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Environmental Geology 

Introduction 

Increasing population density and industrialization are creating a high strain 

on the natural environment and resources of many countries. Therefore, 

precautionary measures to protect the environment and remedial action to 

repair the damages of the past have high priority. Resources to be protected 

are surface water and groundwater, soil and air. Hazards to these resources are 

landfills and industrial sites as well as mining facilities, including tailings, 

conditioning plants, and smelters, oil refineries, distribution facilities and 

pipelines, gas stations and other areas used by humans (e.g., military training 

sites). 

Waste disposal, mining, and industrial sites are an absolutely necessary 

part of the infrastructure of an industrial society. Suitable new sites must be 

found for the disposal of waste and for mining and industrial facilities. It is 

often very difficult to obtain political approval and this is possible only if 

state-of-the-art methods are used to show that such sites have layers that can 

function as barrier, preventing entry of contaminants into the environment. 

Areas of both consolidated and unconsolidated rock can be suitable sites for 

landfills and industrial facilities. 

Knowledge and experience with the disposal of waste and the operation of 

mines and industrial facilities in an ecologically nondetrimental way have 

been acquired only gradually during the past several decades. On the basis of 

this knowledge, numerous abandoned landfills, mining, and industrial sites 

must now be regarded as hazardous. 

Impermeable layers at such sites are the most important barrier for 

impeding the spread of pollutants. It must be assumed that this geological 

barrier is always of importance, since the currently used techniques for 

preparing sites for landfills, mines and industrial plants will prevent the spread 

of pollutants for only a finite time. 

A site investigation stepwise is usually carried out in at least two phases: 

(1) a orientating investigation and (2) a detailed investigation. In the 

orientating investigation, the following information is obtained from 

maps and other archived data sources: 
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 topography, land use and vegetation, settlements, roads and railways, 

 climate: precipitation, temperature, evapotranspiration, direction and 

velocity of the wind, as well as the frequency of strong winds, 

 hydrological and hydrogeological conditions: streams, lakes and ponds, 

springs, wells, use and quality of surface and groundwater, runoff, 

water balance, aquifer/aquiclude properties and stratigraphy, 

groundwater table, groundwater recharge and discharge, 

 geology: soil, geological structures, stratigraphy and lithology, 

 ecological aspects: e.g., nature reserves, water protection areas. 

This is accompanied by a reconnaissance survey in the field and by a historical 

review of earlier use of the site (interviews of persons who lived or worked 

around the site during the time of mining or industrial operations). 

The following aspects or parts of them must be taken into account for a 

detailed site investigation and assessment: 

 geology: thickness and lateral extent of strata and geological units, 

lithology, homogeneity and heterogeneity, bedding conditions and 

tectonic structures, fractures, impact of weathering, 

 groundwater: water table, water content, direction and rate of 

groundwater flow, hydraulic conductivity, value of aquifer, 

 geochemical site characterization: chemical composition of soil, rocks 

and groundwater, estimation of contaminant retention, 

 geotechnical stability: The geological barrier must be capable of 

adsorbing strain from the weight of a landfill, slag heap or industrial 

building. 

 geogenic events: active faults, karst, earthquakes, subsidence, 

landslides, 

 anthropogenic activities: mining damage, buildings, quarries, gravel 

pits, clay pits, etc., and 

 changes in soil and groundwater quality. 

An interdisciplinary geoscientific program is required for a site investigation. 

Numerous methods are available for such studies. The geological and 

hydrogeological conditions as well as the surface conditions (e.g., vegetation, 

surface sealing, buildings) at the site must be taken into consideration when 

the investigation methods are selected. There are some rules of thumb for site 
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investigations: Start with the less expensive methods, expanding as necessary 

to more expensive methods for detailed investigations, i.e., remote sensing 

before geophysics, geology and hydrogeology before geochemistry and 

modeling. Mapping should be carried out before sounding and drilling, 

investigations of the area as a whole before point data. First, a representation 

of the data is made, it is then interpreted, and an assessment of the conditions 

at the site is made. Not only the geological structures immediately below a 

landfill, slag heap or industrial site has to be examined, but also the 

surrounding area. The investigation of the surrounding area must include that 

part of the geological barrier that is expected to be needed for contaminant 

retention and that part of the regional groundwater system that will possibly 

become contaminated. Each landfill, mining or industrial site, whether in 

operation or abandoned, is within a groundwater system of several tens of 

square kilometers. A general survey of this area has to be made. A detailed 

study must be carried out in an area of 0.1 - 1 km² around the site itself. The 

structures down to a depth of 50 m are relevant to a study of abandoned and 

planned waste disposal sites. It is often necessary to extend the investigations 

down to 150 m to obtain information on the groundwater system. In some 

cases, the geology and the groundwater system below groundwater protection 

areas also have to be investigated in order to assess their vulnerability to 

pollution. 

The following methods and tools can be used to assess a geological barrier 

and the potential for the spread of contaminants: Remote sensing methods can 

provide geoscientific data for large areas in a relatively very short time. They 

are not limited by extremes in terrain or hazardous conditions that may be 

encountered during an on-site appraisal. In many cases aerial photographs and 

satellite images should be used to prepare a base map of the investigation area. 

Remote sensing methods can enable a preliminary assessment and site 

characterization of an area prior to the use of more costly and time consuming 

techniques, such as field mapping, geophysical surveys and drilling. The data 

obtained from satellite-based remote-sensing systems is best suited for 

regional studies as well as for detecting and monitoring large-scale 

environmental problems. However, for detailed site characterization, satellite 

data is sometimes of limited use due to relatively low spatial resolution. 

Mapping scales of 1 : 10 000 or larger are required for a detailed 

geoenvironmental assessment of landfills, mining, and industrial sites. Highr 
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resolution aerial photographs, airborne scanners, and some satellite-based 

remote-sensing systems provide data at the required spatial resolution (e.g., 

70 cm and better). Aerial photographs made at different times can reveal the 

changes at sites suspected to be hazardous. 

Geophysical methods are used to develop a model of the geology below the 

site, to locate fracture zones, to investigate the groundwater system, to detect 

and delineate abandoned landfills and contamination plumes, as well as to 

obtain information on the lithology and physical parameters of the ground. 

Necessary condition for a meaningful use of geophysical methods is the 

existence of contrasts in the physical parameter values (magnetization, 

susceptibility, density, electrical resistivity, seismic velocities, etc.) of soil and 

rock. The parameter values to be expected at the site must be considered 

before a geophysical survey is conducted. Geophysical methods supplement 

each other because they are sensitive for different physical parameters. 

Seismic methods are used to investigate structures and lithology. Electrical 

and electromagnetic methods are very sensitive to changes in electrolyte 

concentrations in the pore water. Ground-penetrating radar can be used in 

areas with dry, low-conductivity rocks. Both magnetic and electromagnetic 

mapping have proved useful for locating and delineating concealed landfills. 

Both methods are fast and easy to conduct, enabling large areas to be 

investigated in a short time. Seismic, dc-resistivity, electromagnetic and 

gravity methods are used to investigate groundwater systems on a regional 

scale. Geophysical surveys help find suitable locations for drilling 

groundwater observation wells and provide information between boreholes 

and for areas where it is impossible to drill. Well logging is absolutely 

necessary. Logging data are not only necessary for processing and 

interpretation of surface geophysical data but also as a bridge between 

geophysical surveys and hydrogeological modeling. 

Geological and hydrogeological studies are used to investigate lithological 

structures, to determine the homogeneity of the rock, to locate fractures, to 

determine the permeability of the rock with respect to water, gases and various 

contaminants, to assess the mechanical stability of the ground, and to obtain 

data on the groundwater system. Flow and transport models must be 

developed to estimate groundwater recharge and the potential for groundwater 

contamination. The main tasks of geological and hydrogeological surveys are 

to gain information directly by examining outcrops, digging trenches and 
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drilling boreholes, conducting hydraulic tests (e.g., pumping tests and tracer 

tests) in wells to determine hydraulic properties in situ. This work is 

augmented by geological mapping, examination of drill cores, construction 

and expansion of a network of groundwater observation wells. Rock, soil and 

groundwater samples are taken to determine physical, chemical, petrographic 

and mineralogical parameters. Special laboratory experiments can be carried 

out to estimate migration parameters and the texture of rock and soil samples. 

Data from cone penetration tests and other field and laboratory methods are 

used to assess the stability of the ground. 

Geophysical and geochemical methods can be used to delineate and 

monitor operating and abandoned landfills as well as to determine the spread 

of contaminants. Geochemical methods are necessary to obtain information 

about the capacity of the rock to retain contaminants seeping from a landfill, 

as well as about the degradation of the hazardous substances. 

Suitable methods are recommended in Tables 1 to 3, for example, for 

geological investigations, investigations of landfill waste bodies, and the 

evaluation of groundwater conditions. 
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Table 1 Geoscientific methods for site investigations: geology 
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Table 2 Geoscientific methods for site investigations: landfill waste body (both operating 

and abandoned) 
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Table 3 Geoscientific methods for site investigations: groundwater conditions 
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Collection and Use of Existing Data 

The most basic requirement for successful site investigations is the 

availability of maps and documents which facilitate a general overview of the 

investigation area and its surroundings and provide as much detailed 

information as possible. 

Topographic maps 

Topographic maps mainly display the morphology, the vegetation cover, the 

drainage system, and infrastructure. Scales of official maps vary between 1 : 

100 000 and 1 : 10 000. A widely used scale is 1 : 50 000. Map content, 

however, can be rather outdated if map revisions are made only at long time 

intervals. While the 1 : 50 000 scale appears to be appropriate for an overview, 

site investigations usually require the most up-to-date maps at a considerably 

larger scale (1 : 10 000 to 1 : 2000). Such a large-scale map is needed as the 

base map for all field operations, as well as for the subsequent data 

documentation and interpretation. In many countries, large-scale topographic 

maps are not available. Therefore, base maps have to be prepared from aerial 

photographs or high resolution satellite images (e.g., IKONOS and QUICK 

BIRD). Cloud cover on the images should be less than 20 %. A ground check 

of the maps with a handheld GPS instrument can provide coordinates with a 

precision of about 10 m. This is sufficient for site investigations in most cases, 

however. If higher precision is necessary, maps constructed from large-scale 

aerial photographs (greater than 1 : 10 000) have to be geocoded and rectified 

by ground checks in the field. 

Geoscientific maps 

Geoscientific maps are a further necessary tool for site investigations. They 

generally depict a variety of information about geology, hydrogeology, 

mineral exploration, soil, natural hazards, and land use. Although the scale of 

the available geoscientific maps might not always be suitable to obtain the 

needed information in the necessary detail, the maps nevertheless place the 

investigation area in its regional context and permit the survey data to be 

interpreted with respect to its geological, hydrogeological and structural 

setting. 
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Aerial photographs and satellite images 

Aerial photographs and satellite images are very useful tools for planning and 

implementing field operations. They provide the best overview and 

impression of the topography and infrastructure of the investigation area. In 

certain cases they allow a three-dimensional evaluation. They can provide 

information about lineaments, geomorphological structures, and flood-prone 

areas, as well as land use. Aerial photographs taken at different time are 

helpful for reconstructing the history of a site, often with immediate relevance 

to environment-related problems. 

Point data compilation 

An important preparatory step for a geoscientific site investigation and data 

interpretation is the collection of already existing information about the 

subsurface (desk studies). This task mainly comprises the compilation and 

assessment of available data from boreholes for groundwater or mineral 

exploration. These point data are a valuable source of information and are 

indispensable for the interpretation of geophysical results and calibration of 

hydrogeological models. Results of desk studies on the geology at the site 

should be verified in the field. Quarries, road cuts and other outcrops provide 

information about the stratigraphy, lithology and structures in the 

investigation area. The data should be easily accessible in an appropriately 

prepared and documented database (e.g., GIS). 

Document review 

For the investigation of abandoned landfills, industrial and mining sites, it is 

necessary to obtain the history of the site as completely as possible. For this 

purpose, a review of all documents on the site facilities, their construction, 

length of operations, as well as waste composition, quantity, and treatment 

methods. These documents will be normally available from the relevant 

authorities or the site owners. This information not only aids the interpretation 

of geophysical survey data and hydrogeological observations, but it is also 

essential for any assessment of the risk present at the site and for 

recommendations of remediation measures and further use of the site. As not 

all or even any such information may be available, it is highly useful to 

interview persons who lived or worked around the site during the time of 

landfill, mining or industrial operations. 
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Remote Sensing  

1. Aerial Photography 

Despite all technical progress in digital imaging, interpretations of standard 

aerial photographic images remain an important remote-sensing tool. Aerial 

photography can address a multitude of geoscientific questions and can be 

highly effective when used for logistics and planning. The cost of aerial 

photography is rather low. The data are informative, easy to manage, and the 

film does not require special image processing resources for analysis. 

Applications 

 Chronological analysis of the development of land use, waste disposal, 

mining, and industrial sites and their surroundings, 

 assessment of the previous geological and environmental situation at 

sites now covered by waste disposal, mining, and industrial facilities, 

 search for seepage of water at the edges of landfills and mining waste 

heaps, 

 locating springs and moisture anomalies, 

 investigation of natural and artificial drainage systems, 

 locating areas of high and low permeability to water, 

 recognition and monitoring of areas of destabilization, 

 investigation of vegetation vitality, 

 assessment of surface water conditions, 

 delineation of fractures and lineaments, 

 inventory of sites suspected to be contaminated, 

 mapping of land use patterns and  

 search for potential new waste disposal sites. 

2. Photogrammetry 

Photogrammetric techniques provide reliable measurements of geometric 

characteristics of Earth surface features from photographic images taken from 

remote sensing platforms. These remote measurements not only include the 

size, shape, and position of objects, but also their color or tone, texture, and 

spatial patterns and associations. Hence, such observations can be interpreted 

and analyzed with regard to their geoscientific information and with regard to 

their geometric structures. 
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Applications 

 Preparation of orthophotographs and photomosaics, 

 development of topographic maps, 

 derivation of digital elevation models (DEM), 

 derivation of terrain cross-sections and vector data (e.g., determination 

of the height of a terrain slope, length of a stream, volume of a waste 

heap or landfill). 

Geophysics  

1. Magnetic Methods 

Everywhere on the Earth there is a natural magnetic field which moves a 

horizontally free-moving magnetic needle (magnetic compass) to magnetic 

north. The magnetic field is a vector field, i.e., it is described by its magnitude 

and direction. The magnetic field consists of three parts: the main field, a 

fluctuating field, and a local anomaly field. 

Applications 

 Search for concealed waste disposal sites containing magnetic 

materials, 

 localization of concentrations of barrels suspected of containing 

hazardous waste in a landfill, 

 determination of the parts of a landfill with a high proportion of 

building rubble, 

 search for unexploded ordnance (UXO), 

 investigation of the geology below planned landfills and industrial or 

mining sites in areas of igneous and metamorphic rocks, and 

 delineation of faults, particularly in areas of igneous and metamorphic 

rocks. 

2. Gravity Methods 

Gravity is defined as the force of mutual attraction between two bodies, which 

is a function of their masses and the distance between them, and is described 

by Newton´s law of universal gravitation. In a gravity survey, measurements 

are made of the local gravity field differences due to density variations in the 

subsurface. The effects of small scale masses are very small compared with 
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the effects of the global part of the Earth’s gravity field (often on the order of 

1 part in 106 to 107). 

Applications 

 Structural investigation of landfill, industrial or mining sites and their 

surroundings, 

 obtaining structure and thickness of unconsolidated sediments, 

 lithological subdivision of the subsurface, particularly in areas of 

unconsolidated rocks, 

 detection of lithological and structural changes as well as fractures in 

consolidated rock, 

 detection of cavities, 

 locating concealed waste dumps, 

 estimation of the thickness and/or mean density of waste deposits, 

 detection of density inhomogeneities inside a waste dump (a rare 

application), and 

 gravity data are also used to provide constraints in the interpretation of 

seismic data. 

3. Direct Current Resistivity Methods 

Direct current (dc) resistivity methods use artificial sources of current to 

produce an electrical potential field in the ground. In almost all resistivity 

methods, a current is introduced into the ground through point electrodes (C1, 

C2) and the potential field is measured using two other electrodes (the 

potential electrodes P1 and P2), as shown in Fig. 1. The source current can be 

direct current or low-frequency (0.1 - 30 Hz) alternating current. The aim of 

generating and measuring the electrical potential field is to determine the 

spatial resistivity distribution (or its reciprocal - conductivity) in the ground. 

As the potential between P1 and P2, the current introduced through C1 and 

C2, and the electrode configuration are known, the resistivity of the ground 

can be determined; this is referred to as the “apparent resistivity”. 
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Fig 1 Principle of resistivity measurement with a four-electrodes array 

Applications 

 Investigation of lithological underground structures, 

 estimation of depth, thickness and properties of aquifers and 

aquicludes, 

 determination of the thickness of the weathered zone covering 

unweathered rock, 

 detection of fractures and faults in crystalline rock, 

 mapping of preferential pathways of groundwater flow, 

 localization and delineation of the horizontal extent of dumped 

materials, 

 estimation of depth and thickness of landfills, 

 detection of inhomogeneities within a waste dump, 

 mapping contamination plumes, 

 monitoring of temporal changes in subsurface electrical properties, 

 detection of underground cavities, 

 classification of cohesive and non-cohesive material in dikes, levees, 

and dams. 
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4. Electromagnetic Methods 

Electromagnetic inductive methods provide an excellent means to obtain 

information about electrical ground conductivities. They can be classified as 

natural field methods and controlled source methods. The well-known natural 

field method magnetotellurics, used since the 1950s employs fluctuations of 

the Earth’s magnetic field ranging from 10-5 seconds to several hours to study 

the distribution of the conductivities with depth. The electromagnetic 

exploration methods are based on the use of electromagnetic fields generated 

by controlled sources. 

The principle of the most commonly used FEM systems is shown in 

Fig. 2. A transmitter coil, continuously energized with a sinusoidal audio-

frequency current, forms a magnetic dipole. Its primary magnetic field 

induces very weak eddy currents in the conductive ground. These eddy 

currents in turn generate a secondary magnetic field that is of the same 

frequency but with a different phase and of lower amplitude than the primary 

field. The primary and secondary magnetic fields are superimposed on each 

other and the resultant field is detected by the receiving coil. To obtain the 

ground conductivity information, the weak secondary field has to be separated 

from the primary field. 

Applications 

Typical applications for EM methods in near-surface geophysics are: 

 delineation of concealed or abandoned landfills and sometimes 

determination of landfill thickness, 

 mapping of pollution plumes in groundwater (if conductive), 

 mapping and monitoring of saltwater intrusion, 

 geological mapping (soil/rock types, lithology, faults, fracture zones), 

 groundwater surveys, 

 detection of clayfilled karst cavities, 

 detection of metallic objects (both magnetic and nonmagnetic), and 

 UXO-detection. 
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Fig 2 Principle of electromagnetic induction methods 

5. Ground Penetrating Radar 

Ground penetrating radar2 (GPR) is an electromagnetic pulse reflection 

method based on physical principles similar to those of reflection seismics. It 

is a geophysical technique for shallow investigations with high resolution 

which has undergone a rapid development during the last two decades (cf. e.g. 

GPR Conference Proceedings 1994 to 2006). There are several synonyms and 

acronyms for this method like EMR (electromagnetic reflection), SIR 

(subsurface interface radar), georadar, subsurface penetrating radar and soil 

radar. GPR has been used since the 1960s with the term radio echo sounding 

(RES) for ice thickness measurements on polar ice sheets. The method was 

first applied by STERN (1929, 1930) in Austria to estimate the thickness of a 

glacier. GPR has been increasingly accepted for geological, engineering, 

environmental, and archaeological investigations since the 1980s. 
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Broadband dipole antennas are normally used for transmission and reception 

of the signals. Frequencies between 10 and 1000 MHz are used for geological 

and engineering investigations. For materials testing, frequencies higher than 

1000 MHz are also useful. Placing the antennas flat on the ground provides 

the best ground coupling and alters the antenna characteristic significantly 

compared to an antenna in air (focusing effect). A high pulse rate enables 

measurements to be made quasi-continuous by pulling the antennas along a 

profile. Using an antenna-configuration like in Fig. 3, several kilometers 

can be surveyed per day. If the underground conditions are favorable, the 

advantages of the method are that it is non-invasive with high horizontal and 

vertical resolution providing profiling results in realtime in the form of 

radargrams on a monitor or plotter. In many cases, a preliminary interpretation 

is possible in the field. 

 

Fig 3 Principle of the method 

Applications 

 Determination of location (including depth), orientation, size, and 

shape of underground metal and plastic pipelines, cables, and other 

buried manmade objects (e.g., barrels and foundations), 

 detection of cavities within rock masses, 
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 investigation of karst structures, 

 subsidence investigations, 

 investigation of sediment and soil structures, distinguishing between 

homogeneous and inhomogeneous areas, 

 lake and riverbed sediment mapping, 

 geological investigations of glacial deposits, 

 location of faults, joints, and fissures in consolidated rock, 

 location of clay lenses, ice wedges, small peat deposits, etc., 

 determination of the depth to water table in gravel, sand, and sandstone, 

mapping of the aquifer base (in the case of water with low 

conductivity), 

 determination of the condition of landfill lining systems, 

 determination of rock structure in salt mines being investigated for use 

as a waste repository, 

 detection and monitoring of contamination plumes, 

 estimation of soil moisture content, 

 permafrost investigations, 

 glaciological investigations (e.g., ice thickness mapping, determination 

of internal glacier structures), 

 identification of buried landmines and unexploded ordnance (UXO), 

 road pavement analysis, 

 testing integrity and moisture content of building materials, 

 testing of concrete and checking the location of reinforcement bars 

(“rebars”) in it, and 

 localization of concealed structures and objects before and/or between 

archaeological excavations. 

The method fails if the top layers contain good-conducting material (e.g., 

moist clay or silt, saline water, ferrous slag). 

6. Seismic Methods 

The basic principle of all seismic methods is the controlled generation of 

elastic waves by a seismic source in order to obtain an image of the 

subsurface. Seismic waves are pulses of strain energy that propagate in solids 

and fluids. Seismic energy sources, whether at the Earth’s surface or in 

shallow boreholes, produce wave types known as: 
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 body waves, where the energy transport is in all directions, and 

 surface waves, where the energy travels along or near to the surface. 

Two main criteria distinguish these wave types from each other – the 

propagation zones and the direction of ground movement relative to the 

propagation direction. 

Of prime interest in shallow seismics are the two types of body waves: 

 P-waves (primary, longitudinal or compressional waves) with particle 

motion parallel to the direction of propagation, and 

 S-waves (secondary, shear or transverse waves) with particle motion 

perpendicular to the direction of propagation – when particle motion is 

in the vertical plane they are referred to as SV-waves, and SH-waves 

when the particle motion is in the horizontal plane. 

Surface waves, often considered to be a source of noise, contain valuable 

information about material properties of the shallow ground. Their use is on 

the increase in engineering studies. 

The velocity of seismic waves is the most fundamental parameter in 

seismic methods. It depends on the elastic properties as well as bulk densities 

of the media and varies with mineral content, lithology, porosity, pore fluid 

saturation and degree of compaction. P-waves have principally a higher 

velocity than S-waves. S-waves cannot propagate in fluids because fluids do 

not support shear stress. 

During their propagation within the subsurface seismic waves are reflected, 

refracted or diffracted when elastic contrasts occur at boundaries between 

layers and rock masses of different rock properties (seismic velocities and/or 

bulk densities) or at man-made obstacles. The recording of seismic waves 

returning from the subsurface to the surface allows drawing conclusions on 

structures and lithological composition of the subsurface. By measuring the 

traveltimes of seismic waves and determining their material specific 

velocities, a geological model of the subsurface can be constructed fig 4. 
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Fig 4 Principles of seismic methods. Dashed lines show raypaths of seismic waves from 

the source to receivers; v0, v1, v2, v3 are seismic velocities in the respective layers. The 

returning signal is recorded by geophones at distances much greater (refraction seismics), 

at distances less than the investigation depth (reflection seismics) and at distances mostly 

equal to the investigation depth (seismic surface waves). In VSP and crosshole seismics 

the geophones (or hydrophones) are located in boreholes and the source is positioned at the 

surface (VSP) or in boreholes (crosshole seismics). 
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Applications 

 investigation of regional and local geological structures, 

 detection of faults, joints and other zones of weakness, 

 identification of shallow stratigraphic sequences, 

 determination of depth to bedrock and relief of bedrock surface, 

 investigation of layer boundaries, in particular with respect to 

groundwater-bearing formations, 

 distribution and thickness of weathering layer and of erosion channels, 

 delineation of areas of different lithology and facies, 

 mapping the topography of the base of disposal sites, 

 investigations below sealed surfaces, 

 investigation of ground deformations caused by mining and subrosion, 

 determination of elastic parameters (Poisson’s ratio, shear modulus, 

elastic bulk modulus, Lamé parameter, etc. especially rock competence 

for geotechnical application, 

 localization of manmade subsurface structures (e.g., buildings, tanks, 

foundations), and 

 localization of cavities and voids. 

7. Surface Nuclear Magnetic Resonance 

Surface nuclear magnetic resonance (SNMR) is a novel non-invasive 

geophysical tool with which the water content of an aquifer and other 

geohydrological parameters of an aquifer can be determined directly. In 

contrast to SNMR, other geophysical techniques, e.g., dc resistivity soundings 

(VES), electromagnetics, seismics, and ground penetrating radar only provide 

information on the lithological character of aquifers and aquicludes indirectly. 

The SNMR method utilizes the nuclear properties of water. Because 

hydrogen nuclei possess a magnetic moment (spin), they are aligned with the 

Earth's magnetic field. It is possible to excite them with an external magnetic 

field and to measure the signal response resulting from precession of the 

protons after the external magnetic field is switched off. Since the amplitude 

of the SNMR signal is related to the number of excited hydrogen nuclei 

(protons), the technique can be used to estimate the water content of soil and 

rock. Information about other hydraulic properties, such as pore size and 

hydraulic conductivity can also be derived from this signal. 
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Applications 

 Direct detection of groundwater, 

 distinguish between hydrogeological units (aquifers and aquicludes), 

 determination of the water content of primary aquifers, 

 estimation of hydraulic conductivity, 

 determination of the amount of water in the vadose zone, 

 estimation of water content and hydraulic properties of karstic and 

fractured aquifers (research activities). 

8. Geophysical In-situ Groundwater and Soil Monitoring 

The area around both vulnerable sites (e.g., waterworks) and hazardous sites 

(e.g., landfills and industrial plants) have to be monitored for contaminants. 

The integrity of contaminant barriers and the success of rehabilitation of 

contaminated sites must also be monitored. The spread of contaminants occurs 

via three paths: water, soil, and air. Of these, groundwater and surface water 

are the most significant. 

Current practice is to take water samples from observation wells and soil 

and gas samples at vulnerable and hazardous sites at regular intervals for 

chemical analysis on site and/or in the laboratory. It is also current practice to 

use a multi-parameter probe monitoring several environmental parameters in 

wells, such as temperature, electrical conductivity, pH, redox potential and 

oxygen concentration in the water. The repeated visits to the observation wells 

are personnel intensive and hence expensive. Further disadvantages are the 

uncertainties deriving from the sample collection, transport, and the chemical 

analysis, in addition to the masses of data produced. The advantages are that 

numerous substances can be analyzed and that the chemical analyses can be 

used in court. All of these procedures yield point data. To adequately monitor 

a site, numerous sampling points are necessary. 

A new technological development permits continual in-situ monitoring 

over long periods of time (fig 5). The concept is based on a combination of 

measurements made with multi-parameter probes and an optical sensor 

system to obtain point data together with an electromagnetic (EM) system to 

obtain spatial data. 

Electromagnetic monitoring system: Electrical conductivity is a sensitive 

parameter for monitoring contaminants from landfills or a freshwater / 
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saltwater interface. The real and imaginary components of the electrical 

conductivity are functions of the frequency of the transmitted electromagnetic 

waves. The water and electrolyte content can be derived from the conductivity 

function. This function is determined for selected frequencies from the 

measured signal attenuation and phase shift between the transmitter and 

receiver antennas. 

Optosensor system: This sensor system permits simultaneous measurement 

of transmission /absorption, scatter, fluorescence, and refraction. (a) 

Transmission: Molecules absorb radiation energy and convert it to another 

form (e.g., heat or radiation at another frequency). The amount of absorbed 

energy depends on the concentration of the substance. The concentration of 

substances such as phenols, BTEX, dyes, explosives, and nitrate can be 

determined in this way. Humic acids also absorb light and can serve as an 

indicator of a pulse of seepage water from a landfill. (b) Radiation can also be 

scattered by molecules and particles. The extent of scatter depends on 

concentration and particle size and provides a measure of turbidity and 

macromolecule content. (c) Fluorescence is the emission of radiation after 

excitation of a molecule by absorption of radiation energy. The intensity of 

fluorescence is proportional to the concentration of the fluorescing 

substances. Because few substances fluoresce, e.g., PAH, this parameter is 

selective for certain groups of substances. (d) When radiation enters a liquid, 

it changes its velocity and direction. This is called refraction. The index of 

refraction depends on the liquid and the substances in it. Refraction 

measurements can be used to determine substances that do not absorb in the 

UV/VIS/NIR spectral range, e.g., salts and fatty acids. 

Applications 

 Monitoring of vulnerable sites (e.g., waterworks and water protection 

areas), 

 monitoring of hazardous sites (e.g., landfills, industrial areas, and 

mines), 

 monitoring of freshwater/saltwater interfaces, 

 monitoring of well water, 

 monitoring of waste water, 

 monitoring of the rising groundwater after lignite mining is terminated, 

and 
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 monitoring of the integrity of contaminant barriers and the success of 

rehabilitation of contaminated sites. 

 

Fig 5 Schematic of a permanently installed on-site monitoring system 

Geological, Hydrogeological, Geochemical Investigations 

1. Methods for Characterizing the Geological Setting 

Site investigations and assessment require a thorough understanding of the 

geology of the site. The following aspects or parts thereof must be taken into 

account: stratigraphic sequence, thickness and lateral extent of strata and other 

geological units, lithology, homogeneity and heterogeneity, bedding 

conditions, tectonic structures, fractures, and impact of weathering. 

Information about landforms (geomorphology), earthquake risk, activity of 

faults, land sliding, subsidence and caving to the surface as a result of mining 

and karst must also be collected. Planning of an investigation must take into 

account accessibility, whether the surficial rock is unconsolidated or 

consolidated and the investigation methods must be appropriate for the 

geological/hydrogeological conditions. 

The investigation must focus not only on the immediate site (e.g., the 

actual landfill area), but also on the surrounding area. The geological 
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surroundings are described as that area around a landfill or site suspected to 

be hazardous that can be assumed to be affected by possible spreading of 

pollution with a degree of probability greater than zero and whose 

contaminant retention capacity will be exploited. This includes that part of the 

regional groundwater system affected by possible contamination or in which 

the contamination has been reduced either by dilution and other processes to 

a level of trace or background values. The lateral and vertical extent of this 

area is specified depending upon the site conditions by way of plausibility 

considerations and experience. As a rule of thumb: Each landfill or site 

suspected to be hazardous is situated in a regional groundwater system that 

covers an area of several tens of km2 around the immediate site. The regional 

groundwater system must be included in the site assessment and therefore, 

information about this system must be collected. The local groundwater 

system to be investigated in detail usually covers an area of 0.1 to 1 km2. 

Relevant to site investigations is a depth range from the surface to 50 m, 

which may often be extended to about 150 m in order to better understand the 

regional structures (stratigraphy and tectonics) as well as the regional 

groundwater system. 

The extent and thickness of the lithological units are determined using 

geological methods (e.g., geological mapping, excavations, drilling) in 

combination with geophysical and remote sensing methods. The lithological 

units are identified on the basis of their mineralogical composition, color, 

grain size, texture, and other physical properties. 

Stratigraphy is the branch of geology that deals with the original sequence 

of deposition, age relationships, mineralogical composition, fossil content, 

and distribution of strata. Lithostratigraphy deals with the change in rock type 

both vertically and laterally, reflecting changing deposition environments, 

known as facies change. Chemostratigraphy is based on changes in the 

relative proportions of trace elements and isotopes within and between 

lithologic units. Biostratigraphy is based on the fossil content of the strata. 

Strata at locations containing the same fossil fauna and flora are correlatable 

in time. The stratigraphic information can be presented in a stratigraphic 

column. 

The lithological, petrophysical and hydraulic properties of the relevant 

lithological units must be established. These properties can be determined 
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from well cores and other samples, laboratory analyses, geophysical borehole 

logging, hydraulic well tests, and surface geophysical measurements. The 

contaminant retention capacity of the ground must also be estimated. Jointing 

and fault zones which may be hydraulically effective and may provide 

pathways for water and material transport must be given special attention. 

The homogeneity/heterogeneity of the hydrogeologically relevant layers 

must be determined to obtain information about the spatial variability of the 

hydraulic properties. The homogeneity of the subsurface can be investigated 

using geophysical methods, including borehole logging, by taking suitable 

samples from outcrops, trenches, and boreholes. 

The following properties are important for an assessment of the 

homogeneity/heterogeneity of the ground on a small scale (1 - 100 cm) with 

respect to 

 texture, grain size, mineral content, density, water content, possibly 

contamination, 

 strength (compressibility, shear strength), 

 porosity and degree of saturation with water, and 

 permeability. 

Other aspects that need to be taken into consideration for an assessment of the 

subsurface are bedding and tectonic structures. The tectonic structures are 

important for interpreting the formation and movement of the Earth’s crust. 

Sedimentary rocks are deposited under the influence of water, wind and 

gravity, generally as even, parallel layers. The bedding created during rock 

formation can be changed, for example, by extension or compression. In the 

case of plastic deformation, these result in folds, flexures and salt domes. In 

the case of deformation with fracturing, the result is displacement, with the 

formation of faults. The subsurface can have faults formed at different times 

and by different mechanisms, and having different strike directions and dip 

angles and extending to different depths, not necessarily to the surface. 

In order to assess the effectiveness of the ground as a geological barrier 

below a landfill or other site suspected to be hazardous it is necessary to 

investigate the bedding and tectonic structures, and to understand how they 

were formed. For an assessment of underground pathways for water, for 

example, it is crucial to know whether a fault zone was created by 
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compression or extension. A broad spectrum of geoscientific methods are 

employed for this. 

2. Methods for Characterizing the Hydrologic and Hydraulic Conditions 

Hydrology is science of the behavior of water in the atmosphere, on the 

Earth's surface, and in the subsurface, while the hydrogeology studies the 

groundwater and its relationship to the geologic environment. Both points of 

view are important in a site investigation and assessment. Basic in hydrology 

is the hydrologic cycle, also known as the water cycle, i.e. the continuous 

circulation of water between the atmosphere, land, surface water, 

groundwater, and plants, through condensation, precipitation, runoff, 

infiltration, evaporation, transpiration, groundwater flow, storage and 

seepage. Figure 6 shows the elements of the hydrologic cycle. The hydrologic 

cycle supplies terrestrial organisms with freshwater and is therefore a source 

of life. The system powered by solar radiation determines essentially the 

climate. 

 

Fig 6 Elements of hydrologic cycle 

Climate is the general pattern of weather conditions for a region over a long 

time period (at least 30 years), taking into account temperature, precipitation, 

humidity, wind, and other phenomena. The main influence governing the 

climate of a region is its latitude. The influence of latitude on climate is 

modified by one or more secondary influences including position relative to 
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land and water masses, altitude, topography, prevailing winds, ocean currents, 

and prevalence of cyclonic storms. A broad latitudinal division of the Earth’s 

surface into climatic zones based on global winds includes the equatorial 

zone, characterized by high temperatures with small seasonal and diurnal 

change and heavy rainfall; the subtropical, including the trade-wind belts and 

the horse latitudes, a dry region with uniformly mild temperatures and little 

wind; the intermediate, the region of prevailing westerly winds that because 

of several secondary influences, displays wide temperature ranges and marked 

changeability of weather; and the polar, a region of short summers and long 

winters, where the ground is generally perpetually frozen (permafrost). The 

transitional climate between those of the subtropical and intermediate zones, 

known as the Mediterranean type, is found in areas bordering the 

Mediterranean Sea and on the west coasts of continents. It is characterized by 

mild temperatures with moderate winter rainfall under the influence of the 

moisture-laden prevailing westerly winds and dry summers under the 

influence of the horse latitudes or the trade winds. In addition to hydrological 

and hydrogeological information climatic data must be collected for site 

investigation. Precipitation not only recharges the groundwater, but also forms 

leachate in landfills and mobilizes soluble substances in contaminated sites. 

Air pressure influences emissions of soil gas. For example, low air pressure 

promotes the venting of landfill gas. Direction and intensity of wind 

determines dust and gas emissions from landfills, industrial and mining sites 

into the surrounding areas. 

Most important for characterizing the hydrologic conditions of an area is 

the water balance equation: 

 

Where P is precipitation, ET is evapotranspiration, Rd is direct runoff 

(overland flow and interflow), Rb is baseflow, and ǻS is change in 

groundwater storage due to lateral in/outflow. 

3. Methods for Characterizing the Geochemical Conditions 

A geochemical investigation in the study area should be primarily focused on 

characterizing the complex chemical inventory of the groundwater, surface 

water, soil, rock, stream and lacustrine sediments, and soil gas. Geochemical 

site characterization includes a determination of geogenic background values 
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and anthropogenic input. This distinction is possible only if the size of the 

area and the number of sampling points is adequate for a statistical evaluation. 

A geochemical investigation usually takes place following the geological, 

hydrogeological and geophysical surveys, the results of which are used for a 

focused and representative sampling strategy. The approach and the scope of 

a geochemical site investigation depend on the following: 

 the objective and phase of the investigation, 

 the contamination potential, 

 the compartment under consideration (e.g., the groundwater, soil, or 

air), and 

 the natural environmental conditions. 

In the case of planning and construction of a new landfill, the geogenic 

background and anthropogenic input from former land use have to be 

determined for comparison with later changes caused by the landfill (base 

line). Orientating investigations of sites suspected to be hazardous should 

enable an inventory of substances and determine contaminant concentrations 

in the various parts of the site. Detailed investigations of sites suspected to be 

hazardous must determine the mobile and/or potentially mobilized 

contaminant contents for the pathways groundwater, surface water, soil, and 

air. Natural retention and decomposition processes (natural attenuation) are to 

be included. Detailed site investigations provide the information for hazard 

assessment and decisions for action. 

The samples must be properly collected in order to obtain useable 

analytical results and thus a correct assessment of the site. Errors made in 

collecting the samples cannot be recognized in the laboratory and hence 

cannot be corrected for afterwards. The sampling procedure depends on the 

geological composition of the subsurface (rock and soil), types and expected 

vertical and horizontal distribution of contaminants, affected pathways, 

objectives and phase of the investigation, size and land use of the area to be 

investigated. 

Leachate is the main carrier of contaminants from landfills and contaminated 

sites, entering initially the unsaturated zone and from there into the 

groundwater. Therefore, the chemical contents of the groundwater must be 

determined and monitored. A prerequisite for the investigation and 

assessment of the distribution of contaminants in the groundwater as a 
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function of time is to have best possible knowledge of the geological and 

hydrogeological conditions in the investigation area and of the groundwater 

dynamics. The properties of the contaminants and their migration behavior 

must also be taken into account when the investigation strategy is prepared. 

In addition to convective transport of substances via the groundwater, 

dispersion, diffusion, matrix diffusion, sorption and decomposition result in 

retention of dissolved substances and a reduction in contaminant 

concentration in the water, as well as causing different migration 

velocities for the different contaminant substances. The migration behavior of 

specific substances has a great influence on the scope and the selection of 

parameters as well as on sample collection intervals. The more frequent 

analysis of fewer key parameters can provide more reliable results than a 

larger number of parameters with longer intervals between measurements. 

The assessment of the extent of changes in the groundwater contents is 

based on the natural groundwater composition (geogenic background). 

Deviations from the geogenic background contents indicate groundwater 

contamination. The natural groundwater quality depends both on the 

lithological and geochemical composition of the rocks as well as on various 

hydrodynamic factors. A higher rate of groundwater flow results in 

considerably lower substance loads due to the shorter dwell times. In addition, 

chemical conditions (redox potential and pH) also play a role. To determine 

the natural hydrochemical conditions it is important to take both vertical and 

horizontal zoning into account. In cases where the groundwater is already 

subject to influx of unspecified anthropogenic substances, the local 

background must be taken as a reference. 

Geochemical site characterization includes the taking of soil, rock, stream and 

lacustrine sediments (summarized as “soil”) samples to determine 

contaminant loads, background concentrations, and soil properties. Due to the 

inhomogeneity of the subsurface and spreading of contaminants via water and 

air, it is vital to take representative samples in order to have reliable 

investigation results. 

Soil is formed from unconsolidated and consolidated rocks by weathering, 

new mineral formation and humification and frequently superimposed by 

anthropogenic influences. The natural geogenic constituents generally reflect 

the elemental and mineralogical content of the source rock (lithogenic 
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component). The soil-forming processes begin with enrichment or removal of 

substances leading to the formation of typical soil horizons (pedogenic 

component). Therefore the specific properties of a soil type, the source rock 

of soil, chemical environmental parameters (pH, redox potential) and 

components capable of sorption (TOC, clay minerals) are significant for the 

migration behavior of contaminants and/or the retention potential of a soil. 

Stream and lacustrine sediments provide information about the catchment 

area and are used for the geochemical characterization of large areas. Such 

sediments provide a good indication of the input of heavy metals and low 

solubility organic substances to the site – mostly bound within the organic and 

the fine-grained fraction. 

When the background is determined, it is necessary to not only take the 

geogenic background into consideration, but also the anthropogenic 

background resulting from the land use in the past and present. Knowledge of 

the background values for the soils and rock at the site is a prerequisite for 

identification of anthropogenic input. 

Soil gas (all gaseous substances formed in the soil and/or transported into the 

soil) consists, depending on the local conditions, of the following 

components: 

 atmospheric gases, 

 gases formed by bacterial metabolism as well as by aerobic or anaerobic 

decomposition of organic materials, 

 geogenic gases (natural gas, petroleum gases, coal gases) formed by 

thermal processes from organic matter in the petroleum source rock 

deep underground, producing methane and other organic hydrocarbons, 

nitrogen, etc., which migrate to the Earth’s surface, 

 radiogenic gases (radon and helium) formed by the natural decay of 

radioactive elements in the Earth’s crust which also migrate to near-

surface zones from the deep underground, 

 anthropogenic gases, which are primarily landfill gas, but also include 

gaseous and highly volatile organic contaminants from other sources. 

Analysis of soil gas can be used to verify seepage from landfills and to monitor 

the spreading of contaminants from contaminated sites. The concentration, 

composition and distribution of soil gas in the pore space, in the soil water 
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(dissolved gas phase) and in the soil matrix (adsorbed gas phase) depend on a 

multitude of factors. Consequently, soil gas concentrations and composition 

are subject to considerable variation and fluctuation. Such factors are the 

meteorologically influenced parameters of water content, air pressure and 

temperature, as well as the lithological and pedological conditions (e.g., 

permeability and adsorption properties). These factors must be taken into 

account when soil gas investigations are planned and conducted. 

In the case of landfills in which organic waste has been deposited, landfill 

gas can be formed by microbial decomposition. Landfill gas can also contain 

any number of volatile trace substances of anthropogenic origin. There are 

two main pathways by which gases leave a landfill: direct escape into the 

atmosphere and migration into the subsurface or adjacent buildings. Migration 

of gas from a landfill into the subsurface can be clearly detected by 

measuring methane as the key substance in soil gas. This provides an early 

indication of contaminant migration from the landfill. 

If the physical conditions are suitable, it is possible to use soil gas analyses 

to investigate the horizontal and vertical extent of contamination and to 

identify the sources of gaseous and volatile contaminants (e.g., volatile 

halogenated hydrocarbons, BTEX) in the unsaturated zone. Extent and 

distribution of these contaminants are dependent on physical parameters of 

the soil. Porous and jointed rocks promote propagation of contaminants, 

whereas areas of low permeability with high water content and water saturated 

areas tend to inhibit it. Volatile components can collect below retaining 

interbeds. Contaminants with the appropriate density (e.g., volatile 

halogenated hydrocarbons) move downwards in the unsaturated zone and 

spread in the capillary zone or migrate into the groundwater. Determination 

of volatile substances in soil gas provides a rapid qualitative survey of 

contaminant loads. Owing to its qualitative character, soil gas analysis is 

suitable for orientating investigations and as a basis for decisions for detailed 

investigations based on soil and groundwater sampling. The use of 

inexpensive soil gas investigations can help minimize the need for expensive 

drilling. 

The geochemical investigation of groundwater, soil, and soil gas provides 

information about the distribution of geogenic and anthropogenic material 

concentrations in the various compartments groundwater, soil and air, for 
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example. By analysis of the contaminant distribution over time and taking into 

account the geological, hydrogeological, and geochemical conditions at the 

site as well as the physical parameter values, it is possible to qualitatively 

estimate migration behavior. The migration behavior, as well as the eco-

toxicological effect of a substance in the ground, depends not only on the 

concentration of the substance, but also to a decisive degree on the chemical 

form (species) and on how the substance is bound in the soil. In addition to 

species and type of bond it is also necessary to take into account the numerous 

processes by which these substances interact with mineral constituents, 

organic substances, soil water and groundwater, and soil gas. These processes 

include 

 retention processes (filtering, ion exchange, sorption), 

 dissolution and precipitation, 

 microbial conversion, 

 association and dissociation of dissolved particles, 

 acid-alkaline reactions, 

 oxidation-reduction, and 

 transport (convection, hydrodynamic dispersion, diffusion). 

The species or chemical form in which an element is present is especially 

important in the case of trace elements. The oxidation state of some elements 

(e.g., Fe, Mn, and Cr) depends on pH and redox potential. Other elements 

(e.g., As, Hg, Pb, or Sn) can form metal-organic complexes. The different 

mobilization and eco-toxicological behavior of these species has to be taken 

into account. The speciation of heavy metals in leachate is often ignored when 

landfills are investigated, although this can be very significant in assessing the 

long-term mobility of an element. In the case of leachate from a municipal 

waste landfill, the main focus should be on sulfide precipitation and the 

formation of complexes by organic substances in connection with the 

chemical conditions in the soil and groundwater at the site during the various 

phases of the degradation of the contaminant. In the case of waste incineration 

slag, the ageing of the mineral phases is the main long-term mobility factor. 

The mobilization of contaminants in soil, sediments and waste materials is 

basically determined by the type of bonding. The various types of bonds must 

be taken into account both for the inorganic elements as well as for organic 
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substances. The main components of a soil or sediment controlling the 

element and substance bonding are 

 clay minerals, 

 carbonates, 

 hydrated iron and manganese oxides, and 

 organic matter. 

 

The following general considerations should be kept in mind in site selection 

for sanitary landfills: 

 Limestone or highly fractured rock quarries and most sand and gravel 

pits make poor landfill sites because these Earth materials are good 

aquifers. 

 Swampy areas, unless properly drained to prevent disposal into 

standing water, make poor sites. 

 Floodplains likely to be periodically inundated by surface water should 

not be considered as acceptable sites for refuse disposal. 

 Areas in close proximity to the coast—where trash (transported by wind 

or surface water) or leachate in groundwater or surface water may 

pollute beaches and coastal marine waters— are undesirable sites. 

 Any material with high hydraulic conductivity and with a high water 

table is probably an unfavorable site. 

 In rough topography, the best sites are near the heads of gullies, where 

surface water is at a minimum. 

 Clay pits, if kept dry, provide satisfactory sites. 

 Flat areas are favorable sites, provided that an adequate layer of 

material with low hydraulic conductivity, such as clay and silt, is 

present above any aquifer. 

 

 

 

 

 


