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Abstract

Hydrothermal fluids play a key role in the process of metalliferous mineralization such as gold deposits. The modern exploration indi-
cators for such deposits are tectonic structures and characteristic alteration minerals observed as detectable halos adjacent to mineral
deposits. Tectonic fractures are the conduits to these hydrothermal fluids and thus control the spatial locations for the formation of min-
eral deposits. Along crustal structures, hydrothermal fluids commonly induce mineral alteration in the adjacent wall rocks depending on
the physical–chemical conditions. These alteration patterns, which are the pathfinders for the proxies in the modern mineral exploration,
can be detected by innovative application of combined remote sensing techniques. The study area has experienced intense tectonic defor-
mations, which resulted to two major sets of structures, the NW–SE and NE–SW-trending structures. The knowledge-based analysis
applied to SRTM data was useful in identifying crustal lineaments, which the above two set of structures, truncating lithological units
of the Sukumaland Greenstone Belt were identified. The Feature Oriented Principal Component Selection (FPCS) together with the GIS
functions applied to Landsat 7 ETM+ data, were useful to enhance signals from hydrothermal alteration minerals. Results have revealed
that the Sukumaland Greenstone Belt is intensively fractured, in a systematic pattern, and has apparently been “injected” with large vol-
umes of hydrothermal fluids. Both processes together have resulted in the systematic and structurally controlled hydrothermal alteration
patterns. In this study linear alteration patches are interpreted to represent the hydrothermal paleofluid pathways. Alteration patches
coincide spatially with regional and local tectonic structures and are consistent with major gold occurrences and gold mines. This study
indicate that careful analysis of SRTM and Landsat ETM+ data can identify crustal lineaments, the likely hydrothermal paleofluid con-
duits, which may lead to the discovery of potential ore deposits.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: New approach; Hydrothermal pathways; Hydrothermal alteration; Mineral exploration
http://dx.doi.org/10.1016/j.asr.2014.11.024

0273-1177/� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Uvumbuzi Street, P.O. Box 35052, Dar Es
salaam, Tanzania.

E-mail addresses: mshiutz@gmail.com (E.E. Mshiu), cornelia.
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1. Introduction

The best new mineral exploration tools and approaches
in the aspect of ideas and technology are argued to be the
likely solution to the current high demand of raw materials.
Multispectral satellite remote sensing data, mostly Landsat
Thematic Mapper (TM) and Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) are
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currently common in mineral exploration. The data sets
have been used in various researches, focused primarily
on the identification of lithologies, minerals, and tectonic
structures, through different signal enhancement tech-
niques (Sadeghi et al., 2013; Carranza and Hale, 2002;
Cloutis, 1996; Crósta and McMoore, 1989; Crósta et al.,
2003; Fraser and Green, 1987; Goetz and Rowan, 1981;
Hunt, 1977; Loughlin, 1991; Rowan and Mars,
2003;Sabins, 1999). In mineral exploration, remote sensing
data have been used in identifying hydrothermal alteration
minerals based on their proximity to mineralization. Crus-
tal fractures being the main component in the hydrother-
mal systems play a major role in controlling the
distribution of mineral deposits. It is because crustal frac-
tures (e.g. faults and shear zones) are involved in carrying
voluminous hydrothermal fluids during magmatism and
in some parts they provide space for large volume of fluids
to accumulate. This study was focused on using satellite
remote sensing data to identify the crustal lineaments,
which were likely used as hydrothermal fluid pathways dur-
ing metallogenic events.

1.1. Wall rock alteration and fluid permeability

Hydrothermal wall rock alteration refers to fluid-
induced mineralogical changes that alter the primary rock
forming minerals adjacent to permeable fractures. The pro-
cess occurs as a result of reactions between hydrothermal
fluids and primary rock forming minerals, which com-
monly include the hydration of pre-existing minerals. The
fluids are warm and contain variable amount of ligands
(e.g. CO2, H2S, SO2, CH4, N2), compounds (e.g. HCl and
NaCl), metals and metal complexes such as Au and Au
(HS)2� respectively. Fluid components under the changing
physical and chemical conditions (e.g. pressure, tempera-
ture, pH, Eh), react with primary wall rock forming miner-
als to form secondary minerals, which are in equilibrium
with the new geological environments. At the same time,
the changes in physical and chemical conditions, as well
as the ongoing alteration reactions, trigger the precipita-
tion of other fluid components such as precious and base
metals, which latter create mineral deposits. Hydrothermal
alterations commonly create mineral zones within the host
rock as a result of different stability conditions. These alter-
ation zones normally exceed the spatial extent of minerali-
zation and create cryptic hydrothermal alteration halos
around veins and mineral deposits. The spatial extent of
alteration minerals make the halos easier to recognize than
the mineralization itself, this concept has been used in both
historical and modern mineral exploration to search for
mineral deposits (Pirajno, 2009).

Geological processes such as uplift and erosion are
responsible for exposing the altered host rock on the sur-
face whereby most of the primary alteration minerals are
changed to new stable mineral phases, but some may
remain stable for a long time under these atmospheric con-
ditions (Fig. 1). Conditions such as low temperature and
pressure, water, Eh, pH are catalysts to the reactions of
these minerals. For example, hydrothermal anhydrite in
veins may be hydrated to gypsum and subsequently dis-
solved in near surface environments. Hypogene hydrother-
mal minerals, e.g. sulfide and phyllosilicate are normally
oxidized to Fe-oxide/hydroxide and clay minerals in near
surface environments (e.g. Angélica et al., 1996;Klein and
Day, 1994). Muscovite/sericite, chlorite, epidote, carbon-
ates and silica (quartz) are amongst the hydrothermal min-
erals also found in the surface environments (Fig. 1). In
remote sensing, some of these minerals, the infrared-active
ones, from both primary and secondary alteration miner-
als, are used to identify areas, which may have likely been
affected by hydrothermal alterations.

Rock porosity, permeability and reactivity are amongst
the rock properties with significant roles in the diffusion of
hydrothermal fluids in host rocks. Porosity and permeabil-
ity control lateral infiltration of fluids into wall rocks.
However, far more voluminous transportation of these flu-
ids is through tectonic fractures, e.g. joints, faults as well as
shear and breccia zones (Pirajno, 2009). These crustal frac-
tures act as conduits and locally as funnels to large volume
of fluids in hydrothermal systems. The above described role
of tectonic fractures reveals a significant interdependence
between fractures, hydrothermal fluids and hydrothermal
alteration processes. As a consequence, crustal lineaments,
which are commonly the remotely visible expressions of
fault and shear zones, are the important traces of the
hydrothermally altered areas.

1.2. Remote sensing data

Landsat TM data, both TM5 and TM7 are among the
most used satellite multispectral remote sensing data in
mineral exploration. The data sets have been used to
locate target areas in the reconnaissance stages of explora-
tion (e.g. Sadeghi et al., 2013; Crósta et al., 2003;Kruse
et al., 2002). They are capable of identifying the areas rich
in Fe-minerals and clay ± carbonate ± sulfate minerals.
However, Landsat data are typically restricted to the
identification of areas that may have likely been affected
by hydrothermal alteration but are not capable of identi-
fying the individual alteration minerals (Crósta et al.,
2003).

Radar data is another remote sensing data set of which
its use has recently brought a significant change in mapping
the crustal lineaments (e.g. Masoud and Koike, 2011;
Coltelli et al., 1996; Lowman, 1991;McFall and Singhroy,
1989). For example, shuttle radar topographical mission
(SRTM) data have been used for extracting lineaments in
different terrains (e.g. Kinabo et al., 2008; Masoud and
Koike, 2011). Several processing techniques, established
for enhancing signals from crustal lineaments, exist. These
include different algorithms for automatic extraction of lin-
ear features, nowadays are embedded in different remote
sensing software (Masoud and Koike, 2011). However,
manual extraction of lineaments is also a common method



Fig. 1. A sketch outlining the distribution of some of the alteration minerals along crustal structures.
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(Kumanan et al., 2011; Marghany and Hashim, 2010).
Contrary to automatic algorithms, manual lineament
extraction is the optional method to incorporate geological
information from the study area during analysis. In this
study, both SRTM and Landsat ETM+ data were used
to identify lineaments or better crustal fractures, which
were likely responsible in carrying hydrothermal fluids dur-
ing metallogenic event(s).
Fig. 2. A simplified geological map of the Lake Victoria Gold Field (LVGF) sh
named, Sukumaland Greenstone Belt (SGB) enclosed in the box, Shinyanga
Musoma–Mara Greenstone Belt (MM), Nzega Geenstone Belt (NZ), Iramba–
Busia–Kakamega Greenstone Belt (BK). This map is a modification from Geo
(1997), and Pinna et al., 2004.
2. The geology of the Sukumaland Greenstone Belt

The Sukumaland Greenstone Belt (SGB) is the
largest among the eight Archaean greenstone belts in
the Lake Victoria Gold Field (Fig. 2). The oval-shaped
SGB is composed of Nyanzian mafic and felsic
metavolcanic rocks, banded iron formations (BIF),
metagranites and Kavirondian clastic metasediments
owing the greenstone belts and major gold mines. The greenstone belts are
–Malita Greenstone Belt (SM), and Kilimafedha Greenstone Belt (KM),
Sekenke Greenstone Belt (IS), Migori–Kendu Greenstone Belt (MK), and
logical Survey of Tanganyika (1952), Barth (1990), Borg and Shackleton



Fig. 3. Geological map of the SGB showing rock types and major gold mines.
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(Borg and Shackleton, 1997;Cloutier et al., 2005; Manya,
2004; Manya and Maboko, 2008; Naylor, 1961). Mafic
metavolcanics are mostly basaltic in composition, locally
with pillow structures and occupy the lowest part of the
stratigraphy. Felsic metavolcanic rocks mostly rhyolitic
flows and tuffs overlay the basalts in the sequence. Chem-
ical metasediments such as oxidic and sulfidic BIF occur
subordinately as intercalations, predominantly above
metarhyolites and tuffs (Borg, 1992; Borg and
Shackleton, 1997). The top most part of the stratigraphy
is covered by the clastic metasedimentary rocks, region-
ally the Kavirondian, which rest unconformably on the
older rocks. They mostly comprise conglomerates, grits,
and clastic quartzites; the conglomerates are composition-
ally mature and contain predominantly pebbles from the
underlying BIF (Borg, 1992; Borg and Krogh, 1999;
Maboko, 2001). Intermediate to mafic dykes and sills
have intruded the whole Archaean sequence; selective
weathering of these dykes made them easily detectable
in the underground exposures in Geita gold deposit
(Eberle, 1988). The two prominent dyke swarms in the
study area are easily recognized in aeromagnetic maps,
one trending N–S and the other SW–NE (Borg, 1994).
These dykes are extensive and mark two periods of signif-
icant magmatic activity that took place within the exten-
sional crustal stress regime in the region (Borg, 1994).

Granites and granodiorites occupy a large portion by vol-
ume of all rocks of the region (Fig. 3); this is typical for
Archaean granite-greenstone terrains. They intrude and
flank the metavolcanic rocks and in some places are reported
to cause contact metamorphism and raise the metamorphic
grade up to middle amphibolite facies. However, regional
metamorphic grade of the SGB ranges from lower green-
schist to upper greenschist facies (Borg and Shackleton,
1997; Naylor, 1961; Rammlmair et al., 1990). The absolute
age of the oldest rocks in SGB, the metabasalts, is
2823 ± 44 Ma (Manya and maboko, 2003). Granitoids are
relatively younger, a recent reported 207Pb/206Pb dating of
the SGB post-orogenic granites (high-K) has revealed the
age range between 2660 and 2620 Ma (Stanislav et al.,
2014). BIF in the SGB were dated through the trachyandesit-
ic units interbedded together with BIF in Geita; the absolute
age of these units is 2699 ± 9 Ma (Borg, 1994). This age rep-
resents the youngest available age limit for the greenstone
sequences in the area (Borg and Krogh, 1999). Metasedi-
ments are dated between 2475 Ma and 2680 Ma, where the
2475 Ma is reported to be the youngest age for the Kaviron-
dian metasediments in the Archaean Tanzania Craton (Borg
and Krogh, 1999; Cahen et al., 1984).

2.1. Structures and geotectonics

The Archaean Tanzania Craton, similar to other stable
Cratons, has been affected by different tectonic forces, and
as the outcome, a number of major and minor fault zones,
shear zones, folds and dykes characterize the Archaean
rocks in the Tanzania Craton. Based on the interpretation
of a country-wide aero-geophysical survey, the area shows
a significant number of linear structures (Barth, 1990), lar-
gely structural systems, differing from each other in strike.
The N–S and WSW–ENE-trending systems were identified
to be sets of intermediate and mafic dykes intruded during
different magmatic events. Examples of these dykes are the
Proterozoic and Archaean dykes reported in the SGB
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(Borg and Krogh, 1999; Borg and Masolla, 1991). The
NW–SE and SW–NE systems represent the two dominant
sets of conjugate shear zones and faults. The other one is
E–W-trending system, which reflects the orientation of
rocks, striking along the direction of metavolcanics and
BIF (e.g. Vos et al., 2009).

With reference to Borg (1992), Grantham et al. (1945)
and Stockley (1948), two major deformational events, D1

and D2, have affected the area. D1 resulted in the formation
of isoclinal folds with steep to vertical axial planes and hor-
izontal fold axes. Strike directions of D1 followed the gen-
eral trend of the greenstone rocks. D2 produced prominent
fold shapes with parasitic S- and Z-folds, flexures and kink
folds plunging with moderate to relatively steep angles in
different directions. These events are reported to be of
regional N–S compressional nature, which the best exam-
ples are the folds found in Geita Gold Mine (Borg,
1992). The seemingly random pattern of fold axes has been
suggested to be caused probably by the active forces of
extensive diapiric granite emplacement (Borg, 1992). Struc-
turally, the Kavirondian metasediments, occupying the top
most part of the stratigraphy, are far simple than other
rocks. Folding in Kavirondian rocks is generally open with
little tectonic complexity. However, the general trend of
Kavirondian folding is similar to that of the adjacent rocks
and in most cases Kavirondian appears to have been in-
folded within other Archaean rocks (Harpum, 1970).

2.2. Mineralization

Gold mineralization is found in all rock types (Borg
et al., 1990), though economic concentration is commonly
found in greenstone rocks and in the edge of greenstones
close to the contact with the surrounding granites. To date
there is only one potential major gold mine (Buzwagi Gold
Mine, Fig. 3) where economic concentration of gold is
found predominantly in granites (Ikingura et al., 2010).
Apart from greenstones and granites, other gold-hosting
rocks are BIF and more rarely clastic sedimentary units,
good examples for such deposits are the Geita Gold Mine
in the SGB (SU, Fig. 2) and the Golden Pride Gold Mine in
the Nzega greenstone belt (NZ) respectively (Fig. 2).

Mineralization is predominantly tectonically controlled
whereby major fractures, shear zones, faults and veins were
used to channel mineralized hydrothermal fluids from
lower crustal sources to the upper crust, causing the forma-
tion of gold deposits in the ductile–brittle transition zone,
these fractures also appear to have controlled the intrusion
of the observed dyke swarms in the region (Barth, 1990;
Borg, 1994). Gold mineralization follows a specific regional
tectonic pattern, which can be largely observed through
structural elements. It has been reported and is well known
that NW–SE and NE–SW are the two dominant regional
orientations of gold bearing structures in the region (e.g.
Borg, 1991; Chamberlain, 2003). Areas with intense tec-
tonic deformation are reported to have relatively high
abundant gold (Borg, 1991). Other favorable locations
for mineralization are areas where greenstones have been
intercepted by faults or major shear structures and where
intense folding and dykes have deformed the greenstones.
From the observations made by a number exploration pio-
neers, large amount of gold is suggested to have been dri-
ven by late granitic magmatic event(s) (e.g. Borg, 1991).

Generally, mineral alteration related to gold mineraliza-
tion is typified by carbonatisation and sericitisation; these
alterations are reported to post-date the initial deformation
that tilted the stratigraphy into its present attitudes
(Chamberlain, 2003). However, carbonatisation is a con-
spicuous feature throughout the sequence (Barth, 1990;
Rammlmair, 1991). Other alterations include silicification,
chloritisation, ferruginisation, minor tourmalinisation,
pyrophyllite, and sulfidation. A general paragenetic
sequence of pyrite, pyrrhotite, chalcopyrite, arsenopyrite,
galena, sphalerite, magnetite, ilmenite, rutile and hematite
has been recorded for a number of sulphides bearing ores
(e.g. Weiser, 1986).

The SGB is the leading greenstone belt for the number
of major gold mine and gold production. The large number
of gold mines and research works conducted in this area,
mostly in Geita and Bulyanhulu gold mines, were the crite-
ria made to select the SGB for this study. The previous
research works were used as reference during analysis
and interpretation.

3. Method and analysis

3.1. Lineament extraction from SRTM data

SRTM data is freely available similar to Landsat ETM+
data; the data set was collected through a radar system on
board of the Space Shuttle Endeavor on 11th to 22nd Feb-
ruary 2000. The system used two synthetic aperture radars,
a C-band system (5.6 cm) and an X-band system (3.1 cm)
(Farr and Kobrick, 2000). 1 arc data (SRTM-1, 30 m X-
Y resolution) and 3 arc data (SRTM-3, 90 m X–Y resolu-
tion and ±30 m root mean square error accuracy) are the
two types of SRTM data available. The later is available
for the areas outside United States and is the one used
for the extraction of geological lineaments in the SGB.
The image used is a sub-scene within coordinates 2� 0́
2}�3� 59́ 53} S latitudes and 30� 59́ 51}� 33� 59́ 32} E
longitudes.

There are several algorithms for automatic identification
of linear features from spatial data sets such as SRTM. In
principal, the concept behind is edge-detection, in which
spatial and morphological filters are the basic tools used
during analysis. In this study, we opted to use manual iden-
tification and interpretation of lineaments, the reason
behind is that it allows the user to include the geological
information of the study area. The geological characteristics
considered include the attitudes of the two major sets of
crustal lineaments that characterize the SGB. The available
geological data has simplified to a great extent the entire
process of interpretation. The process was done after



Fig. 4. Images from SRTM data, the area measures 18 km by 14 km. (A) Color stretching under histogram equalization (B) Hill shading in the direction
315� NW and 45� altitude (C) Hill shading in the direction 45� NE and 45� altitude (D) Image (C) overlain by lineaments extracted from SRTM data.
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applying enhancement techniques, which were relevant for
visual analysis. Enhancement methods such as color
stretching under standard deviation with the use of sharp
color ramps and shading were applied during the display
of the SRTM image (Fig. 4A). Shading has also played a
great role in enhancing lineaments. During shading, direc-
tional illumination was applied for the purpose of enhanc-
ing the two dominant sets of tectonic structures in the
region. Illumination at 315� NW azimuth and 45� altitude
was applied to enhance the NE–SW-trending tectonic linea-
ments whereas 045� NE azimuth and 45� altitude was
applied to enhance the NW–SE-trending lineaments
(Fig. 4B, Fig. 4C). The process of identification and extraction
relied on abrupt change in color (tonal patterns), topo-
graphical scarps, and linear drainage patterns. On-screen
digitization was the method used to extract the identified
lineaments, in which one of the criteria used was to pick the
visually recognizable lineaments with a length of at least 2 km.

Topographical and land use maps from the study area
with a scale of 1:250,000 were used along side SRTM data
during lineaments extraction to avoid picking the anthro-
pogenic linear features such as roads, railways, and trans-
mission lines. The accuracy of the extracted lineaments
was calculated by overlaying the extracted lineaments with
the documented tectonic fractures (e.g. faults, shear zones,
joints) in geological maps.

3.2. Extraction of hydrothermal alterations from Landsat

ETM+ data

Landsat TM comprises spectral data from three bands
(bands 1,2, and 3) in the VNIR region and three bands



Fig. 5. Spectra graphs with wavelength positions for Landsat TM bands, (A) Fe-oxide/hydroxide minerals, (B) Clay minerals (Sabins, 1999).

Table 1
PCA results showing eigenvector statistics for Landsat ETM+ bands 1, 3,
4 and 5. The bands were selected to depict spectral responses from Fe-
oxide/hydroxide minerals.

PC1 PC2 PC3 PC4

Band1 0.4161 �0.7943 0.0383 0.4410

Band3 0.4345 �0.2232 �0.3958 �0.7777

Band4 0.3273 0.5401 0.8978 �0.2896
Band5 0.7287 �0.5624 �0.1892 0.3410

Table 2
PCA results showing eigenvector statistics from bands 1, 4, 5 and 7 of
Landsat ETM+. The bands were selected for identifying spectral
responses from clay ± carbonates ± sulphates minerals.

PC1 PC2 PC3 PC4

Band1 0.3808 �0.9056 0.1416 �0.1216
Band4 0.3110 0.0646 �0.7271 0.6086
Band5 0.7042 0.3405 �0.2176 �0.5838

Band7 0.5122 0.2444 0.6356 0.5235
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(bands 4,5, and 7) in the SWIR region of the electromag-
netic spectrum. Satellite images from Landsat ETM+ were
used for analysis in this study. Bands 1-2-3-4-5-7 in Land-
sat ETM+ have 30 m spatial resolution. Band 6 is in the
thermal infrared region of the spectrum with 60 m spatial
resolution and the panchromatic band has 15 m resolution.
The size of the Landsat ETM+ image is 183 km � 170 km
for all bands (Global Land Cover Facility, 2012).

Landsat scenes, path 171 Row 062 and path 171 Row
063 used in this study, were acquired on 07th August,
2001 by Landsat ETM+ sensor. The selection of the scene
was done purposely to obtain images captured from a dry
season in Tanzania, specifically June to October. Images
from dry season have experienced relatively little interfer-
ence from vegetation signals, also water and clouds
(Carranza and Hale, 2002). Prior to analysis, the images
were geo-referenced and an appropriate projection
(GCS_Arc_1960) for the study area was applied.

In the analysis of Landsat ETM+ data, bands from vis-
ible-near-infrared (VNIR) and shortwave- infrared (SWIR)
regions were used for the identification of specific group of
hydrothermal alteration minerals. In general, signal
enhancement in the mapping of hydrothermal alteration
minerals by Landsat ETM+ data, aims to identify
clays ± carbonates ± sulphates minerals as one group and
Fe-oxide/hydroxide minerals as another group (Sadeghi
et al., 2013; Carranza and Hale, 2002; Crósta and
McMoore, 1989; Crósta and Rabelo, 1993; Loughlin,
1991).

Fe-minerals are better identified using band 1 and 2 or 3
in Landsat ETM+ data and the other group with
clay ± carbonates ± sulphates minerals are better extracted
from band 5 and 7 (Fig. 5). However, spectral characteris-
tics of the above two groups of minerals are also expressed
by vegetation and thus create interference problems during
analysis. Coincidentally, feature positions for minerals and
vegetation in band 3 and 4 have opposite signs. Alteration
minerals show high reflection in band 3 and absorption in
band 4 whereas the vegetation has strong absorption in
band 3 and high reflection in band 4. Therefore, the char-
acteristics described above reveals band 3 and 4 can be used
together with bands 1,2,5,7 during analysis to differentiate
spectra from hydrothermal alteration mineral and those
belonging to vegetation (Loughlin, 1991).

Principal component analysis (PCA) was a technique
used in this study for the mapping of hydrothermally
altered areas. The method applies a mathematical proce-
dure that uses orthogonal matrix to convert a set of obser-
vations of possibly correlated variables into a set of values
of linearly uncorrelated variables called principal compo-
nents (Maćkiewicz and Ratajczak, 1993). The technique
suppresses irradiant effects and enhances signals from tar-
get materials such as alteration minerals (Crósta et al.,
2003). In our case, we used the modified feature-oriented



Fig. 6. Landsat ETM+ images, the area covered is 18 km by 14 km. (A) Composite image in true color from RGB bands 3:2:1 (B) PC4 for the Fe-oxide/
hydroxide minerals (C) PC4 for the Fe-oxide/hydroxide minerals (D) RGB composite image.
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principal component selection (FPCS) also known as Cró-
sta technique (Crósta and McMoore, 1989; Loughlin,
1991), to map the hydrothermally altered areas in the
SGB. The technique ensures the unwanted signals from
materials such as vegetation are separated from geologi-
cal/mineralogical target materials and collect them in a dif-
ferent principal component (PC). Crósta technique does
not require much attention on pretreatments to suppress
signals from vegetation since the unwanted signals will be
collected in one of the resulting PCs, separate from the
PC carrying target signals. Loughlin (1991) used Crósta
technique on bands 1, 3, 4 and 5 to map spectral signatures
related with Fe-oxide/hydroxide and bands 1, 4, 5 and 7 to
map clay related mineral signals, and sometimes carbon-
ates and sulphates. Spectra from these minerals will be
mapped separately into either PC3 or PC4 whereas PC1
and PC2 collect signals from albedo and/or topographic
information and contrast between VNIR and SWIR spec-
tral regions respectively. The PCs, which carry target spec-
tra will have high loadings in their respective diagnostic
bands but with opposite signs (+ or �) (Loughlin, 1991).

In this study, vegetation signals are carried in PC3 with
high loading from band 4 in both mineral groups. They
have high positive loadings (0.8978) in the Fe-oxide/
hydroxide group and high negative loadings (�0.7271) in
the clay group (Table 1 and 2). Signals from Fe-oxide/
hydroxide minerals are carried in PC4. The PC has moder-
ate positive loading (0.4410) from band 1 and high negative
loading (�0.7777) from band 3 (Table 1, bold numbers).
The above observation indicates that signals from the tar-
get minerals will be represented by low (darker pixels) dig-
ital number (DN) values in PC4. Thus, PC4 had to be



Fig. 7. Hydrothermal alteration images, the area covered is 18 km by 14 km. (A) Clumped pixels image but not sieved, (B) Sieved image with 650 clumped
pixels have been removed (C) Sieved image with 6100 clumped pixels have been removed (D) Image (C) overlain by SRTM lineaments.
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negated by multiplying it with �1 to make pixels with Fe-
oxide/hydroxide minerals displayed bright (Fig. 6B). Sig-
nals from clay group are similarly carried in PC4 (Table 2,
bold numbers), the PC has high negative loading (�0.5838)
from band 5 and high positive loading (0.5235) from band
7. Also PC4 had to be negated by multiplying it with -1 for
the pixels from hydroxyl minerals to appear bright
(Fig. 6C).

The resulting two images (Fig. 6B and C), the negated
PC4s from both groups, were used to create a composite
image in the RGB (Red, Green, and Blue) combination;
a third image in the composite is the sum of the two result-
ing mineral images. In general, the RGB image displays
mixed colors depending on the proportions contributed
from pixels in each image. Pixels carrying hydrothermally
alteration signals need to have high values from all mineral
images. This means, effects of hydrothermal alteration is
identified by pixels with high mineral concentration from
both mineral groups. Therefore, pixels representing hydro-
thermally affected areas will appear white in RGB compos-
ite image (Fig. 6D).

3.3. Extraction of hydrothermal fluids paleochannels

Supervised classification was applied to the RGB image
(Fig. 6D) to cluster pixels representing the hydrothermally
altered areas and separate them from the unwanted pixels.
In this process the light colored pixels were grouped
together. The process was done through GIS recode func-
tion, which resulted to the suppression of the unwanted
pixels by recoding them by value 0 and the target pixels
were given value 1. The GIS function clumping was applied
to the resulting image to polygonize the adjacent contigu-
ous hydrothermal alteration pixels. The process resulted
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to different shapes of the hydrothermally altered areas. The
image was then subjected to sieving so as to remove the sin-
gly isolated and scattered pixels, those which appear unat-
tached in relation to polygons of the clumped pixels.
Sieving was performed repeatedly through varying the min-
imum number of pixels required to be removed to leave the
altered areas in clearer shapes. 50 and 100 clumped pixels
represent the sieved pixels in this study, which gave signif-
icant changes to the alteration image and in this study they
stand as best examples for the technique used (Fig. 7B and
C). With respect to spatial resolution of Landsat ETM+
Fig. 8. The SGB geological map (A) The map overlaid with tectonic structures
data.
data, areas represented by 50 and 100 pixels are equivalent
to 0.045 km2 and 0.09 km2 respectively. The resulting
“clean” image was overlaid with the extracted SRTM linea-
ments for interpretation (Fig. 7D).

4. Results and discussion

4.1. Crustal lineaments

The 90 m resolution SRTM data used in this study have
proved to be suitable in the detection lineaments up to
from geological maps, (B) The map overlaid with lineaments from SRTM



Fig. 9. Field pictures showing shearing features on outcrops, NW of Bulyanhulu Gold Mine. The shear zone is a continuation of a shear zone hosting
mineralization in the Bulyanhulu gold deposit. (A) A plane of a shear, dipping vertical, (B) Outcrop with shear fractures, the ruler is 1 m, (C): Outcrop
showing shearing surface, shown by the arrow.
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<1 km long. This has led to a surprising large number of
lineaments extracted. Prior to the present study the region
had relatively few documented geological structures
(Fig. 8A). In particular, areas covered with thick soils
and/or forest had very few or no geological structures.
The SRTM results from this study have revealed the study
area have been intensively fractured (Fig. 8B). Results
obtained are suggested to have been contributed much by
the characteristics of the radar rays. It is generally difficult
to identify a geological structure underneath a thick forest
through aerial photo and sometimes by conventional field
geological mapping, but properties exhibited by radar
waves seems to overcome the obstacle. Characteristically,
radar systems collect information on the surfaces of
objects, for example, object heights. This means radar data
such as data from SRTM, represent elevations of the object
surfaces like tree canopies, building roofs and bare ground.
However, SRTM data have not been reduced to bare Earth
(Slater et al., 2006). The ability of the radar system to
detect surface elevations, therefore, gives the possibility
of detecting linear features on the Earth’s surface. Features
like linear topographical scarps or vertical offsets made by
tectonic structures, for example, faults offsetting different
rocks units, are identified through an abrupt change of ele-
vation in SRTM data.

Results from this study have also revealed that forest
characteristics to some extent have contributed in the iden-
tification of geological structures. Generally, a forest is
dominated by a type of trees mostly with similar character-
istics. For example, a forest has a common range of tree
heights (e.g. Neumann et al., 2010). Based on the height
factor, when these trees are located on a certain geological
structure e.g. fault, the concealed fault dislocation will have
a chance to be projected onto the forest canopy as abrupt
height difference, and therefore the underneath structure
can be detected by the radar sensor as a change in



Fig. 10. A rose diagram for SRTM lineaments showing the two sets of
lineaments, NE–SW and NW–SE-trending lineaments. The NE–SW set
has relatively large number of lineaments compared to the NW–SE set as
revealed by the size of histograms.
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elevation. In this study, the mapped large number of linea-
ments, to the west of the study area, the densely forested
part of the SGB, is suggested to have been successful due
to the combined radar and forest characteristics.

The extracted lineaments from SRTM data have shown
strong similarity with the known tectonic patterns of the
region reported in Borg and Shackleton (1997). Hence,
the study has revealed a far large number of crustal
Fig. 11. The SGB geological map overlaid with SRTM lineaments, hydroth
Bulyanhulu mining district, the representative area of this study.
lineaments in the SGB. Field observation also confirmed
the identified crustal lineaments, for example, the encoun-
tered indicators of shear zone to the NW of the Bulyanhulu
Gold Mine (Fig. 9).

The NE–SW and NW–SE-trending lineaments, which
are the dominant sets of lineaments in the SGB, are also
revealed by the rose diagram (Fig. 10). There is another
set trending E–W but it is insignificant in comparison to
the above two sets. Calculations have revealed that 70%
of the tectonic lineaments from geological maps are spa-
tially coinciding with the extracted crustal lineaments from
SRTM data. The presence of discrepant crustal structures
in geological maps might be due to several factors. The
source data where these structures were extracted and
human error could be some of the factors. In some of the
geological maps of the study area, tectonic structures are
reported to have been obtained from interpretation of
aeromagnetic data. Characteristically aeromagnetic data
are capable of detecting crustal lineaments located several
meters to hundreds of meters beneath the Earth’s surface.
Such deep-seated lineaments cannot be detected by radar
systems and therefore cannot be identified in SRTM data.
Other tectonic structures in these geological maps were
extracted from other different data sets; including aerial
photos and normal field geological mapping. Hence, the
tectonic structures obtained from different data sources in
the SGB geological maps, support the argument that there
may be some discrepant lineaments from the two overlaid
crustal lineament layers. These discrepant lineaments
ermal alterations and major gold occurrences. The area under frame is



Fig. 12. Elevation versus distribution of hydrothermal alterations (A) Elevation image from SRTM data (B) Hydrothermal alteration image from Landsat
ETM+ data.

Fig. 13. Map of Bulyanhulu mining district showing the correlation between hydrothermal alterations, SRTM lineaments and gold occurrences. In this
image clumped pixels 6100 have been removed.
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include the remaining 30% uncorrelated structures from the
SGB geological maps.

4.2. Hydrothermally altered areas in the Sukumaland

Greenstone Belt

The results from Landsat ETM+ data shows the study
area has been affected by hydrothermal alteration, in which
the spatial distribution of the altered areas is controlled by
structural patterns (Fig. 11). The areas affected by intensive
alteration coincide with lineaments triple-junctions and
areas where multi-lineaments are converging. The extent
of hydrothermal alteration suggests the study area was
strongly injected with hydrothermal fluids. As outcome,
alteration process was not selective i.e. all rock types in
the SGB have been affected by hydrothermal alteration.
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However, the rock types such as metavolcanics, BIF, and
clastic metasedimentary rocks shows to be relatively more
affected (Fig. 11).

The altered areas were compared with SRTM elevation
data to examine the possible influence of the accumulated
soils in low elevation areas. Observation indicates no influ-
ence of soil interferences (preferential clay mineral accumu-
lation) in low elevation areas as shown in Fig. 12. There is
no correlation between the extent of hydrothermal alter-
ation patches and low land areas, also hydrothermally
altered areas are distributed throughout the elevation
range. Effects of such interference would have been even
more challenging if the distribution i.e. the shape and spa-
tial extent of alteration areas were comparable to the distri-
bution pattern of the lowland areas; results however show
no such coincidence.

Most of the present known major gold deposits in the
SGB (e.g. Bulyanhulu) as well as major gold occurrences
are located within the hydrothermally altered areas
(Fig. 13). For example, Bulyanhulu Gold Mine to the east-
ern part of the SGB is located within an alteration patch
that trends in the NW–SE direction. The same is observed
for the artisanal mining sites and major gold occurrences in
the mining district. Most of the gold occurrences are
located within the alteration patches, which are interpreted
to have been formed as a result of the converging multi-lin-
eaments (Fig. 13).
4.3. Hydrothermal paleofluid pathways

Crustal lineaments and the hydrothermally altered areas
were extracted independently from two different data sets.
The data sets have different spatial resolutions. Despite
their differences, the overlay of their results has revealed
correlation (Fig. 13). It is possible the linear alteration
patches represent the former pathways for hydrothermal
and potentially metalliferous fluids. These alteration
patches are linear, straight and show similar patterns to
both SRTM lineaments and crustal structures from SGB
geological maps. Width of the mapped alteration patches
ranges from around 300 m to 10 km; this variation is sug-
gested to depend on the type of geological structure
involved in the hydrothermal system. From the above case,
the alteration patches associated with a shear zone will
extend wider compared to the fault-related alteration
patches.

Results also indicates for the two parallel crustal linea-
ments, where both were involved in hydrothermal fluid sys-
tem, it is only one broad linear alteration patch that will be
formed. The alteration patches of this kind show a strong
intensity near the edges of the lineament and in the center
area between the two lineaments. A particularly instructive
example is the area between lineament Y and Z and
between X and Y (Fig. 7D). The strong alteration intensity
in the center area is suggested to be the meeting point of the
alteration effects from both lineaments. For the case of par-
allel and closely spaced lineaments, alteration intensity is
strong and uniform in the entire area between the two lin-
eaments. However, the outside areas and areas away from
the lineaments, alteration intensity is gradually decreasing,
for example, the areas outside lineament X and Z
(Fig. 7D).

Not all SRTM lineaments have spatial correlation with
alteration patches; presence of such lineaments implies not
all lineaments within the SGB were conduits to hydrother-
mal fluids (Fig. 13). Thus, we can distinguish the metallo-
genic potential from metallogenic barren lineaments.
Likewise there are alteration patches with no spatial corre-
lation with SRTM lineaments. Factors such as failure to
identify these lineaments from SRTM data are suggested
to contribute to the observed discrepancy. This could be
due to lack of a topographical expression by the lineament
itself, possibly due to its location far deep within the crust
or a widespread surficial cover and weathering of the rocks
cut by faults (Kinabo et al., 2008). Lineaments of such
characters might not show their surface expression and
can thus be difficult to identify them in the SRTM data.
5. Conclusions

The knowledge based analysis on SRTM data has
extracted the two dominant sets of lineaments truncating
the SGB rocks i.e. the NW–SE- and NE–SW-trending sets.
These two sets of crustal lineaments are interpreted as a set
of conjugate shears (e.g. Borg and Shackleton, 1997) of
which the overall stress regime is assumed to be in the
direction of r1 trending N–S and r3 in E–W direction. A
large number of lineaments have been extracted, this
reveals the SGB was intensively fractured, faulted and
sheared, more than it was known before this study. The
applied classification and GIS functions to Landsat
7 ETM+ data were powerful in identifying the hydrother-
mally altered areas and the correlation shown between
alteration patches and crustal lineaments is a positive proof
of the concept. The alteration patches, which stand as for-
mer hydrothermal fluid pathways in this study, coincide
spatially with major gold mines and major gold occur-
rences in the study area. Areas indicated with high intensity
of alteration are located adjacent to lineament triple junc-
tions and areas where multiple lineaments are converging.
These areas are suggested to have provided enough space
for the accumulation of hydrothermal fluids. The ability
to identify hydrothermal paleofluid pathways provide addi-
tional vector in mineral exploration since the paleofluid
pathways could be used as pathfinder of the proxies of
the hydrothermal related mineral deposits. The correlation
shown between the mapped hydrothermal patches and
major gold mines give a significant confidence to use this
approach for the selection of target areas in mineral
exploration.
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