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FOREWORD

This report summarizes the Phase II work in geochemistry at Stripa. A large number
of factors have caused a delay in the publication of this report. As a consequence,
many of the results have already been printed elsewhere. The most important of
these publications is a series of papers in Volume 53, Number 8 of Geochimica et
Cosmochimica Acta, August of 1989. A summary of Phase 2 work was also
presented at the Third SKB/NEA International Stripa Project Symposium in October
1989 (Davis and Andrews, 1990). Most manuscripts originally intended for inclusion
in this completion report were received by Dr. Kirk Nordstrom prior to September
1987. Unfortunately, many of the manuscripts were only abstracts or were
incomplete rough drafts. Early in 1989, a heavily edited and rewritten report was
circulated by S.N. Davis to the senior researchers and authors of the original
manuscripts. This stimulated the promise of additional work by some of the authors
which, in turn, contributed substantially to the delay in finishing the final report.
Late in 1991, the Stripa Project Management and Technical Subgroup Chairmen
decided to issue an edited copy without further circulation of the manuscript to the
participating researchers. For this reason, authorship has been removed from
chapter headings to avoid the implication that all words and phrases were entirely
those of the researchers. The specific areas of their scientific contributions are,
however, indicated in the Table of Contents. Errors of presentation which might be
in the text may be attributed to the present editor (S.N. Davis). The Phase I and
Phase II geochemical research projects at Stripa have been some of the most fruitful
undertakings in the earth sciences during the 1980s. The long delay in presenting the
results of the Phase II report in a unified manner is unfortunate, but the Stripa
Project Management and Technical Subgroup Chairmen are certain that this report,
like the Phase I report (Nordstrom et al., 1985), will be a useful «nd lasting
contribution to science. The excellent work and subsequent patience of the
numerous researchers involved in Phase II are deeply appreciated

Stanley N. Davis
The University of Arizona

D. Kirk Nordstrom
U.S. Geological Survey



I l l

ABSTRACT

The Phase II geochemical investigations at Stripa included a continuation of
measurements started during Phase I of the general chemistry, the stable nuclides 2H,
18O, *S. •»Ar. and 87Sr. as well as the unstable nuclides 3H, 14C, *C\. ^Ra , ^ U , and
238U. In addition, the concentrations of the stable nuclide 37CI and the unstable
nuclides 37Ar, 3VAr, ̂ Kr, and 129I were measured in water samples from Stripa for the
first time. Isotopes of chlorine and isotopes of iodine were also extracted from rocks
from Stripa, and the isotopic ratios were compared with those found in the
groundwater. Major conclusions with respect to the origin of the dissolved solids in
the groundwater, in general, are unchanged from conclusions reached in Phase I.
The composition of the groundwater cannot be matched with the composition of
seawater, even after reasonable allowances are made for dilution and ion exchange.

Isotopic compositions of chlorine and iodine of the water in the granite do not match
isotopic compositions found in the rock, suggesting a lack of equilibrium between the
rock and the water and further suggesting that some of the groundwater presently in
the granite has moved laterally into the granite within the last few thousand years or
less, perhaps even since subsurface mining in the region began.

In situ production of ^Cl, Ar, 39Ar, Kr, and 129I is taking place in the subsurface
in the granite at rates which exceed the atmospheric production of these radio-
nuclides. Theoretically, in situ production of 3H and 14C must also take place but at
much lower rates. Whether or not measurable amounts of these radionuclides are
produced in situ at Stripa has not been determined.

The isotopic composition of sulphate in the groundwater in the Stripa pluton reflects
the geochemical history of the groundwater, as well as the origin of the sulphur or
sulphate. In shallow, modern groundwater, sulphate originates from atmospheric
fallout and the oxidation of pyrite or other reduced forms of sulphur. Reduction is
not recognized in shallow groundwater but becomes apparently important in water
recovered from short, vertical, or horizontal boreholes at the 300 m levels. The
isotope data suggest that sulphate of surface origin is lost through bacterial reduction.
The sulphate of the deep and more saline waters probably has a brine origin,
although it is not possible to distinguish between a sedimentary basin or crystalline
rock source.

A study of the Rb-Sr chronology, as well as the ^Sr/^Sr ratios of rocks, minerals,
and fluids, suggests that the Stripa granite was intruded 1.71 Ga ago and that later
hydrothermal activity, perhaps 1.63 Ga ago, formed moderately high temperature
minerals along fractures. Furthermore, isotopic ratios suggest that dilufe water
entered the granite along fractures probably less than one million years ago. A
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dominant effect of rock-water interaction on the chemistry' of the groundwater is
suggested by the ^ S r / ^ r ratios.

High temperature minerals dominate fracture fillings at depth, while calcite is more
common nearer the surface. Inclusions in the calcite account for about 0.9% of the
volume of the minerals. Homogenization temperatures in the inclusions were
between +70°C and +150°C, and salinities of the fluids were between 0 and 25
weight percent NaCl. with the majority of the measurements between 2 and 10
weight percent NaCl. The stable carbon isotopic composition of shallow groundwater
indicates that the geochemical evolution of groundwater to a depth of at least 100
m is influenced strongly by the dissolution of calcite within fractures. Below 100 m,
groundwater becomes saturated with respect to calcite, and the dissolution of silicate
minerals becomes important. Active precipitation of at least some of the calcite may
have taken place during the past 105 years.

Characterization of natural organic compounds dissolved in groundwater from Stripa
indicated the presence of long-chain fatty acids, including fulvic acids, and low-
molecular-weight cyclic hydrocarbons. Large concentrations of hydrophobic neutral
and acid fractions came from an artificial source, a bleed of a plasticizer used in the
manufacture of nylon tubing through which the water samples were drawn. The I4C
concentrations in the natural organic compounds are generally somewhat lower than
in the dissolved inorganic carbon. The 14C concentrations in dissolved organic, as
well as inorganic carbon, suggest an isolation time for the deep groundwater of at
least several thousand years.

Groundwater more than 600 m below the surface has several characteristics which
suggest that, even though lateral migration has taken place, most of this water has
been isolated from the atmosphere for several thousand years and possibly as long
as a few hundred thousand years. Small amounts of 3H in deep samples of
groundwater. however, suggest that surface or near-surface water has circulated at
depth near the mines and has mixed with the deeper gro: small part of
the transport mechanism may have been through the rr vt n system. In
addition, in situ production cannot be ruled out for some of the "*H recovered from
deeper drillholes.
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INTRODUCTION

1.1 LOCATION AND NATURE OF PROJECT

Stripa mine is an inactive iron mine located in southcentral Sweden (Figure
1-1) (Lat. 59°43'N, Long. 15°5'30"E) which has been converted into an
international test site for the development of techniques necessary for the
evaluation of the hazards associated with the disposal of high-level radioactive
waste in dense plutonic rocks. The ore deposit at Stripa was first mined
about 1450 A.D., and intermittent mining continued until 1976 after which
time the mine was kept open only for research. The initial research was a
cooperative project between the United States and Sweden. Involvement of
other countries has increased under an international program and, for the
Phase II work, included Canada, Finland, France, Japan, Spain, Sweden,
Switzerland, United Kingdom and United States of America.

1.2 PURPOSE OF REPORT

This report summarizes geochemical projects which were part of the Phase II
investigations at Stripa. In order to present this summary within a reasonable
number of pages, existing reports which are cited in the text have been edited
and condensed.

In general, Phase II research in geochemistry was very successful, and the
potential uses and limitations of numerous techniques were clarified. The
research site at Stripa has many advantages for geochemical investigations,
including the availability of technical and logistical support facilities, access
for direct sampling and testing in the subsurface, numerous deep boreholes
with packers and tubing for sampling water, and an accumulation of a large
amount of scientific data from past investigations on water chemistry, rock
mineralogy, and hydrodynamics of groundwater flow. Unfortunately, some of
the positive features are also negative in relation to the interpretation of the
data. The most important negative aspects are questions which are related
to man's disturbance of the natural system. Owing largely to the long-term
operation of the Stripa mine prior to detailed hydrological sampling, the
natural direction and velocity of groundwater flow has been significantly
altered. Consequently, although the Stripa site has been almost ideal with
respect to testing field techniques, ambiguities have been introduced in the
interpretations of long-term flow conditions based only on the geochemistry
of the groundwater. Whether the upper several hundred meters of granite
have been subjected to actively circulating water owing to mining operations
as described by Wikberg et al. (1988) or whether it has been almost static,
also whether the more saline deeper water has been significantly displaced,
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Figure 1-1. Location of the Stripa Mine.



or whether average subsurface residence time of the deepest groundwater
sampled was a few thousand years, as some investigators postulate, or more
than a hundred thousand years as suggested by some conceptual models, may
never be known for certain.

Theoretical arguments are very strong for careful geochemical investigations
of sites being considered for the long-term storage of hazardous wastes.
Chemistry of the groundwater and secondary minerals in contact with the
water bear the imprint of the hydrogeologic system. This imprint may, for
example, contain time-related information going back hundreds of thousands
of years. This information is actually imbedded in the hydrogeologic system
and does not depend on the uncertain use of long-term extrapolations of
groundwater flow conditions based on hydrodynamic transport models which
use only short-term historical measurements. Limitations of geochemical
interpretations, nevertheless, are many. First, information in some cases is
difficult and expensive to obtain. Second, answers are commonly of the "yes-
no, or maybe" variety and do not yield absolute numbers which may be
required by regulatory agencies. Third, errors introduced by poor field and
laboratory techniques are probably much more common, although less in
magnitude, than with straightforward measurements of hydraulic heads and
bulk hydrologic properties of rocks. Fourth, and finally, useful geochemical
models are not available for the interpretation of some of the isotopic data
as well as data on some trace-elements and most trace-organics.

Despite these limitations, geochemical work has two very important advantag-
es. One has been mentioned—the fact that historical data can be extracted
directly from geochemical studies without questionable long-term extrapola-
tions of hydrodynamic data. The other important advantage is that a large
number of variables can be measured. In classical hydrodynamics, commonly
less than six variables are measured. Other information, such as permeability
and dispersivity, is derived from measurements of basic parameters of time,
hydraulic head, etc. Geochemical studies at present are able to measure at
least 100 separate dissolved constituents in groundwater and at least an equal
number of secondary and primary minerals in contact with the water. Not all
systems, of course, would provide such a large number of potential measure-
ments, but few would provide less than 50 constituents which might be
measured. Each of the constituents will give some information concerning
one or more of the following pieces of the hydrogeologic picture: residence
time of the water, thermal history of the water, chemical characteristics of the
water at the time of recharge, trajectory of the groundwater flow, flow
velocity, chemical reactions which have taken place, extent of mixing of
different groundwater bodies, altitude at which the water was originally
recharged, and temperature of the water at the time of groundwater recharge.
Given several sampling points in an aquifer, it should be possible to



reconstruct the long-term flow system of that aquifer, provided that the effects
of human activity have not unduly complicated the picture.

Although the results from the geochemical work at Stripa did not yield a
completely coherent and independent interpretation of the long-term
hydrogeologic history of the Stripa area, this approach is theoretically sound
and potentially very useful.

1.3 PREVIOUS REPORTS

Numerous hydrogeologic and geochemical aspects of the Stripa site have been
reported during the past 10 years. Some of the more general reports are
those of Gale et al. (1987), Wollenberg et al. (1982), Gale and Witherspoon
(1979), and Nordstrom et al. (1985). The last cited reference is a general
report of the Phase I portion of the geochemical investigations at Stripa. As
mentioned in the Forward to this report. Volume 53, Number 8, of the journal
Geochimica et Cosmochima Acta (1989) contains a discussion of many of the
results of both Phases I and II of the geochemical program at Stripa.



HYDROCHEMICAL RESULTS OF PHASE II DATA

2.1 INTRODUCTION

The primary purpose of this chapter is to discuss the results of additional
chemical studies completed during Phase II. Water analyses completed during
this period are given in Table 2-1. The first part of this chapter is devoted to
a verv brief summary of the lithology and hydrology of the Stripa area. This
is followed by a discussion of the more recent chemical analyses. More
extended descriptions of the hydrogeology of the Stripa area are found in
papers by Nordstrom et al. (1983), and Carlsson et al. (1982a,b), and a recent
summary' of the hydrochemistry of the Stripa groundwater is given by
Nordstrom et al. (1989a).

2.2 GEOLOGY

The target rock for almost all investigations in the Stripa Project is a small
intrusive body of granite, the Stripa granite, which is a grey to reddish,
medium-grained granite of Precambrian age. Dominant minerals in the
granite are quartz (35%), partly sericitized plagioclase (30%), K-feldspar
(25%). muscovite (5%), and chlorite (3%). The most important minerals
which fill fractures are chlorite, epidote, calcite, pyrite, and quartz. Most
fracture fillings are less than 1 mm in width.

The granite is intruded into regional metamorphic rocks of which leptite is
locally the most common. Leptite is also the host rock for the iron ore which
was previously mined. Locally, the leptite is primarily of similar composition
to the granite but with a larger portion of quartz.

Uranium concentrations in various samples of Stripa granite vary from about
26 ppm to more than 50 ppm. An average value of 44 ppm has been assumed
by various researchers. The uranium m the leptite is considerably less,
generally about 5 ppm U. Concentrations of uranium are much higher in
fracture fillings than in the primary matrix of the rocks. Individual opaque
grains found in fracture fillings have been shown to contain up to 15% U by
weight. Overall concentrations of U in the fracture materials are probably on
the order of a few hundred to a few thousand ppm.

Groundwater flowing from the Stripa granite comes from fracture systems
which range in orientation from subhorr >ntal to subvertical. Spacing of
fractures will average somewhat less than one per meter of borehole. Few of
these fractures, however, yield measurable amounts of water. Water-yielding



Table 2-1. Analyses of Water from Boreholes at Stripa Sampled ai Different Dates

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

PH

Conductivity
OiS/cm)

Eh (mV)

Total Alkalinity
(mg/L, HCO3)

Charge Balance (%)

VI

850513

430-505

838-913

9.0

8.99

1530

—

83

-0.44

V2:I

850514

559-822

969-1232

81

9.55

1250

—

18

5.8

V2:II

850514

550-558

960-968

92

9.43

1290

—

14

-1.4

V2iIH

850514

490-498

900-908

92

938

1550

...

15

-15

V2:IV

850514

402-410

812 820

93

8.%

1670

—

73

-23

V2:V

850514

389-397

799-807

92

9.10

500

...

16

16

Species (mg/L)

Ca

Mg

Na

K

SO4

F

Cl

Br

I

SiO2

NO2

N03

NH4

Al

Fe (lolal)

Fe:*

Li

Si

150

0.22

250

1.5

%

5.0

570

5.1

0.15

16

<0.016

0.071

0.022

0.003

0.063

0.023

0.084

1.5

120

0.032

220

0.71

41

5.0

470

4.2

0.24

20

<0.016

0.075

0.022

0.004

0.0098

0.O098

0.052

1.1

97

0.037

240

0.77

69

5.25

480

4.3

0.18

17

<0.016

0.084

0.019

0.003

0.0094

0.0020

0.047

1.1

130

0.052

270

0.86

80

A3

580

5.3

0.17

15

< 0.016

0.084

0.012

0.005

0.0065

0.0015

0.059

1.5

175

0.25

250

0.89

85

2.7

640

6.1

0.16

11

<0.016

0.053

0.051

0.004

0.0045

0.0015

0.065

1.8

35

0.090

100

0.22

4.4

4.3

190

1.6

0.056

12

<0.016

0.089

0.008

0.010

0.0042

0.004

0.019

0.31



Table 2-1 .--Continued

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

PH

Conductivity
GiS/cm)

Eh (mV)

Total Alkalinity
(mg/L HCO3)

Charge Balance (%)

VI

8S0610

430-505

838913

9.5

936

1460

—

9.2

-1.9

V2:I

850610

559-822

9691232

8.5

9.85

1170

—

19

-6.10

V2:II

850607

550-558

960-968

92

939

1300

—

15

-75

V2:III

850607

490-498

900-908

93

953

1460

~

15

-4.6

V2:IV

850607

402-410

812-820

8.6

9.41

1600

3

-11

V2:V

850606

389-397

799-807

82

950

500

16

-3.6

Species (mg/L)

Ca

Mg

Na

K

so4

F

Cl

Br

I

SiO,

NOJ

NO,

NH4

Al

Fe (lolal)

Fe2*

Li

Sr

150

0.20

250

1.4

94

5.0

580

5.4

0.15

14

<0.003

0.012

< 0.006

0.005

0.002

0.002

0.080

15

120

0.015

200

0.59

43

5.1

500

4.5

0.24

17

< 0.003

< 0.004

< 0.006

0.008

0.004

< 0.005

0.049

1.0

90

0.018

230

0.68

66

5.4

485

1.9

0.19

16

<0.003

0.027

< 0.006

0.005

0.002

0.0010

0.039

0.98

120

0.038

270

0.86

82

4.4

580

6.0

0.17

15

< 0.003

< 0.004

0.013

0.014

0.001

0.001

0.049

1.6

175

0.24

250

0.89

86

2.8

640

6.6

0.16

11

< 0.003

0.040

< 0.006

0.008

0.0015

0.0015

0.056

2.0

28

0.065

100

0.32

4.5

4.5

190

1.9

0.055

12

< 0.003

0.035

< 0.006

0.011

0.0015

0.0015

0.011

0.37



Table 2-1.--Continued

Drillhole/Site

Date Collected

Sampling Interval
(n>)

Depth from Surface
(m)

Temperature (°C)

PH

Conductivity
(pS/cm)

Eh (mV)

Total Alkalinity
(mg/L, HCO3)

Charge Balance (%)

VI

850806

430-505

838-913

9.2

933

1440

—

6.7

-1.0

V2:I

850807

559-822

969-1232

(3

9.70

1170

—

17

-0.6

V2:II

850807

550-558

960-968

9.0

9.87

1200

...

13

-3.2

V2:1H

850807

490-498

900-908

8.6

9.80

1440

.. .

13

-4.0

V2:IV

850808

402-410

812-820

8.5

9.40

1570

. . .

6.7

1.1

V2:V

850808

389-397

799-807

8 3

9.50

474

—

15

0.8

M3

850807

3-4

340-341

8.5

9.03

220

.. .

81

9.2

Species (mg/L)

Ca

Mg

Na

K

so4

F

Cl

Br

I

SiO2

N02

NO3

NH4

Al

Fe (total)

F e 2 '

Li

Sr

150

0.22

250

1.5

101

5.3

570

5.9

0.15

14

< 0.003

0.080

<0.013

0.004

0.0015

0.0015

0.086

1.6

120

0.010

210

0.78

38

5.8

490

4.9

0.24

18

< 0.003

< 0.022

< 0.013

0.012

0.002

0.002

0.054

0.97

100

0.030

240

0.83

63

5.7

500

4.8

0.18

16

< 0.003

< 0.022

<0.013

0.006

0.002

0.002

0.046

2.0

130

0.046

270

0.88

75

4.7

600

5.9

0.18

15

< 0.003

0.115

< 0.013

0.020

0.001

< 0.005

0.057

1.3

180

0.27

260

0.97

85

2.8

640

6.5

0.16

12

< 0.003

0.071

0.013

0.013

0.004

0.004

0.065

1.7

32

0.074

94

0.46

4.55

4.15

180

1.8

0.053

13

< 0.003

0.089

< 0.013

0.009

0.003

0.003

0.018

0.29

15

0.25

49

0.42

6.6

5.0

33

0.30

0.011

13

< 0.003

0.053

< 0.013

0.002

0.004

0.004

0.013

<0.03



Table 2-1.-Continued

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

PH

Conductivity
(pS/cm)

Eh (mV)

Total Alkalinity
(mg/L, HCO3)

Charge Balance (%)

VI

not sampled

430-505

838-913

—

—

.. .

—

—

—

V2:I

850917

559-822

969-1232

8.1

10.02

1180

. . .

18

-0.90

V2:II

850918

550-558

960-968

8.7

9.80

1180

—

15

-4.7

V2:III

850918

490-498

900-908

8.7

9.81

1420

—

15

-6.6

V2:IV

850918

402-410

812-820

8.0

9.50

1540

_

73

-7.2

V2.V

850918

389-397

799-807

8.0

9.81

460

_ .

16

-2.0

M3

850917

3-4

340-341

83

9.71

1%

.. .

85

2.2

Species (mg/L)

Ca

Mg

Na

K

SO4

F

Cl

Br

I

SiO2

NO2

NO3

NH4

Al

Fe (total)

Fe2*

Li

Sr

120

0.026

210

0.51

40

5.1

492

5.5

0.24

17

< 0.1)03

< 0.022

< 0.013

0.029

0.003

0.003

0.053

1.0

91

0.032

230

0.63

62

5.5

474

4.7

0.18

16

< 0.003

< 0.022

< 0.013

0.010

0.002

0.002

0.037

1.0

120

0.047

260

0.55

71

4.5

585

5.5

0.17

16

< 0.003

< 0.022

0.014

0.051

< 0.001

< 0.001

0.048

1.5

180

0.26

240

0.64

83

2.8

670

6.0

0.16

10

< 0.003

0.027

0.017

0.021

0.002

0.002

0.059

1.8

33

0.075

94

0.23

6.0

4.4

185

1.8

0.053

12

< 0.003

0.022

< 0.013

0.016

0.004

0.003

0.016

0.36

14

0.23

48

0.20

6.9

5.0

33

0.25

0.011

11

<0.003

< 0.022

< 0.013

0.008

0.004

< 0.005

0.016

0.22



Tabie 2-1.-Continued
10

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

pH

Conductivity
GiS/cm)

Eh (mV)

Total Alkalinity
(mg/L, HCO3)

Charge Balance (%)

VI

851114

430-505

838-913

7.6

9.23

1420

—

6.1

-25

V2:I

851114

559-822

969-1232

83

9.84

1190

-270

21

5.6

V2:II

851114

550-558

960-968

9.0

9.72

1200

-101

15

1.0

V2:III

851113

490-498

900-908

8.6

9.60

1420

-58

15

-1.8

V2:IV

851113

402-410

812-820

8.7

9.15

1540

-33

7.3

10

V2:V

851113

389-397

799-807

8.2

931

465

-12

16

12

M3

851114

3-4

340-341

82

8.90

200

70

85

9.1

Species (mg/L)

Ca

Mg

Na

K

SO4

F

Cl

Br

SiO2

NO2

NO3

NH4

Al

S2'

Fe (total)

Fe2*

Li

Sr

140

0.22

270

1.5

111

4.9

560

5.5

13

< 0.003

0.035

<0.013

0.008

<0.01

0.0035

0.002

0.081

1.6

120

0.025

230

0.58

34.4

5.1

475

4.4

17

< 0.003

< 0.022

< 0.013

0.015

1.5

0.0048

0.0045

0.053

1.1

92

0.041

250

0.64

62

5.3

480

4.6

15

< 0.003

< 0.031

< 0.013

0.003

0.03

0.005

0.0035

0.046

1.1

120

0.053

290

0.64

90.5

4.3

590

5.6

15

<0.003

0.053

<0.013

0.025

0.02

0.0045

0.0025

0.055

1.5

170

0.25

290

0.69

78.4

2.8

610

6.4

11

< 0.003

0.031

0.017

0.010

0.02

0.0047

0.0045

0.063

1.8

33

0.078

110

0.23

4.8

4.3

180

1.8

12

< 0.003

0.053

< 0.013

0.008

0.01

0.0057

0.0025

0.023

0.32

14

0.22

51

0.21

43

5.1

33

0.34

11

< 0.003

0.093

< 0.013

0.006

<0.01

0.006

0.0035

0.025

0.15



Table 2-1 .--Continued
11

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

pH

Conductivity
(jiS/an)

Eh (mV)

Total Alkalinity
(mg/L, HCO3)

Charge Balance (%)

V2:I

860115

559-822

%7-1230

8.6

10.03

1190

-314

17

6.8

V2:II

860115

550-558

958-966

8.8

9.89

1200

-86

14

1.9

V2.III

860115

490-498

898-906

93

9.86

1520

-92

12

1.6

V2IV

860116

402-410

810-818

8.6

936

1620

-94

5.8

-0.9

V2:V

860116

389-397

797-805

8.6

9.47

460

-25

17

5.8

M3

860116

3-4

340-341

93

9.01

202

83

83

-2.5

Species (mg/L)

Ca

Mg

Na

K

so4

F

Cl

Br

SiO2

N02

N03

NH4

Al

Fe (total)

Fe2*

Li

Sr

s2-

120

0.026

230

0.52

40

4.7

480

4.2

18

< 0.001

0.062

<0.010

0.022

0.0075

0.0065

0.048

1.0

2.44

92

0.035

250

0.76

67

5.0

470

4.5

15

<0.001

0.029

<0.010

0.007

0.0070

0.0015

0.046

1.1

0.04

140

0.048

280

0.71

86

4.1

590

5.5

17

< 0.001

0.031

< 0.010

0.048

0.0075

< 0.0005

0.058

1.7

0.03

190

0.26

270

0.75

84

2.6

690

5.9

11

< 0.001

0.026

0.037

0.014

0.0055

< 0.0005

0.063

2.2

0.02

31

0.078

110

0.26

5.0

4.4

190

1.8

11

< 0.001

0.024

<0.010

0.023

0.005

0.0015

0.016

0.32

0.01

13

G.22

45

0.21

65

5.1

33

0.31

12

< 0.001

0.026

< 0.010

0.004

0.007

< 0.0005

0.016

0.15

<0.01



Table 2-1.-Continued

Drillhole/Site

Date Collected

Sampling Interval
(m)

Depth from Surface
(m)

Temperature (°C)

pH

Conductivity
(pS/cm)

Eh (raV)

Total Alkalinity
(mg/L, HCOj)

Charge Balance (%)

VI

860411

430-505

838-913

85

9.40

1320

-15

17

-6.5

V2:I

860410

559-822

967-1230

8.2

10.1

1260

-309

16

0.08

V2:II

860410

550-558

958-966

85

9.93

1120

-87*

14

1.4

V2:III

860410

490-498

898-906

8.7

9.91

1370

-102

12

-0.55

V2:IV

860410

402-410

810-818

8.6

938

1520

-92

5.6

-3.4

V2:V

860411

389-397

797-805

8.2

955

465

-60

16

23

M3

860410

3-4

340-341

105

8.98

219

-142

81

5.2

Species (mg/L)

Ca

Mg

Na

K

SO4

F

a
Br

I

SiO2

NO2

NO3

NH4

AI

Fe (total)

Feu

Li

Sr

140

0.23

230

1.3

90

4.2

560

5.2

0.13

13

< 0.001

0.007

< 0.010

0.005

0.001

< 0.001

0.077

1.5

125

0.034

210

0.62

35

4.3

500

4.6

0.23

17

< 0.001

0.006

< 0.010

0.010

0.002

0.002

0.058

1.1

98

0.041

230

0.65

57

5.0

460

4.3

0.19

17

<0.001

0.007

< 0.010

0.007

< 0.001

< 0.001

0.047

1.1

130

0.051

260

0.64

80

4.0

560

5.2

0.18

14

< 0.001

0.006

< 0.010

0.015

< 0.001

< 0.001

0.054

1.4

180

0.26

240

0.71

88

2.6

640

6.1

0.18

11

<0.001

0.007

< 0.010

0.008

<0.001

< 0.001

0.062

1.9

3-4

0.087

100

032

4.0

3.7

190

1.9

0.043

12

< 0.001

0.007

< 0.010

0.012

0.001

< 0.001

0.017

0.34

15

0.24

47

0.26

6.0

4.5

35

034

0.001

12

< 0.001

0.007

<0.010

0.004

0.004

< 0.001

0.017

0.19

Drifting downward
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fractures decrease rapidly within the first few hundred meters of depth,
although some water-bearing fractures are found at all depths.

2.3 GENERAL TRENDS IN HYDROCHEMICAL DATA

Major ion concentrations in water samples from boreholes VI and V2 have
remained nearly constant, except for fluoride, since May 1985. The chemistry
of water from borehole M3, moreover, appears to have leveled out after eight
years of steadily decreasing total solute concentrations following the heater-
experiment perturbations of 1978.

Equilibrium computations using WATEQ4F and time series plots of individual
parameters have provided valuable information on the sensitivity of computa-
tional results (such as saturation indices) to errors in field measurements and
in analytical accuracy and precision. Saturation to supersaturation with
respect to calcite, fluorite, barite, and ferric hydroxide is still maintained for
all intermediate to deep groundwaters. All waters are mildly oxidizing to
mildly reducing except for the bottom drainage in V2, which continues to give
about 1 mg/L dissolved sulfide. This value is the high st concentration -,f
sulfide found anywhere at Stripa. This deep zone also carries water with the
lowest tritium content (_<. 0.1 TU) and probably has the least amount of
admixed young waters. On the basis of total concentrations and ion ratios,
the water discharging into section V2:4 (at 810-818 m depth) appears to be
most similar to the VI deep groundwater. The slightly higher tritium content
and the lower chloride content of the VI water would suggest that either (1)
a larger amount of a younger water is mixing into the VI fracture zone than
at V2:4, or (2) the water flows from VI to V2:4 through such a tortuous route
that it loses tritium by decay and gains chloride by rock leaching (from fluid
inclusions). The ^Cl/CI and 129I/I ratios are also very similar for these two
zones; this supports the idea of a hydraulic connection.

Concentrations of all cations and anions (except HCO3") generally increase as
chloride concentrations and conductivity increase. The 1985-86 data follow
the same trends as are seen in the Phase I data (Nordstrom et al., 1985). For
most sampling intervals, concentrations from one sampling date to the next
show few fluctuations. This suggests accuracy in analysis and minimal changes
in water chemistry over the short time interval of the study. Concentrations
are commonly discrete and characteristic for each sample interval see (Figure
2-1).
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Figure 2-1. Concentration of several ions as a function of sampling date and chloride
concentration. Open circles represent Phase II data; closed holes are Phase I data.
M3 = shallow water; V2:5 = also shallower water; VI and V2:4 = deeper, but
chemically similar to each other; and V2:l, V2:2, and V2:3 all refer to deeper, more
saline, older water. (This Figure is continued on the next 4 pages; see text for a
description of the borehole intervals).
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2.4 HYDROCHEMICAL INTERPRETATION OF PHASE II DATA

Water from the M3 borehole has a similar chemistry to that of surface water.
It has a low salinity and is assumed to be young. This assumption is
substantiated by higher triiium concentrations in M3 water. Samples from
V2:5 (797-805 m below the surface) have concentrations which suggest
considerable dilution of deeper water by surface water. Water from VI
(sample interval, 838-913 m below the surface) has chemistry similar to V2:4
(810-818 m). Concentrations and ratios of concentrations for most ions are
similar for the two intervals. This suggests interconnection through/fractures.
VI water may be diluted more by surface water than V2:4, as indicated by
slightly higher tritium and the different [U*]/[CI] ratio (Figure 2-2). Waters
from 2:1, 2, and 3 (sampling intervals 967-1230, 958-966, and 898-906 m,
respectively) have concentrations which indicate old saline water (Figure 2-1).

The pH of the deeper waters is higher than the surface or shallow samples
(Figure 2-3). Calcite saturation and its relation to [Cl], [Ca2*], [HCO3], and
pH is discussed in the Phase I report, Stripa report 85-06. The new data are
consistent with Phase I information. Calcite appears to be slightly supersatu-
rated, especially for samples with higher pH and alkalinity (Figure 2-4).
Bicarbonate is apparently higher in some deeper samples, but this is probably
a result of calculating [HCO3 ] from alkalinity for samples that are basic.

For each sampling interval, the [Mg2*] determinations show very little
fluctuation, either with time or due to experimental uncertainty (Figure 2-5).
Deeper borehole samples have very little magnesium (< 0.5 mg/L), whereas
surface and shallow samples and possibly some deeper ones that have been
diluted have higher concentrations.

Surface and shallower waters have higher [Li*] that correlates poorly with
salinity (Figure 2-2). Borehole [Li*] shows a significant correlation with [CI"]f

[Ca2+], and [Na+]. This suggests that cation exchange may be operative in
these groundwaters.

Total dissolved iron ranges up to 0.060 mg/L and, with the exception of
analytical problems, shows consistency with time. All borehole samples are
very close to saturation with respect to Fe(OH)3(am). The 1985-86 samples
that contain measurable Fe2+ were not measured for Eh at collection time;
therefore, no new data may be added to Figure 5-17 in SR 86-06.

All samples show undersaturation with respect to gypsum, particularly the
shallow and surface waters (Figure 2-6). This is due to (Ca2+] control by
calcite and fluorite. There is very little correlation of [F] with [CI] or with
(Ca2*]. However, for each sampling interval, [F] shows a significant decrease
with time (the only ion studied that does); this is reflected by an approach
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Figure 2-2. Concentration of lithium as a function of chloride. Lithium is more
concentrated in surface or shallower waters and, in the deeper samples, may have
reached equilibrium by cation exchange with the granite. Open circles represent
Phase II data; closed holes are Phase I data.
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suggested. A consistently higher pH and alkalinity is observed for the samples that
have been least affected by mixing with surface water.
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toward saturation with time for fluorite. Deeper samples have higher
saturation index and a higher fluorite concentration than shallower or diluted
samples (Figures 2-7 and 2-8).

The important conclusion made as a result of Phase I work, namely that the
salinity in water from the deeper boreholes cannot be explained by simple
dilution of seawater, remains unchanged. This conclusion was based on Br/Cl
ratios as well as on isotopic analyses of various elements.

2.5 CONCLUSIONS

In summary, the data suggest that (1) in general, salinity increases with depth
into the granite, (2) shallow and surface (recent) waters have a different
chemical character than waters deeper in the granite, and (3) interconnected-
ness of fractures leads to mixing in some of the samples. Comparison of the
data with seawater concentrations indicates that saline Stripa waters do not
represent simple dilution of seawater by rain, snow melt, or other surface
waters moving into fractures in the bedrock. Another mechanism, such as
leakage from fluid inclusions, must be called upon to explain the data.
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Figure 2-8. Saturation of fluorite with respect to the chloride concentration. Open
circles represent Phase II data; closed holes are Phase I data.
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CHEMICAL. ISOTOPIC AND PETROGRAPHIC DESCRIPTION
OF FRACTURE MINERALOGY. STRIPA PLUTON. SWEDEN

3.1 INTRODUCTION

The Stripa pluton is a small granite body, gray to reddish, medium-grained,
and Precambrian in age. The petrology of the host rock has been described
in a number of publications (Olkiewiczet al., 1978,1979; Koark and Tullborg,
1984; Wollenberg et al., 1982; and Nordstrom et al., 1985). Several of these
articles contain preliminary descriptions of the fractures and fracture minerals
found within the pluton (Wollenberg et al., 1982; Nordstrom et al., 1985;
Nordstrom et al., 1989a; Nords'rom et al., 1989b; Fritz et al., 1989; Clauer et
al., 1989).

In the latter part of the Phase II geochemical program at Stripa, it was felt
that a more detailed geochemical and mineralogic study of the fracture filling
material was necessary. The present study was carried out to:

gain an enhanced understanding of the petrology and geochemistry of
the fracture mineral systems present.

gain knowledge of the fluid history of the pluton as reflected in the
isotopic and geochemical distributions found within the mineral phases.

relate the present day fluids and hydrodynamic regime to the fracture
filling minerals and fracture networks.

In order to accomplish these objectives, a variety of petrographic and
geochemical tools were used to aid our knowledge of the chemical and
isotopic signatures of the fracture minerals found at Stripa (Table 3-1).

3.2 MAJOR FRACTURE TYPES AND ASSOCIATED MINERAL PHASES

Approximately 300 fractures were sampled from the Nl, VI and V2 cores at
Stripa. Not all fractures were analyzed by each of the methods listed in Table
3-1, although all were photographed and described for gross petrologic and
mineralogic parameters. In this manner, the following fracture classification
was established primarily by hand specimen description.
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Table 3-1. Methodology Used to Describe Fracture Fillings at Stripa, Sweden

A. Petrology of the Fractures

- Thin section analyses

- X-ray diffraction (XRD)

B. Stable Isotopic Geochemistry (Mass Spectrometry)

- Carbon 13 and oxygen 18 (calcites)

- Oxygen 18 (some silicates)

C. Geochemical Analyses

- SEM-KEVEX (all mineral phases)

- Microprobe (all mineral phases)

- Acid digestion of calcites: Atomic Absorption Spectrophotometry

Instrumental Neutron Activation Analyses (INAA) for Rare Earth
Elements (REEs) (all mineral phases)
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3.2.1 Non-Mineralized Fracture

A number of non-mineralized fractures occur throughout the core. In
virtually all cases, these fractures probably represent freshly broken core due
to drilling or sampling (hammer breaks).

These surfaces were generally very fresh, unweathered in appearance and
therefore usually ignored in sampling. Several surfaces, especially in the VI
core, which might have been weathered, were subjected to closer inspection
under SEM analyses. No definitive statement as to the nature of these
surfaces (i.e., manmade or natural) can be made; although in some cases,
mineral grains appeared to have minor dissolution features or weathering. No
precipitated mineral phases could be seen on these surfaces. If these few
surfaces are naturally open, then they are most likely very recent low
temperature phenomena, probably as a result of recent neotectonics or mining
activity during the past 500 years.

3.2.2 Fractures Containing Minerals

The first important point that can be made is that exceptions (usually very few
in number) can be found in the proposed classifications presented here.
Second, the first classification that we will present is petrologic and mineralog-
ic and attempts to describe the total fracture system (Table 3-2). A second
more detailed classification which is geochemical and mineralogical in nature
was developed for fractures containing calcite (CaCO3).

Fractures containing minerals consist of smaller (<1 mm) monomineralic
veinlets containing one of quartz, chlorite or calcite. Multi-filling frrctures
(<5 mm) contain combinations of silicates (chlorite, mica, quartz, feldspars;
and/or calcites (up to three distinct types); and/or fluorite. Finally, large
breccia or shear zones, dominated by altered feldspars, epidote, mica and/or
fluorite (two colors), and/or calcite are found in the N core.

Of the silicates, certain common high temperature minerals may play a
significant role in the past and present hydrogeochemical evolution of the
pluton. These are quartz, epidote, chlorite and muscovite/sericite. Quartz
occurs in almost all multi-fillings, but is best seen in the numerous (probably
high temperature) sealed monomineralic fractures. These fillings are
generally early in relation to other types of veins. Muscovite/sericite
dominated fillings are usually mixed with other minerals such as chlorite,
epidote or calcite. Further comments will be made in the next section.

Epidote-filled fractures usually appeared to be sealed. Minor amounts of
chlorite, sericite/muscovite occur in the same fractures. This group of
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Table 3-2. A Petrologic-Mineralogic Classification for Fractures at Stripa, Sweden

A. Open Non-mineralized Surfaces

B. Fractures Containing Minerals

(1) Monomineralic fractures

(a) Silicates (closed)

(i) quartz

(ii) chlorite

(b) Calcite (open or closed)

(2) Multi-mineralogical Fillings

(a) Silicates (chlorite, quartz, micas)

(b) Calcites, multi-generations or associated with silicates,
fluorite, some sulphides

(c) Large breccia or shear zones (multi-filling silicates,
dominantly feldspars, epidote, and micas, with variable
amounts of calcite and/or fluorite)



minerals is considered to be high temperature alteration of the major piuton
mineralogy (epidote from feldspars; sericite from plagioclase feldspars;
muscovite from other micas and chlorite from biotite). However, many
apparently sealed epidote fractures contained high degrees of weather-
ing/corrosion of epidote minerals or the precursor minerals. In such cases,
the fractures and open areas of these minerals contained large quantities of
clay material having a composition like illite which was identified by SEM-
KEVEX microprobe analyses (see Table 3-3).

The chlorite found in the pluton can be seen to line the edges of many multi-
filled fractures. This chlorite appears to be very dark and is similar to the
chlorite found in the rock matrix and monomineralic fractures. It is
apparently a higher temperature variety most likely altered after biotite. The
nature of the Tilling in the monomineralic versus multi- filling would suggest
that many of the multi-fills could have been reopened by shrinkage or
hydrofracturing along inherently weak chlorite filled planes during the early
stages of the pluton's history. A second morphological variety of chlorite is
found in multi-fillings and breccia zones as discrete lenses, grains or mixtures
with other silicates. This variety resembles the first variety in crystallinity and
color. A third distinct chlorite occurs in isolated pockets in some lower
temperature calcite fillings. As will be shown, this variety is a very Fe rich
phase.

In order to further classify the nature of the fillings, geochemical and isotopic
tools were used.

3.3 PETROLOGY AND GEOCHEMISTRY OF SILICATE MINERALS

As mentioned, epidote is a common filling material in the fractures, and is
generally associated with white mica. The high temperature mineralogy of
this particular group of fractures implies that they probably formed immedi-
ately after crystallization of the Stripa pluton, presumably during the brittle
fracturing stage.

The epidote-filled fractures are generally sealed and appear to be tight.
However, some sampled fractures do show subsequent reactivation accompa-
nied by alteration, presumably due to fluid infiltration. The alteration
products are invariably illite and in some cases what appears to be smectite.

Illite is microscopic in size (10-20 jim) and extends into adjacent rock-matrix
beyond the epidote-filled fractures. It is interesting to note that the illite
occurrence is restricted to certain fractures only (usually in the N core near
breccia zones). Presumably, these were the fractures that are susceptible to
reactivation.



Table 3 -3 . Chemistry (microprobe) of Typical Silicates in Fracture Systems of the Stripa Granite

WT%

SiO?

TiOj

A12O3

Cr?O3

FeO

MnO

MgO

CaO

Na,O

KjO

Totals

(1)

39.32

0.00

28.09

0.10

7.87

0.14

0.35

23.00

0.04

0.08

98.99

(2)

40.00

0.00

28.96

0.00

7.07

0.09

0.41

23.04

0.08

0.07

99.72

(3)

36.21

0.01

23.51

0.14

11.03

0.13

0.45

20.80

0.00

0.10

92.38

(4)

49,68

0.14

29.86

0.03

4.03

0.05

2.11

0.27

0.22

7.51

93.90

(5)

49.80

0.08

29.35

0.04

4.32

0.02

2.07

0.18

0.15

7.56

93.57

(6)

28,07

0.00

22.07

0.07

27.82

0.60

16.81

0.00

0.00

0.00

95.44

(7)

27.39

0.15

21,12

0.10

35.63

0.93

7.64

0.26

0,00

0,25

93.47

(8)

25.93

0,08

19.34

0,03

40,09

0.71

6.29

0.23

0.00

0.00

92.70

WT%

SiO?

TiOj

AIA
CrA

FeO

MnO

MgO

CaO

NajO

K?O

Totals



Table 3-3. (Continued)

WT%

SiO?

TiO2

A12O3

Cr2O3

FeO

MnO

MgO

CaO

Na2O

K2O

Totals

(9)

47.61

0.19

35.31

0.00

4.07

0.04

0.95

0.12

0.53

7.80

96.62

(10)

47.37

0.03

29.09

0.00

4.14

0.02

1.75

0.17

0.29

7.33

90.19

(N)

50.67

0.16

31.16

0.06

3.68

0.00

2.62

0.18

0.11

6.89

95.53

(12)

40.16

0.05

27.13

0.04

16.53

0.61

5.51

0.08

0.00

4.52

94.63

(13)

55.39

0.04

27.44

0.00

2.44

0.04

2.75

0.30

0..0

8.24

96.74

(14)

59.19

0.14

18.42

0.00

0.59

0.00

1.10

0.22

0.36

10.37

90.39

(15)

52.32

0.08

18.05

0.02

5.17

0.27

0.89

4.61

0.25

8.14

89.90

SiO2

TiO2

AIA

Cr2O3

FeO

MnO

MgO

CaO

Na2O

K2O

Totals

(1), (2) Epidote crystals from Nl-161m (clear) low Fe, Al rich.
(3) Epidote in fracture at VI-42.9m.
(4), (5) Claylike material (illite) from Nl - I61m between the crystals in (1) and (2).
(6), (7) Typical chlorites in fracture fillings and rock matrix. (6) is Mg rich variety, (7) is Fe rich variety.
(8) Very Fe rich chlorite, isolated in calcite of Nl-272m.
(9) High Fe sericite in microfracture, associated with illite material in Nl-191.95m.
(10) Muscovite grain in N l - I 6 l m fracture.
(11) White mica alteration on plagioclase at V2-569.9m.
(12) Vermiculite from biotite V2-317.63m; looks like chlorite.
(13) Iliitic clays from Nl-191.95m; cuts high temperature epidote vein.
(14) Illitic clays from VI-473.9m (less altered at depth) feldspar.
(15) IMitic clays from NI -272m from feldspar as in (14).



37

3.3.1 Fracture Mineral Chemistry

Mineral compositions were determined on a MAC electron microprobe
located at the Geological Survey of Canada, Ottawa. Carbon-coated polished
sections were used for this purpose. The raw data were corrected for
background, non-resolution and matrix effects via the computer code MAGIC
V (Colby, 1980). The elements Si, Ti, Cr, Fe, Mn, MG, Ca, K, and Na were
determined simultaneously.

3.3.1.1 Epidote

Epidote occurs as prisms arranged generally perpendicular to the fracture wall
(extensional growth?). The mineral shows light yellow color under polarized
light. Analyses (Table 3-3) of such epidotes invariably show greater Fe (14
vs. 7.5%), compared to epidote occurring in rock matrix. Local compositional
variation of epidotes is generally recognized in granitic plutons (Kaminen! and
Dugal, 1982; Stone and Kamineni, 1982) and is interpreted to be variation in
PO2 (Hodaway, 1972). Evidently, epidotes in fractures have formed under
relatively high oxygen pressures, compared to epidotes formed in rock matrix.

Figure 3-1 is an ion proportion plot for the elements Ca, Fe, and Mg. The
fracture filling epidotes show a general trend to increasing Fe, decreasing Ca
with depth in the pluton. This may indicate a slightly higher temperature end
member at depth in the pluton or CaCO3 inclusion-crystals in epidotes found
at shallower depths.

3.3.1.2 White Mica (muscovite/sericite)

This mineral is present both as fracture-filling in epidote-filled fractures and
an alteration product on feldspar grains in the rock matrix. Microprobe
analyses (Table 3-3) indicate that they contain significant amounts of Fe and
Mg, and hence are categorized as phengites (Veide, 1965). A triangular plot
of A12O3 - (Na2O + K2O) - (FeO + MgO) (Figure 3-2a) suggests that they
may define a separable field from illites which have similar compositional
characteristics (Figure 3-2b).

3.3.1.3 Chlorite

The chlorites show a wide range of compositional variation. In terms of the
nomenclature of Hey (1954), most of the chlorites fall in ripidolite, pychno-
chlorite, brunsvigite and diabantite fields (Figure 3-3). Two samples contain
extremely high Fe contents (approximately 45 wt. %), and they straddle along
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• CHLORITE
• EPIDOTE

V,473
V24II

Figure 3-1. Ion proportion plot for Fe, Ca, Mg in chlorites and epidotes of Stripa
fracture filling minerals.
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o WHITE MICA
• ILLITE

AI2O3 FeO+MgO

Figure 3-2a. A triangular plot A12O3 - (Na2O + K2O) - (FeO + MgO) showing the
composition for white micas and illite from the Stripa pluton.
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• ILLITE CLAY

Ca lMg

Figure 3-2b. Ion proportion plot for Fe, Ca, Mg in or associated with Stripa illites.
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the brunsvigite and ripidolite boundary. Both of these samples contain low
temperature minerals such as illite mixed with the chlorites. As well, these
chlorites. which commonly occur associated with fluorite and calcite, are
probably formed under low temperature and greater oxidizing conditions.

Figure 3-1 shows a very general trend for chlorites to increasing Mg
concentration, decreasing Fe concentration with depth in the pluton. This
certainly could be described as higher temperature Mg end member at depth
and in the rock matrix, and low temperature end members higher in the
pluton and possibly related to low temperature shallow flow systems.

3.3.1.4 Vermiculite

This is another phyllosilicate mineral noted as a secondary product of biotite
in the alteration zones. It is commonly associated with the pychnochlorite
species. Compositionally (Table 3-3), it compares well with that of the
vermiculites reported by Velde (1978). The preferential occurrence of
vermiculite on biotite is interpreted to be due to hydrothermal alteration of
the latter. This is in conformity with the interpretation of Velde (1978), who
has reported vermiculite occurrence from high temperature environments.

3.3.1.5 Illite

Analyses of illite from Stripa compare favorably with the published analyses
of illites by Deer et al. (1966) and Weaver and Pollard (1973). A plot of illite
compositions on the A12O3 -(Na2O + K2O) - (FeO + MgO) diagram (Figure
3-2a) tends to segregate them towards the A12O3 corner, and facilitates to
separate them from high temperature white micas. Figure 3-2b, an ion
proportion plot for Fe, Ca and Mg, shows a large scatter for the illites
analyzed with no trend for depth. The scatter toward the Ca side of this plot
may be due to either minute amounts of calcite, fluorite or epidote included
in the mass of illite.

3.4 PETROLOGY AND GEOCHEMISTRY OF CALCITE FRACTURE
MINERALS

Calcite is an important and almost ubiquitous fracture mineral throughout the
Stripa pluton. It occurs in a wide variety of mineralogical associations which,
for many reasons, is the basis of our second major mineralogical classification.

Table 3-4 is a description of the classification used. It was found that the 13C
- 18O composition could be predicted on the basis of associated mineral



Table 3-4. The Isotopic Distributions and Mineral Associations for Carbonate
Fracture Fillings of the Stripa Granite

Mineral Association

(la) Calcite + Dark minerals
(chlorite, mica, quartz)

(Ib) Calcite + Epidote-mica

(2) Calcite + Fluorite

(3a) Calcite + mud or clay

(3b) Cakite only

Calcite Type

(a) massive
(b) platy

(a) massive
(b) platy

massive

platy

(a) platy
(b) crystals

Isotope Range

a13CPDB(o/Oo)

-7 to -3
-36 to -3

-10 to -4
-10 to -5

-21 toO

-13 to +12

-14 to +7
-43 to -12

S18OPDB(°/00)

-26 to-15
-21 to -13

-12 toO
-22 to -12

-20 to -14

-15 to -10

-20 to-10
-19 to-13
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phases. In particular, cakites could often be assigned an 18O value before
analyses giving a very rough measure of the relative temperatures of
formation.

Most calcite samples were analyzed for their stable isotope geochemistry (18O
and 13C values) (Table 3-5). Subsequently, selected calcites were analyzed for
Rare Earth Elements (REE) in conjunction with some silicate, fluorite
minerals and whole rock. A very limited group of calcites were acid digested
and analyzed for minor and trace elements. Two major parallel studies have
examined the Sr isotopic composition of calcites (Clauer et al., 1989) and
Uranium-Thorium dating (Ivanovich et al., in prep.). Only the conclusions of
the former study will be incorporated here, as well as some U-Th dates
available from the work of Milton (1987).

The complex geochemical environment which characterizes the Stripa pluton
is clearly reflected in the very wide range of 613C values (between -42.7 and
+ 15.3°/^). This wide range is very unusual for similar geographical settings
in Sweden (e.g., Tullborg and Larson, 1982, 1983, or Larson and Tullborg,
1984).

3.4.1 Carbon and Oxygen Isoptic Composition of Fracture Calcites (modified after
Fritz et al., 1989)

The earliest calcite generation at Stripa (Group 1) is most likely represented
by massive fillings found almost always in closed fractures. The calcite is
often prismatic and, under the microscope, shows a wavy, stressed appearance.
It is usually associated with dark chlorite, quartz, micas and epidote. The
•513C values fall between -25 and -T/^, with the bulk of <513C values between
about -10 and -3°/^. The latter range is especially typical of many hydrother-
mal carbonates in crystalline or sedimentary rocks (e.g., Fritz, 1976; Kerrich
et a!., 1986). Their 618O-values are typically lower than -15°/oo (see Figure
3-4), and assuming the participation of magmatic/hydrothermal fluids with
(5I8O-values between 0.0 and +5.0°/oo (typical for ore forming fluids in the
Canadian Shield (e.g., Kerrich et al., 1986), their temperature of formation
would exceed about 300°C. However, fluid inclusion studies (Nordstrom et
al., 1989b) would constrain the temperature range of these more massive
calcites to a maximum of 150°C. Therefore, the fluid involved in the
formation of these calcites would most likely have a more negative I8O value
in the range of -5 to -12 °/0o. These values would be typical of meteoric
groundwaters circulating in the pluton during later stages of cooling.

The second major group of calcites identified in Figure 3-4 belongs to a
"hydrothermar generation where fluorite and epidote are the principal
associated minerals. The veins can be several centimeters thick. They are
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Table 3-5. Isotopic Values for Fracture-Filling Calcites, Stripa, Sweden

Borehole

Nl

Depth (m)

4.87

1630

28.00

50.71

58.50

58.50

74.60

85.50

160.70

161.00

161.00

190.95

190.95

190.95

190.95

193.90

212.70

218.21

218.21

258.31

259.35

259.35

272.04

272.04

272.04

272.08

286.00

286.00

a13c PDB
(per mil)

7.78

-4.23

-3.47

-4.95

-4.18

-4.21

-21.26

-7.03

-3.80

-0.38

-0.42

-19.04

-18.62

-6.07

-8.86

-26.85

-13.93

-10.37

-10.07

-13.45

0.08

0.26

-20.70

-15.60

-18.60

-15.22

-4.65

-4.64

«1 8O PDB
(per mil)

-14.28

-23.01

-14.11

-2107

-16.07

-16.13

-13.99

-18.81

-14.80

-15.06

-15.05

-16.79

-16.94

-23.62

-17.14

-19.32

-11.70

-12.22

-11.84

-12.97

-10.58

-11.04

-19.50

-14.90

-18.50

-17.33

-10.56

-10.58

Type of
Calcite

P

M

M

M-P

P-M

P-M

M

P-M

M

M

M

P

P

M

M

P

P

P

P

P-P

P

P

M

M

M

M

P

P

Mineral
Association

3

1

2(1)

1

1

1

1

1

1

2

2

1

1

1

1

3

3

3

3

3

3

3

2

2

2

2

1

1
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VI

V2

286.00

286.00

286.00

286.21

28930

293.45

293.45

293.45

293.45

42.90

71.00

435.73

435.73

473.90

473.90

473.90

493.00

495.00

495.70

496.00

497.00

503.20

503.20

8.77

19.30

31.50

31.70

59.37

59.37

-1.47

-11.78

-11.85

-6.62

3.97

-1435

-1435

-3.40

-11.86

-10.22

-21.81

-16.20

-25.37

-12.61

-10.14

-10.23

-8.40

-16.20

-35.70

-16.80

-14.30

-12.71

-12.58

-11.74

-3.28

-11.32

-8.48

-4.45

-4.52

-15.23

-14.69

-1451

-1038

-16.14

-16.61

-16.61

-13.78

-1729

-12.70

-20.80

-16.72

-1856

-1333

-12.90

-12.43

-20.90

-17.40

-13.40

-19.30

-17.40

-18.40

-18.37

-1027

-1530

-12.22

-12.38

-23.37

-22.80

P-M

P

P

P

P

M

M

M

M

P

M

P

P

P

P

P

P

P

P

P

P

P

P

P

P

P

P

M

M

3

3

3

3

3

2

2

2

2

1

1

1

1

3

3

3

1

1

1

1

1

3

3

3

1

3

3

1

1
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144.75

15031

157.74

157.74

157.74

157.74

317.63

317.63

317.63

318.61

328.22

328.60

35533

35533

355.33

409.30

411.11

411.20

416.06

416.10

416.10

418.00

418.00

540.85

540.85

565.85

565.90

569.90

696.26

-13.11

11.82

-4.46

-4.64

-4.19

-3.94

-11.77

-9.89

-9.52

-14.51

-10.08

-7.57

6.75

6.90

2.09

-4.60

2.03

0.82

-30.07

-25.65

-38.06

-42.75

-42.69

-9.30

-9.08

-4.49

-4.90

-2.91

-2.72

-1523

-11.95

-15.82

-16.03

-1828

-17.61

-17.%

-20.83

-20.22

-17.28

-1730

-1639

-11.49

-12.09

-11.63

-24.44

-12.37

-13.07

-12.32

-13.21

-13.84

-12.75

-13.06

-20.02

-20.08

-23.00

-25.18

-17.55

-16.84

P

P

P

P

P

P

P

P

P

P

P

P

P

P

M

M

P

P

P

P

P

P

P

P-M

P-M

P

M

M

P

3

3

1

1

1

1

1

1

1

1

3

3

3

3

3

1

3

3

3

3

3

3

3

1

1

1

1

1

3
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SBH-1

SBH-2

OV2
BHH1

BHH3

BHH6

106.43

107.85

124.03

132.31

15190

152.90

174.67

178.35

189.95

206.63

247.11

278.4

278.4

305.7

306.2

9.4

79.43

92.43

99.43

103.82

104.27

9.54

6.64

1.64

-10.70

-7.00

-4.50

-9.00

-10.10

-1140

-6.80

-13.20

-113

-11.6

-83

-4.1

-3.9

-15.2

-3.8

-1.4

-13.5

-6.5

-11.1

15.3

13.0

-9.6

-9.7

-6.4

-11.10

-11.50

-9.50

-103

-23.7

-21.7

-12.7

-9.8

-9.8

-15.8

Type of Calctie

M - massive (usually closed)
P - platy (usually open)
Depth = below floor of drift

Associations (dominant minerals)

1 - dark cnlorite, epidote
2 - fluorite
3 - no association



Figure 3-4. The oxygen and carbon stable isotope compositions of fracture caicites
from the Stripa granite. Filled symbols denote the earliest generation(s) of
magmatic/hydrothermal origin, half-filled symbols are for hydrothermal caicites
associated with fluorite and open symbols indicate caicites with no or minor mineral
associations. Also shown is the range of SltO values or caicites in isotopic
equilibrium with present-day groundwater. The Total Inorganic Carbonate" data
refer to measurements of 613C in TIC [modified from Fritz et al., 1989].
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most often closed, although not infrequently, these veins are found in
association with a very prominent open fracture zone(s). The calcite is
massive to "granular" and usually pure white. Its 618O varies between -14 and
-19.5°/oo- but has a much wider range in 613C values than the dark chlorite-
associated calcites varying between about 0.0 and -21°/^. The oxygen isotopic
composition indicates a lower temperature of deposition (especially if the
fluid also had lower 18O contents), whereas the 13C can be seen as an
indication for an increasingly heterogeneous geochemical environment in the
pluton.

The remaining calcites (Group 3) indicated in Figure 3-4 are almost always
platy or "sugary" (fine-crystalline) catcites from open fractures, i.e., they are
the carbonates which would most likely influence or depend on the present-
day fluids in the granite. They typically occur on the bare host rock surface
without any other readily visible mineral association. It is noteworthy that the
fracture surfaces do not show any significant degree of weathering when
examined under SEM.

This last group of open fracture calcites can be subdivided into a group of
platy calcites with 613C values above about -IOVQO and fine-crystalline calcites
with very negative SnC values. The latter group is best exemplified by the
samples collected in borehole V2 between intervals 416 and 418m. This
interval coincides with the top of the zone of low 613C values of the aqueous
TIC in borehole V2 (Fritz et al., 1989). Unfortunately, no samples were
obtained within the area of maximum 13C depletion as identified in Fritz et
al. (1989). Nevertheless, the data appear to reflect a close "genetic"
association of calcite and TIC where calcite precipitation or recrystallization
could occur under present-day conditions. Support for this interpretation is
provided by the oxygen isotopic composition of these calcites as their 18O
values agree with values expected for calcites precipitated under equilibrium
conditions from the local groundwater.

The platy calcite found on open fractures yield <518O values which overlap with
those seen in the fine-crystalline subgroup. Thus, this group also has
potentially a "modern" origin. However, whereas the low 13C contents of the
platy calcites (and the associated TIC) reflect conditions under which either
sulphate reduction has occurred—as substantiated by isotope analyses on
sulphate (see Fontes et al., 1989)--or where organic carbon was added to the
inorganic aqueous carbon pool (TIC) through other processes, the very
positive 613C values of the fine-crystalline calcites most likely reflect a
reducing regime in which methane producing bacteria were present. As
sulphate reduction usually precedes methane production in a reduction
sequence, and as sulphate is present in all waters collected in this study, it is
unlikely that methane production is an active process.
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The available data base is not large enough to make definitive statements
about the vertical or horizontal distribution of the different calcite generations
in the Stripa granite. This is emphasized by the data obtained from the
horizontal borehole Nl where S18O values vary between about -10.4 and -
23.67^ and the <513C values spread between +4 and -26.8°/^.

3.4.2 Rare Earth Element (REE) Patterns for Calcites. Associated Fracture
Minerals, and Host Rock

Rare Earth Elements were analyzed in an attempt to further classify the
calcite groupings and associated mineral phases. As well, the distribution of
these elements, due to their variable geochemical behavior in oxidizing versus
reducing conditions, can often give valuable indications of the types of fluids
from which the minerals precipitated. The results of analyses are plotted as
Chondrite Normal Abundances in Figures 3-5a and 3-5b.

Composite mineralogical samples of the pluton host rock from three separate
locations show a typical granite REE pattern (Figure 3-5a). The pluton is
characterized by Light REE enrichment and a Eu depletion. Such patterns
are generally regarded as having formed in mildly oxidizing conditions.
Plotted on Figure 3-5a are patterns for a number of fracture minerals which
are regarded as higher temperature in origin. Several mixed calcite-silicates,
all from the first group described for 13C and 18O, are included. All patterns
are very similar to the plutonic host rock. As pointed out by Grappin et al.
(1979), it is possible for secondary minerals to develop a pattern very similar
to the host rock. It is noteworthy that many of the samples analyzed have
considerably more REEs than the surrounding granite. The majority of these
fillings are assumed to be from local sources (i.e., the host rock) with partition
of REEs favoring the filings (i.e., mobility out of the host into the secondary).
The fac< that no REE fractionation occurs is probably a result of the higher
temperatures of formation.

Two other very distinctive sets of REE patterns have been observed in the
fracture systems of the pluton (Figure 3-5b). The first pattern is noted in two
massive calcites of Group 1 (i.e., higher temperature calcites). The LREE
pattern and Eu anomaly are similar to the host granite, however the pattern
is very distinctively Heavy REE enriched. These calcites are isotopically
(Figure 3-4) and morphologically identical to the others in their isotopic range
which have REE patterns like those of Figure 3-5a. It should be noted that
the HREE calcites generally have less absolute REEs than the secondary
minerals from the normal plutonic grouping. Several possibilities may account
for this group:
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an extraneous HREE fluid, e.g., 'sweated' from a local marble or skarn
and injected into the pluton subsequent to cooling or

fractionation during initial cooling of the pluton and an early or late
stage fluid concentrated in HREE.

The final pattern found during the study is similar to the pluton ~ high
temperature group of Figure 3-5a except for a distinctive Ce depletion. This
pattern is observed in most calcites, fluorites and iron oxyhydroxides found in
the N core and appears to be a product of a hydrothermal event which
emplaced the fluorite veins in the pluton. The morphology of calcites
associated with fluorite would tend to suggest that a thermal cooling event has
occurred and was responsible for a different fluid (oxidizing, and U rich)
entering the pluton. Many of the calcites in this group show fluorite
embayments or inclusions. In some cases, 2 and 3 calcite veinlets (distin-
guished by petrography and isotopes) and 2 fluorites occur in the same
fracture. The fluorite event or vein is also intimately associated with the
brecciation and shear zones noted.

The Ce anomaly is due to the chemical nature of the precipitating fluid. Ce
is one of the few REEs that can exist in a different oxidation state (Ce4 + not
Ce2 +). The Ce4+ does not fit into the CaCO3 or CaF2 lattice as a replacement
for Ca2* (Henderson, 1984). Consequently, a Ce anomaly (depletion) results
under highly oxidizing conditions. Further evidence for oxidizing conditions
are the presence of abundant Uranium (probably U6+ originally) and hematite
in the same fractures. A final interesting note is that the abundance of REE
elements found in fluorites is often governed by the salinity of the fluids
involved (Bilal and Becker, 1979). The highest REE partitioning into the
fluorite lattice occurs at about 0.5M NaCI equivalents. As the fluorites at
Stripa have a high abundance of REEs, it is suggested that a higher salinity
fluid (possibly magmatic-hydrothermal and not seawater) is associated with
this emplacement event (Henderson, 1989). In light of the debate about
salinity in the pluton, this observation may provide some interesting insight.

3.4.3 Strontium Isotopic Composition of Stripa Calcites

The following discussion is modified from work published by Clauer, Frape,
and Fritz, B. (1989). It is felt that data presented by these researchers have
a strong bearing on the discussion of calcite-fracture mineralogy in the pluton.

The 8Sr/86Sr ratios of the third group of calcites (no associations) range from
0.72645 to 0.74056 (open triangles in Figures 3-6a and 3-6b). Sample V2 355,
33-2 could also be in this group of minerals which formed at low temperature
(< 100°C). According to preliminary U-dating work (Milton, 1987), they are
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the youngest fillings at Stripa. These calcites, however, have systematically
lower 87Sr/86Sr ratios than those of the measured present-day waters which
range from 0.74056 to 0.75360 (B. Fritz et al., 1987). They are not derived
from the waters collected at -5 m in the M3 well, at -505 m in the VI well or
-822 m in the V2 well. Calcites from this group also appear to be distin-
guished by high F and Pb contents (Table 3-6). More analytical work is
required to confirm the trace element data, as the exact reason for such high
concentrating is not understood at the present time.

The ^Sr/^Sr ratios of the second group of calcites (fluorite associated) range
from 0.73372 to 0.74995 (full circles in Figures 3-6a and 3-6b). These calcites
are associated with other fracture-filling minerals dominated by fluorite and
chlorite. Most of them are massive fillings, although, some thick platy calcite
minerals are also found. According to S18O data, the formation temperatures
of many of these calcites might be higher than those in the third group
(Figure 3-6a). Geochemically, many have very high F levels (Table 3-6),
possibly indicating the strong degree of interaction between the fluorite and
calcite vein fillings. Petrographic evidence would suggest that in many of the
veins, the fluorite fillings were emplaced at the same time or shortly after the
calcite. Indeed, fluorite often appears to be invading and retrograding the
calcites. Many of the veins and fractures of this group appear to be open,
although we are not sure if this is a natural phenomenon or if it is an artifact
due to drilling and handling. The fluorite-calcite contacts in these fillings are
structurally not strong surfaces and are, therefore, inherent planes of weakness
for the release of either natural or man-made stresses. The 87Sr/86Sr of these
calcites are equivalent to those of the measured waters and of the chlorite
coatings found in deep fractures (B. Fritz et al., 1987). Strontium isotope
homogeneity among these three phases (calcite, chlorite and water) can,
therefore, be safely assumed.

The first group of calcite fillings have ^Sr/^Sr ratios of between 0.78141 and
1.06962 (open squares in Figures 3-6a and 3-6b). These calcites, with
extremely high ^Sr/^Sr ratios, are usually in the form of fractures sealed by
massive calcite and are dominantly associated with chlorite and epidote.
Temperature calculations using the 18O values of the carbonates (-12 to -
OVoo), and the calibration equation of O'Neil et al. (1969) indicate minimum
temperatures in excess of 200°C. These temperatures might explain the
abnormally high ^Sr/^Sr ratios, as hot fluids migrating throughout the
granitic body could have had extended interactions with more minerals of the
rocks than just the fracture coatings. Rb-Sr data of a whole rock and of
separate minerals from Stripa granite suggest that after emplacement and late
stage cooling, which was the first high temperature episode in the granite's
history about 1.7 Ga ago, the pluton probably underwent at least two other
high temperature events at 1.4 and 0.8 Ga (B. Fritz et al., 1987). If we
assume that the calcites of Group 1 could have precipitated during late



Table 3-6. Fracture-Filling Calcites from Stripa Pluton, 87Sr/86Sr Ratios, Ä13C and Ä^O, and Selected Chemical Analyses

Samples

1/NI

2/N1

3/N1

4/VI

5/V2

6/V2

7/V2

8/V2

9/V2

10/V2

I1/V2

74.60

193.00

289.30

495.7

355.33-1*

416.10-1*

416.10-2*

416.10-3*

418.00-1*

418.00-2*

31.7

87Sr/86Sr
(+20N)

0.73396+7

0.72658+9

0.73057+10

0.73501+13

0.74056+9

0.73886+14

0.72645+16

0.73804+11

0.73283+5

0.73825+13

0.73966+8

(7oo PDB)

-21.26

-26.85

3.97

-35.70

6.75

nd

-25.65

-38.06

-42.75

-42.69

-8.48

a1Bo
(7oo PDB)

-13.99

-19.32

-16.14

-13.40

-11.49

nd

-13.21

-13.84

-12.75

-13.06

12.38

Rb
ppm

0.26

1.98

0.85

nd

0.11

nd

nd

nd

1.80

nd

1.28

Sr
ppm

73.6

89.0

97.9

80.6

28.4

48.5

71.0

64.0

56.1

58.4

70.4

Pb
ppm

nd

2640

nd

nd

nd

nd

nd

nd

nd

nd

nd

F
ppm

nd

3290

nd

nd

nd

nd

nd

nd

nd

nd

nd

Cl
ppm

nd

100

nd

nd

nd

nd

nd

nd

nd

nd

nd

12/N1

I3/N1

14/N1

15/V1

16/ VI

17/V2

160.7

161

293.45

435.73-1*

435.73-2*

355.33-2*

0.74380+8

0.74730+6

0.74690+9

0.74690+20

0.74762+10

0.73372+7

-3.80

-0.38

-14.35

-16.20

-25.37

2.09

-14.80

-15.06

-16.61

-16.72

-18.56

-11.63

0.54

0.92

0.19

nd

nd

nd

61.2

55.4

50.0

63.9

63.1

69.2

37

35

40

nd

nd

41

2300

2000

1400

nd

nd

930

190

140

125

nd

nd

80



Table 3-6.--Continued

18/N1

19/NI

20/NI

2I/N1

22/V2

16.30

50.71

85.5

190.95

59.23

0.80071+9

1.06962+19

0.78141+6

0.90576+6

0.79526+11

-4.23

-4.95

-7.03

-6.07

-4.45

-23.01

-22.07

-18.81

-23.62

-23.37

0.85

nd

nd

9.81

0.12

60.0

86.4

57.9

51.0

30.2

93

nd

nd

nd

60

67

nd

nd

nd

32

589

nd

nd

nd

135

1*, 2*, and 3* represent separate fractures which intersect at these points and not duplicate determinations.

Group 1 calcites 18-22; Group 2 calcites 12-17; Group 3 calcites 1-11.



61

cooling from fluids which leached the whole rocks, their ^Sr/^Sr ratios should
average slightly above 0.705, the probable value for the initial ^Sr/^Sr ratio
of the entire granitic body. This is obviously not the case, and the calcites
more probably originated either during the 1.4 Ga or the 0.8 Ga old
metamorphic event. During the former, the ^Sr/^Sr ratio of the whole rock
analyzed previously by the Rb-Sr method (B. Fritz et al., 1987), had an
^Sr/^Sr ratio of about 0.80 which is the mean value of three out of the five
high temperature calcites. During the latter event, the ^ S r / ^ r ratio of the
same rock was at about 1.05 which is close to the last calcite. Although these
data are not sufficient to conclude definitely about the formation period of
the high temperature calcites, because the studied whole rock might not be
representative for the entire granite body, it can be assumed that they are not
recent and are related to one or both metamorphic events which reset the Rb-
Sr systematics of some minerals of the granite at 1.4 and 0.8 Ga.

3.5 SUMMARY

It is evident from the petrological, mineralogical and geochemical data
presented that the pluton has had a very complicated fracture mineral-
alteration history. In general, this is evidenced by:

the very wide spread in 13C-I8O values for calcite mineralogy. This is
by far the largest spread in values seen by the authors or reported in
the literature and indicates a wide range of fluid and thermal histories.

the REE data and patterns; especially the patterns which differ from
those of the pluton may indicate additional thermal or fluid events.

multi but mineralogically and geochemically distinct calcites (up to 3),
fluorites (up to 2) and chlorites (up to 2 to 3) in the same fracture
would indicate a complicated, many-staged precipitation history.

the Sr isotopes suggest at least 3 major calcite groupings in the pluton.

Although the pluton history appears very complicated, some aspects are
surprisingly consistent in the analyses. The calcites were originally grouped
or divided based on mineralogical associations and morphology of the calcites
(Table 3-4). After numerous geochemical analyses, it appears that to a very
large extent, each of the groupings chosen has distinctive geochemical
characteristics. Each calcite family appears to have a distinct carbon-oxygen
isotopic range, strontium isotopic range, and to a limited extent, REE pattern.

It is possible, but unlikely, that all the fracture fillings observed could have
been emplaced from fluids with temperatures greater than 100°C. Based on



our observations, the following could be a probable thermal grouping or
history of the system.

3.5.1 Early History - High Temperature

During this period, the pluton is cooling, shrinking, fracturing, etc. Most of
the monomineralic and multi- silicate fractures are probably filled or sweated
from the matrix rock. High temperature alteration of feldspars, biotite and
other minerals result in epidote, white micas, Mg rich chlorites and vermicu-
lite fillings. Thick, high temperature calcite veins may also be emplaced.

Geochemically, the REE patterns of all of these minerals resemble the
plutonic pattern, although the absolute abundances show partitioning and
enrichment into the secondary mineral phases. The carbon isotopic signature
of this group is what is often referred to as magmatic -5 to -7o/oo, and many
of the I8O values are very depleted and believed to represent much higher
temperatures. These calcites are in direct association with the higher
temperature silicate minerals. This group of calcites also has a distinctive
87Sr/86Sr isotopic signature which is always greater than 0.78000.

3.5.2 High Temperature - Later History?

Two additional hydrothermal-magmatic events seem to have occurred in the
plutons history. Each probably occurred at temperatures greater than 100°C,
and each could be part of the pluton's late cooling phase, although B. Fritz
et al. (1987) have used Sr geochronology to show that several later (younger)
thermal events did occur in the history of the pluton.

One of these possible hydrothermal events is evidenced by two
massive, high temperature calcites (Nl-16.3 and V2-59.37) with
identical isotopic signatures to those previously discussed. However,
the REE patterns of these calcites are noticeably HREE enriched.
Although this pattern could be due to local partitioning, it is possibly
from an extraneous source. It is impossible to distinguish these calcites
on any other geochemical, mineralogical or petrological basis.

As an aside, from the position of these calcites in N core and V2 core
suggests a fracture connection between these locations at a time in the
past.

The most noticeable possible late event is that associated with fluorite
mineralization-brecciation best seen in the N core. At the borehole
collar area of N core, the fluorite vein appears as a 1-2 inch wide



63

vertical fracture system. The mineralogy-alteration associated with this
event is feldspar alteration to epidote-sericite; chlorites from other
micas (usually low Mg, lower T chlorites). A very late stage of this
event could be illite clay formation. Calcites of this event appear to
be emplaced before fluorite or at the same time evidenced by
numerous fluorite embayments and inclusions in the calcite.

Geochemically, the calcites and other secondary minerals from this
event are F rich with significant concentrations of elements such as W,
Mo and U (Kevex-SEM). The REE patterns are similar to the host
pluton except for a very distinctive LREE depletion in Ce. This
indicates very oxidizing conditions which fits with the extensive U
mineralization associated with the fluorite. The fluorite-calcites have
identical REE patterns when separated (Henderson, 1989). The 13C-
18O value for calcites from this group has a linear trend across Figure
3-4 which shows a very narrow 18O range for a given 13C value. It is
uncertain whether this is a mixing or cooling trend. Finally, the
' 'Sr /^r values are closely grouped around 0.74700 for calcites from
this group.

In terms of modern fluids, several aspects of this possible event are important.
First, the groundwaters of the pluton are saturated with respect to fluorite
(Nordstrom et al., 1985). This area (N core) is the major occurrence of
fluorite (a large vertical fracture). Second, B. Fritz et al. (1987) have shown
the Sr isotopic signature of the plutonic waters to be about 0.74000 or similar
to this group. Third, fluorite is a very brittle mineral and highly susceptible
to fracturing and refracturing due to neotectonic movements. The fractures
of this group may be major conduits-controls on hydrogeochemical transport
in the pluton.

3.5.3 Lower Temperature - Possible Late History Events

Petrographically, many of the multi-calcite veins are associated with iron
oxyhydroxides, clays and low temperature, Fe rich chlorite. It is quite possible
that these mineral phases are simply the very late cooling stage of the early
pluton history. Lower temperature calcites are usually thin in multi-veins or
platy and non-associated on fractures.

Geochemically, the calcite isotopic values show a wide spread (13C values -44
to + 120/,*, and I8O values generally more enriched than -14°/^). In most
cases, there was insufficient material for REE analyses, but sample V2-31.7
(Figure 3-5a) shows a pattern much like the high temperature pluton pattern
except for the depletion of Yb. The 13C-18O signature oi this sample agrees
with a low temperature grouping, as does its ^Sr/^Sr signature which for the
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low temperature group is < 0.74000. As pointed out, the anomaly in the work
presented is that all petrographic and geochemical indications are that this
final group of fractures is the lowest temperature, possibly modern or recent
systems that should be in equilibrium-contact with the present plutonic water
circulation. However, as mentioned, the Sr isotopes and several other
indicators suggest the fluorite associated fractures are more likely in control.

In an attempt to understand the age of the lower temperature calcite fillings,
limited U-Th dating of three fracture calcite samples was attempted by Milton
(1987). In all three cases, the samples were platy calcites with no apparent
mineral association. The samples were chosen in an attempt to analyze only
the youngest generation, and selection was based on S18O values as well as
apparent paragenetic position within the crystallization sequence of fracture
minerals.

Sample no. 259.35 is a very thin platy calcite which is associated with clay
minerals. It has a 613C = + 0.087oo and 618O = -10.6°/^. Its uranium-
thorium age is about 95,000 years. The other two samples, Nl 275.09 (613C
= -5.227oo and 618O = -11.277.J and Nl 286.00 (513C = -1.477., and Ä18O
= -15.23°/oo), are both very thick continuous platy calcites with no visible
mineralogical association. Their ages are 209,000 +/- 60,000 years and
> 350,000 years, respectively. Further age dating, now underway, will allow
additional interpretations on the relationships of the fracture mineralogy to
past and present fluid histories for the Stripa pluton.
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FLUID INCLUSIONS IN FRACTURE-FILLING MINERALS IN THE
STRIPA GRANITE

4.1 INTRODUCTION

In an earlier study, fluid inclusions in quartz from the matrix of the granite
were studied (Lindblom, 1984). More recently, a general summary of the
possible relationships between fluid inclusions and groundwater chemistry at
Stripa has been given by Nordstrom et a!. (1989b). The aim of that study was
to obtain an estimate of inclusion fluid volume and composition in the
homogeneous granite. Tractures and heterogeneities in the samples were
avoided as much as possible.

In the present study, the focus is on the fractures. Th ŝe are both open and
sealed as have been documented separately (Nordstrom et al., 1985). The
open fractures often show partial deposition on the sides, indicating repeated
precipitation-dissolution events. The filled fractures were mainly sampled
with respect to calcite, but the mineralogy may be complex with several
minerals and mineral generations.

The fractures are the major conduits for fluids in the crystalline rocks. They
are weak zones that may have been activated several times. Several
generations of fluids probably have passed through and deposited minerals at
different times. The fracture-filling minerals are thus sensitive indicators of
the relative stability of the rock mass over long periods of time. Calcite has
mainly been studied this time because it is an abundant fracture mineral; it
has a complex mineralogy, and it is easily remobilized. The latest fluid event
would be recorded. Calcite is transparen* and contains numerous fluid
inclusions (Larson et a!., 1982).

Calcite also has a unique property in that its solubility has a reversed
relationship with temperature. This means that a heating event may deposit
calcite, and cool groundwater may dissolve it.

The initial fracturing may have several causes as, for example, isostatic forces
during the emplacement of the Stripa pluton or the formation and disappear-
ance of a continental ice sheet of several kilometers thickness. Fractures may
also be caused by contraction of the rock during cooling of the pluton. One
further cause of fracturing may be the opening of mine works and removal of
drill core, which may cause a change in the local stress field (Nordstrom and
Olsson, 1987).

The fracture-filling minerals may have recorded evidence of age and origin of
both fractures and fracture fill. Especially soft minerals, like calcite, may
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show influence of the latest fracture-healing fluids in evidence from primary
and secondary fluid inclusions.

4.2 SAMPLES

Most of the samples come from the subhorizontal drillhole Nl. A great
number of samples from VI and V2 were also examined (Tables 4-1 and 4-2)
but failed to yield good inclusions. Several thin sections were made from
each sample as each sectioning of many fractures gives a relatively small
sample of possible inclusions.

Samples (and inclusions) from near the surface are more numerous than those
from a greater depth. The larger number of measurements in Nl cannot be
compared directly with the fewer ones in VI and V2. The latter are deeper
samples and contain less calcite. The depth to the Nl samples is 357 m below
the present surface (Nordstrom et al,, 1985). The VI hole starts at this point
and extends to a total depth of 863 m. The V2 hole starts at 408 m and
penetrates to 1230 m below the surface. The Nl hole is assumed to be
horizontal for discussion purposes in the present study.

4.3 FLUID INCLUSION SIZE AND DISTRIBUTION

The size of the measured inclusions varied between 1.4 and 75 jim (Figure 4-
1). One elongated inclusion actually measured over 200 /xm. Inclusion size
and temperature data appear to be unrelated. The distribution of size as
shown in the previous Stripa study (Lindblom, 1984) may be compared to
Figure 4-1 of this study. Here there is a larger proportion of inclusions
between 10 and 25 iim, and there are also several large inclusions up to 75
lim.

The inclusions are not evenly distributed. They may have a secondary
appearance, but the majority probably occur in small clusters. The large
inclusions have a considerable size considering the small size of many of the
hosting calcite crystals. Temperature data are the same as for the smaller
inclusions. There are few inclusions in every field of view in the fracture-
filling calcite. The measuring process for calcite is more time consuming than
for matrix quartz, even though there are more of the larger inclusions present.

4.4 FLUID INCLUSION VOLUME IN CALCITE

A meaningful estimate of inclusion fluid per unit volume of calcite is difficult.
The inclusions occur unevenly and with great difference in size. It can be



Table 4-1. Mineralogy of Samples That Were Measured

The following samples have been measured by microthermometry:

V2.4-565.54

V2-416.1-2

Vl-474.0-1

N 1-295.5

Nl-272-1

Nl-190.7-2

Nl-184.5-1

N3-161-2

1 Ni-115.6

j Nl-74.6-2

Ca H

Ca ^

Ca H

Ca H

Ca H

Ca H

Ca H

Ca H

Q z ^

Ca H

Ca H

h Qz + Chi + Fl + Py

i- Fe-oxides (edge)

h Chi + Py + Hem

h Chi + Fl + Py + Fe-oxides

i- Chi + Fl + Py, other fracture with Qz (not measured)

H Qz + Prehnite + Chi

y Qz + Hem + Fe-oxides

- Fl + Fe-oxides

i- Ep (not measured)

- Qz + Chi + Fl + Fe-oxides + Cu-Fe-sulfides

• Qz + Fe-oxides + Cu-Fe-sulfides

Abbreviations:

Ca = ce'cife; Qi -•• quartz; Chi = chlorite; Ep = epidote; Ser = serpentine; Fl
fluorite: Py -= pyrite; Hem = hematite; Fe-oxides = brown-red coatings.
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Table 4-2. Mineralogy of Samples That Were Not Measured

The following samples have not been measured by microthermometry:

V2.2-809.45

V2.2-809.40

V2.2-809.2

V2.l-799.27

V2.5-559.52

V2.5-559.36

V2.5-559.24

V2-419.06-2

V2-419.06-3

V2-411.03

V2.3-405.86-406.14

V 1-499.66

Vl-495.4

Vl.5-479.07

V 1-435.7

Vl-435.65

Vl.1-373.76

V 1.3-266.28-226.20

Nl-289.3-1

N1-286-1

Nl-263.3-1

Nl-212.7-1

No fracture fill

No fracture fill

Qz + Chi + Ser + Py

Chi + Qz

Chi (tiny fracture fillings)

Chi (tiny fracture fillings) (less than lmm)

Chi (tiny fracture fillings)

Qz + Chi + Py

Qz + Chi + Ser + Py

Qz + Ep + Chi

Ca + Chi + Py (a little) + Fe-oxides

Chi (younger)

Chi + Qz

Chi + Py

Qz + Ep + Py

Qz + Ep

Ca (a little)

Qz + Ep + Ser

No fracture fill

Ca + Qz + Chi (a little)

Ca

Qz + Ser

Qz + Chi + Hem

Ca

Chi + Py + Ca (not well crystallized) + Qz
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Figure 4-1. Size distribution of measured inclusions in fracture filling calcite.
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misleading to extrapolate the estimated value from a cluster of inclusions
being measured because there may be no inclusions in the surrounding area
or deeper into the mineral. Furthermore, large inclusions contribute more
fluid than a myriad of smaller inclusions. An estimate, however, has been
attempted. The volume estimate of inclusions has been computed in a
different manner compared to the matrix quartz study. A set of photographs
were taken, and the surface areas of the inclusion outlines in each photograph
were measured graphically. This figure was compared to the total area of the
field of view of the photograph. The inclusions were further assumed to have
an equidimensional outline and that they occur evenly at depth throughout the
mineral. By taking the square root of the measured area numbers, a linear
dimension was obtained. Fluid inclusions in calcite thus make up between 0.5
and 1.75 vol-% of the mineral. It is better to use the average 0.93 vol-% and
regard this a maximum figure due to several limitations in this method of
estimate (Table 4-3).

4.5 MINERALOGY

The fractures that were measured contain calcite as the main mineral. Quartz
was abundant in some fractures, and the quartz generally preceded calcite
(Table 4-1).

Several fractures contain chlorite (Table 4-2). This is probably hydrothermal
as it occurs as very fine filling, often alone, with no sign of deformation or
shearing. The occurrence of prehnite, epidote, and sericite indicates
formation at higher 'temperatures than presently recorded in calcite. The
majority of the fracture fill appears to be early, and most fractures have hence
not been reactivated by late fluids.

Calcite, fluorite, quartz, Fe-oxides, and sulfides may originate from a later
date. Temperature data take this discussion further.

The observation of fracture minerals in this study agrees with the initial core
logging as reported by Carlson et al. (1981, 1982a,b). However, other studies
(Wollenberg et ah, 1982; Nordstrom et ah, 1985) have shown that plagioclase
occurs mixed with epidote and chlorite on a submicroscopic scale; as a result,
the fill has various shades of green. No plagioclase has been identified in the
present study.

4.6 METHODS

Double-polished thin sections, 200 and 400 /Ltm thick, were studied by
transparent and reflect microscopy. Pieces of those sections were used for



Table 4-3. Estimate of Fluid Inclusion Volume in Fracture-filling Calcite in the Stripa Pluton

Photo

1

2

3

4

5

6

7

Fluid
Inclusion

Area (urn2)

974

1666

698

1143

1076

690

1222

Fluid
Inclusion

Linear (mIO*)

31.21

40.82

26.42

33.81

32.80

26.27

34.96

Fluid
Inclusion

Volume (m3xl015)

30.40

68.02

18.44

38.65

35.29

18.13

42.73

Unit
Volume

(m3xl015)

3878

3878

3878

3878

3878

3878

3878

Average

Fluid
Inclusion

Amount (Vol-%)

0.78

I.75

0.48

1.00

0.91

0.47

i . ;o

0.93
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fluid inclusion measurements on a Chaixmeca heating/freezing stage
according to procedures described by Poty et al. (1976), Lindblom and
Rickard (1978), Lindblom (1984), and Roedder (1984).

4.7 TEXTURES

Two types of fractures were studied here: (1) wide fractures, irregular, 1-5 mm
wide with mainly quartz and caicite, and (2) narrow, even fractures < 0.5 mm
wide usually monomineralic with either chlorite or caicite. Both types have
usable inclusions, but deformation-like twinning and shearing may have
destroyed or obscured part of them. The microscopic size of the fracture fill
does not correlate with finding usable inclusions. A wide fracture may consist
of mainly fine-grained caicite and may be almost opaque in thin sections.
Narrow fractures may contain clear crystals with large inclusions.

Caicite has been recognized in at least three textural varieties: (1) a mushy,
fine-grained caicite that appears almost opaque and has no usable inclusions,
(2) a crystalline caicite phase, commonly twinned and deformed with few
inclusions, and (3) clear, large crystals commonly with large inclusions. Only
the last type has fluid inclusions which are workable. Quartz generally
precedes caicite and often shows several stages that may be difficult to
distinguish from each other.

4.8 MELTING TEMPERATURES

Two-phase and one-phase aqueous fluid inclusions were measured by freezing
down to -90°C and recording the last melting point of ice during subsequent
thawing of the inclusions. A temperature range between -25°C and +5°C was
obtained. The positive values indicate melting of so-called superheated ice,
a phenomenon of metastability not well understood but frequently recorded
in many studies (Roedder, 1976). The data indicate a complex set of fluids
in several stages active in the fractures.

4.9 HOMOGENIZATION TEMPERATURES

The homogenization temperatures (TH) recorded are not true formation
temperatures but will be discussed as such. A pressure correction should be
applied, but as pressure estimates are unknown, none has been applied. The
TH obtained in caicite fluid inclusions varied between +70°C and + 150°C,
with the major part between +80°C and + 120°C. Quartz gave slightly higher
T,, between + 100°C and + 190°C.
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4.10 DISCUSSION

4.10.1 Salinity. Freezing Data, and Composition of Fluids

The melting temperatures of ice (Tm) may be converted into equivalent-
weight-percent-NaCI according to the formulation by Potter et al. (1978).
This gives a good approximation of total salinity. The major component is
commonly NaCl, but appreciable amounts of CaCl2, KCl, and other salts may
be present. The salinities have then been used to plot Figure 4-2 and are
listed in the appendix. The overall range of salinities extends from essentially
zero to 25 eq. wt-% NaCl, the majority between 0 and 10 wt-%.

In a few large inclusions in Nl, first-melting temperatures (eutectic tempera-
tures) were obtained. They were all between -55°C and 60°C. This is very
close to the eutectic point in the ternary CaCl2-NaCl-H2O phase diagram
which is an indication of a considerable amount of calcium chloride in the
inclusion field (Yanatieva, 1964).

In matrix quartz, there were similar indications that the inclusions at deeper
levels contained more Ca-rich fluids (Lindblom, 1984). This was later
demonstrated by finding calcite occurring as daughter minerals in fluid
inclusions in the quartz (sample V2-656.54). Increasing salinity and Ca-
enrichment with depth were also indicated by the groundwater analyses (Fritz
et a!., 1979, 1980, 1983; Nordstrom, 1982, 1983a,b).

However, further studies have shown *hat the salinity does not increase
regularly with depth; the increase exists, but in an irregular fashion (Nord-
strom et al., 1985). This agrees with the present findings that inclusion fluids
tend to be more saline with depth, but in an irregular way as particularly
demonstrated by the horizontal drillhole Nl. Actually, the Nl hole may be
interpreted as a cross section of what type of fracture fill may occur at all
levels in the Stripa pluton. The fracture minerals appear to contain several
generations of fluids at all levels or that different fractures may have a
different set of fluid stages.

It should be recognized though that a horizontal drillhole may have an over-
representation of vertical fractures. A vertical drillhole will likewise have an
over-representation of horizontal fractures.

The VI and V2 samples are several hundred meters below the Nl samples.
Considering the relatively few measurements, it is noteworthy that TF is
around -10°C and below in the majority of measurements (see Figure 4-2).
However, Nl shows some inclusions with very saline fluids. This may be
related to the fact that mainly vertical fractures are sampled in this horizontal
hole. The chemistry of waters in vertical fractures would be likely to have
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Figure 4-2. Salinity plotted against homogenization temperature (TH) from inclusions
in calcite (&) and quartz (•) from fracture fillings from VI, V2, and Nl. Rough
circles indicate several values at the same point. Isodensity lines have been drawn
at 0.05 intervals (g/cm3). The diagram may indicate separate populations and
generations of finds. There is a general trend of decreasing salinity with increasing
TH for maximum values.
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been influenced by fluids of widely different origins, that is, from both near
the surface and from great depths.

Sampling at any level in the vertical drillholes may not be compared to
sampling in the one-level Nl hole. This hole actually provides samples of a
whole spectrum of vertical fractures which, in reality, demonstrate the action
of many fluid generations coming from down or up. One fracture in a vertical
hole may yield more information than one fracture in the horizontal drillhole.

It may be summarized that the information obtained by freezing indicates an
increase in salinity with depth in inclusion fluids in calcite which fills fractures.

4.10.2 Precipitation of Calcite and Fluid Origin

Salinity has been plotted against TH in Figure 4-2. There is a weak trend of
decreasing TH with increasing salinity. This may contrast with the general
trend of increasing TH and salinity with depth as discussed later on. A
population of highly saline inclusions at around +85°C may be easily
distinguished. A similar feature was found in a study of fracture-filling calcite
from Finnsjon, Northern Uppland (Lindblom, in press).

Highly-saline, low-temperature (around 100°C) fluid inclusions have also been
found in a similar investigation of test sites in Switzerland (H. Stalder,
personal communication, 1985). Further separation into different fluid
populations may be visualized in Figure 4-2, but a probably interaction of
more than one solution makes distinction difficult.

Most of the calcite-filled fractures were found in Nl and only a few in VI and
V2 samples. Therefore, less calcite appears to be at depth. This may contrast
with the analyses of deep groundwater which indicate an increasing Ca-
content with salinity and depth (Nordstrom et al., 1985). Perhaps the
chemical environment at depth tends to favor dissolution of calcite or re-
activation of fractures as depth has been less pronounced than near the
surface. If the last possibility is true, then reopening of fractures near the
surface must be due to a recent event. This could be due to lithostatic
unloading caused by erosion or the melting of glacial ice.

Another possibility is that recent fractures were caused by a changed stress
field due to the removal of the mine excavations and drill cores. This would
affect soft minerals like calcite to a higher degree than harder minerals. The
subsequent fracture filling and its inclusions would then reflect deposition of
calcite by surface waters at a late date On the other hand, this appears to
contradict the salinity and TH data from the calcite fluid inclusions.
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The data on salinity and temperature of formation are overlapping in mam-
respects. We may summarize the following general trends:

(1) Calcite precipitation has occurred in the upper parts of the
fracture system.

(2) Salinity increases with depth in calcite fluid inclusions.

(3) Homogenization temperatures (TH) are generally too high to be
explained by surface waters percolating downward.

(4) There is a weak tendency towards increasing TH at depth.

(5) The present depth cannot explain TH of 85-150°C in fluid
inclusions in calcite.

(6) Daughter minerals of calcite have been found in matrix quartz
depth (V2-565.54).

(7) Higher temperature minerals dominate in fractures at depth.

Considering these facts as a whole, recent activation and deposition of
fracture filling appear unlikely. The mine excavations and core drilling may
have caused microfracturing in the calcite, and some of the metastable fluid
inclusions that gave no homogenization temperatures may have formed during
the healing of those microfractures. The major part of the calcite must have
been formed much earlier. As no major thermal events have been document-
ed in Central Sweden later than 1700-1800 My ago, most of the fractures and
fracture filling were created fairly soon after the emplacement of the Stripa
pluton. The fracture system probably developed as a result of the stress field
created by the cooling rock. Fracture-filling minerals were then deposited at
successfully lower temperatures, giving a different paragenesis as the heat
decreased.

Calcite plays a distinct and different role in this development. Calcite has a
reverse solubility relationship with temperature. Furthermore, calcite
provenance is more likely to be saturated surface waters than deep magnetic
fluids. The actual deposition could have resulted from the mixing of a hot,
deep source fluid with a cool calcite-saturated groundwater. The deep water
would precipitate quartz and fluorite upon cooling. Some calcite may even
be dissolved as the hoi fluid moves upwards. If this process proceeded while
a general fracturing still occurred, several stages of calcite deposition may
have taken place. In general, however, the process was probably a continuous
one-stage affair.
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4.11 CONCLUSIONS

A variety of fractures exist at Stripa with respect to the type of filling
material. High temperature minerals prevail at deeper levels, and calcite is
more common nearer the surface. Calcite occurs in at least three stages; the
last stage contains many fluid inclusions, often very large. The inclusions are
unevenly distributed and give an estimated total volume of 0.9 vol-% in
calcite.

Homogenization temperatures were measured between + 70°C and + 150°C,
with a tendency towards higher temperatures at depth. Melting temperatures
of ice indicate salinities between 0 and 25 wt-% NaCI, the majority between
2 and 10 wt-% NaCI. Salinity also shows an increasing trend with depth. One
population of inclusions indicates fresh water at surface temperature
conditions, possibly implying recent precipitation of calcite.

The fractures probably originated close after the emplacement of the Stripa
pluton as a result of cooling and contraction of the intrusive body. The
fracture filling was probably also deposited close after the emplacement. The
deposition probably occurred as a result of mixing a hot deep-seated upward-
moving brine solution with a cool calcite-saturated groundwater. Heating
deposited calcite, and cooling deposited fluorite and quartz.

In addition to NaCI, the fluid inclusions contain an appreciable amount of
CaCI,.
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5 INTERPRETATION OF THE ORIGIN OF THE SALINITY OF STRIPA
WATERS USING STRONTIUM ISOTOPE GEOCHEMISTRY AND CLAY
MINERALOGY

5.1 INTRODUCTION

Extensive geochemical sampling of deep groundwater from Stripa granite in
central Sweden, 170 km to the west-northwest of Stockholm (KBS, 1978) has
pointed to a surprisingly saline type for these waters. Several reports, which
included analytical data for the major and trace elements, as well as
preliminary discussions and interpretations of the possible origin of this
salinity, have been published already. Nordstrom et al. (1985) summarized
the results as follows:

Deep groundwater in the granitic body has an abnormally high salinity:
up to 700 mg/L of chloride at the Stripa site and even several g/1 at
other sites.

Saline water contains Na-Ca-Cl and SO4 as major components and,
therefore, differs significantly from the shallow groundwater which
generally is of a Ca-Mg-Na-HCO3 type.

Saline water from the Stripa site has a high pH which increases with
depth up to values between 9 and 10, the alkalinity decreases concomi-
tantly.

The Ca/Mg ratio of the deep water is exceptionally high for low
temperature water.

Ratios of Br/CI and I/CI were much higher in the deep Stripa water
than in seawater.

These different characteristics in the chemical composition of the ground-
waters of the Stripa site were confirmed by a further study using stable
isotope geochemistry (Nordstrom et al., 1985; Fritz et a!., 1987).

The aim of the present study is to provide new information and to discuss the
origin of the unexpected salinity found in deep groundwaters of the granitic
environment by focusing on two complementary methods:

a geochemical and geochronological Rb-Sr approach on solutions and
rocks from the Stripa site.

a geochemical modeling (speciation calculations) of the Si-Ca-Mg-
HCO3-CO2 values of the waters with respect to some components of
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the rocks. The study provides some new insights into the results
summarized above.

5.2 PETROGRAPHIC STUDY

A detailed petrographic study was made on two samples from a granitic body,
one sample of metabasall and two fracture coatings.

5.2.1 Granitic Rocks

The granite of Stripa is heterogranular with an important synmagmatic
reorganization inducing an alteration of the potassium feldspars (K-spars)
which are corroded and surrounded by plagioclases. Late biotite is also
altered. Xenomorphic quartz occurs in late microcrystalline accumulations.
Plagioclases are altered, sericitized and intruded by late quartz. Several
generations of fractures can be recognized. Several types of relic minerals
have been recognized such as distorted and broken biotites intensively
chloritized, with Fe-oxides in between the layers and zircon aureoles.

In one sample studied in detail, a large amount of muscovite was found in the
tectonized zones. These fracture zones are not only enriched in muscovite,
but also in epidote and are more depleted in Fe-oxides. Calcite also occurs
in the fracture zones, and it can also cut the previous fractures.

The Stripa granite seems to represent late magmatic activity with an
important crustal contamination. It belongs to a hypo-volcanic type of granite
with a late hydrothermal reorganization producing alteration of the K-spars
and biotites and formation of xenomorphic quartz. The emplacement of this
granite was relatively shallow. It probably was not a wide massif, but rather
a large dyke intruding an earlier pluton. Late magmatic hydrothermal
activities occurred with a sericitization of the plagioclases, muscovitization of
the biotites, partial recrystallization of the biotites, partial recrystallization of
the quartz and closely spaced fracturing with quartz veinlets associated with
plagioclases and muscovites in large accumulations and chloritization of the
biotites.

After the cataclastic event with fracturing, crushing domains and mylonitiza-
tion formed and produced kinds of drains. In the dykes, oxides and
hydroxides probably formed together with small dykes filled with epidote.
The residuai quartz and K-feldspars are corroded which suggests late fluid
circulation. Close to the crushed zones, late dykes of quartz and plagioclases
occur which heal up the rocks. A further episode of fracturing allowed
deposition of calcite.
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5.2.2 Metabasalt

The metabasaltic rock contains 10 percent quartz, about 30 percent secondary
calcite and 60 percent chlorite together with remainders of epidote. The rock
is also fractured and contains dykes of epidote and an Fe-oxide. Ghost
minerals which probably were amphiboles are filled with chlorite, epidote and
calcite. The rock probably was a dyke-like dolerite. Relic plagioclases are
also observed together with quartz accumulations which probably are late, as
they normally should not occur in this kind of rock.

5.2.3 Fracture Coatings

The fracture coating collected at great depth contains a mineral paragenesis
which is similar to that of the granitic body with quartz, K-spar, plagioclases
and chlorite which is sometimes present in large amounts. At shallower
depths, the mineral parageneses might be completed by additional compo-
nents such as seriate and/or calcite.

5.3 MINERALOGICAL AND MORPHOLOGICAL STUDY

The major components of the granitic sample (muscovite, microcline,
plagioclases, chloritized biotite and quartz) were separated and purified. The
purity was checked by X-ray diffraction (XRD) and controlled by scanning
electron microscopy (SEM) on the fractions. Fine fractions smaller than two
microns were also separated from three fracture coatings in order to obtain
mica or chlorite-rich fractions.

5.3.1 Components of the Granite

A detailed SEM study of the "biotite" particles emphasizes an interesting
crystallochemical aspect. Indeed, a single particle shows qualitative differenc-
es: some parts of a particle contain Al, Si, K and Fe, while others do not
contain any K but Mg, Fe and Ca as well as a lower amount in Al and Si.
Clean parts react as biotite and as altered chlorite within the same particle.
The XRD pattern is representative of a mixture of 85 percent chlorite and 15
percent biotite.

The K-spars and the plagioclase fractions are slightly (less than three percent)
contaminated by each other. The SEM study has shown that this is not due
to an incomplete separation, but rather to intergrowths from one feldspar into
the other.
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Fluid inclusions could be observed in rows, as well as on surfaces of quartz
grains from the fracture coatings on clean surfaces of quartz grains from the
matrix.

5.3.2 Mica Fractions of the Fracture Coating

The shallow fracture coatings collected at a depth of 42.9 and 47.5 m contain
a mica fraction smaller than two microns which is almost pure sericite. The
fracture coating collected at a depth of 496.7 m contains a chlorite with about
10 percent sericite.

5.4 ISOTOPIC STUDY

The Rb-Sr isotopic method was applied on some rocks and minerals from
granitic body and from fracture coatings, on some solutions collected in the
fractures and fissures of the main body, and on some fluid inclusions of the
quartz grains separated from the granitic body. The chemical and analytical
procedures are classical; the usual constants were used, especially X 87Rb =
1.42 x 10 "a ' as the disintegration constant for the age calculations.

5.4.1 Data on the Rocks

Six samples were taken from cores of the VI drill hole in the Siripa mine
(Table 5-1). One of these cores is representative of the granitic body; it was
a cylinder with a radius of 6 cm and a length of 20 cm. For five other
samples, the chlorite-rich small size fraction was analyzed apart, as well as the
remainder which is coarser than 2 jim. For two other fracture coatings, the
fraction coarser than 2 nm was also determined separately. The sixth sample
is a "metabasalt."

The major components from the sample of the granitic body were separated,
purified and analyzed apart: muscovite (subscript m), microcline including a
few (less than three percent) plagioclase impurities detected by XRD (fk),
plagioclases with a little microcline and quartz impurities (p), a mixture of 85
percent chlorite and 15 percent biotite (c) and a quartz fraction (q) were
obtained. The analytical data of all the samples are scattered in a Sr/^Sr
= f^Rb/^Sr) diagram (Figure 5-1). This suggests a complex history for the
granitic body, as the mineral separates especially do not fit on an isochron
with their whole rock. The plagioclase fraction gives the highest apparent age
together with its whole rock (r3) at about 1.63 Ga with an initial ^Sr/^Sr
ratio at about 0.748. A value of 0.748 for the Sr initially present is too high
to represent the time of rock formation. Such values are indsed rare for



Table 5-1. Description of the Rocks and Mineral Separates Studied by the Rb-Sr Method

Sample
Numbers

r l

r2

r3

m

fk

P

q

c

r4

r5

rb

Locations in the
Drillholes (1)

-42.9

-47.5

-318.5

-496.7

-502.2

-493.5

Sample Description

Fracture coatings with quartz, microcline, plagioclases and traces of chlorite,
sericite, and calcite

Whole rock of the granitic body and following separates:

Muscovite

Microcline and traces of plagioclases

Plagioclases and traces of microcline and quartz

Quartz with microcline intergrowths

85% chlorite mixed up with 15% biotite

Fracture coatings with quartz, microcline,

plagioclases, and chlorite

Metabasalt

(1) Locations are depths in meters underneath the Stripa mine level.



87Rb/86Sr

Figure 5-1. Rb-Sr isochron diagram for the rock of the granitic body, some of its
components and the four fracture coatings (p = plagioclase; c « mixture biotite-
chlorite; r = whole rock; fk = k-feldspar; m = muscovite).



Precambnan plutonic rocks which contain initial Sr with 8 S r / ^ r ratios
around 0.~05. A reasonable minimum age for the granitic rock studied here
can. therefore, be assumed at 1.71 Ga with an initial * Sr/**Sr of 0.705. This
estimate is close to a K-Ar age determination of 1.69 Ga reported by
Wollenberg et al. (1982). The Rb-Sr apparent age for the microcline and the
whole rock is significantly lower at 1.39 Ga and by combining the muscovite
with the whole rock, is even lower at 0.80 Ga, suggesting a very late
crystallization. The position of the chlorite-biotite mixture close but below the
whole rock could indicate a chloritization of the primary biotite in an open
system with a preferential loss of radiogenic *'Sr in relation to "Rb and *Sr
(Table 5-2).

The fracture coatings scraped from the cores collected at great depth (r4 and
r5 in Table 5-1) contain mineral parageneses similar to that of the granitic
body, with quartz, microcline, plagioclases and chlorite which is sometimes
present in large amounts. These mineral assemblages are typical for high
temperature conditions as no low temperature weathering can be suggested
to explain them. The two samples plot on the line drawn through the granitic
whole rock and its plagioclase fraction (Figure 5-1). This relationship suggests
that these coatings could have formed at the same time as the plagioclases,
perhaps during early hydrothermal activities in the granitic body, which could
have been contemporaneous to fracturing during cooling of the pluton. The
two size fractions of sample r4 plot on both sides of the whole-rock value; that
of the chlorite-rich fraction is below the line.

The fraction coatings collected near the surface contain a mineral paragenesis
similar to that of the deeper level (rl and r2 in Table 5-1). However, these
shallow samples also contain calcite, and sample rl also has a large amount
of sericite. Sample r2 plots way above the plagioclase-whole rock r3 line,
while sample rl plots below (Figure 5-1). The near-surface coatings probably
underwent a complicated post-formational history, which might include
weathering processes and which cannot be clearly deciphered by the methods
utilized here.

The "metabasaltic rock" has the lowest value of all whole rocks studied here.
A mafic origin for this material is confirmed.

5.4.2 Rb-Sr-Data on the Solutions

Three waters were analyzed by the Rb-Sr method (Clauer, 1976). Two
samples were taken from deep levels in drill holes VI and V2, and one
sample was colledeH at a shallow depth (Table 5-3). All three samples are
strongly depleted in Rb and Sr if compared to seawater; 10 to 100 times for
Rb and 5 to 60 times for Sr. Their "Sr/^Sr ratios, however, are significantly



86

Table 5-2. Rb-Sr Data for the Rocks and Mineral Separates of the Stripa Site

Sample
Numbers (1)

rl

rl>2M

r2

T2>2M

r3

m

fk

P

qi

q2

c

r4

r4<2/i

r4>2j»

r5

r6

Rb
G*/g)

5 »

433

197.6

181.2

237

921

497

243

395

45.0

314

112.7

142.2

1232

100.5

2.50

Sr
(«/g)

67.5

77.4

469

486

27.9

5.99

29.3

35.0

3.46

898

39.7

619

871

487

934

70.6

"Rb/^Sr

25.23

16.18

1.234

1.078

26.14

908.2

54.8

21.12

3551

0.145

24.09

0.529

0.472

0.731

0.313

0.103

*7Sr/a*Stt2o^R'(2)

1.25195.+ 14

1.11984+8

0.82981_±6

osm±3

U3803jt4

l lJ690_tl5

159580^10

1.22160_±12

1.481114.13

0.70902JL27

1.25525^11

0.75078^7

0.74948jt4

0.75587^10

0.74529^4

0.7343U20

(1) The symbols for the different minerals are given in the text.
(2) The errors are given in 10 except for the muscovite (m), for which it is given in 10"4.
ql * quartz digestion by HF - HCI
q2 = quartz leaching by HCI IN



Table 5-3. Rb-Sr Data for the Solutions Collected in Three Drillholes at Stripa

Sample
Numbers (1)

M3

v,
v2

Seawater
(Faure 1982)

Location in the
Drillholes (2)

•5 m

-505 m

-822 m

-

Rb
mg/L

0.001

0.010

0.005

0.110

Sr
mg/L

0.1.1

1.51

0.76

7.60

Rh/Sr

0.008

0.007

0.007

0,0145

B7Sr/MSr_t2o/7N(3)

0.74056_t9

0.75360jt6

0.74748jtS

0.70906+.:*

(1) Sample numbers are drillhole references.

(2) Locatioas are depths underneath surface,

(3) Errors given in 10"5.
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more radiogenic. 0.741 to 0.754. while the mean seawater value is 0.709
(Faure. 19S2). The very low Rb/Sr ratio of about 0.007 excludes the
possibility of an evaporitic concentration of marine origin, by either an in situ
enrichment of radiogenic * Sr from decay of 8 Rb, or by leaching of alkali-rich
salts. Carnallite, for example, has a Rb/Sr ratio greater than 400 (Oesterle.
1974) and neither the Rb and Sr contents nor the "Sr/^Sr ratio can be
explained by simple dilution of seawater by groundwater. The Rb/Sr ratios
of the Stripa waters are 0.007 to 0.008 and that of the seawater is 0.015. No
mixture of these two members will produce the desired solutions. To
generate such solutions, the dilute end member must be very depleted in Rb
and Sr and have ^Sr/^Sr ratios as high as 0.800. This is an abnormally high
value for waters, but it is still lower than the "Sr/^Sr ratios of all major
components of the rocks (Figure 5-2).

The ' 'Sr /^r ratios of the deep groundwaters (VI and VII) are very close to
those of the two deep fracture coatings, especially for the chlorite-rich small
size fraction separated from r4 sample. These coatings are assumed to have
been developed closely after intrusion of the granitic body. It cannot be
excluded, however, that the whole rock-plagioclase apparent age, as well as
ages obtained on the other mineral fractions, may result partly from an open
system behavior at a small scale due to the hand specimen size of the whole
rock and that subsequently all the ages have no real geological meaning.
Nevertheless, we believe that the age of the waters is much younger than that
of the granite itself, and therefore propose that the waters were initially dilute
waters which subsequently leached the fracture zones of the granite.

5.5 CALCUM. MAGNESIUM AND ALKALINITY CONTROLS OF THE
STRir A WATERS AND THERMODYNAMIC CONTROLS

The origin of the salinity measured in the Stripa waters cannot be determined
directly: it can be estimated through geochemical modeling. The first step is
the identification of the source for salinity. Since analytical results have
excluded simple mixing of aqueous sources, such as seawater and ground-
water, the origin of salinity has to be related to the rock-body itself. This
means a long-term solution-rock interaction involving either a leaching of
fluid inclusions and/or a reaction with minerals in the 'porosity" (fractures
and fissures) of the rock. Such a long-term interaction should have given a
specific signature to water chemistry. Specifically, this could explain the
particularity of the Ca-Mg-Ph-pCO; system.



8 7Sr/8 65rA

0.76

0.74 *M3

0.72

0.70

•'V2

• SW

10
Sr ppm

Figure 5-2. ^Sr/^Sr ratio vs. Sr content of the Stripa waters compared to the
standard seawater values.
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5.5.1 Calcite Control. pH. and pCO2

A proportion of salinity in the Stripa waters is due to the Ca content. The
most concentrated solution reported by Nordstrom et al. (1985) is for sample
81 AW 208; the analysis is:

Na = 304 mg/1 = 13.2 mMoles/1

Ca = 170 mg/1 = 4.24 mMoles/1

K = 2.5 mg/1 = 0.064 mMoles/1

Mg = 0.32 mg/1 = 0.013 mMoles/1

Cl = 700 mg/1 = 19.74 mMoles/1

SO4 = 95 mg/1 = 0.99 mMoles/1

Alkalinity (total) = 0.21 meq/l

pH = 9.27

The pH above is high enough to induce chemical speciation with a very high
[Ca2+]/[H + ]2 activity ratio. This favors saturation with respect to calcite
(Figure 5-3) even when the alkalinity is very low as is the case here. It also
induces a very low equilibrium value for fCO2. This can be seen in Figure 5-
3, where different waters from the Stripa site are plotted. The activity ratio
[Ca2+]/[H + ]2 and the carbon dioxide fugacity were calculated using the
speciation calculation model EQUIL(T) at 8° to 11°C (Fritz, 1981). The
waters are slightly oversaturated with respect to calcite over a very wide range
of fCO2 values, 2.7 orders of magnitude below atmospheric levels. This is an
important argument for discussion, because it underscores that high pH values
and high Ca are consistent with low carbon dioxide values at saturation with
respect to calcite, the most common carbonate mineral. The high Ca/Alka-
linity ratio (10 to 20) allows this saturation without the presence of abundant
calcite in the fractures.

In addition, the very low calculated carbon dioxide values show that sampling
and pH measurements have not been significantly disturbed by the atmo-
sphere and that such values are consistent with a long-term reaction for a
water-rock system closed to the atmosphere and without sources of inorganic
carbon.
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Figure 5-3. Saturation state of solutions with respect to calcite and pH in a [Ca"
[H + ], FCO2, activity diagram at field temperatures (8 to 11°C).
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5.5.2 Magnesium Control

The Ca content and the alkalinity of the Stripa waters are clearly related
through an obvious calcite control. The Mg concentrations, however, are too
low to be involved in a carbonate phase, and the solutions are significantly
undersaturated with respect to magnesite and dolomite. The very low Mg
concentration cannot be explained only by the occurrence of a trace mineral,
which cannot produce such a depletion of Mg concentration The pH values
are, however, high enough to produce high [Mg2+)/[H* J2 activity ratios, which
have been considered in the chlorite-kaolinite diagram (Figure 5-4) between
8° and 11°C. It can be noticed that the Stripa waters with the highest pH
values, in other words those which are not contaminated by atmospheric CO2,
plot around the saturation state for the Mg-chlorite or clinochlore. If this is
true, it could be assumed that the low Mg content could be related here to a
low temperature chlorite control of the chemistry of the solution. This kind
of control is more typical in hydrothermal waters, with a higher silica content
but lower pH values. This conclusion represents, in fact, a second argument
in favor of relations between the chemistry of the waters and the mineral
components of the fractures in the granitic body.

5.6 DISCUSSION

The results obtained by a combined isotopic and thermodynamic study suggest
that any seawater origin, directly through mixing or indirectly through
evaporitic concentration, can be disregarded as an explanation for the
chemical composition of the deep groundwaters sampled in the Stripa granite.
As previously stated for the Br/CI ratio for example, which has similar values
in the solutions and rocks of Stripa, but different from seawater, the Sr
isotopic data cannot be explained by a mixing of a marine end member
diluted by groundwater.

The waters in the granitic body of Stripa most likely result from a rock-water
interaction and from a "fracture leaching", which might include a possible
leaching of fluid inclusions such as those of the quartz grains. This hypothesis
is, furthermore, consistent with results obtained by hydrological studies which
show a very low regional hydraulic flow (Carlsson and Winberg, 1983).

The present-day groundwaters are probably not responsible for the fracture
coatings. More than likely, they may have resulted from long-term interac-
tions with their minerals. As they have low Rb/Sr ratios compared to the
fracture minerals, they could have preferentially leached the minerals having
low Rb/Sr ratios, such as chlorite and/or epidote, taking in account their
saturation with respect to quartz. This kind of interaction would then explain
the calculated saturation slate and their low Sr and Mg concentrations.
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Figure 5-4. Saturation state of solutions with respect to gibbsite, kaolinite,
pyrophyllite and clinochlore in a [Mg+ + ], [H + ], (H4 SiO4], Kborzinsky's diagram at
field temperatures (8 to 11°C).



A further test of the water-rock interaction hypothesis would be to determine
if leaching of fluid inclusions could have occurred in the microfractures of
quartz grains, even though quartz is stable in the solutions presently in the
pluton. To test that possibility, a quartz fraction was separated, and its purity
was checked by XRD. The Rb and Sr amounts and the ^Sr/^Sr ratio of this
fraction are much too high to be assigned to quartz only, even if the XRD
control did not show any contamination (Table 5-2). Further binocular
observation showed tiny intergrowths with microcline as their contents are
known in the microcline end member. If the entire Rb amount measured in
the mixture is assumed to be in the microcline, the mixture could contain 8
percent microcline at the most, as some Rb is probably also present in the
fluid inclusions of the quartz grains. This percentage is, in fact, unrealistically
high, as :t would result in an ^Sr/^Sr ratio of 0.603 for quartz inclusions,
which is impossible since the ^Sr/^Sr ratio of terrestrial material was never
lower than 0.699. Consider that 7.5 percent microcline contamination allows
calculation of a ^Sr/^Sr ratio of 0.757 for the quartz fluid inclusions, which
is fairly close to the values in the waters. If this assumption is correct, the
Rb/Sr ratio of the quartz fluid inclusions would be close to 0.5; subsequently,
if they contributed to the chemistry of the groundv/aters, the Rb/Sr of the
latter would have to be about 0.5 and not the measured 0.008, a difference of
about two orders of magnitude. Furthermore, the line drawn through the
microcline fraction and the quartz microcline mixture has an initial ^Sr/^Sr
ratio significantly lower than the value of 0.757 for the quartz fluid inclusions,
which is fairly close to the values in the waters. A complementary attempt
was made on separated quartz grains. After an intensive crushing, in order
to even reduce the fluid inclusions, we only leached the powder with dilute
Hcl (IN), instead of proceeding to a HF-digestion as in the first attempt. If
we assume that the HCi-leaching procedure allows only the leaching of fluids
from the inclusions, their ^Sr/^Sr and Rb/Sr ratios are 0.70902 _+. 27 and
0.050, respectively. These values are consistent with the results discussed just
above, on the quartz-microcline mixture, as the fluid inclusions values
represent truly the low end-member of the mixture line drawn through the
microcline, the quartz-microcline mixture and the quartz fluid-inclusions
(Figure 5-5).

These results are very important and we want to duplicate the measurements
of the fluid-inclusions. If they are confirmed, they will strongly suggest that
if fluid inclusions contributed at all to the salinity of the Stripa groundwaters,
they could not have originated from quartz grains of the granitic body. This
means that we have also to separate and analyze quartz grains from fracture
coatings.

The 87Sr/Ä6Sr ratio of the fluid inclusions in the quartz from the granitic body
is probably representative of the hydrothermal environment occurring after
emplacement. As most of the minerals were altered by this event, it might be
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Figure 5-5. Rb-Sr isochron diagram for the waters and fracture coatings of Stripa (for
definition of sample numbers, see Figure 5-1 and Table 5-1).
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that the ^Sr/^Sr ratio of the quartz fluid-inclusions should be used for the
age calculations of the minerals instead of the whole rock-mineral couples
used earlier. The plagioclase age would be 1.71 Ga and that of the microcline
would increase to 1.53 Ga.

5.7 CONCLUSIONS

The Rb-Sr geochemical and geochronological study on rocks, minerals and
groundwaters from Stripa granite in Sweden, combined with thermodynamic
considerations of alkalinity with Ca and Mg controls in the waters, point to
the following scenario for the origin of water salinity.

The magmatic intrusion of the Stripa body occurred at least
1.71 Ga ago.

A later hydrothermal activity which may have occurred 1.63 Ga
ago and which may be related to post-emplacement cooling
produced fracture coatings. These coatings are characterized by
mineral parageneses similar to that of the rock matrix. This
similarity argues for a high temperature origin of the mineral
coating the deep fractures, while some in the shallower zones
underwent more complicated processes.

The granitic body could have undergone further events.

Probably less than one million years ago, dilute waters entered
the granitic body, predominantly along permeable zones, such
as the previously formed fractures. These groundwaters have
interacted strongly with fracture minerals, such as chlorite, as
reflected in the Rb/Sr ratios and ^Sr/^Sr ratios.

The hypothesis proposed here for the origin of salinity in the Stripa
groundwaters is based on a long-term rock-water interaction. It clearly
discards a marine origin for the primary waters and a contribution of the fluid
inclusions of the granitic body to their salinity. However, we think that
investigations are necessary to definitely address this new proposal for the
origin of the dissolved material in the groundwater which is in the crystalline
rocks at Stripa.
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5.8 REMARK

Part of the results presented herewith has been published in the proceedings
of the GAC-MAC meeting, 1985, Fredericton, N.B., Canada. Geological
Association of Canada Special Paper 33, 1987, pp. 121-126.
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DEUTERIUM. OXYGEN-18. AND TRITIUM IN STRIPA GROUND-
WATER

6.1 INTRODUCTION

Concentrations of the stable isotopes, deuterium (2H) and oxygen-18 (18O), in
groundwater are largely determined by their original concentrations in the
recharge water plus evapotranspiration and mixing which may take place in
the soil horizon. Both 2H and 18O contents of groundwater display conserva-
tive geochemical behavior unless affected by isotopic exchange which normally
is important for 18O at high subsurface temperatures and may also possibly be
of importance after very long contact times with various minerals. Analyses
of 2H and 18O have proved useful in helping to understand the original
location, amount and age distribution of water which has recharged aquifers.

Tritium (3H), which has a half-life of 12.4 years, is commonly used in
hydrogeology to distinguish between younger water (recharged after 1952) and
older water (recharged before 1952); and also to date groundwater up to
about 70 years old. In the Stripa project, 3H analyses have provided a cost
effective tool for the recognition of young groundwater in the fracture systems
of the Stripa granite.

The following account is a greatly condensed version of an article by Moser
et al. (1989) published in Geochimica et Cosmochimica Acta.

6.2 DESCRIPTION OF RESULTS

Analytical results are summarized in Tables 5-1 and 5-2. These are averaged
values of the full data set which is presented by Moser et al. (1989). With
only a few exceptions, the isotopic composition of repeated samples of
groundwater from the same location show no time-dependent trends during
the 9 years of sampling. Those that do show trends are analyses of oxygen-18
and tritium from borehole M3 and analyses of tritium from borehole V2.
Borehole M3 is near the location of subsurface heater experiments which
started in the early part of 1978. Analyses of groundwater from M3 show a
small (0.5°/oo) but abrupt decrease in the concentration of oxygen-18 and an
increase in tritium from about 0.6 TU to about 10.4 TU which corresponds
in time to the start of the full-scale heater experiment. Changes in tritium
concentrations in V2 within the different sampling intervals are very small but
appear to be significant. Typically, samples indicated initial concentrations
ranging from 0.34 _+. 0.26 TU to 0.85 ± 0.30 TU. After one year of repeated
sampling in V2, concentrations dropped by about 0.5 TU and ranged from
0.02 _+ 0.09 TU to 0.34 _+ 0.11 TU.



A compilation of regional data on the isotopic composition of water from
southern Sweden (Table 6*1), as well as a consideration of measured regional
variations (Burgman et al., 1981; Moser et al., 1989) suggests that recent
recharge to groundwater will have concentrations of oxygen-18 from -11 to -
120/oo and of deuterium from -80 to 9O0/,,,,. For the main period of study
(1976 to 1986), tritium concentrations of samples of shallow groundwater in
the vicinity of Stripa have generally ranged between 10 and 100 TU (Moser
et al., 1989). The actual values of tritium concentrations in precipitation have
varied widely according to the season of the year, and even during a single
precipitation event. Also, the overall average concentrations of tritium in
precipitation have undoubtedly declined slowly during the period of study.

6.3 INTERPRETATION AND DISCUSSION OF RESULTS

The following interpretation and discussion will address the contributions of
the isotopic studies to three basic questions: (1) What is the origin of the
water?, (2) How old is the water? and (3) What are the paths of migration of
the water? The brief summary in this report follows the more extended
report by Moser et al. (1989) which in turn depends in part on the earlier
report by Nordstrom et al. (1985). These two basic works should be consulted
for further data and a more extended discussion of various hypotheses used
to explain the observed isotopic distributions.

Deuterium and oxygen-18 data from Stripa (Table 6-2) appear to demonstrate
conclusively that the bulk of the groundwater originated as local precipitation.
This conclusion is based on the fact that the isotopic data for the groundwater
plot very close to the global meteoric line; and the fact that the isotopic
composition of the groundwater is almost the same as present-day precipita-
tion. Isotopic evidence is lacking for the presence of measurable volumes of
either marine or magmatic water, which might have been mixed at one time
with the fresher groundwater. However, as Moser et al. (1989) pointed out,
the evidence from dissolved solids in the water, when combined with isotopic
data, suggests strongly that the concentrations of dissolved solids in the water
result from at least a three-component mixing system, even though the water
itself is almost entirely (by volume) of surface meteoric origin.

Twc lines of evidence give some information concerning water "ages." First,
the presence of tritium sets certain limits on the residence time of the water
in the deep subsurface. If a pre-1952 concentration of tritium of 6 TU is
assumed and the deepest groundwater is assumed to have a concentratiun of
0.3 TU (Table 6-2), then a subsurface residence time of about 50 years is
indicated if a piston displacement model is used. In contrast, groundwater
from shallow sources has levels far above the historical background, so a large
fraction of this water must be post-1952, the date when the first large-scale



Table 6 -1 . Average Values of Tritium, Deuterium, and Oxygen-18 in Surface Water and Shallow Groundwater
(Number of Samples in Average Given in Parentheses)

Sample
Description

Surface ponds and streams

Shallow groundwater near
Stripa

Private wells near Stripa

Shallow drillholes, Stripa

Groundwater from various
parts of southern Sweden

Oxygen-18
(VooSMOW)

-10.2(9)

-12.7(4)

-11.4(12)

-10.9(10)

-11.3(11)

Deuterium
(VooSMOW)

-78.9 (9)

-85.2(2)

-82.6(7)

-79.7 (8)

-81.0(11)

Tritium
(TU)

54(1)

61(1)

46(7)

86(6)

6(11)

o
o



Table 6-2. Average Values of Tritium, Deuterium, and Oxygen-18 from Selected
Drillholes from the Stripa Mine (Number of Samples Given in Parentheses)

Borehole

M3

El

Nl

VI

V2

Depth Interval
Below the

Surface (m)

339-345

357-657

356-399

766-863

457-863

787-863

418-449

799-807

812-820

900-908

960-968

969-1232

Oxygen-18
C/oo SMOW)

-12.2 (25)

-12.5 (3)

-13.0 (13)

-12.9 (5)

—

-12.9 (4)

-12.5 (3)

-13.1 (6)

-13.2 (6)

-13.3 (6)

-13.2 (6)

•13.1 (7)

Deuterium
(Voo SMOW)

•89.1 (18)

•92.4 (3)

-94.0 (13)

-93.3 (5)

-92.1 (7)

•93.5 (4)

-90.9 (3)

-94.9 (6)

•94.7 (6)

-94.4 (6)

•94.4 (6)

-93.7 (7)

Tritium
(TU)

7.9 (12)

18.2 (2)

0.18 (7)

0.81 (2)

1.06 (6)

2.2 (4)

—

0.66 (6)

0.41 (6)

0.26 (6)

0.34 (6)

0.36 (6)
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testing of thermonuclear devices took place. The second line of evidence is
in the stable isotopes, deuterium and oxygen-18, which are at significantly
lower concentrations at depth. Moser et al. (1989) as well as Nordstrom et
a!. (1985) have explained this depletion of heavier isotopes as due to colder
climatic conditions in the past. The Pleistocene record suggests that climates
colder than at present prevailed many times during the past 2 x 106 years; and
that the last time temperatures were low enough to account for the isotopic
composition of the deep, the groundwater was very roughly 10* years ago.
Although various other lines of evidence suggest that the bulk of the deep
water may be more than 10* years old, the figure of 10* years is still useful for
setting a lower limit to the age of the water.

Isotopic studies have given information concerning the nature of flow paths
in the Stripa granite. The changing tritium and stable isotope composition of
M3 samples noted above, probably reflects a progressive penetration of
surface or near-surface water into the mine, probably in response to the
heater experiment. The slight drop in tritium concentrations in V2 samples
suggests flow in interconnected fractures, which are being flushed of water
which may have acquired slight amounts of tritium during the drilling process.
In contrast, some fractures penetrated by fairly closely-spaced drillholes have
each encountered water of distinct characteristics, thus possibly demonstrating
that some fractures are not interconnected.

Another aspect of the interpretation of the isotopic composition of groundwa-
ter is the question of mixing within the groundwater system which will tend
tc erase the original seasonal variations which are present in the precipitation.
Within a soil system which has a high porosity, hydrodynamic mixing
combined with molecular diffusion should erase seasonal variations present
in the recharge water within depths of 2 to 5 m, particularly if most of this
distance is within the unsaturated zone. However, where water enters more
or less directly into fractures in bedrock, mixing is not very efficient and the
system tends to approach piston flow. In a study of oxygen-18 in crystalline
rocks in central Sweden, Saxena (1984) concluded that, in certain areas,
mixing was not complete at depths in excess of 70 m.
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7 THE ISOTOPE GEOCHEMISTRY OF CARBON IN GROUNDWATER
AT STRIPA

7.1 BRIEF DISCUSSION OF WORK COMPLETED

Removal of calcite has no measurable effect on the 14C activities of the
dissolved inorganic carbon and thus radiocarbon dating. Similarly, no
evidence exists that diffusive loss of radiocarbon into micropore water in the
granite or isotope exchange with fracture calcites played any significant role.
Therefore, indications are that the total inorganic carbon (TIC) of the waters
entering short boreholes at the 300 m mine level and the top of borehole V2
has a mean residence time (age) in excess of 20,000 years.

The geochemical history of the deeper groundwater and, therefore, the
interpretation of the radiocarbon data is substantially more complex. The
most important observation is that organic carbon is added to some of the
more saline waters which occur at a depth between about 850 and 950 m
below ground surface. This addition is a possible indication for active
bacterial processes, an interpretation also supported by sulphur isotope data
(see Fontes et a!., 1989) and bacteriological analyses (Christofi et al., 1985).
The low 613C values seen in the TIC are also recognized in fracture calcites
collected at these depths.

The source of the organic carbon is as yet unknown but should originate in
the soil zone of recharge environments. Then, I4C dating of the organic
carbon would be of value and would provide information about groundwater
age. If it is old carbon, such as methane, which migrated into these systems
from the outside, then the initial radiocarbon pool of groundwater would be
diluted, and appropriate correction would have to be applied before age
calculations can be undertaken.

The 14C concentrations of TIC in the deep groundwaters appear to be
somewhat higher than the values measured at the 300-400 m levels. It is not
impossible that this reflects relative age distributions, especially if the
presence of tritium in VI is confirmed. It must be mentioned, however, that
the lowest tritium values are found in the zone of saline groundwater with the
very low <513C values and that mixing in boreholes and between fracture
systems can explain the observed data. Nevertheless, the TIC of all deep
groundwater has low 14C contents, and it appears safe to assume that the deep
water samples contain at least a potentially old component of groundwater.

It is important to note that the distribution of chemical constituents, stable
isotope concentrations in the water, and <513C values in the TIC document that
different flow regimes exist within this granite and that the hydraulic
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interaction between different fracture systems is very limited, at least under
"natural" flow conditions.

The platy calcite found on open fractures yields 618O values which overlap
with those seen in the fine-crystalline subgroup. Hence, this group also has
potentially a "modern" origin. However, whereas the low 13C contents of the
platy calcites (and the associated TIC) reflect conditions ;inder which either
sulphate reduction has occurred, as substantiated by isotope analyses on
sulphates or where organic carbon was added to the inorganic aqueous carbon
pool (TIC) through other processes, the very positive 6l3C values of the fine-
crystalline calcites most likely reflect a reducing regime in which methane-
producing bacteria were present. As sulphate reduction usually precedes
methane production in a reduction sequence and as sulphate is present in all
waters collected in this study, it is unlikely that methane production is at
present an active process.

The available data base is not large enough to make definitive statements
about the vertical or horizontal distribution of the different calcite generations
in the Stripa granite. This is emphasized by the data obtained from the
horizontal borehole Nl, where 618O values vary between approximately -10.4
and -23.6°/^ and the <513C values spread between +4 and -26.80/oo.

Age dating of three fracture calcite samples by uranium/thorium isotopes was
attempted by Milton (1987). Unfortunately, only one of the samples for
corresponding 13C and 18O analyses exist. Nl 259.35 has a 6UC = +0.47oo
and a <518O = -10.4°/oo. This carbonate is within the range of the potentially
modern precipitates and yielded a "mean age of deposition" of about 95,000
years. The two other samples gave ages of about 210,000 _+_ 60,000 and
> 350,000 years, with the latter most probably belonging to the hydrother-
mal/magmatic group.

7.2 CONCLUSIONS

The stable carbon isotopic composition of shallow groundwater indicates that
the geochemica! evolution of groundwater to a depth of at least 100 m is
strongly influenced by the dissolution of calcite which occurs as fracture
mineral on fissures of the Stripa granite. This carbon uptake results in a
dilution of the radiocarbon pool acquired as dissolved inorganic carbon (TIC)
in the soils of the recharge zone. Dilution factors as low as q = 0.5 were
calculated.

Below a depth of approximately 100 m, groundwater is saturated with respect
to calcite, and silicate weathering becomes important. The pH of the water
approaches 10, and the total dissolved load increases. As Ca becomes a
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dominant ion and because of the high pH values, calcite supersaturation is
achieved and the mineral does precipitate. Isotope data on fracture calcite
show that indeed a "potentially modern" calcite generation can be recognized
on the basis of stable isotope and mineraiogical data. Milton (1987) used
uranium/thorium isotope data to argue that active precipitation may have
indeed occurred during the past 100,000 years or so.
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AQUEOUS SULPHATES FROM THE STRIPA GROUNDWATER
SYSTEM

8.1 INTRODUCTION

The geochemical survey of groundwater in the granitic batholith at Stripa was
initiated by Fritz et al. (1979, 1980) and pursued in detail by Nordstrom et al.
(1983a, 1985, and 1989a).

The salinity of the borehole waters is quite variable with a notable increase
at depth. Changes in dissolved constituents are especially clear for chloride,
whereas other ions do not increase simply with the amount of total dissolved
solids but are also controlled by geochemical processes which are evident in
the distribution of Ca2*, HCO3\ and pH. As a result of these processes, deep
groundwaters are of the Na-CI-Ca-SO4 type, whereas shallow waters are of the
Ca-HCOj type and remain diluted.

The sulphur geochemistry in the Stripa groundwater system is of special
interest because large variations in sulphate content occur in groundwaters
from different boreholes. There is a rather systematic increase of sulphate
concentrations with chloride, from less than 1 mg I"1 to more than 100 mg 1'1.
Both reduced and oxidized forms of aqueous sulphur coexist locally.

Isotope contents of aqueous sulphur compounds are used as indicators of the
origin of dissolved sulphate and as an index of biogeochemical redox
processes.

The present report is a greatly condensed version of a longer report in the
journal Geochimica et Cosmochimica Acta (Fontes et al., 1989). Further
details are given in the longer report, particularly as they relate to a
discussion of sampling and analytical methods, general aqueous sulphate
chemistry, and comparisons with sulphate trends in other regions.

8.2 AQUEOUS SULPHATE IN SURFACE WATER AND SHALLOW
GROUNDWATER

Relevant sulphate data for water from the Stripa area are given in Table 8-1
and shown graphically in Figure 8-1. Fontes et al. (1989) have shown by
principal component analysis of major dissolved constituents and depth that
the samples can be separated easily into three different groups, namely, 1)
shallow groundwater, 2) groundwater from depths of 300-440 m, and 3)
groundwater from deeper than 500 m.



Table 8-1. Representative UO and *S Contents of Aqueous Sulphates from Stripa
Groundwater. (For a more complete listing, see Nordstrom et al., 1985)

Sample

Snow

Surface water

PW1

PW1

PW4

PW4

M3

M3

Nl

VI

VI

VI

VI

VI

VI

VI

VI

VI

VI

VI

V2

V2

V2

V2

V2

Sampling
Interval

003-300

409-506

409-506

005-506

005-506

100-505

100-505

100-505

100-505

100-505

460-505

Average

356-470

382-423

406-410

424-499

424-499

Date

85-03

85-03

82-06

85-03

82-06

85-03

82-06

86-01

82-06

81-06

81-07

81-11

82-06

83-10

83-10

83-12

84-01

84-02

85-03

81-06

84-04

82-11

83-11

84-04

6ltO SMOW

+ 11.35

+7.73

+4.28

+7.39

+ 1.02

+ 0.29

+ 0.78

+ 2.96

+ 5.27

+ 7.80

+7.30

+ 8.10

+ 7.81

+ 7.58

+ 7.58

+ 8.26

+ 7.83

+ 7.55

+ 9.52

+ 7.94.+0.59

+ 7.95

+ 8.70

+ 7.54

+ 9.15

+ 9.58

Ä^SCD

+ 11.25

+ 9.37

+5.13

+ 8.49

+3.60

+ 2.16

+ 11.28

+12.71

+ 27.92

+ 12.84

+12.85

+13.86

+13.79

+13.84

+14.08

+14.54

+13.91

+14.38

+13.73

+13.77^0.53

+15.04

+14.90

+15.35

+18.94

+ 21.60



Table 8-1.-Continued
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V2

V2

V2

V2-5

V2-4

V2-3

V2-2

V2-1

Ky-14

Leptite

Baltic Sea

Baltic Sea

500-561

562-822

562-822

389-397

402-410

490-498

550-558

559-822

(S. SWEDEN)

84-04

83-11

84-15

86-03

85-03

85-03

85-03

85-03

-200 m

-50 m

+ 10.59

+9.72

+ 10.06

+9.09

+8.89

+ 10.14

+ 10.84

+ 13.10

+ 12.03

+ 12.05

+ 8.83

+ 6.93

+24.30

+2530

+24.80

+ 17.60

+ 16.05

+ 18.43

+23.78

+27.41

+14.05

+22.02

+ 19.40

+ 19.22
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Figure 8-1. Relation between 18O and ^S in the sulphate ion within various materials.
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Representative points of aqueous SO4
2' from shallow groundwater (5 points)

lie along a line in Figure 8-1 which also includes analyses of SO4
2' from

surface water and from precipitation. This is probably a mixing line. The end
number with the heaviest isotopes would be meteoric sulphate. Such values
have been observed in other countries and have been attributed to a mixture
of sea spray and sulphates from the oxidation of sulphur in fossil fuels. For
example, a detailed study of ^S and 18O contents of meteoric SO4

2" in Poland
has shown a rather constant concentration of about a S^S of + 3.7 °/oo and
a 6UO which was strongly correlated to the SliO in precipitation (Tremba-
czowski and Halas, 1984).

By using methods used by Taylor et al. (1984), Fontes et al. (1989) calculated
the lowest hypothetical value for 618O and SO4

2* from the oxidation of a
sulphide at Stripa to be -7.5 °/00. Inasmuch as the oxidation of sulphides in
this example is not fractionating for sulphur isotopes, the 6MS is assumed to
be close to zero. These values for Ä18O and S^S fall close to the hypothetical
mixing line shown in Figure 8-1.

8.3 AQUEOUS SULPHATE FROM INTERMEDIATE GROUNDWATER

Water from M3 and especially Nl (340 m depth) are depleted in sulphate.
This depletion correlates with a high MS content. An H2S odor of the water
indicates that sulphate reduction is taking place. In Figure 8-1, Nl and M3
samples fall on the trend line with a slope close to A which is the slope
reflecting the effects of bacterial reduction (Fontes et al., 1989). The low
sulphate contents of water from M3 and Nl can be explained, therefore, as
the remaining fractions of partly reduced sulphate. The distribution of points
on Figure 8-1 suggest that SO4'

2 of shallow origin is the common source of
sulphate for Nl and M3.

8.4 AQUEOUS SULPHATE FROM DEEP GROUNDWATER

Based on the interpretation of data shown in Figure 8-1, the isotopic content
of sulphate from VI and V2 does not show an evolutionary connection with
sulphate from intermediate or shallow zones. The V2 sample points lie along
a straight line with a slope close to 4. V2 sulphates appear to be a remaining
fraction of a limited sulphur reservoir after various degrees of bacterial
reduction. In contrast, isotopic values for samples from borehole VI are quite
homogeneous with an average value for 6liO of +7.94.+. 0.54 and for S^S of
13.77 _+ 0.53. Fontes et al. (1989) suggested that V2 sulphates are derived
from Vl-type sulphates through bacterial reduction. Inasmuch as VI water
has a variable sulphate content which is independent of isotopic ratios, a
dilution by a water of unknown origin with a low SO4

2 content is suggested.
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8.5 ORIGIN OF SALINITY AND AQUEOUS SULPHATE IN DEEP
GROUNDWATER

The very peculiar chemical composition, particularly the very high Ca/Mg
ratios, of the deep groundwater (Nordstrom et al., 1985) indicates a water
which has undergone extensive diagenetic reactions. Inasmuch as the host
rocks for the deep groundwater are vast reservoirs of potential dissolved
cations, the cations themselves cannot generally be used to infer the origin of
this water prior to the contact between the present host rocks and the
groundwater (Fontes et ah, 1989). The anions HCO3", CO3"\ and F are also
not conservative because they are controlled in groundwater by solubility
products (Nordstrom et al., 1985). The ultimate original of the waters must
be discussed through the contents of the most conservative constituents such
as deuterium, chloride, bromide, and to some extent sulphate and individual
isotopes within the sulphate.

8.5.1 Hypotheses of Origin

Several hypotheses of origin of the deep water will be discussed. These can
be described briefly as follows:

(a) Lateral intrusion of recent seawater.

(b) Vertical or lateral intrusion of water from the Holocene Baltic
Sea.

(c) Leaching of evaporites or the contribution of associates brines.

(d) Leaching of fluid inclusions or any other form of rock sulphate.

(e) Saline fluids in crystalline rock environments.

Hypothesis (a). Hydrogeologic evidence for present-day intrusion of modern
seawater is lacking. Geochemical evidence is also negative. Although
bacterial reduction of marine sulphate could produce the lower MS content in
VI samples, this reduction would not explain the higher 18O concentrations
also found in the sulphate ion. Fontes et al. (1989) calculated mass balances
of mixtures of modern seawater and other components which might possibly
explain the observed hydrochemistry of the deep groundwater. Using values
of SO4

2, *S in the SO4
2, 18O in the SO4

2, l8O in the water, Cl, and Br , they
concluded that only very small amounts of modern seawater could possibly be
present and, if so, other waters of unusual composition would be required to
mix with the seawater in the natural system.
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Hypothesis (b). Arguments similar to those presented in the discussion of
hypothesis (a) were used by Fontes et al. (1989) to discount hypothesis (a).

Hypothesis (c). Solid evaporites or residual brines could have heavy isotope
contents very close to those observed in sulphate from water samples from
borehole VI. The high Br"/Cl" ratio present at Stripa would be best explained
by the presence of some residual brines remaining in the fissured bedrock
rather than the dissolution of solid halite which would yield a very low BrVCl"
ratio. A primary difficulty with hypothesis (c), however, is the fact that
Paleozoic or later evaporites in the from of sedimentary beds are not known
to exist within at least 300 km of Stripa. Nevertheless, as Fontes et at. (1989)
have pointed out, such beds may have existed in the past and have since been
removed by erosion. If so, residual brines may have displaced other water in
the fractures of the Precambrian bedrock and some of this water mixed with
later water may still persist today. This hypothesis is attractive from a
geochemical standpoint. Heavy brines which have been found in southern
Sweden and southern Finland (much closer to known evaporite sequences)
have isotopic composition and Br/CI" ratios similar to those at Stripa and
lend support to hypothesis (c).

Hypothesis (d). Leaching of crushed Stripa granite, which presumably
releases much of the brine in fluid inclusions, has not as yet yielded sufficient
amounts of SO4"

2 to account for the SO4'
2 found in deep groundwater. The

presence of minor amounts of gypsum in isolated fracture fillings, however
cannot be discounted.

Both ^Cl concentrations in the water (Fabryka-Martin, 1988) and the stable
isotope contents of the aqueous SO4'

2 are compatible with a salinity derived
from the leptite which surrounds the Stripa granite. The SO4

2" concentration
in these rocks, however, may be too low to account for the observed SO4

2"
concentration in the deep water.

Hypothesis (e). The presence of saline water of magmatic, volcanic, and/or
sedimentary origin with crystalline rocks has been documented for many
shield regions (see, for example, Fritz and Frape, 1987). Rock-water
interactions during long spans of time are generally thought to be primarily
responsible for both chemical and isotopic compositions which are observed,
particularly as related to the cation content of the groundwater. As noted
above in section 8.5, the anions, nevertheless, may give some indication of
water origin. Studies of sulphate in brines of the Canadian Shield, for
example, show a range of 18O and **S concentrations which could, upon
dilution, yield waters similar to those found at Stripa.



8.6 CONCLUSIONS

Sulphate in groundwater in the granite at Stripa clearly reflects multiple
sources. In shallow groundwater, atmospheric fallout and the oxidation of
reduced species of sulphur provide most of the sulphate. In deep waters, an
external source must be assumed, although its origin is not clearly definable.
Nevertheless, the data obtained support the interpretation that the chemistry
of the deep groundwater at Stripa reflects mixing of at least two different
waters and/or sources of dissolved salts. One end member of this mixing is
local fresh water of undefined age, the other may be a brine, whose original
sulphate composition is reflected in the groundwater discharging from
borehole VI. Although the origin of the brine is uncertain, the possibility that
it is related to Recent or late-Pleistocene seawater can be excluded.
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NATURAL RADIOELEMENT SOLUTION BY CIRCULATING
GROUNDWATERS IN THE STRIPA GRANITE

9.1 OUTLINE OF FINDINGS

Natural radioelement concentrations in groundwaters from the fracture flow
regime in the Stripa granite have been monitored during the period 1977-86
(Andrews et al.t 1989). Uranium concentrations in groundwaters from depths
of 80 m or less and in mine waters from above the hydraulic sink produced
by the deepest mining level (410 m) range from 10 to 90 ppb. " H j / ^ U
activity ratios for these groundwaters are characteristic of chemical leaching
processes at the shallower depths while, at about 350 m, groundwaters occur
which have in addition dissolved ^ U by alpha-recoil processes. At greater
depths, uranium concentrations are indicative of the changed redox conditions
and are subject to activity ratio enhancement by the alpha-recoil process.
Groundwater residence times are estimated from the rate of such recoil
solution of 234U. The M2Rn contents of the mine waters are extremely high
and can be related to the m R n flux from fracture surfaces and the fracture
width.

Activity ratios ""Th/^Ra, 2IOPb/222Rn, and 210Po/222Rn have been used to
estimate residence times for these nuclides. These species, and by analogy III
and IV valent actinides, are likely to undergo very rapid deposition from the
aqueous phase, with mean residence times of less than a day.

The 226Ra content of the groundwater increases with salinity and is well
correlated with groundwater Ca content. The 22*Ra/226Ra activity ratios in the
groundwater suggest that water-rock interaction occurs predominantly with the
average granitic matrix rather than with highly uraniferous fracture mineral-
ization.

9.2 CONCLUSIONS

The Stripa granite is a high radioelement content granite with a U-content of
10-15 times the world average for granites. The uranium is easily accessible
to the aqueous phase and may be readily leached from the rock matrix.

Shallow groundwaters in the granite have high dissolved U-contents, and
1M\J/1XV activity ratios are enhanced because of both preferential chemical
and alpha-recoil aided solution of 234U. Residence times for the uranium
dissolved in the deeper groundwaters, based on alpha-recoil aided ingrowth
of ^ U , are <20 ka, and much younger (<1 ka) groundwaters are present in
some discrete fracture zones.
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The 2::Rn contents of the groundwaters have been used to deduce the fracture
widths in the flow system, and these range from 20 /im to 300 jun. Hydraulic
considerations show that, for such fracture widths, recent shallow ground-
waters could penetrate into the deepest boreholes within a few tens of years,
so that some mixing of groundwater types is very probable.

The mean residence times of the natural actinides, 23<Th and 210Po, have been
shown to be <8.7 days and <2 hours, respectively. Migration of homologous
4- and 3- valent actinides (for example, 239Pu and 24IAm), which are present
in nuclear wastes, should therefore be retarded considerably by the natural
groundwater flow system.

The solubility of 226Ra in the groundwaters increases with salinity, and a
positive correlation between 226Ra and Ca* * contents is observed. Mobility
of the high specific-activity fission product, ^ r , could therefore be apprecia-
ble in more saline groundwater.



10 THE IN SITU PRODUCTION OF RADIQISQTOPES IN ROCK MATRI-
CES WITH PARTICULAR REFERENCE TO THE STRIPA GRANITE

10.1 INTRODUCTION

Natural cosmogenic radionuclides have been used to estimate the average
subsurface residence time of groundwater since the early work with I4C by
Munnich (1957). More recently, other natural radionuclides such as 3H, ^ i ,
*CI, ^Ar, s K r and 1W1 have been used. A common assumption is made that
the production of most of these radionuclides is from interactions of primary
and secondary cosmic radiation with various elements in the earth's atmo-
sphere. The question of possible subsurface production of these and other
radionuclides has been addressed by a number of authors including Bentley
(1978) and Andrews et al. (1986) for *C1; Fabryka-Martin et al. (1985) for
129I; Zito et al. (1980). and Barker et al. (1985) for I4C; and Andrews and Kay
(1982) for 3H. Recently, Fabryka-Martin (1988) reviewed the entire topic of
the subsurface production of "cosmogenic" radionuclides. This report is a
condensed version of a more extended report by Andrews et al. (1989a).

Much of the subsurface production of radionuclides comes from the capture
of neutrons which in turn will be largely from (cr,n) reactions and, to a lesser
extent, directly from the spontaneous fission of ^ U . Inasmuch as a large
portion of the a particles in nature are from the decay of U and Th and their
daughters, subsurface production is very sensitive to the total amount of U
and Th present as well as their distribution within the host rock. Because
Stripa granite has an unusually large amount of U, the question of rates of
subsurface production is vital to the interpretation of analyses which have
been made of radionuclides in groundwater from Stripa.

10.2 THE NEUTRON FLUX IN THE SUBSURFACE

At the ground surface, the dominant source of neutrons is from the atmo-
sphere as secondary cosmic-ray particles and backscatter from neutrons
produced by negative muons interacting with solid material in the soil. Direct
penetration of neutrons from the atmosphere will die out rapidly with depth
and will be negligible beyond about 4 meters. Negative muons, which are
secondary cosmic-ray particles, interact with elements in the solid earth to
produce neutrons and will penetrate much further than neutrons from the
atmosphere. However, neutrons from muon interactions will be almost
negligible beyond about 50 meters as far as a major source of neutrons is
concerned. Normally, the neutron flux within a few centimeters of the earth's
surface is from 10 to 100 times the natural neutron flux at depths below 50
m.
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surface is from 10 to 100 times the natural neutron flux at depths below 50
m.

At Stripa, the dominant source of free neutrons at the depths yielding water
samples is from U, both directly as a product of spontaneous fission but more
importantly from (a,n) reactions on the light elements (Andrews et al., 1989a;
and Fabryka-Martin, 1988).

The neutron flux in the subsurface can be: (1) measured directly by neutron
detectors (Kuhn et al.f 1984; and Andrews et al., 1986), (2) estimated from the
chemical composition and capacity for neutron adsorption of the rocks (Feige
et al., 1968; Bentley, 1978; Zito et al., 1980; and Andrews and Kay, 1982) and
(3) by measuring the accumulation of a byproduct of natural neutron
activation (Kuroda et al., 1957). Calculated natural neutron fluxes at depth
at Stripa are 4.07 x 10"4 cm2 s'1 for the granite and 0.80 x 10"* cm 2 s"1 for the
leptite (Andrews et al., 1986). These values are within 15% of actual
measurements made in the mine (Andrews et al., 1986).

10.3 POSSIBLE SUBSURFACE PRODUCTION AT STRIPA

10.3.1 Tritium

Tritium, 3H, has a half-life of 12.4 years and is produced by cosmic-ray
secondary neutrons interacting with atmospheric nitrogen, I4N(n,3H)12C, as
well as less common reactions such as 16O(p,3H)14O and 2H(n,y)3H. The
natural 3H content of precipitation prior to anthropogenic sources of 3H
ranged from about 1 to 10 TU. Peak values in precipitation during the
atmospheric testing of nuclear devices were more than 3,000 TU in the
Northern Hemisphere.

The most important reaction producing tritium in the subsurface is 6Li(n,o)3H.
Given the Li content of water and rocks at Stripa and the neutron flux,
Andrews et al. (1989a) have estimated that the maximum reasonable
concentration to be expected from subsurface production at Stripa would be
between 0.07 and 0.7 TU. Inasmuch as these values span the detection limit
for most laboratories and inasmuch as the low values actually reported show
considerable statistical scatter, the presence of tritium originating from in situ
production cannot be demonstrated clearly for Stripa.

10.3.2 Carbon-14

Carbon-14 has a half-life of 5,730 years and is produced in the atmosphere by
cosmic-ray secondary neutrons, primarily by the reaction 14N(n,p)14C.
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Probable subsurface reactions producing I4C are 14N(n,p)14C, 17O(n,a)14C,
13C(n,Y)14C and UB(Q,P) I 4C. In addition, exotic decay modes in the U/Th a-
decay series can possibly be measurable sources of 14C (Davis and Murphy,
1987; Andrews et al., 1989a; and Fabryka-Martin, 1988).

The extent of possible production of I4C in the subsurface of Stripa has been
calculated by Andrews et al. (1989a). A significant amount is probably
produced in the rock matrix, fracture calcite and in the fracture fluids
themselves. However, because of dilution with stable carbon from these
materials, the specific activity is probably significant only in the fracture fluids.
Andrews et al. (1989a) have estimated the maximum probable 14C production
in the subsurface to result in activities of carbon in the bicarbonate ion of the
fluids of between 1% and 5% modern. Again, as in the case of 3H, the
presence of in situ produced 14C in the samples analyzed cannot be demon-
strated with any degree of certainty.

10.3.3 Chlorine-36

ChIorine-36 has a half-life of 3.01 x 105 years and is produced in the
atmosphere primarily by spallation of 40Ar by cosmic radiation, although the
reaction 36Ar(n,p)36Cl may be of secondary importance. In the subsurface, the
reaction ^CKn.Y^Cl is dominant (Bentley et al., 1986). Anthropogenic input
of ^Cl into the hydrosphere was primarily through the testing of fusion
devices in the Pacific by the military forces of the U.S.A. Ratios of ^Cl/CI
in world-wide fallout increased from background values which generally
ranged from 10 u to 10~n, exact values depending on latitude and proportion
of chloride derived from the ocean, to maximum values exceeding 10"10 during
the late 1950s and early 1960s. Owing to the rapid atmospheric fallout of ^
and the lack of significant present-day anthropogenic production, ^
ratios in precipitation have effectively returned to their pre-1950 levels
(Bentley et al., 1986).

Measurements of ^Cl in both water and rock samples from Stripa are
summarized in Table 10-1. Estimates of equilibrium values for in situ
production are also given. Inasmuch as ^CI/CI ratios in deeper groundwater
are significantly higher than can be reasonably assumed to have originated in
the atmosphere and inasmuch as 3H concentrations in these waters are very
low indicating negligible anthropogenic sources, a subsurface production of
^Cl is clearly indicated (Andrews et al., 1989a).

Other salient features of the data are that: (1) with two exceptions, ^Cl in
rocks appears to be near equilibrium with the calculated production rates,
(2) ^Cl/CI in water samples are generally well below expected equilibrium
values in the rocks, (3) anthropogenic ^Cl appears to be present in the



119

Table 10-1. Average Chlorine-36 Concentrations in Rocks and Water, Stripa

Type of Samples

Stripa granite(l)

(5 samples of rock)

Stripa leptite(b)

(1 sample of rock)

Shallow weU(c)

(1 sample of water)

Intermediate depth(d)

from boreholes (4 samples
of water)

Deep samples from bore-
holes (5 samples of water)

Deepest samples from bore-
holes (2 samples of water)

Depth Below
Surface (m)

376-1220

360

30-60

339-399

758-968

969-1232

Chloride
(mg/L)

...

„ .

3

38
(44)

475

495

Predicted
^Cl/ClxlO15

204

45

45

204

204

204

Measured

^cytixio15

190

52

1350

103
(55)

71

92

(b)

(c)

(d)

Predicted ^CI/CI ratio is from Fabryka-Martin (1988). Results of sample VIF were not included.
Ratio value of 1,620x10 appeared to be in error.

Predicted ^Cl/Cl ratio is from Fabryka-Martin (1988). Two samples were processed, but one sample
of uncertain origin is not included. This sample had a ratio of 170xl0"15.

Predicted CI/CI ratio is the estimated ratio for present-day precipitation in the area (Andrews et al.,
1989a). The presence of bomb-pulse ^Cl in this sample is confirmed by high values of tritium, 14C, and
129,

Predicted ^Cl/Cl values assume equilibrium with granite as given in footnote (a). Two samples, El
and M3, contained 19.4 and 9.2 TU, respectively, during 1984 (Nordstrom et al., 1985). The same
intervals yielded water with ^Cl/Cl ratios of 190xl0'15 and 112xlOls, respectively. This suggests that
anthropogenic ^Cl is present in these two samples. Values in parentheses exclude these two samples
in the averages.
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shallower water samples from the Stripa mine and (4) water from the leptite
should contain significantly less ̂ Cl than water from the granite provided that
in situ production rates are the controlling factors for the ^Cl concentrations
in the water.

10.3.4 Iodine-129

Iodine-12Q has a half-life of 1.6 x 107 years and originates primarily from
artificial fission of B5U and 239Pu, from natural spontaneous fission of ^ U and
from spall at i on of Xe by cosmic radiation in the atmosphere. Measurements
of n9I in late Cenozoic fluids as well as modeling suggest that the hydrosphere
and biosphere had iodine with n9l/ni\ ratios of roughly 10"12 prior to
production of U91 by artificial fission (Fabryka-Martin et al., 1989). Measure-
ments of I29I/127I ratios of Stripa groundwater show values ranging from
32 x 10"12 to 200 x 1012, clearly well beyond the range of possible ratios due
to natural production of 129I in the atmosphere. Subsurface production of 129I
is discussed further in Chapter 11 of this report.

10.3.5 Argon-3'

Argon-37 has a half-life of 35.1 days. Because of the relatively slow rate of
groundwater migration, any 37Ar found at depth in Stripa must have a
subsurface source. This source is most likely 40Ca(n,a)37Ar (Andrews et al.,
1989a). Significant 37Ar activity was measured in deep groundwater at Stripa
and is considered to be due to in situ production (Loosli et al., 1989).

10.3.6 Argon-39

Argon-39 has a half-life of 269 years which is conveniently between the
shorter half-lives of ^Kr and 3H and the longer half-life of 14C. For this
reason and for the reasons that anthropogenic sources are minor and that
argon will not react with natural materials, it is an almost ideal radionuclide
with which to study the residence time of moderately young groundwater.
Where cosmogenicaily produced 39Ar (from spallation of 40Ar) dominates, this
application is feasible. However, 39K(n,p)39Ar reactions can produce
significant subsurface sources of Ar. Stripa groundwater has a surplus of
39Ar over the amounts to be expected in water which is in equilibrium with
atmospheric sources of argon.
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10.4 CONCLUSION

The natural neutron flux in Stripa granite comes from (ot.n) reactions in the
granite and, to a lesser extent, from spontaneous fission of 238U. The neutron
flux is sufficient to account for the in situ production of enough ^Cl, 37Ar and
39Ar to overwhelm the cosmogenic component in groundwater. Furthermore,
most of the KKr and l29I in the deep subsurface probably comes directly from
the natural spontaneous fission of ^ U . Measurable amounts of 3H and 14C
in groundwater may also be attributed to in situ production, but the quantities
are probably so small that they cannot be identified unambiguously against the
larger cosmogenic contributions of these radionuclides to the groundwater.
Reliable analyses of 81Kr have not been reported as yet, but a distinct
possibility exists that cosmogenic sources will dominate.
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11 IN-SITU PRODUCTION AND MIGRATION OF 1-129 IN THE STRIPA
GRANITE

11.1 INTRODUCTION

Iodine-129 has a half-life of 1.6 x 107a. A large part of atmospheric 129I is
derived from spallation of heavy nuclides, primarily those of Xe, in the
atmosphere by high-energy cosmic nucleons. Some 129I is brought to the earth
on meteoritic dust. Volcanic emissions are also an important source of U91
in the atmosphere. Subsurface production of 129I is largely through the
spontaneous fission of ^ U . Anthropogenic production of 129I is mostly from
the induced fission of 23SU and ^

Because of its high mobility in water and its long half-life, J29I tends to be
mixed uniformly in the hydrosphere, biosphere, and recent sediments.
Estimates based on a global geochemical model of iodine, together with field
measurements of late Pleistocene to Recent water and sediment samples,
suggest that the 129I/127I ratio should be 1.1 _±. 0.4 x 10 12 (Fabryka-Martin et
al., 1987) in samples of recent material, provided that iodine concentrations
have not been affected by lithospheric or anthropogenic sources. Although
iodine is easily vaporized, will undergo oxidation and reduction, and tends to
be sorbed by organic material (Behrens, 1982), the isotopic fractionation
between 129I and 127I in natural systems can be neglected because of their
small mass difference in relation to their total mass.

11.2 LITHOSPHERIC SOURCES OF 129I

In subsurface geologic settings, 129I is produced primarily by spontaneous
fission of 238U. Very minor amounts of 129I may be produced by natural
neutron activation of 129Te and l30Te, very close to the land surface, by
spallation of heavy nuclides by high-energy cosmic radiation.

In the case of the production of I29I from spontaneous fission of 238U, the rate
of production will be directly proportional to the concentration of ^ U . The
rate, in turn, can be calculated by knowing the 238U concentration, the fission
half-life, and the fission yield of 129I. Some uncertainty exists concerning the
fission half-life of mV. A value of 8.15 x 1015 years (Decarvalho et al., 1982)
has been used in this report. The greatest uncertainty, however, is in the
value of fission yields for 238U. The yield value for mass 129 has been taken
as 0.03% for spontaneous fission of 238U (Sabu, 1971).

Fission can also be induced in 235U by naturally produced neutrons. In order
to estimate the importance of I29I production from naturally induced fission,
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the neutron flux, ^ U concentration, and fission yield of 129I must be known.
The neutron flux has been both measured at Stripa and estimated from
chemical analyses of the rocks (Andrews et al., 1989; Feige et al., 1968; Zito
et al., 1980). Except in rare cases, the ratio of ^V^V in nature is 0.0072,
so that the granitic rocks at Stripa which have about 44 /xg/g of total U would
have about 0.3 Mg/g °f ^ U . The yield of mass 129 per induced fission of
^ U is about 0.75% or about 25 times as great as that for the spontaneous
fission yield. Despite the increased yield, the low concentration of B 5 U and
the small number of available neutrons indicate that, for Stripa, the induced
fission component is negligible (Fabryka-Martin, 1988).

11.3 SAMPLE COLLECTION AND ANALYSES

Iodine for analyses of 129I was recovered from different intervals in four
boreholes during November 1984. A few milligrams of iodine were needed
for the analyses, so many liters of water were processed for each value of n9I
which is reported. A column using an anion exchange resin (Dowex l-x8,100-
200 mesh) was used to remove the iodine from the water. Where water
volumes were small or where iodine concentrations were low, an iodine
carrier of known isotopic composition was added to the water. Iodine was
stripped from the resin using bleach. Isotopic ratios of the iodine were
determined by tandem accelerator mass spectrometry (Elmore et al., 1980).
Further details of sampling and analyses are given by Fabryka-Martin (1988).

11.4 IODINE-129 IN GROUNDWATER FROM STRIPA

Concentrations of 129I in samples of groundwater from the vicinity of Stripa
vary through about three orders of magnitude, and 129I/I ratios vary through
a little more than one order of magnitude (Table 11-1). In the broadest
sense, all measured values increase with depth, but local reversals exist.

As already mentioned, Fabryka-Martin et al. (1987) have estimated that the
I29I/I ratio prior to the existence of anthropogenic sources was roughly 1x10 n .
Because of the long half-life of 129I (1.6xl07a) and its high mobility in the
hydrosphere, initial ratios of 129I/I in recharging groundwater should have
been nearly constant for the past several million years. If true, then the high
ratios found in water from the Stripa area must be either due to anthropogen-
ic sources or to natural subsurface production. Inasmuch as the sample from
the shallow domestic well, PW-2, also contains significant concentrations of
tritium, it is reasonable to attribute the higher 129I/I ratio in this water to
anthropogenic sources. Owing to the very low concentrations of tritium in all
deeper waters except from El, the presence of anthropogenically produced
129I in water from these depths is doubtful with the exception of water from



Table 11-1. Iodine Isotopes in Groundwater from Stripa

Borehole
Interval

Depth Below
Surface (m)

I" Concentration I29I/I Ratio
x l0 a j f lo

129I Concentration
10* atoms/L+.lo

Shallow Groundwater

PW-2 30-60 3 16^1 0.2jt0.1

Subhorizontal

E l

N i l

boreholes from 360-m mine level

357-385

394-399

5.4

14

52JL4

4U.4

1.3jf0.2

2.7JL0.3

Vertical boreholes from 360-m and 410-m mine levels

Vl-1

V2-5

V2-4

V2-3

V2-2

V2-la

V2-lb

758-863

799-807

812-820

900-908

960-968

972-1232

969-1232

130

43

140

150

160

240

180

50jt7

40.+ 4

32JL3

95_±9

HOjt.7

200+.100

160.+.10

3 U 5

7.6JL0.8

21±2

69jf8

83jt6

240±120

140+.9

Samples collected and processed by June Fabryka-Martin and analyzed in the Nuclear Structure Laboratory of
the University of Rochester, New York, under the supervision of David Elmore. Samples collected in November
1984.



125

El. Fabryka-Martin et al. (1989) have estimated that 12VI produced by natural
fission of :38U in the granite is more than enough to account for the observed
ratios. They estimated that production of 129I in the granite, if it has reached
equilibrium with the rate of decay, would result in '*9I concentrations high
enough in the rock that less than 1% of the I29I produced could account for
the 129I/I ratios in the deep water. Uranium concentrations in the leptite
adjacent to the granite are roughly 15 to 25% of the concentration in the
granite (about 44 ppm). Therefore, ^ U concentrations even in the leptite are
probably enough to provide maximum observed concentrations of 129I in the
groundwater.

A number of factors affecting 1291 concentrations in groundwater at Stripa are
either not known or are poorly known; therefore, a quantitative interpretation
of the data in Tabl<* 1-1 in terms of the residence times of the water is not
possible. Specifically, the fission yield which has been discussed already, the
escape factor indicating the probability of movement of 129I from the solid
phase into pore water, the porosity of the rock, the initial concentrations of
stable iodine in the rock and the groundwater, and the diffusion constants for
the movement of various ionic forms of iodine through rocks, minerals, and
microfractures are poorly known but are critical factors in any geochemical
model of the system.

Despite this lack of knowledge, some qualitative conclusions are possible.
First, the residence time of groundwater below about 800 m from the surface
appears to be measured in several thousand years or more based on
reasonable assumptions for values of the unknown factors (Fabryka-Martin et
al., 1989) Second, the 129I/I ratios appear moderately constant between
depths of 357 m and 820 m below the surface and, because I concentrations
generally increase through this depth, a progressive mixing of water low in I
with a source high in I with a constant ratio of 129I/I of between 30xl012 and
50xl0n is suggested. This range of ratios might be typical of water from the
leptite, but information concerning water from the leptite is lacking. Third,
between depths of 900 m and 1232 m, the 129I/I ratio increases from about
95x10 n to about 160x10 12. The higher value may represent almost stagnant
water which is influenced strongly by the escape of I29I from portions of the
granite which contain uranium and may even represent water which has 129I
in near equilibrium with the 129I in the solid matrix of the granite.

Measurements of 3H, MC, and ^Cl/CI in the same boreholes indicate that,
with the exception of the shallowest sample, the presence of technological 129I
is unlikely. Consequently, the accumulation of 129I in the water is attributed
to subsurface production by spontaneous fission of 23*U coating the fractures
in the granite. The maximum measured concentration of 129I is only 1% of
the maximum possible for 100% transfer from rock to water; however, the
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water is probably far too young to have approached equilibrium conditions,
which would require a residence time of tens of millions of years.

In the deeper samples, 1291 concentrations are correlated with ^Cl/Cl ratios
of the dissolved chloride. Chlorine-36 is produced by neutron-capture on
stable ^Cl, and the ratio of ^Cl/CI for Cl in solution can be interpreted in
terms of the residence time of water in the granite. Ages up to 300,000 years
are calculated by this method. Based on this age profile for the deeper
samples, the rate of I29I accumulation in the water would be consistent with
rates of loss of 35 to 50% from U in the granite. These estimates of rates of
transfer from rock to water are sensitive to the value adopted for spontaneous
fission yield at mass 129 and to assumptions about fracture porosity, age of U
minerals in the fractures, and continuous rather than episodic diffusive loss.
Although the uncertainty associated with transfer rates is large, the Stripa data
prove that subsurface production can be a significant source of 129I in
groundwater.

11.5 CONCLUSIONS

The ratio 129I/I was measured in groundwater from several borehole intervals
in the Stripa mine, Sweden, by accelerator mass spectrometry. Sampled
depths ranged from 360 to > 1000 m below the surface. Measured ratios
were between 3xlO"12 and 2xlO10 relative to an assumed background
atmospheric ratio (pre-1945) of 1.1x1012. Atomic concentrations varied from
lxlO6 to 2xlO8 atoms/1, compared to an estimated concentration of 2xlO4

atoms/1 in pre-1945 rain water. Both sets of values increase as a function of
depth. Subsurface production of I29I is indicated. Although reliable estimates
of ages of groundwater cannot be made, the deepest water has almost
certainly been isolated from the surface for thousands of years.
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12 ANALYSES OF ORGANIC AND INORGANIC CARBON SPECIES IN
STRIPA GROUNDWATER

12.1 INTRODUCTION

Samples of organic and inorganic carbon were collected from groundwater at
the Stripa mine in Sweden. The goals of this study were to measure the 13C
and 14C isotopes in the inorganic and organic carbon fractions and to
characterize the organic compounds in the Stripa groundwater. In the past,
large volumes of water were processed for isotopic analyses of the dissolved
inorganic carbon (DIC) using the precipitation of carbonate species as BaCO3

and conventional radiocarbon techniques. Because the pH is high in the
Stripa waters and the alkalinity is low, atmospheric contamination has always
been a concern. In this study, 2-4 liters of water were collected for Tandem
Accelerator Mass Spectrometry (TAMS) measurement of the DIC.

Previous studies have shown low 6I3C of the DIC in the Stripa boreholes.
This has been explained in the past as being the result of either calcite
precipitation, where 13C is preferentially removed from the DIC, or a biogenic
origin of the aqueous carbonate (Fritz et al., 1989). The premise of the
current discussion is that if the carbon isotopes of the dissolved organic
carbon (DOC) are similar to the DIC carbon isotopes, then the aqueous
carbonate of the Stripa groundwaters has largely a biogenic origin. This
chapter summarizes the in-depth discussion of Murphy (1987).

12.2 FIELD AND LABORATORY PROCEDURES

12.2.1 Inorganic Carbon Samples

Inorganic carbon samples were collected in heavy-walled Nalgene bottles (1-,
2- and 4-liter sizes). The air in the container was first displaced by nitrogen.
An askarite column was used to remove any CO2 contamination from the
nitrogen stream. The sample was collected directly from the borehole while
the nitrogen in the container was allowed to purge slowly. The nitrogen purge
valve on the sample bottle was adjusted to maintain positive pressure in the
bottle. The purge valve and inlet were sealed in paraffin for shipping.

Figure 12-1 shows the vacuum line arrangement for extracting CO2 from the
water. The sample is transferred by nitrogen pressure siphoning to an
evacuated reaction flask. In our laboratory, this method routinely gives 85%
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Figure 12-1. Vacuum line arrangement for extracting CO2 from groiindwater.
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or better yields of CO2 gas. Except for PW-2 (98% yield), the Stripa samples
have been unusual in the following ways:

The 613C values of the CO2 after acid extraction were very low. On
some samples, the mass spectrometer was unstable (indicating
contaminants in the gas), although with other samples it was very
stable. A preparative gas chromatography step was added to the
procedure to ensure accurate <S13C values. On CO2 standards, the yield
from the gas chromatography step was consistently around 90% (the
range was 87-92%). Fractionation of the 613C due to low yield was
also checked on CO2 standards. Even on a purposely low yield of
30%, the 6UC varied by only 05 per mil, demonstrating that the CO2

was not being fractionated by the gas chromatograph.

In comparison with the results of alkalinity titrations in the field, the
CO2 yields of the water samples are quite low. From past experience,
the acid extraction technique is known to work quite well with waters
of high ionic strength. The most likely explanation is that the field
alkalinity measurements reflect more than just the inorganic carbon
component. Above pH 9, several species, such as the hyroxide ion, will
contribute to the alkalinity.

12.2.2 Organic Carbon Samples

Four types of samples were collected for organic carbon analyses: (1) large-
column samples, (2) DOC samples, (3) Bondelut samples and (4) DOC
fractionation samples. A large-column procedure (described in Section 12.2.3)
was used to process several hundred liters of groundwater. The organics
isolated in this procedure were used for UC analyses and characterization.
This method is designed to recover milligram quantities of DOC.

Water samples were also collected in 25-ml amber glass vials with Teflon-
lined1 caps. These samples were used to determine the total DOC of the
different boreholes.

A third collection method used at Stripa employed Bondelut columns.
Bondelut columns are small, disposable columns containing HPLC-type resins.
These columns are generally used for concentrating microgram quantities of
organic compounds from 1-liter volumes of water.

'Teflon is a registered trademark of E.I. DuPont de Nemours & Co., Wilmington,
Delaware.
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Finally, groundwater was collected in 250-mI glass bottles for a DOC
fractionation study. Groundwater from two intervals, V2-1 and V2-2, were
run through a DOC fractionation analysis. This analysis gives the percentages
of the DOC that fall into six different categories: (1) hydrophobic bases, (2)
hydrophobic acids, (3) hydrophobic neutrals, (4) hydrophilic bases, (5)
hydrophilic acids and (6) hydrophilic neutrals. The samples were collected in
August 1985 and shipped on ice by air courier to Huffman Laboratories,
Golden, Colorado, for the fractionation analyses. The results are shown in
Table 12-1; Table 12-2 illustrates the potential compound classes in these
organic fractions.

12.2.3 Field Collection and Laboratory Separation

Dissolved organic carbon samples were collected from intervals VI, V2-2,3 (a
combined interval) and V2-1, and from a surface source, Rasvalen Lake. The
resin column system consisted of five columns: two XAD-8 columns,
Silicalite, MSC-1 and Duolite A-7 (Figure 12-2). The XAD-8 columns
concentrated the hydrophobic acids, bases and neutral organic compounds.
Silicalite was used to concentrate the hydrophilic neutrals and acids. The
MSC-1 and Duolite A-7 columns were used to concentrate the hydrophilic
bases and acids, respectively. The organic carbon recovered from the MSC-1
and Duolite A-7 columns was insufficient for analysis.

To ensure the collection of an adequate amount of organic carbon, the two
high-flow intervals in V2-2 and V2-3 were combined, and a total of 1600 liters
of groundwater were processed through the column system (Figure 12-2).
Over a two-week period, groundwater was continuously collected from V2-1
(flow rate = 10 ml/min), and 100 liters of water from this interval were
processed from the VI borehole.

The results of the DOC fractionation analyses show that a large hydrophobic
neutral fraction was isolated from VI and V2. Organic fractions isolated from
the Råsvalen Lake samples were humic and fulvic acids (hydrophobic acids),
hydrophobic neutral and hydrophilic neutral/acid. From comparison of the
organic fractions isolated from the surface and subsurface at Stripa, it is
apparent that the subsurface organics are physically quite different.
Hydrophobic acids (humic and fulvic acids) dominate the Råsvalen Lake
samples. These highly colored organic fractions contrast with the colorless
hydrophobic neutrals that dominate the DOC in the Stripa groundwaters.

The hydrophobic acid fractions from V2-1 and V2-2.3 were isolated in the
laboratory following the procedure of Thurman and Malcolm (1981). This



Table 12-1. Results of DOC Fractionation Analyses of Water From V2-1 and V2-2

Sample

Hydrophobics

Total

Bases

Acids

Neutrals

Hydrophilics

Total

Bases

Acids

Neutrals

V2-1

Carbon mg/L

4.1

0.0

0.2

3.9

1.6

0.2

0.3

1.1

I of Total
DOC

72.0

--

4.0

68.0

28.0

3.0

6.0

19.0

V2-2

Carbon mg/L

1.2

0.0

0.0

1.2

0.5

0.1

0.0

0.4

% of Total
DOC

72.0

—

--

72.0

28.0

5.0

«

23.0



Table 12-2. Compound Classes in Organic Fractions (Leenheer and Huffman, 1979)

Hydrophobic bases:

Hydrophobic acids:

Hydrophobic neutrals:

Hydrophilic bases:

Hydrophilic acids:

Hydrophilic neutrals:

One- and two-ring aromatic amines except pyridine

Aliphatic carboxylic acids of 5 to 9 carbons; one- and two-ring aromatic
carboxylic acids; one- and two-ring phenols; and fulvic acid

Hydrocarbons; aliphatic alcohols, amides, esters, ketones, and aldehydes
> 5 carbons; aliphatic carboxylic acids and aliphatic amines > 9 carbons;
and aromatic carboxylic acids and aromatic amines of 3 rings aromatic
carboxylic acids and aromatic amines of 3 rings and greater

Aliphatic amines < 9 carbons; amino acids; and pyridine

Aliphatic acids of < 5 carbons; and polyfunctional acids

Aliphatic amides, alcohols, aldehydes, esters, and ketones < 5 carbons;
polyfunctional alcohols; and carbohydrates



INPUT

OUTPUT

XAD-8
300 ml

XAD-8
1200 ml

SILICALITE
300 ml

MSC-I
1200 ml

DUOLITE A-7
1200 ml

Figure 12-2. Adsorption column arrangement for extracting DOC from groundwater
(after Malcolm [1981] and Leenheer [1981]).
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organic fraction consisted primarily of colorless material that foamed strongly
when shaken. A detergent analysis (MBAS) performed on the V2-1 sample
indicated that this organic material was not a MBAS-sensitive anionic
surfactant. After freeze drying, the hydrophobic acid fractions resembled
colorless "oil-like" micelles and had a definite fatty acid odor. Characteriza-
tion of these compounds is presented in Section 12.3.

The hydrophobic neutral fraction is operationally defined as that fraction that
cannot be eluted from XAD-8 resin with acid or base. An organic solvent
with acetonitrile solvent is necessary to remove this fraction from the XAD-8
resin. A soxhlet extractor was used to remove organics from the XAD-8 resin.
The acetonitrile was then evaporated using a roto-evaporator. The VI
samples were resuspended in a small volume of acetonitrile for the GC/MS
analysis. The V2-l,2,3 concentrate contained several immiscible compounds,
some precipitates and some oil-like compounds. This sample was further
fractionated using silica gel chromatography (Budde and Eichelberger, 1979).
The sample was loaded on the silica gel and then sequentially eluted with
hexane (hydrocarbon fraction), benzene (aromatic fraction) and a methylene
chloride-methanol mixture (aliphatic fraction). Characterization information
is presented in Section 12.3.

Silicalite was used to concentrate the hydrophilic neutrals. Silicalite is a
molecular sieve containing only silicon, oxygen and a clay binder. In the
laboratory, Cj- to C10-size organic molecules are thermally desorbed and
converted to CO2 on a vacuum line (see Figure 12-3). The 613C was analyzed,
and the CO2 was then reduced to a graphite target. For characterization of
the organics, the silicalite was thermally desorbed (using a temperature
gradient of 25° to 200°C) in-line with a gas chromatograph/mass spectrom-
eter. The large-column samples were used for both tandem accelerator
analyses (Section 12.4) and characterization of the organic compounds
(Section 12.3).

12.2.4 Bondelut Columns

Bondelut columns contain bonded-phase chromatography resins, identical to
the resins used in high-performance liquid chromatography. Three bondelut
columns were connected in a "piggy-back" fashion (Cj to C8 to CI8).
Groundwater passed first through the Cj column, then through the C8 column,
and finally through the C18 column. Samples were collected from VI, Nl, all
five intervals of V2 and Råsvalen Lake. The bondelut columns were eluted
with three milliliters methanol, and the methanol was evaporated under a
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Figure 12-3. Desorption of organics from Silicalite for isotopic analyses.
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stream of helium. The samples were resuspended in acetonitrile for the
GC/MS analyses.

12.2.5 DOC Analyses

Water samples were collected in acid-cleaned amber glass vials. Most DOC
samples were acidified (pH 2) with distilled HC1 on site and all were
immediately refrigerated. The samples were analyzed on a Beckman model
915A organic carbon analyzer. The accuracy of the analyzer is checked every
six months by the EPA. The error is generally 1 ppm on sample DOCs below
10 ppm and approximately 0.5 ppm on sample DOCs above 10 ppm.

Table 12-3 shows the DOC values from three sampling periods. The most
dramatic change is in the DOC of V2-1. The 11/84 samples were taken two
weeks after a permanent packer system was installed in V2. Shortly after the
V2 borehole was drilled, Peter Fritz measured a DOC of 70 mg/L for the
lowest interval of V2 (personal communication). The sharp reduction in DOC
is a result of an anthropogenic compound. Difficulties encountered in sample
handling and shipping over long distances (Sweden to Arizona) reduced both
the reliability and value of the DOC measurements collected in 1985.

12.3 CHARACTERIZATION OF ORGANIC MATTER

Characterization of the organic matter in the Stripa groundwaters was done
primarily by GC/MS. The Hewlett-Packard 5990A GC/MS is equipped with
a 180-cm, 3% SP2100 packed column. The only previous characterization
work on the Stripa organic matter had been done by Means (1982). Using a
dialysis-gel filtration technique, he found that 98% of the DOC from a Stripa
water sample was below a molecular weight (MW) of 1000. Of this 98%,
45% of the organic matter fell between 300 and 700 MW and 43% was less
than 300 MW. In most studies, this gel filtration technique tends to
overestimate molecular weight because natural organics are usually negatively
charged. However, the DOC fractionation analysis indicates that the organics
at Stripa are primarily neutral compounds, so this method should give an
accurate distribution of the molecular weights. Means (1982) did not attempt
to identify individual components of the DOC in the Stripa ground waters.



Table 12-3. DOC Analyses of Water from the Stripa Mine

:•.

Borehole
Interval

VI

Nl

V2-5

V2-4

V2-3

V2-2

V2-1

Depth Below
Surface (m)

758-863

393-397

799-807

812-820

900-908

960-968

969-1232

DOC (mg/L)
11/84

2.5

8.3

0.2

8.5

0.5

3.8

69.7

DOC (mg/L)
8/85

3.4

NS

2,9

1.8

0.5

2.3

8.6

DOC (mg/L)
9/85

NS

NS

V

V

3.3

5.1

10.7

NS = Not Sampled

V = Replicates Variable
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12.3.1 Hvdrophobic Fractions

Table 12-4 lists characterization information on the hydrophobic organic
compounds. During elution of the hydrophobic acid fractions of V2-1 and V2-
2,3 from XAD-8, two subfractions were collected: a colored fraction and a
colorless fraction. In natural waters, a colored fraction collected by this
technique would operationally be defined as fulvic acid (Thurman and
Malcolm, 1981). The colored fraction estimates, based on the measured DOC
and amount of groundwater processed, are as follows: V2-1, 15 /xGc/1; and
V2-2,3,3.1 jiGc/L. These values are some of the lowest reported concentra-
tions of fulvic acids in groundwater. Thurman (1979) found that concentra-
tions of humic substances varied from 34 to 99 |iGc/L for four aquifers in the
United States.

A combined hydrophobic neutral fraction was collected from V2-l,2,3. As
described in Section 12.2.3, this fraction was further separated into hydrocar-
bon, aromatic and aliphatic fractions on silica gel. The compounds identified
in these fractions are listed in Table 12-4. The compounds identified in the
hydrocarbon fraction were primarily methyl and ethyl esters of long-chain fatty
acids.

One compound found in both the hydrophobic neutral and acid fractions of
VI and V2 is N-butyl benzenesulphonamide (NBBS). NBBS has surfactant
properties that account for the observed foaming of V2-1 in the field and of
the concentrated hydrophobic acids of V2-2.3 in the laboratory. This
compound would primarily behave as a neutral species and, therefore, would
not be detected as a MBAS anionic surfactant. The aromatic structure of the
compound caused it to elute in the benzene fraction of the silica gel
separation. NBBS was present in the VI, V2 and Nl samples, regardless of
the field or laboratory procedures used.

The contaminant, NBBS, is an anthropogenic compound. Its major commer-
cial use is as a plasticizer for polyamide materials (Hardwicke, 1974; Takeuchi
and Suzuki, 1972; Rogues and Vo Din Man, 1974). Stephens (1976) patented
this compound as a starting material in the production of sulfonyl carbamate
herbicides. Beyerlin and Langanke (1980) suggested the use of NBBS as an
additive to pigments to reduce dusting. Although several dyes have been used
in the 3-D tracer tests at Stripa, it is unlikely that these dyes contained NBBS
or that recent tests could account for the volume of this compound found in
V2-1.

The most probable source of the NBBS is the nylon tubing in the boreholes.
Figure 12-4 is a plot of the time that the groundwater was in contact with the
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Table 12-4. Characterization of the Hydrophobic Organic Compounds in the Stripa Groundwaters

•

9

I *

• » • •

> *

Interval

VI

NI, V2-4
V2-2, V2-1

V2-2,3

V2-1

V2-1,2,3

Samp!e Type

Hydrophobic neutrals

Hydrophobic neutrals
"Bondelut"

Hydrophobic neutrals

Hydrophobic acid
"colorless"

"colored"

Hydrophobic acid
"colorless"

"colored"

Identified Compounds

N-butyl benzenesulphonamide

N-butyl benzenesulphonamide

N-butyl benzenesulphonamide phthalate

N-butyl benzenesulphonamjde phthalate

fulvic acid?""

N-butyl benzenesulphonamide phthalate

fulvic acid?

Hydrophobic neutral:

hexane or"hydrocarbon
fraction"

benzene or "aromatic fraction"

MeC12:MeOH or "aliphatic
fraction"

methyldodecanoate, tetradecanoic acid, methyl ester,
ethyl myristate, hexadecanoic acid, methyl ester
diphenyl-methane?, cyclic ketone?

N-butyl benzenesulphonamide

hexanedioic acid, decanoic acid, undecanoic acid,
tetradecanoic acid, hexadecanoic acid

(a) Compounds with question marks indicate that a positive identification was not made.

• •
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tubing versus the DOC content. V2-5 is the only interval that does not fall
on the line; this is also the only interval that had Teflon tubing. Thus it
appears that DOC values measured at Stripa in the past could be misleading
and probably overestimate the natural DOC. The DOC of V2-5 was
measured at 0.2 mg/L in November 1984. This would be a typical DOC for
a fractured granite system (Thurman, 1985) and may represent the true DOC
value for the Stripa groundwaters.

The aliphatic portion of the hydrophobic neutral fraction yielded the largest
diversity of compounds, many of which have not been identified. Hexanedioic
acid (adipic acid), which is a breakdown product of nylon, would occur if the
tubes were degrading. Degradation of the nylon tubing would also evolve
CO2, NH3 and organic and inorganic fillers. Hexanedioic acid may also be a
natural organic in the Stripa groundwaters. A few studies (Mueller et al.,
1960; Lamar and Goerlitz, 1966) have reported Cj- to C6-size dicarboxylic
acids ranging in concentration from 3 to 100 Mg/1 in natural waters (Thurman,
1985). The concentrations of dicarboxylic acids are substantially higher in
petroleum-associated formation water from the High Island field, off the shore
of Texas (Kharaka et al., 1986).

The fatty acids identified in the aliphatic fraction were C10, Cn , C14, and Cl6

carbon chain lengths. In general, modern organic matter contains a
predominance of even-carbon-numbered fatty acids; Holocene sediments
contain variable amounts of odd-carbon-numbered fatty acids (Swain, 1970).
The few fatty acids found in this study give an ambiguous identification of a
source of the organic matter.

12.3.2 Hvdrophilic Fractions

The hydrophilic neutral/acid fractions from VI and V2 are primarily low-
molecular-weight hydrocarbons (Table 12-5). These organic compounds may
be leaching from asphaltite, which has been identified in the fracture fill of
the Stripa granite (Wollenberg et al.r 1980). Asphaltite is a naturally
occurring, black, solid bitumen consisting primarily of carbon and hydrogen,
but it can also contain significant quantities of sulfur, oxygen and nitrogen.
Asphaltite is a solidified form of asphaltene, and different types of asphaltenes
will have different physical properties. In general, asphaltenes are condensed
polynuclear aromatic ring systems bearing alkyl side chains (Speight and
Moschopedis, 1981). The occurrence of this organic matter in the Stripa
fractures must be a result of secondary processes, because it would not be
stable at temperatures above 500°C (Vercier, 1981). Of interest, however, is

»t» • * * • •#*"*>«»»•*• >©*• *•>•« f • ?••»* 8? #•*• • * * * ! * * * * * * * ! t *^ !? ftf



142

Table 12-5. Hydrophilic Organic Compounds in the Stripa Groundwaters

VI

V2-2.3

V2-1

Rasvalen Lake

Hydrophilic
neutral/acid

Hydrophilic
neutral/acid

Hydrophilic
neutral/acid

Hydrophilic
neutral/acid

methylene chloride?(>)

n-hexane
cyclohexane

n-hexane
cyclohexane
cyclooctane
xylene

methylene chloride?
benzene
toluene

ethyl benzene
aliphatic primary alcohols

methylene chloride
methyl-cyclopentane

(a) Compounds with a question mark were not positively identified.
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the fact that after heating asphaltene to 900°C, Vercier (1981) found that
nearly 25% of the initial sample remained.

Another possible source of the hydrophilic organic compounds is secondary
fluid inclusions. Lindblom (1984) found that the fluid inclusions in the Stripa
granite are dominantly or completely secondary, covering a wide range of
temperature and compositional conditions. This suggests that numerous
thermal and tectonic events have taken place since the original emplacement
of the granite (Nordstrom et al., 1985). The fluid inclusions in the Stripa
granite have not been analyzed for organics. Roedder (1984) commented that
even if no organic phase is visible in aqueous fluid inclusions, hydrocarbon
compounds should be looked for. Significant amounts of hydrocarbons can
dissolve in water or brine (Price, 1981), so the "hydrocarbon peaks" that are
often seen in mass-spectrometric studies of inclusions may not in fact be
atmospheric contamination (Roedder, 1984). Most of the hydrophilic organic
compounds listed in Table 12-5 were also found in a study of fluid inclusions
in fluorite samples from southern Illinois by Andrews et al. (1984).

12.4 ISOTOPIC ANALYSES

12.4.1 Inorganic Carbon Samples

Table 12-6 lists the 6l3C values of DIC samples from the Stripa sampling.
The 613C values were measured on a VG 602C mass spectrometer. The same
gas was then used to make the graphite target for the 14C analysis.

Table 12-6 also lists <513C values from other sampling at Stripa. In most cases,
the recent <513C values are lighter than the older values sampled at Stripa
(Nordstrom et al., 1985). The exceptions are two samples that approximate
the V2-3 and V2-2 intervals in depth.

The 14C value for Nl listed in Table 12-6, 12.6ji0.3 pmc, is similar to that
from a previous acid-extracted sample done on the accelerator at the
University of Bern (16.06jt.0.33 pmc). In 1983, a barium carbonate DIC
sample for Nl gave 3.95JL0.33 pmc. The 14C values for the V2 intervals are
higher than previously reported values. Although atmospheric contamination
is not apparent in the <5nC values, it cannot be ruled •'. We would expect
the 613C values to be heavier if atmospheric contamination had occurred. An
average Sl3C value for air is -V0/,^. When CO2 passes through a membrane,
the 613C is fractionated by about 4.4°/^ (A. Long, personal communication),
giving the atmospheric component a ^ 3 C value of -WA0/^
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Table 12-6. Isotopic Values for the Inorganic Carbon in the Stripa Groundwaters

Sample

PW-2

N i l

VI

VI

V2-5

V2-4

V2-3

V2-2

V2-1

V2-1

Date
YrMoDy

841102

841030

841031

850612

841106

841105

841106

841109

841108

850612

Borehole
Interval

(m)

30-60

271-301

401-506

401-506

389-397

402-410

490-498

550-558

559-822

559-822

Depth Below
Ground (m)

30-60

393-397

758-863

758-863

799-807

812-820

900-908

960-962

969-1232

969-1232

«13C
°/ o e

-15.3

-18.2

-24.4

-26.0

-19.0

-18.5

-26.9

-27.5

-21.9

-20.5

MC
pmc

68.4.+ 0.7

12.6JLO.3W

14.9jt.0-4

19.7jf.03

16.2jtO3

41.4+.0.4

37.9JL0.4

33.3jt0.5

87.6jtl.l

59.0jf.0.7

Other Stripa Data

PW-2

Nl-2

Nl-2

V2-5

V2-4(cl

V2-4

V2-3(c)

V2-3

V2-2

V2-1

771024

83-

84-

850610/11

790507/11

850610/11

831128

850610/11

850610/11

850610/11

30-60

10-119

10-119

389-397

400-428

402-410

424-499

490-498

550-558

559-822

30-60

358-374

358-374

799-807

810-838

812-820

834-909

900-908

960-968

969-1232

-15.2

-23.U2.4

-18.7JL3.2

-18.7(b)

-14.0

-17.0"»

-35.6_t7.8

-32.6"11

-24.9""

-21.3""

54.1

3.95jt_3.83

16.06jt0.3°

5.5

14.67jj.0.75

<" Sample collected from a house faucel via a pressurized storage lank.
(b) Samples collected by P. Fritz.
(c) Approximate intervals based on depth.

11 .'e'€ t * 11 tvkrt f • 11 •"« t • t'c** ? 'O:i-t*A- i; i i 11* v*.



145

Except for V2-3 (Table 12-7), all of the samples collected in Nalgene are
lighter than the samples collected in glass (or they are the same, if an error
range of 0^°/^ is considered). If we assume that the heavier 613C value for
V2-3 is the result cf contamination by atmospheric CO2 and use a value of
-l!.4°/oo for this component, then we can calculate the atmospheric contribu-
tion:

= S13CA(l-x) + 613C0(x)

where the subscripts T, A, and O represent total, atmospheric, and original,
respectively. From this equation, it can be calculated that 27% of the 613C
in V2-3 would be derived from the atmosphere. A value for pmco can then
be calculated from the equation:

pineal) = pmcA(0.27) + pmco(0.73)

where pmcj- is 37.9 and pmcA is 120. This gives a pmc0 of 7.5. The largest
uncertainty is the 4.4°/oo fractionation value of CO2 through a membrane.

For example, if CO2 were fractionated to a greater degree by the Nalgene
than it would be by a membrane, then theoretically the pmco could fall
anywhere between 7.5 and 37.9. There is no apparent fractional 3n caused
by atmospheric contamination of the 6nC from the other V2 intervals, so
similar calculations cannot be made. We would expect atmospheric diffusion
through the Nalgene to be time-dependent. However, the VI sample
collected in November 1984 was stored twice as long as the VI sample
collected in June 1985, yet the November sample gave a lower 14C value.
Unfortunately, we cannot calculate atmospheric contamination based on a
higher-than-expected yield of CO2. As it is, the yields are much lower than
what would be calculated based on field alkalinity titrations (see Section
12.2.1).

Table 12-8 lists the time it takes for one borehole and tubing volume to
empty. Generally, it is recommended that three to five borehole volumes
empty before sampling begins. A more accurate time is based on the
equilibration of one or more of the major ions. Another factor that may enter
into the equilibration time is matrix-to-fracture crossflow. Resetting the
packers in V2 may have caused pressure depletion or impletion of the fracture
relative to the matrix inducing matrix-to-fracture crossflows (Nordstrom et al.,
1985). Delayed equilibration of matrix and fracture pressures may also have
caused errors in the November 1984 sampling. The variability in the 14C
results indicates the need for a standardized collection technique for the
Stripa sampling.
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Table 12-7. Comparison of <SI3C Values for Storage in Nalgene vs. Glass in Samples From
the V2 Borehole

•91
• •ar

Sample

V2-5

V2-4

V2-3

V2-2

V2-1

V2-1

Heavy-walled Nalgene

-19.0

-18.5

-26.9

-27.5

-21.9

-20.5

Glass(å)

-18.7

-17.0

-32.6

-24.9

•21.3

—

(a) Collected by P. Fritz, June 1985.

«n

40



Table 12-8. Calculated Equilibration Times of Borehole Intervals. Borehole diameter; V2
= 56 mm; VI, Nl = 76 mm; Tubing ID = 0.4 cm

f
4*1

V
f

Interval

VI

V2-5

V2-4

V2-3

V2-2

V2-1

Nl

Total" Volume
(cm3)

481367

24592

24755

25861

26615

654796

479734

Flow Rate
(cniVmin)

290

24

48

188

176

10

44

Timeb

(days)

1.15

0.71

0.36

0.10

0.11

45.47

7.57

Timec

(days)

4.60

2.84

1.44

0.40

0.44

181.88

30.28

(1> Interval + tubing volume.
(b) Time for one borehole + tubing volume to empty.
(c) Time for 4 borehole + tubing volumes to empty.
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The relative values of inorganic 14C, like n9I and ^Cl, show a general trend
of increasing concentration with depth (Table 12-9). The V2-2 interval is
exceptional for both 14C and ^Cl. The calculations of the number of 14C
atoms/liter are based on field alkalinity measurements for the total amount
of inorganic carbon per liter. As stated in Section 12.2.1, the alkalinity
measurements may reflect more than just the inorganic carbon species. We
must assume then, because of the error associated with the alkalinity
measurements, that these calculations are only estimates of the number of 14C
atoms/liter.

12.4.2 Groundwater Residence Time Based on DIC

The in situ production of 14C in rock matrices and in groundwater may affect
the estimation of groundwater residence times. Andrews et al. (1989a)
calculated limits for the in situ 14C production in the Stripa granite from
neutron-capture reactions. Based on their calculations, Stripa fracture fluids
could develop a 14C activity of about 0.5 pmc if the water residence time were
long enough to reach saturation from these reactions in the groundwater
alone. If the initial input were 100 pmc, then 0.5 pmc corresponds to a decay
time of 44,000 years. If we assume that the initial input is diluted to 50 pmc
by calcite dissolution of the recharging groundwater, then the decay time
would be 38,000 years.

It may be inaccurate, however, to assume that the Stripa groundwaters can be
dated by the decay of atmospheric I4C contained in the DIC alone. Based on
geochemical analyses at the Stripa site, Fritz et al. (1989) have postulated that
atmospheric DIC from the recharge area probably precipitates at around a
300 m depth, never reaching the deeper groundwaters sampled in this study
(700-1200 m depth); if such is the case, it would be impossible to calculate
gro1 ndwater ages based on the simple assumption that DIC was transported
directly from the surface prior to the disruption of the hydrogeologic system
by mining operations.

12.4.3 Organic Carbon Samples

The isotopic results of the DOC fractions are shown in Table 12-10. The £13C
values fall in a range from -26 to -35 per mil. Our previous work has shown
that this is a typical range for natural organics in groundwater (Murphy et al.,
1984). Fritz et al. (1989) has suggested that the DIC of the Stripa ground-
waters may be largely biogenic in origin. In Table 12-11, the <SI3C values of
the DIC and the DOC are compared for the different borehole intervals. The
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Table 12-9. Comparison of 14C, m I , and ̂ Cl Atoms/Liter in Water from the V2 Borehole
(1WI and ^Cl values from Fabryka-Martin et al., 1987)

Interval

V2-5

V2-4

V2-3

V2-2

V2-1

14C

106 atoms/L

21

27

50

44

97 JL 1.2

106 atoms/L

7.6 +_ 0.8

2 1 J L 2

6 9 J ^ 8

8 3 J L 6

140 j t 9

^Cl
108 atoms/L

2.7 +_ 0.5

5.6 i 0.7

7.5 +. 1.2

6.6 i 1.6

10.8 j t 2.7



Table 12-10. Isotopic Values of the Dissolved Organic Carbon Fractions from Stripa Groundwaters. Values in
parentheses represent approximate ages in years before present based on an initial activity of 100 pmc.

Sample

VI

V2-2.3

V2-2.3

V2-I

V2-1

V2-1,2,3

V2-1,2,3

Nylon tubing

Råsvalen Lake

Råsvalen Lake

Råsvalen Lake

Organic Fraction

Hydrophilic
neutral/acid

Hydrophilic
neutral/acid

Hydrophobic
acid/"colored"

Hydrophilic
neutral/acid

Hydrophobic
acid/"colored"

Hydrophobic
neutral
"aliphatic"

Hydrophobic(b)

neutral "aromatic"

Hydrophilic
neutral/acid

Hydrophobic
acid/humic

Hydrophobic
acid/fulvic

Organic"'
Compounds

n-hexane, cyclohexane

n-hexane, cyclohexane, cyclo-
octane, xylene

fulvic acid

benzene, ethyl benzene, toluene,
aliphatic primary alcohols

fulvic acid

hexanedioic acid, decanoic acid,
undecanoic acid, tetradecanoic
acid, hexadecanoic acid

NBBS

—

methylene chloride
methyl-cyclopentane

humic acid

fulvic acid

13C
°/

' OO

-34.6

-29.3

-26.6

-26.8

-32.7

-27.9

-28.1

-30.8

-28.3

-28.0

14C
pmc

3.0 + 0.3
(28,990)

0.8 + 0.2
(39,900)

40.6+ I.O
(7,4lO)

73.9+ 1.5
(2,500)

28.3 + 0.5
(10,400)

0.1 +0.2
(>50,000)

0.7+0.1
(41,000)

13.1 +0.13
(16,100)

120.0 + 2.0
(post-bomb)

—

(a> Other organic compounds are present and not identified. (b>N-butyl benzenesulphonamide (NBBS).
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Table 12-11. A Comparison Between the DOC and DIC 6I3C and pm14C Values from
Stripa Groundwater

Sample

VI

VI

VI

Date
YrMoDy

841031

850612

841030

DOC
«13C

—

—

-34.6

DIC
613C

-24.4

-26.0

—

DOC
MC

—

—

DIC
14C

14.9 _±. 0.4

19.7 j t 0.3

3.0 _+ 0.3 j

V2-3

V2-2

841106

841109

—

—

-26.9

-27.5

—

—
37.9 _+ 0.4

33.3 JL 0.5

V2-2,3(i)

V2-2.3

841104

841104

-29.3

-26.6

—

—

0.8 _+. 0.2

40.6 _+ 1.0

—

—

V2-1.2.3 841114 -25.0 ... 15.3 _+ 0.3 —

V2-1

V2-1

841108

850612

—

—

-21.9

-20.5

—

—

87.6 +. 1.1

59.0 i 0.7

V2-l(a)

V2-1

841114

841114

-26.8

-32.7

—

...

73.9 i 1.5

28.3 JL 0.5

—

—

(a) These are not duplicates. Refer to Table 12-10 for organic fractions represented by
these samples.

f.
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greatest similarity is among the 613C values of V2-2,3 organic carbon, and V2-
2 and V2-3 inorganic carbon.

The 14C values of the organic compounds range from 0.8 to 73.9 pmc in the
Stripa boreholes (Table 12-10). During the November 1984 sampling, the
water in the V2-1 interval had not equilibrated. The DIC from this sampling
had a 14C activity of 87.6 pmc, which suggests contamination. Of interest,
though, is the fact that the hydrophilic neutral/acid fraction also gave a high
14C, 73.9 pmc. Atmospheric contamination cannot explain this value from the
DOC. Nor does equilibration explain the high MC values. If mixing with the
overlying intervals had occurred, then the 14C activity should be lower. At this
time, we can offer no logical explanation for this high value.

As would be expected, NBBS is "dead" with respect to 14C activity. This
compound is listed in Table 12-10 as the hydrophobic neutral aromatic
fraction of V2-l,2,3. Because any modern carbon in the NBBS fraction could
have contaminated the other organic fractions, it was necessary to verify this
14C value. The lower 14C activities for presumably natural organics were found
in the hydrophilic neutral fractions of VI and V2-2.3. We have already
suggested (Section 12.3.2) that these fractions may represent leachate from
asphaltite. If asphaltite were the sole source of this fraction, then the 14C
activity would probably be zero, a reflection of a kerogen origin. All of the
organic fractions are potentially mixtures from various sources. The 14C
activity of the hydrophilic neutral fractions indicates the presence of a younger
component that was not identified by GC/MS. In general, the ring com-
pounds in this fraction would not be easily degraded by microorganisms.

The organic matter in the hydrophobic acid colored fractions was operational-
ly defined as fulvic acid. However, the sample in these fractions was
insufficient for detailed characterization. If oxidation of the DOC contributes
to the DIC poo!, then the hydrophobic acid fraction of V2-2,3 shows the best
similarity between 613C and 14C (Table 12-11). Fulvic acid may originate
either from the soil zone or from kerogen. Fulvic acid associated with
kerogen would have no 14C activity. The 14C content of this fraction indicates
a soil origin and, therefore, at least one component of the Stripa groundwater
may be less than 10,000 years old.

The aliphatic compounds in the hydrophobic neutral fraction of V2-l,2,3 had
a 14C activity of 15.3 pmc. Many of the identified compounds in this fraction
are tong-chain fatty acids. We would expect that degradation of these
compounds over time would contribute to the DIC pool. The aliphatic
fraction also contains some higher-molecular-weight compounds that have not
yet been positively identified. Again, we must consider this fraction to
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potentially represent a mixture of ages. For example, if the higher-molecular-
weight compounds have an asphaltic origin, then these compounds would
dilute the 14C activity with dead carbon. Fatty acids may last up to approxi-
mately 10,000 years in geologic media (B. Nagy, personal communication).

Measurements of 14C were also done on the Rasvalen Lake fractions. The
fulvic acid sample was post-bomb. This I4C activity is consistent with previous
measurements we have made on surface-water fulvic acids. The hydrophilic
fraction of Rasvalen Lake was older than the lake itself, probably because
that fraction derives from fossil fuel pollutants.

In all cases except for one, the organic carbon 14C activity is lower than the
inorganic carbon 14C activity (Table 12-11). If there is subsurface production
of 14C, as has been theorized (Andrews et a!., 1989a), it would affect the 14C
of the DIC. In contrast, subsurface production should not have a large effect
on the 14C of the DOC. If 14C were produced from neutron irradiation of N
or O in organic compounds, then we would expect the bond angles to
significantly change, causing decomposition of the compound. Therefore, any
14C produced by this mechanism would probably end up in the DIC pool.

At this point, two possible biogenic origins of the DIC appear to be
reasonable: (1) microbial degradation of the DOC and (2) non-biological
degradation of the DOC. It is beyond the scope of this work to do anything
more than speculate on these possibilities. Christofi et al. (1985) measured
the microbial populations in the VI borehole and found predominantly
heterotrophs and denitrifying bacteria. The bacteria Pseudomonas denitrifi-
cans is both an anaerobic heterotroph and a denitrifier. Although individual
species of microorganisms were not identified, we can use Pseudomonas
denitrificans to illustrate a process by which the DIC is produced from the
DOC. The bacteria converts organic matter to CO2 and water by using
nitrate as a terminal electron acceptor. This reaction is favored by high pH
and would be characterized by a depletion in nitrate and an increase in N2

gas.

The degradation of organic matter leads to £13C values in the DIC being
lighter than those in the DOC. At Stripa, inorganic carbon species are
present in very low concentrations and have light 613C values. Although we
do not have accurate DOC values because of contamination by the borehole
tubing, the one interval with Teflon tubing gave a DOC of 0.2 mg/1 in 1984.
An average DOC for a granite aquifer would be 0.5 mg/1 (Thurman, 1985).
It is not certain whether this low DOC could support an active microbial
community. There may be a concentration threshold for organic substrates
below which the concentration cannot be reduced by microbial action

»• ft
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(Rittmann and McCarty, 1980a,b). The parameters needed to calculate
threshold values are not available for the Stripa groundwaters. Many of the
individual natural organics at Stripa exist at trace concentrations (ng/L to
/ig/L). Unless several different substrates are being utilized simultaneously,
then it is unlikely that the organics in these groundwaters could support an
active microbial community.

Nonbiological degradation would also cause <513C values to be lighter in the
DIC. Given the high pH of the Stripa groundwaters (pH 9-10), alkaline
hydrolysis may degrade the organic matter. Alkaline hydrolysis, over time,
would hydrolyze both the ester and the ether linkages within fulvic acids.
Thermal decarboxylation of the fatty acids would evolve CO2. Kharaka et al.
(1983) investigated the thermal decarboxylation of acetic acid, finding half-
lives that ranged from about 100 days (at 300°C) to 100 years (50°C). Half-
lives apparently increase with increasing carbon chain length and decreasing
temperature. The residence time of the Stripa organics (based on 14C values)
is apparently long enough for these types of reactions to occur in the Stripa
groundwaters.

12.5 CONCLUSIONS

Characterization of the natural organic compounds in the Stripa DOC
show long-chain fatty acids, a colored component that is operationally
defined as fulvic acid and low-molecular-weight cyclic hydrocarbons.

The <S13C values of the DIC are light and similar to the stable carbon
isotope values for the DOC, supporting the inference of a biogenic
origin of the DIC.

In this study, the 14C values of the DOC are generally lower than the
14C values for the DIC. Subsurface production may affect the DIC 14C
values. Conversely, the organic fractions represent mixtures that may
contain contributions.of both young and dead carbon. The 14C content
of the fulvic acid fraction in borehole V2-2.3 suggests that at least one
component of the Stripa groundwater may be less than 10,000 years
old.

A DOC fractionation analysis showed that the hydrophobic and
hydrophilic acid fractions, generally the largest fractions in natural
waters, were extremely small, less than 0.3 mg/L.

V» f
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Organic bleed from the nylon tubing used in the boreholes was a
significant contaminant in the hydrophobic neutral and acid fractions.
The major anthropogenic contaminant in the Stripa sampling is N-butyl
benzenesulphonamide, a plasticizer used in the manufacture of nylon
polymers.

As a result of this organic bleed, past DOC measurements of the
Stripa groundwaters are misleading, most likely overestimates of the
natural DOC.

The nylon tubing should be replaced by Teflon in all boreholes used
for carbon isotope measurements, and a standardized technique for
sampling should be established.
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13 STABLE ISOTOPES OF CHLORINE IN ROCKS AND WATER AT THE
STRIPA MINE

13.1 INTRODUCTION

Chloride chemistry at Stripa is of interest for several reasons. The salinity
generally increases with depth but is also locally quite variable from one
fracture zone to another. For example, one borehole interval has a Cl
content of 88 mg/L, only 47 m away from another zone of 600 mg/L
(Nordstrom et al., 1985, p. 4:24). Cl is the dominant anion in Stripa
groundwater, so the origin of the salinity must be tied to the origin of the Cl.

The sources of the Cl in Stripa groundwater are not known, but several
possible sources have been proposed. A meteoric origin, concentrated by
evaporation, was quickly discounted because the Cl levels are higher than that
in local precipitation by more than two orders of magnitude, and stable H and
O isotopic analyses verify that the Stripa groundwater has not undergone
extensive evaporation. Other possible sources include residual seawater or
other saline fluids being flushed from micropores in the granite, reiease of
salts from fluid inclusions and microfractures in the granite, either by diffusion
or by dissolution, and concentration by radiolysis. In addition, Cl may h..ve
been derived from adjacent rock formations (such as the surrounding leptite)
by any of the preceding processes. To further complicate the picture, such an
outside influence may have been active over a long period, or it may have
been initiated only in recent decades when mine dewatering became extensive.

Because the sources of salinity and Cl must be closely related, measurements
of stable Cl isotope ratios in the granite and groundwater could be expected
to help narrow the range of possible origins. The ratio of 37C/35C varies only
slightly in the hydrosphere. This near lack of variation is due to the fact that
Cl in natural waters occurs almost exclusively in the -1 oxidation state, tends
not to participate in bacterial reactions, is not subject to significant ion
exchange or sorption onto geologic materials, and has a high affinity for the
liquid phase in any water-rock system. In hydrologic studies, Cl is generally
considered the most conservative tracer available.

Several conditions exist, however, under which fractionation of stable Cl
isotopes has been observed or could be expected to occur in geologic systems.
Kaufmann (1984) and Kaufmann et al. (1984) reported that samples of halite
from three salt deposits were enriched in 37C relative to the isotope ratio
observed for Cl in modern seawater, while Ci in several deep (2 km) Gulf
Coast brines was generally depleted in 37C. Enrichment of 37CI was also
measured for Cl in water from hydrothermal systems. The fractionation
mechanisms that caused these variations are not understood. Possible
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mechanisms discussed in Kaufmann (1984) include preferential precipitation
of Na3'Cl relative to Na^Cl during halite formation, variations in the isotope
ratio of seawater Cl over geologic time, and different rates of diffusion for Cl
isotopes during migration through low-permeability formations.

The latter mechanism is particularly of interest for Stripa work. Laboratory
measurements by Campbell (1985) confirmed that minor fractionation occurs
during isothermal diffusion of Cl through synthetic ion-exchange membranes,
a mechanism known as ion filtration, with the effluent solution being enriched
in 37C1. Isotopic fractionation was also induced in counter-current electromi-
gration experiments by Madorsky and Strauss (1947), in which Cl was induced
to migrate with an electrical gradient counter to the direction of advective
flow. The effluent solution in this experiment was depleted in 37C1.
Fractionation during diffusion was proposed by Desaulniers et al. (1986) to
explain the Cl and 37C1 profiles measured in groundwaters in a low-permeabil-
ity glacial till deposit. Upward diffusion of saline formation waters from the
underlying shallow bedrock was proposed to have been the dominant solute
transport mechanism in this system for the past 15,000 years. The slightly
faster migration velocity predicted for ^Cl relative to 37CI under these
conditions could then be expected to give rise to a gradual depletion of 3/CI
with increasing distance from the bedrock source. The measured Cl isotope
profile matched that predicted by the diffusion model.

Fractionation has also been observed in the presence of a thermal gradient
as well as between different phases in equilibrium. Working with chlorinated
organic compounds in the gaseous state, Rutherford (1973, 1981) demonstrat-
ed that the cooler gas tends to become enriched in 35CI while the hotter gas
tends to become enriched in 3'C1. This mechanism could conceivably lead to
37CI enrichment in groundwaters in cooling plutonic rocks, relative to Cl
isotope ratios in the intruded formations. In a counter-current column
experiment which passed a gas stream of HCI against a solution of chloride
moving in the opposite direction, the gas phase became enriched in 37CI
(Howald, 1960). This fractionation mechanism could also affect 37CI/35C1
ratios in natural high-temperature environments, such as igneous, metamor-
phic, and volcanic systems.

In summary, several processes could have caused variations in the stable Cl
isotope ratios in the Stripa system. Brines entering the flow system from
outside the granite body could have a different isotopic signature depending
upon their source. Thermal gradients and phase changes could also have led
to Cl fractionation early in the history of this pluton, while diffusional
processes could still be operating at the present time. Particularly intriguing
is the possibility that fluid inclusions in fracture-fill minerals may be a
significant source of Cl in the Stripa groundwater. Cl could be expected to
diffuse from the high-chlorinity fluid inclusions into micropores in response

V
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to concentration and pressure gradients and from micropores into larger flow
fractures- In zones in which inclusions were the dominant source for Cl in the
water, such diffusion operating on a geologic timescale could lead to
measurable differences in the isotope ratio of Cl in the groundwater relative
to that of Cl in the inclusions.

Even where fractionation occurs, however, only a very small shift in the
isotope ratio would result. In this report, the deviation of the sample ratio
^CI/^CI relative to Standard Mean Ocean Chloride (SMOC) is given with the
value for SMOC arbitrarily assigned a value of 0.000 °/

ocr

Previously reported natural variations in stable Cl isotope ratios in groundwa-
ter do not exceed a range of 3.00 °/oo (Kaufmann, 1984). An extremely
precise mass spectrometric method is needed to detect such small shifts. The
system used for this study, described in the next section, has a precision of
0.07 °/oo. Chlorine isotope values which differ by more than 0.14 °/O0 are
considered isotopicallv distinct from one another.

13.2 ANALYSES OF STABLE ISOTOPES OF CHLORINE IN WATER

Groundwater samples were collected from isolated intervals in test holes in
the Stripa granite in February 1984, November 1984, and August 1985. The
latter suite of samples has been analyzed for stable Cl isotopes. Dissolved
chloride in a water sample is precipitated as AgCI with 0.01 M Ag NO3. The
precipitate is reacted with excess liquid CH3C1 from excess CH3I at the end
of the reaction, the sample is passed through a gas chromatograph prior to
measurement on a G.V. Micromass 602C isotope ratio mass spectrometer
with double Faraday cups and dual inlet port. The isotopic composition of
the sample gas is measured relative to commercially-produced CH,CI
reference gas, and results are reported relative to SMOC.

Analyses of 3/CI/35C! ratios were delayed until June 1986 because of a
contamination problem. Methyl iodide was saturating the Poropak-QE
packing material in the column on the gas chromatograph and bleeding onto
the sample collection trap in trace amounts. When samples contaminated
with CH5I entered the mass spectrometer, ratio measurements were unstable
and tended to be excessively high as a function of the same amount of CH3I
present. The gas chromatograph has now been redesigned and rebuilt, and
several modifications have been made in the analytical technique in order to
reduce the contamination to an acceptable level. As a result of these changes,
the analytical reproducibilitv, or precision, of the method has improved from
the previous value of 0.12 "/^ to the current value of 0.07 °/oo. Precision
was determined from the standard deviation of all seawater standards
(SMOC) measured from the onset of these improvements to the present.
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13.3 DISCUSSION OF ANALYTICAL RESULTS

Isotopic ratios of stable chlorine in groundwater from Stripa are given in
Table 13-1 and ratios for chloride leached from crushed rock samples from
Stripa are given in Table 13-2. Ratios for both groundwater and rock
leachate from all five sources shallower than 400 m are positive. In samples
from deeper sources, ratios of the chlorine in the leachates are all negative
but ratios of the chlorine from groundwater are mixed. This distribution
suggests that the isotopic composition of the chlorine in the freely moving
groundwater is not everywhere in equilibrium with the isotopic composition
of the chlorine in the micropores within the solid rock.

Inasmuch as the total range of stable isotope ratios is only from -0.29 to
+ 0.28 °/oo, and analytical methods are still being modified, the data presented
in Tables 13-1 and 13-2 should be used with caution. Nevertheless, because
of the extreme mobility of chloride in groundwater, stable isotopes of chlorine
are potentially very useful and our preliminary work is encouraging.



Table 13-1. Chlorine Isotopes in Groundwater (Samples Taken in 1984)

Sample, Borehole
Interval

V2-5

V2-4

V2-3

V2-2

V2-lb

V2-la

Vl-1

Nl-2

Nl-1

El

M3

Depth Below
Ground

Surface (m)

799-807

812-820

900-908

960-968

969-1232

972-1232

753-863

378-392

394-399

357-385

339-345

Chloride Concen-
tration (mg/L)

190

630

550

440

460

530

565

39

48

28

38

Number of Repeti-
tions of Analyses

for Stable Isotopes

3

4

5

5

3

-

8

-

3

1

-

Sta Die Chlorine
Isotope Ratios

37CI/35CI
a S M O C °/oo

+0.08 + 0.03

-0.17 + 0.04

+0.26 ± 0.07

-0.29 + 0.03

+0.09 + 0.02

—

-0.22 ±0.10

—

+0.06 + 0.06

+0.23

—

Chlorine-36
^Cl/Cl x

10 15

84+ 14

52 + 7

80 ± 13

88 + 22

97 + 10

120 ±30

49 ±9

60 ± 15

50 ±8

190 ±48

112 + 28



Table 13-2. Chlorine Isotopes in Chloride Leached from Powdered Rock Samples

Sample

Leptite

Depth Below
Land Surface (m)

360

Number of Repetitions
of Analyses for
Stable Isotopes

2

Leachable
Chloride
(mg/kg)

7.7

Stable Cl
37CI/35CI

(fl SMOC 7oc)

+0.20 + 0.06

Chlorine-36
(36C1/C1 x

I0"15)

52 + 8

Granite

VI

V2

V2F

Nl

N1F

751

1106

1220

376

377

2

1

1

2

1

18.0

11.1

21.5

13.0

21.5

-0.28 + 0.05

-0.26

-0.15

+0.28+0.16

+0.31

183 + 16

142 + 20

220 ± 17

219+ 14

458 + 36
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14 CONCLUSIONS

14.1 INTRODUCTION

This list of conclusions is divided into two sections. The first section lists
selected conclusions from the Phase 1 report (Nordstrom et al., 1985) which
were further strengthened by work during Phase 2. The second section is a
list of conclusions uniquely related to work during Phase 2.

14.2 PHASE I CONCLUSIONS STRENGTHENED FURTHER BY PHASE II
WORK

14.2.1 Possible Influence of Seawater

Sulphur isotopes, additional measurements of 18O and 2H, stable isotopes of
chlorine and strontium, and, to some extent, studies of iodine-129 all support
the conclusion that the salinity in the deeper groundwater at Stripa cannot be
attributed to the direct influence of Recent or late-Pleistocene seawater.

14.2.2 Importance of Water-Rock Interactions

Further studies of 12C, 13C, and 14C underscore the importance of caicite
dissolution in the upper part and cJcite precipitation in the lower part of the
hydrogeologic system.

14.2.3 Meteoric Origin of Groundwater

The origin of virtually all the groundwater presentlv recovered from the
granite at Stripa is from local precipitation as evidenced by '"O and 2H
concentrations in the water. Deeper water has less 18O and 2H than shallower
water which suggests an origin of the water dizring the Pleistocene. No
evidence exists that the water underwent partial evaporation or geotherma!
alteration.

14.2.4 Tritium in Groundwater

Analyses of groundwater continue to show significant amounts of tritium at
intermediate depths (roughly 350 m). Some movement of tritium from the
surface is indicated. Deep groundwater samples from V2 show initial tritium
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values of less than 1.0 TU (averaging about 0.6 TU) which have declined to
roughly half their initial values during the 1985-86 period of sampling.
Concentrations suggest a slight initial contamination during drilling followed
by a slow flushing of these low initial concentrations.

14.2.5 Production of Chlorine-36

Additional analyses of ^Cl reinforce earlier conclusions that subsurface
production of ^Cl accounts for most of the ^Cl present below 100 m.

14.3 CONCLUSIONS BASED LARGELY ON PHASE II WORK

14.3.1 Age of Granite

Determinations of 87Sr/86Sr ratios of the plagioclase fraction of the Stripa
granite suggest an age 1.71 x JO9 years for the granite. Whole-rock ages from
Rb-Sr studies give much lower values which range from 0.8 x 109 to 1.39 x 109

years.

14.3.2 History of the Granite

About 1.63 x 109 years before present, hydrothermal activity produced fracture
coatings within the granite. Further events could have taken place in late
Precambrian time.

14.3.3 Water-Rock Reactions

Dilute waters entered the granite, probably during the Pleistocene, and
reacted with minerals along fractures. These r-'-xials have low Rb/Sr ratios.
Composition of the groundwater compared .vith the composition of the rocks
precludes a seawater origin of the dissolved matter and suggests that fluid
inclusions in the granite may not be contributing all the salinity to the water,
at least for those constituents which were studied.

14.3.4 Isotopic Composition of Calcite in Fractures

Isotopic data on fracture calcite suggest that a potentially modern calcite
generation can be recognized on the basis of stable isotope and mineralogical
dr.ta.
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14.3.5 Fracture Width

The 222Rn contents of groundwater have been used to deduce the fracture
widths in the flow system, and these range from 20 /im to 300 îm.

14.3.6 In-Situ Production of "Cosmogenic" Radionuclides

Although some work was reported in the Phase I report, the study of in-situ
production was greatly enlarged in Phase II. Significant in-situ production of

Cl, 129I, 37Ar, Ar, and ^Kr was demonstrated and was shown to be larger
than cosmogenic production rates. Subsurface production of 37Ar and KKr
was measured for the first time by Loosli and co-workers. Natural fission
accounts for in-situ production of KKr and I29I, and capture of thermal
neutrons accounts for the production of the remaining radionuclides.
Measurable production of 3H and 14C appears likely but cannot, as yet, be
demonstrated. In-situ production of 3H and 14C, if present, is below the
production from cosmogenic sources.

14.3.7 Iodine-129

In deep groundwater, concentrations of 129I are correlated with ^CI/CI ratios,
suggesting an increase in residence time of the groundwater with an increase
in 129I. A transfer of as much as 35 to 50% of the 129I produced to the water
may be likely, particularly in view of the fact that uranium tends to be
concentrated along fractures in the granite.

14.3.8 Organic Carbon

Total organic carbon concentrations of as much as 70 mg/L have been
measured from samples from deep boreholes. Most of this organic carbon
was found to be N-butyl benzenesulphonamide which was probably leached
from tubing in the sampling system.

14.3.9 Isotopic Composition of Organic Carbon

The 613C values of the dissolved organic carbon are isotopically light and
similar to that of the inorganic carbon which supports a biogenic origin of the
inorganic carbon.
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14.3. lOFractionation Analysis

An analysis of the fractions of the dissolved organic carbon demonstrated that
the hydrophobic and hydrophilic acid fractions, generally the largest fractions
in natural waters, were less than 0.3 mg/1.

14.3.11Stable Isotopes of Chlorine

The ^Cl/^CI ratios of rock leachates when compared to the ratios of
groundwater suggest that in places the water in the fluid inclusions and other
micropores is not in equilibrium with the freely circulating groundwater.

14.4 FINAL REMARKS

In this section, we will summarize the overall accomplishments of the
geochemical work with an emphasis on the Phase II portion. However, before
presenting the details, it should be pointed out that the study was notable in
both the large number of researchers from various countries who were
involved and the number of different types of geochemical measurements
made of samples from the Stripa mine. As a consequence of the extensive
nature of the work, it will be impossible to cover the details of this very
complex study within the next few pages, but we trust that our incomplete
sampling will touch on most of the important accomplishments. Our
discussion will focus on three separate facets of these accomplishments: first,
the development of new or rarely used field and laboratory techniques;
second, the elucidation of new or poorly understood scientific principles; and
finally, the possible application of these principles to the solution of practical
questions.

14.4.1 New or Rarely Used Techniques

A number of researchers in various countries undertook difficult and often
unique measurements of various nuclides and compounds. A large number
of measurements of a geochemical nature taxed existing methods because of
the low concentrations encountered, because of only slight differences among
samples from various locations, or because the constituent had never, or
rarely, been measured before. In addition, special field sampling methods had
to be devised, particularly for the separation of dissolved gases and for the
capture of trace organic fractions. A special effort was made to determine the
composition of natural fluids in micropores within the Stripa granite by both
leaching studies and direct observations of fluid inclusions. Measurements of
the halogens were of particular interest. In addition to precision measure-
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ments of bromide, some of the earliest measurements of the natural nuclide
ratios 37C1/35CI, ̂ Cl/total Cl, and 129I/total I were made of both rock leachate
and free-flowing groundwater.

Gases in groundwater are rarely studied in detail. The work at Stripa was an
exception. Isotopes of dissolved helium, argon, krypton, and radon were given
extra attention. Natural levels of 37Ar in groundwater were measured for the
fiist time.

Although studies of 3H and 14C, as well as 2H/ lH, l3C/12C, l8O/16O, "S/^S,
and ^Sr/^Sr ratios, have been well established, an integrated hydrochemical
work which utilized all these measurements in a single study was unique.
Furthermore, some of the measurements required enhanced precision beyond
the usual laboratory capabilities. Considerable development work was
undertaken to sample and process dissolved organic matter from the
groundwater. Some of the earliest detailed characterization of dissolved trace
organic matter from groundwater was accomplished. For the first time,
carbon from trace-organic fractions was separated and analyzed for 14C.

14.4.2 New Scientific Insights

Possibly the most general scientific question posed by the work at Stripa
related to the origin of dissolved solids in groundwater from depths in excess
of a few hundred meters. A consideration of the stable nuclide composition
of the water, as well as bromide/chloride ratios and concentrations of the
elements in solution early in the history of the investigation, eliminated the
possibility of an unmodified seawater source. Although the bulk of the water
itself probably originated as precipitation or meltwater from ice, the dissolved
solids in the water probably have a more complicated history involving rock-
water interaction, diffusion of ions from micropores into larger fractures, and
slow lateral movement of water carrying dissolved solids into the Stripa
granite from some outside source.

The work at Stripa has been a major stimulus in the general field of the
hydrogeochemistry of water recovered from deep fracture systems in
Precambrian rocks of Sweden, as well as Canada and other parts of the world.

Consideration of dissolved solids, as well as the 3H content of the groundwa-
ter, demonstrated the importance of fracture flow in determining water
chemistry. An overall trend in chemistry with depth is certainly present;
nevertheless, in detail, major fractures appear to carry water of unique
compositions, and a thorough homogenization of water quality is lacking
throughout the bulk of the deeper part of the Stripa granite.
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One of the most spectacular scientific results of the work at Stripa came from
the clear demonstration for the first time that a number of so-called
"cosmogenic radionuclides" are actually generated in the subsurface in
quantities which overwhelm the real cosmogenic components. Subsurface
production is a very important source of ^Cl, 37Ar, 39Ar, ^Kr, and 129I at
Stripa. Additionally, owing to the high concentration of uranium and thorium
in the Stripa granite, 3H and 14C could be produced in measurable amounts.
Proof of a subsurface source of 3H and 14C, however, is as yet lacking.

One of the objectives of the geochemical work at Stripa v/as to date the
groundwater. In the context of hydrogeology, dating of water is much
different than normal geochemical dating of solid matter. Dating the water
is an attempt to determine how long the water has been isolated from the
surface-water and atmospheric portions of the hydrologic cycle. Actually, all
dating, except for 3H dating, determines the average age of the dissolved
matter in the water. The age of the water itself is only determined by trying
to relate the history of the dissolved matter to the complex history of the
water. For the first time, a very large number of techniques were used in a
single study. These techniques involved isotopic disequilibrium, buildup of
radiogenic gases, decay of cosmogenic radionuclides, buildup of jn situ
produced radionuclides, and matching changes in concentrations of stable
nuclides with known climatic fluctuations. Results were judged only partially
successful, owing to the natural complexity of the fracture-flow system and to
the disruption of the system by past mining operations. Nevertheless, the
conclusion of most of the researchers who addressed this problem was that
the bulk of the deepest groundwater had been isolated from the surface for
thousands of years.

More than 50 mg/L of dissolved organic matter had been measured
previously in one of the groundwater samples from Stripa. Because water in
granite was expected to have less than 2 mg/L of dissolved organic matter,
the large concentration gave rise to considerable speculation. Phase II work,
however, showed that the large concentrations were from human sources and
that only less than 1 or 2 mg/L of natural organic matter was dissolved in the
water. This reconfirmed previously held ideas concerning expected levels of
dissolved organic matter in water deep within plutonic rocks.

14.4.3 Some Practical Applications

Geochemical studies in connection with the isolation of radioactive waste are
required for numerous reasons which were not specifically addressed in the
Stripa research. First, the chemistry of the groundwater will determine
whether water drained out of a repository can be disposed of safely in the
surface environment. Second, water chemistry will determine whether the
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local groundwater can be used for drinking and construction needs during the
active phase of the repository. Third, the bulk chemistry of the groundwater
will control the extent of corrosion or encrustation in materials placed in the
repository. Fourth, during the exploratory phase, a knowledge of water
chemistry' will aid in the interpretation of some forms of subsurface geophys-
ics, fifth, and lastly, water and rock chemistry will affect the potential
mobilization of radionuclides from a repository and must be known in order
to evaluate the hazards of a repository failure.

One practical question which was posed in various ways by different
researchers was the extent to which geochemical studies can aid in the
understanding of the hydrogeology of potential repository sites. In Stripa, 3H
was found to be a sensitive indicator of the rapid movement of surface water
into fractures in otherwise solid rock. Radon concentrations in the groundwa-
ter were concluded to be useful in estimating average fracture apertures which
are important hydrogeologic parameters. The fact that lateral movement of
groundwater must have taken place to explain existing geochemical anomalies
indicates an overall rock permeability sufficient to allow slow but measurable
long-term migration of radionuclides away from a failed repository, had it
been placed in rock similar to that found at Stripa.

Another fundamental question which was in the minds of most researchers
was the geochemical evaluation of possible regional migration of groundwater
through a site which might be considered as a repository for radioactive waste.
The use of geochemistry to predict the possible long-term movement of
radionuclides over distances of several kilometers is far from straightforward,
particularly in fractured plutonic rocks. Certainly, the mere presence of
brackish groundwater, water high in helium, water with a high pH, etc.,
suggests a sluggish groundwater system. These geochemical conditions do not
develop rapidly and suggest water ages in thousands of years. This would be
a useful qualitative conclusion for many purposes. Under ideal conditions,
more quantitative conclusions may be possible. The most reliable indicators
of water age and, hence, rates and directions of regional groundwater flow are
3H, 14C, 39Ar, and ^CI, provided that the carbonate geochemistry is understood
and subsurface production is minimal. Although not discussed in this report,
81Kr may eventually prove to be one of the most useful radionuclides for
dating water in the range of 4 x 104 to 1.5 x 106 years, provided that certain
sampling and analytical problems can be overcome.
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