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ABSTRACT

Electrical resistivity m ethods were applied to characterize water- 

content distributions in the vad ose  zone of a  fractured, ash-flow tuff seq u en ce  

on the Apache Leap plateau near Superior, Arizona. B ecau se fractures are 

conduits through which infiltration and drainage occur, the regional and local 

structural geom etries were quantified by statistical analysis of field 

m easurem ents and lineam ents on aerial photos. Laboratory m easurem ents  

of electrical resistivity and induced polarization were conducted on tuff cores  

equilibrated at suctions ranging from 0 to 500 kilopascals, and empirical 

coefficients of the Archie equation were calculated. Apparent resistivity 

profiles were also collected in the field using a W enner array at electrode 

spacings of 0.9 and 1.8 m eters. Laboratory resistivity values ranged from 50 

to 250 ohm -meters, but field m easurem ents locally reached values greater 

than 500 ohm-m where drained fractures interrupted the flow of electrical 

current. Field resistivities responded primarily to moisture distributions which 

were controlled by (1) north and northwest-striking fracture zon es,

(2) topography, (3) depth, and (4) season a l precipitation and infiltration.



CHAPTER 1.

Statistical and Fractal Analysis of Joint Fabrics 
in Apache Leap Tuff



SUMMARY

A statistical analysis of fracture geometries was conducted in the 

Miocene ash-flow tuff of Apache Leap. Fractures were measured at 

three scales of observation, including azimuth and trace-length data 

derived from structural lineaments on aerial photos enlarged to scales of 

1:14,350 and 1:7,180, and strike-and-dip data collected from outcrop 

exposures in the field. The study areas ranged over the three scales from

9.0 to 0.56 to 0.01 square kilometers.

Azimuthal data can be approximated by normal distributions if a 

sufficiently large number of fractures are sampled. The fracture 

orientations of Apache Leap are separated into three distinct joint sets. 

One set strikes ENE with a mean azimuth between 67° and 77° and 

parallels pre-Tertiary structures; these extensional fractures may have 

formed as the ash-flow sheet flexed around pre-existing topography 

during cooling and consolidation. Other sets strike to the N and NW, 

with mean azimuths between 2° to 19° and 136° to 145°, respectively; 

these fractures were evidently produced by subsequent tectonism 

associated with Basin-and-Range deformation.

Trace-length data are lognormally distributed for any one scale of 

observation. When multiple scales are combined, however, fracture 

traces may be described by a fractal geometry. The fractal dimension is 

slightly greater than two, implying that self-similar behavior must be 

bounded by a lower cut-off limt. The principal directions of permeability



in the fractured medium are derived from structural geometries, which 

are generally preserved across observation scales.

INTRODUCTION

The Department of Hydrology and Water Resources at the 

University of Arizona has been conducting studies of unsaturated fluid 

flow in a fractured volcanic tuff sequence located on the Apache Leap 

plateau near Superior, Arizona. The study area was selected to assess 

the feasibility of siting nuclear waste in unsaturated, fractured rock, in 

an environment similar to that proposed for the waste repository at 

Yucca Mountain, Nevada.

Fractures serve as both pathways of infiltration when saturated 

and barriers to liquid-phase transport when drained. In order to 

accurately describe and predict fluid flow in fractured rock, an 

understanding of the statistical properties of structural fabrics is 

necessary. The objectives of this paper are: (1) to quantify the geometries 

of Apache Leap fractures-their azimuth, dip, and trace length-and 

describe the random variability of these properties using appropriate 

statistical distributions; (2) to assess the self-similar or fractal behavior 

of the fracture geometry across observation scales, and (3) to predict the 

principal directions of fluid flow based on the orientations of structural 

fabrics. Structural lineaments on aerial photographs and compass



15

measurements of fracture planes exposed in outcrop will be synthesized 

to accomplish these goals.

The ash-flow sheet of the Apache Leap plateau consists of a series 

of gas-charged, ignimbritic eruptions laid down in rapid succession to 

form an essentially uninterrupted cooling unit (Peterson, 1968). The 

deposit originally covered over 1500 square miles, remnants of which are 

preserved in the Superstition and Pinal Mountains, and reaches a 

maximum thickness of 2,000 feet along the Apache Leap escarpment. 

Radioactive dating places the age of the tuff between 19 and 20 MA, in the 

middle Miocene. Its composition is quartz latite; quartz, plagioclase, 

and biotite are the dominant phenocrysts. The basal ash flows are non- 

welded because the incandescent debris was quickly chilled along the 

lower contact. Welding becomes intense near the center of the sheet 

where flows are insulated from rapid cooling by underlying deposits and 

compacted by the accumulated weight of subsequent flows. The degree of 

welding then decreases upward as the overburden decreases.

According to Hammer and Peterson (1968), the ash-flow tuff is cut 

by two principal fault systems. Faults striking ENE are pre-Cenozoic in 

age and occasionally mineralized, whereas faults striking NNW cut 

Cenozoic and older rocks and are not appreciably mineralized. Although 

it is difficult to document stratigraphic separation in the thick, massive 

ash-flow sequence, the tuff is pervasively broken by systems of 

intersecting, near-vertical joints to form block and pillar morphologies in 

outcrop. Polygonal cooling joints are rare, but near-horizontal bedding



joints parallel to the compaction planes of pumice clasts are locally 

distinct.

16

BACKGROUND

Fracture Statistics

Fractures are commonly approximated by planar, circular 

geometries, although actual field data supporting such an assumption 

are scarce (Baecher et al., 1977; Warburton, 1980). Fracture centroids 

are further assumed to be randomly distributed in space, such that their 

volumetric concentration may be approximated by a Poisson distribution. 

The superposition of several joint sets, or independent Poisson processes, 

will thus preserve the Poisson distribution. Fracture spacings are 

usually described by an exponential distribution, lending support to a 

random Poisson field, and Baecher et al. (1977) found that exponential 

spacing distributions were maintained regardless of the orientation of 

the sample line with respect to the fracture planes. Other distributions 

of fracture spacing—normal distributions of cooling joints in columnar 

basalts, clustered distributions in stratigraphic sequences with cyclic 

variations in lithology, for example—have been observed, but are typically 

masked by superimposed, random fracture patterns (Priest and Hudson, 

1976). '

Baecher et al. (1977) suggest that both fracture radii and their 

chordal intersections on a two-dimensional surface are best
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approximated by lognormal distributions, although other workers have 

utilized exponential distributions to describe trace-length data. The 

statistical characteristics of fracture trace lengths in planar sections 

may be related to their actual diameters through stereological 

transformations (Warburton, 1980; Baecher et al., 1977; LaPointe and 

Hudson, 1985). The variability in the strike and dip of a given set of 

fracture planes is assumed to follow a normal distribution, although 

bimodality may result from the superposition of a second or conjugate 

joint set (Zanbak, 1977). Snow (1970) found that the siurficial distribution 

of apertures in fractured granite was lognormal, although the study 

could not account for the effects of stress release and weathering at the 

outcrop exposure.

The sampling of fracture geometry is subject to several forms of 

bias (see review in LaPointe and Hudson, 1985). A truncated distribution 

results from the inability to recognize trace lengths shorter than a 

certain threshold length, or the conscious acceptance of a lower cut-off 

limit during field surveys. Truncation results in an underestimation of 

joint frequency and an overestimation of joint size. When one or both of 

the fracture terminations extends beyond the outcrop or sampling area, 

it becomes impossible to measure the full extent of the trace length, and 

the distribution is censored at the upper end (Cruden, 1977; Warburton, 

1980). Sampling bias also results from the orientation of the fractures 

relative to the cross-sectional exposure plane, such that fractures 

intersecting the outcrop at a low dip angle are poorly represented
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(Terzaghi, 1965). A horizontal outcrop, for example, will preferentially 

sample vertical joints, whereas such an orientation will discriminate 

against near-horizontal structures.

Snow (1968) derived the relationship equating the permeability of a 

fractured medium (assuming an impermeable matrix) to ideal fracture 

geometries approximated by smooth, parallel plates, and concluded that 

the Darcian flux is a function of the fracture aperture raised to the third 

power (cubic law). By assuming that fracture occurrence and aperture 

size could be modeled by Poisson and lognormal distributions, 

respectively, Snow (1970) was able to derive the subsurface aperture 

distribution in fractured, crystalline rock from a series of packer 

injection tests.

When a fracture network is approximated by an equivalent porous 

medium, permeability becomes scale dependent and varies as the size of 

the fractures vary relative to the scale of observation or the REV 

(Representative Elementary Volume, over which the medium is treated 

as a continuum and described by its average macroscopic properties) 

(Sagar and Runchal, 1982). As the size of the REV is increased, some 

fractures become isolated in matrix or terminate in dead ends; the 

cubic-law relationship established by Snow therefore applies only to those 

fractures that extend continuously across the REV dimensions. Sagar 

and Runchal (1982) related the equivalent hydraulic conductivity to the 

statistical properties describing the geometries of joint sets, the fracture 

dimensions and orientations relative to the REV. McKee and Way (1988)
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modeled the microscopic variability of natural fractures and the 

channeling of flow along tortuous pathways within fracture planes that 

result from surface irregularities, variable aperture separations, and 

slip displacements.

Fractals and their Applications

Fractal concepts have been used to describe a number of important 

hydrologic processes, including landform geometries, time-series of 

streamflow and precipitation, and spatial heterogeneities of soils and 

geologic media. True fractal processes possess the following 

characteristics (see Mandelbrot, 1982):

(1) Continuous but Non-Pi fferentiable Geometry. Fractals exist at 

a multitude of length scales, such that increasing detail and irregularity 

of form are observed at progressively finer scales of observation. 

Euclidean curves, for example, can be measured by successive 

approximations with smaller and smaller line segments until a limiting 

value is reached-the curve's rectifiable length. Non-euclidean, fractal 

boundaries, in contrast, reach no such limiting value; their length is 

scale dependent and approaches infinity as the increment of 

measurement becomes vanishingly small.

(2) Continuous Range of Dimensionality. The fractal (or 

Hausdorff) dimension is greater than the topological dimension of 

Euclidean lines, surfaces, and volumes, and typically takes on non

integer values. For a linear fractal, the fractal dimension may vary



20

between 1 (the topological dimension) and 2, in the extreme case where 

the path becomes so tortuous and convoluted that it effectively fills out an 

entire 2-dimensional surface. Fractal dimensions are scale 

independent.

(3) Self-Similaritv. Fractals obey certain rules of articulation 

among their component parts and thus exhibit characteristics of self- 

similarity independent of the scale of observation, although most natural 

fractals are bounded by upper and lower cut-off limits and are therefore 

constrained to a finite range of scales. If adjusted by appropriate 

mathematical transformations, the geometric properties of fractals are 

invariant across the operative range of observation scales.

Deterministic fractal models are of limited use in the application 

to natural systems because their statistical properties are not stationary 

(i.e. they do not display spatial invariance). In addition, the self

similarity ratios of deterministic fractals are formed by the successive 

application of a generator function to an initiator geometry, and consist 

of a regular series of fractions raised to successive exponents (1/b, (1/b)2, 

(l/b)3, etc.). The dimensionality of such fractals is therefore limited to a 

discrete and non-uniform range of values. Random fractals, in contrast, 

incorporate some element of unpredictable behavior at all levels of 

observation in addition to the fundamental geometric rules of 

articulation. Random fractals exhibit stationarity with regard to their 

statistical properties, and a continuous range of dimensionality 

(fractional self-similarity ratios are replaced by real numbers).
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Realizations of random fractal behaviors produce an infinite variety of D- 

values (fractal dimensions) whose population can be described by a 

probability distribution.

Time series which exhibit certain fractal properties independent of 

scale are termed fractional Brownian motions (see Feder, 1988). The 

statistical properties of such data are preserved across observation scales 

if the time axis is scaled by the time increment between successive 

measurements, and the distance axis is scaled by the time increment 

raised to an exponent between 0 and 1 (the Hurst exponent, H). In other 

words, the variance of the incremental displacements of the time series 

is defined by:

Var(t-to) = I t-t012H (1.1).

When H = 1/2, the time series describes pure Brownian motion whose 

displacements are perfectly random and independent. For all other H 

values, however, the record exhibits an infinite lag correlation (i.e. 

persistence or antipersistence when H > 1/2 and H < 1/2, respectively). 

Such behavior conflicts with common observations in autocorrelation 

analysis which show statistical independence at large time and space 

separations. Time-series fractals are not strictly self-similar because 

time and distance axes are scaled independently; such fractals are 

described as self-affine.

Many natural phenomena in hydrology and geoscience can be 

conveniently described using fractal concepts. Mandelbrot and Wallis



(1969) provided numerous examples of annual streamflow hydrographs 

and precipitation records which yielded Hurst exponents significantly 

greater than 0.5, indicating persistence in the records and near infinite 

lag correlations. Periodic time series are difficult to analyze, however, 

because such records exhibit a form of persistence and tend to generate 

large Hurst exponents. Potter (1976) analyzed long-term precipitation 

records, and suggested that apparent "infinite memory" can also be 

caused by non-stationarity of the mean of a perfectly random process.

Spatial heterogeneity in soils (e.g. grain size, pH, bedding 

thickness) exhibits fractal behavior because increasingly detailed 

analysis continues to reveal more fine-scale, systematic structure 

imbedded in what appear to be random variations at coarser scales of 

investigation (Burrough, 1983, 1984). Such fine-scale structure which 

eludes the resolution of the sampling scheme may contribute to "nugget" 

variance in autocorrelation analysis. Burrough further noted that self- 

similar behavior is generally limited to a finite range of observation 

scales, and that a change in the fractal dimension or a change toward 

non-fractal behavior may indicate the dominance of different natural 

processes at different scales, or the presence of a geological boundary.

Wheatcraft and Tyler (1988) utilized fractal concepts to account for 

scale-dependent dispersion during solute transport through porous 

media. A fractal relationship exists between the convoluted pathway 

that a fluid particle actually follows as it migrates through pore-scale 

and field-scale heterogeneities and its straight-line displacement. If one



assumes a lower cut-off limit for fractal behavior, then tortuosity 

increases with distance traveled. Unless an upper cut-off limit for 

fractal behavior is invoked, however, such fractal descriptions are in 

conflict with asymptotic theories which predict that dispersion will 

assume stationary properties at large travel distances (e.g. Gelhar et al., 

1979; Dagan, 1984). Ross (1986) modeled the scale dependence of 

dispersion in fractured media by assuming a fractal relationship 

between fracture density and the mean path length along the fracture 

plane between intersections with fractures of higher transmissivity.

Fractal concepts have been successfully applied in studies of rock 

mechanics, structural geology and tectonics. The size distributions of in- 

si tu blocks and blast fragments in jointed rock have been described by 

fractals, and the fractal dimension has been correlated with rock 

strength (Ghosh et al., in press; Poulton et al., in press). The 

microscopic fragmentation of angular breccia clasts within fault gouge 

followed self-similar behavior across magnifications ranging from 12X to 

1600X (Fig. 1.1A, Sammis et al., 1987).

Fractal geometries accurately describe multi-scale deformation in 

the vicinity of continental triple junctions, because fault slip drops to zero 

at the juncture point and substantial deformation must therefore be 

accommodated along secondary and higher-order faults lateral to the 

main fault (King, 1983). A self-similar relationship exists between the 

fault length [L] and the number of active faults greater than a given 

length [N(L)]:
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Figure 1.1. Deterministic fractals applied to fracture geometries.
(A) Self-similar fragmentation describing the mechanical 
comminution of fault-gouge breccia, from Sammis et al. (1987).
(B) Fractal model describing scale-penetrative deformation near a 
continental triple junction, from King (1983); a fractal dimension of 
2 results from successive applications of the fractal generator, 
shown below the figure.
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log N(L) = -a log L + b (1.2).

One possible deterministic model of fractal deformation at a triple 

junction is shown in Figure 1.1B, given the geometric constraints that 

faults cannot cross or coincide. Only a fraction of these potential faults 

need actually exist or become occupied during a deformation event, 

depending on the ratio of the seismic moment accommodated on and off 

the main fault. Because fewer faults may be required during a given 

phase of deformation compared to the total number that have come into 

existence over a period of time, active fault systems may have a lower 

fractal dimension than the integrated system of fossil faults.

METHODS

An aerial photograph of the Apache Leap area (scale of 1:28,700) 

was enlarged by 200% and 400% to scales of 1:14,350 and 1:7,180, 

respectively. Line-drawing interpretations of structural lineaments and 

fracture traces were performed at each scale (Figs. 1.2, 1.3). The 

orientations and trace-lengths of the structures were measured and 

compiled over an area 3 km X 3 km at the 1:14,350 scale, and 0.75 km X 

0.75 km at the 1:7,180 scale. The study areas were centered over field 

sites of the University of Arizona, where surface-based geophysical 

surveys (Fig. 1.3A) and hydraulic/pneumatic borehole tests (Fig. 1.3B) 

are being conducted.
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Figure 1.2. Line interpretation of structural lineaments in the Apache Leap tuff. Fractures were traced 
from an aerial photo scaled at 1:14,350. The area bounded by registration marks is studied in detail 
in Figure 1.5. N )

o \
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Figure 1.3. Line interpretation of structural lineaments in the Apache Leap tuff. Fractures were 
traced from an aerial photo scaled at 1:7,180. The University of Arizona field sites are located:
[A] Rock knoll where structural and geophysical measurements were collected (see Fig. 1.10), and
[B] Borehole network where hydraulic/pneumatic testing was performed. The area bounded by 
registration marks is studied in detail in Figure 1.6.



The distributions of orientation and trace-length data were 

tabulated for approximately 300 measurements at each scale. Statistical 

moments were calculated, and the data compared with the probability 

densities of ideal populations. All fractures whose centers were within 

the confines of the sampling area were included in the analysis; the 

effect of censoring at the upper end of the trace-length distribution is 

therefore negligible because all measurements could be extended to the 

fracture terminations. Scale variability and the effects of truncation 

were assessed by comparing the statistical distributions at the two 

observation scales. The spatial variability of fracture orientations was 

evaluated by subdividing each of the surveys into nine sub-quadrants. 

Trace-length data were plotted according to the method of King (1983) to 

determine the degree of self-similarity of Apache Leap structures, and 

the applicability of fractal concepts in describing their geometry.

Nearly three hundred strike-and-dip measurements were 

collected from a rock knoll approximately 80 m in diameter at a site 

where complementary geophysical measurements are being conducted. 

In order to minimize sampling bias, measurements were made on the 

gentle slopes of the knoll and also along a steep roadcut that exposes the 

eastern boundary of the hill. Azimuthal data were compared with the 

structural traces on aerial photos, but measurements of joint length 

were not collected in the field. The poles to the fracture planes were 

plotted in lower-hemisphere, equal-area projections using the program 

STEREONET (Allmendinger, 1988). Point densities of fracture poles
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were contoured according to the method of Kamb (1959). Contours 

delimit point densities that differ significantly from a uniform 

distribution (one which exhibits no preferred orientation), and contour 

intervals were incremented by two standard deviations. The orthogonal, 

principal axes that best describe the point density in three-dimensional 

space were determined using a probability density function known as the 

Bingham distribution; this method calculates the eigenvectors and 

normalized eigenvalues of the pole distribution from the direction 

cosines of the data (Cheeney, 1983).

RESULTS AND DISCUSSION

Regional Structure

Structural interpretations of aerial photos from the Apache Leap 

area are presented in Figures 1.2 and 1.3, taken from scales of 1:14,350 

and 1:7,180, respectively. Fracture density varies spatially in both 

figures because structures are better exposed in areas of high relief and 

sparse vegetation; some bias is therefore imparted by topographic 

variability across the study area. A comparison of the fracture traces 

with topographic maps suggests that many of the drainages are 

structurally controlled. Structural features that appear continuous at 

the coarse scale of observation (1:14,350) are evidently composed of 

lineated swarms of smaller, discrete fractures when observed at the fine 

scale (1:7,180).
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Three main joint sets are evident in the structural maps (Figs. 1.2, 

1.3). These sets are oriented approximately N, ENE, and NW. Fractures 

trending N and NW exhibit the best continuity, whereas fractures 

trending ENE are often truncated, displaced, and fragmented by the 

more continuous sets. These relationships suggest that at least two 

distinct periods of fracturing produced the observed traces.

The ENE-striking joint system parallels the structures of the pre- 

Cenozoic rocks below the Apache Leap tuff (Hammer and Peterson,

1968); these joints may have formed during the consolidation of the ash- 

flow sheet, as tensional fractures mimicking the structure and 

topography of the underlying Paleozoic/Precambrian terranes. The 

N-striking and NW-striking joint systems parallel younger Cenozoic 

structures and evidently formed during subsequent tectonism.

Fracture Azimuth. Histograms of fracture orientations at the two 

scales of analysis are presented in Table 1.1 and Figure 1.4 (1:14,350 scale 

in Fig. 1.4A; 1:7,180 scale in Fig. 1.4B), each being composed of several 

hundred observations. The range of the histograms spans 180° because 

the fracture traces are bidirectional. The fractures are weighted by the 

length of their trace for several reasons: (1) longer traces are more 

obvious, less susceptible to the subjectiveness of photo-interpretation, and 

their orientations can be more accurately determined; (2) early 

generations of fracturing are fragmented by later generations, so the 

importance of early generations would be exaggerated if histograms 

were constructed from simple data counts; and (3) continuous fractures
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T ab le  1 .1 . S ta tistica l Distribution of Fracture O rien tation s  
derived  from Aerial P h otograp h s of A p ach e  Leap.

PHOTO SCALE: 1 to 14 ,350 , AREA: 9 SO . KM

AZIMUTH CUMULATIVE TRACE LENGTH fm etersl

C la s s
R a n o e

C la s s
Mark T o ta l
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S e t II

J o in t  
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(9)-0 (5) 7 8 8 0 7 8 8 0 0 0

1-10 5 2 2 0 5 2 2 0 5 0 0
1 1 -2 0 15 4 0 4 5 4 0 4 5 0 0
2 1 -3 0 2 5 2 0 4 5 1 0 2 3 1 0 2 3 0
3 1 -4 0 3 5 2 9 0 0 0 2 9 0 0 0
4 1 -5 0 4 5 9 6 7 5 0 9 6 7 5 0
5 1 -6 0 55 5 4 9 0 0 5 4 9 0 0
6 1 -7 0 65 6 9 9 0 0 6 9 9 0 0
7 1 -8 0 75 6 4 8 5 0 6 4 8 5 0 .
8 1 -9 0 8 5 6 6 1 5 0 6 6 1 5 0
9 1 - 1 0 0 95 3 8 1 0 0 3 8 1 0 0

1 0 1 - 1 1 0 1 0 5 2 7 9 0 0 2 7 9 0 0
1 1 1 - 1 2 0 1 1 5 1 5 3 0 0 7 6 5 7 6 5
1 2 1 - 1 3 0 1 2 5 8 2 0 5 0 0 8 2 0 5
1 3 1 - 1 4 0 1 3 5 9 4 8 0 0 0 9 4 8 0
1 4 1 - 1 5 0 1 4 5 6 2 8 5 0 0 6 2 8 5
1 5 1 - 1 6 0 1 5 5 3 9 0 5 0 0 3 9 0 5
1 6 1 - 1 7 0 1 6 5 2 7 3 5 0 0 1 3 6 8
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T able 1 .1 . (C ontinued)

PHOTO SCALE: 1 to 7 ,1 8 0 , AREA: 0 .563  SO . KM

AZIMUTH CUMULATIVE TRACE LENGTH (m etersl

C la s s
R a n o e

C la s s
Mark T ota l

J o in t  
S e t  I

J o in t  
S e t II

J o in t  
S e t  III

(9 )-0 (5) 1 7 5 1 8 7 6 0 0
1-1 0 5 2 6 3 3 2 6 3 3 0 0

1 1 -2 0 15 3 6 8 0 3 6 8 0 0 0
2 1 -3 0 2 5 2 3 1 2 2 3 1 2 0 0
3 1 -4 0 3 5 2 0 7 9 2 0 7 9 0 0
4 1 -5 0 4 5 1 4 0 9 7 0 5 7 0 5 0
5 1 -6 0 55 2 1 4 9 0 2 1 4 9 a
6 1 -7 0 65 4 1 7 0 0 4 1 7 0 0
7 1 -8 0 7 5 2 8 9 1 0 2 8 9 1 0
8 1 -9 0 85 2 0 7 8 0 2 0 7 8 0
9 1 -1 0 0 95 1 5 6 6 0 1 5 6 6 0

1 0 1 - 1 1 0 1 0 5 1 6 1 9 0 8 1 0 8 1 0
1 1 1 - 1 2 0 1 1 5 2 7 0 2 0 0 2 7 0 2
1 2 1 - 1 3 0 1 2 5 1 8 1 7 0 0 1 8 1 7
1 3 1 - 1 4 0 1 3 5 2 6 9 3 0 0 2 6 9 3
1 4 1 - 1 5 0 1 4 5 2 4 0 5 0 0 2 4 0 5
1 5 1 - 1 6 0 1 5 5 4 3 0 5 0 0 4 3 0 5
1 6 1 - 1 7 0 1 6 5 2 5 8 0 0 0 2 5 8 0
1 7 1 - 1 8 0 1 7 5 1 7 5 1 0 0 8 7 6
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Figure 1.4. Distributions of length-weighted orientation data. Data are
derived from fracture traces at coarse (A) and fine (B) observation
scales (see also Figs. 1.2 and 1.3). The distributions are subdivided
into three primary joint sets, with statistical properties as indicated.



are of greatest hydrologic significance and are most likely to induce flow 

channeling.

The histograms are clearly multimodal, and they are subjectively 

separated into subsamples that approximate normal distributions. The 

statistical moments of the subsamples are calculated based on the 

assumption of normality (Fig. 1.4). At each scale, the fracture azimuths 

may be separated into three groups. One group contains those post

consolidation fractures that parallel the pre-Cenozoic structures and 

trend ENE (means of 67.3° and 73.5°). Two other groups striking N 

(means of 2.8° and 18.9°) and SE (means of 138.3° and 142.4°) probably 

formed during Tertiary tectonic movements.

Corresponding subsamples at the two observation scales can be 

compared to test the hypothesis that the means of the two distributions 

are significantly different, if normality is assumed and the population 

variance is approximated by the sample variance (see Haan, 1977). At 

the 0.05 level of significance, the means of the SE-strildng fabrics are not 

statistically differentiable at the two scales, and the two samples may be 

attributed to the random variability of selection from a single parent 

population. The means of the ENE-striking fabrics are differentiable by 

only a 2° shift, well within the error contributed by the combined 

photointerpretation and graphical measurement. The means of the two 

N-striking groups are clearly distinct, but the sample derived from the 

coarse-scale observations is bimodal (Fig. 1.4A), and the mean of the 

fine-scale sample (Fig. 1.4B) corresponds to the secondary mode of the
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coarse-scale sample. The discrepancies among the N-striking 

structural fabrics may be attributed to spatial variability, and the small 

sample size and non-normal distribution of the coarse-scale 

observations.

Spatial Variability of Fracture Azimuth. Study areas were 

partitioned into nine subquadrants, and symmetrical rose diagrams 

were constructed using length-weighted orientation data (Figs. 1.5, 1.6). 

A large degree of spatial variability is evident in the polar histograms. 

The subquadrant distributions are characterized by multi-modal 

clusters, isolated spikes, and marked deviations from normality. In 

order for the azimuthal data to approximate normal distributions, larger 

sample sizes and more regional averaging are required (as in the 

composite histograms of Fig. 1.4). Many of the subquadrants are 

monopolized by a single, narrow mode, indicating the dominance of a 

prevailing structural fabric at the local scale. The three primary 

fracture sets that emerge in regionally averaged data (Fig. 1.4) are 

locally decomposed into discrete, conjugate pairs separated by 20 or 30 

degrees (Figs. 1.5,1.6).

At the coarse scale of observation, most of the primary modes are 

associated with post-consolidation fractures with peak values between 45 

and 85° (Fig. 1.5). At the fine scale, however, modal peaks are dominated 

by secondary tectonic fabrics that strike toward the north and northwest, 

between 295 and 25° (Fig. 1.6). These data suggest that observation scales 

may be biased toward fractures formed by a particular mechanism, and
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Figure 1.5. Symmetrical rose diagrams of bidirectional orientation data. 
Each diagram represents a 1 km X 1 km area. Petals are 
incremented by 10° arcs, and the outer perimeter of the circle 
represents 15% of the data within each subquadrant. See Figure 1.2 
for location.
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Figure 1.6. Symmetrical rose diagrams of bidirectional orientation data. 
Each diagram represents a 0.25 km X 0.25 km area. Petals are 
incremented by 10° arcs, and the outer perimeter of the circle 
represents 12% of the data within each subquadrant. See Figure 1.3 
for location.
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that tectonic structures are more penetrative with regard to scale. 

Although the most continuous and extensive regional fractures align 

with tectonic orientations (Fig. 1.2), it is noteworthy that the coarse scale 

is dominated by post-consolidation fabrics in terms of cumulative trace 

length (Fig. 1.5).

Fracture Length. Histograms of surficial trace lengths are 

presented in Table 1.2 and Figure 1.7, normalized in terms of numbers of 

fractures per square kilometer. The largest fracture traces measured at 

the 1:14,350 scale exceed 1.1 kilometers in length, and fractures longer 

than 450 meters were recorded at the 1:7,180 scale. Fractures less than 

50 meters in length were generally disregarded at the coarse scale of 

observation, and fractures less than 25 meters were beyond the 

resolution of the fine-scale image. The data suggest that several 

fractures per square kilometer are likely to penetrate hundreds of meters 

into the subsurface, and hundreds of fractures are likely to extend to 

depths of several tens of meters. Stereological transformations to obtain 

the exact distribution of fracture diameters, however, are beyond the 

scope of this paper.

At each scale, the distributions appear to be lognormal in 

character, and the statistical moments of the logged data are tabulated 

(Fig. 1.7). The means of the lognormal distributions are 270 meters and 

100 meters at the coarse and fine scales, respectively. Well defined linear 

trends are obtained by plotting the logarithm of trace length against the 

normal probability axis (Fig. 1.8).
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T ab le  1 .2 . S tatistica l Distribution of Fracture T race L en gths  
derived  from Aerial P h otograp h s of A p ach e  Leap.

PHOTO SCALE: 1 to 14 ,3 5 0 . PHOTO SCALE: 1 to 7 ,1 8 0
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FRACTURE LENGTH (m ete rs)

Figure 1.7. Distributions of fracture trace lengths. Data from coarse (A)
and fine (B) observation scales are plotted, and statistical properties
of the logged data (base 10) are indicated. Fracture counts are
normalized per square kilometer.
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A

.005.01 .02 .05 .1 .2 .3 .4 .5 .6 .7 .8 .9 .95 .98.99.995

Normal Probability Scale

.005.01 .02 .05 .1 .2 .3 .4 .5 .6 .7 .8 .9 .95 .98.99.995

Normal Probability Scale

Figure 1.8. Lognormal probability plots of fracture trace lengths. Data 
from coarse (A) and fine (B) observation scales are plotted, along 
with regression lines. See also Figure 1.7.
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Fractal Analysis. In order to evaluate the fractal, self-similar 

nature of the fracturing process, with the implication that deformation is 

distributed among a hierarchy of scales, the log of a given trace length 

[L] is plotted against the log of the number of fractures greater than that 

length [N(L)], according to equation 1.2. Both data sets exhibit 

significant deviations from the required linearity of the log-log 

relationship (Figs. 1.9A, 1.9B). In particular, the numbers of the 

smallest fractures are substantially less than would be predicted by a 

fractal geometry, indicating truncation at the lowest level of observation 

as a result of consciously selecting a lower cut-off limit or exceeding the 

resolution of the photographic image. Sampling bias related to 

truncation may therefore be responsible for producing the apparent 

lognormal distributions of trace-length data at a given scale of 

observation (Fig. 1.7).

A much better fit to a fractal model is obtained by combining the 

two data sets after normalizing the counts to a unit square kilometer 

(Fig. 1.9C). By this procedure, the data lost at the lower limit of one scale 

are supplemented by observations at the next level of magnification and 

resolution, and truncation effects are minimized.

A fractal dimension of 2.3 is calculated from the slope of the line 

(Fig. 1.9C). Such a value exceeds the topological dimension of the planar 

area from which the linear traces were sampled, and requires that the 

range of self-similar behavior is bounded at some lower cut-off scale. 

Evidently the fractures are not well constrained by a self-avoiding
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log L

Figure 1.9. Fractal plots of fracture trace lengths. Data from coarse (A)
and fine (B) observation scales are plotted, along with merged data
from both scales (C). Fracture counts are normalized to densities
per square kilometer. The approximate location of outcrop
structures from the rock knoll is also plotted in (C) (see Fig. 1.10).



geometry. Many of the fractures intersect one another, causing points 

on the plane to become multiply occupied. The overprinting of fractures 

from different processes and multiple generations may also contribute to 

an excessive fractal dimension. Fractures which appear continuous at a 

coarse scale of observation may actually be offset and fragmented by 

crossing structures, thereby altering the fractal dimension.

Nevertheless, it appears that the fractal dimension must be very close to 

two, and the hierarchy of fracture scales will virtually fill out the whole 

of the planar surface. Fracturing is both pervasive and penetrative 

under such conditions.

Outcrop Structure

Fractures were mapped in outcrop over a radially symmetric rock 

knoll with an approximate diameter of 80 meters (Fig. 1.10). The outcrop 

site is located within the western subquadrant of the fine-scale study 

area (Fig. 1.3A).

Fracture orientations are plotted in the rose diagram at the bottom 

of Figure 1.10. Unlike previous diagrams, these fractures are 

unidirectional such that the dip azimuth is oriented 90° in a clockwise 

direction from the strike azimuth. Tectonic structures striking toward 

the north and northwest clearly dominate the outcrop, and the primary 

modes are coincident with those obtained from fracture traces on the 

fine-scale aerial survey (compare with Fig. 1.6, W subquadrant). 

Fracture orientations are most densely clustered near modes at 185° and
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- 4 0  - 3 0  - 2 0  - 1 0  0 10 20  30  40

Figure 1.10. Structural measurements of fracture planes exposed in 
outcrop at the rock-knoll site. Fracture locations are accurately 
surveyed by transit. Coordinate axes are in meters, and the summit 
of the rock knoll is located at (0,0). Unidirectional rose diagram in 
the lower-right comer is plotted with dip azimuth oriented 90° 
clockwise from strike azimuth; outer perimeter is 10% of the data. 
See Figure 1.3 for location.
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315°. If these joints are offset by normal displacements, then north- 

striking faults are preferentially down-dropped to the west (toward the 

Apache Leap escarpment) and northwest-striking faults are 

preferentially down-dropped to the northeast (toward Queen Creek 

canyon).

Some amount of spatial variability is evident in the structural map 

(Fig. 1.10). North-striking fractures are best developed between 

longitudes -10 and 40, particularly in the NE quadrant of the study area. 

Northwest-striking fractures form the dominant fabric in the two 

western quadrants and a secondary fabric in the NE quadrant. East- 

striking fractures are more diffuse but appear to be concentrated between 

latitudes -15 and 5.

The strikes of the outcrop measurements were converted to a 

bidirectional form for comparison with the fracture orientations obtained 

from lineaments on aerial photographs (Fig. 1.11). The mean of the N- 

striking fractures in outcrop shows no significant statistical difference 

with the mean obtained from the coarse-scale aerial photo (compare Fig. 

1.4). The mean of the NW-striking fractures cannot be statistically 

discriminated by more than a 2° separation from either the coarse or 

fine-scale distributions. The ENE-striking fractures are split into a 

conjugate pair at the outcrop scale, with modes near 50° and 90°. 

Nevertheless, the mean of this bimodal distribution cannot be separated 

with any statistical significance by more than 5° from the photo trace 

orientations.



N
O

. 
M

EA
SU

R
EM

EN
TS

47

40 n N * 80
MEAN -1.80® 
ST DEV -  8.53®

N -126
MEAN-136.72® 
ST DEV-15.39®

15 25 35 45 55 65 75 85 95 105115125135145155165

FRACTURE AZIMUTH

Figure 1.11. Distributions of orientation data from rock-knoll site.
Structural measurements are converted to bidirectional azimuths 
by disregarding dip directions. Distributions are subdivided into 
three primary joint sets, with statistical properties as indicated.



The density of the outcrop measurements is estimated at 50,000 to

70,000 fractures per square kilometer (Fig. 1.10). If the fracture traces 

are assumed to lie between 5 and 10 meters in length, an assumption 

consistent with field observations, then these data support the fractal 

geometry predicted by aerial-photo interpretations (Fig. 1.9C). If the 

fracture traces are smaller than this length, however, then they probably 

transgress the lower boundary of self-similar behavior.

Poles to fracture planes are projected onto lower-hemisphere, 

equal-area nets in Figure 1.12; both scatter plot and Kamb contours are 

illustrated. Two distinct modes are evident in the contour diagram that 

represent the primary structural fabrics striking to the north and 

northwest. The point densities in these areas differ from a uniform 

distribution by more than ten standard deviations. The principal axes 

that best describe the point-density distribution are presented in Table 1.3 

and projected onto the scatter plot. The primary axis is oriented near the 

bisector of the poles to the two major structural fabrics and in the 

horizontal plane; the tertiary axis is virtually vertical.

In order to evaluate the bias imparted by collecting measurements 

from a surficial outcrop which tends to discriminate against near

horizontal structures (Fig. 1.10), numerous additional measurements 

were made along a vertical roadcut flanking the east and southeast 

boundaries of the study area. The stereonet projection of the roadcut 

structures is dominated by poles to the N-striking fracture set, and this 

fabric appears to control fragmentation along the escarpment (Fig. 1.13).
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Equal Area

[•* • *

Equal Area

N - 204 C.l. -  2.0 sigma

Figure 1.12. Equal-area, stereonet projections of poles to fracture planes, 
collected from the surface of the rock knoll (see also Fig. 1.10). Data 
are presented in both scatter plot and contour form. Contour 
interval is two standard deviations. The eigenvector solutions of the 
Bingham distribution are plotted as open squares on the upper 
diagram.
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Equal Area

Figure 1.13. Equal-area, stereonet projections of poles to fracture planes, 
collected from a roadcut along the southeastern boundary of the rock 
knoll. Data are presented in both scatter plot and contour form. 
Contour interval is two standard deviations. The eigenvector 
solutions of the Bingham distribution are plotted as open squares on 
the upper diagram. Asterisk denotes average value (approx. Trend: 
205°, Plunge: 50°) of a shallow-dipping joint set that could not be 
discriminated on the surface of the knoll.
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T able 1 .3 . Principal a x e s  d escrib ing  p o le s  to fracture p la n es  at 
th e  R ock-knoll S ite , ca lcu la ted  by the B ingham  distribution  
m eth od .

A. SURFACE OUTCROP (s e e  Fig. 1.12)
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B. ROADCUT (s e e  Fig. 1 .13)

EIGENVECTOR
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A subordinate mode centered near a trend of 205° and a plunge of 50° (see 

asterisk in Fig. 1.13) can be discerned from these data but was not 

evident in the surface measurements (compare Fig. 1.12). These 

structures dip approximately 40° to the north-northeast and are 

generally associated with diffuse, scaly fabrics rather than discrete 

discontinuities. These structures may constitute bedding planes or flow 

surfaces that slipped while the tuff was still plastic. The orientations of 

the principal axes are very similar to those calculated from the surface 

measurements, but the tertiary axis is rotated about 30° from vertical as 

a result of this shallow-dipping fabric (Fig. 1.13, Table 1.3). The elliptical 

confidence cones are much larger due to the smaller number of data 

points and larger amount of scatter.

In the vadose environment, fractures control hydrologic flow 

whether they act as conduits (i.e. during infiltration) or barriers (i.e. 

during dry periods when fractures are preferentially desaturated and 

the matrix assumes conduction of water). Consequently, the principal 

axes of the structural fabrics can be equated with the principal axes of 

the permeability tensor. However, the rank of the axes is reversed since 

the Bingham distributions are calculated from the po les  to the fractures. 

In other words, the primary permeability axis is vertical because this 

corresponds to the plunge of the intersections of the dominant fracture 

planes (Fig. 1.12). The secondary principal axis is oriented at 327° in the 

horizontal plane, roughly bisecting the azimuths of the N-striking and 

NW-striking structural fabrics. These principal axes may be rotated
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where bedding surfaces or compaction joints deviate from the horizontal 

(Fig. 1.13). Such deviations may be caused by the draping of ash-flows 

over pre-existing topography during deposition, or post-depositional 

tectonic tilting.

CONCLUSIONS

Three distinct joint sets can be differentiated in the Apache Leap 

tuff across observation scales spanning nearly three orders of 

magnitude. ENE-striking fractures are offset and truncated by later 

structures, and are interpreted as tensional fractures formed as the 

newly consolidated ash-flow flexed around pre-existing topography. N- 

striking and NW-striking fractures probably formed during later tectonic 

events.

Where at least one hundred measurements are available for each 

of the joint sets, the distribution of fracture azimuths is well 

approximated by a normal distribution. With lesser amounts of data, the 

distributions become multimodal and tightly clustered. In all but one 

instance, the mean values of the primary joint sets cannot be statistically 

differentiated by more than a 5° offset between the three scales of 

observation, and fracture orientation is therefore persistent. Whereas 

post-consolidation fractures dominate the azimuthal modes at the coarse 

scale of observation, tectonic orientations are dominant at finer scales, 

suggesting that tectonic fabrics are more penetrative.
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Trace-length data can be described by a lognormal distribution at a 

given scale of observation. Each scale exhibits significant deviations 

from fractal behavior because truncation of small fracture lengths 

occurs near the limits of resolution. When more than one scale is 

combined, however, by normalizing counts to fracture densities per unit 

area, fractal geometry appears to be valid. The fractal dimension is 

larger than two, i.e. it exceeds the topological dimension of the sampling 

surface, and a lower limit to the range of self-similar behavior is 

therefore required. The anomalous fractal dimension may be caused by 

the double occupation of points at fracture intersections, and the 

inclusion of multiple generations of fracturing in the analysis.

By describing the poles to fracture planes using the Bingham 

distribution (an eigenvector solution), the principal directions of the 

permeability tensor can be inferred, assuming that hydrologic flow is 

governed specifically by structure. The primary principal axis is 

oriented vertically, along the plunge line of the intersections of near

vertical joints. The secondary principal axis is located in the horizontal 

plane, approximately bisecting the N-striking and NW-striking tectonic 

fabrics. Some rotation of the orthogonal axes may be caused by local 

deviations of bedding planes from the horizontal.



CHAPTER 2.

Variability of Electrical Resistivity  
and Induced Polarization 
with Water Saturation in 

Laboratory M easurements of Ash-Flow Tuff
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SUMMARY

Laboratory measurements of resistivity and induced polarization 

were conducted on partially welded, silicic tuff cores from the Apache 

Leap field site near Superior, Arizona. The cores were saturated with a 
dilute laboratory solution (0.001 M CaSCU) with an electrical conductivity

comparable to that of the local groundwaters (45 ohm-m), then 

incrementally desaturated to suctions of 10,25, 50,100, 300, and 500 kPa. 

The empirical parameters of the Archie equation were calculated from 

saturated and unsaturated resistivity measurements. The cementation 

exponent (m) is estimated at 2.13, comparable to values determined for 

well-cemented sediments and near the upper limit of values reported for 

volcanic rocks. The apparent value of the saturation exponent (n) is 

unusually low, averaging 0.67. Because the samples were saturated 

with dilute, resistive solutions, the effects of surface conduction and the 

progressive dissolution of retained salts significantly weaken the 

response of resistivity to desaturation. Upon drying, the induced 

polarization response initially increases as the pore fluids gain 

electrolytes from the matrix, presumably because the mobility of the 

electrical double layer increases. At high suctions corresponding to 

saturations below 0.6, however, the IP response is diminished, 

suggesting the appearance of discontinuities in the adsorbed liquid 

phase. These laboratory data mimic the infiltration of dilute meteoric 

waters into unsaturated zones where residual salts are concentrated by
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evaporation. Our results indicate that the electrical properties of 

unsaturated rocks and their contained fluids are highly variable with 

time and degree of saturation.

INTRODUCTION

The physical and hydrologic properties of unsaturated volcanic 

tuff are being actively researched by the Department of Hydrology and 

Water Resources at the University of Arizona in order to predict the 

effects of nuclear-waste disposal in such a geologic setting. Because of 

their sensitivity to moisture content and pore-fluid composition, 

electrical methods are being utilized to monitor the distribution and 

salinity of water in the vadose environment. Interpretation of field data 

is limited, however, by a lack of laboratory measurements on the 

electrical properties of silicic volcanic rocks saturated with dilute fluids 

having ionic strengths comparable to those of meteoric and ground 

waters. Our ignorance is even more acute regarding the electrical 

response of such rocks at partial levels of saturation, equilibrated with 

imposed suctions under controlled laboratory conditions, although 

standard desaturation techniques have been practiced in soil-physics 

laboratories for many years.

This research constitutes an initial attempt to collect laboratory 

data on the electrical properties of volcanic tuff under conditions 

representative of unsaturated groundwaters. The specific objectives of



this study are: (1) to determine the electrical resistivity and induced 

polarization response of partially welded volcanic tuff saturated with 

dilute fluids, and sequentially drained at imposed suctions ranging from 

0 to 500 kilopascals, (2) to determine the empirical parameters of the 

Archie equation relating the electrical resistivity of the rock specimen to 

the resistivity of the pore fluids, the porosity and degree of saturation, 

and (3) to assess, in a preliminary and qualitative manner, the 

contributions of surface conduction and the effects of rock-water 

interactions on the electrical properties of the rock and its contained pore 

fluids.

Core samples were selected from boreholes penetrating the upper 

30 meters of the unsaturated zone in the Apache Leap tuff unit near 

Superior, Arizona. The Apache Leap tuff is a variably welded, composite 

ash-flow sheet of middle Miocene age; it is classified as a quartz latite 

with common quartz and plagioclase phenocrysts, and locally reaches

2,000 feet in thickness (Peterson, 1968). The borehole samples exhibit 

abundant evidence of geochemical alteration, particularly in the upper 

20 meters (Weber, 1986). Pitted pumice clasts and enhanced secondary 

porosity in the shallow subsurface indicate hydrolysis of the matrix, and 

dissolved silica is precipitated as authigenic quartz and opal in fracture 

and matrix pores. Authigenic clay minerals composed of 

montmorillonite, mixed layer illite-montmorillonite, and palygorskite- 

sepiolite have also been identified, and much of the original biotite is 

replaced by chlorite. Given the finely crystalline groundmass of the tuff
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and the extent of surficial alteration, it is expected that physiochemical 

processes operating at the rock-water interface-surface conduction, in 

particular—will exert an important influence on the electrical properties 

of the tuff.

BACKGROUND

Charged Surfaces and the Electrical Double Layer

Clay minerals and other silicates possess an electrical charge that 

creates a microscopic potential gradient near the particle surface and 

affects the distribution of ions in the pore-filling, electrolytic solution 

(Bolt, 1979; Sparks, 1986). Surface charges result from cation 

substitution in the crystal lattice, broken edge bonds, and pH-dependent 

protonation/deprotonation of exposed hydroxyl groups. The platy 

cleavage planes of clay minerals are negatively charged in normal 

geochemical environments, and a diffuse cloud of cations (or 

counterions) accumulates near the surface in order to balance this 

charge. The adsorbed cations constitute the electrical double layer, 

which includes a fixed or immobile layer immediately adjacent to the 

charged surface and a diffuse zone where the anomalous charge 

concentrations decrease exponentially toward that of the neutral 

electrolyte. Whereas cations are adsorbed to the negatively charged clay 

surfaces, anions are preferentially excluded from the double layer. Ions



in the diffuse zone are available for conduction of electrical current or 

mass transport by migrating pore fluids.

The effective thickness of the double layer and its associated 

electrical field extends from a few nanometers to a few tens of 

nanometers into the pores of the rock or soil (Nielsen et al., 1986). The 

double layer is compressed as the ionic strength of the solution increases 

or the valence of the solute increases (Hillel, 1980). The double layer is 

also affected by the mineralogy of the rock matrix, because different 

structural groups of clay minerals (e.g. kaolinites, montmorillonites, 

etc.) exhibit varying degrees of isomorphous substitution and therefore a 

characteristic range of inherent charge densities and cation exchange 

capacities. In contaminant plumes or hydrothermal systems, the 

thickness of the double layer may be further modified by changes in the 

dielectric permittivity or temperature of the pore fluid (Ward, in press).

The total water potential in a porous medium under atmospheric 

pressure and isothermal conditions consists of a hydraulic potential 

(including pressure and gravity components), an osmotic potential, and 

an electrochemical potential (Nielsen et al., 1986). The gradients of these 

potential fields produce the principal forces which drive the Darcian 

flux, the diffusive flux, and the charge flux or current density, 

respectively. The driving forces are further coupled to each of the other 

flux components through viscous drag forces operating between the 

dissolved solutes, the solvent, and the rock matrix (Bolt, 1979). Salt 

sieving results from the coupling of Darcian and diffusive fluxes, and
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streaming potential results from the coupling of Darcian and charge 

fluxes, for example. The movement of pore fluids under a hydraulic 

gradient will typically entrain part of the electrical double layer above a 

basal shear plane, causing the forward propagation of a salt deficit 

(concentration of the neutral salt with respect to a unit volume of solvent) 

and a positive charge anomaly.

Surface Conduction

Electrical current is conducted within the diffuse and mobile 

portion of the electrical double layer by the anomalous density of cations, 

a process known as surface conduction (Patnode and Wyllie, 1950; Keller 

and Frischknecht, 1966; Ward, in press). The orientation of polar water 

molecules in the vicinity of a charged surface may amplify the effect. 

Surface conduction adds to the total conductivity of the rock, in excess of 

that contributed by the electrolytic conduction of neutral salts dissolved in 

the pore waters. In addition to clay minerals, zeolites and other silicates 

contain unsatisfied lattice charges and adsorbed counterions, and are 

therefore capable of surface conduction to some degree.

At low electrolyte concentrations, the value of the surface 

conductance decreases because the conductive surfaces are partially 

isolated by dilute, resistive solutions filling the intergranular pores (Bolt, 

1979). The fraction of the double layer that is free to respond to an 

imposed voltage gradient ranges from 0.1 to 0.9 (depending on the 

valence and ionic radius of the adsorbed species) for solution
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concentrations greater than 0.1 N, but an increased fraction of the 

countercharge is immobilized at lower salinities. In spite of its 

decreased value, however, the relative contribution of surface conduction 

to the bulk rock conductivity becomes proportionately more significant at 

low ionic strengths, because the double layer expands and the fractional 

pore volume occupied by the neutral salt solution decreases. Of 

particular importance to the unsaturated zone, the relative contribution 

of surface conduction increases as the porous medium is desaturated, 

since the geometry of the adsorbed layer remains largely unchanged but 

neutral electrolyte is preferentially lost from the central cavities of large 

pores.

Induced Polarization

Current is propagated along the surfaces of the rock matrix by the 

charging and discharging of the electrical double layer, and the process 

is well approximated by a simple capacitance whose impedance varies 

with the inverse of frequency (Sumner, 1976). Clay minerals and other 

charged surfaces therefore exhibit an induced polarization (IP) effect, or 

a delayed voltage response when stimulated by an electrical current. 

Olhoeft (1985) reviews the nature of the electrical response generated by 

ion exchange processes on clay surfaces, and by other electrochemical, 

water-rock interactions.

Vacquier et al. (1957) performed some of the earliest methodical 

laboratory experiments on the induced polarization of water-saturated
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sediments containing clay. Vacquier et al. found that the polarizability 

of the medium was (a) proportional to its cation exchange capacity, (b) 

proportional to the resistivity of the pore-filling solution, (c) affected by 

the cation composition of the solution and the clay's affinity for a 

particular cation, but largely insensitive to the anion composition, and 

(d) dependent in a complex manner on the percentage of the clay 

component and its distribution. Many of these results were subsequently 

confirmed by Ogilvy and Kuzmina (1972).

Clays behave as an ion-selective membrane (Sumner, 1976; Ward, 

in press). Cations move freely through the positively charged double 

layers but anions accumulate behind pore constrictions, particularly 

where the adsorption clouds of opposed pore walls overlap. The strength 

of the IP response is therefore dependent on the thickness of the 

electrical double layer in that this dimension determines the pore sizes 

that will exhibit membranous behavior. In response to an applied 

electrical potential, the differential mobility of cationic and anionic 

species induces charge separation and sets up a concentration gradient 

which opposes the current flow. Ion mobility is hindered by the contrary 

concentration gradient, but the gradient is fully developed only at low 

frequencies where the potential field is constant over a sufficient time 

interval for diffusion to occur. As a result, the resistivity of the charged 

porous medium decreases with increasing frequency.
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Resistivity of Igneous Rocks

Unweathered igneous rocks are quite resistive, and in-situ values 

typically range from 500 to 10,000 ohm-meters (Palacky, 1988).

Laboratory analyses of the same lithologies often yield resistivity values 

that are greater by an order of magnitude or more, probably because 

preferential field-scale conduction paths are not adequately captured in 

laboratory samples. Volcanic rocks are generally more conductive than 

plutonic rocks, and mafic rocks more conductive than felsic rocks.

These relationships are readily obscured, however, by complex 

variability in the geometry and connectivity of the pore networks, which 

include granular, breccia, vugular and fracture porosity. Upon 

weathering to yield clay-rich alteration products, the apparent 

resistivities of the igneous rocks decrease by orders of magnitude, and 

typically range from a few ohm-meters to a few hundred ohm-meters. 

Mafic rocks are more rapidly and extensively weathered due to the 

geochemical instability of the mineral assemblages, and such rocks may 

form thick and conductive weathering profiles.

Archie's Law: Applications and Limitations

Archie (1942) formulated an empirical relationship between the 

bulk electrical resistivity of a rock, the resistivity of the saturating fluid, 

and the porosity of the rock:

pr = a p w O'™ (2 .1)



where [pr] is the bulk rock resistivity, [pw] is the resistivity of the pore 

water, [0] is the porosity, and [a] and [m] are fitting parameters. The 

relationship may be extended to the case of partially saturated rocks:

65

pr= a pw 0*m S-n (2.2)

where [S] is the degree of saturation, or the fractional pore space 

occupied by water, and [n] is an additional fitting parameter. Often the 

equations are cast in terms of the ratio [pr/pw]. defined as the formation 

factor [F], which isolates the inherent physical properties of the rock 

independent of the saturating fluid.

The Archie equations have been successfully applied to a great 

variety of surface and borehole geophysical problems over the decades, 

but one must be aware of the limitations to such an approach. The 

empirical fitting parameters are specific to a given lithology, formation 

and location. Such factors as pore geometry and tortuosity, pore-size 

distribution, permeability, and moisture-retention character are 

intimately related to the genesis and diagenesis of a particular rock unit, 

and are implicitly lumped into the fitting parameters. A number of 

properties may vary within a heterogeneous formation—pore-fluid 

salinity, porosity, saturation, cementation history, etc.—so the 

interpretation of field data is often fraught with ambiguity unless some of 

the variables can be independently measured or otherwise constrained. 

Finally, the Archie equations are strictly valid only for electrolytic 

conduction; the presence of clays or other surface conductors will cause
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the fitting parameters to vary with the resistivity of the pore-fluid and the 

degree of water saturation (Keller and Frischknecht, 1966).

The fitting parameters of the Archie equations are well defined for 

sedimentary rocks due to the emphasis placed on the interpretation of 

borehole logs in the petroleum industry. The "a" parameter is 

approximately one but ranges from 0.5 to 1.7 for sandstones and 

limestones. The "m" parameter ranges from 1.3 to 2.0 for sandstones, 

and from 1.8 to 2.4 for limestones. The "m" parameter is also known as 

the cementation exponent, its value being larger for well-cemented sands 

and limestones (Carothers, 1968; Keller, 1988). The cementation 

exponent is quite sensitive to fracture porosity-fractures provide 

continuous, low-tortuosity pathways-and this parameter may decrease 

to values as low as 1 in the presence of fractures, particularly in rocks of 

low porosity (Rasmus, 1987).

Most of the research concerning the range and behavior of the 

saturation exponent "n" has also been generated by the petroleum 

industry using two-phase oil/brine mixtures. Archie (1942) suggested an 

approximate value of 2 for for clean sands and sandstones. Reported 

values of the saturation exponent have subsequently ranged from near 1 

to greater than 5, and depend on a variety of physical properties, notably 

the moisture retention characteristics of the rock.

The electrical response under conditions of partial water 

saturation is strongly affected by the wettability of the porous medium, 

and the distribution of wetting and nonwetting phases in the pore spaces



(Keller, 1953; Anderson, 1986; Lewis et al., 1988). If the matrix is coated 

with a film of hydrophobic organic material, for example, water becomes 

the nonwetting phase, and conducting fluid is relegated to isolated 

pockets in the centers of large pores. The saturation exponent can reach 

excessive values in such oil-wet situations (e.g. 10 or more), particularly 

at low water saturations.

Perturbations of the saturation exponent in the presence of 

fracture and vugular porosity were modeled by Rasmus (1987), 

emphasizing the influence of pore morphology and the distinctive 

behaviors of intergranular and secondary porosities. The distribution of 

microporosity within clay platelets and framework grains is another 

factor affecting moisture retention properties, and Swanson (1985) 

observed a decrease in the saturation exponent when capillary pressures 

were sufficient to begin draining minute pores. Hysteretic effects were 

documented by Lewis et al. (1988), who reported "n" values of 1.4 to 2.3 

during drainage, and values of 1.2 to 1.5 during imbibition. Apparent 

saturation exponents are reduced from their intrinsic values (intrinsic • 

values being strictly a function of conduction through the free electrolyte) 

in the presence of matrix conductors such as clay minerals (Waxman 

and Smits, 1968; Givens, 1986).

Comparatively little work has been done regarding the electrical 

response of air/water mixtures under partial saturation in the vadose 

environment. Rhoades et al. (1976) found that the electrical conductivity 

of various soil samples could be expressed as a second-order polynomial
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function of water content, suggesting an analogy with the Archie 

equation in which the porosity and saturation exponents assume a 

similar value close to 2.0.

Based on a more limited amount of data, the saturated form of 

Archie's law appears to be valid for igneous rocks as well (Ibrahim and 

Keller, 1981; Keller, 1988). In a comprehensive study of Cenozoic 

volcanics from the western United States, Ibrahim and Keller (1981) 

found the "a" parameter to vary between 0.8 and 1.4, and the "m" 

parameter to vary between 1.5 and 1.9. Basalts and mafic volcanics 

generally showed anomalously low resistivities, perhaps due to the 

inclusion of conductive iron-bearing minerals, whereas the highest 

resistivities were obtained from siliceous tuffs and breccias. Ibrahim 

and Keller also documented a dependence of resistivity on saturation, but 

a value of the saturation exponent could not be quantified due to 

imprecise lab procedures. Samples were desaturated by evaporation, 

causing a non-uniform water loss from the sample surface, a limited 

range of obtainable saturation values, and retention of salts and 

therefore a nonconstant pore-fluid resistivity.

In order to apply the Archie equations to field surveys, one or more 

of the variables are typically assumed to hold a constant or average value 

over the extent of the formation of interest. Worthington (1976) conducted 

a sensitivity analysis of the bulk resistivity response to multicomponent 

variability in the empirical relationship. If pore-water salinity is 

assumed constant, the determination of porosity variations is most



accurate in an environment of low porosity and high pore-water 

resistivity; if porosity is assumed constant, determination of pore-water 

salinity is most accurate under conditions of low pore-water resistivity 

and high porosity. If both porosity and pore-fluid salinity vary 

simultaneously, however, and if surface conduction (e.g. clay content) is 

significant and variable across the basin of investigation, interpretations 

are clouded by severe ambiguities. In order to better constrain these 

ambiguities, independent geologic or geochemical data are required.

Deviations from Archie's law occur when surface conduction 

through the matrix becomes a significant fraction of the total 

conductivity. Archie's law may be modified by the addition of a surface 

conductance term, based on a parallel resistor model in which 

conductivities are additive (Patnode and Wyllie, 1950; Urish, 1981):

1 — 1 +  1
pr Pw * F Ps (2.3)

where [F] is the saturated or unsaturated formation factor, [1 /(pw * F)] 

is the conductivity of the pore-filling electrolyte, and [1 /ps] is the surface 

conductivity of the matrix. Surface conductivity is most significant in 

fine-grained lithologies with large specific surface areas, and in 

formations with high pore-water resistivities, low porosities, and low 

degrees of saturation.

Numerous attempts have been made to quantify the contribution of 

surface conduction and predict its value from measurable physical 

properties. Elliott and Thomas (1986) modeled the resistivity of clayey
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sands by relating surface conductance to the cation exchange capacity of 

the clay phase, and scaling by the weight-percentage of clay in a mixture 

with clean sand. Frohlich and Parke (1989) considered the limiting 

behavior of bulk resistivity at low saturation values to be dominated by 

surface conduction, whereas the bulk resistivity at high saturation 

values approached pure electrolytic conduction. Worthington (1977) and 

Huntley (1986) calculated the component of surface conduction by 

measuring the change in apparent formation factor as samples were 

saturated with pore-water solutions of variable conductivity. Other 

workers have utilized induced polarization or complex resistivity to 

isolate the effects of surface conduction, since both clays and electrolytes 

contribute to the in-phase resistivity, but clays alone (in the absence of 

mineral conductors) contribute to the IP or quadrature response 

(Vinegar and Waxman, 1984; Park and Dickey, 1989).

METHODS

A representative suite of cores spanning the range of porosity 

values (14 to 26%) was selected from borehole samples at the Apache 

Leap study site. Core dimensions are approximately 6 cm in diameter 

and 5 cm in length, and were accurately measured with a micrometer. 

Twelve cores were selected for determination of electrical properties at 

various saturation states, and an additional sixteen cores were 

measured at saturation only.
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The cores were oven dried (100°C) for 24 hours, then evacuated for 

at least 4 hours in a vacuum chamber to remove entrapped air. The 
cores were saturated with a standard, degassed CaS04  solution and 

porosity was determined gravimetrically. Stepwise desaturation was 

accomplished by placing the cores on porous plates in a pressure 

extractor, and equilibrating to suctions of 10, 25, 50,100, 300, and 500 

kilopascals. Water content was determined gravimetrically at each step 

to obtain moisture release characteristics for each core.
A standard saturating solution of 0.001 M CaSOa was used in the 

laboratory. In an effort to approximate the in situ pore-water 

resistivities, the ionic strength of this standard solution was matched to 

the ionic strengths of wells and springs draining the Apache Leap tuff, 

which ranged from 0.002 to 0.008 (Weber, 1986). The electrical 

conductivities of the laboratory solutions were monitored throughout the 

experiment with a Yellow Springs conductivity probe (YSI-33).

Electrical resistivities were measured at saturation and at various 

suction values with the configuration shown in Figure 2.1. The rock 

samples were placed between plexiglass electrolyte tanks filled with the 

standard CaSOa solution, after the design of Sumner (1976). Potential 

and current electrodes made of brass screening were immersed in the 

tanks. Sumner recommends positioning the current electrodes interior 

to the array, but exchanging current and potential electrodes produced 

no significant differences in our measurements. Saturated, 1-bar porous 

plates mounted on short PVC tubes were connected to the tanks with



Figure 2.1. Diagram of the system configuration and sample holder used for measuring electrical 
resistivity and induced polarization of Apache Leap tuff cores. Details and schematics of the 
electrical components may be found in Skipping and Sternberg (1981).



O-rings to allow removal of the plates between measurements. Electrical 

contact between the rock samples and the porous plates was 

accomplished with a paste made of silica gel and the standard solution.

It should be emphasized that the silica gel must be free of salts which 

could dissolve and diffuse into the sample or porous plates; some gels 
contain 12% hydrated CaS0 4 , for example. No significant drift in 

resistivity values was observed during any batch of measurements, 

suggesting that uptake of moisture by the unsaturated rocks was 

negligible and the electrical properties of the samples were stable during 

the period of measurement (i.e. a few hours).

The electrical system used in this study for the laboratory 

measurement of rock resistivity and induced polarization follows the 

procedure described in Skipping and Sternberg (1981) and in Olhoeft 

(1979). An alternating current of 100 Hz was imposed on the samples, 

with a square waveform provided by a function generator (Tektronix FG- 

502) (Fig. 2.1). The current was measured by its voltage drop across a 

variable decade resistor. The voltage drops across the rock sample and 

the variable resistor were amplified (gain = 100X) and filtered (low-pass 

filter set at the fundamental outgoing frequency). The peak-to-peak 

amplitudes of the two waveforms were measured with a digital 

oscilloscope (Tektronix 2430A), the ratio of the voltages being proportional 

to the resistivity of the rock. All components were connected to isolation 

transformers to eliminate cross-talk.
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The rock samples were subjected to current densities of 0.05 to 0.30 

pamps/cm2. The electrical response was found to be linear in this 

range, i.e. the resistivity is independent of amplitude (Fig. 2.2). 

Measurements were therefore taken at the upper end of the range 

between 0.25 and 0.30 pamps/cm2 to obtain the best signal-to-noise ratio.

The variable resistor was set at the beginning of an experiment 

batch to match the resistance of a representative rock sample at that 

particular saturation state, in order for the voltage drops to be of 

comparable magnitude. During each batch, the resistance of the porous 

plates was measured in the absence of any sample and subtracted from 

the total resistance to yield the resistance due to the rock alone, based on 

the additive property of resistors in series. The net equation for the 

determination of the sample resistivity is:

where [Rq] is the resistance of the variable resistor, [A] is the cross- 

sectional area of the core, [L] is the length of the core, [V pot] is the 

voltage drop across the potential electrodes, and [V cur] is the voltage 

drop across the variable resistor due to the current (Fig. 2.1).

Induced polarization data were collected in the frequency domain 

for four of the twelve samples at each saturation state. Measurements 

were taken at 1,10, and 100 Hz. IP data are presented as percent 

frequency effects (PFE) for each decade (Sumner, 1976):

(2.4)
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Figure 2.2. Variability of electrical resistivity with current density. Note 
the linear resistivity response, independent of amplitude, under 
this range of current densities. Increased variability at low 
current densities probably indicates a decreased signal-to-noise 
ratio.



PFE i-io — (p 1 hz ~ P 10 hz)/p 1 hz * KX)

PFE 10-100 = (P 10 hz - P 100 hz)/p 10 hz * 100 (2.5).

The precision of the equipment was estimated through repeat 

analyses during a batch run to range from 0 to 4%, averaging 1.3%. 

Errors of this magnitude are readily explained by small fluctuations in 

temperature or moisture content, particularly along the core surfaces in 

contact with either the atmosphere or the saturated silica gel. Because 

the error in the determination of the porous-plate resistance is of similar 

magnitude, and the plate resistance constituted 30-75% of the total 

resistance, the error of the resistivity measurement is approximately 

double the precision error and higher for low-resistivity samples. When 

cores were completely reprocessed—oven-dried and resaturated with 

standard solution-errors obtained by repeat analysis were significantly 

larger, ranging from 1 to 14% and averaging 6.8%. These larger 

deviations may have been caused by structural changes in the rock 

matrix or physiochemical changes on the surfaces of mineral grains 

imposed by the laboratory procedures.

The accuracy of the equipment was tested by replacing the porous- 

plate assemblies with a section of PVC tubing between the electrolyte 

tanks, and filling the tanks and the horizontal column with a standard, 

10 ohm-m solution composed of 0.00702 N potassium chloride (Wood, 

1976). The resistivity of the standard solution was underestimated by 

about 10%, perhaps because the potential field was disturbed by 

convergence/divergence of the current near the entrance/exit of the
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column where the potential electrodes were situated. A longer column 

length may have provided a more accurate estimate of solution 

resistivity.

RESULTS AND DISCUSSION

The electrical resistivity of Apache Leap tuff was determined by 

measuring twenty-eight saturated cores at porosities ranging from 0.14 

to 0.26. Twelve of the cores were also measured at partial saturations 

between 0.45 and 1.00. Resistivities of fully saturated cores ranged from 

52 to 217 ohm-m, but values as high as 276 ohm-m were recorded at lower 

saturations. Our values are in close agreement with those of Llera et al. 

(1990), who measured electrical resistivities at 1 kHz for numerous 

dacitic tuff samples from northeastern Japan, following saturation with 

a 0.001 M KC1 solution. The saturated resistivities of Llera et al. ranged 

from 25 to 120 ohm-m, but a few welded samples reached values as high 

as 430 ohm-m.

The resistivities of cores measured in the laboratory are compared 

to values measured in the field using a Wenner array with 1-m electrode 

spacings, where values of 100 to 600 ohm-m were obtained (Table 2.1; Fig. 

2.3). Both data sets are approximated by lognormal distributions; the 

geometric means of the lab and field measurements are 104 and 270 

ohm-m, respectively. Although the two data sets overlap in a region of 

intermediate values, the apparent resistivities of the field measurements
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Table  2 .1 .  Statistical Distribution of Laboratory and Field 
M ea s u r e m e n ts  of Electrical Resistivity, A p a c h e  Leap Tuff.

RESISTIVITY fohm-ml LAB VALUES FIELD VALUES

C la s s
R ange

C l a s s
Mark

No.
D ata

%
D ata

No.
Data

%
Data

3 0 -5 0 4 0 2 2 .8 0 0 . 0
5 0 -7 0 60 1 3 18.1 0 0 . 0
7 0 -9 0 80 1 5 2 0 . 8 0 0 . 0
9 0 - 1 1 0 1 0 0 11 1 5 . 3 0 0 . 0

1 1 0 - 1 3 0 1 2 0 8 11.1 0 0 . 0
1 3 0 - 1 5 0 1 4 0 8 11.1 6 2 . 6
1 5 0 - 1 7 0 1 6 0 5 6 .9 2 0 8 . 6
1 7 0 - 1 9 0 1 8 0 3 4 .2 1 5 6 . 5
1 9 0 - 2 1 0 2 0 0 2 2 .8 2 0 8 . 6
2 1 0 - 2 3 0 2 2 0 4 5 .6 2 0 8 . 6
2 3 0 - 2 5 0 2 4 0 0 0.0 1 9 8 . 2
2 5 0 - 2 7 0 2 6 0 0 0.0 2 3 9 . 9
2 7 0 - 2 9 0 2 8 0 1 1.4 1 4 6 .0
2 9 0 - 3 1 0 3 0 0 0 0.0 1 2 5 . 2
3 1 0 - 3 3 0 3 2 0 0 0 .0 1 3 5 . 6
3 3 0 - 3 5 0 3 4 0 0 0 .0 1 4 6 . 0
3 5 0 - 3 7 0 3 6 0 0 0 .0 1 0 4 . 3
3 7 0 - 3 9 0 3 8 0 0 0 .0 5 2 . 2
3 9 0 - 4 1 0 4 0 0 0 0 .0 6 2 . 6
4 1 0 - 4 3 0 4 2 0 0 0 .0 6 2 . 6
4 3 0 - 4 5 0 4 4 0 0 0 .0 8 3 . 4
4 5 0 - 4 7 0 4 6 0 0 0 .0 6 2 . 6
4 7 0 - 4 9 0 4 8 0 0 0 .0 3 1 .3
4 9 0 - 5 1 0 5 0 0 0 0 .0 3 1 .3
5 1 0 - 5 3 0 5 2 0 0 0 .0 3 1 .3
5 3 0 - 5 5 0 5 4 0 0 0 .0 2 0 . 9
5 5 0 - 5 7 0 5 6 0 0 0.0 1 0 . 4
5 7 0 - 5 9 0 5 8 0 0 0.0 0 0 . 0
5 9 0 - 6 1 0 6 0 0 0 0.0 1 0 . 4
6 1 0 - 6 3 0 6 2 0 0 0.0 1 0 . 4
6 3 0 - 6 5 0 6 4 0 0 0.0 1 0 . 4
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Table  2 .1 .  (Continued).

LOGGED LOGGED LOGGED
RESISTIVITY (ohm-rn^ LAB VALUES FIELD VALUES

C la s s  C l a s s  No.
R ange ________Mark________D ata

1 . 6 5 - 1 . 7 5 1 . 7 0 7
1 . 7 5 - 1 . 8 5 1 . 8 0 8
1 . 8 5 - 1 . 9 5 1 . 9 0 1 4
1 . 9 5 - 2 . 0 5 2 . 0 0 1 4
2 . 0 5 - 2 . 1 5 2 . 1 0 8
2 . 1 5 - 2 . 2 5 2 . 2 0 1 2
2 . 2 5 - 2 . 3 5 2 . 3 0 6
2 . 3 5 - 2 . 4 5 2 . 4 0 3
2 . 4 5 - 2 . 5 5 2 . 5 0 0
2 . 5 5 - 2 . 6 5 2 . 6 0 0
2 . 6 5 - 2 . 7 5 2 . 7 0 0
2 . 7 5 - 2 . 8 5 2 . 8 0 0
2 . 8 5 - 2 . 9 5 2 . 9 0 0

% No. %
D ata D ata Data

9 .7 0 0.0
11 .1 0 0.0
1 9 . 4 0 0.0
1 9 . 4 0 0 .0
11 .1 3 1.3
1 6 . 7 2 6 1 1 . 2

8 .3 4 6 1 9 . 8
4 .2 5 7 2 4 . 6
0 .0 4 8 2 0 . 7
0 .0 2 8 12.1
0 .0 21 9.1
0 .0 3 1.3
0 .0 0 0.0

LAB DATA STATISTICS
Water Potential  R ange:  0 - 3 0 0  kPa suction
No. Observations:  7 2
Mean Log (x): 2 .015
Variance Log (x): 0 .0 3 7 4

FIELD DATA STATISTICS 
No. Observations: 2 3 2  
Mean Log (x): 2.431  
Variance Log (x): 0 .0 2 3 9
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are consistently higher because the field site is cut by numerous drained 

fractures which act as planes of resistance, breaking the pathways of 

current flow. Only matrix properties are characterized by the laboratory 

measurements.

The moisture retention characteristics of the core samples fall 

broadly into two categories (Fig. 2.4). Low-porosity samples (0.14 to 0.18) 

exhibit air-entry values between 25 and 50 kPa suction and low values of 

irreducible water content between 0.07 and 0.10. High-porosity samples 

do not exhibit threshold air-entry behavior but begin to desaturate at the 

lowest imposed suctions; these samples also contain somewhat higher 

fractions of irreducible water, between 0.09 and 0.12.

Pore-Water Conductivity

A water sample collected from a discharging fracture in a mine 

tunnel beneath the Apache Leap yielded an electrical conductivity of 260 

pmho/cm. The conductivities of water samples from other wells and 

springs draining the tuff units range from 225 to 540 pmho/cm (Weber, 

1986).

The compositions of these water samples are characteristic of the 

dynamic or mobile liquid phase that is readily displaced through the 

interconnected pore structures of the medium, particularly along 

fracture networks. A significant portion of the liquid phase is trapped in 

dead or stagnant pores, however, where chemical equilibration with 

actively convecting waters occurs slowly by diffusion (van Genuchten
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Figure 2.4. Moisture retention curves of Apache Leap tuff cores. Note 
that samples with lower porosity (TOP) generally exhibit air-entry 
values between 25 and 50 kPa suction, whereas samples with 
higher porosity (BOTTOM) begin to drain at the lowest imposed 
suctions.



and Wierenga, 1976). Although the conductivities of the laboratory 

solutions were matched to those of the mobile liquid phase (i.e. fracture 

flow), they are not necessarily representative of the stagnant phase (i.e. 

matrix flow), and stagnant waters become increasingly important at 

lower saturations. Electrolytes are probably concentrated in the stagnant 

pores by weathering of the rock matrix and evaporation in near-surface 

environments. In a desert basin near Phoenix, Arizona, for example, 

the conductivities of soil waters in the top 10 meters of the sediment 

column are an order of magnitude greater than soil waters at depth, and 

two orders of magnitude greater than the mobile waters discharging 

from the Apache Leap (20 mmho/cm; Rice et al., 1989).

The conductivity of the standard, pure 0.001 M CaS0 4  solution is 

about 220 pmho/cm. After soaking the cores for 12-24 hours in a covered 

saturation vessel, however, the conductivity of the bath water increased 

by 10 to 20% to values of 245-265 pmho/cm (cores were handled with 

surgical gloves to prevent contamination by human salts and oils). The 

desorption of ions from charged mineral surfaces and the dissolution of 

salts previously concentrated by oven-drying the samples evidently 

increased the electrolyte concentrations in the saturating solution. 

Because the volumetric ratio of solution to core is about 4:1 in the 

saturation vessel, or approximately 20 pore volumes, significant 

quantities of ions were released to solution. Owing to the slow diffusion 

of ions through the minute interstices of the rock matrix, the



conductivity of the pore waters must be substantially magnified if the 

conductivity of the immersing solution is increased to such a degree.

Determination of Archie Parameters

The in-situ pore-water resistivity and the contribution of surface 

conduction were not precisely quantified in our laboratory 

measurements. As a result, the exact value of the "a" coefficient is 

indeterminate and therefore assumed equal to 1.

The cementation exponent (m) of the Archie equation is 

determined from the slope of the regression line in a log-log plot of bulk 

resistivity vs. porosity (Fig. 2.5). A value of 2.13 is calculated, comparable 

to a well-cemented sandstone or limestone. The value seems reasonable 

considering that the tuff was partially welded during deposition and 

further cemented during subsequent diagenesis (Peterson, 1968). The 

regression line is fairly well constrained but scatter is introduced by 

heterogeneities in the pore structure, matrix mineralogy, and 

geochemical alteration of the rock samples. The high value of the 

cementation exponent suggests that electrical conduction through 

microfractures is negligible (Rasmus, 1987).

By extrapolating the regression line to a porosity of one (and 

assuming an "a" value of 1), the intercept of the resistivity axis should 

theoretically match that of the pore fluid since the total volume of the 

"sample" is constituted by voids (Fig. 2.5). The pore-water resistivity is 

thus calculated to be 2.3 ohm-m, over an order of magnitude more
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Figure 2.5. Log-log plot of sample resistivity vs. porosity. The slope of 
the regression line yields the cementation exponent in the Archie 
equation (m = 2.13). The resistivity intercept at a porosity of 1.0
(or log 0  = 0) provides an estimate of the pore-water resistivity 
(2.35 ohm-m).



conductive than the saturating solution (38-45 ohm-m). An increase in 

the conductivity of in-situ pore fluids compared to the conductivity of the 

same fluids when isolated from the rock matrix is commonly observed in 

rocks saturated with low-salinity, high-resistivity waters (Keller and 

Frischknecht, 1966). Increased conductivity is attributed to increased 

electrolyte concentrations caused by the desorption of ions from charged 

mineral surfaces and the dissolution of salts retained in the matrix, as 

well as contributions from surface-conduction phenomena. Llera et al. 

(1990) found that rock resistivities were sometimes lower than the 

resistivity of the laboratory solution used to saturate the samples, 

because indigenous electrolytes were redissolved upon saturation.

The saturation exponent (n) of the Archie equation is estimated by 

regressing the logged saturation and resistivity data for each core (Fig. 

2.6). Values of the saturation exponent vary from 0.38 to 0.83, and 

average 0.67. The exponent is surprisingly low, indicating a very weak 

increase in resistivity as the cores are desaturated. Upon drainage from 

water saturations of 1.0 to 0.5, the resistivity typically increased by about 

25 to 50%. These data suggest that surface conduction provides a 

significant contribution to the total conductivity of the rock, and while 

electrolytic conduction decreases, surface conduction is much less 

affected by the loss of water content.

Our derived saturation exponent is thus an a p p a re n t exponent-it 

is not an inherent and constant parameter which is characteristic of a 

particular lithology and pore geometry because the data are not corrected
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Figure 2.6. Log-log plots of sample resistivity vs. saturation. The
average slope of the regression lines yields an apparent value for 
the saturation exponent in the Archie equation (n = 0.67). This 
apparent exponent is not corrected for surface conduction, 
however, and will vary with the resistivity of the pore fluids.
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Figure 2.6. Continued
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for surface conduction. Using a parallel resistor model, Givens (1986) 

found that an apparent saturation exponent of 0.67 could be obtained if 

the surface conduction and electrolytic conduction of a fully saturated 

rock sample were of comparable magnitude. The saturation exponent is 

expected to increase and approach its true value as the salinity of the 

pore fluids is increased and electrolytic conduction becomes dominant 

(Patnode and Wyllie, 1950; Worthington, 1977).

When the data are examined in detail, many of the cores exhibit 

an unusual decrease  in rock resistivity following drainage at low 

suctions (Fig. 2.7). Minimum resistivity values are obtained at suctions 

of 10 to 50 kPa and saturations of 0.9 to 1.0, decreased by 5 to 15% from the 

saturated resistivity values. We suspect that the resistivity of the pore 

fluids slowly decreases with time as the fluids approach chemical 

equilibrium with the rock matrix, and the bulk resistivities primarily 

reflect this change in the fluid composition. The approach toward 

equilibrium is delayed by the kinetics of salt dissolution, ion exchange, 

and ionic diffusion, such that our initial measurements are affected by 

variable pore-water concentrations.

Induced Polarization

Percent frequency effects for the intervals 1-10 Hz and 10-100 Hz 

are shown in Fig. 2.8. The data are rather noisy because the precision 

error of the resistivity measurements is a significant fraction of the IP



2.5

Figure 2.7. Sample resistivity paths during progressive desaturation. Note that many samples exhibit 
resistivity minima during the initial stages of draining (i.e. log saturation values between -0.05 
and 0.0). The anomalous decrease in resistivity with decreasing saturation is attributed to 
dissolution of retained salts in the rock matrix and progressively decreasing pore-water 
resistivities.
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signal. Nonetheless, frequency effects as high as 8.7% are observed, and 

those above 3% are probably reliable.

Several samples exhibit puzzling negative IP effects at saturation 

over the 1-10 Hz interval. Negative IP values for samples "EH" and 

"MG" are coupled with positive IP values over the 10-100 Hz interval and 

may be attributed to measurement error, but the negative IP value for 

sample "CA" appears to be significant. Negative IP responses have been 

occasionally observed at low frequencies (<100 Hz) in clays but the cause 

of such behavior remains unknown (Olhoeft, 1985). The flow of electrical 

current is possibly enhanced by complementary concentration gradients 

and the diffusion of desorbed and dissolved ions from stagnant pores into 

more conductive pores, since the samples were evidently not in chemical 

equilibrium at the time of measurement.

The IP data are more readily interpreted (and noise reduced) if the 

average frequency effect across the entire interval from 1 to 100 Hz is 

considered (Fig. 2.9). Because the silicic tuffs lack any significant 

mineral conductors, the IP response is attributed to double-layer 

capacitance. Surface conduction is evidently variable across the range of 

saturation, and reaches maximum values at intermediate suctions. A 

maximum IP response at partial saturations was also observed by Ogilvy 

and Kuzmina (1972).

Diminished IP effects near saturation may be caused by the 

immobilization of a large fraction of the counterions in the electrical 

double layer when immersed in high-resistivity pore waters (Bolt, 1979).
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Figure 2.9. Induced polarization as percent frequency effect, averaged
over the interval 1-100 Hz. Decreases in the IP response near 300
kPa correspond to a saturation of about 0.6, and may indicate the
appearance of discontinuities in the adsorbed water phase.
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Concurrent with the early stages of desaturation, pore waters gain 

electrolytes by desorption and dissolution of the matrix and a larger 

fraction of the double layer becomes available to propagate electrical 

charge, resulting in an increased IP response. The maximum IP 

response between 25 and 100 kPa of suction is largely dominated by the 

10-100 Hz interval, suggesting a general increase in phase with 

frequency (Fig. 2.8). At very high suction values (300-500 kPa) the IP 

response diminishes. Under very dry conditions, the adsorbed water 

films in the matrix pores probably begin to break up and lose continuity, 

and counterions are more rigidly fixed by charged surfaces due to the 

decreased availability of exchange ions. The decrease in IP response 

occurs consistently at a saturation of about 0.6, which may correspond to 

the onset of pendular conditions and the development of discontinuities 

in the liquid phase.

CONCLUSIONS

The empirical parameters of the Archie equation were calculated 

for partially welded, silicic tuff samples saturated with dilute, high 

resistivity pore waters. The exponent to the porosity term (m = 2.13) 

compares well with values determined for cemented sedimentary and 

volcanic rocks. The exponent to the saturation term (n = 0.67) is 

anomalously low and represents an apparent value because surface 

conduction becomes increasingly important at high pore-water
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resistivities and reduced saturations, whereas the contribution of 

electrolytic conduction is diminished. Surface conduction is probably 

directed along the charged surfaces of clay minerals produced by the 

chemical alteration of the volcanic matrix.

Numerous lines of evidence indicate that the pore waters of the 

core samples are taking up ions through the desorption of counterions 

and dissolution of salts. The conductivity of the standard solution bath 

used for saturating the cores increased by 10-20% following immersion 

for 12-24 hours. Extrapolation of the resistivity vs. porosity relationship 

to 100% porosity yielded a pore-water value over an order of magnitude 

more conductive than the standard saturating solution (2.3 ohm-m vs. 45 

ohm-m). Bulk resistivities actually decreased by 5-15% at low imposed 

suctions corresponding to saturations of 0.9 to 1.0, presumably because 

pore-water resistivities were decreasing as ions diffused toward an 

equilibrium concentration. Over the same range of suctions, an increase 

in the induced polarization effect is attributed to an increase in the 

fraction of the double layer that is mobilized in response to an imposed 

voltage gradient as the electrolyte concentration increases.

The effects of surface conduction and temporally varying pore- 

water resistivities obviously complicate the interpretation of electrical 

properties and the calculation of empirical parameters inherent to the 

rock framework. The laboratory conditions described in this paper, 

however, parallel those found in the extensive unsaturated zones of arid 

and semi-arid climates. Electrolytes are concentrated by evaporation in



the residual waters of minute pores as the rocks are desaturated. 

Following a precipitation event, dilute and highly resistive meteoric 

waters invade the larger pore networks, and the ions formerly trapped in 

stagnant pores slowly diffuse outward into the more permeable zones. 

The ionic strength of the saturating fluid increases, as does electrolytic 

conduction, and the bulk resistivity of the rock decreases as the 

concentrations in the mobile and stagnant phases proceed toward 

equilibrium.

Our research constitutes an acknowledged beginning, and much 

work remains for coordinated efforts between hydrologists and 

geophysicists in order to fully appreciate the applications of electrical 

methods in the vadose zone. Advancements are especially hindered by 

the paucity of laboratory data concerning the electrical properties of 

rocks partially saturated with air/water mixtures, particularly non

sedimentary lithologies. Regarding future research on the Apache Leap 

tuff, repeat measurements of saturated cores should be made 

periodically until resistivities become stabilized to determine the time 

required for pore waters to reach chemical equilibrium with the solid 

phase. The cores should be saturated with saline waters so that the 

effects of surface conduction are minimized and the intrinsic value of the 

saturation exponent in the Archie equation may be determined. Finally, 

complex resistivity spectra should be collected at various saturation 

states in order to better understand the nature of surface conduction and 

electrochemical phenomena in unsaturated environments.



CHAPTER 3.

Monitoring Moisture Distribution 
in Unsaturated, Fractured Tuff using  

High-Resolution Electrical Resistivity Profiling
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SUMMARY

High-resolution, electrical resistivity profiling was conducted high 

in the vadose zone of a fractured, ash-flow tuff sequence near Superior, 

Arizona, on a rock knoll 70 meters in diameter. Profiles were collected 

with a Wenner configuration at electrode spacings of 1 and 2 meters. In 

addition, discrete fracture planes were imaged by reflection in ground- 

penetrating radar records and correlated with structural lineaments on 

aerial photographs.

Electrical resistivities responded to spatial and temporal changes 

in moisture distribution, and were primarily controlled by (1) geologic 

structure, (2) topography and soil cover, (3) subsurface depth, and (4) 

antecedent precipitation. Under unsaturated conditions, fractures are 

drained and provide vertical, resistive barriers to the propagation of 

electrical current; resistivity profiles over fractured areas exhibited 

positive anomalies and anticorrelated (peak-trough-peak) signatures. 

Elevated resistivity values were observed over topographic summits and 

near escarpments where preferential drainage occurs, whereas 

minimum values were found within draws and structural depressions. 

Apparent resistivities decreased with depth of penetration in fractured 

areas suggesting an increase in the degree of saturation below the 

surface, but little change was observed within coherent matrix blocks 

where a more uniform moisture profile evidently exists. Zones of 

infiltration were delineated by depressed resistivity values following 12
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mm of natural precipitation; infiltration occurred mainly in topographic 

depressions in areas of both coherent matrix and also within selected 

fracture zones. In addition to moisture-related variability, resistivity 

profiles were also sensitive to geometric effects (i.e. electrode and 

fracture configurations) and temperature effects.

INTRODUCTION

The Department of Hydrology and Water Resources at the 

University of Arizona is conducting a variety of hydrologic and 

geophysical investigations in unsaturated, fractured tuff to assess the 

suitability of this lithology for containment of high-level nuclear waste. 

The field site is located about 3 kilometers east from the town of Superior, 

Arizona, above a 500 meter escarpment—the "Apache Leap"—on a high 

plateau at an elevation of 1270 m. The plateau receives an average 

annual precipitation of 640 mm, primarily during winter storms 

(November through March) and late summer monsoons (July through 

September). The depth to the permanent water table is difficult to 

determine due to perched saturated zones and extensive dewatering 

associated with a nearby mining operation, but it is estimated to lie more 

than 100 meters below the surface (Weber, 1986). The matrix of the tuff is 

characterized by porosities ranging from 0.13 to 0.27 and in situ water 

contents of 0.12 to 0.15, which correspond to saturations of 0.50 to 0.90 and
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suctions of about 30 to 100 kilopascals (D. Evans and T. Rasmussen, 

unpub. data).

A rock knoll on the Apache Leap plateau—roughly radially 

symmetric with a diameter of 70 meters and relief of about 10 meters— 

was selected for the characterization of electrical properties in the 

partially saturated, fractured tuff (Fig. 3.1). The knoll is bordered by a 

low draw skirting its western and northern perimeter, a roadcut 

forming a 6- to 8-meter escarpment to the southeast, and a north

trending ridge of perched rocks along the eastern boundary. The specific 

goals of this study are: (1) to establish the fracture distribution using 

aerial photographs and ground-penetrating radar, and characterize the 

signature of fractured zones in high-resolution resistivity profiles; (2) to 

delineate zones of preferential infiltration by comparing resistivity data 

collected under natural wet and dry conditions; and (3) to assess the 

structural, topographic, and meteorologic controls on the spatial and 

temporal distributions of water content using electrical resistivity 

methods.

Fracture orientations on the rock knoll, deduced from the analysis 

of lineament traces on aerial photos supplemented with actual field 

measurements, may be correlated with regional structural fabrics in the 

Apache Leap tuff (Fig. 3.2). East-trending and northeast-trending 

structures parallel pre-Cenozoic faults and may have formed by the 

consolidation and flexure of the ash flows around preexisting terranes. 

These structures are overprinted by north-striking and northwest-
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Figure 3.1. Topography of the rock-knoll site. Coordinates are in meters;
contour interval is 1 meter. Summit of the rock knoll lies at (0, 0).
Resistivity profiles are located. Alternate electrode stations are
dotted and every tenth station is hatched. See Figure 1.3A for
location.
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Figure 3.2. Structural interpretation of the rock-knoll site. Fractures 
are traced from lineaments on aerial photos; selected dips are 
determined by correlation with ground-penetrating radar 
reflection records. Coordinates are in meters. Road access is 
stippled. See Figure 3.1 for topographic overlay.
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striking fractures related to Basin and Range deformation during 

Tertiary and Quaternary time (Hammer and Peterson, 1968). Fractures 

measured at the field site are near vertical, with an average dip of 76° 

and with half of the fractures dipping between 80° and 90° (see Chap. 1).

HYDROLOGIC APPLICATIONS OF ELECTRICAL METHODS

Electrical geophysical methods are being increasingly utilized in 

hydrologic investigations. Because electrical current is conducted 

primarily through connected, fluid-filled passages of the porous medium 

in a manner analogous to hydraulic flow, and because electrical 

methods are sensitive to pore-fluid chemistry and rock-water 

interactions, such techniques are finding applications in the location of 

potable water supplies, the characterization of hazardous waste 

repositories, the monitoring of fluid storage facilities and the detection of 

toxic waste plumes. Zohdy et al. (1974) have summarized the techniques 

and applications of surface-based electrical methods in groundwater 

investigations. Future developments will likely include an increase in 

the sophistication and power of modeling and inversion programs for 

interpreting field data, the use of more elaborate electrode arrays to 

improve target resolution (e.g., borehole-to-surface and borehole-to- 

borehole investigations), and the continued development of 

electromagnetic techniques (Dobecki and Romig, 1985).
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Traditional usage of electrical methods in hydrology involves the 

collection of vertical electrical soundings at increasing electrode 

spacings using a Wenner or Schlumberger array. The sounding data 

are inverted to generate a geoelectric section-the resistivity profile of a 

uniformly layered earth. The extent and nature of aquiferous formations 

may be mapped where differences in porosity, clay content and pore- 

water resistivity provide electrical contrast. Due to problems of electrical 

equivalence, anisotropy, and resolution, however, the inversion of 

sounding data is non-unique and must be constrained by additional 

geological or geophysical input, such as borehole logs or seismic surveys 

(Flathe, 1976). Electrical soundings have been applied to map the spatial 

distribution of clay-rich lithologies and the saturated thickness of 

aquifers (e.g. Ayers, 1989), and to investigate the invasion of saline 

waters into freshwater formations (Mark et al., 1986).

In addition to water resources development, an increasing 

emphasis is placed on the role of electrical methods in delineating and 

monitoring contamination plumes where non-polar organics or 

dissolved salts provide an electrical tracer (Hughes et al., 1986; Kelly, 

1977). The adsorption of hydrophobic organic contaminants onto grain 

surfaces can inhibit the cation exchange process, reduce the surface 

conduction, and alter the phase response of the electrical double layer in 

polluted sediments (Olhoeft, 1985). The detection of liner leaks in waste 

containment ponds is improved by identifying anomalous potential 

gradients in resistivity surveys where high current densities are focused



105

through the ruptured membrane (Fountain, 1986; Parra and Owen,

1988).

Correlation of Geoeleetric and Hydraulic Properties

Numerous investigators have attempted to correlate the electrical 

resistivity of freshwater aquifers with permeability or hydraulic 

conductivity, and formation resistance (equivalent transverse resistance 

or longitudinal conductance) with transmissivity. The electrical term is 

usually expressed as a formation factor—the ratio of the bulk resistivity of 

the rock to that of the saturating fluid (pr/pw)-in order to isolate the 

physical properties of the solid matrix which determine conduction 

pathways (e.g. porosity, tortuosity, pore size, etc.), and to remove the 

effects of variable pore-water composition (Archie, 1942). The nature of 

this petrophysical relationship is quite complex, however, and it is 

influenced by a myriad of geological and material properties. In field 

and laboratory studies where pump tests or permeameter 

measurements are available, formation factor and permeability (or its 

derived hydraulic parameters) have been observed to follow both direct 

relationships (Croft, 1971; Kelly, 1977; Kosinski and Kelly, 1981; Kwader, 

1985; Niwas and Singhal, 1985) and inverse relationships (Worthington, 

1977; Heigold et al., 1979; Biella et al., 1983).

The formation factor [F] is related to porosity by Archie's law:

F = a C>*m (3.1)
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where [C>] is porosity, and [a] and [m] are empirically determined fitting 

parameters with values of approximately 1.0 and 1.3-2.0, respectively 

(Archie, 1942). If a granular porous medium is modeled by a bundle of 

laminar flow tubes which follow Poiseuille's law, a semi-empirical 

expression for permeability may be derived, as in the Kozeny-Carmen 

equation:

k = C Q3
S2 (1-C>)2 (3.2)

where [C] is a shape-tortuosity factor and [S] is the specific surface area 

of the rock or soil (Bear, 1972). For spherical particles, S = 6/d and C = 

1/5, yielding:

k =  .d2. 03
180 (l-O )2 (3.3)

where [d] becomes a representative grain-size diameter. Empirical 

confirmation of the Kozeny-Carmen equation is provided by the 

laboratory study of Biella et al. (1983), where the following relationship 

was obtained:

k = a * d̂ *89 * 0^-25 (3.4)

The crux of the k vs. F relationship therefore depends on the nature of 

the O vs. d relationship for a given lithology. Because sorting, 

angularity, compaction and cementation are highly variable across
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depositions! environments and geologic ages, the k vs. F relationship is 

peculiar to specific locations and formations.

In relatively homogeneous and unimodal sediments, restricted to 

a narrow range of grain size but with variable degrees of sorting, 

packing or cementation, permeability varies directly with porosity and 

inversely with formation factor. In heterogeneous formations, 

permeability is dominated by its power-law relationship with grain size, 

in spite of the fact that fine-grained sediments are typically deposited 

with higher porosity. An inverse correlation between porosity and grain 

size thus results in a direct correlation between permeability and 

formation factor (Mazac et al., 1985; Huntley, 1986). In poorly sorted or 

bimodal sediments, the k vs. F relationship is largely determined by the 

permeability and resistivity of the finer matrix component filling the 

interstitial cavities between framework grains (Biella et al., 1983).

Archie's law is strictly valid only for the case of pure electrolytic 

conduction, in which case the intrinsic formation factor (F) is constant. 

In lithologies with large specific surfaces or a few percent clay minerals, 

and particularly in fresh-water aquifers saturated with highly resistive 

pore waters, surface conduction contributes significantly to the total 

conduction of electrical current through the porous medium (Patnode 

and Wyllie, 1950; Urish, 1981). In rocks saturated with dilute pore 

waters, the a p p a re n t formation factor includes the effects of surface 

conduction and varies with the resistivity of the saturating solution. The 

apparent formation factor approaches the value of the intrinsic



formation factor when the pores are saturated with a low resistivity 

(saline) solution.
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Direct relationships between permeability and apparent formation 

factor may result from an increase in surface conduction at finer grain 

sizes, due to an increase in the specific surface area and clay content of 

fine-grained sediments (Worthington, 1977; Huntley, 1986). Such 

correlations rely heavily on the assumption of constant pore-water 

resistivity, since apparent formation factors are conditionally variable. 

When formation factors are corrected to their intrinsic value, however, 

the electric and hydraulic parameters often become rather poorly 

correlated. Of potentially greater utility is the direct relationship 

between permeability and matrix resistivity (the inverse of surface 

conductivity) which is largely independent of fluid salinity (Huntley, 

1986). Induced polarization and complex resistivity methods provide 

promising techniques which may help to quantify the contribution of 

surface conduction in the field.

Electrical Properties of the Unsaturated Zone

Difficulties resulting from the nonuniqueness of electrical 

methods are exacerbated in the unsaturated zone where dynamic 

interactions between the hydrosphere and atmosphere create a perpetual 

state of transience. The temporal and spatial variability of pore fluids- 

their temperature, composition, and degree of saturation-and the 

changing properties of electrolytic and surface conduction at different
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saturation states present significant challenges in data interpretation. 

Nevertheless, the use of electrical methods offers potentially valuable 

contributions to our understanding of infiltration, drainage, evaporation, 

and the coupling of meteorologic and hydrologic processes.

Published studies focusing on the specific application of electrical 

methods to the unsaturated zone are relatively few. Frohlich and Parke 

(1989) documented an increase in the resistivity and thickness of the 

vadose zone of southern Rhode Island from June to August, 

corresponding to a decrease in saturation during the summer months. 

Kean et al. (1987) correlated inverted resistivity profiles in Maryland and 

New York with gravimetric moisture-content distributions following 

natural and artificial precipitation events; they found that most 

moisture was retained in a surficial, clay-rich soil zone, whereas 

underlying sandy horizons evidently provided a barrier to infiltration 

because resistivity values showed little deviation from background levels. 

Kelly et al. (1989) developed a relationship between the unsaturated 

resistivity of a soil and its saturated hydraulic conductivity, based on the 

assumption of a uniform distribution of matric potential and a 

correlation between grain size, moisture retention properties, and 

permeability.

Electrical Properties of Fractured Rocks

Although large amounts of data have been collected on the 

electrical signatures of mineralized, faulted terranes in mining
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exploration, much less work has been directed toward the electrical 

response of fractured rock in the context of hydrologic surveys. Taylor 

and Fleming (1988) generated apparent resistivity ellipses over jointed 

bedrock by rotating the electrode array through incremented azimuths; 

they determined the coefficient of anisotropy, and correlated the major 

axis of the resistivity ellipse with the structural geometries of the 

underlying joint systems and the principal permeability directions.

Under saturated conditions, electrical current will be channeled 

along fractures which serve as preferential conduction pathways.

Under unsaturated conditions, however, fractures are among the first 

pores to drain, and the resistivity of fractured rock increases with the 

abrupt loss of moisture. The fracture constitutes a transverse resistance 

and current is focused within the fine pores of coherent matrix blocks 

where moisture is preferentially retained.

Desaturated vertical fractures are analogous to thin resistive 

dykes. Van Nostrand and Cook (1966) modeled the electrical response of 

a standard Wenner array crossing a resistive vertical dyke of width equal 

to one-half the electrode spacing, for various reflection coefficients (k) 

which are proportional to the resistivity contrast [Fig. 3.3A; k = (pdyke - 

P matrix)/(Pdyke + P matrix)]. The profile is symmetrical but rather 

complex, and a discontinuity appears each time one of the four electrodes 

crosses the dyke due to disturbances of the potential field caused by 

reflections and refractions of current paths at the vertical contacts.
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In addition to the resistivity maximum above the dyke, flanking 

maxima and minima are also observed. The central anomaly reaches 

twice the value of the background matrix resistivity in the case of an 

order-of-magnitude resistivity contrast (k = 0.8), and more than three 

times the matrix value in the limiting case of an infinitely resistive dyke 

(k = 1.0). Lateral anomalies are as much as 1.5 times higher than the 

matrix value. A similar profile is obtained in crossing a perfectly 

insulating plane (Fig. 3.3B), but the segments of the profile are 

completely disjointed rather than piecewise continuous as in the case of 

a dyke of finite thickness. More complicated geometries—dipping, non

vertical planes or off-center electrode stations-may produce 

asymmetrical profiles in which one of the flanking maxima approaches 

the value of the central anomaly, yielding a doublet signature (van 

Nostrand and Cook, 1966).

METHODS

Five resistivity profiles were collected over the rock knoll using a 

four-electrode Wenner configuration (Fig. 3.1). Electrode spacings of 1.8 

meters were generally utilized, but measurements using spacings of 0.9 

meters were also collected for three of the profiles (profiles B, C, D).

Electrode stations were drilled into outcrop with a portable 

percussion drill where bare rock was exposed or where a superficial 

layer of weathered rubble could be scraped away to expose bare rock;



otherwise electrodes were inserted into soil cover. Electrode stations 

were drilled with a 13-nun bit to a depth of 10 to 15 centimeters and 

capped with rubber stoppers between surveys to keep the holes clean 

from debris. Electrodes were cut from 5-mm copper tubing and 

immersed in a slurry of bentonite and salt-saturated water poured into 

the drill holes. The permanence of the stations made relocation a 

certainty, and error attributed to electrode position was minimized 

during repeat measurements.

Resistivity measurements were collected with a Minnetech ER-2 

earth resistivity meter. A current of 19 to 20 milliamps was injected into 

the outer electrodes at a frequency of 20 Hz. Contact resistance ranged 

from 1,000 to 4,000 ohms.

The precision of the instrument and electrode array was quite 

good. The error of repeat measurements separated by at least an hour 

ranged from 0 to 3% and averaged 1.4% for the 0.9-meter electrode 

spacing, and ranged from 0 to 2% and averaged 0.5% for the 1.8-meter 

electrode spacing. Repeat measurements separated by one day erred 

from 0 to 2% and averaged 0.8% at the 1.8-meter spacing. Some of this 

error is probably caused by slight daily fluctuations in the temperature of 

the rock at such shallow depths. The accuracy of the instrument was 

checked in the laboratory against calibrated resistors and was found to be 

better than 4%.

Complete survey coverage of all five profiles at 1.8-m electrode 

spacings was collected during July 11-12 following 12 mm of rainfall on
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July 10, and during November 10-11 following several weeks of warm, 

dry weather. The temperature of the rock was measured at four stations 

on the knoll (both north and south exposures) by equilibrating a 

thermometer in a sealed drillhole at a depth of about 0.5 meters. 

Resistivity profiles were smoothed with a 5-point running average, then 

the surveys were gridded and contoured to delineate the spatial 

distribution of resistivity values. In order to eliminate temperature 

effects between the July and November surveys and to better isolate 

resistivity differences caused by changes in moisture content, the 

surveys were scaled to a common arithmetic mean and compared by 

percent differences.

Ground-penetrating radar records were collected coincident with 

the resistivity profiles in an effort to image discrete, drained fractures by 

their electrical contrast with the rock matrix. The SIR-3 system of 

Geophysical Survey Systems, Inc., was used with a center frequency of 

500 megahertz, monitored over sweeps of 30 and 50 nanoseconds. The 

velocity of the tuff was calculated by imaging the steel casing of a 

borehole inclined at 45° to the surface at a nearby experimental site of the 

University of Arizona. A summary of the principles and applications of 

ground-penetrating radar is presented in Davis and Annan (1989).



RESULTS AND DISCUSSION

Apparent resistivity values obtained with an electrode spacing of 

1.8 meters ranged from 100 ohm-m to greater than 600 ohm-m, whereas 

values obtained with a 0.9-meter electrode spacing ranged from 100 to 

1400 ohm-m. Laboratory measurements of Apache Leap tuff cores at 

similar saturation states (i.e. 0 to 300 kPa suction) ranged from 45 to 275 

ohm-m by comparison (see Fig. 2.3). Much higher values were obtained 

in the field because drained fractures provide an additional resistance to 

the flow of electrical current, whereas laboratory specimens characterize 

matrix resistance but do not adequately sample fracture porosity.

Higher values were obtained with the smaller array because these 

measurements average smaller rock volumes and discrete, resistive 

fracture planes constitute a correspondingly larger proportion of the 

measured value.

Apparent resistivity values collected with the 1.8-m electrode 

spacing averaged 230 ohm-m in the summer and 280 ohm-m in the 

winter. According to Barker (1989), the estimated penetration of a 5.5- 

meter Wenner array is 0.93 meters, and such shallow measurements 

are certainly affected by seasonal temperature changes. Average values 

obtained with the 0.9-meter electrode spacing were greater by 10 to 20%.

Among the factors which were observed to affect the electrical 

resistivity surveys are: (1) geologic structure, (2) geometry of the 

electrode array with respect to fracture spacings, (3) depth gradients in
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moisture content, (4) seasonal temperature changes, (5) topography and 

surficial weathering, and (6) precipitation and infiltration. These factors 

are discussed below.

Influence of Structure on Electrical Resistivity

Because the field site is pervasively cut by multiple structural 

fabrics of varying orientation and dip, it is difficult to isolate a clear 

example of the signature obtained by crossing a single, resistive fracture 

with the Wenner array, as compared to the theoretical profile of Figure

3.3. Complex, intersecting fracture geometries, variability of fracture 

aperture and moisture retention properties, and inconsistent profile 

orientations relative to structural strike create intricate current 

pathways and unpredictable disturbances of the potential distribution.

Surveys collected at electrode spadngs of 0.9-m and 1.8-m are 

presented for profiles B, C, and D (Figs. 3.4, 3.5, and 3.6, respectively). 

Intensely fractured areas are generally evidenced by elevated resistivity 

values and a spiky, anticorrelated signature (i.e. peak-trough-peak 

structure) that is probably caused by the alternation of central positive 

anomalies with flanking resistivity minima. Fracturing appears to be 

concentrated between Stations 2-20 and 30-45 in Profile B, throughout 

much of Profile C, and between Stations 15-60 in Profile D. Where the 

surveys traverse coherent matrix blocks, in contrast, the profiles vary 

smoothly and exhibit uniformly low resistivity values between about 150 

and 250 ohm-m.
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Profile B

STATION No.

Figure 3.4. Resistivity profiles collected on Feb. 18,1989, using electrode
spacings of (A) 0.9 meters (open circles), and (B) 1.8 meters (solid
circles). In (C), smoothed data are overlain for comparison.
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Profile C
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STATION No.
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STATION No.
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a - 1.8 m

STATION No.

Figure 3.5. Resistivity profiles collected on April 10,1989, using electrode
spacings of (A) 0.9 meters (open circles), and (B) 1.8 meters (solid
circles). In (C), smoothed data are overlain for comparison.
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Figure 3.6. Resistivity profiles collected on May 5,1989, using electrode
spacings of (A) 0.9 meters (open circles), and (B) 1.8 meters (solid
circles). In (C), smoothed data are overlain for comparison.
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In some cases, positive doublet anomalies may be caused by single 

fractures and distortion of the standard Wenner response by an 

asymmetrical positioning of the array with respect to the fracture (van 

Nostrand and Cook, 1966). Such doublets are best observed in the surveys 

collected at 0.9-m electrode spacings, particularly near Station 52 of 

Profile C, and near Stations 20, 27, and 57 of Profile D (Figs. 3.5A, 3.6A). 

At the larger, 1.8-m spacing, the amplitude of the doublet diminishes 

and the peak separation broadens (Figs. 3.5B, 3.6B).

The delineation of fractured areas by high-variability, high- 

resistivity signatures compares favorably between profiles collected at the 

two different electrode spacings (Figs. 3.4, 3.5, and 3.6). Specific 

discrepancies may arise between the two data sets, however, where the 

fracture properties change with depth, or where electrode and fracture 

spacings are positioned to create interference between adjacent 

anomalies. The small electrode spacing is particularly sensitive to the 

superficial properties of fractures. Infiltration of soil and sediment into 

the shallow fracture pores or mechanical weathering of the rock in the 

vicinity of fractures as a result of frost splitting or rapid temperature 

fluctuations may produce superficial anomalies that are not 

representative of the fracture properties at depth.

The nature of the resistivity signature will vary as the electrode 

spacing is incremented relative to the fracture spacing. When the 

electrode spacing is much smaller than the fracture spacing, discrete 

fractures may be resolved and anomalies comparable to the theoretical
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profiles of Figure 3.3 may be isolated. When fractures and electrodes are 

spaced at comparable intervals, and several fractures are sampled by the 

array between different pairs of electrodes, complex disturbances of the 

potential field are introduced. The resistivity anomalies caused by 

adjacent fractures may be superimposed to enhance or diminish the 

amplitudes of the resultant peaks. When the electrode spacing becomes 

much larger than the fracture spacing and numerous fractures are 

averaged at each sample station, the rock may be perceived as an 

equivalent (though anisotropic) porous medium, and the effects of 

individual fractures are dampened. Such scale-dependent phenomena 

may explain the presence of high-amplitude variability in profiles 

collected at the 0.9-m electrode spacing, compared with relatively smooth 

and featureless signatures in data collected at the 1.8-m spacing (e.g. 

Profile B, Stations 14-22 and 28-34; Profile C, Stations 70-80).

Profiles obtained with the small array were smoothed with a nine- 

point running average, and those obtained with the larger array were 

smoothed with a five-point running average, such that apparent 

resistivity values were averaged over a similar horizontal distance and 

could be compared at the two depths of investigation (Figs. 3.4C, 3.5C, 

and 3.6C). Resistivities sampled with the 1.8-m electrode spacing are 

consistently lower, suggesting that either fractures are more highly 

desaturated near the surface, or the larger array is more likely to 

encounter a conductive pathway through the rock. Apparent resistivity 

values are independent of array size in areas lacking significant
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fractures, indicating a rather uniform moisture content profile in the 

rock matrix (e.g. Profile B, Stations 50-70; Profile D, Stations 60-70). The 

most striking discrepancy between resistivity values at the two electrode 

spacings occurs in Profile D between Stations 22 and 32—average values 

differ by about 150 ohm-m. The difference may be caused by a 

pronounced vertical gradient in moisture content; the area is correlated 

with a zone of extensive fracturing where surface drainage is probably 

localized. One major fracture zone appears to exhibit a contradictory 

trend of increasing resistivity with depth (Profile C, Stations 80-90); 

decreased resistivity values near the surface may be caused by a 

sediment veneer covering the fracture's exposure in outcrop.

Ground-Penetrating Radar. The velocity of the 500 MHz 

electromagnetic wave is calculated to lie between 0.11 and 0.16 

meters/nanosecond, yielding a dielectric constant between 3.5 and 7.0 for 

the Apache Leap tuff. The maximum depth of penetration of the radar 

signal is about 2.5 to 3 meters, whereas the penetration of the Wenner 

array using a 1.8-m electrode spacing is about 1 meter.

Discrete fracture planes are imaged on radar records by direct 

reflections from the interface of the drained fractures and the tuffaceous 

matrix which preferentially retains 12 to 15% volumetric water content 

in its fine pores. Examples of reflective fracture surfaces in GPR records 

collected at sweeps of 50 and 30 nanoseconds are presented in Figures 

3.7A and 3.7B. A conformable and undisturbed record, in contrast, was
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Figure 3.7. Ground-penetrating radar records of Apache Leap tuff. (A) High-amplitude, dipping 
fracture reflections in 50 nanosecond sweep, (B) fracture reflections in 30 nanosecond sweep,
(C) continuous, horizontal reflectors in a coherent matrix block. £
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obtained over a coherent matrix block, as shown in Figure 3.7C. Line 

interpretations of the complete GPR survey are displayed with 

coincidental resistivity data in Figures 3.8 and 3.9.

In addition to reflections from fracture planes, subhorizontal 

reflections were also obtained from low-angle joint fabrics and bedding 

surfaces where vugs, pumice clasts, flow structures, or depositional 

textures provide an electrical contrast in the ash-flow sequence.

Fracture identification was further supported by the truncation or 

displacement of subhorizontal reflectors. Subhorizontal reflectors are 

rather discontinuous and convoluted, suggesting that either bedding 

surfaces were modified by post-depositional compaction or slippage along 

tilted contacts, or they are broken by a pervasive network of 

microfractures that cannot be resolved at this scale of observation. The 

convoluted geometries are also an artifact, in part, caused by the pitch 

and yaw of the radar antennas during data collection in areas of rugged 

topography.

Many of the fractures in the radar records can be correlated with 

structural lineaments in aerial photographs, and in combination, these 

data provide both the strike and dip direction of the major fractures 

crossing the rock knoll (Fig. 3.2). The vertical exaggeration of the GPR 

records at the 50 nanosecond sweep is about 2:1 (Figs. 3.8, 3.9). Fractures 

appear to dip between 30° and 90°, averaging about 50°, but when 

corrected for vertical exaggeration the dips are approximately halved. 

The dip angles calculated from the depth-corrected profiles are therefore
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Figure 3.8. Line-drawing interpretations of GPR records, with superimposed resistivity profiles at 1.8-m 
electrode spacings. Fractures are ranked according to amplitude and certainty of interpretation 
as double-line, single-line, and dashed-line patterns. Vertical exaggeration is about 2:1. See 
Figure 3.1 for locations.
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Figure 3.9. Line-drawing interpretations of GPR records, with superimposed resistivity profiles at 1.8-m 
electrode spacings. Fractures are ranked according to amplitude and certainty of interpretation 
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much smaller than those measured in the field, where average values of 

75-80° were obtained (see Fig. 1.12). Because the fracture azimuths strike 

obliquely with respect to the profile orientations, the fracture dips imaged 

on the reflection records are apparent dips. In addition, the ray paths of 

the reflected waves are not vertical but more nearly perpendicular to the 

fracture planes, causing an even greater reduction of the apparent dips.

Comparison of GPR and Resistivity Data. Fractures which exhibit 

the strongest reflection signatures are well correlated with areas of 

elevated value and high variability in the resistivity profiles (Figs. 3.8,

3.9; note that fractures are subjectively ranked by double-line, single-line, 

and dashed-line patterns based on their reflection amplitude and the 

certainty of their interpretation). Although we cannot specifically 

differentiate drained vs. saturated fractures based on the radar data 

alone, the correlation with resistivity data suggests that fractures 

provide a resistance to current flow and are therefore desaturated. An 

obvious discrepancy between the two data sets is found at Stations 85-93, 

Profile C, where the resistivity profile indicates the presence of a severe 

discontinuity (including a peak anomaly of 594 ohm-m) but the radar 

record is transparent (Fig. 3.8). At this location the profile crosses a N- 

striking fracture zone of regional significance (see Fig. 3.2) which is 

expressed topographically as a sediment-filled trench; it is presumed 

that clay minerals in the surficial soil zone have attenuated the 

penetration of the radar signal.
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Most of the fractures with significant expression on both the 

resistivity and GPR profiles belong to joint sets striking toward the north 

and northwest which formed by extensional deformation associated with 

Basin-and-Range tectonism (Fig. 3.2; Hammer and Peterson, 1968). 

Northwest-striking fractures dip mainly to the northeast in the southern 

part of the study area (e.g. Profile B, Station 41; Profile C, Stations 10, 21, 

30, 41; Profile D, Stations 16 and 26; Profile E, Station 9) and dip mainly to 

the southeast in the northern part of the study area (Profile A, Stations 

11,27, 33; Profile C, Stations 60 and 69; Profile D, Stations 52 and 60). 

North-striking fractures dip mainly to the east (Profile B, Stations 14, 20, 

28,32, 36,45; Profile C, Stations 53, 64), but a few dip toward the west 

(Profile A, Station 21; Profile D, Station 37) (Figs. 3.2, 3.8, 3.9).

Fractures and electrodes are spaced at comparable intervals, and 

potential gradients may be enhanced or diminished by the superposition 

of adjacent anomalies. A densely fractured area between Stations 35 and 

60 in Profile C, for example, is associated with a smoothly varying and 

relatively low-valued resistivity profile; individual anomalies may be 

dampened because fractures are positioned at intervals of about one 

electrode spacing (Fig. 3.8). A conjugate pair of fractures at Stations 11 

and 15 in Profile A, in contrast, produces an intense double peak in the 

resistivity profile; the amplitudes may be augmented because the 

separation between fractures is exactly two electrode spacings (Fig. 3.9).
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Influence of Temperature on Electrical Resistivity

The subsurface temperature in the ash-flow tuff can be modeled as 

an exponentially decreasing sinusoidal wave forced by temperature 

oscillations at the surface with a period of one year (Carslaw and Jaeger, 

1959, sec. 2.6). The solution to such a problem becomes:

AT = A 6*kz cos (cot - kz - e) (3.5)

where [z] is subsurface depth, [to] is the angular frequency and [2n/co] 

equals the period of one year, [D] is the experimentally determined 

thermal diffusivity of the tuff and [k = (co/2D)0-5], [AT] equals the 

deviation from the mean annual temperature of 19.5°C, [e] is a lag factor 

equal to zero because the date of the maximum annual temperature 

coincides with the initial survey date (July 11), and [A] is the surficial 

amplitude which may be solved if a temperature measurement is 

obtained at a known depth.

Temperature measurements were taken at 0.5 meters below the 

surface at four stations across the rock knoll, including northern and 

southern exposures, near the summit and on the flanks. Temperature 

stations were installed near Profile C, Stations 1 and 29, and Profile D, 

Stations 31 and 63. The temperature stations differed by about 3°C at any 

given time, and highest temperatures were recorded near the summit of 

the knoll and along the southern flank in areas lacking vegetation. Daily 

temperature fluctuations at this depth were negligible. The temperature 

measurements from the four stations were averaged and theoretical
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Figure 3.10. Ideal subsurface temperature profiles calculated for 
resistivity surveys of July 11 and November 10. Profiles are 
modeled as exponentially decreasing sinusoids forced by annual 
temperature variations at the surface.



subsurface profiles were constructed for the periods of July 11 and 

November 10 when complete resistivity surveys were obtained (Fig. 3.10).

Several resistivity profiles were collected on July 6 during an 

extremely dry period following several months of very hot weather and 

no rainfall; the average resistivity value on this date was 229 ohm-m.

The first summer rain occurred on July 10 when 12 mm of precipitation 

fell. The average value of a resistivity survey conducted on July 11-12 

actually in creased  to 246 ohm-m in spite of the gain in water content, 

presumably as a result of a temperature decrease driven by evaporative 

cooling at the surface. A final resistivity survey collected during a dry 

period on November 10-11 averaged 280 ohm-m.

Smoothed resistivity profiles obtained under dry field conditions on 

July 6 (open circles) and November 10-11 (open squares) are compared in 

Figure 3.11. Specific features are accurately reproduced on a station-by

station basis in each of the surveys, but the profiles are offset by a 

temperature effect. When the profiles are scaled such that the 

arithmetic means assume a common and intermediate value, the data 

become nearly coincident (solid squares). Some deviations are observed 

in matching the surveys of Profile C, however, suggesting that either the 

temperature gradient across the knoll or the moisture content 

distribution changes seasonally.

Temperature affects the electrical resistivity of rocks through the 

temperature dependence of viscosity and ionic mobility of the electrolytic
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Figure 3.11. Comparison of resistivity profiles collected during dry field 
conditions on July 6 (open circles) and November 10-11 (open 
squares). Note that profile shapes are proportional but offset by a 
temperature effect. When profiles are scaled to a common mean 
value, the curves become nearly coincident (solid squares). 
Profiles are 5-pt smoothed; electrode spacing is 1.8 meters.



pore fluids (Llera et al., 1990). Resistivity data may be temperature 

corrected using the formula of Keller and Frischknecht (1966, p. 31):

Pt = _____ Pi 8_____
1 + 0.025 (t-18) (3.6)

where [P18] is the resistivity at a reference temperature of 18°C, and [t] 

is the ambient temperature. The equation may be rearranged to equate 

the resistivity values at any two temperatures, t% and t2:

Pt1 = (t2 + 22)
P t2 (ti + 22). (3.7)

Based on this formula, and average temperatures of 29.5° and 16°C in the 

uppermost meter of rock during the July 11-12 and November 10-11 

surveys, respectively (Fig. 3.10), the mean value of the November data 

should be 36% higher than that of the July data. The difference should, 

in fact* be greater, because the July survey also included the effect of 

elevated moisture content following the precipitation event. The average 

resistivity during November, however, is found to be only 14% higher 

than the July value (280 vs. 246 ohm-m).

It is not clear why the observed temperature effect is so much 

smaller than the predicted effect. It is expected that pore-fluid salinities 

would be higher in the dry months of early summer, so a change in 

electrolyte concentration would only exacerbate the seasonal differences. 

The moisture content of the rock matrix at a given suction value may be 

temperature dependent, and higher summer temperatures may cause
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desiccation of near-surface pores, thereby increasing the resistivity. The 

presence of drained fractures may tend to focus the electrical current in 

the vertical direction, increasing the effective penetration of the array 

and averaging over a greater depth where seasonal temperature 

fluctuations are less pronounced. Finally, surface conduction may 

contribute a significant portion of the total electrical conduction, and the 

mobility of ions adsorbed to mineral surfaces may be less affected by 

temperature changes than the free ions in electrolytic solutions.

Influence of Seasonal Changes in  Water Content 
on Electrical Resistivity

Electrical resistivity profiles collected during July and November 

under wet and dry conditions, respectively, are presented in Figure 3.12 

after 5-point smoothing. The two data sets are clearly disproportional, 

and and are affected by differences in the seasonal distribution of 

moisture on the rock knoll in addition to a simple temperature offset.

The smoothed resistivity data are contoured in plan view for each 

of the surveys (Figs. 3.13, 3.14). The error of the crossover points on the 

profiles averages 9%, and is probably related to structural anisotropy. 

The profiling density is such that only the gross features of the resistivity 

distribution may be delineated, and the directional properties of the 

anomalies are not well defined.

The principle maxima and minima in the apparent resistivity 

values are preserved from July to November (Figs. 3.13, 3.14). A strong 

topographic effect is evident, and the most striking feature is the positive
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Figure 3.12. Comparison of resistivity profiles collected during wet and 
dry field conditions on July 11-12 (solid circles) and November 10-11 
(open circles), respectively. Profiles are affected by changing 
moisture content distributions in addition to temperature. Profiles 
are 5-pt smoothed; electrode spacing is 1.8 meters.
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Figure 3.12. Continued
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APPARENT RESISTIVITY: JULY 1 1 - 1 2 ,  1989

Figure 3.13. Spatial distribution of apparent resistivity values, contoured 
in plan view, July 11-12. Electrode stations correspond to those of 
Figure 3.1. Contour interval is 20 ohm-meters; horizontal scales 
are in meters. Resistivity minima are hatchered.
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APPARENT RESISTIVITY: NOV 1 0 - 1 1 ,  1989

Figure 3.14. Spatial distribution of apparent resistivity values, contoured
in plan view, November 10-11. Electrode stations correspond to
those of Figure 3.1. Contour interval is 20 ohm-meters; horizontal
scales are in meters. Resistivity minima are hatchered.
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anomaly coincident with the summit of the rock knoll (compare Fig. 3.1). 

Around the periphery of this central anomaly are a series of patchy 

resistivity lows separated by subordinate, local maxima. Water content 

is evidently a function of elevation, the summit being well drained and 

the surrounding topographic lows retaining greater amounts of 

moisture. The strongest minima are associated with a depression along 

the western and northern flanks of the hill. Resistivity values along the 

roadcut are somewhat higher, and drainage is likely enhanced in the 

vicinity of the escarpment.

Positive resistivity anomalies are correlated with major structural 

features where desaturated fractures have interrupted the flow of 

electrical current. The two most significant maxima—the summit 

anomaly near longitude 0 and the eastern boundary anomaly near 

longitude 30—appear to be associated primarily with north-striking 

fracture zones (Figs. 3.13, 3.14; compare Fig. 3.2). Secondary maxima 

near coordinates (-20, -20), (-20,15), and (0, 25) are associated with 

northwest-striking fractures. Resistivity minima occur mainly in areas 

underlain by relatively coherent matrix. Because the positive resistivity 

anomalies persisted during the July survey, the infiltration resulting 

from 12 mm of rainfall did not saturate the fractures sufficiently to allow 

the preferential conduction of electrical current along structural 

pathways.

In an effort to diminish the effects of temperature when 

comparing the seasonal data, the mean resistivity value of the November
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survey was scaled to coincide with that of the July survey, and the 

resulting profiles are superimposed in Figure 3.15. Percent differences 

between the two surveys, after scaling to a common mean, are plotted in 

Figure 3.16. Negative percentages indicate a July resistivity value which 

is less than the corrected November value. Negative percentages 

therefore indicate stations where a reduction in the resistivity value can 

be attributed to an increase in moisture content related to precipitation 

and infiltration.

It should be emphasized that the percent-difference data provide 

only a re la tive  comparison between the July and November surveys, 

referenced to an arbitrary datum (the July mean), because the absolute 

temperature effect cannot be precisely determined. It is likely that the 

actual temperature effect has been overestimated, and that corrected 

November values should be greater than or equal to the July values in 

nearly every instance, since the tuff had taken up water prior to the July 

survey. It is assumed that abundant ions are concentrated in the 

shallow pores of the tuff due to evaporation and weathering of unstable 

matrix minerals, and that these retained salts are available to diffuse 

into percolating meteoric waters and render them electrically 

conductive.

Although the comparison is relative, negative values of the 

percent-difference data delineate zones of preferential infiltration in plan 

view (Fig. 3.17). Two areas of minimum value near (-20, -10) and (-10, 30) 

coincide with resistivity minima and less-fractured matrix blocks.
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Figure 3.15. Comparison of resistivity profiles collected during wet and
dry field conditions on July 11-12 (solid circles) and November 10-11
(open circles), respectively. The surveys are scaled to a common
mean value to minimize the seasonal temperature effect.
Compare with Figure 3.12.
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Figure 3.15. Continued,
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Figure 3.16. Percent differences between apparent resistivity values of 
wet (July 11-12) and dry (November 10-11) surveys. Surveys are 
scaled to a common mean value. Negative differences indicate 
uptake of moisture during the July survey following 12 mm of 
precipitation. Compare with Figure 3.15.
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Figure 3.17. Percent differences between wet (July 11-12) and dry
(November 10-11) surveys, contoured in plan view. Zones of
infiltration are delineated by minimum values, and are controlled
by both topography and structure. Contour interval is 2 percent;
horizontal scales are in meters.
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Another minimum in the percent-difference data near (5, 30) 

corresponds to a resistivity maximum, however, and overlies a 

northwest-striking fracture zone (see Fig. 3.2). The most negative values 

are found in the eastern part of the study area within a zone of high 

resistivity, and are associated with two north-striking fracture zones 

near longitudes 20 and 30.

Infiltration is clearly influenced by topography. Along the summit 

of the knoll and near the roadcut, resistivities are not significantly 

diminished following a rainfall event. The major zones of infiltration 

are found along a draw that skirts the western and northern flanks of 

the hill, and in a north-trending structural depression beneath a ridge of 

perched rocks along the eastern boundary of the hill (Fig. 3.1).

Some fracture zones are able to readily take up water, whereas 

others are not. Many fractures evidently exist at such a low degree of 

saturation that hydraulic transmissivities are prohibitive to infiltration, 

and impinging rains have difficulty displacing the air-filled pores. 

Recharge is possibly aided by the presence of a sediment-filled, 

structural depression at the surface which can trap runoff and retain 

moisture.
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CONCLUSIONS

Wenner resistivity profiles crossing drained fractures in the 

vadose zone exhibit positive anomalies and a spiky, anticorrelated 

structure, whereas profiles over regions of coherent matrix are 

characterized by smoothly varying signatures and uniformly low values. 

In the ash-flow tuff of Apache Leap, matrix resistivities range from 

about 100 to 250 ohm-m; apparent resistivities of fractured zones reach 

nearly 1400 ohm-m at electrode spacings of 0.9 meters, and 600 ohm-m at 

electrode spacings of 1.8 meters. A general decrease in apparent 

resistivity with increasing penetration over fractured areas may be 

caused by increasing saturation levels at depth.

Discrete, drained fractures are imaged in ground-penetrating 

radar records by their electrical contrast with the surrounding matrix. 

Areas of densely spaced fractures with high-amplitude reflections are 

correlated with positive resistivity anomalies, and the strongest 

anomalies are probably caused by highly desaturated fractures of large 

aperture. Fractures that are spaced at intervals comparable to the 

electrode separations may cause the amplitudes of the resultant 

resistivity peaks to be diminished or enhanced if the anomalies from 

adjacent fractures are superimposed. Most of the fractures in the GPR 

records which are associated with elevated resistivity values are 

correlated with north-striking and northwest-striking structures that 

formed by extensional deformation in the Basin-and-Range province.
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The seasonal temperature variation in the uppermost meter of 

rock ranges from 30° to 16°C between July and November. A temperature 

offset is clearly observed in the resistivity data, and higher resistivity 

values were measured in the cooler months due to decreasing electrolyte 

mobilities. The observed temperature effect, however, is less than half of 

that predicted by theoretical considerations. The diminished effect may 

be caused by vertical focusing of the current and therefore an increase in 

the effective depth of penetration, or possibly by a reduced temperature 

dependence of surface conduction as compared to electrolytic conduction.

In addition to structural controls, apparent resistivity values 

across the surface of the knoll are strongly influenced by topography. 

Elevated values occur at the summit of the hill and along the 

southeastern escarpment where drainage is enhanced, and minimum 

values are found along a draw rimming the western and northern 

flanks of the hill. Infiltration is also concentrated within topographic 

and structural depressions. Following 12 mm of rainfall, selected 

fracture zones were able to take up water but others remained relatively 

impervious to infiltration and resistivity values were largely unaffected. 

At this level of precipitation, fractures were not sufficiently saturated to 

become preferential pathways of electrical conduction. Although 

increasing moisture contents probably decreased the electrical resistivity 

contrast with the matrix, fractures remained resistive barriers to 

current flow.
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Much work remains to be done concerning the application of 

electrical methods to field studies in the vadose zone. Such techniques 

offer a promising means of characterizing moisture distributions in the 

fractured, ash-flow tuffs of the Apache Leap. Future studies should 

address the structural anisotropy of the area using azimuthal resistivity 

surveys. Experimentation with other array configurations which yield 

less complex anomaly signatures and increased sensitivity to vertical 

structures may prove beneficial. Because resistivity measurements are 

a complex function of many interacting variables, interpretations would 

be better constrained if temperature and water content were closely 

monitored with thermistor arrays and neutron probe stations.

Controlled experiments in which larger amounts of precipitation are 

applied artificially to specific areas could provide information on the 

resistivity response of a progressively saturating fracture over a range of 

moisture contents.
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APPENDIX 1.
FRACTURE STATISTICS, PHOTO SCALE 1:14,350

AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

NW QUAD

1 460 78 125 107 490
13 100 79 160 127 450
26 110 81 190 130 150
28 135 82 520 139 430
29 225 85 740 145 630
41 190 91 480 166 210
44 140 93 290 168 300
58 235 98 315 179 690
60 720 105 420

N QUAD

7 355 69 110 121 470
14 210 70 240 127 405
19 130 71 180 128 240
21 150 72 520 133 190
39 140 73 135 149 220
41 485 74 80 149 510
46 210 75 135 154 430
47 250 85 70 155 135
51 90 85 460 157 310
53 210 103 270 158 140
59 380 108 265 159 155
64 120 113 130 160 410
64 525 115 120 169 375
65 530 118 150 171 455
67 330 121 210 172 260
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

W QUAD

5 200 51 385 76 600
12 460 52 105 79 280
14 110 52 150 83 430
30 160 55 70 108 550
32 585 56 175 113 390
33 180 61 75 120 740
35 320 62 170 121 675
35 95 66 60 123 1550
38 95 67 140 123 1515
39 160 70 235 125 230
40 125 71 70 133 290
41 170 72 170 138 1150
42 130 72 200 147 585
44 130 73 90 150 345
44 135 73 170 165 270
45 155 74 90 178 190
49 160 74 320

CEN QUAD

0 1270 61 855 92 390
3 110 63 135 96 405

37 225 66 750 98 260
39 145 67 805 126 220
42 420 67 230 142 620
48 140 69 210 145 1470
52 385 84 270 165 260
55 365 85 245 175 380
57 190 87 240 178 215
57 315 91 560 178 370
57 140
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

EQUAD

25 245 86 210 154 310
26 285 87 1130 158 210
44 185 89 435 158 350
44 190 107 220 159 110
56 425 125 345 159 120
69 385 126 220 159 185
70 330 136 270 159 210
70 195 137 455 169 390
72 690 139 550 169 495
72 110 149 370 176 350
73 235 153 100 176 485

SW QUAD

9 930 46 410 51 215
14 715 46 390 52 195
29 560 46 585 57 100
40 135 46 295 132 390
45 280 47 285 159 730
45 165 47 110 177 935
45 180 49 500 178 670

SQUAD

0 130 45 170 94 180
14 265 70 465 96 335
14 485 71 980 122 250
33 530 77 410 127 245
40 165 78 580 137 220
42 120 86 270 138 120
42 370 88 155 147 465
43 160 90 200 149 580
43 1130 91 295 170 145
45 335 92 300
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

SE QUAD

0 165 70 95 129 290
9 150 78 155 131 735

12 440 85 125 131 385
13 325 86 360 131 2040
17 805 87 200 132 1865
29 175 88 120 140 390
45 135 89 110 145 490
45 420 89 135 165 290
46 470 103 380 175 540
48 75 109 195 177 570
54 470 123 740 178 205
58 170
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APPENDIX II.
FRACTURE STATISTICS, PHOTO SCALE 1:7,180

AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

NW QUAD

5 94 60 69 127 99
9 97 69 72 134 66

10 70 71 54 142 86
11 188 71 70 142 55
14 96 73 63 163 66
17 63 74 60 164 77
31 113 92 53 166 125
40 69 93 77 166 73
41 42 93 98 167 110
43 141 93 49 168 86
45 57 116 138 168 87

N QUAD

2 89 61 135 140 63
19 117 75 84 141 138
23 134 75 133 142 51
27 57 76 86 142 105
29 68 77 126 143 129
29 122 79 122 148 262
32 89 88 72 150 122
45 124 93 45 151 90
47 70 98 48 158 74
47 93 104 66 160 63
48 75 109 69 162 70
50 159 134 88 171 180
51 115 139 135 173 130
57 46 139 111 173 163
57 75 140 48 174 92
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

NE QUAD

9 175 72 97 158 108
9 126 78 102 159 79

41 195 86 139 159 113
51 217 86 103 159 119
55 80 86 71 159 154
56 213 87 60 159 133
61 99 99 94 160 60
62 105 111 96 161 101
64 118 113 122 161 158
67 70 113 159 162 47
67 63 158 91 169 129
68 40 158 226 173 358
72 80

W QUAD

2 71 18 50 103 119
3 76 18 116 123 43
3 47 19 77 123 124
3 112 20 64 123 69
4 81 20 66 126 83
5 116 27 105 129 184
6 82 57 42 130 93
7 107 63 58 131 272
8 75 64 92 131 93
9 90 65 114 135 77

10 65 94 67 149 55
11 101 95 57 153 107
12 77 95 84 154 169
15 134 103 69 159 100
17 60
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

CEN QUAD

0 60 65 211 126 89
2 52 67 126 126 94
9 104 70 223 129 149

11 155 70 93 130 73
12 106 74 128 132 87
13 47 75 168 133 121
15 105 76 75 134 77
18 72 83 74 136 109
19 81 84 74 137 71
21 79 87 189 137 69
22 115 90 86 143 178
22 129 92 173 143 52
24 92 99 57 145 110
24 24 101 100 148 115
27 54 104 107 149 61
27 58 109 79 156 52
28 86 111 91 157 88
33 59 114 190 157 165
34 106 114 118 157 108
39 114 114 128 163 123
39 178 115 108 163 171
40 52 117 176 165 117
63 72 120 205 167 59
64 168 120 143 171 131

EQUAD
145 51

0 111 79 54 145 98
36 185 84 98 153 113
38 198 89 55 153 201
38 97 89 169 154 153
39 46 101 58 155 122
45 93 102 122 155 182
48 53 111 115 155 125
54 38 111 106 155 163
57 55 116 86 155 117
5 7 112 119 100 159 86
57 99 126 78 159 74
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

E QUAD (cont.)

64 54 130 160 159 44
65 80 133 91 160 136
65 142 133 80 161 92
65 54 141 54 162 193
67 109 143 154 163 167
78 165 144 66 165 86

SW QUAD

1 80 40 74 97 254
3 118 53 133 104 126
7 66 56 91 107 87
7 116 59 192 107 170
7 65 62 126 108 70

10 269 65 70 108 74
11 75 67 202 108 37
11 84 69 271 108 82
12 286 70 283 112 100
14 54 72 84 112 44
15 58 73 91 119 132
15 88 75 131 121 141
16 60 78 191 133 38
18 151 81 174 135 122
21 89 82 164 144 108
23 119 86 91 156 72
30 199 86 125 177 136
31 232 95 167 179 184
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AZIMUTH LENGTH AZIMUTH LENGTH AZIMUTH LENGTH
(degrees) (meters) (degrees) (meters) (degrees) (meters)

SQUAD

1 39 33 61 86 119
2 79 53 113 87 36
7 72 57 86 89 115

17 82 61 75 98 243
17 67 62 223 108 80
18 87 63 140 108 104
18 290 63 101 117 134
20 77 65 102 125 213
20 73 66 205 130 125
25 87 72 331 133 336
25 154 74 161 134 127
28 109 79 132 179 74
33 127 82 64

SE QUAD

18 216 44 65 134 156
20 89 46 153 137 201
20 68 49 89 144 134
22 81 55 184 149 221
22 199 55 123 157 144
27 89 58 66 159 474
28 63 63 74 162 128
31 95 74 103 164 157
35 94 120 211 167 158
40 90 131 55 171 132



APPENDIX III.
STRIKE, DIP, AND LOCATION OF FRACTURES

(Dip azimuth is oriented 90° clockwise from strike azimuth)
COORDINATES (meters)

STRIKE DIP X Y Z

127 78 11.71 36.30 93.32
332 63 15.57 37.89 92.92
317 68 18.95 38.24 92.50

10 85 19.11 37.17 92.26
18 65 16.14 27.86 94.41

186 77 19.11 27.81 94.06
3 89 21.43 31.53 92.70
7 89 21.43 31.53 92.70

173 47 28.93 31.24 91.93
161 90 32.58 31.90 92.09
162 88 34.52 34.55 92.16
182 82 34.47 26.41 92.77
123 51 33.20 24.05 93.70
196 85 33.20 24.05 93.70
304 80 29.63 21.77 93.95
319 75 30.20 18.59 94.69
327 57 26.85 20.49 94.80
313 69 28.11 18.65 94.97
133 67 29.54 11.38 96.48

10 87 30.64 11.91 96.23
9 72 22.29 17.68 95.32

350 70 22.15 14.54 96.28
340 66 22.13 12.26 96.75
191 87 20.10 12.07 96.48
313 77 17.71 11.42 96.89
125 59 29.46 7.74 96.86

93 72 27.18 9.06 96.97
31 46 27.18 9.06 96.97

332 71 25.82 4.16 97.34
355 86 23.58 1.37 97.30
349 70 22.03 2.07 97.60
351 86 21.11 2.29 97.77
119 65 18.93 2.66 97.97
172 83 18.94 5.79 97.82
283 81 18.82 7.04 97.68
338 71 18.74 0.43 97.83



COORDINATES (meters)
STRIKE DIP X Y Z

84 64 15.68 1.98 98.43
340 88 12.72 -0 .1 6 99.01
338 82 14.33 -3 .5 4 98.38
189 77 19.34 -0 .2 3 97.72
359 84 20.89 -0 .1 9 97.50
181 71 21.11 -3 .3 0 97.12
349 88 22.66 -3 .1 3 96.99
339 79 24.66 -2 .5 8 96.69
258 82 26.53 -4 .8 9 95.71
173 75 11.73 7.47 98.44
358 64 10.19 7.03 98.81
359 63 8.19 8.08 98.58
143 82 9.77 15.94 96.94
316 85 11.02 17.04 96.58
328 73 7 .87 3.28 99.54
284 31 6.65 3 .04 99.79

_ 336 76 6.47 1.72 99.78
189 75 4.81 1.91 99.88
250 73 -0 .0 7 2.72 99.73
336 86 -0.31 1.80 100.00

87 73 -0 .6 3 0.66 100.00
77 84 3.91 8.12 98.93
58 85 1.72 10.48 99.29

125 69 0.55 12.14 98.53
359 87 -1 .0 2 11.73 98.37
103 85 -0 .5 2 12.67 98.31
103 75 -2 .5 7 12.85 97.99
349 90 2.19 13.78 97.94
322 83 -1 .6 2 16.23 97.38
229 85 b 17.81 97.05
320 89 -1 .0 4 17.81 97.05

60 63 -5 .3 7 17.10 96.53
309 88 4.72 30.43 94.41
185 79 -7 .8 9 28.73 94.09
188 83 -8.81 27.01 94.30
261 87 -8.81 27.01 94.30
146 60 -1 1 .0 7 23.21 94.99
311 89 -13.31 24.76 94.35
331 85 -1 3 .64 25.55 94.12
141 88 -1 4 .5 0 22.22 95.12



161

COORDINATES (meters)
STRIKE DIP X Y Z

127 80 -1 5 .1 7 21.84 94.81
21 90 -16.21 21.05 94.43

124 79 -1 8 .9 6 22.09 94.24
323 74 -1 6 .2 8 19.25 95.34
331 88 -1 5 .6 4 17.54 95.87
325 63 -1 7 .1 3 16.14 95.35

46 83 -1 3 .2 0 14.51 96.40
148 65 -1 3 .2 0 14.51 96.40
132 75 -1 1 .4 6 15.07 96.69
120 70 -1 2 .2 3 16.33 96.41
135 82 -1 9 .8 8 14.45 95.32
312 89 -24.41 14.89 94.25

72 82 -2 5 .3 9 14.09 94.01
239 81 -2 5 .0 9 13.24 94.19
117 66 -2 5 .7 5 9.07 94.29
351 39 -6 .8 2 7.48 98.45
347 68 -7 .5 8 5.38 98.79
359 73 -8 .2 3 5.34 98.44
160 75 -5.71 0.68 99.50
233 79 -6 .9 5 1.87 99.07
160 76 -8 .7 8 3.65 98.48

69 83 -1 0 .7 9 4.88 97.95
337 83 -11.41 2.24 98.25
160 88 -1 2 .7 5 4 .22 98.04
346 88 -1 3 .9 4 5.07 97.56
122 87 -1 3 .6 4 -3 .4 0 98.05

81 • 86 -1 4 .7 6 -2 .2 4 97.83
122 85 -1 5 .9 8 -2 .1 3 97.51

88 86 -1 7 .4 8 -2 .3 7 97.09
318 90 -1 7 .5 3 -0 .5 0 96.75
124 82 -1 5 .6 7 0.81 97.29
315 59 -1 7 .3 2 1.50 96.76
270 75 -1 7 .9 8 3 .53 96.30
339 80 -2 2 .1 4 0.70 95.88
314 72 -2 2 .5 8 -2 .5 0 96.51
317 73 -2 3 .0 9 -2.91 96.14
168 69 -2 5 .7 5 2.81 95.13
326 83 -2 7 .3 8 2 .62 95.19
153 76 -2 7 .7 6 1.02 95.06
255 74 -2 7 .5 6 -0.51 95.35



162

COORDINATES (meters)
STRIKE DIP X Y Z

240 86 -2 7 .3 6 5.79 94.43
202 88 -0 .7 3 -5 .4 3 99.88
156 84 -1 .2 8 -5 .9 5 99.75

44 56 -2.91 -4 .9 7 99.60
192 76 -6 .4 4 -10 .31 99.35
309 84 -6 .4 4 -10 .31 99.35
352 83 -8 .41 -1 0 .7 9 99.29

60 84 -7 .2 4 -1 5 .0 4 98.86
321 72 -1 1 .1 4 -1 0 .2 8 98.43
321 64 -1 2 .8 2 -8 .3 9 98.17

83 70 -1 5 .1 8 -7 .3 0 98.05
316 77 -1 7 .0 6 -9 .2 6 97.22
103 80 -1 5 .8 3 -1 3 .0 7 97.52
318 69 -2 1 .9 6 -6 .7 5 96.64
251 78 -2 1 .9 6 -6 .7 5 96.64
315 80 -2 8 .3 7 -3 .8 4 95.15

61 77 -2 8 .3 7 -3 .8 4 95.15
312 84 -2 7 .5 0 -6 .4 8 95.53
260 69 -3 0 .3 0 -6 .1 2 94.77
129 76 -3 0 .3 0 -6 .1 2 94.77
133 78 -2 8 .7 9 -8 .5 4 94.94
176 83 -2 2 .4 9 -1 1 .2 7 96.63
122 77 -2 2 .4 9 -1 1 .2 7 96.63
133 74 -2 3 .8 9 -1 2 .6 0 96.33

39 86 -2 6 .7 9 -1 3 .2 9 95.87
116 78 -2 5 .4 3 -1 3 .5 5 96.41
106 79 -2 6 .0 9 -1 3 .8 3 96.83
111 85 -2 4 .9 4 -1 5 .8 6 96.94
149 74 -2 4 .0 3 -1 8 .1 7 96.73
117 81 -2 8 .9 0 -1 9 .6 7 94.76
323 60 -2 8 .9 0 -1 9 .6 7 94.76

15 87 -28.31 -1 6 .0 7 95.32
81 80 28.86 -9 .1 6 95.05

181 86 28.86 -9 .1 6 95.05
270 75 23.58 -9.51 96.49
271 83 13.65 -1 0 .4 0 98.08
359 88 13.65 -1 0 .4 0 98.08

95 77 15.02 -12.41 97.47
294 51 19.82 -1 8 .3 2 95.31
283 53 14.46 -2 2 .9 8 96.03
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COORDINATES (meters)
STRIKE DIP X Y Z

171 81 9.52 -6 .4 3 98.94
46 76 1.02 -14 .21 98.91
21 89 -1 .1 0 -1 3 .6 0 99.00

2 82 0 .17 -1 6 .3 9 98.95
306 64 -0 .4 0 -1 8 .7 4 98.31
183 87 -3 .9 5 -1 6 .4 9 98.61
258 75 -4 .9 0 -1 7 .2 2 98.51
322 69 -4 .3 9 -1 8 .2 4 98.38

46 83 -4 .3 9 -1 8 .2 4 98.38
187 88 -5 .7 0 -2 0 .4 2 97.97
163 85 -1 0 .5 5 -2 3 .0 4 97.10

14 72 -5 .5 2 -2 5 .3 4 97.32
128 74 -5 .5 2 -2 5 .3 4 97 .32
301 63 -1 .7 2 -2 5 .0 4 97.76
183 72 0 .52 -2 7 .8 6 96.85
352 87 1.63 -2 8 .7 2 96.41

96 84 1.63 -2 8 .7 2 96.41
240 78 -8 .4 2 -2 8 .5 0 96.39
171 76 -8 .4 2 -2 8 .5 0 96.39
317 34 -9.71 -2 7 .1 6 96.38
315 87 -1 9 .7 4 -1 9 .2 4 96.32

57 90 -1 9 .7 4 -1 9 .2 4 96.32
186 83 -1 8 .6 5 -4 5 .8 3 91.78
309 66 -1 1 .8 2 -3 7 .6 2 94.64
198 71 -6 .5 0 -3 8 .9 4 95.15

35 82 -8 .0 0 -3 5 .8 7 95.41
111 72 -8 .0 0 -3 5 .8 7 95.41
179 80 -8 .8 0 -3 3 .9 7 95.41
274 77 -8 .8 0 -3 3 .9 7 95.41
326 51 -5 .6 6 -3 2 .9 0 96.12
263 87 -1 3 .3 9 -3 0 .4 3 95.41
289 77 -1 3 .3 9 -3 0 .4 3 95.41
229 47 -16.51 -2 8 .2 9 95.23
155 76 -16.51 -2 8 .2 9 95.23

47 85 -1 8 .3 6 -3 1 .3 7 94.68
165 89 -1 9 .5 8 -3 1 .3 4 94.29
178 81 -2 0 .6 3 -3 1 .0 5 94.42
313 62 -2 0 .63 -3 1 .0 5 94.42
106 82 -3 1 .3 5 -3 0 .1 8 94.16
107 85 -3 0 .7 9 -3 0 .3 0 94.10



COORDINATES (meters)
STRIKE DIP X Y Z

305 70 -2 8 .5 2 -2 9 .5 7 94.56
278 43 -2 8 .3 8 -3 3 .0 6 93.85
353 88 -2 4 .0 2 -3 5 .5 3 93.28
130 77 -2 2 .5 7 -3 6 .4 4 93.04
126 67 -2 4 .5 2 -3 8 .7 2 92.63
173 42 -2 7 .8 3 -3 7 .6 7 93.04
119 88 -2 7 .8 3 -3 7 .6 7 93.04
112 88 -2 9 .4 5 -3 6 .7 6 93.28



Additional Structural Data from Roadcut.
Positions are not surveyed.

STRIKE DIP STRIKE DIP

170 87 290 55
227 83 99 86
120 86 185 84
105 82 181 70
274 80 174 66
181 76 129 82
275 85 98 89
186 82 185 86
339 64 182 79
190 70 302 71

83 86 330 67
3 83 318 49

181 76 177 66
138 79 179 84
183 82 192 12
185 81 314 46

87 84 273 29
189 76 294 21
139 67 184 82

4 85 276 30
150 70 83 87
146 87 178 77
279 35 243 89
272 77 255 87
342 89 319 82
157 73 324 72
261 78 300 81

0 52 304 46
141 82 152 77
336 54 329 84
171 59 255 88
186 73 306 49
183 86 296 58
101 73 289 51
305 25 315 65
271 33
181 84
268 39
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APPENDIX IV.
ELECTRICAL RESISTIVITY AND PHYSICAL PROPERTIES OF SATURATED CORES

GEOMETRIC ELECTRICAL
CORE DIAMETER LENGTH VOLUME* POROSITY FACTOR RESISTIVITY

(cm) (cm) (cmA3) (m) (ohm-m)

EH-4 6.32 5.05 158.26 0.1399 0 .06212 148.03
UJ-4 6.08 5.00 145.17 0.1428 0 .05807 128.22
SK-4 6.07 4.97 143.82 0 .1453 0 .05823 168.34
GH-4 6.07 5.28 152.64 0.1513 0.05481 216.94
EK-4 6.33 4.98 156.50 0.1532 0 .06319 120.95
UN-4 6.08 4.97 144.30 0.1543 0 .05842 143.36
MF-4 6.07 5.02 145.17 0.1590 0 .05765 82.04
MM-4 6.07 5.07 146.57 0.1590 0 .05708 144.24
JF-4 6.05 5.03 144.60 0.1635 0 .05715 93.95
GF-4 6.07 4.96 143.53 0.1666 0 .05834 125.96
CK-5 6.31 5.00 156.36 0.1692 0 .06254 110.45
ES-4 6.33 4.90 154.02 0.1699 0 .06422 77.32
UT-4 6.07 5.07 146.72 0.1795 0 .05708 107.48
JH-4 6.06 5 .12 147.67 0.1798 0 .05633 111.70
UG-4 6.05 5.05 145.18 0.1831 0 .05693 103.38
AD-5 6.31 5.24 163.72 0.1892 0 .05968 73.35
MC-4 6.05 4 .97 142.88 0.1899 0 .05784 49.68
CD-4 6.32 4.94 154.78 0.1899 0 .06350 87.76
SG-5 6.07 5.03 145.12 0.1921 0 .05753 87.91
MD-4 6.07 5.04 145.70 0.1991 0 .05742 52.14
PD-4 6.06 4.98 143.23 0.2009 0 .05792 55.66
CA-5 6.33 5.25 164.29 0 .2012 0 .05994 52.93
CH-4 6.32 4.96 155.60 0.2019 0 .06325 82.73
MG-6 6.07 5.08 146.71 0.2020 0 .05696 63.11
J J -5 6.05 4.95 141.64 0.2203 0 .05808 95.48
JB-4 6.05 5.25 150.92 0.2216 0 .05476 67.52
PC-5 6.05 5.00 143.74 0 .2277 0 .05750 55.03
EB-4 6.32 4.95 154.83 0.2598 0 .06338 45.13

‘Volumes are slightly corrected for chips and other irregularities
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APPENDIX V.
ELECTRICAL RESISTIVITY AND PHYSICAL PROPERTIES OF UNSATURATED CORES

SUCTION CORE SAMPLES
(KPa) EH-4 UJ-4 SK-4 GH-4 UT-4 JH-4

WATER COINTENT:

0 0.1399 0 .1428 0.1453 0 .1513 0 .1795 0 .1798
10 0 .1399 0.1428 0.1453 0 .1513 0 .1795 0 .1798
25 0.1399 0.1428 0.1453 0 .1513 0 .1795 0 .1773
50 0 .1354 0.1392 0.1417 0 .1468 0 .1759 0 .1579

100 0.1044 0.1138 0.1134 0.1235 0 .1404 0 .1297
300 0 .0834 0.0899 0.0857 0 .0943 0 .1037 0 .1000
500 0.0776 0 .0814 0.0776 0 .0857 0.0931 0 .0932

DEGREE OF SATURATION:

0 1.000 1.000 1.000 1.000 1.000 1.000
10 1.000 1.000 1.000 1.000 1.000 1.000
25 1.000 1.000 1.000 1.000 1.000 0.986
50 0.968 0.975 0.975 0 .970 0 .980 0.878

100 0.746 0.797 0.780 0.816 0.782 0.721
300 0.596 0.630 0.590 0.623 0.578 0 .556
500 0.555 0.570 0.534 0.566 0.519 0.518

ELECTRICAL RESISTIVITY (ohm-m):

0 147.7 127.9 168.1 216 .7 107.2 111.4
10 149.0 120.3 161.8 209.0 103.8 105.3
25 139.6 111.7 144.5 193.1 99.8 99.9
50 142.9 108.9 147.0 183.6 95.6 104.2

100 172.6 133.6 179.1 210.1 122.7 122.5
300 229.3 158.2 229.4 274.3 161.2 160.5
500 232.1 160.7 233.2 275.9 157.9 157.2



168

APPENDIX V (con't).

SUCTION CORE SAMPLES
(KPa) SG-5 MD-4 CA-5 CH-4 MG-6 JB-4

WATER CO NTENT:

0 0 .1915 0.1991 0.2001 0.2019 0 .2016 0 .2216
10 0.1893 0 .1890 0.1952 0.2019 0.2016 0.2013
25 0 .1746 0.1663 0.1789 0.1924 0 .1806 0 .1612
50 0 .1547 0.1438 0.1591 0.1589 0.1528 0.1382

100 0.1281 0 .1230 0.1369 0 .1230 0 .1288 0 .1183
300 0 .1089 0 .1087 0.1215 0.0956 0.1095 0 .1082
500 0 .1058 0 .1046 0.1182 0.0914 0.1064 0.1056

DEGREE 0 SATURATION:

0 1.000 1.000 1.000 1.000 1.000 1.000
10 0.989 0.949 0.976 1.000 1.000 0.908
25 0.912 0.835 0.894 0.953 0.896 0.727
50 0.808 0.722 0.795 0 .787 0.758 0.624

100 0.669 0.618 0.684 0.609 0.639 0.534
300 0.569 0.546 0.607 0.474 0.543 0.488
500 0 .552 0.525 0.591 0 .453 0.528 0 .477

ELECTRICAL RESISTIVITY (ohm-m):

0 87.6 51.9 52.6 82.4 62.8 67.2
10 82.8 46.4 49.9 73.5 63.3 62.2
25 81.8 52.8 55.1 77.2 62.4 73.8
50 89.2 54.5 64.2 99.5 75.3 73.9

100 103.6 61.4 68.9 117.0 78.3 76.4
300 128.5 74.4 77.2 142.6 90.3 88.2
500 121.3 69.7 76.1 136.4 93.6 85.7
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APPENDIX VI.
INDUCED POLARIZATION, UNSATURATED CORES

SUCTION ELECTRICAL RESISTIVITY PERCENT FREQUENCY EFFECT
(KPa) (ohm-m)

100 Hz 10 Hz 1 Hz 10-100 Hz 1-10 Hz Average

GH-4:
* 0 191.9 194.1 197.3 1.13 1.62 1.38
1 0 209.0 211.1 216.6 0.99 2.54 1.77
25 193.1 207.2 211.1 6.81 1.85 4.33
50 183.6 201.0 208.6 8.66 3.64 6.15

100 210.1 227.5 236.0 7.65 3.60 5.63
300 274.3 284.4 286.4 3 .55 0.70 2.12
500 269.2 273.8 276.1 1.68 0.83 1.26

EH-4:
* 0 161.8 163.1 160.4 0.80 -1 .6 8 -0 .4 4
10 149.0 150.5 153.1 1.00 1.70 1.35
25 139.6 150.3 151.4 7 .12 0.73 3 .92
50 142.9 151.2 159.1 5.49 4 .97 5.23

100 172.6 184.9 191.9 6.65 3 .65 5.15
300 229.3 231.6 236.2 0.99 1.95 1.47
500 232.1 240.5 247.4 3.49 2.79 3.14

MG-6:
* 0 62.5 64.0 62.1 2.34 -3 .0 6 -0 .3 6
10 63.3 65.4 69.1 3.21 5.35 4.28
25 62.4 67.8 70.2 7.96 3.42 5.69
50 75.3 77 .2 81.5 2.46 5.28 3.87

100 78.3 85.2 86.0 8.10 0.93 4.51
300 90.3 93.8 94.6 3.73 0.85 2 .29
500 93.6 95.6 98.7 2.09 3.14 2 .62

CA -5:
* 0 59.9 59.9 56.7 0.00 -5 .6 4 -2 .8 2
10 49.9 50.3 52.9 0.80 4.91 2.86
25 55.1 56.6 58.7 2.65 3.58 3.11
50 64.2 66.5 70.2 3.46 5.27 4.36

100 68.9 73.0 76.1 5 .62 4.07 4.85
300 77 .2 83.5 87.9 7.54 5.01 6.28
500 76.1 77.9 81.5 2.31 4.42 3.36

‘Saturated resistivities were obtained following resaturation of the cores.
whereas all other values were obtained during the original drying cycle.
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APPENDIX VII.
TOPOGRAPHIC SURVEY OF ROCK KNOLL

COORDINATES (meters)
X Y Z

BM-1
0.00 0.00 100.00

BM-2
36.94 4 .08 100.52

BM-3
24.63 -3 9 .5 0 91.89

X Y Z X Y Z
SIGHTINGS FROM BNl-1

-2 1 .8 3 42.79 91.52 18.93 2.67 97.97
8.62 47.89 91.49 18.94 5.80 97.83

11.69 36.31 93.33 18.82 7.04 97.68
15.56 37.89 92.92 18.74 0.43 97.83
18.93 38.25 92.49 15.68 1.98 98.43
19.12 37.16 92.25 12.72 -0 .1 6 99.00
16.14 27.86 94.41 14.33 -3 .5 4 98.38
19.12 27.80 94.06 19.33 -0 .2 3 97.72
21.43 31.54 92.71 20.88 -0 .1 8 97.49
28.94 31.23 91.94 21.11 -3.31 97.13
32 .57 31.91 92.08 22.67 -3 .1 4 97.00
34.54 34.54 92.16 24.66 -2 .5 8 96.69
34 .47 26.40 92.75 26.52 -4 .8 9 95.71
33.20 24.05 93.69 11.73 7.47 98.44
29.63 21.77 93.95 10.20 7.03 98.81
30.20 18.59 94.69 8.18 8.08 98.58
26.84 20.49 94.79 9.77 15.95 96.95
28.12 18.65 94.98 11.01 17.04 96.57
29.54 11.39 96.49 7.87 3.28 99.54
30.64 11.93 96.23 6.65 3.04 99.78
22.29 17.68 95.31 6.47 1.72 99.78
22.14 14.55 96.29 4.81 1.92 99.88
22.13 12.26 96.75 -0 .0 7 2 .72 99.73
20.11 12.07 96.49 -0.31 1.80 100.00
17.71 11.42 96.88 -0 .6 3 0.66 100.00
29.46 7.73 96.87 3.91 8.12 98.93
27.18 9.05 96.98 1.72 10.48 99.29
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X Y Z X Y Z

25.82 4 .17 97.35 0.54 12.14 98.54
23.58 1.37 97.31 -1 .0 2 11.73 98.37
22.03 2.06 97.60 -0 .5 2 12.67 98.31
21.11 2.29 97.76 -1 7 .9 8 3.52 96.29
-2 .5 7 12.85 97.99 -2 2 .1 4 0.70 95.89

2.19 13.78 97.94 -2 2 .5 8 -2.51 96.52
-1.61 16.23 97.38 -2 3 .1 0 -2.91 96.15
-1 .0 4 17.82 97.06 -2 5 .7 6 2.80 95.14
-5 .3 7 17.10 96.53 -2 7 .3 8 2.61 95.20

4.74 30.43 94.40 -2 7 .7 6 1.02 95.07
-7 .8 9 28.73 94.11 -2 7 .5 6 -0.51 95.35
-8.81 27.00 94.30 -2 7 .3 5 5.80 94.42

-1 1 .0 8 23.20 94.99 -0 .7 3 -5 .4 3 99.88
-1 3 .3 0 24.76 94.34 -1 .2 8 -5 .9 5 99.75
-1 3 .6 3 25.56 94.13 -2.91 -4 .9 7 99.60
-14.51 22.21 95.11 -6 .4 4 -10.31 99.36
-1 5 .1 8 21.84 94.82 -8.41 -1 0 .7 9 99.28
-16.21 21.04 94.42 -7 .2 4 -1 5 .0 3 98.87
-1 8 .9 6 22.09 94.23 -1 1 .1 4 -1 0 .2 8 98.43
-1 6 .2 8 19.25 95.35 -1 2 .8 3 -8 .3 9 98.16
-1 5 .6 4 17.54 95.86 -1 5 .1 8 -7.31 98.06
-1 7 .1 2 16.14 95.34 -1 7 .0 6 -9 .2 6 97.23
-13.21 14.50 96.40 -1 5 .8 3 -1 3 .0 7 97.52
-1 1 .4 6 15.07 96.69 -2 1 .9 6 -6 .7 4 96.63
-1 2 .2 3 16.33 96.42 2 8 .3 7 -3 .8 4 95.15
-1 9 .8 8 14.45 95.33 -2 7 .4 9 -6 .4 7 95.52
-2 4 .4 0 14.89 94.24 -3 0 .3 0 -6 .1 3 94.75
-2 5 .3 9 14.10 94.02 -2 8 .7 9 -8 .5 6 94.95
-2 5 .0 8 13.24 94.18 -2 2 .4 9 -1 1 .2 7 96.63
-2 5 .7 5 9.08 94.29 -2 3 .8 9 -12.61 96.32

-6 .8 2 7.48 98.45 -2 6 .7 9 -1 3 .3 0 95.89
-7 .5 8 5.38 98.79 -2 5 .4 3 -1 3 .5 5 96.42
-8 .2 3 5.34 98.43 -2 6 .0 9 -1 3 .8 3 96.83
-5.71 0.68 99.50 -2 4 .9 3 -1 5 .8 6 96.93
-6 .9 5 1.87 99.07 -2 4 .0 4 -1 8 .1 7 96.74
-8 .7 8 3 .65 98.49 -2 8 .9 0 -1 9 .6 8 94.75

-1 0 .7 9 4.88 97.95 -28.31 -1 6 .0 6 95.33
-11.41 2.24 98.26 28.86 -9 .1 7 95.06
-1 2 .7 5 4.22 98.03 23.58 -9 .5 2 96.49
-1 3 .9 5 5.07 97.56 13.65 -1 0 .4 0 98.09
-1 3 .6 4 -3 .4 0 98.04 15.03 -1 2 .4 0 97.47
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X Y Z X Y Z

-1 4 .7 6 -2 .2 4 97.83 19.81 -1 8 .3 3 95.31
-1 5 .9 8 -2 .1 3 97.50 14.46 -2 2 .9 8 96.02
-1 7 .4 9 -2 .3 7 97.10 9.52 -6 .4 3 98.94
-1 7 .5 3 -0 .5 0 96.75 1.02 -14.21 98.91
-1 5 .6 7 0.81 97.30 -1 .1 0 -1 3 .6 0 99.00
-1 7 .3 2 1.50 96.77 0.18 -1 6 .3 9 98.95

-0 .4 0 -1 8 .7 4 98.31 -2 8 .4 2 0.00 95.11
-3 .9 6 -1 6 .4 9 98.61 -3 5 .8 6 0.00 94.49
-4.91 -1 7 .2 2 98.50 -4 1 .3 9 0.00 91.99
-4 .3 9 -1 8 .2 4 98.38 -8 .8 8 -5 .1 2 98.91
-5.71 -20.41 97.98 -20.21 -1 1 .6 6 96.77

-1 0 .5 5 -2 3 .0 3 97.09 -25.01 -1 4 .4 4 96.66
-5 .5 3 -2 5 .3 4 97.33 -2 5 .2 0 -1 4 .5 5 97.83
-1.71 -2 5 .0 4 97.76 -2 9 .7 2 -1 7 .1 6 94.84

0.53 -2 7 .8 6 96.86 -3 7 .5 3 -2 1 .6 7 94.05
1.63 -2 8 .7 2 96.42 -4 6 .0 4 -2 6 .5 8 94.95

-8 .4 3 -2 8 .5 0 96.39 -5 .7 9 -1 0 .0 2 99.59
-9.71 -2 7 .1 6 96.37 -1 0 .3 0 -1 7 .8 4 98.35

-1 9 .7 5 -1 9 .2 4 96.33 -1 6 .6 5 -2 8 .8 4 95.28
-1 8 .6 6 -4 5 .8 3 91.79 -2 1 .7 2 -3 7 .6 2 92.84
-1 1 .8 2 -37.61 94.63 -2 9 .2 5 -5 0 .6 5 90.44

-6 .5 2 -3 8 .9 4 95.17 -3 7 .1 9 -6 4 .4 2 92.59
-8.01 -3 5 .8 7 95.42 0.00 -1 4 .5 5 98.94
-8 .8 0 -3 3 .9 7 95.42 0.00 -3 3 .3 5 95.91
-5 .6 7 -3 2 .9 0 96.12 0.00 -2 2 .9 8 97.93

-1 3 .3 8 -3 0 .4 4 95.42 7 .27 -1 2 .5 9 98.84
-16.51 -2 8 .2 9 95.22 13.23 -2 2 .9 2 96.91
-1 8 .3 5 -3 1 .3 8 94.70 11.50 -6 .6 4 98.68
-1 9 .5 7 -3 1 .34 94.30 24.39 -1 4 .0 8 95.57
-2 0 .6 2 -3 1 .0 6 94.43 14.46 0.00 98.41
-3 1 .3 5 -3 0 .1 9 94.16 25.18 0.00 96.72
-3 0 .7 9 -30.31 94.09 33.96 0.00 95.00
-2 8 .5 3 -2 9 .56 94.57 -1 4 .3 4 24.84 94.15
-2 8 .3 7 -3 3 .0 8 93.85 -2 0 .8 8 36 .17 91.63
-24.01 -3 5 .5 3 93.28 -9 .7 2 5.61 97.98
-2 2 .5 7 -3 6 .4 5 93.05 -1 6 .9 3 9.78 96.26
-2 4 .5 0 -3 8 .7 3 92.63 -2 4 .0 7 13.90 94.38
-2 7 .8 4 -3 7 .6 6 93.02 -3 0 .3 2 17.50 92.86
-2 9 .4 5 -3 6 .7 6 93.29 -3 8 .5 8 22.27 91.74

-6 .2 2 10.77 97.89 -1 1 .3 3 0.00 98.30
-1 0 .0 2 17.36 96.31 -1 8 .3 8 0.00 96.49
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X Y Z X Y Z

SIGHTINGS FROM BM-2 21.20 18.26 95.14
0.00 0.05 100.01 14.18 24.58 94.77

12.81 1 .45 98.86 7.34 30.74 94.19
32.54 3 .60 96.73 0.96 36 .48 92.93
34.54 12.57 98.05 -5 .6 8 42.46 91.57
40.40 7.91 95.22 29.34 6.85 96.84
38.40 12.87 97.78 27.86 7.39 99.59
39.04 16.72 95.69 24.64 8.56 97.41
40.33 20.41 97.95 14.40 12.29 97.44
39.13 28.33 96.54 2.15 16.75 97.34
37.31 24.56 95.03 -1 0 .3 4 21.30 95.39
36 .87 28.12 95.72 0.00 -0 .0 9 100.02
38.49 30.05 93.95 34.51 12.46 97.83
38.18 37.29 93.66 24.18 39.15 91.24
32 .82 10.83 96.39 29.59 10.71 96.43
33.93 16.71 94.82 24.83 14.99 96.98
34 .27 22.16 93.82
34.58 27.60 92.71
34.76 34.00 92.18 SIGHTINGS FROM BN -3
35.06 37.61 92.02 14.03 -2 4 .0 2 96.93
35.22 43.54 90.96 36.94 4.09 100.51
47.09 37.08 90.93 !--- \

k bo -4 2 .3 0 94.87
45.13 27.97 91.24 -1 6 .5 9 -5 2 .6 5 91.11
52.00 27.42 90.91 -2 0 .9 0 -6 2 .7 0 89.52
45.91 19.79 90.93 -2 6 .2 9 -5 8 .1 6 90.16
46.07 15.20 90.67 -3 4 .3 6 -5 4 .8 7 92.19
48.43 9.75 90.84 -1 7 .6 3 -6 2 .3 0 86.87
43.41 7.64 90.65 -1 2 .0 9 -5 4 .5 6 87.24
32.43 -9 .3 8 89.98 -6.51 -4 8 .3 3 87.67
29.86 -1 7 .0 6 89.82 -0.91 -41 .71 88.04
28.18 -1 4 .7 3 89.73 6.25 -3 5 .2 0 88.45
23.47 -2 1 .2 0 89.49 15.32 -29.01 88.99
18.81 -2 6 .5 5 89.15 20.04 -2 5 .4 6 89.27
-6 .4 2 -40.71 94.93 31.89 -9 .4 3 89.74
13.23 -2 3 .2 9 96.92 38.50 -3 .8 0 89.94
20.45 -18.01 96.92
27.13 -1 0 .9 2 95.19
33.98 -2 .9 7 95.03
32.49 16.31 94.85
29.03 25.83 92.98
27.26 30.69 92.38



APPENDIX VIII.
ELECTRICAL RESISTIVITY PROFILES,

0.9-METER AND 1.8-METER ELEC!'RODE SPACINGS

PROFILE B (Collected Feb. 18, 1989) Resistivities in Ohm-m

Electrode Spacing = 0.9 m Electrode Spacing = 1.8 m
STATION RESISTIVITY STATION RESISTIVITY

2.5 443.5 4 484.6
3.5 607.2 6 395 .0
4.5 424.3 8 331.0
5.5 523.0 1 0 407 .8
6.5 321.9 12 314.6
7.5 445.3 14 362.1
8.5 339 .2 16 320 .0
9.5 402 .3 18 301.8

10.5 468.2 20 285.3
11.5 351.1 22 305.4
12.5 550.5 24 268.8
13.5 333.8 26 290.8
14.5 459.9 28 259.7
15.5 281.6 30 285.3
16.5 395 .0 32 289.0
17.5 268.8 34 331 .0
18.5 447.1 36 384.0
19.5 245.1 38 365.8
20.5 427.0 40 415.1
21.5 273.4 42 290.8
22.5 325.5 44 303.6
23.5 298.1 46 239.6
24.5 309.1 48 230.4
25.5 338 .3 50 214.0
26.5 359.4 52 206.7
27.5 322.8 54 192.0
28.5 373.1 56 181.1
29.5 448.1 58 181.1
30.5 245.1 60 155.4
31.5 501.1 62 182.9
32.5 226.8 64 173.7
33.5 399 .6 66 177.4
34.5 367.6 68 193.9
35.5 334 .7



36.5 540.4
37.5 373.1 MEAN
38.5 503.8 282.4
39.5 489.2
40.5 310.0
41.5 524.9
42.5 306 .3
43.5 364.8
44.5 348.4
45.5 269 .7
46.5 271.6
47.5 203.9
48.5 331.9
49.5 191.1
50.5 203.9
51.5 246.0
52.5 190.2
53.5 215.8
54.5 219.5
55.5 201 .2
56.5 156.4
57.5 171.9
58.5 161.8
59.5 149.0
60.5 162.8
61.5 132.6
62.5 155.4
63.5 212.1
64.5 183.8
65.5 191.1
66.5 248.7
67.5 164.6
68.5 206.7
69.5 162.8

MEAN
318.0
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PROFILE C (Collected April 10, 1989)

Electrode Spacing -  0.9 m Electrode Spacing = 1.8 m
STATION RESISTIVITY STATION RESISTIVITY

2.5 186.5 4 131.7
3.5 206.7 6 261.5
4.5 150.9 8 137.2
5.5 317.3 10 201 .2
6.5 165.5 12 160.9
7.5 204.8 14 232.3
8.5 189.3 16 159.1
9.5 192.9 18 206 .7

10.5 212.1 20 164.6
11.5 191.1 22 153.6
12.5 256.0 24 188.4
13.5 188.4 26 182.9
14.5 351.1 28 283.5
15.5 135.3 30 204.8
16.5 299.0 32 310 .9
17.5 215.8 34 206.7
18.5 163.7 36 256.0
19.5 267.0 38 208.5
20.5 144.5 40 248 .7
21.5 218.5 42 199.3
22.5 154.5 44 256.0
23.5 191.1 46 230.4
24.5 203.9 48 250.5
25.5 259.7 50 285 .3
26.5 190.2 52 246.9
27.5 328.3 54 285.3
28.5 317.3 56 252.4
29.5 244.1 58 223.1
30.5 347.5 60 243 .2
31.5 315.5 62 199.3
32.5 262.4 64 296.3
33.5 235.0 66 173.7
34.5 261.5 68 265 .2
35.5 247.8 70 201.2
36.5 215.8 72 241.4
37.5 265.2 74 263.3
38.5 230.4 76 250.5
39.5 230.4 78 298.1



40.5 267.0 80 285.3
41.5 193.9 85 219.5
42.5 302 .7 87 513.9
43.5 299.9 89 170.1
44.5 307 .2 91 431.6
45.5 280.7 93 376 .7
46.5 278.9
47.5 341.1 MEAN
48.5 242.3 239 .9
49.5 246.0
50.5 515 .7
51.5 171.9
52.5 461.8
53.5 238 .7
54.5 261.5
55.5 258.8
56.5 268.8
57.5 221.3
58.5 309.1
59.5 224.0
60.5 284.4
61.5 223.1
62.5 247.8
63.5 242.3 (continued...)
64.5 263.3 Electrode Spacing = 0.9 m
65.5 283.5 STATION RESISTIVITY
66.5 188.4
67.5 258.8 83.5 253.3
68.5 235.9 84.5 294.4
69.5 262.4 85.5 263.3
70.5 182.9 86.5 541 .3
71.5 314.6 87.5 187.5
72.5 207.6 88.5 347.5
73.5 269.7 89.5 290.8
74.5 258.8 90.5 225.9
75.5 419.7 91.5 384.0
76.5 181.1 92.5 193.9
77.5 432.5 93.5 295.4
78.5 169.2 94.5 287.1
79.5 342.0
80.5 162.8 MEAN
81.5 276.1 257 .3
82.5 208.5
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PROFILE D (Collected May 5, 1989)

Electrode Spacing -  0.9 m Electrode Spacing = 1.8 m
STATION RESISTIVITY STATION RESISTIVITY

2.5 274.3 4 307 .2
3.5 414 .2 6 215.8
4.5 213.1 8 192.0
5.5 388 .6 10 193.9
6.5 215.8 12 192.0
7.5 269.8 14 184.7
8.5 232.3 16 186.5
9.5 215.8 18 307 .2

10.5 171.0 20 188.4
11.5 211.2 22 418.8
12.5 248 .7 24 241.4
13.5 236.8 26 515 .7
14.5 256.0 28 296.3
15.5 287.1 30 519.4
16.5 224.9 32 268.8
17.5 361 .2 * 34 376 .7
18.5 273 .4 36 325 .5
19.5 616.3 38 418.8
20.5 213.1 40 259.7
21.5 634.6 42 393 .2
22.5 371.3 44 246.9
23.5 418.8 46 312 .7
24.5 256 .0 48 279.8
25.5 1380.8 50 292.6
26.5 319.1 52 270 .7
27.5 1291.1 54 325 .5
28.5 401.4 56 188.4
29.5 468 .2 58 354 .8
30.5 430 .7 60 155.4
31.5 362.1 62 208.5
32.5 339 .2 64 186.5
33.5 474.6 66 181.1
34.5 323 .7 68 146.3
35.5 459 .0 70 190.2
36.5 413.3 72 164.6
37.5 464 .5
38.5 483 .7 MEAN
39.5 448.1 271 .6



40.5 347.5
41.5 405.1
42.5 352.0
43.5 304 .5
44.5 287.1
45.5 348.4
46.5 321.0
47.5 398 .7
48.5 272.5
49.5 363.9
50.5 321.9
51.5 227.7
52.5 353.0
53.5 340 .2
54.5 256.9
55.5 492 .0
56.5 187.5
57.5 438.0
58.5 207.6
59.5 187.5
60.5 186.5
61.5 233.2
62.5 167.3
63.5 183.8
64.5 160.9
65.5 139.0
66.5 167.3
67.5 157.3
68.5 155.4
69.5 156.4
70.5 229.5
71.5 160.0
72.5 195.7
73.5 150.0
74.5 145.4

MEAN
329.7
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APPENDIX IX.
ELECTRICAL RESISTIVITY, DRY VS. WET SURVEY

PROFILE A:
COORDINATES ELECTRICAL RESISTIVITY (ohm-m)

(m eters) 6 -Ju l-8 9 12-JUI-89 11 -Nov-89
STATION X Y (DRY) (WET) (DRY)

5 10.06 32 .08 150.7 186.2
7 8.50 31.21 206.5 238.5
9 6.93 30.34 139.7 167.0

1 1 5 .37 29:48 432.9 561.6
13 3 .80 28.61 124.7 135.7
15 2.23 27.74 470.9 607.7
17 0 .67 26.87 180.3 213.1
19 -0 .9 0 26.00 235.4 288.2
21 -2 .4 6 25.08 268.5 313.6
23 -4 .0 2 24.09 193.7 226.8
25 -5 .5 7 23.10 250.9 289.3
27 -7 .1 3 22.12 190.2 222.6
29 -8 .6 9 21.13 238.1 297.2
31 -1 0 .2 4 20.14 185.3 226.8
33 -1 1 .8 0 19.15 255.3 329 .7
35 -1 3 .3 6 18.17 209.4 265.4
37 -14.91 17.18 220.4 288.8
39 -1 6 .4 7 16.19 212 .7 246.9
41 -1 8 .0 4 15.26 336.9 312.5
43 -19.61 14.37 236.6 248.9
45 -2 1 .1 9 13.48 289.3 258.6
47 -2 2 .7 6 12.59 253.5 263.3

PROFILE B:
COORDINATES ELECTRICAL RESISTIVITY (ohm-m)

(m eters) 6 -Ju l-8 9 1 V Ju l-8 9 11-Nov-89
STATION X Y (DRY) (WET) (DRY)

4 28.75 -2 .5 0 534.9 548.6 632.9
6 26.92 -2 .5 8 312.5 340 .3 381 .7
8 25.10 -2 .6 6 267.6 274.9 325.9

10 23.27 -2 .7 4 332 .7 328.3 396 .7
12 21.45 -2 .8 2 219.5 242.1 288.2
14 19.62 -2 .9 0 286.0 289.5 342.0
16 17.79 -2 .9 8 237.6 250.5 300.3
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1 8 15.97 -3 .0 6 210 .7 221.3 277.2
20 14.14 -3 .1 4 204.3 223.1 259.0
22 12.32 -3 .1 8 220.6 208.3 286.4
24 10.49 -3 .2 3 205.0 224.6 242.3
26 8 .67 -3 .2 7 206.7 203.5 276.5
28 6.84 -3.31 175.2 246.0 231.7
30 5 .02 -3 .3 6 245.2 244.9 296.6
32 3 .19 -3 .4 0 213.1 270.5 267.0
34 1.37 -3 .4 4 308.3 327 .0 359 .2
36 -0 .4 6 -3 .4 8 299.4 327.9 370 .7
38 -2 .2 9 -3 .5 3 291 .7 341 .6 359.9
40 -4.11 -3 .5 7 346 .7 380.8 420.4
42 -5 .9 2 -3 .6 2 187.5 250.9 247.3
44 -7 .7 3 -3 .6 7 217.3 266.8 281.1
46 -9 .5 4 -3.71 154.4 189.3 199.2
48 -1 1 .3 5 -3 .7 6 196.6 197.0 229.9
50 -1 3 .1 7 -3.81 128.9 159.1 179.4
52 -1 4 .9 8 -3 .8 6 155.3 159.5 194.6
54 -1 6 .7 9 -3.91 117.4 149.6 174.1
56 -1 8 .6 0 -3 .9 5 125.5 131.9 152.5
58 -20.41 -4 .0 0 123.4 143.9 169.0
60 -2 2 .2 2 -4 .0 5 105.5 107.9 129.7
62 -2 4 .0 0 -4 .0 3 127.7 146.5 166.1
64 -2 5 .7 8 -4 .0 2 121.4 124.9 150.1
66 -2 7 .5 5 -4 .0 0 126.6 130.2 159.7
68 -2 9 .3 3 -3 .9 8 146.3 165.5 171.5

PRO FILE C:
COORDINATES ELECTRICAL RESISTIVITY (ohm-m)

(m eters) 6 -Ju l-8 9 11 -Ju l-8 9 1 O-Nov-89
STATION X Y (DRY) (WET) (DRY)

4 -2 6 .4 8 -3 7 .2 0 113.9 135.7 144.5
6 -2 5 .1 3 -36.01 266.3 241.4 294.6
8 -2 3 .7 8 -3 4 .8 3 130.4 159.8 157.8

10 -2 2 .4 4 -3 3 .6 4 209.2 192.9 221.1
12 -2 1 .0 9 -3 2 .4 6 146.7 171.4 171.2
14 -1 9 .7 4 -3 1 .2 7 238.1 237.2 261.5
16 -1 8 .3 9 -3 0 .0 8 140.5 165.0 165.0
18 -1 7 .0 5 -2 8 .9 0 204.8 226.6 247.3
20 -1 5 .7 0 -27.71 162.6 184.3 178.5
22 -1 4 .3 2 -2 6 .5 3 150.1 171.9 175:9
24 -1 2 .9 4 -2 5 .3 6 178.9 197.7 207.2
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26 -1 1 .5 7 -2 4 .1 8 163.1 203.2 188.4
28 -1 0 .1 9 -2 3 .0 0 282.7 277.1 330.8
30 -8 .81 -2 1 .8 3 172.8 236.3 213.1
32 -7 .4 3 -2 0 .6 5 320 .2 322 .6 365.8
34 -6 .0 5 -1 9 .4 7 182.9 214.0 210.5
36 -4 .6 8 -1 8 .2 9 244.7 253.5 280.9
38 -3 .3 0 -1 7 .1 2 202.6 216.9 235.5
40 -1 .9 2 -1 5 .9 4 224.0 267.7 260.4
42 -0 .5 7 -14.71 182.1 219.1 220.4
44 0.77 -1 3 .4 7 223.7 298.5 279.6
46 2.12 -1 2 .2 4 205.4 286.4 270.8
48 3.47 -1 1 .0 0 223.3 290.8 286.0
50 4.82 -9 .7 7 261.2 282.0 335.0
52 6.16 -8 .5 4 217.8 273.8 280.4
54 7.51 -7 .3 0 277.4 265.4 324.4
56 8.86 -6 .0 7 225.5 261.9 282.7
58 10.20 -4 .8 3 194.2 202.8 242.1
60 11.55 -3 .6 0 224.4 234.5 278.2
62 12.88 -2 .3 4 161.3 197.9 207.0
64 14.20 -1 .0 9 291.3 266.3 359.5
66 15.53 0.17 140.8 183.6 188.5
68 16.85 1.43 246.2 252 .7 312.0
70 18.18 2.68 177.0 191.3 226.8
72 19.50 3.94 228.1 236.3 266.3
74 20.83 5.20 219.6 231.2 284.9
76 22.15 6.45 222.9 240.1 285.7
78 23.48 7.71 249.8 259.1 316.6
80 24.80 8.97 231.2 231 .7 319.1
85 29.05 10.55 175.0 203.4 231.5
87 30 .40 11.69 434.2 387.2 594.0
89 31.74 12.82 134.1 170.3 189.5
91 33.09 13.96 349.8 325.9 465.1
93 34.43 15.09 314 .9 354.2 466.5



1 8 3

PROFILE D:
COORDINATES ELECTRICAL RESISTIVITY (ohm-m)

(m eters) 6 -Ju l-89 11-JUI-89 10-Nov-89
STATION X Y (DRY) (WET) (DRY)

4 4 .86 -2 4 .9 8 299.9 298.1 345.3
6 4 .30 -2 3 .2 6 197.7 207 .2 234.1
8 3 .74 -2 1 .5 4 168.4 188.7 215.1

10 3 .18 -1 9 .8 3 182.3 184.7 202.4
12 2.61 -18.11 175.6 193.3 205.7
14 2 .05 -1 6 .4 0 183.1 237.7 199.9
16 1.49 -1 4 .6 8 164.4 242.0 220.4
18 0.93 -1 2 .9 7 300.3 328.8 340.9
20 0.37 -1 1 .2 5 165.5 302.1 264.6
22 -0 .1 4 -9 .5 2 384 .2 348.4 425.4
24 -0 .6 5 -7 .7 8 218.9 297.2 351.3
26 -1 .1 7 -6 .0 3 484.8 497.6 506.8
28 -1 .6 8 -4 .2 8 284.2 320.4 398 .7
30 -2 .1 9 -2 .5 4 493.0 473.8 568.6
32 -2 .7 0 -0 .7 9 263.0 341.4 343.8
34 -3.21 0.96 331.9 372.3 432.1
36 -3 .7 3 2.71 319.1 352.8 419.0
38 -4 .2 4 4.45 403.6 485.0 485 .7
40 -4 .7 5 6.22 235.0 314.4 321.9
42 -5 .2 4 7.93 405.6 425 .0 485.0
44 -5 .7 3 9.64 225.3 277.6 297.9
46 -6 .21 11.35 304.9 341.4 353 .7
48 -6 .7 0 13.06 251.3 274 .7 347.3
50 -7 .1 9 14.77 285.5 308 .5 336.5
52 -7 .6 8 16.48 240.9 271.9 331.0
54 -8 .1 7 18.19 339.8 302 .8 328.8
56 -8 .6 5 19.90 161.7 210.7 258.6
58 -9 .1 4 21.61 361.4 299.6 340 .2
60 -9 .6 3 23.32 135.1 158.0 200.3
62 -1 0 .0 9 25.01 183.4 188.7 235.5
64 -1 0 .5 5 26.70 164.0 168.2 230.4
66 -1 1 .0 0 28.39 159.3 161.7 212.0
68 -1 1 .4 6 30.09 128.4 141.5 174.8
70 -1 1 .9 2 31.78 169.2 168.6 232.8
72 -1 2 .3 8 33 .47 145.2 153.3 179.4
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PROFILE E:
COORDINATES ELECTRICAL RESISTIVITY (ohm-m)

(m eters) 6 -Ju l-89 12 -Ju l-8 9 11-Nov-89
STATION X Y (DRY) (WET) (DRY)

4 -1 8 .4 9 -3 0 .1 8 192.9 220.9
6 -1 9 .0 8 -2 8 .4 5 291.3 325.9
8 -1 9 .6 6 -2 6 .7 3 202.4 210.9

10 -2 0 .2 4 -2 5 .0 0 256.9 279.3
12 -2 0 .8 3 -2 3 .2 8 295.0 296.3
14 -21.41 -2 1 .5 5 234.3 273.8
16 -2 1 .9 9 -1 9 .8 2 344.0 378 .7
18 -2 2 .5 8 -1 8 .1 0 266.1 327.0
20 -2 3 .1 6 -1 6 .3 7 203.9 264.3
22 -2 3 .7 8 -1 4 .7 0 243.0 302.5
24 -2 4 .4 0 -1 3 .0 2 169.7 221.3
26 -2 5 .0 2 -1 1 .3 5 198.2 243.2
28 -2 5 .6 4 -9 .6 8 130.0 153.4
30 -2 6 .2 6 -8 .0 0 153.6 184.2
32 -2 6 .8 8 -6 .3 3 158.2 199.9
34 -2 7 .5 0 -4 .6 6 130.9 162.6



APPENDIX X.
ELECTRICAL RESISTIVITY, DRY VS. WET SURVEY,

SMOOTHED, COINCIDENT MEANS

PROFILE A:
SMOOTHED RESISTIVITY PROFILES PERCENT

12-Ju l-89 11-Nov-89 11-Nov-89 DIFFERENCE
STATION (WET) (DRY) (corrected)* (Jul-Nov)

9 210.90 257.80 226.86 -7 .0 4
11 274.94 342 .10 301 .05 -8 .6 7
13 269 .70 337 .02 296.58 -9 .0 6
15 288 .84 361.26 317.91 -9 .1 4
17 255.96 311.66 274.26 -6 .6 7
19 269.76 329.88 290.29 -7 .0 7
21 225 .76 266.20 234.26 -3 .6 3
23 227 .74 268.10 235.93 -3 .4 7
25 228.28 269.90 237.51 -3 .8 9
27 211 .64 252.54 222.24 -4 .7 7
29 223 .96 273.12 240.35 -6 .8 2
31 215 .66 268.34 236.14 -8 .6 7
33 221.70 281.58 247.79 -1 0 .5 3
35 216 .62 271.52 238 .94 -9 .3 4
37 246 .94 288.66 254 .02 -2 .7 9
39 243 .20 272.50 239.80 1.42
41 259 .18 271.14 238.60 8.62
43 265 .80 266.04 234.12 13.53

PROFILE B:
SMOOTHED RESISTIVITY PROFILES PERCENT

11-Ju l-89 11-Nov-89 11-Nov-89 DIFFERENCE
STATION (WET) (DRY) (corrected)* (Jul-Nov)

8 346 .84 405.08 356 .47 -2 .7 0
10 295 .02 346.90 305 .27 -3 .3 6
12 277.06 330 .62 290 .95 -4 .7 7
14 266 .34 320.88 282 .37 -5 .6 8
16 245 .30 293.34 258 .14 -4 .9 7
18 238.54 292.98 257 .82 -7 .4 8
20 225 .56 273.04 240 .28 -6 .1 2
22 216 .16 268.28 236 .09 -8 .4 4
24 221 .10 259.18 228.08 -3 .0 6
26 225.461 266.70 234.70 -3 .9 4



28 237 .90 262.82 231 .28 2.86
30 258.38 286.20 251.86 2 .59
32 283 .26 305.04 268 .44 5.52
34 302 .38 330.68 291 .00 3.91
36 329 .56 355.44 312 .79 5.36
38 325.64 351.50 309 .32 5.28
40 313.60 335.88 295 .57 6.10
42 285.88 301 .58 265 .39 7 .72
44 256 .96 275.58 242.51 5 .96
46 212 .62 227.38 200 .09 6 .26
48 194.34 216.84 190.82 1.85
50 170.90 195.44 171.99 -0 .6 3
52 159.42 186.10 163.77 -2 .6 5
54 148.80 173.92 153.05 -2 .7 8
56 138.56 163.98 144.30 -3 .9 8
58 135.96 158.28 139.29 -2 .3 9
60 131.02 153.48 135.06 -2 .9 9
62 130.68 154.92 136.33 -4 .1 4
64 135.00 155.42 136.77 -1 .2 9

PROFILE C:
SMOOTHED RESISTIVITY PROFILES PERCENT

11 -Ju l-89 10-Nov-89 10-Nov-89 DIFFERENCE
STATION (WET) (DRY) (corrected)* (Jul-Nov)

8 180.24 197.84 174.10 3 .53
10 200 .54 221.24 194.69 3 .00
12 185.26 195.32 171.88 7.78
14 198.62 213.22 187.63 5.86
1 6 196.90 204.70 180.14 9.31
18 197.00 205.64 180.96 8.86
20 189.10 194.78 171.41 10.32
22 196.74 199.46 175.52 12.09
24 206.84 216.16 190.22 8.74
26 217.24 223.08 196.31 10.66
28 247.38 261.06 229 .73 7 .68
30 250.64 261.72 230.31 8.83
32 260.70 280.22 246.59 5.72
34 248.66 261.16 229 .82 8.20
36 254.94 270.62 238.15 7.05
38 234.24 241.54 212.56 10.20
40 251.14 255.36 224.72 11.76
42 257.72 253.34 222.94 15.60
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44 272.50 263.44 231 .83 17.54
46 275.36 278.36 244 .96 12.41
48 286 .30 290.36 255 .52 12.05
50 279 .68 299.32 263.40 6.18
52 274.78 301 .70 265 .50 3.50
54 257 .18 292.92 257 .77 -0 .2 3
56 247.68 281.56 247 .77 -0 .0 4
58 232.50 266.88 234 .85 -1 .0 0
60 232.68 273.90 241 .03 -3 .4 7
62 217 .02 255.06 224 .45 -3.31
64 227.00 269.04 236 .76 -4 .1 2
66 218.36 258.76 227.71 -4.11
68 226.04 270.62 238.15 -5 .0 8
70 219 .02 255.70 225.02 -2 .6 6
72 230.32 275.14 242 .12 -4 .8 7
74 231.60 276.06 242 .93 -4 .6 6
76 239.68 294.52 259 .18 -7 .5 2
78 233 .10 287.56 253.05 -7 .8 8
80 264.30 349 .38 307 .45 -1 4 .0 4
85 250.34 330.14 290 .52 -1 3 .8 3
87 263.70 359.84 316 .66 -1 6 .7 2
89 288.20 389 .32 342 .60 -1 5 .8 8

PRO FILE D:
SMOOTHED RESISTIVITY PROFILES PERCENT

11 - Ju l-89 10-Nov-89 10-Nov-89 DIFFERENCE
STATION (WET) (DRY) (corrected)* (Jul-Nov)

8 214.40 240.52 211 .66 1.30
10 202 .32 211.44 186.07 8.73
12 209 .28 208.70 183.66 13.95
14 237.30 233.86 205 .80 15.31
16 260.78 246.30 216 .74 20.32
18 291.80 290.24 255.41 14.25
20 303 .70 320 .52 282.06 7 .67
22 354 .82 377.80 332 .46 6.72
24 353.14 389.36 342 .64 3 .07
26 387.48 450.16 396 .14 -2 .1 9
28 386.08 433.84 381 .78 1.13
30 401 .10 450.00 396 .00 1.29
32 372 .14 432.44 380 .55 -2.21
34 405.06 449.84 395 .86 2 .32
36 373.18 400.50 352 .44 5.88



38 389 .90 428.74 377 .29 3 .34
40 370 .96 401.90 353 .67 4.89
42 368 .68 388.84 342 .18 7.74
44 326 .62 361.16 317 .82 2 .77
46 325 .44 364.08 320 .39 1.58
48 294 .82 333.28 293.29 0 .52
50 299 .86 339.46 298 .72 0.38
52 273 .72 320.44 281 .99 -2 .9 3
54 278 .70 319 .02 280.74 -0 .7 3
56 248.60 291.78 256 .77 -3 .1 8
58 231 .96 272.68 239 .96 -3 .3 3
60 205.04 253.00 222.64 -7 .91
62 195.24 243.68 214.44 -8 .9 5
64 163.62 210.60 185.33 -11 .71
66 165.74 217.10 191.05 -1 3 .2 5
68 158.66 205.88 181.17 -1 2 .4 3

PROFILE E:
SMOOTHED RESISTIVITY PROFILES PERCENT

12 -Ju l-8 9 11-Nov-89 1 1-Nov-89 DIFFERENCE
STATION (WET) (DRY) (corrected)* (Jul-Nov)

8 247.70 266.66 234.66 5.56
10 255 .98 277.24 243 .97 4.92
12 266.52 287.80 253.26 5.23
14 279.26 311.02 273.70 2.03
16 268 .66 308.02 271 .06 -0 .8 8
1 8 258.26 309.26 272.15 -5 .1 0
20 245.34 298.76 262.91 -6 .6 8
22 216.18 271.66 239 .06 -9 .5 7
24 188.96 236.94 208.51 -9 .3 7
26 178.90 220.92 194.41 -7 .9 8
28 161.94 200.40 176.35 -8 .1 7
30 154.18 188.66 166.02 -7 .1 3

*The November survey was scaled to bring the mean resistivity value
coincident with that of the July survey, in order to compensate for
temperature effects. The scaling factor is 0.88.
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