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ABSTRACT 

This report summarizes the results from the LPT2 experiment. The field experiment 
had three major parts: a pumping test, a tracer experiment and a tracer dilution 
experiment. These are described in detail in the appendices of the report. Numerical 
simulations have been carried out both prior to and after the experiments. Results 
from these are also reported. 

The longterm pumping test and tracer test performed in KAS06, called LPT2, was 
the first attempt to clarify the transport of solutes in the site scale of Aspo. The test 
was not intended to be complete regarding the transport parameters needed for 
nuclide transport modelling. In the operating phase of the Aspo Hard Rock 
Laboratory more detailed tracer tests and numerical modelling will be conducted 

The main conclusion from the field experiment is that the present conceptual model 
of Aspo is sound, but some modifications may be required. These include both the 
extension and transmissivities of fracture zones.The field experiment has also 
produced additional information on the properties of the fracture zones like porosity 
and dispersivity. The cumulative aperture of all hydraulic fractures was estimated to 
I 0• l 0-3 - 30• l 0-3 m for two different sets of zones. Considering the estimated width 
of the zones the flow porosities were estimated to 0.02 - 0.1 %. The dispersivities 
were estimated to 0.1 - 0.2 of the flow path distance and the Peclet number to 4-11. 

The numerical simulations made prior to the experiment, dealing with the travel time 
of tracers, were found to be in reasonable agreement with the measurements. The data 
gathered in the field experiment will however make it possible to pursue the 
modelling efforts further. 

VV8/S I 122/007RHEND. ILCi/1992-11-24 
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I INTRODUCTION 

I. I Background 

The Aspo Hard Rock Laboratory (HRL) project is a rehearsal before the 
construction of a final repository for high level waste in Sweden. 

The plans for the Aspo Hard Rock Laboratory were initially presented in 
the R&D programme 1986 /SKB, 1986/. In that report it was stated that 
the laboratory should be placed close to one of the nuclear power plants 
where existing services and the kind of infrastructure needed for research 
already existed. Therefore investigations were first carried out near the 
nuclear power facility at Simpevarp, Oskarsham, figure 1 .1. SKB found 
the island of .Aspo to be suitable. Permits pursuant to the Act on the 
Conversation of Natural Resources, The Planning and Building Code and 
the Act on water Preservation were obtained from the concerned 
authorities and excavation of the laboratory started in October 1990. 

The .A.spa Hard Rock Laboratory is a continuation of the R&D effort 
developed during the study-site investigations, at Finnsjan and in the 
international STRIP A project. The goals and objectives of the HRL are 
discussed in SKB's R&D Programme 89 /SKB 1989/. It should be noted 
that the site of the HRL will not be considered as a site for the final 
repository. 

The HRL project is basically divided into three main phases. The first 
phase comprises the pre-investigations. The second phase is the excava
tion and construction of the laboratory and the third the operating phase, 
see SKB, /1989/. 

1.2 This report 

The longterm pumping test and tracer test performed in KAS06, called 
LPT2, was the first attempt to clarify the transport of solutes in the site 
scale of .A.spa. The test was not intended to be complete regarding the 
transport parameters needed for nuclide transport modelling. In the 
operating phase of the .A.spa Hard Rock Laboratory more detailed tracer 
tests and numerical modelling will be conducted 

This report compiles four different reports concerning the results of the 
LPT2 test. The detailed information is found in the reports listed in the 
appendices. The main text in this report gives a summary of these reports 
and discusses what impact the results may have on the conceptual model 
of .A.spa. Two of the reports in the appendices, A and D , are also 
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published as separate progress reports (PR 25-91-17 and PR 25-91-18). 

Appendix D deals with point measurements of groundwater flow during 
LPT2 and also during natural gradient and another pumping test prior to 
the LPT2 test. 

1.3 Introduction to LPT2 

Within the extensive pre-investigations for the HRL, field experiments 
have been carried out in order to characterize the site geologically, 
hydrogeologically, and hydrochemically. One important part of these 
investigations has been to identify major conductive structures on Aspo, 
see figures 1 2 and 13, and pumping tests have been important for this 
identification. (The preinvestigations and the conceptual models based on 
these investigations are presented in Wikberg et al, I 99 I). In the autumn 
of 1990 the combined longterm pumping- and tracer test in borehole 
KAS06, LPT2, was carried out as one of the last pre-investigations for 
HRL, see figure 1.4. 

The pumping began September 17, 1990. The drawdown phase continued 
until December 18 1990 and the recovery phase until January 18, 1991. 
During LPT2 observations of drawdowns were made in about 100 
borehole sections. During the test tracers were injected in 6 packed-off 
borehole sections intersected by major hydraulic conductors and the 
arrivals in the pumped borehole were studied. Groundwater flow through 
10 borehole sections was determined by means of the dilution method. 
The measurements were made at depths ranging from 140 to 800 meters 
in order to select sections for the tracer injections. Dilution measurements 
carried out prior to the LPT2 test were also utilized and are presented in 
this report. 

Numerical simulations of the drawdowns and the tracer flow paths and 
travel times have also been performed. These were done in advance of 
the experiment in order to test the predictive capabilities of the model. 
Updated numerical simulations of the drawdowns are also presented in 
the report. 

In chapters 2-5 the basic information from the appendices is summarized. 
In chapter 6 the results from the numerical model are discussed and in 
chapter 7 the conceptual models, according to Wikberf? et al 11991!, is 
discussed with respect to the results from LPT2. 
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2 NUMERICAL SIMULATIONS, THE PREDICTION OF LPT2 

2.1 Introduction 

Numerical simulations were carried out in advance of the field ex
periment. This was done for two reasons; firstly some guidance can be 
obtained from the numerical simulations when the field experiment is 
planned and, secondly, the evaluation of the predictive capabilities of the 
numerical model requires that the results from the model are documented 
prior to the experiment. 

The numerical model is fully described in Svensson I 1991 I and the reader 
is referred to this report for a presentation of basic concepts, methods, 
calibration cases, etc. In appendix A the particle tracking method used is 
outlined and in chapter 6 the drawdowns are presented and discussed. In 
figure 2.1 the slightly simplified conceptual model of the conductive 
structures used in the numerical simulations is presented. 

2.2 Method 

The steady flow pattern when pumping in KAS06 is first predicted, using 
the above mentioned numerical model. Pumping, with a flow rate of 2.5 
1/s, is assumed to be carried out in two sections in KAS06; the crossing 
with NNWl (30%) and the crossing with NNW2 and EW5 (70%), see 
figures 1.4 and 2.1. As will be discussed later this is not in perfect 
agreement with the experimental conditions but was the best guess that 
could be done in advance. 

The tracking of a marked fluid element is done in a Lagrangian manner, 
i e 

tb = a dt 

where cfs denotes increment in space, u the local velocity vector and dt 
the timestep. 

2.3 Results 

Altogether nine trajectories, assumed to be of interest in the LPT2 
experiment, were calculated and illustrated graphically. Details of the 
trajectories, including for example active fracture zones, were also listed 
in tables. All these results are fully described in appendix A. Here only 
one example will be discussed, namely injection in KAS02, section B4. 
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A graphical presentation is given by figure 2.2. The tracer is injected at 
a section located about one third of the total length of KAS02. From the 
horizontal plane (z-y) one can see that the tracer ends up in the upper 
pump-section in KAS06, i e the crossing with NNW I. 

One of the objectives of the numerical simulations is to estimate the 
travel times for the tracers. These can be found in table 2./. Both the 
Darcian time in seconds and the time in days, assuming a porosity of n 
= 10-3, are given in the table. One of the travel times, injection in KAS02 
section B2, is significantly longer than the others; the explanation is that 
no fracture zone is present close to the injection point. 

Table 2.1 Travel times for nine injection points (n = porosity, 
Darcian time for n=l) 

Injection hole 

KAS02, section B4 
KAS02, section B2 
KAS04, section D2 
KAS05, section E3 
KAS07, section 14 
KAS08, section M3 
KAS08, section M 1 
KAS 11, section CE 
KAS 12, section DD 

Section • 

(m) 

309-345 
800-854 
332-392 
320-380 
191-290 
140-200 
503-601 
47-64 
102-233 

Time 
n=l 
•1010 

(s) 

0.68 
204 
11.5 
1.1 
0.41 
0.20 
0.16 
3.5 
0.53 

Time 
n=I0-3 

(days) 

79 
23700 
1330 
128 
48 
23 
19 
406 
61 

• Length along the borehole from top of casing. 

2.4 Conclusions 

The realism of the predictions presented depends on the accuracy of the 
hydrodynamical model which, in turn, is based on a conceptual model of 
Aspo. The trajectories do look plausible and some verification of the 
hydrodynamical model has been presented in Svensson 11991 /. The 
tentative conclusion from the work presented in appendix A was therefore 
that the predicted trajectories do give an indication of the correct 
trajectories and that the typical Darcian flow time for the cases consi
dered is I 010 s. 
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3 PUMPING TEST 

3.1 Introduction 

Observations of drawdown were generally performed in several sections 
in all boreholes during LPT2. An extensive data set is thus available. The 
data set for future numerical simulations was one of the objectives of the 
pumping test, and another one was to evaluate the consistence between 
the result'- from LPT2 and the current conceptual model of Aspi:i 
/Wikberg et al, I 991 /. The pumping test is reported in detail in appendix 
B. 

3.2 Method 

In all observation boreholes ( except HAS0 1, KAS0 1 and KAS 10) 
between two and six sections were isolated by packers. Automatic 
registrations of drawdown were made in most sections. 

In the cored boreholes KAS02-05 and KAS07-14 the electric conductivity 
of the groundwater was measured at two different levels in each borehole. 
Also the precipitation and the barometric pressure during the pumping test 
were recorded and documented. In addition, the flowrate, electric 
conductivity and redox potential of the pumped water were registered. 

3.3 Results 

The inflow to KAS06 during pumping has mainly been estimated from 
spinner measurements (the flowrate along the borehole can be measured 
with a spinner during pumping), except for inflow from EW-3 which is 
estimated from tracer measurements. The total inflow, 2.25 1/s, is 
estimated to be distributed as follows: EW-3 (15%), NNW-1 (21 %), EW-
5 (33%), NNW-2 (26%) and EW-X (5%). 

In order to assess the hydraulic connections between the different 
observation sections and the pumping borehole, the response times were 
estimated for each section in the observation boreholes. The response 
time chosen corresponds to the approximate time from start of pumping 
until a drawdown of 0.1 m was observed in a section. A response time 
ratio was then calculated for each section by dividing the response time 
with the squared distance to the pumping borehole. This ratio is inversely 
proportional to the hydraulic diffusivity of the rock. Low ratios can be 
expected for borehole sections in fracture zones while higher ratios can 
be expected for borehole sections with less good contact with the pumped 
borehole. 
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A distance-drawdown plot was also prepared, see figure 3.1. In this plot 
the total drawdown in each observation section at stop of pumping versus 
the squared distance to the pumping borehole is shown. For comparison, 
the Theis type curve is also included in the figure. The drawdowns at 
stop of pumping are also listed in appendix B, table 4.1, together with 
calculated flow through some borehole sections, electric conductivity and 
a classification of hydraulic connectivity based on the above discussed 
response time ratio. 

The transmissivities of the fracture zones have been estimated by 
analyzing the drawdown responses in borehole sections, assumed to be 
intersected by fracture zones. The results are compared with what can be 
expected from the current conceptual model. Deviations are found, both 
with respect to extensions and transmissivities of fracture zones, but the 
general conclusion is that the results from LPT2 support the current 
conceptual model /Wikberg et al, 1991!. The observed drawdown 
response in KAS03 indicates that there is a hydraulic communication 
between the northern and southern parts of Aspo, possibly via zone EW-
5. This zone may also extend further towards northeast. 

LPT2 also indicates that zone EW-3 may be more transmissive than 
assumed in the conceptual model. 

Another important result from LPT2 is that zone NE-1 seems to be a 
major recharge boundary, effectively attenuating the drawdown in 
boreholes close to NE-1 (KAS09, KASI 1 and KAS14). 

In table 3 .I the estimated ranges of transmissivities from LPT2 and the 
conceptual model are compared for some of the conductive structures. 

Table 3.1 Estimated range of transmissivity of the dominating frac
ture zones according to the LPT-2 test and according to 
the conceptual model /Wikberg el al, 1991/ 

Fracture zone 

EW-5W 
NNW-lW 
NNW-2W 
EW- 3W 
EW-X 

LPT2 
T 
• 10-s 
(m2/s) 

3.3 - 5.6 
0.84 - 4.0 
2.6 - 3.6 
0.91 ? 
0.95 

Conceptual model 
T 
• 10-s 
(m2/s) 

I - 4 
0.5 - 2 
2 - 6 
0.01 - 0.1 
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3.4 
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Distance-drawdown graph at stop of pumping during LPT-2. Table 4.1 
and figure 4.1 in appendix B give detailed information of drawdown for 
each observation section. 

Conclusions 

The qualitative and quantitative evaluation of the pumping test LPT-2 is 
consistent with the overall conceptual model presented in Wikberg et al 
/1991 /. The hydraulic importance of Zone EW-5w and the NNW-fracture 
system and indirectly also NE-I w is clearly demonstrated. However, the 
test indicated that some modifications of this model are necessary to 
satisfactorily explain all drawdown responses observed. 
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The most important points to consider for further investigations are: 

the extension of Zone EW-5w towards northwest beyond Zone EW-
1 w; 

the extension of Zone EW-5w towards northeast and location of the 
zone in boreholes KAS04 and KAS 12 (and possibly KAS08); 

the extension and hydraulic properties of Zone EW-3w; 

the extension and hydraulic properties of Zones NNW-3w and -4w. 
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4 THE TRACER EXPERIMENT 

4.1 Introduction 

A large scale three-dimensional tracer test was performed during LPT2. 
The aim of this test was to give information on how the fracture zones 

are interconnected and to determine transport parameters such as 
residence time, dispersivity, flow porosity and hydraulic fracture 
conductivity. The experimental results do also provide the data for the 
validation of the numerical simulation model and constitute a valuable 
test case for further simulation studies. The details about the experimental 
design and the test can be found in appendix C. 

4.2 Method 

Before the tracer mJections started, dilution measurements were per
formed to find borehole sections suitable for tracer injections. Altogether 
ten sections were used for dilution measurements (see chapter 5). Out of 
these, six borehole sections were selected for tracer injections. Dilution 
measurements are performed with the purpose to determine the flow rate 
through a borehole section. A tracer is injected in the circulation section 
(continuously mixed by circulating the water in the section) and the 
decrease of the tracer concentration is proportional to the flow through 
the section. A schematic illustration of the borehole equipment is shown 
in figure 4.1. 

The first tracers were injected about two weeks after the pumping started, 
so that the tracers would be injected in a steady state groundwater flow 
field. Measurements of hydraulic head confinned that a steady state 
prevailed during the tracer test. 

Tracers were injected in packed-off sections in boreholes which inter
sected the fracture zones. Injections of tracers were made in boreholes 
KAS02, KAS05, KAS07, KAS08 and KAS12. The arrival of the tracers 
were detected in KAS06. The distribution of the water inflow and the 
tracers along KAS06 was estimated from the measured results. 

Three radioactive isotopes ( ln-114, 1-131, Re-186 with half-lifes 49.51 
days, 8.04 days and 3.78 days respectively) and one fluorescent dye tracer 
(Uranine) were injected in four borehole sections into the fracture system 
around the pumped hole. One tracer per injection point was used. 

Towards the end of the tracer test two additional tracer pulses were 
injected in a second run in two borehole sections not used in the previous 
run. 
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Schematic figure of tracer injection equipment in the borehole. The tracer 
is injected in the lower part of a section between two packers and the 
inlet to the circulation pump is close to the upper packer in the section. 

Results 

Tracer injections were made in six borehole sections, see table 4.2. Three 
of these injections, originating from KAS 12 section DB, KAS08 section 
MI and KAS05 section E3 could be detected in the withdrawal borehole. 

The tracer inflows versus time, i.e. breakthrough, were measured along 
KAS06 by taking samples intermittently at nine identified inflow levels, 
see jiP,ure 4.2. 

As an example the breakthrough at sampling level 4 (390 m) of the tracer 
injected in KAS08 is shown in figure 4.3. 
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Inflow distribution in KAS06 determined from spinner data and tracer 
test. Letters A-F refers to the name of the conductor and V to the interval 
0-100 m (c f table 4.1). 

Table 4.1 Studied levels and their corresponding major water-
conducting fracture zones in KAS06 

Level1 Hydraulic Conductor2 Corresponding Borehole3 

no, depth label depth fracture zone identification 

8 
7 
6 
5 
4 
3 
2 

4 

(m) 

u 60-70 EW-3 G 
190 A 217 NNW-1,w or EW-5 S,Ch 
290 B 312 EW-5 s 
340 C,a 353 EW-5 s 
360 C,b 364 EW-5 s 
390 D 399 EW-5 Ch 
430 E 448 NNW-2,w S,Ch 
540 F,a 558 EW-X4 

570 F,b 596 EW-X4 

Sampling depth, metres along borehole below casing top. 
Major hydraulic conductor with its corresponding depth (metres along borehole 
below casing top). 
G = geological, S = spinner, Ch = groundwater chemistry /Wikberg er al, 1991 I. 
Not included in the conceptual model by !Wikberg et al, 1991/. 
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Table 4.2 Hydraulically active fractures in the injection sections, 
according to spinner survey. Underlined numbers are 
fractures where the main flow occurs 

Borehole 

KAS 12, section DB 
KAS08, section Ml 
KAS08, section M3 
KAS07, section 14 
KAS05, section E3* 
KAS02, section B4 

Fracture zone 

NE-2 or EW-5 
NE-I 
NNW-2 
EW-5 
EW-5 
EW-5 

Level of hydraulic active frac
tures 

285, 310, 320, 325 
550-562, 571, 585 
141, 184 
200, 223, 245, 255-276 
322,332,364,380 
318,342 

= data from hydraulic single hole testing, as no spinner result was obtained 

The cumulative apertures of the hydraulically active fractures in the 
fracture zones were estimated to be 5-10 times greater in EW-5 compared 
to NNW-1 and NNW-2 (10•10-3 - 30•10-3 m compared to 2•10-3 - 5•10-3 

m). The fracture conductivities are however greater in NNW-1 and NNW-
2 compared to EW-5. The conclusion is that EW-5 is built up of many 
low conductive fractures whereas zones NNW-1 and NNW-2 of a few 
highly conductive fractures. The calculated flow porosity depends on the 
estimated width of the zone and if EW-5 is assumed to have a width of 
100 m and NNW-1 and NNW-2 5-10 m the flow porosities are in the 
range of 0.02% for EW-5 and 0.1 % for NNW-1 and NNW-2. 

The dispersivities were estimated to one tenth to one fifth of the flow 
path distance and the Peclet number to 4-11, where the lower values are 
representative for EW-5 and the higher for NNW-1 and NNW-2. 
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Breakthrough of Re-186 at sampling level 390 m in KAS06. Experimental 
data points and fitted five-degree polynom (solid line). 

Conclusions 

The report concludes that EW-5 is a good but complex hydraulic 
conductor with many widely spread but interconnected fracture flow 
paths. NNW-1 and NNW-2 are very good hydraulic conductors with a 
few narrowly spaced water conducting fractures. EW-3 should be 
considered as a more important hydraulic conductor than is assumed in 
the conceptual model. 

The measurements were checked for consistency with the current 
conceptual model. The general conclusion was that the experimental 
results support the current conceptual model. 

The large scale three-dimensional tracer experiment provides valuable 
information about the system of fracture zones at Aspo. Both the direct 
measurements, like the time distribution of tracer inflow at different 
levels in KAS06, and the derived quantities, like flow porosity and 
dispersivity, add to the understanding of the groundwater flow. 
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5 THE TRACER DILUTION MEASUREMENTS 

5.1 Introduction 

Tracer dilution measurements were performed to determine the 
groundwater flow in packed-off sections in boreholes, both prior to and 
during LPT2. The measurements were carried out in altogether 12 
boreholes, and 22 different packed-off sections, at depths varying from 
40 to 800 meters. 

The measurements made prior to LPT2 were carried out under natural 
gradient conditions and also during a pumptest, called LPTl. During 
LPT2 ten sections were measured. 

The purpose of the tracer dilution measurements was to evaluate the 
consistency with the conceptual model given by Wikberg et al I 1991 I and 
to select borehole sections for tracer injections for the LPT2 test. It is 
within reach to evaluate the consistency with the conceptual model as 
flow measurements under both natural gradients and pumped conditions, 
give information for the evaluation of the fracture zones and the way they 
are connected. The dilution measurements are presented in detail in 
appendix D. 

5.2 Method 

The measurement of groundwater flow in a borehole section is based on 
dilution of an added chemical substance that is mixed in the groundwater 
in the borehole section and thereafter the concentration in the water is 
determined at regular intervals. The decrease of tracer concentration as 
a function of time is proportional to the groundwater flow through the 
section. This way of measuring groundwater flow is termed dilution 
technique. The borehole section lengths are chosen from considerations 
of the water conducting fracture zones intersecting the borehole and 
varies from 7 to 145 m. The major part of the flow measurements were 
performed within the equipped boreholes in the southern part of Aspo. 

The technical design of the experimental set-up is similar to the one used 
in the tracer experiment discussed earlier; the set-up is illustrated in 
figure 4.1. The injection of the tracer needs to follow a special procedure. 
See appendix D for further details. 
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5.3 Results 

In total 68 dilution measurements have been perfonned. An example of 

a dilution curve is shown in figure 5.1. In appendix D measurements from 

LPT2 are compiled together with measurements from an earlier pumptest, 

LPTl, and measurements under natural gradients (NG 1 and NG2). 

By applying the equation of continuity for the tracer, and using the 

dilution curve, it is possible to estimate the groundwater flow through the 

borehole section. In this process the data were also analyzed individually, 

looking for consistency and possible measurement errors (like leakage in 

tube fittings). The final result of the analysis is presented in table 5.1. 

The measured flow rates, both during natural conditions and during LPT2, 

can be used for an analysis of the consistency of the current conceptual 

model presented by Wikberg et al I 199 II. A large difference between the 
natural and forced groundwater flow indicates that the analyzed section, 

and hence the fracture zone, is in good hydraulic contact with the pumped 

borehole. Such an analysis has been carried out, see appendix D and 

figure 5 .3. It can, from this analysis, be concluded that the current 

conceptual model describes the system of fracture zones on Aspo in a 

realistic way. Improvements are however still possible, as some sections 

did not respond to the pumping as could be expected (for example 

KAS02-B4). 

The flow during natural gradient is generally between O and 35 mVrnin 

and the variation seems, according to the scarce data, to decrease with 

depth, as can be expected, (see figure 5 .2). 
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swface during natural gradient (NG2), (dilution measurements). 
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Table 5.1 Concluded results of dilution measurements. LPTI and 
LPT2 are the Longtime Pumping Test I and 2. NG I and 
NG2 are the dilution measurements during Natural 
Gradient - undisturbed conditions. 

Borehole Code Section Flow measurements 
LPT-1 NGI NG2 LPT-2 

(m) (ml/min) (ml/min) (ml/min) (ml/min) 

KAS02-4 B4 309-345 1.1 (*) 2 

KAS02-2 B2 800-854 (*) (*) 4 

KAS03-5 C5 107-252 6.9 

KAS03-2 C2 533-626 (120) 

KAS04-2 D2 332-392 28 12 

KAS05-3 E3 320-380 6.5 0.4 9 

KAS05-I El 440-549 40 1.8 1.3 11 

KAS06-5 F5 191-249 197 25 27 ph 

KAS06-1 Fl 431-500 79 52 25 ph 

KAS07-4 J4 191-290 ph 1.0 18 

KAS07-1 JI 501-604 ph 5.3 

KAS08-3 M3 140-200 4.3 4.0 21 

KAS08-l Ml 503-601 20 5.5 7.6 48 

KAS09-4 AD 116-150 11 

KASll-5 CE 47- 64 0.3 

KASll-2 CB 153-183 33 

KAS12-3 DC 235-278 0 
KAS12-2 DB 279-330 12 107 

KAS 13-4 ED 151-190 1.1 
KAS 13-3 EC 191-220 4.7 3.3 

KAS 14-4 FD 131-138 3.1 

KASl4.2 FB 147-175 18 11 

- = No measurement, ph = pumphole 
* = Failed me,L<;urement (see text) 
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5.4 Conclusions 

The tracer dilution technique provides a fairly direct method of estimating 
the response on the groundwater flow of a pumptest. The actual flow rate 
may be affected by local conditions, and disturbances from the borehole, 
but the change in flow from natural conditions to pump conditions ought 
to give a good indication of the properties of the network of fracture 
zones. 

The present tracer dilution experiment confirms this and it is also in 
accordance with the conceptual model of Aspo presented by Wikberg et 
al /1991 I. 

Some comments about details can however be made: 

The hydraulic connections in EW-5 are possibly better in the E-W 
direction compared to N-S, which is in accordance with the 
geological interpretation of the zone. EW-5 seems to be a relative
ly good hydraulic conductor. Possibly there are conductive 
structures parallel to EW-5 at deeper levels that connect the lower 
parts of KAS06 and KAS05. 

Section EC borehole KAS 13, which possibly intersects a NNW 
structure, does not seem to be in good contact with NNW-1, NNW-
2, NE-2 or NE-1, because the flow does not increase in this section 
during pumping in KAS06 (LPT2). 

NE-2 is in good contact with NNW-1 and NNW-2 and possibly the 
transmissivity is larger than 2.7 x 10·5 m2/s. 
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6 VALIDATION OF THE NUMERICAL MODEL 

6.1 Introduction 

The field measurements presented constitute a most valuable data-base, 
to be used in future developments of the conceptual and numerical 
models. Some scoping calculations from a numerical model have also 
been presented in this report (chapter 2 and appendix A), and an 
evaluation of these can now be undertaken. It should be noted that the 
predictions of the travel times were made and presented prior to the 
experiments, which of course is the correct order. (The drawdown for 
each borehole section was calculated after the experiments, but with the 
same boundary conditions and conductivity field). The drawbacks are 
that the experimental conditions may not be altogether known when the 
predictions are done. As an example one may note that the predictions 
were done assuming a pumprate of 2.5 1/s, while the experiment turned 
out to be done with 2.25 1/s. Also, fracture zone EW3 was considered low 
conductive in the conceptual model of the summer of 1990, while in fact 
15% of the inflow to KAS06 was found to originate from EW3. Finally, 
when the predictions were made it was expected that injection in KAS 12 
should be in section DD; it turned out to be in section DB. The injection 
in the numerical model was therefore done about 70 meters above the 
correct point. 

6.2 Travel times 

Results from the tracer experiment can be compared with the numerical 
predictions for injections in KAS12, DB and KAS08, Ml. These 
comparisons are summarized in table 6.1. The predictions presented in 
appendix A assumes a porosity of n = 10-3 a value which is not well 
established for the domain. In Table 6.1 travel times (defined as mean 
travel time, ts0) for a porosity of 5xl04 are also shown. Obviously, good 
agreement with measured travel times can be obtained with a porosity in 
the expected range. In fact, both the porosities used in table 6.1 are in 
good agreement with the ones estimated from the tracer experiment, see 
appendix C. 

In table 6.1 three measured times are given for KAS 12, DB. The reason 
for this is that the tracer was found in three fracture zones intersecting 
KAS06. The numerical model does not presently consider any dispersion 
effect and will hence only predict one flow path and one travel time. 
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Table 6.1 Measured and predicted mean travel times 

Injection point 

KASl2, DB 
KAS08, Ml 

6.3 Drawdowns 

Travel times 
Measured Predicted 

n=I0-3 

(days) (days) 

31, 25, 31 61 
10 19 

Predicted 
n=Sxt0·4 

(days) 

30 
10 

As can be seen in appendix B, extensive measurements of drawdowns 
were carried out as part of the LPT2 experiment. Drawdowns were not 
presented in the report for the numerical simulations prior to the 
experiment (see appendix A) and the comparison to be discussed below 
is thus not, strictly speaking, a validation study. It does anyway illustrate 
the kind of predictions that can be achieved with a numerical model. 

The predictions were subsequently updated with the pumprate in the 
experiment, i e 2.25 Vs. The conceptual model used in the predictions, 
presented in appendix A was however kept. The distribution of the inflow 
was in the first run 30% in NNWl and 70% in NNW2/EW5. This 
resulted in an average error of -0.7 m in the drawdowns. An analysis 
showed that the error was concentrated around NNWL In the experiment 
20% of the flow was withdrawn in NNWl and 15% in EW3. The second 
run was therefore made with 20% of the flow in NNWl, 65% in 
NNW2/EW5. It was not possible to pump 15% in EW3 as EW3 had to 
low transmissivity in the conceptual model used. The withdrawal in EW3 
was thus neglected in the second, and final, run. The mean error for this 
run was -0.07 m and a general agreement with measured drawdowns was 
obtained, see appendix E and figure 6.1. Some large deviations are 
present, like KAS07-J6 and HAS14. This is however to be expected as 
all connections between borehole section are not, and can not be, 
considered in the conceptual model. It should also be noted, see 
Svensson, ( 1991) for details, that a stochastic method is used when 
generating the hydraulic conductivities. Random variations can thus be 
expected in the calculated error, see appendix E. 
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6.4 Conclusions 

A general agreement between measured and predicted travel times and 
drawdowns has been found . The travel times can be brought to 
agreement with a reasonable flow porosity. Drawdown predictions were 
not carried out prior to the experiment and the comparison is thus not to 
be considered as a validation. The comparison does anyway indicate that 
a fairly close agreement can be obtained, which is once again a confirma
tion that the conceptual model is sound. 
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7 DISCUSSION OF THE CONCEPTUAL MODEL 

The general impression of the results from the LPT2 experiment is that 
the results support the current conceptual model. However, some of the 
results indicate that the conceptual model possibly can be improved if 
some changes are made. These changes are put forward in this chapter 
and they should be discussed considering also geology, geohydrology and 
groundwater chemistry when an updated conceptual model is made. These 
changes can also be tested by using the numerical flowmodel over the 
Aspo area (see chapter 2) and the available calibration cases /Rhen 
!,I 99 l I and LPT2. 

EW-5 

The drawdown in the lower part of KAS03 (interval 253-1002 m) 
indicates that there is a hydraulic contact between southern and northern 
Aspo and that the response may have been transmitted via EW-5 to EW-1 
or via EW-5 alone, if it is extended to the north beyond EW-1. The latter 
alternative may be the better one as the geologically interpreted EW-1 has 
a steeper dip than EW-lw. The uppermost section in KAS04 (D6), does 
however not show any response, which was expected. It must be tested 
what effect an extension to the north of EW-5 has on the responses in 
KAS03 and KAS04, D6. 

In the report in appendix B it is also suggested that EW-5 may extend 
further to the east. However, geologically, and in hydraulic tests, it has 
not been seen in KAS08. The possible existence of zone EW-5 in 
boreholes KAS04 and KAS 12 should be further investigated. 

Geologically EW-5 comprises a series of more or less parallel fractures 
with a dip of 20-30° to NNW and the conductive structure EW-5w was 
put forward as a single structure with a dip of 37° /Wikberg et al l 99 l /. 
Probably EW-5w has to be divided into several conductive structures and 
possibly with a dip less than 37°. Possibly there are subzones parallel to 
EW-5, which were indicated as EW-x in Wikberg et al 11991!. According 
to the dilution measurements the flow increases in section KAS05, E 1 
(borehole section 440-549 m) which may be an indication of a structure 
parallel to EW-5 but deeper. 

EW-3 

It was shown from the tracer test that there was an inflow of water in the 
upper part of KAS06 during the test, which should correspond to EW-3. 
This was also indicated by the drawdown response in KAS06 during 
LPT2. According to Wikberg et al I 1991 I the fracture zone is developed 
in heterogeneous bedrock , is hydrothermally altered and conductive 
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sections are probably rare. According to hydraulic tests in KAS07 the 
transmissivity should be low in EW-3 at deeper levels. One suggestion is 
that the upper part of EW-3 has a higher transmissivity than the lower 
part. The properties of EW-3 should be further analyzed. 

NNW I and NNW-2 

These structures are important and they probably consist of relatively few 
interconnected fractures. 

NNW-3 

This structure is questioned in appendix B but it can be seen in several 
tests that HAS 13 is well connected to the boreholes intersecting NE-1 and 
there is also some geophysical evidences of NNW-3. The properties are 
however uncertain and possibly the response in HAS 13 can be explained 
with structures parallel to EW-5. 

NNW-4 

It is suggested in appendix B that NNW-4 is possibly not needed in the 
conceptual model based on the results from LPT2. The responses seen in 
HAS 18 during several tests can possibly be explained by other structures, 
but as seen in for example figure 4.1, appendix B the responses in HAS 18 
(PA,PB) are quite good compared to for example KASl2 (DA, DF). In 
any case, NNW-4 should be discussed when the next conceptual model 
is made. 
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ABSTRACT/SUMMARY. 

Predictions of trajectories during a pumptest are presented and 

discussed. The pumping is in borehole KAS06 and trajectories are 

predicted for injections in altogether nine boreholes. 

The basic groundwater circulation model has been developed by the 

author and is fully described elsewhere. This model utilizes the 

most recent information about conductivity-fields, fracture zone 

transmissivities, etc. The trajectories are calculated in 

a Lagrangian manner, i.e. a massless marked fluid element is 

followed from the injection position to the pump hole. 

The predicted trajectories look plausible and are expected to give 

an indication of the correct trajectories. The typical Darcian 

flow time for the cases considered is predicted to 1010s. The real 

flow time can be estimated as a function of the effective 

porosity. 
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1..,_ INTRODUCTION 

The work presented in this report should be regarded as a 

complement to the report "Groundwater flow at Aspo and changes due 

to the excavation of the laboratory" by Svensson /1-1/. In that 

report the mathematical/numerical model is presented, calibrated 

and applied. The present report will therefore be brief and 

concentrate on the presentation of the predictions. 

The main objective of the report is to present predictions of 

tracer trajectories during a pumptest, carried out in 

September-December 1990. In Figure /1-1/ the Island of Aspo is 

introduced, with its major fracture zones and some of the 

boreholes marked. The pumptest, called LPT2, is a long term 

pumping in KAS06. Tracers will be injected in other boreholes and 

the path and the travel time to KAS06 noted. 
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Z. METHOD 

The steady state flow pattern generated when pumping in KAS06 is 

first predicted using the model described in Svensson /1-1/.This 

model is based on the most recent conceptual model of Aspo. For 

the present predictions, the velocity field from this model is 

used when trajectories are calculated. According to Rhen /1-2/, 

the pumping rate is around 150 liters/minute distributed along 

KAS06 as follows: 

Zone Section in Percent of Flow Fracture 

borehole ( m) zone 

A 217 0,25 NNWl 

B 312 0,06 EW5 

C 358 0, 16 EW5 

D 399 0, 17 

E 448 0,28 NNW2 

F 577 0.08 

~1.0 

An analysis of the fracture zones, as shown in Figure /1-1/ and 

represented in the numerical model, shows that the following 

distribution is in better agreement with the current conceptual 

and numerical model: 

Zone 

A 

B 

Section 

230 

480 

Percent of Flow 

0,30 

0,70 

Fracture 

NNWl, 

NNW2, EW5 

The reason for this idealization is that a fracture zone is required 

where pumping is to take place. The positions for injection of 

tracers will be presented when results are discussed. 

The tracking of a marked fluid element is done in a Lagrangian 

manner, i.e. 
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_: ➔ 

, ; = u dt 

where ds denotes ➔ increment in space, u the local velocity vector 

and dt the timestep. Instead of having a fixed dt it is of course 

also possible to put a limit on the step in space. Further details 

about the algorithm can be found in Svensson /1-1/. 

The limited space step was used, with ds = Sm, in the predictions 
i 

to be presented. 

~ RESULTS 

Results will be presented by considering one injection point at 

the time. Trajectories will be shown graphically and listed in 

tables. In the tables cell indexes are used in the description of 

particle positions. Figure /3-1/ is provided as a reference for 

these indexes. For each trajectory the Darcian flow time will be 

estimated. The real travel time can then be estimated with the 
➔ ➔ 

kinematic porosity, n, assuming the pore velocity u = u/n. 
p 

3.1 Injection in KAS02, section B4 

Starting with the graphical presentation, Figure /3-2/, it is seen 

that the tracer is injected at a section located about one third of 

the total length of KAS02. From the horizontal plane (z-y) one can 

also see that the tracer ends up in zone A in KAS06 

(see section 2). The two vertical sections show that the path is 

quite straight. From the table, see Appendix A, it is seen that 

the tracer starts in cell lX=27, IY=27, 12=23 (noted as i = 27, 

j=27, k=23) and that fracture zone EWS is crossing this cell. 

Only cell walls with a fracture zone are listed. The 

coordinates x, y and z are given in the local coordinate system 

used in the numerical grid. When a new cell is entered the 

fracture zones in the cell walls (x+, x-, y+, y-, z+ and z-) are given. 

Also the pressure in the cell and the neighbouring cells ( p, px+, 

px-, etc) are given when a new cell is entered. This information 

will not be used in the present report. The final position of the 

tracer is cell lX=37, lY=33, 12=23 and the tracer is then in 

fracture zone NNW1. 
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3.2 Injection in KAS0Z, section B2 

In the next case to be discussed the tracer is injected at a depth of 

about 800 meters, still in K.AS0Z. The results of predictions are 

shown in Figure /3-3/ and Appendix B. A study of the figure and the 

table shows that the tracer will move vertically in NNWl then 

horizontally, more or less, in EWS and end up in NNWl at the 

upper pumplevel in KAS06. 

3.3 Injection in KAS04, section D2. 

The injection in KAS04 ls aiming at an injection in fracture zone NE2. 

From the table, Appendix C, and Figure /3-4/ one can see that the tracer 

starts in NE2 then finds its way through NNWZ to the bottom pumplevel 

in K.AS06. 

In Figure /3-4/ and the figures to be presented it is sometimes 

seen that the start or end point of the tracer is not in contact 

with the borehole. There are two reasons for this. Firstly, the 

tracer is always injected in a fracture zone which in the numerical 

model can be a small distance away from the borehole. Secondly, 

the pumping in KAS06 is done in cells which are in direct contact 

with the fracture zones. In Figure /3-4/ we can see that the injection 

cell is slightly displaced from KAS04 for this reason. 

3.4 Injection in KAS0S, section E3. 

A tracer injected at a depth of about 300 meters in KAS0S will 

find its way to the upper pumplevel in KAS06 through the 

fracture zones EWS and NNWl, see Figure /3-5/ and Appendix D. 

3.5 Injection in K.AS07, Section J4. 

In this experiment, see Figure /3-6/ and Appendix E, the tracer is 

also injected in EWS but now in KAS07. The path is straight to 

NNWl and the upper pumplevel in KAS06. 

3.6 Injection in KAS08, section M3. 

In this experiment the tracer is located in fracture zone NNW2 all the 

time mainly experiencing a downward displacement, see Figure /3-7/ 

and Appendix F. The final position is the lower pumplevel in 

KAS06. 
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3.7 Injection in KAS08, section Ml. 

Next we consider an injection in the bottom of KAS08. It is NE1, 

and NNW2 which are the main fracture zones at this position. The tracer is 

found to be in contact with NEl for a while moving south more or less 

horizontally, see Figure /3-8/ and Appendix G. However, when the tracer 

has reached NNW2 it is transported to the bottom pumplevel 

in KAS06. 

3.8 Injection in KAS11, section CE. 

A quite complex trajectory is predicted for a tracer released at 

a depth of 50 meters in KAS11, see Figure /3-9/ and Appendix H. The 

tracer starts in EW5 moves to EW3 (step 40 in the table) back to 

EW5, and ends up in NNWl at the top pumplevel in KAS06. 

3.9 Injection in KAS12, section DD. 

Looking at the horizontal view in Figure /3-10/ one gets the 

impression that the tracer moves through NNW2 to the bottom 

pumplevel in KAS06 in a rather straight forward manner. The table, 

see Appendix I, shows however that the path is somewhat more 

complex. The injection is in NE2 and the tracer moves in this 

fracture zone towards NNW2. However, before the tracer can reach the 

bottom pump position it must be moved downwards about 200 meters. 
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~ CONCLUDING REMARKS. 

One of the objectives of the study is to estimate the Darcian 

flow time for the tracer. This can be found in Table /4-1/, where 

also the flow time in days for a porosity of 10-3 is given for 

convenience. 

Injection hole Darcian time ( *1010 ) s Time 
-3 (n=10 )days 

KAS02, section B4 0.68 79 

KAS02, section B2 204 23700 

KAS04, section D2 11. 5 1330 

KAS05, section E3 1. 1 128 

KAS07, section J4 0.41 48 

KAS08, section M3 0.20 23 

KAS08, section Ml 0.16 19 

KAS11, section CE 3.5 406 

KAS12, section DD 0.53 61 

Table /4-1/ Darcian flow times. 

The estimate in days is of course directly proportional to the 

assumed porosity and is included for illustration only. A comment 

is perhaps needed on the flow time for KAS02, section B2. The 

explanation is, see Appendix B, that no fracture zone is present at the 

injection position. 

It is hard to estimate the realism of the predictions presented 

as it all depends on the accuracy of the hydrodynamical model 

which, in turn, is based on a conceptual model of Aspo. The 

trajectories do however look plausible and some verification of the 

hydrodynamical model has been presented in Svensson /1-1/. The 

tentative conclusion from the work presented is therefore that the 

predicted trajectories do give an indication of the correct 

trajectories and that the typical Darcian flow time for the cases 

considered is 1010s. 
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Figure /3-1/. The computational grid. 
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APPENDIX A 

Table of trajectory for injection in KAS02, B4. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 27 j = 27 k = 23 
Press. -0.359E+05-0.328E+05-0.373E+05-0.333E+05-0.386E+05-0.335E+05-0.380E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step O X = 913. 

Darcy-time for particle= 
Step 1 X = 913. 

Darcy-time for particle= 
Step 2 X = 913, 

Darcy-time for particle= 

i = 27 j = 28 k = 24 

y = 0.127E+04 
3.28451E-02 

y = 0.127E+04 
6.65663E-02 

y = 0.128E+04 
l.00156E-Ol 

z = 

z = 

z = 

770. 

773. 

777. 

Press. -0.406E+05-0.375E+05-0.443E+05-0.380E+05-0.414E+05-0.386E+05-0.407E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture EWS 
surface x+ Fracture NNWl 
Surface y- Fracture EWS 
Surface y+ Fracture EW5 
surface y+ Fracture NNWl 
Surface z- Fracture EWS 
Surface z+ Fracture EW5 
Surface z+ Fracture NNWl 
Step 3 X = 914. 

Darcy-time for particle= 
Step 4 X = 917. 

Darcy-time for particle= 
Step 5 X = 921. 

Darcy-time for particle= 

y = 0.128E+04 
0.122448 

y = 0.128E+04 
0.144360 

y = 0,129E+04 
0.165063 

i = 28 j = 28 k = 24 

z = 781. 

z = 782. 

z = 783. 

Press. -0.443E+05-0.406E+05-0.520E+05-0.423E+05-0.448E+05-0.403E+05-0.453E+05 
Surface x- Fracture EWS 
surface x- Fracture NNWl 
surface x+ Fracture NNWl 
surface y+ Fracture EWS 
Surface y+ Fracture NNWl 
Surface z- Fracture EWS 
Surface z+ Fracture NNWl 
Step , 6 X = 925. 

Darcy-time for particle= 
Step 7 X = 929. 

Darcy-time for particle= 
Step 8 X • 934. 

Darcy-time for particle= 
Step 9 X = 939. 

Darcy-time for particle= 

y = 0.129E+04 
0.184922 

y = 0.129E+04 
0.204122 

y = 0.129E+04 
0.222550 

y = O.l29E+04 
0.240157 

i = 29 j = 28 k = 24 

z ... 784. 

z - 787. 

z ... 789. 

z C: 790. 

Press. -0.520E+05-0.443E+05-0.600E+05-0.495E+05-0.516E+05-0.437E+05-0.521E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 10 X = 943. 

Darcy-time for particle= 
Step 11 ~ = 948. 

Darcy-time for particle= 
Step 12 X = 953. 

Darcy-time for particle= 

y = 0.129E+04 
0.258068 

y = 0.129E+04 
0.275748 

y = 0.129E+04 
0.293203 
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Step 13 X 958. 
Darcy-time for particle= 

y = 0.129E+04 
0.310438 

i = 30 j = 28 k = 24 

z = 792. 

Press. -0.600E+05-0.520E+05-0.686E+05-0.541E+05-0.600E+05-0.466E+05-0.593E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 14 X = 963. 

Darcy-time for particle= 
Step 15 X = 968. 

Darcy-time for particle= 
Step 16 X = 973. 

Darcy-time for particle= 

y = 0.129E+04 
0.327274 

y = 0.129E+04 
0.343723 

y = 0.129E+04 
0.359801 

i = 31 j = 28 k = 24 

z = 792. 

z = 792. 

z = 791. 

Press. -0.686E+05-0.600E+05-0.777E+05-0.606E+05-0.697E+05-0.611E+05-0.669E+05 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 17 X = 978. 

Darcy-time for particle= 
Step 18 X = 983. 

Darcy-time for particle= 
Step 19 X = 988. 

Darcy-time for particle= 
Step 20 X = 993. 

Darcy-time for particle= 

y = 0.129E+04 
0.375417 

y = 0.129E+04 
0.390761 

y = 0.129E+04 
0.405839 

y = 0.129E+04 
0.420659 

i = 32 j = 28 k = 24 

z = 791. 

z = 791. 

z = 790. 

z = 790. 

Press. -0.777E+05-0.686E+05-0.869E+05-0.704E+05-0.802E+05-0.728E+05-0.748E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
surface z+ Fracture NNWl 
Step 21 X = 998. y = 0.129E+04 Z = 789. 

Darcy-time for particle= 0.435038 
Step 22 x = 0.100E+04 y = 0.129E+04 Z = 788. 

Darcy-time for particle= 0.449297 
Step 23 X = 0.101E+04 y = 0.129E+04 Z • 788. 

Darcy-time for particle= 0.463432 
Step 24 x = 0.101E+04 y = 0.129E+04 Z • 787. 

Darcy-time for particle= 0.477440 

i • 33 j = 28 k • 24 
Press. -0.869E+05-0.777E+05-0.961E+05-0.832E+05-0.912E+05-0.799E+05-0.829E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 25 X = 0.102E+04 y = 0.129E+04 z = 787. 

Darcy-time for particle= 0.490855 
Step 26 X = 0.102E+04 y = 0.1JOE+04 Z = 786. 

Darcy-time for particle= 0.504181 
Step 27 x = 0.103E+04 y = 0.1JOE+04 z = 785. 

Darcy-time for particle= 0.517384 

i = 33 j = 29 k = 24 
Press. -0.912E+05-0.802E+05-0.102E+06-0.869E+05-0.954E+05-0.835E+05-0.797E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
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Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 28 X = 0.103E+04 y = 0.130E+04 

Darcy-time for particle= 0.528256 

i = 34 j = 29 k = 24 

z = 785. 

Press. -0.102E+06-0.912E+05-0.113E+06-0.961E+05-0.109E+06-0.981E+05-0.872E+05 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 29 X = O.l04E+04 y = 0.130E+04 Z = 785. 

Darcy-time for particle= 0.538522 
Step 30 x = 0.104E+04 y = 0.130E+04 Z = 785. 

Darcy-time for particle= 0.548866 
Step 31 x = O.l04E+04 y = 0.131E+04 Z = 785. 

Darcy-time for particle= 0.559287 
Step 32 x = 0.105E+04 y = 0.131E+04 Z = 785. 

Darcy-time for particle= 0.569782 

i = 35 j = 29 k = 24 
Press. -0.113E+06-0.102E+06-0.122E+06-0.105E+06-0.123E+06-0.971E+05-0,101E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 33 X = 0,105E+04 y = 0,131E+04 Z = 785, 

Darcy-time for particle= 0.579272 
Step 34 X = 0,106E+04 y = 0,132E+04 Z = 785, 

Darcy-time for particle= 0.588796 
Step 35 X = 0,106E+04 y = 0.132E+04 Z = 785, 

Darcy-time for particle= 0,598336 

i = 35 j = 30 k = 24 
Press. -0.123E+06-0.109E+06-0.135E+06-0.113E+06-0.125E+06-0,134E+06-0.870E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
surface z- Fracture NNWl 
Step 36 x = 0.106E+04 y = 0.132E+04 Z • 785. 

Darcy-time for particle= 0.607095 
Step 37 X = 0.107E+04 y = 0.133E+04 Z = 782. 

Darcy-time for particle= 0.615795 

i = 36 j = 30 k = 23 
Press. -0.150E+06-0.134E+06-0.162E+06-0.109E+06-0.167E+06-0.123E+06-0.135E+06 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 38 X = 0.107E+04 y = 0.133E+04 Z = 779. 

Darcy-time for particle= 0.623714 
Step 39 x = 0.107E+04 y = 0,133E+04 Z = 774. 

Darcy-time for particle= 0.632723 
Step 40 x = 0,107E+04 y = 0.133E+04 Z = 771. 

Darcy-time for particle= 0.642042 
Step 41 x = 0.108E+04 y = 0.134E+04 Z = 768. 

Darcy-time for particle= 0.650489 

i = 36 j = 31 k = 23 
Press. 
Surface 
Surface 
Surface 

-0,167E+06-0.146E+06-0.183E+06-0.150E+06-0.192E+06-0,160E+06-0.149E+06 
x- Fracture NNWl 
x+ Fracture NNWl 
y- Fracture NNWl 
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su,_-face y+ Fracture NNWl 
Step 42 X = O.l08E+04 y = O. 134E+04 z = 766. 

Darcy-time for particle= 0.655449 
Step 4] X = 0.108E+04 y = 0.134E+04 z = 766. 

Darcy-time for particle= 0.660453 
Step 44 X = 0.108£+04 y = 0.135E+04 z = 766. 

Darcy-time for particle= 0.665452 
Step 45 X = 0.109E+04 y = O. 135E+04 z = 766. 

Darcy-time for particle= 0.670396 

i = 37 j = 31 k = 23 
Press. -0.183E+06-0.167E+06-0.184E+06-0.162E+06-0.219E+06-0.180E+06-0.149E+06 

Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
surface y+ Fracture NNWl 
Step 46 X = 0.109E+04 y = 0.135E+04 Z = 766. 

Darcy-time for particle= 0.674079 
Step 47 X = O.l09E+04 y = 0.136E+04 z = 766. 

Darcy-time for particle= 0.677507 

i = 37 j = 32 k = 23 
Press. -0.219E+06-0.192E+06-0.211E+06-0.183E+06-0.295E+06-0.274E+06-0.161E+06 

Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 48 X = 0.109E+04 y = 0.136E+04 Z = 766. 

Darcy-time for particle= o.680212 
Step 49 X = 0.110E+04 y = 0.137E+04 Z = 766. 

Darcy-time for particle= 0.682580 
Step 50 x = 0.110E+04 y = 0.137E+04 z = 766. 

Darcy-time for particle= 0.684638 
Step 51 X = 0,110E+04 y = 0.138E+04 Z = 766. 

Darcy-time for particle= 0.686443 

i = 37 j = 33 k z 23 
Press. -0.295E+06-0.223E+06-0.245E+06-0.219E+06-0.164E+06-0.422E+06-0.141E+06 

Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface z- Fracture NNWl 
Step 52 X = 0.110E+04 y = 0.138E+04 Z = 766. 

Darcy-time for particle= 0.687635 
Step 53 x = 0.110E+04 y = O.l39E+04 z a 762. 
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APPENDIX B. 

Table of trajectory for injection in KAS02, section B2. 
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Press. p 

i = 7 j = 26 

px

k = 24 

px+ py- py+ pz- pz+ 

Press. 0.295E+05 0.353E+05 
460. 

particle= 
Step O X 

0.235E+05 0.313E+05 0.287E+05 0.310E+05 0.282E+05 
y = 0.125E+04 z = 790. 

Darcy-time for 
Step 1 X 

Darcy-time for 
Step 2 X 

Darcy-time for 

461. 
particle= 
= 462. 
particle= 

i = 7 j = 27 k = 25 

45.6859 
y = 0.125E+04 z = 793. 

93.1337 
y = 0.126E+04 z = 797. 

141.269 

Press. 0.276E+05 0.338E+05 0.219E+05 0.282E+05 0.277E+05 0.287E+05 0.267E+05 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Step 3 X = 463. y = 0.126E+04 z = 800. 

Darcy-time for particle= 142.956 
Step 4 X = 468. y = 0.126E+04 z = 800. 

Darcy-time for particle= 144.341 
Step 5 X = 473. y = 0.126E+04 z = 800. 

Darcy-time for particle= 145.516 
Step 6 X = 478. y = 0.126E+04 z = 801. 

Darcy-time for particle= 146.536 

i = 8 j = 27 k = 25 
Press. 0.219E+05 0.276E+05 0.162E+05 0.220E+05 0.220E+05 0.228E+05 0.202E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 7 X = 483. y = 0.126E+04 z = 801. 

Darcy-time for particle= 147.416 
Step 8 X = 488. y = 0.126E+04 z = 801. 

Darcy-time for particle= 148.178 
Step 9 X = 493. y = 0.126E+04 z = 801. 

Darcy-time for particle= 148.850 
Step 10 X = 498. y = 0.126E+04 z = 801. 

Darcy-time for particle= 149.451 
Step 11 X = 503. y = 0.126E+04 z = 801. 

Darcy-time for particle= 149.994 
Step 12 X = 508. y = 0.126E+04 z = 801. 

Darcy-time for particle= 150.490 
Step 13 X = 513. y = 0.126E+04 z = 801. 

Darcy-time for particle= 150.946 
Step 14 X = 518. y = 0.126E+04 z - 801. 

Darcy-time for particle= 151.368 

i = 9 j = 27 k = 25 
Press. 0.162E+05 0.219E+05 

Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 15 X = 523. 

0.106E+05 0.161E+05 0.164E+05 0.174E+05 0.135E+05 

Darcy-time for particle= 

i = 9 j = 26 k = 25 

y = 0.126E+04 
151. 756 

z = 801. 

Press. 0.161E+05 0.220E+05 0.104E+05 0.175E+05 0.162E+05 0.175E+05 0.140E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Step 16 X = 527. 

Darcy-time for particle= 
Step 17 X = 530. 

y = 0.126E+04 
152.987 

y = 0.125E+04 
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Darcy-time for particle= 154.361 
Step 18 X = 533. y = 0.125E+04 z = 801. 

Darcy-time for particle= 155.732 
,Step 19 X = 537. y = 0.125E+04 z = 801. 

Darcy-time for particle= 156.946 
Step 20 X = 542. y = 0.125E+04 z = 801. 

Darcy-time for particle= 157.975 
Step 21 X = 547. y = 0.124E+04 z = 801. 

Darcy-time for particle= 158.847 
Step 22 X = 552. y = 0.124E+04 z = 801. 

Darcy-time for particle= 159.601 
Step 23 X = 557. y = 0.124E+04 z = 801. 

Darcy-time for particle= 160.261 

i = 10 j = 26 k = 25 
Press. 0.104E+05 0.161E+05 0.616E+04 0.103E+05 0.106E+05 0.111E+05 0.985E+04 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 24 X = 562. y = 0.124E+04 z = 801. 

Darcy-time for particle= 160.841 
Step 25 X = 567. y = 0.124E+04 z = 801. 

Darcy-time for particle= 161. 375 
Step 26 X = 572. y = 0.124E+04 z = 801. 

Darcy-time for particle= 161.868 
Step 27 X = 577. y = 0.124E+04 z = 801. 

Darcy-time for particle= 162.325 

i = 10 j = 25 k = 25 
Press. 0.103E+05 0.175E+05 0.603E+04 0.111E+05 0.104E+05 0.122E+05 0.943E+04 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Step 28 X = 582. y = 0.124E+04 z = 801. 

Darcy-time for particle= 164.879 
Step 29 X = 585. y = 0.124E+04 z = 802. 

Darcy-time for particle= 167.303 
Step 30 X = 590. y == 0.123E+04 z = 802. 

Darcy-time for particle= 169.520 
Step 31 X = 594. y = 0.123E+04 z = 802. 

Darcy-time for particle= 171.512 
Step 32 X = 599. y = 0.123E+04 z = 803. 

Darcy-time for particle= 173.300 

i = 11 j = 25 k = 25 
Press. 0.603E+04 0.103E+05 0.315E+04 0.792E+04 0.616E+04 0.857E+04 0.518E+04 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
surface y+ Fracture NNWl 
Step 33 X = 604. 

Darcy-time for particle= 
Step 34 X = 608. 

Darcy-time for particle= 
Step 35 X = 613. 

Darcy-time for particle= 
Step 36 X = 618. 

Darcy-time for particle= 

i = 12 j = 25 k = 25 

y = 
174.464 

y = 
175.475 

y = 
176.324 

y = 
177.043 

Press. 0.315E+04 0.603E+04 269. 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 

0.123E+04 z = 803. 

0.123E+04 z = 803. 

0.123E+04 z = 803. 

0.122E+04 z = 803. 

0.453E+04 0.329E+04 0.608E+04 0.301E+04 
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Step 37 X = 623. y = 0.122E+04 z = 803. 
Darcy-time for particle= 177.684 
Step 38 X = 628. y = 0.122E+04 z = 803. 

Dircy-time for particle= 178.280 
Step 39 X = 633. y = 0.122E+04 z = 803. 

Darcy-time for particle= 178.837 
Step 40 X = 638. y = 0.122E+04 z = 804. 

Darcy-time for particle= 179.358 

i = 13 j = 25 k = 25 
Press. 269. 0.315E+04-0.261E+04 0.214E+04 418. 0.365E+04 126. 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 41 X = 643. y = 0.122E+04 z = 804. 

Darcy-time for particle= 179.861 
Step 42 X = 648. y = 0.122E+04 z = 805. 

Darcy-time for particle= 180.359 
Step 43 X = 653. y = 0.122E+04 z = 805. 

Darcy-time for particle= 180.854 
Step 44 X = 658. y = 0.122E+04 z = 806. 

Darcy-time for particle= 181.343 

i = 14 j = 25 k = 25 
Press. -0.261E+04 269. -0.549E+04 -354. -0.245E+04 0.114E+04-0.275E+04 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 45 X = 662. y = 0.122E+04 z = 807. 

Darcy-time for particle= 181. 827 
Step 46 X = 667. y = 0.122E+04 z = 808. 

Darcy-time for particle= 182.302 
Step 47 X = 672. y = 0.122E+04 z = 809. 

Darcy-time for particle= 182.768 
Step 48 X = 677. y = 0.122E+04 z = 810. 

Darcy-time for particle= 183.226 

i = 15 j = 25 k = 25 
Press. -0.549E+04-0.261E+04-0.838E+04-0.259E+04-0.533E+04-0.193E+04-0.564E+04 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 49 X • 682. 

Darcy-time for particle= 
Step 50 X = 687. 

Darcy-time for particle= 
Step 51 X = 692. 

Darcy-time for particle= 
Step 52 X = 696. 

Darcy-time for particle= 

i = 16 j = 25 k = 25 

y = 0.122E+04 
183.673 

y = 0.122E+04 
184. 110 

y = 0.122E+04 
184.537 

y = 0.122E+04 
184.953 

z = 
z = 

z = 

z = 

811. 

813. 

814. 

816. 

Press. -0.838E+04-0.549E+04-0.113E+05-0.700E+04-0.822E+04-0.517E+04-0.852E+04 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 53 X = 701. 

Darcy-time for particle= 
Step 54 X = 706. 

Darcy-time for particle= 

y = 0.122E+04 
185.360 

y = 0.122E+04 
185.756 
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i = 16 j 25 k = 26 
Press. -0.852E+04-0.564E+04-0.114E+05-0.865E+04-0.131E+05-0.838E+04-0.144E+05 
1urface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface z- Fracture NNWl 
Step 55 X = 7 O. y = 0.122E+04 Z = 821. 

Darcy-time for particle= 186.273 

i = 16 j = 24 k = 26 
Press. -0.865E+04-0.577E+04-0.115E+05-0.854E+04-0.852E+04-0.700E+04-0.139E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Step 56 X = 714. 

Darcy-time for particle= 
Step 57 X = 718. 

Darcy-time for particle= 

i = 17 j = 24 k = 26 

y = 0.122E+04 
186.622 

y = 0.122E+04 
186.950 

z = 824. 

z = 824. 

Press. -0.115E+05-0.865E+04-0.144E+05-0.116E+05-0.114E+05-0.987E+04-0.169E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 58 X = 723. 

Darcy-time for particle= 
Step 59 X = 728. 

Darcy-time for particle= 
Step 60 X = 733. 

Darcy-time for particle= 
Step 61 X = 738. 

Darcy-time for particle= 

i = 18 j = 24 k = 26 

y = 0.121E+04 
187,266 

y = 0.121E+04 
187.576 

y = 0.121E+04 
187.881 

y = 0.121E+04 
188.180 

z = 

z = 

z = 

z = 

824. 

824. 

824. 

824. 

Press. -0.144E+05-0.115E+05-0.172E+05-0.145E+OS-0.143E+05-0.127E+OS-0.191E+05 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 62 X = 743. 

Darcy-time for particle= 
Step 63 X = 747. 

Darcy-time for particle= 
Step 64 X = 752. 

Darcy-time for particle= 
Step 65 X = 757. 

Darcy-time for particle= 

i = 19 j = 24 k = 26 

y = 0.121E+04 
188.476 

y = 0.121E+04 
188.776 

y., 0.121E+04 
189.080 

y = 0.121E+04 
189.387 

z = 
z = 

z Ill: 

z -

824. 

824. 

824. 

824. 

Press. -0.172E+05-0.144E+OS-0.200E+OS-0.173E+05-0.171E+05-0.152E+05-0.232E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 66 X = 762. 

Darcy-time for particle= 
Step 67 X = 767. 

Darcy-time for particle= 
Step 68 X = 772. 

Darcy-time for particle= 
Step 69 x = 777. 

Darcy-time for particle= 

y = 
189.706 

y = 
190.030 

y = 
190.359 

y = 
190.694 

0.121E+04 z = 824. 

0.120E+04 z = 824. 

0.120E+04 z = 824. 

0.120E+04 z = 824. 
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i 20 j 24 k = 26 
Press. -0.200E+05-0.172E+05-0.225E+05-0.200E+05-0.200E+05-0.179E+05-0.280E+05 
~urface x- Fracture NNWl 
Surface x+ Fracture NNWl 
surface y- Fracture NNWl 
surface y+ Fracture NNWl 
Step 70 X = 782. 

Darcy-time for particle= 
Step 71 X = 787. 

Darcy-time for particle= 
Step 72 X = 792. 

Darcy-time for particle= 
Step 73 X = 797. 

Darcy-time for particle= 

i = 21 j = 24 k = 26 

y = 0.120E+04 
191. 038 

y = 0.120E+04 
191. 384 

y = 0.120E+04 
191. 731 

y = 0.120E+04 
192.079 

z = 824. 

z = 824. 

z = 824. 

z = 824. 

Press. -0.225E+05-0.200E+05-0.247E+05-0.223E+05-0.226E+05-0.214E+05-0.307E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 74 X = 802. 

Darcy-time for particle= 
Step 75 X = 806. 

Darcy-time for particle= 
Step 76 X = 811. 

Darcy-time for particle= 
Step 77 X = 816. 

Darcy-time for particle= 

i = 22 j = 24 k = 26 

y = 0.120E+04 
192.399 

y = 0.120E+04 
192.707 

y = 0.121E+04 
193.005 

y = 0.121E+04 
193.293 

z = 824. 

z = 825. 

z = 825. 

z = 825. 

Press. -0.247E+05-0.225E+05-0.269E+05-0.243E+05-0.249E+05-0.227E+05-0.318E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 78 X = 820. 

Darcy-time for particle= 
Step 79 X = 825. 

Darcy-time for particle= 
Step 80 X = 829. 

Darcy-time for particle= 

i = 23 j = 24 k = 26 

y = 0.121E+04 
193.516 

y = 0.121E+04 
193. 731 

y = 0.121E+04 
193.935 

z - 825. 

z -= 825. 

z - 825. 

Press. -0.269E+05-0.247E+05-0.294E+05-0.262E+05-0.273E+05-0.258E+OS-0.360E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 81 X = 834. 

Darcy-time for particle= 
Step 82 X = 838. 

Darcy-time for particle= 

i = 23 j = 25 k = 26 

y = 0.122E+04 
194.104 

y = 0.122E+04 
194.263 

z = 

z = 

825. 

825. 

Press. -0.273E+05-0.249E+05-0.299E+OS-0.269E+05-0.341E+05-0.274E+05-0.365E+05 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
surface y- Fracture NNWl 
surface z- Fracture NNWl 
Step 83 X = 842. 

Darcy-time for particle= 
Step 84 X = 846. 

y = 0.122E+04 
194.540 

y = 0.122E+04 
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Darcy-time for particle= 194.826 

i = 24 j = 25 k = 26 
Press. -0.299E+05-0.273E+05-0.327E+05-0.294E+05-0.363E+05-0.299E+05-0.416E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture EW5 
Surface x+ Fracture NNWl 
Surface y- Fracture EW5 
Surface y- Fracture NNWl 
Surface z- Fracture EW5 
Surface z- Fracture NNWl 
Step 85 X = 849. 

Darcy-time for particle= 
Step 86 X = 852. 

Darcy-time for particle= 
Step 87 X = 857. 

Darcy-time for particle= 
Step 88 X = 861. 

Darcy-time for particle= 
Step 89 X = 866. 

Darcy-time for particle= 

i = 25 j = 25 k = 26 

y = 0.123E+04 
195.014 

y = 0.123E+04 
195.209 

y = 0.123E+04 
195.380 

y = 0.124E+04 
195.519 

y = 0.124E+04 
195.635 

z = 822. 

z = 822. 

z = 822. 

z = 822. 

z = 822. 

Press. -0.327E+05-0.299E+05-0.369E+05-0.332E+05-0.336E+05-0.322E+05-0.408E+05 
Surface x- Fracture EW5 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z- Fracture NNWl 
Step 90 X = 871. 

Darcy-time for particle= 
Step 91 X = 875. 

Darcy-time for particle= 

i = 25 j = 26 k = 26 

y = 0.124E+04 
195. 722 

y = 0.124E+04 
195.815 

z = 

z = 

822. 

825. 

Press. -0.336E+05-0.363E+05-0.361E+05-0.327E+05-0.349E+05-0.335E+05-0.511E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 92 X = 879. 

Darcy-time for particle= 
Step 93 X = 879. 

Darcy-time for particle= 
Step 94 X = 879. 

Darcy-time for particle= 
Step 95 X = 879. 

Darcy-time for particle= 

i = 25 j = 27 k = 26 

y = 0.124E+04 
196.026 

y = 0.125E+04 
196.223 

y = 0.125E+04 
196.407 

y = 0.126E+04 
196.580 

z = 828. 

z = 829. 

z = 831. 

z = 832. 

Press. -0.349E+05-0.381E+05-0.372E+05-0.336E+05-0.428E+05-0.338E+05-0.570E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Step 96 X = 880. 

Darcy-time for particle= 
Step 97 X = 882. 

Darcy-time for particle= 

i = 26 j = 27 k = 26 

y = 0.126E+04 
196. 722 

y = 0.126E+04 
196.879 

z = 833. 

z = 833. 

Press. -0.372E+05-0.349E+05-0.423E+05-0.361E+05-0.382E+05-0.371E+05-0.614E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
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surface y+ Fracture EWS 
Surface z- Fracture EW5 
S.::ep 98 X = 885. y = 0.127E+04 z = 833. 

Darcy-time for particle= 197.058 
Step 99 X = 890. y = 0.127E+04 z = 833. 

Darcy-time for particle= 197.254 
Step 100 X = 893. y = 0.127E+04 z = 834. 

Darcy-time for particle= 197.443 
Step 101 X = 896. y = 0.128E+04 z = 834. 

Darcy-time for particle= 197.606 

i = 26 j = 28 k = 26 
Press. -0.382E+05-0.428E+05-0.407E+05-0.372E+05-0.395E+05-0.379E+05-0.787E+05 
surface x+ Fracture EW5 
surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 102 X = 898. 

Darcy-time for particle= 
Step 103 X = 900. 

Darcy-time for particle= 
Step 104 X = 902. 

Darcy-time for particle= 

i = 27 j = 28 k = 26 

y = 0.128E+04 
197.757 

y = 0.129E+04 
197.913 

y = 0.129E+04 
198.071 

z = 

z = 

z = 

834. 

835. 

835. 

Press. -0.407E+05-0.382E+05-0.491E+05-0.423E+05-0.419E+05-0.407E+05-0.675E+05 
Surface x- Fracture EW5 
surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 105 X = 905. 

Darcy-time for particle= 
Step 106 X = 909. 

Darcy-time for particle= 

i = 27 j = 29 k = 26 

y = 0.130E+04 
198.270 

y = O.l30E+04 
198.469 

z = 

z = 

836. 

836. 

Press. -0.419E+05-0.395E+05-0.494E+05-0.407E+05-0.430E+05-0.418E+05-0.848E+05 
Surface x- Fracture EWS 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 107 X = 912. 

Darcy-time for particle= 
Step 108 X = 914. 

Darcy-time for particle= 
Step 109 X = 915. 

Darcy-time for particle= 
Step 110 X = 916. 

Darcy-time for particle= 

i = 27 j = 30 k = 26 

y = 0.130E+04 
198.653 

y • 0 .131E+04 
198.811 

y • 0.131E+04 
198.948 

y • 0.132E+04 
199.067 

z -

z -

z -

z = 

836. 

836. 

836. 

836. 

Press. -0.430E+05-0.737E+05-0.451E+05-0.419E+OS-0.443E+OS-0.430E+05-0.105E+06 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 111 X = 917. 

Darcy-time for particle= 
Step 112 X = 919. 

Darcy-time for particle= 
Step 113 X = 922. 

Darcy-time for particle= 

i = 28 j = 30 k = 26 

y = 0.132E+04 
199.180 

y = 0.133E+04 
199.304 

y = 0.133E+04 
199.435 

z = 

z = 

z = 

836. 

836. 

837. 

Press. -0.451E+05-0.430E+05-0.509E+05-0.494E+05-0.458E+05-0.453E+05-0.762E+05 
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surface x- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
-step 114 X = 926. y = 0.133E+04 z = 837. 

Darcy-time for particle= 199.607 
Step 115 X 930. y = 0.134E+04 z = 837. 

Darcy-time for particle= 199.792 

i = 28 j = 31 k = 26 
Press. -0.458E+05-0.443E+05-0.516E+05-0.451E+05-0.462E+05-0.460E+05-0.856E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 116 X = 933. 

Darcy-time for particle= 
Step 117 X = 933. 

Darcy-time for particle= 
Step 118 X = 934. 

Darcy-time for particle= 
Step 119 X = 934. 

Darcy-time for particle= 

i = 28 j = 32 k = 26 

y = 0.134E+04 
200.008 

y = 0.135E+04 
200.243 

y = 0.135E+04 
200.500 

y = 0.136E+04 
200.785 

z = 837. 

z = 837. 

z = 837. 

z = 837. 

Press. -0.462E+05-0.573E+05-0.474E+05-0.458E+05-0.540E+05-0.463E+05-0.747E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface z- Fracture EW5 
Step 120 X = 935. 

Darcy-time for particle= 
Step 121 X = 937. 

Darcy-time for particle= 

i = 29 j = 32 k = 26 

y = 0.136E+04 
201.071 

y = 0.137E+04 
201.392 

z = 

z = 

837. 

837. 

Press. -0.474E+05-0.462E+05-0.547E+05-0.516E+05-0.471E+05-0.479E+05-0.688E+05 
Surface x- Fracture EWS 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 122 X = 941. 

Darcy-time for particle= 
Step 123 X = 945. 

Darcy-time for particle= 
Step 124 X = 949. 

Darcy-time for particle= 
Step 125 X = 952. 

Darcy-time for particle= 
Step 126 X = 954. 

Darcy-time for particle= 
Step 127 X = 955. 

Darcy-time for particle= 

i = 29 j = 32 k = 25 

y = 0.137E+04 
201. 735 

y = 0.137E+04 
202.155 

y = 0.136E+04 
202.612 

y = 0.136E+04 
202.974 

y = 0.136E+04 
203.229 

y.,. 0.136E+04 
203.419 

z = 837. 

z = 836. 

z = 834. 

z - 830. 

z = 826. 

z = 821. 

Press. -0.479E+05-0.463E+05-0.493E+05-0.480E+05-0.472E+05-0.491E+05-0.474E+05 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 128 X = 955. y = 0.136E+04 z = 816. 

Darcy-time for particle= 203.557 
Step 129 X = 956. y = 0.136E+04 z = 811. 

Darcy-time for particle= 203.665 
Step 130 X = 956. y = 0.136E+04 z = 806. 
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Darcy-time for particle= 203.755 

i = 29 j = 31 k = 25 
Press. -0.480E+05-0.460E+05-0.548E+05-0.498E+05-0.479E+05-0.490E+05-0.516E+05 
surface x- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 131 X = 956. y = 0.136E+04 Z = 801. 

Darcy-time for particle= 203.862 

i = 29 j = 31 k = 24 
Press. -0.490E+05-0.466E+05-0.515E+05-0.492E+05-0.491E+05-0.494E+05-0.480E+05 
Surface x- Fracture EWS 
Surface x+ Fracture EWS 
surface y- Fracture EWS 
Surface y+ Fracture EWS 
surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 132 X = 957. y = 0.136E+04 Z = 796. 

Darcy-time for particle= 203.966 

i = 29 j = 32 k = 24 
Press. -0.491E+05-0.464E+05-0.512E+05-0.490E+05-0.475E+05-0.483E+05-0.479E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EWS 
Surface z+ Fracture EW5 
Step 133 X = 959. y = 0.136E+04 Z = 792. 

Darcy-time for particle= 204.026 

i = 30 j = 32 k = 24 
Press. -0.512E+05-0.491E+05-0.608E+OS-0.515E+OS-0.499E+05-0.539E+05-0.493E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EWS 
Surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 134 X = 963. 

Darcy-time for particle= 
Step 135 X = 966. 

Darcy-time for particle= 
Step 136 X = 967. 

Darcy-time for particle= 

i = 30 j = 32 k = 23 

y = 0.136E+04 
204.071 

y • 0.136E+04 
204.108 

y = 0.136E+04 
204.137 

z = 
z = 

z = 

789. 

785. 

780. 

Press. -0.539E+05-0.483E+05-0.623E+0S-0.538E+OS-0.529E+05-0.520E+05-0.512E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture EW5 
Surface x+ Fracture NNWl 
Surface y- Fracture EWS 
Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface y+ Fracture NNWl 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
step 137 x = 969. 

Darcy-time for particle= 
Step 138 X = 973. 

Darcy-time for particle= 

i = 31 j = 32 k = 23 

y = 0.136E+04 
204.150 

y = 0.136E+04 
204.161 

z = 

z = 

775. 

774. 

Press. -0.623E+05-0.539E+05-0.816E+05-0.674E+05-0.572E+05-0.536E+05-0.608E+05 
Surface x- Fracture EW5 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
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Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface y+ Fracture NNWl 

.Surface z- Fracture EW5 
Step 139 X = 978. y = 0.136E+04 

Darcy-time for particle= 204.170 

i = 31 j = 31 k = 23 

z = 773. 

Press. -0.674E+05-0.538E+05-0.839E+05-0.688E+OS-0.623E+05-0.499E+05-0.604E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 140 X = 983. y = 0.136E+04 z = 774. 

Darcy-time for particle= 204.178 
Step 141 X = 988. y = 0.136E+04 z = 774. 

Darcy-time for particle= 204.186 
Step 142 X = 992. y = 0.136E+04 z = 774. 

Darcy-time for particle= 204.193 

i = 32 j = 31 k = 23 
Press. -0.839E+05-0.674E+05-0.103E+06-0.833E+05-0.816E+05-0.722E+05-0.730E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 143 X = 997. 

Darcy-time for particle= 
Step 144 X = O.lOOE+04 

Darcy-time for particle= 
Step 145 X = 0.101E+04 

Darcy-time for particle= 
Step 146 X = 0.101E+04 

Darcy-time for particle= 

i = 33 j = 31 k = 23 

y = 
204.200 

y = 
204.207 

y = 
204.214 

y = 
204.221 

0.135E+04 z = 774. 

0.135E+04 z = 774. 

0.135E+04 z = 774. 

0.135E+04 z = 774. 

Press. -0.103E+06-0.839E+05-0.124E+06-0.994E+05-0.104E+06-0.967E+05-0.912E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 147 X = 0.102E+04 

Darcy-time for particle= 
Step 148 x = 0.102E+04 

Darcy-time for particle= 
Step 149 X = 0.103E+04 

Darcy-time for particle= 
Step 150 X = 0.103E+04 

Darcy-time for particle= 

i = 34 j = 31 k = 23 

y = 0.135E+04 
204.227 

y = 0.135E+04 
204.233 

y = 0.135E+04 
204.239 

y = 0.135E+04 
204.245 

z = 774. 

z = 774. 

z = 774. 

z = 774. 

Press. -0.124E+06-0.103E+06-0.146E+06-0.116E+06-0.129E+06-0.113E+06-0.102E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 151 X = 0.104E+04 

Darcy-time for particle= 
Step 152 X = 0.104E+04 

Darcy-time for particle= 
Step 153 X: 0.105E+04 

Darcy-time for particle= 

i = 35 j = 31 k = 23 

y = 0.136E+04 
204.250 

y = 0.136E+04 
204.256 

y = 0.136E+04 
204.261 
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Press. -0.146E+06-0.124E+06-0.167E+06-0.134E+06-0.159E+06-0.144E+06-0.125E+06 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 154 x = 0.105E+04 y = 0.136E+04 z = 774. 

Darcy-time for particle= 204.266 

i = 35 j = 32 k = 23 
Press. -0.159E+06-0.129E+06-0.192E+06-0.146E+06-0.170E+06-0.184E+06-0.130E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 155 X = 0.106E+04 

Darcy-time for particle= 
Step 156 X = 0.106E+04 

Darcy-time for particle= 
Step 157 X = 0.107E+04 

Darcy-time for particle= 

i = 36 j = 32 k = 23 

y = 0.136E+04 
204.269 

y = 0.136E+04 
204.273 

y = 0.136E+04 
204. 277 

z = 774. 

z = 774. 

z = 774. 

Press. -0.192E+06-0.159E+06-0.219E+06-0.167E+06-0.223E+06-0.217E+06-0.169E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 158 X = 0.107E+04 

Darcy-time for particle= 
Step 159 X = 0.107E+04 

Darcy-time for particle= 
Step 160 X = 0.108E+04 

Darcy-time for particle= 
Step 161 X = 0.108E+04 

Darcy-time for particle= 
Step 162 X = 0.109E+04 

Darcy-time for particle= 

i = 36 j = 33 k = 23 

y = 0.137E+04 
204.280 

y = 0.137E+04 
204.283 

y = 0.137E+04 
204.286 

y = 0.138E+04 
204.289 

y = 0.138E+04 
204.292 

z = 774. 

z = 774. 

z = 773. 

z = 773. 

z = 773. 

Press. -0.223E+06-0.170E+06-0.295E+06-0.192E+06-0.162E+06-0.249E+06-0.136E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface z- Fracture NNWl 
Step 163 x = 0.109E+04 y = 0.138E+04 Z = 773. 

Darcy-time for particle= 204.295 

i = 37 j = 33 k = 23 
Press. -0.295E+06-0.223E+06-0.245E+06-0.219E+06-0.164E+06-0.422E+06-0.141E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface z- Fracture NNWl 
Step 164 X = 0.109E+04 

Darcy-time for particle= 
Step 165 X = 0.109E+04 

Darcy-time for particle= 
Step 166 X = 0.110E+04 

y = 0.139E+04 
204.297 

y = 0.139E+04 
204.298 

y = 0.139E+04 
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APPENDIX C. 

Table of trajectory for injection in KAS04, section D2. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 23 j = 20 k = 27 
Press. -0.271E+05-0.245E+05-0.299E+05-0.242E+05-0.286E+05-0.227E+05-0.316E+05 
Surface x- Fracture NE2 
Surface x+ Fracture NE2 
Surface z- Fracture NE2 
surface z+ Fracture NE2 
Step O X = 840. 

Darcy-time for particle= 
Step 1 X = 841. 

Darcy-time for particle= 
Step 2 X = 843. 

Darcy-time for particle= 

y = 0.113E+04 
l.03451E-Ol 

y = 0.113E+04 
0.206653 

y = 0.113E+04 
0.309607 

i = 23 j = 20 k = 28 

z = 850. 

z = 855. 

z = 860. 

Press. -0.316E+05-0.292E+05-0.341E+05-0.281E+05-0.345E+05-0.271E+05-0.362E+05 
Surface x- Fracture NE2 
Surface x+ Fracture NE2 
Surface z- Fracture NE2 
Surface z+ Fracture NE2 
Step 3 X = 844. 

Darcy-time for particle= 
Step 4 X = 846. 

Darcy-time for particle= 
Step 5 X = 847. 

Darcy-time for particle= 
Step 6 X = 848. 

Darcy-time for particle= 

y = 0.113E+04 
0. 413644 

y = 0.113E+04 
0.517509 

y = 0.113E+04 
0.621201 

y = 0.113E+04 
0.724722 

i = 24 j = 20 k = 29 

z = 864. 

z = 869. 

z = 874. 

z = 879. 

Press. -0.381E+05-0.362E+05-0.400E+05-0.340E+05-0.416E+05-0.341E+05-0.398E+05 
Surface x- Fracture NE2 
Surface y+ Fracture NE2 
Surface z- Fracture NE2 
Step 7 X = 849. 

Darcy-time for particle= 
Step 8 X = 850. 

Darcy-time for particle= 
Step 9 X = 850. 

Darcy-time for particle= 
Step 10 X = 850. 

Darcy-time for particle= 

i = 24 j = 21 k = 29 

y = 0.113E+04 
3.07818 

y • 0.113E+04 
5.65750 

y • 0.114E+04 
8.26055 

y = 0.114E+04 
10.6464 

z = 884. 

z - 888. 

z = 892. 

z - 895. 

Press. -0.416E+05-0.393E+05-0.437E+05-0.381E+05-0.467E+05-0.372E+05-0.463E+05 
surface x- Fracture NE2 
Surface x+ Fracture NE2 
Surface y- Fracture NE2 
Surface z- Fracture NE2 
surface z+ Fracture NE2 
Step 11 X = 851. y = 0.114E+04 Z = 897. 

Darcy-time for particle= 10.7493 

i = 24 j = 21 k = 30 
Press. -0.463E+05-0.441E+05-0.482E+05-0.398E+05-0.502E+05-0.416E+05-0.513E+05 
Surface x- Fracture NE2 
Surface x+ Fracture NE2 
Surface z- Fracture NE2 
Surface z+ Fracture NE2 
Step 12 X = 851. 

Darcy-time for particle= 
Step 13 X = 852. 

Darcy-time for particle= 

y = 0.114E+04 
10.8508 

y = 0.114E+04 
10.9504 
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Step 14 
Darcy-time 

Step 15 
Darcy-time 

X 852. 
for particle= 

X = 853. 
for particle= 

i = 24 j = 21 k 31 

y = 0.114E+04 
11. 0483 

y = 0.114E+04 
11. 1444 

z = 

z = 

912. 

917. 

Press. -0.513E+05-0.49~E+05-0.529E+05-0.462E+05-0.530E+05-0.463E+05-0.502E+05 
Surface x- Fracture NE2 
Surface x- Fracture NNW2 
Surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z- Fracture NE2 
Surface z+ Fracture NE2 
Surface z+ Fracture NNW2 
Step 16 X = 853. 

Darcy-time for particle= 
Step 17 X = 856. 

Darcy-time for particle= 
Step 18 X = 858. 

Darcy-time for particle= 
Step 19 X = 859. 

Darcy-time for particle= 

i = 24 j = 22 k = 31 

y = 
11.1944 

y = 
11.2275 

y = 
11. 2494 

y = 
11. 2655 

0.114E+04 z = 922. 

0.115E+04 z = 923. 

0.115E+04 z = 923. 

0.116E+04 z = 924. 

Press. -0.530E+05-0.510E+05-0.546E+05-0.513E+05-0.551E+05-0.502E+05-0.479E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 20 X = 860. 

Darcy-time for particle= 
Step 21 X = 860. 

Darcy-time for particle= 
Step 22 X = 861. 

Darcy-time for particle= 
Step 23 X = 861. 

Darcy-time for particle= 

i = 24 j = 23 k = 31 

y = 0.116E+04 
11.2794 

y = 0.117E+04 
11. 2926 

y = 0.117E+04 
11. 3052 

y = 0.118E+04 
11.3172 

z = 924. 

z = 924. 

z = 924. 

z = 924. 

Press. -0.551E+05-0.530E+OS-0.568E+OS-0.530E+OS-0.530E+OS-0.576E+OS-0.465E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 24 X • 862. y = 0.118E+04 Z = 924. 

Darcy-time for particle= 11.3263 

i = 24 j = 23 k = 30 
Press. -0.576E+05-0.552E+05-0.594E+OS-0.502E+OS-0.601E+OS-0.464E+OS-0.551E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 25 X = 862. 

Darcy-time for particle= 
Step 26 X = 862. 

Darcy-time for particle= 
Step 27 X = 862. 

Darcy-time for particle= 
Step 28 X = 863. 

Darcy-time for particle= 
Step 29 X = 863. 

Darcy-time for particle= 

y = 0.119E+04 
11.3359 

y = 0.119E+04 
11.3477 

y = 0.119E+04 
11.3611 

y = 0.119E+04 
11. 3738 

y = 0.120E+04 
11.3841 
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i = 24 j = 24 k = 30 
Press. -0.601E+05-0.575E+05-0.621E+05-0.576E+05-0.634E+05-0.512E+05-0.530E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
surface y+ Fracture NNW2 
Step 30 X = 863. 

Darcy-time for particle= 
Step 31 X = 864. 

Darcy-time for particle= 
Step 32 X = 865. 

Darcy-time for particle= 
Step 33 X = 865. 

Darcy-time for particle= 

i = 24 j = 25 k = 30 

y = 0.120E+04 
11. 3932 

y = 0.121E+04 
11. 4018 

y = 0.121E+04 
11. 4100 

y = 0.122E+04 
11.4178 

z = 

z = 

z = 

z = 

904. 

904. 

904. 

904. 

Press. -0.634E+05-0.604E+05-0.657E+05-0.601E+05-0.673E+05-0.604E+05-0.559E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 34 X = 866. y = 0.122E+04 Z = 904. 

Darcy-time for particle= 11.4252 

i = 25 j = 25 k = 30 
Press. -0.657E+05-0.634E+05-0.667E+05-0.621E+05-0.702E+05-0.634E+05-0.566E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 35 X = 867. 

Darcy-time for particle= 
Step 36 X = 868. 

Darcy-time for particle= 
Step 37 X = 868. 

Darcy-time for particle= 

i = 25 j = 26 k = 30 

y = 0.123E+04 
11.4315 

y = 0.123E+04 
11.4374 

y = 0.124E+04 
11. 4430 

z = 

z = 

z = 

904. 

904. 

904. 

Press. -0.702E+05-0.673E+05-0.714E+05-0.657E+05-0.645E+05-0.752E+05-0.576E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 38 X = 869. 

Darcy-time for particle= 
Step 39 X = 869. 

Darcy-time for particle= 

i = 25 j = 26 k = 29 

y = 0.124E+04 
11.4473 

y • 0.125E+04 
11.4514 

z = 904. 

z = 900. 

Press. -0.752E+05-0.717E+05-0.768E+05-0.634E+05-0.813E+05-0.683E+05-0.702E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 40 X = 869. 

Darcy-time for particle= 
Step 41 X = 870. 

Darcy-time for particle= 
Step 42 X = 871. 

Darcy-time for particle= 
Step 43 X = 872. 

Darcy-time for particle= 

y = 
11.4565 

y = 
11. 4619 

y = 
11. 4668 

y = 
11.4708 
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0.125E+04 z = 896. 

0.125E+04 z = 892. 

0.125E+04 z = 889. 

0.126E+04 z = 886. 



i = 25 j 27 k = 29 
Press. -0.813E+05-0.766E+05-0.835E+05-0.752E+05-0.899E+05-0.753E+05-0.645E+OS 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 44 X = 873. 

Darcy-time for particle= 
Step 45 X = 874. 

Darcy-time for particle= 
Step 46 X = 876. 

Darcy-time for particle= 
Step 47 X = 877. 

Darcy-time for particle= 

i = 25 j = 28 k = 29 

y = 0.126E+04 
11.4743 

y = 0.127E+04 
11.4777 

y = 0.127E+04 
11. 4808 

y = 0.128E+04 
11.4836 

z = 885. 

z = 885. 

z = 885. 

z = 885. 

Press. -0.899E+05-0.829E+05-0.937E+05-0.813E+05-0.102E+06-0.833E+05-0.681E+05 
surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 48 X = 878. 

Darcy-time for particle= 
Step 49 X = 880. 

Darcy-time for particle= 
Step 50 X = 881. 

Darcy-time for particle= 
Step 51 X = 882. 

Darcy-time for particle= 

i = 25 j = 29 k = 29 

y = 0.128E+04 
11.4862 

y = 0.129E+04 
11.4885 

y = 0.129E+04 
11.4907 

y = 0.130E+04 
11.4928 

z = 885. 

z = 885. 

z = 885. 

z = 885. 

Press. -0.102E+06-0.901E+05-0.111E+06-0.899E+05-0.819E+05-0.114E+06-0.634E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
surface z- Fracture NNW2 
Step 52 X = 883. 

Darcy-time for particle= 
Step 53 X = 884. 

Darcy-time for particle= 

i = 25 j = 29 k = 28 

y = 0.130E+04 
11.4946 

y = 0.131E+04 
11.4964 

z = 

z = 

885. 

882. 

Press. -0.114E+06-0.973E+05-0.129E+06-0.833E+05-0.128E+06-0.884E+05-0.102E+06 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 54 X = 884. y = 0.131E+04 Z = 878. 

Darcy-time for particle= 11.4977 

i = 26 j = 29 k = 28 
Press. -0.129E+06-0.114E+06-0.116E+06-0.993E+05-0.180E+06-0.109E+06-0.111E+06 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 55 X = 887. 

Darcy-time for particle= 
Step 56 X = 889. 

y = 0.131E+04 
11. 4984 

y = 0 .132E+04 

41 

z = 875. 

z = 873. 



APPENDIX D. 

Table of trajectory for injection in KASOS, section E3. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 31 j = 28 k = 19 
Press. -0.300E+05-0.298E+05-0.372E+05-0.296E+05-0.323E+05-0.266E+05-0.391E+05 
Surface x- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step O X = 987. 

Darcy-time for particle= 
Step 1 X = 986. 

Darcy-time for particle= 
Step 2 X = 984. 

Darcy-time for particle= 

y = 0.129E+04 
0.111940 

y = 0.129E+04 
0.239189 

y = O. 130E+04 
0.353218 

i = 31 j = 29 k = 19 

z = 690. 

z = 694. 

z = 697. 

Press. -0.323E+05-0.321E+05-0.342E+05-0.300E+05-0.346E+05-0.287E+05-0.359E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 3 X = 983. y = 0.130E+04 Z = 698. 

Darcy-time for particle= 0.398285 

i = 31 j = 29 k = 20 
Press. -0.359E+05-0.356E+05-0.407E+05-0.391E+05-0.386E+05-0.323E+05-0.450E+05 
Surface x- Fracture EW5 
Surface y+ Fracture EWS 
Surface z- Fracture EW5 
Step 4 X = 981. 

Darcy-time for particle= 
Step 5 X = 980. 

Darcy-time for particle= 
Step 6 X = 979. 

Darcy-time for particle= 

y = O. 130E+04 
0.468093 

y = 0.130E+04 
0.559924 

y = O. 131E+04 
0.684272 

i = 30 j = 29 k = 20 

z = 702. 

z = 707. 

z = 712. 

Press. -0.356E+05-0.328E+05-0.359E+05-0.330E+05-0.383E+05-0.321E+05-0.391E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 7 X = 976. 

Darcy-time for particle= 
Step 8 X = 976. 

Darcy-time for particle= 

y = 0.131E+04 
0.704537 

y = 0.131E+04 
0.724165 

i = 30 j = 29 k = 21 

z = 716. 

z = 720. 

Press. -0.391E+05-0.383E+05-0.450E+05-0.365E+05-0.421E+05-0.356E+05-0.425E+05 
Surface x- Fracture EW5 
Surface y- Fracture EWS 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 9 X = 976. 

Darcy-time for particle= 
Step 10 X = 976. 

Darcy-time for particle= 
Step 11 X = 976. 

Darcy-time for particle= 

y = 0. 131E+04 
0.747179 

y = 0.132E+04 
0.771576 

y = 0.132E+04 
0.795033 

i = 30 j = 30 k = 21 

z = 724. 

z = 728. 

z = 731. 

Press. -0.421E+05-0.402E+05-0.426E+05-0.391E+05-0.453E+05-0.383E+05-0.459E+05 
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Surface x+ Fracture EW5 
Surface y- Fracture EW5 
surface y+ Fracture EW5 
Surface z- Fracture EW5 
surface z+ Fracture EW5 
Step 12 X = 976. y = 0.132E+04 z = 734. 

Darcy-time for particle= 0.813153 
Step 13 X = 975. y = 0.133E+04 z = 738. 

Darcy-time for particle= 0.830926 

i = 30 j = 30 k = 22 
Press. -0.459E+05-0.447E+05-0.625E+05-0.425E+05-0.493E+05-0.421E+05-0.557E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EWS 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 14 X = 975. 

Darcy-time for particle= 
Step 15 X = 975. 

Darcy-time for particle= 
Step 16 X = 975. 

Darcy-time for particle= 
Step 17 X = 975. 

Darcy-time for particle= 

y = 0.133E+04 
0.851099 

y = 0.133E+04 
0.873265 

y = O. 134E+04 
0.896027 

y = 0.134E+04 
0.917447 

i = 30 j = 31 k = 22 

z = 742. 

z = 746. 

z = 750. 

z = 753. 

Press. -0.493E+05-0.452E+05-0.499E+05-0.459E+05-0.520E+05-0.453E+05-0.538E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EWS 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 18 X = 975. 

Darcy-time for particle= 
Step 19 X = 975. 

Darcy-time for particle= 

y = 0.134E+04 
0.933224 

y = 0.135E+04 
0.948543 

i = 30 j = 31 k = 23 

z = 756. 

z = 760. 

Press. -0.538E+05-0.494E+05-0.674E+05-0.557E+05-0.539E+05-0.493E+05-0.515E+05 
Surface x- Fracture EW5 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture EW5 
Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface y+ Fracture NNWl 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 20 X = 975. y = 0.135E+04 Z = 764. 

Darcy-time for particle= 0.957290 

i = 31 j = 31 k = 23 
Press. -0.674E+05-0.538E+05-0.839E+05-0.688E+05-0.623E+05-0.499E+05-0.604E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 21 X = 980. 

Darcy-time for particle= 
Step 22 X = 984. 

Darcy-time for particle= 
Step 23 X = 989. 

Darcy-time for particle= 

y = 0. 135E+04 
0.965981 

y = 0.135E+04 
0.974216 

y = 0. 135E+04 
0.982032 
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z = 766. 

z = 766. 

z = 766. 



Step 24 X = 994. 
Darcy-time for particle= 

y = 0. 135E+04 
0.989465 

i = 32 j = 31 k = 23 

z = 766. 

Press. -0.839E+OS-0.674E+05-0.103E+06-0.833E+05-0.816E+05-0.722E+05-0.730E+05 
surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 25 X = 999. y = 0.135E+04 Z = 766. 

Darcy-time for particle= 0.996654 
Step 26 x = 0.100E+04 y = 0.135E+04 z = 766. 

Darcy-time for particle= 1.00356 
Step 27 x = 0.101E+04 y = 0.135E+04 z = 766. 

Darcy-time for particle= 1.01021 
Step 28 x = 0.101E+04 y = 0.135E+04 Z = 766. 

Darcy-time for particle= 1.01662 

i = 33 j = 31 k = 23 
Press. -0.103E+06-0.839E+05-0.124E+06-0.994E+05-0.104E+06-0.967E+05-0.912E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 29 X = 0.102E+04 

Darcy-time for particle= 
Step 30 X = 0.102E+04 

Darcy-time for particle= 
Step 31 X = 0.103E+04 

Darcy-time for particle= 

i = 34 j = 31 k = 23 

y = 0.135E+04 
1.02279 

y = 0.135E+04 
1. 02880 

y = 0.135E+04 
1.03464 

z = 766. 

z = 766. 

z = 766. 

Press. -0.124E+06-0.103E+06-0.146E+06-0.116E+06-0.129E+06-0.113E+06-0.102E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 32 X = 0.103E+04 

Darcy-time for particle= 
Step 33 X = 0.104E+04 

Darcy-time for particle= 
Step 34 X = 0.104E+04 

Darcy-time for particle= 
Step 35 X = 0.105E+04 

Darcy-time for particle= 

i = 35 j = 31 k = 23 

y = 0.135E+04 
1.04016 

y = 0.135E+04 
1.04561 

y = 0.135E+04 
1.05100 

y = 0.135E+04 
1. 05632 

z = 766. 

z = 766. 

z = 766. 

z = 766. 

Press. -0.146E+06-0.124E+06-0.167E+06-0.134E+06-0.159E+06-0.144E+06-0.125E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 36 X = 0.105E+04 y = O. 135E+04 z = 766. 

Darcy-time for particle= 1.06116 
Step 37 X = 0.106E+04 y = 0.136E+04 z = 766. 

Darcy-time for particle= 1. 06604 
Step 38 X = 0.106E+04 y = O.l36E+04 z = 766. 

Darcy-time for particle= 1.07096 
Step 39 X = 0.107E+04 y = 0.136E+04 z = 766. 

Darcy-time for particle= 1. 07592 

i = 36 j = 32 k = 23 
Press. -0.192E+06-0.159E+06-0.219E+06-0.167E+06-0.223E+06-0.217E+06-0.169E+06 
Surface x- Fracture NNWl 
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Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 40 X = 0.107E+04 y = 0.136E+04 z = 766. 

Darcy-time for particle= 1. 07897 
Step 41 X = 0.107E+04 y = 0. 137E+04 z = 766. 

Darcy-time for particle= 1. 08205 
Step 42 X = 0.108E+04 y = O. 137E+04 z = 766. 

Darcy-time for particle= 1.08516 
Step 43 X = 0.108E+04 y = 0.137E+04 z = 766. 

Darcy-time for particle= 1. 08829 
Step 44 X = 0.109E+04 y = 0.138E+04 z = 766. 

Darcy-time for particle= 1.09142 
Step 45 X = 0.109E+04 y = O. 138E+04 z = 766. 

Darcy-time for particle= 1. 09454 

i = 37 j = 33 k = 23 
Press. -0.295E+06-0.223E+06-0.245E+06-0.219E+06-0.164E+06-0.422E+06-0.141E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface z- Fracture NNWl 
Step 46 X = 0.109E+04 

Darcy-time for particle= 
Step 47 X = 0.109E+04 

y = 0.138E+04 
1. 09569 

y = 0.139E+04 

46 

z = 766. 

z = 762. 
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Table of trajectory for injection in KAS07, section J4. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 34 j = 34 k = 17 
Press. -0.283E+05-0.241E+05-0.260E+05-0.279E+05-0.286E+05-0.230E+05-0.334E+05 
surface x- Fracture EW3 
surface x+ Fracture EW3 
surface x+ Fracture EWS 
surface y- Fracture EWS 
surface y+ Fracture EW3 
surface z- Fracture EW3 
surface z+ Fracture EWS 
step 0 X = 0.104E+04 y = 0.141E+04 z = 650. 

Darcy-time for particle= 4.01490E-02 
step 1 X = 0.104E+04 y = 0.141E+04 z = 654. 

Darcy-time for particle= 7.48139E-02 
Step 2 X = 0.104E+04 y = 0.141E+04 z = 659. 

Darcy-time for particle= l.02307E-0l 

i = 34 j = 34 k = 18 
Press. -0.334E+05-0.323E+05-0.308E+05-0.326E+05-0.337E+05-0.283E+05-0.389E+05 
surface x+ Fracture EWS 
surface y- Fracture EW5 
Surface y+ Fracture EWS 
surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 3 x = 0.104E+04 y = 0.141E+04 Z = 664. 

Darcy-time for particle= 0.124947 
step 4 x = O.l04E+04 y = 0.141E+04 z = 668. 

Darcy-time for particle= 0.144332 
step 5 x = 0.104E+04 y = 0.141E+04 z = 673. 

Darcy-time for particle= 0.161254 
Step 6 X = 0.104E+04 y = 0.141E+04 z = 678. 

Darcy-time for particle= 0.176258 

i = 34 j = 34 k = 19 
Press. -0.389E+05-0.412E+05-0.584E+05-0.378E+05-0.399E+05-0.334E+05-0.451E+05 
surface x- Fracture EW5 
surface y- Fracture EW5 
surface y+ Fracture EW5 
surface z- Fracture EW5 
surface z+ Fracture EW5 
Step 7 x = 0.104E+04 y = 0.141E+04 Z = 683. 

Darcy-time for particle= 0.190238 

i = 33 j = 34 k = 19 
Press. -0.412E+05-0.379E+05-0.389E+05-0.397E+05-0.377E+05-0.323E+05-0.473E+05 
Surface x+ Fracture EWS 
Surface y- Fracture EW5 
Surface z+ Fracture EW5 
Step 8 X = 0.103E+04 y = 0.141E+04 Z = 688. 

Darcy-time for particle= 0.210239 
Step 9 X = 0.103E+04 y = 0.141E+04 Z = 690. 

Darcy-time for particle= 0.231719 
Step 10 x = 0.102E+04 y = 0.141E+04 Z = 694. 

Darcy-time for particle= 0.251451 
Step 11 X = 0.102E+04 y = 0.141E+04 z = 698. 

Darcy-time for particle= 0.267685 

i = 33 j = 34 k = 20 
Press. 
Surface 
Surface 
Surface 
Surface 

-0.473E+05-0.490E+05-0.451E+05-0.453E+05-0.492E+05-0.412E+05-0.536E+05 
x- Fracture EW5 
x+ Fracture EW5 
y- Fracture EW5 
y+ Fracture EWS 

48 



Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 12 X = 0.102E+04 y = 0.142E+04 z = 703. 

Darcy-time for particle= 0. 282111 
Step 13 X = 0.102E+04 y = 0.142E+04 z = 707. 

Darcy-time for particle= 0.296425 
Step 14 X = 0.102E+04 y = 0.142E+04 z = 712. 

Darcy-time for particle= 0.310627 
Step 15 X = 0.102E+04 y = 0.142E+04 z = 717. 

Darcy-time for particle= 0.324720 

i = 33 j = 35 k = 21 
Press. -0.558E+05-0.559E+05-0.546E+05-0.536E+05-0.546E+05-0.492E+05-0.659E+05 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 16 X = 0.102E+04 y = 0.142E+04 Z = 722. 

Darcy-time for particle= 0.337513 
Step 17 X = 0.102E+04 y = 0.142E+04 Z = 727. 

Darcy-time for particle= 0.349072 
Step 18 X = 0.102E+04 y = 0.142E+04 Z = 731. 

Darcy-time for particle= 0.359562 
Step 19 x = 0.102E+04 y = 0.142E+04 Z = 736. 

Darcy-time for particle= 0.369137 

i = 33 j = 35 k = 22 
Press. -0.659E+05-0.583E+05-0.987E+05-0.859E+05-0.559E+05-0.558E+05-0.781E+05 
Surface x- Fracture EW5 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface y+ Fracture NNWl 
Surface z- Fracture EW5 
Step 20 x = 0.102E+04 y = 0.143E+04 z = 741. 

Darcy-time for particle= 0.373016 
Step 21 x = O.l02E+04 y = 0.142E+04 z = 743. 

Darcy-time for particle= 0.376752 

i = 33 j = 34 k = 22 
Press. -0.859E+05-0.615E+05-0.119E+06-0.950E+05-0.659E+05-0.536E+05-0.957E+05 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 22 x = 0.103E+04 y = 0.142E+04 Z = 745. 

Darcy-time for particle= 0.380202 
Step 23 x = 0.103E+04 y = 0.142E+04 Z = 745. 

Darcy-time for particle= 0.383534 

i = 34 j = 34 k = 22 
Press. -0.119E+06-0.859E+OS-0.160E+06-0.129E+06-0.987E+05-0.750E+05-0.114E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 24 X = 0.103E+04 y = 0.141E+04 z = 745. 

Darcy-time for particle= 0.386722 
Step 25 X = 0.104E+04 y = 0.141E+04 Z = 745. 

Darcy-time for particle= 0.389781 
Step 26 x = 0.104E+04 y = 0.141E+04 z = 745. 
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Darcy-time for particle= 0.392711 
Step 27 x = 0.105E+04 y = 0.141E+04 

Darcy-time for particle= 0.395514 

i = 35 j = 34 k = 22 

z = 745. 

Press. -0.160E+06-0.119E+06-0.212E+06-0.175E+06-0.136E+06-0.920E+05-0.132E+06 
surface x- Fracture NNWl 
surface x+ Fracture NNWl 
surface y- Fracture NNWl 
surface y+ Fracture NNWl 
Step 28 X 0.105E+04 y = 0.141E+04 Z = 745. 

Darcy-time for particle= 0.398120 
Step 29 x = 0.106E+04 y = 0.141E+04 z = 745. 

Darcy-time for particle= 0.400627 
Step 30 x = 0.106E+04 y = 0.140E+04 Z = 745. 

Darcy-time for particle= 0.403040 
Step 31 x = 0.107E+04 y = 0.140E+04 z = 745. 

Darcy-time for particle= 0.405360 

i = 36 j = 34 k = 22 
Press. -0.212E+06-0.160E+06-0.268E+06-0.249E+06-0.174E+06-0.111E+06-0.162E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 32 X = 0.107E+04 y = 0.140E+04 Z = 745. 

Darcy-time for particle= 0.407317 

i = 36 j = 33 k = 22 
Press. -0.249E+06-0.175E+06-0.422E+06-0.217E+06-0.212E+06-0.159E+06-0.223E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 33 x = 0.108E+04 y = 0.140E+04 z = 745. 

Darcy-time for particle= 0.409085 
Step 34 x = 0.108E+04 y = 0.140E+04 Z = 745. 

Darcy-time for particle= 0.410625 
Step 35 X = 0.108E+04 y = 0.139E+04 Z = 744. 

Darcy-time for particle= 0.411962 
Step 36 x = 0.109E+04 y = 0.139E+04 Z = 744. 
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Table of trajectory for injection in KAS08, section M3. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 39 j 28 k = 29 
Press. -O.J56E+05-0.J88E+05-0.325E+05-0.J71E+05-0.J40E+05-0.474E+05-0.J21E+05 

surface x- Fracture NNW2 
surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
step o x o.114E+04 

Darcy-time for particle= 
Step 1 X = 0.114E+04 

Darcy-time for particle= 
Step 2 X = 0.113E+04 

Darcy-time for particle= 

i = 38 j = 28 k = 29 

y = 0.129E+04 
5.14183E-03 

y = 0.129E+04 
1. 02614E-02 

y = 0.129E+04 
1. 53588E-02 

z = 890. 

z = 890. 

z = 890. 

Press. -0.388E+05-0.421E+05-0.356E+05-0.401E+05-0.373E+05-0.420E+05-0.331E+05 

surface x- Fracture NNW2 
surface x+ Fracture NNW2 
surface y- Fracture NNW2 
surface y+ Fracture NNW2 
Step 3 X = 0.113E+04 

Darcy-time for particle= 
Step 4 X = 0.112E+04 

Darcy-time for particle= 
Step 5 X = 0.112E+04 

Darcy-time for particle= 
Step 6 X = 0.111E+04 

Darcy-time for particle= 

i = 37 j = 27 k = 29 

y = 0.129E+04 
2.04980E-02 

y = 0.128E+04 
2.55995E-02 

y = 0.128E+04 
3.06635E-02 

y = 0.128E+04 
3.56905E-02 

z = 

z = 

z = 

z = 

890. 

890. 

890. 

890. 

Press. -0.431E+05-0.464E+05-0.401E+05-0.439E+05-0.421E+05-0.545E+05-0.388E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
surface y+ Fracture NNW2 
Step 7 X = 0.111E+04 

Darcy-time for particle= 
Step 8 X = 0.110E+04 

Darcy-time for particle= 
Step 9 X = 0.110E+04 

Darcy-time for particle= 
Step 10 X = 0.109E+04 

Darcy-time for particle= 

i = 36 j = 27 k = 29 

y = 0.128E+04 
4.10301E-02 

y = 0.128E+04 
4.63138E-02 

y = 0.128E+04 
5.15425E-02 

y = 0.128E+04 
5.67172E-02 

z == 

z = 

z -

z = 

890. 

890. 

890. 

890. 

Press. -0.464E+05-0.498E+05-0.431E+05-0.469E+05-0.456E+0S-0.544E+05-0.429E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 11 X = 0.109E+04 

Darcy-time for particle= 
Step 12 X = 0.108E+04 

Darcy-time for particle= 
Step 13 x = 0.108E+04 

Darcy-time for particle= 
Step 14 X = 0.107E+04 

Darcy-time for particle= 

i = 35 j = 27 k = 29 

y = 0.128E+04 
6.18831E-02 

y = 0.127E+04 
6.69820E-02 

y = 0.127E+04 
7.20154E-02 

y = 0.127E+04 
7.69849E-02 

z = 890. 

z = 890. 

z = 890. 

z = 890. 

Press. -0.498E+05-0.533E+05-0.464E+05-0.500E+05-0.493E+05-0.589E+05-0.466E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
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Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 15 X = 0.107E+04 y = 0.127E+04 z = 890. 

Darcy-time for particle= 8.19169E-02 
Step 16 X = 0.106E+04 y = 0.127E+04 z = 890. 

Darcy-time for particle= 8.67749E-02 
Step 17 X = 0.106E+04 y = 0.127E+04 z = 890. 

Darcy-time for particle= 9.15609E-02 
Step 18 X = 0.105E+04 y = 0.127E+04 z = 890. 

Darcy-time for particle= 9. 62770E-02 

i = 34 j = 27 k = 29 
Press. -0.533E+05-0.571E+05-0.498E+05-0.531E+05-0.532E+05-0.609E+05-0.497E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 19 x = 0.105E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 1.00927E-Ol 
Step 20 X = 0.104E+04 y = 0.127E+04 z = 890. 

Darcy-time for particle= 0.105502 
Step 21 x = 0.104E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.110005 

i = 33 j = 27 k = 29 
Press. -0.571E+05-0.612E+05-0.533E+05-0.564E+05-0.574E+05-0.599E+05-0.553E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 22 x = 0.103E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.114421 
Step 23 X = 0.103E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.118765 
Step 24 X = 0.102E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.123039 
Step 25 x = 0.102E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.127247 

i = 32 j = 27 k = 29 
Press. -0.612E+05-0.655E+05-0.571E+05-0.599E+05-0.620E+05-0.614E+05-0.591E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 26 X = 0.101E+04 y = 0.127E+04 Z = 890. 

Darcy-time for particle= 0.131340 
Step 27 x = 0.101E+04 y • 0.127E+04 z = 890. 

Darcy-time for particle= 0.135375 
Step 28 X = 0.100E+04 y • 0.127E+04 Z = 890. 

Darcy-time for particle= 0.139353 
Step 29 X = 998. y - 0.128E+04 Z = 890. 

Darcy-time for particle= 0.143276 

i = 31 j = 27 k = 29 
Press. -0.655E+05-0.701E+05-0.612E+05-0.635E+05-0.672E+05-0.640E+05-0.615E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 30 X = 993. 

Darcy-time for particle= 
Step 31 X = 988. 

Darcy-time for particle= 

y = 0.128E+04 
0.147056 

y = 0.128E+04 
0.150802 
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Step 32 X = 983. 
Darcy-time for particle= 

y = 0.128E+04 
0.154514 

i = 31 j = 28 k = 29 

z = 890. 

Press. -0.672E+05-0.729E+05-0.620E+05-0.655E+05-0.682E+05-0.665E+05-0.626E+05 
surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 33 X = 978. y = 0.128E+04 Z = 890. 

Darcy-time for particle= 0.157612 

i = 30 j = 28 k = 29 
Press. -0.729E+05-0.791E+05-0.672E+05-0.701E+05-0.751E+05-0.693E+05-0.645E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 34 X = 973. 

Darcy-time for particle= 
Step 35 X = 969. 

Darcy-time for particle= 
Step 36 X = 964. 

Darcy-time for particle= 
Step 37 X = 959. 

Darcy-time for particle= 

y = 0.128E+04 
0.160549 

y = 0.128E+04 
0.163448 

y = 0.128E+04 
0.166307 

y = 0.129E+04 
0.169129 

i = 29 j = 28 k = 29 

z = 890. 

z = 890. 

z = 890. 

z = 890. 

Press. -0.791E+05-0.855E+05-0.729E+05-0.747E+05-0.833E+05-0.770E+05-0.686E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 38 X = 954. 

Darcy-time for particle= 
Step 39 X = 950. 

Darcy-time for particle= 
Step 40 X = 945. 

Darcy-time for particle= 
Step 41 X = 941. 

Darcy-time for particle= 

y = 0.129E+04 
0.171748 

y = 0.129E+04 
0.174360 

y == 0.129E+04 
0.176965 

y,.. 0.129E+04 
0.179561 

i = 28 j = 28 k = 29 

z = 890. 

z = 890. 

z = 890. 

z = 890. 

Press. -0.855E+05-0.911E+05-0.791E+05-0.791E+05-0.928E+05-0.849E+05-0.714E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 42 X = 936. 

Darcy-time for particle= 
Step 43 X = 933. 

Darcy-time for particle= 

y = 0.130E+04 
0.181804 

y == 0.130E+04 
0.184054 

i = 28 j = 29 k = 29 

z = 890. 

z = 890. 

Press. -0.928E+05-0.103E+06-0.833E+05-0.855E+05-0.764E+05-0.100E+06-0.680E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 44 X = 929. 

Darcy-time for particle= 
Step 45 X = 929. 

Darcy-time for particle= 
Step 46 X = 929. 

y = 0.130E+04 
0.187469 

y = 0.131E+04 
0.191238 

y = 0.131E+04 

54 

z = 890. 

z = 887. 

z = 884. 



Darcy-time for particle= 0.194869 

i = 28 j = 29 k = 28 
Press. -0.100E+06-0.116E+06-0.874E+05-0.849E+05-0.104E+06-0.631E+05-0.928E+05 
Surface x
Surface x+ 
Surface y+ 
Surface z+ 
Step 47 

Darcy-time 
Step 48 

Darcy-time 

X 
for 

X 
for 

Fracture NNW2 
Fracture NNW2 
Fracture NNW2 
Fracture NNW2 

= 928. y = 
particle= 0.196159 
= 924. y = 
particle= 0.197419 

i = 27 j = 29 k = 28 

0.131E+04 z = 880. 

0.131E+04 z = 878. 

Press. -0.116E+06-0.129E+06-0.100E+06-0.100E+06-0.130E+06-0.848E+05-0.103E+06 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 49 X = 919. 

Darcy-time for particle= 
Step 50 X = 915. 

Darcy-time for particle= 
Step 51 X = 911. 

Darcy-time for particle= 

y = 0.131E+04 
0.198479 

y = 0.132E+04 
0.199539 

y = 0.132E+04 
0.200583 

i = 27 j = 30 k = 28 

z = 876. 

z = 874. 

z = 872. 

Press. -0.130E+06-0.180E+06-0.104E+06-0.116E+06-0.112E+06-0.105E+06-0.918E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 52 X = 908. y = 0.132E+04 Z = 870. 

Darcy-time for particle= 0.201037 

i = 26 j = 30 k = 28 
Press. -0.180E+06-0.128E+06-0.130E+06-0.129E+06-0.128E+06-0.112E+06-0.995E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 53 X • 903. 

Darcy-time for particle= 
Step 54 X = 898. 

Darcy-time for particle= 
Step 55 X = 894. 

Darcy-time for particle= 
Step 56 X = 893. 

Darcy-time for particle= 
Step 57 X = 895. 

Darcy-time for particle= 
Step 58 X = 891. 

Darcy-time for particle= 
Step 59 X = 895. 

Darcy-time for particle= 
Step 60 X = 890. 

y = 0.132E+04 
0.201423 

y = 0.133E+04 
0.202159 

y = 0.133E+04 
0.207627 

y = O. 133E+04 
0.208747 

y === 0.133E+04 
0.213559 

y = 0.133E+04 
0.214591 

y = 0.133E+04 
0.218458 

y = 0.133E+04 
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Table of trajectory for injection in KAS08, section Ml. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 23 j 39 k = 25 
Press. -0.129E+05-0.118E+05-0.136E+05-0.155E+05-0.763E+04-0.106E+05-0.110E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
surface z- Fracture NNW2 
Step O X = 840. y = 0.151E+04 z = 810. 

Darcy-time for particle= 1.42172E-02 
Step 1 X = 840. y = 0.151E+04 z = 813. 

Darcy-time for particle= 2.67757E-02 
Step 2 X = 840. y = 0.150E+04 z = 815. 

Darcy-time for particle= 3.67436E-02 

i = 23 j = 38 k = 25 
Press. -0.155E+05-0.143E+05-0.162E+05-0.182E+05-0.129E+05-0.136E+05-0.137E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NEl 
Surface x+ Fracture NNW2 
Surface y- Fracture NEl 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NEl 
Step 3 X = 840. 

Darcy-time for particle= 
Step 4 X = 840. 

Darcy-time for particle= 
Step 5 X = 840. 

Darcy-time for particle= 
Step 6 X = 840. 

Darcy-time for particle= 

i = 23 j = 37 k = 25 

y = 0.150E+04 
4.53554E-02 

y = 0.149E+04 
5.30369E-02 

y = 0.149E+04 
5.99682E-02 

y = O. 148E+04 
6. 62819E-02 

z = 816. 

z = 816. 

z = 816. 

z = 815. 

Press. -0.182E+05-0.170E+05-0.203E+05-0.240E+05-0.155E+05-0.151E+05-0.152E+05 
Surface x- Fracture NEl 
Surface x- Fracture NNW2 
Surface x+ Fracture NEl 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NEl 
Surface y+ Fracture NNW2 
Surface z- Fracture NEl 
Surface z+ Fracture NEl 
Step 7 X = 840. 

Darcy-time for particle= 
Step 8 X = 841. 

Darcy-time for particle= 
Step 9 X = 842. 

Darcy-time for particle= 
Step 10 X = 844. 

Darcy-time for particle= 

i = 23 j = 36 k = 25 

y = 0.148E+04 
7.18089E-02 

y = 0.147E+04 
7.68698E-02 

y = 0.147E+04 
8.15339E-02 

y = 0.146E+04 
8.58572E-02 

z = 815. 

z = 814. 

z = 814. 

z = 

Press. -0.240E+05-0.221E+05-0.261E+05-0.292E+05-0.182E+05-0.195E+05-0.297E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 11 X = 845. 

Darcy-time for particle= 
Step 12 X = 845. 

Darcy-time for particle= 

y = 0.146E+04 
8.97452E-02 

y = 0.145E+04 
9.37538E-02 
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i = 23 j 36 k = 26 
Press. -0.297E+05-0.273E+05-0.319E+05-0.358E+05-0.152E+05-0.240E+05-0.201E+05 
Surface x- Fracture NNW2 
surface x+ Fracture NNW2 
surface y- Fracture NNW2 
Surface z
Step 13 

Darcy-time 
Step 14 

Darcy-time 
Step 15 

Darcy-time 

X 

for 
X 

for 
X 

for 

Fracture NNW2 
845. 

particle= 
= 846. 
particle= 
= 847. 
particle= 

y = 0.145E+04 
9.75606E-02 

y = 0.145E+04 
1.01761E-Ol 

y = 0.144E+04 
0.105968 

i = 24 j = 36 k = 26 

z = 821. 

z = 825. 

z = 829. 

Press. -0.319E+05-0.297E+05-0.338E+05-0.384E+05-0.186E+05-0.261E+05-0.230E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 16 x = 849. y = 0.144E+04 z = 831. 

Darcy-time for particle= 0.109579 

i = 24 j = 35 k = 26 
Press. -0.384E+05-0.358E+05-0.405E+05-0.457E+05-0.319E+05-0.348E+05-0.371E+05 

surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
surface y+ Fracture NNW2 
Step 17 X = 850. 

Darcy-time for particle= 
Step 18 X = 851. 

Darcy-time for particle= 
Step 19 X = 852. 

Darcy-time for particle= 
Step 20 X = 854. 

Darcy-time for particle= 

y = 0 .144E+04 
0.113144 

y = 0.143E+04 
0.116620 

y = 0.143E+04 
0. 120011 

y = 0.142E+04 
0.123317 

i = 24 j = 34 k = 26 

z = 833. 

z = 833. 

z = 833. 

z = 833. 

Press. -0.457E+05-0.426E+05-0.483E+05-0.601E+05-0.384E+05-0.373E+05-0.538E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 21 X = 855. 

Darcy-time for particle= 
Step 22 X = 856. 

Darcy-time for particle= 

y = 0.142E+04 
0.126254 

y == O. 141E+04 
0.129196 

i = 24 j = 34 k = 27 

z = 833. 

z = 836. 

Press. -0.538E+05-0.498E+05-0.571E+OS-0.622E+05-0.371E+05-0.457E+05-0.457E+05 

Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 23 X = 857. 

Darcy-time for particle= 
Step 24 X = 857. 

Darcy-time for particle= 
Step 25 X = 858. 

Darcy-time for particle= 
Step 26 X = 859. 

Darcy-time for particle= 

y = 0.141E+04 
0.131960 

y = 0.141E+04 
0.135070 

y = 0.141E+04 
0.138231 

y = 0.140E+04 
0.141074 

i = 24 j = 33 k = 27 
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Press. -0.622E+05-0.572E+05-0.664E+05-0.720E+05-0.538E+05-0.601E+05-0.559E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 27 X = 859. 

Darcy-time for particle= 
Step 28 X = 861. 

Darcy-time for particle= 
Step 29 X = 863. 

Darcy-time for particle= 
Step 30 X = 865. 

Darcy-time for particle= 

y = 0.140E+04 
0.143647 

y = 0.139E+04 
0.146161 

y = 0.139E+04 
0.148616 

y = 0.138E+04 
0.151011 

i = 25 j = 32 k = 27 

z = 854. 

z = 854. 

z = 854. 

z = 854. 

Press. -0.783E+05-0.720E+05-0.817E+05-0.939E+05-0.664E+05-0.576E+05-0.757E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 31 X = 867. 

Darcy-time for particle= 
Step 32 X = 869. 

Darcy-time for particle= 
Step 33 X = 871. 

Darcy-time for particle= 
Step 34 X = 873. 

Darcy-time for particle= 

y = 0.138E+04 
0.152818 

y = 0.137E+04 
0.154550 

y = 0.137E+04 
0.156208 

y = 0.136E+04 
0.157791 

i = 25 j = 31 k = 27 

z = 854. 

z = 854. 

z = 854. 

z = 854. 

Press. -0.939E+05-0.829E+05-0.102E+06-0.897E+05-0.783E+05-0.595E+05-0.111E+06 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 35 X = 874. 

Darcy-time for particle= 
Step 36 X = 875. 

Darcy-time for particle= 

y = 0.136E+04 
0.159058 

y = 0.136E+04 
0.160363 

i = 25 j = 31 k = 28 

z = 854. 

z = 856. 

Press. -0.111E+06-0.935E+05-0.128E+06-0.128E+06-0.757E+05-0.939E+05-0.884E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 37 X = 876. 

Darcy-time for particle= 
Step 38 X = 879. 

Darcy-time for particle= 
Step 39 X = 882. 

Darcy-time for particle= 

y = 0.135E+04 
0.161501 

y = 0.135E+04 
0.162754 

y = 0.135E+04 
0.164082 

i = 26 j = 31 k = 28 

z = 860. 

z = 864. 

z = 868. 

Press. -0.128E+06-0.111E+06-0.112E+06-0.180E+06-0.796E+05-0.102E+06-0.803E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 40 X = 885. 

Darcy-time for particle= 
Step 41 X = 887. 

y = 0.135E+04 
0.164706 

y = 0.134E+04 
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z = 870. 

z = 872. 



APPENDIX H. 

Table of trajectory for injection in KASll, section CE. 
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Press. p px- px+ py- py+ pz-

i = 41 j = 38 k = 11 
Press. -0.101E+04 -922. -0.117E+04-0.164E+04 -344. 137. 
surface x- Fracture EWS 
Surface x+ Fracture EWS 
Surface y- Fracture EWS 
Surface y+ Fracture EWS 
Surface z- Fracture EWS 
Surface z+ Fracture EWS 
Step O X = 0.118E+04 y = 0.149E+04 Z = 500. 

Darcy-time for particle= 0.139916 
Step 1 X = 0.118E+04 y = 0.149E+04 Z = 502. 

Darcy-time for particle= 0.281360 
Step 2 X = 0.118E+04 y = 0.148E+04 z = 504. 

Darcy-time for particle= 0.423074 

i = 41 j = 37 k = 11 
Press. -0.164E+04-0.159E+04-0.144E+04-0.221E+04-0.101E+04 -334. 
Surface x- Fracture EWS 
Surface y- Fracture EWS 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 3 X = 0.117E+04 y = 0.148E+04 Z = 506. 

Darcy-time for particle= 0.547128 

i = 40 j = 37 k = 11 
Press. -0.159E+04-0.157E+04-0.164E+04-0.220E+04 -922. -196. 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z+ Fracture EW5 
Step 4 X = 0.117E+04 y = 0.148E+04 Z = 508. 

Darcy-time for particle= 0.648176 
Step 5 x = 0.117E+04 y = 0.147E+04 z = 510. 

Darcy-time for particle= 0.754222 
Step 6 X = 0.116E+04 y = 0.147E+04 Z = 514. 

Darcy-time for particle= 0.860722 
Step 7 X = 0.116E+04 y = 0.147E+04 Z = 518. 

Darcy-time for particle= 0.963556 

i = 40 j = 37 k = 12 

pz+ 

-0.213E+04 

-0. 272E+04 

-0.304E+04 

Press. -0.304E+04-0.326E+04-0.272E+04-0.389E+04-0.211E+04-0.159E+04-0.450E+04 
Surface x- Fracture EWS 
Surface y- · Fracture EW5 
surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 8 x = 0.116E+04 

Darcy-time for particle= 
Step 9 X = 0.116E+04 

Darcy-time for particle= 
Step 10 X = 0.115E+04 

Darcy-time for particle= 

i = 39 j = 37 k = 12 

y = 0.147E+04 
1.06149 

y = 0.147E+04 
1.15868 

y = 0.147E+04 
1. 25048 

z = 522. 

z = 526. 

z = 529. 

Press. -0.326E+04-0.310E+04-0.304E+04-0.416E+04-0.231E+04-0.157E+04-0.447E+04 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z+ Fracture EW5 
Step 11 X = O. 115E+04 y = 0.146E+04 z = 532. 

Darcy-time for particle= 1. 33075 
Step 12 X = 0.114E+04 y = 0.146E+04 z = 533. 

Darcy-time for particle= 1.41373 
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i 39 j = 36 k = 12 
Press. -0.416E+04-0.459E+04-0.389E+04-0.499E+04-0.326E+04-0.228E+04-0.565E+04 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 13 X = 0.114E+04 

Darcy-time for particle= 
Step 14 X = 0.114E+04 

Darcy-time for particle= 
Step 15 X = 0.114E+04 

Darcy-time for particle= 
Step 16 X = 0.113E+04 

Darcy-time for particle= 
Step 17 X = 0.113E+04 

Darcy-time for particle= 

i = 38 j = 36 k = 12 

y = 0.146E+04 
1.49710 

y = 0.145E+04 
1. 58364 

y = 0.145E+04 
1.67071 

y = O. 145E+04 
1. 75490 

y = 0.144E+04 
1.83326 

z = 534. 

z = 537. 

z = 539. 

z = 541. 

z = 543. 

Press. -0.459E+04-0.382E+04-0.416E+04-0.543E+04-0.310E+04-0.211E+04-0.618E+04 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface z+ Fracture EW5 
Step 18 X = 0.113E+04 

Darcy-time for particle= 
Step 19 X = 0.112E+04 

Darcy-time for particle= 

i = 38 j = 35 k = 12 

y = 0.144E+04 
1. 91605 

y = 0.144E+04 
2.00187 

z = 545. 

z = 548. 

Press. -0.543E+04-0.607E+04-0.499E+04-0.614E+04-0.459E+04-0.253E+04-0.742E+04 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EWS 
surface z+ Fracture EW5 
Step 20 X = 0.112E+04 

Darcy-time for particle= 
Step 21 X = 0.112E+04 

Darcy-time for particle= 
Step 22 X = 0.112E+04 

Darcy-time for particle= 

i = 38 j = 35 k = 13 

y = 0.144E+04 
2 .07701 

y • 0.144E+04 
2.14766 

y = 0.143E+04 
2.21300 

z ... 

z - 556. 

z .. 560. 

Press. -0.742E+04-0.838E+04-0.946E+04-0.120E+05-0.618E+04-0.543E+04-0.123E+05 

Surface x- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EWS 
Step 23 x = 0.111E+04 

Darcy-time for particle= 
Step 24 X = 0.111E+04 

Darcy-time for particle= 

i = 37 j = 35 k = 13 

y = 0.143E+04 
2.25340 

y = 0.143E+04 
2.28812 

z ... 564. 

z = 567. 

Press. -0.838E+04-0.659E+04-0.742E+04-0.943E+04-0.703E+04-0.607E+04-0.992E+04 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 25 X = 0.111E+04 

Darcy-time for particle= 
Step 26 X = 0.110E+04 

y = 0.143E+04 
2.33089 

y = 0.143E+04 
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Darcy-time for particle= 2.38255 
Step 27 X = O.llOE+D4 y = 0.143E+04 z = 572. 

Darcy-time for particle= 2.43929 
Step 28 X = 0.109E+04 y = 0.142E+04 z = 576. 

Darcy-time for particle= 2.49289 
Step 29 X = 0.109E+04 y = 0.142E+04 z = 580. 

Darcy-time for particle= 2.53966 

i = 37 j = 34 k = 14 
Press. -0.114E+05-0.131E+05-0.192E+05-0.134E+05-0.992E+04-0.943E+04-0.196E+05 
Surface x- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 30 X = 0.109E+04 

Darcy-time for particle= 

i = 36 j = 34 k = 14 

y = 0.142E+04 
2.56931 

z = 584. 

Press. -0.131E+05-0.972E+04-0.114E+05-0.138E+05-0.118E+05-0.107E+05-0.159E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 31 X = 0.109E+04 y = 0.142E+04 z = 586. 

Darcy-time for particle= 2.60138 
Step 32 X = 0.108E+04 y = 0.142E+04 z = 588. 

Darcy-time for particle= 2.63845 
Step 33 X = 0.108E+04 y = 0.142E+04 z = 591. 

Darcy-time for particle= 2.67726 
Step 34 X = 0.108E+04 y = 0.141E+04 z = 595. 

Darcy-time for particle= 2.71282 
Step 35 X = 0.107E+04 y = 0.141E+04 z = 600. 

Darcy-time for particle= 2. 74328 

i = 36 j = 34 k = 15 
Press. -0.159E+05-0.180E+05-0.196E+05-0.168E+05-0.142E+05-0.131E+05-0.195E+05 
Surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 36 X = 0.107E+04 

Darcy-time for particle= 
Step 37 X = 0.107E+04 

Darcy-time for particle= 

i = 35 j = 34 k = 15 

y = 0.141E+04 
2.77065 

y = 0.141E+04 
2.79854 

z = 

z = 

605. 

609. 

Press. -0.180E+05-0.201E+05-0.159E+05-0.184E+05-0.142E+05-0.972E+04-0.218E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface z+ Fracture EW5 
Step 38 X = 0.107E+04 

Darcy-time for particle= 
Step 39 x = 0.107E+04 

Darcy-time for particle= 
Step 40 X = 0.106E+04 

Darcy-time for particle= 

i = 35 j = 34 k = 16 

y = 
2.85010 

y = 
2.90600 

y = 
2.96083 

0.141E+04 z = 613. 

0.141E+04 z = 616. 

0. 141E+04 z = 619. 

Press. -0.218E+05-0.230E+05-0.195E+05-0.220E+05-0.211E+05-0.180E+05-0.260E+05 
Surface x- Fracture EW3 
Surface x+ Fracture EW3 
Surface x+ Fracture EW5 
Surface y- Fracture EW3 
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Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW3 
Surface z+ Fracture EW5 
Step 41 X 0.106E+04 y = 0.141E+04 z = 623. 

Darcy-time for particle= 2.99735 
Step 42 X = 0.106E+04 y = 0.141E+04 z = 628. 

Darcy-time for particle= 3.02849 
Step 43 X = 0.106E+04 y = 0.141E+04 z = 632. 

Darcy-time for particle= 3.05356 
Step 44 X = 0.105E+04 y = 0.141E+04 z = 637. 

Darcy-time for particle= 3.07412 

i = 35 j = 34 k = 17 
Press. -0.260E+05-0.283E+05-0.269E+05-0.260E+05-0.257E+05-0.218E+05-0.308E+05 
Surface x- Fracture EW3 
surface x- Fracture EW5 
Surface x+ Fracture EW3 
Surface y- Fracture EWS 
Surface y+ Fracture EW3 
Surface y+ Fracture EWS 
Surface z- Fracture EW3 
Surface z- Fracture EWS 
Surface z+ Fracture EWS 
Step 45 x = 0.105E+04 y = 0.141E+04 Z = 642. 

Darcy-time for particle= 3.09163 

i = 34 j = 34 k = 17 
Press. -0.283E+05-0.241E+05-0.260E+05-0.279E+05-0.286E+05-0.230E+05-0.334E+05 
Surface x- Fracture EW3 
Surface x+ Fracture EW3 
Surface x+ Fracture EWS 
Surface y- Fracture EWS 
Surface y+ Fracture EW3 
Surface z- Fracture EW3 
Surface z+ Fracture EWS 
Step 46 X = 0.105E+04 

Darcy-time for particle= 
Step 47 X = 0.105E+04 

Darcy-time for particle= 
Step 48 X = 0.104E+04 

Darcy-time for particle= 
Step 49 X = 0.104E+04 

Darcy-time for particle= 

y = 0.141E+04 
3.12118 

y = 0.141E+04 
3.15578 

y = 0.141E+04 
3.19150 

y =- 0.141E+04 
3.22254 

z .. 647. 

z - 649. 

z ... 652. 

z - 656. 

i = 
Press. 

34 j = 34 k = 18 
-0.334E+05-0.323E+05-0.308E+05-0.326E+05-0.337E+05-0.283E+05-0.389E+05 

Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EWS 
Step 50 X = 0.104E+04 y = 0.141E+04 z = 660. 

Darcy-time for particle= 3.24775 
Step 51 X = 0.104E+04 y = 0.141E+04 z = 665. 

Darcy-time for particle= 3.26912 
Step 52 X = 0.104E+04 y = 0.141E+04 z = 670. 

Darcy-time for particle= 3.28758 
Step 53 X = 0.104E+04 y = 0.141E+04 z = 675. 

Darcy-time fo:= particle= 3.30381 
Step 54 X = 0.104E+04 y = 0.141E+04 z ... 680. 

Darcy-time for particle= 3.31827 
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i 34 j 34 k = 19 
Press. -0.389E+05-0.412E+05-0.584E+05-0.378E+05-0.399E+05-0.334E+05-0.451E+05 
surface x- Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 55 X = 0.104E+04 y = 0.141E+04 Z = 685. 

Darcy-time for particle= 3.33326 

i = 33 j = 34 k = 19 
Press. -0.412E+05-0.379E+05-0.389E+05-0.397E+05-0.377E+05-0.323E+05-0.473E+05 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface z+ Fracture EW5 
Step 56 X = 0.103E+04 

Darcy-time for particle= 
Step 57 X = 0.103E+04 

Darcy-time for particle= 
Step 58 X = 0.103E+04 

Darcy-time for particle= 
Step 59 X = 0.102E+04 

Darcy-time for particle= 

i = 33 j = 34 k = 20 

y = 0. 141E+04 
3.35176 

y = 0.141E+04 
3.37088 

y = 0.141E+04 
3.38823 

y = 0.141E+04 
3.40278 

z = 689. 

z = 692. 

z = 695. 

z = 700. 

Press. -0.473E+05-0.490E+05-0.451E+05-0.453E+05-0.492E+05-0.412E+05-0.536E+05 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 60 X = 0.102E+04 

Darcy-time for particle= 
Step 61 X = 0.102E+04 

Darcy-time for particle= 
Step 62 X = 0.102E+04 

Darcy-time for particle= 
Step 63 X = 0.102E+04 

Darcy-time for particle= 

i = 33 j = 34 k = 21 

y = 0.141E+04 
3.41715 

y = 0.142E+04 
3.43140 

y = 0.142E+04 
3.44555 

y • 0.142E+04 
3.45958 

z = 705. 

z = 709. 

z = 714. 

z = 719. 

Press. -0.536E+OS-0.554E+OS-0.750E+05-0.686E+05-0.558E+OS-0.473E+OS-0.859E+05 
Surface x- Fracture EWS 
surface y+ Fracture EW5 
Surface z- Fracture EW5 
Step 64 x = 0.102E+04 y = 0.142E+04 Z = 724. 

Darcy-time for particle= 3.47481 

i = 33 j = 35 k • 21 
Press. -0.558E+05-0.559E+05-0.546E+05-0.536E+05-0.546E+05-0.492E+05-0.659E+05 
Surface x- Fracture EW5 
Surface x+ Fracture EW5 
Surface y- Fracture EW5 
Surface y+ Fracture EW5 
Surface z- Fracture EW5 
Surface z+ Fracture EW5 
Step 65 X = 0.102E+04 

Darcy-time for particle= 
Step 66 x = 0.102E+04 

Darcy-time fer particle= 
Step 67 X = 0.102E+04 

Darcy-time for particle= 

y = 0.142E+04 
3.48596 

y = 0.142E+04 
3.49613 

y = 0.142E+04 
3.50545 
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i 33 j 35 k = 22 
Press. -0.659E+05-0.583E+05-0.987E+05-0.859E+05-0.559E+05-0.558E+05-0.781E+05 
Surface x- Fracture EWS 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture EW5 
Surface y+ Fracture NNWl 
Surface z- Fracture EW5 
Step 68 X = 0.102E+04 

Darcy-time for particle= 
Step 69 X = 0.102E+04 

Darcy-time for particle= 

i = 33 j = 34 k = 22 

y = 0.142E+04 
3.50944 

y = 0.142E+04 
3.51328 

z = 

z = 

743. 

745. 

Press. -0.859E+05-0.615E+05-0.119E+06-0.950E+05-0.659E+05-0.536E+05-0.957E+05 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 70 X = 0.102E+04 

Darcy-time for particle= 
Step 71 X = 0.103E+04 

Darcy-time for particle= 

i = 34 j = 34 k = 22 

y = 0 .142E+04 
3.51679 

y = 0.142E+04 
3.52017 

z = 

z = 

746. 

746. 

Press. -0.119E+06-0.859E+05-0.160E+06-0.129E+06-0.987E+05-0.750E+05-0.114E+06 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 72 X = 0.103E+04 

Darcy-time for particle= 
Step 73 X = 0.104E+04 

Darcy-time for particle= 
step 74 x = 0.104E+04 

Darcy-time for particle= 
Step 75 X = 0.105E+04 

Darcy-time for particle= 

i = 35 j = 34 k = 22 

y = 0.141E+04 
3.52340 

y = 0.141E+04 
3.52650 

y = 0.141E+04 
3.52946 

y = 0.141E+04 
3. 53229 

z = 746. 

z = 746. 

z = 746. 

z = 746. 

Press. -0.160E+06-0.119E+06-0.212E+06-0.175E+06-0.136E+06-0.920E+05-0.132E+06 
Surface x- Fracture NNWl 
surface x+ Fracture NNWl 
surface y- Fracture NNWl 
surface y+ Fracture NNWl 
Step 76 X = 0.105E+04 

Darcy-time for particle= 
Step 77 X = 0.106E+04 

Darcy-time for particle= 
Step 78 X = 0.106E+04 

Darcy-time for particle= 
Step 79 X = 0.107E+04 

Darcy-time for particle= 

i = 36 j = 34 k = 22 

y = 0.141E+04 
3.53492 

y = O. 140E+04 
3.53745 

y = 0.140E+04 
3.53989 

y = 0.140E+04 
3.54222 

z = 746. 

z = 746. 

z = 746. 

z = 746. 

Press. -0.212E+06-0.160E+06-0.268E+06-0.249E+06-0.174E+06-0.111E+06-0.162E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y- Fracture NNWl 
Surface y+ Fracture NNWl 
Step 80 x = 0.107E+04 y = 0.140E+04 Z = 746. 

Darcy-time for particle= 3.54418 
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i 36 j 33 k = 22 
Press. -0.249E+06-0.175E+06-0.422E+06-0.217E+06-0.212E+06-0.159E+06-0.223E+06 
Surface x- Fracture NNWl 
Surface x+ Fracture NNWl 
Surface y+ Fracture NNWl 
Surface z+ Fracture NNWl 
Step 81 X = 0.108E+04 

Darcy-time for particle= 
Step 82 X = 0.108E+04 

Darcy-time for particle= 
Step 83 X = 0.108E+04 

Darcy-time for particle= 
Step 84 X = 0.109E+04 

y = 0.140E+04 
3.54600 

y = 0.140E+04 
3.54758 

y = 0.139E+04 
3.54895 

y = 0.139E+04 
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APPENDIX I. 

Table of trajectory for injection in KAS12, section DD. 
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Press. p px- px+ py- py+ pz- pz+ 

i = 35 j = 23 k = 32 
Press. -0.427E+05-0.435E+05-0.419E+05-0.471E+05-0.366E+05-0.491E+05-0.365E+05 
Surface x- Fracture NE2 
Surface x+ Fracture NE2 
Surface z- Fracture NE2 
Surface z+ Fracture NE2 
Step 0 x 0.106E+04 y = 0.119E+04 z = 950. 

Darcy-time for particle= 7.32155E-02 
Step 1 X 0.106E+04 y = 0.119E+04 Z = 945. 

Darcy-time for particle= 0,146241 
Step 2 X = 0.106E+04 y = 0,119E+04 Z = 940. 

Darcy-time for particle= 0.219078 

i = 35 j = 23 k = 31 
Press. -0.491E+05-0.505E+05-0.477E+05-0.490E+05-0.450E+05-0.495E+05-0.427E+05 
Surface x- Fracture NE2 
Surface x- Fracture NNW2 
surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NE2 
Surface z- Fracture NNW2 
Surface z+ Fracture NE2 
Step 3 X = 0.106E+04 y = 0.119E+04 Z = 936. 

Darcy-time for particle= 0.230189 

i = 34 j = 23 k = 31 
Press. -0.505E+05-0.519E+05-0.491E+05-0.502E+05-0.448E+05-0.512E+05-0.435E+05 
Surface x- Fracture NE2 
Surface x- Fracture NNW2 
Surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NE2 
Surface z- Fracture NNW2 
Surface z+ Fracture NE2 
Step 4 X = 0.105E+04 y = 0.119E+04 Z = 935. 

Darcy-time for particle= 0.241181 
Step 5 X = 0.105E+04 y = 0.119E+04 Z = 934. 

Darcy-time for particle= 0.252183 
Step 6 X = 0.104E+04 y = 0.119E+04 Z = 933. 

Darcy-time for particle= 0.263192 
Step 7 x = 0.104E+04 y = 0.119E+04 Z = 932. 

Darcy-time for particle= 0.274208 

i = 33 j = 23 k = 31 
Press. -0.519E+05-0.533E+05-0.505E+05-0.514E+OS-0.436E+0S-0.528E+05-0.442E+05 
Surface x- Fracture NE2 
Surface x- Fracture NNW2 
Surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NE2 
Surface z- Fracture NNW2 
Surface z+ Fracture NE2 
Step 8 X = 0.103E+04 y = 0.119E+04 Z = 931. 

Darcy-time for particle= 0.285024 
Step 9 x = 0.103E+04 y = 0.119E+04 Z = 929. 

Darcy-time fer particle= 0.295842 
Step 10 X = 0.102E+04 y = 0.119E+04 Z = 928. 

Darcy-time for particle= 0.306654 
Step 11 x = 0.102E+04 y = 0.119E+04 Z = 926. 
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o~rcy-time for particle= 0.317449 

i = 32 j = 23 k = 31 
~ress. -0.533E+OS-0.548E+OS-0.519E+OS-0.526E+05-0.477E+OS-0.545E+OS-0.445E+05 
Surface x- Fracture NE2 
Surface x- Fracture NNW2 
Surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y- Fracture NE2 
Surface y- Fracture NNW2 
Surface z- Fracture NE2 
Surface z- Fracture NNW2 
Surface z+ Fracture NE2 
Step 12 x = 0.101E+04 y = 0.119E+04 z = 924. 

Darcy-time for particle= 0.327772 
Step 13 x = 0.101E+04 y = 0.119E+04 z = 922. 

Darcy-time for particle= 0.337961 

i = 32 j = 23 k = 30 
Press. -0.545E+OS-0.563E+05-0.528E+OS-0.543E+05-0.558E+05-0.551E+05-0.533E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NE2 
Surface x+ Fracture NNW2 
Surface y- Fracture NE2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NE2 
Surface z+ Fracture NNW2 
Step 14 X = 0.100E+04 y = 0.119E+04 z = 920. 

Darcy-time for particle= 0.352472 
Step 15 x = 0.100E+04 y = 0.120E+04 Z = 916. 

Darcy-time for particle= 0.367298 

i = 32 j = 24 k = 30 
Press. -0.558E+05-0.578E+05-0.538E+05-0.545E+05-0.571E+05-0.567E+05-0.477E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 16 X = 999. y = 0.120E+04 Z = 913. 

Darcy-time for particle= 0.374036 

i = 31 j = 24 k = 30 
Press. -0.578E+05-0.597E+05-0.558E+05-0.563E+05-0.596E+05-0.564E+05-0.503E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 17 X = 995. 

Darcy-time for particle= 
Step 18 X = 990. 

Darcy-time for particle= 
Step 19 X = 986. 

Darcy-time for particle= 
Step 20 X = 981. 

Darcy-time for particle= 

y = 0.120E+04 
0.380615 

y = 0.120E+04 
0.387255 

y = 0.121E+04 
0.393957 

y = 0.121E+04 
0.400719 

i = 30 j = 24 k = 30 

z = 913. 

z = 913. 

z = 913. 

z = 913. 

Press. -0.597E+OS-0.612E+05-0.578E+05-0.578E+05-0.619E+05-0.592E+05-0.502E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 21 X = 977. y = 0.121E+04 Z = 913. 

Darcy-time for particle= 0.407178 
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Step 22 X 972. y = 0.121E+04 z = 913. 
Darcy-time for particle= 0.413695 
Step 23 X 968. y = 0.122E+04 z = 913. 

Darcy-time for particle= 0.420267 
Step 24 X 964. y = 0.122E+04 z = 913. 

Darcy-time for particle= 0.426887 

i = 30 j = 25 k = 30 
Press. -0.619E+05-0.640E+05-0.596E+05-0.597E+05-0.645E+05-0.629E+05-0.493E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 25 X = 960. y = 0.122E+04 Z = 913. 

Darcy-time for particle= 0.432794 

i = 29 j = 25 k = 30 
Press. -0.640E+05-0.656E+05-0.619E+05-0.612E+05-0.673E+05-0.641E+05-0.491E+05 Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 26 X = 956. 

Darcy-time for particle= 
Step 27 X = 952. 

Darcy-time for particle= 
Step 28 X = 949. 

Darcy-time for particle= 
Step 29 X = 945. 

Darcy-time for particle= 
Step 30 X = 942. 

Darcy-time for particle= 

y = 0.123E+04 
0.438342 

y = 0.123E+04 
0.443917 

y = 0.123E+04 
0.449505 

y = 0.124E+04 
0.455097 

y = 0.124E+04 
0.460679 

i = 28 j = 26 k = 30 

z = 913. 

z = 913. 

z = 913. 

z = 913. 

z = 913. 

Press. -0.696E+05-0.711E+05-0.673E+05-0.656E+05-0.649E+05-0.740E+05-0.511E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 31 X = 938. 

Darcy-time for particle= 
Step 32 X = 936. 

Darcy-time for particle= 
Step 33 X = 934. 

Darcy-time for particle= 
Step 34 X = 932. 

Darcy-time for particle= 
Step 35 X = 931. 

Darcy-time for particle= 

y = 0.124E+04 
0.466736 

y = 0.125E+04 
0.473690 

y = 0.125E+04 
0.480907 

y = 0.125E+04 
0.487404 

y = 0.126E+04 
0.492829 

i = 28 j = 26 k = 29 

z = 913. 

z = 911. 

z = 909. 

z = 905. 

z = 901. 

Press. -0.740E+05-0.762E+05-0.708E+05-0.633E+05-0.791E+05-0.607E+05-0.696E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 36 X = 929. y = 0.126E+04 z = 896. 

Darcy-time for particle= 0.496992 
Step 37 X = 927. y = 0.126E+04 z = 893. 

Darcy-time for particle= 0.500956 

i = 28 j = 27 k = 29 
Press. -0.791E+05-0.824E+05-0.747E+05-0.740E+05-0.855E+05-0.693E+05-0.649E+05 Surface x- Fracture NNW2 
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~urface x+ Fracture NNW2 
surface y- Fracture NNW2 
-Surface y+ Fracture NNW2 
Step 38 X = 925. y = 0.126E+04 

Darcy-time for particle= 0.504287 

i = 27 j = 27 k = 29 

z = 891. 

Press. -0.824E+05-0.835E+05-0.791E+05-0.762E+05-0.911E+05-0.736E+05-0.667E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 39 X = 922. 

Darcy-time for particle= 
Step 40 X = 919. 

Darcy-time for particle= 
Step 41 X = 916. 

Darcy-time for particle= 

y = 0.127E+04 
0.507144 

y = 0.127E+04 
0.509923 

y = 0.128E+04 
0.512607 

i = 27 j = 28 k = 29 

z = 891. 

z = 891. 

z = 891. 

Press. -0.911E+05-0.937E+05-0.855E+05-0.824E+05-0.103E+06-0.100E+06-0.677E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y- Fracture NNW2 
Surface y+ Fracture NNW2 
Step 42 X = 914. 

Darcy-time for particle= 
Step 43 X = 911. 

Darcy-time for particle= 
Step 44 X = 909. 

Darcy-time for particle= 
Step 45 X = 906. 

Darcy-time for particle= 
Step 46 X = 904. 

Darcy-time for particle= 

y = 
0.514902 

y = 
0.517133 

y = 
0.519282 

y = 
0. 521338 

y = 
0.523297 

i = 26 j = 29 k = 29 

0.128E+04 z = 891. 

0.128E+04 z = 891. 

0.129E+04 z = 891. 

0.129E+04 z = 891. 

0.130E+04 z = 891. 

Press. -0.111E+06-0.102E+06-0.103E+06-0.937E+05-0.995E+05-0.129E+06-0.747E+05 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
surface y- Fracture NNW2 
Surface z- Fracture NNW2 
Step 47 X = 902. 

Darcy-time for particle= 
Step 48 X = 902. 

Darcy-time for particle= 
Step 49 X = 902. 

Darcy-time for particle= 
Step 50 X = 902. 

Darcy-time for particle= 

y = 0.130E+04 
0.524693 

y = 0.131E+04 
0.526264 

y = 0.131E+04 
0.527823 

y = 0.131E+04 
0.529181 

i = 26 j = 29 k = 28 

z = 891. 

z = 888. 

z = 885. 

z = 

Press. -0.129E+06-0.114E+06-0.116E+06-0.993E+05-0.180E+06-0.109E+06-0.111E+06 
Surface x- Fracture NNW2 
Surface x+ Fracture NNW2 
Surface y+ Fracture NNW2 
Surface z+ Fracture NNW2 
Step 51 X = 902. 

Darcy-time for particle= 
Step 52 X = 901. 

y = 0.131E+04 
0.529758 

y = 0.132E+04 

72 

z = 876. 

z = 874. 



APPENDIX B Evaluation of pumping test LPT2 in KAS06 at Aspo 



GEOSIGMA AB 

Client: SKB 

REPORT 
ID-no: GRAP 91002 
Date: 1991-12-13 

EVALUATION OF PUMPING TEST LPT-2 
IN KAS06 AT ASPO 

Jan-Erik Andersson 

GEOSIGMA AB 
UPPSAIA, SWEDEN 

December 1991 



FOREWORD 

This report was finalized after discussions of the draft report at a work 
meeting at VBB - VIAK 1991-10-02. 



1. 

2. 

3. 

CONTENTS 

FOREWORD 

CONTENTS 

LIST OF TABLES 

UST OF FIGURES 

INTRODUOJON 

TEST PERFORMANCE 

11 

RESPONSE IN THE PUMPING BOREHOLE 

Page 

11 

lll 

lV 

1 

1 

2 

4. HYDRAULIC CONNEOJONS TO OBSERVATION BOREHOLES 4 

4.1 RESPONSE TIMES 4 

4.2 DISCUSSION OF OBSERVATION BOREHOLE RESPONSES 7 

5. 

6. 

7. 

8. 

ESTIMATION OF HYDRAULIC PARAMETERS 

DISCUSSION OF TIIE CONCEPTUAL MODEL 

CONCWSIONS 

REFERENCES 

14 

17 

18 

19 



111 

LIST OF TABLES 

Table 2.1 Avenge flow rates during the different pumping phases and recovery period 
togc: 1er with the duration and observed precipitation during LPT-2. From 
fons~on and Nyberg (1991). 

Table 3.1 Btimated hydraulic parameters from the pumping borehole KAS06 during 
LPT-2. (d=drawdown, r=recovery). 

Table 3.2 Btimated inflow distribution to the pumping borehole KAS06 during LPT-2 
together with corresponding fracture zone intervals and main hydraulic 
conductors and their estimated transmissivities in KAS06. (G=geological, 
S=spinner and CH=hydrochemical). 

Table 4.1 Drawdown at stop of pumping (s), spherical distance (R), estimated response 
time (te) and response time ratio (tjR2), flow rate under natural gradient 
(NG-2) and during LPT-2 and electric conductivity at the lower level 
together with judged hydraulic connection between pumping borehole and 
observation sections (l=good, 2=intermediate, 3=poor and -=none). 
NG=natural gradient, n.m.=no measurement, n.r.=no automatic registration, 
StopD= stop of drawdown, StopR=stop of recovery. 

Table 4.2 Recorded electric conductivity at the upper level in cored boreholes during 
LPT-2. (From Jonsson and Nyberg 1991). 

Table 4.3 Compilation of the most distinct hydraulic responses in the observation 
sections in the cored boreholes during LPT -2 together with interpreted 
fracture zone intervals and type of indications in the conceptual model of the 
.Aspo area. (S=spinner, G=geological, CH=hydrochemical, l=interference test, 
P=pumping test and RQD=rock quality design). 

Table 5.1 &timated bulk hydraulic parameters together with possible main pathways 
from KAS06 to the observation sections with the major hydraulic responses 
in the cored boreholes during LPT-2.(Tb=bulk transmissivity, S=storativity 
and K'/m'=leakage coefficient). 

Table 5.2 Btimated transmissivity (T) and inflow from some of the dominating 
fracture zones during LPT-2 (Tb=bulk transmissivity from Table 5.1). 

Table 5.3 Btimated range of transmissivity of the dominating fracture zones from 
LPT -2 and assumed in the conceptual model. 



lV 

LIST OF FIGURES 

Fig. 1.1 Location of boreholes on Aspo and their direction. 

Fig. 1.2 Conceptual model of conductive structures on Aspo (From Wikberg et al., 
1991). 

Fig. 2.1 Overview of the groundwater head in KAS06 during LPT-2. (From Jonsson 

och Nyberg 1991). 

Fig. 2.2 Changes of electric conductivity in the discharged groundwater from KAS06. 
(From Jonsson och Nyberg 1991). 

Fig. 2.3 Instrumentation in the cored boreholes on Aspo. (From Jonsson och Nyberg 
1991). 

Fig. 2.4 Instrumentation in the percussion boreholes on Aspo. (From Jonsson och 
Nyberg 1991). 

Fig. 3.1 Drawdown in KAS06 during LPT-2, logarithmic graph. (From Jonsson och 
Nyberg 1991. 

Fig. 3.2 Drawdown in KAS06 during LPT-2, semilogarithmic graph. (From Jonsson 
och Nyberg 1991). 

Fig. 3.3 Recovery in KAS06 during LPT-2, logarithmic graph. (From Jonsson och 
Nyberg 1991. 

Fig. 3.4 Recovery in .KAS06 during LPT-2, semilogarithmic graph. (From Jonsson 
och Nyberg 1991). 

Fig. 4.1 Distance - drawdown graph at stop of pumping during LPT -2. The variable 

codes refer to the observation sections listed in Table 4.1. 

Fig. 4.2 Drawdown response in KAS02. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.3 Recovery response in KAS02. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.4 Drawdown response in KAS04. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.5 Recovery response in KAS04. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991 ). 

Fig. 4.6 Drawdown response in KAS05. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 



V 

Fig. 4.7 Recovery response in KAS05. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.8 Drawdown response in KAS07. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.9 Recovery response in KAS07. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991 ). 

Fig. 4.10 Results of the analysis of the drawdown and recovery periods of KAS07 in 
Fig 4.8-9. 

Fig. 4.11 Drawdown response in KAS08. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.12 Recovery response in KAS08. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 

Fig. 4.13 Drawdown response in KAS12. The section intervals are shown in Table 4.1. 
(From Jonsson och Nyberg 1991). 





1. 

2. 

Table 2.1 

1 

INTRODUCTION 

The long-time pumping test (LPi-2) was carried out in borehole KAS06 on 
A.spo during september 1990 - january 1991. Observations of drawdown were 
generally performed in multiple sections in all available cored boreholes and 
also in the percussion boreholes. The main purpose with LPT-2 was to create 
a sufficient hydraulic gradient towards the pumping borehole to perform tracer 
and dilution tests. The location of the boreholes is shown in Fig. 1.1. All 

borehole and test data from LPT-2 are presented by Jonsson and Nyberg 

(1991). 

The purpose of the present work is to perform a qualitative and quantitative 
evaluation of the test data and to create a data set for comparison with predicted 
drawdowns. Finally, the consistency of the results from LPT-2 in relation to the 
conceptual model of the Aspo area is investigated. As a basis for the latter task 
the geohydrological conceptual model presented in Wikberg et al. (1991) was 

used, see Fig. 1.2. 

TEST PERFORMANCE 

A summary of the performance of LPT-2 is presented below. The time periods 
for the drawdown and recovery period are shown in Table 2.1. K.AS06 was used 
as (open) pumping borehole. The flow rate was changed at two occasions to 
achieve an optimal drawdown in the pumping borehole for the tracer tests, see 

Table 2.1. The electric conductivity and redox potential of the discharged 

groundwater were registered during the drawdown period. An overview of the 
observed groundwater head and electric conductivity in KAS06 during LPT-2 

is shown in Fig. 2.1 and 2.2, respectively. Three short pump stops occurred 

during the drawdown period. 

In all observation boreholes (except HASOl, KASOl and KASlO) between two 
and six sections were isolated by packers. The instrumentation in the cored 

boreholes and percussion boreholes during LPT-2 is shown in Fig. 2.3 and 2.4, 
respectively. Automatic registration of drawdown was made in most sections. 
In addition, manual readings were also performed at certain times in all 
boreholes. In section K.AS05-E4 no automatic registration was performed due 

to technical problems but manual readings were carried out. The instrumentation 

in the boreholes and the technical performance of the test is described by 

Average flow rates during the different pumping phases and recovery period together with the duration and observed 

precipitation during I.Yr-2. From Jonsson and Nyberg (1991). 

Phase 

Drawdown phase 1 

Drawdown phase 2 

Drawdown phase 3 

Drawdown, total 

Recovery 

Flow rate 
XlO-l (m1/s) 

2.01 

2.52 

2.25 

2.25 

Duration 
(rnin) 

4320 

6119 

122155 

132595 

c.38800 

Period Precipitation 
(mm) 

900917-900920 9.2 

900920-900924 34.8 

900924-901218 129.5 

900917-901218 173.5 

901218-910118 38.2 



3. 

2 

Jonsson and Nyberg (1991). 

In the cored boreholes KAS02-05 and KAS07-14 the electric conductivity was 
measured at two different levels. At the lower level automatic registrations of 
the electric conductivity were performed (Table 4.1) whereas at the higher level 
manual readings were undertaken. The precipitation during the different 
drawdown phases and recovery period is shown in Table 2.1. 

RESPONSE IN IBE PUMPING BOREHOLE 

According to the conceptual model several fracture zones are assumed to 
intersect the pumping borehole KAS06 (Table 3.2). In this borehole the first 
phase of the drawdown period with constant flow rate (up to c. 4320 min) and 
the recovery period is evaluated. The subsequent pumping phases are affected 
by the changes of the flow rate (Table 2.1). During the first drawdown phase 
and recovery period low precipitation was observed (Table 2.1). 

During early times (to c. 1 min) the drawdown curve in the pumping borehole 
is dominated by borehole effects storage due to open borehole conditions (Fig. 
3.1). Then a rather long transition period follows up to about 120 min. During 
the transition period threedimensional (pseudospherical) flow may occur. A first 
radial flow period is interpreted between c. 120-360 min (Fig. 3.2). This period 
may possibly represent radial flow in the most conductive zone intersecting the 
pumping borehole (EW-Sw), c.f. Tables 3.1 and 3.2. Then another transition 
period follows (c. 360-2000 min). During this period crossflow between the 
fracture zones intersecting the borehole may occur. 

A second radial flow period is interpreted between 2000-4320 min in Fig. 3.2. 
During this period all fracture zones in the borehole are assumed to be 
hydraulically active, thus representing the total transmissivity of all zones. 
During later times of the drawdown period (after c. 50 000 min) the effects of 
a small leakage inflow from the upper parts of the bedrock can be seen. The 
leakage inflow starts much earlier during drawdown but the effects are obscured 
by the changes of flow rate. During the recovery period effects of leakage 
appear after c. 1500 min, see Fig. 3.4. Due to interruptions in the data sampling 
the first radial flow period during the recovery period is not evaluated (Fig. 3.4). 

The interpreted flow regimes during the first pumping phase (Fig. 3.1-2) are 
summarized below. The recovery curves (Fig. 3.3-4) exhibit the same general 
pattern. 

0-1 min 

1-120 min 

120-360 min 

360-2000 min 

borehole storage 

transition period 

first radial flow period 

transition period 

2000-4320 min second radial flow period 

(> c. 50 000 min) leakage, c.f. recovery period 

(Zone EW-5w) 

(All fracture zones) 



Table 3.1 

Table 3.2 

3 

The hydraulic parameters in the pumping borehole KAS06 are mainly calculated 
from the semilogarithmic diagrams of the drawdown and recovery periods (Fig. 
3.2 and 3.4). The borehole storage coefficient is determined from the 
logarithmic diagrams (Fig. 3.1 and 3.3). The estimated hydraulic parameters 
from KAS06 during LPT-2 are shown in Table 3.1. The storativity value is 
derived from the responses in the observation sections, see Table 5.1. In Table 
3.1, T=transmissivity, S=storativity, SK=skin factor, rwr=effective borehole 
radius and C=borehole storage coefficient. 

&timated hydraulic parameters from the pumping borehole KAS06 during U'T-2. ( d=drawdown, r=recovery ). 

Hydraulic Txl0-s Sx10-s SK r..t ex10-1 Remarks 

unit (m1ts) (-) (-) (m) (m2) 

Cond. mne 5.4 5.0 -2.8 0.46 d 

All mnes 14 5.0 6.6 3.8x10-s 2.1 d 

-·- 15 5.0 10 13xl0-6 2.2 r 

The dimensionless borehole storage coefficient is estimated at Co=1D5. Similar 
values on the hydraulic parameters were calculated from the drawdown and 
recovery periods. The estimated values of total transmissivity and skin factor are 
in reasonable agreement with the values calculated from a previous short-time 
pumping test in KAS06 (f=l.0xl0-4 m2/s and SK=5.7) presented by Nilsson 
(1989). 

The inflow distribution to KAS06 during pumping has mainly been estimated 
from spinner measurements (Nilsson 1989). The inflow from Zone EW-3w in 
the upper part of the borehole, not covered by the spinner survey, is estimated 
from tracer dilution measurements (Gustafsson et al. 1991), see Table 3.2. In 
this table also the corresponding fracture zone intervals and main hydraulic 
conductors, mainly according to the conceptual model (Wikberg et al. 1991), are 
presented. Zone EW-X is in the conceptual model interpreted as a possible, 
deeper zone parallel to Zone EW-5 mainly from geological information. The 
spinner survey in KAS06 indicated a minor hydraulic conductor below 557 m. 

&timated inflow distribution to the pumping borehole KAS06 during U'T-2 together with corresponding fracture mne 

intervals and main hydraulic conductors and their estimated transmissivities in KAS06. (G=geological, S=spinner and 

Oi=hydrocbemical). 

Fracture Interval Inflow 

mne (m) (mction) 

EW-3 c. /50-70 0.15 

NNW-lw 208-234 0.21 

EW-5w 312-406 0.33 

NNW-2w 447-450 0.26 

EW-X 558-596 0.05 

All :rones 0-602 1.0 

TxlO-s 

(m2/s) 

2.1 

2.9 

4.6 

3.6 

0.7 

14 

Hydraulic 
conductor 

u 

A 

B,Ca,Cb,D 

E 

Fa, Fb 

All 

Indication 

G 

s 

312-365 m: S 
389-4)5 m : rn 
s 

G 
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From the total transmissivity, assumed to represent all fracture zones, together 

with the presumed inflow distribution the transmissivity of each fracture zone 

can be estimated, provided that the zones are virtually hydraulically independent 

and that the flow in each fracture zone is directed radially towards the pumping 

borehole. The total transmissivity of all zones in Table 3.2 is evaluated from the 

drawdown period, see Table 3.1. 

4. HYDRAULIC CONNECTIONS TO IBE OBSERVATION BOREHOLES 

4.1 RESPONSE TIMES 

To assess the hydraulic connection between the different observation sections 

and the pumping borehole, the response times were estimated for each section 

in the observation boreholes from the logarithmic drawdown plots (Fig. 4.2-13). 

The response time chosen corresponds to the approximative time after start of 

pumping when a drawdown of 0.1 m was observed in the actual borehole 

section. Due to long data scan intervals in the beginning of the drawdown 

period, the drawdown curves must in some cases be extrapolated backward to 

intersect the 0.1 m drawdown line. The extrapolation was generally made from 

the type curve used for interpretation, see Chapter 5. 

A response time ratio was then calculated for each section by dividing the 

estimated response time by the squared ( spherical) distance to the pumping 

borehole. The distances were calculated from the midpoint of the observation 

sections to the midpoint of the pumping borehole. For radial flow, this ratio is 

inversely proportional to the hydraulic diffusivity (f/S) between the observation 

section and the pumping borehole, i.e. the lower the ratio the higher the 

hydraulic diffusivity. Low ratios (small response times at large distances) can 

be expected for borehole sections located in fracture zones while higher ratios 

can be expected for sections in the rock mass with decreased hydraulic 

connection. 

It should be observed that the response time ratio is no absolute measure of the 

hydraulic connection due to ( conceptual) uncertainties in the calculated 

distances as well as in the estimated response times, e.g. due to leakage between 

sections in the boreholes. Also any inaccuracies in the drawdown curves at short 

times, e.g. due to sparse scanning density, may cause uncertain response times. 

Thus, the calculated response time ratios should be used in combination with 

other information, e.g the total drawdown in the borehole sections, results from 

tracer tests, dilution and electric conductivity measurements, spinner surveys, 

packer and pumping tests and other available information. 

To assist in assessing the hydraulic connection to the observation sections, a 

distance-drawdown plot was also prepared, see Fig. 4.1. In this plot the total 

drawdown in each observation section at stop of pumping versus the squared 

distance to the pumping borehole is shown. It should be observed that the 

recorded drawdown in some of the sections listed in the data report (Jonsson 

and Nyberg 1991, Tabell 4.1) has been corrected due to non-representative 

drawdown values, e.g. due to circulation of tracer in the sections by the end of 

pumping. These drawdowns are marked with an asterix in Table 4.1 below. 



Table 4.1 

Borehole 
section 

KASOl-1 

KAS02-6 
-5 
-4 
-3 
-2 
-1 

KAS03-6 
-5 
-4 
-3 
-2 
-1 

KAS04-6 
-5 
-4 
-3 
-2 
-1 

KAS05-5 
-4 
-3 
-2 
-1 

KAS06-1 

5 

The estimated response times, distances, response time ratios, total drawdowns 
together with the assessed hydraulic connection for each borehole section are 
listed in Table 4.1. In addition, the calculated flow through some of the 
borehole sections during natural and pumping conditions as estimated from the 
tracer dilution measurements (Ittner et al. 1991) together with the recorded 
electric conductivity at the lower level are shown in the table. As pointed out 
by Jonsson and Nyberg (1991) there are certain "jumps" in the latter recordings 
which must be considered by the interpretation. The electric conductivity 
recordings at the higher levels are shown in Table 4.2. The recorded values at 
these levels in KAS04 and KAS12 are uncertain. 

The hydraulic connections are classified in 1 (good), 2 (intermediate), 3 (poor) 
and - (no response). Hydraulic connections classified as "good" are assumed to 
correspond to response time ratios less (or equal to) than 10-3 (min/m2) and 
connections classified as "poor" to ratios higher than 5x10-3 (min/m2). 

Observation borehole sections judged to have a "good" hydraulic connection 
with the pumping borehole in Table 4.1 may correspond to interpreted fracture 
zone intervals. A compilation of the most distinct hydraulic response sections 
in the cored boreholes and interpreted major fracture zone intervals in the A.spa 
area presented in Wikberg et al. (1991, Table 4.1), is shown in Table 4.3. 

Drawdown at stop of pumping (s), spherical distance (R), cstinated response time (tJ and response time ratio (t,!R.2), flow 

rate under natural gndient (NG-2) and during ll'T-2 and electric conductivity at the lower level together with judged 

hydraulic connection between pumping borehole and observation sections (l=good, 2=intcrmcdiate, 3=poor and -=none). 

NG=natural gndient, n.m.=no measurement, n.r.=no autonatic registration, StopD= stop of drawdown, StopR=stop of 

recovery. 

Variable Interval s R .. tjR1x10-3 Flow rate (ml/min) El. cond.x1Q3 (mS/m) Hydr . 
code (m) (m) (m) (min) (minlm2) NG-2 LPT-2 Start StopD StopR conn. 

Al 0-101• 6.20 223 150 3.0 2 

B6 0-113 6.30 222 300 6.1 3 

B5 114-308 5.79 114 70 5.4 3 

B4 309-345 6.301 131 23 1.3 (-)1 2 2 

B3 346-799 5.40 338 42 0.4 1.76 212 212 1 

B2 800-854 241 584 1300 3.8 (-)2 4 2 

B1 855-924· 230 645 600 1.4 2 

C6 0-106 0 710 

CS 107-252 0 698 6.9 n.m. 

C4 253-376 0.55 711 20000 40 3 

0 377-532 0.80 751 7500 13 3 

C2 533-626 0.83 806 7500 12 (120) n.m. 3 

Cl 627-1002• 0.82 948 7500 8.3 2.53 2.51 2.51 3 

D6 0-185 0 479 

D5 186-214 3.27 397 (200) (1.3) 2? 

D4 215-287 3.11 362 (300) {23) 2? 

D3 288-331 3.42 327 (160) (1.5) 2? 

D2 332-392 3.58 301 (240) (2.6) 12 n.m. 2? 

D1 393-481* 3.33 277 (200) (2.5) 2.10 226 2.08 2? 

E5 0-171 5.58 223 100 2.0 2 

E4 172-319 4.973 133 n.r. n.r. 1? 

E3 320-380 5.451 156 18 0.7 0.4 9 1 

E2 381-439 3.30 195 50 1.3 1.14 1.23 2 

El 440-550• 3.06 264 90 1.3 1.5 11 2 

p 0-602· 51.77 0 0.01 
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ront. Table 4.1 

Borehole Variable Interval s R le tjR2x10-3 Flow rate (ml/min) El. rond.xla3 (mS/m) Hydr. 

section rode (m) (m) (m) (rain) (minim") NG-2 I.PT-2 Start StopD StopR ronn. 

KAS07-6 J6 0-109 15.64 208 4 0.09 1 

-5 JS 110-190 16.53 137 5 0.3 1 

-4 J4 191-290 5.61 112 10 0.8 1.0 18 1 

-3 J3 291-410 1.69 165 2000 73 3 

-2 J2 411-500 1.88? 253 7 0.1 27 27 27 11 

-1 11 501-604* 254 343 100 0.8 5.3 n.m. 1 

KAS08-4 M4 0-139 4.73 290 110 1.3 2 

-3 M3 140-200 6.58 200 4 0.1 4.0 21 1 

-2 M2 201-502 4.70 97 10 1.1 1.98 220 222 2 

-1 Ml 503-601* 3.74 226 53 1.0 7.6 48 1 

KAS09-5 AE 0-115 0.25 392 300 20 2 

-4 AD 116-150 0.383 396 550 3.5 11 n.m. 2 

-3 AC 151-240 0.453 411 440 26 2 

-2 AB 241-260 0.443 431 440 24 226 - 2 

-1 M 261-450* 0.253 484 400 1.7 2 

KASl0-1 BA 0-100• 0.63 365 c.1000 c.7.5 3 

KASll-6 CF 0-46 0.49 375 (205) (1.5) 2? 

-5 CE 47-64 0.57 356 (180) (1.4) 0.3 n.m. 2? 

-4 CD 65-115 0.58 338 (180) (1.6) 2? 

-3 cc 116-152 0.69 318 (205) (20) 2? 

-2 CB 153-183 0.90 306 (240) (26) 33 n.m. 2? 

-1 CA 184-249* 0.55 295 (240) (28) 23 23 21 21 

KAS12-5 DE 0-101 3.54• 400 120 0.7 1 

-4 DD 102-233 3.oo3 314 90 0.9 1 

-3 DC 234-277 4.203 265 32 0.5 0 n.m. 1 
-2 DB 278-329 5.873? 247 19 0.3 12 107 0.62 - 1 
-1 DA 330-380· 4.133 237 130 2.3 2 

KAS13-5 EE 0-150 5.53 207 220 5.0 3 

-4 Fl) 151-190 5.03 164 240 8.9 1.1 n.m. 3 

-3 EC 191-220 5.06 160 260 10 4.7 3.3 3 

-2 EB 221-330 3.43 177 220 7.0 3 

-1 EA 331-407* 262 232 550 10 0.28 0.34 0.34 3 

KAS14-5 ft 0-130 0.64 355 (260) (21) 2? 

-4 FD 131-138 0.70 352 (260) (21) 3.1 n.m. 2? 

-3 FC 139-146 0.72 352 (250) (20) 2? 

-2 FB 147-175 0.61 354 (260) (21) 18 11 2? 

-1 FA 176-212* 0.63 359 (260) (20) 1.97 1.94 1.94 2? 

HASOl-1 Gl 0-100• 0 451 

HAS02-2 H2 0-72 0 1020 

-1 H1 73-93* 0 1006 

HAS03-2 I2 0-50 0 513 
-1 II 51-100• 0 472 

HAS04-2 K2 0-100 4.08 270 460 6.3 3 

-1 Kl 101-201 • 272 240 230 4.0 2 

HASOS-3 Ll 0-15 I.ST 287 2800 34 3 

-2 l.2 16-40 5.68 269 190 2.6 2 

-1 LI 41-100* 5.75 233 100 1.9 2 

HAS06-2 N2 0-40 1.57 343 570 4.3 2 

-1 Nl 41-100* 2.37 309 85 0.9 

HAS07-2 02 0-40 0.96 442 1600 8.0 3 

-1 01 41-100* 0.96 436 900 4.7 2 
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root. Table 4.1 

Borehole Variable Interval s R t. tjR2x10-3 Flow rate (ml/min) El. cond.xl03 (mS/m) Hydr. 

section code (m) (m) (m) (min) (min/m2) NG-2 I.Yf-2 Start StopD StopR ronn. 

HAS08-2 P2 0-65 0 649 
-1 Pl 66-125· 0 620 

HAS09-2 Q2 0-10 0 656 
-1 01 11-125• 0 610 

HASI0-2 R2 0-10 0 865 
-1 Rl 11-125• 0 873 

HASll-2 S2 0-30 0 878 
-1 SI 31-125• 0 867 

HAS12-2 T2 0-60 0 922 
-1 TI 61-125• 0 918 

HAS13-2 U2 0-50 0.58 300 140 1.6 2 

-1 U1 51-100• 1.10 253 40 0.6 1 

HAS14-2 V2 0-50 0 249 
-1 VI 51-100• 4.67 204 330 7.9 3 

HAS15-2 X2 0-40 0.85' 244 820 14 3 

-1 X1 41-120• 5.20' 202 210 5.1 3 

HAS16-2 Y2 0-40 1.11• 321 >200 >2.0 2? 

-1 Yl 41-120• 3.12 307 200 21 2 

HAS17-2 Z2 0-40 2.16' 401 >260 >1.6 27 

-1 Zl 41-120• 2.99' 362 260 2.0 2 

HAS18-2 PB 0-35 299' 512 720 28 2 

-1 PA 36-150· 3.41' 461 720 3.4 2 

HAS19-2 QB 0-60 0 550 
-1 QA 61-150* 0 526 

HAS20-2 RB 0-68 0 484 
-1 RA 69-150* 0 420 

• Total borehole length 
1 circulation of tracer at stop of pumping 
2 measurement failure 
3 manual reading 901203 
4 . at stop of pumping 901218 
( ) values within brackets are uncertain 

4.2 DISCUSSION OF OBSERVATION BOREHOLE RESPONSES 

Below, the responses in each of the observation sections of the cored boreholes 
are discussed qualitatively in the context of interpreted fracture zone intervals 
in the conceptual model. A compilation of the most distinct hydraulic responses 
in the cored boreholes during LPT-2 together with the corresponding fracture 
zone intervals assumed in the conceptual model according to Wikberg et 
al.(1991) is shown in Table 4.3. 

KASOl 

In borehole KASOl the hydraulic response is classified as "Intermediate". This 
is consistent with the conceptual model in which no fracture zones are 
interpreted to intersect the borehole. The response was probably transmitted 
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through the upper part of the bedrock. 

Recorded electric conductivity at the upper level in cored boreholes during I.Yf-2 (From Jonsson and Nyberg 1991). 

Borehole section Date El. cond. (mS/rn) Borehole section Date El. cond. (mS/rn) 

KAS02-B5 901203 660 KAS09-AD 901005 1672 

910105 571 901104 1653 
901203 1653 

KAS03-C3 901005 1434 910105 1638 

901104 1426 
901203 1434 KASll-CC 901005 1854 

910105 1434 901104 1849 
901203 1817 

KAS04-D3 901005 138 910105 1918 

901104 95 
901203 69 KAS12-DD 901104 -168 

910105 -8 901203 -163 
910105 -157 

KAS05-EA 901005 407 
901104 393 KAS13-EB 901104 449 

901203 393 901203 456 

910105 388 910105 449 

KAS07-J5 901203 f,()9 KAS14-FC 901005 1666 

910105 f,()5 901104 1677 
901203 1677 

KAS08-M4 901203 3948 910105 1688 

910105 4064 

KAS02 

The responses in KAS02 during drawdown and recovery are shown in Fig. 4.2 
and 4.3, respectively. Section B3 (346-799 m) shows "good" hydraulic 
connection with the pumping borehole according to Table 4.1 whereas section 
B4 (309-345 m) shows an intermediate response. Zone EW-5w is interpreted 
to intersect section B4 in the conceptual model (fable 4.3). According to the 
spinner measurements the lower hydraulic conductor in Zone EW-5w is located 
at 342 m (Nilsson 1988). The responses in these two sections may be explained 
by the fact that the interpreted lower conductor in Zone EW-5w is located close 
to the border between the two sections. Alternatively, the response in section 
B3 may be transmitted along Zone EW-X, which is interpreted geologically to 
intersect this section (fable 4.3). The tracer dilution measurements indicate a 
rather poor hydraulic connection between the pumping borehole and section B4 
(Table 4.1). 

The observed rather poor hydraulic connection to section B2 (800-854 m), 
assumed to be intersected by Zone NE-1 w (Table 4.3), is consistent with the 
dilution measurements which indicate no significant hydraulic connection with 
the pumping borehole. An intermediate-good hydraulic response was observed 
in section Bl (855-924 m), also assumed to intersect Zone NE-lw. A rather 
strong hydraulic conductor was identified at 868-887 m in this section from the 
spinner survey. Poor responses were obtained in the upper part of KAS02 
(section B5 and B6) which is consistent with the conceptual model. 
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KAS03 

In KAS03 appreciable drawdowns were observed in the lower part of the 
borehole in sections Cl-C3 located about 750-950 m from the pumping 
borehole (Table 4.1). The responses may possibly have been transmitted via 
Zones EW-5w and EW-lw. The latter zone is assumed to intersect the lower 
part of KAS03 (Table 4.3). However, Zone EW-5w is believed to terminate at 
the southern part of EW-1 in the conceptual model. No response was observed 
in sections CS and C6 in which no fracture zones are interpreted. 

An alternative, and more plausible, interpretation of the responses in the lower 
part of KAS03 is that Zone EW-5w continues to the north of the outcrop of 
EW-1 (Fig. 1.2). The latter zone ( and possibly also NW-1) may also be steeper 
than assumed in the conceptual model. Such an interpretation would certainly 
explain the responses in the lower part of KAS03 as well as the non-responses 
in KAS04-D6, HAS08 and HASH (Table 4.1). However, it is not sure that any 
responses would be seen ( during the time of the pumping test) in the latter three 
boreholes with the assumed dip of Zone EW-1 w in the conceptual model even 
if Zone EW-5w intersects KAS03 (and Zone EW-lw). The borehole radar 
measurements in KAS03 (Niva and Gabriel 1987) indicate a low-angle structure 
at 620, 625 and 790 m in this borehole which may possibly correspond to Zone 
EW-5w (Carlsten 1991). 

Compilation of the most distinct hydraulic responses in the observation sections in the rored boreholes during I.PT - 2 

together with interpreted fracture zone intervals and type of indications in the ronceptual model of the AspO area. (S=spinner, 

G=geological, Ol=hydrochcmical, I"'intcrfcrence test, P,:pum.ping test and RQI>-=roclc quality design). 

Borehole
section 

KAS02-B4 
-B3 
-BI 

KAS04-D3 
-D2 

-DI 

KASOS-FA 
-E3 
-El 

KAS07-J6 
-JS 
-J4 

-J2 

-JI 

KAS08-M3 
-Ml 

KAS12-DC 
-DB 

Hydraulic Interval 
connection (m) 

2 309-345 
I 346-799 
2 855-924· 

27 288-331 
27 332-392 

27 393-481* 

17 172-319 
I 320-380 
2 440-550• 

1? 

~109 
11~190 
191-290 

411-500 

501-604• 

1~200 
503-601 • 

234-277 
278-329 

Total length of borehole 

Interpreted fracture 
mnc and interval (m) 

EW-Sw : 309-343 
EW-X : c.400, 490 
NE-lw : ro3-920 

EW-5: c.330 
EW-1 : 334-343 
NE-2w: 388-436 

-·- -·-
-·- ~481 

EW-Sw: 274-383 
" -·- , 362-365 

EW-X : c.400, 480 

NNW-lw: 50-80 

EW-Sw: 222-224, 235-246 

-·- : 212-304 
EW-3w: 383-451 
EW-3: c.420 
NE-lw: 508-604 
NE-I : 462-604 

NNW-2w: 183-186 
NE-1 w: 555-60 I• 

(NE-2w: ~325) 
NE-2w :~325 
NE-2 : 303-380 

Indication 

s 
G 
s 

G 
OI 
s 
s 
OI 

G 

RQD,P 

s 
OI 
I 
G 
s 
OI 

s 
s 

s 
s 
OI 
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KAS04 

The responses in KAS04 during the drawdown and recovery are shown in Fig. 
4.4 and 4.5, respectively. Only intermediate hydraulic responses are interpreted. 
However, the estimation of response times in this borehole is uncertain. The 
first scan sequence during drawdown indicates a faster response than during 
recovery. The beginning of the drawdown is probably affected by tidal effects 
and therefore uncertain due to sparse scanning before start of pumping 

(uncertain background pressure). Relatively good responses were observed in 
the lowermost sections Dl-D3 (fable 4.1). During both drawdown and recovery 

section D3 (288-331 m) responded first but the largest total drawdown was 
observed in section D2 (332-392 m). In the conceptual model Zone NE-2w is 

interpreted in sections Dl and D2 (and possibly also Zone EW-1 in section 
D2), see Table 4.3. These zones are not assumed to intersect KAS06. A rather 
large natural flow rate was measured in section D2 from the tracer dilution 
measurements, see Table 4.1. 

According to the geological interpretation Zone EW-5 intersects the lowermost 
part of section D3 at about 330 m (Table 4.3). The most conductive part of 
K.AS04 is in the interval 335-345 m in section D2 according to the spinner 

measurements and packer tests (Nilsson 1988). This interval may possibly 
belong to EW-5w (instead of EW-1 assumed in the conceptual model). This 

may explain the rather good response (and total drawdown) observed in section 
D2 (and possibly also in Dl). This would not be expected if the response were 

(indirectly) transmitted via Zones NE-2w (and EW-1). In section Dl (393-481 
m) two minor hydraulic conductors are identified from the spinner 
measurements. 

Section D2 also responded rather good during the pumping test LPT -1 in 
KAS07 (Rhen 1990). KAS07 is also assumed to intersect Zone EW-5w in the 
conceptual model (but neither NE-2w nor EW-1). During LPT-1 a relatively 

high flow rate was measured through section D2 from the dilution tests (Ittner 
et al. 1991). These facts indicate that Zone EW-5w intersects section D2. 

As discussed above (borehole KAS03) the uppermost part of KAS04 (section 
D6), in which no response was observed, is assumed to intersect Zone EW-1 w 
in the conceptual model (Table 4.3). 

KASOS 

The responses in KAS05 during drawdown and recovery are shown in Fig. 4.6 
and 4.7, respectively. The most distinct response was observed in section E3 

(320-380 m) where Zone EW-5w is assumed to intersect the borehole, see 
Table 4.3. This response is confirmed by the increased flow rate calculated from 

the tracer dilution measurements. The spinner measurements indicate a strong 
hydraulic conductor in the interval 319-325 m in section E3 (Nilsson 1989). 

Also at the bottom of the borehole (sections E2 and El) rather good hydraulic 

responses were observed (Table 4.1). The flow rate through section El (440-
550 m) was estimated to be in the same order as in section E3. The responses 
in the lower part of KAS05 may be transmitted along Zone EW-X which is 
geologically interpreted to intersect KAS05 at c. 400 m and 480 m in the 
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conceptual model, i.e. sections El and E2. The spinner ff asurements indicate 
major hydraulic conductors at 442-445 m and 466-469 m. 

It should be observed that no automatic head registrations were undertaken in 
the presumably high-conductive section E4 (172-319 m), also assumed to 
intersect Zone EW-5w, due to technical problems (Jonsson and Nyberg 1991). 
However, a few manual readings were performed during the test. The spinner 
measurements indicate several hydraulic conductors in this section. 

KAS07 

The responses in KAS07 during drawdown and recovery are shown in Fig. 4.8 
and 4.9, respectively. Distinct hydraulic responses occurred in all sections 
except J3 (Table 4.1). Very fast and large responses occurred in the upper part 
of the borehole (sections 16 and JS), c.f Fig 4.1. The uppermost section 16 (0-
109 m) is assumed to intersect Zone NNW-lw (Table 4.3) which also intersects 
the pumping borehole KAS06 (Table 3.2), thus implying a direct hydraulic 
connection through this zone. In section 15 (110-190 m) no fracture zone is 
interpreted but a minor hydraulic conductor is indicated at 122-128 m by the 
spinner measurements (Nilsson 1989). Since KAS06 runs close to this section 
the response may be transmitted through the upper part of the bedrock. 

The response in section J4 (191-290 m), classified as "good" in Table 4.1, is 
probably transmitted through Zone EW-Sw as assumed in the conceptual model 
(Table 4.3). This is supported by the relatively high flow rate calculated from 
the dilution measurements in this section. Two minor hydraulic conductors are 
identified at 222-224 m and 235-246 m by the spinner survey. Section J3, in 
which no fracture zones or hydraulic- conductors are interpreted, shows a poor 
response to the pumping. 

Good responses were also obtained in the lower part of KAS07, particularly in 
section 12 (411-500 m) which is assumed to be intersected by Zone EW-3w 
(Table 4.3). This zone also intersects KAS06 at c. 60-70 m according to the 
geological interpretation (Table 3.2). However, the recorded electric 
conductivity in this section is rather stable during pumping, indicating a low 
flow rate through this section. A minor hydraulic conductor is indicated at 417-
418 m by the spinner survey but the packer tests only show a slight increase of 
the hydraulic conductivity at c. 430 m (Nilsson 1989). Possibly, the response 
in section 12 is not representative but could be transmitted via the lowermost 
section J1 (501-604 m). 

In section Jl, assumed to intersect Zone NE-lw, the response is classified as 
"good". No spinner survey is performed in this part of the borehole but the 
packer tests show high hydraulic conductivities in several intervals. The dilution 
measurements show a rather high natural flow rate through section JI (Table 
4.1). The response may have been transmitted from the pumping borehole either 
via NNW-lw or NNW-2w (or both) or possibly via EW-X to Zone NE-lw. 

KAS08 

The responses in KAS08 during drawdown and recovery are shown in Fig. 4.11 
and 4.12, respectively. Relatively good responses were observed in all sections 
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with the most distinct response in section M3 (140-200 m), assumed to 

intersect Zone NNW-2w, also intersecting KAS06 at c. 450 m according to the 

conceptual model (Table 3.2). Thus, the response may have been transmitted 

upward from KAS06 through this zone to section M3. The spinner 

measurements show a major hydraulic conductor at 183-186 m in section M3 

(Nilsson 1989). The calculated dilution flow rate through this section is 

relatively high, see Table 4.1. 

Also the lowermost section Ml (503-601 m), assumed to be intersected by 

Zone NE-1 w, shows good response to the pumping. The spinner survey indicate 

major hydraulic conductors at 555-571 m and 577-585 m in section Ml. In this 

section, a high flow rate was calculated from the dilution measurements (Table 

4.1). Furthermore, the injected tracer in this section was recovered in the 

pumping borehole KAS06 during LPT-2 (Gustafsson et al 1991). The response 

may have transmitted via Zones NNW-2w (and NE-lw) to section Ml (Table 
5.1). Also sections M2 and M4 were responding relatively good to the pumping 

but no hydraulic conductors are interpreted in these sections. 

KAS09 

In KAS09 only intermediate-relatively poor responses were observed. In the 

conceptual model Zones EW-5w and NE-lw are assumed to intersect the upper 

part of the borehole in sections AE (0-115 m) and AD (116-150 m), 

respectively. However, poor responses were observed in these sections, c.f. 

Table 4.1 and the distance-drawdown plot in Fig. 4.1. This is surprising since 

a distinct response was observed in KAS06 in all sections below 250 m during 

the pumping test in KAS09 (Rhen et al. 1991). Major hydraulic conductors are 
identified at 100-119 m, 131-132 m and 146-148 m in sections AE and AD 

by the spinner survey (Rhen et al. 1991). Possibly, Zone NE-lw acts as a major 

recharge source to borehole KAS09 during pumping, extinguishing the 
drawdown towards south. 

KASlO 

In KASl0 a poor response was obtained (Table 4.1). No fracture zones are 

interpreted in this borehole. 

KASH 

In KASll relatively poor responses were observed in all sections (Table 4.1). 

The estimated response times from the drawdown period are however uncertain 

due to sparse scanning in the beginning of the test and presumed tidal effects, 

c.f. KAS04. The only hydraulic zone interpreted in this borehole is EW-5w, 

assumed to intersect the upper part of the borehole in sections CE (47-64 m) 

and CD (65-115 m) in the conceptual model (Table 4.3). The spinner survey 

indicate a hydraulic conductor at 52-104 m in these sections (Rhen et al. 1991). 

However, the response in these sections was rather poor, c.f. Fig. 4.1. As in 

KAS09 Zone NE-1 w possibly extinguishes the drawdown in this region. 

Dilution measurements in section CE under natural gradient before LPT-2 

indicated a low natural flow rate through this section. 

In section CB (153-183 m) there are geological evidence of Zone NE-1 and 
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possibly Zone EW-X (Wikberg et al 1991). A strong hydraulic conductor is 
identified at 157-174 m by the spinner measurements. The high natural flow 
rate measured in section CB (Table 4.1) may possibly be explained by natural 
flow in Zone NE-1 w, but since this zone is not assumed to intersect KAS06, 
the hydraulic response in the section will yet be poor. 

KAS12 

The drawdown response in KAS12 is shown in Fig. 4.13. The most distinct 
response was observed in section DB (278-329 m). Also in section DC (234-
277 m) a good response was registered, see Table 4.1. Both sections are 
assumed to be intersected by Zone NE-2w in the conceptual model (Table 4.3). 
This zone is not assumed to be intersected by KAS06. The strongest hydraulic 
conductors are located at 281-285 m and 308-324.5 m in section DB according 
to the spinner measurements (Rhen et al. 1991). A very high flow rate was 
monitored through section DB during LPT-2 by the dilution tests (Table 4.1), 
indicating an excellent hydraulic connection between this section and KAS06. 
No dilution measurements were carried out in section DC during pumping but 
measurements under a natural gradient indicated zero natural flow rate through 
this section (Table 4.1). The hydraulic responses in section DB (and DC) may 
possibly have been transmitted via Zones NNW-lw and-2w and Zone NE-2w. 

An alternative interpretation is that Zone EW-5w intersects section DB 
somewhere in the most conductive interval 278-329 m. During the pumping test 
in KAS12 rather distinct responses were observed in borehole sections KAS02-
B4, KAS05-E3 and E4, KAS06-F3 and F4 and KAS07-J4 (Rhen et al. 1991), 
i.e. in the intervals where Zone EW-5w is interpreted in the conceptual model. 
This fact indicates that Zone EW-Sw intersects KAS12. 

According to the conceptual model, KAS06 is assumed to intersect Zone EW-
5w in the interval 312-365 m from spinner measurements and 389-406 m from 
the hydrochemical interpretation (Table 3.2). The tracer breakthrough 
measurements during LPT-2 showed that the inflow of Uranine to KAS06 from 
KAS12-DB mainly occurred at the 390 m-level in EW-5w and to a minor 
extent at the 430 m-level in NNW-2w (Gustafsson et al 1991). This indicates 
that the main part of the tracer travelled directly along Zone EW-5w to KAS06. 

In section DA (330-380 m) an intermediate reponse time ratio was observed 
whereas in the uppermost sections DD (102-233 m) and DE (0-101 m) 
apparently good hydraulic responses are indicated, see Table 4.1. However, the 
latter responses are probably non-representative and may have been transmitted 
by hydraulic connections along the borehole or through the upper part of the 
bedrock. No hydraulic conductors are interpreted in these sections (Rhen et al. 
1991). 

KAS13 

In KAS13 poor responses were observed in all sections, see Table 4.1. 
According to the map of conceptual hydraulic model (Fig. 1.2), the uppermost 
part of KAS13 is indicated to intersect Zone NNW-lw. Hydraulic conductors 
are identified at 160-170 m and 195-215 m, i.e. in sections ED (151-190 m) 
and EC (191-220 m) by the spinner survey (Rhen et al. 1991). The responses 
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in these sections are poor and do not support this interpretation unless KAS13 
also intersects other zones. According to the geological interpretation KAS13 
intersects Zone NE-2 at c.370-410 m (Wikberg et al. 1991). However, no 
hydraulic conductor is identified in this interval. If KAS13 intersected Zone 
NNW-1 w a better hydraulic connection with KAS06 would be expected, since 
the latter borehole is also assumed to intersect this zone (Table 3.2). Dilution 
measurements in section EC during LPT-2 also indicate no hydraulic 
connection with KAS06, see Table 4.1. 

KAS14 

In KAS14 intermediate responses were observed in all sections, see Table 4.1. 
The estimated response times during drawdown are uncertain due to tidal effects 
and sparse scanning. The distance-drawdown plot also indicates relatively poor 
responses (Fig. 4.1). According to the conceptual model, Zone EW-5w is 
assumed to intersect the uppermost section FE (0-130 m) and Zone NE-lw the 
next three lower sections (FB, FC and FD). The latter zone is not assumed to 
intersect KAS06 which may explain the rather poor responses in these sections. 
Dilution measurements in section FB (147-175 m) during LPT-2 indicate no 
significant hydraulic connection with KAS06 although a certain flow through 
the section was measured during the pumping test, see Table 4.1. This flow is 
assumed to be natural flow along Zone NE-lw, c.f. section KASll-CB. 

In section FE a strong hydraulic conductor is identified at 110-122 m by the 
spinner survey (Rhen et al. 1991). The response in these section is rather poor 
which possibly may be explained by the extinguishing effect of Zone NE-lw, 
c.f. boreholes KAS09 and KASll. During the pumping in KAS14 distinct 
responses were obtained in KAS06 in all sections below 250 m (Rhen et al. 
1991). 

ESTIMATION OF HYDRAULIC PARAMETERS 

The hydraulic parameters of some of the fracture zones have been estimated by 
transient analysis of the most distinct responses in the observation boreholes 
(Table 4.3), assuming a leaky confined aquifer system according to Walton (see 
e.g. Carlsson and Gustafson 1984). This model, which assumes radial flow 
towards the pumping borehole supported by a certain leakage flow, generally 
from above, is considered to be a reasonable approximation in this case. This 
is supported by the declining electric conductivity of the discharged 
groundwater from the pumping borehole during LPT -2 (Fig.2.2), indicating a 
small inflow of shallow, non-saline water from above. During the drawdown 
period the electric conductivity in KAS06 decreased from about 1400 to c. 1320 
mS/m (Jonsson and Nyberg 1991). 

In Table 5.1, bulk values on the hydraulic parameters (based on the total flow 
rate) are estimated assuming flow in a porous, isotropic leaky aquifer, i.e in an 
equivalent porous media together with possible pathways of the major hydraulic 
responses in the cored boreholes. The evaluation has mainly been performed of 
the first drawdown phase and the recovery period from the logarithmic 
diagrams. No corrections of the raw-data (e.g. due to tidal effects) have been 
made before the evaluation. Consistent results were obtained from both 
drawdown and recovery. 
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In the distance-drawdown diagram in Fig. 4.1 the theoretical Theis' curve is 
shown. By the matching, emphasis is put on responses in ,,orehole sections 
assumed to be located in Zone EW-5w according to Table 5.L These sections 
are marked with a circle in Fig. 4.1. The curve thus roughly represents the bulk 
hydraulic properties of Zone EW-5w. Responses located above the curve 
generally represent borehole sections in other fracture zones (e.g. NNW-lw and 
-2w) and preferential flow paths (e.g. sections JS and J6) whereas responses 
below the curve generally represent sections in the rock mass with intermediate 
and poor hydraulic connections to the pumping borehole. 

An approximative distance-drawdown analysis was also made in Fig. 4.1 by the 
end of the drawdown period according to Theis (see e.g. Carlsson and 
Gustafson 1984). The (total) transmissivity was estimated at T=l.5x10-4 m2/s 
(corresponding to a transmissivity of about 5x10-5 m2/s for Zone EW-5w) 
which is in good agreement with the results of the time-drawdown/recovery 
analyses (Table 5.1). The calculated storativity value (S=l.8x10-4) is likely to 
be somewhat overestimated due to the leakage inflow occuring by the end of 
the test. 

Estimated bulk hydraulic parameters together with possible main pathways from KAS06 to the observation sections with the 

major hydraulic responses in the cored boreholes during LPT-2.(T.=bulk transmissivity, S=storativity and K'/m'=leakage 

coefficient). 

Borehole- T.,x10-5 Sx10-s K'/m'xlO-10 Possible Test 

section (m2/s) (-) (s-1) pathway pb~ 

KAS02-B4 12 6.3 2.8 EW-Sw drawdown 
-B4 14 4.5 0.8 -·- recovery 
-B3 11 1.8 1.6 EW-Sw/EW-X drawdown 
-B3 15 1.6 0.5 . recovery 

KAS04-D2 14 12 1.4 EW-Sw? drawdown 
(NNW-lw-NE-2w) -•-

-D2 11 12 1.1 -·- recovery 

KASOS-E3 14 4.0 2.4 EW-Sw drawdown 
-E3 14 5.2 23 -·- rccovcry 

KAS01-16 4.1 0.27 0.095 NNW-lw drawdown 
-16 4.7 0.63 0.11 -·- m:ovcry 
-JS 4.9 0.82 0.26 NNW-lw? drawdown 
-15 4.7 1.4 0.25 -·- recovery 
-14 17 4.9 1.3 EW-5w drawdown 
-14 16 4.2 1.2 -·- recovery 
-12 6.1 0.37 0.096 EW-3w? drawdown 
-11 19 5.5 2.5 NNW-lw-NE-lw drawdown 

(EW-X-NE-lw) -·-
-Jl 17 5.7 23 -·- recovery 

KAS08-M3 14 0.56 0.35 NNW-2w drawdown 
-M3 15 0.98 0.37 -·- rccovcry 
-Ml 10 4.6 5.0 NNW-2w-NE-lw drawdown 
-Ml 8.9 5.0 4.4 -·- recovery 

KAS12-DC 15 2.5 0.88 EW-5w? drawdown 
(NNW-1&2w-NE-2w) 

-DB 13 1.6 0.87 D:o . 

According to the conceptual model the pumping borehole KAS06 is assumed 
to intersect several fracture zones (Table 3.2). Since the pumping test was 
performed in the open borehole, all these fracture zones are thus pumped 
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simultaneously with various inflows to the pumping borehole. The estimated 
inflow distribution in the pumping borehole for each fracture zone is shown in 
Table 3.2. 

By considering each fracture zone as an individual hydraulic conductor, pumped 
by the flow rate fraction of the total flow rate in Table 3.2, the transmissivity 
of some of the dominating fracture zones during LPT-2 is estimated in Table 
5.2. The transmissivity values were calculated by multiplying the bulk 
transmissivity values in Table 5.1 by the corresponding estimated inflow portion 
shown in Table 3.2. Thus, the calculated transmissivity values are dependent on 
the conceptual model and the interpretation of fracture zones. In Table 5.3 the 
estimated range of transmissivity for the actual fracture zones calculated from 
LPT -2 and assumed in the conceptual model is shown. 

The estimated ranges of transmissivity of the dominating fracture zones from 
LPT-2 are in reasonable agreement with the ranges assumed in the conceptual 
model. Also, the estimated transmissivities from these fracture zones in KAS06 
(fable 3.2) generally are within this range. 

&timated transmissivity (T) and inflow from some of the dominating fracture :rones during U'T-2 (f~:cbulk transmissivity 

from Table 5.1). 

Borehole- Dominating Inflow T.,x10-5 Txlo-s 

section fracture rone (%) (m2/s) (m2ts) 

KAS02-B4 EW-Sw 33 12 4.0 

-B3 EW-Sw 33 11 3.3 

KAS04-D2 EW-5w? 33 14 4.6 

KAS05-E3 EW-Sw 33 14 4.6 

KAS01-I6 NNW-lw 21 4.1 0.84 

-IS NNW-lw? 21 4.9 1.0 
-14 EW-Sw 33 17 5.6 

-I2 EW-3w? 15 6.1 0.91 
-Il NNW-lw? 21 19 4.0 

EW-X? 5 19 0.95 

KAS08-M3 NNW-2w 26 14 3.6 
-Ml NNW-2w 26 10 2.6 

KAS12-DC EW-5w? 33 15 4.9 
-DB EW-5w 33 13 4.3 

In total, ten percussion boreholes responded to the pumping in KAS06. In the 
other boreholes no significant drawdown was observed. The most distinct 
responses (relative to the distance from the pumping borehole) were observed 
in HAS06-Nl and HAS13-Ul, see Table 4.1. A rather low specific capacity 
(Q/sw=2.8x10-7 m2/s) was calculated in HAS06 from the air-lift tests (Wikberg 
et al. 1991, p.81). No fracture zone is interpreted to intersect the borehole. 

In HAS13 a high transmissivity (f=2.5x10-4 m2/s) was calculated from the air
lift tests (Nilsson 1989). According to the conceptual model Zone EW-3w is 
assumed to intersect HAS13 (Wikberg et al. 1991, p.181). From LPT-2 an 
apparent high transmissivity of T=5.0x10-4 m2/s (based on the total flow rate), 
a storativity of S=6.0x10-s and a leakage coefficient of K'/m'=7.0xl0-10 s-1 were 
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calculated. It is uncertain whether the response in HAS13-Ul was propagated 
along fracture zones or in the upper part of the bedrock and accordingly, if the 
calculated hydraulic parameters in this section are representative. The response 
may possibly have been transmitted via Zones EW-3w and NNW-3w. 

In general, no quantitative evaluation of the responses in the percussion 
boreholes has been performed since most responses are interpreted as 
intermediate-poor (Table 4.1) and probably have been indirectly transmitted 

along the upper part of the bedrock in most cases. 

F.stimated range of transmissivity of the dominating fracture zones from LPT-2 and :wwned in the conceptual model. 

Fracture zone 

EW-5w 

NNW-lw 

NNW-2w 

EW-3w 

EW-X 

LPT-2 
Tx10-s (m2/s) 

3.3 - 5.6 

0.84- 4.0 

2.6 - 3.6 

0.91? 

0.95 

Conceptual model 
TxlO-s (m2/s) 

1-4 

0.5-2 

2-6 

0.01-0.1 

DISCUSSION OF TIIE CONCEPTUAL MODEL 

According to Table 4.3 and the conceptual model, fracture zones are assumed 
to intersect most of the observation sections with the most distinct hydraulic 
responses during LPT -2. In several of these sections the hydraulic connections 

with the pumping borehole are confirmed by tracer dilution measurements. 

These observations thus support the overall conceptual model. However, some 
modifications of the latter model are necessary to satisfactory explain all 

observation borehole responses. 

Conversely, fracture zones are interpreted in a few sections with rather poor 
(delayed) responses. These are KAS09-AE and AD which are assumed to be 
intersected by Zone EW-Sw (50-100 m) and Zone NE-lw (110-148 m), 

respectively in the geohydrological conceptual model. Also in sections KASll
CE and CD (Zone EW-Sw), KAS13-ED and EC (Zone NNW) and KAS14-FE 

(Zone EW-Sw) rather poor or delayed hydraulic responses were observed, see 

Table 4.1. Several of these sections are located in the upper part of the bedrock 

and in boreholes close to Zone NE-1 w. As discussed above, this zone may 
possibly have an extinguishing effect on the responses in observation boreholes 
close to the zone. 

Some of the fracture zones interpreted in the observation sections are assumed 
to also intersect the pumping borehole KAS06, i.e. Zones EW-3w, NNW-lw 
and 2w, EW-5w (and possibly also EW-X). Of these zones, EW-Sw (and 

possibly EW-X) and NNW-lw and 2w seem to play an important role as major 

hydraulic conductors during LPT -2. The responses in observation sections 
intersected by the other interpreted fracture zones in the southern part of the 

Aspo area, i.e. NE-lw, EW-lw and NE-2w seem to have been indirectly 
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transmitted via the above mentioned fracture zones from the pumping borehole. 

The distinct response in the lower part of KAS03 indicates that Zone EW-5w 
probably also extends to the north of Zone EW-lw. This is considered to be an 
important result of LPT -2. 

LPT-2 also indicates that Zone EW-5w may intersect section D2 (332-392 m) 
in KAS04. In the hydraulic conceptual model Zone NE-2w (and possibly also 
EW-1) is assumed to intersect this section. However, the geological 
interpretation indicates the presence of Zone EW-5 . 

Zone EW-5w may also intersect section DB (278-329 m) in KAS12. In the 
conceptual model this section is assumed to be intersected by Zone NE-2w. 

Zone EW-X may possibly be of hydraulic importance in the deeper parts of the 
bedrock. 

Considering the uncertainties in the quantitative evaluation of LPT-2 the 
estimated transmissivities of the dominating fracture zones on Aspo are 
generally within (or close to) the range of transmissivities of these zones 
assumed in the conceptual model. The only exception is Zone EW-3w for 
which the estimated transmissivity from LPT-2 is 10-100 times higher than 
assumed in the conceptual model. The estimated value from LPT-2 is 
considered as very uncertain since it is only based on the hydraulic response in 
borehole section KAS07-J2 (which is uncertain). 

However, Zone EW-3w is probably hydraulically significant in the pumping 
borehole KAS06. Except the results from the tracer dilution tests in KAS06 
during LPT-2, this zone probably affects the drawdown behavior in KAS06. 
This is indicated by the rapid increase of drawdown in KAS06 when the flow 
rate was increased 900920 (fable 2.1). The drawdown increased more than was 
expected, indicating changed hydraulic conditions in the borehole (increased 
skin factor). This may be explained by the groundwater table in the borehole 
falling below a major hydraulic conductor of Zone EW-3w, located at a vertical 
depth of about 50-60 m. This figure approximately coincides with the measured 
groundwater head at this time (Fig. 2.1) and the interpreted location of Zone 
EW-3w from the tracer dilution measurements (fable 3.2). 

The interpretation of Zones NNW-3w and -4w in the conceptual model must 
be regarded as uncertain. The observed rather large drawdown across Zone 
NNW-4w in the upper part of the bedrock in boreholes HAS06 and 07, see 
Table 4.1, may speak against the present interpretation of this zone. 

CONCWSIONS 

The qualitative and quantitative evaluation of the pumping test LPT -2 is 
consistent with the overall conceptual model presented in Wikberg et al. (1991). 
The hydraulic importance of Zone EW-5w and the NNW-fracture system, and 
indirectly also NE-lw, is clearly demonstrated. However, the test indicated that 
some modifications of this model are necessary to satisfactory explain all 
drawdown responses observed. 
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The most important points to further investigate are considered to be: 

-the extension of Zone EW-5w towards northwest beyond Zone EW-1 w 
(KAS03). 

-the extension of Zone EW-5w towards northeast and location of the zone in 
boreholes KAS04 and KAS12 (and possibly in KAS08). 

-the extension and hydraulic properties of Zone EW-3w. 

-the extension and hydraulic properties of Zones NNW-3w and -4w. 
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ABSTRACT 

A large scale three-dimensional tracer test was performed in fractured 
crystalline rock autumn 1990 in the target area at .Aspo, Sweden where the 
hard rock laboratory is to be constructed. The objective of this tracer test was 
to determine how the major fracture zones are interconnected and by 
comparison with the experimentally obtained results verify or refute the 
framework of fracture zones presented in the conceptual model of .Aspo. The 
aim was also to determine transport parameters such as residence time, dis
persivity, flow porosity and hydraulic conductivity of the fracture flow paths. 
Predictions of tracer flow paths and residence times have previously been 
made by numerical modeling and the experimemtal results are compared 
with the predicitons. 

The large scale three-dimensional tracer test included tracer withdrawal by 
. pumping in an 600 metres deep open borehole, creating a converging flow 
field in the hydraulic conductive fracture zones surrounding the borehole. 
One dye tracer and three radionuclide tracers were injected in packed-off 
sections in nearby boreholes, where these intersects the hydraulic conductors. 
Two of the tracers were subjected to repeated injection, resulting in tracer 
injections from totally six locations in the fracture system. The geometric 
(straight line) distances from point of injection to point of detection in the 
withdrawal borehole ranged from 100 to 300 metres. The longest tracer flow 
path (trajectory) distance along interconnected fracture zones is calculated to 
approximately 380 metres. The depths ranged from 140 to 600 metres. 

The experimental design and performance included the intermittent decaying 
pulse injection technique to minimize disturbance of the groundwater flow 
field and handling of radioactive tracers whilst also optimum conditions for 
tracer detection in the withdrawal borehole are given. Groundwater flow 
measurements by the dilution method were utilized to determine which 
borehole sections to be subjected to tracer injection, and a multilevel sampler 
were used to make it possible to detect tracer inflow levels in the withdrawal 
borehole. 

The results of the tracer test are consistent with the framework of fracture 
zones presented in the existing conceptual model of the Aspo area. The 
dispersivities in the fracture zones at Aspo obtained by model fit to the 
breakthrough curves are compareable to a large fracture zone (Zone 2) 
investigated at the Finnsjon site, central Sweden. In general, the dispersivities 
was in the order of one tenth to one fifth of the flow path distance. From the 
results it is judged that macro dispersion is an important process during the 
prevailed pumped conditions. The hydraulic conductivity of fracture flow 
paths and flow porosities were calculated for three fracture zones, and a clear 
distinction between these could be done. The fracture conductivities ranged 
from l.3·10-4 to 8.6-10-3 m/s and the flow porosities 2.0·10-4 to 5.0·10-2• 
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SUMMARY AND CONCLUSIONS 

The objective of this tracer test was to determine how the major fracture 

zones are interconnected and by comparison with the experimentally obtained 

results verify or refute the framework of fracture zones presented in the 

conceptual model of A.spo. The aim was also to determine transport 

parameters such as residence time, dispersivity, flow porosity and hydraulic 

conductivity of the fracture flow paths. Predictions of tracer flow paths and 

residence times have previously been made by numerical modeling and the 

experimemtal results are compared with the predicitons. 

The large scale three-dimensional tracer test included tracer withdrawal by 

pumping in an 600 metres deep open borehole, creating a converging flow 

field in the hydraulic conductive fracture zones surrounding the borehole. 

One dye tracer and three radionuclide tracers were injected in packed-off 

sections in nearby boreholes, where these intersects the hydraulic conductors. 

Two of the tracers were subjected to repeated injection, resulting in tracer 

injections from totally six locations in the fracture system. The geometric 

(straight line) distances from point of injection to point of detection in the 

withdrawal borehole ranged from 100 to 300 metres. The longest tracer flow 

path (trajectory) distance along interconnected fracture zones is calculated to 

approximately 380 metres. The depths ranged from 140 to 600 metres. 

The experimental design and performance included the intermittent decaying 

pulse injection technique to minimize disturbance of the groundwater flow 

field and handling of radioactive tracers whilst also optimum conditions for 

tracer detection in the withdrawal borehole are given. Groundwater flow 

measurements by the dilution method were utilized to determine which 

borehole sections to be subjected to tracer injection, and a multilevel sampler 

were used to make it possible to detect tracer inflow levels in the withdrawal 

borehole. 

Five fracture zones contributed to tracer transport from points of injection to 

detection in the withdrawal borehole; NE-1, NE-2, NNW-1, NNW-2 and 

EW-5. 

Within the time limits given for this tracer test, 76 days, and considering the 

half-life of the radionuclide tracers used, tracers reached the withdrawal 

borehole from three out of six injection points. However, the interpretation is 

that tracer possibly also reached KAS06 from a fourth injection point. 

The results of the tracer test are consistent with the framework of fracture 

zones presented in the conceptual model of A.spo by Wikberg et al.(1991), 

i.e. geometry and intersections between fracture zones agree with the 

obtained tracer flow paths. However, the flow paths predicted by numerical 

modeling (Svensson, 1991) did not agree completely with the experimental 

data. To some degree this is due to the fact that the computer code used for 

the predictions by definition only can develop one flow path from a point of 

injection. 
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Out of six injection points the predicted residence time was a bit 
overestimated (a factor of 2-3) from four points and underestimated from 
one injection point. From the sixth injection point no fair comparison can be 
made between experimental and predicted residence time since the pumping 
for tracer withdrawal stopped three days before the predicted time of tracer 
arrival. The predicted residence time was anyway then not overestimated 
from that injection point. The discrepancy shows how sensitive the residence 
times are to flow porosity. In the predictive mode ling a flow porosity of 1.0 
10-3 was applied to all zones, but from the tracer test the flow porosity was 
determined to vary between 2.0·10-4 and 5.0-10-2• 

Zone EW-3 carried no tracer but from the tracer test results it was possible 
to calculate its contribution to the inflow in the withdrawal borehole K.AS06. 
The inflow from zone EW-3 amounted to 15 of the total inflow, i.e. it is 
indicated that EW-3 must be considered being a more important hydraulic 
conductor than is assumed in the conceptual model. 

Within the distances involved in the performed tracer test zone EW-5 is 
judged to be a good but complex hydraulic conductor, with many widely 
spread but interconnected fracture flow paths. 

Zones NNW-1 and NNW-2 are very good hydraulic conductors with a few 
narrow spaced water-conducting fractures. 

The transport parameters for fracture zones NE-1 and NE-2 can not be 
quantitatively determined, but based on the tracer test results it is assumed 
that NE-1, having higher conductivities in the fracture flow paths and lower 
dispersivities is a more distinct hydraulic conductor than NE-2. 

The dispersivities obtained by model fit to the breakthrough curves for 
NNW-1, NNW-2 and EW-5 are compareable to a large fracture zone 
investigated at the Finnsjon site, central Sweden. In general, the dispersivities 
was in the order of one tenth to one fifth of the flow path distance. 
Expressed as Peclet numbers, 4.2 - 11.3 where the lower values are 
representative for EW-5 and the higher for NNW-1 and NNW-2, i.e. largest 
dispersion in EW-5, which is not suprisingly the most geometrically 
complex zone according to the conceptual model. 

From the results it is judged that macro dispersion is an important process 
during the prevailed pumped conditions. 

The hydraulic conductivity of the fracture flow paths were calculated. The 
fracture conductivities are obviously smaller in EW-5 than in NNW-1 and 
NNW-2, out of which NNW-1 has somewhat higher conductivities. The 
mean value is 6.3·10-4 rn/s in EW-5 and 3.6-10-3 and l.5·10-3 rn/s in NNW-
1 and NNW-2 respectively. The cumultative width of the hydraulically 
active fractures in the zones is about five to ten times higher for EW-5 than 
NNW-1 and NNW-2. The conclusion is that zone EW-5 consists of many 
low conductive fractures, whereas zones NNW-1 and NNW-2 consists of a 
few highly conductive fractures. 
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The flow porosity was calculated over the entire width of the fracture zones. 

Based on the results of the calculations the flow porosity in EW-5 is 
estimated to vary between 2.0·10-4 and 2.0·10-3, in NNW-1 between 6.0·10--4 

and 3.0·10-2, and in NNW-2 between 5.0·10-3 and 5.0·10-2• However, due to 

the much greater width of EW-5, 100 metres compared to 1 to 3 metres for 

NNW-1 and NNW-2 the total effective pore volume in EW-5 is in the 

same order or even larger than in the other two zones. 
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INTRODUCTION 

Groundwater and its capability to dissolve and transport spent reactor fuel 
from a repository to the biosphere is one of the critical questions when 
dealing with deep underground disposal of the radioactive material from 
nuclear power plants. The potential repository for spent reactor fuel will be 
placed in crystalline rock at a depth of 500 m below ground surface. Since 
the active transport in non-fractured rock is negligible, the transport with 
groundwater in fractured rock will be the most important mechanism to 
dislocate the radioactive elements and transport them to the biosphere. 

The fracture zones on the island of Aspo have been observed both from the 
ground surface and in boreholes. In borehole sections isolated by packers, 
fracture zones have been noticed as hydraulic conductors. In order to 
quantify transport parameters of these fracture zones, a large scale three
dimensional tracer test was performed in the autumn of 1990. The aim of 
this tracer test was to give information on how these fracture zones are 
interconnected, and to determine transport parameters such as residence time, 
dispersivity, flow porosity and hydraulic fracture conductivity. For further 
information about geology, geohydrology and hydrochemistry of Aspo island 
see Gustafson et al 1989. 

The field experiments were performed at the Aspo site (Fig 1. 1) during 
October and November 1990 and sparse sampling was continued until pump 
stop in December 1990. The field work was coordinated with the Department 
of Nuclear Chemistry, Chalmers University of Technology who handled and 
analyzed the radioactive tracers. 

,.. ,,,. 
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Simpevarp 
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Figure 1. 1 Key map for the Aspo hard rock laboratory. 
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2. EXPERIMENTAL DESIGN 

2.1 GENERAL OUTLINE 

The large scale three dimensional tracer test described in this report was 
performed on the southern part of Aspo (Figure 2.1) in the area where the 
hard rock laboratory will be constructed. Groundwater was discharged from 
the 600 m deep borehole KAS06 creating a converging flow field through 
hydraulic conductors, i.e. fracture zones, surrounding the borehole. Tracers 
were injected in packed-off sections in nearby boreholes, where these 
intersects the hydraulic conductors (Figure 2.3). The interpretation of the 
fracture system in and around southern Aspo has been dealt with by several 
authors (e.g. Carlsten, 1989) and summarized by Wikberg et al.(1991) in a 
conceptual model (Figure 2.2). The configuration of the fracture system is 
the key to the understanding of possible hydraulic contact between boreholes. 
The extension and magnitude of the hydraulic conductivity of the fracture 
zones, including intersecting zones, has to be determined. Since the 
withdrawal pump is situated in an open 600m long borehole, and the fracture 
configuration in the crystalline rock has a complex structure, there is a 
difference from the "classical" radial converging flow geometry. The 
transport parameters of the hydraulic conductors are determined from the 
breakthrough curves of the tracers. 

The pumping was performed during three months and the pumped 
groundwater was discharged into the sea. The first tracers were injected 
about two weeks after pumping started so that the tracers would be injected 
in a steady state groundwater flow field. Measurements of hydraulic head 
confirmed a groundwater situation very near a steady state during the tracer 
test. 

Three radioactive isotopes and one fluorescent dye tracer were injected in 
four borehole sections into the fracture system around the pumped hole. One 
tracer per injection point was used. Towards the end of the tracer test two 
additional tracer pulses were injected in a second run in two borehole 
sections not used in the previous run. Boreholes and sections considered for 
tracer injections are presented in Table 2.1. 

All boreholes at Aspo are equipped with packers in order to isolate the 
different hydraulic units. In most of these sections the groundwater pressure 
was registered with pressure transducers and data logger, in the same way as 
the previous long term pump test on Aspo in KAS07 performed in August 
1989 (Gentzschein and Nyberg, 1989). The principle design of the instru
mentation in the boreholes is shown in Figures 2.11 and 2.12. 
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Configuration of boreholes and sections used in the tracer tc · 

Borehole Code Depth1 Section Borehole 

-section length diameter length inc2 

(m) (m) (m) (m) 

KAS02-4* B4 309 - 345 36 0.056 924 84 

KAS02-2* B2 800 - 854 54 0.056 

KAS05-3* E3 320 - 380 60 0.076 549 85 

KAS05-1* El 440 - 549 109 0.076 

KAS07-4* 14 191 - 290 99 0.056 604 59 

KAS08-3* M3 140 - 200 60 0.056 601 59 

KAS08-1* Ml 503 - 601 98 0.056 

KAS12-2* DB 279 - 330 51 0.056 380 60 

KAS13-3 EC 191 - 220 29 0.056 407 60 

KAS14-2 FB 147 - 175 28 0.056 212 60 

1 Distance from casing top, isolated by packers. 
2 Inclination in degrees to the horizontal plane. Borehole orientation is 

shown in Figure 2-1. 
* Chemical analysis of section water available, sampled in May and June 

1990. (Nilsson 1991) 
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TRACER 
INJECTION 

Figure 2.3 Sketch showing the outline of a three-dimensional tracer test in fractured 
crystalline rock. 

2.2 PUMPING FOR TRACER WITIIDRA WAL 

The tracer test was carried out in a converging flow geometry established by 
pumping in borehole KAS06. The borehole is 602m deep and has an 
inclination to the horizontal plane of 6(f towards north. Borehole KAS06 is 
of telescope type and has a diameter of 164mm in the uppermost 100m and 
56mm below. The pumping was made in an open borehole configuration 
with a submersible pump placed 85 m below top of casing. The withdrawn 
water was discharged into a container at the ground surface, through PVC 
pipes with an inner diameter of 40.8 mm. A biP bilgepump in the container 
pumped the water further into the sea through ::-ge diameter tube. 

The withdrawal rate was continuously measured and regulated to a constant 
flow. The groundwater level in the borehole was also continuously moni
tored. The pump flow rate was changed at two occations in the beginning of 
the test to obtain the largest pump capacity possible without any risk that the 
pump would run dry. The objective was to create a large hydraulic gradient, 
giving an optimum chance for injected tracers to reach the pumped borehole 
within the time limits stated for this tracer test. At a constant pump flow rate 
of 135 1/min the mean drawdown established by the pumping was about 65m 
in the pumping borehole. 
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The pump was equipped with a check valve and in the top of the borehole a 
branch pipe for the possibility either to lead the water into the flow meter 
and further on into the sea or to lead the water back into the borehole. This 
is useful when starting up again after a pump stop. For measurement and 
detection of the tracers a shunt has been used to detach the analysis and 
sampling equipment to the main flow pipe ( c.f. section 2.4, Figure 2. 7). 

The pumping started on September 17th 1990 and the transient (initial) stage, 
regarding the head distribution in the tracer test area was estimated to last for 
about two weeks, based on data from the previous pump test LPT-1. The 
18th of December 1990 the pump was shut off and the recovery period 
started. No major pump stops that could interfere with the tracer test have 
been reported during this period. All events during the test including the the 
tracer injections are summarized in Table 3.1, below. Measurements of 
hydraulic head confirmed a groundwater situation very near a steady state 
during the tracer test. 

TRACER INJECTIONS 

Tracers used 

Four different non-sorbing tracers were used during this tracer test, three 
short-lived radioactive isotopes and one fluorescent dye, Uranine. The 
chemical form and half-lives of the radiotracers are given in Table 2.2. 
Uranine is also used as marker of the flushing water during borehole drilling 
at Aspo. 

Tracers used. 

Tracer Half-life Cltemical form Remarks 

In-114 4951 d In(III)-EDT A metal complex 
I-131 8.04 d I(Ir negative ion 
Re-186 3.78 d Re(VII)O◄- negative ion 
Uranine Fluorescent dye 

note: Gamma ray energies and detection limits are presented in Byegard et al.(1991). 

The advantages of using short-lived radioactive isotopes as tracers are that 
they can be detected in very low concentrations, equipment for detecting 
them in situ in boreholes are available and that they never will interfere with 
experiments in the future. The main drawback is that one needs a very 
precise description of the prevailing hydraulic conditions at the study site. 
The prediction has to be so precise that the breakthrough is made before the 
detection limit is reached due to decay. Another disadvantage is that the 
radiotracers in general has a relatively narrow dynamic concentration range 
due to safety regulations that limit the amount that can be injected. 
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The radiotracers are possible to detect with a gamma spectrometer probe in 
the pumped borehole. The radiotracers have been chosen so that their 
detectable gamma energy levels will not interfere with each other. 

Continuously during the tracer test all tracers were analyzed in the field 
laboratories. One field laboratory was prepared and used as a radiochemical 
laboratory. Here the injection solutions were prepared from transport stock 
solutions as well as calibration solutions for concentration determinations. In 
another laboratory, physically separated from the radiochemical laboratory, 
samples were measured and gamma spectras were analyzed. The gamma 
spectrometer probe used for detection of inflow levels in the pumped 
borehole was connected to a multi channel analyzer in the detector 
laboratory. For further information about the radio analyses see Byeg!rd et 
al. (1991). The dye tracer Uranine was analyzed with the fluorescence 
technique. A fluorescence spectrophotometer was installed in a third field 
laboratory and samples were measured every day for Uranine content. 

Prior to the large scale three-dimensional tracer test, a small field test in a 
borehole was performed to determine the necessary conditions for using the 
gamma spectrometer probe to detect tracer inflow levels in a pumped 
borehole (Gustafsson 1990a). 

2.3.2 Dilution measurements 

Before the tracer injections started, dilution measurements were performed in 
six candidate borehole sections to find the four best for the tracer injections. 
Then, during the first part of the tracer test additional dilution measurements 
were made in four new borehole sections to find sections suitable for the 
large tracer pulse injections at the end of the test. The sections measured are 
presented in Table 2.1. 

Dilution measurements are performed for determination of groundwater flow 
through boreholes or packed-off sections (hydraulic units) of boreholes. The 
groundwater flow is usually calculated as a mean value over a period of a 
few days in a borehole section limited by borehole packers. The borehole 
section lengths at Aspo varies from about 30 to 100 m. The dilution 
(circulation) section in the borehole is connected to the ground surface with 
two plastic tubes, as shown in Figure 2.4 (with an inner diameter of 6 mm). 
The downward tube outlet is situated at the bottom of the section and the 
inlet at the top. The circulation pumps placed in the near surface PEM tube 
establishes a circulating system where the groundwater in the borehole 
section will be mixed. 

A small amount of tracer is constantly added during one circulation cycle to 
the circulating water system. This tracer must posses the quality that it can 
be added to the studied water in either low or high concentrations and then 
still be possible to detect in very low concentrations i.e. a wide concentration 
range. 
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The tracer concentration in the borehole section will then decrease as the 
through flowing groundwater dilutes the tracer labelled section water. The 
dilution of the tracer in the water is proportional to the groundwater flow 

through the section. 

As the amount of the injected tracer solution usually is limited to four or five 
liters and injected over at least five hours, the tracers will not be forced out 

into the fracture system with excess pressure. If the fracture is judged to 
have a low hydraulic conductivity it is possible to withdraw the same amount 

of water from the circulating system as injected. 

The groundwater flow through the borehole sections is generally detemined 

with an error less than a few percent. If the flow rate through the borehole 
section is to be converted to groundwater flow in the straddeled fracture zone 

some factors that may cause errors in the calculated value have to be 
considered. The disturbance in the flow field due to the presence of the 
borehole and the presence of several water conducting fractures within the 

measured section may provide short circuits between the fractures (with 
different hydraulic head) resulting in enhanced flow rates. The flow in the 

fractures has spatial differences due to uneven distribution of fracture 
apertures and other heterogeneities. Consequently, if a borehole penetrates a 

highly conductive fracture in a location were the fracture surfaces are in 
contact with each other it will show lower values of groundwater flow than if 

the borehole had penetrated a "flow channel" in the fracture. Also the angle 

between the borehole and the fracture zone as well as the direction of the 
groundwater flow has to be considered in that case (Gustafsson, 1986). 
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a Inflow ( to trace element unit) 
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Injection procedures 

In the core boreholes, with prefix KAS, usually two sections are available to 
circulate the groundwater from the isolated section up the ground surface and 
back again. This circulation makes it possible to use tracers in one section 
without contaminating adjacent sections. The circulation system is shown in 
Figure 2.4. The circulation pump is located in the upper enlarged part of the 
borehole in a plastic (PEM) tube. The pump system in the borehole and the 
trace element unit on the ground surface are shown in Figure 2.5. The 
circulation capacity of the section water is measured by a float type flow 
meter. Pressure gauges are used for monitoring the pressure situation. 
Injection of the tracers into the circulating section is made with an injection 
pump which is temporary connected to the trace element unit. The injection 
of the tracer solution is made during one circulation/mixing cycle in order to 
achieve the best possible initial mixing. Manual sampling of section water 
for analysis of tracer concentration is also made in the trace element unit. 

The tracers were injected with the intermittent decaying pulse injection 
technique that meets the following requirements: 

Possibilities to in situ measurements of the tracer inflow levels 
with gamma spectrometric probe and multi level sampler when 
the tracers reach the pumping borehole. 

Well defined in time and space, eg. no dispersion of the tracers 
in the injection borehole section. No disturbance of the ground 
water flow field and no tracers forced out to a unknown distance 
in the adjacent fracture system. 

Minimize the handling and storing of radioactive tracers at the 
injection borehole. 

Intermittent decaying pulse injection means that pulses of tracers are injected 
in an clearly defined borehole section with constant time interval and without 
excess pressure, eg. one pulse every third or sixth day. The equipment 
needed is the same as for measuring groundwater flow with the dilution 
technique. The injected tracer is diluted by the groundwater flowing through 
the borehole section and when the concentration has reached a lower limit, 
after a couple of days, a new pulse is injected containing the same mass of 
tracer that has been released from the borehole section during the dilution 
process. Figure 2.6 shows an example of tracer concentration versus time in 
both the injection section and in the withdrawal water. 
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The tracers were injected with the following schedule: 

(1) 4000 ml of concentrated of tracer solution (C00) was injected with 

constant flow into the circulation system during one mixing cycle ( c.f. Table 

2.3). 

(2) The magnitude of the groundwater flow in the studied section was 

determined by sampling and analysis of the tracer concentration (C0). The 

dilution of the tracer with time is proportional to the groundwater flow. 

(3) From the groundwater flow and mass balance calculations, the amount of 

trac.er that has to be added to reach the initial C0 concentration in the 

borehole section during the next injection pulse is determined. ( c.f. Table 

3.4) 

( 4) Repeated injection of 4000 ml concentrated tracer solution every third 

(sixth) day according to the procedure (1) - (3) above. 

(5) Continuous monitoring of the groundwater flow by sampling and analysis 

of the tracer concentration in field every day. 

Trac.er injection data. 

Borehole Injection Injection Injection lnj. lnj. 

section time flow volume no int 

(h min) (ml/min) (ml) (a) (b) 

KAS02-4 5 21 125 4000 1 

KAS05-3 14 56 27.9 25000 1 

KAS07-4 13 31 4.9 4000 5 6 

KASOS-1 7 2 9.5 4000 7 3 

KASOS-3 6 53 9.7 4000 1 

KAS12-2 6 42 12.0 5000 7 3 

Injection time = one mixing cycle 
a) number of injections during the test 

b) number of days between each injection 

During the field test a continuous follow up of the tracer concentration in the 

actual injection sections were made. Samples were taken and analyzed 

morning and evening. In the morning of injection day the last sample were 

taken and analyzed before injection. Together with analyses from previous 

days a predictive dilution calculation was made for the injection later that 

day. This was made in order to optimize the injected concentration so that 

every intermittent pulse injection would contribute to the same initial tracer 

concentration in the groundwater. 
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Table 2.4 Tracer runs. 

Borehole Tracer Run Inj2 

section no1 type 

KAS02-4 Indium (In-114) 1 dp 

KAS0S-3 Uranine 2 dp 

KAS07-4 Iodine (I-131) 1 idp 

KAS08-1 Rhenium (Re-186) 1 idp 

KAS08-3 Rhenium (Re-186) 2 dp 

KAS12-2 Uranine 1 idp 

1 1 = initial choice, 2 = additional pulse injection 
2 idp = intennittent decaying pulse injection, dp = decaying pulse injection 
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Figure 2.6 Intermittent decying pulse injection. Example of a theoretical breakthrough 

curve resulting from an intermittent decaying pulse injection in a stream tube 

70 m long and 1 m2 cross sectional area (Gustafsson, 1990b ). 
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2.4 TRACER SAMPLING AND ANALYSIS IN WITHDRAWAL BOREHOLE 

Besides sampling of tracers also Eh, temperature and electrical conductivity 

were continuously monitored in the pumping borehole KAS06 (Figure 2.7). 

The tracers were detected in the withdrawn water as well as in the borehole 

with the gamma spectrometer probe to distinguish between the different 

inflow paths to the pumping hole (Figure 2.8). Another device, called the 

multi level sampler, was constructed and used for the same purpose but also 

for the possibility of probe failure and if the radioactivity of the water in 

KAS06 should be below detection limit. The dye tracer can not be measured 

with the probe and the multilevel sampler is necessary if tracer breakthrough 

at different inflow levels is to be determined. The multi level sampler is a 

bundle of eight tubes of different lengths fitted with check valves at the 

inlets. This multi level sampler is lowered into the borehole, with an excess 

pressure applied to the check valves thereby closing the tubes, passing-by 

the main withdrawal pump, to each level studied. The tube outlets, on the 

ground surface, are then opened and the tubes are filled at each sampling 

level. The multi level sampler tube was then brought up to the ground 

surface and each tube was emptied on water from the studied levels 

(Figure 2.9) 

The studied levels in the withdrawal hole have been chosen on basis of the 

spinner measurements performed (Ekman and Gentzschein, 1989). These 

flow measurements are shown in Figure 2.10. The various inflow levels 

increases the water velocity and shows a step formed velocity distribution in 
the borehole. The inflow levels correspond to sections of increased hydraulic 

conductivity (Nilsson, 1990). 

Table 2.5 Sampled levels and their corresponding waterconducting fracture zones in 

KAS06 (Interpretations made in connection with prediction and planning of 

this tracer test). 

Level1 Hydraulic conductor2 Corresponding3 

no -m label level(m) fracture zone 

8 - 190 A 217 NNW-1 
7 - 290 B 312 EW-5 

6 - 340 C,a 353 EW-5 
5 - 360 C,b 364 EW-5 
4 - 390 D 399 ? 

3 - 430 E 448 NNW-2 
2 -540 F,a 558 '! 
1 - 570 F,b 596 ? 

1 Instrumental level, m below casing top. 
2 Major hydraulic conductor with its corresponding level 
3 Fracture zone interpretation made before this tracer test. 
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From the results in Figure 2.10 the eight levels presented in Table 2.5 were 
chosen. Sina : ·- flow direction in the pumped borehole is upwards the 
sampling levels were chosen just above the level where the hydraulic 
conductor intersects the borehole. Note that each sampled level is a sum of 
all underlying levels and the net inflow to each level is obtained by 
calculations based on the water inflow distribution in the borehole. 

-
VOLUMETRIC 

FLOW 
METER 

SAMPLER 
CONTROL 

UNIT 

® = Manometer 

® = Valve 

FI = Flo.... indicator 

F = Filter 

ET = Eh/TemperoturP sensor 

EC = Electrical conductivity sensor 

MS = Manual sampling 

REGULATOR 

t 

000 

GEOSIGMA 
MAU IUG VATTOi .,.._:.:-> 

Figure 2. 7 Sketch of equipment at withdrawal borehole for regulation of flow, sampling 
and analysis of water. 
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Figure 2.10 Hydraulic conductivity and inflow levels in KAS06, withdrawal hole 
(Ekman and Gentzschein, 1989) 
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SUPPORTING MEASUREMENTS 

Hydraulic head 

The hydraulic head was monitored in all boreholes on Aspo (Jonsson and 
Nyberg, 1991). At the Aspo site most of the boreholes are equipped with 
data loggers which continuously collects values of automatically measured 
hydraulic heads in the boreholes. The logged data are dumped with a 
portable computer at the boreholes every two months. In the boreholes 
KAS02 - KAS14 the hydraulic head was monitored in 4 - 6 packed-off 
sections. In KAS0l and KASl0 the groundwater level was measured in open 
boreholes. In the percussion boreholes HAS02 - HAS20 the hydraulic heads 
were registered in two or three packed-off sections. In HAS0l the 
groundwater level was registered in the open borehole. The principal outline 
of the instrumentation for hydraulic head measurements is shown in Figures 
2.11 and 2.12. In the pumped borehole, KAS06 the hydraulic head was 
measured by a pressure transducer placed downhole and connected to a data 
logger at the ground surface. A check plot was made every day to control the 
hydraulic head status. 

In the borehole sections that are used for tracer injection it is not possible to 
measure the correct hydraulic head during circulation and mixing. 
Measurements of hydraulic head during circulation of the section water will 
only register an underpressure due to the technical solution that is chosen, 
i.e. pressure gauge connected to the inlet tube of the circulation pumps, cf 
Figure 2.4. A real pressure drop in the section due to circulation does not 
exist. At the end of the pumping period the circulation pumps in the injection 
borehole were stopped for a period of about four to five days in order to 
monito, ~"meet hydraulic heads in the injection sections. 

Electrical conductivity and Redox potential 

During the pumping in KAS06 the redox potential,Eh, and electrical conduc
tivity was continuously registered in the withdrawal water, as outlined in 
Figure 2.7. 

2.5 .3 Temperature and Water Chemistry 

The temperature in the water withdrawn from KAS06 was noted once a day 
from readings on the temperature sensor display (Fig. 2. 7). 

Groundwater was sampled in May and June 1990 in injection sections and in 
level 3 and 8 in KAS06 for chemical analysis of main constituents. In 
KAS02-2, KAS07-4 and KAS12-2 analyses were made for elements in 
trace concentrations. For further information see Nilsson (1991 ). 
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3. EXPERIMENTAL RESULTS 

3.1 LOG OF EVENTS 

In order to be able to compare different events during the LPT-2, it is 
practical to use a common time basis. In this test, the different events have 
been compared to the start of the Uranine and Rhenium injections which 
started simultaneously. The log of events, presented in Table 3.1 also lists 
each major event during the entire pumping period for the tracer test. 

Table 3.1 Log of events during the large scale three-dimensional tracer test. 

Date Time El.time Event 
(hours) 

900917 09.00 -396 Pump start in KAS06. 0= 120 1/min. 
900920 09.00 -324 Q changed to 150 1/min 
900924 15.00 -227 Q changed to 135 1/min 
901002 21.00 - 14 Pump stop 1 hour, power failure 
901003 10.55 0 Start tracer inj. in KAS12-2 (DB) 
901003 11.01 0 Start tracer inj. in KAS08-1 (Ml) 
901003 14.59 4 Start tracer inj. in KAS02-4 (B4) 
901003 17.22 6 Start tracer inj. in KAS07-4 (14) 
901031 15.52 677 Start tracer inj. in KAS08-3 (M3) 
901031 16.30 678 Start tracer inj. in KAS05-3 (E3) 
901218 10.55 1824 Pumping in KAS06 finished 

3.2 TRACER INJECTIONS 

3.2.1 Dilution measurements 

Dilution measurements were performed in ten candidate injection sections in 
order to decide the borehole sections best suited for tracer injections. The 
decision was based on the groundwater flow through the sections. To 
measure the groundwater flow in the candidate borehole sections by means 
of the dilution technique a small amount (20-40 mg) of the fluorescent dye 
Uranine was injected. In the first run six borehole sections were measured, 
out of which four were chosen for tracer injection. In the second run 
additional four sections were measured to decide two extra borehole sections 
possible to inject, in case of fast breakthrough of any of the earlier injected 
four tracers. The results from the dilution measurements are presented in 
Table 3.2. 
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Result of flow measurements in borehole sections ( c.f. Appendix A). 

Borehole Start Duration1 

section 
. 

(h) 

KAS02-4 900927 55 
KAS05-1 900925 80 
KAS07-4 900927 55 
KAS08-1 900926 65 
KAS12-2 900926 60 
KAS13-3 900925 76 

KAS02-2 901023 110 
KAS05-3 901009 80 

901025 80 
KAS08-3 901011 200 

901029 55 
KAS14-2 901022 90 

• See Table 3.3 for borehole section code 
1 Duration of dilution measurements. 

Injection schedules 

f1ow Remarks 
(ml/min) 

14 First run 
11 
33 
54 

111 
3 

4 Second run 
12 
10 
16 
5 

11 

The tracers were injected with the intermittent decaying pulse injection 
technique as described in section 2.3. The concentrations of the injected 
tracer solutions Coo were measured before injection into the studied borehole 
sections (fables 3.4 and 3.5). The concentration were also measured during 
the injection progress via the continuous sampling of the circulating water in 
the injected borehole sections. In Table 3.3 the calculated groundwater flow 
is shown. 

The peak concentration of the intermittent decaying pulse injection Cu can be 
determined in two different ways, firstly by using the measured values of the 
injection solution Coo and the water volume of the borehole section and 
secondly by extrapolating the actually measured concentration to the time of 
injection start. The maximum concentration (CJ. calculated from the 
measured concentrations of injection solutions Cua is shown in Tables 3.4 and 
3.5. The maximum concentration in the injected borehole section calculated 
from the measured concentration in the circulating water, assigned (CuA> is 
presented in Tables 3.6 and 3.7. The discrepancy between these two methods 
of calculating the maximum concentration can be assigned to losses in the 
circulation system due to sorption and to initial losses. The mass release 
calculations in Tables 3.6 and 3.7 are based on measured concentrations of 
the circulating section water. The tracer concentration in the circulating 
section water, during injection, is shown in Appendix B. 

The radiotracer concentrations presented in Table 3.4 are decay corrected to 
each injected pulse start time. 
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Table 3.3 Flow measurements in connection with tracer injections. 

Borehole Code lnj Start How Duration 
section no (ml/min) (h) 

KAS02-4 B4 1 901003 1.4 900 
2.8 2400 

KAS05-3 E3 1 901031 9 1400 

KAS07-4 14 1 901003 20 144 
2 901009 17 144 
3 901015 18 143 
4 901021 18 369 

KAS08-3 M3 1 901031 21 300 

KAS08-1 Ml 1 901003 51 72 
2 901006 50 68 
3 901009 48 75 
4 901012 46 68 
5 901015 47 75 
6 901018 45 71 
7 901021 44 189 

KAS12-2 DB 1 901003 99 73 
2 901006 94 71 
3 901009 122 78 
4 901012 116 65 
5 901015 115 78 
6 901018 100 66 
7 901021 97 139 
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Radiotracer injections. 
Measured and calculated concentrations at injection start. 

Borehole Code Inj1 ¼:,2 ¼3 Injected 

section no amount 

(Bq/1) (Bq/1) (Bq) 

KAS02-4 B4 1 3.073E8 l.154E7 1.229E9 

KAS07-4 J4 1 3.125E8 5.760E6 1.275E9 

2 2.224E8 4.018E6 8.894E8 

3 2.078E8 3.771E6 8.348E8 
4 2.310E8 4.179E6 9.250E8 

Total 3.924E9 

KAS08-3 M3 1 2.279E9 6.288E7 9.114E9 

KAS08-1 Ml 1 5.410E8 2.159E7 2.164E9 

2 4.952E8 l.975E7 l.980E9 

3 7.310E7 2.917E6 2.924E8 

4 3.990E8 1592E7 1596E9 

5 5.385E8 2.149E7 2.154E9 

6 6.910E8 2.757E7 2.764E9 

7 6.255E8 2.496E7 2502E9 

Total l.345E10 

1 Injection number (c.f. Table 3.2) 
2 Tracer concentration in injection solution (c.f. Tables 2.3 and 2.4) 
3 Calculated tracer concentration in borehole section. Referring to (¼). in text. 

Dye tracer (Uranine) injections. 
Measured and calculated concentrations at injection start. 

Borehole Code Inj ¼JI ¼2 
section no 

(mg/1) (mg/I) 

KAS0S-3 E3 1 23590 2110 

KAS12-2 DB 1 25000 710 
2 10000 355 
3 10000 340 
4 10000 355 
5 10000 324 
6 10000 350 
7 10000 341 
Total 

1 Tracer concentration in injection solution ( c.f. Tables 2.3 and 2.4) 
2 Referring to (¼). in text. 

Injected 
amount 
(g) 

590 

100 
50 
48 
50 
46 
49 
48 

390 



25 

Table 3.6 Radiotracer injections. 
Measured concentrations of samples taken from studied borehole section and 
mass release. 

Borehole Code Inj ½l Intetval Mass release Mass release 
section no 

(Bg/1) (h) (Bq/min) (Bq) 

KA.;.•;_.-4 B4 1 9588E6 0- 900 9.862E3 5.325E8 
0- 2400 6.821E3 9.823E8 

KAS07-4 14 1 4.789E6 0- 144 6.790E4 5.846E8 
2 4.917E6 144 - 288 6.331E4 5.470E8 
3 5.009E6 288 - 431 6.774E4 5.833E8 
4 5.441E6 431 - 800 4540E4 l.005E9 
Total 0- 800 2.720E9 

KAS08-3 M3 1 6.062E7 0- 350 4.001£5 8.403E9 

KAS08-1 Ml 1 l.973E7 0- 72 4.075£5 l.756E9 
2 l.834E7 72 - 140 4.003£5 l.646E9 
3 4.115E6 140 - 216 8.089E4 3.655E8 
4 l.382E7 216 - 284 2.864£5 1.174E9 
5 2.072E7 284 - 359 4.037£5 1 ·•E9 

6 2546E7 359 - 431 5.068£5 2.172E9 
7 2.283E7 431 - 620 2.002£5 2.272E9 
Total 0- 620 1.121E10 

1 Referring to (~ in text. 

Table 3.7 Dye tracer (Uranine) injections. 
Measured concentrations of samples taken from studied borehole sections 
and mass release. 

Borehole Code Inj ½l Intetval Mass release Mass release 
section no 

(mg/I) (h) (mg/min) (g) 

KAS05-3 E3 1 905 0- 1400 2.8 238.00 

KAS12-2 DB 1 229 0- 73 7.0 30.74 
2 214 73 - 144 6.7 28.40 
3 575 144 - 222 17.0 7955 
4 556 222 - 288 19.2 75.21 
5 222 288 - 366 6.5 30.60 
6 212 366 - 432 7.0 28.05 
7 222 432 - 571 3.7 31.17 
Total 0- 571 303.72 

1 Referring to (Co)b in text. 
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3.3 TRACER BREAKTHROUGH IN WITHDRAW AL BOREHOLE 

The monitoring of the tracer breakthrough in the withdrawal borehole was 
made with three different methods: 
- Sampling of the total discharge at ground surface. 
- Sampling of the different inflow levels with the multi level sampler. 
- Measurements at the different inflow levels with the gamma spectrometer 

probe. 

3.3.1 Breakthrough in total discharge 

3.3.2 

The tracer breakthrough in the total discharge is a sum of all water bearing 
fractures in KAS06. The tracer concentration is very low, about 15 ppb 
Uranine at the most (Figure 4.5) and 60 Bq/1 of Rhenium as shown in Figure 
4.8. About six and a half days after the first pulse injection in KAS12, sec
tion DB the Uranine content in the withdrawal water slowly starts to in
crease. The Rhenium concentration starts to increase in the withdrawal water 
four days after the first injection in KAS08, section Ml. Indium injected in 
KAS02, section B4 and Iodine injected in KAS07, section 14 (191-290m) 
was not found in the withdrawal water, which was sampled an analyzed for 
all three tracers until pumpstop at 1824 hours of elapsed time after injection. 

Breakthrough at the different sampling levels 

The results obtained from the multi level sampler showed inflow of Uranine 
from KAS12, section DB is mainly observed at two levels in KAS06, namely 
level 4, 390m and level 3, 430m. The inflow of Rhenium from KAS08, 
section Ml is detected in level 3, 430m. Indium from KAS02, section B4 
and Iodine from KAS07, section 14 were not detected in samples taken with 
the multi level sampler. Breakthrough curves for the various levels are shown 
in Appendix C. It should be noted that the breakthrough curve for each level 
presented in Appendix C represents a sum of all underlying levels. Therefore 
the breakthrough curves were processed as described in section 4.1 to 
determine the actual breakthrough for each individual level. 

The gamma spectrometer probe was used in the first part of the tracer test 
and various levels in the borehole were measured with the gamma 
spectrometer probe without detecting any tracers. However, in an early stage 
during the field test, samples taken with the multi level sampler showed that 
a breakthrough for both Uranine and Rhenium slowly started at the 430m 
level. Because of that it was then decided to measure only at the 430m level, 
but no breakthrough was observed in the analysis of the gamma spectras due 
to low tracer concentration. In Figure 3.1 the measured levels and the 
duration of the measurements are shown. For further information about 
detection limits and gamma energies see Byeg~rd et al. (1991) and 
Gustafsson (1990a). 
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Figure 3.1 Gamma spectrometer probe measurements in KAS06 (c.f. Table 2.5). 

3.4 SUPPORTING MEASUREMENTS 

3 .4 .1 Hydraulic head 

Hydraulic head was registered in all boreholes on Aspo before, during and 
after pumping. Detailed data compilation is available in Jonsson and Nyberg 

(1991). 

From the head measurements the head difference, M, between the tracer 
injection borehole sections and the pumped tracer withdrawal borehole was 
calculated. The results are presented in Table 3.8. The ~h value is one of the 
input data needed when determining some of the hydraulic transport 
parameters considered in this study. 

3.4.2 Electrical conductivity and Redox potential 

The electrical conductivity and redox potential were continuously monitored 
in the withdrawn water from KAS06. In Appendix D the values of the 
oxidation-reduction potential and electrical conductivity during the tracer 
test are shown. 

The mean value of the electrical conductivity was about 1350 mS/m. St 'mg 
with 1375 mS/m during the first six weeks of pumping, after which it sr~ffted 
to decrease. At the end of the 12 weeks of pumping it reached 1325 mS/m. 
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According to the flow-through cell used for the redox measurements the 
value was steady throughout the whole tracer test. The Eh value obtained 
from the cell, -100 m V shall be multiplied by a calibration constant to give 
a correct redox potential in the withdrawn water of about +150 - +200 mV. 
However, this positive Eh value is not representative for the water in the 
fracture flow paths, instead it is due to the hydraulic conditions in the 
borehole. The pumping created so large drawdown that the groundwater level 
was lowered below the intersection with zone EW-3. The water from EW-3, 
making up 15 % of the total discharge, was aireated when it was flowing at 
the borehole wall down to the water table giving positive Eh values in the 
discharged water. 

Temperature and Water chemistry 

The temperature showed no trends, to increase or decrease. It was steady 
between 11 and 12 °C during the whole pumped period. 

The deep waters in the fracture zones on Aspo, involved in the tracer 
transport during this tracer test can generally be judged as saline with a high 
content of dissolved inorganic constituents. For further detailes see Wikberg 
et al.(1991). 

Table 3.8 Calculated head difference, Mi, between point of tracer injection and 
detection. 

Borehole/ 
section 

• 
KAS02, B2 
KAS02, B4 

KAS05, El. 
KAS05, E3 

KAS06 

• 
KAS07, 14 

• 
KAS08, Ml. 
KAS08, M3 

• 
KAS12, DB 

KAS13, EC 

KAS14, FB 

H+ 

(m.a.s.l.) 

- 5.0 
- 5.6 

- 3.8 
- 5.0 

- 51.8 

- 5.1 

- 3.8 
- 5.5 

- 4.8 

- 4.3 

- 0.2 

Route 

KAS02, B2 - KAS06 
KAS02, B4 - KAS06 

KAS05, El - KAS06 
KAS05, E3 - KAS06 

KAS07, 14 - KAS06 

KAS08, Ml - KAS06 
KAS08, M3 - KAS06 

KAS12, DB - KAS06 

KAS13, EC - KAS06 

KAS14, FB - KAS06 

• = Borehole section in which tracer were injected 
+ = Hydraulic head during the tracer test 

Mi (m) 

46.8 
46.2 

48.0 
46.8 

46.7 

48.0 
46.3 

47.0 

47.5 

51.6 
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4. INTERPRETATION OF TRACER BREAKTHROUGH DATA 

4.1 CALCULATED BREAKTIIROUGH IN MAJOR CONDUCTORS 

The sampling for tracers in KAS06 was made at 8 different levels and also 

in the total discharge as described in Section 2.4. However, each sample 

represents a sum of the tracer concentration in the water coming from the 

sampling levels below and the concentration of tracer at the actual sampling 

level, see Figure 4.1. This means that the measured concentrations, 

Cm1, •••. ,Cm8, have to be corrected in order to determine the true 

concentration, Ci, .... ,Cg, of tracer at each sampling level. 

KAS06 

• Sampling level n, Cmn 

en, qn t 

I 
• Sampling level n-1 , Cm 1 

cn .. 1 'qn-1 i 
n-

Figure 4.1 Schematic view of the relation between sampling levels and 

inflow sections in KAS06 during pumping for tracer withdrawal. 

4 .1.1 Processing of measured breakthrough data 

The following expression has been used to determine the true concentration 

at each level, C0 ; 



where A is defined by: 

11-1 

:Eqj 
A=.!.:!_ 

qn 
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(4.1) 

(4.2) 

Thus, the correction according to Equation ( 4.1) is entirely dependent on the 
inflow distribution during the pumping. 

There are two ways to determine the inflow distribution; either by using the 
hydraulic conductivity distribution determined from packer tests in 3 m 
intervals or by using the spinner survey (Nilsson, 1990). The spinner survey 
was performed during similar pumping conditions as during the tracer test, 
therefore this was considered to be the best basis to determine the value of A 
in Equation ( 4.2). It should however be noted that the spinner survey was 
made after a short period of pumping (1-4 hours) and with about half the 
pumping rate compared to the tracer test. The results may therefore not be 
entirely representative of the conditions during pumping for tracer 
withdrawal. 

Assuming that the inflow distribution is correctly chosen, the breakthrough 
curves determined from Equation (4.1) should only be a scatter around zero 
concentration if no tracer has arrived. A wrongly chosen flow distribution 
may either give a false breakthrough curve or negative values. 

Another way to test whether a breakthrough determined from Equation (4.1) 
is correct or not is by studying the ratio CmjCIJ\i_1• If no tracer is added 
between sampling level n-1 and n, the ratio should be constant and only 
dependent on the dilution with unlabelled water. This ratio was also used to 
determine the inflow of water from fracture zone EW-3 between the 
uppermost sampling level and the pump as no spinner survey was performed 

in the upper 100 m of KAS06. 

The inflow distribution determined from the spinner survey and combined 
with the calculation of the inflow from the upper 100 m of the borehole is 
presented in Figure 4.2. The uppermost inflow level, U, representing fracture 
zone EW-3 contributet with a suprisingly large portion to the total inflow, 
15 % or 3.38·10-4 m3/s. 
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Figure 4.2 Inflow distribution in KAS06 determined from spinner data. Letters A-F 
refers to name of conductor and U to the interval 0-100 m (c.f. Table 4.1). 

This way of interpreting the breakthrough at individual levels in the sampling 
hole demands that the analysis errors are small. Otherwise, the breakthrough 
curve resulting from Equation (4.1) will be very noisy. For the analysis of 
the Rhenium breakthrough, which compared to Uranine displays much larger 
unc,e'.'"tainties in the analyses, another technique had to be used to determine 
the corrected breakthrough curves. Instead of using the original data, a least 
square fit to a five degree polynom was made for each sampling level. This 
curve was then used to determine the corrected curves according to Equation 
( 4.1 ). An example of the fitted curve to the breakthrough at sampling level 4 
is shown in Figure 4.3. 
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Figure 4.3 Breakthrough of Re-186 at sampling level 390 m in KAS06. Experimental 
data points and fitted five-degree polynom (solid line). 

4.1.2 Tracer breakthrough in major conductors 

Breakthrough of Uranine from KAS12, section DB 

The corrected breakthrough curves indicate that tracer breakthrough occurs in 
sampling levels 3 to 8, see Appendix C. However, a closer analysis involving 
analysis of the ratio between concentrations at different levels as described in 
Section 4.1.1 shows that the tracer breakthrough curves for sampling level 7 
most probably are resulting from a slightly wrongly chosen inflow 
distribution. Hence, breakthrough is measured in sampling levels 3-6 and 8, 
corresponding to flow conductors E,D,½, c. and A. 

Breakthrough of Uranine was first registered at sampling levels 3 and 4, 
corresponding to conductors E and D, after about 140 hours of elapsed time. 
Breakthrough in sampling levels 5 and 8, corresponding to conductors Cb 
and A, are slightly delayed with a first arrival of about 160 hours. 
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Figure 4.4 Corrected breakthrough curve for Uranine at sampling level 4 (Conductor D) 
in KAS06. 

None of the curves reaches steady state concentration before injection stop at 
677 hours of elapsed time. The highest concentration is reached in conductor 
D, about 60 ppb or given as C/Co, 2.0·lff·\ see Figure 4.4. 

The breakthrough curve for the total breakthrough (Figure 4.5), determined 
from the sampling of the discharge water from KAS06, is dominated by the 
contribution from Conductor D, c.f. Section 4.5.1. The curve displays a 
relatively large spread of data points at the descending part of the curve. This 
is due to iron precipitations present in the samples from the total discharge 
and possible sorption of the tracer on the precipitations. The iron 
precipitations occur as a result of the depressurisation of the pumped water 
and was not a problem as long as the sampling was intense. However, longer 
time intervals between samples towards the end of the test resulted in 
accumulation of iron precipitations in the tubing to the sampler. When the 
sampler valve opened the precipitations followed with the water sampled into 
the test-tube. Therefore, samples with higher concentrations are probably 
more unaffected and thus also more representative. This interpretation is also 
supported by comparison with the samples taken in-situ at the upper 
sampling level with the multi level sampler (sampling level 8) 
where no precipitations occured. 
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Figure 4.5 Breakthrough of Uranine in KAS06. Sum of all levels, 0-600 m. 

Breakthrough of Re-186 from KAS08, section Ml 

Rhenium breakthrough is interpreted to occur at sampling levels 3, 4, 6 and 8 
corresponding to conductors E, D, C and~ respectively. The dominant 
breakthrough regarding mass was registered in sampling level 3, 
corresponding to Conductor E, see Figure 4.6. The figure shows the 
corrected breakthrough curve using the polynomial fit as earlier described 
and also the corrected curve without polynomial fit. At this level they 
coincide quite well. In Figure 4.7 the same picture is shown for sampling 
level 4 (Conductor D) and here it is obvious that the breakthrough data 
without making the polynomial fit is quite difficult to interpret. First arrival 
is registered at about 130 hours for the two dominant sampling levels, 3 and 
4, whereas the first arrival to sampling levels 6 and 8 is registered after 
about 190 hours. None of the breakthrough curves seem to have reached 
steady state concentration before injection stop at 678 hours of elapsed time. 
The breakthrough for the entire borehole, presented in Figure 4.8, also 
displays somewhat scattered data. This has to do with the low concentration 
levels in combination with relatively short measurement times (Byegard et al, 
1991) which gives higher uncertainties in the analyses. 
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Figure 4.6 Corrected breakthrough of Rhenium at sampling level 3 (Conductor E) in 

KAS06. Comparison between corrected curve based on polynomial fit (solid 

line) and based on actual measured values (points). 

Breakthrough of Re-186 from KAS08, section M3 

A large pulse of Rhenium was injected in KAS08, section M3 at 677 hours 

after the injection start of Rhenium in section Ml. The corrected 

breakthrough curves of Rehnium in the withdrawal borehole KAS06 

(Appendix E) show no maximum that certainly can be judged to originate 

from the injection in section M3. However, at the lowest Rhenium tracer 

inflow level at 448 m (sampling level 430 m) it is possible that the little bulb 

on the descending part of the breakthrough curve is the result of Rheniun 

injection in KAS08 section M3 (Appendix C page C:6). Note that at the 

lowest inflow level the corrected and uncorrected breakthrough curves are 

compareable, since water inflow quotient don't has to be considered 

according to Equation 4.1 and the corrected curve is only a polynomial fit to 

the experimental data. 
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Figure 4.7 Corrected breakthrough of Rhenium at sampling level 4 (Conductor D) in 
KAS06. Comparison between corrected curve based on the polynomial fit 
(solid line) and based on measured values (points). 

Breakthrough of Uranine from KASOS, section E3 

A pulse of Uranine was injected in KAS05, section E3 at 678 hours after 
injection start of Uranine in KAS12, section DB. The breakthrough curves at 
inflow levels 353 m (conductor C,a) and 399 m (conductor D) both have a 
second peak with the maximum concentration at about 1500 hours of elapsed 
time since start of injection in KAS12 (Appendix E). It is most possible that 
this second peak originate from Uranine injection in KAS05, section E3. 
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Figure 4.8 Breakthrough of Rhenium (Re-186) for the sum of all levels, 0-600 m, in 
KAS 06. 

4.2 CONCEPTIJAL MODEL OF FLOW PATHS 

The assumed tracer flow paths from the point of injection in a packed-off 
borehole section to one or several inflow levels in KAS06 are based on the 
obtained tracer breakthroughs and the conceptual model of Aspo (Wikberg et 
al., 1991) considering the presented framework of major fracture zones. 
Below is also a geologic and hydraulic description of fracture zones relevant 
to the tracer test carried out. 

4.2.1 Description of fracture zones 

According to Wikberg et al.(1991) Zone NE-1 is estimated to be complex, 
with both more steeply dipping and gently dipping elements. NE-1 consists 
of sub-zones, several meters wide, highly fractured and mineralogically 
altered. They are considered to be important hydraulic conductors. Some of 
the sub-zones are probably connected with EW-5. 
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Zone NE-2 may, according to the geological information, not be very 
conductive. 

Zones NNW-1 and NNW-2 are from geological and geophysical 
information judged to consist of single fractures, which are open due to the 

actual stress field in the area. The axes of common intersection of fractures 

in the almost vertical NNW-1 and NNW-2 with fractures in the low

dipping zone EW-5 are probably of great importance as hydraulic 

conductors. 

Zone EW-5 comprises according to the conceptual model of a series of more 

or less parallel fractures, partly open with stepwise offsets in the dip 

direction. This means that the most significant hydraulic pathways will run 

parallel to the strike of the zone. The different steps of EW-5 are assumed to 

be badly hydraulically connected for the most part, according to Wikberg et 

al. (1991). They are probably intersected by the narrow NNW-NNE trending 

fracture zones, which are judged to be highly permeable. The possibility of 

several parallel fracture zones with a centerline vertical spacing of about 90-

130 m is also discussed. The zone is probably very complex. 

According to Wikberg et al. (1991) conductive sections are probably rare in 

zone EW-3 and mostly coincide with open fractures along the contacts to 

the surrounding fresh rock. On a geological basis the structure is expected to 

have low transmissivity. 

Interpreted flow paths 

The geometric (straight line) distances from point of injection to inflow level 

in the withdrawal borehole ranged from 100 to 300 metres, see Tables 4.3 -

4.8. The longest trajectory (tracer flow path) distance along interconnected 

fracture zones is calculated to approx. 380 metres. 

Five fracture zones contributed to tracer transport from points of injection to 

detection in withdrawal borehole; NE-1, NE-2, NNW-1, NNW-2 

and EW-5. Zone EW-3 carried no tracer but contributed with about 15 % to 

the total inflow in the withdrawal borehole. 

From the number of hydraulically active fractures (inflow levels) and the 

estimated width of the zones (Table 4.13) the fracture zones NNW-1 and 

NNW-2 seem to differ from the other zones involved (Table 4.1 and 4.2). A 

few narrow spaced water-conducting fractures. 

Within the time limits given for the pumping in this test, 76 days, and 

considering the half-life of the radionuclide tracers used, tracers reached the 

withdrawal borehole from three out of six injection points (Tables 4.3 - 4.8). 

However, there is a possibility that tracer also reached KAS06 from a fourth 

injection point, c.f. Sections 4.1.2 and 4.5. 
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Table 4.1 Studied levels and their corresponding major water-conducting fracture 

zones in KAS06. 

Level1 Hydraulic conductor Corresponding Borehole3 

no, depth label depth(m) fracture zone identification 

u 60-70 EW-3 G 

8 190 A 217 NNW-1,w or EW-5 S,Clt 

7 290 B 312 EW-5 s 
6 340 C,a 353 EW-5 s 
5 360 C,b 364 EW-5 s 
4 390 D 399 EW-5 Clt 

3 430 E 448 NNW-2,w S,Clt 

2 540 F,a 558 Ew-x◄ 

1 570 F,b 596 Ew-x◄ 

1 Sampling depth, metres below casing top. 
2 Major hydraulic conductor with its corresponding level 
3 G = geological, S = spinner, Clt = groundwater chemistry (Wikberg et al 1991) 

◄ Not included in the conceptual model by Wikberg et al. (1991). 

Table 4.2 Hydraulically active fractures in the injection sections, according to spinner 

survey. Underlined numbers are fractures where the main flow occurs. 

Borehole 

KAS12, section DB 

KAS08, section Ml 

KAS08, section M3 

KAS07, section J4 

KASOS, section E3. 

KAS02, section B4 

Fracture zone 

NE-2 or EW-5 

NE-1 

NNW-2 

EW-5 

EW-5 

EW-5 

Levels of hydraulic active 

fractures 

285, 310. 320, 325 

55°=:562, 511, 5.85 

141, 18.4 

200,223. w, 245-276 

322, 332, 364, 380 

.3.1.8, 342 

• = data from hydraulic single hole testing, as no spinner result was obtained. 
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Assumed fracture flow paths for Uranine tracer from KAS12, section DB 
(279 - 330 m) to KAS06. 

• 
KAS12 to KAS06 Level in KAS06 TR(%) GD(m) TD(m) 

NE-2 - NNW-1,w 217 (190) 3.2 292 331 
(EW-5) 

312 (290) 0 
353 (340) 0 

EW-5 364 (360) 2.8 213 

NE-2 - NNW-2 -EW-5 399 (390) 16.6 200 234 

(EW-5) 

NE-2 - NNW-2,w 
+ 448 (430) 5.4 190 220.312++ 

558 (590) 0 
596 (570) 0 

+ = fracture flow path according to the predictive modeling (Svensson, 1991) 
++ = trajectory distance according to the predictive modeling 
• = Sampling levels are given in brackets 
TR = Tracer recovery, GD= Geometric distance, TD= Trajectory distance 

Table 4.4 Assumed fracture flow path for Rhenium tracer from KAS08, section M3 
(140 - 200 m) to KAS06. 

KAS08 to KAS06 

+ 
NNW-2,w 

• 
Level in KAS06 

448 (430) 

• = Sampling level is given in brackets 

TR(%) GD(m) 

0 235 

TR = Tracer recovery, GD = Geometric distance, TD = Trajectory distance 

TD(m) 

323++ 
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Assumed fracture flow paths for Rhenium tracer from KA.SOS, section Ml 

(503 - 601 m) to KAS06. 

• 
KAS08 to KAS06 Level in KAS06 TR(%) GD(m) 

NE-1 - NNW-1,w 217 (190) 4.9 301 

(EW-X - NNW-1,w) 

312 (290) 0 

NE-1 - NNW-2,w - EW-5 353 (340) 2.1 212 

(EW-X - NNW-2,w - EW-5) 

364 (360) 0 

NE-1 - NNW-2,w - EW-5 399 (390) 5.7 190 

(EW-X - NNW-2,w - EW-5) 

NE-1 - NNW-2,w 
+ 448 (430) 17.7 181 

(EW-X - NNW-2,w) 

558 (540) 0 
596 (570) 0 

+ = fracture flow path according to the predictive modeling (Svensson, 1991) 

++ = trajectory distance according to the predictive modeling 

* = Sampling levels are given in brackets 
TR = Tracer recovery, GD = Geometric distance, TD = Trajectory distance 

TD(m) 

381 

277 

238 

234++ 

Table 4.6 Assumed fracture flow paths for Iodine tracer from KAS07, section J4 

(191 - 290 m) to KAS06. 

KAS07 to KAS06 

+ 
EW-5 - NNW-1,w 
EW-5 

Level in KAS06 

217 (190) 
353 (340) 

* = Sampling levels are given in brackets 

• 
TR(%) GD(m) TD(m) 

0 
0 174 

227++ 

TR = Tracer recovery, GD = Geometric distance, TD = Trajectory distance 



42 

Table 4. 7 Assumed fracture flow paths for Uranine tracer from KAS05, section E3 

(320 - 380 m) to KAS06. 

• 
KAS05 to KAS06 Level in KAS06 TR(%) GD(m) 

EW-5 - NNWl + 217 (190) 0 181 

EW-5 353 (340) X 141 

364 (360) 0 
399 (390) X 

+ = fracture flow path according to the predictive modeling (Svensson, 1991) 

++ = trajectory distance according to the predictive modeling 

• = Sampling levels are given in brackets 

X = Breakthrough is most likely to have occured, but no recovery is calculated 

TR = Tracer recovery, GD = Geometric distance, TD = Trajectory distance 

TD(m) 

245,262++ 

Table 4.8 Assumed fracture flow paths for Indium tracer from KAS02, section B4 

(309 - 345 m) to KAS06. 

KAS02 to KAS06 

EW-5 -NNWl + 
EW-5 

Level in KAS06 

217 (190) 
353 (340) 

• = Sampling levels are given in brackets 

• 
TR{%) GD(m) TD(m) 

0 
0 

184 
104 

TR = Tracer recovery, GD = Geometric distance, TD = Trajectory distance 
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4.3 MODELING OF 1RACER BREAKTHROUGH DATA 

4.3.1 

The general modeling purpose was to evaluate and interpret the experimental 

data with respect to injection schedules, occurrence of mulL ::: flow paths, 
etc. In addition, model simulations were performed in order to illustrate and 
increase the understanding of the possible flow geometries during the tracer 
test. 

Model used 

The evaluation and interpretation of the tracer breakthrough curves was made 
with a one-dimensional porous media model. The dispersion and fluid 
velocity are determined by fitting the tracer breakthrough curve to the 
theoretical solutions. They can be determined for each identified flow path as 

well as the total breakthrough curve (macro dispersion). 

The dispersion is defined as the spreading in time and space of a solute 
transported with the groundwater. The dispersion originates from (Bear, 
1979): 

- local variations of the velocity in the flow field 

- molecular diffusion in the groundwater 

The first process is called mechanical dispersion. The second one, molecular 
diffusion, takes place also in the absence of advection but is a time 
depending process. Its effect on the overall dispersion will thus be more 
significant at low flow velocities. Hence, these two processes can not be 
separated. 

In the model fluid velocity is assumed to be a constant, and transverse 
dispersion is ignored. The governing equation is (Van Genuchten and Alves, 

1982): 

where 

,ic ac ac 
D--v- =R-

ax2 ax at 

D = dispersion coefficient 
v = fluid velocity (m/s) 
C = concentration of solute (kg/m3) 

x = distance from injection point (m) 
R = retardation factor 
t = time (s) 

(4.3) 
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This model was applied in the evaluation of the experiment. Although a 
linear flow model (constant velocity) is used for a convergent flow field, it 
can be demonstrated that breakthrough curves and parameter estimates are 
similar for Peclet numbers of about 10 and higher. For Peclet numbers on the 
order of 1 the linear flow model will underestimate the mean travel time and 
dispersivity with 35 - 40 % compared to a radial flow model (Nordqvist, 
1991) The Peclet number (Pe) is defined by: 

Pe = x·v / D (4.4) 

Mixing in the sampled borehole of tracers travelling through several different 
major flowpaths is considered. The concentration in the sampled section is 
assumed to be a volume-averaged concentration: 

where C = tracer concentration in borehole 
~ = fractional volume parameter 
½ = tracer concentration from flowpath i 

(4.5) 

The one-dimensional models were solved using analytical solutions as given 
by Van Genuchten and Alves (1982). The variable injection schemes (Fig 4.9 
and 4.10) were simulated by superposition of these solutions. 

The boundary condition used for the injection well is a so called third type 
boundary condition for a step input, defined as: 

ac 
-D- + vC = vCu 

ox 
(4.6) 

This boundary condition represent a convected input of solute at the upstre
am boundary, where Cu is the injection concentration which is constant 
during the step input. 

The fitting was generally made for three parameters, dispersion coefficient, 
D, mean velocity, v, and proportionality factor, f, which is a factor 
describing the dilution in the sampling borehole and, in the case of several 
flow paths, the volumetric fraction for each flow path. The fitted parameters 
were transformed into the form of more conventional transport parameters; 
mean travel time, to (hours), dispersivity, D/v (m), and Peclet number. 
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Parameter estimation method 

For the one-dimensional analysis, non-linear least squares regression was 

used. The technique that was used for regression is sometimes referred to as 

the Marquardt method (Marquardt, 1963) and is in this report formulated as, 

in an iterative form (see also Cooley, 1985): 

where Br = vector of parameter estimates 

X = vector of parameter sensitivities 

W = reliability weight matrix 
Cr° = vector of observed concentrations 

Ct = vector of model concentrations 
p = damping parameter (sl) 
u = Marquardt parameter 

(4.7) 

Equation ( 4.7) gives the updated parameter estimate at the (r+ 1 )th iteration. 

The parameter sensitivity vector is obtained by taking partial derivatives of 

the dependent variable with respect to each parameter. Thus, for an element 

in the X matrix: 

(4.8) 

The parameter sensitivities are obtained by taking analytical derivatives. 

The reliability weight matrix, W, usually reflects the error structure of the 

observed data. However, it may also be used by the modeller to empha

size/de-emphasize certain components of the data. If the observations are 

assumed to be random (no correlation between observations) and have a 

common variance W reduces to an identity matrix, and that is what is 

assumed in this work. 

Standard errors of the parameters and linear correlation between parameters 

were obtained from the variance-covariance matrix, s2(XTWX)-1, where s2 is 

the error variance. Details of the statistical analysis procedures of regression 

results are also given by Cooley (1979). 

4.3.3 Modeling performed 

As a first step, the delay and dispersivity in the withdrawal borehole KAS06 

and in the tubing system up to the sampling equipment at ground surface was 

examined. The flow was turbulent from the inflow at the 558 m level and 

upwards in the borehole. From the inflow level at 448 m and up to the 

sampling equipment at the ground surface the transport time was calculated 

to 15 minutes, i.e. for the tracers studied there was no delay in the borehole 

compared to the residense time in the fracture zones. 
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The transport time was calculated to be a bit longer from the lowest two 
inflow levels, but they were not used for modeling because of no tracer 
inflow (24 minutes between sampling levels 570 and 540 metres and 36 

minutes between 540 and 430 metres). The short transport time and the 
turbulent flow together indicates negligible dispersion in the borehole and 

tubing. 

The 1-D modeling was performed for all breakthrough curves obtained in 

the major conductors. Special emphasis was placed on classifying the 
uniqueness of the parameter determination. This was made by studying the 

regression estimates of each model run, in particular the correlation 
coefficients, standard errors of the parameters and the correlation between the 

parameters. If the correlation coefficient is high, the standard errors are low 
and the correlation between parameters are low, the model is good. If there 

is a high degree of correlation between parameters, there are too many 
parameters and the model should be rejected. The classification was made on 

a scale from 1 to 3 where 1 represents a poor model, 2 represents an 
acceptable model and 3 a good model. The regression statistics are presented 

in Appendix G. 

Another important factor which was considered was the varying injection 
schedule. In practice, this was done by taking mean values of tracer mass 

release per time unit between the injection events (Figs. 4.9 and 4.10). 
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Figure 4.9 Injection schedule in KAS12, used in the 1-D modeling. 
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Figure 4.10 Injection schedule in KAS08, used in the 1-D modeling. 

4.4 MODELING RESULTS 

Modeling was performed using the 1-D models earlier described. The results 
of the modeling are summarized in Tables 4.9 to 4.11. The model fits to the 
breakthrough curves are visualised in Appendix F and statistics of model fits 
are presented in Appendix G. 

In general the best fit (Class 2) is with only one main flow path to the inflow 
level in KAS06. Note that here it is assumed that each main flow path 
constitutes of so many minor flow paths with different velocities that it has 
the same transport properties as a porous media. The fracture zones are in 
spite of that different since the fracture zones NNW-1 and NNW-2 only 
have one distinct main flow path, whereas EW-5 has three main flow paths 
(353, 364 and 399 m) that carried tracer. The modeling of Uranine inflow to 
level 399 m could not fit the second peak on the breakthrough curve 
otherwise than injection from both KAS12 and KAS0S were included. 

The obtained mean travel times, to, are the result from both distance, 
hydraulic gradient and the conductivity of the fracture flow paths. Thus, they 
are not suited to directly compare to other tests performed during different 
conditions. In this test the obtained travel times can be compared to the 
predictive modeling (Svensson, 1991 ). 
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The tracers that reached the withdrawal borehole all showed shorter travel 
times than predicted by the model.In the low-angle and complex fracture 
zone EW-5 the dispersivities, D/v, fitted by the 1-D model ranged from 18 
to 4 7 metres over the flow path distances 190 to 238 m. In the flow paths 
from KAS05 to KAS06 with a travel distance of 141 m the dispersivity was 
between 1.3 and 1.7 m. These numbers can be compared to a major low
angle fracture zone at the Finnsjon site, Sweden (Gustafsson et al.,1990 and 
Gustafsson & Andersson 1991). Over distances 155 - 190 m the 
dispersivities obtained were 5 - 28 metres during low gradient conditions 
and 1.3 - 3.9 m in the upper highly conductive sub-zone during high 
gradient conditions. 

The analysis of the dispersivities obtained by model fit of the inflow from 
NNW-1 and NNW-2 to KAS06 are difficult, since the fracture flow paths 
from KAS08 starts in zone NE-1 and the fracture flow paths from KAS 12 
starts in NE-2. The magnitude of the dispersivities are the same in NNW-1 
and NNW-2, but in flow paths starting from NE-2 dispersivities are larger. 
If it is assumed that NNW-1 and NNW-2 displays the same dispersivity in 
all directions, then the dispersivity is higher in NE-2 than in NE-1 and the 
dispersivity in NNW-1 is between 28 and 36 m over the travel distances 301 
to 381 metres. The dispersivity in NNW-2 then consequently ranged from 16 
to 21 mover the distance 181 to 234 metres. 

Results of 1-D modeling of Uranine breakthrough in borehole KAS06. The 
tracer originates from injection in borehole KAS12, section DB. 

Level in Number of Distance \, D/v Pe f Qassification 
KAS06 flow paths (m) (h) (m) 

217 (190) 1 GD 292 752 110 2.6 2 
2 GD292 558 / 907 70 / 137 4.2 / 2.1 0.34 / 0.66 1 
1 ID331 741 121 2.7 2 
2 ID331 474 / 1105 68 / 169 4.9 I 2.0 0.19 / 0.81 1 

364 (360) 1 GD 213 1053 47 4.5 1 
2 GD 213 421 / 995 11 / 7.0 19.4/30.4 0.22 / 0.78 1 

399 (390) 1 GD 200 735 60 3.3 2 
2 GD 200 595 I 1135 8.4 / 221 23.8/ 0.9 0.15 I 0.85 1 
1 ID234 735 70 3.3 2 
2 m 234 538 / 1052 22 I 135 10.6/ 1.7 0.17 / 0.83 1 

448 (430) 1 GD 190 605 41 4.6 2 
2 GD 190 275 / 666 16 / 15 11.9/12.7 0.24 / 0.76 1 
1 m220 605 47 4.7 2 
2 m220 271 / 642 12 / 11 18.3/20.0 0.27 I 0.0. 73 1 
1 ID312 605 66 4.7 2 
2 m 312 3461690 44 / 16 7.1 /19.5 0.42 / 0.58 1 

TOTO - 600 1 200 643 40 5.0 2 
2 200 446 / 773 32 / 11 6.2 /18.2 0.55 I 0.45 1 
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Table 4.10 Results of 1-D modeling of Rhenium breakthrough in borehole KAS06. The 
tracer originates from injection in borehole KAS08, section Ml. 

Level in Number of Distance lo D/v Pe f Classification 

KAS06 flow paths (m) (h) (m) 

217 (190) 1 GD 301 284 28 10.8 2 

2 GD 301 226 I 559 6.3 I 1.6 47.8/188.1 0.42 I 0.48 2 

1 ID 381 284 36 10.6 2 

2 ID 381 227 / 558 75 / 2.1 50.8/181.4 0.42 I 058 2 

399 (390) 1 GD 190 252 18 10.6 2 

2 GD 190 193 / 335 7.8 / 35 24.4/ 54.3 0.56 I 0.44 1 

1 ID 238 252 23 10.4 2 

2 ID 238 193 / 335 9.8 I 4.4 24.3/ 54.1 0.56 I 0.44 1 

448 (430) 1 GD 181 251 16 11.3 2 

2 GD 181 240 I 262 22 / 11 8.2 I 16.4 0.57 / 0.43 1 

1 ID 234 251 21 11.1 2 

2 ID 234 194 / 321 9.6 I 8.8 24.4 /26.6 0.49 I 051 1 

TOTO - 600 1 181 254 13 13.9 2 

2 181 235 I 386 32 / 11 43.1/ 1.5 0.40 I 0.60 1.5 

1 234 254 16 14.6 2 

2 234 230 I 332 8.2 I 36 285/ 6.5 055 I 0.45 15 

Table 4.11 Results of 1-D modeling of Uranine breakthrough in borehole KAS06, 
assuming tracer originating from two different boreholes. Borehole KAS05, 
section E3 and KAS12, section DB . 

• 
Level in Number of Distance lo D/v Pe f Oassification 

KAS06 flow paths (m) (h) (m) 

353 (340) 1 KAS05 141 960 1.3 106.9 0.15 1 

1 KAS12 200 618 33 6.1 0.85 1 

399 (390) 1 KAS05 141 900 1.7 84.8 0.11 2 

1 KAS12 200 670 47 4.2 0.89 2 

• = The breakthrough curve (inflow level) is fitted with two main flow paths, one from each injection point. 
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4.5 COMPARISON WITH PREDICTIONS AND THE AsPO CONCEPTUAL 
MODEL 

The results from the tracer test can be compared with the conceptual model 
of .A.spo, i.e. the framework of fracture zones and their hydraulic properties 
(Wikberg et al.,1991) and also with the predictive modeling (Svensson, 1991) 
regarding tracer flow paths and mean residence times. Note that the 
predictive modeling was made with the computer code PHOENICS using a 
simplified version of the fracture zone framework. The computer code gives 
Darcian times and a porosity of 0.001 was applied to all fracture zones to 
obtain mean travel times. 

The results of the tracer test are consistent with the framework of fracture 
zones presented in the conceptual model of .A.spo, i.e. geometry and 
intersections between fracture zones agree with the obtained tracer flow 
paths. However, the flow paths predicted by numerical modeling did not 
agree completely with the experimental data. To some degree this is due to 
the fact that the computer code used for the predictions by definition only 
can develop one flow path from a point of injection. 

Out of six injection points the predicted residence time was a bit 
overestimated (a factor of 2-3) from four points and underestimated from 
one injection point. From the sixth injection point no fair comparison can be 
made between experimental and predicted residence time since the pumping 
for tracer withdrawal stopped three days before the predicted time of tracer 
arrival. The predicted residence time was anyway then not overestimated 
from that injection point. The discrepancy shows how sensitive the residence 
times are to flow porosity. In the predictive modeling a flow porosity of 1.0 
10-3 was applied to all zones, but from the tracer test the flow porosity was 
determined to vary between 2.0·10_. and 5.0·10-2, see Section 4.6.2. 

In borehole KAS12, section DB the Uranine tracer was injected in fracture 
zone NE-2 or EW-5. The pumping for tracer withdrawal in KAS06 had a 
great impact on the groundwater flow through this borehole section. The 
flow increased from 12 ml/min during natural gradient conditions (Ittner et 
al., 1991) to approx. 100 ml/min, and hence there would be a good chance to 
obtain tracer breakthrough in the withdrawal borehole KAS06. According to 
the predictive modeling the tracer should reach KAS06 through the fracture 
zone NNW-2 with a mean travel time of 61 days, but tracers actually 
reached KAS-06 through both NNW-1, NNW-2 and EW-5 where the main 
flow was in EW-5. The travel times was 31, 25 and 31 days for NNW-1, 
NNW-2 and EW-5 respectively. 

In borehole KASOS, section Ml the Rhenium tracer was injected in fracture 
zone NE-1. Also in this section the groundwater flow increased considerably 
due to the pumping in KAS06, from 7 ml/min during natural gradient 
conditions to about 50 ml/min. Here the tracer was spread out to reach 
KAS06 in three major fracture zones NNW-1, EW-5 and NNW-2. Most of 
the tracer arrived in NNW-2. This was also the predicted flow path by the 
model, which, according to the theory only can give one flow path. 
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The predicted travel time was 19 days in NNW-2. The actual travel time 
was 10 days. In NNW-1 and EW-5 the travel times was respectively 12 and 
11 days. 

In borehole KAS08, section M3 the Rhenium tracer was injected in fracture 
zone NNW-2 (677 hours after the injection start of Rhenium in KAS08, 
section Ml). The groundwater flow increased from 4 mVmin to about 20 
mVmin due to the pumping in KAS06. The tracer was expected to follow 
zone NNW-2 straight forward to KAS06. However, the Rhenium tracer from 
this injection was not found, i.e. no second maximum could by sure be 
identified on the breakthrough curves (Appendix E). It may be a possibility 
that the little bulb on the descending part of the breakthrough curve at inflow 
level 448 m representing NNW-2 originates from the injection in section M3 
(Appendix C). In that case the residence time is estimated to approximately 
200 hours (8 days). Zone NNW-2 is also supposed to consist of single 
fractures and to be an important hydraulic conductor (Wikberg et al.,1991). 
The breakthrough curve is plotted only to 1000 hours, but samples were 
measured to 1500 hours after which it was judged meaningless to continue 
due to half-lives, detection limits and background scatter. The predicted 
travel time was 23 days. 

In borehole KAS07, section J4 the Iodine tracer was injected in fracture 
zone EW-5. The pumping in KAS06 increased the groundwater flow through 
the borehole section from 1 mVmin during natural gradient conditions to 
about 18 mVmin during pumping. Thus it seemed reasonable that the tracer 
should reach the withdrawal borehole, even though zone EW-5 according to 
the conceptual model is complex. The predicted mean travel time was 48 
days, but no tracer was detected in the withdrawal borehole during the 76 
days time of the tracer test. The explanation may be large pore volume in 
combination with low hydraulic conductivity in the fracture flow paths, c.f. 
below. 

In borehole KAS05, section E3 the Uranine tracer was injected in fracture 
zone EW-5 (678 hours after injection start of Uranine in KAS12, section 
DB). In this section the very low natural groundwater flow, 0.4 mVmin 
increased to 9 mVmin due to pumping for tracer withdrawal in KAS06. The 
tracer reached KAS06 through zone EW-5 with a mean travel time of about 
39 days. The predicted flow path was EW-5 to NNW-1, with a travel time 
of 128 days. It must be pointed out that the interpretation of tracer 
breakthrough from KAS05 is a bit uncertain, but if tracer has reached 
.KAS06 it has been through the EW-5 zone. 

In borehole KAS02, section B4 the Indium tracer was injected in fracture 
zone EW-5. In this section there is no data on groundwater flow during 
natural gradient conditions. During the pumping in KAS06 the groundwater 
flow through the section was first measured to 14 mVmin when the injection 
sections should be chosen out of a number of candidates. However, during 
the tracer injection the flow was only 2 mVmin. The explanation is probably 
that the magnitude and/or the direction of the gradient was in a transient 
stage during the first measurement, made only one week after start of 
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pumping in KAS06. The predicted travel time was 79 days and the tracer did 

not reach the withdrawal borehole during the 76 days of pumping. 

4.6 PARAMETER DETERMINATIONS USING ANALYTICAL EXPRESSIONS 

4.6.1 Hydraulic fracture conductivity and width 

The hydraulic properties of a fractured crystalline rock aquifer can be 

expressed as an average hydraulic conductivity for the whole thickness of the 

aquifer or parts thereof, e.g. fracture zones. The hydraulic average 
conductivity is then determined from single hole hydraulic tests or multiple 

borehole pumping tests (interference tests). If a tracer is injected at some 

distance from a pumped well the hydraulic conductivity of the actual flow 

paths can be calculated with the residence time as the basic variable, 

assuming radial flow field (Gustafsson & Andersson, 1991). 

where: ta = residence time 
r = distance to point of tracer injection 
rw = well radius 
Ah = hydraulic head difference 

(4.9) 

In a linear flow field the hydraulic fracture conductivity is given by. 

(4.10) 

where: L = length 

The sum of the widths of all hydraulically active fractures in a fracture zone, 

or part thereof (sub-zone) can be determined from the mass balance utilizing 

the residence time of a tracer. 

(4.11) 

where: <in = discharge from fracture zone 



Table 4.12 

Fracture 
zone 

EW-5 

NNW-1 

NNW-2 
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The results of the parameter caculations are presented in Table 4.12. The 

hydraulic fracture conductivities (K/ and ~ 1) are all higher assuming radial 

than linear flow. About four times higher for radial flow. A distinction 

between the fracture zones can anyway be made. The fracture conductivities 

in zone EW-5 are obviously smaller than in NNW-1 and NNW-2, out of 

which NNW-1 shows somewhat higher values. In EW-5 the hydraulic 

fracture conductivities ranged from 1.3·10-4 to l.5·10-3 m/s and in NNW-1 

and NNW-2 from 3.5·10-4 to 8.6-10-3 m/s. 

The cumulative width of the hydraulically active fractures in the zones is in 

contrary to the fracture conductivities about five to ten times higher for EW -

5 than NNW-1 and NNW-2. The conclusion is that zone EW-5 constitutes 

of many low conductive fractures, whereas zones NNW-1 and NNW-2 of a 

few highly conductive fractures. 

Hydraulic parameters for fracture zones EW-5, NNW-1 and NNW-2. 

Determined from tracer breakthrough in borehole KAS06. 

Level in Distance to K.,' ~I em 

KAS06 (m) (h) (m/s) (mls) (m) 

353 (340) KAS05 141 960 5.3-10--4 1.2·10--4 1.uo-2 

KAS12 200 618 1.no-3 3.9-10--4 3.4-10-3 

364 (360) KAS12 213 1053 1.2·10-3 25"10--4 2s10-3 

399 (390) KAS05 141 900 5.6·10--4 1.3·10--4 1.8·10-2 

KAS12 200 670 l.6'10-3 3.6"10--4 6.6·10-3 

mean of all KAS05 55"10--4 l.3·10--4 

levels KAS12 1s10-3 3.3-10--4 

sum of all KAS05 2.9·10-2 

levels KAS12 1.3-10-2 

217 (190) KAS08 301 284 8.6'10-3 1.9-10-3 1.no-3 

KAS12 292 752 3.uo-3 6.8·10--4 4.8·10-3 

448 (430) KAS08 181 251 3.3·10-3 7.6'10--4 s.uo-3 

KAS12 190 605 l.6·10-3 35"10--4 1.no-2 
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Flow porosity 

The flow porosity of a rock is defined as the volume of pore space involved 
in fluid transportation and is a part of the total porosity of the rock, as given 
by Norton and Knapp (1977). 

where: eT = total porosity 
8k = flow porosity 
ed = diffusion porosity 
er = residual porosity 

(4.12) 

Besides the flow porosity the total porosity also includes the diffusion 
porosity representing discontinuous ( dead end) fractures and fractures and 
parts of fractures of such small aperture that water cannot move under the 
prevailing hydraulic conditions. 

Flow paths participating in the transport are mainly concentrated to 
interconnected patches of elevated aperture in the single fracture, which in 
tum is a part of a system of interconnected fractures and zones. Toe 
configuration of the participating flow paths, and thus the magnitude of the 
diffusion- and flow porosity will depend on the flow conditions, i.e. change 
with the direction of the hydraulic gradient. Consequently, in fractured rock 
flow porosity is a directional property. 

Toe flow porosity can be determined as the ratio between the average 
hydraulic conductivity of the fracture zone, K, and the hydraulic fracture 
conductivity of the flow paths, ~. providing that Darcy's law applies. 

(4.13) 

Toe flow porosity can also be determined as the ratio between the volume of 
flowing water in the fracture zone and the total volume of the fracture zone. 
In a radial flow field the ratio is. 

(4.14) 

where: W = width of fracture zone 

Note that by definition em and 81: m will be equal if determined for a one 
metre thick aquifer. 



Table 4.13 

Fracture 
zone 

NE-2 

NE-1 

EW-5 

NNW-1 

NNW-2 

EW-3 

EW-X 
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Contrary to the porous media case, values of porosity determined in a 
heterogeneous rock aquifer from eqn. (4.13) or (4.14) are dependent on the 
length of the interval where the hydraulic conductivity, K, was determined, 
or on W being the assumed thickness of the aquifer contributing to the flow. 
For example, this is the case for one single fracture ( or a few closely spaced 
fractures) in an otherwise low conductive rock mass. 

The flow porosities have been calculated over the entire thickness of the 
fracture zones presented in Table 4.13 and the results are presented in Table 
4.14. Based on the results presented in Table 4.14 the flow porosity in 
fracture zone EW-5 is estimated to vary between 2.0·10-4 and 2.0·10-3• In 
fracture zone NNW-1 between 6.0·10-4 and 3.0·10-2, and in NNW-2 
between 5.0-10-3 and 5.0·10-2• 

Note that the total pore volume in EW-5 is of the same order as in NNW-1 
and NNW-2 due to the much greater width, 100 metres compared to 1-3 m. 

Average hydraulic conductivity of fracture zones. 

• • •• K+ Width T T 
(m) (m2/s) (m2/s) (m/s) 

5 - 10 0.2·10-s - 1.0-10-s 2.0-10-1 - 2.0-10-6 

50 4.0-10-s - 4.0-10--c 8.0-10-7 - 8.0-10-6 

100 1.0-10-s - 4.0-10-s 3.3·10-S - 5.6"10-S 3.3·10-7 - 5.6"10-7 

1 - 3 os-10-5 - 2.0-10-s 0.8·10-s - 4.0-10-s 2.no-6 - 4.0-10-s 

1 - 3 2.0-10-s - 6.0-10-s 2.6·10-s - 3.6"10-s 8.7-10-6 - 3.6"10-s 

10 - 15 o.no-6 - 1.0-10-6 0.9·10-s 6.no-1 - 9.uo-1 

100 9.S-10-6 9.S-10-s 

• = according to conceptual model (Wikberg et al.,1991) 
• • = according to interpretation of drawdo-wns due to pumping during the tracer test 

(Andersson, 1991) 
+ = calculated with T-values from Andersson (1991), if available 
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Table 4.14 Flow porosities in fracture zones EW-5, NNW-1 and NNW-2. Determined 
from tracer breakthrough in borehole KAS06. 

Fracture 
zone 

EW-5 

NNW-1 

NNW-2 

4.6.3 

Direction 

KAS05 - KAS06 

KAS12 - KAS06 

KAS08 - KAS06 

KAS12 - KAS06 

KAS08 - KAS06 

KAS12 - KAS06 

er 
k 

6.0·104 - 1.0-10-3 

2.2'104 - 3.7"104 

3.1"104 - 4.no-3 

8.7"104 - 1.3-10-2 

2.6"10-3 - 1.uo-2 

5.4-10-3 - 2.no-2 

Recovery calculations 

ei 
k 

2s10-3 - 4_3-10-3 

1.0-10-3 - 1.no-3 

1.4-10-3 - 2.uo-2 

4.0-10-3 - 5.9·10-2 

1.uo-2 - 4.no-2 

2.s-10-2 - 1.0·10-1 

e Dl 
k 

2.9"104 

1.3-104 

5.7"104 - 1.no-3 

l.6·10-3 - 4.8·10-3 

1.no-3 - 5.1·10-3 

3.no-3 - 1.1-10-2 

Calculations for Uranine in the total discharge shows a recovery of 28 % of 
the total injected amount in KAS12-2. The recovery is calculated over the 
breakthrough interval 100 - 1800 h. The recovery in the individual fracture 
zone flow paths is presented in Table 4.3. The main part of the tracer is 
recovered in fracture zone EW-5. 

Preliminary calculations for Rhenium (Re-186) in the total discharge shows 
a recovery of 23 % of the total injected amount in KA.S08-1. The recovery 
is calculated over the breakthrough interval 100 - 800 h. The recovery in the 
individual fracture zone flow paths is presented in Table 4.5. The main part 
of the tracer is recovered in fracture zone NNW-2. 

The other tracers injected, In-114 and I-131, were not recovered in the 
withdrawal borehole KAS06. 
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5. DISCUSSION AND CONCLUSIONS 

5 .1 EXPERIMENT AL 

The experimental design and performance was very successful, including the 
intermittent decaying pulse injection technique, the utilization of groundwater 
flow measurements by the dilution method and the multilevel sampler to 
detect tracer inflow levels in the withdrawal borehole. 

The geometric (straight line) distances from point of injection to point of 
inflow in the withdrawal borehole ranged from 100 to 300 metres. The 
longest tracer flow path (trajectory) distance along interconnected fracture 
zones is calculated to approximately 380 metres. 

Five fracture zones contributed to tracer transport from points of injection to 
detection in the withdrawal borehole; NE-1, NE-2, NNW-1, NNW-2 and 
EW-5. 

Within the time limits given for this tracer test, 76 days, and considering the 

half-life of the radionuclide tracers used, tracers reached the withdrawal 
borehole from three out of six injection points. However, the interpretation is 
that tracer possibly also reached KAS06 from a fourth injection point. 

5.2 CONCEPTIJAL MODEL 

The results of the tracer test are consistent with the framework of fracture 
zones presented in the conceptual model of Aspo by Wikberg et al.(1991), 
i.e. geometry and intersections between fracture zones agree with the 
obtained tracer flow paths. However, the flow paths predicted by numerical 
modeling (Svensson, 1991) did not agree completely with the experimental 

data. To some degree this is due to the fact that the computer code used for 
the predictions by definition only can develop one flow path from a point of 
injection. 

Out of six injection points the predicted residence time was a bit 
overestimated (a factor of 2-3) from four points and underestimated from 
one injection point. From the sixth injection point no fair comparison can be 
made between experimental and predicted residence time since the pumping 

for tracer withdrawal stopped three days before the predicted time of tracer 
arrival. The predicted residence time was anyway then not overestimated 
from that injection point. The discrepancy shows how sensitive the residence 
times are to flow porosity. In the predictive mode ling a flow porosity of 

l.0· 10-3 was applied to all zones, but from the tracer test the flow porosity 
was determined to vary between 2.0·10-4 and 5.0·10-2• 



58 

5.3 FRACITJRE ZONES 

Zone EW-3 carried no tracer but from the tracer test results it was possible 
to calculate its contribution to the inflow in the withdrawal borehole KAS06. 
The inflow from zone EW-3 amounted to 15 % of the total inflow, i.e. it is 
indicated that EW-3 must be considered being a more important hydraulic 
conductor than is assumed in the conceptual model. 

Within the distances involved in the performed tracer test zone EW-5 is 
judged to be a good but complex hydraulic conductor, with many widely 
spread but interconnected fracture flow paths. 

Zones NNW-1 and NNW-2 are very good hydraulic conductors with a few 
narrow spaced water-conducting fractures. 

The transport parameters for fracture zones NE-1 and NE-2 can not be 
quantitatively determined, but based on the tracer test results it is assumed 
that NE-1, having higher conductivities in the fracture flow paths and lower 
dispersivities is a more distinct hydraulic conductor than NE-2. 

5.4 TRANSPORT PARAMEfERS 

The dispersivities obtained by model fit to the breakthrough curves for 
NNW-1, NNW-2 and EW-5 are compareable to a large fracture zone 
investigated at the Finnsjon site, central Sweden. In general, the dispersivities 
was in the order of one tenth to one fifth of the flow path distance. 
Expressed as Peclet numbers, 4.2 - 11.3 where the lower values are 
representative for EW-5 and the higher for NNW-1 and NNW-2, i.e. largest 
dispersion in EW-5, which is not suprisingly the most geometrically 
complex zone according to the conceptual model. 

The tracer labelled groundwater flowing through the injection borehole 
sections are widely spread within the the fracture zones and between fracture 
zones until it eventually emerges in the withdrawal borehole KAS06. As an 
example the uranine injected in KAS12, section DB has been spread into 
three fracture zones before it reaches KAS06. Macro dispersion is thus 
judged to be an important process in the fractured rock during the prevailed 
high flow rate pumped conditions. 

The hydraulic conductivity of the fracture flow paths were calculated. The 
fracture conductivities are obviously smaller in EW-5 than in NNW-1 and 
NNW-2, out of which NNW-1 has somewhat higher conductivities. The 
mean value is 6.3·10-4 m/s in EW-5 and 3.6-10-3 and l.5·10-3 m/s in NNW-
1 and NNW-2 respectively. The cumultative width of the hydraulically 
active fractures in the zones is about five to ten times higher for EW-5 than 
NNW-1 and NNW-2. The conclusion is that zone EW-5 consists of many 
low conductive fractures, whereas zones NNW-1 and NNW-2 consists of a 
few highly conductive fractures. 
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The flow porosity was calculated over the entire width of the fracture zones. 

Based on the results of the calculations the flow porosity in EW-5 is 

estimated to vary between 2.0·10-4 and 2.0·10-3, in NNW-1 between 6.0·10-4 

and 3.0·10-2, and in NNW-2 between 5.0·10-3 and 5.0·10-2• However, due to 

the much greater width of EW-5, 100 metres compared to 1 to 3 metres for 

NNW-1 and NNW-2 the total effective pore volume in EW-5 is in the 

same order or even larger than in the other two zones. 
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APPENDIX A 

DILUTION MEASUREMENTS 

Dilution measurement in borehole sections: 

Figure Page 

A- 1: KASO2-2 A:1 
A- 2: KASO2-4 
A- 3: KASO5-3 A:2 
A- 4: KASO5-3 
A- 5: KA.SOS- I A:3 
A- 6: KASO7-4 
A- 7: KASOS-3 A:4 
A- 8: KASOS-3 
A- 9: KA.SOS-I A:5 
A-1O: KAS12-2 
A-11: KAS13-3 A:6 
A-12: KAS14-2 
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Dilution measurements in KAS02-2 and KAS02-4. 
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APPENDIX B 

TRACER INJECITONS 

Tracer injections in borehole sections: 

Figure Page 

B- 1: KAS02-4 Indium-114 B:1 
B- 2: KAS0S-3 Uranine 
B- 3: KAS07-4 Iodine-131 B:2 
B- 4: KAS08-1 Rhenium-186 
B- 5: KAS08-3 Rhenium-186 B:3 
B- 6: KAS12-2 Uranine 



17 0 l 
...... ____ 

-----

B: 1 

KAS02-4 (309-345m) 
lnj.dot. 901003 

-· .. .,,,,--......_ .... ..... 
a1s.o 
m 
'-..-/ 

u 
z 
0 
u 
C 

13.0 

8.0 

,,,--,...6.0 

E 
Q_ 
Q_ 

'-..-/ 

C 

2.0 

0 500 1 000 1 500 2000 

ELAPSED TIME (hours) 

KAS05-3 (320-380m) 
lnj.dot. 901031 

. . 

2500 

0.0 -+,-,...,.-.-.,-.-,-...,...,.-.-.,-.-,-,...,.-....-r-,e-r,--rr--r-r-m--,-,-,...,.-mm-rr-...-r-m-rr-.,...,...., 

0 400 800 1200 1 600 2000 

ELAPSED TIME (hours) 

Tracer injection in KAS02-4 (In-114) and KAS05-3 (Uranine). 



15.5 

,,,.--..._ 

"'-o-14.5 

m 
'-.../ 

u 
z 
0 
u 
C 

13.5 

18.0 

,,,.--..._ 16.0 

"'--v 
m 
'-.../ 

U 14.0 
z 
0 
u 
C 

- 12.0 

0 

0 

. . 
.. 

.. .. 
·. 

B: 2 

. . 
.. 

. . 

KAS07-4 (191-290m) 
lnj.dot. 901003-21 

.. 

200 400 600 800 1000 

100 

ELAPSED TIME (hours) 

KAS08-1 (503-601 m) 
lnj.dot. 901003-21 

.. 
. . 

.. 

200 300 400 500 600 

ELAPSED TIME (hours) 

Tracer injection in KAS07-4 (I-131) and KAS08-1 (Re-186). 

1200 

700 



18.0 

(_) 16.0 

z 
0 
(_) 

C 
- 15.0 

5.0 

~ 

E 
0.. 
0.. ...____.,, 

1.0 

(_) 
z 
0 
(_) 

C -3.0 

0 

0 100 

B: 3 

.. 

KAS08-3 (140-200m) 
lnJ.dat. 901031 

100 200 300 

ELAPSED TIME (hours) 

KAS12-2 (279-330m) 
lnj.dot. 901003-21 

. . . 
• 

.. 
. . . . 

200 300 400 500 600 

ELAPSED TIME (hours) 

400 

700 800 

Tracer injection in KAS08-3 (Re-186) and KAS12-2 (Uranine). 



APPENDIX C 

TRACER BREAKTIIROUGH AT THE SAMPLING LEVELS 

Tracer breakthrough in withdrawal borehole, KAS06 

Figure Page 

C- 1: level 1 570m Uranine C:1 
C- 2: level 2 540m 
C- 3: level 3 430m C:2 
C- 4: level 4 390m 
C- 5: level 5 360m C:3 
C- 6: level 6 340m 
C- 7: level 7 290m C:4 
C- 8: level 8 190m 
C- 9: total discharge C:5 

C-10: level 3 430m Rhenium-186 C:6 
C-11: level 4 390m 
C-12: level 5 360m C:7 
C-13: level 6 340m 
C-14: level 7 290m C:8 
C-15: level 8 190m 
C-16: total discharge C:9 
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APPENDIX D 

ELECTRIC CONDUCTIVITY AND REDOX POTENTIAL 

Support_ing measurements during pumptest in discharge water, KAS06 

Figure 

D- 1: Oxidation-reduction potential 
D- 2: Electrical coductivity 
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APPENDIX E 

CALCULATED BREAKTHROUGH IN MAJOR CONDUCTORS 

Corrected breakthrough curves for Uranine and Rhenium in KAS06 

Figure Page 

E- 1: level 3 430m Rhenium E:1 
E- 2: level 4 390m 
E- 3: level 5 360m E:2 
E- 4: level 6 340m 
E- 5: level 7 290m E:3 
E- 6: level 8 190m 

E- 7: level 3 430m Uranine E:4 
E- 8: level 4 390m 
E- 9: level 5 360m E:5 
E-10: level 6 340m 
E-11: level 7 290m E:6 
E-12: level 8 190m 
E-13: entire borehole E:7 
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APPENDIX F 

1-D MODELLING 

1-D Modelling of breakthrouth in KAS06 

Figure 

F- 1: Total discharge, one flow path. Uranine 
F- 2: Total discharge, two flow paths 
F- 3: level 8 190m, one flow path 
F- 4: level 8 190m, two flow paths 
F- 5: level 5 360m, one flow path 
F- 6: level 5 360m, two flow paths 
F- 7: level 4 390m, one flow path 
F- 8: level 4 390m, two flow paths 
F- 9: level 3 430m, one flow path 
F-10: level 3 430m, two flow paths 

F-11: level 5 360m, two injection points 
F-12: level 4 390m, two injection points 

F-13: Total discharge, one flow path. 
F-14: Total discharge, two flow paths 
F-15: level 8 190m, one flow path 
F-16: level 8 190m, two flow paths 
F-17: level 4 390m, one flow path 
F-18: level 4 390m, two flow paths 
F-19: level 3 430m, one flow path 
F-20: level 3 430m, two flow paths 
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APPENDIX G 

STATISTICS OF TIIE 1-D MODELING 

Legend 

Parameter No 1 = velocity, v (rn/s) first main flow path 
2 = dispersion coefficient, D (m2/s) 
3 = fraction of flow 

4 = velocity, v (rn/s) second main flow path 
5 = dispersion coefficient, D (m2/s) 
6 = fraction of flow 

Figure Page 

Uranine from KASl 2 

G-1 : KAS06 217m, distance 292m, one flow path G:1 
G-2 : KAS06 217m, distance 292m, two flow paths 
G-3 : KAS06 217m, distance 331m, one flow path 
G-4 : KAS06 217m, distance 331m, two flow paths 

G-5 : KAS06 364m, distance 213m, one flow path G:2 
G-6 : KAS06 364m, distance 213m, two flow paths 
G-7 : KAS06 399m, distance 200m, one flow path 
G-8 : KAS06 399m, distance 200m, two flow paths 

G-9 : KAS06 399m, distance 234m, one flow path G:3 
G-10 : KAS06 399m, distance 234m, two flow paths 
G-11 : KAS06 448m, distance 190m, one flow path 
G-12 : KAS06 448m, distance 190m, two flow paths 

G-13 : KAS06 448m, distance 220m, one flow path G:4 
G-14 : KAS06 448m, distance 220m, two flow paths 
G-15 : KAS06 448m, distance 312m, one flow path 
G-16 : KAS06 448m, distance 312m, two flow paths 

G-17 : KAS06 0 - 600m, distance 200m, one flow path G:5 
G-18 : KAS06 0 - 600m, distance 200m, two flow paths 



Figure Page 

Uranine from KAS12 and KAS05 

G-19 : KAS06 353m, distances 200m(KAS12)/141m(KAS05) G:6 
G-20 : KAS06 399m, distances 200m(KAS12)/141m(KAS05) 

Rhenium from KAS08 

G-21 : KAS06 217m, distance 301m, one flow path G:7 
G-22 : KAS06 217m, distance 301m, two flow paths 
G-23 : KAS06 217m, distance 381m, one flow path 
G-24 : KAS06 217m, distance 381m, two flow paths 

G-25 : KAS06 399m, distance 190m, one flow path G: 8 
G-26 : KAS06 399m, distance 190m, two flow paths 
G-27 : KAS06 399m, distance 238m, one flow path 
G-28 : KAS06 399m, distance 238m, two flow paths 

G-29 : KAS06 448m, distance 181m, one flow path G:9 
G-30 : KAS06 448m, distance 181m, two flow paths 
G-31 : KAS06 448m, distance 234m, one flow path 
G-32 : KAS06 448m, distance 234m, two flow paths 

G-33 : KAS06 0 - 600m, distance 181m, one flow path G:10 
G-34 : KAS06 0 - 600m, distance 181m, two flow paths 
G-35 : KAS06 0 - 600m, distance 234m, one flow path 
G-36 : KAS06 0 - 600m, distance 234m, two flow paths 



•••••••••• REGRESSION $U}w{M.ARY •••••••••• 

lJRANINE FROM KAS12 
KAS06, 217 M 

DISTANCE: 292 M 
NO OF FLOW PATHS 

FINAL ESTIMATE FOR PARAML ::,,. 1 • 0.107&E--03 
FINAL ESTIMATE FOR PARAMETER 2 = 0.1!84E--Ol 
FINAL ESTIMATE FOR PARAMETER 3 • 0.3299E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 41 

SUM OF SQUARED DIFFERENCES • 0.210E+02 

ERROR VARlANCl! • 0.552E+OO 

CORREIA TION COEFFICIENT • .96124E+OO 

STANDARD ERROR FOR PARAMETER. 1 • 0.974E--05 
STANDARD ERROR FOR PARAMETER. 2 • 0.1591!--02 
STANDARD ERROR. FOR PARAMETER. 3 • 0.3700+02 

CORRElATION BETWEEN PARAMETERS 1 AND 2 • -.7S34E+OO 
CORRELATION BETWEEN PARAMETERS 1 AND 3 • -.9664E+OO 
CORRELATION BETWEEN PARAMETERS 2 AND 3 • 0.Sl93E+OO 

•••••••••• REGRESSION SUMMA.R.Y •••••••••• 

URANINE FROM KAS12 
KAS06, 217 M 
DISTANCE: 292 M 
NO OF FLOW PATIIS: 2 

FINAL ESTIMATE FOR PARAMETER. 1 • 0.14548--03 
FINAL ESTIMATE FOR. PARAMETER. 2 • 0.1016B-OI. 
FINAL ESTIMATE FOR. PARAMETER 3 • 0.7267E+02 
FINAL ESTIMATE FOR. PARAMETER 4 • 0.893SB-04 
FINAL BSTIMATE FOR PARAMETER S • 0.1228E--01 
FINAL ESTIMATE FOR PARAMETER. 6 • 0.2839E+-03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 41 

SUM OF SQUARED DIFFERENCES • 0.2098+02 

ERROR VARIANCE• 0.598E+OO 

CORR.ELATION COEFFICIENT• .96130E+OO 

STANDARD ERROR FOR PARAMETER. 1 • 0.lSlE--02 

ST AND ARD ERROR FOR P AR.AMETER 2 " 0.152E+OO 
STANDARD ERROR FOR PARAMETER. 3 • 0.613E+04 
STANDARD ERROR FOR. PARAMETER 4" 0.999E--03 
STANDARD ERROR FOR PARAMETER S • 0.4000--01 
STANDARD ERROR FOR PARAMETER 6 • 0.S4SE+04 

CORRElATION BETWEEN PAR.AMETERS lAND 2 • -.8916E+OO 

CORRELATION BETWEEN PARAMETERS lAND 3 " -.9830E+OO 
CORRELATION BETWEEN PARAMETERS lAND 4 • 0.9777E+OO 
CORRELATION BETWEEN PAR.AMETERS lAND S • 0.2588E+OO 
CORRELATION BETWEEN PARAMETERS lAND 6 • 0.9793E+OO 

CORRELATION BETWEEN PARAMETERS 2AND 3 " 0.9574E+OO 
CORR.ElATION BETWEEN PARAMETERS 2AND 4 • -.9S90E+OO 
CORRELATION BETWEEN PARAMETERS 2AND S • -.6673E+OO 
CORRELATION BETWEEN PARAMETERS 2AND 6 • -.9639E+OO 

CORREIA TION BETWEEN PARAMETERS 3AND 4 • -.9989E+OO 
CORR.ElATION BEnVEEN PARAMETERS lAND S • -.◄264E+OO 

CORRElA TION BETWEEN PARAMETERS 3AND 6 • -.9996E+OO 
CORR.ElATION BETWEEN PARAMETERS ◄ AND S • 0.4376E+OO 

CORRELATION BEnVEEN PARAMETERS ◄ AND 6 • 0.9980E+OO 
CORR.ElATION BETWEEN PARAMETERS SAND 6 • 0.4470E+OO 

G:1 

•••••••••• REGRESSION SUMMARY •••••••••• 

URAN1NE FROM KAS12 
KAS06. 217 M 
DISTANCE: 331 M 
NO OF FLOW PATHS: l 

FINAL ESTIMATE FOR PARAMETER l • 0.1240E-03 
FINAL ESTIMATE FOR PARAMETER 2 = 0.1497E-0l 
FINAL ES11MATE FOR PARAMETER 3 • 0.3238E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 41 

SUM OF SQUARED DIFFERENCES • 0.210E+02 

ERROR VARIANCE• 0.553E+OO 

CORRElATION COEFFIClENT • .96103E+OO 

STANDARD ERROR. FOR. PARAMETER. 1 • Q.108E--04 
STANDARD ERROR FOR. PARAMETER. 2 • 0.202E--02 
STANDARD ERROR FOR. PARAMETER 3 • 0.3S3E+02 

CORR.ElATION BETWEEN PARAMETERS 1 AND 2 • -.7SOIE+OO 
CORR.ElATION BETWEEN PARAMETERS 1 AND 3 • -.9639E+OO 
CORRElATION BETWEEN PARAMETERS 2 AND 3 • 0.8191E+OO 

•• •• •• •• •• llOORESSION SUMMARY • • •• •• ••.,. 

URAN1NE FROM KAS12 
KAS06, 217 M 
DISTANCE: 331 M 
NO OF FLOW PATIIS: 2 

FINAL ESTIMATE FOR. PARAMETER 1 • 0.19398--03 

FINAL ESTIMATE FOR PARAMETER 2 • 0.1317B--Ol 
FINAL ESTIMATE FOR PARAMETER 3 • 0.7682.B+02 
FINAL ESTIMATE FOR PARAMETER. 4 • 0.8319E--04 
FINAL ESTIMATE FOR PARAMETER S • 0.1402B-01 
FINAL ESTIMATE FOR PARAMETER. 6 • 0.3267B+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 41 

SUM OF SQUARED DIFFERENCES • 0.2100+02 

ERROR VARIANCE• O.S99e+OO 

CO!lAEU.TION COEFFJClENT • .96129E+OO 

STANDARD ERROR FOR. PARAMETER 1 • 0.611E--03 
STANDARD ERROR. FOR PARAMETER 2 • Q.271E+OO 
STANDARD ERROR FOR PARAMETER 3 • 0.452E+04 
STANDARD ERROR. FOR PARAMETER ◄ • O.lJOE--02 
STANDARD ERROR FOR PARAMETER S • 0.448E+OO 
STANDARD ERROR FOR. PARAMETER 6 • 0.429E+04 

CO!lAEU.TION BETWEEN PARAMETERS 1 AND 2 • 0.7210E+OO 
CO!lAEU.TION BETWEEN PARAMETERS 1 AND 3 • 0.6S73E+OO 
CORRELATION BETWEEN PARAMETERS lAND 4 • -.642IE+OO 
CORRELATION BETWEEN PARAMETERS lAND S • -.7S72E+OO 
CORRELATION BE'IWEEN PARAMETERS 1 AND 6 • -.716SE+OO 
CORR.ElATION Bl!TWBEN PARAMETERS 2AND 3 • 0. 9957E+OO 
CORRElATION B£rWEl!N PARAMETERS 2AND 4 • -.9930E+OO 
CORRElATION BETWEEN PARAMETERS 2AND S • -.9983E+OO 
COJtR.ElA no•; BETWEEN PARAMETERS 2AND 6 • -.9997E+OO 
CORR.EU.TIO" l.lBTWl!l!N PARAMETERS 3AND 4 • -.999SE+OO 
CORR.EU. TIO!-, ll!ITWEEN PARAMETERS 3AND S • -.9899E+OO 
COR.R.ELATIOt, llmwEF.N PARAMETERS 3AND 6 • -.9961E+OO 
CORRELATION BtcTWEEN PARAMETERS 4AND S • 0.9864E+OO 
CORRElATION BETWEEN PARAMETERS 4AND 6 • 0. 9932E+OO 
CORRElATION BETIVEEN PARAMETERS SAND 6 • 0. 9979E+OO 



•••••••••• REGRESSION SUMMARY •••••••••• 

URANINE FROM KAS12 
KAS06, 364 M 
DISTANCE: 213 M 
NO OF FLOW PATIIS: 1 

FINAL ESTIMATE FOR PARAMEIBR 1 c 0.5617E-04 
FINAL ESTIMATE FOR PARAMEIBR 2 c 0.2628E-02 
FINAL ESTIMATE FOR PA.RAMEIBR 3 c 0.1617E+04 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 44 

SUM OF SQUARED DIFFERENCES • 0.327E+-04 

ERROR VARIANCE• 0.796E+02 

CORRELATION COOFFIClENT • .7814SB+OO 

STANDARD ERROR FOR PARAMEIER l • 0.104E--04 
STANDARD ERROR FOR PARAMEIER 2 • 0.8S2E-03 
STANDARD ERROR FOR PARAMEIER 3 • 0.4500+03 

CORRELATION BETWEEN PARAMEIERS 1 AND 2 • -.6928E+OO 

CORRELATION BETWEEN PARAMETERS 1 AND 3 • -.9605E+OO 
CORRELATION BETWEEN PARAMEIBRS 2 AND 3 • 0.7246B+OO 

•• • • •• • • •• REGRESSION SUMMARY •• •• • • •• •• 

URANlNE FROM KAS12 
KAS06, 364 M 
DISTANCE: 213 M 
NO OF FLOW PAlllS: 2 

fJNAL ESTIMATE !'OR PARAMEil!R 1 • 0.1'104E-03 

fJNAL ESTIMATE !'OR l'AMMETER 2 • 0.1SS6E--02 
FINAL ESTIMATE POlt l'AMMETER 3 • Cl.2909B+03 
FINAL ESTIMATE FOR l'AMMETER 4 • Q.5946B--04 

FINAL ESTIMATE !'OR l'ARAMEillll S • 0.4163E-03 

FINAL ESTIMATE FOlt l'ARAMEillll 6 • 0.101◄B+04 

REGRESSION STATISTICS 

NO. OF OBSEJtVATIONS: 44 

SUM OF SQUARED Dll'FERENCES • o.273E+-04 

ERROR VARIANCE• 0.719E+02 

CORRELATION COOFFIClENT • .82033B+OO 

STANDARD ERROR FOR PARAMETER 1 • G.S99e--04 
STANDARD ERROR FOR PARAMETER 2 • Q.330E--02 
STANDARD ERROR FOR PARAMETER 3 • 0.2888+03 
STANDARD ERROR FOR PARAMETER 4 • 0.Sl4E--05 
STANDARD ERROR FOR PARAMETER 5 • Q.367E--03 
STANDARD ERROR FOR PARAMETER 6 • 0.337E+03 

CORRELATION BETWEEN PARAMETERS lAND 2 • -.8389E+OO 

CORRELATION BETWEEN PARAMETERS lAND 3 • -.9651E+OO 
CORRELATION BETWEEN PARAMETERS lAND 4 • 0.8394E+OO 

CORRELATION BETWEEN PARAMEil!ltS lAND S • 0.8882.B+OO 
CORRELATION BETWEEN PARAMETERS lAND 6 • 0.8921E+OO 

CORRELATION BETWEEN PARAMETERS 2AND 3 • 0.894SB+OO 

CORRELATION BETWEEN PARAMETERS 2AND 4 • -. 7812E+OO 
CORRELATION BETWEEN PARAMETERS 2AND S • -.6991E+OO 
CORRELATION BETWEEN PARAMEil!ltS 2AND 6 • -.7907E+OO 

CORRELATION BETWEEN PARAMETERS 3AND 4 • -.8392E+OO 
CORRELATION BETWEEN PARAMETERS 3AND S • -.8948E+OO 

CORRELATION BETWEEN PARAMETERS 3AND 6 • -.8990E+OO 

CORRELATION BETWEEN PARAMETERS 4AND S • 0.6422E+OO 

CORRELATION BETWEEN PARAMETERS 4AND 6 • O.S911E+OO 
CORRELATION BETWEEN PARAMElcl!.S SAND 6 • 0.8900E+OO 

G:2 

•••• •• •• •• llEGRffiSJON SUMMARY •• •• •• •• •• 

URANINE FROM KAS12 
KAS06. 399 M 
DISTANCE: 200 M 
NO OF FLOW PATIIS: 1 

FINAL ESTIMATE FOR PARAMEIBR 1 c 0.7558E-04 
FINAL ESTIMATE FOR PARAMETER 2 • 0.45!6E-02 
FINAL ESTIMATE FOR PARAMETER 3 • 0.2Al9E+04 

REGRESSION STATISTICS 

NO. OP OBSERVATIONS: 44 

SUM OP SQUARED DIFFERENCES • 0.374E+03 

ERROR VARIANCE • 0.911E+Ol 

CORREIATION COOFFICIENT • .98883B+OO 

STANDARD ERROR FOR PARAMETER l • 0.237E--OS 
STANDARD ERROR FOR PARAMETER 2 • O.VOE--03 
STANDARD ERROR POR PARAMETER 3 • 0.990E+02 

CORREIATION BETWEEN PARAMETERS 1 AND 2 • -.6554E+OO 

CORRELATION BErWEEN PARAMETERS 1 AND 3 • -.9307E+OO 
CORRELATION BETWEEN PARAMETERS 2 AND 3 • 0.767!E+OO 

•••••••••• JlEGltESSION SUMMARY •••••••••• 

URANINE FROM KAS12 
ICAS06, 399 M 
DISTANCE: 200 M 
NO OF FLOW l'AlllS: 2 

fJNAL ESTIMATE POil PARAMEll!ll 1 • 0.9337E-04 
PINAL ESTIMATE FOil l'ARAMEl"Elt 2 • 0.7799E-03 
FINAL ESTIMATE POil PARAMETER 3 • Cl.S065B+03 
FINAL ESTIMATE FOil l'ARAMETEll 4 • 0.4897B--04 
FINAL ESTIMATE POil l'ARAMETEll S • 0.1083E--Ol 

PINAL ESTIMATE J'Olt l'ARAMETER 6 • Cl.287SE+04 

JWGRESSION STATISTICS 

NO. OP OBSERVATIONS: 44 

SUM OF SQU.uED Dll'fERENCES • 0.298£+03 

ERROR VARIANCE• 0.78SE+Ol 

COJlRELATION COOFFIClENT • .99164E!+OO 

STANDARD ERROR FOR PARAMETER l c Q.2SSE--05 

STANDARD ERROR FOR PARAMETER 2 • 0.495E--03 
STANDARD ERROR FOR PARAMETER 3 • 0.254E+03 
STANDARD ERROR FOR PARAMETER 4 • 0.235E--04 
STANDARD ERROR FOR PARAMETER S • 0.434E!--02 
STANDARD ERROR FOR PARAMETER 6 • 0.994E+03 

CORREU.TION BErWEEN PARAMETERS !AND 2 • -.1744E--Ol 
CORREIATION BETWEEN PARAMETERS lAND 3 • 0.1711E-0l 
CORREIATION BErWEEN PARAMETERS !AND 4 • -.2621E+OO 
COIUlEU.TJON BETWEEN PARAMETERS lAND S • 0.1004E+OO 
CORREU.TION BETWEEN PARAMETERS !AND 6 • 0.3343E+OO 
COIUlEU.TION BETWEEN PARAMETERS 2AND 3 • 0.9S84E!+OO 
CORREIATION BETWEEN PARAMETERS 2AND ◄ • -.8301E+OO 
COIUlEU.TION BETWEEN PARAMETERS 2AND S • 0.8377E+OO 
CORREIATION BETWEEN PARAMETE!RS 2AND 6 • 0.7115E!+OO 
COJlRELATION BETWEEN PARAMETERS 3AND 4 • -.9081E+OO 
CORRELATION BETWEEN PARAMETERS 3AND S • 0.9393E+OO 
CORRELATION BEIWE!EN PARAMETERS 3AND 6 • 0.802AE+OO 
CORREIATION BEIWE!EN PARAMETERS 4AND S • -.9616E+OO 

CORREIATION BEIWE!EN PARAMErnRS 4AND 6 • -.9770E+OO 
CORRELATION BEIWE!EN PARAMErnRS SAND 6 a 0.9148E+OO 



•••••••••• REGRESSION SUMMARY •••••••••• 

lJRANlNE FROM KAS12 

KAS06, 399 M 
DISTANCE: 234 M 
NO OF FLOW PATHS: 1 

F1NAL ESTIMATE FOR l'ARAMEIBR l = 0.8846E--04 
F1NAL ESTIMATE FOR PARAMEIBR 2 • 0.6179E-02 
F1NAL ESTIMATE FOR l'ARAMEIBR 3 • 0.2418E+04 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 44 

SUM OF SQUARED DIFFERENCES • 0.374E+Q3 

ERROR VARIANCE • 0.911E+Ql 

CORRELATION COEmCIENT • .98883E+OO 

STANDARD ERROR FOR l'ARAMETER 1 • G.277E-OS 
STANDARD ERROR FOR PARAMETER 2 • 0.369E--03 

STANDARD ERJWR FOR PARAMETER 3 c Q.989E+02 

CORREI.ATION BETWEEN PARAMETERS 1 AND 2 • -.6SS3E-+OO 

CORRELATION BETWEEN PARAMETERS 1 AND 3 • -.9306E+-OO 
CORREI.ATION BETWEEN PARAMETERS 2 AND 3 • 0.7671E+OO 

•••••••••• ltEGRESSJON SUMMAllY •••••••••• 

U1tANINE FROM KASl2 

KAS06, 399 M 
DISTANCE: 234 M 
NO OF FLOW PAlHS: 2 

F1NAL ESTIMATE FOil PARAMETER 1 • 0.1209E-03 

f1NAL ESTIMATE FOil PARAMETER 2 • Cl.26148-02 

F1NAL ESTIMATE FOil PARAMETER 3 • ll.5037B+03 
f1NAL ESTIMATE !'Oil PARAMETER 4 • 0.61765-04 
f1NAL ESTIMATE !'Oil PAllAMETER S • 0.13378-02 

f1NAL ESTIMATE FOil PAllAMETER '• 8.25185+04 

IU!GRESSJON STATISTICS 

NO. OF OBSEJI.VATIONS: 44 

SUM OP SQUARED DIFFERENCES • Q.348E+03 

ERROR VARIANCE• 0.917E+Ol 

CORREJATION COEFFICIENT• .98960E+OO 

STANDARD ERROR FOR PARAMETER 1 • 0.296E--04 

STANDARD ERROR FOR l'ARAMETER 2 • 0.407E-02 
STANDARD ERROR FOR l'ARAMETER 3 • Q.134E+Q4 
STANDARD ERROR FOR PARAMETER 4 • 0.6SlE-04 

STANDARD ERROR POil l'ARAMETER S • Q..5200-02 

STANDARD ERROR FOR PARAMETER 6 • D.SS4E+Q3 

CORREi.A TION BETWEEN I' ARAMEll!RS 1 AND 2 • -.9006E+-OO 

CORREI.ATION BETWEEN l'ARAMETERS lAND 3 - -.9S67E+OO 
CORRELATION BETWEEN PARAMETERS 1 AND 4 • 0.9445E+OO 

COIUIBU.TION BETWEEN l'ARAMETERS 1 AND s • -.9S42E+-OO 

CORRELATION BETWEEN PARAMEIBRS l AND 6 • -.6122E+OO 

CORREI.ATION BETWEEN PAXA,¥.FTERS 2AND 3 • 0.9726E+OO 

CORREI.ATION BET'i','EEN l'AJV .. METERS 2AND 4 • -.937SE+-00 

CORRElATION BITTWEEN PAJL-..lolETERS 2AND S • G.816SE+OO 

CO.RRELATION BETWEEN PARAMEll!RS ZAND 6 • 0.4643E+OO 

CORREI.ATION BElWEEN PARAMETERS 3AND 4 • -.9886E+-OO 

CORREI.ATION BElWEEN PARAMETEllS 3AND S • 0.9212E+OO 

CORREI.ATION BETWEEN l'ARAMEll!RS 3AND 6 • 0.6127E+OO 

CORREI.ATION BETWEEN l'ARAMETEllS 4 AND s • -. 9S04E-+OO 

CORREI.ATION BETWEEN l'ARAMETERS 4 AND 6 • -. 7224E+-OO 

CORREI.ATION BETWEEN l'ARAMETERS SAND 6 • 0. 7993E+OO 

G:3 

•••••••••• RBGRESSION SUMMARY •••••••••• 

URANINE FROM KAS12 
KAS06. 448 M 
DlSTANO!: 190 M 
NO OF FLOW PATHS: l 

FINAL ESTIMATE FOR PARAMETER l = 0.8724E-04 
F1NAL ESTIMATE FOR PARAMETER 2 • 0.3547E-02 
FINAL ESTIMATE POil PARAMETER 3 • 0.4409E+03 

REGRESSION STATISTICS 

NO. OP OBSEJ.VATIONS: 44 

SUM OP SQUARED DIFFERENCES • 0.268E+02 

ERROR VARIANCE• 0.653E+-OO 

CORREIATION CXlemOBNT • .98S12E+OO 

STANDARD ERROR FOR PARAMETER 1 • 0.228E--OS 
STANDARD ERROR FOR PARAMETER 2 • 0.263E-03 

STANDARD ERROR FOR PARAMETER 3 = 0.161E+02 

CORRELATION BETWEEN PARAMETERS 1 AND 2 • -.6016E-+OO 

CORREIATION BETWEEN PARAMETERS 1 AND 3 • -.8SS4E+-OO 
CORREIATION BETWEEN PARAMEIBRS 2 AND 3 • 0.7757E+OO 

•••••• •••• JtEGRESSlON SUMMA.R. Y •• .. • • •• •• 

URANINE FROM KAS12 

KAS06, 448 M 
DISTANCE: 190 M 
NO OP FI.DW PAlllS: 2 

FINAL ESTIMATE FOR J'ARAMETER 1 • 0.192DE-03 

FINAL ESTIMATE l'Oll PARAMETER 2 • G.3132E-02 
PINAL ESTIMAIB !'Oil PARAMETER 3 • 0.9447E+02 
FINAL ESTIMATE fOlt PARAMETER 4 • 0.7919~ 
FINAL ESTIMATE !'Oil PARAMETER S • 0.11918-02 

FINAL ESTIMATE l'Oll PARAMETER 6 • G.300SE+03 

..................... 
J.OORESSION STA 11STICS 

NO. OP OBSeltVATIONS: 44 

SUM OF SQUARED DIPFl!RENCES • 0.122E+02 

ERROR VARIANCE• 0.321E+-00 

CORRELATION COEFFICIENT• .9932SE+OO 

STANDARD ERROR FOR l'ARAMET'ER 1 c 0.813E-04 

STANDARD ERROR FOR FARAMET'ER 2 • 0.239E-02 
STANDARD ERROR FOR PARAMET'ER 3 • 0.918E+02 

STANDARD ERROR FOR FARAMETER 4 • 0.97SE-OS 
STANDARD ERROR FOR PARAMETER S • 0.617E-03 

STANDARD ERROR FOR FARAMET'ER 6 • 0.963E+02 

CORRELATION BETWEEN PARAMETERS lAND 2 • -.9207E+-OO 

CORREi.A TION BETWEEN l'ARAMETERS lAND 3 • -.9971E+-00 
CORRELATION BETWEEN !'ARA.METERS 1 AND 4 • 0.9924E+OO 
CORRELATION BETWEEN l'ARAMETERS lAND S • 0.9664E+OO 

CORRELATION BETWEEN l'ARAMETERS lAND 6 • 0.991SE+OO 

CORRELATION BETWEEN FARAMETERS 2AND 3 • 0.9220E+OO 
CORRELATION BETWEEN FARA.METERS 2AND 4 • -.9093E+-OO 

CORRELATION BElWEEN l'ARAMETERS 2AND S • -.8379E+OO 

CORRELATION BETWEEN PARAMETERS 2AND 6 • -. 9039E-+OO 

CORRELATION BETWEEN l'ARAMETERS 3AND 4 • -.9928E-+OO 

CORRELATION BETWEEN l'ARAMETERS 3AND S c -.97S7E+-OO 

CORRELATION BETWEEN FARAMETERS 3AND 6 • -.99SSE+-OO 

CORRELATION BElWEEN PARAMETERS ◄ AND S • 0.960SE+OO 

CORRELATION BI!TWEEN FARA.METERS ◄ AND 6 • 0.9808E+OO 

CORREl.ATION BETWEP.N !'ARA.METERS SAND 6 = 0.9868E+OO 



• • • • • • • • • • REG RESS ION SUMM.AR Y • • • • • • • • • • 

URANINE FROM KAS12 
KAS06, 448 M 
DISTANCE: 220 M 
NO OF FLOW PATHS: 

FINAL ESTIMAIB FOR PARAMETER l • 0.l0UE-03 
FINAL ESTIMAIB FOR PARAMETER 2 • 0.4734E-02 
FINAL ESTIMAIB FOR PARAMETER 3 • 0.4400E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 44 

SUM OF SQUARED DIFFERENCES • 0.268E+-02 

ERJ!.OR VARIANCE• 0.6S3E+-00 

CORREl.ATION COEFFIClENT • .98514E!+OO 

STANDARD ERJ!.OR FOR PARAMETER 1 • Q.263E-OS 
STANDARD ERJ!.OR FOR PARAMETER 2 • G.3S1B-03 
STANDARD ERJ!.OR FOR PARAMETER 3 • 0.1611!+-02 

CORREl.ATION BE!TWBBN PARAMETERS 1 AND 2 • -.60101!+-00 
CORRElATION BE!TWBBN PARAMETERS l AND 3 • -.8S43E+-OO 
CORRElATION BBTWEHN PARAMETERS 2 AND 3 • 0.77SIB+OO 

•••••••••• JtEGRESSION SUMMAllY •••••••••• 

URANINE FROM KAS12 
KAS06, 448 M 
DISTANCE: 220 M 
NO OP FLOW PAlliS: 2 

FINAL ESTIMAIB FOR PARAMETER 1 • ~ 
FINAL ESTIMAIB FOil PARAMETER 2 • Q.2766B-02 
FINAL ESTIMAIB FOR PARAMETER 3 • 0.9923B+02 
FINAL ESTIMAIB FOR PARAMETER 4 • 0.95148--04 
FINAL ESTIMAIB FOR PARAMETER S • 0.10398-02 
FINAL ESTIMAIB FOR PARAMETER 6 • G.263ll!+03 

REGRESSION STA TIS1lCS 

NO. OP OBSERVATIONS: 44 

SUM OF SQUAJlBD DfFFEJU!NCES • o.t93E+-02 

ERJ!.OR VARIANCE • o.so<Je+-00 

CORRELATION COllFFIOENT • .99004B+OO 

STANDARD ERJ!.OR FOR PARAMETER 1 • o.3938-04 
STANDARD FllROR FOR PARAMETER 2 • 0.1668-02 
STANDARD FllROR FOR PARAMETER 3 • 0.406E+-02 
STANDARD FllROR FOR PARAMETER 4 • G.S29E-05 
STANDARD BRROR POR PARAMETER S • 0.3981!-03 

STANDARD BRROR FOR PARAMETER 6 • 0.4611!+-02 

CORREl.ATION Bl!TWEEN PARAMETERS lAND 2 • -.82731!+-00 
CORRELATION BE!TWBBN PARAMETERS lAND 3 • -.98321!+-00 
CORRELATION BBTWEHN PARAMBTERS lAND 4 • 0.9656B+OO 
CORRELATION BElWEEN PARAMBTERS l AND S • 0.9169E!+OO 
CORREl.ATION BBTWEHN PARAMETERS lAND 6 • 0. 966SB+OO 
CORREl.ATION BBTWEHN PARAMETERS 2AND 3 • 0.&568B+OO 
CORRELATION BElWEEN PARAMETERS 2AND 4 • -.81971!+-00 
CORREl.ATION BE!TWBBN PARAMETERS 2AND S • -.69681!+-00 
CORRELATION BE!TWBBN P ARAMBTERS 2AND 6 • -.80511!+-00 

CORRELATION BETWEEN PARAMETERS 3AND 4 • -.96691!+-00 
CORREIATION BETWEEN PARAMETERS 3AND S • -.94UE+-OO 

CORREIATION BETWEEN PARAMETERS 3AND 6 • -.9810E+-OO 

CORREIATION BE!TWBBN PARAMETERS 4AND S • 0.8779B+OO 

CORREIATION BE!TWBBN PARAMETERS 4 AND 6 • 0.92121!+00 

CORREIATION BETWEEN PARAMETERS SAND 6 • 0. 97401!+00 

G:4 

•••••••••• REGRESSION SUMMARY •••••••••• 

URANINE FROM KAS12 
KAS06, 448 M 
DISTANCE: 312 M 
NO OF FLOW PATIIS: l 

FINAL ESTIMAIB FOR PARAMETER 1 • 0.1434B-03 
FINAL ESTIMAIB FOR PARAMETER 2 • 0.9525E-02 
FINAL ESTIMAIB FOil PARAMETER 3 • 0.4401E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 44 

SUM OF SQUARED DIFFERENCES • 0.2681!+-02 

BRROR VAJlJANCE • 0.6S3E+-00 

COllllEJATION CXleFF1CIENT • .98Sl4E!+OO 

STANDARD FllROR FOR PARAMETER 1 • o.3738-05 
STANDARD BRROR FOR PARAMETER 2 • 0.7071!-03 
STANDARD BRROR FOR PARAMETER 3 • 0.1611!+-02 

CORREIATION BETWEEN PARAMETERS 1 AND 2 • -.6010E+-OO 
CORREIATION BET'Wl!EN PARAMETERS 1 AND 3 • -.&544E+-OO 
CORRELATION BE'IWEEN PARAMETERS 2 AND 3 • 0.7757E+OO 

•• •• •• •• •• ltEGJteSSION SUMMAll Y •• •• •• •• •• 

URANINE FROM KAS12 
KAS06, 448 M 
DISTANCE: 312 M 
NO OF J'LOW PAlllS: 2 

FINAL ESTIMAIB FOR PARAMETER 1 • Q.2S06&.Q3 

FINAL ESTIMAIB FOil PARAMETER 2 • G.10931!-0l 
FINAL ESTIMAIB FOR PARAMETER 3 • O.LS&SB+03 
FINAL ESTIMAIB FOR PARAMETER 4 • O.USSE-03 
FINAL ESTIMAIB FOR PARAMETER S • ll.20S6B-02 
FINAL ESTIMAIB FOR PARAMETER 6 • G.21891!+03 

JlEGRESSJON STA nsncs 

NO. OF OBSBllVATIONS: 44 

SUM OF SQUAJlBD DIFFERENCES • o.t41B+-02 

BRROR VARlANCE • o.3711!+-00 

CORRELATION COEFFIOENT • .99229E+OO 

STANDARD FllROR FOR PARAMETER l • 0.164B-03 
STANDARD BRROR FOR PARAMETER 2 • 0.820E-02 
STANDARD BRROR FOR PARAMETER 3 • 0.189E+-03 
STANDARD FllROR FOR PARAMETER 4 • 0.113E-04 
STANDARD BRROll FOil PARAMETER S • 0.1171!-02 

STANDARD BRROR FOR PARAMETER 6 • 0.1928+-03 

CORRELATION BETWEEN PARAMETERS 1 AND 2 • -.95361!+-00 
CORREIATION BET'W1!EN PARAMETERS lAND 3 • -.9990E+-OO 
CORREU.TION BET'Wl!EN PARAMETERS 1 AND 4 • 0.96311!+00 
CORREIATION BETWEEN PARAMETERS 1 AND S • 0.93151!+00 
CORREU.TION BETWEEN PARAMETERS lAND 6 • 0.99741!+00 
CORRELATION BETWBE:N PARAMETERS 2AND 3 • 0.94891!+00 
CORREU.TION BE'IWEEN PARAMETERS 2AND ◄ • -.86171!+-00 
CORREIATION BETWEEN PARAMETERS 2AND S • -.SlSOE+-00 
CORRELATION BETWBE:N PARAMETERS 2AND 6 • -.94211!+-00 
CORREl.ATION BETWBE:N PARAMETERS 3AND 4 • -.96761!+-00 
CORREIATION BETWBE:N PARAMETERS 3AND S • -.94251!+-00 
CORREI.ATION BElWEEN PARAMETERS 3AND 6 • - . 99891!+00 
CORREIATION BETWBE:N PARAMETERS 4AND S • 0.9417E+OO 

CORREI.ATION BETWBE:N PARAMETERS 4AND 6 • 0.96421!+00 
CORRElATION BBtWBEN PA.RAMEIBRS 5 AND 6 • 0.95261!+00 



•••••••••• REGRESSION SUMMARY •••••••••• 

URANINE FROM KASlZ 
KAS06. SUM OF ALL LEVELS 0-600 M 
Dl:ii.4.1,CE: 200 M 
NO OF FLOW PATIIS: 1 

FINAL ESTIMATE FOR PARAMEIBR 1 • 0.8645E-04 

FINAL ESTIMATE FOR PARAMEIBR Z • 0.3498E--02 
FINAL ESTIMATE FOR PARAMEIBR 3 • 0.5377E+03 

REGRESSION STATISTICS 

NO. OP OBSERVATIONS: 201 

SUM OF SQUARED DIFFERENCES • 0.135E+03 

ERROR VARIANCE s 0.683E+OO 

O)RRELA TION COllPFIOENT • .9910SB+OO 

STANDARD ERROR FOR PARAMETER 1 s 0.963E--06 
STANDARD ERROR FOR PARAMETER 2 - 0.113E--03 
STANDARD ERROR FOR PARAMETER 3 • 0.887E+Ol 

O)RRELATION BETWEEN PARAMETERS 1 AND 2 • -.4788E+OO 
O)RRELATION BETWEEN PARAMETERS 1 AND 3 • -.8448E+OO 
O)RRELATION BETWEEN PARAMEIBRS 2 AND 3 • 0.7207E+OO 

•••••••••• REGR.ESSJON SUMMAJtY •••••••••• 

URANINB FROM KAS12 
KAS06, SUM OP ALL LEVELS 0-600 M 
DISTANCE: 200 M 
NO OF FLOW PAlHS: 2 

fINAL ESTIMATE JIOlt PARAMETER 1 • 0.124SB-03 
fINAL ESI'IMATE JIOlt PARAMETER 2 • o.3963B-02 
FINAL ESTIMATE FOJl PARAMETER 3 • 0.26448+-03 
FINAL ESTIMATE POlt PARAMETER 4 • 0.7186B-04 
fINAL ESTIMATE POlt PARAMETER S • 0.16S6B--03 
FINAL ESTIMATE POlt PARAMETER 6 • 0.2197B+03 

REGRESSION STA11STICS 

NO. OP OBSERVATIONS: 201 

SUM OF SQUARED DIFFERENCES • 0.101E+03 

ERROR VARIANCE• 0.Sl9E+OO 

O)RRELATION COllPFlOENT • .993SOE+OO 

STANDARD ERROR FOR PARAMETER 1 • 0.694E-04 

STANDARD ERROR FOR PARAMETER 2 • 0.155E--OZ 
STANDARD ERROR FOR PARAMETER 3 • 0.281E+03 
STANDARD ERROR FOR PARAMETER 4 • 0.18.sE--05 
STANDARD ERROR FOR PARAMETER 5 s 0.SlJE--03 
STANDARD ERROR FOR PARAMETER 6 • 0.276E+03 

O)RRELATION BETWEEN PARAMETERS 1 AND 2 • -.9625E+OO 
O)RRELATION BETWEEN PARAMETERS lAND 3 • -.9995E+OO 
O)RRELATION BETWEEN PARAMETERS !AND 4 • 0.5296E+OO 
O)RRELA TION BETWEEN PARAMETERS lAND S • 0. 9796E+OO 
O)RRELATION BIITWEEN PARAMETERS !AND 6 • 0. 9992.E+OO 
O)RRELATION BETWEEN PARAMETERS 2AND 3 • 0. 9574E+OO 
O)RRELATION BETWEEN PARAMETERS ZAND 4 • -.3121E+OO 
O)RRELATION BETWEEN PARAMETERS ZAND S • - . 9036E+OO 
O)RRELATION BIITWEEN PARAMETERS 2AND 6 • -.9553E+OO 
O)RRELATION BIITWEEN PARAMETERS 3AND 4 s -.5473E+OO 
O)RRELATION BETWEEN PARAMETERS 3AND S • -.9343E+OO 
O)RRELATION BETWEEN PARAMETERS 3AND 6 • -.9998E+OO 
CORRELATION BETWEEN PARAMETERS 4AND 5 • 0.6348E+OO 

CORRELATION BETWEEN PARAMETERS 4AND 6 • 0.5464E+OO 
CORRELJ\TION BETWEEN PARAMEIBRS SAND 6 • 0. 9859E+OO 

G:5 



• • • • • • • • • • REGRESSJON SUMMARY • • • • • • • • • • 

URANlNE FROM KASl2 A."ID KAS05 

KAS06, 353 M 
DISTANCE: 200 M (KA.Sl2}, 141 M (KAS05) 

NO OF FLOW PAlliS: 2 

FlNAL ESTIMATE FOR PARAMETER l • 0.8991&-04 
FlNAL ESTIMATE FOR PARAMETER 2 • 0.2951E-02 

FlNAL ESTIMATE FOR PARAMETER 3 • 0.2863E+03 

FlNAL ESTIMATE FOR PARAMETER 4 • 0.4080E-04 

FlNAL ESTIMATE FOR l'ARAMETER S • O.S382E-04 

FlNAL ESTIMATE FOR l'ARAMETER 6 • 0.5119E+02 

llEGRESSION STATISTICS 

NO. OF OBSERVATIONS: 42 

SUM OF SQUAJIBD DIFFEXENCES • 0.276E+-03 

ERROR VAlllANCB • 0.7668+-0l 

COIUlELATION COEFFJOP.NT • .76309E+-OO 

STANDARD ERROR FOR l'ARAMETER 1 • 0.142E-04 

STANDARD EllROll FOR PARAMETER 2 • 0.138E--02 

STANDARD ERROR FOR PARAMETER 3 • 0.681E+-02 

STANDARD ERROR FOR PARAMETER 4 • 0.S37E-04 

STANDARD ERROR FOR l'ARAMETER S • 0.987E--03 

STANDARD ERROR FOR l'ARAMETER 6 • 0.467E+-03 

COIUlELATION BETWEEN l'AllAMETERS 1 AND 2 • -.7505E+-00 

COIUlEIATION BETWE!EN l'AllAMETERS 1 AND 3 • -.90348+00 

COIUlELATION BETWEEN !'ARAMETERS 1 AND 4 • 0.4585E+OO 

COIUlELATION BETWE!EN PA!lAMETERS 1 AND S • 0.4917B+OO 

COIUlELATION BETWEEN PARAMETERS 1 AND 6 • 0.S323E+OO 

COIUlELATION BETWEEN PARAMETERS 2 AND 3 • 0.8666E+OO 

COIUlELATION BETWE!EN PARAMETERS 2 AND 4 • -.39048+00 

COIUlEIATION BETWE!EN PARAMETERS 2 AND S • -.4227E+-OO 

COIUlELATION BETWE!EN PARAMETERS 2 AND 6 • --'46188+00 

COllRElATION BETWE!EN PARAMETERS 3 AND 4 • -.45638+00 

COllJIBLATION BETWE!EN PARAMETERS 3 AND S • -.4899E+OO 

COIUtEU.TION BETWE!EN PARAMETERS 3 AND 6 • -.5309E+OO 

COllRElATION BETWE!EN PARAMETERS 4 AND S • 0.9677B+OO 

COIUtEU.TION BETWE!EN PARAMETERS 4 AND 6 • 0.9692E+OO 

COllJU!lATION BETWEEN PARAMETERS SAND 6 • 0.9904E+-OO 

G:6 

•••••••••• REGRESSION SUM"MARY •• •••• •••• 

URANINE FROM KAS12 AND KAS05 

KAS06, 399 M 
DISTANCE: 200 M (KAS12}, 141 M (KAS05) 

NO OF FLOW PAlllS: 2 

FINAL ESTIMATE FOR PARAMETER 1 • 0.8289&-04 

FINAL ESTIMATE FOR PARAMETER 2 • 0.3881E-02 
FINAL ESTIMATE FOil PARAMETER 3 • Q.2136E+04 

FINAL ESTIMATE FOR PARAMETER 4 • 0.4351E-04 

FINAL ESTIMATE FOR PARAMETER S • 0.7235E-04 

FINAL ESTIMATE FOR PARAMETER 6 • 0.2662E+03 

llEG!lESSION STATISTICS 

NO. Of OBSERVATIONS: 44 

SUM OF SQUAJIBD DIFFERENCES • 0.275E+-03 

ERROR V AlllANCl! • 0. 72SE+-01 

COllJU!lATION COEFFKlENT • .99188E+OO 

STANDARD ERROR FOil PARAMETER 1 • 0.288e--05 

STANDARD ERROR FOR PARAMETER 2 • 0.281E--03 

STANDARD ERROR FOR PARAMETER 3 • 0.1038+-03 

STANDARD ERROR FOR PARAMETER 4 • 0.1768--05 

STANDARD ERROR FOR PARAMETER S • 0.5738--04 

STANDARD ERROR FOR PARAMETER 6 • 0.1038+03 

COIUlELATION BETWEEN PARAMETERS 1 AND 2 = -.8117E+-OO 

COIUlEIATION BETWEEN PARAMETERS 1 AND 3 • -.9SS9E+OO 

COIUlELATION BETWEEN PARAMETERS 1 AND 4 • -.66368--01 

COIUtEU.TION BETWEEN PARAMETERS 1 AND S • O.SOS6E+OO 

COIUtEU.TION BETWEEN PARAMETERS 1 AND 6 • 0.75808+00 

COIUtEU.TION BETWEEN PARAMETERS 2 AND 3 • 0.88108+00 

COUl!lATION BETWEEN PARAMETERS 2 AND 4 • 0.8137E--Ol 

COllJU!lATION BETWEEN PARAMETERS 2 AND S • -.43428+-00 

COIUU!IATION BETWEEN PARAMETERS 2 AND 6 • -.6660E+OO 

OOIUlElATION BET'Wl!l!N PARAMETERS 3 AND 4 • 0.67488--01 

COIUU!U.TION BET'Wl!l!N PARAMETERS 3 AND S • -.5060E+OO 

COIUU!lATION BlrrWEl!N PARAMETERS 3 AND 6 • -.7S87B+-OO 

COIUUllATION BET'Wl!l!N PARAMETERS 4 AND S • -.67268--01 

COIUlElATION BBIWEl!N PARAMETERS 4 AND 6 • -.14LSB+OO 

COIUUllATION BBIWEl!N PARAMETERS SAND 6 • 0.742SE+OO 



•••••••••• REGRESSION SUMMAJtY •• •• •••••• 

RHENlUM FROM KAS08 
KAS06, 217 M 
DlSTANCE: 301 M 
NO OF FLOW PATHS: 1 

FINAL ESTIMATE FOR PARAMETI:.R 1 = 0.2946E---OJ 
FINAL ESTIMATE FOR PARAMETER 2 • 0.8296E--02 
FINAL ESTIMATE FOR PARAMETER 3 • 0.9634E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 61 

SUM OF SQUARED DIFFEJU!NCl:S • 0.201E+-OS 

ERROR VARIANCE• 0.347E+-03 

CORRELATION COEFFJOENT • .97262E+OO 

STANDARD ERROR FOR PARAMETER 1 • 0.191E-04 
STANDARD ERROR POil PARAMETER 2 • 0.4000--02 
STANDARD ERROR FOR PARAMETER 3 • 0.8098+-02 

CORRELATION BETWEEN PAll.AMETEll.S 1 AND 2 • -.3292E+-OO 
CORRELATION BETWEEN J'A.RAME'IERS 1 AND 3 • -.5313E+OO 
CORRELATION BETWEEN PAll.AMETEll.S 2 AND 3 • 0.7694E+OO 

•••••••••• REGRESSION SUMMAR.Y •••••••••• 

RHENIUM FROM KAS08 
KAS06, 217 M 
DISTANCE: 301 M 
NO OF FLOW PATHS: 2 

FINAL BSTIMATE FOR 1'ARAMETER l • 0.36948-03 
FINAL BSTIMATE POJl J'ARAMETER 2 • Q.23108--02 
FINAL ESTIMATE FOil J'ARAMETER 3 • Cl..5074B+-03 
FINAL BSTlMATE FOil 1'ARAMETER ◄ • O.l◄!ISB--03 
FINAL ESTIMATE FOil J'ARAMETER S • 0.24018-03 
FINAL ESTIMATE FOR J'ARAMETER 6 • 0.?071.B+-03 

JlEGJlESSION STATISTICS 

NO. OF OBSEllVATIONS: 61 

SUM OF SQUARED DIFPEJlENCl:S • 0.894E+04 

ERROR VAJUANCE • 0.163E+03 

CORRELATION COEFFJOENT • .93S88E+OO 

STANDARD EIUlOll. POJl 1'ARAMETER l" 0.182E-04 
STANDARD ERROR FOil. 1'ARAMETER 2 • 0.109E--02 
STANDARD ERROR FOil. J'ARAMETER 3 • 0.◄92E+02 

STANDARD ERROR FOil. 1' All.AMETEll. 4 • 0.368E--OS 
STANDARD ERROR FOil. 1'ARAMETER S • 0.891E-04 
STANDARD ERROR FOR 1'ARAMETER 6 • 0.909£+02 

CORR.ElATION BETWEEN J'ARAMETERS lAND 2 • 0.249SE+OO 
CORR.ElATION BETWEEN 1'ARAMETERS lAND 3 • -.2262E+OO 

CORRELATION BEnVEEN J'ARAMETERS lAND ◄ • -.SUOE+-00 
CORR.ElATION BETWEEN 1'All.AMETEll.S lAND S • 0.◄89SE+OO 
COll.lU!LATION BETWEEN 1'All.AMETEll.S 1 AND 6 • 0.58868+00 
CORRELATION BETWEEN 1'All.AMETEll.S 2AND 3 • 0.49278+00 
CORRELATION BETWEEN PAll.AMETEJI.S 2AND ◄ • -.-4067E+-OO 
COllll.ELA TION BE'IWEEN l' AllAMETEll.S 2AND S • -.6228E--01 
COllll.ELA TION BE'IWEEN F All.AMETEJI.S 2AND 6 • -.12SOE.OO 
COllll.ELA TION BETWEEN PARAMETERS 3AND 4 • -.1003E+OO 
COR.JlElATION BETWEEN PARAMETERS 3AND S • -.1853E+OO 
COllll.ELA TION BETWEEN l' ARAMETERS 3AND 6 • -.6931E+OO 
COllll.ELA TION BETWEEN FARAMETERS ◄ AND S • -.31S9E+OO 
CORRELATION BETWEEN PARAMETERS ◄ AND 6 • -.3816E.OO 
COllll.ELATION BETWEEN PARAMETERS SAND 6 • 0.4322E+OO 

G:7 

•• • • • • • • •• REGRESSION SUMMARY • • • • • • • • • • 

ll.HENIUM FROM KAS08 
KAS06, 217 M 
DISTANCE: 381 M 
NO OF FLOW PATHS: 1 

FINAL ESTIMATE FOil. PARAMETER 1 = 0.3727E-03 
FINAL ESTIMATE FOil. PAll.AMETEll 2 • 0.1333E-01 
FINAL ESTIMATE FOR PAll.AMETEll 3 • 0.9639E+03 

ll.EGll.ESSJON STATISTICS 

NO. OF OBSERVATIONS: 61 

SUM OF SQUAil.ED DIFl'l!llENCl:S • 0.201E+-OS 

Ell.ROil V AlllANCE • 0.347E+03 

COll.JtElATION COEFFJOENT • .97258E+OO 

STANDARD ERROR POil. PARAMETER 1 • 0.243E-04 
STANDARD ERROR POil 1'ARAMETER 2 • 0.644E--02 
STANDARD Ell.ROil. POil. PARAMETER 3 • 0.812E+02 

COll.lU!LATION BIITWEEN PAll.AMETEll.S 1 AND 2 • -.3312E+OO 
COllll.ELATION BEIWEEN PAll.AMETEll.S 1 AND 3 • -.S334E.00 
COllll.ELATION BEIWEEN PARAMETERS 2 AND 3 • o.n06E+OO 

•• •• •• •• •• ltBGRESSJON SUMMARY •• • • •• • • •• 

RHENIUM FROM KAS08 
KAS06, 217 M 
DISTANCE: 381 M 
NO OF FLOW PATHS: 2 

FINAL ESTIMATE POJl 1'ARAMETER l • 0.◄6618-03 

FINAL ESTIMATE fOll 1'ARAMETER 2 • 0.3S068-02 
FINAL BSTlMATE POJl PARAMETER 3 • OSOSlB+-03 
FINAL ESTIMATE POil. PARAMETER ◄ • Q.11~ 
FINAL ESTIMATE POil PARAMETER S • 0.38~ 
FINAL ESTIMATE POJl l'ARAMETER 6 • O.i077B+03 

JlEGIUlSSJON STA11S11CS 

NO. OF OBSEllVATIONS: 61 

SUM OF SQUARED DIFl'l!llENCl:S • 0.894E+04 

ERllOlt VAJUANCE • Q.163E+03 

COll.lU!LATION COEFFJOENT • .93S69E+OO 

STANDARD EIUlOR FOR PAR.AMETER 1 • 0.2200-04 
STANDARD EIUlOR FOR PARAMETER 2 • 0.163E--02 
STANDARD Ell.ROil. POJl 1'ARAMETER 3 • 0.◄89E+02 

STANDARD ERROR POil J'ARAMETER ◄ • 0.◄61E--OS 
STANDARD ERROR POJl 1'ARAMETER S • 0.143E--03 
STANDARD ERROR FOil PARAMETER 6 • 0.899E+02 

COllll.ELATION BEI'WEEN PAll.AMETEll.S 1 AND 2 • 0.23S3E+OO 
CORRELATION BffiWEEN P All.AMETEll.S lAND 3 • -.2269E+OO 
COllll.ELA TION BffiWEEN 1'All.AMETEll.S lAND 4 • -.5685E+OO 
CORR.ElATION BffiWEEN PAll.AMETEll.S lAND S • 0.◄863E+OO 
COllRELATION BErrWEEN PARAMETERS lAND 6 • O.S7SOE+OO 
COJUIBI.ATION BffiWEEN J'ARAMETERS 2AND 3 • 0.◄936E+OO 

COJUIBI.ATION B8TWEEN PARAMETERS 2AND ◄ • -.3918E+OO 
CORRELATION BETWEEN PARAMETERS 2AND S • -.S366E--01 
CORRELATION BE'IWEEN PARAMETERS 2AND 6 • -.l◄OSE+OO 

CORRELATION BETWEEN PARAMETERS 3AND ◄ • -.9S91E--01 
COJUIBI.ATION BE'IWEEN PARAMETERS 3AND S • -.1749E.OO 
CORR.ElATION BETWEEN PARAMETERS 3AND 6 • -.69nE+OO 
CORR.ElATION BE'IWEEN PARAMETERS 4AND S • -.3129E+OO 
COllRElATION BE"PNBEN PARAMETERS ◄ AND 6 s -.3731E+OO 
COllRElATION BE"PNBEN PARAMETERS SAND 6 s 0.4212E+OO 



• • • • • • •• • • REGRESSION SUMMARY •• • • • • • • •• 

RHE.1,1UM FROM KAS08 

KAS06, 399 M 
DISTANCE: 190 M 
NO OF FLOW PATiiS: l 

FINAL ESTIMATE FOR PARAMEIBR l • 0.2097&-03 

FINAL ESTIMATE FOR PARAMEIBR 2 • 0.38S2E-02 

FINAL ESTIMATE FOR P ARAMEIBR 3 • 0.1192B+04 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 80 

SUM OP SQUARED DIPFERFNCllS • 0.831E+04 

EU.OR VARIANCE• 0.108E+-03 

CORREIA TION COEmCIENT • .90788B+OO 

STANDARD EU.OR POil PARAMETER 1 • 0.443E--OS 

STANDARD EU.OR FOR PARAMETER 2 • Q.S48E-03 

STANDARD EU.OR FOR PARAMETER 3 • Q.294£+-02 

COR1tElATION BETWEEN PAllAMETERS 1 AND 2 • 0.U09E+OO 

CORRE.IATION BETWEEN PARAMETERS 1 AND 3 • -.1803E+-OO 

CORRE.IATION BETWEEN PAllAMETERS 2 AND 3 • 0.49S8e+OO 

•••••••••• REGRESSION SUMMARY •• •••••••• 

lUlENlUM PROM KAS08 
KAS06, 399 M 
DISTANCE: 190 M 

NO OP FLOW PATIIS: 2 

FINAL ESTIMATE FOil PARAMETER 1 • o.2732B-03 
FlNAL ESTIMAm POlt PARAMETER 2 • o.21438-02 

FlNAL ESTIMAm FOil PARAMETER 3 • 0.6497B+03 

FlNAL ESTIMAm FOil PARAMETER ◄ • 0.1S7SB-03 

FlNAL ESTIMAm POlt PARAMETER S • o.ssoJf!--03 
FlNAL l!STIMAm POil PARAMETER 6 • G.S133E+03 

REGRESSION STATISnCS 

NO. OP OBSERVATIONS: 80 

SUM OP SQUARED DIPPBRENCllS • 0.769£+04 

ERllOR V AJUANCE • 0.104E+-03 

COR1tElATION COEFFICIENT• .92173E+OO 

STANDARD ERllOR FOR PARAMETER 1 • 0.4191!-04 

STANDARD ERltOR POil PARAMETER 2 • 0.121£-02 

STANDARD ERltOR POlt PARA.METEk 3 • 0.276E+-03 

STANDARD ERltOR FOR PAllAMEil!R. ◄ • 0.137£-04 

STANDARD ERltOR POlt PARAMETER S • 8.387£-03 

STANDARD ERltOR FOR PARAMETER 6 • 0.277E+-03 

CO.RJUlLATION BE'IWEEN PARAMETERS lAND 2 • -.8489E+-00 

COR1tElATION BE'IWEEN PAltAMETilRS lAND 3 • -.9819E+-00 

COR1tElATION BETWEEN PARAMETERS lAND ◄ • 0.9460e+OO 

CORREIATION BE'IWEEN PAltAMETilRS lAND S • O.IJOJE+OO 

CORRELATION BIITWEEN PAltAMETilRS lAND 6 • 0.982Se+OO 

CORRELATION BETWEEN" PARAMETERS 2AND 3 • 0.8709B+OO 

CORRELATION BE'IWEEN PAJtAMETeRS 2AND ◄ • -. 76(,()E+-00 

CORJU!LATION BETWEEN PARAMETERS 2AND S • -.6018E+-OO 

CORRELATION BETWEEN" PARAMETERS 2AND 6 C - .860SE+-OO 

CORRELATION BE'IWEEN PARAMETERS 3AND 4 • -.9S66E+-OO 

CORRELATION BETWEEN" PARAMETERS JAND S • -.861SE+-00 

CORRELATION BE'IWEEN PARAMETERS JAND 6 • -.99S7E+-OO 

CORREIATION BE'TWEEN PARAMETERS ◄ AND S • 0.8661E+OO 

CORJU!LATION BEITWEEN PARAMErnRS 4AND 6 • 0. 9S30E+OO 

COllllEIATION BEITWEEN PARAMErnRS SAND 6 • 0.8733E+OO 

G:8 

•• •• •• •• •• REGRESSION SUMMARY •• •• •• •• •• 

RHEN1UM PROM KAS08 
KAS06, 399 M 
DISTANCE: 238 M 
NO OP FLOW PATiiS: l 

FINAL llSTIMATE FOR PARA.METER l • 0.2627E-03 

FlNAL ESTIMATE FOR PARA.METEk 2 • 0.6044£-02 

FlNAL ESTIMATE FOR PARAMETER 3 • O.ll 92E+04 

REGRESSION STATISTICS 

NO. OP OBSERVATIONS: 80 

SUM OI' SQUARED DIFPERENCllS • 0.831E+04 

ERltOll VARIANCE • 0.108e+-03 

COllRElATION COl!.PPICIENT • .90788e+OO 

STANDARD EU.OR FOil PARAMETER 1 • 0.SSSE-OS 

STANDARD ERltOR FOR PARAMETER 2 • 0.860E-03 

STANDARD ERltOR FOR PARAMErER 3 • 0.294E+-02 

CORllELATION BlITWEEN PARAMETERS 1 AND 2 • 0.1109E+OO 

CX>ltltElATION BEIWBEN PARAMEI'ERS 1 AND 3 • -.1803E+-OO 

CX>ltltElATION BETWEEN PARAMETERS 2 AND 3 • 0.49S8E+OO 

•••••••••• llEGRESSION SUMMARY •••••••••• 

1tHEN1UM PROM KAS08 
KAS06, 399 M 

DISTANCE: 238 M 
NO OP FLOW PATiiS: 2 -

FlNAL ESTIMA'IB FOR PAltAMETER 1 • Q.3422f!--03 

PINAL ESllMA'IB FOil PAltAMETER 2 • G.336SB-02 

FlNAL ESllMAlE !'Oil PAltAMETER 3 • 0.6497B+03 

FlNAL ESllMAlE l'Oll PAltAMETER 4 • 0.197◄f!--03 

PINAL ESllMAm POil PAltAMl!lllll S • 0.86lSB-03 

PINAL BSTIMAm POlt PAltAMETER 6 • 0.S134E+03 

lll!GltESSJON STATISTICS 

NO. OP OBSERVATIONS: 80 

SUM OF SQUARED DIFFE!RENCllS • 0. 7691!+04 

ERltOll VARIANCE• 0.104E+-03 

CORJU!LATION COEFFICIENT• .92173£+00 

STANDARD ERllOR FOR PAllAMEIBR 1 • 0.526E-04 

STANDARD EJlltOR FOR PAllAMEIBR 2 • 0.190£-02 

STANDARD ERltOll FOil PAltAMETER 3 • 0.276E+-03 

STANDARD l!RltOR FOil PARAMETER 4 • 0.172E-04 

STANDARD l!RltOR FOR PAllAMETEll S • 0.607£-03 

STANDARD ERllOR FOil PARAMETER 6 • 0.278E+-03 

COJUU!l.ATION BETWEEN PARAMETERS 1 AND 2 • -.8490E+-OO 

COllRElATION IIIITWEEN PAllAMETERS !AND 3 • -.9820E+-OO 

CORRELATION BETWEEN PARAMETERS 1 AND 4 • 0. 9460E+OO 

COltltElATION BETWEEN PARAMETERS !AND S • 0.8302E+OO 

CORRELATION BETWEEN PARAMETERS lAND 6 • 0. 9826e+OO 

CX>.RlUlLATION BETWEEN PARAMETERS 2AND 3 • 0.8710E+OO 

CX>ltltElA TION BETWEEN PARAMETERS 2AND 4" -.76(,()E+-00 

COltltEIA TION BETWEEN PARAMETERS 2AND S " -.6018E+-OO 

CORltELATION BETWEEN PARAMETERS 2AND 6 • -.8606E+-OO 
CORltELATION BETWEEN PARAMETERS 3AND 4 • -.9S6SE+-OO 

CORltELATION BETWEEN PAllAMETEllS 3AND S • -.861SE+-OO 

CORltELATION BE'IWEl!N PARAMETERS 3AND 6 • -. 99S7E+-OO 

CORltELA TION BE'IWEl!N P ARAMErERS 4AND S • 0.8661E+OO 

CORllEIATION BETWEEN PARAMETERS 4AND 6 • 0. 9S30E+OO 

CORllEIATION BETWEEN PAltAMETERS SAND 6 • 0.8733E+OO 



• • • • • • •• • • REGRESSION SUMMARY • • • • • • • • • • 

RHENIUM FROM KASOS 
KAS06, 448 M 
DISTANCE: 181 M 
NO OF FLOW PATIIS: 1 

FlNAL BSTIMATE FOR PARAMErER 1 • 0.20058--03 
FlNAL BSTIMAIB FOR PARAMETER 2 • 0.3243E--02 
FlNAL BSTIMAIB FOR PARAMErER 3 • 0.23168+04 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 72. 

SUM OF SQUARED DIFFERENCES • G.275E+04 

ERROR VARIANCE• o.398E+02 

CORRELATION coemoENT • .989068+00 

STANDARD ERROR FOR PARAMETER 1 • 0.134E--OS 
STANDARD ERROR FOR PARAMETER 2 • O.l.S6E--03 
STANDARD ERROR FOR PARAMETER 3 • 0.18.5E+02 

CORRELATION BETWEEN PARAMETERS 1 AND 2 • 0.1852E-Ol 
CORRELATION BETWEEN PARAMEIBRS 1 AND 3 • -.22918+00 
CORRELATION BETWEEN PARAMETERS 2 AND 3 • 0.54798+00 

•••••••• •• JtEGRESSJON SUMMARY ••••n•••• 

RHENIUM FROM KAS08 
KAS06, 448 M 
DISTANCE: 181 M 
NO OF FLOW PATiiS: 2 

FINAL ESTIMATE FOR PARAMETER 1 • 0.2099£.-03 
FINAL ESTIMATE FOR PARAMETER 2 • 0.'4SS9B--02 
FINAL ESTIMATE FOR PARAMETER 3 • 0.13348+04 
FINAL ESTIMATE FOR PAllAMETER 4 • 0.1920£,-03 
FINAL l!.STJMATE POil PARAMETER S • o.21 lSB--02 
FINAL ESTIMATE FOR PARAMETER 6 • 0.9882B+03 

llEGRESSION STATISTICS 

NO. OF OBSEJlVATIONS: 72. 

SUM OF SQUARED DIFFERENCES • G.271E+04 

ERROR VARIANCE• 0.4100+02 

COllllElA TION <XlllFFJCIENT • .989218+00 

STANDARD ERROR FOil PARAMETER 1 • 0.372E--04 
STANDARD ERROR FOR PARAMETER 2 • 0.157E--02 
STANDARD ERROR FOR PARAMETER 3 • 0.19613+04 
STANDARD ERROR FOR PARAMETER 4 • 0.l.S6E--04 
STANDARD ERROR FOR PARAMETER S • Q.205E--02 
STANDARD ERROR FOR PARAMETER 6 • 0.193E+04 

CORRELATION BETWEEN PARAMETERS lAND 2 • 0.4213E+OO 
CORRELATION BETWEEN PARAMETERS l AND 3 • -.91018+00 
CORRELATION BETWEEN PARAMETERS lAND -4 • -.67268+00 
CORRELATION BirnVEEN PARAMETERS lAND S • 0.89788+00 
CORRELATION BEIWEEN PARAMETERS lAND 6 • 0. 90SSE+OO 
CORRELATION BEIWEEN PARAMETERS 2AND 3 • -.66S2f,.('C: 

CORRELATION BETWEEN PARAMETERS 2AND 4 • 0.26l◄E•·''' 

CORRELATION BETWEEN PARAMETERS 2AND S • G.S29SE, c\J 

CORRELATION BETWEEN PARAMETERS 2AND 6 • 0.673SE.+OO 
CORRELATION BETWEEN PARAMETERS 3AND 4 • 0.31S7E+OO 
CORRELATION BETWEEN PARAMETERS 3AND S • -.97698+00 
CORRELATION BETWEEN PARAMETERS 3AND 6 • -.9999E+OO 
CORRELATION BETWEEN PARAMETERS 4AND S • -.3460E+OO 
CORRELATION BETWEEN PARAMETERS .CANO 6 • -.30S-4E+OO 
CORRELATION BETWEEN PARAMETERS SAND 6 • 0. 9759{!+00 

G:9 

•••••••••• ll.EGRESSION SUMMARY •••••••••• 

llHENIUM FROM KAS08 
KAS06, 448 M 
DISTANCE: 234 M 
NO OF FLOW PATiiS: 1 

FlNAL ESTIMATE FOR PARAMETER 1 • 0.2592E-03 
FINAL ESTIMATE FOR PARAMETER 2 • 6.S-421E--02 
FINAL ESTIMATE FOR PARAMETER 3 • 0.23168+04 

llEGllESSJON STATISTICS 

NO. OF OBSERVATIONS: 72. 

SUM OF SQUARED DIFJ'ElU!NCES • G.275E+04 

E!Rlt.Olt. V AJUANCE • o.398l!+02 

COJt.Jt.EI.ATION <XlEFFJOENT • .989068+00 

STANDARD E!Rlt.OR FOR PARAMETER l • 0.173E--OS 
STANDARD ERROR FOR PARAMETER 2 • 0.261E--03 
STANDARD E!Rlt.OR FOR PARAMETER 3 • 0.18.5E+02 

COIUlELATION BirnVEEN PARAMETERS 1 AND 2 • 0.1852E--Ol 
CORRI!LATION BirnVEEN PARAMETERS 1 AND 3 • -.2291E+OO 
CORRELATION BEIWEEN PARAMETERS 2 AND 3 • 0.S-4798+00 

•••••••••• REGRESSION Sl.JJ.O(A]lY •••••••••• 

RHENIUM FROM KAS08 
KAS06, 4-48 M 
DISTANCE: 234 M 
NO OF FLOW PATiiS: 2 

FINAL ESTIMATB POil PARAMETER 1 • Q.3347B-Q3 

FINAL ESTIMATB FOR PARAMETER 2 • o.32138-02 
FINAL l!SllMATB FOR PARAMETER 3 • 0.11308+04 
FINAL l!SllMATB FOR PARAMETER 4 • Q.2028£.-03 
FINAL ESTIMATB FOR PARAMETER S • 0.17838-02 
FINAL BSTIMATB FOR PARAMETER 6 • O.USSB+04 

llEGllESSJON STA11SI1CS 

NO. OF OBSERVATIONS: 72. 

SUM OF SQUARED DIFFEJlENCES • 0.2738+04 

ERROR VAIUANCE • 0.414E+02 

CORRELATION coemoENT • .989138+00 

STANDARD E!Rlt.OR FOil PARAMETER 1 • 0.702E--04 
STANDARD E!Rlt.OR FOR PARAMETER 2 • 0.1191'!--02 
STANDARD ERROR FOil PARAMETER 3 • 0.9221!+03 
STANDARD ERROR FOil PARAMETER -4 • 0.377E--04 
STANDARD ERROR FOR PARAMETER 5 • 0.l◄lE--02 

STANDARD ERROR FOR PARAMETER 6 • 0.9300+03 

CORRI!LATION BETWEEN PARAMETERS lAND 2 • -.9080E+OO 
CORRI!LATION BETWEEN PARAMETERS 1 AND 3 • -.9975E+OO 
CORRI!LATION BirnVEEN PARAMETERS l AND -4 • 0.992.cE+OO 
COIUlELATION BmwEEN PARAMETERS lAND S • 0.9S15E+OO 
CORRI!LATION BmwEEN PARAMETERS l AND 6 • 0.9969{!+00 
CORRI!LATION BEIWEEN PARAMETERS 2AND 3 • 0.89398+00 
CORRI!LATION BmwEEN PARAMETERS :; ,._Nl) -4 • -.8669E+OO 
CORRELATION BETWEEN PARAMETERS • A~"ID S • -.77148+00 
OORRELATION BETWEEN PARAMETERS 2AND 6 • -.8894E+OO 
OORRI!LATION BETWEEN PARAMETERS 3AND -4 • -.9970E+OO 
COIUlELATION BETWEEN PARAMETERS 3AND S • -.9671E+OO 
CORRELATION BmwEEN PARAMETERS 3AND 6 • -.9998E+OO 
OORRELATION BETWEEN PARAMETERS .CANO S • 0.9743E+OO 
OORRI!LATION BETWEEN PARAMETERS 4AND 6 • o. 99708+00 
OORRELATION BETWEEN PARAMETEllS SAND 6 • 0.9700E+OO 



•••••••••• REGRESSJON SUMMARY •••••••• •• 

RHENIUM FJlOM KAS08 
KAS06, SUM OP ALL LEVELS, (Hi()() M 

DISTANCE.: 181 M 
NO OP Fl.OW PATIIS: 1 

FINAL ESTIMAIB FOR PARAMEIBR 1 = 0.1919E-03 

FINAL ESTIMAIB FOR PARAMETER 2 • 0.2A81E-02 

FINAL ESTIMAIB POR PARAMETER 3 • 0.7642E+03 

REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 43 

SUM OF SQUARED DIFFERENCES • 0.1561!+04 

ERROR VARIANCE• o.389fl+02 

COIUtEIATION COEFF10ENT • .90466E+OO 

STANDARD ERROR POR PARAMETER 1 • 0.515E-05 

STANDARD ERROR POR PARAMETER 2 • 0.453E-03 

STANDARD ERROR POR PARAMETER 3 • 0.Zl4E+02 

COIUtEIATION BETWEEN PARAMETERS 1 AND Z • -.9914E-01 

CORRElATION BETWEEN PAllAMETERS 1 AND 3 • -.3181E+OO 

CORRElATION BETWEEN PAllAMETERS ZAND 3 • 0.5533E+OO 

•••••••••• JtEGR.ESSJON ~y •••••••••• 

RHENIUM FJlOM KAS08 

KAS06, SUM OF ALL LEVELS, (Hi()() M 

DISTANCE: 181 M 
NO OF FLOW PAlllS: 2 

FINAL ESTIMATE POR P AllAMETER 1 • 0.21438-03 
FINAL ESTIMATE POR PAllAMETER 2 • 0.9075E-03 

FINAL ESTIMATE FOil PAllAMETER 3 • Q.3917B+03 
FINAL ESTIMATE POR PAllAMETER ◄ • 0.13018-03 
FINAL ESTIMATE POR PAllAMETER S • 0.1S22S-Ol 

FINAL ESTIMATE FOR PARAMETER 6 • 0.5883E+03 

lU!GRESSION' STATISTICS 

NO. OF OBSERVATIONS: 43 

SUM OF SQUARED DIFFERFNCES • 0.128E+04 

ERROR VARJANCE • 0.3◄6E+02 

CORRElATION coeFFIOENT • .92219E+OO 

STANDARD EJlROR POR PARAMETER 1 • 0.817E-05 

STANDARD ERROR POR PARAMETER 2 • 0.S87E-03 

STANDARD ERROR FOR PARAMETER 3 • 0.187E+03 

STANDARD ERROR FOil PARAMETER 4 • 0.lSOE-03 

STANDARD ERROR POR PARAMETER S • 0.252E-Ol 

STANDARD ERROR FOR PARAMETER 6 • 0.493E+03 

CORREIA TION BETWEEN PARAMETERS 1 AND 2 • 0.3799E-01 

CORRElATION BETWEEN PARAMETERS 1 AND 3 • 0.9964E-Ol 

CORRElATION BEI'WEEN PAllAMETERS 1 AND 4 • -.3TISE+OO 

CORRElATION BETWEEN PARAMETERS 1 AND 5 • 0.23 'IOE+OO 

CORRElATION BEI'WEEN PARAMETERS lAND 6 • 0.4483E+OO 

COJtREIATION BEIWEBN PARAMETERS 2AND 3 • 0.8646E+OO 

COIUtEI.ATION BEI'WEEN PARAMETERS 2AND 4 • -.6168E+OO 

CORRElATION BEI'WEEN PARAMETERS 2AND 5 • 0.5752E+OO 

COR.RElATION BEIWEBN PAllAMETERS ZAND 6 • 0.36ZlE+OO 

CORRElATION BETWEEN PARAMETERS 3AND 4 • -.8589E+OO 

CORRElATION BETWEEN PARAMETERS 3AND S • 0.8407E+OO 

COIUtEI.ATION BETWEEN PARAMETERS 3AND 6 • 0. 64S8E+OO 

CORRELATION BETWEEN PARAMETERS 4AND S • -.9630E+OO 

COIUtEI.ATION BETWEEN PAJlAMETERS 4AND 6 • -.9409E+OO 

CORRELATION BETWEEN PAJlAMETERS SAND 6 • 0.9261E+OO 
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•• •• •••• •• JlBGRESSJON SUMMARY •• • • • • •• • • 

.RHENIUM FROM KAS08 
KAS06, SUM OF ALL LEVELS, (Hi()() M 

DISTANCE: 234 M 

NO OF Fl.OW PATIIS: 1 

FINAL ESTIMAIB POR PARAMETER 1 • 0.25S8E-03 

FINAL ESTIMATE POR PARAMETER 2 • 0.4147E-02 

FINAL ESTIMATE POR PARAMETER 3 • 0.7642E+03 

JlEGRESSION STATISTICS 

NO. OF OBSERVATIONS: 43 

SUM OF SQUARED DIFFEIU!NCES • 0.1561!+04 

ERROR VARIANCE• Q.389fl+02 

COIUlELATION coeFFIOENT • .90466E+OO 

STANDARD ERROR POR PARAMETER 1 • 0.665E-05 

STANDARD ERROR POR PARAMETER 2 • 0.758E-03 

STANDARD ERROR FOR PARAMETER 3 • 0.214E+OZ 

CORRELATION BETWEEN PARAMETERS 1 AND Z = -.99ZlE-01 

CORRELATION BE1'WEEN PARAMETERS 1 AND 3 = -.3182E+OO 

COllltELATION BETWEEN PARAMETERS 2 AND 3 = 0.5534E+OO 

•••••••••• JlEORESSION SUMMARY •••••••••• 

.RHENIUM FROM KAS08 
KAS06, SUM OF ALL LEVELS, (Hi()() M 

DISTANCE: 234 M 
NO OF FLOW PAlllS: Z 

FINAL ESTIMATE POR PARAMETER 1 • 0.19598-03 
FINAL ESTIMATE FOil PAllAMETER 2 • 0.703SE-02 

FINAL ESTIMATE POR PARAMETER 3 • 0.3626E+03 

FINAL ESTIMATE FOR PARAMETER ◄ • 0.28268-03 
FINAL BSTIMATE FOR PARAMETER S • 0.2304E-02 

FINAL ESTIMATE FOR PARAMETER 6 • 0.4385E+03 

..................... 
REGRESSION STATISTICS 

NO. OF OBSERVATIONS: 43 

SUM OF SQUARED DIFl'llJU!NCES • 0.143E+04 

ERROR VARIANCE• tl.3881!+02 

CORRElATION coeFFIOENT • .91601E+OO 

STANDARD ERROR POR PARAMETER 1 • 0.1700-03 

STANDARD ERROR FOR PARAMETER 2 • 0.1S7E-01 

STANDARD ERROR FOR PARAMETER 3 • 0.494E+03 

STANDARD ERROR POR PARAMETER 4 • 0.393E--04 

STANDARD ERROR FOR PARAMETER S • 0.252E-02 

STANDARD ERROR FOR PARAMETER 6 • 0.627E+03 

CORREI.ATION BE1'WEEN PARAMETERS 1 AND 2 • -.6952E+OO 

CORRELATION BETWEEN PARAMETERS lAND 3 • 0.9054E+OO 

CORREI.ATION BE1'WEEN PARAMETERS lAND 4 • 0.74S2E+OO 

CORRELATION BETWEEN PARAMETERS lAND 5 • -.8454B+OO 

COR.RElATION BETWEEN PARAMETERS lAND 6 • -.9711B+OO 

CORRE1ATION BE'IWEEN PARAMETERS ZAND 3 • -.4576E+OO 

CORRELATION BETWEEN PARAMETERS ZAND 4 • -.8968E+OO 

CORRELATION BETWEEN PARAMETERS ZAND S = 0.3530E+OO 

CORRELATION BETWEEN PARAMETERS ZAND 6 • 0.6340E+OO 

CORRELATION BETWEEN PARAMETERS 3AND 4 • 0.6701E+OO 

CORRElATION BETWEEN PARAMETERS 3AND S • -.9624E+OO 

CORRELATION Bl!IWEEN PARAMETERS 3AND 6 • -.9736E+OO 

COR.RElATION BETWEEN PARAMETERS ◄ AND S • -.5705E+OO 

CORRELATION BETWEEN PARAMETERS 4AND 6 • -. TI38E+OO 

CORRElATION BETWEEN PARAMETERS SAND 6 = 0. 9206E+OO 
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ABSTRACT 

Tracer dilution measurements were performed to determine the groundwater 
flow in packed-off borehole sections during the pre-investigation phase of 
the Aspo Hard Rock Laboratory. The measurements were performed in 12 
boreholes at depths varying from 40 m down to 800 m. The groundwater 
flow measurements were made within 22 different packed-off sections in 
fixed borehole installations. 

The measurements were made during four periods in 1989 and 1990 both 
under natural and induced pump gradient. Pump gradient was established 
during two occasions in different boreholes. The results show that ground
water flow in fractured rock usually is enhanced by pumping, but the overall 
flow picture is complex. The hydraulic contact between fracture zones are 
discussed and compared to the conceptual model of the area. 
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SUMMARY AND CONCLUSIONS 

In summary, the flow measurements performed during different hydraulic 

conditions such as pumping in different boreholes and natural gradient 

conditions give information not only about the actual flow rates but also 

about the inter-connections between different zones. The measurements 

described in this report have been used to verify or refute the conceptual 
model of the conductive structures at Aspo given by Wikberg et al., 1991. 

The conclusion that can be drawn from the measurements performed during 

natural gradient conditions (NGl and NG2) is that the values are consistent 

when comparing the two sets of data although there were only four measure

ments made during NGl. The only exception is section KAS06-1 (Fl) where 

the measured flow rates differ by a factor 2. One possible explanation for 

this is that NG 1 was performed very shortly after the finish of the long term 

pumping test LPT -1 and therefore still might be in a transient stage. 

The flow measurements performed during pumping in KAS07 (LPT -1) and 

KAS06 (LPT -2) indicate that the conceptual model of the fracture zones at 
A.spa, suggested by Wikberg et al., 1991, is correct. However, there are still 

a few unresolved questions to be answered. There are some sections not 

responding to the pumping as expected and the reasons for this may be 

clarified with a combined analysis of the flow responses, the tracer tests and 

the pressure responses. The main conclusions from the flow measurements 

during pumping are: 

1. Zones NNW-1, NNW-2, and NE-1 are dominating hydraulic 
structures with high flow rates. Zone NE-2 is well connected to 
zones NNW-1 and NNW-2. 

2. Zone EW-5 also responds well to the pumping but the respons
es are not as good as in the above mentioned zones. 

3. Zone EW-3 seem to isolate the southern part of A.spo from the 
central parts when pumping in EW-3 during LPT -2. This 
interpretation is based on the responses in Zone NE-1 which are 
low during LPT -2. 

4. The possibly existing Zone EW-X may not be confirmed or 
refuted based on the flow measurements as only one section that 
is interpreted to intersect EW-X has been measured. 

5. The structures NW-1 and EW-1 on the northern part of A.spa 
have relatively high natural flow rates. However, these structures 
have not been measured during pumping so nothing can be 
concluded about interconnections with the southern part of 
A.spa. 
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1.1 

1 

INTRODUCTION 

BACKGROUND AND PURPOSE 

The construction of an underground research facility for storage of spent 
nuclear fuel in Sweden has started. The underground rock laboratory will be 
placed at 500 m depth below the island of Aspo situated at the Baltic coast 
about 20 km north of the city of Oskarshamn in southern Sweden (Gustafson 
et al., 1989). Within the rather extensive pre-investigations, measurements of 
groundwater flow have been carried out. The flow measurements were made 
during four occasions from summer 1989 to autumn 1990 both during natural 
flow conditions and during pumping. 

The main purpose of measuring groundwater flow within the boreholes was 
to use the data to interpret the flow path distribution in the bedrock at Aspo 
and use the data to improve the conceptual model of the fracture zones. The 
two first performed measurements also had the purpose to select borehole 
sections suitable for injection during the planned tracer test (LPT-2). 

1.2 SITE CHARACTERIZATION 

The bedrock at the study site consists of precambrian crystalline rocks such 
as granite, aplite and dolerite. There are several fracture zones intersecting 
the study site, most of them are steeply dipping but there are also some sub
horizontal fractures intersecting the area, see Figure 1.1. The predominant 
fracture zones intersecting the core boreholes with their fixed packed-off 
sections for dilution measurements at southern Aspo are discussed in Wik
berg et al., 1991. 

The Aspo site was, in spring 1989, provided with four extra core boreholes 
so during the first two sets of measurements (LPT-1 and NGl) boreholes 
KAS02 - KAS08 were available for measurements. During spring 1990 six 
additional boreholes were drilled and equipped so that during NG2 and LPT-
2 the boreholes KAS02 - KAS14 were available for measurements. Borehole 
KAS03 is situated more periphery to the target area but is hydraulically 
connected with the boreholes within the target area on southern Aspo. Bore
holes KAS0l and KASl0 are both shallow observation wells and therefore 
not used for the dilution measurements. A summary of the boreholes and 
borehole sections used for the groundwater flow measurements is presented 
in Table 1.1. 
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Table 1.1 Configuration of boreholes and sections on Aspo equipped for dilution 
measurements. 

Borehole- Code 
Section 

KAS02-4* B4 
KAS02-2 B2 

KAS03-3 CS 
KAS03-2* C2 

KAS04-2 D2 

KAS0S-3* E3 
KAS0S-1* El 

KAS06-5* FS 
KAS06-1* Fl 

KAS07-4* 14 
KAS07-1* J1 

KAS08-3* M3 
KAS08-1* Ml 

KAS09-4* AD 

KASll-5 CE 
KASll-2 CB 

KAS12-3 DC 
KAS12-2* DB 

KAS13-4 ED 
KAS13-3 EC 

KAS14-4 FD 
KAS14-2 FB 

Depth1 

(m) 

309 - 345 
800 - 854 

107 - 152 
533 - 626 

332 - 392 

320 - 380 
440 - 549 

191 - 249 
431 - 500 

191 - 290 
501 - 604 

140 - 200 
503 - 601 

116 - 150 

47- 64 
153 - 183 

235 - 378 
279 - 330 

151 - 190 
191 - 220 

131 - 138 
147 - 175 

Section 
length 
(m) 

36 
54 

45 
93 

60 

60 
109 

58 
69 

99 
103 

60 
98 

34 

17 
30 

43 
51 

39 
29 

7 
28 

Borehole 
diameter length 
(m) (m) 

0.056 924 

0.056 1002 

0.056 481 

0.076 549 

0.056 602 

0.056 604 

0.056 601 

0.056 450 

0.056 249 

0.056 380 

0.056 407 

0.056 212 

inc2 

84 

83 

60 

85 

60 

59 

59 

60 

89 

70 

62 

61 

1 Borehole distance from casing top, section isolated by packers. 
2 Inclination in degrees to the horizontal plane. Borehole orientation is shown 

in Figure 1. 1. 
* Chemical analysis of section water available, sampled in May and June 

1990. (Nilsson, 1991) 
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2. EXPERIMENTAL SETUP 

2.1 GROUNDWATER FLOW MEASUREMENTS 

Measurements of groundwater flow in packed-off borehole sections down to 

about 800 m depth below the ground surface were performed. A measure

ment of groundwater flow in a borehole section is based on the dilution of an 

added chemical substance that is mixed in the groundwater and thereafter its 

amount in the water is determined at regular intervals. The decrease of tracer 

concentration as a function of time is proportional to the groundwater flow 

through the section (Figure 2.1). This way of measuring groundwater flow is 

termed dilution technique. The borehole section lengths are chosen from the 

estimated widths of the water conducting fracture zones intersecting the 

borehole and varies from 7 to 145 m. The major part of the flow measure

ments were performed within the equipped boreholes in the southern part of 

Aspo. 

Start of activity 
in borehole section 

I 
Grculation 
start 

Dilution measurement 

,-----_,,A..,----, 

Injection 

End of activity 
in borehole section 

Circulation 
stop 

Figure 2.1 General working routine (time sequence) for dilution measurements. 

2.2 TECHNICAL DESIGN 

The Aspo core boreholes, with prefix KAS, are all of telescope type. The 

uppermost part, the top 100 m, is enlarged to a diameter of 165 mm. Below 

the enlarged part the boreholes have a diameter of 56 mm, except for bore

hole KAS05 which has a diameter of 76 mm (fable 1.1). This type of 

dilution measurement demands a special type of borehole equipment. 

Therefore, the existing borehole equipment on .Aspo was slightly modified to 

allow the performance of dilution measurements (Gustafsson, 1988). The 

borehole equipment was complemented with extra tubing, two tubes emerg

ing in each section chosen for measurement, to enable circulation of the 

section water and to get the tracer thoroughly mixed. 

The circulation pumps, usually two or three pumps connected in series, are 

placed below the groundwater table within a PEM tube (with an inner 

diameter of 54 mm) in the enlarged upper part of the borehole, see Figure 

2.2. The PEM tube is connected to the borehole section through a thin Nylon 

tube (inner diameter 6 mm). In connection with starting the circulation in the 

borehole section, section water is initially brought up to the ground surface 
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with a vacuum pump in the return/downward tube. This is made so that no 
air will be injected into the section during start of circulation. In some of the 
boreholes the distance between the groundwater level and the ground surface 
is too large for pumping. When this situation occurs, a special by-pass tube 
is used. This by-pass tube (Figure 2.3) is connected to the circulation tube 
system well below the groundwater table and when water is injected, the 
level will rise up to the ground surface. When the section water is circulating 
it will pass the trace element unit on the ground surface where the circulation 
flow rate and pressure is registered, see Figures 2.2 and 2.4. Sampling and 
injection of tracers are also made here. The downward circulation flow outlet 
is situated in the bottom of the borehole section and the inlet, to the circula
tion pumps is situated in the uppermost part of the section. This construction 
is made in order to achieve good mixing of the tracer in the section water. 

Due to the relatively low circulation flow rate and small amounts of tracer 
solution (4-5 liters) the hydraulic head in the borehole section will remain 
constant during circulation. A high circulation flow rate would cause fric
tional losses. The pressure registration, however, will register an under
pressure· during circulation due to the position of the pressure transducer in 
the PEM-tube just below the circulation pumps. 
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Figure 2.2 Schematic of borehole instrumentation during the dilution measurements. 
Details are shown in Figure 2.4. 
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a Inflow ( to trace element unit l 
b Electrical cables to circulation pumps 

c PEM- packer inflation tube 
d Pressure registration tube 
e Steel wire 
f Pressure transducer 
g Circulation pump 
h PEM-packer 
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From circulation 
pump 

Down to 
dilution section 
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Figure 2.4 Details of borehole equipment (left) and tracer unit (right) for dilution 
measurements, cf. Figure 2.2. 
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2.3 INJECTION AND MONITORING OF TRACERS 

A small amount of a tracer is injected into the circulating system. The injec
tion is made during one circulation cycle e.g. the time necessary for the 
water volume in the section to pass through the tracer unit on ground 
surface. The circulation time is determined by dividing the volume of the 
borehole section with the reading of the circulation flow rate on the flow 
meter. The injection of tracer during one circulation cycle is important in 
order to achieve an even dilution sequence of the tracer in the borehole 
section. 

In order to get a sufficient number of samples evenly distributed over the 
measurement period, automatic samplers were installed. Samples were taken 
every second hour during the first 48 hours and then one sample every 4 
hours up to six days after start of measurement and thereafter one sample 
every 8 hour. The measurement period varied from 5-6 days up to 10-12 
days depending on how fast the tracer was diluted. 

Large sample volumes may introduce errors in the flow calculation if the 
groundwater flow is small. Therefore, the sample volumes were limited to 
about 10 - 15 ml. This "extra" discharge of water from the borehole section 
was measured and corrected for in all dilution measurements. 

In the fust set of measurements (LPT-1) short nylon tubes (0.1 m) were 
used between sampler and sampling tubes. In these tubes, remnants from the 
previous sample was remaining until next sample was taken, so the next 
sample was "diluted/concentrated" with a few ml of the previous sample. The 
results had to be corrected for this afterwards. This problem was eliminated 
during the following measurements by reconstruction of the sampling equip
ment. 

The tracer used in all the dilution measurements on Aspo, was Uranine 
(Sodium Fluorescein). Before tracer injection a preliminary determination of 
the Uranine content in the borehole section water was made. In most of the 
borehole sections the background content was in the order of 1-10 ppb but 
in some sections the content of Uranine was as high as 1-2 ppm. This back
ground content of Uranine originates from the drilling of the borehole, as 
Uranine is used as a marker of the drilling fluid, and also from earlier 
dilution tests. Therefore, in some of the dilution measurements during LPT-2 
no extra tracer was injected due to the high background concentrations, cf. 
Ittner et al., 199la,b,c,d and Figure 5.1, plot F. 

The sorption and desorption behavior of Uranine depending on concentration 
in the water-rock systems has been documented both in field and laboratory 
investigations (Gustafsson and Klockars, 1984; Klockars, 1989). 

The intention was to increase the content of Uranine in the circulating 
section water up to about 1 ppm. Usually 50 - 100 mg of Uranine was 
enough to achieve this. The injection fluid used was mostly pumped up 
section water or, in a few cases, ordinary tap water. 
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During LPT-2, each tracer injection was used as a dilution measurement 
Gustafsson et al., 1991). The Uranine concentration in the sections was then 
much higher, 600-900 ppm. Also other non-sorbing, radioactive tracers, 
such as Indium (In-114), Iodine (I-131) and Rhenium (Re-186) was used 

during LPT-2. The radiotracers were injected with distilled water. 
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3. THEORY 

3.1 THEORETICAL BACKGROUND 

The dilution method relies upon the use of a tracer which is introduced as a 
homogeneous pulse into a borehole section sealed off by rubber packers. The 
tracer will be diluted due to the native groundwater from the fracture zone 
flowing through the borehole. The dilution of the tracer introduced is 
proportional to the water flow through the borehole section and thus to the 
groundwater flow in the fracture zone. 

Within the borehole section, the tracer must be completely mixed at every 
moment and the concentration is measured as a function of time. 

The groundwater flow rate through the borehole section is calculated from 
the water volume of the section and the dilution as a function of time 
accordin_g to Equation (1) which is the solution of the equation of continuity 
for the dilution of a homogeneously distributed tracer solution in a constant 
volume, V, at steady state groundwater flow. 

where 

Q = -V ln(C/Co)/t 

Q = groundwater flow rate ( m3 /s) 
V = volume of water in the borehole section (m3) 

C = tracer concentration at time t 
Co= initial tracer concentration 
t = time (s) 

(1) 

The dilution as a function of time is obtained from a semi-logarithmic 
diagram of normalized tracer concentration versus time. In the ideal case the 
relation is linear. (Gustafsson, 1986) 

It is important to notice that the values given by Equation (1) only represents 
the flow through the borehole section which may differ significantly from the 
flow through the undisturbed rock. The relation between the flow through the 
borehole section and the flow in the rock has been investigated by several 
authors (Gustafsson, 1986; Rhen et al., 1991a). There are two factors which 
must be taken into account, namely the contraction factor, a, and the angle 
between borehole and flow direction. For further details see above mentioned 
authors. 

3.2 ERROR ESTIMATES 

The errors involved in the determination of groundwater flow with the 
dilution method may be divided into two categories, instrumental errors and 
"hydrologic" errors. The instrumental errors, which in this case is errors in 
the analyses of Uranine content are estimated to be less than 5%. Larger 
errors may occur when precipitations or other solids, e.g. drilling debris, are 
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present in the samples or if the samples are exposed to direct sunlight. 
Drilling debris or precipitations may cause some of the tracer to sorb onto 
the particles. However, at Aspo most of the borehole sections have water 
with low particle content. There are only a few sections where dark precipi
tations occur. The exposure of the samples to sunlight, which may cause a 

significant decrease of concentration, was avoided by storing the samples in 
dark boxes. 

The samples taken to determine the decrease of tracer concentration, will 

also contribute to the total flow through the section since the volume re
moved from the borehole section contains tracer. Therefore, the removed 
amounts of tracer is measured in each dilution measurement and, if neces
sary, taken into account when the flow is calculated. In most cases, the error 

introduced by neglecting the sample volumes is less than 1 %. Corrections 
for the sample volumes has therefore only been made in 2 of the 68 dilution 
measurements described in this report. 

A very important factor for the calculation of the flow through the packed
off section is to determine the section volume correctly (see Equation 1). 
Since the total section volume, including volumes in the tubing and equip
ment, is directly proportional to the groundwater flow, special efforts have 

been assigned to make the determination of the section volumes as exact as 
possible. 

The "hydrologic" error is more difficult to estimate. The presence of the 

borehole itself causes a disturbance of the flow distribution. The presence of 
several water conducting fractures within the measured borehole section may 
cause short-circuits between fractures with different hydraulic heads result
ing in enhanced flow rates. At Aspo, the boreholes have been sectionized 

based on the concept that each section should represent one hydraulic unit 
(fracture zone) and therefore the hydraulic heads in different fractures within 
the sections should be approximately the same. The flow in the fractures also 
has spatial differences due to the uneven distribution of fracture minerals and 

other heterogeneities. Consequently, if a borehole penetrates a highly con
ductive fracture in a location where the fracture minerals have high abun
dance it will show lower values of groundwater flow than if the borehole had 
penetrated a "flow channel" in the fracture. 
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4. MEASUREMENTS PERFORMED 

4.1 DILUTION MEASUREMENTS 

The measurements were performed during four different occasions. The first 
set of measurements were made during pump gradient in August 1989 (LPT -
1 ). The second and third set of measurements were made in September 1989 
and during June - August 1990 both during natural gradient (NGl and 
NG2). The last set of measurements were made in October 1990 during 
pump gradient (LPT -2). The measurements are summarized in Tables 4.1 
and 4.2 below. 

All 22 borehole sections available for dilution measurements have been 
measured at least once. In total, 68 dilution measurements have been per
formed. 

Table 4.1 Flow measurements performed at Aspo. 

Event Pump Time No of meas. No of 

LPT-1 
NGl 
NG2 
LPT-2 

capacity (1/s) 

125 
N 
N 
135 

sections 

890807-890901 9 
890925-891008 4 
900626-900816 22 
900925-901218 10 

measurements 

9 
4 

22 
33 

N = Measurement during natural groundwater gradient 

During the first long term pump test (LPT -1) pumping was performed in 
borehole KAS07 and during the second long term pump test (LPT-2) 
borehole KAS06 was chosen for pumping. 
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Table 4.2 Summary of flow measurements performed in each borehole section at Aspo. 

Borehole- Code 
section 

KAS02-4 B4 
KAS02-2 B2 

KAS03-5 C5 
KAS03-2 C2 

KAS04-2 D2 

KAS05-3 E3 
KAS05-1 El 

KAS06-5 F5 
KAS06-1 Fl 

KAS07-4 J4 
KAS07-1 J1 

KAS08-3 M3 
KAS08-1 Ml 

KAS09-4* AD 

KASll-5* CE 
KASll-2* CB 

KAS12-3* DC 
KAS12-2* DB 

KAS13-4* ED 
KAS13-3* EC 

KAS14-4* FD 
KAS14-2* FB 

Section depth/length 
(m) 

309-345 36 
800-854 54 

107-252 145 
533-626 93 

332-392 60 

320-380 60 
440-549 109 

191-249 58 
431-500 69 

191-290 99 
501-604 103 

140-200 60 
503-601 98 

116-150 34 

47-64 17 
153-183 30 

235-278 43 
279-330 51 

151-190 39 
191-220 29 

131-138 7 
147-175 28 

Measurements 

A- CD 
A- CD 

C-
- - C-

A- C-

A - CD 
AB CD 

AB Cd 
AB Cd 

a - CD 
a - C-

A - CD 
A BCD 

C-

C-
C-

C-
CD 

C-
CD 

C-
CD 

A= (LPT-1) August 1989, B = (NGl) September 1989 
C = (NG2) June-August 1990, D = (LPT-2) October 1990. 
* = Drilled during spring 1990 
a = Pump hole during LPT-1, d = pump hole during LPT-2. 
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The first set of measurements was performed during the long term pumping 
in borehole KAS07. The pumping was started on July 10th and lasted for 
about 8 weeks. Dilution measurements were performed with the purpose to 
select borehole sections suitable for injection during the planned tracer test 
(LPT-2). 

The dilution measurements were performed in 9 sections starting about 4 
weeks after start of pumping when near steady state conditions had been 
obtained. The measurements were performed during 3 - 14 days depending 
on the dilution rate. A summary of the measurements performed during 
LPT-1 is presented in Table 4.3. 

Measurement specifics during LPT -1. 

Borehole Code Start - Stop Dur1 

-section measurement (h) 

KAS02-4 B4 890811 - 890818 167 
KAS02-2 B2 890810 - 890818 180 

KAS03-5 C5 nm 
KAS03-2 C2 nm 

KAS04-2 D2 890826 - 890901 127 

KAS05-3 E3 890808 - 890816 188 
KAS05-1 El 890818 - 890831 312 

KAS06-5 F5 890821 - 890824 57 
KAS06-1 F1 890821 - 890824 61 

KAS07 pump hole during LPT-1 

KAS08-3 M3 890818 - 890901 
KASOB-1 Ml 890807 - 890817 

1 = Duration of dilution measurement 
2 = Number of data points 
n m = no measurement 

321 
224 

D.p.2 Start - Stop 
circulation 

26 890807 - 890818 
34 890807 - 890818 

23 890825 - 890901 

34 890803 - 890816 
47 890816 - 890831 

21 890820 - 890824 
24 890820 - 890824 

58 890817 - 890901 
52 890806 - 890817 

The second set of measurements was made about 4 weeks after the finish of 
the pumping during LPT -1 with the purpose to study the possible changes of 
groundwater flow rates compared to LPT -1 and to serve as basis for the 
design of the planned tracer test (LPT -2). The measurements were made in 4 
of the sections which also were measured during LPT -1. The hydraulic 
heads in these sections and most of the other sections in the area were the 
same or almost the same as before start of LPT -1. Therefore, natural 
gradient conditions were assumed during this flow measurement. The 
duration of the tests were in the range 22 - 61 hours, see Table 4.4. 
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Measurement specifics during NG 1. 

Borehole Code Start - Stop Dur1 D.p.2 Start - stop 

-section measurement (h) circulation 

KAS02-4 B4 nm 
KAS02-2 B2 nm 

KAS03-5 CS nm 
KAS03-2 C2 nm 

KAS04-2 D2 nm 

KAS0S-3 E3 nm 
KAS0S-1 El 891001 - 891010 239 22 890926 - 891010 

KAS06-5 FS 890927 - 891010 318 53 890926 - 891010 

KAS06-1 Fl 890928 - 891010 313 49 890926 - 891010 

KAS07-4 J4 nm 
KAS07-1 J1 nm 

KAS08-3 M3 nm 
KAS08-1 Ml 890927 - 891010 326 61 890926 - 891010 

1 = Duration of dilution measurement 
2 = Number of data points 
n m = no measurement 

In the third round of measurements, all 22 sections available were measured 
with the purpose of improving the conceptual model of the fracture zones at 
Aspo and to determine the natural flow distribution within the zones. The 
measurements lasted for 2-10 days, see Table 4.5. Note that boreholes 
KAS09 - KAS14 were drilled during spring 1990, cf. section 1.2. 
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Measurement specifics during NG2. 

Borehole Code Start - Stop Dur1 D.p.2 Start - Stop 
-section measurement (h) circulation 

KAS02-4 B4 900627 - 900701 100 25 900626 - 900705 
KAS02-2 B2 900628 - 900702 100 15 900626 - 900705 

KAS03-5 CS 900719 - 900722 90 27 900718 - 900730 
KAS03-2 C2 900720 - 900723 80 14 900718 - 900726 

KAS04-2 D2 900731 - 900806 150 13 900728 - 900808 

KAS05-3 E3 900629 - 900706 200 28 900626 - 900706 
KAS05-1 El 900629 - 900706 200 31 900626 - 900706 

KAS06-5 FS 900709 - 900715 160 20 900707 - 900715 
KAS06-1 Fl 900709 - 900715 160 19 900707 - 900715 

KAS07-4 J4 900709 - 900717 199 25 900706 - 900717 
KAS07-1 J1 900708 - 900717 180 26 900706 - 900717 

KAS08-3 M3 900629 - 900707 210 36 900628 - 900707 
KAS08-1 Ml 900628 - 900707 200 37 900628 - 900707 

KAS09-4 AD 900727 - 900808 300 51 900727 - 900808 

KASll-5 CE 900718 - 900726 190 35 900716 - 900726 
KASll-2 CB 900717 - 900719 55 22 900716 - 900726 

KAS12-3 DC 900708 - 900716 198 23 900705 - 900716 
KAS12-2 DB 900708 - 900716 180 18 900705 - 900716 

KAS13-4 ED 900806 - 900816 240 38 900805 - 900816 
KAS13-3 EC 900808 - 900816 200 28 900806 - 900816 

KAS14-4 FD 900719 - 900725 150 31 900717 - 900727 
KAS14-2 FB 900718 - 900727 210 41 900717 - 900727 

1 = Duration of dilution measurement 
2= Number of data points 

The last set of measurements were made during the pumping for the radially 
converging tracer test (LPT -2). The purpose of these measurements was to 
use them to determine the mass release versus time during the injection of 
tracers. Some of the measurements were also made in order to select injec
tion sections for LPT-2. Totally 10 sections were measured and the 6 
sections used as injection sections during LPT-2 were measured several 
times, see Table 4.6. 
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Table 4.6 Measurement specifics during LPT-2. 

Borehole Code Start - Stop Our' D.p.2 Start - Stop 

-section measurement (h) circulation 

KAS02-4 B4 !Xl0927 - 900928 55 6 900924 - 900928 
901003 - 901110 900 65 901002 - 901110 

- 910111 2400 82 901114 - 910121 

KAS02-2 B2 901023 - 901026 110 10 901020 - 901027 

KASOJ-5 CS nm 
KASOJ-2 C2 nm 

KAS04-2 D2 nm 

KAS05-3 E3 901009 - 901018 80 13 901009 - 901015 

901025 - 901029 80 13 901023 - 901212 

901031 - 901228 1400 25 901217 - 910121 
910130 - 910211 

KAS05-l El 900925 - 900928 80 9 900924 - 900928 

KAS06 pump hole during LPT-2 

KAS07-4 14 900927 - 900928 55 6 900924 - 900928 
901003 - 901009 144 11 901002 - 901110 

901009 - 901015 144 11 
901015 - 901021 143 11 
901021 - 901123 369 28 901114 - 901121 

KAS07-l JI nm 

KASOS-3 M3 901011 - 901019 200 17 901010 - 901020 

901029 - 901031 55 5 901027 - 901121 
901102 - 901114 300 18 

KASOS-1 Ml 900926 - 890928 65 7 900924 - 900928 
901003 - 901006 72 5 901002 - 901110 

901006 - 901009 68 5 
901009 - 901012 75 5 
901012 - 901015 68 5 
901015 - 901018 75 5 
901018 - 901021 71 5 
901021 - 901029 189 20 

KAS09-4 AD nm 

KASll-5 CE nm 
KASll-2 CB nm 

KAS12-3 DC nm 
KAS12-2 DB 900926 - 900928 60 7 900925 - 900928 

901003 - 901006 73 6 901002 - 901110 
901006 - 901009 71 5 
901009 - 901012 78 7 
901012 - 901015 65 5 
901015 - 901018 78 5 
901018 - 901021 66 5 
901021 - 901026 139 23 

KAS13-4 ED nm 
KAS13-3 EC 900925 - 900928 76 10 900924 - 900928 

KAS14-4 f1) nm 
KAS14-2 FB 901022 - 901025 90 8 901017 - 901023 

1 "' Duration of dilution measurement 

2 = Number of data points 
n m = no measurement 
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4.2 SUPPORTING MEASUREMENTS 

Long term registration of the hydraulic head in the various packed-off 

sections have been made in the whole Simpevarp area since the start of the 

investigations in 1987. The number of boreholes and registration sections has 

increased every year, so that during the summer 1991 .Aspo had altogether 

about 100 sections in both shallow percussion and deep core boreholes. 

The hydraulic head data is recorded with the "BORRE" computer based data 

collecting system. Data from the boreholes are manually dumped from every 

borehole with a portable PC. The results of hydraulic head recordings (see 

Figure 4.1) are presented in Nyberg et al., 1990, Jonsson and Nyberg 1991 

and in Gentzschein and Nyberg, 1989. 

During the Long term Pump Test (LPT-2) in autumn 1990 electrical con

ductivity, redox potential and groundwater temperature were registered in the 

withdrawal water from borehole KAS06 (Jonsson and Nyberg, 1991). 
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Figure 4.1 Example of long term hydraulic head registration during NG2 in borehole 

KAS02 at .Aspo. This plot clearly shows that section B5 is interfering with 

the dilution test circulation performed in sections B2 and B4. 
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RESULTS 

The results of all dilution measurements presented in this report are summa
rized in Table 5.1. Comments regarding each measurement such as possible 
errors, uncertainties, etc. are given below and the values interpreted on the 
basis of uncertainties etc, are given in Table 5.2. The transmissivity values 
given for boreholes KAS02-08 are values calculated from packer tests (SKB 
database GEOTAB), while the values given for KAS09-14 are calculated 
from spinner measurements (Rhen et al., 1991b). Examples of some typical 
dilution curves are shown in Figure 5.1. Plot A shows an uneven dilution 
sequence caused by instrumental errors and/or changes of the hydraulic 
gradient. Plot C shows an uneven injection of tracer and plot E shows the 
dilution of "old" Uranine. Plots B,D and F are examples of normal injections 
and dilution sequences. Detailed information about each dilution measure
ment made during LPT-1 is documented in Ittner et al., 1991a, NG 1 is 
documented in Ittner et al., 1991b, NG2 is documented in Ittner et al., 1991c 
and LPT-2 is documented in Ittner et al., 1991d. 

Summary of all results from dilution measurements performed at Aspo 
1989-1990. The interpreted results are presented in Table 5.2. 

Borehole Code Section Flow (ml/min) T' 
(m) I.Ff-I NGI NG2 I.Ff-2 (m2/s) 

KAS02-4 B4 309-345 I.I (89) 14, 2 20E-5 
KAS02-2 B2 800-854 (127) (127) 4 4.0E-5 

KAS03-5 CS 107-252 6.9 3.0E-6 
KAS03-2 C2 533-626 164 4.0E-6 

KAS04-2 D2 332-392 28 12 4.0E-5 

KASOS-3 E3 320-380 6.5 0.4 12,10,9 24E-6 
KASOS-1 El 440-549 40 1.8 1.3 11 7.SE-6 

KAS06-5 F5 191-249 197 25 27 ph 1.7E-4 
KAS06-l F1 431-500 79 52 25 ph 3.lE-5 

KAS07-4 J4 191-290 ph 1.0 33,20,17,18,18 4.9E-6 
KAS07-1 JI 501-604 ph 5.3 >1.3E-5 

KAS08-3 M3 140-200 4.3 4.0 16,5,21 3.9E-5 
KAS08-l Ml 503-601 20 5.5 7.6 54,51,50,48, 

46,47,45,44 3.2E-4 
KAS09-4 AD 116-150 11 6.4E-4 

KASU-5 CE 47-64 0.3 3.3E-5 
KASll-2 CB 153-183 33 25E-4 

KAS12-3 DC 235-278 0 23E-6 
KAS12-2 DB 279-330 12 111,99,94,122, 

116,115,100,97 27E-5 
KAS13-4 ED 151-190 I.I 3.7E-6 
KAS13-3 EC 191-220 4.7 3.3 27E-5 

KAS14-4 fD 131-138 3.1 22E-4 
KAS14-2 FB 147-175 18 11 l.0E-4 

- = No measurement, ph = pumphole 
1 = KAS02-08, transient 3m packer test, evaluated with Jacobs method (SKB database GEOTAB) 

KAS09-14, spinner measurements (Rhen et al., 1991b) 
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Comments regarding the results of the dilution measurements in each packed 
off section are given below; 

KA.S02-4 (B4) 

In this section four measurements have been made. The fust measurement 
during LPT-1 shows a very smooth and fine dilution curve except for some 
initial disturbances caused by a too fast injection procedure. The second 
measurement, made during NG2 shows a smooth dilution curve but also a 
very high dilution rate. This is caused by a leakage in the tube fitting within 
section B5. This is clearly seen by studying the hydraulic head registrations 
in B4 and B5 during NG2, cf. Figure 4.1 (Nyberg et al., 1990). The value 
from this measurement should therefore be disregarded. The third and fourth 
measurement were both made during LPT-2, and shows a relatively large 
difference, 14 respectively 2 ml/min. The reason for this is probably that the 
magnitude and/or the direction of the gradient is in a transient stage during 
the third measurement which was made only one week after start of pumping 
in KAS06. This is also supported by a decreasing slope in the dilution curve 
towards, the end of the measurement. The value 2 ml/min from the fourth 
measurement must be seen as an extremely well established value as the 
measurement was performed during a period of 100 days and with a very 
smooth dilution curve (Gustafsson et al., 1991). 

KA.S02-2 (B2) 

Three measurements have been made in this section. During LPT-1, a 
leakage was found between sections B2 and B3 (Gentzschein and Nyberg, 
1989) which caused an increased dilution. The value given in Table 5.1, 127 
ml/min, is therefore incorrect and should be disregarded. The second mea
surement, made during natural gradient (NG2), also shows a very high flow 
rate, 127 ml/min. Also in this case a leakage, which also caused the high 
dilution in section B4, is the reason and the value must be disregarded. The 
measurement made during LPT-2 is most likely the only value that can be 
judged as correct, 4 ml/min. 

KA.S03-5 (CS) 

This borehole section is very long, 145 m, and has a low transmissivity 
(T=3E-6 m2/s). It also contains a large volume of water which means that a 
relatively long measurement period was needed in order to achieve any 
significant dilution. The measurement performed (NG2) shows a very slow 
but steady dilution rate and the calculated flow rate of 6.9 ml/min is judged 
to be accurate. No measurements were performed during pump gradients. 

KA.S03-2 (C2) 

This section has a relatively low transmissivity (T=4E-6m2/s). The flow 
measurement show a very high value, 164 ml/min, which was much higher 
than could be expected. However, the data points are quite scattered due to a 
high content of particles or precipitations in the samples which may have 
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caused sorption of the tracer and consequently a too high dilution rate. The 
scattered data implies that it is possible to vary the flow within the range 
70-170 ml/min, or even lower, without changing the correlation coefficient 
for the regression estimate in any significant way. The value given in Table 
5.1 should therefore be regarded as very approximative. 

KAS04-2 (D2) 

The section was measured at two occasions, LPT -1 and NG2. Both mea
surements show a steady and smooth dilution curve and the flow rates given 
in Table 5.1 are considered to be correct. 

KAS0S-3 (E3) 

Five measurements have been made in this section which also was used as 
injection section during the tracer test (LPT-2). The values determined 
during pump gradient (LPT-1 and LPT-2) show smooth and fine dilution 
curves and the measurements were performed without any disturbances. The 
three measurements performed during LPT-2 differ somewhat (9-12 ml/min) 
mostly due to the few data points in two of the measurements. The third 
measurement, which also was the injection of tracer during the tracer test, 
was sampled during a period of about 60 days and is therefore considered to 
be the most accurate value (9 ml/min). The measurement performed during 
natural gradient (NG2) gives a very low flow rate. Given the uncertainty in 
the analyses, the error is estimated to be ± 100%, i.e 0-0.8 ml/min. 

KAS0S-1 (El) 

This section was measured at all four different occasions. The first measure
ment during LPT-1 was clearly affected by a change of the gradient occur
ring towards the end of the pumping period, see also Figure 4.1 (plot A). 
This can also be seen in the head measurements (Gentzschein and Nyberg, 
1989). The flow rate given in Table 5.1 should be seen as mean value over 
the measurement period. The flow at the beginning of the measurement, 
before the changes of the gradient, was about 25 ml/h. The two measure
ments made during natural gradient show very low flow rates, 1.5-1.8 
ml/min. Both these measurements show somewhat scattered dilution curves 
but the flow rates determined are judged to be accurate. The last measure
ment was made during LPT-2 by using the Uranine remaining in the 
borehole and tubing from the previous measurement (NG2), see Figure 4.1 
(plot E). The dilution curve is relatively smooth and the flow rate is consid
ered to be correct. 

KAS06-5 (F5) 

This section has a high transmissivity (T=l.7E-4 m2/s) and also high flow 
rates both during LPT-1 and during natural gradient. The two measurements 
during natural gradient show very consistent results and all three measure
ments are considered to be correct. 
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KAS06-1 (FI) 

This section was measured three times and all three measurements give quite 

high flow rates. The measurements were performed without any problems 

and the dilution curves are smooth. The values given in Table 5.1 are judged 

to be correct. 

KAS07-4 (J4) 

This section was used as injection section for the tracer test and was mea

sured 5 times during the tracer test. The flow rates determined are within the 

range 17-33 ml/min, however the highest value of 33 ml/min is more 

uncertain than the others as the measurement time was very short, 10 hours, 

while the last measurement, which gave 18 ml/min, lasted for 39 hours. The 

latter value is therefore considered to be the most correct one. The measure

ment made during natural gradient (NG2) gives a very low flow rate, 1 

ml/min. This figure is somewhat uncertain due to the very slow dilution and 

somewhat scattered data points. There are also a comparatively high amount 

of particles present in the water which to some degree may explain the 

scatter of the data points. The flow may vary at least within 50%, i.e in the 

range 0.5-1.5 ml/min. 

KAS07-1 (Jl) 

This section has only been measured once (NG2). The dilution curve is 
smooth and the value given in Table 5.1 is considered as correct. 

KAS0S-3 (M3) 

This section has been measured four times and the measurements have been 

performed without disturbances. The section was also used as injection 
section for the tracer test during LPT-2 and therefore three measurements 

were made during LPT-2. The flow rate given in Table 5.1, 21 ml/min, was 

determined from the dilution of Re-186 during the tracer injection and 

shows an extremely linear dilution curve. The other two values determined 

during LPT-2 were determined from short time measurements with few data 

points and are therefore considered as more uncertain. 

KAS0S-1 (Ml) 

This is also a section used as injection section during LPT-2 with 7 mea

surements performed during the tracer injection of Re-186. The dilution 

curves are very consistent and indicate a slowly decreasing flow rate, from 

51 ml/min down to 44 ml/min during the last tracer injection. The section 

was also measured at the three other occasions and the dilution curves are all 

smooth and linear, see Figure 5.1 (plot B). 
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KAS09-4 (AD) 

The only measurement performed in section AD was made during natural 
gradient (NG2). The resulting dilution curve is very smooth and linear and 
the value given in Table 5.1 is judged to be correct. 

KASll-5 (CE) 

This section has also been measured only once during NG2. The data points 
are quite scattered due to precipitations in the samples but the dilution is 
very low and the flow rate determined, 0.3 mVmin, is considered to be 
correct within :t 100%. 

KASll-2 (CB) 

The only measurement performed, during NG2, shows a fast dilution and a 
smooth, linear curve. The flow rate was calculated to 33 mVmin which is 
one of the highest measured during natural gradient. 

KAS12-3 (DC) 

This section was measured during natural gradient (NG2). The data points 
are somewhat scattered due to precipitations in some of the samples but the 
dilution is lower than the measurement limit, which in this measurement is 
estimated to about 0.5 mVmin. 

KAS12-2 (DB) 

This section was measured both during NG2 and at 8 occasions during LPT-
2. The values calculated from LPT -2 are all determined from 5-7 data 
points over relatively short periods (3 days each) except for the last mea
surement which lasted for 6 days, see Figure 5.1 (plot F).The values varies 
within 94-122 mVmin with a mean flow rate of 107 mVmin. All dilution 
curves are smooth and linear with a small exception for the curve from NG2 
which is somewhat irregular, possibly due to precipitations in some of the 
samples, see Figure 5.1 (plot C). 

KAS13-4 (ED) 

The only measurement performed (NG2) give a very smooth dilution curve 
and a value of 1.1 ml/min which is considered to be correct. 

KAS13-3 (EC) 

Two measurements have been performed in this section, during natural 
gradient (NG2) and during pumping (LPT-2). The dilution curves are 
smooth and linear and the values given in Table 5.1 are judged to be correct. 
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KAS14-4 (FD) 

This section was measured during natural gradient (NG2). The dilution curve 
shows a smooth and linear dilution except for the last two days where a 
decreasing flow rate is indicated. The reason for this decrease may be a 
changing large scale gradient. This interpretation is also supported by the 
head measurements (Nyberg et al., 1990) where a rapid change of the head 
can be seen towards the end of the dilution measurement period. 

KAS14-2 (FB) 

Both measurements performed in this section (NG2 and LPT-2) show 
smooth and linear dilution curves. The values determined are of the same 
magnitude, 18 and 11 ml/min, respectively and are both considered as being 
correct, see Figure 5.1 (plot D). 
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Table 5.2 Concluded results of dilution measurements 

Borehole Code Section Flow (mVmin) Tl 

(m) LPT-1 NGl NG2 LPT-2 {m2/s) 

KAS02-4 B4 309-345 1.1 (*) 2 2.0E-5 

KAS02-2 B2 800-854 (*) (*) 4 4.0E-5 

KAS03-5 C5 107-252 6.9 3.0E-6 

KAS03-2 C2 533-626 (120) 4.0E-6 

KAS04-2 D2 332-392 28 12 4.0E-5 

KAS05-3 E3 320-380 6.5 0.4 9 2.4E-6 

KAS05-1 El 440-549 40 1.8 1.3 11 7.8E-6 

KAS06-5 F5 191-249 197 25 27 ph l.7E-4 

KAS06-1 Fl 431-500 79 52 25 ph 3.lE-5 

KAS07-4 14 191-290 ph 1.0 18 4.9E-6 

KAS07-1 J1 501-604 ph 5.3 >1.3E-5 

KAS08-3 M3 140-200 4.3 4.0 21 3.9E-5 

KAS08-1 Ml 503-601 20 5.5 7.6 48 3.2E-4 

KAS09-4 AD 116-150 11 6.4E-4 

KASll-5 CE 47-64 0.3 3.3E-5 
KASll-2 CB 153-183 33 25E-4 

KAS12-3 DC 235-278 0 2.3E-6 

KAS12-2 DB 279-330 12 107 2.7E-5 

KAS13-4 ED 151-190 1.1 3.7E-6 

KAS13-3 EC 191-220 4.7 3.3 2.7E-5 

KAS14-4 FD 131-138 3.1 2.2E-4 

KAS14-2 FB 147-175 18 11 l.0E-4 

- = No measurement, ph = pumphole 
* = Failed measurement (see text) 
1 = KAS02-08, transient 3m packer test, evaluated with Jacobs method (SKB database 

GEOTAB). KAS09-14, spinner measurements (Rhen et al., 1991b) 
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6. DISCUSSION AND CONCLUSIONS 

6.1 FLOW IN RELATION TO THE CONDUCTIVE STRUCTURES AT AsPb 

The dilution measurement at A.spo have been performed in 22 different 
sections corresponding to eight fracture zones according to the conceptual 
model given by Wikberg et al., 1991. The discussion below concerns the 
responses of the different sections to the pumping during LPT -1 and LPT -2 
and comparison with the flow during natural gradient. The fracture zones 
discussed are corresponding to the nomenclature and interpretations given by 
Wikberg et al., 1991, cf. Figure 1.1. 

Zone NE-1 

Zone NE-1 is a steeply dipping (72°) NE tending zone and also the most 
well represented zone among the sections chosen for dilution measurements. 
The zone is also the most highly transmissive structure at A.spo (f=2E-4 
m2/s). The flow rate was determined in 7 different sections according to 
Table 6.1. The measurements give values that are consistent with the inter
pretation of Zone NE-1. Pumping in KAS07 during LPT-1 increases the 
flow rates in sections B2 and Ml, although the value given for section B2 is 
somewhat uncertain due to leakage as discussed in Section 5. Natural flow 
rates varies between 3 and 33 ml/min and the high values during natural 
gradient are all determined on the southern part of Aspo. The pumping in 
borehole KAS06 (LPT-2), which does not intersect Zone NE-1, indicates 
that Zone NE-1 has a good hydraulic connection with Zones NNW-1 and/or 
NNW-2. This conclusion is also supported by the high flow rates determined 
in KAS06 (sections Fl and FS) during LPT-1. Pumping during LPT-2 
seems to give no response on the southern part of Aspo as indicated by the 
flow rate measured in section FB. This fact may suggest that the structure 
EW-3 acts as a hydraulic boundary and "cuts off" the southern part of NE-
1. 

The conclusion of the flow measurements in Zone NE-1 is that the results 
are consistent with the conceptual model presented by Wikberg et al., 1991. 
The measurements also suggests that the southern, shallow, parts of NE-1 
which has high natural flow rates, is hydraulically "cut off'' possibly by the 
intersecting Zone EW-3. 
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Table 6.1 Summary of flow measurements in Zone NE-1. 

Borehole/ Code Groundwater flow rate (ml/min) 

section LPT-1 NGl NG2 Il'T-2 

KAS02-2 B2 (*) (*) 4 

KAS07-1 11 ph 5.3 

KAS08-1 Ml 20 5.5 7.6 48 

KAS09-4 AD 11 

KASll-2 CB 33 
KAS14-4 fD 3.1 
KAS14-2 FB 18 11 

(*) Failed measurement 

Zone EW-5 

Zone EW-5, which is a low angle (37°) zone with a relatively high trans
missivity (T=2E-5 m2/s), is represented in 4 sections according to Table 6.2. 
The flow rates during natural gradient are consistently low in all sections. 
The pumping in KAS07 during LPT-1 causes an increased flow rate in 
section E3 and the pumping in KAS06 (LPT -2) causes an even higher 
increase in E3 but also an increased flow rate in section J4. This is also 
consistent with the interpretation of Zone EW-5 which is interpreted to 
intersect KAS06 as well. Section B4 (KAS02-4) does not respond to the 
pumping in KAS06 and KAS07 which is not quite consistent with the 
interpretation, especially as the distance from the pump holes to section B4 is 
relatively short (about 100 m). 

The conclusion of the flow measurements within Zone EW-5 is that the 
zone has a low groundwater flow during natural gradient conditions. How
ever, during pumping it seems to be a relatively good hydraulic conductor. 
The only inconsistency in the interpretation is the poor hydraulic response in 
section B4. 

Table 6.2 Summary of flow measurements in Zone EW-5. 

Borehole/ Code 
section 

KAS02-4 B4 
KASOS-3 E3 
KAS07-4 14 
KASll-5 CE 

(*) Failed measurement 

Il'T-1 

1.1 
6.5 
ph 

Groundwater flow rate (ml/min) 
NGl NG2 Il'T-2 

(*) 
0.4 
1.0 
0.3 

2 
9 
18 
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NE-2 

Zone NE-2, which is a steeply dipping structure with a relatively low 
transmissivity (f=4E-6 m2/s), is represented in 3 borehole sections of which 
sections D2 (KAS04-2) and DB (KAS12-2) shows high flow rates during 
natural gradient and also a strong influence from the pumping in KAS06 and 
KAS07, see Table 6.3. As there is no direct hydraulic connection to the 
pump holes, according to the present conceptual model, this influence 
indicates that Zone NE-2 has a good hydraulic connection with the steeply 
dipping structures NNW-1 and NNW-2. Section DC shows a very low or 
even no dilution of tracer during NG2. The section seem to have a very poor 
hydraulic connection to Zone NE-2 compared to section DB in the same 
borehole (KAS12). 

Based on the few flow measurements performed within Zone NE-2, it seems 
as Zone NE-2 is a good hydraulic leader despite the relatively low trans
missivity of the zone. It is also possible that the short distance between the 
good hydraulic conductors NNW-1 and NNW-2 locally gives a high flow 
rate around section DB during pumping in these structures. 

Table 6.3 Summary of flow measurements in Zone NE-2. 

Borehole/ Code Groundwater flow rate (ml/min) 

section LPT-1 NGl NG2 LPT-2 

KAS04-2 D2 28 12 

KAS12-2 DB 12 107 

KAS12-3 oc 0 

NNW-1 and NNW-2 

These two vertical structures are both highly conductive (f=2-4E-5 m2/s) 
and seem to be in good hydraulic contact with fracture zones NE-1 and NE-
2, as earlier discussed. Both zones are present in borehole KAS06, sections 
Fl (NNW-2) and FS (NNW-1), see Table 6.4. NNW-2 is also interpreted to 
intersect section M3 and this is also supported by the increase of the flow in 
M3 during pumping in KAS06 (LPT-2). The natural gradient flow rates are 
also high in both zones in KAS06 while somewhat lower in section M3. The 
only inconsistency among the measurements performed in zones NNW-1 
and NNW-2 is the low flow rate determined in section M3 during LPT-1 
which contradicts the interpretation that Zones NNW-2 and NE-1 are well 
connected. 

Sections EC in borehole KAS13 which is interpreted to intersect a NNW 
structure does not seem to be hydraulically connected to the system NNW-1, 
NNW-2, NE-1, and NE-2 as the flow not increases in this section during 
pumping in KAS06 (LPT -2). 
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Table 6.4 Summary of flow measurements in Zones NNW-1, NNW-2, and a NNW 
structure, not in the conceptual model. 

Borehole/ Code Structure 
section 

KAS06--5 
KAS06--1 
KASOS-3 
KAS13-4 
KAS13-3 

F5 NNW-1 
Fl NNW-2 
M3 NNW-2 
ED NNW 
EC NNW 

ph = pump hole during LPT-2. 

EW-X 

LPT-1 

197 
79 

4.3 

Groundwater flow rate (ml/rain) 
NGl NG2 LPT-2 

25 
52 

27 
25 
4.0 
1.1 
4.7 

ph 
ph 
21 

3.3 

This low angle structure, which is judged as being "possible" (Wikberg et al., 
1991) is only measured in one section in the central parts of Aspo, section 
El (KAS0S), see Table 6.5. The natural flow rate is low and pumping in 
KAS07 during LPT -1 and in KAS06 during LPT -2 both seem to increase 
the flow in section El considerably which supports the conceptual model of 
a gently dipping structure which may intersect borehole KAS06 close to the 
bottom of the borehole. 

The conclusion is that the groundwater flow data does not contradict the 
existence of a gently dipping structure, EW-X, in the central part of Aspo 
although there are only a few data. 

Table 6.5 Summary of flow measurements in Zone EW-X. 

Borehole/ Code 
section LPT-1 

KASOS-1 El 40 

Groundwater flow rate (ml/min) 
NGl NG2 LPT-2 

1.8 1.3 11 
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EW-1 and NW-1 

In both these structures, located on the northern part of .Aspo, only one 
measurement has been performed during natural gradient (NG2). Section C2 
(KAS03) has a very high natural flow, 120 ml/min, which suggests that Zone 
EW-1 has a high transmissivity. The section may be intersected by one of 
the single open fractures which are discussed by Wikberg et al., 1991. It 
should also be noted that the flow measurement showed a very scattered and 
uneven dilution curve and it is therefore possible that the flow is overesti
mated, cf Section 5. 

The flow in Zone NW-1, section CS (KAS03), judged as being "probable" 
by Wikberg et al. (1991), was measured to 6.9 ml/min during natural gradi
ent, which implies a relatively transmissive structure consistent with the 
hydraulic measurements (T=0.7E-5 m2/s). 

6.2 FLOW IN RELATION TO TRANSMISSIVITY AND DEPTH 

In Figure 6.1 the flow rates measured during natural gradient (NG2) are 
plotted versus the transmissivity of each section. The graph indicates that 
there is some relation between measured flow rates and transmissivity, as 
might be expected. The relation is quite weak and it is important to bear in 
mind that the data represent point measurements and therefore not necessary 
the flow in the fracture zones. The same also applies for the transmissivity 
values given, which in some of the borehole sections differ significantly from 
the "mean" transmissivities of the fracture zones given by Wikberg et al., 
(1991). There are some measurements which seem to fall outside this 
relation, namely sections AD, Ml and FD. Notably is that all three sections 
are interpreted to belong to the fracture zone NE-1 but so is also section CB 
which has the highest flow rate. 

One possible reason for the low flow rates measured in NE-1 might be that 
the gradient is low. This is also indicated by the modelling presented by 
Rhen et al., 1991a. 
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Figure 6.1 Flow versus transmissivity (m2/s) during natural gradient (NG2). Solid line 
represents linear regression estimate. 

The flow during stressed conditions such as the pumpings during LPT-1 and 
LPT -2 was used to verify or refute the hydraulic connections between 
different zones as given by the conceptual model. 

In Figure 6.2 the flow during LPT -1 is compared to the natural gradient 
flow for all sections measured at both occasions. The pumping was made in 
borehole KAS07 in which the structures EW-5, NNW-1, and NE-1 are the 
most dominating. The results clearly shows the good response in NNW-1, 
(section F5) and also the good response in NNW-2 (section Fl) probably 
reacting through Zone NE-1 which is in good contact with NNW-2. Also 
Zone EW-5 is responding as expected whereas the response in the highly 
transmissive Zone NE-1 (section Ml) is surprisingly low. 
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Figure 6.2 Flow versus transmissivity (m2/s) during LPT-1 compared to natural gradient 
conditions (lower value). 

The same plot was made for the measurements performed during LPT -2 
(Figure 6.3). During LPT-2 the pumping was made in KAS06 and the 
structures directly pumped were NNW-1, NNW-2, EW-5, and EW-3. The 
results show good responses in zones NE-1 (section Ml) and NE-2 (section 
DB). The latter probably reacting through zones NNW-1 and NNW-2. 

It is often argued that the flow and transmissivity should be decreasing with 
depth below ground surface. Therefore, the measurements during natural 
gradient was plotted versus depth (Figure 6.4). The graph shows that no such 
correlation seem to exist based on the flow measurements performed in this 
investigation. 
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APPENDIX E Comparison between calculated and measured drawdown 



Appendix E: 1 

Table El Measured and predicted drawdowns for pumping test LPT2 

Name: Borehole name and borehole section name 

DIST: Spherical distance from midpoint of KAS06 to the midpoint of the 
borehole section (m) 

DEPTH: Vertical distance below Z=O (Aspo system) (approximately the sealevel) 
(m) 

PMEAS: Maximum measured drawdown (m) 

PCALC: Calculated drawdown - steady state (m) 

ERROR: PMEAS - PCALC (m) 

*************************************************** 
NAME PNATUR DIST DEPTH PMEAS PCA.LC ERROR 

KOl-Al 11438.300 223.000 52.000 6.200 8 .113 -1.913 
K02-B6 14038. 900 222.000 52.000 6.300 7.420 -1.120 
K02-B5 10929.200 114.000 189.000 5.790 7.842 -2.052 
K02-B4 19397.400 131.000 309.000 6.300 5.382 0.918 
K02-B3 40360.500 338.000 537.000 5.400 4.097 1.303 
K02-B2 71440.203 584.000 824.000 2.410 3.794 -1.384 
K02-Bl 76235.203 645.000 873.000 2.300 3.667 -1.367 
K03-C6 15145. 200 710.000 51.000 0.000 0 .138 -0.138 
K03-C5 11442.000 698.000 210.000 0.000 0.251 -0.251 
K03-C4 22012.301 711.000 346.000 0.550 0.563 -0.013 
K03-C3 38551.102 751.000 514.000 0.800 0.678 0.122 
K03-C2 46474.398 806.000 604.000 0.830 0.818 0.012 
K03-Cl 54820.102 948.000 677.000 0.820 0.906 -0.086 
K04-D6 8528.160 479.000 139.000 0.000 5.164 -S.164 
K04-D5 10711.900 397.000 149.000 3.270 3.097 0.173 
K04-D4 11230.000 362.000 188.000 3.110 3.258 -0.148 
K04-D3 13432.100 327.000 235.000 3.420 5.151 -1.731 
K04-D2 17815.000 301.000 276.000 3.580 5.176 -1.596 
K04-Dl 22428.600 277.000 340.000 3.330 5.110 -1. 780 
KOS-ES 8318. 720 223.000 81.000 5.580 4.047 1.533 
KOS-E4 16473.100 133.000 263.000 4.970 4.060 0.910 
KOS-E3 19444.400 156.000 312.000 5.450 3.652 1. 798 
K05-E2 30457.301 195.000 426.000 3.300 3.411 -0.111 
KOS-El 31997.699 264.000 456.000 3.060 3.418 -0.358 
K07-J6 7932.400 208.000 47.000 15.640 4.180 11.460 
K07-J5 7931.940 137.000 104.000 16.530 10.060 6.470 
K07-J4 15179.900 112.000 206.000 5.610 3.163 2.447 
K07-J3 19489.301 165.000 295.000 1.690 2.540 -0.850 
K07-J2 24059.600 253.000 363.000 1.880 2.173 -0.293 
K07-Jl 36584.898 343.000 470.000 2.540 2.234 0.306 
K08-M4 3171.050 290.000 52.000 4.730 3.115 1.615 
K08-M3 8123.610 200.000 147.000 6.580 3.482 3.098 
K08-M2 20959.100 97.000 314. 000 4.700 6.330 -1. 630 
KOS-Ml 31980.900 226.000 455.000 3.740 3.730 0.010 
K09-AE 4795.390 392.000 88.000 0.250 0.255 -0.005 
K09-AD 5985.200 396.000 117.000 0.380 0.269 0.111 
K09-AC 8536.090 411.000 151.000 0.450 0.334 0.116 
K09-AB 12641. 000 431.000 209.000 0.440 0.459 -0.019 
K09-AA 24163.900 484.000 350.000 0.250 0.653 -0.403 
KlO-BA 2452.510 365.000 50.000 0.630 0.288 0.342 
Kll-CF 7796.060 375.000 40.000 0.490 0.208 0.282 
Kll-CE 4927.860 356.000 50.000 0.570 0.333 0.237 
Kll-CD 4771.890 338.000 88.000 0.580 0.436 0.144 
Kll-CC 7169.410 318.000 134. 000 0.690 0.599 0.091 
Kll-CB 9773.580 306.000 162.000 0.900 0.742 0.158 
Kll-CA 12543.600 295.000 214.000 0.550 0.878 -0.328 
Kl2-DE 5400.210 400.000 88.000 3.540 3.324 0.216 
Kl2-DD 5926.020 314. 000 116.000 3.000 3.269 -0.269 
Kl2-DC 13667.300 265.000 228.000 4.200 4.536 -0.336 
Kl2-DB 17964.900 247.000 279.000 5.870 5.334 0.536 
Kl2-DA 22480.100 237.000 345.000 4 .130 5.873 -1. 743 



Appendix E:2 

Table E2 Table El continued 

*************************************************** 
NAME PNATUR DIST DEPTH PMEAS PCA.LC ERROR 

K13-EE 9212.000 207.000 85.000 5.530 7 .137 -1. 607 
Kl3-ED 8830.180 164.000 143.000 5.030 5.765 -0.735 
K:3-EC 10756.000 160.000 182.000 5.060 4.617 0.443 
Kl3-EB 14986.700 177.000 243.000 3.430 3.170 0.260 
Kl3-E.?\. 22447.199 232.000 332. 000 2.620 3.045 -0.425 
KH-FE 3658. 730 355.000 75.000 0.640 0.202 0.438 
K14-FD 5965.680 352.000 111. 000 0.700 0.335 0.365 
Kl4-FC 5965.680 352.000 120.000 0.720 0.335 0.385 
K:i..4-:B 7227.060 354.000 132. 000 0.6:i..O 0.324 0.286 
Ki~-:A 3512.140 359.JOO 157.000 0.5]0 0.347 o.:SJ 

HOl-Gi 153.;2 .100 451. 000 38.000 0.000 0.790 -0.790 
H02-H2 3709.210 1020.000 40.000 0.000 0.017 -0.017 
H02-Hl 3983.910 1006.000 66.000 0.000 0.029 -0.029 
H03-I2 7572.650 513. 000 2.000 0.000 0.223 -0.223 
H03-Il 9988.270 472. 000 66.000 0.000 0.567 -0.567 
H04-K2 7997.900 270.000 38.000 4.080 0.988 3.092 
H04-Kl 6704.380 240.000 129.000 2.720 l.118 l.602 
H05-L3 7223.940 287.000 2.000 l.870 6.981 -5.111 
H05-L2 7182.050 269.000 19.000 5.680 7.400 -1.720 
H05-Ll 7126.150 233.000 45.000 5.750 7.882 -2.132 
H06-N2 7792. 660 343.000 20.000 l.570 1.213 0.357 
H06-Nl 5014.620 309.000 91.000 2.370 1.209 1.161 
H07-02 5835.290 442.000 12.000 0.960 1.220 -0.260 
H07-0l 4569.610 436.000 69.000 0.960 l.009 -0.049 
H08-P2 9405.690 649.000 20.000 0.000 0.072 -0.072 
H08-Pl 5456.750 620.000 92.000 0.000 0.098 -0.098 
809-02 201.49.100 656.000 2.000 0.000 0.150 -0.150 
H09-0l l.7274.699 610.000 S6.000 0.000 O.l.86 -O.l.86 
Hl0-R2 17969.500 865.000 3.000 0.000 0.104 -O.l.04 
Hl.O-Rl. 8408.360 873.000 57.000 0.000 0.067 -0.067 
Hl.l-S2 9769.210 878.000 s.ooo 0.000 0.050 -0.050 
Hll-Sl 5450.640 867.000 75.000 0.000 0.056 -0.056 !!'_,_,..., -- ... 1!34.870 922.000 6.000 0.000 0.003 -0.003 
Hl.2-Tl. 3376.000 918.000 79.000 0.000 0.028 -0.028 
Hl.3-02 18501.301 JOO.COO 3.000 0.580 0.547 0.033 
Hl3-Ul 4755.200 253.000 86.000 l.. 1.00 0.743 0.357 
Hl4-V2 6071. 380 249.000 29.000 0.000 9.21.8 -9.218 
Hl.4-Vl 6520.460 204.000 79.000 4.670 9. 722 -5.052 
Hl.5-X2 2l64l.900 244.000 4.000 o.850 0.934 -0.084 
Hl5-Xl 3580.940 202.000 65.000 5.200 0.763 4.437 
Hl6-Y2 2854.250 321.000 21.000 1.11.0 3.096 -1. 986 
Hl6-Yl 5022. 770 307.000 85.000 3.120 3.240 -0.120 
Hli-Z2 8658.390 401. 000 9.000 2.160 5.313 -3.153 
Hl7-Zl 7105.440 362.000 79.000 2.990 4.475 -1.485 
Hl8-PB 15016.500 512.000 24.000 2.990 0.228 2.762 
Hl8-?A 14487.200 461. 000 60.000 3.410 0.566 2.844 

*****E:ror summary ******* 
Mean error= -7.37578E-02 
Good:1ess of fit a: 2. 21459 
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