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of picloram in the soil profile one we 'k after each irrigation was determined by in situ
sampling of soil solution with porous ceramic cups placed at several depths. Although
movement of the picloram peak was retarded more than was anticipated from equilibrium
adsorption measurements, a significant fraction of the applied herbicide moved ahead of
the peak deep into the profile (down to the 143 cm depthg after a single application of
24 cm water. Rapid flow through macropore sequences combined with temporary retention of
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picloram in aggregate micropores appear to be responsible for the unusual pattern of movement.
Published data for nitrate movement in the same field plots of Molokai soil were compared
with picloram movement data to provide a measure of the relai:ive mobility of these solutes.

A comparison of the results reported here with published field data of solute leaching in
other soils indicated a greater retardation of solute peak movement in Molokai soil than in
less aggregated soils.,
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Field Study of Solute Movement in a Highly Aggregated Oxisol with Intermittent Flooding:
I. Nitrate’

V. Balasubramanian, Y. Kanehiro, P. S. C, Rao, and R. E, Green?

ABSTRACT

Movement of applied nitrate (a concentrated solution sprayed
uniformly over the soil surface) under intermittent flooding was in-
vestigated in Molokai silty clay {Typic Torrox), an important soil
for sugarcane (Saccharum officinarum L.) and pineapple {Ananas
comosus) production in Hawaii. Nitrate distribution in the profile
was characterized under an extended irrigation scheme by in situ
sampling of soil solutions with suction probes 1 week after each
water application. The nitrate peak moved only one-third as far as
would have been predicted by & piston displacement model. Equili-
bration of applied nitrate solution with the aggregated surface soil
for T week prior to flood irrigation further retarded nitrate leach-
ing. Apparently, equilibration involved bulk flow and diffusion of
nitrate into aggregate micropores wtere the solute was less suscepti-
ble to transport in water being conducted mostly in the macropores
during and soon after irrigation. Prediction of nitrate distribution
based on dispersion (diffusion plus convection) equation approxi-
mated experimental results for successive irrigations reasonably
well when equation parameters were obtained by fitting one set of
experimental data. The drawback of this theoretical model is dis-
cussed.

Additional Index Words: water quality, pollution, fertilizers,
irrigation, ground water. i

Nitrogen leaching in soils reduces the efficiency of N
utilization by crops and sometimes contaminates the
ground v aters. This is a potential problem in irrigated
Oxisols planted to sugarcane (Saccharum officinarum L..)
in Hawaii especially when the root systems are poorly
developed during the first few months of crop growth.
The quantitics of water commonly applied with furrow
irrigation during this period are frequently in excess of
the evapotranspiration. Analysis of ground waters in
Hawaii has indicated instances of increased nitrate levels,
apparently associated with sugarcane fertilization (Mink,
1962; Visher and Mink, 1964; Tenorio, Young, and White-
head, 1969). Studies by Takahashi (1964, 1967, 1968),
Ayres and Hagihara (1960), and Ekern (1970) indicate
that leaching has not caused major losses of N from these
soils, especially when sugarcane was well established.
Takahashi (1969) believed that any N loss through leach-
ing occurs soon after fertilization when immobilization is
miniinum and nitrification is maximum. Lysimeter data
reported by Dutt ct al. (1970) for California soils show
that cven if fertilizer N fails to pass through the soil in
large quantities, it may replace native N in the biological
transformations of soil organic fractions causing an in-
crease in the leaching loss of native N. Thus, it appears
that nitrate either coming from applied fertilizer or
mincralized from soil organic fractions does move through
the soil profile.

In a chloride leaching study with packed columns of
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aggregated clay (Clackline Kaolinite), Aylmore and
Karcem (1968) obscrved that leaving the chloride tracer
hand overnight hefore leaching resulted in higher chloride
retention in the upper sections of the column than when
a chloride slug was leached immediately after application,
These authors attributed this retention to molecular dif-
fusion of chloride into relatively stagnant intra-aggregate
pores when enough time was allowed between chemical
application and leaching. Since the Molokai soil (Typic
Torrox) is highly aggregated with inter- and intra-aggre-
gate pores, it was decided to characterize the nitrate
movement under two different sets of initial conditions:
(i) nitrate application followed by immediate leaching
(nonequilibrated treatment) and (ii) nitrate application
followed by a 1 weck equilibration time before the first
leaching (equilibrated treatment). The study was con-
ducted concurrently with other experiments on picloram
herbicide (Rao et al.,, 1973) and water movement in the
same soil (R. E. Green, P. 8. C. Rao, V. Balasubramanian,
and Y. Kanchiro. Ficld infiltration and redistribution of
water in a Hawaiian Oxisol. Manuscript in preparation
for Soil Sci. Soc. Amer. Proc.).

MATERIALS AND METHODS

These experiments were corducted on Molokai silty clay (a
member of the clayey, kaolinitic, isohyperthermic family of Typic
Torrox of the order Oxisols). It is the most extensive soil series
planted to sugarcane in Hawaii. This soil is characterized by low
organic matter (3% in the surface), Jow cation exchange capacity
(14 meq/100g), and high content of iron oxides (20% Fe,03).
Negative charges predominate on clay surfaces resulting in very low
anion exchange capacity. The soil is slightly acid (pH = 6.4). The
sustained infiltration rate was about 4 cm/hour and the water con-
tent ranged from 0.45 cm3/cm immediately after infiltration to
0.36 cm>/cm? 1 week after irrigation. Other physical properties of
this soil are discussed elsewhere (Sharma and Uehara, 1968),

Duplicate experimental plots (2.74 by 2.74 m) were used to
successively study nitrate movement for the nonequilibrated (first)
and equilibrated (second) treatments. The plot area was deliniated
by wooden boards wrapped in black plastic inserted about 15 cm
into the soil. This arrangement facilitated ponding water on the
plots when required. Individual plots were covered by a metal
canopy at a height of 2.4 m,

The soil solution sampling depths (3, 15, 27, 45, 63, 81, 103,
123, and 143 cm) in each plot were duplicated by inserting the
suction cups into separate holes arranged in two parailel rows 1.5
m apart. (Cups at the 103- and 123-cm depths were not dupli-
cated.) The cups in the two rows were arranged in such a manner
that the deepest cup in one replicate was opposite the shallowest
cup in other. A suction system similar to that described by Reeve
and Doering (1965) was established for sample collection. The
cupsfrom the different depths were connected to individual sample
collection bottles which in turn were connected to a vacuum pump
through a manifold. A suction of about 0.7 bar was applied simul-
tancously to all the cups. After 1 hour, the suction release valve
was opened successively for all individual bottles and soil solution
samples were collected in these bottles, Use of large porous cups
(surface area = 90 cm®) resulted in adequate sample volumes. The
volume of solution per sample ranged from 10 to 80 m!. All sam-
ples having volumes less than 10 ml were rejected. Nitrate in these
saniples was analyzed using a nitrate specific ion clectrode.

J. Environ. Quality, Vol. 2, no. 3,1973 359

20d)



SOIL.DEPTH (cm)

-Before starting the ‘eXperiment, ll plots were leached several
times to secure uniformly low nitrate levels throughout the profile,
After preliminary leaching, the soil water was allowed to redis-
tribute in the soil profile until profile water contents were relatively
constant (¥~ 0.36 em3jem?) prior to application of nitrate and sub-
sequent irrigation.

The rate of fertilizer application was 100 kg N /ha; the calculated
amount of the KNOj salt was dissolved in 5 liters of water and
sprinkled uniformly over the plot with a garden sprinkler. Another
5 (0.07 cm) and 30 liters (0.40 cm) of water, respectively, for the
nonequilibrated and the equilibrated experiments were added to
move the nitrate into the soil surface,

* In the nonequilibrated treatment, the first irrigation (8 cm
water) wasapplied immediately after the nitrate application. In the
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Fig. 1~Profile distribution of NO4-N for nonequilibrated (A-1 to
A-4) and equilibrated (B-1 to B-4) treatments after different
amounts of water were added. Dashed line represents the actual
measured distribution, whereas the solid line denotes the
theoretical distribution predicted by equation [1].,
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case of the equilibrated treatment, ! week elapsed between the N
application and the first irvigation. Other procedures, described be-
low, applied to both treatments, Soil solution samples were secured
1 week after each irrigation, All irrigations, except the first, con-
sisted of 11 cm of water. A total of seven irrigations was given for
the nonequilibrated treatment and six irrigations for the equili-
brated treatment. Volumetric water contents of the soil at all
depths varied from about 0.45 em®fem?® just after irrigation water
had infiltrated to about 0.36 cm’/cm? at the time of sample col-

lection.
The mean movement of nitrate in centimeters was determined

by the method of Bates and Tisdale (1957). The percentage nitrate
for each segment of the profile was multiplied by the distance
travelled in reaching the center of the segment; the sum of these
products divided by 100 gives the weighted mean movement of
nitrate,

Planimeter integration of areas under the curves gave an esti-
mate of detention of applied nitrate in the soil, The theoretical
area for 100% detention was calculated assuming a uniform distri-
bution of the applied nitrate over the entire 143-cm profile with a
mean water content of 0.36 cm3/cm3. The measured areas were
compared with theoretical areas to calculate the percent detention
of applied nitrate after each irrigation,

All nitrate calculations were based on net nitrate concentration,
i.e., after deducting preirrigation (control) values.

RESULTS AND DISCUSSION
Experimental Results

Figure 1 shows nitrate distribution as a function of
depth for different amounts of water added. A progres-
sive downward movement with increased water added oc-
curred both with and without equilibration. Much greater
spread in the concentration profile for the nonequilibrated
nitrate is evidence of the higher mobility of applied
solutes when water is applied before diffusion into aggre-
gates has occurred. The difference in mobility between
equilibrated and nonequilibrated nitrate is also shown by
thedifference in slope for the plots of mean nitrate move-
ment versus cumulative water added (Fig. 2). The lincari-
ty of these plots suggests uniformity of nitrate leaching
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Fig. 2-Effect of amount of irrigation water on the mean move-
ment of nitrate for equilibrated and nonequilibrated treatments.



within cach treatment during the course of successive
water application. The slopes for these curves show that
for every centimeter of water applied, the nitrate peak
moved 0.907 and 0.765 cm, respectively, for the non-
equilibrated and equilibrated systems. If the average soil
water content during transport was 0.36 cm?/cm? and all
the soil water were displaced, | cm cumulative irrigation
would correspond to displacement of 1/0.36 = 2.78 cm in
the profile, The nitrate peak moved only 0.907 and
0.765 cm, respectively, for the nonequilibrated and equil-
ibrated treatments, suggesting rctarded movement of
nitrate relative to water. Representing relative nitrate
movement by R (the ratio of nitrate peak movement to
average pore water movement), values of 0.33 and 0.28
were obtained [or the nonequilibrated and equilibrated
treatments, respectively.

The striking resistance to leaching of nitrate in the
Molokai profile could not be explained by nitrate adsorp-
tion. In a separate laboratory study of nitrate adsorption
by the senior author, it was found that nitrate was nega-
tively adsorbed in three horizons of this same Molokai
soil (V. Balasubramanian, unpublished data). The values
for negative nitrate adsorption at 0.20N equilibrium ni-
trate concentration were —=1.95 meq/100 g for the 0- to
13-cm harizon and —0.40 meq/100 g for the 30- to 45-
cm and 60- to 78-cm horizons. Thus the major factor re-
sponsible for the slow nitrate leaching in the well-aggre-
gated Molokai soil is probably the solute detention in
aggregate micropores. Fox et al. (1970) indicated that
the role of diffusion was nonsignificant in retarding ni-
trate leaching under slow water infiltration due to rain-
fall and snow melt in the light-textured Turkish soils con-
taining very few aggregates.

If the nitrate distribution curves (Fig. 1, A-1 to A-4) of
the nonequilibrated treatment are compared with those
(Fig. 1, B-1 to B-4) of the equilibrated system, it is evident
that the concentration peaks in the latter were almost
double thosc in the former, This shows that more of the
applied nitrate was detained in the surface soil when the
applied chemical was allowed to equilibrate than when it
was immecdiately leached. This detention associated with
cquilibration is clearly illustrated in the data presented in
Table 1. After cquilibration almost all applicd N was de-
tained in the 143-cin profile even after the addition of 52
cm of water in five irrigations. The corresponding deten-
tion for the nonequilibrated condition was less than 60%
of the applied N,

The higher detention of applied nitrate in the equili-
brated than in the nonequilibrated system may be ex-
plained by the bulk flow and diffusion. When, through
the addition of soluble nitrate, a sharp increase takes place

Table 1—Comparison of nitrate detentions in the top 143-cm
profile for both the nonequilibrated and the equilibrated
treatments following successive irrigations

Percentage detentian of applied

Amount of -
Irrigation water added, NOjy in the top L43-cns profile
no, om Nonequil(brated Equilibrated
1 8 43 62
2 19 58 90
3 30 60 100
4 41 55 100
5 52 56 100
6 61 19 82
7 74 44 -

in the concentration of nitrate iohs in the soil solution
near the soil surface, nitrate moves into the aggregate
micropores both by mass flow and diffusion. Since dif-
fusion ishoth concentration and time dependent, the high
concentration in solution soon after chemical application
and the time allowed in the equilibrated treatment were
conducive to nitrate diffusion into micropore water, Dur-
ing subsequent irrigation, most of the applied water moves
through macropores (the interaggregate pores) and carries
with it only the small amounts of nitrate held in these
pores. After infiltration, the nitrate concentration gradi-
ent between macropores and micropores is reversed and
nitrate ions tend to diffuse back into dilute macropore
water as long as there is capillary movement of water,

The slow movement of nitrate peaks for both the
equilibrated and noncquilibrated trcatments relative to
average pore water movement suggested by Fig. 2 (mean
R = 0.30) provides evidence that much of the percolating
water bypasses the nitrate in the micropores; it is likely
that nitrate movement in smaller pores occurs during the
downward redistribution of profile water due to capillari-
ty in the 7-day period following infiltration. The com-
paratively high loss of nitrate due to initial leaching in the
nonequilibrated treatment (Fig. 1, A-1 to A-4and Table 1)
appears to be the result of displacement by macropore
water of relatively concentrated nitrate solution held in
the macropores soon after fertilizer application. The ap-
parent low nitrate detention following first irrigation in
both treatments (Table 1) may be the result of concen-
tration peak being between the suction probes at 3 and 15
cm, and thus not detectable. Thus, rapid water movement
through macropores soon after infiltration is probably im-
portant only when solute application is immediately fol-
lowed by irrigation or when fertilizers are applied in ir-
rigation waters,

Computed Results

Gardner {1965) successfully employed the dispersion
equation of Day (1956) to describe the nitrate distribu-
tion in field soil observed by Wetsclaar (1962), Use of
such a predictive model allows calculation and compari-
son of constants characterizing solute transport in differ-
ent soils, The usefulness of this theoretical model was
further evaluated with the present set of ficld data,

The concentration, C, of the nitrate at any point in the
profile is given by the equation

C = Cyxo(dmht)™ " 2exp=~(x—vt)¥/ 4kt (1

where Cp is the initial concentration of nitrate to a small
depth x, below which there is no nitrate; v is the velocity
of water, ¢ is the time, and k is the dispersion coefficient,
characteristic of the soil pore space and flow process.
Equation [1] can be obtained by integrating the dis-
persion equation (diffusion plus convection)

AC/at = k(3*C/BX?)

where X = (x — vt). Another cocfficient characterizing
dispersion in porous media is § which is related to & by
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the Cequation, 8= 2k/n, The maxmum. concentration,
Crtax, is given as a lunction of depth by |

Cmax = Coxg (2"3-\?":)-”’2 [2]

. whetit xpy is the depth at which maximum concentration
occurs. ‘

The values of § were estimated for both cquilibrated
and nonequilibrated treatments by fitting equation [2] to
the data obtained after applying 19 ¢m of water. Thesc
values were then used to predict nitrate distribution after
the addition of 30, 52, and 63 cm of water. The agree-
ment between theory and experiment is good (Fig. 1);
such a desirable predictive capability is suggested by the
linear relationship between the position of nitrate peak
(mean nitrate movement) and the amount of water ap-
plicd (Fig. 2).

The main drawback of this theoretical model is that
one set of experimental data must be obtained to derive
the cocfficients of 8 and k which are then used to predict
the solute movement with further additions of water. In
addition, the B value obtained is not necessarily unique
for a given soil-sclute combination, and hence cannot he
used for the prediction of solute transport under different
sets of conditions. For instance, two widely different
values of § were obtained in this study for the equilibrated
(B = 5 cm) and nonequilibrated (8 = 24 cm) treatments
conducted on the s.me plots. Similar observations were
reported by Nielson and Biggar (1963) for chloride dis-
persion in glass beads. Because of the complicated nature
of the pore-size distribution, the consequent variability in
pore-water velocity, and the susceptibility of nitrate to
biological transformations, it is not yet possible to come
up with characteristic constants or coefficients to exactly
describe the movement of nitrate in soils.

CONCLUSION

The mobility of applied fertilizer N in the aggregated
Molokai soil was low relative to that of water. Nitrate
detention was further enhanced when applied fertilizer
was equilibrated with the soil before irrigation. Equili-
bration prior to irrigation apparently allows bulk flow and
diffusion of nitrate into aggregatc micropores where the
solute is less susceptible to transport in macropore water.
This temporary detention of fertilizer nitrate in aggregate
micropores may significantly reduce the possibilities of
ground water contamination by nitrate. With subsequent
irrigations, the detained nitrate may become available to
plants by capillary movement of concentrated nitrate
solution towards root surfaces.

ACKNOWLEDGMENTS

The authors are indebted to the Hawaiian Sugar Planters’ Associ-
ation for allowing the use of their land to conduct these experi-

ments and for other valuable assistance during the course of this
study. Meaningful discussion with Dr. Goro Uehara during prepara-
tion of the manuscript is appreciated,

LITERATURE CITED

1. Aylmore, L. A, G., and M, Kareem, 1968. Leaching of ferti-
lizer ions in soil columns, Int. Congr. Soil Sci., Trans, 9th
(Adelaide, Aust.) 1:143-153.

2, Ayres, A, S., and H. H, Hagihara. 1960. A lysimeter study of
losses of nitrogen and potassium. Hawaii, Plant. Rec. 56(4):
255-275,

3. Bates, T. E,, and S, L. Tisdale, 1957. The movement of
nitrate nitrogen through columns of coarse textured soil ma-
terials. Soil Sci. Soc. Amer. Proc. 21:525-528.

4. Day, P. R, 1956, Dispersion of a moving salt-water boundary
advancing through saturated sand. Tranz. Amer. Geophys-
Union 37:595-601.

5. Dutt, G. R,, T. C. Tucker, M, J. Sheffer, and W, J. Moore.
1970. Predicting nitrate content of agricultural drain water.
Final report to contract no. 14-06-D-6464 to USDI, Bureau
of Reclamation by Dep. of Agr. Chem. and Soils, Univ. of
Arizona,

6. Ekem, P.C. 1970. Consumptive use of water by sugarcane in
Hawaii. Water Resour. Res. Cent. Tech. Rep. no. 37. Univ, of
Hawaii. 93 p.

7. Fox, R, L., B, Kacar, A, Aydeniz, and S. Zabunoglu, 1970,
Nitrate accumulation, distribution, and utilization during
fallow-wheat culture in Turkish soils. Soil Sci. 109:60-65.

8. Gardher, W. R. 1965, Movement of nitrogen in soils. In
W. V. Bartholomew and F. E. Clark (cdﬁ Soil nitrogen.
Agronomy 10:550-572. Amer., Soc. Agron., Madison, Wis,

9. Mink, J. F. 1962, Excessive irrigation and the soils and
ground water of Oahu. Hawaii Sci. 135:672-673.

10. Nielsen, D. R,, and J. W, Biggar. 1963. Miscible displacement;:
1V, Mixing in glass beads. Soil Sci. Soc, Amer, Proc. 27:
10-13.

11. Rao, P. S. C., R. E. Green, V. Balasubramanian, and Y.
Kanehiro, 1973. Field study of solutec movement in a highly
aggregated Oxisol with intermitient flooding: 2. Picloram,
Submitted to J. Environ, Qual.

12. Reeve, R. C., and E. J. Doering. 1965. Sampling the soil
solution for salinity appraisal, Soil Sci. 99:339-344,

18, Sharma, M. L., and 3. Uehara. 1968, Influence of soil struc-
ture on water relations in low humic latosols. 1. Water re-
tention. Soil Sci. Soc. Amer. Proc. 32:765-770.

14, Takahashi, D. T. 1964, N'Snitrogen ficld studies with
sugarcane, Hawaii, Plant. Rec, 57:198-222,

15. Takahashi, D. T. 1967. Fa}g of applied fertilizer nitrogen as
determined by the use of N'°, 1, Summer and fall plant and
ratoon crops on the Hamakua coast of Hawaii, Hawaii.Plant.
Rec. 57(3):237-266.

16. Takahashi, D. T. 1968. Fate of ﬂ\monium and nitrate ferti-
lizers in lysimeter studies with N'°, Hawaii. Plant. Rec. 58:
1-11,

17, Takahashi, D. T. 1969. Fsatc of applied fertilizer nitrogen as
determined by use of N'°. I, Summer plant and ratoon
crops at Hilo, Hawaii. Hawaii. Plant. Rec, 58:13-20.

18. Tenerio, P. A., R, H. F. Young, and H. C. Whitehead. 1969,
Identification of retumn irrigation water in the subsurface
water quality. Water Resour. Res. Cent. Tech. Rep. no. 33,
Univ. of Hawaii. 90 p.

19, Visher, F. N,, and J. F. Mink. 1964, Ground water resources
in southern Oahu, Hawaii. Geol. Surv. Water Supply Pap,
1778, 133 p.

20, Wetselaar, R. 1962. Nitrate distribution in tropical soils,
I1I. Downward movement and accumulation of nitrate in the
subsoil. Plant Soil 16:19-31,

Reprinted from the Journal of Encironmental Quality
Vol. 2, no. 3, %uly-Scpt. 1973, Copyright ® 1973, ASA, CSSA, SSSA

677

362 > J, Environ, Quality. Vol. 2. no. 3. 1972

outh Segoe Road, Madison, Wis, 53711 USA



0SO-2833 2//d)
PN-AAC- 34d-
Reprinted from the Journal of Environmental Quality

Vol. 3, no, 3, July-Sept. 1974, Copyright © 1974, ASA, CSSA, $55A
677 South Segoe Road, Madison, Wis. 53711 USA

Field Study of Solute Movement in a Highly Aggregated Oxisol with Intermittent Flooding:
Il. Picloram

P. S. C. Rao, R. E. Green, V. Balasubramanian, and Y. Kanchiro






Field Study of Solute Movement in a High!v Aggregated Oxisol with Intermittent Flooding:
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ABSTRACT

Most of the applied herbicide picloram (potassium salt of 4-
amino-35,6-trichloropicolinic acid) was retained in the top 40-cm
depth of the Molokai soil with cumulative applications of 48 to 74
cm water following application of the chemical to the soil surface.
Distribution of picloram in the soil profile one week after each ir-
rigation was determined by in sitv sampling of soil solution with
porous ceramic cups placed at several depths, Although movement
of the picloram peak was retarded more than was anticipated from
equilibrium adsorption measurements, a tignificant fraction of the
applied herbicide moved ahead of the peak deep into the profife
{down to the 143-cm depth) after a single application . 24-cm
water. Rapid flow through macropore sequences combived with
temporary retention of picloram in aggregate micropores appear to
be responsible for the unusual pattern of movement. Published
data for nitrate movement in the same field plots of Molokai soil
were compared with picloram movement data to provide a measure
of the relative mobility of these solutes. A comparison of the re-
sults reported here with published field data of solute leaching in
ather soils indicated a preater retardation of solute peak movement
in Molokai soil than in less aggregated soils.

Additional Index Words: water quality, ground water, pesti-
cides, herbicides, irrigation, tropical soils.

Most of the previous work on persistence and movement
of picloram herbicide (4-amino-8,5,6-trichloropicolinic
acid) has been limited to laboratory and greenhouse
studies. Field studies have involved application of the
herbicide to field plots and evaluation of its persistence
and movement under natural climatic conditions over
long periods of time. Hamuker et al. (1967) showed that
rates of decomposition of picloram in soils fit Michaelis-
Menten or half-order kinctics. Picloram applied at normal
application rates disappears in about -£.5 months to 4.6
years depending on the given set of environmental factors
(Goring and ITamaker, 1971),
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of Tropical Agriculture, Honolulu. This research was conducted
under Western Regional Rescarch Project W-82,  Received 19
January 1973,

Graduate Assistant, Professor, Graduate Assistant, and Profes-
sor, respectively.  Department of Agronomy and Soil Science,
University of Taw.ii, Honolulu 96822,

The influence of soil texture and amount of precipita-
tion (Herr et al., 1966; Merkle ct al., 1967; and Bovey et
al., 1969), tillage (Keyes and Friesen, 1968), and rate of
application (Scifres et al., 1969) on movement of piclor-
am have been investigated. More recently Davidson and
Chang (1972) and Green et al. (1972) have characterized
picloram transport in saturated soil columns under con-
trolled conditions.

Since field conditions differ greatly from those imposed
on soil columns in the laboratory, actual movement of
picloram in field plots may be very different from that in
soil columns. Water and solute transport in field soils is
expected to be sensitive to soil structure and horizination
which are difficult to duplicate in the laboratory, hence
the need for well-characterized field studies.

Although picloram is not used inirrigated agriculture in
the United States at the present time, there has been an
interest in its use in Hawaii for spot weed control in sugar-
cane and also for brush clearance in pasture development.
The study described here was designed to provide meas-
urements of picloram movement in a field soil in which
water application and movement were carefully moni-
tored. Concurrent application of nitrate with picloram
prior to irrigation allowed a comparison of the movement
of these two solutes; the nitrate movement was reported
by Balasubramanian et al. (1973). Detailed results of
water movement will be reported elsewhere.

A principal objective of the study was to measure the
nature of picloram movement in a highly structured
Hawaiian Oxisol to determine if laboratory measurements
of adsorption could be used to estimate the penetration
of the picloram peak for a given amount of applied water.

MATERIALS AND METHODS
Field Studies

These studies were conducted on Molokai silty clay, a member
of the clayey, kaolinitic, isohyperthermic family of Typic Torrox
of the order Oxisols. Soils belonging to the order Oxisols are ex-
tensively planted o sugarcane (Saccharum officinarum 1..) and
pincapple (Ananas comosus) in Hawaii.  Molokai surface soil is
characterized by low organic matter content (2%), low cation ex-
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change capacity (15 meq/100 g) and a high content of iron axides
(20% Fe,03). The soil is slightly acid (pl = 6.4).

At the location of the field study, the tilled Ap horizon is about
40 cm deep and is underlain by a relatively dense B horizon which
is massive in place but breaks into highly stable aggregates upon dis-
turbance,  The bulk densities of the Ap and B horizons are 1.1 and
1.4 glem?, respectively. In some places there appeared to be a dis-
tinct plow-pan formed below the Ap horizon, but this was not con-
tinuous over the entire area. The physical chagacteristics of the

- Molokai soil and the nature of water retention and movement in
disturbed samples of this soil are discussed by Sharma and Uehara,
1968a, b,

Duplicate experimental plots (2.74 by 2.74 m) were surrounded
by plastic-covered wooden boards which were inserted 15 cm into
the soil to facilitate ponding of water and minimize lateral water
movement near the soil surface. Individual plots were covered by a
metal canopy at a height of 2.4 m to prevent rainfall from reaching
the plot surface and to reduce temperature fluctuations at the soil
surface. Air temperatures over the soil surface were approximately
30C during the day and 20C in the night.

Soil solution samples were obtained at six depths between 3 and
81 cm and also at 143 cm below the soil surface with porous
ceramic cups having a diameter of 5,7 cm and length of 6.0 cm
(surface arca approximately 90 c¢m®). Preliminary laboratory
studies indicated that the porous ceramic cups did not adsorb
picloram. The cups with their access tubes were arranged in a line
parallel to the plot border and 80 cm from the border toward the
center of the plot. A duplicate set was located on the other side of
the plot and arranged so that the deepest cup on one side corre-
sponded to the shallowest cup on the other side. A suction system
similar to that described by Reeve and Doering (1965) permitted
simultaneous sampling to soil solution from all depths, A suction
of 0.7 bar for about 1 hour usually resulted in sample volumes of
10 to 80 ml, Samples having volumes less than 10 ml were rejected.

After installation of suction cups and other instrumentation
(tensiometers and neutron access tuk<) the soil surface was tilled
lightly with a hoe and pre-irrigated with sufficient water to wet the
soil profile beyond 1 m. One week was allowed to clapse with the
plots covered by plastic sheets to preclude evaporation prior to
commencement of solute movement siudies.

Picloram was applied at 20 kg acid equivalent per hectare in the
form of Tordon 22K3. The herbicide und KNO3 (100 kg N/ha)
were dissolved in 5 liters of water and sprinkled uniformly over the
entire plot area with a garden sprinkler. Another 5 liters of water
were applied to move the solutes into the soil prior to subsequent
irrigation,

Two separate applications of picloram, cach followed by a series
of water applications 1 week apart, were carried out. Water was
ponded on the soil surface at depths varying between 2 and 8 cm
while water infiltration proceeded, and the soil surface was covered
with a plastic sheet between irrigations to preclude evaporation.
The sequence of irrigations following the first application of piclor-
am consisted of 24 cm (surface depth) of water immediately follow-
ing the herbicide application, and two subsequent irrigations of 12
cm each, 1 and 2 weeks later, resulting in a total of 48 cm of water
applied.

Prior to the second application of picloram, the plot was leached
with about 60 cm of water to remove picloram retained in the soil
profile from the first application. However, the leaching was not as
complete as was anticipated. Soil solution samples obtained prior
to the second picloram application showed an initial picloram con-
centration of about 6 pmoles/liter throughout the profile. This
background was substracted from the analysis of the data from the
second picloram application-irrigation sequence,

Irrigations following the second application of picloram con-
sisted of 8 cm water immediately after the herbicide application,
and 6 subsequent irrigations of 11 cm each at weekly intervals, re-
sulting in a total of 74 ¢cm of water applied. The second sequence
also involved simultancous application of nitrate (at 100 kg N/ha, as
KNOj3) and these results were separately reported by Balasubraman-
fan et al, (1973). The sccond sequence is referred to as nonequili-
brated in their discussion of nitrate movement. Picloram and ni-

Ipotassium salt of picloram, 21.5% acid equivalent, registered
trade mark of Dow Chemical Company,
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trate movement could be compared only in the sccond solute ap-
plication-irrigation sequence, discussed in this paper, due to high
background of nitrate in the first sequence,

Solution samples were taken 5 to 7 days after cach irrigation to
allow water redistribution in the soil profile and equilibration of
solutes between inter-agsregate and intra-aggregate pores. Prelimi-
nary samplings showed that samplez taken only one day after irriga-
tion contained much lower solute concentritions than those ob-
tained after longer periods. The soil water suction at 20 cm depth
changed from 60 mburs 1 day after irrigation to 155 mbars at 1
week, while at the 80 cm depth the suction changed from 27 mbars
to 112 mbars. The suctions at one week corresponded to volu-
metric water contents of about 0.36 and 0.43 cm3/cm? obtained
from neutron probe readings at the 20 and 80 cm depths, respec-
tively.

Solution samples were stored in the refrigerator at 4C soon after
collection. Picloram was determined in 2 ml aliquots of the sam-
ples by the colorimetric procedure of Cherg (1969). The lower
limit of detection was approximately 2 pmoles/liter.

Laboratory Adsorption Measurements

Adsorption of picloram on Molokai soil from three depths of
the soil profile (0-30, 30-45, and 60-78 cm) was determined in
the laboratory by measuring the change in solution concentration
after equilibrating 2 g soil samples with 10 ml of 10, 100, and
1,000 pmoles/liter 4C-labeled picloram solution for 24 hours. Ad-
sorption data were used to predict retardation of picloram move-
ment in the profile due to adsorption, as compared to actual re-
tardation as indicated by the measured picloram concentration
profile.

RESULTS
Picloram Movement-lrrigation Sequence No. 1

Picloram concentration profiles in Fig. 1 show the con-
centration of picloram in soil solution samples obtained 1
week after successive irrigations of 24, 12, and 12 cm
water, corresponding to cumulative water applications of
24, 36, and 48 cm water. The data shown are mean
values for samples obtained from duplicate sampling cups
in one plot and are similar to results obtained on the other
plot. Samples sucked prior to picloram application con-
tained no picloram, hence the data in Fig. 1 show that
picloram moved beyond the 80-cm depth after application
of 24 cm water. A single sampling cup at 143 cm con-
tained solution having 9.6 pmoles/liter picloram, indicat-
ing movement of picloram with the advancing water deep
into the gro.’ilc. If we asswme that a soil water content of
0.36 cm®/em? corresponds to water which actively par-
ticipates in solute transport, then a non-adsorbed solute
undergoing piston displacement is calculated to move
about 67 cm (=24/0.36). Adsorption would be expected
to retard peak movement, and other dispersion processes

PICLORAM IN SOIL SOLUTION (umoles/|)

§ o° 40 a'o o° : 40 . ‘,°o° ' 40 ’ a'o

3

g“ °f 36cm © 48cm
Water Water

-t o

ﬁoo 80%- o 80Lo

Fig. 1—-Picloram concentration in soil solution sampled in situ from
Molokai soil profile under irrigation sequence no. 1. Mean devi-
ation in data = £ 5 gmoles/liter,



would spread the peak or cause asymmetry in peak shape.
The left-hand curve in Fig. | shows that surfacc-applied
picloram moved past the 80-cm depth with an irrigation
of 24 cm of water, but the peak concentration remained
near the soil surface. Subsequent irrigations moved the
peak to about 15 ecm with little change in picloram con-
centration at greater depths,

It is of interest to know what percentage of the applied
picloram is retained in the upper portion of the soil pro-
file after a designated amount of irrigation. Calculations
of profile retention of picloram based on the data in Fig.
I can only be approximate in that the following assump-
tions are required: (i) The concentration measured in the
sucked samples is representative of all (or a designated
portion) of soil solution at that depth (i.c. equilibrivm
has been attained between the herbicide and soil water
at that depth); (it} Picloram was applied uniformly over
the entire plot surface and moved uniformly downward
(in the horizontal plane) with leaching. An estimate of
retention was obtained by graphically integrating the
right-hand curve in Fig. 1 and assuming that nearly all soil
water (0.36 cm?/cm?) was in equilibrium with the sucked
sample. The calculation indicated that about 97% of the
applied picloram was retained in the soil water above the
81-cm depth 1 week after the last irrigation (total of 48
cm water). This retention appears to be much too high in
that it does not include the adsorbed f{raction of the
picloram nor that which was leached beyond the 81 cn
depth.  Perhaps the first assumption above was invalid.
Equilibrium may have been incomplete due to inaccessi-
bility of intra-aggregate water in extremely small pores,
which would also reduce the surface available for adsorp-
tion. Even so the results suggest that while most of the
applied picloram remained in the upper 40 cm, a signifi-
cant fraction was leached beyond 81 cm with the first
irrigation,

Picloram and Nitrate Movement Compared—
{reigation Sequence No, 2

Picloram and nitrate results for this sequence of seven
samplings are shown for three soil depths as plots of rela-
tive concentration versus cwnulative water infiltration
(Fig. 2). Each was followed by an irrigation after a single
initial application of picloram and nitrate. The use of
relative concentration, C;/Cy, where Cy is the initial con-
centration of solute in the applied picloram or nitrate
solution and Cy is the concentration of picloram or nitrate
measured in the sucked sample after cach irrigation, pro-
vides a comparison of the movement of the two solutes in
cquivalent concentration units, i.e. measured concentra-
tion relative to the initial concentration in the applied
solution. The initial concentrations, Cg, calculated on the
hasis of 16 liters applied were 3,122 pmoles/liter for
picloram and 7,500 pg/ml for nitrate. Although these
concentrations are not exact due to further dilution of
the applicd solution by soil water prior to irrigation, the
crror would be similar for picloram and nitrate so that
the comparison of the two solutes is valid. Nitrate data
plotted in Fig. 2B are given as concentration profiles in
Fig. 1A of Balasubramaniar ct al., 1973; for the three
depths in our Fig. 2B, we p esent concentration data for
seven irrigations, while Balasubramanian et al. (1973)
presented data for only four of the seven irrigations in
their graphs. The data points plotted at a given value of
cumulative infiltration are for data obtained after the
corresponding irrigation.

Both picloram and nitrate decreased rapidly at the 3.
cm depth with successive irrigations. As the solutes
moved downward through the profile the concentrations
at 15 and 63 cm increased, reached a peak, and then de-
creased. Relative concentrations for piclorar at a given
value of cumulative infiltration are lower than nitrate
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Fig. 2—Relative concentrati .as of picloram and nitrate at selected depths in Molokai soil profile in relation to cumulative water infiltration
under irrigation sequence no. 2. Each datum corresponds to a separate irrigation. The dashed portion of the curve for 3-cm depth Is esti-

mated since sample size v*as too small for measurement.
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concentrations, the difference being about the expected
magnitude il adsorption ol picloram is principally re-
sponsible.  Picloram peaks for the 15. and 63-cm depths
are also displaced to the right relative to nitrate; this re-
sult is also consistent with the retarding effect of adsorp-
tion on solute movement. Picloram concentration at 3
cm, while decreasing steadily with cumulative infiltration,
continued 1o exceed the concentrations at lower depths
even after 60 cm of water were applied. This tendency
for picloram to be retained near the soil surface is evident
in Fig. 1 also,

Picloram Retardation Calculation Based on
Adsorption Measurement

Picloram adsorption on soil from three depths of the
Molokai profile is described by a single lincar isotherm
x/m = kC, in which the quantity adsorbed, x/m (umoles/
kg) is plotted against equilibrium solution concentration,
C (umoles/liter). The constant distribution coefficient, k&,
has a value of 0.2, The distribution coefficient was used
to calculate a “‘retardation factor” (Davidson and Chang,
1972) for picloram movement to obtain a quantitative ex-
pression of the extent to which the picloram peak would
be retarded by adsorption relative to water movement.
The retardation [actor is given by R = 1 + pk/0, where p
is the bulk density of the soil, 0 is the volumetric water
content corresponding to that soil water which is pre-
sumed to be actively participating in solute transport, and
pk/0, represents the apparent increase in pore volume re-
sulting from the adsorption process. The calculated value
of the retardation factor (based on laboratory adsorption
measurements) can be compared with the field-measured
ratio of distance water moved/distance solute peak moved
to determine if adsorption alone is responsible for re-
tarded peak movement,?

Using k = 0.2 cm*/g, p = 1.1 g/cm?, and 0 = 0.36 cm?/
em? for the conditions of our field study, we calculate R
= 1.6 which indicates that the water front should penc-
trate about 1.6 times the depth of picloram penetration.
In the first irrigation sequence of the actus] field experi-
ment, the applied 48 cm of water probably moved at least
133 cm (= 48/0.36) while the picloram peak moved only
15 cm (Fig. 1). Thus, the field data give dy/ds = 8.9
compared to 1.6 obtained from a retardation factor based
on adscrption measurement. Despite the approximations
inavolved in these calculations, it is apparent that adsorp-
tion alone cannot account for the retardation of picloram
observed in the ficld,

A limited number of other field studies have yielded
data onsolute peak position and water movement. Values
of dy/ds calculated from these data are given in Table |
for comparison with data from our study. Considering
the likelihood of negative adsorption of chloride and
nitrate on all of these soils and especially on Panoche and

“The cquivalence of the field measured ratio and the calculated
retardation factor is shown in the following brief derivation: Let
dy and dy represent respectively the depth of water penetration
andl depth of solute peak penetiation with an application of V ¢m
water to the soil, and 0/(0)'+ pk) represents the fraction of solute in
solution, where ), p k are as defined previously, Then dy, = V/0
and g = dy. |00+ pky). Rearranging and substituting in these
two cquations vields o, 0 1 v pl«/(f
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Table 1—-Comparison of field-measured retardation factors for
solute movement with flooding in three soils

Distanee
;‘;:;d Distance  solute
water peak o

t::llillo-n moved moved oY
Source Soit Solute rate® v ds da
cny/

hour — ) —
Miller et al. (1965) Panoche €17 0.5 00 150 L3
Warrick et al.  (1971) Panoche  Cl . . Lo 180 83 2.1
Cassel (1971) Svea Noy CI 0.2 144 108 L4
Balasubramanian et al. (1973)  Molokal NOy 4.0 175 63 .8
Thia paper Molokal Pleloram 6.0 133 15 8.9

* Infiltratlon rates were elther given in the souvce publication or were calculated from
pertinent data reported by the authors.

Svea, one might expect the value of the ratio dyy/ds for
these solutes to be less than or equal to 1.0, indicating
that the solute peak is very near the water front. The
measured values for chloride and nitrate, however, are 1.3
to 1.4 on Panoche and Svea soils and 2.8 on Molokai soil.
The higher ratio for Molokai is undoubtedly the result of
the higher water flow rate (infiltration rate of 4.0 cm/
hour) and a wider range in pore sizes. The additional ef-
fect of adsorption retarded picloram movement even
more, giving dy/ds = 8.9 for picloram. Although move-
ment of the picloram peak in the Molokai soil was much
more retarded than was anticipated from laboratory ad-
sorption measurements, a significant fraction of the ap-
plied picloram moved ahead of the peak decp into the
soil profile (Fig. 1).

DISCUSSION

The results of the field studies reported here indicate
significant retardation in leaching of picloram herbicide
in Molokai soil. This resistance to leaching could not be
explained by adsorption alone. Some additional factors
are responsible for retarded movement of picloram in this
soil. The most probable explanation appears to be the re-
tention of herbicide in soil micropores. Green et al.
(1972) have demonstrated the significance of micropore
retention in picloram displacement through saturated col-
umns of sieved aggregated soil. Aylmore and Karim
(1968) have also demonstrated micropore retention to be
important in retarding movement of fertilizers and salts
in columns of sieved soil. In contrast to our field results,
some soil column studies with picloram (Davidson and
Chang, 1972; Evans and Duscja, 1973) have indicated less
retardation in the transient system than predicted from
cquilibrium measurements. It is likely that by-passing of
solutes in micropores is most important in highly struc-
tured field soils having a much wider range of pore sizes
than sieved samples of the same soils (Balasubramanian et
al., 1972).

The following mechanisin is suggested on the basis of
our field observations. With the application of a concen-
trated solution of herbicide to the soil surface a sharp
increase takes place in the concentration gradient between
micropore and macropore water. Also, at the water con-
tent of 0.36 cm?fcm? (equivalent 1o about 250 mbars suc-
tion) pores larger than 10 um in radius are emptied of
water. The concentrated solution enters drained pores by
means of bulk flow (pores > 10 um), while solutes must
move by diffusion into water-filled pores < 10 pm radius.



The entry of picloram into micropores appears to be a
rapid process, probably due to the extremely high con.
centration gradient existing soon after herbicide applica-
tion,

In this study, herbicide application to the soil surface
was immediately followed by irrigation. During water in-
filtration, most of the water was apparently conducted
through macropore sequences, as evidenced by a drop in
suction from > 110 mbars 1o < 30 mbars at the 80 cm
depth about 1 hour after initiation of infiltration. This
resulted in rapid transport of picloram contained in the
larger pores to lower depths in the profile, as shown by
the presence of picloram at all depths of sampling after
only one irrigation.  Micropores near the soil surfuce,
which contained solution with a higher picloram concen-
tration, possess very low flow velocities, and thus do not
participate significantly in the flow process. Release of
herbicide from these micropores is a slow diffusion-con-
trolled process resulting in retarded leaching, The wide
range of pore-velocities occurring in the aggregated
Molokai soil during infiltration tends to result in extreme-
ly high dispersion, as evidenced by double peaks and large
apparent  diffusion  coefficients measured on packed
Molokai soil columns (Green, Rao, & Corey, 1972). Such
effects are expected to be even more extreme in the high-
ly structured field soil.

Cassel (1971) reported that the movement of both
nitrate and chloride in Svea loam with intermittent flood-
ing was retarded considerably due to variations in pore-
velocities between micro and macropore sequences. Simi-
lar results were obtained also by Miller et al. (1965) for
chloride transport through Panoche clay loam. Krupp et
al. (1972) have proposed a new model based on Gouy
double layer theory and the dispersion equation to de-
scribe the effects of mobile and nonmobile zones of soil
water on solute dispersion.  The Molokai soil is highly
structured with a much wider range of pore-velocities
than cither Svea or Panoche.  The micropore water in
Molokai soil might he expected to be relatively immobile,
This probably explains why nitrate movement was more
retarded in Molokai soil than in Svea and Panoche soils
(Table t).

The measured difference between aitrate and picloram
mobility suggests that picloram retention is complicated
by the interaction of adsorption and diffusion into and
out of micropores. The rate of equilibrium of adsorbed
herbicide in aggregate micropores with water external to
the aggregates has been shown to be dependent on the
level of adserption; a higher distribution coefficient re-
sulted in slower equilibration (Greea and Obien, 1969).
Nitrate ion, on the other hand was shown to be negatively
adsorbed by the Molokai soil (Balasubramanian et al,,
1973).  Repulsion of nitrate ion from the negatively
charged micropore walls probably reduced the effects of
micropore retention, resulting in greater mobility of ni-
trate as compared to picloram.

There are some practical implications of these results,
Preemergence herbicides are usnally applied in concen-
trated form in solution volumes as small as 250 liters/ha,
At the time ol spraying, the surface soil is often nearly
air-dry, thus the applicd herbicide solution is presumably
absorhed into aggregates by means of hulk flow, resulting

in a relatively high concentration of herbicide within
intracaggregate pores. - Transport of the herbicide down-
ward in the soil with subsequent irrigations should be re-
tarded by this micropore retention, especially in highly
aggregated soils such as the Molokai used in this study.
Application of chemicals to moist aggregated soils, on the
other hand, may resuit in rapid leaching of chemicals
when irrigation  -urs soon after chemical application,
This excessive displacement of soluces can bi - educed by
allowing time for solute equilibration with surlace soil
prior to irrigation (Balasubramunian et al., 1973). Such
chemical applicac on and irrigation management practices
can be used to minimize contamination of ground waters
and also increase the efficiency of agriculturad chemicals.
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