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Technical Supplement to Accompany 
Environmental Assessment for Piceance Development Project 

1.0  INTRODUCTION 
This document is a compilation of technical data regarding ExxonMobil’s 

Proposed Water Evaporation Ponds (PWEP), a component of their Piceance 

Development Project.  This technical supplement has been prepared to provide 

additional information to supplement the Bureau of Land Management’s (BLM’s) 

Environmental Assessment for ExxonMobil’s Piceance Development Project.  The 

technical aspects of the proposed ponds and the evaporation system are discussed 

below.

The PWEP for the Piceance Development Project is located in the SE/4 of 

Section 32, Township 2 South, Range 97 West, which is approximately 24 miles 

southwest of Meeker, Colorado.  Figure 1 depicts the general location of the PWEP 

facility.

The PWEP will occupy 52 acres and will consist of three interconnected ponds 

with a common containment berm.  The ponds will be double lined with a leak detection 

system so that no infiltration through the pond floor or bermed areas will occur.  Each 

pond is approximately 800 x 500 feet in size and will have an available capacity of 

1,160,000 barrels (149 acre-feet).  Pond embankments will be at a slope of 2.5:1 with 

two feet of freeboard to accommodate storm rainfall.  A figure showing the facility layout 

with cross-sections of each pond is included in Attachment 1 of this report. 

This facility is designed to dispose of produced water through means of natural 

and mechanical evaporation.  The evaporators will operate approximately eight months 

out of the year with little or no mechanical evaporation occurring during the remaining 

winter months.  Importantly, natural evaporation volumes are excluded from analysis. 

2.0  POND SITING 
Site selection for the PWEP was based on several factors including 

environmental, safety, aesthetics, site-specific engineering properties of the foundation 

soil, ease of construction, and access. The ponds will be located on an elevated mesa,



Figure 1.    General Location Map
2



3

which is well outside of any floodplain.  The mesa is relatively flat and in close proximity 

to the proposed Central Treating Facility (CTF).  Figure 1 depicts the general location of 

the CTF.  The PWEP will not be in view of any populated areas or paved highways.  A 

diagram showing the PWEP facility and surrounding area is included in Attachment 2. 

3.0  WATER BALANCE 
A typical water balance for one year of operation for the PWEP is included in 

Table 1.  This water balance takes into account all inflows and outflows to determine the 

amount of produced water that can be evaporated per month and the storage volumes 

required.  The facility may operate under several different scenarios because the 

number of evaporators may be increased or decreased from the amount shown.  

Therefore, the annual water balance included in Table 1 is presented only as a typical 

scenario.  Even though minimal amounts of evaporation will occur throughout the winter 

months, evaporation volumes for November 1st through February 28th were excluded in 

order to make a conservative estimate of the necessary water storage needed. 

Table 2 shows the solids accumulation over the life of this facility.  ExxonMobil 

estimates that it will take three years for water within the ponds to concentrate sodium 

chloride to the point where it precipitates out of solution; therefore, no solids 

accumulation will occur during this period.  As shown on Table 2, the ponds have an 

estimated service life of 30 years if no solids are removed while the PWEP facility is in 

operation.  Variability in the Total Dissolved Solids (TDS) concentration of the produced 

water may extend or shorten the service life of the facility.  However, at this time, 

ExxonMobil does not expect water quality to vary significantly from the initial estimates.  

The components of this water balance are discussed in greater depth as follows. 

3.1  Inflows 
The inflows to the ponds presented in the water balance consist of natural 

precipitation and produced water.  Natural precipitation received directly to the pond 

surface is a comparatively small component of the inflow.  Precipitation data for Little 

Hills and Meeker, Colorado found within the Western Regional Climate Center database 



Table 1. Annual Water Balance for ExxonMobil's PWEP Facility. 

Month
%

Evap.1

Constant
Flowrate per 
Evaporator2

(gpm)

Evap. 
Per

Super
Polecat
(gpm)

Evap. 
per

Super
Polecat
(gpd)

Number 
of Super 
Polecats

Operating

Total
Water
Evap. 
per
Day 

(bpd)

Days 
Per

Month

Total
Water

Evap. per 
Month
(bbl)

Monthly 
Precip.3

(in)

Precip.
Inflow 

per
Month
(bbl)

Produced
Water

Inflow per 
Month
(bbl)

Total
Inflow 

per
Month
(bbl)

Storage
(bbl)

Available 
Pond

Capacity
(bbl)

Nov 10 0 0 0 0 0 30 0 0.91 16,238 360,000 376,238 376,238 3,123,762
Dec 0 0 0 0 0 0 31 0 0.91 16,149 372,000 388,149 764,387 2,735,613
Jan 0 0 0 0 0 0 31 0 1.28 22,841 372,000 394,841 1,159,228 2,340,772
Feb 0 0 0 0 0 0 28 0 1.60 28,462 336,000 364,462 1,523,690 1,976,310
Mar 24 65.9 15.82 22,775 25 13,557 31 420,254 1.43 25,428 372,000 397,428 1,500,864 1,999,136
Apr 51 65.9 33.61 48,397 20 23,046 30 691,385 1.16 20,610 360,000 380,610 1,190,089 2,309,911
May 58 65.9 38.22 55,040 16 20,967 31 649,992 1.32 23,465 372,000 395,465 935,562 2,564,438
Jun 67 65.9 44.15 63,580 16 24,221 30 726,632 1.67 29,800 360,000 389,800 598,729 2,901,271
Jul 72 65.9 47.45 68,325 16 26,029 31 806,887 1.36 24,268 372,000 396,268 188,110 3,311,890
Aug 60 65.9 39.54 56,938 14 18,979 31 588,355 1.35 24,090 372,000 396,090 0 3,500,000
Sep 54 65.9 35.59 51,244 11 13,421 30 402,630 1.08 19,183 360,000 379,183 0 3,500,000
Oct 49 65.9 32.29 46,499 12 13,285 31 411,849 1.05 18,647 372,000 390,647 0 3,500,000

1 Percent evaporation developed by SMI and presented in Section 4.1 of ExxonMobil’s Piceance Development Project Report (Attachment 4). 
2 Based upon an operating pressure of 100 psig. 
3 Monthly precipitation from WRCC 2006, based on average of Meeker and Little Hills, Colorado sites (Attachment 3). 
gpm = gallons per minute 
gpd = gallons per day 
bbl = barrels (42 gallons) 
bpd = barrels per day 
in = inch 
psig = pounds per square inch gage 

4
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Table 2. Schedule of Sediment Storage to ExxonMobil's PWEP Facility. 

Year

TDS
Concentration

(mg/L)
Percent Solids

by Weight 

Produced Water
Flow Rate 

(bpd)

Solids Volume 
per Year 

(bbl)

Available Pond
Capacity 

(bbl)
1 16,500 1.62 12,000 0 3,500,000 
2 16,500 1.62 12,000 0 3,500,000 
3 16,500 1.62 12,000 0 3,500,000 
4 16,500 1.62 12,000 264,285 3,235,715 
5 16,500 1.62 12,000 330,356 3,169,644 
6 16,500 1.62 12,000 396,427 3,103,573 
7 16,500 1.62 12,000 462,498 3,037,502 
8 16,500 1.62 12,000 528,570 2,971,430 
9 16,500 1.62 12,000 594,641 2,905,359 
10 16,500 1.62 12,000 660,712 2,839,288 
11 16,500 1.62 12,000 726,783 2,773,217 
12 16,500 1.62 12,000 792,854 2,707,146 
13 16,500 1.62 12,000 858,925 2,641,075 
14 16,500 1.62 12,000 924,997 2,575,003 
15 16,500 1.62 12,000 991,068 2,508,932 
16 16,500 1.62 12,000 1,057,139 2,442,861 
17 16,500 1.62 12,000 1,123,210 2,376,790 
18 16,500 1.62 12,000 1,189,281 2,310,719 
19 16,500 1.62 12,000 1,255,353 2,244,647 
20 16,500 1.62 12,000 1,321,424 2,178,576 
21 16,500 1.62 12,000 1,387,495 2,112,505 
22 16,500 1.62 12,000 1,453,566 2,046,434 
23 16,500 1.62 12,000 1,519,637 1,980,363 
24 16,500 1.62 12,000 1,585,709 1,914,291 
25 16,500 1.62 12,000 1,651,780 1,848,220 
26 16,500 1.62 12,000 1,717,851 1,782,149 
27 16,500 1.62 12,000 1,783,922 1,716,078 
28 16,500 1.62 12,000 1,849,993 1,650,007 
29 16,500 1.62 12,000 1,916,065 1,583,935 
30 16,500 1.62 12,000 1,982,136 1,517,864 

Note: Maximum predicted water storage is 1,523,700 bbl in February. 
bpd = barrels per day 
bbl = barrels 
mg/L = milligrams per liter 
TDS = total dissolved solids 
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(WRCC 2006) was used within the water balance.  Measured precipitation rates at the 

Little Hills and Meeker sites were averaged to produce representative numbers for 

monthly precipitation at the PWEP site.  The monthly inflow due to precipitation was 

calculated by multiplying the surface area of the ponds by the average monthly 

precipitation.  Precipitation rates from the WRCC database are included in  

Attachment 3. 

The expected flow rate of produced water is 12,000 barrels per day (bpd).  This 

flow rate was calculated by multiplying the expected water to gas ratio by the estimated 

gas flow rate to the CTF.  This calculation is included in Section 1.1 of ExxonMobil’s 

Evaporation Pond Design Basis: Piceance Development Project Report, which is 

included in Attachment 4 of this report. 

3.2  Outflows 
Natural evaporation of produced water from the ponds’ surface was not included 

in the water balance.  The presence of waterfowl deterrent balls on the surface of the 

water will effectively negate direct surface evaporation.  However, it is expected that the 

portion of the spray from the mechanical evaporators that does not evaporate will fall 

onto the waterfowl balls and a portion of that water will evaporate from the balls’ 

surface.  The bird balls will, in effect, increase the wetted surface area available for 

evaporation beyond the natural flat planer surface of the ponds.  In addition, the  

non-reflective flat black color of the balls will be conducive to natural solar heating and 

increase evaporative effects.  Based on data provided in ExxonMobil’s Piceance 

Development Project Report (Attachment 4), pan evaporation rates at Montrose and 

Grand Junction, Colorado vary from a low of 3.3 and 4.3 inches per month to a high of 

approximately 9.5 and 13.0 inches per month, respectively.  Assuming a pan coefficient 

of 0.75 (Pochop et al 1984) the average monthly evaporation would be approximately 

5.7 inches per month.  Using an evaporation rate of 5.7 inches per month, the 

evaporation from the surface of the waterfowl deterrent balls could be as much as 

101,000 barrels of water per month.  Importantly, this additional evaporation from the 

surface of the waterfowl deterrent ball was not considered in the water balance. 

The Super Polecat, an evaporator developed by SMI Evaporative Solutions 

(SMI), will carry out mechanical evaporation of the produced water.  Technical 
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specifications for the Super Polecat are included in Attachment 5.  Forty evaporators will 

be installed at the PWEP, with less than half of them in operation at one time.  With 

spare evaporators, the PWEP will be better equipped to handle changes in the wind 

direction thereby eliminating overspray.  The proposed layout for the evaporators is 

shown in a figure included in Attachment 6.  This figure was submitted to the Colorado 

Oil and Gas Conservation Commission as part of the permit application.  ExxonMobil 

plans to operate the facility with an average of 16 evaporators operating most of the 

time.  The evaporators will operate approximately eight months out of the year, with little 

or no mechanical evaporation occurring throughout the winter months.  Evaporation 

volumes for the four months of November through February were excluded in the water 

balance to make a conservative estimate of total annual evaporation.  ExxonMobil 

anticipates that throughout the spring months (March through May) it may be necessary 

to operate more than 16 evaporators in order to reduce stored volumes from winter.  

This is reflected in the water balance in Table 1. 

Evaporative efficiencies were calculated by SMI for the Super Polecat 

Evaporator.  SMI used climatic data such as maximum and minimum temperature, wind 

speed and direction, relative humidity, and pan evaporation from the surrounding area 

to estimate the evaporation efficiency by month.  The evaporator flow rate used in the 

water balance was established from a table provided by SMI where flow rate is a 

function of feed pressure.  The feed pressure for the Super Polecat is expected to be 

approximately 100 psig.  The climatic data as well as the tables showing evaporative 

efficiency and feed pressure vs. flow rate are included in the Piceance Development 

Project Report (Attachment 4). 

Based upon information presented below, high TDS concentrations in the 

produced water at the PWEP are not expected to impact evaporation rates significantly.  

Research done by the Office of Saline Water, U.S. Department of the Interior on the 

feasibility of seawater evaporators, has stated that the heat-transfer performance in 

these evaporators is comparable with that of pure water (Perry 1984).  The Office of 

Saline Water did extensive research on this topic up to 1972, which is outlined in their 

Annual Saline Water Conversion Reports.  A study on estimating pond evaporation 

rates in Wyoming for the Wyoming Water Research Center includes limited research on 

the effects of dissolved constitutes on evaporation rates.  In this study, evaporation 
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rates of several different wastewaters including municipal, coal mining, oil shale, 

uranium, and trona were compared to evaporation rates of tap water in a series of field 

tests.  The wastewaters had varying water qualities with TDS values ranging from 626 

to 74,200 mg/L.  The results of the field tests show that the wastewaters had 

evaporation rates both above and below that of the tap water, with no apparent 

connection to the concentration of TDS in the wastewater (Pochop et al 1985). 

3.3 Excess Storage 
The PWEP was designed to handle the excess storage of solids that will 

accumulate as well as the annual peak storage of produced water and precipitation.  

The design of the evaporation ponds was based upon having approximately 30 years of 

solids storage capacity while still being able to handle an inflow of 12,000 bpd.  The 

solids volume per year was calculated using the flow rate discussed previously, an 

average TDS concentration of 16,500 mg/L and a solids density of 67lbs/ft3.  An 

example of this calculation is contained in Section 1.4 of ExxonMobil’s Piceance 

Development Project Report (Attachment 4).  This TDS concentration is based on a 

composite average of the produced water from existing wells within the Piceance 

Development Area.  Laboratory analyses of the produced water, water from the Love 

Ranch pond, and from other locations are included in Attachment 7. 

4.0 ENVIRONMENTAL 
This section discusses the environmental and operator committed safety 

measures taken by ExxonMobil to ensure that the PWEP will have little or no impact on 

the surrounding environment. 

4.1 Pond Liner 
The evaporation ponds will be lined with dual 60 mil high-density polyethylene 

(HDPE) geomembranes.  The geomembrane to be used is GSE HD, which is 

manufactured by GSE Lining Technology, Inc.  Specifications for the liner are included 

in Attachment 8.  This liner meets or exceeds all specifications stated in GRI GM13, 

which is a set of certification standards used by the Geosynthetic Institute to certify 

HDPE membranes. 
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A great deal of research has been done on the durability/lifespan of HDPE 

geomembranes.  Attachment 9 includes a study of a 20-year old HDPE liner used in 

ponds that hold wastewater for a steam electric generation station located on the 

northeastern plains of Colorado.  Samples of the liner were collected from five ponds 

that ranged in water quality and exposure characteristics.  The study involved testing 

the old geomembrane using current standards.  The results of this study showed that no 

significant reduction in the physical properties of the membrane had occurred over the 

20-year life.  The old geomembrane passed most of today’s standards except for 

Oxidative Induction Time (OIT).  OIT is a test used to assess the long-term oxidative 

stability of geomembranes.  The OIT test effectively accelerates oxidation of the 

geomembrane by subjecting it to high temperatures in the presence of oxygen.  The 

time it takes to see significant oxidation in the material is measured and is said to be the 

OIT.  Current standards for oxidation time are 100 and 400 minutes for low-pressure 

and high-pressure tests, respectively.  Oxidation of the geomembrane will result in 

embrittlement and eventually stress cracking.  Resistance to oxidation is usually 

accomplished with the addition of anti-oxidants to the geomembrane. 

The lower OIT values of the 20-year old geomembrane may be attributed to the 

fact that OIT values that could be expected at the time the membrane was 

manufactured were about half of today’s standards.  In addition, technology in this field 

has improved over the last 20 years, so it is therefore likely that modern geomembranes 

will last even longer.  According to the Environmental Protection Agency’s ad hoc 

committee on HDPE geomembranes, the expected life of similar liners is 100 years or 

more (Tisinger and Giroud 1993). 

4.2 Leak Detection 
In order to ensure that the liner has retained its integrity through installation, it will 

be spark tested prior to being commissioned.  Spark testing is a test that uses electrical 

current to determine if any punctures, tears or holes are present in the geomembrane.  

In addition, the liner will be configured to incorporate an automatic leak detection 

system similar to the one shown in Figure 5 of the Onshore Oil and Gas Order No. 7.  

The top layer of the system will consist of a 60-mil HDPE geomembrane.  Directly under 
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the geomembrane will be a permeable drainage net layer.  This layer will provide 

support to the overlying geomembrane, and will also transmit any leachate down 

towards the collection pipes.  Under the drainage net, two-inch diameter perforated 

pipes will be in place.  These pipes will collect and convey any leachate that might 

penetrate the top layer of HDPE.  The perforated pipes will be installed along the same 

slope as the pond floor and will drain into riser pipes located along the northeast 

embankment of each pond.  The presence of any leachate in these riser pipes will 

signal an alarm at the CTF control room and leak investigation will begin immediately.  

Below the perforated pipes, a second layer of 60-mil HDPE will be used to ensure that 

no produced water will enter the underlying soil.  Figures showing the leak detection 

system configuration, as well as the cross section of the liner system, are included in 

Attachment 10. 

4.3 Containment Fence 
A 9-foot high security fence topped with stranded barbwire will be constructed 

around the perimeter of the PWEP in order to provide for the safety of wildlife and 

unauthorized personnel.  Entry into the facility will be via several locked gates.  A 

mammal barrier will be an integral part of the fence system and will extend two feet 

below grade. 

4.4 Waterfowl Deterrents 
The use of waterfowl deterrent balls will be used at the site to camouflage the 

pond from passing waterfowl.  The balls will be made of HDPE and will be 4 inches in 

diameter.  The balls will cover the entire pond surface.  In addition, information has 

been conveyed to ExxonMobil from other operators having experience with evaporation 

ponds that the mechanical evaporators themselves will also deter waterfowl.

4.5 Monitoring and Maintenance 
A tentative maintenance schedule is shown in Tables 1 and 2 of Attachment 11.  

Actual monitoring and maintenance schedules will be issued closer to the date of 
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commissioning of the PWEP.  This schedule will reflect the manufacturers’ 

specifications, as well as ExxonMobil’s equipment guidelines. 

4.6 Overspray 
Two automated weather stations will be employed at the site.  The stations will 

record wind direction, wind speed, temperature, barometric pressure, and humidity.  

Wind direction and speed will dictate which evaporators are operating at any given time.  

If at any time, the wind speed becomes high enough to risk spray being blown outside 

of the pit, the weather station will automatically shut the mechanical evaporators down. 

To minimize the potential for the evaporators to turn the produced water into 

snow, which may tend to drift away from the PWEP, the evaporators will not operate 

when the ambient temperature is below 32 degrees Fahrenheit.  In effect, 

meteorological data collected by the weather stations at the PWEP will dictate the 

actual operating practices of the mechanical evaporators. 

At this time, ExxonMobil does not have enough site-specific climatological data to 

give specific operating criteria for the evaporators.  For example, at what wind speeds 

will the evaporators be shut down, and what direction or angle will the evaporators be 

set up to prevent blow over?  That type of information will be compiled and analyzed by 

Exxon/Mobil after the PWEP is put into production, and will become the basis for 

adjustments to the mechanical evaporation system. 

Overspray is not anticipated to cause damage to soils located adjacent to the 

PWEP facility.  As previously discussed, the facility will be managed to stop the 

mechanical evaporators once the wind velocity exceeds a level that could potentially 

result in overspray.  However, there is a possibility that some degree of overspray onto 

the land surrounding the PWEP could occur; therefore, ExxonMobil has proposed a 

monitoring program.  ExxonMobil’s monitoring program will include the collection of 

baseline soil samples adjacent to the PWEP prior to construction, followed by periodic 

monitoring to determine impact.  Permanent soil sampling points will be established 

around the PWEP.  These sample locations will either be permanent brass survey caps 

or defined on record by latitude and longitude points.  ExxonMobil plans to collect 

samples along four quadrant lines leading away from the PWEP as shown in Figure 2. 
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The quadrants will be oriented with the prevailing wind directions and in line with the 

pond dimensions.  Soils will be sampled along the quadrant lines 100 feet, 200 feet, 500 

feet, 1,000 feet, and 2,000 feet from the toe of the berm on the downwind side (the 

northeast side) of the ponds.  Samples on the other three quadrants will be collected 

100, 200, and 500 feet from the toe of the berm.  An additional sample will be collected 

on the upwind side (the southwest side) of the ponds, 1,000 feet from the toe of the 

berm to act as a control point to monitor baseline conditions.  The sample collected 

2,000 feet from the toe of the berm on the downwind side of the ponds will also act as a 

control point.  Samples will be collected in the vicinity of the established location with 

the exact locations based on a randomization process. 

As described previously, soil samples will be collected to establish baseline 

conditions and on an annual basis thereafter.  At each sampling point, subsamples will 

be collected from three adjacent sampling points by depth and composited for analysis.  

Samples will be collected using depth increments as follows: (1) 0 to 3 inches; (2) 3 to 6 

inches; and (3) 6 to 12 inches.  The composited samples will be thoroughly mixed prior 

to submittal to the laboratory for analysis. 

The parameters analyzed for the baseline analysis are depicted in Table 3.  The 

parameters selected for baseline analysis consist of the constituents identified from a 

produced water quality sample in addition to the eight metals of concern listed under the 

Resource Conservation and Recovery Act (RCRA).  With the exception of Barium, none 

of the RCRA metals were detected in a water quality analysis of the produced water.  

However, the RCRA metals were included within the baseline analysis list because they 

are metals that are of particular concern under the RCRA and there is a chance, albeit 

relatively low, that some of these metals may be detected in the produced water at a 

later date.  By including these metals in the baseline sampling list, ExxonMobil will be 

able to more fully assess any impacts from the proposed PWEP. 

Most of the constituents listed on the baseline list either exist in very small 

concentrations or, in the case of most of the RCRA metals, are not even contained 

within the produced water.  However, of all the constituents within the produced water, 

concentrations of sodium and chloride are highest.  Therefore, sodium and chloride will 

be used as indicator elements to determine if the surrounding area is being impacted by 

blowover.  As such, the ongoing monitoring program samples will include pH, EC 
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(indication of soluble salts), soluble calcium, soluble magnesium, soluble sodium, and 

chloride.  Sodium adsorption ratios (SAR) will be calculated from the soluble calcium, 

soluble magnesium, and soluble sodium levels. 

Table 3.  Parameters Within the Soils Sampled to Establish Baseline Conditions. 

Parameter

Sampled to 
Establish
Baseline

Conditions
Sampled
Annually Parameter 

Sampled to 
Establish
Baseline

Conditions
Sampled
Annually 

Sodium Yes Yes Sulfur Yes No 
Calcium Yes Yes *Barium Yes No 
Magnesium Yes Yes *Arsenic Yes No 
pH Yes Yes *Cadmium Yes No 
EC Yes Yes *Chromium Yes No 
Chloride Yes Yes *Lead Yes No 
Carbonates Yes No *Mercury Yes No 
Boron Yes No *Selenium Yes No 
Lithium Yes No *Silver Yes No 
Potassium Yes No TPH Yes No 
Strontium Yes No    
*RCRA metals. 

In the event that the annual sampling program indicates that sodium and chloride 

levels are increasing due to blowover from the PWEP, additional constituents will be 

analyzed at the locations where increases were noted.  The additional constituents 

analyzed will consist only of the constituents contained within the water being 

discharged to the PWEP. 

The soil monitoring program will provide an indication of whether or not the 

PWEP is influencing adjacent soils.  Soil testing will be conducted on a regular basis to 

monitor soil condition.  If chemical changes occur, additional soil evaluations will be 

performed to determine whether or not increased SAR and EC levels of the impacted 

soil will potentially cause a problem.  Additional parameters will include soil texture, 

saturated percentage, cation exchange capacity, and exchangeable sodium 

percentage.  Increases in salt levels, sodium concentrations, or in SAR values do not 

necessarily indicate soil damage or damage to the plant community occupying the site 

as described in Attachment 12.  Attachment 12 is a literature review that presents 
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several instances where increased levels of sodium or SAR did not result in soil or 

vegetation damage.  The data collected from ExxonMobil’s soil analyses will provide a 

basis to determine if changes in soil conditions have occurred and will guide adaptive 

management strategies, if necessary.  Threshold limits (documented in the literature) 

based on the above parameters will be used to assess the suspected level of damage 

caused by the produced water. 

In the event that the monitoring program indicates that overspray is impacting the 

adjacent soil and/or vegetation, ExxonMobil will adjust the mechanical evaporators to 

eliminate blow-over.  In addition, an appropriate mitigation program will be developed to 

reclaim the impacted areas and to reduce the potential for future impact.  For example, 

if sodic conditions develop as a result of sodium deposition, gypsum will be applied to 

the soil surface to provide a soluble source of calcium, which under natural climatic 

conditions would facilitate the removal of sodium from the soil cation exchange sites, 

thus eliminating the sodic soil character.  Following mitigation, an application of gypsum 

will be applied to the surface at locations susceptible to overspray to protect soils from 

developing sodic soil characteristics.  This treatment will result in the maintenance of 

good water movement characteristics of the soil facilitating salt leaching from the root 

zone.  Gypsum of appropriate chemical and physical characteristics will be spread at a 

rate determined from soil sampling results. 

Section 4.6 of this Technical Supplement provides the basis for the soil 

monitoring program.  An appropriate QA/QC program will be developed in conformance 

with procedures and protocol recommended by the U.S. Department of Agriculture in 

their soil sampling handbook (NRCS 2005) for sampling and analyzing soil quality. 

In conjunction with the soil monitoring program, ExxonMobil proposes to conduct 

photo monitoring at four separate locations at the PWEP.  Photos will be taken at the 

permanently established photo points once a year, approximately in mid-June.  The 

annual photographs will be used to provide visual documentation of any changes that 

may occur to the soils and vegetation during the operation of the PWEP.  The proposed 

photo monitoring points are also depicted in Figure 2. 
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4.7 Monitor Wells 
A review of the boring information submitted to the Colorado Oil and Gas 

Conservation Commission in conjunction with the permit application for the PWEP by 

ExxonMobil indicates that there is no shallow groundwater at the PWEP down to 30 

feet.  In addition, data from the wells ExxonMobil intends to use as supply wells to 

supply freshwater to the CTF indicates that the static water level is over 300 feet below 

the level of the PWEP.  Therefore, it is unlikely that any shallow groundwater exists in 

the vicinity of the PWEP.  However, the BLM was still concerned that there may be 

perched aquifers near the PWEP that could be impacted in the unlikely event that one 

of the ponds begins to leak.  Therefore, at the request of the BLM, ExxonMobil plans to 

install monitor wells to assess impacts to any shallow groundwater that may exist within 

the area. 

ExxonMobil is proposing to install four monitor wells approximately 500 feet 

diagonally from each corner of the PWEP site. The proposed monitor well sites are 

depicted on Figure 2. This layout was chosen because it maximizes the distance 

between the proposed monitor wells and the soil sampling locations, which will minimize 

contamination of the sample locations with drill cuttings.  Each well will be drilled to a 

depth of 100 feet or to the first occurrence of groundwater, whichever is encountered 

first.  If no groundwater is encountered to 100 feet, the well will be completed to a depth 

of 100 feet.  If groundwater is encountered at depths less than 100 feet, the well will be 

completed within the zone in which groundwater was first encountered. 

If groundwater is encountered, ExxonMobil will collect baseline water quality 

samples and analyze for the same baseline constituents presented in Table 3, as well 

as the TDS concentration.  ExxonMobil will then collect groundwater samples once 

every five years thereafter and analyze for pH, EC, major anion and cation 

concentrations, and TDS concentration.  Sodium adsorption ratios (SAR) will be 

calculated from the soluble calcium, magnesium, and sodium levels.  In the event that 

the leak detection system under the PWEP detects a leak, ExxonMobil will collect a 

sample as soon as possible after the leak is detected.  Additional samples will be 

collected on a yearly basis thereafter until it can shown that there have been no impacts 

to groundwater due to the leak. 
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If no groundwater is encountered at the time the groundwater monitor wells are 

drilled, the wells will be checked yearly to determine if there is groundwater present 

within the wells.  In the event that water appears in the wells at a later time and there is 

adequate depth of water, the water will be sampled and baseline water quality will be 

established.  After that time, the well will then be sampled on the same schedule as the 

wells in which groundwater was encountered, as described above.  In the event that the 

leak detection system indicates there is a leak in the PWEP, adjacent monitor wells will 

checked for water as soon as possible after the leak is detected and then on a monthly 

basis for six months.  If no groundwater is detected after six months, the wells will be 

checked for water on an annual basis again.

4.8 Reclamation 
ExxonMobil will reclaim the PWEP facility at the end of its design life.  The 

sediment that has accumulated will be characterized and disposed of in accordance 

with regulations at the time of decommissioning.  The pond embankments will be re-

graded and re-vegetated to match the surrounding area. 

5.0 CONCLUSIONS 
The results of this analysis show that the PWEP facility will be viable for disposal 

of anticipated produced water volumes from the Piceance Development Area.  

Considering an average TDS concentration of 16,500 mg/L, the capacity in the ponds 

will be exhausted in between 29 and 30 years.  During the first 20 years, the ponds will 

operate nowhere near full capacity.  The facility will be operated, monitored, and 

maintained to ensure that the PWEP facility does not adversely affect the surrounding 

environment.  In addition, ExxonMobil has taken the necessary precautions to reduce 

impacts on wildlife to an acceptable level. 
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1. SCOPE OF WORK 

Design an evaporation pond to store the dissolved solids for a period of 30 years. The pond will 
have minimal, if any, evaporation for 4 months from November 1st through February 28th.

The evaporation system is designed to evaporate the stored and continuously produced water 
over the remaining 8 months, March 1st through October 31st.

To minimize heat tracing, it is suggested that the piping system be buried or drained and 
evacuated from November 1st to February 28th. The evaporators would make snow during this 
period and evaporate some water by sublimation, but it would be a minimal amount.

1.1 Pond Capacity 

The pond capacity is based on evaporating 12,000 BPD of produced water, using a water-gas-
ratio (WGR) of 80 BBL/MSCF (80 BBL/MSCF x 150 MSCFD = 12,000 BPD).

1.2 Evaporation Efficiency 

The evaporation efficiency is calculated at an average of 37%/year (12 month basis) or 55% over 
the 8 month viable evaporation period. See Section 4.1 for average monthly evaporation 
efficiency provided by Snow Makers Inc. (SMI), the manufacturer of the “Super Polecat” 
evaporator.

No additional evaporation has been included from Pan Evaporation. The use of bird deterrent 
balls, which will cover the water surface, will minimize any Pan Evaporation effects.

1.3 Water Storage Capacity 

The water storage capacity was determined using the monthly average evaporation efficiency 
provided by SMI. Utilizing SMI’s evaporation efficiency (see Section 4.1) and the minimum 
required pump capacity (see Section 6) an iterative calculation was performed. 

Adding 12,000 BPD to the pond, circulating at the minimum required rate and using SMI’s 
evaporation efficiencies resulted in a maximum accumulation of approximately 1,440,000 BBL or 
8,100,000 ft3.

Two (2) feet of freeboard is included in the pond design to accommodate rainfall and wave action.    

1.4 Sediment Storage Capacity 

Based on an average sediment content (TDS = 16,500 mg/l), which is approximately equal to 
1.62 wt.% with an average density of 67 lbs./ft3 then: 

5 Years Requires – 1,900,000 ft3 (12,000 BPD x 42 gal/bbl x 8.34 lbs/gal x 1.62 wt% x 
365 days/yr x 5 yrs / 67 lbs/ft3 = 1,900,000 ft3)

15 Years Requires – 5,600,000 ft3

30 Years Requires – 11,200,000 ft3
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Approximately 3 years after the start of the evaporation process the pond will reach saturation 
and sedimentation will begin to occur.

2. CLIMATIC CONDITIONS 

The following climatic conditions were provided to the evaporator vendor (SMI). This information 
was obtained from the Western Regional Climatic Center located in Reno, NV. 

2.1 Average Monthly Climate 

The following average monthly conditions were provided to the evaporator vendor for his 
calculations of the average monthly evaporation rate. These sites are the closest available sites 
for the information requested. 

All information is from Rifle, CO (35 miles SE, elevation 5345 ft) and Meeker, CO (22 miles NE, 
elevation 6239 ft), with the exception of relative humidity, which came from Grand Junction, CO 
(57 miles SSW, elevation 4579 ft) and Evaporation Pan Rate, which came from Grand Junction, 
CO and Montrose, CO (95 miles SSE, elevation 5811 ft). 

The evaporation pond will be located at an elevation of approximately 6600 ft on a mesa adjacent 
to the Piceance Creek valley. The area is relatively flat and arid, no trees, covered in sage brush 
and not near any large body of water. 

Observations regarding climate data 

Meeker is colder and windier compared to Rifle 

Rifle (and Grand Junction) data and Meeker data can be skewed by the Colorado 
and White river respectively. 

Evaporation Pan Rate for Grand Junction correlate with relative humidity. 

The Evaporation Pan Rates at Montrose (800 ft below the plant site elevation) are 
quite a bit lower than Grand Junction (1300 ft below the plant site elevation). 

The wind direction in Rifle and Meeker are meaningless. They tend to follow their 
respective river valley. 
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  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

                          

Avg. Max. Temp, F                         

Meeker, CO 36.5 40.4 48.1 58.4 69.1 79 85.6 83.1 75.2 63.7 48.9 37.4

Rifle, CO 36.8 43.8 53.7 64.2 74 84 90.2 87.6 79.4 67.3 51.4 39.4

                          

Avg. Min. Temp, F                         

Meeker, CO 6.9 11.6 20.1 28 34.6 40.6 46.9 45.9 37.6 28.1 18.5 9.4

Rifle, CO 9.4 16.5 24.2 31.4 38.7 45.2 52 50.4 41.4 31.1 21.3 12.4

                          

  Avg. Wind Speed, 
MPH                         

Meeker, CO 4.2 4.9 5.9 7.3 7.5 7.5 6.5 6.1 6.0 5.4 4.0 3.4

Rifle, CO 3.5 4.5 5.8 7.5 7.3 7.3 6.2 5.5 5.6 5.3 3.8 3.2

                          

Avg. Wind Dir.                         

Meeker, CO NE NE NE NE NE NE NE ENE ENE NE NE NE 

Rifle, CO S S W W W W W W W W S S 
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  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

                          

Relative Humidity, %                         

Grand Junction, CO                         

5:00 AM 77 71 63 55 51 44 48 51 52 58 70 76

5:00 PM 50 47 36 27 24 19 22 24 26 33 46 59

                          

Pan Evaporation, in.                         

Grand Junction, CO 1.9 2.1 4.3 6.6 9.9 12.5 13.0 11.1 8.2 5.4 2.5 1.3

Montrose, CO 1.7 1.5 3.3 5.7 7.5 9.5 9.0 7.4 5.5 3.5 1.6 1.3
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2.2 Average Temperature 

The following graphs provide the average temperatures in Rifle, CO and Meeker, CO. 

3. SITE CONDITIONS 

Elevation: 6600 feet 

Atmospheric Pressure: 11.5 psia 

The site is flat, no trees and covered with sagebrush. No major bodies of water a near the site. 
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4. EVAPORATOR DESIGN INFORMATION 

Snow Makers, Inc. (SMI), the manufacturer of the Super Polecat evaporator, provided the 
following information (it is conservative) based on the supplied climatic conditions. Pan 
Evaporation Rate is the major component in the evaporation rate calculation. 

4.1 Average Monthly Evaporation Efficiency 

The average monthly evaporation efficiencies were calculated by SMI based on Climatic 
Conditions and Site Conditions in Section 2 and Section 3. 

Super Polecat Low Pressure (80 -100 psi) 

Month
%

Evaporation GPM Evaporation 

Jan 0%                       -    

Feb 0%                       -    

Mar 24%                  13.94  

Apr 51%                  30.25  

May 58%                  34.40  

June 67%                  39.74  

July 72%                  42.70  

Aug 60%                  35.59  

Sept 54%                  32.03  

Oct 49%                  29.06  

Nov 0%                       -  

Dec 0%                       -    

Average 37%                  21.98  

If operations are continued through the winter months, some evaporation will occur. In the colder 
periods snow will be formed and some slight sublimation will occur. 

The produced water freezes at approximately 30.5 °F. At the sodium chloride eutectic of 23.3 wt. 
%, the brine freezes at –6 °F. Mixing 600 gpm of eutectic brine with 350 gpm of produced water 
results in a solution of about 15 wt. % NaCl which freezes near 12 °F. 

350 gpm corresponds to 12,000 BPD of produced water, the 600 gpm is the recycled eutectic 
solution required to make up the minimum required pumping capacity (see Section 6). 
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4.2 Evaporator Spacing 

SMI recommends that the spacing between evaporators of about 75 – 100 feet. 

4.3 Evaporator Spraying Distance 

At zero wind the Super Polecat will throw water droplets 170 to 200 feet from the machine. With an 
average wind speed of about 7.5 mph the spray will travel about 300 ft. The ponds are 800 ft. x 500 ft. so 
the particles will be contained.

4.4 Evaporator Water Capacity 

The following table provides the water capacity of each Super Polecat evaporator versus the inlet 
water pressure. 

Water Pressure, psig Water Flow, GPM  

30 42  

40 45.7  

50 49.3  

60 52.8  

70 46.3  

80 59.6

 90 62.8

100 65.9

Expected range of pressures and rates 
based on water supply piping run lengths 
and size. 

110 68.9  

120 71.9  

130 74.7  

140 77.5  

150 80.2  

160 82.8  

170 85.4  

180 87.9  

190 90.3  

200 92.7  
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Utilizing fiberglass piping in lieu of HDPE will allow higher operating pressures and the potential 
reduction of 15 to 30 percent of the required evaporators. 

5. POND SIZING 

Based on the above calculated evaporation efficiencies the overall average annual efficiency is 
37%. The evaporation efficiency from November through February is very low and therefore the 
pond sizing will be based on storing 4 months of produced water. 

5.1 Pond Capacity 

The following pond capacities were calculated based on 4 months storage of water during the low 
periods of evaporation. 

Years of Salt 
Storage

Salt Volume, ft3 Water Volume, ft3 Total Volume, ft3

5 Years 1,900,000 8,100,000 10,000,000 

15 Years 5,600,000 8,100,000 13,700,000 

30 Years 11,200,000 8,100,000 19,300,000 

6. PUMP CAPACITY 

Utilizing the monthly average evaporation efficiency provided by SMI it was determined that a 
constant pumping rate of 946 GPM ((12000 BPD x 42 gal/bbl)/(37% efficiency x 1440 min/day)) 
was required to evaporate the yearly production of produced water. A safety factor of 25% was 
added to this rate resulting in 1183 GPM. Three 750 GPM pumps will be provided. 

7. EVAPORATORS 

The minimum number of evaporators required to evaporate the 12,000 BPD of produced water is 
16. This is based on the monthly average evaporation efficiency and an evaporator inlet pressure 
of 80 – 100 psig. 
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ATTACHMENT 12 

Literature Review:  Sodic/Saline Soils 

The literature review contained within this section is intended to give the reader 
background information on sodic/saline soils.  It is a review of present research and 
current practices in this field of study.  While this literature review presents findings and 
results from various studies and reclamation projects, this document is not meant to 
commit ExxonMobil to any specific reclamation plan or mitigation procedure.  The 
enclosed literature review is only meant to educate the reader on sodic/saline soils and 
provide the reader with background information to more fully understand the information 
presented in Section 4.7. 
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Introduction

Excessive levels of salts impact extensive areas of soils throughout the world.  The 

primary effects of these salts on soil quality are associated with saline and sodic 

conditions.  Saline soil conditions are related to excess salts usually consisting of 

chlorides (Cl-1) and sulfates (SO4
-2) of sodium (Na+1), calcium (Ca+2), and magnesium 

(Mg+2) (Sumner et al., 1998a).  Saline conditions often have a deleterious effect on plant 

growth because salts decrease the osmotic potential of soil water making it difficult for 

plants to extract water.  Sodic conditions result from elevated levels of Na on the 

exchange complex, which often cause the development of poor physical conditions in a 

soil.  Thus the impacts of Na result in an inadequate balance between water and air 

regimes in the soil.  This imbalance is created by restricted water infiltration and 

transmission properties causing the soil to be too wet or dry for much of the time 
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resulting in poor root development and plant growth.  In addition, sodic soils often are 

difficult to cultivate and have low load bearing properties.  Poor structural stability 

promotes the sealing of soil pores and crust formation at the soil surface, leading to soil 

erosion and pollution of surface water resources.  An important aspect of sodic soil 

behavior is associated with the interaction between sodicity and salinity.  A soil can be 

characterized with high exchangeable sodium percentages (ESP) and not develop 

instability of structure if the electrolyte levels in solution are above a threshold electrolyte 

concentration (TEC).  As a result, a given ESP or sodium adsorption ratio (SAR) level 

means nothing relative to land management unless the salt levels of the system are 

understood.

Currently, many States use SAR or ESP levels for reclamation standards without 

adequate concern for electrical conductivity (EC), clay mineralogy, soil weathering and 

other important soil characteristics that determine now a soil will react or function under 

land use.  This misconception has resulted in high reclamation costs that are more than 

likely unfounded.

Objectives

The objective of this work is to describe in some detail the chemistry of sodic/saline soil 

systems.  The information will provide a basis for reclamation plans that can result in 

sound reclamation/management plans leading to the successful establishment and long-

term stability of vegetation communities on sodic/saline soils.   

Chemistry of Sodic/Saline Materials 

High levels of sodium often trigger significant deterioration in the physical conditions of 

soils causing imbalances in the water and air regimes.  The physical changes result from 

the flocculation and dispersion reactions impacted by the amount of Na that occupies 

cation exchange sites.  The major factors responsible for these reactions include the type 

of soil colloid materials present and the charge distribution associated with the surfaces 
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of these materials.  The flocculation and dispersion reactions are governed by the 

attractive and repulsive forces associated with the electron double layer resulting from the 

surface charge of soil colloids. 

The basic theory of the diffuse double layer was developed separately by Gouy and 

Chapman and is now referred to as the Gouy-Chapman theory (DVLO) (Overbeek  

1952).  Bolt (1955) has shown that the Poisson-Boltzmann differential equation describes 

the exchange equilibrium of a Na-Ca illite in mixed solutions of NaCl and  

CaCl2 and thereafter was referred to as the double-layer equation.  The concept is based 

on the idea that the permanent charge of clay minerals results from two types of charge at 

the surface: 1) permanent charge due to the replacement of higher valence cations in the 

mineral structure with lower valence cations resulting in a net negative charge; and 2) 

variable charge, which is caused by dissociation of mineral-edge hydroxyls.  The 

electrical force acting on the cations present in solution pulls them to the surface while 

the force of diffusion pulls the cations away from the surface.  The opposite interaction 

occurs for the anions.  The anions are repulsed from the surface and approach the 

concentration of the bulk solution at an exponential rate.  The net interaction between the 

attractive and repulsive forces allows the adsorbed ions to extend outward to a point 

where the forces are equal.  This layer of cations and anions is labeled as the electronic 

diffuse double layer.  The double layer is characterized by an excess of cations near the 

surface due to the attraction by the negatively charged surface and a deficit of anions 

close to the surface due to the repulsion by the negative charge associated with the 

surface.  Therefore, the concentrations of cations and anions asymptotically approach the 

bulk solution concentrations with increasing distance from the surface. 

The distribution of cations in the liquid phase of soils grades from high concentrations 

near the particle surface to lower concentrations in the bulk solution.  It is convenient to 

think of the diffuse double layer as having a thickness, although the thickness cannot be 

precisely defined.  As noted in various texts, the thickness of the double layers are small 

compared to the diameter of soil pores but are of the same magnitude of water film 

thicknesses in a dry soil (Bohn et al. 1979).  The thickness of the diffuse double layer 

decreases as the square root of the salt concentration in the bulk solution increases, and 
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directly with an increase in the valence of the exchangeable cations.  The effect of 

increased salt concentration results from the reduction in cation diffusion from the 

surface to the bulk solution.  Exchangeable Cations such as Na+1 with a large hydrated 

radius tend to promote the development of thick double layers while cations such as Ca+2

tend to promote a collapsed or thin double layer.  The development of a thick diffuse 

double layer results in swelling especially with the expanding clay minerals.  As the 

double layers associated with adjacent clay surfaces interact, excess cations exist at the 

mid plane.  The excess of cations at the midplane compared to the bulk solution forms an 

osmotic gradient, which causes swelling and/or clay dispersion due to water inbibition.  

Water inbibition continues until the osmotic potential at the midplane between clay 

particles equals the osmotic potential in the solution or until swelling is reduced by the 

lack of water.  Swelling is most pronounced in soils containing large amounts of 

montmorillonite.  The dispersion of clays results as the clay particles are pushed apart 

when the attractive forces holding the clay tactoids together are over come by repulsive 

forces causing the clay particles to fall apart or disperse. 

The basic theory of diffuse double layer formation assumes that exchangeable cations 

exist as point charges, colloid surfaces are planar and infinite in extent, and surface 

charge is distributed uniformly over the entire colloid surface.  These assumptions 

obviously do not describe the actual soil system, however, the theory seems to describe 

the system well for soil colloids.  Note that this system describes the pure colloid systems 

in aqueous solutions clearly, but probably does not come close to describing a real soil 

system that is not water saturated.  This point of discussion will be addressed later in this 

review.

The Interactions between Salinity on Sodicity 

The definition of a sodic soil in simple terms is a soil that has been adversely impacted 

physically by the presence of Na adsorbed to the cation exchange sites.  The presence of 

Na in a soil promotes the slaking of aggregates and the dispersion of clay particles.  At 

the same time the impact of Na, as characterized by ESP or estimated by SAR, on the 

physical character of a soil is greatly dependent on the salinity of the soil.  It is 
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impossible to estimate the impact of low or high SAR values on the physical state of a 

soil or spoil material without evaluating the EC or electrolyte concentration of the system 

(Shanmuganathan and Oades, 1983).  Any attempt to set critical ESP or SAR values for 

land management would be arbitrary unless total cation concentration or EC is taken into 

consideration simultaneously (Sumner, et. al., 1998a).  Research has shown that 

extremely high SAR values do not cause physical degradation of soil materials if the 

system also contains high levels of salts.  This fact was first demonstrated by research 

done by Quirk and Schofield (1955).  Their work showed that soil materials with an ESP 

of 40 maintained a stable permeability with an electrolyte concentration of about 30 

mmol/L (about EC = 2.9 dS/m). McNeal and Coleman (1966) pointed out that typical 

arid land soils (having clay mineralogy dominated by 2:1 layer silicates with only 

moderate amount of montmorillonite) can tolerate ESP values of 15 or greater before 

serious reductions in hydraulic conductivity (K) occur, if the salt concentration of the 

percolating solution exceeds 3 mmol/L (0.2 dS/m). Gardner et al. (1959) came to the 

same conclusion dealing with unsaturated soils.  Similar results were found by Amezketa 

and Aragues (1995) for calcareous soils from arid environments. These researchers also 

found that large reductions in K occurred in sand clay mixtures where steep concentration 

gradients developed between the micropores and macropores.  They concluded that an 

“osmotic explosion” effect was responsible for the reduction in K.  Although interesting, 

this finding was associated with an artificial system of sand mixed with clay and may not 

represent conditions occurring in soils.

Many studies have shown the relationship between clay mineralogy and the relationship 

between salinity and sodicity (Velasco-Molina, et al., 1971; Frenkel et al., 1978).  In 

general, the research indicates that clay dispersion becomes very important for soil 

management decisions when electrolyte concentrations are low even at low SAR values.  

This was found for the 2:1 clay minerals and to a lesser degree in the 1:1 kaolinitic clays 

(Velasco-Molina, et al., 1971; Miller et al. 1990).  Sumner et al. (1998a) provides a 

thorough discussion of the SAR/EC relationship in their publication titled “Sodic Soils:  

Distribution, Properties, Management, and Environmental Consequences.”   



6

As noted, the literature indicates that high sodium adsorption rations and/or low 

electrolyte concentrations can cause soil structural problems.  However, we still do not 

have reliable criteria and standards for predicting how these parameters quantitatively 

affect structural stability and K of soils (Rhoades, 1972).  The mechanisms that cause 

these problems have been postulated to be: (1) swelling of soils; (2) clay dispersion and 

subsequent plugging of conducting pores by dispersed clay; and (3) failure or slaking of 

soil aggregates.  However, many of the researchers have made diverging conclusions 

relative to the importance of these mechanisms.  McNeal and Coleman (1966) and 

Jayawardane (1979) found that clay swelling was the dominant mechanism reducing K in 

sodic soils.  Research by Rhoades and Ingvalson (1969), Frenkel et al. (1978), Pupisky 

and Shainberg (1979), Shainberg et al. (1981a) and Yousaf et al. (1987) has shown that 

clay dispersion was the dominant mechanism responsible for the reduction in K.  Other 

scientists such as Waldron and Constantin (1968; 1970) and Cass and Sumner (1982) 

concluded that the reduction in K was primarily related to the slaking of aggregates 

caused by internal swelling pressure or from shearing stresses. 

As noted previously, the impact of sodicity on the physical properties of soils is 

dependent on the electrolyte concentration associated with the system.  If salt is added to 

a dispersed clay in a suspension, the increased electrolyte concentration causes the clay 

particles to stick together forming flocs that settle.  The minimum electrolyte 

concentration required to cause flocculation is referred to as the threshold electrolyte 

concentration (TEC) or flocculation value (FV).  This value is dependent on counter-ion 

valency and clay type.  The TEC values for a sodium-montmorillonite were shown to be 

about 12 mol/m3 NaCl or 0.86 dS/m and 0.25 mol/m3 CaCl2 or 0.02 dS/m for calcium-

montmorillonite (van Olphen, 1977).  Corresponding values for sodium and calcium 

illites were found to be 40 mol/m3 to 50 mol/m3 NaCl and 0.25 mol/m3, respectively 

(Arora and Coleman, 1979).  These data show that a sodium montmorillonite can be 

maintained in a flocculated condition if the salt levels of the same ion (Na) are about 1 

dS/m and sodium illites will tend to remain flocculated if salt levels with the same ion 

(Na) are about 3.6 dS/m. Sposito (1989) indicated through his discussion of the literature 

that a fully Na-saturated smectite suspension will flocculate if the electrolyte 
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concentration is > 8 mol/m3 (0.6 dS/m) and a suspension of Na-illite will do the same if 

the electrolyte concentration reaches about 50 mol/m3 (3.6 dS/m)  His conclusion is that 

soil salinity tends to counteract the effect of exchangeable sodium on soil structure.  The 

presence of divalent ions such as Ca would lower the TEC to lower salt concentrations. 

Abu-Sharar et al. (1987) found some interesting results with respect to aggregate slaking 

at various electrolyte concentrations.  The stability of soil aggregates under various 

electrolyte/SAR combinations has provided some insight into the relationship between 

aggregate slaking and clay dispersion.  SAR values of 0, 10, and 20 with corresponding 

electrolyte concentrations above 3.2, 15.9, and 19.4 mol/m3 resulted in the slaking of 

aggregates as small as 5 m with very little clay dispersion.  Clay dispersion occurred 

only after electrolyte concentrations were reduced below these levels.  They found that 

aggregate slaking preceded clay dispersion and that slaking occurred at electrolyte levels 

below the TEC.  This finding is different from the previous findings that aggregates 

originated from the periphery of larger aggregates. 

Goldberg and Forster (1990) found that the TEC for reference clays was much lower than 

those for soil clays.  This indicates that studies evaluating reference clays to simulate the 

reactions expected in soils are not valid.  Other factors such as organic matter content and 

the presence of Al- and Fe-oxide content may influence the dispersion of soil clays.  

Kaolinitic soils were also found to disperse under conditions of high ESP or SAR and 

low salt concentrations.  However, such soils were usually impacted to a lesser degree as 

compared to the montmorillonitic and vermiculitic soils (Frenkel et al. 1978).  Miller et 

al. (1990) found similar results for soils containing kaolinitic clays.  This study 

demonstrates that TEC for these highly weathered soils ranged from 1 to 8 mol/m3 for Ca 

clays with SAR <1 and from 10 to 40 mol/m3 for SAR 16.

The data show that if salinity is maintained at or above the TEC value for a specific 

material, the physical condition of the material will be maintained in a flocculated state 

no matter how high the SAR.  The only caveat to this situation is that some materials that 

have high SAR and EC character can become dispersed at the surface if impacted with 
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water containing low levels of electrolytes from irrigation or rainfall.  However, the 

dissolution of unstable minerals due to weathering often results in solution salt levels 

above the TEC and therefore swelling and/or dispersion are not experienced.  This is 

especially true for the unstable minerals usually found in soils of arid to sub arid regions.  

In addition, mechanical forces resulting from raindrop impact, the flow of water at the 

surface or the use of farm equipment could cause clay dispersion.  However, if measures 

are taken to eliminate these potential impacts to the system, the high SAR, low EC 

soil/spoil material will usually be maintained in good physical condition.  One method of 

doing this is to treat the surface with an amendment such as gypsum.  The application of 

gypsum at the surface would result in electrolyte concentrations from 5 to 15 mol Ca/m3

would be sufficient to ensure flocculation of the soil clays, reducing dispersion-induced 

sealing and erosion.  Another method of protecting the surface against the mechanical 

forces that can initiate slaking and dispersion is to cover such materials with topdressing 

material.  

Misconceptions Associated with the Diagnosis of Sodicity Problems 

An understanding of our current misconceptions relative to the diagnosis of problems 

associated with Na is easily found with a brief examination of the history of soil 

chemistry specifically with regard to sodic and saline interactions.  As noted by Sumner 

et al. (1998a), several major issues have caused undo complexity to the understanding of 

the sodic/saline character of soils and other materials.  One interesting observation is that 

in the United States and much of the rest of the world, a value of ESP > 15 was used as 

the level for separating sodic soils while in Australia and Asia a value of ESP > 6 was 

used as the separation value.  This explains why North America has much less area 

determined to be sodic.  Why does this discrepancy exist?  Sumner et al. (1998a) have 

developed the argument that the quality of the water used during the experimentation is 

the most probable reason for the differences.  Much of the early research done in the 

United States was accomplished at the U.S.D.A. Salinity Laboratory in Riverside 

California.  These experiments were usually completed using tap water as the infiltrating 

solution.  The tap water used in southern California contained relatively high levels of 
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electrolytes (varying from 4 to 10 mmol/L) while tap waters used in Australia and South 

Africa ranged from 0.4 to 0.7 mmol/L.  Textural differences were also identified as 

having an impact on the separation level identified above, as the soils tested in the United 

States were generally sandy in texture as compared to those tested in Australia and Asia.   

In addition, weathering differences associated with the stability of the mineral fraction 

were also different between the soils found in California compared to those found in 

Australia.  The arid soils studied in California were much more unstable than the more 

weathered soils studied in Australasia. 

The major issue that has caused many misunderstandings in diagnosing sodic soils is the 

interaction between salinity and sodicity.  The information promoted for use in the 

management of sodic soils by the USDA Salinity Laboratory during the 1960s and 1970s 

did not mention to any great extent interactions with salinity.  The reason for this 

seemingly deletion was discussed by Sumner et al. (1998a) with regard to a personal 

communication these authors had with Dr. Bower the head of the Soil Salinity Laboratory 

at that time.  Dr. Bower indicated the data collected by Quirk and Schofield that 

demonstrated the relationship between sodicity and salinity were associated with 

laboratory evaluations using disturbed samples.  Under these conditions dispersion is 

often greater when compared to field samples.  In addition, Dr. Bower assumed that the 

salt concentrations of the soil solution are too transient to use as a factor in a 

classification system for sodic soils.  The relevancy of Dr. Bower’s arguments does have 

justification.  However, the use of ESP without consideration for the electrolyte levels 

found in the corresponding soil solutions has resulted in inappropriate management of 

sodic soil conditions.  The discussion provided by Sumner et al. (1998a) addresses the 

fact that the USDA Soil Salinity Laboratory did not address this topic in their 

recommendations for the management of sodic soils even though they were well aware of 

it.  In fact, the definition of sodic soils was published by Bower et al. (1958) without 

mention of electrolyte concentration in the definition.  It was apparent at the time that 

people were well aware of the impact of salinity on the behavior of sodic conditions, 

however apparently these scientists elected to down-play the relationships because of the 

apparent transient nature of salinity.  Sumner et al. (1998a) noted that if the work of 
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Quirk and Schofield (1955) had been adopted in the United States at that time, a much 

clearer understanding of sodicity would have resulted.  Instead of using electrolyte 

concentration as an important component of the definition of sodic soils, Handbook 60 

(Richards, 1954), which was published in 1954 and reprinted in 1969 without 

emphasizing the importance of salinity and its impact on sodicity, has been and continues 

to be used as an authority addressing salinity and sodicity issues.  In more recent times, 

Hanson et al (1999) have provided clarity to the issues dealing with salinity/sodicity 

relationships with a handbook that describes the relationships albeit for California 

conditions.

Model for Sodic Soil Behavior 

Most research addressing soil sodicity has used a model evaluating the forces generated 

between colloidal clay minerals suspended in saturated systems to explain sodic soil 

behavior.  Two major problems are apparent with this model.  First, natural soils usually 

are complex heterogeneous aggregates made up of many clay types, silt and sand, 

intimately associated with inorganic and organic polymers.  These aggregates do not 

resemble pure clay systems as was described by Abu-Sharar et al. (1987).  In addition, 

the aggregates are not suspended in water.  As a result, forces other than those that 

operate in saturated systems must be overcome during aggregate slaking and clay 

dispersion.  Therefore, it is important to use a natural soil model that shows how sodicity 

and salinity impact the physical conditions of soil and/or spoil materials not suspended in 

aqueous solutions.  The models described by Rengasamy and Sumner (1998) and 

Rengasamy and Olsson (1991) will be used to address this important concept.  The fact is 

that aggregate slaking and clay dispersion decrease in an unsaturated system.  This theory 

is further supported by the work of Russo and Bresler (1977) showing that unsaturated 

flow is not impacted compared to saturated flow at given soil ESP/EC levels.  In other 

works, a soil will maintain more stability under unsaturated conditions than saturated 

conditions.  It happens that soils very rarely experience saturated conditions in the field 

environment. 



11

The impact of ESP often estimated using SAR on the physical character of a soil is 

greatly dependent on the salinity of the soil.  It is impossible to estimate the impact of 

low or high SAR values on the physical state of a soil or spoil material without knowing 

the EC or electrolyte concentration of the system (Shanmuganathan and Oades, 1983; 

Sumner et al., 1998a).  Any attempt to set critical ESP or SAR values for land 

management would be arbitrary unless electrolyte levels are taken into consideration 

simultaneously (Sumner et al., 1998a).  Research has shown that extremely high SAR 

values do not cause physical degradation of soil materials if the system also contains high 

levels of salts.

A system of classification based on soil behavior rather than on a threshold ESP or SAR 

level without consideration for electrolyte concentrations should be developed for land 

management purposes.  As noted by Sumner et al. (1998a) it makes more sense to use the 

behavior of soils such as spontaneous and mechanical dispersibility as a basis for 

threshold limits rather than chemical composition of the soil.  In fact, Rengasamy et al. 

(1991) described sodic soil behavior using dispersive potential in lieu of setting arbitrary 

limits of ESP (SAR) and EC.  The definition of dispersive potential is the difference in 

osmotic pressures in the diffuse double layer between the critical flocculation 

concentration (CFC) of electrolyte and the existing soil solution concentration.  This 

concept sounds good, however, a significant amount of work needs to be done to fully 

develop the idea, and to account for various field conditions including mechanical energy 

inputs.

As noted in a previous section of this review, in the past, soil scientists have used a model 

involving electrical diffuse double layer theory to explain sodic soil behavior.  This 

explanation was usually conducted using pure clay minerals in saturated systems.  

However, in natural systems, complex clay systems are bound together into aggregates 

with silt and sand particles by inorganic and organic compounds and are usually not 

suspended in water.  The slaking of aggregates and the dispersion of clays requires forces 

other than those that operate in colloidal clay suspensions.  Rengasamy and Sumner 

(1998) have developed a model that describes the processes that take place during the 
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wetting of a dry soil aggregate.  Their model will be presented in this paper as a realistic 

approach describing the influences of sodicity and salinity on the physical nature of 

natural soil systems. 

The model consists of four (4) stages as shown in Figure 1.  Dry soil aggregates are held 

together by inorganic and organic compounds and associated bonds that produce very 

strong attractive forces.   The forces involved include Lifshitz-van der Waals forces, ionic 

bonds, hydrogen bonds, hydrophobic interactions, and hard-soft acid-base reactions.  As 

dry aggregates are wetted, solvation or hydration forces become important.  The stability 

of aggregates, and hence the pore systems, depends upon attractive and repulsive forces 

resulting from intermolecular and electrostatic interactions between soil solution and soil 

particles (Rengasamy and Olsson, 1991).  When an aggregate is placed in contact with 

water, the interactive forces lower the potential energy of water molecules; thus releasing 

energy for structural changes and as heat.  Aggregate slaking, clay swelling, and clay 

dispersion are the major mechanisms that occur during these transformations. 

Thus, as an aggregate is hydrated, the initial attractive forces between clay particles 

decrease.  As hydration increases, the distance between particles increases.  In general, if 

the clay particles are saturated with Ca or Mg, additional hydration does not increase the 

inter-particle distance beyond a few nanometers, resulting in a net force that is attractive 

and the aggregates are held together by hydrated cations.  The swelling resulting from 

these reactions will occur even with high electrolyte concentrations.  Slade and Quirk 

(1991) found that the change in separation to 1.5 nm is not affected by electrolyte 

solution (crystalline swelling) and that the separation from 1.5 to 1.9 nm is an osmotic 

process that includes electrolyte concentrations, charge density, and the location of the 

charge in the clay minerals.  If the clays are saturated by monovalent cations such as Na, 

the clay particles are separated beyond 7 nm dependent on the ionic strength and the 

existence of soft-hard acid-base reactions.  This results in clay dispersion shown as Stage 

3 in Figure 1.  Stage 3 can also be reached when a source of mechanical energy is applied 

to the clay domains that have undergone limited separation.  Mechanical energy resulting  



13

Figure 1.  Stages that take place during the wetting of a dry aggregate. 

from raindrop impact and surface water flow can overcome the attractive forces causing 

the clay domains to separate or disperse.  Once the system is completely dispersed, the 

electrostatic repulsive forces as predicted by the electrical double layer theory become 

important to the physical nature of the system.  A dispersed clay system will become 

flocculated as the difference in the electrical potentials in the inner and outer solutions 

approach zero and as the clay particles approach each other.  The repulsive pressure is 

balanced by osmotic pressure, and the van der Waals attractive forces become dominate.  

At this point, the clays become flocculated as identified in Figure 1 as Stage 4 of the 

model.  
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Parameters Associated with Sodic Behavior in Natural Soil Systems 

The basic problem associated with sodic soils is the development of very poor physical 

conditions that result in imbalances between water and air regimes that greatly impact the 

development of vegetation.  The imbalance in air and water regimes results from poor 

infiltration and transmission of water and air in the soil, which usually causes either wet 

or dry conditions for much of the time.  In addition, the instability of soil structure often 

causes soil crusting, which results in erosion causing poor soil conditions and water 

pollution.  The presence of relatively high levels of electrolytes will promote the 

maintenance of good physical conditions that maintain good plant growth.  The impact of 

various conditions including electrolyte concentration, pH, water content, soil weathering 

and organic matter on the basic principals of the chemistry of sodicity will be briefly 

presented in this section.

Impact of Sodicity/Salinity on Hydraulic Conductivity (K) and Infiltration Rate

The impact of sodicity on the hydraulic properties of soils is dependent on the electrolyte 

concentration associated with the system (Malik et al., 1992; Lima et al., 1990; Mace and 

Amrhein, 2001; McNeal et al., 1968; Quirk and Shofield, 1955; Frenkel et al., 1978; 

Shainberg et al., 1981a; Abu-Sharar et al., 1987; Curtin et al., 1994a; Curtin et al., 1994b; 

Chiang et al., 1987).  In general, the greater the SAR or ESP associated with a soil and 

the lower the EC, the greater for the potential for aggregate slaking, soil swelling and 

clay dispersion, which will reduce the K of a soil.  As noted previously in this review 

(Section titled - The Interactions between Salinity on Sodicity), researchers have 

proposed different views on the primary mechanism responsible for the degradation of 

the physical structure of soils, which are responsible for changes in K.  Sumner (1993) 

attributed the primary reduction in K to pore plugging due to aggregate slaking and clay 

dispersion.  This author also suggested that clay swelling only impacted K at relatively 

high ESP values (ESP> 15%).  However, high electrolyte concentrations either in the 

form of amendment applications to the surface or high salt levels of applied water would 

reduce the impacts.  The fact is that all three mechanisms occur in a soil system with 
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varying impact from each dependent on the characteristics of the soil.  Mace and 

Amrhein (2001) voiced this opinion in their study that showed substantial reduction in 

hydraulic conductivity with increasing SAR and decreasing EC.  Results of their research 

using water with SAR values of 5 and 8 showed that the three mechanisms interact with 

each other.  Clay swelling tends to reduce the size of the large pores enhancing the 

amount of pore clogging due to aggregate slaking and clay dispersion.  The change in 

water holding capacity at –22 kPa suction was a good indication of the changes in pore 

geometry.  As the electrolyte concentration of the water applied to the soils decreased the 

quantity of dispersed clay present in the leachate increased.  This study demonstrated that 

both clay dispersion and clay swelling had major roles in the structural changes and the 

resulting decreasing K of the soil materials.  The use of gypsum as an amendment was 

shown to reduce or eliminate clay dispersion due to the ionic strength effect.  With 

subsequent leaching the EC of the solution in the soil materials decreased (less gypsum) 

and swelling again increased.  The researchers found that the soils originally leached with 

the higher SAR water had the lowest K values and the most internal swelling after 

reclamation, suggesting that pore plugging initially resulted in a decreased K that was 

irreversible.  This reaction may be associated with the fact that about 23% of the 

exchangeable Na remained in the soil after reclamation using gypsum and H2SO4.  This 

research effort demonstrates that irrigation water with SAR values of 5 and 8 result in 

both temporary and longterm reductions in K dependent on the electrolyte concentrations 

in the water/soil system.  

Hydraulic conductivity (K) is less sensitive to sodic conditions as compared to infiltration 

rate (IR).  The primary factor responsible for these differences is the influence of 

mechanical energy caused by the impact of raindrops at the surface.  This mechanical 

energy promotes the disintegration of aggregates and the dispersion of clays resulting in 

the formation of a structural crust.  Crusts are formed due to the physical disintegration of 

aggregates, while compaction is caused by the impact of the water droplets and chemical 

dispersion of clays near the surface.  Smectitic soils are very sensitive to reduced IR even 

at very low ESP levels (ESP<3).  An important factor in the degradation of IR is that 

rainfall contains very low levels of salts.  Therefore, rainfall is responsible for leaching 



16

electrolytes from the surface, leaving the surface materials more susceptible to 

dispersion.  K is much less susceptible to degradation, except at the surface, mainly 

because of the reduced impact of mechanical forces and the electrolyte levels that often 

occur (Shainberg et al., 1992).  The mineral phase associated with arid land materials, 

usually readily weathers, providing electrolytes to the system, enhancing its ability to 

maintain structure. 

This discussion supports the fact that suitable topdressing placed over sodic materials will 

alleviate the development of poor physical conditions in the sodic materials.  The surface 

layer of material (topdressing) eliminates the mechanical energy input from raindrop 

impact and/or surface water flow on the sodic material and the low electrolyte rainwater 

that would promote aggregate slaking and clay dispersion.  In addition, weathering of the 

surface layer and the underlying sodic materials result in increased electrolyte levels in 

solution.  This prevents dispersion and the Ca+2 present in the solution therefore tends to 

self-remediate the sodic condition. 

The Effect of Exchangeable Magnesium on the Physical Properties of Soils

Richards (1954) grouped Ca and Mg together as similar ions beneficial in developing and 

maintaining soil structure.  However, evidence now exists that indicates that Mg can 

cause the deterioration of soil structure under certain conditions.  Studies have shown that 

Na-Mg soils developed lower K characteristics than Na-Ca soils under similar conditions 

(McNeal et al., 1968).  Research has also demonstrated that Mg can impact K through 

direct effects (specific effects) and through the ability of Mg+2 to cause higher 

exchangeable Na+1 levels to develop in the soils as compared to Ca+2 (Chi et al., 1977; 

Emerson and Chi, 1977). 

Alperocitch et al. (1981) found that well-weathered soils that do not contain CaCO3, are 

impacted by the specific effect of Mg+2.  Reduction in K and enhanced clay dispersion 

resulted when Na/Mg soils were leached with distilled water (simulated rain water).  The 

theory behind this finding was that clays saturated with Mg+2 are chemically more stable 
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and do not release electrolytes into solution.  As a result, the lack of weathering products

will allow the system to disperse more easily when leached with water that contains low 

concentrations of electrolytes.  In the same study, exchangeable Mg+2 was found not to 

have a specific effect on the K and clay dispersion in calcareous soils.  In these soils, 

Mg+2 enhances the dissolution of CaCO3 increasing the solution electrolyte 

concentrations, which prevent the dispersion of clays and the reduction of K. 

Weathering

Dispersion is important in reducing the permeability of sodic soils, however, no adequate 

hypothesis is available that explains why some soils are more susceptible to clay 

dispersion than others when leached with distilled water.  This is an important problem 

since the irrigation season is followed by the rainy season or snowmelt.  Salt is usually 

built up in the soil during the irrigation season, thus the EC is high enough to prevent 

deterioration of the physical properties.  However, when these soils are exposed to 

rainwater or spring runoff, the salts are leached from the surface portion of the soil and 

the physical conditions at the surface are very susceptible to degradation.

The TEC of the Ca-montmorillonite clays has been reported by van Olphen (1977) to be 

0.17 to 0.23 meq/L and that the TEC for Na-montmorillonite is 12 to 16 meq/L.  Oster et 

al. (1980) found that the TEC of montmorillonitic clays saturated with mixtures of two 

cations increase rapidly with the initial increments of exchangeable Na to values of 3 and 

6 meq/L for ESP values of 10 and 20, respectively.  It is very apparent that soils capable 

of releasing salt through weathering processes at rates sufficient to maintain salt levels 

above the TEC values for specific clay materials should maintain their physical 

condition.  These soils will not disperse and their hydraulic conductivity should not be 

affected significantly by rainfall or spring runoff.  Rhoades et al. (1968) showed that arid 

land soils increased the levels of Ca and Mg by 3 to 5 meq/L and determined that the 

dissolution of plagioclase, feldspars, hornblende, and other common mafic minerals 

accounted for the release.
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In their evaluation of the dissolution of three arid zone soils, Oster and Shainberg (1979) 

observed that the release of Ca+2, Mg+2 and K+1 from silicate minerals and the hydrolysis 

of exchangeable Na+1 and Ca+2 varied greatly.  These researchers demonstrated that when 

salt-free soils were mixed with distilled water at a 1:5 ratio, the release of salts was fast 

enough to increase solution concentrations from 0.5 to 4.0 meq/L within 4 hours.   

Shainberg et al. (1981a) has shown that low salt concentrations (2 to 3 meq/L) in leaching 

water prevented clay dispersion and reductions in K for ESP values below 30.  These 

observations led to the idea that mineral dissolution is a major factor causing differences 

in susceptibility to sodic conditions when leached with low electrolyte water.  These 

scientists hypothesized that sodic soils containing minerals that readily release soluble 

electrolytes such as CaCO3 and minerals such as plagioclase, feldspars and hornblende 

will provide electrolytes levels high enough to prevent dispersion if leached with distilled 

water, which simulates rainfall and runoff.  Shainberg et al. (1981b) showed that soils 

containing minerals that readily release soluble electrolytes will not disperse when 

leached with distilled water (simulated rainwater).  This study was conducted using three 

soils; the Gila soil containing CaCO3 with montmorillonite and mica, the Pachappa soil is 

a relatively unweathered soil containing montmorillonite and mica and a third, the 

Fallbrook soil, a soil characterized by increased weathering that contained 

montmorillonite and kaolinite clays.  The salt release rates for these soils were initially 

greatest for the Gila soil.  However, after about 100 hours the salt levels for the Gila and 

Pachappa soils were very similar.  The levels of salts found in the Fallbrook were much 

lower since this soil had been weathered and was quite stable.  The Fallbrook soil was 

found to be the most sensitive to sodicity impacts on clay dispersion and resulting 

impacts on K even though it contains sesquioxides and kaolinite in its clay fraction.  The 

differences in capacity to release salts and to disperse are undoubtedly important relative 

to the formation of crusts under rainfall conditions.  This capacity is essential for 

materials that have moderate ESP levels that are able to maintain physical conditions 

through the soil profile but are susceptible to dispersion near the surface.  Electrolytes 

resulting from weathering, especially soils in arid or semiarid environments, can maintain 

the physical structure of the surface materials.  Rhoades et al. (1968) found similar results 
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studying arid soils treated with irrigation water characterized by SAR values varying 

from 5 to 20.  The total salt content of the displaced soil solutions was much greater than 

the salt levels applied in the irrigation water.  The effluent solutions contained from 3 to 5 

meq/L higher salt levels than present in the irrigation water.  Much of the increase in salt 

levels resulted from weathering of the soil materials, which released significant amounts 

of Ca and Mg and HCO3
-1 ions.  The net effect of the weathering processes was a 30 to 

90% reduction in the SAR of the soil solutions.  SAR reductions were largest for the 

waters containing lower salt concentrations, but were significant for waters containing as 

much as 15 to 20 meq/L of salt.  Evaluations of the mineral fraction of these soils showed 

that unstable Ca-silicates, Mg-silicates such as plagioclase, feldspars, hornblende along 

with some common mafic minerals in the various size fractions of the soil were the 

contributing components to the soil solutions. This research determined that the 

weathering phenomenon reduces the Na hazard and therefore should be considered in 

water quality evaluations.  Their findings imply that irrigation water containing relatively 

high levels of Na may be used successfully for irrigation of soils that have similar 

characteristics to those evaluated in this study. 

In view of the above discussion concerning mineral weathering, Rhoades (1968) 

developed a modification to the Na hazard equation developed by Bower et al. (1963) for 

HCO3
-1 containing irrigation waters.  This modification was based on the results of 

research, which evaluated the impact of mineral weathering on soils containing lime.  

The evaluation was complicated by the fact that the presence of Ca+2 and HCO3
-1 in 

solution tends to precipitate at the same time mineral weathering is releasinf Ca and Mg 

into the solution at relatively high rates.  This study showed that the increases in Ca + Mg 

content produced by mineral weathering processes were greater than the decreases 

produced by lime precipitation processes.  These data show that the evaluation of the Na 

hazard of HCO3
-1 containing irrigation water based on the assumption of CaCO3

precipitation is inaccurate for soil water contents near saturation.  It also demonstrates 

that mineral weathering must be considered in evaluating the Na hazard of irrigation 

waters in semiarid and arid soils. 
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Another important aspect of weathering is associated with the influence of CO2 on the 

weathering of soils containing CaCO3.  The presence of CO2 enhances the dissolution of 

CaCO3 significantly (Nadler, et al., 1996).  As a result, the development of a good plant 

cover on a soil containing calcite will result in significant levels of Ca in solution and on 

the exchange sites.  Nadler et al. (1996) determined that solutions containing CO2 will 

dissolve larger amounts of CaCO3 as the contact time increases.  If Nadler et al (1996) 

are correct, topdressing materials overlying sodic spoil materials would be expected to 

provide significant levels of Ca to the soil solution, which could easily leach to lower 

levels in the profile reducing the ESP values of the impacted spoil materials. 

Unsaturated Flow

As is apparent from the literature, most investigations concerning the effect of salts on 

the transport of water and solutes in soil have been described under steady-state saturated 

conditions.  However, in field conditions the transport of solutes and water almost always 

occurs under unsaturated flow conditions.  Information is limited on the impact of 

sodic/saline conditions on the hydraulic properties of soils, however several very good 

studies have been completed.  Russo and Bresler (1977) found that low soil water 

contents compensated for the negative effects of high ESP and low salt levels.  This work 

was done in a laboratory study using the Gilat loam soil with various combinations of salt 

concentrations, compositions, and soil water contents.  This study showed that 

maintaining the soil under unsaturated conditions allows a higher ratio of Na to Ca for 

any given EC without impacting the physical condition of the soil.  These relationships 

are directly dependent on the degree of soil saturation.  Since low water contents result in 

low repulsion forces, unsaturated systems would be expected to have higher attractive 

forces between clays and soil particles as compared to saturated systems.  Rengasamy 

and Sumner (1998) have indicated that spontaneous dispersion takes place when sodic 

clay is impacted with water of very low electrolyte concentration.  However, soil water 

content below saturation can result in limited swelling and incomplete separation of clay 

particles due to low electrolyte levels with the interparticle distance depending upon the 

water content.  Therefore, aggregate slaking and clay dispersion in unsaturated systems 
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would be limited as compared to saturated systems for specific SAR/EC conditions.  

Russo and Bresler (1977) demonstrated this fact in their study evaluating K with regard 

to cationic ratio (Na+1/(Ca+2)1/2 (R), electrolyte concentrations (C), and volumetric water 

content ( ).  This study has shown that under specific combinations of these variables, 

the value of the cationic ratio can be estimated for a given K.  For example, under 

saturated conditions with C = 0.02 N (approximate irrigation field soil) it is possible to 

maintain K  0.5 cm/s as long as R  14.  Under the same conditions (C and K), but in 

unsaturated soils the corresponding value for R is 20.  This research has demonstrated 

that water of poorer quality (higher sodicity) can be applied when unsaturated conditions 

are maintained during irrigation.  However, soils impacted by increased Na levels and 

low salinity levels will be negatively affected whether under saturated or unsaturated 

conditions.  In similar research, Malik et al. (1992) found reductions in unsaturated flow 

when water containing high levels of Na was applied to montmorillonitic soil samples.  

The reductions in flow were attributed to changes in microstructure. This research 

illustrated that the negative effect of high SAR and low solution electrolyte levels 

decreases in unsaturated soils. 

Menneer et al. (2001) has shown that saturated and unsaturated K measurements 

associated with Na impacted soils did not change until a pressure head of –120 mm was 

applied.  These results indicate that some structural deterioration in the soil matrix 

resulted, however, the macropore flow at high moisture contents in the field were 

sufficient to overcome the effects.  Weinhold and Trooien (1998) found similar results in 

a study of several sulfatic soils located in the semiarid Northern Great Plains.  Tension 

infiltrometers were used to compare infiltration rates at various applied tensions.  

Infiltration into fine textured soils was found to be greatly impacted  

Crust Formation

Soil surface crusting has been discussed in the literature for a long time, however, its 

serious consequences have not been fully appreciated.  The influence of soil crusts on 

soils and eventually on vegetation and environment is of great importance.  Processes 
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beginning with soil crust formation proceed to water and soil loss through erosion, 

followed by reduced plant cover and reduced yields.  Other influences such as increased 

pressure from animal and human use intensify the impacts.   

The susceptibility of soils to rainfall induced surface crusting is dependent on a 

combination of soil, physical, chemical and biological processes.  The climate and soil 

conditions existing at a site will reflect the tendency for the formation of crusts.  

Flocculation and dispersion are important in determining the physical behavior of the 

colloidal fraction of soils and have a major bearing on the physical properties, which soils 

exhibit.  There is strong evidence that dispersion of clay at the soil surface under the 

influence of impacting raindrops plays a major role in the formation of crusts.  The 

formation of soil crusts begins with the breakdown of surface clods and aggregates by 

physical and chemical dispersive forces.  The physical processes are controlled by the 

magnitude of the mechanical forces produced by water flow and rainfall impact and by 

air escaping from soil aggregates in relation to the internal resistance of the aggregates.  

The extent of chemical dispersion is determined by the chemistry of the pore water and 

the eroding or runoff water. 

Soil crusting forms as a result of either structural deterioration as previously discussed or 

with the deposition of layers at the soil surface.  Structural deterioration is usually 

associated with the impact of raindrops.   The energy released from the impact of 

raindrops changes a structurally stable soil surface into a nonstructured reorientation of 

soil particles.  Depositional crusts are formed by the deposition of particles on the surface 

from water.  The formation of depositional crusts is also related to factors influencing soil 

erosion.  The more soil erosion that occurs results in the formation of more extensive 

depositional crusting.  Warrington et al. (1989) observed that erosion from an unstable 

and dispersive soil depended on water quality.  In this study, a soil treated with gypsum 

experienced twice the soil loss when the slope angle changed from 5 to 25% while the 

untreated control plot had a sevenfold increase in erosion when treated with distilled 

water as an approximation for rainfall for the 5 to 25% slope angle change.  Soil 

dispersion has been implicated in reduced permeability and crusting of soils by a number 
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of researchers (Agassi et al., 1981; Kazman et al., 1983; Shainberg and Letey, 1984; 

Shainberg and Singer, 1986; Ben-Hur et al., 1985).  The permeability of a soil to water 

depends on the exchangeable sodium percentage of the soil and on the salt concentration 

of the percolating solution.  Permeability tends to decrease with increasing ESP and 

decreasing salt concentration (Quirk and Schofield, 1955, McNeal et al., 1968).  Further 

more, soil K can be maintained at a high level as long as the EC of the infiltrating water 

is above a critical threshold level termed in this report the TEC (Quirk and Schofield, 

1955).  Work completed by Shainberg et al. (1981b) has illustrated that relatively 

unweathered soils released high levels of electrolytes into solution due to mineral 

dissolution reducing clay dispersion and the resulting crust formation. 

The Influence of pH on Sodicity

The role of pH on clay mineral dispersion is an area not often considered when making 

management decisions relative to sodic soils.  The flocculation behavior of clay mineral 

has been found to depend on pH (Arora and Coleman, 1979; Suarez et al., 1984; 

Swartzen-Allen and Matijevic, 1974).  Swartzen-Allen and Matijevic (1974) found that 

the TEC for Na-montmorillonite in a NaNO3 solution increased with pH from 1 meq/L at 

pH 3.8 to 10 meq/L at pH 10.  These authors also found an increase in TEC of kaolinite 

from 2 meq/L at pH 4.1 to 40 meq/L at pH 10.1.  Suarez et al. (1984) found that the K of 

soils containing predominantly kaolinite and montmorillonite decreased with changes in 

pH from 6 to 9.  These authors have suggested that the pH effect is due to the presence of 

variable charge associated with the clays and organic matter.  Goldberg and Glaubig 

(1987) found that TEC’s are much more pH dependent for kaolinitic clays compared to 

montmorillonites.  These authors have shown that 50:50 mixtures of kaolinite with 

montmorillonite were not significantly impacted by kaolinite.  The presence of kaolinite 

was expected to decreased the TEC.  However, since the charge density of kaolinite per 

gram is much less that the montmorillonite, this decrease did not occur.  This study also 

showed that small amounts of montmorillonite can disperse kaolinite.  In addition, they 

found that small amounts of noncrystalline Al or Fe oxides improve the flocculation of 
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clay systems.  This work also demonstrated that Al oxide is more effective in promoting 

flocculation over a larger pH range compared to the Fe oxide . 

The Relationships between  Organic Matter and Physical Structure 

The impact of Na on the nature of organic matter is an interesting and complex 

interaction.  Sodicity influences plant production and the amount of organic matter 

available to influence the soil, and the loss of organic matter to mineralization, erosion 

and leaching.  The amount of organic matter that a soil usually contains is directly 

dependent on the growth of plants occupying such soils.  Sodic conditions usually have a 

direct effect on plant growth through its influence on soil structure and nutrient 

availability.  Plant growth is limited by the high soil strengths, which directly impact 

seedling emergence and root penetration.  However, organic matter present in the system 

will improve the physical condition of the soil materials. 

The role of the various components of organic matter in the stabilization of soil structure 

varies with scales of structure.  Macroaggregates are largely stabilized by plant roots, 

mycorrhizal hyphae and saprophytic fungal hyphae.  These binding agents are transient in 

that these components are only present when plants are growing and supplying fresh 

organic matter to the system continuously.  At smaller scales, colloidal organomineral 

complexes that are more persistent in nature, are important to the stabilization of 

microaggregates with a variety of mechanisms.    

As previously dicussed, the bonding agents for the macroaggregates are usually transient 

in nature.  The bonding mechanisms result from the decomposition of the light fraction 

and the influence that plant roots have on the rhizosphere.  Living roots slough off plant 

cells and exude mucilages consisting of polysaccharides.  Microorganisms and fauna 

colonize the area in the surrounding soil.  These organisms metabolize the more readily 

decomposable materials and excrete various organic compounds and mucilages.  The 

plant roots and complex organic materials, surrounded by microbial colonies and 

resulting mucilages become the core for stabile aggregation.  As the readily 
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decomposable substrates are mineralized, the aggregates become less stable, and the clay 

particles become more easily detached.  Finally, when the readily decomposable 

materials are decomposed, only the resistant organic materials with no inorganic particles 

attached are present.

The more persistent organic bonding agents are the polyanionic colloidal material 

referred to as humic substances.  This material consists of plant remains and microbial 

materials that are persistent in soils due to their chemical recalcitrance and association 

with inorganic materials.  The formation of the stable structure results from the 

interaction of these molecules with negatively charged inorganic colloids via cation 

bridges.  These linkages are relatively persistent in the presence of polyvalent cations 

resulting a resistance to microbial decomposition, chemical extraction and physical 

disintegration.  At the same time, humic materials can also result in a tendency to 

promote clay dispersion.  These anionic materials can easily sorb to clay surfaces by 

attraction to the positive charged materials (usually oxides and clay edges).  This results 

in a reduction of the point of zero charge (PZC) of the soil raising the TEC and the 

tendency for dispersion at a given pH.  Also, anionic organics sorb to negatively charged 

inorganic colloids via cation bridges as previously noted.  In this case, the high CEC 

associated with the organic matter enhances the stability of the soil structure.  However, 

the high negative charge densities can lead to increased clay dispersion.  Barzegar et al. 

(1997) showed a similar characteristic of soils when they measured clay dispersion with 

varying degrees of mechanical disturbance.  The addition of organic matter to a soil in the 

form of pea straw after a 7-day incubation period had little or a negative effect on 

spontaneously dispersible clay but had a positive effect on mechanically dispersible 

clays.  Barzegar et al. (1997) attributes this difference to the organic matter having 

stabilizing and dispersing components and the fact that the stabilizing components were 

susceptible to disturbance and the dispersive components were not.  The dispersive 

components were possibly anionic materials that enhance dispersion by complexing 

polyvalent cations and increasing the negative charge on colloids.  This study also 

evaluated the impact of adding organic matter on the development of soil aggregates in 

sodic materials.  This study has shown that the addition of organic materials to sodic soils 
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could be expected to improve their structural stability without prior treatment to remove 

sodium from the system.  Again, they found that minimal disturbance after the 

application of organic matter further reduced the tendency for clay to disperse.  Scanning 

electron microscopy showed that fungal hyphae were involved in the stabilization process 

forming aggregates no matter the clay type or the sodicity of the material.   

Another study by Nelson et al. (1999) looked at the correlation between dispersibility and 

organic matter content.  This study found that the dispersibility of clay fractions was a 

function of the amount and type of organic matter, CEC, selectivity for cations and 

particle size.  The less dispersive clay had smaller particle size and higher CEC than 

easily dispersed clay, which may indicate that high surface area and charge enhance 

interactions between particles decreasing dispersion.  In general, easily dispersed clay 

also had less organic C compared to more stabile clays.  The organic matter associated 

with easily dispersed clay contained a high proportion of amino acids and proteins while 

the more stable clays contained a high proportion of aliphatic materials in the topsoils and 

carbohydrate in the subsoil.  These data suggest that the amino acid and proteins acted as 

dispersants and the aliphatic and carbohydrate organic materials acted as water stable 

glues holding the clays together.  Nelson et al. (1999) showed that the interactions 

between clay and organic matter have an important influence on clay dispersion in sodic 

and non-sodic soils.

Upward Sodium Migration 

A major issue associated with mined land reclamation is whether or not sodium will 

migrate from a sodic spoil material into the overlying topsoil or topdressing material.  A 

number of studies were undertaken in the Northern Great Plains (semiarid climate) during 

the 1970s using wedge plots to determine how much topsoil was needed over sodic 

materials to assure successful reclamation.  These plots were also used by various 

researchers to assess the movement of Na from the spoil into the overlying topsoil 

material.  Dollhopf et al. (1980) found no upward movement of Na in soils constructed 2 

years prior with a sandy loam topsoil (70-cm in depth) overlying a spoil material 
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characterized by kaolinitic clay mineralogy.  These findings differ from those found in 

reconstructed soil profiles at sites in the northern Great Plains by Bailey (2001), which 

found an accumulation of Na in the 15 cm of topdressing material directly above the spoil 

interface 16 years after soil profile construction.  The constructed profiles consisted of 15 

cm of a clay loam topsoil over either 0.55 m or 0.95 meters of subsoil above the sodic 

spoil material.  These studies were associated with topsoil materials overlying spodic 

spoils containing smectitic clays.  The researchers found that there tended to be less 

influence from upward Na migration in the 0.95 m subsoil profile compared to the 0.55 m 

subsoil profile.  Similar findings were demonstrated by Merrill et al. (1983) using 

reconstructed profiles consisting of 30-cm of topsoil materials over sodic spoils (SAR = 

25, EC = 3.3 dS/m) with about 30% smectitic clays (sandy clay loam texture) that had 

been reclaimed for 4 years.  This study noted that the greatest upward migration of Na 

occurred during the first two years of the study.  Barth and Martin (1984) found similar 

results in their study of wedge plots located in Wyoming, Montana and North Dakota 

where 152 cm of topsoil was placed over sodic spoil material.  After 5 years, these sites 

showed Na migration from 7 to 14 cm into the topsoil overlying sodic spoil materials.  

These studies were all conducted where topsoil was placed over sodic spoil materials that 

were massive in structure and therefore represent similar conditons.  It is interesting that 

in each of the studies the upward Na migration apparently reaches an “equilibrium” state 

of about 15 cm under the conditions studied.  In addition, the upward diffusion of Na into 

the topsoil material is associated with an underlying spoil material that is characterized 

by a low saturated K, which promotes Na diffusion upward.   

Conclusions

The impact of SAR on soil physical properties is highly dependent upon soil salinity.  

Any attempt to set standards for sodic conditions using SAR values must also consider 

total cation concentration.  Sodic soils will remain flocculated when salinity is 

maintained at or above the threshold electrolyte concentration.   
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Spoil materials found in arid and semiarid environments are usually relatively 

unweathered, therefore, exposure to weathering readily provides salts to the soil solution 

maintaining the system in a flocculated condition.  In addition, many of the soluble 

minerals contain Ca, thus providing a source for self-remediation.  Where solution levels 

of Ca, Mg, and Na are low in CBNG produced water, contributions of Ca and Mg, 

through weathering of spoil and topdressing materials, will significantly reduce the SAR.   
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