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PREFACE

This report is one of a series documenting the results of the
Swedish-American cooperative research program in which the cooperating
scientists explore the geological, geophysical, hydrological, geochemical,
and structural effects anticipated from the use of a large crystalline
rock mass as a geologic repository for nuclear waste. This program
has been sponsored by the Swedish Nuclear Power Utilities through
the Swedish Nuclear Fuel Supply Company (SKBF), and the U.S. Department
of Energy (DOE) through the Lawrence Berkeley Laboratory (LBL).

The principal investigators are L. B. Nilsson and O. Degerman
for SKBF, and N. G. W. Cook, P. A. Witherspoon, and J. E. Gale for
LBL. Other participants will appear as authors of the individual
reports.
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ABSTRACT

This paper presents the results of geochemical and isotopic analyses on

water samples from the granite at St ri pa, Sweden. Grou ndwater samples co11 ec

ted from shallow, private wells; su boreholes; and boreholes drilled from

the 330 m and 410 m mine levels were analyzed for their major ion chemistry,

dissolved gases, and environmental isotope conterits.

The principal change in the chemical load with depth is typified by

chloride concentration, which increases from less than 5 mg/liter to about

300 my/liter. There is a parallel increase in pH, which changes from about

6.5 to over 9.75. It is important to notice that calcite saturation is main

tained and that, because of rising pH, dissolved inorganic carbon is lost.

The total carbonate content thus decreases from about 70 mg/liter to less than

7 mg/liter.

The 180 and deuterium analyses demonstrate that different fracture sys

tems contain different water masses, whose age increases with depth. Ground

water age determinations with 14C and isotopes of the uranium decay series

strongly indicate that water ages exceed 25,000 years. The 13C contents of

the aqueous carbonate in these groundwaters indicate groundwater recharge

through vegetated soil--presumably during an interglacial period.

The 13C and 180 determinations show that most fracture calcites have

formed in a wide variety of depositional environments~ and not in the waters

circulating today.





I. INTRODUCTION

The ideal solution to the problem of disposal of nuclear wastes would be

to find an impermeable, dry rock mass able to withstand major interferences

such as mining and heat stress to such a degree that no water or gas could

enter or leave the repository. Such a rock is unlikely to exist, and would

be difficult to recognize. Thus the selection and preparation of any rock

mass considered suitable for a repository which can contain high-level nuclear

wastes for many thousands of years will have to involve extensive physical

testing as well as investigation of the geochemistry and hydrogeology of the

rock mass.

In general we have great experience in mining different geologic materials,

but very little is known about the origin, age, movement, and geochemistry of

groundwaters in largely impermeable rocks and no studies have integrated such

infonnation with structural geologic data.

If one d guarantee that no water could enter or leave a deep disposal

site, the need for hydrogeochemical and hydrogeologic investigations would be

minimal. Such assurances cannot be given, however, without detailed studies

at all potential sites. These studies mu

• define potential and actual water movements before, during~ and

after the activities associated with any disposal operation;

• describe the geochemistry of the aqueous system, and the mineralogy

and geochemistry of fracture minerals encountered during the various

phases of repository preparation;

• predict the release and movement of radionuclides in an environment
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in which the first containment barrier is an engineered system (whose

design will depend on the hydrology and geochemistry of the virgin

site), and in which the subsequent barrier is the rock mass.

An assessment of the fracture hydrology therefore requires information

about the composition, origin, and age of groundwaters within the rock mass.

The data obtained from our investigations of the granitic rock mass at Stripa,

Sweden should provide the basic framework for geochemical studies needed in

projects predicting containment movements from disposal sites in similar rock

masses.

Major ion analyses and field determinations of pH and other less impor

tant parameters describe the chemical characteristics of groundwaters which

arrive at the mine site and eventually fill any excavation. By sampling at

different points, we attempt to understand the geochemical evolution of these

groundwaters and to document which geochemical processes are dominant. An in

tegral part of the discussion are analyses using the computer program WATEQ-F

(Plummer, Jones, and Truesdell 1976), which gives the speciation of aqueous

compounds in the system and defines mineral-water equilibria.

We use the stable isotopes 180 and 2H (deuterium) to obtain information

on the origin of the groundwaters encountered. Both isotopes are a conserva-

tive property the groundwaters, unless there has been large-scale isotope

exchange at elevated temperatures with rock minerals, such as occurs in all

major geothermal systems, and also in deep sedimentary basins. These

isotope analyses thus indicate whether IInormalll groundwater is discharging

from the fracture system and under what environmental conditions it has been
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recharged, or whether deep circulation systems, metamorphic fluids, fossil

seawater, etc., are present.

Indirect information on the environment of groundwater recharge is also

obtained from rare gas analysis. done in conjunction with the analyses of

isotopes of the uranium decay series in water and rocks. Since radioactive

decay increases the helium concentrations of the groundwater, the abundance of

helium reflects groundwater ages. Groundwater age dating was also attempted

using tritium and 14C. Tritium concentrations are a function of input and

decay only because the short half-life of tritium (12.35 years) removes this

isotope from waters older than about 30 years. Interpretation of the data for

14C and uranium isotopes is more difficult because their concentrations very

strongly depend on the geochemical processes that also affect the chemistry of

the groundwaters. A thorough knowledge of these processes is necessary before

rare gas analysis can be used to indicate water ages.

The geological framework and borehole locations of the geochemical work

done at the Stripa mines are given in Figs. 1, 2, and 3. Figure 1 shows the

distribution of surface outcrops of granite and leptite (metasedimentary

rocks) in the area above the test excavations. In this area the contact be

tween the two main rock types trends approximately east-west and plunges about

45° south (Fig. 2). The general outline of the test excavations (which are

located in granite) is shown in Fig. 1 and, in more detail, in Fig. 3.

The surface boreholes consist of seven water wells, WT-l through WT-7

(including a pump-test well, WT-7), and two long, inclined boreholes, SBH-l

and SBH-2. A third long borehole, SBH-3, is planned (Fig. 1). SBH-1 is an
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open, 76-mm diameter, diamond=cored borehole~ 385 m long~ that angles downward

at 45°~ passes over the test excavations~ and terminates at approximately the

290-m level. SBH-2, also diamond cored, is drilled from the west toward the

test excavations. This borehole is 365 m long, angled downward at 52 0 (from

the hori zonta1), and termi nates at approxi mately the 290=m 1eve1 (Fi g. 1).

SBH=3 will be drilled from the north at an angle of approximately 50° from the

horizontal, bearing south towards the underground test excavations. Collec-

tion of adequate water samples from this borehole will be critical to the geo=

chemical program. It is planned to collect water samples at 100 m, 200 m. and

~350 m along SBH=3 as the drilling proceeds.

500 X--'-+--{;k

450 )(--+--+--I----+----+----+-~I_"_7-+_

350

950y

XBL 794-9484
Fig.l. Surface geology and location of surface boreholes

SBH-I and SBH~2. The location of test excavations
at the 338-m level is shown as cross-hatched area
enclosed by dashed lines.



Three subsurface boreholes have provided most of the water samples for the

geochemical study: R-1 located near the north end of the ventilation drift

(Fig. 3); M-3, located near the end of the time-scale room (Fig. 3); and a ver

tical 470-m borehole drilled by Sveriges Geologiska UndersOning (SGU) for

Karnbranslesakerhet (KBS) from the 410-m mining level. All of the under-

ground boreholes have pressure gradients directed into the excavations. All

modified from Olkiewicl, at al.

AREA OF MINING EXCAVATIONS

80 100m
I I

40 60
t I

20,

IRON ORE ZONE

LOWER LEPTITE ZONE

UPPER LEPTITE ZONE

DIABASE

GRANITE

o.

STRIPA MINE
cross section 14

410

310

360

200

XBL 794-9485

Fig. 2. Vertical profile showing the subsurface geology in
the area of the test excavations along crosS sec-
tion A-B in Fig. 1.



three of the boreholes have reasonable flow rates: R~l, 30 m in length, flows

at approximately 0.5 liters/min; M~39 14 m in length, flows at approximately

0.15 liters/min; and the 410~m-level vertical borehole, 470 m in length, flows

at approximately 0.1 liters/min.

Swedish
Heater Experiment

u. S. Time - Scaled
Heater Experiments

u.S. Ventilation
Experiment

u.S. Full- Scale
Heater Experiment

XBL 794-9486

Fig. 3.

Underground excavations
near the 330-m level
showiny the location of
boreholes including M-3
(after Witherspoon,
Cook, and Gale 1977;
Witherspoon and Degerman
1978).

The Stripa granite is in contact with the north limb of a plunging syn

cline (Fig. 2) of metasedimentary rocks. The iron are beds within the meta-

sedimentary rock sequence, excavated down to 410 m, have been mined for about

400 years, ending in 1977. This long period of mining activity must have

greatly perturbed the local flow system, through the formation of a 410-m

sink of considerable areal extent. Local enrichments in uranium minerals

(0. Brotzen, pers. comm.) could significantly influence the geochemistry of

the Stripa granite waters, specifically the abundance and isotopic composi

tion of uranium and its daughter products.



This report is the first summary of hydrogeochemical and hydrogeologic

investigations at the Stripa mines du ng FY 1978, and deals exclusively

with observations relevant to the hydrology of the Stripa project. Some

additional samples will be collected during FY 1979 and possibly FY 1980.

Future detailed reports will deal with:

, carbon-14 dating;

, dating with uranium isotopes and their daughter products;

• fracture mineralogy and geochemistry.
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2. SAMPLING AND ANALYSES

Sampling points for which data are presented in this report are listed in

Table 1; data are presented in the appendix. The analyses include:

I field measurements of alkalinity, Eh, pH, conductance, temperature,

and dissolved oxygen;

• complete major ion analyses on samples from all groundwater types;

I determination of composition of dissolved gases on a selected number

of samples, with speci emphasis on noble gas analyses;

deuterium and oxygen-IS analyses on water samples from all sampling

points;

I carbon-13 and oxygen-IS analyses of fracture calcites; and

• analysis of carbon-13 in dissolved aqueous carbon from the different

water types.

In addition, attempts were made to determine groundwater ages through analyses

of tritium, carbon-14, uranium isotopes t and uranium daughter products.

Several laboratories participated in these analytical tasks:

University of Waterloo, Canada
(Dr. P. Fri and J. Barker)

Section for Isotope Hydrology
International Atomic Energy Agency
Vienna, Austria (Ore B. R. Payne)

University of Uppsala, Sweden
(Dr. E. Eriksson)

Florida State University, U.S.Ae
(Dr. K. Osmond)

University of Bath, Great Britain
(Dr. J. N. Andrews)

Oxygen-18, deuterium, tritium,
carbon-13~ and carbon-14 analyses;
and gas analyses

Carbon-13 and carbon-14 analyses;
enriched tritium determinations;
chemical anal

Tritium determinations

Uranium isotope analyses

Uranium isotope analyses
noble gas determinations



AS Atomenergi~ Studsvik, Sweden

Hydroconsult AB, Bromma, Sweden
(H. Bormma)
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Radon analyses

Chemical analyses

Section 2.1 discusses field analytical methods and sampling procedures;

Section 2.2 discusses laboratory procedures, information concerning the

equipment used, and the final data.

2.1 Field Methods

Source of Samples

Groundwater samples were obtained from four private wells~ twelve bore

holes, and three drips in the mine working (Table 1). The approximate

locations of the private wells are shown in Fig. 4; locations of the various

mine-working areas are shown in Figs. 2 and 3.

Sampling Procedures

All private wells were equipped with commercial pumps (jet or suction),

which provided adequate water, but enhanced groundwater degassing and allowed

some groundwater-atmosphere contact. The three drip samples (Stripa 8, 26,

and 27), as well as the boreholes sampled by bailing (Stripa 12~ 30, 31, 47,

and 48) were exposed to the mine atmosphere. Samples obtained from the de

watering system of borehole heaters (Stripa 38, 39, and 40) were subject to

degassing by the vaccuum pump and were stored in aluminum barrels for at

least 16 hours before being collected.

Fortunately, a few boreholes (M-3 r R-1, and the borehole drilled from the

410-m level) flowed, and thus required no pumping; here, specific intervals



-1

Table 1. Origin of geochemical samples.

pa
sample

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Origin

Tailings pond 3 next to SBH-2
Aqueduct to pond 3 (from mine)
Stream (Korslund to Danshuttan)
Stream (Herrg~rd sauna)
Stream (DanshuttegSrd bridge)
410-hole, below 152.3 m
410-hole, above 152 3 m
Dripwater between 410- and 360~m level
Tailings pond 3 next to SBH-2
Stream (Danshuttegard bridge)
Stream (Herrg8rd sauna)
H-2 in time-scale room
M-3 in time-scale room
Drilling fluid in time-scale room
410-hole, below 285 m
M-3 in time-scale room
410-hole, 6.3 - 50 m
Private well 1, granite
Private well 2
Private well 3
Private well 5, grani
Drill water time-scale room
Private well 2
410-entire hole
Extension drift, drill water
Dripwater, between 360 and 340 m
Dripwater, between 410 and 360 m
Horizontal borehole (SGU), 338-m 1
410-hole, 471 to 376.5 m
Borehole BH- 5, time-scale room
Borehole BH-H-3, time-scale room
Drillwater, ventilation drift
410-hole, below 12 m
410-hole, below 129 m
Borehole M-3, time-scale room
Borehole R-l owing, ventilation drift
410-hole, below 387 m
Borehole H-2, time-scale room
Borehole H-3, time-scale room
Borehole H-4, time-scale room
Borehole H-5, time-scale room
Borehole M-3, time-scale room
410-hole, between 8 and 40 m
410-hole~ below m
410-hole~ below 285 m
Borehole R-3~ ventilation drift
Borehole HG-3 9 ventilation drift
Borehole HG-4, ventilation drift

Sampling date

7 Sep 77
7 Sep 77
7 Sep 77
7 Sep 77
7 Sep 77

8-14 Sep 77
8 Sep 77
8 Sep 77

12 Sep 77
12 Sep 77
12 Sep 77
13 Sep 77
13 Sep 77
13 Sep 77

14-20 Sep 77
21 Sep 77

9-20 Sep 77
27 Sep 77
28 Sep 77
9 Oct 77

4-13 Oct 77
12 Oct 77

24-26 Oct 77
10 Nov 77

16-18 Nov 77
18 Nov 77

6-7 Dec 77
Jan 78 ~ Mar 78

3 Feb 78
3 Feb 78
3 Feb 78

29 May 78
May 78

30 May 78
30 May 78
30 May 78
31 May 78
31 May 78
31 May 78
31 May 78
31 May 78
12 Jun 78
12 Jun 78

12~24 Jun 78
16 Jun 78
16 Jun 78
16 Jun 78
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N

SAMPLE LOCATIONS:

o SURFACE WATER

III PRIVATE WELL

XBL 794-9487

Fig. 4. Location of private wells in the vicinity of the
Stripa mine which were sampled for chemical and
isotopic analyses.



sampling period interpreted

, conductivity

, temperature

, pH

• dissolved 02

, alkalinity

-1

were i501 ated by packers and the groundwater brought to the surface vi a nylon

tubing. Contact of groundwater with the mine atmosphere was consequently

reduced.

When drilling fluids are used~ groundwater contamination can be expected

for some time. To ensure that sampled groundwaters were free of significant

contamination, (1) where possible, at least four borehole-volumes of water

were removed from the borehole or well to remove contaminated groundwater be

fore sampling, and (2) some or all of the following groundwater parameters

were monitored at the site before and after sampling, with variations over the

as related to various degrees of contamination:

Samples of drilling water, expected to be isotopically distinct from

groundwater, were also collected for stable isotope analyses. When consis

tent isotopic concentrations were obtained before and after the following

sampling sequence, the groundwater was considered to be uncontaminated by

dri 11 i ng fl ui d:

(1) call ect 18 0, deuterium, tritium sample

(2) measure conductivity and temperature

(3) measure dissolved oxygen

(4) measure pH and Eh
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(5) collect fi d alkalinity sample

(6) collect water chemistry samples

(7) collect dissolved gas samples

(8) collect uranium isotope samples

(9) collect tritium (enriched) samples

(10) collect water and 13C sample

(11) collect water and 14C sample

(12) repeat steps 1~7 in reverse order

For flowing boreholes, steps were omitted or performed out of sequence, and

the degree of contamination, if any, was ascertained by the consistency of

stable isotope contents (180, 2H).

The sampling and field geochemical procedures briefly described in this

section are those currently used at Stripa~~not the final, definitive proce~

dures. Improved procedures essential for more advanced geochemical studies

are being developed.

Geochemical Measurements in the Field

Conductivity and temperature measurements were made with the Yellow

Spri ngs Instrument battery-operated YS133 conductivity meter and probe

following the manufacturerls instructions. Water was collected in a ean

beaker or in a flow-cell, and the measurements repeated on different aliquots

of sample until constant values (±5 ~mhos) were obtained.

Dissolved oxygen (DO) was measured with the YSI64BP dissolved oxygen

meter using a probe fitted with a high sensitivity membrane, following the

methods outlined in the instruction manual. As considerable time was required



-17-

to obtain a stable reading~ measurements were made on water flowing through a

flow-cell to minimize groundwater-air contact. Temperature and DO readings

were made until stable values were obtained. Previous experience with these

meters suggested readings below 0.1 to 0.2 ppm dissolved Oz were unreliable-

in fact, such readings could be obtained for waters with less than 0.01 ppm

dissolved Oz.

Buffer solutions of known pH were purchased or prepared as suggested by

Lanymuir (1970). A two-buffer standardization of the Corning model 610 pH

meter and Corning combination electrode (#476051) was performed according to

the manufacturer1s instructions before (and checked after) each pH measurement,

and near (±2°C) the temperature of the water to be tested. Because of the

high pH values encountered~ standard buffers near pH 7 and near pH 9 were used

for standardization. Standardization was considered satisfactory if the pH -7

buffer redetermination was within 0.04 pH units. If the standardization made

after the pH measurement indicated a change of the pH buffer valu~ of more

than 0.05 pH units, the standardization~measurement procedure was repeated.

Some pH measurements were made on water samples collected in a plastic

beaker. After standardi ion, the pH of the sample was measured, then another

aliquot of sample transferred to the beaker and the pH measured. This was

repeated until a stable pH value was reached.

Eh standardi ion is not possible, but the measuring system can be eval

uated on its ability to reproduce the Eh of a solution of known Eh--the Zobell

solution. Therefore, the Zobell solution was made according to Langmuir (1970)

and its potential measured with the Corning pH meter using the combination pH
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electrode as a reference electrode and a Corning #476060, platinum disc, inert

electrode, following the manufacturer's suggested method. The system was consi

dered to be operating correctly if the measured potential was within ±5 mV of

the known potential of the Zobell solution at the temperature of measurement.

Most pH and Eh measurements were made using a simple flow cell. The pur

pose of this cell was to minimize temperature changes and to eliminate air

contact for groundwaters which were flowing or pumped. The simple flow cell

consisted of a 400 cm 3 , amber glass bottle fitted with a 4-holed rubber stop-

per. Two holes accept the el rodes; the other holes are fitted for water in-

flow and water outflow with thermometer. The cell was placed in a tray which

retained the outflow of the cell and could be filled with ice. In this way the

water in the cell was held within 2°C of the temperature of the groundwater

discharging from the borehole or well. Water flow was interrupted during pH

or Eh measurements and recommenced between measurements. The pH and Eh values

were recorded until stable values were obtained.

Although pH and Eh measurements are expected to be within ±0.05 pH units

and ±5 mV, respectively, of the actual values of the water in the flow cell,

the uncertainty with respect to actual groundwater in situ cannot be evaluated.

The effects of degassing due to pressure release during sampling is expected

to be the major problem. The field-measured pH and Eh values are listed in

Appendix A. Only two significant figures are recorded for pH measurements

which were not made in the flow cell,or which were not considered adequately

accurate due to technical problems.
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Alkalinity determinations were made on samples collected in new 0.25- to

D.5-liter plastic bottles, which were thoroughly rinsed and filled by overflow

ing for several minutes with the water to be sampled. The samples were kept

cool and returned to the field laboratory for alkalinity determination as soon

as possible (usually within 4 hours). Two aliquots of unfiltered and/or fil

tered sample were titrated with acid. Initially, the titration was carried out

to a pH of 4.3, but the procedure was modified to take the inflection point

near pH 4.3 to 4.7 ina II pH versus volume of acid added" plot as a measure of

alkalinity. Most field alkalinity determinations have precision of only 5 per

cent because of the very low alkalinities encountered. However, the charge

balances of most analyses do not indic such a large discrepancy. Although

filtered and unfiltered samples were analyzed, the fi d alkalinities reported

in Appendix A are for unfiltered samples.

Groundwater Sample Collection

A number of samples were collected for analyses gases dissolved in

groundwaters. Gases coming out of solution as water from boreholes came to

the surface were collected by water displacement for 222Rn anal is by AB

Atomenergi, Studsvik, Sweden. The small amount of air contamination encoun

tered could be corrected for after analysis. Samples for helium, neon, argon,

krypton, and xenon analysis were collected in small glass tubes. supplied by

the analyst, J. N. Andrews, University of Bath, Great Britain. Groundwater

was passed through the sampling tube for several minutes and then the sample

was isolated by closing two stopcocks. For 222Rn analysis, 5-liter sample

bottles, also supplied by the analysts, were filled by overflowing, and care

was taken to avoid air contamination.
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For a few samples, an attempt was made to determine the concentration of

dissolved gases: O2, N2, and CH4 - For methane analysis, 50 cm3 plastic

syringes with 18-gauge needles were rst rinsed with the water to be sampled.

The needle was placed into the end of the tubing delivering the groundwater

and the plunger withdrawn until about 22 cm3 of groundwater was drawn into the

syringe. For most samples, water flow forced the plunger back and a snug fit

of the needle hub into the tubing allowed any degassed methane to be included

in the sample. The syringe needle was changed quickly to a 23-gauge needle,

with water being expelled until 20 cm3 remained. The needle was then stoppered

quickly with a rubber stopper and the sample kept cool until it was returned

to the laboratory for analysis.

For 02/N2 analyses, greater care was taken to exclude atmospneric conta~

mination of samples by using glass, 50 cm3 syringes. The syringes and needles

were flushed about 12 times, filled with prepurified helium, and then stoppered.

The needle was unstoppered and quickly put into the groundwater flow of the

delivery tubing, ensuring that helium was continuously expelled. About 25 cm3

of water was drawn into the syringe and the 18-gauge needle replaced by a 27

gauge needle while water was expelled to a volume of 20 cm3 • The needle was

capped and the sample returned to the laboratory for analyses. Duplicate or

tripl icate samples were collected for C~ and OZ/N2 analysis.

Groundwater samples for chemical analysis were collected in two I-liter

plastic bottles. The new bottles were rinsed with the water to be sampled

and then fi 11 ed by overfl owi ng. About 2 ml concentrated H2 So.. was added to

one bottle, and both bottles were securely capped and returned to the field
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laboratory for filtering. Samples were kept cool until they were filtered

through 0.45 ~ paper; two small aliquots were used to rinse the paper and re

ceiving flask.

For 234U/238U and 226Ra isotope analysis~ twenty I-liter plastic bottles

were rinsed and filled with groundwater, and then each sample acidified to pH

less than 2 with about 2 cm3 of reagent grade HC1.

New O.2-liter plastic bottles were used to collect samples for stable

oxygen and hydrogen isotope analysis and normal tritium analysis. One-liter

plastic bottles were used to collect samples for tritium analysis, by the en~

richment procedure. All bottles were rinsed with water to be sampled. filled

by overflowing to minimize air entrapment. capped. and sealed with household

wax before shipment to the appropriate laboratory.

A precipitation technique was employed to collect samples for 13C and 14C

analysis. For 13C samples, this involved adding about 5 ml of C03-free NaOH

to a 2- to 4-liter sample. to raise the pH above 12. About 25 ~ of BaCl z.5HzO

was then added. and BaC03 and BaS04 quantitatively precipitated. After inver

ting the bottle. most of this precipitate settled into a scintillation vial

fitted into the cap of the bottle. The scintillation vial was then removed~

quickly capped. and returned to the analyzing laboratory. A similar precipita

tion was carried out in 60-liter plastic carboys. which had been filled by

overflowing with groundwater. After the BaC03-BaS04 precipitate had settled

to the bottom of the carboy~ all but about one liter of water was drained via

the stopcock and replaced by carbon dibxide-free air (air entered the carboy
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through an Ascarite-Drierite trap). A I-liter plastic bottle was attached

through a one-hole rubber stopper to the carboy, the carboy inverted, and the

precipitate collected in the 1 iter bottle.

At least 1 g and preferably 3 g of inorganic carbon is required for

14C analysis, so up to 3000 liters of water in some case~ were processed in

this way. The possibility of significant uptake of atmospheric carbon dioxide,

containing 14C, when groundwater was added to the carboy increased when such

large water volumes were collected. Consequently, a new technique for the col

lection of groundwater for such studies was developed, and is now in operation.

Results and technical details will be described in a forthcoming report on 14C

dating at Stripa.

Fracture Mineral Sampling

To assess the processes involving water-rock interaction, samples of

minerals present along fractures were collected from various cores taken at

the Stripa site. Initial sampling has concentrated on carbonate minerals

(calcite) present on many fracture faces. In the future, a more complete

range of samples for mineralogical/geochemical analyses will be collected.

Personnel logging the cores collected calcite samples routinely. Milligram

samples were usually obtained, although one fracture face in the mine workings

yielded enough calcite for a 14C determination. Samples were sent to the Uni

versity of Waterloo~ Canada, for analysis of 180 and 13C content.
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2.2 Laboratory Methods

Chemical Analyses of Groundwaters

The determination of field pH. Eh. and alkalinity have been described on

page 16. and results are included in the appendix. Those field pH values

which were not considered to be the best possible measurements are reported to

only two significant figures.

The analytical methods and expected precision for analyses by the IAEA

and the University of Waterloo are listed in Table 2. The procedures used by

Hydroconsult are not known~ but they are assumed to similar. with similar

precision. It must be noted that analyses by the IAEA were done on samples

collected for enriched tritium analysis (no field filtering or acidification).

However. agreement between IAEA and Hydroconsult analyses of samples from the

same location is excellent. For example~ samples 15-26A and 15-27. 16-23A and

16-24. 17-32 and 17-32A. and 20-3 and 20-4 should be compared.

The reliability of the total chemical analyses can be estimated by calcu

lating the charge balance for the analyses. If an analysis is essentially

complete and accurate~ such charge balances (as cation eqUivalents and anion

equivalents) should show little excess of cations or anions. Analyses with

charge imbalance of less than 10 percent were considered reliable. In general,

the best analyses, judged on the basis of minimum charge imbalance. were

Hydroconsult. IAEA, and Waterloo laboratory values combined with field alka

linities. Field pH was always accepted as more accurate than laboratory pH;

the latter was usually lower than the former, possibly because of carbon dio

xide uptake by these highly alkaline samples before laboratory measurements.
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Table 2. Analytical methods and estimated precision.

IAEAa UWb
Method Precision (%)C Method Precision(%)C

Atomic absorption 3 Atomic absorption 3
Atomic absorption 3 Atomic absorption 5
Atomic absorption 2 Atomic absorption 2
Atomic absorption 5 Atomic absorption 5
Phot omet ri c 4 Photometric 4
Photometric and
atomic absorption
Titrimetric 5 Titrimetric 1
Phot omet ri c Photomet ri c

Atomic absorption 10

Determination

Calcium
Magnesium
Sodium
Potassium
Chloride
Sulphate

Alkalinity
5i02
Iron
Nitrate
pH

Photometric
Electrometric

10
fO.05

a.

b.
c.

International Atomic Energy Agency, Section for Isotope Hydrology~ Vienna
Austria.
Department of Earth Sciences, University of Waterloo, Canada.
Precision expected for the reported range of concentrations for Stripa
samples. Reported as (standard deviation/determined concentration)xl00%.

Charge balance calculations indicated cation excess was more common than anion

excess. Perhaps the omission of contributed to this, although its inclusion

in analyses of samples 29~34-A and 20-61 did not provide a decrease in charge

imbalance, especially since these samples already had a slight anion excess.

Rather than averaging analyses for samples from the same location, one

analysis was selected as representative for the purpose of chemical discus-

sions. A good charge balance was the prime factor in this selection. IAEA

analyses were not selected because of the poor procedures employed in their

collection, although these analyses agree well with other better-collected,

sample analyses. This choice is arbitrary and does not introduce a signifi

cant uncertainty in the discussions which follow.
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Dissolved Gas Analyses

The noble gases~ He, Ne~ Kr, and Ar, were determined using mass spectro-

metric procedures similar to those described by Mazor (1972). Analyses were

performed by Dr. J. N. Andrews, University of Bath, Great Britain. Results

are listed in Table 3.

Table 3. Rare gas content of groundwaters (cm3 gas/cm3 H20)

Rare gas Saturation Stripa 16-41 Stripa 16-42 Stripa 29-18 Stripa 29-81
at SoC (b) (b)

(a) (14Feb78) (29Mar78) (14Feb78) (29Mar78)

6.2xl0- 7

2.2xlO- 7

5°C

86,OOOxl0-8

N.A.

6.2x10-7

2.2xl0-7

SoC

3.38xl0-7

2.2 x10- 7

5°C

30, 500x10-8 142,OOOxl0-a
N.A. N.A.

3.91x10-7

2.2 x10- 7

5°C

4.9xlO-8

36, 250xlO-a
N.A.

Helium
measured
corrected (c)

Neon 2.2x10- 7

measured
corrected (c)

Argon 4.2x10- 4

measured
corrected (c)

6.39x10- 4

5.3 x10-~
<O°C

6.19x10-4

5.4 xlO- 4

<DOC

9.65x10-4

7.1 x10-!I
<ooe

9.12x10-4

7.8 xlO- 4

<ooe
Krypton 1.05x10-7

measured
corrected (c)

1.21x10-7

1.1 xlO-4

8°C

1.20xl0-7

1.1 xl0- 7

4°C

1.48x10-'7
1.1 xl0-7

4°C

L5x10-7

L3x10- 7

O°C
Xenon 1.6xl0-7

measured
corrected (c)

1.57x10-8

1.43xlO-8

5°C

I.S0xl0-8

L40xlO-8
<goe

1.76x10-8

1.4 xl0-8
goe

1.86xl0-8

L 7 x10-a
2°C

Possible re
charge tempera
tures from Ne,
Kr, Xe contents (d)

4-9°e

(a) Equilibrium with atmospheric air is assumed.
(b) Average of two measurements.
(c) Corrected for air contamination using neon saturation at 5°C (Mazor 1976).
(d) Groundwater recharge temperatures estimated from rare gas concentrations

after correction for air contamination.
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Preliminary determinations of dissolved 02, N2~ and CH4 were made using

a gas chromatographic technique based on the procedure by Stainton (1973).

The syringe used to collect the water sample was used as a reaction chamber to

establish a static equilibrium of dissolved gas between the liquid and helium.

The helium was injected via a sample loop into a Fisher Hamilton Model 29 Gas

Partitione the individual gases separated on dual columns, and the concen-

trations determined from signals produced by the thermal conductivity detector.

Standards prepared by saturating deionized water with either CH4 or air were

also processed in this manner, and the gas concentrations calculated from a

linear peak-height versus concentration plot. These analyses are reported,

along with field dissolved oxygen and fi d Eh measurements, in Table 4.

Table 4. Dissolved gases and redox potential of groundwaters in the
Stripa area.

Stri pa sampl e
Dissolved gases (~ moles/I)

gas partitioner Field measurements
DO meter Eh, mV

6 10 580 104a < 2.5 +72
7 15 610 78d

13, 16, 35, 42 14 1410 40 < 30 + 74
14 < 0.2 460 >300d

15 9 510 105a < 3 - 7
17 < 3 - 8
18 67

19, 23 < 95 +257
21 133 + 98
24 6 + 38
29 3
43 27 1380b 18 - 87
45 14 1590b 40 + 23

a. Analyzed after storage with probable air contamination.
b. N2 used to inflate packers could be contaminating the samples.
DO = dissolved oxygen
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Isotope Analyses

The following paragraphs provide a description of analytical techniques

used for isotope analyses and discuss data presentation and reference standards

used.

Deuterium. The deuterium content in groundwaters was determined on a special~

ly designed~ double-collecting mass spectrometer with semiautomatic inlet and

recording system (Thurston 1971). It consists of a vapor-sampling device

directly connected to a mass spectrometer via a uranium reduction furnace.

Repeat analyses were done on a 6020 Micromass mass-spectrometer. The 2H/ I H

ratio of the hydrogen gas produced is determined by comparing sample to

reference standards. The results reported here are expressed in the 0 per mil

notation with respect to the Standard Mean Ocean Water (SMOW), where

Rx - Rs
oZH = x 1000

and Rx and Rs represent the 2H/ I H ratios of sample and standard, respectively.

A oZH = ~lO 0/00 signifies that the sample has 10 °/00 less deuterium than

the standard. Analytical precision is close to ±l 0/00.

Oxygen-18. The 180 analysis of water is indirectly determined mass spectrome

trically with a Micromass Ms 6020 instrument by measuring the 180/ 160 ratios

in carbon dioxide equilibrated 25°C (±O.lOC) with the water sample. The

isotope exchange reaction, Hz 180 + C160Z * Hz 160 + C160180 is thermodynami

cally controlled and produces a constant isotope partitioning between the two

compounds if equilibration is done at constant temperature. Samples and stan

dards are prepared in the same manner and, if the data are expressed in °/00
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differences~ the numerical value of the fractionation effect is of no impor

tance. The o~definition is identical to the one described for deuterium, with

Rx and Rs being the 180/ 160 ratios of sample and standard, respectively.

All data are reported versus SMOW and a 0180 = +5 %0 signifies that the

sample has 5 %0 more 180 than the standard.

During preparation of samples, a reference water sample was prepared for

eve~ nine test water samples. The overall analytical precision derived from

these data is better than ±0.15 %00

Carbon~13. The carbon~13 contents of the aqueous carbonate in water samples

was determined on barium carbonate or strontium carbonate precipitated from

1/2~gal water samples with reagent~grade BaC1 2 • 2HzO in an alkaline

medium.

This carbonate was reacted in the laboratory with 100 percent H3P04 , and

the resulting CO2 was analyzed for its 13C/12C ratios with an MS 6020 mass

spectrometer.

A similar procedure was followed for the fracture carbonates, but for

these samples the reaction was carried out at 25 ± O.loC in order to utilize

the resulting CO2 for 180 analyses. During the H3P04 reaction,

(CaC03 + 2H+ + Ca++ + H20 + CO2), one oxygen from the carbonate remains in the

resulting H20 and an isotope effect occurs. This is constant if the samples

are reacted at constant temperature; because the standards are treated in the

same manner, the numerical value of the isotope fractionation factor cancels

from the a-value, which is again used for the presentation of data. Reference
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standard for both 180 and 13C analyses is POB, a belemnoid rostrum from the Pee

Dee Formation of North Carolina. This standard has been used to calibrate uni

versally available secondary standards.

The overall analytical precision for both 180 and 13C analyses of solid

carbonates such as the fracture minerals is close to ±0.15 0/00' but approaches

±O.4 0/00 for aqueous carbonates precipitated in the field. A complete set

of water samples will be analyzed in the future, at which time the C02 will be

acid-stripped from water samples shipped to the laboratory. It is expected

that in this case, the analytical precision will also be close to ±O.15 0/00

for the 13C analyses.

Tritium. Tritium content was measured in enriched and nonenriched samples.

Electrolytic procedures were used to concentrate tritium, and both gas count

ing (on methane produced from the enriched water) and liquid scintillation

counting of 3H disintegration events were done. For the liquid scintillation

counting, a liquid scintillator within a gelling agent (INSTAGEL) was mixed

with the water (the proportion differs for different laboratory setups) and

counted directly. The latter procedure was used exclusively for nonenriched

samples. The analytical error is determined for each sample from counting

statistics and comparisons with reference samples~ and is quoted in the tables

where tritium data are presented. The data are expressed in tritium units (TU)

where lTU = 3H/I018 IH.

Carbon-14. The extremely small amounts of 14C in natural carbon (-10- 10
0/ 00 )

require that the counting be done in the most cient manner. Both gas and

liquid scintillation techniques have been developed and were used. The gas
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counting was done on methane and the liquid scintillation counting on benzene.

Both preparation procedures require special catalysts, and details of the pre

paration vary somewhat from laboratory to laboratory. Analytical precision is

quoted for each sample and is based on counting statistics. The results are

expressed as percent modern carbon (pmG) which was determined as 95 percent of

the activity of an Oxalic Acid Standard distributed by the National Bureau of

Standards in Washington. The 95 percent activity of this standard represents

the activity of wood grown during 1850 in an uncontaminated environment.

Uranium-234 and Uranium-238. Most commonly, the alpha activity ratio of

234U/238U is measured directly rather than measu ng the atomic 234U/238U

ratio itself, which requires expensive and time-consuming mass spectrometry.

At least one microgram of 232U-spiked uranium is deposited on a counting plan

chet and counted for 3 to 4 days in an alpha counter to determine the relative

abundance (relative alpha peak heights) of the individual isotopes. Uncertainty

limits are about ±3 percent on individual isotope count rates, and about 4 to

5 percent in isotope abundance and isotope ratio determinations.

Helium-4 and Other Noble Gases. Helium-4 analyses are usually done by mass

spectrometry on gas samples extracted from small volumes of water collected in

special vessels to minimize air contamination. Analytical error following com

plicated extraction and analytical procedures is not more than a few percent.

Radon analyses are given as direct counts in curies/sample size, in this

case as ~Ci/sample bottle (microcurie = lO=6Ci) whereby the sample bottles had

a volume of 1.16 liters. In the following discussion these results are presen

ted as ~Ci/liter.
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3. RESULTS AND DISCUSSION

3.1 Groundwater Chemistry

Chemical analysis of groundwaters in the Stripa area were performed to

provide:

I a description of the chemical nature of groundwaters in a granitic

rock mass;

, a database for evaluating the geochemical processes affecting

groundwaters (water/rock interaction, especially) in such a terrain;

• data necessary for the application of chemical models to transform

measured carbon-14 activities into groundwater ages.

It became evident that the geochemical processes controlling groundwater chem

istry could be adequately treated only after detailed chemical and mineralogical

studies of the rock mass, and especially of the fracture minerals, were comple

ted. Since these studies have not yet been carried out, the groundwater chem

istry can be treated in only a very qualitative manner. A more comprehensive

interpretation will be provided once the fracture mineral data are available.

The Chemical Characteristics of Groundwaters

The surface waters sampled in the Stripa area are very dilute, with total

dissolved solids (TDS) of less than 35 mg/liter. On a molal basis, the dominant

species are: Ca (~ HCO j ) > Cl ~ Na ~ 504 > SiaL (> HCO j ) > K > The pH is

6.5 to 6.8, nitrate is about 0.5 ppm, dissolved organic carbon is high (5 ppm),

and the waters are undersaturated with respect to calcite. Shallow ground

waters (from less than 100-m depth) obtained from private wells contain TDS of

120 to 325 mg/liter. These groundwaters are dominantly cium carbonate
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waters with

HCO; > Ca > Na ~ Cl ~ Mg ~ Si02 > Fe ~ K.

The pH is 6.8 to 7.9, nitrate is very variable (0 to 2.5 ppm), and organic car

bon concentrations are much lower than in surface waters - generally about 0.6

to 0.8 ppm carbon. These shallow groundwaters are, with few exceptions (Stripa

18), undersaturated with respect to calcite.

Deeper groundwaters from the 330-m level and from the upper part of the

410-m-level borehole are sodium chloride-bicarbonate waters with TDS of about

200 to 230 mg/liter, and molal concentrations decreasing in the order

Na > Cl ~ HC03 > Ca > Si02 ~ 504 ~ Mg > K ~ Fe.

The pH is 8.8 to 9.05, nitrate is 0 to 1.2 ppm, and organic carbon is low (0.6

ppm carbon). Calcite saturation is slightly exceeded.

The deepest samples (Stripa 29, 37, 44, and 45), from below 700 m (from

the borehole at the 410-m level) have the highest TDS (375 to > 510 mg/liter)

and are sodium-calcium chloride groundwaters with

Cl > Na > Ca > HC03 > S04 ~ $i02 ) K > Fe.

These waters have high pH (9.5 to 9.8), low nitrate « 0.3 ppm), and low organic

carbon content « 0.8 ppm). Calcite saturation is exceeded in all samples.

No sampling problems were encountered in samples collected from boreholes at

the 330-m and 410-m levels.

Geochemical variations in groundwaters from Stripa are illustrated in

Fig. 5, where the change in some geochemical parameters with depth can be seen.

Depths of samples are from the surface and are only approximate in most cases,
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especially where a sample was obtained over a depth interval. "Drip" samples

were not included in Fig. 5; they are generally discounted because of exposure

to mine air and probable contamination. The unusually high organic carbon,

nitrate, and sulphate values for these samples (Stripa 26, 27) from the mine

workings suggests contamination occurred. This is supported by stable isotope

measurements.

Table 5. A comparison of the ranges in chemical species in groundwaters from
Stripa, Swedish granites, and gneisses from the Bohemian Massif.

Range of concentrations (mg/l)

Species Stri pa Sweden Bohemian Massif

Ca 10 to 59 ~10 to > 40 8.0 to 62.5
l"1g 0.5 ~ 5 to ~ 15 trace to 20.7
Na 43 to 125 ~10 to > 40 2.5 to 10.5
K 0.2 to 5.4 ~ 3 to ~ 5 trace to 4.5
Cl 52 to 283 rv 3 to >5000a 1.8 to 7.8
504 2.7 to 19 ~ 3 to ~ 50 18.5 to 235

HC03 15.4 to 78.7 ~60 to rv 300 3.7 to 18.3
Siaz 11.0 to 12.8 ~10 to ~ 60b 5.5 to 18.0

Fe 0.02 to 0.24 trace to 1.9
pH 8.85 to 9.75 ~ 6 to ~ 9 4.4 to 5.96

a
b No actual 1iterature data.

Table 5 presents a comparison of the ranges in chemical species found in

groundwaters from the Stripa mine (excluding private wells), from granites

and gneisses in Sweden (Jacks 1978), and from granite of the Bohemian Massif

reported by Paces (1972). The differences are important: much higher

concentrations of Na. Cl, and HC0 3 • m0ch higher pH values. but lower

concentrations of Mg, S04, and Fe were encountered at Stripa and other
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Swedish sites than in the Bohemian Massif. The differences might be explained

on the basis of:

• different atmospheric input; different geochemical conditions

affecting groundwater in the unsaturated zone or in other rock

types before the groundwater enters granite;

• mineralogical variation in granites;

• control of geochemistry by fracture mineralogy which would be

variable for different granites;

different degrees of water/rock interaction due to different

groundwater temperatures, duration of water/rock contact, physical

fracture characteristics, etc.;

presence of brines or seawater in the Stripa rocks.

Geochemical Processes and the Geochemical Evolution of Groundwater

In the qualitative discussion which follows, the Stripa groundwaters are

considered to evolve from original recharged waters to the presently observed

groundwaters. The major process causing geochemical change as waters flow in

the subsurface is considered to be water/rock interaction. Other processes,

such as microbial activity or mixing of different groundwaters, might be signi~

ficant and are discussed briefly where appropriate. In view of the assumed

increasing age of groundwaters with depth, the groundwater geochemical evolu

tion is considered to parallel increasing depth, whereby deeper samples are

thought to have undergone more geochemical evolution than shallow samples.

The assumption is also made that modern shallow samples are similar to deeper

samples as they existed at an earlier stage of evolution. Although this con~

cept provides an apparently consistent framework for available groundwater ages,



stable isotope compositions~ and geochemistry, it must be reevaluated on the

basis of data from the ongoing hydrological/geochemical studies.

The increase in TDS from surface waters to shallow groundwaters is paral

leled by increases in all dissolved species, except perhaps organic carbon.

The shallow groundwaters have probably picked up and increased dissolved load

from both the unsaturated and saturated zones, through mineral dissolution

and hydrolysis of primary igneous and metamorphic minerals with the generation

of clays and other minerals as well as ionic compounds. Marble has been iden

tified in shallow bedrock cores (Stallsbergbologen borehole NO.2, for example)

and its dissolution could account for some of the Ca, Mg, and HCOg in these

groundwaters, especially in Stripa 18. The latter is the only shallow ground

water found to be saturated with respect to calcite.

Compared to those for shallow groundwaters, the intermediate-depth ground

waters (from the 330-m and 410-m levels) have lower Mg, K, Ca, and HCOg;

have gained Na and Cl; and have high pH. Calcite saturation and even some

supersaturation is maintained, even with the decrease in Ca and HC03. Silica,

organic carbon, sulphate~ and nitrate are virtually constant. The observed

evolution could be the result of any of the following processes:

(1) Calcite precipitation

(2) Incongruent dissolution of primary silicate minerals with clay

mineral formation (thus maintaining constant aqueous 5i02 concentrations)

(3) Cation exchange of Ca 2+ and Mg2+ from solution for Na+ and H+ from

clay mineral surfaces
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(4) Mixing of normal groundwaters with residual seawater (E. Eriksson, pers.

comm.)

(5) Release of brines from fluid inclusions.

The decrease in Ca++ and HCO; is most simply explained by calcite

precipitation, which is supported by the observation that calcite is a very

common fracture mineral. The increase in Cl- could be due to either (4) or

(5) above, or to a much greater Cl- concentration in these groundwaters dur

ing recharge at some past time. No chloride minerals are present in granitic

rocks, but traces of Cl- do occur in a variety of silicates. Changes in Mg2+,

Na+, and K+ concentrations are probably due to a combination of silicate

dissolution and neoformation of clays, and to subsequent cation exchange.

Compared to the intermediate-depth groundwaters, the deepest groundwaters

show increased concentrations of Ca 2+, Na+, and Cl-; decreased levels of HC03;
and about the same NO;, organic carbon, SO:. Si02, K+ and Mg2+ levels.

The pH continues to increase ightly and slight calcite supersaturation is

maintained. This geochemical evolution could be the result of:

• continued calcite precipitation and (a) increased dissolution of

Ca 2+-bearing primary minerals and/or (b) release of Ca 2+ from.

calcium montmorillonite;

• minor exchange of Ca 2+ and Mg2+ for Na+ from clays, especially

the formation of Mg-chlorites;

the pH is most probably controlled by the incongruent dissolution

of silicates;
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• mixing of normal groundwaters with NaCl brines, perhaps residual

seawater.

Even though HCO; decreases in the deeper groundwaters, the higher pH

and Ca 2+ concentrations permit calcite precipitation. The increased Ca 2+

would be due to an excess of calcium-silicate-mineral dissolution over calcite

precipitation. Too little is known about the respective reaction rates to

Inake a quantitative discussion possible; nor have the observed evolutions been

timed through groundwater age determinations. The impressive increase of Cl

in the deepest groundwaters again is not yet explained, but could be due to

mixing with fluid-inclusion water or fossil seawater. If fossil seawater

plays a role, it should be possible to define at what time it might have pene

trated and/or left the system--with important consequences for the age of the

hydrologic regimes we observe today. The geochemical evolution described here

would no longer concern only a single water mass but would reflect mixing of

two different waters. An increasing chemical load would then not necessarily

reflect increasing water ages or residence times.

Thus, groundwater chemistry is controlled by the water1s interactions with

the solid phases present in the flow system. In these fractured systems~ the

reactions are possibly restricted to a rather narrow area along fractures and

dominated by the dissolution of primary minerals and precipitation of clays

and carbonates. However, quantitative analysis based on reaction rates and

thermodynamic constraints would demand a much deeper understanding of these

processes. At present only a qualitative approach is possible~ based on the

assumption that although the dissolution of primary silicates is a nonequili-
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governed by the solution chemistry created in the local environments and

follows thermodynamic constraints. General reactions, such as the incongruent

dissolution of albite and the formation of kaolinite, where

2NaA1Si 30S + 2H+ + 9H2 0 + A1 2 Si 2 0S(OH)4 + 4H4Si04 + 2Na+

can then be studied with thermodynamic data, and mineral stability diagrams

based on ion activity ratios can be constructed. In the above case, the

albite/kaolinite stability relationship could be presented on a diagram of

activities of Na+/H+ versus H4Si04 ; in other cases, Ca++/H+ versus Na+/H+,

or Ca++/H+ versus Mg++/H+ provide the most useful framework. Such diagrams

have been constructed extensively for pure endmembers, and in this presenta

tion the stability diagrams of Helgeson, Brown, and Leeper (1969) and Paces

(1972) are used. When quantitative mineralogical/geochemical data become avail~

able, the use of free energy data such as calculated by the method of Tardy

and Garrels (1976) for constructing stability diagrams will make it possible

to consider nonideal endmembers as well. Unfortunately, the lack of minera~

logic data for Stripa necessitates the use of the pure endmember diagrams.

Figures 6,7, and 8 present different mineral stability diagrams on which

the groundwater data from Stripa have been plotted. In all cases a very clear

evolutionary trend emerges--strong indication that all groundwaters sampled to

date have followed similar evolutionary trends. This is important because in

the following sections it will be shown that the origin of the water discharg

ing from different fracture systems in the granite is not uniform.
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In Fig. 6 mineral stabilities are defined with respect to Na+, H+, and

H4S i04 activities in the groundwater. The Stripa groundwaters have a rather

constant H4Si04 concentration, perhaps controlled by the precipitation of

some amorphous silica phase or clays. A geochemical-evolutionary trend of in

creasing Na+/decreasing H+ can be seen for waters of increasing depth.

In this system kaolinite is initially the stable clay mineral but in deep

groundwater Na-montmorillonite tends to become a stable phase. Because albite

appears to be almost stable in the deepest groundwater, it is possible that

further albite dissolution is unlikely if the present H4Si04 concentration is

ma i nt ai ned.
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In Fig. 7 mineral stabilities are plotted with respect to Mg2+, H+, and

Na+ activities. Again a trend is observed for groundwaters which may describe

a geochemical evolution with increasing depth. Waters initially in equilibrium

with ~lg-montmoril1onite move into the stability field of low albite and then

into the stability field of Mg-chlorite. The initial part of the trend seems

to parallel the Mg-Na-montmorillonite boundary.

16
25 @C

1011 H" Si 04 .. ~ 2·10

Fig. 7,

Mineral stabilit~ diagram
in terms of Mg2+ , H+, and
Na+ activities in waters
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after Helgeson. Brown.
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H4Si04 fixed at amorphous
silica saturation.
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Figure 8 describes mineral stabilities in terms of Ca 2+. H+. and H4Si04

activities. The evolutionary trends are again ear. The diagram suggests

that in the surface waters kaolinite could form as a secondary clay mineral,
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whereas in sha 11 ow and deeper groundwaters the more complex 1eonhardite coul d

be stable. Assuming~ also, equilibrium between Ca 2+ and H+ aqueous and solid

calcite~ the pC02 of these systems can be calculated and compared with the pC02

at calcite saturation for various Ca 2+jH+ activity ratios. The Ca 2+j(H+)2

activity ratios are shown in Fig. 8 and, as expected, they compare excellently

with values determined by considering chemical equilibria in the groundwaters.

This is because calcite saturation is maintained in all deeper groundwaters.
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3.2 Dissolved Gases

Oxygen, Nitrogen, Methane

These gases were analyzed mainly to determine the composition of gas

bubbles observed in the flowing borehole M-3 in the time-scale room and in the

flowing borehole drilled vertically downward from the 410-m level. Table 4

(p. 26) presents the dissolved gas analyses of waters from various points in

the Stripa mine as well as from a reservoir of drilling water used in the

time-scale room (Stripa 14).

The lack of agreement of DO meter and gas partitioner results for 02 indi

cated in Table 4 is probably due to ight contamination by air of the latter

samples. Improved techniques have been developed and will be tested in the

near future at Stripa. Contamination of samples by N2 when N2-inflated packers

were used is also possible, as indicated in Table 4.

Concentrations of O2 and CH4 were always lower than N2 concentrations.

For comparison, water saturated with air at DoC would contain about 455 ~M O2

and about 850 ~M N2 • Saturation of water with air at higher temperature would

result in less 02 and N2 being dissolved. Thus, for samples from the M-3 bore

hole (St pa 13, 16, 35, 42) and perhaps from the intervals 8 to 40 m and be

low 285 m in the borehole from the 410-m level, N2 must have been added to the

groundwater after atmospheric exchange. Denitrification is an obvious source

of Nz in groundwater. The presence of traces of CH4 suggests that conditions

are anaerobic in these groundwaters, and so both denitrification and methano

genesis could have occurred microbially. Microbial utilization of 02 would ex

plain the low concentrations of 02 in these waters.
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We conclude that the observed gas bubbles in the M-3 borehole (time-scale

room) and in the borehole drilled from the 410-m level are dominated by Nz

released from solution as the confining pressure on these anaerobic waters is

released.

Table 6. Comparison of pOz and pCH4 calculated from Eh with pOz and pCH4
measured in groundwaters from Stripa area.

Stripa

sample

6

29

16, 42

Eh, mV

+122

+169

+ 92

pOz

Calculated

3.5xlO-43

5.9xlO- 39

6.4xlO-47

Measured

<1.2x10- 3

1.5xlO- 3

2.0x10-z

Calculated Measured

It is possible to calculate the equilibrium partial pressure of both CH4

and Oz in groundwaters from measured Eh values. These calculated values can

then be compared to measured partial pressures or concentrations to evaluate

the state of equilibrium of the groundwater in terms of redox potential. The

results of these calculations are shown in Table 6. The partial pressure of

Oz (pOz) was calculated by the method of Sato (1960). The partial pressure of

CH4 (pCH4 ) was calculated using Eh, pH, and HCO; content data as described by

Thorstenson (1970) and Stumm and Morgan (1970). Henryis Law was used to cal

culate the actual groundwater pOz and pCH4 from the dissolved 02 and Ch 4

values listed in Table 4. This calculation was done using WATEQF (Plummer,

Jones and Truesdale 1976). DO meter results in Table 4 were used to calculate

pOZ" As seen in Table 6~ actual (measured) pOz and pCH4 values are invariably
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too high by many orders of magnitude to be at equilibrium in groundwaters with

the measured Eh values. This discrepancy could be due to any or a combination

of the following:

, poor field measurements of Eh;

• thermodynamic limitations of the platinum electrode in these waters;

• poor Eh-poising in these waters~ i.e.~ a lack of sufficient redox

reactants (such as Fe2+jFe 3+) to produce sufficient current in the

Eh-measuringsystem;

lack of equilibrium in systems involving O2 and CH4• A much more de

tailed investigation~ perhaps including measurement of concentrations

of various redox couples (Fe2+jFe3+~ CH4/HC03~ or AS3+/As5+~ for

example) would be required to define the redox potential of these

groundwaters.

Noble Gases

The noble gases, helium, neon, argon, krypton, and xenon, are present in

the atmosphere in known but variable amounts. Infiltrating groundwater is

usually saturated with these gases, and the ratio of noble gas in air to that

in water (by volume at 20a C) is He:l10, Ne:lOO, Ar:40, Kr:25, and Xe:15 (Mazor

1972). Because they are chemically inert and little or not sorbed in porous

media, they lend themselves for a variety of tracer studies, including the pos

sibility of using the concentrations of these gases in groundwaters as indica

tors of paleotemperatures of groundwater recharge.

The amount of noble gases that can be dissolved in water at saturation

levels is relatively little temperatu~e-dependent for He and Ne. but strongly

temperature-dependent for Ar, Kr. and Xe. If a groundwater system remained
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closed and neither lost nor gained gases~ its dissolved gas content would re

flect Ilpaleotemperatures of recharge." This has been extensively documented

by Mazor (1972, 1976). The temperature dependence of noble gas dissolution in

water is shown graphically in Fig. 9.

In many subsurface environments~ however, the requirements for a closed

system are not met. Additions of radiogenic helium and sometimes argon can

alter the noble gas ratios, notably in geothermal areas. If the production

rate of these two gases in a given system is known, residence times can be de

termined from their concentrations--assuming again that no loss has occurred.

The neon, krypton, and xenon contents should not be affected by this and, for

example, in a geothermal system. their relative abundance could be used to de

tect magmatic in meteoric waters.

The most serious difficulty in collecting samples for noble gas analyses

is the possibility of air contamination. Although care was taken, air bubbles

sticking to collection vessel walls, or bubbles introduced into the wells and

boreholes with pumping and/or sampling equipment could easily have introduced

small amounts of air. According to Mazor (1972), a contamination of 0.001 cm3

of air in 1 cm3 of water (i .e., 0.1 percent by volume) adds about 10 percent

Ne to a groundwater which had been in equilibrium with air at normal surface

temperatures. At 10°C the saturation levels for Ne are 2.1 x 10-7 cm 3 STP/cm2

H2 and 9 taking into account analytical uncertainties (Mazor 1972), concentra

tions above 2.3 x 10-7 cm3 STP/cm2 H20 indicate that such air contamination

has occurred. However 9 solution under greater pressures and lower temperatures

could increase Ne concentrations above these levels. We believe that the pre

sently discharging groundwaters were recharged through vegetated soils (see 13C
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data) and, therefore, exclude below DOC temperatures from the discussion. The

high neon content would then most logically be explained by air contamination.

Because the solubility of neon is not strongly temperature-dependent it

can be used as "reference" and approximate corrections for any air contamina

tion can be attempted. The results of such an exercise (Table 3, p. 25) show

that the helium concentrations in these waters are very much higher than normal

atmospheric saturation levels. This is certainly due to production of this gas

during radioactive decay of uranium, thorium, and their daughter products. An

enrichment above atmospheric concentrations is also evident for argon, espe

cially in Stripa 29, the deepest sample collected from the 410-m well. There

the concentration is about double the value expected for air saturation at 5°C.

This could be caused by the accumulation of radiogenic argon produced during

the decay of 4oK.

Both the helium and argon enrichments could indicate that the water dis

charging from the deepest fractures intersected by the 410-m well must have

been in a closed system for a considerable time. This should be especially

true for the argon enrichment, which probably has to be explained by diffusion

from the rock matrix into the water. The halflife of 40K is 1.28 x 109 years,

and the potassium concentrations in the rock plus the difficulties in getting

the argon from its place of production within the rock matrix to the water in

fractures would tend to make this accumulation a very slow process.

The helium and argon enrichment in the water discharging in the M-3 hole

in the time-scale room at the 330-m level (Stripa 16) is much lower than the

enrichment in the deeper waters~ This might reflect different residence times
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and will be discussed further in Section 3.4. Since the atmospheric helium

and argon concentrations in these waters at the time of recharge could be re

calculated only with a detailed knowledge of the production rate of these gases

within the rocks, their abundances do not reflect paleotemperatures. Only the

neon, krypton, and xenon contents of these waters can give hints about the

temperature which existed at the time of infiltration. Furthermore, Stripa

29-18 has a very high neon concentration, indicating significant air contami

nation. The result of attempted corrections is doubtful.

The two sets of data from Stripa 16 (M-3) and the set from Stripa 29

(410-m hole) indicate that recharge temperatures for the waters presently dis

charging in the flowing well (M~3) in the time~scale room were between 4° and

gOG, whereas the deep waters in the 410-m hole infiltrated when ground tempera~

tures were between 0° and 5°C (see Table 3). These are very crude estimates

that might be refined once the reason for the high neon and argon contents is

better understood.

In the following section we will discuss the stable isotope data obtained

from these waters and show that they, too, indicate somewhat lower recharge

temperatures for the deeper waters. See also the discussion of the 13C con

tents of the dissolved inorganic carbon (p. 61). Radon analyses are discussed

in Section 3.4.

3.3 Stable Isotopes

Deuterium and 180 in Groundwater

Mass and vibrational energy differences of different isotopes from the

same element are responsible for the fractionation of isotopes between dif-
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ferent compounds or phases. This is also true for the isotopes of oxygen and

hydrogen, of which 160, 180, IH, and zH are the most important stable isotopes.

They are incorporated into water molecules; among all isotopic species of

water only three are of practical interest: IHz 160, IHzH160, and IHz 180.

The average Hz 180 content in terrestrial water is close to 2000 ppm, where-

as IHzH160 concentrations are close to 320 ppm.

The isotopic composition of the SMOW is very close to the average isotopic

compositions of the oceans. Most vapor masses that carry water to the conti

nents originate from the oceans and, because of isotopic fractionation during

evaporation from the ocean, these vapor masses are considerably depleted in

both 18 0 and zH compared to ocean water. Subsequent condensation within cloud

masses tends to reverse this depletion, but because evaporation from oceans

involves kinetic effects (nonequilibrium conditions) which are larger than the

equilibrium fractionations which occur during condensation in a vapor-saturated

cloud, the heavy isotope contents of most precipitations are lower than those

of the oceans (negative o-values). Condensation thus preferentially removes

heavy isotopes from a vapor reservoir, and continuous cooling and condensation

continuously deplete 180 and zH. This, in turn, is reflected in the isotopic

compositions of precipitations, and relationships between ground temperatures

and 180 or zH contents in precipitations are recognized. On a global basis,

Dansgaard (1964) found that

0180 ~ (0.7 t a - 13.6) 0/00

and
oZH ~ (5.6 t a - 100) 0/00

where t a = average annual ground temperature. Those relationships may differ

from place to place in their slopes and intercepts, but they express the fact
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that the 180 and 2H contents of precipitation are lower in a cooler climate

than in warmer environments.

Another relationship of great importance connects the 0180 and o2H values

in precipitation. It has been found that on a global basis,

(Craig 1961).

On a o2H VS 0180 plot (Fig. 10), this straight line is called the Meteoric

Water Line (MWL). The position of this line may vary locally to some degree;

for example, its o2H intercept can range from about a 0/00 to +25 0/00. The

slope 02H/c 18 0 of this line may also change to a minor degree, but is always

~20
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Fig. 10. A generalized c1dO versus 62 H plot showing the
Meteoric Water Line and processes commonly res
ponsible for deviations from this line.
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between 7 and 8, and usually close to 8. These variations depend on the ori~

gin of the vapor masses releasing local precipitation. Within a given region,

such as continental central Sweden, however, these parameters are constant and

variations usually do not exceed ±2 %0 for the intercept and ±0.2 %0 for

the slope. Any deviation from this line is an indication that secondary pro~

cesses, such as evaporation or rock~water interactions at elevated tempera~

tures, have affected the isotopic composition of the groundwaters. Evapora

tion from a water with 0180 and 02H values on the MWL can be recognized on a

0180 vs 02H plot by a line with slope 3 to 6 originating at the MWL. Exchange

with rock minerals affects only the 18 0 contents, and causes an 18 0 shift.

In strongly reducing environments, H2S may become an important component

of geochemical systems. Because there are extremely large isotope effects be

tween H2S and H20, and because the exchange

IH20 + IH2HS * IH2HO + IH2S

takes place rather easily, it is possible to obtain some 2H enrichment in the

water.

Normal groundwater is not affected by these processes, and experience

shows that the isotopic composition of most groundwaters very closely (±2 °/00

for 180) reflects the weighted average annual isotopic composition of precipi

tations. Minor shifts could be due to seasonally selective recharge if, for

example, isotopically heavy summer rains are consumed by vegetation and only

isotopically lighter fall-to-spring rains recharge groundwater reservoirs.

Furthermore, in normal groundwater aquifers with temperatures below 50°C

or so, these isotopes are a conservative property of a given water mass.

Exchange within rock minerals or with gases is then not important. The only
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process which might have an influence is diffusive exchange of water migrating

on fractures through clay deposits with water held by clay minerals. There

fore in most hydrogeologic situations the 180 and 2H contents of a groundwater

reflect the recharge environment. One might expect, for example, isotopic

differences between a groundwater recharged in a cool mountain area and one

recharged through the alluvial fills at the foot of the mountain. Similarly,

groundwaters formed in mid latitudes immediately following the retreat of the

last glaciation are lower in heavy isotopes than groundwaters forming there

today. Although it is not possible to use stable isotopes for groundwater

dating, the isotopic composition of a water may well give some indication of

the origin and time and/or season of infiltration.

Results. All 180 and 2H analyses done on surface and groundwaters are listed

in Table 7 and graphically shown in Fig. 11. To facilitate discussion, Table 8

lists all groundwater samples by origin.
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Table 7. 18 0 and 2H analyses on water samples from Stripa.

St ri pa
0180 SMOW 0/00 02H SMm~ 0/00

Stri pa
0

180 SMOW 0/00 C;
2 H SMOW 0/00sample sample

1-1 9.2 -76.3 21-15 -11.4
1-2 -10.8 -78.0 21-20 -10.8
2 - 9.1 -74.6 21-22 -10.9,-11.1 -81.7
4 - 9.1 -73.4 23-3 -11.0 -81.0
5 - 9.1 -73.4 23-5 -11.0
6-1 2,6 23-26 -10.8
6-2 -12.5 -91.9 23-28 -11.0 -79.1
6-16 -12.4 24-1 -12.5 -91.8
6-19 -12.4 24-10 -12.8
6-29 -12.4 -91.2 -81.4
7-1 -11.9 25-9 -10.9
8-1 -10.8 26-4 -10.9 -79.4

13-1 -87.2 26-5 -10.8
13-2 -12.2 27-3 -10.8 -79.4
14-1 -11.1 -81.2 28-1 -11.9
15-1 -13.0,-12.7 -91.7 28-2 -12.1 -88.0
15-2 -12.8,-12.6 -91.2 29-1 -13.2 -93.7
15-24 -12.6 -91.2 29-65 -12.9 -95.9
16-1 -11.8 -86.9 30-1 -10.9 -82.1,-83.2,
16-2 -11.8 -83.8
16-3 31-1 -10.8 -80.6
16-22 -11.8 -87.7 32-1 -11.0,-11.0 -80.5
16-37 -11.9,-11.9 32-2 -12.4
16-38 -11.9 35 -12.2 -86.4,-87.9
16-39 -11.9,-11.9 36 -12.1 -87.9
16-41 -12.0,-11.9 37-1 -93.8
17-1 -12.0 38-3 -12.4 -89.4
17-4 -11.9,-12.2 -88.8 40-2 -11.3 -82.1
17-31 -12.0 -89.0 40-3 -11.5
17-38 -12.3 40-4 -11.5 83.1,83.8
18-3 -10.8 -81.3 43-2 -12.6 -90.7
19-1 -11.0 45-2 -12.6 -90.7
20-1 -10.6 46-1 -12.3 -90.6
20-2 -10.9 -76.3 48-1 -1 3 88.7
21-2 -10.9 48-1 -12.2 87.7
21-6 -11.3
21-7 0.8 -83.7
Note: Some repeats were done as a check on reproducibility and both values

are included.
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Table 8. 180 in groundwaters.

Origin

Pri vate wells:
PW-l
PW-2
PW-3
PW-5

33U-m level
Time-scale room:

H-2
M-3

BH-E-5
BH-H-3
BH-H-4
Horizontal BH

Ventilation drift:
BH-R-l
BH-R-3
BH-HG-3
BH-HG-4

410-m level
Entire hOle:
6.3 - 50 m
8 - 40 m
Above 152.3 m
Below 152.3 m
Below 285 m
Below 387 m

376.5-471 m

Stripa sample

18
19,
20
21

12, 38
13, 16, 35

30
31
40
28

36
46
47
48

24
17
43
7
6

15, 45
37
29

6180 °/00 SMOW

-10.8
1.0, -11.0, -11.0, -10.8, -11.0

-10.6, -10.9
-11.4, -10.8

-12.4
-12.2, -11.8, -11.8, -1l.8,
-11.9, -11.9, -11.9, -11.9,
-12.0, -12.2, -11.9
-10.9

0.8
-11.3, -11.5, -11.5
-11.9, -12.1

-12.1
2.3

-12.3
-12.2

-12.5, -12.8
-12.1, -11.9, -12.2, -12.0, -12.3
-12.6
-11.9
-12.6, -12.5, - .4, ..12.4, -12.4
-13.0, -12.7, -12.8, -12.6, -12.6

-13.2, -12.9

A superficial analysis of the dates shows marked and significant isotopic

differences between the different groups of water. Most enriched are the sur

face waters, and their position to the right of the MWL indicates that they

were subject to surface evaporation. These effects are seasonal, and are less

pronounced or absent during winter runoff.
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For the groundwaters, the following grouping appears possible:

6180 SMOW 0/00

range average

Private wells (max. ~100 m depth) =10.8 to =11.4 =10.9

330-m level, all wells except
Stripa 30, 31, and 40 -11.9 to -12.2 -12.0

410-m flowing well, 0-50 m =11.9 to -12.6 -12.2

410-m flowing well, below 285 m -12.6 to - 13.2 -12.9

The samples collected to date from BH-E-5 (Stripa 30), BH-H-3 (Stripa 31), and

BH-H-4 (Stripa 40) were not included in these averages because chemical and

isotope data indicate that these samples were still polluted, possibly with

drilling fluid.

Discus ion The isotopic differences between the different waters clearly

indicate that the waters originated under different conditions. A comparison

of 180 and 2H data demonstrates that none of the deep groundwaters had their

isotopic compositions modified by exchange processes or evaporation. This also

seems to be true for most private wells sampled, with the possible exception

of PW-5 (Stripa 21), which is the shallowest. This hydrogeologic setting

would have to be investigated before an explanation for its isotopic varia-

bility can be given.

As previously indicated, the 18 0 and 2H contents in precipitations can be

plotted for each region on a locally characteristic Meteoric Water Line (MWL).

The slope and intercept of this line is primarily dependent on the origin of

the vapor masses; the spread of data along the line is dependent on the magni~

tude of the seasonal temperature variations. The larger the temperature dif-



ference between summer and winter, the larger the spread.

In Fig. 11, the question arises whether the water samples from all

levels lie on one line with a slope of about 7 (dashed line)~ or whether one

has to draw two lines with slopes close to 8--the fi passing through the

shallow groundwater data and having an intercept of about 8~ the second pass

ing through the deep groundwaters with an intercept of about 11.

Si'nce modern precipitation data from central Sweden which would tell us

what slope to expect are not available, both possibilities must be discussed.

1) If all points fall on oneMWL~ all waters sampled condensated at differ

ent stages from the same vapor reservoir. Those with high heavy isotope con

tents (shallow groundwaters) would have resulted from precipitations falling

in a warmer environment than those giving rise to the deeper groundwaters.

The isotopic differences observed between waters in private wells, the 330-m

level hole, and the 410-m-level hole would then, in this region which is domi

nated by the same meteorologic regimes, most likely reflect differences in the

climatic regime during recharge.

Although a slope of 7 for a MWL is very unusual~ it could be produced

under special circumstances by a combination of seasonally different meteoro

logical patterns. Furthermore 9 since in many sedimentary basins~ shallow

groundwaters have a local origin~ whereas deep groundwaters are the result of

regional flow systems~ the respective recharge areas can have quite different

characteristics. The lower 18 0 and 2H contents of the deep system could be

explained by its origin in higher altitudes, where lower condensation tempera

tures result in lower 180 and 2H contents in precipitations. These lI altitude
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effects ll amount to 2 to 3 0/ 00 decrease in 180 for a I.OOO-m rise in altitude.

In our case. the recharge area of the deeper groundwater would have to be 400 m

to 600 m higher than that of the shallow system.

Although regional systems could flow in crystalline rocks. the physiographic

setting appears to exclude this explanation of the isotopic differences observed.

For this reason. we favor at present the second explanation.

2) If waters in shallow and deep wells originated under different climatic

conditions. their respective MWLs are slightly different: the former has an

intercept of about II. the latter of about 8. assuming that the slope is close

to 8 in both cases. Meteorological patterns were then probably different dur

ing the respective recharge periods.

In this explanation. the deep waters must be considerably older than the

roodern waters found in private wells. The recharge temperatures were lower

(as indicated by the lower 18 0 (2H) contents) because of the general climate

of the region. not because the recharge area was at a higher elevation. Using

Dansgaard1s equation (p. 50). the isotope data would indicate that the deep

waters were recharged at an average annual temperature 1.50 to 2°C lower than

today1s average annual ground temperature.

Such a simple application of this formula may not be justified. however.

because meteorological conditions in the past may have been different from what

they are now, and entering air masses may have been isotopically slightly dif

ferent from current air masses. In this case. both slope and intercept of the

0180 (02H) versus temperature relationship may have been somewhat different.
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Despite this potential complication, it is fairly safe to assume that the cli

mate was somewhat cooler during the infiltration of the deep waters than during

that of the shallow waters.

The waters discharging at the 330-m level in borehole M-3 are intermedi

ate in heavy isotope content between the sha11 ow, pri vate we 11 waters and the

deep groundwaters. This could be explained on the basis of the 180 data by

assuming these waters are a 50/50 mixture of modern groundwaters and deeper,

older waters. The 14C and uranium data presented below do not support this,

however, at least not if modern groundwaters are involved.

Another argument against a simple mixing of shallow and deep groundwater

comes from the chemical data. We have shown that the chemical load increases

with depth. If the waters in the wells at the 330-m level were the result of

a simple nrixing, a straight mixing line should occur on a 180 versus Cl- di

agram. This is not the case, as shown in Fig. 12. This excludes the possi

bility that the M-3 waters formed by mixing of deeper, saline waters with shal

lower fresh waters. However, a mixing of the deep waters in the 410-m hole

with the water of the 330-m-level type could explain both chemistry and isotope

content of the "intermediate ll samples from the 410-m hole. It is not yet clear

whether this mixing occurs because different fracture systems discharge into

the same borehole, or whether it is allnatural ll phenomenon occurring within

the fracture matrix of the rocks.

Isotope analyses do not permit the recognition of minor contributions of

fossil sea water which would impart a higher salt content to the deeper water

from the 410-m hole.
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Fig. 12. A plot of 0180 versus chloride concen
tration for waters of the Stripa area.
Samples of shallow (private wel1s)9
intermediate (330-m-level) and deeper
(410-m-level) groundwaters are outlined.

The 180 contents of samples collected from boreholes in the time-scale

room (Stripa 31 and 40)9 represented by three open circles in Fig. 12 9 are con

siderably higher than the 180 contents of other boreholes, and approach values

known for the drilling fluids. We therefore suspect these samples were conta-

minated, and have excluded them from further discussion.

Conclusions. The 180 and 2H data show that different water masses circulate

at different levels in this system: surface waters and shallow groundwaters

are most enriched in both isotopes; waters discharging at the various mine

levels are more depleted. This indicates that modern, shallow groundwaters

presently do not penetrate to the depths sampled in boreholes at 330 m and

410 m.



It is important to notice again that isotope and chemical data clearly

show that the fracture systems in this granite do not carry a more or less

uniform watermass: at present, different fractures discharge different types

of groundwater. We cannot predict how long this will be the case. Data col

lected by the authors in Canadian mines show that in a highly disturbed mining

environment surface waters can be channeled very rapidly to great depth--waters

younger than 25 years have been collected at depths exceeding l~OOO m (Fritz

and Reardon 1978).

Carbon-13 and Oxygen-18 in Fracture Calcite and Dissolved Inorganic Carbon

The 14C contents of a groundwater depend strongly on the total carbon geo

chemistry of the system, and interpretation of 14C and other isotopic data re

quires some understanding of the processes which determine the chemistry of a

water during recharge and during its subsurface history. Unfortunately, it is

normally impossible to study directly chemical changes which occur during the
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geochemical evolution of a groundwater. This is especially true for ground

water systems in crystalline rocks 9 where sampling density is very low. For

this project we have analyzed modern, shallow groundwaters from the local area.

Since modern recharge conditions are not necessarily comparable with those ex

isting during the formation of the groundwaters presently discharging in the

mine, models are used to compare the two environments.

Some indirect evidence on the geochemical history of older groundwaters

may possibly also be derived from the study of fracture calcites. Many

fractures encountered in SBH-l and SBH-2 have secondary calcite coatings which

have been sampled and analyzed for their 13C contents. Their isotopic composi

tions depend on those of the dissolved inorganic carbon (DIC) in the ground-

water at the time of their formation, and thus refl geochemical conditions

which exist or may have existed in the fracture zones. This assumes that iso

topic equilibrium has been maintained, which is the case in many if not most

systems depositing calcite. The importance of the information derived from

13C data will have to be assessed in terms of the movement of contaminant ions

from repositories. In addition, the isotope analyses of these calcites will

yield data necessary for the licorrection" of lite water ages 9 since any secon

dary calcite dissolution affects these ages.

Results and Discussion. Resul of 18 0 and 13 0 analyses on fracture calcites

are shown in Table 9, and o13C values obtained on aqueous carbonates are given

in Table 10.
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Table 9. Carbon and oxygen isotopic compositions of fracture calcites
and of the water from which they precipitated.

Sampl e ori 'ji n
Calcite fracture filling Fracture calcite Water

Borehole

SBH -1

SBH-2

OV2 BHHI
BHH3
BHH6

106.43
107.85
124.03
132.31
152.90

174.67
178.35
189.95
206.63
237.02
247.11
278.40

305.7
306.20

79.43
92.43
99.43

103.82
104.27

9.54
6.64
1.64

-10.7
- 7.0
- 4.5
- 9.0
-10.1

2.4
- 6.8
-13.2
-11.3
-11.6
LOST
- 8.3
- 4.1
- 3.9
-15.2
- 3.8

-13.5
- 6.5
-11.1
+15.3
+13.0

- 9.6
- 9.7
- 6.4

-11.1

-11.5

- 9.5

-10.3
-23.7

-21.7

2.7

- 9.8
- 9.8
-15.8

-13.8

-14.2

-12.2

-13.0
-26.4

24.4

-15.4

-12.5
-12.5
-18.5

Stahl SBH2
(Marble, upper 9.4m) - 1.4

Back wall of
time-scale room
llfC: below
detection limitb

- 4.2
a It is assumed that isotopic equilibrium between calcite and water was

established at 5°C.
b This sample has been analyzed for llfC and less than 0.3 pmC were detected.
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The relation~hipbetween measured 013C of fracture cal
cites and 01 a of the water from which they preci~itated.
The 0180 value was calculated from the measured 0 80 of
fracture calcites using fractionation factors given by
Friedman and OINeil (1977). Range 1 includes the expected
613Ccalcite values that would be precipitating from the
pr~sent groundwaters. Range 2 covers the observed 0180
values of ~roundwaters at Stripa. Range 3 is the expected
field of 6 3Cca l cite and 0180water for calcite precipita-
tion from present groundwaters.

which existed within the fracture systems at the time of their deposition.

The 613CS vary by almost 30 0/00; this extremely large range was not expected.

Using isotope fractionation data summarized by Friedman and OINeil (1977)

one can calculate that the isotopic difference between bicarbonate (the domi

nant aqueous carbonate species in these waters) and fracture calcite should be

close to 3 °/oo~ following the relationship,

1000tnaca l cite _ HeO; = 2.99 x 10 6T-2 - 17.22 X 103T-l + 26.56.

Thus, as shown in Fig. 13, the 613C values expected for calcites precipitated



-67-

from waters discharging at present from the different fracture systems in the

Stripa granite should be between ~12 and ~15 °/00. With few exceptions,

such low values are not reached, which indicates that no, or only small amounts

of calcite are deposited under present~day conditions in this rock mass--at

least in the fractures sampled to date. We thus assume that most calcite

found must have formed long ago and under different environmental conditions

(see below). We know from the chemical data presented above that today calcite

saturation is maintained in these waters; one might therefore expect to find

more evidence of Ilactive" calcite precipitation in the yet uncoupled deeper

horizons.

We pointed out above that the low l3e contents in the presently discharg~

ing waters demonstrate that the dissolved inorganic carbon is dominated by a

oiogenic component, i.e., much of the aqueous carbon must have originated in a

soil zone with active vegetation. This does not seem to be the case for the

waters which deposited the calcites with o13e values between ~6.8 and ~11.6 °/00.

In inorganic systems such values are typical of a mixed origin, i.e., a mix~

ture of soil gas and l3C~rich rock carbonate dissolved in the water. Such

carbonate occurs in the vicinity of Stripa as marble in metamorphic sequences

and has a e13 e ~ -1.4 0/00. One could envisage that at the time of recharge

of these calcite depositing waters, the carbonates existed over wider areas

than at the time of infiltration of the deep groundwaters discharging today

(glacial erosion). The e13 e values between -6.8 and 0 0/ 00 , too, could be ex~

plained by dilution with carbon from this source, if one envisages more complex

geochemical processes (additional proton donors) which would allow a greater

contribution of marble carbon.
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IISecondaril biologic processes have also influenced the carbon isotope

composition of some of these calcites, specifically the deep samples of SBH-2

for which 613 C values of +13.0 and +15.2 0/ 00 have been measured. These values

are typical for carbonates whose carbon originated in a CO2 produced by bacter

ia which usually exist under very reducing conditions. In such environments,

the bacterial breakdown of organic matter generates CO2 and CH4 with very dif

ferent isotope contents whereby the C02 becomes strongly enriched in 13C.

Such bacterial activities are not unusual even in crystalline shield environ

ments (Fritz et ale 1978), but it is important that they be recognized because

they can profoundly modify the carbon geochemistry of a groundwater. Enriched

C02 certainly went into the formation of the two deep samples from SBH-2, and

possibly affected some of the other more positive samples, for which a marble

contribution could also explain their carbon isotopic composition.

The 613C data from discharging groundwaters indicate that the strongly

reducing conditions which must have existed in the past in some parts of these

fracture systems have not been encountered by the presently discharging deep

groundwaters. This could indicate either that the reducing conditions no long

er exist or that the actively discharging systems sampled do not flow through

them.

Further comments on the 13C contents of the aqueous carbon species are

made in the discussion on 14C dating of these groundwaters (page ).

Oxygen-IS. The 180 contents of some fracture calcites were determined

(Table 9) to obtain additional information on the possibility of recent carbo

nate formation by the waters present in the granite fracture system. Assuming



-69-

that isotopic equilibrium prevailed during calcite precipitation, the relation-

ship,

t = 16.9 - 4.3 (8carb - 8wat) (Friedman and O!Neil 1977)

can be used to calculate approximate 8180 values for the water (8wat °/00 SMOW)

from the 0180 values (8carb °/00 POB) given in Table 9. The carbonate precipi

tation temperature (t, e) was assumed to lie between 5° and 100 e, but could

have been slightly higher as we know that the deeper groundwaters reach temper

atures between 15° and 20°C.

The results are plotted versus measured 013e values in Fig. 13. There

appears to be a negative correlation between 813Ccalcite and 0180H209 signi

fying that at a time when isotopically light waters (low 8180 values) entered

the fracture system, only 13C-rich carbonate was available. The calculated

180 values of -25 °/00 to -26 °/00 are typical for precipitations in arctic

climates and could suggest that at one time subglacial recharge did occur.

Under these conditions no soil carbon would be present and the 013C values in

the carbonates would be close to 0 % 00

The calculated 0180 of the water which participated in the formation of

most of the other calcites analyzed to date is similar to or slightly lower

than what is sampled at present (Fig~ 13, range 2). Only the comparison of

6180 with 013 e values shows that most of the calcites sampled to date from the

shallower fracture systems in the Stripa granite must have formed earlier,

from water whose aqueous carbonate had higher 13C contents.
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3.4 Radioactive Isotopes (groundwater dating)

Tritium

Tritium (T or 3H), a radioactive isotope of hydrogen with a half life of

12.35 years, is probably the single most important environmental isotope for

hydrogeological studies. Its natural abundance is usually expressed in Tri

tium Units (1 TU = 13 H/I018 hydrogen atoms) with detection limits varying be

tween < 1 and < 10 TU depending on the analytical techniques used (see p. 29).

Before significant amounts of tritium were injected into the atmosphere

through manus nuclear activities, precipitations over North America had a na

tural background level of 10 to 15 TU. Today atmospheric background levels in

the Northern Hemisphere are between 50 and 100 TU, and during the early 1960s

concentrations well above 1,000 TU were measured. This is graphically shown

in Fig. 14 which depicts the weighted average annual tritium concentrations in

precipitations in Ottawa. Equivalent data for central Sweden are not available.

It is thus, at present, virtually impossible to use tritium for very accu

rate groundwater dating. However, estimates are possible if some background

information on tritium fallout and groundwater formation is available. For

example, if one assumes that groundwater in recharge areas is always a mixture

of several years! recharge before it moves away and is no longer subject to

further additions, then a tritium decay curve can be constructed. This has

been done in Fig. 15 for a 5-year moving average of groundwater mixing. The

tritium contents expected in 1978 for groundwater formed at any period are in

dicated by the year of the last contribution made.



OTTRWR ONTARIO

lot -l-----,-----,----,---".------r----,-----,----,-----.
1953.00 1956.00 1959.00 1962.00 1965.00 1900.00 1971.00 197\1.00 1977.00 1980.00

DATE

XBL 794-9496

Fig. 14. The weighted average monthly tritium concentration
in rainfall in Ottawa, Canada, 1954-1975. Data
from IAEA, Vienna.
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Fig. 15. Prediction of the present (1978) tritium content of ground
waters on the basis of radioactive decay since time of re
charge. Recharge is assumed over a 5-year period identified
by the last year of this period.

Like the stable isotopes 180 and 2H, tritium is an integral part of the

water molecules. Thus~ in groundwater it is not affected by physico-chemical

and b-i 01 ogi ca1 processes and--except for its decay--can be cons idered a conser·,

vative property of the groundwater.



Results and Discussion. Tritium determinations were done on all types of

groundwater available at Stripa, and the results obtained at different labora

tories are listed in Table 11. In general, very good agreement is observed

for data from different laboratories on different samples from the same sampl

ing points, although there are some unexplained differences for samples from

Stripa 6 and 15. It is suggested that some contamination had occurred, al

though it is not clear where and when. Sampling procedures were tested in the

mine and, to confirm that contamination with tritium present in the mine air

is of no importance, sample Stripa 6-18 was left standing in the bottle without

stopper for one week. It still contains less than 1 TU although there might

be some tritium uptake.

All groundwaters from private wells have measurable amounts of tritium,

indicating that at least a portion of their waters are younger than 25 years.

More specifically, using the decay curve given in Fig. 15, one could estimate

that the water from private wells 3 and 5 (Stripa 20 and 21) have a probable

average age between 5 and 10 years. Other models, such as the exponential

model, would give similar curves.

Not as clear is the situation for private wells 1 and 2 (Stripa 18 and 23),

which have rather low tritium contents. If they do not discharge a mixture of

young and old water, their ages would be close to 25 years (accepting the re

sults of the enriched tritium counting as being the best).

The groundwaters from the 330-m and 410-m levels are essentially free of

tritium although one recognizes some pollution in the first samples taken from

M-3 well (Stripa 13) and the Stripa 15 series of the 410-m flowing well.
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Table 11. Tritium analyses for Stripa project.

UWa IAEAb
St ri pa (direct L.S. (direct L.S. counting and
sample counting) enriched gas counting)

6-2 8 ± 8
6-3 0.4 ± 0.2
6-7
6-18 0.8 ± 0.3d
6-27
6-28 0.3 ± 0.2
6-29 -0.6 ± 8
7-1 -8 ± 8

12-1
13-1 10 ± 9
14-1 115 ± 10
15-1 19 ± 8
15-2 3 ± 9
15-5 0.4 ± 0.2
15-24 -1 ± 9, -6 ± 9
15-26 0.5 ± 0.2
16-3 -2 ± 9
16-4 0.7 ± 0.3
16-23 0.5 ± 0.3
17 1 ± 0.2
17-4 9 ± 9
17 -31 12 ± 9
17-33 0.6 ± 0.3
18-2 12.6 ± 0.4
18-3 o ± 9
20-2 103 ± 11
20-4 109 ± 2
21-4 86.2 ± 7.0
21-6 122 ± 10
21-7 99 ± 10
21-14 98.3 ± 2.3
21-22 108 ± 10
21-27 92 ± 2.1
22-1 103.4 ± 2.4
22-3 100 ± 11
23-2 6.8 ± 1.0
23-26 38 ± 10
23-30 6.8 ± 1.0
25-3 95.7 ± 2.6
29-1 2 ± 10
36 -1 ± 8

UUc
(enriched LoS.
counting)

(45 ± 6)e

(11 ± 6)e

4 ± 6

4 ± 6

21 ± 6

avers 00,
b Internat anal Atomic Energy Agency, Section for Isotope Hydrology, Vienna

Austri a
c University of Uppsala, Sweden
d Open to air for one week at the 410-m level
e Result is doubtful.
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These data thus clearly show that no modern surface waters reach the var-

ious mine levels. Whatever tritium is found must represent contamination with

drill fluids which have tritium contents typical for shallower groundwaters

(e.g., Stripa 25).

Carbon-14

Carbon-14 lI age determinations ll on the dissolved inorganic carbon in a

groundwater do not yield direct water dates such as those obtained from tri-

tium analyses. The basic concept underlying the carbon-14 dating method is

that waters infiltrating through vegetated soils become charged with soil-C02

before they become part of a groundwater reservoi r. Because thi s soil-C02 has

a partial pressure up to two orders of magnitude higher than the partial pres

sure of atmospheric CO2, it dominates the carbon isotope content of infiltra

ting water. Its 14C activity is very close to the 14C activity of the atmos

phere (Fritz et ale 1978). Therefore. if no other carbon were added to the

water, and only decay altered the 14C contents of the dissolved carbonate,

this residual activity would be a function of time only, and reflect the water

age

A '" A • e-At
measured initial

where A '" 14C activity in pmC and A '" decay constant.

Unfortunately most groundwaters get their aqueous carbonate not only from

the soil reservoir. but also from the aquifer carbonates. The latter are nor

mally free of 14C and their carbon will therefore IIdilute il the 14C contents of

the initial soil carbon. The measured ages then become too old.
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lVlany attempts have been made to quantify this geochemical dilution and to

establish correction factors which would permit recalculation of the water ages.

Three approaches have been taken:

, a statistical approach~ which defines an average correction factor

on the basis of a large number of analyses;

chemical analyses to assess the amount of rock carbonate dissolution

and precipitation;

, 13C is used as an indicator for dead carbon contributions from isoto

pically distinct sources.

In a forthcoming report on 14C dating in Stripa, we will discuss the var

ious correction procedures in detail; here a brief summary will suffice.

The statistical approach does not attempt to understand the geochemical

processes which control the carbon geochemistry of a groundwater. For crystal

line terrains Geyh (1972) proposed "correction factors" which reduce the ini

tial activity by 0 to 20 percent. The numerical value of such "q" factors

thus varies between 1 and 0.8 and appears in the decay equation as

Am "" qAoe-At •

This approach is not very satisfactory primarily because the q-factors were

developed only on data from water samples which contained tritium and, there

fore, any further geochemical dilution occurring in waters older than 25 to 30

years could not be taken into account.

The 14C contents of the aqueous carbon of a groundwater is strongly depen

dent on the carbon geochemistry of the system~ and various methods have been

developed to quantify these processes. In systems where the geochemical evolu-
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tion of groundwaters can be followed from recharge to discharge areas, the sim

plest correction factor is derived from a comparison of initial versus final

carbonate content. Such comparison implies (I) no carbon loss through mineral

precipitation and (2) that isotope exchange with the rock matrix was not impor

tant. Both processes do, however, take place, and more sophisticated models

based on a total assessment of the geochemistry of a groundwater and its evolu

tion have been developed. These combine geochemical considerations with obser

ved 13C variations (Reardon and Fritz 1978; Wigley, Plummer, and Pearson 1978).

The final choice of how to transform 14C ages obtained on aqueous carbo

nate into water ages depends on the amount of information available. For this

project, samples were collected from private wells in the area as well as from

all flowing wells and boreholes in the underground working area, in an attempt

to understand as completely as possible the geochemistry and isotopic evolution

of the Stripa groundwaters.

This report presents a preliminary interpretation of incomplete findings.

A new stripping technique should allow us to collect a iable 14C sample

from the deepest part of the flowing well at the 410-m level, and at that time

we will present a more complete report on the 14C data.

Results and Discussion. All 13C and 14C results obtained on aqueous carbonates

are listed in Table 10. Two of these samples come from shallow wells from

farms in the vicinity of the mine (Stripa 21 and 23), and the remainder from

the flowing well in the time-scale room (Stripa 16, 43), and from the flowing

well at the 410-m level (Stripa 17, 24, and 25).
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Similarly~ the measured o13COIC = -15.2 0/00 for Stripa 23 can be explained if:

• the pH of the water in the unsaturated zone was close to 5,

• the soil-C02 l~C activity was about 100 pmC, and

• the water dissolved additional 14C-free carbonate with a olJC ~ -6.5

under closed system conditions. (The average c13C value of fracture

calcites measured in Stripa is close to this value.)

These assumptions are not unreasonable: The low pH implies a

pCOz ) 10-2 atm. which is normal for soils in these environments where~under

moss covers, pCOz's can be even higher. Since these surface environments are

usually free of carbonate, most dissolution must occur in closed systems with

in the fractures. This explains why a 14C dilution exists: if this dissolution

took place in contact with the soil atmosphere the 14C activities of the aque

ous carbonate would remain close to modern even if the carbonate were free of

14C. The calculation suggest that the c13C values of this carbonate should be

more negative than the -1.4 0/00 measured on a marble outcrop of Stripa (see

Table 9), and we assume that fracture calcites deposited much earlier are now

partially redissolved by infiltrating groundwaters. Such dissolution must have

taken place wherever the shallow waters were in contact with carbonate, since

all but one of the samples of shallow waters are undersaturated with respect

to calcite (Fig. 17).

Figure 17 emphasizes that the inorganic carbon content of these waters

increases until calcite saturation is reached--as~ for example, in Stripa 18.

The isotopic composition of the dissolving calcite can only be estimated,

although the 13C content is very critical. If the o13 C-DIC is used as an
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The relationship between
the TIC concentration
and degree of saturation
with respect to calcite
for waters from the
Stripa area. The satura
tion index is defined as
the ratio between Ion
Activity Product (lAP)
and equilibrium constant
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indication for the uptake of inorganic carbon, then a carbon isotope mass

balance will lead to the following relationship to obtain an approximate

correction factor q:

SI3C-DlC is the measured S13C value of the sample, 613C-soil describes the

soil-C02 composition (-23 %0) and S13C-carb is the value for the dissolving

rock carbonate (Pearson 1965). Figure 18 shows how the corrected 14C ages

for samples with different measured 14C activities vary significantly with the

choice of rock carbonate value. Because of the wide variation in 613C of the

deep fracture calcites (Table 9), it is imperative that we obtain much more

information about the carbonates occurring on the near surface and very deep

fractures of this granite.

The last finding, a 130 pmC and 100 pmC 14C-activity of the soil-C02 , is

also very reasonable: the water from Stripa 21 is very young and the 14C acti

vity of the atmosphere has increased parallel to the increase known for tritium
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Fig. 18. The variation in corrected l4C ages of groundwaters
with various l4C contents due to different assumed
el3 C values of rock carbonate. The soil CO 2 carbon
is assumed to have elSC '" -23 °/oo~ which is typical
for most northern environments (Fritz et al. 1978).
The measured el3 CDIC '" -16 0/00 is a value typical
for the waters in the Stripa granite. The corrected
l4Cages for a given l4C activity were calculated
using Pearson's (1969) approach.

(also as a result of nuclear bomb tests). Tritium contents of the water of

Stripa 23 show that it is older; thus, prebomb 14C concentration levels

(100 pmC) had to be expected.

Since the dilution factors (q) derived for the two samples are 0.7 for

Stripa 21 and 0.5 for Stripa 23, we must subtract up to one half-life (5730

years) from the measured ages. The ultimate correction for deeper waters

could be even bigger, since neither Stripa 21 nor Stripa 23 have reached cal-

cite saturation~ and will continue to dissolve calcium carbonate.
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Deep groundwaters. Total inorganic-carbonate concentrations are plotted

versus the calcite saturation index (Table 12) in Fig. 17, which demonstrates

that the total carbonate contents of the groundwaters decrease with depth.

If our interpretation of the chemical data is correct, the lIevolutionll from

shallow to deep groundwater involves calcite precipitation. This is possible

because the pH of the waters increases and thus maintains calcite saturation.

Hydrolysis by and dissolution of silicate minerals is probably responsible for

this pH increase and also explain why the Ca z+ concentrations do not decrease.

The carbonate decrease reduces the total carbonate contents of the deep water

to about 10 percent of the contents of the shallower water.

If such removal of carbonate occurs under isotopic equilibrium conditions,

then the difference in 13C between total aqueous carbonate and the solid preci

pitate will be between 2.5 and 3.0 0/00 at the pH levels typical for these

groundwaters. Under those conditions (pH values close to 10), the 13C isotope

fractionation factor between aqueous and solid carbonate will be close to

a = 1.0025. At much lower values (pH < 8), much higher aDs can be expected

with a maximum near a = 1.01. The solid carbonate will be the enriched phase.

Thus a continuous isotope depletion in the aqueous phase might be expected

and can be approximated by a Rayleigh distillation where ~ = 1000(fa- 1 - 1).

This is shown for a = 1.0025 in Fig. 19, which also shows the changes in o13C

one might expect in the residual aqueous carbon reservoir. For conditions

typical for Stripa~ the maximum decrease will be between 3 and 4 0/00.

The data listed in Table 10 show about 1 %0 difference between the

flowing well M-3 at the 330-m level (Stripa 16, 43) and the deep part of the

well at the 410-m level (Stripa 15, 45). Between the two, the total dissolved



-84-

Table 12. peoz, TIC, and calcite saturation index for Stripa waters.

Total dissolved b
St ri pa sampl e lo~ pC0 2 a inorganic carbonate TIC log SIcalcite b

Field Lab (log moles/liter)

4-11 -2.86 -3.06 -3.66 -3.23
5-10 -2.77 -3.30 -3.73 -3.68
6-5 -5.02 -5.18 -3.27 0.70
6-28 -5.17
6-30 -5.11 -5.21 -3.36 0.63

15-4 -5.30 -5.36 -3.42 0.65
15-27 -5.38 -5.36 -3.51 0.57
16-5 -4.03 -4.07 -2.88 0.31
16-23 -4.09
16-24 -4.06 -4.07 -2.90 0.31
17 -32 -4.28 -4.29 -3.07 0.19
17-33 -4.21 -4.23 -3.07 0.12
18-1 -2.62 -2.46 0.06
20-3 -2.00 -1.99 .42 -0.36
20-4 -2.00 -2.02 -2.42 -0.38
21-3 .01 .13 -2.71 .73
21-10 -2.15 -2.12 -2.82 -1. 73
21-23 .24 -2.22 -2.79 -1.31
21-26 -2.24 -2.25 -2.78 -1.31
23-14 -2.72 -2.70 -2.78 -0.70
23-23 -2.68 -2.72 -0.71
23-29 .8 -2.10 -2.67 -1.29
24-2 -4.76 -4.76 -3.71 0.56
25-1 -3.12 -3.07 -2.71 0.18
26-7 -3.34 -3.36 -2.68 0.47
27-4 -3.19 -3.22 .76 0.29
29-3 -6.03 -6.13 -3.81 0.61
29-34a -6.22 -6.24 -4.00 0.40
29-39 -6.09 -6.00 -3.94 0.47
29-61 -6.02 -6.47 .86 0.55

a Field pCOz values were calculated from field pH measurements and field
alkalinity titrations. Laboratory pCOZBs were determined from laboratory
pH and alkalinity data.

b TIC and 51 values are based on field measurements.
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carbonate decrease reaches between 60 and 80 percent; therefore, the isotopic

differences tend to support the model proposed (u ~ 1.0025) and indicate that

active calcite precipitation occurs.

The removal of calcium carbonate from solution has little effect on the

14C activities, because the 14C effects are only twice those known for 14 C.

Thus a 2 °/00 decrease in 13C corresponds to a 4 °/00 or 0.4 percent decrease

in l*C activity. This change is within analytical error.
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Thus, in correcting measured 14C ages, only dilution occurring during car

bonate uptake until calcite saturation is reached (amounting to one half-life-

5,730 years or more) has to be taken into account. These dilution factors-

which will be better defined when we have samples from the future, deeper bore

hole SBH-3--are probably the only corrections applicable for transforming mea

sured 14C contents into water ages, provided only calcite precipitation but no

dissolution occurs after saturation is reached. (The incongruent dissolution

of Mg-carbonates is theoretically still possible, but no such minerals have

been recognized as fracture coatings.) Applying this correction to the results

presented in Table 10, the waters discharging at the 330-m level would have an

age between 23,000 and 25,000 years. Samples from the shallow part of the

deeper hole tend to be slightly younger.

This age discrepancy is of great concern to us and has to be resolved.

Some contamination of the low carbonate waters from the 410-m well may have

occurred. The sample size was extremely large and up to twenty-five 50-liter

jugs had to be stripped. Because these bottles were full of air before water

was added, we assumed that all COL in this air was adsorbed by the high-pH

water, and a maximum contamination of 3 percent could occur. However, the

sampling arrangement was such that water in contact with the air was discharged

from the last bottle amongst three to five connected jugs before the carbonate

was precipitated and no contamination with atmosphere COz should have

occurred.

The possibility of 14C exchange between the fracture calcites and the

aqueous carbon will have to be considered, because other studies have shown

that it may be important--at least in systems where fine grained carbonate is
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exposed to migrating groundwater (Wigley 1976). There, however, the aqueous

carbon approaches isotopic equilibrium with the carbonate minerals. We have

no indication that this is the case in Sweden. We hope to present a more com

plete discussion on the potential significance of exchange and diffusive loss

u ng mathematical models now being developed in Waterloo and elsewhere.

Conclusions. 14C dating of the groundwaters discharging at the 330-m and

410-m levels from fracture zones within the granite strongly indicates that

these waters are very old, possibly older than 20,000 years. For a final

assessment it will be necessary to:

• better define the 14C dilution which occurs in the shallower parts

of the groundwater systems (this should be possible once SBH-3 is

dri 11 ed) ;

• sample the deepest part of the flowing well at the 410-m level

(because the carbon contents of these waters are extremely low,

we are developing new sampling techniques);

assess potential 14C losses from the aqueous carbonate due to

isotope exchange and diffusion.

3.5 Elements of the Uranium Decay Series

The analytical work and a preliminary interpretation of the data have

been provided by Dr. J. K. Osmond, Florida State University, U.S.A., and Dr.

J. N. Andrews, University of Bath, Great Britain. Their determinations of

2j4U/2j8U activity ratios on water samples are listed in Table 13, which also

gives the uranium contents of the samples. The 4He analyses done at the Uni

versity of Bath are listed with the noble gas data in Table 3. Radon analyses

(University of Bath and AB Atomenergi, Sweden) are summarized in Table 14.
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Analysis of rock samples for uranium isotope contents has not been completed.

Table 13. Uranium isotopic data.

Stri pa Lab. Total dissolved Uranium 234UP::H3U 234U excessa
sample sample inorg. carbo (jlg/1(,) Acti vity Ueq (\1g/1(,)

(log moles/1(,) ratio

Pr i vate we 11 s
21-7 FSUb 1354 ~2.85 1.61 3.11 3.4
23-9 FSU 1352 -2.78 2.84 2.62 4.6
23 U of BC (-2.78) 2.26 2.57 3.5

330-m 1evel

16-25 FSU 1355 -2.91 8.25 10.75 80.5
16-30 FSU 1358 (-2.91) 9.22 10.65 89.0
16 U of B (-2.91) 8.33 10.70 80.8

410-m level

17-30 FSU 1357 -3.07 10.43 5.55 47.6
24-5 FSU 1359 -3.17 6.24 5.87 30.4
6 FSU 1356 -3.44 4.56 3.87 13.1

15-3 FSU 1353 -3.42 4.12 4.08 12.7
29 U of B .81 1.03 4.02 3.11

a This 234U excess is calculated with (Ai-1)·Ci where Ai = activity rati 0
of sample and Ci its uranium content in \1g/1(,.

b Florida State University, U.S.A.
c University of Bath, Great Britain.

Table 14. 222Rn and 226Ra contents of groundwaters.

St ri pa sampl e

16
16
17
29

Laboratory

1.9
1.3
0.48
0.56

2. 2 6Ra (pCi / JI, )

n.d.
34

n.d.
40

a AB Atomenergi, Sweden.
b University of Bath, Great Britain.
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A more comprehensive report on groundwater dating in crystalline rocks

with the uranium-decay series will be prepared after all analytical work has

been completed. This will include analyses of additional samples from SBH-3

and the 410-m-level borehole.

234 38U Activi ios. 238U decays into 23 4U according to the following

schelne:

238 a 234 e 234 e 234
U ~ Th ~ Pa ~ U.

92 4.5 X 109a 90 24d 91 1 min 92

One would expect that most natural systems containing uranium would be in a

state of equilibrium with respect to the activities of the two uranium iso

topes where the activity ratio A234/Az38 = 1. During the 1950s, however,

Russian researchers discovered that most natural waters are enriched in 234U,

and that a disequilibrium is maintained (Cherdyntsev, Chalov, and Khaidarov

1955).

The cause of disequi,librium has been the topic of many discussions, which

were recently summarized in an article by Osmond and Cowart (1976). It has

been proposed that the magnitude of the disequilibrium and its change within

an aquifer could be used for groundwater dating purposes.

Kigoshi (1971) and Kronfeld et al. (1975) proposed that excess 234U

builds up in confined groundwater bodies as a result of the continuous addition

of 234Th injected from the rock matrix because of alpha recoil. The age of the

water could be calculated if the initial activity ratio were known.
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Kronfeld and Adams (1974), however, noted elsewhere that the activity

ratio can also decrease within a well-defined groundwater flow system, and pro

posed to use this decay as indication of age. To complicate matters further,

Cowart and Osmond (1974) present data showing that, as a result of geochemical

processes causing precipitation and/or dissolution of dissolved uranium in

groundwaters, activity within an aquifer can either increase or decrease. The

uranium concentrations, in turn. influence the effectiveness of recoil enrich-

ment, and thus the activity ratios.

The conclusion must be that, unless it is possible to study in detail the

initial activity ratios in the aquifer rocks and the geochemical evolution of

the groundwater, any age dating based on 234U/238U activity ratio is at best

speculative.

Despite these problems we will attempt age calculation based on various

models as soon as we have reliable data on the activity ratios in the rocks.

A complicating factor is that it is important to obtain samples of local

uranium enrichments in fractures and/or the granite, because there may be

significant va ability both within the rock mass and among the different

fracture systems.

The simplest model calculation assumes that a groundwater is moving into

closed system conditions with a certain activity ratio which then changes as

a function of time because of the decay of 234U and 238U. This assumption has

been made by Barr and Carter (1978) who derive the following relationship for

a system to which no new uranium is added by dissolution or recoil mechanisms:

t =

Am - 1
~n Ao - 1

-A234
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Am and Ao are the 234U/238U activity ratios of the sample analyzed and of the

water at the time it moved into closed system condition 9 respectively. The

A234 is the decay constant of 234U (2.806 x 10- 6a- 1 ). If (A-I) = X is de

fined as uranium excess the above equation describes the decay of the 234U

excess with time and can be written as:

x ~ Xoexp - A234t

which is a normal decay equation. The decay of 238U is negligible during the

time spans considered here.

For the purpose of this model~ it is now assumed that the uranium in the

Stripa waters was taken up outside the granitic mass and that it moves within

a closed system in the granitic mass from the 330-m level to the depths reached

by the 4l0-m-level borehole. The activity ratios of Stripa 16 would then cor

respond to Ao, and those of Stripa 29 to Am. The calculated age difference

between the two waters would be:

4.02 - 1
~n 10.7 - 1

t ~ - 2.806 X 10-6 ~ 4.16 x 105a~

that is~ Stripa 29 would be more than 400~000 years older than Stripa 16.

This is graphically shown in Fig. 20. One can also deduce from Fig. 20 that

if the evolution moved from a Stripa-17-type water (collected between 6.3 m

and 50 m in the 410-m hole) to Stripa 29 water (collected between 376.5 m and

471 m in the 410-m hole)~ the age difference between the two would be about

140,000 years.

It is difficult to estimate how reasonable this type of model assumption

is. In a comparison of 232U excess with uranium contents (Fig. 21--top)~ ura-
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Fig. 20. The age difference between Stripa 16
and Stripa 29 groundwaters based on
234U/238U activity ratio evolution
under closed system conditions.

nium and TIC concentrations decrease with depth; one could therefore conclude

that uranium is precipitated but not dissolved. What effect this accumulation

of uranium minerals on the fracture surface would have on the activity ratios

of the water is difficult to estimate, but if anything, it could tend to aug-

rnent the activity ratios because of recoil processes.

In a comparison of dissolved uranium contents with excess uranium concen=

trations (Fig. 21==bottom), all samples from the 410=m borehole lie close to a

straight line, which is probably a mixing line between the endmembers Stripa

17 and 29. Note that the M=3 samples (Stripa 16) do not fallon this line,

indicating that at least three different types of groundwater discharge from

the granite fracture system.
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The water samples from the 330-01 and the top of the 410=m-level holes are

very similar chemically and also in 2H, l80~ and life contents. A similar age

could thus be assumed for the samples Stripa 16 and 17. The differences in

uranium geochemistry might then reflect flow paths for these waters along

which isotopically different uranium was encountered. The model calculations

presented above would then no longer be valid for these two samples and their

different uranium activity ratios might be simply a reflection of the uranium

input rather than age differences. This argument is not valid for Stripa 29

and Stripa 17, and it is possible that Stripa 29 evolved from a Stripa 17-type

water during a 140,OOO-year history.

This reveals the complexity of these systems, despite their apparently

simple geochemistry; it is impossible at present to define an acceptable model.

Note, however, that the uranium data suggest rather high ages for all of these

deep groundwaters.

Helium-4 Dating. The decay of 238U to 2ubpb and of 234U to 2u8Pb is accompa

nied by the production of 4He (Fig. 22). The amount of helium present in a

closed system is thus a function of time and amounts of radioactive elements.

Therefore,from the quantity of helium collected in a water sample and the ura

nium and thorium contents of the host rock, the residence time of the water in

the rock can be calculated. Among the assumptions to be made are that helium

is not lost by diffusion (the ages would then be too young) and that no rapid

gas release trapped in the rock mass had occurred as a consequence, for example,

of pressure release after deglaciation and the following isostatic uplift.

(This would lead to artificially high helium contents and the calculated ages

would then be too old.)
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Fig. 22. ~He production in the uranium decay
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Few attempts have been made to do direct helium dating based on the con-

centrations of this gas in water samples. Noteworthy is the study by Marine

(1976) who attempted to evaluate by 4He methods the age of groundwater encoun-

tered in crystalline-metamorphic rocks underlying the Savannah River Plant.

Making assumptions on uranium and thorium contents in the rocks. fracture spac

ing. porosity. and the 4He generation rate. Marine calculated water ages of up

to 840.000 years. Although this number may be in error. it does indicate that,

unless the uranium and thorium contents of the rocks were very high. waters con-

taining this amount of helium are quite old.

The helium concentrations in the Stripa waters are even higher than those

observed by Marine. Helium concentrations are transformed into water ages in a
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relationship which considers 4He content, rock porosity, rock density, the con-

centrations of uranium and thorium in the aquifer rocks, and helium production

from uranium and thorium:

4He • n
{U • Pu + Th • PTh) • ~

where
4He = 3.5 x 10-4 cm3 /cm3 H20 for Stripa 16

1.4 x 10- 3 cm3/cm3 H20 for Stripa 29

n = 2 x 10-3 gH 20/cm 3 rock (fracture + nonfracture porosity)

~ = 2.9 g/cm3 (rock density).

Uranium and thorium are contents in gig rock, where U:Th ~ 1:4 in average crus-

tal rocks. Helium production rates are Pu = 11 X 10- ti cm 3/g U.year for

uranium and PTh = 3.1 x 10- 8 cm 3/g Th.year for thorium. Thus,

(4He) " 2 "10- 3

t = {U){ll + 4 " 3.1) .10- 8 " 2.9

Thus if the rock contains 1 ppm uranium (close to average in granites), attain-

ing the concentrations of 4He observed would have required close to 900,000

years in the water discharging at the 330-m level, and 3.6 million years in

the Stripa 39 waters. These are clearly excessive ages and could reflect ura

nium enrichments which occur locally. If this enrichment were as high as

a factor of 100, which is unlikely, then the age of Stripa 16 would be reduced

to ~ 9,000 years and the age of Stripa 29 to ~ 36,000 years.

If the 14C dates discussed above were correct and Stripa 16 were about

25,000 years old, then Stripa 29 would be close to 100,000 years old, and the

average uranium content in the rock mass in contact with these waters would be

34 ppm--still reflecting very significant enrichments.
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The conclusion must be that the waters discharging from the fracture net-

work in the granite were in contact with rocks significantly enriched in ura

ni urn and al so that they took many thousands of years to acqui re the observed

4He levels. The large age differences calculated for the different samples

could signify that the uranium content and uranium activity ratios of the rocks

differ along the flow path of the two systems. This would be supported by the

arguments presented above on excess 234U and uranium contents in the water.

Radiogenic Ar~on. Dr. J. N. Andrews, R. L. F. Kay, and D. J. Lee contributed

the following comments based on their analyses:

IIAssuming that all the radiogenic 40Ar generated in a rock of fractional

porosity~ ¢, is dissolved in the interstitial water~ the 40Ar dissolved in the

interstitial water residence time t years can be shown to be given by

(p - density; [K] = K content, %):
p 2.6
~ [KJ(40Ar production rate)t =0:3 x 5 x 3.975 X 10-14 t

= 1.72 x 10-12cm3 STP Ar cm=3 H20/year

or 1.72 x 10=5 cm3 after 10 6 years, which is negligible compared with dis-

solved atmospheric argon.

IIRadiogenic 4oAr, therefore, can only significantly add to dissolved atmos

pheric argon if it diffuses out of the rock matrix. Such an addition of 40Ar

will increase the 40Arj36Ar ratio. These ratios are:

Atmospheric argon 295.5

Stripa 16~ dissolved argon 302.8

Stripa 29, dissolved argon 315.6

Even for Stripa 29, this represents an addition of only about 7 percent of

radiogenic 4oAr.
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URelease of 40Ar by diffusion is time dependent and enhanced 4oAr/ 36Ar

ratios are observed only for old groundwaters. We have observed such enhance~

rnent for thermal waters and for Iconnate' waters in the Lincolnshire Limestone

but not for > 30,OOO~year~old waters from the Bunter Sandstone. The higher

ratio for Stripa 29 is indicative of its greater age. 1I

Radon. The naturally occurring radioactive element radon (Rn) occurs prima

rily in the form of its isotope 222Rn. This isotope 9 with a half life of 3.8

days, is the heaviest of the noble gases. It is produced within the decay

series of 238U + 206Pb from 226Ra. The latter is similar in its geochemical

behavior to the alkaline earths calcium, strontium, and barium, and undergoes

similar processes of adsorption and coprecipitation; it is thus rather immo

bile (Tanner 1964a,b). The abundance of 222Rn in a groundwater is dependent

on the amount of 226Ra (i .e., 238U) present in aquifer rocks and secondary

minerals on fractures, etc., as well as on the time a given water mass has been

removed from the radon~generating source. Of further importance in Ustagnant il

systems is migration by diffusion to the point of sampling which might be en~

hanced by stress release.

Magri and Tazioli (1970) document that higher groundwater flow velocities

are characterized by higher radon contents. The concentration of radon in

shallow groundwater is usually in the order of a few hundred pCi/liter (10- 12

Ci/liter) but can be as high as 10- 10 Ci/liter in geothermal areas (Mazor

1976; Kruger, Stoker, and Umana 1977). A similar spread, with maximum values

near 3 x 10-9 Ci/liter has been observed in groundwaters from quartzitic rocks

in northern Finland (Ketula and Sarikkola 1973).
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The radon concentration in the waters at Stripa is very much higher than

is typical for any of the above-mentioned environments. This is shown in

Table 14 9 (page 88) which also lists 226Ra contents as determined by different

laboratories. These high 222Rn contents almost certainly are related to uran

ium enrichments in or adjacent to the granite. It may be noteworthy that the

average granite releases only about 10 percent of the radon produced within its

minerals--again indicating rather significant uranium enrichments.

The 222Rn activity can be related to the 234U excess if a number of assump

tions are made. K. J. Osmond and J. B. Cowart provided the following comment

on this topic:

"A semiquantitative estimate of age can be made by comparing the 234U

excess values of Stripa 16 and 17 with their corresponding radon contents.

If most of the radon accumulates as a recoil product, or if it is in equili

brium with radium which accumulates primarily as a recoil product, then the

short ived radon represents the °steady-stateD disequilibrium which would be

expected eventually to be reached by the daughter 234U:

X234 ~ X222 (1 - e- At )

where X234 (~ A234 - A23S ) is the observed 234U excess activity

in water 9 and X222 is the corresponding excess of radon. A is the decay

constant of 234U (half life is 250,000 years) and t is the time that the

water has been percolating through the rock.

liThe age calculated for Stripa 16 by this model is 30.000 years. using

a radon content of 0.5 microcuries per liter. If we use for the excess radon

the sum of water and gas values. this figure is reduced to about 12,000 years.
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The corresponding ages calculated for Stripa 17 are 35,000 and 10,000 years,

respectively. The agreement between these two sample ages (16 and 17) seems

reasonable; that their activity ratios are different is taken as a manifesta

tion of different rock-water relationships, e.g., porosity along different per

colation routes.

"These ages are based on a recoi 1 model. If radon is 1eached preferen

tially with respect to radium, then the ages are too young (i .e., the 'steady

state I excess estimate based on radon, daughter of radium, is too high, and the

approach of ~34U excess to this steady state is closer than originally calcul

ated). The same is true if radon diffusion and accumulation has caused the

radon values to be too high."

This recoil model can also be used to explain the 22b Ra concentrations

measured in Stripa 16 and 29. J. N. Andrews and coworkers point out that:

liThe dissolved 22bRa/'3eU activity ratios for the Stripa 16 and 29 waters

are about 13/1 and 120/1, respectively, whereby ~~bRa solution is largely

controlled by the Ca++ and Ba++ chemistry, and uranium solution is redox

controlled. Whereas for Stripa 29 the uranium content is much lower than that

of Stripa 16, the ~26Ra contents of the two samples are about the same. It

seems possible that the 22bRa solution could be recoil controlled, a process

that would result in a constant L20Ra content in solution for waters older

than 8,000 years on the assumption that the granite composition is uniform."

Conclusions. The results from the analyses of 238U decay products very

strongly suggest that the waters discharging from the fractures in this granite
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are thousands of years old. However, it is impossible to present absolute ages

because we do not yet know the distribution and abundance of uranium in this

granite and its fracture minerals.
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4, SUi~lvJARY

This report presents a first summary and interpretation of the chemical

and isotope data obtained on groundwaters in the Stripa granite. Although much

has been achieved within one year, we are still missing essential information

before a more complete picture can be presented. We therefore propose to pre

pare~ as data become available, a number of specific reports dealing with

~"ell-defined topics such as iluranium dating of groundwaters,1! il 14 C in Stripa

yroundwaters,li and IIfracture minerals and chemistry of groundwaters in the

Stripa granite."

Despite this incompleteness we now feel fairly confident in stating that

old groundwaters do discharge from different boreholes in the granite and that

the geochemistry of these waters is dependent on dissolution and precipitation

of silicates and talcium carbonate. More specifically we can state:

--The geochemical evolution of the groundwaters appears to follow a consis

tent trend with depth. This evolution is possibly related to silicate hydro

lysis and the formation of specific secondary mineral assemblages. Future

studies will have to be directed toward the determination of these assemblages

because the knowledge of their composition will be essential for prediction.

--The total dissolved solids of all groundwaters analyzed to date is below

~500 mg/liter, with chemical characteristics which change from calcium bicarbo

nate waters in shallow groundwaters to sodium-calcium-chloride waters at depth.

--The pH of the deep waters exceeds 9.5, in contrast to groundwaters in

other crystalline terrains where much lower pH values are measured. This dis

crepancy would have important implications on the design of containment systems.
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--The groundwaters become saturated with respect to calcite fairly early

during their geochemical evolution. This saturation is maintained by rising

pHis and calcium addition, despite calcite precipitation in fracture surfaces.

This leads to a loss in dissolved inorganic carbonate which is significant for

14C dating, and because many radionuclides form soluble carbonate complexes.

--Oxygen and deuterium document that the deep groundwaters recharged under

different (cooler) climatic conditions than exist today. This is supported by

noble gas analyses.

--Fracture syst~ms intersected at the 330-m level have isotopically dif

ferent water than those encountered at the bottom of the 410-m-level hole.

--Modern surface waters are not actively discharging from fracture sys

tems encountered at the 330-m and 410-m levels.

__ 13C contents of presently discharging groundwaters indicate that re

charge has occurred through vegetated soils.

--There is good indication that some fracture calcites have been precipi

tated from subglacially recharged waters; others show evidence of strongly

reducing conditions existing in the past on some fracture systems.

--No tritium was found in actively discharging groundwaters at the 330-m

or 410-m level. However, tritiated waters have been introduced as drilling

fluids, and tritium indicates contamination by drilling fluids in some IIground

waters. 1I

--Preliminary 14C ages indicate that waters presently discharging at the

330-m and 410-m levels were recharged more than 20,000 years ago. However, the
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final interpretation of the data will have to await the collection of a sample

from the deepest part of the fracture systems encountered by the 410-m hole as

well as intermediate samples from the future SBH-3 hole.

--Data obtained from the uranium decay series support the indication that

very old groundwaters occur in these fracture systems. However, we lack the

knowledge of uranium contents and their isotopic composition in the host rock

that would permit a quantitative age estimate.
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7. APPENDIX: SUMMARY OF CHEMICAL AND ISOTOPIC ANALYSES

Calcite Set (calcite saturation, SIcalcite) is reported as

log[(Ca L +) (CO;)/Kcalcite]

where (Ca L +) and (CO;) are the activities of these ions and

Kcalcite is the equilibrium constant for the dissolution of

calcite as:

CaCO j = Ca L + + CO;

and is for the sampled water temperature. Negative values indi

cate undersaturation of water with respect to calcite and positive

values indicate supersaturation.

Charge balance is calculated after corrections for ion pairs as:

~ cations - ~ anions
(L cations + a anions)/2 X 100%

where milliequivalents of the reported ions were used in the sum

mations. Charge balances employing laboratory alkalinity deter-

minations are bracketed.

Isotopic Results - Definitions

SMOW Standard mean ocean water reference standard

TU Tritium units where 1 TU = jH/101ti lH

PDB Reference standard for stable carbon isotope ratio measurements:

a belemnoid rostrum from the Pee Dee Formation in North Carolina,

U.S.A.

pmC Percent modern carbon.



STRIPA

SAMPLE NO 1-1 1-2 2 3 4 5

DATE 7.9.77 16.6.78 7.9.77 7.9.77 7.9.77 7.9.77

Temp. 0C'

Cond lJS

Field (Lab) pH

Field Eh

Field AlL

LABORATORY UW UW VW VW UW

CaH ppm

MgH ppm

Na+ ppm

K+ ppm

Cl- ppm

504' ppm

HC03 ppm

Si02ppm

FeTOT ppm

P04 ppm

N03 ppm

Org. C ppm

Calcite Sat.

Charge BOll.

(Lab AlI<.)
180 SMOW -9.2 -10.8 -9.1
2H 0/00 $MOW -76.3 -78.0 -74.6 -9.1 -9.1

LU. -73.4 -73.4

13Co/oo POB

AC pmC

--'
.j:::,
I



STRIPA

-- ,------- ------
SAMPLE NO 6-1 6-2 6-2-A 6-3 6-5 6-7 6-8/26 6-18

DATE 7.9.77 8.9.77 8.9.77 8.9.77 8.9.77 8.9.77 8-13.9.77 9.9.77 9.9.77 12.9.77

Temp. 0C' 9.3 ,

Cond liS 439

Field (Lab) pH 9.38(8 7)

Field Eh +122

Field AIL 38.6 ,

LABORATORY UW UW UW IAEA HYDRO E IAEA UW IAEA

CaH ppm 35

MgH ppm 0.5

Na+ ppm 96

K+ ppm 0.2

Cl- ppm 182

S04- ppm 6.9

HC03 ppm 26.8

Si02 ppm 12.6

FeTOT ppm 0.19

P04 ppm <0.01

N03· ppm 0.15

OrC!. C ppm 1.1

Calcite Sat. 0.70

Charge Bal. +0.9

(lab AIL) (+4.3)

180 0/00 SMOW -12.6 -12.5 -12.4 -12.4

SMOW -91.9

LU. 8±8 O.4±O.2 45±6 0.8±0.3

11(" vv POB -18.3 -16.9

14C pmC



STRlPA

SAMPLE NO 6-27 6-28 6-29 6-30 7-1 8-1 Cj

DATE 14.9.77 14.9.77 14.9.77 14.9.77 8.9.77 8.9.77 12.9.77
Temp. 0C' 8.2 8.2 13.2

Cond llS 464 464 260 445 lS2

Field ( ») pH 9.54 9.54(9.1) 7.3 7.57(7.5)

Field Eh +72 +72

Field All<. 31.5 31.5

48.8

LABORATORY E lAEA UW HYDRO UW UW HYDRO

CaH ppm 36.8 37 26
MgH ppm 0.09 < 0.5 5.5

Na+ ppm 100 100 6.9
K+ ppm 0.37 0.2 1.9
Cl- ppm 192 185 11

S04 - ppm 8.0 6.2 15

HC03- ppm 28 25.6 79.3

Sia2 ppm 13.1 12.8 6.2

Feror ppm 0.03 0.43

P04 ppm 0.01 >( 0.01

N03- ppm 0.15 1.66
Org. C ppm 0.4 5.0
Calcite Sat. .57 0.63 -0.65
Charge Bal. 5.7 +2.9
(Lab Alk.) (+2.9) (7.4) (+1.5)

SMOW -12.4 -11.9 -10.8
°/00 SMOW -91.2
T.U. 11±6 0.3±0.2 0.6±8 -8±8

13coloo PDS
14C pmC

I
-'
-'



STRIPA

--,----

SAMPLE NO 9-1 10 11 12 13-1 13-2
DATE 1209 077 1209.77 1209.77 13.9.77 13.9.77 15.9.77
fempo °C I 1209 9.3 10.4 10.4

Cond IlS 25 31 219 229
Field (Lab) pH 6.5(6.0) 6073(6.55)

Field Eh

Field AlL

601 806
,

LABORATORY HYDRO HYDRO UW UW UIII

CaH ppm 305 4.5
MgH ppm 0.5 1.0
lIIa+ ppm 1.7 L8
1(+ ppm 004 0.6
Cl- ppm 2.9 3.3 51.0
5°4- ppm 7.5 9.0
HC03 ppm L8 505
Si02 ppm 308 4.4

FeTOT ppm 0.23 0.39

P04 ppm <0.01 <0 001

003- ppm 0.41 0048
Orgo C ppm V~ 4.9
Calcite Sat o -4.2 -304

large Bal. -13.4 -6.6
(Liib Alk.) ( 1-10.0) (+604)

SMOW -12.2
SMOW 133±1l 8702

loU. 20+9
13C')I 00 POB -23.2

pmC I

-I



STRIPA

SAMPLE NO 14-1 15-1 15-2 15-4 15-5 15-6 15-7/23 15-11 15-24 15-26 15-26

15/19 A B
DATE 13.9.77 14.9.77 15.9.77 15.9.77 15.9.77 15.9.77 9.77 16.9.77 20.9.77 20.9.77 20.9.77
Temp. 0C' 8.0 8.0

Cond IlS 463 458

field (Lab) pH 9.49(9.0) 9.5

field Eh +7 +112

field Alk. 29.0 24.2

LABORATORY llW llW llW HYDRO IAEA UW IAEA UW IAEA E

CaH ppm 37 37.2

Mg H ppm <0.5 0.03
-

Na+ ppm 100 101
-

K+ ppm 0.2 0.3
-

Cl- ppm 189 192

504= ppm 7.2 8.6

He03 ppm 25.6 27.8

Si02 ppm 12.8 13.2

feTOT ppm 0.02

P04 ppm 0.01
N03' ppm 0.14
Org. r ppm 0.4
Calcite Sat. 0.65 0.63._.

Charge BaL +4.7
(Lab Alk.l (+5.7) (3.4)

0/00 SHOW -11.1 -12.7 -12.6 -12.6
SHOW -81.2 -91.7 -91.2 -91.2 _.

T.ll. 115±10 19±8 3±9 O.4±0.2 -1+9 0.5+0.2 65+6
111"0

vv rDB I -17.8 -18.6
l4C pmC

I.......
.......



STRIPA

---~---------

!SAMPLE NO 15-27 16-1 16-2 16-3 16-4 16-5 16-6/36 16-21 16-22
30.9.70

DATE 20.9.77 21.9.77 22.9.77 26.9.77 26.9.77 26.9.77 -15.11.77 20.10.77 19.10.77
Temp. 0C' 8.0 11.0 11.3 10.8

Cond IJS 458 224 218

Field (Lab) pH 9.5(8.85) 8.85

Field Eh +112 +97

Field AlL 24.2 83.0

LABORATORY HYDRO UW UW UW IAEA HYDRO IAEA UW UW
Ca++ ppm 37 15
Mg++ ppm

-_.
<0.05 <0.5

Na+ ppm 100 43
K+ ppm 0.2 0.3

C1- ppm 188 52

S04' ppm 8.1 2.1

HC03 ppm 25.6 76.9

Si02 ppm 12.8 11.6

FeTOr ppm 0.02 0.07

P04 ppm 0.01 <0.01

N03- ppm 0.15 0.24

Org. C ppm 0.9 0.7

Calcite Sat. 0.59 0.28

Ci large Sa1. +6.2 -7.6
(Lab AlL) (+5.8) (·4.0)

180 0100 $MOW -11.8 -11.8

SMOW -86.9 -87.7

T.U. -2±9 O.7±O.3
13/'oiM IIDB -15.8 -13.2~ ,~

pmC 2.46 I

.....



SfRIPA

SAMPLE NO 16-23 16-23 16-24 16-37 16-38 16-39 16-41 17-1 17-2

A B

DATE 19.10.77 19.10.77 19.10.77 29.11. 77 04.01. 78 24.01.78 24.02.78 22.9.77 26.9.77

remp. 0C'

Cond IlS 210 210

Field (Lab) pH 8.7 8.7(8.45)

Fi eM En +92 +92

Field AlL 78.1 78.7

LABORATORY IAEA E HYDRO !JW !Jill !JW !JW !Jill IAEA

CaH ppm
-

14.1 16

\I1g H ppm 0.3 0.5
Na+ ppm 50.8 43
K+ ppm 0.2 0.2
Cl- ppm 49.3 52

S04= ppm 1.4 2.7
HC03- ppm 73 76.3

5i02 ppm 12.0 11.0

FeTOT ppm 0.24

P04 ppm <0.01
N03" ppm 0.16
Org. C ppm 0.6
Calcite Sat. 0.23 0.30
Charge Bal. -3.1
(Lab AlI<.) (+11.8) (+2.3)
180 oIl $MOW -11.9 -11.9 -11.9 -11.9 -12.1

$MOW

1.!J. 0.5±3 4±6 1±0.2
11",.. POB
l4C pmC

I
-'
N
o
I



SIR IPA

._--------~-----c--------.---

SAMPLE NO 17-4 17-5 17-6/29 17-31 17-32 17-33 17-33 17-33

28.9.77- A

DATE 26.9.77 26.9.77 3.10.77 3.10.77 3.10.77 3.10.77 3.10.77 20.10.77
Temp. 0C' 8.0 8.0

Cond liS 262 262
Field (Lab) pH 8.83(7.95 ) 8.83{7.95)
Field Eh -1 -1
Field AlL 53.8 53.8

LABORATORY UW UW IAEA UW HYDRO [AEA E UW
CaH ppm 18 17 .5
MgH ppm <0.5 0.3
Na+ ppm 56 60.7
K+ ppm 0.4 0.25
Cl- ppm 84 84.8
S04= ppm 3.3 2.4
HCOr ppm 51.9 52
Si02 ppm 11.2 12.1

FeTOT ppm 0.15
P04 ppm <0.01

1\1°3- ppm 0.20
Org. C ppm CUi

Calcite Sat. 0.22 0.11
Charge Bal. +0.4 +2.8
(lab AlL) (+2.3) (+6.7)
180 0/00 SMOW -12.2 -12.0 -12.3

SMOW -88.8 -89.0
Toll. 9±9 12+9 0.6±3 4±6

rOB -16.1 -15.5
l4c pmC 6.0

I
--'



STRIPA

--- r---

SAMPLE NO 23-15 23-16 23-23 23-24 23-25 23-26 23-27 23-28 23-29 23-30

DATE 24.10.77 24.10.77 24.10.77 25.10.77 25.10.77 25.10.71 25.10.77 27.10.77 27.10.77 27.10.77
Temp. 0C I 6.8

Cond 11S 108
Field (Lab) pH 7.0(7.9)
Field Eh +371
Field Alk. 100.7

LABORATORY IAEA UW UW UW IAEA UW IAEA UW HYDRO IAEA
CaH ppm 22
MgH ppm 2.5
Na+ ppm 3.6
K+ ppm 1.4
Cl- ppm 6.1
S04= ppm 3.3
HCOr ppm 96.4
SiOz ppm 13
FeTOT ppm 0.04
P04 ppm <0.01
N03- ppm 0.75
Org. C ppm 0.4
Calcite Sat. -1.31
Charge Bal. -23.8
(Lab Alk.) (-19.9)
180 0/00 SMOW -10.8 -11.0

0/00 SMOW -79.1
ToU. 6.8±1 38±10 6.8±1

13co/oo POB -15.2
14C pmC

"

N
0"1
i



STRIPA

SAMPLE NO 24-1 24-2 24-3 24-4 24-6/22 24-16/21 24-8 24-10
14.11.77- 17.11.77-

DATE 10.11.77 10.11.77 10.11.77 10.11.77 18.11. 77 18.11.77 14.11.77 14.11. 77
femp 0C I 7.6
Cond \lS 308
Field (Lab) pH 9.25(8.5)
Field En +29
Field Alk. 45.8

LABORATORY UW HYDRO IAEA E UW UW UW UW
Ca++ ppm 23
Mg++ ppm <0.5
Na+ ppm 64

K+ ppm 5.4
Cl- ppm 114

504= ppm 3.6
HC03- ppm 45.8
5i02 ppm 11.2

feTOT ppm 0.05
P04 ppm <0.01
1'103- ppm 0.15
Org C ppm 0.7
Calcite Sa.t. 0.56
Charge BaL +1.6
(Lab AU.) (+1.6)
180 0/1 SMOW -12.5 -12.9

SMOW -91.8
3H LU.
11,.." POB -15.9 -18.5 -16.1
14C pmC 5.4 4.7

N
-....y
I



STRIPA

SJlMPLE NO 25-1 25-2 25-3 25-3 25-4 26-1 26-3 26-4 26-S

A B

DATE 7.11. 77 7.11. 77 11.11.77 11.11.77 11. 11. 77 17.11.77 17.11.77 17.11.77 18.11. 77

Temp. oC' 10.0
Cond IlS
Field (Lab) pH 8.1(7.85) 8.35(8.1)

Field Eh
Field Alk. 118 129

LABORATORY HYDRO llW IAEA E llW IAEA HYDRO llW llW

CaH ppm 46 52

MgH ppm n 3.5

Na+ ppm 8.0 38

K+ ppm 2.1 0.6

Cl- ppm 18 28

S04= ppm 28 89

HC03- ppm 133 122

S102 ppm 12 9.6

FeTOT ppm 0.03 0.05

P04 ppm <0.01 <0.01

N03- ppm 12.6 1.12

Org. C ppm 3.0 1.7

Calcite Sat. 0.23 0.45

Charge Bal. +11.5 -2.5
(Lab Alk.) ( 1-3.9) ( -2.4)
180 0/00 SMOW -10.9 -10.8 -10.9

SMOW -81.4 -79.4
3H Lll. 6.8±1 21±6
l~:::n vv POB
l4C pmC



STRIPA

SAMPLE NO 27-1 27-2 27-3 27-4 28-1 28-2 29-1 29-3

DATE 17.11.77 17.11.77 17.11. 77 17.11.77 6.12.77 7.12.77 30.1. 78 30.1. 78

Temp. 0C' 7.5

Cond llS 600

Field (Lab) pH 8.1(7.85) 9.75{8.95)

Field Eh +169

Field Alk. 104 15.4

LABORATORY IAEA E UW HYDRO UW UW UW HYDRO

Ca++ ppm 81 59

Mg++ ppm 6 0.5

Na+ ppm 45 125

K+ ppm 2.9 0.4

C1- ppm 26 43.6 283

S04 ppm 147 19

HCOr ppm 96.4 12.8

S102 ppm 9.4 11.2

feTOT ppm 0.04 < 0.02

P04 ppm <0.01 <0.01

N03- ppm 75 0.28

(kg. C ppm 2.0 0.8

Calcite Sat. 0.29 0.52

Charge Bal. -2.4 -2.4
(lab A1k.) (-0 3) (-1.9)lao 0 SMOW -10.7 -11.9 -12.1 -13.2

SMOW -79.4 -88.0 -93.7

I.U. 2+10

BCoI 00 PDB

l4C pmC

N
\0
I



STRIPA

SAMPLE NO 29-4/42 29-34 29-39 29-41 29-61 29-65 30-1 31-1
A

DATE 27.2.78 22.2.78 23.2.78 24.2.78 13.3.78 2.3.78 2.3.78
Temp. 0C' 7.0 7.0

Cond llS 600 600
Field (Lab) pH 9.7(7.9) 9.7(8.4) (9.15)
Field Eh +144 +144

Field Alk. 12.3 12.3

LABORATORY UW SCAND. HYDRO UW HYDRO UW UW UW
CaH ppm 55 61 63
MqH ppm 0.1 <0.5 <0.5
Na+ ppm 120 120 120
K+ ppm 0.4 0.8 0.6
Cl- ppm 290 285 283 59.1
S04 ppm 19 18 18
HC03- ppm 12 15.9 7
Si02 ppm 17 NH4 12.8 12.0 l'lH4 -- ------ -----
FemT ppm 0.08 0.01 <0.02 0.63 0.02
1'04 ppm <0.01 <0.01 <0.01 NOz
NO] ppm 0.05 N02 0.19 0.12<:1:. 01
Org. C ppm <0.001 0.6 0.5 •• 2

F
< ,.02Calcite Sat. 0.40 3.7

Charge Bal. -9.6
(Lab Alk.) (-9.5)
180 0/00 SMOW -12.9 -10.9 -10.8
2H 0/00 SMOW -95.9 -82.1,-83.2 -80.6

----1---------f--- -83.8
T.U.

'3C:-:/oo PDB
--c--_

14C pmC insuff.

tAl
o
i



SfRIPA

SAMPLE NO 32-1 32-2 35 36-1 36-3 37-1

DATE 2.3.78 ?3.78 30.5.78 30.5.78 13.6.78 30.5.78

Temp. 0C'

Cond tJS

Field (lab) pH
Field Eh
Field AIL 99.2 94.0

LABORATORY UW UW Uill UW UW
Ca++ ppm
Mg++ ppm
Na+ ppm
K+ ppm

Cl- ppm 63.2 36.1 310.0

504= ppm

HC03' ppm
Si02 ppm

FeTOT ppm
P04 ppm

1'1°3 ppm
Org. C ppm

Calcite Sat.
Charge Bal.
(lab Alk.)
180 0/« SMOW 11.2, ·11.0 -12.4 -12.2 -12.1

0/00 SMOW -80.5 -87.9 -87.9 -93.8
3H ToU. -86.4
13(,0/00 POB -h8
14(, pme



STRIPA

SAMPLE NO 38-1 38-2 38-3 38-4 38-5 39-1 40-1 40-2

DATE 31.5.78 1.6.78 2.6.78 7.6.78 14.6.78 31.5.78 31.5.78 1. 6.78

Temp. 0C i HEATER ON

Cond jlS

Field (Lab) pH 12.09 (8.02) 8.10

field Eh

Field Alk. 78.1 81.1 65.9 34.2 474 81.8 82.4

LABORATORY UW UW UW UW UW UW

CaH ppm

IIIgH ppm

Na+ ppm

K+ ppm

Cl- ppm 56.9 59.3

55.7
S04- ppm

HC03- ppm

Si02 ppm

FeTOT ppm

P04 ppm

11I03- ppm

01"9. C ppm

Calcite Sat.

Charge Bal.

(Lab AlL)

ISo OJ $MOW -12.4 -11.3

$MOW -89.4 -82.1

LU.

13C%o POB

14C pmC

I
--'
W
N
i



STRIPA

----------- ,---------,---------- -------~------ ----
SJ\!'ilPLE NO 40-3 40-4 41-1 42-1 42-2 42-3 42-4 42-5
DATE 2.6.78 7.6.78 31. 5. 78 31. 5. 78 7.6.78 14.6.78
Temp. 0C I HEATER ON

Cond wS

Field (Lab) pH 7.73 (8.13)

Field Etl

Field Alk. 32.9 113 78.7
11 ? 711 II

LABORATORY UW UW UW UW UW UW UW
Ca++ ppm

IIIg++ ppm

Na+ ppm

K+ ppm

Cl- ppm 17 .9

13.8
SO,,= ppm

I-IC03- ppm

SiOZ ppm

FeTOT ppm

1'°4 ppm

1'103- ppm

Org. C ppm

Calcite Sat.

Charge Bal.

(Lab 11.11<.)

180 0/00 $MOW -11.5 -11.5
0/00 $MOW -83.1,

-83.8
31-1 T.U.
13c%o PDB

14C pmC



STRIPA

SAMPLE NO 42-6 43-1 43-2 43-3 43-43-A 43.4 45-1 45-2
8.6.78-

DATE 6.6.78 6.6.78 6.6.78 12.6.78 8.6.78 13.6.78 13.6.78
femp. 0C' LOST 2.5
Cond ).IS
field (Lab) pH 9.04
Field Eh -87
Field Alk. 57.1

LABORATORY UW UW UW UW UW UW UW
CaH ppm
MgH ppm
Na+ ppm
K+ ppm

Cl- ppm
504- ppm
HC03- ppm
Si02 ppm
FeTOT ppm
pall ppm
N03 ppm
Org. C ppm
Calcite Sat.
Charge Bal.
(Lab Allc)
180 0, $MOW -12.6 -13.0

$MOW -90.7 -91. 7
ToU.

11Cl)100 PDB -15.7 -16.8 -18.7
pmC 3.4

!
--'
w
~
I



c:

'"
fJo...
"""'"i
'"0:>

'"io
'"(J)

"l

N

'"

STRIPA

SAMPLE NO I 45-3 I
T I45-1-A 46-1 47-1 I 48-1I

DATE I 13.6.78 16.6.78 16.6.78 16.6.78
I

16.6.78

Temp. 0C' 8.0

Cond flS
Field ( l) pH 9.40
Field Eh +23

Field 1\1k. 27.3

LABORATORV UW UW uw UW UW
CaH ppm

MgH ppm

Na+ ppm

K+ ppm

C1- ppm 44.4 44.9 40.8

S04- ppm

HCOr ppm

Si02 ppm

feTOT ppm

1'04 ppm

11I°3- ppm

Org. C ppm

Calcite Sat.

Charge Bal •

(Lab All<.)
180 SMOW -12.3 -12.3 -12.2
2H SMOW -90.6 -88.8 -87.7

T.U.
13C%o PDB -17.5

pmC 13.5

!
--'
w
U1
!










