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ABSTRACT
Increasing demands for high quality water by municipal and industrial users can no longer be met
with development ofnew water supplies in the western U.S. These demands are occurring at the
same time that there are increasing constraints on discharge of drainage waters. Environmental
concern and regulation of off site impact of drainage water is presently a major constraint to
sustainable irrigation systems. If irrigated agriculture in the western U.S. is to maintain its
important role in food production, agriculture will have to utilize lower quality water for
irrigation, including reuse of drainage water, use of treated municipal waste waters and
development of brackish waters presently considered undesirable for irrigation.
At present the actual impact ofsalinity on agricultural production in the U.S. is not well
known. It is estimated that 20-30% ofall irrigated lands are impacted by salinity, but this is based
on very limited data. The causes of salinity problems in the U.S. are varied, ranging from the
presence of saline geologic formations, such as the shales of Colorado and Utah, presence of
saline ground water in the upper Great Plains (Dakotas, and north western Colorado) and
irrigated areas with either insufficient drainage or non- optimum water management. The large
Central Valley of California saw a large increase in irrigated acreage in the 1950's through the
1970's. Initial reclamation was successful, however the long term needs for drainage have not
been met and thus the long term viability of irrigated agriculture in the valley is presently
questioned. In these regions as well as in the dryland areas ofthe Great Northern Plains, salinity
problems have been aggravated by excessive rather than insufficient irrigation or infiltration. In
the lower Colorado River Basin the problems are related to non-uniformity ofwater infiltration,
which is only partially caused by insufficient drainage.
Increased use of low quality water and implementation of drainage water reuse will
require not only improved water management but also application ofperiodic salinity monitoring
and prediction of the impact of management changes on salinity, crop production and soil
physical properties. Until recently rapid salinity monitoring equipment was not available, thus
it was not practical to monitor salinity changes either through a cropping season or through a
cropping sequence. New advances make it possible to obtain detailed information rapidly and at
low cost. Generalized water quality criteria are not adequate for predicting site specific needs
based on local climate, soils, growing season, crop, irrigation practices etc. Changes in
management practices, such as cyclic reuse ofdrainage water or supplemental irrigation with low
quality waters can now be evaluated using process- based computer models that consider the
dynamics of water flow including irrigation amounts and timing, crop water requirements, and
sensitivity to water and salt stress, and solution chemistry including cation exchange, mineral
precipitation/dissolution and the effects ofchemistry on soil physical properties.
Additional information is needed to predict the sensitivity ofcrops to salinity at various
stages of growth. Incorporation of irrigation infiltration models into the root zone simulation
models would allow for a more comprehensive evaluation of the options available to the
producer. New management practices are needed for minimizing the adverse impact ofdrainage
return flows including toxic anions as well as management practices for reuse ofsaline drainage
waters.
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IRRIGATION AND SALINITY-EXTENT OF THE PROBLEM
The total acreage of land in agricultural production in the U.S. was calculated at 390 million
hectares in 1987 with 115 million hectares being harvested croplands (Bajwa et aI.,1992).
Irrigated agricultural land in turn consisted of 14.8% of the harvested cropland (National
Research Council, 1996). Total agricultural acreage in the U.S. has remained relatively constant
in the past few decades, with gains in total production being ascribed to increased productivity
per acre. Increased productivity is due to increased use offertilizers, increased pest management,
improved crop varieties with increased yield and disease- resistant traits and increased use of
irrigation. It appears unlikely that there will be further dramatic improvements in fertility or pest
management and increased productivity with new varieties is uncertain.
A disproportionate amount ofthe value offood production is generated by irrigated land.
Bajwa et ai. (1992) estimated that irrigated lands comprised about 15 % ofthe harvested cropland
in the U.S. (About 20.6 million hectares in 1992) and produced about 38 % ofthe total cropland
value. Irrigated lands produce an even higher percentage of the food production consumed by
humans. The high value from irrigated lands is attributed to the higher value of irrigated crops,
as well as the capacity for multiple cropping in the southwestern U.S., where most ofthe irrigated
land is located. Total irrigated acreage in the U.S. increased rapidly in the 1970's but there has
been no net increase since 1981. Presently the 17 western states and Arkansas, Louisiana, and
Florida account for 91 % of the total irrigated acreage. There is potential to increase irrigation
use in the eastern U.S., but farm prices have not been sufficient to allow for the economic
development of the needed infrastructure (including artificial drainage systems).
Due to increasing and competing water demands by an expanding population, increased
industrial needs, as well as increased environmental restrictions, the amount ofhigh quality water
available to agriculture will decline. As shown in Figure 1, irrigation water use in the U.S. has
increased slightly since 1950, but industrial water use has increased dramatically. There is no
possibility for increased diversion ofsurface waters for irrigation in the western U.S., since most
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Figure 1
Irrigation and industrial water use in the U.S. for the years 1950 to 1989. Data taken from
National Research Council, 1989
river resources are over-allocated. It is estimated that the amount of additional waster required

respectively, the optimal CO2 production by the soil microorganisms or plant roots for the whole
soil profile at 20°C under optimal water, solute and soil CO2 concentration conditions [UL-2i l ]_
The individual reduction functions are given in Simunek and Suarez (1993) and the discussion
of selection of the values for optimal production as well as coefficients for the reduction
functions is given in Suarez and Simunek (1993).
Carbon Dioxide Transport
Gas transport in the unsaturated zone includes three general transport mechanisms
(Massmann and Farrier, 1992): Knudsen diffusion, multicomponent molecular diffusion and
viscous flow. However, Massmann and Farrier (1992) showed that gas fluxes in the unsaturated
zone can satisfactorily be simulated using the single-component transport equation, neglecting
Knudsen diffusion, as long as the gas permeability ofthe media is greater than about 10- 10 cm2•
They also showed that CO2 concentrations and fluxes can be described by Fick's law to within
5% accuracy.
The one-dimensional carbon dioxide transport model presented by Simunek and Suarez
(I 993a), assumed that CO2 transport in the unsaturated zone occurs in both the liquid and gas
phases. The CO2 concentration in the soil is governed by convective transport in the aqueous
phase and diffusive transport in both gas and aqueous phases, and by CO 2 production and/or
removal. The one-dimensional CO2 transport is described by the following equation:
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where J da is the CO2 flux caused by diffusion in the gas phase [Lil], J dw the CO2 flux caused by
dispersion in the dissolved phase [Lil], Jca the CO2 flux caused by convection in the gas phase
[Lil], and J cw the CO2 flux caused by convection in the dissolved phase [Lil). The term cT is
the total volumetric concentration ofCO2 [UL-3 ] and P is the CO2 production/sink term [L3L- 3i
I]. The term SCw represents the aqueous CO2 removed from the soil by roots water uptake.
Substituting expressions for the fluxes into (22) we obtain
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where Cw and Ca are the volumetric concentrations of CO2 in the dissolved phase and gas phase
[UL-3], respectively, Da is the effective soil matrix diffusion coefficient of CO2 in the gas phase
[L2 i l ], Dw is the effective soil matrix dispersion coefficient ofCO2 in the dissolved phase [L2 i 1],
qu is the soil air flux [Lil], q", is the soil water flux [Lit] and (Ja is the volumetric air content
[L3L-3]. The total CO2 concentration, CT [L3L- 3], is defined as the sum of CO2 in the gas and
dissolved phases

(24)

The total aqueous phase CO2, cW ' is defined as the sum ofC02(aq) and H2C03 , and is related to
the CO2 concentration in the gas phase by
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(25)

where KH is the Henry's Law constant, R is the universal gas constant and T is the absolute
temperature [K]. Aqueous carbon also exists in the form of HC03', C032- and other complexed
species, such as CaC03°, and these species should be included in the definition of CWo
Substituting into (23) gives
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where Rfis the CO2 retardation factor [-], DE is the effective dispersion coefficient for the CO2
in the soil matrix [L211], qE is the effective velocity ofCO2 [L11], s" is the CO2uptake rate [11]
associated with root water uptake and fJa is the volumetric air content [L3L'3].
Under most conditions, the compressibility of the air can be neglected. Then, with the
assumption that the air flux is zero at the lower soil boundary and that the water volume changes
in the soil profile caused by the water flow must be immediately matched by the corresponding
changes in the gas volume, Simunek and Suarez (1993) obtained
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This assumption seems to be reasonable, since when water leaves the soil system due to
evaporation and root water uptake, air enters the soil at the surface and, vice versa, when water
enters the soil during precipitatiop. and irrigation events, soil air is escaping. Only in the case of
saturation (typically at the soil surface) does the condition arise that air can not escape and is
compressed under the wetting front.
Chemical Routines
Transport
The governing equation for one-dimensional advective-dispersive chemical transport under
transient flow conditions in partially saturated porous media is taken as (Suarez and Simunek,
1996)
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where Cn is the total dissolved concentration of the aqueous component i [ML'3], Ti is the total
adsorbed or exchangeable concentration of the aqueous component i [MM'!], eTi is the non
adsorbed solid phase concentration of aqueous component i [MM- l], p is the bulk density of the
soil[ML-3 ], D is the dispersion coefficient [L21l], q is the volumetric flux [Lll], and n. is the
number of aqueous components. The second and third terms on the left side ofequation (28) are
zero for components that do not undergo ion exchange, adsorption or precipitation/dissolution.
~~-

The coefficient D is the sum of the diffusion and dispersion components
where r is the tortuosity factor [-], Dm is the coefficient of molecular diffusion [Ur'], and A. is
the dispersivity [L]. This representation is a relatively simplified treatment of the diffusion
process.

Solution Species
The FAO and UNSATCHEM (Suarez and Simunek, 1996) models include equilibrium
chemistry for the aqueous species and either equilibrium or kinetic expressions for the solid
phase controls. Seven major aqueous components, consisting of Ca, Mg, Na, K, S04' CI, and
alkalinity are defined, along with S04' C03 , and HC03 complexes. The reactions in the CO 2-H2 0
system and complexation reactions for major ions have been described in numerous publications.
Calcite and gypsum
The equilibrium condition of a solution with calcite in the presence of CO2 is described by the
expressIOn
(30)

where parenthesis denote activities, and KC02 is the Henry's law constant for the solubility ofCO 2
in water, Ka, and Ka2 are the first and second dissociation constants of carbonic acid in water,
and Ksp C is the solubility product for calcite. To obtain equilibrium, i.e., when the ion activity
product (lAP) is equal to the solubility product Ksp we solve the following third order equation

(31)

The equilibrium condition has been shown to not be valid for soil systems due to
poisoning of crystal surface by dissolved organic matter, thus the FAO model uses an apparent
K that corresponds to the point at which no further nucleation occurs. The UNSATCHEM model
uses a kinetic option (Lebron and Suarez, 1996) that considers the effects of dissolved organic
carbon both on crystal growth and heterogeneous nucleation. The combined rate expression is
given by
(32)
where RT is the total precipitation rate, expressed in mmol L-'s-', RCG is the precipitation rate
related to crystal growth, and RHN is the precipitation rate due to heterogeneous nucleation. The
RCG term is given by
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where s is the calcite surface area, kCG is the precipitation rate constant due to crystal growth, and
DOC is the dissolved organic carbon in mmol L-'. The RHN term is given by

RHN

= kHNf(SA) (logn - 2.S)(3.37x 10-4 DOC -1.14)

(34)

where kHN is the precipitation rate constant due to heterogeneous nucleation,/(SA) is a function
ofthe surface area ofthe particles (e.g. clay) upon which heterogeneous nucleation occurs (= 1.0
ifno solid phase is present), n is the calcite saturation value, and 2.5 is the n value above which
heterogeneous nucleation can occur. The presence ofcalcite (varying surface area) does not affect
the calcite precipitation rate when DOC is 2: 0.10 mM
Precipitation/dissolution ofgypsum is described by. Equilibrium is obtained by solving
the resultant quadratic equation.

lAP
(35)

Magnesium precipitation
The model considers that Mg precipitation can occur as a carbonate (either nesquehonite
or hydromagnesite), or as a silicate (sepiolite). Dolomite precipitation is not considered, as true
dolomite appears to very rarely form in soil environments. The dissolution rate of dolomite is
very slow, especially as the solution lAP values approach within 2-3 orders of magnitude of the
solubility product. If nesquehonite or hydromagnesite saturation is reached, the model will
precipitate the predicted Mg carbonate. The model allows precipitation of a mixed precipitate
(calcite+magnesium carbonate) under conditions ofapproximately three orders ofsupersaturation
with respect to dolomite. This result is consistent with the high levels of dolomite
supersaturation maintained in high Mg waters (Suarez, unpublished data). Precipitation (or
dissolution, if present in the soil) of sepiolite is also considered by the model. Sepiolite will
readily precipitate into a solid with a Ks/ greater than that of well crystallized sepiolite.
Formation of this mineral requires high pH, high Mg concentrations and low CO2 partial
pressure. We utilize the precipitated sepiolite solubility value rather than the well crystallized
equilibrium value.
Relatively little information exists on the controls on Si concentrations in soil waters,
especially in arid zones. In soil systems Si concentrations are controlled by dissolution and
precipitation ofaluminosilicates and Si adsorption onto oxides and aluminosilicates. As a result
of these reactions Si concentrations in soil solution follow a U shaped curve with pH, similar to
Al oxide solubility with a Si minimum around pH 8.5 (Suarez 1977b).
There are two options in UNSATCHEM to predict Si concentrations in solution. In arid
land soils it is assumed that Si in solution is a simple function of pH, fitted to data from 8 arid
land soils reacted at various pHs for two weeks by Suarez (I977b), as follows
1:Si02

0.001 (6.34 - 1.43pH

+

0.0819pH2)

(36)

where Si0 2 is the sum ofall silica species expressed in mol L'l. This relationship likely provides
only a rough estimate of8i concentrations, but we consider it acceptable because it is used only
to restrain Mg concentrations at high levels of evapotranspiration, when Mg concentrations
become very high at low CO2 and elevated pH. An additional option is to consider the 8i
concentration to be controlled by inputs from mineral weathering and concentrated only by
processes ofevapotranspiration. In this case UN8ATCHEM utilizes kinetic expressions for the
weathering of selected silicate minerals.
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Cation Exchange
Cation exchange is generally the dominant chemical process for the major cations in solution in
the unsaturated zone. Generally cation exchange is treated with a Gapon-type expression ofthe
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form (White and Zelazny, 1986)
where y, and x, are the respective valences of species i, andj and the overscored concentrations
are those of the exchanger phase (concentration expressed in molckg l ). It is assumed that the
cation exchange capacity C r is constant.
Existing chemical models require either input of a soil specific selectivity value or use
a generalized value for the selectivity coefficient. We observe that the experimentally determined
selectivity values are not constant, nor is the cation exchange capacity which varies as a function
of pH, due to variable charge materials such as organic matter. It has been observed that soils
have an increased preference for Ca2+ over Na+, and Ca2+ over Mg2+, at low levels of exchanger
phase Ca2+. Suarez and Wood (1993) developed a mixing model which is able to approximate
the nonconstant values ofthe soil selectivity coefficient by taking into account the organic matter
content ofthe soil and using the published constant selectivity values for clay and organic matter.
Calcium preference decreases as the organic matter exchanger sites (which have higher Ca
preference than clays) become Ca saturated. UNSATCHEM uses this approach by solving 2 sets
of equations for cation exchange (clay and organic matter).
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