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RESUME

Dans ce rapport, on présente les résultats d'études isotopiques du pluton

de la région des lacs Eye-Dashwa située près d'Atikokan en Ontario. On

s'est servi de séries de carottes de roche primitive "non altérée" et "très

altérée" provenant de trous de forage profonds pour étudier la systématique

Rb-Sr, U-Th-Fb et Sr-Nd, les isotopes de Pb de la roche entière et la data-

tion de l'apatite par les traces de produits de fission. On s'est servi

des résultats pour étudier des analogues naturels quant à la migration des

radionuclides dans la géosphère, la stabilité tectonique du pluton et

l'importance de l'interaction de l'eau et de la roche dans les zones de

fractures.
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ABSTRACT

This report presents results of isotopic studies of the Eye-Dashwa Lakes

pluton, located near Atikokan, Ontario. Suites of pristine "unaltered" and

"highly altered" core samples from deep boreholes were used to study Rb-Sr,

U-Th-Pb and Sr-Nd systematics, whole-rock Pb isotopes and fission track

dating of apatite. The results have been used to investigate natural

analogues for radionuclide migration in the geosphere, the tectonic stabi-

lity of the pluton and the extent of water-rock interaction in fracture

zones.
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EEEEACE

Z.E. Peterman and D.C. Kamineni

The Eye-Dashwa Lakes pluton, located near Atikokan, Ontario, is one of the
granitic plutons selected by Atomic Energy of Canada Limited in 1979 for
studies to assess the concept of nuclear fuel waste disposal in crystalline
rock. Investigations of various aspects of geology, geochemistry, geo-
physics, and hydrogeology were designed to characterize the pluton and to
develop methods for evaluating the suitability of sites in plutonic rock
for disposal. In 1981, a co-operative project was formulated between U.S.
Geological Survey (USGS) and Atomic Energy of Canada Limited (AECL) to
study the radiogenic isotope systercatics of the Eye-Dashwa Lakes pluton.
This report contains a series of papers describing isotopic research on
drill-core samples of the Eye-Dashwa Lakes pluton.

A variety of rock types, including crystalline rock, shale, salt, basalt,
and felsic tuff, are being considered by a number of countries as possible
hosts for radioactive waste repositories (Milnes, 1985; Chapman and
McKinley, 1987; Krauskopf, 1988). Factors other than rock type are also
important in the selection of a suitable site, and concepts centred around
hydrological environment and climatic conditions have strongly influenced
some programs (Winograd, 1981; Roseboom, 1983).

Tectonic stability is an important issue in that the probability of disrup-
tion of the repository by faulting or by volcanic activity should be
exceedingly small. The past tectonic history of a region and its effect on
the rock units must be established in an accurate time frame in order to
assess future stability for the next 104 to 106 years—a time frame desir-
able for the safe isolation of nuclear waste from the accessible
environment.

Crystalline rock is an ambiguous term in a petrological sense, but in the
radioactive-waste vernacular it has come to mean coarse-grained igneous or
metamorphic rocks primarily of granitic (sensu lato) composition but
including gabbro. Some of the fundamental properties of granitic rocks
that make them good hosts for the development of nuclear waste repositories
include great compressive strength, very low porosity and matrix
permeability, mineralogical stability, resistance to thermal loading, low
water content, resistance to erosion, and extensive occurrence in the
earth's crust (e.g., Anon, 1984; Chapman and McKinley, 1987; Krauskopf,
1988).

The utility of the naturally occurring radiogenic isotope systems in evalu-
ating rock bodies for containment of nuclear waste is reviewed by Brookins
(1984). The radiogenic isotope systems, such as Rb-Sr, Sm-Nd, U-Th-Pb, in
crystalline rock are susceptible to perturbations by alteration and recrys-
tallization of host minerals as well as by thermally induced diffusion.
Some of these systems are particularly sensitive indicators of relatively
low temperature hydrous events that may have affected the host rocks at
high crustal levels. Thus, these isotope systems can be used to assess the
response of rocks to such events and to predict their future performance.
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Ages of emplacement as well as ages of subsequent alteration events can be
determined, and the degree, extent, and scale of element mobility in bulk
rock and in alteration zones can be inferred. Because many of the isotopes
in these systems are geochemically similar to those occurring in used fuel
rods, their behaviour may often be good natural analogues for the behaviour
of radiogenic nuclides that have been dissolved from the waste.

In this report, studies dealing with the Rb-Sr, Sm-Nd, and U-Th-Pb systems
at the whole-rock and mineral scale are presented. The final chapter
addresses fission-track ages of apatite. The isotopic systematics observed
in these studies at the bulk rock and mineral scale yield key information
for assessing the long-term stability of the pluton at shallow crustal
levels:

(1) Tectonic stability of the pluton: The long-term stability of much
of the Superior Province since the end of the Late Archean is
well known and generally supported by results reported in this
volume. Isotopic ages (fresh samples) that are commonly inter-
preted to date crystallization or early magmatic cooling are in
close agreement within analytical and decay constant uncertain-
ties. A minimum U-Pb age of 2665 Ma is reported for nearly con-
cordant titanite and this agrees well with whole-rock Rb-Sr and
U-Pb ages of 2637 + 33 Ma and 2684 ± 25 Ma, respectively. A
whole-rock Sm-Nd determination yields a depleted mantle model age
of 2.68 Ga, indicating derivation of the magma directly from the
mantle or indirectly from a protolith with a very short crustal
residence time.

An internal Rb-Sr isochron (including biotite) from a deep drill-
core sample yields a substantially younger age of 2541 ± 14 Ma.
Biotite samples from shallower levels yield similar ages of
2574 ± 25 Ma (35.63 m) and 2534 ± 25 Ma (3.84 m), indicating that
cooling over this 1-km interval was rapid enough not to record
any age difference in the biotite systems. These lower mineral
ages suggest that the pluton was probably emplaced in an
environment where the ambient temperature was approximately
300°C, the closure temperature of biotite. Intermineral exchange
of Sr continued within the pluton until 2541 ± 14 Ma when it
cooled rapidly to below 300 to 400°C as a result of uplift.
Fission track ages of apatite decrease with depth from
515 ± 72 Ma to 376 ± 46 Ma at 993 m in borehole ATK-1. The
results suggest extreme stability during the Phanerozoic, with a
maximum uplift rate of 0.02 mm/a. The integrated uplift rate
over the history of the pluton is much lower, about 0.008 mm/a,
further suggesting long intervals of unusual crustal stability.

Local disturbances of the isotopic systems occurred in fracture
and fault zones formed in the Early Proterozoic. A Rb-Sr iso-
chron of 2282 ± 153 Ma records this event, and whole-rock tl-Th-Pb
systems in the fracture zones were disturbed.
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(2) Extent of water-rock interaction: Early Proterozoic fracturing
provided pathways for the intrusion of water, which facilitated
alteration of the primary minerals, deposition of secondary
minerals, and movement of Sr and Pb, and possibly U, Th, and Rb,
at a scale of centimetres or decimetres. However, Rb-Sr data for
fracture-zone samples centre around average values for the
pluton, as deduced from data for fresh samples suggesting closure
at some larger scale. Rb-Sr and U-Th-Pb whole-rock isotopic
systems of large domains of fresh rock occurring between major
fracture zones were not perturbed by the intrusion of water along
the fractures, indicating that matrix flow of water was extremely
limited during the history of the pluton.
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1. REGIONAL GEOLOGICAL SETTING

D.C. Kamineni and D. Stone

ABSTRACT

The Eye-Dashva Lakes pluton is a zoned pluton with a monzodioritic to
granodioritic rim and a granitic core. During late crystallization stages,
the pluton was extensively fractured and altered, developing brittle faults
and greenschist facies minerals dominated by epidote. Subsequent reactiva-
tion of these faults involved permeation of groundwater and formation of
low-temperature minerals.

1. INTRODUCTION

The Eye-Dashwa Lakes pluton is located about 30 km northwest of the town of
Atikokan, northwest Ontario. The Atikokan region is located in the western
part of the Superior Structural Province of the Canadian Shield. This part
of the Shield is subdivided into linear subprovinces (Stockwell, 1964) and
subsequently modified by others (Douglas, 1973; Card and Ciesielski, 1986).
The subprovinces include Uchi, English River, Wabigoon and Quetico (Fig-
ure 1), and they are delineated on the basis of variations in lithology,
structural style and isotopic ages. The Uchi and Wabigoon Subprovinces are
generally referred to as Archean granite-greenstone terrain (Blackburn et
al., 1985). They differ from the Ouetico and English River Subprovinces in
having metavolcanics rather than metasedimentary rocks as the dominant
supracrustal component.

The geology around the Eye-Dashwa Lakes pluton, based on the map of Stone
aud Kamineni (1989), is shown in Figure 2. The map covers an area of about
1100 km2, including parts of the Wabigoon and Quetico Subprovinces.

The Eye-Dashwa Lakes pluton, located centrally in the area, is surrounded
by a variety of tonalitic gneisses followed by lavas and associated meta-
volcanic extrusive rocks. Clastic metasedimentary rocks of the Quetico
Subprovince are predominant at the southern end of the map area. The White
Otter batholith, similar in composition but much larger than the Eye-Dashwa
pluton, occurs in the northern part of the map area.

The crustal segment around Eye-Dashwa Lakes pluton contains fairly lengthy
records of Archean crustal evolution beginning with emplacement of the
Marmion tonalite about 2.995 Ga, followed by sedimentation, volcanism and
deformation culminating in the la*"e synkinematic granitic intrusion at
2.67 Ga (Davis and Jackson, 1988; Davis et al., 1988). Extensive plastic
deformation occurred during the early period of crustal genesis, as indi-
cated by folds and compressed belts of gneisses and supracrustal rocks
between adjacent felsic intrusive rocks. The Archean crust, currently
exposed, was stabilized after emplacement of the late granites, and plastic
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deformation gave way to brittle fracturing. It was pervasively fractured
in the early Proterozoic.
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FIGURE 1: Subprovinces of the Superior Structural Provinces of the
Canadian Shield and the Location of Eye-Dashwa Lakes Pluton
(EDP)

2. THE EYE-DASHWA LAKES PLUTON

The Eye-Dashwa Lakes pluton is approximately elliptical in plan view and is
composed of three dominant phases (Figure 2). A inonzodiorite phase occurs
as a rim around the southern end of the pluton in the Eye Lake area, and as
a small satellite intrusive centre in the Volcano Bay area. The Volcano
Bay centre is generally regarded as part of the pluton because it is
separated from the main body of granite by only a thin strip of inward
gneisses (see Figure 2).

The main body, i.e., the core of the pluton, is composed of granite but
contains several conformable xenoliths of tonalitic country rock and one
large oval mass of tonalité at the north end. The large oval enclave of
gneisses dips inward from all sides, suggesting that it is a basin-shaped
body underlain by granite. There are no indications of rotation of
gneissic inclusions, and hence the enclave may represent the original hood
of the gneissic rocks into which the pluton was emplaced. Thus it may be



- 3 -

USA

4 8° 4 5'

FIGURE 2: Regional Geology Around Eye-Dashwa Lakes Pluton
(after Stone et al. (1985))
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concluded that the present erosional surface may have been close to the
original top of the pluton, which was irregular and contained "trough-like"
and "basin-like" depressions preserved today as gneissic enclaves (Stone
et al., in press).

The Eye-Dasiwa Lakes pluton has a planar fabric of feldspar megacrysts
concordant with the pluton contact and gneissic banding in the country
rocks. These elements, both inside and outside the pluton, have steep
dips.

2.1 PETROGRAPHY

Texturally, the Eye-Dashwa Lakes pluton is sub-porphyritic to porphyritic
with coarse phenocrysts of potassium feldspar (microline), plagioclase
(oligoclase-albite) and quartz, set in a medium- to fine-grained matrix.
Mafic and accessory minerals comprising hornblende, biotite, sphene, magne-
tite, ilmenite, apatite, fluorite, monazite and zircon occur within the
matrix. The accessory minerals are also noted as inclusions in biotite and
hornblende.

The microcline crystals display well-developed, cross-hatched twinning and
are characterized by perthitic texture. The plagioclase grains, especially
the smaller ones, show optical zonation with central portions of the
crystals being preferentially altered to epidote, sericite and kaolinite.
In general, the plagioclase twin lamellae are strain-free, except near
fracture zones, where they generally show offsets. Quartz occurs as anhe-
dral grains and, less commonly, as subhedral phenocrysts. The grains gen-
erally display undulose extinctions and locally contain microfractures
filled with iron oxides. The microfractures are commonly associated with
chloritized biotite and hornblende grains in the rock matrix.

Hornblende occurs as subhedral grains locally rimmed by sphene and epidote.
Biotite is present in well-developed prisms and contains fluorite, zircon
and apatite inclusions. Some flakes show partial alteration to chlorite.
Sphene occurs as lozenge-shaped and irregular crystals associated with
mafic minerals in the rock matrix. Magnetite and ilmenite occur both as
inclusions in mafic minerals and as discrete grains within the rock matrix.

2.2 MODAL AND TEXTURAL VARIATION

Modal analyses of a number of samples collected throughout the pluton were
plotted (Figure 3) on the quartz, potassium feldspar, plagioclase triangu-
lar diagram (Streckeisen, 1975). It is evident from Figure 3 that the core
of the pluton is dominantly granite, whereas the rim is granodioritic to
monzodioritic in composition. The variation in composition is accompanied
by a change in mafic mineralogy of the rock: hornblende is concentrated at
the rim of the pluton, whereas biotite is concentrated towards the centre
of the pluton. The segregation of various phases of the pluton into vari-
ous fields in Figure 3 can be attributed to magmatic differentiation from
the early, plagioclase-rich monzodiorite to quartz monzodiorite rim through
granodiorite to potash-feldspar-rich granite within the youngest phases at
the core. This differentiation trend is similar to that observed in many
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granite bodies, such as the southern Sierra Nevada batholith (Moore, 1963).
Figure 3 shows a line defining the apparent differentiation trend of
intrusive rocks from the southern Sierra Nevada batholith (Moore, 1963). A
fractionation pattern similar to that found in the Sierra Nevada batholith
can be traced in the Eye-Dashwa Lakes pluton. As the pluton becomes more
differentiated from rim to core, its composition moves from plagioclase-
rich quartz monzodiorite to potash-feldspar-rich granite.

QUARTZ

QUARTZ
MONZONITE

K-FELDSPAR' F MONZONITE
PLAGIOCLASE

FIGURE 3: Quartz-Alkali Feldspar-Plagioclase Triangular Diagram Showing
Positions of Samples from the Eye-Dashwa Lakes Pluton, Based on
Streikeisen's (1976) Plutonic Rock Classification. Triangles
denote samples from outermost rim, circles from the rim,
squares are from the core, and diamonds are aplite dykes. The
line represents the differentiation trend of the Sierra Nevada
batholith (after Moore (1963)).

2.3 CHEMTCAL COMPOSITION AND VARIATIONS

Twenty-seven relatively unaltered samples, representing various phases of
the pluton, were analyzed for chemical elements. The distinct petrological
characteristics of different zones in the pluton are reflected in chemical
composition. Compared to the rim of the pluton, the centre contains
greater amounts of silica and potassium and smaller amounts of magnesium,
iron and calcium. This can probably be attributed to crystal fractiona-
tion, as indicated on a triangular variation diagram (Figure 4).
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FeO +

GSC

FIGURE 4: MgO, FeO + Fe2O3 and Na2O + K20 Variation Diagram. Symbols
denote sample locations: triangles - outermost rim, circle -
rim, and squares - core.

Chemical characteristics of granitic bodies have conventionally been
regarded as representing the composition of the liquid from which they
crystallized. Consequently, compositional zoning of the type noted in the
Eye-Dashwa pluton is generally attributed to marginal assimilation of
country rock. However, in recent years, many studies have suggested that
the geochemical trends in magmatic granites are the result of crystal frac-
tionation processes that operate in situ. These processes are usually
related either to progressive inward nucleations of crystals (Bateman and
Chappel, 1979) or to subtle gravity- or convection-induced stratification
(Taylor, 1975; Tindle and Pearce, 1981).

2.4 ALTERATION AND ALTERATION EVENTS

The Eye-Dashwa Lakes pluton shows extensive alteration concentrated mainly
in the vicinity of fracture zones. Kamineni and Dugal (1982) investigated
core samples from 5 boreholes (ATK-1, 2, 3, A and 5), ranging in depths
from 200 to 1100 m, and documented a close association between intensity of
fracturing and degree of alteration. In the altered zones, which are gen-
erally associated with epidote-filled fractures, the wall rock attains pink
coloration and displays various shades, with the intensity decreasing away
from the fracture zone. The primary minerals, i.e., plagioclase, horn-
blende and biotite, show extensive alteration developing secondary miner-
als, epidote, chlorite, sericite and carbonate. Epidote is the most abun-
dant among all the secondary minerals. The secondary minerals extend into
fractures as fillings.
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Taking fracture fillings and their chronology deduced from crosscutting
relations, Stone and Kamineni (1982) established distinct groups of
fractures:

1) early granitic dykes,
2) epidote,
3) chlorite, and
4) low-temperature minerals.

The nature of the fillings indicates that fracturing and the associated
alteration must have initiated during the late crystallization stage of the
pluton and extended to low temperatures as the pluton cooled (Kamineni and
Stone, 1983).

The oldest fractures are generally filled with residual magmatic material,
such as aplite and pegmatite. An aureole of alteration varying in width
from few centimetres to a few metres is present around these dykes. The
width of alteration is related to the thickness of the dyke. The altera-
tion aureole is a manifestation of fluid incursion associated with dyke
injection, and is imprinted by the development of sericite, chlorite and
epidote on primary minerals in wall rock.

The epidote group is associated with brittle fracture and fault zones and
they probably represent sutures along which the crustal blocks have adjust-
ed since "Kenoran Orogeny." The epidote-filled fractures represent a major
network in the Eye-Dashwa pluton and they carry signatures of "physiochemi-
cal reactivation," especially in the top 400 m.

In contrast to fractures filled with granitic material, the epidote-filled
fractures are chemically distinct from the host granite and, hence, may be
susceptible to structural (or physical) reactivation during subsequent
changes in stress. This type of reactivation invariably initiates permea-
tion of groundwater, leading to epidote-water interaction (Kamineni et al.,
1983), which can be considered a "chemical reactivation." Thus, it appears
that both "physical and chemical reactivations" go hand in hand. As a
consequence, numerous secondary minerals, including chlorite (low-tempera-
ture type), kaolinite, goethite and carbonate, developed in reactivated
fractures. Gypsum is restricted to epidote-filled fractures, generally
occurring below 500 m. Although Kamineni and Stone (1983) deduced the age
of this alteration to be extending between late Precambrian to recent, the
accurate dating of this alteration event is the most difficult as well as
challenging task. Development of geochronological techniques to address
this problem is of paramount importance.
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2. Rb-Sr SYSTEMATICS IN DRILL CORE SAMPLES OF THE EYE-DASHWA LAKES PLUTON

AT THE WHOLE ROCK AND MINERAL SCALE

Zell E. Peterman, Kiyoto Futa, and Choudari Kamineni

ABSTRACT

Twenty-one whole-rock samples from boreholes ATK-1 and ATK-6 define a pre-
cise Rb-Sr isochron with an age of 2637 ± 33 Ma and initial 87Sr/86Sr
intercept, IR(Sr), of 0.70144 ± 0.00006. An internal mineral isochron for
ATK-l(991-997) and biotites from ATK-1(35.63) and ATK-1(3.84) give younger
ages of 2541 ± 14 Ma, 2574 ± 25 Ma, and 2534 ± 25 Ma, respectively. Dala
for samples from fracture zones scatter but correlate around an isochron of
2281 ± 153 Ma. The internal isochron and biotite ages record cooling below
about 300°C due to uplift and erosion. The younger age, 2281 ± 153 Ma,
records an episode or episodes of brittle failure at relatively high
crustal levels. These fractures provided pathways for infiltration of
water, which facilitated the mineralogical alteration.

1. INTRODUCTION

The primary objective of this study was to evaluate the integrity of the
Kb-Sr system at the whole-rock and mineral scale in both fresh and altered
phases of the Eye-Dashwa pluton and as a function of depth. A large data-
base generated by isotope geochemists over the past two decades has shown
that the Rb-Sr system at the whole-rock scale in granitoids is particularly
sensitive to disturbance by relatively low-temperature events. The "fail-
ure" of a whole-rock system to record a primary age, such as the time of
crystallization, can invariably be attributed to mineral recrystallization
or intergranular diffusion, both in a hydrous environment. The presence of
fluids facilitates movement of radiogenic 87Sr through a rock mass larger
than that which would normally be considered a representative unit volume
on the basis of mineralogical variability. Because of this sensitivity to
low-temperature hydrothermal events, Rb-Sr whole-rock and mineral systema-
tics are especially valuable in assessing the natural response of a rock
mass, which in turn will be useful in predicting its future performance as
the final barrier for containment of radionuclides.

2. ANALYTICAL METHODS

2.1 SAMPLE PREPARATION

Intervals of core from boreholes ATK-1, ATK-5, and ATK-6 were selected to
represent various lithologies, alteration zones, and fracture infillings
(Table 1). The core samples, generally 1- to 2-m intervals, were cut
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Interval (m)

TABLE 1

SAMPLE INTERVALS AND DESCRIPTIONS
(asterisks identify altered samples as discussed in text)

Description

ATK-1
Pink, medium-grained, altered granite with abundant
fractures.
Pink, medium- to coarse-grained granite with abundant
iron-stained fractures.
Dark, pinkish-gray, medium-grained, slightly altered
granite.
Dark, pinkish-gray, medium-grained granite with
chlorite-filled fracture.
Pink, fine- to medium-grained altered granite from frac-
ture zone. Contains fractures with heavy iron staining.
Dark gray, medium-grained granite cut by light gray,
fine-grained aplite.
Light gray, fine-grained aplite dyke. Approximately
4.5 cm of core.
Reddish-gray, medium-grained altered granite from
fracture zone cut by closely spaced network with epidote
brick-red feldspar fillings.
Composite sample of gray, fine-grained granite, light
gray aplite dyke, and biotite-rich schlieren.
Gray, medium-grained granite with faint foliation and
light gray, fine-grained aplite dyke.
Gray, medium-grained granite with faint foliation and
fine-grained aplite dyke.
Pinkish-gray, medium-grained, slightly altered granite.
Dark gray, fine-grained diorite dyke cutting light gray,
medium-grained granite.
Dark gray, fine-grained, diorite dyke.
Gray, medium-grained granite-
Gray, medium- to coarse-grained granite.
Pink, medium-grained, heavily altered granite with
gypsum fracture fillings.
Pink, medium-grained, heavily altered granite cut by
abundant epidote-filled fractures.
Pink, fine- to medium-grained, heavily altered granite
from a fracture zone.
Gray, fine- to medium-grained granite.

3.848-9.612*

35.635-40.986*

67.735-67.980*

82.440-82.630*

105.55-105.772*

513.805-514.145

518.715

573.965-574.530*

578.494-578.671

579.000-579.245

579.673-579.946

815.055-815.215
837.895-838.200

884.910-885.145
885.505-885.903
990.972-996.780
ca 1088*

1105.465-1105.850*

1118.070-1118.150*

1127.045-1127.408

11.45-11.55
466.89-467.08

1065.29-1065.40

1136.60-1136.70*

1196.88-1197.10

ATK-6

Pink, medium-grained granodiorite, unfractured.
Gray, coarse-grained granodiorite, unfractured.
Pinkish-gray, medium-grained, quartz monzodiorite,
unfractured.
Pink, medium-grained quartz monzonite with discrete shear
zones up to 0.5 cm wide.
Pinkish-gray, medium-grained quartz monzodiorite,
unfractured.
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lengthwise. One half was saved for reference, and the other half was
crushed in a small laboratory jaw crusher to less than 0.5 cm. The crushed
generally 0.5 to 1 kg, was reduced by cone and quartering to 100 g and then
pulverized to a -200-mesh powder in a Spex Shatterbox.

Mineral separates were obtained on longer intervals of core, which were
also used for zircon separation. Separates were obtained from sized mate-
rial, generally 60 to 100 mesh, using conventional magnetic and heavy-
liquid procedures. Sample purity was verified by visual inspection under a
binocular microscope. Samples of gypsum infillings were scraped from frac-
ture walls.

2.2 Rb-Sr CHEMISTRY

Rb and Sr contents and 87Sr/86Sr were determined by conventional isotope
dilution methods (U.S. Geological Survey, 1988). Separate aliquots, 0.1 to
0.5 g, of the 200-mesh rock powder were spiked with enriched 8 Rb and a4Sr
and digested in platinum dishes with HF and H2SO4. After complete diges-
tion, the samples were dried and heated to fume off excess H2SO4, taken up
in 5 mL of 2.5 N HC1 (Sr sample) or 1.5 mL of H2O (Rb sample), and centri-
fuged. Rubidium was precipitated as RbC104, and no further purification
was made. The Sr sample was passed through an ion-exchange column loaded
with 200- to 400-mesh BIORAD AG 50W-X cation-exchange resin. Approximately
5 to 10 fig of Sr or Rb was evaporated on two rhenium filaments in a triple-
filament configuration and analyzed isotopically on NBS-designed 6-in.
(nominal) mass spectrometers.

Replicate analyses of Precambrian granitoid rocks indicate uncertainties of
±U for a7Rb/a6Sr ratios and ±0.02% for 87Sr/8SSr ratios at the 95% confi-
dence levels. At least half of the variance in the 87Sr/86Sr ratios stems
from sampling the 200-mesh powder, which is composed of minerals with
extremely large differences in both 87Rb/86Sr and 87Sr/86Sr. For isotopi-
cally uniform material, such as standard solutions, uncertainties of ±0.01%
in Sr/86Sr are easily attained. The long-term average 87Sr/86Sr for the
E and A standard on the mass spectrometer used for this study is
0.70795 + 0.00003 (2ff of the sample mean). The gypsum samples were
completed in 1988, during which time the instrument was calibrated using
USGS standard EN-1, a modern tridacna shell from Enewetok Atoll in the
Pacific. The mean 87Sr/86Sr during 1988 was 0.709194 ± 0.000010 (2a of the
sample mean).

3. RESULTS

Rb, Sr, and Sr-isotope data for whole-rock and mineral samples are given in
Table 2, data for gypsum fracture infillings in Table 3. Regressions of
whole-rock and mineral data were made using ISOPLOT (Ludwig, 1987), and
uncertainties of all age and intercept data are given at the 95% confidence
level.
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TABLE 2

Rb AND Sr DATA FOR WHOLE-ROCK SAMPLES

Sample Material1

ATK-1(3.85-9.61)
ti n ii

n it it

ATK-1(35.63-40.99
II It H

ATK-1(67.74-67.98)
ATK-1(82.44-82.63)

II M II

ATK-1(105.55-105.77)
ATK-1(513.81-514.15)

ti II II

ATK-1(518.72)
ATK-1(573.97-574.53)

II It If

ATK-1(578.49-578.67)
ATK-1(579.00-579.25)

II n II

ATK-1(579.67-579.95)
it II II

ATK-1(815.06-815.22)
ATK-1(837.90-838.20)
ATK-1(884.91-885.15)
ATK-1(885.51-885.90)
ATK-1(99O.97-996.78)

II II II

II II II

II II II

II II II

II II ii

II II II

II H II

n II II

ATK-l(1088)
ATK-l(1105.47-1105.85)
ATK-1(1118.07-1118.15)
ATK-1(1127.05-1127.41)
ATK-6(11.45-11.55)
ATK-6(466.84-467.08)
ATK-6(1065.29-1065.40)
ATK-6(1136.60-1136.62)

II II II

ATK-6(1196.88-1197.10)

WR
Bt
Mi
WR
Bt
WR
WR
Ep
WR
WR(A)
WR(B)
WR-APL
WR(A)
WR(B)
WR
UR
WR-APL
WR
WR-APL
WR
WR
WR
WR
WR
Ap
Ep
Ep
PI
Ti
Mi
Hb
Bt
WR
WR
WR
WR
WR
WR
WR
WR
WR-G
WR

Rb
(ppm)2

100.03
560.1
186.8
96.07
719.3
111.23
86.27
5.58

86.06
103.16
110.88
66.20
65.72
98.43
97.72
101.32
135.68
100.27
101.26
103.01
66.18
66.97
90.46
92.57
0.74
10.66
10.92
9.08
1.92

291.34
54.42
793.88
101.30
64.56
67.35
83.52
95.62
79.49
103.00
106.70
51.45
73.13

Sr
(ppm)

873
63

1005
981
86
809
592

5126
943
961
610
1148
1039
771
928
888
688
918
752
1019.
1302,
1651.
996,
1004,
818.

4132.
4253.
968.
138.
859.
123.
42.

1436.
961.
472.
1158.
914.
1081.
1882.
906.
507.
1812.

.3

.92

.9

.6

.72

.3

.9

.5

.2

.9

.3

.8

.3

.4

.6

.2

.0

.8

.0

.9

.6

.3
,3
.3
.0
.2
,2
6
.7
**
,4
,6
.3
0
0
6
3
6
6
7
2
6

Material: WR-whole rock. Bt-biotite, Mi-microcline

AND MINERALS

87Rb/86Sr

0.3320
7.91
0.5386
0.2836
6.32
0.3984
0.4218
0.0031
0.2643
0.3105
0.5269
0.1669
0.1832
0.3698
0.3049
0.3306
0.5721
0.3163
0.3903
0.2927
0.1471
0.1174
0.2630
0.2671
0.0026
0.0075
0.0074
0.0271
0.0400
0.9850
1.2826

66.83
0.2042
0.1946
0.4136
0.2088
0.3031
0.2261
0.1585
0.3411
0.2940
0.1168

. Pl-Dlaeioclase

a7Sr/86Sr

0.71405
1.72430
0.72120
0.71230
1.68140
0.71615
0.71677
0.70343
0.71150
0.71334
0.72133
0.70787
0.70896
0.71502
0.71310
0.71409
0.72331
0.71353
0.71625
0.71255
0.70709
0.70577
0.71150
0.71179
0.70167
0.70317
0.70333
0.70261
0.70494
0.73841
0.74858
3.15350
0.71039
0.70896
0.71742
0.70941
0.71284
0.71031
0.70744
0.71436
0.71286
0.70577

>. Hb-
hornblende, Ap-apatite, Ti-titanite

ppm = 1 /xg/g, 1 fih/L
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TABLE 3

Sr CONTENTS AND ISOTOPE RATIOS IN GYPSUM FRACTURE

FILLINGS. ATK-1. ATK-5. AND ATK-6

Borehole Depth
(m)

Sr
(ppm)

B7Sr/86Sr

ATK- 1
ATK- 1
ATK-5
ATK-6 (GY-44)
ATK-6 (GY-51)
ATK-6 (GY-52)
ATK-6 (GY-53)
ATK-6 (GY-27)
ATK-6 (GY-6)
ATK-6 (GY-24)

3.1 LEAST-ALTERED

1088
1125
927
504.00
570.69
624.69
624.69
861.20
1018.10
1065.84

COPE SAMPLES

314
300
1302
577
199
298
466
1282
390

2010

0.70681
0.70707
0.70686
0.70454
0.70406
0.70556
0.70556
0.70479
0.70460
0.70423

A visible manifestation of the common alteration of the bulk rock is a
change in color from gray and pinkish gray (relatively fresh) to deep pink
or red (heavily altered). We have found that the whole-rock Rb-Sr systems
of the gray and pinkish-gray phases show the same degree of closure, and we
refer to these samples as "fresh", or "least altered", even though oxida-
tion is evident in some samples. The other samples are in fact from frac-
ture zones, and these are called "altered" in the ensuing discussions.

3.1.1 Whole-Rock Samples

Sixteen whole-rock samples from ATK-1 (intervals between 3.8 and 1118 m)
and five samples from ATK-6 (intervals between 11.4 and 1197 m) define a
precise Rb-Sr isochron with a slope corresponding to an age of 2637 ± 33 Ma
and an initial fl7Sr/86Sr intercept, IR(Sr), of 0.70144 ± 0.00006
(Figure 1). The scatter of points is commensurate with analytical uncer-
tainties, as shown by the MSWD (mean square of weighted deviates) of 1.55.
The age of 2637 + 33 Ma is slightly younger than the best minimum U-Pb age
of 2665 ± 10 Ma based on nearly concordant titanite (Zartman and Kwak,
1990), which is consistent with the U-Pb whole-rock age of 2676 ± 7 Ma (Doe
and Peterman, 1990). The difference in the Rb-Sr and U-Pb sphene age,
28 ± 35 Ma, is statistically significant at the 902 but not the 95% confi-
dence level. When uncertainties in decay constants for the respective
radiogenic systems are considered, the age difference becomes even less
significant. Such a comparison further assumes that the two systems record
the same point on the cooling curve for the pluton, which is highly unlike-
ly. Given all the uncertainties, the ages can be viewed as concordant.
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T = 2637 ± 33 Ma

IRCSr) = 0.70144 ± 0.00014
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FIGURE 1: Whole-Rock Rb-Sr Isochron for Core Samples of Unfractured and
Least-Altered Phases of the Eye-Dashwa Pluton. Samples are
from boreholes ATK-1 and ATK-6.

Such concordancy between Rb-Sr whole-rock and U-Pb zircon ages is unusual
in the western part of the Superior Province. More commonly, Rb-Sr ages of
late- or post-tectonic granitoids can be as much as 200 million years
younger than the zircon ages (e.g., Peterman et al. 1972; Birk and McNutt,
1981; Clark and Weber, 1986). However, the plutons in which the Rb-Sr
systems have been open are generally small, a few kilometres in diameter at
most, and enclosed within low-grade metasedimentary and metavolcanic rocks.
Although not penetratively deformed, these rocks are pervasively fractured
and jointed and exhibit evidence of post-crystallization hydrous altera-
tion, including chloritization of biotite and sausseritization of plagio-
clase. Secondary carbonate, both as fillings of microfractures and as
blebs in plagiclase, is common.

The IR(Sr) value of 0.70144 ± 0.00006 for the Eye-Dashwa Lakes pluton is
consistent with derivation of its parental magma directly from the mantle,
with subsequent diversification at crustal levels, or from mantle-derived
material with a short crustal residence time. The Archean mantle beneath
much of the Canadian Shield was depleted in large-ion lithophile (LIL)
elements at about 2.9 Ga, and it subsequently evolved with a Rb/Sr ratio of
0.020 ± 0.002 to a present-day 87Sr/86Sr of 0.70342 (Bell and Blenkinsop,
1987). The mantle *7Sr/a6Sr value at 2637 Ma would have been 0.70121,
which is identical to the IR(Sr) value for the Eye-Dashwa Lakes pluton
within respective uncertainties.
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An important conclusion from these data is that the Rb-Sr system at the
whole-rock scale (samples of 0.5 to 1 kg) for gray and pinkish-gray phases
that are considered to be unaltered or little altered has maintained its
integrity since crystallization.

3.1.2 Internal Isochrons

Plagioclase, microcline, hornblende, biotite, and accessory apatite, epi-
dote, and titanite were separated from ATK-l(991-997) and analyzed
(Table 2). Excluding the titanite and epidote points, these data establish
a coherent internal isochron (Figure 2) of 2541 ± 14 Ma with an IR(Sr) of
0.70176 ± 0.00014. In addition, biotite separated from ATK-1(35.63) and
ATK-1(3.84) yields biotite whole-rock isochron ages of 2574 ± 25 Ma and
2534 ± 25 Ma, respectively. The biotite-whole rock isochron age for
ATK-1(991) of 2537 ± 24 Ma is identical within error to the biotite ages at
the shallower levels. The departure of epidote and titanite from the min-
eral isochron indicates lack of complete Sr isotope homogenization in the
system at 2541 ± 14 Ma. Both epidote and titanite are commonly associated
with biotite, and the excess 87Sr in these minerals probably refLects local
uptake of a7Sr from the biotite. This interpretation is supported by a
mass balance calculation based on modal abundances of biotite, titanite,
and epidote, and their excesses or deficiencies in radiogenic 87Sr. With
reference to the whole-rock isochron age of 2632 Ma, the titanite and
sphene combined contain an excess of 1.54 x 10"3 fimol 87Sr/g of rock, while
the biotite has a deficit of 1.83 x 10"3 /imol of 87Sr/g of rock. Within
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FIGURE 2: Internal Rb-Sr Isochron for Core Sample ATK-l(990.97-996.78).
The data points for titanite and eipdote are excluded from the
regression. The biotite point is included in the regression,
but it is off scale at coordinates of 66.83 and 3.1535.
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the sensitivity of the calculations, these figures shov a probable balance
between the radiogenic Sr lost from the biotite and that gained by the
epidote and titanite. The system insensitivity to such localized exchanges
is shown by an isochron of 2536 Ma through the biotite, epidote, and
titanite, an age indistinguishable from the main mineral isochron.

3.2 ALTERED CORE SAMPLES

Nine samples were selected to determine the effects of severe alteration
associated with fracturing and fluid interaction on the Rb-Sr whole-rock
systems, and epidote was separated for analysis (Table 2) from a fracture
in ATK-1(82,44). All the altered samples are dark pink to red, medium- to
coarse-grained, and similar in texture to the least-altered samples, except
for fracturing and some cataclasis. Iron staining, chloritization of bio-
tite, sericitization, and introduction of epidote along fractures are
common features in these samples (Kamineni and Dugal, 1982).

The data, although exhibiting considerable scatter (MSUD of 22.1), corre-
late remarkably well on an isochron diagram (Figure 3) and define an ags of
2281 ± 153 Ma, with an IR(Sr) of 0.7031 ± 0.0007. When regressed separate-
ly, the whole-rock and epidote pair of ATK-1(82,44) define an age of
2209 ± 39 Ma, with an IR(Sr) of 0.7033 ± 0.0001. Sample ATK-6(1136.3)
contained a small shear zone with a 0.5-cm-thick vein of finely comminuted
material. The crushed material and the immediately adjacent uncrushed zone
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FIGURE 3 : Rb-Sr Whole-Rock and Epidote Isochron for Altered Phases of the
Eye-Dashwa Pluton Associated with Fracture and Shear Zones
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(2 cm wide) were sampled. The pair of samples define an isochron of
2208 ± 249 Ma. The large uncertainty stems from the small difference in
Rb/Sr ratios between the two samples.

The 2280-Ma isochron defined by the altered samples and the 2637-Ma iso-
cliron for the fresh samples intersect at coordinates of 0.319 (87Rb/86Sr)
and 0.71360 (87Sr/86Sr). These values are remarkably close to the average
values for the least-altered samples, 0.326 and 0.71386, suggesting that
the alteration resulted in only local migration of Sr and that overall
closure may have been preserved at some larger scale. However, a much more
comprehensive sampling would be required to fully test this suggestion.

The rotated whole-rock, isochron for the altered samples can be interpreted
as dating the alteration event or being the result of incomplete exchange
during some younger event. However, data from other areas also argue for
one or more tectonic events at 2.2 to 2.3 Ga in the western part of the
Superior Province manifested by faulting, fracturing, and alteration. In
the Rice Lake-Beresford Lake area of southeastern Manitoba, mylonitic shear
zones developed along the boundaries of a greenstone belt. Samples of the
mylonite define a Rb-Sr isochron of 2284 t 69 Ma, with an IR(Sr) of
0.7049 ± 16 (recalculated from Turek and Peterman (1971)).

Rb-Sr data for samples of the Lac du Bonnet granite at the AECL Underground
Research Laboratory near Pinawa, Manitoba, also suggest a disturbance at
this time, which at least in part was related to faulting and hydrothermal
alteration (U.S.G.S., unpublished data). Sixteen samples of "fresh" gran-
ite yielded a whole-rock Rb-Sr isochron age of 2568 ± 20 Ma, with an IR(Sr)
of 0.7032 ± 0.0014. Four of these samples gave internal Rb-Sr mineral
isochrons (biotite-microcline-plagioclase ± apatite ± epidote) that range
from 2270 to 2343 Ma. Microcline whole-rock isochrons of 2206 ± 86 and
2298 ± 48 Ma for two samples of heavily oxidized and altered granite with
brick-red feldspar from Fracture Zone 2A record low-temperature hydro-
thermal alteration. Rb-Sr biotite ages for drill samples both from within
and outside shear zones range from 2179 to 2303 Ma. These data collec-
tively point to an important regional event between 2.1 arA 2.3 Ga in the
western part of the Superior Province that opened the rocks through fault-
ing and fracturing to allow ingress of water, causing low-temperature
alteration.

3.3 GYPSUM INFILLINGS

Gypsum, carbonate, clay, and iron oxides are relatively common low-
temperature fracture infillings in Eye-Dashwa pluton (Stone and Kamineni,
1982; Kerrich and Kamineni, 1988). Gypsum, which is restricted to depths
greater than 500 m, was scraped from fracture infillings in ATK-1, ATK-5,
and ATK-6 and analyzed for Sr contents and 87Sr/86Sr ratios (Table 3). The
low a7Sr/86Sr ratios, 0.70406 to 0.70707, are lower than any of the whole-
rock values (Table 2). Kamineni (1983) suggested that the gypsum formed
locally as a result of interaction of pore water and minerals lining frac-
tures, especially plagioclase, epidote, and pyrite. Plagioclase, epidote,
and apatite (another potential source of Ca) from ATK-l(990.97) have
present-day 87Sr/86Sr values of 0.70261, 0.70333, and 0.70167, all lower
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than any of the 87Sr/86Sr values for gypsum (weighted mean of 0.70516), so
some Sr from other phases, such as microcline and biotite, would be
required to produce the slightly higher 87Sr/86Sr values of the gypsum.

An alternative to selective extraction of Sr from low Rb/Sr phases of the
granite would be derivation of the Sr from the whole-rock reservoir at some
time in the past. If we consider this reservoir as being represented by
the present-day mean values of 0.71386 (87Sr/86Sr^ and 0.326 (a7Rb/86Sr),
the average bulk-rock. Sr would have had the same 7Sr/66Sr value as the
gypsum (weighted average 87Sr/86Sr of 0.70523), 1.85 Ga. This model age is
close to the age of the Animikie Group, of which the nearest exposures are
100 to 120 km southeast of the Eye-Dashwa pluton, where gently dipping
strata lie on crystalline Archean basement. Had the Animikie basin extend-
ed over this region, infiltration of seawater into deep fractures could
have facilitated alteration leading to the formation of gypsum. A direct
marine origin for the gypsum, however, is not supported by sulfur isotope
data (Kamineni, 1983).

Waters produced from the pluton vary widely in both Sr content and
87Sr/86Sr (Franklyn, 1987), but the deep saline waters have 87Sr/86Sr
ratios similar to those of the gypsum. Eighteen samples containing more
than 1 mg/L of Sr range in a7Sr/ Sr from 0.7053 to 0.7070, with a mean of
0.70625 + 0.00042 (Iff). Water samples with less Sr (and correspondingly
Less total dissolved solids) generally have higher 8 Sr/86Sr, with values
as high as 0.7277 (excluding one anomalous value of 0.7466). Collectively,
the data for groundwater samples clearly show that mixing is occurring
between the deep saline waters and shallow groundwaters. During the pre-
sent study, we analyzed a modern bivalve shell and a freshwater concretion
from the area. The analysis yielded Sr contents and 87Sr/86Sr ratios of
278 ppm" and 0.72608 (bivalve) and 118 ppm and 0.73115 (concretion). These
samples reflect the Sr-isotopic character of present-day surface and shal-
low groundwater and are consistent with the mixing pattern shown by
Franklyn's data. Such patterns, shown by 87Sr/86Sr and Sr concentrations,
are common in the Canadian Shield, where saline waters mix with much more
dilute surface waters (McNutt, 1987).

The similarity of 87Sr/86Sr values in the gypsum (0.7041 to 0.7071) and in
the saline waters (0.7053 to 0.7070) is consistent with a relationship
between them. The saline waters at Atikokan are thought to be at gypsum
saturation (Gascoyne et al., 1987), which could indicate either precipita-
tion of the gypsum from the saline waters or solution of pre-existing
gypsum infillings to the point of saturation. Either way, the low
87Sr/86Sr values for both suggest either mineralogically controlled
(preferential dissolution and or exchange) Sr extraction or extraction of
bulk rock Sr about 1.85 Ga.

^.A COOLING AND ALTERATION HISTORY

Cooling, uplift, water infiltration, and alteration are inextricably linked
in the history of the Eye-Dashwa pluton. Some of the disturbances in the
various isotopic systems, such as the previously discussed Rb-Sr systema-
tics of the alteration zones, can be explained by discrete tectonic events.
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Other ages simply reflect closure of the isotope/mineral systems at speci-
fic times during cooling.

The close relationship between alteration of the granite and fractures,
which have been the pathways for water influx, was clearly demonstrated by
Kamineni and Dugal (1982). Stone and Kamineni (1982) described fracture
iufillings in a temperature and relative time framework. Subsequently,
they (Kamineni and Stone, 1983) were able to better constrain the time
frame of Che fracture fillings. Kerrich and Kamineni (1988), using fluid
inclusions and stable-isotope analyses, estimated temperatures for various
fracture infillings and speculated on the composition of fluids involved.
Generally, the infillings show a progression from early, high-temperature
types (e.g., epidote) to late, low-temperature minerals (e.g., clay and
carbonate).

Aplite and pegmatite dykes, phlogopite-muscovite veins, and quartz-
molybdenite veins are considered to be late magmatic products. Epidotiza-
tion associated with fracturing is thought to have occurred at temperatures
between 160 to 280°C at 2650 ± 15 Ma in the presence of Na and Mg chloride
brines (Kerrich and Kamineni, 1988). The age assigned to this event is an
'10Ar/39Ar plateau for muscovite associated with an epidote-bearing altera-
tion zone. In contrast, our data indicate (Section 3.2) that these zones
formed 300 to 400 million years after the granite crystallized. The pluton
is cut by Keweenawan diabase dykes with K-Ar ages of 1138 ± 27 Ma.
Adularia was deposited in fractures at this time as shown by an 40Ar/39Ar
plateau age of 1100 Ma (Kerrich and Kamineni, 1988). Low-temperature
fracture infillings include iron oxides, clay, carbonate, and gypsum.
Calcite infillings have given 14C ages ranging from 21 to 54 ka, which
according to Kamineni and Stone (1983) indicates reactivation of Precam-
brian fractures during Pleistocene glaciation.

The Rb-Sr whole-rock and mineral data obtained during the present study
contribute additional information on the cooling and alteration history of
the Eye-Dashwa pluton. In assessing the fracture-filling history, Kamineni
and Stone (1983) suggest that the pluton cooled to ambient temperatures
within a few million years of emplacement and crystallization. Subsequent
cooling was accomplished through uplift and/or a declining geotherm.

K-Ar hornblende and muscovite ages of 2658 ± 67 Ma and 2655 ± 31 Ma,
respectively, (Kamineni and Stone, 1983) are concordant with the Rb-Sr
whole-rock age of 2637 ± 33 Ma. We assume that all of these systems closed
at 500 to 550°C at ambient temperature following rapid cooling after
crystallization at >600°C. The internal isochron for ATK-1(991) and the
biotite ages for the shallower samples suggest closure of the Rb-Sr mineral
systems about 96 ± 36 million years after the closure of the whole-rock
systems (2637 ± 33 Ma). Furthermore, colinearity of biotite, hornblende,
and microcline on the isochron (Figure 2) suggests that the rate of cooling
was fairly rapid because these isotope/mineral systems close at tempera-
tures that differ by probably more than 100°C (e.g., Cliff, 1985; Dodson
and McClelland-Brown, 1985).
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The current geothermal gradient in the pluton is ll.l°C/km. Radiogenic
heat production at 2.7 Ga was about twice the present-day production (e.g.,
Turcotte and Schubert, 1982). Considering that the region was at 2.7 Ga an
active orogen with significant advective transport of heat into the crust,
especially through basaltic magmatic activity, an assumed geothermal gradi-
ent of 25°C/km at 2.7 Ga is not unreasonable. A temperature of 500°C
(closure of the whole-rock, hornblende, and muscovite systems) places the
liye-Dashwa pluton at a depth of 20 km in the crust at 2637 ± 33 Ma. Inter-
granular diffusion and exchange of radiogenic Sr ceased at 2541 ± 14 Ma
when the pluton cooled rapidly below 300 to 400°C. If we use 300°C as the
closure temperature of biotite, then the Eye-Dashwa pluton would have
reached a depth of 12 km by 2541 ± 14 Ma. Thus, the corresponding uplift
rate (= erosion rate) between 2637 and 2541 Ma would have been 0.083 km/Ma.
This is probably a maximum value (and minimum depth) because the calcula-
tion is based on a constant geotherm between 2637 and 2541 K . More
likely, the geotherm decreased because advective heat transport into the
crust ended about the time the pluton was emplaced. If the geotherm had
dropped to 20°C/km by 2541 Ma, the pluton would have cooled to 300°C at a
depth of 15 km and the uplift rate would have been 0.052 km/Ma. In this
thermal scenario, the inferred age for epidote fracture infillings (2.2 to
2.3 Ga) is consistent with estimated temperatures. One population of fluid
inclusions associated with epidotized fractures suggests temperatures
between 230 to 26O°C (Kerrich and Kamineni, 1988). If this event occurred
at ambient temperatures, a depth of 10 ± 1 km is suggested, and the corres-
ponding uplift rate was approximately 0.01 km/Ma for the interval of
2541 Ma to about 2250 Ma. Infillings of adularia, contemporaneous with
diabase dykes at 1100 Ma, occurred at lower temperatures estimated to be in
the range of 160 to 230°C (Kerrich and Kamineni, 1988).

On the basis of fission-track ages of apatite, Naeser and Crowley (1990)
estimate the uplift rate for the pluton during the Phanerozoic to be
<0.02 km/Ma. The time-integrated overall average uplift rate is much
lower, at 0.0076 km/Ma (20 km between 2637 Ma and the present), suggesting
a history of long intervals of unusual crustal stability with low or even
negative uplift rates.

4. CONCLUSIONS

The Rb-Sr whole-rock system of gray and pinkish-gray phases (least-altered
phases) of the Eye-Dashwa pluton define a precise isochron corresponding to
an age of 2637 ± 33 Ma, with a primitive IR(Sr) of 0.70144 ± 0.00006. The
agreement of this age with U-Pb concordia ages of 2672 ± 24 Ma (zircon) and
2676 + 7 Ma (whole rocks) and with "high-closure temperature" K-Ar ages of
2658 + 67 Ma (hornblende) and 2655 ± 31 Ma (muscovite) suggests that large
volumetric domains free of fracture zones have not undergone pervasive
rock/water interaction in spite of intense alteration along bounding frac-
ture zones. Intergranular diffusion of radiogenic 87Sr continued after the
pluton cooled to ambient temperature until closure at 2541 + 14 Ma. This
internal closure occurred as a consequence of uplift and cooling below
300cC probably at a depth of about 12 km. Fracturing and localized shear-
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ing of the pluton in the Early Proterozoic provided pathways for ingress of
water, which facilitated major alteration of the silicates and deposition
of secondary minerals along fractures. Rb-Sr systematics of altered zones
along fractures provide a rather imprecise age of 2281 ± 153 Ma. Although
the fractures were clearly open systems, the isotopic patterns for the
fresh and altered phases suggest that closure at some larger scale still
prevailed in spite of the intense fluid activity.
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3. U-Th-Pb SYSTEMATICS IN ZIRCON AND TITANITE

Robert E. Zartman and Loretta M. Kwak

ABSTRACT

U-Th-Pb isotopic analyses of zircon and titanite were made for two core
samples of granite from borehole ATK-1 drilled into the Eye-Dashwa Lakes
pluton. One of the samples from near the bottom of the hole (990.97 to
996.78 m) yielded zircon and titanite that was slightly to severely
disturbed isotopically. Eight fractions of zircon give an upper concordia
intercept age of 2625 ± 16 Ma (MSWD = 34), which, based on an evaluation of
the more concordant data points and on other geochronological results, is
interpreted as being slightly too young. The time of crystallization is
probably better approximated by the 20 Pb/206Pb age of 2665 Ma determined
on a slightly (~8%) discordant titanite.

The other sample from near the surface (3.85 to 9.61 m) generally revealed
even more severely disturbed isotopic systematics for both zircon and
titanite. The complex nature of rhe disturbance(s) probably resulted from
the penetration of meteoritic water into rock already modified by post-
crystallization hydrothermal alteration. Nuclide migration occurred in
both minerals—during the Middle or Late Proterozoic for the zircon and
during the modern weathering cycle for the titanite. Material balance
calculations are used to demonstrate a recent relative gain of radiogenic
Pb and/or loss of Th and U from the freshest-looking, least-altered titan-
ite by exchange with altered, leucoxenite-bearing titanite.

1. INTRODUCTION

Two intervals of the core from borehole ATK-1, one from near the surface
(3.85 to 9.61 m) and the other from near the bottom of the hole (990.97 to
996.78 in), were selected for measurement of U-Th-Pb isotopic systematics in
zircon and titanite. Both sampled intervals consisted of medium- to
coarse-gLained granite representative of the main phase of the Eye-Dashwa
Lakes pluton; however, the near-surface rock was pervasively fractured and
altered to a pink color in contrast to the fresh, gray rock at depth. The
petrography, mineralogy, and geochemistry of this core are described else-
where (Kamineni and Stone, 1990, and references therein). Other papers
included in this report, by Peterman et al. and Doe and Peterman, deal more
broadly with the Rb-Sr and U-Th-Pb isotopic systematics of the whole rock
and constituent minerals.

The purpose of undertaking the study was twofold:

(1) to date as precisely as possible the Eye-Dashwa Lakes pluton, and
(2) to gain some insight into the post-crystallization migration of

U, Th, and Pb in the zircon and titanite.
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However, in pursuing the first objective, sample selection favoring less-
altered material has introduced a bias against the second objective, which
prevented a rigorous quantitative treatment of open-system behavior. Out-
most precise age for the pluton is 2625 ± 16 Ma (MSWD = 34), based on the
upper concordia intercept of a linear fit to eight analyzed fractions of
zircon from the deep-core sample. However, the extremely high MSWD and
.skewness of the less-discordant analyses to the overall linear array sug-
gest that this intercept age may be slightly low. A better estimate of the
time of crystallization might be the Pb/ Pb age of 2665 Ma determined
on co-existing titanite.

Neither the zircon nor the titanite from the near-surface sample provides
additional definitive constraints on the age of the pluton. Both minerals
show the effect of major post-crystallization disturbances of their iso-
topic systematics. Especially complex discordance patterns are encountered
in titanite partially altered to leucoxene, which occurs within fractured
rock of the near-surface sample.

2. ANALYTICAL PROCEDURE

Approximately 50 kg of rock from each of the two core samples was crushed
and pulverized to -100-mesh size. Aliquots of the pulverized samples were
removed for Rb-Sr and U-Th-Pb whole-rock analyses before further processing
(Peterman et al., 1990; Doe and Peterman, 1990). Heavy minerals were then
recovered from a Wilfley table, and the final zircon and titanite concen-
trates were obtained by standard heavy liquid and magnetic separation tech-
niques. Each mineral was further divided into a number of size and crystal
morphology fractions in order to elucidate discordance patterns. In two
instances, splits of a zircon fraction were subjected to pneumatic abrasion
to remove external surfaces and metamict domains that may have responded
preferentially to post-crystallization disturbances.

Chemistry and mass spectrometry procedures observed in this study were
documented by Zartman et al. (1986). The analytical precision and accuracy
described by those authors are generally valid for this study. A more
complete treatment of error assignment to U-Th-Pb isotopic data is given by
Ludwig (1980). Because of the possibility that the titanite was giving
spurious concentration values because of incomplete equilibration with the
spike, an alternative dissolution procedure, using borax fluxing, was
employed in some analyses to confirm the validity of our results. Results
observed by the two methods were consistently in good agreement, which
leads us to conclude that no serious problems exist in the determination of
U, Th, and Pb concentrations of that mineral. The analytical results
obtained for samples ATK-1(990.97-996.78 m) and ATK-1(3.85-9.61 m) are
presented in Table 1 and are shown plotted on concordia diagrams in Figures
1 and 2, respectively.
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TABLE I

Mesh

size

Zircon
+100
+100A

-1U0

Titanite
total3

uialt'd Ib

mult'd II
alt 'd I c

al t 'd I I d

Zircon
+80
-80 + 100
-100 + 200
-100 + 200
-100 + 200
-100 + 200
-200 + 325
-325

Titanite
total

U-Th-Pb ISOTOPIC AGES

Weight
(nig)

5.53
1.52
3.81

8.33
7.63

b 4.76
4.52
1.93

3.40
2.84
4.70
3.84

** 1.07
*** 1.41

2.39
1.72

3.32

OF ZIRCON AND TITANITE

Concentration

U

556
500
876

92,
82,
82,

198,
127.

160.
247.
346.
2CJ.
149.
378.
523.
749.

124.

.1

.1

.9

.9

.3

.4

.8
,9

6
4
,2
.7
8
8
1
2

6

(ppm)

Th

246.0
238.6
527.7

489.7
338.2
354.7
355.2
367.6

99.7
153.2
219.3
189.3
109.3
250.9
337.5
533.0

400.5

Pb

Isotopic

204Pb 2

ATK-1(3.85-9.61

236.9
213.2
391.1

239.3
225.4
213.6
410.3
n.d.

0.2178
0.1976
0.1879

0.6895
0.6165
0.6186
0.8263

—

66
66
66

32
33
32
31

ATK-l(990.97-9%.:

89.7
135.1
184.4
135.6
86.1

202.9
226.4
150.6

108.4

0.0176
0.0564
0.0355
0.0166
0.0408
0.0423
0.0352
0.0339

0.0709

72,
70,
71,
71.
70.
71.
71.
70.

47.

1 FROM EYE-DASHWA

composition
(at.

m)

.74

.71

.80

.67

.28

.87

.21
—

78 m)

.47

.63

.57

.54

.47

.11

.29
13

04

X)

13
13
12

14,
13
13,
15,

13.
13.
13.
12.
13.
13.
12.
12.

207j

.38

.24

.95

.37

.62

.55

.71
--

,15
.08
,00
,93
,05
00
74
22

9.393

of lead

>b 208Pb

19.66
19.85
20.07

52.27
52.49
52.97
52.25

—

14.36
16.24
15.40
15.51
16.43
15.85
15.93
17.62

43.50

206 p b

238U

1768
1775
1851

3402
3752
3549
2517
—

2478
2364
2350
2379
2469
2345
1963
971

2459

LAKES

Age

207 p b

2 3 5 u

2105
2119
2146

2964
3093
3018
2592
—

2567
2499
2493
2519
2562
2490
2283
1587

2573

PLUT0N

(Ma)

207 p b 208 p b

2453
2472
2442

2679
2689
2681
2652
—

2639
2610
2611
2633
2635
2611
2583
2541

2665

b 2i2Th

2543
2526
2199

3002
4319
3986
5598
—

2637
2690
2549
2299
2532
2493
2133
1032

2378

Decay constants: 238U = 1.55125 x KT1 0 a"1; 235U = 9.8485 x KT1 0 a"1; 232Th = 4.9375 x 10"11 a"1;
238U/235U = 137.88.
Isotopic composition of common lead assumed to be that of coexisting K-feldspar (Doe and Peterman, 1990):
2 0 4 P b : 2 0 W 0 7 P b : 2 0 8 P b = 1:13.57:14.66:33.40
* abraded fraction
** clear, euhedral crystals;
*** elongate crystals.
Estimated leucoxene contents of titanites are a 3%; b 0?; c 35%; d 15%; analyses of unaltered II
and altered II fractions of titanite by borax fluxing.
n.d., not determined.
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FIGURE 1: Concordia Diagram for ATK-l(990.97-996.78 m). Open circle -
zircon; solid circle - titanite.
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FIGURE 2: Concordia Diagram for ATK-1(3.85-9.61 m). Open circle - zircon;
solid circle - titanite.
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.\. DISCUSSION

3.1 ATK-l(990.97-996.78 m)

The most precise age obtained in this study for the Eye-Dashwa Lakes pluton
derives from the deep-core sample, ATK-l(990.97-996.78 m). This sample,
from near the bottom of the borehole, was chosen for its extremely fresh
appearance and freedom from fractures, although zones of intense eration
and fracturing do occur locally at this depth in the pluton (Kamineni and
Dugal, 1982; Kerrich and Kamineni, 1988). The fresh rock, is a gray,
medium- to coarse-grained granite consisting of oligoclase, microcline,
quartz, and biotite with accessory magnetite, apatite, titanite, and
zircon. U-Th-Pb isotopic analyses of eight size and morphological frac-
tions of zircon and of a composite titanite provide the basis for geochron-
ological interpretation.

The upper concordia intercept of a linear fit to all eight analyzed frac-
tions of zircon is 2625 ± 16 Ma (MSVD = 34), which is in good agreement
with the Rb-Sr whole-rock age of 2637 ± 33 Ma (Peterman et al., 1990), but
distinguishably younger than the U-Pb whole-rock concordia intercept age of
2684 ± 25 Ma (Doe and Peterman, 1990). The extremely high MSWD of the
zircon concordia intercept age, however, clearly reveals a dispersion in
the linearity of the data beyond that expected solely from the analytical
uncertainty. Furthermore, upon closer examination of the less-discordant
and larger-grain-size fractions of zircon, we note an inverse correlation
between uranium content and 207Pb/206Pb age, which introduces a skewness to
the linear array and accounts for much of the excess MSWD.

This skewness is even more accentuated if the single titanite analysis from
this sample is included in a regression from which the -200 + 325 and -325
mesh fractions of zircon are omitted. It is probably unwarranted, however,
to assume that a simple projection of the skewed array to its intersection
with concordia would yield a better age for the pluton, especially when
considering the morphological heterogeneity and mixture of mineral species
comprising the array. More likely, some complex relationship exists
between the response of the zircon to disturbances in its U-Pb isotopic
systematics and degradation of lattice domains in the crystal by radioacti-
vity. The lower uranium content, slightly reduced discordance, and signi-
ficantly increased 207Pb/206Pb age of the abraded -100 + 200 mesh fraction
compared to the unabraded counterpart lend support to such an interpreta-
tion of the zircon population.

The general response of titanite to accumulating radioactive damage is
poorly known, but evidence presented below for isotopically severely dis-
turbed titanite from the near-surface core sample suggests that migration
of U, Th, and Pb was a rather young event. If we regard the 207Pb/206Pb
age of the ATK-l(990.97-996.78 ra) titanite, which is just ~Q% discordant,
as essentially equal to, or only slightly less than, that of crystalliza-
tion, then agreement with the U-Pb whole-rock concordia intercept age is
considerably improved. A perusal of Table 1 reveals a still higher
2 o a 2 3 2 o f 2 6 9 0 M a f o r t h e _ 8 0 + 1 0 0 m e s h f r a c t l o n o f Zircon. We
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do not place much confidence in this single analysis, however, especially
in the light of the decrease in 2 0 8pb/ 2 3 Th age experienced after abrasion
ot the -100 + 200 mesh fraction. Our data show that the U-Pb and Th-Pb
systems must be at least partially decoupled within the zircon population,
and neither of them are apt to behave as a precisely closed system.

i. 2 ATK-1(3.85-9.61 m)

The near-surface core sample, ATK-1(3.85-9.61 m), contributes little to
determining an exact age for the Eye-Dashwa Lakes pluton. Moderate to
extensive hydrothermal alteration of the granite, presumably associated
with the final stages of crystallization, occurs pervasively in the upper
100 m of the borehole, and adjacent to many of the major fracture zones
intersected throughout the total length of the core (Kamineni and Dugal,
1982). This alteration, which is mostly manifested by the pink to red
color imparted to the granite, is accompanied by an albitization of the
plagioclase, chloritization of the biotite and/or hornblende, and the
introduction of zoisite veinlets crosscutting the rock. A peculiar
leucoxene mottling1 of the titanite, observed only in the near-surface core
sample, is closely associated with the zoisite veinlets and appears also to
l>e a product of the hydrothermal activity. Although it is tempting to
relate the more pervasive discoloration of the upper part of the core to
superimposed modern weathering, unequivocal macroscopic methods by which to
distinguish between the effects of original hydrothermal activity and the
.subsequent circulation of meteoric water are not readily obvious. Kerrich
and Kamineni (1988) give stable isotope evidence for infiltration of
surface waters into reactivated fractures to depths of 200 m, but otherwise
relate fracturing and alteration of the granite to initial devolatilization
and thermal contraction of the cooling rock. Interestingly, although the
isotopic systematics of the titanite record a disturbance that correlates
with the amount of leucoxene alteration (see below), the postulated accom-
panying redistribution of lead is clearly a more recent event. Evidently,
the disrupted lf-Th-Pb isotopic systematics result from the combined effects
of hydrothermal alteration and modern weathering.

Figure 2 reveals that the zircon and the titanite display open-system
behavior documenting severe disturbance of their U-Pb isotopic systematics.
The three zircon analyses plot too close together on a concordia diagram to
define any meaningful linear array, and it is not obvious how they may
relate to those analyses obtained for the deep core sample, ATK-1(990.97-
996.78 m). The greater discordance of equivalent-size zircon from the
near-surface compared to the deep part of the core correlates with a consi-
derably higher uranium content and may be accentuated by greater access to
meteoric water accompanying incipient weathering of the rock. Also, the
peculiarly low 206Pb/204Pb of the near-surface zircon can best be explained
by the post-crystallization introduction of common lead. However, the
significant reduction in 207Pb/206Pb ages of the zircon occurring near the
surface suggests that the U-Pb isotopic systematics record additional

The dull, white-to-yellow, patchy leucoxene was identified by SEM and X-
ray diffraction analysis, and found to consist of fine-grained anatase

and an unidentified calcium-iron aluminosilicate.
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disturbance at times other than today, such as during the Middle or Late
Protevozoic. Although with diminished effect, a similar disturbance may
offer an explanation for the skewed array observed in the more concordant
fractions of zircon from the deep core samples. Unfortunately, the avail-
able data do not permit us to place with much confidence a useful con-
straint on the intermediate history of the rock.2

Attempts to date the titanite recovered from the near-surface core sample
produced a discordancy pattern that presents special problems in interpre-
tation. The initial analysis of the titanite was performed on the total
mineral separate, which consisted of -60 + 200 mesh resinous, wedge-shaped
crystals and cleavage fragments ranging in color from light to medium
yellowish brown. Although microscopic examination had revealed a mottled
appearance of a few grains, no effort was made to upgrade the titanite used
for this initial analysis. Subsequent concern about mineral purity did
arise when the calculated U-Pb ages were found to be reversely discordant.
Eventually, the possibility of spurious concentration values led us to
modify the dissolution procedure by including an initial borax fusion step,
but the consistency in results from before and after the modification
argues against analytical difficulties.

After some of the titanite grains were determined to contain patches of
leucoxene (see Figure 3), several fractions of the mineral were hand-picked
to accentuate this phenomenon and see what effect it might have on the
isotopic systematics. Fractions consisting of 1) the freshest, most
translucent, and 2) the most-altered, leucoxene-mottled grains were
designated as unaltered I and II, and altered I and II, respectively.

As we had suspected, major redistribution of nuclides was found to corre-
late with the leucoxene alteration. Unexpectedly, though, the U-Pb system-
atics in the unaltered grains showed an enhanced reverse discordancy, while
the altered grains showed only minor, normal discordancy. Accompanying
this pattern in ages was a trend in U and Pb concentration among the analy-
ses, which dropped to slightly lower values in the unaltered separates and
increased by about a factor of two in the altered separate. The greater
fluctuation in U than Pb and the close similarity in Pb isotopic composi-
tion (except for a difference in percent of common lead) suggests that
recent lead mobility played an important role in establishing the relative
pattern of age discordance; that is, internal homogenization of lead in the
titanite would result in progressively older U-Pb ages with decreasing U
content.

For example, a linear regression through all zircon analyses from the
near-surface and, except for the -200 + 325 and -325 mesh fractions, the
deep-core samples yield upper and lower concordia intercept ages of
2671 ± 23 Ma and 741 ± 94 Ma, respectively. Because the superimposed
effect of any modern lead loss is likely to cause counterclockwise rota-
tion of the regression line, the ljwer intercept age in particular will
be reduced and should be considered a minimum value for the intermediate
disturbance event.
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<?•* ^PP^ ^^
i'MGURE 3: Photomicrograph of Titanite from ATK-1(3.85-9.61 m) Showing

Typical Uedge-Shaped Crystals and Two Grains with Leucoxene (L)
Mottling. The altered and unaltered fractions were hand-picked
to include and exclude, respectively, such grains with obvious
patches of leucoxene.

The common lead content of the titanite introduces considerable uncertainty
in correcting for the non-radiogenic component of the lead analyses. The
isotopic composition used for making the common lead correction is taken to
be that of a coexisting K-feldspar reported by Doe and Peterman (1990),
hut, even so, error propagation alone translates into a maximum precision
Lor the 207Pb/20nPb ages of about ±25 Ma. Thus, although the upper con-
cordia intercept of a remarkably linear fit to the four fractions of titan-
ite yields a very precise age of 2657 ± 5 Ma (MSWD = 0.44), one cannot
ignore the larger common lead uncertainty not included in the regression
calculation. Furthermore, the implication for lead mobility even brings
into question our assumption that the coexisting K-feldspar can be used to
i (.'present the common lead in the titanite.

Nevertheless, tlie good agreement among all Pb/ Pb ages for the titan-
ite with the presumed emplacement age of the Eye-Dashwa Lakes pluton does
put one important constraint on the time of disturbance of the U-Pb iso-
lopic system; that is, the event recorded by the disturbance is rather
young (<200 Ma) and probably related to weathering within the near-surface
environment. Whether the lower concordia intercept age of 214 ± 39 Ma has
geological meaning at the indicated level of precision, however, is open to
similar questioning ns the upper concordia intercept age. By comparison,
the single titanite analysis from the deep-core sample revealed just minor
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normal discordancy for both U-Pb and Th-Pb isotopic systems, \ud only one-
tenth as much common lead as the near-surface core sample.

If the initial analysis of the total titanite represents a true composite
sample, either a preferential loss of thorium and uranium relative to lead
or the gain of some extraneous radiogenic lead must have occurred in the
titanite-leucoxene system. Figure 4 represents an attempt to model the
titanite as a simple two-component mixture of unaltered titanite and
leucoxene, which had recently suffered an internal redistribution of U, Th,
and Pb. For this purpose, it is instructive to separate the Pb into three
fractions—common, uranogenic, and thorogenic—which may have behaved
independently during their movement through the rock. As was done previ-
ously, the isotopic composition of the K-feldspar is used here to define
the common lead of the system, although we recognize the probable over-
simplification of this assumption. Except for the anomalously high thorium
content of the total analysis,3 the concentration data do indeed approxi-
mate a two-component system. Also, for a mixture of about 68% titanite and
32% leucoxene, a concordant U-Pb age of 2657 Ha would be obtained within
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FIGURE 4: Two-Component Mixing Diagram of Titanite and Leucoxene from
ATK-1(3.85-9.61 m). Values along right margin are extrapolated
to 100% leucoxene.

This single deviation from an otherwise linear mixing array further
raises the question of analytical difficulty in the thorium determina-
tion. An alternative explanation is that the total fraction contains
some minor thorium-enriched phase that has been excluded from the
unaltered and altered fractions.
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such a binary system. Conceivably, highly altered titanite was preferen-
tially removed during mineral separation, in which case our composite
sample may be biased against the leucoxene component. However, other
phases of the rock, contributing uranium, thorium, and both common and
radiogenic lead, are likely to have participated in the chemical redistri-
bution event, and we have no reason to believe that closed-system behavior
actually did prevail between the L-canite-leucoxene binary system.

Although the preceeding argument implies that a net flux of uranium or lead
into, or from, the titanite-leucoxene system is not required, no combina-
tion of components'can yield concordant Th-Pb ages under the assumptions of
the model. Instead, a deficiency in thorium relative to lead—and, except
for the noted anomaly in the total analysis, a remarkably uniform thorium
content—is found for all combinations of the hypothesized binary system.
Either thorogenic Pb has been gained or Th has been lost in the composite
titanite-leucoxene. Perhaps most surprisingly, a gain of radiogenic Pb
and/or loss of Th and U must have severely affected even the freshest-
looking, least-altered titanite.

The highly disturbed condition of the titanite prevents us from making an
exact material balance or from retrieving its isotopic systematics prior to
disturbance. The binary-mixture model is offered only as an illustration
to emphasize the general trend of element redistribution that appears to
have caused the reverse discordancy in the unaltered grains. Leaching and
abrasion experiments, while not carried out in the present study, could be
helpful in distinguishing among different location sites of U, Th, and Pb
in the titanite. For example, an easily removed component containing the
"excess" thorogenic lead would certainly lend credence to the suggestion
that recent introduction of such lead into the titanite has occurred.
Also, restricting these experiments to material separated from more speci-
fic core intervals might better define migration distances of the labile
nuclides, perhaps to a scale commensurate with individual fracture zones.

4. CONCLUSIONS

The analytically best-constrained age for the Eye-Dashwa Lakes pluton
calculated from the upper concordia intercept of a linear fit to eight
fractions of zircon from the deep-core sample ATK-l(990.97-996.78 m) is
2625 ± 16 Ma. However, the exUunuly liiyh HSWD, 34, for this array of
points and the skewed alignment of the less-discordant analyses suggest a
slightly earlier emplacement of the pluton. The 207Pb/206Pb age of 2665 Ma
obtained on a slightly discordant titanite from the same sample perhaps
provides a better estimate of a minimum age, which is then brought into
closer agreement with the U-Pb whole-rock concordia intercept age of
2684 ± 25 Ma (Doe and Peterman, 1990).

U-Pb isotopic systematics for both zircon and titanite from the near-
surface core sample (3.85 to 9.61 m) are significantly more disturbed,
presumably as a consequence of the penetration of meteoric water into inci-
piently weathered rock that was already hydrothermally altered soon after
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its crystallization. A higher uranium content of the zircon in comparison
to equivalent grain-size fractions from the deep-core sample may have
further accentuated the escape of radiogenic lead. Also, evidence exists
that at least some of the disturbance of the U-Pb isotopic systematics of
the zircon was caused by events at times other than the recent past, such
as during the Middle or Late Proterozoic. Disturbance of the isotopic
systematics of the titanite, on the other hand, appears to have occurred
mainly during the modern weathering cycle by the redistribution of Pb
and/or U and Tli within the mineral with a relative net gain of radiogenic
Pb or loss of Th and, likelv, U from the composite material. As a conse-
quence, titanite judged by visual examination to be least altered nonethe-
less showed too old a Th-Pb age and strong reverse discordance in its U-Pb
ages.
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4. EVALUATION OF WHOLE-ROCK LEAD ISOTOPE DATA FOR DRILL CORES OF

THE EYE-DASHWA LAKES PLUTON AND THE VERMILION GRANITIC COMPLEX

Bruce R. Doe and Zell E. Peterman

ABSTRACT

Disturbances of the U-Th-Pb systems in drill-core samples of the Eye-Dashwa
Lakes pluton are related to a fracturing event in the Early Proterozoic and
to more recent loss of lead due to fluid ingress at shallow crustal levels.
Tlie U-Pb and Th-Pb systems of five samples considered to be fresh on petro-
graphic grounds (grey granite) are closed or show only limited parent/
daughter mobility. U-Pb data for these samples are within about 10Z of
being concordant and define a concordia intercept age of 2684 ± 25 Ma, in
agreement with the whole-rock Rb-Sr age of 2637 ± 33 Ma and U-Pb age of
2665 Ma inferred from zircon and titanite. The 207Pb/206Pb age derived
from a 207Pb/204Pb-206Pb/204Pb plot for the fresh samples is 2683 ± 10 Ma.
Three strongly altered samples define a chord on a concordia plot with
intercepts at 2471 and 88 Ma. These samples are part of a suite of
fracLured, oxidized, and epidotized rocks that define a Rb-Sr isochron of
2281 ± 153 Ma. The whole-rock U-Pb systems of the altered samples are
interpreted to have been perturbed by loss of Pb or gain of U during the
fracturing event and again much more recently (Late Phanerozoic). The U-Pb
systems in the fresh samples were not affected by the Early Proterozoic
event, indicating that fluid ingress was largely restricted to the fracture
zones.

1. INTRODUCTION

The present study of the Eye-Dashwa Lakes pluton of Ontario and the
Vermilion Granitic Complex of Minnesota (Figure 1) involves a series of
investigations designed to understand the behavior of the whole-rock U-Th-
Pb system in granitic rocks. The most intensive study to characterize this
whole-rock system involved the crystalline rocks of the Granite Mountains
ot Wyoming, first reported in the classic paper by Rosholt and Bartel
(1969). Stuckless et al. (1981) summarized the earlier investigations and
studied the effects of epidotization-silicification and albitization on the
U-Th-Pb whole-rock systems. Other studies involved Late Archean and Early
I'roterozoic granites of the Minnesota River Valley (Doe and Delevaux,
1980), Middle Proterozoic granite of northern Illinois (Doe et al., 1983),
and Early Proterozoic metavolcanic and plutonic rocks of northern Wisconsin
(Afifi et al., 1984).

Epidotization and albitization may result in lead loss at the whole-rock
scale, presumably because no good host like K-feldspar remains to retain
the lead (Stuckless et al., 1981). Taylor (1968) correlated deep red
coloration of alkali feldspar in granitic rocks with severe alteration and
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FIGURE 1: Location of Samples from the Eye-Dashwa Lakes Pluton in Ontario
and Vermillion Granitic Complex in Minnesota

oxygen isotope exchange. In a core of basement granite from northern
Illinois, a dull red coloration was found by Doe et al. (1983) to be also
indicative of alteration accompanied by lead loss relative to uranium and
thorium. They suggested that chloride brines moving through the granite
preferentially dissolved and removed lead relative to uranium and thorium.
Evidence for a relatively young alteration event, usually dated to be
around 100 to 200 Ma ago, is found in every study and is thought to be
related to dilatency of the rock mass and fluid movement accompanying
uplift and erosion (Doe et al., 1983). This alteration commonly results in
loss of lead from the system, although redistribution of lead is observed
in some K-feldspar-bearing rocks (Doe et al., 1983). Mobilized lead
remaining in the system in the form of trace galena Is also known (Afifl et
al., 1984). Lead lost from the granitic rocks tends to have a radiogenic
character, making it suitable as a source for lead in lateral secretion ore
deposits, such as the Mississippi Valley type (Doe et al., 1983).

When an alteration event is intermediate in age between that of the rock
and the present, the lead isotope data become "blurred" and the age of the
intermediate event normally can be estimated only within broad limits fro.n
the Pb isotope systematics. Careful attention to the petrology, however,
commonly permits one to sort out the fresher rocks from the more altered
rocks and to infer the relative timing of events (e.g., Kamineni and Stone,
1983).
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Two suites of samples were selected for the U-Th-Pb study from boreholes
drilled into the Eye-Dashwa Lakes pluton on the basis of degree of altera-
tion. Samples ATK-1-514, 579, 580, 886, 985, and 1127 were selected as the
least altered representatives of the granite (see Peterman et al. 1990,
Table 1). They are gray to pinkish gray and unfractured. Altered granite

TABLE 1

LEAD ISOTOPE

Sample Number
Rock Type

ATK-1-578WR
Gtey g r a n i t e

ATK-1-58OWR
Apl i te dyke

A'1K-1-574UR
Pi 1 ilc g r a n i t e

AW-1-815WR
Pink g ran i t e

ATK-1-11O5WR
Pinlc g i a n i t e

ATK-1-68WR
Pink g r a n i t e

A1K-1-886WR
firey g ran i t e

ATK-1-U27WR
Grey gLanite

ATK-1-514WR
firey granite

A1K-1-985KF
I'lrey gianite

AND U. Th

AND K-FELDSPARS

Condition

Fresh

Fresh

Fractured
Epidotized

Slightly
altered

Fractured
Epidotized

Altered

Fresh

Fresh

Fresh

Fresh

I)

7.13

1.46

1.85

3.19

2.05

1.47

1.98

3.86

5.46

Th
ppm

14.5

3.25

9.02

13.1

8.05

8.88

10.6

9.16

7.36

, AND Pb

FROM THE

CONCENTRATIONS FOR WHOLE

EYE-DASHWA

Pb 2 0 7Pb/2 0 4Pb 2

25.6

20.1

15.2

19.6

11.1

13.8

18.4

16.4

23.7

22.725

16.006

16.423

17.836

16.683

16.083

16.848

21.374

21.154

13.566

07Pb,

16

15,

If

15.

15.

15.

15.

16.

16.

14.

LAKES

/2 0 4Pb

.331

.102

.123

.432

,151

,052

.248

079

053

655

PLUTON

208 p b /204 p i

39.249

34.987

36.895

38.625

36.460

36.620

38.033

38.899

36.447

33.402

ROCKS

39

34

36

38

36

36

38

38.

36,

/20 4p b

.07

.94

.91

.66

.49

.56

.14

.79

.56

Ratios calculated from spiked concaitration analysis.

i s represented by samples ATK-1-68 and 815, which are oxidized (pink) but
not f r ac tu red , and samples ATK-1-574 and 1105, which a re severe ly f r a c -
tured, deep pink to red, and contain ep ido te and b r i ck - red f e ld spa r .
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The present study of the Eye-Dashwa Lakes pluton (Tables 1 and 2) nicely
supports previous studies. The fresher rocks have been reasonably closed
systems, as shown by a concordia diagram, whereas three of the four altered
samples were affected by an intermediate alteration event, the age of which
is poorly defined by the U-Th-Pb data. In addition, nearly all rocks suf-
fered at least some lead loss late in the Phanerozoic, during what we call
the "dilatency" event. The age of the intermediate event is reasonably
well constrained by the Rb-Sr system (Peterman et al., 1990), and a rela-
tively young dilatency event is supported by fission-track apatite ages
(Naeser and Crowley, 1990).

TABLE 2

CALCULATED INITIAL Pb RATIOS (2684 Mai AND SELECTED TRACE-ELEMENT RATIOS

Sample 238U/204Pb 232Th/204Pb Th/U 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

ATK-1-579UR

ATK-1-580UR

ATK-1-815WR

ATK-1-1105WR

ATK-1-68WR

ATK-1-514WR

ATK-1-574UR

ATK-1-886WR

ATK-1-1127W

ATK-1-985KF

19.1

4.20

10.3

11.0

6.32

14.9

7.32

6.61

15.8

—

40.1

9.67

43.5

44.8

39.5

20.7

36.9

36.5

38.6

—

2.10

2.30

4.23

4.(V,

6.23

1.39

5.04

5.52

2.45

—

12.85

13.84

12.52

10.98

12.82

13.46

12.64

13.43

13.24

13.57

14.52

14.70

14.46

14.11

14.46

14.64

14.43

14.62

14.58

14.66

33.55

33.52

32.45

30.09

31.01

33.50

31.65

32.85

33.41

33.40

A brief discussion of U-Pb whole-rock and K-feldspar data for two core
samples from the Vermilion Granitic Complex of Minnesota, about 100 km
south-southwest of the Eye-Dashwa Lakes pluton (Figure 1), is also pre-
sented here (Table 3 ) . 1 Although these rocks appear to be fresh, neither

Core samples are from holes drilled in 1968 by the U.S. Air Force Space
and Missle Systems Organization (SAMSO). The core intervals analyzed
were obtained from P.K. Sims, then State Geologist for the Minnesota
Geological Survey. Locations: (1) DV-CR-17, 48°0'55"N and 92°20'48"W,
1.5-ft. interval at 192-ft. depth, (2) DV-CR-19, 48°05'43"N and
91°59'46"W, 1.5-ft. interval at 186-ft. depth (ft = 0.3048 m).
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TABLE 3

LEAD ISOTOPIC COMPOSITIONS AND 1

VERMILION

J. Th.

GRANITE. NORTHERN MINNESOTA

AND Pb

. WITH

CONCENTRATIONS FOR THE

TRACE-ELEMENT RATIOS

AND CALCULATED I N I T I A L LEAD COMPOSITIONS FOR WHOLE-ROCK

Sample

DV-CR-ITWR

DV-CR-19WR

DV-CR-17KF
(192 f t . )

DV-CR-19KF
(186 f t . )

KA354KF**

IJ Th
ppm

2.48 17.5

4.56 28.4

—

Pb 2 0 7Pb/2 0 4Pb ;

24.3 16.

37.9 19.

13.

13.

13.

.104

,554

.563

566

573

•07 p ,

15,

15.

14.

14.

14.

'Pb 2 0 8Pb/2 0 4Pb ;

atomic

.096

.759

.635

639

615

39.908

43.770

33.379

33.463

33.400

SAMPLES

!OaPb/2O4Pb*

39.16

47.10

—

Calculated i n i t i a l r a t ios :

Sample 23aU/204Pb 232Th/204Pb Th/U 2 0 7Pb/2 0 4Pb 2 0 7Pb/2 0 4Pb 2 0 8Pb/2 0 4Pb

DV-CR-17WR

DV-CR-19UR

6.

8.

36

32

46.

53.

4

5

7.

6.

29

43

12.

15.

79

23

14.

14.

48

96

33.

36.

28

12

Calculated from spiked concentration analysis
From Doe and Delevaux (1980)

has behaved as a closed system. However, a reliable primary age
(2692 ± 19 Ma) was obtained because the "dilatency" event was relatively
recent.

Analytical uncertainties (2a), based on duplicate analyses, are estimated
to be ± 0.025% per mass unit for the Pb isotope ratios. Pb and U concen-
trations are assigned uncertainties of 0.2 and 0.3%, respectively, based
solely on weighing, spiking, and mass fractlonation errors. Inclusion of
variance stemming from inhomogeneities in the rock powders would increase
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the total concentration uncertainties to about ± \%. The various
composition and concentration errors were propagated for the regression
analyses using the equations of Ludwig (1980), and the data sets were
regressed using Isoplot (Ludwig, 1987).

2. EYE-DASHWA LAKES PLUTON

2.1 CONCORDIA DIAGRAM AND 2Q7Pb/206Pb AGE

A c.oncordia diagram treatment of whole-rock U, Th, Pb data using a K-
feldspar to obtain an initial-lead isotopic composition yields intercept
ages at 2684 ± 25 Ma and 170 ± 920 Ma for the freshest samples (Figure 2 ) . 2

The younger intercept, although not well constrained, presumably reflects
open-system behavior associated with "dilatency" accompanying uplift and
erosion. The 207Pb/204Pb and 206Pb/204Pb ratios of the fresh samples and
K-feldspar are remarkably well correlated (Figure 3) and the 207Pb/206Pb
age of 2683 ± 10 Ma (based on slope error only) is virtually the same as
the concordia intercept age (Figure 2), indicating that the limited U and
Pb mobility is indeed recent, as suggested by the concordia plot. These
ages agree well with the whole-rock Rb-Sr age of 2637 ± 33 Ma (Peterman et
al., 1990) and a minimum crystallization age of 2665 Ma interpreted from
the U-Pb zircon and sphene data (Zartman and Kwak, 1990).

The three most-altered samples plot near a chord, with intercept ages of
2471 Ma and 88 Ma. The older age is probably an upper limit for the inter-
mediate alteration event. A minimum age for this event is 1300 Ma as esti-
mated by passing a chord through 2684 Ma and the data point for sample
ATK1-68WR. Rb-Sr data for altered samples, many of which are associated
with fracture zones, define an isochron age of 2281 ± 153 Ma, which is
interpreted to date an episode of regional fracturing and shear zone
development (Peterman et al., 1990). Because of the severity of its effect
on the Hb-Sr whole-rock systems, this event may have very likely resulted
in loss of Pb, too. Thus, a discordia line probably developed between the
crystallization age of 2684 Ma and the intermediate event at 2281 Ma, along
which individual samples would have been dispersed prior to more-recent Pb
loss. The dilatency event, which facilitated fluid movement in pathways
provided by these previously altered zones, resulted in additional Pb loss
very recently. In this scenario, the triangle formed by discordia lines

2 Unlike zircons, which contain highly radiogenic Pb and are relatively
insensitive to common Pb correction, most whole-rock systems are not
highly evolved in radiogenic Pb. Therefore, when the concordia approach
is used, the results are particularly sensitive to the accuracy of the
common Pb correction. The appropriate ratios are calculated in the
following manner (the asterisk refers to radiogenic Pb):

_ ( 2 0 6 p f a / 2 0 4

( 2 0 7 * P b / 2 3 5 U ) w , = [ ( 2 0 7 P b / 2 0 4 P b ) w r - ( 2 0 7 P b / 2 0 4 P b ) k f ) ] / ( 2 3 5 U 7 2 0 4 P b ) w r
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with apices at 2684 Ma, 2281 Ma, and near zero defines the field in which
altered samples would plot if Pb loss and/or U gain were the principal
modes of discordance. All of the altered samples plot within this field.

Within the sensitivity of the analyses, the data indicate that the fresh
samples were not disturbed by the intermediate alteration event and that
they were Mttle affected by the dilatency event. As shown by the concor-
dia diagram, three samples suffered minor lead loss or uranium gain (ATK-1-
579WR, 886WR, and 1127WR), one sample may have suffered minor uranium loss
or radiogenic-lead gain (ATK-1-580WR), and one sample has remained closed
during the history of the rock (ATK-1-514WR). The slightly altered sample
(ATK-1-815WR) that was unaffected by the intermediate alteration event had
the largest lead loss or uranium gain as a result of the dilatency event
(Figure 2), similar in amount to altered samples affected by the interme-
diate event.

2.2 THE D I A G R A M

As would be expected, conclusions that can be drawn from the 207Pb/204Pb
versus 2 0 6Pb/ 2 4Pb diagram (Figure 3) are generally the same as those
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isotope growth curve of Stacey and Kramers (1975). The dashed
line is an isochron fitting the least-altered samples and the K-
feldspar (solid squares). Open squares signify altered samples.
Calculated initial Pb-isotope ratios for the fresh and altered
samples are shown by closed and open circles, respectively.

deduced from the concordia diagram (Figure 2). Samples with initial Pb-
isotope ratios (corrected for in situ decay of uranium) that plot near, but
ro the left of, the K-feldspar value in Figure 3 are the same as those that
plot under, but close to, the concordia curve in Figure 2 (ATK-1-579WR,
886UR, and 1127WR). Sample ATK-1-580WR undercorrects to the K-feldspar
value in Figure 3 and plots above the concordia curve on Figure 2. Sample
ATK.-1-514UR corrects to the K-feldspar value, as expected in a closed sys-
tem. In Figure 3, the most-altered samples (ATK1-68WR, 574WR, 1105UR) plot
to the right of the isochron defined by samples not affected by the inter-
mediate event, indicating increased U/Pb ratios during this event. Such an
increase is also seen on the concordia diagram, which confirms the conclu-
sion one would reach from the a06Pb/204Pb values overcorrecting the K-
feldspar values. Therefore, little new information is conveyed by Figure 3
compared with Figure 2, except that the size of the radiometric corrections
for in situ uranium decay can be seen. Otherwise, Figure 2 facilitates the
interpretations of the data for age purposes even though it has been little
used in lead-isotope work.
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2.3

The

THE Th/U SYSTEM

2Q8PI>/204Pb versus 206pb/204pb d l a g r a m (F1gUre 4) illustrates the

behavior of the Th/U system. Pb isotope ratios for four of the fresher
samples that show least disturbance in the U/Pb system (Figure 3) correct
close to the K-feldspar value for 206Pb/204Pb. These are the closed-system
sample ATK1-514WR and the little altered samples ATK1-579WR, 580WR, 1127WR.
For these samples, U migration is probably a better interpretation for the
departure of the samples from concordia than is lead migration. The aplite
(ATK-1-580WR) apparently lost uranium and two of the three granites gained
some uranium in the "dilatency" event. The other least-altered sample
(ATK-1-886UR) suffered minor lead loss or possibly uranium gain and plots
with the altered samples in Figure 4.
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Although the values of Th/U in these unaltered or least-altered rocks have
a significant scatter—from a low of 1.39 for ATK-1-514WR to 2.45 for ATK-
1-112UR—they are lower than all the other samples (4.06 for ATK1-1105WR to
5.52 for ATK-1-886WR), which also overcorrect relative to the K-feldspar
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value foL- 20aPb/2(MPb. This high Th/U grouping even includes the ATK-1-886
sample that lay among the group of least-altered samples in terms of the
U/Pb system alone. Overcorrection in 208Pb/204Pb requires some lead loss,
compared to the long-term value oE the Th/Pb in the rock. High values of
Tli/U may imply uranium loss as well. Because the range of Pb/2CMPb
values in the group of samples having high values of Th/U today is the same
as that of the unaltered or least-altered samples, the lead loss relative
to thorium might be fairly recent.

2.4 U/Pb AND Th/Pb ISOCHRON DIAGRAMS

Much information can be also obtained from parent-daughter isochron dia-
grams (Figures 5 and 6). The 206Pb/238U diagram (Figure 5) shows the same
five least-altered samples (ATK-1-514, 579WR, 580WR, 886WR, 1127VR) lying
close to the 2683-Ma reference isochron. The position of the altered
samples to the right of the isochron indicates an increase of U/Pb in the
intermediate and dilatency events (same as points lying under concordia in
Figure 2). Because ATK-1-815UR lies on the isochron in Figure 3, the
uranium gain must be fairly recent. The altered samples (ATK-1-68WR,
574VR, H05WR) lie neither near concordia at the age of rock formation
(Figure 2) nor on the Pb-Pb isochron (Figure 3), because their U/Pb systems
have also been disturbed at some intermediate age.
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Figure 6 presents the 208Pb/232Th diagram. As in the treatment of the Th/U
diagram (Figure 4), four of the fresh samples (ATK-1-514WR, 579WR, 580WR,
H27UR) appear to be closed systems and plot close to the 2683-Ma isochron.
ATK-1-886WR, although closed in its U-Pb system, plots with the altered
samples on the Th/U diagram (Figure 4) but deviates only slightly from the
Th-Pb isochron (Figure 6). Because of the immobile nature of thorium, we
suspect that the sample suffered comparable losses of uranium and lead and
thus gives a false impression of closure for the U-Pb system. Departure of
ATK-1-68WR, 574WR, 815WR, 1105WR from the isochron is to be expected, and
their position to the right of the isochron indicates an increase in Th/Pb
ratios, most likely due to lead loss.

2.5 TRACE-ELEMENT MOBILITY

If we assume that thorium has remained fixed, the mobility of Pb and U are
as follows (depths of samples): 514WR - no Pb, U, or Th mobility; 1127WR -
slight Pb loss; 886WR - proportionate Pb and U loss; 579WR - slight U gain;
58OWR - U loss; and 8151/R - Pb loss and some U loss. For the samples
affected by the intermediate alteration event, 1105WR shows Pb loss; 574WR
- Pb loss with some U loss; and 68WR - Pb loss with some U loss. Except
for sample 514WR, all other samples display some trace-element mobility,
with the smallest amounts occurring in the freshest samples. Indeed, none
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of the changes in U/Pb or Th/Pb are excessive and are commonly less than
those in other studied sample suites.

3. VERMILION GRANITIC COMPLEX

The Vermilion Granitic Complex of Minnesota is similar in age to the Eye-
Dashwa Lakes pluton of Ontario. The drill-core samples are from unfrac-
tured intervals of gray to pinkish-gray granite at about 58-m depth. The
initial lead values for the Vermilion Granitic Complex as estimated from
the K-feldspars of this study and earlier analyses by Doe and Delevaux
(1980) are remarkably similar to the feldspar from the Eye-Dashwa Lakes
pluton. The 206Pb/2°7Pb age using the model of Stacey and Kramers (1974)
is 2690 Ma and the 208Pb/2°4Pb model ages range narrowly from 2650 to
2690 Ma. Using the feldspars for initial-lead isotope values, the whole-
rock feldspar ^07Pb/206Pb isochron age is 2719 ± 60 Ma and the older
intercept age on concordia is 2692 ± 14 Ma (Figures 7 and 8). Therefore,
all lead-isotopedata are in remarkably good agreement with a primary age of
about 2690 Ma, which agrees well with a whole-rock Rb-Sr isochron age of
2640 ± 50 Ma (Peterman et al., 1972; Jahn and Murthy, 1975).
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Mobility of lead (and/or uranium) is not unusual in shallow samples, and,
therefore, it conies as no surprise that the samples do not lie on concor-
dia. The age of mobility probably coincides with the age of dilatency,
which is approximately 220 Ma. Only the Th/Pb systems in the two samples
remained even approximately closed during the history of the rock, which
means that uranium mobility may dominate over lead mobility. Such a dif-
ferential effect may be expected of something like freshwater action.

No evidence was found for an intermediate alteration event in these two
fresh-looking samples.

4. PLUMBOTECTONICS

In a comparative study between Precambrian granites of southern and nor-
thern Minnesota, Doe and Delevaux (1980), in commenting on the plumbotec-
tonic model of Doe and Zartman (1979), found that nearly all the plumbotec-
tonic complexities observable in Cenozoic igneous rocks were extant by the
I.ate Archean. As all the data on granites from northern Minnesota plotted
below the lead-isotope evolution curve of Stacey and Kramers (1975), Doe
and Delevaux (1980) concluded that all the granites in northern Minnesota
were "derived from mafic or intermediate source materials soon after the
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source materials were formed." The trace-element chemistry and lead iso-
topic composition of trondhjemite, tonalite, and dacite are compatible with
their formation by partial melting of eclogite, as pointed out by Arth and
Hanson (1975) for the Icarus pluton of northern Minnesota. We note,
however, that the K-feldspar-bearing Vermilion Granitic Complex and the
granitic Eye-Dashwa Lakes pluton have values of 207Pb/204Pb greater than
for the tonalite. In studies of young igneous complexes, Doe et al. (1982)
stated thit granites and rhyolites may be crustal melts, or, if formed by
differentiation from more mafic sources, crustal contamination may be
required. The greater values of 207Pb/ Pb for the K-feldspar-bearing
granites is compatible with this hypothesis. Gariepy and Allegre (1985)
came to similar conclusions on granitic rocks of the Late Archean Abitibi
greenstone-granite belt of the eastern Superior Province.

Initial Sr isotope ratios, IR(Sr), for the Vermilion Granitic Complex and
the Eye-Dashwa Lakes pluton are low, indicating a lack of significant
amounts of older, evolved crustal material in the sources. The IR(Sr) of
the Eye-Dashwa pluton is 0.70144 ± 0.00006. This value is consistent with
the model of Bell and Blenkinsop (1987), in which they propose development
of a depleted mantle from bulk earth at 2.9 Ga, followed by evolution with
a Rb/Sr ratio of 0.020 ± 0.002. In contrast, IR(Sr) values for eight
intermediate and felsic intrusions in northern Minnesota, including the
Vermilion Granitic Complex, are all lower, with values between 0.7002 and
0.7009, averaging 0.70065 (see summary by Sims and Peterman, 1981). If a
Rb/Sr ratio of 0.020 is considered to exemplify a depleted mantle, a mantle
value of 0.70065 at 2.7 Ga would suggest a depletion event considerably
earlier. Afifi et al. (1984) proposed the formation at 3.75 Ga of a
depleted mantle in the Lake Superior region, which evolved without
important change in the U-Th-Pb system at least until 1.8 Ga. Sr and Pb
data for the Vermilion Granitic Complex and Pb data for the Eye-Dashwa
Lakes pluton are consistent with an early depletion event. Sr data for the
Eye-Dashwa Lakes pluton are more consistent with the model of Bell and
Blenkinsop (1987), which suggests a younger depletion event.
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5. Sm-Nd WHOLE-ROCK ISOTOPE SYSTEM OF THE EYE-DASHWA LAKES PLUTON

Kiyoto Futa

ABSTRACT

An unaltered drill-core sample of the Eye-Dashwa Lakes pluton ("sample ATK-1
(990.97-996.78)) is light rare-earth-enriched, with a lilSm/liiM ratio of
0.08699 and a l43Nd/144Nd ratio of 0.510815. The depleted-mantle-model age
o£ 2.68 Ga agrees with emplacement ages, indicating that parental magma or
irs protolith was derived directly from a Jepleted mantle and that the
ciustal residence time was short.

1. INTRODUCTION

Intermediate-to-felsic igneous rocks of the continental crust are commonly
enriched in light rare earth elements (LREE) in comparison with bulk earth
or the mantle. Thus, they have Sm/Nd ratios that are lower than the
mantle, and consequently, the 143Nd/l44Nd of the continental crust
increases at a slower rate than that of the Earth's mantle. This important
geochemical feature of the crust develops when the crust-building rocks or
their protoliths (calc-alkaline island arc volcanic rocks) are extracted
from the mantle.

Sm-Nd model "crustal fractionation ages" indicate the time when crustal
materials were derived from a depleted mantle (Bennett and DePaolo, 1987;
Chauvel et al., 1986; Frost and Burwash 1986; Nelson and DePaolo, 1985;
DePaolo and Farmer, 1984; DePaolo, 1981; McCulloch and Wasserburg, 1978).
The Sm-Nd crustal fractionation age does not indicate the crystallization
age, nor is it generally affected by later geological events.

2. RESULTS

Sm and Nd concentrations and 143Nd/144Nd isotopic composition for whole-
rock sample ATK-l(990.97 to 996.78) are given in Table 1. The Sm and Nd
concentrations are not unusual for granites, and the 147Srn/144Nd ratio
shows that LREE, are enriched relative to chondrites. The low 147Sm/144Nd
ratio of this granite has increased the 143Nd/i44Nd ratio at a rate slower
than that for bulk earth, as is common for intermediate-to-felsic crustal
Locks.

The 143Nd/144Nd ratio is normalized to 146Nd/144Nd of 0.7129, and it is on
an isotopic scale where the 143Nd/144Nd ratio for present-day bulk earth is
0.512636. The present-day 143Nd/144Nd can be expressed as fractional devi-
ation from the bulk earth value in parts per 10 000. This expression,
referred to as e(Nd), is calculated in the following manner:

e««d, - {f(143Nd/144Nd)m/(
143Nd/144Nd)b] - l}10

4
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TABLE 1

Sm-Nd PATA FOR SAMPLE ATK-1 (990,97 TO 996-78)

Sm Nd 147Sm/144Nd 143Nd/144Nd
(ppm) (ppm)

4.90 34.3 0.08699 0.510815

where subscripts m and b refer to measured and bulk, earth, respectively.

The e | N D ) value for ATK-1 (990.97-996.78) is -35.6.

3. DISCUSSION

The low e(Nd) of -35.6 and the
 147Sm/144Nd ratio imply a Late Archean ori-

gin for the source of this granite. Using the chondritic uniform reservoir
(CHUR) model (Jacobsen and Wasserburg, 1980) with present-day 143Nd/144Nd
of 0.512636 and 147Srn/144Nd of 0.1967, the sample growth curve intersects
the CHUR line at 2.52 Ga (Figure 1) However, many calc-alkaline orogenic
granitic rocks appear to have been derived from a depleted mantle (e.g.,
see DePaolo, 1981). The intersection of the sample with the depleted
mantle curve of DePaolo (1981) yields a crustal fractionation age T ( D M ) of
2.68 Ga at an e,ND) of +2.26. The T ( D H ) age agrees closely with whole-rock
Rb-Sr age of 2637 Ma (Peterman et al., 1990), an age of 2665 Ma deduced
from U-Pb zircon and sphene data (Zartman and Kwak, 1990), and a whole-rock
U-Pb isochron age of 2676 Ma (Doe and Peterman, 1990). The Sm-Nd T ( D M ) age
is consistent with other Sm-Nd T(DM) ages determined on samples from other
parts of the western Superior Province (Peterman and Futa, 1987). The
concordance between the T (DMI age and the crystallization age is the result
of derivation of the granite from a mantle-derived source, with only a
brief crustal residence interval.

4. CONCLUSION

The Sm-Nd crustal fractionation age for sample ATK-l(990.97 to 996.78) is
2.68 Ga using the depleted-mantle curve of DePaolo (1981). This age agrees
within analytical uncertainty with the Rb/Sr whole-rock age and U-Pb zircon
and titanite ages. The model age is similar to Sm-Nd ages of other Late
Archean intermediate-to-felsic igneous rocks in the Superior Province. The
close agreement between the depleted-mantle-model age and the crystalliza-
tion oi' emplacement ages implies either direct derivation of the parental
magma from the mantle or derivation from a mantle-derived protolith with a
very short crustal residence time. Thus, the Nd isotopic data are in
accord with the Sr isotopic data (Peterman et al., 1990).
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FIGURE 1: e ( N d, Growth of Whole-Rock Sample ATK-l(990.97-996.78).

Horizontal line depicts the chondritic uniform reservoir
model of Jacobsen and Uasserburg (1980), and the curved line
is the depleted mantle model of DePaolo (1981). The growth
of the sample is shown by the heavy solid line with an
intercept of ~35.6 at the present time. The intersection
with the depleted mantle growth curve yields a model age of
2.68 Ga.
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6. FISSION-TRACK DATING OF APATITE FROM DEEP BOREHOLE ATK-1

AT ATIKOKAN, ONTARIO

Charles W. Naeser and Kevin D. Crowley1

ABSTRACT

Fission-track, ages and lengths have been determined on apatite separated
fiom core recovered from the ATK-1 deep borehole at Atikokan, Ontario. The
apatite ages decrease down the borehole, from 515 ± 72 Ma at the top to
376 + 46 Ma at a depth of 993 m. The mean confined track length for fossil
fission tracks in the apatite is 12.4 /<m. Within the limits of the
measurement the track lengths are the same for all the samples. The
results of this study indicate that the rocks found currently at the
surface have never been heated above ~100°C since Upper Cambrian time.

1. INTRODUCTION

In this paper we report fission-track, ages from the ATK-1 deep borehole at
Atikokan, Ontario, and we use these data to constrain the thermal and tec-
tonic history of this portion of the Canadian Shield.

A fission track is a cylindrical zone of intense damage formed when a fis-
sion fragment passes through a solid. In natural minerals and glasses,
most fission tracks are produced by the spontaneous fission of U. When
an atom of 2 3 8U fissions, the nucleus splits into two lighter nuclei, one
averaging about 90 amu and the other about 136 amu, with the liberation of
about 170 MeV of energy. The two highly charged nuclei recoil in opposite
directions, and as they travel through the host material, they strip elec-
tions from atoms along their paths. This produces positively charged ions
that are mutually repulsed, forming linear damage zones, or latent tracks
(Fleischer et al., 1975). The latent track is tens of angstroms in dia-
meter and about 10 to 20 /im in length.

A latent track can only be observed with a transmission electron micro-
scope; however, a suitable chemical etchant can enlarge the damage zone
such that it can be observed with an optical microscope at intermediate
magnifications (x200 to 500). Common etchants used to develop tracks
include nitric acid (apatite), hydrofluoric acid (mica and glass), concen-
trated basic solutions (sphene), and alkali fluxes (zircon) (Fleischer et
al., 1975; Gleadow et al., 1976).

Because 2 3 8U fissions spontaneously at a constant rate (in a statistical
sense), the accumulation of fission tracks in a mineral or glass is an
indication of its age. A fission-track age of a mineral or glass can be
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calculated from the concentration of 23flU and surface density of spontane-
ous fission tracks that it contains. The relative abundance of 23 U and
J15U is constant in nature, and thus the easiest and most accurate way to
determine the amount of 23 U present in the sample is to create a new set
of fission tracks by irradiating the sample with a known dose of thermal
neutrons in a nuclear reactor, which induces fission of 2 3 5U. The reader
is referred to Naeser and Naeser (1984) for a more detailed discussion of
the theory and procedures of the method.

The fading of fission-tracks at elevated temperature, and the consequent
resetting of fission-track ages was observed shortly after the discovery of
fission-tracks in the late 1950s (Fleisher et al., 1965). This track fad-
ing, or track annealing, is caused by the diffusion of displaced atoms into
I lie damage zone. The annealing systematics of fission tracks in minerals
such as apatite have been established by many laboratory studies and from
deep boreholes where present-day temperatures are known and the geological
histories can be reasonably well established (Naeser, 1979, 1981). For
example, tracks in apatite anneal completely at temperature of about 105°C
in ~10a a or at 150cC in ~105 a. The annealing of fission tracks at these
temperatures has profound implications for the interpretation of fission-
track ages. Perhaps the most significant of these is that a fission-track
age records the timing of mild thermal events associated with geological
phenomena sucli as magmatism, hydrothermal circulation, and crustal uplift
and erosion. In general, an apatite fission-track age records the time
when the crystal cooled below 125°C + 20°C. Figures 1 and 2 illustrate how
apatite ages will vary with temperature (depth) and can be used to record
uplift and cooling. Fission tracks in apatite and other minerals do not
disappear at a specific temperature. There is a zone through which the
apparent age decreases with increasing temperature. For apatite, this zone
is about 30°C to 40°C wide. This is called the partial annealing zone. At
lower temperatures no significant annealing takes place and the calculated
age represents an earlier event in the history of the rock. At higher
temperatures, fission tracks are totally annealed and the mineral will
yield a zero apparent age. If the rocks are cooled due to uplift and
erosion or by some other process, the minerals in the rock, in this case
apatite, will begin to accumulate fission tracks. The age of the cooling
event can be determined from the point on the curve where there is a change
in slope of age versus depth (temperature). Figure la illustrates how
apatite ages vary with increasing depth (temperature) at the time of
maximum burial. If the section shown in Figure la is uplifted and cooled,
an age profile similar to Figure lb will be produced. The inflection point
at "a" represents the timing of the initation of a period of uplift and
cooling.

Annealing not only reduces the apparent age measured in the laboratory but
also the lengths of the fossil fission tracks. In fact, by measuring the
lengths of the fission-tracks present in the apatite, additional informa-
tion about thermal history can be obtained (Gleadow et al., 1983). For
example, length measurements provide information on cooling rate and can be
used to identify thermal events that partially reset fission-track ages.
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FIGURE 1: (a)
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The Change of the Apatite Fission-Track Age with Increasing
Depth (Temperature) at the Time of Maximum Burial (Heating)
The Age Profile of Apatite as a Function of Depth after a
Period of Cooling, Usually Related to Uplift and Erosion.
Inflection point "a" dates the beginning of uplift
(cooling).

In summary, the fission-track, ages and track-length distributions in apa-
tite are a very sensitive indicator of mild (greater than ~80°C) thermal
events (heating followed by cooling). A young apatite fission-track age
(<100 Ma) indicates a relatively recent cooling. For example, Zeitler et
al. (1982) used fission-track dating to demonstrate cooling of the crust by
significant Quaternary uplift of the Nanga Parbat massif of northern
Pakistan (youngest apatite F-T age 0.4 Ma) and Naeser et al. (1983) demon-
strated that significant Pliocene cooling caused by crustal uplift of the
Farmington Canyon Complex of the Uasatach Mountains, Utah (youngest apatite
F-T age 5.0 Ma).

()]d apatite ages (MOO Ma), on the other hand, indicate areas of persistent
low temperatures, that is, areas of crustal stability. Apatite fission-
track data from two areas in the midcontinent of North America (Crowley
el. al., 1985, 1986) have demonstrated the stability of several parts of the
craton. Crowley et al. (1985) reported apatite ages ranging from
441 + 41 Ma to 572 + 51 Ma from Precambrian rocks exposed at the surface of
the Canadian Shield in southeastern Manitoba and southwestern Ontario.
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FIGURE 2: Fission-Track Lengths and Ages for Apatite Separated from the
Core Recovered from the Atikokan Deep Borehole

These ages decrease to the northeast from I he present edge of exposed
Paleozoic cover, suggesting rotation of the crust along a hinge line near
the present edge of the Paleozoic cover after a period of uplift and cool-
ing during the early Paleozoic. Crowley et al. (1986) reported apatite F-T
ages from drill core recovered from a basement hole in northwestern Iowa.
The ages from this hole decreased with depth from 934 ± 86 Ma, at the top
of the Precambrian (391.7 to 392.3 m below the present-day surface), to
641 ± 90 Ma at the bottom of the hole (1065.9 to 1066.5 m below the
present-day surface). The 934 Ma age is the oldest apatite fission-track
age reported from the North American craton, indicating exceptional
stability of the crust in this part of the midcontinent.
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EXPERIMENTAL

Fission-track ages and lengths have been determined on apatite concentrates
separated from five samples of core recovered from the ATK-1 borehole at
Atikokan, Ontario. The samples are from depths between 3.9 and 993.1 m
below the present-day surface. Fission-track ages were determined with the
external detector method (Naeser, 1976, 1979). Apatite separates from the
core were mounted in epoxy, polished, then etched in 7% HNO3 at 23CC for
4U s. The epoxy mounts were covered with a muscovite detector and irradi-
ated along with neutron dose monitors (U-doped glasses SRM 963 also covered
with muscovite detectors) in the U.S. Geological Survey reactor at Denver,
Colorado. The neutron dose was determined using the track density in the
muscovite detectors and the Cu calibration for SRM 963 (Carpenter and
Reimer, 1974). Repeated analyses of apatite from the Fish Canyon tuff
(Naeser et al., 1981) have been used to monitor the techniques and calibra-
tions used for fission-track dating. Apatite and zircon from the Fish
Canyon tuff are used as an age reference material. Additional aliquots of
apatite were mounted in epoxy, polished and etched in 7% HNO3 for 40 s at
20°C for length measurements. Fully etched, horizontal, confined fission
tracks were measured at 1875x multiplication using a digitizing pad and
camera tube mounted on the microscope.

RESULTS AND DISCUSSION

The fission-track age data are shown in Table 1. The sample intervals and
confined fission-track length data are shown in Table 2. The apparent
apatite ages decrease down the borehole, from 515 ± 72 Ma at the top to
376 ± 46 Ma at the bottom (Figure 2). The mean track lengths of all
samples are identical within error. Moreover, the sample mean lengths of
approximately 12.4 and standard deviations of approximately 1.7 fim are
significantly different from those for full-length tracks, which are
approximately 16.5 and 0.8 /jm, respectively. That the mean lengths of
spontaneous tracks in the samples are shorter than full-length tracks indi-
cates the fission-track ages are partially reset. Additionally, the larger
standard deviation of the sample distributions with respect to full length
tracks indicates that the resetting event was long-lived relative to the
measured fission-track ages. The minimum age of the thermal event that
partially reset the ages must be less than the youngest age, 376 ± 46 Ma,
which is Devonian. It is likely that this resetting was caused by two
processes: ambient annealing and slow uplift and erosion, for the reasons
discussed below.

Several authors have recognized the importance of ambient annealing of
fission tracks in apatite (e.g., Green, 1980; Bhandari et al., 1971).
Perhaps the best evidence for this process is preserved in young volcanic
rocks (ages of the order of 106 to 107 years) that were emplaced and cooled
rapidly to ambient temperatures at the earth's surface. Track-length dis-
tributions having means of 16.5 /im are never observed in these rocks; typi-
cally, mean track lengths in these rocks are reduced by up to \5% with
respect to full-length tracks.
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TABLE 1

APATITE FISSION-TRACK DATA FROM THE ATIKO1<AN BOREHOLE

Number ps Fossil pi Induced Dose Number
Grains x 106 Tracks x 106 Tracks x 1015 Tracks ± 95%

Sample Mineral Counted T/cm2 Counted T/cm2 Counted n/cm2 Counted Ma (C.I.)

EDL-21
EDL-20
EDL-15
EDL-O8
EDL-19

Apati te
Apati te
Apati te
Apati te
Apati te

DEPTH

6
6
6
6
6

IN

3.54
3.16
4.21
2.97
4.26

BOREHOLE,

1066
1432
993
757
1066

1.75
1.59
2.31
1.74
2.94

TABLE 2

FISSION-TRACK

263
361
273
221
368

AGE

4.42
4.44
4.71
4.75
4.46

3187
3187
3512
3512
3187

AND TRACK LENGTH

515
506
493
469
376

72
61
68
72
46

Sample Number Depth
(m)

Fission-Track
Age (Ma ± 95% C.I.)

Length
(pm ± 95% C.I.)
(standard error)

EDL-21
EDL-20
EDL-15
EDL-08
EDL-19

4
36

514
815
993

515
506
493
469
376

±
±
+

±
±

72
61
68
72
46

12.7
12.4
12.2
12.4
12.4

± 0.3
+ 0.3
± 0.3
± 0.4
± 0 .3

Although some track shortening in the Atikokan samples can be attributed to
ambient annealing, there is also evidence for higher-than-ambient tempera-
tures in the past. Older fission-track ages from the North American midcon-
tinent are associated with longer mean track lengths. Fission-track ages
trom Iowa reported by Crowley et al. (1986), which, as mentioned previously,
range from 934 ± 86 Ma to 641 + '10 Ma, luive mean track lengths ranging from
13.1 fim for the older age to 12.1 pm for the younger age. Thus the shor-
tened mean lengths that characterize the younger ages reported here cannot
be attributed solely to the effects of ambient temperatures, given that
older ages with longer mean length have been shown to exist.

The shape of the track-length distributions shown in Figure 2 are slightly
skewed toward short lengths. Crowley (1985) used annealing models to show
that such distributions result from slow cooling through the zone of partial
track stability. Gleadow et al. (1983) and Moore et al. (1986) observed
similar distributions on the craton of Australia, which they also inter-
preted in terms of slow cooling. We infer that the track shortening not
accounted for by ambient annealing was caused by gradual cooling of samples,



- 63 -

probably by slow uplift and erosion of the crust. Perhaps the best evidence
for this process is the presence of a major present-day unconformity at the
surface of the borehole site.

Given the present-day geothermal gradient in the borehole of ll.l°C/km
(Kamineni, personal communication, 1983), and assuming a closure temperature
of 125°C, the apparent apatite ages yield a maximum rate of uplift and ero-
sion of 0.02 mm/a. However, because these ages are partially reset,, it is
likely that the actual rate of uplift and erosion was significantly lower.

The fission-track data from these samples indicate that this area of north-
western Ontario has been exceedingly stable since the Lower Paleozoic. The
rocks currently exposed at the surface in this region have not been heated
above ~100°C for at least the last 500 Ma.

4. CONCLUSIONS

Apatite fission-track ages from the Atikokan drill core range from 515 ± 72
to 376 ± 46 Ma. Track-length distributions of these samples suggest that
these ages are partially reset. We conclude that resetting was caused part-
ly by ambient track annealing, and partly by annealing at elevated tempera-
tures due to post-Devonian burial followed by cooling resulting from slow
uplift and erosion of the crust. Maximum rates of uplift and erosion are
calculated to be 0.02 mm/a.
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