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Abstract Groundwater development across much of

sub-Saharan Africa is constrained by a lack of knowl-

edge on the suitability of aquifers for borehole con-

struction. The main objective of this study was to map

groundwater potential at the country-scale for Ghana

to identify locations for developing new supplies that

could be used for a range of purposes. Groundwater

potential zones were delineated using remote sensing

and geographical information system (GIS) techniques

drawing from a database that includes climate, geolo-

gy, and satellite data. Subjective scores and weights

were assigned to each of seven key spatial data layers

and integrated to identify groundwater potential

according to five categories ranging from very good

to very poor derived from the total percentage score.

From this analysis, areas of very good groundwater

potential are estimated to cover 689,680 ha (2.9 % of

the country), good potential 5,158,955 ha (21.6 %),

moderate potential 10,898,140 ha (45.6 %), and poor/

very poor potential 7,167,713 ha (30 %). The results

were independently tested against borehole yield data

(2,650 measurements) which conformed to the antici-

pated trend between groundwater potential and bore-

hole yield. The satisfactory delineation of groundwater

potential zones through spatial modeling suggests that

groundwater development should first focus on areas

of the highest potential. This study demonstrates the

importance of remote sensing and GIS techniques in

mapping groundwater potential at the country-scale

and suggests that similar methods could be applied

across other African countries and regions.

Keywords Groundwater potential zones . GIS and

remote sensing . Spatial modeling . Borehole

data . Ghana

Introduction

Groundwater resources are being increasingly recog-

nized as an invaluable but largely untapped resource

for agricultural development in sub-Saharan Africa

(SSA) where it offers a more food-secure alternative

to rain-fed subsistence farming (FAO 2005; GIDA

2000, 2001; Masiyandima and Giordano 2007). Very

little is currently known about the physical extent,

accessibility, and development potential of the aquifer

systems in SSA, but interest is growing and new

developments are emerging across the continent

(Ngigi 2009; Titus et al. 2009).

The water resources conditions for Ghana in West

Africa are perhaps symptomatic of the rest of SSA.

Ghana is thought to have considerable groundwater
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resources, with good but highly skewed rainfall distri-

bution and per-capita groundwater availability many

fold higher than countries such as India or China where

irrigation is far more widely practiced (Giordano

2006). Opportunities for agricultural groundwater de-

velopment are numerous but are hampered by lack of

information at an appropriate scale.

Existing groundwater resource maps are at a very

course scale and generally suitable for regional planning

only, but not necessarily to support the decision making

needed at a smaller scale. For example, the 1:5-M scale

groundwater resources map of the world was recently

updated as part of theWorld-wide HydrogeologicalMap-

ping and Assessment Programme (WHYMAP 2008). A

hydrogeological domain map of the entire sub-Saharan

Africa region at 1:40-M scale was prepared by BGS

(MacDonald and Davies 2000) which delineated the

occurrence of groundwater in SSA. These global/conti-

nent scale efforts have been supplemented by various

country-scale studies such as for Ethiopia, for the purpo-

ses of assessing the availability of groundwater during

drought (MacDonald et al. 2001), for South Africa for

groundwater balance estimation (Woodford et al. 2006),

in the Volta Basin for assessing groundwater potential

(Martin and van de Giesen 2005), and at the watershed

scale for identifying areas irrigated by shallow ground-

water (Gumma et al. 2010).

The complexity of the subsurface environment,

combined with the vastness of the areas considered

and associated limitations in field data acquired by

ground-based surveys and exploratory drilling which

are time-consuming and very expensive, supports the

use of satellite-based methods. Numerous studies have

shown the integration of multi-thematic maps of the

earth through the application of remote sensing (RS)

and geographical information system (GIS) techniques

to be useful for identifying water-bearing zones for

exploration and development of groundwater resour-

ces across a diverse range of hydrogeological settings

(Hellden et al. 1982; Kamaraju et al. 1996; Kushwaha

1993; Mattikalli et al. 1995; Murthy 2000; Sidhu and

Mehta 1989; Smith and Blackwell 1980; Trotter 1991;

Rashid et al. 2011). Most of these studies have been

performed in developed and developing countries

where groundwater-based agriculture is already well

developed.

This paper attempts to identify and rank the most

prospective groundwater potential zones, in terms of

the availability of groundwater, for the whole of

Ghana through RS/GIS techniques using a multi-

thematic layer approach. In doing so, it recognizes

that this is an important first step to identifying pro-

spective locations for new groundwater development

for domestic, agricultural, and industrial purposes.

Study area

Ghana is a West African country of 24 million ha that

extends between 5°5′39″N and 10°54′38″N latitude

and 0°05′04″E and 3°14′12″W longitude, nestled be-

tween the Gulf of Guinea to the south, Burkina Faso to

the north, Togo to the east, and Ivory Coast to the west

(Fig. 1). Ghana features a warm humid climate with

rainfall ranging from 800 mm/year in the coastal zone

to 2200 mm/year in the southwestern rainforests. In

most parts of the country, there is one distinct wet

season (bimodal in the south) and one dry season that

tends to last longer in the northern parts of the country

than in the south (Quansah 2000). Six agro-ecological

zones are present but largely dominated by semi-

deciduous forest and Guinea savannah (ISSER

2002). The topography is predominantly gently undu-

lating with elevation mainly below 500 m above sea

level and slopes of less than 5 %.

Agriculture is the backbone of the Ghanaian econ-

omy, contributing 33.6 % of the GDP and employing

56 % of the labor force (CIAWF 2010; ISSER 2002).

Since the country is not entirely self-sufficient in food,

significant problems arise when seasonal rains are

poor. About 36 % of Ghana’s population live below

a poverty line threshold of 1 USD/day (Lamptey

2006). Rainfed farming dominates on small plots of

land. Traditional farming systems have developed

over time within each of the major agro-ecological

zones (FAO 2005). In the forest zone, tree crops are

significant with cocoa, oil palm, coffee, and rubber of

particular importance. Food crop production is impor-

tant across all zones. Maize is an important cereal in

the south and central region, but in the north sorghum

and millet dominate. Yam and grain legumes are im-

portant crops centrally and toward the north. Cultivat-

ed crops such as groundnut, beans, cowpea, cassava,

and plantain are also important.

Ghana is generally well endowed with water

resources; however, the amount of water available

varies markedly in seasonally and inter-annually. Also

the distribution of available water supplies within the
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country is far from uniform, with the southwestern part

better endowed than the coastal and northern regions.

Surface water resources revolve around several major

systems, of which the Volta system is the largest, drain-

ing around 70 % of the country. Vast storage capacities

from the major dams and reservoirs have not translated

into major irrigation development. Around 30,900 ha of

land is estimated to be under water management,

neglecting inland valleys and wetlands (FAO 2005).

Figures from Ghana Irrigation Development Authority

(GIDA) suggest that the irrigated area under full or

partial control is only around 11,000 ha.

Groundwater in Ghana is associated with three

major hydrogeological formations. They include the

basement complex, which are comprise of crystalline

igneous and metamorphic rocks; the consolidated sed-

imentary formations of the Volta basin, which include

limestone areas; and the Mesozoic and Cenozoic sed-

imentary rocks (Gill 1969). The basement complex

and the consolidated sedimentary formations cover

54 and 45 % of the country, respectively, with the

remaining 1 % made up of Mesozoic/Cenozoic rocks.

Groundwater occurrence in the basement complex

is associated with the development of secondary po-

rosity as a result of jointing, shearing, fracturing and

weathering. Typically, a regolith layer overlies the

crystalline basement and provides potential for in-

creased groundwater storage which can be in excess

of 100 m thick but is typically in the range 1–70 m

thick (Asomaning 1993). The thickness of the aquifers

is normally between 10 and 60 m, and yields rarely

exceed 6 m3/h (FAO 2005). The thickness of the

Mesozoic/Cenozoic aquifer varies from 6 to 120 m.

There are also limestone aquifers, which are in the

order of 120 to 300 m thick with average yields that

can be as high as 180 m3/h (CSIR/WRI 2003). The

quality of groundwater is generally good for agricul-

ture except where salinity can be problematic, partic-

ularly in some coastal aquifers.

Domestic water supplies in rural areas are almost

exclusively obtained from groundwater sources, with

an estimated 75,000 boreholes, dug wells, and dugouts

countrywide (Obuobie and Barry in preparation). Ag-

ricultural groundwater use for irrigation of vegetables

Fig. 1 Location map of Ghana indicating the ten administrative regions and observation borehole locations
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and livestock watering has traditionally been limited

to the Volta Region, Upper East, Upper West, and

Greater Accra regions.

Methods of analysis

The methodology developed here to determine

groundwater potential consists of four main steps

(Fig. 2). The first step starts with the identification of

the thematic layers which are relevant to groundwater

potential. The second involves preprocessing these

thematic layers to ensure uniform projection (projec-

tion: UTM, datum: WGS84) and resolution, assigning

scores, and weightages. The third step integrates all

thematic layers along with scores using the spatial

analysis tool in GIS software (ERDAS 2007). The

final step categorizes the outputs into five classes

and compares the results with borehole yield informa-

tion. This study bears similarities to studies performed

in other regions (Hsin et al. 2008; ICHS (Inter-African

Committee for Hydraulic Studies) 1986; Kumar and

Srivastava 1991; Murthy 2000; NRSA (National Re-

mote Sensing Agency) 2000; Subba Rao 2006, 2009;

Rashid et al. 2011) in terms of the approach used but is

distinguishable by the larger spatial scale and finer

resolution considered here.

Criteria and determining factors

The groundwater conditions at any given site can

varying greatly according to various factors that

Fig. 2 Overview of the

methodology for groundwa-

ter potential assessment us-

ing integrated remote

sensing and GIS techniques
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influence the occurrence and replenishment of ground-

water. These factors are expressed in terms of seven

thematic layers, namely geomorphology, geology,

slope, drainage density, annual rainfall, land use/land

cover, and soil type. Parameter estimates for each

thematic layer was derived from published sources.

Each layer was then divided into classes and their

spatial extent identified (Table 1).

Weighted index overlay analysis (WIOA) is a

simple and effective method for combining analy-

sis of multi-class maps (Nag 2005). The strength

of this method lies in the fact that human judg-

ment/expert opinion including previous literature

can be incorporated into the analysis through a

weighting system. WIOA method takes into con-

sideration the relative importance of the parameters

Table 1 Spatial distribution of the various parameters/themes, identified units within each theme and their associated areal extent

within the study area

S

no.

Parameters/

theme

Identified units Area (ha) Area as percentage

of total area (%)

1 Geomorphology

30 m

Geomorphic unit

01. Plateau-dissected 3,399,155 14.21

02. Uplands with valleys 2,078,191 8.69

03.Uplands 2,428,364 10.15

04. Plains with broad valleys 3,296,818 13.79

05. Low lying plains 7,112,391 29.74

06. Hills 954,084 3.99

07. Water bodies 666,602 2.79

08. Undulating slopes 239,565 1.00

09. Coastal plains 627,763 2.63

10. Deltaic plains 94,555 0.40

11. Broad valleys 112,765 0.47

12. Relict hills 230,173 0.96

13. Ridges 64,556 0.27

14. Inselberg 17,503 0.07

15. Alluvium deposit (alluvial plains/river valleys/river levees) 2,466,614 10.31

16. Lagoons 36,815 0.15

17. Sand bars 4,227 0.02

18. Flood plains 84,360 0.35

2 Geology

1:1,000,000

Geology type 23,914,500

01. Metamorphosed lava and pyroclastic rock and hypabyssal basic intrusive,

phyllite, and greywacke

1,316,682 5.51

02. Granitoid undifferentiated 5,710,998 23.88

03. Phyllite, schist, tuff, and greywacke 3,671,869 15.35

04. Quartzite, phyllite, grit, conglomerate, and schist, including basic

intrusive

577,166 2.41

05. Mainly sandstone 2,388,288 9.99

06. Mainly shale and mudstone beds, mainly sandy and pebbly beds 7,978,343 33.36

07. Calcareous 723,757 3.03

08. Quartzite, sandstone, shale, phyllite, schist, and silicified limestone 372,995 1.56

09. Basaltic, andesitic, and trachytic lava, agglomerate, tuff, and jasper 52,886 0.22

10. Acidic, ortho and paragnesis, and schist and migmatite, many of which

are rich in garnet, hornblende, and biotite

445,305 1.86

11. Basic, ortho and paragnesis, and schist and migmatite, many of which are

rich in garnet, hornblende, and biotite

288,658 1.21

12. Red continental deposits mainly limonitic sand, sandy clay, and gravel 87,664 0.37
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Table 1 (continued)

S

no.

Parameters/

theme

Identified units Area (ha) Area as percentage

of total area (%)

13. Marine series of shales, sandstones, limestone, glauconitic sandstone, oil

sand

85,803 0.36

14. Unconsolidated sand, clay, and gravel 194,373 0.81

15. Sandstone, grit, and shale 4,572 0.02

16. Sandstone, grit, conglomerate, shale and mudstones, nodules of

limestone, and siderite

15,141 0.06

3 Slope 30 m Slope distribution in %

≥0 and 3≤ (level to nearly level) 5,079,208 21.24

≥3.1 and ≤5 (gentle sloping) 5,797,833 24.24

≥5.1 and ≤7 (moderate sloping) 4,719,154 19.73

≥7.1 and ≤9 (steep sloping) 4,667,164 19.52

≥9.1 (very steep sloping) 3,651,141 15.27

4 Drainage

density 90 m

Watershed drainage density (km km−2)

0–0.1 885,065 3.70

0.1–0.2 659,205 2.76

0.2–0.25 1,529,983 6.40

0.25–0.3 8,630,223 36.09

0.3–0.5 9,804,077 41.00

Water bodies 2,405,946 10.06

5 Rainfall 0.5

degree

Annual rainfall (mm)

≥2,000 542,093 2.27

1,500–2,000 2,919,734 12.21

1,000–1,500 12,257,455 51.26

800–1,000 8,156,515 34.11

≤800 38,704 0.16

6 Land use 30 m LU/LC category

01. Water bodies 765,696 3.20

02. Settlements, open areas 411,465 1.72

03. Savannas: highly degraded, barren lands 3,989,097 16.68

04. Savannas: grasslands, scrublands, woodlands mixed with rainfed

agriculture

7,972,846 33.34

05. Rainfed croplands mixed savannas and some barren areas 2,048,561 8.57

06. Irrigated areas: medium scale, surface water dominant 38,518 0.16

07. Irrigated areas: minor scale and fragmented, conjunctive use 170,159 0.71

08. Wetland irrigation and open areas with moist soils 543,572 2.27

09. Lowland vegetation: typically inland valleys, scattered agriculture 1,168,729 4.89

10. Forests: fragmented 5,162,858 21.59

11. Forests: secondary re growth, younger 532,519 2.23

12. Forests: mature, less disturbed 1,110,479 4.64

7 Soils

1:1,000,000

Soil category

01. Leptosols 2,199,553 9.20

02. Fluvisols 894,691 3.74

03. Lixisols 7,405,068 30.96

04. Luvisols 980,175 4.10

05. Gleysols 215,495 0.90
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and the classes belonging to each parameter by

weighting. As there is no standard scale for

WIOA, criteria need to be defined and each pa-

rameter assigned according to its relative impor-

tance (Gumma et al. 2009; Nag 2005; Saraf and

Chowdhury 1998).

Input data and deriving analysis maps

Digital elevation model (SRTM DEM)

Space Shuttle Radar Topography Mission (SRTM)

DEM data on a global scale at 90 m horizontal

resolution is gap-filled and made available through

the Consortium for Spatial Information web portal

(http://srtm.csi.cgiar.org/). The SRTM DEM data

were used for rapid automated delineation of the

stream network and for deriving slopes by using

appropriate algorithms and following sets of topo-

graphical functions, as described in ArcGIS (ESRI

2009). The process involves filling sinks, flow di-

rection, flow accumulation, and stream network ex-

traction and leads to generating a stream network

over the entire study area. Results were then com-

pared with topographic maps and by ground-

truthing. Once the streams were accurately derived,

watersheds were delineated using available sub-

basin-scale maps from the Geological Survey De-

partment of Ghana.

Geomorphology

Geomorphology units are delineated fromLandsat ETM+

satellite imagery along with the geologymap. In the study

area, 18 types of geomorphic features occur throughout

Ghana (Fig. 3; Table 1). The study area includes flood-

plain deposits, low lying plains, valley fill deposits, sand

bars, deltaic plains, structural hills, ridges, uplands,

amongst others. Scores were assigned depending upon

the recharge capacities of the geomorphological zones,

and then weights are assigned subjectively based on

thematic layer properties (Table 2). Geomorphic features

such as alluvium deposits, flood plains, lineaments, del-

taic plains, and sand bars that have good water-holding

capacity are given the highest score of five. These areas

are distributed across the entire study area, but mostly

within inland valleys that contain alluvium deposits: low

lying plains located in the Brong Ahato, northern, and

Voltaic regions and deltaic plains located in the Accra and

Voltaic regions. Hills, ridges, and hard rock areas that

have poor groundwater conditions are given the lowest

score of one, and these features are located in the Volta,

Northern, and Ashanti regions (Fig. 3). Their respective

weightages are shown in Table 2.

Geology

From the 1:1,000,000 scale geology map acquired

from the Geological Survey Department of Ghana, it

Table 1 (continued)

S

no.

Parameters/

theme

Identified units Area (ha) Area as percentage

of total area (%)

06. Vertisols 851,547 3.56

07. Arenosols 175,719 0.73

08. Planosols 1,819,470 7.61

09. Plinthosols 1,251,400 5.23

10. Acrisols 5,690,549 23.80

11. Regosols 3,122 0.01

12. Cambisols 238,944 1.00

13. Nitosols 135,099 0.56

14. Alisols 35,237 0.15

15. Solonetz 64,590 0.27

16.Ferralsols 472,313 1.98

17. Solonchaks 16,115 0.07

18. Water body 877,765 3.67
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Fig. 3 Geomorphology

map of Ghana (extracted

from Landsat ETM+ and

SRTM DEM)

Table 2 Define scores, weightages for individual features of the seven themes for groundwater potential zones

S

no.

Parameters/

theme

Identified units/score Groundwater

potential score

Score

assigned

Weightage

1 Geomorphology

30 m

1. Plateau-dissected Moderate 3 5

2. Uplands with valleys Moderate 3

3.Uplands Poor 2

4. Plains with broad valleys Moderate 3

5. Low lying plains Good 4

6. Hills Very poor 1

7. Water bodies Very good 5

8. Undulating slopes Moderate 3

9. Coastal plains Good 4

10. Deltaic plains Very good 5

11. Broad valleys Good 4

12. Relict hills Poor 2

13. Ridges Very poor 1

14. Inselberg Moderate 3

15. Alluvium deposit (alluvial plains/river valleys/river levees) Very good 5

16. Lagoons Good 4

17. Sand bars Very good 5

18. Flood Plains Very good 5

2 Geology

1:1,000,000

01. Metamorphosed lava and pyroclastic rock and hypabyssal basic

intrusive, phyllite, and greywacke

Very poor 1 4
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Table 2 (continued)

S

no.

Parameters/

theme

Identified units/score Groundwater

potential score

Score

assigned

Weightage

02. Granitoid undifferentiated Good 4

03. Phyllite, schist, tuff, and greywacke Moderate 3

04. Quartzite, phyllite, grit, conglomerate, and schist, including basic

intrusive

Good 4

05. Mainly sandstone Moderate 3

06. Mainly shale and mudstone beds, mainly sandy and pebbly beds Moderate 3

07. Calcareous Moderate 3

08. Quartzite, sandstone, shale, phyllite, schist, and silicified limestone Moderate 3

09. Basaltic, andesitic, and trachytic lava, agglomerate, tuff, and jasper Poor 2

10. Acidic, ortho, and paragnesis and schist and migmatite, many of

which are rich in garnet, hornblende, and biotite

Poor 2

11. Basic, ortho, and paragnesis and schist and migmatite, many of

which are rich in garnet, hornblende, and biotite

Poor 2

12. Red continental deposits mainly limonitic sand, sandy clay, and

gravel

Good 4

13. Marine series of shales, sandstones, limestone, glauconitic

sandstone, oil sand

Good 4

14. Unconsolidated sand, clay and gravel Good 4

15. Sandstone, grit, and shale Moderate 3

16. Sandstone, grit, conglomerate, shale, and mudstones, nodules of

limestone and siderite

Moderate 3

3 Slope 90 m Slope distribution (%) 3.5

≥0 and 3≤ (level to nearly level) Very good 5

≥3.1 and ≤5 (gentle sloping) Good 4

≥5.1 and ≤7 (moderate sloping) Moderate 3

≥7.1 and ≤9 (steep sloping) Poor 2

≥9.1 (very steep sloping) Very poor 1

4 Drainage

density 90 m

Watershed drainage density (km km−2) 4

0–0.1 Very good 5

0.1–0.2 Good 4

0.2–0.25 Moderate 3

0.25–0.3 Poor 2

0.3–0.5 Very poor 1

5 Rainfall 0.5

degree

Annual rainfall (mm) 4

≥2,000 Very good 5

1,500–2,000 Good 4

1,000–1,500 Moderate 3

800–1,000 Poor 2

≤800 Very poor 1

6 Land use 30 m Land use/land cover classes 3.5

01. Water bodies Very good 5

02. Settlements, open areas Poor 2

03. Savannas: highly degraded, barren lands Poor 2

04. Savannas: grasslands, scrublands, woodlands mixed with rainfed

agriculture

Very good 5

05. Rainfed croplands mixed savannas, and some barren areas Moderate 3

06. Irrigated areas: medium scale, surface water dominant Very good 5

07. Irrigated areas: minor scale and fragmented, conjunctive use Very good 5
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is noted that across the study area, there are 16 types of

geologic formations (Fig. 4; Table 1). About two

thirds of Ghana is dominated by Birimian rocks con-

sisting of five evenly spaced volcanic belts trending

northeast to southwest. Limonitic sand, clay, gravels

(Tertiary), sandstone, limestone (Cretaceous), and un-

consolidated sand/clay/gravel (Recent era) are consid-

ered to have the greatest water bearing potential, and

hence, higher scores have been given. These are lo-

cated in the upper eastern, upper western, Brong

Ahafo, and Ashanti regions. Buem volcanic, Daho-

meyan, Togo series, and older alluvium deposits are

considered to be less favorable for groundwater devel-

opment compared to younger alluvium and so lower

scores have been given. These areas are located in

Upper West, Volta, and greater Accra regions. The

weightages for each geological type are given in

Table 2.

Slope

The SRTM DEM data were used to derive a slope map

presented in percentage terms using the SLOPE func-

tion in ArcGIS. The gradient of slope is one of the

factors that directly influence the infiltration of rainfall

in that steeper slopes generate less recharge because

water runs rapidly off the surface during rainfall,

allowing insufficient time to infiltrate the surface and

recharge the saturated zone. Slope is classified into

five categories along with their areal extent (Fig. 5;

Table 1) and weightages shown in Table 2. Weights

were assigned according to the slope aspect. A score

of five is given to the plain region with lower slope

because low runoff is usually a good recharge zone.

These areas are mainly located in the Volta basin

(northern, upper east, and upper west regions) and

steep hills (slope >10 %, higher slope) which are given

Table 2 (continued)

S

no.

Parameters/

theme

Identified units/score Groundwater

potential score

Score

assigned

Weightage

08. Wetland irrigation and open areas with moist soils Very good 5

09. Lowland vegetation: typically inland valleys, scattered agriculture Good 4

10. Forests: fragmented Moderate 3

11. Forests: secondary regrowth, younger Poor 2

12. Forests: mature, less disturbed Very poor 1

7 Soils

1:1,000,000

Soil type 3.5

01. Leptosols Very poor 1

02. Fluvisols Very good 5

03. Lixisols Good 4

04. Luvisols Moderate 3

05. Gleysols Moderate 3

06. Vertisols Moderate 3

07. Arenosols Moderate 3

08. Planosols Good 4

09. Plinthosols Moderate 3

10. Acrisols Poor 2

11. Regosols Very good 5

12. Cambisols Good 4

13. Nitosols Good 4

14. Alisols Good 4

15. Solonetz Good 4

16.Ferralsols Moderate 3

17. Solonchaks Poor 2

18. Waterbody Very good 5
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a weight of one because they are poor rainfall recharge

zones. These areas are located in the Western, Ashanti,

Volta region, and Eastern parts of the study area (hilly

areas).

Fig. 4 Geology map of

Ghana (taken from Geolog-

ical Survey Department of

Ghana, Ghana: http://

www.ghana-mining.org)

Fig. 5 Slope map of Ghana

(extracted from SRTMDEM:

http://srtm.csi.cgiar.org/
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Drainage density

The density of the drainage network as well as the

occurrence of lineaments, such as faults, fracture,

major or minor joints, can have a major influence

on groundwater recharge and movement (Murthy

2000; Kumar et al. 2007) also provides pathways

for groundwater movement and is hydrologically

very important. Generally, areas close to linea-

ments in hard rock areas offer good opportunities

for groundwater development (Murthy and Mamo

2009). Since the largest proportion of rainwater

goes to runoff, a higher drainage density tends to

indicate lower groundwater potential. A drainage

density map was prepared which served as one of

the primary data sets. The five infiltration catego-

ries were given weights starting from five (i.e.,

very good) corresponding to a low drainage den-

sity values found in greater Accra region, along

coastal areas and major inland valleys to a value

of one (poor) for high drainage density, or poor

infiltration zones, as located in Ashanti, eastern,

and voltaic regions (upland hilly areas). Medium

drainage densities are located in western part of

the study areas (Fig. 6; Table 1) and weightages

shown in Table 2.

The drainage density map was created in three

stages. In the first stage, the drainage map was

prepared from the SRTM DEM; next the water-

sheds were delineated based on Geological Survey

Department of Ghana reference maps using SRTM

DEM; and finally, drainage densities were calcu-

lated in each of the grid square using Eq. 1 as

given below from (Murthy 2000):

DD ¼ ΣLws=Aws ð1Þ

where

DD drainage density

Lws total length of streams in watershed

Aws area of the watershed

Rainfall

Mean annual rainfall data for a 10-year period (1995–

2005) was adopted from Ghana Meteorological Serv-

ices Department, Accra, Ghana. Rainfall is known to

be the dominant source of groundwater recharge

across all climatic regions (Obuobie and Barry in

preparation). Rainfall data were classified into five

categories and its spatial extent as shown by Fig. 7.

Ghana was divided into five categories of rainfall

zones ranging from <800 to >2,000 mm along with

their areas shown (Table 1) and weightages shown

(Table 2). The area receiving less than 800 mm of

rainfall was given a score of one assuming a poor

potential zone, which are mainly located in greater

Accra region, Ashanti, Upper East, and Upper West

regions while an area receiving greater than 2,000 mm

of rainfall was assigned a score of five assuming very

good water potentiality. These areas are located in

western, central, and eastern parts of the Ghana (Fig. 7).

Land use/land cover

Land use/land cover patterns and areas (Fig. 8;

Table 1) were analyzed and mapped using Landsat

ETM+ 30 m satellite imagery (Gumma et al. 2011;

Thenkabail et al. 2004a). Irrigated land was

assigned a score of five because it is mostly asso-

ciated with flood plains and buried channels,

which are very good recharge zones, as indicated

by ground-truthing in the Upper East region by

Gumma et al. (2011). One of the dominant land

use/land cover categories in the area is class 4:

savannas: grasslands, shrub lands, and woodlands

mixed with rainfed agriculture. Due to the high

degree of slope and thin soil cover, the groundwa-

ter prospects are considered to be poor, and a

score of one is assigned. Similarly, weights have

been assigned subjectively to each of the catego-

ries of the land use/land cover patterns according

to their influence on infiltration and runoff. The

land use/land cover such as high gradient hill areas

and settlements which have poor water-holding

capacity have been given a score of one while

savanna grass lands, irrigated areas, and wetlands

which are high water-holding capacity have been

given a score of five (Table 2).

Soils

Eighteen soil units such as Leptosols, Luvisols, Lix-

isols, etc. are distributed across the study area (Fig. 9;

Table 1). Weights are assigned subjectively to each

soil unit after taking into account the type of soil and

its water-holding capacity. Groundwater recharge
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Fig. 7 Rainfall map of

Ghana (taken from

IWMIDSP,

www.iwmidsp.org)

Fig. 6 Drainage density

map of Ghana (extracted

from SRTM drainage net-

work and Geological Survey

Department of Ghana ap-

proximate sub-basins)
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capacity is less on hills due to the steep slopes (more

than 5 % gradient), and hence, the runoff is more.

Soils, such as Leptosols and Solonchaks, have poor

water-holding capacity and have been given a score of

1. Such areas are located in the Volta, Upper West,

Western, and Ashanti regions. Planosols, Regosols,

etc. have high water-holding capacity and have been

given a score of 5 (Table 2). These areas are located in

Upper East, Northern parts, and small portion of the

Accra region.

Determining theme weightages

Suitable weights were assigned to the seven theme

layers and their individual features, taking account of

their likely importance for groundwater occurrence

and replenishment. The weights were assigned based

on thematic layer properties and from the literature

(Murthy 2000; Murthy and Mamo 2009) and are pre-

sented in Table 2. The main idea behind assigning

scores and weights to each of the thematic layers is

that they play a major role in groundwater potential

including infiltration, aquifer transmission, and stor-

age. The importance of each individual theme relative

to the sum total is as follows: geomorphology

18.18 %, geology 14.55 %, slope 12.73 %, drainage

density 14.55 %, rainfall 14.55 %, land use/land cover

12.73, and soils 12.73 %. Clearly, the higher the

weight, the more influence a particular factor will have

in the groundwater potential. Almost all thematic

layers have similar important in influencing ground-

water potential, with geomorphology more important

to some extent. It is assumed that geomorphology has

the greatest role in this analysis, and its assigned

weightage is given a score of five, while drainage

density, geology, and rainfall have the next most

important weightage of four followed by slope,

soils, and land use/land cover that were assigned

a weightage of three and a half. These weightages

were assigned based on expert knowledge and

previous literature where good results had been

achieved. In this study, we defined the maximum

weightage as five and the minimum weightage as

one.

Fig. 8 Land use/land cover classes in the Ghana, during year of 2000–2001 (extracted from Landsat ETM+ and MODIS 500-m time

series data)
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Integration of thematic layers and spatial model

The first step in the spatial model development is

to have a clear knowledge of how the spatial data

layers and the classes within each spatial data

theme are scored (Table 2). Once this is achieved,

the next step is to build the spatial model. This was

done with the ERDAS software using the spatial

modeler module. Integration of all reclassified

themes made use of the weighted overlay analysis,

as given below in Eq. 2:

GPSP ¼ ΣTGW � FW ð2Þ

where

GPSP groundwater potential score of each pixel

TGW selected groundwater potential theme

FW weightage factor of theme

The maximum score for geomorphology was 25, ge-

ology 16, slope 17.5, drainage density 20, rainfall 20,

land use/land cover 17.5, and soils 17.7 (Table 3), with

a maximum resultant score of 133.5.

Results and discussion

Groundwater potential zoning

On the basis of the GPSP value, groundwater

potential zones were classified into five classes:

(a) very good, (b) good, (c) moderate, (d) poor,

and (e) very poor across the study area (Fig. 10;

Table 4). It indicates that areas with moderate to

very good groundwater potential are widely dis-

tributed across most parts of the country. The total

area underlain by very good groundwater potential

is 689,680 ha or 2.9 % of the total geographical

area, good groundwater potential is 5,158,996 ha

(21.6 %), moderate potential is 10,898,140 ha

(45.6 %), poor potent ia l is 6,487,492 ha

(27.1 %), and very poor potential is 680,222 ha

(2.8 %).

Good groundwater potential areas are situated in

areas comprised of Quaternary alluvium deposits

and sand beds, flood plains, deltaic plains, and

coastal plains, also these area laying in low drain-

age density areas. Moderate potential areas fall in

Fig. 9 Soil map of Ghana

(taken from Geological Sur-

vey Department of Ghana,

Ghana: http://www.ghana-

mining.org)
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Inselberg, sediments, and undivided Quaternary al-

luvium. The Quaternary alluvium deposits and all

the metamorphic basements (maficultramafic–vol-

cano–sedimentary assemblages, gneissic and mig-

matitic complexes, Precambrian–early Paleozoic

basement complexes) are collectively categorized

as poor groundwater potential zones. Relict hills

and ridges have the poorest groundwater potential.

This analysis suggests that 5.8 Mha of Ghana has a

good or better groundwater potential and could be

suitable for agricultural groundwater development.

This figure is three-fold higher than the total area of

surface water and groundwater irrigated identified by

Asomaning (1993) and more than two-fold higher

than the total cultivatable area of the country deter-

mine by Gumma et al. (2011). There would appear to

be opportunities for useful expansion of groundwater-

based irrigation across some parts of the country iden-

tified through this study.

Comparisons with borehole data

Borehole yield data were obtained from the CSIR-

Water Research Institute who had compiled the

Fig. 10 Groundwater po-

tential zones map of Ghana

Table 3 Approach used to determine weights and maximum scores of the seven themes

Theme Theme weight Score range Maximum possible score Scores given Maximum possible total pixel score

1. Geomorphology 5 1–5 5 5, 4, 3, 2, 1 5×5025

2. Geology 4 1–5 5 5, 4, 3, 2, 1 4×5020

3. Slope 3.5 1–5 5 5, 4, 3, 2, 1 3.5×5017.5

4. Drainage density 4 1–5 5 5, 4, 3, 2, 1 4×5020

5. Rainfall 4 1–5 5 5, 4, 3, 2, 1 4×5020

6. LULC 3.5 1–5 5 5, 4, 3, 2, 1 3.5×5017.5

7. Soils 3.5 1–5 5 5, 4, 3, 2, 1 3.5×5017.5
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data from various sources. In total, 2,650 wells

were used which are almost entirely distributed in

five of the ten administrative regions (Central,

Greater Accra, Volta, Upper East, and Upper

West), as indicated in Fig. 1. Yields were deter-

mined by airlift methods in all cases and therefore

represent an upper limit which would generally be

higher than the long-term pumping rate. The bore-

hole yields in each of the groundwater potential

score zones were aggregated, and the average val-

ue is plotted (Fig. 11). The positive correlation

confirms that the highest groundwater potential

coincides with areas of higher borehole yields.

Conclusions

This research illustrates the application of remote

sensing and geographic information systems based

modeling for determining the suitability of the

aquifer systems across Ghana to support ground-

water development for agricultural and domestic

purposes. The process involved (a) identifying and

developing harmonized spatial data layers of im-

portance, (b) providing weightages to themes and

classes within each data theme based on thematic

unit properties, (c) developing spatial models, and

(d) running spatial models using spatial data and

their weightages to arrive at groundwater potential

zones. This leads to the determination of five

classes of groundwater potential. Of the total

country area, 2.9 % (689,680 ha) has very good

potential and 21.6 % (5,158,955 ha) has good

potential for groundwater development. The reli-

ability of the model was assessed against 2,650

measured borehole yields.

This showed that 24.5 % of the total geographic

area has very good to good groundwater potential, and

it is in these areas where groundwater development

should first be focused. Less than 1 % of total geo-

graphical area is estimated to be currently irrigated

(FAO 2005; GIDA 2001; Thenkabail et al. 2000),

showing that if groundwater is developed properly,

there is huge potential for increasing the area under

irrigation that would not only contribute to addressing

food security but also offer potential for food exports.

Alluvial deposits (inland valleys) in particular, which

constitute 11 % of the total area of the country and are

only cultivated to a limited degree (Gumma et al.

2009), have notably high development potential.

These results suggest that the high potential

zones will have a key role in future expansion of

Fig. 11 Mean borehole

yields in relation to the

groundwater potential zone

classifications

Table 4 Groundwater potential zones classification across the

study area and their percentage extent

Groundwater potential

class

Total score

(%)

Area (ha) % in total

area

Very good 100–85 689,680 2.9

Good 85–70 5,158,966 21.6

Moderate 70–60 10,898,140 45.6

Poor 60–45 6,487,492 27.1

Very poor ≤45 680,222 2.8
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irrigation development in Ghana. The types of data

used for this study are likely to be widely avail-

able and so the techniques applied are likely to be

applicable to other African countries and regions.

The mapping approach used here can help to pri-

oritize areas and provide support for site-specific

field investigations.
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