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Abstract

This report describes a series of pilot tracer tests performed at Aspé HRL with the
purpose of identifying 5-10 new non-reactive tracers. These tracers should be used in
the forthcoming tracer tests performed within the TRUE Block Scale Project. The
relatively large distances and the complex flow geometry expected will most certainly
induce a large dilution of the tracers along the flow paths and in the sink section. It was
therefore essential to identify tracers with a large dynamic range (relation between
solubility and detection limit).






Sammanfattning

Denna rapport beskriver en pilotstudie av sparforsok utforda i Aspd HRL i syfte att
identifiera 5-10 nya icke-reaktiva sparimnen. Dessa spardmnen skall anvindas i de
kommande sparforsoken inom TRUE Block Scale projektet. De relativt ldnga avstanden
och de komplexa flodesgeometrier som forvantas kommer hogst sannolikt att medfora
stor utspadning av spardmnena lings flodesvédgarna och i uttagssektionen. Det var dérfor
viktigt att kunna identifiera sparimnen med ett stort dynamiskt matomrade (forhallande
mellan 16slighet och detektionsgréns).






Executive Summary

A series of tracer experiments within the ongoing TRUE Block Scale Project will be
performed over distances between 10-50 metres and in a network of structures. The
large distances and the complex flow geometry will most certainly induce a large
dilution of the tracers along the flow path and in the sink section. These tests will
require 5-10 non-reactive tracers that can be detected in very low concentrations.

The aim of this study was to identify at least five new non-reactive tracers to be used in
the planned tracer tests within the TRUE Block Scale Project. Apart from the obvious
demand of non-reactiveness, the evaluation of the tracers also included the price and the
availability of the tracer and of the analysis in question. Another criterion of the analysis
has been the demand for high accuracy and detectability.

This study was performed by injecting a total of 23 different tracers in radially
converging flow geometry over a distance of about 3-m within Feature B at the TRUE-1
site, Aspd HRL. The study was divided in to two separate test runs. The non-reactive
tracer Uranine was used as reference in both tests. The first pilot test run included the
fluorescent dye tracer Phloxine and seven metal-complexes (Ho-DTPA, Gd-DTPA,
Yb-EDTA, Lu-EDTA, In-EDTA, Ni-EDTA and ReOy). The second pilot test run
included three injections with a mixture of dyes (Uranine, Eosin, Dimethylfluorescein,
Sulforhodamine G, Naphtionate, Pyranine, UV-1), deuterium, helium, and the dye tracer
Rose Bengal accompanied by five fluorinated benzoic acids (2,3-DFBA, 2,6-DFBA,
3,5-DFBA, 2,3,4,5-TFBA and 2,3,4,5, 6-PFBA). The analysis methods were
fluorometry and HPLC for the fluorescent dyes, ICP-MS for the metal-complexes and
LC-MS-MS for the analysis of the fluorinated benzoic acids.

Breakthrough from all the injected tracers in the first pilot test was detected in the
pumping section. Breakthrough curves for the new tracers were compared to the curve
of Uranine. Due to the few analyses of the metal-complexes made in the injection loop
the mass recovery was calculated under the assumption that the same relative mass for
the metal-complexes is injected as for Uranine. The mass recovery of Uranine was
calculated (and measured) to 100%, the majority of the metal-complexes had slightly
lower mass recoveries, 81-93%. ReO4 had a very high mass recovery, 110%, which may
be explained by analysis errors. Phloxine, Rose Bengal and Ni-EDTA suffered
irreversible losses and had mass recoveries less than 50%.

The results from the second test run indicated that Helium is possible to use in future
tests and also that it may be possible to distinguish diffusion effects by comparison with
other tracers. Of the dyes tested, Eosin, Dimethylfluorescein, Naphtionate, Pyranine and
UV-1, seem to be non-reactive whereas Sulforhodamine G and Rose Bengal are sorbed.
The analysis of the fluorinated benzoates could only be made after development of a
new method of analysis taht allowed detection levels down to a factor 100 lower than
previously possible in commercial laboratories. The test showed mass losses of all
benzoic acids compared to Uranine, but no obvious delay or excessive tailing of the
breakthrough curve indicating reactive processes. The long time of storage of the water
samples (>1 year) may have resulted in mass losses due to e.g. microbial degradation.
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1 Introduction

1.1 Background

A series of tracer experiments will be performed within the ongoing TRUE Block Scale
Project. The experiments will be performed over distances between 10-50 m in a
network of structures. The long distances and complex flow geometry will most
probably induce a large dilution of the tracers along the flow path and in the sink
section. It is envisaged that these tests require between 5-10 non-reactive tracers that
can be detected in very low concentrations.

Tracer experiments have also been performed within the TRUE-1 Project at Aspd HRL
(Winberg et al., 2000). These tests were performed over distances between 2.5 to 10
meters in a single fracture. In total 11 different non-reactive tracers have been used in
TRUE-1 tests, cf. Table 1-1. However, some of them were found to be weakly sorbing,
others suffered irreversible mass losses, and some of them were radioactive. The latter
group (HTO, ¥Br, "*'T) will probably not be possible to use other than in a very
controlled experiment were mass losses are unlikely to occur.

This report describes the results and preliminary evaluation of the investigation of new
possible non-reactive tracers for Aspd conditions. Some of the tracers have been used
earlier at other sites or in other rock types than present at Aspd, while some are more or
less untested in the field.

1.2 Objectives

The objective of this study is to identify at least five new non-reactive groundwater
tracers that may be used in the planned tracer tests within the TRUE Block Scale
Project. The tracers may not necessarily have to new with regards to their use as
groundwater tracers, but the application of the tracers in the Aspé HRL environment
will be new.
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Table 1-1: Non-reactive tracers used in the TRUE-1 experiments.

Tracer Type Test Comment
Uranine Fluorescent dye All Reference tracer
Amino G Acid  Fluorescent dye RC-1, DP-2,4,5 Good but high background and
not available any more
PDT-1,2
Rhodamine WT Fluorescent dye RC-1 Weakly sorbing
Eosin Y Fluorescent dye RC-1 Solubility problems, less dynamic
range
Gd-DTPA Metal-complex RC-1, DP-1 Irreversible losses, expensive
analysis
Eu-DTPA Metal-complex RC-1 Irreversible losses, expensive
analysis
Ho-DTPA Metal-complex RC-1 Irreversible losses, expensive
analysis
Tb-DTPA Metal-complex RC-1 Irreversible losses, expensive
analysis
HTO Tritiated water PDT-3, STT-1  Good but restrictions may be
necessary
STT-1b, STT-2
5’Br Radioisotope =~ PDT-3, STT-  Good but restrictions may be
1b, STT-2 necessary
Bl Radioisotope STT-1b Good but restrictions may be

necessary
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2 Literature study of ground water tracers

21

Basis for the study

The objective of the literature study was to identify possible new non-reactive ground
water tracers to be used in the tracer tests. The study was focused on the possible new
tracers presented in Table 2-1. The basis for Table 2-1 is a compilation of tracer tests in
fractured media by Andersson (1995) and a doctoral thesis by Byegérd (1995).

Table 2-1: Non-reactive tracers to be studied in the literature study.

Tracer Name Analysis Dynamic Comment
Range
Gases He-3 Mass spectrometry  Large Used by NAGRA
Ar, Ne, Xe ? Research needed
Stable Deuterium Mass spectrometry ~ ? Expensive analysis
isotopes N-15, C-13, 0-18 ?
Dyes Eosin B, Y Fluorometry Large Used in TRUE-1
Phloxine Used in Stripa
Rose Bengal Used in Stripa
MTMBA SOLEXPERTS
UV-1 Hydroisotop
Metal- m-EDTA ICP-MS Large Used in Finnsjon,
Complexes  m-DTPA Stripa, TRUE-1
m-DOTA
Halogenated Many different  Gas Large Used in USA,
hydrocarbons chromatography Hydroisotop has
experience.
Possible
environmental
constraints
Benzoates TFMBA and HPLC Large? Used by SANDIA
others in USA
Particles Particle counter ? Study at CTH
Nuclear Chemistry
Others ReO4 ICP-MS Large Used in Finnsjon
CS, ? ?
211 General

One of the many aspects that makes the task of identifying new possible non-reactive
ground water tracers to be used at Aspd HRL a difficult one is the fact that there are not
many tracer tests performed in crystalline rock. An overwhelming majority of the tracer
tests in the literature are performed in sediments or in sedimentary rock.
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Another difficulty of finding new possible non-reactive ground water tracers suitable for
use at Aspd HRL lies in the fact that most tracer tests in the literature are made with the
same set of tracers. One reason for this may be the fact that most tracer tests mentioned
in the literature does not require more than only a few tracers. This makes the choice of
using well-known and well-documented non-reactive tracers a natural one.

Compounds to be considered possible new non-reactive ground water tracers must fulfil
the following requirements (Stetzenbach and Farnham; 1994):

1) Must be water soluble

2) Should not sorb to aquifer material

3) Should be chemically and biologically stabile for the duration of the test
4) Should be foreign to the test

5) Should be non-toxic

6) Should have excellent analytical sensitivity

The planned tests at Aspé HRL, involving large distances and high salinity of the water
will also require tracers that have a large dynamic range. The dynamic range is defined
as the span between solubility and lowest detection limit.

21.2 Gases

He has been used as non-reactive groundwater tracer in Grimsel (Frick et al., 1992) with
good results. The advantage of using He is that the diffusivity of He is significantly
higher than for other tracers. Thus, the possibility of identifying matrix diffusion
increases by using He.

*He was chosen as noble gas tracer in both pilot tests due to its low background
concentration in the formation water, which is below the detection limit of the used He
detection device.

Compared to *He equilibration concentration of air exposed surface waters, natural
ground waters exhibit much higher *He levels. This is especially pronounced in
subsurface waters coming into contact with U-rich rocks. The very large increase of “He
concentration in subsurface waters compared to sea or rain water results from additional
in-situ underground *He production via decay of U, Th and their daughter isotopes.
These reactions may be summarised as:

238U > 206Pb +8 4He
By > 27pb + 7 *He
232Th > 208Pb +6 4He

Since major parts of crustal uranium is sited in fine grained disseminations on the
surfaces of rock forming minerals (Rich et al., 1977), circulating pore water readily
picks up *He by direct contact recoil or during alteration of uranium minerals. Surface-
exposed waters contain a low *He concentration of about 10™ ccSTP/ml (Ozima and
Podosek, 1983), which corresponds to a leak rate of about 10 mbarliter/sec. The “He
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leak rate measured in the test site ground water (free outflow out of KXTT4:R4) was 7.2
10" mbarliter/sec. After 5 min of free outflow, the leak rate signal was stable. No gas
bubbles caused by degassing were observed, which could have biased the He detection.
The measured leak rate value corresponds to a “He concentration on the order of 10 to
10 ccSTP/ml. The 100 to 1000 times higher *He concentration compared to surface
water originates most likely from in-situ underground production. In the groundwater of
the migration fracture at the Grimsel Test Site (grano-diorite), which has a relatively
short residence time in the Grimsel rock of 30 — 50 years (Frick et al. 1992), a similar
*He concentration was measured 3-4 10° ccSTP/ml (Eikenberg et al, 1992).

Other possible noble gases are Ar, Ne and Xe. However, currently no simple method of
analysis as the in-line detection method for He exists.

2.1.3 Stable isotopes

Deuterated water is an ideal tracer for the determination of water movement. It shows
no absorption or retardation. In comparison with the other tracers, Deuterated water can
have an exchange with the stationary water. Deuterated water was therefore chosen for
the pilot tests. Other stable isotopes like °N, "*C and '®0 were not considered due to the
high costs.

2.1.4 Fluorescent dyes

Fluorescent dyes are probably the most frequently used type of tracer. They are easy to
handle, to detect and prices are generally low. Fluorescent dyes are in general non-toxic.
Concentrated dyes should however be treated with care. Fluorescent dyes can with
HPLC and spectrofluorometry be readily analysed at pg L™ levels. A cocktail of
fluorescent dyes can be used simultaneously if the dyes are chosen so that they do not
interfere analytically with each other. The best distinction with HPLC is given if the
dyes of interest appear at different times in the chromatogram. If dyes with overlapping
spectra are retarded differently on the chromatographic column the spectral overlap
does not interfere, because the dyes appear at different times at the detector. The
distinction of dyes using spectrofluorometry is a question of spectral distance but also of
differences in excitation spectra of the dyes in question. If the differentiation of tracers
is based only on differences in wavelength, then the difference between excitation
maxima should be at least 25 nm. Excitation variations due to variations in pH can be
used to distinguish between two dyes that exhibit fluorescence at the same wavelength.
Dyes that disturb the analysis of other dyes can de destroyed by selective oxidation. The
use of these and other methods with optimal use of the spectral characteristics is
understood as ‘advanced spectrofluorometric techniques’. A thorough investigation
including eight of the most commonly used dyes was made by Smart and Laidlaw
(1977). Three of the investigated dyes, Uranine, Amino G Acid and Rhodamine WT
been used in the TRUE Project (Andersson 1996) and are known to be non-reactive.
Phloxine B and Rose Bengal (Abelin et. al 1987; Kiss, 1998) are mentioned in the
literature and show qualities that makes them candidates for the pilot tests.

The dyes chosen for the pilot tracer tests were selected according to their expected
transport behaviour as well as the possibility of their individual detection in the tracer
cocktail. Price and toxicity was also weighed into the selection process. Data of the dyes
are given in Table 2-2.
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Table 2-2: Fluorescent tracer selected for the pilot tracer tests (including
alternative names).

Tracer CAS-No Sum formula C.I. No Generic name Excitation  Emission
max (nm) max (nm)

Uranine
[518-47-8] CyHoNa,Os 45350 Acid Yellow 73 492 515
Disodium salt of 2-(6-hydroxy-3-oxo-3H-xanthene-9-yl)-benzoic acid;
Disodium-fluorescein

Eosin Y
[17372] C20H605N3,2B1‘4 45380 Acid Red 87 513 530
Disodium salt of 2°,4",5°,7 -tetrabromo-fluorescein;
Disodium salt of 2-(6-hydroxy-3-0x0-2,4,5,7-tetrabromo-3 H-xanthene-9-yl)-
Benzoic acid

Sulforhodamine G
[5873-16-5] CygH33N,NaO;S, 45220  Acid Red 50 532 555
Sodium salt of 4-(3,6-bis-ethylamino-2,7-dimethyl-3H-xanthene-9-yl)-(benzene-
1,3-disulfonic acid)

Pyranine
[59040] CisH7Na3010S;s 59040  Solvent Green 7 03/458 513
Trisodium salt of 8-hydroxy-1,3,6-pyrenetrisulfonic acid

Dimethylfluorescein
C22H14N3205 495 519
Disodium salt of 2-(6-hydroxy-3-0x0-5,7,dimethyl-3 H-xanthene-9-yl)-benzoic acid;
Disodium-dimethylfluorescein

Naphthionate
[130-13-2] C;oHsNa3O3S (no colour) 330 420
Sodium salt of 4-amino-naphthalene-1-sulfonic acid

Phloxine B

[18472-87-2] CyoH,BrisClyNaOs 45410  Acid Red 92 510 548
Rose Bengal

[632-69-9] CyoHaClslsNa,Os 45440  Acid Red 94 510 548
UVl

special tracer created by Mr. Behrens, Hydroisotop
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2.1.5 Metal-complexes

Metal-complexes have earlier been used in several investigations for SKB in Finnsjon
(Gustafsson and Nordqvist, 1993; Andersson et. al, 1993) and Stripa (Olsson (ed),
1992). The Stripa investigations included injections of five DTPA-complexes (Dy, Eu,
Gd, Ho and Tb) and perrhenat (ReOy"), each one combined with a dye tracer. The results
indicated that the DTPA-complexes and perrhenat were less reactive than the dyes,
including Uranine. The investigations in Finnsjon included a number of radioactive
metal-complexes and six non radioactive EDTA-complexes (In, Dy, Ho, Er, Tm and
Yb), Gd-DTPA and perrhenat. All tracers were combined with a dye tracer. The result
from Finnsjon indicated that some of the complexes are well suited as non-reactive
ground water tracers while others suffered irreversible losses or sorbed.

Metal-complexes can be analysed at hundredths of pg L™ levels using ICP-MS
(Inductively Coupled Plasma Mass Spectroscopy). The cost and availability of the tracer
itself and the detection method of choice are important aspects when deciding on a
tracer. The metal-complexes have to be specially manufactured and the price per kg is
very high. The actual cost per tracer test is not very high since the injected volume is
very small. The analysis is moderately priced since the price is per sample and does not
regard the number of metal-complexes in the sample. Toxicity is very dependent on the
concentration. Metal-complexes in general are in stock solutions of 1 g/l or more to be
treated carefully i.e. plastic gloves should be used and spillage should be avoided.
Concentrations of metal-complexes in the range of pg L™ imply no health hazard
(Byegérd and Skalberg, 1992).

The final choice of metal-complexes to be used in the pilot study fell on four EDTA-
complexes (In, Yb, Lu, Ni), two DTPA-complexes (Gd and Ho) and perrhenat (ReOy).

2.1.6 Halogenated hydrocarbons

Halogenated hydrocarbons are well known ground water pollutants and a big
environmental problem. Some halogenated hydrocarbons have proved to be useful as
non-reactive ground water tracers. One advantage that the halogenated hydrocarbons
have is very low background or no background at all under natural circumstances.
Halogenated hydrocarbons in general have shown problems with sorption, breakdown,
volatility and toxicity (McCarville, Bergin and Hampton, 1995). They are generally
hydrophobic and are sorbed by the solid phase of aquifer materials (Ptacek and Gillham,
1992). This behaviour leads to retarded transport rates relative to the average ground
water velocity and makes compound unsuitable as a non-reactive ground water tracer.
Halogenated hydrocarbons have also shown problems with solubility.

Halogenated hydrocarbons were rejected as tracers in this pilot study due to problems
with sorption and solubility.

2.1.7 Benzoates

Numerous fluorinated benzoic acids have been used successfully as non-reactive ground
water tracers in various hydrologic environments (Bowman and Gibbens, 1992; Jones et
al., 1992; Benson and Bowman, 1994; Wilson and Linderfelt, 1994). Fluorinated
benzoic acids have pK, values of 4.5 or less, which makes them anionic and soluble in
ground waters. They are easy to handle and have been analysed down to 300-600 pug L™
levels using HPLC with UV detection (e.g., Bowman and Gibbens, 1992). Attempts
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have also been made to use a column pre-concentration of the fluorinated benzoic acids
(Stetzenbach et al. 1982) which has shown that the detection limit can be significantly
improved. A number of fluorinated benzoic acids can be used simultaneously if chosen
so that the different species does not interfere analytically with each other. Benzoic
acids are readily available from any of the large suppliers of chemical compounds. The
price of benzoic acids varies a lot between the different species. They are however in
general more expensive than fluorescent dyes. The analysis is made with the HPLC
method and the prize is somewhat higher than the analysis price of the dyes.

Very little information on the toxicity of fluorinated benzoic acids is to be found in the
literature. However, references exist to the parent compound benzoic acid. Benzoic acid
is used extensively in food and pharmaceutical products (Stetzenbach and Farnham,
1994). The American Food and Drug Administration have classified benzoic acid as
GRAS (Generally Recognised as Safe) as an antimicrobial and as a food additive.

The benzoic acids chosen for the pilot study were selected with respect to their transport
properties and the possibility of individual detection in a tracer cocktail. The benzoic
acids of choice are 2,3-difluoro benzoic acid, 2,6-difluoro benzoic acid, 3,5-difluoro
benzoic acid, 2,3,4,5-tetrafluoro benzoic acid and 2,3,4,5,6-pentafluoro benzoic acid.

2.1.8 Particles and other potential tracers

Many different kinds of drifting particles have been evaluated regarding their usefulness
as ground water tracers over the years. The greatest advantage of drifting particles as
ground water tracers are their inactivity regarding chemical interactions with the aquifer
material and their precise detectability at very high dilution. The disadvantages are
unfortunately retention due to filter effects and the laborious task of detection. There are
many different kinds of drifting particles; monospherical plastic particles are one group of
particles that has been shown not suitable for use in crystalline rock (Bjorkestrom, 1993).

2.1.9 Final selection of tracers for the pilot tests

The tracer tests were performed in two separate test runs. The first test run was prior to
the literature study and therefore only included readily available tracers that had been
used in other tests in granitic bedrock (Table 2-3). The dye tracer Uranine (Sodium
Fluorescein) was used as reference tracer in all tests. In the first test a total of eight
tracers (Table 2-3) were used of which six were rare earth metal-complexes.

Table 2-3: Tracers used in the first pilot tracer tests.

Tracer Type

Phloxine B Fluorescent dye
In-EDTA Metal-complex
Yb-EDTA Metal-complex
Lu-EDTA Metal-complex
Ni-EDTA Metal-complex
Gd-DTPA Metal-complex
Ho-DTPA Metal-complex
ReOy4 Ion
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The non-reactive tracers that were used in the second test run were decided upon after
the literature study was completed. This run included three separate pilot tracer tests

with somewhat different equipment set-ups.

The first two pilot tracer tests of the second test run included equipment and tracers
supplied by SOLEXPERTS and HYDROISOTOP GmbH, Switzerland. The main focus
on these tests was the use of Helium (*He) and a mixture of dyes. The final tracer test
was focused on a selection of fluorinated benzoic acids. The tracers of choice for the

second step are presented in Table 2-4.

Table 2-4: Tracers used in the second pilot tracer test.

Run# Tracer

Type

1 Helium-3 Environmental isotope

2 Helium-3 Environmental isotope
Deuterium Environmental isotope
Eosin Fluorescent dye
Sulforhodamine G Fluorescent dye
Pyranine Fluorescent dye
Dimethylfluorescein Fluorescent dye
Naphtionate Fluorescent dye
UV-1 Fluorescent dye

3 Rose Bengal
2,3-difluoro benzoic acid
2,6-difluoro benzoic acid
3,5-difluoro benzoic acid
2,3,4,5-tetrafluoro benzoic acid

2,3,4,5,6-pentafluoro benzoic acid

Fluorescent dye

Fluorinated benzoic acid
Fluorinated benzoic acid
Fluorinated benzoic acid
Fluorinated benzoic acid

Fluorinated benzoic acid
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3 Experimental set-up

3.1  Site description

The TRUE-1 site is located at 2950 m tunnel length at a depth of about 400 m below sea
level in the Aspd HRL. The site includes five boreholes, KXTT1 — T4 and KA3005A,
cf. Figure 3-1. The characterisation work at the site identified two potential candidate
features for tracer tests, Features A and B, cf. Winberg (ed), (1996). Feature A was
selected for the TRUE-1 tracer tests and about 20 different tracer test configurations
have been used in this feature. In Feature B only one preliminary tracer test (PTT) was
performed as a part of the characterisation programme, cf. Winberg (ed), (1996). This
test identified a fast flow path between the two 2.5-m packer isolated sections
KXTT3:R3 —» KXTT4:R4.

The PTT test showed a high mass recovery (92%) of the injected tracer and a short
mean travel time (37 minutes) over the 3.2-m distance between injection and sampling
points. A summary of measured and evaluated data from the flow path is given in Table
3-1. It should also be noted that the packer positions and length of the packed-off
intervals have been changed since the PTT-tests. The volume data given in Table 3-1
represents the current values. These data together with the fact that the site was still
instrumented after the recently concluded TRUE-1 tracer tests made it ideal for
performing some pilot tracer tests with new tracers.

Table 3-1: Measured and evaluated data from PTT for the flow path KXTT3:R3 —
KXTT4:R4 in Feature B at the TRUE-1 site.

Parameter Value Comments

Volume of injection system KXTT3:R3 5252 ml For section 8.92-11.42 m
Volume of withdrawal system KXTT4 R4 5252 ml For section 8.42-10.92 m

Travel distance 3.19m Geometric
Longitudinal dispersivity 0.35m From model fitting
Equivalent fracture aperture 1.6:10*m Calculated
Flow porosity 2.3-107 Calculated
Tracer mass recovery 92% Calculated
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Figure 3-1: Overview of the TRUE-1 site including boreholes, packers and interpreted
structures.

3.2 Equipment and tracers used

3.21 Borehole equipment

Each borehole in the TRUE-1 array is instrumented with 4-5 inflatable packers such that
4-5 borehole sections are isolated. All isolated borehole sections are connected to the
Hydro Monitoring System (HMS) through data loggers. Each of the sections used as
injection or sampling sections are equipped with three nylon hoses, two with an inner
diameter of 4 mm and one with an inner diameter of 2 mm. The two 4-mm hoses are
used for injection, sampling and circulation in the borehole section whereas the 2-mm
hose is used for pressure monitoring.

The borehole sections in Feature B that were used for the tracer tests are not equipped
with any volume reducing dummies.
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3.2.2 Injection equipment

The pilot tracer tests were performed using the equipment set-ups for tracer tests
previously used in the TRUE-1 tests. A schematic drawing of the tracer injection
equipment is shown in Figure 3-2. The basic idea is to create an internal circulation of
the borehole fluid in the injection borehole. The circulation makes it possible to obtain
homogeneous tracer concentration inside the borehole section and to sample the tracer
concentration outside the borehole in order to monitor the dilution of the tracer with time.
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Figure 3-2: Schematic drawing of the injection system at the TRUE-1 site.

The circulation is controlled by a pump with variable speed (A) and measured by a flow
meter (B). Tracer injections are made directly into the circulating loop with a HPLC
plunger pump (C). The tracer solution in the circulation loop can be replaced with
unlabelled water by switching the three-way valve such that the circulating water passes
through a long (1200 m) tube filled with unlabelled water. The tracer solution then
enters from one side of the tube and unlabelled water enters the circulation loop from
the other side of the tube.

The tracer concentration in the injection loop is measured by sampling and subsequent
laboratory analysis. The sampling is made by continuously extracting a small volume of
water from the system through a flow controller (constant leak) to a fractional sampler
(D). During the two tests including Helium on-line detection equipment for Uranine was
used replacing the HpGe detector in Figure 3-2, cf. Chapter 3.2.3.

Water from Feature B used for the tracer exchange was collected prior to the tracer
injections and stored in a separate pressurised vessel (E1) under nitrogen atmosphere.
Further details about the equipment are given in Andersson, (1996).
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3.2.3 Sampling and detection equipment

The sampling system is based on the same principle as the injection system, namely a
circulating system with a circulation pump and a flow meter, cf. Figure 3-3. In this case
however, water is withdrawn from the borehole with a constant flow rate by means of a
flow regulation unit. This unit consists of a mass flow meter coupled to a motorised
valve enabling a fast and accurate flow regulation.

The sampling is made with two independent systems, a ’constant leak” system
collecting samples (same as in the injection loop) integrated over some time (5-100
minutes) and a 24-valve sampling unit collecting samples at discrete points in time.

After sampling, the pumped water is led through a nylon vessel where the water is
degassed. The reason for this is that measurements of dye tracer content is made by an
in line field fluorometer. As fluorometry is an optical method, gas bubbles need to be
removed in advance or else they will create a fictive background content of the dye
tracer. Hence, the degassed water is pumped from the degassing vessel through the field
fluorometer and further to waste drain.

The existing fluorometer was also complemented with a fibre optic fluorometer during
the Helium tests performed by SOLEXPERTS. One flow through cell was installed into
the injection interval circuit. The second cell was implemented into the extraction flow
line. As light source, an Argon laser (blue light 488 nm) was utilised. A beam splitter
divides the laser beam; hence two optical quartz fibres can be connected to the light
source. The emitted light of the fluorescence tracer is transferred by a second optical
quartz fibre to the analysis device, which is equipped with a high voltage power supply,
an amplifier and two photomultipliers. The signal of the emitted light is proportional to
the tracer concentration. The device was developed and manufactured by
SOLEXPERTS and routinely used for several years at the GTS Migration experiment
(Frick et al., 1992).

The tracer technique utilising dissolved He as tracer and a commercial He leak tester
(Balzers HLT 150) for on-line He detection is described in Chapter 4. In order to avoid
high and possibly unstable tracer background of the pumped ground water, the isotope
*He was used as tracer. The *He concentration of the ground water at the test-site was
below the detection limit of the leak detector.
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Figure 3-3: Schematic drawing of the sampling system at the TRUE-1 site.

3.3 Injection procedure

The tracer stock solution (100 ml) for the test without Helium was prepared at the
GEOSIGMA AB Laboratory in Uppsala. The new tracers that were to be studied were
mixed with Uranine which was used as a reference. The tracer solution bottle was
placed on a scale so that the actual injected volume could be calculated at the end of the
injection. The injection was made directly into the circulating loop as the HPLC plunger
pump was started, see Figure 3-2.

The injection of the tracer solution was performed as a finite pulse injection with a
length of two and a half hours in the first pilot tracer test and a length of two hours in
the second. After the pulse injection the tracer solution was exchanged with unlabelled
water as described in Section 3.1.2. The exchange procedure lasted for 51 minutes in
both tracer tests. Before the exchange the unlabelled water in the long tube had been
pressurised by adding water with the HPLC plunger pump until the pressure in the
section was reached.

The injection procedure during the tests including Helium are described in Chapter 5.2
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3.4 Sampling and detection procedures

The injection concentrations and the concentrations in the pumped water were
monitored using the equipment described in Chapters 3.2.2 and 3.2.3. The decrease in
injection concentration was measured by sampling for Uranine with samples taken
every second minute during the initial 22 minutes of injection, and then every 15
minutes until the start of the exchange. The sampling frequency was then increased
again in steps up to 60 minutes.

The sampling in the pumping borehole was performed using the two independent
sampling systems described in Chapter 3.1.3. The “constant leak™ system was set to
sample the pumped water every five minutes until the start of the exchange. The
sampling frequency was then gradually increased to 60 minutes. The 24-valve sampling
unit was set to sample every ten minutes for the first four hours. The sampling
frequency was then gradually increased to 60 minutes. The sampling was finished after
about 40 hours of elapsed time.

The analysis of the water samples was made using several different techniques besides
the earlier mentioned in-line measurements of Helium and Uranine. The dye tracers
Uranine, Phloxine B and Rose Bengal in the tests without Helium were analysed by
spectrofluorometry using a Jasco FP-777 at GEOSIGMA Laboratory in Uppsala. All
water samples were buffered to a pH of 8 to 9 before the analysis was made. A
calibration curve for the dye tracer in question was loaded into the spectrofluorometer.
The excitation wavelength used for Uranine was 493,0 nm and the emission wavelength
was 515,0 nm. The excitation and emission wavelengths for Phloxine B were 542,5 nm
and 558,0 nm respectively and for Rose Bengal 552,5 nm and 568,0 nm respectively.

The analysis of a complex mixture of fluorescent tracers as applied is only possible with
advanced techniques like a HPLC procedure, which was developed at HYDROISOTOP
GmbH for this purpose. The HPLC analysis was made with a HP-1090 system with
automated sample supply. The column used was a Kromasil C18, 5p, 125x4,6 mm and
the eluent was an alkaline buffer/acetonitril-mix in gradient mode. The detector was a
Shimadzu RF 551 S fluorometer, which could be switched automatically to the desired
wavelengths. However, not all of the applied tracers can be determined with the used
HPLC procedure. UV1 and Pyranine can at the present used technique not be
determined by HPLC because they are not retarded on the chromatographic column. As
a support for validation of the results and for analysis of UV1 and Pyranine, advanced
spectrofluorometric measurements were performed. The used detection device was a
spectrofluorometer, PERKIN-ELMER 203. The measuring method required pH-
adjustment of the samples. The pH-adjustments were made to eliminate the disturbing
effects that Uranine have on Pyranine.

e HPLC procedure: Naphthionate, Uranine, Dimethylfluorescein, Eosin and
Sulforhodamine G.

e Spectrofluorometry: Naphthionate, UV1 and Pyranine.
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Deuterium was measured as hydrogen by an isotope ratio mass spectrometer, type
Delta, MAT Finnigan. The hydrogen was produced after reduction of water by
manganese in a closed system.

High resolution ICP-MS at the SGAB Laboratory in Lulea was used in the analysis of
the metal-complexes.

None of the methods proposed in the literature was possible to apply for the low
concentrations of fluorinated benzoic acids obtained in the present experiment. As a
sub-project and in cooperation with Analycen AB, Lidkoping, Sweden, development of
a new improved detection method was performed. The method consisted of a solid
phase extraction (SPE) column pre-concentration in combination with a HPLC
separation of the different tracer and a MS/MS detection. Details of the method are
given in Appendix 4.
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4 Results and interpretation of the pilot tracer
tests without Helium (GEOSIGMA)

41 Log of events

The tracer test period on site at Aspd HRL described in this report started on January
27™ 1999 with the preparations for the pre-test and ended on March 17", 1999 when
the second radially converging tracer test was aborted. The tracer injections and the
pumping were performed without major disturbances. The log of events is presented in
Table 4-1.

Table 4-1: Log of events during the tracer test period.

Day Time Event

990126  10.40  Start pumping KXTT4 R4, Q=0.075 I/min

990127  9.30 Start tracer injection KXTT3 R3, pre test

990201 16.28  Stop tracer test, water sampling aborted

990202 11.15  Start tracer injection KXTT3 R3, first pilot tracer test
990204 12.45 Stop tracer test, water sampling aborted

990303  15.00 Start tracer injection KXTT3 R3, second pilot tracer test, run #1,
SOLEXPERTS

990304 9.23 Stop tracer test, water sampling aborted, SOLEXPERTS

990304 15.02  Start tracer injection KXTT3 R3, second pilot tracer test, run #2,
SOLEXPERTS

990305  9.30 Stop tracer test, water sampling aborted, SOLEXPERTS
990315 16.20  Start tracer injection KXTT3 R3, second pilot tracer test, run #3
990317  7.00 Stop tracer test, water sampling aborted

990317 7.46 Close pressure valve KXTT3 R3

990317 11.22  Close pressure valve KXTT4 R3
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4.2 Tracer injections

The fifteen tracers used are listed in Table 4-2. The decrease in tracer concentration versus
time was used to calculate the flow rates through the borehole by plotting the natural
logarithm of concentration versus time. Theoretically, a straight-line relationship exists
between the natural logarithm of the relative tracer concentration (C/C,) and time (7):

Q,, ==V -A(ln-(C/C,)-t ")

where Oy (m’/s) is the groundwater flow rate through the borehole section and ¥ is the
volume of the borehole section (m?).

Table 4-2: Mean tracer concentrations during the 2-2.5 hour injection in the
injection loop for the different tracers used in the study.

Tracer test Tracer Mean concentration (mg/1)

#
1 Uranine 5.395
1 Phloxine B 7.078
1 In-EDTA 8.06
1 Lu-EDTA 7.43
1 Ni-EDTA 16.6
1 Yb-EDTA 7.82
1 Gd-DTPA 7.13
1 Ho-DTPA 8.47
1 ReOy4 5.44
2 Uranine 6.316
2 Rose Bengal 7.778
2 2,3-DFBA 11.2
2 2,6-DFBA 12.85
2 3,5-DFBA 27.75
2 2,3,4,5-TEFBA 10.8
2 2,3,4,5,6-PFBA 11.75

The injection concentrations for the tracers used in the first test are normalised to the
mean tracer concentration during the injection and plotted in the Figure 4-1. The flow
rate was determined from the dilution of Uranine (Figure 4-2). This flow rate was used
to calculate the mass fluxes and the recovery. The calculated injection flow rate for
Uranine (compensated for sample volumes) was 68.1 ml/h in the first tracer test. The
calculation of the injection flow was made using concentration values from t=5.68 hours
to t=47.93 hours.
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Figure 4-1: Tracer injection concentrations normalised to the mean concentration
during the injection in section KXTT3 R3 during the first 23 hours of the first tracer
test.

All tracers except Phloxine and Ni-EDTA seem to follow the reference tracer Uranine
closely during the injection. The Phloxine concentrations seem to give higher values
compared to Uranine and also to vary quite a lot. The normalised injection curve for Ni-
EDTA has a completely different shape than any of the other injected tracers. The first
measurement of Ni-EDTA has a C/Cmean value that is almost twice as large as any
other C/Cmean. Therefore the first Ni-EDTA value is not plotted in Figure 4-1 but also
the other values differ significantly.

The time period from the start of the injection until 3.5 hours requires some comments.
The tracer concentration in the borehole section usually reaches an equilibrium
concentration before the exchange is made. This is not the case in Figure 4-1 where it
can be seen that the tracer concentration increases with time. The reason for this may be
the fact that the borehole section volume is quite large as it is not equipped with volume
reducing dummies. The lack of dummies in combination with a large borehole section
decreases the rate of mixing in the section. After 2.5 hours of injection the tracer
solution is exchanged with unlabelled water as described in Section 3.1.2. It is clear
from Figure 4-1 that the exchange procedure was quite effective.
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Figure 4-2: Tracer injection concentration (InC) versus elapsed time, t(h), for Uranine
in the injection section KXTT3 R3 during the 48 hours of the first tracer test.

The injection concentrations for the tracers used in the second test normalised to the
mean tracer concentration during the injection and plotted in Figure 4-3. The flow rate
was determined from the dilution of the Uranine (Figure 4-4). This flow rate was used
to calculate the mass fluxes and the recovery. The calculated injection flow rate for
Uranine (compensated for sample volumes) was 78.4 ml/h in the second tracer test. The
calculation of the injection flow was made using concentration values from t=9.17 hours
to t=38.03 hours

The normalised injection curves of Rose Bengal and the benzoic acids differ from that
of Uranine (Figure 4-3). The injection concentration of Rose Bengal well exceeds that
of Uranine. The time period from the start of the injection until the exchange requires
some comment. It can be seen in Figure 4-3 that the tracer concentrations in the
borehole section in the second test increases with time as in the first test. The reasons, as
mentioned earlier, is most likely the fact that the borehole section is not equipped with
volume reducing dummies and the volume of the borehole section is therefore rather
large. The injection curves of the benzoic acids in Figure 4-3 are made using only five
measurements. Due to the few measurements a straight line interpolation between the
first and second measurements has been made to estimate the injection curves of the
benzoic acids. After two hours the injection is aborted and the tracer solution is
exchanged with unlabelled water as described in Section 3.1.2.
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Figure 4-3: Tracer injection concentrations normalised to the mean concentration
during the injection in section KXTT3 R3 during the 38 hours of the second tracer test.
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Figure 4-4: Tracer injection concentration (InC) versus elapsed time, t(h), for Uranine
in the injection section KXTT3 R3 during the 38 hours of the tracer test.
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4.3 Tracer breakthrough

4.3.1 Tracer breakthrough data interpretation

First tracer test

The analysis of the metal-complexes and ReO4 with high resolution ICP-MS was
repeated three times so that the instrumental spread could be calculated. The spread
represents the sample standard deviation. Figure 4-5 is a representative example of the
distribution and size of the sample standard deviation.
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Figure 4-5: Concentration of Gd-DTPA in the analysed water samples as a function of
time. The error bars show the sample standard deviation.

Tracer breakthrough in the pumping section was monitored for all the injected tracers.
The breakthrough curves (Figure 4-6 and a close-up of the first 12 hours in Figure 4-7)
show one distinct and high peak reflecting the shape of the injection function. The plots
in Figure 4-6 show concentrations that are normalised to the mean concentration during
the injection phase of the test. The normalisation is made in order to get a good
comparison between the different species.
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Figure 4-6: Tracer breakthrough curves for the tracers in the first tracer test. Tracer
concentrations are normalised to the mean tracer concentration during the injection
phase.
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