
8.1 Sodium Soil Nomenclature

Sodic soils, alkali soils, natric and solonetz soils; it can be confusing at times to determine what exactly is a
sodicity and what is not. Aside from varying terminologies, salinity and sodicity can often occur together or be
mistaken for each other when working with soils. Soil sodicity means the degree to which sodium has affected the
soil. A sodic soil, then, is a soil where the exchange sites on the clay particles are dominated by excessive levels of
adsorbed sodiumSodium (Na) is an ion, Na⁺, that forms crystals with SO₄²⁻, CO₃²⁻ or Cl⁻ when the soil is dry.
However, its effect on soil condition goes beyond its ion contribution to general soil salinity. Large areas of North
Dakota are affected by sodicity (Figure 8.1).

The Sodium Adsorption Ratio (SAR) is the overall measure of soil sodicity. The formula for SAR is:

The units of the concentration values of the cations in the formula are mmolc/L.

The classic SAR formula assumes that dispersion is controlled in the numerator by Na⁺ alone, while the
combination of Ca²⁺ and Mg²⁺ ions are considered as equals in the denominator. Recently, this notion has been
challenged. New experimental data has demonstrated the differences between the relative contributions of
dispersion, as represented by turbidity (Figure 8.1). The Marchuk and Rengasamy (2011) experiments indicate that
ionicity index of K⁺ (0.86) and Na⁺ (0.89) are similar, while the ionicity index of Ca²⁺ (0.67) is less than that of Mg²⁺
(0.73).
The differences of the ions in both their relative dispersion effects (as measured by relative turbidity) and their
ionicity, a new SAR method was proposed to determine both the SAR and the ionicity of K⁺ related to Na⁺. The
equation calculates the cations ratio of soil structural stability (CROSS) and is as follows: (Rengasamy & Marchuk,
2011).
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Figure 8.1. Relationship of ionicity index and relative turbidity. (Marchuk and Rengasamy, 2011)

SAR =
[Na+]

√([Ca2+] + [Mg2+])/2
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Correlation Coefficient of determination (r²) Regression Equation

SAR with % dispersed clay 0.70 Y = 1.01 X − 0.98

CROSS with % dispersed clay 0.95 Y = 0.46 X − 0.58

Despite evidence that the flocculation power of Mg (its ability to bind finer particles together and thus
“aggregating” the soil) is about 60% that of Ca, the relative percentage of dispersion in montmorillonite and
kaolinite showed little variation across Ca:Mg ratios of 1:0, 2:1, 1:2, and 0:1. In illite, however, the 0:1 ratio at an EC
of 12 resulted in the greatest percentage of dispersion, while the other ratios had minimal effect (Figure 8.3, He et
al., 2013). The study concluded that Ca to Mg ratios had little influence on percent dispersion. Even at a 0:1 Ca:Mg
ratio, most clays showed limited dispersion. Sodium Adsorption Ratio (SAR) was found to be the most important
factor influencing dispersion across all ratios tested.

CROSS =
Na+ + 0.56 K+

√(Ca2+ + 0.6 Mg2+)/2

Table 8.1. Correlation of SAR and CROSS with % dispersed clay in 29
Australian soils that were previously irrigated with waters containing
proportions of cations (Rengasamy & Marchuk, 2011).

Figure 8.2. Relationship between CROSS and exchangeable cations ratio (ECR), where ECR = (exchangeable Na +
K)/(exchangeable Ca + Mg) × 100) (Marchuk & Rengasamy, 2011)

file:///C:/Users/junghee.won/OneDrive%20-%20North%20Dakota%20University%20System/Jayme/Development/AgComm/Franzens_E_Book_First_11_Demo/PDF/Production/HTML/Pics_and_Figs/Chp_8_figs/Figure%208.2.png
file:///C:/Users/junghee.won/OneDrive%20-%20North%20Dakota%20University%20System/Jayme/Development/AgComm/Franzens_E_Book_First_11_Demo/PDF/Production/HTML/Pics_and_Figs/Chp_8_figs/Figure%208.2.png


Although the term sodic is used for soil management, the term natric is more frequently used in soil classification.
The Natural Resources Conservation Service provides a more complete definition of sodic conditions in the USDA’s
official reference publication Keys to Soil Taxonomy (Soil Survey Staff, 2022). However, the term natric is based on
a classical definition found in the much older USDA’s salinity manual Agriculture Handbook No. 60 (Soil Salinity
Staff, 1954). A natric soil is a soil with an argillic horizon that contains excessive – typically with a SAR greater than
15 and/or pH greater than 8.2 – and features a natric horizon characterized by distinct columns (Figure 8.2). Natric
soils are further classified into three different subgroups, depending on their characteristics.

In North Dakota, the most common are:

Glossic soil – A soil in which the natric horizon has degraded through time.
Leptic soil – A sodic soil with gypsum crystals present within 16 cm of the surface.
Typic soil – A sodic soil with properties between Glossic and Leptic.

In North Dakota, dispersion and soil swelling can be problematic for plant growth in a soil with a SAR greater than
5 and an EC less than 1 dS/m (a ratio of 5:1). The swelling and dispersion in Figure 8.6 is controlled by one, SAR or
percent Na; two, soil EC; and three, clay mineralogy. For example, a soil in North Dakota that is dominated by illite

Figure 8.3. Dispersed montmorillonite clay as influenced by electrical conductivity (EC) and Ca/Mg ratios (1 to 0, 2 to 1, 1 to 2,
and 0 to 1) at target Na Adsorption ratios of (a) 24, (b) 12, (c) 5 and (d) 1. The r² of each model > 0.99. (He et al., 2013)

Figure 8.4. Distribution of sodic soils in North Dakota and the region. (NRCS image)
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or kaolinite clays may have an SAR of 10 to 20, and despite having a low soil EC, the soil may never show signs of
swelling or dispersion. However, if the soil is dominated by montmorillonite clay, an has a SAR of 7 with an EC of 1,
swelling and/or dispersion are likely. Therefore, in North Dakota, sodic soils are defined as having an SAR greater
than 5 when the EC is less than 1. Thus, the properties of sodic soils that limit plant growth, t may be reduced with
an increase in the overall soil EC, the increase should not be so great as to induce salinity stress in the plants.

8.2 Influence of Sodium on Soil Condition

When Na is added to a soil clay, most notably to 2:1 shrink-swell clays like montmorillonite, the large hydrated
radius of the Na⁺ ion held on to the clay surface exchange sites by the clays negative charge, leads to a decrease of
the the soils ability to aggregate; resulting in randomization of the clay particles, preventing water infiltration and
root penetration (Figure 8.3). More detailed information is provided in the NDSU extension article Sodicity and
Remediation of Sodic Soils in North Dakota (Franzen et al., 2024).
When soil Na is high, some soluble salt activity is desirable because soluble salts, or ionic strength of the solution,
influences dispersion (Figure 8.7).

Figure 8.5. Normal water infiltration in a calcium-dominated clay soil (left), compared with swelling (middle) and dispersion
(right) in a sodium-dominated clay soil. (NDSU image)

Figure 8.6. A natric horizon with characteristic biscuit top column structure in North Dakota (USDA NRCS photo).
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Using the information above in Figure 8.2 Ca²⁺ is the most effective ion to replace Na⁺ with, since Ca²⁺ is a
flocculant, or aggregating agent. Thus, the application of soluble calcium amendments improves the overall
physical properties of the soil by:
- increasing the overall electrolyte concentration (EC)
- displacing the Na⁺ ions with Ca²⁺ on the cation exchange sites.

The most critical of the two previously listed factors that affect the structural stability of the soil is EC. This is
caused by the size of the hydrated Na ion. The Na ions are “satisfied” when they have a full array of water
surrounding each ion (Figure 8.8). The large hydrated shell of an Na ion results in a swelling and dispersion of the
clay particles. The polar nature of water attracts positively charged cations. Although the size of the sodium ion
relative to its charge is small, the hydrated radius of the Na ion is still much larger than that of calcium. The larger
hydrated radius of Na ions results in greater distance between clay particles, and decrease in clay aggregation
(Figure 8.6). The term for a lack of aggregation due to presence of Na ions is dispersion. Dispersion produces wet
soils with very slow water infiltration. Greater Na in the soil results in a greater soil water content at field capacity
compared to a non-Na-enriched soil (Figure 8.9).
Soluble salts actually improve soil characteristics when high soil Na is present (Figures 8.10, 8.11). When a soil is
leached of salts, but still has a high Na content, the dispersion effect of Na is actually increased. Adding salts or
leaving some salts in the soil is needed to have at least some crop productivity in soils dominated by Na.

Figure 8.7. Relationship between Na absorption ratio (SAR) and soil water ionic strength (EC). The negative effects of Na on soil
properties (swelling and dispersion) may be reduced with greater EC. (Adapted from Quirk and Schofield, 1955)
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Figure 8.8. Both Na⁺ and Ca²⁺ have a hydrated radius due to the water surrounding each ion in soil. However, the hydrated
radius in Na⁺ is much larger than that of Ca²⁺, resulting in greater distance between clay particles and less binding strength for
aggregation. (Adapted from Rengasamy & Sumner, 1998)

Figure 8.9. Saturated soil conditions on a sodium-affected soil near Wyndmere, ND. (NDSU image, taken by Nathan Derby)
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8.3 Mitigation of Sodium-Degraded Soils

For any mitigation method to be effective, internal drainage is required. This is particularly true when talking
about tile drainage. Effective tile drainage requires sufficient precipitation to enable the leaching of Na ions, after
being replaced, or bumped off, the cation exchange sites on the clay particles. If no tile drainage is present, or
there is insufficient precipitation, the soil will remain with some Na effects into the future.

To reduce the effect of sodium in the soil, start with soil sampling. This provides the initial values required for a
successful remediation strategy. If several areas in a field are affected, sample each area independently from the
other areas. In the soil survey, do not rely on polygons of the same sodic soil series, as each polygon may not have
the same value as the series name might infer. The sample core should be to the depth of rooting, usually at least
down to four feet. Divide the cores into one-foot increments to enable separate analyses to be run on each depth.
Then analyze each depth for SAR, EC, pH, CEC, bulk density and calcium carbonate equivalence (CCE). For the CEC,
use the replacement method to determine the real CEC as opposed to summation. The percent Na in the base
exchange is a good proxy for SAR up to aSAR of 20.

Figure 8.10. Soil water at field capacity related to SAR. Increased SAR results in greater water retention and wetter conditions.
(He and DeSutter, unpublished data).

Figure 8.11. At an SAR = 14, increased soil EC reduces the field capacity water in the Wyndmere soil. (He and DeSutter,
unpublished data).
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The amendment usually used to replace Na with Ca on the clay exchange sites is gypsum (commonly known as
calcium sulfate, CaSO₄). Calcium nitrate and calcium chloride are much more soluble than gypsum; however, they
are also much more expensive to use making them less practical (Table 8.2). In North Dakota, lignite coal power
plants are required to scrub the sulfur (S) out of their gas emissions following the EPA Clean Air Act of 1990 and its
subsequent amendments. The common method of scrubbing out S is through the generation of gypsum, called
flue-gas gypsum. Research trials have determined flue-gas gypsum effectiveness in remediating S-deficient soils.
Results support land-application of flue-gas gypsum as a soil S fertilizer (Table 8.3).

Incorporate the amendment to the depth of the problem area. If not done, the soil from depth of incorporation to
the surface will improve with amendment, but water movement and leaching will stop at the incorporation
boundary. This was shown in a gypsum application study near Delamere, ND. (DeSutter et al., 2020). In the study,
even after high rates of application were incorporated into the top 4 inches of soil, the effects of the gypsum
application were not detectable below the 6-inch soil depth, even after four years. If native gypsum is found below
a sodic soil layer, there might be an opportunity to mix both layers together (Figure 8.13).

Amendment Solubility (g/L)

Calcium nitrate 1 212.00

Calcium chloride 750.00

Calcium sulfate (gypsum) 2.55

Calcium carbonate (lime) 0.0062

Soil sample values are from the 0- to 6-inch depth.

Drainage Treatment Tons/acre Na (%) EC (mmhos/cm)

Tiled Control 0 4.9 1.0

Figure 8.12. A 4-foot plow utilized to incorporate deep native gypsum into surface sodic soils. (NDSU photo)

Table 8.2. Solubility of possible calcium amendments for sodic soil
remediation.

8.3.1 Table 8.3. Effect of flue-gas gypsum (CaSO₄) with and without tile
drainage (DeSutter et al., 2020)
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Drainage Treatment Tons/acre Na (%) EC (mmhos/cm)

Flue gas gypsum 5 4.0 1.1

Flue gas gypsum 15 3.1 1.4

Flue gas gypsum 30 2.7 1.5

Non-tiled Control 0 9.9 2.3

Flue gas gypsum 5 10.3 2.4

Flue gas gypsum 15 8.4 2.3

Flue gas gypsum 30 6.9 2.3

8.4 Remediation Equation for Gypsum Application

The rate of gypsum required for sodic soil remediation (gypsum requirement) is determined using the following
formula:

Where:
- 0.86 is mass of gypsum (CaSO₄·2H₂O) required to replace one Na⁺
- GR is gypsum requirement in Mg (megagrams) per ha (hectare) (1 Mg/ha = 0.45 tons per acre)
- F is the Ca to Na exchange efficiency; 1.1 for SAR of 15 or greater, 1.3 for SAR of 5 to 14.9
- D is depth of soil intended for remediation in meters (1 meter ≈ 3.3 feet)
- ρ  is bulk density of soil, grams per cubic centimeter (g/cm³, usually between 1.1 and 1.6; 1 g/cm³ = 1 Mg/m³)
- CEC is the real CEC in mmolc/kg
- SAR  is the SAR (or proxy %Na from base saturation) existing now
- SAR  is the goal SAR (or proxy %Na from base saturation)
- Gypsum purity is necessary because gypsum is rarely pure unless laboratory grade

A gypsum requirement calculator is available on the NDSU website:
https://www.ndsu.edu/pubweb/soils/GypsumRequirementWebApp/

8.5 Brine Spills and Remediation

Brine is a byproduct from oil and natural gas extraction. In the Williston Basin, from Bakken and Three Forks
formations, the ratio of oil produced to brine that comes with it varies from 2:1 to 1:4. In older formations, the
ration can be 1:2 to 1:100. Generally, the chemistry of brine is NaCl, with brine having EC and a SAR value
exceeding 200 mmhos/cm and 200 respectively. Brine spills usually occur as a result of a pipeline rupture, failure of

GR = 0.86 F × D × ρb × (SARi − SARf) ×
100

Gypsum Purity (%)

b

i

f

https://www.ndsu.edu/pubweb/soils/GypsumRequirementWebApp/


internal components or accidents. Brine spills can quickly result in large areas where no plants can grow (Figure
8.14), especially if these spills migrate or occur off of a well pad.

The most common brine spill remediation method is dig and haul, which removes the contaminated soil to an
approved landfill and replaces it with non-contaminated soil. Other remediation methods include calcium
amendments, with their application resulting in both successes and failures. Gypsum is quite insoluble so it does
take a lot of soil water or precipitation to solubilize the gypsum. Contrastingly, other amendments, such as calcium
nitrate or calcium acetate, are highly soluble and can be more effective in dryland conditions. With any
amendment, drain tile is still required, and needs to be installed below the affected area so that risks of the brine
to groundwater sources are minimized or eliminated. Using a risk-based approach can assist in which amendment
can be used (North Dakota Department of Environmental Quality, n.d.).
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