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Land Application of Agricultural, Industrial,
and Municipal By-Products Number 6 in the Soil Science Society of America Book Series

Environmental quality is a major issue throughout all parts of the world. Increased concerns over the last several decades have stimulated interest
in recycling by-products from the agricultural, industrial, and municipal sectors of our society.

The chapters in this monograph address most of the major concerns associated with application of various types of by-products to land. The funda-
mental processes involved in recycling by-products through land application are discussed, providing you with a basic understanding of the science involved.
Problems and potential benefits from land application are outlined. Finally, a number of case studies and examples of successful land application technologies
and programs are presented. The chapters of this monograph provide you with a comprehensive reference source on land application of by-product materials.

Land Application of Agricultural, Industrial, and Municipal By-Products. James F. Powers and Warren P. Dick, editors. Published by the Soil Sci-
ence Society of America. Number 6 in the Soil Science Society of America Book Series. Hardcover, 653 pages, 2000. ISBN 0-89118-834-7. Price: $55.00
(members first copy $45.00). Item No. 60901.

Please send me copy(ies) of Land Application of Agricultural, Industrial, and Municipal By-Products.

Method of payment: My Society Membership Number is
___ Check or U.S./international money order enclosed (Payable to: American Society of Agronomy)
___Bill me ($2.00 invoicing charge)

__ Credit card (check one): 4 Visa [ MasterCard ([ Discover A $2.00 processing fee will be added to credit card orders.
Card Number Expiration Date

Print Cardholder’s Name

Name

Address

City

State/Province Zip/Postal Code Country

All payments must be in U.S. funds drawn on a U.S. bank or add $40.00 U.S. to the total amount due. Advance payment and 10 percent per book for postage
is required on all orders outside the United States. Wisconsin residents add appropriate sales tax. All overseas book orders are shipped surface mail unless
airmail shipping costs have been paid in advance. Send your order to: SSSA Headquarters Office; Attn: Book Order Department; 677 South Segoe Road;
Madison, Wisconsin 53711-1086 USA.

Internet: http://www.soils.org E-mail: books@soils.org FAX: 608-273-2021

IMPACTS OF EL NINO AND CLIMATE VARIABILITY ON AGRICULTURE /VEM/
ASA Special Publication Number 63

El Nifio impacts on agriculture, while typically negative, may be positive in some areas. Agricultural impacts are generally strongest
in the Southern Hemisphere. In some large countries, such.as Brazil and the USA, national crop yields reflect little El Nifio influence, be-
cause opposite responses in different regions tend toseancel each other out.

In the USA, El Nifio events often bring storms ¥e the West @east and rain to the South. Connections to the Midwest are generally weak,
but studies have shown that during phases of the El Nifio=[:a Nifia cycle, the U.S. Corn Belt region experiences anomalies in precipitation
and temperature patterns. These fluctuations affect erop-development, which in turn affect yields. This special publication contains papers
that evaluate the impacts of climate variability emcrepproduction and the potential of using seasonal climate forecasts for enhancing agri-
cultural production.

Impacts of El Nifio and Climate Variability on Agriculture. Cynthia Rosenzweig, editor. Published by the American Society of Agron-
omy, Crop Science Society of America, and Soil Science Society of America. ASA Special Publication Number 63. Softcover, 126 pages,
2001. ISBN 0-89118-148-2. Price: $36.00 ($30.00 members first copy). Item No. 40325.

Please send me copy(ies) of Impacts of El Nirio and Climate Variability on Agriculture.

Method of payment: My Society Membership Number is
___ Check or U.S//international money order enclosed (Payable to: American Society of Agronomy)
___ Bill me ($2.00 invoicing charge)

___ Credit card (check one): [] Visa [ MasterCard [ Discover A $2.00 processing fee will be added to credit card orders.
Card Number Expiration Date

Print Cardholder’s Name

Name

Address

City State/Province ___ Zip/PostalCode_____ Country

All payments must be in U.S. funds drawn on a U.S. bank or add $40.00 U.S. to the total amount due. Advance payment and 10 percent per book for postage
is required on all orders outside the United States. Wisconsin residents add appropriate sales tax. All overseas book orders are shipped surface mail unless
airmail shipping costs have been paid in advance. Send your order to: ASA-CSSA-SSSA Headquarters Office; Attn: Book Order Department; 677 South
Segoe Road; Madison, Wisconsin 53711-1086 USA.

Internet: http://www.agronomy.org E-mail: books@agronomy.org FAX: 608-273-2021
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Physical and Chemical Processes of Water ﬁ’ﬂ(ﬁf\lfp
and Solute Transport/Retention in Soils 5554 Special Publication Number 56

The transport and retention of water, nutrients, and inorganic and organic contaminants in the environment is greatly affected by phys-
ical and chemical processes and reactions in porous media such as soils. To definitively and comprehensively understand and model these
processes/reactions, it is important that multiple scales—ranging from the landscape to the molecular—be investigated. Over the past decade
numerous developments at multiple scales, have occurred in the soil, physical, and environmental sciences.

These developments, which are discussed in this book, include: employment of fractal and spatial heterogeneity analyses in describ-
ing transport phenomena; development of sophisticated molecular models; use of in situ spectroscopic and microscopic techniques to elu-
cidate reaction mechanisms and models in soils; and, inclusion of time-dependent phenomena in predicting solute transport/retention in
soils. This publication presents the state-of-the-art on physicochemical processes of water/solute transport/retention. Scientists, professionals,
and students who are interested in aqueous and terrestrial ecosystems will find this publication to be quite beneficial.

Physical and Chemical Processes of Water and Solute Transport/Retention in Soils. H. Magdi Selim and Donald L. Sparks, editors.
Published by the Soil Science Society of America. SSSA Special Publication Number 56. Softcover, 280 pages, 2001. ISBN 0-89118-835-
5. Price: $60.00 (members first copy $50.00). Item No. 60902.

Please send me copy(ies) of Physical and Chemical Processes of Water and Solute Transport/Retention in Soils.

Method of payment: My Society Membership Number is
___ Check or U.S./international money order enclosed (Payable to: Soil Science Society of America)
___Bill me ($2.00 invoicing charge)

__ Credit card (check one): [ Visa [ MasterCard [ Discover A $2.00 processing fee will be added to credit card orders.
Card Number Expiration Date

Print Cardholder’s Name

Name

Address

City State/Province_ Zip/PostalCode _______ Coun
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All payments must be in U.S. funds drawn on a U.S. bank or add $40.00 U.S. to the total amount due. Advance payment and 10 percent per book for postage
is required on all orders outside the United States. Wisconsin residents add appropriate sales tax. All overseas book orders are shipped surface mail unless
airmail shipping costs have been paid in advance. Send your order to: SSSA Headquarters Office; Attn: Book Order Department; 677 South Segoe Road,
Madison, Wisconsin 53711-1086 USA.

Internet: http://www.soils.org E-mail: books@agronomy.org FAX: 608-273-2021

North American Agroforestry: An Integrated Science and Practice

During the 1970s and 1980s, agroforestry was a concept that had very little support. Now agroforestry has suddenly been recog-
nized as a highly specialized technology. Because of the environmental consequences of agricultural and forestry practices that focused
on the economic “bottom line,” the American public is now demanding greater accountability and the application of more ecologically
and socially friendly management approaches.

The contents of this book will introduce the reader to a new and exciting field of study in the USA—one that has broad application
in the agricultural community. The first few chapters focus on the development, ecological foundations, and the status of agroforestry in
the USA. Separate chapters cover technical aspects of the five major agroforestry practices, namely windbreaks, silvopastures, alley crop-
ping, riparian forest buffers, and forest farming. Each is unique, and is interdisciplinary in purpose and operation.

North American Agroforestry: An Integrated Science and Practice. H.E. Garrett, W.J. Rietveld, and R.F. Fisher, editors. Published
by the American Society of Agronomy. Hardcover, 402 pages, 2000. ISBN 0-89118-142-3. Price: $50.00 (members first copy $40.00).
Item No. 10257.
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Suggestions for Contributors to the
Soil Science Society of America Journal

General Requirements

Contributions to the SSSA Journal may be (i) papers and notes
on original research; and (ii) “Comments and Letters to the Editor”
containing (a) critical comments on papers published in one of the
Society outlets or elsewhere, (b) editorial comment or comments by
Society officers, or (¢) personal comments on matters having to do
with soil science. Notes are not to exceed two printed pages; Letters
to the Editor, one printed page. Contributions need not have been
presented at annual meetings. Original research findings are interpre-
ted to mean the outcome of scholarly inquiry, investigation, modeling,
or experimentation having as an objective the revision of existing
concepts, the development of new concepts, or the development of
new or improved techniques in some phase of soil science. Authors
are encouraged to test modeling results with measurements or pub-
lished data. Short, critical reviews or essays on timely subjects, upon
invitation by the Editorial Board, may be published on a limited basis.
See SSSA Publication Policy (Soil Sci. Soc. Am. J. 63:1-3, 1999).

Membership in the Society is not a requirement for publication in
the SSSA Journal; however, nonmembers will be charged for the first
six published pages of a manuscript. To qualify for member rates, at
least one author must be an active, emeritus, graduate student, or
undergraduate student member of SSSA, CSSA, or ASA on the date
the manuscript is accepted for publication.

The Publications Handbook and Style Manual (1998) is the official
guide for the preparation and editing of papers. Copies are available
from the ASA Headquarters, 677 S. Segoe Rd., Madison, WI 53711.

Manuscripts

COPIES—Submit four legible double-spaced copies of each manu-
script on 21.6- by 27.9-cm paper. The lines of type must be numbered
on each page, and at least 2.5-cm margins left on top, bottom, and
sides. Pages should be numbered consecutively. Type legends for
figures (double spaced) on one or more sheets and place at the end
of the manuscipt.

A cover letter should accompany each submission and should in-
clude suggestions of potential reviewers. These reviewers must not
have a conflict of interest involving the authors or paper and the
editorial board has the right to not use any reviewers suggested by
authors.

TITLE—A short title, not exceeding 12 words, is required. It must
accurately identify and describe the manuscript contents.

AUTHOR-PAPER DOCUMENTATION—Include this at the
bottom of the title page. It should include all authors’ names and
complete mailing addresses, sponsoring organization, and date re-
ceived. Use an asterisk in the author byline to identify the correspond-
ing author. Professional titles are not listed. Other information, such
as grant funding, may be included here or placed in an acknowledg-
ment, also on the title page. To ensure an unbiased review, the title
page will be removed during the review process. The title, but not
the byline, should therefore be repeated on the page that contains
the abstract.

TEXT FOOTNOTES—Supplementary notes, such as a disclaimer
on a commericial product, are numbered consecutively starting with
no. 1 and should be typed at the bottom of the text page concerned.

ABSTRACT—An informative, self-explanatory abstract, not ex-
ceeding 250 words (150 words for notes), must be supplied on a
separate page. It should specifically tell why and how the study was
made, what the results were, and why they were important. Use
quantitative terms. The title should be repeated on top of the abstract
page without author identification.

TABLES—Each table must be on a separate sheet and numbered
consecutively. Do not duplicate matter presented in charts or graphs.
Use the following symbols for footnotes in the order shown: 7, .., m,
q, #, +1, ..., etc.

The symbols *, ## and *** are used to show statistical significance
at 0.05, 0.01, and 0.001 levels, respecitvely, and are not used for
other footnotes.

FIGURES—Do not use figures that duplicate matter in tables.
Photographs for halftone reproduction should be glossy prints with
good dark and light contrast. Prepare drawings for graphs and charts
with India ink on white drawing paper or tracing vellum. Typewritten
matter is not acceptable. Sharp photocopies and laser-printed originals
are acceptable if free of distortion.

If possible, use photographs and drawings that can be reduced to

Vi

Manuscripts, four complete copies, should be submitted in dou-
ble blind format (see Abstract and Acknowledgment) to the
Editor:

Dr. Lloyd R. Hossner

Editor, SSSA Journal

Soil and Crop Sciences Department
Texas A&M University

College Station, TX 77843 Phone: 409-845-3814

1-column width (8.5 cm or 20 picas). A good size for a drawing is
twice that desired in the printed figure. It is not desirable to have
capital letters or numbers in the printed illustration smaller than 1.75
mm; lowercase letters or symbols should be not less than 1.25 mm
high. Label each figure with title of article and figure number. Machine
photocopies of charts and graphs, with captions attached, are preferred
in the review process.

REFERENCES—The author-year system is preferred, but the
number reference system will be accepted. If you use the author-year
system, do not number the reference list. Citations should include
names of all authors, year of publication, complete title, publication
or journal title, volume number, and inclusive pages. Keep in mind
the following:

1. Arrange the list alphabetically by the names of the first authors

and then by the second and third authors.

2. Single-authored articles should precede multiple-author articles

for which the individual is senior author.

3. Two or more articles by the same author(s) are listed chronologi-
cally; two or more in the same year are indicated by the letters
a, b, c, etc.

. All published works referred to in the text must be listed.

. Only literature that is available through libraries can be cited.
The reference list can include theses, dissertations, and ab-
stract publications.

6. Material not available through libraries, such as personal com-
munications or privileged data, should be cited in the text in
parenthetical form.

7. Chapter references from books must include author(s), year,
chapter, title, pages, editor(s), book title, publisher, and city.

8. Symposium proceedings should include editor, date and place
of symposium, publisher, and page numbers.

ACKNOWLEDGMENTS—These should be on a separate page

following the title page. The title page and acknowledgments will not

be provided to reviewers so that authors remain anonymous.

REVISION OF MANUSCRIPTS—Authors have four months to

revise and return their manuscript following reviewer and associate

editor comments. If not returned within four months, the manuscript
will be released; it must then be resubmitted as a new paper.

N

Style Guidelines

Both the accepted common name and the chemical name of pesti-
cides must be given when first mentioned in the abstract or text.
Similarly, the Latin binomial or trinomial and authority must be shown
for all plants, insects, pathogens, and animals at first listing in the
abstract or main text.

ST units must be used in all manuscripts (see Publications Handbook
and Style Manual, 1988). Corresponding units may be added in paren-
theses at the discretion of the author.

Length of Manuscript and Page Charges

Volunteered papers will be assessed a page charge of $25 per
printed page for nonmembers for each page from page one through
page six; production charges of $190 per page ($95 per half page) will
be assessed for additional pages for all papers. No page charges will
be assessed against invited review papers, Comments, or Letters to
the Editor.

In general, four manuscript pages will equal one printed page. For
space economy, Materials and Methods, long Literature Reviews,
theory, soil or site descriptions, etc., footnotes, tables, figure captions,
and references are set in small type. Each table and figure will usually
take 1/4 of a printed page.

For tabular matter, 9 lines of typewritten matter equal 1 column-
inch of type. Allow also for rules and spacing. Tables with more than
35 units (including space between words) in a horizontal line can
rarely be set 1 page-column wide.

The depth of a printed figure will be in the same proportion to
the width (1 column = 8.4 c¢m; 2 column = 17.8 cm) as that of the
corresponding dimensions in the original drawing.
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Continued on page iv

This issue’s cover: Rehabilitation of a large gully erosion in Piracicaba (Brazil). Wornout tires
were placed at the bottom of the gully, which are then covered with soil and reforested. The
advantages of this method are an adequate destination of this waste material and a lower cost
if compared with burning in special facilities or disposal in landfills. It also helps to avoid
inappropriate destinations such as open air burning to recover the steel wire and open air storage
which helps to develop mosquito larvae. Some mosquito species such as Aedes aegypti that develop
extremely well in the clean water accumulated in the tires are vectors of tropical epidemic disease
(Dengue Fever). Additionally, less soil is needed to fill up the gully and drainage is improved in

relation to the conventional method where only soil material is used to level the area. A complete
description of this method of gully erosion rehabilitation may be found in: Sparovek, G., S.
Hornink, and E. Schnug. 2001. A solution for wornout tires, gully erosions, forests and dengue
fever. FAL Agricultural Research. volume 51, issue 3/4 or under http://www.pb.fal.de/en/.
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Time Domain Reflectometry Sensitivity to Lateral Variations
in Bulk Soil Electrical Conductivity

H. H. Nissen,* P. Moldrup, T. Olesen, and O. K. Jensen

ABSTRACT

It has been assumed, but not proved, that the spatial weighting
and sample volume of Time domain reflectometry (TDR) regarding
bulk soil electrical conductivity (EC,) equal those determined for
the relative dielectric permittivity (K). In this study, two types of
experiments were carried out: (i) sensitivity experiments where the
cumulative vertical weighting as a function of distance between the
probe rods and the soil surface were determined for both K and EC,
at two different soil water contents and (ii) solute diffusion experi-
ments to evaluate the discrepancies between actual and TDR-mea-
sured relative EC, in the case where a steep gradient in EC, passes
the probe. Three-rod TDR probes and a sandy loam soil were used
in both experiments. The sensitivity experiments confirmed that TDR
weights K and EC, equally in the transverse plane. Hence, previously
established relationships to calculate the weighting function and sam-
ple area of a given TDR-probe geometry apply for both K and EC,.
The diffusion experiments showed that if a steep vertical solute gradi-
ent passes a horizontally inserted TDR probe, the TDR-measured
EC, profile will be more spread than the actual profile passing the
probe. This phenomenon of artificial (TDR-induced) diffusion is
caused by (i) TDR probes not representing a point measurement,
and (ii) the nonlinear weighting of K and EC, in the transverse plane.
As the steepness of the solute concentration profile diminishes the
TDR-induced diffusion decreases rapidly and becomes negligible for
most applications. The effect of TDR-probe geometry on the discrep-
ancy between actual and TDR-measured relative concentration was
examined theoretically for selected two- and three-rod probe configu-
rations.

HE SAMPLE VOLUME is an important property of all
measurement techniques applied to quantify a prop-
erty of a medium per unit of volume. In addition, if the
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property of interest is unevenly distributed within the
sample volume of the instrument, it is necessary to gain
knowledge of the weighting function of the instrument,
as well as the spatial distribution of the property in
order to interpret the measurements correctly. Time
domain reflectometry is a widely used nondestructive
method for measuring both volumetric soil water con-
tent (6) and EC, in the field as well as in the laboratory.
Therefore, it is important to determine the spatial sensi-
tivity of the TDR method to soil properties.

Several studies have shown both theoretically (Ferré
et al, 1996) and experimentally (Topp et al., 1982;
Nadler et al., 1991) that TDR measures the length-
weighted average apparent relative dielectric permittiv-
ity (K,) if the relative dielectric permittivity (K) only
varies along the probe rods. Annan (1977a,b), however,
was the first to recognize the potential problem of the
uneven weighting of K in the plane perpendicular to
the long axis of the TDR probe rods and presented an
analytical description of the effect of air- and water-
filled gaps at the inner and outer conductor of a coaxial
cell (Annan, 1977a) and around the probe rods of a
two-rod balanced TDR probe (Annan, 1977b). He con-
cluded that even small air- or water-filled gaps at the
surface of the waveguide have a significant influence
on the TDR-measured K, in soil.

Knight (1992) conducted an analytical investigation
of the spatial sensitivity of the coaxial cell and the two-
rod balanced probe positioned in media of uniform or

Abbreviations: DC, direct current; D,, solute diffusion coefficient;
EC, relative electrical conductivity; EC,, bulk soil electical conductiv-
ity; EM, electromagnetic; A, height; G(x, y), relative sensitivity func-
tion; K,, apparent relative dielectric permittivity; K, relative dielectric
permittivity; TDR, time domain reflectometry; W(h, B, D), cumula-
tive vertical weighting function; w(x, y), spatial weighting function;
w(y ), vertical weighting function; ARelative EC,, TDR-measured rela-
tive EC, distrubution: 6, volumetric soil water content; p, the dimension-
less radius.
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close to uniform K, and derived analytical expressions
for the spatial weighting function [w(x, y)] and relative
sensitivity function [G(x, y)] in the plane perpendicular
to the long axis of the probe rods. These functions
proved that TDR weights the dielectric within the sam-
ple volume nonlinearly in the plane perpendicular to
the long axis of the probe rods with local maximums at
the surface of the rods. Knight (1992) also showed that
w(x, y) is proportional to the spatial energy density
distribution of the electrostatic field and is also indepen-
dent of the level but depends on the shape of nonuni-
formly distributed K in the plane perpendicular to the
long axis of the probe rods. Hence, the sample volume
of TDR is independent of 6 if 6 is homogeneously dis-
tributed in the soil.

Knight et al. (1994) derived a relative sensitivity func-
tion for the general case of a N + 1 rod probe (N = 2)
showing that the energy and hence the weighting of
three-rod probes is much more concentrated in the re-
gion close to the probe rods compared with two-rod
probes of similar dimensions. By integrating w(x, y) for
the two-rod probe over the plane perpendicular to the
long axis of the probe rods bounded by a surface at
height (h) parallel to the probe axis passing the center
of both probe rods, Knight et al. (1994) derived an
expression to calculate the relative cumulative vertical
energy distribution below a surface at 4. The expression
is referred to in this study as the cumulative vertical
weighting function [W(h, B, D)| where B is the rod
diameter and D is the rod spacing. This expression is
very useful to estimate the necessary minimum distance
to the soil surface if two-rod TDR probes are inserted
horizontally close to the soil surface.

Petersen et al. (1995) carried out an empirical investi-
gation of W(h, B, D) by gradually decreasing & above
various two-rod TDR probes (different B and D). Al-
though the theoretical expression for W(h, B, D) does
not account for the effect of the steep gradient in K at
the interface between air and soil, Petersen et al. (1995)
showed an excellent agreement between experimentally
obtained relative soil water contents and W(h, B, D)
by Knight et al. (1994).

Recently, Knight et al. (1997) presented a numerical
analysis enabling them to calculate w(x, y ) for any TDR-
probe configuration regardless of the spatial K distribu-
tion. Hereby one of the big hurdles in TDR-probe design
has been resolved. Using the numerical approach, Ferré
et al. (1998) calculated the sample area of the majority
of the TDR-probe designs used within soil science.

All the quoted studies have focused on the spatial
weighting of K or on the effect on TDR-measured K,
if K varies in the plane perpendicular to the long axis
of the probe rods. However, the spatial weighting and
the effect of spatially variable electrical conductivity
(EC) on TDR-measured EC, is an unresolved problem.
In numerous solute transport studies using TDR, it has
been assumed that the spatial weighting of EC equals
the weighting of K, although no actual proof has been
provided. In the same studies, the TDR-measured break-
through curves have subsequently been interpreted
without paying attention to the spatial weighting of the

solute within the sample volume of the probe. The ob-
jectives of this study were (i) to experimentally investi-
gate if TDR weights K and EC equally in the plane
perpendicular to the long axis of the probe rods and
(ii) experimentally investigate the suitability of TDR to
measure sharp gradients in EC.

THEORY

To investigate the spatial sensitivity of TDR in two dimen-
sions, Baker and Lascano (1989) conducted a laboratory ex-
periment in which they changed the spatial distribution of K
by placing an array of water-filled glass tubes in the plane
perpendicular to the long axis of the probe rods and subse-
quently removed one or several of the tubes. However, to
measure the EC, the probe rods need to be in direct contact
with the medium of interest. Thus, a simultaneous study of the
spatial sensitivity of TDR towards EC and K in two dimensions
calls for an electrical conductive media with a constant EC
and K that can be removed in small sections in an array type
pattern. In practice, it is difficult if not impossible to remove
small cylinders of material parallel to the probe axis with the
accuracy required to obtain a detailed description of both
sensitivities. Therefore, we assume that it is possible to inte-
grate the sensitivities over one of the axes in the plane perpen-
dicular to the long axis of the probe rods, thereby reducing
the sensitivity to a function of a single direction. We have
decided to compare the integrated sensitivities as a function
of a single direction as represented by the aggregate TDR-
measured EC or K in order to reduce the complexity of the
experiments. Therefore, if the integrated sensitivities are
equal, then the hypothesis regarding the equality between the
EC and K sensitivities is correct, given that it is very unlikely
that two different sensitivity distributions have the same inte-
grated values over a given direction because of the complex
nature of the distribution.

Consider a TDR probe inserted with all rods in a horizontal
plane close to the soil surface. A part of the sample area
perpendicular to the long axis of the probe rods is above the
soil surface (in the air) and another part is below (in the soil).
Both air and soil contribute to the TDR-measured K, which
can be described as (Knight, 1992),

Ki= foK(x, }’)W(X» y)dA [1]

where () is the region surrounding the probe, dA is an element
of area in (2, K(x, y) is the spatial distribution of K within (),
and w(x, y) is the spatial weighting function, depending on
K(x, y) and defined as (Knight, 1992),

VP

[TalVb,PdA 2l

w(x, y) =

where V@, and V® is the gradient in electrostatic potential
corresponding to a homogenous and heterogenous K distribu-
tion, respectively. In the case of the horizontally inserted TDR
probe, the x-axis passes the origin of the TDR-probe rods and
is parallel to the soil surface. By assuming that K is homoge-
neously distributed in both soil and air, K reduces to a function
of y. If the soil surface is positioned at y = h, Eq. [1] can be
written as,

h o

Ko = K [ Jw(x, y)dA + Kyf [ w(x, y)AA 3]

—o0—o0

where K, and K, are the apparent relative dielectric permit-
tivities of soil and air. Since w(x, y) has total integral unity
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(Knight, 1992), Eq. [3] can be written as,

h o

K. = K J [ w(x, y)dA + Kull = | Jw(x,y)dA| [4]

—oo—60 —oo—o0

Rearranging Eq. [4] and solving for the cumulative vertical
weighting function gives,

h e K = K .
5 dA = a air 5
_{"_f""W(x y) Ksui[ o Kair [ ]

Thus, by changing 4 from « to 0 and simultaneously measure
K, enables us to experimentally determine the cumulative
vertical weighting of soil and air as a function of &, hereafter
labeled W(h).

Now consider the soil as a conductive media separating
the TDR-probe rods of the horizontally inserted TDR probe.
According to Ohm’s First Law, the magnitude of a current (U)
is given as the ratio between the gradient in the electrostatic
potential and the resistance (R). By multiplying this expres-
sion by the ratio of the surface area (A*) to the length (L)
of the body through which the current flows an expression
for the flux density of charges per unit length (/) is obtained.
Written for two dimensions the expression for J yields,

J(x,y) = EC(x, y)V®(x, y) (6]

where J(x, y) equals (L/A*)U(x, y) and EC(x, y) equals (L/
A*)R(x,y)"". In an electrically conductive medium the magni-
tude of the charge flux density is proportional to the energy
loss of the electromagnetic (EM) waves because of direct
current (DC) conductance. So the contribution to the loss in
energy of the EM waves arising from the conductivity at point
(x,y) is weighted by the gradient in the static voltage distribu-
tion at the same point.

Equation [6] is analogous to the expression for the electric
flux density (D) of the electrostatic field,

D(x,y) = K(x, y)V®(x, y) [7]

where the relative dielectric permittivity [K(x, y )] can be con-
ceptualized as the ability of the media in point (x, y ) to conduct
electrostatic potential. It should be pointed out that ®(x, y)
is a function of K(x, y), which again is a function of EC(x,
y). However, K{(x, y) and hence ®(x, y) is almost independent
of EC(x, y) at the frequencies where K is measured by TDR.
Therefore, the distribution of ®(x, y) generally depends on
the waveguide geometry (the TDR-probe rods) and the distri-
bution of K(x, y) in the region perpendicular to the long axis
of the waveguide.

In conclusion, the driving force of both the charge flux
density and the electric flux density is the gradient in the
electrostatic potential [®(x, y)]. Since the distribution of ®(x,
y) determines the weight by which a given K within the sample
area contributes to K, it seems reasonable to assume that this
also applies for EC. The TDR-measured EC, can then be de-
scribed as,

EC, = JJoEC(x, y)w(x, y)dA (8]

where w(x, y) is given by Eq. [2].

Now, consider the horizontally inserted TDR probe at dis-
tance h below the soil surface. By assuming a uniform EC
distribution in both soil (EC,;) and air (EC,;), it is possible
to derive an expression for the cumulative vertical weighting
function in the exact same way as was done for K,

s EC; — EC;
2 dA = amr 9
j“’!“W(x y) ECsuil == ECair [ ]
Since EC,; is ~0, Eq. [9] reduces to
B e EC,
, V) dA = —— 10
T I wxypd = g [10]

Thus, changing 4 from e to 0 and simultaneously measuring
EC, in a medium where EC, is homogeneously distributed
enables us to determine experimentally the cumulative vertical
weighting of soil and air as a function of A.

Three-rod TDR probes are known to have a smaller sample
area in the plane perpendicular to the long axis of the probe
rods compared with two-rod probes of equal rod thickness
and spacing (Ferré et al., 1998). Therefore, a three-rod probe
was chosen for the experiments in this study to enable the
use of relatively small soil columns and hence make the experi-
ments less labor intensive and time consuming. The chosen
probe design is shown in Fig. la. It is specially designed for
use in combination with circular (0.1 m o.d.) metal cylinders
containing either repacked or undisturbed soil.

A functional description of the vertical weighting function
[w(y)] for the three-rod probe is needed to evaluate the im-
pact on TDR-measured EC, of the expected heterogeneous
weighting of EC(x, y) in the plane perpendicular to the long
axis of the probe rods in the case where a steep vertical gradi-
entin EC (varying in the y-direction only) is passing a horizon-
tally inserted three-rod TDR probe (probe rods positioned at
y = 0). Hence, to calculate the resulting TDR-measured EC,,
the w(y) of the given TDR probe must be known. As stated
above, w(y) depends on K(x, y) which is a weak function of
EC(x, y). That is, an expression for w(y) derived under the
assumption of a homogenous K(x, y) distribution is expected
to be a good approximation for w(y) if EC(y) is the only
variable (constant 0). Whereas an analytical expression for
the spatial weighting function (Eq. [2]) exists for two-rod TDR
probes in the case of a homogenous K(x, y) distribution, an
equivalent expression has unfortunately never been derived
for three-rod probes. Instead an empirical expression was de-
rived which can be fitted to an experimentally determined
w(y) for the three-rod probe shown in Fig. 1a. The derivation
of the empirical w(y) expression is based on a homogenous
K(x, y) distribution assumption.

Knight et al. (1994) presented a relative spatial sensitivity
function in polar form for the N + 1 rod probe,

1
[1 — 2p* cos 2N¢ + p*V]

Galp.e) = (11]
p

where ¢ is the angle and p is the dimensionless radius given
by (r/d), where r is the actual radius and d is the distance
between the centre rod and one of the surrounding grounded
rods. Inserting N = 2 (three-rod probe) into Eq. [11] and
transforming to Cartesian coordinates yields,

Gy(X,Y) =
1
(X2 + YH)[1 — 2(X* + Y?)? cos(4tan '(Y/X)) + (X* + Y?)]
[12]
where X = x/d and Y = y/d. The number 4 in the cos4 term
determines the number of grounded wires surrounding the
center conductor; i.e., the cos2N term in Eq. [11] is in error

(J. Knight, personal communication, 2000). Hence, the relative
spatial sensitivity function for a three-rod probe is given by,
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STAINLESS STEEL I

ROD (0.d. =2 mm) \
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ROD (0.d. =5 mm)

POM PLASTIC
HOUSING

EPOXY ADHESIVE

39.60

G,(XY)

Relative spatial sensitivity,

X (b)

Fig. 1. Illustration of (a) the three-rod probe used in this study (all

measures are in millimeters) and (b) the relative spatial sensitivity

function [ G,(X, Y)] as a function of the dimensionless coordinates

X and Y in the plane perpendicular to the long axis of the TDR

probe rods of a three-rod TDR probe. Note the logarithmic scaling
on the relative spatial sensitivity axis.

G(X,Y) =

1
X + Y)[1 — 20X + Y?)? cos(2tan(Y/X)) + (X + Y?)']

(13]
and is shown in Fig. 1b. Note the logarithmic dimensionless
scale on the G,(X, Y) axis and the relative X = x/d and Y =
y/d axis. The relative spatial sensitivity function is a normalized
weighting function which is independent of the ratio between
probe rod diameter and rod spacing (Knight et al., 1994).
Figure 1b is an excellent illustration of how a three-rod probe,
as used in this study, weights a surrounding homogeneous
medium. It clearly shows one of the dilemmas of TDR when

applied for measuring spatially variable distributions of K and
possibly EC since the dielectric and solute are given uneven
weight depending on the position within the sample area.
Furthermore, a heterogenous K distribution will change the
weighting function compared with the homogenous case.
Hence, a cumulative weighting function is a function of the
direction of integration within the X-Y plane. Equation [13]
does not show total integral unity which is the case for w(x,
y) (Knight et al., 1994). Therefore, we define the relative
cumulative vertical sensitivity function [F,(H )] as,

I T Gy(X. Y)dxdy

FiH) = }anc;z(x, Y)dXdY L1d]

where H = h/d. It is obvious that F,(H) does not readily
describe an experimental obtained W(# ) for the probe in Fig.
la because of the normalization applied in the derivation of
G,(X, Y). However, the shape of F,(H) is expected to be
similar to the shape of W(/) and can be brought to provide
a good fit of the experimental data with the right choice of d
(hereafter referred to as d*) which might differ from the real
probe rod separation. Thus, the universal W(k) for the TDR

probe used in this study (Fig. 1a), neglecting the influence of
the K(x, y) distribution, is defined as,

W = J Twevaa= B2 ps)

—o0—o0

It should be emphasized that Eq. [15] is empirical because of
the optimization of @*. It follows from Eq. [14] and [15] that
w(y) can be calculated as,

[ Go(X*, Y¥)dX*
w(y) =

ff/t_gz(X", Y*)dX*dY* [16]

where X* = x/d* and Y* = y/d*. Since w(y) is defined it is
possible to calculate the theoretical TDR response (EC,) to
a given EC distribution varying only in the y-direction of the
plane perpendicular to the long axis of the probe rods [EC(y)],

EC, = [ w()EC()dy [17)

MATERIALS AND METHODS

Two types of experiments were carried out: (i) sensitivity
experiments, comparing the spatial weighting of K with EC
in the plane perpendicular to the long axis of the TDR-probe
rods and (ii) diffusion experiments, comparing actual and
TDR-measured relative EC, in soils with a temporally decreas-
ing gradient in EC.

In the sensitivity experiments, 16 identical stainless steel
pipes (0.096 m i.d., 0.1 m o.d., and 0.1 m high) were packed
with soil wetted to 6 = 0.153 m* m™> or 6§ = 0.244 m® m,
respectively, at a bulk density (p) of 1.47 Mg m>. A steel
pipe packed with soil is referred to as a half-cell. In eight of
the half-cells, the soil was wetted by tap water, and in the
remaining eight, the soil was wetted by a 0.07 M KCl solution
based on tap water, referred to as the KCl solution. Sixteen
specially designed three-rod TDR probes (0.02-m rod spacing,

0.002-m rod diam., 0.084-m length of conductor) (see Fig. 1a)
were inserted in the half-cells through holes in the steel pipes,
one probe per half-cell, at eight fixed distances (/) below the
soil surface (7 = 0.0025, 0.005, 0.010, 0.015, 0.020, 0.025, 0.035,
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and 0.05 m). Hence, for each value of i, two TDR probes were
inserted in two different half-cells, one probe was inserted in
a half-cell wetted by tap water and one probe was inserted in
a half-cell wetted by the KCI solution. Subsequently, the half-
cells were sealed by Parafilm (American National Can, Men-
asha, WI) and left to equilibrate for 24 h in a temperature
regulated room at 20°C before the Parafilm was removed and
K, and EC, were determined by TDR (four measurements
per probe).

Two different experimental procedures were applied in the
diffusion experiments, hereafter referred to as Method I and
II. Method I was based on the sensitivity experiment. After
completing the four TDR measurements per probe the half-
cells were assembled in pairs depending on the position of
the probes (equal /) such that the soil wetted by KClI solution
came in contact with the soil wetted by tap water. Hereby
eight soil columns with a steep gradient in KCI at the interface
were created. Then, the columns were left for 189 d at 6 =
0.153 m’m* and 10.8 d at 6 = 0.244 m°’m " to allow diffusion
of solutes to occur via the liquid phase from one half-cell to
the other. During this period, measurements of K, and EC,
were carried out by TDR every half an hour. Only 14 half-
cells were used at 6 = 0.244 m’m 3, measurements were not
carried out at 2 = 0.035 m.

Method II differed slightly from Method I. Instead of assem-
bling two separate repacked half-cells, the soil wetted by the
KClI solution was packed directly on top of the repacked soil
column wetted by tap water. Three TDR probes (Fig. 1a)
were inserted in each half-cell during packing at the following
distances from the interface; y = 0.005, 0.015, and 0.035 m
before the cells were positioned in a temperature regulated
room at 20°C. The diffusion experiments following Method
IT was carried out at two different levels of 6 (6 = 0.156 and
0.256 m* m—3) but at equal bulk density (p = 1.47 Mg m™)
and lasted for 16.8 and 9.9 d, respectively.

At the end of all the diffusion experiments, the soil columns
were cut in sections and the CI~ concentration determined
by extraction on a Technicon TRAACS 800 Autoanalyser
(Technicon Industrial Systems, Tarrytown, NY).

The soil used in this study was a Foulum sandy loam (Typic
Hapludult) [Sand (20-2000 pm) = 78.9%, Silt (2-20 pm) =
11.3%, Clay (<2 pm) = 9.8%] collected from the top 0.2 m
of an agricultural field at Research Center Foulum, Denmark.
The soil was passed through a 2-mm sieve, and mixed thor-
oughly to obtain a homogenous mixture before it was packed
into the steel pipes. Olesen et al. (2001) measured the soil
water characteristic curve of the Foulum soil. According to
their data the matric potential () in Foulum soil equals ~
—3.5 m H,0 at 6 ~ 0.25 m* m 3 whereas { equals ~ —15 m
H,O at 6 ~ 0.15 m* m 3, i.e., 6 was well below field capacity
in all the experiments in this study.

The TDR equipment consisted of a Tektronix 1502B cable
tester equipped with an RS 232 interface (Tektronix, Beaver-
ton, OR) and a 16-probe Dynamax multiplexing system (Dy-
namax Inc., Houston, TX). The K, and EC, were determined
from the TDR trace by the TACQ software (Dynamax Inc.,
Houston, TX) based on the principles of Heimovaara and
Bouten (1990) and Wraith et al. (1993), respectively.

RESULTS AND DISCUSSION

Figure 2 shows the cumulative weighting of the soil
as a function of distance to the soil surface, W(k), calcu-
lated by Eq. [5] and [10] from measurements of K, and
EC, obtained with TDR in the sensitivity experiment.
Note that K; in Eq. [5] equals K, at # = 0.05 m and

04
o K, (Eq[5)
92 L Eq.18]
o EC, (Eq.[10)) 6=0.153m’m*® (a)
0,0 e a By g g b a g g ol g g g Kog g g o f x5
0 10 20 30 40 50

0]

Cumulative vertical weighting, W(h)

0,4 |
L o K, (Eq.[5)
02}
" —— Eq.[15]
o EC, (Eq.[10]) 6=0.244 m’m® (b)
0,0....l....l.ALAI...AL,,..l..
0 10 20 30 40 50

Distance, h [mm]

Fig. 2. Comparison between the cumulative vertical weighting [ W(h)]
calculated from TDR-measured soil water content (6) and bulk
soil electrical conductivity (EC,) as a function of distance to the
soil surface (h) at two different soil water contents: (a) 6 = 0.153
m’ m * and (b) 6 = 0.244 m* m >. Also shown is the universal
cumulative vertical weighting function (Eq. [15]) for the TDR
probe shown in Fig. 1a (solid line).

K, = 1. A similar approach was applied in Eq. [10]
were EC,,; equals EC, at & = 0.05 m. Each data point
in Fig. 2 represents the average of measurements ob-
tained by two TDR probes positioned at the same 4 in
two different half-cells prior to their assembly. There is
a striking agreement between the cumulative weighting
obtained by Eq. [5] [W(h)k,] and [10] [W(h )gc,] espe-
cially in the experiment carried out at 6 = 0.244 m* m 3
(Fig. 2b) where differences are practically nonexistent.
The minor scatter in the data obtained in the experiment
carried out at § = 0.153 m’m " shows a trend toward a
lower level of W(h)gc, compared with W(h),. When
calculating W(h ), from Eq. [10] it is assumed that
EC,,; equals EC, at 4 = 0.05 m, so errors in the determi-
nation of EC, at this depth will effect all W(h )gc, values
except at 7 = 0.05 m. However, this type of error should
lead to a decreasing absolute error with decreasing
W(h )gc, which is clearly not the case. The error source
is most likely a reduced contact area between probe
rods and soil. This is supported by the difficulty to pack
the soil at a uniform p and the difficulty to obtain a
satisfactory contact between the TDR-probe rods and
the soil at § = 0.153 m* m~3, especially at 2 = 0.0025 m,
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which is the likely cause of the major underestimation
of both W(h)gc, and W(h)y, at this depth. It should be
emphasized that W(h), shown in Fig. 2, is only valid for
the TDR-probe design shown in Fig. 1 and for the given
spatial K distribution which changes as a function of y.
Hence, theoretically W(k), on Fig. 2a and 2b, should
be slightly different because of the differences in K(x,
y) (K of soil at 6 = 0.244 m* m? is higher than at § =
0.153 m* m?). The magnitude of the difference is likely
too small to be revealed in an experimental investigation
and calls for a numerical analysis as the one carried
out by Knight et al. (1997) and Ferré et al. (1998). In
conclusion, despite the minor scatter at 6 = 0.153 m?
m?, our measurements have proved that TDR weights
EC and K equally in the plane perpendicular to the
long axis of the probe rods.

The secondary objective of this study was to examine
the discrepancies between actual and TDR-measured
EC, in the case where a steep gradient in EC passes
the probe. This was done in the diffusion experiments
where half-cells wetted with tap water and a KCl solu-
tion, respectively, and equipped with a single TDR
probe (Method I) or three TDR probes (Method II)
per half-cell at varying distances (/) from the soil sur-
face were assembled and subsequently EC, was mea-
sured by TDR as a function of time. In these experi-
ments, the TDR probes were totally surrounded by soil,
i.e., W(h) was expected to differ slightly from the func-
tions determined in the sensitivity experiment (Fig. 2).
Petersen et al. (1995) compared an expression for W(h),
derived by Knight et al. (1994) for two-rod probes, with
the relative soil water content as a function of 4 obtained
by gradually decreasing the distance between the soil
surface and various horizontally inserted two-rod TDR
probes. Although the expression for W(h) is derived
for a homogenous K distribution, there was an excellent
agreement between this expression and the TDR-mea-
sured relative soil water contents. Therefore, it was de-
cided to use W(h) determined at 6 = 0.244 m’ m*
in the sensitivity experiment as a universal cumulative
vertical weighting function for the TDR probe shown
in Fig. 1a, hereby ignoring the dependency of K(x, y).
A functional expression describing the data in Fig. 2b
was obtained using least squares optimization of Eq.
[15] (by changing d*) to the measured W(h) profile.
The integration of G,(X*, Y*) was solved numerically
by calculating the volume under the plane shown in Fig.
1b, transformed to the X*, Y* system of coordinates
omitting the volume occupied by the probe rods. The
best fit was obtained for d* = 0.03 m and the result is
shown in Fig. 2. By differentiating the universal W(h)
in Fig. 2 with respect to y, w(y) is obtained. Hence, the
resulting EC, from all EC distributions varying only in
the y-direction of the plane perpendicular to the long
axis of the probe rods can be calculated directly.

Figure 3 shows an example of the relative Cl~ distribu-
tion determined by extraction at the end of the diffusion
experiment carried out at § = 0.256 m* m* (Method
II). Also shown is the optimized analytical solution to
Fick’s second law for diffusion of solutes in soil (Crank,
1975, p. 414). The solute diffusion coefficient (D, =

1,0 F
0,8 [
0,6 -
04}
0,2k
t=99d

0=0.256 m°m”

O OIS I R RS ) U W o A S
-100 -80 -60 -40 -20 O 20 40 60 80 100

Relative CI” concentration

0,0 F

Distance, y [mm]

Analytical solution O Measured concentration

Fig. 3. Example of the relative Cl~ concentration measured by extrac-
tion of the soil solution at the end of the diffusion experiment
(Method II) carried out at & = 0.256 m*® m * as a function of
distance to the interface between the two half-cells.

10.17 cm?s™') was determined in a least squares optimi-
zation to the relative C1~ concentrations in Fig. 3. There
is an excellent agreement between the measured relative
CI™ concentration and the analytical solution. Similar
goodness of fit was observed in all the paired half-cells.
Therefore, it was assumed that the analytical solution
provide an adequate description of the relative Cl~ dis-
tribution in the paired half-cells at any time during the
diffusion experiments.

Figure 4 shows the relative EC, measured by TDR in
the diffusion experiment (Method I) at § = 0.244 m* m*
as a function of distance to the interface immediately
after (Fig. 4a) and 5.9 d after (Fig. 4b) the half-cells
were assembled. Note that the interface between the
half-cells is positioned at y = 0. For comparison, the
theoretical relative EC, response as a function of depth
(solid line) is calculated using Eq. [17]. The actual distri-
bution of relative EC(y) needed in Eq. [17] to calculate
the theoretical relative EC, response is shown in Fig. 4
as a dotted line. At r = 0 d, the actual distribution is a
step function rising from zero to one at the interface,
whereas at 1 = 5.9 d the actual distribution was calcu-
lated using an average solute diffusion coefficient deter-
mined by fitting the analytical solution to the relative
Cl™ concentration profiles measured in the eight paired
half-cells at the end of the experiment. Therefore, the
actual relative EC(y) profile in Fig. 4b represents a
relative C1~ concentration profile. In a KCl solution the
relationship between the EC and the Cl~ concentration
is close to linear for CI™ concentrations below 0.05 M
(Vogeler et al., 1996). A linear relationship also exist
between EC, and the EC of the soil solution beyond a
threshold level of EC at constant 6. Rhoades et al.
(1976), Vanclooster et al. (1994), and Vogeler et al.
(1996) reported linearity at EC values >0.25 S m™!
whereas Rhoades et al. (1989) reported linearity at EC
values >0.10 S m~". The nonlinear behavior below the
threshold level is believed to be influenced by clay con-
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Fig. 4. Comparison between the actual distribution of relative electri-
cal conductivity (EC), TDR-measured relative bulk soil electrical
conductivity (EC,) and the theoretical distribution of TDR-mea-
sured relative EC, as a function of distance to the interface between
the half-cells at (a) the beginning (r = 0 d) and (b) 5.9 d after the
half-cells were assembled in the diffusion experiment (Method I)

carried out at 6 = 0.244 m* m >,
tent and Na* saturation (Shainberg et al., 1980). Since
the soil used in this study is a sandy loam and EC >
0.10 S m™" in all the experiments (unpublished data),
linear relationships were assumed to exist between EC,,
EC of the soil solution, and the CI~ concentration, justi-
fying the comparison between relative EC, and relative
Cl concentration in Fig. 4. From Fig. 4a, it is evident
that the TDR-measured relative ECy(y ) provide a false
image of the actual distribution of relative EC(y) in the
two half-cells. An increasing part of the sample volume
is in the adjacent cell as the probes approach the inter-
face hereby creating what could be denoted as artificial
(TDR-induced) diffusion. There is an excellent agree-
ment between measured and theoretical relative ECy(y)
in the soil wetted by the KClI solution (y > 0) whereas
the agreement is less convincing in the half-cells wetted
by tap water (y < 0). A likely explanation could be
insufficient contact between probe rods and soil. In ad-
dition, the measurement originates from 14 individual
half-cells and although they were assumed identical
there will always be small differences between the cells.

Asthe Cl™ spreads, the steepness of the actual relative
EC(y) profile decreases, which reduces the differences

1,0 — ----- Actual profile rivls £ it s
+ —— TDR (theor.)
R 0,85— O TDR (meas.)
O r
W o6fF
m -
2 i
© o04f
(0] i
e L
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0,0} -~ TO----o 6 =0.256 m°m”
emo bopog gl pg b o 5 g 5
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Distance, y [mm]

Fig. 5. Comparison between the actual distribution of relative electri-
cal conductivity (EC), TDR-measured relative bulk soil electrical
conductivity ( EC, ), and the theoretical distribution of TDR-mea-
sured relative EC, as a function of distance to the interface between
the two half-cells at the beginning (# = 0 d) of the diffusion experi-
ment (Method II) carried out at = 0.256 m* m °.

between the measured and the actual profile. This is
evident from Fig. 4b showing measurements of ECy(y)
obtained 5.9 d after the half-cells were assembled. The
difference between the actual and theoretical profile is
very small and the measurements are well described by
the actual profile. The probe positioned at y = —0.0025 m
continues to underestimate relative EC, supporting that
there was insufficient contact between probe rods and
soil at this depth.

Figure 5 shows the actual, TDR-theoretical (Eq. [17]),
and TDR-measured relative ECy(y) obtained immedi-
ately after assembling the half-cells in the diffusion ex-
periment (Method II) carried out at 6 = 0.256 m* m >
The effect of the steep gradient in relative EC(y) on
TDR-measured relative EC,(y) is evident and the mea-
surements provide a false impression that the solute has
already spread at r = (. This again proves the phenome-
non of artificial (TDR-induced) diffusion. Although the
theoretical relative EC,(y) distribution is only an ap-
proximation of the real distribution, since the theoretical
EC,(y) is obtained for a varying heterogenous K distri-
bution, it is in very good agreement with the TDR-
measured values.

Figures 4a and 5 have shown that because of the size
and the nonlinear weighting of solute within the sample
area perpendicular to the long axis of the probe rods
TDR-measured relative EC, profiles cannot be used to
determine D, in soils if the actual relative concentration
profile show a steep increase in concentration. However,
Fig. 4b shows that the difference between the actual and
TDR-measured relative EC, profiles diminish rapidly as
the concentration profile become more spread. There-
fore, it should be possible to determine D, in soil with
TDR if one waits until the profile is sufficiently spread.
The question is when the error because of artificial
(TDR-induced) diffusion becomes negligible compared
with the solute diffusion.

In Fig. 6, the absolute difference between actual rela-
tive EC, [calculated using the analytical solution to
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Fig. 6. Temporal development in absolute difference between the actual
relative bulk soil electrical conductivity (EC,) distribution and the
theoretical TDR-measured relative EC, distribution (ARelative
EC, ) as a function of distance from the half-cell interface calculated
theoretically from the soil data (6 and D, ) obtained in the diffusion
experiment (Method II) carried out at 6 = 0.256 m* m >,

Fick’s second law of diffusion (Crank, 1975, p. 414)]
and theoretical TDR-measured relative EC,, profiles is
shown as a function of distance to the half-cell interface.
The difference is labeled ARelative EC,. Data (6 and
D,) from the diffusion experiment (Method II) carried
out at = 0.256 m® m 3, was used to determine ARela-
tive EC, at various times after the half-cells were assem-
bled. It is evident that the influence of artificial (TDR-
induced) diffusion decreases over time as expected from
Fig. 4a and b. Furthermore, the peak value in ARelative
EC, shows a tendency to move from the center towards
the open ends of the half-cells. Consider the relative
spatial sensitivity function [G,(X, Y) in Fig. 1b and as-
sume it is independent of the solute concentration distri-
bution in the X-Y plane. Then assume that solute diffu-
sion occurs from a line source perpendicular to the X-Y
plane and parallel to the x-axis. There is only two special
cases where the TDR-measured EC, will equal the ac-
tual EC, at Y = 0 (the probe axis), that is when the
concentration is totally uniform in the X-Y plane or if
the line source is positioned at Y = 0, i.e., the S-shaped
concentration profile is centered around the probe axis.
This explains why, ARelative EC, = 0 at y = 0 in Fig.
6 despite an increasing spreading of the solute. At all
other positions of the line source (Y # 0), the S-shaped
concentration profile is distributed asymmetrically
around the probe axis and combined with the properties
of w(y) it leads to an erroneous EC, estimate. The peak
value in ARelative EC, occurs at the distance between
the line source and the probe axis where the combina-
tion of a given S-shaped concentration profile and a
given w(y) (depends on the TDR probe) results in the
largest discrepancy between TDR measured EC, and
EC, at the probe axis (Y = 0). Apparently this distance
depends on the spreading of the solute.

Based on our experience from previous solute diffu-
sion experiments using the traditional technique of sec-
tioning and extraction to determine the solute concen-
tration profile and D, at the end of the experiment,
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Fig. 7. Time needed to reach the acceptance criterion, the theoretical
TDR-measured relative ECb distribution (ARelative EC, = 2%),
as a function of soil water content (0) in three different model
soils varying in the value of the Cambell parameter, b, where b =
3, 6, and 12 represents a sand, loam, and clay soil, respectively.

the variations in the relative concentration because of
measurement errors is of the order of 2%. Therefore,
a maximum acceptable ARelative EC, should be of the
same order of magnitude, i.e., ~0.02, to make the two
techniques comparable. For the case in Fig. 6, the crite-
rion is reached after ~160 h. The time required to reach
the acceptance criterion of ARelative EC, is, however,
a function of both soil type and 6.

Olesen et al. (2001) presented the following soil-type
dependent model to estimate D,

Dp = 1.1(9 = Olh)ODo [18]

D, is the solute diffusion coefficient in soil, D, is the
solute diffusion coefficient in water, 6 is the volumetric
soil water content, and 6 is the threshold soil water
content where solute diffusion approaches zero because
of disconnected water films and high water viscosity
close to soil mineral surfaces. Olesen et al. (2001) sug-
gested that 6, can be estimated from pore size distribu-
tion,

8 = 0.02b [19]

where b is the Cambell (1974) pore-size distribution
index equal to the slope of the soil-water characteristic
curve in a log-log coordinate system. By choosing b
values of 3, 6, and 12, D ,(8) values representing a sand,
a loam, and a clay soil, respectively, can be calculated
from Eq. [18] and [19]. Subsequently, given the 2%
acceptance criterion of ARelative EC, it is possible to
calculate the time needed to reach the criterion for the
three different soils (b values) as a function of 6 and
the result is shown in Fig. 7. An inherent assumption
in the model (Eq. [19]) is that diffusion stops at 6 = 6,
i.e., the time needed to reach the acceptance criteria in
Fig. 7 tends toward infinity as 6 tends toward 6y,. That
is, 0, in Fig. 7 is approximately equal to 6 corresponding
to a required measurement time of 50 d. Based on the
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curves in Fig. 7, an acceptable duration (=2 wk) of
TDR-monitored diffusion experiments can be obtained
for all soil types at 6 values exceeding 6, with ~0.05
m’ m~3,

The curves in Fig. 7 are calculated on the basis of the
w(y) of the three-rod probe used for the experiments
in this study (Fig. 1a). However, the probe-rod geometry
(i.e., number of rods, rod diameter, and rod spacing)
influence on both the size of the sample area and the
weighting of K and EC within the sample area. There-
fore, the acceptance criterion can be reached faster by
choosing a probe that is less sensitive to changes in EC,
in the far field. As mentioned previously an analytical
solution describing w(x, y) does not exist for three-rod
probes. Knight (1992) did, however, derive an analytical
solution of w(x, y) for two-rod probes under the assump-
tion of a homogenous K(x, y) distribution and Knight
et al. (1994) performed an integration of this expression
over x yielding an analytical expression for w(y). Using
this expression, the temporal development in the maxi-
mum ARelative EC, in the diffusion experiment (Method
IT) carried out at 6 = 0.256 m® m~3 was calculated for
five different geometric configurations of two-rod probes
and the three-rod probe used in this study. The results
are shown in Fig. 8a and 8b. The effect of rod spacing
(D) is examined in Fig. 8a and compared with the three-
rod probe used in this study (Fig. 1a) whereas the effect
of rod diameter (B) for two-rod probes is shown in Fig.
8b. By comparing the curves in Fig. 8a, it is clear that
two-rod probes have a larger sample area and hence
larger artificial (TDR-induced) diffusion compared with
a three-rod probe of equal dimensions. In fact the rod
spacing need to be nearly halved to obtain equal per-
formance. The effect of rod diameter is quite signifi-
cant with a clear decrease in maximum ARelative EC,
as a function of decreasing rod diameter (Fig. 8b). By
decreasing the sample area perpendicular to the long
axis of the probe rods a decreasing bias in TDR-mea-
sured relative concentration because of artificial (TDR-
induced) diffusion is obtained and a sufficiently precise
determination of D, can be derived from steeper con-
centration profiles. In addition, three-rod probes are
preferable compared with two-rod probes of equal di-
mensions.

The experimental focus of this study has been on
solute diffusion, since diffusion is a slowly progressing
and well described process (Crank, 1975, p. 414) making
the experiments and the interpretation of the results less
complicated. However, also in the case of convective-
dispersive solute transport during water movement in
soil, the TDR measurement will not represent a point
measurement and EC is weighted nonlinearly as a func-
tion of distance to the probe rods. Thus, the solute
dispersion coefficient will also be overestimated when
determined from TDR measured solute breakthrough
curves. The error introduced depends on the steepness
of the profile. Furthermore, in cases where the solute
concentration is not changing monotonously, having lo-
cal or global maximum or minimum peak values, TDR-
measured concentrations at these peak values will be
under- and overestimated, respectively. Similar con-
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Fig. 8. Temporal development in the maximum absolute difference
between the actual relative bulk soil electrical conductivity (EC,)
distribution and the theoretical TDR-measured relative EC, distri-
bution (Maximum ARelative EC,) for (a) the three-rod probe in
Fig. 1a compared with two-rod probes with varying probe rod
separation (D) and (b) two-rod probes with constant D, but various
rod diameter (B). Calculations were based on soil data (6 and D,)
obtained in the diffusion experiment (Method II) carried out at
0 = 0.256 m* m >,

0,00

siderations apply for steep gradients in K created by
wetting fronts. Unfortunately, the dependency of the
weighting function on the K distribution result in a tem-
poral changing weighting function as the K gradient
passes the probe, making it impossible to evaluate the
error in the K estimate with the analytical solutions by
Knight et al. (1994). The numerical approach by Knight
et al. (1997) and Ferré et al. (1998) might prove useful
for this analysis. In conclusion, if TDR is used to mea-
sure the temporal change of K or EC at a given depth
or the depth profile of K and EC at a given time and
if a steep gradient in K or EC is passing the probe(s)
the TDR-measured profile will deviate from the actual
profile and the magnitude of the error increases with
the steepness of the profile.

CONCLUSIONS

We have presented an experimental comparison be-
tween the cumulative vertical weighting of EC and K
in the plane perpendicular to the long axis of the TDR-
probe rods of a three-rod TDR probe and proved that
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they are equal. Thus, the sample volume of TDR-mea-
sured EC, and K, is identical, as expected. Well-known
analytical and numerical solutions for the spatial
weighting of conventional and special TDR probes posi-
tioned in a medium with a homogenous or heterogenous
relative dielectric permittivity distribution also apply for
electrical conductivity.

We also showed that because of the finite size of the
sample area perpendicular to the long axis of the TDR
probe rods, conventional TDR probes register the pres-
ence of wetting fronts or solute gradients, progressing
in a direction perpendicular to the long axis of the probe
rods, before they reach the probe. In addition, TDR
performs a complex weighting of K and EC within the
sample area, showing maximum sensitivity in the vicinity
of the probe rods and depending on direction, probe
type, and the K distribution. The resulting TDR-mea-
sured EC, and K, profiles are biased towards an in-
creased spreading of the relative solute concentration
profiles or relative soil water content profiles. This phe-
nomenon is denoted as artificial (TDR-induced) diffu-
sion. Solute diffusion experiments showed that the bias
increases with the steepness of the profiles. At a certain
degree of spreading the bias becomes small and in most
cases negligible compared with other error sources and
TDR-measured relative EC, profiles can then be used
to accurately determine solute transport properties such
as solute diffusion and dispersion coefficients.

To reduce problems with artificial (TDR-induced)
diffusion during solute transport experiments with steep
concentration gradients the choice of TDR-probe de-
sign should be considered carefully. A theoretical inves-
tigation of the effect of TDR-probe design on the tem-
poral development in the difference between the actual
and TDR-measured relative EC, profiles showed that
TDR-probe dimensions generally should be minimized
and three-rod probes are preferable compared with two-
rod probes of equal dimensions.
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