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Abstract:

In undisturbed, sodic stripmine spoil and topsoil columns, water, salt, and exchangeable sodium
movement with unsaturated flow were measured and expressed as a function of irrigation and chemical
treatments. Some saturated flow studies also were carried out. Lithium was applied as a tracer to
estimate exchangeable sodium movement.

Water movement through spoil columns, while maintaining a surface moisture tension of 0.08 bars,
indicated slow unsaturated water flow with movement being independent of leaching treatment. Water
moved faster through topsoil (0.22 cm/day average) than through spoil (0.19 cm/day). Under saturated
conditions, distilled water applied to spoil columns resulted in no flow (K=0 cm/day) through the entire
length of the columns, while gypsum solution applied to spoil columns resulted in flow through 50% of
those columns. Either leaching treatment resulted in saturated flow through topsoil columns.

With unsaturated flow, salt and exchangeable sodium movement in spoil columns were independent of
leaching treatment. In 222 days, soluble and exchangeable sodium were significantly removed from the
surface 10 cm in spoil with movement passing beyond the 20 cm depth. Lithium movement compared
favorably with exchangeable sodium movement and it also was independent of treatment. Topsoil
showed greater movement of sodium than spoil.

Significant to highly significant correlations were found, using linear regressions, between unsaturated
flow and movement of soluble Na and exchangeable Na and extractable Li. For reclamation purposes,
this should be useful in predicting the amount of sodium moved under conditions of a low, unsaturated
water flux.
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ABSTRACT

In undisturbed, sodic stripmine spoil and topsoil columns, water, -
salt, and exchangeable sodium movement with’ unsaturated flow were
measured and expressed as a function of irrigation and chemical treat-
ments. Some saturated flow studies also were carried out. Lithium
was applied as a tracer to estimate exchangeable sodium movement.

Water movement through spoil columns, while maintaining a surface
moisture tension of 0,08 bars, indicated slow unsaturated water flow
with movement being independent of leaching treatment. Water moved
faster through topsoil (0.22 cm/day average) than through spoil (0.19
" em/day). Under saturated conditions, distilled water applied to spoil
columns resulted in no flow (K = 0 cm/day) through the entire length
of the columns, while gypsum solution applied to spoil columns resulted
in flow through 50% of those columns. Either leaching treatment
resulted in saturated flow through topsoil columns.

With unsaturated flow, salt and exchangeable sodium movement in
spoil columns were independent of leaching treatment. In 222 days,
soluble and exchangeable sodium were significantly removed from the
surface 10 cm in spoil with movement passing beyond the 20 cm depth.
Lithium movement compared favorably with exchangeable sodium move-
ment and it also was independent of treatment. Topsoil showed greater
movement of sodium than spoil.

Significant to highly significant correlations were found, using -
linear regressions, between unsaturated flow and movement of soluble
Na and exchangeable Na and extractable Li. For reclamation purposes,
this should be useful in predicting the amount of sodium moved under
conditions of a low, unsaturated water flux.




INTRODUCTION

The demands for Western coal will obviously inéreage in‘response-‘
to-the increasing energy needs of.the Nation. Aimost all of this
Western coal is surface-mined which resﬁlts in substantial amounts of
land being disturbed. in order to restore productivity to thislmined
land, and thus maintain a quality environment, the néed for adequate
;eclamation is apparenti

Current surface-mining methods tend to invert the soil profile
that naturally existed above the deepest mined layer. In the northern
Gréat Plains, the spoil material coming from above the deepest mined
layer is generally moderately saline and sodic (Sandoval et al. 1973).
This situation is typified by the West Decker Coal Compény located aé
Decker, Montana. Here the quality of thé 60 cm of topsoil placed over
the spoil material is:fairly good but the spoil immediately below is
often sodic and moderately saline.

This research focuses on soil water and salt movement in spoils and
topsoil with saline—sodic conditions pnder laboratory conditions. The
objective is the defermination of sodium translocation-patterns as a-
function of i;rigatioﬁAand chemicél amendments with emphasis on
unsaturated flow. A limited amount of saturated leaching was carried
out also. Hopefully, the results presehted here will contribute to the
formulationlof specifié recommendations for saline-sodic spoil reclama-

tion.




LITERATURE REVIEW

Reclamation

Sodium can render stripmine spoils extremely unstéble,'highly-.
impermeable, and erodible to water (éanddval ef al. 19735. _Therefore,
‘perhaps thé greatest concern with chemical reclamgtion is pefmeability.
Maintaining a stable permeability while reclaiming a éodic soil gen- |
erally depends upon three factors: (a) clay type,.(b) adsorbed sodium,
and (c) electrolyte concentration. Some generalizations can‘be made
(Lutz and Kemper 1959). Smectite clay has the lowest permeability of
all the clays'especially with clays having adsorbed sodium. Clays with
adsorbed sodium are less ﬁermgable to both water and electrolytes than
clays having either calcium or hydrogen. The greater the electrolyte
concentration; the greater the -permeability. Increasing.the electro- :
lyte concentration apparently suppresses the electric dougie layer and
either destroys the water structure, or.feduceé its thickpes; around
the clay pa;ticles. Concerning soil permeabiiity and aggreéate
stability, the worst condition would'Ee to haye a high prpportign of
smectite clays associated with a high level of exchangeable sodium
" (E1-Swaify and Henderson 1967). Applying an irrigation water. with low
salt concentration would create desfructive swelling pressﬁre forces
which would cause a breakdown of soil aggregates and consequent |

deterioration of soil structure. These high swelling pressures result

in the high water retention capability of a Na-smectite soil.




3

Quirk and Schofield (1955) showed that the saturated p?rﬁgab}l?FX
of a given soil decreases with'increasing sodium percentage frovidé&
that thé electrolyfe concentration is bgléw ; critical level (threshold
level). Gardner et al. (1959) measured the effect of electrolyte con-
centration and exchangeable sodium percentége (ESP) on diffusivity (0
to 15 bar range) in Pachappé sandy loam and Yolo loam soils. They con-
cluded that wheﬁ the ESP is above about 25, the diffusivity is reduced
as much as a thousandfold as the electrolite concentratiop is decreased
Sfrom 300 to 3 milliequivalents per liter. :Working with a sodic soil,
Reeve and Tammaddoni (1965) found that leaching with ah initial elec-
trolyte‘concentration-tended to temporarily "fix" the generél level of
permeability. with the soil with respeét to subsequent electrolyte con-
centrations. Their results indicate that‘the'permeability wi;h sub;
sequent solutions erended upon the degree of flocculation or disper-
sion that occurred with the application of the initial solution.

Christenson and Ferguson (1966) found. that swelling was a factor
in water movement in a smectite soil, while it was not a facfor in a
dickité soil. Using a 0.015N calcium chloride solution eliminated
swelling in the smectite soil of ESP 5.5, but only feduced,swélling
in the 13.6 ESP soil. In their'calculatioﬁs of water diffusivities,
use of 0.015N calcium chloride instead of distilled water increased
water diffusivity by a factor of 1.8 in all soils except for the 13.6

ESP smectite soil.
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Frendel et al. (1978) showed that plugging.of soi1~po;e§ by dis=
persed clay particles is a major cause of reduced permeability ig H
smectitic, vermiculitic, and kaolinitic soils affected by varying ESP
and electrolyte concentrations., fhe exact levels of ESP and electro-
lyte concentration at which permeability is reduced varied with
mineralogy, clay content, and bulk density.

To measure the effect of mixed Na-Ca solutions on the hydraulic
properties of unsaturated soils, Russo and Bresler (1977) deyeloped
functional relationships over a wide range of water coﬁténts, soil
solution concentrations, and Na:Ca ratios. Their results_show that
diffusivity (D) and hydraulic conductivity'(K) are independent of
electrolyte concentration in a Ca-saturated system. In mixed Na-Ca
systems, K and D functions are highly dependent on the kiﬁd'and con-
centration of the electrolyte solution in addition to their dependence
on soil water content. Further, they stated that the negative effect
of a combination of a high Na:Ca ratio and low electrolyte concentra-
tion on K are directly related to the degree of.water saturation of the
soil. Under unsaturated conditions, low soil water content values can
compensate for the negative effect of high Na:Ca ratios and low electro-
lyte concentrations.

The basic principle of chemical reclamation of a sodic stripminé
spoil is the same as for a sodic soil. It requires replacing adsorbed

sodium with an acceptable divalent ion, preferably calcium. This




released sodium cén:then pe leached downward deeper in fpgﬁ?gq¥iie;:

- The reaction between a calcium amendment and exchangeaBie s;diumiis an
equilibrium reaction, and, therefore, does not‘entirely éo to completiqn.
The extent to which thié reaction goeé to completion is determined by
the interaction of séveral factars, among which are the differences in .
the replacement eneféiés of calciﬁmland sodium, the éichangeable sodium‘
percentage, and the total cation concentration of the soil solution

(U. S. Salinity Laboratory 1954),

Sulfuric acid, calcium chloride, and gypsum were studied for use
in sodic soil reclamation by Prather et al. (1978) on two soils high in
ESP and cation exchange capacity. Their laboratory results with
satufated leaching showed that sulfuric acid was more effective than
gypsum and it resulted in a more desirable ESP profile than caicium,
chloride. However, the calcium chloride treatment removed £ﬁe greatest
amount of sodium per unit.volume of 1eachate;

With field plots and ponding, Reeve and Doering (1966) studied
reclaiming a highly sodic soil (ESP = 75) with a high—salt*&ater dilu~
tion method and conveﬁfional methods. The high-salt-water dilution
method was effective'in maintaining high permeabilify. However, this
method is limited since it depends heavily upon having high-salt waters
with divalent cation concentrations of.30% or more of thg total salt
concentration. A saturated gypsum solution (0.038N) and a.concentrated

calcium chloride solution (0.6N) were two of the conventional methods.

’
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The saturated gypsum solution was not effective'in_feClaiming phig; -
highly sodic soil, éven by'leachiﬁg for a period of 228 days. Recléﬁa—
tion failure was attributed to the adverse physical condition of the
highly sodic soil which developed because of the application of é low
electrolyte water. The concentrated calcium chloride sqlutidﬁ was
effective. Comparative reclamation times to a soil depth oi 90 cm
were 3 days and 7 years for calcium chloride and gypsum, respectively. -

"From their laboratory experiments, Doering and Willis (1975)‘con— '
cluded that high electrélyte concentrations (greater than 0.5N Ca |
solutionsj are desirable in order to estabiisb and maintain an accept-
able saturated hydraulic conductivity with a high ESP stripmipe spoil.
Therefore, the use of concentrated solutions for reclamation saves time
and water. But as the ESP is lowered, use of concentrated solutioné |

becomes increasingly-less efficient and uneconomical.

Water Movement

It is generally believed that a significant amount of water move-
ment can occur in soil macropores. Consequently, -it has been reported
that whenlmuch of the water from rainfall or irrigation flows in macro-
pores, fhe usual occurrence is that.of_qnly a paitial displacement of
soil water (Elrick aﬁd French 1966, Ritcﬁié et al. 1972, McMahon and
Thomas 1974, Quisenberry and Phillips 1976). In their excellent review,

Thomas and Phillips (1979) state that one of the consequences of water
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flow in macropores is that some -of the surface salts will be moved to
a much greater depth b} a rain or irrigation than predicted bf pistoﬁ
displacement. On the other hand, much of the salt will be by-passed
and remain near the soil surface. Further;‘they note that if rain or
irrigation water added to the soil moves primarily through ﬁacropo?es,
it will interact with solutes to only a limited extént since much of the
smaller pores will be by-passea. |

Leaching soils during unsaturated conditions brings.about the
following changes: (1) decreased the relative volume of water passing
through larger pore isequences (they are partially empty), (2) increases_
the mixing between'spil pores caused by molecular diffusion associated .
with the generally smaller flow velocity values, and (3) alfers the
tortuosity and extent of nearly stagnant poreé (Nielsep et al. 1972).

The effectiveness of leaching is usuéll§:judgéd on the basis of
redistribution of salt within the profile resulting from a known
quanfity of surface-applied Wafer.' According to B?ggar and Nielsen
(1967), this efficiency .of leaching may be significantly inéreased by
controlling the degree of water saturation and the rate of water move-
ment through the soil profile., 1In their reviéw, it was shown that for
soil water contents less than saturation but greater than‘one—fifth'bar,;
bothllaboratory and field data show leachiﬁg efficiencies_to be greaterl

7

than for saturated conditions.
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Nielsen et al. (1966) attributed better leaching eff?qienqigﬁngpder
unsaturated flow conditions to greater mixing of the applied tre;tmeqt |
Solution with the soil solution. This additional mixing is caused
principally by ionic diffusion. The contribution of diffusion to mixing
'dépends in part upon the pore~velocity distribution which in turn
depends upon the water filled soil-pore structure. In his introductién;
Kirda et al. (1974) noted that the apparent diffuéion coefficient
depends not only on the average pore water velocity but also on the
microscopic chafaéteristics of the medium such as pore size, pore
sequence channel length, random arrangement of channels within the
porous medium, and the molecular diffusion eaefficiént. It was
suggested that for slowly permeable soils, especiaily those ;hét are
sodic, one means of increasing the penetration of water.is to allow the
soll surface to dry and check between periods of wetting.

Kirda et al. (1974) indicaged that a éiven quantity of water
applied by coﬁtinuoﬁs ponding yields relatively large water contents
confined initially to the upper portion of the soil pfofile and thereby
displaces salts relatively short distances. B& contrast, frequent
small quantities of intermittently applied water produced deeper pene-
tration of salt and water on an equal time basis to pénding. Waper
épplication methods gi?ipg rise to small water contents cgupiéd with
small pore water velocities provide the most efficient mode of leachiné.

Warrick et al. (1971) concluded that the advance of the wetting front.
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is slower and that solute displacement was greater at lower ;nitig}fsoil
moiéture contents. The cumulative infiltration is greater at lower soii'-
moisture contents and this ipcreases solute displacement.

Although the ultimate goal of water movement studies is to be able
to determine water behavior in the soil-plant-atmosphere continuum in '
the field, the majority of these experiments.have beén restficted to
laboratofy models and conditions. 1In appl&ing the Dafcy flow eéuation
or its derivations to unsaturated soil water movement, thé use of a
homogeneous, pofous medidm is quitg frequent (Bruce and.Kiute~i956,
Gardner and Miklich 1962, Flocker et al. 1968, Watson 1966). This need
for homogeneity arises from the fact that quantitative measurements .
require that the pore size distribution be evéryﬁhere geometrically
similar. 1In the natural state, most soils have unequal porosities and
are not geometrically similar.

Arnold (1976) measured solute and unsaturated water-movement on
stripmine spoils in the field.. He applied.a.mathematical model"-
developed by Sisson (1972) for measuring unsaturateé'water fléw. He
found that the quantity of soil water movement in native range was
approximately 1.5 tiﬁes greatér than in spoiis, The lower amount of
soil water movement was att;ibuted to bulk density, which was 54%
higher than native range, and to higher contents-of silt and clay. Due
to the short time span of Arnold's study (1 year) no definite trends

in solute movement were found.
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When a solution moves in the 1iquid phase in éoils phdéf“uhégFﬁ;
rated conditions, the effect of salt sieving.may be of some importance
since this solution must flow through thin films which connect the
" wedge-shaped volumes of solution (Kemper 1960). However, as pointed oﬁt
by Nielsen et al. (1972), when soil-water pressure differences are small
(less than 0.1 bar), the resultant convective flow may be of the same
order of magnitude as diffusive flow, and under such conditions salt
'siéving in soils'will be practically negligible. Any appreciable salt
sieving may require soil-water pressﬁre differences as large as 10 bars,
which probably occurs infrequently in natufal systems.

The rate of water movement through undisturbed cores can be
strikingly different than the rate it moves in the field. In a
~swelling clay soil, Ritchie et al. (1972) comparéd hydraulic conductivi-
ties between field baéins and undisturbed cores. Their results showed
that the saturated conductivity of the undisturbed cores were much less
than that of the field. These rate differences were due to the core
walis which cut off some large continuous pores associated with the soii
structure that exists in ‘the field.

In sodic reclamation, the process of iop exchange is just as
important as the leaching process. Rible and Davis (1955) adapted
chromatographic theory of DeVault td ion exchange processes in soil
columns. It involved the use of a salt-free, homogeneous, homoionic

Yolo fine sandy loam soil. Of considerable interest is the‘exchange of
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sodium with calcium. Upon leaching a sodium saturated. column Wi;h'a
A

known amount of calcium in solufion, theory predicted a sﬁarp béundafy
wheré the upper zone should bé saturaied with calcium while the lower
zone remains sodium saturated. It is evident that 1007 exchange was
assumed. Fair agreement with theory was obtained through experimgnta-
tion. However, aithouéh they found calcium in dilute salt solutions
readily replaced most of‘the sodium in the surface layer, calciuﬁ did

not adequately penetrate the subsoil.

Tracer, Lithium for Sodium

The tracing of sodium movement with lithium can only be justified
through the evidence which shows that botﬁ cations react’similarly,
chemically and physically, in soils. In this regard, the tracer should
not change the properties of the leaching fluid or the trgnsmission
characteriéticé‘of the medium in a manner different from that which it
is tracing (Biggar and Nielsen 1962).

The similarity of lithium and sodium with respect to replacement
and displacement was noted by Bear (1964).- The replaceabiliéy
(replacing power) from an exchange material grows in the order Li<Na<K< -
Mg<Ca when these ions‘function separately as compleﬁentéry ions. The
order of difficulty of displacement i1s approximately Ca>Mg>Na>Li but
the relative position in such a series va;ies with the concentration in

the solution and the nature of the'exchange active material.




12
Shainberg and Kemper~(1966a) stated the order of difficulty of?
displacement as K>Na>Li for these ménovalent ionél They'consequently
showed that the observed relative mobilities (in Stern layer-positibn
and relative to their mobilities in bulk solution) of these monovalent
ions is the highest for adsorbed lithium, intermediatg for adsorbed
sodium, and lowest for adsorbed potassium. As would be expected from
their relative mobilities in the Stern 1ayér, Shainberg and Keﬁper
(1966%) showed that the fraction of ions ig the diffuse layer (complete-
ly hydrated) for Li, Na, and K are 0.84, 0.64, and O.Si; réspectively,'
Husted and Low (1954) studied ion diffusion in bentonite. They
indicated that the diffusion rate of potassium depended on the rate éf
the countefdiffusing ion, and that the diffusion rate of the coghtef—
diffusing ions was in the order NH4>Na>ii. This is the order.of their
mobilities in solution. In another experiment, the amount of ions
transferred from a cation-bentonite film to a H-bentonite film were in
the order Li>Na>K. But the amount of these ions reaching the terminal
end of the hydrogen film were in the reverse order. .The obvious con-
clusion is thaf within the H-bentonite films the diffusioﬁ rate of ‘the
ions, and hence the diffusion coefficien£s, was in the order K>Na>Li.
This is the order observed for diffusion in bentonite and for diffusion
(but of a greater magnitude than clays) in solution.,
" In terms of swelling,‘lithium and sodium show similarities.

Baver et al. (1972) cited that the swelling of Putman clay (beidellite)
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. varles with nature of the‘adsorbed.qations as fol;ows: L%>Na>C§,i On
the other hand, the order of swelling-for’bentonite (smectité)-i;
Na>Li>K>Ca. In terms of swelling (cm3 per graﬁ of colloid), Li and Na’
are 10.77 and 11.08, respectively, forlféntonite. In Putman clay, Li
and Na are 4.97 and 4.02, respectivelyb

As pointed out by Norfish (1954), in the initial_stéges of inter-
layer swelling for Li-~ and Na—smectité,‘their stepwise hydration forms
interlayer spacings of 22;5 and 19.0 Angstroms for Li and Na, respec-
tively. Upon osmotic swelling, the interlayer spacings for both Li~
and Na-smectite may reach 130 Angstroms (Baver et al. 1972).

A brief summary seems appropriate. In comparison to sodium,
lithium has a larger diffuse layer and somewhat less replacing power,
but due to a greater hydration, it has, consgquently, a lower molecular
diffusion rate. Generally speaking, the degree of swelling iS‘quiﬁe

similar between the two cations.




MATERIALS AND METHODS

Field Site Description

The sampling area is located at the Decker Coal.Mine near Decker,
Montana (Figure 1). Decker, Montana is located 12 miles (19 km) north
of Sheridén, Wyoming at an elevation of 3,530 feet (1076~m). The Decker
Coal Mine is adjacent tq the Tongue River Reservoir. Monténa State |
Highway 314 sepérafes the West Decker Mine from the East Decker Mine.
The-Decker area is.chéracterized by rolling dissected hills and broad,.
nearly flat valley floors. Sparse vegetation cover and impeded soil
drainage create severe erosion problems (Sindelar et al. 1973). Saline-
sodic soils limit forage productivity and restrict vegetation to toler-
ant adapted species. Big sagebrush and western wheatgrass dominate
the rangeland vegetation. The overburden derives from the Paleoceﬁg,'
Fort Union, Tongue River formation and it is composed of sandstone,
stratified éands, siltstone, and clay and silt éhales. Also, the over-
burden generally contains saline and/or sodic materials. |

At the West Decker Miﬁe, undisturbed topsoil and spoil cores were
collected for laboratory study from sites that had been recontoured. In
September 1977, topsoil and spoil cores were collected in sites E and

A, respectively (Figure 1).

Sampling

Present reclamation practice involves placing approximately 60 cm

’

of topsoil, which had been stockpiled from the initial stripmining
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process, atop spoil material. It was the intention of the aﬁthor"to
gather topsoil and spoil cores from one site. However, tﬁe'éampleélused
for collecting undistrubed cores was unable\to penetrate into the spoil
material at site E (Figure 1), At site A, which ﬁad not yet been top-
soiled, spoil columns were collected successfully after some unsuccess;'
ful attempts. -

Topsoil and spoil core columns were gathered by use of a specially
designed King tube attached to the Giddings hydraulic soil sampler. The
cutting edge of this King tube was bevelled to displace soil to the
outside of the tube to reduce compaction when pushed into the soil.
Heat shrink tubing 55 cm long (purchased from the Radar Electric
Company, Seattlg, Washington) was inserted into this King tube. Upon
use, the soil'éample slipped into this plastic tubiﬁé withiq tﬁe King
tube. The tubing plus soil core was removed from the King tube and
the tubing was éhrunk by applying heat to the outside'surface of the
column. The soil column then fit snugly within the tubing and was held'
intact. The end result was a relatively undisturbed topsoil or spoil
column having a diameter of 4 cm. These columns were collected in
55 e¢m lengths down to a depth ranging from 110 to 165 cm. All columns
were sealed to prevent moisture losg.

Past experilence indicated that stripmine spoils had extreme‘soil
chemical variability within very sﬁall distances. With this in mind,

2
samples were collected in 1 m” stations located within site areas.
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Cores weré taken as close as possible to each other Withih these sta-
tions. It was hoped that these small distances would reduce as much‘as
possible any variation between columns. Topsoil columns were'collectéd
from one station (station E) in site E (Figure 1). Spoil columns were

collected from two stations (stations A, and A2) in site A,

1

Experimental Design

The main emphasis of this study dealt with unsaturated leaching.
However, a limited experiment with saturated leaching was included.
The design is shown iﬁ Table 1. Since spoil cores were collected from
two different stations and from two different depths within;each sta-
tion, a randomized complete-block design was used (Steel and Torrie
1960). The leaching treatments studied were distilled water, a
saturated gypsum-solution (0.03N), a calcium chloride solution (0.06N),
and a combination solution containing gypsum (0.026N), ammonium sulfate
(0.0015N), and calcium chloride (0.003N). 1In Ehe unsaturated leaching
experiments, all four treatments were tested using four replications
per treatment for spoils and no replication for topsoil. Topsoil and'
spoil columns subjected to saturated flow were leached wifh only gypsum
solution and distilled water using four replications per treatment for

spoil and no replication for topsoil.
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Table 1. Experimental design.

Unsaturated runsT Saturatéd+
Station Column depth H20 Gyp. CaCl2 Comb. ~H20 Gyp.
Al 0- 55cm S S S S S S
(spoil) 55 - 110 cm S S S S S S
A, 0 - 55cm s s s s S S
(spoil) 55 - 110 cm S S S S . S S
E1 0- 55cm T T T T T T
(topsoil)
S = Spoil column T = Topsoil column
1-Treatments: H,0: Distilled water.

2
Gyp.: Saturated gypsum solution, 0.03N.

CaClz: Calcium chloride solution, 0.06N.

Comb.: Combination solution, total conc. = 0.03N
(Gyp. - (NH4)2504 - CaClz)

0.026N- 0.0015N - 0.003N
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Unsaturated and Saturated Leaching

In 311 columns lithium was used as a tracer to approxiﬁate sodium
movement, Eight méq of Li was applied to the top éf each column
through a 5 ml application of a 1.6 N LiCl solution. It was éllowea to
soak in for 24 hours. _ \

For use in unsaturated leaching, tensiometers were constructed
according to recommendations by Richards (1949). Figure 2 illustrates
the column—-tensiometer make-up. Mercury was used to measure tension.
From the Soil Moisture Equipment Corporation, Santa Barbara, California,
ceramic porous cups (2.86 cm L, 0.635 cm 0.D.) were purchased. Saran
tubing (0.38 cm 0.D.) and glass capillary tubing (0.5 mm O.D.) were used

with these cups to assemble tensiometers. Snug fitting plastic fubing

of various sizes were used to join the ceramic cup, Saran tubing, and

glass capillary tubing together. Boiled distilled water was used to

£111l the tensiometers and checks were made for leaks and trapped air

-bubbles. In all, 20 tensiometers were assembled.

Planting the tensiometers into the column required drilling a
small hole, a little less than halfway thr&ugh the column, and 2 cm
down from the surface of the column material (Fiéure 2). To make a
snug fit, the diameter of the hole was a little less than the diameter
of the ceramic cup. Upon installation, the cup extended 2 cm into the

column.
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To collect leachate from unsaturated 1eaching, a wad. (approx1mate1y
50 circles) of Whatman 540 hardened—ashless, 3.7-cm diameter f11ter
paper was employed as an absorbent. A fairly flat surface was pre-
pared at the column bottom by removing loose material. The filter paper
was then pushed firmly into position and held there with firm backing.,
Evaporation was prevented through sealing. The filter paper was
removed periodically and a new wad was inserted. Immediately after
removing, any moisture absorbed was determined-gravimetrically; A 48-
hour soaking with 20 ml of'distilled water was then applied to the wad
to remove any salfs contained in the leachate.-

Unsaturated flow was maintained through applications of, on the
average, 1 ml treatments to the tops of the columns. Surface evapora-
tion was prevented through sealing. Soil ﬁoisture tension (matric
suction) was measured by tensiometers (Figure 2). The gravitational
potential of the tensiometer's water column was 51 ecm (0.05 bars) and
this was accounted for. Treatment was added whenever mercury height
reached 2 cm. The mercury height of 2 cm is equivalent to 0.03 bars.
Therefore, actual soil moisture tension was the sum of the mercury
height plus the gravitational potential of the water column, which
equaled 0.08 bars. The elevation of the laboratory is approximately
5,000 feet which gives approximately 750 mm Hg rise for 1 atm. This
was accounted for. One bar = 750 mm Hg. The tensiometers allowed the

time of application for each column to depend solely upon that
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particular column's infiltration rate and permeability. Th?oﬁghdut“;ﬁé
unsaturatedAleaching experiments, the temperature of the 1;£o;é;6r§‘:“
reﬁained nearly constant (21.5 + 0.5 C). Unsaturated leaching was
carried out in the manner described for a period of 133 dayé. The
columns were then allowed to drain for a subsequent period of 89 days.

In saturated leaching, a constant head of 8.5 cm was maintained oﬁ
all columns through the use of specially designed bubblers attached to
inverted 1 liter Erlenmeyer flasks. The leachate was collected
periodicélly for analysis. Evaporation was minimized by sealing the
top and bottom of each column. Saturated flo& was continued for a
period of 146 days. Upon reaching a steady-state flow, the saturated
hydraulic conductivity (K) was determined through applying the Darcy
equation for saturated flow. K (cm/day) was calculated according to

Ay

the equation
K = QL/AT AH : (3.1)

where Q (cm3) is the leachate volume, A (cmz) is the cross-sectional
area of the column, T (days) is the time required to collect Q, L (cm)

is the length of the column, and AH (cm) is the hydraulic potential.

Analysis of Leachate

With unsaturated leaching, the salts contained in the leachate

were removed from the filter paper through soaking in 20 ml of distilled
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water as described previously. Since the amount of leachate' collected .
was known, a dilution factor was calculated for the dilution of the
leachate with 20 ml of distilled water. Analyses for both saturated
and unsaturated leachate were electrical conductivity (Method 4b, U. S.
Salinity Laboratory 1954) gnd soluble lithium, sodium, caicium, and
magnesium through atomic adsorption spectrophotometry (Perkin Elmer
Model 290). 1In determining electrical conductivity on the unsatu?ated
leachate, a blank was required to account for the absorbent's (filter
paper wad) own level of electrical conductivity. No blank was required
for soluble Li, Na, Ca, and Mg since the absorbent did not contain
measurable levels. The sodium adsorption ratio (SAR) was calculated

according to the equation
L '
SAR = Na/((Ca + Mg)/2)* (3.2)
with Na, Ca, and Mg in meq/1l.

Analysis of Columns

Upon completion of the leaching ekperiments, all columns were
sectioned into successive 5 cm sections. From the columns used for
unsaturéted leaching, percent moisture was determined ﬁor each 5 cm
section by taking a subsample from each section. Percent moisture was
determineq gravimetrically upon completion of oven drying (120 C for

22 hours). Similarly, initial moisture content was determined on five
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columns not used in the leaching experiments. Percent moisture was not
determined on the columns used for saturated leaching. For pharééte?i-
zation, soil color, dry consistence, mottiing, % coarse fragmenté, and
acid effervescence were determined on many 5 cm samples.

Upon air-drying, bulk density (B.D.) was determined on all sec-
tioned columns used for saturated leaching and on one-half of the
columns used for unsaturated leaching. An average B.D. was giveﬁ to
the other half of these unséturated columns. Clods were coa;ed with
Saran resin (Brasher et al. 1966), otherﬁise the method is identical
to Blake (1965a). Three bulk density determinations were made per .
column{ a top (5-10 cm), middle (25-30 cm), and bottom (40—45 cm). The

volumetric water percentage (PV) was found through
’

PV(%) = (% moisture by wt.)(B.D.) ' : (3.3)‘

for all 5 cm sections from all unsaturated columns. Flux (cm) was

calculated as the quantity of soil water that had passed through each

5 em increment of the unsaturated columns during the total leaching time.
Particle density (P.D.) was determined (Blake 1965b) on the

sectioned columns used for saturated leaching. The same 5 cm sections

used to determine B.D. were used. An average P.D. value was assigned

to all unsaturated columns. Total porosity was calculated as

Total Porosity (%) = 100(1L - (B.D./P.D.)) . (3.8)

for all sectioned colummns.
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Particle-size analysis was made on the columns used for'satﬁ%ét?d"“
leaching using the same 5 cm sections used to determine B.D., P.D., éﬁd

total poroéity. The samples were dispersed with (NaPO following the

3)6
procedure of Day (1965), Method 43-5, except that ultrasound for 2
minutes was used instead of an electric mixer. Particle size determina-
tions were made using the pipette method (Day 1965, Method 43-4) except
ghat the dry sieving was omitted.

Clay mineralogy was determined on selected subsamples from columns
used for saturated leaching. X-ray diffraction involved using the
treatments and interéretations'by Whittig (1965). A semi-quantitative
method was employed for estimating percentage content for each specific
clay mineral. From X—rgy diffraction, it involved taking the peak areas
of each clay mineral, dividing by a designated féctor, and then cal-
culating its percentage to total clay. Peak areas were divided by 10,
2.5, 1, and 3 for smectite, k;olinite, illite, and chlorite, respec-
tively. Factors were derived experimentally and developed for use by
the Montana Agricultural'Experimént Station, Bozeman, Montana.

Subsamples from 5 cm sections from sectioned columns were combined
to form 10 cm depth samples. The cation exchange capacity (Method 19,
U. S. Salinity Laboratory 1954), CEC, was then determined per 10 cm
depth. Saturatéd pastes were mgde and extracted (Method 2, U. S.

Salinity Laboratory 1954) per 10 cm. On the extract, electrical con-

ductivity and soluble Na, Ca, and Mg were determined. The SAR was
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calculated. Ammonium acetate extractable Li apa Na (Metbod l8,'ﬁ. S.
) . s b
Salinity Laboratory 1954) were determined on all 5 cm sections.
Exchangeable Na per 10 cm depth was deterﬁined by difference (Method
18) of extractable (average of two consecutive 5 cm sections) and

soluble. The exchangeable sodium percentage (ESP) was calculated by

ESP = (exch. Na/CEC)100 with exch. Na, CEC in meq/100 g (3.5)
For determining initial base levels, spare columns not used in the
leaching experiments underwent the same chemical analyses described

above.

Statistical Models

A one-way analysis of variance, a two-factor analysis of variance,
and a linear regression analysis were used. in this thesis. The acfual
statistical analyses were performed using computer programs contained
in MSUSTAT which is a general purpose interactive statistical analysis
package. MSUSTAT was developed for MSU campus use by Dr. Richard E.
Tund, MSU Statistical Center, Department of Mathematics. All models

presented can be found in Snedecor and Cochran, Statistical Methods.

The model that forms the basis for analysis of variance is:

Xij = U‘+ oy + Eij ;i=1...a,3=1...1n, E,, = N(0,0) (3.6)

where Xij = gingle observation, U = population ﬁean, o treatment

i

- effect, Eij = experimental error, and g = standard deviation. The model
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impiies thiree assumptions:
1. populations are normally distributed
2. population variances are equal
3. observations are independent.
The model-that describes the two-factor (A x B) analysis of variance _

used is:
xijk =y + ai‘+ Bj + (ocra)ij + Eijk H (3.7)

i=1...a,j=1...b,K=1...n

where Xijk = single observation, U = population mean, o, and Bj repre-

i
sent main effects for A and B, and (aB)ij = two-factor interaction
effects, and Eijk = experimental error. Tbis model implies the same
assumptions as the one-way analysis of‘variance applied to two factors
and their interaction.

The model for linear regression is specified concisely by the

equation
Y=0a0+Bx+E _ (3.8)

when E is a random variable drawn from N (0,0y-x); 1t is independent of
x and normally distributed. In this model, Y = sum of a random part,'
E, and a part fixed by x, o = the population mean that corresponds

to x = 0, and B = the slope of the regression line,




28

Three assumptions are made about the relation of Y and X in a

standard linear regression:

1. For each selected X ghere is a normal distribution of
Y from which the sample value of X is drawn at randoﬁ.
If‘desired, more than one Y may be drawn froﬁ each
distribution.

2. The population of values of Y corresponding to a
selected x has a mean U that lies on the straight
line U = a + B(X - X) = o + Bx.

3.. In each population the standard deviation of Y
about its meanm o + Bx has the same value, assumed

_constant as x varies.




RESULTS AND DISCUSSION

Spoil and Topsoil Characterization

Average values for bulk density, total porosity, and particle size
for spoil and topsoil after saturated.or unsaturated flow are shown. in
.Table 2. Bulk density after saturated fiow on spoil columns was 1.8 g/cc.
This is higher than the value of 1.7 g/cc found after unsaturated flow.
This higher bulk density found with saturated flow resulted in a lower
total porosity (30.7%) over that of unsaturated flow (34.2%). For both
saturated and unsaturated flow, bulk density for the topsoil was 1.7
g/cc and total porosity was similar (34.3—35.3%). The average texture
for spoil bordered on sandy loam and loam and tppsoil averaged on loam.

Results of chemica; analyses on unused, unleéched spoil and topsoil
columns are listed in Table 3. Averages were calculated from totaling
all depth meaéurements taken for all columns (Appendix Tables 18 and 19).
Measurements indicated an SAR of 21.0 in spoil and 8.7 in topsoil. Thus,
the spoil is'sodic (ESP > 15 or SAR ? 13) anq the topsoil is variable.
The standard deviation for ESP indicated considerable variation for
among depths and between spoil columns. Electrical conductivity
averaged 3.3 mmhos/cm in spoil and 3.3 mmhos/cm in topsoil. This
indicated a less than saline (<4 mmhos/cm)_éondition for both materials,
however, some spoil may be saline based on the standard deviation for EC.
Initial levels of lithium (Table 3) were only traces ﬁaking 1ithi;m'

suitable for use as a tracer to approximate exchangeable sodium move-
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Table 2. Some physical properties of leached columns (all fféépmént§ -

loam

together). .
Spoil Topsoil
: std. std.
Measurement Flow applied Average Dev, Average Dev,
_ Saturated = 1.81  0.10 1.72  0.04
Bulk Density (g/cc) Unsaturated 1.72  0.07 1.72 0.03
: o Saturated 30.7 3.8 34.3 ¢ 1.8
Total Porosity (%) Unsaturated 34.2 2.7 35.3 1.7
% Sand n/a " 51,9  11.6 41.0 5.5
% Silt n/a 29.4 10.2 38.4 4,0
% Clay n/a 18.8 2.2 20.6 1.9
Texture (Avg. %) Sandy loam- Loam
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Table 3. Some chemical properties of the spoil and topsoil columns used
in leaching experiments. (From analyses of unleached columns,
Appendix Tables 18 and 19). '

Spoil Topsoil -
Std. ~ Std.
Measurement - Average Dev, Average Dev,
Eiectrical Conductivity of
Saturation Extract (mmhos/cm) 3.3 1.7 3.3 0.5
pH of Saturation Extract 8.3 0.3 7.8 0.1
Soluble Sodium (meq/1) 3470 14.1 27.0 5.9
Soluble Calcium (meq/1) 4.1 4,7 9.5 1.8
Soluble Magnesium (meq/1) 4,5 4,7 9.6 2.2
SAR 21.0 5.3 8.7 1.8
CEC (meq/100 g) 15.3 3.8 18.3 2.6
ESP (Z) . ‘ 22.4  11.2 18.0 5.1
Dominant Anions (meq/l)+ ,
SO4 ' 24.8 18.0 18.5 5.4
HCO3 : ' 3.7 0.7 4.3 0.6
co, 0.3 0.1 0.4 0.2
Ccl 0.1 0.05 0.1 0.01
Extractable Lithium ' Trace - Trace —-

.+Anion analysis obtained from Reclamation Research Unit, Montana Agri-

cultural Experiment Station, Montana State University, Bozeman,
Montana and are not the same samples as the catioms.




calcium concentration of more than 20 meq/l should be checked for the
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ment. As a general rule, soils with saturation extracts tbq@"ha%é a.’
presence of gypsum (U. S. Salinity Laboratory 1954). Therefore, the
soluble calcium concentrations of 4.; meq/1 in spoil and 9.5 meq/l in
topsoil (Table 3) indicated that the concentration of gypsum is low in
either the topsoil or the spoil material. The high levels of soluble

sodium and sulfate in spoii, 34.0 meq/1 Na and 24.8 meq/1.S0,, suggested

4
that much (over one-half) of the soluble salt present is in the form
Né2804' ‘Similarly, the topsoil is dominated'by 804, but also contaiﬁed
appreciéble amounts of HCO3 (Table 3). Both spoil and‘topsoil also con-
tained small amounts of CO3 and Cl.

Additional information was collected on spoil and topsoil columns
used-in the flow studies (Table 4). The presence of alkaline-earth
carbonates in goil and topsoil was shown by an acid effervescence test
which was positive. Soil color (air-dried) was generally similar
throughout spoil (10 YR 6/1 to 10 YR 7/2). Topsoil was either 10 YR 5/3
or 10 YR 6/4. Dry consistence for spoil rénged from slightly hard to
very hard which would indicate compacted conditions when dry. Topsoil
ranged from slightly hard to hard. Coarse fragments were 1-27% for
spoil and topsoil. -Numerous sizes of sandstones, siltstones, shales,

and coal ranging from very small to 4 cm in diameter were found in spoil.

Few, fine, and faint mottling found in spoil suggested that there is .a
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Table 4. -Characterization information on spoil and tops01l columns
: (USDA-SCS abbreviations). Yo

Dry Mottling . Acid
Soil consist- Abun- Con-. % Coarse (10%Z HCL)
Column color = ence dance Size - trast fragments effervescence

A4—l,S+ 10YR6/1 vh . c 1 £ 2 .es

Al-1,8 10YR6/1 h f 1 £ 2 es -
A8-2,5 10YR6/1 vh f 1 f 2 es
A6-2,5 10YR6/1 h £ 1 £ 1 es
2A4-1,5 10YR6/2 h f 1 £ 1 es
- 2A7-1,8 10YR7/1 h f 1 £ 1 es
2A6-2,5 10YR6/2 h £ 1 f 1. ‘es

2A3-2,S 10YR6/1 vh f 1 f 1 es .
11-1, 7" 10YR5/3 n £ 1 £ 2 es
I2-1,T 10YR5/3 h f 1 f 2 es
A9-1,5 10YR7/1 h £ 1 f L= e
A6-1,5 10YR6/1 h f 1 £ - es
A7-1,S 10YR6/2 h £ 2 £ - es
A5-1,8 10YR6/2 sh f 1 £ - e
A3-2,5 '10YR6/2° h f 1 f - e
A4-2,5 10YR7/2 sh f 1 f - es
A5-2,8 10YR7/2 sh f 1 f - e
A7-2,S 10YR7/2 sh f 1 f - e
17-1,T 10YR6/4 sh f 1 f - es
I15-1,T 10YR6/4 h f 1 f - e

+ )
S Spoil column

Topsoil column.
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problem with aeration and/or drainage. However, this may be a result
of tﬁe changed environment following mining, rather than poor aeration_
_ and/or drainage.

Measurements taken on selected samples from spoil and topsoil
columns used in saturated flow are shown in Table 5. These samples were
picked for study because of the variation shown be;ween,the measurements
‘and also for the column;s ability or inability to conduct saturated
flow. The samples were then analyzed for clay‘minerélogy (Table 6).

In Table 6, the sixth sample, A2 O - 30 cm, was not included in Table 5
‘but it was analyzed because of its very high saturation (paste) per-
centage (109%). Clay'minéralogy analysis indicated that there is
substantial amounts of kaglinite and sméctite as well as notable amounts
of illité in the spoill material. The presence of sodic Qohdition iﬁ
spoills contéining smectite indicated that there is‘a.ﬁqtential for

swelling (El-Swaify and Henderson 1967).

Water Movement

Unsaturated Flow Using Undisturbed Columns

All leaching treatments (Figure 3) showed similar moisture dis-
tributions with the exception of distilled water which showed a higher
moisture retention at the surface. ‘This may hﬁve béen due tb swelling
which resulted from leaching with distille& water. However, moistgre

content was independent of treatment (Table 7) based on the lack of
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Table 5. Characterization data for various samples.

Sample B.D. Total Permeaﬁle to

identification (g/ce) porosity (%) 7% clay ESP saturated flow

TT, Composite

I1-1 & I2-1 1.7 34.3 20.6 3.8 o 'yes
st a8-2, 0-40 1.7 35.2 18.4 20.9 no
S,A8-2, 40-45 2.1 21.6 ‘ 23,2 26.7 no
S,2A7-1, 25-50 1.8 31.2 17.6  47.6 yes
S,A6-2, 25-40 1.8 30.6 20.8  23.6 yes
tr = Topsoil

S = Spoil

Table 6., Clay mineralogy from X-ray diffraction (approximate values in
Z).

Sample Clay mineral

identification Smectite Kaolinite Tllite Chlorite

TT,.Composite

T1-1 & 12-1 41 ! 23 s
st a8-2, 0-40 4 4t 14 -
S,A8~2, 40-45 7 i 22 | -
5,247-1, 25-50 32 56 12 _—
S,A6-2, 25-40 24 60 Y o
5,A2, 0-30 i 56 34 10 R
+T = Topsoil

S = Spoil




Figure 3.
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Treatment and depth means for volumetric moisture 7% and
its analysis of variance with multiple comparison.

Leaching treatments

H,0

CaC12 CYP+(NH4)ZSO

+CaCl2

Depths (cm) 2 Gypsum 4 Depth means*
0- 5 38.6 29.1 315 29.6 32,2 a
5-10 26.1 26.1 26.4 26.2 26.2 b

10-15 25:2 23.8 2943 25.2 24.9 be
15-20 23543 23.9 23.9 24,2 24.4 bed
20-25 24.9 22.1 22,5 23.0 23.1 cd
25-30 23.8 21.4 20.5 221 22.0d
30-35 19.3 20.5 19,5 18.5 19.4 e
35-40 16.6 19.3 18.1 17.3 17.8 e
40-45 14.5 15.8 14.6 13.6 14.6 £

Treatment

meansg** 23.8 a 22.4 a 22.5 a 22.2 a

*Any two means followed by the same letter are not significantly differ-

ent (Newman-Keuls test, .05).

**Any two means followed by the same letter are not significantly differ-

ent (analysis of variance, .05

Analysis of Variance

).

Source D.F. S.S. M.S. F-value Significant at 5%7
Treatment 3 59.9 20.0 1.9 no
Depth 8 3374.0 421.7 40.1 yes
Interaction 24 25.9 10.8 1.0 no
Error 108 1136.0 10.5

Multiple comparison for depth means using Newman-Keuls Test Q values

Depth Depth means

means 32.2 26.2 24.9 24.4 23.1 22.0 19.4 17.8 14.6
32.2 -- 7.42% 9,02*% 9,67* 11.17*% 12.63*% 15.75% 17.77% 21.69%
26.2 - 1,60 " 2.26°. 3.75%. 5.,22% " 8.33% 10,35%  14.27%
24.9 - 0.65 2.14 3.62 6.73% B8,75% 12.67%
24.4 - 1.50 2.96 6.07*% 8,09*% 12.02*
23,1 - 1.46 4,58%  6.60*% 10.52%
22.0 - 3.11%  5.13% 9.06*
19.4 - 2.02 5.94%
17.8 - 3.92%
14.6 -

*Means significantly different (.05).
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significant differences between treatment means and for ;Feétéénpnihteg—
action with depth. The column moisture content decréaseé sié;ifigan;i;
with depth (Table 7) indicating unsaturated flow conditions prevailed
throughout the column and that flux would decrease with depth. Flux
(Figure 3) was calculated as the quantity of soil water that had passed
through each 5 cm increment of the unsaturated columns during the total
flux time (222 days).

The distance to wetting front was estimated for the unsaturated
columns by relating moisture levels f&und after leaching (Appendix
Table 20) to the initial volumetric moisture levei (Pv = 15.6%) which
was averaged from‘unused, unleached époil columns (Appendix Iable 21).
Similarly, initial Pv = 13.0% for topsoil és averaged from unused,-
unleached topsoil (Appendix Table 21).

For all spoil cblumns, the wetting ffont depths ére given in Téble
8. Treatment means for wetting front were 39.3, 44.7, 43.0,‘and 40.5 -
cm for distilled water, gypsum, galcium chloride, and\gyp+(NH4)ZSO4+A
CaClz, respectively. Treatment means were not significantly different
(Table 8) indicating that no leaching treatment was specifically advan-
tageous in increasing wetting front movement. Some of the differences
seen between treatment means may possibly be the resuit 6f using
undisturbed spoil columns‘which were not initially homogeneous with
respeét tp each other, This variability would affeét movement of the

wetting front. For comparison only, the distance traveled per treat-
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Table 8. ‘Depth (cm) to wetting front with unsaturated leaching.
) ¢

Treatment H)0 Gypsum CaCl, Gyp+(NH,),80,+CaCl, OXEZill
Replications
({spoil columns)
l.' 42.5 47.5 54,0 47.5
2 35.3  50.0  43.0 34.8
3 41.0  40.3  35.0 © 38.7
4 34,0 40.8 39.8 40.8
Treatment i ‘
means* 39.3 a 44:7 a 43.0 a 40,5 a 41,8

*Means followed by the same letter are not significantly different (.05).

Analysis of Variance

Source D.F. S.S. M.S. F-value Significant at 57?
Treatments 3 69,54 23.18 .61 no
Error 12 456,8 38.07

Total 15 526.3
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meﬁt for wetting front (Table 85 divided by the total time.allowea for
movement (222'days) gave water movement rates of 0.17, 0.20, 0.19, and
0.18 cm/day for distilled water, gypsum, calcium chloride, and gyﬁ+

. (NH S0,+CacCl,, respectiﬁely. All rates were similar and together
4 2 &

4)2
they indicated slow moisture flow which suggests a low unsaturated
permeability in spoil.

The attempt to collect leachate from unsaturated flow was unsuccess-
ful because no leachate was actually collected. 1In detérminiﬁg Fhe
diétance to wetting froﬁt fo? each spoil column, it was found that tﬁe
wetting front had not .passed through the entire column (Table 8). The
amount of moisture periodically collécted per column (Appendix Table
22) was generally less than 1 ml throughout the unsaturated leaching
period.. This was probably due to absorption of initial moisture either
in the vapor or liquid phase.

The amount of leaching solution applied to the spoil columns is
lis£ed in Table 9. The tops of the columns were maintained in the.
unsaturated state at approxiﬁately .08 bars by applying leaching solu-
tion whenever column tensiometers indicated the soil moisture tension
(matric suction) was greater than .08 bars. Cumulative infiltration
amounts for the total applying time (133 days) are indicated (Table 9).
Treatment means were not significantly different suggesting no measurable

infiltration differences as a result of leaching treatment. Based on

the quantity and concentration of leaching treatments applied, the




41

Table 9. Water applied (as ml and cm) to spoil columns receiving

various leaching treatments. o

Gyp+(NH,) SO, + :
H.0 caCl cac1? 2 4 Overall
2 Gypsum 2 -2 means

Treatment ml cm  ml cm  ml cm ml cm ml cm
Replications
(Spoil columns)

1 62.5 5.0 79.0 6.3 48.0 4.6 55.0 4.4

2 55.0 4.4 58.0 4.6 63.0 5.0 60.0 4.8

3 65.0 5.2 79.0 6.3 65.0 5.2 75.0 6.0

4 52.0 4.1 53.0 4.2 60.0 4.8 63.0 5.0
Treatment
means* 58.6a 4.7 67.3a 5.4 61.5a 4.9 63.3a 5.1 62.7 5.0

*Means followed by the same letter are not significantly different (.05).

Analysis of Variance

Source D.F. S.S. M.S. F-value Significant at 5%?
Treatments 3 156.2 52.06 .68 _ no

Error - 12 923.2 76.93

Total 15 1079.4
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amounts of Ca added were 0, 2.0, 3.8, and 1.8 meq for distilleq Wé;ér?

i [T

T B I

gypsum, calcium chloride, apd gyp+(NH4)2504+CaC12, respecfively. qAn
equal amount of exchangeable sodium could be displaced. |
Moisture curves after unsaturéfed 1éaching and flux fof the foﬁ—
soil columns are shown in Figure 4. The wetting front distance was
estimated from these moisture curves as 45.6, 51.5, 47.8, and 47.7 cm

for distilled water, gypsum, calcium chloride, and gyp+(NH 804+CaCl

4)2
respectively. As with the spoill, little or no leachate was collected

2’

(Appendix Table 22). Gypsum had the greater wetting front depth,
however, there were no replications in topsoil columné to permit
statistical analysis. As a group, moisture curves were similar and
wetting front movement averaged 48.2 cm. This is greater thén tﬁe
average wetting front distance found with spoil (41.8 cm). Comparative
rates (averages) of moisture flow are 0.22 cm/day for topsbil and 0.19
cm/day for spoil. This indicated a slightly greater permeabilit& for
topsoil. The leaching treatments added were 5.8, 6.7, 6.9, and 6.8 cm
for distilled water, gypsum, calcium chloride, and gyp+(NH4)ZSO4+CaC12,
respectively. The average, 6.6 cm, for ‘topsoil indicated a greater
cumulative infiltration over spoil (Table 9) which would suggest a

greater infiltration for topsoil compared to spoil. This resulted in a

greater flux for topsoil than for spoil.
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FLUX } (CM)
VOLUMETRIC e GYPSUM+
WATER CONTENT (%) GYP- (NH4)2 504 +
10 20 30 40 HZO SUM ICoCI2 COC!2
O 1 1 1 T
N7 51 |58 | 62 | 54
3° 427 50 | 54 47
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Figure 4. Volumetric water content and unsaturated flux (for 222 days)
for the topsoil columns.
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Saturated Flow Using Undisturbed Columns

Only 4 of the 10 columns studied conducted flow through the entire
coluﬁn léngth resulting in a leachate sample. The saturated hydraulic
conductivity, K, was then able to be measured in these qolumhs. The
other six columns failed to conduct flow through the entire column
length. These four columns were two topsoil colgmns and two of the'four
spoil columns tfeated with gypsum'solution._ Applying distilled water
-to spoil columns wasnnot successful in pfoducing filow. Both topsoil
columns were permeable to saturated flow.

Figure 5 illustrates K as a function of time for the permeable
columns. In the topsoil columns, gypsum increased K (2.9 cm/day
average) over that of distilled water (0.2 cm/day average). K.values
for topsoil ranged ffoﬁ 3.7 ecm/day to 0.2 cm/day and were more fre-
quently higher than those for spoil which fanged from 0.3 cm/day to -
0.01 cm/day. This woﬁld suggest that topsoil was more permeable than
spoil.,

Permeability may have been influenced by swelling and/or dispersion
or through tﬁe presence of impermeable réck layers. Swelling was
observed in most of the columns. Sodic conditions (Table 3) and medium
to high levels of smectite (Table 6) in the spoil indicaté that swelling
can occur. Though it is harder to.observe, the plugging of soil pores

by dispersed soil particles was possibie. Swelling and/or diépersion




Figure 5.
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can explain why leaching with only distilled water was nop‘sqgcessful
in spoil. The presence of sandstones, siltstoneé, shaleé,:anaxédéi
fragments in spoil columns also may have had some infiuence upon per-
meability since they were found in sizes aﬁd in such positions that

could plug a column.

Salt Movement with Unsaturated Fiow

Very little salt was actually added by the leaching treagments to
the spoil. Based on the amount of leaching solution retained in the
surface 20 cm and its concentration, distilled water, gypsum, calcium
chloride, and gyp+(NH4)2804+CaCl2 contribu?ed 0, 2.8, 5.2, and 2.5 ber;
cent of the total salt measured in the surface 20 cm of Figure 6'(EC),‘
respectively.

Nothing can be said for general salt movement kfigure 6, EC).
Based on the surface 20 cm, no significant effect of treatments for
elgctrical conductivity, or soluble Ca and Mg, were found (Table 10).
However, all leaching treatments resulted iﬁ significant downward move-
ment of dissolved Na in spoil for the first 10 cm (Tﬁble 10) and soﬁe
mdvement in the next 10 cm (Figure 6). This movement occurred under
slow unsaturated moisture flow. There is no evidence forvany upward
migfation of Na. However, it is possible that there was some diffusion
upward since water moved to 40 cm while Na moved only out of the top

20 em. But it is generally found that the solute front will lag behind





































































































































































































































