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Fiberglass Wicks for Sampling of Water and Solutes
in the Vadose Zone

J. Boll, T. S. Steenhuis,* and J. S. Selker

ABSTRACT

Sampling solute concentrations in the vadose zone provides an early-
warning system for groundwater pollution. Various sampling devices
are available. This study evaluates the functionality of fiberglass wicks
in a soil solution sampler. Fiberglass wicks act as a hanging water
column, drawing water from the undisturbed field soil without exter-
nal application of suction. Flow characteristics of wicks were observed
in the laboratory by miscible-displacement tests using Br and an or-
ganic dye. The matric potential in the wick as a function of flow rate
was measured. Fiberglass wicks behaved like a porous medium that
effectively couid apply a suction to the soil while only minimally re-
tarding the organic dye. The relationship between matric potential,
moisture content, and unsaturated conductivity was determined for
several wicks. Based on these relationships, a set of curves was pro-
duced depicting travel time of nonadsorbed chemicals and the matric
potential in the wick as a function of flow rate. These curves can be
used for selecting optimum wick length and diameter for a given sam-
pler configuration.

ROUNDWATER serves as a drinking-water source
for the rural population in most of the developed
world and often is a cleaner water source in less de-
veloped countries than the widely used surface waters.
There is, however, increasing concern about pollution
of this natural resource (Cohen, 1988; Congress Watch,
1987). Wells are becoming increasingly polluted and,
once polluted, usually remain so for a long time. Un-
like in surface waters, residence times in groundwater
are very long and degradation rates tend to be very
slow.

To protect the groundwater, it is important that the
quantity and quality of recharge water is accurately
measured. Recharge may be considered to consist of
two components: water moving in macropores, ¢€.g.,
cracks and root channels (preferential flow), and water
that flows through the bulk soil (matrix flow). Pref-
erential flow occurs from the surface to the ground-
water and may carry significant amounts of toxic
substances (Steenhuis et al., 1989), while matrix flow
can be thought of as slow flow through the bulk soil
(Lawes et al., 1882). The quality of the bulk recharge
is strongly affected by the relative contribution of these
two components. To obtain accurate measurements of
recharge-water quality, therefore, the contribution of
both preferential and matrix flow must be determined
using a sampling method that neither affects the total
recharge nor disrupts the infiltration process.

A variety of vadose-zone sampling methods are
presently employed, as summarized in Table 1 (Steen-
huis et al., 1991). Soil cores yield water-quality sam-
ples representing the solute concentration in micro-
and macropores (Steenhuis and Muck, 1988). Multi-
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ple samples cannot be taken from the same location
in the field, and, in general, the larger the sample size,
the more representative the sample. Soil suction-cup
samplers extract water from the soil by manually ap-
plying a suction within a porous cup. This method
tends to sample the concentration of water in the larger
pores. Although this method is currently in wide use,
England (1974), Shaffer et al. (1979), Barbee and
Brown (1986), Starr et al. (1986), and Bailey (1990)
found that soil suction-cup samplers installed above
the capillary fringe were unsatisfactory for collection
of representative samples when used in soils ranging
from structured clay to sand. Pan-type soil solution
samplers require that the soil above the samplers be
saturated during collection (Parizek and Lane, 1970;
Barbee and Brown, 1986). This artifact leads to by-
passing of the pan samplers in high-conductivity soils
(Kung, 1988), and also results in collection of water
from the larger pores. Agricultural tile lines have shown
promise for sampling water quality on a field scale
(Everts and Kanwar, 1988; Richard and Steenhuis,
1988). Use of tile lines is the only method that yields
integrated groundwater-loading samples (both concen-
tration and flow is measured), although time resolu-
tion is poor.

A new technique to sample water and solutes
moving in the vadose zone uses wicks to apply cap-
illary suction (Brown et al., 1986; Holder et al.,
1991; Gee and Campbell, 1991). Wick samplers used
by Brown et al. (1986), Nieber (1990, personal
communication), and Holder et al. (1991) consisted
of a 30 by 30 cm pan with one tube in the center.
The drawback to this design is that chemicals en-
tering the sampler at the sides need to travel a con-
siderable distance to the center while solutes near
the middle flow without delay, giving rise to a large
instrument dispersion coefficient.

The wick is self-priming and acts as a hanging water
column, making it possible to draw samples from un-
saturated soil without external application of suction.
Nylon and glass rope, woven fiberglass, and glass
wicking placed in Teflon tubing were tested by Brown
et al. (1986) for capillary rise and saturated hydraulic
conductivity. They found that the fiberglass wicking
had the highest capillary rise (54 cm) and saturated
conductivity (10-2 cm/s) and did not adsorb inorganic
ions (Br, Cd, and NO,) or organic chemicals (toluene,
trichloroethylene, ethyl benzene, and naphthalene). We,
therefore, selected fiberglass wicking (Pepperell
Braiding Co., Pepperell, MA) to test its effectiveness
in sampling the vadose zone.

We report on the flow properties of fiberglass wicks
and how these properties influence the measurement
of contaminant loading. We developed a design meth-
odology to select optimal length and diameter of wicks
given the properties of a field location. To these ends,
we determined the wick’s solute-transport character-
istics and the matric potential as a function of the flux.
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Table 1. Sampling techniques and their features.
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Matric potential Type of Sample
Sampling Sampling Sample at sampler—soil water infor- Time
technique location size interface sampled mationt frame
cm
soil cores vadose zone auger size — immobile & mobile C instantaneous
porous cup sampler vadose & saturated zone +50-cm radius 0 to —500 mobile C days to weeks
pan sampler vadose zone pan size 0 mobile CcQ large storms
wick sampler vadose zone sampler size 0 to —50 mobile CcQ hours to months
tile lines shallow groundwater field size 0 mobile CQ months to years
for matrix flow,
instantaneous
for preferential
flow

TC = Concentration of solute, Q = flux of solute.
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Fig. 1. Laboratory set-up to measure matric potential at different
positions in a fiberglass wick. z (cm) denotes the position
above the lower end of the wick.

A field evaluation of fiberglass wicks in soil solu-
tion samplers can be found in Boll et al. (1991).

MATERIALS AND METHODS

Wick length and diameter employed in our experiments
were selected through screening trials, which included wicks

with diameters of 3.2, 4.8, 9.5, and 13 mm, and lengths
of 25, 50, and 75 cm. A 9.5-mm-diam. wick with a length
of 50 cm was selected for detailed examination. The smaller
3.2- and 4.8-mm-diam. wicks did not reliably maintain ten-
sion when the wick filaments were placed in contact with
a small soil sample. The 13-mm-diam. wick had similar
characteristics as the 9.5-mm-diam. wick, but had a longer
transport time for a given flow rate. The 50-cm length was
selected based on the observed maximum capillary suction
of wicks with lengths of 50 cm or longer. The experimental
setup consisted of an acrylic container or plate in or on
which the frayed top end of the wick was placed, followed
by a 50-cm wick enclosed in a plastic tube (13-mm i.d.),
which prevented evaporation.

In the second set of experiments, the matric potential in
the wick was measured with a set of solid-state tensiometers
at 7.0, 26.8, 37.3, and 47.5 cm above the lower end of the
wick (Fig. 1).

Solute Transport Characteristics

Solute breakthrough curves for transport in the wicks
were determined using a 0.1 M Br and 0.05% (w/w) FD&C
no. 1 blue dye solution as tracers. Blue dye has nearly the
same adsorption characteristics as atrazine (Andreini and
Steenhuis, 1990), with the benefit that the concentrations
can be measured quickly and inexpensively. The unad-
sorbed Br was used to track the bulk water velocity and
dispersion (mixing) within the wick. Water was applied
using a multichannel syringe pump (Soil Measurement
Systems’, Las Cruces, NM) and effluent was sampled using
a fraction collector.

The integrity of the contact between the wick and the
undisturbed field soil is crucial to the success of a wick
sampler. Five configurations of the wick filaments were
tested for contact with the field soil: (i) at the bottom of a
2-cm-deep, 6 by 6 cm container filled with sand; ii) at the
bottom of a cylinder with both radius and height of 2 cm,
filled with sand; iii) inside a funnel (65-mm upper diameter,
15-mm diameter at stem, 600 angle) containing a 2-cm-
high sand layer; iv) inside a funnel containing a 1-cm layer

' Brand names are included to document procedures only, and
are not endorsments or recommendations for these products.

Table 2. Experimental settings for breakthrough of 9.5-mm-diam. fiberglass wicks.

Shape of Medium Tracer
sample Area on top Height Solution Flow rates
cm? cm mL/h
square 36 sand 2 blue dye 5.4(n=2), 29(n=2), 54(n=2), 90(n=2)
circular 12.6 sand 2 blue dye 5.4,29(n=2)
funnel 12.6 sand 2 blue dye 5.4(n=2), 29(n=2), 54, 90
funnel 12.6 fiberglass wick 1 blue dye 5.4, 29, 54(n=3), W0(n=3)
flat plate 9 none — blue dye 5.4(n=9), 29(n=9), 60(n=9), 90(n="9)

5.4(n=3), 29(n=3), 54(n=3), W(n=3)
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of wick material; and v) spread on a bare 3 by 3 cm plate,
with the ends of the wick filaments attached to the plate
with epoxy. A fine mesh screen was used to prevent down-
ward migration of sand.

Distilled water and tracers were applied at rates of =90,
54 or 60, 29, and 5.4 mL/h (Table 2). The tracer solution
was applied and sampling was started when steady-state
flow conditions were reached. Sampling intervals were cho-
sen according to flow rate to obtain 5 to 7 mL (1/3 pore
volumes) of outflow during each sampling interval. The
tracer solution was applied until the outflow concentrations
had reached the initial tracer concentration (after two to
three pore volumes), after which distilled-water application
was resumed for an additional two to three pore volumes.
Bromide concentrations in the water samples were mea-
sured with an Orion Research SA 270 Concentration Meter
with Jonanalyzer Reference Electrode (Orion Research,
Boston, MA) calibrated against known Br concentrations
in reference solutions. Blue dye concentrations were ana-
lyzed with a spectrophotometer set at the 430-nm wave-
length.

Matric Potential in Wick

Knowing the dependence of tension on flow rate in the
fiberglass wick is important in evaluating the wick for sam-
pling the unsaturated zone. Matric potential was measured
by inserting high-speed miniplanar tensiometers, as de-
scribed by Selker et al. (1991), at four positions in the sides
of the plastic tube that housed the wick (Fig. 1). Motorola
MPX2010DP pressure sensors (Motorola, Phoenix, AZ) were
connected to the tensiometers (Selker et al., 1991).

In these tests, the wick was fully saturated by filling the
plastic tube containing the wick with distilled water and
then draining it slowly. Immediately afterward, water was
applied to the top of the wick starting at a high flow rate
and incrementally decreasing to lower flow rates. Each flow
rate was maintained for several hours to ensure steady-state
conditions at the time of measurement. In two typical tests,
six flow rates ranging from 693 to 144 mL/h, and nine flow
rates ranging from 130 to 6 mL/h were used. High flow
rates in the first test were obtained with a constant-head
device and in the second test with a small-capacity positive-
displacement pump. Wicks were replaced between tests.

In one test, the stepwise decrease of flow rate was fol-
lowed by a stepwise increase in flux, returning to the start-
ing value to investigate the effect of hysteresis in the wick
material. In this test, the wick length was 68 cm, the highest
flow rate was 138 mL/h, and the lowest flow rate was 6.4
mL/h, with three intermediate flow rates used.

RESULTS AND DISCUSSION
Breakthrough Experiments

Breakthrough curves for each test, listed in Table
2, were fitted against the convective—dispersive equa-
tion using CXTFIT (Parker and van Genuchten, 1984),
with the flux type boundary condition and the retar-
dation coefficient set to 1. From the resulting values,
the dispersion coefficient, D (cm?/s), and flow veloc-
ity, v (cm/s), we calculated the dispersivity, D/v (cm),
and the moisture content, 8§ = g/v, with g (cm/s) being
the rate at which water was applied to the top of the
wick. In all cases, the convective—dispersive equation
fitted the data extremely well; all coefficients of de-
termination were >0.97. An example of the observed
and fitted breakthrough curves is shown in Fig. 2.

Dispersion and Dispersivity

The dispersivity values (D/v) for the various treat-
ments are shown in Fig. 3. For the best performance

1.0 oo
0.8 +
o 0.6+
(@]
~
O 0.4
o Experimental Data
o
0.2+t — Curve Fit (CXTFIT)
Pulse 34 min
0.0 b : 2a

o 70 20 30 40 50 60 70
TIME (MIN)

Fig. 2. Example of the abserved and fitted breakthrough curves
for a 50-cm-long, 9.5-mm-diam. fiberglass wick.

of the wick sampler (the least effect on breakthrough
characteristics), the dispersivity should be small (the
input signal is least smoothed), and independent of
velocity (the solute concentration is then a function of
outflow volume only). On this basis, Fig. 3 shows
that decreasing the amount of contact material on the
top of the wicks improved the performance. Larger
dispersivity values, which were not independent of
flow rate, were obtained for the square-shaped com-
partment (36 cm?) filled with sand. The large values
were caused by stagnant fluid in the corners. This was
substantiated by tests with a circular compartment (12.6
cm?) that showed a sharp decrease in dispersion of the
system. Other tests using a funnel filled with 2 cm of
sand or 1 cm of wick material lowered the dispersivity
value but only if wicks were used as contact material
was the dispersivity independent of flow rate (Fig. 3).
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Fig. 3. Dispersivity values vs. flow rate for various configurations
to test contact with a field soil: (a) square and circular
containers, (b) funnel with 2 cm of soil or 1-cm wick, and
flat plate.
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By far, the best results were obtained when the wick
filaments were spread on a flat plate: the average dis-
persivity value was 1.03 cm (standard deviation =
0.244), and independent of flow rate. We included
this design configuration in our field samplers with
good results (Boll et al., 1991). Moreover, the wicks
kept their integrity after 1 yr’s use. The variation in
dispersivity between wicks is probably caused by the
variation in the properties of the wick material itself,
as the manufacturing process currently is not oriented
to scientific applications.

Dispersivity values found for the 9.5-mm wick (Fig.
3) were much lower than the range of values found
for field soils, 6 to 14 cm (Matthess et al., 1985; van
der Molen, 1956). Thus, the wick contributed negli-
gibly to the dispersion of solutes. When fitting break-
through curves for a given soil, it can be assumed that
the concentration in the sample bottle, when adjusted
for travel time in the wick, represents the concentra-
tion at the soil-sampler level.

Adsorption

It is important that the wick shows a minimum af-
finity for the constituents in the water. Brown et al.
(1986) showed that no adsorption occurs for several
organic compounds. In our experiments with blue dye,
however, which had a retardation coefficient of 2.8
(no-till column) and 4.1 (tilled column) in a sandy
loam soil (Andreini and Steenhuis, 1990), some ad-
sorption did occur. Bromide is a nonadsorbed chem-
ical and, therefore, g/v from the Br experiments yields
the volumetric moisture content (6) in the wick. If the
blue dye adsorption is not negligible, the retardation
coefficient for the blue dye may be found from the
expression:

9 _ Re [1]
Vsolute
where

q = water flux (cm/min)

Veoie = Vvelocity of solute (cm/min)

R = retardation coefficient (dimensionless

quotient of water and solute velocities)
0 = moisture content (cm3/cm?)

Using the data obtained from the CXTFIT program
where the solute was applied directly to 9.5-mm-diam.
wicks (using the flat plate), the left-hand side of Eq.
[1] is plotted vs. g in Fig. 4. The plot shows that the
R6 values for blue dye are slightly higher than for Br
when looking at the regression lines. Comparing the
intercept with the y axis of both lines results in a R
value for the blue dye of approximately 1.3 (0.423/
0.316). Furthermore, by using CXTFIT with the ve-
locities of the Br experiments as the true water veloc-
ity, we found an average R value of 1.25 for blue dye
with a standard deviation of 0.15. The slightly lower
velocity of the blue dye compared with the water ve-
locity is not a great concern, especially since retar-
dation in the soil is much higher. However, compounds

with high affinity to glass may be retarded by the
wicks.

Matric Potential and Flow Rate Experiments

Figure 5 shows the matric potential, expressed as
pressure head (i.e., cm), measured at four positions
along a 9.5-mm-diam. wick for 15 flow rates. Overlap
of the lowest flow rate in Fig. 5a with the highest flow
rate in Fig. 5b is caused by the use of a different wick.
At the extremely high flow rate of 693 mL/h, the
potential was approximately — 3.5 cm throughout the
wick. With decreasing flow rates down to about 50
mL/h, the matric potential in the upper 30 to 50 cm
of the wick was nearly constant (i.e., water flows
under a unit gradient in the upper part of the wick).
The matric potential reached —29 cm at the top of
the wick at the lowest flow rate (6.4 mL/h). At very
low flow rates, the matric potential in the wick will
decrease, but will not exceed a value of approximately
—50 cm, indicating limitations for the use of fiber-
glass wicks in drier soils. This might not be a severe
drawback, as flow rates in the soil usually become
very low at this tension.

By increasing, and subsequently decreasing, the flow
rate, one drying and wetting cycle was simulated for
the wick system. Figure 6 is a plot of matric potential
at three positions in the wick vs. moisture content,
which was obtained from the Br data for each flow
rate in Fig. 4. Considerable hysteresis was observed
in the wick, indicating that the wick responds to
changing pressure conditions in the same manner as a
soil. The hysteresis effect can be an important con-
sideration in experiments where wetting and drying
occurs frequently (e.g., natural rainfall). In experi-
ments where water application is continuous and steady,
more tension will be applied to the soil when the wick
is on the drying curve than when it is on the wetting
curve.

A useful and important relationship is hydraulic
conductivity, K, as a function of . Hydraulic con-
ductivity in the wick was calculated, using Darcy’s
equation, for the two sections between the upper three
tensiometers (Fig. 1). The K(8) relationship is not hys-
teretic as expected (see Fig. 7), hence the transport
parameters are not affected by hysteresis.

Selection of Wick Length and Diameter

For sampling purposes, an appropriate diameter and
length of wick must be selected to match tension in
the field soil for a given experiment. In that respect,
we can use the laboratory results and obtain an expres-
sion for travel time through the wick and matric po-
tential in the top of the wick as a function of wick
dimensions, infiltration rate, and the area of the soil
sampled by the wick. A least-squares regression of a
straight line to the Br data in Fig. 4 using v (cm/h)
yields the relationship

6 = 0.31 + 0.00062v (2]

(R* = 0.90). When using a different tracer, the solute
velocity can be estimated by multiplying the left-hand
side of Eq. [2] by the retardation coefficient (e.g., R
= 1.3 for the blue dye).

The travel time through the wick is a function of
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Fig. 5. Matric potential vs. elevation within the 9.5-mm-diam.
wick for (a) six flow rates and (b) nine flow rates.

the volume of water collected, which may be calcu-
lated as

Q = OVAwick [3]
Using Eq. [2] and writing v as L/t, we obtain
Q =[0.31L/t + 0.00062(L%*/t*)] Awick [4]

where Q is the flow rate (mL/h), L is the length of
the wick (cm), ¢ is time (h), and A,y is the cross-
sectional area of the wick (cm?).

If we consider applications in the field, the sam-
pling interval is usually on the order of a day or longer.
Under these conditions, the squared term in Eq. [4]
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Fig. 6. Matric potential vs. volumetric moisture content for
three positions above the lower end of the wick (z = 38.8,
49.3, 59.5 cm), showing hysteresis in the 9.5-mm-diam.
fiberglass wick.

® 250

I 8
3 (a) o ®

S 200t 1

z . *

Z 150}

2 8

Q

z I 8 it

8 100 ODrying ODrying
o] ®Wetting o) @Wetting
2 50¢ L 1 .

<C

& gle .. 1°

T 04 05 06 07 04 05 06 07 08

MOISTURE CONTENT MOISTURE CONTENT

Fig. 7. Hydraulic conductivity vs. moisture content for the
drying and wetting curve of the 9.5-mm-wick calculated for
two sections between measurement points: (a) between z =
49.3 and z = 59.5 cm and (b) between z = 38.8 and z =
49.3 cm.

is negligible and the travel time can be written ex-
plicitly as
0.31L

= —_Q_Awick [5]
Finally, we can rewrite Eq. [5] in terms of the down-
ward flux in the soil above the sampler, g, by in-
troducing the area of the wick that is sampled by the
wick, A mpie» as follows

;= 0.31L A,k (6]

Qsoil Asample
By replotting the data in Fig. 5, matric potential, ¢
(cm), vs. Q@ (mL/h) is shown in Fig. 8 for three po-
sitions in the wick. The values of Q > 144 mL/h were
not considered to avoid the region where water by-
passed the wick. A least-squares regression of a straight
line to the logarithm of the data at the top of the wick
(47.5 cm in Fig. 8) yields an expression for matric
potential (—50 cm < ¢ < 0) as a function of flux,
soil area sampled by the wick, and cross-sectional area
of the wick:
A -0.2577
l,[l — "56.35(‘15011 samEle) [7]

wick

The coefficient of determination was 0.92.
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Fig. 8. Matric potential vs. flow rate for three positions (z =
26.8, 37.3, 47.5 cm) above the lower end of the 9.5-mm-
diam. wick.

The optimal combination of wick length and di-
ameter depends on the soil of interest and the expected
flow pattern. Using Eq. [6] and [7], we plotted ¢ and
v vs. @, with L = 47.5 cm and three diameters d =
2.5, 5, and 9.5 mm, respectively (Fig. 9). It is clear
that a trade-off exists between a high velocity (short
travel time) and a high capillary suction. For example,
at a flow rate of 25 mL/h, the 9.5-mm-diam. wick (L
= 47.5 cm) can carry water at a velocity of 80 cm/h
with a matric potential of —22.5 cm at the top. How-
ever, the 5S-mm-diam. wick carries the same amount
of water at a velocity of 250 cm/h with a matric po-
tential of —17 cm at the top. When applying these
results, caution should be used since the results are
extrapolated from a single wick diameter.

Travel time through the wick is quite short in com-
parison to soil water movement in this study; for ex-
ample, considering an overall flow rate of 25 mL/h
through a 47.5-cm-long, 9.5-mm-diam. wick sam-
pling a 6.1 by 6.1 cm soil section, the travel time is
26 min, approximately equivalent to a 2-cm distance
in the soil. A shorter wick results in shorter travel
time, but reduces the capillary suction applied to the
soil. Water at 25 mL/h will travel through a 25-cm-
long, 9.5-mm-diam. wick in 13 min with a matric
potential of approximately — 18.5 cm at the soil-wick
interface.

CONCLUSIONS

Laboratory tests showed that fiberglass wicks have
a relatively small effect on the measurement of con-
taminant loading. The dispersivity value of the wick
was very low, indicating that, when used for sampling
from unsaturated soil, fiberglass wicks contribute neg-
ligibly to the dispersion of solutes. Miscible-displace-
ment tests using Br and an adsorbed blue dye applied
to fiberglass wicks revealed that the latter has a retar-
dation coefficient of approximately 1.3, a value that
is very small compared with retardation of blue dye
in field soils.
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