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Abstract

The Tracer Retention Understanding Experiments (TRUE) at the Aspd Hard Rock Laboratory embraces
a number of projects performed over a 20 year period in order to increase the understanding of trans-
port of dissolved solids in fractured crystalline rock. The various experiments within TRUE have been
performed at laboratory scale (< 0.5 m), detailed scale (5—-10 m) and in the block scale (10-50 m).

This report is a summary of the TRUE-1 Completion project which was performed, as a part of the
TRUE-1 Continuation experimental programme, at the TRUE-1 site located at about 390 m depth in
the Aspd Hard Rock Laboratory. The structure called Feature A was studied in all tests and analyses
within the project. Six boreholes (KXTT1-KXTTS5 and KA3005A) intercepting Feature A were used
in the TRUE-1 Completion project, but most of the activities were focused on the intercepts of
Feature A in borehole sections KXTT3:S3 and KXTT4:T3 and the associated flow path between

the two. This flow path in Feature A was characterised in earlier investigations within the TRUE-1
project.

The primary overall objective of TRUE-1 Completion was to improve the knowledge of the internal
structure and update the conceptual models of Feature A. This was carried out in three major parts
consisting of:

» Tracer and hydraulic tests.
* Epoxy injection, overcoring and core logging.

* Analysis of core material.

Main findings and principal conclusions of the TRUE-1 Completion project, as presented in this
report, do not contradict results and conclusion made in earlier parts of the TRUE projects. Instead,
the results strengthen and provide added clarification to earlier findings.

One of the overall conclusions from the current work is that Feature A is heterogeneous in terms of
transmissivity and/or connectivity within the borehole array and has an undulating and/or stepwise
character.

The epoxy injection and associated image analysis of pore space pattern and structure resulted in

a detailed description of the aperture distribution. In KXTT4, Feature A is dominated by one epoxy
filled fracture whereas the area around Feature A in KXTT3 consists of five epoxy filled fractures.
In Feature A’ (in KXTT4), the amount of epoxy recovered is small and is limited to the area close

to the borehole intercept. The detailed fracture geometry of Feature A varied and featured an equal
distribution between a single open fracture plane, a slightly complex fracture and a complex fracture
with several subparallel planes and embedded particles. The studied fractures of Feature A show an
accumulated average physical aperture of 0.45 mm, with a variation in aperture in the span 0—1 mm
and a spatial correlation distance (practical range) for the aperture of about 75 mm.

The microstructural model of Feature A was updated where the key components are a highly altered
wall rock with several generations of fracture coatings with a coating of the main fracture surfaces
dominated by chlorite and clay minerals together with some wall rock fragments, and calcite with
related accessory minerals. Although clay minerals were found, the quantity does not seem to be
large enough to provide explanation for the entire retention effect observed in earlier TRUE-1 tests.
Instead, it is suggested that the rock matrix close to the fracture rim also plays a significant role in
providing retention.

The tracer tests indicated, among other results, that caesium interactions with the rock material are
subject to irreversible or slowly reversible sorption processes and that a simple cation exchange
model is not sufficient for attaining satisfactory explanation and understanding.
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Sammanfattning

TRUE-forsoken (Tracer Retention Understanding Experiments) som genomforts i Aspdlaboratoriet
omfattar ett antal projekt som utférda under en 20-arsperiod for att 6ka forstaelsen av transport av
16sta &mnen i sprickigt kristallint berg. De olika experimenten inom TRUE har utforts i laboratorie-
skala (< 0,5 m), detaljerad skala (5—10 m) och i block-skala (10—50 m).

Denna rapport dr en sammanfattning av projektet TRUE-1 Completion som genomforts, som en del
av TRUE-1 Continuation, vid experimentplatsen for TRUE-1 p4 ca 390 m djup i Aspdlaboratoriet.
Strukturen Feature A studerades i alla forsok och analyser inom projektet. Sex borrhal (KXTTI1-KXTTS5
och KA3005A) som skér Feature A anvéndes i projektet, men fokus for de flesta aktiviteterna var
skdrningen med borrhalsektionerna KXTT3:S3 och KXTT4:T3 med Feature A samt flédesvigen
déremellan. Denna flodesvédg dr tidigare karakteriserad inom ramen for TRUE-1 projektet.

Det priméra 6vergripande mélet for TRUE-1 Completion var att forbéttra kunskapen om den inre
strukturen och uppdatera de konceptuella modellerna av Feature A. Detta utfordes i tre huvudsakliga
delar bestédende av:

* Spédrdmnesforsok och hydrauliska tester.
» Epoxi-injektion, dverborrning och karnkartering.
* Analys av kdrnmaterial.

Resultat och huvudsakliga slutsatser av TRUE-1 Completion, presenterade i denna rapport, motséger
inte tidigare resultat och slutsatser fran andra delar av TRUE. Istillet fortydligas och forstérks tidigare
resultat.

En av de overgripande slutsatserna fran det aktuella arbetet &r att Feature A dr heterogen i frdga om
transmissivitet och/eller konnektivitet inom den del som tdcks upp av borrhélen och dr undulerande
och/eller trappstegsformad.

Epoxi-injektionen och den efterfoljande bildanalysen av porgeometrin resulterade i en detaljerad
beskrivning av aperturfordelningen. I KXTT4 ar Feature A dominerad av en epoxi-fylld spricka medan
det i omradet vid Feature A i KXTT3 finns fem epoxi-fyllda sprickor. I Feature A’ (i KXTT4) ar
mangden epoxi liten och begrinsad till omradet ndrmast borrhalet. Den detaljerade sprickgeometrin

i Feature A varierar och uppvisar en lika fordelning mellan ett enkelt Gppet sprickplan, en négot
komplex spricka och en komplex spricka med flera subparallella plan och med inbdddade partiklar.
Den ackumulerade fysiska aperturen i de analyserade sprickorna i Feature A uppvisar ett medelvarde
pa 0,45 mm med en variation mellan 0 och 1 mm. Det rumsliga korrelationsavstandet for apertur
bestdmdes till ¢. 75 mm.

Den mikrostrukturella modellen av Feature A uppdaterades dér de viktigare komponenterna ar ett
mycket omvandlat berg med flera generationer av sprickfyllnad vilka huvudsakligen bestar av klorit
och lermineral tillsammans med bergfragment och kalcit med associerade mineral. Aven om fore-
komst av lermineral konstaterats &r méngden troligen for liten for att helt forklara den retention som
observerats i tidigare TRUE-1 forsok. Dérfor dr det troligt att bergmatrisen ocksa spelar en viktig
roll f6r den observerade retentionen.

Spérforsoken indikerade (bland annat) att interaktionen mellan cesium och berget paverkas av icke
eller langsamt reversibel sorption och att en enkel katjonutbytesmodell inte ar tillrdcklig for att ge en
tillfredstéllande forstaelse och beskrivning.
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1 Introduction

1.1 Background

The Swedish concept for geological disposal of spent nuclear fuel at depth in the crystalline bedrock
relies on a multi-barrier system for isolation of nuclear waste from the biosphere. The barriers consist
of the spent fuel encapsulated in a copper-steel canister, the bentonite buffer surrounding the canister,
and the natural bedrock barrier beyond the underground openings hosting the above mentioned
engineered barriers (SKB 2011). The natural geological barrier should provide a stable mechanical
and chemical environment for the engineered barriers, and should also prevent entry of corrodants
and reduce and retard transport of radionuclides released from the engineered barriers, in case these
barriers are breached.

In planning the experiments to be performed during the Operating Phase of the Aspd Hard Rock
Laboratory, the Swedish Nuclear Fuel and Waste Management Company (SKB) identified the need
for improving the understanding of radionuclide transport and retention processes in fractured
crystalline rock. It was also considered important, from the performance assessment perspective,
to be able to show that adequate transport data and parameters (distribution coefficients, diffusivity,
flow-related transport parameters, etc) could be obtained or deduced from site characterisation
(field experiments and associated modelling), and furthermore that laboratory results could be
related to retention parameters obtained in situ. To answer these needs, SKB in 1994 initiated the
Tracer Retention Understanding Experiments (TRUE).

1.2  Previous investigations within TRUE
1.21 TRUE-1

The First Stage of TRUE (Winberg et al. 2000) was performed in the detailed scale (0—10 m) and
was focused on characterisation, experimentation and modelling of an interpreted single feature, cf.
Figure 1-1. The First TRUE Stage (TRUE-1) was aimed at understanding tracer transport in a single
fracture, which could e.g. be considered to represent a fracture intersecting a canister deposition
hole. TRUE-1 was initially aimed at testing of equipment, adaptation of tracer test methodology to
Aspd conditions, and the understanding of conservative tracer transport. The programme was later
expanded to also include field tests with sorbing tracers. In addition, a technology for obtaining the
internal structure of pore space in the fracture from injection of epoxy resin was developed.

Work performed included staged drilling of six boreholes, site characterisation, and installation of
multi-packer systems to isolate interpreted hydraulic structures. Subsequent cross-hole hydraulic tests
and a comprehensive series of tracer tests were used to plan a series of three tracer tests with radio-
active sorbing tracers. The in situ tests were supported by a comprehensive laboratory programme
performed on generic as well as on site-specific material from the studied feature. In addition, techniques
for characterisation of the pore space of the investigated flow paths using epoxy resin have been
developed and successfully tested in situ.

The various phases of tracer testing performed as part of TRUE-1 were subject to blind model predic-
tions and subsequent evaluation (Elert 1999, Elert and Svensson 2001, Marshall and Elert 2003). The
results of the TRUE-1 experiments showed clear evidence of diffusion, attributed by some researchers
as diffusion into the rock matrix with associated sorption on inner pore surfaces (Widestrand et al.
2007, Cvetkovic et al. 2007, Cvetkovic and Cheng 2008). Other researchers claimed that the observed
retention could be attributed to diffusion/sorption in fine-grained fault gouge material (Mazurek et al.
2003, Jakob et al. 2003) or be due effects of a 3D connected network of flow channels (Neretnieks
2002, Neretnieks and Moreno 2003). Distinction between alternative interpretations could only be
further elucidated by applying the methodology developed within the project whereby epoxy resin
injection, followed by overcoring is used to investigate the internal pore structure of Feature A, as
described by the work presented in this report. Interim steps which include the successful investigation
of fault rock zones at Aspd Hard Rock laboratory (HRL) are described by Marsk Hansen and Staub
(2004), Hakami and Wang (2005) and Winberg (2010).
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1.2.2 TRUE Block Scale

The TRUE Programme identified early that the understanding of radionuclide transport and retention
in the Block Scale (10-100 m), cf. Figure 1-1, required a separate experiment. Consequently the TRUE
Block Scale project was devised (cf. Winberg 1997). The experiment was hosted in the south western
parts of the laboratory centred on the 450 m level. The investigated rock block (approximately
200%250%100 m) was investigated in a first step during the period 1996 through 1999, reported
early 2002.

The TRUE Block Scale project was executed by a partnership of six international funding organisations.
The specific objectives were to; 1) increase understanding of tracer transport in a fracture network
and improve predictive capabilities, 2) assess the importance of tracer retention mechanisms (diffusion
and sorption) in a fracture network, and 3) assess the link between flow and transport data as a means
for predicting transport phenomena. Experimentation was conducted in an array of six cored boreholes.
Drilling and characterisation of each new borehole was followed by analysis and decision regarding
the need and proposed geometry of a subsequent borehole. Details on the characterisation process
and construction of hydrostructural and microstructural models are provided by Andersson et al.
(2002a).

Hypotheses formulated in relation to defined basic questions were addressed in the in situ tracer
tests and in the subsequent evaluation using numerical models. The in situ tracer test programme was
crowned by four injections of cocktails of radioactive sorbing tracers in three different source-sink
pairs over distances ranging between 15 and 100 m, as integrated along the deterministic structures
of the hydrostructural model, defining flow paths of variable complexity, see Andersson et al. (2002b,
2004) for further details. The fractured crystalline rock volume was here conceptualised as a dual
porosity medium (mobile-immobile). Model predictions of the sorbing tracer tests were followed
by evaluation modelling where the various modelling results were used to elevate the understanding
of block scale transport and retention and the relative role of processes. Diffusion to the immobile
pore space, sorption in the immobile pore space and surface sorption on the fracture surfaces along
the transport paths were interpreted as the main retention processes. This interpretation was supported
both by the characteristics of in situ breakthrough curves and modelling, where in the latter case

the measured residence time distributions were reproduced more accurately with diffusional mass
transfer invoked. Geological information from the site also provided support for the assumption of
multiple immobile zones along the investigated flow paths. Details on implementation of the common
conceptual basis, model predictions and evaluation are provided by Poteri et al. (2002).

One important contribution of the TRUE Block Scale experiment was the establishment of a common
framework for transport and retention. This enabled a unified comparison of relative contributions
to modelled retention, despite apparent differences in the type (site characterisation/performance
assessment-related) and complexity (dimensionality, representation of conductive elements, analytical/
numerical) of the model representations, see Poteri et al. (2002). An important basis for the analysis
was the further developed conceptual microstructural models. The latter developed significantly
through the combined use of detailed mineralogy/geochemistry, porosity determinations and polymer
impregnation (PMMA) of core samples. Furthermore, the sorption characteristics of altered wall
rock and fine-grained (clayey) fault gouge were estimated based on ambient water chemistry, cation
exchange capacity (CEC) and mineralogy of the geological materials and the selectivity coefficients
of the tracers. These models and parameterisations were generalised further for usage in performance
assessment context by Dershowitz et al. (2003). These example parameterisations were used as role
models for the site-specific parameterisations of the “retardation model” for Forsmark, see Byegérd
et al. (2008). Furthermore, the basic methodology for site descriptive transport modelling, including
applicable conceptual models, which paved the way for the subsequent safety analysis in SR-Site,
were in part derived from the TRUE experiments (Crawford 2008).

At the termination of the TRUE Block Scale project it was recognised that a number of questions
remained incompletely analysed and/or understood (Winberg et al. 2003), and hence a continuation
project was set up whereby the integrated knowledge base from TRUE was applied on a yet untested
part of the TRUE Block Scale rock volume. In this context, special emphasis was put on the geological
understanding and the distinction between retention experienced in a fault structure (featured by fault
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1m 10m

Figure 1-1. Schematic representation of transport scales addressed in the TRUE programme.

rock, fault gouge, fracture mineral coating and wall rock alteration) as opposed to the retention seen
in a background fracture (featured by wall rock alteration and fracture mineral coating), see Dershowitz
et al. (2003) and Andersson et al. (2007) for further details. The in situ breakthrough data and the
integrated evaluations presented by Cvetkovic et al. (2010), Cvetkovic and Frampton (2010) and
Cvetkovic (2010a) further strengthened the viewpoint of diffusion-controlled retention as the primary
explanation of the observed retention. Furthermore, Cvetkovic (2010a) analysed and emphasised the
role of the enhanced porosity (and associated heterogeneity) in the wall rock immediately adjacent
to a conductive fracture for the retention, as noted both in the detailed and block scale experiments.

1.3 Overview of the TRUE-1 site

The field activities of TRUE-1 Completion were performed at the TRUE-1 site located at about
390 m depth in the Aspd Hard Rock Laboratory (Figure 1-2). The structure called Feature A was
used for all tests and analyses within the TRUE-1 Completion project. All six boreholes intercepting
Feature A as shown in Figure 1-3 were used in the TRUE-1 Completion project but most of the
activities were focused on the intercepts of Feature A contained in borehole sections KXTT3:S3
and KXTT4:T3 and the flow path in between as illustrated in Figure 1-4. The hydrostructural
model established based on previous hydraulic and transport tests indicates that Feature A consists
of a single plane (Feature A) at the intersection of KXTT3:S3 and that this feature has a splay
(Feature A”) such that two fracture planes intersects KXTT4:T3 (Figure 1-3). These flow paths,

in Feature A and Feature A’, are characterised from earlier investigations at the TRUE-1 site
(Andersson et al. 2002¢, Winberg et al. 2000).
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TRUE-1 site

KXTT5:P2

KXTT4:T3
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Figure 1-3. Borehole intersection pattern with Feature A (as seen in the plane of the feature from the
tunnel and inwards). Numbers indicated between boreholes give the Euclidian distances between borehole
intersections (from Nordgvist et al. 2014).
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Figure 1-4. Schematic drawing (plan view) of the boreholes KXTT3, KXTT4 and Feature A. Indicated
numbers provide length coordinates along the borehole (from Nordqvist et al. 2014).
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2 Objectives and scope of TRUE-1 Completion

21 General objectives

TRUE-1 Completion is a sub project of TRUE-1 Continuation project which in turn is a follow up of
the TRUE-1 project. It was decided that TRUE-1 Completion should be performed at the TRUE-1 site
to complement already performed experiments. The main activity within TRUE-1 Completion is

the injection of epoxy in the fracture with subsequent over-coring of relevant parts of Feature A and
analysis of pore structure and identification of sorption sites. Furthermore, a number of complementary
in situ experiments were performed in order to collect important information from Feature A and the
TRUE-1 site before the epoxy injection and subsequent destruction of the site.

The general objectives of the TRUE-1 Completion are to:

1. Improve the knowledge of the internal structure of Feature A through epoxy injection and sub-
sequent analyses, including improvement of the identification and description of the immobile
zone(s) that are involved in observed retention effects.

2. Perform complementary tests useful to the SKB Site Investigations, including in situ K, and
SWIW (Single Well Injection Withdrawal) tests.

3. Improve the description of zones of immobile water that contribute to observed retention effects.
The approach was identification and mineralogical-chemical characterisation of the sorption sites
where Cs was found.

4. Update the conceptual microstructure and sorption models of Feature A.

2.2 Overview of experimental programme

The primary reporting of TRUE-1 Completion is divided in three parts; tracer and hydraulic tests
(Nordqvist et al. 2014), epoxy injection and overcoring (Sigurdsson and Hjerne 2014) and analysis of
core material (Hakami et al. 2014). Besides a summary of these primary reports, the present report also
includes an update of conceptual models and conclusions in general of the TRUE-1 Completion project.
For details about tests, methods, analysis, results etc refer to the three primary reports listed above.

Major activities in the project are listed in Table 2-1 together with the associated time period for the
actual work and primary reference. The time periods listed below do not include the time for analysis
and reporting of the tests. As seen in Table 2-1, the project extended over a rather long time period,
mainly because heavy involvement of most project members in other highly prioritised SKB projects
such as site investigations, site modelling and LTDE-SD.

Table 2-1. Major events in TRUE-1 Completion.

Event Time period Primary reference
Re-installation of borehole equipment Oct 2005 Sigurdsson and Hjerne 2014
SWIW tests Nov 2005 — Feb 2006 Nordqvist et al. 2014
Crosshole interference tests April 2006 — May 2006 Nordqvist et al. 2014

Cation exchange capacity test May 2006 — Dec 2006 Nordqvist et al. 2014

Epoxy injection March 2007 Sigurdsson and Hjerne 2014
Overcoring May 2007 — Aug 2007 Sigurdsson and Hjerne 2014
Core logging May 2007 — Dec 2007 Sigurdsson and Hjerne 2014
Analysis of core material April 2009 — April 2010 Hakami et al. 2014

SKB TR-12-11 13






3 Tracer and hydraulic tests

Tracer and hydraulic tests were performed in the TRUE-1 Feature A as complementary tests useful
to the SKB Site Investigations, including in situ K; and SWIW tests for providing new results useful
for updating conceptual models.

The specific objectives of the tracer and hydraulic tests were to:

» Verify the distribution of tracer around a SWIW-test borehole by employing passive sampling in
the surrounding multi-borehole array intersecting Feature A.

» Evaluate the SWIW test and to compare the results with previously performed tracer tests at the
TRUE-1 site.

* Study the cation exchange capacity (CEC) in situ and study the de-sorption of the previously injected
1Cs and "*'Cs in the flow path, possibly making the (overcore) drill cores more manageable for
image analysis and microscopy (radiation safety aspects).

» Enhance the presence of Cs in the Feature A flow path from KXTT4 to KXTT3, to enable study of
adsorbed non-radioactive Cs+ instead of the radioactive **Cs and *’Cs, which are presumed to be
present in rather low amounts.

» Examine and evaluate effects of possible channelling in a single fracture (Feature A) using cross-
hole interference tests.

Prior to the TRUE-1 Completion tracer and hydraulic tests, the borehole instrumentation of KXTT3
and KXTT4 was modified so that the borehole section around Feature A was identical to that employed
during the earlier performed STT-tests (Andersson et al. 1997, 1999a, b) and to facilitate the epoxy
injection and overcoring in the mentioned boreholes.

If nothing else is stated, all results, figures, interpretations etc. in this chapter are from Nordqvist
et al. (2014) where the tracer and hydraulic tests carried out within TRUE-1 Completion are
presented in full.

3.1 SWIW tests in KXTT4

In a SWIW test, water with one or several tracers is injected into a rock formation in a borehole section
and subsequently pumped back. The tracer breakthrough during the pump-back phase (recovery phase)
may then provide information about solute transport properties of the rock formation.

A SWIW tracer test may consist of some or all of the following phases:
1. Injection of fluid to establish steady state hydraulic conditions.
2. Injection of one or more tracers.

3. Injection of chaser fluid after tracer injection is stopped, possibly the chaser fluid is labelled with
a different tracer.

4. Waiting phase.

5. Recovery phase with pumping back of the previously injected tracer.

The injection of chaser fluid has the effect of pushing the tracer out in the formation surrounding

the tested section. One advantage of employing a chaser fluid is that when the tracer is pumped back,
a complete recovery breakthrough curve with a rising part, a peak and a decreasing part is obtained.
During the waiting phase there is no injection or withdrawal of fluid. The purpose of this phase is to
increase the time available for time-dependent transport-processes to act so that these may be more
easily identified and evaluated from the resulting breakthrough curve. The TRUE-1 SWIW tests were
carried out with tracer injection, chaser injection and recovery, i.e. phases 2, 3 and 5 above. An idealised
schematic illustration of a recovery breakthrough curve during a SWIW test is shown in Figure 3-1.

SKB TR-12-11 15
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Figure 3-1. Idealised schematic tracer concentration sequence during a SWIW test.

SWIW tests differ significantly in several ways from cross-hole tracer tests. The experimental

scale in each method represents a major conceptual difference. In SWIW tests, only the rock volume
adjacent to the borehole section is involved. The extent of the tested volume is given by how far the
injection water has travelled along conductive features out into the formation before beginning of
recovery pumping phase. However, this cannot be determined without additional borehole sections
sufficiently close to the SWIW section. In cross-hole tests, it is reasonable to expect that the tested
domain is comprised of connected transport paths between injection and pumping sections.

The perhaps most significant attribute of a SWIW experiment compared to a cross-hole test, is the
reversal of the flow field. Thus, under ideal conditions, an injected tracer moves away from the borehole
section and then back again along the same flow path(s). The flow reversal that occurs in a SWIW
test affects the interpretation of transport processes. For example, unlike for cross-hole tests, advective
attributes such as fracture aperture (or porosity) and longitudinal dispersivity (or Peclet number) may
not be determined independently from a SWIW test because of the unknown tracer travel distance
(Becker and Shapiro 2003). Even if the porosity (or e.g. aperture) is independently known, dispersivity
values evaluated from SWIW tests should be expected to be different from values evaluated from
other types of tracer tests because the reversal of the flow field obscures the dispersion resulting from
flow paths with different velocities (Gelhar et al. 1992).

The principal objectives for the SWIW tests in Feature A were initially formulated as follows:

* to verify the distribution of tracer around the SWIW test borehole by passive sampling in the
surrounding multi-borehole array intersecting Feature A

» to evaluate the SWIW test and to compare the results to previously performed cross-hole tracer
test at the TRUE site

The first of the above objectives was considered especially valuable for the SWIW tests performed
within the SKB site investigations (Nordqvist 2008). In these SWIW tests, no other surrounding
borehole sections were available where it was possible to observe the propagation of the tracer
into the rock formation. At the TRUE-1 test site, several boreholes are available of which one may
be used as a SWIW test borehole (injection and pumping hole) while the others may be used as
observation holes.
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A number of scoping calculations were carried out prior to the SWIW test in order to obtain an
understanding of tracer (sorbing and non-sorbing) behaviour in peripheral boreholes and to provide
support for experimental design. The specific purpose of the scoping calculations was to indicate
suitable experimental flow rates and duration of various phases. These scoping calculations are
presented in more detail by Nordqvist et al. (2014), but it may be of interest here to illustrate the
theoretical tracer breakthrough in observation boreholes at varying distance from the central SWIW
borehole. Figure 3-2 shows tracer breakthrough curves for non-sorbing tracers at radial distances of
3, 6 and 8 m, respectively. The appearance of the breakthrough curves is very sensitive to the radial
distance from the SWIW section. The closest observation section at 3 m shows two peaks, well
separated in time, of which the second peak occurs when the tracer travels back during the recovery
phase. At a distance of 6 m, the peaks are not fully separated, but the start of the recovery pumping
phase is clearly seen just after the peak in the breakthrough curve. At a radial distance of 8 m, tracer
breakthrough is barely visible because in this case only the leading front edge of the tracer “cloud”
enters the borehole section before the recovery pumping starts.

The original experimental plan for the TRUE-1 Completion SWIW tests included the use of sorbing
and radioactive tracers. First, a pre-test was to be carried out with only a fluorescent dye tracer in
order to optimize experimental conditions, such as injection flow rates, pressures, etc. The pre-test
was to be followed by a main SWIW tests with injection of a relatively large number of conservative,
sorbing (weakly and strongly) and radioactive tracers.

However, the planned main test with sorbing and radioactive tracers was never carried out due to a
very low tracer (Uranine) recovery (about two percent) during the pre-test. The pre-test was repeated
with a modified (shorter) chaser injection period in order to increase tracer recovery. The repeated
test resulted in improved tracer recovery, but still with a very low recovery (about 11 percent). Due
to the low recovery and associated radioprotection issues, it was decided not to proceed with radioac-
tive/sorbing tracers.

Despite the reduced experimental scope, an interesting set of data from the two tracer injections
(herein called SWIW 1 and SWIW 2, only differing in the amounts of chaser fluid volume) was
obtained. Tracer breakthrough curves were established in all of the four peripheral boreholes sections
as well as in the central SWIW section (although with low tracer recovery, as already mentioned).
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Figure 3-2. Simulated tracer breakthrough curves for non-sorbing tracers at various radial distances.
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Details of equipment and experimental performance used are given by Nordqvist et al. (2014). In
both of the SWIW tests, tracer solution was injected for approximately one hour with total injected
tracer solution volumes of approximately 9 and 8 L for SWIW 1 and SWIW 2, respectively. The main
difference between the two tests is that 618 L chaser fluid was used in SWIW 1 while this volume
was reduced to 162 L in SWIW 2. The flow rates for the various experimental phases did not differ
significantly between the tests.

The resulting tracer breakthrough curves from the two SWIW tests are shown in Figure 3-3. Tracer
breakthrough is clearly visible for the central SWIW section and all of the observation sections.
Figure 3-3 also indicates a significant amount of variability in tracer arrival times and peak values of
the breakthrough curves. Although the radial distances vary somewhat among the observation sec-
tions (see Figure 1-3), this variability presumably is, at least partially, a result of flow heterogeneity.

A more detailed plot of the tracer breakthrough curves from both tests in the central injection/with-
drawal borehole KXTT4, section T3, is shown in Figure 3-4. The tracer breakthrough curves during
the pump-back phase look approximately as what is expected from a SWIW experiment. However,
the tracer recovery is remarkably low in both of the SWIW tests.

The low recoveries from the SWIW tests means that most of the tracer mass did not return to the
SWIW section during the pump-back phase. One possible explanation for this may be the influence
of the ambient hydraulic background gradient, which might act to carry tracer sufficiently far away
to prevent it from being re-captured by the change in gradient imposed by recovery pumping. Such

a strong gradient is not indicated from available measurements of hydraulic head in the experimental
boreholes but may nonetheless be a possibility, considering the close proximity to the tunnel.

Supporting evidence for a strong background gradient may be found in the breakthrough curves
themselves. The tracer peak during the pump-back phase appears very soon after flow reversal and
there appears not to be any significant visible difference between the two SWIW tests, despite the
fact that the total injection time (and thereby injected water volume) is about four times longer in
SWIW test 1. Such an early peak is characteristic for a SWIW test influenced by a hydraulic gradient,
as the “upstream” part of the tracer plume returns faster to the SWIW section.

Because of the low tracer recoveries, no quantitative modelling of the SWIW section results was
made. For the observation sections, on the other hand, most of the breakthrough curves were evaluated
with a standard one-dimensional advection-dispersion model. The modelling of the observation hole
breakthrough curves is described by Nordqvist et al. (2014).

In summary, it may be more appropriate to regard the SWIW experiment as a combination of a
SWIW test and a radially diverging tracer test because the observations of tracer response in the four
surrounding borehole sections are at least as interesting as the recovery in the SWIW section itself.
Observations in other borehole sections have not been possible for the SWIW tests carried out within
the site investigation programs, and the TRUE SWIW test results are therefore somewhat unique in
this respect and provide in-situ experimental observations of tracer spreading during a SWIW test.

An unexpected result is the low tracer recovery in the SWIW section. However, tracer breakthrough
was observed in all of the four observation boreholes and one interpretation is that most of the tracer
may have been lost to fractures or zones with high hydraulic gradients due to the vicinity of the tunnel.
Irrespective of the low recovery in the SWIW section, the results from the observation sections clearly
demonstrate the heterogeneous nature of the radial solute spreading during the water injection phase.
Although the distances between the SWIW section and the different observation sections are fairly
similar, tracer residence times as well as peak tracer concentrations vary within an order of magni-
tude. Tracer breakthrough was faster and with higher peak concentrations in KXTT3 and KXTT5
than in KXTT1 and KXTT?2.

One-dimensional transport modelling indicated that only one of the observation sections gave con-
sistent results for both of the SWIW experiments. In other sections, interpretation is more ambiguous
when considering the combined results from both tests. This may be taken as a further indication of the
complexity of tracer transport during a SWIW test and that tracer transport paths may vary depend-
ing on the flow direction.
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Figure 3-3. Tracer breakthrough for test SWIW test 1 and 2 with injection in KXTT4 and observation in
KXTTI1, KXTT2, KXTT3 and KXTTS5. Logarithmic concentration and time scales.
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Figure 3-4. Tracer breakthrough in the SWIW section (KXTT4, section T3). Dashed vertical line shows the
start of the pump-back phase for each SWIW experiment.

3.2 Crosshole interference tests

Crosshole interference tests (COM) were performed with the purpose of examining and evaluating
effects of channelling in Feature A. The COM tests were carried out as a series of tests, where each
test consisted of pumping in one borehole section while pressure and flow responses were observed
in surrounding borehole sections. All borehole sections used for pumping and observations included
Feature A, based on earlier investigations at the TRUE-1 site. The pumping sections were alternated
in order to evaluate hydraulic interference in several directions and to investigate whether responses
were reciprocal when flow directions were reversed. A total of eight tests were carried out with six
different pumping sections.

Several previous hydraulic interference tests, some also in combination with flow response estimates,
have been performed at the TRUE-1 site (Winberg 1996, Winberg et al. 2000, Andersson et al. 2002c¢).
These tests focused on distinguishing between different features, such as Feature A and Feature B,
while the COM tests focused only on internal responses within Feature A.

Pressure responses were assessed with respect to transient behaviour and magnitude. Flow responses
were measured by means of the tracer dilution method under ambient as well as pumped conditions.
In order to compare responses between different tests and observation sections, the following ratios
were calculated for each observation section and test:

Sp Final drawdown

Qpump - Pumping flow rate Equation 3-1

tg  Pressure response time

r2 - Equation 3-2
r? Euclidian distance? quation

Trn ~ Transmissivity according to Thiem'’s well equation

Equation 3-3
Ty Transmissivity according to Moye’s equation d

Qfiow _ Observed groundwater flow rate

= Equation 3-4
Qtheory  Theoretical groundwater flow rate q
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For t/r”, Tp/Tys and Qpp/Oiieary the results were expected to be similar within each ratio for the various
flow paths if the tests were performed in a two-dimensional homogenous feature. A higher value than
expected for these ratios would indicate that the specific combination of observation and pumping
section are affected by an area of high transmissivity and/or connectivity. Likewise would a low value
indicate effects of an area of low transmissivity and/or connectivity. The ratio s,/0,,.,, Will also increase
with higher transmissivity and/or connectivity, although distance is not taken into account in this ratio.
Thus, a high value may also be a result of a short distance between the pumping and observation section.

For each ratio above, responses were classified into different groups in order to facilitate comparison,
visualisation and interpretation of the results. Figure 3-5 shows an example of a diagnostic plot of the flow
rate responses during the tests. In this case it obvious that the flow rate responses between borehole section
KXTT1:R2, KXTT2:R2, KXTT4:T3 and KA30005A:R3 are weak, suggesting a relatively low transmis-
sivity or poor connectivity between these sections. Another observation is that the flow rates in KXTT3:S3
and to some degree in KXTT5:P2 were relatively high when pumping the other sections, while the flow
rates in the other sections in most cases were relatively low during pumping in KXTT3:S3 or KXTTS5:P2.
For more examples of diagnostic plots and tables refer to Nordqvist et al. (2014).

The interpretation of the COM tests in Nordqvist et al. (2014) were made assuming a dominant two-
dimensional flow character of the tested region. This is consistent with the earlier conceptualisation
describing Feature A as a single fracture plane with a few subparallel fractures, or possibly splay fractures
(Winberg et al. 2000). The interpretation in Nordqvist et al. (2014) is presented graphically in Figure 3-6,
where red indicates areas with higher transmissivity, white medium transmissivity