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ABSTRACT

Mineral sequestration is among several promising methods of OO, emission reduction. It involves
incorporation of OO, into a solid phase via precipitation of carbomate minerals. A prerequisile (o
carbonate precipitation is the availability of aqueous metal cations and o network of porous media for
fluid Aow and water rock interactions. The Hellisheidi-Threngsli lova Held in 8W Teeland comprises
ideal conditions for studying the feasibility of permanent O, storage as minerals in basaltic rocks.
Prior to the injection, detailed information needs to be gathered to delineate the CO: injection strategy
and reservoir potential to store COy. In hetemogeneous porous aguifers, simulations and predictions of
groundwater flow and solute transport require detailed knowledge of agquifer parameters and their
spatial distribution. Tracer lesting offers the possibility to efficiently investigate the aguifer between
the injection and sampling wells and to characterize the relevant aguifer properties based on effective
parameter vilues, Tracer tests can be perfonmed at laboratory and field-scales with depth integrated
(two-dimensional) or multilevel (three-dimensional) set-ups, and under natural or forced hydrawlic
gradient conditions. Both nem-reactive and reactive trocer compounds can be used. This contribution
reviews depth integrated and natural and forced gradient tracer test methods, their felds of application
at different transport scales, the 8F: and Na-Fluorescein tracers and their applications, high resolution
multi-levelfmulti-tracer methods, as well as approaches 1o evalvate racer experiments and to quantily
tracer transport. Finally this study repons on a forced gradient dipole tracer test conducted between
wells HM-02 and HMN-04 at the Hellisheidi-Threngsli site to characterize the physical properties of the
main aquilers o answer whether wrtuosity and porosity will provide enough reactive surface area for
COp-waler interaction with basaltic rocks in target zone or not. Simulation and interpretation of initial
tracer test resulls sugzest that most of the water flows through o homogenons thick layer of low
porosity, fine-medium grained basaltic lava, with high twonuosity along the flow paths. which will
provide a large reactive surface area for water rock interactions.
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. INTRODUCTION

Urgent efforts need 0 be considercd to meet the increasingly serious environmental and economic
threats of climate change due to C0; emission in the global encrgy supply (REM2IL, 2008). Effors 1o
recuce C0: emissions in a Carbom-Constramed World cites an “emerping consensus™ 1n both the
scientific and political communities for a global warming limit of 2°C above pre-industrial levels.
This goal can only be reached with major long-term emission reductions through different and
combined options.  These include larger renewable energy markets, efficiency improvements in
conventional energy sectors and providing fossil fuels that are much cleaner than these on which the
world's U860 million economy cumrently depends. Moreover, there should be a major step toward
mitizgating the effect of existing CO: and ongoing facilities with large CO; emission volumes.

Some ongoing projects have already stared w© apply different ways of COn storage in various
underground aguifers.  These recent efforts in carbon capture could be accelerated by global and
natiomal driving forces. as has happened in many green energy strategy cases. Many rene w.JI'.IIr.: cnergy
technol ogies have moved From being a passion for the dedicated few 1o a major economic sector
attracting large industrial companies and financial institutions (Ragnarsson, 2003). However, hasic
policy questions remain, including the need 1o ensure technical progress, overcome implementation
barriers. and accelerate the shill © new ideas.

The energy sector has already taken steps to reduce CO- emissions, in particular through utilization of
renewable energy sources, s mentioned above, but major steps need o be taken o redoce or capture
the C0: emissions from conventional mobile sources and stationary sources.  Scientists at the
University of Ieeland. Reykjavik Energy in Ieeland, Columbia University in the USA, and CNRES in
Toulouse, France, have taken an initiative by setting up a co-operative research project, Carblix, 1o
optimize methods for storing C0, in hasaltic rocks. © 0 will be provided by gas emitted from the
Hellisheidi geothermal power plant located close to the targeted geological aquifer in the Hellisheidi-
Threngsli area in SW-lceland. The CarbFix project was formally launched in September 2007 and
will last for 3-5 years. The schedule is optimistic and the plan 35 to stant injection of CO. from the
Hellisheidi geothermal plant into basaltic bedrock of the Threngsli lava Aeld in early 20089,

.1 Project statement — OO0 sequesiration

0 emission and its effect on global warming is the most controversial i=sue in the scientific world
oday. In an attempl o reduce, or at least to slow down the increase in atmospheric C0;, a number of
initiative methods have been suggested over the last few years. Geologic sequestration involves the
injection of OO, into the subsudface, typically into brine filled aguifers or in depleted oil feld
reservoins (Holloway, 1997). During geologic sequestration, CO; s stored in one of three ways, via
hydrodynamics, solubility, or mineral trapping (Hitchen, 1996). Hydmodynamic trapping involves the
storage of C, as a gas or supercritical Muid beneath a low permeability cap rock. Solubility trapping
involves the dissolution of CO; into a Puid phase, including both aqueous brines and oil. Minemal
trapping involves incorporation of CO- into a solid phase, for expmple, via the precipitation of
carbonate minerals or s adsorption onto coal. Many have referred to mineral trapping as permanent
0y sequestration because of the ability of many carbonate phases o remain stable for geologically
significant time frames {e.g. Bacho et al., 1995 and Perkins and Gunter, 1995).

A prerequisite o carbonate precipitation is the availability of agueous divalent metal cations,
originating from non-carbonate minerals, which can combine with dissolved €O, One potential
source of these cations is the dissolution of metal bearing silicate rocks like basalt. Momrover, a large
potential of slorge capacity in basall porous media will provide wrtuosity of Plow paths and a great
deal of potential reactive surface area for waler rock interaction and consequently carbonabe
precipitation.  Risks are nevertheless present. O can leak from the subsurface before carbonate
precipitation, retuming some of the injected CO, to the atmesphere. Furthermore, precipitation of
secondary minerals to close o the injection site can lead 1o lower permeahility amesting further CO,
injection { Oclkers and Schott, 2005).



In the CarbFix project the investigations are aimed at carrying oul experiments in a natural
“laboratory™ in basaltic formations in S5W-leeland o stody the possibility of permanent €0
sequestration.  C0y will be provided by the Hellisheidi geothermal power plant located close to the
targeled geological site. It will be dissolved in water at elevated pressume at about 25°C and injected
into the hasaltic bedrock ot o depth of 400 o 800 m, ie. the so called “wrget zone™  The site
comprises ideal conditions for sludyving the feasibility of permanent CO, storage as minerals in basaltic
rocks. A glassy basaltic formatiom, referred to as hyaloclastite, would provide the metal bearing
silicates providing divalent cations for interaction.  Horizontal lava fows are cut by a number of
shallow and deep wells, which have prowided a great deal of geological and hydrogeological
information through well logging data. Existing information will facilitate the injection experiment as
well as monitoring of the changes in the target zone during CO; injection. This project will tackle the
risks involved through natural laboratory experiments, which makes it a unique project among other
0 capture and storage studics

[.2 Hesearch objectives of Lhesis project within the CarbFix projectly agquifer charasclerizalion
nsing lracer lest lechnligue

Based on character of the porous media, (uid could be extracted or ranspored.  Petrophysical
characterization of the target agquifers determines the fate of CO, storage and the available residence
time for water rock interactions. Knowledge of pore size and petrophysical characteristics is essential
for defining the CO: injection strategy. including the amount of COq o be injected. A clear picture of
the host formation is necessary; both of the macroscopic assemblage of geological layers and
microstuciures inside the layers. Mocro scale effects like regional groundwater fow in the area could
sweep away the injected CO;z for tens of kilometres. This has the benefit that a large volume of rock
will be available for OO, precipitation but it may drive the CO; o unfavourable formations rather than
the target formation. To avoid such risks, govemning flow in the aguifers and low velocities have to
be precisely defined. To investigate the host formation characteristics a nuomber of onsite tests can be
performed.  Regional geophysical studies and well testing with more local focuses are among the
possible investigation tools.

Tracer test techniques are the most effective and descriptive indirect tools available to investigate the
petrophysical parameters of the target geological setting (Kass, 1998) Tmcer tests will provide
viluable information on porosity. type of flow path interconnection and governance of flow in the est
scule area. To achieve such goals during the lifetime of the CarbFix project o number of tracer lests
have been planned. This includes a short tracer test during the pre-feasibility stage of CO; injection,
the results of which will help to plan and conduct a follow-up large-scale tracer test. A large-scale
tracer test is designed to establish base-line conditions of the target formation.

For the initial short tracer test in the target block of Hellisheidi- Threngsl wells HMN-02 and HN-04
were selected. The resulis have been evaluated o assess the type of permeability and amount of
porosity in the target zone, which refers to the 400-800 m depth section consisting mestly of basaltic
Formatioms. This basaltic formation is the ideal aquifer for the required water-rmock interaction for ©0,
sequestration.

This thesis will first review the theoretical background for tracer test execution and interpretation. It
covers the overall description of tracer tests and their implications based on the scale of a study and
the strategy of executing tracer tests in different fields. Different tracer test types will be discussed
with respect to gradient conditions, tracer materials and functions. Multi tracer approaches and high-
resolution multi-levelfmulti-tracer tests with recent technological advances will be discussed.  This
will ke [ollowed by a description of the details of the short racer experiment in Hellisheidi-Threngs1i
as well as a description of field conditions. The tracer test design, execution, data gathering, model
sirmnulation and inlerpretation will, in panicular, be discussed. Finallv, the thesis will be concluded by
a discussicn of the reactive surface arca available in the target zone, based on the tracer test resulis,
and with remarks on the follow-up large-scale tracer west. The shont tracer test will ry to answer:; will
tortuosity and porosity provide enough reactive surface arca for COz-water interaction with basaltic
rocks in the targel zone or not?

(o]



L. BACKGROUNID

Rain Fall and snow melt can flow ino fvers and streams, return 1o the atmosphere by evaporation or
transpiration. or seep into ground water to become part of the subsurface or ground, water. A so-
called aguifer is o =saturated geologic layer that i permeable enough o allow water to Pow fairly
easily through it. An aguiler sits on top of a confining bed or, s it is sometimes called, an aguitard or
an aguiclude, which is a relatively impermeable layer that greatly, restricts the movement of
groundwater. The two terms, aquifer and confining bed, ane nol precisely defined and are often used
in a relative sense (Masters and Wendell, 2007). In this chapter. we will cover the ground water
movement processes in detail and establish the background necessary to tackle the goal of this study.

2.1 Flowing Muid throwugeh an agoiler

The amount of water that can be stored in a satorated aquifer depends on the porosity of the formation
or rock that makes up the aquifer. Porosity o is defined to be the ratio of the volume of voids to otal
volume of material:

. YVolume of voud
Porosity{g) = 1)
i {W} Total volume of  =olid '

While porosity describes the waler-bearing capacity of the geologic formation, it is not a good
indicator of the total amount of water that can be removed From o given formation. The volume of
waber that can actually be drained From an unconfined squifer per unile area per unite decline in the
waber table (or pressure) is called specific vield, or effective porosity (Masters and Wendell, 2007).

In an unconfined aquifer, the slope of the water table, measured in the direction of the steepest rate of
change, is called the hydravlic gradient. It is important because ground water flow i= in the direction
of the gradient and at a rate proportional to the gradient. The French hydraulic engineer Henri Darcy
formulated the basic equation governing ground water flow in 1856, based on laboratory experiments
in which he studied the flow of water through sand filters (Bedient et al., 1994). Darcy concluded that
Mlow rate ©) is proportiomal to the cross sectional area times the hydraolic gradient, 8L, Fouation 2,
known as Darcy’s law, deseribes fluid flow through porows media:

Q=K .-'..ﬁf'-‘l}fr_f.]} (2

where = Flow rate (m'/s)
K = Hydraulic Conductivity, or coelficient of permeability {mis)
A = {ross-sectional amea [m!]
cfiel = The hvdraulic gradient

Aquifers that have the same hydraulic conductivity throughout ane said to be homogeneous, whereas
these in which hydraulic conductivity differs from place to place are helerogeneous. Mot only may
hydravlic conductivity vary from place o place within the squifer, but it may also depend on the
direction of Flow. Tt is common, for example, to have higher hvdraulic condoctivities in the horizontal
direction than in the vertical. Agquifers that have the same hydravlic conductivity in any Oow direction
are said o be isotropic, whereas those in which conductivity depends on direction are anisotropic.
Although it is mathematicallv convenient o assume that aquifers are both homogencous and isotropic,
they rarely, are so.

It is often imporant to estimate the mie at which groundwater is moving through an agquifer, especially
when transpon. processes within the aquifer are being studied. IF we combine the relations hip between

ey rate, average velocity, and cross-sectional area:

=An (3)



With Darcy's law, we can solve for velocity:

u=0 A
u=K alch/ ALY A (4
u= Klfh/aL)

The velocity given in Bquation 4 is known as the Darcy velocity. It is not a real velocity in that, in
essence, il assumes that the full cross-sectional arca A is available for water to flow through. Since
much of the cross-sectional area s made up of solids, the actual area through which all the Plow takes
place is much smaller, and as a result, the real ground water velocity is considerably faster than the
Darcy velocity. It means that average linear velocity can be determined by:

u = Darcy velocity Porosity = u/ g ()

u = K(fh/aL) Y

2.2 Concepls and definitions of Muid transport mechanics

Studies of [luid mechanical transport deal with the fate and transport of substances through the
hydrosphere and atmosphere at a local or regional scale (up to 100 km).  In layman terms
envirommental [luid mechanics studies how Fluids move substances through the natural environment as
they are also transformed. In general, the substances we may be interested in are mass, momentum or
heat. More specilfically, mass can represent any of a wide variety of passive and reactive chemicals,
such as dissolved oxygen, salinity. heavy metals, nutrients, antificial tracers and many others. Stated
simply, Fluid transport mechanics is the study of natural processes that change concentrations. These
processes can be calegorized into two broad groups: transport and transformation. Transport refers o
those processes which move substances through the hydrosphere and atmosphere by physical means.
The three primary modes of transport in environmental Avid mechanics are diffusion (transpon
associated with random motions within a fluid), advection (ranspont associated with the fow of a
Fuid) and dispersion, which is the dominant phenomenon in the media with different shear stresses in
the cross section due o different flow paths or velocity.

The second process, transformation, refers to those processes that change o substance of interest into
another substance. The tao primary modes of wansformation are physical (transformations cavsed by
physical laws, such as radioactive decav) and chemical (transformations cavsed by chemical or
biological reactions, such as dissolution and respiration (Socolofsky and Jirka, 2005),

In ground water environments, the most important transport processes are advection and dispersion,
whereas transformation includes all categories of chemical, nuclear and biological processes. We can
list acid-base reactions, solution, volatilization and precipitation, complexation, sorpiion reactions,
oxidation-reducton reactions, hyvdrolysis reactions and isolopic reactions (Domenico and Schwarle,
900, In advection, the mean linear fluid velocity is the governing force moving the mass along the
flow path and mass spreading in steady state systems more or less defined by path lines, even in
relatively complex flow syslem. Because advection is the dominant transport process, knowledge of
ground water flow patterns provides the key o interpreting the pattern of contaminant migration in
such systems (Domenico and Schwartz, 1990,

A second process that causes a chemical component plume o spread ool is dispersion.  Since such a
plume follows imegular pathways as it moves, some through large pore spaces in which portion of the
plume can move quickly, while other portions of the plume have to force their way through more
conlining voids, there will be a difference in speed of an advancing plume that tends o canse the
plume to spread oul.



Although the most dfective procmses are
advecton and dispemion we should keep in
mind that when there iz a difference in
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cloud zpreads out az it moves: it does Dot FIGURE |: An instantanecus (pulze) souree io a flow
arfive all at the =ame Hme at & given field reates a plume that spreack & it moves down
locadon down gradiemt. A= the plume  gradient: (a) io ope dimemsion, (b) io bao dimemsicos,
moves down gradient, dispersion caness the darker colowrs mean higher concentraions
plume to spread in the longimdinal, as well ({Bedient et al., 1994)

as horizontal, dimctom (Figume 1).

Another comcept that we have to keep in mind i= that chemicals/contaminant: may not move at the
same speed a5 the ground water. A= contaminants move thmugh an aquiter, solide along the way
absorh some, and some chemicals are adeorhed (that is adbered o the surface of pardcles). The
jgeneml term sorpion spplies to both processes. Sorpton of material will make 8 phenomenon, which
iz called retardation (R).

2.3 Fickian ddfi=kon equed oo

Ax menticmed, 8 fupdamentsl trameport process in emvironmentsl fluid mechanics i= diffueion.
Diffuzion has pwo primary properties: it i= rapdom in patme, and oam=port i= from regions of high
comcentabion to mgiones of low concentraion, with an equilibrivm state of wmifomm copcenmmbon.
High concentrabon tends to spread into mgions of low cobcenrabon woder the acton of diffusion.
The diffusion coefticient, D, is the intenzity, energy and freedom of motion, of this Brownisn mobon.
Thuz, D depenc on the phase (=olid, hﬂmd or gas), tempearame, and molecule size. For dilute a:-lub:a
mwath D iz geperally of order 2 =10 m."a whereas, for dispersed gases in air, D is of order 2 107

m'/z, with a difference in magnitde of 10°. With the comatant, which we call the diffusion cosfficient,

L, the diffuzive flux equation, defined by Equabon 7, predicts this sprading-out process (Fischer et
al., 197o):
q,=—D &jo= (7

Geperalizing to three dimenzione, we can wiite the diffweive fh vector at 8 point 8z in Equatico 3:

q=_n.[£ x E]

e Ay S

q=-D%C (&)
ac

=-D—

™

Diffuzicon proceszes that obey thiz relatonzhip aw called Ficlkisn diffusicn, snd Equation 8 iz called
Fizk’a lawr. Allhonph Fick’a lawr pivez 2 an seprestion Bor lhe Flue of masa doe lo Lhe process of

]



diffusiom, we sill mquire an equation that predicts

TJ the change in copcenmadon of the diffusing mass
o - Over Hme at a poinot. To get swch an equatbon the law
: of comervabion of mass is used. To derive the
: diffuzion equation, conzider the comrol volume (W)
Do b - N s depicted in Figure 2.
x«’L_______ “ The change in mass M of dizsolved racer in Wover
: / Hme iz given by the mass comervabon law, or
i i o Equation 2

FISURE 2: Differential coptml volume for ks - -

derivation of diffusion equabon, a th - E,mm (]

F=ar awaz, Viscomtanot, M=C

To compute the ditfuzive mass fhmes in and out of 3, we use Fick a2 lawr, which For Lhe x-direction is
given by Bquatico 10:

a2
q:;,n = _DE L
4 (1o
q:;,l:ut _D_
b5 4

Whem the locabons | and 2 are the inflow and outlow faces in the figure. To obtain total mass fhex
" wre multiply g, by the Vendace ama 4 = édr. Thus, we can wiite the oot fhx in the x-direction

as.
] (L1)

This iz the x-dirction contibubon to the d ght-hand-side of Equation 9. To continve we mmst find a

. aC a2
A, =_DSFS{E|L e

method o evalnate [%]M point 2, or at the out flow. For this, we uee linear Taylor series
expamEion, an important ool for linesrly approximatng funciome. The geneml fom of Taylor zedes

eXpamEioD is:

Af
f{x]= f{z,:,]+a|xp51+HClT5, (12)

ac
where HOTE clandzs For “higher order lerms™.  Substmting [E] for fix) in the Taylor sedes
expamsion yields:

L o

=

ac afac
=Z *E[E |]51+HC11"£:- (13)

For linear Taylor series expamsion, we ignore the HOTE. Substimting this expression into the net flux
Equaticn 11 and dropping the subscript 1, gives:

1

= Dyl = dix. (14]
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Similarly, in the y- and #-directions, the net fluxes through the control volume are:

. L AT
| o= Dedxde - Oy

“ (15)
1-:|?|11‘|r = [}ﬂ':'[r'f:.-'.%ﬂ:?.

CE

Before substituting these results into Equation 9, we also convert M o concentration by recogniring
M = Cdrd-dz, Adter substitution of the concentration © and net fluxes, dm in Equation 9, we
obtain the three-dimensional diffusion equation (in varfous types of notation). This is the fundamental
equation in environmental (uid mechanics:

ol ont o oy s

i = VT (16
ol

o o

e

it &x,”

In the one-dimensional case, concentration gradients in the y- and #-direction are zero, and we have the
one-dimensicomal diffusion squalion:

[ e (17}

Solution of Equation 17 is discussed in many texthooks (e.g. Fischer et al., 1979 Socolofsky and
Jirka, 2005; Masters and Wendell, 2007). By generalizing the solution Fguation 18 is obtained, which
has been derived using the separation of variables method. This solution will be used throughout this
lexl:

(18]

Clxy.zt) = | x° ¥ Fa 1

cxp| — -
4[4, D D1 4D, 4D 4D

24 The adveclive dilfusion eqoalion

In nature, solute transport in floids occurs through the combination of advection and diffusion. 1F we
open 4 valve and allow water o [ow in a pipe, we expect the centre of mass of the solute-chemical
cloud to move with mean fow velocity in the pipe. I we move our frame of reference with that mean
velocity and assume the non-viscous case, then we expect the solution o look same as before, This
new Teference frame is:

e x—ix +u't) (1)

Where y s the moving reference frame spatial coordinate, x, is the injection point of the tracer, u is the
miean flow velocity, and & ¥ is the distance ravelled by the centre of mass of the cloud in tme 1 IFwe
substitute i for x in our solution for a point source in slagnant conditions, we obtain for one-
dimensional flow:



Cixt) = SRS | (20)

mfat.-ﬂ} * 41

To test whether this solution is correct, we need o derive a general equation for advective diffusion
and compare its solution (c.g. Fischer et al., 1979, Socolofsky and Jirka, 2005, Masters and Wendell,
2007

2.5 The Peclet number

If the cross-flow {advection) is stromg (larger u) the chemical-tracer cloud has less time to spread out
and is relatively narrow as time  progresses.  Conversely, il diffusion is strong (larger 1) the cloud
spreads out more with Gme. Thus, we see that diffusion versus advection dominance is a function of 1,
[, and v and we express this property through the non-dimensional Peclet number (Socolofsky and
Jirka, 2005):

O
Pe=— (21)
™
or for a given downstream location given by L= wt:
D
Pe (22)
uL.

For P, == 1, diffusion is dominant and the cloud spreads out faster than it moves doamstream; for P
< 1, advection i5 dominant and the cloud mowves downstream Faster than it spreads out. I is
important 1o note that the Peclet number is dependent on our zone of interest: for “large™ times or
distances, the Peclet number is small and advection dominates.

2.6 The dispersion equaliion

A host of processes leads to o non-uniform velocity field, which allows the mass to spread through a
much larger area up to the ohservation point mather than by molecular diffusion and advection alone.
In this seclion, we are not going to formally derive the equations for non-uniform velocity fields o
demonstrate their effects on the size of the zone of spreading.  However, by either L't:-nmdu.llng the
elfect of a random, wrbulent velocity field or combined effects of diffusion (molecular or trbulent)
with a shear velocity profile to develop equations for dispersion, the resulting equations retain their
previous form. With just having the dispersion coefficients due to turbulent (1) orders of magnitude
greater than the Molecular diffusion coefficients (I3 ){e.g. Fischer et al.. 1979, Socolofsky and Jirka,
20015}

: . oA Y oa 2
ot ot il oc & o
_+uiT=T[]J|T +T[”...T| (23)
ot o O i | oy %

As mentioned, 1 is the dispersion coefficient, which is vsvally much greater than the molecular

diffusion coefficient [D,; thus in Equation 23 the Gnal term is cypically nunln_t'l-_rl

In groundwater, dispersion is the most important process to spread mass bevond the region it normally
would occupy due o advection alone. Mon uniform velocity distribution will make the dispersion
effect the governing force 1o drive the contaminant-tracer spreading far beyond the flow paths (Figure
A



Some of the ms== moves io an
advectve fromt, which i= nirﬂﬂplfll of average
defined a= the pmduct of the
average linesr welocity and
tme since displacement first
started. SGradually a ooe of
miring develops amimd the
advectve fmot leaving behind
some tmacer due o dispersion.
Ilore formally called
lpydrodynamic  dispersion, it 1al [} (=
;:Eum t becaime Iiiffu e FIGURE % Dispersion in grownd water due o non-umtorm
eEnt  process, Eiom L .
o th : dispersiom velocity distribuion and different flowr paths
Thezz boro contribubons o hydmdynamic dispersion sre mpmesenbed mathematicslly a=:

Ty =Dy +D0, {24]

where Iy iz the Codficient of Hydrodypamic Dispemion, Dy i= the Codficient of Mechanical
Dizpemion, and D; iz the Effective Diffusicon Cosfficient. Mow we describe the process of dispersion
in gmumd water in more detail az follows.

2.6.1 Effectiive difie on coefTidan n porors wed b

Mlolecular ditfusion originates in mixng cavsed by rapdom moleculst moboms due to thermal linetic
energy of solute. The ditfweion cosffident in & porove medivm i= zmaller than in pure liquids
primarly becaze collision with the solids of the medivm, hinder diffuzion. In & pomie medivm,
diffigico takes place in a liquid phase epclozed by 8 poros =olid. Averaging techmques provide the
Fallawnng neorone slalemenl for Fick'z law in Lhe flwd phaszs of poronz ssdimenlz {Oromenica =l al,
1990):

9, =—D,[%+ﬂ (25)

Hemw q, iz 8 chemical mass fhax, with the pegative sign indicating that the ansport is in direction of
decTeazing concenrabion, Iy, iz the moleculsr diffuzion coefficient in a fluid envircoment, © i= the
comcentrabion, g porceity, 7is tormoeiny defined as the ratio of the length of a flow chamel for a fluid
partcle L) to the length of 8 poroue medium semple (L) and 1w is mean velocite (Figure ).

Chemical maleculsr diffusion
coeffident mizmt be comected to ) - Jl_i_\ _
account  for  tortmaosity  and - ! 3o =1

porceity.  Effectiwe diffusion w
cocffident in porouz media A 2 o
inreases with inoreszing 0 o
P:'T':'Ell'.'-" and decrazes ‘J-"i_th FIGURE ¢ Tortuoeity arizses becaime of flowr-paths longer than the
ineazing path length ratio. most direct path
Effective diffusion coeffident is
dimctly related bo porosity and tortosin:
D, (26)



2.6.2 Mechani=l dEepersion o groand wailar

In mechanical dispemion, mixing occum becawse of local varation in welodty srowmd some mean
velocity of flow., The, mechanical dispemzion iz an adwectve process and not & chemical one. The
main cavee of the variability in the directon and mie of mmosport are the porme medium pon-
idenlitiez. The most important variable in this mepect iz effective porceity. Water wavels at different
gpeeds in individual pore chammels, due to shesr in contact with grains. The shear originating in the
thmat makes different welocity at a micro scale. On the other hand the different flowr paths, becawee of
differences in surface area and roughoess wlabve to the volume of water in individwal pore chanpels,
make some chanpels are casier o flow twough than othe=. Figure 5 shows the effect mentioped oo
differ=nt  scales. In
Table | some of the
geological featms that
produce  pDon-idealities
bazed opD =cale  are
claz=ified. The
impression that the table
should leave iz that non-
idealities cap exist oo &
varety of scales ranging
fmm microscopic o
megascopic, o an ewen
larger mcale imaolving
grovps of formatbons.

FIGURE 5: A schemabc figum illustrating the canzes of mechamcal
dizpereion on different scales: (o) mico scale effect oo the scale of
gmnular flowr, (b) the effect of pore width oo meso- and macmo scale

Thiz effect can be obeerwed in 3 dimemsicos.  But obviously because of the mean welocity the
longi wdinal mechanicel dispersion is mwch greater than that in waneveme direcions. Loogimdinal
mechanical dispersion cosfficient (T) is wiitten =:

[y =aa,. w0 27
where @ = The longimdinal dispemivity, 8 finction of the medinm:
w = The average linear velocity or water epeed in the directon of flow.

Longimdinal dispemivity has
the wmt of length, and like
hydraulic copductvity i= &
characteristic propery of a
medium. Inm practice, they
quantify mechanical dispersion
in & medivm. A pumber of

TABRLE |: Geological feahmes contribuing to non-ideali e
in pomne medivm (Domenico et al., 1920)

lA. Microscopic baem@enity:  pors ke pors
l- Pore sie detrbution
"+ Por geomary

3 Dead-znd pore smce

studies have med o find a
cohernt mlabomhip behwresn
median  grain =iz and @
{Gelhar et al 1 2E5).

Effective moleonlar diffusion
(D) ) iz pormally mmch lower
in mamwml gmuod  water
gystem=  than  longimedinal
mechamcal dispersion. #e can
therefore neglect it and spply
Equation 24 withowt D' . This
iz usually refagred o as
Inydrodynamic dispersion.

B Micpscopic beterecgeniy:  welltowellor inbmforomtional
[ I Strdatcon cimderstis
1. Hominiform skratification
b . Stratification contrast i
. Etratfiction cootioniy
d. Imhtion bo cross-flow
2 Permeshiliy charcteristics
1. Homaaiforom permeab Lity
b Pemeabiliy trends
<. Directio ml peroeability
IC. Memscopic haepgenity:  formatioml (either f213 wide or regicml)
1. Reservoir geometry
1. Owerall gl framewaork: fanlts, dippiog strab st
b. Cwernll o atig aphic framework: bar bhokstchanoel fill, =tc.
Z-Hyperparoeabilibycrieged mbiml fracture syste ms
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A AQUIFER CHARACTERIZATION WITH TRACER TEST TECHNIQUE

In various porous aquifers and permeable simulations and predictions of velocity of flow and solute
icontaminant), transport requires  detailed  knowledge of aguoifer parameters and  their spatial
distribution.  In most cases, this information cannol easily be obtained @b acceplable expenses. In
peneral, subsurface investigation teclhniques are applicd only at borehole locations, and the parameter
wilues measured have o be regionalized in order to obtain comtinuous parameter Felds. Geophysical
measurements  very oflen yield unsatisfactory results due to resolotion, detection mange and
parameterization problems (Plak et al., 20045, In such situations, tracer tests offer the possibility to
efficiently investigate the aguifer between the wells and o charmacterize the relevant aquiter properties
based on elfective parameter values., Tracer tests can be performed at laboratory and field-scales with
depth integrated (bao-dimensional) or multilevel (three-dimensional) set-ups, and under natural or
forced hydraulic gradient conditions. Both non-reactive and reactive tracer compounds can be used.
This chapter reviews the following wopics:

l. Depth integrated and multilevel natural and forced gradient tracer test methods together with
their advantages and disadvantages.

2. Their Gelds of application on different transport scales.

3. Diffcolties encountered due to subsurface heterogeneity.

4. Tracer malerials.,

5. Movel tracer compounds and examples of their application.

. High resolution multi-levelfmulti-tracer methods.

7. High resolution multi-level/multi-tracer equipment.

The goal of this chapter is 1o emphasize the advantages and importance of tacer esting in tackling
problems such as the application of it in the Hellisheicdi- Threngsli study area.

A1 Tracer test lechnigques

Tracer tests involve injecting a chemical tracer into a hydmlogical system and monitoring its recovery.
through time. at various observation points. Resolis anre used to study Pow paths and quantity Puid-
Mlowe. Tt is generally accepted that tracer testing is a very efficient and versatile multipurpose method
o characierize subsurface propertics and 1o investigale the spreading of both non-reactive and reactive
solutes in groundwater over a wide range of investigation scales, from laboratory scale on the order of
centimetres to a regional feld-scale on the order of kilometres. Figure & shows a stepwise fow chart
of a tracer test, which summarizes the main items concerning ils interpretation.

Transport velocity, porosity and  dispersivity may  deseribe  nonreactive as well as  reactive
jcontaminant) transport processes within an agquifer during a tracer test.  Information on subsurface
structure (preferential flow paths and stroctural anisotropy ) can be obtained as well. This information
may, for example, be used to set up and calibrate deterministc fow and cansport models. Tracer west
methods have also been applicd to idenlify contamination pathways and o est the connectivity of
different aquifer layers, elc. (e.g. Kaoss, 1998),

A2 Aquiler heterogenelly

The aguifer properties, defined on a “point scale’, for very small representative elementary volumes
compared to the investigated aguifer domain, are variable in space. This variability is observed for
hoth physical properices, such as hydravlic conductivity and porosity, as well as Tor hvidro-
peochemical properties, such as sorption capacity, and for microbiological aquiter properties. It is not
surprising that aquifer structural properties. such as size, position and amount of clay lenses, sand and
gravel layers, and the resulting distribution of hydruolic conductivity, porosity and hydro-geochemical
parameters significantly control flow and spreading of solutes (eg. Dagan, 1989; Gelhar, 1993 and
Cielhar et al., 1992,
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Stobel, 1998), also  at field-
zale, for example from  an FIGURE & Stepwize flowr chart of a mmcer st summarizes the

enhanced spmading of solutes mEiD ibemE coDcermng it interpretation (Frak ot al., 2004)
{eg. Burr et al., 19%4; Prak and

Schmid, 1996). Another effect of phyeical and chemical squifer heterogeneities iz the zo-called
sorphon behavior, which iz chamcterized by an effective retardation factor incressing worith Hme
{Ifiralles-Wilhelm and Gelhar, 1996, Ptak apd Eleiner, 1998). The effece of microbiological
betero gepeities have been invest gated alzn by Iiiralles-Wilhelm et al. {1997).

Concluding pote in heterogeneity of aquifers is that in a hetaogeneowe aquifer the cormlatoms of
retardation and biodegradation parameters may eignificantly contmol the field-scale dispersion process.
The effective decay mte may be =ignificantly reduced compared to the mean. It follows that
enbevriace hetem geneities have to be conzidered when tracer-based strategies are developed, when
meazured dats are evaluated and wrhen model simulabom wing Tacer data have o be performed and
1eed to predictfor differnt scenarices.

A2 S5k and oplicaiions of {racer 1ezling

I heterogendty and i effecE oo sprading of solutes am o be imvestgated by macer tezts it is
Decessary o conzider at first the relations of the inwestigation scale. These include target formation
scale chamcierized by the =ize of the inwestigated aquifer domain, the zcale of hetemgeneiny
characterized by the typical =ize of aquifer sowctursal elements, ad the detection scale of the
inwestigation method charactedzed by the =ize of the aquifer domain coverd by the imsesbgation
method and messurement stations. A comprehemsive disozsion on scale problems i= given e.g. by Di
Federico and HMevman (1998) and Zlotmik atal. (2000
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In most cases, the aquifer material may be treated as homogencous, i the heterogeneity scale is very
small compared to the investigation scale. On the other hand, heterogeneity becomes relevant if the
heterogeneity scale is of the onder of the investigation scale. At a regional investigation scale, mostly
on the order of Kilometres, the strong near-source irregularities in solule spreading may tend 1o
average oul, i the characteristic heterogencity scale becomes much smaller than the investigation
scale. It may then become admissible o use constant effective aquifer parameters; defined for
relatively large aquifer portions e.g. ransmissivities from large-scale pumping lests, constant macro-
dispersivities, elTective retardation Factors for the quantification of fow and transport.

This approach of defining parameters for a large-scale representative elementary volume is the
fundamental principle of deterministic flow and transpont modelling on a regional scale.  In many
situations typical for hydrogeological practice the investigation scale is of the onder of tens o
hundreds of meters.  This near-source, intermediaie scale will mostly comespond o only a few
characteristic heterogeneity lengths.  Here, a strongly irregular solute spreading and o scale
dependence of effective transport parameters, for instance the effect of macro-dispersivities. which
increases with transport distance, can be expected as a consequence of agquifer parameter variahility.
In such o sitvation, to resolve the heterogeneity structune, the observation scale of the investigation
method should be small compared 10 the helerogeneity scale. Unfortunately, 1o obtain a
characterization of aguifer parameter distributions detailed enovugh for a deterministic model the cost
of investigation would become prohibitively high mostly because of the expensive monitoring wells

which should be added.

Heterogencous agquifer sile assessment and transport predictions based on parameter values obtained at
a limited number of borehole locations may be highly uncertain. Due to the variability of aguifer
parameters on the intermediate scale and the resulting imegular solule spread, the investigation results
may depend highly on the number and locations of monitoring wells. Consequently, to overcome the
difficulties in dealing with aquifer heterogeneity, detailed geological data along with solule transport
simulation interpretation methods are needed.

A4 Tracer Lesi stralegy

Out of the numerous approaches for tracer lesting in heterogeneous aquiters, two fundamentally
different strategies can be recognized.  Fimtly, small-scale laborawory, colomn and plug flow,
experiments or large-scale feld investigations vsing for example the dipole flow set-up combined with
tracer injectiom and detection {Sutton et al., 2000). The latter provides a dinect measurement of
elfective subsurlace parameters on feld-scale.  Secondly, analysis based on ransport model code
formulations and on consequent predictions.  This approach may apply in many hydrogeological
cases, where the costs o obtain the amount of input data needed for simulations, plus the efforts with
respect o the geostatistical data analysis, and the computation time, become comparable with the
goals of the project (e.g. Brzedine and Ruhin, 1996 Woodbury and Rubin, 2000; Fernandez-Ciarcia et
al., 2002). In either approach trcer tests can be performed under different hydraulic gradient
conditions which we discuss as [ollows,

341 Tracer lest gradient conditions

Tracer tests can be performed under natural hydravlic gradient conditions in an undisturbed
groundwater flow field, or under forced gradient conditions, induced by groundwater pumping or
groundwater-iracer solute injection.  In the experiments, a tracer solution is injected into o well or a
laboratory column, and tracer breakthrough curves are measured in monitoring wells or ab column
outlets.  The detection scale, concentration range and detection limits, are defined by the transport
distance between the tracer injection and moniloring locations. Depending on the experimental set-up,
depth integrated or multilevel bregkthrongh curves can be observed.

It should also be taken into account, that different gradient condition may vield different transport
parameters such as longitudinal dispersivity. Studies carried out by Tiedeman and Hsieh (2003), in
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torced gmdient macer tests in hetem geneous aquiters, showed that a radial flow test teode to yield the
emallest longimdinal dispemivity, an equal strength dipole test tends o yield the largest longi tadinal
dizpereivity, and an wmequal srength dipole test tends o yield intermediate values dve to the different
aquifer porione =ampled by the different experiment=.  Resulte alzo indicate that longimdinsl
dizpereivity estimated from fomed-gradient btz generally wpderestimates longitwdinal dizpersivity
that chamcberizes solute dispersion 1mder naiml-gradient flowe. The only excepbons are for equal and
mmequal sength dipole tests with large well separation distance condwcted in aquifer= with & lowr
degmee of heterogeneiby .

4.2 Matwal grad leol iracer 1€t

In a Manhwal Gradient Tracer Test (MGTT), at field-ecale, the wacer solubdon iz injected conbimomaly,
over 4 limited period, or pulze like, into the wndisnwbed grovmdweater flovor field. Drepth integrated or
multilevel breskthrough cwrves are then messued in momitoring welle posiboped in 8 dovwmeoream
dimction. A prerequisite for 8 swccessful experimentsl dezign i= themfore kpowledge sbout the
approximate mesn bamport dimcion.

Aleo, for plamming =ampling achvibes, the spprorimate average mansport velocity needs o be known
in advance. The investigation scale of MGTTE iz oot imited in principle, vet the expenmental efforts
may become too great it the mnsport velocity is mlabvely =mall, aod the mmoeport distance o be
inwestigated is relatvely large. Furthamore, if the mean grmdwater flowr direction is shifing due o
changes in bowndary conditooz, the evalwabion of the memwred breakthromgh curves may become
difficult. Apother dizadvantage of the MGTT approach spplied in hetem geneons aquifer iz that a
mge mumber of monitoring wells may become pacessary to relinbly characterize the zolute plume and
i development. Poesible tields of application, comidering the advantages and dizadwvantages of the
MGTT method, am summarized in Table 2. To owercome some of the disadvantages, it may be
advizable to perform mmcer tes e vmder fomed gmdient conditions.

TAELE 2: The advantages and dizadvantages of the MGTT
and FSTT methods (Ptak et al., 2004

Adwankbapm Il | Mty ATk A
Boekabividy hmey durlion of expoamenl
v alicabin pussibly dillicull dueio
E n::_l.ing'hydmgu.lhgﬂlhmmﬂar_l.'
E Tiderdium vrsdlinrrd limilked 1 primele wnd
Larirciim of teer phoms: and
wibeabriion (o mes; bubmce prob lemedic
monitorng, el neterork
Rulxbiraly khorl duralim ol wepesrmaml 1o ar=sle hremalual
[puerially wilh wdiesd redsliy)
Trealmnv od e oo mdby b
Proxadtlrly b e e v el inmegpnd ot ey (o el
~ |doeclimerusng ealy one oo dipules bypee o pust—pull] Oy
E comprumnd (divenesnl Oow paHem)
Fr, Preibilily bemlculde meus: balanoes
(oo enpend, dipule bype sod puds-pull Besy paribane)
Lize (i meaciive e commeamits Bl wmohy ey owe dhnomy,
BlLmageatie 21 alon able exqpemen mxperimenl

4.3 Foreed gyad beml tracar fesls
Fomed gradient tmcer tests, FFTTE, can be performed in a convergent, in 8 divergent, in a dipole bvpe

gronmihorater flover tield, or with 8 enbsequent application of divergent and convergent flow condidome
{pueh—pull test=). Duve to the forced gradient, well-defined experimental condidons am obtained, the
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effects of natural gradient variations are minimized, and the tracer test duration is reduced compared
with natural gradient tracer experiments.

In the divergent flow field approach, groundwater is injected into an injection well al a constant rate
and, alter a quasi-steady-state flow field is established, the racer mass is added conlinuously, over a
limited period, or instantaneously, and mixed within the injection well across the entire length of the
selected injection section. Sumrounding monitoring wells are then vsed to measure depth integrated or
multilevel tracer breakthrough curves.

In the convergent flow field approach, groundwater is pumped out of an extraction well, the tracer is
injected continuously, over a limited pericd, or instantaneously ino sumounding wells, and
breakthrough curves are measured usually at the extraction location (Pak and Schmid, 1996).

In the dipole flow field approach (two-well or inter well west) groundwater is extracted from one well
and re-injected into another well. The tracer is introduced into the infiliration well, or an injection
wiell within the dipole (pulse ke, continuously, or pulse like with recirculation), and monitored at the
extraction well andfor dedicated sampling locations between the wells. In a symmetrical set-up, the
groundwaler extraction and infiltration rates ane the same. The nature of the dipole low field may
require relatively long experimental times 0 obtain o satisfying tracer recovery. Tracer recovery may
be improved in an asymmetrical set-up by increasing the extraction rate compared to the infiltration
rale.

In the divergent and convergent flow Held approach (single-well push-pull test). the tracer solution is
injected into a well, sometimes followed by the injection of clean water o foree the tracer oul of the
wiell, and then extracted from the same well. The advantage of the aforementioned convergent. dipole
type and push-pull test approaches is the possibility of nhl..1|n||1=- (high) tracer mass recovery rates.
The detection scale of the foroed gradient experiments can be n::JMI]r controlled by the pumping or
infiltration rakes.

The single-well push-pull technique was employed for instance by Istok et al. (1997) and Hagzeny et
al. (1998 for the in sitn determination of microbial metabolic activities and reaction rate coelTicients
in groundwater (Prak et al., 2004). The possible felds of application of the FGTT method,
considering the udv.-mlugv..':a and disadvantages, are su mmarized in Tahle 2.

344 Tracer injection melhods

The decision whether continuous injection, finite pulse or a step tracer input [unction is applicd
depends mainly on practical considerations.  For relatively short transpont distances and high transpon
velocities, it may become difficult o create a continuous type input function, as the tracer injection
time may become significant compared to the tracer transport time. Then a step input function might
be a better approach.  However, for relatively long transpont distances a step input might yield
prohibitively a greal experimental efforts and costs doe to the amount of tracer solution needed and the
time required for the continuous tracer solule injection. Then a Finite pulse type tracer injection might
b the better approach, even though a higher initial comcentration of the tracer solution will be required
tov account for the concentration decrease during transport. A careful experimental design employing
numerical transport simulations is suggested to find the optimal solution if available.

During the assessment of aguifer transport properties via both NGTT and FGTT, o number of factors
like: injection duration, fow rate, well-hore mixing and dilution effects, local distortion of the fow
ficld around the injection well and tracer capiure in the wellbore can cause the racer injection method
0 depart from the assumed theoretical injection profiles (continuous pulse, finile pulse or skep
functions), which might lead to incorrect interpretation of the test. Injection doration and low rates
are usually under control, while the other factors that are related o well and aquifer interacton are
more difficull to deal with. Meglecting the influence of the actual injection conditions can lead 1o two
ypes of error (Rentier et al., 2002): (i) the values of the fitted parameters can be far from reality and
(i) the identitication of the main active transport processes can be strongly hiased. For example, an
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observed extended tailing and attenvation of the tracer breakthrough curve could erroneously be
attributed o a kinetic sorption process or the occurrence of a dual porosity effect, when actually they
are the result of the delayed release of the tracer, captured in the well at the end of the injection.

245 Nuolli tracer approach and DNA tracers

As described above in the section dealing with the application of the gradient condition, see section
341, to reduce experimental efforts and 1o maximize gain of information from the generally costly
tracer experiments, multiple tracers can be vsed within one experiment (Bosel et al., 2000, Then,
groundwater samples have to be analyzed for multiple tracers. However, due to the physical and
hydro-geochemical properties of the usoally vsed fluorescent, gas or =alt tracers, and the resulting
limitations of the tracer analysis procedures, the maximum number of different racer compounds that
can be wsed in oparallel would be limited.  Another limitadon with different tracers would requine
different analytical technigues such as Muorescence spectrometry, wel chemistry. ion chromatography
and mass spectrometry that will require great experimental efforts.

In the last few years, special tracing techniques involving synthetic DNA (deoxyribonucleic acid)
molecules with individually coded information have been developed (Alestrom, 19951, With such
new tracer compounds, it becomes principally possible w perdform multiracer experiments with a
theoretically unlimited number of tracers that could be injected at different locations with same
analytical detection procedure. Theoretically, the detection limit goes down to one molecule (Walson
et al., 1992). In addition to a practically unlimited number of different DMNA sequences, meaning
different tracers, the extremely low detection limit represents another huge advaniage of using
synthetic single stranded DMA molecules For tracing purpeses in groundwater, compared Lo traditional
Lracers.

The synthetic DMA molecules are usually available in 1 ml ampoules, which contain 10-10™
identical molecules. Even if adsorbed., degraded and diluted under subsurface transport conditions by
a factor of 10"-10", which is much more than expected during standard hydro-geological
applications, the tracers still remain easily detectable. One of the fint experiments designed to test the
mobility and migration of DMNA coded molecules within sandy aguifers was performed at the
Morrepen-3 rescarch sibe, located near the Gardermoen Oslo airport in Noreay (Sabir et al, 19993 and
| Seasab ).

4.6 High resolulion multi-level'multi-tracer sampling and concentralion measuring equipment

At some  Feld sites with o high degree of helerogeneily, a three-dimensional  subsurface
characterization may become necessary, ie. the measurement of depth-differentiated multilevel
breakthrough curves. Multilevel sampling systems may be installed for this purpose (e.g. Plak et al.,
20000, However, especially at sites with deep aquifers and coarse aquifer material, monitoring well
installation costs may become a limiting Factor. To allow multilevel groundwater sampling also
within fully screened pumping wells, avoiding installation of additional costly monitoring wells when
performing forced gradient ransport experiments, a flow separation lechnigue was introduced (Plak
and Schimid. 19963,

In this multilevel sct-up, the screen within a pumping well i divided into individual measuring
sections using a slotted-wall multilevel packer as shoamn in Figure 7. Each section can for instance be
equipped with fbre optic probes for on-line in situ luorescence spectum measurements (for example
il the transport velocity is relatively high, making round the clock frequent sampling necessary),
and/or other probes yielding chemical andfor physical parameters. Mixing pumps can be provided in
order 1o obtain parameter values representative of the entire sectiom. Additional groundwater sampling
tubes allow taking (level integrated) multilevel groundwater samples. In order w0 avoid vertical Plow
within the gravel pack during the multilevel sampling procedure, geodextile clay seals can be installed
within the gravel pack of the wells (Plak and Eleiner, 1998). Geo-lextile clay seals will make a
separale room for each sampler.
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FIGURE 7: Muld level sampling within pumping wells (Ftak apd Schmid, 1224)

4.7 MuHHracer forced grad ieni iramEpor ex perine ks, bves gaton of phys ksl and
bydrogeochen bl aqguider proper ez

If the FSTT approach iz uweed to
imvestgate Teachve ramsport
proce=ses, at least ho tmcers, & DoD-
reactve aod ope or more reachive,
are imected simmlpeosly at the
same locabon into the aquifer. Since
all mwacer erpedience the =same
{ beberogeneons) hydraulic
conductvity  field, the relative
difference in the mameport behaviowr
of the tmcers (eg. higher =econd
order temporal moment: of reachve
tracer breakthrough curves compared
to the Dob-reactive obDes, relative
retardaticn etc.) iz ooly & statement
of the macHwve ameport processes
within the aquifer. Figure £ shows
the poociple of thiz differsotal
mwlb-tracer tesdng approach io a
mlt-level vemion., The mulb-level
wersion  allows in addidoo  the
investigadon of three-dimenzicoal
soctiral  pmpertes  such am

Pusiping and mulnkeyvel
menplmy well

I'esazer ipeciion
will
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K, {remctive)

A Mugui fer msvierial wth spamial by
r v &= varable hydesalie condectiveny, grain
Ii sirg and Bhological composiion

FIGURE £: Schematic sketch of forced gradient mulb-
level'mmlb- mcer approach (Ftak and Eleiner, 199 )
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prefemntial flowr patte, conpectvity betvesn inwestigated layem, sooctursl spisomopy etc. The
reachve mmcer i= chosen with respect o the machve mamport process imvestigated. Then, the

parameter charactedzing the reactve

tmnEport process can be deduced from the relabve miardstion of

the reactve fracer with respect to the nopn-mactive acer, if the relatiomzhip beboreen the miardstion
tactor and the process parameter(s) is known.
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A5 Tracer malerialks

A variety of tracer compounds can be vsed. They can behave both non-reactive, i as ideal tracers,
and also neactive.  The non-reactive, ideal tracers are wsed il the ransport of solotes is being
investigated; they are not suhject to degradation or interaction with the subsurface material.
Depending on the site specilic subsurface conditions, ideal racers might for example be salt hased
tracers such as Chloride (e.g. NaCl), Bromide (e.g. Nalir), fuorescent tracers such as Floorescein,
Eosine, Pyranine, Sodium N.Jphlhi-:-nuu:. Tinopal, radicactive tracers such as '"H'HO and *Br. if the
radinactive decay is accounted for, dissolved gas tracers such as He or H,, environmental isotopes and
chemicals, or particle tracers such as patural, dyed, or (uorescent spores, fluorescent microspheres,
other driflt particles or DNA biological acids. Before selection of o conservative tracer compound
lahoratory testing should be performed to get the ideal or almost ideal racer behaviour.

In this section we will discuss the pricess of tracer material selection and we will cover two non-
reactive racer materials with their applications; Na-Fluorescein that has been wsed al the Hellisheidi-
Threng=li injection site For the shon racer test. the suhject of this esearch project, and SFe, which is 1o
b used in the large scale test, both before OOy injection and throughout the CO, injection.

351 Tracer selection

The tracer selected needs to meet a few eriteriaz (i) It should not be present in the reservoir or at a
constant concentration much lower than the expected tracer concentration. (i) It should not react with
or absorty o the reservoir rocks. (iii) It should be casy (fasl-inexpensive) o analyze.

As deseribed above in the sectiom dealing with multi-level & multi-tracer ests, 1o reduce experimental
efforts and o maximize the information n.mu:d from the generally costly tracer experiments, multiple
tracers can be used within one experiment. Svnthetic DMNA materials or the same components with the
mentioned  ability will be the best group sclection matedal For the ground water tracer test
experiments. The synthetic DMA or synthetic carbon components {polymers) will likely be the next
generation of the tracer test materials in the industry. The low detection limit up to a single molecule
i= another valuahle advantage, which could help the small-scale tracer lests be observed precisely.
Effart has to be made o define the behaviour of these tracer materials at different lemperature, pH,
peochemistry and host aquifer formation conditions.

Mow we can rewrile the criteria for tracer material as follows: a group of components with identical
characters that could be detected with unique laboratory technique, which should not be present in the
reservoir or ab a constanl concentration much lower than the expected tracer concentration and it
should not react with or be absorbed to the reservoir rocks.

Radivactive materials are excellent tracers in natural environments and they are detectable at
extremely low comcentrations. They are, however. subject 1o stringent handling., transport and safety
restrictions.  The procedure for measuring radicactive tracer concentratioms in samples collected s,
furthermore, more complicated and  time consuming  than the procedure  for measuring  the
concentration of most other kinds of racers eg. F Juorescein and Bromide.

Aspects of environmental and administrative law have o be considered. In most countries, only a few
compounds remain legal due to ELA mandates for injection in field experiments, mainly salt tracers
and some Muorescent tracers. I new tracers, not yvet known to the administration, are planned for
injection, lengthy and tedious procedures to obtain pennission for their use are requined.

A.5.2 MNa-Muorescein
Sodium Fuoreseein (CaploDsMaz ), a highly water saluble fuorescent dye. is bright vellow-green o
the eve and has o maximuom excilation of 491 nm and maximum emission of 513 nm. Many

groundwater-lracing studies have employed this dye since it is inexpensive, easily detectable, non-
oxic, and stable over time (Gaspar, 1987; Smart and Laidlaw, 19771 It's also detected at very low
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levels of concentration (= 20 ppt). It can be measured using either its strong fluorescence or highly
absorptive character (Klomis and Sawyer, 1996).  Other advantages of fluorescein include its low
sorplion endency (Behrens, 19860 and its melatively low temperature exponent (Feverstein and
Selleck, 1963). The disadvantages of fuomrscein are ils photochemical instability, pH sensitivity
iLindgvist, 1960). It has al=o been suggested that fluorescein solutions are unstable when heated
iLeonharde, et al., 1971).  Therefore, sodivm oorescein hos sometimes  been regarded a non-
quantitative tracer material.

A number of studies that have examined the infloence of pH, light, and heat on fluorescein, 1o
demonstrate that Muorescein can be vsed For quantitative studies. In a series of experiments, which
compare the degradation effects of pH, it has been shown that, it is possible 1o accurately predict the
Muorescein absorptivity value at different pH values (Smith and Pretorivs, 2002, In the same study
Muorescein solutions exposed o sunlight show a rapid absorbance decrease. The average absorbance
recuction for 2 hours exposure was 98% (solution without any additive component). This confirms
that flucrescein degrades quickly in bright sunlight. Consequently in tests with Huorescein as a tracer
the test area and samples must be protected from bright light. The simplest way to do this is o
perform tests at night and 1o store samples in the dark.

Studies have also shown that heated and room temperature fuorescein controls were stable throughout
a 2 hour test period.  The stability of these solutions compared with the instability of the sunlight
exposed solutions showed that, it is more important to protect a fluorescein solution from bright light
than from heat (Lindogvist, 1960, Floorescein is easy to detect and relies on cost-eliTective and widely
available analytical instrumenis.  With reasonable precautions, Auorescein behaves conservatively.
This suggests that Muorescein wamants re-evaluation as a guantitative tracer.

Although the host agquifer is very important regarding the possible sorption of the tracer on the existing
[ormation, there are a number of studies that observed the possibility of adsorption of Muorescein to
clay compounds (Smart and Laidlaw, 1977)  Sodivm-fluorescein has been wsed successfully in
numerous geothermal fields, both low-temperature ones and in higher temperatore systems (Axelsson
et al.. 19695; Kose et al., 2000,

353 SF,

Sulphur hexatluoride, S, is considered a conservalive tracer for experiments in groundwater and
atmospheric applications. 8F, is an inen water-=oluble gas, is biclogically and chemicallv inen. has a
lovw background concentration (107" mol1), and can be detected ot extremely low concentrations
(Wanninkhol et al., 1935). lis estimated atmospheric lifetime is about 3200 years.  SF, can be
routinely detected in ambient air and at extreme agueous dilutions (ie. ~ 1077 mal/d) by electron
capture gas chromatography (EC-GC). I is inert over a wide range of envirommental conditions, non-
toxic, inexpensive and safe to handle. Although it has an extremely high global warming potential. the
effect as a greenhouse gas is still negligible because atmospheric concentrations are still mather low
(Foellmann et al, 2001).

Sulphur hexafluoride, SF., provides a techniquoe for dating ground waters up to 50 vears old. SF; can
help to nesolve the extent to which groundwater mixing occurs, and therefore provide indications of
the likely groundwater Hlow mechanisms.  Atmospheric tace gases have been monitored at a number
of sites across the globe for nearly 30 years (Prinn et al., 2000) and have been found to be generally
wiell mixed, a factor underpinning their vse in dating studies, see Figure 9 (e.g., Hohener et al., 2003).

The strong potential of SF; as o geothermal tracer has also been reported (Wilson & Mackay, 1993).
Important aspect of 5F; is its extremely low aqueous solubility, which gives it the potential 1o
delineate unsaturated rones underground, an application 1o which non-volatile tracers are unsoited
iGooddy et al., 2006). With injecting SFs to an aguifer and quantitative analysis, we can track the
peesible interlayer leakage or mixing of number of different groundwater svstems in the area.
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A5.d Trocer nmes and =oaple collect oo Trequency

After 8 enitable racer has besn selected the mass of mmcer to inject peeds to be determined.
Determination of pecessery tracer mass, initial semple-collection ime apd subzequent =ample
collecHon frequency am the three most difficult aspects to estimate prior o 8 proposed mmcer k=t The
mass needed can be caloulated based oo koown field scale factors apd messwmments of discharge,
trameport distance, apd swepected mAnsport tmes. Essic field parameters commonly employed are
often based om the onginal developes experience in a particular field.

The following iz & list of zome important factorm in me=s calcwlaion: Detecion limit, mmcer
backgrownd (if amy), injecton rate () in the FSTT design, produchon rate () in the FSTT dezign,
mimber of wells inwolwed and well locabons, zcale of the test (possible flow paths o ezHmate the
diluion wolume), rehon mbe anticipated (zlowefast) based on avaeilable hydm- geological informabon
or the scale of FSTT, demsity of water in the region or io the well (if denzity iz different dye solution
will zink and peither dilute por waneter at the speed of the ovemll fluid in the aquiter). Mbomover the
fracer test strategy regarding the gmdient condition will play 8 major role.

The mass required may be estimated wery roughly tlmough mass-balance calculations, in which
injecion- apd prodwchion rates are taken into accownt, az well 85 an expected moovery ime-epan. This
tme-zpan depende on the diztances ipwolved, but sleo on how directly the wells imolwed am
compeched. Itis also pmotcal o comeider 8 messued concentration ot least 3-10 imes higher than the
detaction limdt (DL) to be on the zafe side. Mumerous stdies have been carbed out to geperalize
equations for fracer-mass e=timaton and sample-collechon frequency, =ee e.g. Field (2003). The
empirically determined equakions rely overall on bwo mejor methods:, volumetric method and bepe
curve method.

In the volumetric method resenvoir wolume and diluton dwe to dizcharge rabe in the block dictate the
tracer mas=s amomt. Io this approach, two factor: of ime fmme for ezt and length due o oroeiny
will be added. For example if & test sim= at =hort ime mcovery with FT TG e mbegy, lees mazs would
be preded. In the type curse method, the adopted soluticn for the macer stody with the expected
petrophyeical parameter of the aquiter will be 122d to mamerically pradict the breal thmugh cure
with various amount: of mass injection in the target block. An additicnal mess safety factor peads o
be comzidered, which i= simply simed at protscting mman health or the envimoment fmom exceesive
tracer —mass mlesse. This mass is intended to ensme that adequate m@cer mass is igjected inbo the
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svstem. In dilferent studies and types of equations, this extra mass addressed in different ways but it is
advised to obtain a final concentration 5 to 10 times the detection limit.

The amount of tracer, or more precisely the racer-excess coeflicient, is dependent on type ol racer
and hest aquiler. For example as Eass (1998) indicated for Ma-Fluorescein the excess factor is higher
in clay aquifers than in fractured rocks or karst formation aquifers.  Specific site related empirical
equations have been developed a5 a by-product of many tracer test experiments in various hest
aquilers (Field, 20033,

Whereas much effort has gome into methods of estimating tracer mass for racing studies, very little
appears to have been done in terms of determining sample-collection frequency.  Sampling
frequencies are generally based on travel distances, which are based on a direct relationship between
travel distance and expected tme of arrival. This relationship is obviously comect, but it’s ambiguous
because transport velocity as a function of residence tme is unknown.,  Transporn velocities can
achieve extreme ranges rendering invalid sampling schedules based on transport distances that are
devoid of residence time estimates. But this can be overcome by recogniring that the average velocilty
i= o rough estimate and represents a rough average travel time. The suggested sampling Frequency can
be appropriately adjusted 1o ensure that initial sample collection begins prior to likely tracer
breakthrough (Prak et al., 2004).



4, THE HELLISHEIDI-THRENGSLI 5TIE - NATURAL CO; INJECIION LABORATORY

The Hengill wolcanic area, SW-Iceland, lies on the plate boundary bepaeen the Morth American and
Ewropean cnetal plates. These plates are diverging at a reladve velocity of 2 cmfyear. The dfting of
the boro plates has opened a series of porth-porthesst wending wolcamic systeme of normal faulke and
trequent magma intuzions in SW-Iceland. The Hengill wolcamic and high-temperahre geothermal
aren iz & product of this tectomc and wolcanic acHviby (Ssemmuipd=son and Frodleifeson, 2003). In
tectomic terms the Hengill volcamc system liss ata trple junchion, where the Reykjapes volcanic aope,
the western volcaic zope and the South Iceland Seismic Zone meet. It Hengill symbolizs the
associated central volcano and rises about 5350 m above i snmoundings, to an elevation of 800 masl,
(Figure L10).

The nahmal formation of Idt. Hengill i= a tsble movmtein or Twya. The mein ock fypes in the Hengill
arca are interglacial lave flows apd glacial hyaloclsztbe that are younger than 0.7 milliom wears.
“Wolcanic meks of basaltic composition (of tholeiibc or olivipe- tholeiitic bepe) cover 8 large part of the
surface. The mmloclastite ridges in the porthesst, north, and west patt of the ame are composad of
basal tic pillovar Lova, brecciss and mffs, which weme formed dudng the last glacial periodiz). Flat bying
poetglacial bazalbc loves cover the cenmal pars of Hellisheidi, including postglacial lavas enupted
5000 and 2000 years ago (Saemmdezon and Fridleifeson, 2003).
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FISURE 10: Iap of Iceland with an serial photo of the Hellizheidi-Thengeli ares and the location
of Hellisheidi geothermal povorer plant, view from top of Idt. Hengill torard south.
The necvolcanic zopes and fft syetems are shown on the map
The Hellizheidi geothermal field i= 8 part of the Hengill wolcanic system. It i= bo the south of Mt
Hengill, and covers an area of about 40 km®, see Figure 10 (Sasmumdeson et al., 1990). The Thengeli
tield iz at the southern part of the Hengill syetem and is located betoreen too cutcmpping hyaloclastite

tormations, Lambafell to the west and Gralmuksr in the esst (Figqwe 11). The flat valley beroreen
them i coversd with rough ewdfaced bazaltic A laves. The so-called CarhFix project will be camjed
out her, with the subendace lavas being the target block for a 0, injecion stedy. Figure 10 shovws
an acdal photo of the Hellisheidi-Threngeli ares and the location of Hellisheidi geothermal povwer
plant {viewr from top of M. Hengill towards the south). The edge of the lava flows can be seen fom
the phato.
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Figure 11 shows a geological map of the Hellizheidi-Threngeli area. A= can be zeen in the figure there
iz an intenzive altemton along the main fisswre swarm, color coded from light pink to yellow. The
alteration pattern follows the normal fanlt syetems o the south. SetE of pomal fanle lead toward the
pesbed graben formabon io the regional =cale in the zouthern part of W Hengill, extending to the
Hellisheidi-Threngzli field. The mgional tectomic =etbing in the ares iz complex and fanlting and
tmcmims gre the dominabng permesbility features. Wells drilled in the ams are showm in three
different colowrs in Figure L1, presantng 1) shallor, 2) intermediate and 3) deep wellz, Shallovervrells
are drilled to the depth of 1000 m and le=s, intermediate wells sappmorximately pepetrated geological
tormations to mom than 2000 m and the deep wells intersect high temperahme geothermal aquiters.

T

1

s Wl . .

oot Bneddbad wall + 7
-]

—— " R

K 3 i et | 256735 N
u Irtarradids abare wal ~ :
2Imlmﬂ-l.|hlﬂlrlhnn1l

Eman wgarbon wal
Faasr plam Jes

Lapan "Il ]
p g “‘i(\%

{E’ es:gf[\ ) fﬂ?ﬁ::

7

z .

g hrEn
O

-IH-':!-E':H'
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the Hellizheidi poweer plant as well a=
faulz, tmcwes and altembon pattarn.
Well depths are colowr coded oo the map.
EBox showrs the wells imeolved io the
ZarbFix project.
by Aerial phaoto of the area
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The classification oo the map in Figure 11 is based oo depth, but it is alzo possible to clesity themon
different type of water. Shallowr groundwater, which in part provides the drinking water ewpply in the
area, with obeerved temperanmwe of 0-6 =C located in the less than 100 m deep aquifas. Intermediate
grovnd water flows in the most wpper part of the geothermasl flwid zy=tem apd desper than 400 m
depth. Temperature beloor 100°C in the intermediate aquifer at 400 m to 1000 m depth, most Lilely
rezuls from earth thermal gmdient md heat conduction. Temperahre mnge i= 8 good evidence of
mixing of the intermediste gmomd wrater with the gecthermal water in this zecion.  The deepest
gystem is belisved to provide part of the high temperahre geothermal flwid for the Hellisheidi system.

iIround water dating and fluid chemistry were the major tools o distinguish the differnt vpeof fhids
in the region althowgh the stmbigmphy gives =ome other clues to swpport this ides, =ee Dext secton
(slfredsson etal., 2008

Wellz HIM-2, HI-4, HE-26 and HE-31 are drilled through the intermediabe depth groundwater system,
which alomg with weells HM-1, HE-12 and HE-25 are ilhembed in right hand =ide of Figure 11,
Emcept for wells H-03 and HI-06, which are located further to the east, zited in the blue box, these
are planped to be either an injecHon well or observation wells in the CarbFix project (Figme 11).
Thesz baro weells wem drlled devisted tovward the mein fissume swarm to intersect Highly permeable
taule oearby the active Iid-Atlantc Ridge shown in Figure 11, These faulle define the western
margin of the Hengill vwolcanic gystem Io the Hellishaidi development plan, these wells wene plammed
for minjection purpoes as well as HM-02, HIM-04 and HIT-01.

4,1 The Hellebhe i i-Thyeng=ll OO, inject b o= e

Figure 12 showe a simplified thres-dimenzionel sketch of the region wmder conzideration, including
wells in the mrea (the ama i= marked by a blue box io Figure 11). Wells HI-0O2, HIN-04, HE-24 and
HE-31 are dilled through the intermediate depth growndwvrater system, while wells HM-01 and HE-25
only pepetate the shallowr groundwater system above, Detailed smatigraphy of all wells in the area
{Figure 13; Alfredsson et al, 2008), shows that from about 400 m depth, down to 800 m depth,
aquifer= am composed of fresh bazaltic lavas interbedded whith minor hyaloclastc layersinmeions.
Thiz gechion hazs been refemred Lo, 82 “lhe larpel zone™ @ince Lhe bazallic farmabon in Lhiz inlerval 12 Lhe
target zope for the C0q injecion experiment. Imjecting COq at euch depth will provide the poesibility
of water rock interactons that will fix the CO, ga= in carbopate mineml=. Figure 13 zhows the
lithological cmoes section of the wells at the injection site .

Bazed oo lithological stwdies of drill cuttings three different lava flows have been disingunizhed in the
region. The youngest lava flowes at shallow depth in the Hellizsheidi-Threngeli ares aw dated a= 1 10-
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FIGURE 12 Simplified three-dimensional sketch of the Hellisheidi-Threngsli C0,
injecton target zome, showing the imjecton apd momitonng wells in the block
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125 thoweand yeam old  The =econd et which dates back to 300 thowesnd years ago, i= at
approximately 400-800 m asl. depth. The third =i, the oldest coe, has been mced in some wells o
depth greater than 1000 m. Each sequence of lava flowe hes a fine to medinm size grain texture,
though coarse grain sizes were aleo fovnd (very rare) in the sectons 2wdied (Alfredezon et al., 2008).
Eeboreen lava flows interbedded layers of twff, basaltic brecciss and hyaloclastites could be ==en. The
detailed smt graphy of wellz HF-02 and HE-04 i= illusrated in Figure 16 and Figure | 8.
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FIGURE | 3 ME-5 W cmes secton though the Hellisheidi-Thren geli field, showdng the
three main lava flow sections apd interbedded hyaloclastites (&Slfredeson et al., 2008)

Tmcer testing iz being veed 8z an advanced tool o investgate the peophyzical characteristic of the
target zope. A medes of macer tests is being plammed dring the CarbFix project life-fime; initially for
aquifer characterization of the target 2one and later for predse monitodng of the possible changes after
0, imjection.

To obtain infommaton on the pammeters peeded o delineate the C0q injection sirakegy an initial =hort
tracer test was condwcted beboreen wells HIM-04 and HIN-02. The purpose of the test iz oy o add to
the wmderstanding of the mahme of the grovndwmter syetem, including flowe-pattems and floor-rates a=
well az the contibubon of diferent aquiters, intersected by the wells, to the flow waneport process.

4,2 Poroziy and penue bildy sivociorve o 1he Hellehed T hreng=1i area

& geneml phepomenon in both srface hydmlogy and geothermal reserwoir & adies iz the dual poroei by
mature of Icelandic meks and the bipolar distritmtion of permeabilities. Expedence showe that most of
the fluid circulabing in geothermal mespwoirs flows throvgh a few widely spaced (tens, undreds of
meters) tectomc fmoetams. The flow through the intensening rock sequences, which probably ocoure
thmugh a conpected petwork of pores and micro-cracks, iz in mest cases insignificant by comparison
(Hardarzoo et al., 2007).

Information on the pomeity and permesbility at the Hellisheidi-Threngeli i= directly and indirectly
based om poro =et of dats that have been smwdied at paro different scales. Firet mgicnal information from

sectomE studied in the target arca that have besn drilled and expozed to pumping teets. These large-
zodle studies were directed more toward tectomc fractires and their significent contmributon o fhdad



extraction in the aguifers. Second, a number of studies aimed at finding an empirical relationship
between permeability and porosity in the laboratory scale vsing the olivine tholeiite lava sequences,
which are common reservoir rocks in loelandic geothermal systems, the same as our tanget aguifer.
Fracture porosity and fracture permeability are difficolt to study in the laboratory because fractures ane
[requently underrepresented in the samples. Fractored samples often fall apart and are discarded. The
study of laboratory size samples are on the other hand directed more owards the rock matrix
permeabilities of agquifer systems.

The drilling of several wells, in particalar in the western part of the Hellisheidi area, has provided
valuable information (Alfredsson et al., 2008). Lithological data of wells HN-01, HN-02 and HN-04
have shown that they vertically penetrated lava Cow sequences and hyaloclastite bodies and they did
not intersect any faults or fracture settings in the area (Hardarson et al., 2007). Well measurement data
during the injection and production test of these wells also indicated that they did not have good
permeability, however, the directiomal wells, HN-06 and HMN-03, which have an inclination toward che
Fi=sure swarms and intersect major faults and fractures, provide good permeability and high injectivity
indices. (Figure 11).

Based on these observations, we can say that the main permeability in the area is due to Fractures and
faults (Hardarson et al., 20070, The lava flow sequences and interbedded layers are not good aguifers
in terms of (uid delivery. Even observed disconformities due o differcnt lava Clows, or a lava Cow
layer over a layer of hvaloclastite in wells HN-02 and HMN-04 did not provide a comparable
permcability with the fracture permeability in wells HN-06 and FIN-03.

A number of studies have evaloated the petrophysical behaviour of the lava lows aimed at Finding an
empirical relationships between permeahility and porosity (eg. Franzson et al., 2005; Frolova et al.,
2005).  Gudlangsson (2000 presents the results of o microscopic scale study of porosity and
permeability chamcteristic of lava flows in Oskjuhlid in Reykjavik. In this research study, a large
number of core samples were taken from the Oskjuhlid lava flow. The approach chosen was 10 make
a large number of measurements of thermal conductivity parameters in a homogenous rock spanning a
wide range of porositics. The Oskjuhlid lava low was selected for the stody, because olivine tholeiite
shield lavas were thought to meet these criteria, and about 100 samples were obtained for analysis. As
olivine tholeiite lava sequences s the main host rock of the target zone, this study is considered quite
relevant o our research.

In order to make sure that the lava flow was homogenoos, the mineralogy was studied in thin sections
and the chemical composition analvsed. In addition to thermal conductivity and  porosity,
measurements were also made of the permeability, sonic P-wave velocity and grain density and also to
check that the Oskjuhlid samples were petrophysically well-behaved. ie. did not show any unusual
petrophysical behaviour that might affect the study of the themmal conductivity-porosity relationship
iFridleifsson et al., 1997).

During analysis of the dala, however, unusoal interrelatiomships between the petrophysical pammeters
emerged.  In short, it was discovered that permeabilities in the core of the lava How, where the
porosity is al a minimum, were more than an order of magnitude higher than at the vesicular top and
botlom of the flow.  This behaviour is oppesite to the general trend of an empirical relationship
between permeahility and porosity in Ieelandic rocks presented by Sigurdsson (2000).

With vse of conventional methods (microscopic and thin section analvsis) tao main types of pores,
based on geometry, were found in the Oskjuhlid lava Mow core samples. A vesicular Lype pore space,
characterized by smooth, round. glassrimmed vesicles with fine to middle grained matrix that
dominates the marging of the flows. By contrast, imegular inter-crystalline pores, set between the
grains of o coarse-grained matrix, characterize the inner parts of the flows (Fridleifsson and
Vilmundardottir, 1998). The transition between the two states is Tairly sharp, bul oceurs at somewhat
higher porosities than the transition between high and lew permeabilities.  Another feature also
observed was the presence of abundant microcracks at grain boundaries within the sampled rock
malrix (Johnson et al., 1998).



The prefermd explanaton of the permeability apomaly i that the preesence of an extemsive, conpected
petwrork of grain-bowndarny microcracks is the feamime that cawees higher permeability in the coame-
grained immer part of the flow. Changes in the rato of vesicular to inter-crystalline pomeity and the
influence of & low-permeabiliny glaes coating around vesicles are vmlikely to be the primarny caees of
the anomaly.

The migocmeks are probably crested by ssiemic activity. Testing of this hypothesis iz poesible by
tirther messurements, but based oo this study too few samples have besn tested to provide concluzive
rezulls.  There is espedally 8 peed o evaluate thiz hypothesiz at high pressue conditom o
extrapolate the reenlt for deeper part of the reservoir, although itis pmobably the caze in shallow and
intermediate depth layers (Gudlavgseon, 2000).

According to this hypotheziz the reszon for reladwely high pemmeatbility of the lower pomeiby region,
i.e. the imer emichre of the lava flowe in a =eizmicslly active region like the Hellisheidi-Threngeli
ares, iz 8 peborork of intemomected pomeides. We can proposs that the total available pomeiny in 8
peborork of microcracks that intercomoect all medivm =ix pore spaces together, will create Higher
permeability relatively to the more pomue margine. Furthermore, the flowe-path tormoeiny will be
quibe high in such a permeable layer. It should be emphasized, howrever, that this is poesible becaee
of the lirmited alteration of the bazalt imvolved. &nd alzo that interbeds beboresn lavers may io zome
cases be more permeable than the internal parts of lavae-flows.

4.3 Targel wek

Wellz HIN-04 and HIM-02 are located in the northem part of the target block, =22 Figure 11 and Figure
12, The wells are located in the western flank of the Lambafell hyaloc =t cubcrop and at the
entrance to Thengeli valley quite closs to the road. They are dilled fom the zame platorm aod the
distance between the wells at the srface i= @ mand 60 m at 400 mdepth. The plan is to 1wee HM-02 =
the injection well for the © 0, experiment. To evaluate the perophyeical charactenstcs of the aquiters
in-gitu, HI+02 waz selected 8z 8 base well for the execution of macer ests experiments. Curing the
initial short acer test well HIM-2 was weed 8z 8 mcer igjection well and well HIT-04 a= the main
obzervation well. Wells HIM-01, HE-31 and HE-24 were also momitored but lees frequently than HI-

. Wells HE-3] and HE-25 are located about 1500 Temparalure (7]
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depth of 200 m. The pext four possible aquiters are within the lava flowr sequences are at depths of
arownd 520, 580, 670 and 20 m, as shown io Figwe 16 (FEneson et al., 2004). Ino the deeper part of
the well interbedded layems of hyaloclastite and lava flows contimae to the battom.

4.3.2 wWell HIN-04

Well HIM-04 in the Hellizheidi-Threngeli field i= a dircHionel well sited at 8 distance of less than 10m
fmm the HH-02 wellhead., HI9-04 "z coordinales are: X = 281124 8m, ¥ = 2927710 m and Z=254 9
mazl Figre | 7shows the designof a typical directional well. The direcHion of the well is towards
Lambafell movntain in the west, see Figum 1l. Directional dilling increases the poesibiline of
intersecting major fmchmes or faule io the ama. Sioce well HIM02 did oot show aoy duve of
intersecting a major frachoe or fanlt, well HI9-04 was deviated. The mie wertcal depth is 1204 m and
the well iz cazed dowmn o 400 m The mie vertcal depth of HEY-04 and the latem| deviatiom of the well
trom the vertical start point are presented in Figure 17.
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overall permeability was chosen as the value estimated on basis of the longest pumping test which has
heen performed in the area (2007-2008), 400 mDarcy (Aradottic, personal communication).  The
second assumption is that the time difference between measurements is negligible as well as the effect
of any other interference. like from other pumping test or other dynamic conditions in the block. The
assumed value for the permeability is believed o be an underestimate based on paralle] numerical
caleulation by other partners in the project.

TABLE 3; Waler level measurements and elevation of wells HM-01, HE-31 and HE-26

Measurment date Well Bhlcasured water | Well elevalion Water Jevel
level (m) asl (m)
5.4.2005 HM-1 10 JEGS 1765
2692007 HE-31 103.33 274 4 17107
8. 10,2006 HE-26 BO3T 2564 16703

By using Eguation 4 and the data in Table 3. the seepage velocity is estimated to be of the order of 7.2
2107 (mis). Assuming an elfective porosity of 025 and groundwater with lemperature of 25°C, the
seepage velocity, or linear velocity, s estimated to be aboul 23 m per year using Equation 6.
According to this value, it will take ~132 years For water totravel from the northern part of the field o
the southern part (HMN-01 up to HN-26) through the specific layers of the target sone. Keep in mind
that the value is a rough estimation of fluid travelling through o homogeneous layer with an average
permeability of 400 m I and neglecting any fractures or faults.

4.5 Executlion of the initial shortl tracer fesi

Fxactly 500 g of Na-Fluorescein tracer were diluted with 100 | of water. The =olution was flushed as a
slug into well HN-02. The amount was based on simple mass balance estimates. Results of laboratory
experiments simulating reservoir conditions carried out concurrent with a reinjection project at
Lavgaland in M-leeland 1o study the thermal stobility and sorption tendency of Ma-fluorescein
(Hauksdottir et al., 2000) were also taken into account.  Ma-Fluoreseein has shown conservative
hehaviour for basaltic host formations and the emperature condition of the reservoir (Axelsson et al,
201, The results of these experiments indicate that Ma-fluorescein neither decays ab the reservoir
femperature in question (95-100°C), nor interacts with the low-altersd minerals in the basaltic rocks of
the reservoir, over the relevant tme-scale (several months). As has been observed the temperature
range of our experiment. ie. in the larget zone, is below 100°C and the alteration is minimal in the
wiell croms sections (Hardarson et al., 2007 see Figure 113, Therefore No-Fluorescein can be regarded
as a conservative tracer regarding thermal decay or sorption.

During planning of the test two methods were applied to estimate the amount of tracer needed.
Assuming even dilution in the target mock volume and by vsing modelling by a theometical
breakthrough curve based on the dispersion model adopted, see section 4.6, Soch forward modeling
was al=o applicd when settling up a sampling frequency plan (Axelsson, 2007)

The tracer slug was injected into well HIN-02 at 10:100n 12.11.07. The test was continued up o early
May 2008, The test was camied out under forced gradient conditions induced by a continuons douhlet
operation by injecting 5.5 kefs of waler into well HM-02 and pumping of 105 kefs of water from HM-
04, Pumping was initiated three days prior to racer injection =0 that semi steady-state conditions
would be in effect in the aquifers. The water was supplicd by well HMN-01 located about one km from
HMN-02 to the west, see Figure (11). The short distance, between the wellhead positions of HN-02 and
HM-04, increases with the depth of the wells. Right after the kick-off point in well HN-04 at 200 m
depth the offset between the wells increases as shown in Figure 17.

Of the wells drilled through the basaliic target aquifier, these tao wells are those closest to each other.
The short distance is expected 1o result in o much higher rate of recovery compared to the large scale
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racer test plammed
be.barezn wells
located  far  apart.
Figure 20 shows the
eurface sat-up for
the =hort test and
location of the anells.
Each flor tube woras
equipped  with a
flovor meter to record
the flowr rate and the
welle  were  al=o

equipped writh
pressue Fanges
recording the

pressure changes in
the wrells thmughout

n FIGURE 20: Sudace set-up for the short racer test beroeen wells HA-02
© teat. {imjection) and HM-04 (prduction) in the Hellisheidi-Threngeli field

4.6 T beoveilcal solirben ada pled for 1be Hellehed - Threngz1i shord tracer 1esl

In order to define the amovmt of mEcer material needed, o @2t up an approprate zampling plan and o
simulate tmcer breakthrough concentration, 8 ope-dimemeional dispersion mEnsport process was
aznmed. Such a model ignores diffuzion and adecrphion. The induced velocity due o the dipole test
was assumed to result in ope-dimereicpal flowr fom injecton well o pumping well  As the
azsesEment bamed on available data showed that the matwml goverming flow welodty in the block is
much lower thao the fomed wvelocity in the aguifer in dipole te=t, therefore lateral wector of
grovmhrater velocity we peglected. Based on the theory of zolute wapesport Equation 23 the
governing equaton of the wacer movement in a ope- dimenzional dispersion mnsport is & belowr:

T oo, =4 {281

Whem DIy, iz the dizpereion cosfficient {m'/e), called the coefficient of hmdrodynamic dizpersion in
grovmchrater, C is the mcer concentration in the flow-chamel I:L’.E."]II.J_:I and u, the fluid welodty in the
chanpel (mée). Effective moleculsr diffusion iz peglected in this simple model =wch that
D,=D +0 D, ~0—=D, =Dy =« 1 with &, the longindinal dispemivity of the chamel
{m), ee disciEsion in secion 246, Asswming instsntaneoes injecion of a mass W (kg) of Tacer at dme
t =0, and comidening that the racer mass will juzt pazs trowgh the void wolume of rock, Agp | the
goludon will be as belowr:

Tl 1
Cl:t:I L c—l:::—tt:l Jd Tk I:Eg.:l

1
Pugr E,II':-ﬂ:-ht

The flovor bebareen imjecton and producton wells may be appromimated by ope-dimensional flowr in
tlowr-chanpels. These flov-chanpels may, io fact, be parte of pesar-vertical fmchire-zones or parts of
horizootal interbeds or layers. These chanpelz may be eovizioped a= baing delinested by the
boundaries of these smuchims, oo ope hand, aond flow field stream-lines, oo the other hand. In other
cases, these chammels may be larger volumes imeolved io the flow bebaesn wellz. In some comes more
than coe chaopel may be s=zumed o conpect an imjecton and a producton well, for example
compecting different feed-zones in the wells imvolved. Based on shove descrpton the flow patte ame
simplified to 8 mmmber of chamels beboreen wells (Axelesom et al., 2005).
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Based on conservation of the tracer we can write Cq= o), where C is concentration of tracer in the
flow channel as it enters the production well and g is the flow rate (kgfs) in the flow channel, which
delivers the fow to the production well, as it connects with the production well. In addition @ is the
production rate (ke's) and ¢ the racer concentration in the production well Puid, i.c. at the observation
point. We d-_J“'n-_ the average fuid velocity in a flow channel by o= gjedp (m/s), with @ the water
densily [Ls..l'm 1. Acthe average cross-sectiomal area of the flow-cannelfichannels im” “y and @ the flow-
channel porosity. Rewriling Equation 29 with this assumption it hecomes:

M et D
au e (R [

(301)
Q2

cil)=

The abowve equation was used For the racer test analysis presented later in this report. Such a
simulation vields information on the flow channel cross sectional area, actually Agp, the longitodinal
dispersivity . as well as the mass of tracer recovered through the channel.  This mass should of
course be equal o, or less than, the mass of tracer injected. In the case of two or more flow channels,
the analysis vields estimates of these parameters Tor cach channel. It should be pointed out that
through the estimate for Ag the low channel pore space volume, Agpx, has in fact been estimated.

The tracer interpretation software TRINY was wsed for the simulation and interpretation (United
Mations University Geothermal Training Programme, 1994). TRINY uses an automatic non-linear
least-squares inversion technigque to simulate the data and to obtain the model propenies, i.e. the ow
channel volume Apy and dispersivity a. This method has been used soccessfully in early stage
interpretation in a number of geothermal Gelds worldwide (Axelsson et al., 2003

4.6.1 Required mass of (racer

To estimate the required mass of tracer & method of even dilution in the entire volume, and a method
of simulation were used, as already mentioned. For an even dilution scenario a cubic volume of rock
was considered based on the test set-up. Convergent FGTT test set-up was planned with a production
rale twice the injection rate. In such a set-up the resulting flow paths can be expected to be more
closely spaced than for radial Aow.  Also, applying a tracer test over a short distance will result in
levwer dispersion and comsequently the mass of racer required will be less. Local heterogeneily cannot
interfere much with the flow paths 1o inerease the mechanical dispersion on 4 macro seale, such that
wie can assume that they penetrate more or less the same aquifers (Figure 16 and Figure 18).

A 100 m wide, 100 m long and 100 m high reservioir was considered, with a porosity value of 025,
With half a kg of Na-Fluorescein diluted evenly in this volume, the concentration will be of the order
of =2 ppm throughout the volume. The detection limit for Ma- Fluorescein is 10-20 ppt, which will
provide an excess margin three orders of magnitnde over the detection limit. Based on the theoretical
solutiom adopted e Bquation 30, a calculation has been performed for 0.5 kg tracer mass and
different distances between wells. Figure 21 illustrates the results based on assumptions listed in the
Lable attached.

The result=s in Figure 21 show that to detect a breakthrough of 0.5 kg of tracer 60-200 m down-stream
requires resolution of about 0.02 — 0,005 ppm. This is some order of magnitudes lower than the
concentration estimated on basis of an even dilution in the reservoir volume. This is still significantly
higher than the detection limit of Na-Fluorescein.

4.6.2 Sample colleclion Mmequency

As Figure 21 predicts based on the sssumptions made, a fast breakthrouzh was expected and the
sampling from well HM-04 was carried out at a rate of 4 samples per day for the At tao weeks.
Farly sampling at a high frequency will enable the detection of fast breakthroughs. although the plan
could be revised throvghout the test as more data become available. The tracer west sampling plan was
revised in our experiment as the observed concentrations showed a much slower transport than had
been anticipated.  After the first two weceks, sampling requency was reduced 1© one sample per day
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tor 125 days and ope =ample per wesk § (DE07
during the last 3 weelz of the teat.

Samplez were alzo collected from wells 250607
HI701 and HE-31 to detect amy possible

lateral flowr and macer eweep toward the - L00ET
other wells, z2e Figure 11 and Figure 12
tor their locations. Well HI4-01 =upplied
the water tor the injecton well HIN-0'2 and :
HE-3l iz located 15 km dowmtream, o ¢ 10000 -

e i BTN
—a—{§ Lot Hkg' |

L O H g md |

ation | kg'm?|

the zouth. Mo macer was detected in these E.
paro wells during the test. We should alen = #0900
keep in mind that before macer test
execubon  the wells  imeolved  wem BN
sampled to detect the backgmimd level of ! : - o " =
the macer for P:lE:Etibl:- re=icial meoceE in Taus Chsi
the fhuid from former tacer tests. The 7 = P o7
rezults did pot show any copcentration of 7 kS ar N
Ha-Fluomscein in these wells, Baseline 3 10 = 015
E:;EHI “*”."*”I‘E ﬁy{é‘mﬁt? £:-rt A IR, I |6, 253E-4H
gronmoharater. FIGURE 21: Theomtical macer moovery curves for
a 100 mwdide and 100 m thick groundwater
4.6.% Saaple amlyzk a.0d Tsanvoir with 239 porceity, dispemivity (a1) of
brealdhroogh anve the order of 100 m and ooe-dimensional flow.
Half a kg of an athitrary racer i= injectsd at Hme
Great care was taken in the =ampling t =0. Recovery cunves for distapces
process, by vweing dadk sampling bottles &0, 100 mod 200 m ar =howm

and by keeping samples in cold and dark
places to awvoid soy poesible decmy effect
during storage. Figure 22 shows ooe of
the zampling bottles. In addition care was
taben to awoid having the persconpel
inwolved in the tracer injecton near the
sampling wells, atleast initally.

The Ma-Fluorescein copcentrations in the
samples were determined with 2 Tumer
Dezigre  TD-700  Fluorimeter, which
providez  emact concenmmtoms  after
calibration. The flucrimeter mainly used a
10089 blvue meroury vapowr lamp, 10-105
excitation filter (486 nm), and a 10-109R-
Z  emizzion  filker (510-T00Dm), as
spedfied by the mamdachmer, zee Figum
23. The fracer recovery data for well HIN-4 during the initisl short tracer test awe shown in Figue 24,

FIFIRE 22 Sampling bottle for Ma-
Fluorescein zampling and zamitary gloves

The filled squares in Figure 24 show the measued acer concenmations. Overall two humpe can be
zeed in the recovery curve. Some data points are off from the geoeral mend. Thi=s may meult fom
vmcertain ies regarding sample handling or light expoenre. Ino later simmlations these data pointe have
been filtered cuwt. The total mass mcovery in the macer test was 4290, Coneidering a FSTT execution
the recovery factor iz penerally assumed to be much higher than this (Fa=s, 1993). According to the
predicion of the breslthrough curse in Figume 21, 8 mach fe=ter moovery wes alen expected. At the
200 m distance the moovery was expected to be 50% after 20 days and in the case of shorter flowr
pathz 3090 after half 8 momth.
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FIGURE 2% Twoer Diesigns TD - 700 Fluodmeter and calibraton process

Recovery of cloze o
30% of the mas=s after
125 days shows the 15

ovemllslow dispersion 1 ——corcentration
of the macer Tracer

could be dispersed toa 3SR
greater degree due o S g
mechamical dispersion

in the aquifer, and e

lomger  flowr  paths e

when by the I

chemicalz,  tormcsity P

factor may al= be LOES

mmich higher than vwhat s {‘\V
haz been azsumed. Oop

the other hand we may 04k

il 1Kl Tiai Th: |

euzpect  that  lateml
grovmd  water  flowr
swept away mome of
the acer mazs from
recovery at the obeervation point, well HN-04. Mbore sampling downemesm could belp & to evaluate
theze ideas.

A0EE

o

I':I

Congentratias

Tinw i Diaygsli
FISURE 24: The short racer test recovery rezults for well HIM-04

4,7 Tyacerieszl brealdborough anve and dats somikaiion

The rezults of the tracer test and the data =immlshons aw shown in Figume 25, The filled squams showr
the measured tmcer concentraton and the curves the model simulations. Some of the dats points
which were off by order of magnitnde (Figure 24) were removed from the input data. The computer
model TRITY was weed o simulate the obearvations. By applying thee flow chanpels the dats were
simulated quite accumtely. Well logging data, temperanme profiles and smbgraphy was the basic
tools bo define the poesible locaton of the aquiters a= input valwes for the simuladon.

The model simulates the messurements quite accurately with 3 flow chanpels; the first chanpel at 400
m depth and with &0 m diztance betwreen the wells, the second at 5350 m depth with 150 m distance,
and the third coe at 50 m depth, with 30 m distance from well HI-02. HMote that well HI-04 is
deviated as shown in Figue 1 7. The distances bebareen the wells wemr calculated based om the known
indinabon of well HI9-04 ateach depth, see Figure 1 7.

A5 the adopted solution is oot wmique, geological informaton and well logging played 8 major ole io
tinding the poezible depth of aquifers. Well messwrement= (T & F logs) and pumping testE can
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provide the fimt estimate of the mumber of flow chanpels pror o simwmlston. Reviesdng the locabdoms
of poesible aquifer bazed on soabgraphy, well logging and drlling fhuid temperabre change lead us
to 3 deptle. The 400 m depth has been confirmed by high temperamme difference in injected and
pumped drilling fhaid in well HI-02 (Figure 15) and in the lithological log 8 endden change in the
siratigraphy fmom bezaltic ndf to fine - medivm grained bazalt in HI9-02 and HE-04, which borehole
geologist hes marked oz a possible feedzope in the secticos (Figure 16 and Figume 18).

The second feed zone is belioved to be at 550 m depth, while from 400 m depth to 1500 m depth wrell
HIMN-02 did not shovwr & sudden temperahmre jwmp oo ther in tempemre logs por in drilling fluid, and it
tollows a pommal thamal gradient (Figure 14 apd Figure 15). But, there are indicaboms like a caldte
wein from 520 to 570, which is copzidered by borehole geologizt= 85 8 poesible aquifer (Figure 16).
Thiz section is the zame in both wells although the calcite veins vwemr more dominant in HIY-02 than in
HI7-04. The =secton comizt of fine-medivm graiped bazalt in both wells (Figume 16 and Figume 18).
& second chammel waz defined bo represent the comtribubon of this =ection to the macer breakthrough
CUTVE.

There waz a elight differnce in teod of temperatie logs sesn at $00m bwe vertical depth of HE-04
according to & temperahme profile mesured oo 140420058 (Figure 19) and o borehole geology
(FmEnzzom, 2004). Thiz marks a minor aquiter at 220 mdepth (Figure 18). Io HM-02 at 300 m depth
the swatgraphy changed from basaldc wff to medivm graiped basslt, although notes regarding the
minor or major aquifers were not indicated by bomhole geology (Figure 16). This depth is conzidered
as repreeenting the deepest flow channel imvolved in the mecer test.

The individual deshed.cumves in EF-1 traczer date simulabizo

Figure 25 mpmsent the _

comcentratiom coptributom of . [ : r""'-\.'.i : : : 1
each chammel E.Eﬂ'l:l:l:l:l.v.'.,d, and the -.:::4__.......,-..#-: .. 'n“' ........ e, o
zolid curve represents the sum o . : B nom
the thres calculated  — . Lo

concentmations. The zum of the
thme chanoels fie the meazmed

coocentrabionz  guite  micely
(coefficient of determimabon is

Oareartenlia (B

05.89%). M= balance can be . ]
wed o caloulate the mase B . e o em T oo Lag ...
recovery of the macer thmough . 1
individual chamelz. The total L

theoretical maz mcovery of the T R TP

acer b=t was 509 The

parameters of the three assmmed _ . ) .
chanpels are shown in Table 4. FIZURE 25: Observed and simmil ated Ma-fluworscan moovery

Theze are flow path distance (x), in well HIY-04 azswming thmee diz oot floor chanpels

azmumed  flow-cheanpel (aquifer) depth, the calculated maess mecowvery of macer through the
correzponding flowr chamel, wmtl ifinite Hme, ower the total imjected macer (WA, dispemion
coetfident (Dn), fluid welocity (u.), the simulated product of flow chanpel area A apd poroeiby g, and
lomgi odinal dispersivi by (o).

Time {daea)

TABLE 4: Model pammeters usead to zimmlate the mmeer recovery with 3 chanpels; flowr path distance
(=), the calculated mass recovery of wacer through the corresponding flovw chamel, untl infinite Hme
over the total imjected racer (WM, dispersion cosfficient (D), fluid velocity (u,), the simulated
product of flow chammel area A and pomeity g {m") and longitedinal dispersivity (a;)

Chanpel | X {m) Drepth {m) I LT Dy o &) u o) Adp{Th) iy
| &0 400 3.2 5 20E-0 8 20E-05 23 £3.3
2 150 G50 345 7 ADE-0Y 4. S0E-D5 A7 16.5
k| 360 450 123 L MOE-0L 5 20EA05 14 204
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4.8 Simulation resull discossion

The first hump in Figure 25 shows the contribution of a small volume aquifer o the total observed
concentration, which may correspond 1o a thin interlayer or a fracture between the wells at shallow
depth. Lithological stratigraphy shows a sharp change at 400 m depth in both wells, from hyaloclastiie
i lava flows, This unconformity may cause this Tast tracer arrfival. The caleulated mass recovery of
tracer through this low channel was small, or 3.2 % (Table 4).

The second pulse in Figure 25 is most likely cavsed by a much larger aquifer in the well cross section.
Turning back to the feed-rone locations in well HM-02, likely tracer transpont aguiters are sited at 500,
650 and 750 m depth, which all could be interpreted as inner parts of lava flows with higher
permeability. below the main aguifer at 400 m depth. Possible aguifers have not been distinguished
heloar 400 m depth in well HN-04, especially in the part of the well from 300 1o 200 m depth. But
based on lithology 630 m depth is considered as a representative depth for the set of lava flows seen in
well HN-02. 1t is belicved that their contribution is that of a thicker laver with semi uniform transport
process delivering most of the tracer.  The caloulated mass recovery of tracer through this Plow
channel was 34.5% of the total injected tracer (Tahle 4. The classic shape of the curve characterizes a
homogeneous porous medium in the channel.

The unusval permeability behaviour of the olivine tholeiite lava of the Oskjuhlid formation referred 1o
in chapter 4.2 of this report may also be the case in this layver. The contribution of the interlayer
transport is important becanse of higher permeability and the smaller matrix grain size and high
tortuosity will make a longer flow path and recovery slower than what has been anticipated. Although
the hypotheses of the less porous interlayer with higher permeability has not been proven in high
pressure experiments, a network of micro cracks is most likely in the highly active region of the
Hellisheidi-Threngsli area.  This network cannot deliver o large amount of Fluid buot “will cause
dispersion and high reactive surface area for the fluid that passes l|1rc:-u&|:| it

Channel 3 is assumed o represent the effect of an aquifer at approximately 250 m depth, which was
well defined in the last section of the wells (see section 4.2.1 and 4.3.2). This agquifer responded muoch
later as a consequence of its depth and greater distance between wells (Figurne 25). The mass recovery
contribution calculated for this aquifer is 12.23% (Table 4).

Despite of extended recovery time about 50% of the tracer mass has not been recovered.  This may
indicate that either a lemger recovery period would have been needed or that natoral Jateral Pow in the
ground waler syslem has washed half the tracer away. The caleulated velocity of ground water based
on water level is not considered high enough to have such effect. Therefore. it is |1L.:.|}' that the Mow
welocities ane considerably |:||5|:u:r111 parts af the target interval. Weather a late arrival of the tracer doe
to tortuosity along the flow path or diffusion to dead points trapped the tracers, can’t be ruled out,
hevarever.

The highest transport velocity was simulated for channel one (Table 4), hearing the sign of fracture
behaviour. The velocity was less in channel 2, which alomg with a higher concentration of the second
pulse sugeests o thicker laver. The thind channel showed a higher velocity than channel number 2 but
its contribution amived wward the end of the total concentration curve due to ils greater length and
deeper location in the well (Table 4 and Figure 25). Channel 1 had the smallest pore volume, as
expected for a fracture, The pore volume is the product of the channel area A distance % and porosity
@. Channel 2 represents a thicker layer with a higher pore-space volume, interpreted as a network of
homogenous interconnected porosity.  Channel 3, the deep aguifer, has high pore-space and flow
velocity, and therefore despite its depth, its contribution o the messured concentration  was
considerable.



5 CONCLUDING REMARKS

Preliminary characterization of the CO; injection target zone in the Hellisheidi-Threngsli feld through
a shon tracer test betareen wells HM-2 and HN-4 was successful. The tracer test provided high quality
data and the interpretation presented here addresses the main factors characterizing the zone. The
interpretation was based on a simple model, which was able to simulate the tracer retum data quite
accurately.

Inferred low channel pore-space volumes, dispersivity values and the shape of the tracer breakthrough
curve imply that most of the basaltic bed rock providing the flow paths in the target zone consists of a
large volume of relatively homogeneous porous media.  Single path fractures are considered 1o play
only a minor role in the MAow path system.

Cieological informatiom from deep wells drilled into the target zone does not indicate the existence of
large aquilers associated with major fractures. The in-siln permeability is most likely matrix
permeability related o inter-crystalline pores and imegular voids between the crvstals constituting the
rock matrix in the inner part of the lava Aows, A uniform network of nterconnected porosity thus
provides high tortuosity along flow paths.

A relatively long recovery time in spite of the short distance between the wells is probably due 1o high
ortuosity.  Thus, a lange cumulative meactive surface arca for water rock interactions should be
available for the planned OOz basalt sequestration. The short racer test funhermore provides valuable
information that will be used for design and pre-modelling of the large-scale tracer 1est planned in the
area prior 1o the initiation of the CO: injection.

The more advanced tracer wst techniques reviewed in this thesis, such as multi-tracer/muolti-level
approaches may be quite uselul for the COz sequestration project as well as for other underground
hydrological sudies. Using a muld tracer multilevel technique inflow (or outflow) locations in wells
as well as changes in How-rate can be specified precisely. Multd level sampling can e.g. help locate
the most elfective aquifers in a4 section involved while different tracer materials will shoa
interconnection between layers that can cause possible leakage problems or contamination of shallow
ground water.

Coating due to C0; sequestration and the respective permeability change can neither be monitored
accurately nor possible risks evaluated by a large-scale conventional tracer experiment.  Such
experiments need w be carried out either with |11n|1n_| resolution, to detect the coating processes, or
through laboratory experiments involving large plug flow experiments with precise moniloring
SVElEms.



LIST OF SYMBOLS

A Cross-sectional arca (m°)

[ Concentration of injected tracer mass |;L-_3,|'m'1]
cill Tracer concentration in the production well fuid
D Diffusion coefficient (m™/s)

I, Coclficient of hvdrodynamic dispersion (m*/s)
Iy Coellicient of mechanical dispersion {(m®fs)
o, The malecular diffusion cocfficient (m®/s)

b The effective diffusion coefficient (m'fs)

I, The dispersion coefficients (m'/s)

ko Hydraulic Conductivity or coefficient of permeability (m's)
P. Mon-dimensional Peclet numbser

(8] Flovwy rate (m'/s)

0} Production rate (kgfs)

q Channel Flow mate (kefs)

q, Chemical mass lux

K Fetardation

u Darcy velocity (mfs)

u Average linear velocity (mfs)

) Longitudinal dispersivity (m)

H Moving reference frame spatial coordinate (m)
o Waler density Lk_g,n'm"]

T Tomuosity

i Porosity

I:'%I ] The hydrmnlic gradient
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