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ABSTRACT: An integrated approach with remote sensing, GIS and traditional fieldwork techniques was
adopted to assess the groundwater potential in the central highlands of Eritrea. Digitally enhanced color com-
posites and panchromatic images of Landsat TM and Spot were interpreted and thematic maps on lithology
and lineaments prepared. Structural features were measured in the field and orientations compared with
lineaments derived from both remote sensing data and a DEM. Hydrogeological setting of selected springs
and wells were investigated in field excursion, from well logs and pumping test data. All thematic layers were
integrated and analysed in a GIS. Results show that high yielding wells and springs are often related to large
lineaments and corresponding structural features. Fractures in hydraulic connection with alluvium and weath-
ered bedrock constitute best aquifers. The results demonstrate that the integration of remote sensing, GIS and
traditional fieldwork provide a powerful tool in the assessment of water resources.

1 INTRODUCTION

The use of satellite borne remote sensing data has
proved to be an effective data source to facilitate the
preparation of lithological and structural maps. At a
regional scale, these data can display major rock
groups, structural features, such as folds, faults,
lineament, and fracture, due to their synoptic cover-
age and multispectral capability (e.g. Sabins 1978,
Drury 1987). Remote sensing images can visually be
interpreted in an efficient and effective way using
several basic interpretation keys or elements (Sabins,
1978). Similarly a number of procedures are avail-
able for image data manipulation (Jensen 1986,
Lillesand and Kiefer 1994, Drury 1987).

The full potential of remote sensing and GIS can
be utilized when an integrated approach is adopted.
Integration of the two technologies has proven to be
an efficient tool in groundwater studies (Krishna-
murthy et. al 1996, Sander 1996, Saraf and Choud-
hury 1998). Groundwater in hard rock aquifers is es-
sentially confined to fractured and weathered
horizons. Therefore, an extensive hydrogeological
investigation is required to thoroughly understand
groundwater conditions. Remote sensing data pro-
vide accurate spatial information and can be eco-
nomically utilized over conventional methods of hy-
drogeological surveys. Digital enhancement of
satellite data support extraction of maximum infor-

mation due to increased interpretability. GIS tech-
niques facilitate integration and analysis of large
volumes of data. Field studies help to validate results
further. Integrating all these approaches provides
better understanding of groundwater controlling fea-
tures in hard rock aquifers.

Eritrea is located in the horn of Africa and is geo-
graphically bounded by Ethiopia to the south, Sudan
to the west and north, the Red Sea to the east and
Djibouti to the southeast (figure 1). The country is
divided into three physiographic regions, namely:
the western lowlands (500 — 1500 m), central high-
lands (1500 — 2500 m) and eastern coastal lowlands
(0 — 1500 m). The climate is arid to semi-arid and
there are two rainy seasons in the study area. The
long rainy season during the summer is from June to
September, and the short spring rain during March to
April. Rainfall is intense during the periods mid-July
to mid—August. Average annual precipitation is from
300 to 600 mm. Potential evapotranspiration is ap-
proximately 1700 mm/yr. Daily temperatures usu-
ally vary from 10° to 30°C.

Eritrea is part of the Arabian-Nubian Shield and
is characterized by a low-grade volcanosedimentary-
ophiolite assemblage, granitoids and gneisses (e.g.
Vail, 1987). The Precambrian terrain of Eritrea
forms the least studied portion of the Arabian-
Nubian Shield. Several classifications have been
proposed for the Precambrian rocks of Eritrea (e.g.

633



Drury and Berhe 1993, Ghebreab 1996). The re-
gional geology of the central highlands where this
study is focused is given in figure 1. The crystalline
rocks (hard rocks) are comprised of granitoids and
metamorphic rocks which cover most of the region.
The sandstone unit (Mesozoic) and basaltic flows
(Cenozoic) lie unconformably over the crystalline
rocks.
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Figure 1. Location and regional geologic map.

A test site of 30 x 30 km was mapped to identify
the major lithologies and structures. The main objec-
tive of the present study is thus to assess groundwa-
ter controlling features in this part of the country.
ENVI (the Environment for Visualizing Images) ver-
sion 3.5 and GRASS (Geographical Resources
Analysis Support System) version 4.3/5.0 software
packages were used for image processing and GIS
analysis, respectively.

2 METHOD

2.1 Remote Sensing

Landsat TM 4 data (path/row 169/050, acquired Sep-
tember 1987, 28.5 m resolution) and Spot 5 Multis-
pectral data (row/column 136/320, acquired April
1996, 20m resolution) were used for lithological and
lineament mapping. Subscenes of 30 x 30 km in size
were created from both the TM and SPOT images to
match the study area. For lineament mapping, a digi-
tal elevation model (DEM) with 50 m resolution was
used in addition to the remote sensing data. The raw
image data were geometrically and radiometrically
corrected. The Universal Transverse Mercator
(UTM) coordinate system was used in the map.
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Several image processing techniques were ap-
plied for lithological mapping. As only three bands
are needed for a color composite display, first band
selection was performed using determinant analyses
(Sheffield 1985). Principal Component Analysis
(PCA) was performed for the six reflective TM
bands to reduce the dimensionality and increase the
information content of TM data. Moreover, the se-
lected band combination (TM 1, 4, 5) was subjected
to IHS-transformations (Intensity, Hue and Satura-
tion). After a gaussian stretch was performed on the
saturation band, the IHS data are transformed back
to the RGB (red, green, blue) color space. Finally,
decorrelation stretching (DS) was applied on TM
bands 1, 4 and 5 to remove the high correlation
commonly found in the multispectral data sets and to
accentuate the colors in the composite image. A
lithological map was then interpreted from all the
digital outputs supported by ground truth data and
entered into a GIS.

Lineament interpretation is based on visual inter-
pretation of various digitally enhanced single band
(TM band 5, SPOT band 3, PC1 and Intensity im-
ages) and multi-band composites that involve band
combinations, Principal component images, IHS-
transformed and decorrelated and stretched images.
Also spatial domain filtering was employed on sin-
gle band images using digital filters for different di-
rections. An array of 3x3 pixel size kernel was se-
lected and applied along directions N-S (0°), NW
(315°), NE (45°) and E-W (90°) to highlight the lin-
ear features in their respective directions. The linea-
ments were identified by visual inspections and
digitized interactively on the images. Previously in-
terpreted lineaments were restored on and compared
with each digitally enhanced image. The lineament
mapping was done separately for each of the raw
data sets, that is, Landsat TM, SPOT and DEM im-
ages. A total lineament map was constructed based
on these three inputs and entered into a GIS.

2.2 Structures

In the field fracture orientations were obtained by
measuring the dip and dip direction with a compass.
The data were grouped according to rock type and
proximity of sampling points to take into account the
geographical locations of observation points. Orien-
tations of all steeply dipping (60°-90°) fracture en-
tries measured have been processed as rose diagrams
for each rock type and their orientations compared
with the rose diagrams derived from lineaments.
Rose diagrams of dykes were constructed and com-
pared with the rose diagrams of joints and linea-
ments. Photographs of major structures were also
collected.
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2.3 Hydrogeology

The hydrogeological data were entered into a GIS
and site maps of water point yields created and con-
verted into raster format. After the integration of the
different map layers in a raster based GIS, the rela-
tionship of water point yields with the lithology and
lineament was assessed by calculating the statistics.
When assessing the relationship between water point
yield and lineament, buffer zones with 20 m distance
interval were created and proximity to lineaments
and borehole yields correlated. The correlation stud-
ies have been carried out for the boreholes using first
the original locational values and then GPS (Global
Positioning System)-positioned or surveyed bore-
holes.

Existing well sites and springs were investigated
in the field with regard to location, relation to rock
type, siting, topography and structure. Lithological
log data at selected water points were constructed
and correlated to unravel the subsurface hydro-
geological controlling features. Pumping test data
were used in relation to the lithological log to under-
stand the nature of the aquifer systems in the study
area.

3 RESULTS AND DISCUSSIONS

3.1 Remote Sensing

Most of the lithologic units can be recognized in all
the processed images; however, certain lithologic
features are more enhanced in certain outputs than
others. For instance, the post-tectonic granitic intru-
sion is less defined in the colour composite of TM
bands 5, 4 and 1 and PC 1, 2, 3 images (in RGB or-
der). The same feature appears well outlined in the
IHS and DS images due to better color saturation. In
certain cases, PC 3, 2, 4 was superior in delineating
geologic contacts between the foliated and non-
foliated metavolcanic rocks than all the other digital
outputs. The results of this study demonstrate the
need to employ several approaches when using im-
age processing techniques for lithological mapping.
Lineaments which mark geological contacts be-
tween different lithologies and structures such as
dykes are clearly visible in all the digitally processed
color composites. Application of directional filtering
in most of the directions on TM band 5, PCl1, inten-
sity (both TM and SPOT) images generally high-
lighted the major lineaments. Off all the directional
filters used the N-S oriented were most effective in
detecting lineaments (figure 2a), because most of the
lineament trends are oblique to the direction of fil-
tering. E-W oriented directional filters were not pro-
ductive. This is probably due to either the absence of
lineaments in this trend or use of small kernel size. It
is important to note, however, that certain lineament

trends appear more conspicuous on the raw data than
the directionally filtered images (figure 2b). This is
probably due to tonal variation. Furthermore spatial
filtering reduces the gray-level range present in an
image (Lillesand and Kiefer, 1994). Application of
directional filtering on the PC1 (fig. 2a) and Inten-
sity images enhances the lineaments better than the
other single band images. This is probably due to
enhancement of topographic features on the PC1 and
intensity images.

(a)
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Figure 2. (a) Directional filtering applied along N-S direction
on PC1 image (b) Spot band 3 raw image and (c) Topographic
model output (minimum curvature) image from DEM.

In the DEM, major lineaments that are mainly
expressed by geomorphologic features appear well
identified when compared with the remote sensing
data (figure 2¢). Minor lineaments are discernible in
the remote sensing data only. Although all the major
linear features are obvious in the DEM data, the
density of lineaments is less when compared with
the lineaments observed on the Landsat TM and
Spot images. This might be attributed to the lower
resolution of the DEM (50 m) in comparison to the
improved resolution on the TM (30 m) and Spot (20
m) data that offers better spatial resolution to iden-
tify lineaments. Figures 3a and 3b are the geological
interpretation map of the study area constructed
from the inputs of all digitally processed images and
the interpreted total lineaments, respectively.
Lineament trends are also presented using rose dia-
gram (figure 4). The major trends are N-S, NW-SE,
WNW-ESE, NE-SW and ENE-WSW.

3.2 Structures

The structural features that are dominant in the study
area include fractures (joints and faults), shear folia-
tions and dykes. The orientations of the six steeply
dipping joint sets including the number of observa-
tions are presented using rose diagrams for the total
joint systems in figure 5a. The four most conspicu-
ous ones are oriented NW-SE, NE-SW, N-S  and
ENE-WSW. These trends are also clearly visible in
the rose diagram of lineaments (figure 4) with the N-
S oriented being the longest. The least frequent joint
sets are oriented NNE-SSW and WNW-ESE.
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Figure 3 (a) Lithological interpretation map of the study area
including locations of joint (triangles) and dyke (circles) meas-
urements and cross-section B-B’ in figure 8 (b) Lineament in-
terpretation map showing locations of springs (stars) and wells
(circles).

The NNE-SSW trends are only characteristic of
the schistose metavolcanic rocks (figure 5b). These
joint sets are parallel to the foliation planes and are
not observed in the non-foliated metavolcanic (fig-
ure 5c), syn-tectonic granites (figure 5d) and post-
tectonic granites (figure Se). The four prominent
joint trends are characteristic of most rock units, ex-
cept in the post-tectonic granites (figure Se). In this
rock unit the nearly perpendicular, NW-SE to NNW-
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SSE and ENE-WSW trending joints represent pri-
mary joints. Local variations exist between different
rock units as well as within a single unit. A mini-
mum of three joint sets is characteristic of most out-
crops.

n=546

Figure 4. Rose diagram of lineaments with cumulative length
in kilometre (km) of lineaments shown on the vertical scale.
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Figure 5. Rose diagrams of (a) total joints (b) schistose meta-
morphic rocks (c¢) non-foliated metamorphic rocks (d) syn-
tectonic granites (e) post-tectonic granites and (f) dyke swarms.

The dyke swarms in the area (figure 5f) studied
exhibit six major trends. The orientations compare
well with that of total joints (fig. 5a). However, the

most prominent dyke swarms have NNE-SSW
trends and compare more to the joint systems in the
foliated metamorphic rocks (fig. 5b). This is because
these dyke swarms share the strike of the foliation.
Most of them are sub-vertically dipping. The dykes
are dominantly basaltic to doleritic in composition.
All sets of dyke swarms cut the lateritized crystalline
basement. Dyke parallel fractures are well developed
adjacent to most of the dyke swarms.

Two types of faults, namely normal and strike-
slip dominate the study area. The strike-slip faults
are oriented generally N-S, WNW-ESE, NE-SW and
ENE-WSW, and steeply dipping. Both N-S and NE-
SW oriented strike-slip faults have a sinistral sense
of movement (e.g. figure 6a, location 12 in fig. 3a).
The other two sets, oriented WNW-ESE and ENE-
WSW have dextral sense of movement. The normal
faults have a number of sets with N-S/NNW-SSE,
NW-SE, NE-SW to ENE-WSW strikes that are vari-
able in size and direction and amount of displace-
ment (e.g. figure 6b, location 13 in fig. 3a). Promi-
nent strain markers include Precambrian aplitic
dykes/sills. Fault breccias/gouge with associated
slickenlines are usually well developed. Most linea-
ments in the studied area correspond to one of three
distinct categories or their associated fractures: (i)
dykes; (ii) normal faults (extensional fractures); and
(iii) strike-slip faults (shear fractures).

@

Figure 6. (a) Sinistral N-S trending strike slip-fault showing
sub-horizontal structural slickenlines at the contact between the
non-foliated metavolcanic and the syn-tectonic granites, loca-
tion 12 in fig. 3a, and (b) N-S oriented normal fault displacing
an aplitic dyke/sill within the syn-tectonic granites, location 13
in fig. 3a.
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3.3 Hydrogeology

Integration of the hydrogeologic and lithologic data
within the GIS show that the log mean yield per unit
depth of the saturated thickness is relatively high in
the foliated metamorphic rocks with 3.65, followed
by granitoids with 3.38 and lowest in the non-
foliated metamorphic rocks with 1.73 L/Min/meter.
Comparison of the metamorphic rocks show that the
schistose variety is more permeable than the massive
ones and this is due to the presence of foliation
planes that enhance the permeability. The yield var-
ies from one rock type to another as well as within a
single type. This shows the inhomogeneous nature
of the hard rock aquifers.

Figure 7a shows a comparison between distance
to lineaments and logarithmic mean yield of the
same borehole population (85), without and with re-
positioning with GPS. In order to have more data,
the analysis is carried out by including data outside
the test site. A direct relationship between borehole
yield (GPS-positioned) and proximity to satellite
image lineaments is shown in figure 7a, while the
yield-proximity relationship for boreholes from pre-
vious investigations where GPS or surveying have
not been used is more ambiguous. Although based
on a small borehole population, this study clearly
demonstrates the need for accurate coordinates when
comparing various spatial data in a geographic in-
formation system. Proximity to lineaments does not
necessarily imply, however, that the boreholes yield
is high. Low yielding boreholes sited on satellite
lineaments could occasionally be connected to
poorly transmissive dykes or clay gouge in fracture
zones (Sander, 1996). The high yielding boreholes
seem to have some correlation with the orientation
of the lineaments (figure 7b). Although the borehole
data available are not sufficient to make a sound cor-
relation, it can be seen that high yielding boreholes
are in the proximity of major lineament often with
N-S orientations. Most of these lineament trends are
related to dykes, normal and strike-slip faults. Field
investigations show that siting of some boreholes
appears to be guided by proximity to villages and
access for drilling rig. This indicates that due con-
siderations are not given to the local structure and/or
topography. This may explain the prevalence of low
yielding boreholes close to major lineaments.

The borehole geology obtained from the drilling
operations are as summarized in the cross-section B-
B’, figure 8. The results reveal a top alluvial cover
of unconsolidated sand to gravel ranging in thick-
ness from 6 to 21 m. The middle lithologic unit is
the weathered granitic bedrock, which varies in
thickness from 16 to 36 m. At places, 2 - 4 m thick
mafic dykes/sills occur within this layer at varying
depths. The bottom lithologic unit is the fresh mas-
sive bedrock granite and is encountered at varying
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Figure 7. (a) Correlation between borehole log mean yield (Li-
tres per minute) and proximity to lineaments, before and after
repositioning with GPS and (b) relation of lineament orienta-
tion to borehole yield.
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Figure 8. Lithological cross-section along B-B’ in the granitic
rock aquifers, location fig. 3a.

depths. The water strike depth lies in the top alluvial
cover and varies from 8.5 to 14 m at an average
borehole yield of about 2 L/s. The estimated yield in
the granitic aquifers range from 1.5 to 5.5 L/s. The
highest yield is obtained in borehole (8) where the
borehole is 60 m deep and the borehole intersects a
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dyke at a depth of 41 — 45 m. Moreover this bore-
hole is sited at the intersection of N-S and NW-SE
trending lineaments (figure 3b) as well as in a local
depression with relatively thick alluvial cover (fig-
ure 8). This highlights the significance of structures
and local topography when selecting a well site.

The spring at Keih Kor (location 2 in fig. 3a) is
flowing along a N-S oriented fracture zone. At Ala
(location 11 in fig. 3b) a dug well sunk over NNW-
SSE trending dyke yield sustained flow while close
by dug wells remain dry. These observations indi-
cate the hydrogeological significance of the linea-
ments (structures).

A log-log plot of drawdown vs. time for pumping
test data is given in figure 9. The response of pump-
ing in the granitic rock aquifers in the two boreholes
show consistently an early time-drawdown curve
that fits the Theis type curve (radial flow) followed
by late time-drawdown curves of linear pattern with
very gentle slopes. Depth to static water level in the
vicinity of the two boreholes is about 13.5 m and av-
erage drawdown is about 4.5 m. The sum of these
two (18 m) lies within the weathered horizon. Thus
the pumping test results are interpreted as the first
segment being due to pumping of water from storage
in the weathered zone. The second segment shows
more or less constant drawdown due to a contribu-
tion from storage in bedrock fractures. Low slopes
imply that the fractured bedrock aquifers have low
transmissivity. Moreover the variations in drawdown
(3 m and 6 m) are attributed to variations in pump-
ing rate (1.39 L/s and 2.81 L/s). Furthermore exis-
tence of dry wells sunk in the weathered horizons is
reported in the study area. This suggests that the
fractured bedrock that is hydraulically connected to
the weathered zones controls the occurrence of
groundwater in the granitic aquifers.

Log Drawdawn [m]
L]
.1 .
-
-
-
L]

Log Time [Min]

Figure 9. Pumping test results of wells 5 and 6, see fig. 3b for
location.

4 CONCLUSIONS

Digital analysis of remote sensing data using differ-
ent methods has permitted identification of various
rock types and major lineaments. The satellite inter-
pretations form an excellent basis for a GIS, which
is ideal as a tool for groundwater potential assess-
ment. The use of a GIS is a very time- and cost-
effective approach once the database is created and
has many advantages over traditional approaches.
However, to fully understand the hydrogeological
nature of hard rock aquifers, the traditional approach
is also crucial. In this study field investigations al-
lowed to understand the nature of lineaments as well
as the hydrogeological setting. High yielding wells
and springs are often related to large lineaments and
corresponding structural features. The N-S oriented
fractures appear to be associated with the high yield-
ing wells and can be used as primary targets for
groundwater exploration. Fractures in hydraulic
connection with alluvium and weathered bedrock
constitute best aquifers. The overall results demon-
strate that the integration of remote sensing, GIS and
traditional fieldwork provide a powerful tool in the
assessment of water resources.
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