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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

MSWD =1.55

1

/

O.?OL
0.0 "o~ 0.4 ""

L
0.6

8 ?Rb/ 8 GSr

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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