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ABSTRACT

Natural recharge is one of the most poorly constrained components of the water budget.

In semiarid environments, quantifying natural recharge is difficult due to the relatively

low fluxes and the thick unsaturated zones. Measuring deep recharge to great depths in

multiple locations is impractical and cost prohibitive for most measurement methods. An

alternative method to estimate deep percolation utilizes temperature profiles measured

from the ground surface to the water table. Temperature measurements taken in existing

cased wells provide an economical and useful vantage for accessing many locations

within a basin.

A controlled infiltration experiment was conducted to test the feasibility of using

downhole temperature measurements to estimate the infiltration flux. VS2DHI (Healy

and Ronan, 1996), an interactive numerical model, was used to predict and interpret

coupled water-flow and heat-transport occurring in the subsurface during infiltration and

redistribution. A sequential sensitivity analysis showed that downhole temperature

profiles were most sensitive to the temperature of the applied water, the water flux, and

the heat capacity of the dry soil.

This downhole temperature method was extended to a natural setting. Temperature

profiles were measured at six sites within the Tucson Basin. The temperature profiles

varied throughout the basin, and the factors affecting the temperature profiles were

numerous. Profiles from the in-channel and intrabasin boreholes showed effects of

10
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focused recharge, mountain-front recharge, and stream-channel recharge. Results suggest

that this temperature method may be transferable to other basins in semiarid regions.



1.0 INTRODUCTION

Recharge is defined as water in the subsurface that crosses the water table from the

unsaturated zone. In the semiarid Southwest, natural recharge is one of the most poorly

constrained components of the water budget. In semiarid environments, natural recharge

occurs as one of two general recharge types. Diffuse recharge occurs in intrabasin areas,

and contributes sparse amounts of water over a large spatial area. Focused recharge

occurs in more localized regions within the basin. Focused recharge includes mountain-

front recharge as well as rapid infiltration beneath ephemeral stream channels.

Mountain-front recharge occurs when runoff from higher elevations infiltrates the alluvial

deposits in the basin. In semiarid regions, where the water table is deep and precipitation

is sparse, infiltration of runoff from streamflow events is the main source of water

recharging the basin (Bou-wer, 1989).

In the Tucson Basin, groundwater is the predominant source for industrial, municipal,

agriculture and domestic water use. The regional aquifer is replenished partially from

infiltration of stream flow beneath major streams and from mountain-front recharge along

the basin's perimeter (Davidson, 1973). Due to extensive urbanization, demand for

public water supplies has increased. In an effort to manage Arizona's groundwater

resources the Arizona Ground Water Management Code was adopted in 1980 (Sax et al.,

1991). The long-term management goal is a balance between the amount of groundwater

withdrawals and the amount of water replenished by recharge, natural and artificial, by

12
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2025. In the Tucson Basin, Colorado River water from the Central Arizona Project is

used to replenish the regional aquifer through artificial recharge basins. Water resource

managers can quantify the amount of water introduced into the subsurface through

artificial recharge, but natural recharge is more difficult to quantify. Water fluxes

occurring from deep percolation have not been quantified due, in part, to the logistical

and financial limitations imposed by current measurement methods.

Recharge can be estimated using laboratory and field derived measurements of water

content, chemistry, and pressure potential. The choice of the most appropriate method

depends upon, among other things, the scope of the study, economic factors, investigation

depth, and temporal and spatial variability. Each of the methods has limitations. In

vadose zone monitoring, laboratory derived chemical and physical properties of soil cores

are commonly sought. However, numerous samples are necessary to thoroughly

characterize a small spatial area. Pore liquid sampling methods are often used for

isotopic analysis of long-term hydrologic trends (Wilson et al., 1995) as well as

determination of the chemical constituents present in the core sample. Sampling can be

done in situ or by extraction of liquid from the soil cores. In situ grab sampling may help

determine whether additional sampling is necessary and, as a result, may preclude

continuous monitoring. Although soil cores can provide extensive information about the

physical and chemical properties, laboratory methods have limitations. Handling,

storage, and analysis of samples is often costly. In addition, these methods are

destructive, precluding high temporal resolution monitoring.
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Field monitoring strategies for the vadose zone may involve measurements of pressure

and water content to infer flux rates. Pressure measurements can be used in conjunction

with soil-hydraulic functions to determine the water flux. Water content measurements

can be used to estimate the change in storage in the unsaturated zone, which can be used

to estimate water flux if flow is not steady state. Pressure monitoring using transducers

and water content monitoring with time-domain reflectometry (TDR) require an

instrument at each point in the profile. Pressure transducers and TDR must be in direct

contact with the geologic medium and are calibrated and installed at a fixed depth.

Licensing and the need for soil-specific calibration restrict monitoring water content with

neutron probes. Chemical tracer tests can also be used to infer the water flux. Solute

tracer tests are generally labor intensive and expensive to perform because they require

chemical analyses and controlled addition of tracer solutions. Therefore, a non-

destructive and cost-effective method is needed to monitor water fluxes in the vadose

zone.

The near surface temperatures vary over diurnal and seasonal cycles. These fluctuations

in temperature decrease with depth. The temperature envelope is defined as the depth

above which the temperature varies due to radiative heating at the surface and the

transport of heat downward through the soil profile by conduction, advection, and

diffusive transport of latent heat by water vapor (Constantz et al. 2002). Shallow

temperature methods have been successfully used to estimate recharge beneath ephemeral
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channels based on the effects of advective heat transport. However, these methods are

most effective when applied in areas where depth to groundwater is shallow. Numerous

assumptions made when applying shallow temperature methods may not be appropriate

in monitoring deep percolation. These assumptions include equating shallow infiltration

with recharge, one-dimensional vertical flow, and minimal effects of diffusive heat

transport and natural geothermal gradients on temperature profiles. In thick unsaturated

zones, installation of instruments to measure temperature, moisture, and pressure from

the surface to the water table to completely characterize a site would be costly and

impractical. Devoted instruments would be optimal, but deployment and retrieval may be

difficult. Due to logistical and financial limitations of these methods in monitoring the

movement of water in the vadose zone, it is critical that an alternative method be

developed to estimate recharge through thick unsaturated zones.

Temperatures at the near surface fluctuate with depth and time, while in the deep

subsurface temperatures are more stable over time. Beneath the thermally transient near

surface, temperature generally increases with increasing depth. This usual trend is caused

by transport of heat from the wanner interior of the Earth, and this trend is referred to as

the geothermal gradient. Water percolating through the thick unsaturated zone may

modify the existing thermal profile. As water percolates into the shallow subsurface, heat

is transported through advection and conduction. Downward movement of water is

indicated by reduced thermal gradients in the subsurface. With repeated measurements,

temperature profiles can be used to determine the depth to which the applied water
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percolates into the subsurface. These repeated temperature measurements can be taken in

an existing borehole, which avoids additional drilling costs. The main logistical

challenge of measuring deep recharge is the impracticality of installing instruments to

great depths at multiple locations within a basin. The proposed deep temperature profile

method utilizes a single thermistor lowered in a borehole. This method of temperature

profiling is advantageous for temperature logging of numerous wells at specific times

over specific depths regardless of casing materials. The temperature profile can be

logged with high depth resolution, without permanent installation of instruments at each

depth and location throughout a basin.

1.1 Previous Investigations

The use of heat as a tracer has been shown to be a promising alternative to water-content

or water-pressure monitoring and chemical tracer tests, for monitoring water flow.

Previous studies have used temperature data to estimate groundwater velocities. Suzuki

(1960) used temperature profiles to estimate infiltration velocity for flooded rice fields.

Stallman (1965) analyzed temperature profiles observed near the land surface, and

presented a method of determining infiltration rates that is based on Suzuki's previous

work. Bredehoeft and Papadopulos (1965) used a type-curve method to estimate

groundwater velocity from temperature data, through an extension of the equations for

simultaneous transfer of heat and water developed by Stallman. Lapham (1989),

SiUllman and Booth (1993), and Constantz et aL (1994) used shallow-sediment
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temperatures to estimate infiltration rates below streams. Ronan et al. (1998) used a

variably saturated water flow and heat transport model, VS2DH (Healy and Ronan,

1996), to estimate infiltration rates below Vicee Canyon in northwestern Nevada.

Bartolino and Niswonger (1999) used temperature profiles measured beneath the middle

Rio Grande Basin near Albuquerque, New Mexico, to evaluate the rate of vertical flux

between the Rio Grande and the underlying aquifer system. In addition to these

investigations, which relied on variations in shallow temperature measurements, deep

temperature profiles have been used to estimate fluxes through thick vadose zones and in

deep, basin-scale flow systems. In these studies (e.g., Boyle and Saleem, 1979; Sass et

al., 1988; Rousseau et al., 1998; and Reiter, 2001), measured changes in the geothermal

gradient caused by infiltrating water were used to identify areas of active infiltration.

Supkow (1971) used unsaturated temperature measurements to delineate the zone of

maximum groundwater flow rates in the Tucson Basin, Pima County, Arizona. LeCain et

al. (2002) used continuous measurements of temperature, pressure, and water potential

data from boreholes in Nevada, to estimate water flux in the alluvium beneath Pagany

Wash, near Yucca Mountain, Nevada.

1.2 Purpose and Scope

The purpose of this study was to determine whether deep temperature profiles, measured

before and after a streamflow, could be used to estimate infiltration in subsurface

sediments. The method was initially tested under controlled field conditions. Then, the
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method was applied in the field, to monitor thermal profiles at six sites within the Tucson

Basin from July 2001 to April 2002. The six sites were monitored in the Tucson Basin;

three boreholes were located in Rillito Creek, Tucson, Arizona, while three boreholes

were located at sites in the basin floor. The objectives of the downhole temperature

monitoring study include:

1. To determine whether temperature profiles collected before and after infiltration

are sufficient to infer the infiltration flux using a numerical model of coupled heat

and water transport.

2. To examine the effects of diffuse and focused recharge on the deep temperature

profiles measured in Tucson Basin and Rillito Creek.

1.3 Theory

Heat is transported through the soils primarily via conduction, radiation, and advection.

Fourier's Law describes conductive heat flux as the product of the thermal conductivity

and the temperature gradient and is similar in form to Darcy's equation for water flux.

As solar radiation is absorbed at the soil surface, heat energy is transmitted into the

shallow subsurface by all of the three mechanisms. Radiant transfer of heat by

electromagnetic waves is dependent upon the temperature of the heat source. Radiant

heat transport is an important component of the surface energy balance, yet in the

subsurface radiant heat transport is regarded as a negligible component of heat transfer in
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comparison to conduction and advection. In addition to these three processes, heat

transfer through soils occurs via latent heat processes. Liquid and vapor fluxes into and

out of the soil matrix are affected by the amount of available heat, pressure potential,

surface conditions and the physical properties of the soil. However, for most hydrologic

applications, advection is the primary mechanism for the transport of heat by flowing

water (Constantz and Thomas, 1996).

Heat transport is directly coupled with water flow through advection. The saturated

hydraulic conductivity, Ks, is calculated as,

Ksat
	 k• p - g \
	

(1)
\

where Ksa, is the saturated hydraulic conductivity (Lit), k is the intrinsic permeability

(L2), p is the fluid density (M/L3), g is the acceleration due to gravity (L/t2) and ,u is the

dynamic viscosity (Ft/L2). An increase in temperature decreases the dynamic viscosity

and the density of water. Although a decrease in the dynamic viscosity and the fluid

density have opposing effects on the saturated hydraulic conductivity, an increase in

temperature generally leads to an increase in the hydraulic conductivity of the medium.

In addition, for unsaturated conditions, the thermal and hydraulic conductivities are both

dependent upon the volumetric water content of the medium.



Stallman (1965) initially proposed that the dependence of heat transport on water flux

could allow for the use of water temperature measurements to determine water flux. In

an investigation of vertical, nonisothermal infiltration through a homogeneous medium,

Stallman (1965) used a coupled continuity equation of heat and water mass. In

developing this continuity equation, water flow through a variably saturated medium is

described by Richards' equation (Richards, 1931):

20

ae a
at =z[K(e,T)&1`

dO az
(2)  

where 0 is the volumetric water content (dimensionless); T is the temperature, (°C);

K(0, 7) is the hydraulic conductivity as a function of the volumetric water content and

temperature, (Lit); V is the pressure head (L);z is elevation (L); and t is time. Advection

and conduction of heat through subsurface sediments can be described by the advection-

dispersion equation (Kipp, 1987; Nassar and Horton, 1992):

apcw + 0-Ø)cs k -KkT (9))y7-1+y -Kecwph )vi-j-y cwq71+ qscw ,
at

(3)

where 0 is the sediment porosity (dimensionless); Ph is the thermo-mechanical dispersion

tensor (L2/t); q is the water flux (Lit); qs is the water flux from the fluid source (Ut); Cs is

the heat capacity of the dry solids (energy per unit volume times degree change in
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temperature, E/L3T); C, is the heat capacity of liquid water (E/ L3T); WO) is the thermal

conductivity of the sediment as a function of water content (E/TLt); and T* is the

temperature of the fluid source (°C). A one-dimensional form of these coupled equations

is used in this investigation to describe heat transport and transient water flow through a

variably saturated medium.

2.0 METHODS

Temperature profiles were recorded by lowering a thermistor to specific depths within a

borehole. All boreholes in this study were cased, and casing materials are specified for

each site. After the thermistor reached equilibrium with the air in the casing, the

temperature was recorded and the thermistor was lowered to the next depth. Due, in part,

to the safety concerns of working within an active channel subject to episodic streamflow

events, temperature profiles were measured only before and after streamflow. To

simulate streamflow under controlled conditions, a field infiltration experiment was

conducted to examine the feasibility of using downhole temperature monitoring to

quantify infiltration. The controlled field experiment site was conducted at the

University of Arizona, West Campus Agricultural Center located on the east bank of the

Santa Cruz River in Tucson, Arizona. The subsurface temperature was measured using a

thermistor that was lowered within a borehole and using thermocouples buried in an

adjacent borehole. To better characterize the transient thermal and hydraulic conditions

during the experiment, an array of supporting measurements were recorded during the
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experiment. Measurements made by buried thermocouples in an adjacent borehole were

compared to the downhole thermistor, to address how representative downhole

measurements are of the subsurface temperature profile. A numerical model of coupled

water-flow and heat-transport was used to analyze the results.

To further test this method in a natural setting, temperature profiles were measured in six

boreholes in the Tucson Basin. The six sites are typical of either high and low recharge

areas within the Tucson Basin. These sites were monitored from June 2001 to April

2002. Three boreholes were located in Rillito Creek typical of high recharge areas, and

three boreholes were located at intrabasin sites within 4 km of the active stream channel,

typical of low recharge areas.

2.1 Downhole thermistor construction and calibration

The downhole temperature profile monitoring system consists of a thermistor, four-

conductor shielded cable, reel with cannon cable connectors, a digital multi-meter with a

linking cable to connect to the reel, and a laptop to record the data (Figures 1 and 2). A

Fenwal l iso-curve glass-probe thermistor was attached to a breast reel containing 600 m

of insulated four-conductor shielded cable. A winch was used to lower and raise the

thermistor in each borehole. A thermistor is a thermally sensitive resistor. The

[Fenwal Electronic, Inc., Pawtucket, Rhode Island (Use of trade names is for identification purposes only
and does not constitute endorsement)]



Figure I. The downhole temperature profile monitoring system consisted of the
following instruments: a digital multimeter; a glass-beaded thermistor; a breast reel with
600 m of 4-conductor cable; and a connecting cable with cannon connectors used to link
the cable on the reel to the multi-meter.

23



Figure 2. Cannon-connectors on the exterior of the breast reel used to connect the digital
multi-meter to the downhole thermistor.
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thermistor used in this study has a negative temperature coefficient; that is, the

thermistor's resistance increases as the temperature decreases. By measuring the

electrical resistance of the thennistor as a function of temperature under controlled

conditions, a calibration curve is established. The voltage drop across the resistor under

an applied current could be used to determine the temperature of the probe. Two wires in

the four-conductor shielded cable were used to apply a current while the remaining two

were used to measure the voltage drop across the thermistor (Figure 3). The hermetically

sealed thermistor was encapsulated in glass and protected from impact with the borehole

wall by a plastic shield that was 2.5 cm in diameter (Figure 4). The thermistor was

soldered to the cable and the connection was encased in heat shrink tubing to prevent

moisture from entering the cable.

For calibration, the thermistor and a YSI (YSI Temperature, Dayton, Ohio) precision

thermometer were submerged in an insulated Nalgene container of de-ionized water.

Paired temperature and thermistor resistance measurements were made over a range of

temperatures from 4 to 36°C, which was expected to encompass the minimum and

maximum downhole temperatures encountered during the field study. Each calibration

curve was fitted by using the resistance and temperature measurements, and the following

nonlinear relation presented by (Steinhart and Hart, 1968):

T -1 = A +(B. log R)+ C(log R)3 ,	 (4)
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Figure 3. Schematic of the electrical connections between the glass-beaded thermistor
and the 4-conductor cable.

Figure 4. Hermetically sealed thermistor encapsulated in glass and protective plastic
shield.
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where T is temperature [K], R is resistance [ohms], and A, B, and C are empirical

coefficients. TABLECUR'VE (Systat Software, Inc., Richmond, California) was used to

detei mine the values of the coefficients. Paired measurements collected during 11

calibrations over a 12-month period (Figure 5) show that the temperature measurements

were repeatable and that the instrument showed no appreciable drift. The root-mean-

square error for each calibration curve was used to assess the precision of the

temperature profile monitoring system. Root-mean-square error (x) is calculated as,

( n
(Tmeasured — Tpredicted)2

=1
n-1

where Tmeasured is the temperature observed during the calibration, Tpredicted is the

temperature calculated using equation 4, and n is the number of temperature values used

in the calibration. The mean root-mean-square error for the 11 calibrations was 0.098°C;

therefore, the precision (at the 95% confidence level) of the temperature profile

monitoring system is typically about ±0.2°C. The coefficient of determination (R2) is

calculated as,

n

E (Tme.s.md — Tprulictcd )2)

R 2 =1 	j= 1	
\ 2

kTmcasurcd i;mcan

(6)

x = 1
(5)



28

0.0037

0.0036

O

00

0.0035

0.0034

0.0033

<09

0.0032

0	 2000	 4000	 6000	 8000	 10000	 12000

RESISTANCE, IN OHMS

Figure 5. Paired measurements of temperature of a water bath and thermistor resistance
during calibration of the downhole thennistor.
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where Tmeasured is the temperature observed during the calibration, Tpreclicted is the

temperature calculated using equation 4, 't mea,, is the mean temperature calculated using

equation 4, and n is the number of temperature values used in the calibration. This

regression estimation is used to measure the fraction of the variance in the temperature

calibrations (Helsel and Hirsch, 1992). The R2 was greater than 0.99 for all of the

calibrations.

Assuming that the YSI precision thermometer measurements are "true", bias in each

calibration for the temperature profile monitoring system was estimated using the

following equation:

n
E (Tmeasured — Tpredicted)

Bias = i=1	 (7)

where the variables on the right side of the equation are previously defined. The mean

bias for the 11 calibrations was -0.005°C. With the estimated precision of ±0.2°C and

the bias of -0.005°C, the uncertainty of the data from the temperature profile monitoring

system is minimal and acceptable for this application.

2.2 Downhole temperature profiling
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The temperature profiles were measured within boreholes at specified intervals from the

ground surface to the water table. Depths of investigation and sample intervals were

based on the lithology of the study site, depth to groundwater, and the desired sampling

resolution within the borehole. At each measurement depth, the electrical resistance of a

thermistor suspended in the borehole was measured once every minute. At least five

measurements were taken at each depth. When the change in measured resistance was

less than 10.2 ohms (equivalent to a temperature change of approximately 0.05°C)

between consecutive readings, the thermistor was considered to be in thermal

equilibrium with its surroundings. The equilibration time for each measurement point

varied with depth. Generally, more time was necessary to equilibrate near the ground

surface, due to a larger gradient of the temperature with depth, while at depth the

temperature was more stable. When thermal equilibrium was reached, the resistance was

recorded and the thermistor was lowered to the next measurement depth. In an attempt

to lessen the disturbance of the air column in the borehole during measurements, a cloth

was inserted at the surface of the borehole. The final measurement of each profile was

used to obtain the groundwater temperature within the borehole casing. Upon

completion of the temperature measurements, a water level sounder was used to measure

the depth to the water table, which was later used as the lower hydraulic boundary

condition for the unsaturated flow models.

2.3 Test case with controlled infiltration
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The controlled infiltration experiment was used to test whether downhole temperature

measurements taken before and after a streamflow event could be used to quantify

infiltration. The numerical model, VS2DHI (Healy and Ronan, 1996), was used to

simulate the coupled effects of heat-transport and water-flow. Model simulations

demonstrated that the temperature method could be used to determine infiltration rates.

In addition, a sequential sensitivity analysis was performed to determine which variables

were most sensitive within the model. The detailed methods, analyses and results from

the controlled experiment are presented to justify the use of this method. It is included

here to illustrate the development of the method. In addition, the transferability of the

approach to a natural setting, beneath an ephemeral streambed will be discussed.

2.3.1 Controlled experiment

A controlled infiltration experiment was conducted in the field to examine the ability of

downhole temperature monitoring to quantify the infiltration flux during the advance of a

wetting front. Subsurface temperature was measured using buried thermocouples and

thermistors within a borehole. In addition, the water content profile within the soil was

measured with a neutron probe. These results were analyzed with the numerical model

of coupled water-flow and heat-transport. The following sections provide detailed

development of the downhole temperature method under controlled conditions.
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2.3.1.1 Controlled infiltration experiment. — A controlled infiltration experiment was

conducted on November 9 to 11, 2001 at the West Campus Agricultural Center of the

University of Arizona (Figure 6). The subsurface materials comprise unconsolidated to

poorly consolidated interbedded gravel, sand, and clayey sand. The water table was

40.23 m below ground surface. The borehole used for temperature logging was drilled to

a depth of 15.35 m 16 weeks before the beginning of the infiltration experiment, and is

surrounded by a 5 by 5 m bermed area (Dale Rucker, personal communication, 2001).

Core samples were collected during the borehole installation and the underlying

lithology was described based on cores. No quantitative information from the cores has

been prepared or analyzed regarding the hydraulic properties and formations penetrated

during the installation. Each hole was cased with 5-cm-diameter (2 inch) polyvinyl

chloride (PVC) tubing, capped at its base, and the annulus was backfilled with a mix of

cuttings and coarse sand. Thermocouples were installed in an adjacent uncased borehole

within the bermed area at 0.30-m intervals to a depth of 4.5 m and backfilled with native

material (Figure 7). The thermocouples were sampled every 10 seconds using a

Campbell CR10 datalogger (Campbell Scientific, Logan, Utah); temperatures were

averaged over a 10-minute interval to reduce scatter. A neutron probe and ground

penetrating radar were used to monitor water content profiles during the experiment.

During the experiment, water was applied inside the bermed area through porous hoses at

a constant rate of 0.34 m di for 2.96 days with minimal ponding. The applied water was

taken from a municipal water source, and the water temperature was measured
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Figure 6. Site map of controlled infiltration experiment at the University of Arizona
West Campus Agricultural Center and Tucson Basin application boreholes.
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Figure 7. Schematic of downhole thermistor, access tube, buried thermocouples, and
adjacent borehole at the controlled experiment site.
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periodically during the experiment. The average applied water temperature was 20°C.

Hourly air-temperature measurements were downloaded from the Tucson meteorological

station at the Campus Agricultural Center, which is located approximately 6.4 km from

the site. No precipitation occurred during the experiment.

2.3.1.2 Neutron moisture probe logging. — A Campbell Pacific Nuclear 503DR

Hydroprobe (CPN Corporation, Martinez, California) with a tool length of 0.32 m was

used for all neutron probe measurements. Measurements were taken at depths ranging

from 0.27 to 15.27 m with a count time of 32 seconds. Most neutron logs before and

after infiltration were carried out with measurements vertically spaced at 0.25 m

intervals; however, during infiltration, in the interest of keeping logging time as brief as

possible, spacing was usually increased to 1 m (James Callegary, personal

communication, 2001).

2.3.1.3 Downhole temperature profilink be ore and a ter in titration. — The borehole

temperature profile was logged twice: 13 hours prior to water application, and 114.5

hours after infiltration began (43.5 hours after infiltration ceased). The pre-infiltration

profile was measured on November 8, 2001 and the post-infiltration profile was

measured on November 14, 2001. The temperature profiles were measured within the

borehole at 0.61-m intervals from 0.13 to 15.34 m beneath the ground surface. The

average equilibration time for each measurement point was 9-minutes. Approximately 4-

hours was required to measure the air temperature at 26 depths within the borehole.
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2.3.2 Controlled experiment results

2.3.2.1 Comparison of buried/downhole temperature probes. — Given that the downhole

temperature probe is not in direct contact with the soil, it was uncertain that the

temperatures measured within the borehole were representative of the thermal conditions

in the surrounding medium. Direct comparison of the temperature profiles recorded with

the downhole thermistor with those measured using buried thermocouples in the adjacent

borehole (Figure 8) shows that the downhole measurements were within 1.3°C of the

buried thermocouple measurements for all measurements made below 1 m depth (dashed

line on Figure 8). Temperature measurements shallower than 1 m depth do not agree

nearly as well, possibly owing to differences in heating of the casing and of the soil.

Therefore, only those borehole temperatures measured below 1 m depth are used in the

analysis.

2.3.2.2 Temperature profiles during the advance of a wetting front. — Before water was

applied to the site, the subsurface temperature profile showed increased temperatures

with depth to 2.5 m below ground surface and gradual cooling with depth below this

depth (Figure 9). The cool temperature in the upper meter is related to the slow

propagation of cooler autumn temperatures into the subsurface. The warm temperatures

at 2.5 m depth is likely due to the subsurface retaining the effects of the summer

maximum temperature at depth at the time of the experiment.
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Figure 8. A comparison of temperature profiles from downhole and buried instruments,
measured before and after the infiltration experiment. Profiles are labeled with the
elapsed time since the beginning of infiltration. Only those measurements below the
dashed line are considered in the analysis because shallower measurements made with
buried and downhole thermocouples do not agree. The solid points are the buried
thermocouple measurements and the hollow points are downhole thermistor
measurements.
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Figure 9. Downhole temperature profiles measured before and after the infiltration
experiment. Profiles are labeled with the elapsed time since the beginning of infiltration.
Only those measurements below the dashed line are considered in the analysis because
shallower measurements made with buried and downhole thermocouples do not agree.
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The effects of the applied water are seen in the temperature profile measured 114.5 hours

after infiltration began. The infiltrating water was colder than the antecedent pore water,

causing a distinct decrease in temperature in the uppermost 4.5 m of the profile. This

represents the depth of the applied water front (Figure 9). The antecedent pore water in

the shallowest 3 m was warmer than the antecedent water deeper in the profile. As the

applied water displaced the warm shallow pore water downward, it caused an increase in

temperature in the interval from 4 to 10 m. There was no measured effect below 10 m at

the time of temperature measurement. Measurements collected with the buried

thermocouples and the downhole thermistor both show the advance of the cold water

front during infiltration (Figure 10).

Additionally, the depth of the observed change in temperature can be used to determine

the velocity of the applied water. After 114.5 hours, the cooler applied water is at a

depth of 4.4 m. Considering the temperature difference between the applied and

antecedent water, the calculation of velocity of the applied water from temperature

measurements, vtemp, is:

dtemp
vtemp -=

ti
(8)

where dtemp is the depth at which the cooler applied water has penetrated, and t, is the

time elapsed since the start of the infiltration experiment. The velocity of the applied

water was determined to be 0.0011 cm sec-1 (0.9131 m
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2.3.2.3 Water content measurements during the advance of a wetting front. — Changes

in neutron counts are directly proportional to change in water content (July et al. 1991).

A sharp contrast in change in counts is used to identify the wetting front. A comparison

of the initial neutron profile with later profiles labeled as "change in counts"(A neutron

counts) shows the advance of the wetting front (Figure 11). At 1-m beneath the ground

surface, the water content increases to a near constant value, while deeper in the soil

profile the wetting front has advanced to 4.5 m. After 55 hours of infiltration, the

wetting front has advanced to 7 m below the ground surface. The depth of the "average"

counts at the wetting front was examined for neutron probe measurements taken at 22.5,

34 and 55 hours after the beginning of the experiment. These depths were used to

calculate the wetting front velocity. To identify the location of the wetting front as

precisely as possible, the maximum change in counts for the time period was halved, to

determine the mean count value. Utilizing the change in counts versus depth in figure

11, the mean count value corresponds to a wetting depth for each time period. Then this

corresponding depth was used to calculate the velocity. The calculated velocity of the

wetting front, vwf, is:

di
vwf =—

ti (9)

where d, is the depth of the "average" counts at the wetting front, and t, the time elapsed

since the start of the infiltration experiment. The velocity of the wetting front was

determined to be 0.0035 cm sec -1 (3.024 m d-1).
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2.3.3 Controlled experiment analysis

2.3.3.1 Coupled water-flow and heat-transport numerical forward model. — VS2DHI

(Healy and Ronan, 1996) is an interactive numerical model that iteratively solves

coupled, one- or two-dimensional water-flow and heat-transport equations. To represent

the controlled-infiltration experiment, a one-dimensional homogenous domain was

constructed that was 30 m in depth. The measured water content profile was represented

using a simplified two-layer distribution; the uppermost layer (the shallowest meter) had

a water content of 0.17 cm3 cm-3 and the lower layer (bottom 29 m) had a water content

of 0.22 cm3 cm-3. The domain was discretized into 81 equally spaced vertical

increments, with a cell height of 0.5 m (Figure 12). The bottom water-flow and heat-

transport boundaries were set to no flow boundaries on the basis of other measurements

made at the site that showed that the wetting front did not reach this 30 ni depth during

the experiment. A constant water flux of 0.34 m c1-1 was applied at the upper boundary

during infiltration, and a zero flux was applied for all other times. Rather than

considering diurnal variations in the surface temperature, the average daily air

temperature was assigned as a constant-temperature upper boundary condition before and

after infiltration and a constant temperature (20°C) was used to represent the average

applied water temperature during infiltration. The downhole temperature profile

measured before infiltration was used to define the initial temperature profile. The initial

water content profile was measured using cross borehole ground penetrating radar (Dale

Rucker, personal communication, 2001). Twenty-six observation points were placed in
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Figure 12. Schematic of one-dimensional model domain, showing vertical increments,
observation points and initial volumetric water contents.
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the shallowest 15 m of the domain to coincide with depths at which the borehole

temperature was measured.

A base case model was formed using estimates of 15 variables (Table 1). These include

hydraulic, transport, and thermal properties, as well as boundary and initial conditions.

The estimated initial volumetric water content was based on the average water content

measured with borehole ground penetrating radar during previous field work. The heat

capacity of dry soils, thermal conductivity of water-sediment at full saturation, and

thermal conductivity of the sediment at residual water content were based on

measurements made on core samples collected within the Tucson Basin (Hoffmann et al.,

2002). The saturated hydraulic conductivity and the residual water content were

estimates based on previously reported values (Jury et al., 1991; Hillel, 1998; Stephens,

1996). The porosity, specific storage, longitudinal dispersivity, transverse dispersivity,

and the van Genuchten parameters, cc and n, were default VS2DHI values for a medium

sand (Lappala et al., 1987; PH11 et al., 1965). Initial water flux was estimated to be 0.34

m d-1 , which was equivalent to the application rate during the infiltration experiment.

The temperature profile simulated using the initial and boundary conditions and soil

properties agrees well with the temperatures measured with buried thermocouples

(Figure 13 A, and B) and with the downhole thermistor (Figure 13 C).



Model Variables

Hydraulic and Transport Properties

Units Initial Value Optimized Maximum Minimum Source

Saturated hydraulic

conductivity
m/d 5 3.5 35 0.5

Hoffmann et a!.,

2002; Hillel ,

1998; Stephens,

1996; Jury et a/. ,
1991

Porosity m3/m3 0.375 0.41 0.46 0.31

Lappala et al.,
1987; Prill et al. ,

1965

Specific storage 1/m 0 NA Prill et al. , 1965

Residual water

content m3/m3 0.1 NA
Lappala et al.,

1987; Prill et al.
1965

van Genuchten alpha 1/m 4.31 2.59 9.05 2.59
Stephens, 1996;
Prill et al. , 1965

van Genuchten n 3.1 3.1 5.2 2.2
Stephens, 1996;
Prill et al. , 1965

Longitudinal
dispersivity

m 0.01 NA VS2DHI default

Transverse

dispersivity
m 0.01 NA VS2DHI default

Thermal Properties

Heat capacity of dry

soils (E +06)
J/m3°C 2.5 2.5 4.23 0.986

Hoffmann et al.,
2002; Hiller ,

1998; Jury et al. ,
1991

Heat capacity of
water (E +06) J/m3°C 4.18 NA Hillel , 1998

Thermal conductivity

at full saturation
W/m °C 1.79 3.76 17.9 0.18

Hoffmann et al.,
2002; Hillel ,

1998; Jury et al. ,
1991

Thermal conductivity

at residual saturation Wim°C
1 .64 2.09 14.9 0. 19

Hoffmann et a!.,
2002; Hillel ,

1998; Jury et al.
1991

Boundary and Initial Conditions

Flux m/d 0.34 0.34 0.612 0.034 Measured

Temperature of
applied water

°C 20 20 30 8 Measured

Initial water content m3/m3 0.22 0.22 0.31 0.13 Measured

Table 1. Hydraulic and thermal properties used in the base case numerical simulation of
the infiltration experiment and the range of realistic property values, where appropriate.
The optimized property value, based on a sensitivity analysis, is shown for each
parameter if it differed from the value used in the base case (NA=-not varied in sensitivity
analysis)
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Profiles are labeled with the elapsed time since the beginning of infiltration. Only those
measurements below the dashed line are considered in the analysis because shallower
measurements made with buried and downhole thermocouples do not agree.
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2.3.3.2 Determining the infiltration flux by sequential optimization. — The temperature

profile simulated by the base case numerical model agrees well with the temperatures

measured with the downhole thermistor (Figure 13 C). However, given that coupled

heat transport and water flow depends upon many independent properties, the good

agreement between the simulated and measured temperatures does not ensure that all of

the hydraulic and thermal properties used in the model are correct or that the model can

be used to determine the infiltration flux.

A sensitivity analysis was conducted using VS2DHI to determine the relative sensitivity

of the resulting temperature profile to the values of the hydraulic and thermal properties,

and to the boundary and initial conditions. Specifically, the following 10 model

variables were varied independently from the base values: saturated hydraulic

conductivity, porosity, van Genuchten parameters a and n, initial volumetric water

content, specific heat capacity of dry soils, thermal conductivity at full saturation,

thermal conductivity at residual moisture content, water flux, and average temperature of

the infiltrating water. While holding all other variables values the same as the base case,

each variable was increased and decreased over a range that extended from 0.1 to 10

times the base case value. However, the range was reduced if this range exceeded to the

reported range of reasonable values for a given property. The ranges of values used are

listed in Table 1. The root-mean-square (RMS) error between the measured temperature

profile and the modeled profile was computed for each deviation from the base case

model.
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Results of the sensitivity analysis (Figure 14) are presented to compare directly the

sensitivity of the model to each property value. The error is not sensitive to the van

Genuchten parameters a and n, the initial volumetric water content, the thermal

conductivity at full saturation or at residual water content, or the saturated hydraulic

conductivity. Furthermore, reasonable values of porosity were restricted to a narrow

range, limiting their impacts on the resulting temperature profile. In contrast, the model

is highly sensitive to the average temperature of the infiltrating water, the specific heat

capacity of the dry soils, and the water flux. The minimum errors are found for a flux

equal to the known applied flux of 0.34 m d4 for an average temperature of the applied

water equal to the measured value of 20°C. This result suggests that the flux and the

temperature of the water can be defined accurately through a sequential optimization

such as that used here. The optimized temperature profile shows a very good fit to the

measured downhole temperature profile (Figure 15). The high sensitivity of the model

to the specific heat capacity of the dry soil suggests that this variable can also be defined

in this manner, although there is no directly measured value available for comparison

with the optimized value. Finally, the low sensitivity of the error to the other model

variables suggests that a reasonable estimation of the infiltration flux can be determined

even if values of these soil properties and initial conditions are known only within an

order of magnitude.
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Figure 14. Sensitivity of the coupled heat transport and water flow to changes in
numerical model variables.
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Figure 14. (Continued) Sensitivity of the coupled heat transport and water flow to
changes in numerical model variables.
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The use of a constant surface temperature during water application is a simplification of

the actual, time varying surface temperature caused by direct solar heating. To ensure

that this simplification does not adversely affect the accuracy of the infiltration flux

estimate, the model was run using the temperature measured with the shallowest

thermocouples to define the upper temperature boundary condition. This analysis

showed that the simulated temperature profiles, beneath 1 m depth, were unaffected by

changing the upper temperature boundary condition (results not shown).

2.3.3.3 Monitoring the rate of advance of the wetting front — The sensitivity analysis

presented above supports the use of the borehole temperature method to determine the

water flux under controlled infiltration conditions due to the high sensitivity of the

temperature profile to the applied flux rate. Assuming plug flow, the velocity of applied

water, va, is:

Va
= q

e1 '

(10)

where q is the applied flux (Lit) and Of is the final volumetric water content (L3/L3 )

behind the wetting front. Under unit gradient conditions in a homogeneous medium, the

flux is equal to the hydraulic conductivity at Of (Phillip, 1957). Because there is little

hysteresis in the K(0) relationship q and Of are directly related, enabling a unique

definition of q from a measure of va. In this experiment, the medium was assumed fully
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saturated, so the volumetric water content behind the wetting front is equivalent to the

porosity of the medium. With this substitution, the velocity of the applied water is

determined to be 0.0011 cm sec -1 (0.9504 m d4). The velocity of the applied water and

the velocity of the applied water calculated from the temperature measurements

(equation 8) compare well. There was good agreement between the applied water

velocities when assuming saturated conditions, although the medium did not reach full

saturation in the model simulations. The model is not as sensitive to changes in

saturated hydraulic conductivity in comparison to the water flux. When saturated

hydraulic conductivity is set equal to the water flux, the minimum RMS error is obtained

for the optimized flux (results not show).

In comparison, the rate of advance of the wetting front, vwf, is:

v
.! = e

q 
e

f

where 0, is the initial volumetric water content (L3/L3). A sensitivity analysis revealed

that the initial water content of 0.17 cm 3 cm -3 was the best value for a one-layer

simulation. By utilizing the simulated O„ the velocity of the wetting front was

determined to be 0.0019 cm sec -1 (1.6416 m d-1 ). Because 0 ; is independent of q and Of,

the flux cannot be defined uniquely by a measure of vwf. The velocity of the wetting

front calculated with the change in neutron counts (equation 9) was 0.0035 cm sec -1 that
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is nearly twice the velocity of the wetting front calculated with the simulated O i (equation

11). Not only is the calculated flux not uniquely defined, but also, the wetting front

velocities do not agree well. This demonstrates that, just as methods that are well-suited

to characterizing the rate of advance of a wetting front (e.g. tensiometry) are not ideally

suited to flux measurement, the borehole temperature method is not well-suited to

monitoring the average rate of advance of a wetting front.

A sensitivity analysis similar to that shown above was conducted to examine the effects

of the initial water content estimate on the modeled temperature and wetting fronts. The

base case model was run with initial water contents ranging from 0.11 to 0.22 cm 3 cm-3 .

As stated previously, the sharp contrast in the water content is used to identify the depth

of the wetting front. For each simulation the volumetric water content for a depth was

compared to the corresponding initial volumetric water content, and the change in water

content (M) was calculated. The relative change in volumetric water content (rel.()) is

AO - Minimum(Osimulated re10 =
Maximum(Osimulated) — Minimum(Osimulated

(12)

where Minimum (O simulated) is the minimum 0 value for modeled domain and Maximum

(Osnnulated) is the maximum 0 value for the modeled domain. The depth of the modeled

wetting front was assessed when the relative change in volumetric water content

exceeded 0.50. For these simulations, the initial water content value was varied until
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differences in depth between the observed and simulated wetting fronts was minimized.

The difference in depth between the simulated wetting front and the wetting front

measured with the neutron probe was determined 22.5 and 35 hours after the onset of

infiltration (Figure 16). The sum of the absolute values of these differences was used to

quantify the model error. The minimum error occurred when the background water

content was set to 0.17 cm 3cm-3 . The wetting front depth is underestimated by as much

as 2 m for an initial water content of 0.11 cm3cm.3 and overestimated by as much as 0.7

m for an initial water content of 0.21 cm3cm 3. In contrast, the temperature front is

virtually unaffected by this range in water contents (Figure 17).

2.3.4 Controlled experiment discussion and conclusions

Vertical temperature profiles measured in a PVC-cased borehole were shown to be

useful for inferring the rate of infiltration during a controlled experiment. A sensitivity

analysis performed using a coupled water-flow and heat-transport numerical model

showed that the temperature profile after continuous infiltration is more sensitive to the

water flux and the specific heat capacity of dry soil, and less sensitive to the hydraulic

and other thermal properties. For this downhole probe method to be applicable for

estimating a vertical water flux, a reliable estimates of the applied water temperature and

the heat capacity of the dry soil is needed.
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Figure 16. Comparison of the advance of the wetting front measured with the neutron
probe and simulated using a numerical model. Profiles are labeled with the elapsed time
since the beginning of infiltration. The difference between the observed and measured
depths is plotted against the model's initial volumetric water content. The sums of the
absolute value of the depth differences are plotted in green and show the minimum error
at 0.17 cm3 cm-3 . The simulated depth matches the neutron depth when the error is equal
to zero. Note when the error is greater than zero, the model is underestimating the
wetting front depth, and when the error is less than zero, the model is overestimating the
depth.
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Figure 17. The range of initial water contents used in comparison of the wetting front
depths had minimal effect on temperature in the upper 6 m. The temperatures were
measured 114.5 hours after the start of the experiment (hollowed red symbols). The
solid lines correspond to the range of initial water contents used in the one-layer model
simulations (0.11 to 0.22 cm 3 cm-3 ).
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2.4 Methods of the Tucson Basin temperature profiling

Temperature profiles were measured at monthly intervals in 6 boreholes from June of

2001 to April of 2002 (Figure 6). Diffuse recharge in the intrabasin region is not

expected to have large impacts on the thermal profile. As a result, high-resolution

sampling was not implemented for the intrabasin boreholes. The intrabasin boreholes

are retired production wells A-003A, A-01 OA, and B-070A maintained by Tucson

Water. These sites were chosen on the basis of their distance from active production

wells, and proximity to the Rillito Creek sites.

These boreholes had steel casings with inner diameters ranging from 30 to 40 cm. After

the boreholes were retired, they were capped and sealed and a 5-cm hole was cut into the

lid to provide access for water level sampling equipment. Each of the intrabasin

boreholes had been extended to a lower depth after initial construction was completed.

The water table depth varied over the three intrabasin sites, yet remained stable at each

site, with changes of less than 75 cm over the study period.

Based on information regarding site lithology taken from the available drillers logs, the

depth to water, and time constraints, the sampling intervals were selected. Efficient

management of time and resources warranted a sampling protocol that would enable the

three sites to be sampled within one day. Sampling intervals were increased where there

were no noted changes in lithology. Borehole B-070A had 22 measurement depths,

59
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borehole A-010A had 20 measurement depths, and borehole A-003A had 18

measurement depths (Table 2,3,4-Appendix).

Rillito Creek flows northwestward towards its confluence with the Santa Cruz River.

The stream-channel deposits beneath Rillito Creek range from 5 to 12 m; these

subsurface materials comprise 44 percent gravel, 51 percent sand, 2 percent silt and 3

percent clay on average (Hoffinann et al. 2002). Beneath this recent alluvium are the

basin-fill deposits that extend past the temperature envelope of these boreholes. The

basin-fill deposits are comprised of gravelly sands with higher amounts of silts and clays

than the stream-channel deposits. Regional groundwater flow direction is to the

northwest in Tucson Basin. The in-channel temperature profiles were monitored

monthly from July 2001 to April 2002. During the monitoring of these sites only one

flow occurred. The event, on August 30 th, 2001, lasted approximately 9-hours.

Streamflow was measured on August 5 th, 7th and 28 th at the Dodge Boulevard

streamgage. Due to the lack of streamflow during the study period, two additional

profiles were measured on August 15 thand September 5 th, 2002.

The boreholes located within Rillito Creek are located near the bridges at Dodge

Boulevard, Avenue, and La Cholla Boulevard. These sites are maintained and

monitored by the U.S. Geological Survey, Water Resources Division in Tucson,

Arizona. The boreholes are located in the active channel of Rillito Creek, and were

drilled in March and April of 1999. These boreholes are cased with 5-cm-diameter PVC
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tubing. The sampling interval was determined based on the predicted delineation

between the stream-channel and basin-fill deposits, time allotted for sampling, as well as

the depth to the water table; Dodge Boulevard had 18 measurement depths, 1St Avenue

had 23 measurement depths, and La Cholla Boulevard had 16 measurement depths

(Table 5,6,7-Appendix). During the monthly monitoring of the temperature profiles in

the boreholes, additional measurement depths were taken when the temperatures

diverged from previous months thermal profiles. Therefore, some temperature profiles

may have more measurement depths than the previous monitoring date.

3.0 FIELD RESULTS

Results from the Tucson Basin application are presented in Tables 2-7 in the

Appendices. Data presented include site name, site location, borehole casing type,

borehole casing diameter, screened intervals and the range of measurements of the depth

to water table. The site specific temperature profile data include the average number of

measurement depths and the sampling intervals. Two streamgages, which record

discharge and stage on Rillito Creek, are located upstream at Dodge Boulevard and

downstream at La Cholla Boulevard. Streamflow data presented include maximum

discharge, date of event, and duration of event.

3.1 Tucson Basin application-Intrabasin sites
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The six sites monitored from July 2001 to April 2002 were located within the Tucson

Basin; three sites were in the intrabasin locations while three sites were in the active

channel of Rillito Creek. The boreholes within the intrabasin provide access to sample

the thermal regime within the Tucson Basin. Borehole B-070A is located 1.6 km south

of Rillito Creek and is the furthest east of the intrabasin wells (Figure 6). The steel

casing has an inner diameter of 30 cm in the upper 96 m, the lowest 20 m has a casing

with an inner diameter of 25 cm for 20 m.

The casing perforations begin at 31 m and continue to the termination depth. Borehole

B-070A shows a near-surface (z=1.2 to 1.3 m beneath ground surface (bgs)) temperature

ranging from 14.0°C to 28.1°C over the study period (Figure 18). The observed

temperature envelope penetrates to about 15 m beneath the surface, and shows an

inverted temperature gradient (the temperature decreases with depth). Average

temperature of the groundwater near the water table is 19.9°C. The depth to the water

table ranged from 74.25 to 75.21 m beneath the surface. The April profile was

considerably cooler than previous and later measurements below a depth of 10 m;

possible causes will be addressed in the Analysis section.

Borehole A-01 OA is located 1.6 km south of Rillito Creek, within Tucson Basin (Figure

6). The steel casing has an inner diameter of 30 cm in the upper 57 m, the lowest 82 m

has an inner diameter of 25 cm. The perforations in the casing begin at 27 m and

continue to the termination depth.
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Figure 18. Deep temperature profiles measured in intrabasin borehole B-070A.
Measurement times with (*) are not included in determining the depth of the observed
temperature envelope.
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Borehole A-01 OA shows near-surface (z=1.2 to 1.3 m bgs) temperatures ranging from

8.0°C to 31.7°C over the study period (Figure 19). The profile has an observed

temperature envelope penetrating to about 18.2 m. Beneath the envelope, the thermal

gradient gradually warms with increasing depth to the water table, while having a slight

concavity to the temperature profile. The average temperature of the groundwater near

the water table is 24.2°C, with the depth to water ranging from 62.22 to 63.64 m beneath

the surface.

The temperature profile measured in December 2001 was cooler than previous

measurements, and will be addressed in the Analysis section.

Borehole A-003A is located within Tucson Basin 4 km south of Rillito Creek (Figure

6). The steel casing has an inner diameter of 40 cm down to 109 m with a deeper casing

having an inner diameter of 30 cm down to 121 m. The perforations in the casing begin

at 32 m and continue to the termination depth.

The profile taken in borehole A-003A (Figure 20) shows near-surface (z=1.2 to 1.3 m

bgs) temperatures ranging from 14.3°C to 31.5°C. The observed temperature envelope

penetrates to a depth of 20 m, below which the thermal gradient gradually warms with

depth. The average temperature of the groundwater near the water table is 27.3°C. The
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Figure 19. Deep temperature pro fi les measured in intrabasin borehole A-010A.
Measurement times with (*) are not included in determining the depth of the observed
temperature envelope.
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Figure 20. Deep temperature profiles measured in intrabasin borehole A-003A.
Measurement times with (*) are not included in determining the depth of the observed
temperature envelope.
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water table ranged from 69.03 to 69.57 m beneath the surface. Borehole A-003A was

observed to draw air into and out of the well column. Three profiles measured in

November, March and April are considerably different than previous and later

temperature profiles at this borehole, and possible causes will be addressed in the

Analysis section.

3.2 Tucson Basin application-In-channel sites

The Dodge Boulevard, 1 st Avenue, and La Cholla Boulevard boreholes are located in the

active channel of Rillito Creek. The Dodge Boulevard borehole is located about 30 m

from the Dodge streamgage, and is the farthest upstream of the Rillito Creek sites

(Figure 6). The PVC casing has an inner diameter of 5 cm, and a screened interval from

47 to 48.5 m.

At the Dodge Boulevard borehole, the near-surface (z=1.2 m bgs) temperatures range

from 10.8°C to 32.9°C. The profile has an observed temperature envelope that

penetrates to about 15 m beneath the ground surface. The temperature steadily

decreases with depth beneath 15 m (Figure 21). The inverted temperature gradient is

similar to intrabasin borehole B-070A. The average temperature of the groundwater

near the water table is 18.4°C; the water table ranged 42.74 to 48 m beneath the surface.
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Figure 21. Deep temperature profiles measured in the in-channel Dodge Boulevard
borehole.
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The 1 st Avenue borehole is located about 5.6 km downstream from Dodge streamgage

(Figure 6). The PVC casing has an inner diameter of 5 cm with a screened interval from

34.6 to 36.2 m.

The near-surface (z=1.2 m bgs) temperatures at the 15t Avenue borehole ranged from

12.8°C to 31.9°C. The profile has an observed temperature envelope penetrating to

about 12.5 m beneath the ground surface. The temperature profile has decreasing

temperature with increasing depth beneath 23 m (Figure 22). The average temperature

of the groundwater near the water table is 18.4°C, and the water table ranged from 33.71

to 36.11 m beneath the surface.

The La Cholla Boulevard borehole is located 6.4 km downstream of the 1 st Avenue site,

and 150 m from the La Cholla streamgage (Figure 6). The PVC casing has an inner

diameter of 5 cm with a screened interval from 51 to 52.5 m.

The near-surface (z=1.2 to 3 m bgs) temperatures at the La Cholla borehole ranged

17.3°C to 30.2°C. The observed temperature envelope penetrates to about 12.5 m

beneath the ground surface. The temperature increases with increasing depth beneath 27

m (Figure 23). The average temperature of the groundwater near the water table is

21.2°C, and the water table ranged from 40 to 42.3 m beneath the surface.
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Figure 22. Deep temperature profiles measured in the in-channel l st Avenue borehole.
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Figure 23. Deep temperature profiles measured in the in-channel La Cholla Boulevard
borehole.



3.3 Supportin2 Data

Two streamgages that are operated and maintained by the U.S. Geological Survey record

discharge and stage in the study area at 15-minute intervals. The upstream gage is

located at Dodge Boulevard, and the downstream gage is located at La Cholla

Boulevard. The 1 st Avenue borehole is 5.6 km downstream from the streamgage at

Dodge Boulevard, and 6.4 km upstream from the La Cholla streamgage. The

streamgages at Dodge Boulevard and La Cholla Boulevard provide discharge

measurements to determine whether Rillito Creek flowed at the borehole sites. During

the study period, only one substantial flow lasting 9 hours occurred on August 30 th of

2001(Figure 24). The temperature profiles measured on August 30 th, 2001 were

recorded during this stream flow event.

On August 30`11, 2001, the Dodge Boulevard streamgage recorded a 9-hour event with a

maximum discharge of 103 m 3 sec -1 . The La Cholla Boulevard gage recorded a 7-hour

event with a maximum discharge of 10 m 3 sec-1 .

On August 5th, 2002 a flow occurred that lasted 17.5 hours at the Dodge streamgage with

a maximum discharge of 134 m 3 sec-1 . The August 5` 11 event lasted 9 hours at La Cholla

Boulevard with a maximum discharge of 6 m 3 sec-1 . Another flow occurred on the 7 ffi of

August, with the streamgage at Dodge Boulevard recording an 8.5-hour event with a

maximum discharge of 60 m 3 sec-3 . The same event at La Cholla Boulevard lasted 7
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hours with a maximum discharge of 3 m 3 sec -1 . The August 28 th flow lasted 6.25 hours

at the Dodge streamgage with a maximum discharge of 28 m 3 sec-t . The streamgage at

La Cholla Boulevard recorded a flow lasting 7-hours with a maximum discharge of 2.7

3 -m sec ' . The temperature profiles of August 15 th, 2002 were recorded 7 days following

two flow events while the temperature profiles September 5 th, 2002 were recorded 8-

days after a stream flow event. These dates correspond to the closest set of before-and-

after streamflow temperature measurements during the Tucson Basin application.

4.0 ANALYSIS

4.1 Factors affecting subsurface temperature profiling

Measured temperature profiles from six boreholes are presented in this section. As

previously described in the Methods section, these temperature profiles are measured

descending from near surface to the water table. Water table depths varied from the

active channel to the intrabasin sites. However, in most cases, the water table was

deeper than 62 m in the intrabasin sites and deeper than 33 m in the active channel. Heat

transport processes that are complex and transient affect the profiles. Numerous factors

will affect the shape of the measured profiles and are described below.

Near surface temperature profiles change significantly more than deep profiles. Near

surface temperature profiles are affected by factors such as seasonal, daily, and hourly

temperature fluctuations, changes in surface vegetation, meteorological factors
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associated with changing weather conditions, liquid and vapor water fluxes, and

subsurface heterogeneity related to the distribution of hydrologic and thermal parameters

such as hydraulic and thermal conductivity.

Deep temperature profiles are affected by factors such as subsurface heterogeneity,

liquid and vapor fluxes, water level fluctuations, preferential flow, changes in

groundwater temperature, surface atmospheric variations transmitted to depth, and

borehole construction.

Near-surface profiles will be affected by atmospheric variations such as air temperature,

relative humidity, barometric pressure, and precipitation. Daily and seasonal variations

in temperature result in temperature variations in the profile that decrease with

increasing depth. The decreasing variation with depth forms a "temperature envelope";

widths of the envelopes are related to the range of daily and seasonal temperature

variations. Depth of the envelope is related to thermal properties of the sediments and

advective and conductive processes. Variations in the barometric pressure have been

shown to cause migration of "fresh" air several meters into the subsurface (Massmann et

al., 1992). Generally, as the barometric pressure decreases, the relative humidity

increases, and the pressure change is a precursor to precipitation events. The surface

pressure gradients will affect the borehole temperature due to vertical and horizontal

transport of air into or out of the vadose zone.
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The relative humidity expresses the ratio of the vapor pressure of the air to the saturated

vapor pressure (Dingman, 2002). The saturated vapor pressure increases with increasing

temperature. Therefore, when air is "saturated", the maximum amount of water vapor is

in the atmosphere at a specific temperature. After exceeding this capacity, any

additional water vapor entering the air or lowering of temperature corresponds to water

condensing out as a liquid. The temperature of precipitation is dependent on the

atmospheric conditions, and can vary seasonally and daily. The addition of precipitation

at the surface can affect the near-surface temperature profiles by the transfer of water

into the sediments.

Near-surface temperature changes may also be affected by changes in surface

vegetation. Removal of vegetation and surface plant debris would increase the amount

of heat transferred by radiation and conduction due to increased direct solar radiation.

Surfaces with more mature vegetation can affect the water losses in the near subsurface

as well. In areas with mature coverage, moisture is removed from vegetation and near-

surface sediments, through transpiration and evaporation.

The complexity of the subsurface heterogeneity describes the distribution of hydrologic

and thermal parameters. If the thermal conductivity or volumetric heat capacity varies

with depth there may be an impact on the shape of the temperature profile both within

and below the seasonal temperature envelope. Thermal conductivity and specific heat

capacity are dependent on the composition of the solid (mineral, organic, water, air), as
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well as bulk density and water content. Yet, thermal conductivity is affected by the size,

shape and arrangement of the soil particles (HiIlel, 1998). As a result, a higher bulk

density of the solid corresponds to a higher thermal conductivity. Thermal conductivity

of a sandy gravel typical of stream-channel deposits in Rillito Creek is 0.76 W/(m°C)

and the volumetric heat capacity is 2.79 Ji(cm3 °C) (Hoffmann et al., 2002). In the basin-

fill material of the Tucson Basin, thermal conductivity of a silica-rich gravel is 1.59

W/m°C, whereas, thermal conductivity of a weathered clay is 1.35 W/(m°C). Similarly,

specific heat capacities range from 1.28 to 3.68 J/(cm 3°C) for these materials,

respectively. As a result, differences in how well heat is transmitted and the capacity of

the medium to store heat can affect temperature profiles.

Aspects of the subsurface geology, which will affect temperature profiles above and

below the temperature envelope, include regions of high clay content, deposits of gravel

and sand, as well as general contact locations between regional geologic formations.

These materials will affect the presence of water. For instance, perching of water is

common in regions of high clay content. This could consistently cool the thermal profile

at a specific depth. Clays have low bulk density, with structural plate-like packing

orientations, and low hydraulic conductivity values. The clay soils ability to transmit

heat and water is greatly affected by the degree of hydration (Hillel, 1998). The cool

water perched above the clay may continually transmit cooler temperatures at the

corresponding depth. Regions of coarse-grained material (gravel and sand) may provide
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a pathway for lateral flow through a relatively conductive area. The percolating water

that utilizes these flow paths, may be warmer or cooler than the surrounding medium.

Borehole casing type, perforation intervals and inner diameter vary among the sites. The

material of the casing can affect the temperature profile, due to the thermal conductivity

of the borehole casing. Commonly, boreholes are constructed with PVC or steel casing

material. Steel casing may provide better thermal contact with the subsurface sediments.

However, the high thermal conductivity of the steel may also act as a conduit in

transferring heat from higher and lower depths relative to the point of temperature

measurement, causing fluctuations in the thermal profile at depth. Another aspect of the

borehole casing is the reduction in the inner diameter when a borehole is deepened.

Usually, when additional depth is needed after the borehole was drilled, the inner

diameter of the deeper section is decreased resulting in the casing telescoping

downward. The non-uniformity of the casing diameter may promote contact with the

casing material and the temperature probe at deeper depths rather than remaining

suspended in the air column of the borehole. This could cause changes in temperature in

these smaller diameter regions, which could be misinterpreted as percolating water.

Perforated or slotted casing will potentially provide preferential pathways for liquid and

vapor fluxes, which can affect measured temperature profiles. If located above the water

table (in the unsaturated zone), these slots can allow for movement of perched liquid

water or water vapor into the borehole. Specifically, these conditions of perching water
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can result in water cascading, decreasing the borehole temperature profile at or below

this region. The water vapor entering the borehole via the slots can result in

condensation on the inner casing, which may result in cooler temperatures measured

within the borehole casing at these depths. Fluctuations in the water table across the

screened interval could result in increased pressure gradients above the water table. This

may result in movement of air in or out of the borehole. The movement of air in the

borehole casing may transmit changes in temperature vertically, which are not

representative of the depth sampled.

The location of the borehole, relative to recharge area, can have an affect on the shape of

the temperature profile. Boreholes located close to sources of cold mountain front

recharge are likely to result in a decrease in temperature beneath the seasonal envelope

down to the depth of the water table. The temperature profile is in thermal equilibrium

with the subsurface formation. Therefore, when the groundwater temperature, which is

the lower temperature boundary, is cooler than temperatures beneath the seasonal

envelope, the upper temperature boundary, the profile will cool with increasing depth.

In addition, if the borehole is within a zone of active mountain front recharge, the

percolating water could mask the general warming of the subsurface with increasing

depth as seen with the geothermal gradient.

For sites located near a borehole that is actively pumping, the hydraulic gradients will

increase near the region of withdrawal creating a cone of depression, where the
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subsurface is dewatered. These changes in pressure potential and storage, could cause

fluctuations in the water height in the base of the borehole, and cause variability in the

temperature of the borehole. Additionally, pronounced changes in groundwater

temperature in the borehole casing due to pumping may cause increased variability in

the measured temperature profile at depth.

Instrumentation concerns may also affect the shape of the temperature profile. Although

the bias and precision of the monitoring system was calculated, offset profiles may be

due to operator error, as well as measurement error.

4.2 Field Analysis

4.2.1 Intrabasin profiles

The temperature profiles for intrabasin wells were measured over a period from August

2001 to April 2002 and will be compared qualitatively. Repeated temperature

measurements in the intrabasin boreholes will be used to better characterize recharge

processes occurring in the basin. Variations in the thermal profiles, and what these

changes may be attributed to will be addressed with the repeated temperature

measurements. The intrabasin boreholes A-003A, A-010A and B-070A are located

within the Tucson Basin, where recharge is considered to be sparse and occurring over a

larger area. The temperature profiles taken from the intrabasin sites show limited affects

due to diffuse recharge.
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Intrabasin well B-070A is constructed with blank casing in the upper 30 m and

perforated or slotted from 30 to 111 m. Depth to water during this investigation was

generally around 74 m. Because the borehole is screened above the water table this well

experienced air movement on four occasions during temperature measurements (August,

air in; December, January, April, air out).

The near surface temperatures at B-070A range from 14.0°C in January 2002 to 28.1°C

in September 2001; this range dampens to the bottom of the observed envelope at about

15 m where the temperature is about 23.1°C. The upper 30 m of the casing is blank,

while the rest of the borehole is screened or perforated possibly leading to instability in

the profile due to pressure gradients in the borehole and the unsaturated zone. General

shape of the temperature envelope is skewed to the cold side; this, in part, may be

explained by the lack of summer measurement, or due to a greater component of

downward percolation in the winter rather than in the summer.

Profiles measured in December 2001, and the winter and spring months of 2002 provide

the cold side of the temperature envelope (Figure 18). Profiles measured in August,

September, and November 2001 provide the warm side of the temperature envelope.

The surface temperatures gradually dampen within the upper 15 m, from August 2001 to

January 2002. The most significant variation (or departure) in the shape of the observed

temperature envelope was detected in the April 2002 profile. This profile lacks the
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sharp temperature gradient in the upper 25 m and is significantly cooler at depths of

about 12 to 25 m. This April 2002 variation is difficult to explain but could be related to

a recharge event (downward flux of cooler water) or variations in atmospheric

conditions causing a circulation of cooler air.

The temperature profile beneath the observed envelope shows a steady decrease in

temperature with increasing depth (Figure 18). The thermal gradient is negative at a rate

of —0.049°C m -1 in the lower 35 m. Beneath 25 m, there is a decrease of 2.2°C over the

lower 35 m to the water table at 74 m. The average groundwater temperature within the

borehole casing was 19.9°C. The proximity of relatively cool water originating from

higher elevations and infiltrating into the subsurface, has been seen to affect temperature

profiles near areas of mountain-front recharge. In the upper 20 ni, the temperature

profile from February has a sharp gradient, and matches the other profiles at 21 m. Deep

in this profile from 33 to 70 m; there is a concavity in the profile. The drilling log

indicted a region of fine sand with very little clay around 45 to 60 m beneath the surface.

Although this concavity in the profile is slight it may be attributed to water from this

high conductivity region affecting the temperature profile.

Intrabasin borehole A-010A is constructed with blank casing in the upper 27 m and

perforated or slotted from 27 to 140 m. The depth to water during the study was

generally around 63 m. Although the borehole is screened above the water table, of the

eight profiles, only the measurement from November experienced blowing. The near
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surface temperature measurements ranged from 8.0°C in January to 31.7°C in August;

the fluctuations in temperature dampen at a depth of 18.2 m where the temperature was

23.8°C. The upper 27 m is blank casing while the rest of the borehole casing is screened

or perforated allowing for instability in the profile due to pressure gradients in the

borehole and the unsaturated zone. Note the shape of the temperature envelope is

shallower and more symmetrical than the envelope shown by borehole B-070A.

Profiles measured in December 2001, and the winter and spring months of 2002 provide

the cold side of the temperature envelope (Figure 19). Profiles measured in July,

August, and September 2001 provide the warm side of the temperature envelope. The

surface temperatures gradually dampen within the upper 18.2 m, from August 2001 to

April 2002. The most significant departure in the shape of the observed temperature

envelope occurred in the December 2001 profile. This profile has a sharp gradient in the

upper 15 m, but at this depth the measured temperature of 223°C is 1.5°C cooler than

all other profiles at 15 m. Beneath the observed temperature envelope, the December

profile is thermally stable from 18 to 33 m, and increases 1.1°C from 33 to 63 m. The

December measurement was as much as 2.6°C cooler than any of the previous or later

measurements (Figure 19). The variation in the December measurement is difficult to

explain but could be related to a downward flux of cool water from a recharge event.

The two weeks prior to the December measurement 2 cm of precipitation was recorded

at the Arizona Meteorological Station at Roger Road, which is about 2.4 km east of

borehole A-01 OA. The consistently cooler temperature could be caused by water that



84

infiltrated after the precipitation event. The temperature measurements from borehole

A-01 OA were thermally stable with depth.

The temperature profile beneath the observed envelope shows increasing borehole

temperature with depth beneath 33 m (Figure 19). The thermal gradient is calculated as

0.022°C m 1 from 33 m down to the water table at 63 m. This is within the reported

range of geothermal gradients observed in the Arizona Basin and Range (Shearer and

Reiter, 1981). Beneath the observed temperature envelope, there is a slight decrease of

0.3°C from 18 to 33 m, with a reversal in trend occurring from 33 to 63 m. The average

groundwater temperature in the borehole casing is 24.2°C, warmer than borehole B-

070A 5.6 km to the east.

With the exception of the December 2001 measurement, the series of profiles represent a

expected example of how an unperturbed profile would appear. Profile characteristics

include the well—defined damping depth as well as the slight increase in temperature at

depth, typical for geothermal gradients in Southern Arizona.

Intrabasin borehole A-003A is constructed with blank casing in the upper 32 m and

perforated or slotted from 32 to 122 m. Depth to water during the investigation was

generally 69 m. Because the borehole is screened above the water table, this borehole

experienced air movement every measurement during temperature profiling. Four

occasions experienced strong ais movement out of the borehole (November, December,
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March and April). The near surface temperatures at A-003A range from 14.3°C in

January 2002 to 31.5°C in August 2001. The surface temperature gradually dampens

within the upper 20 m where the temperature is 25.0°C. Note the cold skewness of this

temperature envelope and its similarity to borehole B-070A but not to borehole A-010A.

Profiles measured in December 2001 and during the winter months of 2002 provide the

cold side of the temperature envelope (Figure 20). Profiles measured in August and

September 2001 provide the warm side of the temperature envelope. The most

significant disturbance in the observed temperature envelope is the March 2002 profile.

This profile lacks the sharp temperature gradient in the upper 30 m and is significantly

cooler from depth of about 12 to 25 m. This March variation is difficult to explain but

could be related to downward flux of cool water or variations in atmospheric conditions

causing a circulation of cooler air. Although all measurements from November,

December, March and April had noticeably more air movement, only the March profile

varied greatly from previous profiles. The borehole was blowing on every

measurement, and near surface measurements took a longer time to equilibrate, while

deep in the borehole shorter times were necessary. Some of the measurement times

(November, March and April) had near surface temperature measurements that needed

less time to equilibrate. Therefore, this shorter equilibration time (more stable

temperatures) in the near-surface measurements may be related to the amount of air

movement during the measurement times. This shorter equilibration time may have

affected the temperature measurements in borehole A003-A.
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The temperature profile beneath the observed temperature envelope shows a steady

increase in temperature with depth (Figure 20). The thermal gradient is calculated as

0.048°C m 1 from 30 m to the water table at 69 m. This is within the reported range of

geothermal gradients observed in the Arizona Basin and Range (Shearer and Reiter,

1981). The average groundwater temperature within the borehole casing was 27.3°C,

which is the warmest water temperature of the intrabasin sites. The relatively warm

water temperature is due to the longer residence time of the groundwater in the

intrabasin, while the water temperature further east in the basin is much cooler due to

more recent recharge. Beneath 20 m, there is an increase of 2.0°C from 30 m to the

water table at 69 m. A small decrease in temperature occurred a 36 m during the

September measurement. This may be due to a region of high clay content as was noted

in the driller's log. The cooler temperature at this depth may be attributed to water

perched above the clay percolating through the medium or flowing inside the casing.

The variation was not measured in the March or April measurements.

4.2.2 In-channel profiles

The active channel borehole at Dodge Boulevard is constructed with blank casing in the

upper 47 m, and screened from 47 to 48.5 m. Depth to water during this investigation

increased from 42.75 to 48 m. Because the screened interval, which was initially

beneath the water table, was exposed over the study, there is the possibility of pressure
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gradients between the borehole and the unsaturated zone affecting the temperature

measurements. However, during the measurement times there was no air movement in

or out of the Dodge Boulevard borehole.

The near surface temperatures at Dodge borehole range from 10.8°C in January 2002 to

32.9°C in August 2001; this range dampens to the bottom of the observed temperature

envelope at about 15 m where the temperature is about 21.2°C. Profiles measured in

January and February 2002 provide the cold side of the temperature envelope (Figure

21). Profiles measured in July 2001 and August 2002 provided the warm side of the

temperature envelope. Note the symmetrical shape of the temperature envelope. The

surface temperatures gradually dampen within the upper 15 m, from June 2001 to

September 2002. The temperature profile fluctuates predominantly in the upper 15 m.

The profile initially has a cool region from 6 to 12 m, and a warm region from 14 to 21

m. This variation in temperatures may be attributed to winter flow events infiltrating

beneath the streambed and antecedent water being displace down to 21 m. The bulge of

cool temperatures dissipated by the winter and spring months of 2002, where a sharp

temperature gradient is visible in the upper 12 m of the profile. The measurements in

August and September have increased temperature in the upper 10 m. Two flow events

occurred within 10-days of the August 2002 measurement (Figure 21). Another

streamflow event occurred 8 days before the September 2002 measurement was

recorded. The wanner water infiltrating beneath the streambed may have affected the

temperature profile in the upper 21 m.
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The temperature profile beneath the observed envelope shows decreasing temperature

with increasing depth. The thermal gradient is negative at a rate of —0.107°C m -1 from

24 m to the water table at 47 m. Beneath the temperature envelope, the temperature

decreased 2.4°C from 24 m to the water table. During the study period, the near-surface

temperature increases greatly, as a result heat transported into the subsurface through

radiation and conduction can be affecting the upper profile. Beneath 24 m, the

temperature profile is thermally stable. The inverted thermal gradient in the borehole is

similar to the profile from B-070A, and both are located in the most eastern sites of the

study area. The average groundwater temperature is 18.4°C, considering the borehole's

location within the basin, this cool water temperature is affected by the proximity to

areas of focused recharge, through water percolating at the basin boundary and

infiltration of streamflow into the streambed.

The active channel borehole at 1s t Avenue is constructed with blank casing in the upper

34.6 m and screened from 34.6 to 36.2 m. Depth to water during the study period was

increasing from 33.7 to 36.1 m. Because the screened interval, which was initially

beneath the water table, was exposed over the study, there is the possibility of pressure

gradients between the borehole and the unsaturated zone affecting the temperature

measurements. However, there was no air movement in or out of the 1st Avenue

borehole during measurement times.
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The near surface temperatures at the 1 st Avenue borehole range from 12.8 °C in January

2001 to 31.9°C in September 2002. The range in temperature dampens to the bottom of

the observed envelope at about 12.5 m where the temperature is about 20.3°C. Profiles

measured in the winter and spring months of 2002 provide the cold site of the

temperature envelope (Figure 22). Profiles measured in the summer months of 2001 and

September 2002 provide the warm side of the temperature envelope. Note the non-

symmetrical shape of the temperature envelope; skewed slightly warmer. The surface

temperatures gradually dampen within the upper 12.5 m from July 2001 to September

2002.

The most significant departure in the shape of the observed envelope is the August 2002

profile. This profile is significantly cooler from 9 to 23 m beneath the surface. The

August variation may be due to a recharge event of cooler water infiltrating beneath the

streambed. The August profile was measured 10 days after the August 5 th, 2002

streamflow. The July and August measurements show a cool temperature bulge from 6

to 15 m. Throughout the November, December and January measurements the upper

profile gradually warms, dissipating the previously noted cool bulge. The spring months

of 2002 show a relatively flat temperature profile with less than 0 1°C change from 6 to

15 m in April. In August 2002, two stream flow events occurred on the 5 th and 7 th of

August. Another flow occurred eight days prior to the September measurement. The

cool water infiltrating beneath the streambed in the August 2002 profile is not visible in

the September measurement.
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The temperature profile beneath the observed envelope shows a strongly concave shape

with an inverted thermal gradient in the lower 10 m of the profile (Figure 22). The

thermal gradient in the lower 10 m was determined to be —0.177°C m -1 . Beneath the

observed temperature envelope, the profiles from the summer and autumn months of

2001 show a warmer region from 18 to 32 m. This region gradually cools during

December 2001 and the winter and spring months of 2002. The August profile has a

cool region extending to about 23 m that may be attributed to water from the streamflow

events percolating to this depth in 10 days. After the first event, the sediments would be

able to transmit the second event more rapidly. Due to high losses between the Dodge

streamgage and La Cholla streamgage, deep percolation seems reasonable as a cause of

the cooler temperatures. The 1St Avenue borehole has a unique shape with pronounced

regions of cooler and warmer temperatures that dissipated over the study period, and a

negative thermal gradient. The average groundwater temperature was 18.4°C from June

to February 2002.

The active channel borehole at La Cholla Boulevard is constructed with a blank casing

in the upper 51 m and a screened interval from 51 to 52.5 m. Depth to water during this

investigation increased form 40 to 42.3 m. The near-surface temperatures at La Cholla

borehole range from 17.3°C in February 2002 to 30.2°C in September 2002; this range

dampens to the bottom of the observed temperature envelope at 12.5 m where the

temperature is 21.3°C (Figure 23). The profiles measured in February and March 2002
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provide the cold side of the temperature envelope, while August and September 2002

measurements provide the warm side. Note the symmetrical shape of the temperature

envelope. The surface temperatures gradually dampen within the upper 12.5 m, over all

the measurements.

The temperature profiles beneath the observed temperature envelope show a steadily

increasing temperature with increasing depth. The thermal gradient is calculated as

0.045 °C m -1 from 27 m to the water table at around 42 m. Beneath 15 m, there is a

slight cooling region with 0.7°C over the next 10 m. Below about 27 m the profile

warms 0.7°C from 28 m to the water table. The temperature profiles measured at this

site are thermally stable at depth. Hoffinann et al. (2002) identifies a silt and clay

formation from 14 to 32 m that corresponds well with the bulge of relatively cooler

temperatures in the profile. The relatively low permeability of this layer of fine grain

sediments can be allowing little water flux to percolate at depth. As a result, beneath 28

m, the gradient established is within the expected values for geothermal gradients within

the Basin and Range of Southern Arizona (Shearer and Reiter, 1981). There is little

deviation in the temperature profile beneath 33 m over the study period, and deep

percolation in this reach of Rillito Creek is probably minimal. The average groundwater

temperature in the borehole casing was 21.2°C. This relatively warm temperature is

attributed to the long residence time of the groundwater, as well as the regional flow

direction being northwestward in the Tucson Basin.
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A variety of profiles exist from the boreholes monitored within the Tucson Basin, and

the variations in the temperature profiles are not always easily interpreted. Although the

intrabasin boreholes were expected to have thermal gradients with increasing

temperature at depth, there exist many factors that may affect the temperature profiles.

The boreholes located closer to source areas of focused recharge, B-070A, Dodge

Boulevard and 1st Avenue boreholes, had thermal gradients beneath 15 m that decreased

with increasing depth. While the other intrabasin boreholes A-003A and A010A, and

the La Cholla Boulevard borehole showed relatively little deviation in the temperature

profile, suggesting that these wells are located within an area where relatively little

percolation is occurring in the subsurface. This result was expected in the intrabasin

boreholes where contributions by diffuse recharge were minimal. Yet, the La Cholla

borehole is within the active channel of Rillito Creek, where streamflow events affect

the temperature profiles upstream.

The transmission losses were substantial between the Dodge streamgage and the La

Cholla streamgage: in some cases no stream flow was reported at the La Cholla

streamgage during an event at Dodge. Additionally, the region of high silt and clay

beneath the active channel at the La Cholla site may be a limiting factor for the

percolating water. There exists a thermal transition across this region from cooling to

warming with increased depth, and beneath 27 m the profile is similar to the trends of

the intrabasin sites, A-010A and A-003A.



5.0 SUMMARY AND CONCLUSIONS

Groundwater is the predominant source of water used within the Tucson Basin.

Infiltration beneath ephemeral streams is a major component of recharge for this

resource. Therefore, the active channel of Rillito Creek is an important hydrologic

region within the Tucson Basin. These flows can contribute relatively cool water

derived from snow melt and from winter storms, or relatively warm water from summer

storms, provide temperature differences that can be tracked into the subsurface. The

water that reaches the water table through deep percolation modifies the thermal profile

beneath ephemeral stream channels. These temperature profiles measured before and

after a streamflow event may be useful in estimating infiltration fluxes beneath the

streambed.

The controlled field experiment conducted in November 2001 demonstrated that deep

temperature measurements can be used to quantify infiltration. The downhole

temperature method successfully captured the temperature signature of the subsurface at

depths to 15 m. A comparison of the initial (-13 hour) and final (114.5 hour)

temperature profiles shows the applied water penetrated to 4.5 m, displacing the warmer

antecedent pore water to 8.5 m. Due to the conduction and advection of heat into the

unsaturated zone, a marked temperature change was evident in the upper 9 m of the

profiles.

93



94

A sensitivity analysis performed using a coupled heat-transport and water-flow

numerical model showed that the temperature profile measured after infiltration ceased

was most sensitive to the average temperature of the infiltrating water, the water flux,

and the heat capacity of dry soil. Each of these values can be measured accurately in the

laboratory or during field monitoring. Therefore, this downhole temperature method

combined with forward numerical models can be used to estimate infiltration flux

beneath an ephemeral streambed.

The numerical model sufficiently represented coupled water-flow and heat-transport in

the unsaturated zone. A sequential sensitivity analysis showed that the temperature

profile was most sensitive to the average temperature of the infiltrating water, the water

flux, and the heat capacity of dry soil. Considering the narrow range of heat capacities

for principal solids found in soil, a reasonable estimate of this value would be sufficient

for initial numerical simulations. For a numerical model input, an estimate of heat

capacity might be used initially, and thermal properties from the lab results would be

utilized to optimize the model at a later date.

To further test the method under natural conditions, six boreholes in the Tucson Basin

were monitored over the study period from July 2001 to April 2002. The Tucson Basin

application of the downhole temperature method illustrated the varied thermal profiles

within the study area. Three boreholes located in the interbasin, A-003A, A-010A and
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B-70A, showed little modification in the deep temperature profile due to diffuse

recharge. Temperature profile trends in the intrabasin borehole differed by site location

in the basin, and proximity to natural recharge areas. The deep percolation caused by

focused recharge occurring in the east region of the basin, affected the temperature of

the groundwater and thus the temperature profiles beneath the observed temperature

envelope. Beneath the observed temperature envelope the effects of surface temperature

fluctuations dampen. Deep temperature profiles reflect varied conditions in the basin's

subsurface, with borehole B-070A having a negative thermal gradient, while A-01 OA

and A-003A had positive gradients. The robust data set collected from July 2001 to

April 2002, showed that numerous factors might affect these profiles. The monitoring of

these intrabasin sites could indicate an area where little deep infiltration activity occurs.

In the intrabasin boreholes, numerous surface and subsurface factors may be affecting

temperature profiles. Some intrabasin boreholes experienced air movement into and out

of the casing during measurements. During measurement times when strong air

movement occurred the thermistor was noticeably more stable in the near surface. A

measure of wind velocity would be beneficial to determine whether the velocity is

increasing down the casing, which sections of the borehole are contributing to the air

movement, and to measure the temporal fluctuations. An anemometer, capable of fitting

through a 5 cm opening, could be used to provide a measure of the air movement as well

as casing depths where air movement is high. The upper portion of the borehole casing

is blank, while the rest of the casing is screened or perforated allowing for instability in
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the profile attributed to pressure gradients in the borehole and the unsaturated zone.

Atmospheric conditions can have an affect on pressure gradients at the surface.

Therefore, a barometer could be used to determine whether the pressure changes on the

surface may be affecting the temperature profiles in the borehole.

The three boreholes within the active channel of Rillito Creek showed very different

profiles than those observed in the intrabasin profiles. Deep temperature profiles reflect

varied conditions beneath the active channel of Rillito Creek, with the Dodge Boulevard

and 1 st Avenue boreholes having a negative thermal gradients, while La Cholla

Boulevard borehole had a positive gradient. Although, there were few flows during the

study period, changes were detected in the profiles. The profiles at Dodge Boulevard

and 1 st Avenue show amplitude changes in temperature profiles. This study provides an

initial investigation of the temperature profiles within Tucson Basin, and the potential of

this downhole temperature method can be utilized and built upon with continued

monitoring beneath the active channel and interbasin sites.

Over the study period, the fluctuation in temperatures measured near the surface

dampened at the base of the observed temperature envelope. The temperature forcings

that affect the depth of measured temperature variations and resolve the bottom of the

envelope could be seasonal or decadal. Considering the period of measurements, the

changes in the upper temperatures may occur over a longer period than the study period.

To determine the depth of seasonal temperature envelope a longer period of
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measurements is necessary. In addition, this envelope would provide a range of annual

temperature fluctuation.

The observed temperature envelope from the six boreholes in the Tucson Basin reflects

varied depths of temperature damping in the subsurface. Table 8 is presented to provide

a summary of the minimum and maximum temperature values at the near surface, the

average temperature and depth of the bottom of the envelope, the shape of the envelope,

and the average groundwater temperature for each site. The extreme temperature values

were calculated after removing outlying thermal profiles from the data set. These

outliers are marked with an asterisk next to the measurement time in deep temperature

profile figures 18-20. The asymmetry of the observed temperature envelope may be due

to the influence of infiltrating water or vaporization occurring in the shallow subsurface.

Rousseau et al. (1998) and Supkow (1971) identify these processes, which may affect

the envelope's symmetry. The significance of shape of the envelope was not quantified.

Minimum

Temperature-
Celsius

Maximum

Temperature
Celsius

Average
Temperature at

bottom of
envelope-

Depth of

envelope-
meters

Sh ape of
envelope

Average
Temperature

at
groundwater-

Site name: Celsius Celsius

B-070A 14.0 28.1 23.1 15.0 cold skew 19.9
A-010A 8.0 31.7 23.8 18.2 symmetrical 24.2
A-003A 14.3 31.5 25.0 20.0 cold skew 27.3

Dodge Boulevard 10.8 32.9 21.2 15.0 symmetrical 18.4
1st Avenue 12.8 31.9 20.3 12.5 warm skew 18.4

La Cholla Boulevard 17.3 30.2 21.3 12.5 symmetrical 21.2

Table 8. A summary of the minimum and maximum near-surface temperatures, average
temperatures at bottom of envelope, depth of envelope, shape of the envelope, and
average groundwater temperatures for six boreholes within the Tucson Basin.
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The representative temperature profiles beneath the observed envelope show negative

and positive thermal gradients in the unsaturated zone (Figure 25). The negative

gradients were reflective of the proximity of focused recharge to the borehole site. The

positive gradients were located in areas where little recharge is occurring. The average

temperature at the bottom of the envelope and the average groundwater temperature can

be used to determine the thermal gradient at depth. At equilibrium, a positive

geothermal gradient would be evident due to the conduction of heat from within the

Earth. The negative thermal gradient is due to the cooler groundwater temperature at the

lower boundary. Cooler groundwater temperatures were prevalent near areas of focused

recharge. Due to the effects of liquid and vapor fluxes and the advective heat

transported, the thermal gradient can be perturbed from the geothermal gradient.

Downward concavity in the thermal profile may indicate downward movement of water,

recharging the underlying aquifer, while upward concavity may be indicative of

groundwater discharging.

Within each borehole, the temperature of the groundwater near the water table was

affected by proximity to focused recharge. As residence time increases in the

subsurface, the groundwater gradually warms as the distance from the source increases.

In the intrabasin boreholes, the groundwater temperatures ranged from 19.9°C in

borehole B-070A, 24.2°C in borehole A-010A and 27.3°C in borehole A-003A. The

temperatures increase from east to west in the basin that is consistent with northwest
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groundwater flow (Figure 6). The cool temperatures in borehole B-070A are due to

mountain front and stream-channel recharge occurring near this eastern location in the

basin. The relatively warm temperatures of the groundwater at boreholes A-01 OA and

A-003A reflect the minimal contribution of water into the subsurface occurring in the

basin floor. Additionally, the in-channel boreholes have groundwater temperatures

ranging from 18.3°C in the Dodge Boulevard borehole, 18.4°C in the 1 st Avenue

borehole and 21.2°C in the La Cholla Boulevard borehole. The cool temperature of the

groundwater beneath Rillito Creek is attributed to the focused recharge occurring

upstream beneath the streambed. Although minimal deep percolation occurs at La

Cholla Boulevard, the residence time of the groundwater is shorter than at sites in the

basin floor (A-0101A and A-003A), and subsequently the temperature of the

groundwater is not as warm. The groundwater temperatures and corresponding

locations of boreholes within the Tucson Basin match well with the contoured map of

groundwater temperatures from Supkow (1971). Supkow noted that temperatures

increase toward the center of the basin, yet near ephemeral stream channels and focused

recharge sources, cooler groundwater temperatures were prevalent.

Although downhole temperature methods were successful in estimating infiltration flux

in a controlled environment, limitations to this method exist. Ephemeral stream flows

are transient and complex events, therefore to capture the temperature signal the timing

of measurements is key. This temperature method utilized only temperature

measurements taken before and after a streamflow event, due to the time intensive
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monitoring protocol, and the safety concerns regarding being in the active channel

during a streamflow. Therefore, this method was not able to capture highly transient

processes. Although a sampling frequency of two days could be useful at the 1St Avenue

borehole. Each profile took from 2.5 to 4 hours to complete, and temperature variations

were less than 2°C. In order to capture the temperature profile during a flow event, a

vertical strand of temperature sensors could be deployed in the borehole to monitor

changes in temperature throughout a period of days. The surface temperature during the

flow could be determined using a temperature probe that is deployed in the sediments

adjacent to the borehole (Constantz et al., 2001). This suite of temperature

measurements could provide a more complete record of changes before, during, and

after streamflow. The use of downhole temperature profiles to estimated infiltration

provides a promising method for applications in semiarid environments. Additionally,

there is potential to transfer this approach to regions having similar hydrological setting.
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APPENDICES

Name: B-070A
Location: 1.6 km south of Rillito Creek

Casing type: Steel
Casing diameter: 30 cm, 0-96 m; 25 cm, 96-116m

Screened Interval: Blank, 0-31 m; Perforated, 31-111 m
Depth to Water 1 : 74.25 to 75.21m

1 Depth of water from land surface during period-crfstudy

Streamflow Data 2 : na
Maximum discharge: na

Duration of streamflow: na
Surface Temperature: na

2 na= not available

Measurement Depths:
Interval of Sampling:

20
1.2 m in shallow 2m
3 m in middle 30 m
6 m in deep 33 m
3 m in terminal 15 m  

Table 2. Site data for intrabasin borehole B-070A.

Name: A-010A
Location: 1.6 km south of Rillito Creek

Casing type: Steel 	 -
Casing diameter: 30 cm, 0-57 m; 25 cm, 57-139 m

Screened Interval: Blank, 0-27 m; Perforated, 27-140 m
Depth to Water 1 : 62.22 to 63.64 m

1 Depth of wat-r m land surface during period-of study

Stmamflow Data 2 : na
Maximum discharge: na

Duration of streamflow: na
Surface Temperature: na

na= tot	 available

Measurement Depths:
Interval of Sampling:

22
1.2 m in shallow 2 m
3 m in middle 30 m
6 m in deep 30 m
3 m in terminal 3 m  
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Table 3. Site data for intrabasin borehole A-010A.
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Name: A-003A
Location: 4 km south of Rillito Creek

Casing type: Steel
Casing diameter: 40 cm, 0-109m; 30 cm, 109-121 m

Screened Interval: Blank, 0-32 m; Perforated, 32-122 m

Depth to Water 1 : 69.03 to 69.57m
1 Depth of water from land surface during period of study

Streamflow Data 2 : na
Maximum discharge: na

Duration of streamflow: na
Surface Temperature: na

2 na= not available

Measurement Depths:
Interval of Sampling:

18
1.2 m in shallow 2m
3m in middle 30 m
6 m in deep 33 m
3m in terminal 10 m  

Table 4. Site data for intrabasin borehole A-003A.
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Name: Dodge Blvd.
Location: Dodge Blvd.Bridge 30 meters from gage

Casing type: PVC
Casing diameter: 5 cm

Screened Interval: Blank, 0-47 m; Perforated, 47-48.5 m

Depth to Water I : 42.75 to 48 m
1 Depth of water from land surface durinci period of stud

Streamflow Data:
Date:	 8/30/01

Maximum discharge: 103 m 3/s
Duration of streamflow: 9 hr

Date:	 8/5/02

Maximum discharge: 134 m 3/s
Duration of streamflow: 17.5 hr

Date:	 817/02
Maximum discharge: 60 m3/s

Duration of streamflow: 8.5 hr

Date:	 8/28/02
Maximum discharge: 28 m3/s

Duration of streamflow: 6.25 hr

Measurement Depths:
Interval of Sampling:

18
1.2 m in shallow 2 m
3 m in middle 43 m
2 m in terminal 4 m  

Table 5. Site and streamflow data for Dodge Boulevard borehole.
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Name: 1st avenue
Location: 1st Avenue Bridge 5.6 km downstream from Dodge Gage

Casing type: PVC
Casing diameter: 5 cm

Screened Interval: Blank, 0-34.6 m; Perforated, 34.6-36.2 m
Depth to Water I : 33.72 to 36.11 m

1 Deoth of water from land surface durinu øeriod of stud

Streamflow Data 2 :

Date:
Maximum discharge: na

Duration of streamflow: na

8/30/01

2 na= not available

Date:
Maximum discharge: na

Duration of streamflow: na

8/5/02

Date:
Maximum discharge: na

Duration of streamflow: na

8/7/02

Date:
Maximum discharge: na

Duration of streamflow: na

8/28/02

Measurement Depths:
Interval of Sampling:

23
1.2 m in shallow 2m
3 m in middle 9 m
alternating 1.2m and 1.8m in deep 30 m
1.2 m in l terminal 3 m  

Table 6. Site and streamflow data for 1st Avenue borehole.
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Name: La Cholla Blvd.
Location: La Cholla Bridge about 6.4 km downstream from 1st Avenue Bridge

Casing type: PVC
Casing diameter: 5 cm

Screened Interval: Blank, 0-51 m; Perforated, 51-52.5 m

Depth to Water 1 : 40.03 to 42.38 m
1 Deoth of water from land surface dudna Deriod of stud

Streamflow Data:
Date:	 8/30/01

Maximum discharge: 10 m3/s
Duration of streamflow: 7 hr

Date:	 8/5/02

Maximum discharge: 6 m 3/s
Duration of streamflow: 9 hr

Date:	 8/7/02

Maximum discharge: 3 m 3/s
Duration of streamflow: 7 hr

Date:	 8/28/02

Maximum discharge: 3 m 3/s
Duration of streamflow: 7 hr

Measurement Depths:
Interval of Sampling:

16
1.2 m in shallow 2 m
3m in middle 40 m
2m in terminal 4m  

Table 7. Site and streamflow data for La Cholla Boulevard borehole.


