Soil Matrix and Macropore Biodegradation of 2,4-D
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ABSTRACT

Preferential flow of pesticides in macropores can lead to decreased
travel times through the vadose zone and increased groundwater
contamination. Macropores, however, may present a favorable envi-
ronment for biodegradation because of greater oxygen, nutrient, and
substrate supply, and higher microbial populations in earthworm
burrows, compared to the soil matrix. The biodegradation of 2,4-
dichlorophenoxyacetic acid (2,4-D) was measured in macropores and
soil matrix of packed soil columns (7.0-cm diam., 10-cm length) and
undisturbed soil cores (10-cm diam., 7.3 or 8.0-cm length). Each
packed column contained a well-defined artificial macropore and the
undisturbed cores contained earthworm-burrow macropores. A 50
pg/L 2,4-D solution was continuously applied to the unsaturated soil
surface and breakthrough curves (BTCs) indicating pesticide loss in
the effluent were obtained from the soil matrix and macropore flow
paths. Biodegradation rates were calculated separately for each flow
path by comparing the BTCs to BTCs representing abiotic conditions,
and dividing the 2,4-D loss by the travel time through each flow path.
The biodegradation rates increased with time in both flow paths, and
the final biodegradation rate in the macropore region surpassed that
of the matrix, presumably because of increased microbial populations
in the macropore. Complete loss of the 2,4-D in both flow paths
was observed after continuous application of 2,4-D for 400 h, with
maximum column-averaged 2,4-D loss rates of 0.879 pg/(L h) in the
matrix and 1.073 ug/(L h) in the macropore. Biodegradation of 2,4-D
was also observed in the macropore and matrix regions of the undis-
turbed soil cores.

PREFERENTIAL FLOW of solutes through macropores
in soil has been shown to result in rapid transport
of the chemicals to groundwater, with potential for con-
tamination of the groundwater (Beven and Germann,
1982). This potential problem is especially critical with
application of agricultural pesticides under conservation
tillage practices, in which undisturbed preferential flow
paths develop (Edwards et al., 1992). Biodegradation is
one means by which solute concentrations may be low-
ered (Valentine and Schnoor, 1986). Although the influ-
ence of macropores on transport of solutes has been
widely researched (Steenhuis and Parlange, 1991), their
influence on biodegradation has not been examined. Mac-
ropores can contribute to increased aeration of the soil
and stimulate aerobic biodegradation. Natural mac-
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ropores can be formed by earthworm burrows: these
burrows contain a greater microbial population than the
surrounding soil matrix (Lee, 1985) which may lead to
more rapid biodegradation. The linings of earthworm
burrows can affect pesticide sorption (Stehouwer et al.,
1994) which can impact substrate availability for biodeg-
radation.

The phenoxy herbicide 2,4-D was chosen as a model
compound for the soil columns since it is readily biode-
gradable, with estimated half-lives of 10 to 50 d (Howard
etal., 1991) or residual activity of 6 wk (Kidd and James,
1991), and similar in structure to other compounds that
are of concern (Estrella et al., 1993). Compared to other
agricultural pesticides, the class of compounds containing
2,4-D is among the most easily biodegraded (Sirons et
al., 1982). Arthobacter biodegrades 2,4-D in soil by
enzymatic conversion to chlorophenols, with further me-
tabolism resulting in catechols (Young, 1980). Other soil
microorganisms also biodegrade the phenoxy herbicides
by several pathways, and pretreatment of the soil with
2,4-D results in enhanced biodegradation rates (Bovey,
1980). The experiments described here were conducted
as part of a program to assess the impact of macropores on
biodegradation; previous experiments used p-nitrophenol
as a biodegradation substrate (Pivetz et al., 1995).

MATERIALS AND METHODS

Two columns (packed columns no. 1 and 2) were packed
using the <1.00 mm fraction of Teel silt loam (coarse-silty,
mixed, mesic, Fluvaquentic Eutrochrepts) leaving a vertical
0.8 cm diam. cylindrical opening through each column to form
a macropore. Two soil cores (undisturbed cores no. 1 and 2)
were obtained from the surface horizon of the Hudson silty
clay loam (mixed, mesic, Udic Hapludalf) in the Cornell
University Orchard, Ithaca, NY, with each soil column con-
taining earthworm-burrow macropores. The column diameters
and lengths, measured soil bulk density, porosity, volumetric
water content, and average organic matter content of the dried
sieved soil as measured by loss on ignition are given in Table 1.

Three freely-hanging 50-cm long fiberglass wicks were
placed in contact with the bottom surface of each soil column
or core to provide a suction to maintain unsaturated conditions.
One wick was glued to a circular support (area = 3.3 cm?)
and placed below a macropore opening in both the packed
columns and in the undisturbed cores, in contact with the

Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; BTC, break-
through curve; CDE, convection-dispersion equation; ELISA, enzyme-
linked immunosorbent assay.
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Table 1. Column parameters.

Packed Undisturbed

columns cores
Diameter, cm 7.0 10.0
Length, cm 10.0 7.3, 8.0
Bulk density, g/cm? 1.18 1.37
Porosity 0.53 0.48
Water content, cm?/cm® 0.50 0.43
Organic matter, g/kg 6.1 5.7

surrounding soil. It was not possible to determine a priori if
the earthworm-burrow macropores in the undisturbed cores
were continuous from the bottom of the soil to the surface,
because of their tortuosity. The second wick was glued to a
circular support (area = 8.04 cm?) and placed against the soil
matrix in an area without any macropores. The third wick was
laid out against the remaining soil. The wicks were placed in
plastic tubing surrounded with gravel that supported the column
or core, allowing the free end of each wick to drip into a
fraction collector. The use of the wicks allowed investigation
of small, discrete flow paths through the soil, with separation
of macropore region and matrix region flow paths (Pivetz et
al., 1995).

To determine the effect of the wick on solute travel time
bromide solution was applied directly to a similar fiberglass
wick at several different flow rates. The solute velocities were
determined from the resulting BTCs by curve-fitting the data
to the convection-dispersion equation (CDE) using the program
CXTFIT (Parker and van Genuchten, 1984). A relationship
between wick travel time t (h) and total flow rate Q (cm’/h)
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Fig. 1. Bromide BTCs. (A) Packed columns. (B) Undisturbed cores.
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through the wicks was determined using the method of Boll
et al. (1992), for wicks of length L (cm) and cross-sectional
area A (cm?):

Q = [0.004469(L/t)* + 0.408352(L/t)](A)

This equation was used to calculate wick travel times in
each wick for each sample taken during the bromide and 2,4-D
breakthrough experiments. Previous work had indicated no
sorption of organic chemicals by the fiberglass wicks (Pivetz
et al., 1995). These travel times were then subtracted from
the experimental column or core BTC before that BTC was
used in the biodegradation rate analysis.

A 0.01 M CaSO, solution was continuously dripped from
narrow-diameter tubing onto each column or core using a
peristaltic pump to establish steady-state flow. Filter paper
was placed on the soil surface to ensure even distribution of
the applied solution. A 70-h pulse of 0.1 M NaBr and 0.01 M
CaSO, solution was then applied to each column or core and
the effluent sampled every 2 h and analyzed for bromide to
obtain bromide BTCs for each macropore and matrix region.
After the bromide solution was stopped, the CaSO, solution
was continued until the soil effluent was free of bromide. A 50
ng/L 2,4-D and 0.01 M CaSO solution was then continuously
applied for 480 h to each column or core at 8.2 cm/d for
packed columns no.1 and 2 and 5.5 cm/d for undisturbed cores
no. 1 and 2. The volume of effluent from each sampling area
(macropore or matrix) was measured at 2-h intervals to plot
the discharge rate Q (cm’/h) through the sampling region.
Effluent was collected and analyzed for 2,4-D, and BTCs were
plotted for the macropore and matrix region of each column
or core. Application rates for each type of pulse were the
same within each column experiment, and at a low enough
rate to prevent ponding. All experiments were conducted in
a constant-temperature room at 21°C.

Bromide concentrations in the effluent were measured using
an Orion Model 720A Ionanalyzer' with a bromide-specific
electrode, calibrated using a concentration range of bromide
standards. Concentrations of 2,4-D in the effluent were mea-
sured using the enzyme-linked immunosorbent assay method
(ELISA) with the Rapidassay test kit from Ohmicron Corpora-
tion (detection limit of 0.7 ug/L 2,4-D). ELISA test kits are
available for various classes of contaminants and have yielded
results comparable to gas chromatography for detection of

! Mention of a trade name does not constitute a guarantee or warranty
of the product or equipment by Cornell University, nor an endorsement
over other available products.
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1 macropore.
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results comparable to gas chromatography for detection of
triazine herbicides in soil (Goh et al., 1991) and in water
(Thurman et al., 1990).

The possibility of biodegradation occurring in the wicks
was tested for after the 2,4-D breakthrough experiment was
complete. Undisturbed core no. 1 was removed from its wicks
and the 50 pg/L 2,4-D solution was dripped directly onto one
of these wicks. Samples were collected from the end of the
wick for 26 h and analyzed for evidence of biodegradation.

The amount of biodegradation in each soil flow path was
determined by comparing the 2,4-D BTCs (which indicate loss
of 2,4-D because of biodegradation) to BTCs for abiotic or
sterile conditions under which no biodegradation occurred, as
described in the following three paragraphs. The abiotic BTCs
were generated theoretically using values of the CDE parame-
ters V (velocity), D (dispersion coefficient), and R (retardation
factor) for each column or core flow path. This theoretical
BTC represented how the BTC of 2,4-D would have appeared
had there not been any biodegradation in the soil column or
core.

The theoretical BTCs were prepared using the bromide and
2,4-D experimental data. The bromide BTCs were fit to a
solution of the CDE using CXTFIT with dimensionless concen-
tration and time, using an initial estimate for V to find values
of D and R. The estimated velocity was obtained by dividing
the outflow Q by an initial estimate of pore volume, and
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Fig. 3. 2,4-D BTCs and discharge curves for 480 h of continuous 2,4
“smoothed” BTCs (solid and dotted lines). (B) Column no. 1 total
Column no. 2 data ((J, +) and “smoothed” BTCs (solid and dotted

and matrix (dotted line).

multiplying by the column length. The dimensionless time was
the number of pore volumes, or outflow volume divided by
the soil pore volume. The fit value of R was then compared
to the known R value of 1.0 for bromide. A final value for
pore volume was calculated by multiplying the initial estimate
of pore volume by the fit value of R, and also recalculating
the value of V. This pore volume was assumed to be constant
for each sampling area during all phases of the experiment.
CXTFIT was then used to fit the data with the final value of
V to obtain values for D and R for each bromide flow rate.

Small differences in flow rate Q occurred in each flow region
between the bromide and 2,4-D phases of the experiment.
Because of this, the values of V and D from the bromide
curve-fitting were used to calculate new values for V and D
for the different flow rate Q during the 2,4-D application,
assuming a constant moisture content and a constant dispersiv-
ity (D/V) between phases of the experiments. Then, the first
portion of each 2,4-D curve (that portion unaffected by biodeg-
radation) was fit using CXTFIT with the calculated values of
V and D to find the retardation factor R for the 2,4-D.

A “smoothed” curve through the experimental 2,4-D BTC
data was prepared using multiple regression of the polynomial

y=x+xX+x2+x+x5+x

where x is the value of the abscissa and y the value of the
ordinate for each data point. The “smoothed” BTC was plotted

1.2
- Continuous 2,4-D application o

1.0 a o— Macropore
_ +— Matrix
e 0.8
S C
~ 0.6 Packed Column #2
0
< 0.4
~N

0.2

0.0 v r v 7 o

0 100 200 300 400 500
HOURS
10
Packed Column #2
= 8 D
~ Macropore
(32}
=3
S 6
]
[T]
2 4
(3]
171
a 2 Matrix
0 Y - y .
0 100 200 300 400 500
HOURS

-D application to packed columns. (4) Column no. 1 data @, +) and
discharge curves: macropore (solid line) and matrix (dotted line). (C)
lines). (D) Column no. 2 total discharge curves: macropore (solid line)



PIVETZ & STEENHUIS: SOIL MATRIX & MACROPORE BIODEGRADATION OF 2,4-D 567

using this polynomial with an appropriate x-coefficient for each
term as determined by the multiple regression. This “smoothed”
BTC was subtracted from the theoretical BTC, resulting in a
“difference” curve that indicated the loss of 2,4-D in the effluent
at each time during the experiment. Then, “effluent” biodegra-
dation rates were determined by dividing the loss of 2,4-D
concentration by the travel time between the soil surface and
the bottom of the column. The “effluent” biodegradation rate
described the biodegradation rate occurring in one particular
volume of 2,4-D solution as it moved through the soil column.
An average “column” biodegradation rate for all volumes of
2,4-D solution throughout the entire length of the flow path
at any “effluent” measurement time 1 was calculated by sum-
ming all effluent biodegradation rates from time r; to time ¢,
+ AT, where AT represents the solute travel time through
the flow path, and then dividing by AT (Pivetz et al., 1995).
This “column” biodegradation indicates the average biodegra-
dation rate occurring over the entire flow path at any one
time, whereas the “effluent” biodegradation rate reveals the
biodegradation that occurred in just the effluent sample at the
column bottom at the given time.

RESULTS AND DISCUSSION

The bromide BTCs (Fig. 1) were used not only to
estimate velocity and dispersion coefficients, but also to
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indicate the type of flow by the shape of the curve. The
macropore BTCs from each of the columns or cores
showed that the macropore flow paths behaved as ex-
pected, with a rapid increase in bromide (Fig. 1), while
the matrix BTCs showed a more sigmoidal shape denoting
matrix flow. The BTC from undisturbed core no. 1
matrix, however, indicated that flow was not entirely
through the matrix, since this BTC was similar in shape
and position to those of the macropore flow paths. This
anomaly was a result of using the undisturbed core, in
which the actual position and dimensions of the mac-
ropores were unknown. It was possible that what was
initially thought of as a uniform matrix was actually
affected by a nearby partially penetrating macropore.
The BTC of 2,4-D applied directly to the wick after
completion of the biodegradation experiment (Fig. 2)
indicated that there was no loss of 2,4-D in the wick
during the experiment. If biodegradation in the wick
had been occurring to a significant degree during the
experiment then a significant microbial population would
have built up in the wick. Then, when 2,4-D was applied
directly to the wick, loss of 2,4-D would have been
quickly and readily apparent. This did not occur, indicat-
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Fig. 4. 2,4-D BTCs and discharge curves for 480 h of continuous 2,4-D application to undisturbed cores. (4) Core no. 1 data 3, +). (F) Core
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ing that there was no significant biodegradation in the
wick.

Discharge from each area of packed columns no. 1
and 2 was relatively constant, so these BTCs reflect
steady-state flow conditions (Fig. 3). Water and 2,4D
was uniformly applied to the soil surface; however,
because of the preferential flow paths a greater flux of
water moved through the macropores (Fig. 3B, 3D, 4B,
and 4D). This resulted in a greater mass of 2,4-D per
unit area of the macropore region than for the matrix
region. Because of non-steady-state flow through the
undisturbed cores (Fig. 4B and 4D), these BTCs (Fig.
4A and 4C) were not analyzed using the procedure
outlined under Materials and Methods.

The dramatic difference between the theoretical BTCs
and the actual 2,4-D data for the macropore and matrix
regions of packed columns no. 1 and 2 after the theoretical
BTC approaches the input concentration illustrates the
substantial biodegradation that occurred with continuous
application of the 2,4-D (Fig. 5). There is some variabil-
ity in the position of the smoothed BTC at early times
(and thus also in the “difference” curves) because of the
smoothing algorithm, in which later values affect early
values through the multiple regression coefficients, so
that the early part of the BTCs should receive less empha-

sis than the later parts. The statistical significance of the
difference between the macropore and matrix flow path
biodegradation rates cannot be determined at this time
because of the low number of experiments performed.
More important is the overall trend of the data indicating
that the phenomenon of macropore biodegradation occurs
and that it bears further investigation. More experiments
would be required before statistical significance is as-
sessed and a predictive model made possible.

The biodegradation rates calculated using the travel
times of Table 2 increased with time for each of the
flow regions of the packed columns as more 2,4-D was
added (Fig. 6). During the initial phase of each 2,4-D
experiment, the rates were higher in the matrix region.

Table 2. Biodegradation rate parameters for the packed columns.

Final
Travel biodegradation
time rate
h pg/(L b)
Column no. 1
Macropore 50 1.004
Matrix 77 0.639
Column no. 2
Macropore 46 1.073
Matrix 57 0.879
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Fig. 6. 2,4-D biodegradation rate curves: Packed column no. 1 mac-
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This was presumably because of low initial populations
of 2,4-D degraders throughout the soil. The slow move-
ment of the solute allowed microbial degradation at these
low populations, whereas the rapid movement of the
2,4-D in the macropore was not conducive to immediate
biodegradation. After the initial 100 h of the experiment
elapsed, however, the biodegradation rate increased
faster in the macropore flow regions than in the matrix
regions and exceeded the matrix biodegradation rates,
as the microbial populations and activity increased with
time in the macropore. The final macropore biodegrada-
tion rate was greater than the matrix biodegradation rate
in each column (Table 2). The faster rate may be because
of the increased availability of oxygen in the vicinity of
the macropore and the greater mass of substrate delivered
to this area because of the continual supply of 2,4-D.

It was not possible to analyze the BTCs from the
undisturbed soil cores using the method outlined above,
because of the lack of steady-state flow in these cores.
These experiments, however, were significant in that
biodegradation caused the 2,4-D concentrations in both
the macropore and matrix regions of the undisturbed soil
cores to reach nondetectable levels late in the experiment.
This indicated that the phenomena observed in the packed
soil columns also occurred in the undisturbed cores.
Furthermore, that despite the presence of macropores
in the undisturbed soil cores, and rapid transport through
those macropores, biodegradation still occurred.

For comparative purposes, a predicted BTC was pre-
pared for the packed column no. 1 matrix, using the fit
values of V, D, and R, but with a range of first-order
decay coefficients from the literature (Nash, 1980; Rao
& Davidson, 1980). The predicted BTCs clearly do not
appear similar to the actual BTC (Fig. 7) and do not
predict the initial 2,4-D peak nor eventual loss of all
2,4-D. This indicates that in cases of continuous applica-
tion of solute (such as slow steady leaks from chemical
Storage tanks) which allows microbial populations to
increase significantly, the CDE cannot be used with
first-order decay coefficients to accurately predict the
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Fig. 7. Comparison of packed column no. 1 matrix BTC to BTCs
predicted using first-order decay coefficients {t~'). Data (OJ). Theo-
retical curve (solid line). k= 0.0021 (dotted line). k = 0.1386 (dashed
& dotted line). k = 0.1783 (dashed line).

breakthrough of solutes or the total mass delivered to
groundwater.

SUMMARY

Biodegradation of 2,4-D was rapid in all of the column
and core wick sampling areas after prolonged application
of 2,4-D. After applying 2,4-D for 400 h, complete loss
was observed during the 46 to 77 h the 2,4-D took to
travel through the packed columns, resulting in the final
column-averaged biodegradation rates listed in Table 2.
Complete loss of 2,4-D also occurred in the undisturbed
cores, although biodegradation rates could not be accu-
rately calculated.

This experiment and analysis indicated that rapid bio-
degradation of 2,4-D can occur in both macropore and
matrix flow regions of packed soil columns and undis-
turbed cores. The highest loss rates occurred in the
macropores and increasing flow rate results in increasing
2,4-D loss rates. Rapid biodegradation in macropores
after an initial quick breakthrough must be considered
when modeling the transport and fate of contaminants
moving through soil.
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