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ABSTRACT

There is an increasing need for dependable municipal and agricultural
water supplies, in addition to those needed by the rapidly expanding, coal -
fired power plants, in the Four Corners Region of the Southwest. It has

been previously shown that well production in northern Arizona sandstone
aquifers is enhanced by deep fracturing. If such fractures extend to the
surface, corresponding fault patterns may provide a basis for exploration
for additional water supplies.

In this study, photolineaments of the entire northeast quadrant of
Arizona were mapped from standard EROS Data Center false color Landsat com-
posites. In addition, photolineaments were mapped using computer -enhanced
Landsat imagery of two intensive study sites. A third source of geologic
structure data were existing large scale lineament maps derived from aerial
photography of the study sites. Several spatially- distributed parameters
obtained from these maps, such as lineament density and well -to- lineament
distance are mathematically correlated with water well survey data (specific
capacity, specific conductance, transmissivity, and water temperature) within
the study sites to establish the most useful combination of data for extension
of "lineament signatures" throughout the entire northeast quadrant. Results
from this initial study indicate that Landsat imagery may be used to survey
large areas for lineaments, and to cue the hydrogeologist to promising
regions, which can then be mapped at aerial photography scales.

Keywords: GROUNDWATER, REMOTE SENSING, LANDSAT,
LINEAMENTS, ARIZONA

Papers published from this research:

"Correlation of Geologic Structure Inferred from Computer -Enhanced Landsat
Imagery with Underground Water Supplies in Arizona," Babcock, L. Ethridge, L.,
Schowengerdt, R., and Glass, C., Fifth Annual William T. Pecora Memorial
Symposium, Proceedings on Satellite Hydrology, Sioux Falls, South Dakota,
U.S. Geological Survey, June, 1979
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I INTRODUCTION

Water supplies in northeastern Arizona are becoming increasingly

important for domestic and industrial uses. Figure 1 shows major

communities and power plants, both existing and under construction in

the area. The present water supplies may be insufficient to meet

demands of expanding communities and new power plants; therefore,

effective groundwater exploration is critical.

The general objective of this study was to develop groundwater

exploration methods based on linear faulting detectable from satellite

imagery. Water moves more easily along fracture or joint pathways than

through the pores of undisturbed consolidated rocks, thus key fracture

zones within the rock structure contribute to increased well production.

Practical application of remote sensing to identify potential

well fields has been limited. Goetz and Lucchitta (1973), however,

applied satellite data and computer image processing to analyze geologic

materials in northwest Arizona. Their study demonstrated the technical

feasibility of using satellite imagery to map lineaments. In north -

central Arizona a qualitative assessment of geologic structures recorded

on Landsat images (Goetz, et al., 1975) and underground water in northern

Arizona also has been performed. Huntoon (1970) conducted extensive

Kaibab Plateau groundwater studies and concluded that faulting facilitates

groundwater movement.
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II METHODOLOGY

The project was divided into three phases. First, remote sensing

techniques were used to map lineaments in the study area (Figure 1).

Computer enhancements were performed on portions of Landsat imagery

to obtain optimum lineament detection. Lineaments were mapped on

conventional and computer -enhanced Landsat imagery at a scale of

1:250,000. Fractures and faults in the study area which had been

identified in previous publications were also transferred to the

working base map. The final structure maps (Plates 1 -5) show all

structures except those previously noted in earlier publications.

The second phase was a detailed study of two control areas near

St. Johns and Flagstaff, Arizona where detectable lineaments could be

correlated with known well sites. These two test sites were selected

because of the concentration of wells and data availability. Area A

is the Woody Mountain site southwest of Flagstaff which hosts a well

field supplying water to Flagstaff. The wells cover an area about i mile

square within the Oak Creek Fault zone. Area B is larger. Joseph City

is in the northwest, Snowflake in the south- central and St. Johns in the

east -central parts of Area B. Well fields have been developed recently to

supply the Cholla, Springerville and Coronado power plants near Joseph

City, Springerville, and St. Johns respectively. Basic well information

was gathered, screened, and plotted at a scale of 1:250,000. In addition

to these maps, published structure maps at scales of 1:24,000 and 1:4$,000

of well fields at Woody Mountain (Montgomery, et al., 1973) and Springer -

ville (Harshbarger, 1976) were used to obtain more detailed lineament
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information. Correlation coefficients between lineament density and

hydrologic parameters were calculated with a linear regression program.

During the third phase suggestions were developed for creating

a systematic approach to select those areas which could produce high -

yield wells based on geographic locations and regional faulting patterns.



III LANDSAT IMAGERY AND COMPUTER ENHANCEMENTS

A. SELECTION OF IMAGEN.Y

Six Landsat satellite scenes record the northeast quadrant of

Arizona (Figure 2). Each scene is available in four spectral bands

(Figure 3). Repetitive coverage of any area in the quadrant has been

acquired at least every 18 days since 1972. The primary constraint

in selecting images for use in this study was that all six images

should have approximately the same solar irradiance angle. Topo-

graphic accentuation by shadowing them would be consistent through-

out the entire study area.

A search of Landsat imagery of the area was made. Six cloud -

free images, with a seasonal variation of six weeks or less, were

chosen. Identification numbers of these images are given in Figure 2.

The solar elevation and azimuth angles for each image are given in

Table 1. The solar angle variations are close to the minimum

obtainable with Landsat over such a large area. All images were

acquired in 1976 with the exception of 2135 -17204 which is from 1975.

False -color composites at a scale of 1:250,000, simulating color -

infrared film images, were purchased from the USGS -EROS Data Center,

Sioux Falls, South Dakota. In addition, Computer Compatible Tapes

(CCTs) of scenes 2477 -17153 and 2476 -17095 were purchased. These

scenes contain the Snowflake and Flagstaff test sites (Figure 2)

and were acquired in digital form to investigate the usefulness of

computer image- enhancement in lineament mapping. The CCT data

contains the imagery in digital form. Thus, the scene is represented
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as an array of numbers. Each number corresponds to the radiance

emitted by an 80 -by -80 m ground area which is called a picture

element, or pixel. The value of each pixel corresponds to a shade

of gray ranging from zero (black) to 127 (white) in Bands 4, 5 and

6, and from zero to 63 in Band 7.

TABLE 1

LANDSAT IMAGES USED IN THE STUDY

Identification
Number

Date Sun Elevation
(degrees)

Sun Azimuth
(degrees)

2513 -17135 6/18/76 59.2 107.6

5434 -16395 6/26/76 53.2 101.0

2135 -17204 6/06/75 60.7 108.4

2476 -17092 5/12/76 57.4 114.7

2477 -17153 5/13/76 57.9 111.9

2476 -17095 5/12/76 57.7 112.3

B. COMPUTER PROCESSING OF IMAGERY

The raw CCT data was preprocessed to convert it to a convenient,

accurate form. Preprocessing consists of reformatting the data,

destriping, and applying several systematic geometric corrections (NASA,

1975). These operations are performed most efficiently on the entire

CCT, i.e., a complete scene. The study areas selected then can be

extracted from the corrected data and submitted to further processing

if desired. The two CCTs containing the test sites, 2477 -17153 and

2476 -17095, were preprocessed before further processing was performed.
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Geometric corrections performed in the preprocessing step

account for gross, systematic errors in the Landsat imagery and are

not intended to produce precision -corrected imagery in a specified

map projection. The latter product requires locating ground control

points on both the imagery and maps. The image then is digitally

"warped" to conform to map coordinates. Because of the considerable

additional computer time and expense required for this processing, it

was not done in this study. The standard preprocessed images

generally are accurate over small regions. Some residual geometric

errors in the preprocessed Landsat images used in this study are

discussed in the section on lineament interpretation.

All enhanced image products were produced as negative black -and-

white photographic transparencies on the University of Arizona. Pictorial

Output Device (POD). The POD accepts a specially formatted digital -

image tape and produces a photographic hardcopy by modulating the

irradiance of a small light spot falling on the film. The film is

affixed to a rotating drum and one line of image data is recorded with

each revolution of the drum. The drum also translates parallel to its

axis to build up a two -dimensional image one line at a time. Scale of

POD imagery was 1:790,000. The negatives then were optically enlarged

to 1:250,000 and positive prints were produced for interpretation.

1. Contrast Manipulation

The simplest and often most effective processing technique to

enhance digital images is "contrast stretching." The concept of contrast

stretching is to change the pixel grey levels to make them range over

the entire display range available while preserving their relative

relationships. Some saturation of grey levels at the zero and maximum

levels can be permitted to achieve a greater overall contrast increase.
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The change in image grey levels is accomplished by a one -to -one

transformation, i.e., each original grey level is transformed uniquely

to a new grey level to form the processed image. This kind of grey -

level transformation is one example of a general category of trans-

formations called point operations. Such manipulations require

knowledge of only one pixel's grey level at a time as opposed to

using neighboring pixel values also and consequently are a relatively

inexpensive computation (See Spatial Filtering, III, B, 3.).

One feature of contrast enhancement is that it will optimize

grey -level distribution in the area of interest without effects from

the remainder of the image. That is, a full Landsat scene may be

contrast enhanced but smaller areas within the scene generally will

not be displayed optimally. Therefore the contrast stretch is

performed only on the area to be studied and is optimum for that area.

Landsat Bands 5 and 7 were chosen for all enhancement work in

this study for reasons given in Section IV C. The contrast- processed

images for both test areas are shown in Figures 4, 5 and 6. The

standard EROS Data Center Band 5 image of the Snowflake test area is

shown also in Figure 4. The contrast improvement and interpretability

potential in the computer -processed imagery are obvious. One advantage

of this type of simple computer processing is that relative grey -level

relationships are retained and no spurious data are introduced into the

processed image which is not necessarily so in the more complex

processing techniques discussed in the two sections that follow.

The contrast enhanced images were optically enlarged to 1:250,000

scale positive prints and interpreted for lineaments in the same manner

as the conventional false -color composites.
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Figure 4. Snowflake Test Area Contrast Enhancements
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2. Ratio Enhancements

An image enhancement process which has proven useful in geologic

interpretations (Vincent, 1973) is ratioing two spectral bands. The

ratio of bands 5 and 7 in Landsat multispectral scanner (MSS) images

is used since they are generally the least spectrally correlated of

the four bands and result in maximum information in the ratio image.

The enhancements achieved by the band 5 -to- band 7 ratio are

twofold. First, topographic highlights and shadows are suppressed

since they are multiplicative factors in the image brightness and are

common to both hands. Second, the ratio achieves maximum contrast

between vegetated and non -vegetated areas because the contrast between

vegetation and bare soil and rock is generally of opposite polarity

in the two bands; in band 5 vegetation usually has a lower radiance

than soil and in band 7 the opposite generally is true. For this pro-

ject it was hoped that ratio enhancement might delineate natural

streamflow and vegetation patterns which align with geologic structures.

The ratio of band 5 to band 7 was computed for both study areas

and is shown in Figures 7 and 8. Note the suppression of the Oak

Creek Canyon topography in the Flagstaff area ratio. Note also the

high contrast between the vegetated agricultural fields near the center

of the Snowflake test area ratio -enhanced image and the surrounding

area which has less vegetation cover.

3. Spatial Filtering

Contrast enhancement (See Section III, B, 1.) is a pixel -by -pixel

transformation of the image and does not explicitly take into account

image spatial structure. Spatial filtering, on the other hand, may be
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Figure 7. Ratio enhancement
of bands 5/7, Site B
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considered to be a contrast enhancement which depends on the relation-

ships between neighboring pixels, therefore it can be tailored in

innumerable ways to enhance certain types of features, features in given

directions, etc.

A disadvantage of spatial filtering relative to contrast enhance-

ment is that more care must be exercised in visual interpretation

of the results since it produces a more abstract transformation. Spurious

features may occur in the spatially filtered image, which, although

real (for example, a road), are not always easily distinguished from

structures of interest. The best way to use such enhancements is to

produce visual cues to subtle structures which may have been missed

during interpretation of the original imagery. The structure may then

be verified by more detailed study of the original image.

Another disadvantage is the relatively high cost of spatial

filter processing. Since several operations (multiplications and

additions) are performed on each pixel processed, the cost is high

compared with contrast enhancement, which performs only one or two

operations on each pixel. The cost is directly proportional to the

size of the area processed. For this reason, experimental filtering

operations were conducted in the Flagstaff area and only two full

filtering operations were performed in the Snowflake area.

The expectation that spatial filtering would be useful in this

project was based on potential for enhancing lineaments. (see Section IV,

B.). For economy purposes spatial filtering enhancements were per-

formed only on band 5 and not band 7 (Figures 10, 11). In addition,

a combination of spectral and spatial processing was undertaken by
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calculating first the band 5 -to- band 7 ratio. A linear enhancement

operation then was performed on the ratio image. This two -step process

should enhance linear boundaries between vegetation and bare soil and

rock since the ratio enhances the difference between these materials,

but not linear topographic features since the ratio suppresses top-

ography. Certain linear features in the Flagstaff area were enhanced

considerably by this combined procedure (See Section IV, C.and Figure 9).



IV INTERPRETING GEOLOGIC FEATURES

The general objective of this study was to develop groundwater

exploration methods based on linear faulting or fractures detectable

an satellite imagery. To achieve this objective, three tasks were

undertaken during the geologic interpretation phase of the study:

1) Using published data, known structures were plotted on
a 1:250,000 - scale working base map;

2) Conventional color -composite Landsat imagery was converted
to 1:250,000 scale to map lineaments; and

3) Various computer image- enhancement techniques were used to
develop comprehensive lineament maps in two test areas.

A. PUBLISHED DATA AND METHODS OF PLOTTING

A comprehensive literature search and review was conducted to

obtain data on the known structures within the study area. All known

publications which refer to structural information in northeastern

Arizona were reviewed. Those publications which displayed structural

information on maps and drawings were particularly useful in

developing the Task 1 working base map.

The number of publications consulted is extensive; a complete

list is in the References section of this report. Particularly useful

were Arizona Bureau of Geology and Mineral technology publications, the

USGS Bibliography of North American Geology, and the University of

Arizona Office of Arid Lands Studies Bulletin No. 9, by George Davis.

USGS topographic maps at 1:250,000 scale were chosen as a: data base

to assist in plotting the published data. Selecting USGS maps pro-

vided three ways to locate and transfer the geologic structural

information; First, by latitude and longitude; second, by cultural

and topographic reference points; and third, by township and range.
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Two methods were used to accomplish the transfer. The scale of

published maps were optically changed to 1:250,000 using a Map -O -Graph

when possible, or in some instances, known structures were plotted using

computations to change scale. For example, if the published data were

at 1:62,500 scale, all distances from common geographic features to a

given structure were divided by four to locate the structure on the

base map. Scales were varied optically when using the Map -O- Graph, and

the published material was projected over the base map.

To assure accuracy of between one and two miles in plotting

published data several reference features, as well as latitude and

longitude coordinates common to both the published map and the base

map, were aligned. Only the central portions of the projected image

were aligned to avoid distortion.

B. LINEAMENT MAPPING FROM CONVENTIONAL LANDSAT IMAGERY

Standard false -color composite Landsat 1:250,000 -scale imagery

(available from the USGS EROS Data Center, Sioux Falls, South Dakota)

were used to locate and map study area lineaments. Figure 2 shows the

Landsat imagery of northeast Arizona used during this investigation.

Clear acetate overlays were placed over the imagery and the lineaments

identified using conventional photogeologic interpretation techniques.

Lineaments were classified according to occurrence and visual

expression on the Landsat imagery as listed below:

1. Abrupt, sharp, angular breaks in drainage systems;
2. Alignment of several topographic features;
3. Abrupt or subtle tonal changes in surface radiance (brightness);
4. Straight or curved breaks in otherwise unbroken topography;
5. Straight, persistent cliff escarpments;
6. Abrupt termination of drainage systems; and
7. Long, straight or smoothly curved stream segments.
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Lack of distortion in the Landsat imagery permitted quick and

accurate correlation with the 1:250,000 - scale base maps. However,

it was discovered that the latitude and longitude markings on the

imagery were not accurate. To correlate lineaments with the

structures identified in published literature, geographic features

common to both the imagery and the topographic base maps were used as

tie points. All data, lineaments, and structures identified in

publications were transferred to a single 1:250,000 -scale base map.

Where published structures and lineaments coincided, published structure

was given preference on the map. For this final map, a lineament was

considered to correspond to a structure in a publication when it was

found to lie within one to two miles of the known structure and to

trend (within 15 degrees) in the same direction. Correlation between

known structures and lineaments was very good in all cases except

for long, sinuous, broad folds which were difficult to identify on

the Landsat imagery. In addition, these features were difficult to

locate precisely in the published material. It was discovered during

the literature review that these folds were seldom plotted at the

same locations in different references.

The final lineament maps, in reduced form, are Plates i and 2.

The full -scale 1:250,000 maps are available from the University of

Arizona, Office of Arid Lands Studies, Tucson, or the Arizona Water

Commission, Phoenix.

C. EVALUATION OF COMPUTER ENHANCED LANDSAT IMAGERY

Various computer enhancement techniques were applied to the

Landsat imagery to develop more comprehensive lineament maps of the

Flagstaff and Snowflake test areas. The details of the computer

enhancements are discussed in Section III and in the Appendix.
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Selecting bands 5 and 7 for enhancement was based upon the

high reflectance of vegetative growth in band 7 and the correspondingly

low reflectance of vegetative growth in band 5. Because most rock and

soil types show mid -range reflectance in both bands 5 and 7, high

contrast between vegetation and most rock and soil types is achieved

in both bands. Bands 4 and 6 were not considered due to the relatively

high degree of atmospheric scattering in band 4, which reduces image

contrast, and the greater reflectance of vegetation in band 7 com-

pared with band 6. In addition, ratio enhancements of bands 5 and 7

provided excellent separation between vegetation and rock.

Several different enhancement techniques were applied first to

the relatively small Flagstaff test area of approximately 1,040

square kilometers. The enhanced imagery was evaluated for structural

information. The structural information acquired from the imagery

was limited to faulting and lineament relationships. The individual

enhancements which were reviewed are listed below:

1. Contrast stretch of band 5 (Figure 5);
2. Contrast stretch of band 7 (Figure 6);
3. Ratio of bands 5 and 7 (5/7) (Figures 7 and 8);
4. Vertical feature enhancement of the 5/7 ratio (Figure 9);
5. A vertical feature enhancement of band 5 (Figure 10); and
6. An enhancement of northwesterly trending features (Figure ll).

The first step taken in evaluating the enhanced imagery was to

identify, locate and plot any faults identified in the literature which

occurred in the test area. The Oak Creek Fault system, a fault system

due east of the Oak Creek Canyon, and a small fault west of the Oak

Creek system were easily located and plotted on the band 7 contrast



stretch. These structures are identified by Points A, H and B

respectively on Figure 6. These structures were not visible or

often incomplete on the other enhanced imagery, as shown at point

E, a missing segment of the Oak Creek Fault system (Figures 5, 8,

9, 10 and il). The small fault indicated by B (Figures 6, 10,

and 11) was particularly difficult to locate in some enhancements,

most notably on the 5/7 ratio and the filter of the 5/7 ratio

(Figures 8 and 9). The absence of this fault on the 5/7 ratio

was not totally unexpected. A ratio enhancement removes a sub-

stantial amount of the tonal contrast due to topographic relief.

If a fault is of the dip -slip classification, with a significant

amount of vertical displacement, brightness differences due to

shadowing can be the primary interpretation clue. When these

brightness variations are removed by the ratio operation, the

fault becomes difficult or impossible to locate as shown on the

5/7 ratio image. The fault located at Point B on the band 7

contrast stretch is shown as a dip -slip fault in the literature

(Shoemaker, et al, 1975 and Breed, 1962). This also explains why

portions of the Oak Creek Fault system, also identified as a dip -

slip fault in the literature, (Point E in Figure 8) are not

expressed.

Two large northwest trending faults, located at Point D on

the band 7 image, could not be located directly from the image,

but were plotted from previous field work literature. Although not

expressed on the band 7 image, these large northwest trending faults

were visible at Point C on the 5/7 ratio and the band 5 contrast
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stretch. However, because of the many northwesterly striking struc-

tures in this area, the large faults had to be plotted to separate

them from the other structures in the imagery. A few of the numerous

northwesterly trending lineaments are shown at Point G on the filtered

5/7 ratio and on the contrast stretch of band 7.

The large northwest trending faults visible at Point C on the

5/7 ratio image and the band 5 contrast stretch are not expressed

clearly in the vertically filtered image, but are faintly expressed

in the northwesterly filtered image of band 5 (Figure 11, Point C).

In addition to these large faults, the previously mentioned north-

west trending structural pattern was observed on these images. How-

ever, this northwesterly structural pattern was expressed best on

the vertically filtered image of band 5, and not in the diagonally

filtered images as might be expected (Figures 10 and 11, Point G).

On the other hand, the vertically filtered image did not enhance the

northerly striking Oak Creek Fault system more than the diagonally

filtered images (Figures 10 and 11, Point A).

When using filtered imagery, care must be taken during

interpretation due to artifacts when could be created during en-

hancement operations. In the Flagstaff test site, the northwesterly

trending structural pattern visible on the filtered imagery was

believed to represent a tectonic pattern corresponding to north-

westerly striking faults identified in the literature. In addition,

the northwesterly striking pattern becomes barely visible or absent

in the northwest, northeast and southeast corners of the images. No

structures striking in a northwesterly direction are mentioned in the

literature about these areas.
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Filtered images of band 5, the 5/7 ratio, and the contrast

stretch of both bands 5 and 7 were useful in developing a final,

detailed lineament map of the Flagstaff test area (Plate 3) because

they provided more lineament and faulting relationship information

within the area than the standard Landsat image product.

Imagery produced by contrast stretching bands 5 and 7, by

5 -to -7 (5/7) ratioing, and by 5/7 ratio vertical filtering were

examined and evaluated to develop the final, detailed lineament

Snowflake test area maps (Plates 4 and 5). The choice of these

enhancements was based upon successful application to lineament

detection within the Flagstaff area. Additional vertical and

diagonal filtering were not performed on the Snowflake test area

because of the high computing costs incurred for this large study

site which was approximately four times larger than the Flagstaff

site.



V EVALUATING GEOHYDROLOGY AND WELL INFORMATION

A. GENERAL GEOHYDROLOGY

The hydrologic studies consisted of three tasks. In the first

task groundwater system controls in the two sites were studied. The

second task was to inventory water -well data and plot values on base

maps. Finally, the parameters obtained in the inventory were evaluated.

The rock units important in producing large amounts of water are

Permian and Triassic rocks which underlie the southern part of the

Colorado Plateau. They are, in ascending order, the Permian Supai,

Coconino and Kaibab formations and the Triassic Moenkopi and Chinle

formations. The upper beds of the Supai Formation, the Coconino

Sandstone, and the lower beds of the Kaibab Linestone constitute the

Coconino aquifer. The Moenkopi and Chinle formations are less

permeable, confining layers which are secondary aquifers of poor

water quality that may leak water into the principal aquifer. The

Supai and Coconino are the only rock units present everywhere in the

Plateau which are tapped by wells.

The lower portion of the Supai Formation consists of interbedded

red to reddish -brown siltstone, mudstone and evaporite. The upper

4b meters is formed of interbedded sandstones and silty sandstones

which grade into the overlying Coconino Sandstone. These sandstone

layers are connected hydrologically to the Coconino Sandstone. Down-

ward movement of water is retarded by the underlying siltsone, mudstones

and evaporites. Water in the lower beds is poor quality.

The Coconino Sandstone is a homogeneous fine -to- medium -grained,

light yellowish- gray -to- pale -orange, eolian sand that is weakly -to-

well- cemented by quartz, iron oxide and calcite. The degree of
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cementation and the amount of water present vary greatly vertically

and from one site to another. The sandstone is fractured locally.

The Kaibab Limestone basal beds are sandstone similar to the

Coconino. Where saturated, these beds are hydrologically connected

to the Coconino Sandstone. The basal beds grade upward into a sandy

limestone that is joined and locally fractured. Solution activity

is common and has enlarged the joints and fractures. The solution

channels act as recharge conduits to the Coconino aquifer.

Moenkopi Formation basal beds are red and yellow sandstone

interbedded with red and blue mudstones that predominate upward in

the formation. The basal beds yield some water to wells, especially

where they are fractured. The upper part of the Moenkopi is inter-

bedded mudstone, siltstone, claystone, limestone, and gypsum. In

this formation water quality is poor.

The basal contact of the Chinle Formation with the Moenkopi

Formation is sharp. The Chinle is predominantly variegated sand-

stones and siltstones of grayish -blue to grayish -purple. The small

amount of water it could yield to wells would be poor quality.

1. Geohydrology of the Woody Mountain Area, Site A

The Woody Mountain well field is southwest of Flagstaff at

the north end of Oak Creek Canyon. It lies within the San Francisco

Volcanic Field that extends north of Flagstaff and forms the San

Francisco Peaks. Basalt takes the form of mesas, peaks (Woody

Mountain), and depressions (Dry Lake). The altitude averages

2,200 meters (7,200 feet). Large amounts of precipitation occur

as snow in the winter and as rain during the summer storm season.



The well field lies within the Flagstaff recharge area. Water

from rain and snow infiltrates permeable surface rocks (basaltic

cinders), and stream water infiltrates alluvium. Recharge occurs

through fractures and solution openings in the underlying, unsaturated

Kaibab Limestone into the Coconino Sandstone aquifer.

The effects of faulting on the location and movement of water

are substantial. The well field straddles the Oak Creek Fault system.

Preferential erosion along Oak Creek Fault has formed Oak Creek Canyon

through which Oak Creek flows. Minor stream valleys are along lesser/

intersecting fault traces. Groundwater enters the area from the south-

west and west across the Oak Creek Fault zone and moves toward the

north and northeast. Faults control lateral percolation by allowing

easier movement through openings than through solid rock. A large

amount of groundwater moves eastward into the area near a major

intersection of northeast and northwest trending faults with the Oak

Creek Fault; however, stratigraphie offset retards some ground water

movement eastward across the Oak Creek Fault.

Water quality in this area is very good. Measured total dissolved

solids range from 126 to 188 milligrams per liter (mg /1). Water

quality appears to be uniformly good throughout the small test site.

Groundwater freshening by downward percolation of surface water would

be overshadowed by the excellent ground water quality.

2. Geohydrology of the Snowflake Area, Site B

Site B is in the high plateau country of northeastern Arizona.

Altitudes range from 1,520 to 2,200 meters (5,000 to 7,200 feet) above

sea level. The higher elevations are near the Mogollon Rim and the
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White Mountains in the southern Colorado Plateau and in the northeast

corner near Black Mesa. The Mogollon Rim escarpment has 600 meters

of relief south of the area. It acts to uplift air masses and cause

more precipitation along the Rim than to the north. The average

annual precipitation on the northern part of the study area is reported

to be 200 mm as opposed to 500 -760 mm at the Rim (Mann, 1976).

Groundwater in the Coconino aquifer is derived from infiltration

of precipitation and streamflow. The primary recharge area is the

southern uplands of the Mogollon Rim and the White Mountains where

water percolates through permeable surface sediments and basaltic

cinders and jointed rocks. The northern part is a poor recharge area

because of reduced precipitation and impermeable surface rocks

( Moenkopi Formation).

Groundwater moves down gradient to the north and northwest as

it enters the Little Colorado River basin. Groundwater movement is

controlled primarily by the regional dip of the sedimentary rocks

that form the aquifer. Natural discharge is into the Little Colorado

River and other streams, springs and seeps. The seeps are

believed to be fracture - controlled (Guyton and Associates, 1977).

Water in the Coconino Aquifer occurs under both water -table

and confined conditions. The approximate dividing line between these

conditions is slightly south of the Little Colorado River. Water -

table conditions exist on the south side; confined conditions exist

on the north side. The Coconino is exposed or near the surface and

unsaturated in the south and west. The aquifer is deeply buried

under the Moenkopi Formation and younger rocks and is saturated in
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the northeast part of the area. Consequently, depth to water is

much greater and few wells exist there.

Few faults are present in Area B. The overall strike of joints

and fractures which are present is about N45°W, parallel to the

trend of the Holbrook Anticline. Fractured rocks in these locations

yield large amounts of water to wells. Water movement is

controlled locally by faulting where stratigraphie displacement at

one location has decreased the saturated thickness of the aquifer

from 60 meters to 30 meters (Mann and Nemecek, 1976).

The north -to- northeast regional dip of sedimentary rocks from

the Mogollon Rim to Black Mesa is interrupted by the asymmetric

Holbrook Anticline, the south side of which dips more steeply than

the north. The anticline occurs as a ridge which trends N45°W.

The crest of the anticline is above the water table (Akers, 1964).

Synclines and anticlines in the area generally do not affect

ground -water movement and occurrence in the same way as do

monoclines. Conditions may change across a monocline from water table

to artesian.

The chemical quality of water varies over the area, but generally

is better in the south and west than in the north and east. The

approximate dividing line is along the Little Colorado River and

reflects the areas under water -table and confined conditions. The

southwestern part of the aquifer contains 125 to 1,000 mgl total

dissolved solids but generally less than 500 mgl. The northeast part

contains 900 to 64,000 mgl.



B. WELL INFORMATION

1. Data Inventory

A two -part literature search for basic data was made.

The first inventory accumulated published groundwater data. Data

provided by consulting firms and power companies were gathered during

the second inventory. References are listed at the end of the report.

Referenced basic data information is from the Arizona Water Commission,

USGS reports, and reports prepared for the City of Flagstaff, Arizona

Public Service Company, Salt River Project, and Tucson Gas and

Electric Company by consultants Harshbarger and Associates,

John Corollo Engineers, and Guyton and Associates. Other data were

obtained from USGS and Arizona State Land Department basic data files.

The single largest source was information reported to the State

Land Department primarily by well drillers and owners. The reliability

of this information is unknown, but it is probably less reliable

than data developed by hydrologists.

Data for wells that tap the Moenkopi Formation and the Coconino

aquifer (Kaibab Limestone, Coconino Sandstone, Supai Formation) were

tabulated on well evaluation sheets. Data for wells tapping unknown

aquifers were included. The evaluation sheets include well location,

dates of well completion and measurements, well use, depth, casing

diameter, perforated interval, land -surface altitude, depth to water,

water -level elevation, yield, drawdown, specific capacity, type of

log available, and rock unit tapped. Drawdown and yield values were

used to calculate specific capacity. Efforts to screen the date of

unknown reliability provided by the State Land Department proved un-

satisfactory. These data were grouped by the tapped interval of the
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aquifer and ranked by age. The tapped interval of the aquifer was

determined from structure contour maps of the Coconino Sandstone

(Mann, 1976 and Mann and Nemecek, 1977), and USGS topographic maps.

The State Land Department data of unknown reliability were not used

in the final analysis.

2. Parameter Evaluation

Four hydrologic parameters were studied. Originally only

specific capacity values were plotted. Inconsistencies and lack of

visual or statistical patterns led to incorporating more accurate

but less abundant transmissivity values. Both are measures of pro-

duction. Water- temperature and water -quality measurements were used

as possible supportive evidence of secondary pelmeability.

Specific capacity is well yield, in gallons per minute, per

foot of drawdown the distance pumping lowers water level. Specific

capacity values normalize the effects of a high pumping rate resulting

in a large drawdown and of a low pumping rate resulting in a small

drawdown. The specific capacity value is large where a well taps

fractured water -bearing rock. A well with a specific capacity value

higher than others in the area may tap fractured rock. Several

wells with values larger than surrounding wells, and which form a

spatial linear pattern, could indicate a fault, fracture or joint

trace. Specific capacity is a measure of local aquifer qualities

-- here. secondary porosity and permeability -- and consequent

high production. The value also is a measure of well efficiency,

which is a function of age, and construction and development of

the well. Furthermore, specific capacity values are only as reliable

as the pump test performed.
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To avoid problems associated with establishing specific

capacity values transmissivity values were used where available.

Transmissivity is a better measure of aquifer characteristics than

specific capacity. It is a calculated measure of the ability of

an aquifer to transmit water. A high value indicates high

permeability. Transmissivity values for some wells were calculated

using recovery and /or pumping data. The values do not agree

closely (Plate 6B).

Meteoric water temperature is generally higher than that

of groundwater. Therefore, water in wells that is significantly

warmer than the regional temperature could indicate water mixing

due to lateral or vertical movement in fracture zones.

Specific conductance (=ohs) is a salinity measure of water.

High values indicate poor water quality. The effect of movement

of water through fractures on water quality can be positive or

negative. Abnormally high salinity could result from vertical

movement along fractures of poor quality water from underlying

(Supai formation)and /or overlying (Moenkopi and Chinle formations)

rock. Poor -quality water also could be derived from polluted

surface water. Low salinity, or good quality, could result from

groundwater freshening by surface and /or other recharge waters

moving preferentially along fractures, either vertically or horizon-

tally. The effects of geologic structure generally will be a

combination of all of these phenomena.

3. Results and Discussion

Nearly 900 wells for which water level data are available

tap the Coconino aquifer in area B. Reliable specific capacity values
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are available for 117 wells (Plate 6A), transmissivity values for

35 wells (Plate 6B), temperature values for 163 wells (Plate 6C),

and specific conductance values for 262 wells (Plate 6D).

Six municipal wells are in area A. Specific capacity values

exist for five wells, transmissivity values for six, and temperature

and specific conductance values for three. These values were plotted

on Plate 7. The base map is by Montgomery, et al (1973), at a

1:24,000 scale, since the area is too small to be usefully mapped

at 1:250,000 scale. The data for a test site at the Springerville

plant well field are mapped on a base map by Harshbarger (1976). Values

for this area are included in Site B values. In test area B,

obvious spatial linear patterns were not observed for specific

capacity or transmissivity, the measures of well production. Several

anomalous point data exist. Some very high specific capacity and

transmissivity values near Joseph City are unrelated to mapped

structures. In test area A wells closest to the faults seem to have

higher production values. Temperature values show no obvious

patterns in either area A or B.

The area B specific- conductance map shows a pattern which reflects

the confined and water -table conditions discussed earlier. Linear

patterns related to mapped structures are not obvious. As expected,

anomalous water -quality values or patterns are not present in the

Woody Mountain area (Plate 7), since the excellent water quality there

probably overshadows any freshening by meteoric waters moving along

fractures.

Some reasons for the lack of visual correlation follow.

Recognition of anomalous values is not obvious. A norm and limits

to the anomaly must be designated. These determinations probably
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should be made on a local basis by studying the local geohydrologic

conditions. Anomaly- pattern delineation requires more data than

are available. Dense, random distribution of wells, or well -site

location based on well production, would aid in delineations. How-

ever, well location is biased by land- ownership patterns.

In the Joseph City area some anomalous values do not correlate

visually with structures because no structures have been mapped.

At least two explanations are possible. Structures could be con-

cealed by soft, surface sediments or there could be a control on

well production other than structurally- derived secondary permeability.



VI. CORRELATING STRUCTURAL AND HYDROLOGIC DATA

A. INTRODUCTION

To determine the relationship between lineament and hydrologic

data linear correlations were made between several variables using

two data -measurement models, a uniform grid and a well -centered grid.

The variables include lineament density, well density, mapped -

structure density, distance from a well to a mapped fault, specific

capacity, transmissivity, temperature, and specific conductance.

Lineament and mapped -structure density were calculated by summing

the lengths of all lineaments occurring in specified areas.

Data correlation was accomplished by linear -regression analysis

between two sets of variables. One set represented well properties

and the other set represented geologic -structure properties. The

value of the correlation coefficient, "r" varies between plus and

minus one, corresponding to the degree of positive or negative

correlation. A zero value for "r" indicates that the data sets are

not correlated. The correlation coefficient is defined as:

where,

and,

r = "x/ay

p = [ Exiyi/N - 1-Y. ] /Qx2

= mean of variable F

aF = variance of variable F.

B. METHODOLOGY

1. Uniform grid model.

Two methods were used to define the area for each pair of

geologic and hydrologic data points to be measured. The uniform -grid

approach used a uniform grid of squares. Each square was 4.8km (3 miles)
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on a side. The grid origin for test site B was set at the

Snowflake test area southwest corner. Test site A fits within one

4.8 km square cell. Correlations of this type could not be made

in area A, since smaller squares would approach the locational

uncertainty of a Landsat- mapped lineament on the ground. Within

each square, lineament density and well density were calculated.

Hydrologic parameters within a square were calculated in various

ways. Maxima, minima and /or averages were used in squares containing

more than one well. All correlations between lineament density and

well density and the various hydrologic parameters were low and

anomalous.

A series of tests using artificial data was made to validate

the uniform -grid measurement scheme. A test grid containing 56 cells

was generated and a single lineament was drawn diagonally through 14

of the cells. Eight wells then were distributed randomly along the

lineament (Figure 12). Even with this highly correlated data, a

positive correlation coefficient of only 0.44 was obtained. When

an additional 22 wells were positioned along the lineament within

only two cells, the positive correlation coefficient dropped to 0.2.

Thus the uniform -grid measurement method produces poor correlation

between well (point) data and lineament data, primarily because it

does not account for the possibility that a well and a nearby

fracture could be in different cells, thereby masking real corre-

lations. To relate hydrologic parameters and structure properly,

the structure immediately surrounding each well should be considered.

However, the uniform grid is useful to compare linear features

derived from maps of different scales as described in the following

section.
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Figure 12. Simulation of Uniform Grid Model for Data Correlation
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2. Well -centered grid model.

The cumulative length of lineaments within a certain

radial distance from each well was measured using the well- centered

grid model to determine local structure density (Figure 13). Since

the structure around a well may affect its performance, this model

could be viewed as describing the radius of influence of a

structure on the well. For correlation, the cumulative lineament

length for the area around each well was paired with values of specific

capacity, transmissivity, temperature and specific conductance for

the well.

The expected correlations based on the physical arguments

discussed in Section V.B. 2, are shown in Table 2. Specific

capacity, transmissivity and temperature values should be large where

cumulative length values are large, and vice versa. Therefore, a

positive correlation is expected. Specific conductance and cumulative

length values should show no correlation at Woody Mountain. This is

because the water quality is very good and masks freshening of

groundwater by meteoric water moving along fractures. Since water

quality in the Springerville and Snowflake areas is generally poor,

there may be freshening by meteoric water along fractures. This would

be indicated by low specific conductance values corresponding to

high cumulative lineament length values, and vice versa, and would

thus show a negative correlation.

Where a single straight lineament is present it may have a

maximum length equal to the diameter of the circular area around the

well (Figure 13). Values larger than this must represent more than



TABLE 2

EXPECTED SIGN OF THE CORRELATION COEFFICIENT

Hydrologic
Parameter

Woody
Mountain

Springerville Woody Mountain
and Springerville

Snowflake

Specific Capacity + + + +

Transmissivity + + + +

Temperature + + + +

Specific Conductance o -



RADIUS OF

INFLUENCE

LINEAMENT

Figure 13. Well- Centered Model for Data Correlation
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one lineament. However, smaller values may or may not represent

more than one lineament within the circle. The number of lineaments

in the vicinity of a well can be important because interesecting

structures often produce greater amounts of fractured rock, and

probably higher specific capacity and transmissivity values for the

well. In this initial study, however, only the total local lineament

length was used.

a. Snowflake Area, Site B

Snowflake area data were correlated using the well- centered

model. The cumulative length of lineaments interpreted from the

1:250,000- scale, enhanced imagery were measured within a 2.4 km

radius around each well. These values were correlated with specific

capacity, transmissivity, temperature and specific conductance, as

plotted on Plates 6A -6D. The correlation results are shown in Table 3.

Temperature and specific conductances showed little correlation with

lineaments. Specific capacity and transmissivity correlations were

unexpectedly negative, with transmissivity showing a rather strong

negative correlation (Figure 14).

The several factors that could contribute to the low correlations

found in this area are described below:

1. The lineaments mapped from Landsat imagery might not exercise
any hydrologic control in this area and the detailed type of

structure the lineaments represent is unknown.

2. Locational errors could exist in plotted lineaments.

3. The scale of the Landsat imagery prevents mapping of many
smaller lineament structures which can be significant in
well production. An enlarged image scale for photointerpretatior
could result in detecting lineaments in what appeared previously
to be empty cells



TABLE 3

CORRELATION COEFFICIENTS BETWEEN LANDSAT
AND HYDROLOGY, SITE B

(well- centered grid model with 2.4 km radius)

Hydrologic
Parameter

Number
of Wells

Correlation
Coefficient

Specific Capacity 42 -0.14

Transmissivity 14 -0.67

Temperature 74 +0.09

Specific Conductance 82 +0.02
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Figure 14. Correlation Between Landsat Lineaments
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4. The surficial rock in the northern part of the test area
near Joseph City consists of soft sediment which may
limit detection of lineaments.

5. Reliable well data are scant. Well location is signifi-
cantly biased because of land ownership patterns and
is not necessarily representative of optimum water pro -
duction sites.

b. Woody Mountain Area, Site A

Woody Mountain test -site data were developed from 1:24,000 -

scale structure maps since the area is small. The lineaments are

actual faults as mapped by E. L. Montgomery, et al (1973). Since

the existing map scale was 1:24,000, the well and structure

locational errors are significantly less than at the 1:250,000 scale

used in the Snowflake test area (Plates 4 and 5).

The cumulative structure length within a 0.$ km radius of

each of the six wells were measured and paired with the well

characteristic values. Correlation results are shown in Table 4

and illustrated in Figure 15. Cumulative lineament length corre-

lated highly with transmissivity and specific capacity values,

indicating a strong relationship between fracturing and well pro-

duction. Temperature and specific conductance showed little

correlation to lineament length, as expected (see Table 2, Section IV).

c. Springerville Area

The area adjoining test site B south of St. Johns and north

of Springerville encompasses a well field belonging to Tucson Gas

and Electric Company. Since this area is outside the computer -

enhanced Landsat image boundaries, structure and wells were

plotted on a 1:48,000 - scale geohydrology map by Harshbarger and

Associates (1976). Cumulative structure lengths were measured

within a radius of 0.8 km (0.5 mile), 1.6 km (1 mile), and 2.4 km
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TABLE 4

CORRELATION COEFFICIENTS BETWEEN VERIFIED STRUCTURE
AND HYDROLOGY, SITE A

(well- centered grid model with 0.8 km radius)

Hydrologic
Pamameter

Number
of Wells

Correlation
Coefficient

Specific Capacity 5 +0.64

Transmissivity 6 +0.99

Temperature 4 +0.78

Specific Conductance 4 +0.04
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(1.5 mile) around each well. Structure lengths then were correlated

with specific capacity, temperature and specific conductance. No

transmissivity values were available in this area. The results are

shown in Table 5 and plotted in Figure 16. Note that one specific

capacity value was omitted from the correlations because of its

unexplained excessively high value (Plate g). The positive specific

capacity and temperature correlations were expected as was the

negative specific conductance correlation (see Table 2).

Correlations were high for each diameter well grid, indicating

that the radius of structure influence in this area may be at

least 2.4 km.

d. Woody Mountain and Springerville areas

To overcome the statistically low number of wells in each of

these areas, the data were combined and the correlations repeated.

The 0.8-km radius, well- centered data were used to prevent dilution

of the correlation results caused by overlapping radii from adjacent

wells. The combined correlations are given in Table 6 and plotted in

Figure 17. The transmissivity correlation is for Woody Mountain alone

since there were no transmissivity data in the Springerville area.

The specific capacity correlation remained strongly positive, while

temperature maintained a moderately positive correlation. The

significance of the negative specific conductance correlation is

uncertain since it is believed that quality water is different in

the two areas.



TABLE 5

CORRELATION COEFFICIENTS BETWEEN VERIFIED STRUCTURE
AND HYDROLOGY, SPRINGELRVILLE AREA

(well- centered grid model with 0.8, 1.6, and 2.4 km radius)

Hydrologic
Parameter

Number
of Wells

Correlation Coefficient
0.8 1cm Radius 1.6 km Radius 2.4 1cm Radius

Specific Capacity 5 +0.83 +0.79 +0.97

Temperature 10 +0.60 +o.61 +0.69

Specific Conductance 12 -0.60 -0.64 -0.67
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TABLE 6

CORRELATION COEFFICIENTS BETWEEN VERIFIED STRUCTURE
AND HYDROLOGY, SITE A AND SPRINERVILLE AREA COMBINED

(well- centered grid model with 0.8 km radius)

Hydrologic
Parameter

Number
of Wells

Correlation
Coefficient

Specific Capacity 11 +0.83

Transmissivity 6 +0.99

Temperature 14 +0.41

Specific Conductance 16 -0.21
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C. STRUCTURE AND LANDSAT LINEAMENT CORRELATION

To obtain a standard by which to measure the validity of lineaments

mapped from the conventional and computer- enhanced Landsat imagery, the

verified structure maps of the Woody Mountain and Springerville areas

were correlated with the Landsat- derived lineament maps. Cumulative

length values were measured using the uniform -grid model, which would be

expected to be valid for measuring the same unit (linear length) in corre-

sponding areas. The results are given in Table 7 and Figure 18. Near

perfect correlations are not expected since the high -ground resolution of

large -scale imagery permits mapping of many structural features which would

not be seen in small -scale Landsat imagery.

These correlations results indicate that some lineaments mapped from

Landsat imagery correspond to real geologic structure. This fact, coupled

with good correlation between detailed structure and hydrologic parameters,

provides a -basis for the use of Landsat imagery in groundwater exploration

as outlined in the next section.



TABLE 7

CORRELATION COEFFICIENTS BETWEEN LANDSAT LINEAMENTS
AND VERIFIED STRUCTURE

(uniform grid model with 1.6, 4.8, and 6.4 km cells)

Site Cell Size (lan) Correlation Coefficient

A 1.6 +0.40

A 4.8 +0.29

Springerville 6.4 +0.33



50 loo 150

Structure Density (km)

200 220

Figure 18. Correlation between Landsat Lineaments and
Verified Structure - Woody Mountain Area, Site A.

(1.6 km x 1.6 km uniform grid model)
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VII DISCUSSION AND CONCLUSIONS

Several previously unavailable data products resulted from this

project. These tabulations and maps will be useful in future geohydrologic

studeis in northeastern Arizona. They include:

1. Detailed tabulations of well hydrologic data in the Flagstaff
and St. Johns- Snowflake -Springerville areas (Plates 6A -6D,
7, 8).

2. 1:250,000 -scale lineament maps of the entire northeast quadrant
of Arizona (Plates 1 and 2) derived from photointerpretation of
conventional Landsat imagery and previously published data.

3. 1:250,000 -scale lineament maps of sites A and B (Plates 3 -5)
derived from photointerpretation of computer -enhanced
Landsat imagery.

The hydrologic data is available from the Arizona Water Commission

(AWC), Phoenix, and the maps are available at their original scale from

either the AWC of the Office of Arid Lands Studies, University of Arizona,

Tucson.

In addition, two advanced Quantitative procedures were applied

extensively in data processing and analysis during this project. These

were computer processing for enhancement of satellite images and spatial

correlation of point (well) and linear (lineament) data using a radius-

of- influence concept. Although the purpose of this study was not solely

to evaluate data processing and analysis techniques, sufficient experience

was gained with these procedures to indicate that they are valuable tools

for lineament mapping and correlation with other data.

The hydrology- lineament correlations obtained in the Woody Mountain

(Site A) and Springerville well fields support the existence of a relationship
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between geologic structure and well production, as well as other hydrologic

parameters. The correlations show a strong, positive hydrology -lineament

relationship for specific capacity (correlation coefficients for the two

sites of +0.64 and +0.83, respectively) and transmissivity ( +0.99 for

Woody Mountain). This indicates that production is enhanced where wells

tap fractured rock.

Positive correlation of temperature with geologic structure ( +0.78 and

+0.60 in the two sites) also shows the effects of secondary permeability

Thus, where well production figures are unavailable, temperature data

may be used to locate areas of enhanced permeability and consequent high

production potential

Since the influence of secondary permeability on water quality can

vary from area to area, either a positive or negative correlation may exist

between specific conductance and lineaments. However, with more infor-

mation the effects may be predicted, as in the Woody Mountain area, where

exceptional water quality masks any freshening of groundwater by meteoric

water moving along fractures. Therefore, no correlation between lineament

length and specific conductance was expected here, and indeed, the measured

correlation coefficient was only +0.04. In other areas, groundwater may

be enriched by salts from leakage through over- or underlying reeks as in

the Springerville area and parts of Site B. A larger number of fractures

may thus result in better water quality (lower specific conductance) because

of mixing between fresh meteoric waters and the salty groundwater. In the

Springerville area a negative correlation of -0.6 between lineament density
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and specific conductance was found, as predicted by this argument. Just

as with water temperature, a strong correlation (in this case negative)

between specific conductance and geologic structure can be used as an

indirect indication of areas of potentially high well production.

Although a large set of well data was available for Site B, the

correlations obtained between Landsat- derived lineaments and hydrology were

poor and cannot be explained by reasoning such as used above. Several factors

could account for these anomalous results, among them:

1 The surface expression of geologic structure in Site B is not
pronounced, particularly in the northern part, because of
overlying soft sediment. Thus Landsat- derived lineament
and previously mapped structure density in this area is low.

2 The ground resolution of Landsat (80 m) is too low to
map detailed fracturing which may be more influential
on well production than larger structure. However, the
supposition that major faulting structure, in particular
intersecting structure, leads to localized fracturing
implies that Landsat imagery is nevertheless useful.

3. Relative locational errors between plotted wells and
lineaments can affect the correlations significantly,
especially when lineament density is low. Although
quantitative measurements of these errors were not made
during this project, experience indicated uncertainties
of 1.6 to 2.4 km. Hence, local areas of this size
around each well were used for the correlation measurements.
This type of error was much less for the correlations per -
formed at 1:24,000 and 1:48,000 -scale in the Woody Mountain
and Springerville areas.

An encouraging result for the usefulness of Landsat- derived lineament

maps was the significantly positive correlation obtained between Landsat

lineaments and structure mapped from other sources at scales of 1:24,000

to 1:48,000. Higher correlations were not necessarily expected because

of fundamental limitations on the resolution of Landsat imagery.



A qualitative summary of data correlations found in this study is

given in Table 8. The links between each of these sets of variables lead

to design of a two -stage approach for using remote sensing in groundwater

exploration. Each stage uses available data in the most efficient way.

A flow diagram for this proposed methodology is shown in Figure 19.

The key point of the methodology is that large area, relatively low

resolution Landsat imagery, coupled with computer enhancement, is used in

an initial survey, which cues areas of high lineament density and /or

intersection density for further mapping from aerial photography. Use of

an intermediate product, a cellular lineament density map, provides quantita-

tive delineation of areas to be studied in detail. Depending on the size

of these areas, all available sources of data such as well parameter

tabulations and lithologic maps can be utilized to locate prime locations for

test wells. The results of this project indicate that as long as there is

a relation between Landsat- mapped lineaments and smaller fracturing in a

given area, this two -stage procedure should be a fruitful and efficient

approach to groundwater exploration over large areas.



TABLE 8

QUALITATIVE SUMMARY OF CORRELATIONS

Verified Hydrologic

Structure Parameters

Landsat Lineaments

Verified Structure

Fair Poor

Good



LANDSAT IMAGERY

COMPUTER ENHANCEMENT

INTERPRETATION

LINEAMENT MAP

1
CELLULAR DENSITY MAP

1
DELINEATE AREAS OF HIGH

LINEAMENT DENSITY

1

EXISTING STRUCTURE MAPS

ADDITIONAL AERIAL PHOTOGRAPHY

INTERPRETATION

LINEAMENT MAPS

HYDROLOGIC DATA

FIELD WORK

TEST WELLS

J

LARGE AREA

SMALL AREAS

Figure 19. Suggested Methodology for the Use of Landsat
in Groundwater Exploration
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PLATES 1 & 2

STRUCTURE MAP OF FOLDS, FAULTS, AND LINEARS -
COLORADO PLATEAU TECTONIC PROVINCE, ARIZONA
Dr.RI D MOM. COLOR CONWOSTI Lß LA SAT V AGERY

Syncline

Anticline

Monocline

-- Fault

Linear

Showing trace of axial plane and direction of plunge.
Dashed where approximately located.

Showing trace of axial plane and direction of plunge.
Dashed where approximately located.

Showing troce of axial plane; arrows point in direction of dip
of middle limb. Dashed where approximately located.

Undifferentiated.

Features of undetermined origin expressed on unenhanced

LANDSAT color composite imagery.

City or Town

LOCATION MAP
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PLATE 3
LINEAMENT MAP, FLAGSTAFF TEST AREA, SITE A

DERIVED FROM COMPUTER -ENHANCED
LANDSAT IMAGERY, BANDS 5 &7

1978

By

Loch Ethridge

EXPLANATION

Lineament, dashed where approximately located. Lineaments
detected from imagery enhanced using ratio
operations, contrast stretching, and filtering
procedures. Bands 5 and 7 chosen for enhance-
meat.

Scale
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PLATE 4

LINEAMENT MAP OF SNOWFLAKE TEST AREA, SITE B
DERIVED FROM COMPUTER -ENHANCED LANDSAT IMAGERY, BAND 5

1978

By

Loch Ethridge

Explanation

Lineament, dashed where approximately located.
Lineaments are plotted from imagery
which was enhanced by contrast stretching.





PLATE 5

LINEAMENT MAP OF SNOWFLAKE TEST AREA, SITE B
DERIVED FROM COMPUTER -ENHANCED LANDSAT IMAGERY, BAND 7

1978

By

Loch Ethridge

Explanation

- Lineament a dashed where approximately located.
Lineaments are plotted from imagery
which was enhanced by contrast stretching.
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WELL WATER DATA MAP OF SNOWFLAKE TEST AREA, SITE B
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X APPENDIX

COMPUTER IMAGE PROCESSING TECHNIQUES

The material in this appendix contains mathematical details for the

computer enhancement procedures described in Section III.

A. CONTRAST MANIPULATION

If the grey level histogram (number or percent of pixels with a

certain grey level versus grey level) of a Landsat image is calculated, a

graph similar to that in Figure 20a. results. The concept of contrast

stretching is to change the pixel grey levels, while preserving their rela-

tive relationships, so that they range over the full available display

range. Thus the maximum number of display grey levels is being used for

all images. The histogram of a processed image would thus look like that

in Figure 20b.

The transformation required to change an image histogram from that in

Figure 20a. to that in Figure 20b. would look like that in Figure 20c. A

series of linear segments is shown, but any general form may be used for

more complex transformations. Although contrast manipulation is a simple

processing operation, its effective use requires considerable experience

with a variety of images and, usually, some trial and error experiments to

obtain optimum results (Gonzalez and Wintz, 1977).

The histograms for Test Sites A and B are shown in Figure 21 and the

corresponding contrast transformation curves in Figure 22. The endpoints

of these curves were chosen to allow saturation of 1 percent or less of

the image pixels in each case. The mid -point was selected at the
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histogram median so that, in the processed image, one half the pixels

would be in the grey level range zero to 63 and the other half in the

range 64 to 127. The processed images' range of 128 grey levels was

determined by the dynamic range of the POD display.

B. SPATIAL FILTERING

In order to understand this type of enhancement better, two simple

examples will be discussed. First, assume there is an edge profile

from a digital image as in Figure 23a. The individual pixel values are

represented by the X marks. This profile might represent the boundary

between two agricultural fields or a more subtle boundary between two

rock types or vegetation and rock, etc. Now the difference between

successive pixels is calculated (i.e. a derivative operation) and the

new profile (Figure 23b.) is obtained. The edge has now become a sharply

defined line on a zero level background. This line might very well be

easier to see and map visually than the orginal edge.

As a second example, a weighted sum of pixels at each original pixel

is computed by taking twice the center pixel and minus one times each of

its neighbors. That is, if the center pixel is P1, we calculate

Pi = -Pi -1 + 2Pi - Pi +1

The resulting profile is shown in Figure 23c. Since the processed image

must be displayed as all positive values, this profile is normalized to be

between zero and plus one. The result is shown in Figure 23d. The resulting

edge enhancement may be even easier to visually map than that in Figure 23b.

since a light and dark line appear at the edge against a uniform mid -grey

background. Also the center of the edge is more accurately defined as being

between the light and dark lines.
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The same two processing operations are performed on a line and the

results are shown in Figures 24a. - 24e. The possible variations are

numerous if the weights in the procedure are changed. These simple ex-

amples describe spatial filtering in a one -dimensional case. The

two -dimensional case is analogous except the weighting is done for all

pixels in a neighborhood about the pixel being processed (e.g., a

3 x 3 area). In two dimensions we also have the additional flexibility

of performing directional -dependent enhancements which accentuate

structure trending in one or more directions.
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Figure 23. Spatial Filtering Example - Edge Profile
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