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Centimetre (cm) 

Metl:'es (m) 

Kilometres (km) 

Metres per Kilometres 

(m/km) 

Square Kilometres (km
2) 

Hectares 

Kilograms per Metre 

(kg/m) 

Litres per second (~/s) 

Litl:'es per second per 

square Metre [(~/s)/m2] 

Multiply by: 

39.37 

.03937 

.3937 

3.281 

.6214 

5.280 

.3861 

2.471 

.6721 

15.85 

88.40 

1 

I 

To obtain: 

Inches per million (in/l06) 

Inch 

Inch (in) 

Feet (ft) 

Miles (mi) 

Feet per mile (ft/mi) 

Square miles (mi2) 

Acres 

Pounds per foot (lbs/ft) 

Gallons pel:' minute (gal/min) 

Gallons per minute per square 

foot [(gal/min)/ft2) 

WAVELENGTHS OF VISIBLE AND NEAR VISIBLE LIGHT 

Micrometres 
Ultraviolet 0.01 - 0.4 
Violet 0.4 0.45 
Blue 0.45 0.5 
Green 0.5 - 0.57 
Yellow 0.57 - 0.59 
Orange 0.59 - 0.61 
Red 0.61 - 0.7 
Neal:' Infrared 0.7 - 3.0 

PHOTOGRAPHS AND IMAGERY 

All NASA photography and imagery may be ordered from EROS Data 

Center, Sioux Falls, South Dakota, 57198. 
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LINEAMENTS ON SKYLAB PHOTOGRAPHS--DETECTION, MAPPING 

AND HYDROLOGIC SIGNIFICANCE IN CENTRAL TENNESSEE 

By Gerald K. Moore 

ABSTRACT 

The test site is underlain by dense, fractured, flat-lying 

limestones. Soil cover averages 1.2 metres (4 feet) thick in the 

Central Basin and about 12 metres (40 feet) thick on the Eastern 

Highland Rim. Ground water occurs mostly in horizontal, sheetlike 

solution cavities, and the trends pf these cavities are controlled 

by joints. Most lineaments~ which can be detected all. SKYLAB 

photographs also are caused by joints. 

Lineaments are composed of short, discontinuous segments . . . 
Whether or not ·the human eye fuses these segments into a lineament 

depends mostly on the resolution, scale, and contrast of the 

photographs. Sixty-nine percent more lineaments were found on 

SKY LAB photographs by stereo viewing than by projection vie~ving, 

but longer lineaments were detected by projection viewing. Most 

SKYLAB lineaments consist of topographic depressions and they follOW 

or parallel the streams. The remainder are found by vegetation 

alinements and the straight sides of ridges, 

Lineament locations and trends apparen,':ly are not related to 

contours or anomalies on gravity. magnetic, or geologic-structure 

maps. Some lineaments cpuld be used to explain losing or gaining 

reaches of streams, but other lineaments do have a detectable relation 

to streamflows. 

For water well yields of 1.6 litres per second (25 gallons per 

minute), or more, significant savings could be achieved by locating 

future wells on SKYLAB lineaments, rather than by random drilling. 

The best single detection method, in terms of potential savings 

is stereo viewing. Larger savings might be achieved by locating 

wells on lineaments detected by both stereo viewing and projection. 

Comparison also indicated that larger well yields could be obtained 

by locating future wells on SKYLAJ3 lineaments rather than on 
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lineaments detected on either high-altitude a(?rial photographs 
)) or Landsat imagery. 

{( jJ 

Test drilling shoY.4ed thRt the ':I1edian yi&ld of w€'llslocated 

on SKYLAB lineaments is :lbol1t six times the medi,:m yield 'of \yells 

located by random drilling. .', 

" 
,,'INTRODUCTION 

{/ 

This is the fIn;!! ]"(,"port of ,1n Lnv(!stigat ion that was funded 

by NASA (NRtional Ar,rrm;.!uticB dud Space Administration) through 
(\' 

purchase order H-28l0B. The study was originally titled "Hydrologic 

significance of fii'ults in the Great Smoky Mountains National Park. I! . 

The test site (fig. 1) tv'as moved to central Tennessee when SKYLAB 

photographs of the Elue Ridgl: Nnuntains proved to he too cloudy 

and hazy for a definitive study. 

The objective of the investigation was to dete17ITdne the 
1/ feasibility of mapping lineaments on SKYL4f;\ photographs- of 

'l. 
" 

'l', 
/1 

central Tennessee and to determine the hydrologic significance of 

these lineaments, particularly as concerns the occurrence and 

productivity of ground water. 

The author grat l.:::ful1y -icknowledges the cooperation and 

assistanCe of ~ASA personnel at Harshal1 Space Flight Center and 

:1oJ1nson. }1anned BpaN>.cr,1.ft Center throughout the investigation; 

John Bensko(NASA technic:altnonitor) and Martin MiUer deserve ..... : ' 

special mention. Appreciation also is expressed to Tennessee 

Department of Gonservr.tion. nivis~on of Watl;o'r Resources for data 

on water well yields and locations .. Dr, C. W. Wilson, Jr. , 

Tennessee Department uf Ct'lnservation, Division of Geology k:Lnq,ly 

furnished the inve~t:i.gat(1r wit;Jl stnlcture-contour maps based on 

surfici,Cll geolQgy. 
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Figure L--The test site is iu central Tennessee and covers about 

5,550 square k:tlometres (2,140 square miles). 
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during floods and with poorly sustained flows during droughts. 

Recent economic growth has been almost entirely along the largest 

rivers and around existing reservoirs and pubLic \·mtpr sllppli.es 

,,<,There ampl.e water is avail<3.ble. Pipelines from these sources 

and installations ,,,ill bl? able to supply part of the expanding 

water needs of .:;m£\ll towns, rural utUity distri.cts, and Tural 

industric:s. New rescnmirs on the smaller streams also m1:~.Y supply 

part of these future demands for water, as well as wBter for 

supplemen,tal irrigation and other agricul tural uses. However, 

both long pipelines and storage reservoirs requin~ large capital. 

investments. In many cases, an alternative and cheaper ~ource 

of additional ,vater is trom vle1ls. ~ 

Some wells in central Tennessee tap aquifers in the thick 

subsoil of the Highland Rim or in alluvium along the largest 

streams. Most wells, however, produce water from solution cavities 

in the underlying limestone bedrock. Solution cavities have a 

large si~e range; thus wells have a large range in t-Jater yield. 

Wells in limestone are likely to yield less than 0.63 ~/s (litres 

per second) or 10 gal/min (gallons per minute). hut s('me tv(~lls 

yield more than 3. 2 ~/s (50 gal/min), and a few- welJ s yield more 

than 63 9,.,/8 (1,000 gal/min). Locating the larg0st s(11ution cavities 

by random drilling is cOfit ly and time ~onsuming. Rl;'liable 1nethods 

of detecting and tracing these large cavities (before drilling 

begtns) are ~1eeded for the most economical development of the 

ground-water resources. 

Seismic, electrical eondudivity. and gravity Elurveying 

(for example, see HOQre and others, 1969 t p. 48-54; Lavin and 

Alexander, 1972~ p. 33-36) have been used to locate solution 

cavities on an experimental baSis, but all such geophysical 

methods are time consuming. Several man-days (1f work on the 

ground are needed for detailed gravity or seismic surveys over 

a 20 hectare (50 acre) field, for e4ample. 

Nearly all natural features form amorphous, irregular, or 

curved lines ,and patterns on aerial photographs. Except ions are 
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I;ltrai.ght-line fl~atures that are related to joints and faults in 

the bedrock. Lat:tnw.n (1958, p. 569) proposed the term lineament 

for "a natural linear feature consisting of topographic (including 

straight stream segments), vegetation) or soil tonal ali.nements, 

visible primarily on aerial, photographs or mosaics, and expressed 

continuously for at least one mile [1. 61 kilometres], but which 

may be expressed continuously or discontinuously for many miles." 

Similarly, he defined fracture trace as a linear· feature. less than 

1. 61 km (kilometres) in length. "Only natural linear features 

not obviously related to Qutcrop pattern of tilted beds, lineation 

and foliation, and stratigraphic contacts are classified as fracture 

traces and lineaments" (Latt.man, 1958, p. 569). 

Joints and faults commonly control the locations and trends 

of solution cavities. Thus, linear features on aerial photographs 

may indicate joints and faults that mark the locations of solution 

cavities in the bedrock. Aeria.l photographs covering fairly large 

areas can be <'xamined for fracture traces and lineaments in a few 

hours or: clays. This method of ground-water prospecting is both 

fast and chew.p; it may prove to be the most cost~ffective method 

in many limestone terranes. 

Previous attempts to correlate fracture traces and lineaments 

with ground~water occurrenr.e have not been successful in central 

'fennessee. Bedrock is at or just beneath land surface over much 

of the Central Basin~ and many joints that do not reflect solution 

Ht depth are visible as fracture traces on 1:20,000 scale aerial 

pl).otographs (Moore and others, 1969 J p. If7). 

Th(~ number of lineaments that can be seen on aerial photographs 

depends mostly on the resolution and scale of the photographs. 

Fe,ver lineaments should be visible on high-altitude and space 

photography; those that are viHible, however, should be the largest 

and the most significant for ground-,vater exploration. 1'his 

hypothesis was tested with SKYLAB photography duriJ,1$ tht: present 

study. 
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Previous Inves~igation$ 

Although jointing in limestones was noted from the air and 

described in the literature as early as 1928 (Rich, p. 861-862), 

the significance of fracture traces and lineaments on aerial 

photographs to geologic structures generally was not investigated 

in detail until the 1950's. rhe incentive at that time was the 

location of p("troleum traps (for example, Desjardins, 1952; 

Blanchet, 1957), particularly those associated with salt domes 

in the Gulf Coastal Plain. 

The close relationship between rock fractures and ground­

water occurrence and movement in limestone terranes generally 

has been recognized and accepted since at least the early 1900's 

(for example, ~uller, 1908; Meinzer, 1923; Piper, 1932). Specific 

studies relating fracture traces and lineaments to joints and 

faults did not begin in the field of ground-water hydrology 

until 1958 (for example, Lattman and Nichelson, 1958; Hough, 1960; 

Boyer and Mcqueen, 1964). Studies suggesting the application 

of fracture traces and lineaments to ground-water prospecting soon 

followed, 

Lueder and Simons (1962, p. 50-51) presented some evidence 

that most wells with relatively high yields in Limestone County, 

Ala., are found close to fracture traces and lineaments, whereas 

wells with medium and low yields are more randomly distributed. 

The first study to indicate the large potential advantages 

to be obtained by drilling wells on fracture traces was by Lattman 

and Parizek (1964) in central Pennsylvania. This study was based 

on a sample of 13 wells and suggested (Lattman and Parizek, 1964, 

table 2) that \l7e118 located on fracture traces ma.y have from 4 

to 1,000 times the yield (for each foot of drawdown of water level) 

of wells located between fracture traces. 

Trainer and Ellison (1967, p. 198), from results obtained in 

the Shenandoah Valley of northern Virginia, suggested that the 

relative abundance of fracture traces may be related to the porosity 

and permeability of the rocks. In addition, Trainer (1967, 
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Table 1. --tvell yields correlate with hydrogeologic factors in 

central Pennsylvania (from Siddiqui and Parizek~ 1971. p. 1302) 

I 
SPECIFIC CAPACITY (GAL!MIN)!n 

WELL P~ODUCTIVrTy.§;1 X 1,000 

AVAILABLE DRAWDOWN (FT) 

GEOMETRIC 
MINIIvIUM MAl<;.XMUM MEDIAN MEAN~/ 

Wells on fracture traces 0.31 4,360 79.6 72.2 
Wells between fracture traces .11 52.6 1.45 1. 74 
Rock type: 

Shale .56 85.6 3.10 3.98 
Limestone .31 324 7.89 11.1 
Upper sandy dolomite .70 2,200 122 123 

Structure: 

Anticline ,11 4,360 52.6 45.2 
Syncline .14 930 7.00 7.41 

Dip of rock: 

00. - 150. .31 4,360 128 126 
15° 30° .14 193 12.4 8.72 
30° - 60° .11 491 2.00 3.78 
60° - 90° .70 324· 5.87 10.0 

E,./ Equivalent metric units of 103,Q,! s Cm2) may be obtained 

by multiplying the numbers in the table by 0.01131. 

Jl./ Geometric means computed from grouped data. 
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This report describes the results of a study to evaluate the 

geologic and hydrologic significance of lineaments that are visible 

on SKYLll.B photographs. The main study element was a comparison 

ot the yields ot wells on or near these lineaments with the yields 

of wells located between lineaments; the goal was to develop a 

cheap, practic.al tool that can be used to obtain larger-than­

average ,·mll yields, both in central Tennessee and in other, 

similar terranes. The lineaments were detected by two different 

methods and the hydrologic significance of each luethod was compared. 

In order to choose the best 'resolution and sc~:le for detecting 

hydrologically significant lineaments, the number and significance 

of lineaments on SKYLAB photographs were compared with lineaments 

visible on high-altitude aircraft photographs and on Landsat 

imagery. Several experiments also were made with composite viewing 

of photographs and imagery from different seasons of the year 

and with comparisons of the number of lineaments visible on black­

and-vlhitc versus color photographs. Other study elements included 

(1) test dr:i.lling, (2) experiments with several methods to 

try to detect or enhance lineaments by machine, and (3) comparisons 

of lineament locat:ion with anomalies on geophysical maps, surface 

geologic structure, and low streamflows. 

PHYSICAL SETTING 

The test site is in central Tennessee~ southeast of Nashville, 

and COvel"S 5,550 km
2 

or 2,140 miZ. It includes parts of the Central 

Basin and Eastern Highland Rim sections of the Interior Low Plateaus 

physiographic province (fig. 2). The Central Basin ranges from 

about 140 to 240 m or 450 to 800 ft above sea level; the Highland 

Rim is 290 to 370 m (950 to 1,200 it) in altitude. 

Land surface in the Central Basin generally is flat to rolling 

west of lines connecting Shelbyville, Murfreesboro, and Smyrna; 

elsewhere, the land is de~r/ly dissected. Sinkholes arl;'! abundant near 
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?igure 2.--Phvsiographic subdivisions of the study area. 
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the bases pi some: ridges (pm::ticularly near Murfreesboro) and rare 

to common else\vherp.. Soil cover above bedrock averages 1. 2 m 

(4 ft) thick~ but soil-filled crevices as much as 2 m (6.6 ft) 

wide and 11 m (35 ft:) deep <1re common. On the other hand, are>as 

u[ bare roc'.k or limestone rubble also are common. Areas of flat 

to slightly rolling land and relatively thick soil are cultivated 

for rOtv crops. Also. hardwood trees grm" only in areas of relatively 

thick soil and in ~joil'-f HIed crevices and joints bet1;veen blOCks 

of limestone. Areas of thin soil are used for pastur.e or are covered 

by nearly pure stands uf re f l cedar. Stream channels are broad 

and shall':Jw; the channel depth in most cases, is determined by 

the soil thickness. 

Topography (H1 LIte Highland Rim, generally cast of a line 

Uom ~V'olldbury to Tullahoma, is slightly rolling to rolling. 

Stream valleys t'ilngc from gEmtl,-; swales to deep and V-shaped. 

Sinkholes and C~~\VeR at';:; rare to common, r'lo~t culture is on the 

up 1 aI'ids: valleys aJ.1d dep:L 12Sslc)lls are wooded; many local depressions 

ai"E; st-Jumpy. Soil cover aVi,;rayes about 12 III (40 ft) thick and 

COl'l.s-Lsts generally of silty clay and clayey chert. The percentage 

of chert: 1ncre0.::;·28 ,·1 it h d<=pt.h. In a few small ilreas the soil is 

more thftn 30 m (lOr) ft) thidt i but some fairly large areas have ,:l 

soil cover less th£l;l 3 !!l on ft:) thu:k, Bedrock is exposed locally 

in sinkholes and stream channels and on steep slopes. 

The rocks gPlli?rally consist of limestonE.!s and impure limey 

formations. This rupor~. hl (:i)n(:i~1:l1eci ouly with the shallow 

format:Jons, because almost all ground ~l1ater u<3ed in the area comes 

from de.pths of less than <)0 m (300 ft). 

In the Central 1;.J.sirt~ formations are thin bedded to massive 

1 imestones of Ordovician ,;gt~. Impuri ties are sca.ttered through 

the rock in some formations; in other formations, impurities 

are concentrated as thit1 layer;~ of clay or shale bettveen thicker 

layers of limestone. 
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Bedrock formations beneath the Highland Rim are mostly cherty 

limestones or Hmey cherts of Mississippian age. Virtually all 

formations are thick bedded to massive. In the northeastern cotner 

of the study area, these. fotmations are overlain by shale, limestone, 

and sandstone. 

Alluvial gravel, sand, and silt up to 10 m (33 ft) thick 

oc.cur in the valleys of" the largest streams. This report; however, 

is concerned only with bedrock formations and aquifer~. 

Formations are almost horizontal in the study area. On an 

average, they dip (generally to the east and southeast) at about 

3.8 m per km (20 ft per mi). Locally there also are small folds 

in the rocks with dips up to several degrees; these folds can 

be traced for distances of a few' tens of metres to several kilometres 

(50 it to 2 mi). Generally it is agreed that many local folds 

result from solution of some rock layers by ground water and 

settling of the overlying rock layers (The history of this theory 

and the operation of the process are discussed in Moore and others, 

1969, p. 13 and 21.) Antic.lines occur '\-There this process has been 

least active, and synclines occur where the largest amount of 

settling has occurred. 

A number of faults are known in the study area (Je\l7ell, 1947, 

p. 16), but the throw typically is very small. As a result, faults 

are difficult to recognize in the field. Also, faults generally 

are not mappable at 1;24,000 scale, and thus are not shmm on 

published geologic maps. Virtually all faults follow the regional 

joint system and thus trend northeast or northwest (Jewell, 1947, 

p. 16). 

All of the rock formations are dense (They do not yield water 

by gravity drainage.) In the limestone bedrock, ground water occurs 

only in fractures and solution cavities. 

Hydrology 

Precipitation in the study area averages from 1,200 rom (millimetres) 

per year (47 in per year) in the Central Basin to 1,500 rom (60 in) 
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per year in the northeast corner. An estimated average water 

budget (based on pr~vious studies in central Tennessee by Burchett 

and Moore, 1971; Moore and Wilson, 1972; C. R. Burchett, U.S. 

Geol. Survey~ written commun., 1975) is shown in table 2. 

Table 2.--An estimated water budget shows that about 200 mm (8 in) 

of water recharges and discharges from the ground-water 

reservoir. in an average year 

Amount of Water 

mm 1,000 km 3 

Inflow: 

Precipitation----~--------------- 1,300 7.2 

Outflow: 

Evap6transpiration~--------------

Streamflow-----------------------

Overland f1:ow--------------­

Ground-water discharge----~-

790 

510 

310 

200 

4.3 

2.8 

1.7 

1.1 

The exact size of the ground-water reservoir cannot be 

determined. However, calculations in several previous studies 

(Moore and others, 1969, p. 34; Moore and Wilson, 1972, p. 34; 

Stearns, 1974, p. 39) indicate that from 0.5 to 5 rom (0.02 to 

in 

51 

31 

20 

12 

8 

0.2 in) of water is stored in solution cavities below the level 

of the streams. Another 24 to 25 mm (0.95 to 1. 0 in) of water 

may be stored in solution cavities above the level of the streams 

at the time of the water-table peak in March or April. An 

additional 25 to 30 mm (1:.0 to 1. 2 in) of wat\?r may accumulate 

in areas having a thick soil cover. At the time of the water­

table low (usually between September and D~cember), total amount 

of ground water in storage may decrease to about 5 mm (0.2 in). 

Ground water above the streams is available both to wells 

and to sustain the low flows of streams. Ground water below 

streams is available only to wells. 
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Severn l differ nt typ s of s lution caviti's ( abl ) occur 

Tabl 3.--Fiv typ s of solution caviti s occur in h ar a 

(a( ter 100 r nnd Wilson , 1972, table ) 

e of 0 enln dture of 0 enJn 

Crevice or cutter Vertica l One centlmetre to 2 metres wIde 

at top of r k . pinchln o out wlth dep th . U' 
Water percol~lea down ward 10 W/Slt'r ldblt' thtn horuon\4l1 y Alan; 

c. eVI I. I Waler oeneu.lly tT'kJvea lnl~ ~nottlf'f type of op nln 

before dUch., InO IntO strums Ytdler occurrence may nOI be 

perennMI 

Tubelike 

Sheetlike 

mp lex 

2 to 300 met rea 100Q. Z 11.' l S melr es 

deep Commonl y ronn ted In th r ee dlmen · 

IIOni Almol' WillY' h lled with Si lt d nd ("lay 

Hor IZontal One nUmetre to 10 metres In 

d,"""eter seve r41 metres to I kilometre 

Ion enerdJl y part y hlled with rubble . 

Vertical less th40 1 ml1hmetre to 1 cenn · 

metre wide <'11 top of r k , plnchlnO ou t 

wtth de ptn. 2 to 300 metres 10no . 2 to 

100 metres deep Commonl y conne~ted In 

three dimenilons May be partly hlled wltn 

sli t and clay 

Honzontdl Two to 800 metres wi de . tnter · 

rupted y rock pillars . 100 metres to 

J Ilometres Ic.n Ius than 0 2 to I cenu· 
metre hJQh Conta ins small amount of slIt 

lind cl/'ly At l~ ,t one "'penl~Q 't":I! 

typ occura beneath 90 percent of idnd 

su rface . 

A comblnauon of twO or more IYP'es of openlnQs 

Co:nmon In some Areas on hJll sl oes and In 

val ey s beneath or nea r stream chtmnels 

nerall y conn ted wltn other openlnQs 

Al WA YS partly HUed wi th rubble . oravel. 

sand . SIlt . and clay 

. '..:.., ... 
-" J" I 

;:j; :i~ 
.~. . . .' ',' ."' ...... , .... . 

~ 
." ..... ' .... 1 . . ... . . 01 . .... . 1.,. 

DiSCh., . el 'Nater to apnn loS ve 1 . .... ·1 l! streams UIU~Uy con· 

llunl -later onl y dUrino we t plnedl MoVer!: nt of wat r tur ulen! . 

Wdl IIr commonl y mudd y 

r ds rechar e waler to other typ s cl opemnos 4nd IscharQet 

m, st oround wa ttl'r Into It reams Prominent nea r Iteep htlll,de l . 

where Oround ""'dlter movei down 10 below va ley lev 1 Water 

occurr ence perennla only below str eam tvel 

P~elv s re,'har fro~ r~vlces O. " rUe aheelopen1091 

"- at r "'0' ement 0 r. ra.ly lamlncH In so~e cues . water dll· 

c harQf'S l! ipnnQs near 'al ey flwOr or to complex 0 enln , 

iew 5uea.m °r.dlnnels Water diw&ys perennla~ below level 

Recel'Jes WAter from strea,,", in losino reaches and dllCharQel 

w ter to stream, In Q4ln lnQ reaCl'u:.'1 Generally dry on hllliide. 

but perennial y full 01 watt! bel(jN strea" level Ifoater If. lV "".fOnt 

t • bulent 

in the study area . All solut ion cavities have some importance 

in transmitting ground wa ter toward streams , and thus ar i mpo rtant 

in determining the low flows of s treams . Only horizontal, sh e t1ike 

openings and complex openings are impor t ant as sources of wate r to 

we lls: complex openings because th y yield th larg st amounts 

of water and horizontal , s heet1ik openin gs because of th e ir ex t ent 

14 
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and ahunllanc{o!. Crt;!v i('1.-'!1;;) tubelike ope:lings and vert 'leal, sheetlike 

openings are too narrow to be intercep,;ed by most wells ~ do not 

have enough storage cHpac:i.ty to supply wells with water during 

long droughts, and usually are dry during a part of each yenr. 

Horizollti11~ ~ih(:t.'t_· ike cavities occur between layers of rock 

iHul getwr,i;UJJ h:-l ,-' the safllP relatIon to a horizontal plane as 

do the rock layers. The trends of these openings} however, are 

controlled by vertical j oint.s in the limestone. Horizontal, 

sheetlike cavities occur beneath nearly all of the study area 

because only 7.4 percent of the wells are reported by drillers to 

be dry. 

Complex openings are large and consist of tv100r more types 

of solution cavities (table 3). Complex openings below the level 

of the streams are full of water year around and are capable of 

yielding large quantities of water to wells. Many streams in the 

study area have losing and gaining reaches. In losing reaches, 

,..tate!' f 10m ::;l:re.'ltnH ;<ilt,! En-JID other solution cavities feeds into 

complex openings, These openings commonly trend downstream~ and 

the water eventually disehA.rg(-?s ha.ck to the stream in gaining 

reaches. In somf;;: a.reas ,fHJW8ver. these openings carty water into 

other basins and other str2rlms. 

SKYLAB PHOTOGRAPHY 

The primary SkY-LAB photographs, which were examined for 

lLneaments 1 were from the S-190B~ earth terrain camera, and were 

taken on June 9. 1973. The format of these photographs was 5 in 

. (nominal size), high resolution color film (SO-242) with stereo 

overlap. Focal length of the camera lens was 457 nun (18 in). From 

a nominal altitude of 435 km (270 mi), each frame covers a 109 kID 

(67.7 mi) square on the ground. At an image size of 114 x 114 mm 

(4.5 x 4.5 in), the scale is about 1:950~OOO. The film represents 

a wavelength band pass of ahout 0.4 to 0.7 micrometres, and estimated 

ground resolution (Mal~dn Harietta Corp_, 1975, p. 11) at low 

contrast is 21 m (70 ft). Identifications of photographs that cover 

. ,.~ 
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parts of th~ stuuy area are: mission: 8L -2, roll: 81, frames: 

199,200,201, and 202 (appendix). 

Selected frames also were examined ft'om the S-190A multi­

spectral cameras, as pat't of an experiment to efifiance lineaments. 

These six cameras produced four B & W (black-and-white) and two color 

photographs of each scene as follows: 0.5 to 0.6 micrometres 

wavelength, green band; 0.6-0.7 mi~rometres, red band; 0.7-0.B 

micrometres, near infrared band; 0.8-0.9 micrometres neat' infrared 

band; 0.4-0.7 micrometres, color; and 0.5-0.88 micrometres, color 

infrared. Each frame from the multispectral cameras covers a 163 

kID (101 mi) square on the ground, and estimated resolution (Martin 

Marietta Corp., 1975, p. 7) at low contrast ranges from 30 to 79 m 

(100 to 260 ft). Original format is 70 rom film with an image 

size of 57.2 X 57.2 n® (2.25 x 2.25 in) and a scale of about 

1:2,850,000. Frames from SKYLABS 2.and 4 that cover parts of the 

study area are shown on table i~. 

Detecting and ~~~ing Li~~aments 

The S-190B photographs were the mclin ones selected for analysis 

because (1) these photographs have somewhat better resolution 

(because of the long focal-length lens) than those from the S-190A 

multispectral cameras, (2) haze penetration seemed to be equally 

as good as that on the color infrared and B & W infrared films 

from the multispectral cameras} and (3) it was believed that 

lineaments could be detected easier and faster on a color film 

than on B & W film. Color film represents a composite of informa­

tion in three separate bands (blue, green, and red); all four 

B & W films from the multispectral cameras might have to be examined 

to obtain more information than that available on one of the 

color films. However, this was a judgement decision and :i.twas not 

tested during the study. 

For comparison purposes and to test a possible enhancement 

techniq~le, lineaments also were delineated on selected frames from 

the multispectral cameras. The method (described later in this 

report) involved composite viewing of B & W photographs from 
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Table 4.--Both SKYLAB mi.ssion SL-2 ur..d 8L-4 produced photographs 

from the multispectral C,lUleras that cover parts of the test 

site 

11 

7 

8 

10 

? 

Date: June 9, 1973 

0.5-0.6 

0.6-0.7 

0.7-0.8 

O.B-O.9 

O.lf-O.7 

0 •. J-0.88 

Mission.! SL_l, 

Date: N,wember 30, 1973 

Frames 

144, 145, 146, 147 

144, 145, 146, 147 

144, 145, 146, 147 

144, 145, 146, 147 

152, 153, 154~ 155 

152, 153, 154, 155 

t­
I 

--l-'--~- .-------

I r·jave1cngth 

Roll (micrometres) Frames 

; 

-~.-.--.. - .. ,--.----" '-~-'-l-· 
53, 54 ! 0 40 7* ' 63, 64) 65 1 • - I~ 

I 
I 

49, 50 I 0.35-0.97' 63 ) 64, 65 
f 

52 

.J 
o. '~--O. 7-:~ 63, 64, 65 

51 0.4-0.88* 63, 64, 65 

",--------- 'l 

*Without filu::t~; approx:i.mat~~ band limits. 
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missions SL-2 and 5L-4. However, because the filters were missing 

during the SL-4 mission, this involved composite viewing of (1) red 

band (0.6-0.7 micrometres), B & W photographs from the SL-2 mission 

and (2) broad band (about 0.4-0.7 micrometres), B & W, panchromatic 

photographs from the 8L-4 mi.ssion. A similar lllo.thod was tried 

using (1) near infr&red band (0.7-0.8 micrometres), B & W 

photographs from th(~ SL-,2 mission and (2) v~ry broad band (about 

0.35-0.9 micrametres). B & ~i photographs from the SL-4 mission. 

The latter method wa~ unsuccessful because the very broad band, 

SL-4 photographs ;vere too dense (la(,~k:tngin contrast) to be usable 

far the intended purpose. 

r 

I 
I 

Stereo vie\.;rinf?,. and .P...E.?j e<;.t;t()ll~~~.iE1.g.--Study of linear features 

was divided into five steps. They are: (1) enlargement af original 

film, (2) stereo examinadon of photographs, (3) examination of 

photographs by projection, (4) reexamination of l:ineaments on high­

altitude aerial photogr$phs. aud (5) transfer of lineaments to 

convenient base maps. 

The first step \vaS to 2nlarge the original film to a 9 in 

(nominal size) format and thus to a scale of about 1:480,000. 

Both color transparencies and color prints were made at this 

scale. 

Second. adjacent colo1.- transparencies \vere examined on a light 

table with a mirror stereos('.ope. Thi.s is called the stereo-viewing 

method in this report~ und lineaments found by this method are called 

stereo lineaments. Bothl.5X and 4.SX magnifications were used, 

and lineaments were drawn on transparent overlays (fig. 3, for example). 

The photographs have about 60 percent overlap, so a final step waS 

to examine alternate photographs with the stereoscope. Tl'.is step 

produces a three-dimensional model with more vertical exaggeration, 

and a few additional lineaments were detected. 

In the third step, other lineaments were found by a projection 

method, and these are (:al1c:d pro.] ection lineamePts in this report. 

Thirty-five-mm slidc!s were made both or entire SKYLAB frames and 

of enlarged parts of these frames. Proj ected slides t,rere vie\-7ed 
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result~ S 'ood as st r a viewi ng or pr oj Lion vi wing with 

SKYIAB photographs ; i t proved v r y us ful s is d>sc.ribed later 

tor dell·cting line.menlS on Lnds t imag s. Mo e and shor r 

lil1t'clml:llts wer visib1 on composiL' Landsat imag s [hem 011 

si n , lL' frClTIl'S 0 imag ry . Th us. in som as s this m thud 

m3Y cnhan" lin'ilmlnts for easi r det c jon; omposit· vj wing 

alan, however, WIll not 1 ad to utomaLi c machine proc sing. 

1h sl'cond m"thod w s simple d nsit 5Ii'in' of S-190B 

phot ographs. Til d'nsity-slicing qu ipm nl uses a 525 line 

t ·levi ion ca~era and has a c p city of displaying ight color-

oded d:-'llS ity lev(·Js at on tim Only a few lin am n s w r 

d te table on th color-coded display scr en, al hough shor 

gm~ Ls of several major lineam nts were nhanc d. This method 

d l'S not '" ' em promising for eith r enhancem nt or machin proc ssing; 

on i the major problems is the larg loss of r solution that 

ccurs b , tween tb film and the television display sere n. Oth r 

prahl ms are (1) most lin aments ar composed 0 short, discon inuollS 

nLs; tb human ye can fuse Lh s s gm nts but machin s canno , 

(2) film den'ity varies be w n different segments of the same 

IllH,llllen t and betw en adjac nt lineam nt s, (3) many other features 

'n the c ne have the sam film d nsities as particular lineamen 

~ gm n[ , an () vignetting causes progr ssive laLeral changes in 

LJm density in al as bord ring tbe longer lineaments . 

The tl ird m thod was density slicing of film sandwiches. 

ilm Sdndwi les of 5-190B photographs were preparLd in th mann ~ r 

ugg s lid h' ~ ller (1 70); these sandwiches then wer density slie d 

with the v'de equipmen t described above . R suIts w re similar 

t those of simpl density slicing. Several of th rna t obviou 

l;n~ m nts we re enhanced, but only th s · f w lincam nts could 

b sef'n. 

n ] lionshi aments to Geolo nd Streamflo 

!.l ineall. - llts m rk zc:::::s along wh ich ground-water solution 

h i ) curred, dominan lin a ment r end s should correspond with 
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tr.nscon tin n a1 g ophvsical surv y (Lat. 3,;°_3 0
.). I'll lin ,m nts 

em 0 be randomly dis ribu ed, both wi h rp pe~t to th ' dXP 01 

dl10mal i' dnd with r sp t 0 th location s ,ll1d t rpnd n 

ntollr s lop his la c 0 co rr] flt ion rna no b ign'l t <In 

b cause (1) ho th m ps ar g n r ' liz d; they h v - I rg cont JIIr 

1 t rVll lnd li.ttl e lOCi'll d'lail, and (2) many lin aments m;)y 

pr ent nea s ur d e ioints th t do not pxt nd to tile depth 

r 1'1 en l J by be anomal is. 

urf ('~ f I ds . --Th lin nm~nts Iso w re comp o r d with g>ologic 

trllc tur' . Fo r this purpose , axe~ of anticlin s and synclines 

w r Iddld to s truct ur - ontour m P ' based on sur a P ·olog . 

h~ o·,t ions and tr nds of th s axes th'n w r compar d with 

1 cat ions and trends of h lin m nts. Th-r was no appar nr 

orr -Ill inn, and th lin an. nts s med to b randomly distribut d. 

T1 i. w surpr ising r sult because (as not d pre~iou ly) m ny 

n ar surfa e folds are b li ved to result from ground-wat r solu ion. 

I lineam'nts m r joints wh r ground-water solution has b en ac iv , 

th n tructural theory impli s th t th lineam n b should carr spond 

ith 'vncli nal axes. In h study re, how ver, syncl inal x s 

( 1 in 011 ents ap lJarently ar not related. Th r must be tlaws 

111 h · lssumption that ar not und rstood and not consider d. 

tionb of the li neament s w're ompar'd 

w h r'sults of s veral S' pag r ns on th rlv rs and 5 rams . 

. re ~los ly spac.ed m asurem nts 0 str'am low to de ect 

d 10 and ga'ning r aeh's of s r m hann l~. Som 

:i LAB Un' ments (both slereo and pro] c ion) rna xplain om 

)"lTITlOn 1 v 1 ( rg or small flows of wn er, i the 1 ineam nts rna r 

lution cRv ities tha t tr nsmit wat e r from on ub-hasin o noth r. 

At 0, some lin am nts may exp l in s v ral gain ing and losin reaches. 

How ver, oth r lin am nts have no det ec table ef ects on str amflo 5, 

nd th r losi ng and gaining r aches ar lOCH d where no lin nam nts 

re <; ·n. 

The r la tionship 0 lin am n s to stream low is unc·rtain. 

th less, m ps of lin am nt 1ocation ar a po sibl e soure 0 
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\.Jhcn 1 yic>lds an d' tributed by p r nt (fig, 12), th r 

c diff'r n (> bptwl.! cn til!:! lower kJ1v> ot curve" r-prc-

t In'' w~ll l octl t d betw· n 1 in aments nd lIs 10 at d on 01 

nvar lin>aments. For pxampl , th median yield f wells h~twt.: 'n 

(G.3 gll/mln" ~"l , er' s w 'l ls n or 

i 1d 01 ab ut 0.66 / s (10.5 gal/ 

] im" ml'nls is about O. ')9 / 

n nl 1 i I1cam t h, v TIl dl n 

I in). Si n ifi utI lar~' di f foun in the upp r halvLs 

h lIrv Thu~, 0 p r lnt 0 h I.' Ih. b tw en line mc'nts 

d .3,/s 21 aI/mIn) rmore,wheei 20p rcentoftb 

~. lIs near line ments yi( Id 2.1 /s (33 gal/min) or mar This 

rt ult shm.;s th t we 1 locltion lIear k"YLAB lineam nts ,lr m 

p odllct ive wh en r l<1tivplv 1 r ge .lIlounts of water ar ne d d, 

The etlec uf well loc'tion and lineamellt-d t etion m th0d 

( s \V 11 as photogr<pnic resolution) can best be compar d by 

meclOs of I ma tr ix (labl 

n vields of existing well 

). Altho1l6h this compar ison 1 S hased 

• th~ ata c Id be use d to predict 

results ri l1ing futur, wells . Ster' viewil~g p r oves to he 

th( ingl~ he t method 0 sel tin it or ell yiel ds of 

1 f) Us (2) Il/min) r m r. Either ster 0 vie\ in or proje\.:tioo 

'hoi tl uvide dVdntag ~ tV r r ndrm drilli..ng wher yi Id 

r.or t \ n 0.61 /s (0 lllimin) r d sir d. For yield s 0 

rt. th n 1.6 /s (2') ga /mil), ad itLonal advantag s ar obtaIn 

I.' llnedrntnt IS det'ct d hoth h\ ter 0 viewing and hy 

pr ion (tab l e ) . 

• t dri Iln~,--Tw Ive test I.' lIs (fig. 13 and 

-pp ndix) ere drIll d to J termin th utility of llnear'lent 

ping RS a tool for ground-wat r pr Spt ting. Abou t h~J the 

°e'lt:> F r drLl l:d 0,' th1.s Rtudy; til(? r mdindcy we.re part of a 

grould-wa t er stl d:? £tHo th<.' clly of 11rfre sboro. As r suIt, 

ost at he wells a r n It lurEre ShOIO. 

Eight Ht wells we~~ lac ted on or ne r lineaments de.t t~d 

n KYLAB pho 0 raphs, high- 1 i ude aerial photogr phs, or Len s t 

in g~. Lac tlons r maining four ~ell 

otber r ~on~, inc Illdin f vorahl opography 

I 

geologic ruc ur 
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fah J on () t ( • u 1 of r .mdom dri]J i ng with 10ca ()Il~ 

n ~) I n r 1 i h tilT, n t s • hm,s , on an .lVe rag • Lhl' numbvr 

oj 

L r r t 

~ ·115 I 1 U' ml 

W l l s Oil or 

h Vt' to \H' dr1lllfJ 1 0 lhelin :1 vit·lei 

t h wn. 

1 in, ml"n t s : 

\,'e 1 1 
.6] 

(1O ) 

1 8 

.,. i t.~ 1 d c; 

1.6 
(2') ) 

5 . 0 

in >-/s 
3.2 
(50) 

11 

(gal/ mi n) 
11,3 

( LOO) 

33 

Stf'r 'J 11 m<.nt,., 1.11 

1.9 

• :3 

3 . 7 

3.4 

3 . 3 

5 . 

3.7 

5 . 0 

7 . 7 

1 

20 

1 7 

Pi'Oj 'l'tlon liIH!<1U>nts 

Eith 5 

St reo aod 

Well s b"t oJ( 

\.J 11 n or '1e ir 

W lIs Oil r I r 

lint mente 

0./ .1 III • 

and the r lat.v 

fa v or<.lblr-

r proje t ion lineament. 11 . 8 
. . l' l a/ ' J t-to J ~(' t Ion 11 I:'dmen s- . " 

m n 5 loR 

2 . 2 

1.11 3.4 

6 . 2 

3.8 

1 

6.3 

11. 

5 . 3 

50 

43 

40 

---~----~-------~--------

I t L h L e r d t c t d bot h b v S t ere 0 v i (:>w i n g and 

Ii ge yj 'ld of ne rhy w.11s. All wells represent 

r ground wa tr, so that ields of w lIs on 

b ,)'DP rt:!J l th resul ts obtain d bv using 

conventH1na 1 m th d., t l lc t w 11 i tp 

11 !leJ Is l"eI' dl111 d by the ir-To ary method (appendix) 

to () de th (witll l ('( till.) of .It l ~st 46 m (150 ) . Small 

w 1 1 vi el d \-JL'r tl 1 rgQr yields were m asur d with a 

f 1 urn ( d II r in I, 
Yields of tt b 

t sts. Th I - r geRt w 

was 19 / s (3 DO mi. ). lnd 

1 ter dri ling h d been compIe ed) . 

mC'GslIrt:,d .h'curate 1y by pumping 

obta ined by t~st d r illing (fig . 13) 

r e vJells had )'1 :'ids too small 

Lo estimat ; vil;;' ... u t th thre pI Qrest w ll s ar' sh wn as z r D. 
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Th· resul S 0 tcst drilling (table 7 dnd fig. 13) show (I) 

Lew w lIs with low yields arc obtained in a]l types of 

favorab Ie locations, (2) larger well yir>lds l'an be ohtnincd 

(prohably) fr m L0cations on linc-am nts than [rom locutions 

bas d on other considerations, (3) large well yields can bl 

obtai n d by loca ing \ye11s on SKYLAB lineaments; three out of 

seven wells or 41 percent yield more lhan h.3 1/1" (100 gal/min), 

and (4) the me ian yield of te t wells on SKYLAB lineaments is 

about six times the median yield 0 all random wells. The number 

of wells in tablp 7 auJ Ul' to more thdn 12, because some \.Je1Is 

are on or near lineaments detected by more than ne m thad (fig . 13) . 

Results of tpst drilling (table 7) are better Lhan Lh results 

obtained with data from existing wells (tabl 6). None of the 

test wells were located on hilltops or steep slopes (generally 

unfavorah]e topographic locat~C'ns) or close (within 90 m or 300 

ft) to known wells WIth puor yields, for examp]p. This is probably 

the explanation fpr the large mean and median y'elds obtained by 

test drilling. The results indicated by duta from exis ing wells 

(table 6) probabl call be exp 'cted wlwn the only criterion for 

well locations lS " n arb\' SKYLAB linLdlTlC'nl. If topogrnphy 

and yields of nearby wells also are considered, results may be 

similar to those of tcble 7. 

Comparison with other studies.--Only two reports on other 

areas shmoJ data Ivith which this study can be compared, and those 

depend on q small numb~r of wells. Bas d on a sample of 13 wells, 

Lattman and Parizek (1964, table ~) indicate that Ivells located 

on fracture traces in 'pntral PennsYlvania have from 4 to 1,000 

times the yield (for each f(.)ot of drmvdoW11 of water level) at wells 

located between fracture trares. Similarly. Sonderegger (1970, 

p. 24) repnrt~ that in Lim st lnt County. A18., 3 test w lIs on 

fractur~ traCes hav.· a m'an yield of 7.6 ~/s (120 gal/min), whereas 

l'~ w lIs betlyE'en fracture trACE'S h v, a mean yield of 1.5 r/s 

(23 gal/mill). fhl'>H' r. suhs mdV be cl1mpared both with yitelds 

or e. isting Well" and with result of test drilling in the pr "'nt 

,tt'd) . 
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to I'. HI ()lnr in rdr-d hoop,r,phs (the ntir pho o'r,ph hi 

luiL'h-gr 111 tonc' \"/ith IC'lr ilm). ,nd m.nv lint'dlnl'11 s lol1uw 

r Pill', 11 1 !':t n', ms • . nd en oml: lin am nr. nn nrm.>d \' 

v whi 'h h,lS n 11 'a l'lv uniCju n·d (nnp on col r infrclJ"l-d 

ph togrnph •. lnd It Sl~ 1 in -am 'nLs may bl' ",nhnn d. 

rnpogr,l hil' n ... Ii f is not 'ppn rtn on individu 1 

p to r phs rOln tltv Sl-) mission ( , pp<'ndh.). hl'l',l\J <) t he It· h 

Slll1 ,n\IL' 1,° lbn (' horizon) .It tha imt;! (0910 (S'I. lun Y. 197 ). 

R 1 iC't is mllr"' obvilH1S on h 

10 6 CST •. nvpmh·r 30. 1'J7). 

SL-

1h 

pho ogrrtphs 

[fcc <; 0 

2° Iho\,£, horizon. 

an nppnrt'n npogrdphic 

r liel on linenml:'l1t: d.·tp tion hay h en discussed pr,viC'lusl . 

J f phC'ltographs ,re 01'> :1111<"'d "'1 h S creo overlap during futur' 

spa l' missions. sun angJ0 (ti.m of dnv :md time () <1r) nt'ld 

not he 

ingl 

h m ,t 

major co nsid ration for lineamt'nL d tee ion. If on 1y 

1 ra l' overngl is nhtain d, opographic 1 in am 'nts will 

lbvious on phD gr phs with a low sun angl (20° 0 15°). 

Lincam n s 'ormld ~v v ge n ion aljnements th ore lenll' 

hou1d b most ohvious n lhos imes 0 y ar wh n v ge tion 

types c n h· d iscriminn ·d 'Bsily. In central T{!nnl'~s l, hi 

would h' gen'rallv in April and Octob r. 

For i"u llrp. missinn!' inv)1vlng 1inf'Rm n d tl' C ion, cOllsidpra­

lOll .11<.;0 should b(' i'I'1l to including high r solut ion, imn lng, 

therm.l in rared Rnd svnlhl'tic ap ratur~ imnging rnda Sl'1l Drs. 

6 
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APPE"nJ X 

Drill 'ng La ations and Costs 

The mol' han 90 pe cent.: o[ h w 11s thor are drjl d for 

'Onlt:sti: or stock purpos ar Llmost al ways loca eJ for onv~nience : 

!h .. , .. the hom or outbuildir ~S.. Thus. he gr l major i l V o[ \ lI s 

aT' loe, ted near an all-weaLher road on a relatively lA t , w 11-

dr -Ii nt'll si t,-" becaus his t\P~ n~ site is p r efer'ntia1ly s'lected 

r blli din~s , Some w -11 location stil1 are pick d by VI" ( <.'r 

.' too .'1. l ... . "tu ' ll..' elL tl,ese sites also roy to be located 

, \ ~n .. nn t 1 v, 

~cll dr:llers g nerally ' re familiar with the carr lation of 

L( p )?r ,)hh: 10 atil n and well yield -- w ,lls in v Uys nd o the r 

1 ',' ilr i18 commonly have lArger yields than wells on se ep hillsides 

If an ini ial well h s a oar (inadequa t e) 

~i~ld, th driller qlmos( always sugges ts mo ing closer a a 

t op 19 aph'c 10 .. h\~11 driller. <.11,'0 gene ally tend to locate 

St .d ~ lL~ . ~ ~l ~~ as possible to o lder wells with larg yi Ids 

an .• h far fr m We'll;,: with pOlr yields as pr ' etic, 1 (consjd ring 

pr p~ y li nc~ nd de'reasing cnnveni~nce). 

I d LJi1ed lud ha~ bl~Cll rna e, other £a 'tor~ al so can 

lh '>l1 Jder·d 'n th sel 'tl.)o at \J-ll sites. The most f vorable 

;,'e11 10 'a ion , in cener I Tennessl;!e (Ho re and a her s , 1 69 : toort:' 

n , j 97 ) arc 1) in arp' s wher h percenLagt. 0 w lIs 

·:It.>l d I!' 1.2 ",Is (JO bal/m'n) IS larger t han ilV rage, (2) , t sites 

wht: t'.! th ~oi1 is hichr than vl.:!rage , (3) in areas dnderlain 

h formations 0 Hi~sissippian age, ( ) on gen :: ly rollin land or 

jr 1 narn'w vall ~\ or rd\,J, nnd (5) al01g thp ilzimuLh 

int set I TO an ,)1c1, r well \"ith a large yi _l d , 

a region a l 

Cost )1 trilling dre bas~d on the s t andard well in limest n e 

r,ck -- 152 r L" _ m, (6 r 1/' il) In dia e ~r. F r Cit lea t 

(h pa~l 30 vpars, virtu~ll' all d m'sti ard stock w~lls in cen tral 

,nn s e have b en this ize. Th costs of a stilnd. rd hole 

til'pend on lo\al ~upply anti d mand . \Jllich v ry botL .:-.easonJllv and 

mn lally , 1hll .~, rt!cent cst. (1970-75) itav ran ed rom 1 to 
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