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Understanding Salinity &
Sodium Problems in Soils

Dr. Jim Walworth
Dept. of Soil, Water & Environmental Sci.
University of Arizona

Salt

A soluble salt is a molecule that dissolves in
water, and separates into a cation and an
anion in solution. Sodium chloride is a familiar
example:
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Soluble salts are those soil salts that are more
soluble than gypsum (CaS0,2H,0)

Soil Salts

Feel free to contact me:
Dr. Jim Walworth
Walworth@ag.arizona.edu
(520) 626-3364

Additional material is available at:

http://ag.arizona.edu/swes/soil_fertility/

First, we need to define exactly what we mean when we
use the words salt and salinity. For our purposes a saltis a
material composed of a cation (often an alkali metal and
alkaline earth metal — columns IA and IIA on the periodic
table) and an anion (often a halogen — column VIIB on the
periodic table). These compounds form solid crystals when
dry. Soluble salts dissolve in water, and once dissolved,
the anion (negatively charged molecule) and cation
(positively charged molecule) separate, and act as
individual ions, or charged particles.

The most familiar example is sodium chloride (NaCl) or
table salt, but numerous other salts are common in soils,
such as calcium carbonate (CaCO3), potassium sulfate
(K2S0Q,4), magnesium carbonate (MgCQOj3), or ammonium
chloride (NH,4CI). In fact, just about every possible cation-
anion pairing is found in nature. Salinity is a measure of
the combined concentration of salts in soil or water.

The common cations in our soils are calcium (Ca*?),
magnesium (Mg*?), sodium (Na*), ammonium (NH,"), and
potassium (K"); the common anions are chloride (CI),
sulfate (SO,™), bicarbonate and carbonate (H,CO3? and
HCO3), and nitrate (NO3’). The term salt refers to a cation-
anion pair formed by any combination of these ions. We
also use the term salts to refer to all such anion-cation
pairs. Soluble salts are those salts with greater solubility
than gypsum (CaSO,2H,0), and are of most interest to us
because of their strong influence on soil chemical, physical,
and biological properties.

In the desert southwest, salt accumulation is one of the
most important soil and land management issues. In soils,
dissolved and soluble cations and anions are collectively
called soil salts; we don’t worry about who’s pairing with
who. In fact, we’re more interested in the positively-
charged cations than the negatively-charged anions. You
will notice that we will spend considerable time here
discussing cations (particularly sodium and calcium) and
almost none talking about anions.

If salts and salt behavior are understood, irrigation water
and soil salts are relatively easy to manage. But
management options can diminish as salt accumulates.
Unfortunately, mismanagement of soil salts can cause a
long-lasting or even permanent reduction in soil
productivity.
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Formation of sail salinity

Irrigation water, fertilizers add
salt to soil

Poor Drainage due to
1. Inadequate Water
2. Compacted Layers
3. Heavy Soils

4. Sodium

If adequate leaching does not occur, salts accumulate

Measuring Soil Salts

lons in solution conduct electricity, so the total amount of
or soluble soil ions (salts) can be estimated by
measuring the Electrical Conductivity (EC) of a soil
water extract.

EC is measured in units of conductance over a known distance:

deci-Siemens per meter or dS/m

Soil with a high EC is salty; soil with a low EC is not.

Soil salts can also be expressed as Total Dissolved Salts (TDS) in ppm
TDS = EC (dS/m) x 640

Direct Effects
of Salts on Plants

Salt is a good
sterilant.

Salt Cod

Willcox Playa

Why do soils get salty?

Salts are continually added to soil by
* weathering of soil minerals
* additions from rain, dust, and irrigation water
» fertilizer additions

Unless salts leave the soil at the same rate as they are
added, salts will accumulate. Salts leave soils by leaching
out of the soil, carried by water draining through the soil
profile. If there is inadequate drainage water to carry away
salts, they accumulate. The main reason for inadequate
drainage in native desert southwest soils is lack of
precipitation. In some soils, compacted layers, clay
horizons, or high sodium layers impede soil drainage and
lead to salt accumulation.

Salts, when dissolved in water, cause the water to become
a better electrical conductor. Knowing this, we can
estimate the amount of salt in water by measuring the
electrical conductivity, or EC. The higher the EC, the
greater the salt concentration. To measure soil EC, we
make a water extract and measure the EC of the extract.

The units of EC are decisiemens per meter (dS/m) or, in
older literature, millimhos per centimeter (mho/cm). These
units are identical. EC measurements can be converted
into parts per million (ppm) of salt by multiplying EC (in
dS/m) x 640.

We'll look at salts from two points of view. The first is
concerned with the effects of salts on plants growing in the
soil. The second is an examination of the ways in which
salts affect the soil itself.

Although we handle and consume salt daily, salts are quite
toxic in large concentrations. For many centuries salt has
been used to cure meats, fish, and vegetables. At one
time, salt was the world’s most valuable trading commodity
because of its preservative properties. If allowed to
accumulate in soils, salts will eventually kill all growing
plants. Willcox Playa is a good place to see the effects of
excessive salts, although there are many such basins
around Arizona that collect salts from surrounding lands.
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Salt Effects on Plants

« Excess soluble salts can be harmful to
plant growth because:

— Salts lower the osmotic potential energy of
soil water. Water is less available to
plants.

— Some soluble salt ions can have specific
toxic effects on plants, such as:

« Na*, Cl-, H;BO,

Salt Effects on Plants

+ When soluble salts dissolve in water, and anions and
cations separate, they are surrounded by water
molecules and become hydrated.

— This lowers the osmotic

Ppotential energy of soil
water because the water is o

R
tied up by the anions and - ,Or 00
cations. ‘“p e
— This water is less available B3 Q:“’
to plants. e ‘e‘
O 'Boy
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— Plants become stressed, A
even when the soil is moist.

Too Much Salt

+ Water is drawn from regions of low salt concentration to
regions of high salt concentration

Soil
Inside

solution

Salts draw water
out of plant roots
causing water-
stress of the
plants

high salt

Root
Membrane

The dissolved anions and cations of salts in water are
surrounded by water molecules. These water molecules
are strongly attracted to dissolved ions, making the water
molecules less available to plant roots.

However, some salts (boron is the best example) are
directly toxic to plants instead of affecting water availability.

The dissolved anions and cations of salts in water are
surrounded by water molecules. These water molecules
are strongly attracted to dissolved ions, which makes the
water molecules less available to plant roots.

The pull of salt molecules on water is extremely strong.
Salt can pull water out of tissues and cells, a process used
in curing animal hides and food preservation. Most cell
walls are more permeable to water than they are to salt
molecules. These are described as semi-permeable
membranes. If a high and a low salt solution are put
together, but separated by a semi-permeable membrane,
then water is drawn from the low salt solution to the high
salt solution. This is because the salt molecules in the
saltier solution are pulling the cleaner water through the
membrane to establish equilibrium. This is osmosis. (In
reverse osmosis (RO), salty water is pushed through a
semi-permeable membrane, leaving salts behind, and
producing de-salinized water.)

A plant root is a semi-permeable membrane. Salts pass
through root cell walls much more slowly than does water.
If a root is surrounded by salty water, the salty water will try
to pull water out of the root. So salty soil water is less
available to plants than is clean water.

Salt-affected plants sometimes appear to be water-
stressed. Plant growth generally declines as soil salinity
increases. In broad-leaved plants, leaf margins appear
burned, usually in a fairly uniform pattern throughout the
plant. The level of salinity that causes stunting is
dependent on the species, and even variety, of plant.
Some halophytes (salt-loving plants) actually grow better in
salty than in un-salty conditions.
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One of the best ways to minimize salinity
problems is to use salt-tolerant plants

Miyamoto et al., 2004

Spartina alterniflora
(smooth cordgrass)

Comparison of Salt Tielerance in
Turfgrasses

0 Seashore Paspalum
O Alkaligrass

B St. Augustinegrass

W Tall Fescue

O Perennial Ryegrass

B Hybrid Bermudagrass

EC (dS/m)

O Creeping Bentgrass
B Zoysiagrass
O Centlpedegrass

50% Growth Reduction

Ducan & Carrow, 2000

Table A2

These slides show the effects of varying levels of salt on
the growth of several landscaping plants. Notice the
difference in sensitivity between plant species.

Salt tolerant plants utilize an array of mechanisms to
survive salty conditions. Some can absorb excess salt and
excrete it from leaf or stem tissues, as seen in the
photograph shown here.

There is a wide range of salt tolerance in turf grass species
and cultivars. The electrical conductivity values shown on
the vertical axis of this graph provide only rough guidelines
for salt tolerance of turfgrasses.

Similar information is also available for landscaping plants.
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Table A-4. Salt tolerance of plants native to the Southwest.

Shrub/Agave Trees

Moderately Seasitive (3- 6 4S m'")

Silverberry

Moderately Tolerant (6 -8 dS m")
Coyotebush ris)
Agave

Tolerant (8- 1045 m'")

entury plants  (Agav

Highly Tolerant (+10 dS
Pickleweed __(Allenr

(Prosopis pubescens)

Landscape Plant Lists for Salt Tolerance Assessment, Miyamoto et al., 2004
http://www.plantanswers.com/Landscape_Plant_Lists_for_Salt_Tolerance_Assessment pdf

Salts can also be good for plants

« Many plant nutrients are soil salts

« Cation nutrients + Anions nutrients

- Cca? - CI

- Mg - S0
- NH, - PO
- K - NOy

- Fe'? - MoO,?
— Mn?2

- Cu?

- Ni2

- Zn?

That's why some salts, in proper
amounts, are good for plants and
why too much salt is bad for plants.

Salts also affect soil. And as with
plants, the effects of salts on soil
can be either good or bad.

Salt, Sodium, and Soil Structure

And for some southwestern desert plants.

The other side of the coin is that plants need soil salts.
Consider that all the anions and cations listed above are
essential plant nutrients. Without these ions dissolved in
the soil solution, plant life is not sustainable.

Earlier, we indicated that salts affect both plants and soils.
We’ve reviewed the ways in which salts affect plants. Salts
directly affect both physical and chemical soil properties.

The effects of salts on soil physical properties such as soil
structure are most critical. Here, you see sodium
accumulation inhibiting water infiltration and drainage.
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Soil Structure

« Structure is the arrangement of soil particles
(sand, silt, clay) into stable secondary units
called aggregates.

+ Aggregates are composed of sand, silt, and clay
particles, and are held together by cations,
organic matter, oxides, carbonates, or clays.

« Aggregates influence important soil properties,
including porosity, aeration, and water
movement.

Soil Structure - Aggregates

Aggregates consist of flocculated particles

Soil clay particles can be to one another (dispersed
or clumped together (flocculated).

Dispersed Particles Flocculated Particles
° o
o
° o o oo
o o
o
o ©
o
o o

Soil structure
takes many

Flocculation is important because water moves mostly
in large pores between aggregates. Also, plant roots
grow mainly between aggregates.

In most soils, individual soil particles are cemented into
aggregates or clumps made up of many individual sand,
silt, and clay particles. Aggregates can be cemented
together by cations, carbonates, clays, or organic matter.

Clay particles act independently under some soil
conditions. We say that these particles are dispersed. If
conditions are right, however, soil particles will flocculate
and form aggregates.

Soil particles can be arranged in many ways, resulting in
some very distinct kinds of soil structure. This is an
important topic, but not one we will cover here.

In finer-textured (clayey) soils, the large pores between
aggregates (macropores) are critical for water flow, root
growth, and drainage.
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In all but the sandiest soils, dispersed clays plug soil
pores and impede water infiltration and soil drainage.

Dispersed Soils

« Dispersed soils absorb water very slowly
— More runoff is likely
— Water is used less efficiently
— Erosion is more likely
« Plant roots can not easily penetrate
dispersed soils
— Shallow-rooted plants
- Less efficient water use
— Less efficient nutrient utilization

Similar Charges Repel

Negatively Negatively
charged clay charged clay
particle particle

Cations can make clay particles
stick together (flocculate)

-
Negatively Negatively

charged clay charged clay
particle particle

If soils disperse, small particles will plug up the macropores
in the soil. Water can not infiltrate, and will pond on top of
the soil. This is good for pond construction, but not for
growing plants.

In dispersed soils, water infiltrates and drains slowly.
Water is much more likely to run off of the soil, increasing
the potential for erosion and limiting the amount of water
available for growing plants. These soils are likely to be
poorly aerated because they lack the large pores
necessary for exchange of soil air with atmospheric air.
Large, inter-aggregate pores are also important for root
penetration. Therefore, plants growing in dispersed soils
are likely to be shallow-rooted.

Dispersed soils tend to form impermeable crusts at the
surface when they dry. This can impede seedling
emergence. Poor stand establishment is common in these
soils.

Most soil clay particles are electrically negatively charged.
This is largely a function of the structure of clay minerals.
Like-charged particles or molecules repel each other -
cations repel cations, and anions repel anions. Clay
particles repel one another.

The ‘same charge’ repulsion between two negative clay
particles can be bridged by cations. The soil solution
surrounding clay particles contains cations that can attract
nearby clay particles. In this way, the clay particles can get
close enough together to bond into aggregates, or to
flocculate.
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If we add the right cations to a

dispersed soil

the soil will flocculate

Flocculating Cations

+ We can divide cations into two categories

— Poor flocculators
Sodium
— Good flocculators

+ Calcium
+ Magnesium

lon

Relative Flocculating

Calciut

Sodium
Potassium

Magnesium

m

Na*
K+
Mg2+
caz

10

17

27.0

43.0

Sumner and Naidu, 1998

Sodium Adsorption Ratio

The ratio of ‘bad’ to ‘good’ flocculators gives an indication
of the relative status of these cations:

600 ="

0000
% <+— Ca?* and Mg?*

SAR =

N
Y [ca] + Mg®]

this is exp d as the ‘'sodium

where concentrations are expressed in mmoles/L

ption ratio’ or SAR:

Addition of flocculating cations can aggregate a dispersed
soil. This is a basic management tool for irrigated soils.

Some cations are much better flocculators than others.
Flocculating ability is related to strength of attraction of
cations to clay particles; the most weakly attracted are the
worst flocculators (Na*, for example) and those most
stroggly attracted to clay particles are the best flocculators
(Ca*"):

Worst < Na'<NH,"=K'<Mg**<Ca*’<AI** — Best

Of the cations commonly found in desert soils sodium is the
weakest flocculator. Potassium is slightly better.
Magnesium and calcium are 27 and 43 times better,
respectively, than sodium.

Soils with lots of good flocculators, like calcium, are likely to
have much better structure than soils with lots of poor
flocculators, like sodium. We can evaluate a soil’s
tendency to disperse or flocculate by looking at relative
amounts of ‘poor flocculators® versus ‘good flocculators’.

One way of doing this is by the sodium adsorption ratio, or
SAR for short. This ratio compares the amount of sodium
to the amount of calcium plus magnesium. There are a
couple of ways of writing the formula for SAR. The
simplest uses cation concentrations of millimoles per liter
(mmol/L) and is shown here. SAR equals the sodium
concentration divided by the square root of the sum of the
calcium and magnesium concentrations.

The higher the SAR, the more likely the soil is to disperse.
In general, we would like to see SAR values less than 9 or
10, better yet, below 3. However, the exact SAR at which a
soil will disperse is dependent on the amount and types of
clay present. A very sandy soil might be okay with a high
SAR, and some clay soils may disperse with very low
SARs.

SAR can be used to evaluate both soils and irrigation
waters.
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Exchangeable Sodium Percentage

An alternative to SAR is ESP, Exchangeable Sodium
Percentage

Qele O—

O -
Ca?* and Mg

this is expl d as the of the CEC (cation

exchange capacity) that is filled with sodium in units of charge per mass
(cmol./kg) Na*

ESP =

Cation Exchange Capacity
SAR and ESP are approximately equal numerically

Electrical conductivity

Remember that we use Electrical Conductivity (EC) of
water, or of a soil water extract to measure the total
amount of dissolved salts

EC is measured in units of conductance over a known distance:

deci-Siemens per meter or dS/m

Soil with a high EC is salty; soil with a low EC is not.

Soil salts can also be expressed as Total Dissolved Salts (TDS) in ppm
TDS = EC (dS/m) x 640

Aggregate stability (dispersion and flocculation)
depends on the balance (SAR) between (Ca?* and
Mg?*) and Na* as well as the amount of soluble salts

(EC) in the soil
Ca? and Mg** N
000
SAR
EC
Lower EC +— — Higher EC
Flocculated Dispersed
soil soil

Soil particles will flocculate if concentrations
of (Ca2* + Mg?*) are increased relative to the
concentration of Na* (SAR is decreased).

Ca?* and Mg**

Flocculated
soil

An alternative measure of a soil’s tendency to disperse or
flocculate is the exchangeable sodium percentage, or ESP.

This is a measure of the amount of sodium on the soil
cation exchange sites. It is calculated as the amount of
sodium divided by the cation exchange capacity. Units are
centimoles of positive charge per kilogram of soll
(cmol/kg). Old units are milliequivalents per 100 g of soil
(meqg/100g). These two units are identical.

ESP can be used only with soil because water has neither
cation exchange capacity nor exchangeable sodium. SAR
is the appropriate measure for waters.

Actually, two factors are critical in determining the tendency
of a soil to disperse or flocculate. These are relative
sodium versus calcium plus magnesium levels (expressed
either as SAR or ESP), and soil salinity (measured by EC).

We can combine these two aspects of soil salinity into a
simple conceptual model, represented as a see-saw. On
one end of the see-saw sit calcium plus magnesium
cations; sodium cations sit on the other end. This
represents the soil SAR. The position of the fulcrum or
balancing point represents the level of soil salinity, or EC.
If the left end of the see-saw tilts downward, the soil is
flocculated. If the right end tilts downward the soil is
dispersed.

If the left side of the see-saw is loaded up with calcium or
magnesium, and the sodium side (the right side) is
unchanged, the left side of the see-saw is heavier and tilts
downward. This means the soil is flocculated. This makes
sense because both calcium and magnesium are good
flocculators.

Also, as calcium and magnesium levels increase, SAR
decreases. Therefore, another way to describe this
situation is to say that as SAR drops, soil tends to
flocculate.
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Soil particles will disperse if

concentrations of (Ca2* + Mg?*) are

decreased relative to the concentration
Ca?* and Mg?* of Na* (SAR is increased).

Flocculated Dispersed
soil soil

Soil particles will flocculate if the
amount of soluble salts in the soil
is increased (increased EC),
even if there is a lot of sodium.

A—- Higher EC
Flocculated Dispersed
soil soil

Ca?* and Mg?

Soil particles may disperse if the
amount of soluble salts in the soil is

Ca?* and Mg?* decreased (i.e. if EC is decreased).

Flocculated Dispersed
soil soil

If the right side of the see-saw is loaded up with sodium,
and the calcium/magnesium side (the left side) is
unchanged, the right side of the see-saw is heavier and tilts
downward. This means the soil is dispersed. This makes
sense because sodium is a very poor flocculator.

Also, as the sodium level increases, SAR increases. (Soil
sodium levels are also referred to as sodicity). Another
way to describe this situation is to say that as SAR
increases, soil tends to disperse. This is one way salts can
damage soils.

What happens if the relative calcium, magnesium, and
sodium proportions are unchanged, but the EC of the soil
increases (the soil becomes saltier)? Now the fulcrum or
balancing point has moved to the right, so the left side of
the see-saw tilts downward. The soil flocculates.

This happens even though the SAR did not change. Salty
soil tends to flocculate even when it contains high levels of
sodium. In this respect, salt is good for the soil.

Conversely, let’'s see what happens if the relative calcium,
magnesium, and sodium levels are unchanged, but the EC
of the soil decreases (the soil becomes less salty). Now
the fulcrum has moved to the left, so the right side of the
see-saw tilts downward. The soil disperses.

Again, this happens even though the SAR did not change.
Soil with a low salt level can disperse even when the
sodium level and the SAR are low.

Dispersed soil can become impermeable to water. It can
form crusts that impede seedling emergence.
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Salt and soil chemistry

« One of the most important chemical
properties affected by soil salts is pH
— In soil desert soils, the pH is controlled by the
presence and absence of certain salts.

— Many soil salts that accumulate in desert soils
are alkaline. Therefore, most desert soils are
alkaline.

Alkalinity in Arid Soils

;
O

Alkalinity in Sodic Soils

JON

What does soil alkalinity do?

« Except in cases of extreme alkalinity (pH greater
than 9.0), pH itself has little direct effect on plant
growth, however pH does affect availability of
many plant nutrients.

— Availability of many nutrients is affected by soil pH.
— Reactions of fertilizer nutrients (N, P, Fe, Zn for
example) are controlled by soil pH

Alkaline soils are those with pH levels greater than 7.
Alkaline soils are uncommon in most of the United States,
but very common in the desert southwest. In fact, it is
unusual to find desert soils that are not alkaline. Most
desert soils have a pH close to 8, due to the presence of
calcium carbonate. This is a relatively insoluble salt that
naturally accumulates under desert conditions.

Sometimes we find soils with pH levels well over 8, which
generally indicate the presence of sodium salts.

Calcium bicarbonate is a common salt in arid region soils.
It combines with water (hydrolyzes) to form carbon dioxide
and calcium hydroxide, a moderately strong base. Soils
with calcium bicarbonate can have pH’s as high as 8.3.

Sodium bicarbonate is another common salt in sodic soils.
It combines with water, forming sodium hydroxide, a very
strong base. Soils with sodium bicarbonate can have pH'’s
greater than 9.0.

Plants don’t care too much about pH, but they are affected
by pH because of the effects of pH on plant nutrients and
other elements in the soil.
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Iron Chlorosis

Iron deficiency appears on ﬁ
youngest leaves of plants
growing in alkaline soils
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Iron chlorosis

In this diagram the thickness of the colored bands
represents availability of the nutrients.

Notice that the metal micronutrients, iron, manganese, zinc,
and copper all become unavailable at high pH'’s (indicated
by the narrowness of their respective bands at the right
side of the diagram). Our high pH soils generally contain
lots of iron, manganese, zinc, and copper, but these metals
are in insoluble forms that many plants can not access.

Other nutrients unavailable in high pH soils include
phosphorus and nitrogen. Phosphorus, like the metals, is
present in sufficient quantities in many desert soils, but is
insoluble at high pH levels. In contrast, desert soils actually
contain very low levels of nitrogen because they contain
little organic material.

Because of the low solubility of iron in high pH soils, iron
deficiency (also called iron chlorosis - chlorosis means
yellowing) is common in the desert. Iron deficiency
appears first on the youngest leaves. Usually the
interveinal areas (the areas between the veins) on these
leaves become bleached or whitish.

Iron chlorosis is uncommon in native desert plants because
they are adapted to high pH soils, and have developed
specific mechanisms to allow them to absorb iron from soil
very efficiently.

This is a negative consequence of certain soil salts which
are, unfortunately, ubiquitous in desert soils.



