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Abstract

Difference flow logging is a swift method for determination of the transmissivity and the
hydraulic head in borehole sections and fractures/fracture zones in core drilled boreholes.
This report presents the main principles of the method as well as results of measurements
carried out in borehole KFMO03A at Forsmark, Sweden, in August 2003 (Campaign 1) and in
May 2004 (Campaign 2), using the Posiva flow log. The primary aim of the measurements
was to determine the position and flow rate of flow yielding fractures in borehole KFMO03A.

The aim of the measurements in Campaign 2 was to re-measure the fracture-specific EC
in selected fractures, because comparison of the EC-measurement from campaign 1 with
EC-measurement performed with the SKB hydrochemical sampling equipment gave
equivoque results. Furthermore, the detailed overlapping flow logging in the borehole
interval ¢ 100400 m, was repeated because the measurements were somewhat uncertain
during the first campaign.

The flow rate into or out of a 5 m long test section was measured between 100—1,000 m
borehole lengths during natural (un-pumped) as well as pumped conditions. The flow
measurements were repeated at the location of the detected flow anomalies using a I m
long test section, successively transferred with an overlapping of 0.1 m.

Length calibration was made based on length marks milled into the borehole wall at
accurately determined positions along the borehole. The length marks were detected by
caliper measurements and by single point resistance measurements using sensors connected
to the flow logging tool.

A high-resolution absolute pressure sensor was used to measure the total pressure along the
borehole. These measurements were carried out together with the flow measurements.

Electric conductivity (EC) and temperature of borehole water was also measured. The
EC-measurements were used to study the occurrence of saline water in the borehole during
natural as well as pumped conditions. Finally, EC of fracture-specific water was measured
for a selection of fractures.



Sammanfattning

Difterensflodesloggning dr en snabb metod for bestimning av transmissivitet och
hydraulisk tryckhojd 1 borrhalssektioner och sprickor/sprickzoner i kdarnborrhal. Denna
rapport presenterar huvudprinciperna for metoden och resultat av métningar utforda i
borrhal KFMO3A i Forsmark, Sverige, i augusti 2003 (matkampanj 1) och maj 2004
(métkampanj 2) med Posiva flodesloggningsmetod. Det priméra syftet med métningarna
var att bestimma ldget och flodet for vattenforande sprickor i borrhal KFMO3A.

Syftet med métkampan;j 2 var att, som en kontroll, upprepa mitningen av sprickspecifik EC
1 utvalda sprickor eftersom en tidigare jamforelse av EC-métningarna fran mitkampanj 1
med EC-métningar utforda med SKB:s méatutrustning for hydrokemisk karakterisering ¢j
givit entydiga resultat. Dessutom upprepades den detaljerade 6verlappande differensflodes
loggningen i borrhélsintervallet ca 100-400 m eftersom dessa métningar var nagot osékra
vid den forsta méatkampanjen.

Flodet till eller fran en 5 m lang testsektion méttes mellan 100—1 000 m borrhlslangd
under sdvél naturliga (icke-pumpade) som pumpade forhdllanden. Flodesmétningarna
upprepades vid ldgena for de detekterade flodesanomalierna med en 1 m lang testsektion
som forflyttades successivt med 0,1 m.

Langdkalibrering gjordes baserad pa lingdmarkena som frésts in i borrhélsvaggen vid
noggrant bestdmda positioner lings borrhalet. Langdmérkena detekterades med caliper-
och punktresistansmétningar med hjdlp av sensorer anslutna pé flodesloggningssonden.

En hégupplosande absoluttryckgivare anviandes for att méita det absoluta totala trycket
langs borrhalet. Dessa méatningar utfordes tillsammans med flodesmitningarna.

Elektrisk konduktivitet och temperatur pa borrhalsvattnet méittes ocksa. EC-mitningarna
anvindes for att studera forekomsten av saltvatten i borrhalet under savél naturliga som
pumpade forhallanden. Slutligen méttes EC pa vattnet fran ett antal utvalda sprickor.
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1 Introduction

The difference flow logging in the core drilled borehole KFMO03A at Forsmark was con-
ducted between August 12-26, 2003 and May 4—11, 2004. KFMO3A is the third core drilled
borehole in the Forsmark candidate area. The borehole is sub-vertical and ¢ 1,000 m deep.
The borehole is performed with telescopic drilling technique, where the interval 0—100 m

is percussion drilled with the diameter 196 mm and the remaining interval, 100—1,000 m,

is core drilled with the diameter 77.3 mm. The borehole is cased only through the soil layer
(artificial filling) and a few metres into solid rock. The major part of the percussion drilled
interval 0—100 m is therefore uncased, in contrast to boreholes KFM01A and KFMO02A,
which are both cased to 100 m. The location of borehole KFMO03A at drilling site DS3
within the Forsmark area is shown in Figure 1-1.

The field work and the subsequent interpretation were conducted by PRG-Tec Oy. The
Posiva Flow Log/Difference Flow method has previously been employed in Posiva’s site
characterisation programme in Finland as well as at the Aspd Hard Rock Laboratory at
Simpevarp, Sweden. The commissions at the latter site included measurements in the
1,700 m long cored borehole KLX02 at Laxemar together with a methodology study
/Ludvigson et al. 2002/.

Figure 1-1. Locations of drilling sites DSI-3 at Forsmark. Borehole KFM03A is situated at DS3.



This document reports the results gained by the Difference flow logging in borehole
KFMO3A. The activity is performed within the Forsmak site investigation. The work was
carried out in accordance with the SKB internal controlling documents AP PF 400-03-24
and AP PF 400-04-41. Data and results were delivered to the SKB site characterization
database SICADA with Field note number: Forsmark 165 and Forsmark 296.



2  Objective and scope

The main objective of the difference flow logging in KFMO03A was to identify water-
conductive sections/fractures suitable for subsequent hydro-geochemical characterisation.
Secondly, the measurements aimed at a hydrogeological characterisation, including the
prevailing water flow balance in the borehole and the hydraulic properties (transmissivity
and undisturbed hydraulic head) of the tested sections. Based on the results of these investi-
gations, a more detailed characterisation of flow anomalies along the hole, e.g. an estimate
of the conductive fracture frequency (CFF), may be obtained.

Besides the difference flow logging, the measurement programme also included supporting
measurements, performed for a better understanding of the overall hydrogeochemical con-
ditions. These measurements included electric conductivity and temperature of the borehole
fluid as well as single-point resistance of the borehole wall. The electric conductivity

was also measured for a number of selected high-transmissive fractures in the borehole.
Furthermore, the recovery of the groundwater level after pumping was registered and
interpreted hydraulically.

A high-resolution absolute pressure sensor was used to measure the total pressure along the
borehole. These measurements were carried out together with the flow measurements. The
results are used for calculation of hydraulic head along the borehole.

Single point resistance measurements were also combined with caliper (borehole diameter)
measurements for detection of length marks milled into the borehole wall at accurately
determined positions along the borehole. This procedure was applied for length calibration
of all measurements.



3 Principles of measurement and interpretation

3.1 Measurements

Unlike traditional types of borehole flowmeters, the Difference flowmeter method measures
the flow rate into or out of limited sections of the borehole, instead of measuring the total
cumulative flow rate along the borehole. The advantage of measuring the flow rate in
isolated sections is a better detection of the incremental changes of flow along the borehole,
which are generally very small and can easily be missed using traditional types of flow-
meters.

Rubber disks at both ends of the downhole tool are used to isolate the flow in the test
section from that in the rest of the borehole, see Figure 3-1. The flow along the borehole
outside the isolated test section passes through the test section by means of a bypass pipe
and is discharged at the upper end of the downhole tool.

The Difference flowmeter can be used in two modes, a sequential mode and an overlapping
mode. In the sequential mode, the measurement increment is as long as the section length. It
is used for determining the transmissivity and the hydraulic head /Ohberg and Rouhiainen,
2000/. In the overlapping mode, the measurement increment is shorter than the section
length. It is mostly used to determine the location of hydraulically conductive fractures

and to classify them with regard to their flow rates.

The Difference flowmeter measures the flow rate into or out of the test section by means
of thermistors, which track both the dilution (cooling) of a thermal pulse and transfer of
thermal pulse with moving water. In the sequential mode, both methods are used, whereas
in the overlapping mode, only the thermal dilution method is applied because it operates
faster than thermal pulse method.

Besides incremental changes of flow, the downhole tool of the Difference flowmeter can be
used to measure:

» The electric conductivity (EC) of the borehole water and fracture-specific water. The
electrode for the EC measurements is placed on the top of the flow sensor, Figure 3-1.

* The single point resistance (SPR) of the borehole wall (grounding resistance). The
electrode of the Single point resistance tool is located in between the uppermost rubber
disks, see Figure 3-1. This method is used for high-resolution depth/length determination
of fractures and geological structures.

* The diameter of the borehole (caliper). The caliper tool, combined with SPR, is used
for detection of the depth/length marks milled into the borehole wall. This enables an
accurate depth/length calibration of the flow measurements.

* The prevailing water pressure profile in the borehole. The pressure sensor is located
inside the electronics tube and connected via another tube to the borehole water,
Figure 3-2.

» Temperature of the borehole water. The temperature sensor is placed in the flow sensor,
Figure 3-1.

All of the above measurements were performed in KFMO0O3A.
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Figure 3-1. Schematic presentation of the downhole equipment used in the Difference flowmeter.
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Figure 3-2. The absolute pressure sensor is located inside the electronics tube and connected via
another tube to the borehole water.
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The principles of difference flow measurements are described in Figures 3-3 and 3-4.

The flow sensor consists of three thermistors, see Figure 3-3a. The central thermistor, A,
is used both as a heating element and for the thermal pulse method and for registration of
temperature changes in the thermal dilution method, Figures 3-3b and c. The side thermis-
tors, B1 and B2, serve to detect the moving thermal pulse, Figure 3-3d, caused by the
constant power heating in A, Figure 3-3b.

Flow rate is measured during the constant power heating (Figure 3-3b). If the flow rate
exceeds 600 mL/h, the constant power heating is increased, Figure 3-4a, and the thermal
dilution method is applied.

If the flow rate during the constant power heating (Figure 3-3b) falls below 600 mL/h, the
measurement continues with monitoring of transient thermal dilution and thermal pulse
response (Figure 3-3d). When applying the thermal pulse method, also thermal dilution is
always measured. The same heat pulse is used for both methods.

Flow is measured when the tool is at rest. After transfer to a new position, there is a waiting
time (the duration can be adjusted according to the prevailing circumstances) before the
heat pulse (Figure 3-3b) is launched. The waiting time after the constant power thermal
pulse can also be adjusted, but is normally 10 s long for thermal dilution and 300 s long for
thermal pulse. The measuring range of each method is given in Table 3-1.

The lower end limits of the thermal dilution and the thermal pulse methods in Table 3-1
correspond to the theoretical lowest measurable values. Depending on the borehole condi-
tions, these limits may not always prevail. Examples of disturbing conditions are floating
drilling debris in the borehole water, gas bubbles in the water and high flow rates (above
about 30 L/min) along the borehole. If disturbing conditions are significant, a practical
measurement limit is calculated for each set of data.

Table 3-1. Ranges of flow measurements.

Method Range of measurement
(mL/h)

Thermal dilution P1 30-6,000

Thermal dilution P2 600-300,000

Thermal pulse 6-600

13
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3.2 Interpretation

The interpretation is based on Thiems or Dupuits formula that describes a steady state and
two-dimensional radial flow into the borehole /Marsily, 1986/:

hg—h=Q/(T-a) 3-1

where

h is hydraulic head in the vicinity of the borehole and h = hg at the radius of influence (R),
Q is the flow rate into the borehole,

T is the transmissivity of the test section,

a is a constant depending on the assumed flow geometry. For cylindrical flow, the constant
ais:

a=2-1/In(R/rg) 3-2

where
r( is the radius of the well and

R is the radius of influence, i.e. the zone inside which the effect of the pumping is felt.

If flow rate measurements are carried out using two levels of hydraulic heads in the bore-
hole, i.e. natural or pump-induced hydraulic heads, then the undisturbed (natural) hydraulic
head and transmissivity of the tested borehole sections can be calculated. Two equations can
be written directly from equation 3-1:

Qs1 = Tga'(hg—hy) 3-3
Qg2 = Tga(hg—hy) 34
where

hy and h» are the hydraulic heads in the borehole at the test level,
Qg1 and Qg7 are the measured flow rates in the test section,
Ty is the transmissivity of the test section and

hg is the undisturbed hydraulic head of the tested zone far from the borehole.

Since, in general, very little is known of the flow geometry, cylindrical flow without skin
zones is assumed. Cylindrical flow geometry is also justified because the borehole is at a
constant head and there are no strong pressure gradients along the borehole, except at its
ends.

The radial distance R to the undisturbed hydraulic head hg is not known and must be
assumed. Here a value of 500 is selected for the quotient R/ry.

The hydraulic head and the test section transmissivity can be deduced from the two
measurements:

hg = (h1—bhy)/(1-b) 3-5
T = (1/a) (Qs1—Qs2)/(hp—hp) 3-6
where

b=10Q41/Qs2
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Transmissivity (Tf) and hydraulic head (hf) of individual fractures can be calculated,
provided that the flow rates of individual fractures are known. Similar assumptions as
above have to be used (a steady state cylindrical flow regime without skin zones).

he= (h1-b hp)/(1-b) 3-7
Tg=(1/a) (Qf1-Qf2)/(hp—hy) 3-8
where

Q1 and Qg are the flow rates at a fracture and

hfand Ty are the hydraulic head (far away from borehole) and the transmissivity of a
fracture, respectively.

Since the actual flow geometry and the skin effects are unknown, transmissivity values
should be taken as indicating orders of magnitude. As the calculated hydraulic heads

do not depend on geometrical properties but only on the ratio of the flows measured at
different heads in the borehole, they should be less sensitive to unknown fracture geometry.
A discussion of potential uncertainties in the calculation of transmissivity and hydraulic
head is provided in /Ludvigson et al. 2002/.
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4 Equipment specifications

The Posiva Flow Log/Difference flowmeter monitors the flow of groundwater into or out
from a borehole by means of a flow guide (rubber discs). The flow guide thereby defines
the test section to be measured without altering the hydraulic head. Groundwater flowing
into or out from the test section is guided to the flow sensor. Flow is measured using the

thermal pulse and/or thermal dilution methods. Measured values are transferred in digital

form to the PC computer.

Type of instrument:
Borehole diameters:
Length of test section:

Method of flow measurement:

Range and accuracy of measurement:

Additional measurements:

Winch:

Length determination:

Logging computer:
Software:

Total power consumption:
Calibrated:

Calibration of cable length:

Posiva Flow Log/Difference Flowmeter.
56 mm, 66 mm and 76—77 mm.

A variable length flow guide is used.
Thermal pulse and/or thermal dilution.
Table 4-1.

Temperature, Single point resistance,
Electric conductivity of water, Caliper,
Water pressure

Mount Sopris Wna 10, 0.55 kW,
220V/50Hz. Steel wire cable 1,500 m,
four conductors, Gerhard-Owen cable head.

Based on the marked cable and on
the digital length counter.

PC, Windows 2000.

Based on MS Visual Basic.

1.5-2.5 kW depending on the pumps.
April 2004.

Using length marks in the borehole.

Range and accuracy of sensors is presented in Table 4-1.

Table 4-1. Range and accuracy of sensors.

Sensor

Range Accuracy

Flow
Temperature (middle thermistor)

Temperature difference (between outer thermistors)

Electric conductivity of water (EC)
Single point resistance
Groundwater level sensor

Absolute pressure sensor

6 — 300,000 mL/h +/-— 10% curr.value

0-50°C 0.1°C

-2 -+2°C 0.0001°C
0.02-11S/m +/— 5% curr.value
5-500,000 +/-10% curr.value
0-0.1 MPa +/— 1% full scale
0-20 MPa +/— 0.01% full scale
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5 Performance

The first Commission was performed according to Activity Plan AP PF 400-03-24 following
the SKB Method Description 322.010, Version 1.0 (Method description for difference flow
logging). The second Commission was performed in compliance with Activity Plan AP PF
400-04-41, Version 1.0. All the documents are SKB internal controlling document. Prior to
the measurements, the downhole tool and the measurement cable were disinfected. Time
was synchronized with local Swedish time. The activity schedules of the borehole measure-
ments is presented in Table 5-1 (the first campaign) and Table 5-2 (the second campaign).
The items and activities in Table 5-1 and Table 5-2 are the same as in the Activity Plans.

Logging cables, wires, and pipe strings are exposed to stretching when lowered into a verti-
cal or sub-vertical borehole. This will introduce a certain error in defining the position of a
test tool connected to the end of e.g. a logging cable. Immediately after completion of the
drilling operations in borehole KFMO03A, length marks were milled into the borehole wall
at certain intervals to be used for length calibration of various logging tools. By using the
known positions of the length marks, logging cables etc can be calibrated in order to obtain
an accurate length correction of the testing tool.

Each depth mark includes two 20 mm wide tracks in the borehole wall. The distance
between the marks is 100 mm. The upper track represents the reference level. An inevitable
condition for a successful depth calibration is that all depth marks, or at least the major part
of them, are detectable. The Difference flow metre system uses caliper measurements in
combination with single point resistance measurement (SPR) for this purpose, and these
measurements were the first to be performed in borehole KFMO03A (Item 7 in Table 5-1).
These methods also reveal parts of the borehole widened for other reasons (fracture zones,
breakouts etc).

The caliper- and SPR-measurements were preceded by measurements of electric conductiv-
ity (EC) of the borehole water (Item 8 in Table 5-1) during natural (un-pumped) conditions.

The combined sequential/overlapping flow logging (Item 9 in Table 5-1) was carried out in
the borehole interval 100—1,000 m. The section length was 5 m, and the length increment
(step length) 5 m for the thermal pulse method, respectively 0.5 m for the thermal dilution
method. The measurements were performed during natural (un-pumped) conditions.

Pumping was started on August 17. After 25 hours waiting time, the combined sequen-
tial/overlapping flow logging (Item 10 in Table 5-1) was repeated in the same interval,
100-1,000 m using the same section and step lengths as before.

The overlapping flow logging was then continued in the way that previously measured
flow anomalies were re-measured with 1 m section length and 0.1 m step length (Item 11
in Table 5-1). At the same time, fracture specific EC was measured on water from some
selected fractures (Item 13 in Table 5-1).

Still during pumped conditions, EC of the borehole water (Item 12 in Table 5-1) was

measured. After this, the pump was stopped and the recovery of groundwater level was
monitored (Item 14).
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Table 5-1. Flow logging and testing in KFMO03A. Activity schedule, first campaign.

Item Activity Explanation Date
7 Length calibration of the Dummy logging (SKB Caliper and SPR). Logging 2003-08-13
down-hole tool without the lower rubber discs, no pumping 2003-08-14
8 EC- and temp-logging of Logging without the lower rubber discs, no pumping 2003-08-14
the borehole fluid 2003-08-15
9 Combined sequential and Section length L,=5 m. Step length dL=0.5 m. 2003-08-15
overlapping flow logging Pulse measurement every 10" point, no pumping 2003-08-17
10 Combined sequential and Section length L,=5 m. Step length dL=0.5 m. 2003-08-17
overlapping flow logging Pulse measurement every 10" point, at pumping 2003-08-20
(includes 1 day waiting after start of pumping)
(entire borehole applying a high pumping rate)
10 Combined sequential and Section length L,=5 m. Step length dL=0.5 m. 2003-08-20
overlapping flow logging Pulse measurement every 10" point, at pumping 2003-08-21
(upper part of borehole with reduced pumping rate)
11 Overlapping flow logging Section length L,=1 m. Step length dL=0.1 m, at 2003-08-21
pumping (only in conductive borehole intervals) 2003-08-22
(upper part of borehole with low pumping rate)
11 Overlapping flow logging Section length L,=1 m. Step length dL=0.1 m, at 2003-08-22
pumping (only in conductive borehole intervals) 2003-08-25
(lower part of borehole with a high pumping rate)
12 EC- and temp-logging of Logging without the lower rubber discs, at pumping  2003-08-25
the borehole fluid
13 Fracture-specific EC Section length L,=1 m, at pumping (in a selection 2003-08-21
measurement of fractures) 2003-08-25
14 Recovery transient Measurement of water level in the borehole after 2003-08-25
stop of pumping 2003-08-26
11 extra  Flow measurements at Section length L,=1 m (only borehole interval 2003-08-26

the depth of 388.6 m

388.14-389.14 m), without pumping and with three
different pumping rates

A high transmissive fracture was encountered at 388.6 m. The fracture water yield was so
high that the upper part of the borehole had to be measured applying a reduced pumping
rate. (Item 10 and Item 11 in Table 5-1). This fracture was also re-measured after ground-
water recovery without pumping and with three different pumping rates (Appendix 4).

The fracture-EC values measured in conjunction with the initial difference flow logging
campaign (Table 5-1) in KFMO03A were found to deviate from the fracture EC-values

measured in conjunction with the subsequent hydrochemical characterisation (HCC) in the
same borehole /Berg and Nilsson, 2003/. The deviations were observed in several borehole
sections. Furthermore, the quality of the measured flow rates during pumped conditions in
the initial difference flow logging campaign of borehole KFMO03A was somewhat uncertain
in the borehole interval ¢ 100—400 m due to the large inflow to the borehole from the high-
conductivity fracture at ¢ 388 m.

In order to investigate the reason for the observed differences in fracture-EC as well as the
uncertainty in the flow rate measurements, it was proposed to re-measure fracture-EC in

a few selected fractures and re-measure the flow distribution in the interval ¢ 100400 m
(Table 5-2).

As before, the tools and the measurement cable were disinfected and time was synchronized
with local Swedish time.
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The caliper- and SPR-measurements (Item 5 in Table 5-2) were preceded by measurements
of electric conductivity (EC) of the borehole water (Item 6 in Table 5-2) during natural
(un-pumped) conditions. Fracture-specific EC was measured at several fractures

(Items 7—12 in Table 5-2) and EC of the borehole water was re-measured (Item 13 in

Table 5-2) at pumping. Pumping rate was then decreased and flow rate was measured

in the upper part of the borehole (Items 14 and 15 in Table 5-2).

Table 5-2. Flow logging and testing in KFMO3A. Activity schedule, second campaign.

Item Activity Explanation Date
5 Length calibration of the Dummy logging (SKB Caliper and SPR) Logging 2004-05-04
down-hole tool without the lower rubber discs, no pumping 2004-05-05
6 EC- and temp-logging of Logging without the lower rubber discs, no pumping 2004-05-05
the borehole fluid 2004-05-06
7 Standard fracture-specific Section length L,=1 m, at pumping 2004-05-06
EC measurement in the
fracture at 643.9 m 2004-05-07
8 Fracture-specific EC Section length L,=1 m, at pumping 2004-05-07

measurement series in
the fracture at 944.2 m

9 Fracture-specific EC Section length L,=1 m, at pumping 2004-05-07
measurement in the
fracture at 986.2 m

10 Fracture-specific EC Section length L,=1 m, at pumping 2004-05-07
measurement series in
the fracture at 643.9 m 2004-05-08
11 Standard fracture-specific Section length L,=1 m, at pumping 2004-05-08

EC measurement in the
fracture at 451.3 m

12 Standard fracture-specific Section length L,=1 m, at pumping 2004-05-08
EC measurement in the
fracture at 388.6 m

13 Repeated EC- and temp- Logging without the lower rubber discs, at pumping 2004-05-08
logging together with 2004-05-09
pressure logging along
the borehole

14 Change of pumping rate 2004-05-09
and stabilization

15 Overlapping flow logging Section length L,=1 m, Step length dL=0.1 m, 2004-05-09
and pressure logging at pumping, the borehole interval ¢ 100-400 m 2004-05-10
16 Demobilisation 2004-05-11
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6 Results

6.1 Length calibration
6.1.1 Caliper and SPR measurement

Accurate length measurements are difficult to perform in long boreholes. The main cause
of inaccuracy is stretching of the logging cable. The stretching depends on the tension of
the cable, the magnitude of wich in turn depends, among other things, on the inclination of
the borehole and on the friction against the borehole wall. The cable tension is larger when
the borehole is measured upwards. The cables, especially new cables, may also stretch out
permanently. In KFMO3A, the stretching of the cable was larger in the second campaign
since the measurements were performed from the bottom of the borehole in the upward
direction. The cable probably also suffered permanent stretching in the second campaign,
see Appendix 1.38.

Length marks on the borehole wall can be used to minimise the length errors. The length
marks are detected with the SKB caliper tool. The length scale is firstly corrected accord-
ing to the length marks. Single point resistance is recorded simultaneously with the caliper
logging. All flow measurement sequences can then be length corrected by synchronising
the SPR results (SPR is recorded during all measurements) with the original caliper/SPR
measurement.

The procedure of length correction was the following:

* The Caliper + SPR measurements (Item 7 in Table 5-1) were initially length corrected in
relation to the known length marks, Appendix 1.38, black curve. Corrections between the
length marks were obtained for each length mark by linear interpolation.

* The SPR curve of Item 7 was then compared with the SPR curves of other measurements
to obtain relative length errors of these measurement sequences.

» All SPR curves could then be synchronized, as can be seen in Appendices 1.2—1.37.

The results of the caliper and single point resistance measurements from all measurements
in the entire borehole are presented in Appendix 1.1. Eight SPR-curves are plotted together
with caliper-data.

Resistance of the SPR measurements in general showed a lower level in the second
campaign than in the first campaign. The resistance level depends on a combination of the
resistivity of rock and the resistivity of borehole water. However, the measured resistance is
qualitative. SPR is only used for detection of fracture anomalies for depth correlation. The
measured resistance strongly depends on secondary effects, such as stiffness of the rubber
disks. Therefore quantitative conclusions of the resistivity of the bedrock cannot be drawn
on the basis of the SPR results.

Zoomed results of caliper and SPR are presented in Appendices 1.2—1.37. The depth marks
were detected at 110 m, 150 m, 200 m, 250 m, 300 m, 350 m, 403 m, 453 m, 500 m, 550 m,
600 m, 650 m, 700 m, 750 m, 800 m, 850 m, and at 900 m. In other words, every mark was
detected. They can be seen also in the SPR results. However, the anomaly is complicated
due to the four rubber disks used at the upper end of the section, two at the each side of the
resistance electrode. A selection of depth intervals where SPR-anomalies were found, are
plotted as well.
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The aim of the plots in Appendices 1.2—1.37 is to verify the accuracy of the depth correc-
tion. The curves in these plots represent already depth corrected results. The same depth
correction was applied to the flow- and EC results.

The length calibration of the borehole EC measurements is not as accurate as those of the
other measurements because SPR is not registered during the borehole EC measurements.
The length correction of caliper measurements was applied to the borehole EC measure-
ments, black curve in Appendix 1.37.

The magnitude of the length correction is presented in Appendix 1.38. The error is negative,
due to the fact that the stretching extends the logging cable (i.e. the cable is longer than

the nominal length marked on the cable). The stretching is larger in the second campaign,
especially in the caliper measurement that was carried out from the bottom upwards, see
Appendix 1.38. The upper part of the borehole was measured in the downward direction
(see Chapter 6.4) in both campaigns. Stretching is larger in the re-measurement. This is
probably due to permanent stretching of the cable.

6.1.2 Estimated error in location of detected fractures

In spite of the length correction described above, there are still length errors due to
following reasons:

1. The point interval in flow measurements is 0.1 m in overlapping mode. This could
cause an error of +/— 0.05 m.

2. The length of the test section is not exact. The specified section length denotes the
distance between the nearest upper and lower rubber disks. Effectively, the section
length can be larger. At the upper end of the test section there are four rubber disks. The
distance between these is 5 cm. This will cause rounded flow anomalies, and flow may
be detected already when a fracture is situated between the upper rubber disks. These
phenomena can only be seen with the short step length (0.1 m). This could cause an error
of +/—0.05 m.

3. Corrections between the length marks can be other than linear. This could cause an error
of +/— 0.1 m in the caliper/SPR measurement.

4. SPR curves may be imperfectly synchronized. This could cause error +/— 0.1 m

In the worst case, the errors of points 1, 2, 3 and 4 are summed up. Then the total estimated
error between the length marks would be +/— 0.3 m.

Near the length marks the situation is slightly better. In the worst case, the errors of points
1, 2, and 4 are accumulated. Then the total estimated error near the length marks would be
+/— 0.2 m.

Accurate location is important when different measurements are compared, for instance
flow logging and borehole TV. In that case, the situation may not be as severe as the worst
case above, since parts of the length errors are systematic and the length error is nearly
constant for fractures near each other. However, the error of point 1 is of random type.

Fractures nearly parallel with the borehole may also be problematic. Fracture location may
be difficult to accurately define in such cases.
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6.2 Electric conductivity and temperature
6.2.1 Electric conductivity and temperature of borehole water

The electric conductivity of the borehole water (EC) was initially measured when the bore-
hole was at rest, i.e. at natural, un-pumped conditions. The measurements were performed
in both directions, downwards and upwards, during both the first and the second campaign,
see Appendix 2.1.

The EC measurements were repeated at pumping in both campaigns (after a pumping period
of several days), see Appendix 2.1

The electric conductivity of the borehole water was lower in the second campaign when

the borehole was at rest. In the first campaign, EC did not change below 100 m when the
borehole was pumped. In the second campaign, pumping increased EC below 650 m and in
the upper part of the borehole. EC still remained at the lower level than in the first campaign
at pumping.

Temperature of borehole water was measured simultaneously with the EC-measurements.
The EC-values are temperature corrected to 25°C to make them more comparable with
other EC measurements /Heikkonen et al. 2002/. The temperature results in Appendix 2.2
correspond to the EC results in Appendix 2.1. Pumping changed temperature profiles above
the length of 380 m; high flow rate is an apparent reason to this. The temperature profiles in
both campaigns are almost the same.

6.2.2 EC of fracture-specific water

The flow direction is always from the fractures into the borehole if the borehole is pumped
with a sufficiently large drawdown. This enables the determination of electric conductivity
from fracture-specific water. Both electric conductivity and temperature of flowing water
from the fractures were measured.

The flow measurement makes it possible to identify the fractures for the EC measurement.
The tool is moved so that the fracture to be tested will be located within the test section

(L =1 m). The EC measurements are commenced if the flow rate exceeds a predetermined
limit. The tool is kept on the selected fracture. The measurement is continued at the given
length of time, allowing the fracture-specific water to enter the section. The necessary
waiting time for the EC measurement can be automatically calculated from the measured
flow rate. The aim is to flush the water volume within the test section well enough. The
measuring computer is programmed to exchange the water volume within the test section
about three times. The water volume in a one metre long test section was 3.6 L. In this case,
waiting times were selected to be much longer than the calculated times.

Electric conductivity of fracture-specific water is presented on a time scale, see Appendix
10.1-10.6. The results of the first campaign are presented in Appendices 10.1-10.3 and the
corresponding results of the second campaign in Appendices 10.4—-10.6. The blue symbol
represents the value when the tool was moved (one metre point interval) and the red symbol
means that the tool was stopped on a fracture for a fracture specific EC measurement. The
same fracture specific EC measurements are also presented on a zoomed time scale, see
Appendices 10.2—-10. 3 and Appendices 10.5-10.6.

Borehole lengths at the upper and lower ends of the section, fracture locations as well as
the final EC values are listed in Table 6-1 (Campaign 1) and in Table 6.2 (Campaign 2). In
the second campaign, the fracture at 643.9 m was measured twice, see Appendix 10.4 and
Table 6-2.
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Table 6-1. Fracture-specific EC, Campaign 1.

Upper end of Lower end of Fractures EC (S/m) at 25°C
section (m) section (m) measured (m)

388.2 389.2 388.6 2.34

450.9 451.9 451.3 2.28

643.5 644.5 643.9 2.28

943.9 944.9 944.2 3.29

985.9 986.9 986.2, 986.5 3.84

Table 6-2. Fracture-specific EC, Campaign 2.

Upper end of Lower end of Fractures EC (S/m) at 25°C
section (m) section (m) measured (m)

388.0 389.0 388.6 1.65

450.8 451.8 451.3 1.63

643.4 644.4 643.9 1.62, 1.61

943.7 944.7 944.2 2.31

985.9 986.9 986.2, 986.5 2.89

The electric conductivity of fracture-specific water had decreased 29% from the first
campaign to the second campaign at 388.6 m, 451.3 m, 643.9 m, and 944.2 m and 25% at
986.2 m (986.5 m). This fact is most likely due to upconing effects of saline water along
the sub-vertical fractures in the bottom of the borehole during pumping activities prior to
(and during) the first difference flow logging campaign. No significant pumping activities
had occurred prior to the re-measurements and thus, no upconing effects. The results of the
EC-measurements in the second campaign are consistent with the measured EC in these
fractures during the hydro-geochemical characterization in KFM03A.

6.3 Pressure measurements

The absolute pressure was registered together with the other measurements in the borehole,
cf Tables 5-1 and 5-2. The pressure sensor measures the sum of hydrostatic pressure in

the borehole and air pressure. Air pressure was also registered, Appendices 11.1 and 11.5.
Hydraulic head along the borehole at natural and pumped conditions respectively is deter-
mined in the following way. Firstly, the monitored air pressure at the site is subtracted from
the measured absolute pressure by the pressure sensor. The hydraulic head (h) at a certain
elevation z is then calculated according to the following expression /Nordqvist, 2001/:

h= (pabs - pb)/pfw gtz 6-1

where

h is the hydraulic head (masl) according to the RHB 70 reference system,
Pabs is the absolute pressure (Pa),

P is the barometric (air) pressure (Pa),

Pty 18 the unit density 1,000 kg/m?

g is the standard gravity 9.80065 m/s? and
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z is the reference point for measurement, i.e. top of casing (masl) according to the RHB 70
reference system.

An offset of 2.46 kPa was subtracted from all absolute pressure results.

The calculated head results are presented in Appendix 5. An exact z-coordinate is important
in the head calculation. A 10 cm error in the z-coordinate means 10 cm error in the head.

The high-yielding fracture at 388.6 m caused problems in the measurements when the
borehole was pumped. Pumping rate was about 100 L/min. A high flow rate along the
borehole caused friction losses when the tool was above the fracture at 388.6 m and the
groundwater level in the borehole went down about 30 cm. This can bee seen in head curves
between 100 m and 388 m, Appendix 5. The borehole has a larger diameter above 100 m,
and no friction losses are visible there. The same changes in water level can be seen in
Appendices 11.2 and 11.6 at pumping. The problem of friction is discussed in Chapter 6.4.6.

6.4 Flow logging
6.4.1 General comments on results

The measuring program contains several flow logging sequences. They are presented on the
same plots as the single point resistance (right hand side) and caliper plot (in the middle),
see Appendices 3.1-3.45. Single point resistance usually shows a low resistance value for a
fracture where flow is detected. There are also many other resistance anomalies from other
fractures and geological features. The electrode of the single point resistance tool is located
within the upper rubber disks. Thus, the locations of the resistance anomalies of the leaky
fractures fit with the lower end of the flow anomalies.

The caliper tool shows low voltages when the borehole diameter is below 77 mm and high
voltage when the borehole diameter exceeds 77 mm.

The flow logging was firstly performed with a 5 m section length and with 0.5 m length
increments, see Appendices 3.1-3.45 (green curve with pumping, dark blue curve without
pumping). The method (overlapping flow logging) gives the length and the thickness of
conductive zones with a length resolution of 0.5 m. To obtain quick results, only the thermal
dilution method was initially used for flow determination.

Under natural conditions every tenth flow measurement was carried out using the thermal
pulse method (sequential flow logging). This method is slower but has the advantage of
rendering measurements of very small flow rates possible, as well as of their flow directions
(into the borehole or out of it). The pulse method was used only without pumping.

The test section length determines the width of a flow anomaly of a single fracture in the
plots. If the distance between flow yielding fractures is less than the section length, the
anomalies will be overlapped, resulting in a stepwise flow anomaly. The overlapping flow
logging was therefore repeated in the vicinity of identified flow anomalies using a 1 m long
test section and 0.1 m length increments. The upper part of the borehole (above 390 m) was
measured using a smaller drawdown during the first campaign. The noise level in flow was
high, and this interval was re-measured also during the second campaign using a 1 m long
test section.

The flow rate was above the measurement limit in the fracture at 388.9 m. It was separately
re-measured using several small drawdowns, Appendix 4.
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Detected fractures are shown on the caliper scale together with their positions (borehole
length). They are interpreted on the basis of the flow curves and therefore represent flowing
fractures. A long line represents the location of a leaky fracture; short line denotes that the
existence of a leaky fracture is uncertain. A short line is used if the flow rate is less than

30 mL/h or if the flow anomalies are overlapping.

6.4.2 Transmissivity and hydraulic head of borehole sections

The entire borehole between 100 m and 1,000 m was flow logged with a 5 m section length
and with 0.5 m length increments. The major part of the flow logging results presented in
this report is derived from measurements with the thermal dilution method. However, every
tenth flow measurement without pumping was carried out using the thermal pulse method
(sequential flow logging without pumping), which enables measurements of smaller flow
rates than 600 mL/h, above which limit thermal pulse results were used only for detection
of the flow direction.

The results of the sequential measurements with a 5 m section length are presented in tables,
see Appendix 6. Only the results with 5 m length increments are used, all borehole sections
are shown in Appendices 3.1-3.45. Secupl and Secup2 presented in Appendices 6.1-6.6

are calculated as the distance along the borehole from the reference level (top of the casing
tube) to the upper end of the test section. Secupl refers to the measurements at natural,

i.e. un-pumped conditions, and Secup2 to measurements during pumping. They are not
identical, due to a minor difference of the cable stretching between the two sequences.

Pressure was measured and calculated as described in Chapter 6.3. Borehole Headl and
Borehole Head2 in Appendices 6.1-6.6 represent heads determined without respectively
with pumping. Head in the borehole and calculated heads of borehole sections are given in
RHB 70 scale.

The flow results presented in Appendices 6.1-6.6 (Flow1 and Flow2), representing flow
rates derived from measurements during un-pumped respectively pumped conditions,
are presented side by side to make comparison easier. Flow rates are positive if the flow
is directed from the bedrock into the borehole and vice versa. With the borehole at rest,
13 sections were detected as flow yielding, of which 11 had a flow direction from the
borehole into the bedrock (negative flow). During pumping, all 27 detected flows were
directed towards the borehole.

The measurable flow ranges were exceeded in the section with Secup 385.96 m when the
borehole was pumped (even with the smaller pumping), see Appendix 6.2. The actual flow
rate and transmissivity are larger than in Appendix 6.2 at 385.96 m. Fracture head is not
accurate here, because there were friction losses when the flow guide was situated on the
fracture. The fracture was later measured separately.

The flow data is presented as a plot, see Appendix 7.1. The left hand side of each diagram
represents flow from the borehole into the bedrock for the respective test sections, whereas
the right hand side represents the opposite. If the measured flow was zero (below the
measurement limit), it is not visible in the logarithmic scale of the appendices.

In the plots (Appendix 7.1) and in the tables (Appendix 6), also the lower and upper
measurement limits of flow are presented. There are theoretical and practical lower limits
of flow rate, see Chapter 6.4.4.

Hydraulic head and transmissivity (Tg) of borehole sections can be calculated from flow
data using the method described in Chapter 3. Hydraulic head of sections is presented in the
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plots if none of the two flow values at the same length is equal to zero. Transmissivity is
presented if none or just one of the flows is equal to zero, see Appendix 7.2. The measure-
ment limits of transmissivity are also shown in Appendix 7.2 and in Appendix 6. All the
measurement limit values of transmissivity are based on the actual pressure difference in
the borehole (Borehole Headl and Borehole Head2 in Appendix 6).

The sum of detected flows without pumping (Flow1) was 9,808 mL/h. This sum should
normally be zero if all the flows in the borehole are correctly measured, the borehole is not
pumped, the water level is constant, the salinity distribution in the borehole is stabilized and
the fractures are at steady state pressure. More flows were measured into the borehole than
away from it. In this case the upper part of the borehole is uncased. Therefore it is probable
that there are natural outflows above 100 m.

6.4.3 Transmissivity and hydraulic head of fractures

An attempt was made to evaluate the magnitude of fracture-specific flow rates. The results
for a 1 m section length and for 0.1 m length increments were used for this purpose. The
first step in this procedure is to identify the locations of individual flowing fractures and
then to evaluate their flow rates.

In cases where the fracture distance is less than one metre, it may be difficult to evaluate
the flow rate. Such cases are illustrated for instance in Appendix 3.14. Increase or decrease
of a flow anomaly at the fracture location (marked with the lines in Appendix 3) is used for
determination of flow rate.

Since sections with 1 m length were not used at un-pumped conditions, the results for a

5 m section length were used instead. The fracture locations, which are important when
evaluating flow rate at un-pumped conditions, are known on the basis of the measurements
for a 1 m section length. An increase or decrease of a flow anomaly at the fracture location
determines the flow rate. The measurements for a 5 m section length at un-pumped condi-
tions are used for the corresponding fracture flow rates. The flow direction is evaluated as
well. The results of the evaluation are plotted in Appendix 3, blue filled triangle.

The total amount of detected flowing fractures is 52, but only 6 of these were observed
without pumping. These 6 fractures could be used for head estimations and all 52 were used
for transmissivity estimations. Transmissivity and hydraulic head of fractures are presented
in Appendices 8.1-8.2.

Some fracture-specific results were rated to be “uncertain”, see Appendix 8.1. The criterion
of “uncertain” was in most cases a minor flow rate (< 30 mL/h). In some cases fracture
anomalies were unclear, since the distance between them was less than one metre.

The upper part of the borehole, 100400 m was re-measured in the second campaign,
because the noise level in flow was very high during the first campaign. It was assumed
that the increased noise was caused by the high flow rate along the borehole. For the second
campaign, the number of lower rubbers was increased. The noise level was lower and thus,
new fractures were detected in the upper part of the borehole. The results in Appendices 8.1
and 8.2 for the borehole interval ¢ 100-400 m are taken from the second campaign, whereas
the results from the interval ¢ 400—1,000 m are from the first campaign.

Fracture-specific transmissivities were compared with transmissivities of borehole sections

in Appendix 9. All fracture-specific transmissivities within each 5 m interval were first
summed up to make them comparable with measurements with a 5 m section length.
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6.4.4 Transmissivity and head of the fracture at 388.6 m

The measured flow rate at the depth of 388.6 m exceeded the limit of the measurable flow
rate even during the smaller drawdown. This depth was measured again after groundwater
recovery in the first campaign. Very small drawdowns had to be used to keep the flow rate
within measurable limits. Pumping rate, hydraulic head by the absolute pressure sensor in
the flowmeter, and the measured flow rate from the fracture are presented in Appendix 4.

Electric conductivity of fracture-specific water was also measured, see Appendix 4. It
shows a slowly decreasing trend, see Appendix 4, and the final EC value is smaller than
in the other fracture-specific measurement made four days earlier with higher pumping
rate (Appendix 9.2). A decreasing fracture-specific EC is probably an indication of a still
existing recovery state. Pumping tends to lift saline water and the original state recovers
only slowly after pumping (or during smaller pumping as in this case).

A still existing recovery of the water level is also visible in Appendix 11.3. The original
water level was near zero (RHB70 scale) on August 17. During this separate test on
August 26, the water level without pumping was about —0.22 m. It is also possible that
the water level has a long term natural variation.

Water level becomes important when choosing the hydraulic heads in the borehole at the
test level (hq and hy in equations 3-7 and 3-8). To calculate transmissivity, it may be more
correct to take both head values from the test in Appendix 4 than to take one head from the
test and the other one from measurement about ten days earlier (without pumping).

Transmissivity and fracture head can be calculated from several sets using only the test
results in Appendix 4. All possible combinations are presented in Table 6.3.

Friction losses in the flow sensor occur especially for flow rates of 149 L/h and 84 L/h.
Therefore, the actual transmissivity of the fracture is higher than that presented in Table 6-3.
Fracture head is erroneous as well, due to friction losses and because of the still continuing
recovery state.

The fracture at 388.6 m was re-measured during the second campaign. Pumping rate was
much larger than in the experiment described here and the calculated transmissivity was
9.2:107° m/s, see Appendix 8.1. The results in Table 6-3 are considered to be more reliable,
because the friction losses were smaller. The results at this location in Appendices 6 and 7
are taken from Table 6-3.

Table 6-3. Transmissivity and head of fracture at 388.6 m.

Pumping Borehole Pumping Borehole Fracture
rate 1 head 1 Flow 1 rate 2 head 2 Flow 2 Transmissivity head
(L/min) (masl) (mL/h) (L/min) (masl) (mL/h) (m?/s) (masl)

0 2.73 10,000 3.8 2.48 149,000 1.5E-04 2.75
0.8 2.68 40,000 3.8 2.48 149,000 1.5E-04 275

2 2.61 84,000 3.8 2.48 149,000 1.4E-04 2.78

0 2.73 10,000 2 2.61 84,000 1.7E-04 2.75

0.8 2.68 40,000 2 2.61 84,000 1.7E-04 274

0 2.73 10,000 0.8 2.68 40,000 1.7E-04 2.75
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6.4.5 Theoretical and practical measurement limits of flow
and transmissivity

The theoretical minimum of measurable flow rate in the overlapping results (thermal
dilution method only) is about 30 mL/h. The thermal pulse method was also used when the
borehole was not pumped. Its theoretical lower limit is about 6 mL/h. The upper limit of
the flow measurement is 300,000 mL/h. These limits are determined on the basis of flow
calibration. It is assumed that flow can be reliably detected between the upper and lower
theoretical limits during favourable borehole conditions.

The minimum measurable flow rate may however be much higher in practice. Borehole
conditions may have an influence in the base level of flow (noise level). The noise level can
be evaluated on borehole intervals without flowing fractures or other structures. The noise
level may vary along the borehole.

There are several known reasons for increased noise level in flow:

1) Rough borehole wall.

2) Solid particles in the borehole water such as clay or drilling debris.
3) Gas bubbles in water.

4) High flow rate along the borehole.

A rough borehole wall always causes a high noise, not only in flow but also in single point
resistance results. The flow curve and SPR curves are typically spiky when the borehole
wall is rough.

Drilling debris usually increases the noise level. Typically, this kind of noise is seen both
without pumping and with pumping.

Pumping causes a pressure drop in the borehole water and in water in fractures near the
borehole. This may lead to a release of gas from dissolved form to gas bubbles. Some
fractures may produce more gas than other. Sometimes an increased noise level is obtained
just above certain fractures (when the borehole is measured in the upward direction). The
reason is assumed to be gas bubbles. Bubbles may cause a decrease of the average density
of the water and therefore also decrease of the measured head in the borehole.

The effect of a high flow rate along the borehole can often be seen above highly flow
yielding fractures. Any minor leak at the lower rubber disks is directly measured as an
increased noise level in flow.

A high noise level in flow masks the “real” flow, smaller than the noise. Real flows are
totally invisible if they are about ten times smaller than the noise. Real flows are registered
correctly if they are about ten times larger than the noise. By experience, real flows between
1/10 times noise and 10 times noise are summed up with noise. Therefore the noise level
could be subtracted from the measured flow to get the real flow. This correction, has not
been done so far because it is not clear whether it is applicable in every case.

The noise level was a problem in the upper part of borehole KFMO03A, see Chapter 6.4.6.
The practical minimum level of flow rate is evaluated and presented in Appendices 3.1-3.45
using a grey dashed line (Lower limit of flow rate). Below this line there may be fractures
or structures that remain undetected.
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In some boreholes, the upper limit of flow measurement (300,000 mL/h) may be exceeded.
Such fractures or structures hardly remain undetected (as the fractures below the lower
limit). Highly water yielding fractures can be measured separately at smaller drawdowns.

The practical minimum of measurable flow rate is also presented in Appendix 6 (Q-lower
limit Practical). It is taken from the plotted curve in Appendix 3 (Lower limit of flow rate).
The practical minimum of measurable transmissivity can be evaluated using Q-lower

limit and the actual head difference at each measurement, see Appendix 6. The theoretical
minimum measurable transmissivity can also be evaluated using the Q value of 6 mL/h
(minimum theoretical flow rate with the thermal pulse method) instead of Q-lower limit
Practical.

The upper measurement limit of transmissivity can be evaluated using the maximum flow
rate (300,000 mL/h) at the actual head difference as above, see Appendix 6 (T,-Upper
Limit).

All three flow limits are also plotted with measured flow rates, see Appendix 7.1.
Theoretical minimum and maximum values are 6 mL/h and 300,000 mL/h, respectively.

The three transmissivity limits are also presented graphically, see Appendix 7.2. The upper
measurement limit T is not even, but shows steps upwards. At these locations, a smaller
pumping rate (smaller head difference) was used, because there are highly water yielding
fractures occur at these locations.

Similar flow and transmissivity limits are not given for the fracture-specific results,
Appendices 8.1-8.2. However, approximately the same limits would be valid also for
these results. The limits for fracture-specific results are though more difficult to define.
For instance, it may be difficult to observe a small flow rate near (< 1 m) a high flowing
fracture. The situation is similar for the upper flow limit. If there are several highly water
yielding fractures nearer each other than one metre, the upper flow limit depends on the
sum of flows which must be below 300,000 mL/h.

The practical lower flow limit in the upper part of the borehole (100400 m) is based on
the results of the first campaign. In the second campaign much smaller flow rates could be
detected. They are presented in Appendix 8.

6.4.6 Friction losses

The biggest problem in this borehole was the high noise level in flow above 388 m during
the first campaign. The noise level or minimum measurable flow rate in the overlapping
results was high only when the borehole was pumped but normal when the borehole was
at rest, blue curve Appendices 3.1-3.15.

It can be evaluated from the test illustrated in Appendix 4 that at least 65% of the pumped
water comes from the single fracture at 388.6 m. It has earlier been revealed that a high
flow rate along the borehole may increase the noise in flow. A high flow rate may cause
friction in the flow guide. In such case even small leaks at the lower rubber disks can
increase the flow through the flow sensor.

By experience, a high flow rate along borehole can cause an increased noise level if the
flow rate along the borehole is larger than 30—50 L/min. In these cases the borehole has
been measured upward and the rubber disks are bended downwards. In this position they
may more effectively resist an overpressure from below. Borehole KFM03A was measured
downwards causing the rubber disks to leak more easily. The result could have been better
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if the borehole had been measured upwards. An increased number of rubber disks at the
lower end of the section can also help in avoiding noise. This latter method was successfully
applied in the second campaign.

The exceptionally high pumping rate caused friction losses in the flowmeter. The
consequences are already discussed above. Friction losses may occur at two parts of
the equipment:

* in the bypass tubing and

* in the flow sensor.

Friction loss caused by the bypass tubing can be seen in the borehole head curves, see
Appendix 5 head curve from August 18-20, 2003. A similar feature can bee seen with a
high pumping rate in August 25, 2003, and during the second campaign in May 8-9, 2004
(borehole EC measurements).

The absolute pressure sensor is located above the bypass tubing (above the flow guide).
Therefore it measured a lower pressure between 100 and 388 m, i.e. as long as the flow-
meter was above the highly yielding fracture. Above 100 m, the borehole diameter is large
and a pressure drop due to friction losses cannot be seen.

It can be estimated that with a pumping rate of about 100 L/min, the flow rate along the
borehole was > 65 L/min between 100 m and 388 m. This caused a 20-30 cm pressure drop
in the bypass tubing.

The flow guide is designed for 56 mm boreholes. It is therefore possible to increase the
diameter bypass tubing for 76 mm boreholes.

The inside diameter of the flow sensor is much smaller than the inside diameter of the
bypass tubing. At the flow rate of 1 L/min, the pressure drop through the flow sensor is
about 0.1 m. Depending on used drawdown, a pressure drop through the flow sensor may
have consequences for calculated transmissivity and head, as discussed in Chapter 6.4.4.

Borehole head anomalies in August 20-21 and August 21-22, 2003 were partially caused
by the friction loss in the flow sensor, see Appendix 5 at the depth of 388 m. When the
lower rubber disks passed the fracture, the pump stopped. It was re-started by the operator
(August 21, 2003). The same thing happened again in August 22. In the latter case, no
representative of the measurement crew was present and the pump remained stopped.

The pump apparently stopped because it took air.

It is not possible to increase the inside diameter of the flow sensor without loosing its
sensitivity. However, it is possible to design one flow sensor for small flow rate and another
for large flow rate.

6.5 Groundwater level and pumping rate

The level of the groundwater table in the borehole during the measurements is presented
in Appendix 11.2 (the first campaign) and in Appendix 11.6 (the second campaign).

The borehole was pumped between August 17 and 25, 2003, with a drawdown of about
eight metres, except between August 20 and 22 when, the drawdown was only 2.3 m.
The borehole was pumped also in August 26 a short time with three different very small
drawdowns, see Appendix 4.
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The groundwater recovery was measured after the pumping period in the first campaign,
August 25-26, 2003, Appendix 11.3. The recovery was measured with two methods, using
the water level sensor (pressure sensor for monitoring water level) as well as the absolute
pressure sensor at the depth 986.02 m.

During the second campaign, the borehole was pumped between May 6 and 9, 2004,
with a drawdown of about seven metres. During the measurement of the upper part of the
borehole, the drawdown was about four metres between May 9 and 11, Appendix 11.6.

Finally, the pumping rate was also recorded, see Appendix 11.4 (the first campaign) and in
Appendix 11.7 (the second campaign).

Data from the flow- and recovery period of the pumping during the difference flow logging
was utilized to calculate the total borehole transmissivity, see Appendix 12.
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7  Summary

In this study, the Posiva Flow Log/Difference Flow method has been used to determine the
location and flow rate of flowing fractures or structures in borehole KFMO03A at Forsmark.
Measurements were carried out both when the borehole was at rest and during pumping.

A 5 m section length with 0.5 m length increments was initially used. The measurements
were repeated using 1 m section length with 0.1 m length increments over the flow
anomalies.

Length calibration was made using the length marks on the borehole wall. The length marks
were detected by caliper and in single point resistance logging. The latter method was also
performed simultaneously with the flow measurements, and thus all flow results could be
length calibrated by synchronising the single point resistance logs.

The distribution of saline water along the borehole was logged by electric conductivity and
temperature measurements of the borehole water. In addition, electric conductivity was
measured in selected flowing fractures.

The borehole was re-measured almost one year after the first campaign to determine
possible changes in electric conductivity of deep fracture-specific water. An attempt was
also made to improve the practical lower limit of measurable flow rate in the upper part

(c 100400 m) of the borehole. Eleven “new” flowing fractures were found in this borehole
interval which remained undetected in the first campaign. However, the noise level of the
measured flow in this interval was still high, most likely due to the large inflow from the
highly water yielding fracture at 388.6 m during pumping, causing a high flow rate along
the borehole above this fracture. This flow also caused friction losses in the bypass tubing
and in the flow sensor of the flow guide.

The re-measurements of EC in selected fractures resulted in significantly lower EC-values,
most likely due to upconing effects of saline water along the sub-vertical fractures in the
bottom of the borehole during pumping activities prior to (and during) the first difference
flow logging campaign. No significant pumping activities had occurred prior to the
re-measurements and thus, no upconing effects.

The total amount of detected flowing fractures was 52. Transmissivity and hydraulic
head were calculated for borehole sections and fractures. The highest transmissivity
(1.7-10* mz/s) was detected in a fracture at the borehole length of 388.6 m. This fracture
had to be measured separately using a small drawdown. It also caused problems in flow
measurements above it during the first campaign.

The fieldwork went smoothly, at least from the contactors point of view. An important
reason to this is that the site was well organized. The measurements, which were going on
round the clock, including weekends, were carried out in a relatively short time.

The final, representative results from the two difference flow logging campaigns in borehole
KFMO3A, stored in the Sicada database, are presented in Appendix 13.
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
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SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping

SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17

SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20

SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
SPR with pumping (L= 1 m), 2003-08-22 - 2003-08-25

SPR+Caliper, 2004-05-04 - 2004-05-05

SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15
SPR with pumping (L= 5 m), 2003-08-18 - 2
SPR with pumping (L= 5 m), 2003-08-22 - 2
SPR+Caliper, 2004-05-04 - 2004-05-05

-2003-08-17
003-08-20
003-08-25
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR-+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Length (m)

694

695

696

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05

Appendix 1.26

[ TTTH
A A0

Caliper

400 4000 \()000 ,\00000 \000000

Flow rate (mL/h)
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100 1000 10000
Single point resistance (ohm)



Length (m)

699

700

701

Forsmark, KFMOS3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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[ TTTI
A A0

Caliper

AR 00 qo0, 5000° \000000

Flow rate (mL/h)
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100 1000 10000
Single point resistance (ohm)



Length (m)

728

729

730

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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[ TTTI
A A0
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Appendix 1.29

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Appendix 1.30

Forsmark, KFMO0O3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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0o 100 1000 10000
Flow rate (mL/h) Single point resistance (ohm)

(\M 00 00 00
A A0 400 ,\QQQ A
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Length (m)
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800
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Appendix 1.31

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR-+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR-+Caliper, 2004-05-04 - 2004-05-05
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Appendix 1.32

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Flow rate (mL/h) Single point resistance (ohm)

74



Length (m)

849

850

851

Appendix 1.33

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Caliper

oo 100 1000 10000
Flow rate (mL/h) Single point resistance (ohm)

o0 00 00 00
A A0 400 ,\000 N

75



Length (m)

895

896

897

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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[ TTTI
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Caliper
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Flow rate (mL/h)
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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[ TTIT
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Flow rate (mL/h)
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Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Appendix 1.37

Forsmark, KFMO3A
SPR and Caliper results after length correction

SPR+Caliper, 2003-08-13 - 2003-08-14

SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20
SPR with pumping (L= 5 m), 2003-08-22 - 2003-08-25
SPR+Caliper, 2004-05-04 - 2004-05-05
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Borehole length (m)
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Appendix 1.38

SPR used with
SPR+Caliper, 2003-08-13 - 2003-08-14 (Downwards)
SPR without pumping (L= 5 m), 2003-08-15 - 2003-08-17 (Downwards)
SPR with pumping (L= 5 m), 2003-08-18 - 2003-08-20 (Downwards)
SPR with pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping (Downwards)
SPR with pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping (Downwards)
SPR with pumping (L= 1 m), 2003-08-22 - 2003-08-25 (Downwards)

SPR+Caliper, 2004-05-04 - 2004-05-05 (Upwards)
SPR with pumping (L= 1 m), 2004-05-09 - 2004-05-11 (downwards)
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Length error in logging cable (m)
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Length (m)
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Appendix 2.1

Forsmark, Borehole KFMO3A
Electric conductivity of borehole water

Measured without pumping (downwards). 2003-08-14
Measured without pumping (upwards). 2003-08-14 - 2003-08-15
Measured with pumping (downwards). 2003-08-25

Measured without pumping (downwards). 2004-05-05

Measured without pumping (upwards). 2004-05-05 - 2004-05-06
Measured with pumping (downwards). 2004-05-08

Measured with pumping (upwards). 2004-05-08 - 2004-05-09
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Appendix 2.2

Measured without pumping (upwards). 2004-05-05 - 2004-05-06

Measured without pumping (upwards). 2003-08-14 - 2003-08-15
Measured with pumping (downwards). 2004-05-08

Measured with pumping (downwards). 2003-08-25
Measured with pumping (upwards). 2004-05-08 - 2004-05-09

Measured without pumping (downwards). 2003-08-14
Measured without pumping (downwards). 2004-05-05

Forsmark, Borehole KFMO3A
Temperature of borehole water
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Length (m)

Appendix 3.1

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate

W Fracture specific flow (into the bedrock)
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Appendix 3.2

Forsmark, Borehole KFMO3A
Flow measurement
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Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

= Lower limit of flow rate
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W Fracture specific flow (into the bedrock)

A Fracture specific flow (into the hole
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Appendix 3.3

Forsmark, Borehole KFM0O3A
Flow measurement
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Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
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A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock)
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Appendix 3.4

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate
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W Fracture specific flow
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Length (m)

Forsmark, Borehole KFM0O3A

Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20
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A Fracture specific flow (into the hole)

With pumping (L=5 m

Appendix 3.5

2003-08-20 - 2003-08-21, Smaller pumping

),
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

= Lower limit of flow rate

W Fracture specific flow
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Length (m)

Appendix 3.6

Forsmark, Borehole KFMO3A
Flow measurement
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213
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216
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219

220

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate
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Appendix 3.7

Forsmark, Borehole KFMO3A
Flow measurement
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238

239

240

A Fracture specific flow (into the hole) W Fracture specific flow

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate

—_

into the bedrock)
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Length (m)

Appendix 3.8

Forsmark, Borehole KFMO3A
Flow measurement

A
W4
A
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243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

= Lower limit of flow rate
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Length (m)

Appendix 3.9

Forsmark, Borehole KFMO3A

260
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264
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266

267
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270

271

272

273

274

275

276

277

278

279

280

A Fracture specific flow (into the hole) W Fracture specific flow

Flow measurement

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

= Lower limit of flow rate
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into the bedrock)
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Length (m)

Appendix 3.10

Forsmark, Borehole KFMO3A
Flow measurement

A
v
A

280
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282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

A Fracture specific flow (into the hole

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate

~

W Fracture specific flow (into the bedrock)
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Length (m)

Appendix 3.11

Forsmark, Borehole KFMO3A

Flow measurement

A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

A\ With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

e es=e e | ower limit of flow rate
A Fracture specific flow (into the hole) W Fracture specific flow
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into the bedrock)
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Length (m)

Appendix 3.12

Forsmark, Borehole KFMO3A
Flow measurement

A
v
A
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328

329

330

331

332

333

334

335

336

337

338

339

340

A Fracture specific flow (into the hole

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate

~

W Fracture specific flow
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into the bedrock)
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Flow rate (mL/h) Single point resistance (ohm)
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Length (m)

Forsmark, Borehole KFMO3A

340
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343

344

345
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348

349

350

351

352

353

354

355

356

357

358

359

360

Flow measurement

Appendix 3.13

A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
e e=e e | ower limit of flow rate

A Fracture specific flow (into the hole)
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Length (m)

Forsmark, Borehole KFMO3A

Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

A
v
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A Fracture specific flow (into the hole)

Lower limit of flow rate

Appendix 3.14

Ra%

W Fracture specific flow (into the bedrock
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Length (m)

Forsmark, Borehole KFM0O3A

Flow measurement
A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2003-08-22 - 2003-08-25
With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured

= =D = =

e ems e | ower limit of flow rate
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With pumping during fracture-EC (L= 1 m), 2004-05-08
A Fracture specific flow (into the hole)

Appendix 3.15

W Fracture specific flow (into the bedroc
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Length (m)

Appendix 3.16

Forsmark, Borehole KFM0O3A
Flow measurement

A
\Y%
A
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415

416

417

418

419

420

A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 5 m), 2003-08-20 - 2003-08-21, Smaller pumping
With pumping (L= 1 m), 2003-08-21 - 2003-08-22, Smaller pumping
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

With pumping (L= 1 m), 2004-05-09 - 2004-05-11, Re-measured
Lower limit of flow rate
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W Fracture specific flow (into the bedrock)
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Length (m)

Appendix 3.17

Forsmark, Borehole KFMO3A
Flow measurement

A
Vv
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431
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433

434
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436

437

438

439

440

A Fracture specific flow (into the hole) W Fracture specific flow

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

into the bedrock
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Length (m)

Appendix 3.18

Forsmark, Borehole KFMO3A
Flow measurement
JAN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
AN With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25
e e e | ower limit of flow rate
With pumping during fracture-EC (L= 1 m), 2004-05-08

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock

—
ped

440 777¢37777777777 ——— T 71— —
e [ e e P j
441 —F— e e s e 9
-+ = e e e e e e S
PRES EEES = EEEE| I EEE =
+— - ===t =4 == e el e sl
444 :::ng:::::::::: s s e i
T oA N - f=-d==:= e e i
4 oA - =J== s R . -
0 EEE%E?I:'%SE:EEE e el e S
447 %i :::::::::;
P S = I i e Ea | S e e = S
+— "G d===df=d== s e Bt
w oo ] =
o — L 4=t —— - - =
w1 L amia :3
w T s
453 H e T T — o ad
- —=F —=1= N/t = A — - = = = - =
454 ::::f:::X:::::: i R S—
e :;i:::::::_454-6 ::::::::é::
455 —F— - —— 0 = == e —
-+ == Jd=-=-=d+f=d= = e e . S
- RS e
e e T [ s e R - =t ==-=}==
o7 e e e e EEEEEEEE}EE
458 —(F——+—+—+———F—F—— —
T dJdF=F=x=3== ==t ==-== =
459 Qﬂ i s S
460 =T TITm T Caliper T T T I T T

=
P
o

o) 0 o) o) 0
AV 4000 o0, 4od0 \00000 10 100 1000 10000
Flow rate (mL/h) Single point resistance (ohm)

100



Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25
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A Fracture specific flow (into the hole)

= Lower limit of flow rate

W Fracture specific flow (into the bedrock

462.4

Appendix 3.19
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Length (m)

Appendix 3.20

Forsmark, Borehole KFMO3A

Flow measurement

AN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

A\ With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e ems e | ower limit of flow rate

A Fracture specific flow (into the hole) WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.21

Forsmark, Borehole KFM0O3A

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518
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520

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock

Flow measurement

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

= Lower limit of flow rate
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Length (m)

Appendix 3.22

Forsmark, Borehole KFM0O3A
Flow measurement

A
\%
A

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.23

Forsmark, Borehole KFMO3A
Flow measurement
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554
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560

A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

= Lower limit of flow rate

W Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.24

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate
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Flow rate (mL/h) Single point resistance (ohm)
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Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25
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A Fracture specific flow (into the hole)

= Lower limit of flow rate
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W Fracture specific flow (into the bedrock

Appendix 3.25
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Length (m)

Appendix 3.26

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate
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Length (m)

Appendix 3.27

Forsmark, Borehole KFMO3A

Flow measurement

AN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

AN With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e emss e | ower limit of flow rate

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.28

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

With pumping during fracture-EC (L= 1 m), 2004-05-06 - 2004-05-07
With pumping during fracture-EC (L= 1 m), 2004-05-07 - 2004-05-08
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W Fracture specific flow (into the bedrock
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Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25
= |ower limit of flow rate
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A Fracture specific flow (into the hole)
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W Fracture specific flow (into the bedrock

Appendix 3.29
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Length (m)

Appendix 3.30

Forsmark, Borehole KFMO3A

Flow measurement
A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e e==s e | ower limit of flow rate
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A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock)
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Length (m)

Appendix 3.31

Forsmark, Borehole KFMO3A

Flow measurement

JAN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

AN With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e em=s e | ower limit of flow rate

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.32

Forsmark, Borehole KFMO3A
Flow measurement
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740
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Vv
A

A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.33

Forsmark, Borehole KFMO3A

Flow measurement

A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

/A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e e=me e | ower limit of flow rate

<

A Fracture specific flow (into the hole) WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.34

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.35

Forsmark, Borehole KFMO3A

Flow measurement

A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

/A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e e=me e | ower limit of flow rate
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A Fracture specific flow (into the hole) WV Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.36

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

W Fracture specific flow (into the bedrock
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Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25
= Lower limit of flow rate
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A Fracture specific flow (into the hole)

W Fracture specific flow (into the bedrock)

Appendix 3.37
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Length (m)

Appendix 3.38

Forsmark, Borehole KFM0O3A

Flow measurement

JAN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

AN With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e e e | ower limit of flow rate

A Fracture specific flow (into the hole) WV Fracture specific flow (into the bedrock
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Length (m)

Forsmark, Borehole KFMO3A

Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
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With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

= Lower limit of flow rate

A Fracture specific flow (into the hole)
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W Fracture specific flow (into the bedrock

Appendix 3.39
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Length (m)

Appendix 3.40

Forsmark, Borehole KFMO3A

Flow measurement

AN Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

A\ With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

e  emms e | ower limit of flow rate

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock)

880 I{fiiiﬁifii LI —————
81 ——— LA ——— — — — | — — S e
g2 [ - — -3 =

:::::::ti::::::::: :::::::q:::
883 —(|—F — & — T — 1 —— = ——
N Foi==pcEct-d=c|L_—oF==$==2:=:==

:::::;%::::::::: :::::::E:::
3 <
886 ——— N ————| @ —— - — 3 — -

T F =TI == F=4d== EEEEEE%EEE
887 —— — rfif,,fifi 1?
B8 ——— — 5 —— — — — | — — - — A= — =
R B T s -
890 ::::::iiiiii::::: :::::::‘?>:::

:::::g":::::::::: :::::::%,i::
891 —— Nl — 1 —— :::::gi::
892 1 - I = _;::::::::: - — — oI — | - — —

T — I — ":::::::::: - - — I — — r— — —
893 (iﬁ ::::::f}:::

FCIQEZEZE=3:=°: S S
84 ——— + f—— —— — -~ 1 - e -
895 —— — e~ — = = = = .
86— &b ———— -3

1 — I = S _ |— — T - O — — ::::::i:::
897 —(—T—<h—— 1 ————— —

N I S D I - - — I — — - - =
898 k —
899 ji e
900 T T T T T T T T T T TTm Caliper T T T T T T T

=
=
o

\ \ \ 0 \
A0 4007 4000 0007 (000® 10 100 1000 10000
Flow rate (mL/h) Single point resistance (ohm)

122



Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17
With pumping (L= 5 m), 2003-08-18 - 2003-08-20
With pumping (L= 1 m), 2003-08-22 - 2003-08-25

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

A
\Y4
A

A Fracture specific flow (into the hole)

Lower limit of flow rate

W Fracture specific flow (into the bedrock

Appendix 3.41
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Length (m)

Appendix 3.42

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

WV Fracture specific flow (into the bedrock
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Length (m)

Forsmark, Borehole KFMO3A
Flow measurement
Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)

With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)

Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25
= Lower limit of flow rate

With pumping during fracture-EC (L= 1 m), 2004-05-07
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A Fracture specific flow (into the hole)

W Fracture specific flow (into the bedrock

Appendix 3.43
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Length (m)

Appendix 3.44

Forsmark, Borehole KFMO3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

W Fracture specific flow (into the bedrock
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Length (m)

Appendix 3.45

Forsmark, Borehole KFM0O3A
Flow measurement
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A Fracture specific flow (into the hole)

Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2003-08-15 - 2003-08-17

With pumping (L= 5 m), 2003-08-18 - 2003-08-20

With pumping (L= 1 m), 2003-08-22 - 2003-08-25

Lower limit of flow rate

With pumping during fracture-EC (L= 1 m), 2004-05-07

W Fracture specific flow (into the bedrock)
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Appendix 4

Forsmark KFMO3A

Flow measurements at depth interval 388.14 - 389.14 m
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Length (m)

Appendix 5

Head during flow logging in borehole KFMO3A

Head(masl)= (Absolute pressure (Pa) - Airpressure (Pa) + Offset) /(1000 kg/m3 * 9.80665 m/sz) + Elevation (m)
Offset = 13500 Pa (2003-08-14 - 2003-08-25) / 2460 Pa (2004-05-05 - 2004-05-08)
Without pumping (downwards during borehole EC) 2003-08-14

Without pumping (upwards during borehole EC) 2003-08-14 - 2003-08-15
Without pumping (downwards during flow logging) 2003-08-15 - 2003-08-17
With pumping (downwards during flow logging) 2003-08-18 - 2003-08-20
With pumping (downwards during flow logging) 2003-08-20 - 2003-08-21
With pumping (downwards during flow logging) 2003-08-21 - 2003-08-22
With pumping (downwards during flow logging) 2003-08-22 - 2003-08-25
With pumping (downwards during borehole EC) 2003-08-25

Without pumping (upwards during borehole EC) 2004-05-05 - 2004-05-06
With pumping (upwards during borehole EC) 2004-05-08 - 2004-05-09
With pumping (downwards during flow logging) 2004-05-09 - 2004-05-11
With pumping (during fracture-EC) 2004-05-07 - 2004-05-08
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Appendix 7.1

-------------- L ower limit of flow rate (theoretical)

—-—----==== Lower limit of flow rate (practical)
———————Upper limit of flow rate (theoretical)

Flow rates
Without pumping
With pumping

<

Difference flow measurement with thermal pulse 2003-08-15 - 2003-08-26
*x

Length of section 5 m, depth increment 5 m

Forsmark, Borehole KFMO3A
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Appendix 7.2

Forsmark, Borehole KFMO3A

Difference flow measurement with thermal pulse 2003-08-15 - 2003-08-26

Length of section 5 m, depth increment 5 m

Transmissivity (T)

Theoretical minimum
measurable T

Practical minimum
measurable T

Calculated head of section

Head in the borehole without pumping
Head in the borehole with pumping
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Appendix 8.1

Length to Borehole Flow1 Borehole Flow2 ) Fracture
fracture (m) head1 (mL/h) head2 (mL/h) T; (m</s) head Comments)
(masl) (masl) (masl)

106.4 1.12 - -2.15 135 1.13E-08 - * i
113.2 1.04 - -2.11 40 3.49E-09 - * >
120.6 1.08 - -2.08 750 6.52E-08 - *
123.1 1.08 - -2.01 190 1.69E-08 - * i
126.5 1.09 - -2.02 100 8.83E-09 - * > el
130.2 1.11 - -1.91 1050 9.55E-08 - *
130.7 1.11 - -1.9 50 4.56E-09 - * > el
150.8 1.20 - -1.73 20 1.88E-09 - * > e
173.6 1.29 - -1.55 25 2.42E-09 - * > e
314.4 2.26 - -0.13 20 2.30E-09 - * > e
354.4 2.65 - 0.26 20 2.30E-09 - * > el
358.5 2.68 - 0.27 13650 1.56E-06 - *
359.1 2.69 - 0.29 320 3.66E-08 - * > e
359.6 2.69 - 0.3 95 1.09E-08 - * > el
362.6 2.73 - 0.33 320 3.66E-08 - *
364.5 2.74 - 0.36 3500 4.04E-07 - *
364.8 2.74 - 0.35 11400 1.31E-06 - *
365.3 2.75 - 0.37 2600 3.00E-07 - *
368.6 2.78 - 0.38 12600 1.44E-06 - *
369.4 2.80 - 0.38 2950 3.35E-07 - *
370 2.81 - 0.38 550 6.22E-08 - * >
371.6 2.82 - 0.37 12000 1.35E-06 - *
372.6 2.83 - 0.37 5800 6.48E-07 - *
373.6 2.84 - 0.37 3300 3.67E-07 - *
375.1 2.86 - 0.38 70 7.75E-09 - * > el
380.8 2.92 - 0.47 5400 6.06E-07 - *
381.6 2.93 - 0.48 260 2.92E-08 - *
385.4 2.96 - 0.54 320 3.63E-08 - * e
388.6 2.99 - 2.11 295000 9.21E-05 - *
393.8 3.04 - 2.42 20 8.86E-09 - *
398.2 3.09 - 2.51 30 1.42E-08 - * i
410.7 3.33 0 -2.82 370 1.65E-08 -
411.5 3.33 0 -2.81 80 3.58E-09 -
449.4 3.70 0 -2.47 20 8.90E-10 - i
451.3 3.71 -5430 -2.48 144300 6.65E-06 3.48
454.6 3.74 -60 -2.48 1560  7.16E-08 3.51
462.4 3.84 0 -2.37 160 7.08E-09 -
500.5 4.18 -23 -2.08 420 1.94E-08 3.86
515.9 4.35 0 -1.94 25 1.09E-09 - e
517.7 4.36 0 -1.90 240 1.05E-08 -
533.7 4.51 -14 -1.76 500 2.25E-08 4.34
642.2 5.71 0 -0.59 350 1.53E-08 -
643.9 5.72 -2950 -0.57 53900 2.48E-06 5.40
803.8 7.58 0 1.38 315 1.40E-08 -
813.7 7.74 0 1.53 330 1.46E-08 -
944.2 9.60 0 3.42 7370 3.28E-07 -
946.5 9.64 0 3.38 420 1.84E-08 - e
986.2 10.28 320 4.11 4550 1.89E-07 10.74
986.5 10.29 0 4.11 200 8.90E-09 - i
992.9 10.44 0 419 960 4.22E-08 -
993.8 10.45 0 4.22 1100 4.85E-08 -
994.0 10.45 0 4.23 400 1.76E-08 - el

* Re-measurements 2004-05-09 — 2004-05-11
** Not detected during the first campaign

*** Uncertain
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Length (m)

Appendix 8.2

Forsmark, Borehole KFMO3A
Difference flow measurement

+ Fracture head + Transmissivity (m?/s)
— — — — — Head in the borehole without pumping Transmissivity (m?/s)

— — — — — Head in the borehole with pumping + (on the basis of re-measurements
2004-05-05 - 2004-05-11)
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Length (m)

Appendix 9

Forsmark, Borehole KFMO3A
Comparison of transmissivity of borehole sections (5m) and fracture transmissivities

<o Transmissivity (sum of fracture specific results T;)
+ Transmissivity (results of 5m measurements T,)
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Appendix 10.1
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Appendix 10.2

Time series of fracture-specific EC
Forsmark, borehole KFMO3A
Campaign 1, 2003-08-22 - 2003-08-25
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Appendix 10.3

Time series of fracture-specific EC
Forsmark, borehole KFMO3A
Campaign 1, 2003-08-22 - 2003-08-25
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Appendix 10.4
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Appendix 10.5

Time series of fracture-specific EC
Forsmark, borehole KFMO3A
Campaign 2, 2004-05-06 - 2004-05-08
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Appendix 10.6

Time series of fracture-specific EC
Forsmark, borehole KFMO3A
Campaign 2, 2004-05-06 - 2004-05-08
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Air pressure (kPa)

Appendix 11.1

Air pressure at Forsmark
during flow logging
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Water level (masl) RHB70

Appendix 11.2

Water level during difference flow measurements
Borehole KFMO3A, Forsmark

Borehole-EC downwards without pumping
Borehole-EC upwards without pumping
Flow measurements without pumping (L=5m)
Waiting for steady-state with pumping

Flow measurements with pumping (L=5m)
Flow measurements with pumping (L=5m)
Flow measurements with pumping (L=1m)
Flow measurements with pumping (L=1m)
Borehole-EC downwards with pumping
Groundwater recovery after pumping

Flow measurements at the depth of 388.6 m
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Appendix 11.3

Groundwater recovery after pumping

Measured using water level pressure sensor
Corrected pressure measured at the depth of 986.03 m using absolute pressure sensor

Head(masl)= (Absolute pressure (Pa) - Airpressure (Pa) + Offset) /(1000 kg/m3 * 9.80065 m/sz) + Elevation (m)
Offset = 13500 Pa (Correction for absolut pressure sensor)
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Pumping rate (L/min)

Appendix 11.4

Pumping during flow logging
Forsmark, borehole KFMO3A

Pumping rate (L/min)
Cumulative pumping (m°)
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Appendix 11.5

Air pressure at Forsmark

during re-measurements 2004-05-05 - 2004-05-11
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Water level (masl) RHB70

Appendix 11.6

Water level during re-measurements 2004-05-05 - 2004-05-11
Borehole KFMO3A, Forsmark

Borehole-EC downwards without pumping
Borehole-EC upwards without pumping

Fracture-EC measurements without pumping (L=1m)
Borehole-EC downwards with pumping

Borehole-EC upwards with pumping

Flow measurements with pumping (L=1m)
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Pumping rate (L/min)

Appendix 11.7

Pumping rate during re-measurements 2004-05-05 - 2004-05-11
Forsmark, borehole KFM0O3A
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Pumping test during difference flow logging in
borehole KFM0O3A

Jan-Erik Ludvigson
Geosigma AB

November 2003

Key words: Forsmark, hydrogeology, pumping test, hydraulic parameters,
transmissivity, hydraulic conductivity, AP PF 400-03-24, Field Note No: Forsmark 165.
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Abstract

The pressure responses during the flow- and recovery period of the c. 8 days long open-
hole pumping test during difference flow logging in borehole KFMO3A were utilized to
calculate the total transmissivity of the open borehole interval. In addition, possible
effects of outer hydraulic boundaries of the rock volume tested were studied. During the
first phase of the flow period, before the flow logging commenced, the flow rate was
relatively constant during c. 1 day in order to achieve approximately steady-state
conditions during the flow logging. During the different sequences of the flow logging,
a constant drawdown at an appropriate water level in the borehole was maintained.

After stop of pumping the recovery of the water level in the borehole was recorded
during c. 16 h. In addition, the pressure recovery was also measured at the bottom of the
hole by a high-resolution absolute pressure sensor. The pressure responses during both
the flow- and the recovery period were evaluated by transient methods. The flow rate
was measured manually during the flow periods.

The total transmissivity of the entire open borehole interval (c. 12-1000 m) was
calculated both from the first part of the flow period with nearly constant flow rate and
from the recovery period. The total transmissivity of borehole KFMO3A was calculated
to 5:10™* m?/s. The main inflow to the borehole is assumed to occur from a narrow
fracture zone at c. 388 m. In addition, is a relatively large flow anomaly at c. 66 m
previously identified.

No significant effects of outer hydraulic boundaries, e.g. no-flow boundaries, could be
observed, neither from the responses during the relatively long total flow period, nor
during the recovery period. This fact may indicate that the assumed fracture zones
intersecting the borehole have a large lateral extent.
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Sammanfattning

Tryckresponserna under flodes- och aterhamtningsperioden av den ca 8 dygn langa
pumptesten i dppet hal under differensflodesloggningen i borrhal KFM03A anvindes
for att berdkna den totala transmissiviteten av dess ppna intervall. Dessutom studerades
forekomsten av eventuella hydrauliska grianser inom den testade bergvolymen. Under
den forsta delen av pumpningen, innan flédesloggningen paborjades, var pumpflodet
fran borrhalet relativt konstant for att uppna approximativt stationira forhallanden under
flodesloggningen. Under de olika flodesloggningssekvenserna holls en konstant
avsiankning pa lamplig vattenniva i borrhalet.

Efter avslutad pumpning registrerades aterhdmtningen av vattennivan i borrhalet under
ca 16 timmar. Dessutom mittes tryckaterhdmtningen dven i botten av halet med en
tryckgivare med hog upplosning. Tryckresponserna under savil flodes- som
aterh@mtningsperioden utvirderades med transienta metoder. Pumpflodet mittes
manuellt under flodesperioderna.

Den totala transmissiviteten av borrhalets 6ppna del (ca 12-1000 m) berdknades dels
fran den forsta delen av flodesperioden med néstan konstant flode och dels fran
dterhimtningsperioden. Borrhal KFMO3As totala transmissivitet beriiknades till 5-10™
m?/s. Det huvudsakliga inflodet till borrhalet antas ske fran en smal sprickzon vid ca
388 m. Dessutom ir ett relativt stort inflode vid ca 66 m kint sedan tidigare.

Inga tydliga effekter av yttre hydrauliska grinser, t.ex. negativa grianser, kunde
observeras, varken under den relativt langa totala flodesperioden eller under
aterhamtningsperioden. Detta kan tyda pa att de formodade sprickzonerna som skér
borrhélet har stor lateral utbredning.
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1 Introduction

The water level in the open borehole was registered by a superficial pressure sensor
during both the flow- and recovery period of the pumping test in conjunction with
difference flow logging in borehole KFMO3A. In addition, the pressure recovery was
registered by a high-resolution absolute pressure sensor located at the bottom of the
borehole. A relatively low pumping flow rate (c. 29 L/min) was maintained during the
flow logging in the upper part of the borehole (c. 100-400 m) whereas a high pumping
flow rate (c. 108 L/min) was applied by the logging in the lower part (c. 400-1000 m).

Manual readings of the pumping flow rate were made from a mechanical flow meter
during the flow periods. No flow logging was performed in the uncased percussion-
drilled part of the borehole above 100 m. A relatively large inflow has been observed in
this interval at c. 66 m from previous investigations.

2 Objective

The main purposes of the analysis of the pumping test during difference flow logging in
borehole KFMO3A were to estimate the total transmissivity of the entire uncased
borehole interval (c. 12-1000 m) and to deduce information on possible hydraulic outer
hydraulic boundaries during the test.

Since a significant inflow is assumed from the zone at c. 66 m, the calculated total
borehole transmissivity from the pumping test will not be equal to the estimated
cumulative transmissivity from the flow logging in the cored borehole interval of
KFMO3A.

3 Scope

3.1 Borehole

Selected main technical data for borehole KFMO3A are shown in Table 3-1. The
borehole is cased to c. 12 m with a diameter of 0.2 m. This casing is gap injected. The
percussion-drilled borehole interval from c. 12-97.2 m is uncased with a diameter of
196 mm. The interval 97.20-101.85 m is cased with smaller casing diameters. More
detailed data are available from SICADA. The reference point in the borehole is the top
of casing (ToC). The reference coordinate system for the X-Y-coordinates is RT90 and
RHB70 for the elevation data. The starting point coordinates (at ToC) of the borehole
are:

Northing (m): 6697852.096 RT90 2,5 gon V 0:-15
Easting (m): 1634630.733 RT90 2,5 gon V 0:-15
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Table 3-1. Selected main technical data of borehole KFMO3A. (From SICADA).

Borehole KFM03A

ID Elevation | Borehole interval Casing/ Inclination- Dip-direction- | Remarks Drilling
of top of from ToC Bh-diam. | top of bh top of finished
casing (from horizontal | borehole
(ToC) (m) plane) (from local N)
(m.a.s.l.) (m) ©® ©® Date
(YYYY-MM-
DD)
KFMO3A 8.285 0.0-11.96 0.200 -85.747 271.523 Casing ID
” 11.96-100.29¢ 0.196 Open hole**
i 102.05-1001.19*** 0.077 Open hole*** |  2003-06-23

*  percussion borehole
*% the interval 97.20-101.85 m is cased with decreasing casing diameters
*#% cored borehole interval

3.2 Tests performed

The registration of the water level and flow rate together with the pressure recovery
during the difference flow logging campaign in borehole KFM03A was mainly
performed according to the Activity Plan AP PF 400-03-24 and the methodology
description for difference flow logging (SKB MD 322.010, Version 1.0), both SKB
internal controlling documents. Due to the high inflow from the narrow fracture (zone)
at c. 388 m, the pumping rate was decreased during flow logging of the upper part (c.
100-400 m) of the borehole. This fracture zone was later tested separately by a stepwise
increase of drawdown while measuring the inflow rate from the zone by the flow
logging probe fixed across the fracture. Pertinent data of the pumping test during the
difference flow logging campaign in KFMO3A are shown in Table 3-2.

Table 3-2. Pertinent data of the pumping test sequence during difference flow logging in
borehole KFMO3A.

Pumping | Pumped section Test type’ Test no Test start date and time | Test stop date and time

Bh ID (open hole) (YYYY-MM-DD hh::mm) (YYYY-MM-DD hh::mm)
(m)

KFMO3A 11.96-1001.197 1B 1 2003-08-17 11:55 2003-08-26 06:18

1) 1B: Pumping test with submersible pump with subsequent recovery
2) The interval 97.20-101.85 m is cased with decreasing casing diameters. This casing is not gap
injected.

3.3 Equipment check
An equipment check was performed at the site as a simple and fast test to establish the

operating status of sensors and other equipment. In addition, calibration constants were
implemented and checked.
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4 Equipment

4.1 Description of equipment

The pumping test was carried out with the standard equipment in the Posiva difference
flow logging system including the following parts:

- submersible pump and hose to the ground surface

- winch and steel wire

- flow rate control valve at the surface

- vessel in the borehole to maintain a constant water level
- superficial pressure transducer

- high-resolution absolute pressure sensor

- data logger

- logging computer

The high-resolution pressure sensor, implemented in the flow logging probe, was used
to measure the pressure recovery at the bottom of the borehole, see Table 4.2. Finally, a
pressure sensor for registration of the barometric pressure was used.

4.2 Sensors

Technical specifications of the sensor for barometric pressure together with the
superficial- and high resolution absolute pressure transducers (P1 and P,) used for
registration of the water level and bottom-hole pressure, respectively, are listed in Table
4-1, cf. Chapter 4 in the main report.

Table 4-1. Technical specification of the pressure sensors used for registration of the
barometric pressure, water level and bottom-hole pressure in borehole KFM03A. FS=Full
Scale.

Technical specification of pressure sensors
Sensor Parameter Unit Value/range Comments
Barometric pressure Output signal vDC 0-5

Meas. Range kPa 80-106

Resolution kPa 0.01

Accuracy kPa +0.03 at +20 °C
Superficial pressure P1 | Output signal mA 4-20
(groundwater level) Meas. Range kPa 0-100

Resolution kPa 0.1

Accuracy kPa +1% of FS
Absolute Pressure P,y | Output signal digital

Meas. Range kPa 0 —20000

Resolution kPa 0.0001 % of FS

Accuracy kPa +0.01% of FS

according to the manufacturers
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Table 4-2 illustrates the position of pressure sensors (P1 and P,y) together with the
(lower) level of the submersible pump (Pump) is shown. Positions are given in borehole
length from top of casing (ToC). Equipment affecting wellbore storage is given in terms
of diameter of the submerged parts. The volume of the submerged pump (~a few dm’) is
in most cases of minor importance regarding wellbore storage.

Table 4-2. Position along the borehole (from ToC) of sensors and equipment affecting
wellbore storage in the pumping borehole KFM03A.

Borehole information Sensors Equipment affecting wellbore storage (WBS)
ID Test section Test | Type Position Position” | Function Outer diameter
(m) no (m b. ToC) (mm)
KFMO3A | 11.96-1001.197 | 1 | Pump vessel Pump hose 18
(lower level) | 16.04 In open Signal cable 6
P (P1) 16.04 borehole Pump cable 11.5
Pabs 986.025 wire 3

) Position of equipment that can affect well-bore storage. Position given as “In Section” or “Above Test
section”.

? The interval 97.20-101.85 m is cased with decreasing casing diameters
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5 Execution

5.1 Performance of the test

5.1.1 Test principle

During the first part of the flow period before the difference flow logging started the
flow rate was almost constant, see flow rate history in Figure 12.2-1 in Appendix 12.2.
The water level in the borehole was then kept constant at different levels during the
various flow logging sequences. The flow periods were followed by a pressure recovery
period.

5.1.2 Test procedure

The maximum flow rate (c. 108 L/min) with the actual pump was maintained rather
constant during the first c. 24 h of the pumping test causing a drawdown of the water
level of c. 7 m, cf. Figure 6-4 in the main report. The difference flow logging started
after c. 1 day of pumping at a constant drawdown (c. 7.3 m). The drawdown was then
decreased to c. 2.3 m at a pumping flow rate of c. 29 L/min during flow logging in the
upper part (c. 100-400 m) due to a high-conductivity fracture at c. 388 m. During the
last flow logging sequence of the lower part of the borehole (c. 400-1000 m) the
pumping flow rate was again increased to c. 108 L/min. The total duration of the flow
periods during the difference flow logging campaign in KFMO3A was c. 8 days,
followed by a recovery period of c. 16 h.

The pumped flow was discharged at the ground surface sloping downhill from the
pumping borehole. The flow rate was measured manually c. 5-6 times/day by a
mechanical flow meter.

The changes of the water level were registered by the superficial pressure sensor
throughout the entire logging campaign. In addition, the pressure recovery was
measured at the bottom of the borehole by the absolute pressure transducer, located at c.
986 m. The sampling frequency of the registration of the water level in the borehole was
c. 1 min during the flow periods. During the recovery period, the sampling frequency
was according to Table 5-1, both for the water level- and the absolute pressure sensor.

Table 5-1. Sampling frequency for pressure registration during the recovery period of
the pumping test in borehole KFMO03A.

Time interval (min) from stop of || Sampling frequency (s)
pumping

0.0-160 2

160-1002 11
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5.2 Data handling

A list of the data files of pressure versus time from the recovery phase from the data
logger is shown in Appendix 12.1. Files in mio-format of the entire test sequence and
recovery period, respectively, further processed by the program PUMPKONYV, were
created through macro-editing of the original logger files in the text editor UltraEdit.

By the preparation of the pressure recovery data from the absolute pressure sensor, the
barometric pressure was firstly subtracted from the measured pressure data. However,
no such corrections were made on the measured water level data from the superficial
transducer (gauge pressure).

The *.mio-files with pressure versus time data were converted to drawdown- and
recovery files by the code PUMPKONYV and plotted in selected diagrams by the code
SKB-plot in accordance with the Method Instruction SKB MD 320.004, Version 1.0
(Instruktion for analys av injektions- och enhalspumptester)(SKB internal controlling
document) In addition, a linear diagram of the pressure- and flow rate history during the
entire flow logging campaign was prepared.

By the calculation of the pressure derivatives during the flow- and recovery period,
different values were applied on the filter coefficient (step length) to study its effect on
the derivative to achieve maximal smoothing of the derivative without altering the
original shape of the data.

5.3 Analyses and interpretation

The main transient evaluation was made on data from the first part (c. 24 h) of the flow
period with almost constant flow rate together with the recovery period. From the flow
period, data from the water level sensor were used whereas data from the absolute
pressure sensor were used for analysis of the recovery period.

Firstly, a qualitative evaluation was performed to identify the actual flow regimes
during both the flow- and recovery period (e.g. wellbore storage, pseudo-radial flow
etc.) and possible outer hydraulic boundary conditions. The qualitative analysis was
mainly made from the pressure responses together with the corresponding pressure
derivatives versus time in the log-log diagrams. The pressure recovery was plotted
versus equivalent time dt. after stop of pumping since there was a slightly increasing
drawdown trend at the end of the flow period before stop of pumping.

The quantitative, transient interpretation of hydraulic parameters from the pumping
borehole (e.g. transmissivity and skin factor) was based on the identified pseudo-radial
flow regimes in the lin-log diagrams according to methods described in /1/ and the
Instruction mentioned above for tests in an equivalent porous medium. In addition, the
wellbore storage coefficient was estimated from the initial phase of the recovery period.

Both responses from the flow- and recovery period were analysed with methods for
constant flow rate tests described in /1/. In addition, a steady-state analysis (Moye’s
formula) was made from the flow period.
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6 Results

6.1 Nomenclature and symbols

The nomenclature and symbols used for the results of the pumping test are according to
SKB MD 320.004. Additional symbols used are explained in the text.

6.2 Single-hole pumping test

General test data from the pumping borehole KFMO3A are presented in Table 6-1. The
atmospheric pressure during the difference flow logging campaign in KFMO3A is
shown in Appendix 11.1 in the main report of the difference flow logging.

Since no data from observation boreholes were available, a value on the storativity must
be assumed by the calculation of the skin factor. In this case the value S*=5~10'5,
obtained from interference tests between HFMO1 and HFMO2 /2/, was used. A summary
of the results of the single-hole pumping test in KFMO3A is presented in Section 6.3.
Test diagrams are shown in Appendix 12.2.

Table 6-1. General test data from the pumping borehole KFMO3A.

General test data
— """

Testtype Constant flow rate and recovery test
Test section (open borehole/packed-off section): open borehole
Test No 1
Field crew J. Polldnen and P. Heikkinen, PRG Tec-Oy
Test equipment system Posiva difference flow logging system
General comment Single-hole test

Nomen- | Unit Value

clature
Borehole length L m 1001.19
Casing length L. m 11.96 (ID 0.200 m)
Test section- secup Secup m 11.96
Test section- seclow Seclow |m 1001.19
Test section length L, m 989.23*
Test section diameter 2.1y mm 77
Test start (start of pressure registration) yymmdd hh:mm 20030817 11:55
Packer expanded yymmdd hh:mm:ss -
Start of flow period yymmdd hh:mm:ss 20030817 11:58:04
Stop of flow period yymmdd hh:mm:ss 20030825 13:59:18
Test stop (stop of pressure registration) yymmdd hh:mm 20030826 06:17:55
Total flow time t, min 11641
Total recovery time tp min 1002

*the interval 97.20-101.85 m is cased with decreasing casing diameters

169




Appendix 12

Groundwater level data

Groundwater level data in pumping borehole KFM03A Nomen- | Unit | Value
clature (m.a.s.l)
Level in borehole before start of flow period h; m 0.02
Level in borehole before stop of flow period h, m -7.20
Level in borehole at stop of recovery period hg m -0.28
Maximal drawdown in borehole during flow period Sp m 7.22

Manual water level measurements in pumping borehole KFM03A

Date Time Time GW level GW level

YYYY-MM-DD | tt:mm:ss (min) (mb. ToC) |(masl)

2003-08-14 13:04:00 8.72 -0.41

Flow data

Flow data in pumping borehole KFM03A Nomen- |Unit | Value
clature

Flow rate from test section just before stop of pumping Q m’/s [1.76 - 107

Mean (arithmetic) flow rate during flow period Qn m/s |1.42-107

Total volume discharged during flow period Vv, m’ 993.5

Interpreted flow regimes

Selected test diagrams are presented in Appendix 12.2. Figure 12.2-2 shows that a well-
defined period with pseudo-radial flow occurred during intermediate times of the first
part (c. 24 h) of the flow period at constant flow rate. No evidences of outer hydraulic
boundaries were seen during the entire flow period.

During the recovery period, wellbore storage effects (WBS) were observed only during
the first c. 0.5 min in the (open) pumping borehole. After a transition period, a well-
defined period with pseudo-radial flow occurred. By the end of the recovery period,
some variations in pressure occurred as displayed in the pressure derivative plot (Figure
12.2-4). No effects of hydraulic boundaries were seen during the recovery period.

Interpreted parameters

The transient analyses of the flow-and recovery periods according to the methods
described in Section 5-3, based on the identified periods with pseudo-radial flow, are
shown in Figures 12.2-5 in Appendix 12.2. The results are presented in Table 6-3 and in
the Test Summary Sheets.

6.3 Summary of test data

Test data from the single-hole pumping test in conjunction with difference flow logging
in borehole KFMO3A are summarized in Table 6-2. The calculated hydraulic parameters
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together with the estimated measurement limits are presented in Table 6-3 and in the
Test Summary Sheet below. The calculated hydraulic parameters represent the entire
open borehole interval 11.96-1001.19 m (except the cased interval 97.20-101.85 m) in
KFMO3A. The main inflow zones to this interval are located at c. 388.6 m as identified
from the difference flow logging and from an assumed fracture zone at c. 66 m from
previous investigations.

The parameter file of the results from the pumping test for storage in the SICADA data
base under Field Note Number: Forsmark 165, is presented in Appendix 12.3 below.

Table 6-2. Summary of test data of the single-hole pumping test during the difference
flow logging in the open borehole KFMO03A.

Borehole ID | Interval (m) Test h; h, hy Qp Vv, Qun
typel) (masl) |(masl) [(masl) (m3/s) (m3) (m3/s)
KFMO03A 11.96-1001.19* | 1B 0.02 -7.20 -0.28 1.76 - 107 |993.5 |1.76 - 103

'1B: Pumping test-submersible pump followed by a recovery test

*the interval 97.20-101.85 m is cased with decreasing casing diameters

Table 6-3. Summary of calculated hydraulic parameters from the pumping test in
conjunction with difference flow logging in borehole KFMO03A.

Borehole | Test period | Phase of Q/s TMm T S* € C

ID evaluation | (m%/s) (m?/s) (m?/s) -) (-) | (m¥Pa)
KFMO3A |[flow first 24 h 2.55-10* |4.24-10* |3.84-10* |5-10° |0.10

KFMO3A | recovery Entire period 4.66-10" |5-10° [0.87 |5.03-10°

Q/s= specific flow

Tym=  steady-state transmissivity from Moye s formula

T = calculated transmissivity from transient evaluation of the test
=  assumed value on the storativity

¢ =  skin factor
C = wellbore storage coefficient
6.4 Conclusions

The total transmissivity of the interval 11.96-1001.19 m in borehole KFMO03A was
calculated to c. 4-10™* m?/s from the pumping test during difference flow logging. As
identified from the latter logging, the dominant inflow in the cored interval of KFMO03A
occurred at . 388.6 m. The transmissivity of this zone was estimated at c. 2-10* m%/s
from separate flow measurements in a 1 m section located across the fracture zone using
the difference flow logging probe, see Section 6.4.4 in the main report. A relatively
large inflow to the borehole has previously also been observed from the assumed
fracture zone at c. 66 m.

The pumping test showed no significant effects of outer hydraulic boundaries, e.g. no-
flow boundaries, during the rather long (c. 8 days) flow period. This fact may indicate
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that the assumed fracture zones at c. 388.6 m and c. 66 m are extensive in the lateral
direction.

The calculated transmissivity from the pumping test cannot in this case be directly
compared with the results of the difference flow logging in this case since the entire
open borehole interval was not flow-logged (i.e. the interval above c. 100 m). However,
the cumulative transmissivities from the sequential flow logging in 5 m sections (3 Tp)
and from the overlapping logging of the flow anomalies (3 Tp), using the above
estimate of the transmissivity of the zone at c. 388.6 m, are listed in Table 6-4 together
with the estimated total transmissivity Ty from the recovery period of the pumping test.

The difference between the calculated transmissivity from the pumping test and
difference flow logging in Table 6-4 is assumed to reflect the transmissivity of the zone
at c. 66 m. From the difference, the transmissivity of the zone at c. 66 m is in the order
of 1-3-10* m?/s, but this estimate is regarded as uncertain and only an-order-of
magnitude estimate.

Table 6-4. Comparison of total transmissivity of the open part of the borehole and
cumulative transmissivity from the difference flow logging in the interval 101.85-1001.19
m in borehole KFMO03A.

Borehole ID | Test method Measured interval (m) | Ty (m%/s) >Tp (m?/s) > Tpt (m%/s)
KFMO03A Pumping test 11.96-1001.19* 4.66-10™
Difference flow 101.85-996.62 1.87-10* 1.88-10™
logging

*the interval 97.20-101.85 m is cased with decreasing casing diameters
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Test Summary Sheet — Pumping borehole KFM(03A

Project: PLU Test type: 1B
Area: Forsmark Test no: 1
Borehole ID: KFMO03A Test start: 2003-08-17 11:58

Test section (m):

11.96-1001.19

Responsible for
test performance:

P. Rouhiainen, PRG-Tec Oy

Section diameter, 2-1,, (m):

0.077

Responsible for
test evaluation:

GEOSIGMA AB
J-E Ludvigson

Lin-Lin plot — Entire test period Flow period Recovery period
_ o . Indata Indata
KFMOjA W ater level h and pumping flow rate Q during difference flow logging ho (m.a.s.l.) 0.02
h 1140 h; (m.a.s.l.) 0.02
ol @ o [e(mas.l) -7.20 he (m.a.s.l.) -0.28
++ o+ by Qp (m /S) 1761073
of 3 - B 1100 tp (min) 11641 te (min) 978
= leo IS 5-10” S 5107
G 2 S
£ |60 3 |EC, (mS/m) -
< 4 o | Tew(deg C) -
o 140 Derivative fact. | 0.3 Derivative fact. |0.3
6 b {20
0816 o 6 0 Results Results
Start: 2003-08-15 00:00:00 month-day Qls (mZ/S) 2.55.10™
Log-Log plot incl. derivative- flow period Tw (M?/s) 4.24-10*
Flow regime: PRF Flow regime: PRF
KFMO3A. First phase of flow period. Drawdown Start:2003-08-17 11:58:00 t (min) 30 t4 (min) 30
s to (Min) 600 to (Min) 300
10} 110 2 7 pa 7
ds/d(nt) - Ty (M/s) 3.84-10" | Ty (M/s) 4.66-10
Sw () - Sw () -
Ksw (M/S) - Ksw (M/s) -
1t b 11 = st (1/m) - st (1/m) -
B K £ [C(m’/Pa) - C (m°/Pa) -
’ g |Co() - Co () -
- E(-) 0.10 E(-) 0.87
0.1+ 0.1
Tare(M/s) Tere(M/s)
1‘ 1‘0 ] ‘0 10‘00 Sare(-) Sare(-)
t(mir% Darr (-) Darer (-)
Log-Log plot incl. derivative- recovery period Interpreted formation and well parameters.
Flow regime: PRF C (m°/Pa) 5.03-10°
KFMO3A Pressure Recovery Start: 2003-08-25 13:59:16 t1 (min) 30 CD (_) B
s tp (min) 300 E() 0.87
10°F ds/d(in dte) + 10 Tt (m?/s) 4.66:10"
S () -
Ks (M/s) -
1 P 11 :g Ss (1/m) -
E fn %, Comments: After initial wellbore storage- and skin effects,
’ L3 3 | pseudo-radial flow occurred during both the recovery period
- and the first phase of the flow period during the difference
0.1¢ {01 flow logging campaign in KFMO3A.
0.1 1 dte Pnin) 100 1000
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APPENDIX 12.2 TEST DATA DIAGRAMS

Entire test sequence
Flow period

Recovery period

KFMO3A Water level h and pumping flow rate Q during difference flow logging

4
h 1140
Q +
2L
1120
++ =+ 4+ +HH ++ H
¥ + +
0 R 1100
+
_ ] <
g 2f 0 E
£ S
< 1 60 (@)
4+
140
i + #
-
-6 f
120
-8 L + L+ + + ——1 0
08-16 26

21
Start: 2003-08-15 00:00:00 month-day

Figure 12.2-1. Linear plot of groundwater level (h) and flow rate (Q) versus time
during the pumping test in conjunction with difference flow logging in borehole
KFMO3A.
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KFMOS3A. First phase of flow period. Drawdown Start;2003-08-17 11:58:00

s

100 dsidiing  ~ 110
1 R 11 =
B ey 1 S
~ Ke]
n @
©

0.1 1 0.1

1 10 100 1000
t (min)

Figure 12.2-2. Log-log plot of drawdown (s) and - derivative, ds/d(In t) versus time (t)

during the first phase of the flow period in borehole KFMO3A.

KFMOS3A. First phase of flow period. Drawdown Start:2003-08-17 11:58:00

=
4 + +F ++++++

| L M|

il

S
ds/d(In 1)

+MMMW

il

-2
+

1 -1

10

=1 —
£
=]

A2 _g

13

14

1 10

100
t (min)

1000

Figure 12.2-3. Lin-log plot of drawdown (s) and - derivative, ds/d(In t) versus time (t)

during the first phase of the flow period in borehole KFMO3A.
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0.1 |

KFMO3A Pressure Recovery Start: 2003-08-25 13:59:16

Appendix 12

S

ds/d(in dte) 710
| 5
et 1 £
++ * £
. 5
+ N
i o°

1 0.1

0.1 1 10 100 1000
dte (min)

Figure 12.2-4. Log-log plot of pressure recovery (s) and - derivative, ds/d(In dte) versus
equivalent time (dt,) during the pumping test in borehole KFMO3A.

s (m)

KFMO3A Pressure Recovery Start:2003-08-25 13:59:16

dte (min)

1 -2
S
ds/d(In dte)  +
1 -1
10
o,
T

+++#+ | 1 :—_g\
£
o
12 %
\ ©

13

o 4

0.1 1 10 100 1000

Figure 12.2-5. Lin-log plot of pressure recovery (s) and - derivative, ds/d(In dte) versus
equivalent time (dt,) during the pumping test in borehole KFMO3A.
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APPENDIX 12.3 PARAMETER FILE TO SICADA

Result Tables for Single-hole pumping- and injection tests
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