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Theoretical Physics, Trieste, [taly, September, 1983.

Early Laboratory Studies — When a fluid containing & tracer in selution is displaced from a

porous wedium by the same fluid without a tracer, this miscible displacement results in a
tracer concentration distribution which depends upoa micraoscopic flow velocities, CLracer
diffusion rates, and other chemical and physical pracesses. Studies of miscible displaceament
provide not only a means of determining wicroscopic flow velocities in soils, but should give
a physical explanation of phenomena occurring in leaching of soils, ion exchange and adsorp-
tion thromatography, movement of fertilizers, and similar procesees.

The flow of water through soil is sftem times considered as buik movement which cao be
desczibed by Darcy's law. This description becomes inadequate far the purpose of defining
movement of traunsient disselved solutes and their chemical and physiral processes. It iz of
interest to measure the ionic or molecular tracee concemtration distribution moving through a
soil-water system so that the mechanisms of botha tracer and watar movement be more clearly
understood. The distance a tracer will travel through bulk soil is determioed by the tor-
tuosity of the total path length it follows. Owing to the magnitudes af coavectios, diffusien
and other processes which eccur in different pore sequences, the paths of each ion will mot be
the same and the resulting tracer distribution will clearly give a good deal of infermation
abaut the behavior of the water flowing through various soils.

An apparatus was specially designed such that stationary flow conditicss and water
content of the media could be maintained when tracer-free water was replaced by water con-
taining @ dissolved tracar. It was desired that no mixing of the two waters occurred
initially at the boundary between them. At the same time the contributicn of flow asseciated
with the the boundary between soil and scil container had to be eliminated. Also, samples of
efflpent to be analyzed for tracer c¢oncentrations had to be collected without disturbing
stationary flow conditions. A croas-sectional sketch of the apparatus is given in Fig. 1.
Samples of air-dry soil screened through a 2-mm sieve were uniformly pached iy tha 30-cw long
lucite tubes. The weter conteat and the flux density were controlled using hanging water
columns and negative mip pressure imposed on fritted glass bead porous plates shown on each
end of the horizontal columu. The use of fritted glass bead plates offers the advantage over
other porous materials of having & negligible exchange capacity, large capillary conductivity
and an exceedingly narrow pore g#ize distribution.’

The water in the small reservoir behind the inflow plate could be rapidly changed from
one containing a trscez to tracer-free water or the reverse by the use of leveling bottles.
Burettes graduated to 0.2 ml were tonnected in the systew Lo measure the volumes of water
which entered the columa. The X's in the figure are necegssary on-off valves. The vacuua
arrsagement allowed mamples of effluent to be collected as close as poszible to the end of the
s0il column thereby sliminating further dispersion of solutes outside the sample. During the
time samples were not being collected, water flow was maintained by means of suction chtajned
from ksnging water columns at the same suction as the vacuum arrangement. The nacessarcy
valves for this operacion ars indicated on the effluent side of the soil celumn. Miscible
displacements of tescer and tracer-free waters were msde using the above mentioned porous

materials at different average flow velocities and different water contents.
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Figure 1. Schematic cross-section of apparatus used for collecting samples of effluent from
s0il columns maintained at tonstant water content and average flow velocity.
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Figure 2. Relative chlozide concentration C/Co of effiuent from Yolo loam. A 620-ml slug of
chloride tracer water wsz preceded and followed by tracer-free water in a soil column
having a volumetric water tapacity Vw of 588 al.

The curves shown in the next several figures are the result of meaguring chloride tracer
concentration of efflusnt from the media. Comsider Fig. 2 for Yolo loam in which a 620-ml
slug of water containing chloride tracer of concentration c i preceded and iz foellowed by
tracer-free water. If piston flow had occurred (i.e. , no spreadmg of the tracer front) the
€1” distributien or breakthrough curves would be represented by the broken vertical lines. If
no diffusion occurs io a medium having rather large microscopic flow velocities naxrow in
their distribution, s skewed sigmoid breakthrough curve will pass through C/C = 0.5 at V
(volumetric water capacity of column) and the areas above and below this point \ull be equal.
If the flow velocity is everywhere zero and only diffusion takes place at a tracer frent
within the medium, the resulting symmetrical sigmeid C1~ distribution curves will pass through
(:,,"Co = 0.5 at the original position of the tracer front. The curve in Fig. 2 is skewed aad
sigmoid but does not pass through CIC = 0.5 at Vn. The general translation of the experi-
mental breakthrough curve to the left of CIC =0.5 at Vw is oot expected after considering
the foregeing remarks. This shift is :aused. by a significant fraction of the total pore
volume not contributing to the volume of effluent measured, a fact which will be mare fully
- dealt with later. The congruent nature of the experimental data for the first aod second runs
indicates the precision of the method and that soil swelling or shrinkage was negligible
during the experiment, a time lapse of nearly 3 months.
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Without considering the physical and chemical mechanisims involved in miscible displace-
ment, such can be learmed from a general description of continuous flow systems as shown by
Dlnckwert.s (1953). Let the volume of any porcus material or ves-el occupied by a fluid be V
(cn) and the rate of inflow and outflew of fluid is g (cn pex hour). If suddenly, r.he
incoming fluid is identified by 2 solute of comcentration C ot the fraction of this solute in
the effluent at time t (hour) will be CIC .

Plots of c,'co va pore volume (q:/vn), commonly called breakthrough curves, are descrip-
tive of the relative times taken for the displacing fluid to flow through the medium or for
the sclutes in the displaciag fluid to come in chemical equilibrium with the soil. It should
be noted that this definition of pore volume is not restricted to saturated water contents but
is applicable to all water contents. Furthermore, it refers to a relative volume of efflusat
which should nmot be confused with the accepted definition of pore volume of a s0il defined ss
the ratio of total volume of voids including water to total bulk volume of =opil. Any experi-

mectally aseasured breakthrough curve may be considered one or a ccmhl.nat.ion of any of the five
curves shown in Fig, 3,
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Figurr 3. Types of breakthrough curves for miscible displacemeat. C/Co is the relative
conceatration of the invading fluid measured in the effluent. Pore volume is the ratio
of the volume of effluent to the volume of fluid in the sample,

For Figs. 3a, b, and c, it has been assumed that the solute spreads as a result of
velocity distribution and molecular diffusion only, i.e., there is no interaction between the
solute, solvent and solid. In these cases it i3 useful ro cbserve that

{,Lf (1-c/c)dt=1 (1]
a 0 °

regardless of the shape of the curve. Physically, this simply states that the original fluid
occupied exactly ome pore volume or that the quantity of solute within the column that will
eventualily reach a chemical equilibrium with that in the influent and effluent is CV,- It is
also helpful for future discussions te recognize that the area under the breakt_hrough curve up
to cne pore volune equals the area abave the curve for all times greater than one pore volume,

regardless of the shape of the curva, Although thig can be concluded from inspection, it jis a
direct result of Eq. [1]: ’
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Danckwents quantitatively defined holdback H as the left hand integral of Eq. [2]. Whken no
interaction exists batween solute and solid, H varies from ¢ for piston flow to values < 1 for
the other cases.

Piston flow (Fig. 3a) would rarely, if ever occur in soila. There exists for a simgle
capillary tube of .const.ant radius, only a narrow range of £low velocities at which this type
flow is even approached. Because soils do oot have pore sequences of constant radii the
probability that their breakthrecugh curves would be piston type is almost ail. A column of
200p diameter glass beads yielded a curve more nearly approaching piston flow than any other
material used {Fig. &).
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Figure 4. Chloride breakthrough curve measured for 200u glass beads.
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A breakthrough turve obtained from a saturated Oakley sand {Fig. 5) is characteristic of
the longitudinal dispersion described by Fig. 3b. Evidence for lack of sclute-soiid interac-
tion in this soil is obtained by noticing that the areas described by Eq. [2] are nmearly
equ;l.
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Figure 5. Chloride breakthrough curve measured for Oakley sand.

A s0il composed of equal-sized aggregates with no smaller or larger particles possesses
sn extremely wide range in pere velocity distribution which is bimodal at saturation. The
curve in Fig. 6 for Aiken clay loam aggregates between 1~ and 2-mm diameter provides a good

exampla nf that type of mix

& - Mtiimd m
vpe of mixiog illustra

W ted in Fig. iv. Allnougn che shape of this curve 18
differeat than those in previous figures, it is significant to sotice the areas of Eq. [2] are
certainly comparable.
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Figure &. Chloride breakthrough curve messured for 1- to 2-mm sggregates of Aiken clay leam.

The curves presented in Figs. &, 5, and 6 exhibit increasing holdback equal te 0.0255,
0.0664, and 0.151, respectively. The concept of holdback is a useful qualitative description
whenever an interaction between solute, zolvent or solid is a minimum. It is especially
useful to indicate the large amount of water not easily displaced from unsaturated soils.
Values of holdback for unsaturated conditions have been measured to be 3 to 4 times greater
than that when the soil was saturated.

Whenever the displacing fluid or its solutes are retained within the column by any
chemical or physical process, the breakthrough curve will be tramslated to the right as shown
in Fig. 3d. However, the shape of the curve is pot determined by these retaining processes
alone, but how these processes are coupled with the mic¢rescepic velocity distribution and ether
processes which translate the curve to the laft. An example of ; breakthrough curve being
transiated to the right as = résult. of adsorption and exchabge is given in Fig. 7 where triti-
ated water displaced nontritiated water from a saturated sample of Yolo loamy sand
8 = 0.393. Under these conditions, it is easily seen that the areas descrided in Eq. [2] are
not equal.
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Figuee 7, Tritium breakthrough curves measured for Yolo loamy sand at two water cootents 8.

Any process within the gpoil causing an intrease of solute concentration or an incomplete
mixing throughout the entire soil solution will yield a breakthrough curve translated to the
jeft as shown in Fig., 3e. In the case of anions measured to diatinguish the displacing
fluid, their repulsion away from the pegatively charged clay surfaces would trapslate the
treakthrough curve to the left. The same would occur if wixing were not complete owing to
nearly stagnapt pores, Solution of slightly soluble salts already present in the sample would
of course, translate the curve to the left. A breakthrough curve of tritjum for Yolo loamy
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sand, the same soil givea in Fig. 7 but uasaturated to 0.372 cm3 per cm3 water content, is an
exanple of incomplete mixing in nearly stagnant pores of an unsaturated soil. Even theugh
exchange takes place which would tend to shift the curve to the right, the effect of the

stagnant pores iz evident.

Figure 8 presents three chloride brezkthrough curves from the 390u glass beads initizlly
saturated with Nazsoﬁ solution. For the greatest velocity of 56.7 em per hour, which is well
within the limits of laminar flow, the chloride breakthorugh is abrupt, resembling that of
piston displacement (Fig. 3a). At a velocity of 0.395 cm per hour, the chloride appears
pearly 0.4 pore volume before that of the previous curve and requires 0.2 pore volume more
effluent to reach Clcn = 1. Breakthrough curves for intermediate velocities appeared between
the plotted curves. At the least velocity of 0.122 cm par hour the chloride appears before
0.2 pore volume has been displaced with its curve having the least slope of those presented.

Nearly 3 pore volumes are required to reach (:,"(:n = 1. For each velocity a distinctly separate

The greater the velocity, the more abrupt the breakthrough. The

velocities used in this iovestigation are those tommon to agricultural soils with the velocity
of 36.7 ¢m per hour

chloride curve is weasured.

well above the average velocity measured in saturated field soils,
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Figure 8. Chloride breskthrough curves from 390y glass beads For three flow velocities,

Measured breakthrough curves for the greatest and least velocities for both chloride and
tritium are given in Fig. 9.
the

At the greatest velocity, the curves are fearly identical. At
least velocity the curves are slightly rota_r._ed from each other as would be expected for
substances having different diffusion coefficients,
red between pairs of chleride and tritium curves,

For all velocities, no translation oeour=

thus assuring the glass beads were inert.
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Figure 9. Chloride and tritium breakthrough curves from 390y glass beads measured at veloci~

ties of 56.7 and 0.122 cm per hour.
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Breakthrough curves obtained from unmsaturated soils yield more information regarding
microscopic flow than those from saturated soils. They also provide a more complete descrip-
tion of flow occurring in saturated soils. Figure 10 shows brezkthrough curves obtained for
equal flow velecities from Oukley sand st three water contents. The drier the soil, the
greater is the volume of efflusnt required to reach a maximum C/Co = 1. Desaturation elimi~
nates larger flow channels and increases the volume of water within the gample which does not
readily move, These almost stagnant water zones act ag sinks to ionic diffusion.
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Figure 10, Breakthrough curves for Oakley sand at three different water contents. The
everage flew velocities wers of equal order of magnitude at 0.3 cm per hour.

Qzkley sand, saturated with Ca2+, was packed into an apparatus which allowed accurate
control of water content during steady-state flow conditions in both saturated and unsaturated
seil. The soil columns were 30 em in length. Before iatroducing the I‘Ig(:],2 solutions, steady-
state flow conditions were established in the colunns using either €.05N or 0.1N Ca acetate
salution. The 0.05N acetate solution was followed by 0.05N chl2 solutien and Q.1N acetate by
0.1N chloride sclution. Samples of effluent were collected and analyzed for €1~ and Mg2+.

Breakthrough curves for 0.IN Hgt12 displacing 0.1N Ca acetate at fluxes of 1.77 and
0.194 cm per hour are presented in Fig. 11. The pore volume of each column is given by the
bullseye and the total number of milliequivalents to be exchanged is 85.7 and 84.4 for the
large and small fluxes, respectively. The Cl BIC for both columas indicate the manner im
which the penetrating solution is dispersed as it passes through the soil. Had piston flow
occurred, the BTC would be represented by a vertical line through the bullseye. The two
celumns are essentially €1 systems after 550 ml _has passed through. For the larger flux the
€17 curve breaks sharply imitially in contrast to the smaller flux. The latter appears after
250 ml (0.58 pore volume) compared with 325 mi (0.78 pore volume) for the large flux. This
initial appearance of C1” in the effluent and the flatter curve in geperal at the smaller flux
illustrates the important contribution of diffusion to the transport of the salt,
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Figure 11, Breakthrough curves for Cl- and ng’
tate by 0.IN MgCl

ion during the displacement of 0.1N Ca ace~
3 At two fluxes in Ca-saturated Dakley sand wnder saturated conditions.
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Unsaturating the soil results in a disproporticnate shifting of the breakthrough curve
for chloride to the left of one pore volume apd drastic wodification of the shape of the
curve. Ip the present study two columns were posaturated and the BTC investigated for fluxes
of 0.192 and 0.188 cm per hour at oormalities of 0.1 and 0.05, respectively. The water con-
tents of these columns were approximately 7% less than the saturated columns. The shifting
and sbapes of the C1 curves aa illustrated in Fig. 12 are similar to those illustrated in
Fig. 3e.

The initial breskthrough for ¢.1N and 0.05N occurred after 0.84 and 1.31 pore volumes,
respectively, For the saturated cases at the same flux these were 0.86 and 1.11 pore volumes.
Unsaturating the soil has not produced an jnitial shift in the cation breakthrough comparable
to the chloride. The shapes of the curves for unsaturated soil are moticeably different than
those for saturated soil., It takes less than twice as much 0.05F solution to reach the same
CICD ratio as 0.1K solution. Further conmsideration of this latter point may be worthwhile.
It would appear in west cases that less total me. of salt are required Lo reach the same level
of ng+ saturation in the column when the solution is applied at a concentration of 9.05N
compared to 0.1N. Such a tenclusiom is based on the fact that it required less than twice as
much 0.05N solution to reach the same C/CD ratio. The underlying assumption is that reaching
a given Clco yratioc in the effluent implies the same average ratio in the soil, i.a., what
appears in the effluent can be accurately related to conditions im the soil. Such an assump=
tion may mot be valid.

Complete tquilibrium may exist at all times between the solution present in the pore and
the adjacent exchange sites. In a smaller pore, the displacing solution will not have pene-
trated as far as in the larger pore but here also equilibrium can prevail. Hence, after the
solution has peneteated some distance into the column, and a cross section of the column
examined, it is possible to have various seil grains at various stages of exchange but also ino
equilibrivm with the selution is their respective pores. The shape of the BTC will not only
depend then upon the chazacteristics of the exchange isotherm but will reflect the mixing

which bas occurred by microscopic flow velocity, ioaic diffusion and the interaction of these

three processes. e
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Figure 12. Breakthrough curves for €1~ and ng‘r fon during distplacement of 0.1N and 0.05N Ca
acetate solution from Ca-saturated Cakley sand by 0.1N and 0.05N H5C12 solution at two

fluxes under unsaturated conditions. @ is the water content.

Five lengths (30, 60,. 90, 120, and 150 cm) of sandstone columns having 5-cm square
crosg-sections were used in a miscible displacement apparatus. Initially, the columns wvere
thoroughly leached with 0.01¥ Caf9,. This solution was displaced from the column by 75 ml of
0.1N (:nC].2 with 0.01 m¢ pec liter tritium added followed by the original CaSOI‘ solution.
Thus, in all experiments, it uses the mixing of a 73-ml slug of tritiated Ca(:l2 solution
during displacement that was measured and interpreted to describe the nature of the sandstone.

The experimentally measured chloride concentration distributions of the effluent from the
5 lengths of sandstone for a displacement velocity of 5.64 cm per hour are given in Fig. 13.
It is evident from these curves that the greater the displacement the greater is the disper=

sion op spreading of chloride. A maximum relative thloride concentration of 0.9 is measured

9

for a 30-c¢m displacement while that for 130 cm is only 0.45, A symmetric chloride distribu=
tion within the sandstone is responsible for the shapes of the elution curves. Each curve is
not symmetric owiog to the time-depandent sampling at a constant distance.

For a velocity of $.64 cm per hour the tritivm distributions in the effluent from the 30,
90, and 150 sandstone colwtns are similar to those of chloride (Fig. 14). The chloride curves
appear to be transtated to the left by & volume directly proporticnal to the celuma length.
This behavior swggests an interaction between the chloride ion or tritiated water and the

grains of the sandstone. At this velocity it has been shown that chlaride and tritium curves

_ are pot measurably different when no interaction occcurs.
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Figure 13. Relative chleride concentration distridutions from 5 lemgths of saturated
sandstone for a displacement velocity of 5.64 cm per hour,
represents the sandstone length iz cm.
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Figure 1l4. Relative chloride and tritiuwm concentration distribution from the 30, 99, and
150 cm long saturated sapdstone columna for a velocity of 5.64 cm per hour.

Practical Field Implications of Early laboratory Studies — The «coupled manner in which
dissolved substances move with s f£luid flowing through a porous material is intimately

associated with sei)] salinity, the quality of water stored in groundwater recharge reservoirs,

and efflueats in filter beds. The manner of movement is as important as these associated

factors in present-day problems of increasing the efficiencies of fertilizer and pesticide
application while decreasing the hazard of contaminating the groundwater with objecticnable
residues. Studies of these and similar problems have been made with sundzy objectives in
mind.

Soil studies have emphasized the premise that whem water moves, solutes also move. This

premise has focused sttention on the quantities of water needed to pass a solute completely

thtough & s0il or to a particular depth. Forwulas for the leaching of soluble salines have

often been based upon quantity of water leaving the geil. Similarly, formulas used to calcu-

late the quantity of a chemical additive te 2 soil are usually material balance equations

based upon initial and desired quantities of chemical and water in a given depth of soil.
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With the use of such simple assumptions, investigations of leaching or adding chemical amend-
ments to soils often neglected examination of how solute movement is related to water move-
ment. Little thought has been given to merely displacing the salts ioto a more favorable
distribution within the profile without actually leaching and decreasing the total salts
preunt.' Nor have studies been made of the possibility of obtaining a desired concentration
of 2 chemical additive at a particular depth vwhile simultaneouzly keeping additive coacentra-
tica at a minimal walue at other depths. Instead, inovestigations aimed to increase the
effectiveness of the treatment merely by iocreasing the uniformity of the areal application
and by applying depths of water based upon the soil storage capacity.

A level, 1-acre site of Panoche clay loam was divided into 0.0l-acre plots delineated by
plastic levees. The plots were statistically arranged such that the treatments were rando-
mized with 5 complete blocks. On the surface of each plot chemically pure KCl was applied
uvniformly at a rate of 93 pounds per plot. The way this applied salt was leached and redis-
tributed through the profile wag observed for three method: of water application: (1) the
s0il surface conticususly ponded with water; (2) the soil surface intermittently ponded with
repeated applications of & inches of water; and (3) the soil surface intermitteatly pended
with repeated applications of 2 ioches of water. For the intermittent treatments, water was
applied to the plots whemever the soil water pressure at the 1-foot depth reached -150 mb
(correspording to a volumetric water cemtent of 30.4%).

Porous ceramic cups were used to take samples of the soil solution from each plot at the
previously mentioned depths in proximity te the tensiomstera. The soil solutioen was extracted
through the cups by applying a vacuum greater than that of the soil water pressure. This
method allews samples to be taken repeatedly at all depths withour destroying the site with
soil sample removal. It also offers a means of sampling the soil solution whea the soil is
ponded with water or when the soil is so wet that soil removal is almost impossible because of
contamination from one depth to apother.

The chloride concentrstion of the soil solution was analyzed by titration. Samples were
extracted every hour at each depth during water application and at greater time intervals
during drainage periods of the intermittently ponded treatments, At least 3500 samples were
extracted and analyzed for each treamegt.

The three methods of water application yielded three distinctly different soil water
regimes within the profile, These regimes may be observed im Figs., 15 and 16, In Fig. 15 the
broken line merging inte the unbroken line (30~ to 6-inch depth) represents the water conteat
distributfon if the so0il profile were saturated with water, These values range from
0.41 3,i'cm3 at the 12«inch depth to 0.5] cma,o't:m3 at the 4-foot depth. After the soil had
wetted to 3 maximum value during the continuously ponded treatment, the soil water content was
either equal to the satursted value or no more than 0.01 t'.'1||3/<:m3 from saturation at all soil
depths. The continuous, usbroken line adjaceant to the brokem line in Fig. 15 shows the water
conteat during continuous ponding. That the soil should remain slightly below saturation
between the 6- to 36-inch depths was expected based on in situ hydraulic conductivity
measurements.,

The shaded area in Fig. 15 represents the values through which the water content fluc=
tuated during the 6-inch intermittently ponded treatment. The left-hand boundary of the area
represents the soil water content distribution after one week of drainage from a previcus
6-inch applicatien. The soil water contents never fell below these minimum values. The
right-hand beundary represents the maxiwum values attained during the percolation af the
6-inch water application. These maximum values are nearly equal te values measured for the
cootinuously ponded treatment. As the water moved through the upper 36-inch portion of the
profile, the water contents intreased about 0.09 c1n3}cm3 over the minimum values. At the
greater depths, the increase was somewhat less pronounced, approximately 0.04 ch,fcma. A
comparison of the soil water contents manifested during the 6-inch intermitteatly ponded
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Figure 15. Soil water comtent distributions within Panoche clay loam during coatiguously
ponded and intermittently ponded conditions. The broken line yepresents water saturas
tion; the unbroken line represents the water content distribution during continuously
ponded coaditions. The shaded area represents the range of water conteats during infil-

tration of 6-inch water applications and the subsequent drainage period before the next
6-inch application.

WATER CONTENT (cm¥%cn?)

Q3 04 05
T T ] T T
2t .
E=
(8]
A=
— 24 - -
X
&
s 36 |- b
e
48 y
o
vy
60 | 4
_.ATJ; L 1 t 1

Figure 16. Soil water content distributions within Paaoche clay loam during continuously

ponded and intermittently ponded conaditions. The Uroken line represents water satura-

tion; the unbreken line represents the water content distribution during continuously

ponded conditions. The shaded area represents the range of water contents dering infil-

tration of 2-inch water applications and the subsequent drainage period before the next
2-inch application.

treatment with contents from the continuously ponded treatment reveals that the soil ponded

intermittently was about 0,04 cm3/cm3 drier even though its maximum values approached the
continuously ponded values.
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The soil water contents measured during the continously ponded treatment and soil water
contents of saturation are repeated in Fig. 16 in comparison with contents measured during the
g-inch intermittently pended treatment. As the 2-inch water application infiltrated and
passed through the soil profile, the average soil water content was about 0.06 cma,fcma less
than the sverage content during the continuously poaded treatment and .02 l:r|z|3,p'o::l:|3 less than
average content during the 6-inch intermitteatly ponded tyeatment. Furthermore, the maximum
water conteat values for the 2-inch treatment were considerably less than maximum values of
the other two treatments, These maximum values were about 0.04 clna,i‘cm3 less than the
saturated soil water content values.

Figure 17 shows chleride concentration values determined from the 6-inch intermittently
ponded treatment, The total time required to complete this treatment was 1050 hours, 6 times

longer than the continwously ponded tyeatment.
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Figure 17. Concentration of chloride in the soil solution wvs time for FPanoche clay loam
intermittently ponded with 6 inches of water. Zero time represents the time when the
first 6-inch irrigation was inmitiated. The vertical arrows represent other times when
additional 6-inch applicaticns were :I.nit.iat.edl.

In Fig. 18 and the following two figures, the chloride concentrations are plotted vs soil
depth, the parsmeter of sach curve beipg the total gquantity of water penetrating the soil
surface at the time of measurement. In observing the chloride concentration profiles during
leachiog and drainage, it is helpful to consider the chloride distribution within the profile
as well as the depth of maximum concentration. With the entry of &4 inches of water, the
chloride collects in the upper 2 feet of the soil profile and changes very little with the
addition of 2 more inches. In fact, at the l-foot depth the concentration remained unchanged
st 186 meq/l. After 12 inches have penetrated the sucface, the concentration increases at the
greater depths with a maximum of 93 meq/l persisting at the i-foot depth. It is notable that
with progressive leaching the maximum concentration in the profile is reduced and the chloride
distribution is extendsd throughout the profile. A comparisen of the chloride eoncentrations
at the greater depths, after 24, 30, and 36 inches of water had pemetrated the soil, reveals
that substantial redistribution of the chloride under continuous ponding is not attained.
After 40 inches of water had entered the surface (not given in Fig. 18) the chloride concen~
trations at 1, 2, 3, &4, and 5 feet were 4, 5, 21, 40, and 47 meq/l, resp-ectively.
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Figure 18. (hloride concentration of the soil solution vs profile depth of Panocke clay loam
igtermittently ponded with water. The number near each curve signifies the total inches

of water that entered the soil surface at the time of measurement.

The curves given in Fig. 19 represent the chloride distributions from intermittently

applying 2 inches of water. When the soil was leached with 4 inches of water, followed

1t days later by 2 inches of water, the concentraticns were changed f[rom 70, B4, and 34 meq/l
at the 1-, 2Z-, and 3-foot depths to. 100, 104, and 60 meq/l, respectively. In contrast, con-
tinuous ponding produced little change from 4 to 6 inches of applied water. After iater-
mittent leaching with 12 inches of water, a major part of the chloride was removed from the
surface 18 inches and redistributed primarily within the 2- to 4~foot depth with a maximum

concentration of 115 meq/l at 3 feet. For the same amount of water applied contiouously, the

maximum concentration within the profile persisted at the 1-foot depth.

CHLORIDE CONC. (meq/l}
) - 100 200
24 2 ! 6I 4 I
e |
2

SOIL DEPTH f(inches)
&
T

|
= T INTERMITTENTLY
a8l 7
PONDED
\ 2" APPLICATIONS

Figure 19. Chloride concentration of the soil solution vs profile depth- of Pancche clay loam

continuously ponded with 2 inches of water. The number by each curve signifies the total

inches of water that entersd the soil surface at the time of measurement,
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The chloride concentrations in the upper 36 inches, after 24 inches of water bhad been
intermittently applied (Fig. 19), were less than one-half those obtained under ponded condi-
tions. Furthermore, for the intermitteat treatment, the maximum concentration was deeper than
5 feet. The maximum concentration of the continuously ponded treatment was at & feet. In
fact, intermittent ponding of 24 inches of water produced a chloride distribution comparable
with 36 inches under continuous ponding., The chloride concentrations after 28 inches of
inotermittent leaching (not given in Fig. 19) were &, 4, 9, 23, and 60 meq/l at the 1-, 2-, 3-,
4~, and 5-foot depths, respectively.

The chloride profiles given in Fig. 20 are derived from data plotted in Fig. 17. These
chloride distributions were effected by intermittently ponding the soil with 6 inches of
Water, an intermediate treatment between the two extremes of tontinuous ponding and 2-inch
intemitr.er.m ponding. To some extent the results indicate a combination of the two extremes.
The chloride distribution after the jnitial 6-inch application was almost identical to dis-
tribution after the initial 4-inch application given in Fig. 19. On the other hand, after 18
and 24 ipches of water had pemetrated the soil surface, the chloride distributions of the
6-inch intermittently ponded treatment more nearly resembled chloride distributions of the
continuously ponded treatment. The concentrations near the soil surface are noticeably higher
than concentrations for the other two treatments, undoubtedly owing to the high evaporating
conditions prevailing during the é~inch intermittently ponded treatment, especially Quring the
later stages of leaching. After 36 inches of water had entered the soil, the c¢hloride coacen-
trations of the 6-inch treatment of the greater depths were less than concentrations of the
chloride profiles between the two intermittently ponded treatmects reveals that 24 inches of
water applied in 2-inch increments preduced lower chloride concentrations than did 30 inches

of water applied in 6-inch increments.
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Figure 20. Chloride concentration of the sail selution vs profile depth of Pancche clay loam
intermittently ponded with 6 inches of water. The number by each curve signifies the
total inches of water that entered the soil surface at the time of measurement.

This experiment has revealed that the manner in which chloride is displaced from the
surface of Panoche clay loam is a result of @ dynamic process that can be altered or con-
trolled with the method of water application. The markedly different behavior of the chloride
concentration distributions within the scil was characterized by two facts: (1) the amount of
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chloride displaced from a given depth was not uniquely related to the volume of dispiacing
water; and (2) the maxioum chloride concentration attained at any depth could be either less
than or greater thao the concentration above or below that depth. Related to these findings
Wag the measurement of greater maximum concentrations and narrover chloride distributions
within the profiles ponded intermittently. Undoubtedly this behavicer is related to the water
content distributions and flow velocities occurring during leaching.

Suppose that a uniform concentration of a soluble salt or chemical soil additive were
desired throughout the soil profile. After applying the salt to the soil surface, the best
means of attaining such a distribution would be to leach the soil under a continuously ponded
condition or intermittently with 6~inch applications. In Fig. 18 approximately 15 inches of
water causes a nearly uniform chloride distribution throughout 4 feet of the 5-foot profile,
with an average chloride concentration of 60 meq/l. A similar result was achieved with a
concentration of 50 meq/l, using a tetal of 18 inches of water applied in 6-inch incremeants
(Fig. 20).

Suppose on the other hand that the establishment of a narrow distribution of solute
within the soil profile is required. Such a distribution may be desirable when dealing with
the placement of fertilizer to specific seil depths relative to the crop rooting character-
istics. 1In Fig. 19 a parrow distribution of chioride was meaured after 12-18 inches of water
added in 2-inch increments had penetrated the soil, It is also apparent that this water
applicatien treatment yielded the greatest maximum concentrations, particularly to 4 feet,
This knowledge is useful in maximizing the depth to which s minimum lethal concentration can
be iatroduced without uanecessarily contaminating greater soil depths.

In areas where water is limited or expensive, or where high groundwater table levels
exist, it is desirable to leack a soil in the most efficient manner possible. Of the three
treatments, intermittently ponding the soil with 2-inch incremeats of water was markedly more
efficient in leaching the applied chloride from the profile. The concentrations of chloride
in the upper 3 feet after 24 inches of water were applied intermittently were less than one-
half of chloride conceatrations obtained under ponded conditions (Figs. 18 and 20). In fact,
intermittent ponding of 24 inches of water produced results comparable with continuous pending
of 36 {uches. A saving of one-third the quantity of water (e.g., 2 acre-feet per acre vs
3 acre-feet per acre) to obtain the same leachiog represents s significant reduction in water
use. Vhere drainage is a limiting factor, this reduction could significantly reduce water
table problems, On the other hand, it should be recognized that intermittent ponding requires
much more time than continucus peooding to allow the same quantity of water to eater the soil.
Theoretlcal Cons:.deratmnx of Solute Hovement in Soil - 'll'he flux  of
I (gcm day” ) is described by

2  s0il solute

J--end—°+Jc i3]

where ¢ is the concentration in the soil water (s/m:!] and D the apparent diffusion coef-
ficient, Equation [3] is fraught with difficulties inasmuch as inside a soil, bath ¢ and J

are gpatial averages over an ensemble of seil pores. Experimentally, each remains somewhat

ambiguous, with their wvalues depending on the method of measurement and the size of the

ensemble that is sampled. Hence, neither their product nor the gradient de/dz in Eq. [3] is

uoique. Further difficulties stem from the fact that soil particle surfaces hava a net charge |
density that influences the distribution of solutes within each so0il pore, which in turn is
modified further by the soil water content and the s0il water flux.
related difficulties,

ticas and, in geseral,

Eecause of these and
the parameter D in Eq. {3} has been the subject of numerous investiga-
has a unique value only in relation to a particular set of conditions.
Because seil sclute movement rayely exists in the steady-

state condition, many deacrip-
tions of solute behavior are obtained from solutions

of the following equation:
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where p is the soil bulk density (zlma), s the solute associated with the soil particles
[g/(g s0il)], and ¢ £s am irreversible source or sink of solute (g m-aday-l). Recent litera~-
ture shows that much has been learned about the affects of diffusion, convection, adsorption
and other processes on solute transport and retention in soils. Wumerous con-
ceptual-mathematical wodels have been developed in attempts to describe the one~dimensicnsl
transpozt of solutes in laboratory columns as well as in field soils. wan Genuchten and Alves
(1982) have recently summarized numerous analytical solutjons of the above equation. The
following is a selected sar of laboratory and field studies illustrating present-day under-
standing and techooloegy.

Laboratory Studies of Nitzogen Transformation During Leaching = The kinetics of microbial
traasformations of N has been discussed by McLarsn (1969a, 196%b, and 1971). Under steady-
state conditions, the transformations are geperally considered to be zero- or first-order rate

reactions for relatively large or small concentrations, respectively. For zero-order reac-
tions, the value of ‘i. would be iovariant. For more dilute solutions and/or where oxygen or
carbon supplies are limited, the net rates of oxidation of zmmonium €y oxidation of nitrite
€5 and reduction of nitrate g would be,

L T U (5}
6y = ke - kye, [6]
#y = K0y = Koy {7l

respectively. Many factors such as microbial growth kinetics, temperature, pH, and the supply
of oxygen and carbon as well as a host of other environmental parameters are implicitly
included in the rate coefficient k:l' . Here the variosus factors are lumped together into one
spparent rate coafficient for each reaction.

Equation [4] written for processes of pnitrification and denitrification becomes

st 5] rie (][] o
_-...-=D——V—;—k-gc’+kl.‘l )

¥, dc
?ﬂsﬁ—";&"“fﬁ‘ﬁﬁ
[10]

where the exchange reactfon of rm; ~ N with the soil is included in the 1 + R term assuming R
to‘bc a comatant and equal to the ratio of adsorbed to solution ions, and €, is the mass of
N, - H, Ho; - N, or m; - N per unit volume of soil solution (mg liter '}, It is assumed
that the values of the apparent diffusion coefficients D for the three ions are identical.

Ouwing to the complexity of both the mathematical and experimental problem, the tresatment

here is initially restricted to steady-state conditions, as well as assuming that the value of

7

<y {NO;) approaches zero as is commonly found in many field soils. Thus, Eq. 8] through [10]

become
D%?-—V%Z—I-:ka‘l : [11]
and
D%—v%‘i’-‘—+klcl=ka‘s- [12]

If D, v, and r.-i(x) are measured, the first and second derivatives of c; are known and k,
can be obtained from & plot of the left side of Eq. [11] vs - If § is & first-ocder rate
reaction, the slope of such a plot is equal to k]' In the case of a zero-order reactionm, the
slope would be identically zero with the left side of Eq. [11] equal to the zero-order rate
constant. Similarly, the value of the rate coefficient for denitrification ka can be found by
plotting the left side of Eq. [12] vs ¢q-

In additica to HIII - N and no; = N in the soil solution, the diffusion of nitrogen gases
ig the soil atmosphere resulting from denitrification can be examined. For nonsteady condi-
tions, the conceptration of the given gas is given by

ac 8%
& _pk= 113}
o = Do+ Fimn

where F(x,t) is a source (production) term if it is positive in sign and » sick (consumption}
term if megative. If neither source nor sink terms exist, F(x,t) is zerc. For Eq. [13] to be
valid, the gas must not be adsorbed appreciably on the soil particles, and transport must
occur by diffusion only. Under steady-state conditions, ¢ and F vary only with depth, and if
D is known, the second derivative of the measured concentration distribution yields values of

Fix) = - D(3%c/a:?). 1141

A plot of F(x) vs depth shows the gone of gas production or consuwption.

Hanford sandy loam, California soil was passed through s 0.6-ca square screen and packed
into & 15.2 by 13.2 by 100-cm acrylic plastic column to an average density equivalent to aa
oven-dry value of 1.51 g cuna.

Fritted glass tubular cups (5 by 0.6 cm) were placed at 5-cm intervals. Nyloea tubing
(1.0 om I.D.) was placed along side each cup, with one end wrapped in glass wool to prevent
plugging with soil particles. The other end of nylon tube was inserted through rubber serum
stoppers into 3-cm long flexible tubes, both ends of which were clesed with rubber serum
stoppers. The porous cups and spaghetti tubing provided a means of extracting seil solution
and atmosphere without disturbing the scil. The soil water pressure was measured at five
depths by means of the porous cups coanected with flexible tubing to mercury manometers. The
three intermediate manometers were connected to extractioa cups after the soil moisture
characteristic data was obtained. A parastaltic pump was used to deliver the applied solution
through seven evenly spiced nylon tubes (1 mm I.D.} te the soil surface. Water dropped from a
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height of 1 cm above the soil surface at a rate of 16 £ 0.5 ml huur‘l. 0ne-cm3 seil atmos-
phere sample was taken with a syringe needle inserted through the rubber serum stoppers into
the gylon tubes. Analyses wers made for CDZ' 02' NZ’ agd 15NIMN ratio with the mass spectro-
seter, and N2 determined with a gas chromatograph. The soil column, maintained at 20 # 0.5¢
was leached with 0.01N C:SO.,‘ throughout the experiment. The average pore-water velocity was
6.0 ¢m day-n with an average final water content of 0.32 cmjcm-3. The initial treatment
consisted of enriching the influent with 50 pem NHZ-H, labeled with 2.65 atom percent excess
;SH. uotil a steady state was obtained. After an intervening set of secondary treatmeats not
to be reported here, the first treatment was repeated in an attempt to reproduce the condi-
tions and results obtained initially. The two steady-state experiments are called A and B,
respectively.

Steady-state conditions within the columa for the continweuz application of the NHACI
solution e¢ccurred st 39 and 41 days for experiments A acd B, respectively, Steady-state
conditions were ascertained by examination of the NO;-N concentration distribution within the
30il a5 well as that in the soil effluent. The use of constant values for I:l and ka*assuminf
& first-order reaction gave exceilent predictions of the vertical distribtuion of NH“ aod N()3
a8 seen in Fig. 21a apd 21b.
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Fig. 21. Theoretical (Eq. [10]) and measured distributions of m{z-ﬂ and N();-N with soil depth
for experiment A (Fig. A) and experiment B (Fig. B).

A plot of the left side of Eq. [11] for measured values of D and v vs is given in
Fig. 22 for both experiments. The average slopes of the plot give kl values of 0.76 and
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Fig. 22. The left side of Eq. [11] vs the concentration of NHI-N in r.ih'e soil solutior. Open
and solid circles designate measured values for experiments A and B, respectively. The

straight lines represent the average slopes, kl.
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1.1 day-t for experiments &4 and B, respectively. At conceatrations greater thaa about
20pg ml-l, the left side of Eq. [11] is approximately constant — indicating a zero-crder
reaction for the greater concentrations. Values of the denitrification rate coefficient k3
obtained in a similar maoner with Eq. [12] for soil depths from 40- to BO-cm were 0.075 ang
0,040 day.l for experiments A and B, respectively, :
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Fig. 23, Labeled N’z concentration (Fig. A) and production rate stemming from Eq. [14]
(Fig. B) vs soil depth.

In the asbove experiment, steady-state conditions prevailed as regards both solute and
water coatent values, i.e., they did not vary with time and hence, the more simple Eqs, [11]
aod [12] were used to analyze the experimental results. A second exaople is that of following
the transport acd transformation of urea, N'K: and NU; under steady-state water conteat but
traasient selute concentration conditiens. It is assumed that the enzymatic hydrolysis of
ures ¢, the microbial oxidation of ammonium €,y and the microbial reduction of mitrate €y
seen to obey first-order rather than zers or other order reaction kimetics. Using this
assumption, the following equations wers used to describe the behavier of urea, armonium, apd

nitrate in the soil solution of a laboratory column of Tyndall silty clay:

2
U+rySaapa s
1

Y ke - sl
dey 3%, de
(l+R’)_B_r=D-E’—2_VTx!+k'C'"k:c’ [16]
acy 3¢, d¢y
5 Ak Vag TR~k (17

where R] and R2 are the distribution coefficients for urea and ammonium assuming a reversible,

instantaneous linear relation between the solutien phase coancentration and that in the sorbed

phase, and kl' kz, and !A:3 are the rate constants describing the processes of urea hydrolysis,

ammoium oxidation, and mitrate redyction, respectively,

A controlled pressure chamber was utilized to simultaneously apply suction to the bottom

of the column and tollect effluent samples. The use of & constant head buret at the influent

end of the column established a upit hydraulie gradient which minimized water content diffec-

ences within the sojl. Steady-state conditions of unsaturated water flow in the vertical

direction were established in each column at s water coateot of approximately 80% of

saturation using 0.01N CaSO,.. Simultaneously, steady-

4 state gas flow was established in the



horizontal direction. Once these coanditions prevailed (after approximately 5 days for a
15-cm column, 10 days for a 30-cm column), a 100-ml pulse of 0Q.0IN CaSDh containing urea
enriched with =5N and ‘10-2 ml 3}{ 0 was leached through the column fellowed once agam with
0.01N CaSO,‘. Effluent samples were collected and analyzed for 3}{20 and urea, NH',‘, NOZ, and
NO,. The columns were sampled upon the termination of leaching and the distribution of urea,

N'H[.. NO;, and HD; within the column determined.
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Fig. 24. The experinentally measured effluent concentrations of ures, NHZ. and No; determined

‘after the application of = pulse urea~N with the theotetical curves stemming from
Eq. [15] [16}, and [17].

The use of isotopically labeled N plus the analysis of both the solution and gaseous
phases of the soil with time and depth provides a means for identifying and quantifying
sources and sinks. Some modifications and additional measurements that may prove bkelpful
include: analysis of the soil atmosphere and soil sclution at smaller depth increments near
the 80il surface; the sampling of the soil atmosphere at a sufficiently slow rate so as to
minimize contamination of the sample from air above the column andfor from large distances
within the column; snalyzing the soil solution for vacious dissclved gases and erganic C;

microbial biomass estimations; and gaseous diffusion coefficients as o function of seil air
porosity.

Relative Flow Rates of Salt and Water in Soil - Many miscible displacement experiments have
shown that a readily soluble salt moves at a different rate through soil than the water in
which it is dissolved. For example, when a c;c12 solution contammg 36C1 and 3}[ is passed
through some soils, the C‘.I. appears earlier in the efflueat than the “H. Qualitatively, this
behavior can be explained by anion repulsion or negative adsorption of salt by the negatively
charged soil particle surfaces. Krupp et al. (1977} davelnnad 2 mods)l for describing the

INg TaS

mixing of two miscible sclutions in a seil in which the Gouy theory for ion distribtuiom in
soil pores is combined with convective-diffusion Eg. [4]. It was shown that the exclusion
volume for isotope and the separation wvolume for 3 Cl and 3JI{ increased as flow velocity
decreased and these changes were related to the total {on concentratjon, the thickness of the
diffuse double layer, and the zones of mobile and immobile solutienm.

Cwing to uacertainty about understanding the actual shapes and sizes of aggregates,
whether packed in a column or in the field, a more practical approach has been to assume that
solute transfer between the mobile and stagnant water regions can be modeled as a simple
firzt-order exchange process [Coats and Smith, 19645 Raata, 1973; van Genuchten and Wierenga,
1976). Convective-diffusive solute transport is again limited te the mobile water regionms,
whereas diffusive mass transfer between the mobile and stagnant water regions is assumed to be
proportional to he concentration difference between the two soil water phases.

The presence of immobile or stagnant water in the system can be attributed to the
physical configuration of the sggregates; the nonequilibrium situation, if present, is
therefore an apparent physical phenomenon [van Geouchtem, 1981], In oxder to verify the
assumption of physical nonequilibrium and to investigate the tendencies of model parameters
with veriation in experimental conditions, a series of miscible displacement experiments vere
carried out using an aggregated Oxisol ax the porous medium aand 3661 and 3H 0 a3 the solute

2
tracers. The experiments were carrvied out with different aggregate sizes and run at different

flow rates.

The lene seil from the Eceene formatien of Califormia ¢lassified as an Oxisol is stroagly
aggregated, has a pH of 3.7, a (EC of 2 meq/100 g foil, a Fezo3 content of 6.5%, a zero point
of charge (ZPC) at pH 3.6, and has kaolinite as the predominant clay mineral.

The procedure followed to adjust the seil to a pH of 7 and the separaticon of the calcium
saturated soil into aggregate fractions of 0.5-1.0, 1-2, and 2-4.7 mm has been described by
Nkedi-Kizza (1979). Each aggregste fraction was packed inte acrylic plastie cylinders,
5 cm long and 7.6 cm in diameter. Miacible displacement techniques, similar to those
described by Nkedi-Kizza were employed to measure effluent BIC's for three tracers (3661,
3]!20, and “51::) applied simultaneously in ome pulse. The BTC's were obtained using 0.001,
0.0, or 0.1 N c;c12 solutions adjusted to a pH 9f 7. The electrolyte solutions were spiked
with three radioactive tracers, each giving about 5 nCi/ml. The small velocity displacements
were carried out first at a concentration of 0.1 N Caf.‘].2 and then follewed by 0.01 N and
0.001 N, respectively; the latger flow velocity experiments were run subsequently in a similar
order of solucion concentrations. All columns had simifar bulk densities p and saturated
water contents B,

Equation [4] implies that all the woil-water freely participates in the convective~
dispersive golute transport process and that all adsorption sites are readily accessible to
the solute. In the model developed by van Genuchten and Wierenga (1976) the soil-water phase.
was partitioned into mebile and immobile regions. Convective-dispersive solute 'tranapott was
limited to the mobile soil-water region. Selute transfer between the immobile and mobile

zoil-water regions was assumed to be diffusion-controlled. Solute adsorption-desorption in

both regions was considered .instantanecus; at equilibrium the relationship between adsarbed
and solution concentration was described by a Freundlich equation.

Based on the ahove conceptualization of the system, the solute transport medel may be
restated as follows: ’
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The fraction of immobile water {1 - 9) surfaces (shown in Fig. 25) illustrate the inter-

ond solution comcentration on the estimated §. The
immobile water (1 = ¢) seemed to increase with aggregate size and flux for displacements
with 0.001 N or 0.01 N CaCJ.z (Figs, 2%, and 25b). |

action betwesn aggregate size, flux,

run
However, for displacements run with

0.1 NCaCIz, the immobile water pacamster is oot sensitive to aggregate aize and flux
(Fig. 25¢). The mohile water content ¢ for a given so0il column and solution concentration
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2+ (b) Immobile water for displacements run with
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estipated from BIC's is actually an apparent ¢, since it varies with flux. Increasing aggre-
Bate size at a given pore water velocity increases the diffusion path length, causing incom-
plete mixing between solutes in the mobile and immobile water regions. This, in turn, causes
the solutes to sppear early in the effluent. Similarly, a large pore water velocity provides
a short residence time svailable for diffusive mass transfer of solutes into and out of the
immobile water regions and yields an early breakthrough of the solute., Therefore, both large
aggregates and high pore water velocities would result in large immobile water, if estimated
from BTC's (Fig. 25). The effect of solution comcentration oa ¢ could be attributed to
changes that might occur in the propertion of macro- and nicropores between aggregates as the
sclution coacentration is varied from 0.1 N to 0.061 N CaClz. This decrease in corcentration
would increase the thickness of the slsctrical double layers such that some macropores in the
system become micropores. This would result im an increase in (1 - ¢). For displacements
obrained with the greatest comcentration of CaClz, the estimated ¢ appears to be independent
of both particle size and flux.

Equations [18] and [19) dascribe all the experimental data well. This particular study
revesled that the mobile water fraction ¢ estimated from BEC's is not a constant but a func-
tion of aggregate size, pore water velocity, and solution concentration. "For small aggregates
and for small pore water velocity experiments, ¢ estimated from BTC's was essentially equal to
one. A decrease in concentration showed a decrease in ¢. The mobile water generally
decreased also with an increase in both aggregate size and flux. The mobile water was cal-
culzted for both 3)120 and 36t:l was gimilar. The diffusive mass transfer coefficient ¢ in this
study was a function of aggregate siza, pore water velocity, and concentration. The variation
of these two parameters § and o with changes in experimental condition {e.g., flux and aggre—
gate size) point ocut that although Eqs. [18] and [19) are the best available to describe
solute transport through aggregated porous media, the model is and always will be as approxi-
mation of the physical system if parameters sre estimated from BIC's.

Solute Movement in the Field — Solute movement occurs in soils during leaching, crop irriga-
tion, reclesmation of soily, and other similar processes, This movement determipes the
presence or absence of bemefirial or detrimental solutes in the soil profile and the quality
of water draining from ¢ given area. Hany laboratory studies have been undertaken to describe
the chemical and physical processes which oceur during solute movement. However, the applica-
tion of laboratory results to actual field situations has been only partially successful
because of poorly defined boundary conditions in the field and varisbility in soil properties
with respect to depth and time. Recent rasults have exemplified the magnitude and degree of
variation of solute movement in a field sofl. Siace it is frequently necessary to predict the
volume and quality of water draining from large land areas, knowledge of the spatial varia-
bility of solute concentrations and pore-water velocities in these areas is essegtial. The
purpose of this study was te determine the rates of movement of chicride measured at several
locations within a field being leached and to compare these rates with those computed from the
rate at which water was applied to the field. An analysis is presented of the variation in
pore-water velocities and apparent diffusion coefficients observed between locations aod
depths within the field. '

For the steady state water flow conditions of this experiment, which were used to dis-

place a solution of chloride initially applied to the soil surface, the following equation is
appropriate:

2
;0%

[20]
at ax ax
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where © is the comcentration {milliequivalents per liter) of either chloride or aitrate in the
soil solution, D is the apparent diffusion coefficient (square ceatimeters per day), v is the
average pore water velocity {centimeters per day), x is the scil depth {centimeters), and t is
time (days). We assume that the chloride does not react chemically with the soil and that
they are net subject to microbial transformation or assimilation. The value of D depends upon
the value of v, the functional relation depending upon the particular pore geometry and the
magnitude of v.

For times 0 < t Stl the soil was leached steadily with water having a conceatration Cu.
For times t < 0 and t > Y the soil was leached with water having & comcentration ct_. Initial
and boundary conditions appropriate for the solution of {20} in view of the large pore water
velocities manifested experimentally are

C=Ci x>0 t=0
C=C° x=0 0<t.5t.1
c:Ci x=0 t)tl

Values of v can be estimated directly from the ratio of the steady-state flux of water at the
soil surface during infiltration Yo (centimeters per day) and the averags soil water conmtent 8
(cubic centimeters per cubic centimeter) or can be estimated from the rate at which the soluts
is displaced through the soil profile. These estimates of v are designated vy and Ve
respectively. For the latter an iaitial estimate can be obtained by the time that it takes to

displace the pulse of solute a given distance. Hence Ve is approximated by
- - =1
Ve = zt(l‘.m 0.5 tl) f21]

where x is the soil depth at which the maximum value of (C-ci)’(co'ci) is observed at time t .
The value of D and the final estimate of v, are obtained by matching, with the aid of a
computer, values of the relative concentration measured at specific soil depths as a function
of time with those described by the solution of Eq. [20].

Details of most of the experimental procedure have been given before [Xielsen et al.,

1973}, In that publication the spatial variability of a natursl scil based on values of
hydraulic conductivity measured at six depths iz 20 plots randomly located within a 150-ha
agricultural field was analyzed. Briefly, twenty 6.5-m-square plots were randomly established
over a 150-ha field in which two tensiometers and two soil suction probes were placed in the
center of each plot at depths of 30.5, 61.0, 91.4, 121.9, 152.4, aed 182.9 cm to follow seil
water pressure and sclute concentration of the soil solution. Each plot was initially ponded
with water until steady-state water cootent and flow conditions were established throughout
the 182.9~cm profile as indicated by the tensiometers.

After steady-state water flow conditions prevailed, 7.5 cm of water containing 219 and
123 meq/l-l of C1~ and Nog, regpectively, were leached through the scil surface. After this
solution (Co = 219 aad 123 meqll-l) had infiltrated the so0il, the soil surface was coo-
tinuously ponded once again with the original water {€ = Ci).

Samples of soil solution were extracted from each soil suction probe prior to the addi-
tioh of the solute-enriched water co and were also extracted once every hour during the day
and night in order to measure and delineate carefully the thloride and nitrate contentration
distributions az functiona of both depth and time.

It can be seen ian Fig. 26 where 359 estimates of v, have been placed in class lengths of
10 cm per day, that the frequeacy distributicn is log-normal having a mode, wedian, and mean
of 4.3, 20.3, and 44.2 cm per day, respectively.
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Values of D are similarly log-normally distributed, as illustrated in Fig. 27, with a
mode of 4.0, a medisn of 85.1, and a mean of 367.6 cmz per day.

Concentration distributions as a function of scil depth calculated by using the mode,
median, and mean values of (D, v) are shown in Fig. 28 for a 7.5-cm pulse of chloride or
nitrate solution (CO) iafilteated and leached to the 90- and 180-cm depths. Relative maximum
concentrations for those depths calculated with mode and median values are much too large in
comparisen with those calculated with the mean values. Moreover, since the mode and median
values are leas than the wmean velocity, the time required for the displacement is sub-
stantially oversstimated wvhen the former values are used. From a practical viewpoint, it
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Fig. 27. Frequency distribution of values of the apparent diffusion coefficient D for a class
length of 2 cmzd-l.
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Fig. 28. Concentration distributions calculated with the solution of Eq. [20]fer & 7.5=cm
pulse of solute Co for mode, median, and mean values of D and v.

would be expected that concentration profiles similar to those calculated for the modes would
be frequently cbserved, while indeed, leas-pronounced profiles similar t.o. those for the mean
aod exhibiting even greater dispersion would alsc be cbserved and would be displaced rela-
tivaly quickly through the s0il. It should also be pointed out that these extremes in solute
leaching can be observed at egual or different depths within a relatively small area.

The results of this study infore us that substantial errors can be made in estimating the
flux or the amount of solute paszing, for example, below the root zone of a crop by multi-
plying average values of the flux of water by average values of the concentration of the soil
solution. Both average values depend ultimately upon the pore water velacity distribution and
its attendant horizontal and vertical spatial variability within the field soil profile.
Hence we expect peint measurements such as the discharge from drainage tiles, solution samples
from suction probes and piezometer wells, and excavated soil samples to provide good indica-
tions of relative changes in the amount of solute being transported but not quantitative
estimates sufficiently precise te ascertain the amounts of fertilizers or other solutes
leached beyond the recatl of roots. Only in ecase of a thorough analyns of the frequency
distribution of such measurcments would quantitative results be assured.

Next, let us consider different metheds to average field observations of the two para-
meters v and D in the convective-diffusion equation. We explore ramifications of so0il
variability on averaging salt distributions in the mnil nrafile and on the vate and cumulat
amounts of solutes leached from the profile.

In the above experiment, it was found that values of v were log normally distributed with
the mean and =:andud deviation of ln v = 3,01 and 1. 25, respectively. Similarly, measure-

ments of D (:n fdsy) were found to be apparently log normally distributed with in D baving a
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mean of 4,42 and a standard deviation of 1.74. It was alse determined that D was approxi-
mately related to v by this equation:

D=o0.6+2.93 v Y

(22)

with a correlation coefficient of 0.8, It was further observed that the soil water content &
(cmajcm‘?') was normally distributed with a mean of 0.428 and a standard deviaticn of 0_._0_0&2.
This leads to the expectation that anywhere within the (x, y} plane of the field, a wide
vaiety of solute distributions described by the solution of Eq. [20] will be manifested for
the extremely wide ranges of both v and D. Figure 29 shows solute distributions stemming from
the leaching of a pulse of salt water for several combinations of v and D. For a pulse
leached at an intermediate value of v(vo) as shown in Fig. 294 and 29 B, the solute is leached
with minimal dispersion for the small value of D(< DD). For the large value of L, the maximum

" value of cico is only 0.2 compared with 1.0 for the small value less than Do. The pulses

dispetsed at the intermedizte walue of D(DQJ shtowy Im Fig. 29C and 29D are-leached to depths
that reflect thre, mgnxm&e ot v* atvt.ba pa¥ticilac.bocatiod ia.the:(k: yJ gline.. Fot. the Smalil-"
¥elocity Less than vo. the pulse is lsached to the shallowsr depth. ‘l‘he a‘teas und!'.r‘ h-ef! )
the four curves (Figs. 29A-29D) are iduntical becausa the simulations were made For !qual
vaiues of .vtl ragardlesslof the value -of tr... Figurés 29E and 20F are based wpon equal values
of t and hepce the ateas under the cutrves are pr'oparr_ional to the particular value of v.
The curves shown in Fig. 29. 33 well as countless others, are each potentially oh-aenrabl.e .

in a field or evén ia a relatively sme-ll e:permmhal plet. - Suppure nnly those shown in
Fig. 29 had indeed been measured. Hed they been measured by sampling at lO-c intervals, the

_curves showa in the figure Gould have been delineated. Had they baen sampled at 30-cm

intervals, only curve 29B and possibly 29F cculd have been ascertained. Had the six sites of
data been ‘averaged to cbtain an "average" profile, the curve in Fig. 30 would have been
calculated for the 10-cm interval observations, while thé solid circles would represent the
30-cm interval obgervations,
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Fig. 30, Average relative solute concentration vs soil depth calculated from the six turves
given in Fig. 29.

How is an appropriste average solute concentration profile obtained? In the absence of

sny informaticn regarding the scale of observatrisn of solute concentrations measured im tield

soils, we shall assume that v, D, 8, and ¢ are random varisbles characterized by their rela-

tive frequency distributions, and that acrosz a field in the (x, ¥) plane,
distributions are statistically stationary.
are of interest.

their frequency
Two kinds of solute concentration distributions
The first is that solute distributicn expected at any location within the
field at a given time of leaching, and the second is that distribution at a given time

obtained by averaging solute distributions from many locations within the field. The former

is important because it is commensurate with that solute distribution associated with a single

crop plant or a small neighborhood of plants. The latter, which is not necessarily manifested

in the root zone of any plant or small neighborhood of plants, is important because it is the
indication of an entire field in terms of solute retention and mass emission of golutes below
the root zone as a result of leaching.

The solute concentration distribution c(z, t) expected at any location (x, y) within the
field may be calculated with the solution of Eq. {20} using values of v and D from their
relative frequency distributiong considered independently or jointly,

i X u The average solute
concentration distribution cfz, t) t¢xpected for the entire field may be calculated from

Ik
e(z, v) = J ¢ £(c|z, tide, [23])

where f(c 2, t) is the relative frequeney distribution of elz, t).
the simplified paramecerization used in Eq. [23],

measured frequency distributions of D, v, and 8.

We shall compute ¢ without
but by Honte Carle simulation using the
The step-wise procedure was to:

9

1) Draw a randem value from the normal distribution with mean zero and standard
deviation 1;

2) Fipd randem values of lo D snd/or ln v 2nd § from their respective statistical
distributions given iz Table 1 by the equation y = §o + p where B iz the value with
mean rero and standard deviation 1, and y is the raadom value with mean j and stan-
dard deviation, 0

3) Calculate a random value of ¢/¢° from the solution of Eq. [20] using the above values
of D, v, and O for each z and t;

4) Repeat steps 1 through 3 above 2,000 times and calculate the mean value of :Ico for
eack z and t.

Under normal experimental conditions in the field, we would expect too few cbservations

to discern the relative frequency distribution of D, ¥, or 0, much less the depeadence of D
upon v. Case I is the solute distribution calculated from mean values of the parameters io 2
deterninistic manner. The calculation describes the average distribution of c/co for any
particular location (x, ¥) in the field, Case II assumes that sufficieat observations have
been made to allow deterministic evaluation of v acd @ uit_h D zssumed to be log normally
distributed. Case III mneglects the spreading of the solute owing to appareat diffusion
(O =0). Case IV is that of Case III with the impact of apparent diffusion included. For
Case V it i3 assumed that insufficient observations have been made to agcertain the functional
relation between D and v, and hence, their values have been chosen independently. Lastly,
Case VI accounts for the spreading of the solute with random values of v associated with
Eq. [22]. For each of the above cases, simulations were made for (1:1 > t), cotresponding to
the continucus leaching of a soil with water having a Conceatraticn €y {step imput) and for
(tl > t) correspondisg to a pulse of solute being leached through the soil profile with
solute~free water (pulse input).

Average solute concentration siowleted for Cases I and II for (tl > £t = 2 days) and

{t = 2; = 0.4) are given in Fig. 31A and 31B, respectively. The curves for Case I, the
simplest solution based on average values of w, 8, and D, menifest the gigmoidal and Gaussian
{t =2, £ = 50) sbapes for the step (l:x >t = 2} and pulse (t = 2, £ = 0.4) inputs, respec-
tively, commonly measured in laboratory soil columons. The curves for Case IX, although

Table 1. Choices of apparent diffusion coefficient, D, water-filled porosity, @, and pore

water velocity, v, for Monte Carlo simulations of wmean solute distribution and

fluxes.
Case v -] D
con/day malcna mzlday
I Constaat (44.3) Constant (0.428) Constant (378)
11 Constant {44.3) Constant (0.428) Variable§
I Variable' Variabled 0
v Variable Variable Constant (378}, Variable§
v Variable Variable (independent of v)
Vi Variable Yarisble 0.6 + 2.93?1'11

* 2
la v ¥ N(3.01, 1.25%).

T o = N(o.428, 0.0442%).

§ 1o D = N{4.42, 1.74%).
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Fig. 31. Relative solute concentration v 80il depth simulated for Cases I and IT for a step

input of solute (A) aad a pulse input of solute {B) for ¢t = 2 and tl = 0.4 days.

the same shapes and occurring at relatively the same soil depths, are more abrupt than those

of Case I. Those of Case IT were simulated using average values of v and 8 with the

Moate Carlo procedure for D from its log~mormal distribution. Inmasmuch as the distribution of

D ix skewed with a high probability of many values much smaller than Lhe mean, taking as many
23 2,000 values of I still gave less spreading of the solute than that of Case I.

The uv;erage concentration distributions simulated from the relative frequency distribu-
tions of v and O (Cases III through VI) are considerably different from those of constant w
sud 8 presented above having sigmoidal and Gaussian shapes. ' For Cases LII-¥I, the concentra-

ticn distributicns tend to be hyperbeolic with e sharply defined golute front or depth to

which the solute has been leached. Fer these lstter cases, the spresding of solute averaged

across the field is dominated by variations in pore water
with variations in the apparent diffusion coefficient. This
comparing the average concentration distributions in Fig.

velocity and not that sssociated

32 simulated for Cases III (D = a)
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Fig. 32. Relative solute concentration vs soil depth simulated for Cames III through IV for a

step ioput of solute (A) and a pulse input of solute (B) for t = 2 and t, = 0.4 days.

latter statement is supported by -
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apd IV (D = 378). Although the curves for Case IV clearly manifest the impact of the addi~
tional wixing associated with the mean value of D, they closely resemble those for Case II1
for both the step and pulse ioputs. When the average concentration is simulated from the
relative frequency distribution of D independent of that of v (Case V), the mixing is less
than that for Case IV using the mean value of D. When D is related to the pore-water velocity
v, the concentration distributjons are nearly {dentical to those for D = 0, Compare curves
for Case IIT with those for Case VI, Experimentally measured values of the solute concen-
tration obtained by Biggar and Nielsen (1976) are given by the solid cireles in Fig. 31B.
(Standard deviation of measured values at 30-cm increments were 0.132, 0.127, 0.153, 0.103,
0.081, aod 0.033.) Considering the large nagnitudes of the standard deviation of those
observations, any one of the sfmulated distributions in Fig. 31B successfully describes the
meagured values. '

With sufficient observations of the soil-water parametars available to estimate their
relative frequency distributions, the leaching of an eptire field may be estimated but not
necessarily that of a specific site. We expect future field experiments will allow the deter-

.mination of the scales of chservation of ¥, D, ¢, and 8. With spatial autocorrelationm of

those observations known, a simulation or an observation of a solute distributicn ie the field

-could then be associated with a amall site or known dowain in the viciwity of the point {x,

y). Without those scales, the extent of the field; or the fraction -of. the rodt zome of 4
single or group of plants characterized by a single cbservation i not known. With the scales
known, the size of the site n:"damsin‘eharacterized would allow an additional batis -For
ascertainiag the pumber of observations to be taken. ..

To monitor the average Sovlute concentration wif.h:in a field or to .estimate the mass
emissioh of salt leached below the root zome implicitly requ.i:e-s a knowledge of the relative
frequency distribution of the pore-water velocity as well as its mean value in order to
ascertain when and how often to sample at that depth,
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