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WICK SAMPLERS: AN EVALUATION OF SOLUTE TRAVEL TIMES
ALON RIMMER,! TAMMO S. STEENHUIS,! JOHN S. SELKER,? sNp GREGORY J. ALBRECHT!

Wick samplers have the potential to im-
prove solute sampling in the vadose zone,
but more information is needed about the
effect of soil-wick sampling interface distur-
bances on measured fluxes and solute con-
centrations. The objective of this paper is
to examine how the wick sampler alters the
matric potential, streamlines, and solute
concentrations in the native soil. Both theo-
retical analysis and experimental studies
were performed. An equation for travel time
was developed that included the effect of
changes in moisture content in the soil when
a wick sampler is installed. Experimental
measurements of pressure head near the
soil-wick interface were taken, and a travel
time moment analysis of narrow solute
pulses was conducted for several steady flow
experiments. Model and theory agreed well
and showed that even when the capillary
length a! is similar in the soil and wick, dis-
similarity of the hydraunlic conductivity and
cross-section flow area may significantly af-
fect soil moisture content above the soil-
wick interface and on the solute pulse travel
time. It was also found that in many cases
solute pulse travel time was affected more
by the pressure head changes that occurred
at the soil-wick interface than by the flow
through the wick.

Wick samplers are effective in measuring the
solute concentration in the vadose zone. Because
the technique is relatively new, it is not known
to what degree the outflow signal from the soil
system of interest was modified or distorted by
the flow of solution through the wick sampler
(Poletika et al. 1992).

Recent literature has shown that measured sol-
ute concentrations are affected to some degree
by the properties of the wick and by the soil-
wick interface. In laboratory studies, Holder et al.
(1991) found that glass fiber wicks did not absorb
organic compounds. Poletika et al. (1992)
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showed, by travel time moment analysis, that
travel time and its variance are only minimally
influenced by the wick. Boll et al. (1992) and
Knutson and Selker (1994) found that wicks
acted as regular porous media and determined
wick hydraulic characteristics. Under field condi-
tions, wick samplers have been found to change
the moisture content and the flow field on top of
the soil-wick interface, causing water and solutes
to bypass the samplers (Holder et al. 1991; Boll
et al. 1992).

Based on an experimentally determined expo-
nential hydraulic conduetivity function, Knutson
and Selker (1994) showed that Gardner’s (1958)
solution can be applied to obtain the pressure
profile in wicks under steady infiltration. Rimmer
et al. (1994) developed a 1D steady-state solution
to predict the matric potential in a wick-soil con-
tinuum and showed, theoretically, that changes
in matric potential and moisture content caused
by the wick sampler are minimized when: (i) the
wick is three times longer than the wick’s capil-
lary length, a”!; (ii) the ratio between the satu-
rated hydraulic conductivities of the soil and the
wick is equal to the inverse ratio of their cross-
section for flow; and (iii) the values of the capil-
lary length for wick and soil are similar. Under
field conditions, it is difficult to satisfy these con-
ditions because of the impracticality of long
wicks, and the limited range of o values available
in wicks.

The purpose of this paper is to further study,
theoretically and experimentally, both the pres-
sure head and moisture content in a soil-wick
continuum, and the solute breakthrough. Our
analysis is directed toward applications of wicks
in isolated soil columns drained by wicks and
also relatively large multi-cell wick samplers in
the field (Boll et al. 1991).

THEORY

To find how the solute travel time is affected
by placing wicks in the soil, we will extend
the theory developed earlier by us (Rimmer et
al, 1994) for a steady flux, q, using the Gard-
ner’s conductivity function, K(y) = K,,..
exp[a(y - y.)]. In this previous work we solved
the one-dimensional steady flow through a soil-
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wick system in series and expressed the pressure
head for both soil and wicks with depth implic-
itly as:
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The subscripts s and w refer to the soil and wick.
2 is the vertical axis, z = 0 at the bottom of the
wick, 2 = L, is where the wick is connected to
the soil, L, is the soil layer thickness, K, and
K are the saturated and unsaturated hydraulic
conductivity, respectively, v and vy, are the real
and air entry pressure head, respectively, and A
is the cross-sectional flow area.

Solute travel times are affected by the changes
in moisture content above the soil-wick interface
compared with soil, which is not sampled. In the
following analysis we compare the solute travel
time through a finite length, L,, in a semiinfinite
soil column, and the travel time through the same
soil layer length sampled by the wick. The travel
time and solute velocities discussed refer to the
center of mass of a pulse applied at the surface.
The total travel time, T, for a solute pulse from
the soil surface to the lower end of the wick can
be expressed as:

T,=T,+T, ; T,=T,+T,. (2

where T, and T, are the travel times through
the soil and wick, respectively. The travel time
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through the soil decomposes in two components:
T, is the travel time through an undisturbed soil
profile of length L,, with a uniform moisture con-
tent (a steady flux will create a uniform water
content in homogeneous soil in case of free drain-
age to a depth well below the zone of uniform
8), and T,, is the additional travel time (positive
or negative) as a result of the change in moisture
content near the soil-wick interface.

To find the travel time analytically, the solute
velocities in the wick and soil are needed. For a
steady flux, the velocity (dz/dt) of a solute in a
porous medium, with varying moisture content
along the vertical axis, and assuming a solute
with R = 1 (negligible retardation factor), is:

4 __4q_
dt o2 @)
where 6(2) is the moisture content distribution,

and t is the time. Rearranging Eq. (3), the travel
time over a vertical distance, L, is:

1
T =5J9(z)dz . 4)

By combining Egs. (1) and (4) and using an unsat-
urated conductivity of the form (Brooks and
Corey 1964; van Genuchten 1980):

So=p—
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the travel times in the soil, T}, and in the wick,

T, are:
1 (essll - esr)
! [T‘—
ssat (63)
J‘ [C1 + Czexp(—asz)]w'}

1 dz+L6,
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rdz+L,0,,

where ¢, = ¢,(A/A,), 9,, and 8., are the residual
and saturated hydraulic conductivity, respec-
tively, and P is a soil parameter, depending on
the soil type. Integration in Egs. (6a) and (6b)
requires a numerical technique, such as is avail-
able in Mathemathica (Wolfarm Research,
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Champaign, IL). Travel time for a soil profile not
sampled by the wick sampler, which therefore
has a uniform moisture content, is:

8 asat

L a Y8,
T, = q—s (GM - 9"){—1}'—{1 +0, (6¢)

and the additional travel time, T,,, caused by the
sampling device, may be found from T, = T, —~
Ti..

An experiment, shown below, was conducted
in which all components of the solute pulse travel
time could be measured and analyzed.

MATERIALS AND METHODS

The experiment was carried out in a slab cham-
ber 70 cm high, 53 cm wide, and 1.8 em thick
(Fig. 1). At the bottom of the chamber, 10 holes
(0.64 cmi.d.) were drilled, each containing a 59.5-
cm-long glass fiber wick (0.48 cm diameter) fabri-
cated by Pepperell Braiding Company, Marlbor-
ough, NH (Product Part #1285). The upper 2.5
cm of the wick were unwoven into filaments and
used to cover the 9.54-cm? area (A,) around each
hole. The remaining 57 cm of the wick were en-
closed in a plastic tube (0.96 cm i.d.) and hung
vertically, draining directly into sampling bottles.
An irrigation system consisting of a small pump
and a chain-driven shuttle could apply water at
arate ranging from 0.5 to 70.0 ecm®min~%, Distilled
water was used in all the experiments.

The pressure head of the soil profile was mea-
sured by inserting 12 high-speed miniplanar tensi-
ometers, as described by Selker et al. (1992), at
six heights (1.5, 6.5, 11.5, 16.5, 31.5, and 46.5 cm)
above the sampling surface. The pressure in each
horizon was measured at two points 20 ¢cm apart
(Fig. 1.

Two series of experiments were performed
(Table 1). The first series was used to calibrate
the wick system. With no soil in the chamber,
water was applied at a constant rate directly to
the wick filaments covering the bottom of the
chamber. Five application rates (Q) were used,
ranging from 0.58 to 55.0 cm® min™'. The highest
application rate was selected, such that 1 mm of
water ponded on the sampling surface, which
was taken as a measure of the wicks’ average
saturated hydraulic conductivity, K,... Before
each experiment, the wicks were prewetted by
a flux similar to K,s, and allowed to drain during
application of the prescribed lower flux. After a
steady state water flux was established, a solute
signal for the travel time measurements was cre-
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ated by changing the water source from distilled
water to a 950-mEq-L~! CaCl, solution for appisca-
tion of approximately 2 cm?® (0.207 mm, 6.25 mm
if only the wick cross section area is taken into
account) of the CaCl, solution. The time of travel
in the wick, T,, its variance, Var(T,), standard
deviation, SD(T,,), and dispersivity coefficient,
*w, were measured for all 10 wicks, at each of
the fluxes, using moment analysis (Poletika et al.
1992; Simmons 1982). The first and second travel-
time moments were calculated using

3 p
= i=1

P
i=}

where 1 is the index for the time interval, P, is the
amount of Cl~ drained [mEq] at the i" interval, ¢
is the time elapsed from ¢ = 0 to the mean time
of the ¢ interval, and k is the number of intervals
until no ClI™ ions from the solute pulse were de-
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FiG. 1. Laboratory set-up of the slab chamber (1.3
cm thick), wicks, water application device, and tensi-
ometers at the experiments. L,, and L, are the wick and
soil profile length, respectively.
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TABLE 1
The two-series experiments
Series cm“?:in i Section Measurements %B(?;T\:i "
1 5.560 wick BTC. 99.8
1 0.818 wick BTC, 118.6
1 0.317 wick BTC,, 102.8
1 0.117 wick BTC., (—=)*
1 0.058 wick BTC,, 95.1
2 5.054 wick+soil BTCy.s; ¥y 95.0
2 0.778 wick+soil BTC,.s; Vs 90.5
2 0.324 wick+soil BTCy.s; Ws 80.6
2 0.088 wick+soil BTCo.s; Vs 94.0
2 0.054 wick-+soil BTC,.s; W, 95.3

*Part of the applied solute pulse did not hit the wick’s fibers directly and, therefore, could not be calculated

accurately.

Qv = Q/10: average flow rate through a wick; Section: part of the chamber tested; Measurements: the measure-
rents taken (BTC-breakthrough curve; y-pressure head); Balance: solutes pulse recovery balance.

tected at the bottom of the wick. Travel time
measurements and sampling started after steady
state conditions were established.

In the second series of experiments, a 48.5-cm
sand soil layer (white silica sand) with a bulk
density of 1.54 g-cm™® was packed uniformly in
the chamber (Fig. 1) using the method described
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0.4 02 4
0.1
4 fos18
0.3 o117 00

Relatlve quantity of CI (P,IPg)
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sg54 Q,=0.778
0.4 - 921
0.1
0.3 - 0.0 4
T T T
024 o778 0.324 50 100 150 200
0.1 4 0.088 0.054
—
0.0 1A - -
wick+soil
T T T T T T
0 200 400 600 800 1000
Time (min)

F16. 2. BTCs for the wick section (wick) and the
complete wick+soil (soil+wick) system. Detailed BTCs
are piotted in the top right comer of each figure for T,
when Q, = 0.818 and for T, when Q, = 0.778.

by Glass et al. (1989). Total travel time through
the soil and wick profile (T;) and the distribution
of pressure head in the soil (y,) were measured
under five steady application rates similar to
those used in series 1 (Table 1). The solute signal
consisted of approximately 8 cm?® (0.83 mm) of
the 950-mEq L~* CaCl, solution.

In separate experiments, soil hydraulic charac-
teristics were determined: a Hanging Water Col-
umn System was used to determine the 6(y) rela-
tionship for y<0 on both wetting and drying
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F1G. 3. Measured (dots) and fitted (lines) pressure-
head distribution at the soil+wick system for the five
flow rates from experiment series 2. The dashed line
(IM) is a correction for the line M if the 6 bottom cm
of the soil section where saturated.
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TABLE 2
Results of the travel time measurements for the two-series experiments

Series Qw Ty SD (T.) Aw
cm’min! min min cm
1 5.546 2.75 0.71 2.04
1 0.818 13.75 271 1.12
1 0.317 28.68 5.46 1.20
1 0.117 70.55 12.10 0.87
1 0.058 118.33 19.02 0.82

Qu T SD (T,) A
2 5.054 30 3.28 0.34
2 0.778 132 18.6 0.57
2 0.324 250 52.0 1.25
2 0.088 580 150.6 1.97
2 0.054 882 192.0 2.50

Q. = Q/10: average flow rate through a wick; T: the measured travel time; SD(T): the standard deviation of T;
A: dispersivity coefficient. Subscripts w and t are for wick and total (wick+soil), respectively.

curves, and the flux through vertical saturated
soil column was used to measure the K, (Jury
et al. 1991, pp. 61 and 77, respectively). The mea-
sured characteristics were: a = 0.23 cm™, y, =
~13 and ~6 cm for drying and wetting processes,
respectively and K, = 230 cm h™!. A simple drain-
ing experiment, in which the soil’s pressure head
distribution was measured in the chamber after
water was allowed to drain for 2 days, was used
to determine y, in which K, = 0.

RESULTS

Breakthrough curves (BTCs) measured for
each wick during the experiment were treated as
probability density functions, and the moment
analysis was used to approximate the travel time,
T, variance, SD(T), and dispersivity coefficient,
A. The following results, associated with travel
time measurements, are averages and standard
deviations calculated over all 10 wicks. BTCs
from which travel times were calculated are plot-
ted against real time in Fig. 2, and the values of
T, SD(T), and A, which were calculated from the
BTCs, are summarized in Table 2. Average disper-
sivity values for the wick, A, appear to be inde-
pendent of flow rate (high A, at the highest flow
rate is probably caused by extraneously sampling
intervals), similar to Boll et al. (1992) and Polet-
ika et al. (1992), whereas dispersivity values for
the soil wick continuum, A,, were slightly depen-
dent on the flow rate.

Results of matric potential measurements are
given in Fig. 3. The variance of y, within each
pair of tensiometers at the same horizon was

negligibly small compared to the overall profile
measurements. Therefore, their average was con-
sidered the representative matric potential of
that horizon.

DISCUSSION

General

The measured matric potential results in Fig.
3 qualitatively confirm the validity of our con-
tention that, in most cases, the wick sampler al-
tered matric potential and moisture content
above the soil-wick interface. A quantitative ap-
proximation of the sampler influence on the
travel time and apparent solute transport param-
eters can be calculated only if soil and wick hy-
draulic characteristics are known. A sequential
parameter estimation procedure was carried out.
and the estimated parameters were examined by
comparing them to soil and wick parameters pub-
lished elsewhere. Finally, we used the parame-
ters to calculate differences in travel times be-
tween soils with and without wick samplers
installed (i.e., Eq. (6)).

Parameter Estimation

Wick
The wick’s saturated moisture content was cal-
culated using

= Tusat

9“53‘ (”solute) . (8)

Where Quss = QusaAw = Kisa 1S the saturated flux
with v, = 0 at the top of the wick, and Vs =
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F1G. 4. In(T) (hour) plotted against In(q) (cm-h™!) for
the two series of experiments.

L/T < is the measured average velocity of the
saturated convective flux. While Q,,, was mea-
sured to be 5.54 (=55.4/10) cm®min~!, both 4,
and 0.y, were unknown. If a wick’s diameter of
0.48 cm was used to evaluate A,, 8,., was found
to be much higher than 1 (the same results were
found using the data from Poletika et al. (1992)
for a 0.95 cm i.d. wick). Therefore, it was pre-
ferred to determine 0,,, first and fit A, rather
than the opposite. Assuming 8,,,,, = 0.85 (Knutson
and Selker 1994), the best fit resulted in A, =
0.32 cm? and K = 1040 cm-h™! (17.3 coaemin ™).
These values are in the range of other saturated
characteristics of Pepperell wicks (Knutson and
Selker 1994; Poletika et al. 1992; Boll et al. 1992).

The o, coefficient was fitted using Eq. (1b). To
represent the matric potential at the interface,
Y (Lw), W values measured at 1.5 cm above the
interface during the second series of experiments
were taken. The boundary condition K, (L,) = q,
was used to evaluate the actual hydraulic conduc-
tivity of the wick at the interface. A best fit was
obtained with o, = 0.17 cm™.. A similarity exists
between the curves of v, plotted against eleva-
tion from the wick’s edge (Fig. 3), as described by
the model (Eq. (1b)), and the measured pressure
profile in a wick (Boll et al. 1992) for similar
fluxes (Qw/A.). However, o, is slightly higher
than most values of «, reported by Knutson et
al. (1993). This difference might be explained by
the cleaning process for the wicks they used,
which improves the wick's capillary rise, i.e., re-
duces the o, value, Also, measurements to obtain

RIMMER, STEENHUIS, SELKER, AND ALBRECHT

0.9

(=]
=]

<>
~3

Oy (cod cm3)
=
a

AVERAGE MOISTURE CONTENT

5 10 15

FLOW RATE (cm min-!)
F16.5. 8, calculated by the model against experimen-
tal results as a function of the flow rate in wicks, g
{cm'min~'). Experimental (exp.) results are the average
6. of 10-wicks for each flow rate. The small graph de-
scribes the low-flow rates results in a scale similar to
Boll et al. (1992).

o, were based on discrete measurements of ma-
tric potential and flux in the wick, which is differ-
ent than our integrating approach. Using Eq. (6b),
B. = 3.6 was found to give the best fit to the
average T, values (Table 2). Both the experimen-
tal and the fitted model In(T,) plotted against
In(q.) (Fig. 4) show very good agreement.

Boll et al. (1992, Fig. 4) found that the average
moisture content in wicks depends linearly on
the flow rate. Our complete wick mode) provides
a more accurate explanation of that dependence.
Figure 5 shows that for our experimental data,
the average moisture content, 8, calculated by
the model (Eq. (6b)) and from travel time mea-
surements, is not linearly related to the flux
through the wicks for a wide range of fluxes.
However, at a narrow range of low fluxes (0-2.5
cm-min™}), the experimental data are indeed sim-
ilar to the linear empirical relationship found by
Boll et al. (1992).

Having completed the calibration of the wick’s
section of the model, a full analysis of the
soil+wick system can be undertaken.

Soil + wick

Values of K, = 230 cra-h™ 6, = 0.39 and 6, =
0.087 were measured for the soil employed for
this experiment (Fig. (6)). K, was essentially ap-
proaching zero conductivity at pressures more
negative than —38 cm, as was found from the
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Fic. 6. Soil characteristics: y,(6,) (line) predicted by
the model and experimental drying and wetting values
measured with a Hanging Water Column System.

draining experiment. Because the soil exhibited
significant hysteresis in the y(6) relations, before
each experiment the soil profile was prewetted
by a flux similar to K, and allowed to drain
during application of the prescribed lower flux.

The experimental v, data are compared with
the model prediction with Eq. (1a) in Fig. 3. Val-
ues of Y, = —7 cm and ¢, = 0.23 cm™" were fitted
best to the four lower fluxes, but for the highest
flux caused significant deviation (M in the figure)
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from the measured points. The highest flux prob-
ably created few centimeters of saturated zone
above the interface, where the model is not valid.
A correction to this result is the dashed curve
(IM in the figure) in which a zero pressure head
at 7 cm above the interface was assumed. Other
discrepancies between the predicted and mea-
sured pressures in Fig. 3, including the reversal
in pressure head slopes at the lowest flow rates,
were found. This phenomena was observed in
both left and right vertical rows of tensiometers
and was repeated in additional measurements
that were conducted. We believe that this is a
result of hysteresis and the different curve of
drainage that each elevation in the chamber was
subject to.

The B, coefficient was fitted from T, values,
which were calculated by eliminating the T, pre-
dicted by the calibrated wicks model from T,
given in Table 2. The experimental and fitted
model of In[T,] plotted against In[q,] (q. = 60 Q/
A,) in Fig. 4 shows very good agreement.

The interface

Two of the three conditions mentioned in the
Introduction, and required in a soil-wick system
to obtain an undisturbed matric potential profile
at the soil above the interface (1 and 3) were
satisfied in this experiment: The length of the
wick's section was more than 10 times longer
than o}, and o, was only slightly different than
a,. Condition 2 (the ratio between the saturated

b O.Si

[-F]

‘E 0.4;

ot .
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FiG. 7. Model results of the interface effect on solute travel time through the soil layer, Ty /Tis and the wick
effect, Tw/Ti, as a function of fluxes between wick’s saturation and very low flow rates. (a) White Silica Sand

(b) 1da Silt Loam.
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hydraulic conductivities of the soil and wick
should be equal to the inverse ratio between their
cross-section for flow) was not satisfied, causing
the disturbance at the sampling interface to be
significant especially at the higher flow rates. For
example, there is a difference of =10 cm in v,
for a soil profile without and with wicks in the
20 cm above the interface, resulting in a change
of =6% in the moisture content above the wick
sampler.

The model, as expressed in Eq. (6), can be used
to-compare the difference in travel time through
soil with and without a wick sampler, T,,, versus
the travel time through the wick, T, itself. The
ratios of these times with Ty, T,/Ti., and To/Ty,
are the most interesting to consider and are
shown in Fig 7a for the various fluxes used in
these experiments. The interface effect on solute
travel time through the soil layer, although not
very large in this case, is certainly higher than
the effect of the travel time through the wicks
for flow rates higher than 7 cm-h™! and should
be taken into consideration.

In other cases, the effect of the interface on
travel time might be much more significant than
the effect of the wicks. To illustrate this, the data
given for Ida Silt Loam (Kunze et al. 1968; Mualem
1976; Amoozegar-Fard et al. 1984) were analyzed
using our two-layer soil profile approach. Taking
the values of 84, = 0.55, 8, = 0.01, K, = 0.105
cmh™l W = ~20 cm, o, = 0.026 cm™, and f =
9.16, with all other system parameters (L, L,, A,,
Ay, Kusaty Oy By Busary O4r) identical to those used
in the previous analysis, travel times for much
lower flow rates (<K, ) were calculated. The in-
terface effect on the travel time, T,, was com-
pared with T, (Fig 7b). The conclusions from this
analysis are: first, at low flow rates (<0.04 cm-h™!)
the soil above the interface is much more wet
than expected from a “unit gradient” approach,
causing changes of the travel time near the inter-
face to be much more significant than the wick’s
effect; second, at high flow rates (>0.07 cm h™?!)
the effect of the interface is negative, i.e., travel
time speed up because suction exceeds that of
the nonsampled soil at the same depth; and third,
at the flow rate of =0.07 cm h™!, the soil profile
is uniformly wet.

Based on our analysis, it is suggested that sol-
ute travel time data collected from wick samplers
should be analyzed with a correction factor, not
only for the wick section, but also for the ex-
pected effect of the interface. Analysis of fine-
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textured soils with low K, and large o', show
that the correction for low flow rates is obviously
more significant than for coarse-textured soils.
For soil types similar to the sand used in this
study (high K. and small o '), the travel time
changes that were calculated for the lower fluxes
are more representative of field conditions.
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