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ABSTRACT 

The occurrence of an electrical potential difference between the ends o f a capillary 

tube when a f lu id flows through is known as the streaming potential phenomenon. 

It was reported by Quincke in 1859 and was studied by Helmholtz, among others, 

in the nineteenth century. Its geophysical manifestation is the development of 

electrical potential differences in the ground when groundwater flows through 

porous rocks or soils. The phenomenon has been comparatively little studied in a 

geophysical context. The present thesis is the outcome o f the author's experimental 

and theoretical research in the phenomenon. 

Natural streaming potentials, along with other electrical potentials in the ground 

that are present even in the absence of an artificially injected current, are also 

known as self-potentials (SP) or self-potential anomalies. Small-scale f ield 

measurements in the present work have demonstrated that SP observations within 

areas of size 0.5 m by 0.5 m appear to be approximately normally distributed. 

Hence a mean of such observations can be accepted as a representative value o f the 

potential o f the "point". 

The experimental work in the thesis was undertaken to simulate the natural 

phenomenon in the laboratory. A n equipment to measure the streaming potentials 

developed across soil samples as a function of the applied pressure was designed. 

The total applied pressure could be varied between approximately 15 and 400 kPa. 

Pressure differences and electrical potential differences could be measured wi th an 

accuracy of about 0.1 kPa and 1 mV, respectively. The streaming potential 

developed across a sample is generally observed to be proportional to the pressure 

difference and the constant o f proportionality is called the streaming potential 

coefficient C. This was determined for a number of sand and moraine samples. 

Two methods to estimate C from field observations of SP have been developed. 

The first can be regarded as a correction to observations o f potentials due to water 

f low in slopes ("topographic SP") and the second is an active method where 

pumping f rom a well is used as a controlled source o f streaming potentials. A 

comparison of values o f C obtained f rom laboratory measurements and f rom 

estimates based on f ield observations showed that laboratory data can give 

reasonable estimates o f the in situ value of C. 

Field observations o f SP at several different sites have been used to illustrate the 

stability o f the potentials over extended periods of time as long as conditions in the 



ground stay the same. When the appearance of an SP-anomaly changes this 

generally reflects significant changes in the conditions in the ground. It appears that 

anomalies wi th an amplitude exceeding about 10 mV, and probably even smaller 

ones, are significant. 

A case history illustrates the occurrence of streaming potentials in a practical f ield 

situation. It is shown that the removal of a topographic trend enhances the 

appearance of any local anomaly patterns present in the data. In the case under 

consideration these patterns reflect both variations in the electrical resistivity and 

presence of self-potentials not o f a streaming origin. The apparent streaming 

potential coefficient can be obtained f rom a plot o f SP versus elevation but it was 

found to vary wi th time due to variation in the near-surface resistivity. 

The streaming potential phenomenon can be described by means o f the theory o f 

coupled flows which expresses the f low (of, e.g., charge, matter or heat) as a linear 

combination o f driving forces (gradients o f , e.g., electric potential, pressure or 

temperature). The formulation is well suited to numerical modelling, and a detailed 

examination of the generation of sources o f conduction current in the streaming 

potential problem has been made. A numerical study illustrates the calculation o f 

conduction current source terms in a practical example. 

A qualitative discussion o f the generation o f sources o f conduction current, by f low 

o f ground water, for some simple geological models has been made to further 

illustrate the physical mechanisms behind the streaming potential phenomenon. 

Although not strictly a modelling tool, a method to estimate the l imit ing depth to a 

streaming potential source region has also been devised using the formal analogy 

between streaming potentials and magnetostatics and following Smith's analysis for 

the determination o f the maximum depth to the top of a magnetised body. 
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1. INTRODUCTION 

The self-potential method has by many been considered a method on the very fringe 

of the f ield o f applied geophysics, the study o f SP associated with streaming 

potentials even more so. Lately, however, there has been a rising interest in both o f 

these areas, much due to improved instrumentation and field methods, which have 

made it possible to make reliable measurements o f even very small self-potentials. 

The study o f the streaming potential phenomenon, being the only geophysical 

phenomenon directly related to the transport o f subsurface water, has also been 

furthered by an increasing interest in the study o f movement o f near-surface 

groundwater, e.g. investigation o f leakage through earth dams. The work presented 

in this thesis was in fact to some degree inspired by the success o f self-potential 

measurements in defining leakage zones on the Sourva earth dam, located in the 

Lule river (see Tr iumf et al 1996). 

The main theme of this thesis is the study o f streaming potentials both in the 

laboratory and in the field, although some forays into other areas o f the SP-

phenomenon have been unavoidable. M y aim has been to report the results o f my 

research in a clear and concise manner, and also to present in a coherent way the 

background to and theory of the streaming potential phenomenon, in the hope that 

the thesis should function both as a comprehensive introduction to the field and an 

in-depth study o f the phenomenon. 

1.1 Layout of thesis 

In designing the layout o f this thesis I have tried to fol low a logical progression, 

proceeding f rom basic concepts towards more specialised and complex topics. The 

fol lowing three chapters are more or less a review of the present state o f research in 

the area o f SP and streaming potentials, and form a necessary background for 

readers not familiar with the subject. Chapter 2 lays the foundation through a 

detailed review of the self-potential phenomenon. Chapter 3 introduces the basic 

concept o f electrokinetic phenomena, as well as the important related concepts o f 

the electric double layer and the zeta-potential. The streaming potential 

phenomenon is examined in chapter 4. 

The initiated reader might prefer to forego the three introductory chapters and jump 

directly to the heart o f the matter, beginning with chapter 5. The first part o f this 

chapter deals wi th different aspects o f laboratory measurements o f streaming 

potentials, whereas the main body is devoted to a description o f the laboratory 

measurements and a presentation and interpretation of the laboratory results. The 

1 



related problem of determining the streaming potential coefficient in situ from SP-

measurements is treated in chapter 6. Chapter 7 examines different aspects o f field 

measurements o f self-potentials, including a discussion o f error levels, stability o f 

SP-anomalies and a case history illustrating the occurrence of streaming potentials 

in the field. The main body of the thesis is concluded by chapter 8 which discusses 

modelling of streaming potentials. Also included is brief a treatment o f the analogy 

between magnetostatics and streaming potentials together wi th a method to 

estimate maximum source depths based on this analogy. Chapter 9 closes the thesis 

and is included to summarise and discuss the main findings and possibilities o f 

future research in the area o f streaming potentials. 



2. THE SELF-POTENTIAL METHOD 

There are spontaneous electrical potential differences, that is potential differences 

in the absence of artificially injected current, between any two points in the ground. 

These potential differences consist o f two parts, one time-varying and one steady, 

or more correctly, pseudo-steady. The time-varying potentials are the subject of 

magnetotellurics. The self-potential (SP) method deals wi th the measurement and 

interpretation o f the non-fluctuating part o f the natural potentials in the ground. The 

driving forces behind these SP-potentials are different electrochemical processes in 

the ground. Normally the potentials range from fractions o f a m V to several tens of 

mV, although values up to several hundred millivolts are not uncommon. Such 

large SP-anomalies are generally, but not exclusively, associated with the presence 

o f electronically conducting minerals in the ground, e.g., deposits o f sulphide, 

graphite and magnetite. High SP-anomalies can also be found in areas with 

pronounced topographic variation, in geothermal areas, and in areas with high 

groundwater f low rates. 

The existence o f the SP-phenomenon has been known at least since the earlier half 

o f the 19 t h century. According to Parasnis (1986) the first known application o f SP-

measurements was made as early as 1830 by Fox in investigations of sulphide veins 

in a Cornish mine. Systematic use o f SP, however, did not start until around 1920. 

For some time, however, the SP method fel l into disregard, probably as a result of a 

lack o f a satisfying theoretical explanation o f the phenomenon, and failure o f the 

method in several investigations. In many early instances the lack o f success was 

likely due to inadequate field procedures giving rise to spurious anomalies. In 

recent years there has been a slight resurgence in the use o f SP, especially in 

environmental and hydrogeological problems. SP-measurements have, e.g., been 

successfully employed in locating leakage zones in earth dams (e.g., Butler et al, 

1990; Thunehed et al 1995). 

2.1 Field Procedure 

Measuring self-potentials is in principle very simple. A pair o f electrodes placed in 

the ground, a voltmeter, and wire to connect the electrodes to the voltmeter is the 

only equipment needed. Still , some special requirements have to be met in order to 

obtain reliable observations. The electrodes should be o f the non-polarizable type, 

e.g., Cu-CuSC>4 or Calomel (Hg-HgiCh). I f simple metal stakes were used, the 

potentials caused by electrochemical interaction between the metal and the ground-



water could overshadow the potential variation in the ground. This said, there are 

some examples (e.g., Butler et al, 1990) where plain metal electrodes have been 

used successfully. Further, the voltmeter should have a high input impedance, o f 

the order of 108 D., so as not to draw any appreciable current f rom the ground, 

which would disturb the potential distribution and cause polarization o f the 

electrodes. Most modern digital voltmeters have an input impedance high enough 

to be suitable for SP-measurements. 

There are, however, further disturbing effects which cannot be removed simply by 

using a suitable type o f equipment. It is necessary to perform measurements in such 

a manner that it is possible to reduce the influence o f these effects by post-

measurement data processing. The nature o f these disturbances w i l l be further 

discussed in the next section. Common to all o f them is that they appear as a time 

variation of the measured self-potentials. There are three distinct effects to 

consider: 1) drift in the potential of the electrodes, caused by temperature variations 

and ageing o f the electrodes; 2) electric potentials in the ground which are not self-

potentials, e.g., potentials caused by telluric currents or electric installations; and 3) 

SP-noise caused by variation in near-surface soil properties, e.g. moisture content 

and soil composition. 

The influence of electrode drift is effectively minimised by applying drif t correction 

techniques similar to those used in magnetic surveys. The presence of spurious 

electric potentials in the ground is more difficult to handle. A t times there may be 

abrupt changes in these disturbing potentials which means that dr if t correction 

cannot accurately account for them. For detailed surveys these potential variations 

should ideally be monitored by continuously measuring the voltage over two 

perpendicular dipoles in the vicinity o f the survey area. Even i f not used directly for 

numerical reduction o f the SP-anomalies, these records w i l l help in identifying 

changes in the background potentials which otherwise might be misinterpreted as 

real anomalies. The influence o f the near surface noise can be reduced by taking 

readings at several electrode positions at each station. The mean value o f these 

observations is a better approximation to the true SP-value than any single 

observation. I f the above steps are taken and measurements are made with care i t 

should be possible to reduce the error to about ±5 mV in self-potential surveys. 

Two different f ield procedures are used in SP-investigations: gradient and absolute 

measurements. Gradient surveys are carried out by moving a dipole wi th a constant 

electrode separation over the survey area. When changing stations the rear electrode 

is moved to the position previously occupied by the front electrode. I f the length, /, 



of the dipole is not too great then the ratio between the potential difference and the 

length, AJ 7//, effectively measures the gradient o f the potential. The absolute 

potential may be calculated by summing the potential differences along the profile. 

Such a calculated absolute potential profile is generally more noisy and less reliable 

than a measured one. One reason is that electrode offset errors may be problematic 

as they w i l l accumulate during the calculation of the total potential. It is therefore 

necessary to monitor the electrode offset voltage at regular intervals, by placing the 

electrodes in a common electrolyte. The effect o f error accumulation may also be 

reduced by employing what is known as the leap-frog technique, in which the rear 

electrode is moved to the new forward position instead o f remaining in the rear 

position. Using this procedure the offset voltage changes sign every second 

measurement and the sum of the offset errors should remain close to zero. The only 

real disadvantage with the leap-frog method is the additional complication that the 

reading polarity changes at each station. Thus care must be taken to ensure that a 

strict sign convention is adhered to. Absolute measurements are made with one 

moving electrode and one fixed reference electrode. A long cable that is reeled o f f 

is used to connect the distant electrode to the instrument. 

2.2 Sources of SP-anomalies 

There are several different electrochemical mechanisms that set up electrical 

potential differences in the ground. This multiplicity o f sources complicates the 

interpretation, as all electric potentials can be superposed. There is no certain way 

to divide an SP-anomaly into components based on their electrochemical origin. 

Depending on the goal o f an investigation these mechanisms may act both as 

anomaly sources and as sources o f noise. A brief description o f each of the main 

source mechanism follows. 

2.2.1 Mineral potentials 

The mineral potentials are probably the most common cause o f strong localised SP-

anomalies. They are often called sulphide potentials, as they are generally most 

pronounced above sulphide mineralisations. The name mineral potentials is, 

however, more suitable as this type of self-potential anomalies can occur above all 

kinds o f electronically conducting mineral bodies. The driving force behind the 

mineral potentials is the presence of electrochemical gradients in the ground. 

Earlier theories attributed the phenomenon to oxidation o f the parts o f the mineral 

body above the ground water table. Such a mechanism ought to cause positive 

anomalies above the ore bodies, whereas the opposite is generally observed. 



Other early models generally regarded oxidation o f the orebody as a necessary step 

in creating an SP-anomaly. The actual SP-source mechanism then may be, e.g., 

differences in pH or redox potential o f the groundwater. Sato and Mooney (1960) 

presented a review and criticism of earlier proposed explanations o f mineral 

potentials. Their paper also includes a detailed electrochemical model in which the 

ore body does not directly take part in the chemical reactions; it acts only as an inert 

conductor o f electrons. Different electrochemical reactions at the upper and lower 

parts o f the orebody produce potential drops across the mineralisation-electrolyte 

interface. These interface voltages may be calculated by suitable Nernst equations 

for the reactions involved. Sivenas and Beales (1982) extend the theory o f Sato and 

Mooney and suggest some additional chemical reactions as sources o f the interface 

voltages. Table 2.1 (after Ki l ty 1984) gives a summary of some chemical reaction 

pairs proposed by different authors to explain SP-anomalies over massive ore 

deposits. 

One problem with all of the above theories is that they assume chemical 

equilibrium. This can only occur i f there is no current f low, in which case there 

could be no SP-anomaly. In reality the interface voltages are functions o f the 

current in the circuit, much in the same way as the voltage o f a battery drops when 

current is drawn from it. Thus the interface voltages depend both on the chemical 

reactions involved and on the subsurface resistivity distribution, which determines 

the circuit current. 

Table 2.1. Electronation and de-electronation reaction pairs proposed to explain SP-
anomalies over massive orebodies. After Kilty (1984)  

Reaction in lower orebody, 
(de-electronation) 

Reaction in upper orebody 
(electronation) 

Reference 

H 2 0 2 -» 0 2 + 2IP + 2e" Fe3+ + e" - • Fe2+ Sato and Mooney, 1960, p. 246 

Fe2+ -> Fe3+ + e" Fe3+ + e" -*- Fe2+ Nourbehecht, 1963, p. 95 

Mn 2 + -> Mn 4 + + 2e" Mn 4 + + 2e" -> Mn 2 + Nourbehecht, 1963, p. 99 

2 H 2 0 ->• 0 2 + 2rT + 4e" 0 2 + 4FT + 4e" -» 2H 0 
2 

Sivenas and Beales, 1982, p. 127 

4 OH" -> 0 2 + 2 H 2 0 + 4e" 0 2 + 2H 20 + 4e" -> 4 OH" Sivenas and Beales, 1982, p. 128 

Metal-S -> Me 2 + + S + 2e' 2e" + Metal-S -» Metal + S2" Sivenas and Beales, 1982, p. 135 

Any pair o f reactions in table 2.1 may act as a SP source mechanism. The reactions 

involved determine the magnitude o f the equilibrium interface voltages. K i l t y 

(1984) used non-equilibrium thermodynamics to extend the previous theories; the 

fol lowing description is adapted f rom his paper. When there is a current f low in the 

ground, four different voltages have to be considered: the potential drop within the 

orebody, the potential drop in the ground outside the orebody, and the interface 



voltages at the sites o f electronation and de-electronation, respectively. According 

to K i r c h o f f s law, the sum of the voltages must be equal to zero, which gives: 

-Vore + (A<f>e-A<i>d) = IR, (2.1) 

where V o r e is the potential drop across the orebody, A(j>e and Atfj^ are the interface 

voltages at electronation and de-electronation sites, respectively. / is the current 

f lowing through the circuit and R is the resistance o f the current path outside the 

orebody. The measured SP-anomaly is a part o f the potential drop IR. As the 

current increases, so does IR, and consequently the SP-anomaly. A t the same time 

the interface voltages decreases. This effect is similar to that occurring in an 

electrochemical cell; the cell voltage is greatest when no current is drawn f rom it 

and decreases with increasing current. 

The deviation o f the interface voltages f rom their equilibrium values is generally 

known as overpotentials. Their variation with current is such that the quantity 

(A(|)e-A(j)^) decreases when the current increases. A n SP-anomaly is caused by the 

current f lowing through the ground and therefore is a complex function o f the 

factors that determine the current, namely the overpotential, the resistance o f the 

current path, and the equilibrium interface voltages. A t the moment lack o f 

experimental data on electrode-electrolyte systems characteristic o f ore-deposits 

prohibits any detailed theoretical assessments of the expected size o f these SP-

anomalies. 

K i l t y (1984), as several workers before him, notes the similarity o f the equations 

governing mineral SP-anomalies and those for the magnetic scalar potential. Thus 

magnetic modelling software, with suitable modifications to allow for the electrical 

boundary conditions, could be used to model SP-anomalies. Due to the complexity 

of the distribution o f sources over the surface of an orebody, it is probably only 

realistic to use such a scheme to investigate rather simple equivalent SP current 

source distributions. 

2.2.2 Streaming potentials 

Streaming potentials, or electrofiltration potentials, occur when an electrolyte, e.g., 

water moves wi th respect to a stationary solid phase. It is one o f a several 

electrokinetic phenomena (see section 3.2). The phenomenon was first observed in 

capillary tubes by Quincke (1859). Later Helmholtz (1879) formulated a theoretical 

model, also based on observations in capillaries, that in most aspects still holds. 

Where an electrolyte is in contact wi th a solid phase there occurs an electrical 

double layer. The solid surface becomes charged and ions with opposite charge 

accumulate near the surface. The accumulated ions form a diffuse layer, part o f 



which may be moved along with the f lu id f low. This charge transport constitutes an 

electrical convection current and causes an electrical potential difference between 

the ends o f the capillary which drives a return current balancing the convection 

current. The potential difference in steady state condition is known as the streaming 

potential. From a geophysical point o f view, streaming potentials in capillaries may 

be o f limited interest, but i t can be shown that the same equations can be used to 

deal with f low in capillaries as well as f low through porous media. 

A l l geological processes which involve f low o f water through the ground may 

produce SP-anomalies through the streaming potential phenomenon. The fact that 

the groundwater practically always is in a state o f motion should mean that 

streaming potentials occur everywhere. Observations seem to bear this out. There is 

a marked correlation between topography and SP. Hills and high points in the 

terrain are generally correlated with negative SP-anomalies. Often these anomalies 

are weaker than those caused by mineral potentials, but in extreme cases their 

amplitudes may be comparable. One example o f this is given by Nayak (1981), who 

describes an SP-anomaly o f -1.94 V over a h i l l above unmineralised quartzites in 

India. 

Today there appears to be a rising interest in the application o f streaming potentials. 

This coincides wi th a general trend of increasing interest in near-surface 

geophysical applications. Streaming potentials are also especially interesting as 

they constitute a phenomenon that is directly related to the f low of water in the 

ground. Many other methods may be useful in groundwater investigations, e.g., 

resistivity measurements, but they measure only secondary effects of the water 

f low. Last, but not least, modern field equipment and procedures, facilitating 

accurate measurement o f even very small SP-anomalies, have also had a part in the 

expanding interest. Anomalies with an amplitude o f only a few, say between five to 

ten millivolts should be detectable in a detailed survey. 

Applications o f streaming potential investigations include: location of leakages on 

earth dams, detection o f subsurface springs and hydrogeologicai mapping. Several 

case histories have been published illustrating the measurements and interpretation 

of streaming potentials. Fournier (1989) used SP-measurements to map water 

pathways in aquifers in a mountainous region in France. Butler et al (1990) describe 

a comprehensive investigation o f leakages through an earth dam. They used a 

combination o f seismics, georadar, resistivity soundings, and SP-measurements to 

obtain a fairly complete picture o f the f low situation in the dam. Hötzl and Merkler 
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(1989) used SP-measurements in conjunction with water injection experiments to 

map high permeability pathways, i.e., fracture zones in crystalline rock. 

2.2.3 Diffusion potentials 

Concentration differences in the groundwater may produce so-called diffusion 

potentials. If , at some point in the ground, there is an excess o f ions o f a certain 

species then diffusion forces w i l l act to restore a homogeneous distribution, and 

there w i l l be a net transport o f ions in the direction o f the concentration gradient. 

This net transport o f ions through diffusion constitutes an electrical diffusion 

current. Transport of cations and anions represents positive and negative currents 

respectively. For a simple monovalent, one to one electrolyte (e.g., NaCl) the net 

diffusion current f low density, JD, driven by a concentration gradient would be: 

JD=e°VC(Dc-DA), (2.2) 

where e° is the elementary electric charge, and C is the electrolyte concentration. 

Dc and DA are the diffusivities o f cations and anions respectively. It is the 

difference between Dc and Da that causes the net current f low, which at steady state 

conditions is balanced by a conduction current in the reverse direction. The 

conduction current causes a potential drop which is the measured SP-anomaly, i f no 

other sources are present. In reality the situation becomes much more complicated 

as several different species may be involved in setting up the diffusion current. 

Dif fus ion potentials are believed to be responsible for part o f the background 

potentials encountered in most SP-investigations. One unexplained problem is that 

wi th time all concentration differences in the ground would tend towards zero. A 

continuous source of ions is therefore necessary to sustain diffusion potentials over 

time. No such source has been positively identified. One suggested source is redox 

reactions involving oxygen f rom the atmosphere. 

2.2.4 Adsorption potentials 

Areas above quartz veins or pegmatites often exhibit positive SP-anomalies wi th a 

magnitude on the order o f 20 to 40 mV. Semenov (1974) attributes this effect to 

adsorption o f positive ions on the surface o f the veins. The exact mechanism is not 

clear, however, as there must be a continuous transport o f charge to support the 

anomaly. The measured anomaly is as usual the ohmic potential drop caused by the 

current f low, and therefore a simple static adsorption of cations cannot act as the 

anomaly source. The SP-anomalies associated with clays are probably also o f this 

origin. 



2.2.5 Thermoelectric potentials 

Several workers have reported SP-anomalies generated by thermal sources in 

conjunction with surveys in geothermal areas. SP-surveys f rom several geothermal 

areas show anomalies with magnitudes ranging f rom 50 to 2000 mV; both positive 

and negative anomalies occur (Corwin and Hoover, 1979). These anomalies are 

generally generated through a combination of electrokinetic (streaming potential) 

and thermoelectric coupling. The streaming potentials occur because the thermal 

sources induce convection o f the ground water. The pure thermoelectric effect is 

not completely understood, but it is believed to be caused by differential thermal 

diffusion o f ions in the ground water and o f electrons and donor ions in the rock 

matrix. This thermoelectric process is known as the Soret effect (Heikes and Ure, 

1961). 

The magnitude o f this thermoelectric coupling is generally expressed as a thermo

electric coupling coefficient equal to the ratio between the resulting gradient o f the 

electric potential and the applied temperature gradient. Nourbehecht (1963) 

presents data for several different rock types. According to h im the thermoelectric 

coupling coefficient varies between -0.09 and 1.36 mV/°C. Dorfman et al (1977) 

report that the coupling coefficient varies from 0.3 to 1.5 mV/°C, for a variety of 

sandstone, limestone, and serpentinite samples. 

2.2.6 Electrode dependent potentials 

Electrode dependent potentials are not strictly a source o f SP. They occur only as a 

result o f interaction between the soil and the electrodes used, and hence have little 

or nothing to do with the actual potential distribution in the ground. There is good 

reason, however, to introduce them here as i t is not possible to distinguish them 

f rom the true ground potentials, and care must be taken to understand whether 

electrode dependent effects have disturbed the SP-measurements or not. I f the 

electrodes as well as the electrochemical conditions in the soil in which they are 

placed were identical, then this phenomenon would not be a problem. The spurious 

potentials would be equal at both electrodes and the measured potential difference 

between them would still be the true potential difference in the ground. In reality it 

is not possible to manufacture identical electrodes, and it is definitely not 

reasonable to assume that soil conditions are constant. Therefore it is necessary to 

recognise and try to minimise these effects. 

A metal electrode in contact wi th the moisture in the soil constitutes an 

electrochemical half-cell. The electric potential difference between two such cells is 
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described by the Nernst equation and depends both on the properties of the 

electrode and the electrolyte: 

EcelI=E°ell-~:\nQ. (2.3) 

Ecen is the electric potential difference of the cell, and E°cen is the standard 

potential difference, which is determined by the reactions involved. R is the 

universal gas constant, T is the absolute temperature, n is the number of electrons 

involved in the cell reaction and F is the Faraday constant. The reaction quotient, 

Q, is the ratio between the product o f the chemical activities (approximately equal 

to the molar concentration) o f the reaction products and o f the reactants. Thus 

variation in the activity of any o f the dissolved components in the ground water w i l l 

lead to a spurious potential difference between the measuring electrodes. A n 

additional complication is that most probably several different redox reactions are 

involved in setting up the potentials at the electrode/electrolyte interface. 

Assuming that only one ionic species is involved in the electrode reactions it is a 

simple task to calculate the spurious potential caused by a concentration difference. 

I f the concentration o f the active ion is doubled then the potential difference 

between the electrodes changes by 18 mV, which is more than some relevant 

anomalies encountered in detailed surveys. As a consequence o f this, plain metal 

electrodes are not really suitable for SP-measurements. Only for very crude surveys, 

or i f a strong case can be made for the homogeneity o f the soil water composition, 

should their use be contemplated. To alleviate this problem non-polarizing 

electrodes should be used. In these electrodes contact is made with the soil via a 

saturated solution of a salt o f the electrode metal. The saturated solution is in 

contact with the ground via a porous plug, which may be made of, e.g., unglazed 

porcelain or wood. As the metal electrodes are in contact wi th identical saturated 

solutions, the half cell potentials are equal and the potential difference measured 

between the electrodes should equal the potential difference in the ground. 

Using non-polarizing electrodes does not solve all problems, however. It has been 

shown that these electrodes react to variations in soil moisture, as well as to 

temperature changes. A n increase in moisture content w i l l increase the potential o f 

the electrode as w i l l an increase in temperature. For the most commonly used non-

polarizing electrodes, Cu-CuS04 and Ag-AgCl, Corwin (1989) reports that the 

effect o f soil moisture changes is around 0.3 to 1 m V per percent moisture change, 

depending on soil type and electrode construction. Measurements by Morrison et al 

(1979) have shown a maximum potential difference o f approximately 70 m V 
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between two Cu-CuS0 4 electrodes placed in saturated and very dry desert soil, 

respectively. 

From the above it is clear that spurious potentials generated by soil moisture 

differences may in several cases overshadow interesting anomalies. To recognise 

and avoid misinterpretation o f these potentials it is necessary to keep record o f f ield 

observations o f major variations in soil conditions. Due both to lack o f quantitative 

understanding of the phenomenon, and to practical difficulties in determining 

moisture content, it not feasible at present to attempt removal o f these potentials 

f rom the data. 

The temperature dependence of Cu-CuS0 4 and Ag-AgCl electrodes is generally 

considered to be around 0.5 to 1 mV/°C (e.g., Kassel et al , 1989). Note that this 

refers to the temperature o f the electrolyte in the electrode, not the temperature of 

the ground. The influence of temperature variations is generally minimised by the 

ordinary drift corrections applied. 

2.2.7 Vegetation induced potentials 

The vegetation on and in the ground may influence the distribution o f spontaneous 

potentials. These potentials arise as a response to physical changes induced by the 

vegetation. The two main effects are probably streaming potentials and influence on 

soil moisture content. According to Ernstson and Scherer (1986) the effect of 

vegetation is seen as short wavelength SP-anomalies with amplitudes o f up to 150 

mV. They interpret these potentials as caused by small scale vegetation induced 

streaming potentials, and possibly by diffusion potentials near the roots o f the 

plants. 

Another common observation is that areas with dense vegetation generally exhibit 

positive SP-values in comparison with areas where the soil is bare. The explanation 

for this phenomenon is probably that the vegetation allows the soil to retain more 

moisture. As seen above (Corwin 1989), an increase in soil moisture at the mobile 

electrode leads to a higher measured potential difference, as the electrode in the 

more moist soil acquires a spurious positive potential. 

2.3 Influence of the resistivity distribution of the ground 

One or more of the above described sources are necessary to produce an SP-

anomaly. Each source may be viewed as a current source with a certain strength and 

geometry. Such a point o f view puts the focus on the fact that the measured SP-

anomaly is an electric potential drop due to a current f low in the ground; and, 
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consequently, that the resistivity distribution plays an important role in determining 

the shape of the anomaly. 

On homogeneous ground the geometry of the source or sources determines the 

shape of the anomaly. As soon as there are resistivity variations, however, this basic 

anomaly appearance w i l l be distorted. Fig 2.1 shows an example o f this effect. The 

figure on the left shows the resulting normalised absolute f ield SP-anomaly, due to 

a buried point current source, in the vicinity o f a vertical contact. The ratio o f 

resistivity on the two sides of the contact is ten. The figure on the right shows the 

normalised SP-anomaly caused by the same source placed in a homogeneous 

halfspace. The contact introduces a significant difference between the two 

anomalies. I f one were to try to explain the anomaly over the contact without 

considering the resistivity change, one would have to assume a quite complicated 

source distribution, in contrast to the simple point current which in reality is the 

source. It is therefore important to investigate resistivity effects to avoid over-

interpreting SP-anomalies. 

x (m) x (m) 

Fig. 2.1. Effect of resistivity variation. The SP-source is assumed to be an equivalent point 
current source placed at x=-5m., y=0 m. The depth of the source is five metres. A) 
normalised theoretical anomaly over a vertical contact at x=0; the resistivity ratio is 10. B) 
normalised theoretical SP-anomaly over a homogeneous half space. 

2.4 Interpretation of SP-anomalies 

Many attempts at quantitative interpretation have been based on theoretical 

anomalies calculated for simple geometric bodies situated in a homogeneous half-

space. Much insight may be gained by studying such anomalies, but as long as one 

disregards the influence of the resistivity only a qualitative understanding is 

possible. Quantitative interpretation o f SP-anomalies is probably best carried out 
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using some numerical method to calculate the potential distribution o f an 

equivalent current source, where the strength and geometry of this source have been 

found f rom knowledge of material parameters and primary driving forces. One 

example is modelling o f SP-anomalies on a leaky earth dam, where the SP-

distribution can be well approximated by the electric potential caused by a positive 

and a negative current source at the outflow and inflow areas, respectively. The 

strength of these current sources can be calculated with a knowledge o f the 

streaming potential coefficient and the hydraulic potential distribution. 

One of the thrusts o f this thesis is to develop an appropriate technique for the 

interpretation o f streaming potentials. The subject w i l l be taken up again in 

chapters 6 and 8 where in situ methods to estimate the streaming potential 

coefficient and modelling o f streaming potentials w i l l be discussed. 
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3. ELECTROKINETIC PHENOMENA, THE ELECTRIC DOUBLE LAYER AND 

THE ZETA-POTENTIAL 

The term electrokinetic phenomena is a common term used to describe a number o f 

phenomena where electric current f low and f low of matter interact. Electrokinetic 

phenomena were discovered already in the early 19 t h century, and it was soon 

realised that a two-phase system was necessary to produce these effects. The 

concept o f a liquid being electrified by the contact with a solid substance evolved 

into the formulation o f the theory of an electric double layer at the interface 

between two phases. The double layer theory and the related zeta-potential concept 

are central to the theory of electrokinetic phenomena. 

3.1 The electric double layer 

A t the contact between two different phases, e.g., between a solid and a l iquid or 

between two immiscible liquids there generally occurs a charge redistribution. Here 

I w i l l concentrate on the case with a solid substance in contact with an electrolyte. 

In this case the redistribution o f charge is caused by either a permanent charge on 

the surface o f the solid or by a charge imbalance caused by chemical interaction 

between the phases. As an example consider clay minerals which have an 

unbalanced negative surface charge, in contrast to quartz which develops a surface 

charge only in contact with an electrolyte. In contact with water the surface charge 

on quartz may be positive or negative depending on the specific chemical 

conditions. The charge on the solid w i l l attract charges o f opposite sign f rom the 

electrolyte in such a manner that the interface as a whole is electrically neutral. This 

means that close to the solid there w i l l be an excess o f counterions. When there is 

movement between the solid and the electrolyte, part o f the liquid w i l l remain 

attached to the solid. Mechanical boundary conditions require there to be no 

movement between solid and liquid exactly at the interface, rather there is a 

slipping plane at some distance f rom the solid surface. Because this slipping plane, 

or shear plane, is located within the region o f charge redistribution, relative 

movement between liquid and solid w i l l cause a transport of excess charges, that is 

an electric current. The converse is also true; an electric current w i l l cause a net 

transport of matter. This is the basis o f the electrokinetic phenomena discussed 

below. 

There are several different models describing the charge redistribution in the 

electric double layer. The simplest o f these models treats the double layer as a plane 

parallel capacitor, whose inner plate consists of the charges on the solid and outer 
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plate consists o f the charges in the electrolyte. The distance between these plates is 

on the order o f a few molecular layers. This model is generally known as 

Helmholtz's molecular condenser although it was first suggested by Perrin (1904). 

Regarding the charge in the electrolyte as being confined to a thin layer is a 

considerable oversimplification which Gouy (1910) and Chapman (1913) 

independently tried to overcome. 

The Gouy-Chapman theory, assumes a certain surface charge and f rom that 

calculates the distribution of point-shaped ions in the double layer, taking into 

account both electrostatic and thermal forces. This formulation leads to a diffuse 

distribution o f charges in the double layer, which is a model better suited to the 

understanding o f electrokinetic phenomena. A sketch o f the distribution o f charges 

and the resulting potential according to the Gouy-Chapman model is shown in the 

upper part o f Fig. 3.1. Stern (1924) published a further refined model allowing both 

for a partially fixed inner layer, and a diffuse outer layer. This model also takes into 

account the finite size o f the ions in the electrolyte. The inner layer may be further 

divided into two layers, the inner and outer Helmholtz planes (IHP, and OHP, 

respectively). The IHP contains ions adsorbed to the bare solid surface through 

specific adsorption forces whereas the OHP contains hydrated ions that are bound 

to a hydrated solid. Al lowing for specific adsorption forces means that i t is possible 

for the Stern layer to contain more charge than is necessary to balance the charge on 

the solid. In such a case the charges in the diffuse part o f the double layer would 

have the same sign as those on the solid surface. The lower part o f Fig. 3.1 shows 

the two possible charge distributions and the resulting electric potential as 

described by the Stern model. 

3.1.1 Development of surface charge 

One can view the formation o f an electric double layer as an effect o f the 

development o f a surface charge on a solid in contact wi th an electrolyte. This 

charge then attracts opposite charges from the electrolyte causing build-up o f the 

diffuse double layer. There are some materials that have a surface charge due to 

imbalance in the crystal structure, e.g., clay minerals. Most materials, however, 

develop a surface charge only in contact with an electrolyte through chemical 

interaction. There are basically two chemical processes that lead to the 

development o f a surface charge: hydrolysis o f surface hydroxyl groups, and 

chemical adsorption of specific ions onto the surface o f the solid. These processes 

generally occur simultaneously, but their relative importance depends on the 

composition o f the solid and the electrolyte. As an example consider quartz. In pure 

water, at pH-values above 2, quartz develops a negative surface charge through 

16 



hydrolysis. I f aluminium ions are added to the water these w i l l be specifically 

adsorbed onto the quartz surface decreasing the negative charge. When the 

concentration of A l 3 + is around 10"6 M , the surface becomes uncharged due to the 

combined effect o f hydrolysis an adsorption. A t even higher A l 3 + concentrations the 

surface charge is positive. The hydrolysis mechanism is obviously pH-dependent. 

This is true also of the adsorption mechanism, although intrinsically only weakly 

pH-dependent, because it competes wi th the hydrolysis reaction. Both these 

processes can be treated as ordinary chemical equilibria, and the equilibrium 

constants for many surfaces and electrolytes are available. 

A S 

Fig. 3.1 Different models of the structure of the electrical double layer A) the Gouy-
Chapman model, and B) the Stern model. Only excess charges are shown. The diagrams 
show qualitatively the resulting electric potential distribution in the electrolyte. H, and S 
indicate the Heimholte plane and the shear plane, respectively. 
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3.2 The different electrokinetic phenomena 

Flow of electric current and transport of matter may be related in several different 

ways in a solid-electrolyte system. There are basically four distinct types of 

electrokinetic phenomena: electro-osmosis, streaming potentials, electrophoresis, 

and sedimentation potentials. 

Electro-osmosis is the transport o f liquid relative to a stationary solid phase as a 

response to an applied electric field. Electrophoresis is the transport o f solid 

particles in a l iquid that as a whole is stationary. Both these phenomena were 

discovered by Reuss (1809) who had performed two series o f experiments. In the 

first he observed f low o f water through a tube f i l led with quartz sand when an 

electric field was applied; i.e., electro-osmosis. He also noted that without the sand 

there was no flow. Contact wi th the sand had apparently changed the electric state 

of the water. In the second series o f experiments Reuss observed that clay particles 

could be made to move in a liquid by applying an electric field, i.e., electrophoresis. 

Quincke (1859) experimentally verified the existence o f a phenomenon opposite to 

that o f electro-osmosis; the appearance o f an electric field in response to a f low of 

liquid. This is the streaming potential phenomenon. Quincke observed the potential 

difference across a porous diaphragm as distilled water was passed through this. 

The streaming potential and electro-osmosis may be viewed as reciprocals. 

Considering this it was reasonable to assume the existence o f a mechanism 

opposite to electrophoresis also, the occurrence o f an electric potential difference in 

response to movement o f particles in a liquid. This was first observed by Dorn 

(1880), as a potential difference in a tube filled wi th distilled water during 

centrifugation of a quartz suspension. This effect is known as the sedimentation 

potential or Dorn potential. 

Common to all electrokinetic phenomena is that they occur as an effect of the 

charge separation in the electric double layer. To understand the mechanisms 

behind these phenomena, it may be advantageous to consider the electric double 

layer at a plane solid surface in contact wi th an electrolyte (Fig. 3.2). For the cases 

of electro-osmosis and electrophoresis assume that an electric field is applied 

parallel to the interface. This electric field w i l l cause electrostatic forces to act on 

the charges in the double layer. The arrows in Fig. 3.2 indicate the direction o f these 

forces, which w i l l act so as to displace the charges. I f the solid is stationary then the 

charges in the electrolyte w i l l move with respect to solid. The motion o f the charges 

w i l l affect the adjoining uncharged electrolyte through internal friction. This is the 

electro-osmotic phenomenon. There may occur a similar phenomenon during 
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electrolysis o f an electrolyte, due to the fact that different ions may have different 

hydration numbers. This is, however, not considered to be an electrokinetic 

phenomenon. In the case of electrophoresis the electrolyte is stationary and 

therefore the electrostatic forces tend to move the solid wi th respect to the 

electrolyte. 

For the instances o f streaming and sedimentation potential consider mechanical 

forces acting on the solid and the electrolyte. Now let these forces be indicated by 

the arrows in Fig. 3.2. The result w i l l be a relative motion between solid and 

electrolyte, causing a charge separation. The streaming potential phenomenon 

occurs when the electrolyte moves with respect to a stationary solid. Part of the 

excess charges in the diffuse part o f the double layer w i l l be sheared o f f and 

transported with the moving f luid. The transport o f these charges causes a charge 

separation in the streaming direction. There w i l l be an excess o f positive charge at 

the left end o f the solid and vice versa. This separation o f charge sets up an electric 

potential difference which in its turn drives a return current through the main body 

o f the electrolyte. The electric potential difference at equilibrium is the streaming 

potential. The mechanism behind the sedimentation potential is very similar, the 

difference being that the solid moves wi th respect to the stationary f lu id instead o f 

the other way around. 

Electrolyte 
© fT\ £ZS ffi /Ti j j \ Æv (T\ 

W W W W W W 

Solid 

Fig. 3.2 Schematic representation of the charge distribution at a plane solid in contact with 
an electrolyte. Here it is assumed that the solid has a negative surface charge. The arrows 
indicate the electrostatic forces acting on the charges (electro-osmosis and electro
phoresis) or mechanical forces (streaming potential and sedimentation potential). 

3.3 The zeta-potential 

From the above it is obvious that the properties o f the electric double layer are of 

fundamental importance in all electrokinetic phenomena. Some measure o f these 

properties is necessary to establish a quantitative theory. It has been shown that the 

zeta-potential, defined as the electric potential on the slipping plane in the 

electrolyte, is a fundamental physical property in all electrokinetic phenomena (e.g., 

Mazur and Overbeek, 1951). It is a function of the surface potential of the solid 
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which in its turn is proportional to the surface charge. In fact these are all directly 

proportional to the zeta-potential. It is not possible to measure directly the zeta-

potential, rather it has to be estimated f rom electrokinetic measurements. It may 

also be calculated from the surface charge, which it is possible to measure. A 

drawback with such a method is that the results become dependent on which model 

one uses for the potential distribution in the electrolyte. 

3.3.1 Factors influencing the zeta-potential 

The zeta-potential is complex function o f several parameters; influencing factors 

are: temperature, pH, chemical composition o f the electrolyte, and chemical 

composition of the solid. A grasp o f the effect o f a variation o f these factors is 

necessary in order to interpret electrokinetic measurements. Most of these factors 

influence the zeta-potential indirectly through their direct effect on the surface 

charge o f the solid. 

The one most important factor is the pH of the electrolyte. It has a primary 

influence on the surface charge on the solid both when surface charge is acquired 

through hydrolysis o f surface groups and when acquired through specific 

adsorption. The chemistry of the solid-electrolyte interface may be treated by 

ordinary chemical equilibrium calculations. Fig. 3.3 shows an example of the pH-

dependence o f the surface charge density, and consequently o f the zeta-potential. 

The p H of the electrolyte also has a secondary influence on the zeta-potential. At 

very low and high pH-values, the concentration o f [ H + ] , and [OH' ] , respectively, 

becomes so high as to have an appreciable influence on the ionic strength, which 

diminishes the zeta-potential (see below). 

The ionic strength is a measure o f the total amount of charged species in an electro

lyte. It is defined as: 

I = ~ 1 C J > (3-1) 

where c, is the concentration o f species i, and z, is its charge. The ionic strength 

influences the zeta-potential through its effect on the extent o f the double layer. 

This extent is, however, not a well defined property, but 1/K, the distance f rom the 

solid at which the potential has fallen to 1/e o f the surface potential, is often used as 

a measure o f the thickness o f the double layer. A n increase in the ionic strength w i l l 

cause a compression o f the double layer, which results in a decrease o f the 

magnitude o f the zeta-potential even i f the surface potential is not affected. 
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Fig. 3.3. a) Influence of pH on surface charge density. After Stumm 1992. b) the zeta-
potential of quartz as a function of pH. The electrolyte is 10"3 M KN0 3 . After Ishido and 
Mizutani, 1981. 

Specific adsorption o f ions onto the solid surface influences the zeta-potential 

through its effect on the surface charge. The importance of this phenomenon is 

indicated in Fig. 3.4, where the difference between the two curves is caused only by 

the presence o f a specifically adsorbed ion, A l . Specific adsorption o f uncharged 

molecules may also affect the surface charge, as such a process competes wi th the 

adsorption o f ions. 

The influence of the temperature o f the system is very complex as all mechanisms 

involved in determining the zeta-potential are intrinsically temperature dependent. 

The temperature dependence o f the equilibrium constants for the adsorption and 

hydrolysis reactions can be found from thermodynamic calculations. A general 

AH°-TAS° 

approximation o f an equilibrium constant is K ~e RT , where AH0 is the 

standard enthalpy change, AS0 is the standard entropy change, R is the universal gas 

constant and T is the absolute temperature. Specific adsorption, e.g., decreases wi th 

increasing temperature. A change in temperature w i l l also affect the thickness o f 

the double layer. A t higher temperatures the increased thermal motion o f the ions in 

the double layer w i l l increase its thickness, which should increase the zeta-

potential. The combined effect o f temperature can become very complex; i t may be 
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positive, negative or insignificant, depending on how the different effects 

cooperate. Fig. 3.4 also shows an example of the effect o f temperature on the zeta-

potential o f quartz for two different electrolytes. 

The above review and that in chapter 2 have been considered a necessary back

ground, giving a coherent description and a proper distinction between the various 

SP-phenomena. In particular the distinction between the different electrokinetic 

phenomena is o f vital importance for the understanding of streaming potentials 

which is the subject o f this thesis and to which I now turn. 
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Fig. 3.4. Variation of the zeta-potentiai of quartz with temperature for two different 
electrolytes: 10"3 M K N 0 3 (solid circles), and 10' 3 M K N 0 3 plus 10"4 M AI (N0 3 ) 3 (open 
circles). The large difference between the two curves is caused by specific adsorption of 
A l 3 + . The K N 0 3 does not react with the quartz surface and is added as a supporting 
electrolyte to keep the ionic strength constant. After Ishido and Mizutani, 1981. 
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4. THE STREAMING POTENTIAL PHENOMENON 

As we have already seen, a mechanical f lu id f low can cause an electric current. 

This is the streaming potential phenomenon, which is one o f several electrokinetic 

processes that include electro-osmosis, electrophoresis, and sedimentation 

potential. 

This chapter lays the ground for the subsequent treatment o f the author's data. The 

derivations below are well known but are given here in extenso to establish 

terminology among other things. 

When two different phases are in contact there generally arises an electrical 

potential difference between them because the charged constituents, electrons or 

ions, are attracted differently to each o f the two phases. Ionisation o f surface groups 

and capture of immobile charges in one o f the phases also contribute to the effect. 

In connection with the streaming potential phenomenon only the special case o f an 

electrolyte in contact wi th a solid surface is o f interest. For the discussion in this 

chapter a simpler model o f the charge distribution at the solid-liquid interface than 

the models briefly described in chapter 3 w i l l suffice. In general the solid surface 

w i l l be electrically charged. This charge can be looked upon as located in a plane. 

To preserve electroneutrality it w i l l have to be balanced by an accumulation o f 

mobile charges o f opposite sign in the electrolyte in a diffuse zone extending 

outward f rom the solid surface (Fig. 4.1). The charge density in the diffuse layer 

decreases rapidly with the distance f rom the surface. This model o f the diffuse 

double layer corresponds to that proposed by Gouy (1910) and Chapman (1913). 

The charges under consideration here are net excess charges. In the bulk o f the 

electrolyte there is an equal amount o f positive and negative charges. 

When a pressure gradient forces the liquid to move relative to the solid, part of the 

diffuse double layer is dragged along with the f lu id flow. As the double layer 

contains an excess o f charges compared to the bulk liquid, this transport constitutes 

a convection current that w i l l cause a charge build-up in the system. The mobile 

charges w i l l accumulate at the low pressure end, and there w i l l be a lack o f them at 

the high pressure end. This charge separation gives rise to an electric potential 

difference, the streaming potential. 

The plane closest to the solid surface where f lu id movement takes place is known 

as the plane o f shear (dashed line in Fig. 4.1), the electric potential at which is the 
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zeta-potential, by definition. As w i l l be seen later the detailed electrical structure of 

the double layer does not influence the magnitude of the convection current. 

The electrical streaming potential w i l l drive a conduction current back through the 

fluid. In steady state the two currents must cancel each other. The magnitude o f the 

streaming potential for a given f low depends on the total resistance o f the return 

current path. I f the solid is not electrically insulating some of the current w i l l pass 

through it resulting in a diminished streaming potential. 

potential 

Fig. 4 .1 . Simplified representation of the charge distribution at the solid-liquid interface. 
Only excess charges are shown. The dashed line indicates the plane of shear. The right 
hand part is a qualitative description of the potential distribution in the diffuse double layer. 
Q is the potential at the shear surface. 

The derivation o f the streaming potential in a capillary or in a porous plug is rather 

straight-forward. Equating the conduction and the convection currents in the whole 

system leads to a relationship between the streaming potential and the pressure 

drop. The same procedure can be applied to the situation in the ground, but this 

becomes more complicated as the currents balance in the whole space, not at every 

point. For this situation the theory o f coupled flows, that relates the convection 

current density to the pressure gradient in the ground, is useful. The convection 

current density can then be used to obtain the conduction current density, and hence 

the electric potential in the ground. 

In what follows reference w i l l often be made to a pressure difference or a pressure 

gradient as a driving force behind groundwater flow. It is important to realise that 

since a hydrostatic pressure gradient cannot drive a water flow, the pressures 

referred to must be pressures above hydrostatic, a distinction not always clearly 

made in the literature. 
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4.1 Streaming potential in a cylindrical capillary 

When a f lu id is passed through a capillary tube, the mobile part o f the electric 

double layer is dragged along with the f lu id f low constituting an electric convection 

current, Iconv. The electric field produced by the charge accumulation at the ends of 

the capillary drives a conduction current, lCOnd, through the bulk o f the f lu id in the 

direction opposite to that o f the convection current. In steady state the two currents 

are equal in magnitude and the total electric current in the capillary is zero. The 

current densities in the capillary however are not the same at all points. 

The axial velocity o f a f lu id driven by a pressure drop AF through a capillary o f 

radius r and length / is given by Pouiseille's equation: 

AP , , ,x 
v ( y ) = ^ ( r - y )> (4.1) 

where rj is the dynamic viscosity (Pa-s), and y is the distance f rom the centre o f the 

capillary. In our case, r is actually the distance from the centre to the plane of shear 

and not to the capillary wall . I f the excess charge density is p(y) Om" 3 then the 

product v(y)-p(y) is the axial convection current density, jconv. The total convection 

current can then be found by integrating the current density over the cross section A 

o f the capillary: 

r 

Lon* = jA JconM = j 27rVV( v ) P ( v)ü?V . (4.2) 

The convection current density falls o f f very rapidly wi th increasing distance f rom 

the capillary wall ; consequently only values of y close to r w i l l influence the 

integral above. Putting r=y in the factor r+y in the identity ^-^ 2 =(r+y)(r-v) in Eq. 

4.1 the f lu id velocity becomes: 

AP 
v O ) ~ — K > - ; 0 - (4.3) 

This approximation, together with the substitution x=(r-y), gives 

, s rAP 
x. (4.4) 

where x is the distance f rom the wall of the capillary. Combining equations 4.2 and 

4.4, the convection current can be written as: 

r rxAP 
Iconv=-]27c(r-x)^-p(x)dx. (4.5) 

As only the region close to x=0 contributes to the current i t is possible to make the 

further simplification (r-x)xr, which gives for the convection current: 
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KT2 AP) 
hon, = - ~j J xp(x)dx. (4.6) 

Poisson's equation describes the relationship between charge density, permittivity s 

and electric potential ^ i n the diffuse part o f the double layer: 

V > = - - - (4.7) 

For a one-dimensional case: 

v V = 4 r . (4-8) 

and f rom equations 4.7 and 4.8, the charge density becomes: 

p(x) = -e^f (4.9) 
dx 

Substituting the charge density in equation 4.9 in equation 4.6, we get: 

7tr2AP f d2w 

' - " T W * ' < 4 - ' 0 ) 

Integrating by parts gives the result: 

7tr2APe 
c o m r\l 

dy/Y 0 °rdy/ 
x-

V Jx=r \ dx 

7ür2APe r e£ 
(4.11) 

- f J|// = -7V2AP. 
J 71 / 

The first term in the brackets becomes zero as dy/dx is zero for x=r. The integral, 

C 
J j i / A , is the electric potential difference between the centre o f the capillary where 

o 

i// is zero, and the wall o f the capillary, or rather, the shear plane where y/ by 

definition is equal to the zeta-potential. This observation means, somewhat 

surprisingly, that the detailed electrical structure o f the double layer does not 

influence the value o f 7C 0„V. The approximations leading to equation 4.11 do not 

hold strictly over the whole integration range. This is, however, not a problem as 

the charge density p(x) is only non-zero for values of x«r, which means that for 

values o f x where the approximations don't hold the integrand is zero. The minus 

sign reflects the fact that for a negative zeta-potential the excess charges in the 

diffuse part o f the double layer are positive and vice versa. 

The streaming potential, w i l l drive a conduction current in the opposite direction, 

the magnitude of which is given by Ohm's law: 

4w=^> (4.12) 
K 
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where AF" is the streaming potential, and R is the resistance o f the f lu id in the 

capillary. Let oo and as be the bulk and surface conductivity, respectively. The 

resistance of the liquid in the capillary is then given by: 

1 Ttr2oQ litra < 
R I I 

and the conduction current is: 

~* ', ' (4.13) 

/ „ w = ^ Ä ^ ^ . ( 4 . 1 4 ) 

For steady state ICond+Iconv=0, which gives: 

AF" eC 

r 

= C. (4.15) 

Equation 4.15 is known as the Helmholtz or the Helmholtz-Smoluchowski 

equation, and the ratio AV/AP=C is generally known as the streaming potential 

coefficient (SPC). When surface conduction can be disregarded the SPC is 

independent o f the radius o f the capillary. This is because the geometric factor for 

f lu id f low and current f low through the bulk o f the f lu id is the same, nr2. Surface 

conduction is only o f importance when the capillary radius becomes very small, or 

when the f lu id conductivity, ÜQ , is very low. 

4.2 Streaming potential in a porous plug 

A setup involving porous plugs is typical o f laboratory measurements o f the 

streaming potential coefficient. A n external pressure applied over a porous plug 

w i l l cause a streaming potential in the same manner as in a capillary. For a porous 

plug the situation is, however, somewhat more complicated than for a capillary. 

Overbeek (1952) has shown that equation 4.15 applies also in this case as long as 

surface conduction can be neglected (a s =0). Another necessary requirement is that 

the f lu id f low and current f low must have the same geometry, which means that the 

matrix has to be electrically insulating so that the current is confined to the f lu id in 

the pores. 

For a porous medium the geometric factors for f lu id and current f low are not as 

simple as for a single capillary. Still, as long as they are equal they cancel when 

equating convection and conduction current, and equation 4.15 can be used. Here it 

is important to realise that ao is the conductivity o f the f lu id f i l l i ng the pores, not 

the bulk conductivity o f the porous plug. Failure to make this distinction would 

lead to an overestimate o f the streaming potential coefficient. A simple capillary 

model may be used to illustrate this. 
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Assume that the pore space of the medium can be approximated by N capillaries 

per unit area, each of radius rt. From equation 4 . 1 1 , the total convection current is: 

7 C O N V = - § A P X ^ 2 , ( 4 - 1 6 ) 
(=i 

i.e., the sum of the convection current in each of the capillaries. Disregarding 

surface conduction the return conduction current becomes: 

Icor,d=<*0— Z,^ 
i=1 

In steady state ICOnd+Iconv=0, which leads to a simplified form of equation 4 . 1 5 : 

^ = ^ = C . ( 4 . 1 7 ) 

A P T]G0 

I f we instead use the bulk conductivity, an, the correct formulation o f the 

conduction current would be: 

4 - = A k 5 l , ( 4 . 1 8 ) 

taking the area o f the plug as unity. Using the same steady state condition the 

streaming potential coefficient takes the form: 

^ = ^ W . ( 4 . 1 9 ) 

The summation in equation 4 . 1 9 is simply the total cross sectional area o f the 

capillary pore space. In this case, as the plug has unit area, this is the same as the 

porosity, §, o f the plug. Using this notation the SPC can be written: 

( 4 . 2 0 ) 

A P na, 
Thus i f one mistakenly uses the bulk conductivity for a capillary medium the SPC 

so obtained has to be multiplied by the porosity. This effectively means that the 

bulk conductivity is related to the f lu id conductivity and porosity as: 

o b = G,<p, ( 4 . 2 1 ) 

which can be considered to be one form of the empirical relation known as Archie's 

law (see , e.g., Parasnis 1 9 9 6 ) . For the capillary model equation 4 . 2 1 applies 

exactly. For a realistic porous medium, however, Archie's law has the form: 

a b = ( J 0 r , ( 4 . 2 2 ) 

where m is an empirically determined constant. The value o f m depends upon the 

degree of cementation; for loose sediments it is close to unity. This means that also 

for porous materials, that are not very well approximated by a bundle o f capillaries, 

using bulk conductivity in Eq. 4 . 1 7 w i l l overestimate the SPC by approximately 

1/^, as is the case for the capillary model. 
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4.3 Coupled ßow formulation of the streaming potential phenomenon 

The theory of coupled flows has its basis in the theory of irreversible thermo

dynamics. It is very general and can be applied to all processes where a driving 

force (e.g., electric field, pressure gradient, temperature gradient) causes a f low (of, 

e.g., charge, matter, heat). Table 4.1 summarises these f low phenomena. The 

generalised equation that describes a f low is: 

1=1 

where Jt is the f low per unit area of type i, Ly is the coupling coefficient relating 

f low o f type i to force of type j, and Xj is the gradient or driving force o f type j. The 

phenomena involving diagonal coefficients are known as direct flows. The other 

processes are known as coupled flows (sometimes also cross-coupled), as a 

gradient o f one kind drives a f low of another. One limitation o f this theory is that it 

assumes all flows to be linearly related to the driving force. Experimental evidence 

indicates that this is true within wide limits, so this is not a very severe limitation 

but it should be kept in mind i f large flows or gradients are involved. Worth noting 

is also that this formulation assumes the medium to be locally homogeneous, which 

is a simplification. In a real porous medium for example, the current density in the 

pores is not equal to that in the matrix. In the coupled f low formulation the current 

density is equal at all points, being determined by some averaged values of 

potential and conductivity. 

Table 4.1. Coupled and direct flow phenomena that can be described with the theory of 
coupled flows (after Yeung and Mitchell 1993) 

Hydraulic gradient Electrical gradient Thermal 
gradient 

Chemical gradient 

Fluid flow Darcy's law 
(hydraulic cond.) 

Electroosmosis Thermo-
osmosis 

Normal 
osmosis 

Electric 
current 

Streaming 
potential 

Ohm's law 
(electric cond.) 

Seebeck 
effect 

Diffusion and 
membrane 
potentials 

Heat flow Isothermal heat 
transfer 

Peltier effect Fouriers's law 
(thermal cond.) 

Dufour effect 

Ion flow Streaming current Electrophoresis Soret effect Fick's law 
(diffusion) 

Using equation 4.23 to keep track of all possible coupled flows would be a 

formidable, not to say impossible, task. To make the problem more manageable, 

one has to assume that some processes are unimportant and that some gradients are 

equal to zero. For the streaming potential problem the relevant equations are those 
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relating electric current f low and f lu id flow. Assuming that there are no thermal or 

chemical gradients the electric current and the f lu id f low are related as: 

Q = -LnVP-LnVV 

J = -L21VP-L22VV, ( 4 2 4 ) 

where, J is the electric current density, Q is f lu id velocity (volume f low rate per unit 

area), V is the electric potential, P is the pressure (above hydrostatic), and Ly are the 

coupling coefficients. Ln is the hydraulic conductivity (K), and L22 is the electric 

bulk conductivity (ab). Ln and L21 are cross-coupling coefficients describing the 

relationship between electric current and f lu id flow. L12 is related to electro-

osmosis, and L21 to the streaming potential. These coefficients must be equal 

according to the Onsager reciprocal relations. This may seem surprising but follows 

directly, although not trivially, f rom thermodynamic considerations, see, e.g., Yeung 

and Mitchell , (1993). With Li2=L2i=L, Ln=K, and L22=c>b> t h e equations 4.24 take 

the more familiar form: 

Q = -KVP-LVV (4.25a) 

J = -LVP-obVV. (4.25b) 

I f coupling effects can be neglected (i.e., L=0), equations 4.25a and 4.25b become 

Darcy's law and Ohm's law respectively. 

When studying the streaming potential in a homogeneous porous plug it is easy to 

see that the total current density, J, must be zero at each point in the sample, not 

only when integrated over the whole sample as is the case for an inhomogeneous 

sample. Setting J=0 in 4.25b gives: 

— = - — . (4.26) 
VP cr, 

I f / is the length of the sample, VP=AP//, and VT=AF7/ are valid approximations, 

and it becomes possible to compare equations 4.17 and 4.26, which gives: 

C = —^ = - ~ . (4.27) 

The coupling coefficient, L, then must have the form: 

L = - - L j L . (4.28) 
Wo 

The ratio a ø / a ^ is often referred to as the formation factor, F. According to Archie's 

law it is related to the porosity as: 

F = ^=<t>-m, (4.29) 

where m is an empirical constant that is generally taken to lie between 1.3 and 2; 

the higher the degree o f cementation the higher is m. L can then be written as: 
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L = - (4.30) 

I f we assume that the matrix is non-conducting then the formation factor is closely 

related to the permeability (darcy) of the rock. A n increased permeability leads to a 

decrease in F. From equation 4.30 we see then that L increases with increasing 

permeability. This is a reasonable result as an increased f lu id f low should cause a 

larger convection current. 

4.4 Effect of conductive matrix 

The Helmholtz-Smoluchowski equation (4.17) is strictly correct only when the 

matrix is non-conducting. I f the matrix is conductive then part o f the conduction 

current w i l l f low through it , resulting in a decreased streaming potential. This w i l l 

only be a problem i f one is trying to calculate the zeta-potential f rom the measured 

streaming potential coefficient. Then it is necessary to be able to quantify, and to 

correct for, the effects o f both matrix and surface conductivity. For modelling 

purposes, however, the measured SPC can be taken as it is. This is because any 

surface and matrix conductivity o f the sample would also be present in the ground; 

assuming of course that other physical and chemical parameters are similar. 

The investigations reported in the following three chapters were undertaken to 

verify the extent to which the above discussed "standard theories" o f streaming 

potentials are applicable in a geophysical context. 
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5. LABORATORY MEASUREMENTS OF STREAMING POTENTIALS 

Streaming potentials have been studied more or less intensively since the first 

observations o f the phenomenon by Quincke (1859). Many experiments have been 

performed by researchers in surface and colloid chemistry, often with the explicit 

goal to investigate the zeta-potential variation. In many cases these experiments 

have been performed with pure minerals, or even with substances rarely found in 

soil or rock materials. Still , these works give insight into the basic factors in the 

phenomenon, such as influence o f chemical composition, influence o f temperature 

and influence of turbulence. Few of these results, however, are directly applicable 

to streaming potentials in geophysics. In addition to these basic results, the 

geophysical application o f streaming potentials requires knowledge o f the 

streaming potential properties o f minerals commonly found in rocks and soil. In the 

measurements reported in this thesis large soil samples have been investigated in 

order to model some of the in situ heterogeneity, and estimates of the streaming 

potential coefficient have been derived. 

5.1 Previous laboratory work on streaming potentials in geophysics 

Tuman (1963a) measured the streaming potential on three different samples o f 

sandstone, in order to be able to predict the effect o f an underground nuclear 

explosion. His data, although few, indicate a linear relationship between the 

streaming potential coefficient, C, and the porosity o f the samples. Estimated 

values o f the ^-potential decrease with decreasing porosity, and also with 

decreasing permeability although this correlation is not as strong, most probably an 

effect o f surface conduction becoming more important as the pore radius decreases. 

He also investigated the effect of very high driving pressure gradients. For such a 

case, when the f low turns turbulent, there is no longer a linear relationship between 

pressure difference and potential difference. This is to be expected as Poiseuille's 

law, used to derive the Helmholtz-Smoluchowski equation, cannot be applied to 

turbulent f low. 

Tuman (1963b) showed that there appear to be three distinct pressure regions. 

When the driving pressure is small the Helmholtz-Smoluchowski equation (Eq. 

4.15) applies. When the f low turns turbulent the ratio AV/AP increases with 

increasing pressure. Tuman suggests that this is caused by ions being transported 

f rom the diffuse double layer towards the centre o f a pore where the velocity o f 

f low is higher. A t very high pressure differences there is a decrease in the ratio 
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AV/AP which Tuman proposes is caused by a relaxation type phenomenon in that 

ions in the diffuse part o f the double layer are transported away with the f lu id faster 

than the ions f rom the bulk o f the liquid can migrate into the double layer. 

Ahmad (1964) measured the streaming potential coefficient, C, o f different 

fractions o f quartz sand by measurements in a rectangular box, in a sample tube, 

and in a wedge shaped tank, obtaining similar values o f C for all three. C was found 

to increase with decreasing grain size, and also with decreasing permeability 

(actually hydraulic conductivity) which agrees with the findings o f Jacobs (1946), 

quoted by Ahmad, that the permeability is proportional to the square o f the grain 

size. 

Schuch and Wanke (1967) described laboratory measurements on samples o f peat

moss and sand using groundwater taken together with the soil samples in their 

streaming potential measurements. They report what in comparison with other 

published results must be considered as anomalously high values of C. Another 

problem with their paper is that they report positive values both o f C and the £-

potential, which is in contrast with other results on most geological materials. 

Although sign reversal o f the (^-potential is possible it may be due to a different 

sign convention, which seems to be borne out by earlier observations by Schuch 

(1963) on a similar peat-moss sample. In this qualitative experiment the low-

pressure end o f the sample was found to acquire a positive charge during f lu id f low. 

The results o f Schuch and Wanke (1967) further indicated that the value o f C is 

slightly larger for sand than for peat-moss and that the presence of clay in a sand 

sample increases C significantly. 

Ogilvy et al (1968) measured the streaming potential o f different fractions o f clean 

quartz sand and found that C had a maximum value for a grain size in the range 

250-315 microns. Their paper also contains a discussion o f the importance o f 

placing the measuring electrodes away from the f lu id f low to avoid what they 

named motoelectric potentials, which may occur as a consequence of f lu id f low 

past a metal electrode. 

Ishido and Mizutani (1981) estimated the zeta-potential, C,, o f rocks and rock 

forming minerals through streaming potential measurements on crushed samples. 

They used a capillary model to relate the streaming potential coefficient to the zeta-

potential. Their paper focused on the influence of temperature, pH and chemical 

composition o f the electrolyte. They found that the magnitude o f C, increases by 

about 50 % when the temperature is raised from 20° to 70° C. The influence o f pH 
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on £ was found to be similar for most minerals. The zeta-potential is negative at 

neutral pH, decreases in magnitude with decreasing pH, and passes through zero at 

the isoelectric point. The chemical composition of the electrolyte can disturb this 

behaviour. Specific adsorption of, e.g., A l 3 + may cause C, to be positive at neutral 

pH, leading to a reversal of the streaming potential. 

Morgan et al (1989) investigated the streaming potential properties of crushed 

samples o f Westerly granite. Their paper shows the importance o f pH in 

determining the ^-potential , and consequently the streaming potential coefficient, 

C. Also investigated is the temperature dependence of C, which is shown to be very 

weak. In the temperature range 5°-70° C, C decreases by about 15%. Morgan et al 

suggested that the difference between these results and those o f Ishido and 

Mizutani (1981) could be caused by different equilibration times. Ishido and 

Mizutani ran their experiments for several tens o f hours, whereas those of Morgan 

et al were completed within a few hours. This is an important difference as it may 

take several days to establish equilibrium in the silica-water system. The paper also 

contains a very thorough investigation o f the effects o f surface conductivity. It is 

shown that surface conductivity has a noticeable influence on the streaming 

potential properties o f most o f their samples. Also included is an example o f the 

influence o f electrolyte valency showing that C divided by the f lu id resistivity is 

approximately -4 mV/atm-Qm for a 1:1 electrolyte. For 2:1 electrolyte this value is 

approximately -2 mV/atm-Qm. The paper also reports some experiments with two-

phase f low (water and air). It is shown that the introduction o f air into the sample 

may increase C by half an order o f magnitude which is most probably linked to an 

increase in the electrical resistance of the return current path. The air bubble w i l l 

only have a minor influence on the convection current, whereas its presence greatly 

increases the electrical resistance o f the return path and thereby reduces the 

conduction current. 

Sprunt et al (1994) investigated clean samples o f limestone with permeabilities 

between 1 and 100 millidarcy (1 darcy=0.987T0" 1 2 m 2 ) . The streaming potential 

coefficient was found to be independent o f permeability. Also discussed is the 

effect o f multiphase f low. When an air bubble passed through a sample, the 

streaming potential increased by more than two orders o f magnitude. A t the same 

time, however, the streaming potentials were not as stable as for single-phase f low. 

Jouniaux and Pozzi (1995) measured the streaming potential on samples o f 

Fontainebleau sandstones with permeabilities in the range 0.15-1220-10"1 5 m 2 . 

35 



They show that C decreases with decreasing permeability. According to their 

interpretation this is an effect of increasing surface conductivity, which becomes 

non-negligible compared to the f lu id conductivity at low permeability. They also 

report streaming potential measurements wi th the sample under tri-axial stress. 

These experiments indicate that C starts to increase at approximately 75 % o f the 

yield stress of the sample, an increase that continues until failure o f the rock. This 

behaviour is explained by an increase of the ^-potential in the shear zone when new 

surfaces are created and connected. Such an explanation, however, requires either 

that the properties o f the surface or the properties o f the f lu id change during 

fracturing which is difficult to accept as the f lu id f lowing through the new cracks is 

the same as before fracturing. It is also reasonable to assume that the newly 

exposed surfaces have the same chemical composition as the old ones. 

Table 5.1 gives a summary of some estimates o f the streaming potential coefficient, 

C, found in the literature. Since according to the Helmholz-Smoluchowski 

equation, C is directly proportional to the f lu id resistivity, p it is perhaps more 

relevant to compare values o f C/p=e<^/r|, where e is the dielectric permittivity, C, is 

the zeta-potential, and r\ is the dynamic viscosity. One problem with such a 

comparison is that not only the return current is influenced by the resistivity. At 

constant temperature the resistivity o f an electrolyte is mainly influenced by its the 

ionic strength; high ionic strength results in a low resistivity. The problem here is 

that the as the ionic strength increases, the diffuse part o f the double layer becomes 

more compressed, which means that the ^-potential decreases. Thus the ratio C/p is 

not independent o f p as might be expected. Wi th a few exceptions, however, the 

resistivity variation in the experiments discussed here is very small and this effect 

can be neglected. The remaining variation o f C/p, then, is caused by variation in 

temperature and chemical composition. In these systems the pH is probably the 

most important chemical parameter. Al lowing for these different effects the C/p 

values fa l l within a narrow range (with the exception o f the data by Schuch and 

Wanke, 1967), which is to be expected considering the mineralogicai similarity o f 

the samples. A l l but one sample consist o f silicate minerals, the ^-potential of 

which exhibits very similar behaviour (Ishido and Mizutani, 1981). That the 

limestone sample also falls into the same range is a little surprising as the C,-

potential variation o f calcite is very different f rom that o f quartz (and many of the 

other common rock-forming silicate minerals). The isoelectric points o f quartz and 

calcite occur approximately at pH 2 and p H 8, respectively, and hence, between 

these points their ^-potentials have different sign. This means that theoretically the 
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limestone sample would be expected to exhibit a reversal o f the streaming 

potential. 

Table 5.1. Summary of values of the streaming potential coefficient from published data on 
some different geological materials. Note the minus sign before the values of C and C/p. 
Unless stated otherwise, results are at room temperature and at a pH-value close to 
neutral. 

Authors Sample 
Electrolyte 

resistivity, p 
(Qm) 

-c 
(mV/kPa) 

-67/>1000 
(mV/kPa-Qm) 

Comments 

Ahmad (1964) Quartz sand 24 0.4-0.64 17-27 
Ahmad (1964) Quartz sand 5600 40-112 7-20 
Ishido and 
Mizutani (1981) 

Crushed quartz 
40 0.24-3.9 6-98 

KN0 3 10"J N, 
T=45°C, pH=3.2-
10.8 

Ishido and 
Mizutani (1981) 

Crushed quartz 
40 2.0-3.0 50-75 

KNO3 10"J N, 

T=30°-70°C, 
pH=6.1 

Jouniaux and 
Pozzi (1995) 

Fontainebleau 
sandstone 1000 0.1-66.4 0.1-66.4 

Morgan et al 
(1989) 

Crushed Westerley 
granite 8.5 

0.19-
0.23 22-27 NaCl, pH=5.5 

Morgan et al 
(1989) 

Crushed K-feldspar 
28 1.0 36 NaCl, pH=5.5 

Ogilvy et al 
(1968) 

Clean quartz sand 
55" 4.7-8.3 85-150 

Schuch and 
Wanke (1967) 

Fine/middle grained 
sand 11 10-21 900-1900 

Schuch and 
Wanke (1967) 

Clayey fine/middle 
grained sand 11 100 9000 

Sprunt et al 
(1994) 

Clean limestone 
0.56 

0.009-
0.013 16-23 NaCl 

Sprunt et al 
(1994) 

Clean sandstone 
0.56 0.012 21 NaCl 

Tuman (1963) Sandstone 500 1.8-4.3 3.6-8.6 

*Resistivity estimated by present author from temperature and electrolyte concentration. 

5.2 Design criteria fora streaming potential measuring apparatus 

To obtain reliable streaming potential data, care must be taken in the design o f the 

laboratory equipment to avoid spurious effects. Some precautions mentioned here 

may seem obvious but have at times been overlooked. 

5.2.1 Electrodes 

The electrodes are possibly the one most important part o f the laboratory 

equipment. The streaming potentials measured are generally small; o f the order o f 

some 10-100 mV. Dr i f t and other spurious effects at the electrodes may well mask 

these signals. 

Theoretically it should be possible to use metal electrodes as long as the electrolyte 

at both electrodes and also the electrodes themselves have identical chemical 

composition. Experience, however, shows that in practice such electrodes exhibit 
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both appreciable drif t and high noise. In an experiment pairs of lead, silver, gold 

and stainless steel electrodes were placed in tap water (p«60 Qm), and the voltage 

between them was registered. In all cases the drif t was on the order o f several 

hundred m V over a time of an hour and continued even after 24 hours. These stray 

potentials probably arise because o f differences between the electrode materials. On 

the other hand there are examples o f successful measurements wi th metal 

electrodes. Ishido and Mizutani (1981) used Platinum electrodes and report no 

problems wi th them. Butler et al (1990) installed an SP-monitoring system on an 

earth dam using both non-polarizable Cu-CuS04 electrodes, and copper clad steel 

rods. They report that the metal electrodes were decidedly more noisy and unstable 

than the non-polarizable ones, but still quite good enough for their purpose. 

Anyhow, to be on the safe side, i t is better to use some kind of non-polarizable 

electrodes, e.g., Cu-CuS0 4 , Calomel (Hg-Hg 2 Cl 2 ) , Pb-PbS0 4, or Ag-AgCl. Of 

these the Ag-AgCl electrode is maybe the most interesting, as it is possible to 

manufacture a solid electrode by electrolysing a piece o f silver in a solution 

containing Cl". The other electrode types contain a f lu id electrolyte and make 

contact wi th the sample through a porous membrane which has two disadvantages 

in that the electrolyte f rom the electrodes may contaminate the sample and the 

electrodes cannot generally withstand pressure. To a certain extent these problems 

may be alleviated by gelling the electrolyte. The different non-polarizable 

electrodes exhibit more or less similar values o f noise and drift . The Ag-AgCl 

electrode is quite rugged, and easy to use and manufacture, which makes i t a very 

suitable choice, and has been used in most recent laboratory investigations. 

5.2.2 Sample geometry 

In chapter 4 the streaming potential coefficient was defined as the ratio between the 

electric potential difference and the pressure drop across a sample. This is correct 

as long as the convection and conduction currents are confined to the same space. 

This means that the measured SPC ideally is independent o f sample geometry. 

Ahmad (1964) observed such independence in a series o f measurements on quartz 

sand placed in a sample tube, a box ,and in a pie-slice shaped tank. 

The most commonly used sample holder is a tube made o f glass or plastic. 

Transparent materials are preferred as these make it possible to observe the sample 

during measurements. It is important that the f lu id f low is evenly distributed 

through the sample. During f lu id f low channels may occur in the sample, especially 

in the contact zone between sample and sample tube. Careless packing o f the 

sample can cause similar problems. I f there are such channels the measured 
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Streaming potential w i l l be smaller than the true value because the channels offer a 

low resistance path for the return conduction current whereas they do not contribute 

to the convection current. Visual inspection of the sample during the measurements 

is the only way to be certain that this type of problem doesn't occur. 

Keeping the sample contained in a tube is advantageous as this forces the geometry 

o f f lu id f low and current f low to be the same, as long as the matrix is non

conducting. Measuring the streaming potential in a box-shaped sample holder wi th 

a free water surface, in the manner of Ahmad (1964), might cause problems. I f the 

whole sample is not saturated it is not certain that the convection and conduction 

currents fol low the same paths. A partially saturated zone could have a large 

influence on the conduction current, even i f it has only a minor influence on the 

convection current. 

From a theoretical point o f view, the shape of the cross-section o f the tube does not 

influence the measurements. Also, the sample tube need not be straight since the 

curvature of the tube is always negligible in comparison with the pore diameter and 

the thickness o f the double layer. Practical considerations, however, make a straight 

circular cylindrical tube a reasonable alternative making packing and removal o f 

the sample as effortless as possible. 

The size of the investigated sample is another important factor to consider. For 

fair ly homogeneous samples a small volume is sufficient as representative o f the 

tested material. For inhomogeneous materials, e.g., most geological samples, it may 

be necessary to investigate a larger volume to f ind a representative value o f the 

streaming potential coefficient. Simplifying a little, one can say that there are two 

kinds of experiments being done with streaming potentials. 

The first kind is experiments designed to get a detailed understanding o f the 

variation o f the SPC with porosity, hydraulic conductivity, temperature, pH, 

mineral composition, and electrolyte composition. Such experiments are more 

easily carried out on relatively small homogeneous samples. Using a small sample 

here is a practical necessity. I f one wants to study the effect o f porosity, e.g., then it 

is necessary to know the porosity distribution in the whole sample. The only 

practical way to achieve this is to use a sample that is so small that one can be sure 

that it is homogeneous. 

The other kind o f experiment is that where one tries to estimate realistic in situ 

values o f the streaming potential coefficient. For such applications a much larger 
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sample volume is generally required. This depends on the degree o f inhomogeneity 

of the material. The sample must be large enough to contain a reasonable 

representation of the properties of the in situ material. Here one has to strike a 

balance between sample size and difficulty o f handling, and measuring. Ideally 

these samples should also be undisturbed, so that they contain some of the in situ 

structures intact, but this is extremely difficult to achieve. The boundary between 

sample structure and geological structure is also somewhat indistinct. Structures 

within the sample w i l l affect the measured value o f the streaming potential 

coefficient, whereas the influence of geological structures on the in situ streaming 

potentials are represented in modelling by units with different streaming potential 

coefficients. 

5.2.3 Pressure supply and pressure sensors 

To get reliable values o f the streaming potential coefficient it is necessary to know 

accurately the pressure drop across the sample. There are two different solutions to 

this problem. One is to apply a constant pressure at one end of the sample, while 

keeping the other end open to the surrounding. I f the applied pressure is known 

then no pressure measurements are necessary. This method requires a very stable 

pressure source. The other solution is to measure the pressure difference between 

the ends o f the sample. For this case the pressure source need not be extremely 

stable. As long as the pressure and potential drop across the sample are measured 

simultaneously, variations in the applied pressure w i l l not introduce any 

appreciable errors in the measurements. 

Several different pressure sources can be envisioned. A simple and effective 

pressure source is an elevated f lu id container. The pressure is changed by changing 

the height o f the f lu id column. The container used must be so large that the 

elevation o f the f lu id surface doesn't change appreciably during the measurement. 

This makes the method unsuitable for large samples wi th high permeability, which 

would require an extremely large f lu id container. Practical limitations also make 

this method suitable only for small applied pressures. I f these requisites are met the 

method gives very stable pressure and excellent repeatability. Another advantage is 

that as a batch o f f lu id is prepared in advance the properties o f the f lu id cannot 

change very much during measurements which also makes i t easy to perform 

experiments wi th different f lu id properties. 

A practical method to obtain higher pressures is to take the water for the 

experiment directly f rom an ordinary water tap via a pressure regulator. This setup 

can give pressures up to about 500 kPa (in Sweden). A drawback o f the method is 
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that it is not possible to influence the composition of the f lu id used. One also has to 

wait for the different f lu id parameters to stabilise, which can take up to an hour. 

To alleviate some of the problems of the previous method it is possible to use a 

high pressure pump attached to a f lu id container instead o f the water tap which 

makes it possible to change the f lu id composition and also to minimise variations 

during measurements. For high pressures and samples with high permeability this 

setup becomes impractical as the container would need to be very large. A similar 

method using pressurised gas instead o f a pump was used by Tuman (1963). For 

such a setup it is more practical to put the pressure regulator between the gas bottle 

and the f lu id container. 

The last three methods o f pressure generation require that the pressure be measured 

continuously, as these pressure sources are somewhat unstable and accurate 

pressure measurements are necessary to obtain reliable estimates o f the streaming 

potential coefficient. For small pressure differences the pressure drop across the 

sample is easily measured by observing the water level in transparent tubes. For 

larger pressure drops it is more convenient to use a manometer or a pressure 

transducer. It would probably be advantageous to use pressure transducers even for 

small pressure differences as this gives the possibility o f automating the pressure 

measurements. 

5.2.4 Monitoring of controlling parameters 

Several different factors directly influence the value o f the streaming potential: 

f lu id resistivity, pH, temperature, and concentration o f specifically adsorbed ions 

(e.g., A l 3 + ) . Ideally, all these parameters should be kept constant at all times during 

the experiment. A more practical approach is to measure them and only accept a 

measurement i f their variation is judged small enough to be neglected. The first 

three parameters, namely resistivity, pH, and temperature, are easily measured. The 

fourth, concentration of adsorbable ions, can only be found through chemical 

analysis o f the f lu id which is generally impractical and one has to assume that any 

relevant variation in this parameter should be reflected in the others. Increasing the 

concentration of ions in the solution, e.g., w i l l increase the electric conductivity of 

the f lu id . 

5.3 Pilot experiments 

Before constructing the laboratory equipment described in section 5.4, a series of 

preliminary experiments were carried out. These pilot experiments were aimed 

primarily at understanding the basic nature o f the streaming potential phenomenon 

in the laboratory as well as estimating the necessary characteristics o f the laboratory 
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equipment used. They were not intended for detailed determination o f streaming 

potential coefficients. 

5.3.1 Design of pilot experimental equipment 

Fig. 5.1 shows a sketch of the laboratory setup used, which was rather rudimentary. 

The soil samples were placed in a transparent plexiglass tube with an inner 

diameter o f approximately 9 centimetres. Pressure was supplied to the up-stream 

end of the sample from an elevated water tank and it could be varied by changing 

the elevation of this tank. A drawback was that the system could only support a 

fairly small f low of water before exhausting the water reservoir. The down-stream 

end was open to the atmosphere, and the water was allowed to f low directly into a 

drain. Filters made f rom plastic wire net kept the soil f rom leaving the tube with the 

water. The pressure drop along the tube was measured by observing the rise o f the 

free water surface in transparent tubes attached to the sample holder. This turned 

out to be a rather tedious procedure; after a pressure change it could take up to 

fifteen minutes before the water tables had stabilised. Measurements o f the height 

differences were estimated to be correct within ±0.05 m, which means that 

estimates of the pressure drop were correct within approximately ±0.5 kPa. The 

potential drop along the sample was measured in the same tubes with Cu-CuSCV 

electrodes in contact wi th the water surface using a high quality Hewlett-Packard 

digital voltmeter. This voltmeter has higher accuracy than was required here; the 

stability o f the electrodes was the l imiting factor. A l l in all, conditions were such 

that the streaming potentials generally were reproducible within ±0.2 mV. 
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A l l experiments were performed at room temperature. The water reservoir 

contained enough water to last during a measurement series. Consequently there 

was no need to monitor the temperature during experiments which also means that 

the composition o f the electrolyte was constant during measurements, eliminating 

the need for resistivity, and pH monitoring systems. 

5.3.2 Results from pilot laboratory experiments 

Only a few soil samples were investigated with the pilot equipment due to the 

complexity o f the manual measuring procedure. The small maximum pressure 

available, together wi th the limited total f low available, also limited the choice o f 

soil samples. I f the soil material was very impermeable then it was not possible to 

force enough water through it to develop a stable streaming potential over the 

sample. For very permeable sample the water supply could not sustain a stable 

pressure drop across the sample, and hence no reliable streaming potential 

measurements could be made. Thus, these experiments were concentrated on work 

with fine-grained quartz sand, which had a suitable permeability. Measurements 

were also performed on samples with both higher and lower permeabilities, but the 

results were inconclusive. 

Fig. 5.2 shows results f rom two typical series o f measurements made on similar 

quartz sand samples. The resistivity of the water was approximately 110 Qm. The 

values o f the streaming potential coefficients found f rom the slope o f the best f i t 

lines are 1.0 mV/kPa, and 1.5 mVYkPa, respectively. These values appear 

reasonable in comparison with other published results (cf. Table 5.1). The 

registrations are quite noisy, which is not surprising considering the very small 

potential differences involved. The difference in the value o f the streaming 

potential coefficient between experiments appears systematic, and is probably an 

effect o f variation in the packing o f the sample. In some experiments channels were 

observed at the wall o f the tube. In such cases the experiment was interrupted, and 

the sample repacked. Still it is possible that some small channels have gone 

unnoticed so that contaminated data have been recorded. 

5.3.3 Conclusions drawn from pilot experiments 

The pilot experiments illuminated several important aspects of laboratory 

measurements o f streaming potentials. Through these experiments it became 

evident that to be able to measure realistic soil samples it would be necessary to 

increase both the maximum pressure and the maximum f lu id f low available. For 

impermeable samples higher pressure is required in order to establish stable 

streaming potentials, and samples with high permeability require that the water 

supply must be able to sustain a f low large enough to support a stable pressure 

43 



drop. I f the capacity of the water supply is to small then no pressure drop can be 

maintained over the sample. 

The experiments showed further that it was feasible in practice to use a fairly large 

sample holder. Most experiments reported in the literature had used much smaller 

samples. A larger sample should better represent a soil, as it can encompass more 

of the heterogeneity always encountered under in situ conditions. Larger samples 

should make it possible to obtain more realistic values of the streaming potential 

coefficient. 

Another practical observation was that it is absolutely essential to use transparent 

sample holders. This is the only practical way to observe i f channels are developed 

in the sample. Such channels w i l l severely disturb the results i f undetected, and it is 

really not possible to predict how and when they occur. 

Last, it was also found that measurements could only be performed effectively wi th 

some kind of automatic data recording system. There are too many different 

parameters involved to observe manually. Pressure, voltage, resistivity, pH, and 

temperature should ideally be recorded simultaneously to maintain the accuracy. 

Even wi th a computer based system some time lag between readings is introduced, 

but this is small enough to be negligible. Using an automated system also means 

that measurements are easier to perform, and that the productivity becomes higher. 

o.o -) 1 1 ' 1 1 1 1 1 1 1 
0.0 1.0 2.0 3.0 4.0 5.0 

Pressure difference (kPa) 

Fig. 5.2. Results from streaming potential measurements on quartz sand samples. Circles 
and triangles indicate the data points. The solid lines are best fit lines used to estimate the 
streaming potential coefficient. 
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5.4 The experimental equipment 

The main laboratory equipment used in this investigation was designed primarily to 

measure the streaming potential coefficient of soil samples. The aim was to 

estimate realistic in situ values o f the streaming potential coefficient that could be 

used in modelling of streaming potential induced SP-anomalies. To ensure 

maximum efficiency and accuracy the measuring system was designed to be 

completely computer controlled. A l l sensors used have an electrical read-out and all 

data were automatically stored on hard disk. The total applied pressure, however, 

was adjusted and observed manually. 

To get results comparable with in situ measurements, fairly large sample sizes were 

used. Fig. 5.3 shows a schematic representation of the experimental equipment. The 

sample holder was made from a transparent PVC-tube with an inner diameter o f 0.9 

m, and a total length of 1.3 m. The sample lengths have varied between 0.3 and 0.6 

m. Water enters the tube f rom the upper end so there is a water column standing 

above the soil sample. This prevents air bubbles from entering the sample and 

possibly disturbing the measurements. Any air that leaks in w i l l stay at the top end 

o f the tube. A plastic filter in the lower end o f the tube keeps the sample in place. 

The filter has a permeability that is larger than that o f the soil sample to minimise 

its influence. A hose leads the water leaving the sample holder to a drain. Both the 

fil ter and the hose introduce a pressure drop, so that the outlet end o f the sample is 

not strictly open to the surrounding. This means that the pressure in the lower end 

o f the sample w i l l increase with increasing applied pressure, and consequently that 

a hydrostatic pressure bias w i l l be introduced in the sample. However, the 

magnitude o f the streaming potentials is independent o f the hydrostatic pressure as 

such. It is the pressure gradient that is the driving force behind the streaming 

potentials and being directly measured in the sample the pressure bias should not 

have any influence on the streaming potential measurements. 

Fig 5.4 shows a measurement made without any soil sample in the sample holder. 

The total applied pressure is shown in the middle diagram. It is the hydraulic 

resistance in the outlet part o f the system that makes it possible to sustain the input 

pressure. During the registration the pressure was varied both upwards and 

downwards f rom an arbitrarily chosen base level at approximately 70 kPa. Without 

any soil in the sample tube its hydraulic resistance should be close to zero. This is 

borne out by the registration of the pressure difference in the uppermost diagram of 

Fig. 5.4. The pressure difference is practically uninfluenced by the magnitude o f the 

total applied pressure. The same applies also to the electric potential difference 

measured between the same two points as the pressure difference (lowermost 
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diagram of Fig.5.4). It exhibits no discernible correlation with the applied pressure, 

or for that matter with the pressure difference. These results show that the influence 

of the sample holder on the registered potential differences is very small, and that 

this effect can be safely neglected. 

From water tap 

Plexiglass tub 

Soil sampl 

Pressure sensor #1 

Reference electrode 

Pressure sensor #2 

Potential electrode #1 

Pressure sensor #3 

Potential electrode #1 

Pressure sensor #4 

Potential electrode #1 

To drain 

Fig. 5.3. Schematic construction of laboratory equipment. 
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Fig. 5.4. Electric potential difference, total applied pressure, and pressure difference 
recorded for empty sample holder. 
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Water for the experiment is taken directly f rom a water tap, which also is the only 

pressure source in the system. A pressure regulator placed between the tap and the 

sample tube makes it possible to vary the pressure. The maximum pressure directly 

from the tap varies between 500 kPa and 600 kPa, but losses in the inlet hose 

reduce the maximum applied pressure in the sample tube to approximately 400 kPa. 

The minimum stable applied pressure is about 15 kPa. Taking the water f rom the 

tap has the drawback that one has to accept the composition and temperature of the 

water as is. Before a measurement series is begun, it is necessary to wait until the 

pH, temperature, and resistivity of the water have become stable. This process 

generally takes f rom 20 minutes up to an hour. 

The resistivity o f the incoming water is measured with a calibrated resistivity cell 

(Fig 5.5). This cell is simply a four electrode resistivity array placed in a plastic 

tube. The geometric factor of the electrode array was found by dividing the true 

resistivity of the f lu id in the tube with the measured impedance o f the four 

electrode array. For this calibration the true resistivity o f the water was found with 

a commercial conductivity meter, and the resistance o f the cell was measured with 

an A B E M Terrameter SAS 300B. In the final measuring setup a signal generator 

sends a 30 Hz alternating square-wave current to the current electrodes. Tests 

showed that the choice of frequency was not important as the measured impedance 

of the cell was independent o f frequency between at least 5 Hz and 200 Hz. The 

magnitude o f the current is measured by registering the voltage over a reference 

resistor. Both the voltage across the reference resistor and the voltage between the 

potential electrodes are sent to an AID converter and stored as time series on hard 

disk. The resistance o f the resistivity cell is the found as the ratio between the 

voltage across the potential electrodes and the reference voltage, multiplied by the 

resistance of the reference resistor. To form a mean value of the impedance, these 

voltages are actually sums of the absolute value of all voltages registered in a 

resistivity measurement cycle. This procedure also corrects for any DC offset in the 

registered signals. To minimise the influence o f this resistivity measurement on the 

streaming potential measurement, a relay system disconnects the resistivity cell 

when it is not in use. Resistivity values have an accuracy of better than about 5%. 

A commercially available pH-meter registers the pH of the water leaving the 

sample holder. Fig. 5.6 shows the construction of the pH cell. The outlet hose is 

attached to a small chamber in which a pH-electrode is inserted. A special high 

impedance voltmeter, calibrated for pH measurements performs the actual pH 

measurements. The results are sent via an electrical readout to the AID converter in 

the computer. A number of electrical relays completely disconnect the pH 
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measuring system when it is not in use. This was necessary as, otherwise, stray 

currents f rom the pH-meter turned out to introduce unacceptable noise levels in the 

measurements o f the electrical potential difference. Without the relay system the 

amplitude of the noise was many times larger than the expected amplitude o f the 

streaming potentials. The registered pH-value has an accuracy of approximately 0.1 

pH-units, for pH close to neutral. In order to maintain the accuracy it is important to 

calibrate the pH-meter at regular time intervals . 

A M N B 

Fig. 5.5. Design of the resistivity cell. A, and B represent the current electrodes; M, and N 
the potential electrodes. 

To pH-meter 

Fig. 5.6. Schematic construction of the pH-meter. 

Two calibrated thermistors in the wall o f the sample tube monitor the temperature 

o f the sample. The resistances o f these are directly converted to temperature values 

which are stored on the hard disk of the computer. The accuracy is about 0.2° C. 

In order to avoid spurious potentials caused by motoelectric phenomena (see, e.g., 

Ogilvy et al, 1969), the potential electrodes are placed outside o f the sample holder. 

A small flexible tube leads water from the sample holder to the electrode. There is 
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no f low o f water in the vicinity o f the electrodes and consequently there can occur 

no motoelectric potentials. The potential electrodes used were solid Ag-AgCl 

electrodes, manufactured by electrolysing silver strips in a NaCl solution. The low 

noise and stability of these electrodes are illustrated in Fig. 5.7, which shows a 

typical, just over two hour long registration o f the potential difference between a 

pair o f Ag-AgCl electrodes placed in a 0.1 N solution o f NaCl in ordinary tap 

water. It is apparent that for all practical purposes the high frequency noise is 

completely negligible. The total drif t during this experiment is approximately 2.5 

mV. After about 20 to 30 minutes the electrodes appear to have stabilised and 

during the remaining time o f the experiment drift is well below 1 mV. A l l 

streaming potential measurements described in this thesis were made with a 

stabilisation period o f at least 20 minutes, and thus any influence o f electrode drif t 

on measurements should be small. 

1 Hour 2 Hours 

Fig. 5.7. Registration of potential difference between a pair of AgAgCI electrodes placed in 
a common electrolyte (0.1 N NaCl in tap water). The measurements were made at room 
temperature. 

The potential difference between the measuring electrodes is not measured directly; 

it is calculated f rom the measured voltage between each o f the measuring 

electrodes and a reference electrode placed in the upper end of the sample tube. The 

reason for this approach is that the inputs on the A/D converter card are single-

ended, i.e., the voltage is measured with reference to the ground, and consequently, 

one measuring electrode has to be connected to ground during measurements. Wi th 

such a setup it is necessary to keep the grounded electrode in the same position, as 

otherwise spurious currents may start to f low in the sample, disturbing the 

measurements. 

The pressure transducers are standard components manufactured by Motorola, wi th 

a maximum pressure l imit o f 700 kPa. The transducers were calibrated up to 500 

kPa, wi th a manual precision manometer. Calibration at higher pressure is not 

necessary as 500 kPa is about the maximum input pressure. There are four pressure 

sensors in the system, three at the earlier mentioned measuring points, and one in 

the upper part of the sample tube to monitor total input pressure. Pressure 

measurements are made relative to the atmospheric pressure, and the pressure drop 
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between measuring points is simply the difference between the pressure readings at 

a pair o f sensors. The error in the pressure differences is estimated to be around 0.1 

kPa. 

The pressure and the electric potential are measured at exactly the same points in 

the sample. The pressure transducers are attached to T-junctions on the tubes that 

lead water to the potential electrodes. As long as there is no f low through the 

flexible tubing there is no pressure drop in the tubes, and the pressure measured at 

the end is the same as that in the sample. Similar considerations apply to the 

electric potential drop along the tubes. The potential at the electrode is the same as 

that in the sample only i f the current f lowing through the flexible tubes is 

negligible, or rather i f the input impedance o f the voltmeter is so high that the 

resistance o f the water can be neglected. Fig. 5.8 shows a sketch o f the 

construction. This arrangement makes i t possible to measure the voltage and 

pressure drop at several positions in the sample, which can give an indication o f the 

inhomogeneity. For most of the experiments three measuring points, spaced 0.125 

metres apart, were used. 

Fig. 5.8. Sketch of arrangement of pressure sensors and electrodes. 
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5.4.1 Data quality 

The error associated with any single determination of the streaming potential 

coefficient can be calculated from the errors in the measured parameters. The errors 

in the potential difference, Sac, and the pressure difference, 5A/>, are estimated to be 

approximately 1 mV, and 0.1 kPa, respectively. The streaming potential coefficient, 

C, is found as the ratio between the electric potential difference and the pressure 

difference, and consequently the error in C, 8c, is given by: 

dC 

dAV 
+ S, AP 

dc 

= 6 ^ \ A J ) + 8 AP 

dAP 

AV 

(Apy 

(5.1) 

This error depends on the values of A F and AP, and should therefore ideally be 

determined for each series o f measurements separately. Fig 5.9 shows 5c calculated 

for a typical measurement. The error increases as the pressure difference decreases. 

For all pressure differences, except the smallest one, the error is less than about 

0.04 mV/kPa. This error level corresponds to intermediate values of AP and APand 

should be a reasonable estimate of the overall error in the measurements. 

A second, more complicated question, is to what degree the sampling procedure 

and packing o f the sample in the sample holder can introduce errors in the results. It 

is practically impossible to make any theoretical assessment of these errors. This 

uncertainty is probably best estimated by comparison o f repeated measurements on 

similar samples. Such a procedure indicates that the errors (or more correctly, 

variations) caused by sampling and packing procedure should lie around 0.10 
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mV/kPa. The exact value does of course depend on the nature of the soil sample; an 

inhomogeneous sample w i l l be much more affected than a sample o f a 

homogeneous material. 

In summary, a reasonable estimate o f the maximum error associated with the 

present streaming potential measurements should be about 0.15 mV/kPa. This is, 

however, something of a worst-case value, and as w i l l be seen later, in section 5.5, 

several samples exhibit smaller variation than this. It is also important to keep in 

mind that this error estimate includes effects o f sampling and packing; for 

measurements made repeatedly without changing or repacking the sample the error 

should only rarely exceed 0.04 mV/kPa. 

5.5 Result of laboratory measurements 

Laboratory investigations were made on six different soil samples. Three samples 

were taken at Porsöberget, outside Luleå. One sample was collected at 

Gammelstadsviken, close to the site at Porsöberget. One sample was taken f rom the 

core material o f the Sourva earth dam in the northernmost part o f the Lule river. 

The sixth sample was a commercially available clean quartz filter sand. The six soil 

samples were then subdivided, and several measurements were made on each o f the 

resulting smaller samples so that altogether 35 different series o f measurements 

were made. The smaller samples are labelled with a letter, and each measurement is 

indicated by a figure following this letter. Measurement number one o f the second 

subdivision o f soil sample number one f rom Porsöberget, for example, is referred 

to as Porsöberget 1, bl. Only one example o f experimental data w i l l be shown here 

for each soil sample. A complete presentation o f all experimental data is available 

in Appendix 1, to which references w i l l be made in the following discussion. 

Concurrently with the streaming potential measurements a number o f relevant 

physical parameters were observed. These are the temperature, the pH, the 

hydraulic conductivity, and the resistivity of the water. A l l the parameters were 

required to be stable for at least 20 minutes before a series o f measurements was 

started. During measurements the pH was allowed to vary with up to 0.5 pH-units, 

the temperature was allowed to vary up to 2°C, and the resistivity within 15 Qm. 

These limits are quite arbitrary, and as w i l l be seen later the limits on the 

temperature are probably unnecessarily strict. For most of the measurements the 

variation in the parameters was distinctly less than these limits. I f , during a 

measurement, the value of any o f these parameters varied too much then the 

experiment was terminated, and restarted only when conditions had stabilised. In 
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one of the experiments (Porsöberget 3, a l ) the temperature was mistakenly 

permitted to vary almost 7°C, but this does not appear to have influenced the value 

o f C . 

5.5.1 Characterisation of investigated soil samples 

Each of the six original samples was sieved to analyse its grain size distribution. 

Fig. 5.10 shows the result of this analysis. Four soils exhibit rather narrow grain 

size distributions, and are fairly well-sorted: samples Porsöberget 1, and 3; sample 

Gammelstadsviken; and the quartz sand. The Sourva sample and Porsöberget 

sample #2 both have wide grain size distributions and are two fairly unsorted soils. 

On the whole the Gammelstadsviken t i l l can be considered to be the most fine

grained o f the soils, although sample #2 from Porsöberget has a higher content o f 

the two finest fractions. Samples #1 and #3 f rom Porsöberget have quite similar 

grain size distributions and would appear to be two very similar soils but as w i l l be 

seen later there are distinct differences between them. 

To further characterise the investigated soils, the hydraulic conductivity and the 

formation factor were measured. Table 5.2 summarises the results. Also shown is 

the kio and köo values (grain sizes for the values 10 percent finer than, and 60 

percent finer than), characterising the grain size distribution. The descriptions o f 

the soil materials are schematic, and should not be taken as complete geotechnical 

descriptions. 
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A l l particles larger than approximately 40 mm were removed from the samples 

before measurements since it was feared that that the larger pebbles would occupy a 

significant part of the cross-section o f the sample tube and have a complex 

influence on the water f low. The values of hydraulic conductivity are mean values 

of several observations made during the streaming potential measurements, those of 

the formation factor are mean values o f several measurements made separately. As 

expected the more fine-grained and less well-sorted soils have the smallest 

hydraulic conductivity. There is actually a rather strong correlation between the 

hydraulic conductivity and the kio-value. Samples #1 , and #3 f rom Porsöberget, 

whose sieve curves were almost identical, exhibit significantly different values o f 

both the hydraulic conductivity and the formation factor. 

Table 5.2. Selected physical properties of the investigated soil samples. 

Sample 
Formation 

factor 
Hydraulic 

conductivity (m/s) (mm) 
6̂0 

(mm) Description 

Porsöberget 1 3.5 2.1-10"4 0.27 0.81 well-sorted 
sandy till 

Porsöberget 2 5.4 5.3-10"b 0.06 0.44 silty till 

Porsöberget 3 8.4 9.7-10"4 0.35 0.80 well-sorted 
sandy till 

Gammelstadsviken 2.5 5.9-10"b 0.12 0.21 well sorted 
sandy till 

Suorva 3.4 7.8-10"e 0.14 3.20 till 

Quartz sand 2.4 2.6-10"4 0.16 0.37 

5.5.2 Measuring procedure 

As discussed in section 5.4 all measurements are fu l ly automated. Only the value of 

the total applied pressure required manual adjustment. Experiments were made 

using several different strategies for pressure variation during measurement. After 

some experimentation it became evident that some kind o f control o f electrode drift 

was necessary. Even in cases when drift is very small, this ought to be verified by 

observation. The most practical procedure turned out to be a step-wise pressure 

change. After each change the pressure was returned to an arbitrary base level, the 

assumption being that the potential difference should be the same at the same 

applied pressure. I f the variation in base level potential difference exceeded about 3 

mV, then drift corrections were applied. Fig. 5.11 shows a time series recording of 

total applied pressure, pressure difference, and electric potential difference, which 

illustrates the method. In this case pressure changes alternated between positive and 

negative excursions f rom the base level. Some experiments were also made by first 

making all positive pressure changes and then the negative ones. There appeared, 

however, to be no significant difference between the results. The alternating 

pressure change method was arbitrarily chosen because o f its symmetric nature. For 
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some of the less permeable samples it was not possible to make stepwise decreases 

in input pressure because o f the pressure regulator used, since to obtain a lower 

pressure some water has to f low out of the sample and due to the low hydraulic 

conductivity the process was rather slow so that only a gradual lowering of the 

pressure was possible when the total pressure was small. 
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5.5.3 Results of measurements on sample #1 from Porsöberget 

The results o f a typical measurement on sample #1 f rom Porsöberget are shown in 

Fig. 5.12, as a plot o f electric potential difference versus pressure difference. The 

three different curves in the figure refer to observations at three different points in 

the sample. Open circles show the values o f electric potential difference and 

pressure difference measured between potential electrodes 1 and 2 (cf. Fig. 5.3), 

open triangles that between electrode positions 2 and 3 and solid crosses that 

between electrode positions 1 and 3. The solid lines are best f i t straight lines, the 

slopes o f which gives the streaming potential coefficient (SPC). The mean value of 

the streaming potential coefficient for this sample is -0.37 mV/kPa. Plots o f the 

results f rom the remaining two further series o f measurements made on this soil 

sample w i l l be found in Appendix 1. 
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Fig. 5.12. Sample #1, Porsöberget. Electric potential difference versus pressure 
difference. 

The data reproduced in Figs. 5.11, A1.2, and A1.3, show that as expected there is a 

linear relation between pressure difference and electric potential difference. Ideally 

the straight lines should pass through the origin, but zero offsets in both potential 

electrodes and pressure sensors displace the lines somewhat. For each sample there 

are three determinations o f the streaming potential coefficient based on 

measurements at different points in the sample. The difference between the three 

values is generally very small, but it does reflect variations o f physical properties 
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within the sample. To some extent different packing in different parts o f the sample 

may also be responsible. 

The last o f the measurements, shown in f i g A 1.3, is somewhat noisy. Despite drif t 

corrections there is still some spreading o f the values around the base line (cf. Fig. 

5.11), indicated by the cluster of data points approximately at the middle o f the 

curves. 

5.5.4 Results of measurements on sample #2 from Porsöberget 

Fig. 5.13 shows a typical result of measurements on sample #2 f rom Porsöberget. 

Due to the small hydraulic conductivity o f this soil the sample holder was only 

f i l led up to halfway between electrode positions 1 and 2. This means that only one 

registration was possible for each measurement. For measurements on sample a l 

and a2 (Figs. A1.4 and A1.5, respectively) there is a large difference between the 

values of the streaming potential coefficient. Neither o f these measurements is very 

good. The first one was probably not allowed enough time to stabilise before 

measurements were begun. The second suffered from unstable pH values during the 

experiment, which may explain the pronounced curvature at the low pressure end o f 

the curve. Both these experiments have been disregarded when discussing values of 

the streaming potential coefficient. They do, however, show the importance of 

obtaining several agreeing series o f measurements for each sample. The remaining 

measurements are all much more stable but there is a marked difference in the 

streaming potential coefficient found f rom measurement series b (Figs. A1.6-A1.8), 

and f rom series c (Figs. A1.9-A1.13) which cannot be explained by changes in 

temperature p H or resistivity indicating that despite careful subdivision there must 

have been some significant differences between the two sub-samples. 

Figs A 1.6 through A 1.13 all show a very slight tendency towards a reduction in the 

streaming potential coefficient for high pressure differences. This effect is most 

pronounced in f i g A1.12, but even there the deviation f rom linearity is below 5 

percent. 

5.5.5 Results of measurements on sample #3 from Porsöberget 

Sample #3 f rom Porsöberget has a grain size distribution which is very similar to 

that o f sample #1 from the same area. The hydraulic conductivity and the formation 

factor, however, differ significantly. It is therefore reasonable to assume that the 

value o f the streaming potential coefficient also w i l l be different. Fig. 5.14 shows a 

typical result. The streaming potential coefficient is around -0.69 mV/kPa which is 

significantly larger than for sample #1 (Fig. 5.12). This is as expected in view of 
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the formation factors since i f all other parameters are equal the sample with the 

larger formation factor should also have a larger streaming potential coefficient. 

o.o -, 

-200.0 - | . 1 1 j • 1 

0.0 100.0 200.0 300.0 
Pressure difference (kPa) 

Fig. 5.13. Sample #2, Porsöberget. Electric potential difference versus pressure 
difference. 

In Figs A 1.14 and A 1.17 the scatter o f the cluster o f data points at the base level 

indicates some electrode drift . Dr i f t is probably also responsible for the very slight 

non-linear appearance of some of the curves (see, e.g., Figs. A1.14, A1.17, and 

A1.18). Indicative o f this is that the streaming potential coefficient appears both to 

decrease (Fig. A 1.14) and to increase (Fig. A 1.17) with increasing pressure 

difference. 

The data shown in Fig. A 1.19 warrant some special attention. Two of the lines 

(crosses and triangles) appear to have split up during the measurement but their 

slopes seem to be unaffected. The explanation for this is that potential electrode 3 

has experienced a stepwise change in its rest potential. Although the values o f the 

streaming potential coefficient appear to be unaffected, the results from this 

measurement should be regarded with some caution. 

5.5.6 Results of measurements on the sample from Gammelstadsviken 

Fig. 5.15 shows an example o f data recorded during experiments on the soil sample 

f rom Gammelstadsviken. The noise level is very low , and there is an excellent 

linear relation between pressure difference and electric potential difference. The 

same is true also o f the data shown in f i g A1.24. In the last measurement, shown in 
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Fig. A l . 2 5 , an experiment was made using fewer pressure differences. The idea 

was to shorten the measuring time as much as possible in order to reduce any 

influence o f electrode drift . This method turned out to have no practical advantage 

and was not used further. 

10.0 

> 
E 
8 

XJ 
TO 
c 
B 
o 

CL 

0.0 

-10.0 

-20.0 

-30.0 
Porsöberget 3, 

Temperature: 28.6-30.4 °C, 
resistivity 67-75 ohm-m, 
pH: 7.2-7.5 
Mean SPC=-0.63 (mV/kPa) 

o SPC=-0.65 mV/kPa 

A SPC=-0.61 mV/kPa 

+ SPC=-0.63 mV/kPa 

-20.0 
n 1 i ! r ~ 
0.0 20.0 40.0 

Pressure difference (kPa) 
60.0 

Fig. 5.14. Sample #3, Porsöberget. Electric potential difference versus pressure 
difference. 
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Fig. 5.15. Sample from Gammelstadsviken. Electric potential difference versus pressure 
difference. 
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5.5.7 Results of measurements on the quartz sand sample 

The quartz sand sample is not really representative o f any geological milieu. It was 

incorporated into the investigation more as a reference material and was also 

investigated during the pilot experiments. As the quartz sand is much more 

homogeneous than any o f the other samples investigated, one would expect there to 

be only a very small difference between measurements at different points in the 

sample. A t first this was not borne out by the results. In the first measurement, 

shown in Fig. A 1.26 there are rather large differences between the slopes o f the 

three lines. In Fig. A1.27 these differences have diminished, and in Fig. 5.16 they 

have practically disappeared. A gradual settling o f the material due to f lu id f low 

through the sample is probably responsible. Such a stabilisation process was not as 

evident in any o f the other, geologic, samples. One reason for this is that for those 

more inhomogeneous samples there was really no reason to assume that the lines 

should be parallel. In fact the laboratory equipment and measurement strategy were 

designed to distinguish such inhomogeneity. 

During the measurements reproduced in Figs. A 1.26 and A 1.27 the measurements 

of the water resistivity were very noisy and the resistivity values appear to be over

estimated. A similar problem occurred also during the last three measurements on 

the sample f rom the Suorva dam discussed below. 

5.5.8 Results of measurements on the sample from the Sourva earth dam 

The soil sample f rom the core of the Suorva earth dam had a very low hydraulic 

conductivity as expected. As in the case o f sample Porsöberget #2, the sample tube 

was only f i l led up to halfway between potential electrodes 1 and 2, resulting in a 

single registration for each measurement. A typical registration is shown in Fig. 

5.17. A slight splitting up o f the line is evident for higher pressure differences. A 

similar effect can also be seen in curve A1.30. Electrode drif t is probably 

responsible for this. Due to the sluggish response to pressure changes it was not 

feasible to apply the base level drif t correction described earlier. In the last five 

experiments, shown in Figs. A1.31 through A 1.35, drif t appear to have been 

insignificant, although this is diff icul t to verify without base level control. In the 

last three measurements (Figs. A1.33 through A1.35) the values o f the water 

resistivity were very noisy and appeared to be improbably large. The problem was 

similar to that observed during measurements on the quartz sand sample. A n 

accumulation o f material on the copper electrodes of the resistivity cell was 

probably responsible for this phenomenon as subsequent cleaning o f the electrodes 

reduced the noise and removed the abnormally high resistivity values. 
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Fig. 5.16. Quartz sand sample. Electric potential difference versus pressure difference. 
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Fig. 5.17. Sample from Sourva. Electric potential difference versus pressure difference. 
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5.5,9 Summary of experimental data 

The results f rom all 35 series o f measurements are similar. The relationship 

between the pressure difference and the potential difference is linear for all 

samples. Any deviations from linearity are generally too small to show up in the 

experiments. The streaming potential coefficient, however, exhibit a significant 

although not very large variation. The random noise level varies between the 

different samples, in some sense systematically, but to draw any conclusions from 

this at the present stage appears to be futile. 

Table 5.3 summarises the results from all 35 series o f measurements. The streaming 

potential coefficients (C) are means of the three observations that were possible in 

each case, when applicable. The resistivity, temperature, and pH values are also 

means, taken over the duration of the measurement. To facilitate comparison with 

Table 5.1 values o f C divided by the resistivity o f the water, p^, have also been 

calculated. To f ind the value of the cross-coupling coefficient, L, it is only 

necessary to divide Clpw with the formation factor. 

Table 5.3. Summary of experimental results. ' One determination for each sample material 
on ly , 2 ) Unstable pH measurement, 3 > Unreliable resistivity value. Continued on next page. 

Sample 
C 

(mV/kPa) 
Resistivity 
of water 
(Om) 

Temp. 
rc ) pH 

hydraulic 
conductivity 

(m/s) 

kio1> 
(mm) 

Formation 
factor1) 

-C/pw 
(mWkPaQm) 

Porsöberget #1, a -0.37 124 7.9 7.6 2.1-10"4 0.27 3.5 3.0-10'3 

Porsöberget #1, b -0.40 . 129 8.2 - - 0.27 3.5 3.1-10"3 

Porsöberget #1, c -0.35 124 8.4 - - 0.27 3.5 2.8-10"3 

Porsöberget #2, a1 -1.79 118 18.6 - 5.4-10"6 0.06 5.4 1.5-10"2 

Porsöberget #2, a2 -0.94 120 17.6 6 " - 0.06 5.4 7.8-10"3 

Porsöberget #2, b1 -0.74 95 18.9 5.6 5.1-10"6 0.06 5.4 7.8-10'3 

Porsöberget #2, b2 -0.69 98 17.8 6.0 - 0.06 5.4 7.0-103 

Porsöberget #2, b3 -0.67 100 17.3 6.0 - 0.06 5.4 6.7-10"3 

Porsöberget #2, c1 -0.89 101 18.8 6.6 - 0.06 5.4 8.8-103 

Porsöberget #2, c2 -0.89 100 18.5 6.6 - 0.06 5.4 8.9-10 3 

Porsöberget #2, c3 -0.92 102 18.6 6.3 - 0.06 5.4 9.0-10'3 

Porsöberget #2, c4 -0.90 102 17.4 6.4 - 0.06 5.4 8.8-10"3 

Porsöberget #2, c5 -0.86 108 16.7 6.6 - 0.06 5.4 8.0-10"3 

Porsöberget #3, a1 -0.64 89 24.5 7.2 9.6- 10" 0.35 8.4 7.2-10"3 

Porsöberget #3, a2 -0.63 71 29.5 7.4 - 0.35 8.4 8.9-10"3 

Porsöberget #3, a3 -0.63 60 37.1 7.4 9.8-10"4 0.35 8.4 1.0-10"2 

Porsöberget #3, b1 -0.66 125 9.8 8.0 - 0.35 8.4 5.3-103 

Porsöberget #3, b2 -0.67 150 4.6 8.0 - 0.35 8.4 4.5-10"3 

Porsöberget #3, b3 -0.65 50 47.6 7.2 - 0.35 8.4 1.3-10"2 

Porsöberget #3, b4 -0.69 142 3.9 7.8 - 0.35 8.4 4.9-10"3 

Porsöberget #3, c1 -0.68 141 4 7.8 - 0.35 8.4 4.8-10"3 

Porsöberget #3, c2 -0.67 122 8.0 7.2 - 0.35 8.4 5.5-10-3 
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Table 5.3. Continued. Summary of experimental results. 1 ) One determination for each 
sample material only , 2 ) Unstable pH measurement, 3 ) Unreliable resistivity value  
Gammelstadsviken, a1 -0.57 91 13.4 6.4 6.5-10* 0.12 2.5 6.3-10* 

Gammelstadsviken, a2 -0.59 98 12.2 6.8 5.3-10"" 0.12 2.5 6.0-10* 

Gammelstadsviken, a3 -0.57 86 17.8 6.0 - 0.12 2.5 6.6-10* 

Quartz sand, a1 -1.28 138 10.4 8.2 2.8-10"4 0.16 2.4 9.3-10* 

Quartz sand, a2 -1.26 160 J ) 5.8 8.2 - 0.16 2.4 7.9-10* 

Quartz sand, a3 -1.25 160" 5 8.2 2.5-10"4 0.16 2.4 7.8-10* 

Suorva, a1 -0.45 110 12.8 7.4 8.4-10* 0.14 3.4 4.1-10* 

Suorva, a2 -0.46 106 14.1 7.4 9.6-10* 0.14 3.4 4.3-10* 

Suorva, a3 -0.42 109 14.4 7.6 - 0.14 3.4 3.9-10* 

Suorva, a4 -0.42 113 14.6 7.5 7.6-10* 0.14 3.4 3.7-10* 

Suorva, b1 -0.51 152" 18.3 7.5 7.8-10* 0.14 3.4 3.4-10* 

Suorva, b2 -0.53 147" 18.1 7.6 8.4-10* 0.14 3.4 3.6-10* 

Suorva, d -0.48 151" 16.6 7.6 5.0-10* 0.14 3.4 3.2-10* 

5.6 Evaluation of experimental data 

Before making any extensive interpretation o f the data it is important to establish, 

or at least make plausible, that the measured values really are representative. The 

main problem here is whether the lowest pressure differences used were small 

enough to represent a fu l ly established f low regime. According to Morgan (1989) 

values o f the streaming potential coefficient show two plateaus. The value at lower 

f low rates is the sought after value, representing the fu l ly established f low regime. 

Tuman (1963b) presented similar results, but meant that after the onset of 

turbulence the relation between pressure difference and potential difference may be 

both linear and non-linear. He also showed experimentally that at still higher 

pressure differences (above approximately 1 MPa) yet another mechanism must 

come into play. He visualised a relaxation mechanism where the rate o f migration 

of positive ions f rom the neutral liquid into the diffuse part of the double layer was 

the l imiting factor. 

5.6.1 Possible presence of non-linearities in the relation between pressure difference and 
electric potential difference 

The lowest pressure differences used in this investigation are o f the order o f a few 

kPa and comparable with the largest pressures differences employed in some 

similar published experiments (see e.g., Ahmad, 1964; Ogilvy et al, 1969; and 

Morgan et al, 1989). This means that the second plateau may have been reached. 

The high pressure relaxation effect according to Tuman (1963b) cannot reasonably 

be present as maximum pressure differences in the present investigation are 

significantly smaller than the pressure differences where he observed the onset o f 

this mechanism. 
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Comparing the data in Tables 5.1 and 5.3 one can see that for reasonably similar 

soil samples (data by, e.g., Ahmad, 1964; Ogilvy et al 1968; Ishido and Mizutani, 

1981 and Morgan et al, 1989) the present values o f C/p w results agree fairly wel l 

wi th previous published ones although the present values seem to lie slightly lower. 

However, as it is practically impossible to judge to what extent the properties o f the 

different samples are similar no far-reaching conclusions can probably be drawn 

about the representability o f either data set. 

It w i l l be perhaps more meaningful to compare the results o f the pilot and final 

measurements on the quartz-sand sample. In the pilot experiments the maximum 

pressure difference was approximately 5 kPa. Two determinations of the streaming 

potential coefficient were made (cf. Fig. 5.2). The resistivity o f the water was 

approximately 110 Om. The resulting mean value o f Clp\, was 0.011 mV/kPa-Qm, 

and agrees well wi th the value 0.0093 mV/kPa-Qm found in the final series o f 

experiments (cf. Table 5.3). The pilot experiments were carried out at room 

temperature, whereas the later ones were done at lower temperatures (5-10°C). As 

w i l l be seen in section 5.6.2, this temperature difference has probably had only a 

minor influence on the results. The pH was not measured in the pilot experiments, 

but it seems reasonable that the tap water used should have a pH close to neutral, 

and thus be comparable wi th that in the later series o f measurements. 

Reynold's number, Nr, can also be used as an indication of whether the f low is 

sufficiently small; it is given by: 

PQD 
N ' = M - ( 5 ' 2 ) 

where, p is the density o f water, D is the effective grain diameter, rj is the dynamic 

viscosity of the water, and Q is the f low through the cross-sectional area, A; i.e.; 

QIA is the Darcian velocity. For soil materials the kio value is often used as an 

approximation to D. For porous media Nr=l is a generally accepted l imit for 

turbulent f low, although it should be kept in mind that such a l imit cannot be 

rigidly defined as turbulence occurs first in the larger pores. Fig. 5.18 shows a plot 

o f f low versus kio values. Also shown are lines o f constant Reynold's number. The 

black symbols show values obtained during measurement of hydraulic conductivity 

at intermediate pressure differences. The three soil samples Sourva dam, Gammel

stadsviken and #2 Porsöberget lie safely within the non-turbulent domain. The 

other three samples #1 and #3 Porsöberget and the quartz-sand cluster around the 

line, Nr=l, and may have been influenced by turbulence. The f low at the low 

pressure end o f the experiments was well within the linear domain for all six 

samples (indicated by grey symbols in fig 5.17). Thus i f turbulence had influenced 
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any of the measurements this should appear as a break or non-linearity in the 

relation between the pressure difference and the electric potential difference. 

According to the above reasoning the samples most likely to have been affected are 

samples #1 , and #3 from Porsöberget, and the quartz-sand sample. On closer 

examination, however, i t turns out that these samples do not exhibit higher non

linear effects than the other three samples. Still , some small curvature is evident in 

several o f the data sets (cf., e.g., Figs. A1.6, A1.14, A1.18), but this effect has been 

very weak and not consistent for any o f the samples. In Figs. A1.14 and A1.18 the 

curvatures are in fact in different directions. The conclusion is that any non-linear 

effects in these samples, i f present, are too small to be reliably identified wi th the 

present experimental accuracy. 

Sample 
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A Porsöberget 3 

X Gammelstadsviken 
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O Suorva 
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f j Quartz sand, min. flow 
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Fig. 5.18. Plot of effective grain diameter versus flow. Black symbols show values obtained 
during measurements of hydraulic conductivity; grey symbols show values at the minimum 
pressure difference for each measurement. The solid lines show selected Reynold's 
number limits. Calculations were made for flow through a cross-sectional area of 9.8-10"3 

m 2 , at a temperature of 10°C. 

5.6.2 Temperature dependence of the streaming potential coefficient 

The influence o f the temperature on the streaming potential coefficient is o f 

particular interest when trying to estimate realistic in situ values f rom laboratory 
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measurements. The database for laboratory measurements in the literature is not 

very extensive but data show that the streaming potential coefficient can both 

increase and decrease with temperature. Morgan et al (1989) showed that for a 

crushed sample o f Westerley granite the streaming potential coefficient decreased 

with increasing temperature but the decrease was very small, and they concluded 

that the coefficient was practically independent o f temperature within the 

temperature range 5°C to 70°C. On the other hand, Ishido and Mizutani (1981) 

presented data indicating that the magnitude o f the streaming potential coefficient 

of crushed quartz increased with temperature in the range 20°C to 70°C. 

A plot o f the streaming potential coefficient versus temperature for the present 

investigations is shown in Fig. 5.19. It indicates that the temperature dependence o f 

these samples is practically negligible, but because o f the small number o f data 

points only a tentative conclusion is possible. 
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Fig. 5.19. Streaming potential coefficient versus temperature. 
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A theoretical test of the above conclusion can be made by estimating the influence 

of temperature on C by combining estimates o f the temperature dependence o f the 

different variables in Eq. 4.17. (The value o f the dielectric constant is assumed to 

be independent o f temperature.) 
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Fig. 5.20 is a plot o f the f lu id resistivity versus temperature in which the data f rom 

the present work (solid circles) as well as from literature (open circles) are shown. 

The offset between the two data sets can be explained by a difference in electrolyte 

concentration. The results show that temperature variation is the principal cause of 

resistivity variations. The solid line shows the best-fitting second degree 

polynomial, which w i l l be used as an approximation to the temperature dependence 

of the resistivity. 
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Fig. 5.20. Temperature dependence of the resistivity of water. The solid circles show 
experimental data from the present work. Open circles show data for a 0.2923 g/l NaCl 
solution taken from "Handbook of physical properties of rocks", Table 10, p. 238. The solid 
line shows the best-fitting second-degree polynomial. 

In a similar manner, Fig 5.21 shows that the temperature dependence o f the 

dynamic viscosity o f water can be described by a third-degree polynomial have 

been fitted to data f rom the literature. Fig. 5.21 illustrates this procedure. 

Finding the temperature dependence of the zeta-potential turned out to be the most 

complicated part. Ishido and Mizutani (1981) presented a method to theoretically 

calculate the zeta-potential for a mineral-electrolyte system when the surface charge 

is controlled only by the acid-base behaviour of the surface hydroxyl groups. The 

mineral surface is characterised by the density o f adsorption sites. Fig. 5.22 shows 

the theoretical temperature dependence o f the zeta potential for a mineral in contact 

with a 10"4 M 1:1 electrolyte, at pH 7. This corresponds to a resistivity o f 85 fim at 

a temperature o f 10°C. There is a linear relation between temperature and zeta-
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potential. The three curves show the results for different distances, xs, between the 

mineral surface and the shear plane. This distance is not known so an estimated 

value had to be used. Ishido and Mizutani (1981) showed that for their data 

x s=2-10"9 m gave the best fit between experimental and theoretical data. From fig 

5.22 it is also obvious that the influence of xs on the slope o f the curves is relatively 

small and therefore the slope-value of-0.58 mV/°C w i l l be adopted here. 
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5.0 10.0 15.0 20.0 25.0 
Temperature (° C) 

Fig. 5.21. Temperature dependence of the dynamic viscosity of water. The open circles 
show data from the National Bureau of Standards. The solid line shows the best-fitting 
third-degree polynomial. 

The final step now is to combine the three functions o f temperature to obtain the 

temperature dependence o f C. Fig. 5.23 show the result o f this operation and is to 

be compared with Fig. 5.19. The calculated value o f C is almost an order o f 

magnitude larger than the experimental values. The reason for this is probably that 

both the dielectric constant and the dynamic viscosity take anomalous values in the 

double layer, a possibility that has been disregarded but should, however, mainly 

influence the magnitude o f C and not its temperature dependence. Within the 

temperature range 5°C to 45°C the calculated variation o f the streaming potential 

coefficient is about 10 percent. Changes in other parameters, e.g., the pH, w i l l have 

a much stronger influence on the streaming potential coefficient. In conclusion one 

can say that for practical purposes C appears to be independent o f temperature at 

least between 5°C to 45°C. 
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Fig. 5.22. Theoretical temperature dependence of the zeta-potential of quartz in contact 
with a 1CT4 M 1:1 electrolyte. The pH-value is 7. The calculation follows Ishido and Mizutani 
(1981). The three lines show results for different values of the distance between the 
mineral surface and the shear plane (from bottom 1-10"9, 2-10"9 and 3-10"9 m). 
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Fig. 5.23. Calculated temperature dependence of the streaming potential coefficient, based 
on the data in Figs. 5.20 through 5.22. The electrolyte concentration is 10"4 M, and the pH 
is 7. 
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5.6.3 Comparison with field estimates of the streaming potential coefficient 

The goal o f these laboratory experiments has been to obtain good estimates o f the 

in situ streaming potential coefficient. The main question is whether a small 

laboratory sample can really be representative o f the conditions in the ground. A 

comparison between field and laboratory estimates may illuminate this problem. 

A method to f ind the in situ streaming potential coefficient f rom field observations 

of self potentials w i l l be described in section 6.1. Without going into the details at 

this stage we may note that a plot o f self-potential values versus height can be used 

to f ind the maximum value o f the streaming potential coefficient. The unsaturated 

zone in the ground acts so as to attenuate the streaming potentials. Fig. 5.24 shows 

a self-potential anomaly together with the topography measured at Porsöberget next 

to the site where sample #2 was taken from. The strong correlation between SP and 

topography indicates that this is a typical example o f self-potentials caused by 

water f low down a hillside. The best-fit slope o f the plot o f SP versus height is 5.1 

mV/m, which corresponds to a l imiting value o f the streaming potential coefficient 

o f about 0.5 mV/kPa (cf. section 6.1). Based on the electrical sounding shown in 

Fig. 5.25 the attenuation o f the streaming potential coefficient caused by the 

unsaturated zone has been estimated to be about 15 percent. Modelling shows that 

the finite basement resistivity causes a further attenuation o f approximately 40 

percent. This means that the measured apparent value o f the streaming potential 

coefficient is about 50 percent smaller than the intrinsic value which must be 

approximately 1 mV/kPa in the saturated zone, comparing favourably with the 

mean laboratory value of 0.83 mV/kPa found for the soil sample taken close to the 

measured profile. 

Fig 5.26 shows SP-values together with topography at a site on the same hillside as 

shown in f i g 5.24. The distance between the two profiles is approximately 200 

metres. Here the apparent streaming potential coefficient is slightly higher: 8 

mV/m. No sounding data are available from this site but the depth to the resistive 

basement should be similar to that at the previous site as the distance to out

cropping bedrock at the top o f the hi l l is the same. The finite basement resistivity 

was the main factor in the attenuation o f the streaming potential and it is therefore 

realistic to assume that the attenuation factor should be o f the same order, i.e., 

about 50 percent. The intrinsic streaming potential at this site should then be about 

1.6 mV/kPa, which is in reasonable agreement with the previous value, considering 

the assumptions made about the resistivity o f the ground. However, this value does 

not agree as well wi th the laboratory value, a fact that probably cannot be wholly 

explained by resistivity variations. 
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Fig. 5.24. Correlation between self-potential and topography. The large diagram shows the 
SP-anomaly (open circles) together with the topography (solid line), note reversal of height 
axis. The inset shows a plot of SP versus height. The slope of the best-fit line is 5.1 mV/m. 
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Fig. 5.25. Electrical sounding (Schlumberger) made approximately 30 metres from the 
bottom of the hill shown in Fig. 5.24. The electrode layout was placed perpendicular to the 
slope of the hill. The solid line shows the theoretical apparent resistivity for the model 
shown in the right part of the figure. 
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Fig. 5.26. Correlation between self-potential and topography. The large diagram shows the 
SP-anomaly (open circles) together with the topography (solid line), note reversal of height 
axis. The inset shows a plot of SP versus height. The slope of the best-fit line is 8 mV/m. 
Site approximately 200 metres from the one shown in Fig.5.24. 

From the above it appears nevertheless that the laboratory method developed in this 

thesis can be used to obtain reasonable estimates of the in situ streaming potential 

coefficient. One very important prerequisite is of course that the chemical 

composition o f the groundwater must be comparable to that o f the water used in the 

laboratory experiments. The tap water used in the present experiments has a pH 

close to neutral and is only very weakly mineralised. This should be a fair 

approximation o f the groundwater found at the sample sites. The temperature has 

been shown to have only a minor influence and hence it is not very important to 

reproduce in situ temperatures in the laboratory. 

5.6.4 Influence of sample characteristics on the value of the streaming potential coefficient 

The values o f the different physical characteristics that were measured on the six 

soil samples were summarised in Table 5.2. The influence o f these parameters on 

the streaming potential coefficient is quite complex. There are examples in the 

literature which show, e.g., that the streaming potential coefficient increases wi th 

decreasing permeability (Ahmad, 1964) and also that it decreases with decreasing 

permeability (Jouniaux and Pozzi, 1995). Independence of permeability has also 
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been reported (Sprunt et al, 1994). It is quite possible that such contradictory results 

are also present in the samples investigated here. 

Returning for a moment to Fig. 5.20, the small scatter of the data points indicates 

that the major part o f the resistivity variation has been caused by changes in 

temperature. This means that as long as the composition o f the electrolyte is 

approximately constant we may compare values o f C directly instead o f C/p used 

for comparison wi th results in the literature. As the resistivity variation can be 

explained by temperature changes there can have occurred only minor changes in 

the amount o f dissolved salts in the water. The pH-value, however, can change 

quite drastically without changing the electric resistivity. Table 5.3 shows that 

during measurements the mean pH-values have varied between 5.6 and 8.2. The 

iso-electric points o f the many minerals commonly present in soils (e.g., quartz, 

feldspars, kaolinite, montmorillonite) lie around a pH-value o f 1 to 2.5 at room 

temperature (Ishido and Mizutani, 1981). A t pH-values between 6 and 8 the 

distance to the iso-electric point is fairly large and the influence o f pH changes in 

this range should have only a small influence on the C-potential, and consequently 

on C (cf. fig3.3a). Data by Morgan et al (1989) seem to verify this assumption. 

They show that for crushed Westerley granite the ^-potential changes only with a 

few percent for pH changes between 6 and 8. The considerations above indicate 

that the changes in temperature and chemical composition o f the electrolyte during 

the present experiments can be neglected and that it would be relevant to consider 

variations in C as being caused by differences in the physical properties o f the 

samples. 

Fig. 5.27 shows plots mean values o f C versus the formation factor, the hydraulic 

conductivity K, and the grain size limits kio and kßo. Now, these sample parameters 

are not completely independent o f each other. One would, e.g., expect that the 

formation factor should correlate with the hydraulic conductivity and that the 

hydraulic conductivity should be influenced by the grain size distribution. Upon 

closer examination, however, it becomes apparent that the only correlation is a 

weak correlation between hydraulic conductivity and the kio-value. The lack of 

correlation between the hydraulic conductivity and the formation factor is probably 

due to the presence o f clay minerals. The results in Fig. 5.27 show that there is only 

a very weak correlation between the streaming potential coefficient and the above 

mentioned physical parameters. Even i f the small number o f data points would 

make it diff icul t to discern any direct correlation it is quite obvious that for these 

samples the streaming potential coefficient is practically independent o f these 

parameters. There may be a weak correlation with the k6o-value; the streaming 
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potential coefficient appear to decrease with increasing k6o-values, but the scatter o f 

the data is such that this observation is uncertain. 

The lack of correlation demonstrated by these data is not totally unexpected 

considering the contradictory results reported in the literature. It is also likely that 

differences in the mineralogy have a greater impact on the value o f the streaming 

potential coefficient than have variations in formation factor, K, kio and k6o- To 

isolate the effect of variation o f these parameters it is probably necessary to 

concentrate on investigating mineralogically similar samples and making controlled 

changes of the physical parameters. 
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Fig. 5.26. Plots of the streaming potential coefficient versus the formation factor, the 
hydraulic conductivity K, and the grain size limits k i 0 and k6o-
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6. IN SITU METHODS TO ESTIMATE THE STREAMING POTENTIAL 

COEFFICIENT 

Methods to estimate the streaming potential coefficient f rom field observations of 

SP are necessary to complement laboratory studies. In a first instance comparison is 

necessary to verify that field and laboratory measurements give similar results. A 

perfect correlation is not to be expected as the laboratory sample only represents a 

small volume of the ground, whereas in situ methods encompass much larger 

volumes. 

Strictly speaking, SP-measurements in any area with known geology could be used 

to estimate the streaming-potential coefficient. This would, however, require access 

to a forward modelling program flexible enough to handle the geology. I choose 

here, instead, to concentrate on two more robust methods based on some 

simplifying assumptions, that allow a routine approach. 

6.1 Streaming potential on a hillside, assuming a layered earth structure 

Topographically induced streaming potentials can be observed on practically any 

hillside. The sources o f electrical potential in this system are an uphill area where 

there is an influx o f water, and a downhill area where there is an outflow or seepage 

o f water. For normal geological conditions influx areas are negatively charged and 

seepage areas are positively charged. This means that in general the measured 

electric potential becomes more negative as the elevation increases. The potential 

distribution on the ground surface is determined partly by the nature o f this 

streaming potential source, partly by the resistivity structure o f the ground. When 

the ground is relatively homogeneous, topographic SP generally manifests itself as 

a linear dependence of the SP on the elevation o f the observation point. If , however, 

the geology is very complex, or i f other sources o f SP are present this simple linear 

relationship may not hold. 

I f a linear dependence between SP and elevation has been found, the cross-coupling 

coefficient o f the ground can be calculated. Some simplifying assumptions are 

necessary (see Fig. 6.1): 1) the line o f measurements is in the direction o f 

maximum slope, 2) the f low o f groundwater is confined to a layer with 

approximately constant thickness below the profile, 3) the basement is resistive so 

that the current is confined to the upper layers, 4) the source areas are so far away 

that the conduction current f low is approximately parallel to the layered structure. 
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Assumption number three is the most limiting one because the resistivity contrast 

between basement and overburden must be extremely large for the assumption to 

hold. As the distance between source areas increases, the fraction o f current passing 

through the basement increases because the volume of basement involved increases 

much more rapidly than the volume of overburden. Still , this method should yield 

better estimates than just a plot o f SP versus elevation, and should generally be a 

fair first approximation. 

Fig. 6 .1 . Geometry for calculation of the cross-coupling coefficient on a hillside where the 
subsurface may be approximated with a 3-layered earth. Water flow, and consequently the 
convection current is assumed to be confined to layer 2. The resistivity of the basement, 

is assumed to be much higher than either or pi, the electric conduction current can thus 
be approximated as being confined to layers 1 and 2. 

Under the above assumptions one can calculate the streaming potential by equating 

the convection and conduction currents. These are found by integrating the 

respective current densities over the whole depth section. The convection current 

density is: 

jconv = -L^P, (6.1) 

The convection current per unit length perpendicular to the plane o f the figure 

becomes: 

Icom=-\LXPdz 
(6.2) 

= -LVPz2. 

This convection current must be balanced by a conduction current per unit length as 

before, which is: 

hand = \j\dz + \ j 2 d z 
(6.3) 

Under the assumption that the conduction current is parallel to the layered structure, 

the electric field in the two upper layers must be the same, which means that the 

current densities are related through the respective layer resistivities: 
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hPx=hPi- (6.4) 

Combining equations 6.3 and 6.4 gives for the conduction current: 

4 „ , = 7 , ( ^ 2 - ) - (6-5) 
Pi 

Equating the convection and conduction currents and rearranging gives the 

fol lowing expression for the conduction current density in the topmost layer: 

Ji= (6-6) 
Z] +—z2 

Pl 

Using Ohm's law the gradient o f the electric potential in the upper layer becomes: 

plLVPz2 

z 1 + — z 2 

lNPz2

 ( 6 - ? ) 

Z l Z 2 

Pl P 2 

From Eq. 6.7, one can see that a plot of the electrical potential gradient versus the 

hydraulic gradient is a straight line. The slope o f this straight line can be seen as an 

apparent streaming potential coefficient as it incorporates geometrical information. 

From this slope i t is possible to calculate the cross-coupling coefficient i f the 

thicknesses and resistivities o f the two upper layers are known. The electrical and 

hydraulic gradients can be approximated by AV/l, and API I, respectively, where / is 

the distance between two observation points. Thus, the plot of A V versus AP also is 

a straight line wi th the slope: 

AV z, 

AP Zj 

Pi Pi 

L, (6.8a) 

or, using the fact that L—Clpj (cf. eq 4.27) 

AV p2 

AP f j _ £ 2 . 

Pl P 2 

C, (6.8b) 

There are two l imit ing cases. When the conductance of the first layer becomes very 

large, then most o f the conduction current is channelled through this layer and 

equation 6.8b can be approximated by: 

AV Pi z 2 

AP p 2 l z } 

C. (6.9) 
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For the case o f very small conductance o f the upper layer the l imit ing 

approximation is: 

AV 
— =C, (6.10) 
AP 

which somewhat surprisingly is independent of the thickness of any o f the layers. 

The explanation is that the situation is perfectly analogous to that in laboratory 

experiments when the convection and conduction currents are confined to exactly 

the same space. The factor preceding C in equations 6.8-6.10 can be seen as a 

geometric correction factor to the observed ratio AV/AP. The behaviour o f this 

correction factor as a function of the conductance o f the two layers in the 

overburden is shown in Fig. 6.2a while Fig 6.2b shows this correction factor as a 

function o f the ratio of the thickness o f the two overburden layers for different 

ratios o f the resistivities, p\lpi, as indicated by the numbers adjacent to each of the 

curves. 

The goal here is to estimate the value o f C from corresponding measurements o f 

electric potential and pressure. I f no other information is available the pressure 

difference between consecutive measuring points can be approximated by the 

elevation difference between them. In typical Swedish terrain (glaciated) the 

groundwater surface follows the topography closely and not too much error should 

be introduced by this approximation. A plot o f electric potential versus elevation 

gives the apparent cross-coupling coefficient. The next step is to estimate the value 

of the correction factor to be applied. This requires knowledge o f the resistivity 

structure o f the overburden. Electrical soundings or measurements in a borehole, i f 

available, can be used to obtain this information. The last step then is to calculate C 

f rom equation 6.8b. 

This method is simple to use in practice, and requires only standard geophysical 

equipment. It is quite possible to extend the method to overburdens wi th more than 

two layers but i t is doubtful whether this would really be an improvement. The 

approximations made are quite severe, which is the main drawback with this 

method. The most serious assumption is probably that o f a completely insulating 

basement. A maximum realistic resistivity ratio between the saturated zone and the 

bedrock is o f the order o f 1:100. 

To obtain some estimate o f the influence o f finite bedrock resistivity I calculated 

the potential distribution for a two-layer model (overburden resistivity p\, basement 

resistivity pi). The infiltration and seepage zones, i.e., the streaming potential 

source areas are approximated by point current electrodes placed on the surface 300 
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metres apart on a two-layer earth. The overburden is assumed to be 5 metres thick. 

The current injected into the ground is assumed to be 1 A , but the exact value is 

unimportant as the potential is a linear function o f the current at the current 

densities involved, and only ratios between potentials w i l l be compared here. The 

potential distribution between the source areas is shown in Fig. 6.3a. The results 

show that even for a resistivity ratio of 1:100 there is a small but significant 

influence of the basement. The slope o f the central, linear part o f the curve is 

approximately 20 percent smaller than for the case o f an insulating basement. This 

value w i l l , however, depend on the model used but should be a fair order o f 

magnitude estimate o f the influence o f finite basement resistivity. I f one wishes to 

apply corrections like this the influence should be estimated separately for each 

case by studying an appropriate model. 

1000 

z1/z2 

Fig. 6.2. A) the correction factor for C as a function of the ratio of the conductance of the 
two overburden layers, GJG2- B) correction factor as a function of the ratio of the thickness 
of the two overburden layers. Each curve corresponds to a certain resistivity ratio (/Vps) 
given by the numbers next to the curves. 
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To summarise one can say that this method should only be used for order o f 

magnitude estimates i f the resistivity ratio is less than approximately 1:100. Still , i f 

it is possible to make a reasonable estimate o f the location o f the streaming 

potential source regions and o f the resistivity distribution in the ground, then it 

should be possible to quantify and correct for the influence o f the finite basement 

resistivity. 
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Fig. 6.3. Estimate of the influence of a finite basement resistivity. The streaming potential 
sources are approximated by point current electrodes 300 metres apart on the surface of a 
two layered earth. The thickness of the overburden is 5 m. The solid curves show the 
electric potential distribution between the source areas for different resistivity ratios {pzlp^). 

6.2 Estimate of streaming-potential coefficient through hydraulic injection or pumping 

Streaming potential current sources occur under three different conditions: 1) where 

there is f low of water perpendicular to a boundary between areas with different 

cross-coupling coefficients, 2) where there is f low of water perpendicular to a 

boundary between areas with different hydraulic conductivity, and 3) where there 

are externally impressed sources (or sinks) of pressure. These phenomena can be 

used to devise a method to measure the cross-coupling coefficient in situ. 

Depending on whether water is injected into or pumped out o f the ground, different 

methods have to be used. A point-shaped pressure source (type 3 above) is a 

suitable model for water injection. When water is pumped from a well , on the other 

hand, another type o f source is present. Sources o f type 1, and 2, appear at the wal l 

o f the wel l , as this is a boundary where both the hydraulic conductivity and the 

cross-coupling coefficient changes. 
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6.2.1 Point pressure source in a homogeneous half-space 

As a starting point consider a homogeneous half-space into which water is injected 

at a steady rate. The basic, Poisson type, equation describing streaming current 

source generation can be found by setting V-J=0 in Eq. 4.25b: 

V-(oVV) = -V-(LVP), (6.11) 

where or and L are the electrical conductivity and the cross-coupling coefficient, 

respectively. V and P are electric potential and pressure. For a homogeneous half 

space this can be rewritten with the help o f Eq. 4.25a, neglecting the term LVV 

which is allowable for geologic materials in the absence o f external current sources, 

as: 

LV O 
V2V = - — ^ , (6.12) 

OK 

where K is the hydraulic conductivity and Q is the Darcian velocity. Equation 6.12 

can be integrated to give the electric potential on the surface o f the half-space U: 

V - ^ o l \ V Q d U ' ( 6 ' I 3 ) 

where r is the distance from the source, i.e., the pumping point. The integrand, V Q, 

is equal to zero everywhere except at the source point. A t the source point the 

integral must be equal to the pumping rate, W (m 3/s). The electric potential caused 

by the pumping then becomes: 

LW 
V = -~ (6.14) 

27troK 

Equation E.14 can be compared with the equation for the electric potential caused 

on the surface by a buried point electrode injecting the current P. 

V = - ^ - . (6.15) 

LKOr 

This comparison shows that f rom an electrical point of view the pressure source 

can be replaced by an equivalent current, I, with the magnitude: 

/ = - — . (6.16) 
K 

6.2.2 Influence of the resistivity structure of the ground 

The half space model discussed above is too simple; using it imposes too severe 

restrictions on the geometry o f the subsurface. It is necessary to take into account 

the effect o f at least one unsaturated layer above the ground water surface, as wel l 

as the bedrock below the overburden. To be completely correct one should also 

consider the rise o f the water table caused by the injection. Now even staying wi th 

the simplest possible, reasonably realistic electrical model, two layers on bedrock, 

the expression for the electric potential caused by a buried electrode becomes very 
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complicated. It can be expressed only as an infinite sum or a generalised integral. 

For the case o f a non-negligible rise of the water table it is in practice impossible to 

obtain an analytical expression for the potential. Anyway, for the present discussion 

the details o f potential distribution are not necessary. The effect o f the resistivity 

distribution can be estimated f rom resistivity measurements. Avoiding the more 

gruesome details, the potential due to a buried current electrode can be expressed 

as: 

V = ~ f ( z , , p , , r ) , (6.17) 

where z, and pb wi th dimensions length and resistivity, respectively, represent the 

geometric shape and resistivity o f the different geoelectrical units. The influence o f 

the geoelectric structure appears as a correction factor, flz^p^r), which is constant 

for a given geometry and electrode position. Now, to f ind the potential caused by a 

pressure source in the same location, it is only necessary to replace I in 6 .17 by the 

previously found expression for the equivalent current, equation 6.16, giving us 

r = - H / ( z " « ' r ) ' ( 6 - 1 8 ) 

Were it possible to evaluate this correction factor, the potential distribution on the 

surface caused by a pressure source at depth could be calculated. For any case 

except a simple layered structure, the complexity o f the function makes such 

calculations a practically impossible task. Fortunately there is a simple direct way 

to estimate/ 

The solution is to realise that f rom an electrical point of view, the effect of the 

pressure source is identical to that o f a current source. The mutual impedance 

between the current and potential circuits must be exactly the same in both cases. 

This makes it possible to calculate the strength o f the equivalent current source 

caused by pumping. To utilise this fact, inject a current into the ground at the 

pumping point, and measure the resulting potential on the surface. The mutual 

impedance, Z, for this configuration then is f(zt,pnr)/4tt. Equivalence o f the 

impedance for electrical current source and streaming current source gives: 

LW V 

T - T <619> 

where V is the SP-anomaly caused by the pressure source. From this equation i t is 

possible to determine the cross-coupling coefficient, L, or i f the hydraulic 

conductivity is not known, the ratio LIK. 
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6.2.3 Streaming potential generated by pumping from a well 

When water is pumped from a well, the point-shaped pressure source used above is 

not a suitable model. Here the more or less cylindrical wall o f the well below the 

ground water surface acts as a current source. Fig. 6.4 shows a sketch o f the 

electrical situation. The water f low across the wall causes an accumulation of 

charge (positive for most geologic materials under normal conditions), which sets 

up an electric f ield that drives a return conduction current through the ground. To 

simplify the situation, assume that the water only enters the well f rom the sides, and 

that the influx is equal at all depths in the well. 

W [m 3/s] 

Fig. 6.4. Model for the generation of streaming potentials by pumping from a well. 

The total convection and conduction currents must be equal through an imaginary 

cylindrical surface placed infinitely close to the well . Assuming that the radius o f 

the well is r, and that the length of the well below the ground water surface is /, the 

total convection current, I c o n v , through the cylinder becomes (cf. Eq. 6.1) 

I c o m = 2nrt> J c o m = -2nrl- LVP, (6.20) 

where J c o n v is the convection current density, L is the cross-coupling coefficient 

and, P is the pressure. Using Eq. 4.25a and neglecting the term Z V F E q . 6.20 can 

be rewritten as: 

I_=2TZrlL^- = L W (6.21) 
K K 

where Q is the Darcian velocity, K is the hydraulic conductivity, and W is the 

pumping rate. The Darcian velocity is found by dividing the pumping rate wi th the 

total area through which water flows. Note that the strength o f the equivalent 

current is the same as for the point pressure source. We have thus obtained a 

general result that the current strength is independent o f the shape o f the source 

region. 

Now, it is the return conduction current that sets up the electrical potential 

distribution on the surface o f the ground, and f rom the above discussion i t is clear 

that the magnitude o f the convection current is equal to that o f the conduction 
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current. Thus the pumping causes a potential distribution on the surface that is 

equal to that o f a current electrode with the same shape as the well , injecting a 

current I, which is equal to the convection current given by Eq. 6.21. In principle it 

would be possible to calculate the potential distribution caused by such an 

electrode, but it is easier and gives reasonably reliable results i f we use the same 

procedure as for the point-shaped pressure source. Here we need to f ind the 

impedance o f the ground using a current electrode with the same shape as the well . 

This is most easily accomplished by using a metal rod that extends f rom the bottom 

o f the well and up. The water f i l l ing the well generally has a conductivity that is 

much higher than the surrounding soil, which means that the water column w i l l act 

as a current electrode. Even i f the surrounding soil is conductive, as can be the case 

with clays, e.g., the error introduced by using a rod instead o f a cylinder w i l l be 

negligible except in an area very close to the well . When both the impedance and 

the streaming potential have been measured, Eq. 6.19 can be used to determine the 

cross-coupling coefficient. However, i f the hydraulic conductivity is not known, 

only the ratio between cross-coupling coefficient and hydraulic conductivity can be 

estimated. 

6.2.4 Practical application 

The preceding discussion has used absolute potential, which is a purely theoretical 

concept. In reality potential differences must be used. This does not lead to any 

difficulties as all potentials are superposable. As long as the mutual impedance and 

SP values are measured with the same receiver electrode pair, Eq. 6.19 can be 

applied. The derivation also used the concept o f a single current electrode. In 

practice this has to be approximated by an electrode pair where one electrode is so 

far away that its influence is negligible. 

In principle i t is only necessary to observe the potential for a single electrode pair, 

and one pumping rate, to determine LIK f rom Eq. 6.19. It is advisable, though, to 

employ several receivers and to measure the potential drop for a number o f 

pumping rates. It is especially important to use several pumping rates. I f there are 

other sources of SP in the vicinity o f the well , then the measured potential drop w i l l 

be the sum of the streaming potential and the potential drop by other sources. 

Measuring the SP before pumping starts and correcting for this offset is one way to 

solve this problem. The safest solution, however, would be to measure the SP as a 

function o f pumping rate. A plot o f corresponding values of electric potential and 

pumping rate becomes a straight line with the slope LZIK. This is correct as long as 

Z doesn't change with pumping rate. A change in the impedance w i l l occur i f the 

change in pumping rate has an appreciable influence on the geometry o f the ground 
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water surface. I f Z does change, the plot o f V versus f P w i l l no longer be a straight 

line. To correct for this situation one can plot V/Zj versus Wj, where Z ; is the 

impedance measured for a certain pumping rate, Wj. The slope of the resulting 

straight line is LIK. This solution introduces the additional diff iculty that it is 

necessary to measure the impedance separately for each pumping rate. Note, that in 

neither o f these cases can L and K be determined separately. For this an 

independent estimate o f K is needed. 

6.2.5 Determination of hydraulic conductivity, K 

To f ind the value o f cross-coupling coefficient, an estimate o f the hydraulic 

conductivity must be made. The most reasonable way to do this under these 

circumstances is to perform a pumping test analysis. As water is already being 

pumped from the well , the only extra work needed is to observe the draw-down o f 

the water table as a function o f pumping rate. This should preferably be made in 

one or more observation boreholes some distance away f rom the pumping borehole. 

I f this is not feasible the draw-down in the pumping hole w i l l have to suffice, 

although this w i l l lead to larger uncertainties in the value o f K. The procedure for 

determining K by pumping test can to be found in almost any book on 

geohydrological investigation methods. 
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7. FIELD MEASUREMENTS 

7.1 Field equipment 

As has already been mentioned in section 2.1, the equipment necessary to perform 

an SP-survey is in principle very simple. A pair o f non-polarizing electrodes, a high 

input impedance voltmeter, and cable to connect the electrodes to the voltmeter is 

all that is needed. 

The electrodes used in the surveys described below are o f the Cu-CuS04 type. 

Their construction is based on a design used by the Boliden Mining Company in 

their SP-surveys. I f they are carefully prepared the voltage between two electrodes 

placed in a common electrolyte is only a few mV. Fig 7.1 shows a sketch o f the 

electrode design. The small diameter o f the electrode removes the need to dig holes 

for electrode placement; it is generally possible to make good contact just by 

pressing the electrode into the soil. The circuit resistance rarely exceeds 50 k f i 

under normal conditions. Contact with the soil is made through a wooden plug 

which acts as a porous membrane. Using a wooden plug is advantageous as it is 

easy to replace this when it has worn out. 

Generally the instrument used is not a l imiting factor in SP-surveys; almost any 

high input impedance voltmeter should work well. The instrument used in most o f 

the f ield work reported here is A B E M SAS 300B. It is ruggedly constructed and 

features very high input impedance, stacking o f measured values, a digital readout, 

and automatic selection of measurement ranges. The accuracy is of the order o f 

0.01 to 1 m V depending on which voltage range is selected. For SP-values under 

1000 m V the accuracy is typically around 0.1 mV, i.e. much better than is normally 

required in practice. 

A few measurements were made using a portable Hewlett-Packard digital 

voltmeter, wi th an input impedance o f 10 1 0 Q, and an accuracy better than 0.01 

mV. Presumably it out-performs the SAS 300B as a voltmeter, but its lack o f 

stacking function together with its limited field-worthiness made it a second choice 

only. 

The cables used were ordinary laboratory cables for shorter connections, and 0.75 

m m 2 single wire conductor placed on a reel for longer ones. The total length o f wire 

on the reel was approximately 400 metres, and its influence on the circuit resistance 

completely negligible. A l l connections were made using banana contacts or screw 
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terminals. Care was taken to avoid any contact between bare wire and the ground, 

as this could have caused spurious potentials. 

, To voltmeter 

Rubber cork 

Bare copper wire 

015 mm plastic tube 

•Wooden plug 

Fig 7 .1 . Construction of the non-polarizing Cu-CuS0 4 electrodes used. The main body of 
the electrode is plastic tube. A wooden plug acts as the porous membrane through which 
contact is made with the soil. A piece of bare copper wire is twisted into a coil to increase 
its contact area with the electrolyte, and inserted into the tube. Finally the tube is filled with 
a saturated solution of CuS0 4 . 

7.2 Field procedure 

A l l surveys were performed using the total-field approach; the self-potentials were 

measured as the potential difference between a stationary reference electrode, 

placed outside the survey area, and a mobile electrode that was moved successively 

to the measuring stations in the area. Using this method complicates the field work 

as the cable connecting the reference and the mobile electrode generally has to be 

fairly long. This disadvantage is, however, balanced by the fact that the method 

avoids accumulation o f electrode polarization errors, which can occur wi th the 

gradient method. Should one wish to study the gradient o f the self-potential f ield 

instead, this can be calculated from total-field data without significant increase in 

the noise level. The converse is not true, calculating the total f ield f rom gradient 

data generally yields very noisy results. 
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The reference electrode was placed so as to minimise changes in temperature and 

soil moisture. Changes in these soil conditions could induce spurious potential 

differences between the electrodes. To this end the reference electrode was usually 

placed at a depth o f 15 to 20 centimetres, and when possible in a place shaded f rom 

direct sunlight. 

The use o f stacking should reduce measurement errors. Usually each recorded value 

represents a mean of four consecutive measurements. When conditions were calm, 

and only slight changes occurred between readings, the number o f stacks was 

reduced to two. Under normal conditions the first and last readings at a station very 

seldom differed by more than 0.5 mV. I f the electrode was left in the ground for 

several minutes, a second reading could differ by a few millivolts. Therefore 

readings were always taken as soon as the electrode had been placed in the ground, 

the assumption being that stabilisation occurred in a similar manner at all stations. 

Waiting for the reading to stabilise at all stations would have made the surveys 

extremely time-consuming. 

To minimise the influence o f short wavelength spatial noise several readings were 

taken at each station. The electrode was moved approximately 5 to 20 centimetres 

between measurements. A t least two values were always recorded. I f these differed 

by more than 5 mV, one additional reading was taken. I f these three values did not 

fa l l within 10 m V a fourth and last reading completed the procedure. The mean of 

these 2 to 4 readings represents the self-potential value associated wi th the station. 

The 5 and 10 m V limits chosen are, admittedly, somewhat arbitrary, but the 

important thing is that statistically the mean value should be a better representation 

o f the self-potential value than any single reading. This w i l l be discussed in more 

detail later under the "Data quality" heading. The bar chart in Fig. 7.2 illustrates the 

outcome of this measuring procedure for a number o f survey profiles. On average 

two observations sufficed on about 70 percent o f the station points; in the worst 

case this figure is 50 percent. The solid lines show the mean and maximum 

standard deviation o f the station mean value for each of the profiles. The mean 

standard deviation is practically constant, around 2.5 mV, for all profiles. The 

maximum standard deviation is maybe not as relevant as the mean, as it reflects 

single station points wi th diff icul t measuring conditions, e.g., extremely dry or 

stony ground. It does however indicate what the worst case would be for each of the 

profiles. 

One last important factor in obtaining reliable self-potential data is drif t control and 

correction. Dr i f t may occur as a consequence o f changes in the rest potential o f the 
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electrodes used. Variations in the difference in temperature or soil moisture 

between the reference electrode and the mobile electrode w i l l also appear as drift . 

These are all spurious effects caused by changes in the rest potentials o f the 

electrodes, induced by changes in environmental parameters. Changes in the telluric 

currents, on the other hand, induce true changes in the potential distribution in the 

subsurface. These currents have a very wide range o f periods. Variations wi th a 

period f rom a few minutes up to a day w i l l influence the measurements, and may 

also be considered as drift . In all surveys presented here repeated measurements 

were made at a number o f stations every few hours to detect any drif t in the self-

potential readings. Usually drift was insignificant, of the order a few millivolts 

only. I f the mean difference between the two sets o f measurements exceeded 5 mV, 

then drif t corrections were applied. Corrections were made under the assumptions 

that the drif t was linear wi th time, and that the time spent measuring each station 

was approximately equal. 
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Fig. 7.2. Distribution of the number of observations at each station (bar chart) together with 
the maximum, and average standard deviation, dashed and solid lines, respectively. 

7.3Data quality 

In any type o f measuring situation there is a need to quantify the accuracy or quality 

o f the data. In the specific case o f SP-measurements one would like to know how 

well a measured SP-value represents the true self-potential in the subsurface. 
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Effistson and Scherer (1989) showed that SP-data generally contained a short 

wavelength (0.1 to 1 m) spatial noise, with amplitudes up to 150 m V in extreme 

cases. They found that this noise was caused by near-surface effects, e.g., influence 

of vegetation and that it appeared to be superposed on the more long wavelength 

variations associated with relevant underground processes. Thus the mean of the 

readings at a few very closely spaced electrode positions should better reflect the 

self-potential value than any single reading. To examine this hypothesis, and to 

obtain an estimate o f the statistical distribution o f this noise I performed five small-

scale surveys in different terrains. 

SP-readings were taken every 10 centimetres on a 5 by 5 points square grid. In one 

example a 6 by 6 grid was used. The results o f these measurements are summarised 

in f ig . 7.3. The square maps show the spatial distribution o f the self-potential 

values. The mean value has been subtracted f rom each data set to facilitate 

comparison between them. The first three squares lie in a common mixed forest, 

where the soil is a t i l l . The fourth was measured in a fairly heavily vegetated 

meadow, with a slightly richer topsoil. The last survey square was placed in an area 

with very sparse vegetation on a silty-clayey t i l l . 

The span o f the values is remarkably similar for each o f the squares; it varies 

between 10 and 15 mV. The standard deviations o f the data sets are also rather 

similar, f rom 2.7 to 3.5 mV. These observations are consistent wi th the tendencies 

apparent in the data in f ig . 7.2; the mean standard deviation is quite uniform in all 

surveyed areas. Some weak trends may be found in the data in f ig . 7.3, e.g., the 

central ridge in square four, and the sloping linear trend f rom top to bottom in 

square five. On the whole, however, the readings appear to be more or less 

randomly distributed across the squares. 

The small insets in each o f the maps o f fig. 7.3 show bar charts over the statistical 

distribution o f the data points. Each square contains too few data points to allow 

any definite statements as to the statistical distribution, but the charts resemble 

normal distributions. To get a larger sample I pooled the data in squares two, three, 

and four. This should be a valid procedure as long as the standard deviations are the 

same. For these data set they are, 3.4, 3.5, and 3.3 mV, respectively. Fig. 7.4 shows 

a bar chart illustrating the statistical distribution for this larger sample, together 

wi th a plot o f the cumulative frequencies in a normal distribution diagram. The 

standard deviation o f the combined data set is 3.3 mV. The smoothness o f the bar 

chart apparently validates the pooling of these data sets. The solid straight line in 

the normal distribution diagram represents a true normal distribution with a 
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standard deviation of 3.3. The sample data points follow this line fairly well , and 

for all practical purposes it appears reasonable to treat the self-potential data in this 

example as being normally distributed. This is, however, no decisive observation. 

What is more important is to establish that the observations in a small area like one 

of these squares are centered around a mean value which represents the true local 

potential in the ground. 
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Fig 7.3. Self-potential maps and 
corresponding statistical distributions 
(insets) from five small test squares. 
Counted from top left: 1), 2), and 3), 
common mixed forest, fairly dense under
vegetation on till; 4) heath, richer soil 
dominated by grass and herbs; and 5) 
practically bare silty-clayey till. 
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Fig 7.4. Upper figure: bar chart showing the statistical distribution of self-potential values 
after pooling the three data sets in squares 2, 3 and 4 in fig 7.3 which had approximately 
equal standard deviation. Lower figure: Cumulative percent frequencies of the same data 
set plotted in a normal distribution diagram. The solid line indicates the normal distribution 
with mean and standard deviation equal to that of the data set. 

Now, i f n values sampled from any distribution have a standard deviation ao, then 

their mean p, w i l l have a standard deviation om = <T0 j4n . Further, i f we assume 

that these samples are normally distributed, and that they are independent o f each 

other, then it is possible to establish a confidence interval for p. It is wel l known 

that for a normally distributed variable there is a 68 percent probability that the true 

value lies within the range u ± a m . Thus, the station standard deviation may be used 

as an error estimate for each station in a surveyed area. Looking at this problem 

f rom a slightly different angle, it also of interest to try to estimate this error level in 
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advance. Returning to fig 7.2 we find that in a worst-case situation o-m, and 

consequently the error level, is around 4 mV. In the majority o f measurements it 

lies around 2.5 mV, but this cannot strictly be used unless the outliers can be 

identified and removed, which must, in general, be considered as introducing bias. 

A conservative estimate of the expected error level then is 4 mV and anomalies 

with an amplitude smaller than this can therefore not be regarded as significant. 

7.4 Observations on the stability of self-potential anomalies 

To be able to make reliable quantitative interpretations o f SP-measurements, one 

must also ascertain that as long as the hydrological and chemical conditions in the 

ground are stable, so are the associated SP-anomalies. The existence o f such 

stability o f SP-anomalies has been a subject of discussion ever since the first 

observations of the phenomenon. Data have been published showing both long term 

stability, as well as the opposite. The lack o f perfect stability over time probably 

contributed to the fact that the SP-method fel l into some disregard for many years. 

To a certain extent this problem was doubtless aggravated by the use o f inadequate 

field procedures, which may have introduced unpredictable spurious effects. Today, 

however, the general consensus seems to be that self potentials are stable. SP-

anomalies do fluctuate with time, but they do so in a predictable manner. Their 

variation with time reflects true changes in the subsurface conditions. 

I f one reflects on the different sources o f SP-anomalies it becomes rather obvious 

that complete stability like that of, e.g., gravity anomalies cannot be expected. From 

the discussion o f different source mechanisms in section 2, one can conclude that 

groundwater plays a very important role, both directly and indirectly, in 

determining the shape and magnitude o f the anomalies. The groundwater is in a 

constant state o f motion, and it would be most remarkable i f the SP-anomalies did 

not reflect this fact. Ernstson and Scherer (1986) published results that illuminate 

the coupling between SP and hydrology. They showed, e.g., that the amplitude o f 

the SP-anomaly on a hillside, wi th a one-month time-lag, correlated wel l wi th the 

precipitation. They also showed that there exists a vertical gradient o f SP, the 

amplitude of which is correlated with the potential evapotranspiration in the area, 

wi th a time-lag o f three months. They interpreted this as an effect o f groundwater 

recharge from gravitational water. 

The time variation o f SP may be divided into two parts: one related to changes in 

the primary sources, and one related to changes in the resistivity structure o f the 

ground. The primary source strength is mainly influenced by changes in the 
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groundwater situation. Different source mechanisms have different sensitivity to 

such changes. A streaming potential source, e.g., is more directly affected than is a 

sulphide potential source. The source of sulphide potentials are the electrochemical 

conditions in the vicinity o f a mineralisation or an electronic conductor. This type 

of source appears to be extremely stable and exhibits only small variation with 

time. Streaming potentials on the other hand show considerable variation with time. 

The reason for this is quite obviously that they are directly linked to the f low of 

water in the ground. Still , as long as geohydrological conditions remain constant, 

streaming potentials are very stable. Changes in the resistivity distribution o f the 

ground are also mainly influenced by changes in the groundwater situation, 

although, changes in salinity and temperature also may be important factors. On 

many occasions primary source variation and resistivity variation occur 

simultaneously. A lowering o f the groundwater level, e.g., would lead to a change 

in the geometry and strength of the streaming potential source, as well as alter the 

resistivity distribution o f the ground. 

A n interesting corollary to the fact that different source mechanisms react 

differently to groundwater changes is that different sources may dominate the 

measured anomaly at different times. For example, during periods o f intense 

precipitation streaming potential anomalies may overshadow weaker, but more 

stable, anomalies o f sulphide potential origin. As groundwater levels diminish, the 

sulphide potentials may come to dominate the anomaly pattern. Thus long term 

observations o f SP-anomalies may be a key to resolving different source 

mechanisms through their different time variation. 

Groundwater levels fluctuate over time, following drainage and recharge through 

precipitation. The largest effects are generally caused by the annual variation of 

groundwater levels, upon which less prominent changes during the year are 

superimposed. It is reasonable to assume that self potential variations fol low a 

similar pattern. One would expect a slow periodic annual variation, which may be 

disturbed by short term changes with periods f rom a few days and up. 

In addition to variations in the true SP-field of the ground, one also has to consider 

time variations in the electrode dependent potentials. Changes in temperature, soil 

moisture, and vegetation within the survey area w i l l cause changes in the measured 

SP-anomalies, even i f the electric potential distribution in the ground has not 

changed. Such changes may occur on a fairly wide time scale, f rom within the hour 

up to periods o f several months. One can distinguish three different effects: random 

short term changes, caused by precipitation or temperature changes; a more or less 
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periodic daily variation in response to the regular temperature variation during the 

day and long term changes reflecting changes between seasons or parts of seasons. 

The three mechanisms are interrelated in a complicated way. Temperature 

influences the soil moisture and vice versa, and the influence o f the vegetation is 

caused mainly by its effect on the temperature and soil moisture content. Still , the 

combined effect o f these disturbances should rarely exceed some 10 mV. Data f rom 

Kassel et al (1989) shows that for Cu-CuSCu electrodes the voltage caused by a 

temperature difference o f ten degrees is between 3 and 7 mV. Corwin (1989) cites 

investigations showing that for Cu-CuSÜ4 electrodes a 10 percent difference in 

moisture content between the electrodes causes a potential difference o f less than 

10 mV. These rather small disturbances may still be troublesome in detailed 

surveys as ordinary drif t corrections cannot correct for variation within the survey 

area. Careful field notes detailing changes in weather and soil conditions during 

measurements should make it possible to identify these spurious anomalies. Effects 

o f changes between the reference station and the survey area in total-field 

measurements are, however, reduced by drift correction. 

7.5 Results from field investigation of the stability of self potential anomalies 

In order to study the variation o f self potential anomalies over time, repeated 

measurements were made at a number o f selected sites. In three o f the areas well-

defined streaming potential anomalies are present. 

7.5.1 SP-measurements at Porsöberget 

In this area two perpendicular profiles were placed on a gently sloping hillside wi th 

fairly simple near-surface geology. A layer o f t i l l overlies a sloping bedrock, which 

is exposed at the top o f the h i l l . Fig. 7.5 indicates the location o f the profiles on the 

hillside. The area was primarily chosen to investigate the behaviour o f 

topographically induced streaming potential anomalies. 

The first profile lies in the direction o f the slope, starting at the bottom of the h i l l . 

The total height difference is approximately 11 metres. Measurements were made 

on six occasions f rom 21 September 1995 to 31 July 1996, wi th the first five 

measurements falling within a time-span o f a month. The results are shown in fig. 

7.6. A l l six profiles exhibit a typical streaming potential anomaly pattern wi th the 

down-slope part o f the h i l l having relatively positive self-potential values. In the 

lowermost 30 metres o f the profiles there appear to have been only small scale local 

variations over one year, whereas the slopes of the curves are practically identical. 

Above 30 metres, however, there is a break in this trend. In the first set o f 

measurements the self-potential values continue to decrease uphill along the whole 
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profile. During the second survey these values tend to become constant at a 

distance of about 30 metres from the bottom. A similar pattern remains during 

surveys three, four, and five, but in the last measured profile one can see that the 

original trend is returning. This change in the trend of the self-potentials reflects 

variations in the streaming potential source caused by fluctuating groundwater 

levels. As the groundwater recharge diminishes, the infiltration area, which acts as 

a positive self-potential source, moves downhill causing the flattening of the 

anomalies. 

Y(m) 

Fig. 7.5. Simplified map of the two profiles at Porsöberget. 

The second set o f measurements lie on a profile perpendicular to the first one, that 

is approximately parallel to the strike o f the hillside ("cross-slope"). This geometry 

should minimise the direct influence of variations in the streaming potential source. 

Fig 7.7 shows results f rom repeated measurements during a period o f two weeks. 

There is very little variation between the curves. The minimum at 5 to 15 metres 

distance is clearly visible in all four data sets. The very slight gradual decrease of 

the self potentials along the profile is also virtually identical. The self potential 

variation along this profile is mainly an effect of resistivity changes acting on the 

primary streaming potential source. As long as changes in groundwater level do not 

influence the resistivity distribution, the only possible effect is a change in the 

amplitude o f the anomalies. In these examples the changes in primary source 

strength are too small to be reliably identified. Interesting to note is also the fact 

Profile 1 
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that the third station f rom the left in the figure apparently is a diff icult station, 

exhibiting anomalously large station errors in three o f the four measurements. 

0 - 2 0 40 60 
Distance along profile from bottom of slope (m) 

Fig. 7.6. Repeated self potential measurements at Porsöberget, profile 1. 

The data f rom 1995 October 2 and October 4 on both measured profiles illustrate 

the short term stability o f SP-anomalies. On profile 1 the two curves agree within 

well below 10 m V with the exception o f one or two data points. On the second 

profile the two curves agree even better, within about 5 mV. 

7.5.2 SP-measurements at Kallaxheden 

Kallaxheden is a large heath-like area outside Luleå, mainly covered by pine. The 

near-surface geolgy is dominated by approximately 5 metres thick alluvial deposits 

o f sand (D.S.Parasnis, personal comm.). Radar measurements indicate that the 

structure o f this sand layer is quite complicated, wi th a host o f different 

sedimentary structures. From a geoelectric point o f view, however, this sand layer 

appears to be fairly homogeneous. Below this top layer lies a t i l l . Geoelectric 

soundings in the area indicate that the depth to the bedrock is between 10 and 25 

metres. SP-measurements were made here on three different occasions. The first 
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two surveys were only four days apart. The last was made about nine months later. 

The investigated profile lies along the slope of a hillside, and ends just before the 

water edge of a small lake. 

0 10 20 30 
Distance along profile cross-slope(m) 

Fig. 7.7. Repeated self-potential measurements at Porsöberget, profile 2. 

The results o f the three SP-surveys are shown in fig. 7.8. A l l three curves display 

well-defined streaming potential anomalies. Going downhill, there is a more or less 

monotonic increase in the self-potential values. The two curves f rom October 

overlap almost perfectly along the whole profile. The July curve has a very similar 

shape, but its slope is slightly smaller. This is most probably an effect caused either 

by a lowering of the groundwater surface, or a general decrease in the resistivity o f 

the ground. A combination o f these effects is o f course also possible. Two 

interesting features that stand out in all three curves are the local minima at 20 

metres and the plateau between approximately 70 and 90 metres distance. I f the 

topographic trend were to be removed from the data these two local anomalies 

would have an amplitude o f about 10 to 15 mV. Thus under favourable 
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circumstances anomalies at least as small as 10 m V are stable over time, and can be 

reliably identified. 

0 40 80 120 
Distance along profile from top of slope (m) 

Fig. 7.8. Results from repeated SP-measurements at Kallaxheden. 

7.5.3 SP-measurements over the Åkulla sulphide mineralisation in the Skellefte ore field 

This example is taken from an investigation by Parasnis (1967). Fig 7.9 shows SP-

measurements over seven years. The location o f the ore deposit is well indicated by 

the negative anomaly in the left part o f the profile. This typical sulphide potential 

anomaly is extremely stable over time. It does not change appreciably either over 

the course of one year, between seasons, or over several years. One puzzling 

feature, however, is that on the first o f the profiles this anomaly is markedly 

displaced towards the left in the figure. A slight error in the length measurement 

may be responsible for this. 

In the central parts o f the profile there is a wide negative peak that, towards the 

right, gradually gives way to an equally wide positive one. In the extreme right part 

there is an approximately 150 metres wide plateau-like feature, which is slightly 

less visible in the first two curves. Apart f rom this feature there are only minor 

changes in the shape of the anomaly. The regional character and variation with time 

of this long wavelength anomaly, suggest that it is a topographic SP-effect. The 

differences between the curves are probably caused by the influence o f changing 

groundwater levels on the streaming potentials. 
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Fig. 7.9. Results from repeated SP-measurements over the Åkulla sulphide deposit. 
Redrawn after Parasnis (1967). Note that negative values plot upwards in the diagrams. 

Apart f rom the two main features described above there are several interesting 

small anomalies. On the right flank of the sulphide anomaly there is a small peak 

whose amplitude varies with time. It may be identified in six of the seven curves, 

but is well-defined only during the four later surveys. The larger station spacing (40 

m instead o f 20 m) is a possible explanation for its complete absence from the 1961 

profile. The peak is probably not directly associated with the sulphide potential 

anomaly. Its occurrence in several of the surveys shows that it reflects some real 

recurring changes in the ground. The narrow minima at the centre o f the profiles 

measured in 1960 (Oct. 18), 1966, and 1967 were, however, caused by the station 

being moved f rom its normal position at the centre o f the road to the road-side 

because o f road-construction work (personal comm. f rom D.S. Parasnis). 

In this example anomalies at least as small as 20 to 30 m V can be readily identified, 

and reflect true changes in the geoelectric structure o f the ground. Features that at a 

first glance do not seem significant may well turn out to be so when measurements 

are repeated. 
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7.5.4 SP-measurements at the Storgruvan mining waste deposit near Åtvidaberg 

A t the Storgruvan mining waste deposit the near-surface geology is well known. 

The sulphides have been covered with a sealing layer which keeps out water and 

oxygen in order to slow down oxidation. The sealing layer consists of Cefyll , a 

mixture o f concrete and fly-ash. On top o f the sealing lies a protective layer o f t i l l , 

which is sparsely covered by small f i r and grass. Large areas o f the deposit are, 

however, still completely bare. A body of groundwater stands on the practically 

impermeable sealing. During a year the thickness o f the groundwater layer varies 

between a few centimetres to about a metre. Fig. 7.10 shows a mean geoelectric 

depth section obtained f rom electrical soundings. The known thickness o f the 

protective t i l l layer has been used to constrain the model. A t the time of these 

soundings the saturated zone was approximately 1 metre thick. The second layer in 

the model is thicker than the saturated zone because there is a gradual decrease of 

resistivity with depth when approaching the groundwater surface. The sealing layer 

and the waste below it have been grouped together as one layer as they cannot 

really be separated on the basis o f sounding data. 

Self-potential measurements made over the time o f one year are summarised in f ig . 

7.11. Two main features are visible in the data: a trend towards lower self-potential 

values in the direction o f increasing y-coordinate, and a distinct minimum in the 

middle o f the profile. The decreasing trend in SP-values correlates well wi th the 

topography and is a typical streaming potential anomaly. The source o f this 

anomaly is transport o f groundwater in the t i l l layer on top o f the sealing. The slope 

o f the curves changes over the year indicating changes in this groundwater level. 

The source o f the central minimum has not yet been identified. It correlates well 

wi th a resistivity maximum, but i t is too large to be simply a distortion o f the 

streaming potential anomaly by a resistivity variation. The sharpness o f the peak 

also indicates a rather shallow source. The main features o f the four curves agree 

well despite diff icul t measuring conditions during both the January and the July 

surveys. The data from the January measurements are noticeably more noisy than 

the other data. During the January survey the ground was frozen and covered with 

about 10 centimetres o f dry snow. The temperature was a few degrees below zero. 

During the July survey the ground was extremely dry and hard. It was practically 

impossible to plant the electrode deeper than a few centimetres, and they had to be 

placed in what most o f all resembled piles o f dust. 
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Fig 7.10. Sketch of the geoelectric situation at the Storgruvan mining waste deposit. 
Section obtained as a mean of several electric soundings. 
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Fig 7.11. Repeated SP-measurements at the Storgruvan mining waste deposit. Profile G1-
G15. 
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During the 1996 May survey the central part o f the profile was re-measured to study 

the short-term stability of SP-data. The results are shown in fig.7.12. Repeated 

measurements were only performed at every second point o f the profile. On the 

whole the two curves agree very well . Only on the left flank o f the anomaly do the 

two curves diverge somewhat. Still the difference between them never exceeds 

about 10 mV. The differences can probably be attributed to SP-noise caused by 

variations in temperature or soil moisture. 

20 30 40 50 

Distance along profile G1-G15 

Fig 7.12. Repeated SP-measurements at the Storgruvan mining waste deposit; central part 
of profile G1-G15. The solid line and circles show part of the data from 1996 May 1, as 
shown in fig 7.11. The broken line and the plus signs show the results obtained the day 
after. 

7.5.5 SP-measurements at the Steffen burg mining waste deposit 

The Steffenburg mining waste deposit lies adjacent to the Storgruvan deposit 

discussed above, and the near-surface geological conditions are fairly similar, the 

main differences being that the sealing layer consists o f packed clay, and that the 

upper t i l l layer is slightly more conductive. Fig. 7.13 shows results o f two 

measurements repeated within approximately 13 hours. The solid lines show data 

measured at the end o f a field day, and the dashed lines show data collected the 

morning after. The differences between the two curves are very small, staying 

below approximately 5 mV. Part o f this variation is conceivably caused by changes 

in the soil moisture. 
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Fig 7.13. Repeated SP-measurements at the Steffenburg mining waste deposit. The solid 
line and circles show data from the end of one field day; the broken line and the plus signs 
show the results obtained the morning after. The time between measurements is 
approximately 13 hours. 

7.5.6 Discussion 

The results reported above f rom several surveys are by no means a definitive 

evaluation o f the stability o f SP-anomalies. They do, however, give a useful 

indication as to what degree of stability one can expect under similar geological 

conditions and indicate, as might be expected, that the self-potentials in the ground 

do vary with time, and that this variation is coupled to changes in the subsurface 

properties in a predictable way. Sulphide potentials are extremely stable and only 

slight changes in response to variations in groundwater levels can be found in them. 

Streaming potentials, on the other hand, are directly coupled to f low of ground

water, and reflect even fairly small changes in groundwater levels. 

When measurements are repeated in an area after about one day, the observed self-

potential values may differ wi th up to about 10 m V at single stations. On the 

average, however, the differences lie well below this value. These short term 

changes most probably reflect effects f rom variations in temperature or soil 

moisture content. For shorter time between measurements the importance o f such 

changes diminishes, and values are generally reproducible within 5 mV, an 

observation that agrees well wi th the earlier estimate o f the error in the station 

means. From this one can conclude that short-time variations in soil parameters are 

probably the l imiting factor for the accuracy o f self-potential observations. A 
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conservative estimate o f the error associated with a station mean would be 

somewhere between 5 and 10 mV. 

The above error estimate is also borne out by the fact that anomalies even as small 

10 m V appear to be stable over time. Their amplitude may change, and they may 

even disappear during parts o f a year, but when similar conditions occur in the 

ground, they return to their previous shape and magnitude. Thus even these very 

small anomalies have to be regarded as representing significant features in the 

streaming system in the ground. They may not always be interpretable, but are not 

random noise, except in the sense that any feature which interferes with the 

anomaly f rom the sought-after source is noise. In conclusion one can say that in a 

properly performed self-potential survey an anomaly with an amplitude above 10 

m V should be regarded as significant. 

7.5 Case histories illustrating the occurrence of streaming potentials 

Field measurements f rom the mining waste deposits at Bersbo, some 40 km south 

of the city o f Linköping w i l l be used here to illustrate the occurrence o f streaming 

potentials. There are two deposits at Bersbo; one known as the Storgruvan deposit 

and one known as the Steffenburg deposit. The waste consists o f tailings from the 

Bersbo copper mine. Production at the mine began in the 13 t h century and was 

discontinued in the beginning o f the 20 t h century. The tailings contain different 

sulphides, e.g., chalcopyrite, sphalerite, galena, pyrite and pyrrhotite. Weathering of 

the sulphides have lead to high metal concentrations in the groundwater. It was 

therefore decided in 1986 to cover the tailings wi th an impermeable sealing layer in 

order to keep out water and oxygen. This should retard the weathering processes 

and reduce the metal leakage from the tailings. 

The SP-measurements reported here have been part o f a project financed by the 

National Waste Research Council aimed at developing surface geophysical 

methods to assess the integrity o f the sealing layer. Further information on this 

project is available in a report by Bergström (1996) 

7.5.1 SP-measurements at the Storgruvan mining waste deposit 

The areal extent o f the Storgruvan deposit is approximately 200 m by 100 m. Fig. 

7.14 shows a sketch o f the construction o f the deposit. The tailings form a roughly 

four metre thick layer. On top o f this lies the impermeable sealing which is made 

from Cefyll , a mixture o f concrete and flyash. The Cefyll layer is 0.25 metres thick 

and covered with a two-metre thick protective layer o f t i l l . This t i l l is rather in-

homogeneous and contains a fair amount o f large blocks and boulders. A 
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groundwater body lies on top of the sealing layer. Its thickness varies between a 

few centimetres and just above one metre. 

2.0 m 
Till, p « 500-5000 Qm 

0.25 m ; Cefyll, p « 100-300Qm 

4.0 m Tailings, p * 10-100 Qm 

5L 

Fig. 7.14. Schematic construction of the Storgruvan mining waste deposit (not to scale). 

Self-potential measurements at Storgruvan were made on four different occasions: 

May 1995, July 1995, January 1996 and May 1996. Results f rom the four surveys 

are shown in f ig . 7.15. The maps have been truncated at the approximate location 

of the boundary of the deposit. The January 1996 survey differs slightly from the 

other three which are quite similar. The anomaly pattern is more irregular and there 

are more pronounced local anomalies which presumably is an effect o f near-surface 

resistivity variations caused by freezing o f the ground. Apart from this there is a 

similar trend in the SP-values in all four maps. There is a rather smooth transition 

f rom positive values in the lower and left parts o f the maps towards negative values 

in the upper or right parts. The trend appears to be well correlated with the 

topography (Fig. 7.16); higher ground is generally associated with more negative 

self-potential values and lower ground with positive ones. This observation 

indicates that at least part o f the self-potential anomaly is caused by streaming 

potentials induced by groundwater f low. The groundwater levels were practically 

identical during all four surveys, meaning that the convection current should also be 

equal and that differences in the topographic effect must be attributed to resistivity 

variations. 

Fig 7.17 shows a map of the apparent electrical resistivity measured in October 

1996. The apparent resistivity was measured using a dipole-dipole array with 

dipoles 1 metre long and a three-metre separation between the dipoles, a layout that 

was chosen because modelling showed that i t was the one most sensitive to changes 

in the resistivity of the sealing layer. Repeated measurements along selected control 
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profiles that had been surveyed in May 1996 showed that the resistivity had not 

changed appreciably during the five-month time-lag between the two surveys. Fig 

7.18 shows an example of the high repeatability of the resistivity measurements, 

indicating that it is reasonable to assume that the resistivity measurement made in 

October reflects the conditions also during the May 1996 SP-measurements. No 

resistivity mapping was made during the first three surveys and consequently any 

discussion of correlation between SP and resistivity w i l l be restricted to the May 

1996 SP and October 1996 resistivity surveys. 

Y-coordinate (m) Y-coordinate (m) 

Fig. 7.15. Maps showing self-potentials measured at the Storgruvan mining waste deposit 
in May 1995, July 1995, January 1996 and May 1996. The small crosses on the maps show 
the location of the station points. 



13450 13500 13550 13600 

Fig. 7.16. Map showing the topography at the Storgruvan mining waste deposit. 

Fig. 7.17. Map showing the apparent resistivity measured at the Storgruvan mining waste 
deposit in October 1996, respectively. A dipole-dipole (1-3-1) layout was used for the 
resistivity measurements. The small crosses on the maps show the station points. 
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Fig. 7.18. Example of repeatability of resistivity measurements. Solid circles indicate data 
from May 1996 and open circles show data from October 1996. 

There is some correlation between self-potential values and the apparent resistivity, 

as expected. The zone of high resistivity that crosses the deposit between x-

coordinates 60020 and 60080 coincides to some extent with a concentration o f the 

SP-isolines in the same area. A similar observation also applies to the high-resistive 

zone that lies approximately parallel to the x-axis in the upper left part of the map. 

This observation agrees well wi th a streaming potential source which would cause 

an electric current to f low from the foot o f the deposit towards its top. The SP-

isolines should lie perpendicular to the current density and the isolines should lie 

closer where the resistivity is higher as the gradient of the electric potential is 

proportional to the resistivity for a given current density. The SP-isolines would 

also tend to align themselves parallel to the high-resistive zones as the current 

would seek the path o f least resistance. 

The four plots in f ig . 7.19 verify that there is an approximately linear correlation 

between SP and elevation. A least squares f i t procedure has been used to find the 

equation of the linear trends. The value o f the slope of the lines, i.e., the apparent 

streaming potential coefficient is given with its standard deviation as limits at the 

bottom of each diagram. When the self-potentials are normally distributed around 

the regression line these limits can be regarded approximately as 68 percent 

confidence limits for the slope. I f they are not normally distributed the limits still 
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give an indication of the uncertainty but it is not possible to assign any probability 

to them. The histograms of the residual SP-values shown in f i g 7.20 indicate that 

the distributions are slightly skewed, the residual SP being the observed SP minus 

the topographic effect calculated from the elevation and the regression line. A x2-

test can be used to analyse whether it is probable that the values are taken from a 

normal distribution or not. Table 7.1 summarises results of x2-tests o f normality of 

the residual SP-values f rom the four surveys. The null hypothesis, that the samples 

can be considered as taken f rom a normal distribution, has to be rejected on a 5 

percent significance level in three o f the cases. In the fourth case, the January 1996 

survey, data do not support rejecting the null hypothesis. I f we choose to accept 

these conclusions then probability limits for the slope o f the regression line can 

only be defined for the January 1996 data. 
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Fig. 7.19. Correlation between SP and elevation. 
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Table 7 .1 . Summary of x 2-test of whether the residual SP-values are normally distributed or 
not. The mean value and the standard deviation was used to estimate the expectancy and 
the variance. The significance level was chosen to be 0.05. The observed frequency in 

Survey 
Mean 
value (mV) 

Standard 
deviation (mV) 

xl, tabulated 

a=0.05 Decision 

May -95 0 13.0 52.0 18.3 Reject 

July -95 0 15.2 59.5 18.3 Reject 

January -96 0 19.7 13.7 15.5 Don't reject 

May -96 0 16.9 99.8 12.6 Reject 

The regression lines f rom the May 1995, July 1995 and May 1996 surveys are 

practically identical. The January survey, however, indicates a higher apparent 

streaming potential coefficient. As the residual SP-values are not generally 

normally distributed i t is not feasible to make any analysis o f the statistical 

significance o f this difference. 

The small values o f the standard deviations still indicate that the uncertainties in the 

slope values are small. The values o f the apparent streaming potential coefficient 

obtained during summer and winter measurements differ by about eight times the 

standard deviation. Hence it seems reasonable to assume that there is a significant 

difference between the values, despite the lack of precise statistical support. 
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The mcrease in the apparent streaming potential coefficient is probably caused by 

an increase in the resistivity as the ground freezes during the winter. Such an 

explanation is supported by resistivity measurements, which show that the 

resistivity of the top layer was five to ten times higher during the January 1996 

survey than during the three summer surveys. 

Fig 7.21 shows maps of the residual SP-anomalies. The removal o f the topographic 

trend f rom the data should enhance the visibility of small-scale anomalies. The 

feature most affected is the local minimum located approximately at coordinates 

(60080, 13500). After the topographic reduction this anomaly becomes isolated and 

fairly symmetric. Like the stronger negative minimum at (60130,13550) this 

anomaly cannot be caused by the influence of resistivity variations only. There have 

to be local sources of electric potential in the ground. Most likely these anomalies 

are o f a mineral origin. 

Concentrating now on the May 1996 SP-measurements and the October 1996 

resistivity data we see that the correlation between the high-resistive zones and the 

concentration o f the SP-isolines discussed earlier also become more prominent. 

Wi th the risk o f overinterpreting the data one can also discern a correlation between 

the L-shaped local minimum in the lower left corner of the residual SP-map and a 

similarly shaped although discontinuous zone of high resistivity. There are, 

however, very few data points in this area and this possible correlation should be 

regarded with great caution. These anomalies may be caused by the vertical 

concrete wall which constitutes the lower boundary of the deposit. 
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Fiq 7 21 Maps showing residual self-potentials at the Storgruvan mining waste deposit ir 
Mav 1995 July 1995, January 1996 and May 1996. A topographic trend as indicated in fig 
7.19 has been removed from the data. The small crosses on the maps show the location o 
the station points. 

7.5.2. SP-measurements at the Steffenburg mining waste deposit 

The Steffenburg mining waste deposit lies only a couple o f hundred metres f rom 

the Storgruvan deposit and measures approximately 150 m by 350 m. Its 

construction, as shown in f ig . 7.22, is similar to that of the Storgruvan deposit, the 

only difference being that the sealing layer consists of 0.5 metres of packed clay 

instead o f Cefyll . Only two complete self-potential surveys were made on this 

deposit; in August 1995 and in May 1996. A resistivity survey was also performed 
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in October 1996. A comparison with resistivity measurements made along selected 

profiles in May 1996 showed that there had been no appreciable change in the 

apparent resistivity between measurements. An example of this is found in fig 7.23 

which shows resistivity data measured in May 1996 and in October 1996. The 

similarity o f the results shows that it is realistic to use resistivity data f rom October 

for comparison with SP-data f rom May 1996. 

2.0 m 

0.5 m 

Till, p * 50-5000 Qm 

Clay, p « 10-100 Qm 

4.0 m Tailings, p « 10-100 Qm 

Fig. 7.22. Schematic construction of the Steffenburg mining waste deposit (not to scale). 
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Fig. 7.24. Self-potential and resistivity measurements at the Steffenburg mining waste 
deposit. 

Fig 7.24 shows maps o f the self-potentials and the apparent resistivity f rom the 

three surveys. The two self-potential maps differ distinctly in appearance. The only 

common feature is the tendency towards more positive values in the lower left parts 

o f the maps. The differences are probably caused by a combination o f changes in 
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the groundwater level and changes in the resistivity of the topmost layer of the 

ground. Conditions were radically different on the two survey occasions. During 

the August 1995 survey the weather was exceptionally hot and dry. The soil was so 

dry and hard that it was diff icult to plant the electrodes. The mean thickness o f the 

saturated zone in the sealing layer was 0.50 metres. During the May 1996 survey 

the thickness o f the groundwater body was 0.75 metres. As a consequence of this, 

the convection current should have been at least 50 percent larger in May 1996 than 

in August 1995. Further, just before the May survey a fair amount of rain had fallen 

so the topsoil was quite moist and conditions were almost ideal for SP-

measurements. Although there are no resistivity data that can confirm this, it is 

reasonable to assume that changes in the soil moisture caused changes in the 

resistivity which influenced the self-potentials. 

The similarity o f the resistivity measurements f rom May and October 1996 

apparently contradicts this explanation. However, i t is not unlikely that the soil may 

dry out during the summer and that previous conditions return as the precipitation 

increases towards the autumn. This is also supported by the fact that mean 

groundwater levels have been observed to decrease during the summer months after 

which they return to normal levels in the autumn. 

Comparing the SP-maps with a map of the topography (Fig. 7.25) only a very weak 

correlation between SP and elevation is discernible. In fact the August 1995 data 

exhibit virtually no correlation with topography. This could well be an effect o f the 

lower groundwater level which should cause smaller streaming potential anomalies 

and consequently less topographic influence. Concentrating for the present on the 

May 1996 data, where a small topographic effect appear to be present, one can also 

discern a correlation between the x-coordinate and SP which is stronger than that 

between SP and elevation. A reasonable explanation for this trend is that it is in 

part a mineral SP-anomaly caused by some sulphide body in the area, which after 

all is an old mining district. However, it should be possible to remove this trend 

and so to isolate the topographic effect. 

The plot o f self-potentials versus x-coordinate in Fig. 7.26 indicates that the SP 

decreases linearly wi th increasing x-values. Fig. 7.27 shows the self-potential 

values after removal o f this linear trend. The new map suggests a stronger 

correlation wi th the topography, that is confirmed by Fig. 7.28 which is a plot o f the 

SP-values o f Fig. 7.27 versus elevation. The slope o f the best-fit straight line, i.e., 

the apparent streaming potential coefficient is 2.1 mV/m. As the removal o f the 

north-south trend is a slightly arbitrary procedure it is not really possible to find the 
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standard deviation o f the slope. Hence it is diff icult to judge i f the difference f rom 

the value 3.3 m V / m found on the Storgruvan deposit is significant. The difference 

could possibly be caused by the lower resistivity o f the clay sealing layer at the 

Steffenburg deposit and also to some extent by the slightly lower resistivity o f the 

protective t i l l layer, which means that the return convection current w i l l be larger 

and that the streaming potential developed w i l l be smaller. 
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Fig. 7.25. Topography on the Steffenburg mining waste deposit. 
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Fig. 7.26. Correlation between x-coordinate and SP at the Steffenburg deposit, May 1996 
survey. 

Although the standard deviation and hence any confidence limits for the apparent 

streaming potential are not well defined it is still interesting to see i f the residual 
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SP-values can be considered as samples from a normal distribution. The histogram 

o f the SP-values shown in fig. 7.29 suggests a normal distribution. The observed 

%2-value in this case is 7.9. The tabulated value for 8 degrees o f freedom and a 

significance level o f 0.05 is 15.51. This means that the risk o f wrong decision in 

accepting the normal-distribution hypothesis is small. 

60100 60150 60200 60250 60300 60350 60400 
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Fig. 7.27. Map showing self-potentials at the Steffenburg deposit after removal of north-
south trend. 

One would expect that removing the topographic effect could possibly bring to 

light features not easily detected in the original map of self-potentials. Fig. 7.30 

shows the residual SP with the north-south trend and the topographic effect 
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removed. Very few new significant features appear in this map, however. The most 

interesting result is that the processing has led to the identification o f a well-defined 

topographic effect where at first there appeared to be only a very weak one. Also 

interesting is the discovery o f the north-south trend possibly caused by a potentials 

f rom a sulphide body in the area. 

J U L . J_jJ_ J-i-i--t-f-L i t. _l_f_L n 
C O ^ O C D O J C M C O O - ^ - C O C O 

T T T A 

Fig. 7.29. Histogram showing the distribution of residual SP-values (the influence of x-
coordinate and elevation has been removed) at the Steffenburg deposit. 
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Fig. 7.30. Map of residual SP (north-south trend and topographic effect removed) at the 
Steffenburg deposit. 
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8. MODELLING OF STREAMING POTENTIALS 

In order to understand and correctly interpret streaming potential anomalies some 

tools like modelling o f the phenomenon are necessary. Much work on interpretation 

of self-potentials has been carried out wi th models o f charged bodies o f different 

shape. A major drawback with such modelling is that it disregards the nature o f the 

sources o f self-potentials. More realistic models formulate the source terms as 

functions o f physical properties and driving forces. The formulation of coupled 

flows, based on non-equilibrium thermodynamics was probably first used for 

modelling o f streaming potential by Nourbehecht (1963). This approach was also 

used by Fitterman (e.g., 1978, 1979). Sill (1983) also used the coupled f low 

formulation as a starting point and derived explicit expressions for the current 

sources associated wi th streaming potentials. Sill 's formulation reconciles the 

theoretical model wi th the physical mechanisms behind the streaming potential 

phenomenon, and appears to be the basis on which most modelling carried out 

today rests. 

Although not strictly true it may be illuminating to consider the generation o f 

streaming potentials as a step-wise process. As an illustration consider the simple 

dam structure wi th a leakage zone shown in Fig. 8.1. First a f low of water is 

established through the leakage zone (Fig. 8.1a). The velocity o f this water flow is 

given by Darcy's law v=KAh, where Ah is the hydraulic potential difference, in this 

case equal to the height difference between the water levels at the two sides o f the 

dam. This water flow drags along charges from the diffuse part o f the electric 

double layer creating a convection current density as indicated in Fig.8.1b. At 

boundaries where the cross-coupling coefficient or the hydraulic conductivity 

changes, the magnitude of this current density also changes and consequently there 

must be an accumulation o f charge. Charge thus accumulates at the ends o f the 

leakage zone (Fig. 8.1c). In general the downstream end becomes positively 

charged, and the upstream end negatively, although the opposite does occur under 

certain conditions. This separation o f charge drives a return conduction current 

density through the subsurface. Fig. 8.Id shows a simplified sketch of the 

distribution o f the conduction current. The exact pattern is a complex function o f 

the resistivity structure o f the subsurface. The self-potential anomalies measured on 

the surface are actually potential variations caused by the interaction o f this current 

density and the distribution o f the resistivity. This four-step model is a 

simplification. In reality these four steps occur gradually and simultaneously unti l 

steady-state conditions are reached. 
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Charge accumulated by 
the convection current 

Arrows indicate the 
distribution of the return 
conduction current 

Fig. 8 .1 . Schematic illustration of water flow, convection current, charge accumulation, and 
conduction, current for a simple dam body. The stippled area with height d is a leakage 
zone with hydraulic conductivity K, and cross-coupling coefficient L. In all other parts of the 
model the hydraulic conductivity and cross-coupling coefficient are taken to be equal to 
zero. Ah is the height difference between the upstream and down stream water levels, 
which also equals the hydraulic potential difference. 
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8.1 The convection current density treated as an equivalent current source 

In cases when water f low is restricted to homogeneous areas with well-defined 

inf low and outflow areas it is possible to make a simplified calculation o f the 

streaming-potential anomalies. This method is especially useful for dam seepage 

problems. The solution is based on the fact that the total convection current in the 

ground must equal the total return conduction current. The convection current is 

confined to regions wi th groundwater f low, whereas the conduction current f i l ls the 

whole o f the subsurface. Using the coupled f low formulation introduced in section 

4.3 the convection current density can be written as: 

Jconv=-LVP, (8.1) 

where L is the cross-coupling coefficient and V P is the pressure gradient. Now, in 

the parts o f the ground where there is no water f low there can be no convection 

current density. Consequently there must be sources o f convection current density 

where water enters and leaves the ground. To maintain charge balance the return 

conduction current must be equal in magnitude and have its source areas in the 

same location as the convection current. To calculate the self-potentials it is now 

only necessary to f ind the potential distribution caused by this electric current. 

8.1.1 Determination of the equivalent current source strength and geometry 

To determine the potential distribution caused by the equivalent current source i t is 

first necessary to f ind its strength and geometry. From the preceding section it 

should be clear that the geometry o f this source is the same as that o f the source o f 

convection current. The equivalent current enters the ground where the water flows 

out o f the leakage one and it leaves the ground where water enters the leakage zone. 

Finding its magnitude is only a matter o f integrating the convection current density 

over the cross-section o f the leakage zone. I f S is the cross-section perpendicular to 

Jconv, then the total convection current, I c o n v , is: 

Iconv=\lNPdS = LXp\dS, (8.2) 
s s 

and since the leakage zone is assumed to be homogeneous: 

Icom=S0LVP, (8.3) 

where So is the area o f the cross-section S. 

To illustrate this procedure we return to the two-dimensional model in Fig. 8.1. The 

water f low and, consequently, the convection current are here restricted to the 

leakage zone with height d. The magnitude of the convection current is then given 

by Eq. 8.3. Since this is a two-dimensional model it is possible to replace the area 

of the cross-section by the height, the result being a cross-sectional area per unit 
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length perpendicular to the plane of the figure. The convection current per unit 

length thus becomes: 

Iconv=dlNP, (8.4) 

where d is the height o f the leakage zone. For this model the pressure gradient VP 

AP 
can be approximated as — , where AP is the pressure difference and / is the length 

of the leakage zone. The pressure difference is simply Ahgp, where Ah is the height 

difference, p is the density o f water and g is the gravitational acceleration. The 

convection current can then be written as 

Ahgp 
= dL (8.5) 

The self-potential anomalies caused by water f low can then be found by calculating 

the potential distribution caused by a current o f magnitude I=Iconv=dLAhgp, 

entering and leaving at the ends of the leakage zone. Fig. 8.2 illustrates the 

equivalent electric circuit. 

•'•fl- A' 

L 
l=-d'LVP 

Fig. 8.2. Simplified model electrically equivalent to the one in fig 8.1. 

The main benefit o f this approach is that it becomes possible to use computer 

software designed for resistivity interpretation with little or no modification, the 

only requirement being that it should be able to treat problems with buried current 

electrodes. Most resistivity software can only treat problems with point current 

electrodes which may be a problem as the current sources are generally extended 

sources as in the above example. However, i f they are located at some depth it may 

be possible to treat them as point sources without introducing appreciable errors. I f 

it appears to be necessary to allow for extended sources it may be advantageous to 

directly use the more elaborate method described in section 8.2 instead. 
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8.2 Explicit formulation of electric potential as a function of streaming potential sources 

The concept of coupled flows introduced in section 4.3 describes f low of, e.g., 

charge, matter, or heat in the ground as a linear combination o f driving forces 

(gradients of, e.g., electric or hydraulic potential). The relationship between current 

f low and f lu id f low is given by Eqs. 4.25. 

For most geologic materials the effect o f the electric current on the f lu id f low is 

negligible so that the second term in Eq. 4.25a can be neglected resulting in the 

equations 

Q = -KVP (8.6a) 

J = -lXP-o„VV. (8.6b) 

Thus the hydraulic problem is de-coupled from the electric and can be solved 

separately. One application where this simplification may not be justified is in the 

study o f f low of water through highly impermeable materials like clay. Yeung 

(1994) described experiments in which the streaming potential developed over a 

sample during measurement o f hydraulic conductivity had an appreciable influence 

on the measured value o f the hydraulic conductivity. His analysis showed further 

that for soils with a hydraulic conductivity exceeding 10"9 m/s this effect could be 

safely neglected. 

Returning to Eq. 8.6b it is by no means obvious how and where sources o f electric 

potential appear. The following-analysis follows Sill (1983) and is an attempt to 

clarify this. The approach used here is preferred to the pseudo-potential method 

described in section 8.3, as the current sources here become directly related to the 

f lu id f low which is in accordance with the physical processes involved. The 

pseudo-potential approach, as w i l l be seen later, tends to conceal the physical 

nature o f the source generation. 

The total current density J consists o f two components, a convection current 

density, Jconv=-LVP, and a conduction current density, JCon<r-obV V: 

J = Jcom+Jcond=-LVP-<JbVV (8.7) 

I f there are no external current sources then conservation o f charge requires that at 

DC-conditions the total current density, J, must be divergenceless, i.e., V • J = 0 . 

This means that the convection and conduction current densities are related as 

follows: 

V - J c m d = - V J e o n v = V - ( L V P ) . (8.8) 

The right-hand term o f Eq. 8.8 may be looked upon as a source term for the 

conduction current. This source has the dimension o f current per volume (A/m 3 ) , 
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and when it is integrated over a volume the result has the dimension o f an electric 

current (A) . The nature of the source term becomes clearer when it is evaluated 

further: 

V-(LVP) = VLVP + LV2P. (8.9) 

The first term on the right-hand side of Eq. 8.9 shows that there are sources o f 

conduction current wherever there is a component o f water f low parallel to the 

gradient o f the cross-coupling coefficient, L, i.e., f low perpendicular to boundaries 

where L changes. A positive source appears when the gradients are in the same 

direction. The second term shows that there are also sources o f current where there 

are sources of pressure. Some further elucidation of this type o f source is possible 

by combining this term with Eq. 8.6a: 

L ( \ \ 
L V 2 P = - - V - ß - L V - Q (8.10) 

K \KJ 

The first right-hand term o f Eq.8.10 means that there are sources o f conduction 

current where there are external impressed pressure sources. A positive pressure 

source w i l l generate a negative current source i f L>0, which is the most common 

case with geologic materials. The second term shows that there are also current 

sources where there is a component o f water f low perpendicular to boundaries 

where K changes. Such boundaries act as induced pressure sources which for the 

case L>0 are negative when the f lu id f low Q and the gradient o f the hydraulic 

conductivity are in opposite directions. To summarise, sources o f conduction 

current occur where: 

1) there is a component of water flow perpendicular to boundaries where L 

changes; 

2) there is a component of water flow perpendicular to boundaries where K 

changes; 

3) there are external impressed sources of pressure. 

Sources o f type 1 and 2 do o f course also occur when changes in L or K are gradual. 

In such a case there is a volume charge density build-up, in contrast to the case with 

sharp boundaries where there is a build-up o f a surface charge density. 

Combining Eq. 8.8 with the expression for the conduction current we have: 

V- (<T é VF) = - V - ( I V P ) . (8.11) 

This is a Poisson type equation which can be used to calculate the electric potential, 

V, from the three types o f streaming potential sources. 
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8.2.1 Modelling of self-potentials using explicit source formulation. 

Using the above formulation the modelling o f streaming potentials can be viewed 

as a three step process. As the influence o f the electric current on the f lu id f low is 

generally negligible the hydraulic problem may be treated separately. The first step 

is to solve the hydraulic problem, i.e., determine the pressure distribution in the 

ground. When the pressure distribution has been calculated the second step is to 

determine the location and strength of the sources of conduction current defined by 

the right-hand side o f Eq. 8.11. For modelling purposes it is probably most 

convenient to calculate the source terms directly f rom the V • (LVP) term. The 

subdivision o f source terms into three categories in the previous section was 

intended to illustrate the physical processes involved, but actually that formulation 

has no practical advantages. The third and last step in the modelling procedure is 

then to calculate the electric potential distribution caused by these sources. This 

involves solving Eq. 8.11 for the electric potential, which is mathematically similar 

to the hydraulic problem. 

This three-step procedure is really only suitable for numerical modelling with some 

type o f finite difference or finite element approximation. It is only possible to 

obtain analytical solutions for very simple models. It is also diff icul t to define the 

source terms analytically on boundaries where the physical properties (L, K, and crb) 

change in a step-wise fashion. One can, however, reformulate the problem so that 

the focus is shifted f rom the boundary to the interior of a region. The solution to 

8.11 is given by Eq. 8.21 (page 134) where in the absence of external pressure 

sources the term V-(LVP) is non-zero only at boundaries where L or K change. 

Provided ob is constant, standard potential theory ( c f , e.g. Parasnis, 1986, 

Appendix 1) may be used express the solution as 

1 
V(r) = -

4™h uL 
( L V P ) , — - + (LVP)y ~ + {LVP): ~ 

ox r y dy r dz r 
dU (8.12) 

which is an integration over a volume U, and the problem of defining the source 

terms on the boundaries vanishes. I f V is observed on the surface o f a halfspace 

then the term 1/4^-should be replaced with \!2n. Still as some numerical method is 

needed to solve Eq. 8.12 it is probably just as well to continue with the finite 

difference approximation. 

Step 1, finding the hydraulic potential distribution in the ground, is a standard 

problem in geohydrology, and most commercial finite element and finite difference 

software packages should be adaptable to the solution o f such problems. Step 3, 

finding the resulting electrical potential distribution, is mathematically similar to 
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the first, and consequently it should be possible to use the same software for both 

problems with suitable modifications. 

To illustrate the use of Eq. 8.11 consider the simple one-dimensional model shown 

in Fig. 8.3a. The geometry of the model corresponds to the setup used in most 

laboratory measurements of streaming potential coefficients (or cross-coupling 

coefficients). Water flows through a slab of material with hydraulic conductivity 

Ko, and cross-coupling coefficient Lq. The left side of the slab lies at x=0, and the 

right side at x=l. In the water to the left o f the slab the pressure is Pq, to the right it 

is equal to zero. Water flows f rom the left to the right in the direction opposite to 

the hydraulic gradient. As the slab is homogeneous the hydraulic gradient in the 

slab is equal to 

I 
(8.13) 

WP=P0(I-T):WM 
ÜHIB 

L = L0 

, r \> . / - ' . . ' M* . . ' 

x=0 x=l 

n: 

P=P0 

-2 -1 0 

2n-1 
2nn 

) P=0 

d 

7 8 

Fig. 8.3. Model illustrating 1-dimensional flow, and streaming potential source generation. 
Pn is the pressure at grid point n, and n0 is the number of grid points in the slab. The figure 
shows the case when n0=5. 
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According to Darcy's law the velocity o f water f low in the x-direction, Q, is then: 

/ 
Q = K 0 ^ - . (8-14) 

In this model there are sources o f conduction current at the boundaries o f the slab. 

According to Eqs. 8.9 and 8.10 there are sources o f both type 1 and type 2. The 

magnitude o f these source w i l l be evaluated by a finite difference approximation of 

Eq. 8.11. Fig 8.3b shows the model together with the finite difference grid used. 

It is now only necessary to f ind approximations to the derivatives in the source 

terms. Since the model is one-dimensional only derivatives in the x-direction are 

non-zero. These derivatives can be approximated by the difference in physical 

properties at two grid points divided by the distance between these grid points. The 

pressure gradient at grid point n becomes: 

^ P ) n - P n + \ f " - X = { P n + l ~ ^ - ] ) n \ (8.15) 

where P„ is the pressure at point n, and d is the distance between points. The length 

of the slab is /, and the number of grid points inside the slab is no. The gradient o f 

the cross-coupling coefficient, and the gradient of the inverse hydraulic 

conductivity can be found in the same manner as 

( V I ) H » ^ ^ = ( Z " + ' " . f " - , K , (8.16) 
2d 21 

and 

1 1 1 1 
i — (— )no 

( V " ~ 2~d - 21 • ( 8 - 1 7 ) 

The source terms defined in Eqs. 8.9 and 8.10 become: 

(vz)„vpn » ^ ± l z A m ^ h j - p - > i t ( 8 j 8 ) 

and 

1 1 

1 ( r v P K 
(LV±.Q)n~Ln (8.19) 

where Eq. 8.14 has been used for the f low velocity, Q. Eq. 8.18 gives a non-zero 

result only at grid points 0 and 1, and at points no, and n0+l. Eq. 8.19 gives non

zero results only at points 1 and no. The other source term V-(LVP) can be 

approximated as: 
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2^/ 
_ L „ + , ( V P ) f l + , - L w _ , ( V F ) n , 1 n 0

 ( 8 - 2 0 )  

2/ 

Examination o f Eq.8.20 shows that the divergence term is equal to zero everywhere 

except at grid points: 0, 1, and 2; and at points n0-l, n0, and no+l. Table 8.1 

summarises the values o f the different source terms at the grid points in the vicinity 

o f the left boundary o f the slab where they are not equal to zero. Only the left side 

is shown, as for reasons of symmetry the source terms at the right-hand boundary 

are o f the same magnitude but opposite sign. 

Table 8.1. Summary of source terms in finite difference approximation to Eq. 8.11. 

Grid 
point, n [ V - ( £ V P ) ] n ( V I V F ) , (VLVP)n-(LVj-Q)n 

-1 0 0 0 0 

0 3 L 0 P 0 « 0 A)^0W0 LQP0n0 

8/ 2 8/ 2 0 8/ 2 

1 7 L 0 P 0 « 0 

2 / 2 8/2 2 / 2 8/2 

2 

8/ 2 0 0 0 

3 0 0 0 0 

From table 8.1 one can see that the finite difference approximation tends to spread 

the source terms somewhat. Theoretically there should only be sources exactly on 

the boundary. The V - ( Z V P ) terms appear at grid points 0, 1, and 2, whereas the 

VZ V P - IN — • Q terms appear only at grid points 0 and 1. Both of these source 
K 

terms w i l l move closer to the boundary as the number of grid points in the slab, no, 

increases, and for large values of no the source terms w i l l for all practical purposes 

be located at the boundary. Now, on further examination o f the approximate source 

terms it becomes apparent that they are proportional to no, a slightly surprising 

result. This is due to the fact that the gradients are not well-defined on the 

boundary. What is well-defined, however, is the volume integral o f the source 

terms. Going back to Eq. 8.11 it follows f rom standard potential theory that 

solutions to this equation w i l l be of the type: 

V{r) = ^ \ l ~ V - { l N P ) d U , (8.21) 
2kg * r 

where r is the distance f rom the volume element dU to the observation point, and 

integration is performed over the half-space, U. This equation is valid only for a 
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half-space where the conductivity a is constant. For the case o f an inhomogeneous 

conductivity distribution the expression for the potential becomes much more 

involved, but the source terms w i l l still be o f the type V • (LVP)dU. The 

dimension o f the divergence term is A /m , and when integrated over volume the 

result has the dimension o f electric current, A. To calculate the finite difference 

approximation of the electrical current one need only multiply the source terms in 

Table 8.1 by the volume over which they appear. Thus i f the divergence term at 

each grid point is multiplied by the distance between grid points, then the result is 

the electric current density caused by f lu id f low that enters the model at the grid 

point. For large no when the grid points where sources appear lie very close to the 

boundary, one can sum all current densities to obtain a finite difference 

approximation of the total current density at the boundary. As the distance between 

grid points is equal to ling the resulting total current density at the left boundary 

becomes: 

j = - ^ . (8.22) 

As expected the result is independent o f whether the V-(LVP) term or the 

VLVP - LV — • Q term is used in the calculation. One interesting observation is 
K 

that the magnitude o f the current density is independent o f the value o f the 

hydraulic conductivity. This is slightly surprising as for this type o f model, where 

there is f low from a water body into a porous medium, half o f the current density 

comes f rom sources o f type one, and half f rom sources of type 2. 

I f the electric conductivity o f the slab is ob, then the gradient of the electric 

potential becomes: 

VV = - ^ - = -~^. (8.23) 

AV 

Accepting the approximation V V ~ —j-, and remembering that -P0 is the pressure 

difference, AP, across the slab Eq. 8.23 can be rewritten as: 

AV LQ 

• < 8 - 2 4 ) 

which is the expected result for this type of model (cf. Eq. 4.46). 

The above results are of course specific to the model used, but they serve to 

illustrate a practical method for a finite difference approximation o f the streaming 

potential source terms. The different steps in the calculation are easily expanded to 
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handle more complicated models, although the practical administration o f data can 

become quite involved. The main difference w i l l be that the pressure distribution 

must be determined first. In the model studied above this distribution was so simple 

that it could be taken as known å priori. 

8.3 Modelling of streaming potentials using a pseudo-potential approach 

For the sake of completeness a brief review of the pseudo-potential approach used 

by, e.g., Nourbehecht (1963), Fitterman (1978), and Fournier (1989) w i l l be given 

here. This derivation follows the basic outline given by Fitterman (1978). As a 

starting point use Eq. 8.6b: 

J = -LVP-obW. (8.6b) 

This can be rewritten as: 

J = -oh ( — VP + VV) = —(7b ( - C V P + VV), (8.25) 

where C is the streaming potential coefficient as defined in eq 4.27. From Eq. 8.25 

it is apparent that one can define an electric pseudo potential, <D, as: 

O = V - CP, (8.26) 

in such a manner that the current density is given by: 

J = -cjbV<l>. (8.27) 

For homogeneous regions, in absence of external current sources, this current 

density must be divergence-free and consequently: 

V2<D = 0, (8.28) 

which means that sources o f the potential, O, can only occur at boundaries between 

regions. The nature o f these sources can be found by examining the boundary 

conditions for O. The current density normal to the interface must be continuous, 

i.e.: 

< 8 - 2 9 ) 

where n is the direction normal to the interface. Further, continuity of V and P 

shows that on the boundary: 

<S>2-®}=-P(C2-C,). (8.30) 

Eqs. 8.29 and 8.30 define a double-layer source for the pseudo-potential O. The 

product of the pressure at the boundary and the change in streaming potential 

coefficient across the boundary acts as a source of the pseudo-potential. This source 

is mathematically equivalent to a distribution o f electric dipoles along the 

boundary. Assuming that the electric conductivity is everywhere constant, the 

pseudo-potential in the half-space can be calculated as: 
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0 ( r ) = - ( ^ f ^ ) J ^ , (8.31) 

where r is the vector f rom the surface element dS to the observation point, and n is 

the normal vector of the surface S. The electric potential, V, can then be found with 

the help of Eq. 8.26. Treating cases with conductivity variations becomes much 

more complicated, and for these the convection current approach is more suitable. 

In many respects this formulation o f the problem should be just as useful as the 

convection current method outlined in section 8.2. There are, however, some 

features o f this modelling approach that make it less practical than the convection 

current method. 

One example is that f lu id f low not driven by a hydraulic potential cannot be treated 

(e.g., thermally driven f lu id convection). Another is that the treatment of more 

complicated geometries is not as straightforward as wi th the convection current 

approach. The most problematic feature, however, is that the pseudo-potential 

approach tends to obscure the physical mechanisms behind the generation of 

streaming potentials. Sources o f pseudo-potential occur on boundaries where C 

changes its value. For the case o f the dam structure in f ig 8.1, this means that there 

are sources o f pseudo-potential on all four sides of the leakage zone. This is in 

contrast with the actual physical accumulation of charge, which occurs only at the 

ends o f the leakage zone. Another drawback is that sources o f pseudo-potential 

occur in response to the pressure. In contrast, sources o f conduction current are 

caused by gradients of pressure, which is in accordance with the physical processes 

involved. In summary this means that although theoretically correct, the pseudo-

potential formulation o f the streaming potential phenomenon may lead to erroneous 

conclusions regarding the source mechanisms. 

8.4 Qualitative description of streaming potential sources 

With the help o f the formulation o f streaming potential source generation, 

described in section 8.2, it becomes possible to make reasonable estimates of where 

sources o f conduction current occur for different geological models. Such 

knowledge o f source locations w i l l be of great help in the interpretation o f SP-

anomalies. For example, qualitative predictions o f the shape of SP-anomalies can 

be made by approximating the streaming potential source regions wi th point current 

sources. In this section the location o f current sources induced by f lu id f low w i l l be 

discussed for some simple geological models. For this discussion the streaming 

potential coefficient is assumed to be negative, as is the most common case for 

geologic materials. 
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8.4.1 Streaming potential current sources in a simple dam construction 

The generation of SP-anomalies in dam construction is a problem of great practical 

interest. SP-measurements have been shown to be effective in locating leakage 

zones in earth dams (see, e.g., Ogilvy et al , 1969; Butler et al,1990; Tr iumf et al, 

1995). The model dam in f ig 8.1 can be used as an example i f we allow for a finite 

hydraulic conductivity and cross-coupling coefficient outside o f the leakage zone. 

Fig 8.4 illustrates the situation. The first step is to estimate the distribution o f water 

f low through the dam body. For the present purpose it is only necessary to 

determine the direction o f f low across boundaries where L, or K, or both, change, as 

this is where conduction current sources occur. Due to the finite hydraulic 

conductivity o f the main dam body the f low situation becomes rather complicated. 

Water enters the dam body over the part of the upstream side below the water table. 

A t the downstream side water leaves the dam both below the water table and at the 

seepage face that may extend some distance above the water surface. There w i l l 

also be a component o f water f low across the boundary of the leakage zone. The 

arrows in fig 8.4b indicate the direction o f water f low at each boundary in the 

model. The resulting sources of conduction current density are shown in Fig. 8.4c. 

Negative sources o f conduction current appear where water flows into a region with 

higher L, or higher K; positive sources occur when water flows into a region with 

smaller L, or K (see Eqs. 8.9 and 8.10). The current density w i l l be larger at the face 

o f the leakage zone than on the face of the rest o f the dam as L, and K are larger in 

the leakage zone. 

Now, it is apparent that there w i l l be a streaming potential anomaly even i f there is 

no discrete leakage zone in the dam. This can be regarded as a background anomaly 

on which the anomaly caused by the leakage zone is superposed. Generally both the 

background anomaly and the leakage anomaly w i l l be approximately anti

symmetric with a minimum on the upstream side of the dam and a maximum on the 

down stream side. The final shape of the anomalies w i l l of course be influenced by 

the resistivity distribution in the dam. This has been disregarded in the present 

discussion as the main features of the anomalies would be the same for most 

realistic distributions of the resistivity. 

For a 2-dimensional model like this the geometric shape of the background 

anomaly and the leakage anomaly w i l l be fairly similar, and it might be diff icul t to 

distinguish between the two but for a more realistic 3-dimensional model where the 

leakage zone has a limited extent along the dam this should be no problem. The 

leakage zone anomaly would stand out in the latter case as a localised maximum on 

the downstream side of the dam, and as a minimum on the upstream side. 
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8.4.2 Streaming potential current sources on a hillside (topographic SP) 

A strong correlation between self-potential anomalies and topography is a very 

common observation. SP-values tend to decrease when observations are made at 

successively higher locations. Streaming potentials generated by downhill f low of 

groundwater are generally accepted as an explanation of this phenomenon. A n 

investigation of the location of sources of conduction current should give some 

further insight into the problem. 

Fig 8.4. Simple model of a dam construction used to illustrate the generation of conduction 
current sources. The dashed line indicates the water table within the dam. (a) distribution of 
the hydraulic conductivity and the cross-coupling coefficient (Li<L 2 and K 1<K 2); (b) 
schematic picture of water flow across boundaries where L or K change; (c) charge 
accumulation caused by the water flow. 

Fig. 8.5a shows a simplified geological section through a hillside. The basement is 

assumed to be impermeable (A=0), and the overburden is assumed to be homo

geneous. The direction of the f low of water across boundaries is indicated by 

arrows. The dashed arrows denote infiltration o f surface water. The f low situation 
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in the higher parts of the hillside is quite complex. I f there is no infiltration then the 

groundwater surface is not stationary; it must sink as water is discharged into the 

lake at the foot o f the hi l l . On the other hand i f the infiltration is such that the 

groundwater level is kept constant then there must be a component o f f low across 

the groundwater surface. During infiltration there is also a f low of water through 

the unsaturated zone. Lack of knowledge of the behaviour of streaming potentials 

in the unsaturated zone make the estimate o f conduction current sources in the 

upper part o f the hillside somewhat speculative. 

The sources o f conduction current induced by groundwater flow are shown in Fig. 

8.5b. In the lower part of the hillside the situation is quite simple. Positive sources 

appear where the water flows f rom the ground into the water body at the foot o f the 

h i l l . During heavy infiltration a seepage face may extend some distance above the 

surface of the water body. In such a case this seepage zone w i l l also act as a 

positive source. 

Fig. 8.5. Water flow across boundaries (top) and conduction current sources (bottom) on a 
hillside. The stippled area shows the saturated zone. 
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At the upper part o f the hi l l the conditions are more complicated. Although it is not 

well known how streaming potentials behave in the unsaturated zone, it appears 

reasonable to assume that the infiltration would generate a negative source. The 

mechanism should be similar to that when water enters the ground from a solid 

water body. The groundwater surface poses another problem. I f the water table is 

constant or rising then this means that there must be a component o f f low across it. 

For this case there should appear a negative source similar to that appearing at the 

surface. When the ground water level is sinking it is also reasonable that there 

should occur a negative source, but a slightly different mechanism must be 

visualised. As the water table sinks only a thin f i l m o f water is left around the 

mineral grains. Part o f the diffuse double layer has been sheared o f f and transported 

away. Consequently the water f i l m left does not contain enough positive charge to 

balance the surface charge on the mineral grains, and a net negative charge is the 

result. 

In short the situation is as follows. There is a well defined positive zone at the 

lower part o f the h i l l , where water leaves the ground. At the upper part there is a 

slightly less well defined negative zone. The observed topographic SP-anomaly is 

actually the ohmic potential drop between these two current sources. The linear 

relation between SP and height, often taken as an evidence o f topographic SP, is 

primarily a relation between SP and length. A t some distance from the conduction 

current source regions the potential decreases approximately linearly with the 

distance. I f there are variations in resistivity the picture w i l l be more complicated, 

but the main conclusions w i l l still hold in such a case. 

8.5 Analogy with magnetic problem and estimate of limiting depth of anomaly sources 

There is a similarity between the streaming potential phenomenon and magneto

statics. The term -LVP corresponds to the magnetization, the total current density J 

to the magnetic f lux density B and the negative gradient o f the electric potential -

V V to the magnetic field strength H. One important difference lies in the boundary 

conditions at the ground surface. For the streaming potential problem in a 

geophysical context the relevant boundary condition is that the normal component 

o f the total current density J must be zero, whereas no such condition generally 

applies to the analogous magnetic quantity B. The boundary condition on J means 

that the electric problem is confined to a half-space. The magnetic problem on the 

other hand uses a full-space formulation and is really only analogous to the f u l l -

space electric problem. However, for measurements on the ground surface the 

electric potential in the half-space problem is exactly twice that o f the full-space 
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one. Consequently, as long as observations only on the ground surface are 

considered the magnetic and streaming potential problems are analogous, 

remembering that the electric potential predicted from a magnetic analogy is only 

half o f its true value. 

8.5.1 Estimate of limiting depth using an adaptation of Smith's rules fora magnetized body 

Smith (1959) derived a number of inequalities to determine the limiting depth o f a 

magnetic body in the ground (assumed to be non-magnetic). Similar inequalities for 

gravity anomalies were also presented. In many cases a detailed interpretation o f an 

anomaly is not necessary, an estimate of the maximum possible depth to the 

anomaly source may well suffice to solve the problem at hand. The discussion 

above, on the analogy between magnetostatics and streaming potentials, leads 

naturally to an investigation o f how the analogous inequality for the limiting depth 

of a streaming potential source region would look. 

Let s=(l, m, n) be any vector o f unit length, H(x) be the component of the magnetic 

field strength parallel to this and M(x,y^) be the magnetization. The coordinate 

system is assumed to be rectangular with its origin at the earth's surface (plane) 

with the x-axis in the direction of the measuring profile and the z-axis pointing 

vertically downwards. Smith showed that the following inequalities are generally 

true: 

where h is the depth to the uppermost point of the anomalous body, Mmax denotes 

the maximum o f M(x,y^) inside the body. \H'\ m a x and \H"\msil denote the 

maximum first and second horizontal derivatives of H, respectively. No 

assumptions about the magnetization have been made so far, but i f it has the same 

direction throughout the whole body then the inequalities may be improved by 

replacing MmsK wi th VzMmax. The inequalities 8.32 and 8.33 have been adapted to 

rationalised units, which was not the case in Smith's paper. To find the equivalent 

expressions for the streaming potential problem we now compare the expression for 

the magnetic and electric potential. The magnetic potential <fi produced by a 

magnetized body is given by 

M 
(8.32) 

M, 
(8.33) 

(8.34) 
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where the integration is to be performed over all space. The corresponding 

expression for the electric potential caused by a streaming potential source is given 

by Eq. 8.12. Comparing Eqs. 8.12 and 8.34 and remembering that the half-space 

electric potential on the ground surface is twice the full-space one, the inequalities 

for the electric case must be 

h<~~[(4l2 + 3m2 + 3n2) 
G 

< — J ( 4 r + 3ml + 3nz) 
G 

\E'\ 
\ I max 

( Z V P ) r 

'15 i s ' 

(8.35) 

(8.36) 

where E=-Wis the electric field. I f VP has the same direction in the whole source 

region then the inequalities may be improved in the same manner as for the 

magnetic case, by setting ( Z V P ) m a x = ! / 2 ( i V P ) m a x . A moment's reflection should 

make it clear that only the horizontal electric field can be found f rom ordinary 

surface SP-measurements. It is possible to find the electric field Ey perpendicular to 

the profile from a self-potential map but there seems to no advantage compared to 

using Ex which can also be found from a single profile. Using the fact that 

dV 
E. = 

dx 
and that for this case (/, m, n)=(l, 0, 0), the inequalities 8.35 and 8.36 

may be simplified into 

h< 
2 (LVP)„ 

G d2V 

dx2 

max 

h2< 
12 ( Z V P ) , 

(T d3v 
dx3 

(8.37) 

(8.38) 

which may be improved in the same way as inequalities 8.35 and 8.36. 

The practical use o f the inequalities is limited by the fact that cr is assumed to be 

everywhere constant and that plausible values of a and ( i V P ) m a x have to be 

estimated. The value o f a may be estimated f rom resistivity measurements. That of 

(LVP)max is more diff icul t to estimate but observations of topography or 

groundwater levels together with an estimate o f L, possibly from laboratory 

measurements, should make it possible to find a reasonable value. One can also 

note that in a practical situation it is probably better to use inequality 8.37 than 

inequality 8.38 as each successive differentiation w i l l increase the noise level o f the 

derivative. 
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9. CONCLUDING REMARKS 

In this final chapter I first present a summary and discussion of the main results of 

this work and next present some questions that have not been fu l ly addressed in this 

work and that warrant further attention. 

9.1 Summary and discussion of main results 

9.1.1 Stability of self-potentials 

The investigation o f the stability of self-potentials was o f fundamental importance 

to the work in this thesis. Experimental data have been used to verify that self-

potentials are in fact stable over extended periods of time, although major changes 

in the self-potentials may reflect changes in the conditions in the ground. When 

similar conditions are reestablished, however, the SP-anomalies also return to their 

previous pattern. The results reported here have shown that an anomaly with an 

amplitude exceeding about 10 m V should generally be considered to represent a 

significant change in ground conditions. 

9.1.2 Laboratory measurements of streaming potentials 

Two main questions at the outset o f the work were whether or not it would be 

possible to make reasonable estimates of in situ values of the streaming potential 

coefficient (Q, and i f the phenomenon would be linear also for high applied 

pressure gradients. 

Experimental results have now confirmed that laboratory measurements may be 

used to predict in situ values o f the streaming potential coefficient and that for all 

investigated soils the phenomenon has turned out to be linear up to the highest 

applied pressure gradients which were for permeable soils about 100 kPa/m and for 

samples with small hydraulic conductivity almost 500 kPa/m. Both o f these 

conclusions are important for future practical work with streaming potentials 

because reasonable estimates o f ground parameters are necessary for any useful 

modelling of streaming potentials and further, knowing that under normal 

geological conditions non-linear effects are negligible w i l l remove some of the 

uncertainty f rom interpretation. 

The above conclusion that it is possible to find C f rom laboratory experiments 

requires that in situ conditions are known. That the chemical composition o f the 

groundwater has a major influence is clear. Examples f rom the literature indicate 
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that the for rock forming minerals the magnitude of C generally decreases with 

decreasing pH, and also that presence of specifically adsorbed ions , e.g. A l 3 + , 

strongly diminishes the magnitude o f C and may even cause it to change sign. 

Correcting for these influences would be complicated and it is probably better to 

strive to reproduce in situ conditions, possibly by using groundwater sampled 

together wi th the soil, in the laboratory experiments. Matters are simplified slightly 

by the fact that the temperature appears to have only a minor effect. Experimental 

data, although few, together wi th numerical estimates have indicated that the 

influence o f temperature on C is practically negligible in the range 5 to 45 °C. 

9.1.3 Development ofin situ methods to determine the streaming potential coefficient 

Two new in situ methods to determine the streaming potential coefficient have been 

developed as a complement to the laboratory methods. The first can be regarded as 

a correction to observations o f topographic SP and requires rather special 

conditions to be applicable. The second is an active method where pumping f rom a 

well is used as a controlled source of streaming potentials. Practical application o f 

the method is made possible by using an analogy with the potential distribution 

f rom a current source. One interesting finding was the general result that the 

strength o f the equivalent current source induced by pumping is directly 

proportional to the pumping rate and independent of the shape of the source region. 

Another general result derived in the work is that the cross-coupling coefficient L 

should be proportional to l/</" where <j> is the porosity and m is the exponent in 

Archie's law. 

9.1.4 Modelling of streaming potentials 

Different aspects of modelling o f streaming potentials have also been treated. The 

generation o f conduction current sources by groundwater f low has been discussed 

in considerable detail. In order to illustrate a possible modelling procedure an 

explicit numerical derivation of the magnitude o f these sources has been made for a 

simple 1-dimensional case. 

A n adaptation o f Smith's rules to estimate the maximum depth to the top o f a 

magnetized body has been made. The adaptation is based on the analogy between 

the streaming potential phenomenon and magnetostatics. To find the l imit ing depth 

one must make reasonable estimates of the electric conductivity, o f the cross-

coupling coefficient and o f the pressure gradient. 
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9.2 Prospects for future research 

In most research work a lack of resources, be they time or money, forces one to put 

aside many interesting ideas and leaves many paths unexplored for the time being, 

to be tried in the future. Some of these are indicated below. 

92.11nfluence of physical properties of the soil material 

How the value of the streaming potential coefficient is influenced by changes in the 

physical properties of a soil materials, is a very important question. It is o f vital 

importance, e.g. when trying to estimate the influence o f a leakage zone in an earth 

dam, where the finer material may have been transported away. 

A tentative analysis o f the influence o f various properties o f the soil samples, e.g. 

the hydraulic conductivity, the grain size distribution (expressed as kio and k6o 

values) and the formation factor, was made in chapter 5 but the results were 

inconclusive, probably because variation in the chemical composition o f the 

investigated soils had a larger influence on the streaming potential coefficient than 

had the other parameters. The small number of samples also contributed to the 

dif f icul ty in discerning any trends in the data. 

To determine the influence of the physical properties o f the samples, experiments 

should be performed on materials with identical chemical composition but with 

different grain size distribution, porosity, hydraulic conductivity and formation 

factor. To this end it could be advantageous to use synthetic samples, e.g. samples 

composed o f different sized glass beads or clean quartz crushed and sieved to 

suitable grain sizes. Fluid composition and temperature should be determined in 

advance. It might also be preferable to use smaller samples in order to keep the 

samples as homogeneous as possible, a feature that was not a priority, or even 

desirable in the present work. 

The above work should be instrumental in verifying experimentally the result, 

derived f rom purely theoretical considerations (see section 4.3), that the cross-

coupling coefficient/, should be proportional to l / ^ m . 

A natural extension would be to make a more thorough investigation o f the 

influence of, e.g. temperature, pH and chemical composition o f the electrolyte. 
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9.2.2 Investigation of influence of clay minerals 

The question o f how the presence of clay minerals influences the streaming 

potential coefficient is in many ways linked to the questions discussed above since 

it would be practically impossible to add clay to sample without changing most or 

all o f the above mentioned parameters. The matter is further complicated by the 

fact that presence of clay alters the electrical resistivity. 

Most likely different clay minerals w i l l have different influence, meaning that i f 

natural soils were to be used both the amount and type of clay minerals would have 

to be determined. Hence synthetic samples may be better to use. 

9.2.3 Modelling of streaming potentials 

A natural continuation of the discussion in chapter 8 is to develop practically useful 

modelling tools. A t the moment the primary objective is to develop a method to 

make calculations on a f u l l 3-dimensional model o f an earth dam. A first goal 

would be to obtain a comprehensive catalogue o f characteristic self-potential 

anomalies for different f low situations, so that one would know what kind o f 

features to search for in the interpretation of f ield data. Following this a flexible 

forward modelling routine should be developed. 

Another interesting question related to modelling is to test whether or not there is a 

significant difference between the streaming potentials calculated using the Dupuit 

assumption o f horizontal water f low and those calculated using the complete 

solution of the f low problem. This is also a task for future research. 
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APPENDIX 1. PLOTS OF ELECTRIC POTENTIAL DIFFERENCE AS A 

FUNCTION OF THE PRESSURE DIFFERENCE FOR ALL INVESTIGATED 

SAMPLES. 
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o.o H 

Porsöberget 1, a 

Temperature: 7.2 - 8.6 °C, 
pH=7.45-7.65, 
resistivity 121-127 ohm-m. 
Mean SPC=-0.37 (mV/kPa) 
Data have been corrected 
for electrode drift. 

O SPC=-0.38 mV/kPa 

A SPC=-0.36 mV/kPa 

+ SPC=45.37 mWkPa 

40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.1. Sample #1 from 

Porsöberget, measurement 
1, series a. Electric 
potential difference as a 
function of pressure 
difference. The streaming 
potential coefficient (SPC) 
is found from the slope of 
the solid best fit straight 
lines. Open circles show 
voltages and potential 
differences between the 
upper two electrode 
positions, open triangles 
between the lower two, and 

h o l n / ü o n t h o —rr\c c 

~ -20.0 H 

-40.0 

10.0 

Temperature: 8.0-8.5 °C, 
resistivity: 126-132 ohm-m 
Mean SPC=-0.4 (mV/kPa) 

' o SPC= 
> 

-0.40 mV/kPa 

A SPC= -0.38 mV/kPa 

+ SPC= -0.39 mV/kPa 
> 

40.0 80.0 
Pressure difference (kPa) 

120.0 

Fig. A1.2. Sample #1 from 

Porsöberget, measurement 
1, series b. See caption to 

fig. A1.1 for description. 

•B -20.0 H 

-30.0 H 

-40.0 
Porsöberget 1, c 

Temperature: 8.2-8.9 °C, 
resistivity: 121-130 ohm-m. 
Mean SPC=-0.35 (mV/kPa) 
Data have been corrected for 
electrode drift. 

O SPC—0.37 mV/kPa 

A SPC=-0.32 mV/kPa 

+ 
v. 

SPC=-0.35 mWkPa 

40.0 80.0 
Pressure difference (kPa) 

120.0 

Fig. A1.3. Sample #1 from 
Porsöberget, measurement 
1, series c. See caption to 

fig. A1.1 for description. 
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0.0 - i 

Temperature: 18.4-18.9 'C, 
resistivity 115-122 ohm-m, 
SPC=-1.79 (mV/kPa) 

-100.0 

-150.0 

-200.0 

-250.0 
Porsöberget 2. a1 

Fig. A1.4. Sample #2 from 

Porsöberget, measurement 
1, series a. See caption to 

fig. A1.1 for description. 

o.o 40.0 80.0 120.0 

Pressure difference (kPa) 
-40.0 

-80.0 H 

Temperature: 17.3-17.9 °C, 
resistivity 116-124 ohm-m, 
pH: 5-7, unstable. 
SPC^-0.94 (mV/kPa) 

-120.0 

-160.0 
Fig. A1.5. Sample #2 from 

Porsöberget, measurement 
2, series a. See caption to 

fig. A1.1 for description. 

40.0 80.0 120.0 

Pressure difference (kPa) 
0.0 

Temperature: 18.5-19.3 °C, 
resistivity: 93-97 ohm-m, 
pH: 5 .4 -5 .8 . 

SPC=-0.74 (mV/kPa) 

-100.0 

-200.0 H 

Porsöberget 2, bt 

Fig. A1.6. Sample #2 from 
Porsöberget, measurement 
1, series b. See caption to 

fig. A1.1 for description. 

-250.0 

100.0 200.0 

Pressure difference (kPa) 
300.0 
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Fig. A1.7. Sample #2 from 

Porsöberget, measurement 
2, series b. See caption to 

fig. A1.1 for description. 

0.0 100.0 200.0 300.0 
Pressure difference (kPa) 

0.0 - , 

> 
E 

te 
•a 

-40.0 

-80.0 

U= -120.0 
c 

o 
Q-

-160.0 

Porsöberget 2, b3 
-200.0 

0.0 

Temperature: 17.2-17.4 °C, 
resistivity: 98-101 ohm-m, 
pH: 6.0-6.1 
SPC=-0.67 (mV/kPa) 

100.0 200.0 
Pressure difference (kPa) 

300.0 

Fig. A1.8. Sample #2 from 

Porsöberget, measurement 
3, series b. See caption to 

fig. A1.1 for description. 

> 
£ 

Temperature: 18.6-18.9 °C, 
resistivity: 98-104 ohm-m, 
pH: 6.5-6.7 
SPC=-0.89 (mV/kPa) 

SPC-0.89 mV/kPa 

o.o H 

-120.0 H 

-160.0 
Porsöberget 2, d 

Fig. A1.9. Sample #2 from 
Porsöberget, measurement 
1, series c. See caption to 

fig. A1.1 for description. 

o.o 40.0 80.0 120.0 
Pressure difference (kPa) 

152 



0.0 

Temperature: 16.6-18.4 °C, 
resistivity: 97-103 ohm-m, 
pH: 6.4-6.7 
SPC=-0.89 (mV/kPa) 

-120.0 - \ 

-160.0 
Porsöberget 2, c2 

40.0 80.0 120.0 
Pressure difference (kPa) 

Fig. A1.10. Sample #2 from 

Porsöberget, measurement 
2, series c. See caption to 

fig. A1.1 for description. 

o.o 

-80.0 H 

j= -120,0 ~\ 

-160.0 H 

Porsöberget 2, c3 

Temperature: 18.4-18.9 °C, 
resistivity: 98-106 ohm-m 
pH: 6.2-6.4 
SPC=-0.92 (mV/kPa) 

SPC=-0.92 mV/kPa 

0.0 40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.11. Sample #2 from 

Porsöberget, measurement 
3, series c. See caption to 

fig. A1.1 for description. 

Fig. A1.12. Sample #2 from 
Porsöberget, measurement 
4, series c. See caption to 

fig. A1.1 for description. 

0.0 40.0 80.0 120.0 160.0 
Pressure difference (kPa) 
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0.0 -v 

Temperature: 16.6-16.8 °C, 
resistivity: 104-112 ohm-m, 
pH: 6.4-6.8 
SPC=-0.86 (mV/kPa) 

-80.0 

-120.0 H 

Porsööergei 2, c5 

Fig. A1.13. Sample #2 from 

Porsöberget, measurement 
5, series c. See caption to 

fig. A1.1 for description. 

o.o 40.0 80.0 120.0 
Pressure difference (kPa) 

10.0 

0.0 -i 

-10.0 

= -20.0 

-30.0 

Temperature: 21.2-27.8 °C, 
resistivity 146-154 ohm-m, 
pH: 8.0-8.1 
Mean SPC=-0.64 (mV/kPa) 

' 0 SPC=-0.72 mV/kPa 

A SPC=-0.57 mV(kPa 

i + 
SPC=-0.63 mV/kPa 

Porsöberget 3, al 
-40.0 

0.0 10.0 20.0 30.0 40.0 
Pressure difference (kPa) 

50.0 

Fig. A1.14. Sample #3 from 

Porsöberget, measurement 
1, series a. See caption to 

fig. A1.1 for description. 

o.o 

-10.0 

-20.0 H 

Porsöberget 3, 
-30.0 

Temperature: 28.6-30.4 °C, 
resistivity 67-75 ohm-m, 
pH: 7.2-7.5 
Mean SPC=-0.63 (mV/kPa) 

-20.0 
i 1 i 1 r~ 

0.0 20.0 40.0 
Pressure difference (kPa) 

SPC=-0.65 mV/kPa 

SPC=-0.61 mV/kPa 

SPC=-0.63 mV/kPa 

60.0 

Fig. A1.15. Sample #3 from 
Porsöberget, measurement 
2, series a. See caption to 

fig. A1.1 for description. 
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10.0 

o.o 

-ico H 

-20.0 

-30.0 
Porsöberget 3, a3 

Temperature: 36.0-38.2 °C, 
resistivity: 57-63 ohm-m, 
pH: 7.3-7.5 
Mean SPC=-0.63 (mV/kPa) 

f 

o 
SPC—0.67 mV/kPa 

A SPC=-0.60 mV/kPa 

+ SPC=-0.63 mV/kPa 

— I , I , j 
0.0 20.0 40.0 

Pressure difference (kPa) 

Fig. A1.16. Sample #3 from 
Porsöberget, measurement 
3, series a. See caption to 

fig. A1.1 for description. 

o.o 

-10.0 

~ -20.0 

-30.0 

Temperature: 8.9-10.6 °C, 
resistivity 120-130 ohm-m, 
pH: 7.9-8.0 
Mean SPC=-0.66 (mV/kPa) 

;=-0.68 mV/kPa 

;=-0.64 mV/kPa 

0=-0.66 mV/kPa 

Porsöberget 3, b1 
-40.0 

20.0 40.0 
Pressure difference (kPa) 

60.0 

10.0 

o.o 

Temperature: 4.3-4.8 °C, 
resistivity: 146-154 ohm-m, 
pH: 8.0-8.1 

67 (mV/kPa) 

• j : -20.0 

-30.0 

=-0.68 mV/kPa 

=-0.66 mV/kPa 

=-0.66 mV/kPa 

-40.0 
Porsöberget 3, b2 

0.0 20.0 40.0 
Pressure difference (kPa) 

60.0 

Fig. A1.17. Sample #3 from 

Porsöberget, measurement 
1, series b. See caption to 

fig. A1.1 for description. 

Fig. A1.18. Sample #3 from 
Porsöberget, measurement 
2, series b. See caption to 

fig. A1.1 for description. 
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> 
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> 
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se 
T3 

0) 
o 
Q. 

Temperature: 47.1-48.0 °C, 
resistivity: 49-51 ohm-m, 
pH: 7.2-7.3 
Mean SPC=-0.65 (mV/kPa) 

O SPC—0.67 mV/kPa 

A SPC=-0.64 mV/kPa 

=-0.62 mV/kPa 

-10.0 

-20.0 

20.0 

Fig. A1.19. Sample #3 from 

Porsöberget, measurement 
3, series b. See caption to 

fig. A1.1 for description. 

10.0 20.0 30.0 
Pressure difference (kPa) 

40.0 

-20.0 

-40.0 

-60.0 

Temperature: 3.4-4.4 °C, 
resistivity: 138-145 ohm-m, 
pH: 7.7-7.8 
Mean SPC=-0.69 (mV/kPa) 

O SPC=-0.70 mV/kPa 

SPC—0.67 mV/kPa 

SPC=-0.69 mV/kPa 

Porsöberget 3, bA 

0.0 20.0 40.0 
Pressure difference (kPa) 

60.0 

Fig. A1.20. Sample #3 from 

Porsöberget, measurement 
4, series b. See caption to 

fig. A1.1 for description. 

I 

o.o 

-10.0 

-20.0 H 

-30.0 

-40.0 
Porsöberget 3, d 

0.0 

Temperature: 3.6-4.4 °C, 
resistivity: 137-146 ohm-m, 
pH: 7.7-8.0 
Mean SPC=-0.68 (mV/kPa) 

O SPC=-0.71 mV/kPa 

A SPC=-0.65 mV/kPa 

+ SPC=-0.68 mV/kPa 

— I , I 
20.0 40.0 

Pressure difference (kPa) 
60.0 

Fig. A1.21. Sample #3 from 

Porsöberget, measurement 
1, series c. See caption to 

fig. A1.1 for description. 
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10.0 - , 

0.0 

-10.0 

•S -20.0 

-30.0 H 

-40.0 
Porsöberget 3, c2 

Temperature: 7.1-8.8 °C, 
resistivity: 115-130 ohm-m, 
pH: 6.9-7.5 
Mean SPC=-0.67 (mV/kPa) 

( o SPC=-0.73mV/kPa 

A SPC=-0.61 mV/kPa 

I SPC=-0.67mV/kPa 
• 

20.0 40.0 
Pressure difference (kPa) 

60.0 

Fig. A1.22. Sample #3 from 

Porsöberget, measurement 
2, series c. See caption to 

fig. A1.1 for description. 

40.0 

o.o H 

-40.0 

£= -80.0 

Gammelstadsviken, a1 

Temperature: 12.9 - 14.0 °C, 
resistivity: 89-93 ohm-m, 
pH: 6.3-6.6 
Mean SPC=-0.57 (mV/kPa) 

SPC=-0.57mWkPa 

SPC=-0.S7mV/kPa 

SPC=-0.57mV/kPa 

0.0 100.0 150.0 
Pressure difference (kPa) 

200.0 250.0 

Fig. A1.23. Sample from 

Gammelstadsviken, 
measurement 1, series a 
See caption to fig. A 1.1 for 

o.o 

= -80.0 

-160.0 
Gammelstadsviken, a2 

T 

Temperature: 11.7-12.6 °C, 
resistivity: 92-103 ohm-m, 
pH: 6.6-7.0 
Mean SPC=-0.59 (mV/kPa) 

r 
O SPC=-0.59mV/kPa 

A SPC=-0.S8mV/kPa 

+ SPC=-0.69mWkPa 

0.0 100.0 150.0 200.0 
Pressure difference (kPa) 

250.0 

Fig. A1.24. Sample from 

Gammelstadsviken, 
measurement 2, series a. 
See caption to fig. A1.1 for 
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B ö 
Q. 

Gammelstadsviken, a3 
-120.0 

0.0 

Temperature: 16.3-19.2 °C, 
resistivity: 83-90 ohm-m, 
pH: 5.7-6.2 
Mean SPC=-0.57 (mV/kPa) 

O SPC=-0.53mV/kPa 

A SPC=-0.61mV/kPa 

+ SPC=-0.57mV/kPa 
i 

Fig. A1.25. Sample from 

Gammelstadsviken, 

measurement 3, series a. 

See caption to fig. A1.1 for 

40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 
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> 
g 
8 

-80.0 -A 

-120.0 - \ 

Temperature: 9.4-11.3 °C, 
resistivity: 131-144 ohm-m, 
pH: 8.1-8.4 
Mean SPC=-1.28 (mV/kPa) 

O SPC=-1.43mV/kPa 

A SPC=-1.13mV/kPa 

+ SPC=-1.27mV/kPa 

Quartz sand, a1 

0.0 40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

o.o 

I 

» -120.0 

S 
o 
Q. 

Temperature:5.1-6.5 °C, 
resistivity: 156-163 ohm-m, 
pH: 8 0-8.3 
Mean SPCt=-1.26 (mV/kPa) 

• 

o SPC= 1.28mV/kPa 

A SPC= 1.23mV/kPa 

+ SPC= -1.26mV/kPa 

Quartz sand, a2 

0.0 40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.26. Quartz sand 

sample, measurement 1, 

series a. See caption to fig. 

A1.1 for description. 

Fig. A1.27. Quartz sand 

sample, measurement 2, 

series a. See caption to fig. 

A1.1 for description. 
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0.0 

Quartz sand, a3 

Temperature: 4.7-5.3 °C, 
resistivity: 156-165 ohm-m, 
pH: 8.0-8.3 
Mean SPC—1.25 (mV/kPa) 

O SPC=-1.2*mV/kPa 

A SPC=-1.25mV/kPa 

+ SPC=-1.25mV/kPa 

0.0 40.0 eo.o 120.0 
Pressure difference (kPa) 

Fig. A1.28. Quartz sand 

sample, measurement 3, 

series a. See caption to fig. 

A1.1 for description. 

Sourva, a1 

Temperature: 12.5-13.1 °C, 
resistivity: 107-114 ohm-m, 
pH: 7.3-7.6 
SPC=-0.45 (mVAPa) 

SPC=-0.45 mV/kPa 

0.0 

-20.0 —i 

40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.29. Sample from 

the Suorva earth dam, 

measurement 1, series a. 

See caption to fig. A1.1 for 
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-20.0 

Temperature: 14.2-14.7 °C, 
resistivity: 106-112 ohm-m, 
pH: 7.4-7.7 
SPC=-0.42 (mV/kPa) 

SPC=-0.42mV/kPal 

-60.0 H 

Suorva. a3 

0.0 40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.31. Sample from 

the Suorva earth dam, 
measurement 3, series a. 
See caption to fig. A1.1 for 

Fig. A1.32. Sample from 

the Suorva earth dam, 
measurement 4, series a. 
See caption to fig. A 1.1 for 

0.0 40,0 80.0 120.0 160.0 200.0 
Pressure difference (kPa) 

-20.0 - , 

-40.0 

Temperature: 18.2-18.4 °C, 
resistivity: 136-169 ohm-m, 
pH: 7.4-7.6 
SPC=-0.51 (mV/kPa) 

SPC=-0.51mV/kPa 

-80.0 H 

-100.0 
Suorva, of 

40.0 80.0 120.0 
Pressure difference (kPa) 

160.0 

Fig. A1.33. Sample from 

the Suorva earth dam, 
measurement 1, series b. 
See caption to fig. A1.1 for 
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-20.0 - j 

-60.0 

= -80.0 H 

-100.0 

Temperature: 16.5-16.7 °C, 
resistivity: 142-160 ohm-m, 
pH: 7.5-7.7 
SPC=-0.48 (mV/kPa) 

SPC=-0.48mV/kPa 

Sourva, c l 

0.0 40.0 80.0 120.0 160.0 
Pressure difference (kPa) 

200.0 

Fig. A1.35. Sample from 

the Suorva earth dam, 

measurement 1, series c. 

See caption to fig. A1.1 for 
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