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Sammanfattning 
Detta examensarbete har utförts i staden Ocotal och dess närliggande omgivning, i nordvästra 
Nicaragua. Projektet utfördes som ett Minor Field Study (MFS) finansierat av Styrelsen för 
Internationellt Utvecklingssamarbete (SIDA), genom det Internationella Programkontoret.  
 
I norra Nicaragua har vattenförsörjning blivit ett påtagligt problem. Detta p.g.a. bristen på 
grundvatten och det ofta förorenade ytvattnet. Därför finns det ett stort intresse att kartlägga 
den geohydrologiska situationen samt lokalisera grundvatten i området. Detta projekt är en 
fortsättning på Sequeira och Mendozas (2003) arbete, där den västra delen av staden 
undersöktes m h a resistivitetsmetoder. Mätningarna har intensifierats i denna undersökning 
för att täcka det 7,5 km2 området bättre. I denna geofysiska undersökning uppmättes 14 
pseudosektioner, även här med resistivitetsmetoder, alla mellan 400 och 2200 meter långa. 
 
Tolkningen av våra resistivitetsmodeller skapade från inversion av mätdata har tillsammans 
med redan existerande geologiska och geohydrologiska data resulterat i följande slutsatser. 
Den mest gynnsamma platsen för att borra efter en akvifer, där grundvattnet ligger nära 
markytan, är lokaliserad i mätområdets nord-östra del. Minst gynnsamma platsen ligger i 
mätområdets nord-västra del. Mittregionen på området anses vara måttligt gynnsam. Data från 
lokala brunnar i området, där djupet ner till grundvattenytan är mätt, stöder denna tolkning. 
Även vertikala strukturer var av intresse då dessa kan vara tänkbara förkastningar och/eller 
krosszoner och således möjliga vattenförande formationer. I syd-västra delen av mätområdet 
återfinns tecken på vertikala strukturer i flera av profilerna. Även i andra profiler påträffades 
vertikala strukturer som kan vara av värde i framtida undersökningar. 
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Abstract 
This Master of Science (MSc) thesis has been carried out in the city of Ocotal and its 
surrounding in north-western Nicaragua. The thesis was performed as a Minor Field Study 
(MFS) financed by the Swedish International Development and Cooperation Agency (SIDA), 
through the “Internationella Programkontoret”.  
 
In the northern part of Nicaragua water supply management has become a big problem, since 
groundwater supply is scarce and surface water is often contaminated by human activities. 
The need to map the geohydrological situation and find groundwater in the surrounding area 
of Ocotal is therefore urgent. This project was a continuation of the work done by Sequeira 
and Mendoza (2003), where the western part of the city was examined with resistivity 
methods. The measurements have been intensified in this project to better cover the 7,5 km2 
survey area. The geophysical investigation included 14 Continues Vertical Electrical 
Sounding (CVES) measurements, resulting in profiles between 400 and 2200 meters in 
length.  
 
Interpretation of our models of resistivity distribution obtained from inversion of the collected 
data together with already existing geological and geohydrological data has resulted in the 
following conclusions. The most favourable spots to drill for an aquifer can be found in the 
north-eastern corner of the investigation area, where water may be expected at low depths. 
Less favourable places are in the north-western corner and moderately favourable is the area 
in the middle of the survey area. Data from wells in the area, where the distance down to the 
groundwater table have been measured, supports our interpretation. In the south-western 
corner of the survey area vertical structures are observable in some of the profiles. This is 
interpreted as a possible fault or/and fracture zone which may be potential water bearing 
formations. In other profiles there were also vertical structures that might be of interest for 
additional studies. 
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Resumen 
Este trabajo se ha llevado acabo  al nor. este de Nicaragua, en una ciudad llamada Ocotal y a 
los alrededores de ella. El proyecto se realizó como un Minor Field Study (MFS) financiado 
por el directorio de Cooperación Internacional para el Desarrollo (SIDA). 
 
En el norte de Nicaragua el mantenimiento del agua ha sido un problema palpable. El motivo 
es la escasez  de las aguas subterráneas y la contaminación de las superficie del agua. 
Justamente por esta misma razón hay un gran interés en levantar un mapa sobre la situación 
hidrología y localizar el área de las aguas subterráneas, cabe decir que esta es una 
continuación del proyecto de Sequeira y Mendoza (2003), por lo cual se investigó en el lado 
oeste de la ciudad con métodos de Sondeos Eléctricos Verticales (VES) y Sondeos Eléctricos 
Verticales Continuos (SEVC). En esta investigación, las medidas se han hecho mas intensas 
para cubrir mejor el área de 7,5 km2. En esta investigación geofísica se midió 14 prefils, 
también aquí con SEVC, todo estas entre 400 a 2200 metros. 
 
La interpretación de nuestros modelos junto a los existentes datos de geología y hidrología 
han resultado en lo siguiente. El sitio mas propicio para taladrar ,en busca de de acuífero está 
situado en la parte nor. este, donde las aguas subterráneas se encuentran cerca de la superficie 
de la tierra. El Sitio menos propicio está ubicado en la parte noreste del area media. 
Se cree q el sitio moderadamente propicio se encuentra en la región media. Hay datos de parte 
de los pozos locales, donde se midió hasta la profundidad de la superficie de las aguas 
subterráneas, que apoyan dicha interpretación. Las estructuras verticales fueron de interés ya 
que estas también pueden ser fallas concedibles y/o lineamientos por lo tanto posibles 
formaciones con agua. En la parte del oeste del sur del territorio medido hay muchos perfiles 
de las estructuras verticales, que indican unas fallas concedibles. En otros perfiles también se 
halló estructuras que pueden tener valor para futuras investigaciones.    
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1 Introduction 

1.1 Background 
Nicaragua is rather rich in water resources; however the resources are unevenly distributed 
through the country. The northwestern part is becoming scarcer in water resources and the 
resources are also heavily affected by human activities, like farming, deforestation etc. In 
1998 when Hurricane Mitch struck Central America the cities of Esteli, Matagalpa and Ocotal 
were heavily affected, which resulted in different projects trying to develop a better working 
water resource management in Nicaragua and especially in the cities affected.  
 
In collaboration with the University of Managua (UNAN) and the Geoscientific Research 
Center (CIGEO) this Minor Field Study was performed during the summer of 2004,  
funded by SIDA, the Swedish International Development Cooperation Agency.  
 
This project is a continuation of the work performed by Lener Sequeira et al, UNAN-CIGEO 
in 2003, where the groundwater reserve in the city of Ocotal was mapped and evaluated. That 
Geophysical survey included twenty-four VES measurement and three CVES measurements. 
Two favorable locations for finding aquifers in the area were presented in north-west as well 
as mid-west of the city. In this project the CVES measurements have been intensified in hope 
to cover the area better.  
 

1.2 Aim 
The objective of this study was to use geophysical methods and already existing geological- 
geophysical- and hydrological data to find and locate with highest precision groundwater or 
geological formations that could be related to groundwater bodies near and around the city of 
Ocotal. By determining the most favorable locations for drilling or recommending further 
studies the access to water in the region could be improved. 
 

1.3 Delimitation 
A number of different limitations have constrained the fieldwork of this project. Because of 
the time limits and the budget constraints the only method used in this study was resistivity 
methods.  
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2 Area Description 

2.1 Nicaragua 

2.1.1 Geography  
Nicaragua is located in the middle of Central America between 83° 15’ and 87° 40’ degrees 
longitude and 10° 45’ and 15° 05’ degrees latitude. Nicaragua is the largest country in Central 
America with an area of 130 000 km2, which corresponds to approximately a third of Sweden. 
The country border to Costa Rica to the south, Honduras to the north, the Pacific Ocean to the 
west and the Atlantic Ocean to the east. The country can be divided into three regions: The 
Pacific lowlands, The Central Region and The Atlantic Lowlands. The Pacific Lowlands are 
where most of the population is situated. This region is characterized by fertile soils and a 
well developed infrastructure. This area also contains two large lakes, Lake Managua and 
Lake Nicaragua and approximately 40 volcanoes. The Central Region has a more rough 
terrain and is generally cooler than the rest of the country. Coffee is grown in this region. The 
Atlantic Lowlands are rich in natural resources and have tropical forest. This is a more 
inaccessible part of the country and less populated. The capital city is Managua with 1,1 
million residents (Johansson, 2002). 
 

 
Figure 2-1. Map over Nicaragua. 

2.1.2 People 
Nicaragua has a population of 5,2 million. The western part has Spanish as first language and 
is predominantly inhabited by mestizos (persons with mixed Spanish and Native Latin 
American heritage). The Caribbean coast is mainly populated by people, who originate from 
the slaves that the English gathered from West India in the 17th and 18th century and their frist 
language is English. The majority of the Nicaraguans are catholic (Johansson, 2002).  
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2.1.3 History 
When the Spaniards arrived in the 16th century Nicaragua was inhabited by different Native 
Latin American tribes. The name Nicaragua is said to be inherited from an Indian ruler named 
Nicarao or Nicaragua. Since the region did not possess great gold or silver assets it soon 
became a poor and neglected part of the Spanish empire. In the western part of the country, 
the natives that survived the battles against the Spaniards and the encounter with western 
diseases were forced to produce coffee and raise cattle.  The eastern part on the other hand 
was a lot more inaccessible, and the natives were left alone there till English pirates and 
businessmen in the 17th century succeeded to confront them. The Spanish part of Nicaragua 
was part of the big Spanish colony Guatemala. When Mexico broke free in 1821 the other 
Central American countries followed and 1838 Nicaragua became an independent republic. 
The 19th century was characterized by a power struggle between the prominent families of 
León (liberals) and Granada (conservatives). A North American mercenary with the name of 
William Walker was hired by the liberals and succeeded to gain power for a while. He 
legalized slavery and introduces English as first language. This was too much for the two 
parties who agreed to remove him, which was the case in 1857. The conservatives gained 
power after this and kept it till late 19th century when the liberals overtook power lead by José 
Santos Zelaya who became the country’s dictator. The east coast was now incorporated to the 
rest of the country, but in reality, American companies held power over that region and 
exploited the natural resources there. In 1909, Nicaragua was close to financial disaster. USA 
saw the opportunity and intervened with military forces to put a more USA-friendly, 
conservative government in power. A couple of revolts were made during the 1920’s but were 
struck back. However one of the generals in the liberal party, Augusto César Sandino 
continued the struggle from the northern part of the country but was murdered by another 
leader among the liberals, Anastasio Somoza. Somoza seized power through a coup d'état in 
1936. Although he was murdered by a Sandino supporter, the power stayed in the family until 
1979. In this time period the Somoza family embezzled a great deal of money. When a 
devastating earthquake struck Managua in 1972 and killed more than 10 000 people, 
subsidiaries from abroad was put directly in the pockets of Anastasio Somoza. People were 
agitated and many joined the Marxistic party, Sandinist front for national liberation (FSLN). 
Eventually in 1979 after several battles the Sandinists seized power and carried out several 
reforms concerning healthcare, education and distribution of land. When Ronald Reagan 
became President of USA in 1981 the relationship worsened substantially, since the USA was 
frightened that through Nicaragua, communism would spread to the rest of Central America. 
Somoza supporters established a gerilla army, contras, which was supported by the USA. The 
following years were worrying times. In 1984, the first democratic election ever in Nicaragua 
was held and the Sandinist party won and Daniel Ortega became president. In 1988, contras 
and the sandinist party signed a treaty of seize fire and in the election of 1990 the Sandinists 
lost power to National Opposition Coalisition  (UNO). The last decade the political situation 
has been up and down with corrupted presidents and a disappointing financial development 
(Johansson, 2002).  
 

2.1.4 Nicaragua Today 
Today Nicaragua is one of the poorest countries in Latin America. Despite an annual 
economic growth of 4,7 % from 1994-2000, Nicaragua is still in a financial crisis. In October 
1998 Hurricane Mitch, aggravated the financial situation even more The country is dependent 
on a few agriculture products that are very sensitive to price changes on the international 
market, eg. coffee, shellfish, meat, sugar and bananas. The most important natural resources 
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are gold, silver and marble. Energy is extracted from volcanoes and hydrogen power has been 
developed since the 1980’s. A third of the country is covered with forest. Close to 50 % of the 
population are unemployed and according to the UN, almost half of the population lives in 
poverty and ca: 20 % in extreme poverty. Children attend classes in average of 4 years, but 
one out of five never starts school at all (Johansson, 2002). 
 

2.1.5 Climate 
The climate is tropical with very small temperature variations during the year. According to 
Fenzl, 1989, Nicaragua can be divided into four climate regions.  
 

• The tropical Savannah dominates the Pacific and the central regions of the country. Its 
main characteristics are two well differentiated seasons. A dry season between 
November and April and a wet season between May and October. The mean 
temperature varies between 21° C in the highlands and 29° C on the pacific coast. 

• The mountainous sub-tropics are found in the northern highlands with a precipitation 
of 1000 mm to 2000 mm, and temperatures between 10° and 20° C. 

• The Monzonic forest climate zone covers 60 % of the country and is located in the 
central part of the country. The region has a short dry season between February and 
April. The annual average precipitation is between 2400 and 4000 mm and the mean 
temperature is 27 degrees. 

• The tropical rain forest is mainly found in the south-eastern part from Bluefields and 
towards the south. Here the climate is uniform with an annual precipitation over 4000 
mm and temperatures between 25° and 29° C. 

 

2.1.6 Geology 
Nicaragua is part of the Caribbean plate, which consists of number of smaller plates and 
blocks. The tectonic history is very complex due to the interaction between the south and 
north American plates. Also, the subduction of the Coco plate below the Caribbean plate, 
which has created both the Nicaraguan depression and the chain of volcanoes, has made the 
geology in this area most complex, see figure 2-2. Within the subduction area, seismic events 
like earthquakes, tsunamis and mass movement related to active faults occur on regular basis 
(Elming et al, 1998). 
 
McBirney and Williams (1965),  have identified the most important features as the Atlantic 
Coastal Plane, the Central American Highlands, the Nicaraguan Depression and the Pacific 
Coastal Plane, see geological map in figure 2-2. 
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Figure 2-2. Geological map over Nicaragua (Elming et al, 1998). 

 
The Nicaraguan Depression is characterized by chains of active volcanoes, earthquakes and 
still active fracture tectonics. The depression reaches from the Gulf of Fonseca into the 
Atlantic Coastal Plane of Costa Rica, which is a distance of 500 km in NW-SE direction and 
it is approximately 50 km wide. The floor of the depression is about 35 to 50 m over sea level 
and it is partly covered by lakes (Weyl, 1980).  
 
East of the depression, in the Central American Highlands, the geology is dominated by 
tertiary volcanic rocks, which extends in the direction of NW-SE through the country. In the 
north, these volcanic rocks are superimposed on metamorphosed Paleozoic and Mesozoic 
rock formations. The volcanic rocks can be divided into a Coyol and a Matagalpa group. The 
Matagalpa group consists mainly of pyroclastic flows and the Coyol group consists of lavas, 
breccias, lahars and locally of pyroclastic rocks (Ehrenborg, 1996). 
 
The Pacific Coastal plane is predominately of sedimentary origin, i.e. tuffaceous shale, 
siltstone, greywacke, sandstone and limestone (Parsons Corporation Report, 1972). The oldest 
rock formations are found in the Rivas Formation (upper cretaceous) while the youngest, such 
as El Fraile and Tamarindo (Miocene) are located up in the north (Corriols, 2003). 
 
The Atlantic coastal plane is characterized by flat low lands with swamps and small lagoons 
covered by deposits of gravel and sands. The Atlantic coast is covered by sediments from the 
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Miocene-Plestosene covering partially the underlying Tertiary volcanic and sedimentary 
formations of the Cretaceous and Tertiary periods (Corriols, 2003). 

2.1.7 Environment 
Nicaragua suffers like their neighboring countries from many different environmental 
concerns. The most evident problems are related with the improper use of land. Forests are 
cleared to make room for ranches and farmlands, which leads to erosion and disappearance of 
animal- and plant species. The usage of pesticides has lead to contaminated water tables 
(Zingareli, 2001).  

2.2 Ocotal 

2.2.1 Geography  
The city of Ocotal is the capital of Nueva Segovia department and is located in the north-
western part of Nicaragua, 226 km from Managua, close to the border of Honduras, see figure 
2-3. Since the city sites the base of the Sierra de Dipilto, Nicaragua’s highest mountain range, 
the landscape is very hilly. Ocotal has a population of 32 000 residents. 
 

 
Figure 2-3. Map over Ocotal. 

   

2.2.2 Geology 
Regional 
The rocks in the region of the field work include the following according to Sequeira et al, 
2003: 
 
Pre-Mesozoic metamorphic rocks in the department of Nueva Segovia are the oldest 
occurring rocks in Nicaragua and originate from the Palaeozoic time. This complex extend 
from the north-eastern Nicaragua and forms an 140 km long arrow in the direction east to 
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west. The width is up to 50 km at the most. The arc intercepts with the Batholite of dipilto 
belonging to the southern part of the massive Palaeozoic of Central America, which is part of 
the Chortis Block. The metamorphic rocks can be found almost through out the whole 
department of Nueva Segovia.   
 
Mesozoic intrusive rocks, more known as Batholite of Dipilto are found in the boundary of the 
study area. This Baholite is ca 70 km long and 15 km wide trending in the direction east to 
west and extends to the Honduran territory intercepting the Premesozoic Metamorphic rocks. 
These rocks are in general Granites, Tonalities, Granodiorites, Diorites and Pegmatites. 
 
Tertiary sedimentary rocks (the Totogalpa formation) is a strip of rocks that extends in south-
east to north-west and lies over the Metamorphic rocks of Segovias with a thickness of up to 
300 m. These sedimentary rocks are shaped agglomerate with a brown-red colour. This 
conglomerate constitutes from quarts, granite, sandstone schist and volcanic rocks that have 
been attached by calc-materials or other oxidizing substances. 
 
Tertiary igneous rocks (extrusives) are deposited in segments on top of the conglomerates of 
Matagalpa Group, and composed of effusive volcanic lava. These rocks are formed by 
andesites and its ash corresponds to breccias and agglomerates. They are known by the name 
of the Matagalpa formation of Oligocene-Miocene age and have a thickness that in some 
places goes up to 700m. 
 
Tertiary igneous rocks (intrusives) intercepts the metamorphic rocks, the Mesozoic intrusive 
and the volcanic rocks in the region. They are found in large quantity in the area. 
 
Local 
In general, the study area is covered by sand. In some places bare rock can be found, 
predominately schists, but also some marble. The surrounding area is covered by alluvial 
deposits and quarternary residuals. Within the city limits and the surrounding area the 
dominating rocks are as figure 2-4 implies meta volcanic rocks (Pev), green schist (Pespv); 
Deposits of alluvial and/or residuals (Qal) and red conglomerate (Tmit) belonging to Tertiary 
sedimentary rock units (Sequeira et al, 2003). 
 
Ocotal and its surrounding is cut by faults and/or lineaments, see fig 2-4, which in most cases 
trend in the direction NE-SW. One of these lineaments crosses the rivers of Quebranadero, 
Dipilto and Mosonte and the other crosses the river, Rio Coco (Sequeira et al, 2003). 
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Figure 2-4. Local Geology. after Sequeira et al, (2003).  

 
The approximate survey area has been marked out in the local geology map (figure 2-4). One 
drilled well has been made to determine the local geology in the city and its surrounding, at 
the coordinates 556300, 1506500, see figure 2-4. Table 2.1 summarizes the information 
gathered. 
 
Table 2-1. Drilled well with geology information (Sequeira et al, 2003). 
Depth (m) Classification       Precise Rough

4.6 Tobacco brown soft sand Hard brown sand
9.1 Medium hard sand
13.7 Sand originating from volcanic ash 
18.3 Hard muddy brown sand Dark clay with gravel
20 Groundwater table

22.9 Compact clay
27.4 Compact sandy clay Black clay schist
32 Black clay 1

36.8 Black clay 2  
 

Survey area 
Geological information

Pev = Meta volcanic rocks.  
 
Pespv = Green schist. 
 
Qal = Deposits of alluvial 
and/or residuals.  
 
Tmit = Red conglomerate.  
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2.2.3 Climate and Hydrology 
The city of Ocotal is located in the hydrological zone, which receives the least amount of 
precipitation in the country. Rainfall fluctuates between 500 to 1000 mm annually (Sequeira 
et al, 2003). 
 
Ocotal is located at the upper reaches of the river Coco’s drainage basin and presents an 
amplified network of drainage determined by the rivers Coco, Dipilto, Mosente, Macuelizo 
and las Quebradas, las Jaguas and el Quebrantadero, see figure 2-5. The rivers transport water 
permanently, except for Las Quebradas that only transports water during rain season. There 
are 6 areas of capitation. The first one is where the water goes directly to Rio Coco or through 
the connecting rivers. The other 5 corresponds to the other rivers. The direction of these rivers 
is predominantly from North to south except for Rio Coco, which has a direction of east to 
west with its outlet in the Atlantic Ocean. The rivers of Dipilto and Mosonte transport 
approximately 4200 and 2100 liters/minute in the summer and 7200 and 3500 liters/minute in 
the winter, respectively. During the field work only Rio Coco showed evidence of water, the 
other rivers were dry.  
 

 
Figure 2-5. Topographic map over Ocotal. 

   

2.2.4 Environment 
The most obvious environmental concerns in Ocotal are related to water quality issues. 
Among other things, cattle are roaming freely in the rivers, runoff from the coffee processing 
flowing directly into the river, lack of use of latrines by seasonal and permanent coffee 
workers and deforestations with the consequence of erosion have a bad influence on the water 
quality (Horsley et al, 2002).  
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Ocotal depends on a central drinking water system that has its intake upstream of the city in 
the Río Dipilto, see figure 2-5. The treatment plant is one of the most modern and advanced in 
Nicaragua with filtration, sedimentation and chlorination facilities. Storms can sometimes 
upset the balance in the treatment system with high loads of bacterias and sediments from 
erosions. In some cases this could jeopardize the drinking water quality. This was the case 
after Hurricane Mitch. All households are not connected to the water plant. Some take their 
water directly from the river and some use wells (Horsley et al, 2002).  
 

2.2.5 Previous Work 
A geophysical survey has already been made in the area, including twenty-four Vertical 
Electrical Soundings (VES) and three Continues Vertical Soundings (CVES). The distribution 
of VES and CVES measurements are as figure 2-6 demonstrates. Also aerial photo 
interpretation was done in the area to understand the main stratigraphic and tectonic features 
and water levels were measured in the local wells (Sequeira et al, 2003).   
 

 
Figure 2-6. Map over survey area (Sequeira et al, 2003). 
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According to Sequeira et al (2003) four layers can be identified in the area from VES 
measurements. Starting from the bottom: layer A has resistivity values less than 20 ohm-m 
and is interpreted as a black clay and schist. This layer is often overlaid by a rather resistive, 
coarse sand, with interlaced brownish lime (layer B), which has resistivities between 20 to 75 
ohm-m. Layer B has a high porosity, which suggests it may function as an aquifer. 
Furthermore the upper most alluvial layers C and D have resistivities between 75 and 150 and 
>150 ohm-m respectively. One fault was identified and was visible in CVES3, see figure 5-
17.  
 
The suggested aquifer (layer B) has a thickness of  approximately 30 m and the mean depth to 
the water table was 10 m. Two favourable locations for drilling was identified in the northern 
part as well as the eastern part of the area (Sequeira et al, 2003). 
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3 Material and Method 

3.1 Basic Concepts in Geohydrology 

3.1.1 Classification of Groundwater 
Subsurface waters are classified into different groups, see figure 3-1, depending on its 
physical occurrence in the soil. Two zones can be broadly identified, which are the saturated 
zone where the pores are completely filled with water and the unsaturated zone where the 
voids contain a mixture of water, moisture and air. The unsaturated zone can be divided into 
three different groups. The soil moisture zone which is essential for plants and differs in 
thickness depending on soil type and climate is the top layer. The movement of water can be 
either upwards or downwards depending on suction or gravity. The intermediate zone is the 
second layer and here water is held due to intermolecular forces against the pull of gravity. 
The capillarity zone is the third layer and is located above the water table and the water here 
is held by the capillarity forces acting against gravity (Sen, 1995). 
 

 
Figure 3-1. Water zones in the lithosphere (Sen, 1995). 

3.1.2 Water-bearing Formations 
The occurrence and movement of groundwater depends on the subsurface characteristics, like 
lithology, texture and structure. The different formations are classified into the following 
types depending on their relative permeability (Singhal and Gupta, 1999). 
 
Aquifer 
An aquifer is a natural formation that contains sufficient amount of water and permeable 
material to yield significant amount of water to wells or springs. Rock formations that serve 
as aquifers are gravel, sand, fractured granite etc. Aquifers can be categorised into confined-, 
unconfined-, perched- and leaky aquifers (Sen, 1995). 
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Aquiclude 
This formation is capable of absorbing water slowly, but not capable of transmitting it fast 
enough to yield enough water to a well. These are confining formations like crystalline rocks, 
clays and shales (Sen, 1995). 
 
Aquitard 
Aquitards have insufficient permeability to act as an aquifer, but can still serve as source or 
interchange between neighbouring aquifers. These are usually of silt or shale (Singhal and 
Gupta, 1999). 

3.1.3 Hydraulic Properties of Rock 
The hydraulic properties of rock are important because they demonstrate the storage and 
transmitting attributes of the aquifer. 
  
Porosity 
Porosity (η) is a measure of voids in the rock formation. It is defined as the ratio between pore 
volume and total volume. Porosity is of two types. Primary porosity is governed from the rock 
formation and secondary porosity is developed through weathering (Sen, 1995). 
 
Hydraulic Conductivity and Permeability 
Hydraulic conductivity (K) is a measure of the ability for a rock formation to transmit water. 
It depends both on the properties of the medium and of the fluid, which makes it rather 
complicated to use. A more rational concept is permeability (k), which does not take the fluids 
properties into consideration (Singhal, Gupta, 1999).  
 
Transmissivity 
This parameter characterizes the ability of the aquifer to transmit water. It is defined as the 
rate of flow of water at unit hydraulic gradient through a cross section of unit width over the 
whole saturated thickness of the aquifer (Sen, 1995). 
 
Storativity 
The ability of an aquifer to store water is called storativity. It is defined as the volume of 
water which a vertical column of the aquifer of unit cross-sectional area releases from storage 
as the average head within this column declines by a unit distance (Singhal, Gupta, 1999).   

3.1.4 Fractures and Discontinuities 
From geohydrological point of view, fractures and discontinuities are two of the most 
important geological structures. Most rocks contain fractures and discontinuities that fluids 
can move through or be trapped by (Singhal and Gupta, 1999). Fractures have developed as a 
result of pressure and temperature differences during or after the formation the rock. Fractures 
are categorised after the relative strength and force involved. If an evident displacement has 
occurred it is a fault. If there is no appreciable displacement it is called a joint and a fissure is 
a fracture whose faces have moved apart (Sen, 1995). 
 

3.2 Geophysical Exploration 
There are several different geophysical methods that can be used during groundwater 
exploration. For estimating physical vertical changes in the ground, e.g. how the weathering 
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zone thickens and where the groundwater table is located, resistivity methods, 
electromagnetic methods and the seismic refraction method are the most appropriate. If the 
goal is to find vertical structures like, fracture zones, Electromagnetic methods, Remote 
Sensing, Resistivity methods may be suitable (Singhal & Gupta, 1999). 

3.3 Basic Idea about Resistivity Surveys 
 
The electrical resistivity in the subsurface varies between different geological materials, as 
shown in figure 3-2. Worth notice is that the resistivity of freshwater varies between 
approximately five to a hundred ohm-m, due to different ion concentrations. Earth bulk 
material consists of a solid phase and a space phase. The most common minerals that form 
soils have very high resistivity in dry condition. The resistivity in the ground is therefore 
mainly depending on if the space phase consists of water and if the water is rich in dissolved 
ions. Even if the porosity is rather low, the effect of water filled pores significantly reduces 
the resistivity. Thus, this means that this method is useful for detecting groundwater tables if a 
distinct groundwater table exist. However, if the content of fine grained material is 
significant, the water content above the groundwater surface held by capillarity forces may be 
enough to dominate the electrical behaviour of the material.  
 

 
Figure 3-2. Typical ranges of electric resistivities of geological materials (Instruction manual ABEM).  

 
The electric current in a short thin, linear conductor of uniform cross-section is given by 
Ohm’s law as  
 

R
dVI −=       (3-1) 

 
Where dV  is the potential difference between the ends of the conductor and R is the resistance 
of the conductor. R is directly proportional to the length dl of the conductor and inversely to 
the cross-section s (m2) so that  
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s
dlR ρ=       (3-2) 

 
Where the constant of proportionality ρ is the resistivity of the material. Notice the difference 
between resistance and resistivity. The resistance is a characteristic of a particular path of an 
electric current whereas resistivity is a physical property of a material. A commonly used term 
is conductivity, which is the inverse of resistivity. The current density (I/s) can be obtained 
from equation 3-1 and 3-2. 
 

dl
dV

s
I

*ρ
−=        (3-3) 

 
Assume that the earth is homogenous and isotropic and having a resistivity ρ, then the current 
density from one electrode can be rewritten from equation 3-3 to  
 

22
*
r
drIdV

π
ρ

−=       (3-4) 

 
Where r is the radius of a half sphere. Integrating equation 3-4 with the condition, V=0 at r 
=∞  give  
 

r
I

rV
π
ρ

2
)( =       (3-5) 

 
The equations above are suitable for one current electrodes, but to perform a resistivity 
measuring, normally a known electrical current is injected in the subsurface by two electrodes 
C1 and C2 and the resulting potential distribution on the ground is measured by two other 
electrodes, P1 and P2.  
 

 
Figure 3-3 

The resistivity of the ground is calculated from the potential difference between P1 and P2 
where 
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Thus  
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It follows from equation 3-8 that  
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G is the geometric factor, which depends on the electrode configuration. For example is 
equation 3-9 simplified to 
 

I
aV πρ 2∆

=       (3-11) 

 
in a Wenner array where a is the space between the nearest electrodes 
(C1P1=PlP2=P2C2)=a. As the geological materials very rarely are homogenous, the value 
obtained from equation (3-9) is called the apparent resistivity ρa. To estimate the real 
resistivity in the ground, an inversion of the measured apparent resistivity values is made 
(Parasnis, 1986).   
 

3.3.1 One, two and three Dimensional Investigations 
The penetration depth in the ground depends on the distance between the electrodes, large 
distance result in large depth. It is possible to measure how the resistivity change with the 
depth in the subsurface if the equipment is located on a fixed place and only the electrodes are 
moved. If the distances between the electrodes are kept fixed and the equipment is moved in 
horizontal direction a resistivity mapping is obtained. If the methods above are combined, a 
two-dimensional (2-D) model where the resistivity changes in both vertical and horizontal 
direction is created. Nowadays even three-dimensional (3-D) models are created which 
involves a huge number of measurements. The 3-D method is rather expensive and is more 
suitable for example gold prospecting, archeological surveys and monitoring sludge or waste 
deposits than for water prospecting (Loke, 1999). 
 

3.3.2 Different Arrays 
There are several different electrode configurations that can be used in resistivity surveys. 
They have all their advantages and disadvantages. The most common configurations in 2-D 
sounding are Wenner, dipole-dipole, Wenner-Schlumberger, pole-pole and pole-dipol (Loke, 
1999). It can basically be said that the highest sensitivity can be obtained closest to the 
electrode and that the data here will contain less noise. Noise is data points, where one or a 
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few points show abnormal values compared to neighbouring data points (Kamhaeng, 2001). 
The disadvantage with arrays with small space between the electrodes is that the penetration 
depth is small. The choice of array is depending on the sensitivity of the resistivity meter, the 
background noise level, the manpower and the type of structure that will be mapped 
(Kamhaeng, 2001). 
 
Wenner Array 
In wenner array, the distances between the electrodes C1-P1 equals the distance P1-P2, which 
is the same as the distance P2-C2. The penetration depth is nearly half the distance between 
P1-P2 which means that the penetration depth is approx. 60 meter if 400 meters cable is used.  
Because of the fact that the potential differences normally is largest close to the electrode this 
array is good to detect vertical changes, like in sediment layer, but poor in detecting 
horizontal changes (Kamhaeng, 2001). It is also a good array if the background noise level is 
high, but poor if the goal is to measure deep in the ground. Other disadvantage with this array 
is the relative poor horizontal coverage as the electrode spacing is increased (Loke, 1999). 
 
 

 
Figure 3-4. Wenner array. 

 
Dipole-Dipole Array 
In this array, the space between the electrode pair C1-C2 is equal to the distance between the 
potential electrodes P1-P2. The distance between the electrode pairs and the potential pairs is 
increased to measure deeper in the ground. Possible disadvantages with this configuration are 
that it is rather sensitive to noise, the resistivity meter should have high sensitivity and it has 
to be good a contact between the ground and the electrodes. Dipole-dipole soundings are 
unlike Wenner sounding good in mapping horisontal changing such at dykes but less suitable 
for mapping vertical changes. In comparison to Wenner array dipole-dipole array gives a 
shallower depth of penetration, but a wider horizontal coverage (Kamhaeng, 2001).  
 
 

 
Figure 3-5. Dipole-dipole array. 

 
Wenner-Schlumberger Array 
Schlumberger is one of the most commonly used arrays for classical one-dimensional 
sounding. Wenner-Schlumberger is as the name implies a combination of Wenner and 
Schlumberger arrays. When n is equal to one this array is exactly the same as an ordinary 
Wenner array. This method is not as good as the Dipole-Dipole array to detect horizontal 
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changes like dykes and not as good as Wenner array to detect vertical changes like sediment 
layers, but is a good compromise for identifying both horizontal and vertical structures in the 
ground. The signal strength is higher than for the Dipole-Dipole array, but weaker than for the 
Wenner array, which can be a disadvantage if the surface is dry, and poor contact between the 
ground and the electrodes can be expected (Loke, 1999). 
 
 

 
Figure 3-6. Wenner-Schlumberger array. 

 
Pole-Pole Array 
This array is not as commonly used as the Wenner, the dipole-dipole or the Schlumberger 
array. In practice the real pole-pole array with only one potential electrode P1 and one current 
electrode C1, does not exist (Loke, 1999). When a measurement is performed, two electrodes, 
one current electrode C2, and one potential electrode P2 are placed at a large distance from 
the electrodes, C1 and P1 (fig. 3-7). If the error from C2 and P2 should be less than 5 percent, 
the distance between C2 and C1 have to be at least 20 times greater than the distance between 
C1 and P1, which means that it can be a problem to find good locations for C2 and P2. The 
telluric noise is another disadvantages, which depends on the large distance between the 
potential electrodes P1 and P2. To avoid the problem above a pole-pole array is mainly used 
for investigations close to the surface such as in archaeological investigations (Loke, 1999). 
 
 
 

 
Figure 3-7. Pole-pole array. 

 
Pole-Dipole Array 
This array is a combination of the Pole-pole array and the Dipole-dipole array. The array has a 
good horizontal coverage and higher signal strength than the dipole-dipole array and it is less 
sensitive to telluric noise than the pole-pole array. However the Wenner and Wenner-
Schlumberger array have better signal strength, but the pole-dipole array should be better if 
the purpose is to find vertical structures like dikes.  The array contains of two potential 
electrodes and two current electrodes. One of the electrodes is placed at a significant distance 
from the others electrodes. If the distance of the C2 electrode is more than five times the 
largest C1-P1 distance the error caused by neglecting the effect of C2 is less than five percent. 
(Loke, 1999). 
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Figure 3-8. Pole-Dipole array. 

3.3.3 Lund Imaging System 
The Lund Imaging System is a multi electrode system used for 2- and 3-dimensional 
resistivity surveys. The equipment consists of an electrode selector, which is a multi-channel 
relay matrix switch, which connects directly to the terrameter. The terrameter sends signals to 
the electrode selector for which electrodes to use in the current measurement and then 
measure the apparent resistivities. Furthermore, cables, cable joints and stainless steel 
electrodes are included in the equipment, see figure 3-9. The maximum length of the system is 
400 m, with an electrode interval of 5 m. The roll-along method can extend the profile length 
to infinity by moving the first cable to the last position after each measurement like figure 3-
10 demonstrates. The Lund Imaging System supports the most common electrode 
configurations (manual sas4000).  
 

 
Figure 3-9. Lund imaging system (Instruction manual ABEM). 
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Figure 3-10. Roll-along method (Instruction manual ABEM). 

  

3.4 Other Geophysical methods 

3.4.1 Remote Sensing 
According to Lillesand and Kiefer (2000) Remote Sensing is the science of obtaining 
information about an object area, or phenomenon through the analysis of data acquired by a 
device that is not in contact with the object, area, or phenomenon under investigation. The 
main reason for using remote sensing in ground water exploration is cost effectiveness of well 
site selection. Together with geophysical methods costs can be reduced considerably (Taylor 
et al, 1999).  
 
Fundamental Principle 
Visible light is one of many forms of electromagnetic energy. Electromagnetic (EM) radiation 
consists of a wide range of different wavelengths with overlapping boundaries. When the 
electromagnetic energy reaches the earth’s surface, objects depending on their physical 
properties will reflect, absorb and transmit energy differently. Within the visible spectrum 
these variation results in different colours within different objects. The reflectance 
characteristics of earth surface features can be quantified by measuring the portion of incident 
energy that is reflected. This is measured as a function of wavelength and is called spectral 
reflectance. This can be graphed into a spectral reflectance curve and has a strong influence of 
choice of wave length regions, when data are acquired for a particular reason of investigation. 
Using information from one or more wavelength ranges it is possible to determine different 
types of ground objects (e.g. water, dry soil, wet soil, vegetation) (Lillesand and Kiefer, 
2000).See figure 3-11.  
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Figure 3-11. Spectral response curves of selected objects (Singhal and Gupta, 1999). 

 
Interpretation of Remote Sensing Data and Digital Image Processing 
The different spectral bands can be divided into seven different groups with different 
applications and are summarized in table 3-1. It is important to verify the remote sensing data 
with actual ground truth in order to have a reference (Singhal and Gupta, 1999)  
 

Table 3-1. Different spectral bands and their application (Lillestrand and Kiefer. 2000). 

Band
Wavelength 

(µm)

Nominal 
Spectral 
Location Pricipal Application

1 0,45-0,52 Blue Designed for water body penetration, making it useful for coastal water mapping. 
Also useful for soil/vegetation discrimination and foorest type mapping

2 0,52-0,60 Green Designed to measure green reflectance peak for vegetation discrimination.
3 0,63-0,69 Red Designed to sense in a chlorophyll absorption region, helping in plant species differentiation
4 0,76-0,90 Near IR Useful to determine vegetation types and discriminate soil moisture
5 1,55-1,75 Mid IR Useful to determine vegetaion and soil moisture and also differentiate clouds from snow

6 10,4-12,5 Thermal IR Useful in vegetation stress analys, soil moisture discrimination and thermal application.
7 2,08-2,35 Mid IR Useful for discriminating mineral and rock types aslo sensitive to vegetaion moisture content.

 
False colour composite (FCC) is a widely used technique to combine different bands to make 
certain features more apparent. The colours do not correspond to the colours produced by the 
earth surface (Drury, 1993).   
 
Groundwater Resource Applications 
Groundwater can be located indirectly through remote sensing data. Since EM radiation only 
penetrates a few millimetres into the ground in the visible region and a few meters in the 
microwave region, indicators on the surface like different geological, hydrological, vegetation  
phenomenon can help locate and approximate the quantity of groundwater (Lillesand and 
Kiefer, 2000). The different types of groundwater indicators can be divided into two different 
groups (1) direct indicators and (2) indirect indicators. The direct indicators are directly 
related to groundwater establishments, i.e. recharge zones, discharge zones, soil moisture and 
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vegetation. Indirect indicators could be different rock and soil types, structures including 
fracture zones, landforms, and drainage characteristics.  
 
Features Associated with Recharge/Discharge Zones 
Surface water bodies like lakes, ponds, rivers, creeks etc. are indicators of recharge/discharge 
zones. Near-infrared, thermal infrared and microwave are highly sensitive to surface moisture. 
Since discharge zones have shallow water-tables and lower reflectance than the recharge 
zones, discharge- and recharge zones can be separated. Even the shapes of the water body can 
determine whether it is a recharge or a discharge zone. Depending on if a river gets thinner or 
thicker down stream, it is evidently loosing or getting richer in water and can therefore be 
classified as either recharge or discharge area. Other indications on discharge areas are due to 
the surface moisture a divergence in vegetation and temperature (Singhal and Gupta, 1999). 
 
Soil Moisture 
The intensity of soil moisture can easily be detected through out the EM spectrum. On the 
panchromatic band high moisture content shows as darker photo-tones. Moisture can also be 
easily detected in the NIR and the thermal-IR where wet areas appear cooler because of the 
evaporation, i.e. darker, than the dryer parts (Singhal and Gupta, 1999). Except for moisture, 
there are two other factors that can reduce soil reflectance, i.e. surface roughness and organic 
matter (Lillesand and Kiefer, 2000). 
 
Vegetation 
Vegetation can be a direct indication of groundwater. Lush vegetation associated with 
lineaments could be a sign on possible bedrock fractures, with higher porosity and 
permeability that allows for root systems easier to develop and water to be stored. Some 
vegetation is better indicators than others. Plants which are used for agriculture purposes 
could be irrigated and are therefore bad indicators (Taylor et all, 1999). In general 
phreatophytic vegetation refer to shallow water-table whereas xerophytic plants would 
indicate dry arid conditions (Singhal and Gupta, 1999). Vegetation strongly absorbs energy in 
the wavelength bands 0,45-0,67 µm, which is the chlorophyll absorption bands. What our 
eyes consider as healthy vegetation is a strong green colour, which means a strong absorbance 
of blue and red and a high reflectance of green. If a plant is exposed to some kind of stress 
that interrupts its natural growth and productivity, which results in a decrease in chlorophyll 
production the plant turn yellow (Lillesand and Kiefer, 2000). 
 
Lineaments Including Joints and Fractures 
A lineament is a linear feature whose parts are aligned rectilinear or in a slightly curvilinear 
relationship, which differs a lot with neighbouring features and most probably reflects a 
subsurface phenomenon (Singhal and Gupta, 1999). The common assumption in lineament 
mapping is that these features are closely related to fractured zones. Lineaments studies have 
been one of the most important and most common approaches in groundwater explorations in 
hard rock terrain. It has been shown that wells located on or close to fractured zones are often 
more productive than wells that are positioned farther away from the fracture zone. 
Lineaments are often visual on remote sensing data as topographic, drainage, vegetation, or 
soil tonal anomalies (Sander et al, 1997). Determining the hydrological significance of 
different fractures is very difficult. The most common criteria are lineaments association with 
prominent vegetation, straight segments of drainage and topographic relief. Other criterias are 
length, width, continuity along strikes and parallelism with other lineaments (Sander et al, 
1997). Since faults usually have the same direction, an important criterion to determine the 
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significance of the lineament is to look if the direction of the lineament is the same as known 
fracture/fault zones (Drury, 1993).To determine the statistical distribution of lineaments the 
most common approach are to (1) count the number of lineaments per unit area, (2) measuring 
the total length of lineaments in unit area or (3) count the number of lineament intersection in 
unit area. The last method is most common. The intersections are usually plotted as points. A 
high density of points corresponds to a more fractured zone (Singhal and Gupta, 1999).  

 

3.4.2 Electromagnetic Methods 
 
Electromagnetic methods can be practical in groundwater exploration. One big advantage 
with the method is that it does not need direct contact with the ground which eliminates 
problems associated with rocky surface or bad contact due to dry conditions. If there is an 
electric conductor body in the ground and an alternating magnetic flux in the surrounding, it 
produces a current in the body, which will produce a secondary magnetic flux in the opposite 
direction of the primary field (Parasnis, 1986). 
 
Powerful radio transmitters set up for the purpose of military communications with 
submarines create such magnetic flux. In radio technology, the frequencies are called very 
low frequencies (VLF) since the frequency of ordinary radio programmes is more than ten 
times as high. In long distance from the radio transmitters, the flux will be horizontal and if a 
vertical sheet conductor is located in the subsurface it creates a secondary magnetic field in 
opposite direction to the primary flux. The vertical component compared to the horizontal is 
measured. The vertical field is divided in to a real and imaginary component. Above a vertical 
conducting structure the secondary field will be horizontal and the vertical component is 
therefore zero (Parasnis, 1986). 
 

 
Figur 3-12. Scematic representation of VLF-measuring across a vertical conductor body (Elming). 
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The electromagnetic data can be collected from airplanes or helicopters which mean that big 
area can be investigated really fast and at a low cost.  
 
In areas with shallow depth to the bedrock, fracture zones which are often vertical or slightly 
dipping, conducting sheets are most often the target in water prospecting (Singhal and Gupta, 
1999)  
 

3.4.3 Seismic Methods 
Different geological medium give different velocity for seismic waves. If the seismic waves 
cross the border between two different medium the waves are refracted. To use this method a 
blast is introduced in the ground, most often with dynamite but during good condition even a 
sledgehammer can be used. There are several types of seismic waves, the most important are 
the S-wave, the P-wave and surface waves. If a P-wave hits a body with a different seismic 
velocity it will reflect both an S-wave and a P-wave. The velocity of the P-wave is faster in 
water saturated soils than dry soils. If the P-wave hits another body with a greater seismic 
velocity and with a special critical angle, the refracted wave will follow the border between 
the bodies for a while and then return to the surface. If a number of geophones are placed 
along a straight line from the blast, the nearest geophones are first striked by the direct wave 
and from the blast the geophones further away is striked by the wave that are following the 
border between the layers.    
 

 
Figur 3-13. Direct, reflected and refracted waves in a seismic survey (Singhal and Gupta, 1999). 

 
In water prospecting, the seismic method can be useful both to identify the groundwater table 
in sedimental areas and to identify eventually water carrying fracture zones in hard rocks 
(Singhal and Gupta, 1999). 
 

3.4.4 Ground Penetrating Radar 
The Ground Penetrating Radar (GPR) emits short pulses into the ground from a transmitting 
antenna and another antenna sense the backscattered radiations. The reflected signal is 
dependent upon the inhomogeneities in electrical properties in the subsurface, such as water 
content etc. The GPR decide the travel time for the signal to pass through the subsurface, 
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reflect the inhomogeneity and return to the surface. The GPR system is used in profiles across 
an area, moving the equipment at an average speed of 3-5 km per hour. GPR is an excellent 
tool for mapping fractures or fracture zones with high resolution in absence of overburden 
(Singhal and Gupta, 1999). 

3.5 Global Positioning System (GPS) 

For deciding the position GPS is a fast and rather exact method. The GPS is developed by the 
US department of defence. The navigation systems consist of 24 satellites, 5 ground stations 
for communication with the satellites and a GPS receiver for telling the satellites their 
position. The ground stations receive data from the satellites, corrects them and then send the 
corrected data back to the satellites. Every satellite is continuously sending signals on two 
different frequencies. Civilian GPS use only one of the frequency 1575,47 MHz in the UHF 
band. The signal can travel through clouds, glass and plastic, but will not travel thought solid 
object such as buildings and mountains. The GPS receiver has to know where the satellites are 
located and the distance to the satellites. The satellites are continuously sending out coded 
signals, which are telling the GPS the exact position of the satellites. The distance to the 
satellites is calculated from the simple formula, Velocity x Travel time = Distance, where the 
velocity is the same as that of light less any delay because the signal travel through the earth 
atmosphere. The travel time is estimated when a satellite generates a pseudo-random code and 
the GPS is generating the same code and tries to match it with the satellite code. The receiver 
then compares the two codes to determine how much it needs to delay its code to match the 
satellite code. The GPS clock does not keep the time as precise as the expensive satellite 
clock. For this reason, each distance measurement needs to be corrected to account for the 
GPS receiver’s internal clock error. To correct this error, the GPS need to have contact with at 
least four satellites. It can be enough with three satellites during positioning, but the error will 
be greater.   
 

3.5.1 Sources of Errors 
• Ionosphere and troposphere delay- The signal slows as it travel through the 

atmosphere. The model uses an average delay but not an exact delay.  
• Signal multi-path- Occurs when the signal is reflected of objects, such as tall 

buildings and not going direct to the GPS. This increases the travel time of the signal. 
• Receiver clock errors- The clocks can show different times in the receiver and the 

satellites. 
• Orbital errors- These errors depends on the inaccuracy of the satellites reported 

location. 
• Number of satellites visible- The more satellites the receiver can have contact with, 

the better accuracy.   
• Satellite geometry/shading- Best accuracies are received if the satellites are located 

in a wide angle relative to each other. 
• Intentional degradation of the satellite signal- The U.S. military international 

degradation of the signal is known as “´Selective availability” (SA) and is intended to 
prevent military adversaries from using the highly accurate GPS signals. SA accounts 
for the majority of the error. SA was turned off May 2000 and is currently not active 
(GARMIN corporation, 2000).  
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A Garmin eTrex summit was used during the project in Ocotal. That GPS has a built-in 
altimeter to better measure the altitude than only GPS for satellite navigation. Further more 
the GPS 12 has parallel channel system, which means that the GPS is continuously searching 
12 satellites. Typical measuring accuracies is in the range of 6-12 meters in position and 1-2 
meters in altitude. 
 
The earth is not a perfect sphere. There are several different ellipsoids for describing the earth. 
During the project in Ocotal, North America Datum of 1927 (NAD27) was used. It is a datum 
based on the Clarke ellipsoid of 1866 and the base station is located in Kansas. To define the 
coordinate system, the grid system UTM was used, which divides the world into 60 north and 
south zones, six degrees wide (Towermaps, 2000).  
 
Although altitude data was gathered with a GPS equipped with a barometer, which worked 
horribly. This means that the elevation do not always correlate to the altitude data in maps. 
This has been compensated for, by comparing and adjusting the altitude data to elevations 
maps with 1 m resolution. Still there can be some errors. The relative elevation change within 
a profile should never the less be accurate.  
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4 Prospecting for Water in Ocotal 

4.1 Choice of Geophysical Method 
From the methods described above, only resistivity methods were used for prospecting of 
groundwater in Ocotal. Since remote sensing studies already have been performed over the 
area a new investigation was a waste of time. Electromagnetic methods and especially VLF 
were discussed, but neglected since the data retrieved from such measurement would be 
inadequate because of the poor signal at the survey sight. Ground Penetrating Radar and 
Seismic equipment were not accessible. Resistivity methods, which is one of the most used 
geophysical methods in ground water prospecting was chosen for the study. Since the first 
goal was to determine the ground water level and because of the poor contact between the 
electrodes and the ground and the assumed high background noise, Wenner electrode 
configuration was selected.  
 

4.2 Working Procedure 
Before going to Nicaragua a literature study on resistivity methods was made. The 
measurements were performed from mid May to end of June, 2004, which has its advantages 
and disadvantages. The rain season starts in the beginning of May. The equipment is sensitive 
to both moisture and lighting but on the other hand soil moisture improves the contact 
between electrodes and the ground.  
 
Two workers were hired to carry and put out the equipment on place. Also a car was lent by 
CIGEO together with a driver. Together with the ABEM-4000 equipment, other apparatus 
and gear were used. Radios were important for communications. GPS with barometer was 
used to decide location and elevation and measuring tape was used to give more exact 
locations when profiles were ended one day to be continued the next. A plastic tarpaulin 
protected the computer during rainstorms. Water was used to improve contact between the 
electrodes and the ground, when that was needed. A digital camera was used to describe the 
surrounding environment and geology and notes were taken continuously.  
 
The data collected by the ABEM-4000 was downloaded and processed by a stationary 
computer at UNAN in Managua and later inverted and analyzed in Luleå. A laptop computer 
would be preferable when working in the field. That way no data is lost and data can be 
analyzed directly, which makes it easier to discover mistakes and errors. 
 

4.3 Data Collection 
By requests from CIGEO, the western part of the city was prioritised. The profiles were 
selected by accessibility, which means away from residential areas, close to roads and where 
the terrain was moderate shifting (see figure 4-1). Also, the location and distribution of the 
profiles were selected to cover the whole investigation area. 
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Figure 4-1. Map over the investigation area (ArcGis 8.0). 
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4.4 Data Processing 
Computer softwares used for data processing and their different applications are summarized 
in table 4-1. 
 
Table 4-1. Different softwares used for data processing. 

Name Manufacture Application
SAS4000 software ABEM

Erigraph 2.0 Dahlin

RES2DINV 3.54d GEOTOMO Software

Surfer 7.0 Golden Software

ArcGis 8.0 ESRI Multi functional map software used to create different 
types of maps

Downloading the data files from the terrameter to a 
computer
Converting the files obtained from the SAS4000 to a 
functioning format for the inversion process. Can add 
altitude data. Are also used for presentation purposes.
Inverts the apparent resistivity data to a 2-D resistivity 
model.
Interpolation software used for creating two and three 
dimensional maps.

 
  

4.4.1 Introduction 
Before starting with the inversion process, the data files obtained with the SAS4000 
equipment needs to be converted to the file format *.dat, otherwise RES2DINV can not 
process the data. Altitude data was also integrated in the same file, since the program can take 
elevation data into consideration and therefore make the model more accurate. The conversion 
was made with the software Erigraph (Dahlin, T., 2004), which can also be used for 
presentation purposes, since RES2DINV is inappropriate for that.  
 
From data obtained by the SAS4000 a two-dimensional resistivity model was computed by 
the inversion software RES2DINV, see fig. 4-2. This inversion method tries to create a 
resistivity model of the subsurface that corresponds to the measured apparent resistivity data. 
The model consists of a number of rectangular blocks that are arranged to fit the data points in 
the pseudosection, see fig. 4-3. The depth to the bottom row is set to be roughly equal to the 
corresponding depth of the data points with largest electrode spacing (Loke, M.H.,1999). 

 
Figur 4-2. Sequence of measurements to build up a pseudosection (Loke, 1999). 

 



Tools for Groundwater Prospecting and Geophysical Prospecting for Water in Ocotal, Nicaragua.  
A Minor Field Study 

 
 

30 
 

Nils Perttu & Lennart Wikberg   

 
Figure 4-3. Arrangement of blocks together with the data points in the pseudosection (Loke, 1999). 

 

4.4.2 Theory 
The model parameters are the resistivity values of the model block, while the data is the 
measured apparent resistivity. A forward modelling subroutine is used to calculate the 
apparent resistivity and a non-linear least squares optimisation technique is used to for the 
inversion routine. Except for trying to minimize the difference between the measured and 
calculated values, the program also attempts to reduce certain factors to produce a model that 
lies closer to reality.  
 
The smoothness constrained least squares method is based on the following equation.  
 

uFrgJduFJJ TT −=+ )(     (4-1) 
 
where  F = a smoothing matrix 
 J = the Jacobian matrix of partial derivates 
 r = a vector containing the logarithm of the model resistivity values 
 u = the damping factor 

d = model perturbation vector 
g = the discrepancy vector 

 
The discrepancy vector, g, contains the difference between the calculated and the measured 
apparent resistivity. The size of this vector is expressed in a root-mean squared value (RMS). 
The model perturbation factor, d, is the change in the model resistivity values used in the 
equation above. The damping factor, u, controls the weight of the model smoothness. The 
larger factor, the smoother model, but in the same time the apparent resistivity RMS-error will 
probably raise too. The smoothing matrix, F, can be changed to emphasise either vertical- or 
horizontal structures.  All data points in the equation above are given the same weight. For 
datasets with a few adjacent datum points and with a high discrepancy between their 
resistivity values, a weighting matrix can be used to reduce the effect of those bad points. 
Equation 4-1 also tries to minimize the roughness of the model, i.e. the square of the spatial 
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changes, which provides a model with a smooth variation in resistivity. This method works 
fine in a subsurface where the resistivity changes in a gradual and smooth way. If the sub 
terrain instead consists of homogeneous layers with sharp boundaries, an inversion 
formulation that minimises the absolute change in the model resistivity values can give a far 
better result (Loke, 1999).   

4.4.3 Inversion Procedure 
RES2DINV is a very easy software to use, since it operates in a windows environment and the 
user manual is very instructive and complete. The software uses default parameters that in 
most cases give reasonable result and without changing any parameters the software is almost 
self going. The instruction procedure is mostly taken from Loke M.H., 1999. The RES2DINV 
also gives good examples and proposals on in-data parameters. 
 
The problem is that there are wide range of models that can result in the same measured 
resistivity. To reduce the number of models, some assumptions are made concerning the 
subsurface. In most cases there is some knowledge about the geology in the area. Sometimes 
the subsurface bodies have gradational boundaries, like a pollution plume or a thick 
transitional weathered rock. In some cases the subsurface consists of discrete geological 
bodies that are homogeneous within and have sharp boundaries to the surrounding 
environment, these may be igneous intrusives in sedimentary rock or massive ore bodies. In 
the first case, a conventional smoothness-constrained inversion yields a more realistic model, 
while in the second case a robust model inversion constrain is more suitable. Since most data 
sets are somewhere in between these two extreme cases, it could be a good idea to perform 
inversions with both models. Structures that are shown in both models are probably real. 
Depending on the kind of structures that are of interest the ratio between horizontal and 
vertical flatness filters can be alternated. Horizontal formations could be a groundwater 
surface or sedimentary layers, while vertical structures could be faults or dykes.  
 
Bad quality data sets, e.g. due to noise can be handled in different ways. In the RES2DINV 
software bad data points can be removed manually, when opening the file in the edit-menu. 
These data points are usually quite obvious, but when bad data are more widespread and 
randomly distributed two inversion parameters can be modified. A large damping factor will 
make a smoother model with less structure, but in the same time it will result in a poor 
resolution. Another way to make the model less sensitive to noisy data is to use the robust 
data constrain option. Normally the inversion subroutine attempts to reduce the square of the 
difference between the measured and calculated apparent resistivity values. Data points with 
large difference between measured and calculated values are given greater weight, which 
normally gives acceptable result when the bad data points are random in nature. On the other 
hand, if a few bad data points with very low or high resistivity are gathered together the result 
can be misrepresented. When reducing the effect of bad data points, the robust data constrain 
gives the bad data points the same weight as the other points.  
 
The user can also change the size and distribution of the model blocks. Normally the depth to 
the deepest layer is set to be the same as the largest depth of investigation of the datum points, 
and the number of blocks does not exceed the number of datum points. This usually gives a 
model with thicker blocks at the sides and in the deeper layers. The model blocks only 
roughly follow the datum points. To produce a more firm model with uniform width, the user 
can change the number of blocks to exceed the number of datum points, this will increase the 
processing time but may give a better model. Other useful features are changing the direction 
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on the profiles, to make them all start in the same direction. Running the software in batch-
mode, means that RES2DINV reads in a batch-file including all the profiles together with the 
different parameters. The user does not have to observe or wait till the software finish the first 
inversion to start the next one, since RES2DINV does that automatically. This is a very useful 
feature when managing several profiles and the inversion time takes several hours or days. 
Many other parameters can be altered and the manual for RES2DINV goes through those very 
thoroughly. A low RMS error is essential, but still does not have to be the most accurate 
model from a geological perspective. Generally, the best model is achieved when the RMS 
error is not changing significantly. This usually happens after 3 to 5 iterations (Loke, 
M.H.,1999). Loke, M.H. and Dahlin, T, 2002 have compared the Gauss-Newton and the 
quasi-Newton methods, which recalculates the Jacobian matrix. The quasi-Newton method is 
used to reduce computer processing time. The Gauss-Newton method is preferably in areas 
with large resistivity contrasts but the use of a mixture of the both methods usually give a 
satisfactory compromise between speed and accuracy.      

4.4.4 Choice of Inversion Parameters 
The geology of the survey location had no sharp boundaries between the different geological 
features and the subsurface consisted mostly of a thick transitional weathered rock. Therefore 
a conventional smoothness constrain inversion was selected. The Gauss-Newton method was 
used and most of the different parameters were set to default.  

4.5 Interpolation of Data 
The inverted data from the profiles gives two-dimensional models (length and depth of the 
profiles). From those models, resistivity values for certain depths or depths for certain 
resistivities could be interpreted or gathered, and was interpolated to a coherent 
resistivity/altitude surface over the area. The meaning of interpolation is to estimate values in 
points where no data exist. The fundamental principle of interpolation is called spatial auto 
correlation. This means that points that are located closer to each other should be more similar 
than points that are located farther apart. Different variables differ in sensitivity of auto 
correlation and that usually controls the decision of interpolation method. The softwares used 
for this were Surfer 7.0 (Golden Software) and ArcGis 8.0 (ESRI). The choice of interpolation 
method is a delicate matter, as different methods show big differences in result. The 
interpolation methods considered for this data were Inverse Distance to Power, Kriging, and 
Minimum Curvature. 
 

4.5.1 Inverse Distance to Power 
Inverse distance to power belongs to the category of weighted average interpolator and is a 
widely used interpolation method because of its simplicity to use and understand. The weight 
is set as a function of to the distance between the interpolated point and the measured points, 
which means that the influence of one point relative to another declines with distance 
(Östman, 1995).  
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Where dw  is the weight of for the measured value relative to the interpolated point, mz is the 
measured value and pz  is the interpolated value. 
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The weighting function looks as the name of the method indicates, see equation 3-14. Here, d 
is the distance between the interpolated point and the measured point. The influence of one 
point declines with the power, k of distance to the interpolated point. 
 
The problem with this method is that the interpolation procedure creates maps with “bulls 
eyes” contours, i.e. points with high local influence. This problem can be solved by adding a 
smoothing parameter (Golden Software, 2002).  
 

4.5.2 Kriging 
Kriging is a geostatical interpolation method and produces visually appealing maps from 
irregular spaced data. Kriging attempts to suggest trends in the data, which means that high 
value points might be connected through a ridge instead of being isolated like “bulls eye” 
contours (Golden Software). 
 
A geostatistical model consists of three components: 
 

'')(')()( εε ++= xxmxZ      (4-4) 
 
Where Z(x) is the interpolated variable in the position x, m(x) is an average or a trend of the 
measured values, ε’(x) a regionalized variable and ε’’ is the non spatial error. The regional 
variable is of much importance for this method and is discussed further down below 
(Eklundh, 1999). 
 
Kriging is based on theories concerning regionalized variables, which means that the variable 
has characteristics somewhere between a stochastic and a deterministic variable. First 
assumption is that no trend of drift can occur. This means that the investigated variable’s 
expectation value must be constant over the whole area. 
 
[ ] 0)()( =+− hxZxZE      (4-5) 

 
How similar the variable is in two points can be expressed as the variance.  
 

[ ] }{[ ] )(2)()()()( 2 hhxZxZEhxZxZVar γ=+−=+−   (4-6) 
 
Here γ is the semivariance. γ(h) needs to be constant over the whole surface to satisfy the 
second condition, which is isotropy. Isotropic functions depend only on distance and not on 
other factors like direction. Anisotropy can be incorporated to the model but will not be 
discussed here.  
 
If the conditions described above are fulfilled and assumed to be evenly distributed and with a 
constant mutual distance the semivariance can be calculated as 
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where γ(h) is the measured semi variance, n is the possible points in pair to compare,  Z(xi) 
the measured value and h is the distance between the points. The semi variance can later be 
plotted as a semi variogram, where γ(h) is a function of h, see figure 3-16. A mathematical 
model is adjusted to the variogram. As shown, the average difference between the measured 
points (semi variance) is smaller when located closer to each other. Where the function 
crosses the γ(h)-axis is called “nugget”. The semi variance here is not depending on distance 
but random noise in the data (ε’’ in equation 3-15). Where the function stops growing is 
called “sill”, this is the distance where an increase in distance will not make any difference in 
measured value between them. This distance is called “range”. Points located farther than the 
value of “range” should not be part of the interpolation for the specific point of interest. The 
appearance of the variogram and the function correlated to it decides the weighting of the 
interpolation and the “sill” decides the search window.  
 

 
Figure 4-4. Variogram, where r is range, s is sill and n is nugget (Eklund 1999). 

   
In Punctional-Kriging the interpolated value (Z) in point x can be calculated by  
 

ZGZxZ TT 1)( −== γλ      (4-8) 
 
Where G is a matrix of semivariances between the measurements, Z is a matrix containing the 
measured values in the different points and γ is a coulomb matrix with semi variances 
between the interpolated point and the measured point. The method tries to minimize the 
variance of the interpolation error and can also calculate the error for each point. In this way, 
an “accuracy map” can be displayed to show the quality of the interpolation. For noisy data, 
where the values differ a lot, Block-Kriging could make the surface much smoother by 
arranging the surface into blocks where each block presents the average value of the 
combining points in the block (Östman, 1995).  
 

4.5.3 Minimum Curvature  
Minimum Curvature is a Spline interpolation method, which is method that tries to adjust a 
curve function to the data set. Many data points demands curve functions of higher order. 
Since a function of higher order tends to create large fluctuation between the points a way to 
solve this problem is to create small part functions that are adjusted to one line segment at a 
time, i.e. one function between two pairs of coordinates. Dividing a function into small 



Tools for Groundwater Prospecting and Geophysical Prospecting for Water in Ocotal, Nicaragua.  
A Minor Field Study 

 
 

35 
 

Nils Perttu & Lennart Wikberg   

segments could lead to abrupt transitions between the segments. One way to overcome this is 
to put a requirement on the first and second derivate to be continuant. The first derivate states 
the rake of the segment and the second derivate provides the change of the rake. Because of 
the requirement that the rake within the segments can not change abruptly a line with smooth 
shape is plotted between the data points. This is called a spline-function. This can be applied 
to surfaces as well, but here two dimensional cubic curves are adjusted to the data set. To 
avoid local extremes, the functions do not always pass directly through the data points. The 
interpolated surface that has been generated by this method corresponds to a thin, linearly 
elastic plate passing through each of the data values with minimum amount of bending. The 
method tries to generate a smooth surface, while still attempting to agree to the measured data 
as closely as possible. This means that the method is not an exact interpolator (Eklundh, 
1999). 
 
Minimum Curvature produces a grid by over and over again applying an equation over the 
grid trying to smoothen it.  Each pass over the grid is counted as one iteration. The grid node 
values are recalculated until successive changes in the values are less then the maximum 
residuals value (Golden Software, 2000).  
 
The model contains four steps. First a least square regression is fitted to the data: 
 

),( YXZCBYAX =++      (4-9) 
 
Second, the values of the planar regression model are subtracted from the data values, which 
yields a set of residual data values. Third, the minimum curvature algorithm is used to 
interpolate the residuals at the grid nodes. Fourth, the values from the planar regression model 
at the grid nodes are added to the interpolated residuals, which give the final surface.  
 
The Minimum Curvature algorithm interpolates the data and in the same time solves the 
biharmonic differential equation with tension: 
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With the three boundary conditions: 
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Where 2∇ is the Laplacian operator, n is the boundary normal, iT  is the internal tension and 

bT is the boundary tension. 
 



Tools for Groundwater Prospecting and Geophysical Prospecting for Water in Ocotal, Nicaragua.  
A Minor Field Study 

 
 

36 
 

Nils Perttu & Lennart Wikberg   

4.5.4 Choice of Interpolation Method 
The choice of interpolation method is sometimes very difficult, since different methods have 
different advantages and disadvantages. The only way to determine the accuracy in a model is 
to take random samples over the interpolated surface within the whole area. The accuracy can 
later be presented as an average error or RMS. It is also of great importance to visually 
attempt to notice any artificial pattern that the interpolation might have created. 
 
Weighted average interpolators have a lot of advantages when it comes to create reliable 
models that are easy to understand. The problems lie in choosing how many points that should 
be included in the interpolation. Usually a search radius is defined, where all points within the 
radius is included in the interpolation. If the radius is too small, i.e. few or no points are 
within the search radius, the interpolated point will not receive a value. On the other hand if 
the search radius is too big, the interpolated point will receive a value that is more likely to be 
the global average of the surface. Another problem is to decide a proper value for k. Small 
values do not reflect local variation sufficiently while large values might put excessively 
influence on individual points (the “bulls-eye” effect). 
 
Kriging gives the user valuable information about the interpolated variable. Among other 
things an estimation of the interpolation error. Here a more scientific approach is applied 
when defining the search radius and the weight. Problems lie in the interpretation of the semi 
variogram. The distance h is in reality the distance between points within a distance interval. 
Different intervals create variograms with different appearance. Most surfaces have some 
kind of trend, which if not are compensated generates an inaccurate variogram. The semi-
variance can also differ in different directions (anisotropic), which also contributes to the 
difficulties in interpreting the variogram. Kriging creates beautiful maps but demands a lot of 
knowledge concerning the variable in interest. 
 
Minimum Curvature generates smooth, beautiful and usually very reliable models like 
Kriging. The method is fast but can not give a measure of the autocorrelation like Kriging. 
The interpolated surfaces can sometimes be unrealistic smooth relative real surfaces.  
 
Our choice of interpolation method involved the criteria of appealing maps. The “inverse 
distance to power” interpolation generated a map, see figure 3-17, which had a lot of “bulls-
eyes” and a non-smooth appearance. Artificial pattern are generated in the Kriging plot, 
however in the Minimum Curvature plot show most unrealistic values at the edges. Therefore 
we regarded Kriging to be the best choice. 
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Figure 4-5. Comparison between the interpolation methods: Kriging, Minimum Curvature and Inverse 
Distance to Power for resistivities at the depth of 20m (Surfer 7.0, Golden Software 2000). 
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5 Result 
In this section, different structures and layers are recognized. The water bearing layer has 
been identified by Sequeira et al (2003) as a sand layer with resistivities between 20 and 75 
ohm-m. Other interesting formation are vertical structures, which could possibly be faults.  

5.1 Profiles 
The profiles are located as seen in figure 4-1. The inverted profiles have mean residuals in 
general less than 5%, except for profile A, D and E, see figure 5-1, 5-4 and 5-5, which have a 
RMS between 5 and 7%. The measuring depth is 60 meters and the length of the profiles 
varies between 400 and 2200 meters. Where the profiles crosses wells, the groundwater table 
has been marked out in the pseudosections. Correlations are still difficult to make, since the 
depth to the water table in the wells were measured in January 2003 and our resistivity 
measurement took place between May and June in 2004. The groundwater assets probably 
fluctuate greatly on yearly bases and maybe even more between wet and dry months. The start 
and end coordinates together with the total length of the profiles are presented in appendix A. 

5.1.1 Profile A 
The first 500 m of this profile has very high resistivity all the way down from the surface 
except for a thin low resistivity strip close to the surface. This agrees well to the dry 
environment and the supposed small depths to the crystallized rock, since outcropping rocks 
are found here. At 550 m a vertical low resistivity structure can be detected and at 850 m at 
the dry creek another low resistivity area is recognised. From 900 m to 1200m there is a 
distinct resistivity limit at the absolute level of 590 m. Between 1200 and 1300 m there is a 
high resistivity vertical structure and at 1500 m around the dike a low resistivity area is 
noticed. Two wells are located along profile A, P10 at 700 m with a water table at 7,8 m depth 
and P41 situated at 900 m with a water table at 1,43 m. According to P10, the groundwater 
table would agree to the resistivity of approximately 50 ohm-m. P41 is situated in a very high 
resistive part of the psedosection and correlations are more difficult to make here. 
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Figure 5-1. Profile A. 

5.1.2 Profile B 
There is a distinct horizontal change from moderate high to low resistivity at a relative 
shallow depth in this profile, especially in the later part of the pseudosection. At 300 and 600 
m high resistivity vertical structures can be seen. In this locations outcropping rock of schist 
were found. A dry creek is situated at 700 m and resistivities below 15 ohm-m are found there 
close to the surface.  Profile B is located at lower altitude than profile A, and shows in general 
lower resistivity at more shallow depths.  

 
Figure 5-2. Profile B. 

5.1.3 Profile C 
Through most of the profile a distinct change in resistivity from high to low can be noticed at 
a depth of approximately 30 m. Between 300 and 500 m at a hill there is a low resistivity 
region at the surface but at the depth of 15 m the subsurface become more resistive. This high 
resistive body continues all the way down to lowest measuring depth. In the end of the profile 
the low resistivity region lies closer to the surface. Between 800 and 900 m a low conductive 
dipping structure can be noticed, a structure which can possibly be seen in the beginning of 
the over lapping profile B. 
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Figure 5-3. Profile C. 

5.1.4 Profile D 
Profile D has a similar resistivity distribution as profile C. At 500 m the same phenomenon 
can be seen as in profile C with a low resistivity close to the surface, changing to a more 
resistive subsurface at 10 m and downwards. However, profile C is more coherent than profile 
D, where low resistivity points and cracks splits up the upper high resistive layer. The vertical 
change from high to low resistive can be noticed at approximately 30 m. 
 

 
Figure 5-4. Profile D. 

5.1.5 Profile E 
Profile E is separated from the other profiles, see figure 4-1, which makes it hard to compare 
it directly with other profiles. The resistivity distribution in the model is rather discontinues, 
with high resistivity spots randomly distributed through out the whole pseudosection. The 
beginning of this profile is very hilly with high resistivity from the surface all the way down 
to the lowest measuring depth. At around 270 m, by the dry river channel and continuing to 
1700 m, the conductivity is high vertically through out the whole profile except for a small 
distance between 700 to 1000 m, where the upper layer is more resistive. In this high 
conductive region there is a lot of vegetation. Between 1900 to 2000 m there is a low 
resistivity region located in a depression between two high resistivity bodies, which could 
possibly be a fault or fracture zone. There is a tendency through out the whole profile of a 
high resistive middle layer at the depth of 20 and 30 meters squeezed in between two low 
resistivity layers. 
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Figure 5-5. Profile E. 

5.1.6 Profile F 
Like the other profiles there is a distinct boundary in the vertical resistivity distribution 
between low and high resistivity at the depth of approximately 30 m. In the beginning of the 
profile and between 400 and 500 m there are high conductive zones close to the surface. At 
the surface there was more vegetation above these zones when compared with the rest of the 
profile. Worth mentioning is the strange appearance of this pseudosection at 400 and 650 m 
where the coherent high conductive layer is abruptly intersected. Three wells are located 
along profile F, P16 at 200 m with a depth to the water table of 13 m, P15 at 400 m with a 
depth of 9,8 m and P42 at 500 m  with a depth of 10,9 m respectively. Just like P10 in Profile 
A, the marked water table in the pseudosecion agrees to the approximate resistivity of 50 
ohm-m.    

 
Figure 5-6. Profile F. 



Tools for Groundwater Prospecting and Geophysical Prospecting for Water in Ocotal, Nicaragua.  
A Minor Field Study 

 
 

42 
 

Nils Perttu & Lennart Wikberg   

5.1.7 Profile G 
Along profile G topography is varying. Little surprisingly, at higher altitudes, the resistivity is 
rather high, compared to the valleys. This pseudosection consists of several high resistivity 
vertical structures, some with a more artificial appearance, e.g. at 670 m. Two high 
conductive layers are visible, one 20 m below the surface and the other starting at the depth of 
40 m continuing down. At 430 m, in the depression, a low resistive section goes all the way 
down from the surface to lowest measuring depth and the same feature is visible at 900 m.  

 
Figure 5-7. Profile G. 

5.1.8 Profile H and I 
These two profiles are parallel to each other, see figure 4-1 and in the subsurface the 
resisitivity distribution is quite similar. Two high resistivity bodies can be seen in the middle 
of the profiles. In the beginning and in the end of both profiles there are high conductive areas 
starting at the depth 30 m and continuing downward. Along profile I more conductive areas 
are identified close to the surface. 

 
Figure 5-8. Profile H. 



Tools for Groundwater Prospecting and Geophysical Prospecting for Water in Ocotal, Nicaragua.  
A Minor Field Study 

 
 

43 
 

Nils Perttu & Lennart Wikberg   

 
Figure 5-9. Profile I. 

5.1.9 Profile J 
Along the profile J there is a distinct vertical change in resistivity from 100 to 30 ohm-m, at 
the depth of 20 m. After 120 meters the resistivity is low close to the surface, which might be 
explained by at the time, a dry ditch. This profile is located closest to the drilled hole with 
geological information, see figure 4-1. The low resistivity section starts at approximately 20 
meters depth, which correlates well with a clay layer starting at the depth of 18 m or the 
groundwater table at 20 m. The hard brown sand layer agrees well to the upper more resistive 
layer. Since the drilled hole is located 400 m from the profile, the correlations are most 
uncertain. 

 
Figure 5-10. Profile J together with geological information. 

5.1.10 Profile K   
The conductivity at the surface along profile K is low for the first 600 m, which agrees well 
with the dry landscape with none or poor vegetation. Between 600 and 800 m there is a low 
resistivity vertical structure, which might be a fault or a fracture zone. The vertical structure is 
also visible in profiles M, N and CVES3. The vertical change from high to low resistivity can 
be seen at a depth of 50 to 60 m. 
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Figure 5-11. Profile K. 

5.1.11 Profile L  
Except for some low resistivity spots close to the surface the high conductive body starts at 
the depth of 40 m and continues down. Between 250 and 450 m there is a high resistivity 
body that penetrates all the way downward. There are four creeks, which were dry at the time 
of the measurement. Some low resistive zones are visible below these creeks and especially at 
the creek located at 1100 m. All through the profile there were none or poor vegetation. 

 
Figure 5-12. Profile L. 

5.1.12 Profile M and N 
The vertical low resistivity body that can be seen in profile K is also visible in the beginning 
of profile N and M. In the first 700 m along profile N there is a high resistivity horizontal 
structure between two low resistivity bodies. From 700 to 1400 m there is a high resistivity 
section from the surface all the way down to a depth of 50 m. Between 400 and 600 m the 
topography varies greatly and the upper 10 m shows high conductive behaviour. From 1400 to 
the end of the profile a high conductive region reaches from the surface all the way down. The 
dry creek shows no low resistive features. 
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Figure 5-13. Profile M. 

 

 
Figure 5-14. Profile N. 

5.2 Comparison between New and Old Profiles 
Here, our profiles are compared to CVES measurements made by Sequeira et al (2003) named 
CVES1, CVES2 and CVES3, see figures 5-15, 5-17 and 5-19. The models made by Sequeira 
et al (2003) have a little different appearance due to other inversion parameters and colour 
scales.  
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Profile B, (see figure 5-16) and CVES2, (see figure 5-15) are located parallel to each other 
along the same street, (see figure 4-1). CVES2 starts at approximately 200 m east of the first 
measuring point of profile B and ends roughly 300 m before profile B is ending. The profiles 
show some similarities in their appearance. Among other things, three high resistivity points 
visible in CVES2 at the approximate depth of 15 to 20 m, are also visible in B at 350, 400 and 
500 m respectively. A high resistivity vertical structure at 300 m that is visible in the B model 
is not visible in CVES2, but could possibly be cut out as it is in the beginning of the profile. 
The high conductive layer is closer to the surface in the B psedosection compared to the 
CVES2 psedosection, which can be explained by the fact that the measurements were made 
during different times of the year. Since the high resistivity vertical structure is only visible in 
the B pseudosection, one could question if it is an artificial feature, created by some error in 
the measurements. 
 

 
Figure 5-15. Profile CVES2 (Sequeira, 2003). 

 
Figure 5-16. Profile B. 
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Profile CVES3 (Sequeira, 2000; fig. 5-17), runs parallel to our profile K (see fig 5-18), but is 
situated about 100 m north of it, (see figure 4-1). The profile CVES2 starts ca 100 m east of 
the first measuring point of the profile K and ends ca 100 m before the end of the profile K. 
The resistivity distribution in these two profiles correlates neatly to one another. The high 
conductive layer is a little bit closer to the surface in the CVES3 psedosection, which could 
also be explained by seasonal variation or a natural trend with the groundwater surface closer 
to the surface the farther up north one gets. The vertical structure in the end of profile B is 
also detectable in profile CVES3, which means that this can possibly be a fault or fracture 
zone. 
 

 
Figure 5-17. Profile CVES3 (Sequeira, 2003). 

 
Figure 5-18. Profile K. 

Profile CVES1 (Sequeira, 2003; figure 5-19), crosses Profile C at roughly 550 m into C and 
ends close to the end of profile D. The C and the CVES3 pseudosections show similarities 
concerning depth to the low resistivity layers. Profile C is not presented here since only vague 
comparisons can be made.  
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Figure 5-19. Profile CVES1 (Sequeira, 2003). 
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5.3 Interpolated Maps over the Area 
Maps of resistivity have been produced over the investigation area, although profile E is not 
considered in these maps since it is separated from the other profiles. The interpolation 
method used was Block-Kriging and the interpolated area was approximately 7,5 km2 (3*2,5 
km2). The distribution of resistivity data and wells in the area are shown in figure 5-20. There 
are 38 wells and 112 point with resistivity data. No search window has been defined, since the 
data points are relatively few. The variogram uses a linear model. The coordinates for the 
local wells together with the depth down to the groundwater table are presented in appendix 
B. 
 

 
Figure 5-20. The interpolated area together with the measured resistivity points and wells. 

 

5.3.1 Resistivities at Different Depths 
The resistivities are plotted at the different depths of 10, 20, 40 and 60 m respectively to 
demonstrate how the resistivity is distributed at various depths (see fig 5-21).  
 
At the depth of 10 meters in the north-eastern corner there is a low resistivity area with 
resistivity varying between of 0 to 40 ohm-m. A similar feature is also visible in the south-
western corner. In general the resistivity varies between 40 and 100 ohm-m with the exception 
from four high resistivity areas with resistivity values over 100 ohm-m. 
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The resistivity plot at the depth of 20 meters is quite similar to that of the plot of 10 meter, 
except for the two high resistivity areas in the north, which more or less have emerged. The 
low resistivity area in the south-western corner is less pronounced, while the low resistive 
area in the north-eastern corner is larger and grows in the direction of south-west. The two 
high resistive areas in the south have similar appearance as before. In general the resistivity 
varies between 40 and 80 ohm-m. 
 
At 40 meters depth there is only one distinct high resistivity area located in the north-western 
corner. The low resistivity area covers roughly 50% of the area spreading from northeast to 
central-east to central west. The high resistive areas in the south are less evident. Resistivities 
vary here in broad-spectrum between 10 and 60 ohm-m. 
 
At 60 meters most of the area is highly conductive except for the low conductive area in the 
north-western corner. The resistivity varies between 10 and 40 ohm-m. 
 
This implies that the upper layers consists of a more resistive material, e.g. sand and the 
material of the subsurface gradually change with increasing depth to a more conductive 
material, e.g. clay and to an increasing content of water. The high resistive area in the upper 
left corner, which becomes bigger and more resistive farther down, implies a solid rock 
formation. 
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Figure 5-21. Resistivities at different depths, profile E not included, interpolation method Kriging. 
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5.3.2 Constant Resistivities at Varying Depths 
Resistivities between 20 and 75 ohm-m are interesting for distinguishing water bearing 
formations, (Sequeira et al, 2003). Therefore, topographic maps for 25, 50 and 75 ohm-m 
levels have been produced, (figures 5-22 to 5-24). In some pseudosections the same resistivity 
can be found at different depths. In this case the resistivity situated at lowest depth is 
presented in the plots.  
 
For a resistivity of 25 ohm-m there are two prominent areas where this resistivity appear close 
to the surface, i.e. in the north-eastern and south-western corners. The topographic peak in the 
south-western corner is the assumed fault. This is also reflected in the resistivity distribution 
at 10 m, see fig 5-21. Apart from these anomalies in the topography of the 25 ohm-m level, 
this resistivity is generally found at a depth of 30 to 40 m. Another exception from this is the 
topography low in the north-western corner of the area. For the resistivity of 50 and 75 ohm-
m the plots looks similar, but the topographic resistivity surface is closer to the ground, which 
shows that the resistivity declines with depth. In the south eastern corner, the topography of 
the 50 and 75 ohm-m plots almost reaches the surface, while the topography of the 25 ohm-m 
plot is expressed as a depression at the same location.  
 

5.3.3 Comparison between Well-Data and Resistivity Maps 
Comparing the map with well-data, where the groundwater surface is interpolated using 
Block-Kriging (figure 5-25), with the resistivity maps showing the topography with constant 
resistivity of 25, 50 and 75 ohm-m, respectively, some similarities and differences can be 
distinguished. As shown in figure 5-18, wells in the interpolated area are more frequent within 
and around the city limits than in the area of the resistivity measurements. Furthermore, many 
of the wells, are situated outside the interpolation area, but still contribute to the interpolation. 
The scales on the Z-axis are not the same in the two types of maps. The resistivity plots 
reaches down to 70 m and the well-data plot reaches only down to 25 m. 
 
The low resistivity area in the north-eastern corner is evident in the topographic map with 
well data as well as the topographic maps with constant resistivities. Also, the high resistive 
area in the north-western corner is visible in all maps, although it is not as prominent in the 
map with well data. The trend where the groundwater table declines as it approaches to the 
south and west is also apparent in both the map with well data, as well as the maps with 
constant resistivities. The southern- and the western part of the map with well-data should not 
be over interpreted since data is missing there. The sudden depressions in the middle section 
of the map with well data are not as apparent in the maps with constant resistivity, but can be 
partly explained by the different scales on the Z-axis. If the resistivity of the groundwater 
table is approximately 50 ohm-m, as suggested earlier in chapter 5.1.1, the depth down to the 
groundwater table from the well data does not seem to correlate perfectly to the map with 
constant resistivity of 50 ohm-m, where the topography is positioned deeper. This can be 
explained by monthly fluctuation in the groundwater level. The resistivity value of 50 ohm-m 
is highly arguable, but never the less, the 50 ohm-m resistivity plot correlates best to the map 
with well-data.   
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Figure 5-22. The depth to the surface of  25 ohm-m, E not included, interpolation method Kriging. 
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Figure 5-23. The depth to the surface of  50 ohm-m, E not included, interpolation method Kriging. 
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Figure 5-24. The depth to the surface of  75 ohm-m, E not included, interpolation method Kriging. 

 

-18

-17

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

Depths to groundwater table from well data

 
Figure 5-25. The depth to the groundwater table using well data. Interpolation method is Kriging. Note 
that well data only exist from the north eastern and central part of the investigated area. 
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5.4 Vertical Structures 
From the pseudosections, possible fracture zones and/or faults are identified as low resistive 
vertical structures and plotted as spots in figure 5-26. The blue line combines the marks in 
profiles M, N, K and CVES3 to a possible fracture zone and/or fault. The later spot in profile 
G could possibly be a continuation of that lineament. Sequeira et al. (2003) has also identified 
this fault that is aligned with two creeks in the area.  
 
The Vertical structure located at approximately 500m along profile A is positioned 200 meters 
south of the creek crossing A at approximately 900. However, if the creek is extrapolated 
before the bend this could be a continuation of that lineament.  
 
The vertical structure is located in a depression at 1900 m of profile E. In this region there is a 
network of dry water channels. One of these seems to collide with the vertical structure. 
 
In profile G, two vertical structures are noticeable at 430 and 900 m respectively, both 
situated in depressions. No hydrological data are accessible over this area. 
 
The vertical structure is situated at 1500 m along profile N and 200 m east of the crossing 
creek. No topographic irregularity is visible.  
 

 
Figure 5-26. Vertical structures in the survey area.  
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6 Discussion and Conclusions 
Some of the pseudosections have peculiar resistivity distribution. Since there have been  
problems with the cables during the fieldwork, this might explain the sudden shifts from high- 
to low resistivity structures in some of the profiles. For instance when comparing profile B 
with Profile CVES2 (Sequeira et al, 2003), the high resistivity vertical structure at 300 m of 
profile B is not visible at profile CVES2. Never the less, comparing the new models with 
earlier models from the area (see CVES1, CVES2 and CVES3), good correlation is shown 
with certain geological features as well as with the depth down to the different layers. The 
profiles where the cables functioned bad or really bad were B, E and G. These pseudosections 
also show peculiar resistivity distribution. Other pseudosections are noisy. Profile K and N all 
had negative resistivities in the beginning of the profiles. This might be explained by poor 
contact between the electrodes and the ground. This part of the survey area is by far the driest 
compared to the other profiles. Negative resistivities occurred in other profiles too, but less 
frequently. All negative data were later removed when processing the data. Still this affected 
the resolution in the pseudosections. In Profile C at 500 m, the uppermost layer is very low 
resistive but surpasses abruptly at 15 m to a high resistive body that continues downward to 
the maximum measuring depth. The same resistive body is less apparent in profile D. This 
could still be an accurate model, but it might also be a result of the equi-potential problem. In 
this case this would mean that most of the current pass through the upper most low-resistive 
layer and leaving the lower layers with little or no current. This basically means that little data 
are retrieved from the lower layers and the inversion software assumes that the whole vertical 
section is highly resistive. The same phenomenon is visible in other profiles as well.  
 
Low resistivity areas, i.e. where a high conductive layer is situated close to the surface is 
always located in places, that are rich in vegetations. The measurements took place in the 
beginning of the wet season and rain might explain the low resistivity in the top layer of some 
of the pseudosections.  
 
In the south-western corner a vertical structure is observable in the profiles M, N, K and 
CVES3. Even if these pseudosections are based on a Wenner electrode configuration, i.e. not 
the best method to detect vertical structures, this feature can not be neglected. Further 
measurements should be made in this area to locate eventual fault or fracture zone. In profiles 
A, G, E and in the end of N there are also vertical structures that might be of interest for 
additional studies. 
 
Profile E was not included in the interpolation plots, since it was isolated from the other 
profiles. Still E showed a low resistivity distribution from 1000 to 1300 m along the profile. 
Moderate to dense vegetation, supports the assumption of groundwater to be located close to 
the surface there.  
 
Since the only drilled hole with geological information is located more than 400 m from the 
nearest profile, it is hard to correlate the geological information with the different layers in the 
pseudosections. If a CVES measurement would have been performed above or closer to the 
drilled hole, better correlation to the local geology could have been obtained.The same goes 
for the intersecting wells in the area, since the groundwater table measurements took place 
during another season than our measurements and the groundwater level fluctuates seasonally, 
there is a considerable uncertainty in the correlations. Better correlations could have been 
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obtained if depths to the water tables in the local wells had been measured during the field 
work. However, the resistivity for the groundwater table could probably be around 50 ohm-m. 
 
The layer with resistivities between 20 to 75 ohm-m, identified by Sequeira et al (2003) as the 
aquifer in the area, has in general a thickness varying between 20 to 30 meters. This sand 
layer is located closer to the surface in the northern part of the investigation area compared to 
the southern part. The low resistive layer (<25 ohm-m), often starting at a depth of 
approximately 30 to 40 meters and continuing downwards, is identified as a low permeable 
clay layer. This formation has poor characteristics to work as an aquifer, but its impermeable 
features helps containing the groundwater in the overlaying sand layer.  
 
From the result of our study, the most favourable spots to drill for an aquifer can be found in 
the north-eastern corner of the investigation area, where water may be expected at low depths. 
Less favourable places are in the north-western corner and moderately favourable is the area 
in the middle of the survey area, where water is indicated at depths of ca 10 and 20 m. Data 
from wells in the area, where the distance down to the groundwater table have been measured, 
supports our interpretation. 
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Appendix A 
The profiles with start and end coordinates and their total length. 
 
 

Profile Start   End   Length 
Name x-coord y-coord x-coord y-coord [m] 

A 554593 1507884 556165 1508100 1600 
B 555100 1507663 556001 1507632 900 
C 554322 1507221 555259 1507514 1000 
D 554281 1507213 555041 1507432 800 
E 551754 1506629 553868 1506948 2200 
F 555015 1506829 555725 1507178 800 
G 553904 1506091 554848 1506501 1100 
H 554979 1506114 555617 1506676 900 
I 555093 1505899 555752 1506355 800 
J 555778 1506109 556175 1506149 400 
K 554078 1505761 554978 1505866 900 
L 555133 1505856 556283 1505831 1200 
M 554261 1505319 554650 1505328 400 
N 554398 1505331 556084 1505350 1700 
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Appendix B 
The location to the local wells in the area, together with depth to the groundwater table and 
altitude.  
 
 

Name X Y 
Depth to  

Groundwater [m] 
Elevation 

[m] 
P-01 556516 1506866 9,51 660 
P-02 556211 1508555 13,64 660 
P-03 556272 1508494 8,96 660 
P-04 555913 1507572 2,61 640 
P-05 556152 1508248 5,53 650 
P-07 555702 1507940 3,97 640 
P-08 555431 1508124 0,42 630 
P-09 555401 1508124 1,26 630 
P-10 555402 1507939 7,8 650 
P-11 555403 1507448 6,01 660 
P-12 555312 1507355 10,02 630 
P-13 555073 1507048 14,69 610 
P-14 555433 1507141 10,99 600 
P-15 555433 1507079 9,78 625 
P-16 555283 1506925 13,01 600 
P-17 555674 1507049 18,79 610 
P-18 555673 1507203 6,02 610 
P-19 555855 1506558 7,5 575 
P-21 555437 1505175 2,58 540 
P-22 555974 1506835 5,06 590 
P-24 556214 1507112 11,8 600 
P-25 555523 1507325 11,62 605 
P-26 555943 1507418 0,49 590 
P-27 555973 1507388 3,05 610 
P-28 555973 1507541 0,93 600 
P-29 555884 1507357 1,54 605 
P-31 555883 1507480 1,64 610 
P-32 555943 1507357 3,18 630 
P-33 555913 1507449 1,12 640 
P-34 554954 1506648 7,4 610 
P-35 556364 1507419 6,57 630 
P-36 556482 1508587 13,21 610 
P-41 555582 1508001 1,93 660 
P-42 555523 1507141 10,92 640 
P-45 556632 1508464 9,5 640 
P-50 554078 1508704 1,9 675 
P-51 554019 1508520 11,9 670 
P-55 554351 1507507 9,95 625 

 
 


