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ABSTRACT 

Digital computer simulations of subsurface temperature 

distributions for various hypothetical groundwater flow systems in 

which groundwater is recharged from influent streams having a mean 

annual temperature at or below the mean annual temperature at the 

land surface show that temperatures in the unsaturated zone will be 

depressed in proportion to the rate of groundwater flow. Field 

measurements of subsurface temperature distributions in the Tucson 

basin are consistent with temperature distribution patterns pre

dicted by computer simulation. Zones of relatively rapid ground

water flow near areas of natural recharge act as heat sinks causing 

downward flow of heat from the land surface and thereby depressing 

temperatures in the overlying unsaturated zone as much as three 

degrees Centigrade in comparison to nearby areas having relatively 

slow groundwater flow. 

A contour map of temperatures at the water table in the 

Tucson basin is given which shows that the lowest temperatures of 

about 16°C. are adjacent to zones of natural recharge whereas the 

highest temperatures of about 32°C. are remote from zones of natural 

recharge. Zones of maximum groundwater flow rates are delineated 

with a "valley mapping function" which defines a vector drawn in a 

direction normal to water-table temperature contours from low 

valued to high valued contours and where the spacing between 

xv i 



xvii 

contours is at a maximum. The "valley mapping function" for the 

Tucson basin discloses the existence of a buried dentritic channel 

system which is confirmed by independent studies of subsurface 

lithology, gravity anomolies, specific capacities of water wells, 

and carbon-14 ages of groundwater. Field data demonstrate that 

the "valley mapping function" can also be applied to contour 

maps of contemporaneous temperatures at a constant depth within 

the zone of seasonal heat penetration (0 to about 50 feet) to 

delineate zones of maximum groundwater flow rates even though the 

depth to water may be on the order of 200 feet or more. 



CHAPTER I 

INTRODUCTION 

The City of Tucson, Arizona, is entirely dependent upon ground

water for its water supply for domestic, industrial, and agricultural 

purposes. Most of the water being pumped is derived from long-term 

storage in the large underground reservoir composed of alluvial sedi

ments several thousand feet thick. Less than 50 percent of the pumped 

water comes from recent recharge to groundwater. In order to manage 

such a valuable water resource effectively, it is desirable to know 

as much as possible about the environment in which the water occurs. 

Studies have been made concerning the areal distribution of 

groundwater quality, water well capacities, groundwater ages and 

temperatures, groundwater levels, water level declines, rates of 

natural recharge, and subsurface lithologic types. In order to arrive 

at a better understanding of the fundamental nature of the complex 

hydrologic system underlying the Tucson basin, this study was con

ducted by determining in a quantitative sense the relationship 

between the interconnected potential flow fields of heat and water 

within a porous medium as manifested in the Tucson groundwater basin. 

Purpose and Scope 

One of the prime objectives of this study is the development of 

a simple and accurate technique for locating zones of natural recharge 

1 
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and measuring the mean recharge rates in the areas thus identified. A 

closely associated corollary to this objective is to obtain a solution 

of the general differential equation of Stallman (1963), describing the 

flow of heat through a saturated porous medium by conduction and con

vection, which would be universally applicable to any groundwater flow 

system regardless of complexity. 

The theoretical distribution of temperatures with time and 

space within various idealized aquifers was determined and then com

pared with real temperature distributions as derived from field 

measurements within the Tucson basin aquifer. By this approach it was 

intended to develop an adequate and valid conceptual model of the 

Tucson basin aquifer. Knowledge thus gained is anticipated to be of 

value not only in any future study of the Tucson basin in particular, 

but also in the study of groundwater flow systems in general. 



CHAPTER II 

PREVIOUS WORK 

One of the basic concerns of geophysics is the flow of heat 

within the earth. This flow of geothermal heat has been measured 

throughout the world by workers with various objectives in mind. Car-

slaw and Jaeger (1946) utilized geothermal heat flow data in an attempt 

to calculate the age of the earth. Carroll, Schenck, and Williams 

(1966) used subsurface heat flow and simulation techniques to predict 

frost penetration into soils for engineering purposes. Carroll ne

glected the effect of moving soil water upon soil temperatures but re

cognized that errors caused thereby in some cases could be significant. 

Lovering (1948) studied the relationship of underground temperatures in 

the San Manuel district of Arizona to rates of sulfide oxidation. Lov

ering noted some anomolous subsurface temperature distributions and 

associated these with recent climatic changes in Arizona. Lovering and 

Morris (1965) studied the relationship of subsurface temperatures and 

the geothermal heat flux escaping to the surface of the land to the oc

currence of mineral deposits in the East Tintic District, Utah. Their 

study indicates that the temperature of groundwater generally increases 

in the direction of groundwater movement. 

Kappelmeyer (1957) measured temperatures at a depth of 1.5 

meters for the purpose of discovering temperature anomolies resulting 

from causes at greater depths. The method was used to locate natural 

3 



steam occurrences. Birman (1969) studied shallow soil temperatures and 

developed an empirical relationship between shallow subsurface temper

atures and the depth to the water table in the Johnson Valley, Calif. 

The results of the present study in the Tucson basin demonstrate why 

such an empirical relationship should exist in some cases and why it is 

not generally true. Cartwright (1968) studied the possibility of 

using soil temperatures at a depth of 50 cm to prospect for shallow 

aquifers on the assumption that an aquifer acts as a heat sink. 

Mink (1964) studied groundwater temperatures in Hawaii and 

noted a general increase in temperature in the direction of groundwater 

flow. Mink attributed the temperature increase to heat generated by 

the loss of potential energy along the flow path and to mixing with 

return irrigation water. 

Schneider (1962) studied the relationship between the seasonal 

fluctuation of temperature in an influent lake and the seasonal fluctu

ation of water temperature in nearby pumping wells. Simpson (1952) 

made a similar type of study of the water temperature of pumping wells 

near the Mohawk River in New York. Schneider (1964) measured the 

areal temperature distribution of water from wells in carbonate rocks 

of central Israel and noted a general increase in temperature in the 

direction of groundwater movement. Smoor (1967, p. 34) while collecting 

water samples in the Tucson basin for chemical analyses measured the 

temperatures of the samples and noted a "remarkable gradient perpen

dicular to the general direction of ground-water flow." (See Figure 

89.) Krige (1939) measured temperatures in several deep bore holes in 
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the Transvaal and Orange Free State and noted that the geothermal 

gradient for the same rock types was different below the water table 

from the geothermal gradient above the water table. Gretener (1967) 

reported on the thermal instability of water in large diameter wells and 

noted the geothermal gradient may cause convective overturning within a 

well. Diment (1967) also reported on the thermal regime of a large dia

meter bore hole and compared the stability of a water column with that 

of an air column. Sammel (1968) studied convective•flow within fluid 

filled bore holes and its effect on temperature logging. 

Wooding (1957) mathematically simulated steady state free 

thermal convection of liquid in a saturated permeable medium and re

ported that the results compare favorably with field measurements made 

in an area in New Zealand where crustal temperatures are higher than 

normal. Wooding (1959) reported on the stability of a viscous liquid 

in a vertical tube containing porous material. Lapwood (1948) made a 

theoretical study of fluid convection in a porous medium under the 

influence of a vertical temperature gradient. 

Suzuki (1960) calculated the vertical infiltration rate of 

water from rice paddy fields based upon temperature measurements. A 

significant advance in applying subsurface heat measurements to 

groundwater flow was made by Stallman (1963) who der.ived a general 

partial differential equation, [Equation (1)], relating conductive and 

convective heat flow through a saturated porous medium. Stallman 

suggested that heat flow measurements could be very useful in the study 

of groundwater flow systems. Stallman (1965) provided a solution to 



his differential equation for the case of steady vertical one-

dimensional fluid flow in a semi-infinite porous medium with a sinu

soidal surface temperature variation. Here the semi-infinite solid 

can be approximated by a section of the surface of the earth. The 

sinusoidal surface temperature can be approximated by the diurnal 

temperature fluctuation. With this method infiltration velocities 

as low as a centimeter per day can be detected. Smaller velocities 

can be detected if the annual temperature cycle is used in place 

of the diurnal temperature cycle. 

Bredehoeft and papadopulos (1965) determined an analytical 

solution to Stallman's (1963) differential equation to estimate the 

vertical velocity of groundwater in a clay or silt layer overlying 

an artesian aquifer below the zone of seasonal heat penetration. 

This method provides a simple means for solving the classical leaky 

artesian aquifer problem. The basis of this method is the fact 

that vertically moving groundwater will aid or retard the vertical 

movement of geothermal heat. If there were no geothermal heat flux 

as evidenced by a change of temperature with depth in the earth, 

this method would not apply. 

Parsons (1969) studied the relationship between groundwater 

movement and subsurface temperatures in a glacial complex in Canada 

and made comparisons between thermal profiles measured in the field 

and thermal profiles simulated by digital computer. Parsons noted a 

general decrease in temperature with depth within the aquifers and 

attributed it to post-glacial climatic change. 
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Hydrologic Studies of the Tucson Basin 

The Tucson groundwater basin occupies a down faulted depression 

between surrounding mountains in the Basin and Range Province of the 

southwestern United States. An index map showing the location of the 

study area is given in Figure 1. The rocks underlying the basin con

sist largely of sediments composed of several thousand feet of deformed 

beds of conglomerate, sandstone, mudstone and gypsum of Tertiary age 

called Rillito Beds by Pashley (1966). Late Tertiary and Quaternary 

deposits of gravel, sand, and silt up to 700 feet thick termed basin-

fill by Pashley (1966) cover much of the central portion of the basin. 

The basin-fill resulted from the formation of alluvial fans at the foot 

of the mountain ranges surrounding the basin. Pashley (1966) and 

Smoor (1967) suggest that the present cycle of erosion resulted from 

increased stream gradients caused by opening of a drainage outlet in 

the northwest corner of the basin in middle-Quaternary time. Recent 

alluvium fills the channels occupied by the main drainage ways of the 

Santa Cruz River, Pantano Wash, Rillito Creek, Tanque Verde Creek, and 

Aqua Caliente. A geologic sketch map of the area is shown in Figure 2. 

An arid climate typical of the Arizona Sonoran desert exists 

within the basin. Spatial distribution of precipitation varies con

siderably within the area according to altitude. The spatial 

distribution of mean annual precipitation is shown in Figure 3. Two 

distinct rainy seasons occur. During the summer numerous intense 
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Figure 1. Index map of Tucson basin and surrounding area. 
From Smoor (1967). 



9 

A R  I  Z O N A  

T U C S O N  

JLL 

• 
E3 

Cciln 

[III S C A L E  
o i 

Figure 2. Geologic map of Tucson basin. From Smoor (1967). 



10 

25 

o! 

EXPLANATION 
0 » 'P 

4—-^_20. WM" 

l iolioot of Normol Annual Precipitation 

Figure 3. Normal annual precipitation (1931-1960) Santa Cruz Valley. 
From Sraoor (1967). 



thunderstorms, each covering several square miles of area and 

apparently randomly distributed, provide about one half of the yearly 

precipitation. Widespread storm systems in the winter produce the 

remainder of the yearly precipitation. Past records indicate that 

some rainfall can occur at any time of the year, however. A detailed 

discussion of the climate in the Tucson basin is given by Green 

and Sellers (1964). 

The principal drainage channels mentioned above flow as a 

result of precipitation producing runoff in the surrounding mountains 

or as a result of snow-melt from the higher peaks. All the streams are 

the influent type recharging water to the water table in varying 

quantities during flood times. Previous to the period of heavy 

groundwater withdrawals which lowered the water table, part of the 

Santa Cruz River may have been an effluent stream as indicated by the 

southern portion of the water table contour map of Smith (1910) shown 

in Figure 4. The present study, however, seems to suggest that this 

portion of the Santa Cruz always was an influent stream. Hydrographs 

of streamflow in the Santa Cruz River and Rillito Creek are shown in 

Figures 5 and 6 indicating the sporadic nature of the runoff. 

Figure 7 is a graph showing the relationship between the flow 

of water in Rillito Creek and the Santa Cruz River. Monthly Rillito 

Creek streamflows are plotted as a function of Santa Cruz River 

streamflows. Regression lines for summer streamflows, winter 

streamflows, and all streamflows seem to indicate that the Santa Cruz 

River tends to be more of a summer stream whereas Rillito Creek tends 
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Figure 4. Water table contour map of Tucson for 1908. From 
Smith (1910). 

VJater level contours are given in feet. Dots indicate 
locations of wells used in compiling map. This map shows 
the groundwater level conditions in Tucson prior to the 
period of heavy pumping. 



Figure 5. Monthly flows of Rillito Creek at First Avenue. 

This hydrograph indicates the sporadic nature of Rillito 
Creek runoff and the occurrence of both winter and summer 
flood seasons. Data is from the U. S. G. S. Water Resources 
Data for Arizona, Part 1. Surface Water Records. 

Figure 6. Monthly flows of Santa Cruz River at Congress Street. 

This hydrograph indicates the sporadic nature of Santa 
Cruz River runoff and the occurrence of both winter and 
summer flood seasons. Data is from the U. S. G. S. Water 
Resources Data for Arizona, Part 1. Surface Water Records. 
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Figure 5. Monthly flows of Rillito Creek at First Avenue. 
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100 oo Santa Cruz River 2C000 

Figure 7. Graph showing relationship between flow of water in 
Rillito Creek and Santa Cruz River. 

The monthly river flows given in Figures 5 and 6 are 
plotted here in acre-feet with Rillito Creek flows on the Y axis 
and Santa Cruz flows on the X axis. Summer flows for the months 
of April, May, June, July, August, and September are shown by a 
cross mark. Winter flows for the months of October, November, 
December, January, February, and March are shown by a dot. 
Regression lines of Y on X for summer flows only, winter flows 
only, and all flows indicate that the Santa Cruz River tends to 
be more of a summer stream and that Rillito Creek tends to be 
more of a winter stream. 



to be more of a winter stream. One would thus expect the average 

temperature of Rillito Creek runoff to be somewhat colder than the 

average temperature of Santa Cruz River runoff. 

Response of groundwater levels in the vicinity of stream 

channels to runoff is indicated by the hydrograph of well (D-13-14) 

27 dbd in Figure 8. This is contrasted to the hydrograph of well 

(D-14-14) 14 acc (Figure 8) which is far removed from any recharge 

zone. The amplitude of water level fluctuations of well (D-13-14) 

27 dbd increases over the period of record. This might be the result 

of chance or the result of the general decline in water level of the 

basin. When the mean level of the water table is high, as in 1947, 

there is less storage space available for recharge. Thus portions 

or large streamflows are rejected at that location. When the mean 

water level is lower, more storage space is available and less recharge 

is rejected. A water level contour map of the Tucson basin for 1965 

(courtesy of the Agricultural Engineering Department, University of 

Arizona) is given in Figure 9. This shows that the general direction 

of groundwater movement is to the northwest. A map showing ground

water level changes for the period 1961 to 1965 in the Tucson basin 

(Matlock, Schwalen, and Shaw, 1965) is given in Figure 10. The map 

shows that the greatest groundwater level declines took place in the 

central part of the basin. Groundwater levels along parts of Rillito 

Creek and its tributaries show a rise during the same period as a 

result of the exceptionally heavy runoff which occurred at that 

time. Estimates of natural groundwater recharge have been made by 



(D-13-14) 27 dbd 
Rill.ito Creek 

left hand sca'.e 

(D-14-14) 14 acc 
Inner Basin 

right hand scale 

1947 1950 1955 1960 1965 
YEAR 

Figure 8. Jlydrogra£>hs of water levels in two representative wells 
in the Tucson basin (modified from Matlock, Schwalen, 
and Shaw, 1965). 

The upper hydrograph is of the water level in a well located 
close to Rillito Creek. It shows hov; groundwater levels there 
respond to flows of the stream which is a zone of natural recharge. 
The lower hydrograph is of the water level in a well which is remote 
from any zone of groundwater recharge. It shows a steady decline in 
groundwater level in response to water withdrawal by pumping. 



Figure 9. Groundwater level contour map of Tucson for 1965 
(modified from Matlock, Schwalen, and Shaw, 1965). 

Groundwater level contours on this map are given in feet. 
This map shows that the general movement of groundwater in the 
Tucson basin is in a northwesterly direction. 
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Figure 9. Groundwater level contour map of Tucson for 1965 
(modified from Matlock, Schwalen, and Shaw, 1965). 



Figure 10. Groundwater level declines for Tucson basin 1961-
1965. (Matlock, Schwalen, and Shaw, 1965.) 

Contours are given in feet. This map shows that the 
area of greatest groundwater level decline is in the central 
part of the basin which is remote from sources of natural 
recharge. 
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Figure 10. Groundwater level declines for Tucson basin 1961-1965. 
(Matlock, Schwalen, and Shaw, 1965.) 
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Matlock (1965), Matlock, Schwalen, and Shaw (1965), and Foster (1969), 

on the basis of water level changes in response to stream flows. 

Moench and Kisiel (1969) utilized a convolution relation to estimate 

recharge from Rillito Creek on the basis of the response of an 

observation well. 

Simpson (in preparation) is attempting to distinguish 

quantitatively the proportions of groundwater in the Tucson basin 

resulting from summer and winter recharge on the basin of heavy 

isotope concentrations. 

Smoor (1967) utilized factor analysis in his study of the 

chemical constituents of groundwater in the Tucson basin. Smoor 

found that some constituents vary in the direction of groundwater 

motion whereas others do not. 

Bennett (1965) utilized a carbon-14 dating technique to 

determine the apparent age of groundwater in the Tucson basin. A 

reproduction of Bennett's map of groundwater ages is given in Figure 

11. The age determination presumably is indicative of the length of 

time between rechargc to the water table and the present. It is 

apparent that the youngest water is found nearest to the recharge 

zones consisting of the Santa Cruz River, Rillito Creek, and their 

tributaries, whereas the oldest water is found in the central portion 

of the basin. The location of the oldest water being closer to the 

Santa Cruz River than to the Rillito Creek may be indicative of the 

Santa Cruz being a weaker recharge source or it may be a result of 

the configuration of the groundwater flow paths. 



Figure 11. Groundwater radiocarbon ages in the Tucson basin. 
(Modified from Bennett, 1965.) 

Ages are given in years. Ages are presumably repre
sentative of the time between recharge and the present. This 
map shows that the youngest water is nearest to sources of 
natural recharge consisting of ephemeral stream channels 
surrounding the basin and that the oldest water is remote from 
sources of natural recharge. 
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Bennett's (1965) map is preliminary and Bennett intends to 

prepare a later analysis which may modify the contour lines. Ground

water velocities calculated by Bennett on the basis of carbon-14 ages 

range from 4 to 40 feet per year. The apparent "sink" of old water 

within the 6000 year contour can be explained on the basis of relative 

groundwater flow rates and mixing of groundwater within the aquifer. 

This mechanism will be explained in greater detail below. 



CHAPTER III 

THEORY OF SIMULTANEOUS CONDUCTIVE AND CONVECTIVE HEAT TRANSFER 

The simultaneous transfer of heat by conduction and convection 

within a porous medium can be described by a general partial differen

tial equation derived by Stallman (1963): 

cp3T 32T 32T 32T c0p0 
(1) + — + 

3x2 3y2 3z2 K 

3(vxT) 3(VyT)  3(vzT) 

1 H h * 
K 3t 3x 3y 3z 

(See LIST OF SYMBOLS for explanation of symbols.) 

It is assumed that the porous medium is fully saturated, homogeneous for 

fluid flow, and isotropic and homogeneous for heat flow. It is also 

assumed that all thermal and hydraulic properties of the system includ

ing fluid density are constant in time and independent of temperature. 

Many aquifer systems are not homogeneous with regard to fluid flow. 

However, in practice real aquifers can be subdivided into small units 

such that any individual unit can be treated as being homogeneous. 

One-Dimensional Steady State Conductive and Convective 
Analytical Solution of Equation (1) 

Although formidable in appearance, this equation can be 

simplified under some conditions. Bredehoeft and Papadopulos (1965) 

presented an analytical solution to Equation (1) for the case of steady 

state one-dimensional vertical flow of heat and water. These condi

tions reduce the differential equation to 

22 
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82T c0p0vz3T 
(2 ) o 

8z2 K 9z 

A sketch illustrating the conditions assumed for this case is shown in 

Figure 12. The boundary conditions are 

(3) Tz = T0 at z = 0 

( 4 )  =  T t at z = L  
Ct Jj 

The solution to Equation (2) is 

(5) TZ = (TL-Tq)[exp(3z/L)-l]/[exp(B)-l]+T0 

where, noting that z and v„ are positive downward 

(6) g = c0povzL/K 

An inspection of Equation (5) shows that, if vz is equal to 

zero, the equation is linear resulting in a constant temperature 

gradient with depth, which is the situation generally found within the 

earth in the absence of moving fluids if the thermal conductivity of 

the region in question is constant. This concept is illustrated by 

line A of a numerical example shown in Figure 13. 

Consider the hypothetical flow system illustrated in Figure 14. 

In it is depicted a porous medium 100 ft thick infinite in extent paral

lel to the x-y plane. With fluid flowing downward in the +z direction 

the surface z = 100 ft represents a plane fluid source at a constant 

temperature of T = 24°C. whereas the surface z = 200 ft represents a 

plane fluid sink at a constant temperature of T = 25°C. A plot of 

temperature versus depth for downward fluid motion is given by the 

curves B and B' in Figure 13. Curve B represents a relatively slow 

velocity of 1 ft/yr whereas curve B1 represents a relatively fast 
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T » xO 
'"Upper boundary of 
vertical flow system. 

.Tz 

,Lower boundary of 
vertical flow system. 

Figure 12. Diagrammatic cross section of a vertical groundwater 
flow system. 

This sketch defines the relative locations of points at 
which temperature measurements must be taken in order to estimate 
the groundwater velocity vz in a vertical flow system by the method 
of Bredehoeft and Papadopulos (1965). Measurements must be taken 
at points T0, Tz, and Tj,. Note that z and vz are positive downward. 



25 
100 

2 0 0 '  
25° 24° Temperature in Degrees Centigrade 

Figure 13. Graph showing relationship between depth and temperature 
for four cases of vertical groundwater flow and the 
case of no groundwater flow. 

Line A shows that the thermal gradient is linear for 
the case of no groundwater flow. Lines B and B' show that in the 
case of downward groundwater flow, the temperature profiles 
are convex downward. B represents a velocity of 1 ft/yr and 
B' represents a velocity of 10 ft/yr. Lines C and C' show that 
in the case of upward groundwater flow, the temperature profiles 
are convex upward. C represents a velocity of 1 ft/yr and 
C1 represents a velocity of 10 ft/yr. 



100' Plane Source 

200' Plane Sink 

Figure 14. Cross section of a simple vertical flow system 
showing flow lines. 

This shows the nature of the flow lines in a very simple 
vertical flov; system with groundwater flowing downward from a 
plane source at a depth of 100 feet to a plane sink at a depth of 
200 feet. This is the case illustrated by lines B and B' in 
Figure 13. Portions of complex groundwater flow systems can 
sometimes be approximated by simple systems similar to this one. 
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velocity of 10 ft/yr. If the fluid is flowing upward, the surface 

z = 100 ft represents a plane sink and z = 200 ft represents a plane 

source. Curves C and C' represent relatively slow (1 ft/yr) and rapid 

(10 ft/yr) fluid velocities respectively. 

It can be seen that on a thermal profile, lines of equal temp

erature would be spaced closely together in the vicinity of the sink. 

The greater the velocity, the closer the spacing. This crowding to

gether of lines of equal temperature is illustrated in Figure 15. In 

it is depicted a vertical profile of the porous medium depicted in 

Figure 14 upon which have been superimposed lines of equal temperature 

for the case of downward fluid movement given by curve B' of Figure 13. 

A system such as the one just described probably does not exist 

anywhere in nature. However, it is discussed here because many real 

hydrologic systems exist portions of which can be approximated by a 

system similar to that of Figure 14. A common example is a confining 

layer of a leaky artesian aquifer which is the case discussed by 

Bredehoeft and Popadopulos (1965). A source of recharge such as an 

influent stream or a water spreading pond would approximate conditions 

for the upper part of curve B' of Figure 13. 
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Figure 15. Cross section of vertical flow system in Figure 14 
showing isotherms. 

This shows how isotherms are closely spaced in the vicinity 
of a groundwater sink in the case of vertical groundwater flow. A 
plane source of groundwater exists a a depth of 100 feet and a plane 
groundwater sink exists at a depth of 200 feet. The groundwater 
velocity vz here is 10 feet/year downward. Compare this with 
line B1 of Figure 13. 



Two-Dimensional Steady State Conductive and Convective 
Finite Difference Solution of Equation (1) 
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For the analysis of two-dimensional steady flow of heat and 

water in a porous medium, Equation (1) reduces to 

32T 32T c0p0 
(7) + 

3x2 3z2 K 

3 (vxT) 3(vzT) 

3x 3z 

= 0 

For practical purposes Equation (7) can be further simplified if the 

flow system under consideration can be divided into subregions such 

that the fluid velocity within each subregion can be considered to be 

constant. That is equivalent to saying that all flow lines within any 

individual subregion are parallel. This is one of the basic assumptions 

commonly made for any finite difference model whether it be solved 

by digital computer or by an electrical resistor network. By applying 

the equation to each subregion one at a time, Equation (7) reduces to 

32T 32T c p 
o o 

(8) 1-

3x2 3z2 K 

vx3T VJ ôT 

3x 3z 

= 0 

This equation is of the form 

(9) ATXX + CTZZ + DTX + ETZ = 0 

where the subscripts indicate partial derivatives and A, C, D, E are 

constants. A simple analytical solution to this equation is not known 

to exist for the conditions which will be considered in this paper. 

However, it will now be shown that Equation (8) can be solved quite 

readily by numerical methods. 

According to Greenspan (1965) Equation (9) is elliptic if 

(10) -AC < 0 



Under this condition a five point difference analogue of Equation (9) 

can be constructed. With reference to Figure 16 
4 

(11) ATXX + CTZZ + DTX + ETZ  = I 0^ 
i=0 

The solution of Equation (11) is given by 

(12) aQ = -2h2h4 -2Ch^h3 -Dh2h4 (J^-h-^) -Eh-j^ (h2~h3) 

h1h2h3h4 

= (2A + Dh3)/h1(h1 + h3) 

a2 = (2C + Eh4)/h2(h2 + h4) 

oi3 = (2A ~ Dh-^) /h3 (h^ + h3) 

a4 = (2C - Eh2)/h4(h2 + h4) 

Thus a difference analogue for Equation (9) at any point T(x,z) is 

(13) «0T0 + A-[_T;I_ + A3T3 + A^T4 = 0 

This is only an approximation of Equation (9), but for 0<h^<h the 

approximate solution will approach the exact solution as h approaches 

zero. In order for Equation (13) to be valid for h > 0, it is 

required that 

(14) 2A > |D|h3 and 2C > |E|h4 

Proof of this restriction is given by Greenspan (1965). 

With the use of Equation (13) and a digital computer, the 

temperature distributions in various hypothetical situations of 

great complexity can be determined. 

With reference to Figure 16, for the case of equal grid 

spacings where 

(15) h = hx = h2 = h3 = h4 
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Z 

T(x-h3,z) 
—o 

T(x,z+h2) 

T(x+h^,z) 
-e—?- X 

T(x,z) 

4 £ T(x,z-h4) 

Figure 16. Stencil for five point difference analogue. 

This sketch defines the locations of the points used 
in a finite-difference equation for two-dimensional flow 
systems. 



Equation (12) reduces to 

(16) aQ = -2(1 + c)/h2 

ai = (2A + Dh)/2h2 

a2 = (2C + Eh)/2h2 

ct3 = (2A - Dh)/2h2 

a4 = (2C - Eh)/2h2 

However, from Equations (8) and (9) 

(17) A = C = 1 

(18) D = -c0P0vx /K 

(19) E = -c0p0v2/K 

Substitution of Equations (16),' (17), (18), and (19) into (13) gives 

(20) To = 1[(1 -c0P0vxh/2K)TX + (1 -c0P0vzh/2K)T2 + 
4 
(1 +c0p0vxh/2K)T3 + (1 +c0p0vzh/2K)T4] 

The restriction of Equation (10) still applies. Thus Equation (20) 

remains valid only if 

(21) |c0p0hvx/K| < 2 and |c0p0hvz/K| < 2 

A rigorous derivation of Equation (20) is also given by 

Young (1962). 



One-Dimensional Steady State Conductive and Convective 
Finite-Difference Solution of Equation (1) 

For the case of one-dimensional vertical flow Equation (20) 

reduces to 

(22) Tq = 1[(1 -C0p0vzh/2K)T2 + (1 +c0p0vzh/2K)T4] 
2 

keeping in mind that Equation (21) still applies. 
o 

Type curves for the analytical solution of Equation (5) are 

given by Bredehoeft and Papadopulos (1965) . However, it might prove 

to be more convenient in some cases to use Equation (22) instead. 

Simplified Derivation of Equations (20) and (22) 

Equations (20) and (22) can be derived in a more direct 

manner by use of Taylor series expansions. For the case of 

equal grid spacings given by Equation (15), the central difference 

approximation of the first derivative is given by 

(23) j^T ~ T( x+h, z )  -T( x - h f Z )  

8x 2h 

(24) 3^T ~ T(x,z+h) -T(XfZ-h) 
dz 2h 

The second derivatives can be approximated by 

(25) 32T ̂  T(x+h,z) -2T(X/Z) +T(x-h,z) 
Sx^ h2 

(26) 32T T(x,z+h) -2T (x,z) +T(x,z+h) 

Substituting Equations (23), (24), (25) , and (26) into Equation (8) 

and solving for T(x,z) produces 



(27) T(x,z) = 3jT(x+h,z){l-c0pQvxh} + T(x-h,z){l+ c0p0vxh} 

4 2K 2K 

+T(x,z+h){l-c p v h} + T(x,z-h){l+ c p v h}] 
o o z __o o z 
2K ~2K 

Substituting the stencil relationship of Figure 16 into Equation (27) 

gives a result identical with Equation (20). 

For one-dimensional vertical flow Equations (24) and (26) 

reduce to 

(28) 8T T(z+h) -T(z-h) 
3z ~ 2h 

(29) 32T T(z+h) -2T(z) +T(z-h) 
ẑ2" h2 

Substituting Equations (28) and (29) into Equation (2) and solving 

for T(z) produces 

(30) T (z) = l_[T(z+h) {l-c0p0vzh} + T(z-h){l+c0 Qvzh}] 
2 2K 2K 

Substituting the stencil relationship of Figure 16 into Equation (30) 

gives a result identical with Equation (22). 

Three-Dimensional Steady State Conductive and Convective 
Finite Difference Solution of Equation (1) 

For the case of three-dimensional heat and fluid flow, 

Equation (20) can be extended to the form 

(31) T0 = 1[(1 -c0p0vxh/2K) Tx + (1 -c0p0vzh/2K)T2 -I-
6 
(1 +c0P0vxh/2K)T3 + (1 +c0p0vzh/2K)T4 + 

(1 -c0P0vyh/2K)T5 + (1 +c0P0vyh/2K)T6] 

When using these finite difference equations one can easily 

put the plus and minus signs in the wrong positions. One can avoid 



35 

this difficulty if one remembers the rule that the positive fluid 

velocity direction is from the term containing the plus sign to the 

term containing the minus sign. 

Alternate Method of Derivation of Finite Difference Equations 

Equation (22) can be derived in a less rigorous but more 

straightforward manner without recourse to Equation (1) as a point of 

departure. Consider the elements of volume depicted in Figure 17. 

Each is a cube h cm on a side. Fluid is flowing at a constant rate 

in the plus z direction. No flow takes place in the x or y directions. 

Assume that the temperature of each element can be represented by the 

temperature at the mid-point of the element. Heat will be conveyed 

through TQ both by conduction and by convection. The heat passing, 

per unit time per unit area, from T4 to TQ by conduction is given by 

(32) Hci = K(T4 -T0) 

and heat passing from to TQ by convection is given by 

(33) Hvi — c0p0vzh(Tq +T4)/2 

Heat passing from TQ to T2 by conduction is given by 

(34) Hco = -K(Tq -T2) 

and heat passing from Tq to T2 by convection is given by 

(35) IIvo = -c0p0vzh<T0 +T2)/2 

Because no heat is consumed or generated within the element 

T and steady state conditions exist, 
o 

(36) Hci + Hvi + Hcq + Hvo = 0 

Substitution of Equations (32), (33), (34) , and (35) into 
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Figure 17. Elements of volume for one-dimensional 
flow systems. 

This sketch defines the elements of volume 
needed in the derivation of a finite-difference 
equation for a one-dimensional flow system. Flow of 
fluid is vertically upward. The temperature of each 
element is represented by the temperature at the 
center of each cube at points , Tq, and 
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Equation (36) and simplifying produces a solution which is identical 

with Equation (22). A similar proceedure can be used to derive 

Equations (20) and (23). 

Analytic Solution of a One-Dimensional Case, Conduction Only 

The flow of heat through the surface of the earth where 

o 
moving fluids are not involved is accomplished by conduction only. 

Under most natural conditions this is a combination of the effect of 

heat flowing outward from the interior of the earth and the effect of 

hot and cold waves penetrating into the soil from the adjacent 

atmosphere. These effects will be considered first separately and 

then collectively. 

Heat flows into the soil from the atmosphere when the soil is 

colder than the adjacent air temperature and flows from the soil when 

the soil is warmer than the adjacent atmosphere. This cyclic flow of 

heat can be approximated by a sine wave. The cycles most generally 

considered are the daily and yearly cycles. 

The upper crust of the earth can be approximated by a semi-

infinite solid medium. In this case Carslaw and Jaeger (1946) present 

an analytical solution to the problem of heat flow in a semi-infinite 

solid of zero initial temperature with a sinusoidal temperature 

fluctuation at the surface. The applicable differential equation is 

(37) 82T = cp3T 
8zx K at 

which is a special case of Equation (1). 
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The solution is of the form 

(38) T = Aexp [-z (u>/2k) sin [tot- (co/2k) ̂̂ z] 

This solution is illustrated in Figure 18. It is assumed that k does 

not vary with depth, time, or temperature. 

The important feature to note about this solution is that it 

represents a damped harmonic wave form. For the yearly ;:yale tempera

tures at the surface of the earth will fluctuate about a mean value 

which will be approximately the mean annual air temperature for the 

yearly cycle. At depth within the soil the amplitude is very rapidly 

diminished. Temperatures below the surface will fluctuate within the 

exponential envelope defined by the factor exp [-z (co/2k) in 

Equation (38). For most soils the amplitude is reduced to a few 

hundredths of a degree Centigrade within about 20 to 80 cm for the 

daily cycle and 5 to 20 m for the annual cycle. Within the soil at 

any given depth z, the temperature will fluctuate about some mean value. 

There is a time lag betv.'een the occurrence of a maximum or minimum at 

the surface and its occurrence at any given depth. This lag is defined 

by the expression (w/2k)contained within the sine factor 

of Equation (38). 

Carslaw and Jaeger (1946) also present analytic solutions 

to Equation (37) where the input is a square wave instead of a sine 

wave. A square wave may be regarded as the resultant of the summation 

of many sine waves of various frequencies. The higher frequency 

components are very rapidly filtered out with depth producing the 

result that at relatively shallow depths the square wave is transformed 
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Figure 18. Relationship between temperature and depth for a 
semi-infinite solid with a sinusoidal surface 
temperature fluctuation. 

This shows how surface temperature T fluctuations with 
an amplitude A are rapidly damped with increasing depth Z. 
Temperatures fluctuate about the mean value line within the 
exponential envelope. 
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into a sine wave having the same fundamental frequency as the square 

wave input. 

In the case of a semi-infinite solid with a constant surface 

temperature and a constant temperature different from the surface 

temperature at some specified depth, the temperature will vary 

linearly with depth provided that the thermal conductivity does not 

vary with depth or temperature. Thus a plot of depth versus tempera

ture will be a straight line, the slope of which will be the thermal 

gradient. Within the earth this slope is the geothermal gradient. 

At depths within the earth greater than about 50 or 60 feet the 

effect of temperature changes at the surface is negligible. As such, 

the temperature remains essentially constant with time. 

The combined effect of surface heat inputs and heat flow from 

the interior of the earth is algebraic. Thus temperatures near the 

surface will fluctuate about a mean value line which is determined by 

the flow of heat from the interior of the earth. The mean value line 

in this case is the geothermal gradient. This is illustrated in 

Figure 19. Note how the exponential envelope and the harmonic wave 

are skewed as a result of the gradient. 

The geothermal gradient below the zone of moving groundwater 

can generally be expected to be positive. This will not be true if a 

recent change in climate in a region is accompanied by an increase in 

the mean annual air temperature of the region. This is verified by 

the work of Parsons (1969) who studied subsurface temperatures in a 

glaciated region of Canada. In that region the granitic crust of the 
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Figure 19. Relationship between temperature and a en inn for a 
semi-infinite solid with a sinusoidal siiiriEace 
temperature fluctuation and a positive: tnhriimal gradient. 

This sketch shows how the exponential enroeltops and the 
mean value line of Figure 18 are skewed as a result: <Ef the 
application of a positive thermal gradient. 
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earth is acting as a heat sink rather than a heat source. In consider

ation of the theory of glaciation and the theory of radiogenic 

production of heat within the earth, one would expect that the negative 

gradients reported by Parsons are only a transient phenomenon. 

Analytic Solution of a One-Dimensional Case, Conduction and Convection 

The case of steady one-dimensional vertical fluid flow in a semi-

infinite porous medium with a sinusoidal surface temperature was 

analyzed by Stallman (1965). Here the applicable differential 

equation is 

(39) K82T -vzc0P03t = cp5'J 
9zz 3z 3t 

the solution to which is of the form 

(40) T - Tftz = Aexp[-az] sin(27rt/x - bz) 

where 

t = time, in seconds 

T = ambient temperature at point (z,t), due to thermal 
boundary conditions other than sinusoidal temperature 
fluctuation at the land surface, in °C 

T = temperature at any point (z,t), in °C 

A = amplitude of temperature variation at land surface 

a = [ (W2 +Ul|/4)1//2 +U2/2]1//2 -U 

b = [(W2 +u*74)1/2 -U2/2]1/2 

W = ircp/K 

U = v c o /2K 
z o' o 

t = period of temperature oscillation 
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Equation (40) is of the same form as Equation (38) but differs 

from it only in the value of the constants in the exponential factor 

and the lag term. A graph of depth versus temperature for Equation (40) 

would have the same form as Figure 18. For the mechanics of calcu

lating the velocity of fluid flow by this method, the reader may 

consult the original paper by Stallman (1965). This equation is 

discussed here only to emphasize the fact that in this case also the 

temperature at some depth below the land surface will approach a 

constant value even though the temperature of the input fluid oscil

lates. The depth at which the temperature oscillations become 

neglibible will depend upon the infiltration velocity of the fluid, 

the thermal conductivity of the medium, and amplitude of the temperature 

fluctuations at the land surface. 

For a numerical example let us assume 

A = 10°C 

vz = 9.66XlO~^cm/sec or 10.0 ft/yr 

T = 3.15X107sec or 1 yr 

K = 5.0X10 3cal/sec-cm-°C 

cQp0= 1.0 cal/cm3-°C 

cp =0.43 cal/cm3-°C 

z = 3.05X10 cm or 100 ft. 

Substitution of these values gives 

W = 8.5X10-3 

U = 0.966X 10~3 

a = 2.04X10"3 



44 

exp[-az] = 0.0019, and Aexp[-az], the maximum magnitude of temp

erature oscillation about mean value at depth z, = 0.019°C. 

This numerical example illustrates the large damping effect 

that a porous medium has upon the temperature variations of the 

infiltrating water. Even for higher velocities the temperature 

variation is substantially reduced. For vz = 20 ft/yr, Aexp[-az] = 

0.18°C, and for v^ = 100 ft/yr, Aexp[-az] = 1.23°C. 

As in the case of the square wave input for the system of 

purely conductive heat transfer discussed above, one can expect the 

higher frequencies to be filtered out more rapidly than the yearly 

cycle. In the real world such as in arid areas like the Tucson 

basin, recharge occurs not as sine or square waves, but as random 

pulses of varying strengths and durations. Spectral analyses have been 

made of various runoff records in Arizona (Supkow, 1966) which show 

that most of the non-random variance can be attributed only to six 

month and twelve month cycles. Although the strengths and durations 

of recharge pulses are mostly random, the temperatures of the pulses 

are not random. 

No long term systematic study of runoff temperatures has been 

made but a few scattered measurements do indicate that the amplitude 

of runoff temperatures is on the same order of magnitude as the 

amplitude of annual air temperatures and that the mean annual runoff 

temperature is lower than the mean annual air temperature. This 

suggests the relationship shown in Figure 20 that one might expect by 

compiling mean monthly air temperatures and mean monthly runoff 
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Figure 20. Hypothesized relationship between mean monthly 
air temperatures and mean monthly runoff temper
atures at Tucson. 

The mean monthly air temperatures are from Green (1962). 
This sketch illustrates the hypothesis that the mean monthly 
runoff temperatures at Tucson are lower than the mean monthly 
air temperatures at Tucson. 



46 

temperatures over a long period of time. The relationship shown in 

Figure 20 is only a hypothesis and more'study will be required to 

check its validity. 

Because of the filtering action of a porous medium with 

respect to variations in heat flow, a source of recharge which 

fluctuates with respect to input temperature would appear to be a 

source of constant temperature to an observer at a sufficiently 

great distance from the source. 

Finite Difference Solution of Two-Dimensional Cases, 
Conduction and Convection 

In order to determine the theoretical distribution of temper

ature in the ground for the case of two dimensional flow of heat and 

water, various simple models of aquifers were designed and analyzed by 

using a digital computer. The first flow system to be considered is 

Case 1 depicted in Figure 21. 

This represents a vertical profile through an artesian 

aquifer which extends to infinity in the plus and minus x and y 

directions. Recharge occurs at a constant infiltration rate of 

10 ft/yr from a stream 200 feet wide which runs from plus infinity 

to minus infinity in the y direction perpendicular to the plane of 

the diagram. This type of artesian system was chosen in order to 

obtain purely horizontal groundwater flow within the aquifer to 

simplify the boundary conditions. The assumption is made that the 

temperature approaches a constant in the x direction as x approaches 
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Figure 21. Cross section of a hypothetical groundwater flow 
system. Case 1. 

This is a sketch of a symmetrical artesian groundwater 
flow system which extends to infinity in the plus and minus X 
directions. Water entering in the plus Z direction then moves 
in the plus and minus X directions as indicated by the curved 
flow lines. 

/ 
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infinity and that there is no heat or water flow in the y direction. 

The distance beyond which temperature change in the x direction may 

be neglected was determined by analyzing specific cases. The 

boundary conditions specified for this situation (Case 1A) are constant 

temperature of 23°C at the land surface, constant temperature of 31°C 

at a depth of 800 ft, a linear temperature gradient with depth at 

x = infinity, and a water input temperature of 21°C. The effect of 

temperature fluctuations at the land surface was left out. As indicated 

by the theory outlined above, this will not produce a significant 

error. 

A matrix having a grid spacing of 25 ft was set up. With 

reference to Equation (21) it was found that the maximum permissible 

grid spacing is 32 ft if one uses v = 10 ft/yr and K = 5.0X10-3 

cal/sec-cm-°C. Equation (20) was used to solve the matrix on the 

University of Arizona CDC 6400 computer by the Liebmann method as 

outlined by McCraken and Dorn (1964). It was found that the extra

polated Liebmann method advocated by McCraken and Dorn (1964) , 

Forsythe and Wasow (1960), Greenspan (1965), and Schenck (1963) was not 

effective in reducing computer calculation time because of the complex 

internal boundaries of the matrix. 

The resulting thermal profile (Case 1A) is shown in Figure 22. 

It can be seen in this case that the aquifer acts as a distributed 

heat sink. Water entering the aquifer initially absorbs heat rising 

up from the interior of the earth and also heat which moves downward 

from the surface of the land. After water passes the 23° isotherm in 
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Figure 22. Computer simulation of thermal profile. Case 1A. 

This diagram shows the computed temperature distribution 
in the ground for a symmetrical artesian aquifer where the 
temperature of the recharge water is colder than the temperature 
at the land surface. The recharge velocity is 10 ft/yr. The 
aquifer is bounded by the lines of long dashes. 
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the aquifer it absorbs only heat rising upward from the interior of 

the earth. The water gradually becomes warmer and warmer as it passes 

through the aquifer and eventually reaches a position where it no 

longer absorbs heat. Geothermal heat from the interior of the earth 

then passes through the aquifer without being influenced by the 

movement of the groundwater. 

The next flow system to be considered (Case 2) is depicted in 

Figure 23. In this system the aquifer has no axis of symmetry. In 

other respects it is similar to Case 1. A computed thermal profile 

(Case 2A) is shown in Figure 24. In this case also the temperature of 

the recharge water is initially colder than the temperature of the 

land surface. Again, the isotherms are shifted in the direction of 

water motion. As may be expected, the asymmetry of the aquifer 

results in an asymmetrical pattern of isotherms. The strength of the 

recharge source in Figure 24 is half that of the recharge source in 

Figure 22 because of the geometry. As a result, the isotherms at 

depth are on the average more depressed for Case 1A than for Case 2A. 

In Case 2B depicted in Figure 25 the same flow system as in 

Case 2A is used. The same thermal boundary conditions are used 

except that the temperature of the recharge water is initially at the 

same temperature as the land surface. The isotherms are once again 

shifted in the direction of groundwater flow as in the previous cases 

but the magnitude of the shift is not as great. One noteworthy 

feature is different, however. The recharge water is absorbing heat 

only from below the aquifer. No heat is absorbed from the surface. 
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Figure 23. Cross section of a hypothetical groundwater flow 
system. Case 2. 

This sketch shows an asymmetrical artesian groundwater 
flow system which extends to infinity in the plus X direction. 
Water entering the aquifer in the plus Z direction then moves 
in the plus X direction as indicated by the curved arrows. 
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Figure 24. Computer simulation of thermal profile. Case 2A. 

This diagram shows the computed temperature distribution 
in the ground for an asymmetrical artesian aquifer where the 
temperature of the recharge water is colder than the temperature 
at the land surface. The recharge velocity is 10 ft/yr. j.he 
aquifer is bounded by the lines of long dashes. Temperatures are 

given in Centigrade. 
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Figure 25. Computer simulation of thermal profile. Case 2B. 

This diagram shows the computed temperature distribution 
in the ground for an asymmetrical artesian aquifer v/here the 
temperature of the recharge v/ater is the same as the temperature 
at the land surface. Recharge velocity is 10 ft/yr. The aquifer 
is bounded by the lines of long dashes. Temperatures are given 
in Centigrade. 
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The results of analyzing Case 2C shown in Figure 26 are quite 

interesting. The same flow system is used as for Cases 2A and 2B. 

Similar boundary conditions are used except that now the recharge water 

is initially warmer than the land surface. Initially the recharge 

water very rapidly cools off, losing heat through the sides of the 

recharge conduit to the surface of the land. As the water passes 

around the bend, it starts to increase in temperature, this time ab

sorbing the geothermal heat from below. It then very rapidly approaches 

equilibrium temperature as it moves away from the recharge source. 

Thus in this case part of the aquifer acts as a heat source while part 

acts as a heat sink. In addition, the aquifer contains a stagnation 

point for heat flow lines which are illustrated in Figure 27. 

With reference to Figures 26 and 27, one can trace the paths 

of the heat flow lines depicted. Noting that heat flows from warmer 

areas to cooler areas, one can see that there is one heat flow line 

which originates at the land surface and goes downward along with the 

flow of water. Upon reaching the stagnation point the flow line 

branches and goes back up to the land surface, all the while going 

from warmer to cooler areas. Another flow line originating at depth 

goes upward until it reaches the stagnation point where it branches 

and then continues on to the land surface. 

In Figure 28 is shown Case 2D which is similar to Case 2A 

except that the groundwater velocity is one foot per year rather than 

ten feet per year. The resulting thermal profile is similar in form 

to that of Case 2A except that the 23° and 22° isotherms are not 
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Figure 26. Computer simulation of thermal profile. Case 2C. 

This diagram shows the computed temperature distribution 
in the ground for an asymmetrical artesian aquifer where the 
temperature of the recharge water is warmer than the temperature 
at the land surface. Recharge velocity is 10 ft/yr. The aquifer 
is bounded by the lines of long dashes. Temperatures are given 
in Centigrade. 
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Figure 27. Selected heat flow lines from Case 2C showing a 
heat flow stagnation point. 

This sketch shows how a heat flow line from depth meets 
a heat flow line from the surface at the stagnation point for 
the case where recharging groundwater is warmer than the land 
surface. The flow lines branch to the surface from the 
stagnation point. 
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Figure 28. Computer simulation of thermal profile. Case 2D. 

This diagram shows the computed temperature distribution 
in the ground for an asymmetrical artesian aquifer where the 
temperature of the recharge v/ater is colder than the temperature 
at the land surface. Recharge velocity is 1 ft/yr. The aquifer 
is bounded by the lines of long dashes. Temperatures are given 
in Centigrade. This diagram shows hov; a lower groundwater 
velocity causes a smaller shift of colder isotherms in the 
direction of groundwater movement within the aquifer. 
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shifted as far from the source of recharge in the plus x direction 

within the aquifer. 

The flow system (Case 3) depicted in Figure 29 differs from the 

previous systems in that it shows a merging of groundwater from two 

different sources. Water moving in the plus z direction meets water 

moving in the plus x direction and merges with it to produce a com

bined flow in the plus x direction. A computer simulated thermal 

profile (Case 3A) of this system is shown in Figure 30. In this case 

the infiltration velocity in the plus z direction is 8 ft/yr at a 

recharge temperature of 21°C. Groundwater enters the system from the 

minus x direction at a velocity of 2 ft/yr and a mean temperature of 

24.25°C. The combined flow leaves the system in the plus x direction 

at a velocity of 10 ft/yr and a mean exit temperature of 24.25°C. 

Note that the resulting thermal profile is similar in form to that 

shown in Figure 24 for Case 2A. This results from the fact that the 

low velocity of 2 ft/yr in the right hand portion of the system 

causes the convective heat transfer to be small compared to the con

ductive heat transfer in that region. 

Although the simulated systems described above probably do 

not match exactly anything which exists in nature, they do roughly 

approximate portions of real systems. As such they provide some 

insight into the nature of the effect of flowing groundwater upon 

the flow of heat within the earth. The most significant point to 

notice is that water recharging an aquifer affects ground temperatures 

regardless of the initial temperature of the infiltrating water. 
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Figure 29. Cross section of a hypothetical groundwater flow system. 
Case 3. 

This sketch shows an artesian aquifer system in which 
recharge water flowing in the plus Z direction at 8 ft/yr merges 
with groundwater flowing in the plus X direction at 2 ft/yr to 
form a combined flow of 10 ft/yr in the plus X direction. Flow 
lines are indicated by the curved arrows. 
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Figure 30. Computer simulation of thermal profile. Case 3A. 

This diagram shows the computed temperature distribution 
in the ground for an artesian aquifer in which recharge water 
from two sources merge to form a combined flow. Recharge water 
in the plus Z direction with a velocity of 8 ft/yr merges with 
water coming from the minus X direction to form a combined flow 
of 10 ft/yr in the plus X direction. This profile has a form 
similar to that of Case 2A in Figure 24 which indicates that 
the relatively slow velocity of 2 ft/yr has little effect 
upon the temperature distribution. 
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Finite-Difference Solution of a Three-Dimensional Case, 
Conduction and Convection 

In order to gain a better insight into the manner in which 

moving groundwater affects ground temperatures on a regional basis, 

the thermal profiles described above, plus three which were not des

cribed, were assembled into a hypothetical three-dimensional model. 

A geologic sketch map of this model, herein called Computer County, 

Arizona, is shown in Figure 31. Indicated geologic sections are shown 

in Figure 32. Examination of Figure 32 indicates that the sediments 

covered by the lava flows are not uniform in composition. That is, 

there are some linear zones of gravel within the sands and silts. 

Projections of the gravel zones onto the land surface are shown in 

Figure 33. 

The sediments are fully saturated and constitute a confined 

groundwater system. Losing River is the major source of recharge to 

the system. Losing River flows in the +y direction and has a mean 

annual temperature of 21°C. The flow of Losing River is not gaged. 

The mean annual temperature of the soil at the land surface is 23°C 

everywhere in Computer County. Directions of groundwater flow along 

with flow velocities arc shown by the arrows in Figure 34. Some 

recharge enters the system from rainfall in the Peripheral Mountains 

at an unspecified location off the southern edge of the map. Water 

leaves the system at an unspecified distance off the edges of the 

map. To depict the thermal regime of this three-dimensional model 
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Figure 31. Geologic map of Computer County, Arizona. 

This sketch shows the surface distribution of rocks in 
a hypothetical three-dimensional groundv.'ator flow system. 



Figure 32. Geologic sections through Computer County, Arizona. 

These sections show the locations of gravel zones which 
have been concealed by lava flows. Sec Figure 31 for explanation 
of symbols. 
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Figure 32. Geologic sections through Computer County, Arizona. 
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Figure 33. Map showing locations of concealed gravel zones 
in Computer County, Arizona. 

The boundaries of the concealed gravel zones are indicated 
by the dashed lines. Notice how one of the zones has a branch. 
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Figure 34. Map showing groundwater flow directions and 
velocities in Computer County, Arizona. 
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in a two-dimensional graphic illustration, the following procedure was 

used. The temperatures at a constant depth of 25 feet below the land 

surface as shown in the thermal profiles described above and three 

thermal "profiles not illustrated were plotted on a map and contoured. 

The results are shown in Figure 35. (Note that the contour interval is 

not constant.) 

It should be mentioned that the profiles were originally com

puted with the assumption that there is no heat flow by conduction in 

the y direction. The contours of Figure 35 indicate that there must be 

some conductive heat flow in the y direction from the zones of lower 

groundwater velocity into the zones of higher groundwater velocity. 

This effect was neglected along the axes of the various zones. 

In construction of this model no hydraulic permeabilities are 

specified directly. It is implied, however, that the hydraulic permea

bility is greatest in the gravel zones because therein are contained 

the highest groundwater velocities. By examining Figure 34 and Figure 

35 one can see that there is a functional relationship between the 

zones of maximum hydraulic conductivity and the distribution of 

isothermal contour lines. 

In order to determine what this functional relationship is, 

the following analysis is used. Isotherms are equipotential lines as 

indicated by potential theory. Therefore there exists a family of 

lines which are everywhere orthogonal to the isotherms. This family 

of lines is shown as a set of dashed lines in Figure 36. Note that 

several of these lines, indicated by heavy dashes, coincide with the 



axes of the zones of maximum hydraulic permeability. The heavy lines 

are shown by themselves in Figure 37. For the purpose of delineating 

these zones of maximum hydraulic permeability, or more generally, 

zones of maximum transmissivity as indicated by zones of maximum 

groundwater flow rates, a mapping function is hereby defined which will 

be termed the valley mapping function. Note that this is not a mapping 

function in the sense that it is used in conformal mapping of complex 

variables. It is only a device to analyze objectively a contour map 

of geothermal data as defined below. 

Before defining valley mapping function, it is necessary to 

define two other terms for use in this text. 

(41). DEFINITION. Contemporaneous temperatures are temperatures which 

are representative of conditions in different locations at 

the same time. 

It usually is not possible or practical to take temperature 

measurements at many different places simultaneously. Therefore, the 

actual measurements are made "contemporaneous" by correcting them to a 

common time datum. 

At any one instant in time, under the assumptions previously 

mentioned, the temperatures at a constant depth below the land surface, 

the geothermal gradients above the aquifer, and the heat flux passing 

through the land surface or the surface of the aquifer are all linearly 

proportional to one another. Thus contour maps of each of these types 

of data for any one area will have the same general form. To encompass 

all of these data types for analysis, the term geothermal data is used. 
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Figure 37. Selected lines from Figure 36 which coincide with the 
axes of the zones of maximum groundwater flow rates 
indicated in Figure 34. 

The dashed lines here which came from Figure 36 and which 
indicate the axes of the zones of maximum groundwater velocity in 
the hypothntical groundwater flov; system termed Computer County 
also constitute a plot of the valley mapping function (see text) 
of Computer County. 



(42) DEFINITION: Geothermal data may be the geothermal gradients in 

the unsaturated zone above the water, non-contemporaneous 

temperatures at the water table where the water table is below 

the zone of seasonal heat penetration, contemporaneous tempera 

tures at the water table where the water table is within the 

zone of seasonal heat penetration, values of geothermal heat 

flux above the water table, contemporaneous temperatures in a 

reference plane between the land surface and the water table 

but within the zone of seasonal heat penetration, contempor

aneous or non-contemporaneous temperatures in a reference 

plane between the land surface and the water table but below 

the zone of seasonal heat penetration, or data resulting from 

any function attributable to the effect of flowing groundwater 

upon heat flow within or above the zone of flowing groundwater 

(43) DEFINITION: The valley mapping function is a function designed 

to delineate thermal valleys on a contour map of geothermal data such 

that, of a family of lines drawn normal to geothermal data lines: 

1.) A valley line is a curve traced by a vector directed toward con

tours of geothermal data having greater values. 

2.) A valley line is selected from the family of normal lines such 

that for small neighborhoods along the valley line is less 

than along the adjacent normal lines, 

where 

G = value of geothermal data contour line 

S = distance along normal line in plane of map 



d = derivative. 

This concept is illustrated in Figure 38. 

Application of the valley mapping function to the isotherms of 

Figure 35 produces the plot shown in Figure 37. Note that the valley 

lines will cross geothermal contour lines at points where the contours 

have a minimum radius of curvature and that the curvature will be 

concave when viewed downstream from a recharge zone. Valley lines may 

split or branch but may not cross each other. 



71 

VALLEY 
LINE " 

MINIMUM RADIUS OF CURVATURE 
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Figure 38. Illustration of the concept of valley mapping function. 

The lines labeled G = 1, 2, 3, 4 may be lines of equal 
temperature, equal thermal gradient, equal heat flux, or any 
lines of equal geothermal data as defined in the text. The dashed 
lines are an arbitrary family of lines drawn perpendicular to the 
geothermal contour lines. One line from this family is the valley 
line. The valley line is drawn where the spacing between the 
geothermal contours is at a maximum. This occurs where the radius 
of curvature of the geothermal contours is at a minimum. The 
valley line is directed from contours having low values to contours 
having higher values. The valley line indicates the direction 
of groundwater movement and the axis of the zone of maximum 
local groundwater flow rate. 



CHAPTER IV 

TEMPERATURES WITHIN THE EARTH IN THE ABSENCE OF FLOWING GROUNDWATER 

Early workers noted that heat continuously escapes from the 

interior of the earth to the land surface. Among others, Carslaw and 

Jaeger (1946) used calculations based on terrestrial heat flow in an 

attempt to estimate the age of the earth. On the assumption that the 

earth is cooling off from an initially hot sphere, calculations grossly 

underestimate the age of the earth compared to estimates made by other 

techniques. When the heat given off by the decomposition of radioiso

topes disseminated throughout the crust of the earth is also taken into 

consideration, better estimates of the age of the earth are obtained. 

The present day opinion (Langseth, 1969) is that the major portion of 

the geothermal heat comes from the decomposition of radioisotopes. In 

some local areas heat may originate from vulcanism but one could pos

sibly argue that the heat for vulcanism ultimately originates from 

radioisotopes. According to Langseth (1969) the worldwide average of 

geothermal heat flux is 1.35X10-6 cal/cm2-sec. This is only about 

1/20,000 of the heat flow associated with the daily and yearly heating 

and cooling of the surfacc of the earth originating from solar radiation. 

The range of geothermal. heat flow with respect to location on the earth 

is great, on the order of 0.0 to over 6.4X10-5 cal/cm2-sec. Langseth 

(1969), however, states that it is reasonable to assume that the value 

is nearly constant within any one particular geologic province. 
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The supply of radioisotopes within the earth is slowly dimin

ishing with time ans as such constitutes a decreasing heat source. It 

is to be expected that the geothermal heat flux will also decrease with 

time. However, the decay constants of the relevant radioisotopes are on 

the order of millions or billions of years. Therefore the decrease in 

the strength of the geothermal heat source over a period of a few hun

dred years is negligible, which for practical purposes allows one to 

consider the geothermal heat flux to be constant with time. 

Effect of Topography on Heat Flow 

On the basis of assuming that a thermally homogeneous local 

area is underlain by a uniform heat source, a level piece of terrain 

will be underlain by equally spaced isothermal surfaces forming 

planes parallel to the land surface as illustrated in Figure 39. 

If, however, the terrain is not level, as is generally the case, 

heat flow will be greater where the terrain is concave upward based 

on the assumption of a land surface of constant temperature and a 

horizontal plane source of heat at a constant temperature at great 

depth. Thus isotherms will be more closely spaced below areas which 

are concave upward as illustrated in Figure 40. Conversely, isotherms 

will be more widely spaced under convex upward areas. 

However, the assumption of a land surface of constant temper

ature in a non-level terrain is generally not valid. The average 

temperature of the soil at the surface is directly related to the 

average temperature of the air adjacent to the surface of the soil. 
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Figure 39. Mean annual temperatures in a profile through 
a level terrain. 

This sketch shows that subsurface isotherms which 
underlie a level land surface which has a constant mean 
temperature will be parallel to the land surface. 
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LAND SURFACE AT CONSTANT TEMPERATURE 

ISOTHERMS WIDELY SPACED BELOW CONVEX UPWARD AREAS 

ISOTHERMS CLOSELY SPACED BELOW 

CONCAVE UPWARD AREAS 

23° 

24° 

25° 

27° 

28° 

Figure 40. Mean annual temperatures in a profile through a hilly 
terrain with the land surface at a constant temperature. 

This sketch shov.-s the effect that hilly topography has upon 
near surface isotherms in the case of a land surface which has a 
mean temperature which does not vary with elevation. The shape of 
the topography has little effect on deep isotherms. 
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Because of the atmospheric lapse rate, the temperature of the air 

decreases with increasing elevation. Green (1962) shows that the mean 

annual air temperature of U. S. Weather Bureau observation stations 

in Arizona decreases 4°F per 1000 feet of elevation (Figure 41). In 

addition, the orientation of a sloping surface with respect to the 

sun will affect its average temperature. If in an area the decrease 

in surface temperature resulting from increase in elevation is exactly 

equal to the geothermal gradient, isothermal surfaces will be level 

surfaces regardless of the shape of the topography. 

If the decrease in surface temperature due to increase in 

elevation is different from the geothermal gradient, isothermal 

surfaces will intersect sloping topographic surfaces and will be 

oriented at an angle to a horizontal plane. This is illustrated in 

Figure 42 for the case where the decrease in surface temperature 

due to elevation increase is less than the geothermal gradient. 
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Figure 41. Relationship between mean annual air temperature 
and elevation in Arizona. From Green (1962) . 

This sketch shows that the mean annual temperature of 
U. S. Weather Bureau stations in Arizona is inversely propor
tional to the elevation of the stations. 
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ISOTHERMS NORMALLY SPACED BELOW LEVEL AREAS 

LAND SURFACE TEMPERATURE DECREASES VJITH ELEVATION INCREASE 
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CONCAVE UPWARD AREAS 

Figure 42. Mean annual temperatures in a profile through a 
hilly terrain where the temperature of the land 
surface varies with elevation. 

For the case where the mean annual temperature of the 
land surface decreases with increase in elevation, isotherms 
will intersect sloping land surfaces. If the geothermal 
gradient is greater than the .increase in surface temperature 
with decrease in elevation, isotherms will also be closely 
spaced below concave upward surfaces and widely spaced below 
convex upward surfaces. 



CHAPTER V 

MASS FLOW RATES OF GROUNDWATER AS DETERMINED BY THERt'IAL DATA 

By use of analytic functions derived from Equation (1), it was 

demonstrated above that thermal data could be used to estimate the 

velocity of groundwater movement under certain favorable circumstances. 

The computer simulations demonstrate how temperature measurements in 

the unsaturated zone can be used to estimate relative rates of ground

water velocity in general circumstances. In order to estimate 

absolute rates of groundwater velocity from temperature data in 

general circumstances, more information is needed. 

Distributed Parameter Method 

To estimate the absolute velocity of groundwater flow at a 

point in an aquifer, Equation (31) may be applied. To obtain the 

temperatures needed, five observation holes which penetrate the portion 

of the aquifer under study are required. The arrangement of holes is 

shown in Figure 43. A spacing (h) of about 25 feet will be adequate for 

velocities of the order of 10 ft/yr. Recall that the maximum i:>ermis-

sible spacing is determined by Equation (21). To simplify matters it 

is desirable to arrange the holes so that the groundwater flow 

direction is alined with three of the holes. Suppose that in Figure 43 

the groundwater flow direction is from B toward D. Profiles through 

BAD and CAE are shown in Figure 44. All the information required to 

solve Equation (31) is given in Figure 44. Notice, however, that we 
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Figure 43. Map shoving arrangement of observation holes 
required to obtain temperature measurements for 
estimating groundwater velocity at a point. 

Five observation holes labeled A, B, C, D, and E are 
equally spaced with a spacing of h = 25 feet. 
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Figure 44. Profiles through observation holes of Figure 43 showing temperatures in aquifer. 

This sketch gives the information required to 
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have one equation with three unknowns: vx, Vy, and . By proper 

orientation of the observation holes, Vy is set equal to zero. The 

slope of the water table is known so v can be written in terms of 

vx. That is, vz = (1/500)vx, assuming parallel flow lines. 

Substitution into Equation (31) gives 

25.00 = (1/6) [{1- (1.0) (1.0)vv(762)/(2) (5.9X10"3) } (25.20) -I-

(l-(l.O)(1.0)v (762)/(2)(500)(5.9X10"3)}(25.10) + 

(1+U.0) (1.0)vx(762)/(2) (5.9X10-3) } (24.90) + 

(1+(1.0) (1.0)v (762)/(2) (500) (5.9X10-3)} (24.95) + 

{25.01} + {25.01}] 

Solving for vx gives 8.8X10"6 cm/sec or 9.1 ft/yr. The required 

velocity V is actually the resultant of vx and v . 

(44) V = vx/cos0 

where 0 = slope of the water table. 

Substitution into Equation (44) gives V = 9.1/0.999 = 9.1 ft/yr. 

In order to obtain the mass rate of flow through the aquifer 

by this method the thickness of the aquifer must also be known. By 

multiplying the velocity times the thickness of the aquifer, the 

mass rate of flow per unit width can be obtained if the velocity can 

be assumed to be constant throughout the thickness of the aquifer. 

If temperatures show that the velocity is not constant throughout 

the thickness of the aquifer, velocity measurements can be made layer 

by layer to obtain flow rates layer by layer. The total mass flow 

rate through the aquifer will then be the summation of the flow rates 

for the individual layers. 
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Lumped Parameter Method 

By means of a related but somewhat different approach it is 

possible to estimate the mass rate of flow through an aquifer without 

knowing the aquifer thickness. The modified approach can be considered 

to be a lumped parameter method. 

Consider the system depicted in Figure 45. By definition, the 

system is surrounded by control surfaces dravm in a manner such that 

1) Heat flows through the upper and lower boundaries in the 

z direction by conduction only, 

2) No fluid flows in the z direction, 

3) Fluid passes through the system in the x direction only, 

4) Heat flows through the system in the x direction by 

convection only, 

5) No heat or fluid flows through the system in the y 

direction perpendicular to the plane of the diagram, 

6) No heat or fluid is generated or consumed within the 

system boundaries. 

Combining the principles of conservation of energy and conser

vation of mass with the above definitions one can visualize in Figure 

45 that if the conductive heat flow into the system equals the 

conductive heat flow uuL, the temperature of the fluid flowing into the 

system must equal the temperature of the fluid flowing out of the 

system. Conversely, if the temperature of the fluid entering the 

system is less than the temperature of the fluid leaving the system, 



the amount of conductive heat leaving the system must be less than the 

amount of conductive heat entering the system. This leads directly 

to the following relationship: 

(45) Q = (Hc. -IIco)/(T0 -Ti)c0 

where Q = mass rate of fluid flow, in gm/sec 

H . = conductive heatflow into control volume, in cal/sec 
ci 

H = conductive heat flow out of control volume, in cal/sec co 

Tj[ = Mean temperature of water entering control volume, in °C 

Tq = Mean temperature of water leaving control volume, in °C 

cq = Specific heat of water, in cal/gm-°C. 

In nature one may not always find systems exactly like the one 

depicted in Figure 45. But because the flow of geothermal heat is 

generally in a vertical direction whereas groundwater flows in a 

nearly horizontal direction in many instances, the system of Figure 45 

is a reasonable approximation to many natural flow systems. The 

accuracy of the approximation may often be increased by judicious 

selection of the system boundaries. The flow directions need not be 

orthogonal as long as one is able to draw the control volume in such 

a way as to separate the conductive and convective heat transfer 

components so that the assumptions of Equation (45) are not violated. 

Consider computer simulation Case 2A in Figure 24. A control 

volume for this system is illustrated in Figure 46. Case 2a is a good 

example of an ideal situation where the conductive and convective 

heat flow components can be completely separated. There is no 

conductive heat flow across the boundaries in the x or y directions. 
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Figure 45. Control volume for analysis of an aquifer system. 

This sketch shows hov/ the conductive and convective heat 
transfer components may be separated in an aquifer for the 
purpose of estimating groundviater flow rates in an aquifer by 
the lumped parameter method. 
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Figure 46. Control volume for analysis of computer simulation 
case 2A. 

This sketch shows how the control volume can be drawn to 
separate the conductive and convective heat transfer components 
of the computer simulated thermal profile case 2A in order to 
calculate the groundwater flow rate by the lumped parameter 
method. HCj_ is conductive heat into the control volume and 
H is conductive heat out of the control volume. 
co 
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Conductive flow of heat is vertical or nearly vertical everywhere 

except in the immediate vicinity of the recharge source. Fluid flows 

out of the control volume in the horizontal direction, but enters it in 

the vertical direction. Note that the mean fluid exit temperature 

is 24.25°C. The mean fluid recharge temperature is actually 21.25°C 

rather than 21.00°C because the temperature at the boundary of the 

recharge site was set at 22.00°C. 

By definition of thermal conductivity, the heat passing through 

a volume 1 cm thick, L cm long, and W cm wide per unit time is given by 

(46) H = WLKG 

where W = width 

L = length 

K = thermal conductivity of volume 

G = thermal gradient in °C per cm thickness. 

Figure 47 is a plot of the thermal gradient in the upper 25 

feet of computer simulation Case 2A in Figure 24. This plot is made 

on the assumption that the heat flow is vertical everywhere throughout 

the 25 ft zone. This assumption will cause an error in the vicinity 

of the recharge source where the conductive heat flow has a considerable 

horizontal component. For sections AB and EF the gradient is positive 

resulting in heat escaping by conduction from the control volume 

whereas for sections BC and DE the gradient is negative resulting in 

heat being absorbed into the control volume by conduction. No heat 

flows by conduction through the recharge zone section CD because this 

condition was specified in the boundary conditions of the simulation. 
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Figure 47. Thermal gradient in upper 25 feet of computer 
simulation case 2A. 

The gradient is positive for sections A3 and EF but is 
negative for sections DC and DE, The gradient along CD is not 
applicable because no conductive heat transfer takes place there 
as specified by the conditions of the simulation. 
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No heat flows by conduction through sections FG or HA (Figure 46) 

because the horizontal gradient there is zero. 

The gradient along the lower boundary is 1°C/100 ft or 

3.281X10 11 °C/cm as specified by the boundary conditions of the simu

lation. By Equation (46) the heat flowing up into the control volume 

through GH is (1 cm) (7.62X10lf cm) (5.00X10-3 cal/sec-cm-°C) (3.381X10 ^ 

°C/cm) = 0.125 cal/sec into control volume. From Figure 47 the mean 

gradient along sections BC and DE is 2.141X10 ^ °C/cm. Substitution 

into Equation (33) gives (1) (1.06X101*) (5.00X10 3) (2.141XlO-tf) = 

0.0114 cal/sec into control volume. The mean gradients for AB and EF 

are 2.425Xl0-t4 °C/cm and 3.026X10-14 °C/cm respectively. Substitution 

into Equation (46) gives (1) (4 .343X10^) (5 .00X10-3) (2.425X10-"4) = 

0.05266 cal/sec out and (1) (1.905X10^) (5.00X10-3) (3.025X10-1*) = 

0.0288 cal/sec out respectively. Substitution into Equation (45) 

gives Q = (0.1250 = 0.0114 - 0.05266 - 0.02882)/(24.25 - 21.25) (1.0) = 

0.0183 gm/sec. 

A better estimate of II . - H for use in Equation (45) can be 
ci co 

obtained by use of a flow net analysis along the boundaries in the 

unsaturated zone and below the aquifer. From such a flow net (not 

illustrated) h j - H = 0.075 cal/sec. Substitution into Equation 
CI CO 

(45) gives 0.0250 gm/sec. The true value of Q used as input for the 

computer simulation is 0.02945 gm/sec. The % error is 

[(0.02945 - 0.0250)/(0.029450](100) = 15.1%. This is an indication of 

the magnitude of the overall error produced by: 1) the finite difference 

technique in calculeiting the positions of the isotherms and 2) the 
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analyst's error in drawing the flow net for this computer simulation. 

The error could be reduced by using a smaller grid spacing throughout 

but particularly in the vicinity of the recharge zone. 

If the geothermal heat flux is known or can be estimated for a 

region, the total thickness of the aquifer need not be known in order 

to apply the lumped parameter method of estimating the mass flow rate 

of water through the aquifer. In drawing the control volume, the lower 

surface can be placed at an arbitrary depth and the conductive heat 

transfer through the surface will be the normal geothermal heat flux 

passing through the area delineated. The temperatures at the water 

table can then be used for the mean temperatures of the water entering 

and leaving the control volume. Admittedly, this is only a first 

approximation. 



CHAPTER VI 

FIELD INVESTIGATION 

During the period of 1967 to 1970 the author measured tempera-

o 

tures in 400 wells throughout the Tucson basin by use of a thermistor 

bridge circuit. Construction details of the circuit are given in Ap

pendix I. The sensitivity of the circuit is 0.001°C which turned out to 

be a greater sensitivity than could be utilized in most cases. The mea

surements were made at five foot intervals from the water table down to 

the bottom of each well. In a few instances temperature measurements 

were made in the bottoms of dry wells or in the air space above the 

water table. Diameters of wells ranged from 2" to 24". Some wells were 

abandoned with or without pumps remaining in the wells. Many were pri

vately owned domestic wells containing submersible, jack, or turbine 

pumps. Others were municipal or irrigation wells. In addition, the 

Tucson City Water Department kindly reconstructed four abandoned city 

wells in various locations for the purpose of making temperature mea

surements in the unsaturated zone. Details are given in Figure 48. 

Temperature measurements were made in water wells based upon 

the assumption that the temperature at a point in a well is the same 

as the temperature in the soil adjacent to the well. It is also 

assumed that the presence of the well does not disturb the natural 

temperature regimen of the ground. The validity of these assumptions 
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Figure 48. Construction details of four abandoned wells used for 
temperature observations. (Tucson City wells A-6, B-17, 
B-24, B-61). 

This sketch shows how the wells were modified to obtain 
precise temperature measurements both above and below the water 
table. Temperature measurements were made at five ft intervals 
within the small diameter piiDes. 
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will be discussed below. An ideal manner of obtaining earth temper

atures would be to have an automated sensor the size of a small ant 

which would be capable of crawling -between sand grains at any location 

to any desired depth without disturbing the natural thermal regimen 

of the soil. However, with a limited budget one must be content to 

use existing access holes such as water wells. The problem of obtaining 

accurate soil temperatures from wells was examined by Sammel (1968), 

Gretner (1967), and Diment (1967). 

Generally, earth temperatures increase with depth. As a result, 

water in deep wells is warmer at the bottom than at the water table. 

Therefore water in the bottom of such wells is less dense than water 

at the water table. This is partially offset by compression of water 

due to hydrostatic pressure. The net effect is that warmer water at 

the bottom of a well tends to rise to the water table while at the 

same time cooler water at the water table tends to sink to the bottom 

of the well. This sets up within the well a series of convection cells 

each having a depth on the order of three times the diameter of the 

well. The fluid velocity within the convection cells varies in

versely with the viscosity of the water which in turn is dependent 

upon the temperature and salinity of the water. In addition, the 

fluid velocity is also proportional to the diameter of the well. 

Velocities may reach 3 cm/sec while temperature fluctuations at a 

point may reach 0.5°C. The end result is that there is a net transfer 

of heat upward from the soil surrounding the bottom of the well to 

the soil surrounding the well at the water table. Experiments 



designed to measure this effect are described by Sammel (1968). 

For geothermal gradients normally encountered in aquifers a 

1/2 inch diameter tube filled with water is stable and will not develop 

convective overturning. This factor was a prime consideration in the 

design of the four observation holes shown in Figure 48. 

Another factor which could cause very serious errors is short 

circuiting by a well screened in two or more separate horizons having 

different piezometric heads. Water could enter the well from a hori

zon having a higher head, move vertically through the well, and exit 

from the well into the horizon having a lower head. Fortunately, no 

evidence was found to indicate that short circuiting occurred to any 

measurable extent within the wells tested by the author in the Tucson 

basin. However, several newly-drilled wells in nearby Avra Valley 

showed conclusive evidence of short circuiting. 

A considerable source of error can occur in wells which have a 

depth to water on the order of a hundred feet or more, and which are 

pumped by turbine pumps, if temperature measurements are made 

immediately after the pump is shut off. Water in the pump column 

generally will run back into the well causing mixing and overturning 

when the pump stops. Little information is available to indicate how 

long a period of time is required for the water in a well to return to 

thermal equilibrium with the surrounding medium once pumping has ceased. 

However, the results of a test conducted by the author on Tucson City 

well D36 during December 1967 seem to indicate that thermal equilibrium 

is reached rather quickly. 
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Well D36 had undergone a two-week period of surging and bailing 

which ended at noon on Decembers 1, 1967. It is assumed that bailing 

and surging will agitate the water in a well as much as ordinary 

pumping. In order to determine how long a period of time is required 

for the temperature of the well to reach its equilibrium profile, 

repeated measurements were made at 3:00 p.m. on December 1, 2, 4, and 

19, 1967. Unfortunately, no measurements were made prior to the 

period of bailing and surging. The resulting temperature profiles 

are shown in Figure 49. It can be seen that the profiles all have the 

same form and that there is no systematic change of temperature with 

time from profile #1 to profile #4. The differences in temperature 

among the profiles for any given depth can be attributed entirely to 

convective overturning which one would expect to find in most large 

diameter wells as discussed above. 

Results of Field Investigation 

Most wells throughout the area of investigation were measured 

only once, but twenty were measured repeatedly at irregular intervals 

of time. In Figure 50 are shown temperature profiles of well A-6 made 

over a period extending from February 17, 1967 to May 13, 1969. Well 

A-6 is one of the wells constructed as shown in Figure 40. These ob

servations verify the theoretical expectation that the seasonal temper

ature v/ave has a negligible effect below a depth of about 50 feet. 

Because the depth to water in most of the Tucson basin is greater than 

50 feet, one may thus neglect the influence of seasonal temperature 
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Figure 49. Relationship between temperature and depth for well D-36. 
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Figure 50. Temperature profiles of observation well A-6 from 
February 17, 1968 to May 17, 1970. 

Temperatures were measured at five feet intervals. Profile 
was measured before the well was reconstructed for the purpose of 
obtaining temperatures above the water table (see Figure 48). Pro
jection of line AB to zero depth at point C gives the mean annual 
temperature of the soil at the land surface. Line BC is the mean 
value line (see Figures 18 and 19) about which the seasonal heat 
wave fluctuates. Note that the geothermal gradient at this 

#1 
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location is negative. The location of well A-6 is given in Figure 52. 
The geothermal gradient given by DAB progressively became less 
negative by changing to EAB as a result of the decline in the water 
table from a depth of 84 feet to 106 feet. The differences in 
temperature among the profiles (about 0.2°C) below the water table 
result from seasonal differences .in temperature of recharge water. 
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Figure 51. Relationship between elevation of the land surface 
and mean temperature of the soil at the land surface 
in the Tucson basin and Avra Valley basin. 

This plot shows that the mean soil temperature at the 
land surface generally decreases with increase in elevation. 
The line with slope ~0.00222°C/ft has the same slope as the line 
given by Green (1962) in Figure 41 for the change in mean annual 
air temperature with change in elevation of weather stations in 
Arizona. Locations which are close to sources of natural ground
water recharge such as E-2 and Veovodsky do not fit the trend well 
but are generally colder than expected. Wells in the Avra Valley 
basin are prefixed by the letters AV. 
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Figure 52. Mean temperature of soil at the land surface in the Tucson basin. 

This map gives the locations of observation wells used to determine the mean 
temperature of the soil at the land surface in the Tucson basin. Temperatures are 
given in Centigrade. Locations in the central portion of the basin (3-1, 3-17, C-12, 
SO IS, Tlf>SR14E25cba) fit the trend of decreasing temperature with increasing 
elevation. Locations of the edge of the basin close to zones of natural groundwater 
recharge (A-7, E-2, Veovodsky, A-8, B-24) do not fit the trend but are colder than 
expected from the standpoint of elevation alone. Locations of the AV wells are 
not given. 

Line SW-NE shows the location of the profile given in Figure 58. 
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Figure 52. Mean temperature of soil at the land surface in the Tucson basin. 
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changes at the land surface upon temperatures at the water table. 

Measurement of the slope of the line between points A and B gives the 

geothermal gradient in the unsaturated zone. Projection of line AB to 

zero depth at point C gives the mean annual temperature of the soil at 

the land surface for this location based on the assumption of constant 

thermal conductivity in the unsaturated zone. 

By means of this procedure, the mean soil temiuerature at the 

land surface was determined for various locations at different eleva

tions in the Tucson basin. In Figure 51 is shown a plot of land surface 

elevation versus mean soil temperature at the land surface in the 

Tucson basin. Some of the data points show a trend of decreasing 

temperature with increasing elevation. The slope of the trend is on 

the same order of magnitude as the value of -0.00222°C/ft given by 

Green (1962) for the variation in mean air temperature with variation 

in elevation of U. S. Weather Bureau stations in Arizona (see Figure 

41) and the worldwide mean value of the atmospheric lapse rate of 

-0.00198c>C/ft given by Taylor (1954). Some of the points, namely the 

ones in the lower left corner of the plot, do not fit the above 

mentioned trend. These exceptional points arc all located in the 

vicinity of groundwater recharge zones consisting of ephemeral streams. 

Locations of the data points of Figure 51 are given in Figure 52. Thus 

it can be seen that the mean temperature of the soil at the land surface 

as determined by extrapolating the geothermal gradient will increase not 

only with a decrease in elevation of the land surface, but also with an 

increase in the distance from a recharge zone. 
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With reference again tc the temperature profiles in Figure 50, 

some differences can be noted near and below the water table. It is 

possible that irregularities in profile #4 below point A resulted from 

instrumental difficulties which prevented deeper measurements from being 

made on that date. Other differences among the profiles have different 

explanations. (Note that profile #1 was measured before the well was 

reconstructed. That is the reason it does not extend above the water 

table. It extends below the other profiles because the access tubes for 

the later measurements were not set all the way to the bottom of the 

we ]. 1) . 

The change in the geothermal gradient from DAB to EA associated 

with the drop in water level from 1968 to 1970 is prominent. This 

points out the fact that geothermal gradients measured above a falling 

or rising water table will be in a state of transition unless by chance 

the geothermal gradients above and below the water table are equal. Be

cause of the slow thermal response of the soil to changes in boundary 

conditions, a large thickness of soil will contain a certain amount of 

memory of the past. Lovering (1948) recognized this feature in associ

ating certain features of borehole temperatures with recent climatic 

changes in the San Manuel District of Arizona. 

The fluctuations of temperature with time for well A-6 below the 

water table can be attributed to recharge pulses of varying size and 

temperature. Note that the magnitude of these fluctuations is only on 

the order of 0.2°C even though A-6 is close to a recharge zone of 

varying strength and temperature. 
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The thermal rccord of well A-6 is of interest also because of 

the fact that the geothermal gradient above the water table in this 

particular location is negative. In light of the theory outlined 

above one would expect that this well is close to a zone of ground

water recharge which in fact it is. The location of A-6 is given in 

Figure 52. 

If the water table were to stabilize in the future at the 1970 

level, one would expect that eventually the geothermal gradient will be 

represented by a straight line between points E and C. On the other 

hand, if all nearby groundwater recharge is intercepted before it 

reaches A-6, the geothermal gradient in the unsaturated zone can be 

expected to become positive at this location. 

Periodic temperature measurements were also made in a set of 

closely spaced observation wells on one of the University of Arizona 

experimental farms adjacent to Rillito Creek. Locations of the wells 

are shown in Figure 53. Temperature profiles of the "A-line" are 

shown in Figure 54 for March 1, 1968. A plot of temperature versus 

time for well A-7 is given in Figure 55 for a depth of 75 feet. It can 

be seen that the temperature of A-7 did not vary significantly with 

time except during March to April, 1968. This followed an unusually 

large flood which occurred in the winter and spring of 1967 to 1968. 

(See streamflow hydrograph of Rillito Creek in Figure 5.) Note that 

the well quickly returned to its original temperature of about 20.3°C. 

Thus the damping of rccharge temperature waves as predicted by theory is 

confirmed by empirical observation. 
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Figure 54. Temperature profiles of observation vzells on A-line on March 1,1968. 

The location of these wells is shown in Figure 53. Note the wide spread in 
temperatures for any given depth even though the maximum spacing between wells is 
only 200 feet. 
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Figure 55. Relationship between temperature and time for well A-7 at a depth of 75 feet. 

This plot shows that the groundwater temperature below the zone of seasonal 
heat penetration tends to remain fairly constant with time even at locations fairly 
close to a zone of groundwater recharge. The high peak in April, 1968, followed an 
unusually large period of runoff during the previous four months. The rise in 
temperature during March can be attributed to a rise in air temperature and a 
resultant rise in runoff temperature. Mote that the groundwater temperature quickly 
returned to its mean value of about 20.3°C shortly after runoff in Rillito Creek 
ceased at the beginning of April, 1968. 
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Several features of this profile are worthy of comment. Rillito 

Creek in this case is the primary source of groundwater recharge. In

filtration of flood water from Rillito Creek penetrates the unsaturated 

zone to the water table and forms a groundwater mound. Between floods 

the mound dissipates resulting in a net movement of groundwater in a 

generally southwesterly direction. To an observer standing several 

o 
thousand feet southwest of Rillito Creek and observing the groundwater 

flow by, Rillito Creek appears to be a source of constant strength and 

constant temperature. Thus measurements of groundwater flow rates at 

points sufficiently distant from Rillito Creek can be used to obtain an 

estimate of the mean recharge rate of Rillito Creek representing a 

period of many years by means of the following method. 

Consider the hypothetical groundwater flow system shown in 

Figure 56. Recharge from an intermittent source forms a groundwater 

mound which gradually dissipates. As a result, the elevation of the 

water table near the source fluctuates within limits which are indicated 

by dashed lines. However, the amplitude of the fluctuations decreases 

with increasing distance from the source. Therefore, if one measures 

the groundwater flow rate at a point such as A where the water table 

fluctuation due to the growth and dissipation of the groundwater mound 

is negligible, by continuity the flow rate at A will equal the 

recharge rate. 

In Figure 57 is a generalized northeast-southwest profile across 

Rillito Creek. This flow system is similar to the hypothetical one in 

Figure 56 except that this one has a zone of low hydraulic conductivity 
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Figure 56. Cross section of a hypothetical groundwater flow system. 

This sketch shows how an intermittent recharge source will appear to be a 
source of constant strength to an observer at a sufficiently great distance such 
as at a location indicated by A. 
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Figure 57. Generalized northeast-southwest cross section across Rillito Creek. 
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between the main aquifer and the bedrock. The mean groundwater flow 

directions are indicated by dashed arrows. One can expect some re

versals of flow direction near the recharge source during periods of 

groundwater mound buildup but the average flow direction for the system 

is to the southwest as indicated. If the groundwater flow rate 

through the zone of low hydraulic conductivity is small compared to 

the flow rate through the zone of high hydraulic conductivity, 

measurement of the flow rate at a point such as A will give the mean 

recharge rate of Rillito Creek. If the groundwater flow rate in the 

zone of low hydraulic conductivity is to be considered also, a 

measurement of the flow rate at a point such as B when subtracted 

from the flow rate at A will give a more accurate estimate of the re

charge rate. Plow rates can be determined by either the lumped or 

distributed parameter methods. 

In Figure 58 is a generalized northeast-southwest thermal 

profile through part of the Tucson basin. The location of the line 

of profile is indicated in Figure 52. The mean annual soil temperature 

at the land surface in the profile is near 23°C, depending upon surface 

elevation. It is also somewhat cooler near Rillito Creek as indicated 

previously. Thus one can see that recharge water from Rillito Creek 

initially absorbs heat both from above and below, and farther from 

the recharge source absorbs only geothermal heat from below just as in 

the computer simulated cases. One difference between this real 

situation and the simulated cases is that the principal aquifer in the 

real case lies upon another aquifer of great thickness -but of low 
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hydraulic conductivity instead of upon bedrock. The location of the 

change in conductivity is indicated by the zone containing the closely 

spaced isotherms in Figure 58. A check of drillers' logs by the author 

confirmed a change in lithology at the indicated depths. The crowding 

together of isotherms at the aquifer boundary results from a slow 

movement of warm water from the zone of low conductivity across the 

boundary into the zone of high conductivity. Some reversals of 

direction can be expected during development of the groundwater mound 

but as discussed above the net movement must be from the zone of low 

to high hydraulic conductivity* 

The presence of a steep temperature gradient near lithologic 

boundaries can be of assistance in the interpretation of temperature 

profiles of wells. In Figure 59 is illustrated a temperature profile 

the general form of which is similar to that of many others in certain 

areas of the Tucson basin. This profile has two steep jumps in tempera

ture gradient which indicate the presence of two lithologic boundaries. 

The upper zone, containing the Rillito Creek channel fill deposits, is 

a zone of very high permeability. Recharge water passes through the 

zone at a rapid rate resulting in a very shallow temperature gradient. 

The middle zone is a zone of moderate permeability which represents the 

basin-fill sediments as defined by Pashley (1966). 

The lower zone, which is only partially penetrated by this 

particular well, is a zone of generally low permeability. In many 

areas of the Tucson basin where the water table ic below the "Rillito 

surface" (lower boundary of the basin-fill deposits as defined by 
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Figure 59. Relationship between depth and temperature of water in well 13Sl3E8bda. 

This sketch shows how lithologic boundaries are sometimes indicated by a 
steep temperature gradient. 
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Pashley, 1966), wells penetrating the lower zone are often poor pro

ducers and are therefore abandoned as being uneconomical to operate. 

In order to depict graphically the thermal regime of the entire 

Tucson basin, the following procedure was used. For each available 

measurement, the temperature at the water table was plotted on the base 

map. Locations of measurements are indicated by plus signs. The 

temperatures were then contoured keeping in mind that no isolated cold 

spots could exist at locations remote from recharge sources. The re

sulting contour map is shown in Figure 60. Note how the water table 

temperatures increase toward the center of the basin away from the 

recharge sources consisting of the surrounding ephemeral stream 

channels. 

Several features of this isotherm map are of special interest. 

It can be seen that low values of isotherms lie adjacent to known 

sources of natural recharge which are the existing stream channels of 

the Santa Cruz, Rillito Creek, Ventana Canyon, Sabino Creek, Aqua 

Caliente, Tanque Verde Creek, and Pantano Wash. High values of iso

therms are situated within areas lying between recharge sources. As 

indicated by the computer simulations and by Figure 57, greater flow 

rates from a recharge source will shift the low-valued isotherms to a 

greater distance from the recharge source. Keeping this in mind one 

can look at the map and qualitatively recognize at a glance where the 

relatively strong and weak recharge sources are located. 

All the rivers appear to be recharge sources. On a large scale 

the rivers act as line sources. However, the strength of each line 
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source is not uniform. It is thus obvious that the hydraulic permea

bility of the river beds and/or the hydraulic permeability and trans

missivity of the adjacent formations must vary considerably. Based upon 

the assumption that the zones of maximum transmissivity coincide with 

the zones of maximum groundwater flow rates, maximum transmissivity 

zones can be located very easily by applying the valley mapping 

function to the data of Figure 60. 

Application of the valley mapping function to the isotherm map 

of Figure 60 produces the plot depicted in Figure 61. It is readily 

apparent that the function in this case bears a remar3cable similarity 

to a dendritic drainage pattern. 

This at once leads one to suspect that the plot of Figure 61 is 

in some way indicative of a dendritic drainage system existing below 

the present topographic surface in the Tucson basin. That such is the 

case is supported by other information and lines of reasoning which 

will be discussed below. 

A contour map (modified after Pashley, 1966) of the base of the 

basin-fill sediments, termed the "Rillito surface" by Pashley (1966), is 

given in Figure 62. The "Rillito surface" is an old topographic surface 

and as such was a surfacc of erosion before being covered by the more 

recent basin-fill sediments. Eros.ional surfaces commonly contain den

dritic drainage patterns except where structural control produces 

other patterns. Burial of such a. surface by the sediments of alluvial 

fans in the process of construction would preserve the drainage pattern 

carved into the surface. 
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Figure 62. Contour map of base of bas.in-fi.ll sediments. 
From Pashley (1966). 

Contours are given in feet. This shows the configuration 
of the topography which existed during the Tertiary prior to the 
deposition of the basin-fill sediments. 
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In Figure 63 is shown the plot of Figure 61 superimposed upon 

the "R.illito surface" of Pashley (1966) . Note that, except in the 

northwest portion of the map, all the groundwater flow directions as 

indicated by the valley mapjjing function are downhill with reference to 

the "Rillito surface". The valley lines do not all cross the contour 

lines at right angles as one would expect them to, however. This 

could be due to uncertainty in the positions of the valley lines 

and/or the contour lines resulting from an insufficient density of 

data points. 

The "Rillito surface" as indicated by Pashley (1966) is a 

fairly smooth surface. The work of Maddox (1960), however, suggests the 

"Rillito surface" to be more irregular. In Figure 64 is reproduced an 

isometric drawing by Maddox (1960) of a portion of the "Rillito surface" 

as determined from an analysis of drill cuttings. Note that in some 

areas of the map the surface is absent because the wells there are 

not deep enough to penetrate the surface. The area studied by Maddox 

does not coincide with the area covered in the present study. However, 

for the region of overlap the plot of the valley mapping function of 

Figure 61 is superimposed upon the isometric drawing of Maddox in 

Figure 64. In this area the plot of the valley mapping function 

generally lies within the topographic lows indicated by Maddox (1960). 

Specific capacities of wells located on or close to the lines 

indicated by Figure 61 are generally higher than specific capacities of 

wells located in intervening areas (University of Arizona Agricultural 

Engineering Department open files, 1969). On the basis of the 
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Figure 63. Superposition of plot of valley mapping function for 
Tucson basin (Figure 61) upon contour map of base of 
basin-fill sediments (Figure 62). 

This shows that the "downstream" direction (northwesterly) 
of the dendritic drainage pattern indicated by Figure 61 is 
generally downhill with respect to the base of the basin-fill 
sediments. 



Figure 64. Isometric drawing of Rillito surface by Maddox (1960). 

This drawing indicates that the Rillito surface (base of basin-fill sediments) 
more irregular than suggested by Pashley (1966) in Figure 62. Contours are given in 
feet above an arbitrary datum plane indicated by the section line grid. A portion of 
the plot of the valley mapping function of Figure 61 is superimposed upon the diagram. 



interpretation of well temperature logs and subsurface data from 

Pashley (1967), a cross section typical of many areas in the Tucson 

basin drawn perpendicular to several subsurface channel lines has the 

general form of the diagram in Figure 65. 

The permeability of sediments overlying the "Rillito surface" 

is generally greater than that of sediments underlying the "Rillito 

surface". As a result, the specific capacities of wells in locations 

such as B in Figure 65 are greater than those of wells in locations 

such as A or C. The disparity is further enhanced by a drop in the 

water table. If the upper zone is more permeable than the lower zone, 

a drop of the water table with time as indicated would reduce the 

specific capacity of well C by about 75% but of well B by only about 

50%. The specific capacity of well A would be reduced to within only 

a few percent of its original value. Many wells located in areas such 

as A have been abandoned -as being uneconomical to operate. 

The specific capacity of a well is a function not only of the 

transmissivity of the aquifer but also of the depth of penetration and 

the manner of well completion. Thus variation of specific capacity is 

useful only as a rough approximation of variation of aquifer trans

missivity. Maps of isospecific capacity of wells in the Tucson basin 

produced by Ganus (1965) and Streitz (1962) are given in Figures 66 

and 67 respectively. Both maps are generally of the same form but 

differ in some details. The differences may be caused by differences 

in available data points and by differences in contouring techniques. 

Superpositions of the valley mapijing function of Figure 61 upon these 
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Figure 65. Generalized cross section showing the relationship 
between specific capacity of water wells and the 
"Rillito Surface". 

Well A has a low specific capacity and well B has a high 
specific capacity whereas well C has an interm.idiate specific 
capacity. Wells of higher specific capacity are generally found 
within the valleys of the "Rillito Surface" because the sediments 
underlying the "Rillito Surface" have a lower hydraulic conductivity 
than sediments overlying the "Rillito Surface". 
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Figure 66. Isospecific capacity map of wells in Tucson basin 
by Ganus (1965). 

Contours are given in gallons per minute per foot of drawdown. 
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by Streitz (1962). 

Contours are given in gallons per minute per foot of drawdown. 
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maps are shown in Figures 68 and 69 respectively. It is obvious that 

the correlation between the valley lines and the zones of maximum 

specific capacity is not perfect. The disparities can result from 

having an insufficient number of data points to resolve completely the 

great degree of heterogeneity of the aquifer with respect to both temp

erature and specific capacity of wells contained therein. In addition, 

some of the zones of high transmissivity as indicated by the temperature 

data may lie at depths which have not been penetrated by the wells used 

in the preparation of the specific capacity map. 

An inspection of the relationship between the subsurface 

dendritic pattern of Figure 61 and the present surface drainage 

system in the Tucson basin suggests a physical connection between the 

two systems. In Figure 70 is shown a trace of the majox- surface 

drainage channels which exist in the Tucson basin at the present time. 

A comparison of the two systems shows that their relative orientations 

are similar. That is, the "downstream" direction for both is generally 

northwesterly. However, when Figure 61 is superimposed upon Figure 70 

it can be seen that "upstream" extensions of the subsurface dendritic 

system join with portions of present day stream channels which exist 

in areas around the periphery of the Tucson basin where the basin-fill 

sediments are thin or non-existent. This is illustrated in Figure 71. 

Pashley (1966) states that the basin-fill sediments resulted 

from the formation of alluvial fans developed at the foot of the 

mountains surrounding the Tucson basin. The existence of a buried 

drainage network beneath these alluvial fans would help to explain 
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Figure 68. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon isospecific capacity map 
(Figure 66) of water wells given by Ganus (1965). 

This shows the relationship between the zones of maximum 
groundwater flow rates as indicated in Figure 61 and the specific 
capacity of water wells as given by Ganus (1965). 
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Figure 69. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon isospecific capacity map 
(Figure G7) of wells given by Streitz (1962). 

This shows the relationship between the zones of maximum 
groundwater flow rates as indicated in Figure 61 and the specific 
capacity of wells as given by Streitz (1962). 
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Figure 70. Major and minor surface drainage channels in Tucson basin. 



Figure 71. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon map of surface drainage 
channels in Tucson basin (Figure 70). 

This shows Lhe relationship between the zones of 
maximum groundwater flow rates as indicated in Figure 61 and 
the present surface drainage channels. Note that if one made 
"upstream" projections of the dendritic pattern from Figure 61, 
the projections would be coincident with existing surface chan
nels on the margins of the basin. 
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Figure 71. Supp.rpositioii of plot of valley mapping function for 
Tucson (Figure 61) upon map of surface drainage channels 
in Tucson basin (Figure 70). 



the manner in which these alluvial fans and alluvial fans in general 

were constructed. It thus appears that a drainage system through-

flowing to the northwest existed in the Tucson basin in late Tertiary 

time and that the Tucson basin was not a closed drainage basin having 

no outlet at that time as suggested by Pashley (1966). Gradual 

development of the Quaternary alluvial fans appears merely to have 

contemporaneously distorted or shifted the Tertiary drainage channels 

to their present day locations. The growth of the alluvial fan to the 

northwest from the Santa Rita mountains could have "driven a wedge", 

so to speak, between the ancestral channels of the Santa Cruz and 

Pantano Wash. This could have resulted in a gradual northwesterly 

shift of the channel junction to its present day location. 

Ganus (1965) made a study of grain size distributions at various 

levels in the Tucson basin. A sketch of his findings is presented in 

Figure 72. By superimposing the plot of Figure 61 upon one of the 

subsurface lithologic maps of Ganus (Figure 72a), one can see the 

relationship between the subsurface sediments and the zones of maximum 

groundwater flow rates. This is shown in Figure 73. 

With reference to Figure 73, the main trunk line of Figure 61, 

indicated as line ab, generally separates the coarse-grained from the 

fine-grained sediments except at the southeast end of ab. This fact 

when considered in conjunction with the generally straight alignment of 

ab suggests the possibility that the development of the ancient channel 

represented by line ab was in some way fault controlled. Valley line 

cd is consistent with the lithologic data in that it is along a zone of 



Figure 72. Subsurface lithology in Tucson basin after Ganus (1965). 

The sediments are divided in three general groups being 
fine-grained, medium-grained, or coarse-grained by 100 ft intervals. 
Part a of Figure 72 shov/s the lowest interval from 2100 to 2200 feet 
whereas part d shows the highest interval from 2400 to 2500 feet. 
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Figure 72. Subsurface lithology in Tucson basin after Ganus (1965). 



Figure 73. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon subsurface lithologic map 
(Figure 72a) given by Ganus (1965). 

This shows the relationship between the zones of maximum 
groundwater flow rates as indicated by Figure 61 and the subsur
face lithologic types given by Ganus (1965). Valley line cdb 
shows good correlation with lithology in that it follows a well 
def.ined zone of medium-grained sediments which Ganus (1965) 
described as being river deposits. 
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Figure 73. Superposition of plot of valley mapping function for 
Tucson (Figure Gl) upon subsurface lithologic inap 
(Figure 72a) given by Ganus (1965). 



131 

medium-grained sediments which separates areas of fine-grained 

sediments. Line ef is inconsistent with the lithologic data in that it 

crosses a zone of fine-grained sediments. This could result from un

certainty in calculating the position of ef or poor resolution of the 

boundaries of the fine-grained zone because of insufficient data 

points. It is also possible that both plots are essentially correct 

but that the zone of high transmissivity represented by ef exists below 

the layer of fine-grained sediments mapped by Ganus. One should keep in 

mind that the valley mapping function gives a projection of zones of 

maximum transmissivity onto the map surface but does not indicate in 

any way what the depths to the zones are. 

When one considers the subsurface litbology in combination with 

information gained from subsurface thermal data, another method for the 

development of the valley fill is suggested. It is possible that the 

ancestral Rillito Creek-Pantano Wash channel indicated by line ab 

migrated vertically upward while fine-grained sediments derived from 

the southwest were deposited on the southwestern side of the channel and 

coarse-grained sediments derived from the Santa Catalina mountains were 

deposited on the northeastern side of the channel. When this cycle of 

deposition ceased, a cycle of erosion began during which the channel 

migrated laterally to its present location. This hypothesis is sup

ported in part by the sequence of terraces defined by Smith (1938). The 

areal distribution of these terraces is given in Figure 74. A reinter-

pretation of Smith's terraces by Pashley (1966) is given in Figure 75. 

The hypothesized successive positions of Rillito Creek are shown in 
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Figure 74. Terraces in Tucson basin after Smith (1938) . 



s N 
TRIBUTARY FAN 

RILLITO CREEK 
UNIVERSITY CEMETERY 2400 JAYNES 

\ TERRACE DEPOSITS FLOOD PLAIN 

TERRACE DEPOSITS 
RECENT ALLUVIUM 

Eh 
g 220C 

BASIN-FILL DEPOSIT, 

O 
f—f 
Eh 
< 
•> 

RILLITO SURFAC: 

2000 
RILLITO BEDS 

1300 
0 1 MILE 

Figure 75. Reinterpretation of Smith's terraces by Pashley (1966). 
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Figure 76. Position #1 indicates the location of Rillito Creek at the 

start of the cycle of deposition which formed the basin-fill deposits. 

Position if7 indicates the present location of Rillito Creek. 

Other interpretations of the data are, of course, possible. 

Ganus (personal communication) suggests that the coarse-grained and 

fine-grained sediments delineated in Ganus (19G5) were not deposited 

contemporaneously. This would imply more than one cycle of deposition 

and erosion between the "Rillito surface" and the present topographic 

surface. Perhaps more information will be required to resolve the 

issue. 

At this point it should be emphasized that the author does not 

suggest that the use of temperature data is the ultimate solution to 

determining aquifer characteristics and subsurface geology. It is only 

another tool to be used in conjunction with all other available infor

mation and techniques. 

A gravity survey of the Tucson basin made by Abuajamieh (1366) 

indicates the presence of stream channels buried below the present 

topographic surface. A map showing the locations of Abuajamieh's 

buried channels is shown in Figure 77. A superposition of the valley 

mapping function of Figure 61 upon Abuajamieh's map is shown in Figure 

78. Only valley line ab shows a good correlation with one of the 

channels. This does not imply that the other channels do not exist, 

however. Locations of the other valley lines could be in error because 

of a low density of data points. Also, if narrow linear zones of high 

hydraulic permeability exist at right angles to the direction of ground 
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Figure 76. Hypothesized successive positions of Rillito Creek. 

The oldest location of Rillito Creek is indicated at location 1 whereas the 
present day position is at location 7. 
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Figure 77. Buried channels in Tucson basin indicated by gravity 
survey of /ibuajamieh (1966) . 
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Figure 78. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon map (Figure 77) of buried 
channels in Tucson by Abuajamieh (1966) . 

Valley line ab shows a good correlation with one of the 
buried channels of Abuajamieh (1966). 



water flow, they will have little or no effect upon relative flow rates 

and as such will be undetectable by widely spaced temperature measure

ments such as those used in the present study. Closely spaced 

temperature measurements, however, could detect narrow zones of high 

hydraulic permeability regardless of the orientation relative to the 

direction of groundwater flow. 

It was mentioned above that the pre-existing system in the 

the Tucson basin may have been in part fault controlled. Some support 

of this hypothesis is given by the surficial linear features (see 

Figure 2) reported by Sherman and Iiatheway (1964). These are linear 

features which appear on aerial photographs of part of the Tucson basin 

which could have resulted from recent movement along subsurface fault 

zones or from differential compaction of fine-grained sediments caused 

by pumping of groundwater. In Figure 79 a map of the "linears" has 

superimposed upon it the plot of the valley mapping function of Figure 

61. The general trend of the "linears" is parallel to the trend of 

valley line ab but is not coincident with it. This suggests a rela

tionship between the "linears" and the subsurface zone of high 

transmissivity, but the evidence is not conclusive. 

Davis (1967) made a gravity survey of the Tucson basin and 

determined the depth to bedrock on the basis of gravity data. A re

production of his map showing the thickness of sediments in the Tucson 

basin is shown in Figure 80. The general pattern of contours is 

suggestive of blocks bounded by fault scarps. In Figure 81 the plot 

of Figure 61 is again superimposed upon Davis1 map. An alignment of 
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Figure 79. Superposition of Figure 61 upon linears of Sherman and Hatheway (1964). 

This shows that the main trunk line of Figure 61 (labeled ab) is parallel 
to but not coincident to the trend of the surficial linear features reported by 
Sherman and Hatheway (1964). The linears could have resulted from compaction of 
fine-grained sediments due to groundwater withdrawal by pumping. 
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Figure 80. Isopachous map of sediments in Tucson basin from 
Davis (1967) . 

Contours are given in feet. The shape of the contours is 
indicative of downfaulted blocks underlying the basin sediments. 



141 

R12 E R13E R14E R15E .  R 1 6 E  

6 MILES 

Figure 81. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon isopachous map of sediments 
in Tucson basin (Figure 80) from Davis (19G7). 

This shows that the main trunk line ab of Figure 61 is 
coincident with the low portion of the basement rock in the 
northern part of the basin. 
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valley line ab with some of Davis1 contours is evident but the shape of 

the bedrock tox^ography appears to have Tittle correlation with the zones 

of high groundwater flow rates. 

The work of Davis (1967) indicates that the sediments underlying 

the Tucson basin are as much as 7000 feet thick in £>laces. However, 

most water wells in the basin are only 1000 feet or less deep. Thus 

only the upper part of the sediments has been penetrated by wells. 

Evidence discussed above indicates a buried toxaographic surface xvithin 

the ux^or portion of the sediments. The question now arises as to 

whether any additional erosional surfaces exist within the deex^er 

sediments. This could be a fruitful topic for further research. 

One would also expect to find a relationship between groundwater 

velocities and groundwater ages. To test this hypothesis the x^lot of 

Figure 61 is superimposed upon Bennett's (1965) map of carbon-14 ages 

of groundwater in the Tucson basin. This is shown in Figure 82. As 

expected, the oldest water in excess of 6000 years does not lie along a 

zone of maximum groundwater velocity. The apparent "sinks" of old water 

at the 6900 and 6100 years locations can thus be exjJlained on the basis 

of the distribution of groundwater velocities. Convergence of zones of 

high groundwater velocity will thus cause "age sinks" in the middle area 

just upstream from the point of convergence. One would thus expect 

water downstream from a convergence point to be a mixture of waters from 

the high and low velocity zones upstream. This tyx^e of analysis could 

be useful in studying the groundwater in an area such as the Tucson 

basin. Such a treatment is beyond the scope of this study, however. 
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Figure 82. Superposition of plot of valley mapping function for 
Tucson (Figure 61) upon map of carbon-14 groundwater 
ages (Figure 11) from Bennett (1965). 

This shows that the oldest groundwater does not lie within any 
of the zones of maximum groundwater velocity j.ndicated in Figure 61. 
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One could argue that the correlation between the valley mapping 

function and the carbon-14 ages of groundwater, isospecific capacities 

of water wells, and subsurface lithology occurs only by chance as a 

result of a fortunate distribution of subsurface heat sources, heat 

sinks, and highly variable thermal conductivities without regard to the 

theory that such a correlation should exist. For the sake of complete

ness, the author will make a comparison between the valley mapping 

function and an apparently unrelated function, namely the thickness of 

caliche at the land surface. In Figure 83 is reproduced an isopachous 

map of the distribution of caliche in the Tucson basin as given by 

Streitz (1962). In Figure 84 the valley mapping function of Figure 61 

is superimposed upon Figure 83. As anticipated there does not seem to 

be any consistent relationship between the valley mapping function and 

the thickness of caliche. 

On the basis of the information and theory presented herein, it 

is obvious where one would want to drill a new well if it is desired to 

locate the well in a zone of maximum transmissivity. The most desirable 

locations would be anywhere along the channel lines indicated in Figure 

61. The locations of the channels as indicated in Figure 61 are only 

approximate, however. It is not possible to indicate the precise loca

tions of channel center lines here because it is felt that the density 

of data points is not sufficient for such a task. This is readily 

apparent if one considers that the present day channels of the Santa 

Cruz, Pantano Wash, and Rillito Creek are only on the order of 50 feet 
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Figure 83. Isopachous map of caliche in the Tucson basin from Streitz (1962) 

Contours are given in feet. 
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Figure 84. Superposition of plot of valley napping function for Tucson (Figure 61) upon 
isopachous map of caliche in Tucson (Figure 83) from Streitz (1962). 

This sketch shows that there does not appear to be any consistent relationship 
between the thickness of caliche as given by Streitz (1962) and the zones of maximum 
groundwater flow rates indicated in Figure 61. 
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to 200 feet wide. It would be reasonable to assume that the widths of 

the ancestral channels were on the same order of magnitude. Spacings 

between data points used in this study range from 1/4 to 1/2 mile on 

the average but extend to several miles in some areas. A few data 

points are only about 25 feet apart. Thus one would be fortunate 

indeed to locate the center of a 100 ft wide target on the basis of 

data points spaced 1500 ft apart. l'n order to zero in on the 

desired locations a better technique is required which will be des

cribed below. 

Implications to Sampling and Information Theory 

The information brought to light by this study has a direct 

bearing upon the degree of validity of past and future studies of the 

hydrology or subsurface geology of the Tucson basin. In order to 

describe the system adequately one must take a sufficiently large 

sample. For a completely homogeneous system, one sample would be 

sufficient to describe the system. But for a system as heterogeneous 

as the Tucson basin the question arises as to how large a sam£)le is 

required to make a meaningful interpretation of the subject under 

study. 

One can only answer this by weighing the time, cost, and 

effort required to obtain the samples against the benefits expected 

to be derived from a study of the samples. For example, consider 

the distribution of groundwater radi*.. carbon ages in Figure 11 as 

presented by Bennett (19G5). Here the density of data points is 
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about 1 point per 4 square miles. This is sufficient to indicate the 

general distribution of groundwater ages in the Tucson basin but is 

insufficient to delineate the presence of the channel pattern detected 

by the present thermal study. It is assumed, of course, that a very 

dense sampling of carbon-14 ages could yield such a result. 

As another example, consider the contour map of Pashley (1966) 

drawn on the base of the basin-fill sediments (Figure 62). The density 

of data points used was not given but apparently it was sufficient to 

show the general shape of the Rillito surface. There is a faint 

suggestion of a coarse dendritic pattern on the map, having a "down

stream" direction to the northwest if the inferred contours there were 

open rather than closed. Perhaps only a small increase in the number 

of data points would have been sufficient to delineate the drainage 

pattern. 

In the present study, the data points are sufficiently dense 

to show the general pattern of the subsurface drainage but are not 

dense enough to locate optimum well locations precisely. 

Geothermal Exploration for Optimum Water Well Locations 

The results of this study demonstrate that the presence of 

moving groundwater can be detected on the basis of temperature measure

ments made in the unsaturated zone above the water table. In a level 

terrain having a uniform thermal conductivity the temperature at any 

given depth below the land surface will be the algebraic sum of the 

effects of the thermal input at the land surface and the thermal input 
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from below. If one assumes that the thermal input from the land surface 

is uniform over a limited area such as one the size of the Tucson basin, 

the areal variation of temperature at ci constant depth below the land 

surface at a particular instant in time will be the result of the dif

ferences in the geothermal gradient above the water table. If the 

terrain is not level, temperatures at a constant depth below the land 

surface will also vary as a result of the atmospheric lapse rate as 

indicated by the theory outlined above. 

Thus, if a region of uniform thermal conductivity has no 

groundwater or other fluids flowing below the surface, temperatures 

representative of the same instant in time (herein called contempor

aneous temperatures) at a constant depth below the land surface will 

show only the effect of the variation of surface temperature caused 

by differences in elevation of the land surface, i. e., about 

-0.0024°C/ft of elevation change. Contour lines of such temperatures 

will form lines parallel to topographic contours of the same area. If, 

by chance, the region is underlain by groundwater which flows uniformly 

in a direction perpendicular to the topographic contours of the area, 

subsurface contemporaneous temperatures will vary with topography at a 

rate different from -0.0024°c/ft of elevation change. 

In the general case one can expect the flow of groundwater to 

be non-uniform in directions which are not perpendicular to surface 

topographic contours. Contemporaneous temperatures at a constant depth 

below the land surface can then be contoured directly and operated upon 

by the valley mapping function to delineate zones of maximum groundwater 
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flow rates. The accuracy of the survey can be increased, however, by 

first correcting the temperatures for changes in temperature caused by 

differences in surface elevation. 

One recalls that variations of soil temperatures due to changes 

of air temperature are at a maximum at the land surface and decrease 

exponentially with depth. Also, the geothermal heat flux is only about 

1/20,000th of the solar heat flux so that variations in the geothermal 

heat flux have a small effect upon soil temperatures at the land sur

face where the solar heat flux is at a maximum. On the other hand, 

the effect of the geothermal gradient upon the areal varation 

temperatures is at a maximum at the water table but at a minimum at the 

land surface. Thus for a given distribution of sampling location 

stations and a given precision of temperature measuring capability, 

the overall precision of the survey increases with the depth at which 

the contemporaneous temperatures are measured. However, the cost of 

obtaining deeper temperatures also increases with depth. It would be an 

interesting exercise to determine the optimum depth at which to obtain 

temperatures for such a survey. Here optimum is defined as the maximum 

ratio of benefit to cost. Benefit would be defined as being propor

tional to the amount of detail obtained on the variability of the 

groundwater flow rates. 

In Figure 85 are contemporaneous temperature profiles of four 

observation holes taken on June 17, 1968. As predicted by theory, there 

is a prominent difference in temperatures among the profiles at all 

depths below the land surface including a depth of only 10 feet. 
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Figure 85. Depth versus temperature of 4 wells on June 17, 1963. 

This shows that for any particular instant in time differences in temperature among 
wells at the water table can be detected by differences in temperature within the un
saturated zone at depths as shallow as 10 feet. Here there is a difference of 3.05°C 
between E-2 and B-17 at a depth of 10 feet. 
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The 10-foot temperatures range from 19.75°C to 22.80°C, which is a 

spread of 3.05°C. Because these four observation holes do not in

clude the maximum and minimum temperatures found in the Tucson basin, 

the temperature spread is less than the expected maximum. 

For the purpose of carrying out a geothermal survey in order to 

delineate zones of maximum groundwater flov; rates, the following pro

cedure is recommended: 

1. Drill a network of holes 10 feet or more deep spaced 1/4 to 1 

mile apart throughout the survey area, avoiding locations in 02: 

near surface gullj.es, near steep hills, underground pipe

lines or conduits, or heavily irrigated areas. 

2. Place 1/2 inch diameter plastic tubes capped at the bottom in 

each hole and fill the tubes with water. 

3. Back fill the holes with soil. 

4. Wait several days to a week for the water in the tubes to come 

to thermal equilibrium with the soil adjacent to the holes. 

5. Measure the temperature at a constant depth near the bottom of 

all of the tubes on the same day. 

6. If more than a day is required to measure the temperatures, 

repeat the temperature measurements of the stations in the same 

sequence as the first survey. Interpolate all the measurements 

to determine what the temperatures were when the survey was 

half completed. 

7. Plot and contour Lhe contemporaneous temperatures on the base 

map. 
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8. Apply the valley mapping function. 

9. If positive results appear, install more closely spaced obser

vation stations in the vicinity of the desirable zones and 

repeat the survey. 

If the survey indicates the presence of variable groundwater 

flow rates, the optimum locations for water wells will be along the 

lines indicated by the valley mapping function. Recall that this 

procedure is designed only for arid or semi-arid areas where direct 

recharge of rainfall through the soil horizon to the water table is 

negligible or non-existent. 

If the direction of groundwater flow in an area is known, a 

significant shortcut can be made in the exploration process to find 

an optimum water well location. Consider profile CD of Figures 

31 and 32 in Computer County. Groundwater flows northward across CD. 

A plot of the temperature at a constant depth of 25 feet along line CD 

is shown in Figure 85. The optimum locations, namely those which lie 

above zones of maximum groundwater flow rates, are indicated by the 

points of minimum temperature in the profile. 

For the purpose of carrying out a geothermal survey in order to 

delineate zones of maximum groundwater flow rates in an area where the 

direction of groundwater flow is known, the following procedure is 

recommended: 

1. Drill a line of holes 10 feet or more deep along a groundwater 

contour line as indicated by the groundwater level map. Avoid 

poor locations as indicated above. 
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Figure 86. Temperature at 25 ft depth along CD of Figure 32. 

This shows a temperature profile along a line perpendicular to 
the direction of groundwater flow in Computer County. Points of 
minimum temperature overlie zones of maximum groundwater velocity. 
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2. Obtain contemporaneous temperature measurements at a constant 

depth in the bottoms of the holes in the same manner as 

explained above. 

3. Plot the temperatures on a graph in the same manner as 

Figure 86. 

4. Zones of maximum groundwater velocity will lie below the points 

of minimum temperature. 

5. If necessary, put in more closely spaced temperature test 

holes to locate the centers of favorable zones more accurately. 

Groundwater Flow Rates in the Tucson Basin 

By use of the lumped jjarameter method, estimates of ground

water flow rates at four locations in the Tucson basin have been 

calculated. Mapping the flow rates in detail is beyond the scope 

of this work. Values of the estimates are 0.13, 0.24, 0.24, and 

0.48 grams per second. Locations of the estimates are indicated in 

Figure 87. It must be noted that these values are cx-ude estimates 

because in some areas substantial quantities of heat flow in the 

y direction due to the channelized nature of the groundwater flow 

system. Recall that the .lumped parameter method assumes no heat flow 

in the y direction. 

The values given are for a strip 1 cm wide for the entire 

thickness of the aquifer. If the thickness of the aquifer or the 

principal aquifer is known at a location for which a flow rate is 

given, the Darcian velocity can be computed at that location. 
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Figure 87. Groundwater nuiss flow rates in the Tucson basin. 

Flow rates are given for a strip 1 cm wide for the entire 
thickness of the aquifer. 



In computing the flow rates, a thermal conductivity of 

3.5X10-̂ cal/cm-sec°C was used for the unsaturated zone and a heat flux 

of 2.2X10-5cal/cm2-sec was used for the bedrock underlying the aquifer. 

Sufficient data was not available to use the distributed parameter 

method. 

Analysis of Relative Aquifer Performance in Layered Aquifer Systems 

By comparing the temperature profile of a well obtained when 

the well was not being pumped to the temperature of the water leaving 

the discharge pipe while the well is being pumped, it is possible in 

some situations to determine whether or not the aquifer yields water 

at an equal rate throughout the entire screened section of the well. 

Figure 88 is a partial temperature profile to depth 500 feet 

of well B76 which was measured after the pump had been shut off for 

an undetermined period of time. Total depth of the well is 800 feet. 

Note the abrupt increase in temperature at about 330 feet. According 

to the theory outlined above, one would expect that this represents a 

change in lithology such that the upper zone has a higher hydraulic 

permeability than the lower zone. This well is screened from the 

water table down to the bottom as is common practice in the Tucson 

basin. If the permeability of the upper zone were much greater than 

the permeability of the lower zone, it would be expected that most of 

the water pumped from this well would originate from the upper zone. 

On the assumption that the upper aquifer yields water uniformly from 

123.85 feet to 345 feet, the average production temperature of the 
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Figure 88. Depth versus temperature of well 3-76. 

Discharge temperature from this well is 28.33°C indicating little production below 345 ft 



159 

water from the upper aquifer should be the average of the x^rofile 

temperatures from 123.85 feet to 345 feet. Using increments of 5 

feet, the average temperature of the upper aquifer is 28.28°C. A 

pumping test of this well at 1000 gallons per minute yielded water at a 

discharge temperature of 28.33°C. One can thus conclude that in this 

test the lower aquifer yielded an insignificant percentage of the 

discharge water. This analysis is also strong evidence against the 

possibility of significant short circuiting in this well. 

Similar analyses (not illustrated) of various other wells 

throughout Tucson produced similar results. As stated above, the spe

cific capacity of this type of well can be expected to drop abruptly 

whan the regional water table eventually is lowered to the vicinity of 

the lithologic boundary. One would also expect the temperature of 

discharge water from such a well to increase with time because the 

temperature of the production zone is warmer at depth and the average 

depth of the production zone would increase with time. A well which 

partially penetrates the upper aquifer where there is no vertical 

temperature gradient within the zone penetrated by the well would not 

be expected to have its temperature of production water increase with 

time. Unfortunately, no temperature records tire known to be available 

which could be used to check the validity of this hypothesis. 

Suggestions for Further Research 

Equation (1) describing the simultaneous transfer of heat by 

conduction and convection through a porous medium is universal and as 
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such should be applicable to the study of groundwater movement in any 

type of environment. Although this present research was conducted in 

an arid environment in which direct groundwater recharge from rainfall 

is negligible or nonexistent, similar techniques could be used to study 

rainfall infiltration through the unsaturated zone and groundwater 

movement in humid areas. This study pointed out the major zones of 

groundwater recharge from influent streams in the Tucson basin, but 

the question still remains as to what the minimum size of a stream is 

that will produce any groundwater recharge. Lowering of the water table 

in Tucson has effectively eliminated natural discharge by evapo-

transpiration in the area studied so its effect could not be noted. 

But other areas still exist where natural aquifer discharge by evapo-

transpiration and spring discharge take place which could be used 

for study purposes. 

The geotherrnal exploration technique outlined herein could 

prove to be extremely useful in areas where groundwater flow is con

fined to fault zones and fracture patterns. In such areas groundwater 

flow is more channelized than in the Tucson basin aquifer and should 

produce even larger thermal variations in the unsaturated zone. 

The fact that subsurface geology controls the flow of ground

water which in turn controls the flow of geotherma]. heat to the land 

surface can be used to advantage in the study of subsurface geology. 

This point was briefly touched upon in connection with the construction 

of alluvial fans in the Tucson basin. A thermal study could prove to be 

useful in the study of glacial deposits where several advances and 
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recessions of continental glaciers have left behind various types of 

deposits. For instance, eskers and outv/ash deposits could possibly be 

detected by thermal surveys even though they are covered by glacial til 

till. 

Along sea coasts the natural discharge of aquifers is often 

below sea level. A thermal survey of sea bottom sediments in such areas 

could possibly detect the zones of discharge which in some cases might 

be useful in devising methods of capturing the discharge water. 

Likewise, thermal surveys could be useful in studying sea water .in

trusion of coastcil aquifers. A related subject would be the study 

of the method by which sea water replenishes water lost by evaporation 

from marine salinas such as those which exist in Cyprus. 

In irrigated areas a thermal study could be very helpful in 

studying leakage from irrigation canals, infiltration of irrigation 

water, and return flow of surplus irrigation water. 

A detailed study of the temperature of water pumped from wells 

could prove to be useful. In Figure 89 is a map of temperatures of 

water pumped from wells in the Tucson area from Smoor (1967). Smoor's 

map shows a regional variation of temperatures but does not show the 

details of the present study. Smoor's map was produced by a smoothing 

of the data points which may have lost some of the details shown in 

Figure 60. It would be of interest to compare Smoor's original data 

with Figure 60. 

As indicated by theory the valley lines of Figure 61 should be 

everywhere perpon<-'1icu 1 ar to groundwater contour lines. In Figure 90 
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Figure 89. Temperature of water pumped from wells in the Tucson 
basin from Smoor (1967). 

Values are in Centigrade. Temperatures represent a mixed 
sample from each well and not from any particular depth. 
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Figure 90. Superposition of Figure 61 upon the 1969 groundwater 
contour map for the Tucson basin. 

Groundwater map is from the Agricultural Engineering Dept. of 
the University of Arizona. Contours are given in feet. This shows 
that the zones of maximum groundwater flow rates as given by Figure 61 
are generally perpendicular to groundwater level contour lines. 
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is shown a superposition of Figure 61 upon the 1969 groundwater level 

contour map of the Tucson bnsin. (The groundwater level contour map 

was obtained through the courtesy of the Agricultural Engineering 

Department of The University of Arizona.) It shows that the valley 

lines generally do cross the groundwater contours at right angles. In 

some areas, however, they do not. Further study will be required to 

determine if the inconsistencies are due to an insufficient density 

of data points, changes in groundwater contours caused by pumping, 

or causes as yet unknown. 



APPENDIX I 

THERMISTOR BRIDGE CIRCUIT FOR TEMPERATURE MEASUREMENT 
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In Figure 91 is a schematic diagram of the thermistor bridge 

circuit used to measure well water temperatures. This is just a modi

fied Wheatstone bridge circuit. The three 100 K resistors need not be 

matched to any degree of accuracy but the ten 2381 ohm resistors and the 

helipot must be matched to within 1 ohm. The equivalent, resistance of 

the helipot may be adjusted to the proper value by connecting a resistor 

of the proper value in £)arallel with the helipot. Matched resistors may 

be obtained rather easily by the following procedure. Use a Wheatstone 

bridge to measure the resistance of several dozen 1% resistors having a 

nominal value of about' 1200 ohms. Select ten pairs such that the series 

resistance of each pair is within 1 ohm of some convenient value near 

2400 ohms. 

All resistors, except the helipot, should be soldered to hookup 

wires about 4 ft long and then waterproffed. Polyester resin, such as 

the type used for fiber glassing boats, is satisfactory. Several coats 

of resin reinforced with heavy thread are required to provide stiffness 

to prevent the wires from bending at the junctions with the resistors. 

Bending at these points can cause a change in resistance. 

The hookup wires are joined to a row of 11 DPDT switches mounted 

on a chassis as in Figure 91. Terminals for plugging in the thermistor 

cable, resistor A, and the VTVM are attached to the chcissis along with 

the helipot. A 1.5 volt battery can be mounted inside the chassis. 

The thermistor is attached to the end of a 1000 ft long piece 
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Figure 91. Schematic of thermistor circuit. 
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This is a schematic diagram of the instrument built by the author to measure 
groundwater temperatures in wells. 
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of two conductor #24 wire as in Figure 92. Do not use shielded or 

coaxial cable. Juice box wire as sold by Allied Radio Corp. is con

venient to use. A steel reinforcing pin is attached with thread to the 

wire to prevent bending at the soldered joints. Polyester resin is 

used to waterproof the junction and hold the reinforcing pin in place. 

Care must be used to avoid covering the tip of the thermistor with 

resin which would change the response time of the thermistor. The 

resin may also be covered by white silicone rubber to give added 

waterproofing protection. 

A stiff wire, such as a paper clip> must be attached to the 

end of the cable to act as a shield to prevent physical damage to the 

glass probe thermistor and to provide a place to attach a lead weight 

as in Figure 93. Heavy thread is used to attach the lead weight to 

the paper clip. In the event the weight becomes caught in a well, the 

thread will break instead of the cable. Thus the operator will loose 

only the weight but not the thermistor. The junction of the thermistor 

with the cable must be made as thin and smooth as possible so as to 

.provide less opportunity for getting the thermistor caught in a well. 

All resistors are kept at a constant temperature in crushed ice 

in a styrofoam box. Drain holes should be provided to keep the resis

tors from soaking in melt water which could eventually cause a short 

circuit. The thermistor is calibrated against a standard thermometer 

in a rater bath. A plot of temperature versus dial reading for the 

bridge null condition is shown in Figure 94. Value to the right of the 

decimal point is read from the helipot. Value to the left of the 
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glass probe thermistor 

Figure 92. Thermistor attachment. 

This shows the method used by the author to attach a 
thermistor to the end of a 1000 ft cable. The steel pin is required 
to prevent flexing at the soldered junction which would otherwise 
soon break. 
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thread wrapped to hold 
paper clip while resin : 

ther mistor 
-paper clip 
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Figure 93. Attachment of weight to wire. 
This shows how to attach a lead weight to the end oC tha 

thermistor cable. The heavy thread connecting the weight to the cable 
must be weaker than the cable. This allows; recovery of the thermistor 
if the weight should become caught in a well. 
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Figure 94. Temperature vs. dial for thermistor circuit. 
This is part of an actual calibration curve. Dispersion of points about the line 
is not visible at this scale. 



decimal point is read from the DPDT switch which is in the down posi

tion. Thus a dial value of 2.500 is shown in Figure 91. The DPDT 

switches have the effect of extending the helipot range from 10 turns 

to 110 turns. 

The circuit as shown will'cover a range of about 10° between 

20°C and 30°C. The range may be shifted or extended by replacing 

resistor A in Figure 91 by a lower resistance for higher temperatures 

or a higher resistance for lower temperatures. 

The 1000 ft cable can be marked with various colored threads 

at appropriate intervals in order to determine at what depth tempera

tures are being measured in wells. The author used a white thread 

every 5 ft and a black thread every 25 ft with an extra thread every 

100 ft. Any method of marking the cable is satisfactory as long as 

it does not make lumps that can be caught in a well. 

With a Keithley vacuum tube voltmeter having a full scale 

range of 0.008 volts as a null detector, this circuit has a resolution 

of 0.001°C. Accuracy on an absolute scale is not known but the author 

estimates it to be about :t0.02oC. In checking the VTVM for the null 

position, the shorting button on the VTVM should be depressed rather 

than switching off the battery. Turning the battery on and off 

creates stray currents in the circuit. 
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FORTRAN II COMPUTER PROGRAM FOR SIMULATION OF A TEMPERATURE PROFILE 
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PROGRAM HEAT (INPUT, OUTPUT, PUNCH) 
DIMENSION U (101,13) 
DIMENSION W(26,5) 
DIMENSION S1VX(7,7) 
DIMENSION S1VZ(7,7) 
READ 100, MAXIT, INTRM, EPS, CUT 

100 FORMAT (213, 3F10.0) 
200 FORMAT (13F5.3) 
201 FORMAT (13F5,11X,13) 
300 FORMAT (5F5.3) 
301 FORMAT (5F5,51X,I3) 
400 FORMAT (7E10.0) 
C READS LARGE MATRIX U(M,N) 

READ 200, ((U(M,N),N=1,13),M=1,101) 
C READS SMALL MATRIX W(I,J) 

READ 300, ((V7(I,J) ,J=1,5) ,1=1,26) 
C READS BOUNDARY TEMP 

READ 300, (U(M,1),M=29,33) 
C READS VELOCITIES VX AND VZ IN SI 

READ 400, ((S1VX(MV,NV),MV=1,7),NV=1,7) 
READ 400, ((S1VZ(MV,NV),MV=1,7),NV=1,7) 

C PRINTS OUT VELOCITIES LOADED INTO MATRIX 
4012 FORMAT (7H S1VX) 

PRINT 4012 
4011 FORMAT (1H ,7E15.5) 

PRINT 4011, ((S1VX(MV,NV),MV=1,7),NV=1,7) 
PRINT 4013 
PRINT 4011,((SlVZ(MV,NV),MV=1,7)NV=1,7) 

4013 FORMAT (7H SlVZ) 
MPOINT = 1 
NPOINT = 1 
IPOINT = 1 
JPOINT = 1 
ISUM = 0 
IPRINT =0 

C PRINTS INITIAL TEMPERATURES LOADED INTO MATRIX 
PRINT 401 

401 FORMAT (36H INITIAL VALUES LOADED INTO MATRIX) 
GO TO 497 

496 IPRINT =1 
PRINT 608 

608 FORMAT (62H RESIDUE -ITERATION-LOCATION OF LARGEST RESIDUE-POINT 
1S-TOTAL) 
ITN = 0 

10 D = 0.0 
ICOUNT = 0 
KOUNT = 0 
11 = 2 
12 = 29 

114 DO 111 N = 2,13 
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DO 11 I = 11,12 
IF (13-N) 551,552,551 

552 KOUNT = KOUNT + 1 
IF (5-KOUNT) 550,550,551 

550 KOUNT = 1 
551 IF (29-1) 102,101,101 
101 M=31-l 

GO TO 499 
102 M=l 
499 IF (N-4) 500,501,502 
500 IF (M-29) 801,820,521 
521 IF (M-3'4) 820,820,801 
501 IF (M-29) 801,820,504 
504 IF (M-35) 820,820,805 
502 IF (N-8) 503,505,506 
503 IF (M-29) 801,820,507 
507 IF (M-35) 820,820,806 
505 IF (M-29) 801,820,508 
508 IF (M-35) 820,820,805 
506 IF (N-13) 801,509,509 
801 UNEW=.25 *(U(M+1,N)+U(M-1,N)+U(M,N+l)+U(M,N-l)) 

GO TO 99 
805 UNEW=(.96521*U(M+1,N)+1.03479*U(M-1,N)+U(M,N+1)+U(M,N-1))*.25 

GO TO 99 
806 UNEW=.25*(.93042*U(M+1,N)+1.06958*U(M-1,N)+U(M,N+1)+U(M,N-1)) 

GO TO 99 
820 MV = , M-28 

NV = N-l 
UNEW=.25*(((1.76200.*S1VX(MV,NV))*U(M+1,N)) 
l+((1.76200.*S1VX(MV,NV))*U(M-1,N))+ 
2((1.-76200.*S1VZ(MV,NV))*U(M,N+1)) 
3+((1.+76200.*S1VZ(MV,NV))*U(M,N-1))) 
GO TO 99 

509 IF (29-M) 510,511,511 
511 JB = (M-2+KOUNT)/4 

JA - (M+2+KOUNT)/4 
GO TO (819,818,817,816), KOUNT 

510 JB = (M+ 3-KOUNT)/4 
JA = (M+7-KOUNT)/4 
GO TO (816,817,818,819),KOUNT 

816 UNEW=.4*(U(M+1,N)+U(M-1,N)+.4*U(M,N-1)+ 
1 .1*(2.*W(JB,1)/3.+(W(JA,l)/3.))) 
GO TO 99 

817 UNEW=.4*(U(M+1,M)+U(M-1,N)+.4*U(M,N-1)+ 
1 .05* (W (JB, 1) + V? (JA, 1) ) ) 
GO TO 99 

818 UNEW=.4*(U(M+1,N)+U(M-1,N)+.4*U(M,N-1)+ 
1 .1* (W (JB , 1) / 3 . + (2 . *V7 (JA, 1) /3 .) )) 
GO TO 99 



176 

819 UNEW= .4*(U(M+1,N)+U(M-1,N)+.4*U(M,N-1)+ 
1 .1*(W(JA,1))) . 

99 RESID = ABSF(UNEW-U(M,N)) 
ICOUNT = ICOUNT + 1 

17 IF (RESID -D) 15,15,16 
16 D = RESID 
97 MPOINT = M 

NPOINT = N 
15 U(M,N) = UNEW 

IF (RESID-CUT) 111,11,11 
II CONTINUE 
III CONTINUE 

IF (2-11) 115,113,113 
113 II = 30 

12 = 100 

GO TO 1-14 " 
115 DO 303 1=2,25 

DO 30 J=l,4 
IF (1-J) 32,31,31 

31 M=4*I-3 
UNEW=. 25*W(1-1,1)+U(M,13)+W(1+1,1)+W(1,2)) 
GO TO 33 

32 UNEW=.25*(W(1-1,J)+W(1+1,J)+W(I,J-l)+W(I,J+l))) 
33 RESID=ABSF (UNEW-VJ (I ,J) ) 

ICOUNT = ICOUNT +1 
37 IF(RESID-D) 35,35,36 
36 D=RESID 
96 IPOINT = I 

JPOINT = J 
35 W(I,J)=UNEW 

IF (RESID-CUT) 303,30,30 
30 CONTINUE 
303 CONTINUE 

ISUM = ISUM + ICOUNT 
ITN + ITN + 1 

25 PRINT 607,D,ITN,MPOINT,NPOINT,IPOINT,JPOINT,ICOUNT,ISUM 
607 FORMAT(1H , F10.4, 3H , 13, 8H U,2I3,8H W/2I3,5X, 

115,17) 
IF (D-EPS) 701,701,61 

61 IF (ITN - INTRM) 81,701,81 
81 IF ( ITN - MAXIT) 10,701,701 
701 PRINT 606, CUT,MAXIT, INTRM 
497 PRINT 697 
697 FORMAT ( 96H FEET 0 25 50 75 100 125 150 

1 175 200 225 250 275 300) 
695 FORMAT (40H FEET 400 500 600 700 800) 

LENGTH = 0 
DO 696 M=1,101 
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PRINT 604, LENGTH, (U(M,N),N=1,13) 
LENGTH = LENGTH +25 

696 CONTINUE 
PRINT 695 
LENGTH = 0 
DO 699 1=1,26 
PRINT 605,LENGTH, (W(I,J),J=1,5) 

605 FORMAT(1H , I5,5F7.3) 
LENGTH = LENGTH + 100 

699 CONTINUE 
IF (IPRINT - 1) 496,495,495 

495 IF (D-EPS) 700,700,702 
604 FORMAT (III , 15, 13F7.3) 
702 IF (ITN-MAXIT) 10,700,700 
700 DO 711 N=1,13 

DO 711 N=l., 101 
711 U(M,N)=U(M,N)*1000. 

DO 712 J=1,5 
DO 712 1=1,26 

712 W(I,J)=W(I,J)*1000. 
DO 713 M=1,101 

713 PUNCH 201, (U(M,N), N=l,13), M 
DO 714 1=1,26 

714 PUNCH 301, (W(I,J), J=1,5), I 
606 FORMAT (12H CUTOFF IS , F6.4, 19H MAX ITERATION IS , 14, 

123H INTERIM PRINT AFTER , 14, 12H ITERATIONS//) 
703 CALL EXIT 

END 



LIST OF SYMBOLS 

d = Derivative 

8 = Partial derivative 

T = Temperature at any point at time t 

cQ = Specific heat of fluid 

pQ = Density of fluid -

c = Specific heat of solid-fluid complex 

p = Density of solid-fluid complex 

K = Thermal diffusivity of solid-fluid complex 

K = Thermal conductivity of solid-fluid complex 

x, y, z = Cartesian coordinates 

% vx, Vy, vz = Components of fluid velocity in the x, y, and z 
directions 

t = Time since flow started 

h = Grid spacing of finite-difference points 

* 
Note: Fluid velocities in porous media in all cases in this text 

are Darcian velocities and not pore velocities. 
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Figure 35. MEAN ANNUAL SOIL TEMPERATURE AT A DEPTH OF 25 FEET IN COMPUTER COUNTY, ARIZONA. 

I 



Temperatures are given in Centigrade. Note that the contour interval is not 
constant. This temperature map shows how the coldest isotherms surround the strongest 
recharge sources. There are five strong recharge sources underlying Losing River. The 
source on the extreme left is stronger than the other four which is indicated by its 
having a colder closed contour. Isolated closed contours of high temperature north 
of Losing river are indicative of a zone of relatively low groundwater velocity. 

Department of Hydrology 
o 100 200 300 feet 

Dissertation by Donald James Supkow 1971 '— _i 
scale 



losing river, 



I 

i 23 2cr. 
, 23.24* 

21 50 
21 50' 

21.50' 

23 
23 *5" 

23.24" 



21.25* 21.50" 2150' losing river, 

Tht 
at 
noi 

I 

Figure 36. FAMILY OF LINES WHICH ARE PERPENDICULAR TO THE ISOTHERMS OF FIGURE 35. 
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Figure 60. TEMPERATURES AT THE WATER TABLE IN THE TUCSON BASIN. 
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Values are given in Centigrade. Data points are indicated by small 
plus signs. Closed high-valued contours indicate zones of low 
groundwater velocity. Sources of recharge are located adjacent to 
low-valued contours. 
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Figure 61. PLOT OF VALLEY MAPPING FUNCTION FOR TUCSON BASIN. 
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This map shows the zones of maximum groundwater flow rates in the 
Tucson basin as determined by applying the valley mapping function 
to the temperature data in Figure 60. See text for explanation and « 
derivation of valley mapping function. <-
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