
























































































































































































































































In summary, the data collected from the Cambridge site have been reasonably simulated 

by this preliminary model of a complex scenario. Further more, it is clear that ERT is 

capable of detecting both the injection itself and the changes in subsurface resistivity 

caused by its movement. 

6.4 Adjoint Sensitivity analysis 

Detecting the ERT anomaly is an important step, but there are other practical issues. One 

is how to place a small number of electrodes in the most efficient arrangement to monitor 

a particular situation. The other is the use of models such as SALTFLOW or 

FRAC3DVS to interpret a data set. Direct modeling by trial and error in three 

dimensions is extremely time~consuming and costly. Eventually some sort of automated 

model fitting or inversion process should be considered. 

For both these issues, it will be important to understand the sensitivity of the ERT 

responses throughout the measurement region to perturbations in the source parameters 

(i.e., its conductivity distribution, dimensions, depth, etc). Sensitivity analysis offers a 

shortcut to this goal by computing the partial derivatives, as discussed in sections 2.4.3. 

The simulation at the Cambridge site for one day following the slurry injection (Figure 

6.1 lc) was used as an example of the application of adjoint sensitivity analysis to 

evaluate the sensitivity of the potential field distribution to changes in source parameters. 

The program FRACT3DVS was used to simulate this scenario, for two different 

electrode arrangements. The first arrangement was with one of the current electrodes 

placed at the water table (2000,2000,984) at the center of grid and the other one placed at 

the ground surface 10 meters away from the grid center (1990,2000,1000). The second 

arrangement was with both current electrodes placed at the ground surface 30 meters 

away from each other at the center of the grids {(1985,2000,1000} and 

(2015,2000,1000) }. Figures 6.17 to 6.20 present the results for these two electrode 

configurations. The potential field of (a) the background, (b) immediately after the 

injection, (c) the difference between the background and the post-injection, and (d) the 

state sensitivity of the scenario for changes in the conductivity of the source zone for X-Y 

and X-Z planes are presented in one page (for each plan) for a better comparison. 
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Figure 6.17 Potential (V/A) and state sensitivity distribution in the X-2 plane for a dipole set at surface (1990,2000,1000) and 
downhole (2000,2000,984): (a) background, (b) including conductive anomaly in the scenario, (c) the pbtential differences 
between background and after the existence of conductive anomaly, (d) state sensitivity distribution. Current electrodes as 
shown 
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Figure 6.18 Potential (VIA) and state sensitivity distribution in the X-Y plane for a dipole set at surface and downhole: (a) 
background, (b) including anomaly in the scenario, (c) the potential differences between background and after the existence 
of conductive anomaly, (d) state sensitivity distribution 
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Figure 6.19 Potential and state sensitivity distribution in the X-Z plane for a dipole set at surface (1985,2000,1000) and 
(2015,2000,1000): (a) background, (b) including anomaly in the scenario, (c) the potential differences between background 
and after the existence of conductive anomaly, (d) state sensitivity distribution. Current electrodes as shown 
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Figure 6.20 Potential and state sensitivity distribution in the X-Y plane for a dipole set at surface (AB/2 = 15 m): (a) 
background, (b) including anomaly in the scenario, (c) the potential differences between background arid after the existence 
of conductive anomaly, (d) state sensitivity distribution 



The state sensitivity maps (part d in Figures 6.17-6.20) show the percentage change in 

ERT response that would be produced by a l % change in the conductivity of the source 

region, for the particular current electrode arrangement at this particular time ( 1 day post 

injection) in the history of the simulated saline plume. Note, for example, that there are 

regions of zero sensitivity, where no response would be expected. Electrodes placed in 

these zones would not be particularly effective for monitoring at this particular time. The 

state sensitivity plots show that the response increases in some areas, decreases in others. 

We note that the sensitivity does depend on the current electrode configuration. Finally 

we note that, compared to computing two complete models 1 % apart in conductivity, the 

adjoint sensitivity requires the time equivalent of roughly 1.3 individual model 

computations. 

6.S Evaluation new ERT measuring system 
The evaluation of commercial resistivity measuring systems (Appendix B) has shown 

that they are not well designed for fast high quality ERT data collection. One part of this 

thesis has been the design and implementing of a more appropriate measuring system for 

ERT measurement so that the data collection can be increased in speed, accuracy, and 

repeatability. This system has yet to be field tested, so that the evaluation given here is 

based on bench measurements. 

6.5.1 Precision 
The measuring system perfonnance is presented in this section. The data summarized 

here in graphs are given in Appendix F. There are two sources of gain in the new system: 

the first is the voltage divider gain on the switching board, and the other one is on the 

AID converter board. Both gains are programmable and are controlled by the written 

program in LabVIEW software. The most efficient combinations of these gains were 

used to calculate the precision of the system over 8 ranges of measurement, based on the 

AID converter resolution (which is 16 bits, l in 65,536). Figure 6.21 shows these voltage 

ranges and their calculated precision expressed both in volts and as a percentage of the 

range minimum (Table F. l ). 
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a Error% wrt min 1.5259 0.0153 0.0076 0.0031 0.0031 0.0076 0.0031 0.0031 

Figure 6.21 Precision achieved at each input voltage range of the ERT measurement 

system. The percentage error is given with respect to the minimum in each range, except 

for the lowest range where it is with respect to the maximum. 

6.S.2 System Noise 

The system performance has also been checked in a series of laboratory tests. Figure 

6.22 shows the laboratory setup. These tests have been conducted for both sources of 

gain in the new system. The first set of tests was to check the noise level of the system 

itself, which was carried out by shorting all the input channels on the ND converter 

board to produce a voltage input of zero. Figure 6.23 displays the internal noise level on 

one of the system's 64 channels , which is representative of the rest (Table F.2 ). 

The results show that there is 4 to 9 m V DC offset on each channel and about ±0.05 m V 

variation of the signal input. Since the prototype switching board is build as a "wire-rap" 

and not as its final printed circuit board form, and since the wire used for connections 

was not shielded, this variation of the input signal might be due to the cross-talk between 

those wires. We can be reasonably certain that these noise levels will be reduced 

significantly by using a well-designed printed circuit board. In addition, a proper 

stacking procedure would help to reduce the noise level. The default configuration for 

stacking in the new ERT measuring system is; 

- Only the last one-third of each half pulse is used to remove the IP effects; 

At least 10 samples in each half pulse are stacked (two procedures are 

explained on pages 56-57). This is intend to cancel out random noise and 

enhance the signal amplitude with respect to the background; and, 

- Data are collected for l minute. 
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Figure 6.23 Noise level of one (shorted) channel of the ERT measuring system, 

measured on the first range of Figure 6.18 (0 to 0.1 mV) 
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6.5.3 Accuracy 

The second set of laboratory tests was to check the readings of the new system for 

different voltage levels. This was accomplished by connecting a high precision DC 

source directly to the input channels of the system. Figure 6.24 shows the standard 

deviation of the measured values for direct voltage inputs ranging from 7 to 110,000 

millivolts for one of the 64 channels. The measured data are presented in Table F.3 in 

Appendix F. The accuracy between I and 400 volts is comparable to the theoretical 

precision of the system. On the most sensitive range, the accuracy is estimated as only 

0.05 millivolts. Since some of the error may originate in the DC source, the accuracy of 

the system might be better than these resuJts suggest. 

The results obtained show that the new system is capable of perfonning ERT 

measurement with an adequate speed and resolution. This system is more sensitive to 

noises in the low voltage range. The noise level should drop by using a well-designed 

printed circuit board and stacking the data. 

6.5.4 Environmental influences 

The above estimates of noise and accuracy do not take into account possible 

environmental parameters, such as temperature and humidity. The system has not been 

tested for sensitivity to these factors, so the influences can only be estimated from the 

ratings of the individual components. 

The operating ranges of the different components used in new ERT measuring system are 

presented in Table 6.3. Overall this system can operate between O to 55 °C within the 

range of 5 to 85% relative humidity. Since the new system has different levels of voltage 

inputs, uncertainty analysis is evaluated based on these levels. 
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Figure 6.24 Standard deviations of data collected at different voltage levels 

Table 6.3 Environmental operating ranges of different components used in the new ERT 

measuring system 

Condition for 
Reed Reed Darlington 

AID AMUX DI DO relay 4 relay 2 Diodes 
operation 

poles poles 
array 

Temperature 
0 to 55 0 to 70 0 to 50 Oto 50 -40 to 70 -40 to 71 -65 to 200 -20 to 85 

(° C) 

Relative 
5 to 90 I 5 to 90 I O to 90 0 to 90 5 to 85 5 to 85 NIA NIA 

humidity ( % ) 

NIA: Nol Available 

Since most of required data for evaluating the uncertainty of the measuring system are 

not available, the uncertainty of the measurement of new ERT measuring system has 

been estimated with an error margin of 0.01 %, and based on the information of Figure 

6.21 and the data in Appendix D. The estimated uncertainty of measurements is 

presented in Table 6.4. Based on the estimated measurement uncertainty, the new system 

has a better performance in the lower voltage ranges (up to 10 V). 
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Table 6.4 Estimated measurement uncertainty of new ERT system 

Voltage levels 
Level (V) 0 - 0.1 0.1 - 1 l - 5 5 - 10 10- 20 20 - 100 100 - 200 200 - 400 
Gain 100 10 2 l IO 2 l 1 

Absolute 
precision limits 0.00153 0.0153 0.0763 0.1526 0.3052 1.5259 3.0518 6.1035 
(±mV) 

Uncertainty 
WRT Min. of 

0.00153 0.0168 0.0928 0.2441 0.5467 2.0674 5.6933 12.345 each level 
(±mV) 
Uncertainty 
WRTMax.of 

0.0030 0.0318 0.1678 0.3941 0.8467 3.5674 8.6933 18-3450 each level 
(±mV) 

The better uncertainty analysis would be obtained after extracting the behavior type curve 

of the new system with respect to environmental parameters (such as: temperature, 

humidity, noise level, etc). 
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Chapter7 

SmolARY 

Tomographic monitoring of time-dependent processes is the topic of much recent 

research in environmental and exploration problems. Electrical resistivity tomography 

(ERT) is considered one of the best and least expensive monitoring methods. The ERT 

technique is still in the process of development as a monitoring tool, requiring both 

improvements in its technology and a wider variety of applications to reach its eventual 

potential. 

This research has concentrated on a very specific potential application of ERT, namely, 

monitoring waste injection of a slurry under high pressure. The waste is usually more 

conductive than its host and yields a resistivity contrast, with respect to its background; 

this may be used to monitor the evolution of the injection process. Using a pemianent 

electrode arrangement for long temi monitoring can remove many of the effects the 

host's heterogeneity and anisotropy when the process is analyzed in time. 

The first objective of this thesis was to make ERT measurements of a slurry injection test 

using downhole and surface electrodes, to get first hand experience of the problem. 

Fortunately, we were able to piggyback on an injection experiment that took place in 
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nearby Cambridge, Ontario, and obtained a reasonably representative dataset extending 

from before to 10 days following the injection. 

ERT data of a field trial of waste slurry injection were obtained. 

This initial evaluation of the ERT technique as a monitoring tool for waste injection 

studies showed that for it to be effective, there were several issues to be considered. 

First, the injection process is very fast and large subsurface changes occur during short 

periods of time (minutes to hours). The commercially available resistivity systems 

available for our experiment could not make measurements fast enough to handle data 

collection and processing of what might be hundreds of electrodes in the required time 

frame. The first objective, then, was to design and construct a more suitable ERT 

measuring system. This system has been designed, and the potential measuring part 

constructed (Chapter 4) and evaluated in a series of lab tests (Section 6.4 ). As 

constructed, it can measure the voltage response at 64 electrodes in less than one minute, 

and can readily be expanded to 256 electrodes which could be sampled in the same time. 

Thus a process, such as slurry injection, can be monitored and the results displayed 

visually in real time. 

The current electrode power supply (for injecting currents of one or more amperes into 

the ground) has been designed and contracted out for construction, but due to 

circumstances largely beyond the author's control, has not yet been delivered. 

An ERT measuring system that would overcome the shortcomings encountered during 

the initial measurements has been designed and partially constructed. In its cu"ent 

configuration it can simultaneously (within minutes) measure voltages from 64 

electrodes and can readily be expanded to 256 electrodes. 

The second objective involved modeling. The injection at Cambridge was a truly 

4-dimensional process, occurring in 3-space as well as time. The author did not have 

access to robust, well documented 3-dimensional ERT modeling software for undertaking 

a direct or inverse interpretation of the Cambridge data. The solution was to adapt the 

SALTFLOW model - a thoroughly documented and tested three dimensional 

groundwater flow and transport model with an excellent "front end" - as a platform for 

both the groundwater and resistivity modeling of the saline transport resulting from the 

waste injection. SALTFLOW was modified to solve the saline transport model7 translate 
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salinity in space and time to electrical resistivity, and (based on equivalences described in 

equation 6.1) to solve the ERT model. In addition, replacement of the original sparse 

matrix solver with the WATSOLV subroutine (VanderKwaak et al., 1998) for sparse 

matrix solution, which has been the modified by author, improved the performance of 

SALTFLOW for our purposes. Section 3.3 presented results which showed that a 

preconditioned CG method combined with nested dissection ordering give faster 

convergence. The incomplete Cholesky-Conjugate Gradient (ICCG) method is the most 

efficient of the models for both level-based and drop-tolerance based preconditioning. 

The most efficient results were obtained by ILL'(l,0.0) and ILL1(oo,0.01) using the ICCG 

algorithm with nested dissection ordering. In addition, implementing a line element in 

place of grid points to represent the current injection makes the solution faster and 

reduces the model oscillation in the vicinity of the current electrodes, which results in 

lower grid densities in these areas. 

A well documented, robust and "user friendly" 3-dimensional groundwater flow model 

has been adapted for the ERT direct model, which can serve to model both the 

hydraulics and the electrical response of the injected waste. The model was used to 

simulate- in an approximate manner • the field results from the Cambridge experiment. 

While a detailed match of data and model was not attempted, the general nature of tlie 

field results was clearly simulated by the model. 

The third objective was to develop a sensitivity analysis as a means of predicting where 

the most appropriate locations for electrodes are for a given monitoring problem. 

Positioning several hundred electrodes for maximum effect in a given monitoring 

situation is not always intuitive. It is well known that the sensitivity of ERT monitoring 

drops as sensors are removed from the vicinity of the anomaly. Also, the number of 

downhole sensors that can be used is restricted by many factors. If the most probable 

subsurface developments can be guessed at, and their ERT responses modeled, more 

rational positioning choices can be made. However, brute force modeling of all possible 

subsurface scenarios is very time consuming. The author instead has set out to develop 

sensitivity analysis of a given model that would allow a less cumbersome evaluation of 

the influences of subsurface change on the ERT response. 

There is a second and potentially more important application of sensitivity analysis in 

inversion of the data. Although this thesis has not attempted to formulate the inverse 
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problem, the provision of a sensitivity analysis along with a good forward model is 

clearly a step along this path. 

Adjoint sensitivity analysis is a useful and a fast method with which to try to deal with 

these problems. Adjoint sensitivity is capable of generating a clear picture of the 

sensitivity distribution of different points with respect to the anomaly. Its main 

advantage is that it requires less iteration (consequently less costs) of the forward model 

compared to general state sensitivity, which needs to run a large number of forward 

models. An adjoint sensitivity analysis for the SAL TFLOW model has been developed 

and discussed. 

Adjoint sensitivity analysis has been developed for the SALTFLOW model that allows 

the experimenter to evaluate how best to position electrodes in the field for a 

hypothesized monitoring scenario. The analysis is also an important step along the 

path to any fully or partially automated inversion of the measured data. 
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Chapters 

RECOMMENDATIONS FOR FUTURE WORK 

This section makes several recommendations for work that should be undertaken to 

follow up or build on the work described in this thesis. 

8.1 Modeling 
The slurry injection at the Cambridge site took place just above the water table. As a 

result, the flow-transport model for simulating the injection plume had to deal with 

unsaturated as well as saturated, density-driven flow. This required the use of both 

SALTFLOW and FRAC3DVS for the groundwater simulation. If further slurry 

injection trials are to take place above the water table, either SALTFLOW should be 

modified to cover this concept or FRAC3DVS should be modified to cover the density 

driven flow condition. 

8.1.1 Forward 
The forward model can be improved by converting the code to FORTRAN version 90. 

This version allows a wider range of precision in the dimensioning of variables. This 

advantage would allow the user to employ the available computer memory more 

efficiently. 
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8.1.2 Inversion 
The adjoint sensitivity method may be used to perform the inverse part of the ERT 

problem. Groundwater models of the process to be monitored process would serve as a 

good initial estimate to obtain the inverse model. The main advantage of adjoint 

sensitivity is the availability of quantitative values of sensitivity of each element with 

respect to a selected region (i.e., the conductive plume). Using this property along with a 

numerical approach such as one of the least squares methods should facilitate 

convergence of the model towards the measured data. 

Eventually, joint inversion of both ERT and hydrogeological data measured at a site 

should be possible, which would result in a better estimation of the injection process. 

8.2 Equipment 

8.2.1 Data acquisition 
The control part of the ERT system should be implemented in a digital printed circuit 

board or a micro component fonn. This will reduce the required wiring, and therefore 

noise levels. 

The new ERT measurement system was not field tested as part of this thesis work. Since 

the electronic components used in this system are somewhat temperature and humidity 

dependent, a series of environmental tests should be conducted on these 

boards/components. If the collected data are very dependent on temperature, a 

thermocouple should be installed in the system and used to correct the measurements, 

based on test calibrations. 

8.2.2 Power supply 
A programmable power supply with a wide dynamic output range would allow the power 

output to be increased automatically during data acquisition to a level such that more of 

the collected data can have an acceptable precision. 
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Appendix A: Literature review 

The resistivity of rock varies significantly with the porosity and resistivity of the 

contained pore fluids. Other factors affecting rock resistivity include pore structure, the 

degree of saturation, temperature, and the conducting mineral content. As a result 

resistivity tomography has several possible geological and hydrogeological applications, 

including monitoring of ground-water pollution, enhanced oil recovery monitoring, 

describing geothermal systems, and in mineral exploration. It has considerable potential 

for engineering applications, such as the detection of fracture zones, core sample studies, 

site investigation and location of buried metal. Measuring changes in sub-surface 

resisti vi ties over time should be useful for monitoring processes such as contaminant 

migration, stream flooding in enhanced oil recovery, geothennal fluids production, and 

for detennining the integrity of a mined geologic repository for waste disposal. All of 

these processes involve substantial changes in the resistivity structure in a reasonably 

well-defined region, and in principle ERT methods should allow tracking changes over 

time. 

Since Narayan has presented a good literature review on resistivity methods in I 994 in 

his Ph.D. thesis, the focus of this section will be on more recent publications and 

completion of his work. Recent works can be classified into following divisions: 

1. Engineering and industrial applications and core and soil sample analysis; 

ii. Groundwater process monitoring, steam injection monitoring, and 

monitoring leakage from storage ponds and liners under waste disposal 

sites; 

iii. Inverse algorithm, three-dimensional resistivity and ERT evaluations, and 

ERT case studies; 

iv. Instrumentation and waveform analysis for ERT, and 

v. Study of physical properties by resistivity methods. 

The non-invasive property of ERT methods is one of the main characteristics that draw 

the investigators' attention to this technique. ERT has been successfully employed in a 

wide range of problems including engineering applications (chemical process 

engineering, site investigation, core and soil sample analysis), biomedical, and 

environmental applications. Tables A-1 and A-2 present a few of the published results of 

ERT applications in engineering studies. 
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The study of rock cores and soil samples is fundamental to soil and rock mechanics, 

petroleum engineering, and soil sciences. Recently, attention has turned toward the 

application ERT in rock core and soil sample analysis (Table A-2) and successful results 

have been obtained. 

Among other parameter, the success of electrical technique in locating subsurface 

contaminated plume depends on the resistivity contrast between anomaly and its 

surroundings, the shape and size of the plume, and the location of plume with respect to 

the electrode grids among other parameters. Electrical techniques have been used to 

detection and monitoring of contamination by invading fluids from oil and ore production 

and processing, to map leakage from landfills and waste disposal sites, and to evaluate 

pollution from industrial sources (Table A-3 to A-7). 

Leakage from a landfill or a polluted site moves in a preferred pathway controlled by the 

most conductive pathway in the fonnation (TabJe A-5), combined with the pressure and 

flow boundary conditions. Early detection of plumes can minimize the cost of 

groundwater remediation at these sites. Surface electrical methods are the least 

expensive non-invasive geophysical methods, which, in proper conditions, can give 

successful results in detecting and monitoring of such processes (Osiensky and 

Donaldson 1995). 
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Table A. l Engineering and industrial applications of ERT 

References 

Ma et al. (1997) 

Si nificance or ma· or conclusions 

The greater the number of electrodes and the longer the size of electrodes, the 

better the resolution of the ERT images of conductive regions within the chemical 

refinery vessels. 

Mann et al ( 1997) Air-core verte:c detection, miscible fluid mixing, and gas-liquid mixing process were 

illustrated using ERT method in a tank model. 

Daniels et al. ( 1996) 3-D resistivity discontinuities were modeled using a ( HSPICE) discrete component 

model for process flow applications. 

Dickin and Wang Design and operation of ERT instrumentation for process applications were 

( 1996) presented. 

Djamdji et al. ( 1996) EIT was used 10 map the resistivity distribution of silicon wafers or conducting 

films. 

Ostrowski et al. {1996) 2-D analytical solution based on conjugate hamzonics was presented for EITIECT 

industrial system design. 

Wang et al. (l 995) 

Dickin et al. (1993) 

Jones et al. ( 1992) 

ERT was successfully used to image inside a conducting process vessel from its 

conductive boundary, using analytical and FEM model. The sensitivity distribution 

was evaluated based on the derived relations based on the sensitivity density 

coefficient reconstruction algorithm to demonstrate rite effects of different electrode 

geometries. 

EJT was introduced to evaluate the composition and motio11 of aqueous based 

process reactors and pipeline flow. 

Potential use of EJT was introduced for two-phase flow study. Improvement of 
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Table A-2 Core and soil sample analysis 

References 

West et al. ( 1997) 

Si nificance or ma or conclusions 

ERT was shown to be capable of monitoring the soil resistivity changes during 

electrokinetic soil treatmenr; resistivity changes correlated with chemical changes 

of soil during the process. nee author concluded that ERT may be used in 

monitoring electrokinetic remediation in the field. 

Bi nley ct al. ( 1996) ERT was applied to study of flow pathways in porous media along with dye staining 

image verification. 

Jackson and Lovell Electrical resistivity imaging was used successfully to monitor fluid flow though a 

( 1991) core sample and to assess the impact of heterogeneity on the petrophysica/ 

Jackson ct al. (l 991) analysis. 

A new technique was introduced to image anisotropic resistivity structure by 

Sprunt ct al. ( 1991) panitioned electrical current either hori:.ontally or \.'ertically in core samples. 

Simultaneous application of X-ray computeri:.ed tomography and ERT for core 

Owen and Daily sample moisture distribution analyses were presented. 

( 1988} Quamitative e\'aluation of the water distribution of rock samples was conducted 

usin • ues based on the calibration o results with the true values. 

The literature on 3-D resistivity numerical modeling may be classified in three main 

divisions: finite difference, finite element, and boundary element based models (Table 

A-7). A true solution of ERT needs a fast reliable forward model to compare the results 

of the inversion part and to finalize the resistivity distribution in the interested region. 

Table A-3 Steam injection monitoring 

References 

Ramirez ct al. ( 1996) 

Ramirez et aJ. (1993) 

Si nificance or ma ·or conclusions 

The authors demonstrated tire capability of ERT in monitoring and control in a 

subsurface thermal remediation when this technique is combined with other data 

sets such as temperature. 

ERT was used to detect steam invasion through soil resistivity changes in time and 

s ace. 
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Table A4 Monitoring groundwater processes 

References 

Daily and Ramirez 

(1998) 

Binley ct al. ( 1997) 

Binlcy ct al. ( 1996) 

La.Brccque ct al. 

(1996) 

Ramirez et al. ( 1996). 

&b 

Schima et al. (1996) 

Slater Cl al. (1996) 

Slater et al. ( 1996) 

Daily and Ramirez 

(1995) 

Daily et al. (1995) 

Osiensky and 

Donaldson ( 1995) 

Si nificance or ma· or conclusions 

EIT wa.s evaluated for Perchloroethelyne ( PCE) release detection. The result shows 

EIT is capable of PC£ detection because of tlte resistivity contrasts. 

Successful leakage detection using ERT was presented for a number of field 

experiments. 

A successful experiment was conducted on the examination of solute transport in an 

undisturbed soil column using a biomedical-rype ERT system. More electrodes 

increase 1he image resolution. 

The effectiveness of £RT was ei•a/uated for monitoring of several environmental 

remediation processes in two field e:cperimenrs. 

The performance of ERT has been evaluated as a leak detection method for buried 

storage tanks in two field case studies. 

The air flow pattern of an air sparging process was monitored by cross-borehole 

£RT. £RT is more accurate in defining the radius of influence than conventional 

techniques. 

Mapping the spatial distribution of fractured hydrologically complex limestone was 

conducted before, during and after a saline fluid injection, using cross-hole £RT. 

The results were consistent with borehole television logging. 

Reconstruction of cross-hole ERT data revealed the location of preferential flow 

pathways in fractured rock. £RT results were consistent with closed-circuit 

television logging and double-packer testing data. 

ERT was used in monitoring of an in-situ trichloroethyle11e remediation experiment. 

The flow of injected air and water was controlled by local variations in fonnation 

permeability and is almost non-modified througlz the injection. 

Two field experiments demonstrated the capability of ERT for the detection of 

hydrocarbon distribution in saturated and unsaturated ::,,ones, and the detection and 

delineation of the extent of sparged zones were illustrated. The simulation of the 

detection of oil leak.age from a tank by ERT was presented. 

A modified mise-a-la-mass method was successfully applied to monitor the 

evaluation of a conductive plume in time. This method was very sensitive to 

resistivity changes of groundwater. Sensitivity of this method reduces with depth of 

investi ation. 
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Table A-4 Continued 

References 

Lundegard and 

LaBrecquc (199S) 

Si nificance or ma· or conclusions 

An air sparging remediation e;tperiment was monitored with conventional methods 

( such as water table mounding, soil gas pressure and composition, and tracer gas 

response) and cross-borehole ERT. In comparison, ERT was more sensitive to the 

pattern of air flow in the saturated :one. 

Spies and Ellis ( 199S) Application of ERT in monitoring of different stages of in-situ vitrification process 

was presented. 

Daily ct al. ( 1992) ERT images were consistent with known geology and numerical flow simulation 

with respect to soil type. ERT is a useful method to monitor the moisture front 

movement in heterogeneous soil. 

Ichikawa and Ishibashi The distribution of the fracture :one at a dam site was imaged using ERT method. 

( 1990) The data were collected before and after a saline injection to the fracture wne. 

Tarnburi et aJ. (1988) A 3-d ERT algorithm and system has been described. Laboratory and field 

experiments show that ERT is a promising method for groundwater studies. 

Tarnburi et aJ. (1987) 

Greenhouse and 

Williams (1985) 

Tamburi et aJ. < 1985) 

An EIT algorithm and system were introduced as Electro-scan system for imaging 

of pollution plumes. 

In geophysical monitoring of contamination of waste disposal, it was suggested to 

consider future changes, minimal permanent installations, high priority of 

simplicity and reliability, clear definition of measurement limitation, and well­

defined unrelated noise level. 

Table A-5 Monitoring leaks from storage ponds and liners under waste 

References 

Laine ct al. (1997) 

Van et al. (1991) 

Parra ( 1988} 

Si nificance or ma· or conclusions 

A surface electrode grid was used to locate the leak from a liner under waste. A 

non-linear least-square technique was used to invert the data. 

A set of permanent electrodes was installed on grids beneath and around the 

investigation site. Successful results were obtained from the resistivity method in 

detecting leakage from the pond. 

This study proposed mapping the electrical response due to a short circuit across 

an insulating liner, which results from conductive fluid in a hole. 

Greenhouse and Harris The resistivity method was used to map conductive zones of contaminated 

(1983) roundwater. 
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Table A-6 ERT Case studies 

References Si nificance or ma· or conclusions 

Andrews et aJ. (1995) A set of successful conducted field experiments was presented on the imaging of 

shallow depth soil profiles using the ERT method.· 

Narayan and Dusseault A simulation analysis applied ERT to Enhanced Oil Recovery ( EOR),· general 

(1995) requirements were presented. 

Kim et al. ( 1994) ERT wa.s used successfully to image the moisture distribution and movement in 

Roca-Ramisa et al. pavement. Micro- and micro-resistivity tools were introduced for well logging. 

(1994) Differentiation between natural and drilling induced fractures was achieved by 

analy:.ing the results of both micro- and micro-resistivity tools at the same rime. 

Schenkel ( 1994) 

Kuma1a ct aJ. ( 1993) 

Noel and Xu ( 1992) 

Noguchi et al. (1991) 

Daily et al. (1990) 

Sasaki and Matsuo 

(1990) 

Ranieri et aJ. (1989) 

Shima ( 1989) 

Reduction of sensitivity in radial and venical extent was detected. 

Dipole-dipole array showed the best results in a cased well. Single well survey has 

limited resolution while cross-hole con.figuration was able to reconstruct the layers. 

Results of a rank model were successfully compared with a 2.5-Dimen.sioanl FEM 

and theoretical potential field. 

It was deremiined that the ERT method gives clearer results in detecting 

imderground cavities than is achieved by pseudo.section method. 

A successful application of ERT on rock mass analysis for tunneling was presented. 

ERT was applied to cross borehole study. 

Copper mineral deposits were detected by ERT application of surface to tunnel. 

The possibilities of tomographic technique application to geo-electrical methods 

were analyzed. laboratory tests showed that ERT can identify different salt­

concentration wnes in salt-water intrusion monitoring. 

It was suggested that in case of surrounding resistivity structure, good images 

could be reconstructed from a combination of in-line data and cross-line data, 

analyzing an area outside the exploration area, and extension of one side of the 

ex /oration line (about 40%). 
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Table A-7 Three-dimensional resistivity and ERT evaluations 

References 

Pinheiro et al. 

( 1998) 

Duraiswami et al. 

( 1997) 

Santos et al. < 1997) 

Boothe and Basaarab­

Horwath ( 1996) 

Binley et al. {1996) 

Kotre ( 1996) 

Anderson et al. 

(1995) 

Kotre ( 1995) 

Spitzer ( 1995) 

Sasaki (l 994) 

Sasaki (1992) 

Takahashi et al. 

(1991) 

Si nificance or ma or conclusions 

The possibility of using Pentium PC's for 3-D ERT data processing was 

demonstrated. 

The boundary element method was applied to • solve 2- and 3-D EIT problem, 

assuming constant-conductivity interior regions to simplify the region shape 

parameteri:ation for efficiency. 

3-D resistivity data were collected, analyzed, and successfully compared with the 

previously collected 1- and 2-D resistivity data from geothermal.field. The achieved 

model was consistem with the previous model and geological information. 

Unifonnly distributed electrode configuration results in better images than 

peripheral arrangements. A greater number of independent measurements lead to 

image improvement. 

A general descriptio11 of forward and inverse solutions of 3-D ERT was presented. 

3-D ERT has been suggested to offer the true images of the phe,romena. 

In pure surface ERT. the author concluded that belier resolution would be obtained 

if the electrode grids were treated as two onhogonal sets of parallel linear arrays. 

An analytical solution/or a single target in a 2-D electrical impedance tomography 

( EIT) circular environment was developed which takes into account both 

conductivity and permirivity values. 

A sensitivity coefficient weighted filter back.projection image reconstruction 

algorithm was applied to sub-surface image reconstruction. This algorithm along 

with two onhogonal sets of parallel linear electrodes was shown to a useful 

imaging performance. nie robustness of the algorithm when it is used with 

incomplete data sets was demonstrated. 

A 3-D finite difference forward model was presented. The preconditioned 

conjugate gradient method was shown to be the most efficient matrix solver among 

five methods. 

Anisotropic resistivity tomography was used to numerically evaluate the 

characterization of fractured rock using a 2-D inversion model. 

The resolution of ERT was numerically evaluated. The dipole-dipole method was 

suggested for high-re.solution data and the pole-dipole was a good compromise 

between the dipole-dipole and pole-pole method. 

Seismic and cross-hole resistivity tomography .showed the best results in the 

reconstruction rmations amon various ima • • ues tested. 

147 



The inverse algorithm is one of the most important mathematical challenges in ERT 

studies. The published results show that there is still work to be done in this field to 

reach to a true 3-D inverse algorithm for ERT applications (Table A-8). 

Table A-8 Inversion 

References 

Pinheiro ct al. ( 1997) 

Vauhkonen et al. 

()997) 

Si nificance or ma· or conclusions 

A /2-bil data acquisi1ion system/or real rime imaging was introduced. Smoothness• 

constrained inversion was shown to be superior to the Marquardt•Levenberg 

regulari:.a1ion in the prescmce of Gaussian noise. 

A new method of implementing prior infomiation of conductivity in the optimizalion 

algorilhm was introduced that is based on the appro:ci11iation of the prior 

covariance matrix by simulated samples of feasible conductivities. 

La.Brecquc et al. Occam's Inversion algorithm was discussed/or borehole ERT. Misleading effects of 

( 1996) noise were explained. A smart way of using this method was sugges1ed. 

Loh and Dickin ( 1996) Modification of New1on-Raphson was presented by operating on the non-:.ero 

values of sparse matrix, and applying preconditioning. 

Loke and Barker 

(1996). 

Loke and Barker 

The required number of pole-pole potential mea.suremenls were reduced to one­

third by making measurements alo,zg venical, hori:;omal, and 45° diagonals 

passing through the curren1 electrodes without degrading the image resolution. 

An inversion technique based on smoothness-constrained least-squares method was 

introduced for calculation of resistivity pseudosecrions. Initial values were based 

on homogenous eanh; next iteration guess values were calculated using a quasi­

Newton method to estimate the panial deriva1ives. These approaches reduce the 

compuler running time. Tests .showed that this technique is insensitive to random 

noise. 

Morelli and LaBrccque A 2-D ERT inversion algorithm was introduced based on Occam's-style, weighted-

< 1996) least-square method. This approach reduced the effect of systematic noise in data. 

Li et al. ( 1995) A full 3-D inversion of ERT data was developed. Application of quasi-convexity 

property of non-linear regularizing inverse problem and selection of optimum 

regularizing parameters lead to high-resolution, accurate and stable inversion. 

Loke and Barker 

(1995). 

Lokc and Barker 

(199Slt, 

Multiplicarion of a scaling factor calculated from the last two iterations increased 

the convergence speed. Using a weighred average of resistivity differences for layer 

resistivity improved the stability ofZohdy's inversion 

A 2-D ERT algorithm was introduced based on smoothness-constrained and least­

s uares. 
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Table A-8 Continued 

References 

Zhang ct al. ( 1995) 

Si nificance or ma· or conclusions 

Conjugate gradient relaxation technique along with an incomplete Cholesky 

decomposition preconditioning were applied for a 3-D resistivity forward and 

inverse algorithm. An experimental result was presented/or a leakage monitoring. 

Artola and Dell ( 1994} A quasi-Newton based 2-D EJT was presented, which to solve the forward problem 

Li ( 1992) 

LaBrccquc ( 1990) 

Yorkey ( 1990) 

Sasaki ( 1989) 

at each iteration and updating the inverse at the same time. Both steps take O (n1
) 

operations (each takes 0.1 Is on a 25 MHz 68040 based NeXT station). 

Two 2-D inversion algorithms were developed to construct conductivity images 

directly, or by combining the charge density images obtained by invening multiple 

sets of common current potentials using the Born approximation. 3-D inversion 

was developed based on few assumptions and solution of a sequence of 1-D 

inversion algorithms, which was called approximate inverse mapping (AIM) 

formuli:.ation. A forward model and AIM were used to analyse the observed data. 

In a numerical study. tire smoothest inversion produced much belier results for 2-D 

cross-hole ERT than maximum entropy inversion. 

A Gauss-Newton solution was presented to solve non-linear problem of ERT based 

on piecewise polynomial function. 

Tire application of joint im:ersion to magnetotel/uric and dipole-dipole resistivity 

was described. The combination of smoothness-constrained least-squares and 

modified Gram-Schmidt methods was used. Numerical and field results showed that 

the joint inversion method improves the resolution of 2-D resistivity data. 

Gustafson and McEucn Joint inversion of multiple resistivity data sets was found to improve the quality of 

(1987) interpretation. Joint inversion is not sensitive to random noise bur may not 

co11verge for the data with systematic noise. 

Shima and Sakayama The authors introduced the alpha center method for forward algorithm and a 

(1987) hybrid non-linear least square method as an inversion algorithm/or 2-dimensional 

ERT (numerical stud ). 

Few publications are available on resistivity and ERT instrumentation. Table A-9 

presents some of the recent publications on this issue. 
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Table A-9 Resistivity instrumentation, power supply and wavefonn analysis for ERT 

References 

Gasulla ct al. ( 1997) 

Si nificance or ma· or conclusions 

Synchronous sampling at flat part of square waves was found to reduce the 

interference compared with sinusoidal waves. 

B.u·kcr 1995 A brief description of resistivity systems was introduced. 

Jaafari and Joos 1995 The use of a combination of electronic and electromechanical switching 

components results in implementation of a compact, efficient, affordable and low 

weight power supply for field operation. 

Pallas-Areny and 

Brescoli ( 1995) 

A new circuit for synchronous sampling was presented. It was suggested that 

square waves are easier to generate and can be applied to £IT using a 

demodulator for synchronous sampling and band-pass filter to isolate the noise at 

low re uencv. 

The interpretation of resistivity data directly depends on our understanding of the effects 

of different parameters on the electrical field. The effects of different parameters on the 

collected resistivity data have been studied and reported in many publications (such as: 

Zohdy 1968, Roy and Apparao 1971, Roy 1972, Klefstad el al. 1975, Kumar and 

Chowdary 1977, Roy and Rao 1977, Fax et al. 1980, Holladay and West 1984, Barker 

1989, Sen and Goode 1992, Frasheri 1993) and still can be seen in the recent 

publications (Pous et al. 1996, Yadav and Abolfazli 1998). Table A-10 presents the most 

recent publications on the study of physical properties by resistivity methods. 
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Table A-10 Study of physical properties by resistivity methods 

References 

Bing and Greenhalgh 

( 1997) 

Si nificance or ma or conclusions 

A synthetic study showed that the dipole-dipole and pole-dipole arrays are better 

for cross-hole resistivity imaging than are pole-pole arrays. Scanning observations 

and electrode separations were the most effective parameters in rhe resistivity 

image resolution in these two arrays. 

Nishigaki ct al. ( 1996) Using a 2-dimensional inversion and pole-pole electrode configuration, ERT was 

Llera et al. ( 1990) 

used to evaluate and to determine the longitudinal and transverse dispersion 

parameters of a /aborarory sample. Resulrs of FEM analysis and conventional 

methods were consistenr. 

Temperature dependence of resistivity in several water-sarurated rocks was 

investigared (above 200°C). An increase in temperature reduces the resistivity of 

rocks. 
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Appendix 8. An example of a solved forward problem 

In electrical impedance imaging, a low frequency AC (or DC) electric current is injected 

onto a regional surf ace and the peripheral potential is measured. The image of the 

distribution of electrical conductivity within the region is reconstructed by inverse 

calculation. Therefore, there are two aspects in electricaJ impedance tomography: 

i. The forward solution; and, 

ii. The inverse solution. 

The forward problem here is the caJculation of the potential field generated by a DC or a 

low frequency AC current, and the governing equation is a Laplace's equation (Equation 

2-10). 

A forward problem is presented here as an example. The problem has a high degree of 

symmetry, and is amenable to development of an analytical solution. 

As an example of solving Laplace's equation in 3-D using analytical methods, consider a 

cylindrical cell of radius R and length 2a which is filled with a standard solution of 

known conductivity. The electrodes are placed on the periphery at the middle of the 

cylinder (Z = 0 plane) as a set of point electrode sources (Figure 8-1). 

2a 

Figure 8-1 Schematic projection of a cylindrical object 

Steady current flows through two electrodes which are located at (r, ♦ 1, 0) and (r, ♦2, 0). 

Therefore we have: 
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V 2 V ( r, 9, z ) = 0 (B-1) 

and in terms of the cylindrical coordinates, Laplace's equation in three dimensions is: 

1 a av 1 a 2 v a 2 v 
-;- ilr ( r ilr ) + r 2 i} 9 2 + ilz 2 = O (B-2) 

To solve the Laplace equation we separate the variables, and substitute: 

V(r, 8,z) = R (r) . <l)( 9) . Z(z) (B-3) 

This leads to; 

(B-4) 

Upon division of both sides by R<l)Z; then; 

l d 2 R l d R 1 d 24) 1 d 2 Z 
---+--+----+---=0 
R dr 2 rR dr r 2 cf.> d 9 2 Z dz 2 (B-5) 

Since the three terms are separate functions of (r,0) and z, respectively, they each must be 

constant: 

l d 2 R 1 dR 1 d 2 <l) 
---+--+----
R dr 2 rR dr r 2 <1> d9 2 (B-6) 

The parameter A is an arbitrary real positive parameter. The last differential equation can 

be solved as: 

(B-7) 

The solution is; 
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Z(z) = Al cos (Az) + A 2 sin (AZ) (B-8) 

Because the potential is an even function, V (z) = V (-z), then A2 must be zero, therefore: 

Z(z) = A1 cos (Az) (B-9) 

After rearranging the left-hand side of equation (B-6) we get: 

r 2 d 2 R r dR 
---.. +---A2r2 
R dr· R dr 

= m ! (B-10) 

Again we have two separate parts which are functions of rand 8, respectively: 

{B-11) 

With the result of this differential equation being: 

<l>( 0) = 8 1 cos (m0) + Bi sin (m0) (B-12) 

The radial component can be put into standard fonn as a modified Bessel's equation: 

d 2 R 1 dR .,., m 2 

--., + - -- (A·+-., R)= 0 
dr· r dr r· 

{B-13) 

And the solution can be expressed as: 

(B-14) 

Where Im and Km represent the modified Bessel's functions of order m. The subscript m 

can not be zero because Io (Ar)= co. 

For r = 0 the potential must be finite [ Km (0) = infinity ] then C2 = 0 and the result will 

be: 

(B-15) 
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Finally, the general fonn of the solution is arrived by combining equations B-8, B-12, 

and A-15: 

V(r,0,z) = LAm Im (Ar) cos (AZ) cos (m0) + Bm Im (Ar) cos (AZ) sin (m0) 

(B-16) 

The problem is now reduced to finding the unknown parameters by using the boundary 

conditions. 

Because the conductivity in air (outside the cylinder) is equal to zero, then the variation 

of the potential over the planes z = -a and z = +a, in the z direction, must also be zero, 

i.e., 

d V(r,0,z) 

dz 

then: 

V(r,0,z) 

z = ±a 

z z = ±a 

=() (B-17) 

= L ± Asin(Aa) [Am Im (Ar) cos (m0) + Bm Im (Ar) sin (m0)] = 0 

(B-18) 

and sin (Aa) will be zero for Aa = mt ,therefore A= ntt/a for n ~ 0. 

However, for n = 0 (A= 0), Im(O) = 0, and hence the potential all terms will be zero, then 

A * 0 and n * 0, and the solution will be: 

V(r,0,z) = LL Arm Ima {) .. r) cos (Az) cos (m0) + Bmn Imo (Ar) cos (AZ} sin (m0) 

(A-19) 

Another boundary condition according to the position of two current electrodes is: 

(B-20) 
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By differentiation of V we have: 

- -LL ( Amo Imo (itR) cos (m8) cos (itz) + Bmll Imo (itR) sin (m8) cos (itz)) 
m:;0 n•O {B-2 l) 

- - !!. 8( Z) [ 8( (} - <I> I ) - 8( 8- <I>., ) ] 
Rs • 

Where I' mn is the derivative of Imn• 

The two unknown parameters Arnn and Bmn must be solved. For this we can use the 

orthogonality and the Dirac delta function properties. Multiply both sides of the equation 

(B-21 ), by cos () .. 'z) and cos (m'8) and integrate over z (from -a to a) and 8 (from O to 27t) 

respectively. 

For simplicity we solve each side part by part, then in the left hand side for z component 

we: 

a 2n 

f cos(itz)cos(Az)dz = ~ f cos()..~z)cos(it~ z)dz 
'It tr n 

-a 0 (B-22) 

We know that A* 0, then the solution of this part will be (a OU'). For the 8-dependent 

part in the left-hand side, we have: 

J:" sin(m8) cos(m8') d8 = O (B-23} 

Then the second tenn in the left-hand side of Equation (B-21) will be omitted and we 

have for the first tenn: 

r21f {"'8mm· Jo cos(m8)cos(m'0) d8 = 2n 
m:;cO 

m=m'=O 

Because m cannot be zero, the solution becomes 7t0mm,. 
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Finally the left-hand side will be: 

- .. LL (a&·)(1td-·)A- l'111(A.R) (B-25) 
m•I n=I 

On the right-hand side of equation (A-21), we have: 

lo Ja il,r -- cos(il'z)o(z)dz cos(m'0) (0(8-<t>,)-0(9-<t>:)] d0 
Ra -a o 

(B-26) 

and then: 

f
0 
cos(il' z)o(z)dz = cos(0) = l (B-27) 

iln: i ln Jo [ ] cos(m'0)a(0 - 4>,)d8 - cos(m'9)o(0 - 4>:)d0 = -- cos(m'<l>,)-cos(m'<I>:) 
o o Ra 

Therefore equation (B-21) will become; 

- .. I LL (aau•)(n-S....-)A-I'm(ilR) = --
0 

(cos(m'<t>,)-cos(m'<I>:)] 
m=l n=l Ra 

According to the Dirac delta function definition; 

if n=n' 
if n¢:n' 

The solution only form= m' and A=)..' has been solved .. therefore: 

and finally the solution for parameter Amn will be: 
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For finding the parameter Bmn we follow the same procedure as before. The z­

dependent component remains the same and the solution takes the form (a OU') for left­

hand hand side and ( 1) for the right hand side. For the 8 dependent component we 

multiply both sides of Equation (B-22) by sin (p0) and integrate from O to 21t. 

Consider the left-hand side, for the first term we have: 

f :• cos (m8) sin (p8) d0 = O (B-33) 

Then the first term will be omitted, and for the second term we have: 

(ltr { tr 0. (a0.1.t)B-I'm(A.R)Ja sin(m8)sin(p0)d0=aB .. l'm(AR) O m ;eQ (B-34) 
m=p=O 

We know that m ;e 0, then the solution will be 1t Omp. For the right-hand side we have: 

IO [1 :!,r 1 l,r l / 0 [ ] -- sin(p8)8(8-4>1)d8 - sin(p0)8(8-<t>:) =-- sin(p<f>,)-sin(p<l>i) 
Ra O O Ra 

(B-35) 

And finally we have: 

(a Ou· )(tr&.,) B-I'm(A. R)=~[ sin (p4>2)- sin (pcl>1)] 
Ra 

(B-36) 

According to the definition of the Dirac delta function form= p and A= "A' the solution 

will be: 

(B-37) 

Then the Bmn parameter is: 

B-= 
1
: A. [sin(m<I>,)- sin(m<l>,)] 

Ratral ~( R) 
(B-38) 

And finally the general solution of the potential field is equal to: 
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V(r,0,z)= LL 
m=I nal 

where: 

A-[ L.( n: r) cost: z) cos (m8)] + B-[ I. ( n: r) cost: z) sin (m8)] 

(B-39) 

A-= 
10 

(cos(m<l>:)-cos(m<I>,)] 
Ramrl'm(A R) 

(A-40) 

and; 

B-
10 

[sin(m<l>:)-sin(m<l>,)] 
Ramrl'm(A R) 

(B-41) 

The potential difference between two electrodes, V 1 (R,0,81) and V 2 (R,0,82), can now be 

written as: 

8.1 Application 

{

[ (cos (m0,) - cos(m0:)) (cos (m<l>:) - cos (m<l>1) )] } 

+ [ (sin (m8,) - sin (m0!)) (sin (m<I>:) - sin (m<l>1) )] 
(B-42) 

A 3-dimensional algorithm is developed for electrical resistivity tomography (ERT) of a 

finite cylinder. To use the solution practically, electrodes for data collection should be 

placed around the sample in a cross-sectional plane at the mid-height of the cylinder, and 

axial variations of the potential field should be considered. Electrical current will be 

induced in the sample from two of the electrodes, and potential differences will be 

measured through a series of paired electrodes in the cross-sectional plane. This 

algorithm is suitable for studying of any uniform cylindrical objects (i.e., penneameter, 

core sample, etc.) for geological and engineering problems. 

A penneameter can be used to collect data in cylindrical specimens, and issues such as 

changes of salinity of fluid, saturation, and phase saturation (oiVwater/gas) are of interest. 

With a properly monitored specimen, the algorithm can be used to analyze some of these 
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effects, or more generally, to explore the relationship between hydraulic conductivity and 

electrical resistivity of the sample. 

160 



Appendix C. Equipment evaluation 

One of the objectives of the primary experiment in the Cambridge sand pit site was to 

evaluate and select the most appropriate equipment available for collecting ERT data. 

Different resistivity meters were studied (Table C-1) and the Syscal Junior System 

(manufactured by IRIS Instruments, in France) was finally selected from all of those 

studied. Since there were some doubtful field readings by the Syscal Junior System, a 

set of different repeated measurements was conducted in the field and laboratory. These 

tests can be divided into two groups, field tests, and lab tests. 

C. l Field tests 

The field tests of the system are shown in figures C-1 and C-2. Figure C-1 is a plot of 30 

times measurements of 5 cycles with a fixed electrode arrangement for different 

resistivity meter gage positions. There is a± 2-3 % shift for different gage positions with 

respect to each other. In addition, a linear drift (increasing trend) can be seen in the 

readings of different gage positions. Also, some jumps have been detected in the 

collected data. 

/_,._so-a-100-6---200~400 I 
1050 

1030 
G u 1010 i 
as 990 : 
c• 970 - CL ! E 
C )~ 950 s o-

930 ~ 0 

j!. 910 
"i 
E 890 
0 z 870 

850 
3 5 7 9 11 13 15 17 19 21 23 25 27 29 

Iteration Number 

Figure C-1 Resistivity meter response in repeated measurements in the field for different 

gage positions 
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Table C-1 Commercial resistivity meters specifications 

Row Company 

1 IRIS Inst. 
·---•-- -- - -----------~----

2 Syntrex 

3 OYO 
~-~-·- ----·-···-- -

4 Campus 

S lnterpex 

6 ABEM 

AGI 

7 
Advanced 
Geosiences, 
Inc. 

8 Bison 

9 Androtec 

•NA: Not available 

Model 
Measurement 

system 

Syscal Junior Four electrodes 
------ ···---·-· .. - -- - --- - -

Geopluse Four electrodes 

Mc-Ohm-
Four electrodes 

2115 
~---~--- -- •- ·····----·-·----- ---·-- -· 

MRT System Four electrodes 

Current 
Range 

mA V 

800 400 

100 180 

200 200 

JOO() 700 

RESIX-IP2D Four electrodes NA NA 

Terrameter 
SAS4000 

Sting/Swift 
(RI) 

Four electrodes 500 1000 

Four electrodes 500 500 

Four electrodes NA NA 

IP & TDR-6 Four electrodes NA NA 

Output 
power 

(Watts) 

50 

18 

40 

NA 

NA 

NA 

NA 

NA 

NA 

Claim 
Accuracy 

and 
reliability 
better than 

0.5% 
·---------. 

0.001 ohm 
- -- ---- - - --

0.001 ohm 

0.001 ohm 

NA 

0.25% 

. -- ···- .... - . 

better than 
1.0% 

NA 

0.25% 

Memory 
capacity 

818 
points 
~------ ·-

NA 

NA 
- --- -~ ---- --

NA 
_,_ ------ ---

NA 

2MB 

~- ~-------·--·-· -

>3000 
points 

NA 

NA 

Input 
Voltage 
(Volts) 

±5 

NA 

NA 

NA 
'' 

NA 

NA 

500 

NA 

NA 

- . 

Operating 
Temp. # of channels 
Range: (Receiver) 

(OC) 

-20 to +70 
-- -· -·-· ----- --- ------------- ~~--

0to50 
-- . ---· ------ -- ------- ---~--

NA 3 
----------- _________ , __ ,_ 

NA 
~-- - - - ----- ~------· ----

NA 

NA 

NA 

NA 

NA 

4 
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For one current dipole electrode arrangementt the electric potentials of all surface 

electrodes have been measured with respect to a fixed point. The same procedure has 

been repeated and the results of these two measurements are presented in Figure C-2. 

There is a larger fluctuation in collected data for the small electric potential differences 

than for the larger ones. 

i~ -. 
j~ ,~ 
u-
=~ H E 
"i:;:-
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1i . .. 
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1000 -------------------------, 
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10 

1 

1.00 

• • 
• • • • • • 

10.00 100.00 
Flrst set of electlc potential measurement (mVolt/Ampa) 

1,000.00 

Figure C-2 Plot of two set of repeated measurements in the field for the same electrode 

arrangements 

C.2 Laboratory tests 
The results of laboratory tests are presented in Figures C--4 to C-8. The first set of 

measurements is the data collection of the resistivity meter for different resistors at four 

gage positions (50, 100, 200, and 400 volts). The error has been calculated with respect 

to the true resistance of each resistor. The error is bigger for the low resistivity resistors. 

The laboratory setup is schematically presented in Figure C.3. The resistor R is the one 

that has been changed in different tests. 

In additiont two sets of resistor networks have been prepared (Figure C-9). The Syscal 

Junior resistivity meter has been checked to read for 32 times of 5 cycles for different 

resistivity meter gage positions and the results have been presented in Figures C-10 and 

C-11. 
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R 
llill 

Figure C.3 Schematic diagram of laboratory setup 
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Figure C-4 Syscal Junior resistivity meter readings for 1.0 k.Q resistor at different gage 

positions 
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Figure C-5 Syscal Junior resistivity meter readings for LO k.Q resistor at different gage 

positions 
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Figure C-6 Syscal Junior resistivity meter readings for 120 k.Q resistor at different gage 

positions 
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Figure C-7 Syscal Junior resistivity meter readings for 220 k.Q resistor at different gage 

positions 
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Figure C-8 Syscal Junior resistivity meter readings for 2.2 k.Q resistor at different gage 

positions 
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Figure C-9 Schematic diagram of two resistance networks: (a) first resistor networ~ (b) 
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In Figure C-10 there is almost ± 3 % error detected for different gage positions. The 

results from the second resistor network (Figure C-11) shows that the resistance of this 

network is most probably out of the accuracy range of this system. 

50 Volts --100 Volts --200 Volts --400 Volts! 

705000 

700000 
ii 
=-i rn 695000 
- a. 8. e 
ii 690000 

= 0 
685000 as > e e o-z 680000 

675000 
0 20 40 60 80 100 120 140 160 

Iteration• 
I 

Figure C-10 Repeated lab measurements of the first resistor network for different gage 

positions 
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0 g 2900000 
i 
i 2700000 -8. 
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0 z 
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lteratrons 

Figure C-11 Repeated lab measurements of the second resistor network for different gage 

positions 
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C.3 Equipment evaluation results 

From the results presented in the previous sections, it can be concluded that: 

i. There is a typical reading uncertainty of about ± 2%; 

ii. This error can be more or less random with time or as an almost linear 

slope; 

iii. There are aJso occasions where very large differences occur between 

repeated measurements on the same electrodes, when one reading 

becomes very close to zero; 

iv. The error behavior is somewhat different between field and lab 

measurements. 

The maximum voltage input limit of the Syscal Junior (:t 5 volts) was the main problem 

in the data collection. The downhole potential electrode readings were greater than 5 

volts whenever the current was passing through one of the downhole electrodes. These 

readings were very important for checking the effects of injected saline to the electrical 

field. Comparing with the simulated results, the collected data are fairly reliable for 

evaluating the objectives of Cambridge experiment. 
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Appendix D. The specifications of the devices, components and softwares used in 

the ERT system: 

There are two main parts in this system: 

l. Switch network and computer interfacing; and 

2. Power supply. 

Since the power supply is not finished yet, and the delivery time is not clear, the 

explanation of that unit will be omitted. It is more desirable to explain each device and 

component separately. Devices and components that have been used in the switching 

network and computer interfacing include the following. 

D.1 Switch network and computer interfacing 

The following is a brief introduction to the devices and components used for the ERT 

automated system: 

D.1.1 Devices: 

D.1.1.1 AID converter board specifications: 
AT-MIO-16XE-50 from National Instruments (National Instruments 1997) 

Typical for 25° C unless otherwise noted. 
Analog Input 
Input characteristics 
Number of channels 

Type of ADC 
Resolution 
Maximum sampling rate 
Input signal ranges 
Input coupling 
Maximum working voltage 
(signal+ common mode) 

Overvoltage protection 
Inputs protected 
FIFO buff er size 
Data transfers 

16 single-ended, 16 non-reference 
single-ended or 8 differential 
(software selectable per channel) 
Successive approximation 
16 bits, 1 in 65,536 
20 kS/s guaranteed 

DC 

The common-mode signal (the average of 
the two signals in a differential pair) should 
remain within ±8 V of ground and each 
input should remain within ±11 V of 
ground. 
±25 V powered on, ±15 V powered off 
ACH<0 .. 15>, AISENSE 
512 samples 
OMA 
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OMA modes 
Configuration memory size 
Transfer characteristics 
Relative accuracy in LSB 

DNL 

Gain 
(Software selectable) 

1 
2 
10 
100 

No missing codes 
Amplifier characteristics 
Input impedance 

Normal, powered on 
Powered off 
Overload 

Input bias current 
Input off set current 

CMRR, DC to 60 Hz 

Gain CMRR 
1 80OB 
2 86OB 
10 100 DB 

100 120 DB 

Dynamic characteristics 
Bandwidth (-3 dB) 

Single transfer, demand transfer 
512 words 

±0.5 typical, ±1.0 max 

Range 
(Software selectable) 
bipolar uni-polar 
±10 V Oto 10 V 
±5 V Oto 5 V 
±1 V Oto 1 V 
±0. l V 0 to 0.1 V 

±0.5 typical, ±1.0 max 
16 bits, guaranteed 

7 G½ in parallel with 100 pf 
820 ½ min 
820 ½ min 
±lOnA 
±20nA 

Gain 
l, 2 
10 
100 

Bandwidth 
63kHz 

Settling time to ±1 LSB 
for full-scale step 

57 kHz 
33 kHz 

50 µs max, all gains and ranges 

System noise in LSBrms (including quantization noise) 
Gain= 1, 2, 10 0.5 
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Gain= 100 
Crosstalk 
Stability 
Recommended wann-up time 
Onboard calibration reference 
DC Level 
(actual value stored in EEPROM) 
Temperature coefficient 

Long-term stability 
Analog output for AT-MIO-16XE-50 
Output characteristics 
Number of channels 
Resolution 
Maximum update rate 
Type of DAC 
FIFO buff er size 
Data transfers 
DMA modes 
Transfer characteristics 
Relative accuracy (INL) 
DNL 
Monotonicity 
Off set error 

0.8 bipolar, 1.4 unipolar 
-85 dB max, DC to 20 kHz 

15 minutes 

5.000 V (±2.0 m V) 

±2 ppm/°C max 

±15 ppm/ Al,000 h 

2 
12 bits, l in 4,096 
20 kS/s 
Double-buffered 
None 
DMA, interrupts, programmed I/O 
Single transfer, demand transfer 

±0.5 LSB max 
±1 LSB max 
12 bits, guaranteed 

After calibration ±0.S m V max 
Before calibration ±85 mV max 
Gain error (relative to calibration reference) 
After calibration ±0.01 % of output max 
Before calibration ± 1 % of output max 
Voltage output 
Range 
Output coupling 
Output impedance 
Current drive 
Protection 
Power-on state 
Dynamic characteristics 
Settling time to ±0.S LSB (±0.01 % ) 

for full-scale step 
Slew rate 
Noise 
Glitch energy (at midscale transition) 

Magnitude 
Duration 

Stability 
Off set temperature coefficient 

±lOV 
DC 
0.1 ½ max 
±SmA 
Short-circuit to ground 
0V(±85mV) 

S0µs 
2 V/µs 
40 µVnns .. DC to 1 MHz 

±30mV 
10 µs 

±25 µV/°C 
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Gain temperature coefficient 
Onboard calibration reference 

Level 

Temperature coefficient 
Long-tenn stability 

Digital 1/0 
Number of channels 
Compatibility 
Digital logic levels 

Power-on state 
Data transfers 

Level 
Input low voltage 
Input high voltage 

Input low current 
(Vin= 0 V) 
Input high current 
(Vin= 5 V) 

Output low voltage 
(I out= 24 mA) 
Output high voltage 
(I out= 13 mA) 

Timing 1/0 
Number of channels 

Resolution 
Counter/timers 
Frequency scaler 
Compatibility 
Base clocks available 
Counter/timers 
Frequency scaler 
Base clock accuracy 
Maximum source frequency 
Minimum source pulse duration 
Minimum gate pulse duration 
Data transfers 
OMA modes 

±15 ppm/°C 

5.000 V (±2 mV) 
(actual value stored in EEPROM) 
±2 ppm/°C max 
±15 ppm/ Al,000 h 

8 input/output 
TTUCMOS 

Minimum 
ov 
2V 

4.35 V 

Input (High-Z) 
Programmed UO 

Maximum 
0.8 V 
SV 

-320 µA 

lOµA 

0.4 V 

2 up/down counter/timers, 
l frequency scaler 

24 bits 
4 bits 
TTUCMOS 

20 MHz, 100 kHz 
10 MHz, 100 kHz 
±0.01% 
20MHz 
10 ns, edge-detect mode 
10 ns, edge-detect mode 
OMA 
Single transfer, demand transfer 
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Triggers 
Digital trigger 
Compatibility 
Response 
Pulsewidth 

RTSI 
Trigger Lines 
Bus Interface 
Power requirements 
Power available at I/0 connector 

Physical 

TTL 
Rising or falling edge 
10 ns min 

7 
Master (PCI only), slave 
+5 VDC (±5%), 0.75 A 
+4.65 to +5.25 VDC, 1 A 

Dimensions (not including connectors) 
YO connector 

33.8 by 9.9 cm (13.3 by 3.9 in.) 
68-pin male SCSI-II type 

Operating environment 
Ambient temperature 
Relative humidity 
Storage environment 
Ambient temperature 
Relative humidity 

0° to 55° C 
10% to 90%, noncondensing 

-20° to 70° C 
5% to 95%, noncondensing 

D.1.1.2 Multiplexer board specifications 
Arnux-64T from National Instruments (National Instruments 1997) 

Typical for 25° C unless otherwise noted. 
Analog input 
Input characteristics 
Number of channels 

Single AMUX-64T board 
Two boards 
Four boards 

Input signal ranges 
Input impedance 

Powered on 

Powered off 
Input coupling 
Overvoltage protection 
Inputs protected 

64 single-ended or 32 differential 
128 single-ended or 64 differential 
256 single-ended or 128 differential 
Same as MIO board 

Asoo ½ in series with MIO input 
impedance 
Asoo ½ for IV IN I >0. 7 v 
DC 
±35 V powered on, ±20 V powered off 
CH<0 .. 63> 
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Dynamic characteristics 
Settling time to 10 V step 

Gain 
0.5 to 5 
10 
20 
50 
100 

Stability 
Recommended warm-up time 
Cold-junction reference 
Output 
Accuracy 
Power requirement 

Physical 
Dimensions 
Signal connections 
I/O connectors 

Environment 
Operating temperature 
Storage temperature 
Relative humidity 

MIO ±0.012% (±0.5 LSB) Accuracy 
with One AMUX-64T with Four AMUX-64Ts 

5 µs 9 µs 
6 µs 9 µs 
6 µs 11 µs 
7 µs 11 µs 
9 µs 14 µs 

15 minutes 

IO mVl°C 
zl.0° C from 0° to 110° C 
+s voe, 78 mA 

26.9 by 12.4 cm ( 10.6 by 4.9 in.) 
64 screw terminals 
Two 50-pin male ribbon connectors 
One 68-pin male connector 

0° to 70°C 
-20° to 70°C 
5% to 90% noncondensing 

D.1.1.3 Digital input board specifications 
The CIO-O1192 board senses 192 contact closures from a single card in a PC. The 

CIO-O1192 provides 192 lines of TIL digital input capable of reading signals from other 

TTL devices as well as solid state relays and any Oto 5V source. 

In input mode, no setup programming is required. As a result the state of the ports is not 

subject to glitching or reset as are programmable digital I/O chips. 

The CIO-D1192 uses a 50-pin connector. The CIO-D1192 has four connectors. Each 

50-pin connector carries 48 inputs and power. 

Power consumption 

+5 V Supply 280 mA typical/ 380 mA max 
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Digital input 

Input high 2.0V min, 7 .0V max 

Input low 0.8V max, -0.SV min 

Undefined 0.8V to 2.0V 

Chip will be damaged if input is < -0.5V or> 7 .0V 

Environmental 

Operating temperature 

Storage temperature 

Humidity 

Weight 

0-50 ° C 

-20-70 ° C 

0 to 90% non-condensing 

5 oz (ComputerBoards Inc. 1995) 

D.1.1.4 Digital output board specifications: 
The CIO-DO192H board has 192 high drive digital output lines (or 192 bit digital output 

high drive). Cabling to the CIO· 192H is via standard 50 pin, 0.10 inch spacing IDC type 

ribbon cable connectors. Each cable carries 48 digital output lines, +5 volts and ground. 

The DO 192H has four connectors. 

The 82C55 can source or sink 2.5mA per YO line. High drive boards can source 15 mA 

and sink 64 mA. The CIO-OO boards are fixed in an output state at all times there is no 

programming required to initialize the output registers. The output registers hold the 

state of the 8 bits most recently written to that port. 

Power consumption 

+5 V supply 450 mA typical / 660 mA max 

Digital output 

Output high 2.0V min, 7 .0V max 

Output low 0.8V max, -0.SV min 

Environmental 

Operating temperature 

Storage temperature 

Humidity 

Weight 

0-50 ° C 

-20-70 ° C 

0 to 90% non-condensing 

5 oz(ComputerBoards Inc. 1995) 
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D.2 Components 

D.2.1 Electromechanical relays 

(b) 

Figure D-1 Electromachanical Reed Relays: (a)DS4E-M-12V from Aromat Canada, Inc. 

(for elements Kl and K2 of Figure 4.11), (b) DS2E-M-12V from Aromat Canada, Inc. 

(for element K3 of Figure 4.11) 

D.2.2 High-voltage high-current Darlington transistor arrays 

Relay drivers ULN20003AN Texas Instruments for element UA of Figure 4.11 (Texas 

Instrument 1993) 

The ULN2003A is a monolithic high-voltage, high-current Darlington transistor array. It 

consists of seven npn Darlington pairs that feature high-voltage output with common 

cathode clamp diodes for switching inductive loads. The collector-current rating of a 

single Darlington pair is 500 mA. The Darlington pairs may be paralleled for higher 

current capacity. 

Specifications 

- 500-mA rated collector current (single output) 

- High-voltage outputs 50V 

- Output clamp diodes 

- Inputs compatible with various types of logic 

- Relay driver applications 
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• absolute maximum ratings at 25°C free-air temperature (unless otherwise 

noted) 

- Collector-emitter voltage 

- Input voltage, V1 

- Peak collector current (see Figures 14 and 15) 

- Output clamp current, IoK 

- Total emitter-terminal current 

- Continuous total power dissipation 

TA =25°C A TA= 25°C 
Package Power Rating Derating factor 

(mW) Above (mW/°C) 

50V 

30V 

500mA 

SOOmA 

-2.5A 

TA= 85°C 
Power Rating 

(mW) 

D , 950 . 7.6 . 494 -·v·--,-·-·mo·7-·-s2·-r·sea-··· 

- Operating free-air temperature range, TA -20 to 85°C 

- Storage temperature range, Tstg -65 to 150°C 

- Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 260°C 
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Parameters Conditions ULN2003A unit 
min type lmax 

V,(on) On-state input voltage I 

Vee =2 V le =200 mA 2.4 V I 
I 

le =250mA 2.7 

le= 300 mA 3 
I 

I I 
I I 

Vee {sat) Collector-emitter jI, = 250 µA, le= 100 mA 0.9 1.1 V 
saturation voltage I 

I 
i 

!11 = 350 uA, lc = 200 mA 1 ! 1.3 
!11 = 500 uA, It"! = 350 mA 1.2 I 1.6 

lcex Collector cutoff current Vee=SOV, 1,=0 I 50 µA I . 
Vee= 50 V, TA= 70"C, II = 0 ' 100 

VF Clamp forward voltage IF=350 mA 1.7 2 V 
-

litoff) Off-state input current !Vee= 50 V, le= 500 µA 50 65 µA 
:,TA= 10°c ; 

Ii Input current !V, = 3.85 V 
I ! 0.93 1.35 mA I 

I : I 

IR Clamp reverse current !VR = 50 V 
j 50 

. 
µA I 

I 

:vR = so v, TA= 10°c 100 
C1 Input capacitance iV,=0, f=1MHz 

r 
15 

I 

25 ! pF I 
I I I 

D.2.3 Octal butTers and line drivers with 3-state outputs 

SN74LS244 octal buffers and line drivers with 3-sate outputs are used for modification of 

digital 1/0 boards. These octal buffers and line drivers are designed specificaJiy to 

improve both the performance and density of three-state memory drivers, clock drivers, 

and bus-oriented receivers and transmitters. The operation temperature range is from Oto 

70 °C. 

D.2.4 Filter components: 

Capacitor, a Siemens MKT polyester film capacitor 463-B32529-CJ0S-J. (for element Cl 

of Figure 4.11 ). 
Specifications 
Climatic category in accordance with IEc 68-155/100/56 

Lower category temperature T min 

Upper category temperature T max 

Damp heat test 

Limit values after damp 
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- 55 °C 
+ 100 °C (+ 125 °C for 1000 hand 
Ve= 0.5VR) 
56 days/40 °C/93 % relative 
humidity 
Capacitance change IA Cl Cl S 5 % 



Heat test 

Reliability: 
Reference conditions0,5 x V R ;40 °C 

Failure rate 
Service life 

Failure criteria: 
Total failure 
Failure due to variation of parameters 

DC test voltage 

Category voltage V c 
Operation with de voltage or 
ac voltage V rms up to 60 Hz 

Category voltage for 
short operating periods 

Dissipation factor change !l tan 6 
S 5 x 10 -3 (at l kHz) 
Insulation resistance R is 3 50 % of 
minimum or time constant t = C R x 
R is as-delivered values 

I x IO -9 /h = 1 fit 
200000 h 

Short circuit or open circuit 
Capacitance change IL\ Cl Cl> 10 % 
Dissipation factor tan d > 2 x upper 
limit value. Insulation resistance R is 
< 150 MW ( C R £ 0,33 mF) or time 
constant t = C R x R is < 50 s ( C R 
>0,33 mF) 
1,4 x V R, 2 s 

TS 85 °C: Ve= l.0xVR or l.0xVnns 

T =100 °C: Ve= O.SxVR or0.8xVrms 

TS 100 °C: l.25xVc for max 2000 h 
T =125 °C: Ve =0.5xVR or 0.5xVnns 
for max 1000 h 

Resistor, a Phillips metal film resistor 0.6 W 1% 353-MRS25F 13K (for element R3 of 

Figure 4.11 ). 
Specifications 

DESCRIPTION VALUE 
Resistance range 
Resistance tolerance and series 
Maximum dissipation at Tamb =70 °C 
Thennal resistance (Rth ) 
Temperature coefficient 
Maximum pennissible voltage (DC or RMS) 
Basic specifications 
Climatic category (IEC 68) 
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1 Q to 10 M.Q 
±1 %; E24/E96 series 
0.6W 
150 K/W 
£ ±50 ' 10 -6 /K 
350V 
IEC 115-1 and 115-2 
55/155/56 



Stability after: 
Load: 

AR/R max.: ±0.5% +0.05 .Q 

aR/R max.: ±0.5% +0.05 .Q 

Climatic tests: 
A R/R max.: ±0.5% +0.05 .Q 

A R/R max.: ±0.5% +0.05 Q 

Soldering: 
A R/R max.: ±0.1 % +0.05 .Q 

A R/R max.: ±0. l % +0.05 Q 

Short time overload A R/R max.: ±0.25% +0.05 Q 

D.2.5 Protection unit components: 
Voltage divider components: 
Resistor, an /RC thick.film metal glaze resistor 3 W 5% 211-GS3-JOOM (for element Rl 

of Figure 4.11) 
Power rating 

Resistance range 
Tolerance 
Leads 

3W@ 25°C 
2W@ 70°C 
l ohm to 3M ohm 
±1 %, 2%, and 5% 
Tin-lead electroplated copper 

TCR ±50(T2) pprn/°C - {available on values greater than 10 ohms) 
±l00(T0) pprn/°C 
±200ppm/°C 

Voltage rating 1000V max. 
Dielectric strength 1000V min. 
Identification Printed style 

Load life 
TCRppm 
STOL 
Moisture 
Temp. cycle 
Solder effect 
Term. strength 
Shock 
Vibration 

Test Maximum aR Limits 
%aR 2.0 
%aR 100/50 
%aR 0.20 
%aR 0.40 
%aR 0.20 
%AR 0.20 
%AR 0.10 
%AR 0.10 
%AR 0.10 
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Resistor, a Phillips metal film resistor 0.6 W 1% 353-MRS25F 4M75 (for element R2 of 

Figure 4.11) 
Specifications 

DESCRIPTION 
Resistance range 
Resistance tolerance and series 
Maximum dissipation at Tamb =70 °C 
Thermal resistance (Rth) 
Temperature coefficient 
Maximum permissible voltage (DC or RMS) 
Basic specifications 
Climatic category (IEC 68) 

Stability after 
Load: 

LlR/R max.: ±0.5% +0.05 Q 

LlR/R max.: ±0.5% +0.05 n 
Climatic tests 

tl R/R max.: ±0.5% +0.05 .Q 

tl R/R max.: ±0.5% +0.05 .Q 
Soldering 

tl R/R max.: ±0.1 % +0.05 Q 

tl R/R max.: ±0. l % +0.05 Q 

VALUE 
1 n to IO M.Q 

±1 %; E24/E96 series 
0.6W 
150 K/W 
£ ±50 " IO -6 /K 
350V 
IEC 115-1 and 115-2 
55/155/56 

Short time overload A R/R max.: ±0.25% +0.05 .Q 

Low voltage protection unit components: 
Ze11er diodes, two Motorola zener JOV JW 5% DO41 3001N47540A (for elements DJ 

and D2 of Figure 4.11) 

Specification 
Surge Rating of 98 Watts@ 1 ms 
Maximum Limits Guaranteed On Up To Six Electrical Parameters 

Weight 0.4 gram (approx) 

Rating: 
DC Power Dissipation @ T A = 50°C 

Derate above 50°C 

Operating and Storage Junction Temperature Range 
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lW 

6.67 mW/°C 

- 65 to +200 °C 



Tenninals, connectors, IC sockets, wires and cables are the other required miscellaneous 

for this system. 

D.3 Software 

The following is the list of software programs used for computer interfacing: 

i. Lab VIEW version 5.0 (National Instruments); 

ii. InstCal version 3.4 (ComputerBoards, Inc.); and, 

iii. Universal Library and its extension to LabVIEW version 4.2 

(ComputerBoards, Inc.). 
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Appendix E. Cambridge preliminary experiment results 

Table E. l The data sets of Figure 6.1 to 6.3 for Cambridge preliminary experiment 

electric potential measurements (in TECPLOT format). Units are m V / A 

TITLE="Potential measurements in cambridge sand pit, current electrodes at 
80m west of injection well and SW monitoring well 

VARIABLES="X (m)","Y (m)","Z {m)"."Background, Jan 19' .. "After lnj., Jan 
20", "One week after, Jan 26 " 

ZONE J=12 1=9 K=1 

31.50 0.00 0.00 52.7626 324.5182 230.4079 
31.50 3.50 0.00 15.8219 111.0787 78.8659 
31.50 7.00 0.00 18.3712 73.4n0 52.1687 
31.50 10.50 0.00 43.5507 225.2524 159.9292 
31.50 14.00 0.00 62.0735 384.8533 273.2458 
31.50 17.50 0.00 65.3791 160.5788 114.0109 
31.50 21.00 0.00 27.4857 89.9785 63.8847 
31.50 24.50 0.00 77.1819 216.2876 153.5642 
31.50 28.00 0.00 137.1995 370.5475 263.0887 
28.00 0.00 0.00 31.2026 241.4066 171.3987 
28.00 3.50 0.00 12.8866 13.1467 9.3342 
28.00 7.00 0.00 51.0640 256.3742 182.0257 
28.00 10.50 0.00 83.3192 472.4002 335.4041 
28.00 14.00 0.00 102.4120 620.3897 440.4767 
28.00 17.50 0.00 99.2469 659.3266 468.1219 
28.00 21.00 0.00 80.3171 606.4330 430.5674 
28.00 24.50 0.00 43.9521 426.0767 302.5145 
28.00 28.00 0.00 1.3939 174.3148 123.7635 
24.50 0.00 0.00 12.3040 47.1285 33.4612 
24.50 3.50 0.00 38.9699 168.7052 119.7807 
24.50 7.00 0.00 86.0612 436.4119 309.8524 
24.50 10.50 0.00 127.9108 723.9374 513.9956 
24.50 14.00 0.00 143.8166 878.0906 623.4443 
24.50 17.50 0.00 145.0303 940.7945 667.9641 
24.50 21.00 0.00 119.5053 837.0114 594.2781 
24.50 24.50 0.00 75.0396 620.1289 440.2915 
24.50 28.00 0.00 21.5369 342.9148 243.4695 
21.00 0.00 0.00 0.7468 46.8600 33.2706 
21.00 3.50 0.00 61.1564 286.0818 203.1181 
21.00 7.00 0.00 115.9281 615.1817 436.7790 
21.00 10.50 0.00 167.1754 982.1236 697.3078 
21.00 14.00 0.00 201.1150 1260.7690 895.1460 
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Table E. l Continued 

21.00 17.50 0.00 199.2184 1360.5290 965.9756 
21.00 21.00 0.00 233.8901 1190.4380 845.2110 
21.00 24.50 0.00 106.9987 851.4750 604.5473 
21.00 28.00 0.00 39.3644 492.2888 349.5250 
17.50 0.00 0.00 7.0660 8.5456 6.0674 
17.50 3.50 0.00 77.1270 399.9989 283.9992 
17.50 7.00 0.00 149.4911 860.9683 611.2875 
17.50 10.50 0.00 214.8266 1322.9020 939.2604 
17.50 14.00 0.00 261.4034 1798.8350 12TT.1729 
17.50 17.50 0.00 268.1952 1922.8900 1365.2519 
17.50 21.00 0.00 211.6612 1629.6150 1157.0267 
17.50 24.50 0.00 183.0161 1967.1890 1396.7042 
17.50 28.00 0.00 151.5616 479.4949 340.4414 
15.75 0.00 0.00 6.3423 2.3986 1.7030 
15.75 3.50 0.00 83.5513 458.1281 325.2710 
15.75 7.00 0.00 163.2997 958.8794 680.8044 
15.75 10.50 0.00 240.1836 1505.5850 1068.9654 
15.75 14.00 0.00 296.9621 2132.1510 1513.8272 
15.75 17.50 0.00 332.5198 2607.5890 1851.3882 
15.75 21.00 0.00 239.5171 698.7543 496.1156 
15.75 24.50 0.00 139.6598 1221.4910 867.2586 
15.75 28.00 o.oo 52.2718 690.4140 490.1939 
14.00 0.00 0.00 0.0000 0.0000 0.0000 
14.00 3.50 0.00 82.4150 486.4323 345.3669 
14.00 7.00 0.00 170.2030 1033.6820 733.9142 
14.00 10.50 0.00 254.8952 1692.7060 1201.8213 
14.00 14.00 0.00 327.8135 2526.2220 1793.6176 
14.00 17.50 0.00 462.6045 3791.4010 2691.8947 
14.00 21.00 0.00 268.4780 2280.4370 1619.1103 
14.00 24.50 0.00 142.9445 1350.2350 958.6669 
14.00 28.00 0.00 43.9150 707.4660 502.3009 
12.25 0.00 0.00 10.7965 45.7998 32.5179 
12.25 3.50 0.00 76.9400 500.4843 355.3439 
12.25 7.00 0.00 170.4923 1126.8800 800.0848 
12.25 10.50 0.00 252.1034 1787.0110 1268.7n8 
12.25 14.00 0.00 334.3074 2669.5840 1895.4046 
12.25 17.50 0.00 539.9446 4593.3470 3261.2764 
12.25 21.00 0.00 281.4452 2543.5930 1805.9510 
12.25 24.50 o.oo 140.0665 1449.2910 1028.9966 
12.25 28.00 0.00 30.8435 738.6929 524.4720 
10.50 0.00 0.00 50.2034 411.8536 292.4161 
10.50 3.50 0.00 62.3755 437.5308 310.6469 
10.50 7.00 0.00 156.4228 1085.7290 no.8676 
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Table E. l Continued 

10.50 10.50 0.00 165.5135 1819.2030 1291.6341 
10.50 14.00 0.00 148.2351 2636.4560 1871.8838 
10.50 17.50 0.00 352.8746 3355.5700 2382.4547 
10.50 21.00 0.00 264.6255 2640.5670 1874.8026 
10.50 24.50 0.00 135.8724 1601.6460 1137.1687 
10.50 28.00 0.00 13.6071 744.6762 528.7201 
7.00 0.00 0.00 18.8389 243.7451 173.0590 
7.00 3.50 0.00 10.3m 310.4619 220.4279 
7.00 7.00 0.00 93.9654 908.0844 644.7399 
7.00 10.50 0.00 154.6454 1504.7280 1068.3569 
7.00 14.00 0.00 131.8186 1157.2210 821.6269 
7.00 17.50 0.00 180.4877 2273.1040 1613.9038 
7.00 21.00 0.00 130.4466 1960.2810 1391.7995 
7.00 24.50 0.00 38.4991 1263.4240 897.0310 
7.00 28.00 0.00 61.3829 590.7804 419.4541 
3.50 0.00 0.00 22.6799 49.1216 34.8763 
3.50 3.50 0.00 64.0415 86.1980 61.2006 
3.50 7.00 0.00 0.0858 627.8334 445.7617 
3.50 10.50 0.00 35.1762 1036.n4o 736.1095 
3.50 14.00 0.00 51.7018 618.1574 438.8918 
3.50 17.50 0.00 19.2113 1446.7310 1027.1790 
3.50 21.00 0.00 43.2789 1219.5170 865.8571 
3.50 24.50 0.00 117.4884 689.6TT1 489.6707 
3.50 28.00 0.00 207.8898 64.3897 45.7167 
0.00 0.00 0.00 223.2250 713.0987 506.3001 
0.00 3.50 0.00 168.2795 302.5550 214.8141 
0.00 7.00 0.00 135.0784 126.2811 89.6596 
0.00 10.50 0.00 121.9153 460.1563 326.7110 
0.00 14.00 0.00 35.4898 1323.9050 939.9726 
0.00 17.50 0.00 151.3728 496.1866 352.2925 
0.00 21.00 0.00 257.6692 249.5711 1n.1955 
0.00 24.50 0.00 502.4487 167.0113 118.5780 
0.00 28.00 0.00 375.6134 588.4851 417.8244 

ZONE J=2 1=2 K=1 
14.92 19.64 -16.76 C2 C2 C2 
14.92 19.64 -16.76 6426.2900 5527.7900 6080.5700 
12.36 16.89 -16.76 5153.7500 4575.2800 5043.8100 
12.01 19.71 -16.76 4614.0000 4160.6000 4567.6600 

ZONE J=1 1=5 K=1 
13.88 18.34 ·13 4726.5900 4021.0400 4423.1400 
13.88 18.34 -13.5 5398.2900 4392.4200 4866.1300 
13.88 18.34 -14 5740.8200 4866.5000 5323.1500 
13.88 18.34 ·14.5 6459.2200 5363.4700 5889.8200 
13.88 18.34 -15.5 6710.1300 5925.7000 6508.2700 
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Appendix F: New ERT system evaluation and calibration results 

Table F. l Calculated precision data of the new ERT measuring system (graphically 

presented in Figure 6.18) 

Absolute 

Level (V) Gain 
precision Error% Error% 

limits wrt min wrtmax 
(mV) 

Oto 
100 0.0015 1.5259 0.0015 

0.0001 0.0000 
0.0001 to 10 0.0153 0.0153 0.00153 

0.1 0.00000 

1 to 5 2 0.0763 0.0076 0.00153 
0.00000 

5 to 10 1 0.1526 0.0031 0.00153 
0.00000 

10 to 20 0.5 0.3052 0.0031 0.00153 
0.00000 

20 to 100 0.1 1.5259 0.0076 0.00153 
0.00000 

100 to 200 0.2 3.0518 0.0031 0.00153 
0.00000 

200 to 400 
0.05 or 

6.1035 0.0031 0.00153 
0.025 0.00000 
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Table F.2 Laboratory evaluation of the new ERT measuring system results for different 

voltage ranges (graphically presented in Figure 6.19 and 6.20) 

Sample Time Input volta2e to the new ERT system (m V) 
No. (msec) 7.1 116.6 3070 7068 1500S 30010 110041 

1 0.05 7.157 116.568 3070.223 7068.684 15004.190 30008.698 110040.991 

2 0.10 7.111 116.589 3070.329 7068.501 15004.794 30009.873 110045.759 

3 0.15 7.042 116.596 3070.223 7068.319 15005.397 30012.224 110045.759 

4 0.20 7.157 116.610 3070.170 7068.136 15006.001 30009.873 110036.224 

5 0.25 7.141 116.568 3070.276 7068.319 15004.794 30008.698 110040.991 

6 0.30 7.103 116.554 3070.276 7068.866 15004.190 30008.698 110036.224 

7 0.35 7.103 116.589 3070.117 7068.684 15005.397 30009.873 110040.991 

8 0.40 7.057 116.561 3070.065 7068.319 15006.001 30012.224 110045.759 

9 0.45 7.027 116.575 3070.117 7068.136 15004.190 30011.049 110036.224 

10 0.50 7.027 116.603 3070.170 7068.866 15005.397 30008.698 110036.224 
11 0.55 7.134 116.610 3070.065 7068.866 15004.794 30009.873 110040.991 
12 0.60 7.073 116.596 3070.117 7068.319 15005.397 30009.873 110045.759 
13 0.65 7.118 116.575 3070.223 7068.684 15004.190 30007.523 110045.759 
14 0.70 7.126 116.568 3070.170 7068.136 15005.397 30008.698 110036.224 
15 0.75 7.157 116.561 3070.223 7068.501 15006.001 30009.873 110040.991 

16 0.80 7.065 116.596 3070.329 7068.319 15005.397 30013.399 110040.991 
17 0.85 7.027 116.575 3070.329 7068.501 15006.001 30009.873 110045.759 
18 0.90 7.042 116.554 3070.117 7068.684 15004.190 30008.698 110036.224 
19 0.95 7.157 116.568 3070.223 7068.684 15004.794 30007.523 110045.759 
20 1.00 7.126 116.603 3070.117 7068.501 15006.001 30013.399 110040.991 
21 1.05 7.042 116.610 3070.329 7068.684 15004.190 30012.224 110045.759 
22 1.10 7.034 116.582 3070.223 7068.136 15006.001 30011.049 110040.991 
23 1.15 7.103 116.554 3070.117 7068.319 15004.794 30008.698 110040.991 
24 1.20 7.050 116.582 3070.065 7068.501 15005.397 30009.873 110040.991 
25 1.25 7.088 116.568 3070.065 7068.136 15005.397 30012.224 110036.224 
26 1.30 7.141 116.596 3070.170 7068.319 15004.190 30012.224 110036.224 
27 1.35 7.164 116.589 3070.276 7068.319 15004.794 30009.873 110045.759 
28 1.40 7.057 116.554 3070.276 7068.501 15006.001 30007.523 110040.991 
29 1.45 7.034 116.568 3070.170 7068.684 15005.397 30008.698 110045.759 
30 1.50 7.088 116.554 3070.223 7068.866 15004.190 30008.698 110036.224 
31 1.55 7.027 116.596 3070.223 7068.501 15006.001 30011.049 110036.224 
32 1.60 7.149 116.603 3070.329 7068.501 15004.794 30009.873 110036.224 
33 1.65 7.126 116.610 3070.223 7068.319 15004.794 30012.224 110045.759 
34 1.70 7.164 116.561 3070.065 7068.501 15006.001 30011.049 110040.991 
35 1.75 7.095 116.575 3070.170 7068.684 15005.397 30008.698 110045.759 

Mean 7.095 116.5807 3070.1944 7068.4856 15005.1385 30010.0750 110041.1276 
Standard 0.048 0.0189 0.0853 0.2274 0.6754 l.649S 3.9186 
Maximum 7.164 116.6101 3070.3287 7068.8665 15006.0008 30013.3994 110045.7587 
Minimum 7.027 116.5540 3070.0647 7068.1360 15004.1901 30007.5229 110036.2240 
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Table F.3 Laboratory evaluation of the new ERT measuring system results for different 

voltage ranges (graphically presented in Figure 6.20) 

°k of standard 
Input voltage 

Standard 
deviations 

to the system 
deviations 

with respect 
(mV) to Input 

voltage 

7 0.0480 0.6768 
116 0.0189 0.0162 

3000 0.0853 0.0028 
7000 0.2274 0.0032 

15000 0.6754 0.0045 
30000 1.6495 0.0055 

110000 3.9186 0.0036 
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Appendix G: Input Data file listings to FRAC3DVS and SAL TFLOW models to 

simulate Cambridge experiment: 

G.1 FRAC3DVS inputs 

Material properties in mprops file 

The material properties have been given to FRAC3DVS by a file named as mprops. This 

file is the same through all the steps. 

Sand 
1.0 
l.0 
1.0 
0.0 
0.35 
.false. 
0 .06 . 5 
10.0 
0.1 
0.1 
0.1 
2.65 
0.00 
0.00 
Unsat Sand 
1.0 
1.0 
1.0 
0.0 
0.35 
.false. 

1.9 .4736 0. 0. 

0.06 .5 1.9 .4736 0. 0. 
10.0 
0.1 
0.1 
0.1 
2.65 
0.00 
0.00 
Clay 
7.Be-6 
7.Se-6 
7.Be-6 
0.0 
0.35 
.false. 
0.2 .25 1.8 .4445 0. 0. 
10.0 
0.1 
0.1 
0.1 
2.65 
0.00 
0.00 

kxx 
kyy 
kzz 
storage coefficient 
porosity 
true if tabular data 

longitudinal dispersivity 
transverse dispersivity 
transverse vertical dispersivity 
tortuosity 
bulk density 
immobile zone porosity 
mass transfer coefficient 

kxx 
kyy 
kzz 
storage coefficient 
porosity 
true if tabular data 

longitudinal dispersivity 
transverse dispersivity 
transverse vertical dispersivity 
tortuosity 
bulk density 
immobile zone porosity 
mass transfer coefficient 

kxx 
kyy 
kzz 
storage coefficient 
porosity 
true if tabular data 
, beta, 
longitudinal dispersivity 
transverse dispersivity 
transverse vertical dispersivity 
tortuosity 
bulk density 
immobile zone porosity 
mass transfer coefficient 
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Rest of the data input 

The other specifications have transferred to FRAC3DVS though a file with "*.np" 

extension. This file was modified in each major step (like steady•state, pumping, and 

Transport). 

salt.np file for steady-state 
ERT Forward modeling trails •Injection in unsatuatrion part• (Parsa) 

generate variable blocks 
79 
79 
34 

! xi(l) .... xi(79) 
1970.0 1972.0 1974.0 1976.0 1978.0 1980.0 1981.0 1982.0 1983.0 
1984.0 1985.0 1986.0 1987.0 1988.0 
1989.0 1990.0 1990.5 1991.0 1991.5 1992.0 1992.5 1993.0 1993.5 
1994.0 1994.5 1995.0 1995.5 1996.0 
1996.5 1997.0 1997.5 1998.0 1998.5 1998.75 1999.0 1999.25 1999.5 
1999.75 1999.9 2000.0 2000.1 2000.25 
2000.S 2000.75 2001.0 2001.25 2001.5 2002.0 2002.5 2003.0 2003.5 
2004.0 2004.5 2005.0 2005.5 2006.0 
2006.5 2007.0 2007.5 2008.0 2008.5 2009.0 2009.5 2010.0 2011.0 
2012.0 2013.0 2014.0 2015.0 2016.0 
2017.0 2018.0 2019.0 2020.0 2022.0 2024.0 2026.0 2028.0 2030.0 

! yi(l) .... yi(79) 
1970.0 1972.0 1974.0 1976.0 1978.0 1980.0 1981.0 1982.0 1983.0 
1984.0 1985.0 1986.0 1987.0 1988.0 
1989.0 1990.0 1990.5 1991.0 1991.5 1992.0 1992.5 1993.0 1993.5 
1994.0 1994.5 1995.0 1995.S 1996.0 
1996.5 1997.0 1997.5 1998.0 1998.5 1998.75 1999.0 1999.25 1999.5 
1999.75 1999.9 2000.0 2000.l 2000.25 
2000.5 2000.75 2001.0 2001.25 2001.5 2002.0 2002.5 2003.0 2003.5 
2004.0 2004.5 2005.0 2005.5 2006.0 
2006.5 2007.0 2007.5 2008.0 2008.5 2009.0 2009.5 2010.0 2011.0 
2012.0 2013.0 2014.0 2015.0 2016.0 
2017.0 2018.0 2019.0 2020.0 2022.0 2024.0 2026.0 2028.0 2030.0 

! zi(l) .... zi(34) 
970.0 973.0 976.0 978.0 979.0 980.0 981.0 982.0 982.5 983.0 983.5 
984.0 984.5 
985.0 985.S 986.0 986.5 986.75 987.0 987.25 987.5 988.0 988.5 
989.0 990.0 991.0 992.0 994.0 996.0 998.0 998.5 999.0 999.5 1000. 

done grid definition 

steady state 
finite difference mode 

unsaturated 
set kwrith 
1 
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choose nodes all 
initial head 
984.0 

clear chosen elements 
choose elements block 
0. 2030. 
0. 2030. 
980. 998. 
zone chosen elements 
2 
clear chosen zones 
choose zone number 
2 
read material properties 
Unsat Sand 

clear chosen elements 
choose elements block 
0. 2030. 
o. 2030. 
998. 1000. 
zone chosen elements 
3 
clear chosen zones 
choose zone number 
3 
read material properties 
Clay 

clear chosen nodes 
choose nodes x plane 
1970.0 
l.e-5 
specified head 
1 
o.o. 983.0 

clear chosen nodes 
choose nodes x plane 
2030.0 
l.e-5 

specified head 
1 
0.0, 985.00 

clear chosen nodes 
choose nodes block 
1980. 2010. 
1980. 2010. 
980. 990. 
write chosen nodes 
gbnew.nd 

time on, head 

time on, head 

newton absolute convergence criteria 

193 



l.e-4 
newton residual convergence criteria 
1.e20 

aalt.np file for Pumping step 
ERT Forward modeling trails •Injection in unsatuatrion part• (Parsa) 

generate variable blocks 
79 
79 
34 

! xi(l} .... xi(76) 
1970.0 1972.0 1974.0 
1984.0 1985.0 1986.0 
1989.0 1990.0 1990.5 
1994.0 1994.5 1995.0 
1996.5 1997.0 1997.5 
1999.75 1999.9 2000.0 
2000.5 2000.75 2001.0 
2004.0 2004.5 2005.0 
2006.5 2007.0 2007.5 
2012.0 2013.0 2014.0 
2017.0 2018.0 2019.0 

! yi(l) .... yi(76} 
1970.0 1972.0 1974.0 
1984.0 1985.0 1986.0 
1989.0 1990.0 1990.5 
1994.0 1994.5 1995.0 
1996.5 1997.0 1997.5 
1999.75 1999.9 2000.0 
2000.5 2000.75 2001.0 
2004.0 2004.5 2005.0 
2006.5 2007.0 2007.5 
2012.0 2013.0 2014.0 
2017.0 2018.0 2019.0 

! zi(l) .... zi(31) 

1976.0 1978.0 
1987.0 1988.0 
1991. 0 1991. 5 
1995.5 1996.0 
1998.0 1998.5 
2000.1 2000.25 
2001. 25 2001. 5 
2005.5 2006.0 
2008.0 2008.5 
2015.0 2016.0 
2020.0 2022.0 

1976.0 1978.0 
1987.0 1988.0 
1991. 0 1991.5 
1995.5 1996.0 
1998.0 1998.S 
2000.1 2000.25 
2001. 25 2001. 5 
2005.5 2006.0 
2008.0 2008.5 
2015.0 2016.0 
2020.0 2022.0 

970.0 973.0 976.0 978.0 979.0 980.0 
984.0 984.5 

1980.0 1981. 0 1982.0 1983.0 

1992.0 1992.5 1993.0 1993.5 

1998.75 1999.0 1999.25 1999.5 

2002.0 2002.5 2003.0 2003.5 

2009.0 2009.5 2010.0 2011. 0 

2024.0 2026.0 2028.0 2030.0 

1980.0 1981. 0 1982.0 1983.0 

1992.0 1992.5 1993.0 1993.5 

1998.75 1999.0 1999.25 1999.5 

2002.0 2002.5 2003.0 2003.5 

2009.0 2009.5 2010.0 2011. 0 

2024.0 2026.0 2028.0 2030.0 

981.0 982.0 982.5 983.0 983.5 

985.0 985.5 986.0 986.5 986.75 987.0 987.25 987.5 988.0 988.5 
989.0 990.0 991.0 992.0 994.0 996.0 998.0 

done grid definition 

! used for injection and transport of saline 

transient flow 
adaptive timesteps 
output times 

2 

! First pumping step with tab water 
0.02 
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! Second pumping step with saline mixture 
0.036 

initial timestep 
l.e-5 

finite difference mode 

unsaturated 
set kwrith 
1 

set kwrithc 
1 

restart file for heads 

clear chosen elements 
choose elements block 
1970. 2030. 
1970. 2030. 
980. 998. 
zone chosen elements 
2 
clear chosen zones 
choose zone number 
2 
read material properties 
Unsat Sand 

clear 
choose 
1970. 
1970. 
998. 

chosen elements 
elements block 
2030. 
2030. 

1000. 
zone chosen elements 
3 
clear chosen zones 
choose zone number 
3 
read material properties 
Clay 

clear chosen nodes 
choose nodes x plane 
1970.0 
l.e-5 
specified head 
l 
0.0, 983.0 

clear chosen nodes 
choose nodes x plane 
2030.0 
1.e-5 

time on, head 
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specified head 
1 
0.0, 985.00 

skip on 

time on, head 

! The unit of recharge input is based on the other inputs unit 
clear chosen faces 
choose faces top 
uniform rainfall 
0.002 ! Recharge from the surface(m/days) 

skip off 

clear chosen nodes 
choose nodes block 
1980. 2010. 
1980. 2010. 
980. 990. 
write chosen nodes 
gbnew.nd 

newton absolute convergence criteria 
l.e-4 
newton residual convergence criteria 
l.e20 

! not needed if you would like to use a Steady-state flow with no well 
clear chosen nodes 
make well node 
2000. 2000. 987. 
500 . 
. OB 
.08 

do transport 

solute parameters 
salt 
4.32e-5 
0.0 
0 
0.0 
0.0 
0.0 

clear 
choose 
2000.0 
2000.0 
987.0 

chosen nodes 
nodes block 

2000.0 
2000.0 
987.00 

specified concentration 
2 
0.0 0.02 0.1 
0.02 1.e20 1.0 
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salt.np file for Transport step 
ERT Forward modeling trails "Injection in unsatuatrion part" (Parsa) 

generate variable blocks 
79 
79 
34 

! xi(l) .... xi(76) 
1970.0 1972.0 1974.0 
1984.0 1985.0 1986.0 
1989.0 1990.0 1990.5 
1994.0 1994.5 1995.0 
1996.5 1997.0 1997.5 
1999.75 1999.9 2000.0 
2000.5 2000.75 2001.0 
2004.0 2004.5 2005.0 
2006.5 2007.0 2007.5 
2012.0 2013.0 2014.0 
2017.0 2018.0 2019.0 

! yi(l) .... yi(76} 
1970.0 1972.0 1974.0 
1984.0 1985.0 1986.0 
1989.0 1990.0 1990.5 
1994.0 1994.5 1995.0 
1996.5 1997.0 1997.5 
1999.75 1999.9 2000.0 
2000.5 2000.75 2001.0 
2004.0 2004.5 2005.0 
2006.5 2007.0 2007.5 
2012.0 2013.0 2014.0 
2017.0 2018.0 2019.0 

! zi{l} .... zi(31) 

1976.0 1978.0 
1987.0 1988.0 
1991. 0 1991.5 
1995.5 1996.0 
1998.0 1998.5 
2000.1 2000.25 
2001.25 2001.5 
2005.5 2006.0 
2008.0 2008.5 
2015.0 2016.0 
2020.0 2022.0 

1976.0 1978.0 
1987.0 1988.0 
1991.0 1991.5 
1995.5 1996.0 
1998.0 1998.5 
2000.1 2000.25 
2001.25 2001.5 
2005.5 2006.0 
2008.0 2008.5 
2015.0 2016.0 
2020.0 2022.0 

970.0 973.0 976.0 978.0 979.0 980.0 
984.0 984.5 
985.0 985.5 986.0 986.S 986.75 987.0 
989.0 990.0 991.0 992.0 994.0 996.0 

done grid definition 

1980.0 1981. 0 1982.0 1983.0 

1992.0 1992.5 1993.0 1993.5 

1998.75 1999.0 1999.25 1999.5 

2002.0 2002.5 2003.0 2003.5 

2009.0 2009.5 2010.0 2011. 0 

2024.0 2026.0 2028.0 2030.0 

1980.0 1981.0 1982.0 1983.0 

1992.0 1992.5 1993.0 1993.5 

1998.75 1999.0 1999.25 1999.5 

2002.0 2002.5 2003.0 2003.5 

2009.0 2009.5 2010.0 2011.0 

2024.0 2026.0 2028.0 2030.0 

981.0 982.0 982.5 983.0 983.5 

987.25 987.5 988.0 988.5 
998.0 998.5 999.0 999.5 1000. 

! used for transport of saline after injection 
transient flow 
adaptive timesteps 
initial time 
0.036 
output times 
15 
0.1 
0.2 
0.4 
0.6 
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0.8 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 
10.0 

finite difference mode 

unsaturated 
set kwrith 
1 

set kwrithc 
l 

restart file for heads 

restart file for concentrations 

clear chosen elements 
choose elements block 
1970. 2030. 
1970. 2030. 
980. 998. 
zone chosen elements 
2 
clear chosen zones 
choose zone number 
2 
read material properties 
Unsat Sand 

clear chosen elements 
choose elements block 
1970. 2030. 
1970. 2030. 
998. 1000. 
zone chosen elements 
3 
clear chosen zones 
choose zone number 
3 
read material properties 
Clay 

clear chosen nodes 
choose nodes x plane 
1970.0 
l.e-5 
specified head 
1 
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0.0, 983.0 

clear chosen nodes 
choose nodes x plane 
2030.0 
l.e-5 

specified head 
l 
0.0, 985.00 

clear chosen nodes 
choose nodes block 
1980. 2010. 
1980. 2010. 
980. 990. 
write chosen nodes 
gbnew.nd 

time on, head 

time on, head 

newton absolute convergence criteria 
l.e-4 
newton residual convergence criteria 
1.e20 

! not needed if you would like to use a Steady-state flow with no well 
clear chosen nodes 
make well node 
2000. 2000. 987. 
!500. 
0.0 
.08 
.08 

do transport 

solute parameters 
salt 
4.32e-5 
0.0 
0 
0.0 
0.0 
0.0 

clear 
choose 
2000.0 
2000.0 
987.0 

chosen nodes 
nodes block 

2000.0 
2000.0 
987.00 

specified concentration 
2 
0.0 0.02 0.0 
0.02 1.e20 o.o 
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G.2 SALTFLOW inputs 

The SALTFLOW reads all of the required input data from a single file (salt.data), only 

the salt concentrations of slurry injection were read in from another sets of files. In case 

of background potential simulations, there was no concentration file and input was 

inputted from salt.data file only. 

salt.data file for background 
SALTFLOW MODEL - Potential filed at Cambridge Shallow Slurry Fracture 
Injection Simulation 
95 x 77 x 27 Potential distribution nodes 
March 11, 1999 - Background without any anomaly (prior to inectionl 

0 1 0 1 1 0 0 ;KPRT,KCNTRL,KWT,KINT,KINTV,KGO,kchk 
15 15 10 ;ngx,ngy,ngz 

1000. 1800. 1910. 1930. 1960. 1980. 1998. 1999.5 2000.5 2002. 2020. 
2040. 2200.0 3000. 4000. ;xlim 
1000. 1800. 1920. 1960. 1980. 1998. 1999.5 2000.5 2002. 2020. 2040. 
2080. 2200.0 3000. 4000. ;ylim 
900. 970. 982. 983. 985. 986. 987. 
1 2 5 10 5 10 18 3 4 3 
1 2 1 l 10 18 3 4 3 18 
1 2 4 1 4 1 2 3 4 4 
10 o. 0.0000 
0 0 0 0 -1 
1 1 1 1 0 0 
xO,xl,yO,yl,zO,zl 
1 77 1 26 0.0 
1 77 1 26 0.0 
1 95 1 26 0.0 
1 95 1 26 0.0 

1 71440 8.00e-03 8.00e-03 
(m/s) Bottom Sand layer 

990.998. 1000. 
18 10 2 2 1 

10 1 1 2 l 

; zlim 
;nlx 
;nly 
;nlz 

;nwtl,datum,gamma 
;ix,iy,izl,iz2 breakthrough 
;B.C. 'S (FLOW) (Type) -

-1 
-1 
-1 
-1 

8.00e-03 +1 ; 1-10 NEL,KX,KY,KZ 

71441 157168 3.00e-03 3.00e-03 3.00e-03 +1 ;11-22 NEL,KX,KY,KZ 
(m/s) 
157169 
(m/s) 

Unsat Sand layer (Injection layer) 
185744 24.00e-03 24.00e-03 24.00e-03 

Clay layer 
-1 ;23-26 NEL,KX,KY,KZ 

0 0 0 
.00000 

0 0 0 O.e+O O.e+O O.e+OO -1 
.35 

0 0.0 
0 0 0 0 
0 0. 0 .• 
0.1 0.010 0.0500 
1 95 1 77 1 
.00001 .001 
1.0 1.00 
57 0 0 
39 0 0 

0. o. 

0. 
54 
13 

o. 1.0 

39 
39 

1. 
10 
26 

0 
0 

11 
27 

26 

0. 

0 0 
0. 

5.00e-11 O.Oe-0 
0.0 0.0 -1 

.00001 11 11 

0 
0 

0.5 
1.0 
+0.5 
-0.5 

0. 
2 

0. 
0. 

0. 
-1 

+l 
-1 

200 

1.0 

;INDEXED K 
;SS,l?OROSITY 
;INIT,HO (READ FLOW I.C.) 
;B.C. 'S (TRANSPORT) 
;IVEL,VX,VY,VZ (m/s) 
;AL,ATH,ATV,DD,decay,ret 
;initial condition 
;CCP,CCc,CCW,MAXITl,MAXIT2 
;OVER-RELAX HEADS.TEMP 
;KNOX(l-5)TRANSV. SECTION 
;KNOY(1-5)LONG. SECTION 
;five 3d print times (days) 
;tO,tl,dt,kplot(days) 
;hinc,rinc,sfact 
;source/sink (mA3/s/node) 
;source/sink (mA3/s/node) 



salt.data file for after slurry injection 

The only difference between this input file and the background one is a flag parameter 

(kchk =2) to read the concentration file the rest or data are the same. 

201 



Appendix H: Glossary of term used 
Note: 
More infomuztion about each of the following words or phrases can be found in Axelsson 
1994;, Barrett et al. 1994 •. Duff et al /986', Greenberg /997, Greenhouse et al. /99i, 
National Instruments /996' and Saad 1996: 

A 
A 

AC 

ACH<0 .. 7> 

ACK• 

AID 

Adaptive methods 

ADC 

Adjacency matrix 

Adjacent basis 

Adjoint 

Admissible 

Affine function 

Ampcrs 

Altemati ve current 

Analog (input) channel 0 through 7 signals'· 

Acknowledge Input signal" 

Analog-to-Digital 

Iterative methods that collect information about the coefficient matrix. 
during the iteration process. and use this to speed up convergence. 

AID converter 

The n by n binary matrix, say A. to represent node adjacency in a 
simple graph: A(ij)=l if node i is adjacent to node j. In the undirected 
case, A is symmetric. In the directed case, the adjacency means there is 
an arc from i to j. In the case of a multigraph. A(i, j) = number of edges 
whose endpoints are nodes i and j. ' 

Two bases are adjacent if they differ by exactly one column (so one is 
reachable from the other by a pivot). ' 

The classical adjoint of a matrix A is its transpose matrix of cofactors: 
Adj(A)_ij = (-1) ci+j) det(A ,o.iJ)t where A ,o.o is the transpose of A with j-
th column of A and i-th row of A deleted. The Hermitian adjoint. A*, 
is the transpose of the conjugate. The latter is generally what is meant 
by the adjoint in most contexts, and we simply have A *=A' when A is 
real-valued. 1 

Generically. this means something satisfies conditions. One example is 
the admissibility of a direction of change of some parameter, such as a 
right-hand side of a linear program (LP) from b to b+th, where t is 
some scalar and h is the direction of change. For a positive value of t, 
this might cause the LP to become infeasible, no matter how small t is 
chosen. In that case it is common to call the direction vector 
inadmissible. For a penurbation to be admissible in this context, it is 
required that the mathematical program has a solution in some 
neighborhood of that direction. For the example, h is admissible if the 
(primal) LP is feasible for all t in (0. t•) for some t• > 0 . .i 

Let f:X ➔ R0
• Then. f is affine ifX is a convex set and 

f(ax + (1-a)y) = af(x) + (1-a)f(y) for all x. y in X and a in [O. 
1 ]. 

Equivalently. f is affine if it is both convex and concave. Moreover, if 
X=R.a. f is the translation of a linear function: ax+b .• ! 
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AIGATE 

AIGND 

AISENSE 

AISENSE/ AIGND 

AJSENSE2 

Algorithm 

ANSI 

AOGND 

Apparent resistivity/conductivity 

Aquifer 

Aquitard 

Artificial variable 

ASCII 

ASIC 

ATE 

Analog Ground signal" 

Analog input gate signaf" 

Analog input Ground signal" 

Analog input sense signar-

Analog input sense/analog input ground signal" 

Analog input sense 2 signal" 

An iterative method that generates a sequence of the form x.1"+
1> = 

S11.(A"(x1t)), where x0 is given (called the initial point); At is an 
algorithm map that yields a set of policies, given the current point. xk; 
and S11. is a selection function (in case A11: has more than one policy in 
it). Note that the algorithm map and selection function can dericnd on 
the iteration number (k). A concrete example is of the form x'"+ 1 = x" + 
s1i.: dk. where St is a scalar parameter. called the step size and dt is a 
vector, called the direction of change. The step size may require a 
selection from a line search solution (if there are many optimal 
solutions); one is to select the least value (perhaps above some 
threshold) ... 

American National Standards Institute 

Analog output ground signar 

The resistivity of homogeneous isotropic ground that would give the 
same voltage/current or secondary/primary field ratios as observed in 
the field with resistivity or EM methods. The apparent conductivity is 
the reciprocal of the apparent resistivity.' 

Rocks or unconsolidated sediments that arc capable of yielding a 
significant amount of water to a well or a spring.' 

Geological formations of low hydraulic conductivity. typically 
saturated, but yielding a limited amount of water to wells. Also referred 
to as a confining unit. ' 

A variable, say v. added to an equation, h(x) = 0. The resulting system. 
h(x} + v = 0, is feasible upon letting v = -h(x} for a chosen x. Then, the 
objective function is modified to penalize nonzero values of v. Often, v 
2: 0 is required, multiplying h by -1, if necessary. to get started. This 
grew from linear programming, where a Phase I objective is used to 
find a solution with v=O (or ascertain that the original system has no 
feasible solution} by minimizing Sumi(v,} (ignoring the original 
objective, ex). ~ 

American Standard code for Information Interchange 

Application-specific integrated circuit~ 

Automatic test equipment 
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Automatic differentiation A process for evaluating derivatives of a function that depends only on 
an algorithmic specification of the function, such as a computer 
program. (The term "automatic" stems from having the derivatives 
produced when executing the program to evaluate the function.) 

B 

There are two modes: 

l. forward - direct parse and evaluation, introducing 
intermediate variables in the usual way, as rules of 
differentiation are applied. 
2. reverse - evaluates entries in the code list first, and lastly 
differentiates the intermediate and independent variables in 
reverse order. 

While the forward mode is more straightforward and easier to 
implement, the reverse mode is computationally superior for scalar 
functions, as its complexity is independent of the number of 
intermediate variables. More generally, if F:R0 

... Rm, the forward 
mode has complexity of O(n). and the backward mode has complexity 
of O(m). i 

Backward error The size of perturbations &t of the coefficient matrix and li, of the 
right hand side of a linear system Ar= b, such that the computed iterate 
.r'" is the solution of (A + lib) x'0 = b + lx,. 

Backward substitution 

Backward triangularization 

Band matrix 

The recursion to solve a nonsingular upper triangular system, Ux=b. It 
starts with x(n) = b(n)/U(n,n), then 
x(j) = [b(j) - sum_i{ U(i, j)x(i): i > j}] / U(j, j) for j=n-1, ... ,l. • 

An algorithm to rearrange a matrix by recursively assigning a singleton 
column to the rear (with its only row. as its pivot). The recursion 
applies to the submatrix defined by omitting the assigned column and 
row (and reducing other column counts accordingly). This results in a 
lower triangular rearrangement if, and only if, such a rearrangement 
exists.~ 

A matrix A for which there are nonnegative constants p. q, such that aiJ 
= 0 if j < i-p or j > i + p. The two constants p. q are called the left and 
right halfbandwidth respectively. 

Basic Associated with a submatrix of A. say B, whose columns comprise a 
basis far Rm (i.e., B consists of m linearly independent columns of A, 
which is a basis for Rm). 4 

Related terms and concepts 
Adjacent basis One that differs in exactly one column from a given basis. 
Basic column A column of the basis matrix. 
Basic variable The variable, say Xj, associated with the j-th column of the basis matrix. 
Basic level The value of a basic variable. 
Basic solution The solution (x) obtained by setting nonbasic values to some bound 

value (like 0), resulting in a unique solution for the basic variables. 
That is, Ax=b is equivalent to Bu+ Nv = b, where A=[B N] and x=[u 
v]. Upon fixing the value of v, the nonsingularity of B gives the basic 
solution with u = (B"1)[1r Nv]. (In a standard LP, v=O, so u=[B01 ]b.) 

Basic feasible solution A basic solution that is feasible - i.e.. the basic values satisfy their 
bounds. (In a standard LP. this means [B'1}b ~ 0.) 
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Basis kernel 

Bedrock 

Bi-conjugate gradient (BiCG) 

Bi-conjugate gradient stabilized 
(Bi-CGSTAB) 

BIOS 

Black box 

Bland's rule 

After pcrf orming forward triangularization, if the basis does not 
triangularize completely. backward triangularization is applied. The 
result is a (rearranged) blocking of the basis into three segments: 

~ 
I \ <· .. Forward triangle 
L_\ __ 

I I I 
I I I <--- Kernel 
I I I 
I I' 
I I \<---Backward triangle 
I I \ 

Each row and column in the kernel has at least 2 nonzeroes. ~ 

A general term referring to rock that underlies unconsolidated 
materials.' 

The Bi-conjugate gradient method generates two CG-like sequences of 
vectors, one based on a system with the original coefficient matrix A , 
and one on Ar . Instead of orthogonalizing each sequence, they are 
made mutually orthogonal, or ''bi-orthogonal". This method, like CG, 
uses limited storage. It is useful when the matrix is nonsymmetric and 
nonsingular; however, convergence may be irregular, and there is a 
possibility that the method will break down. BiCG requires a 
multiplication with the coefficient matrix and with its transpose at each 
iteration. 

The Bi-conjugate gradient stabilized method is a variant of BiCG. like 

CGS. but using different updates for the Ar -sequence in order to 
obtain smoother convergence than CGS. 

Basic input/output system or built-in operation system 

A piece of software that can be used without knowledge of its inner 
workings; the user supplies the input., and the output is assumed to be 
correct. 

This is for pivot selection in the simplex method to avoid cycling: 

• If more than one (nonbasic) column has the same reduced 
cost, choose the one with lowest index. 
- If more than one (basic) column has the same determining 
value to leave the basis. select the one with the lowest index.~ 
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BLAS 

Block factorization 

Block matrix operations 

BNF 

Breakdown 

C 
C 

CalDAC 

Cholesky decomposition 

Cholesky factorization 

CIN 

CLKB l.CLKB2 

cm 

CMOS 

CMRR 

CNTINT 

Compatibility theory 

Basic Linear Algebra Subprograms; a set of commonly occurring 
vector and matrix operations for dense linear algebra. Optimized 
(usually assembly coded) implementations of the BLAS exist for 
various computers; these will give a higher performance than 
implementation in high level programming languages. 

See: Block matrix operations. 

Matrix operations expressed in terms of submatriccs. 

Backus-naur form. A common representation for language grammers in 
computer science 

The occurrence of a zero divisor in an iterative method. 

Celsius 

Calibration DAC 

Expressing a symmetric matrix A as a product of a lower triangular 
matrix Land its transpose Lr. that is. A= ur. 

Given an mxm symmetric matrix A, a lower triangular matrix, L. is 
obtained, called the Cholesky factor, such that A = LL'. This is 
particularly useful for solving linear systems. Ax=b. by using forward 
substitution. Ly=b. then backward substitution, L'x.=y. The original 
algorithm assumes A is positive definite. but it can apply more 
generally.· 

Code interface node 

Counter B 1. B2 Clock signals 

Centimeters 

Complementary metallic oxide semiconductor 

Common-mode rejection ratio 

Counter Interrupt signal 

The idea that a solution's character does not change for a particular 
penurbation. In linear programming the character could be an optimal 
basis, and the theory is concerned with whether a particular basis 
remains optimal when the data is changed in a prescribed direction. A 
Fundamental Theorem of Basis Compatibility is the following: 

his an admissible direction for perturbing (b, c) if. and only if, 
it is compatible with some equilibrium basis. 

The range of cornpatiblity of a basis, B. for a direction. h, is the greatest 
step for which B remains optimal: sup{t: B is optimal for the LP 
defined by r + th}. The basis spectrum is the greatest range: 
sup{range(B; h): Bis optimal for the LP defined by r}.~ 
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Condition number 

Conductance 

Conduction current 

Conductivity (electrical) 

Conjugate gradient (CG) 

Conjugate gradient method 

See: Spectral condition number. 

The product of conductivity and thickness [Siemens).· 

Electrical current resulting from the movement of free charges 
(constant with displacement current).· 

The ability of a material to conduct electrical current. In isotropic 
material. it is the reciprocal of resistivity. Units are Siemens/m. • 

The conjugate gradient method derives its name from the fact that it 
generates a sequence of conjugate (or orthogonal) vectors. These 
vectors are the residuals of the iterates. They are also the gradients of a 
quadratic functional, the minimization of which is equivalent to solving 
the linear system. CG is an extremely effective method when the 
coefficient matrix is symmetric positive definite, since storage for only 
a limited number of vectors is required. 

An ascent method for unconstrained optimization such that successive 
directions are conjugate with respect to the hessian for a quadratic 
objective function.· 

Conjugate Gradient squared (CGS )The conjugate gradient squared method is a variant of BiCG that 

applies the updating operations for the A -sequence and the Ar -
sequences both to the same vectors. Ideally, this would double the 
convergence rate, but in practice convergence may be much more 
irregular than for BiCG, which may sometimes lead to unreliable 
results. A practical advantage is that the method does not need the 
multiplication with the transpose of the coefficient matrix. 

Conjugate vectors 

Constraint qualification 

Convergence 

Linear 

Superlinear 

With respect to a symmetric matrix, A. u and v are conjugate if u'A v = 
0. (In particular, if A=I, u and v arc conjugate if they arc orthogonal.)! 

Conditions on the constraint functions (g and h) that are sufficient to 
make the Lagrange Multiplier Ruic valid. Here is an example to 
illustrate what can go wrong: Max x: x2 S 0. Since x=O is the only 
feasible solution, it is optimal. The La.grange Multiplier Rule requires 
that there exist u for which r • ug' = 0, but f = 1 and g' = o. so no such 
u can exist. Slater used this example in illustrating his intcriority 
condition. The classical qualification. given by Lagrange's multiplier 
theorem without inequality constraints, is that grad_h(x) have full row 
rank, which stems from the Implicit Function Theorem. Another 
constraint qualification is that all constraint functions be affine (even 
with redundant constraints). Each constraint qualification gives a 
sufficient condition for the LMR to be valid. A constraint qualification 
is necessary if it must hold in order to guarantee that the LMR is valid 
for all fin C1 having optimal value at x. -t 

The fact whether or not, or the rate at which, an iterative method 
approaches the solution of a linear system. Convergence can be 
Some measure of the distance to the solution decreases by a constant 
factor in each iteration. 
The measure of the error decreases by a growing factor. 
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Smooth 

Irregular 

Stalled 

Convergence (of an algorithm) 

The measure of the error decreases in all or most iterations, though not 
necessarily by the same factor. 
The measure of the error decreases in some iterations and increases in 
others. This observation unfortunately does not imply anything about 
the ultimate convergence of the method. 
The measure of the error stays more or less constant during a number of 
iterations. As above, this does not imply anything about the ultimate 
convergence of the method. 

The algorithm is represented as the point-to-set map, x' in A(x), where 
there is some selection function to choose x' when A(x) has more than 
one member. Convergence means that the sequence, {xk), has a limit 
point, say x, such that x satisfies certain conditions. Ideally, the 
conditions are that x is an optimal solution, at least locally, but this is 
often not the definition used in a convergence theorem. {For example, 
in unconstrained optimization, most algorithms converge to a stationary 
point, which need not be even a local optimum.) 
Let { s.,_) ➔0, where s.,_ is a scalar series pertaining to the series { xt). 
Typically. s"- = Jlxt - xii, which is sometimes called policy convergence 
(to a solution, x). We could also have st= f(x"-) • r-. where f is the 
objective function, in which case the concern is with value convergence 
to an optimal value, r-. 

Related terms and conceprs 
Dual convergence Dual values, notably Lagrange multipliers, converge to a dual solution. 
Geometric convergence Same as linear convergence, but usuallJ used when the sequence is 

exactly a geometric progression: st= rk(s1. 
Global convergence 

Globally convergent 
Linear convergence 
LocaJconvergence 

Locally convergent 

Order of convergence 

Rate of convergence 

Usually means the same as globally convergent, but some mean that the 
aJgorithm convergences to a global solution. 
Convergence to a solution from any staning point. 
Order = I and rate < 1. 
Some mean locally convergent. but some mean that the limit point is a 
local optimum (or just satisfies necessary conditions•· see Myth NLP-5 
to avoid misconception). 
There exists an open neighborhood of 0 such that { l·} ➔ 0 from any s0 

in the neighborhood. 
Sup{p: Hm lfs't+01Vlls.,.IIP < inf}. Order=l is linear and order=2 is 
quadratic convergence. Most (non-finite) algorithms to solve 
mathematical programs are between linear and quadratic. 
Let vt = fls"-11 and suppose v0 = 1 (for notational convenience). The tenn 
order derives from the approximate equation, vck+l> := r(vt)P. where r is 
the rate. If this equation were exact, we would have vt = ~ if p=l, and 
vt = r"((pt•l)/(p-1)] if p > I, for all k. If r=.l and p=l, we gain one 
decimal place each time: v1 = .1, v1 = .01, v3 = .OCH, etc. If p=2, the 
number of accurate decimal Jlaces approximately doubles each 
iteration: v1 = .1, v2 = .0001. = .00000()1, etc. Unfortunately, the 
underlying equation is not exact -- see NLP Myth-2 to avoid 
misconception. Some authors call this q-ordcr convergence to 
distinguish it from variations on the definition of order. Each definition 
is designed to captw'c the notion of how many digits of accuracy arc 
added as the sequence approaches its limit. 
This is the successive ratios, lls<t•l>~llstll, but it is generally used to 
mean the limiting ratio: lim lls(k•1)1v11s If, given the order is p. 

Sublinear convergence Order = 1 and rate = l (slower than aJI linear convergence) - e.g., st= 
1/k. 

Superlinear convergence Order= l and rate= 0 (faster than all linear convergence) - e.g., st= 
(llkl. 
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Stochastic convergence 

in probability 
in distribution 

in p-th mean 

CONVERT 

CPU 

Cross-hole 

Current density 

Cycling (in linear programming) 

D 
0 

DIA 

D*/A 

DAC 

DACOOUT 

DAClOUT 

DACOOUT. DAClOUT 

DAC OlITPUT UPDATE 

DACWRT 

DAQ 

DATA 

dB 

DC 

Decomposition principle 

This applies when the successor point is a random variable, as in 
simulated annealing. Here are the most common types of convergence 
for a sequence of random variables, { X0} ... X. with probability 1 or 
almost everywhere (abbr .• a.e. ). P { Jim X0 = X} = 1. 
P{IIX11 - XII> e} ... 0 for all e > 0. 

The sequence of cumulative distribution functions {cdf), 
converges point-wise: F11(x) .. F(x) for all x at which F is continuous, 
where F0 is the cdf of X11 and F is the cdf of X. 

E(IIX0 - XIIP} .. 0. For p=2, this is called convergence in 
quadratic mean or in mean square.' 

Convert signal 

Central processing unit 

Geophysical methods carried out between borehole (see also 
tomography).' 

A measure of current flow through a given (oriented) area 
[Arnpcrs/m2

]. • 

Revisiting a basis, mainly referring to a simplex method. so that the 
algorithm would cycle through the same sequence of bases~ not 
converging co an optimal one.· 

Degree 
Digital-to•analog 

Data/Address signal 

DI A converter 

Analog channel 0 output signal 

Analog channel 1 output signal 

Digital•to-analog converter 0, 1 output signal • 

DAC output update signal 

DAC Write signal, 

Data Acquisition 

Data Acquisition Board Data/ Address line signal' 

Data lines at the specified port signal' 

Decibels 

Direct current 

The idea of decomposing a mathematical program into two or more sets 
of variables and associated constraints. The purpose is to separate some 
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Dense matrix 

DGND 

Diagonally dominant matrix 

DIFF 

DIN 

DIO 

DIP 

Dipole 

Direct method 

Distributed memory 

Divergence 

portion with special structure from the rest of the mathematjcal 
program.' 

Matrix for which the number of zero elements is too small to warrant 
specialized algorithms to exploit these zeros. 

Digital ground signal' 

See: Matrix properties. 

Differential mode 

Deutsche Industric Norme • 

Digital input/output· 

Doule-inline package 

A pair of cqua[ charges or poles of opposite signs.' 

An algorithm that produces the solution to a system of linear equations 
in a number of operations that is determined a priori by the size of the 
system. In exact arithmetic, a direct method yields the true solution to 
the system. See: Iterative method. 

See: Parallel computer. 

An iterative method is said to diverge if it does not converge in a 
reasonable number of iterations, or if some measure of the error grows 
unacceptably. However. growth of the error as such is no sign of 
divergence: a method with irregular convergence behavior may 
ultimately converge. even though the error grows during some 
iterations. 

DMA Direct memory acess 

DNL Differential nonlinearity 

Domain decomposition method Solution method for linear systems based on a partitioning of the 
physical domain of the differential equation. Domain decomposition 
methods typically involve (repeated) independent system solution on 
the subdomains, and some way of combining data from the subdomains 
on the separator part of the domain. 

Dual Another mathematical program with the propeny that its objective is 
always a bound on the original mathematical program. called the 
primal. Suppose the dual is Min{F(y): yin Y}. Then, F(y) s f(x} for all 
feasible x in the primal and ally in Y. This immediately implies that if 
the primal is feasible, the dual cannot be unbounded, and vice versa: if 
the du.al is feasible, the primal cannot be unbounded. It also implies that 
if the dual is unbounded, the primal must be infeasible (and vice versa}. 
A dual provides a sufficiency test for optimality. for if feasible x and y 
can be found such that f(x)=F(y), it follows that x is optimal in the 
primal and y is optimal in the dual. Weak duality is when this is all that 
can be guaranteed. Strong duality is when an optimal solution to one 
problem ensures the existence of an optimal solution to the other and 
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OUT 

E 
EEPROM 

EISA 

EIT 

Electric field 

Electrode 

Elementary matrix 

EOF 

EPP 

ERT 

EXTCONV* 

EXTREF 

EXTRIG 

EXTSTROBE 

EXTUPDATE* 

F 

Feasible 

FFf 

Field of values 

FIFO 

that their optimal objective values are equal. There are particular duals 
of significance. i 

Device ubdcr test' 

Electrically erased programmable read-only memory 

Extended industry standard architecture 

Electrical Impedance Tomography 

A vector field describing the force on a unit electric charge 
[Newton's/Coulomb = Volts/meter]. • 

A piece of metallic material which acts as an electric conduct with a 
non-metal. In chemistry, it refers to an instrument designed to measure 
an electrical response which is proportional to the condition being 
assessed (i.e. pH, resistivity).' 

One that differs from the identity matrix in one column (or row). It 
arises in linear programming. particularly for the product form of the 
basis: B= E1 E2 ... Em, where each ~ is an elementary matrix. 1 

End-of-file 

Enhanced Parallel Pon 

Electrical Resistivity Tomography 

External conven signal 

External reference signal 

External Trigger signal 

External strobe signal 

External update signal 

A point is feasible if it satisfies all constraints. The feasible region (or 
feasibility region) is the set of all feasible points. A mathematical 
program is feasible if its feasible region is not empty.~ 

Fast fouricr transform 

Given a matrix A. the field of values is the set {.rr Ar: .rr.r = l}. For 
symmetric matrices this is the range [A..u,.(A), li.taCA)}. 

FU'St-in•first-out 
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Fill 

Forward error 

A position that is zero in the original matrix A but not in an exact 
factorization of A. In an incomplete factorization. some fill elements 
are discarded. 

The difference between a computed iterate and the true solution of a 
linear system, measured in some vector norm. 

Forward transformation (abbr. fTRAN) This applies to the factored system. [E1 E2 ... EJx = b. where 
each ~ is an elementary matrix. The recursion is: 

Forward triangularization 

FREQ_OUT 

ft 

G 
G 

Galvanic 

GATB <0 .. 2> 

Gaussian elimination 

In the end. x = x0 is the solution. Each elementary system is sol vcd as 
follows. For notational convenience, suppose the system is Ex = y. and 
v is the distinguished p-th column of E. Then. 

x(p) = y(p)lv(p). and x(i) = y(i) - v(i)x(p) for i not= p. 

This is what is done in the (revised) simplex method, and each 
elementary solution is a pivot operation." 

An algorithm to rearrange a matrix by recursively assigning a singleton 
row to the front (with its only column, as its pivot). The recursion 
applies to the submatrix. defined by omitting the assigned row and 
column (and reducing other row counts accordingly). This results in a 
lower triangular rearrangement if. and only if. such a rearrangement 
exists. ~ 

Frequency output signal· 

Feet 

Lab VIEW graphic programming language 

Tdescribes geophysical techniques that require direct contact with the 
ground in order to pass current. The alternative is to induce currents in 
the earth. r 

Coumter BO, B 1, 82 Gate signals· 

A method to solve Ax=b that performs elementary row operations on A 
to annihilate successive clements of A in order to reduce A to an upper 
triangular matrix, U. On paper, the same operations arc applied to b, 
then the solution is obtained by solving the resulting upper triangular 
system. In a computer, the product of the matrices effecting the 
elementary row operations is a lower triangular matrix, L.. with unit 
diagonal. Once this phase is completed, the system Ax=b becomes 
LUx=b. This is then solved in two steps: forward substitution solves 
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Gauss-Jordan elimination 

Generalized minimal residual or 
(GMRES) 

Geophysical monitoring 

GPCTR0_GATE 

GPCTR !_GATE 

GPCTR0_OUT 

GPCTRI_OUT 

GPCTR0_SOURCE 

GPCTR !_SOURCE 

Ground penetrating radar (GPR) 

H 
h 

Halfbandwidth 

Hessian 

hex 

Hz 

Ly=b; then backward substitution solves Ux=y. (Of course, computer 
implementations vary.). i 

A method to solve Ax=b that performs elementary row and column 
operations on A to annihilate successive elements of A in order to 
reduce A to an identity matrix. On paper. the same operations are 
applied to b. then the solution is obtained by solving the resulting 
identity system. In a computer. the matrices effecting the elementary 
operations are saved as elementary matrices, say {E;}. Then. the system 
is equivalent to [E1 •E2• ••• *Eu)x=b. and forward transformation is 
applied to solve for x. This is what is done in the (revised) simplex 
method, and each iteration is a pivot operation.' 

The generalized minimal residual method computes a 
sequence of orthogonal vectors (like MINRES), and combines 
these through a least-squares solve and update approach. 
However. unlike MINRES (and CG), it requires storing the 
whole sequence. so that a large amount of storage is needed. 
For this reason, restarted versions of this method arc used. In 
restarted versions, computation and storage costs are limited 
by specifying a fixed number of vectors to be generated. This 
method is useful for general nonsymmctric matrices. 

Observing the change in a geophysical measurement with time. 

General purpose counter 0 gate signal· 

General purpose counter l gate signal· 

General purpose counter 0 output signal 

General purpose counter 1 output signal 

General purpose counter 0 clock source signal· 

General purpose counter O clock source signal· 

A geophysical method in which bursts of electromagnetic energy arc 
transmitted downwards from the surface, to be reflected and refracted 
by velocity contrasts within the subsurface. Also known as "Ground 
Probing Radar".· 

Hour 

See: Band matrix. 

The matrix of second partial derivatives of a function (assumed to be 
twice differentiable). This is often denoted Hl(x). where f is the 
function and x is a point in its domain . .:. 

Headecimal 

Hertz 
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I 
uo 

loH 

IBF 

IEEE 

Ill-conditioned system 

lML++ 

Implicit Function Theorem 

in 

IN 

INaN 

Interpolation 

Interpretation 

INTR 

Incomplete factorization 

Iterate 

Iterative method 

Input/output 

Current. output high 

Current, output low 

Input buffer full signal 

Institute for Electrical and Electronic Engineers 

A linear system for which the coefficient matrix has a large condition 
number. Since in many applications the condition number is 
proponional to (some power ot) the number of unknowns, this should 
be understood as the constant of proponionality being large. 

A mathematical template library in C++ of iterative method for solving 
linear systems. 

Suppose h:R11 --> Rm, where n > m. and his in C1
• Further, suppose we 

can panition the variables. x = (y. z), such that y is m-dimcnsional with 
grad_y[h(x)l nonsingular at x = (y•. z*). Then. there exists e > 0 for 
which there is an implicit function, f. on the neighborhood, Nc(z*) = { z: 
Uz-z*II < e} such that h(f(z). z)=O for all z in Nc:(z*). Further. f is in C1 

with grad_f(z"') = -grad_y[h(x.})'1 grad_z[h(z) ]. • 

Inches 

Input 

Digital display value for a floating-point representation infinity 

The idea of estimating some value between two values. In LP. an 
interpolation estimate of the optimal objective value, say z(ab+{l-a)b'). 
is az(b) +(1-a)z(b').; 

Transforming geophysical measurements into subsurface structure. 
More general term than inversion.' 

Interrupt request signal 

A factorization obtained by discarding certain elements during the 
factorization process ('modified• and ~relaxed' incomplete factorization 
compensate in some way for discarded elements). Thus an incomplete 
LU factorization of a matrix A will in general satisfy A ;:LU; however 
one hopes that the factorization LU will be close enough to A to 
function as a preconditioner in an iterative method. 

Approximation to the solution of a linear system in any iteration of an 
iterative method. 

An algorithm that produces a sequence of approximations to the 
solution of a linear system of equations; the length of the sequence is 
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J 
Jacobian 

K 
Kernel of a basis 

Krylov sequence 

Krylov subspace 

L 

not given a priori by the size of the system. Usually. the longer one 
iterates. the closer one is able to get to the true solution. See: Direct 
method. 

For a transformation, y=f(x). such that f is differentiable. the jacobian is 
the determinant. fgrad_f(x)I. Historically, the number of y-variables 
equals the number of x-variables. say n. so grad_f(x) is n by n. Today. 
the jacobian is sometimes defined as the matrix. grad_f(x). allowing the 
number of functions to be fess than the number of variables. • 

See Basis. 

For a given matrix A and vector .r, the sequence of vectors {Ai .r}PO, or 
a finite initial part of this sequence. 

The subspace spanned by a Krylov sequence. 

Lagrange Multiplier Rule (LMR) From the extension to Lagrange's multiplier theorem: 

LASTCHAN 

LED 

Linear convergence 

Linear program (LP) 

Suppose x• is in argmax{f(x): g(x) s 0, h(x) = 0}, where f, g. hare in 
C1

• Then, there exist multipliers (u, v) for which the foJlowing 
conditions hold: 

1. grad_x_[f(x•) - ug(x*) - vh(x*}J = 0; 
2. u a: 0; 
3. ug(x*)=O. 

Since g(x*) s 0, the last condition, given u ;;e 0, is equivalent to 
complementary slackness. These are considered first-order optimality 
conditions. though the Lagrange Multiplier Rule is not always valid -­
sec constraint qualifications." 

Last channel {bit)' 

Light-imitting diode' 

See Convergence. 

Opt{cx: Ax= b, x a: 0}. (Other forms of the constraints arc possible, 
such as Ax s b.) The standard fonn assumes A has full row rank. 
Computer systems ensure this by having a logical variable (y) 
augmented, so the fonn appears as Opt{ ex: Ax + y = b, L s (x, y) s 
U} (also allowing general bounds on the variables). The original 
variables (x) arc called structural. Note that each logical variable can be 
a slack.. surplus, or artificial variable, depending on the fonn of the 
originaJ constraint This computer form also represents a range 
constraint with simple bounds on the logical variable. Some bounds can 
be infinite (i.e., absent}, and a free variable (logical or structural) is 
when both of its bounds arc infinite. 
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LAP ACK A mathematical library of linear algebra routine for dense systems 
solution and eigenvalue calculations. 

LSB Least significant bit 

Local convergence See Convergence. 

Lower triangular matrix Matrix A for which a41 = 0 ifj > i. 

LQ factorization A way of writing a matrix A as a product of a lower triangular matrix L 
and a unitary matrix Q, that is, A= LQ. 

LU decomposition (of matrix A) Finding a lower triangular matrix (L) and an upper triangular matrix 
(U) for which A=LU. The advantage is to solve the system Ax=b, we 
first apply forward substitution to solve Ly=b, then backward 
substitution to solve Ux=y. Similarly. to solve vA=c. first solve uU=c, 
then vL=u. -l 

LU factorization /LU decomposicion 

M 
m 

Mapping 

Monitoring 

Matrix norms 

Matrix properties 

max. 

Symmetric 

Positive definite 

Diagonally dominant 

AnM-mattix 

Maximum (pl. maxima) 

Expressing a matrix A as a product of a lower triangular matrix L and 
an upper triangular matrix U, that is, A = LU. 

Meters 

See: Matrix properties. 

Locating geological, chemical or geophysical information in space (as 
opposed to time, which is monitoring). The results are usually 
summarized as maps.' 

Observing the change in a geophysical. hydrogeological or 
geochemical measurement with time. 

See: Norms. 

We call a square matrix A 

if a;.,; = ai,t for all i.j. 

if it satisfies zr Ar > 0 for all nonzero vectors z. 

if a;.i > ~. / a41 f, the excess amount min, ( a41 . ~- I ai.i I } is called the 
diagonal dominance of the matrix. 

if a4; ~ 0 for i ~ j , and it is nonsingular with <Picture> for all i, j. 

Maximum 

A feasible point at which the supremum is achieved. An e-maximum is 
within e of being a maximum: f(x) ~ flt' • c, where flt' is the supremum 
ande>0. 
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Mb 

Message passing 

MIMI 

min. 
min 

Minimum (pl. minima) 

Minimum residual (MINRES ) 
and Symmetric LQ (SYMMLQ) 

MIO 

MPL 

MSB 

Multigrid method 

Megabytes of memory 

See: Parallel computer. 

Manager for Interactive Modeling Interfaces - A modeling system that 
integrates mathematical programming, database management and 
artificial intelligence. ' 

Minimum 
Minutes 

A feasible point at which the infimum is achieved. An c-minimum is 
within c of being a minimum: f(x) s r + c, where r is the infimum 
and e > 0. • 

These methods arc computational alternatives for CG for coefficient 
matrices that are symmetric but possibly indefinite. SYMMLQ will 
generate the same solution iterates as CG if the coefficient matrix is 
symmetric and positive definite. 

Multifunction I/0 • 

Mathematical Programming Language.:• 

Most significant bit 

Solution method for linear systems based on restncung and 
extrapolating solutions between a series of nested grids. 

Modified incomplete factorization See: Incomplete factorization. 

Mutually consistent norms 

N 
NaN 

Natural ordering 

Network 

Noise 

Nonstationary iterative method 

Normal equations 

See: Norms. 

Digital display value for a floating-point representation of not a 
number, typically the result of an undefined operation, such as log(-1) . 

See: Ordering of unknowns. 

A collection of nodes, V, sometimes called venices, plus a collection of 
arcs, A, which are directed from one node to another. 1 

Any unwanted signal; a disturbance that is not part of signal from a 
specified source. In electrical or induced polarization (IP) surveys, 
noise may result from interference of power lines, motor-generators, 
atmospheric electrical discharges, etc.· 

Iterative method that has iteration-dependent coefficients. 

For a non-symmetric or indefinite (but nonsingular) system of 
equations Ar = b . either of the related symmetric systems (AT Ar = 
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Norms 

NRSE 

0 
OBF 

100% Rule 

Optimal 

Optimum (pl. optima) 

Optimal response function 

Order of convergence 
Ordering of unknowns 

A. rb) and (AA 7y = b; :r = A 7y). For complex A, Ar is replaced with A.Hin 
the above expressions. 

A function /: Ir' -+ R is called a vector norm if 
• /{.r) ti!O for all x, andj{.r) = 0 only if x = 0. 
• /Caz) = Jal.Jtr) for all a, :r. 
- /{z + y) S/{.r) + fly) for all z,y. 

The same propenies hold for matrix norms. A matrix norm and a vector 
norm (both denoted II . II) are called a mutually consistent pair if for all 
matrices A and vectors x 

IIArll:SIIA.1111:rll. 

Nonrefemced single-ended mode' 

Ouput buffer full signal 

This pertains to sensitivity analysis in linear programming. In its 
original form, it uses the convexity of the set of admissible changes in 
the rim data to test whether a particular change is admissible: any 
combination of changes can occur as Jong as the total percentage 
deviation from the coordinate extremes does not exceed 100%. (Note: 
this applies to right-hand sides (b) and costs (c) separately.).~ 

For a mathematical program in standard form, x"' in X (the domain) is 
an optimal solution if it is a maximum (or a minimum): 

1. x"' is feasible; 
2. f(x"') ~ f(x) for all feasible x (maximum value). 

Some authors refer to an optimal solution when they mean a local 
optimum; others mean a member of the optimality regions (which are 
global optima). In either case, the optimal value is the objective value, 
evaluated at an optimal solution. " 

Minimum or maximum. 

The optimal value of the objective as a function of parameters, 
typically the right-hand side: 

f-(b, c) = Sup(f(x): x in X, g(x) :Sb, h(x) = c}.J 

See Convergence. 
For linear systems derived from a partial djfferential equation, each 
unknown corresponds to a node in the discretization mesh. Different 
orderings of the unknowns correspond to permutations of the 
coefficient matrix. The convergence speed of iterative methods may 
depend on the ordering used, and often the parallel efficiency of a 
method on a parallel computer is strongly dependent on the ordering 
used. Some common orderings for rectangular domains a.re; 

•The natural ordering; this is the consecutive numbering by 
rows and columns. 
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Orthogonal complement 

Orthogonal matrix 

OUT 

OUTB0, OUTB l 

Overburden 

p 
PA. PB, PC<0 .. 7> 

Parallel computer 

Parameter 

•The red/black ordering; this is the numbering where all nodes 
with coordinates (i. j) for which i + j is odd are numbered 
before those for which i + j is even. 

•The ordering by diagonals; this is the ordering where nodes 
are grouped in levels for which i + j is constant. All nodes in 
one level arc numbered before the nodes in the next level. 

For matrices from problems on less regular domains. some common 
orderings arc: 

•The Cuthill-McKee ordering; this starts from one point, then 
numbers its neighbors. and continues numbering points that 
are neighbors of already numbered points. The Reverse 
Cuthill-McKee ordering then reverses the numbering; this may 
reduce the amount of fill in a factorization of the matrix. •The 
Minimum Degree ordering; this orders the matrix rows by 
increasing numbers of nonzeros. 

of a subspace. S. {y: yx = 0 for all x in S }. In particular, if S = { x: x = 
Av for some v in Rn}, where A is an m by n matrix, its orthogonal 
complement is {y: yA = O}.~ 

A matrix, A. such that AA'=I. ~ 

Output 

Counter BO, B l output signals· 

All geologic material which lies above bedrock. r 

Port A, B. or CO through 7 signals' 

Computer with multiple independent processing units. If the processors 
have immediate access to the same memory, the memory is said to be 
shared; if processors have private memory that is not immediately 
visible to other processors, the memory is said to be distributed. In that 
case, processors communicate by message-passing. 

A constant in a mathematical program, not subject to choice in the 
decision problem, but one that could vary outside the control of the 
decisions. Examples are supplies, demands, loss factors, exponents and 
coefficients in polynomial functions (of the decision variables). Not all 
coefficients arc parameters, as many are zero by the logic of the model. 
For example, the only data for a standard transportation problem are the 
costs, supplies and demands. These can depend upon parameters, but 
the LP matrix docs not - it is the incidence matrix of the network. In 
general, parameters arc data-dependent constants, rather than logically 
fixed for all instances of the model. Some parameters arc simply units 
of measuremen~ such as the amount of energy (Btu) in a ton of coal. 
whereas some parameters are uncertain, like demand for a product. ~ 
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Partial conjugate gradient method The conjugate gradient method is performed for some number of 
iterations, say k ( < n), then it is restarted (If k::O, this is the special case 
of Cauchy's steepest descent.). 1 

PC 

Penurbation 

PR 

PGIA 

Phase l & Phase II 

Pipelining 

Pivot 

Personal computer 

An imprecise term that means changing some parameter value (or 
function) and seeing what effect this has on the solution. This embodies 
continuity and differentiability properties of the optimal responses: 
objective value, policy set and perhaps dual values too. This is what is 
sometimes called marginal analysis of solutions, and changes are 
limited to some neighborhood of the initial values. Some use 
perturbation function to mean the optimal objective value, even for 
large changes in the parameters, as in parametric programming. ·• 

Programmable function input 

Programmable gain instrumentation amplifier· 

Phase I of a mathematical program is finding a feasible solution, and 
Phase II is entered with a feasible solution to find an optimal solution. 
The standard Phase I is: 

Max Sum;{ud + Sum;{vi + w;}: u, v, w;?; 0, 
g(x) - u :S 0, h(x) - v + w = 0. 

Then, for any x. one could set u = g(xt, v = h(xt and w = -h(xr to 
have a feasible solution to the Phase I mathematical program. The 
optimal objective value is O if, and only if, u::0 and v=w=O, in which 
case x is feasible in the original mathematical program (to commence 
Phase II). The Phase I problem is sometimes called an elastic program 
(thinking of the artificial variables (u,v,w) as providing "elastic" 
behavior in the levels of constraint violation). 

In linear programming, the standard Phase I & II are: 

I. Min ev: x, v >::0, Ax + v = b, and 
II. Max ex: x ~ 0, Ax= b, where b :s 0 (multiply by -1 for i: 
bi <0). '· 

Sec: Vector computer. 

This is the algebra associated with an iteration of Gauss-Jordan 
elimination. using the forward transformation. The tableaux for a pivot 
on element a{p.q) (not::0), which means nonbasic variable Xq enters the 
basis in exchange for basic variable Xp, are as follows: 

Before pivot: 
Basic 

Var. Level 

X1 b1 

Xp bp 

I Nonbasic 
I Xj Xq 

I 
I aCij) a(i,q} 

I 
I aCpj) a(p.q)• 

I 
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Positive definite matrix 

POSTIRIG 

ppm 

Precision 

Preconditioner 

PRETRIG 

Pricing 

Processing 

Q 

obj -z I dj 

After pivot: 
Basic I Nonbasic 

Var. Level I X; Xp 

I 
x1 bi - bp a(i.q)/a(p.q)f a(ij} - a(i.q)a(pJ)/a(p,q) -a(i,q)/a(p.q) 

I 
Xq bp/a(p,q) I a{pj)/a(p,q) 1/a(p.q) 

I 

obj -z - bp dJa(p.q) I d; - a(pJ)dJa(p,q) -dJa(p.q) 

A pivot is primal degenerate if the associated basic solution (x) does 
not change (i.e., the nonbasic variable enters the basis. but its level 
remains at the same bound value, in which case no basic variable 
changes level). Similarly, the pivot is dual degenerate if the associated 
dual solution (i.e., pricing vector and reduced costs) does not change. 
For dealing with degenerate pivots, see Bland's rule and the TNP rule. • 

(A). x'Ax > 0 for all nonzero x. • Also Sec: Matrix properties. 

Posttrigger mode· 

Parts per million 

The reproducibility of a measurement; the closeness of each of a set of 
similar measurements to the arithmetic mean of that set.· 

An auxiliary malrix in an iterative method that approximates in some 
sense the coefficient malrix or its inverse. The preconditioner. or 
preconditioning matrix, is applied in every step of the iterative method. 

Pretrigger mode' 

This is a tactic in the simplex method, by which each variable is 
evaluated for its potential to improve the value of the objective 
function. Let p = c8[B.l], where B is a basis, and c8 is a vector of costs 
associated with the basic variables. The vector p is sometimes called a 
dual solution, though it is not feasible in the dual before termination. p 
is also called a simplex multiplier or pricing vector. The price of the j111 
variable is Cj - pAj• The first term is its direct cost (cj) and the second 
term is an indirect cost, using the pricing vector to determine the cost of 
inputs and outputs in the activity's column (Aj.). The net result is called 
the reduced cost, and its value determines whether this activity could 
improve the objective value . .; 

Geophysically, to change data so as to emphasize certain aspects or 
correct for known influences. thereby facilitating interpretation.' 
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No specific terms begin with Q. 

R 
Radar A system whereby short electromagnetic waves are transmitted and any 

energy which is scattered back by reflecting objects is detected. 
Acronym for "radio detection and ranging".' 

RC Resistance-capacitance 

RD* Read signal 

REXT External resistance' 

Receiver The part of an acquisition system which senses the information signal. 

Red/black ordering See: Ordering of unknowns. 

Reduced system Linear system obtained by eliminating ccnain variables from another 
linear system. Although the number of variables is smaller than for the 
original system, the matrix of a reduced system generally has more 
nonzero entries. If the original matrix was symmetric and positive 
definite. then the reduced system has a smaller condition number. 

Relaxed incomplete factorization Sec: Incomplete factorization. 

Residual If an iterative method is employed to solve for x in a linear system Ax 
= b. then the residual corresponding to a vector y isyA - b. 

Resistivity (electrical) Electrical resistance to the passage of a current, expressed in ohm­
meters; the reciprocal of conductivity.· 

Resolution Refers to the smallest unit of measurement that can be distinguished 
using a particular instrument or method; based on the ability to separate 
two measurements which arc very close together .. ' 

Right•hand side (RHS) When considering constraints of the form g(x) s b and h(x)=e, the 
(b,c) is called the right-hand side ... 

rms Root mean square 

RSE Referenced single-ended mode· 

RTD Resistive temperature~ 

RTSI Real time system integration 

s 
s 

s 

SCANCLK 

Seconds 

Samples 

Scan clock signal 
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SCXI 

SOK 

SE 

Search direction 

Self potential (SP) 

SERCLK 

SERDATIN 

SERDATOUT 

Shared memory 

Sensitivity analysis 

Simplex method 

Simultaneous displacements 

SI 

SISOURCE 

Slack variable 

SLOT0SEL 

Sparse matrix 

Signal conditioning extcntions for instrument 

Software developer's kit' 

Single-ended inputd 

Vector that is used to update an iterate. 

A geophysical method measuring the natural, static voltage existing 
between sets of point on the ground surface .. • 

Serial clock signal· 

Serial data in signal· 

Serial data out signal· 

See: Parallel computer. 

The concern with how the solution changes if some changes are made 
in either the data or in some of the solution values (by fixing their 
value). Marginal analysis is concerned with the effects of small 
perturbations, maybe measurable by derivatives. Parametric analysis is 
concerned with larger changes in parameter values that affect the data 
in the mathematical program, such as a cost coefficient or resource 
limit. 
Under suitable assumptions, the multipliers in the Lagrange Multiplier 
Rule provide derivatives of the optimal response function .. i.e., under 
certain conditions, {u, v) = grad_flll(b, c). For special approaches in LP, 
see compatibility theory. the 100% Rule, and the tolerance approach.· 

An algorithm invented to solve a linear program by progressing from 
one extreme point of the feasible polyhedron to an adjacent one. The 
method is an algorithm strategy. where some of the tactics include 
pricing and pivot selection. l 

Method of Jacobi method. 

System Integrator 

SI counter clock signal· 

In an inequality constraint of the form g{x) s b, the slack is b-g(x), 
which is designated by the slack variable, s. Then, the original 
constraint is equivalent to the defining equation, g(x) + s = b, plus s 2: 
0. 

Slot 0 select signal.-

Matrix for which the number of zero elements is large enough that 
algorithms avoiding operations on zero clements pay off. Matrices 
derived from partial differential equations typically have a number of 
nonzero elements that is proportional to the matrix size, while the total 
number of matrix elements is the square of the matrix size. 
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Specific conductance 

Spectral condition number 

Spectral radius 

Spectrum 

SPICLK 

ss 

STARTSCAN 

Stationary iterative method 

STB 

Stopping criterion 

Storage scheme 

Successive displacements 

Symmetric matrix 

T 
Target 

TC 

Template 

Strictly speaking identical to electrical conductivity the term is used in 
hydrogeology to refer to the conductivity of surface and ground water 
and expressed in micro Siemens per centimeter. It is a direct function of 
the total dissolved solids in the water.' 

The product 

-~ix (AT A) 
II.Ax 111 11A·1 11 

- ;.,11?, (AT A) 
mm 

where Amu and A.nun denote the largest and smallest eigenvalues. 
respectively. For linear systems derived from partial differential 
equations in 2D. the condition number is proponional to the number of 
unknowns. 

The spectral radius of a matrix A is max {jA(A) I}. 

The set of all eigenvalues of a matrix. 

Serial peripheral interface clock signal' 

Slot-select signal 

Start scan signal 

Iterative method that performs in each iteration the same operations on 
the current iteration vectors. 

Strobe input signal· 

Since an iterative method computes successive approximations to the 
solution of a linear system, a practical test is needed to determine when 
to stop the iteration. Ideally this test would measure the distance of the 
last iterate to the true solution, but this is not possible. Instead. various 
other metrics are used, typically involving the residual. 

The way elements of a matrix are stored in the memory of a computer. 
For dense matrices, this can be the decision to store rows or columns 
consecutively. For sparse matrices, common storage schemes avoid 
storing zero elements; as a result they involve indices. stored as integer 
data, that indicate where the stored elements fit into the global matrix. 

Method of Gauss-Seidel method. 

See: Matrix propenies. 

The object at which an invcstgati ve survey is aimed. r 

Terminal count· 

Description of an algorithm. abstracting away from implcmentational 
details. 
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THD 

Time domain 

Tomography 

TRIG 

1TL 

Tune 

typ 

u 
UI 

UISOURCE 

Total harmonic distortion' 

In geophysics, refers to measurements analysis according to their 
behavior in tim~. The usual alternative is frequency domain 
measurements. 

A method for determining the distribution of physical properties within 
the earth by inverting the results of a large number of measurements 
made in three dimensions (e.g. Seismic, radar, resistivity, EM) between 
different source and receiver locations. 

Trigger signal 

Transistor-transistor logic 

Adapt software for a specific application and computing environment 
in order to obtain better performance in that case only itemize. 

Typical 

Update interval· 

Update interval counter clock signal 

Unbounded mathematical program The objective is not bounded on the feasible region (from above, if 
maximizing; from below, if minimizing). Equivalently, there exists a 
sequence of feasible points, say { xk t for which { f(xk)} diverges to 
infinity (minus infinity if minimizing).; 

UP/BP* 

Upper trianguJar matrix 

UPDATE 

UUT 

V 
V 

vdi,, 

VDC 

VEXT 

VI 

Unipolar/bipolar bit. 

Matrix A for which av = 0 if j < i. 

Update signal 

Unit under test 

Volts 

Positive/negative input voltage· 

Common-mode noise, 

Differential input voltage' 

Volts direct current· 

External voltage' 

Virtual instrument· 

225 



Vn. 

Vrcr 

Vector computer 

Vector norms 

w 
w 

Well log 

WFTRIG 

WRT 

X 
No specific terms begin with X. 
y 
No specific terms begin with Y. 

z 
No specific terms begin with z. 

Volts. input high. 

Volts, input low·· 

Volts in 

Measured voltage' 

Volts. root-mean.square· 

Volts, output high 

Volts, output low 

Reference voltage· 

signal source 

Computer that is able to process consecutive identical operations 
(typically additions or multiplications) several times faster than 
intermixed operations of different types. Processing identical 
operations this way is called "pipelining" the operations. 

See: Norms. 

Watts 

A record describing geologic formations and well testing or 
development techniques used during well construction. Often refers to 
a geophysical well log in which the physical propenies of the 
formations are measured by geophysical tools, E-logs, neutron logs, 
etc ... 

Waveform generation trigger signal· 

Write signal 
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Appendix I. Logs of wells at Cambridge site 
Soil samples were collected from five wells during the drilling of wells at Cambridge site 

for stratigraphic determination. The results are presented in Figure 1-1 to I -5. An average 

stratigraphic distribution observed in these wells is presented in Figure 2.5 

Depth (m) Description 

.............. 70 ......... 
Brown silty clay 

_.1_ l •/_ • ~ •. 
Brown silty Sand 

•i· -

·······••4,5.; ........... ..,__ ___ ..... ____________ __ 

Brown sandy gravel .......... 5-_.95-.......... ..,__ ___ .,.._ ____________ __ 
SIity sand 

7.25 Medium sand 
·········-9: tO-.......... ...,_. ___ ...,_ ____________ -rw 

Grey sandy gravel 
........ t~~--······· .. +-----+--------------t 

Brown medium to coarse sand 
........ 1,3..46-··········+----+---~"l""':'"--""l'l':"'-------t 
........ 1-4-·00r//afer~-e---+----=-................... ......;.; ........ =-------t ..................... 

Medium to coarse sand 
16.20 

1.1 Stratigraphic units in Injection well of Cambridge site 

Depth (m) Description 

Brown silty clay 
........... 1.-es·-.. --

g5~1ifi~~ 
·········A.5--+-----+--------------

Brown silty Sand 

Brown sandy gravel 
-5-.is- ·Jt't?~f-::t Silty sand 

·····--r.2s ......... +-----+----------------
Medium sand 

·········-9'.{)5-······•-·+-----+--------------r'I 

Grey sandy gravel 
....... -4.1.:4.e---+-----+----------------t 

Brown medium to coarse sand 
-······tS·.◄S-·----t---~t------,~~--""l'T:"'-----r-----t 

-·-·M-.-O·wafe~~e---+----=a-;.;...a:.~-=.:.A...;:::-.;.;,__,... __ .... ..................... 
Medium to coarse sand 

17.45 

I.2 Stratigraphic units in NE-monitoring well of Cambridge site 
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Depth (m) Description 

Brown silty clay 

·····-··:.: ... -.-·••t-;--if_I_l_t~_r_}~_:f ... ~· ____ e_r_o_w_n_s_nty_s_a_n_d ___ _ 

-s.es :/f7ffj;;.?1 SIity sand 
........ ,:;i,25 ........... ►----◄--------------

Brown sandy gravel 

Medlum sand 
·········'9.1(1· .......... ..,_ ___ _,._ ____________ _,.. 

Grey sandy gravel 
........ l1.2& .. •• .. ····...,__---+--------------1 

Brown medium to coarse sand 
..... ,13.,45 ........... .,..._ ___ "'T'"" __ ~~:--------nr-:--~--r---1 

••••••••1◄:G·wate·r._..,l""l'e---+----=-----------.....;=11..,;,;=----4 ..................... 
Medium to coarse sand 

17.40 

1.3 Stratigraphic units in NW-monitoring well of Cambridge site 

Depth (m) Description 

Brown silty clay 
......... 1 :1fr· .. •••• .. .. 

........ -4.s5-............. ·~._}_f_f_%_l:_:;_.J ... :~ ____ B_r_o_w_n_s1_1ty_s_a_n_d ___ _ 

Brown sandy gravel 
......... -5.95 ............... -,,,,.-_.-..,-. ._-... -, ...... -------------

-.:.:<:~\;~~~\-~;~:· SIity sand 
7.20 Medium sand 

......... '9.1(1··· .. ····••t-----◄-------------_,.. 

Grey sandy gravel 
..... -~1.'6& .. •• ............ ----+--------------1 

Brown medium to coarse sand 
...... · 13.58· .. ··•-•t------+---~--.~--~-~---1 
........ 1◄:GS.;vater~----....... --..;::;:.;a;;,;.;;..,;a,::.;.a...:.:.:~;:.:::.:.::..---1 ............. , ..... . 

Medium to coarse sand 
17.22 

I.4 Stratigraphic units in SE-monitoring well of Cambridge site 
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Depth (m) Description 

Brown silty clay 
........... 1.7& .......... 

Bl Brown silty Sand 

......... ♦.55············ ..... ----+----------------
Brown sandy gravel 

··········&:9&·· ... •••••• ..... ----+----------------
:-:)·;;:}f~':;··;:- SIity sand 

7.25 Medium sand 
·····----9-. tG·······• ... t------+---------------f"I 

Grey sandy gravel 
........ 11·.15 ........... ______ ......, _____________ __ 

Brown medium to coarse sand 
········1-&.◄s,,--....... ----+---------~----r---t 
........ M-.-OSwater~~e---+-----=--------a.:..;:---.,;::.-.;;;.....,_;=,;;._,,. __ .... 
••••••••••• •••••••••• 

Medium to coarse sand 
17.35 

I.5 Stratigraphic units in SW-monitoring well of Cambridge site 
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Appendix J. ERT Model Calibration 

A one-layer case (Figure J.l) was defined for SALTFLOW and also solved analytically 

{Telford et al., 1996). The results are compared in a scatter plot (Figure J.2). 

Ground surface 

10 meters ---~-'-----------➔ 

Resistivity = 100 k ohm 

Figure J.1 Schematic diagram of one layer model 

15 0.2 

- 10 :~ c 
= 5 

! .! ' = 

-
• • 

• • 

0.15 

O.l 

'.~ 0.05 I~ ,_ 
-a 0 : :n ;! 

-5 
~ 
'ii 

:= 

• ■ • • 
• • 

'ii 0 = ,,:, 
I -;; .Q.05 ; ! 

-0.l 

• .-
11 

i< -10 
I 
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_,,. 

8 10 

Figure J.2 Scatter and residual plots of a one-layer case solved analytically and by 

SALTFLOW: a) scatter plot, and b) residual plot 
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l Amp 
cwrenl 

L.,, 10 meters .... 
Ground surface ,r ,, 

5 kohm 

50 k ohm lOOtohm 

25 kohm 

Figure J.3 Schematic diagram of three-layer model with a high resistive venical column 

in the middle 
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Figure J.4 Scatter and residual plots of a three-layer case three-layer model with a high 

resistive vertical column in the middle solved analytically and by SALTFLOW: a) scatter 

plot, and b) residual plot 
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The statistical comparison was performed on the results based on the following 

procedures: 

Root mean square error (RMSE): 

RMSE (J-1) 
V 

Coefficient of detennination (CD): 

'! 

CD 
= L:=1CV0, -Vo)-

~n (V -V)
2 

"-'1=l r, 0 

(J-2) 

Modelling efficiency (EF): 

(J-3) 

Coefficient of residual mass (CRM): 

(J-4) 

The second scenario was a three-layer case with a vertical resistant wall in the middle of 

the grids (figure J.3). This scenario was solved analytically and also with SALTFLOW 

model. The results are plotted against in Figure J .4. The statistical results of both 

scenarios are presented in Table J.1. The results show the simulated and the analytical 

results have a good match and the ERT simulations of the combined model are reliable. 

Table J.l Statistical results of two scenarios solved analytically and by the SALTFLOW 

model 
Scenario 

Statistics 
RMSE CD EF CRM 

One layer case 0.0107 0.0012 0.9735 0.9924 
Three layer case with a 0.0154 0.0025 0.9689 0.9904 
vertical wall 

232 




