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Summary:

2D resistivity modelling was done in order to examinethe imaging resolution of 4 different
configurationsfor mapping of fracture zones in bedrock. The studied arrays include Dipole -dipole,
Gradient, Pole-dipole and Wenner. A variety of geological models were tested and the imaging
possibilities and limitations of the different arrays were analysed.Apart from imaging fracture zones
with variousdepth, width, contrast and dip, some models for horizontal layers were also examined.

The forward modelling was done with the program RES2DMOD whereas the inversion was carried out
with RES2DINV. The protocol files simulate the measuring procedure with an ABEM Lund system
which is based on a layout of 4 cables with total 81 electrode positions.

Generally it can be noted that the best results were achieved withGradient and Dipole -dipole,e specially
for mapping fracture zones with various depth and width. The Gradient configurationgives the best
response for mapping steeply dipping structures and different contrasts, whereas Wenner is good at
illustratinghorizontal layers. Dipole -dipole and Pole-dipole showthe most accurate results for situations

where alow resistivity top layer is present.

All in all it can be said that thevertical/horizontal filter value 2 clearly improve sthe image of vertical
structures whereas a filter value of 0.5 increasesthe image quality of horizontal layers.
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1. INTRODUCTION

2D resistivity imaging is widely used in engineering and environmental applications, and the
Geological Survey of Norway (NGU) has used the method since 2000 for characterization of
fracture zones in bedrock (Renning 2003, Reonning et al. 2003, Renning et al. 2009, Ganered
et al. 2006). For mapping the subsurface, different electrode configurations can be used
whereas each one of them has its own advantages and drawbacks. In this work, Dipole-dipole,
Gradient, Pole-dipole and Wenner were examined. The different configurations can be seen in
figure 2.1. A current is applied and the potential difference between two electrodes can be
measured. The altered electrode positions give rise to different current flow and hence lead to
different responses. To get information about deeper regions, the distance between the
electrodes is increased to force the current to flow deeper.

It is of highly important to choose the right array for a survey, since they can all have fairly
different responses depending on the feature present in the subsurface. To save labour costs in
the field, it is a good alternative to create synthetic data, do the inversion and analyses the
results. In this way, it is possible to become more confident in choosing the optimal array in
different geological situations, and to learn more about the possibilities and the limitations
connected to the 2D resistivity method.

The forward modeling was done using the program RES2DMOD version 3.01.52 (Loke
2002) for creating synthetic data. To simulate measured data, 5 % random noise was added
and these data were subsequently inverted using RES2DINV version 3.57.37 (Loke 2008).
The electrodespacing was chosen to be 10 m and the length of the 2D line was 800 m. For the
inversion the standard least-squares constraint was used which minimises the square of the
difference between the measured and calculated apparent resistivity. We have also tried
"Robuste Inversion" (L1-type inversion). This inversion code tends to give sharp interface
between different regions, and the resistivity within each region is almost constant (Loke
2008). We do not think that this is the situation in nature. On the contrary, fracture zones
consists often of a core zone with breccias, a distal part with 3 - 8 fractures per meter and a
transmission zone with even less fractures (Braathen & Gabrielsen 2000). Since the two
inversion techniques gave small deviations in details and the main responses from the
different structures were common, we decided in this project to do only standard least square
inversion.The effect of choosing different values for the vertical/horizontal filter was also
examined.

The NGU has earlier performed 2D resistivity modeling for the Wenner and Dipole-dipole
configuration (Renning et al. 2009). In this modeling, the standard electrode configuration
which is a part of the program RES2DMOD (Loke 2002), was used. However, these do not
agree with the electrode configuration used in the field. To avoid overestimation of the
possibilities with the method, it was necessary to do the modeling with the same electrode
configurations as used in the field measurements.New p rotocol files for Dipole-dipole,
Gradient, Pole-dipole and Wenner were created. In the central part of our models, the
modeled electrode configuration simulate exactly the measuring procedure used with an
ABEM Lund System (Dahlin 1993), which is based on a layout of 4 cables with total 81
electrode positions. To cover an extended 2D line the first cable can be moved to the end and
lateral profiling can be achieved. The measuring procedure can be seen in figure 2.2.



The aim of the project is to find possibilities and limitations of the resistivity method and
learn which electrode configuration is most suitable for different models.

2. ELECTRODE CONFIGURATIONS

Every single electrode configuration has its own advantages and disadvantages (Reynold
1997). The different way of measuring leads to dissimilar responses depending also on the
feature present in the subsurface. The electrode configurations discussed in this project can be
seen in figure 2.1.
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Figure 2.1: The electrode configurations used in the modeling . C is current electrode and P is potential electrode

(Loke, 2002).
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Dipole-dipole performs depth sounding in the way that the distance “a” normally is kept
constant whereas the distance between the pairs of potential electrodes and current electrodes
is increased. As the distance enlarges, the current is forced to flow deeper and hence reveals
more information about lower regions. To increase data quality, also the distance "a" has to be
increased.

For the Gradient configuration, the potential electrodes are moved along the line between the
current electrodes with a constant separation. To get information about the deeper subsurface,
the distance between the current electrodes is increased.



The Pole-dipole configuration has a fixed distance between the potential electrodes. One
current electrode is kept a long distance from the measured line. The depth sounding is carried
out by gradually increasing the distance between the current electrode in line and the potential
electrodes.

Wenner shows a constant distance between all the electrodes. For a higher penetration depth
the distance “a” has to be increased progressively. As a result, the current and the potential
electrodes have to be changed for each measurement.

Lateral information in two dimensions is achieved letting the soundings described above roll
along the cable spread (Figures 2.2 and 2.3). Data about each electrode configuration are
shown in table 1.

Electrode No. of data points No. of data lines | Name of protocol files
configuration in pseudosection | for the modeling
Dipol/Dipol 1525 15 DipolDipol4LS 10m
Gradient 1416 15 Grad4XLS8plus 10m
Pol/Dipol 3173 21 PolDip4LSplus 10m
Wenner 445 15 WennerXLS 10m

Table 1: Technical data and names of protocol files for the forward modeling (provided by
Thorleif Dahlin)
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Figure 2.2: Measuring procedure in the field using 4 cables in a spread (From Dahlin 1993).




- 2a 2a ' . » N 1
1 \ —
( P; Py = "
aja;a) . |
n 1 .
n o
1=3 3
n=4 4° v
n=5 5°¢
] t o *
0
Figure 2.3: Roll along principle with the Wenner electrode configuration (After Barker 1992).
3. RESULTS

3.1 Vertical Fracture Zone —Different Depth

Model description

In order to examine the image capability of a vertical zone with different depth, a 10 m thick
zone of 500 ohmm embedded in a bedrock of 5000 ohmm was modeled. 500 ohmm may
correspond to a clay bearing fracture zone (Renning et al. 2009). Five different values for the
depth were chosen such as 10 m, 20 m, 40 m, 80 m and 150 m and the resolution was
analyzed. Geologically this could depict a fracture zone varying in depth surrounded by
crystalline bedrock.

Modeling results

For a depth of up to 20 m, thefracture zone can be imaged very accurately. The true depth can
be recovered and in addition it is possible to determine the resistivity in a confident way
(figures 3.1.1-3.1.4).

Even for 40 m and 80 m can the depth be seen quite precisely (figures 3.1.5-3.1.8). However,
it is a bit more troublesome to determine the true resistivity value, since the resistivity in the
lower part shows slightly too high and in the top part rather too small values. The low
resistivity distribution covers a larger area and therefore it is more difficult to see the width.
As a result the width can only be determined near the surface, since the boundaries get less
sharp with increasing depth. The fracture zone displays a wider response in deeper regions
and hence shows an artificial effect. Nevertheless it can be said that Dipole-dipole, Pole-
dipole and Gradient illustrate fairly accurate results. Wenner has some limitations in resolving
the depth penetration. Changing the vertical/horizontal filter from 1 to 2 depicts in some cases
large differences between the images. The depth occasionally reaches infinite extensions
when the filter value is 2 and therefore it is difficult to detect the termination of the fracture
zone(figure 3. 1.7, figure 3.1.8).
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For a depth of 150 m, the low resistivity zone can be followed in larger depth. However, a
fracture zone down to 150 m describes a model zone which is deeper than the penetration
depth. Therefore the reliability of the image in the undermost part is clearly small and is not
reasonable to make conclusions about the real structure.Dipole -dipole and Gradient achieved
good results for mapping a deep fracture zone. The depth extension of the fracture zone is not
limited but shows a response down to 150 m (figure 3.1.9, figure 3.1.10). However, the
increased depth has an effect on the resolution. The width expands although the fracture zone
in the synthetic model is continuously 10 m thick. Moreover the resistivity shows clearly too
high values in the lower part. Therefore only the near surface allows drawing concrete
conclusions about the true resistivity and width.

Summary

All in all Dipole-dipole and Gradient show the best results in mapping a fracture zone with
various depths. Good assumptions about the true resistivity, width and depth can be made. As
the depth increases, the width takes larger values and this has to be taken into account for the
interpretation. Consequently it is of highly importance to reveal the true resistivity and width
in the shallow subsurface.

3.2 Vertical Fracture Zone —Different Width

Model description

A more than 150 m deep vertical zone of 500 ohmm was mapped within bedrock of 5000
ohmm. Different values for the width were tested in order to see the effect on the resolution.
The fracture zone was imaged with 5 m, 10 m, 20 m and 40 m thickness.

Modeling results

For a width of 5 m it can be noted that the low resistivity zone is clearly visible, but it is
difficult to assess the depth extent. The true resistivity can only be determined from the upper
10 meters since the shape of the zone blurs out towards the depth (figure 3.2.1). If the
vertical/horizontal filter is set to 2, much better results can be achieved. The low resistivity in
the deeper part of the model approaches more the real value and shows a response down to
150 m (figure 3.2.2).

If the zone is 10 m wide the true thickness can be revealed near the surface. As the depth
increases, the width of the fracture zone yields a bulge (figure 3.2.3). Therefore it is
particularly hard to make conclusions about the thickness in deeper regions. The best response
was achieved with Gradient, especially regarding the depth. Pole-dipole shows the biggest
bulge and makes it problematic to determine the width whereas Wenner is occasionally not
able to map the fracture zone deep enough (figure 3.2.3).

A width of 20 and 40 m gives significantly better results. The thickness can also be estimated
from the lower part of the model and the resistivity yields more accurate values (figure 3.2.6).
For 40 m it is worth mentioning that a low resistivity feature in the middle of the fracture zone
is present for all the arrays apart from Dipole-dipole. This region underestimates the
resistivity and hence could be misleading for determining the true resistivity (figure 3.2.8).
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Summary

To sum up, it has to be stressed that Gradient and Dipole-dipole give the best results for
identifying the width of a fracture zone. The wider the low resistivity zone, the more accurate
statements can be made. It is outstanding that if the vertical/horizontal filter is set to 2 much
better results can be achieved.Therefore it is strongly recommended to choose the value 2 if
vertical structures are expected to be present in the subsurface.

3.3 Vertical Fracture Zone —Different Contrast

Model description

Embedded in bedrock of 5000 ohmm a 10 m thick and more than 150 m deep vertical zone
was imaged. The resistivity of the vertical zone was varied in order to study the limitations of
mapping contrasts. The different resistivities were chosen to be 250 ohmm, 500 ohmm, 1000
ohmm and 2000 ohmm, which correspond to contrasts of 1:20, 1:10, 1:5 and 1:2.5.

Modeling results

Generally it can be noted that the resolution of the image is better with higher contrasts.
Consequently, a vertical zone with a contrast of 1:20 shows fairly accurate results. The
resistivity can be estimated quite well, especially in the shallow subsurface. The width on the
other hand is moderately accurate. The low resistivity region spreads out in the lower parts
and the width can therefore only be determined near the surface (figure 3.3.1). This effect can
also be seen for a contrast of 1:10. The resistivity is however more precise and can also be
recognized in greater depth. All configurations show satisfactory results, though Gradient is
slightly superior regarding the true depth extent and width of the vertical zone (figure 3.3.3).

The quality of the image decreases for a resistivity of 1000 ohmm which represents a contrast
of 1:5. The true resistivity can only be seen at the top, since the vertical zone cannot be
followed down to 150 m (figure 3.3.5). The resolution can be improved by setting the
vertical/horizontal filter to 2. The boundaries of the vertical zone get slightly sharper, the
depth penetration increases, but still the exact resistivity values cannot be illustrated (figure
3.3.6).

For a contrast of 1:2.5 the resolution decreases dramatically and the image has clear
deviations from the true model. The vertical zone can only be revealed in the upper 20 m and
no response is coming from deeper regions. However, it is possible to determine the
resistivity from the shallow subsurface. In comparison Wenner generates the worst response
for a contrast of 1:2.5 since the resistivity reflects a too high value and the zone can hardly be
detected (figure 3.3.7).

Summary

In conclusion, it can be said that for a contrast up to 1:10 the vertical zone can be imaged
relatively accurate with all configurations. For a contrast of 1:5 the limitations lie in depth
imaging. For very small contrasts, such as 1:2.5 the resolution decreases enormously and
Wenner turned out to have the worst response. In general, the best results were achieved with
Gradient and a vertical/horizontal filter value of 2.
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3.4 Fracture Zone — Different Dip

Model description

A 10 m thick and more than 150 m deep zone of 500 ohmm was imaged surrounded by
bedrock of 5000 ohmm. Different dips were mapped in order to study how well the four
arrays can describe the sloping structure. Dips ranging from 15 to 80 degrees were examined
and the resolution was analyzed. For steeply dipping structures the vertical/horizontal filter
values 1 and 2 were tested, whereas for shallow dipping structures a comparison of the values
1 and 0.5 was done.

Model results

For steeply dipping structures it is quite challenging to recognize the dip. Basically only the
Gradient configuration is able to map the tilt in a reasonable way. The other arrays depict a
vertical structure and show therefore deviations from the true model (figures 3.4.1-3.4.4).
Gradient can map the sloping structure down to about 80 m. In larger depth the true dip can’t
be resolved and the model illustrates a slightly too flat response.

For a dip of 60 degrees the imaging capability strongly increases. All configurations are able
to map the dip relatively accurate (figure 3.4.5). Wenner shows some limitations in depth
penetration. The dip can be identified, but the low resistivity zone vanishes already in shallow
depth. The effect of changing the vertical/horizontal filter value can also be observed. If the
filter is set to 2, the low resistivity zone gets more elongated along the vertical axis and hence
maps the dipping too steep. As a result, the filter rather distorts the picture and misplaces the
zone (figure 3.4.5, figure 3.4.6.).

If the dip is less than 45 degrees the tilt can be mapped very accurate. Although it is not
possible to make statements about the exact value, good assumptions can be made. As the dip
gets more flat, the low resistivity zone approaches the surface and can therefore be detected
much easier. Also Wenner shows highly accurate results for the flat dipping structures
(figures 3.4.8-3.4.11). The width of the zone can be determined from the shallow subsurface.
In deeper regions, the low resistivity zone shows a bulge and hence a too wide response. The
less steep the structure the easier it is to identify the width and also the resistivity.

Summary

All in all, it can be recommended to choose the Gradient configuration if almost vertical
structures are expected to be present in the subsurface. Gradient is able to map steeply dipping
structures whereas the other arrays show some limitations in that they yield a vertical zone.
As the tilt angle decreases the quality of the image is clearly improving and all arrays can map
the structure precisely.

For very steeply/shallow dipping structures it is recommended to use the vertical/horizontal

filter value 2 respectively 0.5. However, between 15 and 75 degrees, more accurate results
can be achieved with the filter value 1.
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3.5 Vertical Fracture Zone —Different Top Layer Thickness and Resistivity

Model description

A more than 150 m deep vertical fracture zone of 500 ohmm embedded in a bedrock of 5000
ohmm was modeled with varying low resistive top layers. The superficial layers differed in
thickness and resistivity in order to study the decrease in resolution with a conductive layer at
the top. The problem encountered is due to the current which prefers to travel in the low
resistive layer and avoids less conductive regions. Consequently there is not much current
penetrating in the depth. It is therefore hard to get any information about the lower part, and
especially troublesome in great depth. Five different top layer resistivities were mapped,
whereas they range from 10 ohmm to 1000 ohmm. Geologically 10 ohmm represents marine
clay (Solberg et al. 2008), 50 ohmm stands for possible quick clay (Solberg et al. 2008), 100
ohmm for silty material or moraine and 500 ohmm and 1000 ohmm for dry sand and gravel.
Since the thickness has a great effect on the final resolution, imaging of 5 m, 10 m, 20 m and
40 m of top layer thickness was done. The goal was to gain more understanding how the
resolution changes with different top layer thickness and resistivity.

Modeling results

Generally it can be noted that the higher the resistivity and the smaller the thickness of the
superficial layer, the easier it is to see the fracture zone. If the top layer has a resistivity of
1000 ohmm, the resolution is particularly good (figures 3.5.1-3.5.8). For a top layer thickness
up to 20m the fracture zone can be mapped quite accurately regarding to resistivity, thickness
and depth. However, only Dipole-dipole, Pole-dipole and Gradient seem to give accurate
results. Wenner shows surprisingly bad images and has problems in mapping the fracture
zone, even for thin top layers. The bad results can be explained by the amount of data points.
Wenner has a particularly bad coverage compared to the other arrays and is therefore not able
to map as detailed as the other configurations.

As the resistivity of the top layer decreases, the resolution gets worse. With a thin top layer
with resistivity of 100 ohmm, it is possible to see the low fracture zone with all arrays. Some
good assumptions can be made for the true resistivity, the width and the depth of the fracture
zone. Especially with Dipole-dipole, Pole-dipole and Gradient, the width and the resistivity
can be identified in the top part (figure 2.16). Even with a thickness of 20m it is possible to
detect a fracturezone with these three arrays.

It is particularly challenging to see structures in the subsurface if there is a layer of 10 ohmm
at the top. This layer could represent undisturbed marine clay, which has especially low
resistivity and prevents the current from flowing deeper. If the layer is less than 10 m thick, it
is possible to detect a low resistivity zone with Dipole-dipole and Pole-dipole, but the
resistivity values are far too high and the geometry of the fracture zone is not in agreement
with the true model (figures 2.1.-2.4.). Gradient and Wenner show hardly a response, so they
are clearly affected by this low resistive layer.

Summary

In conclusion it can be said that a low resistivity layer at the top decreases the resolution and
makes it hard to assess the subsurface in a confident way. The lower the resistivity and the
larger the thickness of the top layer, the more difficult it is to detect any structuresbeneath . As
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the top layer thickness increases, the fracture zone shows too high resistivity values and the
depth and width get more inaccurate.

With the vertical/horizontal filter set to 2, the response is generally enhanced, especially
regarding the depth. It can be seen that the fracture zone penetrates down and is not limited to
a certain depth.

The best results were achieved with Dipole-dipole and Pole-dipole. Therefore it is
recommended to choose one of those arrays, if a low resistivity layer exists at the top. The
Gradient configuration seems to give satisfied results as well and can be a good solution if the
background noise is relatively high.

3.6 Horizontal Layers

Model description
A variety of horizontally layered models were imaged in order to compare the vertical
resolution of the four different arrays.

The first models illustrate a subsurface consisting of 2 layers and describing an increase of
resistivity with depth. To investigate the effect of a low resistivity layer on the top, different
resistivity values were tested for a superficial layer in a 3 layer model. Geologically this could
represent gneiss as host rock, overlaid by a sediment layer and a top layer of clay.

To examine the change in resolution with depth, modeling of a 10 m zone (500 ohmm) in
different depth was done. This could depict a horizontal fracture zone at various locations
embedded in crystalline bedrock. Since it is of high interest to see the limitations of imaging
in deeper regions, mapping of a Im zone (10 ohmm, 100 ohmm) in a depth of 100 m was
done and the capability of resolving horizontal structures was analysed.

Modeling results

Generally speaking it is possible to distinguish the different horizontal structures in the 2 and
3-layer models very clearly, even with a low resistivity top layer of 25 m. The presence of a
superficial layer can lead to rather undulating contour lines between the 1000 ohmm and 5000
ohmm layer (e.g. figure 3.6.3). Wenner is only slightly interfered by this effect and is hence a
good choice for imaging horizontal structures. However, if the dominating structure is present
in great depth, this aspect has to be taken into account. The resolution decreases with depth
and the response for the different arrays starts to vary (figure 3.6.12). Up to a depth of 20 m
the 10 m zone of 500 ohmm can be mapped particularly accurate with all configurations
(figure 3.6.10). But as the depth increases, the resolution gets worse and it is only possible to
see a low resistivity zone, without being able to make an exact statement about the absolute
values of the resistivity and the thickness of the layer.

It can also be seen that there are differences in the imaging capability of the four arrays. It
emerges that Dipole-dipole and Pole-dipole show the best resolution for mapping a zone
deeper than 40m (figure 3.6.12, figure 3.6.17).

The limitation of mapping a low resistivity zone in 100 m depth can be seen in figures 3.6.17-
3.6.22. A 1 m layer of 100 ohmm which corresponds to a contrast of 1:50 cannot be detected,
whereas a contrast of 1:500 can be seen very clearly. However, the thickness of the layer
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cannot be determined. It appears that the low resistivity layer is continuing towards the depth
(figure 3.6.19), although it corresponds to 1 m thickness. Since the current is not able to
penetrate any deeper, the ongoing low resistivity zone describes an artifact.

Summary

Generally, for horizontal layers, a better result is achieved by setting the vertical/horizontal
filter to 0.5. The structures get consequently slightly more elongated along the horizontal axis
and the contour lines appear to be less curved and more compact.

Overall, it can be noted that Wenner is particularly good at mapping horizontal structures.
However, if the prominent feature is in great depth, Dipole-dipole and Pole-dipole have to be
considered as a better option.

4. CONCLUSION

2D resistivity modeling is of great importance since it clearly improves the ability of choosing
the right array in a given geological setting.

The results reveal that the Gradient configuration is especially good at mapping fracture
zones. Gradient is the only array that can map a steeply dipping structure. Fracture zones with
a dip of 60 degrees and less can also be detected by the other arrays.

Gradient and Dipole-dipole depict particularly good results for mapping different depth, width
and contrast. Up to 80 m the depth can be illustrated fairly accurate and widths larger than 10
m show quite exact responses. Mapping contrasts of up to 1:10 lead to precise images
whereas limitations start for contrasts smaller than 1:5.

Dipole-dipole and Pole-dipole are generally good at revealing a fracture zone if a low
resistivity top layer is present. However, if the superficial layer is less than 50 ohmm it is
difficult to make precise conclusions about the subsurface.

In most cases a vertical/horizontal filter value of 2 clearly improves the image of vertical
structures and depicts more accurate values for the fracture zone.

Wenner shows the best response for mapping horizontal layers unless the depth of the

prominent feature is at great depth. For horizontal layers the vertical/horizontal filter value of
0.5 increases the quality of the picture and the image approaches more the true model.
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Figure 3.6.1: 10 m zone (500 chmm) with a depth of 10 m, V/H=1
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Figure 3.6.2: 10 m zone (500 ochmm) with a depth of 10 m, V/H=2
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Figure 3.6.5: 10 m zone (500 ohmm) with a depth of 40 m, V/H=1
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Figure 3.6.6: 10 m zone (500 ohmm) with a depth of 40 m, V/H=2
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Figure 3.6.7: 10 m zone (500 chmm) with a depth of 80 m, V/H=1
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Figure 3.6.8: 10 m zone (500 ohmm) with a depth of 80 m, V/H=2
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Figure 3.6.9: 10 m zone (500 ohmm) with a depth of 150 m, V/H=1
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Figure 3.6.10: 10 m zone (500 ohmm) with a depth of 150 m, V/H=2
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Figure 3.6.12: 5 m zone (500 chmm), V/H=2
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Figure 3.6.13: 10 m zone (500 ohmm), V/H=1
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Figure 3.6.14: 10 m zone (500 ohmm), V/H=2
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Figure 3.6.15: 20 m zone (500 ohmm), V/H=1
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Figure 3.6.16: 20 m zone (500 ohmm), V/H=2

35



Dipole-dipole

Standard inversion, V/IH=1

Pepth Iteration & RHS error - .6 %
0.4 (1) 160 n.

1.4
26.2
36.9
.9

o5.0

Inverse Hodel Resisti

ity Section
I ) [ ..
1271 27 az02 BT
Resistivity in ohm.m Unit electrode spacing is 10.0 A.

200 318 say

Gradient

Standard inversion, V/H=1

Pepth _Iteration & RHS error = 4.4 %
a8

160

1.2% :
1.4
26.2
36.9
(TR

@5.6

84.7
95.6

Inverse Model Besistavity Sec)

) | o fmm) o] ] ]} |
1271 207 921 5684
Resistivity in chm.n Unit electrode spacing is 10.8 n.

918

Pole-dipole

Standard inversion, V/H=1

Pepth Iteration 5 RHS error - 4.8 %

[N] 49.8
1.25 T

1.4

26.2

36.9

4.9

o5.4

168

84.7
95.4
158

Inverse Hocel Resistivity Section
um} § f  J-ofmmy §of J J } J
EXT) 218 sen 17 1271 2017 az02 Soma
Resistivity in uhm.n Unst electrode spacing is 10.8 n.

Wenner
Standard inversion, V/H=1

Depth lteration 5 RMS error = 4.3 &
N 88.a RET n.

Tnverse Hodel Resistiulty Section

L B L 0 el ] ] | jes] | § | J | |
200 218 so4 200 127 207 9202 G
Resistivity in onm.m unit electrode spacing is 10.9 n.

Synthetic model

Resistivity in oha.m unit electrode spacing 168 n.
19 S0 108 250 500 756 1000 1500 2000 2560 3000 3500 AQUD 5040 10296 50000
H = = EH E O B B B B 0O &8 = = = =

Resistivity model
36 aea aug

z o.pe ag.0 128 200 240 280 san

Figure 3.6.17: 40 m zone (500 ohmm), V/H=1
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Figure 3.6.18: 40 m zone (500 ohmm), V/H=2
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Figure 3.6.19: 10 m zone (250 ohmm) in bedrock (5000 chmm), V/H=1
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Figure 3.6.20: 10 m zone (250 ohmm) in bedrock (5000 ohmm), V/H=2

40



Dipole-dipole

Standard inversion, V/H=1

Depth _Iteration 4 RMS error = 4.6 %
0.9 28.9

125 g R i o R P m "
LENY
26.2
3.9
89.9
5.6
w7
5.8
188
121
152

Inverse Hodel Resistiwity Section

| 1| | s |} | | | |
£ S8k 1271 2817 ) S0k
Resistivity in ohm.m Upit electrode spacing is 10.9 m.

Gradient

Standard inversion, V/H=1

Depth _ Iteration 4 RES
4528 e e e a e s P i g r ; e e
134
26.2
3.9
.9

5.6

w7
95.6
188

Inuerse Hodel Resistiviey Secrion
1 1§ 1 e} ] ] | jum] joof ] § ] |
2 218 5o 2017 321 5884
Resistivity in one.m Unit electrode spacing is 18.0 n.

Pole-dipole

Standard inversion, V/H=1

Depth Iteration 4 RMS error =~ h.8 %
[ E]

[ ]
L - Jrrer—— " o

13.8
26.2
6.9
w.9
5.8

Inverse Wogel Resistivity Section
I ] I ) (A .. ..
& 1271 7 02 ETY

Resistivity in ohe.n nit electrode spacing is 10.0 n.

Wenner
Standard inversion, V/H=1

Depth Iteration § RMS error = 4.2 %
. 88.8

n.
1.25 foa .

Inverse Modet Resistivity Section
[ I [ ) [ ...
[1T] 1271 287 3282 588%
#esistivity in ohm.n Unit electrode spacing is 10.8 m.

Synthetic model

Resistivity in ohea.m Unit electrode spacing 18.8 m.

18 50 198 256 568 750 1806 1500 280D 2580 30B6 5500 490D 5008 16000 SS06U
- - O T O O E " OO = W - - .

Resistivity model
] @l Wy

2 eo.w - LN} 1208 168 288 248 288 32a b se

Figure 3.6.21: 10 m zone (500 ohmm) in bedrock (5000 ochmm), V/H=1
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Figure 3.6.22: 10 m zone (500 ohmm) in bedrock (5000 ohmm), V/H=2
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Figure 3.6.23: 10 m zone (1000 ohmm) in bedrock (5000 ohmm), V/H=1
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Figure 3.6.24: 10 m zone (1000 ohmm) in bedrock (5000 ohmm), V/H=2
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Figure 3.6.25: 10 m zone (2000 ohmm) in bedrock (5000 ohmm), V/H=1
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Figure 3.6.26: 10 m zone (2000 ohmm) in bedrock (5000 ohmm), V/H=2
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Figure 3.6.27: 10 m zone (500 ohmm) dipping with 80 degrees, V/H=1
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Figure 3.6.28: 10 m zone (500 ohmm) dipping with 80 degrees, V/H=2

49



Dipole-dipole

Standard inversion, V/IH=1

Depth _Iteration % RHS error - 4.5 %
a8,

1.75
1.4

152 u
Tnuerse Madel Resistivlty Section
N N O [ N N ) [ ..
280 318 584 88 27 2817 aze2 Se8y
Resistivity dn onn.m uwit electrode spacing is 10.@ W,

Gradient

Standard inversion, V/H=1
Pepth  Iteration & RHS error = 4.4 %
a9,

.25 §ias 2
13.4
26.2
36.9
49,9
05,0

8u.7
95.4

Inverse Model Resistivity Section
[ N N NN N [ N N N N N .-
ns T anz 32 5084

271
Resistivity in ohm.n

Unit electrode spacing is 10.8 .

Pole-dipole

Standard inversion, V/H=1

depth  Iteration 4 RHS error = 4.8 %
89.8

1.25 ]
12.4
26.2
36.9
ue.9

a5.4

Inverse Hosel Resistivity Section

I 0 I N ) .

208 £ soa w80 127t 2091 2202 Sea4
Resistivity in ahm.n Unit electrade spacing is 10.9 n.

Wenner
Standard inversion, V/H=1

Ddepth Iteration 5 RHS error = B4 %
[N] 90.9

158 n.
1.25

1.4
26.2
B6.%
.9

65.4

Inverse Hodel Resistiuity Section
0 8] § Qe | § fmmf o} § § § P |
208 318 sen sap 1271 2017 aza semn

Resistivity in ohm.m Uit electrode spacing is 10.0 n.

Synthetic model

Recistivity in oha.m

10 58 1gm 258 508 754 1008 1500 26890 2500 3UBY 35ED A0ED 50QB  100ER 5POUD
H E @ B E ®m E B B E O 8B B = B

Onit electrode spacisg 18.0 n_

Resistivity model
2 0.80 20.8 89.8 128 160 200 240 260 228 268 L) Aug

Figure 3.6.29: 10 m zone (500 ohmm) dipping with 75 degrees, V/H=1
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Figure 3.6.30: 10 m zone (500 ohmm) dipping with 75 degrees, V/H=2
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Figure 3.6.31: 10 m zone (500 ohmm) dipping with 60 degrees, V/H=1
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Figure 3.6.32: 10 m zone (500 ohmm) dipping with 60 degrees, V/H=2
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Figure 3.6.33: 10 m zone (500 ohmm) dipping with 45 degrees, V/H=1
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Figure 3.6.34: 10 m zone (500 ohmm) dipping with 30 degrees, V/H=1
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Figure 3.6.35: 10 m zone (500 ohmm) dipping with 30 degrees, V/H=0.5
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Figure 3.6.36: 10 m zone (500 ohmm) dipping with 15 degrees, V/H=1

57



Dipole-dipole
Standard inversion, VIH=0.5

Depth _Iteration % RHS error - b4 %
@ 88.4@

160

185
12.4
26.2
36.9
]
&

Inverse Hadel Res: ty Section

] [ ..

200 218 soa an0 1274 207 3202 5T
Resistivity in ohm.m Unit electrode spacing is 10.0 A.

Gradient
Standard inversion, V/H=0.5

Ddepth  Iteration & RHS error « b4 %
0.9 90.4 168

1.25
134
26.2
24.9
9.9
&5.6
8.7
95.4
188

21

186

152

Inverse Model Resistivity Section
-----IZ;]----I:I------
2 ns SAu

Resistivity 1n ohm. n Unit electrode spacing is 1.8 A

Pole-dipole
Standard inversion, V/H=0.5

Iteration & RHS ervor « B9 %
N va.8

septh
1.2%
1.4
26.2
26.9

24

&

158 728 n.

Inugrce hosel Res: ty section

I [ ) [ ...

2688 1274 2817 3202 50es
Resistivity in ohm.m Unit electrode spacing is 19.0 n.

208 e

Wenner
Standard inversion, V/H 0.5

Depth lterﬂt]nn 4 RHS v w3 %
4 248

1. !5
13.4
26.2
B6.9
9.9
&

Inverse Wodel Resistivity section

o) § _Jmmfecfesy ) § ] |
1274 2017 3282 T

208 218
ﬁEslStlv]tg in oho.n Unit electrode spacing is 10.8 n.

Recistivity in ohe.m Onit electrode spacisg 18.0 n_
18 s 1en 258 508 75 1008 1508 2899 2500 3UB0  35ED A0ED SO0 TDOER SpOUR
H E @ B E ®|m E B B E O 8B B = B

Resistivity model
2 0.80 20.8 89.8 128 [ Aug

Figure 3.6.37: 10 m zone (500 ohmm) dipping with 15 degrees, V/H=0.5
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Figure 3.6.38: 10 m zone (500 ohmm) below a 5 m layer (1000 ohmm), V/H=1
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Figure 3.6.39: 10 m zone (500 ohmm) below a 5§ m layer (1000 ohmm), V/H=2
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Figure 3.6.40: 10 m zone (500 ochmm) below a 10 m layer (1000 chmm), V/H=1
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Figure 3.6.41: 10 m zone (500 ohmm) below a 10 m layer (1000 ohmm), V/H=2
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Figure 3.6.42: 10 m zone (500 ochmm) below a 20 m layer (1000 chmm), V/H=1

64



Dipole-dipole
Standard inversion, V/H=2

Depth Iteratiun & BHS error - 4.6 %
0.9 168 aze hBE L1} A
2.50} 1
1
26.

ui.

ER

62.5
7.2
2
&

Tnverse Hadel Resistivity Seckion

L 0 | § Jum) J | | jsmj |} § § J I |
208 kall coq 802 121 2mr7 3202 ceay
Resistivity in ohn.n Unit electrode spacing is 19.8 n.

Gradient

Standard inversion, VIH=2

Depth Iteration 4 RNS errer = 8.7 %
0.0

2500 e e et . r Ea— e 7 T
1.

26.
ua.

Tnverse Model Resistivity Section
208 318 £ 289 1271 2017 2202 BT]
Resistivity in ohn.n Unit electrode spaving is 10.8 n.

Pole-dipole

Standard inversion, VV/H=2

Depth l“teratilm & RHS erver = 4.8 %
2.5
1a.
26.

188 aze 18e (113 n.

u3

Inverse Hodel Resistivity Section

[ _f _jooymmy F§ 1 ] ) |
260 =18 Sun £ 1271 2017 E 1T
Resistivity in ohm.n Unit electrode spacing is 10.9 n.

Wenner
Standard inversion, V/H=2

Depth Iteration 3 RHS error = u.A %
0.9 158 aze 180 (11 n.

2.507
1.5

= o
8 2
s

Inverse Madel Resistivity Section

[ ) ...
208 218 Sah 888 1271 207 2202 S08A
Resistiwity in ohm.n Unit electrode spacing is 10.8 n.

Synthetic model

Resistivity in sha.m Unit electeode spacing 18.9 n.
18 58 1e8 258 500 ise 1008 1500 289¢ 2500 3089 3560 A0E0 508 1DRE0D 50060
B G E E E Em O E . O .

Resistivity model
22.8 128 168 200 230 229 320 360 apa ug

Figure 3.6.43: 10 m zone (500 ohmm) below a 20 m layer (1000 ochmm), V/H=2
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Figure 3.6.44: 10 m zone (500 ohmm) below a 40 m layer (1000 ohmm), V/H=1

66



Dipole-dipole
Standard inversion, V/IH=2

Pepth Iteration % RHS error = h.8 %
8.9

2.50}
1.5
26.9
L3.90
62.5
7.8
26.2
9.8
1"s
181
139
lllllErSE Hnd?l HES]St)vlty SEl:t)nn
ZHI 31ﬂ Sﬂl Elll 1271 3zuz
Resistivity in o Unit electrode spacing is 10.0 n.

Gradient
Standard inversion, V/IH=2

Pepth Iteration 3 RHS ervor - 4.7 %
8.8
2.50 -
13.5
26.9
va.0
02.5
73.8
86.2

Inverse Hodel Resistivity Section
- I 0 ] [ .-
zan 318 SHA 127t 2m7 aze2 So8a
Resistuuty in ahn.m Unit electrode spacing is 10.0 n.

Pole-dipole
Standard inversion, V/H=2

Pepth Iteration 4 RHS error < &9 &
[

Es 160
2.50

1.5
26.9

3.0

Inverse Hodel Resistivi

s-n 2JI- I:I - N . - - |
1271
Resistivity in uhm. = Unit electrode spacing is 12.0 n.

Eall

Wenner
Standard inversion, V/H=2

Depth Iterdt]lm 3 RHS error = 4.0 %
168 n.
2. ;. a 1 s 5 e " 2 . b 2

1.5
26.9

yi.e

Tnverse Hodel Resistivity Section

L4 1 0wl | | ] -l:I------
208 S04 L 274 27 az82 Se8a
nesistwity FLTLE Unit electrode spacing is 18.8 n.

Synthetic model

Resistivity 1n oba.m unit electrode spacimg 18.9 n.
10 58 180 756 500 5¢ 1808 1500 200¢ 3I500 3000 3500 %000 SOG8 10980 50000
- O E e O B EE S O B8 B = =m B
s
z o.m0 xo0.0 0.0 12n 160 200 280 280 321 8en
5.4
28

Figure 3.6.45: 10 m zone (500 ohmm) below a 40 m layer (1000 ohmm), V/H=2
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Figure 3.6.46: 10 m zone (500 ohmm) below a 5 m laye
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Figure 3.6.47: 10 m zone (500 ohmm) below a 5 m layer (500 ohmm), V/H=2
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