
Injection/recovery lysimeter technique for
unsaturated zone soil-water extraction

Item Type Thesis-Reproduction (electronic); text

Authors Amter, Steven,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 24/05/2023 20:08:12

Link to Item http://hdl.handle.net/10150/191933

http://hdl.handle.net/10150/191933


INJECTION/RECOVERY LYSIMETER TECHNIQUE FOR

UNSATURATED ZONE SOIL-WATER EXTRACTION

by

Steven Amter

A Thesis 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

1987



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 accurate acknowledgment of source is made.
Requests for permission for extended quotation from or reproduction of
this manuscript in whole or in part may be granted by the head of the
major department or the Dean of the Graduate College when in his or her
judgment the proposed use of the material is in the interests of
scholarship. In all other instances, however, permission must be
obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

/j
D. D. EVANS

Professor of Hydrology and Water Resources
Date "



ACKNOWLEDGMENTS

This research was performed at the University of Arizona under

the guidance of Dr. Daniel D. Evans. Support for this work was obtained

from the Nuclear Regulatory Commission.

I would like to express my appreciation to Dr. Evans, whose door

was always open, for his patience, support, good humor. I would also

like to thank Dr. Arthur Warrick and Dr. Jim Yeh for their advice and

review of this manuscript.

Soilmoisture Corporation, John Stufflebean and Jon Schladweiler

of Pima County Wastewater Management, and the Loeb Foundation all

provided invaluable financial or material assistance, for which I am

greatly indebted.

I would also like to acknowledge all the students and faculty of

the Department of Hydrology and Water Resources who lent their knowledge

and support to my efforts, but especially to Rikki Amutis, for proof

reading this manuscript, Todd Rasmussen, who was always there to help

keep the computers at bay, and to Jim Szecsody, for his knowledge and

feedback.

A special tribute is accorded to the mountains and desert of

southern Arizona, which provided the necessary spiritual balance to the

often stressful tempo of academic life.

Finally to Betsy and my family, who in an embrace of love, have

shared with me all the joys of these past years.



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS 	  vi

ABSTRACT 	  viii

1. INTRODUCTION 	  1

Sampling in the Unsaturated Zone 	  1
Extending the Lysimeter Sampling Range 	  3
Objectives and Scope of Work 	  4

2. BACKGROUND 	  5

Flow and Soil Water Potential 	  5
Soil Suction: Adsorption and Capillarity 	  6

Adsorption 	  6
Capillarity 	  7

Soil Moisture Content at Equilibrium Pressure 	  11
Water Movement in an Unsaturated Soil 	  11

Infiltration 	  13
Redistribution 	  14

Hysteresis and Irreversible Soil Changes 	  15
Chemical Properties 	  16
Properties of Porous Cups 	  19

3. LYSIMETER CONSTRUCTION AND USE 	  20

Construction 	  20
Standard Use 	  22
An Extended Methodology 	  22

Injection Phase 	  24
Redistribution Phase 	  27
Recovery Phase 	  29

4. FIELD STUDIES 	  31

Ceramic Cup Preparation 	  32
Experiment 1: Simple Injection/Recovery 	  32
Experiment 2: Sample Representativeness 	  35

Lysimeter Installation 	  37
Site Characterization 	  37

Soil Parameters 	  37

iv



TABLE OF CONTENTS--Continued 

page

Chemical Analysis of Soil Extracts
and Soil-Water Samples 	  39

Injection and Recovery 	  41
Experiment 3: Repeated Injection/Recovery 	  45

Injection and Recovery 	  45
Sample Analysis 	  47

Discussion of Field Test Results 	  49

5. COMPUTER STUDIES 	  50

The UNSAT2 Computer Model 	  50
Simulation of a Simplified System 	  51

Finite Element Mesh 	  51
Determination of Pressure Inside the Cup 	  53
Soil Properties 	  54
Simulated Injection 	  54
Simulated Redistribution 	  57
Simulated Recovery 	  59

Simulation of Field Experiment 2 	  61
Finite Element Mesh 	  61
Material Properties 	  62
Simulated Injection 	  64
Simulated Recovery 	  66
Alterations in the Soil due to Injection 	  67

6. CONCLUSIONS AND RECOMMENDATIONS 	  70

Pre-monitoring Data 	  70
Applications of the Extended Methodology 	  71

Tracer Tests and Containment Leakage 	  72
Site Characterization 	  72
Alternative Injection Configurations 	  73
Semi-quantitative Analysis 	  73

Recommendations for Future Study 	  74

REFERENCES 	  75



LIST OF ILLUSTRATIONS

page

Figure

1A. Pressure forces acting on water in a capillary tube  	 9

18. Two radii of curvature are required to describe the
simple system of soil composed of ideal spheres  	 9

2. Schematic view of parts and installation of a
vacuum lysimeter  	 21

3. Simulated expansion of the wetted region  	 26

4. Horizontal moisture profile for three times during
simulated redistribution  	 28

5. Cumulative volume of recovered water during the
simulated recovery phase  	 30

6. Sample recovery rate against time for field
experiment 1  	 34

7. Cumulative sample recovery volume against time for
field experiment 1  	 36

8A. Location of the experimental plot at the Campus
Agricultural Center  	 38

8B. Plan view of experimental site 2, showing instrument
and soil sample locations  	 38

9. Moisture characteristic curve for soil in experiment 2,
based upon laboratory pressure plate tests upon
soil cores 2A-2C  	 40

10. Chemical analyses of samples from experiment 2  	 42

11. Cumulative recovered sample volume against time in
field experiment 2  	 44

vi



vii

LIST OF ILLUSTRATIONS--Continued 

page

Figure

12. Schematic diagram of apparatus used to inject and
recover water in field experiment 3  	 46

13. Chemical analyses of samples from field experiment 3,
collected over a 16 month time span  	 48

14. Finite element mesh for an idealized system  	 52

15. Plot of the simulated injection rate against
time in an idealized system  	 55

16. Applied pressure during the simulated injection phase . . .  	 58

17. Applied vacuum during the simulated recovery phase
in an idealized system  	 60

18. The center portion of the finite element mesh used
to simulate the flow system of field experiment 2 . . . .	 63

19. Relative hydraulic conductivity curve used in the
simulation of field experiment 2  	 65

20. The concentration of electrolyte solution required
to keep a soil stable at different exchangeable
sodium percentages  

	
69



ABSTRACT

Current methods of vacuum lysimetry only allow water samples to

be collected from the unsaturated zone in relatively wet soils. This

thesis presents the results of computer simulation and field testing of a

promising new technique that allows water samples to be collected

regardless of antecedent moisture content. Injection of a chemically

neutral fluid will increase the moisture content of a relatively dry

soil, allowing the collection of a sample that contains soil water

diluted in the injection fluid. This can be analyzed to yield

qualitative chemical data. Although injection was found to alter soil

structure and soil-water chemistry in some instances, the technique can

be used in existing lysimeters, without modification, to repeatedly

obtain partially representative soil-water samples containing inorganic

and organic compounds. Injection lysimetry is best suited to those

applications, such as tracer tests and detection of containment leakage,

where absolute chemical concentrations are not required.

viii



CHAPTER 1

INTRODUCTION

The unsaturated, or vadose, zone is commonly defined as the

region of soil which lies below the ground surface and above the water

table. Since the implementation of the federal Resource Conservation and

Recovery Act (RCRA) in 1976, water samples from the unsaturated zone have

become an increasingly important component of monitoring programs at

waste containment and land treatment facilities. Soil-water samples can

provide chemical parameters that aid in the determination of soil

chemistry, origin and flow history of subsurface water, early warning of

leakage from a containment facility, and contaminant or tracer travel

times.

Despite their utility, it is often difficult to obtain soil-water

samples from the unsaturated zone because most of the available

collection techniques are practical for a limited range of conditions.

Sampling in the Unsaturated Zone 

The difficulty in collecting water from the unsaturated zone

arises because much of it exists as thin films adsorbed to soil

particles, or held in pores by capillarity. Under these conditions, soil

water will not spontaneously flow into wells or open cavities; however,

flow to a collection device can be induced by creating a region that

contains water at a lower energy potential than in the surrounding soil.

1
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A number of devices can do this, but their use is usually limited to

soils which are nearly saturated. In drier soils, sample intake rates

are vanishingly slow, and it may be difficult or impossible to collect

adequate volumes of water.

The reliable methods available to collect soil-water samples have

been summarized by Wilson (1979), Morrison (1983), and Everett et al.

(1984). Soil-water samples can be obtained either by extraction from a

soil sample, or with in situ samplers. Extraction methods cause matrix

disruption each time a sample is removed, and are limited to only one

sample for a single point in space. For deep samples, the cost per

sample can be relatively high.

In situ techniques have the advantage of being able to collect

multiple samples from a single installation, thereby reducing matrix

disruption. There are a number of in situ techniques, all of which rely

upon creating a gradient of potential sufficient to cause water to flow

into a collection device. Drawing a vacuum in a porous material or using

a highly absorbent material are the methods most commonly used to

generate this gradient, although other approaches have been tried. For

example, Amutis (in progress) used thermally induced condensation of soil

vapor to collect water samples.

One of the most versatile and important in situ sampling devices

is the vacuum lysimeter, in which water is induced to flow into a porous

cup in which the air pressure has been reduced. There are two classes of

limitations inherent to this type of device (Morrison, 1983). The first

limitation involves the degree to which the collected water sample is

representative of the soil water at the sampling point. This includes
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the effect of disruption of normal water flow patterns, preferential

sampling of the larger soil pores, chemical and compositional changes of

the sample resulting from the reduced air pressure in the lysimeter,

filtration of bacteria, and attenuation or contamination of the sample

chemistry by lysimeter materials, especially the porous cup.

The second limitation is that vacuum lysimeters are incapable of

drawing a sample when the soil-water content falls below some critical

value. This constraint arises from the inability to reduce the air

pressure inside the porous cup beyond a perfect vacuum (0.987 bars at sea

level); if soil suction in the surrounding soil exceeds this value, there

will be no gradient to cause flow into the cup. Indeed, sampling often

becomes impractical once soil suction exceeds 0.6 bars (Everett, 1985).

Extending the Lysimeter Sampling Range 

Vacuum lysimeters can be used to collect water from even the

driest soils using a modified technique. Samples obtained in this manner

will be chemically different from those acquired using unmodified

methodology, but can still yield useful chemical data.

The modified technique requires the injection of water into the

unsaturated horizon of interest prior to recovering a sample, thereby

locally increasing the soil-water content and decreasing soil suction.

Once this has been done, a water sample can be collected by using the

lysimeter in the conventional way. The sample will contain native soil

water diluted in the injected water. If the injected water was blank

with respect to a subsequent chemical analysis - distilled water for
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example - then any target compounds found in the recovered sample must

have come from the native soil water.

The absolute chemical concentrations of a sample obtained in this

manner may not be meaningful because the dilution ratio of the soil pore

water is unknown; however, the data may be sufficient for those types of

problems, such as tracer studies, detection of leakage from a containment

structure, and chemical characterization, which require only that

dissolved species or the presence or absence of target compounds be

identified.

Objectives and Scope of Work 

Although the injection/recovery technique has had past field

application (Szecsody, 1987), the method had never been extensively

studied. The objectives of this investigation were to develop a

reliable, practical injection/recovery methodology, test it under

realistic conditions for a variety of target compounds, and prove that

samples obtained by this technique are sufficiently representative of the

soil-water chemistry to be useful. To meet these objectives, three field

experiments and two computer simulations were performed.



CHAPTER 2

BACKGROUND

Beginning with installation, a lysimeter alters the surrounding

soil system. For example, simply extracting water from the unsaturated

zone necessarily alters the flow system in the soil near the lysimeter.

The modified technique, which involves water injection as well as

extraction, begins a complex chain of processes which includes

infiltration, redistribution, hysteresis, dispersion, and chemical

diffusion. Injection may irreversibly alter soil structure, intrinsic

permeability, moisture distribution, and water chemistry. Changes in

these parameters will, in turn, influence the composition, volume and

inflow rate of the recovered water sample.

Flow and Soil-Water Potential 

Vacuum lysimeters collect samples by lowering the potential

energy of the water-filled pores of the porous cup relative to the water

potential in the surrounding soil. Because the soil system tends toward

a state of equilibrium - a condition characterized by a uniform energy

distribution - when the energy content of water varies in different

regions within the soil, water will flow in the direction of decreasing

potential energy. Hence, lowering the potential energy on the inside of

the cup wall induces water to flow toward it and through it.

5
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The potential energy of soil water is measured relative to that

of water in a standard reference state of pressure, composition,

elevation and temperature (Hillel, 1982). Soil-water potential may thus

be subdivided into potentials expressing differences in one or a

combination of these physical conditions, and a gradient of any of these

potentials constitutes a force that can be used to induce water to flow

into a collection device. The most important potential associated with

flow to a vacuum lysimeter is matric potential, also called soil suction,

discussed below.

Soil Suction: Adsorption and Capillarity 

The unsaturated zone is a multi-phase system consisting of air

and water filling the fractures and pores formed by the solid matrix.

There are two important interfaces associated with this system. The

first is the solid-water interface that occurs where the solid particles

and the water come in contact. The second is the water-air interface

that occurs where the soil solution comes in contact with the air in the

soil (Taylor and Ashcroft, 1971).

Adsorption

Water is held to soil surfaces by hydrogen bonding between the

water molecules in solution, covalent bonding with hydroxyls on colloid

surfaces, and electrostatic attraction to cations adsorbed on colloid

surfaces (Kirkham and Powers, 1971). Under unsaturated conditions, water

forms films or hydration envelopes around solid grains. The strength of

the water-solid bonding can vary in time and space, and is influenced by
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the thickness of the hydration envelope, and the chemical composition of

both the solid and the soil solution.

Capillarity

When water is in contact with a gas, or an immiscible liquid,

interfacial free energy arises from the difference between the inward

attraction of the molecules in the interior of each phase and those at

the surface of contact. Since a surface possessing free energy

contracts, the interfacial free energy between the two phases manifests

itself as surface tension between the two phases, which in turn gives

rise to a pressure discontinuity across the interface (Bear, 1979).

In the three-phase unsaturated system, the angle between the

liquid-gas interface and the solid, measured through the water, is known

as the contact angle. At equilibrium,

alg COSO + a s1 = ags
	 eq. 1

where
0 is the contact angle
ags is the gas-solid surface tension
a s i is the solid-liquid surface tension
wi g is the liquid-gas surface tension

The product of the liquid-gas surface tension and the cosine of

the liquid-gas contact angle is known as the adhesion tension, and

determines which of the two fluids will preferentially spread over the

solid (Bear, 1979). In the soil-water-air system, water is the fluid

that will preferentially spread over (wet) the solid particles. Water

will thus advance along the surfaces of interconnected pores, in a manner

analogous to water in a capillary tube. If the direction of advance is



upward, at some point the adhesive forces will be balanced by the body

forces acting upon the hanging column of water.

For the simple case of a single capillary tube of diameter r,

shown in Figure IA, water will rise to an equilibrium height h when the

adhesion force (numerator) is balanced by the body force (denominator),

given by the capillary rise equation:

8

h =
2 w r ((lg .! cos 0)

w r 2 p g
eq. 2

where
h is the capillary rise
p is the density of water
g is the gravitational constant
(2 w 0 is the capillary tube circumference
(ag l cos 0) is the adhesion force
(7r r 2 p g) is the weight of a unit length of the water column

This equation indicates that the height of rise h is inversely

proportional to the pore or capillary radius r. If the free water

surface and atmospheric pressure are chosen as datums, water below the

surface is at positive pressure (because of the compressive weight of the

overlying water); water above the surface is at negative pressure (equal

to the tension exerted by the weight of the water column) and the

expression can be rewritten:

(2 agi cos 0)/r = pgh = - P	 eq. 3

where P is the gauge pressure just below the meniscus, and will be

negative.
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P= POSITIVE	 P= NEGATIVE 

- DATUM 

Figure 1A. Pressure forces acting on water in a capillary tube.

Figure 1B. Two radii of curvature are required to describe the
simple system of soil composed of ideal spheres.
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Soils are not, however, a collection of symmetrical tubes, but

are characterized by tortuosity, dead end paths, and irregular soil

grains. The air-water interface in a soil pore is usually irregular and

its geometry defies the simple mathematical description required to

satisfy the above equations. For example, an idealized soil composed of

perfect spheres requires a minimum of two radii of curvature to describe

the shape at any point on the interface (Marshall and Holmes, 1979), as

shown in Figure 1B. The pressure differential across the meniscus is now

given by:

- P = 2 ag i cos a (1/r1 - 1/r2)
	

eq. 4

where r1 and r2 are principal radii of curvature.

The utility of the capillary model is that it demonstrates how

water potential arising from capillarity and adsorption in soil pores can

be expressed in terms of the force exerted by a length h of water or an

equivalent pressure P across an air-water interface (Taylor and Ashcroft,

1972). In soils this potential is called soil suction or matric

potential, and is equal to -P. Matric potential can also be defined as

the work required to pull a unit mass of water from unsaturated soil

(Kirkham and Powers, 1971).

Because the ratio of surface area (and hence adhesion force) to

volume is least in large pores, it takes less energy to remove water from

large pores than small pores. A specified pore will drain when a

pressure differential that exceeds the magnitude given by equations 3 and

4 is exerted across it.
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Soil Moisture Content at Equilibrium Pressure 

Natural soils contain particles which range in composition, size,

shape, and orientation. They also contain a range of pore sizes and

geometries, and each pore has unique capillary characteristics. If an

incrementally increasing pressure differential is applied to a saturated

soil, the value at which the first - usually the largest - pore drains is

called the air entry value. Continued increase in pressure will result

in the emptying of progressively smaller pores, until, at high values,

only the vary narrow pores retain water (Hillel, 1982). After a pore has

drained, particles will remain covered with water films. Very dry soils

can contain films only a few molecules thick and soil suction may be in

the thousands of bars.

The way in which the pores in a soil fill or drain, and the

distribution of filled pores at a specified equilibrium pressure, are

unique characteristics of that soil and thus reveal much about its

properties. A number of standardized laboratory procedures are used to

develop a "soil-moisture characteristic curve", which is a graphical

representation of the equilibrium water content that results when a

series of pressures are applied step-wise. The resulting graph can be

related to important soil properties such as relative hydraulic

conductivity, infiltration rates, soil texture, and sorting.

Water Movement in an Unsaturated Soil 

Unlike saturated flow, where the driving force results from

gradients of gravity and positive pressure, in the unsaturated zone the

driving force results from gradients of gravity and soil suction. Mass
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transfer of water in the vapor state also occurs in response to gradients

of temperature and vapor pressure potential, and this mechanism may

dominate in very dry soils.

The movement of water into and through the unsaturated zone is a

complex process because the water transmitting properties of an

unsaturated soil are highly dependent upon its water content, which often

changes with time. One of the fundamental equations describing transient

unsaturated flow at a point in a soil is Richards equation (Marshall and

Holmes, 1979):

a ( K atp) + f3
K

aa ( K ati') alc ao
ax\ ax I ay \ ay ) az\ az I + az ----at

eq. 5

where

K = hydraulic conductivity as a function of soil suction
x, y, z are cartesian space coordinates
8 = volumetric water content
w = pressure head

Solution of Richards equation requires that both initial and

boundary conditions be specified. Like most other forms of Richards

equation, equation 5 is non-linear because the coefficient K strongly

depends upon 8 or w. Non-linearity, irregularity of boundaries,

hysteresis, and the fact that K(8) and 8(w) are available only as

experimental relationships precludes exact analytical solutions of most

unsaturated flow problems (Bear, 1979), necessitating their solution by

numerical methods.
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Infiltration

The injection of water through a porous cup is an infiltration

process. Infiltration is defined as the entry of water into a soil at a

boundary, and infiltration into an unsaturated soil generally leads to

the development of a moisture profile characterized by three zones: a

nearly saturated transmission zone, a wetting zone with rapidly changing

water contents, and a wetting front which is at the limit of infiltrated

water penetration (Wilson, 1979).

Soil-suction gradients are greatest at a wetting front, and can

generate a force that greatly exceeds the gravitational force (Hillel,

1982). As the wetting front advances, the average gradient, when

measured from the infiltration source, decreases, and for this reason the

infiltration rate also decreases with time toward a steady state value.

It can also decrease due to deterioration of the soil structure,

entrapment of air, and clogging by microbial growth.

The variation of the infiltration rate through a soil surface has

been described by many empirically and theoretically based equations;

recently, Warrick and Lomen (1984) developed a relatively simple

mathematical model that describes steady state infiltration from a point

source at a soil surface.

Hillel (1982) indicates that the infiltration rate can depend

upon the following factors:

1. the time since infiltration began,

2. the soil's antecedent water content; the dryer the soil, the

greater the infiltration rate, compared to a wetter soil,
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3. the saturated hydraulic conductivity, and

4. soil properties such as layering, crusting, and structure.

Redistribution

When the injection or infiltration of water into a soil ceases,

there follows a prolonged period of redistribution in which relatively

dry areas of soil (beyond the wetting front) draw water from wetted areas

near the infiltration source. The rate of water flow and the moisture

content at a point in time and space during redistribution are affected

by hysteresis and depend upon the following factors (Hillel, 1982):

1. antecedent moisture conditions; the greater the contrast in water

content across the wetting front, the faster the rate of

redistribution,

2. initial wetting depth (i.e., the thickness of wetted soil); the

thinner the wetting depth, the greater the gradient and hence the

faster the rate of redistribution,

3. the soil's hydraulic conductivity versus water content function;

this is unique for each soil and is related to its texture, and

4. evapotranspiration; the rate and pattern of the upward

. extraction of water can effect gradients and flow directions in

the soil and thus modify redistribution.

The redistribution process is initially rapid, but slows as the water

content in the soil nears uniformity and gravity provides the sole

driving force.
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Hysteresis and Irreversible Soil Changes 

Application of the extended methodology causes cyclic variations

in pressure, chemistry, mechanical stress, and moisture content within

the soil. The history of these variations, as well as ambient

conditions, affect the soil's structure, water retention, and water

transmitting properties. Some of the effects may be reversible, while

others may be irreversible.

The equilibrium soil wetness at a specified suction is greater in

drying than in wetting; this phenomenon is called soil-moisture

hysteresis. Hysteresis arises in soils because of different contact

angles during wetting and drying, geometric restrictions ("ink-bottle"

effects) of pore assemblages, entrapped air, soil shrinking, and rates of

wetting and drying (Nielsen et al., 1986). Under alternate cycles of

wetting and drying, the soil-water content, relative hydraulic

conductivity, and infiltration rate depend upon the soil's past history.

Hence, a soil's moisture characteristic curve is actually a loop

consisting of a main wetting and a main drying curve, and an infinite

number of sub-loops called scanning curves.

Some mechanisms cause alterations in the soil that are single

directioned and irreversible. Subjecting a soil to pressure may cause it

to compress, deforming its structure, and possibly reducing its intrinsic

permeability. The pressure may arise from mechanical compression of the

matrix, overburden pressure on the liquid phase, or, in very dry soils,

the compression of trapped air in isolated pockets during infiltration

(Hillel, 1982).
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The intrinsic permeability of a soil may also be altered by

chemical effects. Certain soils can swell or disperse under the mutually

interacting influences of exchangeable sodium percentage and electrolyte

concentration upon clay particles and their diffuse double layer. This

phenomenon has been reported to decrease the hydraulic conductivity of up

to two orders of magnitude (Marshall and Holmes, 1979).

Many infiltration and unsaturated flow equations incorporate the

assumption that parameters such as relative conductivity and saturated

porosity are single valued for a specified set of conditions.

Application of these equations, or computer models based upon them, to

problems in which hysteresis or soil alteration is important may produce

erroneous results.

Chemical Properties 

The composition of soil-water samples can offer valuable clues

concerning the state and morphogenesis of the soil system in the vicinity

of the lysimeter. But chemical data obtained using the extended

technique must be carefully scrutinized because adding water to the soil

necessarily alters soil-water chemistry, although the exact nature of the

alteration may be difficult to predict.

Soils contain a complex, intimately linked system of mineral

particles, organic matter, aqueous solution, air, and vapor. The solid

fraction often contains clay and organic colloidal particles with charged

surfaces and exchangeable ions, while water, a strong dipole, readily

forms ionic solutions. Solution ions satisfy the excess surface charge

on colloid particles and lead to formation of a diffuse double layer of
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cations, which grades from a high concentration near particle surfaces to

a lower concentration in the bulk solution (Bohn et al., 1979).

The thickness of the double layer is affected by the total

electrolyte concentration, the valency and hydration of ions in the soil

solution, and particle mineralogy. In highly unsaturated systems, water

exists as thin films or hydration envelopes surrounding particles. Ions

must occupy a limited space, causing the physical properties of both the

soil solution and the solid surfaces to differ from saturated conditions,

perhaps giving rise to phenomena such as swelling pressures (which can

reduce the hydraulic conductivity), streaming potentials, salt sieving,

and changes in pore velocity profiles (Nielsen et al., 1986).

The chemistry of a particular soil system is difficult to define

precisely because soils constitute non-equilibrium systems. Equilibrium

principles require that variables such as temperature, pressure, and

composition be completely defined. But determining a soil's complete

mineralogical composition is difficult, and soil behavior also depends

upon the size, shape, and interaction between particles, none of which

can be precisely measured or adequately defined. Variations in water

content and temperature cause hysteretic effects which irreversibly

change the arrangement of soil particles, alter minerals, destroy organic

compounds, and modify the composition of soil solutions (Bohn, 1979).

For similar reasons, the reaction kinetics of soil systems are also

difficult to define, and most studies of this have been limited to

selected species in relatively simple systems. At present, the

understanding of the kinetics of most geochemical processes is very

incomplete (Dreyer, 1979).
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There are numerous computer models that simulate chemical

transport in the unsaturated zone. They can be grouped into two major

classes: equilibrium models and kinetic models. The application of

either type to injection lysimeter problems, although desirable, may

prove difficult.

Equilibrium models are most applicable when the time required to

reach chemical equilibrium is short compared to the residence time of the

chemical. The time interval in which a lysimeter can recover soil-water

samples after injection is on the order of hours to days, and during this

time the water content and solution chemistry near the lysimeter are

constantly changing. Although kinetic models exist, none can account for

the dependence of the reaction rate coefficient on the variables of soil

geometry and water flow (Jury, 1986), although some progress has been

made for simplified experimental systems.

Jury (1986) lists these additional limiting assumptions upon

which most chemical transport models rely:

1. one-dimensional flow,

2. non-hysteretic transport functions,

3. equilibrium non-hysteretic adsorption of chemicals, and

4. complete accessibility of porous medium (no immobile water).

If chemical models are to be applied to injection/recovery lysimetry, a

number of simplifying assumptions may have to be made, for the technique

causes large and rapid changes in solution chemistry, water distribution,

and wafer content. Laboratory experiments with relatively simple

chemical and physical properties may help define the necessary

assumptions.
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Properties of Porous Cups 

The basic component of a vacuum lysimeter is a porous cup that

exhibits special properties. It is manufactured such that the pores in

its walls are nearly uniform in size and suction characteristic, hence,

as a group, they will saturate or de-saturate within a relatively narrow

range of pressures. The moisture characteristic curve for a porous cup

thus resembles a step function, with a sharply defined air entry value

that depends most upon the mean pore diameter, and to a lesser extent,

composition.

Ceramic cups, composed primarily of heat fused alumina and

silica, are manufactured in a variety of pore sizes, and are available

with nominal air entry values that exceed 1 to 5 bars. These cups have

sufficiently small average pore diameters so that applying a full vacuum

does not generate enough of a pressure differential across the pores to

desaturate them. Teflon cups, with their relatively large pore

diameters, have air entry values of less than 7 centibars (Everett and

McMillion, 1985), and must therefore be installed with a silica flour

pack to enable higher vacuums to be held by the lysimeter system.

If a vacuum is applied inside a wetted cup, air cannot enter

because the cup pores are filled with water; however, cup pores can

transmit water from the surrounding soil pores. Soil water will flow

into the cup when the pressure potential at the inside wall of the cup -

equal to the magnitude of vacuum - is less than the soil suction (which

was shown above to have an equivalent pressure) in the surrounding soil,

neglecting the effect of other potentials such as osmotic, temperature,

and elevation.



CHAPTER 3

LYSIMETER CONSTRUCTION AND USE

Vacuum lysimeters have been constructed from a variety of

materials in a number of configurations, depending upon intended use and

depth of sampling horizon. The procedures used for installation and

obtaining a sample are generally modifications of the basic one outlined

below.

Construction 

Figure 2 is a schematic view of a vacuum lysimeter's essential

parts and manner of installation. It generally consists of a thin-walled

porous cup connected to a length of blank casing. The casing is

penetrated by two access tubes, one of which extends down to the bottom

of the cup. All seals must be air-tight. Prior to use, the assembly is

buried at a selected depth beneath the surface, and the area around the

cup is back-filled with a slurry of soil, bentonite, or 200-mesh (silt

size) silica flour to insure a good hydraulic connection between the cup

and the surrounding soil. The slurry also allows teflon cup systems to

hold a greater increment of vacuum before allowing air entry. At the

soil surface, the access tubes are connected to a combination

vacuum/pressure pump.
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Figure 2. Schematic view of parts and installation of a vacuum
lysimeter. (Figure is modified from Soilmoisture Equipment Corp.
Instruction Manual, Santa Barbara, CA.)

21



22

Standard Use 

A sample is collected by clamping shut the longer access tube and

evacuating the air from the lysimeter. In sufficiently wet soil, a

gradient of potential toward the cup will be created, causing soil water

to flow into the cup. The rate of inflow will depend upon the intrinsic

permeability and moisture content of the soil, the saturated hydraulic

conductivity of the cup, and the magnitude of vacuum drawn. Enough water

for chemical analysis can usually be obtained within hours or days.

To bring the water to the surface, the discharge tube is opened

and air is pumped into the lysimeter. Positive pressure forces the

collected water through the discharge tube into a sample container at the

surface. In deep installations (15 meters or more), the large amount of

pressure required to bring the sample to the surface will also cause much

of the sample to be forced back into the soil. To prevent this, an

access tube in deep lysimeters can be fitted with a check valve (Wood,

1973).

One major limitation in the methodology outlined above is that as

soil suction approaches 1 bar, the sample inflow rate must approach zero.

This constraint arises from the inability to exert more than 1 bar of

pressure differential by drawing a vacuum.

An Extended Methodology 

If a soil is too dry for extraction of a water sample by

conventional means, it may still be possible to obtain one by

artificially increasing the water content near the lysimeter. This could

be accomplished by a number of means; for example, a point injection
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source could have been placed on or near the lysimeter during

installation. An alternative, that uses both commercially available

equipment and existing lysimeter installations without modification, is

to inject water through the cup into the soil immediately prior to sample

collection. After the injected water has mixed with the soil water, it

can be recovered using the standard methodology.

The recovered water will represent some dilution of the native

water and thus provide potentially useful chemical data. Although the

samples will not yield the absolute concentrations present in the

undiluted soil water, the ratios and presence or absence of dissolved

species can be obtained. This type of information may be sufficient for

a variety of applications, including the determination of tracer travel

time, or leakage from a waste impoundment.

The modified methodology can be divided into three phases:

(1) the injection phase, (2) the redistribution phase, and (3) the

recovery phase. Many factors, some of which can be controlled by

experimental design, affect the movement of water and dissolved chemicals

in each phase. These are briefly discussed below.

Because injection/recovery into an unsaturated soil creates a

highly complex, transient flow system, computer simulations of an

idealized system were used to facilitate a conceptual understanding of a

physical system, and predict how it will respond to a specified set of

conditions. The output from the simulation of an idealized system will

be used to qualitatively describe the state of the flow system during the

three phases. The simulated system was designed to be simple, yet

sufficient to test whether the extended methodology presented below is
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consistent with basic hydrologic principles. In it, a ceramic cup is

assumed to be buried at a depth of 1 meter in an isotropic, homogeneous

soil with the properties of the Gilat sandy loam (Mualem, 1976).

Hysteresis is ignored.

This simulation, the UNSAT2 finite element flow model, model

assumptions, input parameters, and program output are described in detail

in Chapter 5.

Injection Phase

The object in the injection phase is to inject through the porous

cup a quantity of water sufficient to allow a sample to be withdrawn. The

necessary quantity and injection rate depend upon the following factors,

which control the movement of water:

1. intrinsic permeability of the soil,

2. water content of the soil,

3. fragility of the soil,

4. hydraulic conductivity of the cup,

5. cup surface area and geometry, and

6. injection pressure of the water.

The first three factors depend upon antecedent soil conditions,

and the degree to which they have been altered by installation of the

lysimeter. The next two factors are properties of the cup, which, after

installation, are constant. A highly permeable cup is desirable to

facilitate a practical rate of water injection. The last variable,

injection pressure, is subject to control by the sampling personnel and

is very important.
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As discussed in Chapter 2, soil structure may be altered if it is

exposed to rapid infiltration and a large pressure gradient, leading to

major reductions in intrinsic permeability. The general rule is

therefore to inject the least water at the slowest rate that will allow

sufficient sample to be collected.

The composition of the injection water is an important

consideration. It should be chemically "neutral" in the sense that it

not contain species targeted for analysis, nor alter the chemistry or

structure of the soil in an undesirable way. Deionized water (which was

used as the injection fluid in the field studies to be discussed in

Chapter 4), although conveniently free of dissolved species, will

probably cause soil dispersion, which may be a problem in some studies.

Klute and Dirksen (1986) suggest the use of a deaerated, 0.005 M CaSO4

solution for laboratory hydraulic conductivity studies, where dispersion

and swelling must be minimized. A fluid of this type may be a practical

alternative to minimize soil dispersion if it does not interfere with

sample analysis. Either a pump or a pressure tank can be used to inject

the fluid.

The flow rate will depend upon the magnitude of the hydraulic

gradient generated, and the water transmitting properties of the medium.

The hydraulic gradient across the cup will at first be high, because

there is a positive pressure head inside the cup and a negative pressure

head (soil suction) outside the cup. This will result in an initially

large flow rate that will decrease toward a steady state value, and a

sharp, advancing, wetting front that will become diffuse with time.

Figure 3 shows the expansion of the wetted region with time during
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Figure 3. Simulated expansion of the wetted region. Three
positions of the 20 percent volumetric water content isobar are
shown. Antecedent moisture content and soil suction was 12.7
percent and one bar, respectively.
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simulated injection. If the injection rate is sufficiently fast, the

water content near the cup will greatly increase, perhaps even reach

saturation.

The rate at which the injected water mixes with water within

the soil will depend upon the dispersive properties of the medium, the

diffusion coefficients of the dissolved species, and temperature.

The injected water may partially displace the native water by radial plug

flow, resulting in a gradient of chemical concentration that increases

outward from the cup. However, the processes of diffusion and mechanical

dispersion tend to diminish chemical gradients, and the system will move

toward chemical uniformity as time progresses.

It probably is not necessary to inject a large quantity of water,

because the theoretical maximum radius that a lysimeter - represented by

a point sink - can draw water is approximately a meter or less (Warrick

and Amoozegar-Fard, 1977), although Szecsody (1987) has found that the

actual radius of influence is dependent upon cup length and shape.

Redistribution Phase

After injection ceases, chemical diffusion continues, and

redistribution begins. These processes continue indefinitely unless

respective equilibria are established. Figure 4 shows a moisture profile

for three times after injection had ceased, based on computer simulation.

Although redistribution may be beneficial if it is desired to

obtain the most chemically representative sample possible, if too long a

time passes, the water content may be reduced until it is once again too
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dry to allow for sample recovery. The timing of the start of the

recovery phase is thus important, and the abiltity to predict

approximate, site specific rates of redistribution is highly desirable.

Recovery Phase

Although the methodology of the sample recovery phase is

identical to the conventional methodology described above, the length of

time that water can be drawn into the cup is constrained by the two

processes that lower the water content near the cup; namely, sample

recovery, and redistribution. Flow into the cup will cease when the

equivalent pressure in the soil is less than, or equal to, the vacuum in

the cup. If the surrounding soil is sufficiently dry, the flow regime

may reverse and previously collected sample may be drawn from the cup

into the soil. This is illustrated in Figure 5, which plots the

cumulative volume of recovered sample against time, based upon computer

simulation. It is thus imperative that the sample be brought to the

surface before gradient reversal occurs.
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CHAPTER 4

FIELD STUDIES

The extended methodology has been tested in the field. The tests

were for the following purposes:

1. test the practicality of injecting water through the cup,

2. test the feasibility of recovering a sample after injection

into a soil with very dry antecedent moisture conditions,

3. determine the degree to which samples obtained using the

extended methodology are representative of the actual soil-water

chemistry,

4. compare the consistency of repeated samples over time,

5. determine the degree of mixing of native and injected water,

6. determine critical experimental variables, and

7. assemble a data base sufficient for computer model validation.

To accomplish these objectives, a hierarchy of tests was devised.

Test 1 involved the simplest case of injection/recovery, utilizing

deionized water and electrical-conductivity measurements. Test 2

involved a more complex chemical and physical characterization, with the

intent to determine the representativeness of recovered samples. The

data from this experiment formed the basis for an attempted computer

validation. In Test 3, a lysimeter that had been installed to monitor a

waste facility was sampled for volatile organic hydrocarbons three times

31
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during a 16 month time span, thereby checking if repeated application of

the extended methodology yielded consistent results over time.

Ceramic Cup Preparation 

When porous cups are used to collect samples, they may change the

chemical character of the collected soil water by contributing

contaminants or attenuating dissolved species. This is especially true

for ceramic cups because they are chemically active. Their ionic

lattices contain sites for adsorption and cation exchange, thus they can

adsorb metals and charged ions such as NO3, and contribute Ca, Na, K,

bicarbonate, and silica to soil-water samples (Morrison, 1983).

Grover and Lamborn (1970) found that leaching the cups with

dilute acid strips off the exchangeable cations, replaces them with

hydrogen ions, and greatly reduces the problem. Prior to installation,

the ceramic cups used in the experiments 1 and 2 were treated by passing

500 ml of 1 N HC1 and 700 ml of deionized water through them. Subsequent

tests showed that this procedure had a negligible effect on the cups

intrinsic permeability.

Experiment 1: Simple Injection/Recovery 

To test the feasibility of injecting and recovering water in a

relatively dry soil, the injection/recovery technique was used in a

desert, clayey-silt loam soil located in the central section of Tucson,

Arizona. Initial soil suction, as measured by a tensiometer, was

0.45 bars. There was no precipitation during the duration of the test.

A 5 cm screw auger was used to bore down to 50 cm, where a

Soilmoisture, model 1920, vacuum lysimeter was emplaced. This sampler
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has a high-permeability, 1.3-bar bubbling pressure, ceramic cup that

measures 6.2 cm long and 4.8 cm in diameter and has a saturated hydraulic

conductivity of 8.6 x 10 -4 cm/s.

The annular space between the cup and the borehole wall was

filled with a silica flour/deionized water slurry; the rest of the hole

was backfilled with soil. A vacuum of 0.85 bars was maintained on the

sampler for 44 hours to drain some of the water from the slurry around

the cup. As can be seen in Figure 6, which is a plot of sample recovery

rate into the lysimeter against time, the pre-injection sampling rate was

less than 3 ml/hr. This is actually slightly above the true background

rate because there was still residual water from the slurry.

At time equal to 44 hours, a pressurized tank, containing water

with an electrical-conductivity of 20 microsiemens (20 micromhos) and a

pressure of 80 psi, was used to inject three liters of water through the

lysimeter cup in a time interval of 12 minutes. Following injection, the

recovery phase was initiated without allowing time for redistribution.

As can be seen in Figure 6, the sample recovery rate sharply increased,

and a sample of 150 ml was collected in less than 10 hours. The

collected sample had a conductivity of 1200 microsiemens (1200

micromhos), demonstrating that the recovered water contained native soil

water and dissolved constituents. By time equal to 150 hours, the

sampling rate had dropped to 1.2 ml/hr, a value which is probably near

the true background rate.

At time equal to 150 hours, an additional 1.3 liters of deionized

water were injected in 14 minutes. Again, the lysimeter intake rate
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Figure 6. Sample recovery rate against time for field
experiment 1. Three liters and 1.3 liters of deionized water
were injected at 44 and 150 hours, respectively, resulting in
increased recovery rates.
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increased, but the rate was slower than before because less water was

injected. A 95 ml sample with an electrical-conductivity of 700

microsiemens (700 micromhos) was recovered. This conductivity is 40

percent less than that of the sample recovered after the first injection,

and indicates increased dilution of native water.

When the cumulative sample recovery volume is plotted against

time, as shown in Figure 7, the shape of the curve resembles the rising

leg of the recovery curve generated by simulation (Figure 5), although

the time interval is much longer. This test therefore confirms the

prediction that the period of time in which samples can be collected

after injection is limited by redistribution of the injected water.

Experiment 2: Sample Representativeness 

A detailed experiment, designed to test whether the extended

methodology can yield useful chemical data, was performed at the

University of Arizona Campus Agricultural Center in Tucson. This

facility, located in the Sonoran desert, receives a mean annual rainfall

of approximately 29 cm, half of which falls in a few months during summer

(U.S. Weather Bureau). The test was started in April and ended in July;

during this time daytime temperatures routinely exceeded 37 °C (100 °F)

and total rainfall was less than 5 centimeters. Infiltration below the

upper few centimeters of soil during this time was therefore considered

to be negligible.

The experimental plot was located in an area that was bare of

vegetation. Although plowed regularly, it had not been irrigated for
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Figure 7. Cumulative sample recovery volume against time
for field experiment 1.
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many months prior to the experiment, and was not irrigated during the

experiment. Figure 8A shows the location of the experimental plot at the

Campus Agricultural Center. The site contained a lysimeter, tensiometer,

and a number of soil sample locations, shown in plan view on Figure 8B.

Lysimeter Installation

The lysimeter was placed with its cup at a depth of one meter, in

a borehole excavated with a 5.1 cm diameter bucket auger. A silica

flour/deionized water slurry was used to backfill the hole near the

porous cup. A similar procedure was used to install a tensiometer

nearby. Because the slurry artificially increased the water content in

the soil, a vacuum was placed on the lysimeter for the dual purpose of

testing the system and drawing this water out. Within 11 days, sampling

dropped to a rate of less than 0.08 ml/hr (2 ml/day), and the tensiometer

indicated soil suction at 0.73 bars. At this point, conditions were too

dry for normal sampling to be practical.

Site Characterization

Soil Parameters. Important soil parameters were measured in the

laboratory using soil samples collected from the site. Disturbed soil

samples lA and 18 were collected from a depth interval of 85 to 102

centimeters. A texture analysis performed at the University of Arizona

Soil, Water, and Plant Laboratory indicated that the soil is a silt loam

containing approximately 30 percent sand, 57 percent silt, and 13 percent

clay.
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Figure 8A. Location of the experimental plot at the Campus
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Figure 8B. Plan view of experimental site 2, showing instrument
and soil sample locations.
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"Undisturbed" soil samples 2 and 3 were collected from 7.62 cm

boreholes using a brass ring sampler. Soil samples 2A-C had an average

porosity and bulk density of 56 percent and 1.17 g/cm3 , respectively, and

the moisture characteristic curve shown in Figure 9. The curve was

determined by a pressure cell procedure identical to that described by

Klute (1986) for the main drainage curve, with the following exception:

once the cores had equilibrated at a pressure increment, 1 cm3 portions

of soil were removed from each core to determine their water content,

instead of weighing, drying, and re-weighing the entire cores.

Soil samples 3A and 3C yielded saturated hydraulic conductivity

values of 2.80 X 10 -4 and 6.08 X 10 -4 cm/s, respectively, for an average

value of 4.43 X 10 -4 cm/s, as determined using a simple falling head

permeameter procedure (Klute and Dirksen, 1986) and tap water.

Chemical Analysis of Soil Extracts and Soil-Water Samples. All

soil extracts and soil-water samples were analyzed by the University of

Arizona Soil, Water, and Plant Laboratory for electrical-conductivity,

pH, concentration of Ca, Mg, Na, Cl, K, HCO3, CO3, P, and NO3 ( by atomic

adsorption), and total soluble salts. Chemical analyses from experiment

2 are presented in Figure 10 in the form of Stiff diagrams. These

graphical representations of concentration facilitate the comparison of

different samples (Davis and DeWiest, 1966). Chemical concentrations,

expressed in equivalents per million (epm), are indicated at the log

scale at the top of each Stiff diagram. Samples which yield diagrams of

a similar shape have the same relative concentrations of dissolved
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species. Diagrams of the same size indicate that the samples have

identical absolute concentrations.

The chemical composition of saturation extracts (1:5 ratio) from

soil samples lA and 1B are shown in Figures 10A and 10B. With the

exception of chloride concentration, they indicate that the chemistry of

the two extracts is nearly identical.

Before employing the injection/recovery method, it was necessary

to obtain a background sample of "natural" soil water. To accomplish

this, a portion of the site was bermed (see Figure 8A) and flooded with

water, in imitation of irrigation. A depth of 125 cm (350 liters) of

well water was infiltrated through the surface over a 13 day period.

This caused the soil suction to decrease to 0.26 bars, well within the

sampling range, and water samples were collected continuously over the

next 2.5 months. The water recovered during discrete time intervals was

batched into four samples. During this time, the soil got increasingly

dry, and the sample recovery rate decreased to zero.

Figures 10C through 10F show the chemistry of the post irrigation

soil-water samples. As might be expected, the Stiff diagrams of the post

irrigation samples are quite similar, but differ markedly from those of

the soil extracts, which contain higher Ca, and lower Cl and P.

Injection and Recovery

After the sample recovery rate reached zero when using the

conventional methodology, the injection/recovery method could be tested.

A pressurized tank was used to inject 9.5 liters of water in a 35 minute

time interval, under a pressure that ranged from 1.7 to 3.1 bars. Just
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Figure 10. Chemical analyses of samples from experiment 2.
The shape of the Stiff diagrams is distinctive of chemistry. Note
that the scale has been expanded for samples 10G-101, because they
are more dilute than 10A-10F. The recovery samples most resembled
the post irrigation samples.
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prior to injection, a sample of deionized water was taken from the end of

the tank. Figure 10G clearly shows that this injection water differs

from the post irrigation samples in character, and is very dilute.

One minute after injection ceased, the lysimeter was purged of

water by positive pressure. Two minutes after injection ceased, a

vacuum of 0.83 bars was drawn to initiate recovery.

Figure 11 is a graph of the sample recovery rate plotted against

time. As in experiment 1, the initially high recovery rate rapidly

decreased with time, and by four days, had dropped to zero.

Figures 10H and 10I show the chemistry of the recovered samples.

All the target compounds - those analyzed for previously - have been

identified, and the ratios of the constituents, as indicated by the shape

of the Stiff diagrams, are quite similar to the post irrigation samples.

The first injection/recovery sample (10H) is approximately ten times more

dilute than the post irrigation samples (note that the scale has been

expanded by one log cycle), suggesting that the ratio of injected water

to recovered soil water in the sample is 10:1. It should also be noted

that the later injection/recovery sample (100, although similar in shape

to the earlier recovery sample, is, with the exception of nitrate, more

concentrated. This may indicate that: (1) concentrations had increased

as the soil dried due to evaporation, or (2) concentrations had increased

due to diffusion arising from chemical gradients, and non-equilibrium

conditions. This suggests some degree of plug flow during injection,

thus the earliest water recovered was the least concentrated.
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Figure 11. Cumulative recovered sample volume against time in
field experiment 2.
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Experiment 3: Repeated Injection/Recovery 

As a further test of the practicality of injection/recovery, the

technique was employed at an existing lysimeter installation at a

municipal landfill. This time, a teflon lysimeter that had been

installed by a consulting company as part of a waste leakage monitoring

system was sampled for volatile organic hydrocarbons.

The Pima County El Camino del Cerro landfill extends

approximately 6.5 hectares, contains municipal waste to a depth of 15

meters, and is located in an inter-montane alluvial basin near Tucson,

Arizona. It lies above inter-bedded sands and clays and a water table

25-30 meters below ground surface. The porous section of the lysimeter

is located at a depth of 15.2 to 15.7 meters. Soil samples, obtained

from a 18.6 meter depth during lysimeter installation, were reported to

have a water content of 7.3 percent (Russell, et al., 1986).

Besides dry soil, this installation had an additional problem:

the lysimeter system had air leaks and could not hold a vacuum. The

system was thus completely unusable with the normal methodology.

Injection and Recovery

Sampling the site with the extended methodology proved difficult

because of the depth of the sampling horizon (the lysimeter was not

fitted with a check valve), the low bubbling pressure of teflon cups, and

the air leaks in the system. Figure 12 shows the vacuum-pressure system

needed to make sampling possible.

A pressurized tank of nitrogen was used to inject 6 liters of

water into the soil in 6 minutes. Recovery was attempted, but the system
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Figure 12. Schematic diagram of apparatus used to inject and
recover water in field experiment 3.
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was unable to sustain a high partial vacuum, either because of air leaks,

or because the quantity of water injected was too small to sufficiently

wet up the cup and surrounding silica pack. To sustain the maximum

vacuum, it was necessary to connect the pump to a large capacity vacuum

flask. However, after 100 minutes of vacuum, no sample was recovered.

One day later, the connections between all accessible system

components were re-sealed and a second run was attempted. In 10 minutes,

6 liters of deionized water were injected into the soil. Although the

system still leaked, higher partial vacuums were sustained for longer

periods of time, and after 120 minutes, a 35 ml sample of water was

recovered. The sample could not be brought to the surface by simply

exerting a positive pressure - this would have pushed the recovered water

back into the soil. To generate the required lift, it was necessary to

place a vacuum on the discharge tube and simultaneously pressurize the

other access tube.

Sample Analysis

The sample was analyzed for 34 volatile organic hydrocarbons

by Analytical Technologies, Inc., using EPA Gas Chromatographic Methods

601 and 602. The chemical analyses' of the recovered sample and the

injection water are shown as Stiff Diagrams in Figure 13C and 13D,

respectively, with concentrations expressed in parts per billion (ppb).

Although the injection water was found to contain small traces of two

compounds, it is not known if this resulted from field error or

laboratory error. Figures 13A and 13B show the composition of samples
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Figure 13. Chemical analyses of samples from field experiment 3,
collected over a 16 month time span. The following 10 organic species
are on listed on the Stiff diagram: 1,1-Dichloroethane (1,1 DCA);
Trichloroethene (ICE); Ethylbenzene (EB); Benzene (B); Perchloroethene
(PCE); 1,2-Dichloroethene (DCE); 1,4-Dichlorobenzene (DCB); Toluene;
M-Xylene, 0,P-Xylene.
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obtained by Harding Lawson personnel (using a similar injection/recovery

technique) from the same lysimeter 16 and 9 months earlier, respectively.

Sample 13A contained only half the species found in sample 13B,

obtained 7 months later; however, those that were present have somewhat

similar concentration ratios. Although sample 13B had two more compounds

than sample 13C, obtained 9 months later, their compositions are nearly

identical, as can be seen from their similar shapes.

Discussion of Field Results 

Together, the three field tests demonstrate that

injection/recovery lysimetery is feasible and practical. The methodology

is easy to apply, and can be used to extend the sampling range in

existing ceramic or teflon lysimeters, without modification, in sandy or

loamy soils, in shallow or deep installations, and for inorganic or

organic compounds.

The results of experiments 2 and 3 suggest that if the extended

methodology is applied repeatedly, the ratios of the various species

remain sufficiently consistent and representative of soil-water chemistry

to be useful for a number of applications. They also demonstrate that,

despite possible alterations in soil structure and solution chemistry,

using deionized water as the injection fluid yields acceptable results by

guaranteeing that all recovered compounds originated in the soil system.

Experiment 2 also shows that the samples recovered in early times

are more dilute than those recovered in later times. Injected water

therefore enters the soil with a component of plug flow, causing a

gradient of chemical concentration that may vary during the entire

recovery phase.



CHAPTER 5

COMPUTER STUDIES

Computer models for unsaturated flow consist of simplifications

of the essential physical processes that govern water movement in the

unsaturated zone. They can be used to analyze and predict a specific

system's behavior. Comparison between simulation results and

experimental data can promote an improved understanding of a physical

system, and define areas that require further investigation.

Two simulations of the extended methodology are discussed below.

The first simulates a highly simplified physical system utilizing

theoretical soil data; the second attempts to simulate field test 2

utilizing experimentally derived soil parameters.

The UNSAT2 Computer Model 

The UNSAT2 variably saturated flow model, developed by Dr. Shlomo

P. Neuman (1974) of the University of Arizona, was employed for both

simulations. The model solves a head based form of Richards equation,

using a lumped-mass, Galerkin, finite element scheme that divides the

flow region into discrete quadrilateral and triangular elements. Results

generated by the UNSAT2 model have been validated experimentally. The

model can simulate vertically axisymmetric, three dimensional, saturated,

and unsaturated flow, and can accommodate a large range of boundary
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geometries. For further details, the reader is referred to Davis and

Neuman (1983).

The simulations required the following input parameters for each

material in the flow system: (1) saturated hydraulic conductivity, (2)

relative hydraulic conductivity as a function of water content, (3)

volumetric water content as a function of soil suction or pressure head

(in cm of water; 1 bar = 1020 cm H20), and (4) saturated porosity. The

conditions at all simulation boundaries required specification.

Simulation of a Simplified System 

The major simplification in this simulation is that the lysimeter

cup is not included in the flow system. The system consists only of a

homogeneous, isotropic soil, in contact with a cup that exists outside 

of the simulation boundary. The simulation consists of three parts,

which correspond to the injection, redistribution, and recovery phases of

the extended methodology.

Finite Element Mesh

Figure 14 shows the finite element mesh used to represent a

simplified, axisymmetric, porous cup and soil system. The mesh overlies

the right side of a vertical plane that cuts through the vertical axis of

the lysimeter. The left side of the flow system is a mirror image of the

right side and is deleted for simplicity. The region contains 44

discrete triangular and quadrilateral elements, defined by 42 corner

nodes. - The model assigns head values at nodal points based upon

numerical integration of elemental areas; the mesh is thus finer near the

cup where the most precise results are desired.
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The lysimeter shown at the left side of the mesh lies outside of

the flow region. Nodal points 5, 6, and 7 represent the contact between

the soil and the right half of the porous cup; they are the only part of

the boundary where water can enter or leave the system. Flow into or out

of the cup was simulated by prescribing a constant hydraulic head at

these three nodes. When the hydraulic head is greater then that in the

surrounding soil, water flows outward; when hydraulic head is less then

that in the surrounding soil, water flows inward. This construction

eliminates the need to model the properties of the ceramic cup, and

instead allows the focus to be on the variables affecting flow in the

soil. However, the simplification has important ramifications: flow

through the cup is not explicitly modeled. Hence, the flow rate through

the system must depend entirely upon the properties of, and hydraulic

gradient in, the soil.

Determination of Pressure Inside the Cup

Although the cup is not explicitly modeled, it is still possible

to determine head and pressure magnitudes within it. In a physical

system, the head values on the cup exterior need not always be constant

during injection. If the pressure inside the cup is held constant, then

head on the exterior will increase as soil suction decreases. The

converse is also true: if the head at the cup exterior is held constant,

an identical flow rate can be generated if the pressure inside the cup is

varied. In both cases, the magnitude of head at a given instant is

related to the flow rate through the soil by the hydraulic gradient.
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Because the mass of water entering the system is conserved, the

volume of flow through the soil for a given interval of time must also be

equal to the volume of flow through the cup. Knowing the saturated

hydraulic conductivity of the cup, Darcy's law can be used to calculate

the head change across the cup required to produce the simulated flow in

a specified time interval. Once this is known, the magnitude of pressure

that had to be applied inside the cup to maintain the prescribed pressure

head on the cup exterior can also be determined.

Soil Properties

The simulated system contains an isotropic, homogeneous, porous

soil with the properties of the Gilat sandy loam, described in the

catalogue compiled by Mualem (1976). This soil was reported to contain

55 percent sand and 45 percent silt and clay, to have a porosity of 44

percent, a saturated hydraulic conductivity of 7.64 X 10 -3 cm/s, and a

bulk density of approximately 1.45 g/cm 3. In this study, it is assumed

that the sandy loam has an antecedent moisture content of 12.7 percent,

an antecedent soil suction of approximately 1 bar, and that the lysimeter

maintains perfect hydraulic contact with the soil.

Simulated Injection

Figure 15 is a plot of the simulated injection rate against time.

The initially high rate rapidly decreased, and asymptotically approached

a steady state value of approximately 6 cm 3/s. After 700 seconds, the

total volume of water injected (equal to the area under the curve) was

6200 cm3. Figure 3 (chapter 3) demonstrates the expansion of the wetted

region with time. Three positions of the 20 percent volumetric water
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content isobar are shown for time equals 30, 100 and 720 seconds,

respectively, defining a region of 20 percent or greater water content

around the cup. The water content prior to injection was 12.7 percent,

and the maximum water content (30 percent) during the simulation occurred

at the cup wall.

Because all water entering the system must first flow out through

the cup, the inflow rate through the soil can be used to calculate the

head gradient through the cup for different times. This makes it

possible to determine the magnitude of pressure inside the cup that was

required to generate the observed flow rate during a specified time

interval. Darcy's law for one dimensional flow:

Q/A = - K dh/dx 	 eq. 6

relates the volumetric flow rate Q, through a porous medium with a

hydraulic conductivity K and a cross sectional area A, to the gradient of

hydraulic head h acting on the fluid. In the simulation, the cup was

assumed to have a surface area of 108.83 cm 2 , a hydraulic conductivity of

8.6 x 10 -4 cm/s and a wall thickness of 0.239 cm (nearly identical to

cups used in field experiments 1 and 2 ).

Darcy's law, the cup parameters, and the flow rates from Figure

15 were used to calculate the difference in hydraulic head through the

wall of the cup for different times during simulated injection. These

calculated values were then added to the specified values at the cup

boundary, yielding the pressure that had to be applied inside the cup to

generate the observed rate of injection. The calculated pressures
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represent an average for the entire cup and have been plotted against

time in Figure 16.

For example, the simulation indicates that at time equal to 100

seconds, 3.24 bars (3300 cm H20) of pressure must be applied to generate

the observed injection rate, which from Figure 15 is seen to be 12 cm3 /s.

Figures 15 and 16 show that at early times - approximately the first 45

seconds, accounting for 18 percent of the total injection - the

simulation does not realistically describe a physical system, because the

required injection pressures would probably exceed the breaking strength

of most samplers. However, within 45 seconds, the physically attainable

pressures of 4.9 bars (5000 cm H20) and less are reached.

Simulated Redistribution

The redistribution of water in the system was observed by

allowing the simulation to continue after injection had ceased. In

Figure 4 (chapter 3), moisture profiles are shown for different times

during the redistribution phase. The vertical axis corresponds to

volumetric water content and the horizontal axis is distance along a

horizontal line from the midpoint of the cup. The baseline at 12.7

percent represents the uniform water content prior to injection.

Profiles are shown for three times after the end of injection, and the

gradual reduction in the moisture content near the cup is indicated by

progressively flatter curves. In time, the moisture profile would

resemble the profile for antecedent conditions.
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These data suggest that the recovery phase must be initiated within

some critical time interval after injection, otherwise little sample will

be collected. The length of the interval will depend upon the soil's

initial water content, and sample volume requirements.

Simulated Recovery

Simulated recovery began at at 720 seconds, immediately after

the cessation of injection. That is, recovery was initiated without

allowing for the period of redistribution described above, which would

have greatly reduced the possible sample volume. The simulation of

recovery was similar to that of injection in that constant values of

hydraulic head were specified at the cup exterior. This time, Darcy's

law was used to calculate the magnitude of vacuum drawn inside the cup,

and these results are shown in Figure 17. The calculated vacuums range

from 0.43 to 0.80 bars; these vacuums are physically attainable.

Figure 5 (chapter 3) is a plot of the cumulative volume of

recovered water against time. The rate at which water was drained from

the soil decreased from initial values, reaching zero inflow near 1216

seconds, after which time the gradient reversed and recovered water was

drained from the cup. The sample should have been brought to the surface

when the recovery rate reached zero.

The simulation suggests that the time by which recovery must be

initiated, the duration of recovery, and the time after which recovered

sample will be lost are all constrained by the rate of redistribution.
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Increasing the quantity of injected water is probably the only way to

increase these critical time intervals.

Simulation of Field Experiment 2 

This simulation differed from the previous one in two important

ways: (1) the flow system explicitly included a porous cup, and (2)

the simulation incorporated soil parameters and input data from field

experiment 2.

Finite Element Mesh

Because the thickness of a real ceramic cup wall (0.24 cm) is

small compared to the size of the simulated flow field (100 by 200 cm),

simplifying assumptions had to be made to keep the number of finite

elements manageable. Unlike a real cup, which contains a large hollow

region, the simulated cup was assumed to be solid with a line sink/source

at its center, and have a proportionately higher hydraulic conductivity.

For a specified head differential, if a solid cup is to transmit the same

flux as a thin walled cup of identical dimensions, then:

Ka = K r ( t1/t2)	 eq. 7

where
Ka is the adjusted hydraulic conductivity used in the simulation
K r is the actual hydraulic conductivity of the cup
t1 is the actual cup thickness
t2 is the adjusted cup thickness used in the simulation

Equation 7 was derived by applying Darcy's law for each cup and setting

the head drops and fluxes through the walls equal.

The effect of this simplification was to allow the elements in

the critical central portion of the mesh to have greater area, thereby
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greatly reducing the total number of nodes and elements in the

simulation. The finite element mesh for this simulation contained 233

nodes and 250 elements. The central portion of the flow field, including

the simulated porous cup, is shown in Figure 18. Nodes 23, 24 and 25,

inside the cup, are the only points in which water can enter or leave the

system.

Material Properties

The assignment of the material properties of the cup used in

experiment 2 was straightforward, because it was assumed never to

desaturate. Thus, the model was assigned moisture characteristic and

relative conductivity curves that were essentially straight lines over

the entire range of expected pressure head values, thereby maintaining

the saturated hydraulic conductivity value.

The parameters of the soil in experiment 2 (described in chapter

4) were used to define the soil in the simulation, with the added

assumption that the soil is homogeneous and isotropic. The UNSAT2 model

calculates the specific moisture capacity (the inverse slope of the

moisture characteristic curve) to solve Richards equation numerically,

and a smooth specific moisture capacity curve enhances convergence to a

numerical solution of a specified flow problem. For this reason, the

experimentally derived pressure-moisture content data were adjusted such

that a smooth specific moisture capacity versus water content curve

resulted.
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- Figure 18. The center portion of the finite element mesh used to
simulate the flow system of field experiment 2. The porous cup lies
within the flow system. Also shown is the moisture distribution that
resulted from 25 minutes of simulated injection.
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The hydraulic conductivity as a function of water content was

calculated using a modification of the method described by Van Genuchten

(1980), which requires that fitting parameters, m and a, be graphically

determined from the moisture characteristic curve, and used to solve the

following equation:

[l_( a h)n 1 [1 + (a h )fli -M] 
2

Kr(h) =	
[ 1+ ( a h) n ]m / 2

where
n = - 1/(m-1)
h = pressure head
K r (h) = relative hydraulic conductivity

The method was slightly modified, in that a computer program was

used to fit the two parameters to the moisture curve using two mandatory

match points. The degree of fit was checked by using the candidate

values of the fitting parameters to calculate a moisture characteristic

curve, which was then checked against the experimentally derived curve.

By this method, m and a were calculated to be 0.37 and 5.50 X 10 -2 ,

respectively, giving the relative conductivity curve shown in Figure 19.

Simulated Injection

It was difficult to simulate the injection phase of field

experiment 2. The experimentally derived moisture characteristic curve

(Figure 9) indicates rapid draining at very low suction, perhaps

resulting from the soil's abundance of macropores. When used as input,

this curve translates into a less than ideal specific moisture capacity

versus water content curve, which, in conjunction with the sharp wetting

front generated during injection, caused model convergence problems.



10 -10

VOLUMETRIC WATER CONTENT (%)
0	 10	 20	 30	 40	 50	 60

65

Figure 19. Relative hydraulic conductivity curve used in the
simulation of field experiment 2. The curve was calculated from
the moisture characteristic curve.
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Simulation of the injection phase thus required extremely small time

steps, large numbers of iterations, and generous error tolerances. As a

consequence, each realization of the injection phase required

considerable computer time.

Injection was simulated by specifying a pressure head at nodes

23, 24, and 25. To approximately match the injection rate of 9.5 liters

in 35 minutes in experiment 2, a simulated injection pressure of 3.43

bars was required, approximately 30 percent larger than the average

injection pressure used in experiment 2. After 35 minutes, the injected

water volume was 9.97 liters, and the simulated system had the moisture

distribution shown in Figure 18, which includes a zone of saturation

around the cup extending approximately 5 cm.

Mass balance calculations are one way to verify that output from

a simulation does not contain large numerical errors. The mass balance

for injection was calculated by comparing the cumulative inflow to the

total amount of water in the flow region, minus the antecedent water

content. Although the calculation was necessarily approximate because

the gradation of water content in the system was discretized, the

calculation verifies that the mass of the water in the system has been

conserved to within four percent error.

Simulated Recovery

Simulated recovery was initiated immediately after the end of

simulated injection, by prescribing a vacuum of 0.83 bars at nodes 23,

24, and 25, inside the cup.
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In the first 30 seconds, the recovery rate was 1.18 ml/s. This

can be considered acceptable, because it is approximately 1/4 the rate of

the last moment of injection, under approximately 1/4 of the gradient.

As in the field and the earlier simulation, the recovery rate decreased

with time, but this simulation predicted that 2000 ml of water would be

recovered in the first hour. This is 22 times the actual volume

recovered in the first hour of experiment 2, and greater than the total

volume that was able to be recovered in four days. The recovery part of

the simulation had clearly failed to match the field data, but the

problem did not appear to result from numerical error. Further attempts

to isolate and correct the problem by manipulation of input data were

deemed to be prohibitively expensive and time consuming (injection would

have had to be repeated for each trial), and ultimately may have proved

unwarranted, because the simulation appears to be internally consistent.

Alterations of the Soil due to Injection

If it can be assumed that a zone of saturation was generated

during field experiment 2, then the following question must be asked:

considering the gradients and the hydraulic conductivities in the system,

why was field recovery during early time so slow?

Subsequent analysis revealed a number of factors which may have

caused the simulated recovery to fail. In a general sense, they can all

be considered hysteretic phenomena, in that the transmissive properties

of the system differed during wetting (injection) and drying (recovery).

Two factors may have led to loss of soil structure and a radical

reduction in the hydraulic conductivity of the medium near the cup.
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First, the deionized injection water had a solute concentration of less

then 1 meq/l, while the soil had a sodium absorption ratio of 1.47

(approximately equal to 2 percent exchangeable sodium), which plots in

the unstable region of Figure 20. This indicates that a soil with

significant clay content would tend to become dispersed (Quirk and

Schofield, 1955), thereby greatly reducing its hydraulic conductivity.

Second, water was injected under an appreciable pressure and flow

rate, possibly altering the soil structure by compression and erosion,

and reducing the hydraulic connection between the cup and the soil.

After a wetting front has passed, entrapped air in isolated portions of

dry soil may become increasingly compressed as water moves in under large

suction gradients, possibly causing additional soil deformation.

If the characteristics of the flow system were radically altered

during injection, then it is not surprising that the inflow rates to the

cup during recovery were lower than predicted by the UNSAT2 model, for it

used moisture characteristic and relative conductivity curves that were

no longer appropriate.
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30

• Figure 20. The concentration of electrolyte solution required to
keep a soil stable at different exchangeable sodium percentages. The
position that the soil in field experiment 2 and deionized water
fall is shown. (Note that deionized water will always fall in the
unstable region.) (Modified after Quirk and Schofield, 1955.)



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The field studies and the computer simulations indicate that the

extended methodology is a way of obtaining soil-water samples regardless

of antecedent moisture conditions. However, the use of the extended

methodology does entail some risk and uncertainty: it may irreversibly

alter subsurface conditions and yield chemical data that, for some

applications, are confusing and of limited value. Injection lysimetry is

therefore best applied after evaluating all available pre-monitoring data

and carefully considering the objectives of the monitoring program.

Further investigation and refinement of the technique may serve to reduce

risk and uncertainty, and enable it to be applied to a larger set of

applications.

Pre-monitoring Data 

Before employing the technique, an attempt should be made to

characterize subsurface conditions to the greatest extent possible. It

is desirable to have samples of soil from the region near the lysimeter

cup, ideally collected during installation.

Knowing the soil type and antecedent moisture conditions may help

guide the selection of the injection rate and volume. Although it is not

clear how the optimal injection rate is affected by soil texture, fine

grained soils tend to have fragile structures, so a low pressure and a
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slow flow rate may be best. Drier soils require a greater injection

volume.

It is also desirable to know the soil-solution chemistry prior to

designing a program of monitoring and chemical analysis, or selecting an

injection fluid. Saturation extracts, or some other method that removes

soil water from soil samples, is one way to do this. At sites where

moisture contents vary temporally or seasonally, it may be possible

during sufficiently wet times to collect samples without injection; these

samples could be analyzed, and stored as an injection fluid to be used in

future, drier times.

Knowing the seasonal and average rates of soil-water flux can aid

in long term monitoring program design. Those sites or seasons in which

the soil is relatively wet may be perturbed by injection for a shorter

period of time than those with comparatively drier conditions. Knowlege

of site specific flux rates will thus aid in the selection of the optimal

time interval between periodic sampling.

Pre-monitoring data will also be required as input parameters if

a computer model is to be used to simulate a field site.

Applications of the Extended Methodology

Injection lysimetry is best suited to those applications where

absolute concentrations of chemical species are not required, and an

adequate sample volume cannot be obtained by using the conventional

methodology. The extended methodology can also be used to improve the

recovery rate in relatively wet soils, or in lysimeter systems with air

leaks.
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Tracer Tests and Containment Leakage

Detecting the first arrival of a target compound at a point in

the unsaturated zone is a suitable application of the injection/recovery

method. Dilution of the sample is not a concern, and periodic samples

can be obtained regardless of subsurface moisture conditions. Detection

of the target compound allows the travel time, velocity, and flux rate of

the soil water to be determined, and can help protect ground water

supplies by providing early warning of waste leakage.

At very dry sites, it is not certain how much repeated sampling

will disrupt the normal drainage patterns. If excessive injection over

time deflects the normal pattern of flow around the lysimeter, the target

compound may never be detected. Future investigations in this area are

warranted.

Site Characterization

Injection lysimetry may also be suited to monitoring the changes

in the relative concentrations of a suite of chemical species over time.

Such an application may be useful at agricultural facilities (e.g.,

studies of pesticide migration), below landfills, and beneath recharge

sites. Because different chemicals have different rates and degrees of

adsorption and diffusion, the most meaningful data would result from

analyses of relatively conservative species. Also, varying degrees of

chemical attenuation or contamination by the cup could render changes in

sample chemistry over time confusing or misleading. This problem can be

minimized by careful selection of lysimeter materials and a thorough

understanding of subsurface chemical processes.
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Alternative Injection Configurations

Lysimeter installations may be designed to give flexible

alternatives to injecting and recovering from the same point. For

example, the installation of one or more injection cups situated a

specified distance above or around a recovery cup will have the following

advantages: (I) continuous injection will allow continuous sampling

until a desired sample volume is attained, (2) irreversible physical and

chemical alterations near the recovery point will be minimized, (3)

alternating the location of the injection point will both increase the

region of soil that could be sampled and allow samples to be collected

more frequently, and (4) injection cups can serve as back-up recovery

cups.

Semi-quantitative Analysis

Meaningful chemical concentrations may be obtainable if the

injected water contains a known concentration of some conservative tracer

and none of the target compounds. The ratio of the concentration of

tracer in the recovered water to its input concentration would then be

related to the percent recovery of native water by:

cn = [ 1 - (C r /C0 )] l oo	 eq. 9

where
Cn is the percent of native water in the recovered sample
C r is the concentration in the recovered water
Co is the concentration in the injected water

Once the percent recovery is known, the concentrations of the

target compounds could be adjusted accordingly. For repeated sampling,

it would be necessary to wait until the soil-water chemistry returned to
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near ambient conditions, and the same tracer could not be used again

until its residual concentration in the medium had become negligible.

Recommendations for Future Study 

Although this study has demonstrated that the injection/recovery

method shows considerable promise, the technique could greatly benefit

from additional investigation and refinement. Exactly how mixing occurs

during injection, and how rapidly, if ever, the soil solution returns to

pre-injection conditions needs to be determined. Highly controlled

laboratory experiments employing tracers, uniform soils, and precise

measurements of the water content and soil suction near a porous cup are

a possible way to accomplish this.

To ensure that samples can be obtained with maximum efficiency

and that chemical data will be as meaningful as possible, methods of

minimizing the alteration of soil structure and solution chemistry due to

injection need to be determined. Valid computer simulations of field

sites may be possible where such alterations do not occur, and a

validated model could aid in the determination of how different soils are

affected by different injection rates and volumes. With sufficient

pre-monitoring data, valid simulations could also be used to make site

specific predictions which could aid in monitoring program design,

anticipating the effects of injection, and choosing the optimal injection

rate and volume. An important first step in the validation process would

be the accurate simulation of highly controlled injection/recovery tests

in the laboratory.
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