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WATER HARVESTING: SOIL/WATER IMPACTS
OF SALT TREATMENT

by

Albert H. Todd
USDA, Tahoe National Forest
Nevada City, California

ABSTRACT

The responses of mined -land and natural soil materials to additions of various
salt solutions in irrigation water from water harvesting were evaluated by an exper-
imental soil column study. A pilot water harvesting agrisystem on the Black Mesa in
northeastern Arizona was the source of data and soil materials used in the study. A
salt leaching simulation model provided predictions for comparison to the experimental
results. In general, Na, Ca, and Mg were all easily leached from both soil materials,
with higher concentrations yielded from the minespoil. When sodium was applied in
solution, the minespoil accumulated 20% of the amount applied in the upper 10 cm of
the soil column, while the natural soil retained 50% in the upper 25 cm. In addition,
the natural soil retained 60% of the Ca applied in solution. The simulation model
produced good results for Na but only fair prediction of Ca and Mg. A discussion of
the experimental conclusions'applicability to field conditions, the difficulties of
the salt leaching model, and recommendations for further research is given.

INTRODUCTION

The future of large -scale surface mining of coal has been ensured by ever- increas-
ing worldwide energy demands. In the western United States, surface mining activities
are relatively new, but have been rapidly accelerating. The largest mining operation
in Arizona is the Peabody mines on the Indian lands of the Black Mesa. These mines
have a projected life of at least 30 years with production goals of 400 acres annually
(Verma and Thames, 1975). Current legislation has established strict regulation of
mining operations and extensive reclamation as a major concern. Today, mined lands
must be recontoured and revegetated, leaving them in a condition similar or superior
to the surrounding landscape. The reclamation of mined lands in the Southwest has pre-
sented some unique problems. In these arid and semi -arid climates, water is the limit-
ing factor to meeting the requirements of the strip mine regulations. Reclaiming the
land, even to its previous premining use, is costly and often unpredictable. A recla-
mation technique having a greater assurance of success depends upon better utilization
of available moisture. Various techniques of increasing soil moisture such as surface
manipulation, mulching, topsoiling, condensation traps, etc., have been tested. The
success of these activities, however, is dependent upon a naturally- occurring moisture
supply and sensitive to variable climatic conditions that are often critically limiting.

Water harvesting can offer a practical method of increasing severalfold, the
amount of water available for plant growth under arid conditions. A water harvesting
system has the added advantage of water storage for use in critical periods when natur-
al precipitation is insufficient. Although the concept is not new, the practice has
seldom been used in reclaiming minespoils. When properly regraded, the bare soil that
remains following surface mining can serve as an excellent water catchment. In addi-
tion, numerous methods are available for improving runoff efficiency. Of these, salt
treatment is by far the simplest and least costly treatment for use in reclamation.
Sodium salts, when added to and mixed into the surface layer of soil, reduce perme-
ability of the soil by the processes of wetting and clay dispersion. Sodium chloride
is very inexpensive and easily obtained in large quantities in most areas. Harvested
water used for irrigating various crops on mined -land could provide economic and
social benefits that may be a better use of this land. Water harvesting adds greater
flexibility to reclamation alternatives and is feasible, to some degree, on all sites
no matter how arid the climate (fluff and Dutt, 1975).
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In 1978, the Bureau of Mines approved and funded a project to investigate the
feasibility of water harvesting techniques as an alternative to more traditional
methods of reclaiming coal -stripped lands. One portion of the project was the devel-
opment and test of a prototype system at the Black Mesa to develop surface runoff from
disturbed lands for agricultural use. During 1978 -79, researchers at the University
of Arizona designed and constructed a water harvesting agrisystem. This development
made possible the research contained in this report. Using soil samples and water
quality information from the site, an experimental study was designed to investigate
the potential impacts of salt treatment on the quality of harvested water and the soil
characteristics when irrigated, of mined -land and natural soil materials.

STUDY METHODS

THE STUDY AREA

The Black Mesa is located on the Navajo Indian Reservation in northeastern
Arizona. It is a massive, moderately dissected highland covering over 2500 square
miles. Vegetation on the Mesa is dominated by pinyon and juniper at the higher ele-
vations grading to big sagebrush and grasses at the lower levels. The climate is dry

and harsh. Average precipitation is 12 inches annually with extreme variability typ-
ical of arid regions. Low relative humidities and strong winds accompanied by warm
temperatures result in a high evaporation rate. Current land use on the Black Mesa is
primarily grazing of sheep, goats, and cattle. Several strip mines are presently

operating. Reclamation plans usually call for recontouring the spoils material to
pre -mining conditions, topsoiling, and revegetating with range plants to maintain

grazing as the principle post -mining use. Success at revegetation has been fair.

At the water harvesting site, approximately 40 acres of spoils were regraded to

form a catchment area, three small storage reservoirs, and several field plots.

Figure 1 illustrates the design plan. In 1978 NaCl was applied at a rate of 5 tons/

acre to the 15 acre catchment area followed by light raking and compaction. Plans

were made to convert this cathment to a fiberglass- asphaltic surface the following

year and to develop an additional 25 acres of salt- treated runoff -producing land.
Presently, the water harvesting system is being tested for its ability to collect,
store, and distribute sufficient water for flood and /or sprinkler irrigation of agri-

cultural, cash, and forage crops.

SOILS

Potential
catchment

area

Figure 1. Schematic diagram of the Black Mesa water harvesting
agrisystem (from Van der Puy, 1979).

Natural soils on the Black Mesa are poorly developed and severely eroded. Poor

vegetative cover resulting from overgrazing has left the soil low in plant nutrients

and organic matter. Samples of natural soil used in the experiment were collected in
undisturbed (no mining or construction) areas surrounding the water harvesting site.

Reclaimed overburden material consists of shale, sandstone, siltstone, and mudstone
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which has been crushed, mixed, and regraded. The soils that remain are fine -textured,
structureless, practically unweathered and contain little or no organic material.
Spoils at the study site were less than three years old and ranged from 30 to 80 feet
in depth. Minespoil samples were collected from both agricultural terraces and the
orchard area of the water harvesting site.

Methods for the preparation of representative composite samples are discussed by
Todd (1979). Physical and chemical properties of mined -land and natural soils are
given in Table 1.

Table 1. Physical and chemical characteristics of Black Mesa mined -land and natural
soils.

Soil Texture pH ECx103 CEC ESP TSS Na Ca Mg CO3 SO
4(mmhos /cm)(meq /l00g)( %)(mg /1) meq /1

Minespoil sandy clay loam 7.28 2.90 20.46 2.15 2032 6.3 25.62 10.0 8.1 44.7
56.7% sand
24.9% silt
22.4% clay

Natural Soil clay loam 7.80 0.43 21.70 2.58 298 4.91 13.6 3.54 11.3 1.1
36.9% sand
41.3% silt
21.9% clay

EXPERIMENTAL DESIGN

The introduction of irrigation from water harvesting operations on coal -mined
lands provides a change in hydrologic regime as well as a route for addition of sol-
uble salts to the soil. These situations are unnatural and as yet their relations to
minespoil development and reclamation practices are either unknown or not well estab-
lished. It has been suggested that natural topsoil be stockpiled during mining activ-
ities to serve as a growing medium following reclamation. In many areas this process
is required by law. It is uncertain in arid areas, that this would necessarily be a
better soil for irrigation. For this reason, the study of minespoil irrigation is
important especially when correlated with chemical and physical interactions with the
soil. It is well known that a close relationship exists between the hydrologic
processes occurring in the soil- moisture zone and the movement, leaching, and accumu-
lation of salts dissolved in the water or bound to the soil particles (Kovacs, 1977).

The salt hazard involved in the use of a water for irrigation is determined, in
part, by the absolute and relative contributions of the principal cations, sodium,
calcium, and magnesium. It is clear that irrigation water after entering the soil
becomes more concentrated with regard to salts without change in relative composition.
As presented in Table 2, runoff from untreated natural and mined -land soils contain
moderate amounts of soluble salts.

Table 2. Water quality analysis, natural and
mined watersheds, Black Mesa, Arizona.

Runoff water TSS Na Ca Mg Cl SO4 003 SAR
mg /1

Natural 177 21 24 3.6 3 65 80 .11

Mined 310 22 41 13.2 3 100 129 1.02

from Verma and Thames, 1975.

To evaluate the exchange and transport capacity for various salt ions of the
minespoil and natural topsoil, a soil column study was designed. The use of soil
columns provides the researcher with the ability to isolate soil- water -solute rela-
tionships directly in the laboratory for interpolation to field conditions.
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PROCEDURES

Soil columns with leaching lengths of 45, 30, and 15 cm were constructed of
Plexiglas tubes with 10 cm inside diameters. Outlets were provided at the bottom
such that water could flow out without contracting its path. Plastic tubing attached
to each outlet allowed for adjustment in the height of the outlets. Layers of glass
wool and glass cloth at the bottom of each column prevented soil losses through leach-
ing. Leaching solutions chosen for the experiment were 6.5 meq /1 Na (as NaCl), 2,0
meq /1 Ca (as CaC12), and 0.8 meq /1 Mg (as MgC12). Solution was allowed to pass
through the soil column continuously. By changing the gradient through adjusting the
level of the outlets, the rate of flow is kept constant (i.e., one pore volume dis-
placement per 24 hours). A total of four pore volumes of solution was passed through
each soil column per run. Leachate was removed and sampled in spore volumes or every
12 hours. An initial run using distilled water served as a control. This was follow-
ed by repititions of the salt solutions for three columns each of the minespoil and
natural soil. Columns were repacked with new soil materials following each treatment.
Soil columns were packed to a field bulk density of 1.20 -1.30 g /cm3 and 1.25 -1.35g /cm3
for the natural soil and minespoil, respectively.

Chemical analysis of leachates and soils. Immediately following removal of the
leachates, the volume was recorded and the pH and EC determined using a standard glass
electrode pH meter and conductivity cell and bridge, respectively. About 1 ml of
leachate was diluted l0X and .5 ml of 1000 ppm pure cesium chloride solution was added
to facilitate analysis. The amount of the cations Na, Ca, and Mg was determined by
atomic absorption spectroscopy (U.S. Environmental Protection Agency, 1971). To study
ion layering and accumulation, soil samples were also analyzed. At the completion of
each treatment, soil was removed from the columns in 5 cm increments of depth. The

samples were then dried. Determination of exchangeable Na, Ca, and Mg was obtained
from ammonium acetate extraction (U.S. Salinity Laboratory Staff, 1954).

RESULTS AND DISCUSSION

It would be difficult to present the complete results of this comprehensive
investigation. This information is available elsewhere (Todd, 1979). Only a summary
of the more pertinent findings of the study will be presented here.

IMPACTS ON WATER QUALITY

Samples of harvested water at the study site were taken from the collection
system as well as the storage reservoirs during the first year of operation. Most of
the salt applied to the catchment area to induce runoff, remained in the surface layer
of soil. Water samples of the first storm runoff following treatment indicated con-
centrations as high as 1600 mg /1 Na. Concentrations of total soluble salts in runoff
three weeks following salt treatment were as high as 4300 mg /l, indicating some
initial release. These initial concentrations quickly declined; however, small
amounts of salts appeared to be continually released for some time. Although diluted,
these salts are retained in the storage reservoirs and a percentage will be conveyed
'to the irrigated soils. Continued additions in conjunction with evaporative water
losses will tend to increase salt concentrations over time. Table 3 gives a summary
of sample measurements of storage ponds on the water harvesting site. Pond water
represents storage of 1 years runoff from the salt- treated catchment.

Table 3. Water quality analysis of water harvesting site
storage ponds.

Site ECx103 SAR TSS Na Ca Mg Cl SO4 HCO3
(mmhos/cm) mg/1

upper #1 0.64 1.69 361 55 38 1.35 44 94.5 112

middle #2 0.96 7.92 607 174 12.5 3.50 122 30 210

lower M3 0.46 0.78 363 22 20 5 19 14.5 102
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IMPACTS ON SOIL QUALITY

The soluble salts accumulated or removed from the system were evaluated on the
basis of the cation concentrations and EC of the leachates and post- treatment soils.
In general, large amounts of all ions measured were removed from the columns when
leached with the solutions tested. In addition, for all cases, the the total ions
leached from the natural soil were significantly lower than for the minespoil. Most
significant was the accumulation of sodium salts. When sodium was applied in solu-
tion, the minespoil retained twenty percent of the amount applied while the natural
soil retained almost fifty percent. Analysis of post- treatment soils indicated sodium
accumulation in the upper 10 cm of the minespoil and the upper 25 cm of the natural
soil. These results are presented in Figure 2. When calcium was applied in solution,
more Ca was removed from the minespoil than was added. The natural soil, on the other
hand, retained more than sixty percent of the calcium applied. Leaching with a
magnesium solution produced results similar to the control run. It was found that the
length of the soil columns had no significant effect on the results.
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Figure 2. Analysis of ion concentrations in soil samples following treatment with
a sodium solution.

CHEMICAL THERMODYNAMICS

Thermodynamics describes the direction of reactions whereas kinetics considers
the rates and mechanisms of reactions. A computer program developed by Dutt, Terkel -
toub, and Rauschkolb (1972) was adapted to simulate the experimental study. This
model incorporated the principles of chemical thermodynamic and equilibrium and ion-
exchange functions to predict salt movement. Theoretical basis and program operation
may be found in Todd (1979). Comparisons of experimental and theoretical results in-
dicated good prediction of sodium but that the model encountered difficulties with the
prediction of calcium and magnesium. Inconsistencies in both the experimental and
simulated data were made evident by calculation of the salt balance for each test run.
Problems with the Ca and Mg ions were attributed to the interference of carbonates and
sulfates in the laboratory analysis of samples and the inability of the simulation
model to deal with carbonate precipitation in the soil.

CHEMICAL KINETICS

Plots of the milliequivalents of ions leached per unit weight of soil per time
were made using the data from all three column sizes. Good fits to the linear rela-
tionship of first order reactions were found for all cases. The slopes of these lines
are the reaction rate coefficients, k, and have units of concentration (meq /100 grams
of soil) per time (hours). Table 4 lists the calculated values of k.
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Table 4. Reaction rate coefficients for experimental treatments.

Soil
Treatment
applied kNa kCa kMg

Minespoil Distlled H00 -0.014475 -0.005032 -0.002974
6.5 meq/1 a +0.002308 -0.006962 -0.005105
2.0 meq/1 Ca -0.014368 -0.005378 -0.005349
0.8 meq/1 Mg -0.017628 -0.001221 -0.008721

Natural Soil Distilled H20 -0.007167 -0.005208 -0.002180
6.5 meq/1 Na +0.004942 -0.002110 -0.001105
2.0 meq/1 Ca -0.014323 +0.003721 -0.003663
0.8 meq/1 Mg -0.006545 -0.002026 +0.001453

The application of these coefficients provides a means for obtaining rough approx-
imations of conditions pursuant to irrigation of the soils in question. Changes in
the salt status of the soil would be determined by the following equation:

2.0736 kT (Wt) = + meq of salt

where k is the reaction rate coefficient for a given ion, T is the time in days of
irrigation, Wt is the weight in 100 grams of a given volume of soil in cubic feet, and
2.0736 is a conversion constant.

CONCLUSIONS

The results of laboratory research cannot be applied directly to making conclu-
sions about field conditions. Under normal flood irrigation the amount of water
applied to the soil materials would be somewhat less than the volume used in the ex-
perimental study. Soil columns were continually maintained near saturation for the
duration of the tests. In the field, these conditions might be quite different.
Irrigated soils would be subjected to periods of wetting and drying, thus causing the
magnitude and types of hydrologic functions occurring to fluctuate.

The following conclusions are based on the assumption that' adequate drainage is
available in the field. This research indicates that overall, the probability is
small that a salt problem will result from irrigation of these soils. Accumulation
of excessive amounts of sodium in these soils would develop only if high concentra-
tions of this ion were applied for long periods of time. It is unknown whether the
retention of small amounts of sodium in these fine -textured soils wouls result in .

any significant degree of dispersion and thus decrease both permeability and plant
growth. The addition of small amounts of calcium would further displace some of the
sodium present. It is not recommended that natural topsoil be applied to irrigated
areas for improvement of the growing medium due to its greater afinity for soluble
salt accumulation. Accumulation of calcium is only rarely a problem. Where evapor-
ation rates and available carbonates are high, a process similar to accelerated ca-
liche formation and soil bonding may occur. This limits both infiltration and plant
growth. Observations of both soils, when saturated, indicate that aeration may be a
major problem and mulching or artificial drainage may be required for successful
irrigation.

From examination of the effluent samples from all tests, it is presumed that
increases in the salinity of ground water supplies as a result of irrigation of these
soils would not occur over time. This conclusion is further reinforced by the belief
that in the field situation on the Black Mesa, drainage of irrigation water will not
even be accessible to ground water suprlies. It is unknown at this time whether
waterlogging of the sabsurfaco possible after some period of irrigation.
Considering the latter' case t:, b-: t'ru.., striificeri conclusions c,erld not be made from
this study alone. It is the opinion of the author that if water in the field is not
cached beyond the depth used in the lnr:7e soil _ol amps experimentally, the possibility

o,f salt problems will be increase I. This orn lit ion would be further compounded by
,.oriel;; uf drying in the profile.

Further research might include the testing of waters containing all three ions
and variations in sodium concentration. It is further suggested that experimental
time be extended to allow passage of a greater number of pore volumes or permit per-
iodic wetting and drying of the soil.

168



REFERENCES CITED

Cluff, C.B., and G.R. Dutt. 1975. Economic water harvesting systems for increasing
water supply in arid lands. In: Watershed management in arid zones, a short
course. Agency for International Development, Saltillo, Mexico. The University
of Arizona.

Dutt, G.R., R.W. Terkeltoub, and R.S. Rauschkolb. 1972. Prediction of gypsum and
leaching requirements for sodium affected soils. Soil Science 164: 93 -103.

Kovacs, F. 1977. Changes in hydrological processes. In: E. B. Worthington (ed.)
Arid land irrigation in developing countries. Pergamon Press, Oxford, UK.

Todd, A.H. 1979. The exchange, displacement, and redistribution of salts in mined -
land and natural soil materials. Master's thesis. The University of Arizona,
Tucson, Arizona. l08 pages.

U.S. Environmental Protection Agency. 1971. Methods for chemical analysis of water
and wastes. EPA Water Quality Office, Analytical Quality Control Laboratory,
Cincinnati, Ohio.

U.S. Salinity Laboratory Staff. 1954. In: L.A. Richards (ed.) Diagnosis and im-
provement of saline and alkali soils. Agricultural Handbook No. 60. USDA,
U.S. Government Printing Office, Washington, D.C.

Van der Puy, M.E. 1979. Feasibility of a water harvesting agrisystem on coal -
stripped land in Arizona. Master's professional paper. The University of
Arizona, Tucson, Arizona. 65 pages.

Verma, T.R., and J.L. Thames. 1975. Rehabilitation of land disturbed by surface
mining of coal in Arizona. Journal of Soil and Water Conservation, Vol. 30(3):
129 -131.

169


