarse grained facies of the Kissynew suite. Prior to
1832 Ma, 02 compressional deformation resulted in basin
inversion and southwest-directed thrusting of the Kisseynew
turbidites over the older rocks of the Amisk collage (Connors,
1996). This stage of fold and thrust belt development contin
ued until peak metamorphism (ca.1820-1805 Ma). Although
peak metamorphic conditions are considered to result, at least
paltly, from crustal thickening during 02 thrust stacking (e.g.
AnsdeJl et aI., 1995), the high temperature, low to medium
pressure conditions require additional heat input (Gordon
et aI., 1990).
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The northwest-southeast 03 shortening started at approxi
mately 1800 Ma and resulted in at least two phases of upright
folds that overprint the 02 thrust stack. Microstructures indi
cate that conditions remained within the sillimanite stability
field during the first stage of D3 folding and at least within the
biotite stability field (or higher) during the second stage of
upright folding (Connors, 1996). Interpretation of geo
chronological and structural data from the Thompson Nickel
belt to the east suggests that 03 northwest-southeast shorten
ing and associated transpressional deformation were active at
1780- I 770 Ma and may have continued until ca. 1700 Ma
(W. Sleeker, unpub. data, 1990). The 03 deformation is con
sidered to be the result of collision between the juvenile rocks
of the Trans-Hudson Orogen and the Archean Superior cra
ton, whereas the earlier 02 fold-thrust belt development is
attributed to collision with the buried Archean Saskatchewan
craton (Ansdell et aI., 1995; Lewry et aI., (996).

Uranium-lead zircon ages, interpreted as metamorphic,
range from 1810-1803 Ma (Hunt and Zwanzig, 1993; Oavid
et aI., in press) whereas zircon ages from plutons interpreted
as anatectic, and therefore synchronous with peak metamor
phism, range from 1818-1814 Ma (Gordon et aI., 1990;
Ansdell and Norman, 1995). Interpreted U-Pb cooling ages
from titanites range from 1810-1790 Ma, and Ar-Ar and K
AI' cooling ages cluster around 1850-1750 Ma for hornblende
and 1830-1740 Ma for biotite near the Flin Flon-Kisseynew
boundary and within the central Kisseynew belt (Fedorowich
et aI., 1995). Gordon (1989) proposed slow cooling for the
high grade rocks of the Kisseynew belt, from 750°C and
550 MPa at approximately 1815 Ma to 280°C at ca. 1705 Ma,
and calculated an uplift rate of 60-110 mm/ Ma (about
4°C/Ma; Fedorowich et aI., 1995). Fedorowich et al. (1995)
interpreted an Ar-Ar hornblende age of ca. 1815 Ma as the

Central Kisseynew Domain

Paleozoic cover

IOOkm

Figure 1. Geological map showing the location of the study area relative to the major litho-tectonic
features in the Trans-Hudson Orogen.
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age of peak metamorphism in the Flin Flon area, and
calculated cooling rates which varied from 5 to 2.5°C/Ma
from peak metamorphism to ca. 1690 Ma.

The main aim of this study has been to collect more data
in an effort to better constrain the age and conditions of
peak metamorphism and the cooling history of the eastern
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Pegmatite

Granodiorite to granite

Ouartz diorite to gabbro

Quartz-feldspar porphyry

Quartz-eye granite
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Rhyolite-welded tuff

Cherty unit

Mafic-intermediate volcanic

Sandstone

Conglomerate

Biotite dacite

Intermediate fragmental

Malic pillow lava

Turbidite

Mafic to felsic volcanic

No outcrop

~ - gamet-sillimanite-biotite
--- - biotite-sillimanite
--x- - biotite-staurolite

D. Marshall et al.

Trans-Hudson Orogen. This work has included metamor
phic petrology, calculation of thermobarometric condi
tions, and Ar-Ar studies in the Wekusko Lake area (Fig. 2)
where a 3-5 km oblique section of crust is exposed. Recent
structural analyses of the File Lake area and adjacent

Figure 2. Simplified geological map of the east Wekusko Lake area (based on Armstrong, 1941,
Frarey, 1950; Cordon and Call, 1982; Connors, 1996). Argon sample locations are shown as dots
(sample numbers abbreviated: A22=AY-93-22, 381= CRA-93-381 etc.). HLB=Herb Lake Block,
MS=Missi Suite, MLB=McCafferty Liftover Block, FLF=File Lake Formation, AC=Amisk collage.
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region provide the necessary background information for
relating the thermal history to the deformation history (e.g.
Ansdell and Connors, 1994).

GEOTHERMOMETRY

All samples chosen for geochronology and/or geothermome
try were composed of fresh minerals in textural equilibrium
and exhibited no obvious signs of alteration. Sample loca
tions and rock types are listed in Table 1. Of the six samples
chosen for AI' studies only two samples (CRA-93-63A and B)
contained divariant mineral assemblages suitable for
geothermobarometry.

Sample CRA-93-63A is from the Missi suite sandstone
near the Crowduck Bay Fault and contains coexisting garnet,
biotite, quartz, and plagioclase (Fig. 3). The almandine gar
net porphyroblasts ranging in size up to 5 mm and the biotite
porphyroblasts of similar size appear to be in textural equilib
rium. The biotite defines the main fabric, generally deformed
around the garnets, with the occasional biotite porphyroblast

Table 1. Sample locations and rock types.

cutting the main fabric. The matrix of the metamorphic min
erals is quartzofeldspathic. Quartz constitutes approximately
50% of the rock. The plagioclase feldspar is partially ser
icitized and makes up approximately 30% of the rock. The
garnet and biotite exist in equal proportions each comprising
10% of the sample.

Sample CRA-93-63B is from the same outcrop, but from
within a more mafic compositional band centimetres from
sample CRA-93-63A. It contains fresh hornblende porphy
roblasts (Fig. 4). Some of the hornblende porphyroblasts
define a weak fabric in the rock, while others grow at random
orientations across the fabric. Hornblende comprises 40% of
the sample, with 35% quartz, 23% mildly sericitized plagio
clase feldspar, and 2% iron-titanium oxides.

Electron microprobe investigations of the biotite, garnet,
and hornblende within the two samples used for geothermo
barometry from the Wekusko Lake study area yielded no evi
dence of compositional zoning, due to multistage mineral
growth or subsequent alteration. The averages of the individ
ual porphyroblasts are shown in Table 2.

Sample # Location NTSMap UTM-N UTM-E Rock type Formation

CRA-93-63A Crowduck Bay, 63J/13 6077200 453650 Metasandstone Western Missi Suite
Wekusko Lake

CRA-93-63B Crowduck Bay, 63J/13 6077200 453650 Metasandstone Western Missi Suite
Wekusko Lake

CRA-93-381 Roberts Lake 63J/13 6081050 461580 Conglomerate Robert Lake block

AY-93-18 Puella Bay, 63J/12 6065950 450250 Metasandstone Eastern Missi Suite
Wekusko Lake

AY-93-22 Crowduck Bay, 63J/13 6073850 452050 Metasandstone Western Missi Suite
Wekusko Lake

AY-93-54 West shore, 63J/13 6069900 450200 Malic-intermediate Herb Lake block
Wekusko Lake Volcanic rock
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Figure 3.

Coexisting garnet (Ca) and biotite (Ei) in a
matrix of Missi metasandstone (sample CRA
93-63A). Photo taken in plane polarized light.
Scale bar is 0.1 mm.



Figure 4.

Fresh hornblende (Hb) porphyroblasts in
Missy metasandsrone matrix (sample CRA-93
638). Photo taken in plane polarized light.
Scale bar is 0.1 mm.

D. Marshall et al.

Table 2. Electron microprobe analyses: averages from six garnet-biotite pairs
and amphibole samples from the same outcrop.

Garnet (CRA 93-63A)

Si02 37.38 37.14 37.22 36.63 37.49 37.56
AI20 3 21.04 20.97 20.88 20.64 21.06 21.06
Ti02 0.02 0.05 0.05 0.05 0.02 0.04

Cr203 0.04 0.05 0.07 0.03 0.03 0.03
FeO 34.58 34.41 33.69 34.30 35.00 34.94
MnO 1.91 2.25 2.65 2.16 1.88 2.00
MgO 2.74 2.66 2.56 2.56 2.80 2.58
CaO 2.74 2.59 2.95 2.58 2.54 2.50
Total 100.45 100.12 100.07 98.95 100.82 100.71

Biotite (CRA 93-63A)

Si02 35.65 35.53 35.71 35.63 35.56 35.84
AI20 3 18.21 18.07 18.17 18.08 18.32 18.37
Ti02 1.77 1.72 1.64 1.69 1.57 1.76

Cr203 0.08 0.07 0.09 0.14 0.06 0.12
FeO 20.89 21.46 21.51 20.64 21.28 21.10
MnO 0.06 0.04 0.05 0.04 0.06 007
MgO 9.33 9.23 9.35 9.40 9.15 878
CaO 0.02 0.04 0.02 0.04 0.02 0.04
K20 9.31 9.23 9.21 9.07 9.32 932
Na20 0.01 0.02 0.02 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00
Total 95.33 95.42 95.77 94.73 95.34 95.40

Amphibole (CRA 93-63B)

Si02 44.32 42.75 42.94 44.23 44.70
AI20 3 14.82 16.17 15.98 14.73 14.10
Ti02 0.27 0.35 0.33 0.24 0.21

Cr203 0.01 0.01 0.00 0.02 0.00
FeO 15.00 15.34 15.08 14.82 14.74
MnO 0.30 0.30 0.25 0.28 0.29
MgO 10.72 9.95 10.03 10.93 11.02
K20 0.11 0.12 0.08 0.13 0.11
CaO 11.68 11.39 11.59 11.54 11.69
Na20 1.27 1.41 1.33 1.23 1.04
Cl 0.02 0.01 0.00 0.02 0.00

Total 98.52 97.79 97.60 98.17 97.90

Each of the averages above represents the average of 6 analyses from a single
porphyroblast for garnet and biotite, and the average of 5 analyses for
amphibole
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The garnet-biotite pairs define a 575-640°C temperature
range (Fig. 5), while the garnet-amphibole-quartz
plagioclase geobarometers of Mader and Bennan (1992)
yielded pressures in the I to 3.8 kbar range (Fig. 5). These

40Ar;39Ar TECHNIQUE AND RESULTS

data are consistent with the pressures and temperatures of sil
limanite stability field as reported by Gordon and Gall (1982)
directly to the north. The lack of a stable aluminosilicate
phase may result from changes in the local bulk rock compo
sition. However, the pressure and temperatures are consistent
with the poT stability field of sillimanite, thus extending the
sillimanite-biotite isograd into the Missi suite conglomerates
and sandstones on the southeastern shore of Crowduck Bay,
with a deflection along the Crowduck Bay Fault consistent
with the deflection of the other isograds.

Six samples containing hornblende and biotite were selected
for 40Ar;39Ar analysis. These samples are from throughout the
study area and show no obvious signs of alteration. Sample
treatment as in Roddick (1988) with an in'adiation period of
3.1487 days. Data reduction is as outlined in Roddick (1990).

The resulting step heating data are reported in Table 3 and
the incremental release spectra are shown in Figure 6. With
the exception of the hornblende sample CRA93-63B (plateau
age 1757 11 Ma, 55% of the radiogenic AI') all the spectra
exhibit mid-spectral dips and bumps that are consistent with
hydrothermally degassed argon release spectra (Hess et al.,
1987) or analyses by some older mass spectrometers. These
five spectra do not form consistent plateaus comprised of
greater than 55% of total radiogenic argon and no correlation
was observed between the argon release spectra and the pres
ence of other elements such as K, Ca, and Cl. This is consis
tent with the mineral separates being pure. However, Hess
et a1. (1987) showed that chlorite layers in biotite at the sub
micrometre scale are sufficient to produce Ar-release spectra
similar to those from the study area. Such small amounts of
alteration are not visible at the magnifications attainable with
scanning electron or petrographic microscopes.

The spectra are not consistent with the normal saddle
shaped spectra derived from excess AI'. The data do not
define consistent isochrons on a 40Ar;36AI' versus 39Ar;36AI'
plot nor display linear patterns on 36A1'/40Ar versus 39Ar/40AI'
correlation plots and cannot be interpreted as having inherited
argon. Both the biotite and hornblende spectra yield similar
total gas ages within experimental eITor, but fail to produce
classic plateau ages. These relatively consistent ca. 1760 Ma
(AI' ages) have been reported across the Trans-Hudson Oro
gen from hornblende and biotite for peak metamorphic condi
tions (M3) in the western Flin Flon area (Fedorowich et aI.,
1995). These spectra can be interpreted as consistent with
rapid uplift rates, submicrometre mineral alteration products
(Hess et aI., 1987), or some type of irregular degassing behav
ior under vacuum conditions (Hess et aI., 1987; Lee, 1992).
Based on these observations, the spectra obtained in this
study are difficult to interpret. However, the ages obtained
may be used to define minimum ages, assuming that no
excess argon has been incorporated into the minerals subse
quent to the time the minerals cooled below their respective
closure temperatures. Supporting evidence for the validity of
this assumption is the lack of "saddle shaped" spectra com
monly associated with excess argon.
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Gordon and Gall (1982) and Briggs and Foster (1992)
were able to map the garnet-sillimanite-biotite, biotite
sillimanite, and biotite-staurolite isograds in the Crowduck
Bay area of Wekusko Lake. There is a general trend of
increasing metamorphic grade towards the north. The strike
of the isograds is approximately east-west in the northern
region of the study area, but the isograds show some deflec
tion to the south near the Crowduck Bay Fault. Due to the
lack of suitable metamorphic minerals Gordon and Gall
(1982) were unable to extend the isograds to the east of the
Crowduck Bay Fault into the Missi Sandstone. In an effort to
improve our understanding of the metamorphic conditions
east of the Crowduck Bay Fault, six coexisting garnet-biotite
pairs from sample CRA-93-63A and adjacent amphiboles
from sample CRA-93-63B were analyzed (Table 2). The
compositions of the coexisting garnet-biotite pairs and adja
cent amphiboles were input into a software package (Berman,
1991), using the thermodynamic data of Berman (1988,
1990).

Figure 5. Pressure-temperature diagram for the Wekusko
Lake area, Trans-Hudson Orogen (samples CRA-93 -63A and
B). The pressure and temperature constraints are based on
garnet-biotite thermometry and garnet-amphibole-quartz
plagioclase (GASP) geothermobarometry. Thermodynamic
data are from Baman (1991) with mineral activity models
from Baman (1990) and McMullin et al. (1991) for garnet
and biotite respectively. DatafromBriggs and Foster (1992)
are derived from garnet-aluminosilicate-quartz-plagioclase
equilibria and coexisting garnet and biotite in the Niblock
Lake area. The GASP geoharometric data was calculated
using the activity and end-member reactions in Mader and
Berman (1992) and thermodynamic data ofBaman (1991).
Ky=kyanife, Sil=sillimanite, And=andalusite.
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Figure 6. Argon release spectra for the biotite and hornblende samples of the
Wekusko Lake area. All of the spectra except CRA93-638 are "bumpy" spectra
characteristic ofhydrothermal alteration (Hess et al., 1987). Sample CRA93 -638
yields a plateau consisting of 55% of the radiogenic Ar released. The step
temperatures are shown in degrees Celsius below some of the individual steps.
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Table 3. Wekusko Lake biotite and hornblende argon step heating data.

Temp %Atmos Apparent Age 39Ar
C 36

Artr 37ArCa
38

ArC1
39ArK 40Ar*j39Ar 40Ar Ma±2 (%)

CRA-93-638 Hornblende J=0.018275 ± 0.5 % (1 se) 61.58 mg

700 0.203 2.673 0.362 0.301 30.339 86.78 795.8 ± 57.9 4.53
800 0.014 1.505 0.027 0.089 64.508 42.75 1405.1 ± 52.2 1.34
900 0.010 4.374 0.018 0.176 57.267 23.41 1292.0 ± 19.8 2.65
975 0.006 6.236 0.022 0.206 64.463 11.72 1404.4 ± 13.4 3.10

1000 0.003 7.392 0.025 0.211 73.484 6.06 1536.0 ± 6.1 3.18
1020 0.003 11.104 0.034 0.315 81.842 3.75 1650.0 ± 7.1 4.74
1040 0.003 25.796 0.050 0.732 88.050 1.42 1730.2 ± 4.4 11.04
1060 0.003 21.536 0.037 0.636 88.323 1.58 1733.6 ± 3.3 9.59
1080 0.001 2.674 0.011 0.075 86.542 5.06 1711.0 ± 25.3 1.13
1100 0.004 4.822 0.017 0.133 85.411 8.71 1696.5 ± 11.3 2.00
1140 0.009 37.442 0.122 1.012 90.061 2.69 1755.4 ± 2.3 15.26
1200 0.011 79.907 0.333 2298 90.217 1.60 1757.3 ± 1.6 34.64
1300 0.005 8.721 0.051 0.250 90.046 6.29 17552 ± 18.6 3.76
1550 0.017 7.053 0.062 0200 88.633 21.72 1737.5 ± 8.4 3.02

Total: 0.292 221.23 1.170 6.630 100.00

AY-93-22 Hornblende J=0.018375 ± 0.5 % (1 se) 60.17 mg

700 0.038 3.676 0.334 0.613 38.792 31.96 970.9 ± 7.7 2.58
800 0.008 2.435 0.096 0.27 56.648 12.84 1287.0 ± 6.0 1.13
900 0.007 18.084 0.054 1.663 87.742 1.49 1732.3 ± 1.4 6.99
975 0.004 47.790 0.065 4.284 89.093 0.28 1749.4±1.3 18.02

1000 0.004 10.278 0.013 0.845 87.737 1.56 1732.2 ± 3.6 3.55
1020 0.001 6.165 0.008 0.518 87.210 0.78 1725.6 ± 2.7 2.18
1040 0.001 6.499 0.009 0.605 87.410 0.77 1728.1 ± 2.8 2.54
1060 0.002 14.368 0.017 1.359 88.865 0.39 1746.5 ± 3.0 5.71
1080 0.001 23.759 0.028 2.158 89.450 0.20 1753.9 ± 1.3 9.08
1100 0.001 24.030 0.033 2.077 89.764 0.16 1757.8±1.4 8.73
1120 0.001 23.355 0.040 1.925 89.923 0.25 1759.8±1.4 8.1
1140 0.002 13.522 0.022 1.088 90.085 0.72 1761.8 ± 2.6 4.58
1180 0.003 5.037 0.008 0.407 89.354 2.09 1752.7 ± 2.8 1.71
1220 0.006 3.564 0.007 0.292 87.859 6.65 1733.8 ± 7.4 1.23
1300 0.006 46.610 0.054 3.675 90.218 0.53 1763.5 ± 1.4 15.45
1551 0.020 24.495 0.029 2.000 89.807 3.17 1758.4 ± 1.3 8.41

Total: 0.085 273.670 0.820 23.78 100.00

CRA-93-381 Hornblende J = 0.0184 + 0.5 % (1 se) 64.50 ma

700 0.034 1.045 0.126 0.264 37.605 50.57 948.7 ± 12.4 2.05
800 0.005 0.619 0.010 0.109 69.853 15.83 1491.1 ±21.3 0.85
900 0.004 3.129 0.007 0.244 80.404 6.13 1638.2 ± 11.8 1.89
975 0.005 15.798 0.012 0.581 83.509 3.15 1679.3 ± 6.0 4.52

1000 0.004 30.511 0.020 1.015 87.186 1.17 1726.8 ± 3.0 7.89
1020 0.004 66.900 0.044 2.520 89.305 0.47 1753.6 ± 1.7 19.60
1040 0.001 26.815 0.021 1.220 89.076 0.37 1750.7 ± 3.2 9.48
1060 0001 3.423 0.003 0.149 84.004 1.50 1685.7 ± 11.1 1.16
1080 0.001 3.188 0.004 0.128 83.052 2.56 1673.3 ± 12.6 1.00
1100 0.001 6.941 0.007 0.281 88.894 1.40 1748.4 ± 10.7 2.19
1120 0.003 23.645 0.018 0.945 88.822 1.10 1747.5 ± 3.0 7.35
1140 0.009 43.521 0.033 1.714 89.370 1.76 1754.4 ± 1.3 13.33
1180 0.002 30.823 0.021 1.196 89.647 0.62 1757.9 ± 3.8 9.30
1300 0.009 38.087 0.028 1.560 89.428 1.82 1755.1 ± 2.0 12.13
1550 0.025 22.010 0.019 0.933 89.039 8.30 1750.2 ± 3.9 7.26

Total: 0.108 316.450 0.370 12.860 100.00
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Table 3. (cont.)

Temp %Atmos Apparent Age 39Ar
C 36

Artr 37ArCa
38

ArC1
39

ArK 40Ar*f9Ar 40Ar Ma±2 (%)

AY-93-18 Biotite J:= 0.0183 ± 0.5 % (1 se) 5.93 mg

600 0.011 0.047 0.091 2.131 69.181 2.20 1475.8 ± 1.7 4.54
650 0.003 0.010 0.025 3.417 88.838 0.33 1741.6±1.3 7.28
700 0.013 0.012 0.026 4.151 89.485 1.06 1749.7 ± 1.4 8.84
725 0.001 0.018 0.016 2.94 89.237 0.16 1746.6 ± 1.5 6.26
750 0.002 0.016 0.005 0.927 88.559 0.54 1738.1 ± 2.5 1.97
800 0.002 0.026 0.008 1.299 88.843 0.46 1741.7±1.7 2.77
850 0.003 0.053 0.011 1.935 88.665 0.46 1739.4 ± 1.7 4.12
900 0.001 0.066 0.012 2.104 89.061 0.18 1744.4±1.5 4.48
925 0.001 0.055 0.013 2.286 89.279 0.10 1747.1 ± 1.5 4.87
950 0.002 0.068 0.020 3.207 89.421 0.20 1748.9 ± 1.3 6.83
975 0.001 0.045 0.019 3.579 89.464 0.04 1749.5 ± 1.4 7.62

1000 0.002 0.035 0.020 3.593 89.275 0.17 1747.1 ± 1.8 7.65
1025 0.001 0.031 0.019 3.667 89.371 0.04 1748.3 ± 1.3 7.81
1050 0.000 0.031 0.019 3.67 89.540 0.00 1750.4 ± 1.5 7.81
1075 0.001 0.047 0.017 3.492 89.371 0.05 1748.3 ± 1.4 7.44
1100 0.001 0.065 0.016 2.914 89.264 0.17 1747.0 ± 1.3 6.21
1200 0.003 0.366 0.008 1.393 88.384 0.79 1735.9 ± 2.3 2.97
1550 0.015 0.081 0.003 0.254 88.471 16.25 1737.0 ± 7.2 0.54

Total: 0.053 1.070 0.350 46.96 100.00

CRA-93-63A Biotite J:= 0.0182 ± 0.5 % (1 se) 5.10 mg

600 0.011 0.011 0.050 1.488 63.942 3.37 1392.5 ± 1.3 3.50
700 0.018 0.000 0.020 4.663 90.784 1.21 1759.7±1.3 10.98
750 0.003 0.000 0.012 4.483 90.612 0.22 1757.6 + 2.1 10.56
800 0.000 0.001 0.007 2.428 91.302 0.02 1766.1 ± 1.4 5.72
850 0.003 0.000 0.008 3.203 91.484 0.28 1768.4 ± 1.5 7.54
900 0.000 0.000 0.011 4.654 91.997 0.02 1774.7 ± 1.3 10.96
925 0.000 0.006 0.007 3.443 91.775 0.01 1772.0 ± 1.3 8.11
950 0.001 0.017 0.010 4.285 91.28 0.08 1765.9 ± 1.2 10.09
975 0.000 0.000 0.008 3.816 91.147 0.00 1764.2 ± 1.1 8.99

1000 0.001 0.012 0.005 2.654 90.854 0.09 1760.6 ± 1.5 6.25
1025 0.002 0.004 0.004 2.217 90.701 0.33 1758.7±1.3 5.22
1050 0.000 0.006 0.004 1.474 90.922 0.09 1761.5 ± 2.7 3.47
1100 0.001 0.035 0.005 2.329 90.499 0.19 1756.2 ± 1.4 5.49
1200 0.000 0.011 0.003 1.06 90.913 0.04 1761.3 ± 3.8 2.50
1550 0.006 0.094 0.002 0.266 89.921 6.46 1749.0 ± 13.0 0.63

Total: 0.046 0.200 0.160 42.46 100.00

AY-93-54 Hornblende J := 0.0184 ± 0.5 % (1 se) 52.33 mg

700 0.030 1.963 0.177 0.399 29.070 43.41 773.0 ± 6.4 2.31
800 0.007 1.595 0.058 0.243 52.426 14.42 1218.3 ± 5.2 1.41
900 0.007 4.302 0.053 0.368 66.555 7.31 1442.5 ± 5.2 2.13
975 0.004 17.434 0.204 1.115 80.578 1.44 1640.5 ± 2.5 6.44

1000 0.001 14.794 0.193 0.892 85.134 0.55 1700.4 ± 3.6 5.16
1020 0.004 20.167 0.385 1.338 87.285 0.94 1728.0 ± 2.5 7.74
1040 0.003 27.306 0.435 1.868 88.244 0.47 1740.2 ± 1.5 10.80
1060 0.002 6.323 0.089 0.424 85.920 1.42 1710.6 ± 3.4 2.45
1080 0.001 4.798 0069 0.314 86.290 1.20 1715.3 ± 3.2 1.82
1100 0002 7.812 0.113 0.509 87.558 1.01 1731.5 ± 4.4 2.95
1120 0.002 15.718 0.235 1.027 88.536 0.79 1743.9 ± 2.4 5.94
1140 0.005 31.678 0.481 2.075 89.022 0.80 1750.0 ± 1.2 12.00
1180 0.004 36.518 0.561 2.387 89.211 0.48 1752.4 ± 1.4 13.80
1220 0.003 27.956 0.47 1.868 89.094 0.54 1750.9±1.8 10.80
1300 0.002 22.405 0.365 1.503 89.060 0.53 1750.5 ± 1.6 8.69
1550 0.022 14.292 0.238 0.964 89.005 6.92 1749.8 ± 1.5 5.57

Total: 0.081 255.06 4.13 17.29 100.00

all gas quantities are given in units of 10 ." cm" at standard temperature and pressure, and have
been corrected for decay, isotopes derived from minor interfering neutron reactions, and blanks.

36ArTr denotes trapped Ar, Ca, Cl, and K denote Ar derived from these elements. 40 Ar* denotes
radiogenic argon corrected for atmospheric argon. Errors on the individual heating steps do not
include the error in the irradiation parameter J.
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Figure 7. Temperature versus time plotfor the Flin Flon Domain (after Fedorowich
et al .. 1995). Data are from Fedorowich et al. (1995). V-Pb monazite (Hunt and
Zwanzig, 1993) and others (see text). T-t paths shown as a solid line are from
Fedorowich et al. (1995). The large-dash T-t path is from Cumming and Krstic
(1991). The heavy-signature small-dash T-t path bestfits the data from this study and
thermochronological data obtained from the eastern Flin Flon Domain. Closure
temperature for AI' in K-feldspar (kspar) from Fedorowich et al. (1995), for Ar in
hornblende from Hunziker et 01. (1992)Jor Ar in muscovite from Purdy and lager
(1976 ),for AI' in biotitefromArmstrong et al. (1966)for V-Pb in titanitefrom Metzger
et al. (1992)Jor V-Pb in monazitefrom Parrish (1990). The curvefrom this study is
anchored on the previous previously published T-t endpoints ofCumming and Krstic
(1991) and Fedorowich et al. (1995). The ranges of data obtained from the four
hornblende and two biotite samples in this study are shown in grey.

DISCUSSION AND CONCLUSIONS

There are two interesting observations arising from the Ar-Ar
results for the eastern Trans-Hudson Orogen. The Ar-Ar ages
for the hornblende samples are approximately 60 Ma
younger than the interpreted age of peak metamorphism.
Secondly, the Ar-Ar ages for hornblende samples are similar
to those for the biotite. However, before considering the
implications of these results we need to examine possible
problems with these data.

As discussed above, the samples show evidence of hydro
thermal degassing, possibly due to very fine scale degassing.
This therefore implies that these results must be considered as
minimum ages. However, the ca. 1755 Ma ages obtained in
this study are very similar to Ar-Ar and K-Ar data for horn
blende and biotite from surrounding areas. It is possible that
all of these data sets are reasonably accurate despite some
degree of resetting.

It is very difficult to envisage hornblende and biotite sam
ples over such a wide area (Fig. 2) all being subject to an epi
sode of hydrothermal degassing which results in such
consistent resetting of the Ar-Ar isotopic systems. It seems
unlikely that an alteration event would be that widespread and

that consistent in its effects. It seems more plausible that a
regional event such as uplift and cooling could result in wide
spread ages that are so consistent.

Another problem is similar biotite and hornblende ages in
the eastern Trans-Hudson Orogen. Commonly accepted val
ues for closure temperature for Ar in hornblende and biotite
are 500°C and 300°C respectively (Hunziker et ai., 1992).
Therefore, there should be an obvious difference in the Ar-Ar
ages for these two minerals for slow to moderate cooling
rates. The similarity in the ages for hornblende and biotite
may suggest that there was a very rapid period of uplift at ca.
1755 Ma that resulted in rapid cooling through 500°C to
below 300°C.

If there was indeed a rapid period of uplift at ca. 1755 Ma,
as evidenced by the four hornblende and two biotite samples
from this study, then this implies a markedly different
temperature-time (T-t) path than that proposed by Fedor
owich et al. (1995) for the Flin Flon region approximately
100 km to the west (Fig. l). There does not appear to be a cor
relation between Ar-Ar age and metamorphic grade or grain
size across the Trans-Hudson Orogen. Of course the paths of
argon diffusion (Lee, 1995) are unidentified and it is conceiv
able that different types of argon diffusion paths are present
within the Trans-Hudson Orogen, and this could result in
variable Ar closure temperatures across theorogen.
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If the Tt path shown in Figure 7 is valid for the eastern
Trans-Hudson Orogen then one of the main issues is the slow
cooling rate (0602°C/Ma) from the time of peak metamor
phism, i.e. ca.1820-1805 Ma based on present data, to cooling
through both hornblende and biotite closure temperatures at
ca. 1755 Ma. In most areas, peak temperatures (500-650°C)
were not far above hornblende closure temperatures (500°C)
and appear to have remained above this temperature until ca.
1760 Ma, when cooling through hornblende and biotite clo
sure temperatures occurred at approximately the same time.

It is possible that the slow cooling rates may be related to
the complex collisional history of the Trans-Hudson Orogen.
Peak metamorphism is attributed, in part, to thermal
re-equilibration after southwest-directed D2 thrust stacking.
This thrust event is interpreted to result from the collision
between the Trans-Hudson Orogen and the buried Saskatche
wan craton. However, the late cooling ages suggest that the
area remained at depth and was not uplifted after peak meta
morphism as is typical after thrust stacking. This phenome
non can be explained by the D3 collision which resulted in the
Superior craton to the east overthrusting the Trans-Hudson
Orogen. This second overthrusting event of relatively cooler
thrust sheets would initially deflect the isotherms down
wards, accounting for the relatively flat temperature-time
path shown for the eastern Trans-Hudson Orogen. This later
collision between the orogen and another Archean craton
could have prevented the exhumation of the eastern Trans
Hudson Orogen after the initial D2 thrust stacking. In con
trast, the Flin Flon area, which is farther from the influence of
the Superior collision, may have been exhumed as expected
after D2 thrusting.
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U-Pb age constraints on the timing of deposition of
the Waugh Lake and Burntwood (Athabasca)
groups, southern Taltson magmatic zone,
northeastern Alberta l

M.R. McDonough2 and V.J. McNico1l3

McDonough, MR. and McNicoll, VI, 1997: U-Pbage constraints on the timing ojdeposition oj
the Waugh Lake and Burntwood (Athabasca) groups, southern Taltson magmatic zone,
northeastern Alberta; in Radiogenic Age and Isotopic Studies: Report 10; Geological Survey oj
Canada, Current Research 1997-F, p. 101-111.

Abstract: The Waugh Lake and Burntwood groups are dominantly metasedimentary sequences that out
crop in the southern Taltson magmatic zooe in northeastern Alberta. The Waugh Lake Group, which forms a
small outlier of lower greenschist grade saodstones, pelites, and volcanics exposed in the footwall of the
Andrew Lake shear zone, was intruded by 1.97-1.96 Ga plutonic rocks of the Colin Lake and Andrew Lake
suites. Detrital zircon ages from a sample of Waugh Lake Group conglomerate and the ages of intrusions
constrain the timing of deposition of the lower part of lhe Waugh Lake Group to be between 2.02 and
1.97 Ga, which is older than previously inferred. Based on isotopic, geochemical, and stratigraphic consid
erations, the Waugh Lake basin is interpreted as a small intra-arc basin related to the Taltson arc.

The Burntwood group is a section of lower greenschist grade sandstones and pelites exposed in a small
outlier on the northwest shore of Lake Athabasca. Detrital zircons from a sample of arkosic hematitic pebbly
sandstone indicate that the Burntwood group is younger than ca. 1.92 Ga and therefore not correlative with
the Waugh Lake Group. On the basis of U-Pb data, locality, and lithological similarities, we propose
reassignment of the Burntwood group to the Athabasca Group.

Resume: Les groupes de Waugh Lake et de Burntwood se composent principalement de sequences
metasedimentaires qui affleurent dans la pal1ie sud de la zone magmatique de Taltson, dans le nord-est de
]'Alberta. Le Groupe de Waugh Lake, qui forme un petit lambeau de gres, de pelites et de roches vol
caniques metamorphises au facies des schistes vel1S inferieur que I' on peut observer dans le mur de la zone
de cisaillement d' Andrew Lake, a ete recoupe par les roches plutoniques des suites de Col in Lake et
d'Andrew Lake a1,97-1,96 Ga. Les datations effectuees sur des zircons detritiques extraits d'uo echantillon
de conglomerat du Groupe de Waugh Lake, de meme que les ages des intrusions situent la periode Oll a eu
lieu le depot de la partie inferieure du Groupe de Waugh Lake entre 2,02 et 1,97 Ga, ce qui est plus tot qu'on
ne l'avait d' abord estime. D' apres I' interpretation des donnees isotopiques, geochimigues et stra
tigraphiques, le bassin dans lequel a eu lieu le depot du Groupe de Waugh Lake serait un petit bassin intra
arc associe al'arc de Taltson.

I Contribution to Canada-Alberta Agreement on Mineral Development (1992-1995), a subsidiary agreement under the
Canada-Alberta Economic and Regional Development Agreement

2 SERNAGEOMIN, La Paz 406, Puerto Yaras, Chile (Internet: sernageo@reuna.cl)
3 Geological Survey of Canada, 60 I Booth Street, Ottawa, Ontario, K IA OE8
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Le groupe de Burntwood est une succession de gres et de pelites du facies des schistes verts inferieur qui
affleure dans un petit lambeau sur la rive nord-ouest du lac Ahtabasca. Les zircons detritiques contenus dans
un echantillon de gres arkosique acailloux hematitiques indiquent que le groupe de Burntwood est plus
recent que 1,92 Ga environ et qu 'il n'est pas, par consequent, une unite correlative du Groupe de Waugh
Lake. En nous basant sur les donnees V-Pb, le lieu et les similarites lithologiques, nous proposons de
reattribuer le groupe de Bunrntwood au Groupe d' Athabasca.

INTRODUCTION

The Waugh Lake and Burntwood groups are siliciclastic
sequences exposed as outliers in northeastern Alberta within
the TaJtson magmatic zone (Fig. I). To date, the age, correla
tion, and tectonostratigraphic significance of these units has
been uncertain. In this paper we present new V-Pb geo
chronological evidence from detrital and magmatic zircons
which brackets deposition of the Waugh Lake Group to the
interval between 2.02 and 1.97 Ga and suggest that it formed
in an intra-arc setting related to the Taltson arc. We also show
that the Burntwood group was deposited after ca. 1.92 Ga,
precluding correlation to the Waugh Lake Group (cf. Godfrey,
1980), and propose that it represents the northwest remnant of
Athabasca basin, as suggested by Fahrig (1961).

GEOLOGICAL SETTING

The exposed part of the Taltson magmatic zone is a 300 km
long, northerly trending belt of granitic basement gneisses,
amphibolite, supracrustal gneisses, and voluminous Paleo
proterozoic magmatic rocks underlying northeastern Alberta
and the District of Mackenzie. It is bounded to the north by
the Great Slave Lake shear zone and to the south, in the sub
surface, by the Snowbird tectonic zone (Fig. I). The Taltson
magmatic zone is interpreted as an Andean-type continental
magmatic arc and collisional orogen between the subsUlface
Paleoproterozoic Buffalo Head terrane on the west, and the
Archean Churchill Province to the east (Fig. I, 2; Hoffman,
1989; Ross et aI., 1991; Theriault, 1992; Plint and
McDonough, 1995). The Taltson magmatic zone forms the
southern continuation of the Thelon tectonic zone, a colli
sional orogen between the Archean Slave and Churchill prov
inces north of Great Slave Lake (e.g., Hoffman, 1988; Tirrul
and Grotzinger, 1990; Henderson and van Breemen, 1991;
Hanmer et al., 1992; Fig. I). Paleoproterozoic magmatic
rocks, ranging in age from 1.99-1.92 Ga (Bostock et aI., 1987,
1991; Ross et aI., 1991; Villeneuve et al., 1993; McNicoll
et aI., 1994), intrude Archean to earliest Paleoproterozoic
gneisses of the Taltson basement complex (McDonough
et al., 1995a; V.J. McNicoll and M.R. McDonough, unpub.
data, 1996). Enclaves of high-grade pelitic to quartzose gneis
ses assigned to the 2.13 to 2.08 Ga Rutledge basin (Bostock and
van Breemen, 1994) are widespread within plutonic and
basement gneisses of the Taltson magmatic zone (Fig. I).
Gneisses and plutonic rocks of the Taltson magmatic zone are
deformed by ca. 1930-1935 Ma upper amphibolite to granu
lite grade shear zones (McDonough et aI., 1995b), which are
variably overprinted by greenschist grade deformation
between 1900 and 1800 Ma (Plint and McDonough, 1995).

]02

Waugh Lake Group

The Waugh Lake Group forms a small outlier of lower green
schist grade sandstones, pelites, and volcanics in southern
Taltson magmatic zone. It is exposed in the footwall of the
Andrew Lake shear zone (Fig. 2), a ductile thrust fault that
was active at about 1932 Ma, and records oblique, top-to-the
northeast displacement (M.R. McDonough and VJ. McNicoll,
unpub. data, 1996). The Andrew Lake shear zone carried
Taltson basement complex gneisses in its hanging wall east
ward over Andrew Lake granodiorite, rocks of the Colin Lake
and Wylie Lake plutonic suites, and the Waugh Lake Group.
Hanging wall gneisses are at upper amphibolite to granulite
facies, while footwall rocks range from amphibolite facies at
the thrust, to lower greenschist facies in the Waugh Lake
Group 2 km to the east (McDonough et aI., 1995b; Fig. 2). As
a result of its low metamorphic grade and its proximity to
high grade gneisses of the Andrew Lake thrust sheet, the
Waugh Lake Group was previously considered to be the
youngest unit of the Taltson magmatic zone (Godfrey, 1986;
McDonough et aI., 1993). The low metamorphic grade of the
rocks of the Waugh Lake Group led Baadsgaard and Godfrey
(1972) to interpret a 1780 Ma K-Ar biotite date from a vol
canic unit to approximate the age of the basin.

North of the west arm of Waugh Lake, the Waugh Lake
Group outlines a broadly synformal feature with a northeast
southwest axis. Formation names have been formally pro
posed by Iannelli et al. (1995, Fig. 3). The Martyn Lake
Formation comprises thin and rhythmically bedded T be and
Ted Bouma sequences with abundant way-up criteria. The
dominant lithology is dark grey chlorite-bearing slate, which
is pelitic in character and indicative of the Jow grade of meta
morphism of the Waugh Lake Group. The argillites have
important arsenopyrite occurrences in distinctive bedding
parallel tourmaline veins that contain quartz tension gashes
perpendicular to bedding. These veins predate all folding and
possibly are diagenetic in character. A second set of
arsenopylite-bearing quartz+tourmaJine veins cuts bedding
and early veins.

At Doze Lake, the lower conglomerate unit has minor vol
canic breccia at its base (Fig. 3), overlain by pebble to boulder
conglomerate (debris flow?) with clasts up to cobble size of
white quartzite, feldspathic grit, and chlorite schist, all within
a matrix of well foliated silty chloritic phyllite interpreted to
be pyroclastic by Iannelli et al. (1995). The quartzite and grit
cobbles contain rounded millimetre-scale quartz and/or feld
spar grains, and therefore are recycled clastics. Coarse pebble
to cobble conglomerates from both lower and upper con
glomerate units generally contain clasts of white quartzite
and granitoid, and intrabasinal clasts from the underlying
rhythmite. Rare clasts of tourmaline with qualtz tension veins



M.R. McDonough and V.J. McNicoll

CHURCHILL PROVINCE (includes
2.40-2. 14 Gamagmaticgneisses)

SLAVEPROVINCE

ARCHEANCRATONS:

e
o
u/Pb DATA (Ga):

o MAGMATlCBADDELYITE

6. DETRITALZIRCON

I',
CHURCHILL

CRATON

.....••• I

(BURNTWOOD). • ••••••••1

1.94-1.92 ••••••
2.5-2.2 •••••• 1

1~ •••:.~.~.~.~.~.:.:.:'

~.:::::::~T~~~~~C~::::::'

......~ .
""'- .

Ca. 2.4 -2.1 Gaparagneisses (to granulite grade):
includes RUTLEDGE, TSU, & THUBUN
(Taltson MagmaticZone) HILL ISLAND,
MURMAC, TAZIN, HURWITZ
(Churchill Province) and
MARY FRANCIS
(Thelon Magmatic
Zone).

< 1. 92 Ga unmetamorphosed to greenschist facies continental siliciclastic rocks
(THELON &, ATHABASCA (incl. BURNTWOOD) groups)

Unmetamorphosed to greenschist facies continentalsiliciclastic rocks (NONACHO,
WAUGH & THLUlCHOgroups);greenschist-amphibolitemarine-
nonmarine rocks (WILSON ISLAND GROUP)

Ca. 1.99- 1.91 Ga magmatic rocks: includes DESKENATLATA, SLAVE, KONTH,
GAGNON, WYL/E, COL/N, andARCHgranitoids (Taltson Magmatic Zone); .-+-+"""'i'
BENNA THY, NATAL, BOXMINE, MACKINTOSH, and
ANTHONA granitoids (Churchill Province)

TALTSON

MAGMATIC

ZONE

•

Figure 1. Generalized regional geological map of the western Canadian Shield
(modified from van Breemen and Aspler, 1994) showing the distribution of supracrustal
rocks relative to magmatic and cratonic gneisses. Detrital zircon data arefrom this study,
Bostock and van Breemen (1994), and van Breemen and Aspler (1994). Baddelyite data are
for the Sparrow dykes, which cut the Nonacho Group (Bostock and van Breemen, 1992).
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Figure 2. Generalized geological map of the southern Taltson magmatic zone modified
from Godfrey (1986) and McDonough et al. (1993, 1994) showing locations of V-Ph
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Figure 3. Generalized stratigraphic column for the Waugh
Lake Group (CW. Langenberg,pers. comm., 1994; modified
from lannelli et al., 1995). Labels give the approximate
stratigraphic position ofthe Colin Lake quartz diOl"ite (A) and
Doze Lake conglomerate (C) V-Pb geochronology samples.

are most probably derived from the distinctive veins in the
underlying argillite. The Doze Lake conglomerate has thin
bedded parallel and crossbedded sandstones that grade up
into pebbly feldspathic wacke. Sandstones have thin interlayers
of fme grained tuffaceous material. Mafic to intermediate flows
and pyroclastic breccia interfinger with basal Doze Lake
conglomerates.

Burntwood group

The Bumtwood group (infOlmally proposed by Godfrey, 1980,
1986) is an approximately 200 m thick (minimum) section of
lower greenschist grade sandstones and pelites exposed in a
100 m wide outlier on the northwest shore of Lake Athabasca
(McDonough et al., 1996). The Bumtwood group consists of
mauve to pink, hematite-cemented, coarse-grained, thick
bedded, locally arkosic, quartz pebble sandstones and quartz
sandstones. Sandstones are generally massive, but locally dis
play parallel and trough crossbedding. Minor interbeds of grey
green argillite are within the sandstone. Thicker units of dark
green, thinly laminated silty argiJlite with slaty cleavage and dis
tinctive qUaItz-hematite veins separate sandstone units. A maxi
mum of 200 m of Bumtwood group strata are exposed.

Strata of the Burntwood group were previously included
within the Athabasca Group by Fahrig (1961), but were sub
sequently informally defined and correlated with the Waugh
Lake Group by Godfrey (1980) on the basis of depositional
features, low metamorphic grade, a lack of hematitic regolith
at the basement contact, and resemblance of green pelites to
the turbidites of the Martyn Lake Formation.

Waugh Lake Group

A sample of moderately foliated muscovite-bearing feld
spathic wacke with centimetre-scale c1asts was collected
from the Doze Lake Fonnation of the Waugh Lake Group
(sample MRB-MAN-14; location C in Fig. 2, 3). The rock
contained colourless to light brown, subrounded to rounded
zircon grains and colourless to light brown, equant to pris
matic well faceted crystals. The concordant to slightly discor
dant single grain analyses have 207PbP06Pb ages that are
dominantly in the 2.3-2.0 Ga age range, with one grain of
ca. 2.7 Ga (Fig. 4). The youngest detrital zircon analyzed is
2006 ± 15 Ma (fraction D); the age of the rock is therefore
constrained to be younger than 2.02 Ga.

The Burntwood sliver is bounded to the west by high
grade gneisses of the Taltson basement complex and the
ca. 1925 Ma Chipewyan granite (V.J. McNicol1 and
M.R. McDonough, unpub. data, 1996). A less than 50 m wide
brittle postdepositional fault zone separates the Bumtwood
rocks from the basement (McDonough et aI., 1996); bedding
in the Bumtwood strata dips about 50-70o W toward the fault.
Cataclasites consist of Taltson basement complex gneisses
and Chipewyan granite on the west, and Bumtwood group
sandstone with quartz stockwork on the east. The fault is the
southern extension of the main brittle fault that forms a cen
tral topographic trough along the length of the Charles Lake
shear zone (Fig. 2).

V-Pb GEOCHRONOLOGY

Analytical methods

The V-Pb analytical methods used in this study are those out
lined in Parrish et aI., (1987). Treatment of analytical errors
follows Roddick (1987), with regression analysis modified
after York (1969). Analytical results are presented in Table I,
where errors on the ages are reported at the 25 level, and dis
played in the concordia plots (see Fig. 4-7, below). Zircon
fractions analyzed are all comprised of single grains that were
very strongly air abraded following the method of Krogh
(1982). The V-Pb sample locations are displayed in Figure 2
and sample site co-ordinates are provided in Table I.

The V-Pb isotopic analyses of detrital zircons are reported
from samples of conglomeratic sandstone from the Waugh
Lake Group and the Bumtwood (Athabasca) group. Nine or
ten single grains of representative morphology were selected
for analysis from each of the two samples; Table I includes a
description of each zircon grain analyzed. The detrital grains
were picked for analysis on the basis of optical clarity and
lack of cracks, inclusions, or apparent cores, while at the same
time, attempting to ensure that the range of morphological
types in each sample was represented. Most of the detrital zir
cons yielded analyses with low degrees of discordance. The
207PbP06Pb ages of grains that are less than 2.5% discordant
are considered to be close to the primary crystallization ages
of the source rocks from which they were derived. More dis
cordant analyses are interpreted to represent minimum crys
tallization ages.

Martyn Lake Formation
rhy1hmic argillite
(minimum 200 m)

Sederholm Lake Fm.
malic to intermediate tulls
and volcanics (7-90 m)

Doze Lake Formation
conglomerate/pyroclastic
breccia (200-330 m)

Niggli Lake Formation
malic volcanics

Johnson Lake Fm.
conglomerate/lelsic
volcanics (230-450 m)

0 0 0 0 Q 0 <I Q 0 0 00
0 0 00 0 0 Cl 0°000 0 000

KJAr age
1780 Ma

Colin Lake
quartz diorite
(1971 Ma)
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The Martyn Lake argillite and the Doze Lake conglomerate
unit of the Waugh Lake Group are intruded by biotite quartz
diorite of the Colin Lake suite on the southern part of the
basin, and by the biotite-hornblende Andrew Lake granodio
rite on the northern side of the basin (Fig. 2), thereby obliter
ating potential stratigraphic and/or syndepositional faulting
relationships on the margins of the basin. A sample of well
foliated biotite-rich Colin Lake quartz diorite gneiss was col
lected on the north shore of the west arm of Waugh Lake
(sample MSB-93-148; location A in Fig. 2, 3). The sample
contains well faceted, clear, colourless zircons ranging in
shape from equant to prismatic and containing minor inclu
sions. Five single grains (labelled A-F on Fig. 5) were

Table 1. U-Pb analytical data.

analyzed from this rock. A linear regression (MSWD=3.43)
through all five analyses has an upper intercept of 1971 ±4 Ma
and is interpreted to be the age of intrusion. The 207Pb;206Pb
ages of the two most concordant analyses (A, B) are 1970 ±6 Ma
and 1971 ± 2 Ma, which are in agreement with the interpreted
age of the rock.

A sample of foliated biotite-hornblende Andrew Lake
granodiorite was collected from the east shore of Andrew
Lake (sample MRB-MAN-27; location B in Fig. 2). The rock
contains equant to prismatic, well faceted zircons with minor
inclusions. Zircon fractions C, D, E, and F, which have fairly
high U contents (Table 1), are 3-4% discordant. A linear
regression through these four single grain analyses has an

Radiogenic ratios (± la, %)9 Ages (Ma,±2a)h

Wt.
b

U Pb
c 206

pb
d

Pb
e 208

pb
f 206pb 207

pb
207

pb
206

pb 207
pb

207
pb %1

Fraction
a

ug ppm ppm
204

pb pg %
238

U
235

U
206

pb
238

U
235

U
206

pb disc

MRB-MAN-14, Waugh Lake Group conglomerate (UTM 12, 554502E-6630797N; NTS 74M116)

A, b,r 1 215.8 133.5 115 86 12.42 0.5290 ± 0.64 13.822 ± 1.60 0.1895 ± 1.28 2737 ± 29 2738 ± 30 2738 ± 41 0
S, b,r 2 133.0 53.10 489 16 5.92 0.3862 ± 0.13 6.985 ± 0.24 0.1312 ± 0.18 2105 ± 5 2110 ± 4 2114 ±6 0.5
C,c,r 3 169.7 72.06 798 17 10.32 0.3900 ± 0.12 7.248 ± 0.20 0.1348±0.15 2123 ± 4 2142 ± 4 2161 ± 5 2.1
D,c,r 2 132.5 51.57 236 28 11.14 0.3579 ± 0.17 6.088 ± 0.52 0.1234 ± 0.43 1972 ± 6 1989 ± 9 2006 ± 15 1.9
E, c,p,f 1 303.8 126.7 513 17 9.24 0.3855 ± 0.11 7.528 ± 0.22 0.1416±0.17 2102 ± 4 2176±4 2247 ± 6 7.6
F, c,e,f 2 487.2 228.3 208 122 9.31 0.4303 ± 0.16 8.770 ± 0.51 0.1478 ± 0.42 2307 ± 6 2314 ± 9 2321 ± 15 0.7
G, c,p,1 1 209.2 92.33 692 11 11.74 0.3964 ± 0.15 7.759 ± 0.21 0.1420 ± 0.16 2153 ± 5 2204 ± 4 2251 ± 5 5.2
H, c,p,f 2 456.4 177.8 1596 10 5.92 0.3773 ± 0.10 6.753 ± 0.12 0.1298 ± 0.06 2063 ± 3 2080 ± 2 2096 ± 2 1.8
J, c,r 1 296.9 146.4 657 13 13.35 0.4326 ± 0.18 8.802 ± 0.19 0.1476±0.12 2317 ± 7 2318 ± 4 2318±4 0
K, b,e,1 6 370.6 175.7 708 82 11.40 0.4255 ± 0.10 8.642 ± 0.17 0.1473 ± 0.12 2286 ± 4 2301 ± 3 2315 ± 4 1.5

MSB-93-148, Colln Lake quartz dlorite. Waugh Lake (UTM 12, 554461E-6629170N; NTS 74M116)

A,c,e,f 3 287.6 111.0 602 29 11.10 0.3558 ± 0.12 5.934 ± 0.24 0.1209±0.18 1962 ± 4 1966 ± 4 1970 ± 6 0.5
B, c,e,f 3 132.3 52.68 1303 8 13.78 0.3559 ± 0.10 5.937 ± 0.13 0.1210±0.06 1963 ± 4 1967 ± 2 1971 ± 2 0.5
C, c,p,1 2 241.1 87.78 1819 6 12.54 0.3305 ± 0.11 5.452 ± 0.12 0.1196 ± 0.06 1841 ±3 1893 ± 2 1951 ±2 6.5
D, c,p,f 3 264.2 96.37 1325 13 11.56 0.3347 ± 0.12 5.550±0.14 0.1203 ± 0.08 1861 ±4 1908 ± 2 1960 ± 3 5.8
E, c,e,f 4 183.2 69.93 1827 9 10.60 0.3539 ± 0.12 5.890 ± 0.13 0.1207 ± 0.07 1953 ± 4 1960 ± 2 1967 ± 3 0.8

MRB-MAN-27, Andrew Lake granodlorlte, Andrew Lake (UTM 12, 550268E-6635205N; NTS 74M116)

A,c,p,' 2 335.6 153.5 1305 9 16.07 0.3900 ± 0.20 7.707 ±0.22 0.1433±0.11 2123 ± 7 2197 ± 4 2268 ± 4 7.3
C, c,p,f 5 628.5 230.6 7873 9 11.30 0.3382 ± 0.09 5.526 ±0.10 0.1185 ± 0.03 1878 ± 3 1905 ± 2 1934 ± 1 3.3
D, c,p,1 3 668.8 250.5 2065 19 12.64 0.3340 ± 0.11 5.559 ± 0.13 0.1186 ± 0.05 1887 ± 4 1910 ± 2 1935 ± 2 2.9
E, c,p,f 3 499.4 181.0 3123 10 11.86 0.3322 ± 0.12 5.389 ± 0.13 0.1176 ± 0.05 1849 ± 4 1883 ± 2 1921 ± 2 4.3
F, c,el,f 2 747.7 267.6 2273 17 8.31 0.3410 ± 0.09 5.578 ± 0.11 0.1186 ± 0.05 1891 ±3 1913 ± 2 1936 ± 2 2.6

MSB-95-45, Athabasca Group conglomeratlc sandstone (UTM 12, 520003E-6542999N; NTS 74M12)

A,c,r 7 201.5 86.03 2477 12 22.29 0.3442 ± 0.09 5.648±0.11 0.1190 ± 0.05 1907 ±3 1923 ± 2 1941 ±2 2.0
S, b,r 6 155.2 70.69 3338 7 12.38 0.4056 ± 0.09 8.025 ± 0.10 0.1435±0.04 2195 ± 3 2234 ± 2 2270 ± 2 3.9
C, b,r 4 462.9 227.9 7883 7 5.98 0.4621 ± 0.09 10.491 ± 0.10 0.1647 ± 0.03 2449 ± 4 2479 ± 2 2504 ± 1 2.5
D, b,r 3 700.3 259.5 3239 13 10.05 0.3466 ± 0.10 5.616 ± 0.11 0.1175 ± 0.05 1919 ± 3 1919 ±2 1919 ±2 0
E, c,f 3 65.31 33.87 246 22 17.99 0.4307 ± 0.20 8.721 ± 0.38 0.1469 ± 0.30 2309 ± 8 2309 ± 7 2310 ± 10 0
F, c,1 3 194.9 88.73 2157 6 10.80 0.4132 ± 0.11 8.110 ± 0.12 0.1423 ± 0.06 2230 ±4 2243 ± 2 2256 ± 2 1.4
G, c,1 2 227.2 110.2 1446 7 12.87 0.4283 ± 0.11 8.644 ± 0.13 0.1464 ± 0.07 2298 ± 4 2301 ± 3 2304 ± 2 0.3
H, c,e,f 1 360.3 160.6 1674 5 12.32 0.3989 ± 0.11 7.597 ± 0.12 0.1381 ± 0.06 2164 ± 4 2184 ±2 2204 ± 2 2.2
I, b,e,sf 1 368.2 125.8 655 12 5.80 0.3307±0.12 6.011 ± 0.18 0.1318±0.13 1842 ± 4 1977 ± 3 2123 ± 51 15.2

aZircon fractions are all strongly air abraded; c=colourless; b=light brown; e=equant; p=prismatic (length to width ratio of about 2:1); el=elongate; f=well faceted;
sf=subfaceted; r=rounded to subrounded

bError on weight = ± 1 ~ g
~RadiOgenic Pb

Measured ratio corrected for spike and Pb lractlonation of 0.09 ± 0.03%/AMU
~Total common Pb on analysis corrected for fractionation and spike
Radiogenic Pb

207Pbl 206 Pb age)~Corrected for blank Pb and U and common Pb (Stacey-Kramers model Pb composition equivalent to the
. Corrected for blank and common Pb
1% discordance (to oriain)
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upper intercept of 1962 +16/-1 0 Ma (MSWD=2.5), which is
interpreted to represent the age of crystallization of the rock
(Fig. 6). A strongly discordant zircon grain analyzed from
this rock (fraction A, not shown; Table 1) is ca. 2.3 Ga in age,
and is interpreted to be inherited.

Burntwood group

A sample of coarse grained, trough crossbedded hematite
cemented quartz pebble sandstone was collected from the
northwest shore of Lake Athabasca (Bumtwood group of
Godfrey, 1980; sample MSB-94-45; location D in Fig. 2) for

detrital zircon geochrono1ogy to test possible correlation with
the Waugh Lake Group (Godfrey, 1980). The sample con
tains fairly poor quality zircons; many contain fractures and
numerous inclusions. The zircon population is comprised of
colourless to light brown, rounded grains and well faceted to
subfaceted crystals. Most of the analyses range from concor
dant to moderately discordant and fall in two 207Pb,t206Pb age
ranges: 2.5-2.2 Ga and 1.94-1.92 Ga (Fig. 7). The younger
age range indicates that the Bumtwood group is younger than
1.92 Ga and probably received detritus from the emergent
plutons of the Taltson magmatic zone.

MRB-MAN-14, Waugh Lake Group conglomerate
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MRB-MAN-27, Andrew Lake granodiorite
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U-Pb concordia diagram of zircons from the
Andrew Lake granodiorite at Andrew Lake
(location B in Fig. 2), which intrudes metasedi
ments ofthe Waugh Lake Croup on the north side
of the basin.
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two age ranges: 2.5-2.2 Ca and 1.94-1.92 Ca.
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DISCUSSION AND CONCLUSIONS

Detrital zircon ages and the ages of intrusions constrain the tim
ing of deposition of the lower part of the Waugh Lake basin to
within a 50 Ma period between 2.02 and 1.97 Ga. This age
bracket overlaps 1.986 Ga I-type subduction-related magma
tism (Deskenatlata gneiss) in the northern Taltson magmatic
zone (Bostock et al., 1991; Theriault, 1992). The basement of
the Taltson magmatic zone is comprised of 2.44-2.14 Ga mag
matic gneisses that intrude Archean gneisses (Bostock et al.,
1991; van Breemen et aI., 1992; V.J. McNicoll and
M.R. McDonough, unpub. data, 1996). Most of the detrital zir
cons analyzed from the Waugh Lake conglomerate are in the
2.3-2.1 Ga range and were probably derived from the underlying
basement. We suggest that development of the basin was the

result of local rifting above a possibly easterly-dipping subduc
tion zone between the Churchill and Buffalo Head cratons
(Hoffman, 1989; Fig. 8). The Waugh Lake basin includes bimo
dal volcanics, intrabasinal conglomerates, thin tuffaceous layers
within the conglomerates and is synchronous in timing with
I-type magmatism in the Taltson arc. The Waugh Lake basin
may represent a small intra-arc basin similar to younger ana
logues in Taiwan and Japan described by Huang et al. (1995)
and Nakayama (1996), respectively. These are small, isolated,
siliciclastic and volcanic filled basins formed by a number of
extension-generating processes related to arc evolution.

High-grade enclaves of pelitic to quartzose supracrustal
gneisses are widespread within plutonic and basement gneis
ses of the Taltson magmatic zone (Fig. I, 2). They have
detrital zircon 207PbP06Pb ages ranging from Archean to
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Figure 8. Schematic crustal section at about 1970 Ma showing east
dipping subduction beneath the Churchill craton, generation of the
Taltson arc, and the subsequent deposition ofthe Waugh Lake Croup in a
back arc basin.

2.13 Ga, and were metamorphosed at 2.08-2.05 Ga, and again
at 1.93-1.92 Ga (Bostock and van Breemen, 1994). Bostock
and van Breemen (1994) interpreted these supracIllstal gneis
ses to have been part of a regionally extensive precollisional
basin deposited on the basement between 2.13 and 2.08 Ga,
the Rutledge basin. The geochronological data presented here
clearly indicate that the Waugh Lake Group is younger than
the Rutledge paragneisses (Fig. 1,8). The recycled quartzite
and quartzofeldspathic clasts in c6nglomerates of the Waugh
Lake basin may have been derived from unmetamorphosed
equivalents of the Rutledge supracrustal gneisses.

The Nonacho Group consists of a sequence of conglomer
ate, arkose, and pelite deposited in sinistral strike-slip pull
apart basins in the westem Churchill Province (Fig. 1; Aspler
and Donaldson, 1985). Detrital zircons from the Nonacho
Group have 207PbP06Pb ages ranging from 2.48 to 2.31 Ga
and from 2.13 to 2.06 Ga (van Breemen and Aspler, 1994;
Fig. I). The best constraints on the depositional age of the
Nonacho Group come from the youngest detritus of 2.06 Ga
(van Breemen and Aspler, 1994), and the crosscutting 1827 ±
4 Ma Sparrow diabase dykes (Bostock and van Breemen,
1992; Fig. I). Bostock and van Breemen (1994) and van
Breemen and Aspler (1994) have suggested the age of the
Nonacho Group may be synchronous with ca. 1935 to
1906 Ma sinistral faulting in the northern Taltson magmatic
zone. However, the isotopic age constraints on the timing of
deposition permit correlation of the Waugh Lake and Nonacho
groups in a general tectonostratigraphic way. Lithologically
the two are by no means a perfect match: the Waugh Lake
Group lacks clean heavy mineral-rich beach sands, and the
Nonacho Group is virtually devoid of volcanics; however,
they both contain a highly variable conglomeratic facies typi
cal of wrench pull-apart basins in arc terranes.

The Burntwood group was informally defined and corre
lated with the Waugh Lake Group by Godfrey (1980); how
ever, our detrital zircon studies of the Bumtwood group
indicate that it is younger than 1.92 Ga, and therefore younger
than the Waugh Lake Group. The Burntwood group detrital
zircons range in age from 2.5-2.2 Ga and from 1.94-1.92 Ga.
The older detrital zircons were probably derived from base
ment rocks of the Taltson magmatic zone that include 2.44
2.14 Ga magmatic gneisses intruding Archean gneisses.
Detrital zircon ages in the 1.94-1.92 Ga range indicate sedi
ment provenance from plutons of the emergent Taltson oro
gen. In addition to the differing age constraints on the timing
of deposition for the Waugh and Burntwood groups, litholo
gical differences also exist. Green pelites of the Bumtwood
group are similar to the Martyn Lake Formation; however,
the Bumtwood pelites are not rhythmically bedded turbidites,
and their quartz-hematite vein mineralogy is completely dif
ferent than the veins in the Waugh Lake Group. Pebbles in
Burntwood sandstone are quartz and minor feldspar; white
quartzite, granitoid, and tourmaline-quartz clasts typical of
the Doze Lake and Johnson Lake conglomerates are lacking.

The Burntwood group was previously mapped as part of
the Athabasca Formation by Fahrig (1961). As shown on
Figure 1, the Burntwood group locality is very close to the
depositional edge of the Fair Point Formation of the basal
Athabasca Group described by Ramaekers (1979) and
Wilson (1985). The Burntwood pebbly sandstones bear strik
ing resemblance to the basal Fair Point Formation. Two key
lithological characteristics of Godfrey' s (1980) Burntwood
group are identical to parts of the Fair Point Formation
(Fahrig, 196 I; Ramaekers, 1979; Wilson, 1985; Langford,
1986): 1) coarse grained, hematite-cemented conglomeratic
sandstones with trough crossbedding; and 2) intervening dark
green (reduced?) pelite units with quartz-hematite veining.
We therefore propose inclusion of the coarse grained hematite
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cemented pebbly sandstones in the Fair Point FOImation
(Fig. 1), and recommend discarding use of the Burntwood
group at this locality.

The best age constraints on deposition in the Athabasca
basin are from fluorapatite cements in Fair Point and Wolverine
fomlation sandstones that have been U-Pb dated at ca. 1700
1650 Ma (Cumming et al., 1987; Cumming and Krstic, 1992).
These early diagenetic cements probably formed shortly after
deposition (Cumming et al., 1987), and combined with the
new detrital zircon U-Pb data, give limits of ca. 1919 and
1700 Ma for initiation of deposition in the Athabasca basin.
Phosphatic cement in the Thelon Formation of the Thelon
Basin, which was correlated with the Athabasca basin, was
dated at 1720 ± 6 Ma (U-Pb), providing a minimum estimate
for Thelon sedimentation (Miller et al., 1989).

Godfrey's (1980) Burntwood locality is on the margins of
the Athabasca basin, and directly along strike with the main
brittle fault ofthe Charles Lake shear zone (Fig. 2). The brittle
fault may have controlled local deposition of the Burntwood
strata, funnelling detritus from the surrounding Taltson mag
matic zone into the brittle trough in the centre of the Charles
Lake shear zone. Brittle deformation on the shear zone is esti
mated to have occurred after the rocks of the Taltson mag
matic zone cooled below 300°C at 1800 Ma, the age of
regional muscovite and biotite cooling ages (Plint and
McDonough, 1995). Thus, we suggest that the onset of brittle
deformation in the Taltson orogen and local deposition in the
Athabasca basin could have been synchronous. If this is the
case, time limits for the initiation of deposition in the Athabasca
basin could be bracketed between 1800-1700 Ma.
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V-Pb zircon ages of Tetagouche Group felsic
volcanic rocks, northern New Brunswick l

N. Rogers2, N. Wodicka2, V. McNico1l2, and C.R. van Staa12

Rogers, N., Wodicka, N., McNicoll, v., and van Staal, CR., 1997: V-Pb zircon ages ofTetagouche
Group felsic volcanic rocks, northern New Brunswick; in Radiogenic Age and Isotopic Studies:
Report 10; Geological Survey of Canada, Current Research 1997-F, p. 113-119.

Abstract: Three U-Pb zircon ages of Ordovician volcanic rocks from northern New Brunswick are
reported and related into a provisional stratigraphy for the internally imbricated and multiply folded Teta
gouche Group. The 471 +5/-3 Ma feldspar-phyric dacites of the Spruce Lake Formation mark the base of the
Tetagouche Group, deposited in a Japan Sea-type back-arc basin. Elsewhere in the basin deposition com
menced with the calc-arenites and shales of the Vallee Lourdes Formation, which are immediately overlain
by the ca. 472 Ma quartz-feldspar porphyries of the Nepisiguit Falls Fonnation. The association of these
units to major massive sulphide deposits indicates that the economically significant syngenetic mineraliza
tion occurred early in the Tetagouche Group. The cessation of dominantly subalkalic felsic volcanism is
marked by the top of the Flat Landing Brook Formation at 466 ± 2 Ma, after which the alkali basalts of the
Boucher Brook Formation were formed.

Resume: Le present rapport rend compte de trois datations U-Pb sur zircon effectuees sur des roches
volcaniques de l'Ordovicien du nord du Nouveau-Brunswick. Ces roches sont integrees dans un cadre stra
tigraphique provisoire du Groupe de Tetagouche, une unite dont I'organisation interne est caracterisee par
I' existence de nombreuses nappes et de plissements multiples. Les dacites aphenocristaux de feldspath de la
Formation de Spruce Lake qui ont ete datees a471 +5/-3 Ma marquent la base du Groupe de Tetagouche,
dont le depot s'est fait dans un bassin d' arriere-arc semblable aI' actueJle mer du Japon. Ailleurs dans le bas
sin, la succession sedimentaire a debute par le depot des calcarenites et des shales de la Formation de Vallee
Lourdes. Ces roches sont surmontees directement par des unites aphenocristaux de quartz et de feldspath de
la Formation de Nepisiguit Falls dont l'age remonte aenviron 472 Ma. L'association de ces unites ad'im
portants gisements de sulfures massifs indique que la mineralisation syngenetique de grand interet
economique de cette region s'est formee dans les premiers temps du depot du Groupe de Tetagouche. La fin
du volcanisme felsique de caractere principalement subalcalin peut etre rapportee au sommet de la Forma
tion de Flat Landing Brook, qui a ete date a466 ± 2 Ma, apres quoi se sont deposes les basaltes alcalins de la
Formation de Boucher Brook.

I Contribution to the 1994-1999 Bathurst Mining Camp, Canada-New Brunswick Exploration Science and Technology
(EXTECH II) Initiative.

2 Geological Survey of Canada, 60 1 Booth Street, Ottawa, Ontario K IA OE8

113



Radiogenic Age and Isotopic Studies: Report 10

INTRODUCTION

The volcanic dominated, Lower to Middle Ordovician Teta
gouche Group mainly occurs in the part of the northern
Miramichi Highlands generally known as the Bathurst min
ing camp (Fig. 1). The Tetagouche Group represents the rem
nants of the passive side of a Japan Sea-type back-arc basin
(van Staal et aI., 1991); the structurally overlying Fournier
Group representing the oceanic and active side of the mar
ginal basin. This basin closed during the Late Ordovician to
Late Silurian (van Staal et aI., 1990; van Staal, 1994). During
closure the Tetagouche Group was internally imbricated and
repeatedly folded, creating a complex geometrical distribu
tion of the rock units (van Staal, 1994). Hence, detailed chro
nostratigraphy throughout the Bathurst mining camp is
essential for structural analysis of the region and for deter
mining the internal geometry of the various rock units. Fur
thermore, chronologically relating the various dissected
structural blocks is economically important, as the Teta
gouche Group hosts numerous syngenetic massive sulphide
deposits which occur at several stratigraphic horizons (van
Staal et aI., 1992; Rogers, 1994).

This paper is a continuation of U-Pb zircon geochronol
ogy of the Tetagouche Group, summarized by Sullivan and
van Staal (1996). However, as each of the volcanic forma
tions contains an internal chemical stratigraphy that may be
related to multiple volcanic centres active over a significant

time period (Rogers, 1994,1995), the ages for the various for
mations presented herein are likely to be refined as more age
determinations become available.

GEOLOGICAL SETTING

The lower part of the Tetagouche Group consists dominantly
of felsic and mafic volcanic rocks, interbedded with minor
sedimentary rocks (Fig. 2). These largely volcanic rocks dis
conformably overlie clastic sediments of the Cambrian to
Lower Ordovician Miramichi Group (van Staal and Fyffe,
1991; van Staal et aI., 1996). The contact between these two
groups, where exposed, is marked by the pre-Tetagouche
Group Miramichi melange at the top of the Miramichi Group
and by conglomerate and calcareous psammites and pe1ites of
the Vallee Lourdes Formation (Rice and van Staal, 1992) at
the bottom of the Tetagouche Group. The Vallee Lourdes
Formation has yielded middle Arenig to early Llanvirn cono
donts and brachiopods (Nowlan, 1981; Neuman, 1984) and
therefore provides important time constraints on the underly
ing sedimentary Miramichi Group and overlying volcanic
rocks of the Tetagouche Group.

The oldest volcanic rocks in the Tetagouche Group are
believed to belong to the Spruce Lake Formation (Rogers and
van Staal, 1996). These mainly consist of feldspar-phyric,
dacitic to rhyolitic, submarine lava flows and cryptodomes,
with subordinate felsic pyroclastic rocks. Whole-rock
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Figure 1. Generalized geology ofthe Bathurst mining camp, northern New Brunswick (modified after Rogers
and van Staal, 1996). The age ranges specified represent best estimates based on field relations and all the
currently available V-Pb ages (Sullivan and van Staal, 1990; 1993; 1996; this study),
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Figure 2. Schematic tectonostratigraphy o/the Miramichi, Tetagouche, and Fournier groups showing the
age relations between the northwardly stacked nappes present in the Bathurst mining camp.

geochemical studies have distinguished several separate
suites of felsic volcanic rocks within this fonnation (Rogers,
1994, 1995). The Orvan Brook suite is of particular interest in
that it appears to have a spatial relationship to the Caribou
type massive sulphide deposits that are present within the
Spruce Lake Fonnation (Rogers, 1994, 1995). Sullivan and
van Staal (1996) dated an Orvan Brook feldspar porphyry at
470 ± 5 Ma. The felsic volcanic rocks are interlayered with
MORB-like tholeiitic pillow basalts of the Forty Mile Brook
suite (van Staal et aI., 1991). This assemblage is imbricated
into several thrust sheets, collectively referred to as the
Spruce Lake nappe (C.R. van Staal and N. Rogers, unpub
lished data, 1996). Contemporary to the Spruce Lake Fonna
tion is the structurally overlying Canoe Landing Lake
Fonnation, which consists of chemically distinct alkalic and
tholeiitic basalts. The Canoe Landing Lake Formation is
similarly internally imbricated and wholly contained within
the allochthonous Canoe Landing nappe. In addition to the
Canoe Landing Lake Fonnation this nappe also contains rare
dacitic tuffs that are chemically and petrologically identical
to the Orvan Brook suite of the Spruce Lake Fonnation, and
yielded a similar age of 470+4/-2 Ma (Sullivan and van Staal,
1993). Elsewhere in this nappe a similar situation exists
where the Forty Mile Brook tholeiitic pillow lavas of the
Spruce Lake Fonnation are interlayered with the Canoe
Landing Lake alkali basalts. Hence, the Spruce Lake and
Canoe Landing Lake fonnations were fonned contemporane
ously in adjacent parts of the basin. The Spruce Lake and
Canoe Landing Lake nappes probably both came from the
part of the marginal basin characterized by transitional crust
(van Staal et aI., 1991).

The pyroclastic dominated felsic volcanic rocks of the
Nepisiguit Falls Fonnation are also at least in part coeval with
the Spruce Lake Formation. They have been intruded by
Forty Mile Brook tholeiite dykes, and two previously pre
sented U-Pb zircon ages for the Nepisiguit Falls quartz
feldspar porphyries cluster around 470 Ma (Sullivan and van
Staal, 1996). The Nepisiguit Falls Formation is also host to a
number of major massive sulphide deposits, including the
Brunswick-type deposits which occur along the so-called

Brunswick belt (for example, the Brunswick No. 12 and
Heath Steele deposits; Fig. 1). The Nepisiguit Falls and
Spruce Lake fonnations are overlain by the regionally exten
sive rhyolites of the Flat Landing Brook Formation, which
are absent in the Spruce Lake and Canoe Landing Lake nap
pes. These volcanic fonnations are in turn overlain by the
Llandeilo to Caradoc shale and alkali basalt units of the
Boucher Brook Fonnation (van Staal and Fyffe, 1991). The
subsequent closure of the Tetagouche basin resulted in a
northwardly stacked sequence of internally imbricated nap
pes, that provide sections through the Tetagouche Group
derived from different parts of the basin (Fig. 2).

ANALYTICAL METHODS

The analytical procedures used in this study for U-Pb isotope
dilution analysis are summarized in Parrish et al. (1987). All
the zircon fractions were air abraded following the method of
Krogh (1982). Treatment of the analytical errors are outlined
in Roddick (1987). Procedural blanks for U and Pb ranged
from 0 to 1 pg and 3 to 11 pg, respectively. The analytical data
are presented in Table 1 and Figures 3 to 5. All of the quoted
age uncertainties are at the 2a level.

SPRUCE LAKE FORMATION:
SAMPLE VL-714

Sample VL-714 was collected from the felsic volcanic rocks
immediately overlying the ore body in the open pit of the
Caribou mine (47°33'55", 66° 17'54"; Fig. 1). Field relations,
petrology, and chemistry all indicate that this sample belongs
to the Orvan Brook suite of the Spruce Lake Fonnation
(Rogers, 1994).

The zircon population consists of clear, colourless, euhe
dral prismatic to acicular crystals with minor inclusions. Six
zircon fractions were analyzed, four of which clearly contain
a component of inherited Pb (Fig. 3). The other two fractions
C and E, which consist of acicular crystals, are probably free
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of inheritance. Fraction C has a large error ellipse that over
laps concordia at 471 ± 3 Ma. The nearly concordant fraction
E falls within this error ellipse and yields a similar but more
precise 206Pb/238U age of 469.0 ± 0.9 Ma. It is possible that
fraction E lost some Pb and may be indicating an age that is

Table 1. U-Pb zircon analytical data.

too young. Thus, an age of 471 +5/-3 Ma, based primarily on
the 206Pbj238U age of concordant fraction C, is estimated for
this porphyry. The error assigned takes into account the pos
sibility of Pb loss in these zircons.

Radiogenic ratios (:t1a, %)' Ages (Ma, :t:!a)"

Wt.b U Pt>" 206pbd Pbe 208Pb'

Fraction" 119 ppm ppm 2lJ.4pb pg % 206Pb/238U 207Pb/235U 207Pb/'06Pb '06Pb/'38u '07Pb/235U ,o7Pb/'06Pb

Spruce Lake Formation (VL-714)

A 9 391.0 34.41 517 40 7.45 0.08899:t0.23 0.7870:t1.0 0.06414:t0.94 549.6:t2.4 589.5:t9.1 746.3:t40
B 14 438.3 39.53 4540 8 6.26 0.09244%0.09 0.8107%0.11 0.06360:t0.06 570.0:t1.0 602.8:t1.0 728.4:t2.4
C 4 90.5 6.81 139 13 8.48 0.07577:t0.35 0.5925:t1.0 0.05672:t0.88 470.8:t3.2 472.5±7.8 480.6±39
0 20 318.8 23.84 4603 7 5.68 0.07760±0.12 0.6124±0.14 0.05724:t0.09 481.8:t1.1 485.1±1.0 500.7±3.9
E 22 313.3 23.18 5208 6 7.33 0.07547±0.10 0.5890±0.11 0.05661±0.06 469.0±0.9 470.2±0.8 476.2:t2.7
F 20 383.8 29.23 3742 10 6.68 0.07817%0.10 0.6171%0.11 0.05725±0.06 485.2:t0.9 488.0±0.9 501.2±2.5

Neplslguit Falls Formation (VL-715)

A 7 168.9 19.16 1458 6 9.20 0.1117±0.12 1.106±0.17 0.07181 ±0.13 682.9:t1.5 756.4±1.8 980.5±5.2
B 34 177.1 29.67 7221 8 9.65 0.1624±0.08 1.883±0.10 0.08410±0.04 969.9:t1.5 1075.0±1.3 1294.9±1.4
C 16 182.0 20.45 848 24 8.13 0.1111 ±0.11 1.229±0.19 0.08021±0.14 679.4±1.4 813.9±2.1 1202.2±5.3
0 53 198.0 20.04 17780 4 8.56 0.1010±0.08 0.9169±0.10 0.06584±0.03 620.2±1.0 660.7±0.9 801.4±1.3
E 34 120.6 13.73 5959 5 9.38 0.1121±0.10 1.077±0.11 0.06967%0.06 685.1±1.3 742.2±1.1 918.7±2.4
F 20 223.0 16.54 2709 8 6.78 0.07611 ±0.09 0.5941±0.12 0.05661:t0.08 472.8:t0.9 473.5±0.9 476.5±3.6

Flat Landing Brook Formation (VL-171)

A1 20 152.7 12.20 2309 6 14.7 0.07497±0.10 0.5825±0.13 0.05635±0.08 466.0±0.9 466.0±1.0 466.0±3.7
A2 34 151.4 12.08 292 87 14.6 0.07495±0.20 0.5832±0.62 0.05644±0.50 465.9:t1.8 466.5±4.6 469.6±22
B 10 129.9 10.51 163 44 15.6 0.07507%0.30 0.5835±1.2 0.05637±1.0 466.6:t2.7 466.7±9.0 467.0±47
C 10 175.6 14.08 1807 5 15.2 0.07479±0.10 0.5833:t0.22 0.05656:t0.18 465.0:t0.9 466.5±1.7 474.3±8.1

a All zircon fractions were abraded.
bError on weight = ± 1~g.
CRadiogenic Pb.
dMeasured ratio corrected for spike and Pb fractionation of 0.09:t 0.03%/AMU.
"Total common Pb on analysis corrected for fractionation and spike.
f Radiogenic Pb.
9Corrected for blank Pb and U and common Pb (Stacey-Kramers model Pb composition equivalent to the '''Pbf''Pb age).
hCorrected for blank and common Pb.
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NEPISIGUIT FALLS FORMATION:
SAMPLE VL·715

Sample VL-7l5 is a dacitic quartz-feldspar porphyry identi
cal to the Nepisiguit Falls Formation adjacent to the Heath
Steele mine site. Petrographically it consists of black quartz
phenocrysts and large, rapidly grown feldspars in a fine
grained, recrystallized felsitic, tuffaceous groundmass.
Although no massive sulphide deposits are known around the
immediate vicinity of this particular sample (47°28'56",
66°28'43"; Fig. I), chemically similar quartz-feldspar por
phyries consistently occur beneath the Brunswick-type mas
sive sulphide showings (Rogers, 1994).

Zircons in this sample are clear, colourless, and range in
shape from tablets to prisms and acicular crystals. Five of the
six analyzed zircon fractions clearly contain significant
inheritance and plot in a scattered array with 207PbP06Pb ages
older than ca. 800 Ma (Table I; Fig. 4). The sixth fraction (F),
consistin~ of acicular crystals, falls just below concordia and
yields a 06PbP38U age of 472.8 ± 0.9 Ma. The preferred
interpretation for the age of the porphyry is 473 Ma, with an
error estimate of +5/-3 Ma assigned to reflect the possibility
of Pb loss and inheritance in these zircons.

Figure 4.

V -pb concordia diagram for sample VL-715
from the Nepisiguit Falls formation.
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FLAT LANDING BROOK FORMATION:
SAMPLE VL95-171

Sample VL95-171 is a fine grained, light grey, aphyric to
sparsely feldspar phylic felsic volcanic rock collected from
the top of the Flat Landing Brook Formation from a drillhole
at the Brunswick No. 6 mine site (47°24'23", 65°49'27", sam
ple from ca. 30 m depth in hole no. 346; Fig. I). The sample
was taken from immediately below a red shale unit that
locally marks the base of the Boucher Brook Formation and
the transition to regional alkalic volcanism.

The zircon population consists of colourless, well faceted,
stubby prisms with minor to abundant bubble and rod-shaped
inclusions. Four multigrain fractions were analyzed from this
sample; all four of the analyses intersect and overlap each
other and concordia (Fig. 5). The best interpretation for the
age of the sample is taken to be 466 ± 2 Ma based on the
206Pb,J238U ages and related uncertainties of concordant
zircon fractions AI, A2, and B.

SUMMARY AND CONCLUSIONS

The three age determinations outlined in this paper provide an
improved chronology for the early to middle portion of the
Tetagouche Group. During this period numerous volcanic
centres were active across a potentially very wide basin that
has subsequently been closed with the stacking of several
internally imbricated nappes (Fig. 1 and 2). The volcanic stra
tigraphy can be related, in simple terms, to early Tetagouche
Group volcanism being represented by the Canoe Landing
Lake, Nepisiguit Falls, and Spruce Lake formations, the mid
dle Tetagouche Group by the Flat Landing Brook Formation,
and the upper Tetagouche Group by the Boucher Brook alkali
volcanism. However, the overall stratigraphy of the Teta
gouche Group is less clearly defined, as sedimentary rocks
allocated to the Boucher Brook Formation (van Staal and
Fyffe, 1991) are interlayered with the Nepisiguit Falls and
Spruce Lake formations (see Fig. 2).

Though somewhat poorly defined, the interpreted U-Pb
age of 47 I+5/-3 Ma for sample VL-714 suggests a late Arenig
or early Llanvirn age (cf. Tucker et al., 1990) for this Spruce
Lake feldspar-phyric porphyry. The age of the porphyry is
within the error range of a 470 ± 5 Ma feldspar porphyry,
which is also from the Orvan Brook suite (sample VL-644
from Sullivan and van Staal, 1996), and a 470+4/-2 Ma por
phyritic dacitic tuff from the structurally overlying Canoe
Landing Lake Formation (sample VL-7 from Sullivan and
van Staal, 1993).

The 473+5/-3 Ma age of the Nepisiguit Falls quartz
feldspar porphyry represented by sample VL-715 is similar in
age to a 471 ± 3 Ma augen schist also of the Nepisiguit Falls
Formation dated by Sullivan and van Staal (1996). However,
it is distinctly older than the youngest rock yet dated from this
largely volcanic fonnation, which is a 469 ± 2 Ma quartz- and
feldspar-phyric dacite from the Brunswick Belt (sample VL
307 from Sullivan and van Staal, 1996). The apparent dis
agreement between these two dates for the Nepisiguit Falls
Formation may not, however, be as significant as it seems.
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These are samples from a dismembered volcanic system,
within which it has proved impossible to distinguish distinct
eruptive events, let alone each separate pyroclastic unit or
lava now. Such a large volcanic system, as that represented
by the felsic volcanic rocks ofthe Nepisiguit Falls Formation,
could easily have produced chemically very similar products
for a period of a few million years, potentially at a number of
separate centres. Taken together, the U-Pb zircon ages of
these felsic volcanic rocks suggest an age of about 472 Ma for
the bulk of the Nepisiguit Falls Formation. The chronological
overlap between these rocks and those of the Spruce Lake
Formation is consistent with the interpretation that these two
formations are contemporary (Rogers, 1994).

The age of 466 ± 2 Ma for sample VL95-l71 from the top
of the Flat Landing Brook Formation is in agreement with a
previously determined age of 466 ± 5 Ma for a spherulitic
Taylor Brook rhyolite of the Flat Landing Brook Formation
(sample VL-74; Sullivan and van Staal, 1990). Although this
new age effectively dates the same horizon, the error obtained
for sample VL-74 was too great to chronologically distin
guish the Flat Landing Brook Formation from the other felsic
volcanic formations of the Tetagouche Group. In addition to
dating the Flat Landing Brook Formation, this age of 466 ±
2 Ma provides a significant constraint for the base of the over
lying Brunswick alkali basalt suite of the Boucher Brook
Formation. This is related to the change in source material for
the felsic volcanism from dominantly crustal melts to the
extreme fractionates represented by the Boucher Brook
comendites (Rogers, 1994).

The age relation between the Spruce Lake Formation and
the onset of Boucher Brook alkali volcanism (as opposed to
Boucher Brook sedimentation) is important as it dictates that
a thrust occurs beneath the northward younging Caribou
deposit (based on metal zonation in the disseminated massive
sulphide). Prior to the recognition of the Spruce Lake Formation,
this deposit, which is hosted by thinly bedded siltstone,
wacke, and black shale units, was allocated to a portion of the
Boucher Brook Formation younger than 465 Ma (van Staal
et al., 1992). Despite its large error, sample VL-714 dates the
synvolcanic Caribou deposit at ca. 471 Ma, whilst the struc
turally underlying Boucher Brook alkali basalts exposed to
the south of the deposit are believed to be younger than 466 ±
2 Ma (based on relations with the Flat Landing Brook Forma
tion (sample VL95-171) at the Brunswick No. 6 mine).
Therefore, the stratigraphy is inverted and hence the need for
a thrust between the two formations. This structural relation
ship is supported by a discrete chemical stratigraphy
observed in the associated sediments (Rogers and Brodaric,
1996; Rogers and van Staal, 1996; N. Rogers, unpub. data,
(996), which shows that the Caribou massive sulphide
deposit formed very early in the Tetagouche Group. There
fore, it follows that the base of the Spruce Lake Formation,
and consequently the Tetagouche Group as a whole, has been
identified as 471+5/-3 Ma. The top of the Spruce Lake
Formation has not yet been dated. However, Spruce Lake
feldspar porphyries are cut by, and are therefore younger
than, the 465 ± 1.5 Ma Wildcat porphyry (sample VL638
from Sullivan and van Staal, 1996).



With samples VL-714 and VL-71S dating the volcanic
rocks associated to the synvolcanic massive sulphide depos
its of the Spruce Lake and Nepisiguit Falls formations,
respectively, it is noted that all of the economically signifi
cant orebodies formed early in the Tetagouche Group, at ca.
473 to 471 Ma. Consequently, even though minor sulphide
showings are recognized throughout the Tetagouche Group,
it cannot be discounted that the major orebodies (i.e. Bruns
wick No. 12, Heath Steele, Caribou, etc.) are dissected por
tions of the same mineralizing event.
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New V-Pb data from the Laberge Group, northwest
British Columbia: implications for Stikinian arc
evolution and Lower Jurassic time scale calibrations

Gary G. Johannson l and Vicki J. McNicoU2

Johannson, G.G. and McNicoll, VI, 1997: New V-Pb data from the Laberge Group, northwest
British Columbia: implications for Stikinian arc evolution and Lower Jurassic time scale
calibrations; in Radiogenic Age and Isotopic Studies; Report 10; Geological Survey ofCanada,
Current Research, 1997-F,p.121-129.

Abstract: New U-Pb data from biostratigraphically well constrained strata of the Laberge Group pro
vide insight into Early Jurassic magmatic and tectonic evolution of the northern Stikinian arc. Ammonite
biochronology furnishes sub zonal resolution for coeval strata at two U-Pb geochronology sample sites to
the lower part of the early Late Pliensbachian Kunae Zone. A granitic conglomerate clast collected near the
Lower-Upper Pliensbachian boundary yielded a crystallization age of 186.6 + 0.5/-1 Ma and indicates dra
matic rates of uplift and pluton exhumation during this time. A rhyodacitic lithic-crystallapill i tuff yielded
an age of 186 ± 1 Ma, indicating eruptive processes were continuing into the early Late Pliensbachian even
as comagmatic pluton exhumation was occurring. These data shed light on magmatic and tectonic regimes
during the Pliensbachian, indicating a late phase of comagmatic arc building in the northern Stikinian arc
followed by rapid tectonically-driven arc dissection. In light of the relative accuracy of these two U-Pb age
determinations and their tight biostratigraphic constraints placing them near the Lower-Upper Pliensba
chian substage boundary, a reassessment of the current interpolated Pliensbachian-Toarcian boundary of
187 Ma given elsewhere appears necessary.

Resume: De nouvelles datations U-Pb qui ont ete menees sur des strates abiostratigraphie bien etablie
du Groupe de Laberge permettentde jeter un eclairage nouveau sur I 'evolution magmatique et tectonique de
la partie nord de l'arc stikinien au Jurassique precoce. Une biochronologie des ammonites precise dans des
couches contemporaines de celles oll deux sites d 'echantillonnage ont ete dates aI'aide de la methode U-Pb
ont permis de situer ceux-ci aun niveau de precision superieur acelui de la zone, les plac;;ant dans la partie
inferieure de la Zone a Kunae du debut du Pliensbachien tardif. Un claste de conglomerat granitique
recueilli pres de la limite separant les parties inferieure et superieure du Pliensbachien a livre un age de
cristallisation de 186,6 +0,5/-1 Ma, ce qui revele des vitesses spectaculaires de soulevement et d 'exhuma
tion des plutons acette epoque. Un tuf alapillis acristaux et afragments lithiques de composition rhyodaci
tique a livre un age de 186 ± I Ma, ce qui indique que les processus eruptifs se sont poursuivis au debut du
Pliensbachien tardif au moment meme oll le pluton comagmatique etait soumis aune exhumation. Ces
donnees ont permis de jeter un regard neuf sur les regimes magmatiques et tectoniques du Pliensbachien,
revelant I'existence d'une phase tardive d'edification d'un arc comagmatique dans le nord de I 'arc stikinien
suivie par la dissection rapide de I'arc par des processus tectoniques. A la lumiere de la precision relative de
ces deux datations U-Pb et des donnees biostratigraphiques precises les plac;;ant pres de la limite separant les
sous-etages inferieur et superieur du Pliensbachien, il semble necessaire de reevaluer l'age de la limite
Pliensbachien-Toarcien reconnu aI'heure actuelle, que d'autres chercheurs ont situe par interpolation a
187 Ma.

12012 1st SI. N.W., Calgary, Alberta T2M 2T4
2601 Booth Street, Ottawa, Ontario KIA OE8
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INTRODUCTION

The Whitehorse Trough is an arc-marginal marine basin of
Mesozoic age that forms a northwest-trending synclinorium,
extending approximately 500 km from the south-central
Yukon into northern British Columbia within the Intermon
tane Morphogeological Belt (Fig. I). The Whitehorse Trough
and associated arc, the Late Triassic Stikinian arc (i.e. Stuhini
Group in B.C.; Lewes River Group in the Yukon), comprise
northern Stikinia. The Whitehorse Trough delimits the east
ern extent of Stikinia in the northern Canadian Cordillera,
where its strata overlie the major tectonic boundary between
the Stikine and Cache Creek terranes. The Lower to Middle
Jurassic Laberge Group is widely interpreted to represent an
overlap assemblage that was deposited on and links the
Stikine and Cache Creek terranes (Wheeler et aI., 1988). An
understanding of the stratigraphic range and provenance
characteristics of this arc-marginal marine sedimentary suc
cession are critical to deciphering Stikine and Cache Creek

terrane interactions. The results presented here form part of a
larger regional-scale study into various aspects of Early
Jurassic basin evolution of the Whitehorse Trough that
include detailed biostratigraphy, provenance characteristics,
paleoflow patterns, and clastic diagenesis of the Laberge
Group (Johannson, 1994; Johannson et aI., in press).

The study area, covering over 500 km2, is within the Atlin
Lake region of northwestern British Columbia (Fig. 2),
mainly within the boundaries of Atlin Lake Wilderness Pro
vincial Park in the southern part of the lake. In the study area
the Intermontane Belt is represented by the Stikine terrane
which narrows to roughly 35 km in width and the Cache
Creek (Atlin) Terrane. In the immediate vicinity of Atlin
Lake are four major tectonostratigraphic elements, consisting
of the northern Cache Creek terrane to the east, Stikine and
Nisling terranes to the west, and the Laberge Group of the
Whitehorse Trough (Monger et aI., 1991) (Fig. I and 2).

GENERALIZED GEOLOGICAL MAP
NORTHERN CORDILLERA

CPC

N

r
CPC

TESLlN FAULT

YUKON

B.C.

ST

LEGEND

00 STIKINE TERRANE

[:TIJ CACHE CREEK TERRANE

I QN I QUESNEL TERRANE

[E[] NISLING ASSEMBLAGE

Icpcl COAST PLUTONIC COMPLEX

[];] LABERGE GROUP

ffiJ CRETACEOUS IN1RUSlVES

100Km

Figure 1. Generalized geology ofthe northern Canadian Cordillera. The Whitehorse
Trough (Laberge Group =lL) straddles the British Columbia - Yukon border in the
northwest quadrant of the province (modified after Wheeler and McFeely, 1991).
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The age of the Laberge Group remains poorly constrained
through much of the Whitehorse Trough, hence establishing
good biostratigraphic age control was one of the primary aims
of the larger regional scale study. Megafauna collected by the
senior author include ammonites, nautiloids, belemnoids,
bivalves, corals, brachiopods, crinoids, and fish. The ammon
ites are by far the most numerous and important fossils in the
study area and form the basis for biostratigraphic determina
tions. Well constrained biostratigraphic age determinations
have enabled accurate stratigraphic collection of U-Pb sam
ples, that have yielded new data shedding light on the nature
and timing of processes governing sedimentation in the
Lower Jurassic Whitehorse Trough. In addition, the rela
tively precise ages of both ofthe U-Pb samples and their good
biostratigraphic constraints allows us to evaluate the age of
the upper Pliensbachian stage boundary. It appears that the
current interpolated Pliensbachian-Toarcian boundary of
187 Ma given by Harland et al. (1990) needs to be reassessed.

ATLlN

STUDY AREA{I
\\

STUDY AREA

Figure 2. Map showing location of study area and regional
setting ofthe Laberge Group in the Atlin Lake area (modified
after Wheeler et al., 1991). In the immediate vicinity ofAtlin
Lake are four major tectonostratigraphic elements,
consisting of the northern Cache Creek terrane to the east,
Stikine and Nisling terranes to the west, and the Laberge
Group of the Whitehorse Trough (Monger et al., 1991).
Dashed line marks the boundary of the study area.

G.G. Johannson and V.J. McNicoll

BIOSTRATIGRAPHY AND SEDIMENTOLOGY

The Laberge Group comprises a deep-marine submarine fan
succession in the study area. The Laberge Group is composed
of the Inklin and Takwahoni formations in B.C. (Souther,
1971); however, the Inklin Formation alone represents the
Laberge Group in the immediate region of the study area.
Proximal shallow-marine correlatives (i.e. the Takwahoni
Formation) are absent. The Inklin Formation in this area is
biostratigraphically constrained to an age of Early Sine
murian (Coroniceras Assemblage) to Late Pliensbachian
(Kunae Zone) and is interpreted to represent a forearc basin
fill over three kilometres in thickness (Johannson, 1994;
Johannson et aI., in press). The U-Pb geochronology samples
were collected from biostratigraphically well constrained
strata ofKunae Zone age and are found within measured sec
tions on Sloko and Copper islands in Atlin Lake (Fig. I). The
stratigraphic level at which the sampled units occur is shown
in Figures 3 and 4, respectively.

Sample GGAJ-92-71

The Sloko Island sample is a monzogranite clast collected
from a thick (>12 m) amalgamated Late Pleinsbachian con
glomerate unit that overlies a fining-upward megasequence
of muddy rhythmites (Fig. 3). The composite nature of the
unit, its lensoid geometry, closed framework, and mud-poor
sandy matrix indicate a mid-fan channel environment with
deposition interpreted to result from a series of coarse grav
elly, high-concentration turbidity currents. Granitic clasts are
abundant in this unit, forming almost 70% of the clasts, and
display great compositional and textural similarity, suggest
ing provenance from a single plutonic suite. There is a stra
tigraphically abrupt and striking change in clast modes in
units only slightly older (i.e. late Early Pliensbachian). These
units contain predominantly volcanic clasts; plutonic clasts,
which are more mafic in composition than the granitic clasts
in the Late Pleinsbachian conglomerate unit, rarely exceed
10% of the total clasts.

The sampled clast is an orthoclase-megacrystic
hornblende-biotite monzogranite, which is a particularly
abundant plutonic clast lithology within the Upper Pliensba
chian units. The stratigraphic position of the conglomerate
unit is about 150 m above a sharply defined Early-Late Pli
ensbachian boundary marked by the first appearance of
ammonites Fanninoceras with Dubaricerasfreboldi (Fig. 3).
The first appearance of Fanninoceras defines the base of the
Late Pliensbachian substage while Dubariceras freboldi is
considered diagnostic of the Freboldi Zone of the late Early
Pliensbachian and is rarely found to occur with Fanninoceras
(Smith et aI., 1988). This co-occurrence of ammonites pro
vides a high-resolution marker for the Early-Late Pliensba
chian substage boundary.

Sample GGAJ-92-127

The Copper Island sample is a lithic-crystal lapilli tuff of
rhyodacitic composition. It was collected from a thick
sequence of predominantly medium to coarse sandstone with
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minor interbedded water-lain lapilli tuff and resedimented
pyroclastic debris (Fig. 4) . The sequence is composed pri
marily of thick, planar bedded, sheet sands with minor inter
bedded stacks of thin sand-mud/silt-mud couplets, forming a
coarsening-upward megasequence interpreted to represent a
prograding mid-fan lobe environment.

The sampled lapilli tuff is crystal-rich and composed pre
dominantly of broken and whole plagioclase euhedra which
frequently display normal oscillatory zoning, and minor
quartz, hornblende, and accessory biotite. The textural fea
tures of the unit are indicative of coeval pyroclastic deposi
tion rather than epiclastic reworking. Modal attributes of the
crystal component mimic the composition of the predomi
nantly monolithic volcanic lithic fragments and indicate deri
vation from the same enJptive event (Smith and Lotosky,
1995). The stratigraphic position of the tuff unit is about
300 m above a well defined Early-Late Pliensbachian bound
ary and is bracketed by ammonites Reynesoceras inaequior
natum 260 m below and Amaltheus stokesi at 210 and 260 m
above (Fig. 4). Both of these species have very short ranges in
the Kunae Zone; Reynesoceras inaequiornatum is confined
to the base of the Kunae Zone and Amaltheus stokesi is con
fined to the lower third of the zone (Smith et aI., 1988).

V-Pb GEOCHRONOLOGY

The U-Pb analytical methods utilized in this study are those
outlined in Panish et al. (J 987). Treatment of analytical
enors follows Roddick (1987), with regression analysis
modified after York (J 969). Analytical results are presented
in Table 1, where errors on the ages are reported at the 2a

Table 1. U-Pb analytical data.

level, and displayed in the concordia plots (Fig. 5 and 6). Zir
con fractions analyzed were very strongly air abraded follow
ing the method of Krogh (1982). The U-Pb sample locations
are displayed in the stratigraphic columns of Figures 3 and 4;
sample site co-ordinates are provided in Table I.

Sample GGAJ-92-71

The monzogranite c1ast from the Sloko Island conglomerate
(Fig. 3) contains abundant, very high quality zircons. Four
multigrain fractions of light brown, sharply faceted, doubly
terminated, prismatic crystals were analyzed from the sam
ple. All of the analyses contain a small inherited component.
A linear regression including all four analyses has a lower
intercept of 186.6 +0.5/-1 Ma (MSWD =0.33) which is inter
preted to be the age of the c1ast (Fig. 5).

Sample GGAJ-92-127

The lithic-crystal lapilli tuff sampled on Copper Island
(Fig. 4) contains abundant colourless to light brown, very
sharply faceted, doubly terminated, prismatic zircons. The
crystals are very clear and of good quality with some con
taining minor f1uidal inclusions. Four multigrain fractions
were analyzed from this sample. All four of the analyses
overlap each other and intersect concordia (Fig. 6). Taking
into consideration the 206Pbj238U ages and the related uncer
tainties of all four fractions, the age of the rock is interpreted
to be 186 ± I Ma.

Radiogenic ratios ( ± 1cr %)9 Ages (Ma, :l:20)h

Wt.
b

U Pb
c 206

pb
d

Pb
e 208

pb
f 206pb 207Pb 207

pb
206

pb
207

pb 207
pb

Fraction
a 204

pb %
238

U
235

U
206pb 238

U
235

U
206

pbllg ppm ppm pg

GGAJ-92-71: monzogranite ctast 1

A, 90 53 495.6 14.85 3605 13 11.26 0.02944 :l: 0.09 0.2026 :l: 0.13 0.04990 :l: 0.07 187.1:l: 0.3 187.3 :l: 0.4 190.2:l: 3.5
B,90 70 403.6 12.11 2096 25 11.30 0.02947 :l: 0.09 0.2031 :l:0.13 0.04999 :l: 0.08 187.2:l: 0.3 187.7:l: 0.5 194.3:l: 3.8
C,100 74 493.5 14.81 7729 9 11.01 0.02957 :l: 0.09 0.2042 :l: 0.11 0.05009 :l: 0.05 187.9:l: 0.3 188.7 ± 0.4 199.3 ± 2.1
D, 100 48 424.1 12.74 3836 10 11.21 0.02952 ± 0.11 0.2036 ± 0.13 0.05003 ± 0.09 187.5 ± 0.4 188.2 ± 0.4 196.4:l: 4.1

GGAJ-92-127: lithic-crystallapilli tuft 2

A, 90 74 357.8 10.83 700 74 12.69 0.02927 ± 0.11 0.2016 ± 0.27 0.04995 :l: 0.22 186.0 ± 0.4 186.5 ± 0.9 192.4:l: 10
B,90 64 312.4 9.517 830 47 13.45 0.02919 ± 0.10 0.2010 ± 0.24 0.04995:l: 0.19 185.5:l: 0.4 186.0 ± 0.8 192.5 ± 9.0
C,100 93 307.2 9.371 555 102 13.34 0.02926 ± 0.13 0.2018 ± 0.31 0.05003 ± 0.25 185.9:l: 0.5 186.7 ± 1.1 196.6± 11
D,90 81 319.4 9.702 9605 5 13.16 0.02920 ± 0.09 0.2013 ± 0.11 0.05000 ± 0.04 185.5 ± 0.3 186.2 ± 0.4 195.2 ± 1.8

aAll zircon fractions are very strongly abraded; numbers refer to average size of grains in microns
bError on weight = ±1 ll9
CRadiogenic Pb
dMeasured ratio corrected for spike and Pb fractionation of 0.09±0.03%/AMU
eTotal common Pb on analysis corrected for fractionation and spike
fRadiogenic Pb
~Corrected for blank Pb and U and common Pb (Stacey-Kramers model Pb composition equivalent to the 207Pb/06 Pb age)

Corrected for blank and common Pb

lsample locality: Shoreline exposure on Sloko Island, AlIin Lake, northern B.C.; NTS 104N/4; UTM 8, 563600E-6562770N.
2Sample locality: South side of Copper Island, AlIin Lake, northern B.C.; NTS 104N/5; UTM 8, 558400E-6573275N.
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DISCUSSION AND CONCLUSIONS

Magmatic and tectonic regimes

These U-Pb data provide important information on active
processes within the Stikine arc system during the Pliensba
chian. Other macro- and microscopic evidence (Johannson,
1994; Johannson et aI., in press) clearly indicate that the bulk
of the Lower Pliensbachian sediments are derived from vol
caniclastic sources of restricted composition (i.e. dacitic to
rhyodacitic) that appear to be broadly coeval with deposition.
These pyroclastics are very similar to deposits in the Yukon
known as the Nordenskiold dacite (Cairnes, 1910); however,

their abundance in the Lower Pliensbachian succession at
Atlin Lake indicate much more extensive and voluminous
eruptions than that recorded by the Nordenskiold dacite fur
ther north. The age of the pyroclastic unit (186 ± 1 Ma) con
firms the interpretation of coeval deposition and further
shows that sporadic volcanism continued past the main erup
tive episode in the Early Pleinsbachian into the early Late
Pliensbachian even as comagmatic pJutons were being
exhumed and eroded.

The age of the granitic clast (186.6 +0.5/-1 Ma) is of par
ticular significance in unraveling tectonic behaviour in the
northern Stikinian arc. The early Late Pliensbachian marks an
abrupt provenance shift in the study area with the influx of
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abundant granitic detritus - a source rock conspicuous by its
paucity during Early Pliensbachian time. Granitic rocks are
primary to prominent secondary detrital modes in Upper Pli
ensbachian conglomerate and sandstone, and define a distinct
petrofacies in the Inklin succession at AtJin Lake. These Pli
ensbachian granites are likely derived from the Little River
batholith in the southern Yukon, northwest of the study area,
which is of identical age and composition (Hart, 1994 and ref
erences therein). The fact that young Pliensbachian plutons
are acting as major clast sources indicates dramatic rates of
arc incision and erosion. Since this rapid uplift and erosion is
being generated during a regional highstand (Smith and
Tipper, 1988) in the northern Canadian Cordillera, it removes
eustatic controls as a causative mechanism thereby indicating
an accelerated tectonic episode is driving the uplift. There is
evidence that indicates that the Little River batholith was off
set by strike-slip motion along the Tally-Ho Shear Zone dut
ing the Early Jurassic (Hart, 1994). This regional structure is
on trend with and interpreted to be an extension of the basin
bounding Llewellyn Fault on southwest Atlin Lake (Hart,
1994). In light of the paleotectonic reconstructions which
invoke highly oblique subduction during the Early Jurassic
(Engebretson et aI., 1985; Umhoefer et aI., 1989; Irving and
Wynne, 1991) the most plausible mechanism for rapid arc
dissection involves intra-arc strike-slip tectonics which
commonly generates major uplift along arc segments with
restraining bends (Christie-Blick and Biddle, 1985). The
Llewellyn Fault was proposed as the intra-arc transform
fault along which syndepositional movement occurred
(Johannson, 1994; Johannson et aI., in press).

Geochronological-biochronological calibrations

Geochronological-biochronological calibrations embodied
in the geological time scale are critical to a host of geological
interpretations. This is particularly true of the Jurassic of the
Canadian Cordillera which was a period of important
regional tectonism. Time scale revisions are a matter of
course as new data become available and have led to a number
of revised geological time scales in recent decades (e.g.
Palmer, 1983; Harland et aI., 1990). GeochronologicaJ data
from this study illustrates the need for revision of the Lower
Jurassic segment of the time scale of Harland et al. (1990),
currently favored by many Cordilleran workers.

Stratigraphic interval and
U-Pb age of lapilli tuff

The duration of ammonite biochronozones is variable and
nonlinear due to the nonsystematic nature of evolutionary
processes such as speciation; however, the duration of Juras
sic ammonite zones has been estimated from European
ammonite successions using a number of approaches which
utilize geochronology and magnetostratigraphy among oth
ers (e.g., Hallam et aI., 1985). Results have been consistent
and indicate individual zone durations range from 1.8 to
0.6 Ma (Kennedy and Cobban, 1976; Westermann, 1984;
Hallam et aI., 1985). Assuming ammonite biochronozones
for North America are of similar duration, it is reasonable to
assume that a fraction ofKunae Zone stratigraphic range (i.e.,
< I/3) represents a time slice in the order of 105 thousand
years. As both samples were collected from strata constrained
to this lower fraction of the Kunae Zone, they are interpreted
to occur in strata temporally close to the Early-Late Pliensba
chian boundary. The relatively precise ages of both samples
and their good biostratigraphic constraints makes them
important for refining the absolute age of the upper Pliensba
chian stage boundary. Our findings do not agree with the
interpolated Pliensbachian-Toarcian stage boundary of
187.0 Ma given by Harland et al. (1990) and indicate that a
younger age for the boundary is required. This discrepancy is
noted on Figure 7, a plot of the stratigraphic interval and U-Pb
age of the lapilli tuff dated in this study versus the Harland
et al. (\ 990) time scale. In addition the monzogranite clast,
which was dated at 186+0.5/-1 Ma, is contained within sedi
ments that should be younger in age than the age of the clast.
These observations are reported as preliminary pending the
results of an ongoing regional project focused on recalibrat
ing the biochronological and geochronological scales
throughout the North American Cordillera (Palfy et aI., 1994;
Patfy, 1995).
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Figure 7.

Plot ofthe stratigraphic interval and V-Pb age of
the lapilli tuff determined from this study versus
the Harland et al. (1990) time scale. Ages are in
Ma.
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Laser 40Ar/9Ar ages of the Babine porphyries and
Newman Volcanics, Fulton Lake map area,
west-central British Columbia l

M.E. Villeneuve2 and D.G. MacIntyre3

Villeneuve, M.E. and MacIntyre, D.G., 1997: Laser 40Ar/39Ar ages of the Babine porphyries
and Newman Volcanics, Fulton Lake map area, west-central British Columbia; in Radiogenic
Age and Isotopic Studies: Report 10; Geological Survey of Canada, Current Research 1997-F,
p.131-139.

Abstract: Laser 40Ar(39Ar age dating of the Babine Igneous Suite collected from near central Babine
Lake provide control on the age of intrusion of porphyries responsible for Cu (±Au) mineralization. A por
phyry sample from north of Saturday Lake gives a hornblende age of 5 1.9 ± 0.7 Ma and a biotite age of
5 1.5 ± 0.5 Ma. Two samples of extrusive equivalents from the Newman Peninsula give ages of 49.9 ±
0.9 Ma and 51.3 ± 0.6 Ma, similar to the 5 1.2 ± 0.6 Ma age of porphyry intrusion at the nearby Granisle past
producing mine. An older age of 52.6 ± 0.6 (hornblende) is derived from a sample collected from Turkey
Mountain, suggesting that this sequence represents a volcanic centre separated in time from the units dated
on the Newman Peninsula.

The data supports the hypothesis that the Newman VoIcanics are extrusive equivalents of the high-level
Babine Intrusion porphyries, improves on previously determined K-Ar ages and narrows the age range for
intrusion from a potential 10 Ma to less than 3 Ma.

Resume: La datation 40Ar(39Ar au laser d'echantillons de la Suite ignee de Babine provenant d'un
secteur voisin du centre du lac Babine encadrent I'age de la mise en place des porphyres responsables de la
mineralisation de Cu (±Au) de cette region. Un echantilIon de roche porphyrique provenant d 'un secteur
situe au nord du lac Saturday a livre un age sur hornblende de 51,9 ± 0,7 Ma, et un age sur biotite de
51,5 ± 0,5 Ma. Deux echantillons de roches extrusives equivalentes provenant de la peninsule Newman ont
livre des ages de 49,9 ± 0,9 Ma et de 51,0 ±0,6 Ma, ce qui se rapproche de I' age (51 ,2 ± 0,6 Ma) de I' intru
sion porphyrique situee aproximite dans l'ancienne mine Granisle. Un age plus ancien de 52,6 ± 0,6 Ma
(hornblende) a ete etabli apartir d'un echantillon preleve au mont Turkey, ce qui nous laisse supposer que
cette sequence represente un centre volcanique separe dans le temps des unites qui ont ete datees dans la
peninsule Newman.

Ces donnees appuient I 'hypothese voulant que les Volcanites de Newman soient des equivalents
extrusifs des porphyres de haut niveau de l'Intrusion de Babine, precisent les datations K-Ar effectuees
precedemment et reduisent l'intervalIe d'age de mise en place de I'intrusion d'une valeur potentielle de
IO millions d'annees amoins de 3 millions d'annees.

1 Contribution to the Nechako Plateau NATMAP Project
2 Continental Geoscience Division, 601 Booth Street, Ottawa, Ontario KIA OE8
3 Brilish Columbia Geological Survey Branch, Deparlmenl of Employmenl and Investmenl, Vicloria, Brilish

Columbia
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INTRODUCTION

The Fulton Lake map area (NTS 93L/16), includes central
Babine Lake (Fig. 1) and is located within the Stikine Terrane
of the Intermontane Belt. The oldest rocks associated with
Stikine Terrane are Late Paleozoic island arc assemblages,
followed by a hiatus until the eruption of Late Triassic island
arc basaltic flows of the Stuhini Group and western Takla
Group and emplacement of the Topley intrusions (Ogryzlo
et aI., 1995; MacIntyre et al., 1996). In the Early to Middle
Jurassic, the area underwent further magmatism, with the
development of the extensive Hazelton cale-alkaline vol
canic arc (Gabrielse and Yorath, 1989 and references therein)

and emplacement of comagmatic granodioritic intrusions
(Carteret aI., 1995). Middle Jurassic collision ofStikinia with
Cache Creek Terrane resulted in the development of the
northeast-trending Skeena Arch, centred in the northern part
of the map area, and deposition of mollassic sediments,
derived from the uplifted Omineca crystalline belt to the east.
Sedimentation continued untiJ the Early Cretaceous (Carter
et aI., 1995; MacIntyre et aI., 1996) at which time the compos
ite batholiths of the Francois Lake intrusions, a suite domi
nated by quartz monzonite (Bysouth and Wong, 1995), were
emplaced.
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Figure 1. Geology of the Fulton Lake map area with ages ofBabine Igneous Suite marked. Legend
IS schematic representation of the regional geological relationships. Not all units are shown on the
map. * = Previously determined K-Ar age of Carter (/98/); ** = Previously determined K-Ar age of
Wanless et al. (1974); all ages corrected to constants of Steiger and lager (1977); hh = hornblende,
bi, bt = biotite,fd =feldspar, qz = quartz, px =pyroxene.
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Oblique plate collision in the Middle Cretaceous resulted
in an extensional and transtensional tectonic regime that con
tinued into the latest Eocene. Faults formed during this period
provided the conduits for the isolated magmatic centres that
the define a broad northeast-trending magmatic arc situated
between theBowser basinto the north and Chilcotin extension
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complex to the south. Evolution of this magmatic arc
began in the Late Cretaceous with emplacement of the
Bulkely intrusions (Carter, 1981) and eruption of
comagmatic Kasalka Group calc-alkaline volcanic
rocks (Maclntyre, 1981). In the Babine Lake area a younger
Eocene magmatic event is represented by the small, high
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level calc-alkaline plutons of the Babine Igneous Suite and
the comagmatic Newman Volcanics (Carter et aI., 1995). The
youngest units are the Eocene vesicular basalts of the Buck
Creek FOlmation of the Endako Group that form isolated flat
sheets resting conformably upon the Newman Volcanics
(MacIntyre et aI., 1996).

The Eocene Babine Igneous Suite extends from the south
ern border of the current map area in a northerly swath for
approximately 100 km to the northern tip of Babine Lake
(Carter, 1981). It is of particular economic interest because
there are at least twelve known porphyry Cu (±Au) deposits
spatially associated with emplacement of high level porphyry
intrusions. The two past-producing mines in the area,
Granisle and Bell, occur within and on the north border of the
Fulton Lake map sheet respectively (Carter, 1981). Extrusive
equivalents of the porphyry intrusions, the Newman Volcan
ics, occur on the Newman Peninsula near the former mine
sites and on the west side of Babine Lake near the town of
Granisle (Carter et aI., 1995). The volcanics are flat-lying to
gently dipping and are contained within a rectilinear, north
trending graben. Lahars and porphyry flows of the Newman
Volcanics also underlie Turkey Mountain, which is a broad
circular plateau in the northwest corner of the map area that
may be the remains of a stratovolcano.

The predominant phase of the Babine intrusions is quartz
diorite to granodiorite in composition and typically contains
fresh phenocrysts of biotite, hornblende, and feldspar in a
quartz-feldspar groundmass. The intrusions associated with
the porphyry copper deposits typically have a crowded por
phyritic texture with 35 to 40%, 2 to 3 mm phenocrysts ofbio
tite, plagioclase, and occasionally quartz and hornblende in a
fine grained groundmass (MacIntyre et aI., 1996). These por
phyries and related intrusions occur as multi phase intrusive
centres comprised of interfingering, pre- and postmineral
plugs and dykes (Carter et aI., 1995; Dirom et aI., 1995) that
cut Jurassic to Early Cretaceous volcanic and sedimentary
strata (MacIntyre et aI., 1995). It is this phase that is inter
preted to be the source of copper- and gold-rich magmatic flu
ids (Dirom et aI., 1995; C31ter et aI., 1995; Ogryzlo et aI.,
1995), that mixed with circulating meteoric waters to form
the copper and gold enriched porphyry copper deposits. Sub
ordinate phases include an apparent older quartz
feldspar±biotite porphyry, noted at the Bell mine pit (Dirom
et aI., 1995), and a transitional rhyodacite intrusive-extrusive
complex that outcrops on the Newman Peninsula south of the
Bell mine (MacIntyre et aI., 1996).

Previously interpreted to be extrusive equivalents of the
Babine porphyry intrusions (Carter, 1981; MacIntyre et aI.,
1996), the calc-alkaline flows, breccias, and lahars of the
Newman Volcanics sit discordantly upon Jurassic and Creta
ceous volcano-sedimentary rocks (MacIntyre et aI., 1996). A
general stratigraphy based on sporadic exposures on the
Newman Peninsula and at Turkey Mountain suggests the
lowermost members of the Newman Volcanics are mainly
massive, columnar jointed, flat-lying homblende±biotite±
feldspar andesite flows and/or sills. One of the best exposures
of these rocks occurs along the southwest shore of the New
man Peninsula (Carter, 1981; MacIntyre et aI., 1996). Along
the eastern side of the Newman Peninsula, the flows grade

134

upward into a breccia consisting of angular fragments with
compositions identical to the underlying flows. The breccia,
in turn, becomes interbedded with monolithic lahar and vol
canic conglomerate (MacIntyre et aI., 1996). The lahar is also
well exposed on cliff faces at Turkey Mountain, west of
Babine Lake. Here they contain poorly sorted, centimetre- to
metre-scale clasts of hornblende-biotite-feldspar porphyry in
a poorly consolidated light grey, crystal- and ash-rich matrix
(MacIntyre et aI., 1996).

Previous geochronology

As part of a larger regional study of porphyry copper deposits
in west-central British Columbia in the late 1970s, Carter
(1981) obtained and compiled a number of K-Ar ages on the
Babine Igneous Suite. Although the ages (all ages revised to
conform with decay constant of Steiger and Jager, 1977)
range from a low of 45 Ma (Wanless et aI., 1974) to a high of
56 Ma (Carter, 1981), most ages tend to be within the 2-3 Ma
individual error at around 50 Ma (Wanless et aI., 1974;
Carter, 1981). Within the Fulton Lake map area, age dating by
Wanless et al. (1974) concentrated on exposures north of Sat
urday Lake and resulted in a homblende age of 47 ± 3 Ma for
hornblende-feldspar porphyry and 50 ± 3 Ma for biotite and
hornblende from hornblende-biotite-feldspar porphyry. Dat
ing by Carter (1981) was centred around the Granisle and Bell
deposits. At Granisle mine, biotite from four units were
dated, giving ages of 52 ± 2 Ma, 52 ± 2 Ma, 51 ± 2 Ma for a
series of dykes and veins around the orebody and 56 ± 2 Ma
for a Babine biotite-feldspar porphyry from the southwest
pOltion of the orebody (Carter, 1981). Figure 1 shows previ
ously detennined K-Ar dates and sample locations for rocks
belonging to the Babine Igneous Suite in the map area.

Because of advances in analytical techniques, five sam
ples of the Babine Igneous Suite and Newman Volcanics
were collected during the summer of 1995 in an attempt to
further constrain the timeframe for magmatism. In particulaJ",
it was hoped that a temporal and probable genetic link could
be resolved between the extrusive Newman Volcanics and
the Babine Porphyry Intrusions at Granisle mine.

Samples were collected from Newman Volcanics on the
east and west side of the Newman Peninsula, at Turkey
Mountain, and from Babine biotite-feldspar±hornblende pro
phyries at Granisle mine and north of Saturday Lake.

METHODOLOGY

Hand-picked separates of 100-400 IJm biotite, weighing
approximately 0.5 mg and hornblende, weighing 3-6 mg were
loaded into aluminum foil packets. These were arranged in an
aluminum can 40 mm x 19 mm, along with evenly distributed
packets of Fish Canyon Tuff sanidine, (28.03 ± 0.1 Ma,
Renne et aI., 1994) as flux monitors. The can was sent to the
research reactor at McMaster University for eight hour neu
tron irradiation in an approximate fast neutron fluence of
3xlO 16 neutrons/cm2. This resulted in a calculated J factor



(MacDougall and Harrison, 1988) of 0.00182 to 0.00185,
with] factor variation along the can interpolated for samples
that fell between monitors.

When returned from the reactor, samples were split into
three to five aliquots. Each aliquot was placed into separate
1.5 mm diameter x 4 mm deep holes drilled in a Cu planchet.
The samples and planchet were then placed under vacuum in
a chamber topped with a ZnSe window. This window is trans
parent to the beam of a Weck CO2, 45 W surgical laser. Dur
ing analysis of the samples, the laser power was stepped in 3
8 increments from 2 W to 45 W power readout, after which
the laser beam was attenuated by 20x with an inline optical
attenuator. Because power density in the beam forms a broad
gaussian distribution, the edges ofthe beam were clipped by a
metal mask to restrict the beam to an approximately 150!Jm
diameter with roughly constant power distribution at the sam
ple. The beam was manually panned for I minute around the
hole to provide an even heating of the sample. Crosschecking
of gas release spectra on standards step-heated in a tempera
ture calibrated MS-I O/double vacuum furnace showed that
the increasing CO2 laser power mimics an increase in furnace
temperature. However, quantitative temperature calibration
is not possible on the laser system because sample geometry,
size, opacity of sample to laser, and other factors shift the
heating spectrum to higher or lower absolute temperatures
within any given hole. The gas released is cleaned by passive
equilibration of the gas with i) a container filled with three
SAESTM NP-l·0 getters of ST707 alloy held at 400°C and ii) a
cold getter of SAESTM alloy 201 pellets for 2 to 5 minutes.
Total extraction blank is approximately 2xlO- 12 cm3 STP
40Ar for all steps.

Mass spectrometry was carried out on a VG3600 mass
spectrometer, a magnetic sector mass spectrometer with 60°
extended geometry equipped with a faraday collector and
electron multiplier. Signal on the latter is measured across a
Ixl 09 ohm resistor with a resulting gain, relative to faraday,
of approximately 50. Sensitivity of the multiplier is gain
dependent, but is approximately 1.900x10-9 cm3 STPjV.

Argon peaks are sequentially scanned by computer con
trolled switching of magnetic field, as monitored by a cali
brated Hall probe~ Roddick, 1996 for details). Twelve
scans of each mass were measured along with baselines taken
0.4 masses away from 36Ar peak. Corrections to the measured
peak intensities were carried out as described in Roddick
(1990).

Initially, each aliquot of a sample is treated as a separate
step-heated analysis, with data reduction procedures for each
aliquot following Roddick (1988). In most cases, the two ali
quots give identical ages (within error) and the data is com
bined and treated as a single step-heated analysis for data
reduction. Further aliquots may be analyzed if more step
heating analyses are needed to provide adequate statistical
control on the age or if the first two aliquots give different or
equivocal ages (perhaps due to impurities in one aliquot by a
second mineral phase).

Data interpretation involves utilization of inverse iso
chron analysis (Roddick et aI., 1980, error analysis follows
Roddick, 1988) as well as integration of plateau portions of a
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gas release spectrum. For reasons outlined in Roddick (1988),
error in] factor measurement of ±0.5% is only included in the
final age determination.

AGE DETERMINAnONS

This study represents six age determinations from five sam
ples; analytical results are shown in Table I and plotted on Ar
step-heating release spectra in Figure 2.

Sample DMA95-106 is a hornblende-biotite-feldspar
porphyry collected just north of Saturday Lake. Wanless et al.
(1974) reported identical ages of 50.2 ± 3 Ma for biotite and
hornblende collected from a small stock of similar lithology
in the vicinity. Two aliquots (aliquots B and C) of hornblende
from DMA95-1 06, containing 80% of the total gas, gave total
gas ages of 52.3 and 52.1 Ma respectively (Fig. 2a). A third,
smaller aliquot (aliqout A) gives a somewhat younger age of
50.3 Ma. Combining gas from all three aliquots results in an
age of 51.9 ± 0.7 Ma. All four aliquots of biotite from the
same sample yielded virtually identical combined gas ages,
with only aliquot C (perhaps due to impurities) not giving a
multistep plateau (Fig. 2b). Combining data from aliquots A,
B, and D results in an age of 51.5 ± 0.5 Ma, within error of the
hornblende age from the same rock. As such, an average age
of around 51.7 ± 0.6 Ma is suggested for the unit, an age that is
slightly older, but within error of the previous age determina
tions of Wanless et al. (1974).

Three samples were collected in the vicinity of the
Granisle mine. At the mine site, a sample of medium grained
hornblende-bioite-feldspar porphyry drill core (DDH-70-11)
was taken and biotite was separated for analysis. Combining
two aliquots, each with a well defined plateau age, results in
an age of 51.2 ± 0.6 Ma (Fig. 2c). This is in agreement with
the 51 ± 2 Ma age of Carter (1981) for two samples of biotite
feldspar porphyry with chloritized hornblende collected from
the mine. Carter (1981) also collected another sample of
biotite-feldspar porphyry in which the biotite is an alteration
of primary hornblende. This sample resulted in a substan
tially older age of 56 ± 3 Ma. Its field relationship to the other
samples is uncertain and as such, it cannot be ascertained
whether the sample represents an older phase, or if the iso
topic systematics have been disturbed. In addition, biotite
from a sample of quartz-bornite-chalcopyrite-biotite-apatite
vein material gave an age of 51 ± 2 Ma (Carter, 1981), essen
tially identical to the ages determined for biotite-feldspar por
phyries from the mine, suggesting that mineralization
occUlTed concurrently with the main intrusive phase.

In addition to DDH-70-11, two samples of Newman Vol
canics were collected from the Newman Peninsula. Sample
DMA95-177 is a hornblende-feldspar porphyry that under
lies the volcanic breccia member of the well-exposed section
along the road on the east side of the peninsula, about 1 km
north of the Granisle mine. Combining the multistep plateau
portion of three aliquots results in a robust age of 51.3 ±
0.6 Ma (Fig. 2d), making the unit clearly time-correlative to
the intrusive porphyry at the mine site.
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Table 1. 40Ar;39Ar analytical data.

36Ar"
37

Arca 36Arc, 39
ArK

40Ar
Apparent

Power" %Atm Age 39Ar

(W) xl0'" cm' STP" 40Ar Ma±2lf (%)

DMA-95-l 06; Z3961; Blotlte; J = 0.0018495±0.50% (1 se)

Aliquot A

3 0.007 0.006 0.005 0.035 2.39 82.4 39.8 ± 12.9 0.2
5 0.005 0.012 0.068 0.630 11.58 13.2 52.5± 1.0 3.2
7 0.004 0.011 0.092 0.952 15.99 6.8 51.5 ± 0.4 4.8

10 0.003 0.022 0.160 1.610 26.06 3.2 51.5 ± 0.8 8.1
12 0.002 0.033 0.073 0.757 12.29 4.0 51.2 ± 0.9 3.8
14 0.001 0.006 0.026 0.291 4.78 5.1 51.2±1.8 1.5
20 0.000 0.003 0.014 0.152 2.54 4.7 52.4 ± 3.3 0.8
30 0.000 0.005 0.009 0.084 1.43 9.0 50.7 ± 2.6 0.4
45 0000 0.002 0.002 0.025 0.54 3.0 67.6±17.1 0.1

Subtotal d 0.022 0.100 0.447 4.536 77.60 8.3 51.6 ± 0.7 22.9

Aliquot B

3 0.005 0.004 0.005 0.044 2.24 65.7 57.0 ± 16.2 0.2
5 0.006 0.012 0.070 0.718 13.11 13.2 52.2 ± 1.1 3.6
7 0.005 0.012 0.125 1.309 21.93 6.7 51.4±0.7 6.6

10 0.004 0.030 0.155 1.471 24.50 5.0 52.1 ± 0.7 7.4
15 0.002 0.025 0.122 1.200 19.17 2.9 51.0 ± 0.9 6.1
20 0.000 0.013 0.033 0.273 4.30 0.8 51.4±0.7 1.4
45 0.000 0.005 0.012 0.141 2.35 5.2 52.0 ± 2.2 0.7

Subtotald 0.022 0.101 0.522 5.156 87.60 7.5 51.7 ± 0.7 26.0

Aliquot C

3 0.010 0.009 0.006 0.066 3.56 83.3 29.8± 14.1 0.3
5 0.006 0.012 0.077 0.845 15.22 11.2 52.6±0.5 4.3
7 0.002 0.022 0.099 0.962 . 15.97 4.2 52.3±0.6 4.9

10 0.003 0.027 0.100 0.989 16.50 5.1 52.0±0.6 5.0
15 0.002 0.010 0.145 1.403 22.30 2.2 51.1±0.6 7.1
20 0.000 0.002 0.008 0.081 1.36 8.4 50.8±2.3 0.4
45 0.000 0.002 0.004 0.032 0.52 9.7 48.9±9.9 0.2

Subtotal d 0.023 0.084 0.439 4.378 75.43 9.1 51.5±0.6 22.2

Aliquot D

3 0.004 0.005 0.003 0.016 1.62 74.1 87.8±55.1 0.1
5 0.002 0.010 0.028 0.287 5.27 13.6 52.2± 1.7 1.4
7 0.003 0.009 0.086 0.892 14.60 6.0 50.7± 0.8 4.5

10 0.006 0.022 0.172 1.771 29.47 5.9 51.5±0.8 8.9
15 0.006 0.030 0.187 1.999 32.88 5.0 51.4±0.6 10.1
20 0.001 0.022 0.054 0.471 7.62 4.2 51.0±0.9 2.4
45 0.001 0.015 0.033 0.290 4.71 5.3 50.7± 1.6 1.5

Subtolald 0.023 0.113 0.563 5.726 96.17 7.0 51.4±0.7 28.9
TotaP 0.09 0.40 1.97 19.79 336.8 7.9 51.5±0.5 100.0

OMA-9&-106; Z3961; Hornblende; J = 0.0018424±0.50% (1 se)

Aliquot A

3 0.006 0.008 0.004 0.006 2.33 72.2 340.9± 174. 0.1
5 0.006 0.186 0.016 0.085 2.94 55.4 50.3 ±3.4 0.8

10 0.016 3.174 0.214 0.556 13.18 36.6 49.3 ± 1.3 5.1
15 0.005 4.835 0.264 0.733 13.02 12.3 51.1 ±0.4 6.7
20 0.003 2.349 0.103 0.361 6.31 12.8 50.0 ±0.9 3.3
30 0.001 1.405 0.069 0.220 3.74 11.8 49.2 ± 1.5 2.0
45 0.000 0.467 0.021 0.068 1.18 12.3 50.2 ±3.2 0.6

Subtotald 0.037 12.42 0.691 2.029 42.70 26.0 51.0 ±0.9 18.6

Aliquot B

5 0.020 0.193 0.015 0.089 7.59 77.7 62.6 ± 19.6 0.8
10 0.037 3.012 0.207 0.525 19.14 56.5 52.0 ±4.1 4.8
15 0.018 9.158 0.473 1.420 27.68 18.8 51.9± 1.0 13.0
20 0.003 4.688 0.215 0.726 12.56 8.0 52.1 ± 1.1 6.7
30 0.003 3.811 0.166 0.570 10.04 9.4 52.3 ± 1.6 5.2
45 0.002 3.135 0.125 0.466 7.86 7.5 51.2 ± 1.5 4.3

Subtotal d 0.083 23.99 1.201 3.796 84.87 28.8 52.2 ± 1.0 34.8

Aliquot C

5 0.028 0.127 0.013 0.096 9.80 84.9 50.3 ± 19.8 0.9
10 0.022 2.806 0.196 0.560 15.3< 41.4 52.7 ± 1.8 5.1
15 0.026 9.020 0.532 1.421 30.0 25.1 51.9 ±1.3 13.0
20 0.007 5.777 0.302 0.881 15.7 12.3 51.5 ±0.8 8.1
30 0.006 8.329 0.391 1.278 22.1 7.5 52.5 ± 1.8 11.7

SUbtota~
0.002 5.331 0.262 0.834 14.0 5.1 52.3 ±1.5 7.7
0.091 31.39 1.696 5.070 107.1 24.8 52.1 ±0.9 46.5

Tota~ 0.2 67.8 3.6 10.9 234.7 26.5 51.9 ±0.7 99.9
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Powet
36

AGr
37

Arca
36

Arc1
39

ArK
40

Ar %Atm Apparent Age 39Ar

(W) xl 0-11 cm3 STp b 40 Ar Ma±2o c (%)

OMA-95-200; Z3984; Hornblende; J = 0.0018239±0.50% (1 se)

Aliquot A

5 0.166 0.021 0.005 0.005 49.39 99.3 233.3 ± 6183.1 0.0
8 0.033 0.068 0.001 0.010 10.26 95.8 135.2 ± 570.4 0.1
10 0.008 0.044 0.003 0.011 2.74 83.6 135 ± 107.6 0.1
11 0.011 0.060 0.006 0.011 3.52 88.9 116.5 ± 185.5 0.1
12 0.005 0.124 0.016 0.022 1.76 81.9 46.3 ± 32.7 0.2
14 0.009 0.695 0.132 0.124 4.56 58.5 49.4 ± 3.9 1.3
16 0.012 1.970 0.299 0.328 8.83 40.4 SO.8 ± 3.3 3.3
18 0.009 2.371 0.341 0.403 8.82 29 SO.5 ± 1.0 4.1
20 0.003 1.734 0.244 0.283 5.17 16 49.8 ± 1.3 2.9
25 0.003 2.211 0.304 0.352 6.27 14 49.8 ± 1.5 3.6
30 0.015 3.852 0.710 0.638 14.66 30.6 51.7 ± 2.2 6.4
35 0.001 0.963 0.203 0.132 2.25 10.1 49.8 ± 1.8 1.3

4~ 0.001 1.657 0.457 0.155 2.68 13.6 48.4 ± 2.0 1.6
Sublotal 0.276 15.768 2.721 2.474 120.71 67.3 51.8 ± 13.0 25.0

Aliquot B

5 0.110 0.117 0.007 0.023 32.71 99.1 42.8 ± 158.2 0.2
8 0.011 0.215 0.025 0.040 4.01 83.1 54.7 ± 15.6 0.4
10 0.040 1.396 0.212 0.234 15.64 75.9 52.2 ± 4.0 2.4
11 0.023 4.438 0.608 0.733 18.00 38.0 49.4 ± 0.9 7.4
12 0.022 3.420 0.439 0.558 15.05 42.9 49.9 ± 1.8 5.6
14 0.005 1.678 0.218 0.273 5.72 28.1 49 ± 1.7 2.8
16 0.008 2.809 0.367 0.456 9.42 25.7 49.9 ± 1.1 4.6
18 0.002 1.748 0.251 0.275 4.83 13.6 49.4 ± 2.0 2.8
20 0.005 2.130 0.273 0.340 6.56 21.5 49.1 ± 1.4 3.4
25 0.004 1.410 0.258 0.230 4.78 26.8 49.4 ± 1.9 2.3
30 0.001 1.325 0.206 0.194 3.36 11.5 49.7 ± 1.8 2.0

4~ 0.003 2.101 0.345 0.272 5.03 16.1 50.3 ± 1.0 2.7
Subtotal 0.234 22.787 3.209 3.628 125.11 55.5 49.8 ± 1.3 36.6

Aliquot C

5 0.127 0.086 0.008 0.016 38.49 97.2 208.2 ± 863 0.2
8 0.042 0.080 0.006 0.015 12.97 94.7 148 ± 426.1 0.1
10 0.016 0.158 0.015 0.028 5.14 91.6 49.3 ± 75.7 0.3
11 0.042 3.652 0.553 0.622 21.88 56.3 49.9 ± 2.3 6.3
12 0.011 2.906 0.405 0.497 10.75 29.2 49.7 ± 1.3 5.0
14 0.004 1.631 0.230 0.272 5.21 21.5 48.7 ± 1.7 2.8
16 0.005 1.808 0.234 0.285 5.66 24.2 48.8 ± 2.2 2.9
18 0.005 1.561 0.181 0.250 5.47 29.6 50.1 ± 1.9 2.5
20 0.010 4.314 0.608 0.720 13.78 20.8 49.2 ± 1.4 7.3
25 0.005 2.252 0.403 0.378 7.37 20.6 50.3 ± 1.5 3.8
30 0.003 1.720 0.279 0.272 5.01 16.3 50 ± 1.3 2.8
35 0.005 1.218 0.185 0.181 4.28 35.3 49.8 ± 3.5 1.8
45 0.002 1.830 0.322 0.260 4.58 13.7 49.3 ± 1.1 2.6

SUblotal~ 0.277 23.216 3.429 3.796 140.59 57.8 50.7 ± 4.5 38.4
Total 0.8 61.8 9.4 9.9 386.4 60.0 50.6 ± 3.7 100.

DOH-70-11; Z3967; Blotlle; J = 0.0018403±0.50% (1 se)

Aliquot A

3 0.003 0.003 0.002 0.012 1.14 76.5 75.8 ± 26.1 0.1
5 0.003 0.008 0.025 0.139 3.22 29.5 53.4 ± 4.7 1.3
8 0.004 0.012 0.107 0.606 10.44 10.2 SO.6 ± 1.0 5.8
10 0.001 0.007 0.101 0.589 9.66 3.7 51.7 ± 0.8 5.6
12 0.002 0.019 0.308 1.770 28.39 2.2 51.3 ± 0.6 17.0
15 0.001 0.020 0.194 1.083 17.30 1.3 51.6 ± 1.2 10.4
20 0.002 0.037 0.303 1.718 27.07 2.3 50.4 ± 0.4 16.5
30 0.001 0.032 0.180 0.956 15.45 2.1 51.8 ± 0.3 9.2

4g 0.001 0.010 0.016 0.086 1.49 10.7 50.8 ± 3.6 0.8
Subtotal 0.018 0.148 1.236 6.959 114.16 4.6 51.3 ± 0.6 66.7

Aliquot B

3 0.002 0.005 0.003 0.011 0.75 95.9 9.6 ± 56.6 0.1
5 0.005 0.006 0.026 0.136 3.44 44.6 45.8 ± 2.1 1.3
8 0.002 0.007 0.069 0.393 6.75 9.3 51.0 ± 2.4 3.8
10 0.001 0.007 0.074 0.424 6.96 4.7 51.2 ± 1.1 4.1
12 0.002 0.016 0.211 1.190 19.18 2.6 51.4 ± 0.9 11.4
15 0.001 0.016 0.105 0.573 9.23 3.1 51.1 ± 0.9 5.5
20 0.001 0.013 0.115 0.678 10.70 1.8 50.8 ± 1.2 6.5

SUbtotaf
0.000 0.004 0.013 0.067 1.16 12.3 50.0 ± 2.7 0.6
0.014 0.074 0.616 3.472 58.17 7.4 50.8 ± 0.7 33.3

Tota~ 0.03 0.22 1.85 10.43 172.3 5.5 51.1 ± 0.6 100.



Table 1. (cont.)

Power" 36Ar'r 37Ar
Ca

38A rc, 39
ArK 40Ar %Atm Apparent Age 9Ar

(W) x10-11 cor STp b 40Ar Ma±aJc (%)

DMA-95-177; Z3963; Hornblende; J = 0.0018331%0.50% (1 se)

Aliquot A

5 0.056 0.151 0.008 0.026 16.96 97.9 45.0 %221.2 0.2
8 0.007 0.208 0.01 0.027 2.53 86.5 40.9 ± 14.1 0.2
10 0.011 1.426 0.102 0.213 6.35 50.8 48.0 % 2.4 1.5
11 0.005 4.002 0.209 0.654 11.84 13.5 51.1 % 2.2 4.7
12 0.001 1.184 0.044 0.201 3.5 8.8 51.8 ± 2.3 1.4
15 0.002 0.917 0.067 0.155 3.06 17.8 52.8 ± 6.0 1.1
25 0.003 2.08 0.136 0.344 6.4 14.6 51.7 ± 2.2 2.5
45 0.002 2.275 0.139 0.37 6.25 9.5 49.9 ± 1.1 2.7

Subtotal d 0.087 12.243 0.715 1.990 56.89 45.7 50.6 ± 3.1 14.3

Aliquot B

5 0078 0.218 0.013 0.035 24.91 92.2 174.0 ± 123.3 0.3
8 0.009 0.351 0.018 0.044 3.79 69 86.4 ± 24.0 0.3

10 0.012 1.035 0.082 0.165 5.77 63 42.2 ± 3.2 1.2
11 0016 4.804 0.352 0.723 16.13 29 51.7 % 1.1 5.2
12 0.009 5.344 0.352 0.85 15.89 165 50.9 ± 1.1 6.1
15 0.006 4.612 0.257 0.7 13.03 14.3 52.0 ± 1.2 50
25 0.021 12.251 0.696 1.905 36.51 17.2 51.7 ± 0.5 13.7
45 0.022 18.328 0.891 2.865 52.06 12.5 51.8 % 0.5 20.6

Subtotald 0.173 46.943 2.661 7.287 168.09 30.5 52.3 ± 0.9 52.4

Aliquot C

5 0.126 0.094 0.012 0.024 37.45 99.2 42.0 ± 211.2 0.2
8 0.045 0.695 0.016 0.089 14.79 88.9 59.9 % 10.1 0.6

10 0.010 0.937 0.071 0.157 5.69 50.8 58.1 % 5.3 1.1
11 0.030 5.242 0.367 0.840 21.82 40.3 50.6 ± 13 6
12 0.005 2298 0.133 0.361 6.9 20.3 49.7 ± 1.4 2.6
15 0.006 3.756 0.187 0623 11.71 15.5 51.8 % 1.5 4.5
25 0.020 10.128 0.655 1.628 31.57 18.3 51.7 ± 0.6 11.7
45

d
0.007 5.171 0.300 0.904 15.99 12.6 50.4 ± 0.7 6.5

Sublotal
d

0.249 28.321 1.741 4.626 145.92 49.9 51.5 ± 1.3 33.2
Total 0.51 87.51 5.12 13.90 370.9 40.5 51.8 % 0.9 99.9

DMA-95-270 Z3966 Hornblende J = 0.0018465%0.50% (1 se)

Aliquot A

5 0.014 0.013 0.001 0.009 4.24 96.0 59.6 ± 174.7 0.1
8 0.001 0.012 0.003 0.015 0.41 39.9 53.1 ± 35.9 0.1

10 0.001 0.022 0.002 0.014 0.34 47.9 41.6± 12.4 0.1
11 0.007 0.484 0.064 0.083 3.62 60.5 56.2± 9.0 0.6
12 0.002 0.453 0.072 0075 1.69 35.1 47.9 ± 4.6 0.5
14 0.001 0.723 0.099 0.119 2.05 15.4 47.8± 1.8 0.8
16 0.001 0.902 0.093 0.133 23 10.8 50.9± 2.4 0.9
18 0.000 0.427 0.055 0.062 1.08 11.5 50.8± 3.6 0.4
20 0.000 0.314 0.047 0.053 0.86 5.3 50.7± 5.5 0.4
25 0.001 0.615 0.086 0.081 1.54 17.1 51.8± 4.9 0.6

SUbtola~g
0.004 2.433 0.384 0.397 7.37 17.4 50.4 % 1.4 2.7
0.032 6.398 0.906 1.041 2550 37.1 50.6 ± 2.1 7.2

Aliquot B

5 0.007 0.025 0.002 0.035 2.77 79.9 52.4 % 24.0 0.2
10 0.002 0.205 0.022 0.093 2.03 31.7 48.9± 4.3 0.6
15 0.004 2.193 0.224 0.347 6.65 16.1 52.7± 1.4 2.4
20 0.002 1.495 0.138 0.294 4.89 9.7 49.3± 1.3 2.0
30 0.002 2.288 0.232 0.36 6.11 8.7 51.0% 1.0 2.5
45 0.001 1.386 0.164 0.205 3.44 7.5 51.0± 1.7 1.4

Subtolald 0.018 7.592 0.782 1.334 25.89 20.1 50.1 ± 1.1 9.1

Aliquot C

5 0.015 0.061 0.006 0.030 4.70 91.3 45.3 ± 10.4 0.2
10 0.004 0.618 0.060 0.112 2.85 41.0 49.5± 2.3 0.8
15 0.011 3.856 0.401 0.570 12.41 26.7 52.4 % 0.9 3.9
20 0.001 2.644 0.288 0.393 6.86 6.3 53.6± 2.3 2.7
30 0.008 10.971 1.137 1.582 27.98 8.3 53.2 ± 0.9 10.9
45 0.015 20.168 2.230 2.822 49.46 8.7 52.5± 0.4 19.5

Subtotal d
0.054 38.318 4.122 5.509 104.26 15.2 52.7 ± 0.7 38.0

Aliquot D

5 0.031 0.063 0.008 0.061 9.88 93.6 34.1 % 16.0 0.4
15 0.018 6.418 0.754 1.109 23.16 22.7 53.0 ± 0.9 7.7
30 0.014 17.817 2.100 2.755 48.01 8.4 52.4 ± 0.4 19.0

'1? 0.010 18.536 2.151 2.675 46.00 6.4 52.8 ± 0.7 18.5
Sublotal 0.073 42.834 5.013 6.600 127.05 16.9 52.5 % 0.6 45.6

Totaf 0.18 95.14 10.82 14.48 282.7 18.4 52.3 % 0.6 99.9

~Nominal power as measured by laser, prior to 20x attenuation of beam
Gas quantities corrected lor decay, isotopes derived from interfering neutron reactions

cErrors are analytical only and do nol reflect error in irradialion parameter J
dlnlegrated age, uncertainty includes error in J (0.5% at 1 sigma)

M.E. Villeneuve and D.G. Maclntyre

A sample was also collected from the columnar jointed
hornblende porphyry flow or sill exposed on the southwest
shore of the peninsula (DMA95-200). Carter (1981) collected
a sample close to the same outcrop and obtained a K-Ar horn
blende age of 52 ± 3 Ma (Carter, 1981). Analysis of three ali
quots resulted in three equivalent plateau ages, that when
combined give an age of 49.9 ± 0.6 Ma (Fig. 2e), within the
larger error of the previously determined K-Ar age.

Sample DMA95-270, a medium- to fine-grained horn
blende feldspar porphyry, was collected from near the base of
Turkey Mountain. Two small aliquots, representing 17% of
the gas, gave poor analytical results. Two larger aliquots each
gave a multistep plateau age (Fig. 2f). Combining the plateau
fractions of aliquots C and D results in an interpreted age of
52.6 ± 0.6 Ma. This suggests a slightly older age for the
Turkey Mountain rocks as opposed to those on the Newman
Peninsula and within the Granisle graben. This apparent age
difference is consistent with preliminary magnetic studies by
Carmel Lowe (pers. comm., 1996) indicating that Turkey
Mountain rocks, that have an associated aeromagnetic high,
were erupted during a different magnetic cycle than those on
the Newman Peninsula which produce a pronounced aero
magnetic low.

CONCLUSIONS

1. Laser 40Arj39Ar analysis of biotite and hornblende
separates from the Babine Igneous Suite has resulted in
tighter age control on the duration of magmatism.
Previous dating by the K-Ar method had a potential age
span of over 15 Ma, but the new data suggests that active
magmatism may have been more narrowly focused
into a time span of less than 4 Ma. Although fUIther
geochronology may reveal units that are younger or older
than those analyzed in this study, the samples selected
here represent the type examples of the Babine Igneous
Suite and should therefore serve as a baseline for analysis
of other Babine Igneous Suite rocks located north of the
map area.

2. The age similarity between the Newman Volcanics from
the east side of the peninsula and the Babine Intrusion at
Granisle mine suggest that these represent a subvoJcanic
intrusion and its extrusive equivalent. The fact that
comagmatic volcanics are preserved in such close
proximity to their intrusive equivalents suggests the
volcano-plutonic centre is exposed at a shaUow,
subvolcanic level. The absence of Newman Volcanics
near other deposits in the district implies that they are
eroded to a deeper level and may not have the economic
potential of the Bell and Granisle deposits.

3. The columnar jointed porphyry on the southwest side of
the Newman Peninsula was originally interpreted as an
extrusive body (Carter, 1981; MacIntyre et aI., 1996). The
younger age of 49.9 ± 0.6 Ma on this unit, relative to the
section of Newman Volcanics on the east side of the
peninsula, may point towards an intrusive sill-like
relationship for this body and possibly marks one of the
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last Babine Suite events. Alternatively, the unit may
indeed be extrusive and mark either a second volcanic
vent or a fault displaced section from stratigraphically on
top of the lahar member in the section exposed on the east
side of the peninsula.

4. The increased precision in the ages highlights the slightly
older age of the suite at Turkey Mountain relative to the
ca. 50 Ma events dated on the Newman Peninsula. This
suggests derivation from another eruptive center. The
Turkey Mountain suite may be the remains of a
stratovolcano. This suggests building of stratovolcanoes
preceded volcanic collapse, formation of grabens, and
development of porphyry copper deposits. Saturday Lake
may represent a third centre, but because the age overlaps
both Turkey Mountain and Newman Peninsula, it is
permissive that the intrusive porphyries may be related to
either of these two areas.

5. Redefinition of the age of the hornblende-biotite-feldspar
porphyry at Saturday Lake shows that it is correlative with
porphyries at Granisle mine.
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U -Pb geochronology of stranger stones in
Neoproterozoic diamictites, Canadian Cordillera:
implications for provenance and ages of deposition

Gerald M. Ross I and Michael E. Villeneuve2

Ross, G.M. and Villeneuve, M.E., 1997: V-Ph geochronology of stranger stones in
Neoproterozoic diamictites, Canadian Cordillera: implications for provenance and ages of
deposition; in Radiogenic Age and Isotopic Studies: Report 10; Geological Survey of Canada,
Current Research 1997-F. p. 141-155.

Abstract: Results of U-Pb zircon dating are presented for crystalline clasts (stranger stones) in diamic
tites from the Rapitan and Misinchinka groups, which represent two glacial intervals dUling Neoproterozoic
Windermere Supergroup sedimentation in the northern and central Canadian Cordillera. A leucogranite
dropstone in the ]owermost Sayunei Formation gives an age of755 ± ]8 Ma and provides a maximum depo
sitional age for the Rapitan Group. Gabbro and syenogranite clasts yield nearly concordant ages of 1857 ±
3 Ma and] 860 ± IMa, respectively. The association of ca. 1860 Ma and 755 Ma plutonic rocks suggest an
intra-Cordilleran source. Six felsic plutonic and volcanic boulders from the Vreeland Formation (lower
Misinchinka Group) yields one discordant age of 1842+16/-14 Ma and the remaining ages in the nanow
range of 1865-1862 Ma. The composition and restricted suite of ages for the Vreeland Formation suggest
possible derivation from the Fort Simpson High or (less likely) Great Bear Magmatic Zone.

Resume: Le present rapport fournit les resultats de datations U-Pb sur zircon effectuees sur des clastes
de roches cristallines (pienes etrangeres) presentes dans les diamictites des groupes de Rapitan et de Misin
chinka, qui temoignent de deux intervalles glaciaires survenus au cours du depot du Supergroupe de
Windermere au Neoproterozo·ique, dans le nord et le centre de la Cordillere canadienne. Un galet de
delestage de composition leucogranitique situe dans la partie basale de la Formation de Sayunei a ete date it
755 ± 18 Ma, ce qui etablit une limite d 'age maximale it la sedimentation du Groupe de Rapitan. Des clastes
de gabbro et de syenoganite ont livre des ages quasi concordants de 1 857 ± 3 Ma et de I 860 ± I Ma, respec
tivement. L'association de roches plutoniques ayant livre des ages d'environ 1 860 Ma et 755 Ma appuie
l'hypothese d'une source situee it I'interieur de la Cordillere. Six blocs de roches plutoniques et volcaniques
de composition felsique presents dans la Formation de Vree]and (partie inferieure du Groupe de Misinchinka)
ont ete dates. L 'un de ceux-ci a donne un age discordant de 1 842 + 16/-14 Ma alors que les autres ages obte
nus s 'inserent dans I'etroit intervalle de I 865-1 862 Ma. La composition et I'etendue restreinte des ages des
echantillons de la Formation de Vreeland pointent comme source possible ]a hauteur de Fort Simpson ou
(moins vraisemblablement) la zone magmatique du Grand lac de rOurs.

I GSC Calgary, 3303-33rd Street N.W., Calgary. Alberta T2L 2A7
2 GSC Ottawa, 60 I Booth Street, Ottawa, Ontario K IA OE8
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INTRODUCTION

The Neoproter020ic was an unusual time in Earth history that
witnessed the formation of two worldwide, continental ice
sheets. The development of these glacial intervals are tied to
major tectonic events, such as the break-up of the Neopro
terozoic supercontinent Rodinia and the concommitent
assembly ofGondwana (e.g Hoffman, 1991), and major fluc
tuations in the chemistry of seawater during the appearance
and radiation of metazoan life (Knoll and Waiter, 1992). In
western Canada, each of the two glacial episodes are well
represented within metasedimentary strata of the Winder
mere Supergroup in the Canadian Cordillera. The Canadian
equivalents of the older of the glacial intervals (referred to as
"Sturtian" based on occurrences with southern Australia) are
the Toby Formation in the southern Cordillera (Aalto, 1971)
and the Rapitan Group in the northern Cordillera (Young,
1976). The younger glacial interval (referred to as the "Mari
noan" or "Varanger") is represented in the central and north
ern Cordillera by diamictites within the Vreeland Formation
of the Misinchinka Group (McMechan, 1990) and Stelfox
Member of the Ice Brook Formation (Aitken, 1991), respec
tively. The expression of the younger glacial event in the
southern Cordillera is limited to a widespread and distinctive
condensed interval deposited during the postglacial sea level
rise and a less distinctive synglacial lowstand depositional
system (Ross and Murphy, 1988; Ross et aI., 1995).

Nearly all of the Windermere diamictites characteristi
cally contain c1asts composed of sedimentary rocks that are
either intrabasinal in origin or derived from older sedimen
tary rocks that underlie the Windermere; clasts composed of
exotic, basement-derived(?) crystalline material are rare.
Exceptions include clasts of two mica granite reported from
the Toby Formation (basal Windermere Supergroup;
Loveridge et aI., 1981; Miller, 1994), abundant c1asts of
coarse granitic material from the Vreeland Formation of the
Misinchinka Group (McMechan, 1990) and granitic clasts
from glaciogenic strata of the Rapitan Group (Aitken, 1991).
Aitken (pers. comm., 1989) has coined the telm "stranger
stones" to describe these rare crystalline c1asts, a term which
we adopt as it conveys the unusual and enigmatic nature of the
c1asts. In this paper we report on the ages of granitic and asso
ciated c1asts of crystalline rock from the Vreeland Formation
and the Rapitan Group. Accurate U-Pb ages of these c1asts
could provide a fingerprint that would constrain provenance,
if the c1asts can be linked to known basement provinces, and
may provide maximum ages of sedimentation for these
poorly constrained, yet critical, sedimentary assemblages.

GEOLOGICAL SETTING OF THE
WINDERMERE SUPERGROUP

The Windermere Supergroup is widespread in the Canadian
Cordillera and occurs from southernmost British Columbia
north to the Alaska-Yukon border (Fig. 1). It has been
interpreted to represent a rift and passive margin succession
that formed as a consequence of continental break-up and
separation during formation of the proto Pacific Ocean
(Stewart, 1972; Ross et aI., 1989; Ross, 1991; Gabrielse and
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Campbell, 1991). The rift component consists of glaciogenic
diamictites, and related sedimentary strata, and local mafic
volcanic rocks that accumulated during syndepositional
normal faulting. The overlying passive margin sequence is
characterized by regionally widespread stratigraphic units
that comprise a deep-to-shallow water shoal sequence in the
southern Cordillera and a succession of clastic-to-carbonate
"Grand Cycles" in the north (Aitken, 1989). Recent over
views and summaries of the Windermere in the northern and
southern Canadian Cordillera can be found in papers in the
Geology of North America series (DNAG) Narbonne and
Aitken (1995) and Ross et al. (1995). The Windermere is
overlain unconformably by latest Precambrian to Cambrian
arkose and quartz arenites that record a younger rift event that
led to the Paleozoic passive margin sequence (Devlin and
Bond, 1988; Lickorish and Simony, 1995). The stratigraphic
intervals investigated in this study consist of diamictites
deposited during the older rift event (Rapitan Group and
Toby Formation) and younger diamictites deposited dur
ing subsequent passive margin sedimentation (Vreeland
Formation).

CRYSTALLINE BASEMENT

Provenance studies of sedimentary strata within the Canadian
Cordillera rely on a sound knowledge of the age and distribu
tion of crystalline basement that could have provided sedi
ment. Understanding the structure and tectonic evolution of
the sub-Phanerozoic, western Canadian Shield has been the
focus of numerous studies over the past years and has laid the
framework for provenance studies in the Canadian Cordillera
(e.g. Ross and Bowring, 1990; Ross and Parrish, 1991;
Gehrels et aI., 1995). In particular, recent studies by Ross
et al. (1991) and Villeneuve et al. (1993) have delineated Pre
cambrian domains buried beneath Alberta and British
Columbia and extrapolated these domains westward beneath
the Cordilleran deformation front. Figure 1 shows the present
state of knowledge of the age and distribution of auto
chthonous crystalline basement in western Canada. This
compilation is based on studies of the exposed Canadian
Shield as well as subsurface studies of the geophysical signa
ture of basement and dating of drill core (ViJleneuve et aI.,
1993).

Exposures of crystalline basement also occur within the
Canadian Cordillera but are restricted to structural culmina
tions within the southern Cordillera, in particular French
man's Cap-Thor-Odin region of the Monashee Complex
(Parkinson, 1991; Armstrong et aI., 1991), Malton Complex
and associated gneiss bodies (Gold Creek Gneiss, Hugh
AlIan Gneiss, Blackman Gneiss; McDonough and Parrish,
1991; Murphy et aI., 1991), and possible occurrences in the
Grand Forks region of southernmost British Columbia
(AnTIstrong et aI., 1991) (Fig. 2). In the central Canadian Cor
dillera, Evenchick et aI., (1984) described two occurrences of
pre-Windermere crystalline rocks in the Sifton and Deserters
Range. There are no known exposures ofthe crystalline base
ment that underlie the thick succession of Mesoproterozoic to
Neoproterozoic sedimentary strata of the northern Cordillera
and it thus remains tena incognita. High quality U-Pb
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Proterozoic magmatic rocks (2.0-1.78 Ga)

Proterozoic accreted terranes (2.4-1.9 Ga)

Archean crust (>2.5 Ga)

Figure 1. Distribution of the Windermere Supergroup (shown in black main
figure) in the Canadian Cordillera relative to authochthonous basement
domains (modified from Ross, 1991). Numbered stars are localities of
diamictites with cobbles of crystalline rock ("stranger stones"): 1: Rapitan
Group, Mackenzie Mountains; 2: Vreeland Formation, Misinchinka Range;
3 and 4: Toby Formation, southern British Columbia and northeastern
Washington State, U.SA., respectively. Abbreviations for basement domains:
Archean: S-Slave Province; R-Rae Province; H-Hearne Province; Proterozoic
accreted terranes: H-Hottah Terrane; C-Chinchaga; B-Buffalo Head;
W-Wabamun; T-Thorsby; Proterozoic magmatic terranes: G-Great Bear;
F-Fort Simpson; K-Ksituan; T-Taltson; R-Rimbey; Proterozoic
metasedimentary terranes: C-Coronation; L-Lacombe. N is the Nahanni
domain (Hoffman, 1989), age unknown. GSL-Great Slave Lake; GBL-Great
Bear Lake. The strontium "0.706" line is taken from Armstrong (1988) and
approximates the western edge of cratonic basement.
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geochronology has now been completed on most of these
basement rocks and a clear pattern of ages and associations
has emerged. Both the Malton and Monashee complexes con
tain an older mixed paragneiss-orthogneiss assemblage that
ranges in age from 2050-1960 Ma that is intruded by ca.
1870-1851 Ma orthogneisses. In the Sifton Range of the cen
tral Cordillera, a potassium feldspar augen gneiss gives an
upper intercept age of 1851 ± 13 Ma similar to ages obtained
from orthogneisses in the southern Cordillera (Evenchick
et aI., 1984). Nearly all of the Paleoproterozoic basement
rocks are associated with younger magmatic rocks that range
in age from 740-728 Ma. For example, older gneisses in the
Malton Complex are intruded by leucogranite orthogneisses
that range from 740-736 Ma and include widespread, weakly
foliated sill-like bodies (M.R. McDonough, pers. comm.,
1993), suggesting that this igneous event is widespread in the

Malton Complex
2.10 - 2.05 Ga;1987 +7/-6 Ma;

1871-1866 Ma; 736 Ma
(McDonough and Parrish, 1991;

Murphy et aI., 1991)
Frenchman's Cap

2066:1:8 Ma;2010:l:7 Ma
1951±8 Ma; 1851±8 Ma
(Armstrong et aI., 1991)

Thor-Odin
1874:1:21 Ma; 1934:1:6 Ma

(Parkinson, 1991)

Malton Complex. In the Deserters Range (central British
Columbia; Fig. 2), a mylonitic leucocratic granitic gneiss,
dated at 728+9/-7 Ma is nonconfonnably overlain by Neo
proterozoic feldpar-quartz pebble conglomerate and quartz
ite assigned to the Windennere Supergroup (Evenchick et aI.,
1984). Similarly, Parrish and Scammell (1988) dated an
alkalic gneiss that intrudes core gneisses of Frenchman's Cap
at 740 ± 36 Ma. Thus there appears to be evidence for an asso
ciation of older Proterozoic gneisses (ca. 2.0-1.85 Ga) and
younger (ca. 740 Ma) orthogneisses within exposed base
ment with the Canadian Cordillera. The ages of the younger
orthogneisses are similar to ages of magmatic activity
believed to be related to Windennere rifting (Fig. 2) suggest
ing that these younger orthogneisses are part and parcel of
that magmatic event.

Mount Harper Group
rhyolite flow
751+26/-18 Ma
(Roots and Parrish, 1988)

Rapitan Group
granite cobble in Sayunei Fm.
755:1:18 Ma (this study)

Coates Lake Group
diorite plug
778:1:3 Ma
(Jefferson and Parrish, 1989)

~
Deserters Range gneiss
728 +8/-7 Ma
(Evenchick et aI., 1984)

60'

Miette Group
~

Hugh Allan leucogneiss
736 +23/-17 Ma
(McDonough and Parrish, 1991)

Mount Copeland syenite gneiss
740:1:36 Ma
(Parrish and Scammell, 1988)

49'

Huckleberry Volcanics
762:1:44 Ma (Sm-Nd isochron)
(Devlin et aI., 1989)

Figure 2. Simplified map showing the distribution of crystalline basement within structural
culminations within the Canadian Cordillera (blackfill) as well as the locations, ages and source
ofdata for magmatic rocks within or immediately underlying the Windermere Supergroup.
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U-Pb METHODOLOGY

Zircons were concentrated from crushed samples using stan
dard techniques of heavy liquid and separation by magnetic
susceptibility. Zircon crystals were selected for analysis
based on crystal clarity, lack of fractures or inclusions, and
colour. All zircons were abraded prior to dissolution in order
to remove outer portions of the grains where much of the Pb
loss and alteration takes place, and thereby increase concor
dance (Krogh, 1982). After abrasion, photography, and final
mineral selection, individual fractions were analyzed foHow
ing the methods of Parrish et al. (1987). Data were reduced
and errors propagated after the methods of Roddick (1987)
and Parrish et aI., (1987); analyses plotted as ellipses on con
cordia diagrams are shown at 20 (95% confidence) level of
uncertainty. Final errors are indicated on Table]. Linear
regressions on discordant arrays of data use a method that
takes into account the scatter of the points about the line~
discussion i!! Parrish et aI., 1987). Fraction letters shown on
concordia plots are keyed to fraction letters in Table] .

STRANGER STONES IN THE
RAPITAN GROUP

The Rapitan Group is widespread within thrust slices of the
Windermere Supergroup in the northern Canadian Cordillera
(Fig. I). The Rapitan Group comprises the local Mount Berg
Formation and the widespread Sayunei and Shezal forma
tions which collectively have been interpreted as recording
deposition in rift basins (e.g. Eisbacher, 198]; Yeo, 198]).
The age of the Rapitan Group is constrained as younger than
778 Ma (Jefferson and Parrish, 1989) (Fig. 3). The Rapitan
has long been recognized as having glacially influenced
deposition based on the presence of coarse, bouldery diamic
tites, dropstones, and till pellets (Gabrielse, 1972; Young,
1976; Yeo, 1981; Eisbacher, 1981). The Sayunei Formation,
up to 600 m thick, consists of reddish mudstones, interbedded
sandstones and conglomerates of deep-water origin. Glacial
dropstones are common within the finely bedded facies of the
Sayunei Formation. The overlying Shezal Formation, up to
800 m thick, consists of massive to crudely bedded diamictite
with subordinate interbeds of sandstone and mud stone
(Fig. 4). Studies of paleocurrent indicators suggest variable
transport directions but with an overall east-to-west, and local
north-to-south transport (Yeo, 1981; Eisbacher, 1981). The
Rapitan Group rests unconformably on sedimentary strata of
the Mackenzie Mountains Supergroup and in general the clast
composition reflects that provenance with an abundance of
sedimentary clasts easily correlated with underlying units
and local occurrences of clasts of greenstone that can be cor
related with the Little Dal Formation basalts and Tsezotene
sills. Two exceptions have been noted and these consist of a
total of three igneous clasts found within two sections of the
Rapitan Group. Two clasts are from the Shezal Formation
(88-AC-8-D and AC-540-R) and a single clast occurence as
a dropstone within the turbidites of the Sayunei Formation
(88-AC-8-B).

G.M. Ross and M.E. Villeneuve

Sayunei dropstone

Sample 88-AC-8-B is a clast of undeformed leucogranite,
about 20 cm in diameter, composed of medium grained, inter
grown quartz and alkali feldspar with 5-10% chloritized bio
tite. The zircons within this sample were not abundant and
complised pale pink, translucent, euhedral, and broken crys
tals. Single grain fractions A and B each yielded only around
100 pg of radiogenic Pb, resulting in a higher than nonnal
blank Pb/radiogenic Pb ratio and a resulting expansion in ana
lytical uncertainty for each fraction (Table 1; Fig. 5a). Never
theless, both fractions overlap concordia and taking a
weighted average of 207Pb;206Pb ages results in an age of
755 ± 18 Ma, which is interpreted as the age of igneous crys
tallization. A third fraction (Table 1) consisted of two clear,
colourless, slightly turbid crystals, distinct from the clear
pink grains that make up the majority of the zircon popula
tion. This fraction yielded an extremely discordant analysis
(58%) with a 207Pb;206Pb age of 2.14 Ga, indicating that this
fraction contained an inherited older component.

Shezal Formation

Sample 88-AC-8-D is an approximately 15 cm clast of unde
formed biotite gabbro from the upper Shezal Formation,
within the same measured stratigraphic section which con
tained the Sayunei dropstone (Fig. 4; see Fig. 3 in Aitken,
1991 for photograph). The gabbro, which is coarse grained
and unfoliated with equant phaneritic texture, produced a
good yield of faceted, euhedral, clear to slightly turbid, pale
pink zircons. Analysis of six fractions produced five fractions
less than 2% discordant and all six fractions faJ] on a discordia
with an upper intercept of 1860 ± I Ma (MSWD of2) which is
interpreted as the age of igneous crystallization (Fig. 5b). Zir
con with significantly older inheritance or zircons with
younger ages are not apparent in any of the analyses.

Sample AC-540-R, also from the Shezal Formation
(located at 64°29'N and J29°ITW; Aitken et aI., 1973) is a~
approximately 20 cm clast of quartz monzonite composed of
z?ned grey potassium feldspar crystals, euhedral green pla
glOclase, anhedral quartz, and intercrystalline greenish mafic
minerals (altered biotite) and contained a large number of
clear, slightly pink zircons. Four analyses, ranging from 5.7%
to 0.3% discordant, scatter about a discordia (MSWD=5.5)
with an upper intercept age of 1857 ± 3 (Table 1; Fig. 5c)
which is interpreted as the age of crystallization.

STRANGER STONES IN THE VREELAND
FORMAnON (MISINCHINKA GROUP)

The Misinchinka Group consists of coarse diamictites,
pelites, grits, carbonates, and subordinate amphibolites and is
correlative with the Miette Group which is widespread south
of 54°N (Evenchick, 1988; McMechan, 1990; Hein and
McMechan, 1994) (Fig. 6). In the Deserters Range, the
Misinchinka Group unconformably overlies 728 Ma base
ment (Evenchick et aI., 1984) which provides a maximum age
constraint. The diamictites are thickest and best exposed in
the Ice Mountain-Paksumo Pass area of the Back Ranges of
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Table 1. U-Pb data.

Wt.b U Pbc 206Pb/ Pbe 20Bpb/ Radiogenic ratios (±1a, %)' 207Pb/206Pb Discord.h

Fraction" II-g ppm ppm 204pbd pg 206pbf 207Pb/235 U 206 Pb/23BU 207Pb/206Pb Age (Ma)9 %

88-AC-8B Sayunei Formation (Z2652; 64.6839°N 129.8362°E)
A(Z) 2 337 41 368 12 0.100 1.084±1.74 0.1214 ± 0.45 0.06473 ± 1.59 766 ± 66 3.71
B (Z) 1 663 83 458 14 0.110 1.097 ± 0.51 0.1235 ± 0.18 0.06439 ± 0.44 755 ± 18 0.53
C(Z) 4 496 74 39 709 0.210 1.234 ± 7.81 0.1353±1.81 0.06615 ± 6.68 811 ± 257 -0.90
o (Z) 3 571 104 1147 9 0.160 2.991 ± 0.17 0.1630 ± 0.16 0.13307 + 0.08 2139 + 3 58.57
88-AC-8D Sayunei Formation (Z2653; 64.6839°N 129.8362°E)

A(Z) 29 134 49 6746 12 0.180 5.194 ± 0.10 0.3311 ± 0.09 0.11378±0.03 1861 ± 1 1.04
B(Z) 27 166 61 4128 22 0.180 5.160 ± 0.12 0.3289 ± 0.10 0.11377 ± 0.04 1861 ± 1 1.68
C (Z) 21 146 54 4841 12 0.170 5.234 ± 0.11 0.3339 ± 0.10 0.11370 ± 0.04 1859 ± 2 0.15
o (Z) 21 157 55 2426 26 0.200 4.894 ± 0.14 0.3114 ± 0.13 0.11397 ± 0.05 1864 ± 2 7.10
E(Z) 13 93 36 1082 23 0.220 5.259 ± 0.18 0.3346 ± 0.14 0.11401 ± 0.15 1864 ± 5 0.24
F(Z) 23 143 53 4136 17 0.180 5.224 ± 0.11 0.3327 ± 0.10 0.11388 ± 0.07 1862 ± 3 0.67
AC-540-R Shezal Formation (Z2654; 64°12'N 129°17'E)
A(Z) 9 90 32 930 17 0.210 4.962 ± 0.21 0.3159 ± 0.18 0.11393 ± 0.11 1863 ± 4 5.72
B(Z) 12 134 48 2735 1 0.140 5.185 ± 0.13 0.3309 ± 0.12 0.11363 ± 0.05 1858 ± 2 0.95
C(Z) 16 190 66 715 87 0.130 5.052 ± 0.17 0.3234 ± 0.11 0.11332 ± 0.11 1853 ± 4 2.92
E(Z) 22 121 45 3169 17 0.200 5.210 ± 0.11 0.3328 ± 0.10 0.11352 ± 0.04 1857 ± 2 0.28
RAR·90·W6 Vreeland Diamictite (Z2417; 54.5900oN 121.5617°E)

A(Z) 16 150 57 2486 20 0.210 5.223 ± 0.12 0.3327 ± 0.09 0.11387 ± 0.06 1862 ± 2 0.66
B(Z) 15 198 65 3478 2 0.190 4.576 ± 0.11 0.2914 ± 0.10 0.11391 ±0.05 1863 ± 2 13.02
D(Z) 8 304 82 1253 30 0.170 3.727±0.13 0.2455 ± 0.10 0.11009 ± 0.08 1801 ± 3 23.82
E (Z) 14 278 80 987 66 0.160 4.019±0.15 0.2639 ± 0.10 0.11048 ± 0.10 1807 ± 4 18.46
F (Z) 13 187 61 3807 12 0.170 4.551 ±0.11 0.2941 ±0.10 0.11222 ± 0.04 1836 ± 1 10.72
G(Z) 9 305 78 3370 0 0.150 3.560 ± 0.11 0.2372 ± 0.10 0.10886 ± 0.05 1780 ± 2 25.43
RAR-90-W7 Vreeland Diamictite (Z2418; 54.5900oN 121.561rE)

B(Z) 5 107 39 1145 10 0.220 4.903 ± 0.23 0.3147 ± 0.21 0.11300 ± 0.11 1848±4 5.22
E(Z) 14 99 35 3836 1 0.200 4.904 ± 0.11 0.3145 ± 0.10 0.11307 ± 0.04 1849 ± 2 5.34
o (Z) 4 131 47 981 11 0.180 5.051 ± 0.19 0.3220 ± 0.18 0.11377 ± 0.14 1861 ± 5 3.76
F(Zl 13 88 34 1799 13 0.250 5.246 ± 0.14 0.3337 ± 0.12 0.11404±0.06 1865 ± 2 0.54
RAR-90-W11 Vreeland Diamictite (Z2419; 54.5900oN 121.5617°E)

A(Z) 5 326 105 2044 15 0.140 4.654 ± 0.15 0.3000 ± 0.14 0.11253 ± 0.06 1841 ± 2 9.22
B(Z) 6 175 60 1189 17 0.210 4.827 ± 0.20 0.2987 ± 0.18 0.11719 ± 0.08 1914 ± 3 13.58
C(Z) 6 177 53 1312 0 0.180 4.090 ± 0.22 0.2664 ± 0.17 0.11137 ± 0.12 1822 ± 4 18.44
E(Z) 4 302 72 760 22 0.140 3.431 ± 0.32 0.2225 ± 0.25 0.11186 ± 0.20 1830 ± 7 32.23
F(Z) 5 290 84 1782 13 0.220 3.886 ± 0.16 0.2509 ± 0.11 0.11234 ± 0.08 1838 ± 3 23.95
RAR-90-W12 Vreeland Diamictite (Z2420; 54.5900oN 121.561rE)

A(Z) 3 120 43 686 11 0.190 5.017 ± 0.19 0.3189 ± 0.14 0.11410 ± 0.12 1866 ± 4 4.98
B(Z) 4 190 72 665 24 0.220 5.215 ± 0.19 0.3314 ± 0.15 0.11414±0.13 1866 ± 5 1.32
C(Z) 4 152 55 1000 2 0.180 5.048 ± 0.19 0.3221 ± 0.15 0.11366 ± 0.12 1859 ± 5 3.62
D(Z) 1 190 77 474 7 0.160 6.885 ± 0.31 0.3627 ± 0.28 0.13769 ± 0.19 2198 ± 7 10.75
F (Z) 4 196 69 1151 14 0.150 5.108 ± 0.14 0.3226 ± 0.11 0.11483 ± 0.09 1877 ± 3 4.56
MBB-88-W12 Vreeland Diamictite (Z1807; 54.5900oN 121.5617°E)

A 36 194 71 452 334 0.180 5.106 ± 0.20 0.3265 ± 0.15 0.11341 ± 0.10 1855 ± 4 1.60
B 19 131 49 1327 39 0.186 5.259 ± 0.13 0.3347 ± 0.09 0.11397 ± 0.07 1864 ± 3 0.20
C 29 171 60 2150 46 0.184 4.949 ± 0.11 0.3163 ± 0.09 0.11347 ± 0.05 1856 ± 2 5.20
RAR-90-W13 Vreeland Diamictite (Z2421 ; 54.5900oN 121.5617°E)

A(Z) 15 173 63 7161 6 0.200 5.069 ± 0.11 0.3238 ± 0.10 0.11355 ± 0.03 1857 ± 1 3.01
B(Z) 20 143 53 8354 6 0.180 5.181 ± 0.10 0.3299 ± 0.09 0.11389 ± 0.03 1863 ± 1 1.51
D(Z) 18 161 59 11978 5 0.180 5.154 ± 0.10 0.3286 ± 0.09 0.11375 ± 0.03 1860 ± 1 1.76
E(Z) 23 170 61 11754 4 0.190 4.995 ± 0.10 0.3199 ± 0.09 0.11327 ± 0.03 1853 ± 1 3.92

"All zircon fractions are abraded; (Z) = Zircon
bError on weight = ±0.001 mg
C Radiogenic Pb
dMeasured ratio corrected for spike and Pb fractionation of 0.09 ± 0.03%/AMU
eTotal common Pb on analysis corrected for fractionation and spike, of blank model Pb composition
f Corrected for blank and spike Pb and U and common Pb (Stacey-Kramers model Pb composition equivalent to the 207PbrooPb age)
9Age error is ±2 se in Ma
hDiscordance alonq a discordia to oriqin.
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northeast British Columbia where they attain a remarkable
thickness (excess of I km; Fig. 7A) and coarse clast size (up
to 8 m). In contrast to the Rapitan Group, there is little evi
dence to suggest local fault control of sedimentation within
rift basins and additionally, the Vreeland Formation diamic
tites lie well above the base of the Windermere Supergroup,
which led McMechan (1990) to suggest that these diamictites
were younger than the Rapitan Group or Toby Formation.
McMechan (1990) demonstrated that the Vreeland diamic
tites pass laterally to the south-southwest into turbiditic grits
typical of the McKale Formation of the Miette Group and the
Windermere Supergroup of the southern Cordillera in gen
eral (e.g. Ross et al., 1989). The Vreeland Formation diamic
tites thus are interpreted to represent a proximal facies of the
Windermere turbidite basin that was deposited along the
south flank of the ancestral Peace River Arch, a paleoto
pographic high that trends at ahigh angle into the Cordillera.

The Vreeland Formation is up to 1200 m thick and is over
lain by argillaceous rocks of the Framstead FOlmation and
carbonates of the Chowika Formation. The Vreeland Forma
tion consists of massive to crudely bedded bouldery diamic
tite containing unsorted clasts in a cleaved argillaceous
matrix (McMechan, 1990; Hein and McMechan, 1994).
Local interbeds of laminated siltstone to sandstone are pres
ent and contain dropstones of glacial origin (McMechan,
1990). Boulders are up to 8 m across and consist of unfoliated
granites and related felsic plutonic rocks, felsic extrusive
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rocks, diabase, dolomite, and quartzite of inferred extrabasi
nal origin as well as abundant intraformational clasts of mud
stone and siltstone. The "stranger stones" of crystalline
material are most abundant in the upper part of the Vreeland
FOtmation. The igneous rocks comprise two predominant
types: massive, unfoliated, phaneritic intrusive rocks that
range in composition from tonalite to alkali granite (Fig. 7B,
C) and extrusive or hypabyssal rocks that include dacite tuff,
tlow-banded, spheruJitic rhyolite, and felsic porphyry
(Fig. 7D, E). This association of rock types is comparable to
those expected in the shallow levels of a continental mag
matic arc. We collected a total of thi11een different rock types
of which six representative samples were chosen for geo
chronological analysis on the basis offreshness. The diabase
clasts were not sampled for this study but range from massive,
unfoliated typical dark green diabase to locally pegmatitic
texture (Fig. 7B) and should be considered a target for future
work.

RAR-90-W6 is a fresh, fine grained, equigranular leu
cocratic tonalite that yielded a number of stubby, well fac
eted, high quality, colourless zircons and a few dark brown,
clear crystals. Discordance ranges from 0.7% (fraction A,
Table 1, Fig. 8a) to 25% (fraction G). Utilizing a Davis (1982)
regression technique to take advantage of the near
concordance of fraction A, results in an upper intercept of
1863 ± 3 Ma with a 48% probability of fit. Fraction B is

sw
Dated samples
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;/
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Glaciogenic
deposits

r-:-lLJ
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Mainly shallow-water
clastics

Mainly
carbonates

Mainly deep-water IIlT1ffi1 Mainly
clastics Il.l1lWlJ evaporites

MMSG=Mackenzie Mountain
Supergroup

Figure 3. Simplified stratigraphic cross-section through the Mackenzie Mountains illustrating the main
stratigraphic units, their mutual relationships and the positions ofdated samples and magmatic rocks. The
two Neoproterozoic glacial inten'als are in the Rapitan Group and Ice Brook Formation (from Narbonne
and Aitken, 1995).
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excluded from the regression as it consists of two dark crys
tals and clearly plots to right of fraction F, indicative of a
xenocrystic-inherited component.

RAR-90-W7 is from a large boulder of equigranular,
coarse grained syenogranite that contains magnetite and
chloritized mafic phases (Fig. 7C). A small number of stubby,
clear, colourless, well faceted crystals were separated from
the rock. Four collinear fractions, including fraction F at
0.5% discordance, yielded an upper intercept of 1867 ± 3 Ma,
again utilizing a Davis (1982) regression, with a probability
of fit of 19% (Table 1; Fig. 8b).

RAR-90-W 12 is a leucocratic granite, with potassium
feldspar megacrysts up to 3 cm long in a groundmass of
medium-grained reddish plagioclase subhedra and quartz
(Figure 7D). Six fractions of clear, colourless, euhedral zir
con were analyzed, with one fraction (D) displaying

inheritance of a much older component e07Pb,t206Pb age of
2198 Ma; Table I). Three fractions plot near each other at 4
5% discordant and fraction B, which provides the best control
on the age, plots at I% discordance. Fraction F appears to
contain a minor inherited Pb component. A discordia through
fractions A, B, C, and E results in an upper intercept of
1867+13/-9 Ma (LI:::130 ± 500 Ma, MSWD:::3), interpreted
as the age of crystallization (Fig. 8C).

RAR-90-WII is a fine- to medium-grained, equigranular
syenogranite. Zircons from this rock comprised a somewhat
heterogenous population of euhedral to subhedral crystals.
The zircons range from dark, clear grains to colourless,
rounded and elongate crystals. Most zircons have well
defined crystal faces, although some rounding of edges is evi
dent. Two fractions (B and D) display cryptic inheritance and
plot to the right of a discordia defined by fractions A, C, E,
and F (Fig. 8d). The discordia gives an upper intercept of

TWITYAFM.

+e88-AC-8D

Figure 4.

Measured stratigraphic section through the
Rapitan Croup with the positions of the dated
stanger stones shown. Unpublished section
measured by lames D. Aitken (location:
64°4 l'N. 129°49W).
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1842+16/-14 Ma (lower intercept == 53 ± 125 Ma,
MSWD==25), which is interpreted as an igneous crystalliza
tion age.

MBB-88- W 12 (collected previously by Margot
McMechan from the same locality) is composed of homoge
nous unfoliated medium- to fine-grained leucogranite with a
massive texture defined by equant subhedral grains of quartz
and feldspar and < 5% mafic material which has been altered
and is now composed of patches of rusty-weathering carbon
ate. Three single grain fractions of clear, purple zircons
resulted in a concordant analysis and two collinear discordant
analyses that give 1864 ± 4 Ma (LI==250 ± 130 Ma,
MSWD==2.1) as the age of crystallization (Fig. 8e).

RAR-90-WI3 represents the only felsic volcanic rock
sampled. It is a dacite with subrounded phenocrysts of potas
sium feldspar in a leucocratic, fine grained greenish matrix
(Fig. 7e). Stubby, clear multifaceted zircons proved to have
well behaved U/Pb systematics. Four fractions form a coil in
ear array with an upper intercept of 1867 ± 2 Ma (LI=508 ±
68 Ma, MSWD==I.4; Fig. 8f).

SOURCE AREAS AND PROVENANCE

Rapitan Group

The ca. 755 Ma granitic cobble within the lower Sayunei For
mation provides a maximum age for deposition of the
Sayunei Formation and possibly the Rapitan Group in gen
eral. Its age is comparable to the ages of magmatism that are

characteristic of the lower Windermere Supergroup though
Ollt western Canada (Fig. 2; see Ross et aI., 1995 for a sum
mary) which ranges from ca. 770 Ma to 728 Ma. It is
suggested that the cobble that we dated may have been
derived from an early rift-related pluton that was unroofed
during on-going rifling and deposition of the Rapitan Group.
This would suggest a local provenance, in accord with the
predominance of clasts derived from immediately subjacent
sedimentary strata of the Mackenzie Mountains Supergroup.
However, such plutonic rocks have not been observed in the
underlying Mackenzie Mountains Supergroup.

The source(s) of the two cobbles in the Shezal Formation
with virtually identical ages of 1860 and 1857 Ma is problem
atic. As noted previously, the Rapitan Group lies uncon
formably on an older sedimentary succession, the Mackenize
Mountains Supergroup, which in turn lies on the sedimentary
strata of the Hornby Bay-Dismal Lakes group succession in
the subsutface of the Mackenzie Corridor. Recent subsurface
mapping using both dlill core and seismic reflection data
from petroleum exploration has shown that virtually the
entire Mackenzie Valley is underlain by these pre
Windermere sedimentary rocks (Aitken and Pugh, 1984;
Cook et aI., 1992; Cook and MacLean, 1995). Thus the clos
est occurrences of known crystalline basement that could
have been exposed during Windermere sedimentation would
have been the eastern shores of Great Bear Lake, a distance of
about 500 km (Fig. I). There, igneous rocks of the Great Bear
Magmatic Zone are exposed as part of an 1865-1840 Ma
episutural volcano-plutonic belt along the west part of the ca.
1960-1870 Ma Wopmay Orogen (Hildebrand et aI., 1987;

EJ······· pebbly W·~:(jj· .. E-=-=-=j' ~. . . . . ..",=. dlamlctlte - _- _- _ pellte/slate carbonate....... sandstone , -_-_-_

Framstead
Fm.

Vreeland
Fm.

......

500 m

SW IMIETTE GROUP I IIMISINCHINKA GROUP I NE

10km

Isoom

Figure 6. Schematic stratigraphic relationships between the Vreeland Formation diamictites and the
turbidite facies of the Miette Group, The vertical line shows the approximate position of the measured
section illustrated to the left, The stratigraphic section to the left is through the lower Misinchinka Group
in the Herrick Creek area and shows the stratigraphic position ofdated clasts (from McMechan, 1990
and Hein and McMechan, 1994, respectively).
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Figure 7. Exemplary photos from the Vreeland Formation in the Hen·ick Creek area (54°35'N; 12 J034'W)
A) Cliffside exposure shallow dipping Vreeland Formation diamietite showing the crude stratijication typical
of this unit. B) Coarse pegmatitic patch within boulder of diabase. C) Large stone of equigranular alkali
granite in cleaved silty argilllaceous matrix (RAR-90-W11). D) Stone of potassium feldspar megacrystic
granite (RAR-90- W12). E) Stones composed ofquartzite (light-coloured) and dacite porphyry (RAR-90- W13).
Note apparent deformation ofdacite stone by compaction and impingment ofquartzite boulder. F) Undated
aphyric rhyolite with flow banding defined by trains ofdevitrijication spherules.
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Bowring and Grotzinger, 1992). The ages of plutonic rocks in
the Great Bear Magmatic Zone match those in the Shezal For
mation and it is conceivable that is the source of the Shezal
boulders. It is surprising however, that there are no c1asts of
volcanic rock, which is abundant in the Great Bear Magmatic
Zone, nor are there any clasts of foliated granitoids which are
also common in Wopmay Orogen (Hildebrand et aI., 1987).

An alternative explanation is that the Rapitan stranger
stones were derived from an intra-Cordilleran source. This is
supported by two pieces of evidence. First, virtually all of the
Rapitan Group clasts are of relatively local derivation and it
seems incongruous that only three c1asts would have been of
long distance transport. Second, the ages of the c1asts are
nearly identical to the ages of intra-Cordilleran basement

0.316

0.328

0.322

:::>
co
C')
C\J
:0
0...

ID
o
C\J

0.33

RAR-90-W6 (!ona/ite) RAR-90-W11 (syenogranite)

1863+/-2 Ma 1842 + 16/-14 Ma (A,C,E,F)

0.32 1842.9 +/-4 Ma (A,E,F)

0.31

:J :J
co to 0.28C') C'?
N C\J

:0 :0
ll.. 1560 ll..

to 0.27 to
0 0
N C\J 0.24

a d
0.20

3.9 4.4 4.9 5.4 3.0 4.0 5.0
207pb/235 u 207pb/235u

0.350 0.34
RAR-90-W7 (syenograni!e) MBB-88-W12 (Ieucogranite)

1867+4/-3 Ma 1864 +/-4 Ma 1860
0.342

1850~1880

1840

:::>
0.33 1830:J

00
0.334 co '=7'C') C')

C\J C\J 1810

---:0 .c
1800

<dl- 0.326 0...
ID

0 0N C\J 0.32

0.318 t?c

b e
0.310

4.80 5.04 5.16 5.28 5.40 0.31
4.8 5.0 5.2 5.4

20~b/ 235
U 207pb/235U

0.35 0.340

RAR-90-W12 (megacrystic granite) RAR-90-W13 (dacite porphyry)

1867 +131-9 Ma 1900
1867 +/-2 Ma

0.334

::)
co
C'?
C\J

:0
a...

to
o
C\J

f
5.35.25.0 5.1

207pb/235u

0.310 '--_...L--_-'-_---'__-'--_--'-_-'-__L...-_--'-_-'

4.95.5

c
5.35.1

207pb/235
U

0.31
4.9

Figure 8. Concordia plots for igneous stones in the Vreeland Formation.

152



rocks, albeit present much further to the south. Nonetheless
we suggest that derivation of the Rapitan stranger stones is
more easily explained with an intra-Cordilleran source that
may have been exposed locally during rifting

Misinchinka Group

The ages of the igneous rocks dated from the Vreeland
Formation diamictites fall into a narrow range of ca. 1867
1863 Ma and one granite dated at 1842 Ma. A number of pos
sible sources of these age rocks are present in the western
Canadian Shield. The Great Bear Magmatic Zone is a 100 km
wide by 900 km long belt of high level cale-alkaline plutonic
and volcanic rocks. It comprises two main magmatic epi
sodes: an 1875-1860 Ma prefolding suite of basalt to rhyolite
and biotite-hornblende granite plutons and a syn- to postfold
ing suite of 1858-1840 Ma biotite syenogranite and subordi
nate hornblende diorite, quartz diorite, and monzodiorite
(Hildebrand et aI., 1987). The folding event created macro
scopic folds with a gentle northward plunge but little penetra
tive deformation or metamorphism of rocks of the older
plutonic suite, consistent with the lack of deformational fab
rics in Vreeland Formation boulders. Another possible source
region is a poorly known region of the basement termed the
Fort Simpson magnetic high (Hoffman, 1987; Villeneuve
et aI., 1991) that is about 200 km west of and parallel to the
Great Bear Magmatic Zone (Fig. I). Although buried beneath
Phanerozoic sediments, the aeromagnetic signature of this
belt is strikingly similar to the cale-alkaline magmatic Great
Bear Magmatic Zone suggesting that the Fort Simpson anom
aly may be caused by predominantly cale-alkaline plutonic
rocks. Little direct information is available from the rocks
that comprise the Fort Simpson high as only two hydrocarbon
exploration wells drilled to basement. Each recovered unde
formed biotite granites from depths of 2.5-3.0 km and
although these two samples were separated by 300 km, both
gave identical U-Pb ages of 1845 Ma, an age that overlaps
with the youngest Great Bear Magmatic Zone pIu tons and
is also present in the Vreeland Formation boulder suite
(Villeneuve et aI., 1991).

Based solely on the ages and lithologies of dated boulders
from the Vreeland Formation, there is little to discriminate
between a Great Bear Magmatic Zone source and a Fort
Simpson high source. We considered using neodymium (Nd)
isotopes signatures of the Vreeland Formation boulders as a
test of these contrasting possible source areas but unfortu
nately the Nd isotopic composition of the Fort Simpson gran
ites is indistinguishable from that of the Great Bear plutonic
rocks (Villeneuve et aI., 1991). However, as pointed out by
McMechan (1990) the Vreeland Formation lies to the south
west of the west flank of the ancestral Peace River Arch
which is underlain by the southernmost extent of the Fort
Simpson magnetic anomaly (Ross, 1990). Recent seismic
reflection data recorded along the western flank of the Fort
Simpson High in northeast British Columbia show that

G.M. Rass and M.E. Villeneuve

Windermere strata thin and may pinch-out to the northeast,
suggesting that the Fort Simpson was exposed during
Windermere sedimentation (Cook and Van der Velden,
1993). Thus given the proximity of the Fort Simpson High to
the Neoproterozoic margin of western Canada we suggest
that it represents the most likely source of the boulders.

CONCLUSIONS

Uranium-lead zircon analysis of stranger stones from glacio
genic strata within the Rapitan Group fall into two ages: ca.
755 Ma and ca. 1860-1857 Ma. The younger date provides a
maximum age for deposition of the lower Rapitan Group
(Sayunei Formation). In addition the age of755 Ma is similar
to the ages of magmatism that are widespread within or below
the lower parts of the Windermere Supergroup in the Cana
dian Cordillera. We suggest that 755 Ma granite was derived
locally from an intra-Cordilleran pluton exposed during rift
related uplift. The two ca. 1860 Ma clasts could have been
derived from similar age plutonic rocks of the Great Bear
Magmatic Zone, over 500 km to the east in the Canadian
Shield. Alternatively, they too may have an intra-Cordilleran
source as there appears to be a pattern of ca. 1860 Ma and ca.
740 Ma gneissic rocks within intra-Cordilleran basement in
the southern Cordillera. A similar basement association may
underlie the northern Cordillera and was exposed during
Neoproterozoic rifting.

Stranger stones in the Vreeland Formation diamictites
are mostly 1867-1863 Ma with a single clast dated at
1842 Ma. The composition of the clasts is consistent with
derivation from shallow level igneous rocks of a continental
magmatic arc. In western Canada, two source areas are per
missive; the Great Bear Magmatic Zone well to the north
(more than 400 km) of the Vreeland Formation or the Fort
Simpson high, a buried magmatic arc that is proximal to the
Vreeland Formation diamictites. Our preferred explanation is
derivation of the Vreeland stranger stones from igneous rocks
of the Fort Simpson high which would have been exposed on
the western flank of the Peace River Arch during Neoprotero
zoic sedimentation.
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