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ABSTRACT

3D geological modelling helps to understand geological structures that control mineral and hydrocarbon
deposits. Typically, surface geology data and subsurface geophysical data are combined with drill core
logging to obtain a 3D geological model. For currently unexplored areas that have a high mineral resource
potential, such as Namibia it would be useful to assess how the available datasets could be integrated and
to determine their added value for 3D geological modelling. However, much of the country lacks such a
detailed geological mapping. The Geological Suervey of Nambia has therefore developed what they call
“implicit” 3D geological model in Omaheke region. This ““wplicit” model was developed with the available
1:250.000 geological maps, digital terrain model, borehole logs and processed geophysical data to model
the different lithological units that are underlying the Kalahari Tertiary cover. However, the use of
geophysical data to obtain subsurface information, such as acromagnetics is limited by the principle of
non-uniqueness. This leads to an ambiguity in the interpretation of the subsurface, therefore there is a
need of using surface data obtained from multi- and hyperspectral images and gamma-ray surveys in
conjunction with drill core logging. Therefore, an iterative joint interpretation was done ASTER satellite
image and aeromagnetic data sets in conjunction with laboratory VNIR-SWIR spectral measurements
from borehole samples and analyse the added value of integrating different datasets for 3D geological
modelling study area located in Omaheke region. Four data sets where processed to evaluate if integrating
gives an added value for 3D geological modelling. The first dataset is a pre-processed acromagnetic data
that is the total magnetic intensity with a spatial resolution of 50 meters. The second dataset consists of
geological and mineral maps on a scale of 1:1.500.000 developed by the GSN in 1998. The third dataset
consists of spectral measurements made in 2017 on eight boreholes that where drilled between 1994 and
1995. These boreholes where made for water exploration, therefore the samples consist only of chips that
represent a larger interval. The description logs as well as the borehole samples were provided by the
Geological Survey of Namibia. The fourth dataset consists of cross talk corrected level 2B ASTER images
taken between 2002 and 2008. For ASTER images and borehole measurements a total of 13 band ratios,
proposed by Cudahy (2012) where produced. For the hyperspectral borehole measurements, a total of 11
band ratio combinations and for ASTER images a total of 3 band ratio combinations were done to be able
to visualize which combinations could be more useful to highlight lithological changes. With 3D Euler
deconvolution a total of 20 depth range maps where produced. During the processing four values of
structural index (SI) were used: 0, 0.25, 0.5 and 0.75 and the Euler solutions where divided into different
depth ranges 70-130m, 90-150m, 110-170m and 130-190m. Regarding the integration between borehole
spectral measurements and acromagnetic data, it appeared not to be possible to integrate these datasets as
there is no clear pattern in the borehole data that allows to distinguish between the Kalahari group and the
Damara groups through band ratio combinations. For the aeromagnetic data, to validate which of the
depth range maps best fits to the study area, it was decided to use only the boundary between the Kalahari
and the Damara group that is described in the borehole log descriptions, since the borehole band ratios
did not provide any additional information of the lithological boundaries. Based on this information, it
was concluded that the best depth map that fits these data is the one processed using a structural index of
0 and a depth range between 70-130m.
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1. INTRODUCTION

1.1. Problem statement

3D geological modelling helps to understand geological structures that control mineral and hydrocarbon
deposits (Wang et al., 2011). “The type of data integrated within a 3-D model depends on data availability,
density, and distribution, as well as project objectives and working scale” (Fallara et al., 20006). Typically,
surface geology data and subsurface geophysical data are combined with drill core logging to obtain a 3D
geological model. Surface geology is obtained by combing fieldwork data with satellite and airborne
remote sensing data. Fieldwork data involves field mapping and drill core logging. Remote sensing data
involves the interpretation of multi- and hyperspectral satellite/airborne images, aetial photographs and

airborne geophysical data.

Multi- and hyperspectral images are frequently used in mineral exploration. This technique allows
geologists to generate mineral and lithological maps, by looking at key absorption features of various
minerals that are spectrally active within the VINIR, SWIR and IR spectrum (Mielke et al., 2016; van der
Meer et al., 2012). Such maps aid geologists in the identification of mineralization vectors and geological
structures, to establish if there is a suitable area where mineralizations might have occurred (Gandhi &
Sarkar, 2016). In the United States, the Cuprite mining region in Nevada is a well-known hydrothermal
deposit that has been extensively studied with multispectral and hyperspectral images. Here, it was
possible to identify different alteration zones by obtaining the spatial distribution of iron-bearing minerals,
micas and clay minerals (Swayze et al., 2014). In Spain, in the Rodalquilar caldera complex, HyMap images
where used in combination with field spectral measurements to improve the characterization of the

different mineral alteration zones in the Rodalquilar epithermal gold deposit (Bedini et al., 2009).

For areas that have a complex structural geology, multi- and hyperspectral images are often combined with
aeromagnetic data, to allow the visualization and interpretation of geological structures such as faults,
dikes or lineaments. Such structures are often characterized by a lower or higher magnetic susceptibility
and differences in the mineralogical composition of lithological units (Belocky et al., 1997). Aeromagnetic
data can also be used to measure changes of magnetic properties at depth by using inversion methods.
However, this method for obtaining subsurface data is limited by the principle of non-uniqueness, as each
sub-surface structure displays a field that closely resembles the measured field (Baptiste et al., 2016; Chen
et al., 2007). This leads to an ambiguity in the 3D interpretation of the subsurface. Therefore, it is useful to
cross check aeromagnetic data and surface data form multi- and hyperspectral images with borehole
logging. This technique provides information on the different composition of the rocks and their variation
with depth. Borehole data are particularly useful in the interpretation of acromagnetic data, allowing to
cross check the acromagnetic data (Baptiste et al., 2016; Finn & Morgan, 2002).

Remote sensing and geophysical data for geological modelling has been utilized for the characterization of
different types of mineral deposits around the world. In the Panorama district, Australia, hyperspectral
images and the K channel from the gamma ray images were used to map hydrothermal alterations in VMS
deposits, distinguishing areas which have Al-poor and Al-rich white mica and have enrichment or
depletion of potassium. This allowed to identify discharge and recharge areas that characterize these types




of deposits (Tex, 2000). In the Broken Hill, Cobar and Wagga Wagga areas in Australia, ASTER images
and geophysical data were used for identifying different lithological units, regolith and mineralization
zones. Here, aecromagnetic data provided information to identify the geological structures that control the
mineral deposits (Hewson et al., 2003, 2005; Hewson & Robson, 2014). In the Rocklea Inlier Iron Ore,
Australia, it was possible to obtain a coherent pattern between drill cores and Hymap images. This allowed
to identify advanced argillic alteration and phyllic alteration zones from the deposit and to develop a 3D
subsurface map of the area (Cudahy & Thomas, 2016). In the Luchan Ore region in China, they
successfully surface geology and drill core logging in conjunction with magnetic and gravitational data
merged to develop a 3D geological model (Chen et al., 2007). In Central Nigeria acromagnetic and
pseudogravity data was processed using 3D Euler deconvolution to identify the structures that might have
caused rich mineralization within the pegmatite rich zones (Olawuyi et al., 2016).

According to the afore mentioned examples the combination of remote sensing, field and borehole data
provide valuable information of the geology in an area to generate a 3D geological model, which can be
used for mineral exploration. For currently unexplored areas that have a high mineral resource potential,
such as Namibia (Eberle et al., 1995) it would be useful to assess how the available datasets could be
integrated and to determine their added value for 3D geological modelling. The Geological Survey of
Namibia (GSN) has made geological maps on a scale of 1:2500.000 that cover almost the entire country.
In addition, the survey also has acromagnetic data that covers approximately 85% of the country.
Although the GSN has a large amount of data, but not all has been processed for 3D geological
modelling. In addition, the geological map at a scale of 1:2500.000, is not sufficiently detailed to carry out
3D geological modelling. In some areas in Namibia, like the western margin of the Kalahari desert,
ASTER images have been interpreted to improve the geological detail (Gomez et al., 2005). However,
much of the country lacks such a detailed geological mapping. The GSN has therefore developed an what
they call “Gmplicit” 3D geological model in Omaheke region (pers. Comm. Joh-Paul Mubita, Geological
Survey of Namibia). This “%plicit” model was developed with the available 1:250.000 geological maps,
digital terrain model, borehole logs and processed geophysical data to model the different lithological units
that are underlying the Kalahari Tertiary cover(Burney et al., 2015). However, the use of geophysical data
to obtain subsurface information, such as acromagnetics is limited by the principle of non-uniqueness
(Baptiste et al., 2016; Chen et al., 2007). This leads to an ambiguity in the interpretation of the subsurface,
therefore there is a need of using surface data obtained from multi- and hyperspectral images and gamma-
ray surveys in conjunction with drill core logging. Furthermore, the borehole data used, was interpreted
for water exploration and not mineral exploration. As a result, only chips where recovered from the
drilling and the logs lack a detailed description of the lithology. Therefore, the current “Gumplicit” 3D
geological model requires further study of the surface as well as the borehole logs to be able to determine
if these data sets can provide further information to improve the 3D modelling. Furthermore, it would be
useful to evaluate how these different datasets integrate with each other, by doing an iterative joint
interpretation. This iterative joint interpretation consists of interpreting each dataset by taking into
account the different interpretation of the other datasets. This could possibly determine if one dataset can
aid in the interpretation of another dataset. Since using the 3D Euler deconvolution method on the
aeromagnetic data does not require @ priori knowledge of the geology in the area to locate the depth of the
source of the magnetic anomalies. Different depth range maps can be produced. These depth range maps
can be then compared with the results obtained from the band ratios of the ASTER images and the
spectral measurements at different depths from the available boreholes. By comparing with different
might aid in the determination of some variable required for the 3D Euler deconvolution, like for example

the structural index or windows size.




The geology is mainly comprised of metamorphic and sedimentary rocks which are product of the
amalgamation between the Kalahari craton and the Congo-Sao Francisco craton (Frimmel et al., 2011;
Miller, 2008). These rocks display a variation of strongly magnetic and non-magnetic lithologies. Also,
these rocks are composed of minerals that belong to the AIOH, MgOH and ferric oxide groups which are
active within the VINIR and SWIR ranges. This means that, in this area, it would be useful to integrate
aeromagnetic data with the multispectral data to characterise surface geology. A combination of ASTER,
airborne geophysical data sets can be used in conjunction with VNIR-SWIR and geophysical

measurements from the borehole samples to correlate surface and subsurface data.

1.2. Objectives and research questions

1.21. General objective

The objective of this study is to make a joint interpretation of ASTER satellite image and acromagnetic
data sets in conjunction with laboratory VNIR-SWIR spectral measurements from borehole samples and
analyse the added value of integrating different datasets for 3D geological modelling study area located in
Omaheke region.

1.2.2.  Specific objectives
e Generate lithological geological maps of the study area based on multispectral images in
combination with aeromagnetic data.
e Compare the band ratios in the VNIR and SWIR wavelength regions between the ASTER images
and the hyperspectral drill core measurements.
e Compare the depth estimates of the 3D Euler deconvolution of aecromagnetic data with changes
of lithology in the borehole data.

1.23.  Research questions

e Is it possible to relate hyperspectral signatures obtained with a field spectrometer on drill cores
with the multi-spectral signatures obtained from multispectral images?

e Are there lithological units that are not distinguishable on the surface or underground through
spectral signatures or through magnetic anomalies?

e What are the differences between depth estimates from the 3D Euler deconvolution and the
depth of change in lithology from the borehole data?

e Does the use of band ratios on the spectral measurements from the boreholes provide additional
geological information that 3D Euler deconvolution does not provide?

1.3. Study area

The Omaheke study area is located in the western part of Namibia, between longitude 19.7°E to 20.1°E
and latitude 19.7°S to 21°S (Figure 1). Geologically, the study area is located in the Damara Belt, which is
comprised of metamorphic and sedimentary rocks resulting from the merging of the Kalahari craton and
the Congo-Sao Francisco craton (Frimmel et al., 2011). According to the 1:1.500.000 geologic map
(Andritzky et al., 1998), these stratigraphic units are only exposed in the north-eastern part of the study
area, and the rest of the area is covered by sands from the Tertiary Kalahari Group. The rocks that
comprise the Damara Belt are composed of minerals that belong to the AIOH, MgOH, and ferric oxide
groups which are active within the VNIR and SWIR ranges. Also, they display a variation of strongly
magnetic and non-magnetic lithologies (Miller, 2008).
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Figure 1. Study area (14208 Km?) within the Omaheke region, Namibia.

2. DATAAND METHODOLOGY

2.1. Data

Four data sets where processed to evaluate if integrating gives an added value for 3D geological modelling.
The first dataset is a pre-processed aeromagnetic data that is the total magnetic intensity with a spatial
resolution of 50 meters. This dataset was provided by the Geological Survey of Namibia and was collected
in 1994 during a geophysical campaign the was carried out throughout the entire country. The second
dataset consists of geological and mineral maps on a scale of 1:1.500.000 (Figure 2) which where
developed by the geological survey of Namibia in 1998. The third dataset consists of spectral
measurements made in 2017 on eight boreholes that where drilled between 1994 and 1995 (Figure 2).
These boreholes where made for water exploration, therefore the samples consist only of chips that
represent a larger interval. The description logs as well as the borehole samples were provided by the
Geological Survey of Namibia. The fourth dataset consists of cross talk corrected level 2B ASTER images
taken between 2002 and 2008, acquired from the metadata and service discovery tool Reverb, developed
by the NASA (https://teverb.echo.nasa.gov/reverb).
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Figure 2. Location of the measured boreholes and mineral map 1:1.000.000 (modified from Andritzky et al., 1998)

2.2, Methodology

The methodology is divided into 2 stages: The first is the data processing of the ASTER images, airborne
geophysical data and the drill core logging data. The second stage is data integration where all data sets are
combined to evaluate their added value for 3D geological modelling.

2.21. Data processing

2.21.1. Spectroscopy on boreholes

Hyperspectral measurements were carried out in the Geological Survey of Namibia facilities using the
ASD Terraspec HALO, which makes measurements of 2150 bands within the VNIR and SWIR
wavelength ranges. To ensure a representative spectrum of each borehole sample, a total of three
measurements where done and then averaged. The average spectra were resampled to the spectral
resolution of the ASTER sensor. Following the resampling, band ratios defined by Cudahy, 2012 where
calculated for each collected sample so that they can be compared with the satellite ASTER band ratios
Cudahy, 2012. Finally, different band ratios where combined based on the suggestion made by Cudahy,
2012 and through visual inspection of the band ratio graphs, to select the band ratios that provide the best
contrast between the two geological units (Kalahari group and Damara group).
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2.21.2. ASTER band ratios and lithological maps

All available level 2 crosstalk corrected ASTER surface reflectance and emissivity products between 2002
and 2008 where displayed in false colour composite and green vegetation content was calculated.
Subsequently, the images with least cloud content were selected and green vegetation content band ratio
product (Table 1) was calculated for each image (Figure 3) to be able to select the images with least green

vegetation content. The images that met these requirements previously stated where taken on 30/04/2002
and 28/08/2005 (Figure 4).
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Figure 3. Green vegetation content band ratio on 30/04/2002 and 28/08/2005 ASTER images from the study atea.
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Once the ASTER images were selected, SWIR bands 4 to 9 were resampled from 30 meter pixel

resolution to 15 meter resolution so that all 9 bands within the VNIR and SWIR wavelengths can be
stacked. Although according to Cudahy, 2012 the three bands from VNIR should be resampled to 30

meter pixel resolution. But when resampling these bands to 30 meter pixel resolution, a diagonal stripping

in the images appeared, which affected all the band ratios that where generated. However, in this study is

was not analysed what was the cause of this stripping. The next processing step was to remove anomalies

that were caused by thick cloud tops and low albedo areas such as deep shadows, by masking them. This

was only done on the mosaic of the ASTER scenes taken in 2005, since these where the ones to contain

some cloud cover. To remove clouds and cloud shadows the following procedure was carried out:

1. Using ENVI, a region of interest (ROI) was created using band 1 and band 4 thresholds: For the
cloud cover, band 1 threshold was set so that the maximum reflectance is 250 and for cloud

shadows band 4 threshold was set so that the minimum reflectance is 250.

2. Since these thresholds do not cover the edges of the clouds, a buffer zone of 150 pixels

surrounding the ROI was generated, the resulting raster file would be used to create a mask in

which it excludes all pixel that are 150 pixels or less from these buffer zone in the ASTER scenes

from 2005 (Figure 5).
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Figure 5. A) 2005 ASTER false colour composite (3N,2,1) without masking. B) 2005 ASTER false colour composite
(3N, 2, 1) with clouds and cloud shadows masked.

Once clouds and cloud shadows were masked, the ASTER scenes from 2002 and 2005 were mosaicked.
To differentiate lithological units at the surface, band ratios of the ASTER images were created. Various
band ratios have been suggested to map mineral abundance and mineral composition. For each band ratio
of Ferrous iron index, AIOH group composition, Kaolin group index, FeOH group content, MgOH
group content, MgOH group composition and Ferrous iron in MgOH, a green vegetation mask vas
applied (Table 1) to remove any false anomalies. Also, for the compositional band ratios of each mineral
group a mask of the content band ratio of each mineral group was applied in other to include in the pixels
that are above the low content threshold. Also for each histogram stretch parameters (Table 1)(Cudahy,
2012). Finally, ER mapper software was used to create RGB image with the different band ratio image
products to generate different maps that show spatial contrast in mineralogy and lithology. ER Mapper is

chosen over ENVI as it allows a better histogram stretching option for each of the band ratios.

2.21.3. 3D Euler deconvolution

Since there is no detailed information on the geology in the study atea, it is required a technique that
doesn’t require an a priori knowledge of the geology but is able to use the existing aeromagnetic data to
obtain information of the geology in the subsurface. Such technique is known as 3D Euler deconvolution,
developed by Reid et al. (1990) which is an extension of Euler deconvolution for profile data developed by
Thompson (1982). The technique developed by Reid et al., (1990) allows to generate a 2D grid which
contains the location and depth estimates of magnetic anomalies that satisfies Euler’s homogeneity
equation (Equation 1) (Thompson, 1982). In this equation (Equation 1) xy, yo and zp, are the position of
magnetic source, B is the regional value of the total field, and T is the total field detected at an x, y and z

location. In Euler’s homogeneity equation the N value corresponds to the structural index, which Ried et

14



al. (1990) defines as “a measure of the rate of change with distance of a field”. For further information on
3D Euler deconvolution the reader is referred to Reid et al. (1990) and Thompson (1982).
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The standard 3D Euler deconvolution processing was done using Oasis Montaj 9.3 (20171105.126)
(http:/ /www.geosoft.com), which is a semiautomatic process. This method “uses a least squares method
to solve Eulet's equation simultaneously for each grid position within a sub-grid (window). A square
window, say 10 by 10, is moved along each grid row. At each grid point there will be 100 equations (for a
10 by 10 window), from which the four unknowns (location X, Y, Z, and a background value B) and their
uncertainties (standard deviations) are obtained for a specified structural index” (Geosoft, 2018). The
input file is the grid of the total magnetic intensity of the study area. This is used to calculate to calculate
the X, Y and Z derivates (Error! Reference source not found.) which will be used as input for solve the

3D Euler equation.

Name Algorithm Mask Stretch (min, max)
Green vegetation B3/B2 none Linear (1.4-4.0)
content
Ferric oxide content B4/B3 none Linear (1.1-2.1)
Ferric oxi ferric oxi
erric oxide B2/B1 erric oxide Gaussian (0.5-3.3)
composition content>1.05
Ferrous iron index B5/B4 green vegetation Linear (0.75-1.025)
content<1.75
Opaque index B1/B4 B4<260 Linear (0.4-0.9)
AIOH group content (B5+B7)/B6 none Linear (2.00-2.25)
green vegetation
AIOH group composition B5/B7 content<1.75+AIOH Gaussian (0.9-1.3)
content>2.0
Kaolin group index B6/B5 Linear (1.0-1.125)
FeOH group content (B6+B8)/B7 Green vegetation<1.4 Linear (2.03-2.25)
MgOH group content (B6+B9)/(B7+B8) Linear (1.05-1.2)
MgOH
g0 group B7/B8 Green Equalisation (0.6-1.4)
composition vegetation<1.4+MgOH
Ferrous iron in MgOH B5/B4 content>1.06 Equalisation (0.1-2.0)
Silica index B13/B10 none Linear (1.0-1.35)

Table 1. ASTER Band ratio products, with masks and histogram stretch values for each band ratio (adapted from
Cudahy, 2012)

Besides the X, Y and Z derivatives, two more variables are required to solve Euler’s equation. These are
the Structural index (SI) and the window size. The structural index (SI) corresponds to a measurement of
the rate of change in relation with the distance from the magnetic field. The structural index value can vary
between 0 and 3. The SI is determined by type of geological features we are interested in mapping. Since
the purpose of the study is to locate contacts between geological units, a SI value between 0 and 1 must be
selected, where 0 is for completely horizontal boundaries and 1 to completely vertical boundaries. Since
there is no accurate knowledge of which type of contact are present in the study area different values of SI
where used: 0, 0.25, 0.5 and 0.75 to calculate the Euler solution and determien during the integration
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phase which SI best fits for the study area. The window size determines the depth range at which
solutions can be calculated. The window size must be small enough to not include solutions that are
affected from surrounding sources, and has to be big enough to an adequate variant of the field. For this

study a window size of 3x3 pixels was used, which corresponds to a size of 150x150m.

Once the 3D Euler solution was calculated, a filtering (windowing) of the solutions has to be applied,
since the software produces calculates all the possible solution even if they are on a greater distance from

the window size. The following parameters where used to filter (window) the Euler solutions:

1.Depth to a maximum of 350 meters.

2.X and Y offsets maximum of 50 meters

3. Location uncertainty (dXY) to a maximum of 5%.
4. Percentage depth uncertainty maximum of 5%.

The maxim depth was set to include a few meters more than the maximum depth of the 8 boreholes
within the study area. The x and Y offsets refer on the distance from which these solutions are from the
centre of the search window. Since the resolution of the acromagnetic data is 50 meters, it was determined
that for this study to limit the solution to be no greater than 50 meters away from the centre of the search
window. The case for depth and location uncertainties, according to Reid (1990) this must be the lowest
value possible, but without filtering too many of the solutions. Therefore, a value of 5% uncertainty was
considered the optimal value in which removed most of the solution but keeping enough solutions to be
able to use kriging to generate the depth range maps.

Once the windowing of the Euler solution is done, the Euler solution can be gridded using kriging.
However, since some solutions with different depth may be close together, this is difficult to determine
the depth of the different contact present in the area. To solve this, a further filtering of the solutions was
carried out to limit solutions in different depth ranges: 0-350, 70-130, 90-150, 110—170, 130-190. This
allow to generate through kriging different depth range maps which allow a better visualization of the
different geologic contacts.

2.2.2. Data integration

For data integration, the interpretations from each individual dataset will be analysed in relation to other
available datasets. Borehole band ratio combinations which have a high contrast between lithological units
were be compared with identical RGB band ratio combinations from the ASTER images. This is to
determine if borehole spectral measurements can be used to help produce more accurate band ratio
combination for developing lithological maps. For the acromagnetic data, the different depth range maps
were compared with the borehole band ratio interpretation borehole logs to determine which parameters
for calculating the 3D Euler deconvolution best fit these datasets. Once these datasets have been
compared to each other, it will be discussed if by combining these they provide additional information for
3D geological modelling instead of looking individually at each dataset.
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Figure 6. Total magnetic intensity and input maps to the 3-D Euler deconvolution equation: A) Total magnetic

intensity, B) X derivative, C) Y derivative and D) Z derivative.
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3. RESULTS

3.1. Borehole spectroscopy

For the spectroscopy measurements a total of 8 boreholes were measured. The samples are comprised of
recovered chips, as the main goal of the drilling was for water exploration, and not mineral exploration.
The maximum depth and the number of samples (Table 2) and interval at which each sample was taken
varied for each borehole (Annex 1: Borehole log descriptions, Annex 2: Borehole resampled spectral

measurements tables and Annex 3: Borehole band ratio combination graphs)

Interval of lithological change
according to Log description (m)
2
113
68
WW34873 250 7 91
175
2
32
5
32
81
181
WW35039 191 13 29
32
WW35040 205 21 83
185
10
WW35044 110 11 45
103
19
WW35045 116 10 45

104
Table 2. Borehole depths, number of samples and depth of lithological boundaries. Cell highlighted in red mark the
lithological boundary between the Kalahari and Damara groups according to the borehole description logs.

Borehole code | Depth (m) | # of samples

WW34851 221 15

WW34876 363 21

WW35037 201 29

As stated in the methodology section, using the ASD spectra that were resampled to ASTER band
definitions, band ratios were calculated (Annex 1) taking into account the indices suggested by Cudahy
(2012) (Table 1), with the exception of the green vegetation index and silica index. The green vegetation
content was not calculated as none of the sample contain any vegetation, and for the silica index could not

be calculated as the ASD Terraspec HALO does not measure in the thermal infra-red wavelengths.

To compare the band ratios calculated from the ASD Terraspec with the band ratios ASTER RGB band,
ratio combinations band ratio combination graphs where created, using the proposed combinations by
Cudahy (2012). But instead three band ratios, two band ratios were displayed together in relation to the
depth (Annex 3). Through the log description of each borehole (Annex 1) each lithological boundary
(Table 2) was graphed in each band ratio combination. A total of 11 band ratio combinations were done
to be able to visualize which combinations could be more useful to highlight lithological changes (Annex 2

and Annex 3). The band ratios combinations ate listed below:
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Ferric oxide content/Opaque index

Ferric oxide content/FeOH group content

AlOH group composition/Fertic Oxide composition
Ferrous iron index/MgOH group content

Ferrous iron index/FeOH group content

Opaque index/AlOH group content

Opaque index/AlIOH group composition

FeOH group content/MgOH group content

A G R N A o e

FeOH group content/Ferrous iron content in MgOH

—_
o

. MgOh group content/MgOH group composition
11. FeOH group content/ MgOh group content

The data stretch values proposed by Cudahy (2012) fit only to three of the band ratios calculated on the
borehole data. These band ratios where the ferric oxide composition, AIOH group composition and
MgOH composition. For this reason, for each band ratio the parameters where set to the best fit that
would show all the values of each sample measured to be able to visualize how the band ratios change in

relationship with depth.

3.2, ASTER band ratios and lithlogical maps

For ASTER images a total of 13 band ratios where produced (Figure 7). Due to the use of two sets of
ASTER images from different years and different months, in all the band ratio processed it can be seen
differences in the band ratio value between the two years. Despite this issue a continuity of lithological
units can be seen through both sets of images. The images the images that where taken in 2005 have lower
values in comparison to the images taken in 2002. Possible causes for these changes in band ratio values
will be addressed in Chapter 4- Discussion.

From the band ratios, the content for Ferric oxide group, Ferrous iron index, Kaolin group and MgOH
group vary from low to moderate. For the AIOH and FeOH groups the content through the whole study
area remains low, in the case of the AIOH group these are mostly located in multiple concentrated patches
spread though the study area. Meanwhile, for the Silica index and the ferrous iron in MgOH the content
varies from moderate to high through the study area. Lastly, the opaque index band ratio indicates that the
no content of opaque minerals in the study area.

Based on band ratio combinations done for the borehole spectroscopy, and the result obtained from the
band ratios from the ASTER Images, RGB combinations using different ratios where put together to
generate lithological maps. Since the band ratios on the ASTER images for FeOH group index and the
opaque index were very low and none respectively, these were be discarded for usage in a RGB
combination. This leaves three possible RGB band ratio combinations (Figure 8) that can be compared
with band ratios from the borehole data.
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Figure 7. A) Ferric oxide content, B) Ferric oxide composition, C) Ferrous iron index, D) Opaque index, E) AIOH
group content, F) AIOH group composition, G) Kaolin group content, H) FeOH group content, I) MgOH group
content, J) MgOH group composition, K) Ferrous iron in MgOH and L) Silica index.
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Figure 8. RGB ASTER band ratio combinations A) R: MgOH group composition, G: Fetric oxide composition and
B: AIOH group composition. B) R: MgOH group content, G: Ferrous iron index and B: Ferric oxide content. C) R:
MgOH group content, G: Ferrous iron in MgOH and B: MgOH group composition

3.3. 3D Euler deconvolution

With 3D Euler deconvolution a total of 20 depth range maps where produced. During the processing four
values of structural index (SI) were used: 0, 0.25, 0.5 and 0.75 and the Euler solutions where divided into
different depth ranges 70-130m, 90-150m, 110-170m and 130-190m (Figure 9 and Annex 4). This depth
values where selected based on the different depth of the boundaries described in the borehole logs.
Finally, for kriging, the grid cell size was set to 200 meters, to facilitate the interpretation with the
boreholes.

22



950000 1000000 1050000 1100000 1150000 950000 1000000 1050000 1100000 1150000
f g 3 L8 I I I~}
g g - g
& K 8 * 2 §
— N — — N
g g e ]
a g g |- g
g g - e
[ J 2 8
-
g 3 g 3
8 g 2 S
N S 120 N 3
g S g s
~ (=} ~ =
g o g ]
g S g g
2 8 2 3
110
950000 1000000 1050000 1100000 1150000 950000 1000000 1050000 1100000 1150000
00 o 2o s Depth range 70-130m ;o 200 o 200 soooo Depth range 70-130m 5
e e s e e e
(meters) S|=0.0 Depth (m) (meters) S|=0_25 Depth (m)
WGS 84/ UTM zone 335 WGS 84/ UTM zone 338
» 950000 1000000 1050000 1100000 1150000 130 950000 1000000 1050000 1100000 1150000 130
) - T 3
g 2 A
g g g s
i 2 g 4 & g
g 2 Wg g g
ﬂ g g | 8 g
2 g 2 g
8 N g ~
g & g 2
£ g £ g
120
8 3 120 8 i~
g g g g
S g S g
8 ] g 5
8 g e g
10
950000 1000000 1050000 1100000 1150000 110 950000 1000000 1050000 1100000 1150000
25000 0 2000 sw0  Depth range 70-130m 76 25000 0 25000 soo00  Depth range 70-130m -
e e
(meters) SI=0.5 Depth (m) (meters) SI=0.75 Depth (m)
WGS 84/ UTM zone 338 WGS 84/ UTM zone 335

Figure 9. 3D Euler deconvolution depth maps. Depth range between 70-130 meters. Structural index varies between
0 and 0.75.

Based on Reid’s assumption that “a real data set is likely to contain anomalies from sources with various
structural indices” (Reid et al., 1990), there would be no unique structural index that satisfies the whole
data set. This means that features that do not fit one index will be poorly represented but will be clearly
outlined in another index. This would explain why the depth values for some boreholes show in one map
but will not show in another map that has different structural index. However, as the structural index is
increased in general for the borehole locations the depth value on the map increases. This is consistent
with Reid’s statement that “An index that is too low gives depths that are too shallow; one that is too high
gives estimates that are too deep. Even if the index is correct, depth estimates are more precise for high-
index sources than for low” (Reid et al., 1990) and even after choosing wrong structural index he states
that “gross structural trends can still be outlined.”. However, with the last statement this is not seen for
the case of the maps generated for this study as the SI value is increased some structural trends disappear.
This is clearly seen in the maps with depth range between 70-130 whete the map becomes less detailed as
we increase the structural index from 0.0 to .075 (Figure 9). This would suggest that the better structural

index out of the four chosen ones would be 0.

When comparing the depth range map and the borehole depth values between the Kalahari and the
Damara only boreholes WW34851, WW34873 and WW35045 have similar value of depth for the maps
that where generated using a structural index of 0.0. However, it is important to mention that since a
window size of 3x3 was selected for calculating the 3D Euler deconvolution, shallow boundaries cannot
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be detected with Euler deconvolution. This is due to the limitation of Euler deconvolution in which the
minimum depth that it can be calculated is half of the window size (Reid et al., 1990), and since the pixel
size of the acromagnetic data set is 50, this would mean that the minimum depth that can be calculated is
75 meters. This would not allow to compare the depth range maps with boreholes WW35039 and
WW34876. For the case of boreholes WW35037, WW35040 and WW35044 none of the depth maps had
similar depth value compared to the boundaries describe in the borehole logs.
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4. DISCUSSION

When comparing the borehole band ratios and the ASTER band ratios, these cannot be integrated directly
to each other. There are several reasons why this is, related to type of measurement, different sensors, and
sample sizes and distances. First of all, the stretch parameters proposed by Cudahy (2012) for the ASTER
band ratios do not fit with the values obtained in the band ratios from the borehole measurements, except
for the Ferric oxide, AIOH group and MgOh group composition band ratios. Furthermore, the stretch
values where determined only taking into consideration the conditions which affect the ASTER
measurements. Next to that, the measurements where done with different sensors. Each of the sensor has
not only different sensitivity values for each wavelength but the ASTER sensor is a passive sensor,
therefore the measurements depend on the sun angle elevation, while the ASD Terraspec Halo is an active
sensot, in which the source light is controlled. Lastly, the distance from sensor to the sample will affect the
reflectance values, since the satellite sensor is orbiting around the earth, and the measurements will be
highly affected by atmospheric conditions, where the where sunlight will undergo reflection, reflection and
absorption. While for the borehole measurements, the distance between the sample and the sensor is
usually a few millimetres, so the effect of atmospheric gases is not as significant. Another variable that
influenced how the ASTER stretch values where determined, was the effect of dry vegetation, which is
not removed in the masking process when processing the band ratios. This is not an issue for the borehole
measurements since there is no influence of vegetation in the samples.

Besides the previously mentioned factors that affect the stretch values for the borehole and ASTER band
ratios, it is necessary to take into consideration the studies used for the proposed band ratios by Cudahy,
2012. For the ASTER dataset Cudahy (2012) determined these stretch values based on a wide variety of
studies, in which ASTER images where used for mineral mapping in Australia and USA. These maps
where validated using different classification techniques on hyperspectral images, gamma ray surveys and
ground control points(Cudahy et al., 2002, 2005, 2008; Haest et al., 2012; Hewson et al., 2005; Ninomiya
et al., 2005; Rowan et al., 2003). In addition, to determine the specific thresholds Cudahy,2012 used data
from a quantitative mineralogy using VINIR and SWIR wavelengths carried out on drill cores from the
Rocklea channel iron deposit in Western Australia. This quantitative measurements of abundance and
compositional variations where validated using XRF ( X-ray fluorescence) and XRD (X-ray
diffraction)(Haest et al., 2012). However, as it was mentioned above, for this study, the upper and lower
thresholds of each borehole band ratio combination were determined based on the best fit to display all
the band ratio values. This “best fit display” of the data only allow us to determine relative abundance and
compositional changes within each borehole but will not allow us to determine the actual abundance of
each mineral group (Ferric oxide, AIOH, MgOH, Ferrous iron). Also, it must be considered that the
borehole samples could not be washed. So, the bentonite used in the drilling process might be mixed with
the sample and it could affect the mineral content displayed in each band ratio. But to assess how
significant the influence of bentonite is in the spectral signature it would be necessary to carry out
geochemical analysis and determine if there is a significant amount of bentonite present in the sample.

Looking at the ASTER images and the band ratio products the reflectance value of the images captured in
2002 are higher than the values of the images collected in 2005. This could be caused mainly by two
factors: sun angle elevation and atmospheric influence. Looking at the metadata from each ASTER scene
sun angle elevation seems to not be the cause of the difference in reflectance values since they are
relatively similar, being 48° for the images from 2002 and 52° for the images from 2005. Since the sun
angle elevation difference is not significant enough to explain the difference in reflectance values between
the two ASTER scenes it is most likely that atmospheric influences are the main cause for the difference
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in the reflectance value between the two ASTER scene. This is also supported by the fact that the images
collected in 2002 have thick clouds in parts of the image while the images from 2005 have no cloud cover.

Despite the limitations that both ASTER and borehole band ratios have, it still possible to compare
changes in band ratios patterns. However, there is already a limitation, since the band ratio values for
FeOH group index and Opaque index derived from the ASTER images, where very low and none
respectively. This does not allow comparison with most of the possible band ratio combination from the
borehole spectral measurements with the ASTER band ratio combination images. These only leaves from
the 11 possible borehole band ratio combination a total of 3 band ratio combinations to be compared with
ASTER band ratio combination images:

1) Ferric oxide composition/AIOH group composition
2) Ferrous iron index/ MgOH group composition
3) MgOH group content/MgOH group composition

However, for each boreholes these band ratio combinations (Annex 2) do not display the same pattern
when there is a change from the Kalahari group to the Damara group (Table 2). Through this lithological
change the values increase or decrese , with no clear pattern. This could be also related to horizontal
lithological changes which further complicate the integration of these datasets. Similar integration
problems where encountered by Cudahy (2017), who tried to integrate hyperspectral image from drill
cores with ASTER images. The drill core hypespectral image where resampled to simulate ASTER, and
together with mineral interpretation, XRD,XRF, scanning electron microscope and electron microprobe
he determined the threshold for each band ratio to be able to see pattern changes in abundance and
compositions. So, in the case of this study, to be able to integrate ASTER band ratios with borehole band
ratios it would be necessary to carry out a geochemical analysis, like XRD or XRF of each sample of the
boreholes, and establish threshold values for each band ratio as also it is suggested by Cudahy (2017). It
would be also necessary to remove the effect of dry vegetation by using unmixing technique, although
Cudahy (2017) states that, there are still errors in masking the effects of dry vegetation, which would still
affect any direct integration between the ASTER and the borehole spectral measurements. However, such
geochemical analysis and dry vegetation masking is beyond the scope of this study.

Despite the difficulties with the ASTER images and the fact the study area is mostly covered by silica,
from the sand and sandstone deposits from the Kalahari group (Figure 7 L), it is still possible to see
lithological changes. From Figure 8 A it can be seen that the areas that where mapped as the Kalahari
group (Figure 2) the band ratio combination suggest that there is calcite present at the surface, where it is
also in the borehole log description where it is described as calcrete. Also, in this image it is observed that
the calcite is no longer present in the outcrops of the Damara group, located in the north-eastern part of
the study area (Figure 2). Instead, according to these images, the Damara group contains mostly hematite,
based on the Ferric oxide band ratio. Furthermore, based on the AIOH it can interpreted that the mica in
these units is well ordered white mica, like muscovite or illite. However, these presence of AIOH group
minerals, like the well-ordered white mica is also present in the Kalahari group. This could indicate that
possibly the Kalahari group was formed through transport of material derived from the erosion from the
exposed Damara group. From figures 8 B and C it is possible interpret that in the area the MgOH group
content is high as well as the content of ferric oxide indicating that the Kalahari group besides containing
high abundance of silica it also contains high abundance of ferric carbonates like ferroan dolomite,
ankerite or siderite. For the case of the north-eastern outcrop from the Damara group it can be
interpreted that these rocks have undergone strong weathering, which is consistent with the observation
that probably the Kalahari group is a product of the erosion of the Damara group.
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Regarding the integration between the borehole spectral measurements and the aecromagnetic data, it is not
possible to integrate these datasets. There is no clear pattern that allows to clearly distinguish the
boundaries between the Kalahari and the Damara groups through band ratio combinations. Therefore,
with this current study there is no additional information that can be obtained from the borehole data,
besides the lithological description from the borehole logs for aiding in the aeromagnetics interpretation.
Also, for the acromagnetic data, it would not be sufficient to carry out geochemical analysis to determine
the thresholds for the band ratios, as this would only display information on already established
boundaries, which are the intervals in which each sample was collected. So, to integrate acromagnetic data
with the borehole data t would be required to have a continuous sampling of each drill hole. Since it was
not possible to determine other lithological boundaries through the borehole band ratio combinations, the
lithological boundaries from the borehole log description are the only information for establishing the
lithological boundaries at depth. Taking these boundaries together with the assumption that the boundary
between the 2 lithological units is horizontal the best depth map that fits these data is the map which was
processed using a structural index of 0 and a depth range between 70-130m (Figure 10). Based on this
map we could assume that this display an approximate of depth of the boundary between the Kalahari and
the Damara group. However, if more detailed and deeper borehole information was available, greater
depth range maps may also display the deeper lithological boundaries. However, from borehole log there
is no information on a lithological change beyond 130 meter depth.
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Figure 10. 3D Euler deconvolution map, using structural index of and limiting source of the magnetic anomalies
between 70-130 meter depth. This would indicate the approximate lithological boundary between the Kalahari group
and the Damara group throughout the study area.

When comparing the 3D Euler deconvolution maps (Figure 10 and Annex 4) with the ASTER band ratio
combinations (Figure 8) , it can be seen that the north-eastern outcrops match with shallow magnetic
anomalies reaching a depth between 0 to 110. The change in depth of the anomalies might be the result of
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the weathering on the Damara group, in which most of the magnetic minerals have undergone
geochemical reactions forming new minerals with no, or much lower, magnetic properties.

Although, the ASTER and borehole band ratios and the 3D Euler deconvolution maps could not be
successfully integrated, it was seen that bot, the ASTER and borehole data, displayed variations in their
band ratios values. For the ASTER data it was possible to identify some difference between the north-
eastern outcrops from the Damara group and the Kalahari group, still the high abundance of silica in the
area complicates the spectral characterization of these lithological units. In the case of borehole data, it
was observed that at depth the values of the band ratios changed (Annex 3). However, due to the lack of
geochemical analysis it is not possible to determine if both units can be differentiated uniquely through
band ratio analysis. Without geochemical data the threshold parameters to determine the abundance and
composition of each mineral group (AIOH, MgOH, Ferric oxide, ferrous iron group) cannot be set.
Therefore, it is not possible to conclude if any of the lithological units, could be identitied through band
ratio analysis. Regarding the acromagnetic data, the only information that proved to be useful for
establishing the parameters of the 3D Euler deconvolution where boreholes logs, since in this study it was
not possible to obtain further information through the band ratio analysis. Although the 3D Euler
deconvolution showed a strong relationship of shallow magnetic anomalies in the area where the north-
eastern outcrops are located, still this did not provide any additional information to aid in determine the
best parameters for processing the Euler deconvolution. Also, the ASTER band ratios, did not provide
any validation for which of the 3D Euler deconvolution maps best fit the existing geology. However, in all
the 3D Euler deconvolution maps the shallow anomalies where displayed in this area where these
outcrops where located. Although the it is not possible to determine the 3D structure in the subsurface
with the 3D Euler deconvolution maps, still the consistent contrast, in the north-eastern outcrops,
between the different depth range maps allow validate the in fact there is shallow lithologic boundary.
Which, allow to assume that the depth estimates in the rest of the study area can be also considered an
approximate depth at which the boundary between the Kalahari group and the Damara group occurs.
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5. CONCLUSION

Throughout this research, it was studied if a combination of remote sensing, field and borehole data could
integrated to determine their added value for 3D geological modelling, in currently unexplored areas that
have a high mineral resource potential, such as Namibia. Borehole hyperspectral measurements band ratio
combination graphs where made to display how mineral abundance and lithological composition changes
with depth. ASTER data was processed to obtain band ratio combination images to display spatial
contrasts in surface mineralogy and lithology throughout the study area. Aeromagnetic data was processed
using 3D Euler deconvolution to estimate the depth of magnetic anomalies in the study area. These results
enabled the making of depth range maps which show how sources of magnetic anomalies where
distributed throughout the study area. Finally, it was studied the added value of integrating these datasets
for 3D geological modelling study area located in Omaheke region.

Although borehole band ratios values varied with depth, it appeared not to be possible to semi-
quantitatively determine the abundance or composition of each of the mineral group (AIOH, MgOH,
Ferric oxide, Ferrous iron groups). The index stretch values that were proposed by Cudahy (2012) do not
tit with the borehole band ratios. Instead, the stretch values for the borehole band ratios; were adjusted to
display all values optimally. This can mainly be attributed to the fact that the spectra for ASTER and the
borehole measurements where done in different conditions and by different sensor which do not allow a
direct comparison and integration of both datasets. Even; if there were spectral contrast variations in each
borehole, this did not display a pattern which would allow to highlight a lithological change between the
Damara group and the Kalahari group. It is therefore concluded that to establish threshold values for the
band ratio, geochemical analysis, such as X-ray diffraction (XRD) or X-ray fluorescence (XRF), of the
borehole sample should be done.

Regarding the integration between borehole spectral measurements and aecromagnetic data, it appeared not
to be possible to integrate these datasets as there is no clear pattern in the borehole data that allows to
distinguish between the Kalahari group and the Damara groups through band ratio combinations. In
order to validate which of the depth range maps best fits to the study area, it was decided to use only the
boundary between the Kalahari and the Damara group that is described in the borehole log descriptions,
since the borehole band ratios did not provide any additional information of the lithological boundaries.
Based on this information, it was concluded that the best depth map that fits these data is the one
processed using a structural index of 0 and a depth range between 70-130m.

The ASTER RGB band ratio combination images do allow to differentiate the Damara outcrops located
in the north-eastern part of the study area. This is mainly caused by calcite which is present in the Kalahari
group and not in the Damara group. However, this interpretation is strongly affected by the high content
of silica in the Kalahati group, which masks most of the mineral occurrences. Also, the Kalahati group
besides containing high abundance of silica it also contains high abundance of ferric carbonates like
ferroan dolomite, ankerite or siderite, according to the band ratio combination images. For the case of the
north-eastern outcrop from the Damara group it can be interpreted that these rocks have undergone
strong weathering. This is seen in the band ratio combination images, where the Damara group contains
mostly hematite and well-ordered white mica, like muscovite or illite. However, these presence of AIOH
group mineral, like the well-ordered white mica is also present in most of the study area. This could
possibly indicate that the Kalahari group was formed through of transport material derived from the
erosion from exposed Damara group. Regarding the relationship between the 3D Euler deconvolution
depth range maps and ASTER band ratio combination, these showed a strong correlation where the
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north-eastern outcrops seen in the north-eastern part of the study area display shallow magnetic anomalies
in all the depth range map that where generated using different structural indices. Although the ASTER
images did not provide additional information to be able to establish which structural index best fit the
study area. However, the fact that all the 3D Euler deconvolution maps displayed shallow magnetic
anomalies in location of the outcrops this would indicate that other 3D Euler deconvolution depth range
maps could also be used to identify structures that are not horizontal, like inclined normal or thrust faults.

During this research it the proposed objective of integration of the different datasets was partially
achieved. The ASTER satellite images and the aeromagnetic data could be integrated successfully as both
showed strong correlation of distinguishing the north-eastern outcrops of the Damara group which also
allowed to validate that all depth range maps displayed possible subsurface lithological boundaries
between the Damara and the Kalahari groups. Although it was not possible to establish clear structure.
since the 3D Euler deconvolution does not provide unique enough solutions. It was not possible to
integrate the borehole hyperspectral measurements with any of the other datasets, due to the problem with
the band ratio stretch values that where stated above. But it was concluded that it spectral contrast
between each sample was observed, but geochemical analysis is required to further validate the added
value of the borehole band ratio in 3D geological modelling,.

Regarding the research questions stated in the introduction section, it was possible to answer them
through the development of these research. Here, the hyperspectral signatures obtained with a field
spectrometer on drill cores could not be directly related with the multi-spectral signatures from
multispectral images due to the different condition in which the measurements where acquired. This in
turn affected the band ratio products for the borehole measurements which it was concluded that
geochemical analysis is required to be able to establish their stretch values to be comparable with the band
ratios obtained from the ASTER images.

Concerning the question if there are any lithological units that are not distinguishable on the surface or
underground through spectral signatures or through magnetic anomalies, it was concluded that through
spectral measurement or multi-spectral images all three lithological units could be distinguished. It is
important to mention that although it was not possible to determine through band ratio the mineral
abundance and composition, still it could be seen that there where differences in the spectral contrast of
cach sample. This indicates that if the stretch values for these band ratios could be determined through
further geochemical analysis, this would allow to correlate easier with ASTER band ratios and determine if
both of them provide similar lithological and mineral information. Regarding the aeromagnetic data, not
all of the lithological units where distinguishable. Here, the Damara group was the only lithological unit
which displayed magenta anomalies, which could be identified in the 3D Euler deconvolution depth range
maps.

The 3D Euler deconvolution maps displayed different depth estimates for the boundary between the
Kalahari and the Damara groups when compared with the depth in the borehole logs. The depth
difference range between 30 to 100 meters. The difference got greater as the SI increased. It is important
to consider that the lithological boundaries from the borehole logs are not 100% accurate since these
boreholes were not drilled with the purpose of mineral exploration, so the sampling is not done at a
regular interval, which make it difficult to establish an accurate depth of the lithological change.

Finally, through this research it was concluded that with the current analysis done for the borehole data,
the band ratios done on the resampled hyperspectral measurements did not prove any additional
information that the 3D Euler deconvolution depth range maps and the borehole description logs already
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provide. But as it was stated in multiple occasions, this could change if geochemical analysis is available to
determine the stretch value of the borehole band ratios. As these data could display better any change in
the mineral abundance or composition of the lithological unit.
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ANNEX 2 — BOREHOLE SPECTRAL MEASUREMENTS TABLES
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34851 - Ferric oxide content Vs. Opaque WW34851 - Ferric oxide content Vs. FeOH Content
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34851 - Ferrous iron index Vs. FeOH group Composition

WW34851 - Opaque index Vs. AIOH group content

——Opaque index (B1/B4)
——AIOH group composition (BS/B7)

Lithologic boundary 2

——FeOH group content ((B6+B8)/B7)  --——-- Lithologic boundary 2

—— MgOH group content ((B6+B9)/(B7+B8))

0.75 0.80 0.85 0.90 0.95 1.00 0.30 0.40 0.50 0.60 0.70 0.80 0.90
0 - . . . . . . 0 0 - L . - . . 0
10 é F 10 10 | | 10
20 20 20 20
30 r 30 30 30
2 Lo 20 | | 20
50 r 50 50 50
60 - 60 60 60
70 - 70 70 70
80 - 80 80 80
90 r 90 20 20
100 - 100 100 100
£ £
~ ~
£ 110 r 110 £ 110 110
= =4
© ©
S 120 b 120 S 120 120
130 - 130 130 130
140 - 140 140 140
150 - 150 150 150
160 - 160 160 160
170 - 170 170 170
180 - 180 180 180
190 - 190 190 190
200 - 200 200 200
210 F 210 210 210
220 - 220 220 220
f T T T T f T T T T T T
180 185 190 195 2.00 2.05 195 2.00 2.05 2.10 215 2.20 2.25 2.30
——Ferrousiron index (B5/B4) ~ ----- Lithologic boundary 2 ——Opaque index (B1/B4) ----- Lithologic boundary 2
—— FeOH group content ((B6+Bg)/B7) —— AIOH group content ((B5+B7)/B6)
WW34851 - Opaque index Vs. AIOH group composition WW34851 - FeOH group content Vs. MgOH group cotent
0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.80 1.85 1.90 1.95 2.00 2.05
0 - . o - . . 0 0 - . . ; . : . 0
10 J - 10 10 10
20 - 20 20 F 20
30 L 30 30 r 30
0 L 0 ) | L0
50 L 5o 50 - 50
60 L 60 60 - 60
70 L 70 70 70
80 L g0 80 - 80
% L g0 20 =
100 100 100 - 100
e £
= £ 110 - 110
£ 110 - 110 B
y S 120 I 120
[=]
120 - 120
130 130
130 - 130
140 - 140
140 - 140
150 - 150
150 - 150
160 - 160
160 - 160
170 - 170
170 - 170
180 - 180
180 - 180
190 - 190
190 - 190
200 - 200
200 - 200
210 - 210
210 F 210
220 ! . . . - 220
220 . . . . [ 220 0.90 0.95 1.00 105 110
1.00 1.05 110 115 1.20 1.25

48




ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34851 - FeOH group content Vs. Ferrous iren content in

WW34851 - MgOH group content Vs. MgOH group composition
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——FeOH group content ((B6+B8)/B7) ----- Lithologic boundary 2 020 030 040 050 060 070 08 09 100 110
—— MgOH group composition (B7/B8) ——Ferric oxide content (B4/B3) ----- Lithologic boundary ——Opaque index (B1/B4)
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34873 - Ferric oxide content Vs. FeOH group content WW34873 - Ferric Oxide Compestition Vs. AIOH group
080 090 100 110 120 130 140 150 160 170 180 composition
0! } } } } } } } } } 0 0.95 1.00 1.05 1.10 1.15 1.20 1.25
0 | 10 0 - . . . . . 0
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c 110 - 110
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=
130 F 130 s
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150 r 190 190 - 190
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230 £ 230 230 - 230
240 240 240 240
250 T T T T T 250 250 T T T T T T T T T T 250
1.80 1.85 1.90 1.95 2.00 2.05 080 100 120 140 160 180 200 220 240 260 2.80
—— Ferric oxide content (B4/B3) ~ ----- Lithologic boundary —— AIOH group composition (B5/B7) ----- Lithologic boundary
—— FeOH group content ((B6+Bg)/B7) —— Ferric oxide composition (B2/B1)
WW34873 - Ferrous iron index Vs. MgOH group composition WW34873 - Ferrous iron index Vs. FeOH group content
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.70 0.75 0.80 0.85 0.90 0.95 1.00
0 - . . . . . . . 0 0 - . , . . . . 0
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30 - 30 30 r 30
40 40 0 - 40
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80 - 80 20 0
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100 - 100 100 | 100
110 - 110
110 - 110
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250 T . . - 250 240 | 240
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1.80 1.85 1.90 1.95 2.00 2.05
—Ferousironindex (B5/84) - Lithologic boundary ——Ferrousiron index (B5/B4) ~ ----- Lithologic boundary
——MgOH group content ((B6+B9)/(B7+B8)) —— FeOH group content ((B6+B8)/B7)
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34873 - Opaque index Vs. AIOH group content WW34873 - Opaque index Vs. AIOH group composition
0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.15 025 035 0.45 0.55 0.65 0.75 0.85
0+ t t t t t t t 0 0+ t t t t t t t 0
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20 20 20 F20
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230 230 230 - 230
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250 . . . . . . 250 250 - . . . . . 250
1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30 0.95 1.00 1.05 1.10 115 1.20 1.25
——Opaque index (B1/B4)  ----- Lithologic boundary ——Opaque index (B1/B4) ~ --—-—-- Lithologic boundary
——AIOH group content ((B5+B7)/86) —— AIOH group composition (B5/B7)
WW34873 - FeOH group content Vs. MgOH group content WW34873 - FeOH group content Vs. Ferrous iron content in
1.80 1.85 1.90 1.95 2.00 2.05 MgOH
0! i i i i 0 1.80 1.85 1.90 1.95 2.00 2.05
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20 L 20 10 - 10
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:-2'120 | 120 . 110 4 - 110
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250 . . . F 250 240 9 [ 240
0.90 0.95 1.00 1.05 110 250 - - . . . - 250
0.70 0.75 0.80 0.85 0.90 0.95 1.00
——FeOH group content ((B6+B8)/B7) ~ ----- Lithologic boundary —FeOH group content ((B6+B8)/B7) - Lithologic boundary
—— MgOH group content ((B6+B9)/(B7+88)) ——Ferrous iron content in MgOH (B5/B4)
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34873 - MgOH group content Vs. MgOH group composition

WW34873 - FeOH group content Vs. MgOH group composition
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250 T T T T T T T T T T 250 240 1 [ 240
100 102 104 106 108 110 112 114 116 118 120 250 A . | . | . | . | . L 250
100 102 104 106 108 110 112 114 116 118 120
—— MgOH group content ((B6+B9)/(B7+B8))  ----- Lithologic boundary — FeOH group content {(B6+B8)/B7) - Lithologic boundary
——MgOH group composition (B7/B8) ——MgOH group composition (B7/B8)
WW34876 - Ferric oxide content Vs. FeOH group content WW34876 - Ferric oxide content Vs. FeOH group content
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0 \ \ \ . \ \ o 0 \ \ \ \ \ \ . \ \ o
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" T T T T
360 1 i i i i i i i i i [ 360 1.80 1.85 1.90 1.95 2.00 2.05
020 030 040 050 060 070 080 090 100 110 120 ——Ferric oxide content (B4/B3) ~ ----- Lithologic boundary
——Ferric oxide content (B4/B3) ----- Lithologic boundary ——Opaque index (B1/B4) —— FeOH group content ((B6+B8)/B7)
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34876 - Ferric Oxide Compostition Vs. AIOH group

WW34876 - Ferrous iron index Vs. MgOH group composition

—— Ferrous iron index (B5/B4)

—— FeOH group content ((B6+88)/87)

----- Lithologic boundary

——Opaque index (B1/B4)
— AIOH group content ((B5+B7)/B6)

----- Lithologic boundary
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360 | I I I I I [ 360 0.90 0.95 1.00 1.05 1.10
0.80 1.00 1.20 1.40 1.60 1.80 2.00
—— AIOH group composition (B5/B7) ----- Lithologic boundary —Femousironindex(B5/84) - Lithologic boundary
—— Ferric oxide composition (B2/B1) ——MgOH group content ((B6+B9)/(B7+B8))
WW34876 - Ferrous iron index Vs. FeOH group content WW34876 - Opaque index Vs. AIOH group content
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290 F 290 290 290
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" T T T T " T T T T T T
1.80 1.85 1.90 1.95 2.00 2.05 1.95 2.00 2,05 2.10 2.15 2.20 2.25 2.30
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34876 - Opaque index Vs. AIOH group composition

WW34876 - FeOH group content Vs. MgOH group content

——FeOH group content ((B6+B8)/B7)
——Ferrous iron content in MgOH (B5/B4)

----- Lithologic boundary

—— MgOH group content ((B6+B9)/(B7+B8)) === Lithologic boundary

—— MgOH group composition (B7/B8)
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240 - 240 250 L 250
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360 | I I I I [ 360 0.90 095 1.00 1.05 1.10
1.00 1.05 1.10 115 1.20 1.25
— Opaqueindex (B1/B4) - Lithologic boundary ——FeOH group content ((B6+B8)/B7)  ----- Lithologic boundary
——AIOH group composition (B5/B7) —— MgOH group content ((B6+B9)/(B7+B8))
WW34876 - FeOH group content Vs. Ferrous iron content in WW34876 - MgOH group content Vs. MgOH group composition
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10 A | | L a0 50 50
50 4 k50 60 60
60 - - 60 70 70
70 4 - 70 8 80
80 4 L 80 20 20
90 - 90 100 100
100 - t 100 110 110
110 A £ 110 120 120
120 - 120 130 130
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300 - - 300 310 310
310 - 310 320 320
320 A £ 320 330 330
330 L 330 340 340
340 L 340 350 350
350 A L 350 360 | . . . ! . . . . 360
360 7 , , , , , [ 360 100 102 104 106 108 110 112 114 116 118 120
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW34876 - FeOH group content Vs. MigOH group composition

WW35037 - Ferric oxide content Vs. FeOH group content

—— Ferric oxide content (B4/B3)
—— FeOH group content ((B6+Bg)/B7)

----- Lithologic boundary

—— AIOH group composition (B5/B7) ----- Lithologic boundary

—— Ferric oxide composition (B2/B1)
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——FeOH group content ((B6+B8)/B7) ----- Lithologic boundary 020 030 040 050 060 070 080 050 100 110 120
—— MgOH group composition (B7/B8) ——Ferric oxide content (B4/B3) ----- Lithologic boundary ——Opaque index (B1/B4)
WW35037 - Ferric oxide content Vs. FeOH group content WW35037 - Ferric Oxide Compostition Vs. AIOH group
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW35037 - Ferric Oxide Compostition Vs. AIOH group
composition

WW35037 - Ferrous iron index Vs. FeOH group content

0.75 0.80 0.85 0.90 0.95 1.00
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0.80 090 100 110 120 130 140 150 160 170 180 1.80 1.85 1.90 1.95 2.00 2.05
—— AIOH group composition (B5/B7) Lithologic boundary ——Ferrousironindex (B5/B4)  ---- Lithologic boundary
—— Ferric oxide composition (B2/B1) —— FeOH group content ((B6+B8)/B7)

WW35037 - Opaque index Vs. AIOH group content WW35037 - Opaque index Vs. AIOH group composition
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195 2.00 2.05 2.10 2.15 2.20 2.25 230 1.00 1.05 110 115 120 125

——Opaque index (B1/B4) ---
—— AIOH group content ((BS+B7)/B6)

Lithologic boundary

—— Opaque index (B1/B4)
—— AIOH group composition (B5/B7)

————— Lothologic boundary
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW35037 - FeOH group content Vs. MgOH group content

WW35037 - FeOH group content Vs. Ferrous iron content in

——MgOH group content ((B6+B9)/(B7+B8))

——MgOH group composition (B7/88)

————— Lithologic boundary

—— FeOH group content ((B6+B8)/B7) ----- Lithologic boundary
——MgOH group composition (B7/B8)
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— FeOH group content ((B6+B8)/B7)  ----- Lithologic boundary
MgOH group content ((B6+B9)/(B7+B8)) ——Ferrous iron content in MgOH (B5/B4)
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW35039 - Ferric oxide content Vs. FeOH group content

WW35039 - Ferric oxide content Vs. FeOH group content
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ANNEX 3 — BOREHOLE BAND RATIO COMBINATION GRAPHS

WW35039 - Ferrous iron index Vs. FeOH group content

WW35039 - Opaque index Vs. AIOH group content

—— Opaque index (B1/B4)
—— AIOH group composition (B5/B7)

Lothologic boundary
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—— MgOH group content ((B6+B9)/(B7+B8))

Lithologic boundary
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WW35040 - MgOH group content Vs. MgOH group composition
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WW35044 - Opaque index Vs. AIOH group composition WW35044 - FeOH group content Vs. MgOH group content
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WW35044 - FeOH group content Vs. MgOH group composition
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WW35045 - Ferrous iron index Vs. MgOH group composition WW35045 - Ferrous iron index Vs. FeOH group content
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ANNEX 4 - DEPTH RANGE EULER DECONVOLUTION MAPS
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