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PARTTWO: EFFECTS OF SALTS ON SOILS

CHAPTER 3

THECHEMISTRY OF SALT-AFFECTED SOILS
AND WATERS
Donald L. Suarez and J. J. Jurinak

J\fTRODUCTION
rhis chapter describes the origins of salts in soil and water and the
Mjor path wa 'S by which they accumulate in soils, particularly in soils of

"rid regions. The basic chemistry of soil-water systems is described, with
a io( us on the most common salts and the complex chemical interactions
within various soil types and combinations of dissolved minerals and
alt in the soil solution. Basic methods for calculating salt concentrations
ar' d' cribed for a number of different salts, and the complex interactions
of alts and variables, such as pH are described.

ORIGIN OF SALT IN SOIL AND WATER
The primary sOurce of salts in soil and waters is the continuous geo
chemical weathering of rocks that form the upper strata of the earth's can
tin ntal crust. It represents one step in the geochemical exchange of mat
ter between the land, oceans, crust, and mantle that has been in existence
throughout geologic time.

Weathering
Because most rocks have formed under high temperature and pres
sure, the constituent minerals u sually are thermodynamically unstable
when exposed to atmospheric conditions. Weathering is a spontan eous
process that transforms primary minerals into other minerals that are
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more stable at the earth's surface. This process is, of course, critical to
understanding soil formation and release of salts over geologic time. In
most instances the rates of silicate reaction are slow, as there are impor
tant kinetic constraints. As a result, silicate weathering influ n ces sal t
chemical composition and initial salt load but is not important at the
management time scale. The reagents involved in geochemical weather
ing include atmospheric water, oxygen, and carbon dioxide. The bios
phere enhances weathering because of its increased levels of CO 2, organic
matter, and biological activity. Organic matter can serve as a reducing
agent and a source of organic acids, which promote weathering and
cation migration through complexation.
Three types of reactions describe the chemical weathering of rock-form
ing minerals: congruent dissolution, incongruent dissolution, and reduc
tion-oxidation (redox) reactions. Some of these reactions are reversible,
denoted with the -- symbol, and some are irreversible, denoted by the --!.
symbol.

Congruent dissolution
In this reaction, the solution products exist in the same proportion as
they occur in the mineral, that is,
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(3-2)
Most, but not all, minerals that release salt in soils dissolve congruently.
These include chloride, sulfate, and most carbonate salts.

Incongruent dissolution
In this reaction, part of the mineral dissolves and leaves behind a sec
ondary solid phase (secondary aluminosilicate clay minerals) that differs
in composition from the original mineral:
2NaAISi30 s (albite) + 3H20 --? Al 2Si20 s (OH)4 (kaolinite) +
4Si0 2 (quartz) + 2Na+ + 20H

(3-3)

3KAlSi30 s (orthoclase) + 2C02 + 14H2 0 --? 2K+ +
2HC0 1- + 6~Si04 + KAlSi 3 0 lO (OHh (mica) + 4H 20

(3-4)
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The ilicate minerals, including those found in soils, control the earth sur
fae chemistry under natural conditions over geologic time. However, the
iii . tc dissolution reactions are mostly so slow under natural conditions
( uarez and Wood 1996) that they can be neglected in terms of anthro
p ~enic time scales for salt loading and prediction of soil-solution compo
sition under arid and semiarid lands.

Redox reactiolls
Chang in the oxidation states of minerals modifies the weathering
prnce s. R dox reactions be tween ions dissolved in solution and minerals
in contact with that solution often influence the pH of the solution and
~ub equently its composition, for example,
FeSz(pyrite) + 15/402 + 7/2H20 - Fe(OHh(s) +
4H+ + 2S0~ -

(3-5)

In this reaction, the protons produced have a strong local influence on
;,ub equent weathering and salt release. Oxidation of reduced S materials
(including elemental S) has been used in reclamation of calcareous sodic
soils. In this iru;tance, the reactions
(3-6)
(3-7)

COl

(3-1)

occlir slowly, releasing H+ that in turn reacts with the calcite in the soil,

(3-2)

(3-8)

lIve congruently.

resulting in net reJease of Ca2+ and SO~- . Reaction of the acid produced in
Eg. 3-5 would result in a similar solution composition. In the absence of
carbonates, silicates would slowly dissolve, reJeasing cations from the
minerals, with the protons neutralizing the hydroxols released from
weathering.

e behind a ec
rals) that differ

-linite) +

(3-3)
(3-4)

Climate and Landscape Effects

Although weathering is continuous and occurs universaUy, the inten
sity and extent of the weathering reactions strongly reflect the influence
of climate. The presence of water is most important to the weathering
process. It serves as a reactant in mineral transformation and is the
medium that transports dissolved and suspended matter from the system.
The transport of the weathering products depends on sufficient rainfall to
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m ove the luble salts through the surface oil into the groundwater, even
tually into rivers, and, ultimately, the oceans. The oceans' chemical com
position reflects the constant inflow of salt from the land masses as modi
fied by chemical in terac tion with the oceanic sediments, evaporation,
volcanic outgassing, and aerosol transport.
Salt-affected soils are natura l components of arid landscapes. Their
presence directly correlates with limited rainfall, tha t is, in arid land
scapes the evapotranspiration (ET) greatly exceeds precipitation through
out most of the year. Lack of moisture limits the intensity of the chemical
weathering of minerals. Lack of moisture also limits the movement of the
product of weathering (salts), and the secondary minerals formed often
are constrained to a localized area. In subhumid and humid areas, the
properties of the parent rock largely dictate the properties of the soils
formed and most solutes are displaced from the watershed in drainage.
Most arid-zone soils are classified under two soil orders: entisols, soils
tha:t have little or no development of pedogenic horizons; and arid isols,
soils that do not have water available to mesophytic plants for long peri
ods and contain only small amounts of organic material.
Because water serves as the principal transport vehicle for salts, salin
ity is closely linked to lowlands or depressions into which water drains
and accumulates. Salinization is enhanced when restricted soil drainage
promotes a high water table and the balance of mineralized groundwater
is regulated by the evaporation of water, transpiration, or both, rather
than by surface runoff and drainage. Areas of impeded drainage vary in
size from a fraction of a hectare to thousands of square kilometers, such as
Utah's Great Salt Lake basin and Pakistan's Indus Plain.
Fossil or Secondary Deposits
Throughout geologic time, saline seas have inundated large areas of
present-day continents. These submerged areas have subsequently been
uplifted. The resulting geologic formations provide parent material for
soils as well as outcrops and underlying saline strata to soils or o ther for
mations, aU of which are important zones of contact for salt loading of
surface and groundwater. The secondary deposits (sedimentary rocks)
formed from inland seas and weathering of continental rock during inun
dation are the major sources of salinity and sodicity. The term "fossil salt"
has been used to describe the salinity of these deposits. These deposits,
mobilized by irrigation and rainfall, are the major sources of salt loading
in western U.s. surface waters.
A good example of a secondary saline deposit that markedly affects
the salinity of a region is the Mancos shale formation in the upper Col
orado River basin. This formation, deposited in inland seas in the late
Cretaceous epoch, reaches a maximum thick ness of about 2,000 m
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\ IUi.UIlS 1975). Mancos shale forms an extensive belt of erodible out
p and underlying strata in southern Wyomi ng, eastern Utah, and
t'm olorado. This formation is a major contributor to the salt load
Ih '(vlorado River.
Atmospheric Deposition
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[hI' iltmO. pheric deposition of salt can be of localized importance. Dry
nd II' t aerosol fallout contributes up to 100 kg/y-ha to 200 kg/y-ha
'"~ , n coasts and from about 10 kg/y-ha to 20 kg /y-ha in the interior.
Thnomr osition of atmospheric sah deposition varies with distance from
~ 'uu ·l' . The salt is predominately an NaCl-type at the coast, consistent
I\llh the omposition of the oceans. It becomes proportionately grea ter in
. ,lOd 501 ions as the air m ass moves inland. Atmospheric con tribu
11111 to the salt load of arid lands can be from 10% to 25% of th e total
ItJrl\' lon tribution of weathering (Bresler et a!. 1982), but are a much
<m.111N contribut r in regions with saline geologic materials.
(n th overall picture of salinization of soils, the contribution of atmos
plwri ,alt is often overlooked, but it is a factor that must be considered in
hl~hJV weathered landscapes that have poor d rainage. A case in point is a
L1r~e .lre of saline soils in western Australia. The source of the salts is
Itrlbutcd to long-te.rm inputs from rain in combination with limited
drJUlugc and concentration of the salts by surface evaporation and extrac
uon ot water by tre roots and subsequent transpiration, leaving most of
th~ -alt in the lmsaturated zone.
Anthropogenic Activities

Sllils mad sa line by humans are of major historical and economic
importance. Industrialization has increased the atmospheri c loading of
g.lr{llIS nitrogen and sulfur components, both of which result in acid ic
IJlIl,lut, which in tensifies the soil mineral weathering rate. This impact is
(If importance p rimarily in nonsaline areas. Energy-r lated mining activi
IfL" have brought to the surface saline and sodic materials that if left in
the ground, would have had little effect on the e.nvironment. At the Sllr
fil":~ in the presence of rain , they are mobilized and contribute to salt load
mg of surface and shaUow groundwaters. Most recently, development of
LOal bed methane resources in the western United States has resulted in
pumping of saline groundwater to dewater the methane-containing mate.
nab. Discharge of these waters into natural drainage ways increases salt
concentrations in receiving surface waters, while surface applica tion
mCTeJSeS surface salinity.
Agriculture, both irrigated and nonirrigated, has had a dramatic effect
on salt distribution in the terrestrial system. All irrigation water contains

62

ACRJCULTURAL SA LIN ITY ASS ESSM EI T AN D MAN C MENT

salt in varying amOlUlts and differing types. Du ring ET th e plan t extracts
water with a much lower salt content than in the w ater source. The major
ity of the salt (85%- 95%) applied in the irriga tion water is left b hind in
th remaining water, inevitably resulting in a draina e water more saline
than the applied water. For example, for every 100 mg/ L salt in irrigation
wate r, one megagram of salt is added per ha-m of applied water.
If one ha-m of water with a salt concentra tion of 850 mg/L is applied
to a crop d uring the growing season, 8.5 megagrams (8,500 kg or 21bout
9.4 tons) of salts are added. Without salinity management, salts will even
tually accumulate in the rhizosphere and affect crop yield .
Management of salinity in the root zone requires application of quan
tities of water above the actual water us of the crop (for leaching).
Inevitably, more water is transported down into the unsa tura ted and
shallow groundwater, thus greatly increasing the mobilization of salts
present in those zones. The rate of mineral weathering, primaril y gyp
s um, calcite, and dolomite, is also enhanced by the larger volumes of
water passed through the soil under irrigation . The control of salinity or
sodicity in the rh izosphere and in surface or ground waters receiving
drainage waters is, therefore, closely associated w ith soil and water man
agemen t practices.

MEASUREMENT OF SALINITY

The chemical and physical properties of a salt-affected soil reflect the
amount and type of salt present. Although the use of salinity sensors in
the field is increasingly common (see Chap ter 10), laboratory analysis of
aqueous extracts of soil is still the most common technique fo r assessing
salinity and other potential hazards.
One of the earliest methods for determining the amount of dissolved
salts is based on evaporating a given volLUne of water or soil extract and
measuring the w eight of the residue. The result is called the total dis
solved olids (TDS) and the dimensions are mg / L. This method, al though
still used, has been largely replaced by a more convenient measurement
of the electrical resistance of the solution, or its reciprocal, the electrical
conductance (EC) .
The current-carrying capacity of a solution is proportional to the con
cen tration of ions in the solution. The electrical con ductance is measured
in reciprocal ohms (ohms 1), also known as mhos. In SI units, mhos are
designated as siemens (5).
Measurements of conductivity are typically made in a cell containing
two electrodes of d efined geometry. An electric potential is imposed
across the electrodes and the resistance of the solutii m between the elec
trodes is measured. The results are multiplied by a "cell constant" to cor-
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Mt for variations in cell geometry, allowing all data to be reported as spe
~liic E . The EC is commonly reported per unit volume (1 cm 3 ) of solution

in ~icmens (5) per cm, at 25 °C. Al temati vel y, EC can be measured using a
kHlf-e1ectrode configuration, whereby a known potential is imposed on
thl' h\'o outer electrodes and the potential is measured between the two
inn ' f electrodes. This configuration has the advantage of being less sensi
Un' to changes in the surface conductance of the electrodes, and is useful
f(1r measurements of soil conductivity in the field (see Chapter 10).
The siemen is too large for measuring electrical conductance in most
nJtural systems. Hence, the working unit is often the decisiemen (S X
to I). Because the basic length in the SI convention is the meter, the
preferred dimen sion for EC is decisiemens per meter (dS/m). The units
rdationship is as follows: dS / m = mS / cm = mmhos/cm where
mmhos /cm (millimhos per cm) are the traditional and now-obsolete
di mensions fo r EC
Saturation Extract
A variety of soil/water ratios can be used to obtain an aqueous extract
from a soil sample. Therefore, a standard extraction method must be used
II aline-soil chem ical data are to be compared. Because the amount of
\ ,t r that a soil holds at saturation (saturation percentage, SP) is related to
1 number of soil parameters, such as texture, surface area, clay content,
,mJ cation exchange capacity (Merrill et al. 1987), one widely used tech
nique is to obtain an extract by vacuum filtration of a saturated soil paste
made with distilled or deionized water (U.S. Salinity Laboratory 1954).
This extract is then analyzed for electrical conductivity (EC e) and soluble
l1nstituents of interest. Higher-water-content extracts (soil/water ratios of
1:1,1 :2,1:5) are easier and faster to prepare, but their solution composi
tiuns are less related to those at field moisture condition than those of the
. turation pastes and are generally not recommended. As increasing
amounts of water are added, there is an increasing importance of mineral
db~olution (primarily gypsum and carbonates), cation exchange, and
anion desorption on solution composition and EC However, when only
rel.ltive salinity changes are of interest, and in the absence of gypsum, the
lower soil / water ratios can be used to advantage. Correction of the com
pnsition from one water content to another can be made by use of the
[ltrac/ (hclII program (Suarez and Taber 2007). This computer model con
,Iders cation exchange, calcite and gypsum dissolution/precipitation, and
boron (B) adsorption/ desorption, as related to changes in water content.
The varue of EC is sensitive to the temperature of the solution. The
change in EC with temperature depends on the mineral composition of
the dissolved salts. However, the correction for natural waters is about a
l l)';{, increase in EC for each degree increase in solution temperature in
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the range of 15 °C to 35 0e. The EC data are usually normafized to a tem
perature of 25 °C for a meaningful comparison among samples. A tem
perature correction to 25 °C (EC 2S) can be approximated by
EC 2S

= EC t

-

0.019(t - 25)EC t

(3- )

where EC t = the value at temperature t. Temperature-compensated EC
probes make a similar correction of Ee.
Predicting Electrical Conductivity from Ionic Composition

Theoretical and empirical approaches have been used to predict the
EC of a solution from its composition. An example of the theoretical

approach is a model based on Kohlrauch's Law of independent migration
of ions (Harned and Owen 1958), in which each ion contributes to the cur
rent-carrying ability of an electrolyte solution. The equation used is
EC =

2EC; = 2 c;(i\~ - rpJC:)
,

1,000

(3-10)

where EC = the specific conductance (dS/ m); EC i = the ionic specific con
ductance (dS/m) summed over all ith species in solution; Ci = the concen
tration of the ith ion (mmoUL); i\? = the ionic equivalent conductance
(cm 2 S/ molc) at infinite dilution; and rp is an empirical interactive parame
ter obtained by plotting the ionic equivalent conductance of the ith ion (A
expressed in cm 2 S mor l ) versus (cy12. For relatively dilute mixtures,
rp ranges in value from 2 to 9, with an average of 5.5 (Tanji and Biggar
1972) . Values of i\? can be obtained from standard textbooks on electro
chemistry and physical chemistry.
A more accurate, but mathematically more complex, model bas_ed on
the modified Onsanger-Fuoss equation and corrected for ion pair forma
tion (which will be discussed later) gives reasonable agreement (± 8%)
between calculated and measured EC up to 15 dS / m (Marion and Bab
cock 1976; Tanji 1969). Marion and Babcock (1976) also d eveloped an
empirical approach relating measured specific conductance (EC in dS/ m)
to total soluble salt concentration (TSS in mmolj L) and ionic concentra
tion (C in mmolc/ L), where C is corrected for ion pairs. In the absence of
ion complexation, TSS = e. The derived relationship was determined on
a composite database obtained from soil extracts, river waters, and purl'
salt solutions. The equations, suitable for most purposes, are
log C

= 0.955 + 1.039 log EC

log TSS = 0.990 + 1.055 log EC

/2

= 0.997

(3-11)

r = 0.993

(3-12)
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I:.jUlltiOll 3-11 shou ld be used instead of the empirical relationship (U.s.
li nity Laboratory 1954):
ISS (mmolclL) = 10 EC (dS/m)

(3-13)

(3-9)

d EC

\!cNeal et 011. (1970) developed a more detailed empirical relationship
lI'ith improved predictive capability of EC (generally within ±5%, listed
1, 'yfrthod 3 in their publication), suitable for inclusion in spreadsheets or
(\)mputer models. his calculation of EC from solution composition is
Ll~ in the Extract Chern computer model and in the SWS model used for
management of salt-affected soils (see Chapter 28).
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CHEMISTRY OF SALT-AFFECTED SOIL SOLUTIONS
Major cations in salt-affected soils are Na +, Ca 2+, Mg2+, and, to a lesser
'xtent, K . The major anions are Cl-, SO~-, HC0 3, NO.3 , and, at high pH,
OJ . The ions HeO;- and CO~ - are u sually reported together as carbon
ate alkalinity. Under high pH conditions (> 8.5), elevated concentrations
lit B can result in a significant contribution to alkalinity [dissociation
Clmstant for bor ic acid (pKn) is 9.2]. Other ions that are sometimes present
under anaerobic conditions, b ut usually neglected from a salinity view
point, include NHt NOi , and organic anions (such as acetate). When
analyzing high-organic-content waters (such as waste waters), these
dnillllS of weak organic acids will also contribute to titratable alkalinity,
which need s to be corrected if carbonate alkalinity is to be reported.
Dissolution and precipitation of minerals often determine the composi
tiun of the soil solution. The degree of saturation of the soil solution with
respect to a particular solid phase can be evaluated from the ion activities.
The activity concept accounts for the nonideal behavior of ions in solu
tl1n. Activities can be calculated from solution concentrations and ionic
..trength as follows:

~a b

I an
1m)

(3-14)

tra

where 'I, is the activity coefficient and Ini is expressed in molal units
(moles / kg solvent) concentration of the ith ion. Activities and activity
coefficients are dimensionless, since rn; is actually the ratio rn;/rno where
m" is the standard state molal concentration (1.0). Except for very saline
'lllutions, the assumption that 111, = M; (moles / L of solution) is reason
Jbk. The activity coefficients are, in tum, related to the ionic strength, I,
ddined by
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where z = the valence of the ith ion. The summation in Eq. 3-15 is for all
charged species in solution. An empirical relationship between EC and
ioruc strength suitable for most natural waters is given by

r = 0.0127 EC

(3-16)

where EC is in dS/ m at 25 °C (Griffin and Jurinak 1973).
The activity coefficients of individual ions are necessary for calculation
of the mineral saturation status of a water. The most utilized method of
calculating activity coefficients is by applying the Davies equation
(Stumm and Morgan 1996):

log)'i

=

JIJI
0.509 Zi2 [ 1 +

- 0.21 ]

(3-17)

Note that this equation uses the term -0.21 instead of -0.31 as originally
proposed by Davies. This equation is reported as valid when 1 < 0.5 and
water at 25 °C is the solvent, but substantial errors occur above 1 = 0.1;
also, the equation does not consider differences in activity coefficient
with ions of the same charge. A better estimate of activity coefficients can
be obtained by a modified version of the extended Debye-Huckel equa
tion (Truesdell and Jones 1974),

log'"

"

=A

Z2

[

'1 +

JI
Bai JI ]+ b1'

(3-18)

where A is equal to 0.509 and B is equal to 0.33 at 25°C and ai and bi are
ion-specific adjustable parameters fitted from mean salt calculations
(Truesdell and Jones 1974). The coefficients based on Eq. 3-18 can be
obtained from Fig. 3-1. Individual ion activities can then be estimated fro m
concentration data using Eq. 3-14. This equation is used in WA TEQ (Trues
dell and Jones 1974), UNSATCHEM (Suarez and Simllllek 1997), and avail
able as an option in PHREEQC version 2 (Parkhurst and A pello 1999),
among others. The WATEQ and PHREEQC models are available fro m the
U.S. Geological Survey website and UNSATCHEM from the ARS-USDA
Salimty Laboratory website. The equation is stated as valid to r = 4.0, but
this is based on NaCi as the background electrolyte; in m ixed lectrolyte
solutions, the limit is around I = 0.3-0.5 d epending on the actual solution
composition. At higher ionic strength it is recommended to use the Pitzer
expressions (Pitzer 1979) with the Harvie et al. (1981) species constants.
Equally as important as the specific model chosen for the absolute
accuracy of the activity coefficient calculation is internal consistency in

r

I

CHEMISTRY OF SALT-AFFECTED SOILS

is for all
Ee an d

(3-16 )

1.0

c==========----,.----------,

0.9
;..., 0.8

a+

=0.7

cr

Y U.6

HCO)

"

culati on
ethod of
quation

E

~ 0.5

~.

0.4

~\I

03

( 0.2
(3-17)

riginally
:0.5 and
I = 0 .1 ;
ffi cient
ents an
~l

67

0.1
0.0

1.;............I--.L...L..Ju.&.I""'-----'---'-...I..."'-'-"-L.L...-...........I.....J...........uu_.....I--..h..L..&....I..LJ.jJ

1.0 10....

1.OxlO- 2

1.0 10.J

1.0 10- 1

Ionic trength (I)
flGlJ[~E

3-1. Calculation of activity coefficients as related to ionic strength
"mg ncxtCllded version of the Debye-Huckel equation. From Butlff (1964).

equ 
th database used for the calculations. Many thermodynamic constants
hm' been derived from solubility experiments; thus, the derived solubil
j~ product (K,p) values depend on the chemical speciation model used.
lor this reason the activity calculation model needs to use the same activ
itl loeffi cient calculations and ion association model and constants as
lL'tld to generate the database (Suarez 1998) .
.'alt-tolerance data for crops usually are expressed as a function of
,I,motic potential, -To, where To = the soil solution's osmotic pressure.
TI1l' osmotic press ure, in kPa, can be calculated from
I

(3-18)
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(3-19)

\~here <l>i = the osmotic coefficient of the ith salt and 'U = the stochiometric
number of ions yielded by the salt. The <P v alue for each salt can be
obtained by using the salt's total concentration (Fig. 3-2) . The approxi
mate relationship between To and EC at 25 °C, is
To

(kpa) = - 0.40 EC

(3-20)

\\'here E( is in dS / m. The commonly used proportionality cons tant of
0.36is for Tv data obtained at 0 °C (U.s. Salinity Laboratory 1954).
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FIGURE 3-2. Osmotic coefficients of electrolytes at 25 °C. From Robinson alld
Stokes (1959).

Salt and pH Effect on Chemical Mass Action
The general mass action equation for any reaction is

aA + bB ....." cC + dD

(3-21)

where the lowercase letters are the stochiometric coefficients and upper
case letters represent chemical symbols.
In Eq. 3-21, the thermodynamic equilibrium constant for the general
reaction is

(3-22)

where ( ) represents activities as defined in Eq. 3-14. This conv nti on is
generally used in soil chemical publications. In the chemical and geo
chemical literature, [ 1 is used to denote activities; in this chapte r [ I
denotes concentrations.
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The dissolution of carbon dioxide in water is represented by the
lions

"'J

(3-23)
Biological production and diffusion (water content-dependent) con
trlll the CO 2 concentration in soil air. The CO 2 concentration of the soil
wlution is thus assumed to be independent of water quality or precipita
tion-dissolution reactions (i .e., an op en system). Equation 3-23 shows
I~, t an increase in CO 2 results in a production of H + and, thus, a reduc
lilln in pH.
°licite (Ca 0 3) is a source of calcium commonly found in most arid
-oils. This mineral is important because much of the soil-solution's che.m
blr!, in arid region can be defined in the context of the CO 2--CaC03
H,Osystem in combination with cation exchange. The dissolution of cal
CIt' is represented by
(3-24)

o
inSOfl

and

(3-21)

An increase in aqueous CO2 concentration shifts the reaction to the
right. This increases the Ca 2 + concentration and alkalinity of the solution.
Th~ pre enee of ions other than Ca 2+ or HCO; increases the ionic
,tr£'ngth, which, in turn, decreases the ionic activity coefficients of Ca2+ ,
II ' 3, and C0 2 - . This, known as the ionic strength effect, increases the
Oillbility f CaC0 3 .
Dolomite, CaM g(C0 3 h, is sometimes present in arid soils, usually
derived from carbonate geologic materials. Its solubility is very similar to
thai of calcite (expressed as a double carbonate m ineral), but its dissolu
bon rate is very slmv and its precipitation negligible over time frames of
.lgricllitural interest. Soils with native dolomite almost always contain cal
cite. The dissolu tion reaction is

i uppe.r

general
We do not consider this reaction to be reversible as it does not form
time frames of interest to agriculture. Gypsum (CaS04 . 2H 20) is
another mineral that may be found naturally in arid soils . It is fre
quently added as a soil amendment as a calcium source to reclaim sodic
soils and th us maintain or enhance soil permeability. It is moderately
soluble and read ily precipitated when its solubility is exceeded, such as
when irrigating with a high-sulfate water. The diSSOlution reaction for
~ypsum is
11I'l'r

ntion is
1d geo
pter ( J

(3-26)
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Addition of salts that contain ions, such as N a +, Mg2+, Cl- , and 0;,
enhances the solubility of gypsum by the ionic strength effect. Adding
salts that contain either Ca 2+ or SO~+ decreases gypsum solubility by the
common ion effect. For example, gypsum solubility is greatly reduced in
the presence of water containing large amounts of N a2S04 or MgS0 4 salt.
At constant temperature, the solubility product, K" " of gypsum is invari
ant, that is, assum ing the activities of l-hO and solid-phase gyps um are
unity, the product of the activities (Ca H ) (SO;;-) is constant, ven though
the concentrations of the constituent ions in solution increase.
Gypsum's solubility is also increased by ion association (the formation
of soluble ion pairs and complexes). The concentration of ion pairs can
constitute an important percentage of the total ions in a sclline solution.
lor example, in a system of pure gypsum dissolved in water, the concen
tration of free Ca 2 + ion is 10 mmol/ L, but the total Ca concentration in
solution is 15 mmol/L. The d ifference between the two concentra tions is
the presence of 5 mmol IL of the CaSO~ ion pair in the solution phase.
Because the formation of CaSO~ requires both Ca2+ and S~ - ions, gyp
sum solubility increases as ion association occurs.
The formation of ion pairs is prevalent between multiple valence ions
and, to a lesser extent, mono- and multivaient ions. It is relatively minor
for monovalent-monovalent interactions. Ion association can best be con
sidered as a way to fit nonideal behavior among ions rather than as actual
physical e ntities with chemical significance. These always reduce the
activity of the free ions and, hence, they enhance the solubility of miner
als. hese speciation corrections are needed to accurately estimate the
soil-s lu bon composition of salt-affected systems when the ion as ocia
tion model is used, but they are not utilized in the Pitzer form ula tions.
Addition of neutral salts can nonetheless affect the soil-solution pH.
For example, the addition of gypsum to a solution saturated with
respect to calcite increases the Ca ion concentration, causing addi tional
CaC03 to precipitate, reducing the bulk solution alkalinity, and decreas
ing the solution p H . However, the solubility of gypsum is not pH
dependent. Adding sulfuric acid to a soil suppresses gypsum solubility
d u ' to th common ion effect, rather than the effect of the acidity. How
ever, the net res ult of adding gypsum or gypsum + sulfuric aci d is
similar in the presence of soil calcite. Conversely, Eq. 3-24 shows that
CaC03 solubility is pH-dependent. Addition of acid reduces the alkalin
ity of the solution and allows CaC0 3 to dissolve until equilibrium is
reestablished.

TAB)
Salt-

umber of ~

--~
(a) mmolJI
Sat.
a
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Mg
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Na

Well
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K

W ell
Riv e]

0

Sat. E

1

WIl

River
Sat. E

CI

Well

River

He

1

Sat. E.
Well

Riv r
(b) (d S/m)

C

Sat. Ex
Well
River

(c) (mm ollL)o.s

S. R

Sat. Ext
W en

Chemical Composition of Surface and Ground Waters
The composition of surface and ground water varies greatly in arid
regions. Table 3-1 shows data selected from saturation extracts of salt-
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- ,and NO~ ,

TABLE 3-1. Chemical Characteristics of Saturation Extracts of
Salt-Affected Soils, Well Waters, and River Waters Analyzed
at U.S. Salinity Laboratory
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I

10% less

90% less

Mean

Median

than

than

(2)

(3)

(4)

(5)

139
115
68
139
115
61
139
115
58
128
101
30
134
23
58
139
115
58
139
115
58

27.8
5.9
4.7
22.2
4.3
3.6
93.2
15.8
7.5
1.6
0.6
0.3
400
6.7
6.7
95.5
15.0
5.9
8.3
4.9
3.3

10.6
3.1
3.4
8.0
1.5
2.2
53.5
6.6
3.7
0.5
0.1
0.2
29.4
3.6
4.1
34.8
2.5
1.5
3.0
4.1
3.0

134
115
58

12.9
2.4
1.4

139
115
58

38.5
6.6
3.3

limber of Sa mples
(1 )

(a) mmoljL

Ccl

Sat. Ext.
Well
River

\Jtg

Sat. Ext.
Wll
River

1\<1

Sat. Ext.
Well
River

K

Sat. Ext.
Well
River

SO;

Sat. Ext.
Well
River

CI

Sat. Ext.
Well
Ri er

He03 Sat. Ext.
Well
River

1.4
0.8
1.0
1.1
0.5
0.6
1.8
0.8
0.7
0.1
0.01
0.06
3.7
0.4
0.3
1.4
0.2
0.2
1.2
1.9
1.7

71.8
14.5
10.9
79.1
15.3
9.2
219
44.8
18.9
2.2
0.9
0.5
94.1
15.4
19.0
281
54.2
20.7
10.3
8.2
5.7

1.1
0.3
0.3

33.7
7.3
3.2

0.9
0.6
0.7

56.1
16.5
7.4

(b) (dS/m)

EC

Sat. Ext.
Well
River

8.8
1.2
0.92

(e) (mmol/L)°·5

5 R

Sat. Ext.
Well
River

15.1
4.7
2.4

EC electrical conductance; SAR, sod ium adsorption ratio; Sat. Ext., sa turation extract
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affected soils, well waters, and surface waters analyzed at the U.s. Salinity
Laboratory. The data represent samples obtained throughout the world.
The soil extracts were more saline and more sodic than the well waters
and surface waters. This reflects the effects of ET and mineral dissolution
in the soil. With increasing salinity, Na predominates over Ca because Na
salts are more soluble than Ca salts. The importance of Na is also reflected
in the increasing sodium adsorption ratio (SAR).
These data also show that Cl is the dominant anion in saline waters,
whereas S04 and Cl are prevalent in dilute solutions. This reflects the
influence of limited solubility of gypsum and precipitation as the waters
are concentrated by ET.
The increase in the Mg/ Ca r atio reflects the fact that Mg salts are more
soluble than Ca salts. In general, the ratio Ca/HC03 is also > 1.0 (when con
centrations are expressed in mmolc / L). A Ca / HC03 ratio of less than 1.0
poses a special sodicity hazard because, when such waters are concentrated
by ET, calcite precipitates, the Ca concentration decreases, and the H C03
increases. The smaller the Ca / HC03 ratio, the greater the sodicity hazard.
Surface Chemistry
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Clay minerals
Incongruent weathering processes in soils result in the production of
soluble salts and, more importantly, the formation of secondary alum ino
silicate clay minerals. These secondary clays are what give soils their ion
exchange and adsorptive properties. Because weathering processes differ
in response to changing environmental conditions, and because weather
ing products from one reaction may simultaneously participate as reac
tants in other, different reactions, a given soil often contains a wide range
of clay minerals. For the same reasons, a given clay type typically exhibits
a wide range of chemical composition and physical properties.
With their plate-like shape and small particle size, clay minerals exhibit
large specific surface areas (m 2 / kg). This, coupled with their permanen t
charge and their pH-dependent charge, causes the colloidal clay fraction
to be the center of chemical activity in the soil. The permanent charge is
the result of structural substitution of cations of lesser charge (primarily
AP + for Si4+ ), resulting in net negative charge at the surface. The p H 
dependent charge (broken bonds at the surface) is most important on the
mineral edges. In addition, the colloidal hydrous oxides of iron and alu
minium (the stable end-products of weathering) enhance the adsorptive
and exchange capacity of soils.
Table 3-2 gives the qualitative unit cell formulae, the range of the ca tion
exchange capacities (CEC), and specific surface areas fo r three clay miner
als commonly found in arid soils . Textbooks on soil mineralogy can be
consulted for more information on crystal structure and p roperties (Dixon
and Weed 1989).
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TABLE 3-2. Properties of Common Soil Clays
Clay

Formula (Gen eral)

Surface Area
(1 (Ji m 2 / kg)

(cmol,/kg)

(1)

(2)

(3)

(4)
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Sis(Al,Mg)402o (OH)4
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~

K(A l,Si)s(Al,Fe,Mg)40 2o(OH)4

10-20

20--40

1-2

3-6

hriJ (illite)

/vII/ill (ka ulinitc)
- --

SiAI,OlO(OH)s

lH. cation exchange capacity

Although inorganic aspects of the soil matrix are emphasized here,
the colloidal «0.2 pm) organi c matter fraction of a soil cannot be over
looked. j'n some soils, the effect of organic matter is more important
than the inorganic-fraction processes. The organic matter has exchange
properties, with extreme affinity for Ca (affecting the overall Ca-Na
wi ctivity of soils) as well as variable charge, allowing for buffering of
~\lll1tion
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pH.

17Iediffuse double layer
Tht' diffuse double Laye.r (DDL) model developed from basic electrostatic
iltt!~)ry

d "cribes electrochemical phenomena at the charged solid-liquid
interface. The charge associa ted with a given surface is viewed as a layer,
with an adjacent d iffuse layer of oppositely charged ions, known as counter
iollS, in solu tion. The layer of counter ions maintains a charge in solution
that is equal and opposite to the net charge of the mineral-surface layer.
\' riOlIS for es influence the diffuse nature of the counter ions: electrostatic
, ttraction, which draws them toward the charged surface, repulsion among
the ions and the.rmal energy, which tends to equalize the concentration of
ions in the system and draw the counter ions back into the bulk solution, as
well clS close-range van der Waals forces .
Applying the D DL model to the clay-mineral surface allows one to pre
Jict the distribution of cations (counter ions) and anions (co-ions) at the
charged mineral interface. It is an alternate approach to the mass action
model (discllssed later) for describing the exchange phenomena in soils.
Many physical properties of soils can be modeled as an interaction
b~hveen DDLs of so il clay p2 r ticles. The degree and nature of interaction
i~ determined by the effective thickness of the DDL, which can be esti
mIl ted with the K parameter in units of cm- 1 :

K=

(3-27)
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wh r e e = the elec tron charge (coul omb / ion); z = the valence of the
coun ter ion, nO is the electr olyte concentra tion in the bul k sol ution
(ion / cm 3); D = the dielectric constant (coulomb / V / cm); k = the Boltz
mann constant (V coulomb / K/ ion); and T = absolute temperature (K).
The effective thickness of the DOL is 1/ K, which has units of em.
Compression of the DD L (the desired condition for soil stability) is
promoted by (1) increasing the valence of the counter i n, (2) increasing
the concentration of the bulk solution, or (3) reducing the d ielec tric
constant of the medium. The first two factors can be readily altered by
processes, such as application of a calcium amen dment or leaching.
Leaching is necessary for salinity control; however, a reduction in salt
concentration expands the DDL and thus reduces aggregate stability
Addition of a calcium source (such as gypsum) increases both the con
centration of the bulk solution and provide addition of a divalent ion,
both of which compress the DDL. Compression of the DDL allows for
increased soil stability because, at specified distances, there i a reduc
tion in the repulsive forces between clay particles, thus enabling c1os~r
approach of individual clay particles, resulting in aggregation. Aggre
gation of soil particles results in beneficial soil properties, including
development of larger pores, thus enhancing permeability, a well as
improving s oil tilth. Several excellent references discuss at length the
DOL theory and applications (Bolt 1979; Bresler et al. 1982; Singh and
Uehara 1998).
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Anion exclusion

dlllr ed pm

The DOL model has successfully predicted anion exclusion, the nega
tive adsorption of ions from the clay-water interface. Anions excluded
from the double layer must be associated with cations to maintai n solu
tion electroneutrality. This increases the apparent concentration of solu
ble cations in solution.
Figure 3-3 shows how the concentration of counter ions (n r) and
anions (n_) vary with distance in the ODL of a negatively charged parti
cle. Assuming a 1: 1 symmetrical salt, e.g., NaCl, in the bulk solution (infi
nite distance from the surface), the concentration of the electrolyte ll u
equals n+ or n_. This is represented by the dashed line in the fi g ure. The
excess of cations (0' +), which neutralizes both the surface charge and the
anions in the DOL, is given by area ABCDEF. The amount of anions (CL)
in the ODL is given by area AEF. Total surface charge (a tot), equivalent to
CEC, is given by
(3-28)

CEC = surface cation excess

c

+ anion exclusion

(3-29)
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where e = the electron charge (coulomb/ion); z = the valence of the
counter ion, nO is the electrolyte concentration in the b ulk solution
(ion/cm3); D = the dielectric constant (coulomb / V / cm); k = the Boltz
mann constant (V coulomb/ K/ion); and T = absolute temperature (K).
The effective thickness of the DOL is 1/ K, which has units of cm.
Compression of the DOL (the desired condition for soil stability) is
promoted by (1) increasing the valence of the counter ion, (2) increasing
the concentration of the bulk solution, or (3) reducing the dielectric
constant of the medium. The first two factors can be readily altered b\'
processes, such as application of a calcium amendment or leaching.
Leaching is necessary for salinity control; however, a reduction in salt
concentration expands the DOL and thus reduces aggregate stabiLity.
Addition of a calcium source (such as gypsum) increas s both the con
centration of the bulk solution and provides addition of a divalen t ion,
both of which compress the DOL. Compression of the DDL allows for
increased soil stability because, at specified distances, there is a reduc
tion in the repulsive forces between clay particles, thus enabling closer
approach of individual clay particles, resulting in aggregation. Aggre
gation of soil particles results in beneficial soil properties, including
development of larger pores, thus enhancing permeability, as well a,
improving soil tilth. Several excellent references discuss at length the
DOL theory and applications (Bolt 1979; Bresler et al. 1982; Singh and
Uehara 1998).
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FIGURE 3

Anion exclusion

charged pa,

The DOL model has successfully predicted anion exclusion, the nega
tive adsorption of ions from the clay-water interface. Anions excluded
from the double layer must be associated with cations to maintain solu
tion electroneutrality. This increases the apparent concentration of solu
ble cations in solution.
Figure 3-3 shows how the concentration of counter ions (n jc ) and
anions (n _) vary with distance in the DOL of a negatively charged parti
cle. Assuming a 1: 1 symmetrical salt, e.g., NaCl, in the bulk solution (in fi
nite distance from the surface), the concentration of the electrotyte 11°
equals n+ or n _. This is represented by the dashed line in the figure. he
excess of cations (a t ), which neutralizes both the surface charge and the
anions in the DOL, is given by area ABCDEF. The amount of anions (el )
in the DDL is given by area AEF. Total surface charge (a to t ), equivalent to
CEC, is given by
(3-28)

CEC

c:

= surface cation excess + anion exclusion

(3-2Y)
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[he CEC is equal to the area ABCOEF - area AEF, which equals the area
ABCD E, where anion exclusion is measured by the increase of anion con
centration in the contacting solution. The CEC is equal to the surface
Jtion excess (total exchangeable cations) only when anion exclusion is
negligible. This occurs at low electrolyte concentrations. Increasing elec
trolyte concentration compresses the DOL and increases anion exclusion.
The correction for anion exclusion becomes significant above approxi
mately 10 dS/m at 25°C.
Bower and Hatcher (1962) reported the effect of the anion exclusion
correction on exchangeable sodium percentage, ESP, where ESP = NaX .
1001CEC. The units of NaX and CEC are mole/ kg). Table 3-3 shows
selected data from their study. To correct for anion exclusion, they deter
mined the Cl concentration in the saturation extract. The Cl concentration
in the whole soil was dete.rmined by extensive leaching. The soluble
cation content of the saturation extract was then multiplied by the ratio,
Cl1oa(hing / CI"xtrdct·

'-J
(J'>

TABLE 3-3. Anion Exclusion Correction on ESP
Exchangeable
Sodium"

Soluble Sodium·

Chloride"

ESP
(Percentage)

Soil

SP

EC e
(dS / m)

Saturation
Extracts

Corrected

Uncorrected

Corrected

Uncorrected

Corrected

Uncorrected

Corrected

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

1

101

9.0

0.078

0.068

0.071

0.062

0.076

0.085

21

23

2

60

67.4

0.406

0.368

0.464

0.420

0.184

0.228

60

75

3
4

57

32.3

0.074

0.061

0.165

0.135

0.027

0.057

13

27

59

17.7

0.033

0.026

0.076

0.059

0.023

0.040

12

21

"Chloride, soluble sodium, and exchangeable sodium are gi v",n in mol, .kg .
ESP, exchangeable sodium percentage
From Bower and Hatcher (1962).
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Table 3-3 indicates a marke d increase in Na ion preference by the
exchanger, as seen by the ESP, after correction. This underscores the
imf ortance of considering anion exclusion in high-salinity environments.
\n iun exclusion fostered the concept known as the apparent exclusion
\ lIluI11c, the hypothetical volume of water near the surface that H'L,st be
insolublc to anions to account for the bulk solution's anion concentration.
\\ hen calculating anion exclusion, the mathematically simpler concept of
apparent exclusion volume is often used.
Jon Exchange

The ability to predict the distribution of ions between the soil solu tion
.rnd the exchang r phase is vital to the management of sal t-affected oils,
particularly when dealing with a potential sodic hazard. The complexity
(Ii the clay minera l fraction and the multi-ion nature of the soil solution
mllke a rigorous definition of ion distribution in the soil difficult. A com
mlln approach to ion exchange is to apply the mass action p rinciple.

The gen eral mass action equation for describing ion exch ange in a
binary cation system is
(3-30)

where X :=: one mole of negative charge on the exchanger; a = the valence
(Ii cation A; and b = the valence of cation B. Ion concentrations are in
mol/L. When a = b, the exchange is homoval nt. When a 1=- b, the
~xchange is heterovalent. Applying the general exchange equation to
diNa exchange, where a = 2 and b = 1, gives
(3-31)

The thermodynamic equilibrium constant is

(3-32)

where ( ) signifies activities in both solution and exchanger phase. The
method for calculating activities of ions in solution is well established
(Stumm and Morgan 1996), but determining the activities of ions in the
exchanger phase is difficult and subject to question. A simple mass action
approach, which gives the selectivity coefficient, can be used to calculate
the ion distribution between the solution and adsorbed phase.
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For Ca/Na exchange (Eq. 3-31), the selectivity coefficient k, is
2

k = [ aXf[Ca +]

,

[CaX][Na+f

(3

w here [ ] signifies concentrations units in both the solution and l" XChangl1
phases. The ion concentration in the exchanger phase is exp res cd in um
of equivalent fraction , using the Capon convention, Of , [ s frequcntll
the m ole fra ction, using the Vanselow convention. These te rms ar·
related, but they produce different values for the selectivity coefficient
(Sposito 1977).
Although not a true thermodynamic constant, the variability of k, i,
often small. Using the equivalent fraction, E;, for the adsorbed ion concen·
tration and moUL for the solution concentration, Eq. 3-33 becomes
2

k. = [E. f[Ca +]
, (Ec:a J[Na+f

(3-3.\1

wh ere E; = iX /CEC and both iX and CEC have the units of cmolJkg
(cmolclkg is equivalent to the formerly popular units of meq/l00 g).
Levy and Hillel (1968) found the ks value for this exchange reaction to
be c("lnstant 0 er a wide range of EN" values (i.e., ENa = 0.1 to 0.7) for t pi
cal raeli soils. The magnitude of the ks, however, varied betwe n soils.

The Gapon constant
The Gapon exchange reaction has been widely used in salin ity and
sodicity studies. The original expression for Ca / Na exchange is
(3-35)
where olution concentration is in moU L and exchange ion concentration
is in cmole/kg. At equilibrium, we can write

kg =

[NaX][Ca 2-]1/2
+

[Ca 1l1X][Na ]

(3-36)

wh ere kg = the Gapon selectivity coefficient, often assumed to be con
stant. The ratio of adsorbed ions is
[NaX] _ k
[Ca l/2X ] -

[Na+]

g [ a2+]1/2

(3-37)
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h~rc the units of kg are (mollL)-I!2. The U.S. Salinity Laboratory (1954)
urth 'r assumed that Mg behaves similarly to Ca in the adsorbed phase
nJ modified the Gapon equation to the following:

=k'
[Na+]
=k'SAR
[NaX]
g rCa + Mgf /2
g
[CaX + MgX]
I hl'fe

k~

(3-38)

= the modified Gapon selectivity coefficient (mmol/L)-1 /2; and

\ = the sodium adsorption ratio, defined as

o f k, j ~
onccn

SAR

=

[Na]

rCa

+ Mg]1 /2

(3-39)

Ikcre totJI analytical concentrations are used (mmollL) with no account
(3-34)

ot ion dssociation. Because Ca, Mg, and Na are the most common
~\(hangeable

l, / kg

[NaX]
= k'SAR = ESR
CEC -[NaX]
g

).
~on to
. Lypi
6ils.

I

and

3-35)

ation

3- 6)

con

:-37)

cations in arid soils, Eq. 3-38 may be simplified to

(3-40)

ESR is called the exchangeable sodium ratio. In terms of the ESP,
fq. 3-40 becomes
\\h~re

[ESP]
= k:.sAR = ESR
"
[100 + ESP]

(3-41)

where ESP = aX lOO/CEC. Because obtaining reliable exchangeable ion
Jll ta is difficult (Amrhein and Suarez 1990), the SAR of the soil solution or
,\trtlct has become the principle parameter for diagnosing sodic hazards
'n soils,
The value of k~ is determined by the regression (slope) of the ESR-SAR
relc1tionship, which is linear. A value of k~ = 0.015 (mmol/L)-1/2 is
Iv idely used, It is useful in field studies when the ESR ::; 30. Correspond
ingly, as a rough approximation in this sodicity range, the value of SAR
,md ESP are assumed equal (U.S. Salinity Laboratory 1954). More recent
)!tldies, however, indicate that numerous factors influence the ESR-SAR
lOuple and the value of kg ranges from 0.016 (mmol!L) - 1/2 to 0.008
(mmol/Lf 1{2. This suggests that, to be accurate, k~ should be estimated
lIsing data specific to the site under study (Doering and Willis 1980;
Jurinak et al. 1984).
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Effect of salinity on ion exchange
If the soil solution is concentrated by a factor ~c, maintaining the same
ionic ratios, the initial SAR increased by the factor (~C)l12:

SARrina) = (~C)1/2 . SARinitii1]

(3-42)

Th us, if the concentration is increased by a factor of 3 and no chemical
precipitation occurs, SARfina) = (3)112 SARinilii1" Increasing soil salinity
increases the SAR, and if k~ remains constant, then ESR and ESP must
increase. There is little evidence for a change in selectivity with increas
ing sal inity (Amrhein and Suarez 1991), hence no practical need to cOn
sider solution activity coefficients and ion pairs for cation exchange
calcula tions.
As an example, assume a soil is irrigated with water of EC = 1.5 dS/ m
and SAR = 8 (mmol/L)l12. Assuming an ET concentration factor of 3 in
the rootzone, and using Eq. 3-42, the SAR of the soil solution will then be
13.9 (mmol/L)l12. Applying the Gapon convention and assuming that k;;
is constant and equal to 0.015 (mmol/L)-l12, the steady-state ESR of the
soil is 0.21 (ESP = 17.4). If ET increases the concentration factor to 6, the
SAR will then equal 19.6 (mmol/L)1 /2, and the ESR increases to 0.29
(ESP = 22.5). Thus, if the selectivity coefficient remains the same, an
increase in the concentration of the equilibrium solution increases the
affinity of the clay fraction for monovalent cations, and d .i lution increases
the affinity for divalent cations.
10 11

demixing

Early theories of cation exchange assumed exchangeable ions were
randomly distributed at the clay surface. More recent evidence suggests,
however, that random distribution is rare for expanding lattice clays
Instead, divalent ions are preferentially adsorbed in the interlayer spaces
and monovalent ions are adsorbed on the edges and planar surfaces. This
phenomenon, referred to as ion demixing, affects a soil's response to rela
tively low amounts of exchangeable sodium (see Chapter 5).
Rhizosphere Chemistry in Salt-Affected Soils

The composition of soil water depends on the composition of irriga
tion and rain water; chemical reactions, such as dissolution, precipita
tion, adsorption, and exchange; and the extent to which ET concentrates
the water. Predicting the chemistry of a soil solution is difficult due to
the dynamic nature of the system. For a more convenient prediction we
often assume (though it may be far from true) that steady-state condi
tions exist.
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\hl'n L uming steady-state conditions, ion exchange is viewed as a
undition affected only by ET and precip itation-dissolution reac
lIn , II i also assumed that N a, Mg, K, and Cl do not undergo chemical
letl m (other tha n exchange). Concentrations of these ions can be esti
" t'd h\ multiplying their initial concentrations in the applied water,
bv the ratio of the water consumed to water applied.
,1 til

Ifll~"e iI/ill

carbonates

In the rhiLosphere, many soil waters are supersaturated with respect to
laMg(CO h, and possibly magnesite, MgC03 . Dolomite is not
l!t-tdered a sink for M g because of the kinetic constraints on precipi
lIi(1Il existing in rhizosphere environments. Although dolomite has
pro'<imateJy the same molar solubility as calcite, the rate at which it disin is about 70 times slower. The result is that dolomite contributes Ca
Ih<.' ~n il solution but, in the absence of calcite, is extremely slow to reach
~uihbrium with a soil solution. Because dolomite does not precipitate
adi!) from the oil solution, whereas calcite does, the Mg/Ca ratio
1\',1<;(, as the lea hing fraction is reduced.
tJgnesite precipitation in soils has not been documented. The solu
~tht, of magnesite L in dispute, but pure solutions may attain (Mg 2 +)
\ l l ll.l'~ of about 60 to 180 times greater (at pH 9.5 and 8.5, respectively,
ltpending also on the alkalinity) than the (Ca 2 1 ) values before another
mapws.illm carbonate, hydromagnesite (MgS(C03MOHh' 4H 20) precip
,ult: . Before either dolomite or Mg-carbonate minerals form, Mg will
jlllst likely form a Mg-silicate mineral, such as sepiolite, MgSi 30 6(OH) .
Lt'-precipitation with Ca is also another sink for Mg because, depending
nthe Ca/Mg ratio, the precipitated calcite will often contain 3% to 7%
Ig. ubstitution for Ca.
l(1mit~,

la/rill'" carbonate

fhe dissolution and p recipitation of CaC0 3 influences rhizosphere
hemistry. Indeed, calcite reaction is generally assumed to dominate the
it~mb try of the soil solution in arid-zone soils. Studies show that calcite
, Ll311a lly supersaturated in waters in and below the rootzone, and the
Ilwan value of the ion activity product (lAP) of (Ca h ) (COj-) equals lO- R
j"Uilrez 1977; Suarez et al. 1992), that is,

·cipita

ntra tes
due t
ion w e
condi-

(3-43)

Ihis measured lAP does not imply that soil calcite is thermodynami
.:.!llr unstable (K,p of calcite is 1O-RA7 at 25 QC). Rather, it appears that this
upt'rsaturation reflects a kinetic aspect associated with calcite crystal
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growth. At an lAP value of lO - HO calcite is sufficiently supersaturated tll,
heterogeneous nucleation occurs. Once calcite nucleates in the so'l, calcik
crystal growth is inhibited by dissolved organic carbon in the soil walt.
and the value of 10- so corresponds to the value at which calcite precipi·
tates via heterogeneous nucleation (Lebron and Suarez 1996; 1998). ~ i
solutions remain in a metastable condition at this lAP value (threeJllk
supersaturated with respect to calcite), so it can be used as an appar t
solubility constant for predictive purposes.
Since COj- is usually a minor species in solution, calcite solubility car
more conveniently be represented by expressing it in terms of H 0 3:
K" = (Ca +)(HC0 3f
2

(3-41

Peo,
When P C02 is expressed in kilopascals (1 atm = 101 kPa) and a calci tt
thermodynamic Ksp of 10- H.47 is used, the theoretical value of K" = to-".
If the apparent solubility product of calcite (Eq. 3-43) is used in Eg. HI
for predictive purposes, then the value of K" increases to 10- 7.5. In tha
situation, Eq. 3-45 loses its thermodynamic significance. Computer pro
grams, such as Extract Chem (Chapter 26) are available for calculating
equilibrium Ca 2 + and HCO J concentrations and activities. A graphical
method, based on solution of the following equation, is also available
(Suarez 1982):

,Ikite. VariOl
\\ hid' .1[ in
• on en h-d i
qua Lion (SU i

\\ here N.l H , .
re"'pe liv e ly,
ri uOl Ith ca
,1 1 pcc iatio[
~ Jllwn c1 rc
und er ·" tural
lIO n w a te rs
(t.1 )(CO;;
ttl f R is twl
The SA R 1
\\ J'Il ' w a tcr
~luili rated
Llir, ill d 'gE
m~ the SAR.
An Itern,
l

(3-45\

where x = the amount of Ca that is precipitated or dissolved. 0 correc
tion for ion association is made, so the results are only approximate. In the
absence of specific data for the rhizosphere, use Peo2 = 1 kPa (0.01 atm)
for sandy soils and 5 kPa (0.05 atm) for clay soils.

wh re Peol •
Isi ng the 1111
liun w ater. 1
pht::ri c (i.e., 1

h . ame
rhizn~p he re.

The adjusted sodium adsorption ratio

As discussed earlier, the SAR relationship is useful for estimating the
ESP of the soil. The SAR of soil water, assuming steady-state conditions, is
determined from the composition of the irrigation water, after correcting
for ET and CaC03 precipitation or dissolution.
An adjustment to the SAR of irrigation \oVater is often made to incorpo
rate the changes in Ca that will occur when the water is equilibrated with

'l 'he conCi
ti n . Its yah
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kite. Various methods are used to adjust the SAR of waters, several of
IIhKh ilre in error. The preferred method is to calculate the equilibrium
loncentration in th e water (Ca eq in mmol/L) and use in the following
uatwn (Suarez 1981):

:; H

old
en t

SAR

wli

=

Na",.

(3-46)

~MgilV + Ca eq )

:a n

+4)

ite

'1 .D

h~re I a " and Mg iUl a re concentra tions of Na an d Mg (mmoI / L),
,'pcctirely, in the applied water. The Ca eq is the Ca value in equilib
rium with ca lcium carbonate, and can best be obtained by use of chemi
Ispl'ciation models, such as Extract Chern . This correction will res ult in
hwmward adjustment of the SAR if the initial irrigation water is
undmaturated with respect to calcite. More commonly, surface irriga
twn waters in arid lands are already reacted with carbonates and a
80
IlJ: )((05 ) lAP at or grea ter than 10- . In this instance an adjustment
! AR is not needed.
The SAR correction is most important when using groundwaters or
lId te waters for irrigation. In this instance the waters are generally
''luilibrated at higher concentrations of CO 2 and, upon exposure to the
c, will degas CO2 and the solution will precipitate calcite, thus increas
Ing the SAR.
An alternate equation for calculating SARadj is

SAR . =
wi/

5)
II'hl'fC

~

Na ;w
1/ 3

Mg"" + 0.215 X(Pco, )

(3-47)

Pm, is in kPa and X values are found in Table 3-4 (Suarez 1981 )

u ing the Inolar HC0 3 / Ca ratio and ionic strength values for the irriga
ti(ln water. The pco? for surface waters can be set to around twice atmos
rh~ric (i.e., 10- 3 14 atm or 0.072 kPa).

The same concepts can be used to estimate the equilibrium SAR in the
rhlzo phere. In this instance Eq. 3-47 is modified to

SAR . =
ad)

~

Nam,f;·
1/3
Mg;" .F, + 0.215X(Pco, )

(3-48)

Theconcentration factor Fe equals I l L, in which L = the leaching frac
tilln.lts value depends on the soil depth.

TABLE 3-4. X-Values for Various HC03 / Ca Mole Ra tios
and Ioni c SITengths

OJ
.j:>

lonic Strength (I )"

HC03 /Ca 0.001
(1)

(2)

0.1
0. 2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0

73.4
46.2
35.3
29.1
25.1
22.2
20.1
18.3
17.0
15.8
12.1
9.96
8.58
7.60
6.86
6.27
5.80
5.41
4.79
4.31
3.95
3.65
3.41

2.5

3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0
10.0

0.005
(3)

0.01
(4)

0.02

79.6
50.1
38.2
31.6
27.2
24.1
21.
19.9
18.4
17.1
13.1
10.8
9.31
8.24
7.44
6.80

84.1
53.0
40.4
33.4
28.8
25 .5
23.0
21 .0
19.4
18.1
13.8
11.4
9.84
8.71
7.86
7.1 9
6.65
6.20
5.49
4.95
4.53
4.19
3.90

90.0
56.7
43.3
35.7
30.8
27.3
24.6
22.5
20.8
19.4
14.8
12.2
10.5
9.33
8.42
7.70
7.12
6.63
5.87
5.30
4.85
4.48
4.18

6.29

5.86
5.19
4.68
4.29

3.96
3.69

(5)

0.03
(6)

0.04

94.4
59.5
45.4
37.5
32.3
28.6
25.8
23.6
21.8
20 .3
15.5
12.8
11.0
9.78
8.82
8.07
7.46
6.96
6.16
5.56
5.09
4.70
4.38

97.9 101.0 106.0 112.0 120.0
61.7
63.6
66.8
70 .5
75.3
47.1
48.5
51.0
53.8
57.5
38.9
40.1
42.1
44.4
47.4
36.3
38.3
40.9
33.5
34.5
29.7
30.6
32.1
33.9
36.2
26.8
27.6
32.7
29.0
30.6
24.5
25.2
29.9
26.5
28.0
22.6
23.3
24.5
25.9
27.6
21.l
21.8
22.8
24.1
25. 8
16.1
17.4
18.4
16.6
19.7
13.3
13.7
14.4
15.2
16.2
14.0
11 .5
12.4
13.1
11.8
10.1
12.4
10.5
11 .0
11.6
9.15
9.44
11.2
9.91 10.5
8. 37
8.63
9. 06
9.57 10.2
7.74
7. 98
8.38
8.85
9.45
.22
8.25
7.81
7.44
8.81
6.92
7.30
7.80
6.39
6.59
5.77
7.04
5.95
6.24
6.59
6.44
5.28
5.44
5.71
6.03
5.95
4.88
5.28
5.57
5.03
4.69
4.92
5.20
5.55
4.55

(7)

0.05
(8)

0.07

0.1
(10)

(9)

0.15
(11)

0.2
(12)

0.25
(13)

0.3
(14)

0.4
(15)

0.5
(16)

125.0 130.0 133.0 139.0 144.0
78.8
81.7
84.0
87.9
90. 4
62.3
64.1
67.0
60.1
69.0
49.6
51.5
52.9
55.3
57.0
44.3
45.6
49.1
42.8
47.6
37.9
39.3
40.4
42.2
43 .5
34.2
35.4
36.4
38.1
39.2
31.3
32.4
33. 3
34.8
35.9
28. 9
30.0
32.2
33.2
30.8
26.9
27.9
28.9
30.0
30.9
20.6
21 .3
22.9
21.9
23.6
17.0
17.6
18.1
18.9
19.5
16.3
16.8
14.6
15.2
15.6
14.4
13.0
13.4
13.8
14.9
11.7
21.1
12.5
13.0
13.4
10.7
11.1
11.4
11 .9
12.3
9.88 10.2
10.2
11.0
11.3
9.21
9.55
9.83 10.3
10.6
8.16
8.46
8.70
9.09
9. 37
8.20
7.36
7.63
7.85
8.45
7.73
7. 18
7.50
6.74
6.98
7.15
6. 94
6.23
6.46
6.64
5.80
6.02
6.19
6.46
6.66

"I = 0.0127 EC (mol / L)
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Ihe salt-mineral composition of the soil solution results from numer
multiphase chemical interactions, including dissolu
lilln and precipitation of minerals, formation of inorganic and organic
( Irdination compounds in solution, adsorption of ions and ligands onto
:h' uriaCt's of minerals and organic compounds, exchange of ions
!let", n clay-mineral surfaces and the soiution phase, transport of com
f' unds between the gas and liquid phases, and reduction and oxidation
IIi illns and minerals. This list suggests not only the comp lexity of the sys
rl'm, but also the need for conceptual geochemical computer models to
predict the composition of the soil solution as affected by man's activities.
(.L'Ochemical models can be linked with soil-water flow models, plant
Ill1lwth models, and other models to predict solute migration in soils.
Numerous geochemical models are available. An abbreviated list
if dudes PHREEQC (Parkhurst and Appelo 1999) MIN EQL (Westall et at
1976), EQ31EQ6 (Wo}ery 1979; 1983) and MINTEQ (Allison et at 1990;
H\'droGeologic
and Allison Geoscience Consultants, Inc. 1999). They
I"l'present the current state-of-the-art in computer simulation of soil-solution
chemistry. The UNSATCHEM model (Suarez and Simfulek 1997) incorpo
rJte - a variably saturated water flow model with major ion chemistry, B
adsorption, plant water uptake, and yield predictions related to salinity.
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NOTATIO

A, B, C = chemical symbols
a = valence of cation A
a, b, c = stoichiometric coefficients
b = valence of cation B
c, = concentration of the ith ion
D = dielectric constant
e = electron charge
EC = specific conductance
EC, = ionic specific conductance
ECI = value at temperature t
ESR = exchangeable sodium ratio
ET = evapotranspiration
Fe = concentration factor
K' = solubility product for calcite
k = Boltzmann constant
kg = Gapon selectivity coefficient
k~ = modified Gapon selectivity coefficient
L = leaching fraction
Mg,w, = concentration of Mg in applied water
m, = molal concentration of the ith ion
Naiw = concentration of N a in applied water
nO = electrolyte concentration in the bulk solution
SAR = sodium adsorption ratio
T = absolute temperature
TSS = total soluble salt concentration
X = one mole of negative charge on the exchanger
x = amount of Ca precipitated or dissolved
z = valence of the counter ion
~ = empirical interactive parameter
1 ; = activity coefficient
AS = ionic equivalent conductance at infinite dilution
<p = osmotic coefficient of the ith salt
() = activities
[l = concentrations
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