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1 Introduction

This document reports the results gained in the interpretation of airborne geophysical
survey data which is one of the activities performed within the site investigation at
Oskarshamn.

The interpretation activity reported is part of a frame work of surveys containing also
preceding activities of similar nature. One early activity in the site investigation was
the identification of possible lineaments and lithological inhomogenities which was
carried out in the late 2002, with the aim to select a priority site west of the Simpevarp
peninsula /1/. Part of that activity was based on preliminary processed data from the
helicopter borne survey of 2002 /2/ and from an air borne photo session from 2001 /3/.
During winter/spring of 2003 a complementary identification of lineaments in the
Simpevarp area by the interpretation of topographical data took place /4/. It covered
the majority of the regional model area as defined in /5/.

The interpretation activity reported here involves a more profound processing and
interpretation of the helicopter borne geophysical survey data as compared to the
activities described above. This processing and interpretation, together with an
interpretation of earlier collected fixed-wing VLF-data, was conducted by GeoVista AB
and Sveriges Geologiska Undersokning (SGU) during the spring and summer of 2003.
It followed the instruction and guidelines from SKB (activity plan AP PS 400-03-010
and method description MD 211.003 and 120.001, SKB internal controlling documents)
under the supervision of Leif Stenberg, SKB.

The location of the interpreted area is shown in Figure 1-1.
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Figure 1-1. Location of the interpreted area.




2  Objective and scope

The primary objective of the “Interpretation of airborne geophysical survey data” was to
identify, extract and describe the following:

e Lineaments in the geophysical airborne survey data for the structural part of the site
descriptive model.

e Surfaces or volumes on and in the ground with homogeneous characteristics
regarding petrophysical parameters for future work regarding the geological part
of the site descriptive model, both for quaternary geology and bedrock.

e Geometrical information such as thickness of overburden, depth to anomaly sources,
dips of anomaly sources etc.

The interpretation work covered the entire area surveyed with helicopter in 2002 /2/.

The results of the interpretation are supposed to be used in future joint interpretation
work within the site investigation, where among other data sets from geological field
observations and identified lineaments from topography /4/ will be included.



3 Equipment

3.1 Description of equipment

The processing and interpretation work has a pure desk-top study character based

on the use of computers with appropriate software. The software used for filtering,
transformation, visualisation and Euler deconvolution of geophysical data was the
Oasis Montaj (Geosoft Inc). Interpolation to regular grids was made with Oasis Montaj
(Geosoft Inc) and Surfer (Golden Software Inc). AGC filtering of electromagnetic data
was performed with MathCAD (Mathsoft Inc). The software for inversion of multi-
frequency data into a two-layer model was developed at GeoVista AB, see Appendix B
(in swedish). The different methods for the processing of VLF-data are developed at
Uppsala University and SGU /6/, /7/, /8/. For the 2D-inversion of the VLF profiles, the
inversion code Rebocc /9/ was used. Magnetic modelling of profile data was performed
with GMM (GeoVista AB). The interpretation and presentation of results was made
with MapInfo (MapInfo Corp) and ArcView (ESRI).



4 Execution

In general the processing and interpretation of airborne geophysical survey data
follows the SKB internal controlling documents (activity plan AP PS 400-03-010 and
method description MD 211.003 and 120.001). Though the guidelines in the method
descriptions are followed in general, personal judgements are necessary to introduce in
both processing and interpretation. As a consequence some of the steps defined in the
ideal process have not been carried out while new ones have been introduced. These
deviations, if considered significant, are commented in the text.

The processing and interpretation of air borne geophysical survey data within this
reported activity include the following major sub activities:

e post-processing of helicopter borne geophysical survey data,
e interpretation of helicopter borne geophysical survey data,

e interpretation of data from an air borne VLF survey using two transmitter stations
(the survey was carried out in 1986),

e preparation of processing results and interpretation results for the data archives
of SKB,

e reporting,

e delivery of the products.

41 Post-processing of air borne geophysical survey data
411 Gamma ray spectrometry from the helicopter borne survey of 2002
The data from the helicopter borne gamma ray spectrometry were delivered as a
Geosoft XYZ-file “Simpevarp Radiometrics NS.XYZ”. Data are described in /2/.

Geosoft grid-files were created from the xyz-files which were then processed according
to Table 4-1. The resulting grids were exported into MapInfo and ArcView. The
processed grids which were used in the interpretation are shown in Figures 4-1 and 4-2.



Table 4-1. Post-processing of helicopter borne gamma ray spectrometry.

Processed primary data Post-processing Resulting GIS image

Simpevarp Radiometrics Interpolation of the three channels K, U and smp_spec_composite_Ip_

NS.XYZ Th with Geosofts Bigrid, gridcell size 8 m. 005.tab (MaplInfo-tif)
Low-pass filtering Butterworth filter, filter smp_spec_composite_Ip_

order 1, cut-off wave number 0.005 cycles/m.  005.tfw (ArcView-tif)

Colour composite K — green, U — blue,

Th —red
Simpevarp Radiometrics Interpolation of the three channels K, U and smp_spec_composite_ratios
NS.XYZ Th with Geosofts Bigrid, gridcell size 8 m. (Maplnfo-tif)
Normalisation of all three channels smp_spec_composite_ratios
Knorm = K/(K+U+Th), (ArcView-tif)

Unorm = U/(K+U+Th),
Thnorm = Th/(K+U+Th)

Colour composite Knorm — green,
Unorm — blue, Thnorm — red
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Figure 4-1. The grid “smp_spec_composite _Ip 005" shows a composite of the three
channels potassium in green, thorium in red and uranium in blue. Low radiation gives
a dark colour, high radiation a light colour. As an example a dark bluish colour could
mean that the ground surface contains low levels of radiating geological material
however with uranium as the dominant element of the three. The area near the nuclear
power plants at Simpevarp is masked out. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.
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Figure 4-2. The grid “smp_spec_composite_ratios” shows a composite of the three
normalised channels of potassium in green, thorium in red and uranium in blue
according to Kyomm = K/(K+U+Th), Unorm = U/(K+U+Th), Thyoym = Th/(K+U+Th).
The area near the nuclear power plants at Simpevarp is masked out. S=Simpevarp
power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

41.2 Magnetic total field from the helicopter borne survey 2002
The data from the helicopter borne measurements of the magnetic total field were
delivered as a Geosoft XYZ-file “Simpevarp Mag NS”. Data are described in /2/.

Geosoft grid-files were created from the xyz-files which were then processed according
to Table 4-2. The resulting grids were exported into MapInfo and ArcView. The
processed grids which were used in the interpretation are shown in Figures 4-3 to 4-4.
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Table 4-2. Post-processing of helicopter borne survey data of the magnetic total field.

Processed primary data Post-processing Resulting GIS image
Simpevarp Mag NS.XYZ Interpolation with Geosofts Bigrid, SmpMFL_RTP_MIl.tab
gridcell size 5 m. (Maplnfo-tif)
Reduction to the pole (I=71 degrees, SmpMFL_RTP_AV.tfw
D=2 degrees). (ArcView-tif)
Colour table and vertical illumination
is applied.
Simpevarp Mag NS.XYZ Interpolation with Geosofts Bigrid, SmpMFLRTP_residual_
gridcell size 5 m. 250_Ml.tab (MaplInfo-tif)
Reduction to the pole (I=71 degrees, SmpMFLRTP_residual_
D=2 degrees). 250.tfw (ArcView-tif)

Upward continuation to 250 m.

Subtraction with the upward
continued field.

Colour table and vertical illumination
is applied.
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Figure 4-3. The grid “SmpMFL_RTP " in colour shows the magnetic total field
reduced to the pole. Low relative levels in the magnetic total field are shown in bluish-
greenish colours and high levels in reddish-brownish colours. Shading with vertical
inclination of in-coming light enhances gradients. The area near the nuclear power
plants at Simpevarp is masked out. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.
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Figure 4-4. The grid “SmpMFLRTP residual 250" in colour shows the magnetic
total field after reduction to the pole and subtraction of the field from an upward
continuation of 250 m. This enhances anomalies from near-surface objects. Low
relative levels in the magnetic total field are shown in bluish-greenish colours and high
levels in reddish-brownish colours. Shading with vertical inclination of in-coming light
enhances gradients. The area near the nuclear power plants at Simpevarp is masked
out. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

Modelling of the response from source bodies in an algorithm allowing 2.5D-models
was carried out along three profiles according to Table 4-3. The results are however
shown in section 5.2.3.

Table 4-3. Specification of modelled profiles from the helicopter borne magnetics 2002.

Profile name Co-ordinates
(RT90 2.5 gon W)

SMP_MAG_MOD_1 Y1,X1 =6363154/1547362 m,
Y2,X2 = 6367764/1549964 m
SMP_MAG_MOD_2 Y1,X1 =6365471/1554476 m,
Y2,X2 = 6368958/1550441 m
SMP_MAG_MOD_3 Y1,X1 =6363918/1547146 m,

Y2,X2 = 6368218/1549248 m
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4.1.3 Euler deconvolution of the magnetic total field data from the
helicopter borne survey of 2002

The data from the helicopter borne measurements of the magnetic total field were
delivered as a Geosoft XYZ-file “Simpevarp Mag NS”. Data are described in /2/.

Geosoft grid-files were created from the xyz-files and processed to suit the Euler
deconvolution according to a detailed description in Appendix A (in Swedish with
English summary) and according to the brief description in Table 4-4. In Appendix A
is also given a reference list to the theoretical aspects of Euler deconvolution.

Examples of results from the Euler deconvolution are shown in Figures 4-5 to 4-7.

Table 4-4. Examples of post-processing of helicopter borne survey data of the magnetic
total field in connection to the Euler deconvolution.

Processed primary data Post-processing Resulting GIS image
Simpevarp Mag NS.XYZ Interpolation with Geosofts Bigrid, Grid_Mag_Euler_0_3x3_10mgrd
gridcell size 10 m. _ns.tfw (ArcView-tif)
Reduction to the pole (=71 degrees, Grid_Mag_Euler_0_3x3_10mgrd
D=2 degrees). _sn.tfw (ArcView-tif)

Separation into one grid file with flight
direction from north to south (_ns), and
one with flight direction from south to
north (_sn).

Upward continuation to 10 m.
Geometrical corrections for measurement
geometry.

Euler deconvolution with structural index
0 (magnetic contact).

Recalculation to refer the resulting source
depth to the sea level.

Presentation of solutions in colour.

Simpevarp Mag NS.XYZ Interpolation with Geosofts Bigrid, gridcell Grid_Mag_Euler_0_3x3_25mgrd
size 25 m. tfw (ArcView-tif)

Reduction to the pole (I=71 degrees,
D=2 degrees).

Upward continuation to 25 m.
Geometrical corrections for measurement
geometry.

Euler deconvolution with structural index
0 (magnetic contact).

Recalculation to refer the resulting source
depth to the sea level.

Presentation of solutions in colour.
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Processed primary data Post-processing Resulting GIS image

Simpevarp Mag NS.XYZ Interpolation with Geosofts Bigrid, Grid_Mag_Euler_0_3x3_100mgr
gridcell size 100 m. dup500.tfw (ArcView-tif)

Reduction to the pole (I=71 degrees,
D=2 degrees).

Upward continuation to 500 m.
Geometrical corrections for measurement
geometry.

Euler deconvolution with structural
index 0 (magnetic contact).

Recalculation to refer the resulting
source depth to the sea level.

Presentation of solutions in colour.
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Figure 4-5. The result of Euler deconvolution on profiles flown in direction from north
towards south using a structural index=0, window=23x3 cells, cell size=10 m. The
depths to the detected sources are related to the sea level (=0). The area near the
nuclear power plants at Simpevarp is masked out. S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Figure 4-6. The result of Euler deconvolution using a structural index=0, window=3x3
cells, cell size=25 m. The depths to the detected sources are related to the sea level
(=0). The area near the nuclear power plants at Simpevarp is masked out. S=Simpevarp
power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

16



1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
L L 1 L L

(|

6370000
6370000

6368000
T
6368000

6366000
T
6366000

fototyanl LU LLL L,
0 5 A DD~ ) e sD 4R

ar

6364000

S EEEEREETT T T T T T T T T T T T T T
1
6364000

£ bbbl b
SiGE R SEE RN RS,

ik b

Altitude above sea level
T T T T T T T T

6362000

1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
0 05 1 2 3 km N
—— Power line s ™ e =
[ interpreted area From GSD-Fastighetskartan © Lantméteriet
. Gavle 2001, Permission M2001/5268
[ZA Not interpreted area Lantméteriet Gévie 2003, Permission 601-2003/370

Swedish Muclear Fuel & Waste Management Co
Source file: Grid_Mag_Euler_0_3x3_100mgrdupp500mflyghdjd  2003-09-11

Figure 4-7. The result of Euler deconvolution using a structural index=0, window=3x3
cells, cell size=100 m, grid upward continued to 500 m. The depths to the detected
sources are related to the sea level (=0). The area near the nuclear power plants at
Simpevarp is masked out. S=Simpevarp power plant, M=Mederhult, LF=Lilla
Fjdlltorpet and P=Plittorp.

4.1.4 Fixed-wing air-borne VLF (1986)

The data from the airborne measurements with VLF were processed in-house at SGU
during the previous preliminary interpretation /1/. The same grids have been used in this
project, and a brief summary of the processing is given in Table 4-5. The theoretical
aspects of the technique are found in /6/, /8/, /10/.

The processed grid mainly used in the interpretation for the identification of lineaments
is shown in Figure 4-8.
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Table 4-5. Post-processing of fixed wing borne VLF measurements of 1986.

Processed primary data Post-processing Resulting GIS image
VLF-data measured from Calculation of the tipper vector (A,B) Preal

two different transmitters, in and the Peaker function which is Pi Maolnfo-tif
three orthogonal directions independent of the geometrical imag (Maplnfo-tif)

(i.e. Hy, Hx, Hz). relations between the anomaly source
and the two transmitters.

VLF-data measured from Calculation of the apparent resistivity. App_res (Maplnfo-tif)

two different transmitters, in - . . .
three orthogonal directions Gridding using Geosoft Oasis montaj

(i.e. Hy, Hx, Hz). Bigrid with a cell size of 50x50 m.

Colour table with vertical illumination.
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Figure 4-8. The grid “App _res” in colour shows the apparent resistivity as calculated
from VLF two transmitter station data. Low relative levels in resistivity are bluish and
high are brownish. The power lines are marked as thin white lines and the five profiles
inverted with 2D models in black and white (VLFI1-VLFS5). S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

18



Furthermore a 2D inversion was carried out along five profiles as marked in Figure 4-8
and with co-ordinates as in Table 4-6. The results of the inversion are presented below
in Figures 4-9 to 4-13.

Table 4-6. Specification of inverted profiles from the fixed wing borne VLF
measurements of 1986.

Profile name Co-ordinates (RT90 2.5 gon W) Quantification of the achieved fit
between measured and modelled data
VLF1 Y 6370400m, X1=1546400m, X2=1548840m Model (RMS=1.9)
VLF2 Y 6369600m, X1=1549120m, X2=1551800m Model (RMS=1.6)
VLF3 Y 6368400m, X1=1546440m, X2=1550880m Model (RMS=3.1)
VLF4 Y 6365000m, X1=1544880m, X2=1547000m Model (RMS=1.3)
VLF5 Y 6362200m, X1=1545200m, X2=1546360m Model (RMS=1.0)
E E -
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‘:_‘ -200 ; ; BEE——— NS
= 0 500 1000 1500 2000

Instance along profile (m)

Figure 4-9. Result of the inversion of profile VLF 1. Bluish colours indicate low relative
resistivity and yellowish-brownish high resistivity. The colour scale for resistivities is
visible in Figure 4-13 expressed in logl(. Location of the profile is given in Figure 4-8
and in Table 4-6.
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Figure 4-10. Result of the inversion of profile VLF2. Bluish colours indicate low
relative resistivity and yellowish-brownish high resistivity. The colour scale for
resistivities is visible in Figure 4-13 expressed in logl0. Location of the profile is
given in Figure 4-8 and in Table 4-6.
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Figure 4-11. Result of the inversion of profile VLF3. Bluish colours indicate low
relative resistivity and yellowish-brownish high resistivity (depth scale same as for
other profiles). The colour scale for resistivities is visible in Figure 4-13 expressed in
logl10. Location of the profile is given in Figure 4-8 and in Table 4-6.
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Figure 4-12. Result of the inversion of profile VLF4. Bluish colours indicate low
relative resistivity and yellowish-brownish high resistivity. The colour scale for
resistivities is visible in Figure 4-13 expressed in logl(). Location of the profile is
given in Figure 4-8 and in Table 4-6.
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Figure 4-13. Result of the inversion of profile VLF5. Bluish colours indicate low
relative resistivity and yellowish-brownish high resistivity. The colour scale for
resistivities is expressed in logl(. Location of the profile is given in Figure 4-8 and
in Table 4-6.

4.1.5 Helicopter borne multi-frequency EM (2002)

The data from the helicopter-borne multi-frequency EM-measurements were delivered
as a Geosoft XYZ-file “Simpevarp EM NS”. Data are described in /2/. The data have
been processed in order to enhance the appearance of lineaments, rock units of
anomalous resistivity and electrically conductive soil cover.

Raw data are affected by flight altitude. This effect can be greatly reduced by
converting the data to apparent resistivity. Apparent resistivity for the quadrature
components were calculated by the contractor and included in the delivery /2/.

Anomalies caused by fractures in the bedrock are often weak in comparison with e.g.
long wave-length anomalies caused by variations in soil cover thickness. The secondary
field data were therefore AGC-filtered (AGC = automatic gain control) in order to
enhance local anomalies.

The secondary field and hence the apparent resistivity contains information about the
electrical properties of both the bedrock and the soil cover. It is very difficult to separate
the effects of these units by qualitative interpretation. The data were therefore inverted
to a two-layer model where the upper layer represents the soil cover and the second
layer represents the bedrock. This will create different 1D-models in a grid over the
survey area. These are then stitched together to create a pseudo-3D electrical model of
the area. The 1D model is not valid at grid nodes where the electrical structure of the
subsurface is strongly 2D or 3D. Such problems are however indicated by large residual
errors and large confidence limits on the model parameters and can be taken into
account during interpretation of the results.
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Inversion of EM-data is very sensitive to correct levelling of the data. The secondary
field data where therefore first levelled with the support of 1D models obtained from
ground geophysics /11/. This information was also used as constraints during the

inversion process.

Apparent resistivity

Surfer grid-files of apparent resistivity were created from the XYZ-files according to
Table 4-7. An example can be seen in Figure 4-14.

Table 4-7. Post-processing of helicopter-borne multi-frequency EM-data (ip = in-phase,
q = quadrature, freq. 1 = 7001Hz coaxial, freq. 2 = 6606Hz coplanar, freq. 3 = 980Hz

coaxial, freq. 4 = 880Hz coplanar, freq. 5 = 34133Hz coplanar).

Processed primary or
intermediate data

Post-processing

Resulting file(s)

Simpevarp EM NS.XYZ

Apparent resistivity columns

Interpolation with Surfer “Inverse
Distance”, grid cell size 10 m, search
radius 50 m NS and 150 m EW, 7
search sectors, anisotropy 1.5 EW.

Taking the logarithm (base 10).
Colour table applied.

apprQ1.grd (Surfer grid
apprQ2.grd (Surfer grid
apprQ4.grd (Surfer grid
apprQ5.grd (Surfer grid

—_ — — —

apprQ1.tfw
apprQ2.tfw

ArcView-tif)
ArcView-tif)
apprQ4.tfw (ArcView-tif)
apprQ5.tfw (ArcView-tif)

o~~~ o~

Simpevarp EM NS.XYZ

Secondary field columns

AGC-filtering separately for survey
lines and tie lines.

AGCout_60.dat (ASCII)
AGCout_60tie.dat (ASCII)

AGCout_60.dat

Interpolation with Surfer “Inverse
Distance”, grid cell size 10 m, search
radius 50 m NS and 150 m EW, 7
search sectors, anisotropy 1.5 EW.

Colour table applied.

ip1agc.grd (Surfer grid)
ip2agc.grd (Surfer grid)
ip3agc.grd (Surfer grid)
ip4agc.grd (Surfer grid)
ip5agc.grd (Surfer grid)
glagc.grd (Surfer grid)
g2agc.grd (Surfer grid)
g3agc.grd (Surfer grid)
gdagc.grd (Surfer grid)
g5agc.grd (Surfer grid)

ip1agc.tfw (ArcView tif)
ip2agc.tfw (ArcView tif)
ip3agc.tfw (ArcView tif)
ipdagc.tfw (ArcView tif)
ipSagc.tfw (ArcView tif)
glagc.tfw (ArcView tif)
g2agc.tfw (ArcView tif)
g3agc.tfw (ArcView tif)
g4agc.tfw (ArcView tif)
g5agc.tfw (ArcView tif)

Simpevarp EM NS.XYZ

Secondary field columns,
quadrature components

Levelling of tie-lines by comparisons
with responses from VES-models.

Levelling of survey lines by
comparisons with tie lines.

Levelling of survey lines by

comparisons with neighbouring lines.

Svarp_EM_lev.dat (ASCII)
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Processed primary or
intermediate data

Post-processing

Resulting file(s)

Simpevarp EM NS.XYZ

Secondary field columns,
in-phase components

Subtraction of negative anomalies in
880 Hz coplanar and 980 Hz coaxial
data from coplanar and coaxial in-
phase components taking coil-
separation into account.

Levelling by defining zero-level as
secondary field over highly resistive
areas.

Svarp_EM_lev.dat (ASCII)

Svarp_EM_lev.dat

columns for levelled
secondary fields, flight
altitude and coordinates

Interpolation with Surfer “Nearest
Neighbor”, grid cell size 10 m NS 25
m EW, search radius 100 m.

Blanking of water areas.

ip1_l.grd (Surfer grid)
ip2_l.grd (Surfer grid)
ip3_l.grd (Surfer grid)
ip4_l.grd (Surfer grid)
ip5_l.grd (Surfer grid)
q1_l.grd (Surfer grid)
g2_l.grd (Surfer grid)
q3_l.grd (Surfer grid)
g4_l.grd (Surfer grid)
g5_l.grd (Surfer grid)
altitude.grd (Surfer grid)
East.grd (Surfer grid)
North.grd (Surfer grid)

ip1_l.grd Inversion to two-layer model taking a rho1.grd (Surfer grid)
ip2_l.grd priori information into account. h1.grd (Surfer grid)
ip3_l.grd . rho2.grd (Surfer grid)
ip4_I.grd Output includes layer parameters tho1s.grd (Surfer grid)
. (rho1, h1, rho2), parameter ;
ip5_l.grd ) o h1s.grd (Surfer grid)
confidence limits (rho1s, h1s, rho2s), f
q1_l.grd . h o rho2s.grd (Surfer grid)
apparent flight altitude (flhout), misfit .
g2_l.grd to EM dat 1) and misfit to EM flhout.grd (Surfer grid)
q3_l.grd N d ata (c;rrlsou )an mlts itto rmsout.grd (Surfer grid)
g4_l.grd and a priori data (rmsaprout). rmsaprout.grd (Surfer)
g5_l.grd
altitude.grd
rho1apr.grd (see 4.1.7)
h1apr.grd “
rho2apr.grd “
rho1sapr.grd
h1sapr.grd
rho2sapr.grd
rho1.grd Blanking of grid nodes with large invoutput.dat (ASCII)
h1.grd RMS-values.
rho2.grd Conversion of inversion output to
rmsout.grd . L
column format with original
East.grd dinat
North.grd coordinates.

invoutput.dat

Interpolation with Surfer “Inverse
Distance”, grid cell size 10 m, search
radius 50 m NS and 150 m EW, 7
search sectors, anisotropy 1.5 EW.

Output includes layer parameters
(rho1_inv, h1_inv, rho2_inv).

rho1_inv.grd (Surfer grid)
h1_inv.grd (Surfer grid)
rho2_inv.grd (Surfer grid)

rho1_i.tfw (ArcView tif)
h1_i.tfw (ArcView tif)
rho2_i.tfw (ArcView tif)
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Processed primary or
intermediate data

Post-processing

Resulting file(s)

Svarp_EM_lev.dat

columns for levelled
secondary fields, flight
altitude and coordinates

Interpolation with Surfer “Nearest
Neighbor”, grid cell size 10 m NS 25
m EW, search radius 100 m.

Blanking of land areas.

ip1_w.grd (Surfer grid)
ip2_w.grd (Surfer grid)
ip3_w.grd (Surfer grid)
ip4_w.grd (Surfer grid)
ip5_w.grd (Surfer grid)
q1_w.grd (Surfer grid)
g2_w.grd (Surfer grid)
g3_w.grd (Surfer grid)
g4_w.grd (Surfer grid)
g5_w.grd (Surfer grid)
altitudew.grd (Surfer grid)
Eastw.grd (Surfer grid)
Northw.grd (Surfer grid)

Py

ip1_w.grd Inversion to two-layer model taking a rho1w.grd (Surfer grid)
ip2_w.grd priori about water depth and water h1w.grd (Surfer grid)
ip3_w.grd resistivity information into account. rho1sw.grd (Surfer grid)
ip4_w.grd . h1sw.grd (Surfer grid)
ip5_w.grd Output includes water depth and flhoutw.grd (Surfer grid)
q1_w.grd re5|§t|V|ty (h.‘IW.’ rho1w), parameter rmsoutw.grd (Surfer grid)
q2_w.grd confldence. limits (rho1sw, h1sw), o rmsaproutw.grd (Surfer)
93_w.grd apparent flight altitude (fIhou.tw.), misfit

q4_w.grd to EM data (rm§outw) and misfit to

95_w.grd EM and a priori data (rmsaproutw).

altitudew.grd Colour table applied.

rho1aprw.grd (see 4.1.7)

h1aprw.grd “

rholsaprw.grd  “

h1saprw.grd “

rho1w.grd Conversion of inversion output to invoutputw.dat (ASCII)
h1w.grd column format with original

rmsoutw.grd coordinates.

Eastw.grd

Northw.grd

Invoutputw.dat

Interpolation with Surfer “Inverse
Distance”, grid cell size 10 m, search
radius 50 m NS and 150 m EW, 7
search sectors, anisotropy 1.5 EW.

Output includes apparent water depth
(h1w_inv).

Smoothing. Colour table and shading
applied.

h1w_inv.grd (Surfer grid)

h1w_i.tfw (ArcView tif)
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Figure 4-14. The grid apprQ5 shows the apparent resistivity calculated from
helicopter-borne multi-frequency EM-data, 34133 Hz quadrature component, coplanar
coils. Blue and green colours indicate low apparent resistivity. No data are available
where the sensor altitude has exceeded 80 metres above power lines and the Simpevarp
power plant. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and
P=Plittorp.

AGC-filtering

Local anomalies were enhanced in the secondary field data by AGC-filtering:

_in—ave(in)

o)

N
where

AGC = AGC filtered output

in = input data

ave(in) = average of input data in AGC window
N = number of samples in AGC window

and

N

SS = Z (in}. - 1:;!’1;(3(:'1*1))2

i-1

24



Different lengths of the AGC-window were tested. A length of 61 recordings
corresponding to around 180 to 200 metres of profile was found to be a good choice.
AGC-filtered data were stored in ASCII-format. Surfer grid files were created of the
AGC-filtered data. Examples of AGC-filtered data can be seen in Figures 4-15 and
4-16 respectively.
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2 2
(=1
8
- o4
L Ll 1 Ll Ll Ll T Ll g
1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000 «©
0 05 1 2 3 km N
D Interpreted area e ™ s = A
; From GSD-Fastighetskartan @ Lantméateriet
ZZ] Not interpreted area Gavle 2001, Permission M2001/5268
Water Lantmaéteriet Gavle 2003, Permission 601-2003/370
Swedish Nuclear Fuel & Waste Management Co
2003-09-11

Figure 4-15. The grid q5agc shows the AGC-filtered helicopter borne multi-frequency
EM-data, 34133 Hz quadrature component, and coplanar coils. Local on-shore
anomalies are enhanced and indicated with bright shades. No data are available

close to the Simpevarp power plant.
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Figure 4-16. The grid ip4agc shows the AGC-filtered helicopter borne multi-frequency
EM-data, 880 Hz in-phase component, coplanar coils. Local off-shore anomalies are
enhanced and indicated with bright shades. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.

Levelling

Secondary field data along the tie-lines were compared with theoretical anomalies
from layered earth models resulting from interpretation of DC electrical soundings
(VES) on the ground /11/. Some systematic differences were apparent (Figure 4-17)
and the quadrature components were levelled to fit the theoretical anomalies according
to procedures described in Appendix B (in swedish). Such levelling could not be
performed for the in-phase components since they are affected by magnetic effects.
The values subtracted from the quadrature components of the tie-lines are given in
Table 4-8. Electric resistivity is to some extent frequency dependent, but measurements
on samples from the most common rocks in the area indicate that this effect can be
neglected.
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Figure 4-17. Difference in secondary field (in ppm) from tie lines of the helicopter
borne multi-frequency EM data and synthetic responses calculated for corresponding
VES control points on the ground. The first five points are from flight I and the
remaining from flight 2. The example shown is for 880 Hz coplanar coils, quadrature
component.

Table 4-8. Corrections, in ppm, of tie-line data (quadrature components) based on
comparisons with synthetic data from VES-models.

Flight # 7001 Hz 6606 Hz 980 Hz 880 Hz 34133 Hz
coaxial coplanar coaxial coplanar coaxial

1 0.0375 4.89 -0.63 5.8 9.47

2 —-0.66 -0.39 -0.92 4.36 3.24

Quadrature components of the secondary field data along the north-south survey lines
were levelled by comparing values at cross-over points with the levelled tie-lines. The
difference in flight altitude was corrected for by applying an approximate formula valid
for moderate altitude differences:

a
alt,
+ o line
tie,, .. =lie| —=
- alt,,

where

tien corr = secondary field from tie line corrected for altitude difference
tie = uncorrected secondary field from tie line

altjine = flight altitude value from survey line

alt;;. = flight altitude value from tie line

a = power coefficient according to Table 4-9.
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Table 4-9. Altitude correction power coefficients for quadrature components.

7001 Hz 6606 Hz 980 Hz 880 Hz 34133 Hz
coaxial coplanar coaxial coplanar coaxial
-1.5 -1.5 -1.42 -1.42 -1.65

Cross-over points in fairly homogeneous high-resistivity areas were considered most
reliable for levelling. The secondary fields along survey lines were corrected for by
applying a linear trend (Figure 4-18).

Survey lines that could not be reliably levelled with the help of tie-line data were
levelled by comparisons with neighbouring lines.

The effect of magnetic susceptibility was estimated from the in-phase components
of the 880 Hz and 980 Hz data. The in-phase component of the secondary field due
to induction is very close to zero for such low frequencies in the high resistivity
environment that is typical for Swedish on-shore areas. The negative anomalies that
appear in these data can therefore be regarded as caused by purely magnetic effects.
The magnetic effect is more or less frequency independent in high resistivity areas so
the negative values mentioned above were subtracted for all frequencies after taking
coil-separation into account. The in-phase data were then levelled by assuming that
the secondary field should be close to zero over homogeneous, high-resistivity areas.
Levelled secondary field data were stored in ASCII-format and Surfer grid files were
created.

57 | | | | | | | | |

50

40

kk
—levyy

30
e

kk
20

_, O I I I I I I I I I

6.3645-10° 6.365-10° 6.3655-10° 6.366-10° 6.3665-10° 6.367-10° 6.3675-10° 6.368-10° 6.3685-10° 6.369-10° 6.36¢

Figure 4-18. Example of levelling of a survey line with the help of altitude-corrected
tie-line data. The black dashed line shows uncorrected survey line values from
crossovers with tie-lines, the blue line shows corresponding tie-line data and the red
line shows the survey line data after applying a linear trend reduction (34133 Hz
quadrature component, line 1020, 1546100Y).
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Inversion

The levelled EM-data were converted into grid format and inverted to a two-layered
model using the a priori data described in section 4.1.7 as regularisation. Interpolation
to grids was made with the “Nearest neighbour””-method to avoid mixing of data from
different survey lines. Grid files were also created for flight altitude and coordinates.
Water covered areas were not included in the inversion. The inversion was performed
in accordance with the procedure described inAppendix B (in swedish). Surfer grid
files were created of the inversion output (soil cover resistivity and thickness, bedrock
resistivity), the estimated parameter errors and the misfit between model response and
input data.

Finally, grid nodes in the inversion output where the RMS-error was greater than 6.0
were blanked and the remaining data parameter values were converted to ASCII-format
making use of the coordinate grids to restore the original positions. Grid files were then
created using “Inverse distance”-interpolation. An example is seen in Figure 4-19.

The EM data from offshore areas were also inverted in the same way as described
above. The uppermost layer represents the sea water in this case whereas the second
layer represents the sediments and bedrock jointly. Due to the very high resistivity
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Gavle 2001, Permission M2001/5268

Water Lantméteriet Gévie 2003, Permission 601-2003/370

Swedish Nuclear Fuel & Waste Management Co
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Figure 4-19. The grid rho2_inv shows the estimated resistivity of the bedrock in
on-shore areas. S=Simpevarp power plant, M=Mederhult, LF'=Lilla Fjdlltorpet and
P=Plittorp.
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contrast between the layers it is not possible to resolve any resistivity variations in the
lower layer below the sea. A priori information about water depth was available from
bathymetric measurements and the water resistivity was measured during the helicopter
borne survey. The water resistivity was more or less the same at the three measuring
points and at different depths. A constant value was therefore used as a priori
information.

The resistivity of the sea water in the inversion output varied slightly between e.g.
different flight lines. The conductance of the water layer can be considered as the

best resolved parameter and the inverted water depth was therefore corrected to be

in accordance with the a priori information about water resistivity (0.87 Qm). The
corrected water depths were plotted versus the original bathymetric data. A very good
linear relation was found. The inversion output was however 25% lower than the
bathymetric data. The reason for this systematic difference has not been investigated but
might be due to systematic errors in the helicopter altimeter or in the gain and/or phase
of the EM system. The difference was corrected for by multiplying the inversion output
with the appropriate constant. The results can be seen in Figure 4-20.
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Figure 4-20. The grid hiw_inv shows the water depth estimated from multi-frequency
EM-measurements through inversion. Interpreted water depth data can however not be
used as a basis for navigation of boats. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.
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4.1.6 Helicopter borne VLF (2002)

The data from the helicopter-borne VLF-measurements were delivered as part of a
Geosoft XYZ-file “Simpevarp EM NS”. Data are described in /2/.

The only post processing that was performed on the helicopter-borne VLF-data was
creation of new grid files as specified in Table 4-10. Two grid files are shown in
Figures 4-21 and 4-22. The reason behind the disturbed appearance is the change of
transmitters during the flying sessions.

Table 4-10. Post-processing of helicopter-borne VLF-data.

Processed primary or Post-processing Resulting file(s)
intermediate data

Simpevarp EM NS.XYZ Interpolation with Surfer “Inverse VLT_s.grd (Surfer grid)

) e Distance”, grid cell size 10 m NS VOT_s.grd (Surfer grid

VLF total field resistivity and 25 m EgW, search radius 50 m —sord or)

columns NS and 150 m EW, 7 search VLT_s.tfw (ArcView-tif)
sectors, anisotropy 1.5 EW. VOT_s (ArcView-tif)

Colour table applied.
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Figure 4-21. The grid VLT s shows the helicopter-borne VLF-total field anomaly,
inline sensor. Positive anomalies are shown with white and red colours. Power lines
produce strong anomalies. The shifts of level visible are due to changed transmitters
during flying sessions. No data are available close to the Simpevarp power plant.
S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdilltorpet and P=Plittorp.
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Figure 4-22. The grid VOT s shows the helicopter-borne VLF-total field anomaly,
orthogonal sensor. Positive anomalies are shown with white and red colours. Power
lines produce strong anomalies. The shifts of levels visible are due to changed
transmitters during flying sessions. No data are available close to the Simpevarp
power plant. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and
P=Plittorp.

4.1.7 Miscellaneous
Mask of outcrops

The preparatory work for the interpretation included the transformation of interpreted
probable outcrops to GIS layers which could be used directly in the interpretation. Two
masks, one with transparent outcrops and one with opaque outcrops (Figure 4-23), were
produced. The masks do however not cover the entire area needed. The reason is that
the original interpretation of outcrops carried out by SGU covered the candidate area
which is not entirely coinciding with the area surveyed with helicopter.
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Figure 4-23. Distribution of outcrops (in grey) according to an interpretation made
by SGU in 2002/2003 over the candidate area. Observe that some areas within

the helicopter surveyed area have yet not been interpreted regarding outcrops.
S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

Lineaments, depressions and topographical data

The identified lineaments and depressions from topographical data /1/, /4/, as well as
altitude data /3/, have been used to support the interpretation of airborne geophysics.

Petrophysics

A petrophysical study as a complement to earlier studies has been available and
implemented into a GIS to assist in the interpretation of the airborne survey /12/, /13/.

Land cover information

Information about the land cover was extracted from “Terrdngkartan” of the National
Land Survey. Data were available as GIS-layers.
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Vertical electrical soundings

Information about the electrical structure of the ground is used as a priori information
in inversion of helicopter-borne multi-frequency EM-data.

Surfer grid files were created by inverse distance weighting of a priori information

of soil cover thickness, soil cover resistivity and bedrock resistivity from VES
measurements /11/ as specified in Table 4-11. Corresponding grid files were created
showing the estimated standard deviation of the interpolated values. Areas at large
distance from any VES station will get a very high standard deviation. Such areas were
treated separately:

The soil cover resistivity was set to 60 Qm for agricultural fields (presumed clayey
soil), 100 Qm for bogs/wetlands and 1200 Qm for other areas. The standard
deviation for this a priori information was set to fairly high values so that it will
not affect inversion in a too significant way.

The soil cover thickness was set to zero in those areas defined as rock outcrops by
SGU (see above).

The resistivity of the bedrock was estimated from regression analysis of apparent
resistivity helicopter EM data versus interpreted bedrock resistivity from VES
measurements (Figure 4-24). The standard deviation for this a priori information
was set to fairly high values so that it will not affect inversion in a too significant
way.

Table 4-11. Post-processing of VES-data.

Processed primary or
intermediate data

Post-processing

Resulting file(s)

VES_apps40002014.shp
X _apps40002014.shp
My_06hsv.shp
My_06gso.shp
oskarshamn_hall_yta.shp

apprQ1.grd

Interpolation with inverse
distance weighting, grid cell
size 25 m EW 10 m NS, from
positions with VES models.
Default values from auxiliary
data at large distance from
VES stations.

Output includes a priori
information about layer
parameters with estimated
standard deviation.

rho1apr.grd (Surfer grid)
h1apr.grd (Surfer grid)
rho2apr.grd (Surfer grid)

rho1sapr.grd (Surfer grid)
h1sapr.grd (Surfer grid)
rho2sapr.grd (Surfer grid)
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Figure 4-24. Relationship between bedrock resistivity estimated from electrical
soundings /1/, /11/ and apparent resistivity from helicopter-borne EM-measurements.

Water depth

Information about the water depth was based on nautical charts of the Hydrographic
Office of the Swedish Administration of Shipping and Navigation (Sjofartsverket). The
data are however not public. Data were available as ASCII-files. This information was
used as constraints during inversion EM data over water covered areas. A Surfer grid
file (hlaprw.grd) was created with inverse distance interpolation, see also Table 4-12
below. Interpreted water depth data can however not be used as a basis for navigation
of boats.

Water resistivity

The resistivity of the sea water was measured by Jenette Carmstrom 2002-10-10 at three
locations concurrently with the helicopter borne survey. This information was used as
constraints during inversion of EM data over water covered areas. A Surfer grid file
(rholaprw.grd) was created with constant values corresponding to the average measured
water resistivity, see also Table 4-12 below.
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Table 4-12. Post-processing of a priori data regarding water depth and water resistivity.

Processed primary or Post-processing Resulting file(s)
intermediate data

omr1a.dat Interpolation with inverse rho1aprw.grd (Surfer grid)
distance weighting, grid cell h1aprw.grd (Surfer grid)

omr1b.dat size 25 m EW 10 m NS.

omr2.dat

omr3.dat

flyggeofysikkonduktivitet.xls Output includes a priori

information about water layer ~ rho1saprw.grd (Surfer grid)
parameters with estimated h1saprw.grd (Surfer grid)
standard deviation.

4.2 Interpretation

The interpretation technique used is briefly described below in connection to the results
presented. For detailed descriptions the reader is referred to the method descriptions
MD 211.003 and 120.001 (SKB internal controlling documents).

421 Gamma ray spectrometry from the helicopter borne survey of 2002

The interpretation technique used is based on visual inspections in a GIS of the different
products from the post-processing of the helicopter borne gamma ray spectrometry. The
products are presented in section 4.1.1.

The visual inspection has to a high degree been based on the use of a colour composite
map showing the normalisation of all three channels according to

Ko = K/(K+U+Th),
Unorm = U/(K+U+Th),
Thuom = Th/(K+U+Th)

On the colour composite map the three different channels have been presented
according to Kporm — green, Upom — blue, Thyem — red. As an example an area where

the blue colour is dominating indicates that the radiation in the channel showing the
uranium content at the ground surface is high relative to it’s normal value and relative to
the total radiation in the area. It is however important to note that it does not implicate
that the absolute uranium content needs to be higher than the thorium content.

Absolute radiation levels have also been considered in the interpretation.
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Gamma ray spectrometry on ground has been carried out only at few locations so far,
but is planned to continue in connection to the geological mapping of the area. The
limited amount of ground spectrometry data available limits the motivation for profound
comparisons of ground and helicopter borne data. Only some general conclusions are

so far possible to draw and have been commented in chapter 5. In connection to the
geological mapping however, the correlation between the homogeneity areas identified
from spectrometry and the geology will be elaborated.

4.2.2 Magnetic total field from the helicopter borne survey 2002

In the interpretation of the magnetic total field data the first step aims to identify
lineaments and to delineate homogeneity volumes, i.e. volumes which are homogeneous
in respect to others regarding the amount and distribution of magnetic minerals. This
step is based on visual inspections in a GIS of the different products from the post-
processing of the helicopter borne measurements of the total magnetic field. The
products are presented in section 4.1.2.

An important input in the delineation process is the results from the Euler
deconvolution which among other presents probable positions of contacts between
different homogeneity volumes. The Euler processing could be regarded as an
interpretation, but is here described in section 4.1.3 as a sub-section in the description
of the post-processing of air borne geophysical survey data. Another source of input in
the delineation work is the petrophysical properties of rocks available.

The second step in the interpretation is the quantitative modelling which has been
applied on a few sources to anomalies in the total magnetic field. A 2.5D modelling
algorithm has been used. Also here both results from the Euler deconvolution and
petrophysics bring possible constraints to models which are important to respect.

4.2.3 Electromagnetic data

Lineaments were identified independently for helicopter borne multi-frequency
EM-data, helicopter borne VLF-data and fixed-wing airborne VLF-data respectively.
The work was carried out by visual interpretation of post-processed data in a desk-top
GIS environment. Images or GIS-layers representing different measurement parameters
were overlaid on each other. The level of uncertainty for different lineaments was set
depending on the magnitude of the corresponding EM-anomaly, the length of the
lineament, the number of measurement components indicating the lineament and

the presence of possible noise sources. Inverted water depth was used to identify
topographic lineaments on the sea-floor.
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Areas of low bedrock resistivity were identified by setting threshold values of 6500,
4000 and 2000 Qm respectively on the output from the two-layer inversion of multi-
frequency data. The areas were slightly smoothed. The areas corresponding to the
above thresholds were labelled moderate, low and very low resistivity respectively.
Areas close to the major power lines and the power plants were removed from the
interpretation. Areas with thick soil cover were identified by setting thresholds of
2.5 and 5 metres on the inversion output. Areas with electrically conductive,
presumably clayey, soil were identified by setting thresholds on the ratio of soil
thickness to soil resistivity in the inversion output. These thresholds were 0.005 and
0.02 Siemens.
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5 Results

The results from the processing and interpretation of the airborne geophysical data
reported data has been inserted in the database (SICADA) of SKB. The SICADA
reference to the present activity is field note no 140.

5.1 Identification of homogeneity areas at the ground
surface from helicopter borne gamma ray spectrometry

5.1.1 Background

Helicopter borne gamma ray spectrometry is a remote sensing, geophysical technique
which provides information about the distribution of K, U and Th that is directly
interpretable in terms of surface geology /14/. It is however a surface technique as

only gamma rays from the top few tens of cm from below the surface of the ground is
detected. This implies that the full interpretation requires an understanding of the nature
of the relationship between the bedrock geology and the overburden.

For the Simpevarp area the overburden is in general rather thin and the grade of bedrock
exposure high. According to /5/ about 71% of the onshore regional model area is
covered by thin till or exposures. The thickest deposits onshore are probably found in
the valleys and in the south-western part of the helicopter surveyed area where outcrops
are less common and sandy to silty till occur together with glacial clay and post-glacial
sediments. Thus quite a large proportion of the surveyed area is covered by a thin layer
of till or exposed bedrock. The composition in a thin layer of till is in general regarded
to highly reflect the composition of the underlying bedrock.

The interpretation of outcrops made aside from this interpretation activity pinpoints the
position of outcrops. The radiation from these outcrops, provided their size is enough
and if they are not covered by thick layers of organic matter, will estimate the content
of K, U, Th in the bedrock.

In summary the gamma ray spectrometry over the major part of the surveyed area is
considered to reflect the bedrock geology. The exceptions are primarily found in the
vast topographical depressions or valleys and in areas where eskers or thicker layers
of Quaternary deposits occur.

5.1.2 Identified areas with homogeneous distribution pattern
and content of K, U and Th in helicopter borne gamma
ray spectrometry

The post-processed products as described in section 4.1.1 above, visualising the
distribution of K, U and Th over the helicopter surveyed area, were used in the
interpretation together with other data and information described in section 4.1.7
above.
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The identification of homogeneity areas i.e. areas with a homogeneous pattern of
distribution and content of K, U and Th, has to a high degree been based on colour
composite maps built up on three normalised channels where the green channel
represents the normalised potassium content, the red channel the thorium content and
the blue channel the uranium content (see also section 4.2.1). Absolute radiation levels
have however also been considered in the interpretation as they may contribute to the
possibility of classifying the sources. As an example mafic rocks are often characterised
by low radiation.

The identification of homogeneity areas have resulted in seven groups representing
different characteristics according to the relative content of the three elements. The
names of the groups should be understood as representing the relative contribution to
the total radiation from each channel (or element). They are thus misleading, if they are
interpreted to reflect absolute contents of the different elements.

The seven groups are:

Potassium-dominant
Thorium-dominant
Uranium-dominant
Potassium-Thorium-Uranium
Potassium-Thorium-dominant
Potassium-Uranium-dominant
Thorium-Uranium-dominant

The combinations are presented in detail below and summarized in Figure 5-8. All
homogeneity units have been assigned attributes according to the Table 5-1.

Table 5-1. List of attributes for identified homogeneity areas in helicopter borne gamma
ray spectrometry (example from the group “Potassium dominant”).

Name of attribute  Values in this activity Comment

(not used is marked by n.a.)

ID_T n.a.

ORIGIN_T helicopter borne spectr.

METHOD_T gamma ray spectrometry

CHAR 1. T potassium dominant The character of the identified
homogeneity area.

CHAR 2 T partly high uranium-thorium The character of the identified
homogeneity area.

CHAR 3 T low radiation The character of the identified
homogeneity area.

UNCERT_T medium Medium is default

COMMENT_T n.a.

PROCESS T image analysis

DATE_D 20030721 Date when the last change was made
in the individual homogeneity area.

SCALE_T n.a.

PLATFORM_T helicopter borne geophysics The IR images and Fastighetskartan
have been left out since they were
used only for control

SIGN_T CAT/GeoVista Interpreted by Carl-Axel Triumf,

GeoVista AB
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Potassium-dominant

The identified potassium dominant areas are displayed in Figure 5-1. Furthermore they
have been divided into four sub groups:

1. Potassium-dominant
2. Potassium-dominant, with low general radiation level
3. Potassium-dominant, with locally increased content of torium and/or uranium

4. Potassium-dominant, with locally increased content of torium and/or uranium and
with low general radiation level

As these potassium-dominant areas are not significantly coupled to the areas on the
map showing the Quaternary deposits most of the information is considered to reflect
variations in mineralogy in the bedrock. A few exceptions are however the following:

The area “s1” (see Figure 5-1) coincides with a portion of thicker sandy to silty till at
the southwestern corner of the surveyed area.

The area “s2” is found in an area with sparse outcrops which could imply a source
reflecting variations in the overburden without connection to bedrock geology. This
area is however concordant with a magnetic anomaly with a similar bow-formed
appearance. It is thus considered to reflect a geological unit or a variation of the
bedrock geology.

In the area of “s3” organic matter is found on the map of the Quaternary deposits.
Weather this is the source of the relative enrichment of potassium is however unclear.
Here the frequency of outcrops is difficult to estimate as this area is outside the area
interpreted regarding outcrops.

Relative enrichments of potassium where the source is believed to be in the bedrock are
commented below.

The north-western part of the surveyed area “s4” is potassium-dominant, partly with
increased content of thorium and uranium. This area coincides with the “medium to
course grained granite to quartz syenite” within the Smaland “granite” rock suite /5/.

As outcrops are quite common here, possibly the identified homogeneity areas are
partly reflecting the extent of this variety of the Sméland granite. Here also a minor
potassium-dominant area with lower absolute radiation levels is found. It coincides with
a pronounced local magnetic maximum probably indicating rocks of mafic composition.

The areas “s5” and “s6” are probably reflecting geological sub-units not discerned in the
map over the bedrock geology.
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Figure 5-1. Potassium-dominant areas identified in the gamma ray spectrometry over
the Simpevarp area from helicopter survey data. “s1” to “s6” refer to comments in text
regarding potassium-dominant areas. The area around the Simpevarp nuclear power
plant has not been interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla
Fjdlltorpet and P=Plittorp.

Thorium-dominant

The identified thorium-dominant areas are displayed in Figure 5-2. Furthermore they
have been divided into two sub groups:

1. Thorium-dominant
2. Thorium-dominant, with low general radiation level

Many of these thorium-dominant areas are significantly coupled to units on the map
showing the Quaternary deposits. The areas “s7”—“s12” are all more or less coinciding
with glacial clay or post-glacial sand, gravel and clay. The area “s13” is partly
coinciding with glacial clay and post-glacial sand, gravel and clay and sandy to silty till.

Thorium is however also found at high relative concentrations in connection to granitic
dykes in the bedrock /15/. Some of the thorium-dominant areas at the northern part of
the surveyed area may be related to this source type. The areas “s14” and “s15” may
belong to this group.

42



1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
L 1 1 i 1 1 i i

6370000
1
6370000

6366000 6368000
T
6368000

I
6366000

6364000
1
6364000

T ) ) T ) ) T T
1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000

0 05 1 2 3 k N
(] nterpreted area [l Thorium dominant " A
PZ4 Not interpreted area [ Thorium dominant, low general radiation

Water Lantmaéteriet Gévle 2003, Permission 601-2003/370

Swedish Nuclear Fuel & Waste Management Co
2003-09-08

6362000

Figure 5-2. Thorium-dominant areas identified in the gamma ray spectrometry over
the Simpevarp area from helicopter survey data. Areas marked with darker tint may
have lower absolute content of thorium or lower radiation levels due to absorbing
matter at surface. “s7” to “s15” refer to comments in text regarding thorium-dominant
areas. The area around the Simpevarp nuclear power plant has not been interpreted.
S=Simpevarp power plant, M=Mederhult, LF'=Lilla Fjdilltorpet and P=Plittorp.

Uranium-dominant

The identified uranium dominant areas are displayed in Figure 5-3. Furthermore they
have been divided into four sub groups:

1. Uranium-dominant
2. Uranium-dominant, with partly higher potassium and thorium

3. Uranium-dominant, with partly higher potassium and thorium and with low general
radiation level

4. Uranium-dominant, with low general radiation level

The areas “s16” and “s17” are found adjacent to “diorite and gabbro” within the
Smaéland “granites”. In both areas granite dykes or minor massifs of “granite to quartz
syenite” also occur according to /5/. Furthermore the magnetic total field is high in these
both areas indicating rocks with high magnetic susceptibility.
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The area “s18” is found at the southern margin of the Sméland “granite” unit of
granodioritic to quartz monzodioritic composition. Here the magnetic total field
indicates a rock volume with apparently quite low magnetization.

At the north-western corner of the survey area a complex of several sub-areas “s19”
are found which are interpreted as uranium dominant. A few of these are apparently
correlated to rock units with higher magnetic susceptibility. It can not be ruled out that
these sub-areas have the same type of sources as “s16” and “s17”.
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Figure 5-3. Uranium-dominant areas identified in the gamma ray spectrometry over
the Simpevarp area from helicopter survey data. Lower absolute content of uranium or
lower radiation levels due to absorbing matter at surface are indicated by darker blue
areas. “s16” to “s19” refer to comments in text regarding uranium-dominant areas.
The area around the Simpevarp nuclear power plant has not been interpreted.
S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Potassium-Thorium-Uranium

The identified areas with approximately average relative contributions to the radiation
from the three elements are displayed in Figure 5-4. Furthermore they have been
divided into two sub groups:

1. approximately equal amounts of potassium, thorium and uranium

2. approximately equal amounts of potassium, thorium and uranium, with low general
radiation level

These areas are apparently found in areas where outcrops are quite common indicating
that a major source could be the bedrock. There appears to be two major areas where
they are found; at the western border of the “granite to granodiorite” of the Sméaland
“granites” and within the same type of Sméland “granites” directly east of the Aspd
shear zone (ZSMO0005A0) /5/.
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Figure 5-4. Areas with approximately average relative contributions to the radiation
from the three elements potassium, thorium and uranium identified in the gamma ray
spectrometry over the Simpevarp area from helicopter survey data (grey areas). The
darker areas have lower general radiation levels. The area around the Simpevarp
nuclear power plant has not been interpreted. S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Potassium-Thorium-dominant
The identified potassium-thorium dominant areas are displayed in Figure 5-5.

These areas are found around the nuclear power plants of Simpevarp. It is not unlikely
that they more reflect a disturbance from the power plant than a significant variation in

geology.
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Figure 5-5. Potassium-thorium dominant areas are found near the nuclear power plant
only (in black). The area around the Simpevarp nuclear power plant has not been
interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and
P=Plittorp.
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Potassium-Uranium-dominant

The identified potassium-uranium dominant areas are displayed in Figure 5-6.

These areas are apparently coupled to relative depressions in the terrain why an
influence from Quaternary deposits can not be excluded. One of the areas is found
where glacial clay or post-glacial sand, gravel and clay are marked on the map over
Quaternary deposits.
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Figure 5-6. Potassium-uranium dominant areas are found at the south-eastern part of
the survey area (in dark blue green). The area around the Simpevarp nuclear power
plant has not been interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla
Fjdlltorpet and P=Plittorp.
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Thorium-Uranium dominant

The identified thorium-uranium dominant areas are shown in Figure 5-7.
Two sub groups are distinguished

1. Thorium-uranium dominant

2. Thorium-uranium dominant, with low general radiation level

In /15/ it was concluded that red to reddish grey equigranular granites of the Smaland
series and granite dykes very often have high concentrations of thorium in relation to
potassium. Higher levels of uranium are also commonly found in pegmatites. It is thus
likely that many of the thorium-uranium dominant areas may be associated with reddish
equigranular granites, granite dykes or pegmatites. The thorium-uranium dominating
areas are covering a large proportion of the north-eastern part of the helicopter surveyed
area “s20”. From here are known several small massifs and inclusions of red to reddish
grey equigranular granites. Granite dykes are also occurring in the area.

As pointed out above, higher relative concentrations of thorium are also found to be
well correlated with glacial clay or post-glacial sand, gravel and clay. As a consequence
probably also some of the areas which are thorium-uranium dominant should be well
correlated with these types of Quaternary deposits. Comparing the map of the
Quaternary deposits with thorium-uranium dominant areas shows several examples

of good correlation of which a few are commented below:

“s21” 1s found in a terrain depression where organic deposits, mostly fen peat is
reported on the map of the Quaternary deposits /5/. “s22”, “s23”, “s24” and “s25” are
found in terrain depressions where glacial clay and post-glacial sand, gravel and clay,
including gyttja clay is reported on the map of the Quaternary deposits /5/.

In a few cases it is more difficult to judge whether the source is from increased content
of glacial clay and post-glacial sand, gravel and clay or from a change in the bedrock.

Two examples are commented below:

“s26” and “s27” are found in areas where the concentration of outcrops is less than in
the surroundings. In part of the areas organic deposits and glacial clay or post-glacial
sand, gravel and clay is reported on the map of the Quaternary deposits /5/. In “s27”
also sandy to silty till is found according to /5/. The bedrock geology within these areas
is however heterogeneous as indicated both on the geological map of the bedrock /5/
and on the map over the magnetic total field. This indicates bedrock sources in
combination with Quaternary sources to be possible producers of the relative
thorium-uranium surplus.
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Figure 5-7. Thorium-uranium dominant areas are found in pinkish to pinkish-brownish
areas marked on the map. Darker background colour indicates lower absolute content
of thorium and uranium or lower radiation levels due to absorbing matter at surface.
“s207 to “s27” refer to comments in text regarding thorium-uranium dominant areas.
The area around the Simpevarp nuclear power plant has not been interpreted.
S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

Summary of identified areas with homogeneous distribution pattern and
content of K, U and Th in helicopter borne gamma ray spectrometry

All the identified areas with homogeneous distribution pattern and content of K, U
and Th discerned in the data from the helicopter borne gamma ray spectrometry are
summarised in Figure 5-8.

At the north-western corner of the helicopter surveyed area there is one minor area
which has not been classified. It has very low radiation levels which results in a high
degree of unreliability and coincides with organic deposits as marked on the map over
Quaternary deposits /5/.
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Figure 5-8. Summary of identification of homogeneity areas from helicopter borne
gamma ray spectrometry. The area around the Simpevarp nuclear power plant has not
been interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and
P=Plittorp.
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5.2 Identification of homogeneity volumes and lineaments
from helicopter borne measurements of the magnetic
total field

5.2.1 Background

Helicopter borne measurements of the magnetic total field is a remote sensing,
geophysical technique which provides information about the magnetic properties of the
ground. The properties are interpretable in terms of bedrock geology. The technique
provides information about the distribution of magnetic minerals in the ground down to
substantial depths (several hundreds of metres).

As the rocks in the Simpevarp area in general have rather high but varying magnetic
susceptibilities they are well suited for magnetic surveys. Investigations from the
Simpevarp area show that the relatively high magnetic susceptibility in fresh rocks
stands in sharp contrast to the tectonically affected rock volumes. The effect can be
studied directly on the map over the magnetic total field where structures in the
bedrock due to different tectonic processes are clearly visible as anomalies indicating
low relative magnetic field strength. Thus magnetic surveys in the Simpevarp area
are highly diagnostic when the aim is to enlighten the tectonic overprint on rocks.
Regarding the classification of rock type the task is more complicated. First several rock
types distinguished on the map of the bedrock geology /5/ are probably overlapping
each other regarding the level of the magnetic susceptibility. Furthermore the rocks in
the Smaland “granite” suite are found to intermix with each other at many localities.

A petrophysical survey has partly been carried out and shows some general trends /12/,
/13/. The sampling for petrophysical studies will however continue and detailed
comparisons between the results from the petrophysics and the interpretation in
question will be made in close relation to the planned geological mapping.

The interpretation of data from helicopter borne measurements of the magnetic total
field has included the identification of:

e lineaments, which may reflect the tectonics of the Simpevarp area,

e units of approximately equal magnetic susceptibility (low, medium, high,
extra high).

Furthermore modelling of a few anomaly sources has been made.
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5.2.2 Qualitative interpretation of data over the magnetic total field from
the helicopter borne survey 2002

Lineaments and rock volumes with low relative magnetisation

Lineaments identified in this interpretation are shown in Figure 5-9. All lineaments have
been assigned attributes according to the structure in Table 5-2.
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Figure 5-9. Lineaments identified in data over the magnetic total field. The lineaments
are interpreted to reflect influence from tectonics. The thick lines are ranked as local
major, the thin lines as local minor. High degree of dashing of the line indicates high
level of uncertainty. The area near the Simpevarp power plants is not interpreted.
S=Simpevarp power plant, M=Mederhult, LF'=Lilla Fjdilltorpet and P=Plittorp.
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Table 5-2. List of attributes for the individual lineaments identified in magnetic data.

Name of attribute  Values in this activity Comment
(not used is marked by n.a.)

ID_T n.a. Identities have not been assigned to
the individual lineaments.

ORIGIN_T helicopter borne magnetics

METHOD_T magnetic total field

CHAR_T n.a. The character of the lineaments has
not been assigned.

UNCERT_T low, medium, high

CLASS T local major, local minor This classification is mainly based on
the total length of the sub-sections
constituting a possible system of
lineaments. A high degree of personal
judgement is introduced when such
systems are defined. Threshold values
for lengths are local major 1-10 km,
local minor < 1 km. In a few cases a
pronounced visibility of the lineament
has implied a higher rank than would
be expected if purely based on length.

COMMENT_T

PROCESS_ T image analysis

DATE_D 20030701 (default) Date when the last change was made
in the individual lineament.

SCALE_T n.a.

PLATFORM_T helicopter borne geophysics

WIDTH_N 0 Has not been specified.

PRECIS_N 0 Has not been specified.

SIGN_T CAT/GeoVista AB Interpreted by Carl-Axel Triumf,

GeoVista AB.
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Rock volumes with estimated low relative magnetisation are shown in Figure 5-10.
They have been assigned attributes according to Table 5-3.
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Figure 5-10. Areas with estimated low magnetisation. They are interpreted in most
cases to reflect the effects of tectonic processes. The area near the Simpevarp power
plant is not interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet
and P=Plittorp.
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Table 5-3. List of attributes for the identified rock volumes with low relative

magnetisation.

Name of attribute  Values in this activity Comment
(not used is marked by n.a.)
ID_T n.a. Identities have not been assigned.
ORIGIN_T helicopter borne magnetics
METHOD_T magnetic total field
CHAR_T magnetic minima
UNCERT_T Low
CLASS_T n.a.
COMMENT_T
PROCESS T image analysis
DATE_D 20030721 (default) Date when the last change was made
in the individual rock volume.
SCALE_T n.a.
PLATFORM_T helicopter borne geophysics
WIDTH_N 0 Has not been specified.
PRECIS_N 0 Has not been specified.
SIGN_T CAT/GeoVista AB Interpreted by Carl-Axel Triumf,

GeoVista AB.
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Rock volumes with high or extra high magnetisation

Rock volumes which were identified to have high or extra high magnetisation (probably
mostly affected by magnetic susceptibility) are shown in Figure 5-11. The rock volumes
have been assigned attributes according to the Table 5-4.
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Figure 5-11. Units delineated according to their level of magnetisation (magnetic
susceptibility). They are interpreted in most cases to reflect variations in bedrock
composition due to rock forming processes, and their distribution to some extent to
reflect the effect of tectonic processes. The area near the Simpevarp power plant is
not interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and
P=Plittorp.
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Table 5-4. List of attributes for the identified rock volumes with high or extra high
relative magnetisation.

Name of attribute  Values in this activity Comment
(not used is marked by n.a.)

ID_T n.a. Identities have not been assigned.
ORIGIN_T helicopter borne magnetics

METHOD_T magnetic total field

CHAR_T susc-high, susc-xhigh Magnetisation has been changed to

magnetci susceptibility here as the
Q-factor is normally below 0.2

UNCERT_T medium

CLASS_T n.a.

COMMENT_T

PROCESS_ T image analysis

DATE_D 20030721 (default) Date when the last change was
made in the individual volume.

SCALE_T n.a.

PLATFORM_T helicopter borne geophysics

WIDTH_N 0 Has not been specified.

PRECIS_N 0 Has not been specified.

SIGN_T CAT/GeoVista AB Interpreted by Carl-Axel Triumf,

GeoVista AB.
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Summary of the qualitative interpretation of data of the magnetic total
field from the helicopter borne survey 2002

Figure 5-12 shows the summary of the interpretation of data of the magnetic total field
from the helicopter borne survey 2002.
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Figure 5-12. The results of the qualitative interpretation of data over the magnetic
total field from the helicopter borne survey 2002. The area near the Simpevarp power
plant is not interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdilltorpet
and P=Plittorp.
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5.2.3 Quantitative interpretation of data over the magnetic total field
from the helicopter borne survey 2002

Modelling using a 2.5D model

Quantitative modelling has been carried out using data from three sampled profiles from
the grid over the magnetic total field from the helicopter borne survey. The location of
the three profiles is shown in Figure 5-13.

The aim of the modelling has varied depending on profile. In the modelling the focus
has been on depths less than 500 m. This means that the geometries at greater depths
than a few hundred of metres should be paid less attention.
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Figure 5-13. Three profiles sampled from a grid over the magnetic total field from the
helicopter borne survey have been modelled using a 2.5D modelling algorithm. The
location and naming of the three profiles is shown in the figure together with the
magnetic total field in the background. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.
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Profile “smp_mag_mod_1"

The task of the modelling of magnetic total field data from profile“smp mag mod 1~
is to indicate a probable dip of the highly magnetised rock at the centre of the
helicopter survey area. The magnetic positive anomaly is very pronounced and

high susceptibilities have been measured on outcrops in the area. Values between
5000*10°~10000*10"> SI-units are commonly encountered on mafic rocks, but also
the granodiorite to quartz monzodiorite of the “Smaland granite” suite is reported to
have susceptibilities up to around 5000%*10~ [SI].

The modelling indicates the dip of the entire body to be around 45 to 60 degrees
towards north (Figure 5-14). The surface near part at the southern contact appears to
have another dip — steeper or vertical. The cause to the anomaly shape of the southern
flank could however also be attributed to lateral effects from minor adjacent source
bodies.
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Figure 5-14. Result of the modelling of profile “smp _mag mod 1" with a fairly simple
2.5D model. The primary task of the modelling was to get an indication of the dip of the
central (blue) source body. It shows a probable dip of around 45—60 degrees towards
north-north-east (north-north-east to the right in the figure).
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Profile “smp_mag_mod_3"

The profile is sub-parallel to profile “smp mag mod 1” described above.

The magnetic positive anomaly is very pronounced and high susceptibilities have
been measured on outcrops in the area (se above).

The modelling indicates the dip of the entire body to be around 45 to 70 degrees
towards north (Figure 5-15). Near the surface at the southern contact a tendency to
almost vertical dips is recognised. Lateral effects and a super-posing of the anomaly
from a minor source body situated immediately at south of the body of interest is
however giving a bit uncertain results.
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Figure 5-15. Result of the modelling of profile “smp _mag _mod_ 3" with a fairly simple
2.5D model. The primary task of the modelling was to get an indication of the dip of the
central (blue) source body. It shows a probable dip of around 30—-70 degrees towards
north-north-east (north-north-east to the right in the figure).
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It is however important to illustrate the equivalence problem which should always be
remembered in potential field modelling. It states that one anomaly in principle has an
infinite number of source solutions. The way of constraining the modelling process
towards the “true” solution is to apply knowledge from other sources. These could be
direct observations of geology, but also data from other investigations techniques which
are complementary regarding the petrophysical parameters investigated.

In Figure 5-16 the primary target source body has been replaced by two source bodies,
giving essentially the same fit, but another geological model. The source body of
primary interest in Figure 5-15 has diminished through the introduction of a new source
body with typical magnetic susceptibilities for granites in the Simpevarp area (around
2000%10°° SI). The principle dips are however not affected very much but this model
gives a larger volume, which is not affected by the high susceptibility rocks (probably a
mixture of granodiorite-quartz monzodiorite to gabbro and other mafic rocks).
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Figure 5-16. Result of the modelling of profile “smp_mag mod 3" with a slightly
more complex 2.5D model as compared to the one presented in Figure 5-15. The
primary task of the modelling was to get an indication of the dip of the central (blue)
source body. It shows a probable dip of around 50—70 degrees towards north-north-east
(north-north-east to the right in the figure). The volume without high susceptibility
rocks is larger in this model as compared to the model presented in Figure 5-15.
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Profile “smp_mag_mod_2"

The primary task of the modelling of magnetic total field data from profile
“smp_mag mod 2” was to indicate a probable dip of the source to the lineament
identified in the sea just outside of the Avrd island and the Simpevarp peninsula. The
lineament is striking approximately NNE and east of it a package of rocks with high
relative magnetic susceptibility are prognosticated.

The magnetic profile modelled is quite complicated. As usual in potential field
modelling several solutions are possible to find, here are presented two alternatives.

The first alternative is shown in Figure 5-17. The modelling indicates an almost vertical
or slight dip towards north-west, of the low magnetic susceptibility zone which should
be the source to the lineament in question.
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Figure 5-17. Result of the modelling of profile “smp_mag mod 2" with a slightly
more simple model as compared to the one presented in Figure 5-18. The primary task
of the modelling was to get an indication of the dip of the low magnetization zone
between the light greenish and light bluish source bodies at the left part of the profile
above. It shows a slight dip towards right in the figure (corresponds to geographic
north-west).
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The second alternative is shown in Figure 5-18. Here the modelling indicates a south-
east dipping low magnetized zone to be the source to the lineament in question. This
shows the inherent problem in potential field modelling. A common remedy to these
problems associated with the “principle of equivalence” is to invoke constraints in the
interpretation. Direct observations of the geology and petrophysical properties will often
disqualify some of the apparently acceptable solutions. In this case the zone would be
outcropping at the shore line of Avrd. As such a zone is not easily recognised in the
outcrops the solution presented in Figure 5-18 is less probable than the model presented
in Figure 5-17.
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Figure 5-18. Result of the modelling of profile “smp_mag mod 3" with a slightly
more complex 2.5D model as compared to the one presented in Figure 5-17 above.

The primary task of the modelling was to get an indication of the dip of the low
magnetization zone at the left part of the profile above. It shows a fairly flat dip towards
left in the figure (corresponds to geographic south-east) of the zone (the source in three
different colours).
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5.3 Identification of homogeneity volumes and lineaments
from airborne EM-measurements

5.3.1 Background

Helicopter-borne EM-measurements is a geophysical technique which provides
information about the electric properties of the soil cover and the bedrock. The
technique provides information about conductive minerals, the amount of water
contained in soil and rock pore-space and rock fractures and the salinity of this water.
The depth of investigation is dependent upon the electrical structure of the ground and
the type of measuring system but is usually moderate (ca 30 to 200 metres) under
normal Swedish conditions.

As the rocks in the Simpevarp in general have rather high electric resistivity they will
give weak responses to the EM system. However, EM-anomalies are expected for
clayey and/or thick soil cover and for water-bearing and/or clay-altered fractures in
the bedrock.

The interpretation of EM-data from airborne measurements has included the
identification or determination of:

e Lineaments from helicopter borne multi-frequency EM-data, which may reflect the
presence of bedrock fractures and/or depressions in the bedrock surface covered by
soil.

e Units of lower than normal (for the area) resistivity in the bedrock.
e Units of conductive overburden.

e Units of thicker than normal (for the area) soil cover.

e Water depth.

e Lineaments from helicopter borne VLF-data.

e Lineaments from fixed wing air-borne VLF-data.

5.3.2 Interpretation of multi-frequency EM-data from the
helicopter-borne survey 2002

Lineaments caused by low-resistivity structures

Lineaments identified in this interpretation are shown in Figure 5-19. Weak EM-
anomalies might be difficult to recognize in maps based on grids of secondary fields or
apparent resistivity. However, they are easier to recognize in maps of AGC-filtered data
or in profile plots. This has the consequence that lineaments that strike in directions
close to the NS line direction of the survey will be difficult to identify and hence
probably are under-represented in the interpretation. Also, the power lines will influence
the measurements. The noise level is high close to the major power lines and the flight
altitude is higher than the nominal value. Except for a few exceptions, no lineaments
have been identified close to major power lines. Minor power lines do not degrade

data quality in a serious way but they will in many cases cause EM anomalies. EM
anomalies that coincide with known power-lines have not been included in the
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interpreted lineaments unless there is some doubt about the cause of the anomaly.

In a few cases EM anomalies close to minor power lines have been classified as “low
uncertainty” or “medium uncertainty” if the anomaly nature is typical for an anomaly
caused by e.g. a bedrock fracture. Such closeness to any power line has however been
noted in the comment field of the attribute table. All lineaments have been assigned
attributes according to the structure in Table 5-5.
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Figure 5-19. Lineaments identified in helicopter-borne multi-frequency EM-data. The
lineaments are interpreted to reflect presence of bedrock fractures and/or soil covered
depressions in bedrock topography. The areas near the Simpevarp power plants and the
major power lines are not interpreted. S=Simpevarp power plant, M=Mederhult,
LF=Lilla Fjdlltorpet and P=Plittorp.
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Table 5-5. List of attributes for the individual lineaments identified in helicopter borne

multi-frequency EM data.

Name of attribute

Values in this activity
(not used is marked by n.a.)

Comment

ID_T

ORIGIN_T
CLASS_ T

METHOD_T
CHAR_T

UNCERT_T
COMMENT_T

PROCESS_T

DATE_D

SCALE_T
PLATFORM_T
WIDTH_N
PRECIS_N
SIGN_T

n.a.

electromagnetic

n.a.

helicopter slingram

conductor, sea-floor topography

low, medium, high

AGC filtered/Apparent resistivity
Two-layer inversion

20030806

n.a.
helicopter bird nom
0

0

HT/GeoVista AB

Identities have not been assigned
to the individual lineaments.

No classification of the individual
lineaments have been made.

Some lineaments in water-covered
areas are identified as sea-floor
topographic features.

Level of uncertainty.

Comments mostly inform about
possible power line effects.

Inverted water depth has been
used over water covered areas.

Date when the last change was
made in the individual lineament.

Has not been specified.
Has not been specified.

Interpreted by Hans Thunehed,
GeoVista AB.
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Rock volumes with moderate or low electric resistivity

Rock volumes which were identified to have moderate, low or very low electric
resistivity are shown in Figure 5-20. The results are based on the inversion of the
EM-data to a two-layered model. Low bedrock resistivity can be caused by a higher
than normal fracture frequency and/or pore-water salinity. Conductive soil cover of
significant thickness might mask the effect of low resistivity bedrock to the inversion
algorithm. The rock volumes have been assigned attributes according to the Table 5-6.
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Figure 5-20. Areas with moderate or low bedrock resistivity as identified from
helicopter-borne multi-frequency EM-measurements. The areas near the Simpevarp
power plants and the major power lines are not interpreted. S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Table 5-6. List of attributes for the identified rock volumes with moderate or low

electric resistivity.

Name of attribute

Values in this activity
(not used is marked by n.a.)

Comment

ID_T

ORIGIN_T
CLASS_ T

METHOD_T
CHAR_T

UNCERT_ T
COMMENT_T
PROCESS_T
DATE_D

SCALE_T
PLATFORM_T
WIDTH_N
PRECIS_N
SIGN_T

n.a.

electromagnetic

n.a.

helicopter slingram

moderate resistivity, low resistivity,
very low resistivity

medium

n.a.

two-layer inversion, smoothing
20030821

n.a.
helicopter bird

0

0

HT/GeoVista AB

Identities have not been assigned
to the individual volumes.

No classification of the individual
volumes have been made.

Level of uncertainty.

Date when the last change was
made in the individual volume.

Has not been specified.
Has not been specified.

Interpreted by Hans Thunehed,
GeoVista AB.
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Areas with electrically conductive soil cover

Areas which were identified to have electrically conductive soil cover are shown in
Figure 5-21. The results are based on the inversion of the EM-data to a two-layered
model. Soil cover with high electric conductance can correspond to clayey soil or bogs
with significant thickness. The conductance is the ratio between soil cover thickness and
resistivity. These two parameters can generally not be determined individually. The
areas have been assigned attributes according to the Table 5-7.

1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
1 1 L L L L 1 L
(=1 o
(=} (=]
(=} (=]
S o - S
P~ P~
3 2
P
(=] (=]
s =
w - - @
2 ™
(=3 (=]
[=1 o
(=1 (=]
S B
o3 ©
L=} w
= g
(=1 (=]
3 "LF -3
©) ©
w o
R e ——
(=]
=
4 = 4
I Ll Ll T Ll T I 1 g
1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000 «©
0 05 1 2 3 km N
[ interpreted area Moderate soil cover conductance s ™ s = A

m Not interpreted area High soil cover corductance Lantmaéteriet Gavle 2003, Permission 601-2003/370

Power line Swedish Nuclear Fuel & Waste Management Co
2003-09-19

Figure 5-21. Areas with moderate or high soil cover conductance identified from
helicopter-borne multi-frequency EM-measurements. The areas near the Simpevarp
power plants and the major power lines are not interpreted. S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Table 5-7. List of attributes for the areas with electrically conductive soil cover.

Name of attribute

Values in this activity

(not used is marked by n.a.)

Comment

ID_T

ORIGIN_T
CLASS_ T

METHOD_T
CHAR_T

UNCERT_ T
COMMENT_T
PROCESS_T
DATE_D

SCALE_T
PLATFORM_T
WIDTH_N
PRECIS_N
SIGN_T

n.a.

electromagnetic

n.a.

helicopter slingram

moderate conductance, high

conductance
medium

n.a.

two-layer inversion, smoothing

20030821

n.a.

helicopter bird

0

0

HT/GeoVista AB

Identities have not been assigned
to the individual areas.

No classification of the individual
areas have been made.

Level of uncertainty.

Date when the last change was
made in the individual area.

Has not been specified.
Has not been specified.

Interpreted by Hans Thunehed,
GeoVista AB.
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Areas with thick soil cover

Areas which were identified to have thick soil cover are shown in Figure 5-22. The
results are based on the inversion of the EM-data to a two-layered model. The soil
cover thickness is however rather poorly determined by the inversion. The soil cover
conductance is a better determined parameter (see above). Large parts of the area have
outcropping bedrock or very thin moraine cover. The limit for thick soil cover has
therefore been set to a rather low value of 2.5 metres. The areas have been assigned
attributes according to the Table 5-8.
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Figure 5-22. Areas with moderate or large soil cover thickness as identified from
helicopter-borne multi-frequency EM-measurements. The areas near the Simpevarp
power plants and the major power lines are not interpreted. S=Simpevarp power plant,

M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.

72




Table 5-8. List of attributes for the areas with thick soil cover.

Name of attribute

Values in this activity

(not used is marked by n.a.)

Comment

ID_T

ORIGIN_T
CLASS_ T

METHOD_T
CHAR_T
UNCERT_ T
COMMENT_T
PROCESS_T
DATE_D

SCALE_T
PLATFORM_T
WIDTH_N
PRECIS_N
SIGN_T

n.a.

electromagnetic

n.a.

helicopter slingram

moderate thickness, large thickness

high

n.a.

two-layer inversion, smoothing

20030821

n.a.
helicopter bird

0

0

HT/GeoVista AB

Identities have not been assigned
to the individual areas.

No classification of the individual
areas have been made.

Level of uncertainty.

Date when the last change was
made in the individual area.

Has not been specified.
Has not been specified.

Interpreted by Hans Thunehed,
GeoVista AB.
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Summary of the interpretation of multi-frequency EM-data from the
helicopter borne survey 2002

Figure 5-23 shows the summary of the results with focus on information regarding
linaments and areas with low resistivity in the bedrock.

1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
L

6366000 6368000 6370000
1 1 1

6364000
1

) ) T ) ) L) ) )
1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000

0 05 1 2 3 km N
D Interpreted area Moderate resistivity — = A
ZZ] Not interpreted area Low uncertainty
BOWErline Meditm UncerRInty Lantmaéteriet Gavle 2003, Permission 601-2003/370
B Very low resistivity —— High uncertain
Y o Y 9 y Swedish Nuclear Fuel & Waste Management Co
Low resistivity 2003-09-19

6364000 6366000 6368000 6370000

6362000

Figure 5-23. The results of the interpretation of multi-frequency EM-data from the
helicopter borne survey 2002. Areas with low resistivity in bedrock are shown. The
areas near the Simpevarp power plant and the major power lines are not interpreted.
S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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5.3.3 Interpretation of VLF-data from the helicopter-borne survey 2002
Lineaments caused by low-resistivity structures

Lineaments identified in this interpretation are shown in Figure 5-24. The VLF-
measurements were performed as an option during the survey. However, the data
coverage was complete although different VLF-transmitters were utilized for different
flights. The direction of the primary fields of the transmitters varied slightly which has
the consequence that some lineaments have been interrupted. Also, the transmitters for
the orthogonal receiver had primary fields that were not perpendicular to the survey
lines. Therefore, lineaments that strike in directions close to the NS line direction of the
survey will probably be under-represented in the interpretation. The power lines will
influence the measurements. The noise level is high close to the major power lines and
the flight altitude is higher than the nominal value. Except for a few exceptions, no
lineaments have been identified close to major power lines. Minor power lines do not
degrade data quality in a serious way but they will in many cases cause EM anomalies.

1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000
L 1 1 L

L 1 L L

6370000
L
T
6370000

6368000

L

T T
6366000 6368000

6366000
L

6364000
L
T
6364000

4 -nn--an--.-"f:
-~

- = Vo=

L
6362000

L) L ) ) L ) ) )
1542000 1544000 1546000 1548000 1550000 1552000 1554000 1556000

0 05 1 2 3 km N
[ Interpreted area Water e T, P A
m Not interpreted area Forest From GSD-Terréngkartan © Lantméteriet
y ; Géavle 2001, Permission M2001/5268
=mms | o UNCertainty Field

Lantmaéteriet Gavle 2003, Permission 601-2003/370

Swedish Nuclear Fuel & Waste Management Co
Clearing 2003-09-08

----- Medium uncertainty Open area

---=--=- High uncertainty

Figure 5-24. Lineaments identified in helicopter-borne VLF-data. The lineaments are
interpreted to reflect presence of bedrock fractures or possibly soil covered depressions
in bedrock topography. The thick lines are ranked as low uncertainty, the thin lines as
high uncertainty. The areas near the Simpevarp power plants and the major power lines
are not interpreted. S=Simpevarp power plant, M=Mederhult, LF=Lilla Fjdilltorpet and
P=Plittorp.
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EM anomalies that coincide with known power-lines have not been included in the
interpreted lineaments unless there is some doubt about the cause of the anomaly. All
lineaments have been assigned attributes according to the structure in Table 5-9.

Table 5-9. List of attributes for the individual lineaments identified in helicopter borne

VLF-data.

Name of attribute

Values in this activity

(not used is marked by n.a.)

Comment

ID_T

ORIGIN_T
CLASS T

METHOD_T
CHAR_ T
UNCERT_T
COMMENT_T
PROCESS_T
DATE_D

SCALE_T
PLATFORM_T
WIDTH_N
PRECIS_N
SIGN_T

n.a.

electromagnetic

n.a.

helicopter borne VLF
conductor

low, medium, high

image analysis
20030810

n.a.
helicopter borne VLF
0

0

HT/GeoVista AB

Identities have not been assigned
to the individual lineaments.

No classification of the individual
lineaments have been made.

Level of uncertainty.

Date when the last change was
made in the individual lineament.

Has not been specified.
Has not been specified.

Interpreted by Hans Thunehed,
GeoVista AB.
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5.3.4 Interpretation of VLF-data from the fixed-wing airborne
survey 1986

Lineaments caused by low-resistivity structures

Lineaments identified in this interpretation are shown in Figure 5-25. The VLF-
measurements were made with two transmitter fields in the fixed-wing airborne
measurements performed in 1986. The line spacing of 200 metres between the EW
lines makes NS trending lineaments easier to detect. Therefore, lineaments that strike
in directions close to the EW line direction of the survey will probably be under-
represented in the interpretation. The power lines have influenced the measurements.
No lineaments have been identified close to major power lines. Minor power lines

do not degrade data quality in a serious way but they will in many cases cause EM
anomalies. EM anomalies that coincide with known power-lines have not been included
in the interpreted lineaments unless there is some doubt about the cause of the anomaly.
All lineaments have been assigned attributes according to the structure in Table 5-10.
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Figure 5-25. Lineaments identified in fixed-wing air-borne VLF-data from 1986. The
lineaments are interpreted to reflect presence of bedrock fractures or possibly soil
covered depressions in bedrock topography. The thick lines are ranked as low
uncertainty, the thin lines as high uncertainty. The areas near the Simpevarp power

plants and the major power lines are not interpreted. S=Simpevarp power plant,
M=Mederhult, LF=Lilla Fjdlltorpet and P=Plittorp.
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Table 5-10. List of attributes for the individual lineaments identified in fixed-wing
air-borne VLF-data.

Name of attribute

Values in this activity
(not used is marked by n.a.)

Comment

ID_T n.a. Identities have not been assigned
to the individual lineaments.
ORIGIN_T electromagnetic
CLASS_ T n.a. No classification of the individual
lineaments have been made.
METHOD_T fixed wing VLF 2 station
CHAR_T resistivity minima or resistivity
gradient
UNCERT_T low, medium, high Level of uncertainty.
COMMENT_T
PROCESS T apparent resistivity calc. from
two transmitters
DATE_D 20030810 Date when the last change was
made in the individual lineament.
SCALE_T n.a.
PLATFORM_T fixed wing air plane
WIDTH_N 0 Has not been specified.
PRECIS_N 0 Has not been specified.
SIGN_T LP/ SGU and HT/GeoVista AB Interpreted by Lena Persson, SGU

and Hans Thunehed, GeoVista AB.

54 Discussion

The general philosophy reflected in the instruction and guidelines from SKB for the
processing and interpretation of airborne geophysical data is to avoid unnecessary bias
between interpretations of different data sets at early stages of the site investigation.
This makes future reconstructions and analysis possible of the maturing process where
primary data are transformed into useful geological information. Our results reflect
these intentions in such a way that several different sets of interpretation results are
presented, all of which are more or less independent of each other.

The processing and interpretation of the airborne geophysical data from Oskarshamn
has resulted in lineaments, surfaces or volumes with homogeneous characteristics
regarding petrophysical parameters, and, geometrical information such as thickness

of overburden, depth to anomaly sources, dips of anomaly sources. When studying

all the results obtained from airborne geophysical data it is obvious that they contain
substantial amounts of useful information for the site descriptive model of the area, both
for the regional model and for the local models. This information will successively be
implemented into site descriptive models, however it is necessary to relate them to other
information in joint interpretation activities. Here we consider the results from the
identification of lineaments in digital elevation models, the geological mapping of

outcrops and the marine geological survey to be some of the most important information
sets to relate to our findings.
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Appendix A

Euler deconvolution of magnetic total field data from the
helicopter borne measurements at Simpevarp (in Swedish)

English summary

Euler Leonhard (1707-1783) was a Swiss mathematician who did most of his work in
St Petersburg. Together with Lagrange he developed the modern mathematics. He also
presented papers in mechanics, physics, astronomy, optics, music and navigation.

PC hardware and software development in recent years and the implementation of fast
Fourier transform has made it possible to use some of Euler’s theoretical work to
evaluate potential field data in practice. These solutions probably provide a unique
opportunity to study the magnetic data on a routine basis to get objective information
strictly correlated to the potential fields. The interpretations can use eighteen century
theoretical papers and use these algorithms with the twenty-one century hardware and
software.

Thompson D. T. (1982), has implemented Euler’s theory for 2D, and Reid A.B. et al.
(1990), for 3D. Both articles present many excellent examples.

Euler 3D Deconvolution is a method that makes rapid depth estimations from magnetic
and gravity data in grid form using Euler’s homogeneity equation. Structural indexes
can be used for many various geological situations. “A sill edge, dike, or fault with
limited throw is best displayed at an index of 1.0, while a fault with large throw may be
best displayed at a zero index” (Reid A.B. et al. 1990).

“Although the structural-index approach to source description does not include irregular
boundaries, each solution employs only data within its window, so that irregular sill-like
bodies can be well delineated by the Euler method with a index of 1.0, while irregular
contacts are well shown with a zero index” (Reid A.B. et al. 1990)

Reproducible and objective solutions, insensitive of magnetic inclination and
declination and remanent magnetisation, these Euler solutions provide a powerful tool
for analysing the magnetic measurements with the possibility to vary the grid cell size
and the window size, which gives opportunities to study different structure sizes. There
often are immense aliasing problems with sparse data such as geological structure data
of various kinds. Euler 3D Deconvolution is a way to get objective reproducible
“structures”, with some reasonable constraints, directly from quality potential field data.

The program module, Euler 3D Deconvolution from Geosoft inc, has been used for
these dense magnetic data. The OASIS montaj' ™ terminology and column names are
used. To be able to relate the depth solutions to the sea level, we used the airborne radar
altimeter showing ground clearance and a topographic model based upon the digital 10
m elevation database, and thus a few columns are added in the ASCII-files.

The various structure indexes, grid cell seizes and window sizes are presented in detail
in the Appendix A (in Swedish). The files are listed accordingly to the SKB activity
plan AP PS 400-03-10.The results are presented as ASClI-files (Geosoft XYZ-files) and
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arcview-tif files. The magnetic data are processed as described in the Application Notes
(below) and in chapter 4.1.3, Table 4-4 (main report). A few examples are displayed in
Figures 4-5 — 4-7 (main report).

One disadvantage with the numerous Euler solutions is the necessity to discriminate
solutions. The main discriminating factor has been only to allow solutions that fall
within 3 grid cell sizes from the calculating window. The chosen limit of the error of the
depth is 15%.

The 3D visualisation of the many, often more than 10° Euler solutions, demand a
visualisation platform of very good quality. The examples shown in Figures 4-5 to 4-7
(main report) are only fractions of the data sets adjusted for this project.

Application Notes from Geosoft Inc

The apparent depth to the magnetic source is derived from Euler’s homogeneity equation
(Euler deconvolution). This process relates the magnetic field and its gradient components
to the location of the source of an anomaly, with the degree of homogeneity expressed as
a “structural index”. The structural index (SI) is a measure of the fall-off rate of the field
with distance from the source.

Euler’s homogeneity relationship for magnetic data can be written in the form:

(c=m) 5 =) (e =2) 3= N(B 1)

where:

(Xo s Vos 2y ) is the position of the magnetic source whose total field (7)) is detected at
(x’ ) z9)~

B is the regional magnetic field.

N is the measure of the fall-off rate of the magnetic field and may be
interpreted as the structural index (SI).

The Euler deconvolution process is applied at each target. The method involves setting

an appropriate SI value and using least-squares inversion to solve the equation for an
optimum xo, yo, zo and B. As well, a square window size must be specified which
consists of the number of cells in the gridded dataset to use in the inversion at each
selected target location. The window is centred on each of the target locations. All points
in the window are used to solve Euler’s equation for target depth, inversely weighted by
distance from the centre of the window. The window should be large enough to include
each target anomaly of interest in the total field magnetic grid, but ideally not large
enough to include any adjacent anomalies.
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Target type

This defines the target type used in the Euler deconvolution procedure. Mathematically,
this parameter (also called "structural index") is a measure of the rate of change of the
magnetic anomaly strength with distance from the target.

The following is a list of magnetic bodies with the structural indices:

Magnetic 3
ordnance

(98]

magnetic sphere

magnetic barrel 3

Magnetic 2.7
ordnance

Magnetic 2.5
projectile

Magnetic 2
cylinder

magnetic pipe 2
Magnetic sheet 1
Magnetic sill 1
Magnetic step 0.5

Magnetic 0
contact

Instrument height

Enter the instrument sensor height above the ground, in the same units as the X-Y
coordinate system. Apparent depths will be reported as depth below ground (in the same
units) by subtracting this height from the calculated distance of the sensor to the
magnetic sources.

83



A.1 Tolkning Helikoptergeofysik

Leif Kero. Juni 2003. Sveriges Geologiska Undersokning (SGU). Rapport
08-541/2003.

Tolkning av helikoptergeofysik, magnetiska data, har utforts med Euler dekonvolution
pa en lagh6jdsmétning Gver Simpevarpsomradet enligt aktivitetsplan AP PS 400-03-10.

Detaljerade hojddata med ett rutndtsmonster pad 10 m har erhéllits f6r omradet och
anvints vid dekonvolveringen.

Programvara for bearbetningarna som anvénts dr Oasis Montaj .

Datafiler som levererats 030611 i form av en CD med en winzip-fil
Slutleverans_SKB.zip pa 105 537 kB. Det motsvsarar 1,47 GB i ej komprimerad form.
Papperskopior 1 A4 dr uttagna for de olika variablerna.

Ingdende filer 4r nedanstéende:

Grid Mag Euler 0 10x10_ 100mgrd.tfw

Grid Mag Euler 0 10x10_100mgrd.tif

Grid Mag Euler 0 10x10 100mgrd.XYZ

Grid Mag Euler 0 20x20 100mgrdup500m_flyghojd.tfw
Grid Mag Euler 0 20x20_100mgrdup500m_flyghojd.tif
Grid Mag Euler 0 20x20 100mgrdup1000m_flyghojd.tfw
Grid Mag Euler 0 20x20_100mgrdup1000m_flyghojd.tif
Grid Mag Euler 0 20x20 100mgrdupp500m_flyghojd. XYZ
Grid Mag Euler 0 20x20 10mgrd ns.tfw

Grid Mag Euler 0 20x20 10mgrd ns.tif

Grid Mag Euler 0 20x20 10mgrd ns.XYZ

Grid Mag Euler 0 20x20 25mgrd.tfw

Grid Mag Euler 0 20x20 25mgrd.tif

Grid Mag Euler 0 20x20 25mgrd. XYZ

Grid Mag Euler 0 3x3 100mgrd.tfw

Grid Mag Euler 0 3x3 100mgrd.tif

Grid Mag Euler 0 3x3 100mgrd.XYZ

Grid Mag Euler 0 3x3 100mgrdup500m_flyghojd.tfw
Grid Mag Euler 0 3x3 100mgrdup500m_flyghojd.tif
Grid Mag Euler 0 3x3 100mgrduppl1000m_flyghojd.XYZ
Grid Mag Euler 0 3x3 100mgrdupp500m_flyghojd. XYZ
Grid Mag Euler 0 3x3 10mgrd ns.tfw

Grid Mag Euler 0 3x3 10mgrd_ns.tif

Grid Mag Euler 0 3x3 10mgrd ns.XYZ

Grid Mag Euler 0 3x3 10mgrd sn.tfw

Grid Mag Euler 0 3x3 10mgrd sn.tif

Grid Mag Euler 0 3x3 10mgrd sn.XYZ

Grid Mag Euler 0 3x3 25mgrd.tfw

Grid Mag Euler 0 3x3 25mgrd.tif

Grid Mag Euler 0 3x3 25mgrd. XYZ

Grid Mag Euler 1 20x20 10mgrd ns.XYZ

Grid Mag Euler 1 3x3 25mgrd.tfw
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Grid Mag Euler 1 3x3 25mgrd.tif

Grid Mag Euler 1 3x3 25mgrd.XYZ
Grid Mag Euler 2 20x20 25mgrd.tfw
Grid Mag Euler 2 20x20 25mgrd.tif
Grid Mag Euler 2 20x20 25mgrd. XYZ
Grid Mag Euler 3 20x20 25mgrd.tfw
Grid Mag Euler 3 20x20 25mgrd.tif
Grid Mag Euler 3 20x20 25mgrd. XYZ
Grid Mag Euler 05 3x3 100mgrd.tfw
Grid Mag Euler 05 3x3 100mgrd.tif
Grid Mag Euler 1 20x20 10mgrd ns.tfw
Grid Mag Euler 1 20x20 10mgrd_ns.tif

Forteckning och beskrivning av delprojektets genomforande av de Euler
dekonvolutionfiltreringar som utforts foljer nedan.

Den terminologi som beskrivs 1 kvalitetsdokumentet har anvints i redovisningen for
bade ASCII- och arcview-tif-filer i form av nedanstdende uttryck:

Grid_Mag_ FEuler_strukturindex_fonsterstorlek rutnitsmonsterstorlek flygrikt-
ning (flygriktning endast for 10 metersdata)

Kolumnnamnen ingér och data dr avgransade med kommatecken i ASCII-filerna for att
man skall kunna aterskapa filerna till valfri digital plattform. De redovisade véirdena ar
relaterade till havsytan som nollvirde och djup med den ligesnoggrannhet och
hojdregistrering som foreligger, d.v.s. en 3D-representation. For att forsoka kunna
redovisa strukturer pa storre djup har skapats ett raster med bildcellsstorleken 25 samt
100 m och anvéindning av analysfonsterstorlekarna pd 3x3, 10x10 och 20x20 bildceller
for att framhéva olika stora vaglangder.

Da Euler dekonvolution &r okénslig for magnetisk inklination, deklination och remanens
ar den mycket 1dmplig for denna typ av analyser i 3D.

A.1.1  Beskrivning av kolumnnamnen i ASCII-filerna

Neg_depth har multiplicerats med —1 {Or att fa negativa virden under havsytan.
Djuplosningarna till det valda magnetiska stukturindex i Oasis Montaj"™ kommer under
kolumnen Depth och utgors av positiva tal.

Xoff 30 eller xoff 75 och xoff 300 har valts for de olika fonsterstorlekarna 10, 25 och
100 m respektive. Det begrinsar de 16sningar som erhilles till de aktuella fonstren for
berdkningarna och tar bort de som ligger utanfor det aktuella berdkningsfonstret.
Samtliga dessa data finns redovisade i X_offset och Y_offset. Kvalitetsinformationen
for lagesnoggrannheten i horisontalplanet finns under kolumnen dXY.

Den hogsta tillatna feltoleransen for djupet 1 djupuppskattningarna ér satt till 15%.
Dessa felnivéer finns under kolumnen dZ.

Léaget av l0sningarna finns med respektive koordinat i X_euler och Y_euler. Aktuellt
berdkningsfonster finns i X_Window och Y_Window. Fonsterstorleken visas under
kolumn WndSize. Flygh_diff 2 ir en korrektion av flyghdjdens avvikelse fran
nominella 60 m. Hilften av hojdskillnaden mellan verklig flyghdjd och den nominella
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har anvénts for att korrigera Eulerlosningarna (Jacobsen 1987, Pedersen 1991). Den
kolumn som har anvénts for de manuella sorteringarna dr Mask.

Ett raster har skapats baserat pa flyghdjdsinformation fran helikoptermétningen. Fran
detta raster har erhallits den flyghdjd som foreligger for den koordinat som varje
enstaka Eulerlosning erhallit vid berdkningarna. Resultatet dr sparat under kolumn
flyghojd. Oasis Montaj™ “sample a grid”-kommando har anvints for denna
flyghdjdsrasterbild. Denna metodik har dven anvénts for LMV:s hdjddata och resultatet
finns i kolumn hojddata.

Hoh é&r forkortning for hojd 6ver hav och ldsningarnas ldge 1 djupled berdknas genom
formen hoh = hojddata + flygh diff 2 + neg depth. Darefter har Xoff 3xx och

Yoff 3xx anvénts for att begrdnsa antalet l0sningar och 6ka kvaliteten pa de redovisade
l16sningarna. Tre gdnger aktuell rutmdnsterstorlek har genomgéende anvénts for att
avgrinsa det omrdde som losningen miste hamna inom f6r att godkénnas. Det har gett
den slutliga losningsmangden i kolumnen med namn hoh_xoffyoff fonsterstorlek i
meter som dr den redovisade méngden tréffar med ldge och djup i forhallande till
havsytans niva.

Rasterbilder i Arcview_tif

Arcview _tif har skapats med en upplosning pa 200 dpi vilket ger filer pa drygt 60 MB.
Bilderna ér framtagna for skalan 1: 20 000 enligt forutséttningarna for projektet.
En papperskopia i A4-format for de bifogade ArcView-tif-filerna bifogas.

A.1.2  Arbetsmomenten i detalj

Den nedanstédende tekniska beskrivningen av genomforandet av projektet maste av
nddvéndighet bli relativt detaljerad. Till en del dr det beroende pa utgangsmaterialet
som medforde att de nordsydliga och sydnordliga flygriktningarna fick bearbetas
separat for generingen av 10 meters rutndtsmonster, men bearbetningen blev allt mer
omfattande allt eftersom alternativa metoder testades for att forsdka generera léget och
djupet av magnetiska strukturer pa storre djup. Rutnétsgenerering av
ursprungsmaterialet fran helikoptermétningen liksom komplettering av de erhallna 10
meters hdjddata med mer havsyta for att kunna redovisa alla de data som genereras av
Euler dekonvolution har utforts.

Projektion som arbetats i & RT90 2.5 gon V genomgéaende.

Reduktion till pol, rtp, med inklination 71 grader och deklination 2 grader har valts
enligt forutsittningarna for samtliga anvidnda rutnidtsmonster.

Rutnitskapande bigrid (Oasis Montaj™) 10 x10 m pa erhéllna xyz-data har utforts.
Dessa 10 m rutnidtsmonster har delats upp i1 en nordsydlig, hiar med dndelsen _ns, samt
en sydnordlig forkortad _sn. Dessa dndelser har endast anvénts i de levererade xyz- och
arcview_tif-filerna for 10 m rutnétsmonster. Denna uppdelning av helikoptermétningen
ar gjort pa forslag av Soren Bystrom, SGU, som deltagit i den grupp som arbetat i detalj
med méitningen.

Hojddata fran flygmétningen visar pa olika métniva for nordsydliga jamf{ort med
sydnordliga flygriktningar av storleksordningen 10—15 m vid nérliggande flygstrak i
vissa delar. Detta kan forklara en del av nivaskillnaderna i magnetfiltsdata. I princip

86



borde filtreringarna kunna kompensera denna skillnad i och med att flyghdjden ingar i
de efterfoljande berdkningarna. I vissa omraden verkar s vara fallet, men dven
motsatsen foreligger. Aven effekterna av den stora mithdjden till mark ver
kraftledningarna kan inte kompenseras av Eulerbearbetningarna, vilket tydligt kan
studeras 1 16sningarna. De ytligare triffar som erhallits vid kraftledningarna &r tydligt
flyghojdsrelaterade trots ett forsok till korrektion av verklig flyghdjd mot den
berdkningshdjd som anvints.

Ett magnetiskt strukturindex lika med 0 har anvénts i de flesta filtreringarna. Detta
motsvaras av magnetisk kontakt. Ett antal andra strukturindex sdsom 0.5, 1, 2 och 3 har
for jaimforelse anvénts for ndgra enstaka olika fonsterstorlekar. Magnetisk gang/sill
motsvaras av strukturindex lika med 1. Strukturindex 2 motsvarar magnetisk pipa eller
horisontell cylinder medan strukturindex=3 motsvarar en magnetisk sfar. Alltfor stort
index resulterar i 6verskattat djup och for 1aga index ger for grunda 16sningar rent
generellt. Den valda korrektionen for verklig flyghdjd ger i manga fall traffar som ligger
1 nivd med markytan och i en del fall &ven 6ver markytan, vilket indikerar att
strukturindex i1 dessa delar dr for 1agt satt. Nagot optimalt enstaka index som
tillfredsstéller alla 16sningar verkar ej finnas.

De strukturindex som valts, ger vid god kvalitet pa 16sningarna, d.v.s. nir antaganden
om magnetisk struktur dr bra, linjira triffbilder med ménga traffar lings linjerna”. For
strukturindex = 3, (magnetisk sfér), 4r dock en punktvis ansamling av traffar tecken pa
ett riktigt antagande. Aven for magetisk pipa som ir en del av strukturindex = 2 ir de
vl centrerade punktvisa traffbilderna ett tecken pa rimliga antaganden. Strukturindex =
0 har darfor prioriterats for att kunna dokumentera linjira strukturerna pa olika djup.

Rutnitsmonsterna ar valda for att erhalla djupinformation fran olika djupavsnitt. De
valda fonsterstorlekarna och bildcellsstorlekarna framhédver magnetiska kallor pa olika
djup.

Djupa strukturer

Négra upprakningar av magnetmitningen har utforts och pa det resultatet har anvénts
Euler dekonvolution for att pa de langvigiga frekvenserna studera de djupare och storre
strukturerna under det ytliga kortvagiga frekvensinnehallet.

Ett forsok att f4 fram de djup ner till omkring en halv kilometer har utforts genom att
rikna upp 100 meters rutndtsmonstret 500 m (markerat 100mgrdupp500) respektive
1000m (markerat _100mgrdupp1000) samt att i filtreringarna ange en nominell
flyghojd till 60 m visar tdnkbara lagen och djup till de djupare liggande strukturerna
anpassade till havsytans niva. Ett par exempel pa detta redovisas och dé har dndelsen
_flyghojd lagts till pa slutet av identifikationen. Denna berékning har endast utforts pa
100m rutndtsmonstret d& fonsterstorleken bor vara i denna storleksordning for att fa
relevanta resultat pd nagot storre och djupare strukturer (Jacobsen 1987, Pedersen
1991).

Delmoment vid arbetet med grunddata
100 m rutndtsmonster.
Gridskapande bigrid 100 x 100 m ur xyz med Oasis Montaj ™

Projektionen dr RT90 2.5 gon V genomgaende.
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Reduktion till pol, rtp, med inklination 71 grader och deklination 2grader har valts
enligt forutsittningarna Upprakning 100m. Korrektion for att sonden dr pa 30 meters
hojd under helikopterns hojd ger berdkningshdjd 130 m.

Berédkningshojd 60 m har anvénts efter uppriakning till 1000 m och filerna med namn
Grid Mag Euler 0 _100mgrdupp1000m_flyghojd visar resultatet.

Berdkningshojd 60 m har anvénts efter upprakning till 500 m och har genrerat filerna
med namn Grid Mag Euler 0 100mgrdupp500m_ flyghojd

25 m rutndtsmonster

Gridskapande bigrid 25 x 25 m ur xyz med Oasis Montaj' ™. Projektionen dr RT90 2.5
gon V genomgaende.

Reduktion till pol, rtp, med inklination 71 grader och deklination 2 grader har valts
enligt forutsittningarna

Upprékning 25 m ger berdkningshdjd 55 m
10 m rutndtsmonster
Gridskapande bigrid 10x10 m ur xyz med Oasis Montaj' ™.

Projektionen dr RT90 2.5 gon V genomgaende.

Reduktion till pol, rtp, med inklination 71 grader och deklination 2 grader har valts
enligt forutsittningarna.

Berédkning av nordsydligt _ns och sydnordligt _sn rutndtsmonster

Upprikning 10m. Korrektion for att sonden dr pa 30 meters hojd under helikopterns
hojd ger berdkningsh6jd 40 m.

Flyghdjdsinverkan kan sparas dven i Euler-filtreringarna. Tydligast &r den vid de stora
kraftledningar som foreligger inom matomradet och 1 16sningarna med 10 och 25 meters
rutndtsmonster.

Raltm_tot fran ursprungsdata fran helikoptermétningen har anvénts och ett
rutnidtsmonster har skapats. Ur denna flyghdjdsinformation har erhallits den flyghdjd
som foreligger for den koordinat som varje enstaka 16sning erhéllit vid berdkningarna.
Denna urvalsmetodik har dven anvénts for LMV:s hojddata och resultatet finns i
kolumn hojddata. Flygh diff 2 visar hélften av den lokala avvikelsen i varje punkt fran
den nominella flyghdjden 60 m. Trots denna halvering av avvikelsen hamnar en icke
forsumbar del av 16sningarna 6ver markytan, vilket visar att strukturindex = 0 vid dessa
snabba flygnivdhojningar ej dr representativ for métsituationen. Problemstillningen med
flyghojdsavvikelsens betydelse vid olika strukturindex bor studeras mer i detalj om
effekten skall kunna minimeras framdver.

Dérefter har formeln hoh=hojddata+flygh_diff 2+neg_depth anvints. En manuell
reducering redovisas i kolumnen med namn hoh_xoffyoff fonsterstorlek i meter som
ar den redovisade méingden traffar med lage och djup i forhallande till havsytans niva.
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Appendix B

Specifikationer for fortsatt arbete med tolkningsmetoder for
flyg-EM data

Hans Thunehed, Geovista 2001. SKB, Djupforvarsteknik. SKB TD-01-12.

B.1 Inledning

I en tidigare rapport (Thunehed, 2001) presenterades en utredning om tolkningsmetoder
och kommersiellt tillgdngliga program for flygmétningar med slingramsystem.
Slutsatsen i den rapporten var att inga tillgéngliga program uppfyller de behov som
SKB har for inversion av métdata till geologiskt relevanta modeller. De grundldggande
teorierna for de metoder som &r av intresse dr dock vél etablerade sedan flera 4r tillbaka.
Programkod finns tillgidnglig fran Luled Tekniska Universitet {for flera centrala delar av
de rutiner som kravs i ett tolkningsprogram.

Nedan presenteras specifikationer for ett inversionsprogram for flyg-EM data som
uppfyller SKB:s behov och dessutom ett uppliagg for testkdrning av programmet innan
det ska anvindas 1 ett skarpt ldge vid platsundersokningar.

B.2 Endimensionell inversion av flyg-EM data

En av de metoder som formodligen kommer att anvindas vid SKB:s
platsundersokningar ar elektromagnetisk métning med slingram fran helikopter. Med
denna metod kan jordtickets miktighet och innehall av silt och lera samt berggrundens
allménna sprickighet karteras. Dessa olika geologiska parametrar kan normalt sett inte
utldsas direkt ur uppmétta parametrar utan det dr nddvandigt med nadgon form av
numerisk modellering. En saddan process dér de geologiskt relevanta parametrarna
berdknas i en automatisk eller semiautomatisk process kallas inversion. En enkel men
anda lamplig geologisk modell bestar av tvé eller tre horisontella lager med varierande
tjocklek och resistivitet. Det understa lagret motsvarar di berggrunden som antas vara
homogen inom den volym som undersoks av slingramsystemet (diameter: ca 3 till 4
ganger flyghdjden). Ovanpa detta lager ligger ett 1agresistivt lager som motsvarar fuktig
jord. For vanlig morédntickt mark i Sverige dr detta lager s tunt att slingramsystemet
egentligen endast kan upplosa lagrets integrerade konduktans. Det 6versta lagret
motsvarar luften mellan mitsystemet och marken och resistiviteten dr dirmed odndlig
och tjockleken lika med flyghdjden. Om helikopterns/flygplanets altimeter inte ger
tillforlitliga hojddata, pd grund av t.ex. vegetation, eller om ett ej forsumbart lager med
torr jord finns ndrmast markytan kan dock lagrets tjocklek betraktas som en obekant
variabel.
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B.2.1 lIterativ I6sning

Den elektromagnetiska responsen for en lagrad jord till ett slingramsystem med
horisontella koplanara ramar kan skrivas som en Hankelintegral (Wait, 1982):

R = .
H,=r [R(g)g® €™ J,(gB) dg 1)
) Ree

dar

R = ramavstind, 6 = skindjup i dversta lagret, A = 2h/5, h = flyghojd (inkl ev.
torrjordslager), B = R/3. R(g) dr en funktion som beror av modellparametrarna och den
kan berdknas med en rekursionsformel. J, dr en Bessel-funktion av ordning 1.
Motsvarande integraler for andra ramgeometrier som t.ex. vertikala koaxiala ramar kan
hittas 1 Wait (1982). Integralen i ekvation (1) kan berdknas effektivt med digitala filter
(Ghosh, 1971a; 1971b). For flygméitningar kan forenklingar goras av ekvation (1) som
ytterligare snabbar upp berdkningarna (Mundry, 1984).

Vid flygmétning kommer ett antal métvirden att produceras for varje métpunkt:
:I/[(f;‘yRiatxiarc[) (2)

Varje méatvirde ar alltsa en funktion av filtets frekvens (f), ramavstand (R) och
sdndarens (tx) respektive mottagarens (rc) orientering. For varje métfrekvens erhalls
real- och imaginidrkomponent av sekundarfaltet, d.v.s. tvA mitvarden. Anta att det totala
antalet matvirden i1 en punkt & M. Om inga speciella villkor stills p4 modellen méste
dé antalet modellparametrar, N, vara mindre @n eller mojligen lika med M. I praktiken
bidrar flera métviarden mycket lite till problemets 16sning beroende pa att matfrekvensen
ar for lag for att ge méatbara sekundérfalt, eller for att tvd ramkonfigurationer med
ungefdr samma frekvens inte ger ndgon extra information f6r en endimensionell modell.
En trelagermodell dér luften far utgdra det versta lagret (med “okénd” flyghdjd) har
fyra modellparametrar (N =4): p; = h, p, = t1, p3 = p1, pa = p2. Det vattenmaittade
jordlagret har alltsd resistiviteten p; och tjockleken t; medan berggrunden har
resistiviteten p,. For ett métsystem med fem frekvenser (M=10) innebér det att det
formellt sett finns underlag for att bestimma modellparametrarnas varden eftersom M >
N. Av flera skél ér det vettigt att uttrycka modellparametrarna i logaritmisk skala, t.ex.
p2 = In(t;). Bland annat medfor det att man tvingar alla parametrar att anta positiva
vérden.

Vi ansitter nu en startlosning for problemet genom att tilldela elementen i vektorn p
rimliga startvdrden. Med hjélp av ekvation (1) beréknar vi sedan en teoretisk respons:

H =H/(f,,R,,tx,,rc;,p) 3)

Vér mélséttning dr nu att minimera summan:

Z Zyi v Y=Y V) (4)

i=1 ;'
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vy e . o, . . 2 .
Eftersom métviarden kan vara av varierande kvalité normerar vi med variansen ¢”. Vi
Taylorutvecklar ekvation (3) med avseende pd modellparametrarna och trunkerar serien
efter de linjdra termerna:

H(p+A&p)~ H(p)+ BAp (5)

B dr en matris som innehéller partiella derivator av filtet med avseende pa
modellparametarna:

b, =T (©)

Vinormerar B radvis med variansen pa mitdata och far d4 matrisen A.
Minstakvadratlosningen pa problemet blir da (t.ex.Inman et al., 1973; Inman 1975):

Losningen Ap utgdr en korrektionsvektor som adderas till modellen. Processen upprepas
tills en acceptabel 16sning erhallits. Ekvation (7) kan antingen 16sas med ndgon vanlig
matrisinversionsmetod som t.ex. Cholesky dekomposition eller sd kan SVD-metoden
anvindas (t.ex. Johanssen, 1977). I de flesta fall maste 16sningen stabiliseras for att
processen ska konvergera. SVD-metoden ger som extra resultat en mojlighet att
bestimma ett konfidensintervall for de berdknade modellparametrarna.

B.2.2 A’priori data

Det ér inte sékert att resultaten fran den inversionsprocess som beskrivs ovan ar
geologiskt rimlig. Métfel eller avvikelser fran den endimensionella modellen kan fa som
resultat att ndgon modellparameter antar orimliga virden. Metoden medger dock att
datavektorn V forlings med andra typer av data (Nissen, 1996; Thunehed, 2000). Det
gdr t.ex. att utnyttja information fran andra geofysiska metoder, parametermétningar,
borrning eller faltobservationer. Vektorn y maste givetvis ocksa forldngas och dessutom
laggs en extra rad till i matrisen A. Ett exempel skulle kunna vara att virdet pé
jordlagrets tjocklek dr kiand fran en geoteknisk undersokning. Lét oss séga att vardet ar
5 m men att den aktuella modellen har ett virde pa t; som ar 4 m. Det innebér att vi
lagger till f6ljande:

Ap=1,A;1=A3=Ai=0,y;=In(5) - In(4)

Dessa virden ska dessutom normeras med en uppskattad varians. Det innebér att
modellvirdet inte lases utan att [6sningen kommer att anpassa sig efter den extra
informationen pa samma sétt som till ovriga méitdata. Om a’priori data baserar sig pa
observationer en bit ifrdn flyglinjen kan alltsa variansen séttas till ett hogre vdrde och
ddrmed viktas informationen ned relativt flygmétningarna.
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B.3 Ovrig databearbetning
B.3.1 Niva- och faskorrigering

Eftersom svensk berggrund i1 allménhet &r hogresistiv kommer de uppmitta
sekundérfilten med ett slingramsystem att bli mycket svaga. Det ar diarfor av yttersta
vikt att nivd- och fasfel minimeras sa langt som mojligt for att inversionen ska ge
meningsfulla resultat. Deszcz-Pan et al. (1998) presenterade en metod dér stodpunkter
pa marken utnyttjades for att uppskatta nddvéandiga korrektioner. Horisontellt lagrade
modeller baserade pa inversion av markbaserad geofysik tas fram. Den forvintade
responsen for flyg-EM systemet berdknas sedan med ekvation (1). Nivé- och fasfelen
for ett flygpass bestdms sedan genom att soka ett minstakvadratfel mellan korrigerade
mitdata over stddpunkterna och syntetiska data baserade pa modellerna. Vid
platsundersokningarna kommer det formodligen inte att vara mdjligt att ha tillrackligt
manga stodpunkter i mdtomradena for att mgjliggdra denna typ av berdkning for varje
flygpass. Istillet foreslas ett forfarande dér stodpunkterna 14ggs langs nigra vil utvalda
tielines. Noggranna korrektioner kan fas ldngs dessa linjer och korrigerade métdata kan
anvindas som sekundédra stodpunkter vid skidrningen med ordinarie flyglinjer. Dessutom
foreslés att stodpunkter dverflygs i borjan och slutet av varje flygpass.

B.3.2 Pseudo-lager modell

Ett populdrt sitt att presentera elektriska och elektromagnetiska métningar dr att berékna
en skenbar resistivitet. For de elektriska metoderna &r processen trivial. For
elektromagnetiska métningar finns dock inga entydiga ldsningar om inte vissa
antaganden gors. For flygslingramdata berdknas ofta den skenbara resistiviteten med
den s.k. pseudo-lagermetoden (Fraser, 1978). Métdata for en viss frekvens anpassas till
berdknad respons for ett homogent halvrum. Resistiviteten och avstandet till
halvrummet viljs s att responsen dverensstimmer med uppmétta data. Berdkningarna
sker enklast genom interpolation i en tvddimensionell tabell av forberdknade responser.
Sévida inte marken d&r homogen kommer avstindet till halvrummet, d.v.s. den skenbara
flyghdjden, inte att 6verensstimma med den verkliga flygh6jden. Om den flygh6jd som
mitts upp med altimetern subtraheras fran avstandet sé fas tjockleken av ett pseudo-
lager, d.v.s. ett fiktivt lager som Overlagrar det antagna homogena halvrummet. Om
resistiviteten okar med djupet, vilket dr normalt i1 svensk geologi, kommer pseudo-
lagrets tjocklek att vara negativ.

En fordel med pseudo-lagermetoden vid berékning av skenbar resistivitet dr att inga
antaganden om flyghdjd behdver goras. Uppmitt h6jd med radaraltimeter kan vara
paverkad av tét vegetation. En nackdel med pseudo-lagermetoden dr dock att bade real-
och imagindrkomponenten méaste anvédndas. For ldga métfrekvenser ar signal-
brusforhallandet mycket daligt for realkomponenten om markens resistivitet dr hog.
Alternativa sétt att berdkna skenbar resistivitet finns som bara utnyttjar den ena av real-
och imaginidrkomponenterna. En variant som kan komma ifrdga ér polynomanpassning
(Thunehed, 2000).

Den beriknade tjockleken av pseudo-lagret kan anvéndas for att kontrollera
datakvalitén. Om maétningar gors dver ett storre omradde med inget eller endast tunt
jordticke och inga storre sprickzoner bor ett homogent halvrum vara en god modell av
verkligheten. Over ett sidant omride bor d& den skenbara tjockleken av pseudo-lagret
vara lika med noll. Det dr dock knappast lampligt att basera ndgon form av automatisk
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nivdkontroll pa denna metod eftersom det trots allt kan forekomma inhomogeniteter i
bergmassan som gor att pseudo-lagrets tjocklek avviker fran noll.

B.3.3 Parasektioner

De olika frekvenserna i ett flygslingramsystem har olika djupnedtringning i marken. I
de nyaste helikopterburna systemen anvinds métfrekvenser pa éver 100 kHz och
frekvenser pa flera tiotal kHz har anvints ldnge. Den skenbara resistivitet som beriknas
for dessa hoga frekvenser ér representativa for sma djup under markytan. De ldgsta
frekvenserna i métsystemen brukar vara ldgre dn 1 kHz vilket medfor ett betydligt storre
undersokningsdjup. Unders6kningsdjupet dr dock alltid en funktion av
resistivitetsfordelningen i marken. Sengpiel (1988) och Sengpiel & Siemon (2000) har
presenterat metoder for att berdkna djupet till en s.k. centroid som kan ses som en
tyngdpunkt for unders6kningvolymen for varje mitfrekvens. Om den skenbara
resistiviteten ritas upp som funktion av centroiddjup ldngs en flyglinje fas en
vertikalsektion som motsvarar de pseudosektioner som dr mycket populéra vid
markbaserad elektrisk métning. I litteraturen benimns dessa sektioner ofta parasektioner
eller CDI (conductivity-depth image). Parasektioner bor vara mojliga att framstélla fran
flygmétningar inom platsundersdkningarna. Vissa problem kan dock uppsté i
hogresistiva omrdden eftersom métsignalen dar kan ligga under brusnivéan for de lagsta
frekvenserna vilket medfor att det inte gér att berdkna en skenbar resistivitet med god
noggrannhet.

B.4 Specifikationer for programvaruutveckling

I flodesschemat i Bilaga 1 visas ett forslag pa arbetsgang for bearbetning av flyg-EM
data till kartor 1 form av rasterfiler for uppmatta faltkomponenter, skenbar resistivitet,
skenbar flyghdjd, parasektioner, jorddjupets tjocklek och resistivitet samt berggrundens
resistivitet. Schemat dr uppdelat i aktiviteter (rektanglar) och dataméngder
(parallellepipeder). En uppdelning av datamingderna kan dessutom goras i indata och
data som produceras i denna process. Ett antal aktiviteter 4r markerade med feta linjer.
For dessa finns ingen fardigutvecklad programvara och dérfor kommenteras de extra
utforligt nedan.

B.4.1 Indata
Numreringen nedan refererar till motsvarande nummer i Bilaga 1.

1. Rédata (EM) fran flygning. Vid flygmétningarna méts real- och
imagindrkomponenten for sekundarfilten upp. Grundldggande bearbetning av
dessa data utfors av det foretag som utfor mitningen. Rédata ska dock vara
tillgdngliga for kontroll av t.ex. nollnivaavldsningar vid uppstigning till hog h6jd
(se dven: Metodbeskrivning for flygmétning).

2. Digital terrdngmodell (50*50 m). Data frdn Lantmaiteriverkets nationella databas
for terranghdjder. Data ska finnas tillgédngliga i Geosoft bindrt grid-format for
hela mdtomradet. Dessa data kan erséttas med andra data med hogre
noggrannhet om sadana finns tillgéngliga.

3. Altimeter- och barometerdata fran flygning. Matsystemets hdjd 6ver marken
behovs som indata for berdkning av syntetiska responser samt som a’priori data
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B.4.2

vid inversionen. Data ska finnas tillgéingliga 1 Geosoft XYZ-format. I forsta
hand anvénds vérden fran radaraltimeter men om denna péaverkas av tét
vegetation kan skillnad mellan barometerhdjd och interpolerad hdjd fran den
digitala terringmodellen anvéndas.

Rédata frén elektrisk sondering. Elektrisk sondering utfors pa kontrollpunkter
for slingramens nollniva samt pa stodpunkter for inversionen. Méitningen utfors
med modifierad Schlumberger-konfiguration (Thunehed, 2000) i tva riktningar.
Kontrollpunkter 14ggs ldngs tie-lines 1 0ppen terrdng och dir inga storre
sprickzoner forvéntas. Dessutom ska kontrollpunkter finnas tillgéngliga for
overflygning 1 borjan och slutet av varje méitpass. Sonderingsdata sparas 1
ASCII-tabellformat (For varje avldsning: RT90 X- och Y-koordinater for
samtliga elektroder, uppmitt potentialskillnad alternativt kvoten mellan
potentialskillnad och utsdnd strom, utsind stromstyrka och uppskattad relativ
métnoggrannhet).

Rédata frén X-konfigurationsmétning. X-konfigurationsmétningar (Thunehed,
2000) utfors for att uppskatta berggrundens bulkresistivitet samt dess anisotropi.
Aven dessa resultat anvinds som stddpunkter for inversionen. Data sparas i
samma format som sonderingsdata.

Information frén borrhil, hillkartor mm. Andra datakéllor som kan ge
information om jorddjup, jordlagrets resistivitet och berggrundens resistivitet
bor utnyttjas som stdd i inversionen. For hdllomrdden kan jorddjupet sittas till
noll. Informationen sammanstills 1 en ASCII-tabellfil med uppgift om RT90 X-
och Y-koordinat, virde for t;, p; och p, (eventuellt nullvérde for vissa
parametrar) samt kalla.

Producerade data

. Bearbetade data (grundldggande bearbetning). I samband med flygmétningen

gors vissa grundldggande bearbetningar av data. Nollnivajusteringar baserade pé
uppstigning till hog hojd gors. Dessutom berdknas koordinater i RT90 for
mitpunkterna. Data sparas 1 Geosoft XYZ format (se dven: Metodbeskrivning
for flygmaétning).

Kontroll- och stédpunkter. Alla uppgifter om jordtickets och berggrundens
bulkresistivitet samt jordtickets tjocklek samlas 1 en ASCII tabellfil {for att
senare sammanstéllas till a’priori information for inversionen. I tabellen ska
ingd: RT90 X och Y-koordinat, resistivitet och tjocklek pa jordticket (eller null-
virde), berggrundens bulkresistivitet (eller null-virde), matmetod samt killa. De
punkter som har uppgifter om samtliga parametrar anviands som stodpunkter for
fas- och nivékorrektioner.

Syntetiska data for stodpunkter. For alla stodpunkter som ska anvindas for fas-
och nivakorrektioner sparas berdknade syntetiska data. Ett individuellt vérde
lagras for varje overflygning eftersom flyghdjden kan variera. Data lagras i en
ASCII tabellfil innehallande: RT90 X- och Y-koordinat, datum, tid, berdknad
real- och imagindrkomponent for samtliga ramgeometrier och frekvenser samt
en flagga som indikerar om det ror sig om en primér eller sekundéar stodpunkt.
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B.4.3

Nivakorrigerade data. Data som nivékorrigerats med hjélp av stodpunkter lagras
1 Geosoft XYZ-format.

Rasterfiler av Re- och Im-komponenter. Interpolerade rasterfiler lagras i Geosoft
binért grid-format med en fil {6r varje faltkomponent. Maskvidden i rastret
bestdms senare men kan typiskt vara 50*10 m. Dessa rasterfiler lagras i
SICADA. Kartor plottas i t.ex. skala 1:20000.

Rasterfiler av skenbar resistivitet och flyghdjd. Skenbar resistivitet och flyghojd
beriknad med pseudolagermetoden lagras i Geosoft binirt-gridformat.
Maskvidden dr densamma som f6r Re- och Im-komponenter. Filerna lagras 1
SICADA och kartor plottas i t.ex. skala 1:20000.

Parasektioner. Parasektioner framstillda enligt Sengpiels (1988) metod eller
motsvarande lagras i Geosoft binért grid-format. Filerna lagras i SICADA.

A’priori data. A’priori information om modellparametrar for inversionen lagras i
Geosoft bindrt grid-format. En rasterfil for varje modellparameter samt en
tillhérande rasterfil med uppskattad varians for respektive parameter.

Rasterfiler med jorddjup och resistiviteter. Resultatet av inversionen lagras i
Geosoft bindrt grid-format med samma maskvidd som indata (Re- och Im-
komponenter). Filerna lagras i SICADA.

Aktiviteter

Grundldggande databearbetning. Den grundliggande databearbetningen utfors
av den organisation som utfor flygmitningen i samband med métningen. |
bearbetningen ingér korrigering av nollnivdn med hjélp av uppstigning till hog
hojd samt eventuellt borttagning av spikar och igenfyllning av saknade data med
interpolerade vérden. Originaldata ska dock levereras for att alla bearbetningar
ska kunna rekonstrueras (se dven: Metodbeskrivning for flygméitning).

Inversion till lagrad modell. Data fran elektriska sonderingar inverteras till
horisontellt lagrade modeller med hjdlp av t.ex. programmet 4Pole fran Luled
Tekniska Universitet. Antalet lager i modellen bor helst vara hogst tre (torr jord,
vat jord, berg). Resultaten fran de tvd métriktningarna vdgs samman till en
modell. Resultatet sparas i en ASCII-fil innehdllande RT90 X- och Y-koordinat,
lagerparametrar, métmetod och namn pa indatafil. Om avvikelserna fran en
horisontellt lagrad modell &r alltfor stora bor punkten inte anvédndas i den vidare
databearbetningen.

Inversion till anisotropt halvrum. Data fran X-konfigurationsmétningar
inverteras till ett homogent halvrum med vertikal anisotropi med t.ex.
programmet r_anstrp fran Luled Tekniska Universitet. Om sondering gjorts
langs en av utldggets diagonaler inverteras dessa data till en lagrad jord enligt
punkt 2 ovan. Resultaten sparas pa samma sétt som for punkt 2. Om
anisotropikoefficienten blir hog bor resultaten frén inversionen av flygdata
nedan tolkas med viss forsiktighet.

Sortera information frén borrhdl mm. Information om jorddjup frén borrningar,
geotekniska undersokningar, refraktionsseismik, markradarmétningar mm stélls
samman. Uppgifter om hillomraden eller omrdden med mycket tunt jordticke
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himtas in frdn geologiska eller topografiska kartor. Resultaten stélls samman
enligt punkt 2 dér resistiviteterna satts till ett null-vérde. Jordtickets tjocklek
satts till noll for hdllomraden.

5. Beridkning av syntetiska data. Syntetiska data for stddpunkter som ska anvédndas
till fas- och nivékorrigering berdknas. Inversionsmodellerna fran de elektriska
sonderingarna anvinds som indata och sekundérfilten for samtliga
ramgeometrier och frekvenser berdknas enligt ekvation (1) eller motsvarande.
Eftersom resultatet dr beroende av flyghdjden behovs altimeterdata frén
flygningen. Stodpunkterna placeras i storsta mojliga utstrackning i omrdden med
Oppen terrdng fOr att altimeterdata ska vara tillforlitliga. Som reserv kan dock
flyghojden berdknas som skillnaden mellan barometerhdjd och interpolerad hojd
frén den digitala terringmodellen. Eftersom flyghdjden kan variera for olika
overflygningar av samma punkt berdknas syntetiska data for varje éverflygning.
Data sparas 1 en ASCII tabellfil med uppgift om RT90 X- och Y-koordinater,
datum, tid, beréknade faltkomponenter samt en flagga som anger om det ror sig
om en primdr eller sekundér punkt.

Stodpunkterna forldggs 1 forsta hand lidngs tielines. Fas- och nivékorrektioner for
dessa utfors sedan enligt Desczc-Pan et al. (1998). Proceduren beskrivs under punkt
6 nedan. Korrigerade data for skdrningspunkter med ordinarie flyglinjer sparas som
sekundédra stodpunkter. Manuell kontroll gors av dessa punkter s att
skiarningspunkter som ligger vid anomalier plockas bort fran listan. En korrektion for
eventuell skillnad i flyghdjd mellan flygning léngs tielines och ordinarie flyglinjer
maste goras. Formodligen kan detta géras genom att ett hdjdberoende berdknas
approximativt som hojdberoendet for ett homogent halvrum med en resistivitet lika
med den skenbara resistiviteten. Om detta inte fungerar kan data inverteras till en
lagrad modell enligt punkt 12 nedan. Om flyghdjden skiljer kraftigt mellan flygning
langs en tieline och ordinarie flyglinje 6ver en skidrningspunkt bér den dock inte
anvéndas for korrektioner.

Inget existerande datorprogram finns for berdkning av syntetiska data enligt
beskrivningen ovan. Programkod for berdkning av ekvation (1) och liknande
integraler finns tillgénglig frdn Luled Tekniska Universitet. Den modifikation som
krévs av detta program dr anpassning till in- och utdata. Den arbetsinsats som krévs
for detta bedoms som mycket mattlig. En forenkling av ekvation (1) kan goras for att
snabba upp berdkningarna vid flygmétning (Mundry, 1984). Denna modifikation bor
dock inte goras eftersom den forvéntade vinsten dr marginell.

6. Berikning av fas- och nivakorrektioner. Métdata jaimfors med berdknade
syntetiska data for stodpunkter. En medelvirdesbildning av mitdata gors langs
en stricka lidngs flyglinjen vars ldngd &r valbar. Fas- och nivafel beskrivs med
hjélp av fyra parametrar. Storleken av dessa fyra parametrar bestims genom
minsta-kvadratanpassning av métdata till syntetiska data enligt Deszcz-Pan et al.
(1998). Nivéfelen berdknas separat for varje flygpass medan fasfelet giller for
en hel dag. Dessutom beriknas ett forstarkningsfel som dr gemensamt for hela
mitningen. Korrektionerna appliceras pd data och de korrigerade data sparas i
Geosoft XYZ-format.

Inget datorprogram finns tillgéngligt for denna bearbetning. De matematiska
operationer som anvinds i processen dr dock tdmligen triviala s den berdknade
insatsen for att skriva ett program beddms som mattlig. Programmet ska presentera
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residualfelen for de olika stodpunkterna sé att punkter som misstinks ge ddliga
resultat kan plockas bort. Residualfelen ger dessutom en uppfattning om hur
noggrann bestimningen av fas- och nivélédge &r.

7.

10.

11.

12.

Framstillning av rasterfiler. Métdata interpoleras till ett regelbundet raster med
en viss maskvidd. I denna process tas spikar bort och eventuellt gors
lagpassfiltrering ldngs flyglinjerna. Filerna lagras i Geosoft bindrt grid-format
(se dven: Metodbeskrivning for flygmétningar). Uppenbara nivelleringsfel kan
korrigeras manuellt.

Berikning av skenbar resistivitet och flyghdjd. Skenbar resistivitet och flyghdjd
berdknas enligt Fraser (1978) for de olika métfrekvenserna. Detta &r ett
bearbetningssteg som utfors mer eller mindre rutinméssigt av de flesta som utfor
flyg-EM mitningar. Nagon kommersiell programvara for dandamalet har vi dock
inte hittat. Berdkningarna ar dock tdmligen enkla och kan baseras pa
interpolation i tvadimensionella tabeller. Ett nytt program for andamalet kan
darfor skrivas. Resultatet sparas 1 Geosoft bindrt grid-format med samma
maskvidd som indata. Filerna sparas i SICADA.

Framstdllning av parasektioner. Parasektioner kan framstillas pd bestéllning
men det kan ocksé vara rimligt att t.ex. en sektion framstills for var femte profil
och sparas undan. Centroiddjup for de olika mitfrekvenserna beriknas med
hjélp av formler i Sengpiel (1988) eller Sengpiel & Siemon (2000). Sektionerna
1 form av rasterfiler kan sedan interpoleras fram med t.ex. programmet Surfer
(Golden Software). Ny programvara behover da bara framstillas for att plocka
ut skenbar resistivitet ur fardiga rasterfiler och att berdkna centroiddjup med
enkla metoder. Ett makro fOr att automatisera hanteringen med Surfer behovs
ocksa.

Kontroll av nivellering. Rasterfilerna med skenbar flyghdjd bor ange samma
virde som den verkliga flyghdjden 6ver omrdden med mycket tunt jordticke
under forutsdttning att berggrunden dr ndgorlunda homogen. Om s inte &r fallet
kan eventuellt en justering av nollnivén goras. Denna bor dock inte basera sig pa
ndgon automatik eftersom en manuell beddmning av nivelleringskorrektionen
formodligen dr nodvéndig.

Sammanstillning av a’priori data. A’priori data for inversionen utgors av
forhandsinformation om flyghdjd, jordtdckets tjocklek och resistivitet samt
berggrundens bulkresistivitet. Rasterfiler framstélls dér t.ex. jordtickets tjocklek
beréknas for alla rasternoder som ett vigt medelvirde av alla uppgifter om
jordtdckets tjocklek inom omradet. Viktningen gors med hinsyn till avstdndet
till matpunkter. En varians uppskattas ocksé for varje rasternod sé att a’priori
information om omraden som ligger langt ifrdn ndgon méatpunkt viktas ned i den
kommande inversionen. Berdkningarna kan formodligen goras direkt i ndgon
kommersiell programvara som t.ex. Surfer. For information om flyghdjden
anvinds altimeterdata utom i de fall dir man kan misstinka en paverkan fréan tét
vegetation. I sddana fall kan skillnad mellan barometerhdjd och terrdnghdjd
laggas in. Nagon form av uppskattning av flyghdjdens varians bor goras. Déar
maste man ocksa véga in att den del av jordticket som ligger ovanfor
grundvattennivan kommer att inkluderas i detta lager vid inversionen.

Inversion. Mélséttningen med inversionen &r att berdkna jorddjupets tjocklek
och resistivitet samt berggrundens resistivitet i varje rasternod. Dessutom
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kommer flyghdjden att vara en fri parameter eftersom altimeterdata kan vara
paverkade av vegetation. Eventuell torr jord ndrmast markytan kommer i
praktiken att inkluderas i flyghdjden. Trots att antalet lager i modellen 4r endast
tva (+ luften) finns det egentligen ingen anledning att begriansa programkoden
till sa fa lager. Inversionen kommer att basera sig pa en den ddmpade iterativa
metod som dr vil beprovad for sévil elektriska som elektromagnetiska
mitningar (ekvation (2) till (7); t.ex. Inman et al., 1973; Inman, 1975;
Johanssen, 1977). Modellparametrarnas varians uppskattas genom att
matrisinversionen utfors med Singular Value Decomposition (SVD, Johanssen,
1977).
Eftersom antalet métfrekvenser ar relativt litet 1 ett helikoptersystem och dessutom
den forvéntade signalstyrkan i manga fall kommer att ligga néra brusnivan maste
begransningar séttas pa modellen for att parametrarna ska vara geologiskt rimliga.
Detta gors genom att a’priori geologiska data adderas till datamatrisen vid varje
matpunkt (Nissen, 1986; Thunehed, 2000). De a’priori data som anvénds blir
avstandsviktade medelvérden av jorddjupsbestimningar och inversionmodeller fran
elektriska sonderingar. Medelviardena normeras och viktas dirmed med en
uppskattad varians. Dessutom anvands uppmaitt flyghdjd som a’priori data for
flyghdjd + torr jord, eventuellt adderas ett litet virde. Exakt hur denna varians ska
beriknas maste man formodligen prova sig fram till med testdata. Inversionen bor
inte ske rad- och/eller kolumnvis utan istéllet anvéinds sonderingspunkter etc. som
fropunkter (Figur B4-1). Inversion gors forst i dessa punkter dér tillforlitliga a’priori
data finns. Sedan gors berdkningar for punkter pa gradvis storre avstdnd fran
fropunkterna tills s& smaningom hela omradet ar tickt. Vitsen med detta forfarande
ar att inversionsresultatet i en punkt kan anvéndas dels som startlosning for nésta
punkt och dessutom som a priori data. Normering och viktning for dessa a’priori data
gors da med hjélp av uppskattad varians fran SVD. Totalt kommer dé foljande data
att anvéndas i inversionen:

« Uppmiitta sekundirfilt normerade med matnoggrannhet. Viktningen av
dessa data kommer alltid att vara s& hog att de far en avgorande inverkan pa
inversionsresultatet.

. Avstiandsviktat medelvirde av jorddjupsbestimningar, sonderingsresultat
mm. Normering sker med hédnsyn till avstdndet till métpunkterna. Viktningen
kommer att vara sddan att mycket liten hénsyn tas till dessa data pa avstdnd
storre 4n t.ex. ndgra hundra meter.

« Medelvirde av modellparametrar for redan inverterade angrédnsande punkter.
Viktning sker med hénsyn till uppskattad varians. Genom att anvinda
angrinsande pixlar som a’priori data fés en filtrerande effekt som
undertrycker effekten av mitbrus. Viktningen far dock inte vara for kraftig i
forhllande till métdata eftersom detta kommer att sudda ut laterala
variationer i t.ex. jorddjup.

« Altimeterdata (alternativt barometerhdjd — terringh6jd) anvinds som a’priori
data for flyghdjd + torr, hogresistiv jord. Ett litet virde adderas som
motsvarar forvintad tjocklek av jord ovan grundvattenytan. Viktning gors
med hinsyn till altimeterns métnoggrannhet och eventuellt kan data viktas
ned omradesvis med hinsyn till information om vegetation.
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Figur B4-1. I mdtomrddet finns ett antal punkter ddr jorddjup och/eller resistiviteter
bestdmts med andra metoder (A). Denna information anvdinds som a priori
data for inversionen. Punkterna anvinds ocksa som fropunkter, d.v.s.
dessa punkter inverteras forst. Sedan inverteras ndrliggande punkter (B)
pd storre och storre avstand (C) tills hela omrddet dr tickt (D).

Delar av programkoden for ett inversionsprogram finns redan tillgédnglig. Berdkning av
integralen 1 ekvation (1) kan goras med kod frdn Luled Tekniska Universitet. Kod for
SVD finns t.ex. i Numerical Recipes (Press et al., 1988). De partiella derivatorna i
ekvation (5) till (7) méste berdknas. Detta bor goras genom att funktionen R(g) i
ekvation (1) deriveras analytiskt med kedjeregeln och sedan konvolveras med ett
digitalt filter. Ny kod maste skrivas for den analytiska deriveringen medan
konvolveringen med filtret kan inkorporeras i berdkningen med ekvation (1). Férutom
ovanstdende krivs ny kod for att hantera in- och utdata samt fropunkter. Totalt sett
innebdr detta viss programmeringsinsats men dnda inte storre dn att det skulle vara
genomforbart till acceptabel kostnad.

Resultatet av inversionen sparas i Geosoft bindrt grid-format. For varje parameter
skapas dels ett raster med parameterns uppskattade vérde och dels ett raster med den
uppskattade noggrannheten. Om det visar sig att noggrannheten i ndgon del av
undersokningsomrédet ér otillrdcklig dr det mojligt att 1 efterhand gora fler
markbaserade mitningar for att utoka antalet kontrollpunkter.
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B.4.4 Programkod

Den programkod som finns tillgéinglig for att t.ex. berdkna ekvation (1) ar skriven i
ANSI Fortran77/90. All ny kod bor skrivas i samma sprak. Kompilering och ldnkning
kan ske 1 t.ex. MS Fortran PowerStation 4.0. Anvédndargrénssnittet bor goras sé enkelt
som mojligt. Forslagsvis genom att programmen framstélls som konsolapplikationer.
Dessa dr 32-bitars program som kan utnyttja tillgédngligt minne 1 MS Windows men som
startas frin kommandoraden i ett DOS-fonster. Programmen utformas for att underlétta
batchkorningar.

B.5 Forslag till testprogram

Ett antal parametrar som paverkar den metodik som beskrivs ovan ér svéra att forutsiga.
Det giller t.ex. helikoptersystemets métnoggrannhet och hur denna péverkar resultaten.
Alternativa modeller for att uppskatta fas- och nivafel fran stodpunkter pd marken maste
testas. Dessutom madste en lamplig modell for att vikta a’priori data gentemot méitdata
utarbetas. For att undvika krangel vid den skarpa situationen i samband med
platsundersokningen &r det dessutom lampligt att den nya programvaran testats med
verkliga matdata.

Mitningar med helikopter-EM pagér {or narvarande 1 Jamtland. Métningarna kommer
formodligen att slutforas nagon géng under varen 2001 och i och med detta blir data
tillgdngliga. Vi rekommenderar darfor att elektriska sonderingar gors i detta omréde for
att kunna anvindas som stodpunkter. Eftersom flygmétningarna inte anpassats till
stodpunkter med bl.a. val av tielines gar det formodligen inte att applicera den
foreslagna metodiken fullt ut pa dessa data men det bor i alla fall vara mdjligt att
genomfora ett test.
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