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Historical Plague at Rala, Ontario
-8

istorically the Precambrian Shield has been a maior
factor the settlement and economie development of Ontaric.
More recently its inherent ecological importance has .become
recognized and valued. In the next decade the federal govern-
ment will decide whether a site on the Shield will be selected
as a repository for Canada's nuclear fue} waste. It is incum-
bent on geoscientists that site selectibn be . based on a firm
geologic understanding of the medium and it is hoped that this
thesis will make a small contribution to this effort-_

!
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ABSTRACT

The ChalK River area of the Grenville structural pro-

vince in eastern Ontarid has been a centre.fgr'geoscience re-
search in the Canadian Nuclear Fuel Waste M;nagement Program
(CNFWMP) of Atomic Energy of Canada Ltd. to determine Whether
plutonic rocks of the Precambrian Shield are suitable for the

. ~
disposal of spent nuclear fuel waste. Drill core from this site

has revealed that the bedrock (primarily mongzonitic orthogneiss} .

-—~is*extensively fractured. Calcite is a particularly abundant

fracture-infilling mineral in the core and it exhibits a variety.

of occurrences which indicates that calcite precipitation has

occurred under variable hydrogeochemical conditions. Calcite .

is ébmggply associated with chlorite, gquartz, and pyrite in
sealed veins of hydrothermal origin, but it also occurs as flaky

coatings or as fine crystallites in fractures that are presently

FY

open to ground water circulation. Chemical-and isotopic analy-

gses of these calcites, assgeciated infillings, and host rocks
-~ :
have been conducted to t%termine the paleohydrogeology of this

gite.

b

~ g
Rub%dium—strontium dating Jﬁf the monzonitic gneiss

indicates an emplacement age of 345%#22 Ma with an initial
B7Sr/868r ratio of 6.70368. The Sr isotopic compositions of thé
calcites are reiatively uniform, regardless of texture or occur-
rence, wigh a mean value (0.%090) that is significantly less
radiogenic than the present day whole rock Qalues. It is prob-

able that the occurrence of calcite in these rocks is linked

s
,\
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to'a period of late Proterozoic hydrothermal activity, possibly
associated with incipient rifting of the Ottawa-Bonnechere
graben system,
Concentrations of Fe and Mn in bulk calcite samples are

generally between 103

.

and lO4 ppm but most calcites have <200
ppm of Sr and Na. Cathodoluminescence spectroscopy, in conjunc;
tion with microprobe analyses, show signifiicant variations in
Mn and Fe concentrations in individual calcite veins indicating
that hydrothermal fiuid compositions were not uniform during
galcite precipitation. Moreover, younger generations of cal-
cites have formed on precursor hydrothermal calcite substrates
in reactivated fractures. However, chondrite-normalized rare

g

earth element (REE) patterns for the monzonitic gneisses and

FJ

calcites are similar and are characterized QJy enrichment in the
light rare earth elements. This suggests that the REE contents
of the calcites, which are several times larger than in the

gneisses, were derived from the host rocks.

18

The calcites exhibit a broad range in §°°0 with most

valugs‘between 13 and 240/00 (SMOW). A small group of calcites

is significantly depleted in lBO, with wvalues as low as

¢
-0.60/00. There 1is no strong, well~-defined depﬁh trend in

" the 6180 values but large wvariations oécur between closely

spaced fractures and within individual fractures. Most sealed
vein calcites have s values of <17°/00, while flaky calcites
613C

in open fractures are generaily much heavier. The con-

tents of the calcites are less variable, with most values be-



tween -5 and -80/00 (PDB) although several® values

(minimum value -13.5%/00).
, b

Fracture pyrite is present as fine grained patches or-

34

disseminated cubes in calcite and chlorite and Has 6~ 'S values

- Y
that vary widely from -25 to +46°/oo (CDT). This range, as well

as the highly positive 6345 values, were likely produced by a

Rayleigh distillation process in which the amount of S removed
from solution by sulphide'precipitation was a significant frac-
tion of the total S in the initial solution. This indicates
that at least semi-closed conditions existed within some frac-

tures with respect to the transport of hydrothermal solutions.’

34 13c

The negative §~°S values of the pyrite, in association with ¢

values near —70/00 for unexchanged calcites, suggest that these

minerals precipitated from a hydrothermal solution of near neu-

tral pH and of moderately reducing oxygen fugacity (fo ~10-37).

. 2
Isotopic geothermometers for coexisting calcite and dolomite

vield conflicting hydrothermal temperatures, but the best esti-

mate based on the Mg-calcite solvus geothermometer, is about
A

300°C. K
After the period of hydrothermal activity, the calcites

recrystallized and exchanged isotopically with meteoricrgrduhd

18 13

waters resulting in a shift to O-rich but C-depleted cal-

cites. The magnitude and direction of ¢(hese shifts is control-

1B 313

led by temperature, the initial §°°0 and C of the calcite,

the 6180 of He ground water, the concentratiorr and speciation

of the dissolved inorganic carbon (DIC), the dl3c of the DIC,

[ 4

and the time-integrated water/rock ratio of the flow systen.

-
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Because flow in fractured plutonic rock is primarily through

channels along the'f;acéures, calcites are influenced bf highly
variable water/rock ratios which resﬁlts ;n non-unifogm 6180
.values even at the scale of individual fractures. At Chalk
River, the pfesent ground water flow system acts as an open éysf
tem with respect to water (and hence 0) but as a closed system
with respect to C. Calcites with the lightest 613C values h;ve
experienced time-integrated water/rock mole ratios approaching
10°. The presence of l4C in these recrystallized calcites indi-

cates that isotopic exchange is an active process at the present

time.

Fracture calcites from the East Bull Lake gabbro-anor-

thosite pluton exhibit 6180 - 513

-

C relationships similar to the

Chalk River calcites, suggesting low temperature isotopic ex-

change may be a common phenomenon in fractured plutonic rock.
However, fracture calcites in the White Lake trondhjemite are
relatively rich in 13¢ because of the contribution from sedi-
mentary € in_surrounding carbonate rocks at the time of intru-
sion. Consequently isot0pic shifts resulting from recent ex~
change with meteoric waters are more difficult to resolve in

.

such environments.

The stable isotopic compositions of fracture calci%gg,/:

may® Be useful in the CNFWMP for identifying masses of plutojic
rock that have been relatively less permeable to ground water
flow on a time-integrated basis. Moreover, the data suggest

that flow in plutonic rocks would be more accurately described

by discrete fracture flow models rather than by those based on

an equivalent porous medium approach.

[ .
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. o 1.0 INTRODUCTION

One of the major tasks of the Canadian.Nuclear Fuel
Waste Management Program (CNFWMP).is to ascertain whether spent
nuclear fuel waste can-be safely disposed of in plutonic rock
of the Canadian Precambrian Shield (Wushcke et al., 1985). To
this end five sites on the Shieldxggre selected by Atomic Frergy
of Canada Ltd. as centres fbr g905c£§qce resea¥ch into the gen-
eric geologic properties of crystalliné plutonic rocks to depths

N

of up to 1 km. Because ground'water transport is the only feas-
AR

b

ible process by which radionuclidég from buried nuclear waste

o~
could return to the biosphere, the hydrogeologic characteristics

of frac£ured ro;§3 the hydrogeochemistry, and the nature of
ground water flbw systéms in the Shield are elements of funda-
mental importance in this jresearch program. The five AECL
research areas are the ChalK}River and White Lake plutons of the
Grenville Stfuctur 1l Province in Ontario and the Esst éuLﬂ Lake
(near Massey, Ontajgo), Eye-Dashwa Lakes (Atikokan, Ontario) and
Lac du Bonnet (Whiteshell, Manitoba) éatholiths of the Superior

\

Province (Fig. 1}. .

The National Hydrology Research Institute of Environ-
ment Canada was the lead organization responsible for conducting
the hydrogeologic investigations at some of the sites during thHe
earliest days of the program. As a result I had the opportunity
to study the hydrogeochemistry at the Chalk River, Whiteshell,
and. East Bull Lake Research Areas (Bottomley et al., 1984 a, b;

1986). Although the rocks at these sites are silicates, the

dissolution of carbonates, which are present as fracture mine- :

A

>

N
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Fig. 1. Locations of AECL research areas aiscussed in this
study. These areas are the Chalk River . Nuclear

Laboratories (CRNL), and the East Bull Lake (EBL) and
White Lake (WL) plutons. . .
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rals in the bedrock as well as components of the glacial drift
at some sites, was found to be an important process in control-
ling the chemistry of the ground water to depths of 300-400 m.
Characteristically the ground water at these depths is at or
near saturation with respect to calcite, In spite of its common
occurrence as a fracture mineral in core from all of the re-
search\%reas, and its obvious importance as a control on the
ground water chemistry, the origins of the fracture calcite and
the nature of its interactions with present day ground waters
have not heen previously studied in detail ;ﬁ the CNFWMP.
Calcite contains several elements whose concentrations
or isotopic compositions may be,useful in determining its age
of deposition and the nature and 5rigin of the fluids from which
it formed (Larson and Tullbourg, 19847 Milton and érown, 1987).

L

This in turn provides useful information on the palechydrogeo-
logyx;f‘ﬁhese sites and on the suitability of such rock to con-
tain waste disposed within them.

Numerous studiew by H.P. Taylor Jr. and co-workers have
shown that the intrusion of batholiths into permeable country
rocks frequentlxﬁinitiates convective hydrothermal systems in-
volving large volumes of meteoric water (Criss and Taylor,
1986). Extensive oxygen isotopic exchange between the silicat%;
minerals f these plutons and heated mgteoFic water qfteﬁ
occur rQ/é ;gzﬁbky (1981) has extended the;e conceﬁts to the,

oo |
P

isdtopic alteration of Mississippi Valley Type carbonate rocks

by hydrothermal formation waters and Taylor and Buther-Nurminen

{1986 documented the nature of O and C isotopic exchange

i
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reactions between marble and metasomatic fluids at temperatures

" near 400°C. Low temperature, diagenetic isdtOpic exchange ™ be-
b

i
/

tween marine carbonate sediments and meteoric water or sea water

has been demonstrated during the transformation of aragonite,

high-Mg calcite and low-Mg calcite into diagenetic low-Mg cal-
cite (Brand and Veizer, 1980; Al-Aasm and Veizer, 1986: Majid
and Veizer, 1986). Isotopic exchange be£ween deep sea fora-
minifera and marine pore water has been suggested by Killingly
{1983). However low temperature (<25°C)- isotopic exchange
between meteoric waters and fracture calcites in plutonic rocks
and achievement of isotopic gquilibrium have not been cpﬁvin—

“ |

cingly demonstrated. Evidence for isotdpic exchange in these

‘rocks is worth collecting because this process may enable quan-

tificatdon of tha\FiME—integrated flux of meteoric water through
their fracture networks.

Fracture calcite is parﬁicularly abundant in rock core
from the Chalk River Research Area. I have therefore selected
this site for detailed chemical and isotopic analyses of the
calcite and associated fracture minerals and host rock. Addi-
tional analyses have been performed on caicites from the East
Bull Lake and White Lake plutons to support the conceptual model
of calcite isotopic evolution developed ©on the basis of the
Chalk River data. Specifically the objectives of this thesis

are to:
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e

1)

2)

3)

“ . .l ' 5.

describe the occurrences and textures of fracture

calcites in the Chalk River'cdpéb

determine the chemical and isotopic compositions
of these calcites;

explain the age and origins of the. calcite and to
propose a model that accounts for the observed
compositional variations;

test this model against fracture calcite data from
the East Bull Lake and White Lake plutons, and,
suggest how such a model may be useful in identi-
fying rock masses that may be the most suitable
for the containment of radioactive waste over geo-

logic time scales Kat least .10% years).



3 - 2.0 GEOLOGICAL SETTINGS

2.1 CHALK RIVER RESEARCH AREA

.The Chalk River research area is located on the pro-
perty of the Chalk River Nuclear Laboratories (CRNL) of AECL
about 200 km northwest of Ottawa (Fig. 2). It is situated with-
in the Ontario Gneiss Belt of the Grenville Strucﬁural Province
of the Precambrian Shield and lies within the Ottawa-Bonnechére
Graben system which is a large seismically active korthwest
striking fault system (Kay, 1942). The Ottawa River fo%lows the
Mattawa River Fault which defines _the iorthern boundary of the
graben system (Lumbers, 1972). -The Ottawa-Bonnechére Graben
system ‘is about 60 km wide and is bounded on the northeast by
the Laurentian' Highlands and on the southwest by the Madawaska
Highlands. Numerous faﬁlt blocks and dykes are present within
this zone. Kumarapelli and Saull (1966) have suggested this
graben and thg.St. Lawrence River valley form part of an ancient
rift system stretching from Newfoundland to ‘Lake Superior, énd
Burke and Dewey (1973) have proposed that tﬁe graben may be the
failed arm of a triple junction system. The Chalk River pluton
is situated near the northeastern edge of the large Algonquin
bathelith and these two intrusives may be genetically related
(Schwerdtner and Lumbgrs, 1980). | Silver et al. (1977} have
suggested emplacement of the Algonquin bALholith 1.4-1.5 Ga ago
may be linked to the period of transcontinental anorogenic plu-

tonism in North America.



CHALK RIVER
NUCLEAR LABORATORIES

QUEBEC

-

s
5
y—_
o
il
i
.- ._-s Jn“..___-s
. __-____1__________1__;____
1:.11___ hh___lﬁ
__3______:___.5 _q_____s_f
__1__1_:.__ _____:_ql___
i
i ____1_____;
__1_.__:__ [
33‘?5T
’ L]
e %
i, S
a__ﬂ_ ___q 1l hc
HHH
A
‘s h‘-
el
HEN)
ﬁiﬁhﬁﬁh
ry h H ‘
?:,-.nnu»n»nn»"n»mm.v_“_ﬂ.._fﬁ__.____ﬁ__c %____h
-:-»-.nnnnnnvr-» ! 2__11; _q:-s
bb_—nunnbthbbp,rnp -@m‘ J_- sﬁnhh“h
ARAAAAL -
T R S
e bhbtlpbh»bnrp» 11
,,””,"bh’,'>b.”,\ Hﬁ‘
siaasaE AT et
Ahan : Ly AAAAM ﬁ‘ h
P-..-r:bbrn-nn»-.-.b).._ 1 __h
= bbnnwrsbbvvr:- 51 1_
¢ £ unniiashn
2D -rhbnnnnn”vrbh ss:s
) o Hnntpshr.»””w"ﬂ.n 1
1 g S Ay
Al w v nvnnnnnpspbhb ___q_a__:f_::
P ’.”"’,I’DI’ h“hﬁ
. gB A iRaasraasnasa anqﬁ__. i1
B it
i -b"’”.’"’.’.’,".
.”“"”h”t’.’..’””Wﬁ ﬂ-ﬁ&h
n»n»rbvb _-r.-_r.-..‘...'&t_rp‘
AaaRARARAALRL LA a kAL a R,
”ﬁ"””""'.’.’”""mwm ”','-
Ak
AAR

O
o
]
b
=
o
)
x
[
~

Toronto

10.

1 geology of southeastern Ontar

Location of the CRNL research area showing the general
regiona

2.

Fig.



¥
o]

Pt

PYROXENITE AND
m AMPHIBOUITE

[33 METAGABBRO
MONZONITE ORTHOGNEISS

PARAGNEISS
=,

% MAJOR AIR-PHOTO

NG _”" UNEAMENT

- -~ GEOLOGIC CONTACT
\__/

. .. .
DLk

Fig. 3 General geology of the CRNL research area.

-



’ / . . %

The area of investigation is located on the east side
of Maskinongs Lake (Fig. 3) which lies on the eastern recumbent
limb of a large north to northiwest trending antiform (Brown and
Rey, 1987). The axis of this antiform is located several kilo-
meters to the west of the study area and the axial plane dips
steeply to the northeast. Upright\folding followed the earlier
phase of recumbent folding and produced upright folds about
east-west trending axes. Polyphase deformation has resulted in
complexly fractured bedrock. Numerous northwest trending faults
pass through the area which are crosscut by a later set-of east-
northeast trending faults.

The oldest rocks\fﬁ the area are paragneisses which lie
along the west side o% Maskinonge Lake and which form the core
of the northwest trending antiform. East of Maskinonge Lake the
rocks are principally monzonitic orthogneiss which lie struc-
turally above thé paragneiss. The orthogneisses are sheet-like
bodiesiwhich intrided the paragneiss (Dugal and Kamineni, l9é7)..
Metagabbro is irregularly distributed as pod-shaped bodies aiong
the contact between the paragneiss and orthogneiss. Granitic
pegmatite, aplite, and diabase dikes intrude the gneisses and
are the youngest rocks in the area. A small area of amphibolite
and pyroxenite occurs on the northeast side of Upper Badd Lake.
Although the orthogneisses are primari}y.monzonitic, Dugal and
Kamineni (1987)’recognize five varieties of orthogneiss at CRNL
which, in inecreasing order of abundance, are as follows: 1)
quartz syenitic gneiss, 2) gabbroic and monzogabbroic gneiss,

3) quartz monzodioritic and dioritic gneiss, 4) granitic and
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granodioritic gneiss, and S)Qmonzonitic and quartz monzonitic
gneiss. ?lagioclase (oligoclase) is the most abundant mineral
in the monzonitic rocks averaging about 45 modal per cent
(Hamilton, 1984). Other major minerals are potassium feldspar
{25%), quartz fQ%), hornblende (5%), almandir2 garnet and bio;
tite (4% each), and clinopyroxene (3%). Accessory primary mine-
rals (<1%) -includé apatite, zircon, opaques (magnetite and
ilmenite), allanite, and titanite.

The rocks at Chalk River have been regionally metamorn-
phosed during the Grenville‘Orogeny to the upper amphibolite or
granulite fgcies. Dugal and Kamineni (1987) estimate the tem-
perature of regional metamorphism to have been around 650-750°C
at pressures of 4 to 5 kb (400 to 500 MPa). The métamorphic
peak of the Grenvillian event is commonly taken to be about
1100 Myr (Baer, 198l1) but magmatism continued along the Ottawa
graben during the Phamerozoic as recently as at least the Car-
boniferous (Higgins, 1982). Recent seismic gxperiments have
shown that the Moho is wvery disturbed along major portions of
the Ottawa graben and that there is evidence for a rise of high
velocity material at its base (Mereu et al., 1986).

Between 1977 and 1983 ten NQ-3 and five HQ-3 inclined
boreholes were drilled at the CRNL site {Fig. 4). The boreholes
range from 48.5 to 704.3 m in length and have provided a total
of approximately 2960 m of core. A summary of borehole techni-
cal details is presented in Table 1. Boreholes CR2, CR3, CR4,

CR5, CR9, and FS17 were drilled to intersect major structural

discontinuities and therefore the frequency of fracturing
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Fig. 4 Locations of CRNL cored boreholes sampled in this study
and hydrogeochemistry borehole (air percussion drilled)
CR13.
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Table 1 — Technical details of the Chalk River research area cored
boreholes (modified after Dugal- and Kamineni, 1987)

Borehole No. Length of Vertical Depth

(year of Type of . Borehole of Borehole Starting Trend/
irilling) Borehole (m) (m) Plunge
CR1 (1977) NQ-3 270.6 250.4 N16°/79°NNE
CR2  (1977) NQ-3 213.8 185.1 N133°/60°SE
CR3 (1977) NQ-3 | 160.6 ’ 150.9 N135°/70°SE
CR4 (1978) HQ-3 113.4 102.8 N134°/65°SE
CR5 (1978) HQ-3 230.4 199.6 N314°/60°Nw
CrR6  (1978) NQ-3 305.5 ' 293.5 N184°/75°3
CR7 (1978) NQ-3 153.4 148.1- N184°/76°s
CrR8 (1979) NQ-3 306.3 292.3 N245°/75°SW
CR9  (1979) NQ-3 704.3 571.5 N235°/60°SW
CR10 (1980) NQ-3 112.8 112.8 vertical
CR1Y (1980) NQ-3 106.7 106.7 vertical
CR12 (19803 NG-3 121.0 121.0 vertical
FS15 (1983) - HQ-3 48,5 48.5 vertical
FS16 (1983) HQ-3 50.3 50.3 vertical
FS17 (1983) HQ-3 60.8 60.8 vertical
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observed in the core is higher for these boreholes. The average
fracture frequency for all boreholes is about 15 fractures per
metre and the bedrock is considered to be well to highly frac—\//ﬂ
tured (Dugal and Kamineni, 1987). The fractures usually contain
one or more infilling minerals with chlorite and calcite domi- -
nant. Pyrite, sericite, epidote, iron oxides, clay minerals and
rock fragments aré als present. Crosscutting relationshibs
indicate epidote is tha oldest infilling followed by chlorite
and sericite (Dugal and Ramineni, 1987). Calcite and pyrite
occur toward the centre of chlorite-lined fractures indicating
that they formed subsequent to chlorite formation.

The hydrogeclogy of the CRNL site to dépths of about
300 m has been studied in detail and is described by Raven
(1980), Davison (1981), Davison et al..(l982), Bottomley et al.
(1984), Novakowski et al. (1985a,b), and Raven (1986). The
hydraulic conductivity of fractured crystalline rock is primar-
ily a function of fracture aperture, spacing, continuity, and
interconnectivity. Equivalent rock mass hydraulic conductivity
values determined £from borehole hydraulic testing range from
about 2.4 x 1077 m sl to 2.9 x 10712 n s™! and reflect the
variability in the geometry of the fracture system (Raven,
1980). Effective equivalent fracture apertures are also highly
variabl'e ranging between 1 and 500 pm. The most permeable
pathways at CRNL are associated with discrete fracture zones

associated with faulting and which are extremely important in

the development of both local and regional scale flow systems.
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The chemistry of the CRNL bedrock ground water to

depths of about 500 m,hés been described by Bottomley et al.
(1984a, b} and M»s based primérily on detailed. studies in air-
percussion drilled bor;hole Cﬁ—l3. Briefly, the shallow ground
water in the upper ~50 m at CRNL is of the'Ca/HCO3 type. This
evolves to Na/HCO3 water (probably via ion exehange reactions)
which is present to depths of 200-250 m. Both water types are
saturated with respect to calcite. Dilute Na/Cl ground ‘water
ts present from 250 m to at least 350 m, and is apparently due
te the presence of a component of Champlain Sea' water which
covered much of the CRNL area about 11,000 years, ago following
deglaciation (Catto et al., 198l1). These authors estimate the
Champlain Sea had a salinity of 12-16°/oo in this region. Below
350 m the ground water chemistry appears to revert to the
Na/HCO3 type although drillingufluid contamination in the Dbore-
hole may have obscured the true chemical nature of the ground
water at depth. Bedrock ground water chemistry at CRNL is

. &
summarized in Table 2. -

-/

2.2 EAST BULL LAKE RESEARCH AREA

The East Bull Lake pluton is located about 35 km east

[

of Elliot Lake, Ontario in the Superior Structural Province of
the Precambrian Shield (Fig. 1). The pluton is comprised pri--‘r
marily of gabbro and anorthosite and has a maximum depth oé
about 780 m with the shape of a layered lopolith. Kamineni et
al. (1984) have divided the pluton into 12 rock units. The

thickest unit is a basal anorthosite approximately 400 m thick
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1l6.
which grades upward into gabbroic anorthosite and a rhythmic
layered anorthosite-gabbro unit. A troctolite unit, which is
partly serpentinized,‘and ﬁigﬁly_fractured and permeable at its
base separates the rhythmic layered unit from overlying layered:
crescuﬁmulate, and massive gabbro rock units,

The age of the pluton is about 2500 Ma based on a U-Pb

" age of 2480 +10/-5 Ma for baddeleyite (Zrbz) fractions im a
gabbro sample (Krogh et al., l98§) and a Sm-Nd age °£4 2472
t70 Ma for the troctolite unit (Kamineni et al., 1987). The
pluton is cut by numerous mafic dikes which shave reported K-Ar
ages ranging from 1.65 to 1.98 Ga (Kamineni'et al., 198%5). The
‘pluton is underlain by gneissic'rocks, granogiorites, and meta-
volcanics of Archean age.

The petrology, primary mineralogy, alteration and frac-
ture infillinq‘mineralogy of the pluton is described in Kamineni
et al. (1985), Ejeckam et al. (1985), James and Born (1985),
Kamineni (1986), and *Kamineni et al:J(l986) and is briefly sum-
marized here. The EBL pluton is estimated to have crystallized
at 1050°C (Kamineni et al., 1985) with clinopyroxene and plagio-
clase they most common primary minerals in the gabbro units, ac-
compémied< by olivine and orthopyroxene in the troctolite unit.
"The anorthite content ;% the plagibdlase varies between bytown-
ite and labradorite in the %ower rock units and between labfa-
dorite and andesine in the units above the troctolite.

The clinopyroxene in the upper rock units iskéimost

totally replaced by calcic amphiboles (hornblendey actinolitic

hornblende, and actinolite) which frequently form an alteration
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rim around a cliJ;pyroxene core. However, unaltered pyroxene

is present in parts of the troctolite unit. Dating of this

secondary hornblende by the 4

OAr/39Ar method indicates an age of
1800-1900 Ma which correlates well with a period of mafic dyke
intrusion.into the plutonr(Kam?neni et al., 1987).

The metamorphism responsible for the amphibole forma-
tion is believed to have occurred in the temperature range of
400 to 600°C at 100 to 200 MPa within the epidote-améhibolite/
greenschist metamorphic facies (Kamineni, 1986). This metamor-
phism was pervasive and was also responsible for the formation
of biotite, e?idote, clinozoisite and chlorite. Other altera-
tion minerals are the result of low grade, retrogressive meta-
morphis& controlfed by fluid circulation through fractures.
Both prehnite-~pumpellyite facies and lower temﬁerature zeolite
facies mineral’ assemblages (laumontite and analcime with cal-
citex have been rgcognized as well as low temperature clays,
iron oxyhydroxides and gypsum. The prehnite-pumpellyite- facies

formed at a temperature of 200-300°C &nd the zeolite facies at

temperatures of less than 200°C although the minimum temperature

of laumontite formation is not well constrained. Laumontite isg

formed from the alteration of the plagioclase which, in some
large fracture zones, has resulted in plagioclase albitization
(Kamineni et al., 1985). Serpentinizatioﬁ of the troctolite is
considered by Kamineni et al. (1985) to be the result of preh-
nite-pumpellyite facies metamérphfsm. Minor amounts of fracture

chlorite also formed in this facies.
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Kaolinité .is the major 1$w temperature clay mineral
present but its formation is apparently not widespread and is
concentrated in specific fracture zones. Similarly gypsum has
orly been identified in fréctures between 265fand 300 m in bore-
hole EBL-3. Vermiculite has been identified in core from EBL-3
but it is believed to have formed at relatively high tempef—
atures in the prehnite-pumpellyite facies. ]

Four cored boreholes (EBL-1 to 4) and fourteen air-per-
cussion boreholes (P.l to 14) were drilled into the pluton
(Fig. 5). Borehole EBL-1 is vertical and was drilled to a depth
of 851 m to determine ﬁhe thickness of the pluton. Serpentin-
ized troctolite is present from 164-210 m and granitic basementn
rocks were encountered at 770 m in this borehole. Borehole
EBL~2 is inclined at 71-75° and has a length of 836 m and was
drilled to investigate th%,geology and hydrogeology of the 050 :;}E
and 130 lineaments (Fig. 5). The troctolite zone extends from
51-122 m in this borehole. Borehole EBL-3 is inclined at 57-60°
and has a length of 441 m and was drilled into highly fractured

and altered rock associated with the Folson Lake Fault. Bore—

hole EBL-4 was drilled to investigate an area that is relatively

I »

remote from major/surf;be structural lineaments. The borehole
is inclined at 65-69° and has a length of 489 m. The troctolite
unit occurs from 119 to 185 m and as in EBL-1 and 2 is partly
serpentinized.

The fourteen air-percussion holes range in depth from
38-99 m. Boreholes P-1, P-3, and P-4 provide shallow intersec-

tions with the 130 lineament while boreholes P-2, P-5, P-6, P-8
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Fig. 5. Locations of EBL cored boreholes {(EBL1-4) and air per-
cussion drilled boreholes (Pl1-Pl14)(From Raven et al.,
~ 1987).
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and P-14 intersect the 050 lineament.. Borehoies P-12 and p-13
were drilled to shallow depths into the Folson Lake Fault zone.
Tﬁere are several major structural discontinuities or
lineamen£s transecting the pluton, most notably the 050 and 130
lineaments, and the Folson Lake Fault (Fig. 5). The 130 linea-
ment is associated with a nortﬂwest striking mafic dyke whereas
the 050 lineament likely reflects the presence of a large frac-
ture ;one or fault. Both lineaments dip steeply to the north.
The Folson Lake Fault is a large regional fault that strikes
northwesterly through the area. The hydraulic cgnductivity of

the rock mass ranges from about 1078 o 71 near the surface to

less than 10722 m s™1 at depths greater than 400~500 m (Raven et

al., 1987}. Howevér, fracture zones associated with the 050 and

130 lineaments have average hydraulic conductivities of 0.6 -
7 -1

1.0 x 100" m s~ ~. Major, low dipping fracture zones associated
b

with the base of the troctolite and anorthosite units h?ve simi-
lar, high hydraulic conductivity values, "

Ground water sampling was conducted in all cored and
air-percussion boreholgs and the hydrogeochemistry of the pluton
has been described in Bottomley et al. (1986). Three chemical
types of ground water are present in the EBL pluton. In the re-
charge area of the local flow system (near borehole EBL-1)
Ca/HCO3 water is present which rapidly evolves by cation ex-

change reactions to high pH {~.10) Na/HCO. water along the direc-

3
tion of ground water flow. The discharge areas for this local
system are along the Folson Lake Fault and along the topographic

depression created by the intersection of the 050 and 130 linea-
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ments. Below a depth of about 350 m saline Na/Cl water is pre-
sent which, on the basis of its chemistry and hydraulic head,
is believed to be part of a deep regional ground water flow sys-

tem. The ground water chemistry from all boreholes ig listed

in Table 3.

2.3 WHITE LAKE RESEARCH AREA

The White Lake pluton is located about 65 km west oOf
Ottawa on the northwest side of White Lake (Fig. 6). It was the
first site to be assigned research area status in the CNFWMP and
the first and only research area to be abandoned because of
public opposition to nuclear waste disposal related research in
the area. Consequently only a limited amount of hydrogeoclogic
work was-done at this site which included the diamond drilling
of four 30 m deep boreholes, one 38 m borehole and one inclined
79 m borehole (Dugal et al.,, 1979).

The White Lake . pluton is located within the Centrdl
Metasedimentary Belt of the Grenville Province and its geochem-
istry and petrogenesis have been described by Somers (1984).
The pluton is a granitic-trondhjemite which Lumbers (1982) has
assigned to the biotite suite of plutonic}rocks in this belt.
Itﬁis prekinematic with respect to regiona‘ metamorphism having
an age of between 1.3 and 1.0 Ga (Lumbers, 1982) and is intru-
sive into the marbles of the Grenville Supergroup metasedimen-
tary rocks. Because of 1its uniformly low Rb/Sr ratio (0.05-
0.09), it has not been possible to date this pluton by the

Rb/Sr method (Bell and Blenkinsop, 1980). The pluton has a
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Fig. 6. General geology of the White Lake pluton showing loca-
tion of the drill site (DS) and marble cutcrop sampling
sites (1-10).
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6180 of 7.3x0.6%/00 (SMOW) (Wu and Kerrich, 1986) which is typi-
cal of trondhjemitic rocksrin this part of the Grenville and
which has been interpreted as indicating these rocks formed from
a primary magma genérated in the lower crust or upper mantle.
The pluton has a well developed gneissosity and veins
and lenses of potassic granite pegmatite and feldspathic amphi-
bolite are abundant. Fracture spacing in core from the bore-
holes varies ffom 0.25 cm to 2 m, depending on the location of
shear zones and highly fractured areas (Dugal et al., 1979).
Calcite is the dominant fracture infilling but chlor-
ite, sericite, clay- minerals, and pyrite are  also present.
Hematitic staining is heavy in the highly sheared zones. Hyd-
raulic testing and ground water saﬁpling were not conducted in
the boreholes. Y
Because ithis pluton is intrusive into carbonate rocks,
CO2 produced by decarboration or dissolution reactions could
be convectively transported into the fractures of the cooling
pluton and the C precipitated in fracture calcites. Therefore
White Lake fracture calcites and the marble country rock were
analyzed to determine whether sedimentary C would have to be
considered as a C source for fracture calcites in plutons that

are intrusive into metasedimentary formations.
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3.0 THEORETICAL CONSIDERATIONS CONCERNING THE ORIGIN

AND ISOTOPE GEQCHEMISTRY OF FRACTURE CALCITES

3.1 WATER/ROCK INTERACTIONS AND THE FORMATION .
OF LOW TEMPERATURE SECONDARY MINERALS

In shallow meteoric ground water flow systems in frac-
tured pluton;c rock there are three major water/rock interac-
tions controlling the chemistry of the ground water:

' a) dissolution of carbonates that are present either
in the fractures or in unconsolidated surficial
deposits or sedimentary rocks mantling the base-
ment rocks. This may lead to reprecipitation of
secondary calcite;

b) exchange reactions between solutes in the ground

water and adsorbed cations primarily on clay mine-
rals in the fractures, This process may be a
major control on the chemical evolution of ground
water;:

c) incongruent dissolution of primary rock-forming

silicate minerals which (unlike processes. (a) and
(b)) results in the formation of a secondary rela-
tively Al-rich silicate mineral. An example of
this type of reaction is the dissolution of albite
by carbonic acid to produce kaolinite:

(1) : 2NaAlSi308 + 11 H,0 + 2CO, =

2 2

, + - .
A1231205(0H)4 + 2Na + 2Hco3 + 4H431O4.
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The solubility of Al is very Tow except in very low or

very high pH waters and thus is largely conserved in the secon-

dary mineral. The low solubility of Al enables relative mineral

stability relationships to be depicted on two-dimensional phase

diagrams (Drever, 1982), examples of which are shown in Fig. 7

to 10 (at 25°C). The chemical compositions of CRNL and EBL

ground waters have been plotted on these diagrams in order to

determine which minerals should be the most stable in contact
with these waters.

For the systeé CaO-Al2O3—Si02—H20 either kaolinite or
Ca-smectite is expected to be the most stable phase in contéct
with the CRNL ground waters (Fig. 7). In contrast, the EBL
ground waters show a progression from kaolinite in contact with
shallow, relatively low pH recharge ground waters to smectite
and/or laumontite in the evolved Na/HCO3 and deep i?line Na/Cl
ground waters. Kaolinite and laumontite are present in frac-
tures of the EBL core but smectite has not been identified by
XRD analysis. Laumontite, which is particularl& abundant in the
anorthosite unit, generally forms under hydrotﬁermal conditions
(<300°C) but the minimum temperature of its formation is not
well constrained. Laumontite formation has been reported at
temperatures as low as 50°C {(Boles and Coombs; 1977) and laumon-
tite of apparent authigehic origins has been found in deep sea
sediments (Sands and Drever, 1978) which implies that even lower
temperatures than 50°C are possible fa% laumontite formation.
The apparent stability of laumontite in contact with the Na/HCO

3
ground waters at EBL is probably a consequence of the high pH
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25°C (after Drever, 1982). Ground waters are plotted
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of the waters (up to pH 10.4) ;atherﬁthan an indication of
active, present day laumontite formayion. Nevertheless; laumon-
tite crystallization as the result of recent water/rock inter—
actions cannot be precluded.

For the system Na,0-Al,0 -5i0,-H,0 kaolinite is again

273 2 72

predicted to be the most stable phase in contact with the CRNL
. FaN

ground waters and the shallow EBL ground waters (Fig. 8). The
geochemically evolved Na/HCO3 waters and the saline Na/Cl
waters at EBL should be in equilibrium with albite. Albite has
been observed in fractures in the anorthosite and has been

attributed to albitization of plagioclase with concomitant

formation of laumontite: ~he -
. . . . . " +
(2) NaA151308 CaA1281208 + 3 3102 + 2H20 + Na =
: : . 2+
2NaA131308 + O.SCaA12814O12 4H20 + 0.5 Ca

Therefore, as in the case of laumontite the stability of albite
in these waters does not necessarily mean that it is forming
from present day albitization.

A Sr isotope study of the EBL pluton including ground
waters and fracture calcites and laumontite was conducted by
McNutt et al. {1987). The 87Sr/87Sr ratios of the calcite and
laumontite are relatively constant at 0.7125 and are more radio-
genic than present day whole rock values which are generally
less than 0.710. McNutt et al. (1987) have suggested that the
high raticos for the calcjte and laumontite could reflect Sr iso-

tope exchange between a parent hydrothermal fluid and K-rich

secondary fracture minerals such as amphibole %and biotite
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which formed during the earlier metamorphic event of 1800-1900
Ma ago. They have suggested an early Phanerozoic age for these
calcites based on the assumption that the 1%Bhontite associated

with the calcite formed in fesponse to bu 'ak\metamorphism con-

ditions imposed by Early Paleozoic sedi entatggh on the Precam-
\ . ﬂ

brién craton. Crosscutting relationships indicate that laumon-

~—

~tite-bearing fractures are less than about 900 Ma old {McNutt
rd

et al., 1987) but there is no minimum age estimate.

Because the Na/HCO
3 .
the same 87Sr/BGSr ratio as the calcite and laumontite, McNutt

and Na/Cl waters have essentially

et al. (1987) have suggested that dissolution of thgse minerals
may be cbntrolliné the Sr isotopic composition of these ground
waters. However, laumontite is apparently stable in the deep
EBL ground waters And therefore dissolution cf this minera{ is
an unlikely control on the Sr isotopic composition.. Instead of
an earlier fracture mineral control on the isotopic composi;ion
of the laumontite and calcite, it is possible that these mine-
rals (and albite) prgcipitated from the Na/Cl water that is now
found only at dépth in the pluton but-which at one time may have
infiltrated the entire rock mass. Such an intrusion would have
filled most of the exchangeable cation sites on clay minerals
with Na' as well as imparted its ' isotopic signature 'on the
exchangeable__§r2+ population of the fracture minerals. This
model would appear most suited for explaining the similarities

in the Sr isotopic compositions of the Na/HCO and Na/cC1l

3

waters despite their large difference in Sr2+ concentrations
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.sepiolite and -serpentine are considered (Fig. 9)

31.
and the diffeﬁfnces in age and origin of these waters. 1In other
rords, the Sr isotopic composition of the Na/HCO3 water 1is
likely in equilibrjum with and controlled by the isotopic com-
position of éhe exz;éngeable Sr2+ in the fractures.

For the system MgO—A1203—Si02—H2O kaclinite 1is '‘predic-
ted to be the most stable phase 'in contact with both .the CRNL
ground waters and most of the shallow EBL,quund waters based
on the mineral stability diagram of Ne Qitt (1980) (Fig. 9).
Chlorite is predicted %o be in equ{;f;rium with the deeper
Na/éCO3 and Na/Cl ground waﬁg;g_a@~8€ﬁi However if the solubil-
ity relatioriships of otheg magnesium silicates such as talc,
, then it 1is
apparent that many of the ground waters are highly supersatura-
ted wiﬁh respect to talc and therefore if chlorite formed from
these waters it would be metastable with respect to talc. This
is also true for serpentine and sepiolite.

Talc has been identified in fractures of the CRNL core
but chlorite and serpentine are the major Mg. silicate fracture
minerals in the EBL _core. These minerals, ﬂawever, are pre-
dominantly of ancient hydrothermal origins (Kaminen} et al.,
1985). Serpentinization primarily occurs in the troctolite unit
and is considered to be the result of prehnite-pumpellyite
facies metamorphism. Convincing evidence for significant low
temperature Mg silicate formation at EBL is lacking.

A stability diagram for the system KZO-A1203—Si02~H20

is shown in Fig. 10. Kaolinite and muscovite/illite are pre-

dicted to be stable secondary minerals in equilibrium with the
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CRNL ground waters. The deeper EBL ground waters are super-
saturated with respect to K feldspar so this mineral along with
kaolinite and muécovite/illite are predicted to be stable at
this site. Sericite is present in the CRNL fractures but not
at EBL. Adularia is present in EBL £fractures but it is of
ancient hydrothermal/origins (Kamineni et al., 1985}. Adularia

from the Folson Lake fault gave a 4OAr/39Ar age of 940 £ 3 Ma

" (McNutt et al., 1987). ~Low temperature K feldspar formation has

not been observed.

Stabilit? diagrams predict which “minerals should be
thermodynamically stable in contact with the ground waters.
However, kinetic considerations may be such that mineral nucle-
ation and precipitdz?on'or crystallization from amorphous pre-
cursors may be extremely slow, especially in low temperature
ground water systems. For example, all the CRNL and EBL ground-

i

waters are(supersaturated with respect'to quartz (which has a

solubility of 10"%M at 25°C and pH <9) but are undersaturated

with respect to amorpho;s silica (solubility 2 x 10_3M). Al-
though quartz is present in hydrothermal vein calcite it is not
precipitating from the present day ground waters. Quartz pre-
cipitation in low temperature (<25°C) sedimentary or diagenetic
®rivironments is a rare occurrence. The same kinetic constraints
are also applicable to the formation of feldspar Jinerals.

Ed The trends in the major ion compositions of the CRNL

and EBL ground waters are shown in the ternary diagrams of Figs.

11 and 12. Shallow ground water at both sites is of the Ca/HCO3

type which evolves primarily by ion exchange to the Na/HCO3 type

1
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3s.
both laterally along the direction of yground water flow and with
increasing depth. The Na/Cl water pregent%at both sites is not
a geochemically evolved daughter of the Na/HCO3 water but is
the result of the infiltration of saline water iﬁto the plutons
from external reservoirs. At CRNL thé Na/Cl water is thought
to represent a small component of Champlain Sea water that in-
filtrated the subsurface following deglaciation.
However the Na/Cl water at EBL is much more saline than
the Na/Cl water at CRNL with a maximum measured TDS of 4.3 g
L_l. This deep saline water at EBL appears to be part of a
deep regional saline ground water flow system. This interpre-
tation is based on borehole hydraulic head measurements and on
the chemical and isotopic characteristics of the saline water
{Raven et al., 1987%.Bottomley et al., 1986). 1In particular,
the Br/Cl ratios (both of which are conservative elements) of
the EBL saline waters range ffom 0.003 to 0.005. These ratios
are close to those of sea water (0.0034) and sedimentary forma-
tion waters (0.002-0.007) but lower than the ratios in deep
brines (0.062—0.013) from mines on the Canadian Shie}d (Frape
et al., 1984). Ratios significantly higher than sea water have
been attributed to leaching of saline fluid inclusions or halo-
gen-bearing silicate minerals (Kamineni, 1987).
’In summary it can be concluded that mineral reactions
with postglacial ground waters at CRNL thermodynamically favour
the formation of kaolinite and illite, Ca-smectite, or talc.

Kaolinite is predicted to be particularly abundant because of

its-stability in all the chemical systems considered (Figs.

(

‘\ l.\
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7-10). However, disézzkg infillings of kaglinite have not been
observed presumably because of low temperature kinetic inhibi-
tion of its‘formation. Kaolinite has been observed as an aiter—
ation product of feldspar adjacent to rather than within frac-
tures of the Eye-Dashwa pluton, Atikokan (Kamineni and Stone,
1983) and tﬁis may be its principal mode of formation at CRNL
as well. 1In subsequent chapters it will be shown that calcite
recrystallization is a more active process than the incongruent
diésolution of silicatés. This process has had a major impact
on the chemical and C and Sr isotopic composition of the ground
water and on the 6180 and 613C compositions of the recrystal-
lized calcite 1itself. Exchange reactions involving the adsorp-

2+

. + ., . .
ticih of Ca and the release of Na 1is the other major mineral-

water interaction process at CRNL.

3-2 MINOR AND TRACE ELEMENT COMPQSITIONS OF SECONDARY CALCITES

Minor or trace elements in calcites are potentially
useful indicaiors of the chemistry, and hence the nature, of the
fluids from which they preézpitated. If the element of interest
substitutes for Ca in the calcite lattice then the incorporation
of this element may be explained in terms of the Partitioning
theory (McIntire, 1963: Kinsman, 1969; Veizer, 1983 a, b). The
distribution coefficient for the substituting element "1s de-

fined ag:

(mt/mc)s

(3) K = (m /m_7,
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where m is moles, t is the substituting element, c is the major
-4

element (in this case Ca), ¢t is the solution, and s is the
hY

solid. In other words, the mole ratio of the substituting ele-

ment to Ca in calcite should be controlled by the distribution

coefficient and the mole ratio in sclution. For elements with
a kt >1 the precipitated calcite will contain higher c;;centra—
tions of these elements, relative to Ca, than the solution from
which it precipitated. The opposit? is true for elements with
a kt<l. Suggested k, values, modified after Veizer (1983a), are
listed in Table 4 for elements of interest in this study. Be-
cause distribution cogfficients for scme elements may vary with
temperature, rates of calcite precipitation (Lorens, 1981},
solution chemistry (Pingitore and Eastman, 1986), and growing
crystal surfaces (Reeder et al., 1987), these values should be
dbnsidered only as estimates of the direction and magnitude of
elemental enrichment or depletion in calcite relative to the
solution from which they precipitated, However, it is evident
that Fe, Mn, and Zn will be enriched in calcite relative to the
solution from which they precipitated, and Sr, Mg, and Na will
be depleted. In particular, Sr and Mn may be useful in identi-
fying the origins of calcite deposition because their distribu-
tion coefficients are reasonably well known and markedly differ-
ent in direction., They alsoc tend go be located mainly in the
carbonate lattice. as opposed to the associated insoluble re-
sidue or, in the case of Na, in interstitial lattice positions
(Ishikawa and Ichikuni, 1984). Moreogggé\iiiisg/Waters of dif-

ferent origin (meteoric, marine, or magmatic) may have very

I *
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Table 4 -~ Recommended distribution coefficlents (k.) for selectedd
minor or trace elements in directly precipitated calcite

{modified 3fte§ Veizer, 1983a).

v

RECOMMENDED
ELEMENT . kt REFERENCE
St 0.13 Kinsman (1969) |
0.06* Pingitore and Eastman (1986)

Na 0.00002~0,00003 Moller et al. (1976)
Mg 0.015-0.045 Gascoyne (1983) ’
Fe 1-20 Velzer (1974)
Mn 6-16 Bodine et.al. (1965)

Michard (qus)
Zn 5.5 Dardenne (1967)

* recommended value for solutlons with Sr/Ca ratios (molar) >0.31¢:10"3
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3

different Sr/Ca and Mﬁ/Ca-ratios which may be recorded in the
calcites. Hence it is necessary to know what these ratios are
in different subsurface waters if the oﬁigin of the calcite is
to be inferred from its chemistry. Nevertheless, minor and
trace elements have proven very useful in describing the dia-
gentic transformation of marine carbonate sediments (Brand and
Veizer, 1980; Majid and Veizer, 1986; Al-Aasm and Veizer, 1986),
and therefore may be expected to be useful in investigations of

_ . ¥
the origins of fracture calcites,

i

The shapes of chondrite-normalized rare earth element
(REE) patterns in fracture calcites should be controlled by
source—materials, solution Ehemistry, and water~rock interac-
tions (Gtaf,-l984ff'1HOWever, since the REE as a group exhibit
similar chemical behaviour, REE patterns are insensitive to
changes 1in total concentration of all REE, changes in flow

regime, or changes in precipitation rate. Rare earth elements

with ionic radii closest to that of Ca2+ such as Ce+3 Pr+3, and

r

+3

Nd Shoul% be enriched in calcite relative to other REE especi-

ally Lu which has the smallest ionic radius (Morgan and Wand-
less, 1980). However, since all REE are strongly complexed by
Cogﬂ and Cl, mineral-solution distribution coefficiénts of REE
may be reduced to lower values than those for pure water (Graf,
1984). Both the degree and direction of fractionation in the
distribution coefficients for REE as the result of complexation

-

are apparently sensitive to the carbonate-chloride ratio in

solution.
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3.3 1SOTOPIC COMPOSITIONS OF OXYGEN AND CARBON IN GROUND WATERS

This thesis is mainly concerned with the stable is;l
topes of oxygen, which is the most abundant element in carbondte
and silicate minerals, and with carbon. Oxygen has three stable

isotopes in the following abundance (Garlick, 1969): /r‘

3

A}

le 17 18

0 = 99.763%, 70 = 0.0375% and ‘%0 = 0.1995%.

180/16

However it is the 0 ratio which is generally determined

because of the greater mass difference and higher abundance of
o~ - 12
these isotopes. Carbon has only two stable isotopes, c
(98.89%) and 13c (1.11%).
Relative isotope concentrations with respect to stan-
. dards can Bk measured very accurately with double collecting

mass spectrometers. Stable isotope values are reported in

§(°/00) notation with the & value being defined as:

R{sample) - R{standard) X 103 \J/ﬁ\\

(4) §9/00 = R(standard)

~

where R 180/160

or 13C/12C. The internationally ac-

lBO

cepted standard for is Standard Mean Ocean Watar (SMOW)

or the Pee Dee Belemnite (PDB) carbonate standard, the latter

also being the standard for 13,
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3.3.1 Oxygen Isotopes

Ground water may be of meteoric, connate, or juvenile
ofigins. Thus the O isgtopic composition of ground water can
vary widely, a fact which can be used to identify the nature of
the water responsible for secondary mineral formation in frac-
tured rock. The ig;topic characterigstics of different sources
of ground water are briefly reviewed in this sgection and the
compositions of the present day CRNL and EBL ground waters are
described and discussed. \

»
3.3.1.1 meteoric water

Meteoric water is derived from ogean water which has

(by definition) 6180 and 62H concentrations very near Oo/oo

(SMOW) at the present time. Because of equilibrium and kinetic!
fractionation factors associated with the evaporation of water

from the surface of the ocean, water vapour 1s significantly

18 2

depleted in 0 and H relative to ocean water. The condensa-

tion of water in equilibrium with water vapour and its subse-

+

quent removal from a cloud results in an i?otopic relationship

4

e
between vapour and ligquid described by the/Rayleigh distillation

equation (Broecker and Oversdy, 1971):

AN
(5) R = glent)
Q . r 4

B e
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18_,16 . _ . _
where Ro = 0/"°0 ratio of the vdapour prior to condensa-
tion
18_,16 . .
R = 0/ 0 ratic of the remaining vapour
‘ - T
‘ £ = fraction of the vapour remaining
a = isotopic fractionation factor between liquid and

vapour phases.
Thus the first rain to form from ocean-derived water vapour
should have an isoctopic composition similar to that of ocean
water and this in fact is what is obsesrved in low latitude
marine rains,. Hoﬁfver, as the number of condensaﬁion stages
increase the vapour becomes progressively more depleted in heavy
isotopes as does the isotopic composition of the rain that sub-
. sequently condenses from it. Moreover, both the condensation
process and the isotopic fractiocnation chtor-between liquid and
vapour depend on temperature. Therefore, the latitude, alti-
tude, and season of precipitation all influence the isctopic
composition of precipitation through the temperature effect.
. The net effect is that continental precipitation is. depleted
in 18O and 2H compared to marine and coastal precipitation and
the magnitude of this depletion' is directly related to the
nature of the codling process "of the original vapour mass.
Figure 13 shows very generally the average 2H and 18O concentra-
tions for meteoric surface waters_ in North America (Drever,
1982). The isotopicaily light meteoric water in inland regions
of Canada where the CRNL and EBL areas are located is clearly,
evident and is attributable to the previously described clima-

tolﬁzacal and geographic factors®
s .

ot
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Mean annual deuterium and oxygen-18 (parentheses) con-
centration contours for meteoric water in North America
(from Drever, 1982, adapted after Sheppard et al.,
1969).
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Craig (1961) showed that on a global basis the 180 and

2H contents of meteoric waters were related by the "global mete-

oric water line" equation:

(6) §°H = 8 57 °0 + 10%/00
This equationAis of general validity for most continental local-
. K .
ities although the slope (8) and intercept or the deuterium ex-
cess (+100/oo) of this relationship do wvary , regionally.
Furthermore evaporation of rainwater before or during ‘infiltra-
18

tion can preferentially increase the 0O of ground water re-

charge relative to 2H resulting in a slope of less than 8.

w -
It is also knewn_that if recharge occurs preferentially during
a cerfain season the 6180 of ground water will be weighted to-
ward the Glaqgof the precipitation during that season rather

o
than reflect the annual average 6180 of the precipitation.

Nevertheless ground waters of meteoric origin are sufficiently
depleted in 18O and 2H relative to other sources to impart a
characteristic isotopic signature to secondary minerals formed

by low temperature chemical interactions between' ground water

and silicate minerals in igneous rocks.
b
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3.3.1.2 connate water , )

L)

North American formation waters (i.e. interstitial
water in sediments) were at one time believed to represent con-
nate or original sea water trapped in sediment pores at the time
of depositfoﬁ. However, isotopic studies of these brines
(Clayton et al., 1966; Hitchon and Friedman, 1969) have shown

that chemically modified meteoric waters are a major component

of .these brines. On 6180—62H plots formation waters do not

-~

follow the meteoric water line but rather exhibif\iso enrichment
relative to "H. As & consequence formation waters'from a given

sedimentary basin plot on a trend line that has a slope of less
- o . . . . . T

"than 8.and an 1ntercep§\w1th the meteoric water line that is
indicative of the isctopic composition of the precipitation at

the time of recharge (Fig. 14).

The 5380 of ocean water has been relatively constant

(tl—2°/oo} at least since the beginning of the Mesozoic (Taylor,
1974) although there is evidence that the s*80 of the pre-Silur-

ian ocean ﬁ@y have been as much as 5.5%/00 lighter than SMOW

(Brand and Veizer, 1981; Vaizer et al., 1986). 1In contrast the

6180 of the highest sakinity 0il-field formation waters range

between +5 to +lOO/oo.\ This enrichment has been attributed to

low temperature (as low as 10°C) isotopic exchange with lBO rich

marine_carbonate rocks (5180 = +25 to +30°/oo) over long periods

of geologic time in systems with low water/rock ratices. 1In high
v

water/rock environments the 51§O of marine carbonateé/‘;;x\?e

shifted to less positive values. In contrast ground water in

contact with igneous rocks (6180 = +5 to +10°/00) at tempera-
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Fig. 14. Oxygen l8-deuterium plot of some, North American forma-
tion waters (Clayton et al., 1966). The position of
the intercept of the 180-2H line for each basin approx-
imates the present day isotopic composition of meteoric
water in each region.
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tures below about lSOiC should experienceV litgleJ 18O shif{/
unless perhaps water/rock *‘ratios are extremely low (Truesdell
and Hulston, 1980). It should be noted that}altered meteoric
thermal waters exhibit an oxygen isotopic shffﬁ from the metel
oric water without a comparable hydrogen shift. This is because
the hydrogen dontent of the major rock forming minerals is too

low to affect the deuterium content of the water.

3.3.1.3 juvenile water g

Juvenile watef is defined as water derived from the
mantle that has never been. in contact with meteoric waters.
-

Uncontaminated juvenile waters have probably never been sampled.
Juvenile water is not the same as magmatic waters which are
solutions that have thoroughly exchanged chemically and isotop-
icall§ at magmatic temperatures ({about 700°C to 1ll00°C) with a
magma system or an igneous rock body (Hoefs, 1973). Magmatic
waters have no unique origin since juvenile, meteoric, and for-
mation water co?Ponents are all possible. Most igneous rocks
///'\have 5180 valﬁeé of between +5 and +10°/oo and §%H values of
between -50 and -85%/co (Taylor, 1974). Insofar as magma can
only exist between about 700°C and 1100°C, Taylor (1974) has
defined "primary magmatic water" as water in equilibrium with
"normal" igneous rocks at temperatures >700°C. Because isotopic
fractionations between water and minerals are very small at
these high temperatures the isotopic composition of primary

magmatic water is similar to that of normal igneous rocks.

Hydrothermal waters are waters heated to temperatures that are
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less than magmatic. Such waters are nongeneric and do not have
a unique isotopic signature. However, 'hydrothermal waters of

meteoric origins can be expected to exhibit' an 18

O shift to
higher values because of isotopic exchange with rocks. Meta-
morphic water is water of any origin ‘that equilibrated with or

was released from metamorphic rocks undergoing dehydration

{Sheppard, 1986).

3.3.1.4 CRNL and EBL ground waters

. i
]
The isotopic compositions of the CRNL and EBL ground

4

L4 f
waters are given in Tables 5 and 6. The 18O and 2H compositiobs

are plotteé’in Figs. 15 and 16. The CRNL ground waters plot
near the global meteoric water line of Craig (1961l) but the
dilute Na/Cl waters at depths of about 200-350 m are apprOﬁi—
mately 2°/00 lighter in 5180 than the shallow (<50 m) ground
wate%s. This indicates that the deeper waters were either re-
charged ugder cooler climatic conditions or that a small com-
ponent of glacial.meltwate; is present in these waters (Bottom-
ley et al., 1984). 1If the former reasoﬁ is responsible then the
mean annuallrecﬁarge temperature was about 3°C cooler than pre-
sent if the “temperature coefficient of 0.7% 00 ¢l is correct
(Dansgaard, 196:§tlx

At EBL most of the shallow ground waters sample& from

‘

the P-series Dboreholes have 6180 values of -11 to —120/00 and
plot near the global meteofic water line (Fig. 16). An obvious

exception is borehole P-5 which contains anomalously light

ground water that is 60/00 lighter (—17.80/00) in the bottom

®
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Table 5. Isotopic composition of ground water in CRNL borehole CRl3
(from Bottomley et al., 1984)

Depth (m) 6%  &%H 34 14e s13¢ 6345(304) 6180(804) 234,238,
SMOW  SMOW  (T.U.)  (pmC) PDB CDT SMOW A.R.
86 -12.1 -84 0:8 49.4  -15.7 +12.7 +9.6 3.7
217 -13.5 -95 08 21.8  -14.6 +25.5 £12.5 1.7
248 -13.1 -93 08 13.9  -14.3 +29.7 +9.9 1.8
341 -12.9 -94 0+8 33.6  -13.8 +30.4 $14.0 1.7
423 -12.1 ~93  316%9 41.4 . -18.5 +14.7 +8.3 1.9
. 486 - -11.0 -81 615+13 64.0 -18.0 +36.6 +12.6 1.7
576 -11.8 -83  512%13 70.1  -17.5 +25.8 #15.4 1.6

_zt3c and 6348(504) results are expressed in conventional §(°/oo) notation relative to
e Pee Dee Belemnfte (PDB) standard and Canyon Diablo troilite standard, respectively.

234/238y regults are activity ratios (A.R.). Tritium'results are in tritium units (T.U.)
where 1 T.U. = 1 31 atom in 10184 atoms. ' /, '

~
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Table 6. Ismotopic composition of EBL ground waters. N.D. denotes “not detected”
(modifled after Bottomley et al., 1986)
Berehole and Sample ]'BClﬂ!cms;m‘1 ZHOIDOSHow 3H(T.U.J+ 3?50100—50 1800/00—50 2 13CO/OOPDB 14C0/0 HOB
Depth Interval (m) coT SMOW .
. 3
p-1 J2-53.3 -11.8 -82.2 N.D. +4.0 +3.5 -17.6 7.8
p-2 24,5-38.1 -11.9 =B6 20 - - -14.5 30.0
p-1 lo-16 ~-11.9 -85.1 bl +4.6 +6.5 -22.0 14.2
P-3 16-38,1 -12.0 -87.2 N.D. +6.8 +7.5 =-14.2 12,0
p-4 35-55 -11.5 -88 50 +3.5 +6,4 - -
pP=-35 0-22 -15.8 -124 N.D. +16.,0 +8.7 -12.8 75
P-5 B88.5-97.6 =-17.8 =136 26 +21.2 6.2 - 32.7
p-6 0-68 ~-1.7 -80.9 49 +3.7 +8. =-17.1 25.3
p=7 0-39,6 -10.2 -73 59 +10.1 +h. - -
p-8 0-20 -10.5 -76.9 7 +8.2 $5.7 T~ -20.5 K.D
p-9 0-12 -11.6 -80.7 53 +3,7 +5.2 -22.3 100
pP=-9 12-43,2 ~11.6 -83.9 62 - - .- -
p-10 0-34.5 -11.5 ~79.1 ° 69 +6.3 +8.9 -23.9 132
P-10 34,5-38.5 -11.3 -78.5 53 +5.8 +7.0 -21.1 117
p-10 66.3-70.3 ~11.2 -79.1 a7 +1.6 #9.1 -20.5 79
pP-10 82-9§,7 -11.2 -79.8 22 +8.4 +7.1 =194 63
p-11 0-49,2 -11.2 -81.3 33 +11.2 +9.8 -25.1 -
p-12 0-37 =11.6 -80.2 18 +13.5 +10.8 -17.3 -
p-12 38-48.6 =-12.0 -83.0 19 +11.6 +9.7 -17.2 52
p-13 0-22 ~ -11.9 -B4.2 N.D. +4.Q +10.2 -16.1 69
p-14 0-43,3 -11.8 -82.6 92 +3.07F ¥3.4 -17.5 35
147-298 -13.8 -111 72 - - -15.2 38
EBL-1 204-213 =-13.5 ~599.2 28 - +11.4 ~153.7 29.3
298-512 -12.4 -95 13 - - -18.9 -
504-642 -13.3 =95 20 +13.9 +11.13 - -
v 0=75 -10.4 -74.6 53 - - - ~-
73-248 =14,1 ~103.4 15 - - - -
EBL-2 111-126 -16.3 =-120.4 N.D. {4.3) +2.7 +11.3 -11.9 12.1
248-460 -13.5 =103.2 34 - - - -
460-616 -8.7 -65.4 48 +6.9 +6,8 - -
EBL-3 o 0-442 =11.4 -79.8 56 - - -18.9 39
Ny
0-120 -10.9 ~76.7 25 - - -19.2 b
105-117 -12.9 -93.9 N.D.(N.D.) - +12.1 - 23.4
EBL-4 120-198 -15.0 -104,9 N.D, +4.6 +8.7 ~11.9 -
198-396 -14.1 -103.8 23 - - - -
429-456 =-11.9 -80.3 13(8.9) +18.2 +9.8 - -

* Stable {sotope concentrations are expressed ln the conventional 6 /oo notation relative to

Water (SMOW), Pee Dee belemnite (PDB), or Canon Diablo Trotlite (CDT) srandards.

+

(brackers) where the preclaton 1s 1 T.7.

+ 14

C cxpressed as per cent modern carben.

T.U. = erdtium unfe (1 T.U, = 1 3H aton in lﬁlaH atoms}. Precision is t 10 T.U.

the Standard Mean Ocean

except for enriched samples
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ione (88.5—97;6 m} than the other P-series ground waters. This
borehole intersects the 050 lineament and .probably penetrates
the upper part of the troctolite unit. Ground water in the high
permeabililty zoﬁe at the base of the troctolite unit in the
EBL-cored boreholes is also significantly lighter isgtOPically
than the shallow ground water from the P-series boreholes. The
lighfest water was sampled from borehole EBL-2 at 111-126 m.
This isotopically light Na/HCO3 water from the troctolite is
thus of a different origin than the isotopically heavier Na/HCO3
waters sampled in the shallow P-series boreholes. Because the
mean annual air temperature at EBL is only 4°C the very light
ground water sampled from P-5 and EBL-2 (111-126 m) probably
indicates a glacial meltwater component 1is present in these
waters. If temperature alone was responsible for these light
waters, an unreasonably cool mean air temperature of <0°C
would be calculated using the temperature coefficient. of Dans-
gaard (1964).

The saline Na/Cl water sampled in EBL-4 is isotopically
heavier than the deeper Na/HCO3 waters and is similar to the
shallow éiound water from the P-series boreholes. This suggests
the Na/Cl water is not derived from the geochemical evolution of
the overlying Na/HCO3 water but rather is part of a deep re-
gional flow system. Thig scenario is supported by hydraulic
head measurements in EBL-4 at the basal contact of .the EBL

pluton which show the hydraulic head at this depth is lower than

adjacent Mecon Lake. Raven et al. (1987) proposed that the

Nl
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Folson Lake .Fault is a regicnal high hydraulic con@uctivity, low
hydraulic head fracturé zone that channels deep. ground water

e -

from the pluton to the scutheast. In contrast, ground water in
the troctglite flows to the northeast and likely discharges at
surface in the topeographic depréssion between the northeast end
of Moon Lake and Little Bull Lake {(Fig. 5). The isotopically
light ground water present in this region of the troctolipe
probably represents a significant glacial meltwéter recharge
component that has not yet been flushed from the fracture zone
since post glacial re- establishment of the shallow flow system
in the pluton.

Carbon isotope modelling has been performed on the EBL
ground waters using the ISOTOP subroutineé of Reardon and Fritz
(1978) in conjunction with WATEQF, a code for the calculation
of ionic species distributions and mineral saturation indices
in natural waters (Plummer et al., 1976). Ground water from the
basal troctolite in EBL-2 is computed to have a 14C age of
about 9500 years. This age is consistent with the interpreta-
tion based on the stable isotope data that this water recharged
shortly after the region was deglaciated. This same model cal-

culated an age of about 12,000 years for the low 18

0 dilute
Na/Cl water from CRNL. Therefore ground water in the upper

~400 m at both sites was recharged during the Holocene.



57.
3.3.2 Carbon Isotopes
‘ Unlike O and H, which are components of the water mole-
cule, C is' present as a dissolved solute usually in the form of
an inorganic carbon compoungd. The .isotopic composition of this
dissolVed inorganic carbon (DIC) is very much dependent on thé
origin of the ground water and its subsurface pathways.

Carbon dissolved in meteoric ground water is usually a
mixture of carbon deﬂived from scil =zone C02, which dissolves
in infiltrating precipitation and carbon from the dissolution
of carbonate minerals. Soil zone coz, which ié generated both
from the decay of buried organic matter and from root respir-
ation of 1living plants, typica;ly has a 613C of _-250/00 for
plants having the Calvin photosynthetic cycle. Vegetation in
southexn regions of the Canadian Shield follows the Calvin
cycle. The ﬁpil zone is a large reéervoirq?f CO2 with partial

\

pressures as much as lO2 larger than the atmosphere CO pres-

2
sure. Carbonate minerals in aquifers are typically composed of,

or derived from, marine sedimentary rocks and have an average
613C value near 0%/0o that has varied by only :2°/00 over the
Phanerozoic (Veizer et al., 1980).

Ground .water open to constant replenishment of C02
from the soil zone will have 613C values controlled by this

source of CO2 even 1f shallow subsurface carbonate .mineral

dissolution has occurred. If the ground water is closed with

A

respect to the so0il zone CO, then dissolution of carbonate
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minerals will increase the s13c value of the ground water DIC.

The final 13¢ content will depend on the initial PC02 of the

water and its degree of saturation with respect to calgite or
dolomite. A good discussion of the controls on the C isotope
geochemistry of ground waters is given by Wigley (1975). Except
for ground water near the water table in recharge =zones, closed

002 conditions will exist ,unless other subsurface sources of

CO2 are present (i.e. organic carbon or CH4 oxidation). The

613C contents of ground waters in closed CO2 environments that

are at or near calcite saturation are typically between -10 and
- . .

-16%/00. }

3.4 CONTROLS ON THE ISOTOPIC COMPOSITION OF SECONDARY MINERALS
The stable isotopic composition of a secondary mineral
formed as the result of a chemical interaction between an ague-

ous phase and pre-existing primary mineral phases is a function

of:
1. the isotopic composition of the agueous phase,
2. the temperature of secondary mineral formation,
3. the equilibrium isotopic fractionation factor be-

-~

tween the mineral and agqueous phase,
4. the degree to which isotopic equilibrium between
the two phases is attained,
5. the isotopic mass balance between the aqueous and

solid phases (i.e. the water/r%fk ratioc) and,

Lad i
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6. the extent of subsequent isotopic exchange between

59.

[

the newly formed mineral and aqueous phases fol-
lowing crystallization. ' L f“
— .

In ‘heterogeneous mineral—-fluid systems, isotope ex-
change can occur through surface reactions such as solution-
precipitation or through formation of new phases by chemical
reactions, and by diffusion through grains (Cocle and Ohmoto,
1986). However, diffusion controlled isotope exchange is a
relatively slow process and makes a negligible contribut{on to
the overall isotopic exchange during mineral-fluid interactions.
For the calcite-water system isotopic exchange occurs pffa;;ily
through solution-precipitation mechanisms provided the systenm
is in chemical d&sequilibrium. In the case of oxygen, metal-
oxygen bonds in the mineral must be broken to affect this ex-
change (0'Neil, 1977). The rate of isotopié exchange by the
mechéniém is controlled primarily by temperature, grain size and
shape’, and water/mineral mass ratio. At relatively low tempera-
tures (<300°C) reaction rates for O isotope exchange between
carbonates and water are much greater than for silicates (Cole
and Ohmoto, 1986). The decrease in reaction rate is linear with
decreasing temperatufe, but experimental exchange reactions in-

i
volving calci£e recrysEallization have not been conducted at
temperatures of <.200°C. However, numerous field investigétions
of éhe diagenesis of sedimentary carbonates have convincingly
shown that low temperature isotopic exchange betweer carbonate
minerals and pore water (involving solution-reprecipitation) is

a common . phenomenon in sedimentary environments and therefore
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should be expected in fractured rock as well as in other en-
vironments where chemical equilibrium between calcite and ground
water can not be maintained.

The stable isotoée equilibrium fractionation between

two substénces A and B is defined as: I

;,OOO + o6

(7)) ey T E C Tase T , .
o A-B RB 1,000 + §a .

At equilibridm a 1s closely related to the equilibrium con-
N ;

"stant for the isotope exchange reaction between two substances.

Therefore ;ike chemical equilibrium constants isotopic fraction-
ation facﬁofs'are a 'function of temperature but the iso£opic
properties of minerals depend most importantly on the nature of
the chemical bonds within the mineralss A discussion of the
factors affectingaisotopic properties of minerals can be found
in 0'Neil (1977}. ' Ry )
Fractionation factors habg been determined for many of
<
ments. These experiments’érenusually conducted at relatively
high temperatures ‘becauge exchapge reactions are slow at low
temperatures, Theref;re there 1is some ﬁncertainty as' to the
valadity of extrapolating ﬁxperimentally determined fractiona-
tion factors to low temperature gnvirdnmenﬁs. Equilibrium
fractionation factors can be calculated in some instances if
data on the yﬁbrational frequencies'of molecules are available
(O'Neil, 1977). . Emperical ‘fracpionétion curves can also be

constructed from data for natural mineralogical assemblages

(Taylor, 1974}, ' N\
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Values of a are generally close to unity, typically
1.00X. Therefore isotopic fractionations are generally refer-

red to the value of X or the "per mil fractionation". Since

103'ln (l.OOX) = X, %0 In a is the "per mil fractionation".

Therefore

(u & .
A = 6§ ~8_ =~ 107 1ln a

r
provided the & and § values are both less than about 10.

The relationship between the equilibrium fractionation

factor and temperature can be expressed by the equation:

- -

(8) 102 1n o = A(10%T72) + B

where A and B are constants and T is the temperature {°K).-

Oxygen 1isotope fractionation factors fpri several
. ' L) '
minerals that can be formed in low temperature minerals are

listed in Table 7. These fractionation factors .are expressed

" in the form 103 ln a = AT_2 + B. It is evident from this table

that at equilibrium, secondary minerals formed at relatively

low temperatures will be enriched in 18O compared to the

water they formed in.

The ‘oxygen 1isotope fractionation between calcite and

R

water is:
. . 3

(9). . 10% 1n o = 2.78 (10°T72) - 2.89 .
~ . ' (0O'Neil et al., 1989)

2

Therefore caicitéxés”en;iched in 18O by about 32°/0o relative to
- : .

»jfhe water froh £bich it precipitates at 10°C. However the en-
J&richment factor déFreQFes to about r7°/oo_ at 100°C and only
50/00 at about . 32ﬂté.‘ The large difference in a as a function

r



Table 7. Some mineral-water oxydgen isotope fractionation factors

expressed in the form 103 In g = AT"2 + B.

Temperature
Mineral Range °C 1064 B - Reference
Quartz 200-500 3.38 -3.40 Clayton et al. (1972}
250-500 3.34 -3.31 Matsuhisa et al. {1979)
Muscovite 400-650 2.38 -3.89 O'Neil and Taylor (1969h
. .\
Albite (Alk. 400-500 2.39 -2.51 Matsuhisa et al. (1979)
feldspar) 350-800 2.91 -3.41 Q'Neil and Taylor (1969)
northite 350-800 2.15 -3.82 O'Neil and T@ylor (1969)
400-500 1.49 -2.81 Matsuhisa et al. {(1979) -

Kaolinite  not specified 2.5 -2.87 Eslinger (1971)

\ 2.05 -3.85 Kulla and Anderson {(1978)

2.53 -4,90 Taylor (1974)
Illite 2.43 -4.82 Eslinger and Savin (1973)
Smectite 0-270 2.67 -4.82 Yeh and Savin (1977)
Mixed lavyer
1llite/smectite U~279/"ﬂ‘2?41¢9.24E -4.82 Yeh and Savin (1977}
Serpentine not spggféied 0.6 -5.4 . “ Wenner and Taylor (1971)
Chlorite "} not /specified 1.56 -4.70 Wenner and Taylor (1971}
A
A -

Calcite ’ 9-700 2.78 -3,39% O'Neil et al. (1969)

* based on the former ngue of 2co, - Hy0 ® 1.0407 rather than the
present value of 1.0412, '
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of, temperature is useful in differentiating calcites formed

undert hydfofhermal conditions from those of low temperature

origins. 1 N

The carbon isotopic composition of hydrothermal calcite

is dependent on the total carbon concentration in selution and

its i1sotopic composition, the pH and fo' {oxygen fugacity) of
N 2 [)

the solution, and temperature (Ohmdto, 1972). This is the re-

sult of the partitioning of C bétween various dissolved carbon
> - -

species (H2CO3, CO2 {(g). HCO3 and C032 ) each having a differ-

ent fractionation factor with respect to calcite, and the fact

—

that either calcite or graphite may be the stable solid phase
depending on solution chemistry. IThe prégence of methane 1is an
additional possible complication b cayuse ©f the. large fraction-
ation factor between CH4 and CO2. -

In cool, meteoric ground &;ter, however, calcite pre-
cipitation usually occurs at alkaline pH values where the domi-
nant inorgénic carbon species is the bicarbonate ion. The frac-
tionation factor between dalcite and bicarbonate has been mea-
sured to be 1.85 t 0.23%°/00 at 20°C with a temperature depen-
dency of only 0.035 + 0.013%/co/°C at 20°C (Emrich et al.,
1970k, ‘as temperature increases the fractionation factor de-
creases. Therefore calcite precipitating from cool meteoriec
ground water should normally be no more than 2—30/00 heavier
in 13C than the dissolved inorganic carbon. This assumes,
hpwever, that the amount of C removed in the calcite is small
compared to the amount in solution and that .the system is open

L4
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with respect to the replenishment of carbon. If this were not
the case then the C isotopic composition of precipitating cal-
cite will follow 'a Rayleigh distillation model (Fritz et al.,
1979) with the result that the calcite will become progressively

13C

depleted in as the residual bicarbonate c¢oncentration

becomes smaller. This is a closed system with respect to car-

bon.

3.5 ISOTOPE EXCHANGE IN OPEN AND CLOSED SYSTEMS
e

AS A FUNCTION OF WATER/ROCK RATIOS
18

0 and 2

Isotopic exchange'of H between hydrothermal
fluids and intrusive igneous rocks has been well established by
H.P. Taylor and co-workers (Taylor, 1971, 1974 and 1977; Turi ¥
and Taylor, 1971; Sheppard and Taylor, 1974; Magaritz and
Taylor, 1976; Forester and Taylor, 1977; Criss and Taylor, 1983;
and others). The heat associated with the intrusions‘can esta-
blish large-scale and long-lived convection systems if the in-
trusions are emplaced into permeable country rocks. Isoto
analyses of ' hese intrusive rocks have shown they are low
18O compared to the uniform 6180 values (+5.5 to +100/oo) of
most unaltered -volcanig and plutonic igneous rocks (Taylor,
1974) as the result of high%temperatuie isotopfc exchange with

18O

convectively—driven,ﬁ low meteoric ground waters. This

isotope depletion occurs after the intrusion has cooled suf-
[

—

fhsiently to solidify and fracture allowing penetratiqn of

meteoric water from ‘the surrounding country rocks. "

-
v

i . ~
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Isotopic exchange between hydrothermal fluids and car-

st rocks has been proposed to explain the isotopic
13 q 18

boni{s\ 1r

vari: ns in the C an O of gangue calcite from Mississippi
Valley Type Pb-Zn deposits {Sverjensky, 1981), Taylor and
Buchér—Nurminen {1986) have also'modelled the isotopic wvaria-
tions in metasomatic carbonates in terms of isotopic exchange
between metasomatic fluids and carbonate wallrock. Unlike the
case of O isotopic exchange between water and silicate rocks,
modelling of C 1isotopic exchange between water and carbonate
requires a knowledge of the predominant C-bearing species . in
solution and %ts concentration. In order to descfibe the rate

lBC relative to the 6180 of the secondary cal-

of change of the 3
cite, it is also necessary to know whether the system is open
or closed with respect to O and C, the isotopic‘composition of
the fluid and wallrock, the teﬁperature of exchange, and the
water/rock ratio of the system.

Closed systems with respect to water occur when the

mass of fluid involved in the exchange reactions is fixed. This

can occur in fracture systems that trap the fluid within the

fracture porosity as the resuLE of fracture sealing caused by

secondary fracture mineral formapion. On a larger scale, c¢on-
vective hydrothérmal systems approximate clesed system behaviour
because of fluid recirculation controlled by thermal gradients.
Open systems involve only a "single pass" of fluid through a
system which is thus open to an external source of fluid replen-

ishment. The isotopic composition of the fluid in a perfectly
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open system is controlled by the isotopic compqsition of the
external fluid reservoir. Cool meteoric ground water flow sSys-
tems in fractured rock are "open" systems to water circulation.

Regardless of whether the system is open or closed the
isotopic composition of secondary calcit?, formiﬁé as the re-
sult of water/carbonate rock interactions, iilpighly dependent
on the water/rock (y/r) ratio, If the w/r ratio is small the
system 1is rock-dominated and the isptoPic composition of the
secondary calcite will be similar to thgt of the carbonate wall
rock. At-higher w/r ratios the.system is water~-dominated and

the %BO composition of the calcite will approach the equili-

britum isotopic composition at that temperature. However, the
13

magnitudé of ‘the C shift is highly dependent on the C con-

centE?tion of the

In a osed system the fluid and rock are imligquili-

18

brium at all imes and hence the § 70 of the secondary calcite

(cc) and the w/r ratio for the system can be determined from

mass balance considerations:

18 i 18 i 18 f 18 f
{10) r é 0cc + W & oH o = r 6 0cc + W § 0H o

where r and w reﬁgfﬁto rock and water, respectively and i and £
are 1initial and(final values respectively. If it is assumed

LY
that ﬁlSOH o is determined by isotopic equilibration with the
2

calcite then

{11) w/r = &< <<

_g/’—“\\\ | [
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where w/r is the atomic mass ratio for O in the water reéervoir
to rock reservoir and a: is the 0O isotopic fractionation factor
betweéen tﬁe calcite and Qat r. Since there are 3 moles of oxy-
gen in each mole of calcite it'is necessary to multiply the w/r
ratio by 3 in order to calculate the mole ratioc of water to rock
in the system. This assumes that calcité is the only mineral
phase ifiYolved in isotopic exchange reactions, which is a rea-
sonable assumption for many low temperature eﬁvironﬁents.

For carbon isotope exchange in a cloéqd system the mole
ratio of carbon in the water reservoir (mc) Lo carbon in the

rock reservoir (mr) is described by the equation:

13 £ s 13C i

(12) EE _ § Coe - cc
m_ Wy 131 _ 13, £
r c cc
where Ag is the 13C fractionation factor between calcite and
the predominant C species in solution and Glac; is the initial

13C composition of this species. The mole ratio of water to

rock can be calculated from the C mole ratio:

W mc Ba

(13) .].:= m—x ;"—

r c
where nc = number of moles of C for each mole of carbonate
mineral., For calcite n, = l and X is the number of moles of

dissolved C per mole of water.
In an open “system the isotopic composition of _the
v
secondary calcite is calculated from an integrated form of the

",

Y0 isotope exchange
1

mags balance equation (Taylor, lQiy

the\ equation is:

N S
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w

W r

(14) r = in ' W
r

«
A similar equation is‘applicable for C isotope exchange
but the concentration of dissolved C must also be included in

the equation:

(15) X, -

In previous studies Phanerozoic marine carbonates have
comprised the wallrock that has been subjected to isotopic ex-

change with hydrothermal fluids. These rocks are typically rich

18 13

in “°0 (20-30%/00) and C (0£2°%/00) relative to high tempera-

ture calcites of magmatic origin (Hoefs, 1973: Veizer et al.,
1980). In contrast, mantle derived C as found in carbonatites,

diamonds, CO2 inclusions in oceanic basalt, and dissclved CO2 in

submarine hot springs from hydrothermal vents typically has

s'3c values of -5 to -8%/co (Stakes and O'Neil, 1982). at

hydrothermal temperatures the 13

C fractionation factor between
calcite and aquepus bicarbonate is <l°/oo and hence the 13C com-~
position of magmatic calcites will closely resemble that of the
mantle C source. Moreover, hydrothermal calciteQ derived from

18

meteoric waters will also be light in 0 relative to marine

carbonates because of the dominating effect of the decrease in
the 180 fractionation factor between calcite and water at
higher temperatures,

Figure 17 shows the expected trend in the isotopic com-

position of calcite formed from the interaction of a hydrother-

mal fluid with marine carbonate rocks (Sverjensky, 1981): *In



_z_
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8°C%a

3°C %

Fig. 17. Two models from Sverjensky (1981) showing the isotopic
evolution of calcites from Missiasippi Valley zinc-lead
deposits as a function of water/rock mole ratios in
open,and closed system ¥n "A" the_ initial water has
a GTBO = 3%/00 and a igacaco “o -12 /oo. Ing "B", the
initial water has a 6 °0 “=-32%/o0 and a & Caco
~80°/00 {oxidized methane). 3

'y
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this example bicarbonate is the dominant C species and a 613C
value of hlZo/oo has been assumed. Similar trends have been
observed by Taylor and Bucher-Nurminen (1986) for the alteration

of marine carbonate rock by a metascomatic fluid in which CO
13C

2

with a ¢ of —So/oo was the predominant C species and at tem-

peratures of 400-500°C. Isoctope tgends from both studies show a

A
13 18

decrease in 6 °C and &§ "0 °'values with increasing w/r ratios and

the magnitude of the exchange, at a given w/r ratio, is greater

-

for open than closed systems. The curvature of the trends is
controlled by the concentration of C in solution. At low C con-
centrations complete O isotopic exchange occurs before signifi-
cant C isotopic exchange takes place resulting in "L"-shaped
isotopic: trends. Isotopic exchange reactions between calcite
and water almost certainly require the breaking of C-0 bonds in
order to s%gnificantly change thé isotopic composition of th%-
precursor calc%te (O'Neil, 1977). Calcite that has recrystal-

lized through multiple solution-reprecipitation cycles should,

]
thergefore, be highly susceptible to isotopic alteration.

Hydrothermal calcités precipitated in fractures during
‘ancient periods of hydrothermal activity might also be expected
to experience subsequent isotopic shifts if the calcite recrys-

Qallizes in contact with cool meteoric ground waters. However,

18

. because hydrothermal calcites are relatively light in O.com—

i8

pared- to marine carbonates and because ~ 0 fractionation factors
. <

between calcite and water are large at ﬁow temperatures, recrys-

‘tallization should result in an 18O increase in the calcite

unless the 6180 of the water is very low. Moreover, since the

»
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o

513C of the DIC in meteoric ground waters is frequently lighter

than mantle C values, recrystallization should also 1lead to a

decrease in the & 13

C of the calcite with increasing w/r ratios.
However, this tendency is somewhat counterbalanced by the low C
concentrations in most meteoric ground waters. , In crystalline
rocks the dissolved C is predominantly in the form of bicarbon-
ate but concentrations in excess of 5)(10_3 molal are rare. This
contrasts sharply with the concentration of 10—1 molal assumed
by Sverjensky (1981) in the construction of Fig. 17. Low tem-
perature, although a positive influence in fostering high frac-
tionation factors, may be a negative influence if it hinders the

kinetics of calcite recrystallization.

It is perhaps surprising that isotopic effects associ;

ated with the low temperature recrystallization of hydrothermal
calcites.have not been well documented. This is most likely
because such isotopic trends have not been extensively looked
for. Vein calcite devoid of economic mineralization in common
shield rocks, for example, is not likely to draw much research
interest, never mind research funding. Recently this situation
has changed in Canada with the interest in locating.a safe site
in "ordinary" Precambrian plutonic rock for the disposal of high
level nuclear waste. Isotope effects associated with vein cal-
cite recrystalli?gpion may provide a means of estimating time-
integrated metedric water/rock ratios and thus provide inform-
ation on the long term flw& of meteoric groundawater through
these rock masses. No other Ehemical or isotopic means of quan-

N
tifying this paleocflux of meteoric water have been developed.
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-

3.6 GROUND WATER FLOW IN FRACTURED ROCK

In crystalline plutonic rock ground water flow occurs
primarily via the interconnected fracture porosity which com-
prises a small percentage (~1%) of thé total bulk rock porosity
(Norton and Knapp, 1977). As a first approximatioﬁ the relation
between the flow rate and fracture aperture is described by the
smooth, parallel plate model which assumes flow is laminar and

that the plates are uniformily separated. If this is the case

then the cubic law holds (Raven and Gale, 1985): ;
3
(16) Q/aH = C(2b)
v .
where Q/aAH = flow rate per unit head through the
fracture }
2b = effective fracture aperture
C = constant

The fracture permeability (Kf) or hydraulic¢ conduc-

tivity is determined by the following equation:

3
_ pg(2b)
(17) Ky = 25~

where o fluid density

g acceleration of gravity

dynamic viscosity of the fluid

u

It is clear from the cubed relationship between frac-

ture aperture and permeability that most of the flow occurs in
the largest fracEgres. Natural fracturesf Kgi:::%, rarely have
uniform separations. Moreover fracture asperities and secondary
mineral infillings formed by rock-water interactions result in
rough rather than smooth fracture surféces. Fracture roughness
may reduce the flow rate. from ‘that predicted by the smooth

. .

parallel plate model by increasing frictional resistance between

separated fracture surfaces or by creating tortuous flow%;{a
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where the two fracture surfaces contact each other (Raven and
Gale, 1977). Tortuosity results in increased streamline length-
and consequently lower hydraulic gradient and flow rate.

/ Novakowski et al. (1985) concluded from interborehole
'y

.
q\\gracer experiments at CRNL (between boreholes CR6 and CR1l) that
]

“intrafracture apertures are h?ghly variable and that flow chan-
neling-leads to significant velocity variations‘along the plane
of flow. Similar conclusions were reached by Rasmuson and

Neretnieks (1986) from tracer experiments in .fractured plutonic

rock in Sweden. Computer modelling (Brown, 1987) has also veri-
fied that fracture roughness may result in‘¥r deviations of

aperture-flow rate re}ationships from that predicted by the
< o -

parallel plate model. ' y i -

k]

It is reasonable to expect that the Tormqtidn of frac-

-
.

ture minerals is a major cause of flow changeling in'fggctuses.

. /
Certain portions of individual fractures.may be totally filled

with secondary minerals while other partyg are devoid of signi-
ficant infilling. Mega fluid inclusions could form that are
isolated from the actual flow channels. Tectonic forces could

re-open sealed fractures and seal open fractures and such pro-

cesses.coq&d,repeat themselves continuously over geolodic. time.

?
Therefore intrafracture time-integrated water/rock ratios may
" !

- be highly variable. Fracture calcite recrystallizing in such a

dynamic environment may thus experience non-uniform isotopic
shifts determined by the variability in time-integrated water/

rock ratios. If this is the case intrafracturefvariabiliﬁy in

,

the\isotoPiq composition of the talcite may be large even over
]

short distances along %?e plane of th%/fracture.

L



.

74.

4.0 METHODS

4,1 CHEMICAL
Calcite’ samples were extracted from fracture surfaces
using either a jchisel or an electrical lapidary drill. The

samples were then ground to approximately 200 mesh size using a

1

‘Progressive Exploration rock pulverizer fitted with ceramie

" . <
grinding plates or, for smaller samples, a mortar and pestel.

Initially there was ,some concern that “the drilling and coring
of the samples might result in contamination of the calcite.
Therefore the first set of CRNL -samples were rinsed with

107% 7t

Al(NO3)3 solution to remove any exchangeable cations
present as suggested by Rearden and Reimer (1982). This-rinsing
was done in a glass Millipore vacuum filtration flask. The

samples were then transferred tosglass beakers and oven dried

at 115°C. Subsequent analyses of duplicate samples showed that

-

calcite samples rinsed with the Al(NO3)3 golution were not mea-
sureably dissimilar (chemically) from unrinsed samples. Theré—
fore the rinsing procedure was not followed for later sample
sets.

Approximately 0.5-1.0 g of dried powder from each
sample was placed in a glass beaker and digested for.l—z hr in
25 mL. of 6% (V/ﬁ) HCl. The samples were then filtered in the
Millipore filtration flask through a Whatman 43 ashless filter
paper placed directly on top of a Millipore 0.45 um nitro-

cellulose filter paper. Reference rock samples, blanks, and
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duplicate samples were t;éated in the same manner. The fil-
trates were trinsferred to 60 mL naldene bottles for chemical
analyses by atomic absorption spectrophotometry. The weight of
the insoluble residue ({(I.R.) Jretainéd on the ashless filter
paper was determined following combustion of the filter paper,
and residue in clean, pre-weighed porcelain c¢rucibles in a
muffle furnace at approximately 800°C for 2 hours. Concentra-
tions of Ca, Mg, Na, Fe, Mn, and Sr were determined on a Varian
AA-175 Series spectrophotometer (AAS). Interelement interfer-

ences were reduced by the addition of Sr(NO3)2 to samples ana-

, 2+ 2+ -~
+ lyzed for Ca and Mg and by KCl to samples analyzed for

Sr2+ and WNa'. Results are expressed on an insoluble residue-

free basis. Details of the technique, instrumentation, preci-

sion, and accuracy have been déscribea by Veizer et al. (1978)
ana Brand and Veizer (1980).

Two polished thin sections of sealed calcite-filled.
frac‘ures and one open fracture were ‘examined by.scanning elec-
tron microscopy at the Canada Centre for Mineral and Energy
Tecﬁnology.-.Concentrations of Ca, Mg, ﬁa, Fe, Mn, and Sr were
analyzed by wavelength analysis using fa JEOL microprobe and
compared to énalyses by AAS of the same samples. An additional

.

three polished thin sectiong of vein calcites were analyzed by

a Cameca microprobe at the Geological Survey of Canada as well
as ten patchy varieties of calcites from open fractures which
were mounted and polished on a single slide.

L]

3



76.
Several calcite and whole rock samples were analyzed
for rare earth elements./ Calcite samples were prepared and
digested in the same fashion as those analyzed for minor and
trace elements. These samples were then evaporated to dryness
and taken up in 50 mlL of 1N HNO3. Whole rock samples were
crushed to about 200 mesh using the jaw and plate crushers.
Approximately 1 g of whole rock powdér from each sample was
added to a teflon digestion beaker and reacted with about 6 mL
of perchloric acid and 20 mL of HF acid (37-40%). The diges-
tions were heated until incipient dryness, cooled, qhd taken up
with 50 mL of 1N HN03. The samples were then passed thrdugh
glass columns (2 mm I.D.) packed with 22 cm of DOWEX AG-50
(100-200 mesh) ion exchange' resin for separation of the réiz
earth elements from the sample and were subsequently eluted from
the resin with 50 mL of 6N HNO; and 50 mL of BN HNO,. This
100 mL volume of eluant was then evaporated to dryness and taken
up with 25 mL of 0.1N HNO, containing 3000 ug mL™' of Li. These
solutions were then analyzed on a Beckman Spectraspan V sequen-—
tial direct current (argon) plasma atomic emission spectrophoto-
meter (DCP-AES). Two ground water samples (80-90 mL) from CRNL
were also analyzed for REE.

A number of whole rock samples were analyzed by X-ray
fluorescence ({XRF) on a Philips -1410 automated XRF at the
University of Ottawa following preparatioh of fused discs com-
prised of 1.3 g of Li28407, L12CO3 and sample. Accuracies and

precisions are generally better than 5 relative per cent for

major elements (Veizer et al., 1983c). Whole rock samples
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analyzed for Sr isotopes had Rb/Sr ratios precisely analyzed
Bffaedicated XRF at Carleton University following preparation

'
of sample pellets with boric acid.

4.2 ISOTQPIC

-

The O and C isotopic ratios of the calcites were deter-
mined by mass spectrometry on CO2 produced by reacting about

20 mg of sample {50-90% calcite) with 100% H3PO4 at 25°C for at

least 12 hr.. The isotopic compositions of dolomite in mixed

carbonate samples were determined on CO2 produced after allow-

ing the reaction to continue overnight at 50°C and following

previous extraction of calcite-derived CO, after 4 hr of reac-

tion at 25°C (Epstein et al., 1964). The 18O and 3¢ analfses

were performed:wiﬁh,a VG Isogas SIRA 12 mass spectrometer at the

L

University of Oottawa. The precision and accuracy of this tech-

nique is 0:42/co for both isotopes. Most of the CO, samples

were collected and stored in glass break seals prior to analysis

although earlier samples were stored in glass sample tubes fit-

ted with teflon valves. The CO, samples were purified of

water vapour and liquid nitrogen non-condensible gases on the

carbonate extraction line prior to sample collection.

Oxygen isotope fractionation factors for H3PO4 released

CO2 from calcite at 25°C of 1.01025 (friedman and O'Neil, 1977)
and from dolomite at 50°C of 1.01065 (Rosenbaum and Sheppard,
1986) have been used in the calculations of isotopic values,

The S isotopic compositions of fracture pyrites were

measured on SO2 produced by the thermal combustion of FeS. with

2

Cu20 at about 1100°C. The analyses were performed. ..on a Micro-
} 4
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mass 602E . mas@bﬁgg ; "9ter at the University of Ottawa. - The

precision aqd _accu;;gﬁiﬁorhthe procedure is 0.20/00. As with
coz, SO2 was purified of 'wa;;r vapour, Cbz, and non-~conden-
sible gases prior to collection of the SO, in break seals.
Strontium was'separated from fracture calcite and whole
rock samples for isotope analyses using ion. exchange chromatg;
graphy. Calcite samples were digested as previously—desaribeé
and between 1 and 3 mL (depending on Sr2+ concent}ation) of
digestion sample were added to glass coiumns'(l.l cm ID) packed
with Bio Rad AGS0W-X8 cation exchange resin (200-400 mesh,
hydrogen form). The resin was eluted with about 70 nl of 2.5N

HCL to remove Ca2+ and other ions prior to the elution of the

Sr2+ fraction with about 30 mL of 2.5N HCl. The 2.5N HCl was

prepared from 6.4N distilled HCl provided by Carleton Univer-

2

sity. The exact volume increment containing the Sr +hfraction

was determined for each of the four columns used by calibration

R

With a suitable Sr standard solution prior to the actual sample
separations. The collected solutions were evaporated to dryness
at low temperature in teflon evaporation dishes then taken up
in 2 mL of 2.5N HCl and transferred to cylindrical teflon sample
holders. The solutions were again evaporated to dryness, cover-
ed with parafifﬁ, and analyzed by a Pinnigan-MAT 261 multi-
collector mass spectrometer at Carleton University (Bell and
Blenkinsop, 1984).

Whole rock samplds (approximately 200 mg) for Sr iso-

tope analyses were dissolved in approximately 10 mL of HF and

-
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3 mL of perchloric acid in teflon beakers. The solutions were

taken to dryness and then re-dissolved in 2 mL of distilled, de~

ionized water and centrifuged for approximately 10 min in dig-

»posable plastic vials, Centrifuging separated any perchlorate

salts to the bottom of the vial. The solutions above\the pre-

cipitate were transferred back to the evaporating dishes, dried,

then taken up in 2 mL of 2.5N HCl. The samples were agaln cen-

{;ifuged and then the clear soluticons ‘(-2 mL) were added dir-

ectly to the exchange columns.

Stable isotope results are expressed in conventional

(do/oo) notation relative to the Pee Dee Belemnite (PDB) car-

13

honate standard for ¢ and Standard Mean Ocean Water (sMOW) for

18

34

0. ‘The Canyon Diablo troilite (CDT) is the standard for 5

measurements. The NBS 987 standard for Sr analysis gives a

875-1_/865r
standard a

trometer.

ratio of 0.71023 = 0.00003 and the Eimer and Amend

value of 0.70802 + 0.00003 on the Carleton mass spec—

87Sr/86

Reproducibility of the Sr ratios is 0.004% of

the guoted value at the 2¢ level.
" 2
Several calcite samples,K were analyzed for l4c by ac-

celerator mass spectrometry at the Isotrace Laboratory of the

=

University of Toronto. Carbonate samples are converted to

acetylene and cracked to graphite material suitable for sput-

tering in a

tive ions

cesium beam. The 14C atoms are converted to nega-

and counted directly by mass spectrometry. For

samples younger than 10,000 years BP a precision of 1% or better

-

/
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is posgible by'averaging the résults of two machine-ready tar-
geté measured on different occasions ;(3gukens et al., 1986).
At ages of 40,000 yearé BP the precision is about 7%. | Each
.Mmeasurement is compared to two NBS oxalic acid I standards and
all measurements are corrected for natural, sample preparation,
and sputtering fractionations. The preferred sample size is
approximately 5 mg of carbon whi;h is at least two orders of

magnitude smaller than .that required for conventional 14C

analyses.

“ads



5.0 CALCITE OCCURRENCES AND TEXTURES

Fracture calcites in CRNL core. exhibit a- variety of
teituées and structures.which suggest they formed un@gr differ-
ent physibochémical conditions. A photograph of typicai frac-

-
tured CRNL core exhibiting seyeral occurrences of fracture
éalcite is sﬂown in Plate‘I.

Calgcite ig frequently present in veins that are sealed
with fracture infilling minerals. The thicknesses of these
veins range from hairline widths to as much as -1 cm  and are
present in all rock types. Examples of sealed calcite veins .as
vféwed under the petrographic microscope are shown in Plate II.
Black chlorite is often present between calcite in the centre
of the fracture and the host rock showing that calcite precipi-
tation followed fracture chlorite formation (Plate III). This
i1s clearly evident under both the petrographic microscope and
scanning electron microscope (Plate Iv). Other minerals present
in the calcite vein are quartz, K feldspar, and pyrite. The
mixéd carbonate-silicate mineral assemblage of thése veins is
apparent from“Ca -and Si imagiqg using back scattered X-ray
£maging under tﬁe SEM (Plate 1IV). Compositional zoning is pre-
sent in some‘calcite veins as illustrated in Plate V. Eiéctron
microprqé; analyses of the dark chevron-like features indicated
that thege areas are highly depleted in Mn (0.04%) compared to

the non-zoned regions of the vein (0.8%). The dark oval-shaped
\

} - . .
objects in the SEM image are quartz inclusions.
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Calcite occurs as 1enées along sealed fractures and as
a breccia matrix in highly altered hematite-rich fractu;e zones
(Plape vVI). | Dolomite sometimes aécdmpanies calcite in these
brecciated zones. In some fracture zones calcified lithic frag-
ments are present. Alteration of the wall rock is a common
feature of ihe calcite vein occurrénces and usually takes the
form of a ferric iron oxidation zone near the fracgure surface
(Plate VII). The zeolite mineral laumontite has been observed
with calcite in closed fractures but these are rare occurrences,
Plate VIII shows binocular microscope ‘photographs of prismétic

laumontite 'crystals in a calcite matrix which suggests their

formation,is coeval,

Calcfg pyroxene phenocrysts in a diabase dyke encoun-
tered by borehole CR2 have been almost totally replaced by cal-
.cite.  This can be clearly seen under cathodolumfnescence
(Plate IX). Because the diabase dykes are undeformed and were
intruded following the Grenvillg orogeny (Dugal and Kamineni,
1987) the hydrothermal activity responsible for Falcification
Qf the pyroxene must post-date progenesisl‘ |

The fracturé mineral associations, textures, and wall-
rock alteration thus point to a hydrothermal origin for the
sealed calcite veins and carbonatized host rock. This is dis-
cussed further in a later section.

Calcite ig also present in a variety of forms in open
fractures. Occasionally it occurs as coarse, subhedral to

euhedral crytals that have grown in a pre-existing void s?ace

v

Vi
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(Plate X). More frequently, however, the calcite is present as

patches, flakes, or fine grained granuiar aggregates sometimes

accompanied by fine cubes, patches or aggregates of pyrite

(Plate XI and XII). Examples of slicgensided calcite and gyrite

patches have been observed (Plate XIiI) which indicate they
formed prior to séme tectonic event that caused displacement of

the host rock along the fracture surface. A scgnning electron
microscope examination of an open fracture revealed that the

calcite can also be present as rhombohedral crystallites which,

in this example, are associated with flaky aggregates of.
chlorite apparently forming from the alteration of K feldspar

(Plate XIV)}.

Patchy and flaky varieties of 6pén fracture ca}cite
have been observed overl;ing thick, massive vein calcite (Plate
XV). Fractures sealed with hgdrothermal vein calcite may have

: .
been reactivated by subsequent tectgnism allowing interactions
between talcite and ﬁeteoric ground water which could redistri-
bute vein calcite by recrystallization involving solution-re-~
precipitation processes. Support for such a model may beupre—
sent in the chemical and isotopic compositions of fracture
calcites as discussed in a later sectfon. .

The same types of fracture calcite observed in the CRNIL
core are also pregent in core from the East Bull!Lake and White
Lake research areas albeit with much less freqﬁency. Vein cal-

cite frequently accompanied by fine grained white to pink lau-

montite is common in the EBL core (Plate XVI). cCalcite is also

2
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present as fine grained patches or flakes on open fractures and
as thih-ﬂpapery” coatings. Finely disseminated pyrite is some-
times present in the calcite (Plate XVIf). Coarse-grained
euhedral-subhedral crystals of cal'write are rare at EBL. "

Fracture calcite at White Lake is often associated
with hematitic staining of the wallrock. In open fractures the
calcite is usually present as fine grained patches and sometimes
is associated with pyriﬁe or-overlies an earlier generation of

calcite. Sealed vein calcite is present and crosscuts veins of

granitic material (Plate XVIII).
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6.0 CHEMICAL AND ISOTOPIC RESULTS

6.1 CHEMICAL COMPOSITION OF CHALK RIVER GNEISSES
AND ASSOCIATED ROCKS

Chemical analyses of representative rock types from
CRNL are listed in Table 8. 1In a plot of the alkalinity'ratio
versus Sio2 (Wright, 1969) the samples fall within the calec-~
alkaline or‘@lkaline fields (Fig. 18a). Rockg of monzonitic
composition predominate at the CRNL site so it is likely that

the average alkalinity ratio of the orxthogneiss falls near the
\

calc-alkaline/alkaline boundary. Variations in the K 0-Na,0-Cao

2 2

contents of these rocks are shown in Fig. 18b. The gabbro and
pyroxenite rocks are relatiﬁely rich in Ca0 and the pegmatite,
syenitic orthogneiss and paragneiss are rich in K,O0. The

remainfng-orthogneiss samples- tend. to have approximately equal

concentrations of these elements.

Variations in the alkali -and alkaline earth trace ele-
men% (Ba, Sr, and Rb) contents are shown in Fig. 1l8ec. With the
exception of the pyroxenite and gabbro from CR9, Ba is the pre-
dominant trace element in other CRNL rock types. Ratios of
Ba/Sr are large ranging from 3.0 to 12. 9 (excludlng the pyroxe-
nite and CR9 gabbro). Concentrations of Rb are low and, with

the exception of the pegmatite sample, Rb/Sr ratios are <0.4.

' Depletion of Rb and other volatile, large ion lithophile- ele-

ments is a common feature of granulite facies terrains in the
43,

Grenville (Rudnick et al., 1985: Arima et al., 1986).

-
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Fig. 18. a) Plot of Si0; vs. the alkalinity ratio for CRNL
whole rock samples b) Ternary plet of whole rock
K20-Na,0-Ca0 compositions c) Ternar plot of whole
rock Rb-Ba-Sr compositions. 1In "a" fi&alinity ratio =
(Al03 + Ca0 + Total Alkalis)/(Al303 + CaO - Total
Alkalis). ‘ -
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Total iron concentrations in the CRNL rocks range from

about 1% in the paragneiss to 18.7% in the CR9 gabbro. Concen-

—

trations of 5-10% are more typical for the orthogneiss rocks as

a whole. Manganese concentrations are relatively low (<0.3%"

Mno).

The chemical composition of the orthogneiss is similar
to that of comparable rocks from the nearby Algonquin batholith
(Wu and Kerrich, 1986) which suggests a poséible co-genetic
origin for these plutons. Schwerdtner and Lumberé (1982) sug-
gested the Chalk River pluton is one of several small plutons
on the periphery of the Algonquin batholith whose emplacement
may be related to the diapiric remobilization of the batholith
during the Grenville orogeny. As the empigcement age of the
Algonquin bathdlith is 1.4-1.5 Ga (Wu and Kerrich, 1986) one
might expect the Chalk River pluton to have a slightly younger
Rb/Sr age reflecting its emplacement during the Grenville oro-

‘geny. Alternatively the age may reflect that of the metamorphic

event itself if it "re-set" the Rb/Sr systematics.

6.2 CHEMICAL CO%%QSITION OF CHALK RIVER CALCITES .

The minor and trace element chemistry (ppm) Of the CRNL
calcites, determined by AAS and éxpressed on an insoluble resi-
due free basis, is shown by the histograms in Fig. 19 and tabu-
lated in Appendix A. Microprobe analyses of vein calcites are

listed in Table 9 and analyses of patchy, flaky calcites from

]
{
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b e e




Table 9.

Microprobe analyses of CRNL vein carbonates.
are in ppm except for the dolomite values which are in wt %.

Mg concentrations

Borehole a

nd Depth Ca Mg Mn Fe
(m) () - ppm  —~——--=

CR7~-137.34 - Pl 40.0 <300 510 <300
- P2 39,5 <300 300 <300

- P3 39.7 <300 580 <300

- P4 38.9 <300 2480 310

- P5 40.3 <300 <300 <300

- P& 39.5 <300 430 <300

- P7 35.8 <300 1040 320

- PB 40.4 <300 320 <300

- P9 38.6 <300 2250 <300

- P10 38.5 320 2900 510

- Pll 39.8 <300 <300 <300

- P12 38.8 <300 370 <300

- P13 3%.0 <300 <300 <300

CR9-574. 33 - Pl 40.1 390 8710 870
- P2 39.1 <300 3100 390

- P3 39.4 <300 2400 <300

~ P4 40,1 <300 5700 720

- P5 38.8 <300 1250 390

- P6 39,0 310 4150 730

- p7 39.3 540 5040 1850

- P8 40.0 400 3560 1190

- P9 3avs 330 3930 970

CR12-26.12 - P1 40,1 N. D. 1000 1000
- P2 37.3 6000 2000 4000

- P3 40.4 4000 5000 5000

- P4 39.8 2000 2000 2000

- P5 39.5 1000 5000 1000

FS15-13.82 - Pl -. 3000 8000 4000
- P2 - 4000 400 2000

CR3-130,3 -P1 39,6 370 2560 380
-pP2 38.4 <300 2410 710

-P3 38.86 3180 8940 1950

calcite -P4 38.0 3130 8940 1950
-P5 38.3 3330 7980 1680

-P6 38.3 3190 8380 1930

-P7 38.9 <300 2690 550
Pl 20.6 10.4 4230 20560
P2 20.5 10.6 4640 23577
P3 20.4 10,7 5200 18920
dolomite P4 20,9 10.4 5110 15860
PS5 20¢6 10.5 6050 17880

P6 22,5 9.4 6280 17540

940.
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open fractures are lfsted in Table 10. Although'leaching of
associated silicates and ferric oxyhydroxides in some samples
may have contriﬁuted to the concentrations measured by AAS, the
histograms are probably representative of the distribution of
bulk elemental concentrations in these calcites,

At CRNL the (Sr/Ca) mole ratios in the ground water to
depths of up to 350 m are relatively high ranging from 1.5-2.4
x10_2. Variability is primarily due to large variations in
Ca rather than in Sr concentrations. The (Sr/Ca) mole ratios
are much lower in the fracture calcites ranging from 9.5:-:10-S

to 1.1x10°3,

J

Although CRNL ground water is at or near saturation
with respect to calcite (Bottomley ettt al., 1984), it is clear
that the ﬁracture calcites are not in equilibrium with the Sr/Ca
ratio of‘the ground water. Even if the minimum Sr distribution
coefficient of 0.06 of Pingitore and Eastman (1986) is valid,
calcites precipitating from the present day ground waters at
CRNL should contain between about 600 and 1200 ppm Sr. However,
measured concentrations are generally <300 ppm (Fig., 19).
Therefore the bulk of the fracture calcite must have been formed
prior to the development of the present day hydrogeochemical
regime. ' F
Concentrations of Fe and Mn in bulk fracture calcites
are high and generally range between 103 and lO4 ppm. Although

these elements are most susceptible to contamination from asso-

" ciated oxides and oxyhydroxides, electron microprobe analyses of
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Table 10, Microprobe analyses of patchy, flaky varieties of CRNL
calcites from open fractures. Each result is the
average of three measurements.

Borehole and Depth Ca Mg Mn Fe
(m) (%) e pom  m—=—oee
CR1 - 232,38 39.18 970 4180 300
CR1 - 252,23 39.93 <300 3500 500
CR2 - 105.75 39.43 1380 12580 - 940
CR8 ~ 205.17 39.82 340 4770 950
CR8 -~ 230,66 40.27 590 3510 650
CR9 - 464,88 39.74 <300 2960 V<300
CR10 - 51.37 39,09 <300 4860 1060
CR12 - 78.17 39.81 <300 3220 1030
FS15 -~ 13.82 39.74 <300 1870 610

FS15 - 43,85 39,52 1000 5680 3640
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the vein ‘calcite shown in Plate V yielded.similar Fe and Mg
concentrations to those ﬁeasured by AAS. In this example
(FS15513.82 m) 0.4 wt % Fe and 0.3% Mg were measured by electron
microprobe (point Pl in Table 9) compared to 4400 ppm Fe and
3000 ppm Mg by AAS. The microprobe analyses indicate the dark
zoned area in this sample is highly depleted in Mn (0.04%) com-
pared to 0.8% Mn in the remainder of the vein. The Mh concen-
tration of 4900 ppm measured by AAS ﬁay reflect an averaging
effect produced by mixing of Mn-enriched and depleted portions
of the vein material. Concentrations of Fe and Mn in the CRNL
ground water are generally less.than 50 ppb resulting in (Fe/Ca)
and (Mn/Ca) mole ratios of less than 2.6x10—3. Even at these
low concentrations, however, the Fe and Mn contents of calcite
precipitating from thé present day ground waters could be
greater than 103 ppm because of the pétentially large kt value§
for thése elements. More precise measurements olee and Mn in
ground water are needed to constrain maximum expébted concen-~
trations in modern calcites.

Recently it has been sh%yn that the partitioning theory
does not accurately describe the incorporation of ¥a and K into
calcite,. The concentrations of these elements are apparently
controlled by adsor;Lion-desorption-eqPilibria on growing crys-
tal surfaces with eventual accommodation in interstial lattice
positions (Ishikawa and Ichikuni, 1984). Nevertheless as fluid

salinity increases Na contents in precipitating calcites

‘increase to a concentration of about 2500 ppm at lOO/oo
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salinity. Sodium concentrations In the CRNL calcites are 1low
(generally <300 ppm)} indicating the calcites precipitated from
fluids of very low salinity or the Na/Ca ratio of the fluid wa;
much smaller than seawater. Alternatively Na in the original
calcite could be lost if recrystallization took place.

Mole ratios of (Mg/Ca) range from 0.17 to 0.11 in CRNL
ground waters, _ Based on these ratios and the kt values 1in
Table 4, Mg concentrations in directly precipitaﬁi? calcites
could range over an order of magnitude -~ from 300 to 3090 ppm.
Measured concentrations display a range in values con, iderably
in excess of 300 ppm (Fig. 19). However . mineral sour&es cther
than calcite may contribute Mg to samples analyzed by AAS. For
example, the Mg concentration of the calcite vein shown in Plate
IIT was measured at 0.3 wt % by electroﬁ microprobe analysis
compared to 7000 ppm by AAS. Non—calcite sources of Mg include
fracture chlorite and patches of dolomite (possibly of exsolu-
tion origins) in some calcite veins.

= Cathodoluminescence microscopy in conjunction with sub-
sequent electron microprobe analyses have shown that the vein
calcites may be compositionally non-uniform. Plate XIX is a
cathodoluminescence photomicrograph of the central, coarse-
grained region of a 1 cm wide calcite vein from CR7 - 135.34 m,

Compositional zoning is evident within individual caleite crys-

-

e
tals and in areas bordering pores and fractures in the central

,/
part of the vein. Electron microprobe analyses (T§3}6/9) of

several points within the zoned crystals indicate the darker,

e

'/
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non-luminescent regions are low in Mn compared to the vellow
luminescent regions. This agrees with the well-known fact that
Mn is an effective activator of calecite luminescence (Machei,
1985). 1Iron on the other hand is a gquencher of luminescgnce.
The cathodeluminescence and electron microprobe data indicate
that during the final sﬁages of precipitation of calcite vein
CR7 - 137.34 m the fluid composition was rapidly changing to
lowér Mn concentrations. This change must have been rapid be-
cause these compositional changes are evident in individual
calcife crystals. It is interesting to note ’thax the most
recegz calcite which lines fractures and vugs in sample CR7 -
137.34 m is brightly luminescent (Plate XIXc) suggesting preci-
pitation fro# a more Mn-rich fluid (a.ssuming constant Ca concen-
tration) than that\which precipitated the dull Mn-poor calcite
that immediately preceeded it. Obviously £ulk chemical analyses
of fracture calcites that are compositionally =zoned are of
limited value in interpreting the composition 0of the fluid using
partition coefficient theory nor dé they " reveal the complex
fluid history for soﬁe'of these fraétures.

Evidence for recent cal;;;e precipitation from a fluid
with a relatively large Mn/Ca mole ratioc can be seen in the

cathodoluminescence photomicrograph for a reopened calcite’ vein

in sample CR9 - 574.33 m (Plate XX). In this example relatively
: q

"

brightly luminescent calcite overlies duller calcite containing
numerous solution pits and inclusions of silicates (principally

chlorite) near the coptact with the more luminescent calcite.

1
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This chlorite likely represents inclusions of chloritized wall
rock material that was formerly in contact with the duller cal-
cite priof to reactivation of the fracture. Althouéh Mn con-
centrations measured by electron microprobe (Table 9} are high‘
in both calcites Mn/Fe ratios aré significantly higher in the
more luminescent calcite. Four measurement points in the lumin-
escent calcite have Mn/Ee ratios ranging from 7.9 to 26.7 where-
as ratios for 5 measurement point in. the duller calcite range
from 2.7 to 5.7. Because of the quenching effect of Fe on cal-
cite- luminescence the Mn/Fe ratio can be an important facter in

determining the brightness of luminescent calcite (Frank et al.,

1982).

-

Manganese concentrations in the present day CRNI, ground
waters are low. Maximum values measured in the 600 m deep
hydrogeochemistry borehole CR13 were 0.04 ppm but most ground
water samplgs contained lessg than 0.03 ppm Mn (Bottomley et al.,
1984). Maximum Mn/Ca mole ratios iA the water and in calcite
sample CR9 - 574.33 m are approximately 0.0016 and 0.0158, res-
pectively. It is possible, therefore, Ehat the brightly lumin-
escent calcite in this sample brecipitated from the present day
éround water, given the uncertainty in the Mn k. value (Table
4) and the lack of constraint on the minimum Mn/Ca mole ratio
of the CRNL ground water. ¥Yhis same uncertainty, however, pre-
cludes use of Mn data to show that the duller calcite precipi-
tated from a fluid 6?‘different origins than that which precipi-

tated the luminescent calcite. This distinction can be done on
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the Dbasis of differences 1in 0 content between the two
'calcites. These calcites have been analyzed for 180 and the
results are discussed in a.later section. -

Microprobe analyses of ‘calcites from open fractures
{see SEM photos of selected samples, Plate XXI) show that with-
out exception Mn is the most abundant minor element present
(Table 10). Concentrations of Mg and Fe are generally low when
compared to their concentration distributions in bulk calcite
samples (Fig. 19). All of these.open-fracture' samples are en-
riche&{&ﬁgjho relative to ‘the vein calcites and are believed
to hav; formed from the.recrystallization of hydrothermal cal-
cite in recent meteoric waters (see_segtion 6.3). Because of
the large kt value for Mn (Table 4) calcit;‘recrystallization
may recycle Mn from one generation to the next. Although the
kt value for Fe is greater than 1, Fe released during recrys-
talli%ation may at least bartially precipitate as a ferric
ggyhydroxide rather than beé copxecipitated in recrystallized
calcite. i

Occurrences of fracture calcite in core from the East
Bull Lake and White Lake plutons are usually thin and accor-
dingly are difficult to sample for chemical analysis by AAS.
Nevertheless several selected calcites from EB£ were anq;yzed
by this method and the results are listed in Table 11. Mang-
anese concentrations in the EBL calcites are 1-2 orders of mag-
nitude lower than in the CRNL calcites and Sr concentrations are
slightly lower in the EBL éalcites. In contrast Na concentra-

tions, although quite variable, are generally higher in the EBL

calcites.
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Table 11. Chemical composition of EBL fracture calcltes (concentrations are

. in ppm except for Ca which is expressed as weight per cent Ca0).

Borehole Depth Ca0 Mg Fe Mn I.R.
(m) " % ~ 1
“\\
EBL 1 192.54 47.8 4280 1600, 75 65.8
EBL 2 261.00  47.7 <140 625 40 64.3
EBL 2 625,15 37.4 2450 3970 215 65.4
EBL 2 755.10 35.5 650 1060 295 58.0
EBL 2 806,72  31.5 315 5765 45 44 .4
EBL 4 115.76 50.5 5157 770 85 41.5
EBL 4 184.54%  53.9 1370 2340 320 25.2
EBL 4 184.57 50.0 3280 6090 640 46.3
EBL & 208.53(1) 52.8 865 1260 210 33.8
EBL 4 208.53(2) 54.3 065 1520 190 34.5
EBL 4 208.53 54.5 (&020 1470 210 34.2
(AL(¥O;) 4 rinsed)
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Although the Na data could suggest the EBL calcites
precipitated from a more saline, Na/Cl water than that -which
precipitated the CRNL calcites, this can not be proven from the
chemical data alone. The EBL ground waters cxhibit a very large
rafige in (Na/cCa) hole ratios ranging from 0.3 in the shallow

- [ ]
Ca/HCO3 ground waterslxo 280 1in the deeper Na/HCO3 ground
waters, The deepest saline Na/Cl waters have (Na/Ca}- mole
ratios of 3.5-5.2 which are much la@rger than the ratios of 6.45—
0.90 reported for the saline ground waters and brines in the
Sudbury basin (;iape et' al., 1984). Therefore, recently-pre-
cipitated EBL fracture calcites could have Na congentrations
greater or less than that of marine calcites depending on

or the Ca/HCO. or

3 3

Na/cCl ground waters. Nevertheless the maximum Na concentration

whether they precipitated from the Na/HCO

observed (13,700 ppm) is mﬁch too high to have been derived from
' any of the prgsent day ground waters. Mo;eover the stable iso-
tope data for the fracture calcites will show that most of these
calcites are not in isotopic equilibrium with the present day
ground waters. Therefore the higher Na concentration of the EBL
calcites probably reflects their precipitation from an ancient
filuid with a relatively high (Ma/Ca) mole ratio compared to the
present day ground waters.
Rare earth element (REE) concentrations in‘éRNL,cal—
cites, gneisses, and two ground water samples gre listed 1in

Table 12 and chondrite-normalized plots for these elements are

shown in Figs. 20 and 21. Samples with element concentrations

v
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Table 12. Rare earth element concentrations in CRNL calcites, whole rocks,

-1}
and ground waters (mg kg l).

}

Borehole and depth La Ce Nd Sm By Gd Dy Yh
{m)
Calcites
CR3 - 22,22 162.7 198,11 73.1 11.1 l.6 6.3 1.7 1.3
- 69,00 150.9 278.6 125.4 16.8 1.7 11.7 8.3 6.7
- 130.13 51.4 91.1 47.5 8.8 1.0 10.4 -11.6 9.4
CrR8 - 204,94 255.% 470.7 209.3 35,2 . 29.0 34.5 27.8

- 277,51 120.8 227.7 104.7 18.1 15.8 15.8 12.8

7.5
- 205.05 330.3 654.4 307.3 51.1 10.9 41.4 44,7 36.1
3.0
- 292,32 282.3 626.1 304.2 52.2 9.3 46.5 50.8 41.0

CRY . - 345,77 177.2 371.8 163.5 29.6 3.1 41.0 0.0 0.0
- 351.16 100.6 2271 118.1 23.0 4.0 23.5 33.8 27.3
ST 459,98 25.7 0.0 49.9 0.0 0.0 35.5 0.0 0.0
-+ 492.43 95.1 16.2 36.0 4.1 0.0 2.6 0.0 0.0

- 574.33 165.7 308.7 158.3 25.7 5.2 23.0 19.2 15.5

CR10 - 51.37 4058, 7\ 8400.4 4026.1 618B.4 70.6 383,0 100.0 80.7
CR12 - 77.90 4195,1 7561.8 3316.7 463.3 26.6 319.7 101.4 8l.9
FS15 ~ 13.82 349.3 735.5 321.1 52.8 8.5 44.0 40.1 32.4
FSlé - 14.30  328,4 563.3 218.4 27.9 3.4 15.4 11.2 > 1

M

Whole Rocks

CRl - 108.4 * 13.3 27.9 15,7 3.2 2.:? 6.4 0.0 0.0
CR2 - 10.9 40,2 - 19,2 7.1 1.7 6.0. 0.0 0.0
cnRe - 40.2 74.0 31.1 4,4 1.2 2.8 2.9 2.3 \
- 3.1 6.2 3.8 0.7 0.8 0.5 0.8 0.6 \
- 23.9 50,7 27,0 4.4 2.9 3.3 3.8 3.1
CR9 - 22,5 51.6 28.5 5.5 1.6 4.0 5.9 4.8 )
- 54,3 104.6 41.2 6.9 1.3 5.5 5.0 4.0
- 35.0  71.6 42,5 6.8 3.0 5.8 5.5 4.5
CR14 - 13.3  31.6 12.9 2.1 0.9 1.6 1.6 1.3
Ground Water$s
CR13 - 86 m 0.01 ©0.00 0.00 0,00 0.00 0,00 0.00 0.00
y T 34l m 0.03 0.01 0,01 ©0.00 0.00 0,060 0.00 Q.00
(¥ 3
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Masuda et al. (1973). Diamond symbol indicates 18
depleted calcite.
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A
less than the detection limit are shown with normalized ratios
of one, The fracture calcites are enric¢hed in REE relativé’to
the host rocks although bog? generally exhibit similar light
rare e;rth element (LREE) enrichment patterns. Two of the cal-
cites contain very large concentrations of REE. These two

18, (>20°/00) as the result of re-

calcites are also enriched in
+ » 3 » L] + bl

crystallization in meteoric ground water as discussed in a fol-

lowing section. In contrast, two calcites with unusually

18O values (_Oo/oo) have low REE concentrations relative

light §
to the other calcites and strong negative Ce anomalies. Mild
to strong negative Eu anomélies‘are present in most 0f the cal-
cites. Whole rock samples have negative, positive or no Eu
anomalies,

The similarity in REE patterns between the' monzonitic
orthogneisses and the calcites suggest that the REE in the cal-
cites have been derivéd from these gneisses® The two low—RﬁE
calcites are obvious exceptions. The average Sm/Nd ratio of the
calcites (excluding the low REE calcites) is 0.16 compared to
0.17 for the whole rock sa%ples, excluding the pyroxenite. The
average Sm/Nd ratio for granulite is 0.16 (Herman, 1970) further
suggesting_that the gneisses are *he source of the REE contents
in the calcites.

In Fig. 22 the calcite REE concentrations have been
normalized against the average REE concentration in the five

monzonitic-orthogneiss samples from boreholes CR8 and CR9. Most

of the calcites display a relatively flat REE pattern with a ’
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Fig. 22, Plot of CRNL calcite REE concentrations normalized

' against average REE concentration in CRNL orthog-

neisses. Diamond symbol indicates 180-depleted
calcite. .



105.
mild negative Eu anomaly suggesting Eu was slightly less mobile
than the other REE during calcite precipiation. This could in-

2

dicate the presence of Eu'® in solution which is probably too

2+ as Eu3+

15rge to substitute as readily for Ca in calcite (Eby,
1975). The presence of a significant proportion of Eu in the +2
valency state would indicate that. the fluiq from which it pre;
cipitated was moderately reducing.

The large order of magnitude difference in REE concen-—
trations between the fracture calcites and the host rocks sug-
gests that the REE elements released by the alteration of the
rocks are largely immobilized by the secondary fracture. mine-
rals. It is not likely, however, that the CRNI, calcites are the
only fracture mineral sinks for these elements. The mineral
impurities (i.e. "insoluble residues") that accompany the cal-
cite, such as ferric oxyhﬂdr?xides, are known =0 be efficient
adsorbers of REE (Graf, 1953§)Shaw and Wasserterg, 1985). For-
mation of REE minerals such as bastnaesite (CeFCO3) in fractures
in plutonic rocks has alsc been reported (Kamineni and Bonardi,
1983) and this has been attributed to recent interactioas be-
tween ground water and monazite. In Fig. 23 the total REE con-
centration (IREE) in the fracture calcites have been plotted
against their insoluble residue (I.R.) contents. There is a
large amount of scatter in ?F}f plot suggesting the correlation
between :REE and the I.R. is far from linear. Furthermore,

variability.in~the I.R. content has had no apparent effect on

the overall REE patterns. Therefore it is probable that both
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Fig. 23. Plot of the REE concentration vs. the insoluble resi-
due content of CRNL calcites.
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‘ the fracture-calcites and the insoluble residue have REE pat-
terns similar in shape to that of the host gneisses.
. Concentrations of REE in CRNL ground waters are near
or below the detection limit of the analytical procedures used
in this study. However, it is clear from the analyses of the
sample from 341 m in borehole CR13 that the ground waters are
enriched in La relative to the other REE. Because Ce and N4
concentrations in the monéonitic orthogneiss are similar to or
greater than La concentrations it would appear tﬁat La is the

most mobile REE in -CRNL ground waters. The ionic radius of La’t

is significantly larger than that of ce3*

or Na3¥ which may make
its substitution for Ca2+ in calcite more difficult. Neverthe-
less the fracture calcites do not show any discrimination

against La relative to Ce and Nd (Fig. 22). This suggests that

either the hydrothermal calcites precipitated from a fluid that

-
was also enriched in La relative to other LREE or, alternative-
ly, REE complexation by 0032-, 8042- or Cl  could have in-

creased the effective (non-complexed) concentration of free La2+

in the hydrothermal solution relative to other REE. Graf (1984)

2+

has shown that La can be expected to be less complexed than

heavier REE in hydrothermal solutions resulting in relatively
larger free La2+ concentrations available for precipitation
in calcite.

The two low REE calc{tes have distinctive REE'patterns
with strong negative Ce anomalies hot observed in other calcite
or rock samples. Seawater has a sﬁrong negative Ce anomaly

4+

3* to ce? witn

apparently due to significant oxidation of Ce

subsequent incorporation primarily into Mn nodules (Addy, 1979;
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Fleet, 1984). Highly oxidized meteoric waters might also be
'expected to have nE@ative Ce anomalies. Moller et al. (1979)
observed similar Ce anomalies in low REE hydrothermal calcites
which they interpretéd as forming from oxiaized, meteoric Qater.
Therefore the REE péttern in these calcites may:reflect that of
a fluid which had not interacted with the gneisses sufficiently
to acquire the REE pattern of the gneisses. This would imély
these calcites precipitated in a high meteoric water/rock en-

18

vironment. The O contents of these calcites may support

such an interpretation as discussed in a subsequent chapter.

/

6.3 ISOTOPIC COMPOSITIONS OF CHALK RIVER ROCKS

AND FRACTURE CALCITES

6.3.1 Strontium

Ten whole rock samples were analyzed for their 87Sr/
86Sr and Rb/Sr ratios (Table 13). Seven of these samples were
orthogneisses which included syenitic, granodioritic, monzodior-
itic, granitic, and quartz monzonitic gneisses. The other three
samples were comprised of a pyroxenite, metagabbro, and a pegma-
tite.. The present day 87Sr/86Sr ratios of the orthogneiss
samples Yange from 0.71085 to 0.72313. The pyroxenite and peg—
matite values bracket the gneiss values with isotopic ratios of
0.70782 and 0.74498, respectively.

8 8

The 7Sr/BSSr and 7Rb/865r ratios for all whole}ég;k

\
samples are plotted in Fig. 24 and an isochron has been fitted
to four of the seven gneiss samples using the method of York

(19é9). The slope of the isochron produces an age of 1345 t
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Table 13. Strontium isotope and Rb/Sr data for CRNL whole rock samples.

- : [ ;

Borehole and Depth (m) 878:/868r 87Rb/8 Sr Rock Description

CR1 -~ 108.4 0.71441 0.688 brownish-grey medium
grained quartz syenitic -
gneisg,

CR2 - 22.3 0.70782 0.109 melanocratic, inequj-

granular, massive,
non-foliated pyroxenite,

CrR8 - 58.0 0.72313 . 1.004 grey, fine-medium
; grained granodioritic
gneiss.
CR8 -~ 713.7 0.71598 0.662 medium~grained melano-

cratic monzodoritic
augen gneiss,

CrR8 - 121.1 0.74498 2.598 coarse-grained, non-
foliated granitic
pegmatite.

CRB - 184.5 0.71407 0.537 fine-medium grained,
pinkish grey granitic
gneigs.

CR9 -~ 233.6 ’ 0.71085 0.367 drey, medium-grained,
garnetiferous quartz
monzodioritic gneiss.

CR9 - 448.3 0.71250 0.468 grey, medium-grained,
. garnetiferous quartz
monzonitic gneiss,

CR9 - 574.2 0.72121 0.839 grey, medium-coarse
grained garnetiferous
quartz monzonitic augen
gneiss.

F515

42.6 0.71670 : 0.629 fine-grained,
melanocratic, weakly
foliated gabbro.

A
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87Sr/assr ratio of 0.70368. The mean’

22 Ma with an initial
square of weighted deviates (MSWD) of the isochron, as deéined
by Brooks et al. (1972), is 3.6 indicating there may be some
scatter slightly in excess of experimental uncertainties. The
pegmatite and pyroxenite samples plot well off the isochron as
would be expected singe they likely intruded the gneiss follow-
ing the Grenville oro {ny. The gabbro sample is also post
“Gfenvillian". Three of the gneisses appear not to have re-
mained totally closed with respect to Rb or Sr as subsequent
mobilization of these elements is suggested by the deviation of
the gneisses from the isochron. The scale at which these rocks
were open to gain or loss of Rb and Sr following emplacement is
not clear and may have been variable. Although all samples were
free of visible alteration, fracturing could be present in the
rock near where the core samples were collected thus facilitat-
ing Rb or Sr migration between fracture fluids and the rock,
This implies migration occurred either during or following the
period of hydrothermal activity and is on the scale of cenii-
metres. However, the uncommon syenitic gneiss lies well to the
right of the isochron suggesting that either 87Sr migrated out

of or 87

Rb migrated into this gneigs. This migraﬁion may have
occurred during the regional metamorphism .0of the Grenville
orogeny and was probably on the scale of tens of metres. Such
open system behavior is not uncommon for metamorphic rocks in,
the Grenville (Bell and Blenkinsop, 1980).

The Rb/Sr date of about 1300 Ma may represent the age
of emplacement of the pluton into surrounding supracrustal meta-

~

sedimentary rocks or the onset of the Grenvillian metamorphic
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Fig. 24. Plot of CRNL whole rock 875r/86gr and 87Rrb/86sr compo-
sitions. 1Insert i#s an enlargement of the isochron
drawn to provide the best fit to four orthogneiss
gsamples (crosses). The histogram shows the distribu-
tion of the 875r/86gr ratios for the calcites.
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event. However if the isochron is the result of metamorphism
an age closer to 1100 Ma would be expecgﬁd since this is the
widely accepted period of peak metamorphisﬁ in this part of the
Grenville_(Baér. 1981). The,Rb/Sr age of the Chalk River pluton
is only slightly less than that of the nearby Algonquin batho-
lith (l.5-1.4 Ga) which may have been subsequéntly remobilized
by diapirism during the Grenville orogeny (Schwerdtner and
Lumbers, 1980). Therefore, interpretation of the Rb/Sr age of
the Chalk River pluton as the age of emplacement- seems most
reasonable especially if its emprécement was rel;ted to diapir-

ism of the Algonquin batholith at thé oneet of the Grenville
™~

orogeny.
e aas 87 86 ; . . .
The low initial Sr/°"Sr ratio of 0.70368 is similar
) )
to values of around 0.7030 - 0.7035 proposed for Grenville

- f < »
gneisses that may be the basement rocks for the Grenville Super-

group (éell and Blenkinsop, 1980) aﬁd is distinctly lower  than
initial ratios of 0.709 - 0.715 for petagreywackes and parag-
neisses in the Ontario Gneiss Belt (see summary :of Wu and
Kerrich, 1986). The low initial ratio for the orthpgneisse%
may indicate that these rocks were formed from a magma that was
derived from the lower crust or upper mantle. Alternatively,
the igneous precursor of the orthogneizses may have been défived
from early Proterozoic metasediments perhaps contafqéng a high
percentage of volcanié detritus (and hence having a low Rb/Sr
ratio). Such metasediments had initial ratios ranging from
~0.702 to ~0.705 (Wu and Kerrich, 1986). Séme support for this
latter suggestion is found in the high A1203 contekt of the mon-

zonitie orthogneié& samples (Table 8.) The Al/(Na + Ca + K)
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-~

molar ratios for these rocks range, from 1.14 - 1.47 which would

L3

suggeet they were derived from peraluminous rocks, proGided this

ratio was not significantly altered during metamorphism. Accor-
dingly the orthogneisses could have been derived from S-type

granitic rocks that were formed by anatexis of early Proterozoic

-

sedimentéry rocks. Monzonitic-syenitic rocks in the Algonquin

-

batholith have an average Al/(Na + Ca + K) ratio of 1.14 which

is at the low end of the range for the CRNL gneisses (Wu and

Kerrich, 1986).

The Sr isotopic compositions of the calcites are rela-
tively uniform with ‘a range of between‘ 0.70825 and 0.71052
(Table 14). The mean value is 0.7090. These ratios are signi-
ficantly less radiogenic than the present day whole rock values
Sut more ra&iogenic than the initial ratio of the host gneisses.
Because the calci%e lattice caﬁﬂbt accommodate a significant

amount of Rb, the 87Sr[86

Sr of calcite records the isotopic com-
position of the fluid at the time of its precipitation. For the
case of hydrothermal fluids the Sr isotopﬁc composition of the
fluid %s usually similar to that of the hogt rocks {Stettler and
Allégre, 1978) and Hence the 87Sr/868r ratio of hydrothermal
minerals low in RDb bchh as cglcite and fluorite) records the

) t
Sr isotopic compositien of the wall rock at the time of vein

mineral formation (Ruiz et al., 1984). Therefore, if ‘the host
gock is.relatively rich in Rb it is possible to estimate a ‘maxi-
\ .

mum age for the calcite (and a minimum age for the ‘fracturing)

using the Rb-Sr age dating equation:

(18) 8'l-’SI.‘/BGSl: = (87Sr/865r)0 + 87Rb/868r (elt - i)

]
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Table 14. Strontlium tsotoplc compositlon of CRNL fracture

calcites and ground yaters.

114,

Borehole and Depth (m) 87Sr/863r Couments
Calcites
CR2 - 58.32 0.71052 calclite vein stockwork
- 127.90 0.70868 sealed vein
CR3 - 130.10 0.70867 calcite/dolomite mixture
- 69.00 0.70894% sealed veln in pyroxenite
crB - 184.88 0.70891 sealed veln
- 285,38 0.70913 patchy caleite - open fracture
CrR9 - 75.75 0.70907 open, sub-vertical fracture
- PoLl.16 ) 0.70899 sealed fracture in braccla zone
- 459,98 0.70879 sealed veln with laumontite
- 492,43 0.70855 gsealed vein
- 574.33 0.70825 first generation calclte in
reopened vetin
CR10 - 51.37 0.70895 open, sub-vertical fracture
CrR12 - 26,12 0.70864 sealed fracture
- 26.38 0.71016 duplicate samples
- 26,38 0.71011
- 26.42 0.70907 open fracture
- 113.34 0.70899 open fracture
_ FS16 ~ 14.30 0.70917 open fracture
FS17 - 22.74 0.70939 patchy calclite
Ground Waters
CR13 - 86 0.70929 Na/HCO3 water; {Sr?t] = 0.9 ppm
- 341 0.70920 Na/Cl water; [Srit] = 1.7 ppm
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where 87Sr/865r and 87Rb/865r are the present day ratios of the
gneiss and (87Sr/865r)O is the 1initial Sr isotopiﬁ ratio of the
gneiss host rock at the timé of hydrothermal mineral formation
and which is-recorded in the Sr isotopic ratio of the fracture
calcite. This assumes, of course, that the Sr isctopic compo-
sition of the hydrothermal fluid was similar to the whole rock
value and not controlled by a‘pgrticularly soluble mineral phase
with a distinctly different value (Ruiz et al., 1984).

Substitution of present day average 87Sr/865r and

87Rb/86 Sr ratios of 0.71602 and 0.652, respectively for seven

orthogneiss sahples and a (87

Sr/86Sr)0 ratio of 0.709 results
in an age of about 760 Ma for the hydrothermal calcite. How-
ever this age is not well constrained because it is sensitive

87Rb/868r ratio of the rocks which is quite low and vari-

to the

able (0.37 - 1.00) in the CRNL gneisses..‘ Nevertheless the
‘ p. ,

hydrothermal calcite must be several hundred million years old -

87Sr/BGSr development lines

as is evident from an examination of
for 1345 ﬁa old gneiss as a function of the 87Rb/865r ratio
(Fig. 25). Intersections of these lines with a horizontal

line representing the average 875:/868r ratio of the fracture
calcites indicate the hydrothbrhal calcite is at least 400 Ma
old and éuité possibly 700-800 Ma old if the average gneiss
87Rb/865r ratio of the gneiss (0.652) 1is considered. If so
the caléite probably formed during a period of 1late Protérozoic

fracturing and hydrothermal activity in this region of the

Ottawa-Bonnechere graben system several hundred millions of
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average present day ratio for CRNL fracture calcites.
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years after the Grenville orogeny. Such a conclusion is not
inconsistent wifh the previously noted 1long period of post-
Grenville orogeny magmatism in the Grenville Province (Higgins,
1982) especially in fegions near the Ottawa River Valley.

Both the Na/HCO, and Na/Cl ground waters at CRNL

3

87Sr/BGSr ratios (0.70929 and 0.70920, respectively) that

have
are similar to the fracture calcites. The similarity in Sr iso-
topic cpmpositions of the CRNL ground waters and fracture cal-

cites (Table 14) strongly suggests that calcife dissolution is
a more important source of Ca2+ and Sr2+ in these waters than

the incongruent dissolution of silicate minerals despite the

-

substantial concentrations of both elements in the gneisses

(Table 8). However the ground waters from CRNL that have been

analyzed for 87Sr/86 and Na/Cl types.

3

}
waters, such as those sampled in borehole CR7

Sr are of the Na/HCO

Shallow Ca/HCO3

(Fig. 4), could have more radiogenic '87Sr/868r ratiocs reflec-
rlg

. . ins ; . - . +
ting more significant contributions of silicate mineral Sr2 .

McNutt et al. (1987} showed that recent shallow, Ca/HCO3 waters
e

at EBL are characterized by relatively radiogenic and non-uni-

3

and Na/Cl waters and fracture calcites and laumontite that have

form 87Sr/86Sr ratios (0.710 - 0.721) compared to the Na/HCO

relatively uniform ratios near 0.7125. Multiple mineral dissol-

ution by chemically agressive low pH, recharge water may explain

8

the variable 7Sr/BGSr ratios of the Ca/HCO, waters at EBL.

3

The high sr* concentration and Sr2+/Ca2+ mole ratios

for the Na/HCO3 waters at CRNL compared to the EBL Na/HCO3
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waters suggest the isotopic composition of Sr2+ at CRNL isg

not buffered by an exchangeable Sr2+ reservoir. The data are
more consisten£ with a calcite recrystallization process. Solu-
tion and reprecipitation of calcite would lead to relatively
large Sr2+/Ca2+ mole ratios (compared to the ratio in the unal-
tered calcite precursor)} as well as impart the Sr isotopic sig-
nature of the calcite to the ground water. However, Davison
(1982) has shown from inter-borehole tracer experiments ét CRNL
(between boreholes CR6 and CR7) using Nal as a tracer that ex-

24

changeable Ca is abundant on the fracture surfaces. While

this supports the proposal that.the Ca/H'CO3 to Na/HCO3 ground

water transition is the result of reversible ion exchange reac-

tions, it also suggests that the exchangeable Sr2+ concentra-

tions on the fractures may be large (Sr2+ was not measured in

the ground water during the experiments).. Therefore élthough

calcite recrystallizatién is likely the predominant control on
2+

\ . 87 86 .
the Sr concentration and the Sr/““Sr ratio of the

ground water, Sr isotopic buffering by exchangeable adsorbed Sr

cannot be totally discounted.

\.

6.3.2 Oxygen and Carbon

The distribution of the 120 and s13c values for the

Chalk River calcites are shown in the histograms of Fig. 26.

The actual measurements are listed in Appendix Table A2. Most

13

of the 67°C values range between -5.5 to —B.Oo/oo although seve-~

pEs
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ral calcites are as light as -10°/oo. 1In contrast the §-80 con-
tents of the calcites exhibit a broad range with most values
falling between 14 and 23°/00 (SMOW). Sealed vein calcites have
6180 values that are generally <l7o/oo. A few samples do not
lie within the main population distribution. These calcites are

very much lighter in 6180 with values of about -1 to +9%/0c0

_(sMow).

The isotopic compositions of all CRNL calcites as a
function of borehole depth are shown in Figs. 27 and 28. Most
of the'samples from CRNL were collected from boreholes CR8 and
CR% and the isotopic compositions of the calcites from only
‘'borehole CR-8 are shown in Fig. 29. Isotopic Qariations in
g%allow calcites from borehole CR-12 are shown in Fig. 30.
Although there is no well defined depth relationship for either

6180 or 613C there is a suggestion that the 6180 values range

over slightly lighter values an;\the 613C values range over
slightly heavier values at greater depth. In the case of oxygen
this observation might be the result of the .slight decrease in
the fractionation factor between calcite and water with increa-
sing temperature at depth. In the case of carbon, biogenic CO2
light in l3c may be a more iﬁportant source of calcite C as the
soil zone is approached. Alternatively isotopic exchange may-
be a more important process in the shallow subsurface where rock
permeability; and hence water/rock ratios, may be higher than
at greater depths. However, the most important observation in

3

these figures is the large variation in values for both isotopes’
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at any specific depth. Not only are there large isotopic vari-

ations between closely spaced fractures, there are .also. large--

-

variations within individual fractures. These intra-fracture
variations are of two typeé: a) variations perpendicular to the
plane of the fracture as the result of the precipitatioﬁA\of
younger generations of calcite over older calcite, and b) vari-
atiqqs within one .calcite generation along the- plane of the
fracﬁure.

An example of the first typg of intra-fracture isotopic
variation ocgurs in an open fracturd at a depth of 574.3 m in
borehole CR-9. Two generations of texturally distinct calcite

A\
in this fracture are evident both in transmitted light under the
petrographic microscope and by cathodoluminescence (Plate XX).
The older, massive calcite next to the gneiss host rock has a

618 13

0 of 14.80/00 (SMOW) and a ¢ °C of —5.60/00. The thin calcite

layer overlying the massive calcite has a 6180 of 21.50/00 and a
613C of -7.90/00. The difference in isotopic composition of
these two calcites in conjunction with the previously described
chemical differences revealed by electron microprobe analyses
and cathodoluminescence microscopy strongly suggests that these
two generations of calcite formed at different times under dif-
ferent physicochemical conditions.

An example of the second type of intra-fracture varia—
bility occurs over a distance of about 25 cm in a sub-vertical

fracture at a depth of 77 m in borehole CR-12. §alcite occurs

in this fracture as a fine-grained, semi-continuous layer less
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than 1 mm thick. The 5180 of the calcite over this 25 cm sec~

tion of the fracture varied by 6°/oo (16.6%/00 to 2J:6°/60) and

the 513

C by 3.2°%co (=7.7°%/00" to -10.9%/00). It is clear from
these complex, small scale inter- and iﬂtra—fracture isotopic
variations that this feature is unlikely to have been produasq
by fluid mixing during a single hydrothermal event. Rather, I
believe, the isotopic variation is the result of caléite
‘recrystallization in meteoric .ground waters and under variable

water/rock ratios. This is discussed in detail in a later

section.

6.4 FACTORS RESPONSIBLE FOR VARIATIONS AN THE CHEMICAL AND
'ISéTOPIC COMPOSITIONS OF CHALK RIVER CALCITES

g

Factor analysis with varimax rotation| was empioyed to
determine whéther there were identifiable fact ntrolling
the variations in the chemical and isotopic compositions of CRNL
fracture calcites. The results of this analysis are shown in
Table 15 which includes an interpretation of the nature of each
factor. |

The strong loading of Mg, Fe and Mn on factor 1, which
accounts for 34.9% of the total variance, may represent vari-
ability in the concentrations of these elements in the original

hydrothermal fluid. The scatter diagram of Mg vs. Fe (Fig. 31)
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7 'T@Ble 15, Varimax rotated fadtor analysis of 2RNL~fracture calcites.

—
Factor 1 Factor 2 Factor 3 Communal ity
st 0.20992 ~0.81080 -0.02937 0.70233
618 053847 0.61733 -0.24164 0.72944
log Ca . -0.12050 0.07135 -0.78811 0.64073
log Mg 0.79504 - =0,01982 0.41804 0/80723
log Na 0.20061 10.14216 \3?31040 $ /0.11720
log Mn 0.88915 0.12458 ~0.06957 0.81094
log Fe . 0.74073 0.23369 . 0.51309 0.86654
log Sr 0.07965 0.54447 0.34337 " 0.42070
log Al ~0.43722 0.44261 0.69414 0.86889
log I.R. 0.19201 0.57497 0.36022 0.49722
Depth ~0.28278 -0.76833 0.04272 0.67212
Elgenvaluae 3,83598 2,07813 1.815923

* Par cent of

variation " 34.9 18.9 ‘ 16.5
explained )
high temper- low tempera- leaching of
Interpretation ature water/ ture calcite insoluble
rock inter— recrystalliz- residue
actions ation & water/

rock inter-
actions

1
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\\shods a positive correlation Dbetween these two elements. A
similar relationship existsqpetween MA and Mg or Fe. Accor-
dinély factor 1 is interpreted as representing high temperature
chemical interactions between hydrothermal fluids and the host
rocks near the fractures, Dependinglon the water/rock ratio of
individual fracture pathways, fluid chemistry may have been
quite variable and strongly influenced by the compositipn of the
local litbology (i.e., monzonites, grani-ic pegmatites, diabase,
etec.). Eﬁdeed the previously presented microprobe analyses have
clearly shown that the fluid composition in some fractures was
not uniform during the precipitation of fracture calcite. It
is also likely that the Mg and Fe content of the calcite was in
part determined by the effectiveness of the previously formed
fracture chlorite to fix these two elements as they were re-
leased to solution from the host rocks. The moderate loading
of 18O on this factor may indicate that isotopic exchange be-
twéen the hydrothermal fluid and host rocks also occurred. This
is discussed further in the followiné section.
Factor 2 is believed to feprésent low temperature
water/rock interactions and calcite recrystallization. This 1is

18

suggested by the antithetic loading of 0 witHLl3C and depth on

\ .
this factor. Because permeability generally decreases with
¥
depth, calcite recrystallization should be more extensive at

shallow depths. Low temperature recrystallization of hydro- ,
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thermal calcite will result in an 185 snift to more positive

values. This is investid&ﬁﬂd more thoroughly in section 7.2.
Unlike the 6180 values, 613C values of recrystallized
calcites will tend to be shifted to more negative values (par-
ticularly at shallow depths) because of incorporation of bio-
genic carbon dissolved in the ground water. The loading of SQ
on thi; factor is probably due to the relatively large Sriiiggf+

) v Y

mole ratios in the CRNL ground waters, particularly the Na Fco

\ 3
t
type. The scatter diagram of Sr concentration vs. a}3cj9Fig.

32) shows that 13

C-rich hydrothermal calcite is characterﬁ;ed by
low aﬁd relatively uniform Sr concentrations whereas recystal-
lized calcite tends to have more variable but generally higher
Sr contents. - Although the darge Sr2+/Ca2+ ratios of the ground
water are primarily’ controlled by calcite recystallization,
siliéate dissolution is another source of ground water Sr2+ as
shown'by the slightly more radiogenic isotopic composition of
the ground water relative to the calcites (Table 14). The nega-
tive loading of depth on this factor suggests these water/rock
inta%actions are most important at shallow depths. Moreover,
because kaolinite is a prbbable product of these interactions
(Fig. 7-10) the loading of insoluble residue on tnis factor

suggests that water/rock interactions and calcite recrystalli-

zation are not totally independent processes and that they are

spatially related.

Y

Factor 3 may represent leaching of the insoluble resi-

due as suggested by the strong loading of Na and Al on this

)

N
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factor and the complementary antithetic loading of Ca. Accqrg—
ingly, Na concentrations in_the calcites may be even lower than
that shown in Fig. 19.

In summary it appears that two processes h&ve been
primarily responsible for most of the variability in the chemi-
cal and isotopic compositions of CRNL fracture calcites. High
temperature water/rock interactions have controlled the magni-

"
tude of and the variability in themconcentrations of Mg, Fe, and
Mn in the hydrothermal calcites. Low temperature calcite re-
crystallization is responsible for the shifts in isotopic com-
positions and, in conjunction with water/rock (silicate) inter-
actions, for the &prevention of Sr depletion in calcite by

maintaining a high Sr2+/Ca2+ mole ratio in solution.
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7.0 ORIGINS OF CHALK RIVER FRACTURE CALCITES

- L
L}

7.1 CONDITIONS OF HYDROTHERMAL MINERAL FORMATION

The presence of laumontite with some of the calcites

that have the lightest 6180 values provides some geochemical

constraints on the conditions in which this small group of light

18O calcites formed. Laumontite is stable only at temperatures

of less than 300°C and pressures of less than about 3 kb (Liou,
1971) and therefore the co-existing calcite must also have form-
ed under these conditions. Furthermore laumontite will only

form when the mole fraction of CO2 in the fluid phase is low,

<0.01 at 2 kb pressure (Thompson, 1971). The coexistence of
laumontite and «calcite in the same vein suggests a rapidly
changing fluid compoBition during the precipitation of these
minerals. 1In the case of the fracture infilling shown in Plate
VIII the fluid composition must have changed with time from

"Coz—poor" to "Coz—rich". Such conditions c¢ould occur in high-

ly permeable zones that initially allowed large convectively-
driven influxes of meteoric water through the_fracfures. If

the C in the calcites was derived from a deep-seated CO, source

2

then the initial convection of meteoric water into these zones

could dilute the mole fraction of CO2 to low enough values to

enable laumontite precipitation. Fracture mineral formation

would subsequently reduce fracture permeability and ground water

o
-

flow rate possibly allowing the mole fraction of CO2 to rise

sufficiently to precipitate calcite.
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If the above scenario is essentially correct then the

18

lightest 0 calcites may have formed from a hydrothermal

fluid of meteoric origins that was not significantly affected

by 18, exchange - with the host gneisses. Grenville basement

18

gneisses generally have § O values in the range of 6—90/00 (see

summary of Wu and Kerrich, 1986) and thus have the potential to

shift meteoric hydrothermal fluids to more positive values. The

calcite from 459.98 m in CR-9 has a 518

the 18O fractionation factor between calcite and water is about

0 of -0.4%/co. At 300°C

5.50/00 which means this calcite precipitated from ground water
that was no heavier than -6°/oo. Because meteoric water is the
only volumetrically important water type with a 6180 of less

than Oo/oo it can be reasonably concluded that meteoric water

was a major component of the hydrothermal fluid. N the cal-

cite-laumontite pair actually precipitated at : 200°C then the

6180 of the fluid was about -9°/00.

Most of the apparently unaltered hydrothermal calcites
]

have 6180 values of 13 té“l?o/oo. If these calcites formed from

80

an unshifted meteoric hydrothermal fluid with a of -6°/00

or less, then formation temperatures are constrained to <-~100°C,

18

The existence of the light O calcite group, however, suggests

that the heavier hydrothermal calcite may have formed from
fﬂuids richer in 18O than -60/00. Such fluids could be produced
by 18O exchange with the gneisses under relatively low water/

rock ratios. It is possible that both lower temperatures (ret-

rograde exchange) and differences in fluid isotopic co?positions

/
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are responsible for the heavier hydrothermal calcites but it is
not possible to determine which of the two was dominant.

The upper pressure boundary of 3 kb fof the stability
of laumonti;e corresponds to a depth of about 11 km if it is
assumed fluid and lithostatic pressures are approximately equal,
This can be compared to a burial depth of about 18 km during
metamorphism based on pressure estimates of Dugal and Kamineni
{1987}. Hence the hydrothermal event responsible for laumontite
formation occurred sometime after these rocks were uplifted to
a depth of less than 11 km following metamorphism. If a cooling
rate of 8°C Myr"l is realistic for the Grenville Province
following metamorphism (Baer, 1981) then the required uplift of
11 km could have been achieved within 55 Myr of commencement.
Accordingly hydrotheg?al vein formation at CRNL could have fol-
lowed rather closely,%nl the heels of metamorphism. Strontium
isotopic data suggeét, however, that the hydrothermal calcite
formed at least 300-400 Ma after the peak in metamorphism indi-
cating a late Proterozoic or younger age for these calcites.

The 613C values of the hydrothermal calcites show rela-
tively 1little variation and are generally near —§ to —60/00.
Mantle C'O2 is generally believed to have a 613C value of between
-5 and -8%/co (J;voy et al., 1986). Hydrothermal calcites that
have precipitated in isotopic equilibrium with mantle C may ex-

13

hibit a wide range in 6 °C values depending on the temperature,

pH and fg, of the hydrothermal soluticn (Ohmoto, 1972) and re-

13C

sulting in some uncertainty as to their origins and the & £

of the parent solution. The relatively uniform and moderately
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negative 513C values of the CRNL calcites, however, leave little

doubt that the alaczc was very similar to " that of the calcites

themselves. This strongly suggests that mantle CO2 was the

source of C for the fracture calcites. WNevertheless there are
some calcites that have much lighter 613C values than —60/00.
As will be discussed be;ow this is believed to reflect rela-
tively recent contributions (through recrystalliiation) of C
derived from the isotopically light soil CO2 reservoir which
has been subsegue;Ely dissolved and partitioned amongst inor-

ganic C species (primarily HCO3_) in the ground water.-

The differences in both the 6180 and alac values of the

calcite and dolomite components of carbonates can be used to
estimate the temperature of formation of these minerals (Nor-
throp and Clayton, 1966; Sheppard and Schwarcz, 1970; Matthews
and Katz, 1977). This assumes, of course, that the dolomite and

calcite are in isotopic equilibrium. The fractionation of lBO

and 13C between metamorphic dolomite and calcite has been calib-
rated against the Mg-calcite solvus geothermometer .over a tem-

perature range of 100-600°C by Sheppard and Schwarcz (1970) who

derived the following isotopic relationships:

3, 18 a6 -2
(19) 10°1n ap O = 0.45 (10% 77%) - 0.40
13
3 c 6 -2
(20) 10°1n ap ©. = 0.18 (10° T72) + 0.17

5\\/
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Matthews and Katz (1977) have investigated fthe <150

fractionation during hydrothermal dolomitization ofv'CaCO3 at
temperatures of 252-295°C and have observed low fractionation
valueg of ilo/do in this temperature range. This fractionation

has been defined by the equation:

' 18
(21) 10%in o« [ O = o0.28 (10

6 2

T “) - 0.18

Temperatures of formation for the CRNIL calcit?—dolomite
pairs have been calculated using equations 19-21 and are listed
in Table 16. These samples were selected for isotopic analysis
of both minerals on the basis of X-ray diffractograms which con-
firmed or suggested'the presence of dolomite in the carbonate;
Large variations in formation temperatures. of 236-490°C and
315-528°C are calculated by the 180 fractionation relation-
ships of Matthews and Katz (1977) and Sheppard and Schwarcz
(1970), respectively. With the exception of sample CR3—1301%
the dolomite content of these samples is quite low which pro-
bably précludes high precision (O.lo/oo) analysis of the dolo-
mite compohent by this method (Walters et al., 1972). However,
widely varying isotopic temperatures for the dolomite-calcite
pair are not unusual (Sheppard and Schwarcz, 1970: Taylor and
Bucher-Nurminen, 1986). Oxygen isotopé te;peratures calculated
by the fractionation relationship of Northrop and Clayton {1966)
are significantly higher th%n those listed in Table 16 and are
considered unreasconable for these calcites when it is considered

that laumontite has been observed in some fractures. The same

is true for the C isotope temperatures in Table 16.
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Table 16. Isotopic fractionations and temperatufes (°C) for CRNL.
dolomite~calcite pairs
Borehole AiBO AiSC 18 iB Wt X We 2
and Depth (m) (Tloa)  ("/o0) 0 0 C calcite dolomite
CR2 - 127,90 0.3 0.3 490 528 904 74.9 5.0
CRZ - 129,43 0.4 0.6 422 477 374 60.4 18.8
CR3 - 130,13 0.9 0.3 236 315 904 31.4 56.5
cr8 - 204.94 0.8 T -0.1 262 339 - 81.7 8.4
CR8 - 205.05 0.3 0.2 490 528 - 59.8 16.2

1 calculated from equations of Sheppard and Schwarcz (1970)

2 Calculated from equations of Matthews and Katz (1977)
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Electron microprobe analyses were conducted on the
calcite and dolomite components of sample CR3-130 m in order to
determine whether the Mg-calcite solvus geothermometer of Gold-
smith and Newton (1969) agreed with ary of .the is;td;:c temper-
atures. This sample, shown in Plate VI{b), consists of carbon-
ate surrounding highly altered rock fragments in a brecéiated
fault zone. Cathodoluminescence spectroscopy of ﬁhe sample
shows that moest of the. calcite is present as vug infillings in
dolomite (Plate XXII). The outer portions of dolomite crystals
projecting into the vugs appear more luminescent than the core
of the crystals suggesting that the transition from dolomite to
i calcite precipitation was r;Eid. Seven microprobe analyses of
one such calcite vug (Table 9) show that the Mg concentration
of the calcite is not uniform as points near the contact with
the dolomite (Pl,‘2 and 7) are low in Mg compared to interfgr
portions of the vug which average 1.31 mole & MgCOa.
The Mg-calcite solvus equation 1is (Goldsmith and

Newton, 1969)

(22) ng = exp(0.847-3091/T) + (P—l)(O.l?xquaT - O.33x10-6)
where X = mole fraction of Mg in calcite
T = temperature in °K
P = pressure in bars

Substituting the average Mg concentration of 1.3 mole
2 MgCO3 into this equation yields a temperature of about 325°C

at atmospheric pressure or 310°C at 3 kb, the probable maximum
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pressure at which the hydrothermal calcite could have formed.

N

The iron concentrations #in the carbonate are sufficiently low
that temperature corrections for Fe (Bickle and Powell, 1977)

are small. The Mg-galcite solvus temperature fhus agrees well

18

_ ¢
with the isotopic temperature calculated from the 0 frae-

tionation relationship of Matthews and Katz (1977), (Table 16).
However, this temperature mus£ be viewed with some caution in
the absence of a suitable explanation for the low Mg content of
the calcite near the sdolomite contact which may sugyest the
dolomite and calcite were not in equilibrium a£ the time of
their formation. Nevertheless, the relatively high dolomite

content of sample CR3-130 m probably provides the  best oppor-,
\

tunity for deternpining formation temperatures of any of the CRNL

fracture carbonates.
r'd
A formation temperature of about 300°C for the carbon-

ate infilling in sample CR3-130 m would have considerable sig-
nificance with regard to the origin of the fluid from which it
B )

formed because both the calcite and dolomi;;}components of this

sample are relatively rich in §L8

0 (20.2/and 21.5%/00, respec-

tively). At 300°C the fractionation factor between calcite and

18

water is only 5.50/00 suggesting the ¢ 0 of the fluid was about

lSo/oo {(SMOW). The only mechanism by which such an 18

i8

O-rich
fluid could be generated is throuéh exchange with O-rijch sedi-
mentary rocks such‘as limestones. Marbles are.a major component
of the late Proterozoic Grenville Supergroup metasedimentary

_ 7
rocks which may have once covered the gneissic rocks in this
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area (Schwerdtner and Lumbers, 1980). Lower Paleozoic carbonate
rocks wére aléé deposited in the Chalk River area. In either
case meteofic waters cigculatiﬁé through such rocks in a hydro-
thermal convective flow system c¢ould have their 6180 values
shifted to much more positive values through exchange with car-
bonate rocks. Acéordingly it aépears that either two ﬁydro-
thermal events are recorded in the isotopic compositions of CRNL
fracture calcites, or tﬁe isotopic composition of the hydro-
thermal water during a single event was highly variable.
It should be noted that boreholes CR2 and CR3 shown in
Fié. 4 were drilled to intersect the major east-northeast tren-
ding faﬁlt that cuts through Upper Bass Lake (seé Fig. 3). This
is a younger fault that cross cuts the predominant northwest
trending faults in this area (Brown et al., 1982). Therefore,

the 18

O-rich fluid that apparently was onresent in this faUliﬂq
zone either did not infiltrate the fracture zones intersecggilj
by the other boreholes or it mixed with hydrothermal water that
had retained its lmeteoric isoéopic signature. The ;former
alternative is favoured if a second hydrothermal- event occurred
shortly after the hydrothermal event which was responsible for
most of the vein calcite at CRNL. The latter scenario is pos-
sible depending on the geclogy and topography of the area dur-
ing the evént because the juxtaposition of silicate and carbon-
ate rock fluid pathways offers fhe possibility of hydrothefmal

-
meteoric waters with very different isotopic compositions.

18

However, the restriction' of these O-rich fracture calcites
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13

{which are also C-rich) to the east-northeast trending fault

argues for a second hydrothermal event that resulted in infil-

tration of 18

O-shifted meteoric waters primarily through youn-
ger cross faults. '

The common occurrence of calcite filling chlorite~lined
 fractures indicates a major change in fluid chemistry during the
formation of thg e two minerals. Pormation of the Mg(OH)2 com-
ponent in chig;f:;\kesults in an acidic hydrothermal solution

;

{Bischoff a%d Dickinson, 1975) yet the precipitation of calcite
indicates a‘}ﬁturn to alkaline conditions. The common presence
of quartz in the calcite veins suggests that although @ decrease
in fluid temperatg;e could be responsible for quartz precipita-
tion it could not by itself he 1i1esponsible for the calcite
because of/ he antithetic solubility-temperature relationships
of these tﬁo minerals. .

Hydration and/or carbonation reactions be?&een wall
ribﬁ silicate minefals and hydrothermal soiutions aré commonly
invoked to explain the formation of wvein calcite (Kerrich and
Fyfe, 198l). While ‘fluid/rock interactions were undoubtedly
important in the precipitation of fhe hydrothermal calcites, the
principal mechanism responsible for calcite precipitation may
have been Coz,degassing from a cooling, ascending hydrothermal
fluid. Provided the ascent of the fluid was not extremely }apid
qu&separation could occur without boiling of the fluiq. Such

\ .

a mechanism is feasible if the COz-source was the deep crust or

uppe% mantle where the CO2 would be present- with H20 as a

%
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supercritical fluid. Cooling f the fluid and mixing with
, g A

meteoric water, possibly in a capvectively-driven flow sﬁbtem
iy ) .
associated with incipient rifting of the Ottawa River valleys

would cause CO2 immiscibility at pressures greater than the

vapour curve of water (Takenouchi and Kennedy, 1964; Bowers and
Helgeson, 1983). Continued dieling to temperatures of less than

300°C would decrease the mole fraction oF CO2 in the 1liguid

phase which could result in calcite precipitation.

An alternative mechanism of CO2 degassing and the one

favoured here on the basis of textural and structural evidence
(plates II-VII), involves hydraulic fracturing of fracture path-

ways that became sealed primarily through the pfecipitat?ﬁd o~

-

quartz and other silicates. This process as déngEbed by Heden-
t('\ ) )

quist and Henley (1985) and Nelson and Giles (l§85) involves
N ' /
fluid boiling and degassing as the fluid pressure is relieved

following frécturing. This mechanism results in brecciation of
infilling materials and adjacent wallrock, calcification of
lithic fragments in the breccia as well as in porous country
rock which was permeated by a CO.-rich vapour phasé, and rapid

2

calcite precipitation surrounding angular breccia fragments and
. .

overlying rough, angular fracture surfaces. All these features
have been observed in the Chalk River core suggesting hydraulic
fracturing’may_have been an important process responsible for

. . _ " -
.veln calcite formation.
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7.2 MODEL OF THE ISOTOPIC EVOLUTION OF FRACTURE CALCITES

| Carbon and oxygen isotopic compositions of the CRNL
calcites ;a¥y antithetically but the curvature of the trend is
poorly constrained (Fig. 33). The shaded box in this figure
outlines the expected maximum variation in the isotopic compo-

sition of calcite that could form in isotopic equilibrium with

the 6180 and 613CDIC of the present day 'CRNL ground waters

—_—

(Tab}e 2) to depths of at least 500 m. The bgpndaries of this
P . -

" box are based onra 39/00 variation in the groynd™water ‘6180

/

(—lO.So/oo to —l3.50/oo), a 2.2°/0o variation in the al3c of the
‘dissolved inorganic C which is predominantly bicarbonate (-13.8
to —160/00), and 1isotopic fractionation factors from eq. 9 for
mea;ured.ground water Eemperatures of B-20°C (Bottomley et al.,
1984). Although many of the calcites are in apparent equili-
18

brium with &§770 of the present day ground waters, all of the

i
calcites are significantly heavier in 613C (with one exception)

3

than the calculated equilibrium range.
4 . .
Although fluid boiling may have been an important fac-
.
tor in the precipitation of hydrothermal calcite, it can not

\

explain the observed carbon-oxygen isotopic trend. Because CO
i .

18

2

is markedly enriched in O relative to coexisting water and

13

slightly enriched in C relative to calcite at temperatures

greate; than 200°C (Bottinga, 1968), progressive 002 loss from a
hydrothermal fluid will result in a trend toward calcibégxﬁxgt
are significantly lighter in 130 and slightly liéhter in 13 .
Such a positive correlation in the isotopic compositions of the

calcites is not observed.
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Fig. 33,

Plots of 613¢ vs. §180 of CRNL (solid dots) and EBL
(open circles) calcites. Curves AB and AC show the
isotopic evolution of CRNL hydrothermal calcite, hav-
ing a composition represented by point "A", during
its recrystallization in meteoric water with a 6180 of
-14%/c0 (AB) or -10%/oo {(AC). Curve DE shows the iso-
topic evolution for EBL hydrothermal calcite having an
initial composition represented by point "D" during
its recrystallization in meteoric water with a §180 of
-10°/00. Tick marks on the CRNL curves and crosses on
the EBL curve show the isotopic composition of the
calcite when time-integrated closed system water/rock
mole ratios of 10, 102, 103, 104, 5x104 and 105, res-
pectively, are attained (see text for further details).
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The isotopic trend in Fig. 33 could be produced by ‘one

- g

of three mechanisms: -

1) mixing of hydrothermal fluids with cool, isotopi-
cally light meteoric waters at the time of calcite
precipitation,

2) precipitation'of recent calcite in equilibrium with
the present day éround waters onto ancient hydro-
thermal calcite lining reactivated fractures, or

3) low tempefﬁture recrystallization of a low 18O,

hydrothermal calcite under ‘variable water/rock
ratios.
Mixing of hydrothermal and meteoric fluid could produce

a hyperbolic trend in the 613C and 80 relationship. The cur-

vature‘of this mixing trend would be determined by the relative

concentration of C in the two end members (Langmuir et al., -
1978). However, a fluid mixing model by itself would be diffi-
cult to reconcile_with the variabililty in calcite textures and

/K’Q&th the fine-scale inter- and intra~fracture differences 1in
isotopic composition. Moreovef, fitting a mixing model to the
data would imply that the calcites are coeval and that no subse-
quent isotopic alteration has occurred to them over several
hundred million years. This requirement seems unreasonable in
light of the high degree of fracturing of the rock and the
apparent "openess" of the system to the infiltration of recent,
meteoric waters (Raven, 1986).

Since the CRNL ground waters at relatively shallow

depths are supersaturafed with respect to calcite it might be
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4

expected that recent calcite precipitation could occur as a thin
layer on a passive hydrothermal calcite substrate without invol-

ving solution and reprecipitation of the older calcite. Calcite

A

sampling at such a site would produce a mixed sample of two dis-
crete calcite generations. While this mechanism can not be

totally discounted it is incapable of explaining the origin of

180 and in equilibrium with the ground

13

samples that are rich in

water 18O but in disequilibrium with the ground water &

Cprc

This suggests that calcite precipitation occurs only after soluf

—_—

N i

tion of a precursor fracture calcite at a thin microlayer near
the calcite-water intérface. This is consistent with U and Th
isotopic measurements of fracture calcites from the CRNL site
and elsewhere whiéh show that U in a recrystallized outer layer

often has a younger residence time than the U of the bulk sample

(Milton and Brown, 1987). For example, the outer recrystallized

layer of a fracture calcite from 250 m in CR13 was found to have
mean age of 47,300 years compared to 152,800 vears for the bulk
sample.

The isotopic trend in Fig. 33 can be most simply ex-
plained by ;HGQEEES the recrystallization of a hydrothermal

calcite end member having a 6180 of 13 to 160/00 and a 613C

of
-5 to —60/00 by ground waters with isotopic compositjons and
temperatures similar to the range in present day wvalues and
under variable Qa;er/rock ratios. Curves AB and AC show the
predicted trends in the isotopic evolution of the original

hydrothermal calcite (represented by the compositicn of point

"A") as it recrystallizes under increasing water/rock ratios in
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18O values of —140/00 at 20°C and -10%/oo

at 8°C, respectively. This combination of 6180 and temperature

ground waters having ¢

values was selected to illustrate the maximum spread in isotopic
compositions that could be produced from the range in values for
these parameters measured at CRNL. In these calculations it isg
assumed that the system is open with respect to the ground water
and hence to 0 but closed with respect to C. Obviously this
assumption is more valid in the case of water oxygen than C
because soil zone C is clearly a major component of the ground
water DIC. However, the low bicarbonate concentrations in the
CRNL ground waters (0.8-1.6 mM L—l) would preclude any signi-
ficant 135 exchange in a totally open S system. This is not
compatible with the observed shift to‘%ﬁre negative 613Cﬁbalues

as the 5180 values increase. For the closed system evolution

of the 613C values shown by curves AB and AC a bicarbonate con-

13, 77 o .
C of -14.0 /oo was used in con-

centration of 2 mM L L with a &
junction with a calcite-bicarbonate fractionation factor of.
20/00. Because of the low bicarbonate concentration oxygen
isotope exchange between water and calcite is essentially com-
plete before any significant carbon isotope exchange occurs.
Mole ratios of water/rock approaching lO5 are reguired to pro-

\\'duce the lightest 613

C calcites. It is worth Hogihg that water/
rock ratios calculated on the basis of O isotoéé exchange would
underestimate the w/r ratios because of the attainment of 0
isotopic equilibrium (and the cessation ot further exchange) at
moderate w/r ratios (103—104). On the other hand, C isotope

exchange continues to much larger w/r ratios because of the low
i

C concentrations -in these ground waters.
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A system that is open with respect to O but closed to
C may be understood by considering the role of diffusion during
recrystallization as discussed by Veizer (1978, 1983), Brand and
Veizer (1980), and Pingitore (1982). 1In the context of carbon-
ate)diagenesis, Pingitore (1982) made the distinction between
physically and chemicall? open oOr closeq systems and suggested
a model whereby the water associated with reaciion zones could
be isolated, to varying degree, from the bulk solution of the
aquifer, According to.this model reaction zones are predomig-
antly intragranular micropores that are too small to communicaée
with the macropore flow except via diffusion. A physically open
system is defined in this model as a system that offers the
potential for chemical exchange between micropores and macro-
pores whereas a chemically open system obtains when ionic dif-
fusion actually occurs in a physical;y open system because of
thgdcreation of a significant chemical gradient between the two
waEer)types.‘ Therefore it is possible to have a reaction site
that is chemically open to one element but relativ?ly closed to
another depending on the water chemistry.

Although the model of Pingitore (1982) was developed
and discussed in terms bf the diagenetic stabilization of arago-
nite in granular porous media the principles are equally applic-
able to calcite recrystallization in fractured rock. In this
case the macropores are the fractd?élporosity of the bulk rock
and the intragranular micropores (in the calcite) are analogous
to the diffusion porosity of Norton and Knapp (1977). The rate
of diffusion of a soluge from the diffusion porosity to the
fracture porosity is described by the following equation from

Pingitore (1982):
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(23) %% = D(C, - C_) A/e
where %% = the quantity of waterial that diffuses per
unit time *,
D = diffusion coefficient of the solute
Cr = ionic concentration in the reaction zone
(micropore)
Ca = ionic concentration in the aquifer (frac-
ture porosity)
A = effective pore area P
‘ 2 = distance from reaction site to fracture

P porosity.

Becaé;b ionic diffusion coefficients in water are very
similar the most variable term in the diffusion equation for a
given environment is the concentration gradient. Diffusion is
only an efficient mechanism for thé transfer of ions when a con-
centration gradient between the reaction site and fracture poro-
sity is maintained.

In the fractured rock at CRNL it.ELB reasonable to
assume that the system is physically open and that water in both
the fracture and diffusion porosity of the fracture calcites is

of recent meteoric origins with relatively uniform 6180 values.

This does not preclude slight l?o shifts to more negative

values in the diffusion porosity where w/r ratios may be very
low. Because oxygen is the major component of the water mole-

18

cule and not a solute the § -0 concentration of the water invol-

ved in recent calcite recrystallization will be maintained at a
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relatively constant value by. the physicallylopen nature of the
meteoric ground water flow system. Compared to oxygen, however,
the concentrations of C in the CRNL ground waters are low des-
pite bicarbonate concen?rations that are near saturation levels
with respect to calcite. Although significant C concentration
gradients are unlikely to exist between the reaction site and
the bulk solution within the fracture, isotopic gradients may
be appreciable. The 613CDIC of the water at the reaction site
‘will be rock-dominated and have a value similar to that of the
precursor hydrothermal calcite (-5 to —60/00). In contrast the
613C51C of the water in the fracture porosity reflects the
mixed origins of the DIC and has a value of —140/00 or less
because of the isotopically light biogenic ¢ component. Hence
the 6130 of recrystallized fracture calcite may be in a state of
isotopic disequilibrium with respect to the bulk solution pro-
vided:

1) the reaction site is within micropores which are
too small to facilitate chemical exchange with the
bulk solution, or

2) the reaction site is on a grain surface where the
fracture flow rate is too slow relative to D to

613(3

homogenize the within the water of the

DIC
fracture.
In other words, if the rate of dissolution-reprecipita-

tion is greater than the isotopic diffusion rate the 613C of the

recrystallized calcite will more «closely resemble that of the

~
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precursor calcite than the DIC. Such conditions may exist in
low w/r environments sﬁch as in megafluid inclusions that are
trapped within fractures by the formation of secondary miner;ls.

It was shown in a previous section that the Sr/Ca mole
ratios of the CRNL‘ground waters are much greater than those of
the fracture calcites and therefore calcite dissolution by it-
self could not: be controlling the Sr/Ca ratio of the ground
water. Although Ca2+ adsorption is probably responsible for
the evolution of Ca/HCO, to Na/HCO

3
. . 2+ 2+ s
unlikely to be the reason for the high Sr” /ca ratios because

3 type ground water, it is

the affinity for Sr2+ adsorption in ground water systems is

similar or slightly greater than that of Ca2+ {Grisak and

Jackson, 1978)(~\T% is more probable that the high Sr2+/Ca2+
ratio is controlled by calcite recrystallization. Calcite dis-
solution followed by reprecipitation will concentrate Sr2+ in

solution becauses the distribution coefficient for Sr2+ in cal-
-
cite is <%l. In a completely closed system

/kSr2+

2+ 2+
(Sr™"/ca™") calcite.

= (Sr/ca)

solution calcite

If the maximum (Sr/Ca) ratios (1.1 x 10_3) measured in

the CRNL fracture calcites are most representative of the unal-

tered hydrothermal calcite values and if one uses k 0.06

calcite
(Pingitore and Eastman, 1986) then the (Sr2+/Ca2+) mole ratio in

2

.

solution in a chemically closed system would be -~1.8 x 10~

This compares favourably with the measured range of 1.5-2.4 x
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10"2 and suggests the large (Sr2+/Ca2+) ratios for the CRNL

ground waters are the result Qf recrystallization under semi-
closed conditions.

Calcite recrystallization also explains why the 87Sr/

865r ratios of the calcites are relatively uniform despite their

6180 values. Strontium released from the re-

8

highly variable
crystallization of calcites buffers the 7Sr/eGSr ratio of the
ground water in the fractures. Dissolution of silicate minerals
in the host rocks would tend to produce more radiogenic Sr iso-
tope ratios in the ground water and in recently precipitated
calcites but this doEs not seém to be a major factor at the

CRNL site. Apparently calcite-derived 'Sr2+ quantitatively
swamps Sr2+ contributions to the ground water from silicate
minerals. This combined with the fact that calcite discrimin-
ates against the incorporation of Sr in its lattice insures

87Sr/365r ratios for the calcites regardless

relatively uniform
of their age. 1If, as the C isotope data suggest, calcite re-
crystallization is generally a bulk solution disequilibrium
reaction then it is likely that large sc2t concentration gra-

dients are present between the reaction sites and the ground

water in the fracture porosity. ’
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‘ 7.2Al - Model Sensitivity;to Parameter Input Values

" so far it has been shown that.low temperature recryé—
tallization of hydrothermal.calcite in ground waters of approxi-
mately the present day isotopic composition ‘could produce the

observed isotopic variability of-the fracture calcites. How-

'\
ever, it 1s necessary to determine whether other combinations

of fluid temperatures and isotopic compositions could produce
the same‘trends before a recent }ow temperature recrystalliz-
ation origin can be accepted.

Recrystallization in ground waters having isotopic com-
positions similar to present day values but at temperatures
substantially higher than 20°C couid not produce a large posi—
tive 18O shift. The curves shown in Fig. 34 .track the iso-
topic evolution of calcite having an initial 6186 of 13%/ oo -
(SMOW) as it recrystallizes under increasing water/rock ratios.
Curves for recrystallization temperatures of 5, 8, 20 and 40°C
are shown. The isotopic composition of the water is —lOo/oo
for all cases. At temperatures greater than about 55°C recrys-
tallization results in negative shifts toward 6180 values that
are lower than the initial wvalue. The geothermal gradient at
the CRNL site is about 25°C km™t which means most of the CRHL
calcites are in ccntact with ground waters at temperatures of
<15°C. i

The assumption that the hydrothermal calcites have

recrystallized in contact with meteoric ground water having

isotopic compositions similar to that of the present day is more
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difficult to verify. The CRNL area was at one time mantled with
Lower Paleozoic sedimentary formations so it is possible that
at one time formation waters or sea water infiltrated the crys- -~

talline basement rocks.

Because formation waters may be enriched in lBO rela-

tive to the ambient, meteoric water because of isotopic exchange
with 18O rich sedimentary rocks such as carbonates {Clayten. et
al., 1966; Hitchon et al., 1969) it could.be argued that the

fracture calcites- may have exchanged with waters much richer in
18O than the present day waters. If this were the case then

isotopic exchange would not be constrained to temperatures of

18

<~20%C and relatively recent origins for the 0 shift in the

calcite could not be inferred. Figure 35 shows the change 1in

the isotopic composition of a hydrothermal calcite as a function

of the w/r ratio in ground waters with 6180 values of 0, -5, -10

and -14°/oo and at temperatures of 20 and 40°C. It is clear

that very large 180 shifts could occur at low water/rock ratios

-
18

if the 6770 if the water_were between -10 and 0°/oco.

In order to ascertain whether the lBO-enrichedh cal~
cites may be the result of exchange with' ancient relatively 18O—

rich ground waters a number of calcites were analyzed for their

-
14C content by accelerator mass spectrometry. Calcites that

have exchanged only with ancient formation waters or sea water

v 14 14

should be C-~free (because of the short C half life of 5730

Yr.) whereas recently exchanged calcites would contain measur -

14

able C activities provided the DIC of the ground water with
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which it is exchanging stable 130 also contains “l4C. The re-

results of the 14C analyses are listed in Table 17. Samples
CR10-51.4 m, CRl2 78.1 m,H@nd FS17-57.4 m are from relatlvely
shallow depths where g ound water 14C activities should be
greater than 50% modérn cafﬁgﬁ (pmC) based on detailed sampling
rééults ffom boreholes CR7 and CRL13 (Tgble 2 and Bottomley et
al., 1984). The two samples from borehole CR9-574LS m a and b
are from the inner zone and the ‘relatively 18O-rich ‘recrys—
tallized outer layer, respectively, The 14C activity of the

ground water at this'depth is expected {on the basis- of l4c

trends in CR13) to be low (<10 me) but no uncontaminated
ground water samples have been collected from depth to’;erﬁfy

this assumptlon. A : o R

The 14 C results are the average of two machine-ready

targets measured on different occasions. All results are cor-

<

rected for natural, preparation and- sputtering fractionatiqp to

13

a base of §77¢C = —250/00. The errors represent 58.3% confidence

limits.
) _ s
' All samples contain easily measurable concentrations

of 14C which are within a relatively narrow range of
S

. 0.799-2.685 pmC. It is unlikely that these values are signifi-

cantly affected by'contamination with modern C because contam¢n-
-4
ation assoc1ated\y1th sample preparation at the Isotrace Labor-

atory is estlmated tg\be less than 0.1 pmC (Beukens, -1986). The
/ .

leqel of contamlnat1on assoc1ated with storage and handling of
thgﬁcqre and extéﬁctlon of the calcites from the fractures has,
i
t
}

l

'_/.k T 4
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!
Table 17. The l4c activity of some CRNL fracture calcites.
Results are expressed 1in per cent modern carbon (pmCJ.
Uncorrected radlocarbon ages using the Libby Lag
mean life of 8033 years are also listed.
Borehole and Depth Welght l4g Activity Lég Age
(m) - (mg) (pmC) . (years BP)
CR9 - 574.3a 220 0.799 + 0.036 38,790 + 370 ™
{inner layer)
CR9 - 574.3b 365 1.582 * 0.05¢ 33,310 £ 280
outer layer) ‘ N
CR10 - 5L1.4 223 0.886 * 0.053 . 37,970 £ 490
CR12 - 78.1° 253 " 1.371 + 0.057 34,460 340
FS17¢ - 57 .4 66 2,685 + 0,089 - 29,060 + 270
N
[ N
l/ \‘\'\.
* !
1/ |
/
¢ bl b
L]
X
?
2 \
¥
[
! i\ 1Y
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howevdr, not been quantified. -The radiocarbon "ages" reported

in Table 17 are maximum agks since initial 14C activities “in

the calcites of 100 pmC ‘have been asgsumed. Because ground
water 14C activities are ‘highly variable and almost always
significantly less than 100 pmC this .is clearly not a very
srealistic assumption. However, if it can be assumed that tﬁe
total contamination of the calcite is less than 0.1 pmC then it

follows that at least a component of these calcites forﬁed in

———

the late Pleistocene and quite possibly in the Holocene. It is

also clear-that samples CR10, CRl2, and FS17.did not precipitate

- 1

directly from post-glacial recharge water.

It is instructive to compare the 613C shifts of samples

14 18

CR10, CR12, and FS17 with their C activities since their - 0

values suggest .they have extensively exchanged isotopes with

meteoric ground waters. Because these samples were collected

14

from depths of 51-78 m where the ¢ activity of the ground

water is at least 50 pmC (Beottomley et al., 1984) recent stable

isotope exchange should be accompanied by the incorporation of -

14C into the calcite provided the w/r ratios are large enough

not te\limit the supply of 14C. This enrichment (e¢) in l4C

should be approximately double the depletion in 13C (i.e. ¢ l4C

2e 130% or 0.2¢ 13Co/oo) (Craig, 1954). If the original cal-

cite was ancient hydrothermal calcite then it would have con-

tained no l4C and would have had a GlBC of near —So/oo at the

onset of low temperature recrystallization with meteoric ground

13

water. The 6 ~C values of these calcites now range from -7.4 to

2 ‘3:4‘
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A

-8.70/00, a shift of 2.4—3.70/00 in 13

C which should be accom-
panied by 14C acfivities of 0.48-0.74 pmC if 14C decay isgne§~
lected. These activities are-similar to-but slightly less than
Ehe measured activitieé of-0}89:2769 pmC. Matrix diffusion of
14C from the ground water into the calcite may be an additional
mechanism of 14C enrichment for these calcites. 1In any event,
the ¢ activities are consistent with the magnitude of the L3¢
shift and are compatible with a recent recrystallization hypo-
thesis to explain the isotopic composjtions of CRNL frac;ure
calcites.

&180 of the ground water

18

In an open O system when the

is buffered by the external reservoir the 6 -0 of the recrystal-

~
lized calcite is sensitive to the initial §+80 value only at

relatively low w/r ‘ratios. For example, if the initial 180

value (6180i) for the CRNL calcites had been assumed to be

160/00 rather than 13°/ooc then an open system w/r ratio of only

618 £

3.0 would be required to produce a Or of 200/00 rather than

4.2 as as indicated in Fig. 33 (for 6180; = -10°/00). However

4
the maximum dlaoﬁ values that can be produced with increasing

w/r ratios (at constant 6180;) are the same regardless of the

18 £
§ 0r

assumed value of 6180;’ beq@use at high*w/r ratios

controlled by 6180; and the | 18

is
P
O fractionation factor between

18

s1801 = -14%/c0, & 05 would actually

w

calcite and water. For

GlBOi

decrease with increasing w/r ratios if a r

of 16°/0o0 had
beéen assumed id Fig. 33. Based on this analysis it is unfikely

-
-

that the, maximum w/r ratios calculated for the CRNL site are’
L ' .
significantly influenced by the uncertainty in 6180;.
’

4

-3
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g%he l3C fractionation factor between dissolved bicar-

bonate or carbonate and calcites is small and insensitive to
variations in temperature. Therefore, unlike 186. 613C values
of recrystallized calcite are essenﬁially free of significant
temperature \effects. However variations in DIC concentrations

and Gl3chE values may have a majdr effect on w/r ratios calcu-

13

-

lated from C trends of recrystallized calcite. Fi?ure 36

shows the influence of varying the 13

bonate on the 613C of the recrystallized calcite as the w/r

C70f the dissolved bicar-

ratio increasesg. The curves have been constructed for a con-
stant bicarbonate concentration of 2 mM L_l and with:a calcite-
bicarbonate fraétionation factor of 2°/0o. The initial s13c of
the calcite was —So/oo in all cases. At GlacDIC values greater
than -70/00 calcite recrystallization would result in a positive
613C shift rather than the observed negative shift.  If 613CDIC

values less than -14% (uéed in the construction of the curves in

Fig. 33) were involved in calcite recrystallization then calcu-

lated, time-integrated water/rock ratios of less than lO5 could

have produced the 1lightest 613d‘values for the calcites. How-

ever, even at an unlikely 613CDIC concentration of -200/00 w/r
' 4

ratios of at least 10" are required to produce the -lightest
velues, '

At constant 513

Cpre the w/r ratio required to produce a
specific 613C shift in the calcite decreases as the DIC concen-
tration increases. Concentrations of DIC in ground water are

highly variable: In the.saline.ground waters and brines from

b

Wt
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the Canadian Shield DIC concentrations are buffered.to values

1 by tﬁéﬁhigh ca?* concentrations in these

of less than 0.5 mM L~

waters (Frape et al., 1984)., At the other extreme gome forma-
tion waters have extremely large DIC concentrations in excess of

1 1

1000 mg L™ (16.4 mM L™" or -3x10"% moles C/mole H,0). Ground

waters from the AECL research areas generally have DIC concen-

trations well below 500 mg L~V

(8.2 mM L™1) . Figure 37 shows
the effect of increasing DIC concentration on the 513C of recry-~
stallized calcite as a function of the w/r ratio. At DIC con-

centrations of 500-1000 mg Lml w/r ratios approaching ~lO4 would

be required to produce the lightest calcites rather than .105

for concentrations of 2 mM L-l (~122 mg L_l). At high DIC con-
centrations wvalues of 613CDIC are generally greater than
—140/00. Therefore the combined effects of high DIC concentra-

\

tions and low s13c

DIC values on the 613C of the calcite normally

\,
need not be\considered.

.

In the\brevious section it was proposed that C isotope
;

exchange during c ite recrystallization was a bulk solution

disequilibrium pro¢dess. Although this process would not signi-
;
ficantly affect gthe DIC concentrati#c:m used in equation lS/' to
1

determine the watier/rock ratio required to produce a parti%%lar

13¢ shift, the 13

ef%ective s CDIC involved in recfystallization

- -

- —r v
would be greater than the bulk solution value. The value of the
effective 613CDIC is difficult to specify because it would de-
pend on the steepness of the isotopic gradient between the reac-

fion site and bulk solution. Nevertheless it is clear from Fig.
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The 613C of recrystallizing calcite as a function of

the closed system w/r mole ratios in waters with DIC
concentrations of 3.6x10-5, 9,0x10-5, 1.5x10-4 and

3.0x10"4, A constant 613CDIQ (HCO3~™) of -149/co has
been assumed. . :
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~1 .
hfésfthat use of the bulk solution 613CDIC value‘is conservative.

Use of an isotopically heavier effective 513CDIC value, which
reflects the memory effect of the calcite precursor, would re-
quire even greater w/r mole ratios than those indicated in
Fig. 33 to produce calcites with the lightest 613C values.

. In summary it is concluded that the isotopic shifts
observed in the CRNL calcites were likely produced by low tem-
perature exchange with meteoric ground waters having tempera-
tures, isdtopiq compositions, and DIC concentrations similar to
present d%y values. Accordingly, maximum w/r mole ratios of at
least 104 are inferred for those calcites lightest in 613C

-
Because the magnitude of the 18

0 shift is sensitive to the 6180
of the ground water, the participation in the exchange of 0 isb-
topes of -ancient, relatively leowenriched meteoric waters (of

possible formation water origins) can not be discounted. How-

ever, the presence of. 14C in 18O—'rich calcitesPfrom open frac-

tures indicgtes that C isotope exchange is a geologically recent
phenomenum. Accordingly recent O isotope exchange should also

be anticipated since there is more 0 than € in present\ day

&
ground waters. Nevertheless a component of ancient O isotope
) 18

exchange to the overall O shift remains a possibility.
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7.2.2 Isotopic Evideuce for the Bulk Solution Disequilibrium

Recrystallization Model

Plots of the 6180 and élBC values of the CRNL calcites

L
87Sr/BGSr ratios are’ shown in Fig. 38. There is

against their

no apparent correlation between 5180 and 87Sr/BGSr. Two calcite

18 8

samples from the light' O group have 7Sr/86Sr ratios that are

» .
similar to the heavier hydrothermal calcites and to the 18O~rich
calcites which are believed to have undergone extensive isotopic

exchange with meteoric waters. 1In contrast, the plot of 613C

87

versus Sr/BGSr suggests a possible mixing trend between two'

reservoirs, one that has a relatively low 87Sr/BGSr ratio but is

rich in 13C and the other containing more radiogenic Sr but

which is depleted in 13C. The two samples with the most
radiogenic Sr isotopic ratios do not lie on the mixing line.
However, both these samples had largelinsoluble residue contents
and hence may have been contaminated with relatively radiogenic
silicate Sr.

Mixing is™ also suggested in the plot of 87Sr/868r
versus 1/Sr (Fig. 39'). 1In this type of plot a mixing trend
should approximate a straight line. If the.two most radiogenic
Sr samples aYe ignored the CRNL calcite data approximate a
straight line fairly well., It could be &argued that contamina-
tion df the calcites with radiogenic silicate Sr could produce -
the saﬁe,straight—line relationship. However, if this were the
case one might expect that calcites with the lowest Sr concen-

]

trations should be most . sensitive to gilicate contamination.

-t o
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However, the data indicate the opp051te, showing a positive

~

kanear correlatlon between the Sr concentration and the 1iso-
o =

topic ratio. Moreover silicate contamlnatlon couﬁ? not produce_

the inverse relatlonshlp between 13C and Tsr /86 Sr shown in

-

Fig. 38.

The relationships between l80, laC,'ang 87Sr/’BGSr are

consistent with the previously described bulk Solution disequi-

Ny e
librium recrystallization model. Hence it is/préposed that the
l3 87Sr/86

3
tion of the the present day meteoric ground water in the frac-

mixing suggested by the) 3 Sr plot involves participa-

o )
tures aqd micropore, or "messenger film", water (Brand and

Veizer, 1980) within the diffusion poros;ty of along graln bo#n-

darles of the calcite. The fracture water at depths. of less
than -400 m at CRNL has a 87sr/%6s: rafio of 0.7092-0.7093

13

(Table 14) and a C of less than —13.80/00 (Table 5). 1In a

chemically closed or semi-closed system the Glac value and

< X
87Sr/SGSr ratio of the micropore water will be similar to *hat

of the dissolving calcite. 1If th?s calcite is not yet exten-

sively recrystallized it will have a l3C of -4 to -60/00 and a

87Sr/86Sr of 0.708—0.769. Hence, the isotopic compositions of
the fracture and micropore waters are compatible with end member
compositions inferred from the mixing trend in Figq. 39 Fur—
thermore 1t is clear that calcites which have recrystallized in
morekopen environTents should have both C and Sr isptopic com-

positions that more clo%gly approach tbbse of the dground water

in the fractures.

X
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In an earlier chapter it was suggested that the rela-
tively. large Sr2+/Ca2f mole ratios of the CRNL grouhd waters

could ‘be pfimarily the result of calcite recrystallization. Be-

cause calcite’ discriminates against the ithcorporation of Sr2+

. during its precipitation, Sr released during calcgfe recrystal-

'

lization will result in Sr2+/Ca2+ ratios in the ground water
that are much larger .than 'in the parent calcite. However; the
presence. of silicate-derived sSr27 results in ground water
87Sr/868r ratios that are slightly greater than that of the

parent calcite. Calcites that have precipitated fram ground

+

waters (fracture water) with the present day Sr2+/Ca2+ ratios

and Sr isotopic compoéitions shonld be relatively rich in both

Sr and 878:. Micropore water in the calcite however, should

8

have lower Sr/Ca and 7Sr/BGSr ratios. Calcite that précipi-

tated from a mixture of fracture and micropore waters should

have compositions that fall along a mixing line joining the two

8

end m€mbers on a 7Sr/86Sr vs 1/Sr plot. Such a trend 1is in

fact observed for the CRNL calcites (Fig. 39).
The relationships between the Sr and C concentrations
.
in the calcites and their isotopic compositions suggest a chem-

ically semi-closed environment of recrystallization with respect
to these two elements, However, because water is mainly com-
posed of oxygen, a system that is physically open with redpect
to water will also be chemically open with respect to oxygen.

Hence the 18O content of recrystallized calcite depends mostly
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on the water/rdck ratio of the system and not on the §7°0 of
the precursor calcite. h CoT
o . Isotopicaliy exchanged calcites are present in frac-

Ty

tures at depths of at least 500 m' at CRNL‘suggesting fracture
intertonnectivity must be extensi;e to enable the infiltration
of meteoric waters to these depths. Alternatively, the presence
of juxtaposed. fracture calcites that have retained theif'hyaro—
thermal isotopic signatures show that mést of the  meteoric

ground watér flux has occurred along discrete fractures hawving
: ' |
. b ]
larger effective apertures, a finding which is consistent with

.

Y the 500 fold variation in apertures of present day open frac-

tures (Raven, 1986). )
N

.,
~ bl

7.3 METEORIC GROUND WATER FLUX THROUGH THE CHALK RIVER PLUTON

N

The maximum isotopic water/rock ratios recorded by the
! ‘\“EBNL calcites are very large compared to ratios calculated for

silicat%\ plutonic rocks where convective hydrothermal systems

ij’ were formerly opefative. Water/rock mole ratios for these s&s-
} _tems are generally less than 5 (Taylor, 1974). 1In" seawater-

dominated hydrotﬁerﬁal systems involving the alteration of mid
- ocean ridge basaxss, water/rock mole ratios greater than 50

i have been calculated for saponite-rich pillowﬂpreccias (Stakes
/ and O'Neil, 1982}). However, in the present study the 1low
temperature exchangeable 0 and ¢ resideg in only a small
fraction of the total volumg of the pluton. Hence the water/

' rock ratios determined here are not directly comparable to those
- ﬂ' N
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. for hydrothermally altered, batholith-size rock masses reported
. in other studies. The mass of fracture calcite in the dRNL.coré-
must be small when it is considered that the fracture or flow.
.porosity of plutonfc rock is of the order of 1074 (Norton and
Knapp, 1977). 1If the volume of fracture calcite is assumed to
be the same or similar to that of the fracture porosity then on
avetrage 1 m> of fractured rock would éontain 2-3 moles of
calcite and 5-6 moles of water. Because Qatér/rock ratios of

the order of at least lOS'are required to produce those cal-
cites with the lightest Glac values, the time-~integrated flux of
meteoric water through these fractures must have been sufficient
to flush this unit volume of rock ~5x104 times which is equiba-_
lent to about 4500 L of water. This is a minimum estimate foég
the maximum volumes of water involved since large amounts of
water'may circulate through these fractures without exchanging.
The actual water/rock ratic in an open system as a function of
&ime t), ié\independent of isotopic quantities, and is calcu-

lated from the following general equation (Gregory and Criss,

1986):
(24) = (x +ut)/(z X,)
r w i
where Xw = mole fraction of water
Xi = mole fraction of the iih exchangeable

mineral 4

u = ground water flow rate.
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If the rate constant_for isotopic exchange between cal-
i %
cite and water is smal

large volumes of water

1 &ompared to "u
could pass through thélfracture without affecting £he isotopic
composition of the’calc;te. Moreover it is assumed in the deri-
vation of the isotopic water/rock ratio (Eq:s 11) that isotdpic
equilibrium +#s attained which in fact may not actually be
‘achieved. As a result of these considerations Gregory and Criss
{1986) concluded that the calculated isoEopia @/r ratio will
always be less thﬁn the actual ratio (Eg. 24).

An estimate of the average minimum amount of metéoric
water that has circulated through the ubper ~500 m of the ortho~_
13

gneiss can be calculated from the median 6§ °C value of —70/00 as

shown in the cumulative frequency plot of Fig. 40. From Fig. 33

it can be seen that a time-integrated water/rock ratio of -10%

613

is required to produce a 3

C value of -7°/oo. Therefore 1 m
of idealized, uniformly fractured ortpogneiss would have been
flushed by 450 L of ground water. Hence the total volume of
ground water that has circulated through the orthogneiss i;
about half the volume of the pluton itsgelf.

Taylor (1974) concluded that the volume of heated
meteoric water in fossil hydrothermal systems was typically
approximately the same as the volume of altered rock. Because
individual hydrothermal sys£ems can exist for several tens of
thousands of yearsqthe volume of water involved is not unreason-

able and requires infiltration of only a few per cent of the

mean annual precipitation. The major problem in hydrothermal
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systems is actually to provide enough heat- energy to ma'intain
the convective system (Taylor, 1974). The volume of-water in-s
volved in the 1low .temperature recrystallization of the CRNL
c':a].cites is thus of the same order as that involved in hydro-
- f
thermal systems. Clearly the permeability and hydraulic gradi-
ents have been sufficiently large to force large volumes of
-metecr-i.c.water through the CRNL rocks without the benéfi‘t of

sic_yificant thermal gradients that are present in convective

hydrot‘herma]‘. systems.
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8.0 ISOTOPIC COMPOSITION OF CHALK RIVER FRACTURE- PYRITES

Fracture calcites are sometimes accompanied by pyrite

. ~ A j

and they appear to be coeval and cogenetic (Plates IV and XII).
The sulphur isotopip compositions of several - fracture pyrites

have been determined and are listed in Table 18 and the distri-

bution of the s34

§ .
The 5348 values vary widely from -25 to +4§°/oo although most

S values is shown in the histogram of Fig. 41.

analyses are less than Oo/oo or slightly positive.
' \
The S for pyrite formation might have been supplied

from two possible sources. It could have been leached from

. )
country rocks by hydrothermal fluids and re-precipitated in the

fractures. Although the host gneisses are low in S (<0.06%),
metasedimentary rocks richer in S may have been present at the
time of hydrothermal activity. Whilé%a‘country rock source can

not be dl}scounted, the coexistence of hydrothermal calcite with

a mantle C isotopic signature suggests the origin of the S was
hydrolyzed mantle SOZ' Because mantle sulphur has a 5345 value
' *

34 343 )

o
near 0 /oo, the § S:g

S of the total sulphur in solution (&

from this source would also have been near 0°/oo. Crustal

-

rifting over a mantle "hotspot" may have enabled mantle vola-
tiles such as CO, and S0, to penetrate the crust and mix with

meteoric ground waters in a convective hydrothermal flow system.

—

. P
The negative 6345 valuégj—which can be explained by the
partitioning of S isotopes between reduced and oxidized S spe-

cies, ‘are a common charqcferistic of many hydrothermal sulphide

deposits. Moreover, large variations in the negative §34s

—

"‘a‘-l

L}
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Sulphur isotopic compositicn of CRNL fracture pyrites

3

. Borehole & Depth (m) 534500T

Comments

CR1 - 108,35
128.35
128.50
212.97
244,62
251.83

CRZ - 57.21

CR8 -  65.02
77,57

- 104,72
121.08

\132.75

153,00

167.17

192.75

221.26
234.00
302.82

CrR® - 220.82
233.65

CR1L - 114.63
118.90
121.17

CrlZz - 77.81
81.35
105.39

FS16 - 14.3

*

PAF atd.
FRED std.

~22.8
44.8
29.6
-16.0
6.2
-16.24

patchy FeS72 on chlorite
patchy FeSs on chlorite in diabase

patchy FeSp with calcite

FeS; patch on calcite
platy FeSy on chlorite

.platy, slickensided FeSy; (Plate
'XI1Ie)

large'fiue—grained patch on black

chlorite

" patchy FeSy in calcite-open fracture

patehy FeSy with calcite

patchy FeSy with calcite

patchy FeSy with calcite

patchy FeSy; with calcite

patchy FeSy with calcite

fine FeSy cubes in vug in caleite
thick, fine-grained patch with caleite
(Plate XIIle)

patchy FeSq

patchy FeS23 on slickedsided calcite
large patches of FeSy with calcite

fine FeSy cubes
patchy FeSp

open fracture with calcite

patchy FeS2 on chlorite
fﬁ\\;;tchy, fine-grained FeSp (Plate

Ib)
platy FeS; with calcite —_
platy FeS)
patchy FeSyp in calcite
fine FeS; in chlorite and calcite

accepted value 27.8
accepted value 1.0
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values of hydrothermal sulphides may result from small varia-
tions in fluid pH under moderately reducing conditions (Ohmoto,

1972). Although dissimilatory sulphate reduction by bacteria

can produce similar distributions in 5345 values as evidengsﬂ

by . é' isotope distributions in sedimentary sulphide deposits
(Schwarcz and Burnie, 1973), bacterial sulphate reduction.was
probably not significant at the time of formation of these frac-
ture pyrites because of the low levels of organic C in these

gneissic rocks. Furthermore, because organic C is very light

in 613C, oxidation of organic matter during sulphate reduction

normally results in agssociated ,calcites with light 613C values

{(<~-15%/00). Such light s13¢ values have not been measured in

the CRNL calcites.
The highly positive 6345 pyrites are more problematic

because these sulphides ,could not form from a fluid with a

634528 of near 0°/oo unless the amount of S removed from the

hydrothermal fluid by precipitation in some' fractures was a ,sig-
nificant fraction of the total S concentration initially in sol-
' 34

S would increase contin-

. ution. Under these conditions the & £S

uously and very heavy sulphides could eventually form. Ehis
process is described by the previously mentioned Rayleigh dis-
tillation equation (Egq. 4} and is apgiigable to systems that
become closed with respect to the S source. Figuré 42 shows the
nature of the §3%s increase as a function of the fraction of S

remaining in solution as the result of sulphide precipitation

in a closed system. A constant fractionation factor of 250/00
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Raxieigh distillation curves for the 6345 of H»S and
S04~ in a closed.system as a function of the fraction
of S remaining in solutiog. A constant fractionation
factor (“SO4 - HZS)'of 25°/o00 has been assumed as well
as an initial §34S,q of 09/00.



: betweén sulphate and sulphide has been assuméd in the construc-

tion of these curves as well as an initial 5345:8 of 0%/oo in

the fluid. Under these conditions E%é S content of the fluid
would .ave to be reduced to less than 10% of the original con-
centration in order to produce the heaviest 6348 values. It
appears as though some fractures in the CRNL gneisses behaved as
closed or semi-closed environments with.r;spect to the flux of
-hYdrothermal Qplphur through them. This suggésts that even at
this early .stage in the history of fracture flow in the gneiss
variable fluid/rock ratios were influencing the isotopic compo-
sition of fracture minerals, in this case sulphides.

Although "calcites are vulnerable to low temperature
recrystallization and isotopic .exchange with. meteoric waters
this is not the case with sulphides which will therefore retain
their of&ginal hydrothermal isotopic.signgtures. It is possible
to reconstruct Qhe original pH—foz-of the hydrothgrmal fluid on

34 13C

the basis of the §° 'S of the pyrite and the & of the cogen-

etic!fracture calcite (Ohmoto, 1972). However sulphide samples
used for this purpose must not have precipitated in a closed

environment and calcite samples must have retained their origi-

nal 613C values. It is also necessary to assume a temperature

of formation, total C and S concentrations in the fluid, and

34 13
values for § st‘and 5 CzC'

two values are Oo/oo and -4 to —80/00, respectively, 1f the S

Reasconable values for the latter

and C are mantle derived. Concentrations of C and S in the hyd-
Fon

rochermal fluid are unknown but Ohmoto (1972) has suggested that

B
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values of 10_2 - 10°

for hydrothermal ore-forming fluids. Fortunately the pH-fy5 re-

2
construction if not particularly sensitive to order of magnitide

variability in C and S concentrations.

On Fig. 43 I have plotted &°%S values for sulphides

that have been unaffected by possible Rayleigh distillation

effects and 613

been 18O—-enric‘ned through recrystallization processes. These

values plot within a relatively restricted region of near neu-
\

C values for hydrothérmal calcites that have not

tral pH and of moderately reducing fg (fq ~10-37). The tem-
' 2 2
perature of 250°C used in the construction of Fig. 43 1is near

the maximum temperature of calcite formation at CRNL. At lower

temperatures, fg values inferred from the 6348 and s13c data
2

would be considerably smaller. This figure also constrains.the

IS concentration to at least ~0.001 mole/kgH o since at concen-

2

trations less than this value the sgtability field of FeS2 would

shrink to pH values less-than the stability boundary fér’calcite.

-
[y

-

m for ¢ and 1072 - 107! m for s are typical-

4
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9.0 ISOTOPIC COMPOSITION OF EAST BULL LAKE FRACTURE CALCITES

Ll

Calcite is much less abundant as a fracture mineral iqwglt
EBL core compared to core from CRNL and fewer samples have been
analyzed. Moreover specific zones that have been sampled for
ground water have alsoc been sampled for fracture calcites resul-

ting in some sampling bias towards high permeability zones. The

13 1

results of the C and 8O analyses of these calcites are

listed in Table 19.

13 18

The 677C and §" 70 distributions of the EBL calcites are

shown in Fig. 44. Most of the 613C values are greater than

-5%/00 with a peak in the distribution at about -4%/o0. Most of

the 613C values lighter than —lOo/oo occur at shallow depths of

<~20 m which clearly suggests that C derived from soil zone CO2
: -
'1s an important compenent of many (but not all) near-surface

calcites (Fig. 45). Below a depth of 125 m the 613C of the cal-

cites are, with one exception, greater than —So/oo.

As in the case of the CRNL calcites the EBL calcites
have non-uniform 6180 values which range from 7.5 to 24.10/00.
Large variations in 6180 occur to depths of at least, 450 m and
are also present in individual samples (Fig. 46). For example,
a thick calcite infillﬂﬂf from a depth of 208.53 m in borg?or;
EBL-4 (Table 19) was found to be approximately 10°/oo richef
in %80 on the ocuter surfaces that were in direct contact with
ground water than the centre of the infilling. This particular

sample was a calcite vein that was not in tight contact with

the wall rock on either surface.
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Table 19. Carbon and -oxygen isotopic compositions of EBL
fracture caleltes. '

-t

Borehole

and Depth (m) GlscPDB 180SMOW Comments
EBL-1 165.95 -4.6 21.3 patchy calcite with FeSo-open fracture
192,54 -2.6 12.0}
192.54 -3.2 12.3 calcite veln
194,72 -1.8 B.5 caleite with chlorlte-closed fracture
406.30 -6.0 22,0 patchy caleite with laumontite
407.40 -3.8 8.2 gealed calcite veln with laumontite
410,93 -4.4 1245 patchy calclte with FeSp
501.61 -3.2 10,0
512.68 -3.1 13.9 patchy calcite with quartz and laumontite
630.40 -3.6 7.5 patchy caldfte with laumontite
B38.76 -3.0 13.5 patchy calcite, open fracture
EBL-2  6.37 -11.8 23.1 patchy caleite
9.58 -6.9 11.8 patchy calecite with laumontite
11.81 -10.8 21.9 patchy calelte with laumontite v
14,87 =4.,1 21.9} bottom - vein calcite
14,87 -7.0 22,7 top — flaky calcite
15.21 -4.6 24.1 patchy calcite ~ open fracture
15,58 -11.3 22.5 patchy calcite
17.08 -13.5 22.6 calcite with quarfz and laumontite
112.67 -4,3 9.0 veln %ith FeSy & laumontite (Plate XVIIa)
118.76 -11.22 22,7 thick ‘caleife wedge in open fracture
123.62 -7.4 19.6 coarse crystalline calcite
261,00 -3.5 8.7 thick, maaslve, clear calcite vein
625,15 -2.3 9.0
~ 755.10 -2.2 9.4 ‘calelte veln with FeSy
758.92 -3.0 8.1 patchy calcite
806.72 -2.7 10.4 thick patchy calcite
819.30 ~-2.9 12.4 filmy calcite with FeS9 on chlorite
EBL-4 112.46 -4.,2 13.5 quartz—caleite veln (Plate XVIc)
115.76 ”#ﬁ_;§;2 8.5 sealed quartzwcalcite vein
122.13 -3.1 21.2 patchy calefite with pyrrhotite
168.80 -4.0 17.4 patchy caleite with quartz & chlorite
. (Plate XVIb)
168,98 -3.3 15.8 patchy calcite on chlorite
184,54 -3.8 19.5
184.57 -3.7 14,1
208.53 -3.6 19.6 vein, top coatact
208.53 -2.9 9.9% vein, centre
208.53 -3.4 14.6 veéin, bottom contact
446,35 -3.4 13,6 patchy calecite with laumontite (Plate
XVIIb)
455.98 -3.4 15,2 patchy caltite on chlorite, open fracture
459,55 -3.7 20.4 patchy calcite om chiorite, open fracture
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The lightest §180 values (7 to 10°/00) are believed to

be calcites that have not exchénged isotoPicglly with meteoric
water, Thése calcites also have 513C values of >-5°/oo. JThe
isotopié data are consistent with a hydrothermal ori?in for| this:
calcite and its association with laumontite suggests a temper-
ature of formation of lesg than 300°C. At 300°C the. 18O frac-
tionation factor between calcite and water is 5.5°/oo indicating
that the ¢80 of the fluid from which it formed could have rang-
ed from less than 1.5 to 4.50/00. Hogever,_these are maximum
values since minimum temperatures of laumontite formation are
poorly constrained. Indeed, laumontite precipitatibn from
spring waters has beén documentéd at temberatures of <50°C.
In any case a meteoric origin for the hydrothermal fluid is
inferred if these calciteé formed aé‘temperatures of less than
" about 206°c. A marine origin for the fluid is possible if the
laumontlte formed at temperatures greater than this value al-
though tﬂe fluid would have to .have been enriched by several

O/oo through 18O e;change with the host rocks if formation tem-

peratures were near 300°C.

The 130 values for most of the EBL calcites are sig-

nificantly heavier than the CRNL calc1tes.l This could be a con-
sequence of higher pH for the fluids in the EBL pluton at the

time of calcite precipitation compared to the CRNL pluton and

does not require that the 613C£C values of the two sites be sig-

nificantly different. Mafic rocks are more reactive to fluids

than gfanitic rocks resuf%ing in' higher fluid pH. Even today

-
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meteoric ground water in-the EBL plutoQ has maximum pH values
that are much larger (>10) thaﬁ‘?hqge of the CRNL ground waters

{(<9) (Table 3): Therefore pH contrasts between the two sites
‘may have been the paraﬁeter cbntrolling the differences in sl3¢
values of the hydrotherﬁgllcalcites. It is unlikely, however,
that the carbon initially dissolved in meteoric recharge water

was the major source of calcite C since such waters normally

13

have & CDIC values significantly lighter than —50/00 becausg of

major inputs of biogenic CO,. Both the heavy s13¢c and light

GIBO-values are most simply explained by additions of gﬁ’p crus-

tal or mantle C02'to a hydrothermal system dominated by {meteoric

water.

£
It is apparent from Figs. 45 and 46 that significant

shifts in the l80 and 13C contents of the hydrothermal calcites

have subsequently occurred in specific zones. The large posi-

tive shifts in 6180 values from the -baseline values of <lO°/oo

are almost certainly the result of low temperature exchange with

cool, meteoric ground water. These large 18

13

O shifts are accom-

panied by large negative C shifts only at relatively shallow

aepth;. Hence 1isotopic quilibrium between the present day
ground water and the fracture calcites is approached only in’ the
shallow subsurface. These observations suggest that the iso-
topic shift is the result of solution-reprecipitation 4ftocesses
and that the magnitude of the shift is controlled by the time-

integrated water/rock ratio of the flow ’'system in the EBL_

pluton. -~

S~

-

-

e

e
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-‘Although fewer (EBL fracture calcites have been anal-
180_13

yzed, the C relatidnship observed for the CRNL calcites

also appears to exist at EBL (Fig. 33). The isotopic evolution

curve "D-E" for the EBL calcites was drawn assuming that Hydro—

180

thermal calcite having an initial & of 80/00 (SMOW) and a

613C of -2.50/00 recrystallized in a meteoric ground water flow

system that was isotopically open with respect to 0O but closed

with respect to C. It is also assumed that the 6180 of the

ground water was —lOo/oo and that recrystallization occurred at

618

a'temperature of 8°C. This 0 value of —lOO/oo is slightly

larger than the maximum value measured for the present day

ground waters in the pluton. Furthermore, a DIC concentration

of 3 mM L—l with a 613C of -150/00 has ?%een assumed. As with

the CRNL isotgfic evolution curves, tick marks on curve "D-E"

;correspona to w/r ratios of 10, 102, 103, 104, Sx104,

While the lightest s13c values for the EBL calcites appear to

and lOS.

require:w/r ratios as large as the maximum values calculated for
the CRNL calcites (~105), these high values are mainly restrict-
ed to depths of less than 25 m (Fig. 45). Most of the other
isotopic values could be produced by w/r ratios of <lO3 to 104.
.?he cumulative frequency plot for the EBL calcites indicates

613

that the median C value is --4%/oo (Fig. 47). This suggests

that an average w/r ratio for the EBL pluton is close to ~103,
as épposed to ~104 for the CRNL pluton. Therefore the lower
average w/r ratio for the EBL pluton is consistent with the re-
sults of borehole hydraulic testing which have shown that the

EBL pluton has a relatively low permeability except where inter-

sected by major structural discontinuities..
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10. ISOTOPIC COMPOSITION OF WHITE LAKE CARBONATES

¢ N

The isotopic compositions of fracture calcites from the
White Lake pluton and of the marbles into which it intrudes are
listed in Table 20. The 613C values for the fracture caicites
are variable and unlike the CRNL-and EBL fracture calcites sev-
eral of these samples . have values greater than Oo/oo. The 6180
values range from 15.3 to 21.80/00. The calcite fraction of the
magtles on the north;fn periphery of the pluton have 613C values
ranging from ~O.lo/oo to 6.20/00 whi}e the dolomite component
ranges from 0.2°/co to 6.6%/0o0. With the exception of samples
WLS-5, 8, and 9 the dolomite component is slightly richer in 130

18 '

and 0 than the coexisting calcite fraction.. The differences

o nad
in § values between the calcite and dolomite pairs are, however,

non uniform. Samples with the calcite component richer in 13C
and 180 than the dolomite are clearly disequilibritim assem-
blages. J ’

Sample WLS-3 was a tremolite-rich sample low in car-

bonate but the other samples had carbonate contents greater than
80% by weight. Calcite was the predominant carbonate component
~except for sample WLS-4., The differences jn 18O and 13C of co-
existing calcite and dolomite have been used to estimate their
temperature of formation from the equations of Sheppard and
Schwarcz (1970)7in (Egs. 19 and 20) and Matthews and Katz {(1977)
(Eq. .21). and the results of these calculations are shown in

Table 21. The general lack of agreement between the 0 and C

isotopic thermometers suggests the calcite and dolomite formed
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Table 20. Carbon and oxygen isotopic composition of White Lake carbonates

Fracture Calclites- 613c 6180
WL Pluton PDB . SMOW Comments
Borehole and ' . )
Dépth (m)
WL1- 18.1 -2.2 ¥ 16.6 patchry calcite an inclined open fracture
33.2 -0.5 16.5 patchy caleite with Fey03 - open
' 33.5 -0.7 16.0 filmy calcite I
34.1 -2.0 16.1 calcite on \Fep03, sub-vertical
34.8 -5.4 21.8 patchy calcite, vertical open fracture
36.6 ~4 .4 17.7- patchy caleite, Inclined ogen fracture
65.8 0.2 15.3 patchy calecite on quartz-chlorite veln
67 .4 3.0 20.2 patchy calcite with Feq03
71.3 1.4 18.6 patchy calcite with Fejp0j
72.7 2.5 19.6 patchy. calcite with Fep03 (Plate
XVIIIb)
72.7 -1.4 21.2 patchy calcite with PeSg, open (Plate
XVIIilc)
72.7 2.1 15.5 sealed veln (Plate XVIIIa)
73.78 0.7 16.4 patchy calclte with Fep03, open
73.83 0.8 15.5 coarse, crystalline caleite vein
73.88 0.6 18.2 patchy calcite with FeS;, open
wL2- 9.8 -4.6 17.7 patchy calcite with Fep03, open
14,2 -3.2 18.7 patchy calcite with Fep03, open,
20.7 -4.9 18.4 patchy calecite 1
WL3- 4.6 -5.6 18.5 calcite with chlorite, reactivated vein
WL4-  30.5 -3.2 22.1 calcite vein
Marbles
Sample No. Wt %
WLS-1 4.7 23.5 calelte 64.9
WLS-1 5.1 23.7 dolomite  30.8
WLS-2 3.0 26.8 calelite 63.1
WLS-2 3.4 27.3 dolomite 24.9
WLS-3 -0.1 19.5 caleclite 1.0
WLS-3 0.2 19.8 dolomite 0.5
WLS—4 2.0 21.6 calcite 8.3 .
WLS-4 3.2 22.9 dolomite 72,2
WLS-5 1.2 23.3 calcite 80.4
WLS-5 0.9 22.5 dolomite 1..1
WLS-6 4.9 21.2 calcite 77.8
WLS-6 5.3 21.6 .dolomite 15.0
WLS~7 1.1 18.2 caleclte 12.3
WLS-7 1.8 18.6 dolomite 49.3
WLS-8 6.2 26.0 ‘ calcite 73.5
WwLS-8 6.3 25.7 dolomite 22.5
WLS-9 5.8 25.2 calelite 65.4
WLS-9 5.9 24,7 doloaoite 27.7
WLS-10 . 6.1 26.7 caleite 71.5.
S~-1 6.6 27.2 dolomite 21.5

L
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Table 21. Isotoplc fractionations and temperatures (°C) for
White Lake dolemite-calcite pairs

¢ 418 B ol 7,2 7.t Wt % Wt %
Sample (°lo0)  (%700) o 18, 3¢ Caleite  Dolomite
WLS-1 0.2 0.4 593 585 612  64.9 30.8
WLS=2 0.5 0.4 434 369 512 63.1 24.9
WLS-3 ~ 0.3 0.3 529 491 904 1.0 0.5 )
WLS—4 1.3 1.2 7 242 162 145 8.3 72.2
WLS-5 -0.8 -0.4 - - - 80.4 1.1
WLS-6 0.4 0.4 477 422~ 612 77.8 15.0
WLS-7 0.4 0.7 477 422 310  12.3 49.3
WLS-8 . =0.3 21 - - - 73.5 22.5
WLS-9 -0.5 0.1 bo- ‘- - 65.4 27.7
WLE-10 0. 0.5 435 369 465  71.5 - 21.5

i

éalculated from equations of Sheppard and Schwarcz (1970)
calculated from equations of Matthews and Katz (1977)
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-

in isotopic disequilibrium. There is aisd large variability in
formation temperatures qalculated by either the 0 or C equation
with an average temperature of f400°C (Matthews and Katz, 1977)
or 455°C (Sheppard and Schwarcz, 1970) calculated on the basis

of 18Ojdifferenc's and 480°C using 13c. Samples nearer the plu-

ton contact are, “owever, more depleted in 18O and l3C relative

to more distant samples. The range in 6180 valﬁes between
sample sites is about 80/00 and the 13C range is about 70/00.
It is likely that isotopic depletion of the marbles is related
to the intrusion of pluton and could be caused by decarbconation
reactions or By isotopic exchange with magmatic hydrothermal
fluids during contact metamorphism ggalley, 1986).

The isotopic compositions of the marbles and of the
ff&c;urg calcites from the pluton are shown in the 13c_184 plot
of Fig. 48 which suggests that many of these samples lie along
the same trend line d are genetically related. This could be
prodﬁced by isotopic ewxchange between the marble and thermal
fluids convectively driven by the hea% of the intrusion and is
analagous to tﬁE previously described isotopic alteration of
hydrothermal £fracture calcite by cool meteoric ground waters,

18O Shlft experienced by the 18O ricﬁ

However, in this case the
marbles—is in the opposite dlrectlon to that of the Low lS&
hydrothermal fracture calcites at CRNL. . \

The curve drawn in Fig. 48 was constructed to demon-
siraté how the isotopic composition of the White Lake marbles

could be lowered by exchange with ground water by contact meta-
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Fig. 48. Plot of s13c va. §180 for White Lake fracture calcites

(s0lid dots) and marble calcites ([solid triangles) and
dolomites (open triangles) from sites shown in Fig. 6.
Curve AA' represents the 1isctopic composition of
secondary calcites formed by mixing O and C derived
from_ the marble (point A') with magmatic CO, having
a 86}3c of -59/co dissolved in a thermal water - (400°C)
with a 180 of 10¥/c0 (SMOW). Tick .marks represent
closed system water/rock mole ratios of 0.5, 1, 2, 3,
5, 10 and 50 (see text). Arrow indicates isotopic

trend for fracture calcites that have subsequently ex-—

changed with low temperature meteoric waters.
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morphism during intrusion of the pluton. In this exfmple a

»

temperature of 400°C has been assumed and CO2 is taken as the

dominant C species in solution. The mole fraction of CO, in the

fluid (Xcoz) has been estimated at 0.1 for" modelling purposes

and is based on the curvature of the trend” shown in Fig. .48

(%ﬁylor and Bucher-Nurminen, 1586). Unexchanged carbonate rock

is represented by the isotopic composition of point Al (5180 =

13

270/00 and §°°C = 60/00). Exchange with magmatic CO2 associated

with the plutonism and having a Gl3C

6180 of the fluid is taken as +lOO/oo which could be produced by

an 80 snift of meteoric water by exchange with the 18O--rich )

of,—SO/oo is assumed. 'The

-~

country rocks. This does not preclude however, the possibility
of a significant component of magmatic water (~+50/oo) in this (\_

fluid. Furthermore, the modelled curve assumes closed system

¥

exchange which would be a good approximation if a convective
\ S
: 3
hydrothermal system was established at the time of intrusion.

Water/ rock mole ratios of 0.5, 1, 2, 3, 5, 10 and 50 are shown
as tick marks on the curve, in increasing order toward lighter

isotopic compositions.

The limitations of the existing /ﬁta base for the White
Lake pluton preclude rigorous constraints on the parameter
values used in the construction of the isotope exchange curve.
Nevertheless fluid mixing and isotopic exchange between magmatic;
and sedimentary C reservoirs would appear to be a viable explan-
ation for the origin of the fracture calcites in the White Lake

"

pluton. It is necessary to mention however that similar coupled
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. 13, .18 '
trends in & 7C-5" O plots can result from Rayleigh volatiliza-

tion of C02 during high temperature decarbcnation of sedimentary

carbonates (Valley, 1986). This arises from the _fact that at

400°C bbth 13C and 18O isotopes are preferentially incorporated

in qu relative to calcite.
a

Curve AA' in Fig. 49 shows the expected trend in the
isotopic evolution of carbon in calcite from its initial value

of 60/00 during the Rayleigh distillation of CO2 from the rock

as calculated by the following relationship from Broecker and
%

Oversby (1971):

(25) st = s13ci L
[ CccC

. 1000 (1 - Fo° 1)

where a is the fractionation factor for C between calcite (cc)

and CO_, and F is the fraction of carbonate remain%ng in the

2
18

rock. Curve BB' is the trend in the 6 "0 of marble calcite dur-

ing Rayleigh distillation of COz. "Note that during Rayleigh
. . » ,

13

volatilization the C depletion is small until F is reduced to

about 50%. A similar relationship occurs if dolomite—-co2 frac-

tionation.factors are used, In contrast the carbodgte contents

of the White Lake marbles are, with one exception, greater than

13C and 18O

80% by weight yet large variations in both are

observed (Fig. 49). This suggests that decarbonation is not the
primary cause of isotopic depletions in these marbles.

Pogitive 6130 value; in hydrothermal calcites can not
in themselves be used as criteria for the recognition of a sedi-

13

mentary C component since & °C values as high ag _200/00 are

possible for calcites if the hydrothermal fluid is alkaline and
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has low foz'(Ohmoto, 1972). However the apparent coupling of
180-]‘3c depletions in the marbles to isotopic trends in the
fracture calcites suggests that fluid interactions with the
marble country rock was an important source of C for the frac-
ture calcites in the pluton.

18

A secondary trend of O enrichment as the result of

isotope exchange between the fract;re calcites and recent mete-
oric ground water should also be expected if the model proposed
for the isotopic evolution of fracture calcites at CRNL and ﬁBL
is' of general applicability. Such a trend may be present in the
White Lake data (Fig. 48) but additional drilling and fracture
calcite sampling would be réquired to verify this. Unliké the
CRNL and EBL calcites the isotopic composition of the hydro-
thermal calcites at White Lake are more variable becaure of
‘their mixeds isotopic origins. uConsequently isotopic shifts due

I .
to low temperature exchangk .reactions are more difficult to

identify than at CRNL or EBL.
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11. IMPLICATIONS OF THE RESULTS OF THIS STUDY TO THE

CANADIAN CONCEPT FOR NUCLEAR WASTE DISPOSAL

Within the Canadian Nuclear Fuel Waste Management Pro-
gram considerable effort has begn expended on assessing the
potenéial for the 1long ;erm release and transport of radionu-

lideé‘by ground water from the waste disposal vault to the bio-

'heréw Atomic Energy of Canada Ltd. has developed a- computer

T T—“code (SYVAC) to quantify radionuclide release rates and to Esti~

mate radiation exposures for individuals who reside in areas

where radionuclides may eventually reach the surface (Sherman

et al., 1985). Simulations have-been performed for up to 107
years after disposal.

The geosphere submodel of this code calculates the
transport of radionuclides from the vault and through fractured
plutonic rock which is the host medium for the waste vault. In
this submodel ground water transit times are calculated based
on borehole measurements of the hydraulic conductivity of the
plutons at the AECL research areas and using (at depths of
<200 m) equivaleht porous medium flow modelling methods, It
has not been determined whether construction of discrete or
stochastic fracture flow models would provide ~more realiatic
results.

Stable isotope analyses of CRNL fracture calcites show
that even in highly fractured rock such as the CRNL pluton

ground water movement is controlled by flow channelling along
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discrete ffactﬁres. Some of these pathways have experienced
large tigg-integrated water/rock ratios while othéf portions‘of
the same.fracture appear to have remained sealed since the pre-
rcipitation of hydrothermal calcite several hundred million years

234U/230Th activity ratios of CRNL frac-

l4c activities

ture calcites (Milton and Brown, 1987) and their
have shown that some calcites have recrystallized in the last
50,000 years and that, in fact, this procesz has continued to
the present time. Thus the isotopic record of CRNL'fracture
calcites is clearly incompatible with an equivalent porous med-
ium interpretation éf ground water élow in the pluton and would
argué for the adoption of a discrete fracture flow model in the
SYVAC computer code. Groundwater velocities calculated by this
model may be significantly greater than those calculated by
porous media models. |

It should also be clear that ground, water pathways in
fractured rock are not static systems but rather they adjust to
changing hydrochemical regimes (which may alter the nature of
fracture infillings) or stress conditions in the upper crust.
Therefore long term predictions (>-104years) on the nature of
ground water flow in the pluton are inheritantly problematical.

The stable isotope compositions of fractufe calcites
from the CRNL, EBL, WL (White Lake), and WNRE (Whiteshell Nuc-
lear Research Establishment on the Lac du Bonnet batholith) re-
search areas are shown in 613C~6180 co-ordinate space as general

» fields within which most of the data from each site plot (Fig.

50). Arrows in the CRNL, EBL, and WL fields indicate the pre-
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Fig. 50. comparison - of the 613c and §180 values of fracture
calcites from the CRNL, EBL, WL, and WNRE research
areas. Arrows indicate the present directional trend
in the isotopic evolution of the calcites. The RE
field is based on data of Bottomley et al. (1980)
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sent day evolutionary trends in the isotopic gompositions of
these calcites as the result of recrystallization. The nature
of these trends is to produce recrystallized calcites that ap-

proach to varying degrees isotopic equilibrium with the Glsoiand

6130 ‘of the ambient ground water. Recrystallized calcites

DI7
18O and lighter in 613

tend to be heavier in § C than the precur;
sor calcites at each site. However the magnitude of the iso-
topic shift of individual calcites has been controlled by the
tiﬁe-integrated‘water/rock ratios'along individual flow channels
in the fractures. The isotopic data from all research areas are
thus complementary and support the conclusion that ground water
movement and radicnuclide transit times in fractured| plutonic
rock would be most accurately described by discrete fracture

flow modelling,.
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12. CONCLUSIONS
I | -

Based on the chemical and isotopic data, and on the
textural evidence co;lected during the course of this investi-
gation it can be concluded that the fracture calcites in the
CRNL core are of hydréthermal origins. The Sr iséfbpic data
indicate this hydrothearmal activity probably occurred several
hundred million Fyears ;;Eer emplacement of the host plutonic
rocks approximately 1345 Ma ago. Based on the occasional co-
existence of laumontite with calcite it is likely that calcite
precipitation .occurred at temperatures of <300°C. Isotope
geothermometry on calcite-dolomite pairs provides contradictory
estimates of precipitation temperatures and it is apparent that
the C and O compositions are not in isotopic equilibrium.

Chemical and isotopic analyses of the calcites indicate
they are not in equilibrium with the present day ground waters,
Strontium concentrations in the calcites are much lower than
predicted on the basis of the (Sr/Ca) mole ratios of the ground
water if it were assumed the calcites were recent precipitates.
In 'addition, there is no eviﬁence that the calcites formed from
saline solutions with high (Na/Ca) mole ratios. The REE con-
tents of the calcites are much larger than the host rocks but
the chondrite-normalized REE patterns are similar. Both are
enriched in LREE and are characterized by a steep slope in the

LREE enrichment pattern. It is clear that the REE contents of

the calcites were derived from the host pluton.
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The 6180 of the CRNL fracture calcites exhibit a broad
range in values from 14—230/0Q‘75M0W) except for a small group

18

of samples that are much lighter in 670 (0 to +9°/00). In con-

trast most of the 613C values fall 1in a narrow range between
-5.5 to -8.80/66. There is no well defined depth relationship
for either isotope but sharp inter- and intra-fracture isotopic
variations occur that are unlikely to be primary features pro-
duced by fluid mixing during the formation of the hydrothermal
calcites. The large isotopic variations, particularly in the
case of l80, are interprei:ed to be the result of recrystal-
lization in recent meteoric ground water ﬁnder variable water/
roék ratios. This recrystallization has occurred in a system
that is physically open to water (i.e. a "single pass” system)
and chemically open with respect to oxygen. However, because
of low DIC concentrations in the ground water, the system
approximates a closed system with respect to C. Mole ratios of
water/ rock approaching 105 have been "required to produce
thoée calcites that are lightest in 513C.

Recrystallization of fracture calcite is a bulk solu-
tion disequilibrium process in which much of lhe C in the re-
crystallized calcite is inherited from the precursor calcite.
In this regard this process is entirely analogous to the recrys-
tallization of high-Mg marine calcites in diagenetic sedimentary
environments that are physically open to flushing of the pore
space by meteoric ground waters. The presence of small amounts

14C

of in isotopically exchanged calcites indicates that re-

-

crystallization is an ongoing process even at the present time,
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‘Calcite recrystallization controls the (Sr/Ca) mole
ratio of the ground water and its 'Sr isotopic composition. The

dissolution of silicates is not a major source of dissolved Sr2+

in the Na/HCO3 or Na/Cl waters at CRNL. Nevertheless the pre-
H]

8

sent day ground water has a slightly more radiogenic 7Sr/BGSr

ratio than the end member hydrothermal calcite.. Consequently

8

the ?Sr/sGSr of recrystallized calcites depends on the e;tent

of mixing between micropore and macropore {fracture) water at

.

the site of recrystallization. It is evident, however, that,
as in the case of C, the Sr isotopic ratio of the precursor cal-

cite is the dominating control on the Sr isotopic composition of
recrystallized calcite. \

Fracture calcites from East Bull Lake pluton exhibit

similar trends in 613C—6180 co-ordinate space as Rhe CRNL cal-

cites. However the largest isotopicr shifts in the EBL calcist
{

are mainly restricted to the higher éggmeablility zones in the

shallow subsurface (<25 m deep). Isotopic shifts as the result

of recent recrystallization are not as apparent in the fracture

calcites of the White Lake pluton because of the wider' range in
the initial 613C and 6180 values of the original hydrothermal
% - -
calcite. This variability resulted from the mixing of magmatic

and sedimentary C reservoirs caused by the intrusion of the
pluton into permeable carbonate country rocks.
. . . { . .
Large inter- and intra-fracture isotopic shifts over

short distances are consistent with the concept of flow chan-

neling in fractures. Fracture calcites that occur within the
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channel are subject to’ higher water/rock ratios than calcite
that is isolated from the active flow channels. It is necessary

ito stress,’howévef, water/rock ratios calculated on the basis
of isétopic shifts are time-integrated yalueé because flow path-
ways within fractures may vary as the result of changing stress
‘regimes iq the crust, filling of old pathways by the formation
of fracture minerals, or by changes in grodnd water chemistry
that could lead to the dissolution of old infillings and the
reactivation of previously sealed pithways. -

The results of this investigatioé are relevaht to the

Canadian concept for the disposél of nucleaﬁ'wastes in plutonic

rock in two respects. Firstly, isotopic analyses of fracture

T
-

calcites can differentiate fractures that have experienced “large

time—integraggd water/rock ratios from those that have not. -
Therefore this technique may be able to identify zones within a
potential plhtonic Pepository that have been less permeable to
grouhd water flow than others over geologic time scales.

Seconqéy, the isotopic data support the adoption and applica-

tion of discrete fracture gqeund water flow models within the

T

N

CNFWMP to  describe and predict ground water flow in fractured
S.

hplutonic.rock even at shallow
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. K Table Al. Chemical compositidons of CRNL fracture calcites
- i
|
Borehole and Ca Mg Fe Mn Na Sr I.R. Al Zn
Depth (m) (%) S —— o)L N ———— (%) ppm ___ ppm
CR2 - 58.32 31.2 1760 6200 3710 160 680 24.6 830
- 115.91 21.7 1200 2680 4450 140 180 43.6 4880
- 127.90 28.9 12980 5290. 5480 110 200 3.1 100
CR3 - 22,22 21.9 26040 50590 3610 1020 550 69.3 14180
- 69.00 32.1 990 900 1480 240 150 19.6 490
- 130.13 19.0 98270 19020 7550 260 80 3.5 78
CR6 - 212.13 35.6 5630 2990 2070 180 140 19.5 <10
CR8 - 139.26 30.6 340 650 2640 90 250 7.0 250
- 184,88 35.5 2170 2060 950 110 190 15.8 <10
- 192.78 38.6 3150 2280 3040 120 130 36,17 <10
- 204.94 29.2 12090 5480 3700 110 140 13.5 600
- 205.05 24.3 9780 4610 4550 110 100 16.9 440
- 205.67 30.4 900 2260 2110 70 130 31.2 1150
- 207.62 31.3 1290 2800 4660 270 .330 9.5 830
- 221.56 28.1 2220 4030 2900 330 180 46.3 15
- 230.45 38.1 860 1440 1140 60 110 19.4
~ 230,66 28.4 2340 2920 2497 170 160 12.6 1780
- 232,82 31.0 4370 4030 2300 140 220 23.7 590
- 240.28 31.0 7840 13030 1060 190 220 72.9
- 259,55 34.9 5020 6710 3220 140 220 54.3
- 277.51 38.3 490 610 2330 30 120 18.2 280
- 278.85 37.6 7870 2570 3240 50 170 9.8
- 285.38 38.8 540 1050 4060 30 190 17.3
- 292,32 29.9 46Q0 2050 3120 140 120 1.3 80
CR9 -~ 75.75 34,1 2620 3100 1490 210 230 23.7 15
- 345,77 27.4 11830 4950 3930 110 130 9.6 770
- 351,16 31.4 4580 6130 2890 100 260 22.6 2230
- 448.39 31.1 1060 2780 1470 150 70 22.8 1260
- 459,98 30.0 110 40 40 100 120 1.2 5640
- 492,43 31.6 190 1340 170 80 160 14.4 1060
~ 574.33 29.4 3130 3070 3510 140 © 70 6.5 310
CR10 - 51.37 32.0 6000 2250 100 250 28.5 2480

Table 41 (cont'd.)
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" Table Al, Cont'd.

. Borehole and Ca Mg Fe Mn Na Sr I.R. Al Zn
Depth (m) (%) ppm <;) ppm  ppm
CR12 - 24,92 35.2 11570 7050 5130 90 140 24,1 20
' - 26.12 34.8 7010 4040 2350 140 190 33.1 10

-  26.38 27.6 17300 16700 2950 220 480 47.1 100
- 26.42 36.6 1150 1870 3510 40 200 5.0 50
- 44,38 30.8 .9250 256 30 3410 260 160 84.7.
- 77.%0 26.2 4410 3050 1080. 320 160 28.3 . 4640
- 78.19 30.9 1880 1830 1260 180 150 30.1 155
- 98,98 37:5—_ 650 1080 1530 40 110 23.8
- 113.30 32.0 960 1160 1660 70 140 5.5 480
- 116,95 37.0 4960 2380 2620 70 110 26.3
FS15 -  13.44 30.2 1790 ° 3260 1920- 110 160 47.2
- 13.81 29.9 3320 4400 ~Q%§O 70 320 7.3 750
-~ - 15.80 36.0 520 2490 2320 140 70 31.8 15
FS16 - 14.30 31.8 1320 - 2970 1560 100 350 43.7 1810
FS17 - 22.74 36.2 720 1380 160 S0 300 24.2 10
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Table A2. Carbon and oxygen isotobic coumpositions of CRNL
‘ fracture calcites

Borehole and GLSC 6180 i Comments
Depth (m) PDB oW (see footnotes) -
CRL - 4.50 -7.1 19.1 patchy, grey on incl. 0.F.
5.99 -7.5 19.9 patchy, on chl., - sub. vert 0.F.
125.86 -10.3 ¥ o23.3 patchy, on chl. -~ sub. vert
128.50 -9.7 22.6 patchy, ecrys. - sub, horlz. 0.F.
208.79 -7.9 19.2 th. patchy, crys. - incl. F.
212.97 -7.7 19.7 w.FeSy, chl. = sub. horiz.-O.F.
223.12 -8.6 21.4 patchy, on chl. - 1incl. F.
227.46 6.6 - 20.0 patchy, - incl. F. -
227.60 -9.9 . 22,0 patchy, - incl., F.
232.38 -8.0 22.5 patchy, - incl. F.
244,62 -6.5 16.2 patchy w.FeSg on chl. - sub. horiz. F.
252.23 -6.4 12.0 patchy w.FeS9 on chl, - vert. F.
. 257.20 -6.0 18.9 patchy, on slick. chl. '
CR2 -~ 58.32 -8.7 12.9 veln stockwork
104.82 -9.4 21.8 platy - horizs F.
105.48 -8.6 21.0 irreg. F. :
105.61 -7.6 21.2 patchy w.Fe303 - incl. O.F.
105.75 -5.8 20.0 sealed veln ) }
105.75 -7.3 23.4 patchy, w.Fep03 —~ incl. O.F.
105.75 -6.9 18.1 paf%hy, on chl. - inel. O.F.
113.53 -5.8 18.6 patchy, crys. — incl. F.
115,91 -5.6 18.8 sealed veln - in diabase
117.78 -7.8 21.2 hematized, brecclated zone-sgub.horiz.F.
127.90 -5.6 16.4 composite cc~do.
127.90 -5.3 16.9 cc fraction
127.90 -5.0 % 17.6 do fraction
128.47 -5.8 15.3 in diabase
128.50 -2.8 . 14.7 w. Fep03 — 1n diabase
129.32 -4.8 \ 17.3 patchy - sub. hpriz, F.
129.43 -4.6 17.3 composite ce-— w.chl., - vert. F.
129,43 -4.8 17.4 ce fraction ¢.chl, - vert., F,
129.43 4.2 18.2 do fraetion w.chl. - vert. F.
181.30 -7.3 18.5 crystals in porous, altered zone
183.60 -7.2 20.0 crys. — vuggy, sub, horiz, P,
CR3 - 22,22 -10.1 18.8 veln edge w. qtz. - incl. P.
22.22 -10.2 18.8 veln centre w. qtz. - incl. F. :}
69.00 -8.9 19,6 stockwork, sealed veins
98.20 -6,2 20,7 patchy w. Feg03
98.31 =7.3 22.2 patchy, crys.
122.46 -6.1 3.4 w.Fep03-sealed veln in altered dlabase

(Table A2. conE‘d.)
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Table A2 (cont'd.) . - 238,
Borehole and 6130 5130 " Comments ‘ J -
Depth (m) : Swow . o
CR3 - 130.13 =4.4 23.5 composite cc—do, brecciated zone—sealed vein
130.13 -4.5 20.2 cc fraction, brecciated zone-sgsealed vein
130.13 -4.2 21.5 do fraction, brecciated zone—sealed vein
CR6 - 103.06 -6.4 16.1 ox. zone - vert. O.F.
103.40 -7.9 17.8 patchy - inecl., irreg. O.F.
212.13 -5.5 15.4 brecciated qtz. - ¢e. veln on chl.
CR7 - 99.21 -6.0 19.7 patchy, on chl. - inel. F.
107.26 -7.1 19.6 massive, on chl. — imel. F. “
137.34 -6.7 14.9 ‘vein centre, sealed vein - horiz.
137.34 -6.8 16.6 veln edge, sealed vein - horiz.
137.36 -12.6 21.6 patchy — sub. horiz. 0.F.
CR8 - 6.51 -7.2 21.6 filmy, white - incl. O.F.
36.34 =7.7 17.6 on chl, ox. zone
57.80 -9.3 2¢.3 patchy, grey, on chl. - inci. F.
61.21 -6.5 15.5 th. erys., w.FeSg — incl. reopened 'vein
65502 -8.5 20.9 w.FeSy - sub. horiz. O.F.
73.89 =7.7 20.7 th. patchy cc -
77.57 -13.3 19.8 filmy, w. FeSp’
104,72 -7.9 21.7 patehy = sub. vert. 9.F.
117.83 ~7.6 21.2 patchy, wiite - incl. 0.F. in peg.
119.28 -6.7 20.0 filmy, whive — sub. vert. 0.F.
120.51 -7.5 21.1 patchy - incl. 0.F. in peg.
120.64 -7.0 21.2 patchy - inel. O.F. in peg.
121.08 -5.9 18.7 granular w.FeS2 ~ incl. 0.F. in peg.
121.24 -6.8 18.7 th., on chl. w. FeSp
127.92 -6.2 20.7 filmy - sub., vert. Q.F.
128,93 8.0 19.3 th., patchy - incl. 0.F.
131.73 -8.1 21.5 filmy, white - incl. 0.F.
132.75 -7.2 19.6 patchy - incl. F.
135.43 -6.0 18.6 _patchy, grey, on chl. — incl. F.
139.26 -7.4 21.9 Eilmy - sub. vert. O.F.
142.10 =-7.0 18.1 patchy - sub. vert. O0.F.
145.51 -7.8 7.7 S
153.00 -7.3 21.2 patehy - incl. 0.F.
154.90 -5.9 2.4 vuggy, w. FeSy on chl. - sub. vert. F.
167.17 -6.9 19.1 patchy, on chl. — sub. vert. 0.F,.
180.23 -7.2 15.2 patchy, grey — inecl. 0.F. in peg.
184.63 -7.0 20.5 patechy
184,88 -6.5 15.8 sealed vein
189,90 -6.9 19,4 patchy - sub. horiz., 7.
191,05 -7.2 18.9 patchy w.FeS? on chl.-incl. 0.F. in peg.
192.75 -7. 18.8 w.PeSg9 - Irreg. Ilncl. F. in peg..
202,24 -8. 19.7 ™ patchy, grey - incl. 0.F. in peg.
~

(Table A2. cont'd.)
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TABLE A2, {cont'd.)

Borehole and 13 18

Depth (m) 5 Copp 8 Ogmow - Comzents
CrR8 - 204.94 -6.4 16.0 cc fraction, sub. vert. C.F.-in peg.
T 204,94 -6.5 17.2 do fraction, sub. vert. C.F. In peg.
205.:05 -6,1 ' 15.6 composite cc-do, carb. matrix of peg.
205.05 -6.4 16.0 ce fraction, carb. matrix of peg.
205.05 -6.2 16.8 do fraction, carb. matrix of peg.
205,67 -6.9 17.7 coarse crystals In carb. amph.
207.62 -7.3 21.7 patchy, on chl. in amph.
207.74 -8.3 22.5 patchy, grey - sub. vert. 0.F. 1n dlabase
221.26 -8.6 22.2 patchy, w.FeSz — sub. vert. F.
221,56 -6.9(-6.4)  20.9(20.5) patchy, grey on chl. - gub. vert. F.
230.45 -6.3 14.9 patchy, on chl., - sub. vert, 0.F.
230.66 -7.6 18.6 patchy, w.FeSp - vert. 0.F.
231.37 -6.6 15.6 patchy - horiz. P.
232,82 -7.0 19.6 veln in peg.
234.00 =77 16.6 platy, slick., grey ~ vert. F.
240,28 -5.8 13.8 th. massive - incl. P,
251,96 -6.2 15.3 th. sealed vein - incl. F.
Y 259,55 -6.2 15.0 w. Fep03 on chl. - sub. vert. veln
277.27 -6.3 14.3 crys. — incl. F.
277.51 -8.6 18.7 coarse crystals ln vug
278.85 -5.8 14,5 carb. matrix in brecclated, altered zone
279.00 -7.7 15.9 velin
279.30 —6.1,//// 15.5 granular, crys. - vert, 0.F,
285.38 -8 20.4 patchy, grey on chl. - sub. vert. 0.F.
292.01 .0 " 14.8 carb. matrix Iin brecclated zone
292.32 4 9 14.5 veln
292.60 -5.6 14.3 patchy — incl. P. in ox. zo
302.82 -7.6 18.1 patchy w.FeSy on chl., ~ sub./vert. 0.F.
!
CR9 - %\gﬁ -8.2 18.8 on chl. - inel. irreg. 0.F.’
35.75 ~7.6 4 17.7 patchy on chl. - sub. vert. 0.F.
75.75 -7.4 20.1 patchy - sub, vert. O.F.
149.79 -7.3(-7.5) 5.5(14.5) «th. patchy, crys. - sub. vert.
159.20 -6.5 6.1 patchy, grey - {necl. P,
160.18 -6.8 - 16.9 patchy on chl.
{ 192.78 -6.7 15.8 massive - C.F.
219.71 ~8.7 17.6 filmy - ifncl. F.
219.77 -8.7 19.1 patchy - sub, horiz. F.
220.82 -9.0 19.8 patchy — sub. horiz. F.
336.15 -6.9 19.2 th. vein on chl. - in peg.

(Table A2 cont'd.)
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(Table A2 cont'd.)

-6.8 15.3

Borehole and
Depth )m)% § CPDB (1] OSMOW Comments
CR9 =-\345.77 -5.6 16.7 gub-vert. F. in alteration zome
. -6.1 16.0 C.F._.in brecclated, oxidized zone
363.84 . -8.2 2L.5 sub, vert. 0.F. in peg.
363.90 -8.5 20.6 patchy — sub. horiz. 0.F.
390.74 -6.7 17.8 patchy, grey, slick. - incl. F.
448,22 -5.6 14.3 massive - sub. horiz. F.
448,39 -6.5 16.7 coarse erys. — sub. Horlz. F. in porous zone
459.98 -6.0 -0.4 ° sealed veln w. laum. crystals
464,88 -6.2 20.1 patchy, on c¢hl. -~ sub.vert. 0:F. in dlabase
492.43 -6.3 0.7 sealed lense in porous altered rock’
500.40 -5.0 13.6 patchy, clear] slick. on chl.-sub.vert. F.
505.78 -8.1 21.6 patchy, crys. w.Feg03-sub.horiz. F.
520.39 -5.8 16.0 th., massive — sub.vert. F. in ox. zone
545.40 , -7.0 20.4 patchy - sub. vert. 0.F.
545,92 -9.6 19.9 granular - incl. O.F.
574.33 -5.6 14.8 inner layer incl. 0.F. in alteration zone
574,33 -7.9 21.5 outer layer incl. 0.F. in alteration zone
576.70 -6.8 17.3 filmy - inecl. O.F.
5377.48 -7.5 20.2 sub. vert. O.F.
599,15 ~6.8 17.9 patchy, flaky — sub. vert. 0.F.q -
599,21 -6.1 - ~ 17.1 sub. horiz. sealed vein TN
623.52 _ -7.6 7 9.1 patchy, on chl. in brecclated peg.
641.97 6.4 Vo7ls patchy - facl. F.
652.98 -7.0 15.5 sealed F. — on chl.
663,77 -7.5 14.8 sub. vert. F. in diabase
672.20 -7.1 16.9 patchy, brown - incl. F. in peg.
676.42 -6.6 13,3 slick., on chl. - vert, F.
676.%4 -6.9 17.8 patchy, orange, w.FeS2 on chl. - sub.vert.
685.52 -7.1 13.0 platy, on chl. - sub. horiz. F. in gabbro
689,99 -6.0 14.1 patchy, grey on chl.-sub.vert. F. in diabase
691.47 -7.3 -0.6 prismatic crystals on chl. - incl. F.
700.09 -7.4 18.7 patchy, on chl. - sub. vert. F.
- CRL0 - 51.37 -7.5 22,1 patchy, on ehl. - sub. vert. 0.F.
51.70 -6.2 16.0 cc in breccla matrix (sealed)
51.70 ~-9.5 21.9 vert. F. in matrix w.Fe03
CR1l -+102,24 -6.8 15.3 filmy, grey — {ncl. F.
102,62 -6.7 16.0 sub. vert. F/ .
114.63 -8.1 19.6 th. cc. w.FeSy — inclined 0.P.
CR12 - 6.12 -8.5 16.7 patchy - vert. O.F.
17.75 =1.7 . 20.4 patchy, grey on chl. - inecl. F. in ox. zone
24,92 -6.9 16.1 carb. brecclafed zone (s&Faled)
. 26,12 -6.8(-7.0) 16.3(17.4) wvein w. chl. - sealed
26.38 carb. gneiss matrix
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TABLE A2. {cont'd.) : ) 241,
Borehole and 613C 6180 Comments
Depth (m) 7 PDB SMOW
CR12 - 26.42 -9.9 22.6 th., patchy, porous, soft-sub.horiz.0.F.
* 44,36 ~6.7(7.4,7.4) 22.3(21.9,22.7) vein in diabase
60.72 ~7.8 20.9 patchy, granular - {incl. F.
72,34 -6:7 17.9 patchy - vert. Q.F.
72.38 ~6.9 17.8 patchy - sub. vert. O.F.
77.81 -10.0 20.8 patchy, slick., w.FeSo—-aub.vert. 0.F.
78.02 -7.7 16.6 | patchy - sub. vert. O.F,
78.07 -8.3 18.8" patchy - sub. vert. O.F.
78.17 -10.4 21.9 patchy — sub. vert. O.F.
78.19 -8.7 19.7 patchy — sub. vert. 0.F.
78.23 -10.3 21.6 patchy - sub. vert. 0.F.
78.27 -10.9 22.6 patchy - sub. vert. 0.F. —
81.35 -6.1 21.2 . patchy - inecl. O.F.
98.98 -6.5 ~~19.9 patchy w. FeSs - vert. O.F.
105.39 -7.1 - 21.4 . patchy w. FeSp — sub. vet;;_giE(/
112.04 -5.6 19.7 patchy, on chl. - Q.F.
113.354 -6.5 . 20.7 th., on chl. ~ inecl. O.F.
1i3.61 -7.6 21.3 granular, patchy, grey — irreg. 0.F.
136,95 -6.4 16.1 th. sealed vein
. CR13 - 383.4 -6.7 16.3 ' chip sample, depth
" approximate
CR14 - 28.96 -10.7 " 19.5 patchy - sub. horiz. O.F.
CR21 - 28.28 -6.8 23.1 ' patchy - sub. horiz. O.F.
FS15 - 13.44 +6.4 19.6 patchy, white, on chl. - incl. 0.F.
13.82 -6.3 15.8 loner layer — massive, vein
13.82 -6.5 18.8 outer layer - patchy
15.80 -6.0 17.2 clear, hard - “in peg.
, 42,61 -7.0, 20.8 . th. crusty w. chl. and Fej03-sub. vert.
43,85 -9.8 21.1 ~ flaky w.Fej03 - sub. vert. O.F.
46,40 -8.0 21.2 patchy, grey, on ¢chl. - inecl. O.F.
FS16 - 14.30 -7.8 195 inner layer on chl. - inecl. 0.,F,
14.30 -6.8 21,6 outer layer on chl. - imel. 0O.F,
20..02 -6.2 23.8 patchy, on.chl.-sub. vert. 0.F. in ox. zone
39.55 -13.5 22.3 . patchy, w.Fez03 on chl.-sub. vert. O.F.
FS17 - 22.74 -7.7 17.4 patchy, grey w.FeSy - incl. F.
57.41 - =7.4 21.1 crumbly, on chl. - vert. 0.F.

vert. - vertlcal; horiz. - horizontal; chl. - chlorite; ¢
crystalline; th, - thick; ox. ~ oxidized; qtz. - quartz; cc. -
caleite; do. - dolomite; w. ~ with; carb. - carbonatized; irreg.
— lrregular; peg. — pegmatite, slick. - slickensided; laum. -
laumontite.

Abbreviations: incl. ¥ inclined; 0.F. - open fracture; C.F. - closed frapcureii\
TyS.
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PLATE 1I. Typic&éﬁNﬁ—3 core of fractured granitic augen gneiss
from CRNL borehole CR7.

.,



R, AT




PLATE II.

243.

Examples of sealed calcite veins as viewed under the
petrographic microscope {(crogssed polars): i

a)

b)

c)

medium-grained equigranular calcite and fine+
grained quartz wvein in granitic gneiss at
292.32 m in CR8 (field of view is 14 mm across)!
fine-grained brecciated calcite vein surroundeéd
by gquartz in a chlorite-lined fracture at
212.13 m in CR6 (field of view is 14 mm across):

fine-grained calcite vein containing fragments
of granltlc gneiss at 184 88 m in CR8 (field of
view is 14 mm across).

?
e -






PLATE III.

244.

Chlorite-lined fracture sealed with calcite at
26412 m in CR12:

a)
b}

c)

binocular microscope photograph (field of view is
7 mm across); 5

photomicrograph (crossed polars). Field of view
is 14 mm across.
SEM image of vein showing calcite {cc), pyrite

(FeSy3), K feldspar (kf) and <chlorite (chl)
(vertical bar scale is 1 mm).






PLATE 1IV.

245.

Scanning electron microscope image of the chlorite-
lined sealed fracture at 26.12 m in CR12:

a)

.b)

c)

SEM image of vein showing the presence of quartz-
ofeldspathic material (kf, qtz), pyrite, and
calcite {(cc);

back scattered electron map of the Ca distribu-
tion (calcite) in the vein;:

back scattered electron map of Si distribution
{silicates) in the vein.

S



PLATE I¥
a-c
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PLATE V 5

a) Two generations of calcite in a reopened sub-
vertical fracture in monzonitic gneiss at 13.74-
13.90 m in FS15. Younger patchy calcite overlies
vein calcite. The field of view is 18 mm across.

b) Photomicrograph (crossed polars) showing the
coarse-grained calcite (cc), vein in monzonitic
gneiss. The field of view is 14 mm across.

c) SEM image of the calcite (%c) vein showing
growth zonation and quartz (gqtz) inclusions
(black oval~-shaped objects)., Vertical bar scale
is 1 mm.






PLATE VI.
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a)

b)

c)

247,

Sealed calcite lense in altered, porous graniticy
gneiss at 492.43 m in CR9. The field of view is
18 mm across.

Calcite/dolomite matrix surrounding lithic frag-
ments in highly altered, brecciated fault zone
at 130.13 m in CR3., The field of view is 18 mm
across.

Calcified lithic fragment, in brecciated zone at
14.9 m in CRI12. The field of view is 18 mm
across.






VII.

~

a)

b)

c)

v

248,

g

Iron rich oxidation zone next to a sealed calcite
vein in monzonitic gneiss at 345.77 m in CR9.
The field of view is 7 mm across. .

Photomicrograph of the calcite (cc) vein showing
angular wall rock fragments projecting into the

™__calcite (plain polarized light). The field of

view is 2.8 mm across. . ‘
Photomicrograph (plain polarized light) of brown
muscovite (phengite?) in altered feldspar in the
oxidation zone next to the calcite vein. |Note
the unaltered garnet (gn) crystals, The field
of view is 2.8 mm across.

2
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PLATE VIII., &)

b)
c)

.

249,

Calcite (cc) Vein with laumontite
sealed fracture at 459.98 m in CR9.
of view is 18 mm across.

Prismatic crystal of laumontite surrounded by
calcite. The field of view is 7 mm acrodi.
Individual prismatic crystals of laumontite ex-—
tracted from the calcite vein. The field of view
is 3 mm across. :

(laun) in
The field

Com

[y

S
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PLATE IX. a) Photomicrograph (plain polarized 1light) of an
altered calcic pyroxene phenocryst near a frac-
ture in a diabase dyke af 128.47 m in CR2. The
field of view is 1.4 mh across.

b) Cathodoluminescent image of the phenocryst show-
ing the extent of phenocryst calcification.

~
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PLATE X. ~a) Coarse-grained euhedral calcite crystals' in an

open sub-horizontal fracture in granitic gneiss
at 277.54 m in CR8. The field of view is 18 mm
across.

b) Coarse-grained subhedral calcite crystals in a
vug of granitic pegmatite at 277.51 m in CRS.
The field of view is 18 mm across.

c} Coar grained subhedral calcite crystals from

irreqular curved fracture in amphibolite at

05.67 m in CR8. The field of view i%w 18 mm
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PLATE XI..

a)

b)

c)

252,

Faintly slickensided calcite on <chlorite in a
sub-vertical fracture in pegmatite at 285.38 m
in CRB. The field of view is 18 mm across.

Flaky calcite on chlorite in a sub-vertical open
fracture at 51.4 m in CR10. The field of view
is 18 mm across.

Patchy calcite overlying the calcite vein shown
in PLATE V ({(a). The field of view is 18 mm
across.

o






PLATE XII. a)

b)

c)

-~
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Fine grained pyrite cubes embedded in "sugary"
calcite in a fracture at 99 m in CR12. The field
of view is 3 mm across.

Patchy aggregate of fine grained pyrite (FeS, )
on chlorite in a fracture at 121 m in CR1l. The
field of view is 18 mm across.

Fine grained pyrite with patchy calcite (ce) in
a rough irregular fracture in pegmatite at
192.75 m '

in CR8. The field of view is 18 mm across.
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PLATE XIII. Examples of ‘slickensided fracture calcites and
pyrites from CRNL core:

a)

b)

¢)

Paintly slickensided flaky calcite on a sub-ver-
tical open fracture at 51.4 m in CR10. The field
of view is 18 mm across.

Strongly slickensided "greasy" calcite in a sub-
horizontal fracture at 77.8 m in CR12. The field
of view is 18 mm across.

Strongly slickensided platy pyrite with bluish
calcite on chlorite in a fracture at 25i.83 m in
CRl. The field of view is 18 mm across.

—
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PLATE XIV.

y . : 255.

5EM images of open—fracture minerals on a fracture

in granitic gneiss at 279.3 n 1n CRB:

a) calcite rhombohedra;

b) chlorite (chl) flakes on K feldspar (kf):

c) clumps of chlorite on K feldspar and calcite
(cc) surroundlng a probable solution pit,



PLATE XI¥
a-Cc
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PLATE XV. a) Edge view of younger, brownish, flaky calcite
- overlying a reopened calcite vein at 574.3 m-in
- CR9. Field of view is 18 mm across.

b) Edge view of younger, brownish, granular calcite

(ce3f | overlying a reopened calcite vein at

545.9 m 1in CR9, The field of view is 18 mm

- ACross.

c) Clear calcite crystals overlying a reopened cal-

cite vein at 520.39 m in CRY9. The field of view

is 7 mm across..
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PLATE XVI. Examples of fracture calcite from EBL core (field

of view 18 mm across in a-c).

a) Sealed calcite vein at 185.6 m in EBL4.

b} Patchy calcite on a sub-vertical fracture at
168.8 m in EBL4,

c) Sub-hedral calcite crystals in vein calcite at
112.46 m in EBIM4.

¥






PLA% XVII. a) Fine grained pyrite crystals in a fracture at
E\- 112.67 m in EBL2. . oy
The field of view is 7 mm across.
D) Patchy calecite (ece) with pinkish laumontite
(lau) on a fracture at 446.35 m in EBL4. The
field of view is 18 mm across. .

c} Platy laumontite in a fracture at 654.2 m in

EBLL. The field of view is 18 mm across.

o
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FLATE XVIII., Examples of fracture calcites from the White Lake
core:

a) Sealed «calcite wvein cross-cutting an older
quartzofeldspathic vein at 72.7 m in WLl. The
field of view is 18 mm across.

b) Platy, ferric oxide-stained calcite on an open
fracture at 72,12 m in WL1l. The field of wview
is 18 mm across.

c) Patchy granular calcite overlying ferric oxide-
stained, slickensided calcite on an open ftrac-

ture at 72.7 m in WLL. The field of wview 1is
18 mm across.






PLATE XIX. a)

Photomicrographi of coarsa-grained calcite crys-
tals in a sealed vein in granitic gneiss at
137.34 m in CR7 (crossed polars). The field of
view is 2.8 mm across.

. - b) Cathodoluminescent image of the vein showing com-

c)

positional =zoning - within individual crystals.
Electrcn microprobe analyses were conducted at
the points shown (see Table 9).
Cathodoluminescent image of the medial suture of
the vein and cent:ﬁl vug showing fine scale com-
positional banding. The field of view is 2.8 mm
ACross,






PLATE XX.

a}

b)

c)

261.

Photomicrograph (crossed polars) of a reopened
calcite vein at 574.33 m in CR9 showing a younger
flaky calcite layer (cc2) overlying the vein
(ccl). Note the "corroded" fine-grained texture
of top portion of the underlying wvein. The
field of view is 2.8 mm across. ;
Cathodoluminescent image of the vein showing the
brighter calcjte layer relative to the darker
underlying vein. The field of view is 2.8 mm
across.

Cathodoluminescent 1image of the calcite vein
showing points analyzed by the electron micro-
probe and chlorite {chl), The field of view is
1.4 mm across.






PLATE XXI.
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SEM images of open fracture calcites analyzed by the
electron microprobe (Table 10):

a)

"step and kink" disdolution pattern in calcite
from CR9 - 464.88 m

calcite crystal in fine-grained calcite matrix
from CR1 - 232.38 m '
fine-grained calcite from CR10 - 51.37 m
spheroidal calcite from FS15 - 43.85 m

laumontite crystal -on calcite from CR9 - 464.88 m
calcite crystals surrounded by patchy calcite
from CRB - 205.17 m






PLATE XXII.

263,

Cathodoluminescent image of ‘vug filled with cale
cite (yellow) surrounded by  dolomite (do)
cystals., The sample is from a sealed {(with
carbonate) brecciated K

fault zone at 130 m in CR3. The field of view
2.8 mm across.
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