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Measurement of Variation in Soil Solute Tracer Concentration

Across a Range of Effective Pore Sizes

JUDSON W. HARVEY
Water Resources Division, U.S. Geological Survey, Menlo Park, California

Solute transport concepts in soil are based on speculation that solutes are distributed nonuniformly
within large and small pores. Solute concentrations have not previously been measured across a range
of pore sizes and examined in relation to soil hydrological properties. For this study, modified pressure
cells were used to measure variation in concentration of a solute tracer across a range of pore sizes.
Intact cores were removed from the site of a field tracer experiment, and soil water was eluted from
10 or more discrete classes of pore size. Simultaneous changes in water content and unsaturated
hydraulic conductivity were determined on cores using standard pressure cell techniques. Bromide
tracer concentration varied by as much as 100% across the range of pore sizes sampled. Immediately
following application of the bromide tracer on field plots, bromide was most concentrated in the largest
pores; concentrations were lower in pores of progressively smaller sizes. After 27 days, bromide was
most dilute in the largest pores and concentrations were higher in the smaller pores. A sharp, threefold
decrease in specific water capacity during elution indicated separation of two major pore size classes
at a pressure of 47 cm H,0 and a corresponding effective pore diameter of 70 um. Variation in tracer
concentration, on the other hand, was spread across the entire range of pore sizes investigated in this
study. A two-porosity characterization of the transport domain, based on water retention criteria, only
broadly characterized the pattern of variation in tracer concentration across pore size classes during

transport through a macroporous soil.

INTRODUCTION

The air- and water-filled domain of soil consists of a
complex network of pores of different sizes [Beven and
Germann, 1982]. Incomplete mixing of soil water between
large and small pore networks has been hypothesized to
significantly affect solute travel time and chemical transfor-
mation as water and solute pass through soil (reviewed by
Neilsen et al. [1986]; see also White [1985]). Early solute
transport studies in field soils showed that while the bulk of
tracer-labeled water was transported rapidly to depth, a
significant proportion of tracer-labeled water lagged behind
[Biggar and Nielsen, 1976; Wild and Babiker, 1976]. The
widely accepted interpretation of such data is that solute
tracers in soil do not mix uniformly between fast moving
water of macropores and stagnant or slow moving water of
the small pores of the surrounding soil matrix.

Small-scale variation in concentration of solute in soil has
been examined using a variety of techniques. Subcore inven-
tories on dye and solute tracer distribution have been
conducted [Omoti and Wild, 1979; Bouma, 1981; Germann
etal., 1984; Hemond and Chen, 1990]. Solute concentrations
have also been compared in samples from gravity-fed and
tension-fed samplers [Shaffer et al., 1979; Haines et al.,
1982; Barbee and Brown, 1986} or compared from near-
identical tension samplers operated at two different tensions
[Jardine et al., 1990]. Solute concentrations in soil water
collected with tension solution samplers depend on a number
of factors, including imposed tensions, flow rate to the
sampler, degree of disruption of the local flow pattern, and
the relation of the soil volume sampled versus the scale of
heterogeneity in solute concentration (reviewed by Liraor
[1988]). Identification of the source (in terms of location in
the pore space) of water collected with tension samplers and
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the meaning of the resulting concentrations were questioned
by England [1974] and Parker and van Genuchten [1984).
Current limitations in interpreting field-measured solute con-
centrations need to be addressed.

Two-porosity transport models are based on the concept
that incomplete mixing occurs in soil pore spaces of different
size. These models have been critical for the development of
a number of physically based and stochastic models that
describe the effect of preferred flow paths on solute transport
[e.g., van Genuchten and Wierenga, 1976; Jury, 1982; Jury
etal., 1982; Beven and Young, 1988]. The approach assumes
that microscopic variation in solute concentration within
pores of varying size can be characterized by considering
two macroscopic pore domains, each with internally equiv-
alent fluxes and concentrations. Two-porosity models have
gained increased acceptance because of their parametric
efficiency and accuracy in matching observed outflow con-
centration data in tracer experiments. The physical concepts
underlying these models are difficult to test. The macro-
scopic descriptions of the transport domains that are
‘‘backed out’’ of two-porosity models are not usually com-
pared to independently collected information about pore size
distributions or segregation of tracer in large or small pores
during transport. Such a comparison would be facilitated by
an improved methodology to sample solute concentration in
relation to pore size.

Solute tracer concentrations have not previously been
measured across a range of pore size classes in soil. Segre-
gation of solute tracer across pore size classes has also not
been related directly to physical characteristics of the soil,
such as the effective pore size distribution or the water
retention characteristics of the soil. The purpose of this
paper is to report observations on solute tracer segregation
across a range of effective pore sizes made using pressure
cells and to relate variations in concentration to water
retention and conductance characteristics of the soil. The
pressure cell approach to subsampling concentrations within
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the wetted pore space is potentially useful to evaluating the
physical realism of two-porosity concepts. It also offers a
new perspective from which to evaluate the general utility of
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soil water.

FIELD SiTE DESCRIPTION

The investigation was conducted in a riverine wetland
(Eagle Bottom Marsh, 37°18'N, 76°53’'W) which borders the

Chickahominy River on the coastal plain of Virginia. The
site is several miles above where the Chickahominy River
flows into the lower James River, which is a subestuary of
the Chesapeake Bay. The Chickahominy River experiences
semidiurnal tidal fluctuations in this reach, which cause the
wetland soil surface to be submersed at high tide. At low tide
the wetland soil surface is exposed to the atmosphere for an
average of 53% of the time based on iocal surveying and tidal
records [U.S. Department of Commerce, 1989].

Surficial soil in the study wetland is composed of a mixture
of clay and silt, soil organic matter ranging from humic to
sapric in character, and live roots of the wetland macro-
phyte, Peltandra virginica. The organic content of the
surficial soil (0-30 cm below the surface) is 35%, the bulk
density is 0.23 g/cm? and the saturated hydraulic conductiv-
ity is 10~ cm/s [Harvey, 1990]. Beginning at a depth of 20
cm below the surface the soil grades into a mixture of clay,
humified organic matter, and sand which has a hydraulic
conductivity that is an order of magnitude lower than the
surficial soil. The wetland soil remains near saturation at all
times; however, limited desaturation does occur. Water loss
from this soil occurs by evapotranspiration and by drainage
that occurs between times when the wetland surface is
inundated by the river. A typical drawdown in the phreatic
surface below the wetland surface at low tide is 7 cm at the
site of the present investigation. On the rising tide, river
water spreads across the wetland surface and infiltrates the
soil, replacing soil water lost by evapotranspiration and
drainage. The hydrology of this wetland is described in
greater detail by Harvey and Odum [1990].

METHODS

Tracer Application and Core Retrieval

Solute tracer was added to the soil by sprinkling tracer-
labeled water (2 M KBr) onto 10 replicated plots that were
confined on the soil surface by infiltration rings (707 cm?).
Measured amounts (approximately 200 mL) of tracer-labeled
water were sprinkled evenly onto each plot until the soil was
saturated. The tracer was applied just prior (<0.5 hours) to
arrival of advancing river water on a rising tide, thus
simulating as closely as possible a natural infiltration event.
Replicate plots were sampled destructively by coring at one
of two different sampling times: either just following tracer
infiltration (<0.2 days following tracer application) or 27
days later. A single, large-diameter core (10 cm diameter)
was removed from each infiltration plot at the appointed
time. Cores were taken with minimal compression using a
thin-walled, aluminum corer with highly sharpened teeth.
The headspace of the corer was sealed with a plumber’s test
plug to help retain cores within the barrel during removal.
The corer and core were removed together from the soil and
returned to the laboratory.
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Solute Outflow From Pressure Cells

The pressure cell was designed for the purpose of measur-
ing the pressure-water content relation for soil samples
[Richards, 1939]. Most pressure cells hold a soil sample of
relatively small volume, and significant volumes of water are
retained beneath the porous plate which allows mixing
during outflow. I constructed larger cells than are typically
used (10 cm diameter), and I added a funnel-shaped drain
beneath the ceramic plate. The alterations to the typical
design increase the volume of water collected per step in
pressure and help to minimize mixing and retention of soil
water within the apparatus. In other respects these pressure
cells were very similar to the design of Reginato and van
Bavel [1962].

Soil cores were prepared for cell elution experiments
immediately upon arrival at the laboratory by gently extrud-
ing them by pushing with a piunger from the core bottom and
slicing off the top two S-cm-long sections with a serrated
knife. Care was taken not to seal (by smearing) the visible
macropores that were exposed by slicing. Cores (which had
a bulk volume of 385 cm?) were loaded into the pressure
cells upside down against presaturated ceramic porous
plates (0.5 bar high flow, pore volume of 28 cm?). The cells
were closed and sealed, and then the headspaces were
pressurized with nitrogen gas. Low pressures were accu-
rately measured and regulated using a bubble tube manom-
eter filled with water from which the back pressure was fed
to the headspace in each cell. The volume of water from cells
was measured periodically, and the pressure increased to a
new stage when the volume of eluted water ceased to change
with time. Sample capture vials beneath the cells were
replaced prior to resetting pressures. Elution experiments
were carried out for 48 hours, at which point cores were
removed and weighed and the length remeasured. Cores
were then homogenized into a uniform slurry with 600 mL of
deionized water and allowed to stand for 24 hours. Aliquots
were then subsampled for bromide analysis. Use of a shaker
bath to promote mixing during storage had no effect on
results. The remaining homogenized samples were oven-
dried at 100°C and reweighed. Oven temperature was not a
factor in weight loss, as determined by a test series where
samples were first freeze-dried and then ovendried. Bromide
concentrations determined on aliquots were adjusted to
equivalent soil water concentrations by accounting for the
dilution of original soil water by deionized water during
homogenization.

All bromide analyses were conducted using an ion specific
electrode (Orion 9435BN), a double-junction reference elec-
trode (Orion 900200), and sodium nitrate (5 M) as an ionic
strength adjustor. Bromide analyses were conducted by
calibration against a standard curve, and measurements
were frequently spot-checked by repeating a measurement
after 10 new measurements were completed. Recalibration
was conducted after 2 hours or when necessary. The rated
detection limit for this electrode pair is 3 x 107% M.
Measurement on standards prepared with river water did not
differ appreciably except at very low concentrations. The
detection limit determined using standards prepared with
river water was somewhat higher than the rated limit (2 x
1075 M), due to interference by river water constituents,
but this was not prohibitive to conducting the tracer exper-
iment. The coefficient of variation for measurements (0.06)
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was estimated from repeated measurements on a standard
made over the course of the study.

Relation of Applied Pressure to Pore Size

The effective pore size from which soil water was eluted
on any pressure step was calculated from soil pressure
potentials by assuming that pores were distributed as a
bundle of capillary tubes. ‘‘Effective’’ pore sizes were
calculated from critical pressures using the capillary pres-
sure equation [Childs, 1969],

(40 cos a) :

U4 dpg (n
where o is the surface tension of water, « is the contact angle
between air and water in relation to the solid surface which
is assumed to be zero, d is the effective pore diameter, and
pg is the unit weight of water. Effective pore diameters differ
from the actual pore diameters because pores are grouped by
their accessibility during air entry and drainage, and not by
true diameter [Dullien, 1979]. Pore volumes for specified
ranges of effective pore size were calculated as the difference
between water content that bounded the extremes of a
chosen range of pore size.

Accounting for Dispersion Artifacts
During Solute Outflow

During elution from core samples, initial bromide concen-
trations in soil water might be affected by mixing of core
water with antecedent water in the presaturated ceramic
plates. The degree to which the pressure cell apparatus
influenced the pattern of bromide elution from cores was not
quantified directly. However, effects of dispersion through
the ceramic plate were quantified in a preliminary experi-
ment, using a ceramic plate containing bromide, and deion-
ized water ponded above the plate as the flushing solution.
The normalized bromide concentration in the outflow, C,,
was modeled over time with an analytical solution for the
one-dimensional advection-dispersion equation. In the
model, distance increases along coordinate x, from 0 at the
plate inflow boundary to x, at the outflow boundary. The
initial concentration of pore water in the plate is ¢,, and the
concentration in the displacing fluid is 0. C,, X, and T are
nondimensional concentration, distance, and time variables
computed as ¢/c,, x/x;, and vt/x; , respectively, where v is
the water velocity. A Peclet number (P,) for the experiment
is defined as vx; /D, in which D is a dispersion coefficient.
The appropriate boundary and initial conditions for the
experiment are, for X and T = 0,

C0, T)=0 Cue, TN=1 C,X,0) =1. )

Assuming that solute tracer distribution and transport inside
the plate are unaffected by the presence of the outflow
boundary [van Genuchten and Parker, 1984), the solution for
the change in outflow concentration subject to boundary and
initial conditions is

C.(1, T) =1 - {erfc [(P/4T) V(1 — T)]

+ Lexp (P,) erfc [(P/4T) VX1 + D]} (3)
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The Peclet number in (3) was adjusted to provide a close fit
to experimental data. The plate dispersion model was then
used to predict effects on soil water elution for the simplified
condition of constant concentration at the plate inflow
boundary. Here the purpose of the model is as a null model
to predict outflow if there were no variation in bromide
concentration within soil water. For this case, C, is normal-
ized in relation to the residual bromide concentration in
cores, c,, and the background bromide concentration in the
porous plates, ¢,,

(c = cp)
Co=—". (4)
(Ca - Cb)
The appropriate boundary and initial conditions for the
model are, for X and T = 0,

Cl0, T)=1 C,=, T)=0  C,X.0)=0. (5)

The solution for the change in outflow concentration subject
to the boundary and initial conditions is

C.(1, T) = terfc [(P./4T) V¥ (1 — T)]

+ Lexp (P,) erfc [(P/4T) 31 + 1. (6)

The Peclet number is known (from the preliminary flushing
experiments) so that the result is predicted without fitting.

Water Pressure, Storage Capacity, and Conductance

Specific water capacity, C(y), is the change in water
content per unit change in pressure potential in a soil sample,

cx¢)—d0
T dy (7)

_ AV,
C(AgV,)]

where @is the water content,  is the pressure potential, and
AV, /V, is the water yield normalized to the volume of the
core. I estimated C(y) from the slope of the line on plots of
normalized water yield versus pressure. Critical pressures
that separated distinct classes of the pore space were deter-
mined as breakpoints between linear fits to water yield—
pressure data.

Changes in saturation are usually assumed to dominate
storage processes in soils. Compressive storage is some-
times an important additional contributor to storage in
wetland soils. Following Nuttle [1988], specific compressive
storativity was estimated for this soil as

s 1 Az
"‘—LA!JI’

)

where L is the core length at saturation (5 cm), Az is the total
change in core length during pressure cell elution, and A is
the total change in pressure during the course of the exper-
iment. Shrinkage of cores in this study was minimal, and the
resulting specific compressive storativity was small (4.2 X
107% cm™' = 0.13 standard error, n = 20). S, was more
than an order of magnitude smaller than specific water
capacities determined for this soil. The contribution of
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Fig. 1. Normalized bromide concentration (percent of field-

applied tracer concentration) versus pressure during elution of soil
water from cores. (a) Representative core removed 0.2 days after
tracer application. (b) Representative core removed 27 days after
tracer application. Eluted samples were collected in steps from low
to high pressure. Open arrows indicate the volume-averaged con-
centrations of residual water determined for cores following elution.

compressibility to storage was small enough (over the total
range of applied pressures from 0 to 120 cm compressibility
accounted for only 2% of the total water yield) that it could
be ignored in subsequent analyses.

Unsaturated hydraulic conductivities were determined at
three pressures using a one-step outfiow method [Rijtema,
1959]. The method provides an estimate of soil water diffu-
sivity, D(), from which unsaturated hydraulic conductivity
is calculated for the average pressure on that step as the
product of diffusivity and C(¢). This approximate method
can be inaccurate for small values (<1) of a dimensionless
parameter, Dt/L? [Towner, 1982). Results indicated that the
approximate method was satisfactory for this soil at the high
water contents associated with this study. Rijtema’s method
has an advantage over other approximate methods in ac-
counting for and allowing removal of the effects of mem-
brane and contact impedance. Effects of impedance were
negligible at 50 and 100 cm pressures, but a correction was
required at the 10-cm pressure step.
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RESULTS

Variation in Bromide Concentration
With Effective Pore Size

Bromide concentration in soil water varied with applied
pressure and effective pores size. For cores removed from
tracer plots just after tracer addition (0.2 days), maximum
concentrations of bromide were measured at low pressures,
i.e., in water that was eluted from the pores with largest
effective diameters. Bromide concentrations were lower in
soil water eluted from smaller pores at higher pressures
(Figure la). The pattern of bromide segregation in pore size
classes changed after 1 month. In cores removed 27 days
after tracer application, bromide concentrations were lowest
in water eluted from large pores and higher in water eluted
from small pores (Figure 15).

Some variation in the bromide concentration in effluent
could potentially be explained by mixing of soil water with
antecedent water of the presaturated porous plates. Bromide
is plotted versus water yield (normalized to a core volume of
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Fig. 2. Normalized bromide concentration (percent of field-

applied tracer concentration) versus normalized water yield during
elution of soil water from cores (a) 0.2 days after tracer application
and (b) 27 days after tracer application. Solid circles are measure-
ments, and lines not connecting the solid circles are model predic-
tions. Final concentration measurements at high water yields are the
residual concentrations in cores. The model assumed that outflow
was a mix between soil water (with residual concentration) and plate
water with a lower initial concentration.
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385 cm?) in Figure 2, along with residual concentrations in
cores and the predicted resuits of modeling dispersion of soii
water during transport through the porous plate. The model
assumed (1) that soil water had a uniform concentration
equal to the residual concentration of soil water in cores, and
(2) that eluted water was a mix of soil water and plate water
which had a lower concentration. Comparison of represen-
tative data and model results in Figure 2 illustrates that
dispersion in the plate adequately accounts for concentration
variation only during the earliest and latest stages of elution.
Throughout most stages in elution there were significant
departures of measured bromide concentrations from model
predictions, supporting the interpretation that those concen-
trations estimate the actual concentrations of soil water
eluted from pores of different size.

It is evident from Figure 2 that mixing between soil water
and plate water could potentially reduce or enhance actual
bromide concentrations in soil water during early stages of
elution, depending upon the bromide concentration of ante-
cedent water in the plate. In the representative runs shown
in Figure 2, and in all runs for this study, the effect of
dispersion and mixing with plate water was conservative,
i.e., the observed differences between eluted concentrations
and residual concentrations of soil water are underestimates
rather than overestimates of true differences.

Figure 2 also shows that tracer concentrations in large
pores were higher or lower than in residual water depending
upon time of sampling relative to tracer application. A
bromide concentration ratio was computed for all runs by
dividing the initial concentration eluted from cores by the
residual concentration measured in the same core after
pressure cell elution was terminated. Bromide concentration
data from all cores are summarized in Figure 3. Maximum

=

g 3 0.2 days
o 27 days
/2]

D 2t

~

©

QO

)

=

3]

e

e

Py

3]

o

c

O 1+ -

prwr)

o]

o

=

c

[+}]

Q

c

o]

&

|

om

o]
0-5 cm depth 6-10 cm depth

Fig. 3. Bromide concentration ratio in soil water of cores re-

moved after 0.2 and 27 days following tracer application. Ratio
computed as maximum (for cores collected at 0.2 days) or minimum
(for cores collected at 27 days) concentrations in soil water eluted
from cores divided by concentrations of residual water in cores.
Bars encompass the range of observations for each category.
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Fig. 4. Normalized water yield and hydraulic conductivity as a
function of applied pressure. A typical normalized water yield is
shown (diamonds) as well as the average yield for all cores (dashed
lines). The slope of the normalized yield versus pressure is C(y),
which changes from C(1) to C(2) at an average pressure of 47 cm.
The solid line connects average values (geometric mean) of the
hydraulic conductivity measured at four pressures. The value for K
plotted at 0 cm pressure is the saturated hydraulic conductivity
determined by field methods [Harvey and Odum, 1990].
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variation in concentration detected by the pressure cell
method was approximately 100%.

Specific Water Capacity and Hydraulic Conductivity

The pattern of water release as a function of applied
pressure indicated that two pore domains with different
specific water capacities were present in the soil. The
boundary between water storage domains is illustrated in
Figure 4 as a single sharp break in the otherwise linear
relation between pressure and normalized water yield. For
all cores an average normalized volume of 0.11 was eluted
from cores before C(4) declined sharply (Table 1). The
change in C(y) took place at an average pressure of 47 cm,
which corresponds to an effective pore diameter of approx-
imately 70 um. Ratios of specific water capacity (C(1)/C(2))
indicated that the domain of larger pores had an active water
storage capacity that was 3 times larger than the domain of
smaller pores (Table 1).

The decline in hydraulic conductivity as a function of
pressure was steep at low applied pressures and became
more gradual at higher pressures (Figure 4). From its value
at saturation (10 ~* cm/s) K was reduced to approximately 5
x 10~° cm/s at 10 cm pressure, and 107% cm/s at 50 cm
pressure. The rate of change of K as a function of increasing
pressure sharply decreased beyond 50 cm pressure, which
was roughly coincident with the point where C(y) decreased
sharply (Figure 4).
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TABLE 1. Pore Size Classes Determined From Water Retention Data
Specific Water Capacity? Normalized
AVw/(AyVe) x 1073 em™1) Breakpoint Volume of
Depth Pressure (), Macropore Class
Interval, cm () C@2) c¢m H,0 (B5ar — Hircrin))
0-5 3.1(0.4) 1.1 (0.1) 46 (5.1) 0.13 (0.01)
5-10 2.4 (0.6) 0.7 (0.1} 47 (7.5) 0.08 (0.01)

Values in parentheses are standard errors, n = 20.
“Macropore class, C(1): pressure range of 0 < ¢ < y.5,; matrix class, C(2): pressure range of .,

< w < d’maxr ‘/’max = 120 cm.

DiscussioN

Effect of Pore Size on Solute Segregation

Two hydrologically distinct pore domains were identified
in the soil using water retention criteria. The decrease in
C(1) in the soil during pressure cell elution resulted from the
sudden loss of storage space after a larger class of pores was
emptied. There is little agreement about a standard definition
for macroporosity in soil [Luxmore, 1981; Beven and Ger-
mann, 1982]. One approach is to attempt to define a macro-
pore class on the basis of the volume of pores drained at field
capacity, thus distinguishing pores that are significantly
effective in drainage. Luxmore [1981] further distinguishes
between drainage in macropores and mesopores. A water
retention criterion was used in the present study to separate
pore size classes, which provided a breakpoint between
large and small pores (70 um) that was near a generally
accepted lower limit for macropore (or mesopore) effective
diameters [Luxmore et al., 1990]. For the purpose of the
present study the larger pore class detected by water reten-
tion criteria is referred to as the macropore class (effective
diameter >70 um) and the class of smaller pores is referred
to as the micropore class (<70 um).

Solute tracer concentrations in eluted water provided
direct evidence that macropores were the principal conduits
for transport of tracer-labeled water at the field site. The
response in tracer concentration and recovery toward back-
ground levels were greater in macropores than in micro-
pores; tracer responses in micropores were damped. These
observations agree with general expectations of solute trans-
port theory, i.e., transmission of water and solute occurred
primarily in large pores.

I anticipated that variation in bromide concentration with
effective pore size might be concentrated at the sharp
breakpoint between pore size classes, in a manner consistent
with two-porosity transport theory. Instead, the observed
tracer concentrations varied across the entire range of pore
sizes investigated. No sharp change in concentration could
be detected at the macropore-micropore breakpoint in effec-
tive size (equivalent pressure of 47 cm) to suggest a division
for concentrations into two corresponding transport do-
mains, in spite of the well-defined division in pore size
classes determined by water retention criteria.

Soil Solution Sampling Under Tension

Field-installed tension solution samplers have been widely
used in soil hydrology. The validity of assumptions about the
source of water to tension solution samplers has been
debated [Litaor, 1988). Sampling soil solute concentrations
in outflow from pressure cells has the advantage over tension

sampling that the source of sampled water is more reliably
known. Due to the constant applied tension (Pyn — Peay)
and the finite volume of the core, a water sample can be
reliably assumed to have been withdrawn from all wetted
pores with effective diameters greater than the equivalent
diameter of the imposed tension. In contrast, the volume of
soil affected by tension samplers is not limited, and the
imposed tension decreases with time as soil water enters the
sampler. Soil water is mobilized in a progressively smaller
subset of pores as the imposed tension decreases. The
dominant source of pore water to field-installed samplers
could therefore be only from the largest wetted pores, or
from pores with effective diameters predicted from (1), or
from anywhere in between. Only vague interpretations of the
origin of soil water are possible for samples collected at one
or more tensions using the traditional tension sampler de-
sign. Interpreting the meaning of concentration differences
in those samples is consequently problematic. Given the
importance of tension samplers to acquiring repeated mea-
surements of solute concentration in field settings, more
attention to understanding sampling biases is warranted.

SUMMARY

This study quantified solute concentrations across pore
sizes in relation to soil structure and hydraulic properties.
The method has two primary advantages over previous
tension sampling methods: (1) concentrations can be quan-
tified across a range of effective pore sizes and (2) both
solution chemistry and the pressure-storage relation are
determined on the same soil sample, using the same equip-
ment, and without interruption between modes of flow or
times of sample acquisition. A two-porosity characterization
of the soil was supported by water retention criteria and by
general observations of segregation of solute tracer between
large and small pores. However, solute tracer concentration
varied across the entire range of sampled pore sizes, extend-
ing from macropores into the micropore range. This work
demonstrates that the two-porosity concept may relate only
broadly to actual distributions of solute within classes of soil
pore sizes. Of equal importance, this work highlights the
need to improve understanding of the biases that are inher-
ent to sampling solute concentrations using in situ tension
sampler designs.
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