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HOVEMENT nF SULITES 1N SO1LS

A smary of lectures given by Donsld R. Nielsen

Eg_r_lyﬁ’[.tlgg‘rq_l_ou_@@ggs_ = Whre 3 {Twid containing a tracer in solution is displaced From a

Povous ardium by the tame fluid withour & Lracrer, this wiscible displacement results in ]

tracer roncentration distribulion which depends uwpon microscopic flow velocities, Lracer
diffusion rates, and other chemical snd physical processes. Studies of miacible displacement
provide not only a weann of determining microvropic flow velorities in soils, but should give
a physical explamation of phenopens occurring in teaching of soils, jon exchange and adsorp-
tion chromatography, movement of fertilizers, and wimilar pracessen.

The flow of water through soil if often times considered as bulk movement which cam be
described by Barcy's law. This description becomes inadequate for the purpose of detining
wevement of tramsient dissolved snlutes and their chemical and rhysical processes. Tt is of
interest to measure the ionic of molecular tracer concentrstion distribution moving through a
soil-water system so that the mechanisms of both tracer and water sovement be more clearly
tnderstood.  The distance & trscer will teavel through bulk soil is determined by the tor-
tussity of the totsl path Llength it follows. Owing to the magnitudes of tonvection, diffusion
aed other processes which occur in diffecent pore sequeaces, the paths of each ion will mot be
the ssme apd the resulting tracer distributios will clearly pive a good deal of information
about the bebavior of the water Tlowing through vartous roils.

An  apparatus was apecially designed such that stetionary flow conditions and water
content of the media rould br msintaised vhen Lracer-free water was replaced by water ton-
tainiag » disselved tracer. It was desired that no Mixing of the tws wsters nccurred
initially at the boundary between them. At the Same time the contribuling of flow assotrated
with the the boundary betueen soil and 20il container had Lo be eliwinated. Also, samplen of
effluent to be saslyzed for tracer concentrations had to be collected withost disturbing
stationary flow conditions. & cross-sectionsl sketch of the apparatus iy given in Fig. 1.
Ssmples of 2ir-dey soil screened through & 7-em sieve wpre uniformiy packed in the 10-cm long
lucite tubea. The wyler tontent and the [lux dentity werr controlled uging hangiog water
columns and negative air Preseure imposed on fritted glass bead porous plates shown on each
end of the horiromtal column. The use of fritied Rlass bead plates offers the advantage over
other porows meterials of having a negligible exchange rapacity, large capillary conductivity
snd an exceedingly narrow pore gize distribution.

The woter in the small reserynic hehind the inflow platr could be rapidly changed from
oo containing & tracer to tracer-free water ar Lhe reverse by the use of leveling bottles.
Burettes gradusted to 0.2 ml were connected in the aystem to mrasure the voluwes of water
which entered the coltsn. The X's in the fipuer are PECEstary on-off valvea. The wvacumm
arrangement sllowed samples of eféluent to be collrcted as clnse 33 possible to the end of the
s0il rolumn thereby eliminating further dispersion of solutes outside the sample. During the
time samples were noL being collected, water flov wax maintained by means of suction obtained
from hanging wvater columns St the ssme guttion a3 the Yacnum arcangement. The necessary
valves for thix operation are {mditated om the eitluent side of the soil colwen. Miscible
displacrments of tracer and trecer-free waters were wade using the ahove nnunu.rd Porous

materials at diffrrent average flow velocities and dif{erent water contents.
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Figore 1. Schematic cross-section of apparatus used for coliecting samples ol etfluent from

soil columns maintained 3t congtant water conteal and average tlow velocity.
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Figure 2. Relstive (hlorude concentration C/L, of etfluent from Yolo Josm. A t20-ml slug of
chloride tracer water wak preceded and followed by cracer-free water in » seil colume
having a volumelric water capacity U'u of 584 wi.

The curves shown in the next several figures are the result of mrasuring chloride tracer
comceatratian of effluent from Lhe media. Consrder Fig. 2 {or Yolo locam in which a 620-ml
slug of water containing chloride tracer of concenlratios l:o is preceded and is followed by
teacer-free water. If piston low had occurced (i.e., no spreadiog of the tracer Fromi) Lhe
€17 distribution or breakthrough curves would be represented by the brokea vertical limes. 1
no diffusios occurs 1A 3 medium havieg rather large microscopic flow ve)ocities marvow in
their distribution, & skewed rigmoid breskthrough curve will pags through ”to = S at V‘
(volumetric water capacity of colusn} and the aress above and below this point will be equal.
1{ the flow velocity s everywhere zece aad only dilfuxion Lshes place at a tracer front

h
(:.0'(.‘° = 0.5 at the original position of Lhe tracer Iront. The curve ia Fig 2 i5 shewed and

within the medium, the craulting symmetcical sigmoid cr distribution curves will pass thr

sigmoid but does oot pass through C,'l:o =05 at V" The geaeral translation of Lhe eaperi-
atatal breakthrough curve to the left of CICO = 0.9 aL VU is not expected after vonsidering
the foregoiny cemarks. This shift is caused by a significant fraction of the totsl pore
velume Mot contsibuting to Lhr volume of efflucnt measured, a fact which will he more fully
deslt with later. The congruent nsture of Lhe edpecimental data for the firsk sed second runs
indicates the precision of the method aad that sapl swelliag or shrinkage was negligible
duting the experiment, a Like lapse of nearly 3 mooths.

k]

Without considering the physical and chemical mechanisms involved in misCible displace-
scat, much cam be e,

aed from 3 general description of coatinuous flov Systeas as shown by
nanclueru {1953).  Let the volume of any porous material or vuul arcupred by a Fluid be I'
(cll and the rate of ieflow and oulflow of fFluwd is q lt- Per hour).  [f suddenly, the
iacoming (luid s idemtafied by a solute of concentration C

the ¢ffluent ot time t (bour) wili be CIC .

o the fractron of this solute ia

Plots of I:IC'. v pore voluke (qtlvol. commanky called breakthrough turves, are descrip-
tive ol the relative times taken for the displacing fluid Lo flow through the medium ov for
the solutes in the displaciag fluid to come in chemical rquilibrium with the soil. 1t should
be moted Lhat this detraition of pore valume is not restricted to satursted water conteats but
is spplicable to all water contents. Furthcrmare, it refecrs Lo a relative volume of efflucat
which should mat be coafused with the sccepeed definition of pore volume of 2 so1l delined as
the ratio of total volume of voids wnchuding vater to tokak bulk volume of sail. Any experi-
mentally measured breakthbrough curve 8ay be coasidered onme or a combinstion of say of the [ive
€urves shown in Fig. 3.
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Figure ). Types of breakthrough curves for mscible displacemest . CICn is the relative
comceatration of the 1mvading fluid messuved in the eifluent. Fore volume 15 the ratio
of the volume of effluent Lo the volume of fluid in the sample.

For Figs. 1a, b, asd c, it has been assumed that Lhe solute apresds as a result of
velocity distributica snd melecular diifusion only, L.e., there 13 Ao interaction between Lhe

solute, 1olvent and solid. fn these cazes it 13 useful 1o ohaecve that

3: [ G- e/C,) de =t [R]]

regardlcas of the shape of the curve. Physically, this simply states that the original flurd
occupred exactly oae pore volume or that the quantity of solute withis the column that wali
eventually reach a chemical equilibrium with that in the influent and ef{luent 12 C V it s
also helpful for future discussions to fecognize that Lhe arca uader Lhe h:enthruulh Turve up
o sae pore volume ryuale the dres above the curve for all times gredter thaa one pore volums,

ragardlass of the shape of the cyrve. Although this cam be concluded (rom inppection, it im &
direct resulet of &y. 11):




-
- . 2
3;! e, .u-g: J- (- /e ) ae [H)
Yo
4

Danckwents quantitstively defined holdback W as the left hand integral of Eq. |2]. When no
interaction #xists betwten salute and solid, W varies from O for piston Flow to values < | for
the other cases.

Piston flow (Fig. 3a) would rarely, if ever pecur in soils. There ewists for a single
cspilliary tube of constamt rading, only 2 narrov range of flow velocities st vhich this type
flov is eves spprosched. Because moile ds not heve pore sequences of constant radii the
probability that their breakthrongh curves would be pistom type iz slmost nil. A coluwn of
200 diameter glass besds yielded & curve wote nesrly approaching piston flow thaw any other
®atecial used (Fig. &).
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Figure &, Chioride breskthrough curve measured for 2000 glass brads.

A breskthrough cerve obtsined from ¢ aatursted Oahley sand (Fig. 5) is tharacteristic of
the longitudinal dispersion described by Fig. 3. Evidence for lack of solute-3olid interac~

tion in Lhis soil is obtained by noticing that the srean described by Eq. (2) are wearly
equal,
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Figure 5. Chloride bresktbrough curve messured for Oakley sand.

A woil composed of equal-sized xRregstes with ne smalles or Larger particles posstixes
0 extremely vide range in pore velocity distribution which is bimodal
curve im Fig. & For Afhen cloy Losm sggrepates between 1= and 2-mm diawe
enimple of that type of mining illusteated in Fig. 1c.
different than those in previous ligures, it iy significa
certainly comparable.

at satutation. The
ter provides a good
Althongh the shape of this curve in
nt Lo notice the arrss of Eq, 121 are
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PORE  VOLUME
Figure 6. Chloride breahthrough curve weaswred for I- to Z-sm spgregates of Aiken clay loam.

The curver presented in Figs. &, 5. sud 6 exhibit increasing holdback equal to 0.023%,
0.0864, and 0151, ;-elptrtiuly. The concept of boldback ix 2 useful qualitative dercription
vhesever an lioteraction between solute, solvent or solid i% 8 winimam. It is especinlly
useful to indicate the large smount of water not easily dispiaced from ungatueated soils.
Values of holdback for unsatursted comditioos have beem measured to be 3 ta & times Rreater
than that vhes the soil was satursted.

Whenever the displacieg fluid or its solutes are retaimed within the column by any
chemical or physicsl process, the breakthrough curve will be tramplated Lo the right a3 shown
in Fig. M. Bovever, the sbape of the curve is oot determined by these retainiog processes
alene, but how these Proteases sre covpled with the microscopic velocity distribition ssd other
processes vhich tramilate the curve to the left. An example of a2 breakihrough curve being
translated to the right 43 a renult of adzorption and exchange is given in Fig. 7 vhere triti-
sted water displaced nomtritisted water from a saturated sample of Yolo loamy sand
8 = 0.39). Under these conditions, it is eamily seen that the areas described in Fq. [2) are
ot equal,
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PORE  VOLUME
Figure 7. fritjum breakthrowgh curves messured for Yolo lawmy sand at twe water Tontents &.

Any process vithin the gefl causing am incrraxe of solute concentretion or an incomplete

sixine throughout the entjee sell selution will yield breakthrough curve translated to the

left a3 shown in Fig. Je. In the case of wnion: ocasured Lo distinguish the displacing

Tluid, their repulsfon twey from the megatively charged clsy surfacem vould traotlate the

breakthrough curve to the lefe. The ssme would occur i mixtng vere not complete owing te

Solution of »lightly soluble salty already present in the ssmple would
of course, transiste the curve to the left.

neatrly stagnamt pores.

A breakthrough curve of tritium for Yolo loawy
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2and, Lhe same mo1l given in Fig. 7 but unsatursted ta G.372 (Il perx r-‘ waler content, is an
easmple of incomplete |ixing in nterly atagnaat pores of ap vosatursied soil.  Even Lhough
cxchange takes place which would vead Lo shift the curve o Lhe right, the etiect of the
slaghaol pores iz evideat.

Figure 0 presests three chloride breakthrough curves from tbe 390u flazs beads initnraily
saturated with llazso‘ solution. For the greatast velocity of 56.7 cm per hour, which 1 well
within the limits of laminar flow, the chloride breakthorugh iz abrupt, resembling Lhat of
Piston displacesent (Fig. Ja). At a velocity of 0.395 ca per hour, Lhe chioride appears
neacly 0.4 pore volume before that of the previous curve and requires 0.2 pere volume more
effluant to reach l:lco = 1. Hreakibrough curves for intermediate velocities appeared between
the plotted curves. AL the least velocity of 0.127 cm per hour the chloride appears before
0.2 pore voluse has been displaced with its curve Naving the least slope of those presented.
Nesrly 3 pore volumes are Tequired Lo reach cjcn = L. For ssch velacity » distinctly separate
chlaride curve is measured. The areater the velocity, Lhe mare abrupt the breskthrough. The
velocities used in this investigation are those commen to agricwltural soils with the velocity
of 56.7 cm per bour well above the average velacity messured im ssturated ficld soils.
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Figure 4. Chloride breakibirough curves from 3904 glass beads for rhree Elov velocities.

Hessured bresktbhivugh curves for the kreatest and least velocities for both chloride and
tritivm sre given 1o Fig. 9. AL t(he greatest velocity, the curves are assrly sdeatical. AL
the Lesst velocity the curves ace slightly rotated from each ather as would be expected for
substasces having different dyffusion coefficieats. For all velocsties, oo Lranslation ocomr-
red between pairs of chloride sad Critive curves, thus assuring the glass beads were inert.
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Figure 9. Chloride and triviem breakthrough curves from 190y glass besds measured st velocis
tires of %6.7 and 0.922 cm per hour.

T

Breakthrough curves obtained from unsaturated soils yield more informatien regardiag
@icroscopic flow than those [(rom saturated #0als. They also provide a mose complele descrip-
tioa of flow ocewrring is seturated soils. Figure L0 ahows breakihcough curves obtsincd for
equal flow velacities from Gakley sand at three water comatents. The dreier the asil, the
Brester is ihe voluse of effiuemt required Lo rmach 2 maxiaum CICo = 1. Dessturatiom elimi-
sates larger [low chensels smd incresses the volime of waler within the sample vhich does sot
veadily move. These aimest atagoant waler xomes act as

ks to ionic daffusion.
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Figure 1D. Wreasthrough curves for Oakley s3nd at three differeat waler contents. The
avecage flow velocities were of equal order of magnitude at 0.3 cm per hour.

Dakley ssnd, saturated with Coz'. Wak packed iato ap spparatus which ailowed aACcuraie
contrel of weter coatest during steady-etate Flow comditions io both satursted and unssturared
soil. The moil columos were 30 cm is length. Before introducing the Hgtlz solutions, steady-
state flov conditions were estiblished in the o lusna g ¢ither 0.05N or 0.1N Cx acetate
solution. The 0.05N acetste solution was followed by 0.05M ll|('|2 solution and D. 1K aceuu. by
0.IN chloride solutice. Samples of effluent were collected and aaalyzed for U1 and ng'.

Breakthrough cucves for 0. 1IN I||l:lz displaciag 0 1N Ca acetate at fluxes of .77 and
194 cm per hour are presented in Fig. 11. The pars volume of each columa s given by the
bullseye sad the total mumber of silliequivalents to be enchanged in 35.7 aad B4 4 for tha
large and ssall flunes, reaptctively. The Cl BTC for both columms indicate the masser in
which the pesetrating soluties is disperand aa it passes tarough the soil. Hed piston flow
sccurred, the BTC would be represented by & vertical line through the bullseye. The twe
columay are easemtislly Cl~ systads aftee 550 wl haz pasned theough. For the larger flua the
€17 curve breaks sharply isitially is comtrast to the smaller flux. The latter appears after
250 mk (0.58 pare veluse) compared with 125 ml (0.78 pore voluse) for the lacge flua. This
imitial appeacance of €1 im the effluent and the flatter curve im general at the smaller fhun
illustrates the importent comtvibution of diffusiom ro the tramsport of the aaltL.
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Figura I1.  Bresktheough curves for €l- and "‘20 isa during the displacement of 0. 1N ¢ aces
tate by O. 1N ll.ﬂz at tws flunes in Ca-saturated Oskley ssnd under saturated cosuditians.



Unasturating the soil results in a disproportionste shifting of the breakthrough curve
for chloride to the left of one pore volume ond drastic wodification of the shape of the
cwrve. 1o Lhe present study two columns were upsatursied snd the BIT iovestigated for fluxes
of 0.197 and 0.188 cw per hout at normalities of 0.} and 0.05, respectively. The water con-
teats of theee columas were spproximately 7% less then the saturated colwens. The shifting
amd shapes of the €1~ curves se illuatrated in Fig. 12 are similar te thoae illustrated in
Fig. .

Toe initial breskthrough for 0.IN snd 0.050 occurred after 0.B% snd .01 pore volumes,
respectively. For the eatucated cames at the same flux these were D.B6 and 1.11 pore volumes.
Yussturating the soil has aot produced 20 initial shift in the cation breskthrough cowparsbile
to the chlevide. The shapes of the curves for uneatursved soil sre noticeably different than
those for saturated soil. It tekes less tham twice ss much 0.058 solution to ceach the same
cfl’.‘. ratio as O0.1W golution. Further considevation of this latter poist may be worthwhile.
Iy would appear in most cases that Less torsl me. of aalt ate required to reach the same level
of “.20 saturstion fn the coluwn wvhen the salution is spplied at & toncemtration of 0.05M
compared to 0.IN. Such s tonciusion i3 based on the fact that it required less tham ivice asz
wach 0.05F selutiow to resch the gawe tlcu ratio. The undeclying sssumption is that veaching
& given CICQ ratio in the effluent implies the same aversge ratioc in the sail, t.r., what
sppesrs in the effluent can be sccurately relsted to conditions in the soil. Such an assomp-
tion may not be valid.

Complete equilibrium mey exist at all tiwes oetveen the sclution present in the pore and
the adjscent exchange sites. I & swaller pore, the displacing solution will not have pene-
trated as far 4w im the latger pore bst heir slao equilibeiue com prevail. Wence, after the
soluticn has penelrated sowe distance {nte the colwmn, and » cross erctiom of the colusm
exswined, it is petsible to have varions soil Rriine at varjous stages of enchange but also iw
equilibrium with the solution in their resprctive pores.  The shape ni the BTC will mot anly
depend thew upos the chazacteristics of the exchange lsctherm but will reflect the mixing
which bat occorred by wicroscopic fow velocity, ionic diffusion and the inreraction of these

three processes. 1o iy
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Figure 12. Sreskthrough cwrves for 1~ and ng‘ ion during displacewent of 0. 1M and 0.05N Ca
scetate nolution from Ca-saturated Oakley sand by 0.1N and 0.05W Plgl:l2 solution at Lwo
fluxes under unsaturated conditions. @ is the watrr contemt.

Five lengths (30, €0, 90, 120, and 150 cw) of 1sndstone columns having S-cm square
tress-sections wvere wsed im » wmigcible digsplacement apparatus. Initially, the columns weee
therowghly leached with 0.01NW c.su‘. Thin soletion was displaced from the column hy 75 ml of
0.8 c-cnz vith 0.00 mc per liter tritiem added folloved by the original C:SO‘,_ selution.
Thes, in 2l1 experiments. {t % the mixing of 4 7%-al slug of tritisted c.clz setution

duting displacement that et measured and interpreted Lo describe the nature of the sapdstone.
The experimentally me

red chloride concestration distributions of the effluent From Lhe
3 lengths of sendstone for & displacement velacity of 564 cn per houe are given in Fig. 17,
It is evident from these furves that the grester the displecement the grester is the disper-

sion or spreading of chloride. A asximus relalive chloride concentration of 0.9 is stasvred

Figure 14, Reletive chloride snd tritive coscentration distridution from the jo, 90,

associated with sail salimity, the quality of water
and effluents in fileer beds.
factors in present-day problems
application while decresniog
residues,
wind.

prewise has focused Attention on the quantities of vater needed to ps
through & toil or 1o ¥ porticuler depth. Formelas for the leaching
often been based UPOn quantity of water leaving the soil.
late the QUSBLILY of 2 chemical additive
baned wpon initial and desired quantities

q

for 2 )0-cw displacement vhile that for 150 ce 15 only 0.45 A sysmetric chloride distribu-
tioh within tLhe sandstone (s responsible for the shapes of the elutton curves. Esch curve is
not symeetric owing to the time-dependent sampling at » constant distance.

For » welocity of §.66 cu per hour the tritium distributions im the offluent from the 30,
90, and 150 sandutone columns are similar to those of chloride (Fig. 14}. The chloride curves
apprar to be translated to the teft by & volume directly propsrtional to the column length.
This behsvior suggests an imtersction between the chloride fon or tritiated water smd the
grains of the sandstone. AL this velocity It haz been showw that chloride and tritiom curves
ore not messurably different when o Interaction accurs.
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Figure 13,  Relative chloride toncentratiom distributions frow 5 lengths of satursted

sandstone for & displacement velocity of 5.64 cm per hour. The number by easch curve
tepresents the sasdstone length in cam.
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and
150 e» long apturated sasdstone columns for a velocity of 5.64 cm per hour.

Practical Field Implications of Early laborstory Studies — The roupled  manner  in  which
dinsoived substemces move with

* {luid flowing through » porous material s intimately
stored in grounduster récharge reservotes,
The manner of movement is *5 important ss these sasociated
of imcreasing the efficiencies of Fertilizer amd peaticide
the hagsed of fontaminating the groundwster with objectionable
Studies of these and stmflar problems have been made vith sundry objectives je

Sell studies have eaplunized the premise that when vater woves, solutes alsc move. This

a selute completely
of seluble salines have
Similarly, formmlss yeed to calcu-
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with che use of such simple svsumptions, imvesiigations of beaching or adding chemical amend-
weuts to soils piten aeglected examinstion of hov selute sovement ic relaled Lo water sove-
@eat. Little thought has besn gives s marely displscing the salis ioto & mere favorabie
distribution within the profile without actuslly lesching sad decressing the Lotal salts
Nor bave studies bees asde of the posnibility of obtaining & desired concentralion
of o chemical sdditive at & pacticular depth vhile timmltanecusly keeping additive concentra-
tiom st a smimimsl valus at other depthe.  Imstead, imvestigslions aised Lo increase the
effectiveneas of the Lreatment merely by fncre

B Lhe uniforaity of the areal spplicaliom
oad by spplying depihs of water based wpon tha aeil storage capacity.

A bevel, l-acre site of Fanochs clay losm vas divided into 0.01-acre plots delineated by
plastic levees. 1The plots were statistically arvewged mwch that the trestments were vando-
mired with 5 complete blocks. On Lhe swrface of #ach plot chemically pure KCl was applied
uaifermly st s cete of 93 powuds Pes plot.  The way thia applied saly was leached and redis-
Eribuced through the profile was observed for thres metheds of water application: () the
sail surface comtiaususly powded with waiter; (1) tha woil sucface istermiciently ponded with
repaated applicaticas of 6 imches of water; and {3) the swil surface istermilteatly posded
with repeated applicstions of 2 iaches of water. For the istermittent Lréatments, waler wan
spplied to the plots whesever the soil water Presture a0 rthe 1-foot depth resched -150 b
(cocresponding to & volumetcic water contemt of Jo.&}).

Porous ceramic cups were used to take ssaples of the 30il solution from each plot at vLhe
previcusly meationed depths ia Pronimity to the teasiometars. The soil selution was extracted
through the cups by sppiyiog & vacuum greater thas that of the 30il water pressure. This
msethed sllows samples to be taken repeatedly at all depths withaut destroying the site with
voil ssmple removal. I algo offers » wrany of sampling Lhe 30il soiution when the sorl is
ponded wilb water or when the soil is 3o wet tnu s0il removal is almost impossible becsuse of
contamination [rom oue depth to amother.

The cbloride concemtration of the soil salution was anslyzed by Litration. Samples were
axtrected every bour at each depth durisg water spplicstion apd at greater time intervals
during dcsivage periody of the Intersictently ponded Lrestments. At least 3500 samples were
extracied sod amalyzed for each treamear.

The three methods of water application yielded taree distincely diffezent smoil water
regimen vithin the profile. These regimes may be observed im Figs. 15 and 16, [a Fig. 15 che
Wroken line werging into the ushrokes line {30- to b-inch depth) represents the water content
distributios if the soil profile were saturated with water. These values range from
0.41 em¥cn? at the 12-ioch depth to 0.53 cajcm? at the 4-foot depth. After the soi) had
veited to 2 maximus value during tbe toatiguonaly ponded treatment, the 301] water content was
wither equal to the saturated value or mo more than 0.01 cnjlt- from saturation at all soil
depths. The cootinucus, umbroken )ine sdjacent to the brokem lise in Fig. 13 sbows the water
costest during roatioucus pomdiag. That the soil showld temain clightly below saturation
betwesn the &~ to  36-1nch depihs was expected based on in 31ty hydraulic conductivity
BERsUresents .

The shaded area is Fig. 15 eprezents the values through wvhich the water content fluc-
tusted during the 6-inch intermittently ponded Ceestment, The left-hand boundacy of the avea
Tepresents the sosl water costeat distributics afLer one uweel of draimage [rom a previous
6-iueh spplication. The soil water comtests pever fell below thege winimm values. The
zight-hand boundary represents the asximum values sitsiaed duriog the percolation of the
feinch wvater application. These Sauisum values are mearly equal te values seasured for the
coatinmously ponded trestment. As the water moved through the upper 36-inch portion of the
profile, the wster comtemts imcreased sbout 0.09 l:-),fﬂl over Lhe mimimum values. At the
greater depths, Lhe incresse was h less

[ d, approxisarely 0.04 :-,h.--l. A
comparison of the soil water cemtents mumifested during the G-inch iatermittently ponded
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Figure 15. Soil wvater coatent
ponded and iotermittently
tion; the unbroken liae
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Figure 1. Seil water coateac distributioas within Paseche clay loam during cootisuously
ponded and intermitteatly ponded coaditioas. The brokea lime repceseats varer satura-
tion; the usbroken line represests the vater coniemt distribution duriag continuous by
ponded comditiens. The shaded ares represents the raage of water contents during anfil-
Aration #f I-inch water applicatisns aed the swbsequent draimage period before the mext
2-iach spplicatica.

treatmant wilh coatemis feom the continucusly pomded trestmest revesais thet the soil ponded
istermittastly was shout 0.04 m31m3 drier evea though its menisum values approsched the
csslinueualy ponded values.
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The soil wvater coctents messured durieg the continously ponded treatmemt smd soil water
toutents of satufstion sre repested in Fig. 16 in compariton with teAteats medsured during the
2-inch imtermittently pomded Lrestment. As he I-iach water application uflll;.uz;i and
panved theough the swil profile, the averane soil water comtemt wad sbowt 9-‘;‘ (‘! fem™ Less
thas the sversge contest during Lhe continsanely ponded trestuent smd 0.02 cm /em less than
Verage content durimg the é-imch futermittestly pounded treatment. Furthermore, the maxime
water comtent values for the 2-inch trestment were cousiderably less tl;n l;xl- valves of
the other tws trestmests. These msnioun valwes were abowt 0.0k cm fom” less than the
ssturated soil water costent valwes.

Figure 17 shows chloride coscentratiow values determined from the 6-inch intermittently
ponded treatmest. The teotsl viss required to uplote thia was 1030 bours, 6 times
louger than the costiswewsly ponded trestment,
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Figure 17. Comcemtratism of chloride in the weil solution vs time for Penoche ¢lay losm
totermittently posded with & imches of water. Zero time Tepreseats the time vhen the
first é-inch irrigation wes imftisted. The vertical arrows represest other times vhen
edditionsl é-imch spplications were imitisted.

In Fig. 18 and the following twe figures, the chloride toncentrations are plotted va soil
depth, the paremeter of each curve being the total Geantily of water pesetratiag the goil
surface st the time of messwrement . Is observing the chloride toficentration profiles during
leaching and draimage, it 1s helpful Lo comsider the chloride distribution within the profile
88 vell as the depth of #avimm concentration. With the entey of & inches of water, the
chioride cellects in the wpper 2 feet of the soll profile sud changer very little with the
addition of 2 more inches. Ip fact, st the I-fopt depth the concentration remained unchanged
at 186 meq/1. After 12 {mches have penetrated the surfsce, the comcemtration increases at the
ATRALer depths with a mantmtm of 93 men/1 persisting st the I-foot depth. 1t is notable that
with progressive leaching the manimam concentration jm the profile s reduced snd the chloride
datribution iz extended throughout the profile. & cempacison of the chloride comventrations
st the greater depthe, sfter 26, 30, end 36 inches of water hed pewetrated the soil, reveals
thet substavtisl redistribution of the chloride under continweus ponding i ot attzined,
Mter 40 inches of water had entered the sucfsce (not. given in Fig. 18} the chloride concen-
trations at 1, 2,3, 4, and 3 e vere &, 3, 21, 40, sl &7 seq/1, raspectively.

Figure 19. Chloride comcemtration of the soifl

CHLORIDE CONC. {(meq/N

0 100 200
[¢] T T T T
36 g [+ 6 e

X}

N
&
o

" CONTINUOUSLY
,, PONDE O .
!

SOIL DEPTH (inches)
FY I
[+-] -]

]
1=
T
X
-

Figure 18. Chloride toncentration of the soil solution vy profile depth of Pamoche tlay losm
intermittently pooded with vater. The nwaber nesc each curve signifies the total iaches
of water that entered the soil surface at the time of measurement .

The curves givem in Fig. 19 represent the chloride distributions from intermittently
spplying 2 inches of water. When the soil was lesched vith & inches of vater, followed
11 days Iater by 2 inches of water, the cunceul.nt‘ion: were changed from 70, 84, and 3 meq/l
at the 1-, 2-, aud 3-fost depths 10 100, 104, and 60 meq/1, respectively.  In contrast, com-
tinusus ponding produced Little change feom & to 6 inches of applied wster. After ioter-
wittent leaching with 12 Inches of water, a major part of the chloride wsy removed from the
surface 18 inches and vedistriboted primarily within the 2- o G-toot depth with & L EIT ]
Coaceatration of 115 megq/l at 3 feet; For the same amount of water spplied contintously, the
Saximwe concentrstion withim the profile peralsted at the 1-foot depth,
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solution va profile depth of Panoche clay lesm
contisvonsly ponded with 2 inches of vater. The wumber by each curve signifies the total
inches of water that eatered the sail surface at the time of weasurement .
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The chloride concentrations in Lhe upper 36 inches, after 24 inches of water had been
intermitiently lp'pl.lld {Fig. 19), were less than ome-hsif those obtained under ponded condi-
tions. Furthermose, for the intermitteat tLreatsest, the maxinum concentration was deeper than
5 feet. The maximum coocentration of the contisuoudly pewded trealment wak at & feet. fn
fact, intermittent pondicg of 24 inches of water produced a chloride distribution comparsble
with 36 inches umder coatinuous ponding. The chloride comcentrations after 28 inches of
iatermittent leaching (not givenm in Fig. 19) vexe &, &, 9, 23, and 60 meqfl at the 1-, 2-, 3,
4-, and 5-foot depths, respectively.

The chlorade profiles given in fig. 20 are desived from data plotted in Fig 17. These
chloride diatributions were effecied by istermittestly pomding the 30il with & inhes of
WAler, am intermediste LIestment between the tws extremss #f continuous ponding and 2-inch
istermittent poadiog. To some extent the results imdicate s combimation of the twe exlremes.
The chloride dastribution after the saitial G-imch application was almost ideatical to dis-
tribution after the initial 4-inch application gives in Fig. 19. Ou the ather band, after I8
sed 24 inches of wargr had penetrated the soul surface, the chloride distributiona of the
6-inch intermittently ponded trestmeat more seacly resembled chlorids distributions of the
continuously ponded Lrestment. The comcentrations wear the saill surface are sobiceably bigher
Lhan comcentralions for the other two teeatoests, wndowbtedly oviag to the bigh evaporating
conditions prevailing during the -6-inch ioterwittently posded treatmsnt, especially during the
Ister stagen of leacking. Afcer 36 inches of water had sntered the soil, the chloride concep~
tragions of the f-inch Crestment of tbe greater depihs were less than conceatrations of the
chloride profiles betuween Lhe Lwo luatermitieatly pomded trealmests reveals that 24 iaches of

wates spplied 18 2-inch increments produced lower chloride concentcations thas did 30 ioches
of wvater applied 1m 6-inth increments.
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Figure 20. Chioride conceniration of the moit sclution vs profile depih of Panoche clay loam
intermittently ponded with 6 inches of water. The number by each curve signifies the
totsl inches of water that eateved the sorl surface at the Lime of measurement

This reapeciment bax rveveated that Lhe mannes in which chloride is displaced from the
vurtace of Pasoche clay loaw is & rasult of a dynamic precess Lhat can be alcered or con-
trolied with the method of water application. The marhedly different behavior of the chlocide
coscrotration distributions within the sokl was characterized by two facta: (1) the amouat of
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chloride dispisced fzom a gives depih wvas sot usiquely related to the volwse of displacing
water; sod (1) the i chlerida ration attsimad ot any depth could be cither luss
thaa or grester ‘thas the coucentrstios sheve or Below that depth. Relsted to these (indiage
was the seasurswrat of grestec sunimum concestrations sed Barrover chloride distributions
within the profiles ponded intemmittently. Usdeubtedly this bebavior is relsted Lo the water
coateat distributions amd flow velacities occurrimg during leaching.

Suppose that a umiform coacestration of » ssluble salt or chemical soi]l sdditive were
desired Lhroughout the soil protile. After applying the wslt to the soil surface, the best
maaas of sttaimimg wwch » distribution weeld #e te leach the soil uadec o continwously ponded
ropdition or istermitiemily with 6-isch applications. In Fig. 18 approxisately IS inches of
watér causes » mearly waiforw chloride distribution theeuwghout & feet of the 5-foet profila,
vith sn sverage chloride coucentration of 60 meq/i. A wimidar result was achieved with s
concentration of 50 meq/l, uwisg a total of I8 imches of water applied 1a &-
(Fig. 20).

Suppose om the other hand that Uhe establishmest of » marrow distcibution of zolute
withim che soil profile us requived. Such a disteibstion ®2y be desirable whea dealing wich
the placeseat of fectilizer Lo specific soil depths relative to Lhe crop rooting characrer-

N incraments

istica. Im Fig. 19 a asrcow distribution of chloride was meaured afrer 12-18 inches of‘rnnr
added in 2-inch imcrements Bad penctratad the soal. It is sise apparaat that this uat‘-ar
spplication teestment yiekded :u grealust maximum coRcewLracions, particularly to & feet.
This knowledge is use(ul in mamimiziog the depth Lo which » minteun Jethal comcentration csa
be 10troduced vithout uanecesssrily coatsminating grestec so1l depihs.

In sreas where wster is limited or empensive, #r vhere

h growndwater table levels
exisk, it is desirable to leach a soil in the most efficival mapmer poarible. Of Lhe thres
treatments, intermitteatly pomding the soil with 2-inch incremeats of water was sarkedly more
efficient 10 leaching the applied chlnride from the prafile. The coaceatrations of chloride
in the upper J feet after 24 inches of water were spplind intermittently vere less thag one-
half of chloride comcestrations obtained umder ponded coaditions {Figs. 18 smd 20). In l:lt‘.
intermittear ponding of 24 inches of water produced results compacabie vith coatinuous ponding
of 3 jaches. A waving of ocas-third the quantity of water (e.g., 2 acre-feet per scre vs
3 scre-fael per acee) Lo obtais the ssme Leaching represents & significant reduction im weter
use. Where draiaage is s limiting factor, this reductios cewld significantly reduce water
table problems. Om the other hand, it showld be recognired that imtermittent pending requires
much mere time thaa ceatimusus pomding Lo sllow the same quantity of water £o soler the soil.

Theoretical Considerstions of Solute Movemewt in Soil - The flun of & seil solute
TERRuelics” Toasicerstiong of Solute Movement in Soil
.l'hc-'!d-y") is described by

R EEN: 13}

where ¢ is the concentration in the seil water (u:-’) and D the appareat dilfusioa coel-
Ficient. Tquatien [3) is fraught with difticulties inysmuch as inside & sokl, both ¢ amd J-
are spatisl averages aver sn ensemble of soil pores. Enperimentaily, esch remainy somevhat
sabigwous, with their vilues depending om the method of measurement and the tize of Lhe
easemble that is ssmpled. Nence, aeither Lheir product mor the gradient dc/da in Eq. (3] is
usique. Further difficelties stem from the [acl that soil particle surfaces have & net charge
demsity that influences the distribution of solutes within each il pore, which in turm is
medified further by Lhe 20il water coatest and the seil water flun. Becevse of theae and
felated difficultios, Lhe poramerer D i By, 3] has heen tha subject of oumerous investigs-
tieas sad, in geweral, has & wnique valuse omly is relation te » particwlar set of comdiviens.

Because soll selute movement rarely exists in the sleady-state condition, maay dascrip-
tinna of salute hehavior are obtaised from solutioms of the foltowing equation:
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vhete p is the sall bulk dennity (gf:.’l. 3 the solute apsociated with the sofl particles
In/{g 50il}], amd & L2 sn trreversible sodrce or siok of solute (g “-3‘"-1)_ Recent Liters-
ture shows that much has beew learned abowt the affects of diffusion, convecticw, adsarption
o8d  other procensen em  golwte tramspoct  amd  reteation ([ soile.  Wamerous cnn-
ceptunl-mathenstical wodels have beenm developed in sttempts Lo deseribe the one-dimensional
tramsport of solutes i laborastery columss as well aa in field soils. wan Cenuchten and Ajves
€1982) have recently summscized mwmerows snalytical solutions of the above equation. The
following is & selected set of lsboratory and Fleld studies illustrating present-day under-
standing and technology.

Labocatory Studies of Nitrogen Trameformation Darimg Lesching - The kimetics of microbial
trapaformations of N has been discusaed by Helaren {1969, 1969b, and 197L). Under Ateady-

ftate conditions, the transformations are geaerslly comsidered to be zern- or first-arder rate

resctions for relatively lstge or small concentratioms, respectively. For zeto-order reace
tions, the vaslue of “ vould be foveriant. For more dilute sotutions and/or vhers oxygen ot
cathon supplies are Liwited, the net rates of oxidation of ammoniwm o oxidation of nitrite
Cye and reductien of nitrate L would be,

4 =- h[cl Ist
%2 7 ket e, 1l
#3750 ¢ by t71

respectively. Mamy factors such ay wicrobisl growth kinstics, temperature, pl, and the supply
of onygen and carbon wvell a5 2 host of other environmental pacameters are implicitly
included im the rate coefficient 'l’ Nere the warious Factors are luwped together inte one
Sppareat rate coefficlent for esch reaction. -

Equation [&] written for processes of nitrification sad denitrification becomes

et B3] - ]

e, o,
&: —z—v;—kar, + ki,

n ax? ax K]

o}

+
where the enchange resction of ll‘ * Wuith the woil L3 included inthe 1 + % tarm ansuming R
*

: o € ratic of adsorbed to solution ions, and L is the mass of
LR R "0, - N, or MOy - N per wnit velume of soil solotion (mg liter '}.
that the values of the *pparent diffesion coefficients D for the

Oving to the complexily of bath the withemstical and experimen
here iy initially restricted to 1teady-

o be g comttant and equal te th

It iz ansemed
three ions are fdentical.
tal probles, the trestment
state conditions, ss well a9 ansuming thet the value of
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€ (lﬂ;) approaches zero as iz commonly found in many Cield soils. Thes, Eq. [8] through (10]
become

de,
v = =k, 1
and
&, de, _
1 a.v—d:--i-klc'-l.‘r,. 121

1D, v, and t‘[l) are measured, the firat snd second derivatives of €, are knewn and .I

can be obtsined from » plat of the lett side of Eq. [EI) va ¢ If & is a first-order rate

ceaction, the slope of such » plot is equal to X In the case of s rero-order resction, the

slope would be identically zero with the left liide el Eq. [21] equal to the zero-order rate
coostant. Siwilacly, the value of the rate coelficient for degitrification IJ can be found by
plotting the feft side of Eq. [12] vs 4.

In addition te NI'; - N and m; - N ia the so0il solution, the diffusion of nitrogen gases
in the 1011 atmosphere resulting from demitrification can he examined. For nonsteady condi-

tions, the concentration of the given gas is given hy

o
T e TE]
a ar’

, I

{
vhere F(x,t) is & source {proeduction) term if it is positive in vign and a siak {consumption)
term if megotive. € velther source cor aink terms exist, F{x,t) is zero. For Eq. [13] Lo be
valid, the gas must mot be sdsorbed apprecisbly on the eoil particles, and tremsport must
occur by diffwaion only. Under steady-state conditions, ¢ and F vEry only with depth, and if
D is koown, the secomd derivative of the measursd concentration distribution yields values of

Fin) = - eatesm?y. )

A plot of F{x} va depth shous the zane of gus production or consumption.

Ranford ssndy losm, Califormis Woil was passed through a 0.6-cm square screen snd packed
inte a I15.2 by 13.2 by 100-em scrylic plastic columm ts an average density equivalent Lo an
oven-dry value of 1.50 g cm .

Fritted glazs tubular cups (5 by 0.6 co) were placed at 5-cm intervals. Mylon tubing
(1.0 sae 1.0.) was placed along side eech cup, with one end vurapped in glass wool to prevent
Plugging with soil porticles. The other end of nylon tube was inserted throwgh rubber serum
stoppers into 3-cm long flextble tubes, both endi of which were closed with rubber serum
stoppers.  The porous cops and spaghett tubing provided & weans of extracting sofl salvtion
and atmosphere without disturbing the scil. The soil valer pressure way weasured at five
depths by means of the porogs cups comnected with {lexible tubing to BEECUTY manometers. The
three intermediate Smnometers were commected ta extraction cups after the soll seisture
characterintic data var obteined., A porastaltic puwp was used to deliver the applied solution
theongh seven evenly spared nylon tubes {1 mm 1.D.) te the soil surface, Water dropped from »



beight of 1 cm above the soil surfece st w rate of |6 t 0.5 al hour ! One-r-] soil almos-
phere ssaple wan taken with a syringe acedle insected theough the rubber serum stoppers iote
the aylon tubes, Anslyses were made for CO. . 02. .2' and lS"I-'-" Falio with the mass spectro-
Meter, and '2 determined with » B3% chromategraph. The soil colums, mpintained 2t 26 t 0 5C
was leached with 0. 0)8 caso‘ throughout the experineat.  The aversge pore-water velocity was
6.0 t-day'" with am average flaal water ceateat of 0.32 m,c--Jv The inicial treatment
comnistad of #arichiag the influsatr with B ppn H:-l, labeled with 8.65 A1om percent sucess

N, uatil a fteady stiie was obtaioed. Ater an imt ing set of « dary treatments not
to be reporred hace, tbe First treatmrat was repested in sa attempt o reproduce the (ondi-
tions sud results obisiaed mitially. The twe steady-siate cxperiments ace called A and B,
respectively.

Steady-state comditions vithis the colums for the Contisuous application of the llll,.l:l
sslutisa occurred at 39 aad 4] days for experiaents A sad 8, respectively. Steady-state
conditions were dscertaioed by examimation of the un;-u Foncentration distribution within the
s0il as well as that io the s0il effluent. Tha use of Tonstant vaiunes for Il aad l] asauming
o first-order reaction fave excelleat predictioas of the vercical distribluion of IN: aad NO,

3
a3 seeh io Fig. 21a sod 21b.
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Fig. 2). Theorevical (Eq. [10}) and wensured disteibutions of ll:-l and m;-ll with sotl depth

for experiment & (Fig. A) and expecineat B (Fig. B),

A& plot of the ieft. side of Eq. |11) for memsured walues of D and v vs LN is gaven in
Tig. 22 for both experiments, The average slopes of the ploc give ll values of 0.76 and
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Fig. 12. The letfc side of Fq. 111] ve the concentration of .:-I in the soil wolution. Open
and solid circles devigaate measursd values for expecimeais A and B, respectively, The

SEravght lines cepresent the average slopes, tl.

1.1) day'i ior experiments A snd B, vespectively. At coacentrations freater than about
200 -l'l. the left aide of Eq. {11} 48 spproximately comstant - indicabing & zeto-order
teaction for the grester concentcations. Values of the demitrification rate coefficient i]
sbtained in 2 similsr manaer vith Eq. (12) for seil deptht from 40- to EO-cm were 0.075 snd
0.060 day™! for expeciments & gad 5, raspectively.
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Fig. 23.  Labeled l.‘, coacemtration (Fig. &) snd productiom rate stemmiag from Eq. [14)
(Fig. B} va soil depth.

In the sbove experiment, Steadyrsiote conditions prevsrlied as regards both solute and
vater costest values, i.e., they did oot vary with tise aand heace, the more singhe Eqs. (L1}
snd [12] were used to saslyze the exproimental results. A second example iy that of followving
the trasiport asd tosnsfommation of urea, lll: and II!; usder sieady-state water Eunl!ltliut
Eramsient solute coacestratiom comditioas. §t is assumed Lhst the earymatic hydralysia ‘o.f
ures €, the microbisl exidation of ssmomium €. amd the microbial reduction of aitrate <y
Seam te obey first-order rvather Lham 2éro or other order reactios kinetics. Using this
assumption, the folloviag equations wvere used to describe the behavior of urea, asmoniee, asd
sitrate ia the soil solution of a laberatory colusn of Tyadsll silty clay:

e, e, de, 115)
+ —=pll_ % _
Wer)=pST, - he
dey ey dcy 111]
(0 +Ry - =DT:’ e +hiey ~ ko
1
%}-D%ﬁ!—ri—:’fl,r'—l;t‘ (R4l

where ll and Ry ste the distribution coeflicients for urea sud ammonive assuming a ceversible,
instastoneous linesr relotion between the solution Phase concentration and that im the parbed
phazs, aad .I' Iz, and k) sre the rate cemstasis desceibiag the proceases of urea hydzelysis,
sandiue exidstion, aad mitrate raduction, respecuively,

A couteelled p chinbir wae utilized ta sloultanconsly apply suction to the hottom
of the columa sad collect ef Fluemt samples. The use of 2 comsteat hesd burel st the infliuent
ond of the colwam entablished a wait hydesulic gradisnt wbich sinimized Water contest diffey~
éuces withis the seil.  Steady-state conditions of Sasatursied vater flow in the vertical
diraction were established im esch columa ot & water ceateat of appreximately 0% of
asturation waing &.01N C-!ﬁ‘. Simulteacously, steady-state g4e {low was established in thy
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horizentsl direction. Once these conditions prevailed (after spproximately 5 deys for a
15-cm column, 10 days for 2 30-cm colima}, 2 [00-ml pulse of 0.QIN c.so‘ containing urea
eariched with "W sad 1072 @) ]Ilzo was lesched throwgh the colwam follewed once agaie with
0.0IN :-sn.. Effluest ssmplen were collected and snalyzed for Juzo and ures, II:. uoz. and
N, The columms were srmpled Wpon the terminstion of leaching and the distributiom of urea,

LU m;, and MO, vithin the colums determined.
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Fig. 24. The expecimentslly messwred effluent concentrations of ures, I'Il:. and NU; determined
after the application of a polee urea-N with the theoretical curves stemming from

Ta. 113) [16], »ud [17).

The use of taotopically labeled W Plus the smalysis of both the solution and pasecous
shaser of the soil with time snd depth provides o seant for identifying smd quantifying
ssurces und pinks. Sone wodiFications yad sdditional messurewents that may prove helplul
faclude: awslyris of the soil *twosphere and s0il solution st smeller depth incremests near
the noll surfece; the sempling of the zail atwosphere at a guf.
oinfslze contamination of the sswple from ai
withie the colusm; satlyzing the

ficiently slow rate 3o as to
r above the columa amdfor from large Hatances

soil solutfon for vatious disvolved tizes and organic C;
wicrobial blomsss estimations; amd gaweous

poresity.

diftusion coefficients us o Tunction of seil air

Relative Fiow Rates of Salt and Water im Soil - Heny wiscible displacement experiments have

showm that o readily soleble salt moves A 5 differest rate through soil then the weter in
which it is dissolved. for example, vhen a l:-(:lz solution containing mcl and n is passed
throwgh some soiln, the “Cl Sppesrs earlier in the effluent thas the “I Qualitatively, this
bebuvior con be explained by smioce repulnion or negative adsorption of salt by the negatively
charged soil preticle swrfsces. Krupp et ot {1972) developed & model for describing ehe
siving of two miscible solwtioss im s sofl iq vhich the Gouy theory for {om distribtuion in
nell porer s combined wvith convective-diffusion Eq. 181, It was shove that the exclusion
voleme for isotope and the separation volume for “Cl aned ,l
detressed ad these champer were
difluse double layer,

increased as flow velocity
related vo the total iom concentration, the thickness of the
and the rones of wobile and immobile solution

21

Owing to vecertainty about understanding the sctual shapes and sizes of aggregsten,
whether packed in 4 colums or in Lhe field, & wore practicat approach has been to sssome that
volute tranafer hetween the mobile snd stagnant valer regions can be modeled as s simple
first-order exchange process [Coats and Smith, 1964; Raats, 1973; van Genuchten and VWierengs,
1976}.  Convective-diffusive solute transport is agaim limited to the mobile water regions,
whereas diffusive mass transfer between the wobile and stagnant wvater regions is assumed to be
Proportionsl to he concentration dilference between the tvo s0il wvater phases.

The preseace of iwmobile or stagrant uater in the system cam be attributed to the
physical configuration of the agaregates; the nonequilibrium sitvation, if preseat, s
therelote an sppatent physical phencmenon fven Gewuchten, I1981). [In order to verify the
sxsumption of physicel vonequilibriue and to investigate the tendencies of model paTamELErS
with variation in experimental conditions, 2 weries of wiscible displacement experiments vere
carried out using an appregated Oxtsol as the porous wedium and J"'l:l and J"IO a3 the solute
tracers. The experiments vere carrjed out with different aggregxete sizes and run at differeat
low cates, .

The Tone soil from Lhe Eocene fermation of California clasajfied 8 an Oxisel iz strongly
agpregated, hax o pH of 3.7, & CEC of 2 weq/I00 g toil, » "203 content of 6.5%, a zere poiot
of charge (2PC) at pH 3.6, and has kaolimite an the predominamt clay mineral.

The procedure followed to adjust the sail to 2 PH of | and the separstion of the colcium
watutated goil into aggregate fractions of 0.5-3.0, 1-2, and 2-4.7 s has besn described by
Nkedi-Kizza (1979). Each an

Rate fraction was packed inte acrylic plastic cylinders,
Scomlong and 7.6 em fn diameter. MHiscible displacement techniques, asimilar to those
dexcribed by Wkedi-Kizzs were employed to measure effluent BIC's tar three tracers (“Cl.
“10‘ and 6550] spplied simaltancously in one pulae The BTC"s were ohtained usipg 0.001,
0.01, or 0.1 N Clclz sclutions adjusted to a PR of 7. The +lectrolyte solutinng were spiked
with three radicactive tracers, each giving sbout 5 nCi/ml. The wmall velocity displacements
were carcied oot firse at a toncenstration of Q0. | B Cal:'l2 and them iollowed by G.0! N and
0.001 N, respectively: the larger flow velacity eXperiments were run subsequently in » similar
erder of selution conceatrations. All columns had similar bulk densities p oand saturated
vater contents 8.

Equation [4] iwplies that a1t the aoil
dispernive wolute tramnsport process and thet

-water freely pnrlicipnlei in the convective-
all adsorption sites are readily sccessible to
the solwte. Tu the model developed by wan Genuchten and Wierenga (1976} the sofil-wvater phase
wis partitioned inte mobile and immobile regions. Convective dispersive solute transport way
limited to the mobile scil-vater zegion. Solute transfer between the immobile and wobile
soil-water regions wvas ssstmed Lo be diffusion-contralled. Solute -dmrpunmduorption im
both regions was comsidered instantaneous; at equilibriuwe the relationship between adsorbed
and rolution concentration was dencribed by a Freundlich equation.

Based on Lhe above conceptuslization of the system

+ the solute transport model may be
restated as follows:
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The fractiom ol immobile water (1 - #) surfaces (shown ia Fig. 23) illustrate the ioter-
action between aggregate mize, fiun, and solution concentration on the estimated $. The
Impobite vater (1 - §) srcemed 1o incresss With aggregate wize amd flux for displacements rum
with 0.80L N or 0.01 l(:aClz (Figs. 2355, amé I50). Bovever, for displacemests rua with
0.1 lClClz, the immobile waker parsmeter is met senzitive te asggregate size and flux

(Fig. 35c). The mobile water content ¢ for a given soil columm and solutioa Ccomcentration
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Fig. 25. Immobile water (0 - #) an & fuaction of Sgaregate size and flux.  (a) lmmobile water

for displacements cun with 0,001 N Cally. (b) Immshile vater for displacenrats un with
0.0 M CaCl,. (c) twmobile water For displacemeats rus with 0.1 ¥ Cacl,.
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estimated [rom OTC's is actusliy an Apparest ¢, since 1\t varies with flux. Iacreasing aggre-
J3te dize at & givem pore vater velocity imcreanes the difiusion path lengih, causing incom-
plete mixing betwers solules in the mobile and immobile vater vegions. This, in turs, cavses
the solutes o sppear cacly im the effluent. Similarly, a large pore watrer velocity praovides
4 shorl residence Lime svailible for diffutive masy teansfer of solutes inte and out of the
lmmobile water regions amd yiekds am carly breakthrough of the zolute. Therelare, both large
sggregates 3od high pore wvater velocitios wauld tetulk in lacge immobile vates, if estimated
trom BTC's (Fig. 25). The effect of solutios fomncentcalion oo ¢ could he atiributed to
chamgea that wight ocewr in Lhe proportion of macre- and micrapores between aggregatens as Lhe
solution coacentration is varied from 6.1 N to 2.001 & Catlz. This decrease im concentratioa
vould iscrease the Lhichmens of Lhe electricsl double tayers such that some macropores in the
system become micropores. This would result in #a iocvease im {1 - §). For displacrmests
ebtained with the greatest comcentration of CJCIZ. the estimated ¢ appears 4o be independent
of both particle wize and flus.

Zquatiaos W8} and |19] describe all the experimentsl data well. This particular study
sevesled that tha mobile water (ractiom ¢ estimated from BTC's is mot 2 consiant but a func-
Cion of aggregate nize, poce water velocity, sad solutiom concentration. For small a“r_ep‘ua
and for sssll pore water velocity experimente, § estimated from #TC's was essentially equal o
one. A decrease in concentration showed & decreass ia ¢ The mobile vater genecaliy
decreased also with am increase in both agaregaie size and flus. The mobile water was cal-
culated for both ll,_u and J‘Cl wat similac. The dilfusive saus transfer coeflicient 4 iw Chis
study was & functron of agRregate size, pore water velocity, and comcentration. The varistion
of these two parsmeters § and @ with changes in experimental condition te.g., flun and aggre-
g3te size) poimt out rthat although Equ. (] and [19] ave the Best avarLlable to describe
solute Leannport through sggregated porous media, ihe model in and alvays will be an approxi-
malion of the physical system 1f pataseters are ¢stimated from BTC's.

Selute Movemeat in the Field ~ Solute ®ovemaat occurs im soiis duriog teaching, crop irriga-

tisa, creclemstiva of soils, smd other similar procesnes. Thia movesent determines Lhe
presence or absence of Memeficial or detrimental solutes im the so1l profile amd the qualicy
of valer draining from s gives area. Maay laberatory studies have besn uadertiben to describe
the chesical asd phyeical processes vhich occur during solute movesent. However, the applica-
tion of laberatsry resuwlts to actual field situsticns has beenm oaly partially successful
becomse of poerly defined beundary conditioms in the field and varsability ie soul properties
with respect Lo dopth asd time. Recemt ressits have exemplilied the magaitude and degree af
variation of welute movement in s field soi). Simce it is frequently necessary to peedict the
velane aad quality of water draiming from large lamd areas, knowledge of the spatial varia-
bility of selute coacestrations and pore-vater velocities in these aress is esscotial, The
Purpose of this study was to detevmise the cates of movement of chloride weasured at several
lecatisas within » Field being leached and to compare these rates with those computed from the
Tats al which water was applied Lo the Field. Aa ahalytis is presesied of the variatios 14
pore-vater velocities and sppacent diffusion cocfficients cbserved between locations and
dapths withis the field.

For the stesdy state weter flov cosditions of this experimest, which wese used to dig~
place 3 salution of chloride initislly applied to the g0} surtace, the folloving equstion 1s
apprepriace:

£=p°_‘i3..a_€ 120]
[T an
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where C s the concentration {milliequivalents per liter) of either chloride or nitrate tn the
®oi] eolution, O iz the spparent diffusion coefficient (tquare centimeters per day), ¥ is the
wversge pore vater velecity (centimeters per dey), = is the soil depth (cenatimeters), amd t in
Uise (duys). We semume that the chloride does mot resct chemically with the soil and that
they are not subject to microbisl tramsformation or aggimilation. The value of D depemds upon
the value of v, the functionsl relation depending upon the particvler pore geometry and the
magnitude of v, -

For times 0 < ¢ Stl the soil vas lenched steadily with vater having a concentration f’n
For times v < 0 and ¢ > Y the soil was irached with water having a concentration Ct' Inttial
sud bowndary conditions appropriste for the wolutiom of 120} in wiew of the large pore water
welocities manifested enperimentally sre

|:xcl x>0 t=0
c-co. =0 0<t$tl
CICI =0 t’tl

Values of v can be estimated directly [row the tatic of the steady-state (lux of witer at the
soil surface dering infiltration *a {ceatimerers per day) and the aversge soil water content &
(cuble centimevers per cubic ceotiweter) or can be estimsted from the rate at whith the solute
is displaced through the soil profile. These estimates of v are designated v, ond Ve
respectively. For the latter su {nitial estimete can be abtaimed by the time that it tskes to
displace the pulse of solute a given distance. Mence . is approwimated by
R R B 121)

vhere ¥ L3 the soil depth st which the maximam valuwe of (C-ci).f(co-c‘) is abserved at time L
The value of T sod the flosl estimate of ¥, are obtaised by matching, with the aid of &
Computer, vulues of the relstive concentratiom measured st specific soil depths as & function
of Like with those describad by the solutiom of Eq. {20]. :

Deteits of most of the superimentsl procedure have bess given before [Nielsen et al.,
171, s that publication the spatial varisbility of a naturel soil baxed on values of
bydraulic conductivity messured st aix depths io 20 plots randonly lscated within a 150-ha
agricultursl fleld wag snalyzed. Briefly, twenty §.5-w-square plots were randomly established
over & 150-hs field im which two tensiometers and two 30il suction probes were placed in the
center of each plot ot depths ot 30.5, £1.0, $i.4, 1219, 152.4, and 182.9 cm to foliow soil
wster pressure and solwte concewtration of the sofl solution. Each plot was inttially ponded
with wvater umtit steady-state vater contest and flow conditions vere established throughout
the 182.9-cm profile 33 indicated by the tensiometery

After steady-state vater flow conditions prevailed, 7.5 cm of wvater containing 219 and
123 wea/1™! or 01” and m;. respectively, were Jeached through the soil sueface. After this
selution (Cﬂ = 219 snd 123 neqfl-ll had infiltrated the 0il, the soil awrface was con-
tinvowsly ponded once *gainm vith the original water {c = Ei).

Ssaples of soil wolution were extracted from tach s0il suction probe prior to the addi-
tlon of the solute-enriched water C° and were also extracted *hce every hour during the day
and pight in order te measure amd delineste carelully the chloride and nitrate toncentration
distributions 23 fumctioss of both depth snd time,

Tt can b seen i Fig, 26 vhere 139 estimates of " have been placed in class lengths of
19 cw per day, that the frequency Qistribwtien is tog=normal having & mode, nedion, ond mean
of 4.3, 20.1, and 44.2 cm per day, respectively.
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NUMBER OF SAMPLES

Fig. 26. Frequency distridution of walues af the

10 cwd”t.

Values of D are similarty log-normally distributed,

v, tcm day™)

wode of 4.0, & wedian of 85.1, and a mesn of 167.6 mz per dav.

Conceatretion distributions as a function of soil
median, and wean values of (D, v) are sthown in Fig.
nitrate solotioa (Co) infliltrated and lesched 1o the %0
conceotrations for those depths calcuiated with wmode and median values zre
comparisom with those calculated with the wean values.

NUMBER OF SaMPLES

Fig. 27, Frequency disteibution of valwm

length of 2 cm d.l_

* 40 cm' goy™
don - 8% )

mean: 4676

D fem* doy')

pore water velocity v, for 2 clase Lemgd of

a3 iltustrated in Fig. 27, with 5

depth talculated by using the wade,
18 for » 7.5-cm pulse of thloride ar
= and 180-cm depths. Relative LT
wuch too lacge in
Horeover, simce the mode and wedisn
valees ore less thaw the wean velocity, the time required for the displacesent is sub-

Stantislly overestimated vhea the former values sre used.  From a practicsl viewpsint, it

es of the spparent diffusion coefficient D for a class
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Fig. 28, Concemtration distributions calculated with Ltde solution of Eg. {20|foc a 7.5-cam

pulse of solute Cn jor wode, wedian, and wean values of D and v.

would be expected that concentration profiles similar to these calculsted for the modes would
be frequently obseérved, while indeed, less-promcunced profiles similar to those {or the mesn
aod eubibiting even greater dispecsion would also be obaerved and would be displaced cela-
tively quickly theough the sail. It should also be poioted out that these exiremes in soiute
leaching can be obkerved st equal or diffcreal depths withia a2 relatively smail area.

The results of this study ioform us Lhat substantial errors can be made 1n estimaling the
flux or the sacunt of solute passing, for example, below the root zone of a crop by multi-
plyisg aversge values ol the Flua of water by average values of tbe concentration of the soul
solution. Botb average values depead uitimately upon the pore water velocity distribution and
its sctendant horizootal and vertical spatial wvarisbiliry within the field sosl protile.
Heoce we esxpect point measusements such as the discharge from drainage tiles, solution samples
from suction prabes sad piezometer wells, and excavated soil samples to provide good indica-
tions of relstive chaages in the amouni of solute being tramsported but not quaniitative
estimates sulficiently grecise to ascertain the asmousts of fertilizers or othec salutes
leacked beyond the recall of roots. Only ia case of 2 thorough anaiysis of the frequency
distribution of suck mtasuremenls would quamLilalive results be atsured.

Mext, let us consider different sethods to average field obiezvations of Lhe two pajas
metexs v and D in the convective-diffusion cquation. We caplore ramificalions of sasl
variability on averaging salt distcibutions in the Boil profile aad on the rate aad cumuiative
amounls of solutes leached from the profile.

In the above experimest, it vas found that values of v were log mormslly distributed with
the mean asd standacd deviation of la v = 3.00 and 1.2%, respectively. Similarly, measure-
sants of B ‘t-zl‘ll) were found to be appacently log mormally distributed with In D having a

b

mean of 4.42 amd & stamdard deviatiom of .74, It was aiso determined that D was approxt-
astely related to' v by thiy *quation;

D06zt 1221

with & correlation coefficient of 0.4, It was further sbsecved that the soil water conteat @
(c”/om”) was wormally distributed with s maan of 0.428 and 2 standacd deviation of 0.0042.
This leads to the expectation that snyvhere within the (x, y) plane of the lield, a wide
valety of solute distributions described by the solution of Eq. 120] will be manifested for
the extremely wide ramges of both v and b, Figure 29 ahowa soiute distcibutioas stemmiag from
the lesching of s pulse of salt water for several rambinations of v and D. For a pulse
leached at an intermediste value of vivg) as shovs in Fig. 294 smd 29 B, the solute is leached
with minimal dispersion for the swall value of D(< Ila]. For the lacge value of B, the maxismm
value of :Icn is only 0.2 compared with 1.0 for the small value less tham DD‘ The pulses
diapersed oL the interwediste value af ntnoj showa 1a Fig. 29C and 29D are leached to depths
that reflect the maguitude of v st the pacticuler locstion in the (x, y) plase. For the saall
velacity less thaa var the pulse is leached te the shallover depth. The arces under ‘sach of
the four curves (Fige. 29A-29D) ara idenlical brcause the simulations ware made i-}.;qul
values of Ve, vegardless of llln‘vll.u of v. Figuren 295 snd 29F are based upom equal values
of L+ aad beace the aress under tha curves are proportienal (o the particular value of v.

The curves shown in Fig. 2% a5 wall an countless others, ire each potentially observable
is & fleld or even in a relatively sasll experimentai plot.  Suppose caly thoss ahown in
Fig. 29 had indeed been measured. Had they been measured by ssmpling at 10-co iatervals, tha
curves showm in the figure could have baem delineated. Mad they been sampled at 30-cm
istervalas, omly curve 298 and possibly 29F comld have been ascertaioed. Nad the $in suies of
data beem averaged Lo obtain anm "average" profile, the curve in Fig. 30 would have been
calculated for the 10-cm inrecval observations, while the solid circles vould Fepresent the
30-c@ igterval observalions. !
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smownts of salt are added; foc K sad F, intake time i3 the same with salt added pro~
portiomal to v,
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Fig. 3. Aversge relative solwte concentratios vs soil depth calculated from the six curves
given in Fig. 29.

Nev is su appropriste sversge solute roscentrstion profile obtajned? In the shsence of
ony informetion regarding the scale of sbyervation of solute concentrations measured in field

soils, we shall assume that w, D, 8, snd ¢ sre candow varisbles chacacterized by their rels-

tive frequency distributions, snd that scress a Field fo the (x, y} plane
distributions see statistically stationary.
ore of interest .

y their frequency
Two kinds of solute concentration distributisns
The first Ls that solute distribution expected at sey location within the
field st # given tiwe of lesching, snd the second iy that distribution at » given time
obtained by averaging solute distribwtioss from many locations within the field. The former

18 importast b it is ate with that solete distribution associated vith 2 single
crop plant or a small srighberhood of plamts.

The latter, which is not necessarily manifested
in the root zome of any plast or smel) neighborhood of plasts, is importaot because it is the
indicotion of an entice [ield iw terms of solute setemtion snd mess

emistion of solutes bejow
the root tone »s o reault of leaching.

The solute concentration disteibution <(z, t) expected at amy Iocation ix,
field may be eslculated with the solstion of £q. [20] wsing values of v and

relative (requency distributions considered independently or Jointiy.
concestration distribution c(z,

¥} within the
D from their

The average solute
t) expected for the entive field may be calculared from

L]
€(e, t =.r
clz, t) ] < ez, tWe, [23)

vhere fic 2z, t] is the relative frequency distribution of elz, L. ¥e shall compute ¢ without

the simplified patsmeterization wsed in Eq. (23], but by Hemte Carle simutation uvsing the

Besgured frequency distributions of D, v, 3nd 8. The step-wize procedure was to:

ks ]

1) Draw a rsndow valwe from the wormal dictribution with mesn zero and standerd
devistios 1;

1) Tind random valwes of 1a D andfor Inv and & from their respective statisticel
distribations given in Table 1 by the equstion y = fo + p vhere [ in the valuwe with
wean pero snd standard devistion 1, sod y is the randow value with mesa y spd stan-
dard deviation, o;

3} Calcwlate a random walue of ch:n
of O, v, snd ® for esch £ and t;

4) RMepest ateps | through 3 sbeve 2,000 times snd calculate the wean valve aof c}tn for
each z and ¢,

Under sormal experimental comditions in the field, we wosld expect teo few observatioms

ts discerm the relative frequency distribution of D, v, or 8, such Less the depeadence of b
wpow ¥, Case [ in the solute distribution calculated from mesn values of the parsmeters o @
deterministic mamner. The caleulatisn dencribes the average distribution of :ltn for awy
particular location (=, y) in the Eleld. Case 11 assumes that avificient observatisns have
been made to sllov determimistic evalustion of v and 8 with D assswmed to be log mermelly
distributed. Caze Il meglects the spresding of the aclute owimg to apparent diffusios
(D= 0}, Case IV is that of Case 111 with the impsct of spperemt diffusion included. For
Cave ¥ It is sweumed that iwsufficicat obwervalions bave been made to secertain the fumctions)
relation bDetween D and v, ond bence, their values bave Leea chosen jodependently. Lastly,
Cose ¥I accomats for the apreading of the salute with randow velven of v sssocinted with
Bq. (22]. For ench of the sbove csaes, tiwulations vere made for (t, > t}, corresponding te
the comtinuows leaching of » yoil with water baving a concentration ;a (step isput) and for
(I' > t) torrespondimg te¢ a pulse of solute being lesched through Lhe soil profile with

from the solution of Eq. [20] using the sbove valuen

solute-free water {pulse isput).

Average solute cosceatration simwlated For Cases I and IT for (tl >t = 2 days) aed
t=1; 'l * §.4) are given im Fig. JIA aud 310, respectively. The curves for Case I, the
simplest solstion based ea aversge values of v, 8, and D, mapifest the sigmoidal sad Gaussian
=12, L= 30) sbhapes for the step (l' >t =2) and pulae (& = 2, Y = 0.4) inputs, respec-
tively, cosmsuly messured i lsborstory soil columns. The curves for Case I1, slthough

Table 1. Cheices of spporest diffwsion coefficient, D, water-tilled porosity, 8, snd pore
water walocity, v, for Momte Carlo simulatiows of eean solute distribution snd

fluxen.
Cane v [} ]
oa/day :.3!:-3 :szdl,'-
f Constaat (44.3) Cematant {0.428) Constant (378}
11 Comatant (&é.3) Comntant (0.428} Variable§
1 'nlntle. Yarlabled 0
w Verisble Yariasble Constant (318), Verisble}
v Yarishle Yariable (1ndependeat of v)
vi Varlable Varlable 0.6+ 2.!3v1'"

*1e vz weson, 1.25Y),
t s s uo.a2e, 0.04k2%),
$1a b 7 W(s.42, 1.74%).



SOIL DEPTH (cm)

Fig. 31. Relative solute concentration v soil depth simulated for Cases [ amd 11 for a step
input of solute (A} aod a pulse isput of zolute (B} for ¢ = 2 sad £, = 0.4 days.

the came shapen and occurring st relatively the same sail depths, are mere abrupt ihan Lhose
of Case I. Those of Cosr 1] were pimulated weiag asversgw values wf v and § with the
Houte Carlo procedure for D from its log-mormgl diskribution. Tossemth as the distribution of
D 1o sheved with & high probability of sany values wuch smaller thas the mean, Laking 2x mamy
as 2,000 values of D still geve leas spreading of the wolute than that of Cage f.

The average coocentration distribuiioms simulated from the relative Irequency distribu-
tieas of v and & (Cases 1] through Y1} sre comsiderably different from those of constaat v
sad # pressoted above haviag sigmoidail amd Gaussias shapes. For Canen I1I-¥1, the tonceatrs-
Clon distributioas tend te be hyperbolic witd mo sharply defined salute front or depth to
which the wolute hes been leached. For these latter cesen, the spresding of solyte averaged
across the field is dominated by varistieas im pore water velocily sad oot that agxsocisted
with uruuon-lu the appsresti dilfusios cosfficiest, This latter statement is supported by
Colmparing (he average conceatration distributicos in Fig. 32 simutated for Cases [II (D = o)

WOoae o 02 g

3

—a
* ERPERIMENTAL

SOIL DEPTH (gm)
H

Fig. 32. BRelative sslute comcentration ve soil depth sinulated for Cases IIT Lbsough IV for &
wtep ioput of solute (A) and a pulse iaput of solute D) for t = 2 and tl * 0.4 days.

n

asd IV (D = 378). Although the curves for Case IV clearly manifest the impact of the eddi-
tisaal mizing associsted with the mese value of D, they closely resemble these for Case 111
for both Lhe atep and pulse impuls, Whea the aversge coamcentration is simmlated from the
relative frequeacy distribution ef D indapeadent of chat of v (Cane V), the mining is less
than that for Case IV weing the meon value of . Mhea D ir related Lo the pore-water velocity
¥, the cencemtratisn distributisms ace eearly idestical to those for P = Q. Compare curves
for Case IIT with those for Came VI. Experimentally messured values of the solute comcan-
trstion oblaioed by Niggar and Nielses [1976) are gives by the solid circles im Fig. )1B.
(Standard deviation of messured values ot 30-cm {ucremests wvere 9.132, 0.3122, @.153, 0.10),
®.081, asd 0.031.) Coasidering the Large maguitudes of the steadard davistisn of those
shstrvalions, sny ocoe of the simulsted diskributions in Fig. 318 successfully describes the
asxssured values.

With sufficieat obaervatioss of the soil-water parameters available te eatimate their
celative frequency distributions, the leaching »f am entire fieid w2y be estimated but nar
necesnarily that of o wpecilic site. We expect future Field experiments will silow the deter-
wination of the svales of observatioa of v B, ¢, and 0. With spatial autocorrglation of
those observations kaown, & simulstion or am obaervatios of & soluie distribution in“the field
tould then be susocisted with a small site or kaswa domrio ia the vicimily of the p;nt (x,
¥). Withoul those scales, the extemt of the field; or the fraction of Lhe root zame of a
singie or group of plants charscterized by » single observation is not kaowm. With the scales
haown, the size of ke nite or dommia charactacized wewld allow aa sdditiocusl bania for
ascertaining the suwber of observations Lo be Laken.

To monitor the aversge solute Copcentration withio & field or to estimate the msse
eaission of salt leached belov Lhe rost zows 1mplicitly requires 2 koowledge of the relative
frequeacy distributics of the pore-water velotity as well as its mean value im order te
ancertaia vhen and bow often to ssmple at Lhst depth. '
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