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Outline of talk:
» Geological and geophysical model at Aknes

« Geophysical methods and results
« 2D Resistivity (ERT)
* Refraction seismics
« Ground penetrating radar (GPR)
« 3D seismic tomography

* Borehole methods and results
« Optical / Acoustic televiewer
* Resistivity, sonic and gamma-log
« Water quality probe and Impellar flowmeter
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Geophysica

Tallus, scree material

* special high resistivity

* special low p-wave velocity

» special low dielectric constant

Fractured drained bedrock,
* high resistivity

* low p-wave velocity

* low dielectric constant

Fractured wet bedrock,
* moderate resistivity

* medium p-wave velocity
* high dielectric constant

Unfractured bedrock,

* high resistivity

* high p-wave velocity

» moderate dielectric constant

Aknes,
and geological model

OPEN FRACTURE

\ TALLUS
1

FRACTURED DRAINED BEDROCK

1
1
1
1
|| FRACTURED WATER SATURATED
1
1
1
|

UNFRACTURED BEDROCK

+
+
Suitable methods:
« 2D Resistivity (ERT)
* Refraction seismics
* Ground Pentrating Radar
:
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‘-,,,:\)‘ ? A P1 Profile 2D Resistivity

s gl | ) Ground geophysics at

e V. \%@ /I /27 F— Rl Profile GPR ‘

: p}/r{{ : ’fj\‘j ,‘A{/'/:(/ / - S1 Profile Seismic A k n eS (2 004 — 2007)

. A e O  Borehole !
i1 | 2D resistivity (ERT)

B Open tacture S i NS LA (Wenner, Dipol/Dipol. 10 m)

10 lines, 10 km

Ground penetrating radar,
(25, 50 MHz, 1m spacing)
10 lines, 5 km

Refraction seismics

(10 m geophone spacing)

3lines, 1 km
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3D Seismic survey 2007
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Aknes,
Resistivity .
down-hill =

700

Model resistivity with topography
Iteration 5 RMS error = 10.9

Profil 6

6060
Elevation
u.y

1000,

9200
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2946 5418 9962 18317 33680 61928 113878 209376
Resistivity in ohm.m

Elevation
u.y

Model resistivity with topography
Iteration 5 RMS error = 4.9

Drained fractured
bedrock

Water saturated
¥ fractured bedrock

Water saturated less
fractured bedrock

Wenner vs.
Dipol/dipol (Profile 2)
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E::'::i"" Iteration 5 RMS error = 1.9 Profil 1

L Profil 6 ::’i:x:d inversjon
900 Vert./Hor. F:[tc:;o.s
800 N

Profil 3 - - . - .
Seismic interpretation:
Dry highly fractured bedrock

* Water saturated fractured bedrock
500 Profil 5
o Profil 7
1004 S
e T s e

Elevation Model resistivity with topography

1008,

AKnes

Hodel resistivity with topography

Aknes resistivity line P1.
Validation test

Resistivity in ohm.n
Unit Electrode Spacing = 5.0 n.

AKknes

Profil 1
Dipol/Dipol
Standard inversjon
Vert./Hor. Filter=0.5

Iteration 5 RMS error = 18.4

Profil 6

[ I N (T [ ) O ..

2946 5418 9962 18317 33680 61928 113878 209376
Resistivity in ohm.n
Unit Electrode Spacing = 5.90 n.
= == Tolket nedre grense av oppsprukket fjell

(vannmettet)
Mulig sprekkesone

LIAG inversion

Resistivity
in Om

. 40000

22000

P1

12000
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Elevatis

1008-

-V Profil 6
&2 Sprekk

Validation test:
Are vertical
structures artificial
effects?

Aknes

Model resistivity with topography
Iteration 5 RMS error = 10.9

Profil 5

I ) (O ) [ ...

2946 5418 9962 18317 33680 61928 113870 209376
Resistivity in ohm.n

Wenner
Standard inversion
Vert./Hor. Filter= 0.5

Depth Iteration & RHS error = 4.6 %
80.0

160

e =

Inverse Model Resistivity Section

[ ] [ . ...
18317 33680 61928 113870 209376
Resistivity in ohm.m

2946 5418 9962

Profil 2
Dipol/Dipol
Standard inversjon
Vert./Hor. Filter=0.5

Dipol/Dipol
Standard inversion
Vert./Hor. Filter= 0.5

Depth Iteration 4 RMS error = 5.1 %
.0 80.0

Unit electrode spacing 5.00 m.

Inverse Model Resistivity Section

I
18317 33680 61928 113870 209376

Resistivity in ohm.m

2946 5418 9962

Synthetic model

Resistivity in ohn.n

160 1000 2000 3060 5000 6000 8006 10060 20000 30000 50000 60660 806000 100000
- E = =B B ¥ 5B B 8B @B OB =@ =
Resistivity model
2 6.0 40.0 86.0 128 168 200 249 280 320 360 400 440 480 528 560 600 640 680
0. N S S N VT S e N W S NS T e i TN N YO W W T S A i S G ST W T W Y

Undulating structures do

not explain vertical structures

Unit electrode spacing 5.00 m.

Unit electrode spacing 10.0 n.



Elevation
(A}

1000,

400

Validation test:
Are undulating
structures artificial
effects?

Aknes

Hodel resistivity with topography
Iteration 5 RMS error = 10.9

Profil 6

; Sprekk

Profil 2
Dipol/Dipol
Standard inversjon
Vert./Hor. Filter=0.5

rofil 4

L L 0 ] 1 sy
2946 SW18 9962 18317

o]
33680
Resistivity in ohm.n

] I O . .
61928 113870 209376

Wenner
Standard inversion
Vert./Hor. Filter= 0.5

Calculated Apparent Resistivity Pseudosection

Depth Iteration 4 RMS error = 4.7 %
0.0 160 320 480 640 n.
2.50 L 7 = . N N
12.8

25.9
39.6
57.3
67.5
78.8
91.2

105

120

136
Inverse Model Resistivity Section

- ] ) . . [
2946 5418 9962 18317 33680 61928 113870 209376
Resistivity in ohm.m Unit electrode spacing is 10.0 n.
Dipol/Dipol
Standard inversion
Vert./Hor. Filter= 0.5
Depth Iteration & RMS error = 4.9 %
74 ‘.. 167' 320 480 640 n.

17.0
32.8
16.2
62.3

Inverse Model Resistivity Section
I N (T [ (N
2946 5418 9962 18317 33680 61928
Resistivity in ohm.n

113870 209376

Unit electrode spacing is 10.8 .

Synthetic model

Hes1stivity 1n ohm.n

unit electrode spacing 0.0 m.
190 1000 2000 3000 5000 6000 8000 10000 20000 30000 SO000 60000 8000 100000
-eE E m m - = = e = O = -
Resistivity model
40.0  80.0 120 160 200 240 280 320 360 _ WOQ . AAO %80 520 560 600 68 680 720 760

Vertical structures do not explain undulating structures




Elevation

1008.

Wenner

Can undulating image
be explained by a Ver o Fiver-

Depth Iteration 4 RMS error = 4.6 %
0.0 16

12.8 c 8

stepwise structure? =

136 -
Inverse Model Resistivity Section

I I O N N (T (N (N N ) [ O ..
2946 5418 9962 18317 33680 61928 113870 209376
Resistivity in ohm.n Unit electrode spacing is 10.0 m.

Dipol/Dipol
istivity wi . .
Terracion 5 Wi e = o Aknes —— Standard inversion
Profil 6 Dipol/Dipol Vert./Hor. Filter= 1
Standard inversjon
Vert./Hor. Filter=0.5 epth 'I.(eratlnn 5 RMS error = 5.2 t“

101}
17.0

Inverse Model Resistivity Section

[ N N [ (N ) [ . . .-
296 5418 9962 18317 33680 61928 113870 209376
Resistivity in ohn.n unit electrode spacing is 10.0 m.

Synthetic model

Resistivity in ohn.n Unit electrode spacing 10.8 n.

1000 2000 3000 5000 6000 8000
- - - - = =

120
P ORI
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2946 SW18 9962 18317 33680 61928 113870 209376
Resistivity in ohm.n

Stepwise stucture is less likely!




Can undulating image
be explained by a
stepwise structure and
vertical fractures?

Model resistivity with topography

Iteration 5 RHS error = 10.9 Aknes Profil 2
Profil 6 Dipol/Dipol

* Sprekk Standard inversjon

Elevation
1000,

Vert./Hor. Filter=0.5

Profil 3

: ., 720 Profil 4

500 K “‘\, = Profil 5

1120

oo Profil 7
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2946 SW18 9962 18317 33680 61928 113870 209376
Resistivity in ohm.n

Wenner
Standard inversjon
Vert./Hor. Filter= 1

LdicuLateu u Pparent KesIsLIvLL y rseuuusection

Depth Iteration 4 RMS error = 4.8 %
0.0 160 320 480 640 n.

2.50}
1s]

26.9
43.0
52.3
62.5
73.8
86.2
99.8

115

131
Inverse Model Resistivity Section

2964 Su51 10022 18420 33886 62307 114565 210655
Resistivity in ohn.n Unit electrode spacing is 10.9 n.

Dipol/Dipol
Standard inversjon
Vert./Hor. Filter= 1

Depth Iteration 5 RHS error = 5.1 %
0.0 160 320 480 648 n.

Inverse Model Resistivity Section

[N I N N B (T (N N N ) (N O N .
2946 5418 9962 18317 33688 61928 113870 209376
Resistivity in ohm.n Unit electrode spacing is 10.0 m.

Syntetisk modell

Stepwise stucture and vertical fractures is less likely!




Geological model Aknes (Ganergd 2008)
Based on geophysical and structural data.

Heavily fractured rock to 35-65 m depth
Fractured rock to ~100 m depth

i
NNW N h \\ e Back scarp zone
. \Oo\)(\da LN —— Sliding zone at 35-65 m depth
E:i;/: e ) \Nes\em one Q7,0(\6 S -+ Sliding zone (mapped at surface)
T %Qa‘ ~ +-+-4+ Possible sliding zone (from geophysics)
900 | E \\ - - Eastern boundary zone
LN — — = Bedrock foliation

800 E = extension

C = compression
700 1
600 |-

500 houndary zone
400 |-
300

200 1

100

100 L ~
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Technical data:
e Sensors & Software Pulse EKKO 100
50 (and 25) MHz antennas

Station spacing 1 m

10 profiles, 5 km

<
1 S u“ i
11“ oy T e ) o

(TR P RIS CC

GPR reflections controlled by
dielectric properties which is

controlled by the water content.

Wavelength (50 MHz) = 2m
Vertical resolution = 0,5 m
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Joint interpretation, Profile 2
Resistivity, seismics and georadar

y b}
.

2D resistivity Dip./Dip., Georadar and Seismic Profile P2

Reflectors from Georadar

Refractors from Seismic

SSSSSSSS



Seismic tomography — Profil S1
Close up view
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Seismic tomography — Profil S1

2-D tomogram

SSE

640
620
600
580

560

Elevation [m]

540

520

500

480

0 50 100

Distance [m]

150 200

Profile length: 220 m

Nr. of rays: 567
Nr. of iterations: 20
Rms-value: 3.22 ms

Pixel size: 5x5 m

Reconstruction test:
A gaussian data error with a variance
of 3 ms was added

Elevation [m]

Elevation [m]

[< ., |
(<2 N -]
o o

Reconstruction test
SSE

2000
1000

0 50

100
Distance [m]

Ray coverage

150 200

SSE

>50

N
a1
Nr.of rays

0 50

100
Distance [m]

150 200

Velocity [m/s]




Refraction seismics 2006

Aknes, refraksjonsseismisk profil S3

Tegnforklaring
—— Terrengoverflate (Ur/skred-masser, torre)
Refraktor 1 (Fjell, oppknust/kraftig oppsprukket, tort)
—— Refraktor 2 (Fjell, betydelig oppsprukket, tort?)
= Refraktor 3 (Fjell, mindre oppsprukket, vannmettet?)

1 Skuddpunkt

2200  Seismisk hastighet (m/s)

700 P

1 Profil 2D Resistivitet

|
| - —
O Borehull
[ [
|
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5} 620 T
2 ‘ ‘ 3
b =
| | | 600
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580
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e L T T D L L O l ,,,,, L L I
? 2
540 ‘ \ \ ‘ \ | ‘ ‘ \ ‘ | \ ?

| | | | 540

0 40 80 120 160 200 240 320 360 400 440 480 520 560 600 640 680
Horisontal posisjon (m)

Upper borehole
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Sonic logs from the middle
borehole (Elvebakk, 2008)

P-hastighet (m/s)

S-hastighet (m/s)

0 5000 10000
FRRTE FRUTE PETTY Feeey |

Cross-section of 3-D seismic tomogram
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from Venvik Ganergd et al.
(2008)
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Borehole logging.

» Optical / Acoustic televiewer
* Fullwaveform sonic log
* Resistivity
« Total gamma radiation
* Fluid conductivity
« Water quality log
* (Temperature, Fluid cond., pH, Eh, O,, NO,)

* Impellar flowmeter

 Spectral gamma (ETH)
* Heat pulse flowmeter (ETH)

SSSSSSSS
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Oriented optical images KH-8

e e =
o

Depth24,0 — 25,3 m

Groundwater level at 61 m

SIS = ACR i Depth 27,2 —31 m sREror



KH-08 23.852 - 60.247m 17100
OPTY dips

Fracture sets

N0B3 35 IN351 79 N310 76 IN206 75
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02 4 6 8
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DYP (m)

Fallretning

IS me  gmsksmE Core drilling, Aknes KH-8
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Full waveform sonic log

2005 LOWER BOREHOLE,




Impellar flowmeter

x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m@

[

/i

Dynamic measurements:

Rotation number registrated with
constant speed down and up in
borehole. Difference in rotation
number is caused by water flow.

Static measurements:

;:.t_:%ﬁ', ]
=== Rotation number measured at

P
$235 | sprekker
D) o

I Vannferende

fixed positions in the borehole.

Measurements can be performed
In boreholes with natural water
flow or in combination with

pumping.

For detailed measurements, a
heat pulse flowmeter can be
used.
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Almes. Ovre BH Aknes, Upper BH

Flow without pumping Flow without pumping
speed 3 m/min Net Flow
Down REM Up RPM
~100 50 o 50 1ga -50 -40 -30 -20 -10 0 10 20 30 40 50
20 1 1 1 1 1 1 1 L 20 — L1] | LLEL [ LLLL | 1111 l Ll I 1111 | Lk | 1111 ! LLL] | LLil ll
Upper borehole, Bh 2006
a0 40 —§ -
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Aknes Upper Bh

11.08.06
T °C Cond [us/cm] pH Eh (mV) 02 sat. (%) NO3 (mg/L)
200 300 400
33544550 100 2003 5 7 9 11 i o5 25 agd 3 € 912
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Bh drilled in 2006
Upper location

Water quality probe:
 Temperature

* Fluid conductivity
° pH

* Eh

- O,

* NO,
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KH-08 Aknes

Flow measurements

NET FLOW
DOWN RPM UP
-150-125-100-75 -50 -25 0 25 50 75 100 125150
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| Optical teléviewer

Inflow of water

Inflow of water

Inflow of water

nes KH-8 borehole images and wa

ter flow
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Flowmeter
measurements
in middle borehole
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Future work:

* More high resolution ground geophysics?
« Resistivity, Ground Penetrating Radar, Hybrid Seismics

* Reprosessing of the existing geophysics?

* Drilling
« Core drilling vs. percussion drilling?

* Borehole geophysical logging

* Borehole flow measurement
« Impellar flowmeter
« Heat pulse flowmeter

 Tracer experiments? S
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» 3D structural model and 3D hydrogeological model



