
Tracer experiments using bromide ion and two
bacteriophages during soil aquifer treatment studies

Item Type text; Thesis-Reproduction (electronic)

Authors Cline, David James, 1956-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:25:10

Link to Item http://hdl.handle.net/10150/278114

http://hdl.handle.net/10150/278114


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1348481 

Tracer experiments using bromide ion and two bacteriophages 
during soil aquifer treatment studies 

Cline, David James, M.S. 

The University of Arizona, 1992 

U  M I  
300 N. Zeeb RA 
Ann Arbor, MI 48106 





1 

TRACER EXPERIMENTS USING BROMIDE ION AND 

TWO BACTERIOPHAGES DURING SOIL AQUIFER TREATMENT STUDIES 

by 

David J. Cline 

This Thesis is Submitted to the Faculty of the 

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 
WITH A MAJOR IN HYDROLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 2 



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 
requirements for an advanced degree at the University of 
Arizona and is deposited in the University Library to be made 
available to borrowers under rules of the Library. 

Brief quotations from this thesis are allowable without 
special permission, provided that they are in the interest of 
scholarship and accurate acknowledgement of source is made. 
Requests for permission for extended quotation may be granted 
by the head of the major department or the Dean of the 
Graduate College when in his or her judgement the proposed use 
of the material is in the interest of scholarship. In all 
other instances, however, permission must be obtained from the 
author. 

This thesis has been approved on the date shown below: 

SIGNED 

APPROVAL OF THESIS DIRECTOR 

L.G. Wilson 
Hydrologist 

Date 



3 

ACKNOWLEDGMENTS 

This report was supported by Tucson Water and the Salt 
River Project. I would like to thank these agencies for 
making this project possible. 

I would like to thank Dr. Gray Wilson for his direction 
and advice on the design of the experiment, collection of the 
data and the interpretation of the results. I am also 
grateful for advice and direction provided by Dr. Gary Amy and 
Dr. Charles Gerba during this project. Dr. David Powelson 
provided me with valuable information concerning transport 
mechanisms of bacteriophage. I appreciate his valuable input 
concerning the experimental setup and interpretation of the 
collected data. 

I would also like to acknowledge Johnny "Numbers" 
Chahbandour, Dave "Dr. J" Jewett, and Brian Goodman for their 
assistance in collecting the data and making a labor intensive 
task enjoyable. 

Last, but certainly not least, I would like to thank my 
wife, Ann, who made this whole project possible with her 
support and patience. 



4 

TABLE OF CONTENTS 
PAGE 

LIST OF ILLUSTRATIONS 6 
LIST OF TABLES 10 
ABSTRACT 11 
INTRODUCTION 12 

Soil Aquifer Treatment 12 
Research Objectives 14 
Transport Mechanisms of Chemical Tracers 15 
Transport Mechanisms of Viruses 21 

MATERIALS AND METHODS 28 
Sweetwater Storage and Recovery Facility 28 
Experimental Design 31 

Litho log ic Samp 1 ing 31 
Tracer and Virus Studies 34 
Suction Samplers 35 

Principles of Operation 35 
Description of Samplers Used 36 
Installation 37 

Tensiometers 41 
Principles of Operation 41 
Description of Tensiometers Used 41 
Installation 42 

Neutron Logging 43 
Principles of Operation 43 
Description of Units Used 43 
Installation 44 

Mini-Basin 44 
Description 44 
Installation 45 
Water Source 45 

Monitor VJells 46 
Description 46 
Installation 46 

Infiltration and Tracer Test Methods 47 
Sample Collection and Analysis 51 

RESULTS 53 
Lithologic Logging 53 
Infiltration Test Results 57 
Neutron Logging Results 64 
Monitor Well Results 66 
Tracer Test Results 75 

First Test 75 
Second Test 86 
Third Test 98 



5 

TABLE OF CONTENTS 

PAGE 
DISCUSSION Ill 
CONCLUSIONS 133 
RECOMMENDATIONS FOR FURTHER RESEARCH 136 
APPENDIX A: BOREHOLE PERMEAMETER TESTS 138 
APPENDIX B: INSTALLATION OF SUCTION SAMPLERS 141 
REFERENCES 143 



6 

LIST OF ILLUSTRATIONS 

PAGE 
Figure 1. Location of Sweetwater Underground 

Storage and Recovery Facility 30 

Figure 2. Schematic and Experimental Setup 32 

Figure 3. Schematic of Stainless Steel Suction 
Sampler 38 

Figure 4. Secondary Mini-Basin Schematic 39 

Figure 5. Vertical Distribution of Percent Silt 
and Clay 55 

Figure 6. Generalized Geologic Log 58 

Figure 7. Infiltration Curve for First 
Flooding Cycle 60 

Figure 8. Infiltration Curve for Second 
Flooding Cycle 61 

Figure 9. Infiltration Curve for Fourth 
Flooding Cycle 62 

Figure 10. Infiltration Curve for Ninth 
Flooding Cycle 63 

Figure 11. Representative Soil-Water Pressure 65 

Figure 12. Neutron Moisture Logs During Second 
Flooding Cycle (First Tracer Test) 67 

Figure 13. Neutron Moisture Logs During Second 
Flooding Cycle (First Tracer Test) 68 

Figure 14. Neutron Moisture Logs During Second 
Draining Cycle (First Tracer Test) 69 

Figure 15. Neutron Moisture Logs Showing Advance 
of Wetting Front 70 

Figure 16. Monitor Well Water Levels During 
First Tracer Test 72 



7 

LIST OF ILLUSTRATIONS 

PAGE 
Figure 17. Monitor Well Water Levels During 

Second Tracer Test 73 

Figure 18. Monitor Well Water Levels During 
Third Tracer Test 74 

Figure 19. Bromide Concentrations in Suction 
Samplers, First Tracer Test 76 

Figure 20. Relative Bromide Concentrations in 
Suction Samplers First Tracer Test 77 

Figure 21. Relative Bromide Concentrations in 
Monitor Wells, First Tracer Test 80 

Figure 22. MS-2 Concentrations in Suction 
Samplers, First Tracer Test 82 

Figure 23. PRD-1 Concentrations in Suction 
Samplers, First Tracer Test 83 

Figure 24. Log Relative PRD-1 Concentrations 
in Suction Samplers, First Test 84 

Figure 25. Log Relative MS-2 Concentrations 
in Suction Samplers, First Test 85 

Figure 26. Bromide Concentrations in Suction 
Samplers, Second Tracer Test 87 

Figure 27. Relative Bromide Concentrations 
in Suction Samplers, Second Test 88 

Figure 28. Relative Bromide Concentrations in 
Monitor Wells, Second Tracer Test 91 

Figure 29. MS-2 Concentrations in Suction 
Samplers, Second Tracer Test 92 

Figure 30. PRD-1 Concentrations in Suction 
Samplers, Second Tracer Test 93 

Figure 31. MS-2 Concentrations in Monitor 
Wells, Second Tracer Test 94 



8 

LIST OF ILLUSTRATIONS 

Figure 32. 

Figure 33. 

Figure 34. 

Figure 35. 

Figure 36. 

Figure 37. 

Figure 38. 

Figure 39. 

Figure 40. 

Figure 41. 

Figure 42. 

Figure 43. 

Figure 44. 

Figure 45. 

Figure 46. 

PAGE 
PRD-1 Concentrations in Monitor 
Wells, Second Tracer Test 95 

Log Relative MS-2 Concentrations in 
Suction Samplers, Second Tracer Test... 96 

Log Relative PRD-1 Concentrations in 
Suction Samplers, Second Tracer Test... 97 

Bromide Concentrations in Suction 
Samplers, Third Tracer Test 100 

Relative Bromide Concentrations in 
Suction Samplers, Third Tracer Test.... 101 

Relative Bromide Concentrations in 
Monitor Wells, Third Tracer Test 103 

MS-2 Concentrations in Suction 
Samplers, Third Tracer Test 105 

PRD-1 Concentrations in Suction 
Samplers. Third Tracer Test 106 

MS-2 Concentrations in Monitor 
Wells, Third Tracer Test 107 

PRD-l Concentrations in Monitor 
Wells, Third Tracer Test 108 

Log Relative MS-2 Concentrations in 
Suction Samplers, Third Tracer Test.... 109 

Log Relative PRD-1 Concentrations in 
Suction Samplers, Third Tracer Test.... 110 

Finger Development During Advancement 
of Wetting Front 117 

MS-2 Concentration versus Depth, 
First Tracer Test 122 

PRD-1 Concentration versus Depth, 
First Tracer Test 123 



9 

LIST OF ILLUSTRATIONS 

Figure 47. 

Figure 48. 

Figure 49. 

Figure 50. 

PAGE 
MS-2 Concentration versus Depth, 
Second Tracer Test 124 

PRD-1 Concentration versus Depth, 
Second Tracer Test 125 

Representative TOX Concentration versus 
Depth During Flooding of Mini-Basin.... 127 

Representative DOC Concentration versus 
Depth During Flooding of Mini-Basin.... 128 



10 

LIST OF TABLES 

PAGE 
Table 1. Lithologic Description of Sediments 54 

Table 2. Cumulative Inflow and Average Intake Rate 
for Nine Flooding Cycles 59 

Table 3. Bromide Tracer Test #1 79 

Table 4. Bromide Tracer Test #2 89 

Table 5. Bromide Tracer Test #3 102 

Table 6. Summary of Velocities to Suction Samplers 
for Bromide Tracer Tests #1 - #3 115 



11 

ABSTRACT 

The fate and transport of a conservative and two 

bacteriophage tracers during Soil Aquifer Treatment (SAT) has 

been examined. A 12 foot X 12 foot mini-basin containing 

seven stainless steel suction samplers ranging in depth from 

1 to 20 feet below land surface was constructed in an existing 

recharge basin. Bromide ion and MS-2 and PRD-1 virus tracers 

were introduced into the mini-basin during recharge of 

secondary effluent during three of nine flooding cycles in 

order to aid in interpreting transport processes and to 

determine the presence of preferred-flow channels. High 

infiltration rates and discontinuous impeding layers resulted 

in 150 feet of horizontal transport. Preferential-flow 

channels were observed in both the vertical and horizontal 

directions. Less removal of bacteriophage MS-2 (hydrophilic, 

28 nm dia) was observed at all depths compared to PRD-1 

(hydrophobic, 62 nm dia). Results suggest that the fate of 

the virus transport in sandy alluvium is determined by the 

size and hydrophobicity of the viral particles, the quality of 

the percolating fluid, and composition of the soils. 
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INTRODUCTION 

Soil Aquifer Treatment 

Wastewater reuse is recognized as an important water 

conservation technique. Many wastewater reuse projects are 

coupled with artificial recharge procedures primarily for 

storage purposes. Recharge of sewage effluent in reuse 

schemes has received renewed attention in Arizona in recent 

years due to the conservation requirements of the 1980 Ground 

Water Management Act. Water-treatment specialists recognize 

the role of Soil Aquifer Treatment (SAT), sometimes referred 

to as Rapid Infiltration, in renovating wastewater to a 

quality suitable for various reuse alternatives. When 

combined with SAT, ground-water recharge becomes an adjunct to 

standard treatment technology. The basic approach of SAT is 

to apply effluent at a high rate to a water-spreading area 

promoting renovation of the effluent as it percolates through 

the vadose zone and as it combines with native ground water. 

Many wastewater reuse projects are coupled with 

artificial recharge procedures primarily for storage purposes. 

Examples include projects in New York (Oliva, 1985), El Paso 

(Knorr and Cliet, 1985), Israel (Idelovitch and Michail, 

1985), Germany (Wilderer et al., 1985), the Netherlands (Piet 

and Zoetman, 1985), and Poland (Kempa and Cebula, 1985) . The 

largest reuse project is in the Los Angeles Coastal Plain 



13 

where up to 37,700 acre-feet per year is recharged (Welsh, 

1989). Nellor (1985) has evaluated the health effects of 

recharged effluent that has been integrated into a potable 

water supply system. Bouwer (1985, 1989) and Idelovitch 

(1984) have shown that a great deal of treatment can occur as 

effluent percolates through the vadose zone. Bouwer (1989) 

found that SAT typically removes suspended solids and 

pathogenic organisms from the water and reduces concentrations 

of phosphate and nitrogen. Concentrations of heavy metals and 

other minor elements are appreciably reduced by processes such 

as sorption and precipitation. Bouwer*s experience has shown 

that renovated sewage effluent from SAT systems tend to meet 

the public health, agronomic, and aesthetic requirements for 

unrestricted irrigation. 

Questions remain regarding the fate and transport of 

trace organics during recharge and SAT operations (Asano, 

1985). Similar questions exist regarding the fate and 

transport of pathogenic microorganisms. Hall et al. (1985) 

point out that knowledge in this area is limited, especially 

in the case of viruses. 

Research to date has been concerned primarily on changes 

in the quality of applied water during recovery from wells. 

Additional research is needed to define the processes 

operating during percolation of effluent through the vadose 

zone and during mixing with ground water (Shirley, 1989). 
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The Tucson Basin appears to be a favorable location for 

SAT for storage of effluent and recovery for both nonpotable 

and potable purposes. Depth to ground water in the Tucson 

Basin exceeds 100 feet and the sediments in the vadose zone 

are composed of thick sequences of poorly sorted alluvial 

deposits. Studies concerning the fate and transport of 

viruses need to be performed to better understand the role of 

SAT at this location and at other locations in Arizona. 

Research Objectives 

The objective of this study was to provide information about 

the fate and transport of a conservative chemical and two 

bacteriophage tracers through the upper 20 feet of initially 

unsaturated, heterogenous sediments in an experimental SAT 

basin during infiltration of secondary effluent. A 

conservative chemical tracer (bromide) was used to monitor the 

movement of the infiltrating water both vertically and 

laterally during infiltration events. The bacteriophage 

tracers (MS-2 and PRD-1) were used in order to help 

understand the fate and transport of microbial agents through 

the vadose zone. 

Since the effectiveness of SAT is determined by contact 

time of the applied effluent with the underlying medium, it is 

important to know the subsurface flow characteristics through 

the vadose zone. A study by Graham (1989) at the site 
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indicated the presence of preferential flow paths during 

recharge of wastewater. Therefore, it was inherent in the 

overall objective of this study to determine if preferential 

flow may predominate beneath the experimental basin as well. 

Tracer tests were performed at three different infiltration 

rates in order to determine if the rate of infiltration may 

control the degree of preferential flow and flow pathways 

taken by the infiltrating water. 

The purpose of this thesis is to describe the methods, 

results and interpretations of the three tracer tests 

performed during infiltration of secondary effluent in the 12 

foot by 12 foot mini-basin. The mini-basin was constructed in 

the basin floor of an existing recharge basin at Tucson 

Water's Sweetwater Underground Storage and Recovery Facility. 

Transport Mechanisms of Conservative Chemical Tracers 

An environmental tracer is a chemical or physical 

characteristic of a water source which can be used to follow 

the movement of water. It can be either a naturally-occurring 

property or one that has been added or modified by 

environmental pollution. Environmental tracers are used to 

study ground-water flow rate, mixing, dispersion, and 

residence time. They are also applied in studies of hydraulic 

connection between surface water and ground water, i.e. in the 

vadose zone. Davis et al. (1980) reviewed tracer techniques 
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and listed the properties of the ideal applied tracer. 

According to these authors: "An ideal ground-water tracer is 

nontoxic, inexpensive, moves with the water, is easy to detect 

in trace amounts, does not alter the natural direction of flow 

of the water, is chemically stable for the desired length of 

time, is not present in large amounts in the water being 

studied, and for most purposes is neither filtered nor sorbed 

by the solid medium through which the water moves." 

Ionic compounds such as common salts have been used 

extensively as ground-water tracers. This category of tracers 

includes those compounds which undergo ionization in water, 

resulting in charged elements possessing a positive or 

negative charge. In most situations, anions are not affected 

by the aquifer medium (Davis et al., 1980). Bromide is 

widely assumed to be conservative when used as an injected 

tracer where the concentration range from tens to thousands of 

milligrams per liter. Davis et al. (1980) report that bromide 

is perhaps the most commonly used ion tracer. Schmotzer et 

al. (1973) reported that bromide is biologically stable and 

appears not to be lost by precipitation, absorption and 

adsorption. In the unsaturated zone, soils have been 

investigated extensively through the use of bromide tracers. 

Tennyson and Settergren (1980) used bromide as a tracer in the 

root zones of soils. Bowman (1984) studied two inorganic and 

four organic ions on a field scale as possible tracers to be 
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used in vadose zone studies. In his experiments bromide 

served as an index tracer. Differences in sorption and 

mobility between bromide and any of the six tracers was taken 

as an indication of the unsuitability of that chemical as a 

vadose zone tracer under the given conditions. 

There is some indication that bromide may not be entirely 

conservative while moving through soils, because it may be 

partially sorbed by the organic matter in soil (Krasintseva, 

1966; Yamada, 1968; Yuita et al., 1982; Maw and Kempton, 1982; 

Lag and Steinnes, 1976). 

The physical processes that control the flux of a solute 

are advection and hydrodynamic dispersion (Freeze and Cherry, 

1979). Advection is the process by which solutes are 

transported by the bulk motion of flowing ground water. 

Hydrodynamic dispersion occurs by mechanical mixing during 

fluid advection and molecular diffusion. The one-dimensional 

form of the advection-dispersion equation for nonreactive 

constituents in homogeneous, isotropic, materials under steady 

state, uniform flow is: 

n &c _ — dC _ dC 
1 dl2 1 dl ~ dt 

where 1 is the direction taken along flowline, 

v, is the average linear ground water velocity, 
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D, is the coefficient of hydrodynamic dispersion along 

the flowpath, 

C is the solute concentration and 

t is the time. 

The first term on the left hand side of the equation is 

the change in concentration due to the influence of dispersion 

on the concentration distribution and the second term is the 

change in concentration due to advective transport. The 

effects of chemical reactions, biological transformations and 

decay are not included in this form of the transport equation. 

The advection-dispersion equation for transport in a 

homogeneous medium in which v is steady and uniform and the 

dispersion coefficients do not vary through space for three 

dimensions (x,y and z) is: 

m &C A „ &C . „ d2C, r —dc , — dC . — 3Cn _ dC 
lD*w D'l? * v'Tt * V'S5] - St 

where the variables are the same as described for the one-

dimensional case. 

Recent laboratory and field evidence indicates that 

standard miscible displacement theory often underestimates the 

rates of water and chemical movement in unsaturated field 

soils. Preferential flow in unsaturated media, sometimes 

referred to as bypass, noncapillary, or gravitational 
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macropore flow has been observed in several laboratory and 

field investigations. Preferential flow has been observed in 

homogeneous materials such as glass beads (DeSmedt and 

Wierenga, 1984; DeSmedt et al., 1986) and in stratified 

materials (Palmquist and Johnson, 1962; Starr et al., 1978). 

Preferential flow can have a major influence on solute 

distribution in field soils (Bowman and Rice, 1986a). Kies 

(1981) found pore water velocities up to a factor of 11 

greater than expected based on standard miscible displacement 

theory in an experiment conducted on a trickle-irrigated 

agricultural field. Bowman and Rice (1986b) and Rice et al. 

(1986) have indicated rates of solute transport from one and 

one half to five times faster than predicted from traditional 

water balance models, under flood-irrigated agricultural 

conditions. This accelerated leaching has been attributed to 

the presence of preferential flow paths in the soil. Gelhar 

et al. (1985) reviewed the results of many investigations 

concerning field-scale solute transport processes in 

unsaturated materials and concluded that flow and solute 

transport is a three-dimensional process and that lateral 

spreading and flow through preferential pathways are governing 

mechanisms. 

Graham (1989) performed a tracer study using bromide as 

a conservative tracer at the Tucson Water Demonstration 

Recharge Project (predecessor of the Tucson Underground 
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Storage and Recovery Facility). At this facility, water was 

ponded in diked basins constructed directly on top of the 

present day Santa Cruz floodplain deposits. The basins were 

not excavated and no overburden was removed. Ceramic cup 

suction samplers were installed in the basin floor of a 

recharge basin at depths ranging from 11 to 45 feet. The 

results from this study showed the arrival of tracer at deep 

sampling depths sooner than at shallow locations and the lack 

of any consistent relation between apparent dispersion and 

depth. Solute movement in the unsaturated zone beneath the 

test basin appears to have occurred along three-dimensional 

pathways rather than as a uniform wetting front. An 

alternative explanation offered by Graham (1989) is the 

possibility of short circuiting along the suction sampler 

access tubes. This explanation was considered unlikely 

because the effect of calculated velocities should have been 

greatest at shallow depths and the data showed that in 

general, movement in the upper part of the profile is slower 

than movement in the lower part of the profile. 

Bowman and Rice (1986b) conducted a large scale field 

study to determine the impact of preferential flow on the 

downward movement of the herbicide bromacil. Analysis of core 

sample extracts indicated a mean bromacil retardation factor 

of 1.8 relative to a pentafluorobenzoic acid tracer. Due to 

preferential flow effects, however, bromacil actually moved 
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downward faster than predicted for a conservative tracer in 

the absence of preferential flow. These results provide an 

example of a case in which the physical process of non-uniform 

water flow dominated the chemical process of sorption in 

controlling pesticide leaching. 

Tennyson and Settergren (1980) used a bromide tracer to 

evaluate percolate water and ion movement in the upper 1.2 

meters of soil at a proposed sewage effluent irrigation site. 

Their results showed that retention of bromide by ion exchange 

phenomena did not occur and that the tracer moved through the 

upper one meter of soil more rapidly than the saturated 

hydraulic conductivity values determined from soil core 

measurements. Isolated flow channels were not adequately 

represented by the core samples and they concluded that 

saturated hydraulic conductivity measurements alone are not 

adequate for evaluating proposed effluent irrigation sites. 

Transport Mechanisms of Viruses 

Viruses are submicroscopic intracellular parasites, 

incapable of replication outside a host organism. A protein 

coat, capsid, made up of many capsomeres encloses a nucleic 

acid genome of RNA or DNA (Bitton, 1980) . The symmetry of the 

capsid is either helical or an icosahedron and the size of the 

viruses vary from 20 to 500 nm (Bitton, 1980) . This size 

range corresponds to colloids and Gerba (1984) theorizes that 
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colloidal behavior should apply to viruses. 

The physical processes that control the transport of 

viruses include retention and survival as well as advection 

and hydrodynamic dispersion. Retention takes place because of 

straining and attachment to immobile substrates. Generally, 

straining becomes negligible when one considers the retention 

of viruses, which are colloidal size particles (Bitton, 1980). 

However, aggregated or particulate-associated viruses may be 

removed by straining through the small pores (Yates et al., 

1987) . 

Several factors contribute to the adhesion of viruses and 

other colloids to soil particles, such as electrostatic 

attraction and repulsion, van der Waals forces, covalent-ionic 

interactions, hydrogen bonding and hydrophobic effects. 

The proteinaceous capsid makes viruses amphoteric 

(Bitton, 1975). The net charge of the virus changes as the 

environmental pH changes, because the pH affects the 

ionization of the carboxyl and amino groups on the capsid. 

Viruses are very positive at low pH values and are negative at 

high pH values (Bitton, 1980). The isoelectric point of many 

enteric viruses varies from 2 to 7 (Burge and Enriki, 1978) . 

The important concept to explain electrostatic repulsion 

in colloid interactions is the electric double layer. A 

charged interface reflects an unequal distribution of charges 

at the phase boundary, that is, it results from a localized 
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disturbance of electroneutrality. The spatial distribution of 

free charges in its neighborhood determines the electric state 

of the surface. This distribution is idealized as an 

electrochemical double layer. In 1924, Stern conceptualized 

this distribution with two layers. The first consists of ions 

specifically adsorbed at the surface forming the compact Stern 

layer. The second consists of the diffuse layer of the Gouy 

layer (Stumm and Morgan, 1981). 

When two particles approach each other, the Gouy layer on 

one particle is repelled electrostatically by the Gouy layer 

on the other. Hence, the attachment or detachment of a 

colloidal particle to an immobile substrate depends on the 

thickness of the Gouy layer. As ionic strength increases, the 

Gouy layer becomes compressed close to the particle or a 

surface (Drever, 1988). 

Van der Waals forces, which are always attractive, can be 

explained by considering that neutral molecules or atoms 

constitute systems of oscillating charges producing 

synchronized dipoles that attract each other (Stumm and 

Morgan, 1981). 

The DLVO theory, named after Derjaguin, Landau, Verwey 

and Overbeek, combined the van der Waals forces (attractive) 

with electrostatic double-layer forces (repulsive) to explain 

the stability of lyophobic colloids. In the interaction of 

two colloidal particles, van der Waals forces dominate at 
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short and long distances. At intermediate distances, 

electrostatic forces overcome van der Waals forces (van de 

Ven, 1989). 

Murray and Parks (1980) indicated that covalent-ionic 

interactions appear to be important in the adsorption of small 

molecules on various materials. These authors also stated 

that virus coat proteins have ionizing amino acid residues 

expressed on the exterior that might be able to participate in 

bonding to metal sites of an absorbent. 

The binding of some proteins and viruses to clays appears 

to result primarily from hydrogen bonding (Stotsky, 1985) . In 

water bridging, another possible form of hydrogen bonding, 

appropriate anionic groups on the biological entity are 

hydrogen-bonded to water molecules in the primary hydration 

shell of a charge-compensating cation on the clay (Stotsky, 

1985) . Hydrogen bonding is in the same energy range (10 to 40 

kJmol"1) as van der Waals interactions (Stumm and Morgan, 

1981). Therefore, this bonding is expected to play a role in 

virus attachment to surfaces, but the existence of this 

interaction has not been well identified. 

Hydrophobic substances are defined as substances that are 

readily soluble in many nonpolar solvents, but only sparingly 

in water (Tanford, 1973). Viruses with nonpolar regions may 

be bound to other nonpolar regions of the surface (e.g., other 
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viruses, bacteria, soil surface). Farrah et al. (1981) 

studied the effects of chaotropic and antichaotropic agents on 

the elution of poliovirus adsorbed on membrane filters. 

Chaotropic agents disorder the structure of water and 

antichaotropic agents have the opposite effect. It was found 

that, at pH 9.5, the ability to elute viruses adsorbed on 

membrane filters parallels the ability to accommodate 

hydrophobic functions. They concluded that hydrophobic 

interactions are the major factors in virus-filter 

interactions at this pH. 

The characteristics of the solid medium which influence 

the adsorption of viruses include: the clay content, the 

cation exchange capacity, the specific surface area, the pH 

and the organic carbon content (Gerba, 1984). A high clay 

content, cation exchange capacity and specific surface area 

increases virus adsorption (Gerba, 1984). Organic matter in 

the solid medium appears to reduce virus removal by soil 

(Gerba, 1984). 

Soluble organic matter may also play a role in the 

adsorption of viruses to soils. Conflicting results have been 

reported concerning the interactions of organic matter, 

viruses, and soil. Gerba and Lance (1978) performed column 

experiments using poliovirus 1, strain LSc, using both primary 

and secondary sewage. Total organic carbon ranged from 20 to 

24 mg/1 for the primary sewage and from 7 to 8 mg/1 for 
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secondary sewage. The results indicated that adsorption of 

poliovirus from primary effluent and virus movement through 

the soil were not affected by the higher organic content of 

primary sewage effluent. 

Several studies have shown that soluble organic matter 

(particularly humic and fulvic acids) compete with viruses for 

adsorption sites. Scheurman et al. (1979) have shown that 

humic materials interfered with the adsorption of phage T2 and 

poliovirus type 1 to a sandy soil, a sediment clay, and 

magnetite. The mechanism for the interference was speculated 

as competition between viruses and humic substances for 

adsorption sites. Bixby and O'Brien (1979) studied the effect 

of fulvic acid on the adsorption of MS-2 to soil in controlled 

batch experiments. The results showed fulvic acid complexed 

MS-2 regardless of the presence of soil. In a soil-fulvic 

acid system the fulvic acid interfered with the adsorption of 

MS-2 to soil. The major mechanism of MS-2 removal was 

complexation by fulvic acid. 

Unsaturated conditions of soil have usually been found to 

reduce virus transport (Powelson, 1990). Adsorptive forces 

may be enhanced since the largest pores are filled with air 

and the viruses are forced closer to the particle surfaces 

(Lance and Gerba, 1984). Powelson (1990) reviews numerous 

studies of virus transport under unsaturated conditions on 
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both the field scale and laboratory scale that demonstrate the 

enhanced virus removal. 

The physical processes that control the flux of viruses 

in the subsurface include survival and adsorption as well as 

advection and hydrodynamic dispersion (Yates et al., 1987). 

Decay, or inactivation, is the irreversible destruction of the 

virus by chemical, physical or biological processes. 

Adsorption is the chemical binding of a virus to the surface 

of the solid medium by the aforementioned processes. 

Transport of viruses in one dimension can be described using 

the following form of the advection-dispersion equation: 

*M =  t x
i d& - v  

where R is the retardation coefficient describing the 

adsorption of the virus to the solid particles, 

C is the concentration of the virus at a place and time, 

x is the position, 

t is the time, 

D is the hydrodynamic dispersion, 

V is the average velocity of the water, 

H is the decay rate of the virus, and 

Q is the source/sink term. 

There are many limitations encountered in using an 

advection-dispersion model for predicting the behavior of 



28 

viruses under "real-world" conditions (Yates et al., 1987). 

Among these limitations are: 

(1) the number of required input parameters is high, 

(2) input values for many of the parameters are unknown (i.e. 

inactivation rate and adsorption coefficients), 

(3) only transport in the saturated zone is considered, 

removal due to unsaturated conditions is not taken into 

account, and 

(4) the equation is site-specific and would not be applicable 

for regional screening purposes. 

Additionally, the same arguments presented for 

conservative chemical tracers concerning preferential flow 

paths apply to virus transport. Recent laboratory and field 

evidence indicates that standard miscible displacement theory 

often underestimates the rates of water and chemical movement 

in unsaturated soils. The same type of processes will affect 

viruses. 

MATERIALS AND METHODS 

Sweetwater Underground Storage and Recovery Facility 

The City of Tucson has operated a recharge facility for 

tertiary effluent (reclaimed water) since 1986. Water is 

stored underground for later recovery for turfgrass 

irrigation. The Sweetwater Underground Storage and Recovery 
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Facility was constructed over a demonstration recharge 

facility on the floodplain of the Santa Cruz River in the 

northwestern .part of the Tucson Basin. Reclaimed water meets 

mandated standards for landscape (i.e. golf course) and 

irrigation; therefore, the Sweetwater facility was originally 

designed simply for underground storage during non-peak demand 

periods. 

The principal features at the facility are four large 

basins covering approximately 14 acres (Figure 1) . The basins 

have been excavated approximately 12 feet below the present 

Santa Cruz River floodplain and the basin bottoms are 

constructed in alluvial deposits that are approximately 27 to 

32 feet thick. The alluvium is composed of silty and clayey 

sands and gravels with discontinuous clayey layers. A clay 

rich layer divides the alluvial unit from the underlying basin 

fill deposits at a depth ranging from 16 to 20 feet below the 

bottom of the basins. The basin fill deposits are unsaturated 

to a depth of approximately 100 feet below the bottom of the 

basins. 

Reclaimed water is supplied by means of a pipeline from 

the Roger Road Reclaimed Water Treatment Plant on the east 

side of the river. A piping distribution system supplies 

effluent to each of the four basins. A constant head is 

maintained in the basins by float activated sensors that 

regulate the discharge into the basins. Normal operating 
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depths in the basins range from 1.65 to 1.90 feet. The basins 

are flooded cyclically and generally receive effluent for 

about seven days and are allowed to dry for seven to fourteen 

days. 

SAT is being examined as a means to reduce or possibly 

eliminate the filtration and chlorination at the reclaimed 

treatment facility, allowing direct recharge of secondary 

effluent. 

Experimental Design 

The study was designed to evaluate infiltration 

characteristics, the characteristics of flow of secondary 

effluent through the heterogenous sediments near the surface, 

and the fate and transport of chemical and bacteriophage 

tracers. Accordingly, a 12 foot X 12 foot mini-basin was 

constructed on the basin floor of Basin #1 at the Sweetwater 

Underground Storage and Recovery Facility (Figure 2) . The 

basin was instrumented with suction samplers, to obtain 

samples of percolating fluid; with tensiometers to measure 

soil water pressures; and with access tubing to permit neutron 

logging. 

Lithologic Sampling 

Soil samples were taken from the surface to 20 feet 

using a hollow stem auger to characterize the substrate below 
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the secondary mini-basin. The samples were obtained in brass 

rings 6 inches long and 2 inches in diameter. Three brass 

rings were loaded into an 18 inch split barrel sampler and 

lowered through the hollow auger flights and then driven into 

the sediments using a 150 pound hammer. Blow counts were 

taken and recorded for each six-inch interval as a relative 

means of determining lithology. After removal of the sampler 

from the auger flights and retrieval of the brass rings, the 

18 inches just sampled was augered and the process of driving 

samples ahead of drilling was repeated to total depth. Depth-

wise changes in lithology were recorded based on the texture 

of sediments observed at the ends of the brass rings. The 

rings were then sealed with Para-Film on both ends and capped 

with plastic caps. Electricians tape was used to seal the 

caps onto the rings in order to prevent any loss of moisture. 

Depths of the samples were marked onto the brass rings and the 

samples taken to the Soil, Water and Plant Analysis Laboratory 

at the University of Arizona. The samples were analyzed for 

grain size distribution, bulk density, percent water content, 

and fraction of organic carbon. 

Two borehole permeameter tests were performed in Recharge 

Basin #2 at the Sweetwater Facility prior to conducting 

infiltration tests in Basin #1. Although surficial materials 

of the two basins are not identical, hydraulic conductivity 

values are probably within the same order of magnitude. 
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Saturated hydraulic conductivity values ranged from 

approximately 20 feet/day to 60 feet/day (Appendix A). 

Tracer and Virus Studies 

Bromide ion was used as the conservative chemical tracer 

since its properties as a conservative tracer have been proven 

in numerous laboratory and field studies. 

MS—2 and PRD-1 were chosen as the model viruses. MS-2 

and PRD-1 have structural properties similar to many human 

enteric viruses. MS-2 is similar in shape and size to 

poliovirus and PRD-1 is similar in shape and size to 

rotavirus. 

MS-2 has a diameter of 25 nm and an isoelectric point of 

pHiep 3.9. The amino acid sequences of the capsid protein 

include hydrophobic and hydrophilic groups (Powelson, 1990). 

Because of its small size and low isoelectric point MS-2 can 

be considered a "worst case" virus (i.e. it should be 

transported farther through most soils than human virus). 

Human water-transported virus generally have a pHiep 5.0 to 8.2 

(Gerba, 1984). 

PRD-1 is an icosahedral lipid phage with a diameter of 62 

nm and an isoelectric point of pHiep 3.9 (Hinkle, 1990). The 

lipid outer coating makes PRD-1 hydrophobic. 
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Suction Samplers 

Principles of Operation 

Saturated and unsaturated conditions exist in the 

alluvium underlying the mini-basins during flooding and drying 

cycles. Therefore, it was necessary to install sampling and 

monitoring equipment that could be used under both conditions. 

During unsaturated conditions soil moisture is held in 

capillary voids at pressures below atmospheric pressures. In 

order to remove the moisture from capillary voids and obtain 

a sample of the soil solution, suction samplers can be used 

(Wood, 1973). 

The principle of the suction samplers is to apply a 

negative air pressure to the porous cup. Soil air is kept out 

of the samplers by the water menisci across the pores of the 

sampler surface. Water is extracted when a potential lower 

than that of the soil water is created in the sampler. The 

soil air has a potential equal to atmospheric pressure and, 

therefore, a higher extraction gradient is established. Air 

will not break through into the sampler until the water's 

tensile strength across the sampler pores is exceeded. If the 

air pressure in the cup is lower than that of the soil tension 

in the surrounding sediments, water will move into the sampler 

through the porous cup. Positive pressure is then applied to 

lift the sample to the surface. 

England (1974) and Litaor (1988) have raised questions 
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concerning the representativeness of samples obtained with a 

suction sampler. First, numerous experiments and theoretical 

studies have shown that the concentration and composition of 

the soil solution are not homogeneous throughout its mass. 

Thus, water drained from large pores at low suctions may have 

a chemical quality that is very different from that extracted 

from micropores. A point source of suction, such as a porous 

cup, samples roughly a sphere, draining different-sized pores 

as functions of distance from the point, the amount of applied 

suction, the. hydraulic conductivity of the medium, and the 

soil water content. England (1974) also presented the problem 

of absorption of ions by the ceramic cup itself, which would 

vary directly with the air entry value of the cup. England 

and Litaor both realize the difficulties of obtaining an in 

situ sample of soil solution and do not disparage the use of 

suction samplers but do, however, stress the need to state all 

the assumptions and practices used. 

Description of Samplers Used in This Study 

Wang et al. (1980) evaluated two commercially available 

suction samplers with ceramic cups for their ability to 

recover viruses from both tap water and secondary sewage 

effluent. Recovery of bacteriophages and enteroviruses in 

column studies using ceramic cups ranged from 1 to 38 percent 

using secondary effluent. 
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Powelson (1990) used stainless steel samplers in column 

studies of bacteriophage movement in unsaturated soil columns 

and found that there was no loss of virus through the porous 

stainless steel. To minimize loss of the bacteriophage 

tracers within the sampling devices used in this 

investigation, suction samplers constructed entirely of 

stainless steel were employed (Figure 3) . The body of the 

sampler used is 16 inches long and has an outside diameter of 

1.9 inches. The sample and vacuum lines are constructed of 

stainless steel tubing attached to the sampler with pressure 

fittings. The cup is constructed of sintered stainless steel 

with 20 nm pore size and an air entry pressure of 200 

centimeters of water. Before installing the samplers a 

laboratory experiment using one of the stainless steel suction 

samplers was conducted and no sorption of bacteriophage was 

observed. 

Installation 

An array of seven suction samplers was used to collect 

water from the underlying sediments of the secondary mini-

basin. The depths of the samplers range from 1 to 20 feet 

below the basin bottom (Figure 4). Careful installation of 

the samplers is a critical part of the research program and 

the interpretation of the data collected from the samplers. 

Great care must be taken in order to assure a good hydraulic 
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connection between the porous cup and the surrounding 

sediments. Equally important is the backfilling procedure to 

a condition as near undisturbed as possible in order to 

prevent short circuiting of infiltrating water through the 

annular space. The procedure used for installation of the 

samplers is included in Appendix B. 

A good hydraulic connection is essential between the 

porous cup and the sediments containing the soil solution. 

Graham (1989) used a fine-grained silica flour slurried in the 

annular space surrounding the porous cup to establish this 

connection. In laboratory experiments performed by Powelson 

(1990), silica flour was found to sorb bacteriophage as it 

passed through the silica into the stainless steel cup. 

Therefore, screened native material was used to backfill 

around the cup area. 

The samplers, lines and connections were tested prior to 

installation and again after installation for air leaks. 

Testing consisted of applying a vacuum through the vacuum line 

while closing the sample line and making sure the vacuum held 

steady. 

After the samplers had been installed, a short piece of 

neoprene tubing and a pinch clamp was attached to the sample 

line. The vacuum line was connected to a manifold of 

polyethylene tubing which was controlled by a small diaphragm 

vacuum pump. Therefore, a vacuum was applied to the suction 
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Tensiometers 

Principles of Operation 

Tensiometers were used to measure soil-water pressure in 

the sediments underlying the mini-basin. A tensiometer 

consists of a liquid-filled porous ceramic cup connected to a 

pressure-measuring device via a liquid filled tube. When the 

porous cup is installed in soil, the soil solution can flow 

into or out of the pores in the ceramic cup. The flow 

continues until the pressure potential of the liquid in the 

cup is equal to the pressure potential of the soil water 

surrounding the cup. The pressure head of the liquid in the 

tensiometer cup can be determined by measuring the pressure 

head of the vacuum created above the hanging water column and 

adding it to the height of the gauge above the cup. 

Description of Tensiometers Used in Study 

The tensiometers used in this study were obtained from 

Soil Measurement Systems of Tucson, Arizona and were equipped 

with one inch O.D. ceramic cups. One inch O.D. PVC tubing was 

used to connect the porous cup to approximately two feet above 

land surface. The pressure head of the vacuum created above 

the hanging water column was measured with a pressure 

transducer. A small needle is inserted into the rubber 
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stopper and a direct reading of millibars of suction is read. 

Installation 

Tensiometers were installed at 1.0, 2.5, 5.0 and 7.5 feet 

below land surface (Figure 4). The 1.0, 2.5 and 5.0 foot 

tensiometers were installed using a three inch diameter hand 

auger. A hole was augered to the target depth and a two inch 

0. D. length of PVC pipe was inserted in the hole. Enough 

native material screened with a 1/4 inch screen was slurried 

down the inside of the PVC pipe so there was six inches in the 

bottom of the hole. The tensiometer was lowered through the 

PVC pipe and pressed lightly into the slurried material. The 

PVC pipe was removed from the hole and native material was 

used to backfill to the surface. Due to the presence of very 

large cobbles it was not possible to hand auger to 7.5 feet 

and the hollow stem auger was used. The procedure for 

installation was the same as mentioned above with the auger 

flights taking the place of the PVC pipe. 

The upper end of the tube at the surface was closed with 

an air-tight stopper and the tube filled with water 

containing a dilute solution of calcium sulfate. The calcium 

sulfate solution was used in order to flocculate any clay 

materials around the porous cup. 
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Neutron Logging 

Principles of Operation 

Neutron access holes were used to obtain relative changes 

in moisture content through the profile during flooding and 

draining cycles. Neutron access holes allow a neutron source 

to be lowered through the tube. High energy neutrons emitted 

from a radioactive source are slowed and change in direction 

by elastic collisions with atomic nuclei. This process is 

called thermalization and hydrogen nuclei have a marked 

property for the scattering and slowing of the emitted 

neutrons (i.e. similar size and mass). 

Description of Units Used in Study 

The purpose of the neutron access tubes is to determine 

relative changes in moisture content throughout the profile 

before, during and after flooding. A Troxler Soil Moisture 

Probe and later a Campbell Pacific Moisture Probe were used to 

obtain counts of thermalized neutrons. The neutron counts 

were divided by standard counts when the probe is emplaced in 

the shield. Relative changes in moisture content in the soil 

profile were determined by comparing the ratio of 

measured/standard counts. Neutron logging results were not 

calibrated to known moisture contents because of the extreme 

scatter of values. Additionally, two separate logging units 

were used during the testing because of malfunctioning of the 



44 

original unit. 

Installation 

Three neutron access tubes were installed. The neutron 

access tubes were constructed of three inch I.D. steel pipe 

with 1/4 inch wall thickness. A drive point was welded onto 

the lower end of the tube so it could be driven into the 

ground. A five foot pilot hole was drilled and the tube was 

driven into the ground using a 150 pound hammer on the hollow 

stem auger rig. The tube was driven into the ground in order 

to maintain close contact between the steel tube and the 

surrounding alluvium. The tube inside the mini-basin was 

driven to 15 feet below land surface and the two tubes outside 

of the mini-basin were driven to 18 feet below land surface. 

Mini-Basin 

Description 

The mini-basin side walls were constructed from sheets of 

1/8 inch thick, 12 X 4 foot sheet metal fastened together at 

the corners using three inch angle iron with a neoprene 

gasket. The sidewalls were set two feet into the surface of 

the recharge basin. Trusses constructed of one inch square 

tubing were installed on the outside of the walls to prevent 

"bowing out" of the walls during flooding. The insides of the 

walls were lined with 6 mil polypropylene plastic. 
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Installation 

The 12 foot by 12 foot side walls were installed after 

installation of the suction samplers, tensiometers and neutron 

access tubes, using a backhoe. The mini-basin walls were 

built within the excavated trench and the plastic was 

installed before backfilling the walls in place. The walls 

were backfilled in six inch lifts with native material 

screened with a 1/4 inch mesh. Between lifts the backfilled 

material was tamped to try and pack the material back to its 

original bulk density. 

Water Source 

Figure 2 shows the effluent delivery system to the 

secondary mini-basin. Two inch flexible PVC pipe was used to 

deliver secondary effluent from an existing 12 inch steel pipe 

running from the Roger Road Wastewater Treatment Facility to 

the Silverbell Golf Course. A totalizing flow meter was 

installed in line approximately 20 feet from the mini-basin, 

and injection ports for the viral and chemical tracers were 

installed in-line 10 feet and 150 feet, respectively, from the 

mini-basin. The discharge end of the line was equipped with 

a two inch brass float valve and a three inch brass ball 

valve. The large ball valve was installed in order to provide 

a discharge into the mini-basin at a rate great enough to fill 

it to a one foot depth rapidly and keep ahead of the initial 
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infiltration rates. The two inch brass float valve was 

installed in order to maintain a constant head during flooding 

and prevent ponded water from overflowing the mini-basin. 

Monitor Wells 

Description 

Eight monitor wells were drilled in Recharge Basin #1 

to determine the extent of lateral spreading along the 

interface between channel alluvium and the basin fill unit 

during flooding of the mini-basin (Figure 2) . Each of the 

monitor wells was drilled to a depth coincident to the 

alluvium-basin fill contact and cased with 2 inch 0. D. PVC 

pipe. 

Installation 

The monitor wells were installed using a hollow stem 

auger rig. The total depth of each well was determined in the 

field by identifying the clay -rich layer at the alluvial-

basin fill contact. Each well was completed by using saw cut 

perforations. The perforations extended from five feet below 

land surface to total depth. The PVC casing was backfilled 

using native material. 
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Infiltration and Tracer Test Methods 

A total of nine flooding cycles were conducted in the 

secondary mini-basin from July 1990 to December 1990. A 

schedule of seven days of flooding and seven days of drying 

was generally followed. During three of the flooding cycles 

(#2, #4 and #9) bromide ion and two bacteriophage tracers were 

introduced into the recharge water. During these cycles, 

samples were taken from the ponded water, suction samplers and 

the monitor wells for analysis of the tracers. 

Prior to beginning any of the flooding cycles, 

measurements of soil suction were taken in the tensiometers, 

suction samplers were evacuated and the totalizer flow meter 

was read and recorded. Flooding began by opening both the 

float valve and the ball valve. Head measurements and flow 

meter readings were recorded at two minute intervals until the 

water level in the mini-basin reached the one foot level. The 

large ball valve was turned off and flow was controlled by the 

float valve for most of the flooding cycles. The head in the 

mini-basin was kept constant at approximately one foot during 

the remainder of the flooding cycle. Head measurements and 

flow meter readings were taken periodically throughout the 

flooding cycle. Infiltration rates were determined by 

dividing the total volume of water discharged into the mini-

basin over a period of time by the surface area of the mini-

basin (144 square feet). Infiltration rates were converted to 
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units of feet/day. 

Tensiometer readings were taken throughout the flooding 

part of the cycles and after the water had been shut off and 

the profile drained. Neutron logging was performed in the 

access tubes within the mini-basin and outside of the mini-

basin prior to, during and after flooding of the mini-basin 

for each of the tracer tests. 

During flooding of the mini-basin, water was observed in 

monitor wells #3, #4, #5 and #6. Water level measurements 

were taken daily in the monitor wells to determine the extent 

of lateral spreading due to flooding the mini-basin. Samples 

were also taken from the wells when there was sufficient 

volume to be extracted with a 1.5 inch 0. D. brass bailer. 

During three of the flooding cycles, a conservative 

chemical tracer, bromide, and two bacteriophage tracers, MS-2 

and PRD-1, were introduced into the inflow and sampled as 

they passed through the upper 20 feet of the vadose zone 

beneath the mini-basin. The tracers were introduced into the 

delivery line of secondary effluent using chemical-feed pumps 

to inject precise quantities of the tracers. Sodium 

thiosulfate was added to the bromide stock solution and 

injected into the delivery line approximately 150 feet 

upgradient of the virus injection port. The sodium 

thiosulfate was introduced to dechlorinate the inflow of 

secondary effluent and eliminate the possibility of 



49 

bacteriophage inactivation due to the presence of free 

chlorine. 

In order to allow the pumps to function effectively over 

a small range of discharge into the mini-basin, the mini-basin 

was filled to a depth of one foot without any tracer and the 

tracer was added directly into the ponded water to bring it up 

to the desired concentration. By that time the flow into the 

mini-basin had reached a rate close to the infiltration rate 

and the chemical-feed pumps did not have to keep up with the 

initial high inflow rate to pond the water. A Tee was 

constructed of two inch 0. D. PVC pipe and installed at the 

discharge point on the float valve to provide circulation of 

the inflow in the mini-basin. The instantaneous inflow into 

the mini-basin was monitored throughout the flooding period 

and the chemical feed pumps were adjusted to keep the 

concentration in the mini-basin as constant as possible. 

Water samples were taken from the ponded water, suction 

samplers, and monitor wells and analyzed for bromide and 

bacteriophage concentrations. 

Tracer test #1 was conducted from August 6, 1990 to 

August 7, 1990 during the second flooding cycle. The tracer 

was applied for the entire 30 hour flooding period. Samples 

were collected from the suction samplers and the mini-basin 

water at one half hour intervals for the first three hours, 

hourly for the next five hours and every three hours on August 
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7, 1990 starting at 0600 until 1500. Samples were obtained 

from the suction samplers at least once a day until September 

4, 1990. Samples were also collected from the monitor wells 

when there was sufficient volume to extract a sample with the 

brass bailer. 

Tracer test #2 was conducted from September 25, 1990 to 

September 28, 1990 during the fourth flooding cycle. Flooding 

began on this test on September 21, 1990 and continued until 

September 28, 1990. The tracer was not added to the inflow 

until September 25, 1990 when the infiltration rates had 

dropped to approximately 3 feet/day and the soil-water flux 

was approximately at steady state. Sample collection was 

similar to that described for tracer test #1 and was continued 

until October 2, 1990, 5 days after flooding had ceased. 

Tracer test #3 was performed from December 6, 1990 until 

December 13, 1990 during the ninth flooding cycle. The 

bacteriophage tracers were introduced for the entire seven day 

flooding period but the bromide tracer was discontinued on 

December 9, 1990. Sample collection was similar to that 

described for tracer test #1 and was continued until December 

16, 1990, 3 days after flooding had ceased. 
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Sample collection and Analysis 

All samples that were analyzed for bromide were collected 

in 20 ml plastic scintillation vials. Samples of the ponded 

water in the mini-basin were taken at two opposite corners of 

the basin to determine if the Tee on the discharge line was 

providing circulation in the basin. The sample was taken just 

below the surface of the water at both locations. The suction 

samplers were sampled by disconnecting the vacuum manifold 

from the sampler and applying a positive pressure using a hand 

pump. All of the samples from a particular sampling time were 

labelled individually as to the depth and then bagged and 

labelled as to the date and time. Samples were stored at 

ambient temperatures until analyzed. 

The monitor wells were sampled using a brass bailer. The 

wells were bailed 10 to twelve times to purge standing water 

in the well casing. Between wells the bailer was dipped in a 

solution of chlorine bleach and then rinsed with sodium 

thiosulfate to prevent cross contamination of the bacterial 

viruses between monitor wells. 

Water samples collected from the suction samplers, pond 

water and monitor wells were analyzed for bromide using an 

Orion ion-specific electrode (SIE). An ion-specific electrode 

system consists of a sensing electrode (half-cell), a 

reference electrode (half-cell), a meter capable of measuring 

millivolts, and the sample solution. Samples and standards 
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were brought to similar ionic strength by adding 2 ml of 5 

molar sodium nitrate per 100 ml of sample or standard 

solution. Prior to analyzing any samples the electrode was 

tested using seven standard solutions ranging from 10'3 to 10^ 

molar potassium bromide. The calibration curve from these 

seven standards was found to be linear from 10'3 to 5 X 10"6 

molar. Prior to measuring bromide concentrations of the 

collected samples, three standards were used to calibrate the 

instrument. The standards were rechecked periodically during 

measurements to monitor for analytical drift. The electrode 

was found to drift very little during sample measurements and 

all measured concentrations were within the linear portion of 

the calibration curve. 

The sampling protocol for the bacteriophage tracers was 

essentially the same except the samples were immediately 

placed in an ice chest and kept cool. Samples were taken to 

the Microbiology Laboratory at the University of Arizona daily 

for analysis. MS-2 was grown on agar overlay of host 

bacterium Escherichia coli (ATCC 15597) and PRD-1 on bacterium 

Salmonella typhimurium LT2. Viruses were assayed by the 

plaque forming technique (Adams, 1959) on trypticase soy agar 

(Difco, Detroit, MI), and enumerated as plaque forming units 

(PFU). The virus samples were collected, stored on ice and 

assayed within 48 hours. 
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RESULTS 

Lithologic Logging 

The ring samples obtained during the drilling of the 20 foot 

sampler borehole were analyzed for grain size distribution, 

percent moisture content, bulk density and fraction of organic 

carbon. Table 1 summarizes the results. Figure 5 shows the 

depth-wise distribution of silt plus clay content. Porosities 

at each depth were determined from the dry bulk densities and 

an assumption that the solid material has a density of 2.65 

kg/m3-. The substrate is predominantly a sandy gravel 

throughout the entire profile. Slightly higher percentages of 

silt and clay are observed in the upper two feet and at 15 

feet. The alluvium-basin fill interface occurs in the 15 - 16 

foot depth range (Figure 5) . During drilling with the hollow 

stem auger and installation of the mini-basin walls, it was 

apparent that some of the silt and clay was in the form of 

stringers and lenses. Numerous large cobble to boulder size 

materials were also encountered during drilling. The gravel 

portion is characterized by well-rounded gravels of igneous 

and metamorphic origin. Some layers of gravel had a black 

manganese-oxide stain on them. 

The same type of conditions were encountered during the 

drilling of the monitor wells and the alluvial-basin fill 
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Table 1. 

Lithologic Description of Sediments 

Depth 
(feet) 

Gravel 
% 

Sand 
% 

Silt 
% 

Clay 
% 

Bulk 
Density 
(g/cm3) 

Porosity 
% 

Moist. 
Content 
% 

0.0 to 
1.5 

65.5 26.3 3.9 4.3 1.90 27 0.098 1.6 

2.0 to 
3.5 

67.1 23.0 4.9 5.0 1.72 35 0.087 3.7 

3.5 to 
5.0 

72.6 23.7 1.9 1.8 1.98 25 0.059 3.6 

5.0 to 
6.5 

60.8 37.3 0.9 1.0 1.72 35 0.013 4.5 

6.5 to 
8.0 

52.0 43.9 1.7 2.4 1.73 35 0.021 2.9 

8.0 to 
9.5 

61.6 36.5 0.9 1.0 1.64 38 0.018 3.2 

10.5 to 
12.0 

45.9 48.8 3.0 2.3 1.72 35 0.022 3.8 

12.0 to 
13.5 

69.1 26.7 4.2 1.6 1.82 32 0.021 3.9 

13.5 to 
15.0 

58.8 35.1 3.2 2.9 1.60 38 0.022 3.9 

15.0 to 
16.5 

63.3 27.5 4.9 4.3 1.87 30 0.017 8.3 

16.5 to 
18.0 

61.3 28.5 7.1 3.1 1.94 27 0.022 9.2 

18.0 to 
19.5 

57.0 34.5 5.7 2.8 1.76 33 0.015 7.2 
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interface ranged from approximately 15 to 20 feet below land 

surface. Clay material at the alluvium-basin fill contact is 

medium brown color and very sticky when wet. The basin fill 

material has a higher silt and clay content than the overlying 

alluvium and the gravel fraction is generally smaller and more 

angular. Red, brown and beige volcanic rock fragments were 

observed in the samples. 

The initial volumetric water content at the time of 

drilling, ranged from 1.58% to 4.52% throughout the upper 13.5 

feet and increases to a maximum of 9.24% at 16.5 feet. This 

supports the lithologic evidence that the clay-rich alluvium-

basin fill contact occurs at approximately 16 feet. Fraction 

of naturally occurring organic carbon is low at all depths but 

is relatively higher at the surface. The average f,,,. content 

in the upper 3.5 feet was 0.092% and the average f^ content 

from 3.5 to 20 feet was 0.023%. 

Based on the supervision of drilling and trenching 

operations into the subsurface it is apparent that the 

substrate material is extremely heterogenous and extrapolation 

of lithologies from one location to another is probably not 

possible. Assuming that the ring samples obtained from the 20 

foot hole are representative of each depth even within the 

mini-basin itself is probably not realistic. However, based 

on all of the drilling results, the substrate below Recharge 
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Basin #1 and the secondary mini-basin can be characterized in 

a general sense (Figure 6). 

Infiltration Results 

The duration, total volume infiltrated and average intake 

per hour for all nine flooding cycles are summarized on Table 

2. Infiltration rates declined with time during each flooding 

cycle and between subsequent cycles. Infiltration rates for 

the first flooding cycle (#1) and for each test in which the 

tracers were applied (#2, #4 and #9) are shown on Figures 7 -

10. The initial infiltration rates were approximately 50 

feet/day during flooding cycle #1 (Figure 7). The 

infiltration rate declined to approximately 12 feet/day after 

6 hours and then increased to 28 feet/day before declining to 

a rate of 3 feet/day by the end of 7 days. The increase in 

infiltration rate after 24 hours is probably due to driving 

entrained air out of the profile by the advancing wetting 

front. This was the first time that the soil beneath the 

mini-basin had received any recharging effluent. The total 

volume of effluent applied was 8658 cubic feet over a 168 hour 

flooding period. The initial infiltration rates during 

flooding cycle #1 (50 feet/day) compare favorably with the 

saturated hydraulic conductivity values obtained from the 

borehole permeameter tests. 
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0-5 
Cobbles/gravel(65%), coarse 
sand(30%) clay/silt(5%) poorly 
sorted not coapactable slow 
drilling. 

5-10 
Cobbles/gravels(55%), coarse 
sand(40%), silt/clay(5%). Sand 
fraction increased. Not 
coapactable, slightly moist. 

10-13 
Cobbles/gravel(60%) increasing 
in size, drilling slow, coarse 
sand(35%), silt/clay(5%). 

13-16 
Cobbles/gravel(60%) decreasing 
in size, drilling gets easier 
toward 16'. Moisture increases, 
as does silt/clay (15%). If basin 
fill encountered gravels become 
angular, and weathered volcanic 
material increases. Color 
changes to red/brovn. Dense 
sticky, dark brown clay usually 
found above basin fill contact. 

16-7 
Basin fill, weathered volcanic 
material, angular gravel 
fragments, sand(30-35%), 
silt/clay(10-15%), increased 
moisture content. 

Figure 6. Generalized Geologic Log 
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Table 2. 

Cumulative Inflow and Average Intake Rate for Nine Flooding 
Cycles 

Cycle 
No. 

Dates Duration 
(hours) 

Volume 
Recharged 
(cubic 
feet) 

Average 
Intake 
(cubic 
feet 
per 
hour) 

1 July 11-18, 1990 168 8568 51 

2* Aug. 6-7, 1990 30 7003 233 

3 Sept. 4-11, 1990 168 8712 52 

4* Sept. 21-28, 1990 167 5544 33 

5 Oct. 9-17, 1990 193 6810 35 

6 Oct. 23-30, 1990 168 4920 29 

7 Nov. 6-13, 1990 168 4624 28 

8 Nov. 21-28, 1990 176 2760 16 

9* Dec. 6-13, 1990 168 1536 9 

* Tracer Test 
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Figure 10. Infiltration Curve for Ninth Flooding Cycle 
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Flooding cycle #2 is an anomaly in that infiltration 

rates started out at approximately 50 feet/day and remained 

near 40 feet/day for 30 hours. The surface of the mini-basin 

was raked to a depth of about four inches prior to beginning 

flooding. This was the only cycle in which the surface was 

raked prior to flooding. The tensiometer data for the first 

flooding cycle (Figure 11) showed negative values of soil-

water pressure at all depths prior to flooding. Immediately 

after flooding commenced, all of the tensiometers showed 

positive soil-water pressures. The tensiometers at the 1.0 

and 2.5 foot depth remained positive during flooding and 

gradually declined to negative values after flooding ceased. 

The 5.0 and 7.5 foot depths remained positive even after 

flooding ceased and the profile drained. This pattern was 

observed for all nine cycles: the 1.0 and 2.5 foot 

tensiometers started out with negative values, became positive 

during flooding and declined to negative values during 

draining; the 5.0 and 7.5 foot tensiometers started out with 

positive values before flooding, became more positive during 

flooding and declined to a lower positive value during the 

draining cycle. 

Neutron Logging Results 

Neutron logging results were not calibrated to known 

moisture contents because of the extreme scatter of values. 
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Additionally, two separate logging units were used during the 

testing because of malfunctioning of the original unit. 

Relative changes in moisture content can be discerned from the 

relative count ratios, however. Figures 12 - 14 show the 

trend of increasing moisture content through the profile 

directly beneath the mini-basin during flooding and the 

decrease in moisture content during the draining cycle for 

flooding cycle #2. These Figures are representative of the 

changes in moisture content through the profile for all of the 

flooding cycles. The profile between land surface and five 

feet acts as a storage and transmission zone; the profile 

from five to 10 feet acts as more of a transmission zone; and 

from 10 to 15 feet there is evidence of storage. 

Figure 15 shows the rapid advancement of the wetting 

front during flooding cycle #3. The wetting front advanced to 

15 feet within 100 minutes of the commencement of flooding. 

This results in an average velocity of the wetting front of 

approximately 9 feet/hour. 

Monitor Well Results 

Water was observed in monitor wells MW-3 through MW-6 

during each of the flooding cycles. Water observed in the 

monitor wells was due to perching and lateral spreading of the 

infiltrating water at the alluvial-basin fill interface. 

Monitor wells MW-3, MW-4, MW-5 and MW-6 are located 150, 67, 
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70 and 12 feet from the mini-basin, respectively. Well 

hydrographs for the monitor wells are shown on Figures 16 - 18 

for the flooding cycles where tracer experiments were 

performed. The extent of lateral spreading is consistent with 

results discovered by Wilson (1988) during pit recharge at a 

site approximately two miles southwest of the Sweetwater site. 

During his studies Wilson detected the development of a 

perched water table in the basal region of the channel 

alluvium, near the interface between the alluvium and the 

underlying basin-fill unit. During the initial stages of the 

pit recharge test, the lateral velocity approached 180 

feet/day. 

The lateral spreading due to flooding the secondary mini-

basin is strongly direction dependent as evidenced by the well 

hydrographs. Water level response was detected in monitor 

well MW-3 at the same time or sooner than in monitor wells MW-

4 and MW-5. The presence of the perched water was not 

detected in monitor wells MW-7 or MW-8. The principal 

direction of flow is toward MW-3. Based on the well 

hydrographs for the initial flooding cycles, lateral 

velocities in the direction of MW-3 approached 130 feet/day. 

The timing and magnitude of response in each well is a 

function of the infiltration rate in the mini-basin. Most 

water level responses in the wells (except MW-6) were damped 

out by the ninth flooding cycle. 
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Test 
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Figure 17. Monitor Well Water Levels During Second Tracer 
Test 
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Figure 18. Monitor Well Water Levels During Third Tracer 
Test 
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Tracer Test Results 

First Tracer Test 

The first tracer test was performed from August 6, 1990 

to August 7, 1990 during the second flooding cycle. 

Infiltration rates at the start of the test were approximately 

56 feet per day. The infiltration was erratic as shown on 

Figure 8 but remained relatively high, 40 feet per day. After 

26 hours into the test the infiltration rate decreased 

dramatically to about 20 feet per day. The total volume of 

secondary effluent infiltrated was 7003 cubic feet. This 

flooding cycle was an anomaly relative to the other eight 

cycles because of the high infiltration rates and volume of 

effluent that infiltrated in such a short period of time. 

This anomalous result is probably due to raking of the surface 

prior to flooding. The effluent temperature ranged from 28°C 

to 29°C during the test. The tracers were applied at the 

onset of flooding. 

Results of the bromide concentrations in the suction 

samplers are shown on Figures 19 and 20. The bromide 

concentrations in all of the suction samplers, except the 20 

foot depth reached that of the pond in 8.5 hours. The bromide 

concentration at the 20 foot depth only attained a relative 

concentration of 0.13. 

The time of arrival represents flow through the most 
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direct pathway between the basin bottom and the sampler and, 

due to the fast infiltration rates, is controlled largely by 

advection. For consistency, time of arrival was determined by 

finding the point on the breakthrough curve where a relative 

concentration of 0.5 was observed (Figure 20). Table 3 

summarizes the maximum C/CG concentration attained at each 

sampler depth, the time to reach a C/C0 of 0.5, and the solute 

velocity in feet/hour. Figures 19 and 20 and Table 3 show 

that the tracer arrives at the sampling depths in the 

following order: 2.5, 1.0, 5.0, 9.5, 15.0, and 7.0 feet. 

Solute velocities range from 2.10 to 7.62 feet/hour. The 

advance of the wetting front (Figure 15) shows an average 

velocity of approximately 9 feet/hour during flooding cycle 

#3. Relative bromide concentrations in the monitor wells are 

included on Figure 21 and the results are tabulated on Table 

3. Only wells MW-3, MW-5 and MW-6 attained relative 

concentrations of 0.5. Tracer velocities ranged from 5.68 

feet/hour to MW-3 to 0.99 feet/hour to MW-5. MW-6 attained a 

relative concentration of 1.0 in 3.32 hours which is similar 

to the time to reach the same concentration in the 7.0 foot 

sampler. The short amount of time it took for the relative 

concentration to reach 0.5 in well #3 indicates a horizontal 

preferential flowpath in that direction. Wells MW-4 and MW-5 

are within 20 feet of each other and MW-5 attained a relative 
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Table 3. 

BROMIDE TRACER TEST #1 
AUGUST 6-7, 1990 

a.) Data From Suction Samplers 

Sampler Depth 
(feet) 

Maximum 
C/C0 

Time to Reach 
C/Cp - 0.5 
(hours) 

Tracer 
Velocity 

(feet/hour) 

1.0 1.0 0.373 2.68 

2.5 1.0 0.328 7.62 

5.0 1.0 0.777 6.43 

7.0 1.0 3.333 2.10 

9.5 1.0 1.588 5.98 

15.0 1.0 3.100 4.83 

o
 • 

o
 

CM 

0.13 N/A N/A 

b.) Data From Monitor Wells 

Monitor Well 
and 

Distance from 
Mini-Basin 
(feet) 

Maximum 
c/c0 

Time to Reach 
C/C- =0.5 
(hours) 

Tracer 
Velocity 

(feet/hour) 

MW 3 
(148) 

0.59 27.58 5.36 

MW 4 
(68) 

0.21 N/A N/A 

MW 5 
(67.5) 

0.49 68.00 0.99 

MW 6 
(12) 

1.0 3.32 3.61 
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concentration of about 0.5 in 68 hours while the relative 

concentration in MW-4 attained a maximum value of only 0.21. 

Dispersion is the spreading of a moving interface between 

two miscible fluids so that an initially sharp front becomes 

a gradual interface. The slope of a rising limb of a tracer 

breakthrough curve can be interpreted as an indication of the 

amount of dispersion; a steeply sloping curve indicates less 

apparent dispersion than a gently sloping curve (Freeze and 

Cherry, 1979). Figure 20 shows that the shallower depth 

curves have steeper rising limbs in general. However, the 9.5 

foot depth curve is steeper than the 15.0 foot curve and the 

7.0 foot curve has the gentlest slope of any depth. 

The bacteriophage concentrations for the first tracer 

test are shown on Figures 22 and 23. These results are 

plotted as absolute concentrations and are somewhat confusing 

at first glance. The general results for both viruses agree 

with the bromide results . The 7.0 foot depth has the lowest 

concentrations followed by the 15.0 foot depth. Figures 24 

and 25 show that there is approximately a 0.3 log removal of 

MS-2 at the 15.0 foot depth and a 1.5 log removal of PRD-1 at 

the 15.0 foot depth. These removal rates translate into a 30% 

removal of MS-2 in 15.0 feet and a 95% removal of PRD-1 in 

15.0 feet. 

Samples were not assayed for virus in the 20.0 foot 

sampler or any of the monitor wells. 
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Second Tracer Test 

The second tracer test was performed from September 21, 

1990 to September 28, 1990 during the fourth flooding cycle. 

The effluent was applied without any tracers for 4 days to 

allow the infiltration rate to attain a steady state of 3 

feet/day (Figure 6) . Tracers were than added continuously for 

3 days. At the end of the flooding cycle the infiltration 

rate was 2 feet/day. The total volume of secondary effluent 

infiltrated was 5544 cubic feet. Temperature of the effluent 

ranged from 27°C to 30°C during the test. 

Results of the bromide concentrations and relative 

bromide concentrations are shown on Figures 26 and 27. As a 

result of the lower rate and steady-state conditions, bromide 

concentrations in the samplers took a much longer time to 

reach that of the pond concentration compared to the first 

test. It took 23.6 hours for the 15.0 foot depth to reach the 

pond concentration compared to 3.1 hours for the previous 

test. Table 4 summarizes the maximum C/C0 concentration 

attained at each sampler depth, the time to reach a C/C„ of 

0.5, and the solute velocity in feet/hour. Figures 26 and 27 

and Table 4 show that the tracer arrives at the sampling 

depths in the following order: 5.0, 2.5, 9.5, 1.0, 20.0, 7.0, 

and 15.0 feet. Solute velocities range from 
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Table 4 .  

BROMIDE TRACER TEST #2 
SEPTEMBER 25-30, 1990 

a.) Data From Suction Samplers 

Sampler Depth 
(feet) 

Maximum 
c/c0 

Time to Reach 
C / C p  « =  0 . 5  
(hours) 

Tracer 
Velocity 

(feet/hour) 

1.0 1 . 0  1 3 . 2 6  0 . 0 7  

2 . 5  1 . 0  7 . 8 0  0 . 3 2  

5 . 0  1 . 0  6 . 2 3  0 . 8 0  

7 . 0  1 . 0  2 0 . 4 4  0 . 6 5  

9 . 5  1 . 0  1 0 . 7 7  0 . 8 8  

1 5 . 0  1 . 0  2 3 . 6 0  0 . 6 3  

2 0 . 0  0 . 5 2  19.16 1 . 0 4  

b.) Data From Monitor Wells 

Monitor Well 
and 

Distance from 
Mini-Basin 
(feet) 

Maximum 
c/c0 

Time to Reach 
C/Cp =0.5 
(hours) 

Tracer 
Velocity 

(feet/hour) 

MW 3 
(148) 

0.46 27.58 N/A 

MW 4 
(68) 

0.25 N/A N/A 

MW 5 
(67.5) 

0.15 N/A N/A 

MW 6 
(12) 

0.88 25.26 0.47 
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0.07 to 1.04 feet/hour. The bromide concentration at the 20 

foot depth attained a relative concentration of 0.52 during 

this test as compared to 0.13 for the previous test. 

Relative bromide concentrations in the monitor wells are 

included on Figure 28 and the results are tabulated on Table 

4. Only monitor well MW-6 attained a relative concentration 

of 0.5. MW-6 attained a relative concentration of 0.5 in 

25.2 6 hours, which is similar to the time to reach the same 

concentration in the 15.0 foot sampler. Well MW-3, 150 feet 

from the mini-basin, attained a relative concentration of 0.46 

in 120 hours. 

The slope of the rising limb of the breakthrough curves 

are similar for all of the depths except 20.0 feet. The 

apparent dispersion appears to be similar at all depths. The 

lower infiltration rates, steady-state water flux, and higher 

degree of saturation in the soil profile during this test seem 

to affect the vertical preferential flow. Figures 26 and 27 

and Table 4 demonstrate the increase of preferential flow with 

decreasing infiltration rates caused by surface clogging. 

The bacteriophage concentrations for the second test are 

shown on Figures 29 through 32. Greater removal of PRD-1 

occurred than of MS-2, but PRD-1 appear to survive longer when 

viruses were no longer infiltrating. Figures 33 and 34 show 

that there was a 0.3 log removal (30%) of MS-2 in the first 
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5.0 feet and a 2.4 log removal (99.4%) by 15 feet. In 

contrast there was a 1.9 log removal (98%) of the PRD-1 by 5.0 

feet and a 3.2 log removal (99.92%) by 15.0 feet. Virus 

detection in the wells was fairly rapid after infiltration had 

commenced. PRD-1 concentrations were detected in well MW-3 

within 5 hours of the beginning of tracer application. First 

detection of bromide also occurred in 5 hours (Figure 25). 

Higher concentrations of PRD-1 were observed in the wells than 

MS-2, which is in contrast to results from the samplers from 

beneath the mini-basin. This may reflect the greater survival 

of PRD-1 from the first tracer test. 

Third Tracer Test 

The third tracer test was performed from December 6, 1990 

to December 13, 1990 during the ninth flooding cycle. Virus 

tracers were applied for 10 days and the bromide for the first 

1.6 days of this period. Infiltration rates started at 6 

feet/day and declined to 0.6 feet/day after 10 days. These 

infiltration rates were similar to the September test during 

the application of the tracers, however, the degree of 

saturation of the soil profile when the tracers were applied 

was less. The total volume of secondary effluent infiltrated 

was 1536 cubic feet. The temperature of the effluent was 22° 

C during the test. 
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Results of the bromide concentrations and relative 

bromide concentrations are shown on Figures 35 and 36. Table 

5 summarizes the maximum C/C0 concentration attained at each 

sampler depth, the time to reach a C/C0 of 0.5, and the solute 

velocity in ft/hour. Figures 35 and 36 and Table 5 show that 

the tracer arrives at the sampling depths in the following 

order: 20.0, 9.5, 5.0, 7.0, 15.0, 2.5, and 1.0 feet. Solute 

velocities range from 0.04 to 15.50 feet/hour. The bromide 

concentration at the 20 foot depth attained a relative 

concentration of 0.50 in only 1.29 hours. The first sample 

that was retrieved from the sampler was two hours into the 

flooding cycle and the relative concentration was 0.72 

indicating that either some residual bromide was present near 

the sampler or there was preferential flow to the 20 foot 

depth. Four flooding cycles occurred between the September 

and December tracer test, however, and over 19,000 cubic feet 

of effluent without bromide had been flushed through the 

profile prior to the December tracer test. 

Relative bromide concentrations in the monitor wells are 

included on Figure 37 and the results are tabulated on Table 

5. MW-6 attained a relative concentration of 0.5 in 25.95 

houjrs which is similar to the time to reach the same 

concentration in the 1.0 foot sampler. Wells MW-3 and MW-5 

attained relative concentrations of 0.26 within 10 hours. 
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Table 5. 

BROMIDE TRACER TEST #3 
DECEMBER 6-13, 1990 

a.) Data From Suction Samplers 

Sampler Depth 
(feet) 

Maximum 
c/c0 

Time to Reach 
C / C p  « =  0 . 5  
(hours) 

Tracer 
Velocity 

(feet/hour) 

1 . 0  1 . 0  2 4 . 4 2  0 . 0 4  

2 . 5  1 . 0  2 4 . 3 6  0 . 1 0  

5 . 0  1 . 0  2 . 3 9  2 . 0 9  

7 . 0  1 . 0  2 . 4 9  2 . 8 1  

9 . 5  1 . 0  1 . 9 2  4 . 9 5  

1 5 . 0  1 . 0  6 . 6 2  2 . 2 6  

2 0 . 0  1 . 0  1 . 2 9  1 5 . 5 0  

b.) Data From Monitor Wells 

Monitor Well 
and 

Distance from 
Mini-Basin 
(feet) 

- Maximum 
c/c0 

Time to reach 
C/Cp = 0.5 
(hours) 

Tracer 
Velocity 

(feet/hour) 

MW 3 
(148) 

0.26 N/A N/A 

MW 4 
(68) 

N/A N/A N/A 

MW 5 
(67.5) 

0.26 N/A N/A 

MW 6 
(12) 

0.88 25.95 0.46 
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There was no water detected in well MW-4 and it, therefore, 

could not be sampled. 

The slopes of the rising limbs of the breakthrough curves 

are similar for the 5.0, 7.0, 9.5, 15.0 and 20.0 foot depths 

and are very steep. The rising limbs for the 1.0 and 2.5 foot 

depths are much gentler and reflect a greater dispersion. The 

infiltration rates during this test were more similar to the 

second test than the first test but the degree of saturation 

of the soil profile was more similar to the first test. 

Initial infiltration rates for the third test were 

approximately 6 feet/day, whereas infiltration rates at the 

beginning of tracer application for the second test were 

approximately 3 feet/day. The evidence of preferential flow 

is much greater during the third test, however. Figures 35 

and 36 and Table 5 demonstrate the increase of preferential 

flow during this test. 

The bacteriophage concentrations for the third tracer 

test are shown on Figures 38 through 41. Figures 42 and 43 

show that there was a 0.4 log removal (40%) of MS-2 in the 

first 5.0 feet and a 1.7 log removal (97.0%) by 15 feet. In 

contrast there was a 2.05 log removal (99.05%) of the PRD-1 by 

5.0 feet and a 2.6 log removal (99.6%) by 15.0 feet of 

substrate. Highest concentrations occurred early in the 

experiment (5 to 20 hours) during the highest infiltration 

rates. After this peak, concentrations tended to decline to 
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the end of the test, at 200 hours. These results may indicate 

that as the surface clogs, more flow occurs through finer 

sequences of pores resulting in greater contact time. 

Concentrations of viruses in the wells were low except 

for PRD-1 in well MW-6. PRD-1 concentrations in this well 

were higher than at the 5 foot depth. In contrast, bromide 

concentrations at 5 feet reached the pond concentrations in 23 

hours, while in well MW-6, bromide concentrations reached only 

0.88 that of the pond after 70 hours of flooding. 

DISCUSSION 

Repeated flooding of the mini-basin with seven day 

flooding and seven day drying cycles diminishes the capability 

of the surface layer to transmit water and significantly 

reduces infiltration rates. By the end of the ninth test, the 

surface of the mini-basin was coated with a lush algal growth. 

Rice (1974) found that under intermittent infiltration of 

secondary effluent, physical clogging is usually the main 

cause of infiltration reduction. Biological clogging became 

a factor only under long inundation periods in which the 

profile became anaerobic for significant periods of time. 

Rice (1974) also found in his experiments that algal growth 

increased infiltration rates because the algal mat became 

buoyant, thereby freeing the soil surface from clogging 
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materials. In the mini-basin experiments the algal growth 

that occurred was a filamentous benthic algae that formed a 

dense mat on the soil surface. This algae did not become 

buoyant and it continued to coat the soil surface between 

flooding cycles. 

Lance and Whisler (1972) reported the decrease in 

infiltration rates caused by gas production associated with 

denitrification. Wood and Bassett (1975) observed interior 

blocking of pores by C02 production during microbial formation 

of FeS under anaerobic conditions. 

Physical clogging is the result of suspended solids 

blocking the pores. Berend (1967) reports that clogging by 

suspended solids usually creates a continuous film of mud on 

the soil surface. There was no evidence of any fine grained 

layer on the surface of the mini-basin after the flooding 

cycles, however, clogging of interior pores may be a mechanism 

that reduces infiltration rates. Bouwer (1985) noted that 

when the size of the suspended particles is less than 0.07 

times the particle size of the medium, suspended particles 

move through the medium without bridging or blocking. Given 

the coarse-grained texture of the material underlying the 

mini-basin it is conceivable that suspended material moves 

downward through the pore spaces causing clogging at depth. 

Neither suspended solids or turbidity measurements were 
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taken at the mini-basin during the flooding cycles. However, 

turbidity measurements taken by Tucson Water of the secondary 

effluent at the tertiary treatment plant ranged from 

approximately 15 to 25 NTU during the summer of 1990. Based 

on experiments performed by Rice (1974) these values may be 

high enough to promote surface clogging. Without a complete 

size distribution of the suspended material it is impossible 

to determine the degree of clogging caused by particulate 

matter. The reduction of infiltration rates during and 

between cycles is probably a combination of physical clogging 

due to suspended solids and the growth of an algal mat that is 

not buoyant. 

The results of the tensiometer data indicate that the 

tensiometers did not function properly. After the initial 

flooding of the mini-basin pressures at the 5.0 foot depth and 

7.5 foot depth remained positive for the duration of the next 

eight tests even after the profile drained. The results of 

the neutron logging confirm that the profile did indeed drain 

between flooding cycles. The manner in which the tensiometers 

were installed may have affected the performance of the units. 

Evidently, residual water was trapped in the sand slurry 

surrounding the cups and created a saturated condition in the 

vicinity of the cup. 

The tracer tests suggest that there is both vertical and 

horizontal preferential flow occurring during flooding of the 
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mini-basin. Additionally, the lateral preferential flow seems 

to be strongly direction dependent as evidenced by the 

variability in the bromide concentrations in the wells and the 

lack of any water in wells MW-7 or MW-8 during flooding. 

Table 6 summarizes the bromide velocity results from the 

three tracer tests. These show the arrival of the bromide 

tracer at deep sampling locations sooner than at shallow 

locations and the lack of any consistent relation between 

apparent dispersion and depth. This indicates that solute 

movement through the alluvium beneath the mini-basin takes 

place along three-dimensional pathways rather than as a 

discrete wetting front. In general, the velocities to all 

depths were highest in the first test and were lowest during 

the second test. Tracers were applied during tests #1 and #3 

at the start of infiltration when the soil profile below the 

mini-basin was drained. The tracers were applied in test #2 

after the water content in the profile beneath the mini-basin 

was at a steady state. The velocity of the bromide tracer is 

greater if it is applied before the water content in the 

profile is at a steady state. Figure 15 shows the advancement 

of the wetting front during flooding cycle #3, the cycle 

between tracer tests #1 and #2. The wetting front advanced at 

a rate of approximately 9 feet/hour. This velocity is higher 

than any velocity observed to any of the suction samplers 

(Table 6). This result is a further indication of vertical 
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Summary of Velocities to Suction Samplers 
for Bromide Tracer Tests #1 - #3 

Sampler Depth 
(feet) 

Test #1 
(feet/hour) 

Test #2 
(feet/hour) 

Test #3 
(feet/hour) 

1.0 2.68 0.07 0.04 

2.5 7.62 0.32 0.10 

5.0 6.43 0.80 2.09 

7.0 2.10 0.65 2.81 

9.5 5.98 0.88 4.95 

15.0 4.83 0.63 2.26 

20.0 N/A 1.04 15.50 
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preferential flow beneath the mini-basin. The neutron access 

tube in which the advancing wetting front was measured was 

driven into the soil to insure a tight seal and to prevent 

short circuiting. Nevertheless, the velocity determined by 

the advancing wetting front is higher than any velocity 

determined from the bromide tracer. 

The occurrence of vertical preferential flow may be due 

to the extreme heterogeneity of the sediments beneath the 

basin. An alternative explanation involves the contrast in 

hydraulic conductivity between the surface layer (clogged by 

algae) and the underlying sediments. 

Samani et al. (1989) have shown that in layered soils the 

wetting front is not stable and as water moves through an 

upper layer of fine soil and then crosses a boundary into a 

coarser layer, the wetting front separates into three-

dimensional columns of water called "fingers". This fingering 

effect has been recognized for over 20 years and was first 

reported by Tabuchi (1961). In a series of laboratory and 

field experiments in which a two layer system with a less 

permeable upper layer was flooded with water containing a dye 

tracer, Glass et al. (1988) described fingering occurring at 

the layer interface. The finger development occurred in three 

stages; an initial rapid period, a transitional slow period, 

and a final period of almost no change (Figure 44). In the 

initial rapid period fingers form at point sources along the 
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layer interface and descend rapidly to the underlying water 

table. The transitional slow period is characterized by very 

slow changes in wetting front position as wetting fronts 

diffuse laterally between fingers creating a less saturated 

"fringe" area around the more saturated original finger "core" 

areas. The final period is characterized by no perceptible 

change in the flux direction or magnitude within the flow 

field. Moisture content differences are visible between the 

fringe and core areas and the majority of the flow continues 

to occur downward through the core areas. The final period 

was documented to last for at least 10 days of infiltration 

and was speculated to last indefinitely. 

This type of mechanism may be governing the vertical flow 

downward during infiltration as the surface becomes clogged 

and the difference in conductivity between the surface layer 

and the underlying substrate becomes greater. The tracer data 

from the third test shows that the bromide arrived at the 

deeper samplers before the shallow ones. In fact, the 1.0 and 

2.5 foot depths were the last to attain a C/Co value of 0.5. 

This could be explained by the fingering concept with lateral 

diffusion finally reaching the shallow sampler locations after 

almost 24 hours. 

The extreme heterogeneity of the substrate material 

compounds the problem even more. Fingers that develop near 

the surface layer will descend into material of different 
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effective pore size and will behave differently depending on 

the location of each finger. 

The possibility that the preferential flowpaths were 

influenced by the installation of the suction samplers cannot 

be overlooked. Short circuiting may have occurred in the 

backfilled annular space of the sampling units. Bentonite 

plugs were placed above each of the deeper sampling units and 

midway between the sampling cup and land surface in order to 

reduce the possibility of short circuiting. Additionally, the 

native material used to backfill the annular space was 

compacted by tamping as much as possible during backfilling 

operations. If short circuiting did occur, one would expect 

that the effect on velocity would be greatest at shallow 

depths. The results from these tracer experiments, 

particularly tests #2 and #3, suggest that movement in the 

upper part of the profile is slower than movement in the lower 

part of the profile. The advancement of the wetting front 

from the neutron logging data indicates that solute velocity 

to the suction samplers was actually decreased due to 

installation of the suction samplers. The exact reasons for 

the observed preferential flow cannot be determined from the 

results of this experiment with any certainty. 

The lateral preferential flow observed in the monitor 

wells is a function of the homogeneous sediments and is not 

due to installation procedures. The preferential flowpaths 
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are strongly direction dependent as evidenced by the 

differences in velocities at the different wells and the 

complete absence of any perched water in wells MW-7 and MW-8. 

The results of the tracer tests show velocities of up to 130 

feet/day. The implications of this result are 

misinterpretations of contaminant velocities based on well 

permeability tests. Single well tests will tend to 

underestimate arrival times because the average hydraulic 

conductivity of the entire screened portion of the well is 

calculated. The tracer experiments show that there are 

thinner zones of extremely high permeability present that 

transport the majority of the flow. 

The phenomenon of preferential flow allows chemicals to 

move rapidly through the unsaturated zone. Chemicals thought 

to be readily attenuated by sorption or microbial degradation 

may pass through the vadose zone quickly, thereby, bypassing 

much of the sediment. Where the flow is concentrated into 

fingers the renovating capability of the substrate is reduced 

because of the smaller surface area exposed to the water and 

reduced contact time with sorbing materials or microbes. The 

effectiveness of SAT is a function of contact time with the 

substrate medium. Determining the removal of trace organics 

and pathogenic organisms may be overestimated if preferential 

flow is not taken into account. 

Lateral spreading must also be taken into consideration 
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when looking at recharge basins as water spreading areas. 

Chemical and pathogenic constituents can travel at high 

velocities laterally over large areas due to the formation of 

perched water during basin flooding. Perched layers can be 

formed wherever there is a layer of low permeability 

underlying zones of vertical transmission as evidenced by the 

tracer data for the monitor wells in this experiment. 

Additionally, the knowledge that a perched layer exists may 

not be sufficient to determine the rate and extent of lateral 

spreading. 

The results of the bacteriophage tracer tests show that 

the amount of removal is dependent on depth, the infiltration 

rate, the degree of soil saturation and the type of virus. 

Greater removal for both bacteriophage occurs at lower 

infiltration rates. These results are consistent with those 

reported by Gerba and Bitton (1984). The lower the 

infiltration rate into the soil the longer the retention of 

viruses within the vadose zone. Removal of PRD-1 is greater 

than MS-2 regardless of the infiltration rate. Figures 45 -

48 show the vertical distribution of the MS-2 and PRD-1 

concentrations versus depth for the first two tracer tests. 

These Figures show that bacteriophage removal is a function of 

depth and time. Increased removal occurs with depth and with 

time during a test and between tests. 

The profiles of bacteriophage removal with depth, Figures 
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Test 
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Figure 46. PRD-1 Concentration versus Depth, First Tracer 
Test 
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45 - 48, are similar to dissolved organic carbon (DOC), total 

organic halide (TOX), and nitrate profiles determined by 

Conroy (1990) and Chahbandour (1990) . These profiles, 

particularly DOC, also show that removal increases as function 

of depth and time. Increased removal between tests was also 

observed. The similarity of the profiles may suggest a 

relationship between DOC and bacteriophage removal. Fulvic 

acid has been shown to complex MS-2 (Bixby and O'Brien, 1979) . 

Chahbandour (1990) reports that the average DOC concentration 

in the secondary effluent was approximately 11% and that humic 

substances can account for as much as 50% of the DOC in 

secondary effluent. Fulvic acids are the most mobile of the 

humic substances. 

Figures 49 and 50 are representative profiles of TOX and 

DOC removal as a function of depth and time during flooding of 

the mini-basin. Chahbandour (1990) reports that DOC removal 

increased with each subsequent flooding cycle and that the 

percent of organic carbon in the soil also increased with each 

test. This suggests sorption of the organic carbon to the 

soil surfaces. The bacteriophage data on Figures 44-47 also 

show increases removal during each test and between tests. 

Gerba and Bitton (1984) report that the presence of organic 

material in the soil decreases adsorption of viruses. This is 

not observed in the removal rates as shown in Figures 44 - 47 

and may be due to the low percentage of organic carbon in the 
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soils. Continued flooding with secondary effluent may result 

in a decrease of bacteriophage removal due to the increase of 

organic carbon in the soils. 

Soluble organics are known to compete with viruses for 

sorption sites but Gerba and Bitton (1984) have reported that 

there is no significant competition at concentrations found in 

wastewater effluent. Bixby and O'Brien have shown that fulvic 

acid will interfere with MS-2 sorption to soils by complexing 

the phage. This may explain why there is generally less 

removal of MS-2 in the profile than PRD-1. There is currently 

no information available on the complexation of fulvic acid 

and PRD-1. 

Bacteriophage removal can be caused by adsorption and/or 

inactivation. In this type of experiment the dominant 

mechanism for removal cannot be determined due to the lack of 

control of soil material and/or ambient water quality. 

However, results from controlled laboratory experiments on MS-

2 and PRD-1 sorption can be used to help determine what may be 

the dominant removal mechanism. 

Hinkle (1990) has shown in a series of saturated 

laboratory column experiments that pH can exert a major 

control on the sorption and transport of PRD-1. PRD-1 sorbed 

to silica beads at pH 5.5 but did not sorb at pH 7.0. 

Additionally, it was shown that kinetic nonequilibrium 

prevailed at pH 5.5 and that desorption was strongly pH 
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dependent, and sorbed phage were eluted by raising solution 

pH. 

Kinoshito (1991) performed saturated column experiments 

with MS-2 and PRD-1 and found that PRD-1 transport through 

several kinds of soil columns showed strong hydrophobic 

attachments to soil surfaces. The amount of attachment of 

PRD-1 was relatively insensitive to pH change suggesting that 

the magnitude of hydrophobic interaction exceeds the double-

layer repulsion. This is confirmed by the fact that PRD-1 has 

lipids and is hydrophobic. MS-2 on the other hand showed more 

conservative behavior and was more sensitive to changes in pH. 

Powelson (1990) performed column experiments using MS-2 

under saturated and unsaturated conditions with a constant pH 

(8.1). Results showed that under saturated conditions MS-2 

showed little adsorption or inactivation due to passage 

through a loamy sand. Under unsaturated conditions MS-2 was 

strongly removed from the soil water and none of the virus 

removed could be recovered from the soil by elution. 

Therefore, the removed and non-recoverable virus were assumed 

to be inactivated. 

The pH value during the field infiltration experiments 

was approximately 7.5 for all three tests. The results of the 

three aforementioned column studies suggest that MS-2 and PRD-

1 should not be sorbed due to electrostatic forces at a pH of 

7.5. The greater removal of PRD-1 as compared to MS-2 in all 
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three tests could be due to the relative size difference or 

the presence of lipids in the PRD-1. PRD-1 is approximately 

three times larger than MS-2, but both are in the nanometer 

range. It is unlikely that removal by straining occurred by 

the coarse grained sediments. The greater removal of PRD-1 at 

a pH of 7.5 is consistent with the results of Kinoshito (1991) 

and may be due to hydrophobic effects. 

The rate of infiltration and degree of saturation of the 

soils also controls the amount of removal. The least amount 

of removal occurred during the first tracer test when 

infiltration rates were the highest. The high infiltration 

rates result in less contact time between the bacteriophage 

and the soil surfaces, thereby, decreasing the chance for 

sorption at a site. The high infiltration rates also result 

in a soil profile with a higher degree of saturation. 

Powelson (1990) has shown virus removal to be strongly 

dependent on the degree of saturation. The small amount of 

removal may be due to a combination of these factors. 

The fact that MS-2 was removed by 30% to 40% by five 

feet of soil material and by over 99% by 15 feet at a pH value 

of 7.5 suggests that the bacteriophage was inactivated by the 

unsaturated conditions. Tests #2 and #3 had infiltration 

rates much lower than test #1 due to surface clogging. The 

clogging of the surface and resultant reduction in 

infiltration rates result in a less saturated soil profile as 
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evidenced by the neutron logging. Therefore, it appears that 

the removal of MS-2 is due largely to inactivation at the 

water-air interface. Trouwborst et al. (1974) have shown that 

bacteriophages MS-2 and T2 were rapidly inactivated by 

bubbling air through a suspension of the two bacteriophage. 

Ward and Ashley (1977) found that enteric viruses were 

inactivated during evaporation of sewage sludge. These 

authors speculated that the inactivation may be due to an 

increase in exposure of the virus to air. The net negative 

charge of the bacteriophage keeps it from sorbing to the soil 

surface and the hydrophobic groups on the bacteriophage tend 

to exclude it from the water and permit it to be directed to 

the air-water interface. Powelson (1990) describes 

inactivation at the air-water interface as a result of surface 

tension effects on the virus. PRD-1 may experience both 

inactivation and hydrophobic bonding which would explain the 

greater removal rates when compared to MS-2. 

Gerba and Bitton (1984) also report that iron oxides 

increase the adsorptive capacity of soils. Magnetite and 

hematite have been shown to increase the ability of a soil to 

retain viruses. The mineralogy of the soils beneath the mini-

basin have not been determined, therefore, the possible 

removal of the bacteriophage due to iron oxides cannot be 

determined. 
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CONCLUSIONS 

The series of nine infiltration tests in the secondary 

mini-basin demonstrate the decrease in infiltration rates when 

secondary effluent is recharged. Infiltration rates in the 

mini-basin decreased both during flooding cycles and between 

flooding cycles. Initial infiltration rates compared 

favorably with borehole permeameter tests performed near the 

mini-basin. Saturated hydraulic conductivities are on the 

order of 20 to 60 feet/day in the alluvial material in which 

the recharge basins are excavated. The secondary effluent 

promotes the growth of algal mats that cover the infiltration 

surface and severely clog the surface leading to reduced 

infiltration rates. Suspended solids may also have some 

effect on clogging interior pores below the surface. 

Tracer tests conducted with a conservative chemical 

tracer, bromide, and two bacteriophage tracers, MS-2 and PRD-

1, show that preferential flow in both the vertical and 

horizontal directions dominates the flow regime during 

infiltration. Lateral spreading during flooding events was 

observed in a monitor well 150 feet from the mini-basin and 

velocities approached 130 feet/day. The time of arrival and 

maximum bromide tracer concentrations showed no consistent 

relation with depth and in most cases tracer arrival occurred 

earlier in deeper sampling locations than shallower ones. The 

infiltration rate has a pronounced effect on the flowpath 
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taken by the infiltrating water and its velocity. 

Preferential flow may be a consequence of natural sediment 

heterogeneity, prevailing moisture content, and the degree of 

surface clogging. The effects of preferential flow are to 

allow solutes to move rapidly through the vadose zone thereby 

decreasing the time in which water and solid-phase materials 

are in contact. The implications are that preferential flow 

may move trace organics through the biologically active 

portion of the soil profile before complete transformation can 

occur. 

The effectiveness of SAT is dependent upon the contact 

time of undesirable constituents in the infiltrating water 

phase with the substrate medium and microbe population. 

Preferential flow may reduce the effectiveness of SAT by 

allowing chemical constituents and pathogenic organisms to 

bypass most of the substrate medium. The results from the 

three tracer tests, however, do not show a decrease in virus 

removal due to the occurrence of preferential flow. 

Bacteriophage removal during the tracer tests appears 

favorable. The removal rate is a function of the infiltration 

rate and degree of soil saturation and is enhanced by lower 

infiltration rates and a lower degree of soil saturation. The 

lower infiltration rates decrease the degree of saturation in 

the soil profile and cause water flow to occur in pore sizes 

of a smaller diameter thereby increasing virus contact with 
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substrate material and the air-water interface. Due to the 

high pH of the secondary effluent, hydrophobic interactions 

and inactivation at the air-water interface are probably the 

dominant mechanism in virus removal. PRD-1 removal is greater 

than MS-2 and may be due to its larger size or the lipid 

contained in its outer capsid shell. The PRD-1 seems to 

survive longer than the MS-2, however. MS-2 removal rates 

during high infiltration events (50 feet/day) are on the order 

of 30% in 15 feet and PRD-1 removal approaches 95% in 15 feet. 

During lower infiltration rates (3-6 feet/day) 30% to 40% 

of the MS-2 was removed in the first five feet and 97% to 99% 

by 15 feet. In contrast 98% to 99% of the PRD-1 was removed 

by five feet and more than 99% by 15 feet. 

The MS-2 and PRD-1 bacteriophages are considered "worse 

case" analogs for human viruses due to their low isoelectric 

points. Therefore, human virus can be expected to be removed 

at an even greater rate during recharge of secondary effluent. 

From an operational perspective of operating a recharge 

facility there may be a trade off between recharging at high 

infiltration rates and at lower infiltration rates. High 

infiltration rates introduce more water into storage in a 

shorter period of time, but there is not as much treatment due 

to decreased contact time with the soil and higher degree of 

saturation. Operating at lower infiltration rates will 

increase the degree of treatment but will result in less water 
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going into storage over a period of time. The formation of 

fingers due to preferential flow did not decrease the degree 

of virus removal in the mini-basin experiments. The growth of 

algal mats on the surface of the recharge basins reduces 

infiltration rates drastically over a period of about seven 

days after commencing flooding. This reduction of 

infiltration can be used to an operators advantage in getting 

increased treatment of the secondary effluent. Therefore, a 

balance between the degree of treatment and the need to get 

water into storage can be determined for an operational 

schedule. 

RECOMMENDATIONS FOR FURTHER RESEARCH 

In order to understand the mechanisms involved in the 

removal of bacteriophage during infiltration of secondary 

effluent, small scale column studies would be beneficial. By 

reducing the scale and having control over input effluent 

quality and soil texture and composition it would be possible 

to isolate the dominant mechanisms for bacteriophage removal. 

Further research should be performed on determining how much 

of the bacteriophage reduction is due to adsorption versus 

inactivation. Inactivation at the air-water interface may be 

able to be quantified by running simultaneous experiments in 

which one population is contained in a volume of effluent with 

a small air-water interface and another population with a 
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large air-water interface. 

Inactivated human viruses should be used in laboratory 

column experiments in order to determine the applicability of 

the bacteriophage analogs to human viruses. The results of 

the column studies could then be extrapolated to the field 

data collected on the bacteriophage analogs. 

Determining the effects of finger development on virus 

removal would also be beneficial. Simultaneous experiments in 

which a finger dominated flow regime is compared with a 

discrete wetting front flow regime would help determine the 

effects of fingering on virus removal. 

The identification and quantification of the mechanisms 

involved in the renovation of secondary effluent during 

infiltration is not only an academic interest, but has 

practical, operational applications as well. 
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APPENDIX A 

Borehole Permeameter Tests 

Prior to installation of the mini-basins and monitoring 
equipment two borehole permeameter tests were performed in 
order to determine what the order of magnitude of the 
saturated hydraulic conductivity may be. These tests were 
performed in Recharge Basin #2 at the Sweetwater site very 
early in the planning stage of the study when it was thought 
that the mini-basins would be installed in Recharge Basin #2. 
Due to the similarity of the substrate in Recharge Basin #2 
and the eventual site of the mini-basin in Recharge Basin #1, 
the results of these tests are probably similar to what may be 
expected at the actual mini-basin site. Previous infiltration 
tests performed by Tucson Water using double ring 
infiltrometers gave values ranging from 12 to 22 feet/day. 

Two shallow boreholes were completed using a 2.75 inch 
diameter hand auger with a barrel bit. The total depth of the 
borings was 20 inches and the borings were located 
approximately 20 feet apart. The substrate in boring #1 
consisted of unconsolidated, slightly silty, medium to coarse 
sand with occasional gravel and rounded cobble. The substrate 
in boring #2 consisted of unconsolidated, trace silty, medium 
to coarse sand with occasional gravel and rounded cobbles. In 
order to keep the holes from caving when water was added, 2 
inch O.D. slotted PVC pipe was set into each hole. Sand was 
backfilled around the slotted pipe to fill the annular space 
between the PVC pipe and the borehole wall. 

Constant-head borehole infiltration tests were conducted 
whereby saturated hydraulic conductivity was calculated using 
an equation developed by Glover (1953) for deep water table 
conditions shown below: 

where, 
Ks is the saturated hydraulic conductivity, 
Q, is the steady state discharge, 
r is the radius of the casing, 
H is the hydraulic head (height of water in casing) and 
Cu is defined as follows: 
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c 2tt (H/r) 
u (sinh_1(tf/r) -1 

The assumptions associated with this methodology are that 
infiltration rates are not affected by entrapped air, 
capillarity is negligible and there is no flow through the 
bottom of the borehole. The site conditions were favorable 
for the assumption of negligible capillarity due to the large 
average grain size associated with the medium to coarse sand 
with trace silt and clay. Flow through the bottom of the 
borehole, however, may have pronounced affect in the early 
saturation of the borehole region but is assumed to become 
less pronounced as steady state is approached. 

Water was supplied to the borehole from a 55 gallon drum 
by means of a small, variable speed in-line pump and a length 
of hose. Discharge into the borehole was computed by 
measuring the change in water level in the drum with respect 
to time. A constant head was kept in the borehole casing 
until the discharge remained constant for five minutes. 
Steady state was inferred to be reached when the slope of the 
curve becomes constant, with Q, being equal to the slope of 
this linear portion. Calculations for these tests are 
included in Appendix C. 

Borehole #1 test resulted in a saturated hydraulic 
conductivity of 17.4 feet/day and borehole test #2 resulted in 
a saturated hydraulic conductivity of 60.6 feet/day. These 
results show a moderate degree of spatial variability existing 
between the two locations, separated by approximately 20 feet. 
The results from borehole #1 agree quite well with the double 
ring infiltrometer tests performed by Tucson Water. The 60.6 
feet/day value is higher than any other test data in the 
vicinity but is within the range of other published saturated 
hydraulic conductivities for a medium to coarse sand (Todd, 
1980; Freeze and Cherry, 1979). The degree of spatial 
variability is also not considered to be great when 
differences in hydraulic conductivity can change by orders of 
magnitude due to direction and whether flow is vertical or 
horizontal. The effect on infiltration rates, however, may be 
important. Initial infiltration rates in the mini-basin 
during the first flooding cycle did reach values close to 60 
feet/day (Figure 4). Additionally, the infiltration rate 
during the second flooding cycle (August tracer test) started 
out at 55 feet/day and remained near this value for 3 0 hours 
of flooding before dropping off to 20 feet/day. The algal 
growth had not had a good chance to establish itself during 
these first tests but once the growth began infiltration rates 



dropped dramatically. The initial infiltration rate during 
the ninth flooding cycle (December tracer test) was 6 
feet/day. 
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APPENDIX B 

Installation Procedure of Suction Samplers 

1.) Auger one foot below target depth for gravel 
strata and 6 inches for sand 
a.) measure depth below land surface to bottom of 

hole (BOH) and to auger bit 
b.) record depths to BOH and auger bit 

2.) Pull auger flights up to target depth 
a.) record (measure) depth to auger bit 
b.) measure to BOH (check for caving) 
c.) record depth to BOH and distance between BOH and 

auger bit 

3.) Tremie 1/8 inch screened material into bottom of 
hole as a slurry up to the recorded auger bit depth 
a.) measure to BOH 
b.) continue until slurry is at the target depth 

4.) Pull auger flights up 6 inches 
a.) measure (record) depth to auger bit 
b.) measure to BOH (check for caving) 
c.) record depth to BOH and distance between BOH and 

auger bit 

5.) Lower sampler into bottom of hole 
a.) measure and record depth to top of sampler 

reservoir 
b.) measure and record depth to BOH (top of slurry) 
c.) record depth to porous cup (17.5 inches below top 

of reservoir) 

6.) Test sampler unit and connections for leaks 
a.) maintain a vacuum on input (purple) line while 

output (black) line is clamped off 
b.) release clamp from black line and apply pressure to 

purple line 

77) Tremie 1/8 inch native screened material into bottom of 
hole as a slurry up to the recorded auger bit depth 
(from step 4 above). 
a.) measure and record depth to top of slurry (BOH) 
b.) determine if slurry is over top of porous cup 

8.) Pull auger flights up six inches above recorded top 
of sampler 
a.) measure (record) depth to auger bit 
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b.) measure and record depth to BOH (top of slurry); 
check for caving 

c.) pour 1/4 inch screened native material (dry) 
through top of auger stem up to recorded auger bit 
depth 

d.) measure depth to BOH and record 

9.) Pull auger flights up nine inches 
a.) record (measure) depth to auger bit 
b.) measure and record depth to BOH (check for caving) 

and record distance between BOH and auger bit 

10.) Tremie 1 gallon bentonite chips (dry) into bottom of 
hole to form six inch plug 
a.) measure and record depth to top of bentonite plug 
b.) pour Milli-Q water through top of auger stem until 

top of bentonite surface just glistens 

11.) Pull auger flights up two feet 
a.) record (measure) depth to auger bit 
b.) measure and record depth to BOH and distance 

between BOH and auger bit 

12.) Pour 1/4 inch screened material (dry) to auger bit 
depth and tamp 

13.) Repeat step 12 up to land surface 

14.) For 20 foot units put bentonite plug at 10 feet (see 
steps 9-10) 

15.) For 15 and 12.5 foot units put bentonite plug at 5 feet 
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