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ABSTRACT

Characterization of transport in fractured media is based on

observation of the movement of labeled water. Difficulties in labeling

water with chemicals include the removal of sample water, residual

background concentration, and expensive analytical equipment. These

difficulties are avoided with the use of heated (or cooled) water as a

groundwater tracer in site characterization.

Heated water was successfully used as a tracer in a fractured

granite near Oracle, Arizona. The temperature sensing device consisted

of 20 thermistors on a down-hole string, distributed over a 62-foot

interval. In a three-hole recirculation test, a heat source was placed

in a borehole 20 feet from the hole housing the thermistors. A third

borehole was pumped with the outflow returned to the borehole containing

the heat source. Differential breakthrough of the thermal pulse allowed

delineation of flow paths between boreholes.

ix



CHAPTER ONE

INTRODUCTION

1.1 Description of the Problem 

The concept of using underground excavations for deep geological

disposal of radioactive wastes necessitates comprehensive evaluation of

the rock behavior and groundwater flow characteristics that will arise

in and surrounding an underground repository. Research efforts are

currently ongoing to describe the hydraulic properties of fractured rock

and predict the flow behavior of complex networks of fractures. Frac-

tures may vary considerably in terms of their location, orientation,

aperture, continuity, and mode of occurrence. Most fracture or joint

systems consist of several fracture groups of different orientations as

well as randomly distributed fractures, all of which are involved in the

flow properties of the rock.

A major difficulty in characterizing low permeability fractured

rock is determining the flow paths or interconnections between frac-

tures. Fracture systems in consolidated rock are the major contributors

to groundwater flow and contaminant transport, since, in most instances,

the permeability of the rock matrix is low. Knowledge of fracture

geometry, orientation, and continuity is important for both theoretical

analysis and experimental field research. Information on flow paths

through a fractured system, for example, is useful in properly designing

a sampling program for chemical tracer tests.



Radioactive tracers have been used successfully to delineate

flow paths in fractured rock to assist in placement of monitoring equip-

ment (Marine, 1980; Novakowski, 1981); however, the application of such

tracers is limited by government licensing and safety regulations and

public apprehension. Water temperature, which has had relatively

limited application in this area of research, has several distinct

advantages over chemicals as a groundwater tracer. First, temperature

can be measured with precision and at numerous depths simultaneously,

allowing detailed analysis in the field during an experiment. Second,

temperature can be reused at the same locations with relatively short

recovery periods between experiments.

This report presents the experimental equipment, procedures,

results, and analyses of field tests utilizing background temperature

profile data and differential temperature breakthrough profiles of water

temperature tracer studies to delineate groundwater flow interconnec-

tions between boreholes in granitic fractured rock at a test site near

Oracle, Arizona (see Section 2.1). Differential temperature break-

through profiles will be defined in this report as the sequential arri-

val of an imposed thermal pulse. The temperature data are correlated

qualitatively with existing geophysical and hydraulic data to more fully

describe flow through the fracture network.

1.2 Objectives and Scope of Work 

Principal objectives of this investigation were to:

1) develop and improve equipment and field procedures to

accurately measure the background temperature profile
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of boreholes in fractured rock;

(2)correlate background temperature profile anomalies with

existing geophysical logs and hydraulic data to delineate

borehole-fracture intersection with depth;

(3) show that heated water (temperature above that of ambient

groundwater) or cold water (temperature below that of

ambient groundwater) can be moved from one borehole to

another using a three-borehole recirculation test;

investigate the feasibility of its application to diverging

flow tests;

(4)develop equipment to provide multiple-point temperature

measurements over a large vertical depth interval in a

borehole without disturbance to the flow system using a

three-borehole recirculation test, and investigate applica-

tion to diverging flow tests; and

(5)delineate groundwater flow paths between boreholes in frac-

tured rock using the background temperature profiles and

results of the water-temperature tracer tests. Compare

these results with geophysical logs and hydraulic data for

the Oracle site.

The design and construction of new instrumentation (described in

chapters 3 and 4) was a major factor in fulfilling the objectives and

obtaining successful results. This equipment was used for both the

single-point measurements and the multiple-point measurements.
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1.3 Previous Work 

Below the depth where temperature is affected by diurnal and

seasonal temperature changes, the primary controls on temperature at a

given location are: (a) the flux of heat from the earth's crust and

mantle; (b) the thermal conductivity and the volumetric heat capacity of

the rock; (c) movement of fluids through the system; and (d) average

annual surface temperature. Based on data collected by Supkow (1971)

for an alluvial basin in Arizona, the depth to which seasonal tempera-

ture fluctuations can be detected in unsaturated alluvium is approxi-

mately 40 feet. However, according to Jakosky (1950), annual variations

in temperature of consolidated rock systems can be detected up to a

depth of 100 feet. Research by Frolov (1966) showed that the influence

of fluid convection may extend temperature changes considerably deeper

than the limits of the conducted temperature wave. Vertical profiles

can provide information on the source and movement of water through the

aquifer and the variation of thermal conductivity of the rock with

depth.

Early research utilizing geothermal gradients was primarily

related to petroleum (Van Ostrand, 1934) and geothermal exploration

(Lang, 1937). Hubert Guyod (1946) published a series of manuals detail-

ing the theory, design, and application of temperature well-logging for

the oil industry.	 Lang (1937) described the geologic significance of

the geothermal gradient curve in locating distinct lithologic zones with

depth based on the variation in slope of the temperature profile. He
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attributed such variations in the inclination of the thermal profile to

changes in thermal conductivity of the surrounding formation.

Schneider (1964) related vertical temperature profiles with

permeability changes in carbonate rock and suggested the delineation of

fractures by anomalies in the geothermal gradient. Trainer (1968)

utilized the temperature profiles in a similar manner to delineate

bedrock fractures in water wells and to map the areal distribution of

fracture zones.

In the more recent literature, there are numerous studies which

have correlated geophysical logs with background temperature profiles to

obtain stratigraphic information and thermal conductivity data (Beck,

1976; Goss, 1976; Conaway, 1977; Behrman, 1980; and Reiter, 1981).

The major drawback to the application of thermal gradients cited

by most researchers is the limited accuracy of the temperature measure-

ment device.	 Boyle (1979) used a continuous temperature measuring tool

and determined the resolution of the measurement system to be approxi-

mately ±0.01°C. The resolution of the equipment used in this report to

measure the temperature gradient in a borehole, utilizing a discontin-

uous technique in detecting a change in temperature, is ±0.005 ° C.

Literature describing the use of water temperature as a ground-

water tracer is limited. The studies which have been conducted were

done in unconsolidated aquifer systems with continuous long-term tracer

injection. Keys and Brown (1968) traced thermal pulses resulting from

the artificial recharge of playa lake water into a sandy aquifer. A

similar study was conducted in Switzerland by Hufschmied (1984) to
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evaluate the migration rate of recycled geothermal water in a gravelly

aquifer. Vertical temperature profiles downgradient of the injection

well were used to identify lithologic zones and relate these to conduc-

tivities. Studies using water temperature as a tracer have been conduc-

ted to test the feasibility of energy storage in aquifers. Two such

studies were conducted in France by Sauty and Gringarten (1981). To the

author's knowledge, there have been no previous water-temperature tracer

studies conducted in fractured (consolidated) rock to delineate ground-

water flow paths between boreholes.



CHAPTER TWO

DESCRIPTION OF THE STUDY AREA

This chapter briefly describes the Oracle research site in terms

of location, geology, and site description.

2.1 Regional Setting 

The Oracle field site is approximately 44 miles north of Tucson,

and southeast of Oracle, Arizona. The site is on a granite pediment

surface at the north end of the Santa Catalina Mountains (Figure 2.1).

The pediment slopes towards the northeast from an elevation of about

5,000 feet above mean sea level near the mountain to about 4,000 feet at

the contact with the basin fill sedimentary sequence (Figure 2.2). The

surface elevation at the field site is 4,300 feet above mean sea level.

The major lithologic unit underlying the site is known locally

as the Oracle granite, a coarse-grained biotite quartz monzonite of pre-

Cambrian age. The upper 45 feet of the pediment surface consists of

weathered granite. Many diabasic and pegmatitic dikes intrude the unit.

The geology of the Oracle granite was studied in detail by Banerjee

(1957); Davis (1981) evaluated its geologic history; and Jones (1983)

presented a detailed description of the field site.

The average annual precipitation of approximately 19-25 inches

for the general area occurs during two periods: the summer rains

extending from July through September, and the winter rains extending

7
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Figure 2.1. Topographic map of northern Santa Catalina Mountains
showing location of field site near Oracle, Arizona.
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from December to February. The field site is near a surface drainage

divide outlined by Oracle Ridge, just west of the site. The drainage

from the site is eastward toward the San Pedro River basin. Figure 2.3

is a contour map of the regional water table based on data collected

from 30 wells in the area (Jones et al., 1985). The groundwater gradi-

ent parallels that of the land surface and coincides with the direction

of the drainage to the east. The depth to water table at the field site

is about 40 feet.

2.2 Existing Data Base 

Eight boreholes, ranging in depth from 250 to 300 feet and

ranging in diameter from 4 to 6 3/4 inches, were drilled in the config-

uration shown in Figure 2.4. Table 2.1 lists the borehole and casing

dimensions, as well as the type of drilling method used. Casings extend

down to a maximum of 66 feet through a thin soil surface and weathered

zone to bedrock, below which the boreholes are uncased. Cores were

obtained from the upper portion of M-1, and for the entire depth of H-4,

H-6, and H-7.

A suite of geophysical tests were conducted at the site by

members of the Water Resources Division of the U. S. Geological Survey.

W. Scott Keys from the Borehole Geophysics Research Group, Denver,

Colorado, was at the site in March 1981 and ran logs in boreholes M-1,

H-2, H-3, and H-4. Ken Hollett from the Tucson, Arizona Office was at

the site in January 1981, December 1982, and April 1983 and ran logs of

boreholes H-5, H-6, and H-7 as well as additional data in the first four

boreholes. The geophysical measurements include neutron, caliper,
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Figure 2.4. Configuration of boreholes at the Oracle site.



Table 2.1. Description of boreholes at the Oracle site

Hole
No.

Total
Depth
(ft.)

Casing
Depth
(ft.)

Casing
Diam.
(inches)

Nominal
Hole Diam.
(inches)

Drilling Method
(feet)

M-1 300 58 8 6 3/4 0-58, mud rotary
59-206, cored
106-300, air hammer

H-2 300 59 5 4.5 0-59, mud rotary
59-300, air hammer

H-3 300 58 7 6 3/4 0-58, mud rotary
58-300, air hammer

H-4 288 43 5 4.25 0-43, mud rotary
43-288, cored

H-5 250 61 5 4.5 0-250, air hammer/
foam

H-6 250 63 5 4.5 0-250, air hammer/
foam

H-7 250 66 5 4 0-66, air hammer/
foam

H-8 250 59 5 4 0-59, air hammer/
foam 59-250 cored

13
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single-point resistivity, natural gamma, induced-gamma, temperature,

interval acoustic velocity, and acoustic televiewer. Detailed

interpretation of these logs, together with core analysis, drilling chip

samples, and geologic surface mapping, were used to characterize and

evaluate the fracture system in the Oracle granite at the field site by

Jones et al. (1985).

Six major fracture sets were identified. Three semi-orthogonal

sets are believed to have originated during the formational period of

the granite. Superimposed on these primary sets are three secondary

sets of fractures postulated to have resulted due to regional tectonic

activity occurring after the formation of the granite. There exists a

large number of vertical and near vertical fractures which are encoun-

tered in several of the boreholes. Two large-scale features were iden-

tified: a diabase dike intercepted by the boreholes at the west edge of

the site; and a low angle, east-dipping fault intercepting boreholes

H-4, H-3, H-2, and M-1 at depths of 200 to 250 feet.

Fractures in individual boreholes can be mapped by various

geophysical techniques and by examination of drill cores. However,

correlation of fractures between boreholes based on such data is uncer-

tain at best. Furthermore, geophysical data rarely can distinguish

between open fractures and sealed fractures. The water-temperature

tracer studies were designed to provide a technique for mapping the

water-transmitting fracture zones.

The hydraulic characteristics of the fractured granite at Oracle

were investigated by Hsieh et al. (1983). A series of single-hole and



cross-hole hydraulic tests were conducted to obtain hydraulic

conductivity data.

15



CHAPTER THREE

BACKGROUND TEMPERATURE PROFILES

Under steady-state conditions with only conductive transport of

heat, the geothermal gradient of an isotropic, homogeneous medium would

have constant slope. In most aquifer systems, however, heterogeneities

exist and convective transport of heat (movement of heat with the liq-

uid) influences the temperature distribution. The mechanism of convec-

tive transport of heat as well as variations in the thermal conductivity

of the rock result in deviations from a linear gradient. These devia-

tions can provide information on the distribution of fracture zones and

direction of vertical flow in a borehole.

This chapter is composed of two sections. Section 3.1 is a

description of temperature measurement equipment and field procedures.

Section 3.2 presents the results and interpretation of background tem-

perature profiles for the Oracle research site.

3.1 Measurement Equipment and Technique 

A probe constructed for precise measurement of temperature pro-

files consists of a precision thermistor suspended in the borehole by an

electrical cable that connects the thermistor to a data control unit

capable of exciting the thermistor and recording the response (Figure

3.1). The thermistors used for this study consist of a teflon-insulated

semiconductor (metal oxide disc) that has a negative temperature

coefficient of resistance. These probes (Model YSI44105) are made by
16
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Figure 3.1. Components of single thermistor instrument for measure-
ment of background temperature profiles.
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Figure 3.2. Schematic diagram of thermistor probe.
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Yellow Springs Instrument Company, Inc. and are designed for maximum

precision within a specified temperature range (Figure 3.2). The data

control unit utilized is a portable data collection system--Polycorder

Model 516--made by Omnidata. The data logger functions as both the

power supply and resistance measurement recorder. The polycorder sends

a known voltage through the thermistor and records the change in voltage

received. The thermistors' resistance to current flow is inversely

related to the temperature of the surrounding environment. Care must be

taken not to set the voltage too high, or self-heating of the thermistor

will occur, and consequently, an error will be introduced.

A maximum of one volt was transmitted by the polycorder. The

voltage supply was not continuous, but transmitted only when a measure-

ment was to be taken. Measurements were taken after allowing the probe

at least two minutes to equilibrate with ambient water temperature at

each depth. Three readings were taken at each depth to insure a repre-

sentative measurement. Any heat generated by the current through the

probe was then allowed to dissipate for one minute after the reading

before moving the probe to the next depth.

The thermistors were modified to further assure no water leakage

and to increase durability. Silicon grease was first injected into the

teflon tube protecting the actual probe for water proofing and rigid

plastic tubing installed for stability. Material used to enclose or add

support to the thermistor probe should be of a high thermal conductivity

and of small mass in order to minimize thermal lag. A weight positioned
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below the probe is necessary to keep the cable taut. This weight was

positioned 16 inches below the probe.

The data are collected as resistance measurements which are

converted to temperature values through a cubic equation of the form:

T = C i (log R) 3 + C 2 (log R) + C 3 	(3.1)

where T = temperature in degrees Celsius ( ° C);

R = resistance in (K,Q);

C 1 , C 2, C3 = coefficients determined by calibrations.

The thermistors were calibrated individually, thus each probe has

a unique calibration curve (i.e., different C l , C 2 , C 3 values).	 De-

tailed error analysis of the thermistor probe stability was performed in

1984 by Silliman. He determined the variability of resistance measure-

ment of an individual probe to be ±0.1 ohms and precision of the probe

in detecting a change in temperature as ±0.005 °C. This represents

measurement of relative changes in temperature and not absolute tempera-

tures. The application of thermal profiles presented in this report

utilizes relative temperature variations with depth to delineate frac-

ture zones and thus does not require highly accurate absolute tempera-

ture data.

The precision of continuous temperature logging techniques dis-

cussed in the recent literature is about ±0.01 t (Cartwright, 1979;

Boyle, 1979). This difference in temperature measurement resolution

between a continuous and non-continuous technique may be attributed to

several possibilities including convective mixing caused by the moving
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probe, self-heating of the thermistor resulting from a constant voltage

source, averaging of the measured resistance value rather than a point

measurement, miscalculation of lag-time interval, or temperature altera-

tion resulting from a large thermistor super-structure of low thermal

conductivity. Further detailed discussion of potential errors in tem-

perature measurement is given by Keys and Brown (1971).

The YSI thermistors are supplied with calibration data in terms

of resistance as a function of temperature. To ensure correct conver-

sion of resistance to temperature, each thermistor used in this study

for both the background thermal gradient data and the water-temperature

tracer studies (discussed in Chapter 4) was calibrated using both a

precision mercury thermometer and a Markson temperature probe in a

stabilized temperature-controlled water bath. The thermometer used was

a Fisher Scientific Model #15-043C calibrated to 1/5 C which meets

National Bureau of Standards (NBS) specifications. This thermometer was

cross-certified with an ERTCO-NBS certified thermometer (test #231811,

completed 2/29/84). The calibration curve derived for each thermistor

is nonlinear (Equation 3.1).

Field standardization of the thermistor probe is important to

obtain precise temperature measurements. A continuous check on the

entire measurement system to detect possible drift of the electronics or

deviation of the thermistors from the normal calibration curve was

achieved by constant monitoring of known resistors built into the

electronic circuitry since changes in environmental temperature, AC

voltage, or frequency can result in erroneous data. The measurements
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were made starting from the bottom of the borehole after allowing the

probe and weight to equilibrate with the temperature of the surrounding

environment for 20-30 minutes.

Under certain conditions, convection cells can develop in bore-

hole water. Sammel (1968) plotted critical thermal gradients as a func-

tion of temperature, dissolved solids content, and well diameter. He

concluded from extensive field and laboratory data that convection may

cause temperatures in the upper zone of deep wells to depart from tem-

peratures in the formations penetrated. According to the work of

Sammel, the thermal gradients at the Oracle site are in the critical

range where convection cells can occur due to instability of the fluid

column in the borehole. However, the author found no evidence that

convection cells occur in the Oracle boreholes under equilibrium condi-

tions. Other investigators (Diment and Robertson, 1963; Diment et al.,

1965) also failed to confirm Sammel's work.

3.2 Results and Interpretations 

Background temperature profiles of all eight boreholes at the

Oracle site were measured using the equipment and technique described in

Section 3.1. Temperatures which deviate from a smooth thermal profile

should provide information on the location of fracture zones and verti-

cal movement of borehole water. Such temperature fluctuations can be

attributed to perturbations in the subsurface thermal regime caused by

preferential groundwater movement along fracture zones of greater per-

meability. Temperature profiles for the Oracle site, together with the
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existing geophysical logs and single-hole hydraulic data, can be used to

study the vertical distribution of water-bearing fractures.

The average thermal gradient determined from all eight boreholes

at the Oracle site is 0.65 ° C/100 feet (2.13 °C/100m). However, in all

holes, the gradients increased with depth ranging from 0.48 °C/100

(1.57 °C/100 m) to a maximum of 0.75 °C/100 feet (2.46 ° C/100 m). These

gradients were determined by fitting straight lines through linear

portions of the profiles.

Three temperature profiles of borehole H-2, taken on different

dates during 1984, are shown in Figure 3.3. As indicated previously,

the primary intent of this investigation is to measure relative tempera-

ture changes and not absolute temperatures. Different probes were used

to obtain the profiles for H-2. Although the point temperature measure-

ments are different, the slope of the profiles and subsequently the

calculated geothermal gradient based on these data are the same.

The temperature anomalies at specific depths are interpreted as

zones where water-transmitting fractures intersect the borehole and flow

occurs up or down the hole. Perturbations to the left of the profile

resulting in a cooler temperature than expected are interpreted as

locations of water inflow from above the disturbed zone since, in gen-

eral, groundwater temperature increases with depth. Perturbations to

the right of the profile resulting in a warmer temperature than expected

are interpreted as inflow zones from below. Continuous water-bearing

fracture zones which intersect a borehole horizontally may not cause any

temperature deviation in the profile. The temperature profiles of H-2
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reveal four temperature perturbation zones caused by convective

transport and mixing. These zones are identified in Figure 3.3 with

arrows which also indicate the vertical direction of flow in the bore-

hole. Inflow occurs at approximately 165 feet in H-2 and disturbs the

temperatures down to 170 feet, indicating flow down the borehole. Re-

establishment of the thermal gradient occurs at 170 feet due either to

outflow from the borehole at this depth or to mixing and dissipation of

the heat. Likewise, other zones exhibiting similar temperature varia-

tions are 220-230 feet and 250-260 feet. At the 280-300 foot interval,

a major temperature anomaly exists. This temperature perturbation is

interpreted as a significant inflow zone of water at 280 feet and verti-

cal flow down the borehole to the bottom resulting in a 20-foot vertical

zone of little temperature change. The inflow reflects the temperature

of the rock-water environment at the 280-foot zone.

The temperature profile of H-2 was qualitatively correlated with

the geophysical logs and the results of single-hole hydraulic tests

conducted in H-2. The water-transmitting fracture zones identified from

the temperature profile anomalies correlate well with the neutron,

gamma-gamma, and acoustic televiewer logs, and also with the single-hole

hydraulic data. Fair correlation exists between the temperature profile

and the single-point resistance and acoustic velocity logs. The temper-

ature anomaly in H-2 at a depth of 250 feet correlates very well with

all of the existing geophysical and hydraulic data. Detailed statisti-

cal correlations are beyond the scope of this thesis. Jones et al.
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(1985) discussed in detail the theory and application of the geophysical

logs used at the Oracle site.

Figure 3.4 presents the comparison of the temperature profile of

H-2 with the hydraulic conductivity data derived from single-hole

hydraulic tests and the uncalibrated neutron log. There are several

fracture zones indicated by the geophysical logs and hydraulic data

which are not apparent on the temperature profile as anomalies. One

possible explanation for this may be that these fracture zones bisect

the borehole horizontally, resulting in negligible vertical flow and

thus causing no detectable temperature deviation. Fracture zones iden-

tified by the geophysical logs may be sealed and do not transmit water.

Consequently, these zones do not cause alteration of the temperature

profile.

Figure 3.5 shows the comparison of background temperature pro-

files of three adjacent boreholes at the Oracle site. The anomalous

temperatures indicate disturbances to the thermal regime due to ground-

water movement in the borehole from water-transmitting fractures.

Other water-transmissive zones do exist as evidenced by the single-hole

hydraulic data and geophysical logs. Delineation of fracture zones

between these boreholes using background temperature profiles is very

difficult due to the degree of heterogeneity and discontinuity in the

system. The three temperature profiles do exhibit anomalies at similar

depth zones, specifically at the 250- and 280-foot levels. Continuity

of fracture zones and hydraulic connection between these boreholes at

these levels have been shown by tracer experiments and hydraulic tests.
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Exact fracture zone delineation is not possible with such data; however,

a general idea of interconnection is possible. An example of such an

application was presented by Trainer (1968) in consolidated rock of New

York state. It is of the author's opinion, however, that information

obtained from such an extrapolation between boreholes incorporates a

high degree of uncertainty. The water-temperature tracer experiments,

discussed in the following chapter, were designed to better evaluate the

flow paths between boreholes. The temperature profiles are, however, a

means of further verifying results of geophysical logs and the hydraulic

data.



CHAPTER FOUR

WATER-TEMPERATURE TRACER STUDIES

The major objective of the research presented in this report is

to obtain information on the degree of fracture interconnection between

boreholes in fractured rock. To accomplish this task, specialized

temperature measurement equipment was designed and field test procedures

were devised. This chapter discusses the use of water temperature as a

groundwater tracer to delineate flow paths between boreholes. Section

4.1 describes the measurement instrumentation developed for this study,

Section 4.2 discusses the field setup and test procedures of a three-

borehole recirculation test, Section 4.3 presents the test results, and

Section 4.4 discusses the comparison of differential breakthrough tem-

perature profiles with existing geophysical and hydraulic test data.

4.1 Measurement Instrumentation and Test Equipment 

A precision temperature measurement instrument was designed to

allow multiple-depth temperature measurements without disturbing the

flow system. The instrument, a multiple thermistor string, contains 20

thermistors spaced at intervals ranging from two to five feet. The

total distance of vertical coverage in a borehole (for this particular

setup) was 62 feet; however, the string can be expanded or reduced to

any number of thermistors and spacing intervals. Thermistor spacing was

minimum (2-foot) at the center of the 62-foot string to allow dense

sampling in areas of interest.

29
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A diagram of the components of the multiple thermistor string is

shown in Figure 4.1. The same thermistors were used for the multiple

string as for the single thermistor instrument described previously. A

detailed description of the individual thermistor probes is given in

Section 3.1. Each thermistor is connected to an insulated two-conductor

cable which connects into a waterproof housing as shown in Figure 4.1.

There are a total of 20 thermistors and consequently 20 two-conductor

cables. The waterproof housing allows the connection of the individual

two-conductor cables into a single 600-foot, 25-conductor cable which

leads to the data control system. Individual thermistors have two

leads. One connects to a single (unique) conductor, and the second

connects to one of four common conductors. The extra two conductors are

used to operate known resistors built in the circuitry as a check

against noise or drift in the electronics. The waterproof housing

allows easy access to the connections if repairs are necessary. Isola-

tion of individual conductors is necessary to minimize arcing of the

current between conductors.

A movable, inflatable rubber packer was designed to allow the

multiconductor cable to pass through the center of the packer gland.

This packer can be positioned at any depth above the waterproof housing.

The packer typically was located below the water table in the steel

borehole casing. It reduced vertical flow and undesirable hydraulic

effects during a tracer test caused by pumping.

A steel cable with a weight at the bottom provided support for

the thermistor string and also was used to keep the unit taut in the
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borehole.	 Each thermistor was protected by teflon screening to

minimize damage during movement in and out of the borehole. The minimum

borehole diameter in which the thermistor string and packer unit can be

used is four inches; without the packer, the minimum diameter is two

inches.

The 25-conductor cable connects to the control unit and data

logger system. This system was designed by Silliman et al. (1985). The

system is composed of a series of relay terminals (one for each thermis-

tor), circuitry to control the relays, power supply, and a data logger.

The data logger is used not only to collect data but also as a power

supply. Known resistors are built into the circuitry to provide a check

on the stability of the voltage. The measurement precision of the

equipment in detecting a change in temperature is ±0.01 ° C.

The data collection system is computer-controlled and can take a

set of 20 thermistor readings in approximately 1.5 minutes. Tempera-

tures typically were monitored on a 5-minute time interval during tem-

perature tracer tests. The data logger can store 144 full sets of

readings before it becomes necessary to unload the data. The data were

put on magnetic tape and processed using a cubic equation of the form

given in Section 3.1 to convert resistance values to temperature. A

Tektronics computer was used to convert the data and produce a hard copy

showing time of measurement, resistance in KR and temperature in °C.

The water-temperature tracer tests were run using either heated

or cooled water. For a test using heated water, a submersible heater

was used. Several heater designs were tested for this study. The first
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heater built for the tracer tests consisted of a 15-foot hollow copper

tube which was wrapped with 115 volt resistance wire rated at 2.5

watts/foot. Approximately 400 feet of resistance wire was wrapped on

the copper tube for a total output of 1,000 watts. The heater was found

to be ineffective and consequently was not used for further experiments.

Instead a 4-foot modified Calrod tubular heater with an output rating of

6,000 watts was used (Figure 4.2).	 The electrical connections were

encased in a waterproof housing and protective bars added to the unit

for stability. Electricity was provided by a single-phase propane-

powered generator.

The surface injection equipment included a 180-gallon water

trough, a 300-gallon water trailer, and a gasoline-powered pump. The

heated (or cooled) water was injected to the desired depth through

plastic pipe. The submersible heater was used on the surface to heat

the water in the trough. Cooled water was obtained by allowing the full

trough and trailer to cool down over several days. A differential

temperature of 8 °C could be achieved by diurnal cooling. Cool water was

also obtained by ice bath. Unused boreholes were plugged with packers

to minimize flow of water into such boreholes.

4.2 Field Setup and Test Procedure 

This section discusses converging flow, water-temperature tracer

tests using a three-borehole recirculation procedure. A preliminary

study was made to assess a diverging flow procedure; this was found to

be complex and unnecessary for the present purpose. Two-hole converging

flow tests without recirculation were tried; however, the drawdown in
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the pumped borehole was too rapid to complete a test. In addition,

there was significant vertical mixing and turbulence in the monitored

borehole caused by pumping.

4.2.1 Three-Borehole Recirculation Test

The three-borehole recirculation test configuration is shown in

Figure 4.3. For tests using heated water as the tracer, the submersible

heater was placed at the desired depth of heating in the injection

borehole. Heated water also was injected from the surface through a

pipe lowered to the same depth as the heater. For the cold water test,

the submersible heater was removed and only the injection pipe was used.

The source temperature was measured throughout the duration of each test

by thermistors positioned within the input zone.

The multiple thermistor string was positioned in borehole H-2 to

monitor a 62-foot depth interval of interest. The inflatable packer was

positioned and inflated in the cased portion of the borehole above the

thermistors. The packer dampened hydraulic effects caused by the pumped

borehole and also minimized disturbance to the flow system. The multi-

ple thermistor string was operated from the surface by the data-logger

control system, as described in Section 4.1.

The pump was positioned in borehole H-3 at the desired depth

with a discharge pipe allowing return flow to the injection borehole. A

thermistor was placed above the pump to monitor temperature in the

pumped hole. Inflatable packers were used to plug nearby boreholes to

minimize migration of the thermal plume away from the monitored

borehole.
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The three-borehole procedure using heated water involved two

phases. (1) Borehole water was heated at a prescribed depth (down-hole

heating) prior to pumping, and when the difference between the tempera-

ture at the heater and ambient groundwater temperature was approximately

25°C or more, the heater was shut off and the pump was turned on.

Recirculation of the pumped water was started immediately and supple-

mented by an additional surface supply in order to rapidly achieve

constant head in the injection borehole. The flow rate from the pumped

borehole was monitored on the surface. (2) When the temperature in this

zone returned to the initial ambient temperature, heated water (stored

in tanks on the surface) was injected at a controlled rate to the same

depth as the heater. A gasoline-powered pump with a flow regulator was

used to inject the heated water.

The three-borehole procedure using cold water involved only the

injection phase (phase 2). This was initiated after pumping and recir-

culation had established a steady flow field.

Measurements of depth to water were taken periodically in all

boreholes throughout the test. The head measurements provided informa-

tion on changes in the flow field and also the degree of hydraulic

connection between boreholes. The test was run until the tail of the

second thermal pulse had been detected by the multiple thermistor

string.
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4.2.2 Two-Borehole Radially Diverging Flow Test

This section describes the experimental procedures and equipment

used to evaluate water-temperature as a groundwater tracer using a tdo-

hole divergent flow test setup.

Figure 4.4 is a schematic diagram of the two-borehole diverging

flow test using either cold water or heated water injected from the

surface. A downhole straddle packer assembly was used in the injection

borehole to isolate a tracer input interval that, in this instance, was

13 feet. The straddle packer assembly consists of two packers, a per-

forated connecting pipe, the associated plumbing, and an instrument

housing (not shown in Figure 4.4) containing three pressure transducers

and a thermistor. Design details of the packer system are given by

Hsieh (1983). Storage tanks on the surface were used to heat or cool

the injection water.

The multiple thermistor string was positioned in an adjacent

borehole over a 62-foot monitoring interval of interest. The borehole

was plugged by the inflatable rubber packer on the string. The data

logging and control unit was automatically operated on the surface.

Inflatable rubber packers were used to plug nearby boreholes.

The two-borehole diverging flow procedure involves a single

continuous injection of heated (or cooled) water into the isolated

injection zone. A thermistor placed in this zone was used to monitor

the injection temperature. Pressure transducers located above and below

the straddle packer assembly provided a means of detecting possible

short circuiting of flow or a poor packer seal. The injection pressure
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pressure was monitored by a third pressure transducer located in the

injection interval.

A submersible heater was used on the surface to obtain heated

water for injection. For cold water injection, diurnal cooling supple-

mented with ice was used to cool the water. Temperature measurements of

the source water were taken prior to injection.

4.3 Test Results 

The following section presents the results of water-temperature

tracer tests utilizing the three-borehole recirculation procedure. The

results of a single preliminary water-temperature tracer test using the

two-borehole diverging flow configuration are also discussed.

4.3.1 Three-Borehole Recirculation Test

A total of six water-temperature tracer tests were conducted at

the Oracle site using the three-borehole recirculation procedure as

described in Section 4.2.1. Five tracer tests using heated water were

conducted during July and August of 1984. A cold-water tracer test was

run in December of 1984.

Table 4.1 lists the date and field setups for each of the six

tests conducted. The same three boreholes, as shown in Figure 4.3, were

used for all six tests.

The multiple thermistor string was positioned between the 228-

foot and 290-foot depths in H-2 for tests #1 and #2, and between the

208-foot and 270-foot depths for all the other tests. A discharge rate

of four gallons per minute out of H-3 was used for all tests except test
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#5. Test #5 was run with a discharge of two gallons per minute. All

tests except test #6 were conducted using heated water as the tracer and

involved two phases--down-hole heating followed by surface injection.

Test #6 was run using cold water as the tracer with only an injection

phase.

Temperature was monitored at 20 depth-intervals providing a

total vertical coverage of 62 feet in H-2. During each test, measure-

ments were made every five minutes.	 Prior to each test, two to four

hours of background ambient temperature measurements were recorded at

15-minute intervals to provide a baseline temperature value from which

to calculate the temperature differential.

The source temperature in M-1 was monitored at three depth-

intervals using three thermistors. A plot of temperature change in M-1

using both down-hole heating and injection of heated water from the

surface is shown in Figure 4.5. The temperature rise followed by

decline for both phases is evident within the input zone in M-1. Heated

water in M-1 for both phases was produced at the 250-foot depth. Water

temperature at 245 feet rose during heating in M-1, indicating migration

of water upwards. Cyclic oscillations in the temperature measurements

around the heater (prior to pumping) indicate the formation of localized

convective cells in the borehole.

The temperature profile in H-2 at 255 feet showed no change in

temperature during the two hours of heating, and then a sudden increase

in temperature once pumping in borehole H-3 had started. The pump in

H-3 was located at a depth of 280 feet.
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The two-phase procedure resulted in the breakthrough of two

sequential thermal fronts in the monitored borehole as shown 
in Figure

4.6. The differential temperature profiles of all six tracer tests

correlate well among themselves. Figure 4.7 presents the 
differential

temperature profiles in H-2, 10 minutes after pumping began following

down-hole heating (phase 1) for each of four tests. The peaks show the

locations of maximum heat transport into borehole H-2. Such locations

indicate the intersection of water-transmitting fracture zones 
with

borehole H-2.

The total vertical section of borehole H-2 monitored during the

tests, as shown in Figure 4.7, was 80 feet. In tests 1 and 2, 
the

multiple thermistor string was positioned between the 228-foot and 
290-

foot depths in H-2; in tests 3 through 6, the thermistor 
string was

positioned between the 208-foot and 270-foot depths in H-2. The tracer

source for all tests was positioned at 250 feet in M-1. 
Combining the

differential breakthrough profiles for the two overlapping thermistor

string locations in H-2 provided a total vertical coverage of 80 feet

(208-290 feet). The major breakthroughs of the thermal front in H-2, as

indicated in Figure 4.7, occurred between the 228-foot and 
260-foot

depths. Within this interval, the profiles indicate that the major

water-transmitting fractures occur between the 228-foot and 238-foot

depths and between the 246-foot and 258-foot depths. A 
time sequence of

differential-temperature breakthrough in H-2 for test 3 is plotted in

Figure 4.8. The first breakthrough was detected at depth 231 feet, 110

minutes after surface injection (phase 2) began; five minutes later,
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breakthrough was also detected at depths 236 feet and 257 feet. One of

the problems associated with phase 1 (down-hole heating) was the radial

conduction of heat through the rock-water system away from the source

borehole. Heater tests were conducted in M-1 to evaluate conductive

transport of the thermal pulse. These tests showed that, in the absence

of pumping, a minimum of 2.5 hours was necessary for the thermal pulse

to be detected in the monitored borehole H-2. In all six of the tests

described herein, down-hole heating (phase 1) prior to pumping was less

than two hours. Hence, although a quantification analysis of the effect

of heat conduction on the shape of the breakthrough curves is beyond the

scope of this report, it seems safe to assume that the peaks shown in

Figures 4.7 and 4.8 primarily reflect convective transport through rock

fractures.

4.3.2 Two-Borehole Radially Diverging Flow Test

A two-hole radially diverging flow test was conducted in March

1984 using the equipment and procedures described in Section 4.2.2.

Cold water, used as the tracer, was injected into a 13-foot packed-off

interval located between the 245-foot and 258-foot depths in H-2. The

multiple thermistor string was positioned between the 223-foot and 285-

foot depths in M-1. Figure 4.9 presents the temperature breakthrough

profiles in M-1 for this test. The breakthrough curves made it possible

tentatively to identify four principal water-transmitting fractures

between depths 223 feet and 285 feet in M-1. However, the purpose of

this test was to assess the feasibility for performing a systematic

series of similar tests in the future. Future tests will include
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50

non-toxic chemical tracers in addition to temperature tracers. The

experience with this test indicates that it should be feasible to per-

form radially diverging flow tests, but that additional studies are

needed to perfect equipment and procedures.

4.4 Comparison With Existing Site Data 

Various geophysical logs and hydraulic tests (Jones et al.,

1985; Hsieh et al., 1983) were completed at the site prior to the water-

temperature tracer studies. The geophysical logs and hydraulic data

provide a data base with which to compare the differential temperature

breakthrough profiles. Fracture zones indicated by the geophysical

and/or by the hydraulic data should correlate with the water-transmit-

ting zones delineated by the temperature tracer experiments. The

results of many of the geophysical logs do not provide information on

the water-transmitting capability of a fracture zone. Jones et al.

(1985) found that many fracture zones identified by the geophysical logs

were sealed with calcite. The water-temperature tracer tests provide a

method to delineate the fracture zones which actively participate in

flow through the system.

Figure 4.10 presents the comparison of existing geophysical and

hydraulic data for borehole H-2 with the differential temperature break-

through profiles from the three-borehole recirculation tests using

heated water as the tracer. The zones in H-2 of strongest thermal

response between the 228-foot and 258-foot depths are consistent with

the fracture zones indicated by the geophysical logs and hydraulic data.
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Fracture zones indicated by the geophysical logs which are not

identified by the water-temperature tracer tests may be sealed zones

which do not actively participate in water transport. Statistical

correlation of the temperature breakthrough profiles with the existing

data base is beyond the scope of this thesis. However, a sufficient

data base does exist for future cross-correlation analysis.



CHAPTER FIVE

SUMMARY AND CONCLUSIONS

Temperature measurement equipment and field procedures were

developed whereby water temperature variations (background or induced)

within fractured crystalline rock can be utilized to characterize frac-

ture flow. Although water temperature previously had been used to study

groundwater circulation in alluvial aquifers, there have been limited

applications to fractured rock. This research is the first to use water

temperature as a groundwater tracer in fractured rock.

Water temperature was used in two ways to assist in character-

izing a fractured granitic rock at a field site near Oracle, Arizona.

(I) Background thermal profiles of vertical boreholes in fractured rock

were measured using a precision thermistor probe which was capable of

detecting a change in temperature to ±0.005 ° C. Local irregularities in

the thermal profile, presumably due to zones of vertical flow in the

borehole, allowed the identifiCation of water-transmitting fractures

responsible for such flow. (2) Water temperature was used as a tracer

by injecting heated (or cooled) water in one borehole and measuring the

response at a number of points (depths) in another hole. The tempera-

ture sensing device consisted of 20 thermistors on a down-hole string,

distributed over a 62-foot interval. The thermistor string was operated

by a data logging/control unit which allowed near-simultaneous multi-

point measurements to be taken automatically. Several types of tracer
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tests are possible: 	 (1) converging radial flow; (2) converging

nonradial (three-borehole recirculation) flow; and (3) diverging radial

flow.

Two-borehole radially converging flow tests were found not use-

ful because of excessive drawdown and significant vertical mixing in the

monitored borehole, inhibiting accurate measurement of temperature

changes.

Three-borehole recirculation tests proved successful in con-

ducting the tracer experiments. Six recirculation tests were performed,

five using heated water and one using cooled water. The heated-water

tests consisted of two phases: (1) down-hole in situ heating by a

submersible heater; and (2) injection of heated water from the surface.

For cold water, only the injection phase was used. All tests utilized a

three-hole linear configuration. Tracer was placed in the first bore-

hole, the multiple thermistor string was positioned in a second borehole

30 feet from the first, and a third borehole 20 feet from the second

housed a pump with a recirculation line to the first borehole. Pumping

and recirculation began after phase 1 (down-hole heating) ended and

before phase 2 (injection from surface) began. In this way, a quasi-

steady-state flow regime was established. Breakthrough temperature

profiles measured during these tests allowed the identification of

water-transmitting fractures in the monitored borehole.

A two-borehole radially diverging flow test was also performed.

Diverging flow tests are required in analyzing zones of low hydraulic

conductivity because pumping even at low rates will quickly de-water
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such zones. Cool water was injected in a 13-foot packed-off zone in one

borehole and the thermal response was measured in a second hole 30 feet

away, using the multiple thermistor string. In this case also, the

thermal breakthrough profile provided information on the location of

water-transmitting fracture zones.

Diverging radial flow tests, in general, and those using water

temperature as a tracer, in particular, have the disadvantage of high

tracer dilution and strong "sink" effects that make the tracer difficult

to detect in the monitored borehole. This imposes severe constraints on

maximum distances between boreholes and minimum time interval of injec-

tion. In cases where heated (or cooled) water is used as a tracer, it

would not be feasible to perform a short-time pulse injection. That is,

heated (or cooled) water would have to be injected over many hours in

order to obtain measurable breakthrough over distances of several tens

of feet.

Conclusions based on the reported research include:

(1)precision temperature measurement equipment makes possible

the use of heated (or cooled) water as a groundwater tracer;

(2) the three-borehole recirculation tests yielded promising

results, particularly in identifying the location of water-

bearing fracture zones in the monitored borehole;

(3) the temperature measurement equipment and electronics used

in conducting this research will make possible the design of

more detailed experiments for site characterization;
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(4)the results of the water-temperature tracer tests are

valuable in the design of tests using chemical tracers;

(5)the two-borehole radially diverging flow test showed promise

as a technique of conducting water temperature tracer tests

in low conductivity zones.
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Table A.1. Background temperature profile data

Borehole M-1
Date: 10/26/84

Depth Temperature Depth Temperature

30 19.7915 170 20.4068
35 19.7154 175 20.4420
40 19.6593 180 20.4717
45 19.6611 185 20.5046
50 19.6780 190 20.5570
55 19.7014 195 20.5716
60 19.7353 200 20.6052
65 19.7751 205 20.6359
70 19.8127 210 20.6770
75 19.8532 215 20.7065
80 19.8809 220 20.7415
85 19.9181 225 20.7853
90 19.9388 230 20.8094
95 19.9666 235 20.8577

100 19.9980 240 20.8639
105 20.0224 245 20.9341
110 20.0396 250 20.9764
115 20.0741 255 21.0176
120 20.1051 260 21.0551
125 20.1367 265 21.0959
130 20.1529 270 21.1228
135 20.1966 275 21.1455
140 20.2277 280 21.1631
145 20.2560 285 21.1839
150 20.2890 290 21.1921
155 20.3174 295 21.1990
160 20.3506 300 21.1977
165 20.3802

Note: The data presented in this thesis represent only a small portion
of a larger background temperature profile data base which is
available at the University of Arizona, Department of Hydrology
and Water Resources.

58



Table A.2. Background temperature profile data

Borehole H-2
Date: 10/26/84

Depth Temperature Depth Temperature

35 19.6652 170 20.3886
40 19.6430 175 20.4329
45 19.6442 180 20.4644
50 19.6739 185 20.5015
55 19.7107 190 20.5301
60 19.7499 195 20.5680
65 19.7739 200 20.5979
70 19.8097 205 20.6303
75 19.9485 210 20.6653
80 19.8774 215 20.7021
85 19.9051 220 20.7372
90 19.9293 225 20.7699
95 19.9495 230 20.8076

100 19.9844 235 20.8453
105 20.0022 240 20.8819
110 20.0372 245 20.9160
115 20.0515 250 20.9652
120 20.0872 255 21.0014
125 20.1188 260 21.0439
130 20.1469 265 21.0877
135 20.1786 270 21.1115
140 20.2067 275 21.1417
145 20.2409 280 21.1662
150 20.2722 285 21.1858
155 20.3053 290 21.1977
160 20.3379 295 21.2009
165 20.3723
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Table A.3. Background temperature profile data

Borehole H-3
Date: 10/26/84

Depth Temperature Depth Temperature

35 19.6221 170 20.3832
40 19.6250 175 20.4056
45 19.6500 180 20.4341
50 19.6827 185 20.4675
55 19.7084 190 20.5027
60 19.7388 195 20.5350
65 19.7722 200 20.5667
70 19.7997 205 20.5948
75 19.8250 210 20.6334
80 19.8503 215 20.6567
85 19.8786 220 20.6935
90 19.9034 225 20.7249
95 19.9264 230 20.7588

100 19.9601 235 20.7903
105 19.9856 240 20.8311
110 20.0063 245 20.8639
115 20.0366 250 20.8949
120 20.0664 255 20.9397
125 20.0914 260 20.9615
130 20.1206 265 21.0057
135 20.1511 270 21.0295
140 20.1762 275 21.0551
145 20.2091 280 21.1128
150 20.2397 285 21.1373
155 20.2842 290 21.1581
160 20.3107 295 21.1606
165 20.3415
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Table 8 .1. Temperature breakthrough data for three-borehole
recirculation tracer test #3

Borehole H-2
Date: 7/20/84

Tracer: heated water
time = time after pumping began

(AT) differential temperature = temperature-base temperature

Depth
in H-2
(feet)

Base
Temperature

(°C)

Temperature
time = 10 minutes

(°C) (°C)

208 20.729 20.796 0.067
213 21.084 21.164 0.080
218 20.570 20.673 0.103
221 21.654 21.751 0.097
223 ---- -- -- ---
225 20.616 20.677 0.061
227 21.210 21.248 0.038
229 21.090 21.172 0.082
231 21.277 21.372 0.095
233 21.534 21.648 0.114
236 21.238 21.378 0.140
239 21.360 21.568 0.208
242 20.990 21.162 0.172
246 20.562 20.718 0.156
250 21.009 21.145 0.136
253 20.717 20.813 0.096
257 21.449 21.462 0.013
261 21.175 21.177 0.002
266 20.518 20.525 0.007
270 21.416 21.413 -0.003

Note: The temperature breakthrough data presented in this thesis
represent only a small portion of a large data base available
at the University of Arizona, Department of Hydrology and
Water Resources.
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Table B.2. Temperature breakthrough data for three-borehole
recirculation tracer test #4

Borehole H-2
Date: 7/24/84

Tracer: heated water
time = time after pumping started

(AT) differential temperature = temperature-base temperature

Depth
in H-2
(feet)

Base
Temperature

(°C)

Temperature
time = 10 minutes

(°C)
T

(°C)

208 20.746 20.791 0.045
213 21.080 21.214 0.134
218 20.276 20.431 0.155
221 21.433 21.580 0.147
223 ---- -- -- ---
225 20.593 20.753 0.160
227 21.209 21.328 0.119
229 20.999 21.156 0.157
231 21.204 21.363 0.159
233 21.466 21.609 0.143
236 21.195 21.387 0.192
239 21.387 21.572 0.185
242 20.979 21.174 0.195
246 20.446 20.596 0.150
250 20.959 21.108 0.148
253 20.599 20.702 0.103
257 21.214 21.229 0.015
261 21.108 20.119 0.011
266 20.326 21.328 0.002
270 21.387 21.389 0.002
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Table B.3. Temperature breakthrough data for three-borehole
recirculation tracer test #5

Borehole H-2
Date: 7/26/84

Tracer: heated water
time = time after pumping started

(AT) differential temperature = temperature-base temperature

Depth
in H-2
(feet)

Base
Temperature

(°C)

Temperature
time = 10 minutes

(°C) (°C)

208 20.727 20.814 0.087
213 21.104 21.265 0.161
218 20.211 20.361 0.150
221 21.375 21.511 0.136
223 ---- ---- ---
225 20.611 20.789 0.178
227 21.220 21.357 0.137
229 21.015 21.190 0.175
231 21.206 21.441 0.235
233 21.481 21.670 0.189
236 21.198 21.390 0.192
239 21.387 21.556 0.169
242 20.937 21.130 0.193
246 20.377 20.529 0.152
250 20.965 21.092 0.127
253 20.530 20.614 0.084
257 21.161 21.174 0.013
261 21.105 21.117 0.012
266 20.229 20.219 -0.01
270 21.388 21.387 -0.001
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