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ABSTRACT

Potash mine slime (PMS) tailings, a silty clay marine sediment by-product of

potash mining, can have electrical conductivities> 200 mS em" and sodium adsorption

ratios> 60. making the tailings extremely saline-sodic in nature and difficult to reclaim.

The fine texture of the slime combined with the high Na content make the tailings

vulnerable to dispersion, erosion and compaction.

Compaction, waterlogging and excessive Na and dissolved salts are barriers to

successful vegetation establishment and growth within the potash mine slime tailings.

Although a number of reclamation techniques have been researched, none to date have

proven sufficiently successful to utilize on a large scale. Addition of synthetic polymer,

cross-linked polyacrylamide hydrogel, was tested for its effectiveness in improving

chemical conditions in potash slime tailings.

A greenhouse study indicated that addition of polymer, specifically

incorporation of cross-linked polyacrylamide hydrogel at the 0.2% wt./wt. rate, was

effective in decreasing salinity and sodicity and allowing vegetation to be established in

potash mine slime tailings. The results also indicated that successful establishment

would require a large quantity of good quality leach water and adequate drainage to

remove the salts, to effectively reduce both salinity and sodicity. Benchtop studies

revealed that exposure to freeze-thaw cycles and incorporation of polymer in non

hydrated form were most beneficial in promoting leaching of salts.

Cross-linked polyacrylamide hydrogel was incorporated at 0.1 %,0.2% and

0.3% by weight in a raised bed in a potash slime tailings holding pond near Vanscoy,

SK. All treatments, including an unamended control, were irrigated with seven inches
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of water over a period of about seventy-five days. Samples, taken over a two year

period.indicated a significant decrease in both salinity and sodicity with polymer

treatments being slightly more effective than the control. However, a rise in the water

table over the study period reduced the ability to detect significant treatment effects on

leaching and salt removal in the field.
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CHAPTER 1: INTRODUCTION

In the early days of potash mining, neither the Canadian or provincial

governments had environmental laws in place that designated how the byproducts of

potash mining were to be handled. This resulted in the practice of stockpiling potash

byproduct materials. Saskatchewan Environment and Resource Management (SERM)

eventually took on the role of regulating the industry, as a result, decommissioning

plans for potash mine tailing sites have been discussed. One of the products of

environmental concern is the extremely saline-sodic, silty clay marine sediment

commonly referred to as potash slime tailings that is separated during processing. It is

estimated, for the five mines surrounding Saskatoon, SK, that there are approximately

750 ha of PMS tailings accumulated to date that will require remediation to satisfy

decommissioning plan requirements. Approximately 150 ha of PMS tailings were at

the Agrium, Vanscoy site at the time of this study (Mireau, 2000).

Potash mine slime (PMS) tailings are a combination of silt (36-38%), clay

(27%), and sand (10%). Chemically the slime consists of carbonates (26-28%), Na

(55 48,000 mg ei), K (55 24,000 mg Ci), Ca (55 1,920 mg L-i), and Mg (55 110 mg L-i).

PMS is allowed to settle out into large, earthen containment structures at the processing

site. The pH of the marine sediment is 7.7 to 8.0 and the electrical conductivity is

approximately double that of seawater with EC values of 200 mS em" or greater.

The PMS tailings are difficult, if not nearly impossible, to revegetate due to the

structureless, extremely saline-sodic nature of the medium. Previous attempts at
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reclamation have included washing the tailings, and the incorporation of amendments

such as gypsum to reduce the sodicity. These efforts however have been largely

unsuccessful in reclaiming the slime tailings (Reid and Ganzer, 1993).

Soil sodicity and salinity cause severe problems with respect to plant growth and

soil structural stability (Richards, 1954; Green et al., 1988; Salisbury and Ross, 1992;

Schwab et aI., 1993; Pierzynski et al., 1994; Naidu et al., 1995). This problem includes

decreased aggregate stability and increased dry cohesive strength. Crusting and

decreased flocculation are generally associated with high SAR (sodium adsorption

ratio) values (Schwab et al., 1993). High SAR values in soil are associated with

decreased plant diversity and density, and soil erosion (Walker, 1970; Tiku, 1975;

Bresler et al., 1982; Williams and Schuman, 1987; Acharya et al., 1991; Ghassemi et

al., 1995; Naidu et al., 1995).

Cross-linked polyacrylamide hydrogel, or X-LPAM, is a synthetic polymer

developed in the United States. X-LPAM has been used world wide for soil application

since the 1950's (Wallace and Wallace, 1986) but is presently available in Canada for

potted plant use only. X-LPAM's previously high cost of production limited its use as a

soil amendment until the 1980's. Advances in production technology and reduced cost

have made this product economically feasible for production of high value crops,

ornamentals, landscaping, and to reduce or prevent soil erosion (Baasiri et al., 1986;

Wallace and Wallace, 1986; Callaghan et aI., 1988; Aly and Letey, 1990).

The difficulty in reclaiming slime tailings together with the availability of X

LPAM at lower cost, has led to interest in the use of X-LPAM to improve soil

conditions and potentially enhance vegetation establishment on slime tailings. It is
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hypothesized that the incorporation of X-LPAM hydrogel into PMS tailings will

improve the slime's physical and chemical condition, thereby providing an environment

conducive to the growth of plants. The objectives of this study were to:

1. Determine if X-LPAM can create physical and chemical sediment conditions

conducive to the germination and growth of three saline tolerant grass

species, in PMS tailings, under greenhouse conditions.

2. Determine if X-LPAM is significantly different from other soil amendments,

surface applied and incorporated, for creating a physical and chemical

sediment environment conducive to the germination and growth of a saline

tolerant grass species, under controlled environment conditions.

3. Determine if X-LPAM can create conditions conducive to the germination

and growth of three saline tolerant grass species in a raised bed in a PMS

tailings holding facility, located at the Agrium mine site, Vanscoy, SK.

The following figure (Figures 1.1, Parts A and B) provide an overview of the

main components within the research project.
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Ch, 3 Properties and behaviour of PMS tailings as

influenced by addition ofX-LPAM

This first group of studies reveals how environmental conditions and
X-LPAM interact to influence the potash slime tailings under
controlled conditions.

�_
....
_ Chapter 4
.....

and 5

(see following page)

3.1.1 Slime tailings physical and chemical properties:
Slime properties, such as modulus of rupture, penetrometer resistance, pH, electrical

conductivity, sodium adsorption ratio, and texture were analyzed to characterize the
slime. Modulus of rupture, and penetrometer resistance were conducted, with X
LPAM addition and leaching, to determine if X-LPAM removes any potential
limitation of soil strength and surface crusting on germination and growth of grass
seedlings. The pH, electrical conductivity, and sodium adsorption ratio measurements

were conducted to determine the scope of the basic chemical limitations on potential
germination and growth of grass species.

...

3.1.2 Leach study:
This group of studies was conducted to determine the effect of the varying hydration
and temperature treatments on the physical and chemical characteristics of X-LPAM
and its influence on leaching of salts and infiltration of water in the slime .

- hydrated polymer at room and freeze-thaw temperatures
- non-hydrated polymer at room and freeze-thaw temperatures

.....

3.1.3 Rehydration study:
This study was conducted to determine the ability of previously hydrated X-LPAM to

re-hydrate after undergoing incorporation in slime under constant temperature (20°C)
or freeze - thaw temperature conditions. The study objective was to determine if the

ability of the polymer to re-hydrate would be affected by the soluble salts in the slime
and the freeze - thaw temperature cycles.

...

3.1.4 Salt sequestration study:
This study was conducted to determine the degree of salt sequestration by the X-LPAM
in hydrated and non-hydrated form in sodium chloride salt solutions .

Figure 1.1 Research Row Chart - Part A
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Ch. 4 Effect of X-LPAM on sediment conditions and plant
growth under controlled environment conditions.

This group of studies were conducted to determine how X-LPAM compares
to other inorganic and organic soil amendments, including: gypsum,
elemental sulfur, sewage sludge, and peatmoss, on salinity, sodicity, and

plant growth in PMS tailings under controlled environment conditions.

� ,

4.1.1 Greenhouse study:

This study was conducted to determine if X-LPAM would be effective as a soil

amendment, separately or in combination with gypsum, in reclaiming the PMS

tailings at the Vanscoy, SK potash mine site. The primary objective was to

determine if the hydrogel could create a physical and chemical environment
conducive to the germination and growth of three salt tolerant grass species under
controlled environment conditions.

- water required to maintain field capacity
- nutrients
- plant response

....

A controlled environment study was conducted to determine the effectiveness of
various soil amendments such as elemental sulfur, peat moss, and sewage sludge,
in comparison to cross-linked polyacrylamide hydrogel, in reclamation of PMS

tailings.

4.1.2 Amendment study:

Ch.5 Effect ofX-LPAM on sediment conditions in a field

study.

This study reveals how X-LPAM influences salinity and sodicity under
actual field conditions.

Figure 1.1 Research Flow Chart - Part B
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CHAPTER 2: LITERATURE REVIEW

2.1 Salinity and Sodicity Effects on Soil Properties and Plant Growth

2.1.1 Properties of salt-affected soil

One main soil parameter that is affected by the presence of salts, sodium salts in

particular, is structure. When the structure of soil has been altered by the presence of

salts, plant growth can be prevent or deterred; thus hindering the reclamation of salt

affected soils. Hydraulic conductivity of the soil is another factor affected by the

presence of salts in the soil solution and is partially dependent on the Na:Ca ratio

(Shainberg and Caiserman, 1971; Acharya et al., 1991). When swelling clays are

present, the clays swell in the presence of moisture and the larger soil pores become

blocked or decrease in size. Pores also can become blocked or filled as a result of

dispersion of clay particles that travel with the soil solution. The concentration of

sodium on the external surface of particles is one of the main causes of dispersion

(Shainberg and Caiserman, 1971; Naidu et aI., 1995). As the concentration of sodium

ions increases the risk of dispersion is increased (Bresler et aI., 1982; Williams and

Schuman, 1987, Schwab et al., 1993; Ghassemi et aI., 1995), decreasing both

infiltration and permeability of fine-textured soils (Richards, 1954; Williams and

Schuman, 1987; Acharya et al., 1991; Schwab et al., 1993; Ghassemi et al., 1995;

Sanchez and Silvertooth, 1996).

There are three primary classes of salt-affected soils: sodie, saline, and saline

sodic soils (Williams and Schuman, 1987, Acharya et aI., 1991; Schwab et al, 1993).
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The dominant cation on the exchange complex of sodic soils is sodium (Williams and

Schuman, 1987; Acharya et aI., 1991). These soils are generally high in carbonates and

bicarbonates of sodium (Acharya et aI., 1991), low in soluble salts (Schwab et al.,

1993), have an ESP (exchangeable sodium percentage) or SAR (sodium adsorption

ratio) > 15 (Acharya et aI., 1991; Ghassemi et a1., 1995; Sanchez and Silvertooth, 1996),

and an EC (electrical conductivity) < 4 dS m" (Ghassemi et aI. 1995). The sodium is

adsorbed onto the surface of the finer soil particles and, unless leached with water

containing divalent cations, will generally remain adsorbed onto the soil particles and

continue to promote dispersion of the soil.

Saline soils contain excess soluble salts, i.e. Ca and Mg (Schwab et aI., 1993;

Ghassemi et aI., 1995), have an EC of> 4 dS m' (Williams and Schuman, 1987;

Ghassemi et aI., 1995; Sanchez and Silvertooth, 1996) and SAR < 15 (Ghassemi et aI.,

1995), and are generally dominated by chlorides, sulfates (Acharya et aI., 1991) and

sodium, calcium and magnesium bicarbonates (Ghassemi et aI., 1995). Due to the

chemical properties of saline soils their permeability will be similar to that of non-saline

soils in the region in which they reside (Schwab et aI., 1993 and Ghassemi et aI., 1995).

Saline-sodic soils have both a high content of soluble salts as indicated by an EC

of> 4 dS m", as with saline soils, and an SAR > 15, as is common in sodic soils

(Richards 1954, and Naidu et al. 1995). The presence of soluble salts results in saline

sodic soils having physical properties similar to those of saline soils. If the excess

soluble salts are removed, without removal of the excess adsorbed sodium, the soils can

assume physical and chemical properties similar to those of sodic soils (Bresler et al.,

1982; Schwab et al., 1993).
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The presence of a shallow water table, common in salt-affected soils, can create

problems such as waterlogging (Marcar and Crawford, 1996), compaction (Williams

and Schuman, 1987), and capillary rise (Connell and Haverkamp, 1996), each of which

is associated with a number of potential negative aspects. These negative influences

can include a decrease in seed germination and plant growth due to a lack of oxygen

and gas exchange between the soil and the atmosphere (Naidu et aI., 1995),

concentration of salts at the soil surface (Williams and Schuman, 1987; Schwab et aI.,

1993), chemical transformation of nutrients (Naidu et al., 1995), and increased bulk

density resulting from compaction (Williams and Schuman 1987). Water can rise up to

2.0 m within the soil above a shallow water table by means of capillarity (Schwab et aI.,

1993; Singh et aI., 1996; Oh et al., 1997). This ability to rise is dependant on soil

texture, structure (Schwab et al., 1993; Oh et aI., 1997), and evapotranspiration

according to Darcy's law which states that the water will flow in the direction of least

resistance or greatest suction gradient (Richards, 1954).

Dispersion of clays can result in deterioration of the soil structure (Richards,

1954; Williams and Schuman, 1987). Although dispersion and swelling are generally

thought to be directly connected, dispersion does not necessarily go hand in hand with

swelling. There are cases where non-expandable clays spontaneously disperse when the

repulsive forces exceed the attractive forces (Naidu et aI., 1995). The negative effects

of dispersion include reduced aeration, water infiltration (Williams and Schuman, 1987;

Rengasamy and Olsson, 1991) and permeability (Lebron et al., 1994) from plugging of

pores (Lebron et al., 1994); and increased surface crusting (Richards,1954), runoff,

erosion (Williams and Schuman, 1987), surface instability (Lebron et al., 1994),
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compaction, salt accumulation, and upward salt migration (Williams and Schuman,

1987). The ability of a soil to disperse is directly related to the soil water, sodium,

electrolyte and clay content (Williams and Schuman, 1987), with illite and weathered

mica being of primary importance in dispersive soils (Naidu et al., 1995). Dispersion

occurs as a result of sodium occupying external surfaces of tactoids (colloidal

aggregates), producing a repulsive force (Williams and Schuman, 1987). Assuming the

electrolyte concentration is below the thteshold concentration, the tactoids become

mobile and disperse. It is at this stage that the pores become plugged with dispersed

soil particles (Williams and Schuman, 1987).

As the sodium content of the soil increases, i.e. SAR> 15, and assuming 2: 1

(expandable) clays are present (Naidu et al., 1995), sodium invades interlayer spaces

and repulsive forces move the platelets apart inducing the swelling action (Williams and

Schuman, 1987; Naidu et al., 1995). The degree of swelling depends on the amount of

hydration (Williams and Schuman, 1987). Because the osmotic attraction of

monovalent cations is greater than that of divalent cations, the repulsion and swelling is

greater with mono-. than divalent cations (Williams and Schuman, 1987). Swelling is

generally a reversible process, however the tactoids can break apart (deflocculate) if the

repulsive forces are greater than the attractive forces (Williams and Schuman, 1987).

The point at which the repulsive and attractive forces are the same is known as the

Critical flocculation Concentration (CFC) (Naidu et al., 1995). Soil properties may be

negatively impacted by swelling, e.g. reductions in infiltration and permeability of both

water and gases (Rengasamy and Olsson, 1991) are common. Both dispersion and

swelling properties are inversely proportional to soil solution electrolyte concentrations
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(Williams and Schuman, 1987; Rengasamy and Olsson, 1991), therefore, addition of

divalent cations can reduce, reverse, or halt the effects of both dispersion and swelling.

Slaking, along with dispersion and swelling, alters the stability of soil

aggregates through intermolecular and electrostatic interactions (Rengasamy and

Olsson, 1991). Slaking, the breaking down of soil into smaller aggregates, when

combined with dispersion can lead to poor drainage, surface crusting, hardsetting, poor

tilth, and reduced crop yields (Naidu et al., 1995).

2.1.2 Reclamation of salt-affected soU

Properties of saline-sodic and sodic soils can be improved by replacing excess

sodium ions with Ca or Mg (Richards, 1954; Rengasamy and Olsson, 1991; Schwab et

al., 1993; Naidu et al., 1995); however, Ca salt is preferred because less is required than

Mg for remedial purposes (Naidu et aI., 1995) due to its chemical characteristics (e.g.

electronegativity, atomic weight, crystal structure, ...). An increase in divalent salts is

crucial in displacing and eliminating the excess monovalent salts that promote structural

instability of the soil. In tum, improved soil structure (Rengasamy and Olsson, 1991)

results in an increase in infiltration and permeability - prerequisites for any successful

remediation effort (Naidu et al., 1995).

Gypsum is one of the most common calcium containing chemical amendments,

for remediation of saline-sodic and sodic soils (Bresler et al., 1982; Williams and

Schuman, 1987; Salisbury and Ross, 1992; Pierzynski et al., 1994; Qadir et aI., 1996,

1997a, 1997b). It is most effective when applied as phosphogypsum rather than mined

gypsum (Williams and Schuman, 1987) and worked into the soil (Pierzynski et al.,
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1994). In calcareous soils, sulfuric acid and acid forming amendments, such as

acidifying nitrogenous fertilizers (Bresler et aI., 1982; Williams and Schuman, 1987;

Schwab et aI., 1993; Naidu et al., 1995) or elemental sulfur (Salisbury and Ross, 1992),

react with calcium carbonate to form gypsum and, ultimately.release soluble calcium

salts into solution (Schwab et al., 1993; Naidu et al., 1995).

Reclamation of saline soils requires a combination of leaching with good quality

water (Bresler et al., 1982; Pierzynski et aI., 1994) to remove the excess soluble salts

and adequate drainage (Bresler et aI., 1982). Besides typical chemical amendments and

good quality leach water, other types of amendments can be used to reclaim saline,

sodic, and saline-sodic land. Polyelectrolyte aggregating polymers, for example, can

effectively reduce dispersion in sodic soils by promoting flocculation (Naidu et al.,

1995) and preventing the formation of crusts (Naidu et al., 1995), thus increasing both

the infiltration rate and hydraulic conductivity of affected soils (Helalia and Letey,

1988).

Mulching is one method of decreasing the upward flux of salts to the surface by

reducing evaporative losses (Bresler et al., 1982; Williams and Schuman, 1987). Deep

mixing of the soil where lower horizons are high in calcium salts has been used for

reclamation of sodic or saline-sodic soils (Bresler et al., 1982). Surface

drainage/flushing with gypsum is a relatively new technique that has proven useful in

the reclamation of saline-sodic soils in Pakistan (Hussain and Wooldridge, 1997; Qadir

et aI., 1998). Manure and leaching water have been used successfully for reclamation

of saline-sodic soil (Williams and Schuman, 1987; Genaidy, 1995), with the organic

matter addition promoting aggregation and leaching of excess salts. Phytoremediation,
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the use of plants for remedial purposes, also has been used successfully for reclamation.

Certain plant species that are salt accumulators are grown, harvested, and sometimes

used as fodder (Qadir et al., 1996; 1997a; 1997b). However, mechanical manipulation

remains the only means of improving the permanent effects of dispersion and particle

migration related to Na contamination in soil (Rengasamy and Olsson, 1991).

2.1.3 Plant adaptations to saline and sodic environments

As all living species adapt to particular environments to fill open niches, plants

have developed special adaptations for living in harsh environments such as saline,

sodic, and saline-sodic conditions. Although not one and the same necessarily, both

halophytes and CAM plants have special adaptations for surviving in harsh, salt-loaded

environments (Salisbury and Ross, 1992). Some species of halophytes are capable of

surviving in environments with NaClloading double that of seawater (7.5%, seawater is

3.5%) (Partridge and Wilson, 1987). This ability to survive in extreme environments

provides a potential use of halophytes in establishing vegetation in disturbed salts

contaminated land (e.g. mine sites, and oil and gas recovery sites), or salts contaminated

land with sparse vegetative cover.

Some of the survival mechanisms which either halophytes and/or CAM plants

utilize to fill the salt contaminated niches include:

a) A requirement of salt for maximum growth (Partridge and Wilson, 1987; Glenn

and Brown, 1998). These species are generally referred to as euhalophytes or true

halophytes. Species such as Allenrolfea (iodine bush), Salicornia (pickleweed or

samphire), and Limonium (sea lavender, marsh rosemary) tolerate or endure high levels

12



of salt and appear to grow best where soil salt levels are high (Salisbury and Ross,

1992).

b) Creation of large seed banks with varying germination requirements (Egan and

Ungar, 1999). Although the seed of some species such as Hordeumjubatum do not

appear to be negatively affected by high salts levels along a salinity gradient (Badger

and Ungar, 1989), other species such as Atriplex and Salicornia may be affected by

osmotic inhibition (Dodd and Coupland, 1966a, 1966b; Egan et aI., 1997; Gul and

Weber, 1997; Katembe et aI., 1998) and/or specific ion toxicity (Gul and Weber, 1997;

Katembe et al., 1998; Khan and Ungar, 1999). These species require a lower salt

concentration in the spring for germination. Other factors which affect the seed bank

besides a general decrease in germination success with increasing salinity include seed

size (Katembe et aI., 1998), and the light and temperature requirements of the seed for

germination (Gul and Weber, 1997; Khan and Ungar, 1997; 1999).

c) The concentration of salts in specific tissues (Tiku, 1975; Redmann and Fedec,

1987; Skeffington and Jeffrey; 1988; Momonoki et aI., 1994; Aslam et aI., 1999). Two

species that accumulate sodium in their shoots and redistribute potassium from the

shoots to the roots are Armeria maritima and Plantago maritima. (Skeffington and

Jeffrey, 1988). Another species that concentrates or accumulates salt in its tissue is

Atriplex. By accumulating salt in its tissues, the osmotic potential becomes more

negative as the season progresses and water is moved osmotically into the plant rather

than by bulk flow (Salisbury and Ross, 1992).

d) Redistribution of salts within plant tissues (Skeffington and Jeffrey, 1988). The

redistribution of salts within the plant tissues can work hand in hand with salts
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accumulation as described in c) above. Where sodium accumulates in shoot tissues, the

potassium from those tissues is redistributed to the plant roots (Skeffington and Jeffrey,

1988).

e) A change in the salt ratio in plant tissues (Dutt and Bal, 1987; Redmann and

Fedec, 1987; Wang et al., 1997; Naidoo and Naidoo, 1998; Carvajal et al., 2000).

f) Various morphological characteristics such as leaf hairs, leaf shape, leaf curling,

absence of leaves, (Naidoo and Naidoo, 1998; Bell, 1999), and salt glands (Dutt and

Bal, 1987; Naidoo and Naidoo, 1998; Aslam et al., 1999; Bell, 1999). In plant species

with salt glands, excess salt is exuded through the gland to the leaf surface. This

process assists the plant in maintaining a constant and safe salt value within the tissues

(Salisbury and Ross, 1992).

g) Various physiological characteristics such as CAM metabolism (Perara et al.,

1997; Volkmar et al., 1998; Aslam et aI., 1999; Bell, 1999). CAM metabolism is a form

of metabolism where the plant is able to fix CO2 during the night, rather than the day in

order to decrease the incidence of stress associated with low relative daytime humidity,

and high temperatures.

h) Exclusion of salts or preferential salt uptake (Redmann and Fedec, 1987; Keiffer

and Ungar, 1997a; Perera et al., 1997). These can include both salt regulators, in which

the salt concentration within the plant does not increase, and salt tolerants, i.e.

succulents, which limit accumulation of both Na" and cr when under salt stress

(Salisbury and Ross,1992). It has been shown that if sufficient quantities of calcium are

present within the soil, the plant will switch from a low affinity mechanism to a high
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affinity uptake system that actually has a preference for transporting K+. This

mechanism assists the plant in restricting the uptake of Na" (Salisbury and Ross, 1992).

i) Excretion of salts through tissues (not necessarily salt glands) (Dutt and Bal,

1987; Shimizu and Veda, 1996; Naidoo and Naidoo, 1998).

j) Use of vesicular arbuscular mycorrhizae (VAM) to increase survival and growth

in such species as Hordeum jubatum (Ballard, 1989).

k) Natural genetic variation where there are some plants with single genes

responsible for salt tolerance (Na" exclusion) (Hamlyn, 1992).

1) Creation of plant proteins suspected of assisting the plant, i.e. osmotin, when

suffering from salt stress (Salisbury and Ross, 1992); and

m) Growth pattern. Rapid growth can assist a plant in diluting salt. A side effect of

the rapid growth is a build up of organic compounds which can assist in maintaining

osmotic balance between the plant and the soil solution (Salisbury and Ross, 1992).

2.1.4 Species Gradient

Properties of soil such as salinity, sodicity, texture, hydrology, topography,

nutrient availability, and disturbance factors all unite to affect both plant species

composition and distribution in salt-affected soils (Walker, 1970; Tiku, 1975). The

plant species which have evolved to fill this harsh environmental niche are generally

known as halophytes. A species, or niche gradient is the manner in which halophytes

fill the regions of the varying physiochemical environment. Plant species fill the

regions, or niches along the gradient according to their ability to survive the various

interacting physiochemical, competition and plant density factors (Keiffer and Unger,
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1997b; Ungar, 1998). The plant species located at the lower end of the gradient (lower

soil salts concentration) are less tolerant of salts, whereas tolerant species are located

within regions of high salts concentration, or the higher end of the gradient.

The species gradient in a salt marsh or slough is depicted by a decrease in water

availability associated with a rise in topography, and by a decrease in salt tolerance of

the plant species (Dodd and Coupland, 1966a, 1966b; Tiku, 1975; Partridge and Wilson,

1987; Ewing et al., 1989; Egan and Ungar, 1999). A good example of a salt marsh or

slough in Saskatchewan, Canada, is Porter Lake. This slough has been studied for

many years and it has been found that there are distinct species gradients within its

boundary. A few ofthe main plant genera found within the species gradient include

Distichlis, Salicornia, Sonchus and Hordeum. Distichlis was found growing within the

full length of the salinity gradient where the electrical conductivity range was 2.6 to

75.6 mS em". Salicornia rubra was found at the upper end of the gradient living

within an environment where the electrical conductivity range was 18.3 to

75.6 mS cm'. Sonchus was found within an electrical conductivity range of 2.6 to 28.7

mS cm', and both Agropyron and Hordeum jubatum were also located within this range

with their electrical conductivity ranges being 2.6 to 26 mS em" and 4.5 to 26 mS em"

respectively (Redmann, 1996).

2.2 Cross-linked Polyacrylamide Hydrogel

2.2.1 Chemical Properties

The chemical properties of X-LPAM are such that when hydrated it can

substantially alter the soil environment and aid in plant germination, establishment, and
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growth (Awad et al., 1986, 1987; Odel, 1987; Winkelmann and Kendle, 1996;

Chaudhari and Hanagan, 1998; Rajpur and Wright, 1999). The chemical structure of a

commercial X-LPAM (PR3005) is shown in Figure 2.1 (SNF Floerger, 1994).

X-LPAM PR3005 - (CrH,oN202.C3HsNO.C;H402.Na)x

Component A (C;H402.Na)

HO - 8 - CH = CH2

• Na

Component B (C7H,oN202)

H2C = CH - g - NH - CH2 - NH - g - CH = CH2

Component C (C;HsNO)

H2N - 8- CH = CH2

Figure 2.1 Chemical formula of X-LPAM PR3005.

The polymer has been shown to increase flocculation and aggregate stability in a

number of soils (Aly and Letey, 1990; El-Morsy et aI., 1991; Levy et al., 1991, 1992;

Shainberg et al., 1992, 1994) while at the same time decreasing penetrometer resistance

and rupture stress (Aly and Letey, 1990; Rubio et al., 1990). The effect of the polymer

on aggregate stability and flocculation is enhanced by the presence of soil solution

cations such as Mg2+ and Ca2+ (Aly and Letey, 1988; Shainberg et al., 1990; El-Amir et

aI., 1995; Nadler et aI., 1996; Zhang and Miller, 1996) and by the natural wetting/drying
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cycles in nature which improve the binding action of the polymer (Shainberg et aI.,

1990). Use of cross-linked polyacrylamide hydrogel has been found to stabilize the

surface of both sodic and saline soils during the leaching process, thereby facilitating

reclamation (El-Hady and Lofty, 1986; Helalia and Letey, 1988; El-Morsy, 1991;

Rajpur and Wright, 1999).

Although the polymer has been shown to be capable of enhancing desirable soil

physical and chemical properties, the combination with gypsum or iron sulfate (El

Morsy, 1991), or manure (Wallace, and Wallace, 1986, 1990), is reported to enhance the

effects of the polymer. Additions of phosphogypsum with polymer significantly

increased infiltration and reduced soil erosion when compared with phosphogypsum

alone or the control in a few studies (Smith et. al, 1990; Fox and Bryan, 1992; Levy et

aI., 1992). In a study by Zahow and Amrhein (1992), addition of the polymer with

gypsum significantly increased the hydraulic conductivity of the soil from 0.063 mm h-1

to 0.28 mm n' by decreasing soil slaking and dispersion. Malik et al. (1991) also found

that the hydraulic conductivity was increased with polymer addition in a heavy textured,

high shrink-swell soil. An added benefit of the polymer addition was an increase in Na"

leached from the soil.

Dispersion can be quite detrimental to soil productivity by facilitating the loss of

soil structure, thereby increasing soil erodibility and reducing infiltration (Lebron et al.,

1994). Cross-linked polyacrylamide hydrogel has been used successfully to reduce soil

erosion (Wallace and Wallace, 1986; Levy et aI., 1991, 1992; Agassi and Ben-Hur,

1992; Ben-Hur, 1994; Lentz and Sojka, 1994) by increasing net infiltration (Levy et al.,

1991; Shainberg et al., 1992; Lentz and Sojka, 1994) and decreasing surface runoff
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during irrigation (Levy et al., 1991; Zhang and Miller, 1996; Sojka and Lentz, 1997a,

1997b; Lentz et al., 1998a, 1998b; Norton and Dontsova, 1998; Wallace and Terry,

1998). It has been shown that inhibition of seal formation by the polymer addition is

one factor in this process (Wallace and Wallace, 1989; Levy et al., 1991; Stem et al.,

1992; El-Amir et al., 1995; Zhang and Miller, 1996; Norton and Dontsova, 1998; Zhang

et al., 1998).

Numerous investigations have shown that seed germination (Odell, 1987;

Callaghan et al., 1988; Woodhouse and Johnson, 1991d), seedling emergence (Odell,

1987; Callaghan et al., 1988; Aly and Letey, 1990; Rubio et al., 1990), plant

establishment (Wallace and Wallace, 1986; Baker, 1990; Woodhouse and Johnson,

1991d; Agassi and Ben-Hur, 1992; Rubio et al., 1992), and plant yields (Baasiri et al.,

1986; Wallace and Wallace, 1990; Levy et al., 1991; Woodhouse and Johnson, 1991c;

Rajpur and Wright, 1999) are enhanced by the addition of polymer - alone or in

combination with other amendments. Yield increases have been found to be synergistic

with the addition of phosphate and nitrate (Wallace and Wallace, 1990). Dry matter

production is another parameter that has been noted to increase with polymer addition

(Baasiri et al., 1986; Wallace and Wallace, 1986; Woodhouse and Johnson, 1991b). It

has been shown there is an overall improvement in water use efficiency with polymer

addition (Woodhouse and Johnson, 1991b). Rubio et al. (1990) and Sealy (1993)

examined various root growth parameters in a study of the efficacy of cross-linked

polyacrylamide hydrogel, providing evidence that the polymer enhances root

development.
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As with any soil amendment, plant growth response is dependent upon alteration

of many factors influenced by polymer concentration, fertilizer application, plant

species, and water availability (Dehgan et al., 1994). It has been speculated that the

improved plant growth under saline conditions with addition of X-LPAM is due to the

polymer absorbing the excessive cations into the gel granule (Martin et al., 1993).

Initially, 95% of the water contained in hydrogel cubes is plant available (Fonteno and

Bilderback, 1993) but with the addition of cationic salts this percentage decreases.

Although it has been shown that high soil solution cationic salt concentrations can

decrease the effectiveness of the polymer, this inhibition is reversible (Bowman et al.,

1990; Wang and Gregg, 1990; Bowman and Evans, 1991; Fonteno and Bilderback,

1993). The integrity of the cross-linked polyacrylamide, due to the cross-linking, is

maintained in the presence of salts and fertilizers when compared with polyvinyl

alcohols and starch co-polymers (Johnson, 1984; Wang and Gregg, 1990; Woodhouse

and Johnson, 1991a). Cross-linked polyacrylamide hydrogel therefore has a distinct

advantage over polyvinyl alcohols and starch co-polymers in a saline environment.

Cross-linked polyacrylamide hydrogel has been shown to reduce evaporation of

water from the soil surface over both the short and long term (Rubio et al., 1990; Salem

et al., 1995). Increases in soil water holding capacity (Baasiri et al., 1986; Salem et al.,

1995; Boatright et al., 1997), and reductions in soil surface hardness during dry weather

(Baker, 1991; Nadler et aI., 1996) have also been observed. In doing so, X-LPAM

addition enhances the ability of a plant to germinate, become established, and grow in

regions prone to drought or lowered water potentials.
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2.2.2 Health Concerns

An additional aspect of concern is the safety of cross-linked polyacrylamide

hydrogel, as related to direct contact and residual or breakdown products, and its effect

on human and animal health. Residual acrylamide levels in food grown in polymer

have been found to be well below the acceptable limit such that there is no apparent

danger to humans or animals that consume vegetation grown in polymer ameliorated

soils or soilless media (Castle et al., 1991; Castle, 1993). The polymer has been shown

to be non-toxic to humans, animals, and fish (McCollister et aI., 1965; Sobel et al.,

1986; Wallace et al., 1986a, 1986b; Pieh and El-Hady, 1990; Seybold, 1994). Due to

the qualities of the polymer it is presently being used for, or researched as, a matrix for

the slow release of medications and sunscreen (Dagani, 1997; Brannon-Peppas, 1997);

in artificial muscle (Calvert and Liu, 1999; Dagani, 1997); and, in numerous irrigation

practices in the United States for purposes of erosion control (Valliant and Hancock,

1997). Equally important is the effect upon microorganisms and algae. It has been

shown to stimulate the growth of certain microorganisms, i.e. Pseudomonas and sulfate

reducing bacteria (Nadler, 1993; Steinberger et al., 1993; Grula et aI., 1994) and algae

(Kabirov, 1991; Nadler and Steinberger, 1993) and yet temporarily decrease the

population of others (Kabirov, 1991; Ryazanova et aI., 1992; Nadler and Steinberger,

1993; Steinberger et al., 1993).

2.2.3 Polymer Dissipation

In soil, cross-linked polyacrylamide is broken down by ultra-violet radiation,

chemical interactions, microbial decomposition (Nakamiya and Kinoshita, 1995; Smith
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et al., 1997; Kay-Shoemake et aI., 1998), and mechanical breakdown. The estimated

breakdown rate is about 10% per year under continuous cultivation (Wallace et al.,

1986a, 1986b). Therefore, depending on the rate and type of application method, tillage

practices, environmental conditions, and the soil type (e.g. presence/absence of

swellable clays), the persistence of X-LPAM in the soil environment could be

substantial. Degradation of polyacrylamide does not lead to acrylamide but rather, in

theory, to propionamide and propionic acid. These are degraded biologically in soil

with a half-life of < 1 day. The final breakdown products are CO2, H20, and ammonia

(NH3) with no residual toxicity (Wallace et al., 1986a, 1986b). There are however,

conflicting results on this issue where Smith et al. (1997) indicate that polyacrylamide

initially degrades to acrylamide, which is then quickly degraded (4 days after initial

polyacrylamide exposure) (Smith et al., 1997).
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CHAPTER 3: PROPERTIES AND BEHAVIOUR OF
POTASH MINE SLIME TAILINGS AS INFLUENCED BY

ADDITION OF X-LPAM

3.1 Introduction

The first phase of this research project looks at how environmental conditions

such as temperature, moisture and slime chemical and physical conditions and X-LPAM

interact to influence potash slime tailings under controlled conditions. This is the first

interactive analysis of X-LPAM efficacy under varied environmental conditions. Most

studies that look at X-LPAM efficacy for use under field conditions use greenhouse

environmental conditions, thereby eliminating crucial outdoor environmental

components such as atmospheric temperature and soil salts content. Although time

consuming, tedious and expensive to replicate, primary outdoor environmental

conditions must be addressed to determine how the polymer will interact with the soil

environment in a field application. The author discovered a need for studies which

reveal how the polymer interacts with soil factors when placed under varying

atmospheric temperature and soil salt conditions, using different polymer hydration

treatments prior to incorporation into a soil environment. The specific objectives of this

study were to:

1) examine the characteristics of X-LPAM as influenced by exposure to freeze - thaw

cycles under hydrated and non-hydrated conditions both inside and outside of the potash

slime tailings (slime);
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2) assess the influence of X-LPAM on salt leaching, leachate composition, and

composition of the slime; and

3) determine the ability of X-LPAM to re-hydrate after undergoing freeze - thaw

conditions at varying temperatures.

3.1.1 Slime Tailings Physical and Chemical Properties

There were three main studies on the slime to determine its textural, physical

and chemical limitations to plant growth. The first study included a textural analysis of

the slime to determine if texture could pose a deterrent to plant germination and growth.

The second group of studies included addition of X-LPAM and the use of leaching, to

determine if slime physical characteristics (strength and surface crusting) would

potentially pose a limitation to germination and growth of grass seedlings. These

studies included testing for modulus of rupture and penetrometer resistance. The third

group of studies was conducted to determine the scope of the basic chemical limitations

on potential germination and growth of grass species. These studies included testing for

pH, electrical conductivity and sodium adsorption ratio.

3.1.2 Leaching Study

A benchtop study was conducted to determine how the cross-linked

polyacrylamide hydrogel would affect the leaching of salts and ultimately slime

characteristics, under hydrated and non-hydrated conditions under varying temperature

conditions. Both hydrated and non-hydrated X-LPAM amended slime, at constant

20°C and exposed to freeze - thaw cycles, was studied to determine how different
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X-LPAM treatments would alter the physical and chemical characteristics of X-LPAM

and its influence on leaching and infiltration in the slime.

3.1.3 Re-hydration Study

A study was conducted to determine the ability of previously hydrated X-LPAM

to re-hydrate after undergoing incorporation in slime under constant temperature

(20 °C) or freeze - thaw temperature conditions. The study objective was to determine

if the ability of the polymer to re-hydrate would be affected by the soluble salts in the

slime and the freeze - thaw temperature cycles.

3.1.4 Salt Sequestration Study

A study was conducted to determine the degree of salt sequestration by the X

LPAM in hydrated and non-hydrated form in sodium chloride salt solutions. The study

objective was to determine if X-LPAM behavior in the field study, where the polymer

was incorporated into the slime in a non-hydrated form, would be different from the

behavior of X-LPAM in the greenhouse and controlled environment studies, where the

polymer was incorporated into the slime in a hydrated form. This study would assist in

determining if polymer hydration practices prior to incorporation, in this and other

studies, and of which are generally not reported, have a biasing effect on polymer

behaviour.
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3.2 Materials and Methods

3.2.1 Slime analysis

Modulus ofRupture

Slime samples (0 - 15 ern) were collected in the spring and fall of 1998 and

summer of 1999 from a raised bed at the Agrium PMS tailings pond near Vanscoy, SK.

The samples were collected, dried, ground, and analyzed for modulus of rupture. The

procedure used is described in detail by Grevers (1991). Due to slime characteristics,

modifications of the standard method were required. The modifications included an

extension of the 45 minute hydration time period, due to the presence of a flocculating

agent in the slime which required this time to be extended. Due to the inability of the

slime to maintain a solid brick structure, an alternative method was evaluated. This

involved making saturated pastes of the sediment and pouring the paste into the brick

molds. These samples were then dried in an oven at 50 °C for about 24 hours.

However, none of the bricks produced were sufficiently stable for modulus of rupture

measurement (see Figure 3.1).
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Figure 3.1 Bricks of potash slime tailings and various polymer treatments for modulus
of rupture testing.

Penetrometer Resistance

Penetrometer resistance was measured using a soil test pocket penetrometer on

all pots of slime from the greenhouse study (see section 4.2.1). Once the grass from the

pots was ready for harvesting, each pot of slime underwent a penetrometer resistance

test as described in Bradford (1986). Three measurements were taken in each pot and

the mean value calculated. Penetrometer resistance values are given in N em? of

surface area of soil (slime).

Texture

The pipette method, as described in Gee and Bauder (1986), was used for

particle size analysis for texture determination (% sand, silt, and clay) on a random field

sampling of control (non-leached) slime collected in the spring 1997. The flocculation

agent was 0.193 g 20 ml' of calgon 15%; and 29-32% hydrogen peroxide was used as
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the agent for elimination of organic matter. Due to a very slow dissolution of the

organics after the addition of hydrogen peroxide, a control was analyzed for carbon

content.

pH

The pH analysis of slime was conducted on saturated paste extracts using 200 g

of slime, as described in McLean. (1982). Slime samples included fresh field slime that

was not amended or leached, and details of the remaining samples can be seen in

section 4.2.1. A Radiometer PHM82 standard pH meter was used to test for pH.

Electrical Conductivity (EC) (mS em:")

Saturation paste extracts were performed on all slime samples during the course

of the project. Slime samples included fresh field slime that was not amended or

leached, and details of the remaining samples can be seen in section 4.2.1.

Pastes were made according to Rhoades (1982) using 200 g of slime and wetting

with deionized water. The pastes were equilibrated overnight, before suctioning with a

Buchner funnel apparatus. Eluate was then tested for electrical conductivity using a

Radiometer CDM83 conductivity meter. Samples were stored in closed vials, in a

cooler at 4°C, for further testing.

Sodium Adsorption Ratio (SAR)

Sodium adsorption ratio was used to estimate the exchangeable sodium

percentage in the slime X-LPAM treatments. Slime samples included fresh field slime
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that was not amended or leached, and details of the remaining samples can be seen in

section 4.2.1. SAR was determined using the following formula (Schwab et al., 1993):

SAR = mE of Na+ / -v(rnE (Ca2+ + Mg2+) / 2) (3.1)

Ion concentrations are given in mE liter".

Bioavailable sodium supply rate was measured using an ion exchange

membrane technique described by Greer and Schoenau (1996) and samples were

analyzed using atomic adsorption/flame emission spectrophotometry (Perkin Elmer

Atomic Adsorption Spectrometer 31(0).

3.2.2 Leach Study

The experimental design was a RCBD with four replicates of four polymer-rate

treatments, two hydration treatments, and two temperature treatments. The study was

conducted in clear acrylic columns (95 50 em (ht.) x 5.3 em (I.D.». Treatments were as

follows:

Polymer treatments (polymer weight/soil weight):

a) 0.0% (control);

b) 0.1%;

c) 0.2%; and

d) 0.3%;

Hydration treatments:

a) polymer hydrated prior to incorporation into the slime; and

b) incorporation of polymer into slime in a non-hydrated condition;
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Temperature treatments:

a) room temperature (20°C); and

b) three separate freeze-thaw cycles: 2 days @ -15°C followed by 2 days at 20°C.

A slime column approximately 12 cm in length (similar to the X-LPAM

incorporation depth used in the field) was obtained using 550 g of slime for each

column. Polymer and polymer hydration treatments were applied prior to the slime

being placed in the columns. Each column was placed on top of a Buchner funnel

apparatus with a filter paper inside to ensure slime did not escape through the bottom.

This apparatus was then placed into the top of an Erlenmeyer flask in order to collect

the leachate under gravity flow conditions (see Figure 3.2).

Figure 3.2 Potash slime tailings leaching study using non-hydrated X-LPAM.
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To ensure all treatments received the same quantity of water throughout the

experiment, each slime column was hydrated with a quantity of de-ionized water

equivalent to that of the 0.3% X-LPAM treated slime. Each column underwent four

separate leachings, with 300 ml (6.6 em or 2.6 in.) de-ionized water each time.

Leachate was collected and immediately transferred to a cold room and stored at 4 "C.

After the four leachings were complete, the slime was removed from the columns,

dried, ground to 2 mm, and using a 200 g' sample from each core, four separate

saturated paste extracts were conducted on each sample column. Tests on the leachate

and final soil saturated paste extracts include determination ofEC, SAR, N03-, SO/,

Cl, Na", K+, Ca2+, and Mg2+. EC and SAR analysis was obtained using the techniques

as described in section 3.2.1. Analysis of the leachate and saturated paste extracts for

Na", K+, Ca2+, and Mg2+ were conducted using atomic adsorption/flame emission

spectrophotometry. Leachate and saturated paste extracts were analyzed for Cl, N03-

and SO/ using a Technicon automated colorimeter.

3.2.3 Re-hydration Study

Polymer was incorporated into PMS tailings at a rate of 0.2% (polymer

weight/soil weight) in a hydrated form. The slime and X-LPAM was then cooled to

below freezing to determine the influence of freezing on the X-LPAM, both

incorporated and not incorporated, and the ability of the X-LPAM to re-hydrate after

these treatments. The experimental design was a RCBD consisting of six replicates of

one polymer treatment, two temperature treatments, and two incorporation treatments.

Treatments were as follows:
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Polymer treatments:

a) 0.2% (polymer wt.lsoil wt.)

Temperature treatments:

a) - 3°C; and

b) - 15°C

Incorporation treatments:

a) polymer incorporated into slime; and

b) polymer not incorporated into slime.

Incorporated treatments were placed into 12.7 em pots with drip trays, and non

incorporated treatments were bagged in clear plastic bags. Each pot or bag was left in

the freeze treatment, either - 3 °C or - 15°C, in the dark or low light conditions (to

prevent possible UV degradative chemical changes from occurring) for a period of five

days. At this time the pots and bags were removed from the freezer and allowed to

thaw for five days at a constant 20°C, in the dark or low light conditions, before re

freezing or analyzing. Each replicate went through three freeze-thaw cycles prior to the

re-hydrating measurement Once the final thaw cycle was complete, the polymer was

removed from the bags or separated from the slime, dried, and re-hydrated in excess de

ionized water. Once re-hydrated (see Figures 3.3 to 3.6), the polymer was separated

from the excess water in the hydrating bags, using fine sieves to ensure as little loss of

polymer as possible, and the degree of re-hydration, as determined by the weight of

deionized water reabsorbed, was tabulated. The control is the raw (non-hydrated and

non-incorporated) X-LPAM crystals.
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3.2.4 Salt Sequestration Study

A RCBD using four replicates was used for the salt sequestration study. All

hydration treatments were conducted in the dark to prevent any possible UV

interactions on polymer (X-LPAM) breakdown. Five sodium chloride (NaCl) solutions,

of different molar concentrations, were mixed and the electrical conductivity of each

solution tabulated. Two hydration treatments were applied to the X-LPAM prior to

hydrating with the sodium chloride solutions. The polymer hydration treatments were:

a) 1 g non-hydrated polymer, and

b) 1 g polymer hydrated with excess (500 ml) deionized water.

The polymer was hydrated, or not hydrated, for a total of twenty samples. Hydrating

samples were allowed to hydrate, in the dark, for at least 24 hours prior to draining

excess water. Each hydrated and non-hydrated sample was placed into 250 ml of

sodium chloride solution and allowed to equilibrate, in the dark, for at least 24 hours

prior to removal of excess solution. Sodium chloride treatments included:

a) 0.0 M (control)

b) 0.25M

c) O.50M

d) 0.75M

e) 1.0 M

The remaining sodium chloride solutions were tested for electrical conductivity.
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3.2.5 Statistical Analysis

The SAS program (SAS, 1988) using single factor, two factor, and multiple

factor ANOVA was used to analyze penetrometer resistance, pH, and some of the EC

and SAR data obtained from the greenhouse study. The Excel statistics program

(Microsoft, 1997-98) using single and two factor ANOVA was used to analyze the

remaining EC and SAR data, the data from the leaching study, the data from the re

hydration study, and the data from the salt sequestration study. All statistics were

conducted using the 5% level to determine significant treatment effects.

3.3 Results and Discussion

3.3.1 Slime properties

Modulus ofRupture

Bricks made from the slime were too fragile, making them unsuitable for

modulus of rupture measurement (Figure 3.1). Owing to the high concentration of

soluble salts in theslime, dispersion and crusting induced by sodium was limited and

therefore does not appear to be a major factor affecting seedling emergence or root

penetration. These findings are consistent with the saline-sodic nature of the slime and

are in agreement with the results obtained in the penetrometer resistance test which also

indicated a sediment that does not appear to impede root penetration or seedling

emergence. These results are in agreement with Green et al. (1988) who found that

there was a 50% decrease in modulus of rupture after treatment with gypsum that

provided a source of soluble salts. Plant growth in sodic soils is deterred by the

34



negative effects of sodium on soil properties, i.e. dispersion, surface seal, compaction,

and decreased permeability (Green et aI., 1988; Rengasamy and Olsson, 1991; Naidu et

aI., 1995). Saline or saline-sodic soils however have the presence of soluble cations

which maintain the physical properties of the soil similar to those of non-salt-affected

soils (Schwab et aI., 1993; Ghassemi et aI., 1995).

Penetrometer Resistance

Although there is a trend of decreasing penetrometer resistance with an increase

in polymer addition rate (Table 3.1), all resistance values are well below the critical

shoot and root penetrometer resistance value of < 196 - 294 N em? ( < 20 - 30 kg em")

(Bradford, 1986) with no single value exceeding 44.11 N ern" (Appendix A).

Therefore, resistance to penetration is most likely not a factor contributing to decreased

plant productivity in the potash mine slime tailings. It is highly probable therefore, that

these results would have been different if the slime had not been measured at field

capacity, a requirement of the test, since penetrometer resistance is partially dependent

on the water content of the soil (Bradford, 1986; Seker and Karakaplan, 1999). Had the

samples been allowed to dry to wilting point or below, it would be expected that the

penetrometer resistance values for all samples would have risen due to stronger binding

properties associated with lower water potentials, especially in those samples that did

not contain polymer. Higher sodium values in the non polymer-amended samples

would have promoted an increase in penetrometer resistance. The attraction by the

polymer for divalent cations, thereby increasing the concentration of divalent cations in
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the polymer amended samples, would have lowered penetrometer resistance through the

preferential leaching of sodium from the exchange complex.

Table 3.1 Mean penetrometer values of potash mine slime tailings three months after
addition of X-LPAM and gypsum.

Treatment Penetrometer Resistance Value (N em")

Control 11.64 be t

Gypsum 11.84 bc

Gypsum + 0.1 % Polymer 20.62 a

Gypsum + 0.2 % Polymer 14.50 b

Gypsum + 0.3 % Polymer 7.56 c

0.1 % Polymer 12.05 bc

0.2 % Polymer 11.84 bc
II

0.3 % Polymer 8.98 c

LSD 3.73

t Means with the same letter are not significantly different.

Modulus of rupture and penetrometer resistance tests do not explain however the

appearance of slaking, observed in the field under conditions of heavy rainfall after a

dry period, and compaction, especially in high traffic regions of non-polymer amended

cells. Slaking is likely a result of, or has a direct connection with, the dispersion of the

illite and mica present in the slime (Nelson et al., 1999) regardless of the..presence of

large quantities of soluble salts which should act to counteract the effects of sodium.

Williams and Schuman (1987) and Lebron and Suarez (1992) discuss the fact that both
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illite and mica are of primary importance in dispersive soils. Although illite is a 2: 1

clay, meaning it has shrink/swell properties, even 1:1 clays are capable of dispersing

when the repulsive forces exceed the attractive forces (Naidu et aI., 1995). The fine silt

and clay sized particles, released by the forces of dispersion and slaking, compress into

the pore spaces. When these factors are combined with the waterlogged conditions

experienced in the plot, especially in the latter stages of the project, they facilitate

compaction (Williams and Schuman, 1987) of the slime especially in regions that were

not amended with polymer.

Texture

Texture analysis reveals that the potash slime is silty clay in texture (13-

14 % sand, 49-51 % silt and 36-37 % clay) with a carbonate content of 26-28 %. The

texture of the slime should not be a factor in preventing successful germination and

growth of most plant species.

pH

The pH of the slime was found to be neutral to slightly alkaline (Table 3.2)

which, for a saline-sodic soil, is in agreement with the criterion of Richards (1954)

which states that a saturated paste of saline-sodic soil should have a pH less than 8.5.

Addition of amendments did have a significant (P s 0.05) effect on the pH values when

compared with the control. However the pH values are all very similar with respect to

plant growth requirements and anticipated impact on soil chemistry. Although the X-
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LPAM contains hydrogen ions that can dissociate from functional groups, the impact of

these H+ appears to be minimal. A surface application, or an incorporated application at

low rates (i.e. 0.2% wtlwt.), would provide insufficient hydrogen ions to have a

significant effect on pH of the medium. Moreover, there does not appear to be any

literature to indicate that polymer has any effect on alteration of soil pH values.

Table 3.2 Mean pH values of potash mine slime tailings three months after addition of
X-LPAM and gypsum.

Treatment pH (saturated paste)

Fresh Field Slime* 7.7 et

Control 8.0 b

Gypsum 8.1 a

Gypsum + 0.1 % Polymer 7.9 c

Gypsum + 0.2 % Polymer 7.9 c

Gypsum + 0.3 % Polymer 7.9 c

0.1 % Polymer 7.9 c

0.2 % Polymer 7.8 d

0.3 % Polymer 7.8 d

LSD 0.08

t Means with the same letter are not significantly different.
* Fresh Field Slime did not undergo leaching or plant growth.
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Electrical Conductivity

The addition of polymer with gypsum, or polymer alone resulted in a significant

(P s 0.05) decrease in electrical conductivity measured after three months in the

greenhouse (Table 3.3). Three salt tolerant grass species: Agropyron smithii (Western

Wheatgrass), Agropyron trachycaulum (Slender Wheatgrass), and Puccinellia distans

(Fults grass) were germinated and grown in these treatments during this time. The final

electrical conductivity values for polymer, and polymer with gypsum amended slime

indicates a low salinity hazard (Schwab et al., 1993). A salinity hazard exists when

there are sufficient soluble salts to significantly interfere with the growth of desired

plant species (Williams and Schuman, 1987), therefore the salinity hazard is solely

dependant on the desired reclamation results. At an EC of 4 mS em", many agronomic

and even some horticultural crop species are able to grow and be productive (Richards,

1954), therefore, the salinity hazard is assumed to be low to moderate. A soil is

considered saline when the EC value is > 4 mS/cm, therefore the 0.2% (wt.lwt.)

polymer addition slime is no longer considered saline. The slime amended with 0.1 %

(wt.lwt.) and 0.3% (wt.lwt.) polymer additions remained saline, however their EC

values are far below those of the control and field samples. The control samples

indicate that there is a significant leaching effect with time. However, the decrease in

salinity induced by the polymer addition after three months of grass growth in the

greenhouse may be attributed to greater leaching of soluble salts in the polymer

treatments during watering due to increases in permeability, infiltration, and hydraulic

conductivity. These results are in agreement with Baasiri et al. (1986), Sojka and Lentz

(1997b), and El-Hady and Lofty (1986) who found that polymer addition positively
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affected permeability, infiltration, and hydraulic conductivity, respectively, in salt-

affected soils and soils prone to dispersion. The differences observed between polymer

treatments is likely a result of decreased leaching efficiency in both the 0.1 % and 0.3%

treatments due to poor infiltration, i.e. waterlogging in 0.3% and small pore spaces due

to compaction in 0.1 % polymer treatment.

Table 3.3 Mean electrical conductivity values of potash mine slime tailings three
months after addition of X-LPAM and gypsum.

Treatment Electrical Conductivity (mS em")
"

Control: Fresh Field Soil Sample 189tt

Control 72 at

Gypsum 52 a

Gypsum + 0.1 % Polymer 8 b

Gypsum + 0.2 % Polymer 11 b

Gypsum + 0.3 % Polymer 13 b

0.1 % Polymer 11 b

0.2 % Polymer 4 b

0.3 % Polymer 11 b

LSD 24

t Means with the same letter are not significantly different.

tt Fresh field soil sample: was included for reference purposes only and was excluded
from the statistical analysis.
* Fresh Field Slime did not undergo leaching or plant growth.
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Sodium Adsorption Ratio (SAR)

Addition of the polymer resulted in a significant (P :s 0.05) decrease in sodium

supply rate, and sodium adsorption ratio during the course of the study (Table 3.4). The

control slime and the gypsum amendment alone have EC and SAR values indicative of

saline sodic soils (EC > 4 mS ern" and SAR > 15) (Williams and Schuman, 1987;

Ghassemi et aI., 1995; Sanchez and Silvertooth, 1996). There "is however a significant

drop in both EC and SAR of the control and gypsum samples when compared with the

field sample. The polymer amended slime however has EC and SAR values reflective

of saline soils or soils with a low sodium hazard (Schwab et aI., 1993). The decrease in

SAR in X-LPAM amended slime over three months suggests that the polymer is having

a positive influence on the preferential removal of sodium from the soil solution.
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Table 3.4 Mean bioavailable sodium supply rates and sodium adsorption ratio values
of potash mine slime tailings three months after addition of X-LPAM and gypsum.

Treatment Na+ (,..,g 10 em? hr") SAR

Control: Fresh Field Soil Sample 2050 tt 61 tt

Control 1310 at 39 a

Gypsum 1059 a 32 a

Gypsum + 0.1 % Polymer 177 b 5 b

Gypsum + 0.2 % Polymer 371 b 11 b

Gypsum + 0.3 % Polymer 404 b 12 b

0.1 % Polymer 298 b 9 b

0.2 % Polymer 41 b 1 b

0.3 % Polymer 254 b 8 b

II

LSD 425 13

t Means within the same column with the same letter are not significantly different.

tt Fresh field soil sample: was included for reference purposes only and was excluded
from the statistical analysis.
* Fresh Field Slime did not undergo leaching or plant growth.
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3.3.2 Leaching Study

Hydrated Polymer Room Temperature Treatment

The addition of polymer resulted in significantly (P s 0.05) fewer cations being

leached, particularly divalent cations (Table 3.5), suggesting that the polymer acts to

retain cations. This is in agreement with Laird (1997) and Nadler et al. (1996) who

found that the polymer has a higher affinity for retention of divalent than monovalent

cations since the anionic polymer's forces of attraction are through bridging (Laird,

1997; Aly and Letey, 1988) and osmotic attraction (Aly and Letey, 1988). The

treatments most effective in leaching monovalent cations were the control and the 0.1 %

polymer treatment, which is in agreement with the aforementioned authors and their

findings that the polymer has a preference for divalent cations.

Table 3.5 Average cation load in the leachate per column leach, and of the saturated

paste extract, comparing hydrated polymer treatments at room temperature (12 em soil

column, 550 g sample per leach, and 200 g slime sample per paste).

Polymer Calcium (mg L·1) Magnesium Sodium (mg L .1) Potassium (mg L·1)
Treatment (mg L·1)

Leachate Paste Leachate Paste Leachate Paste Leachate Paste

Control 570 at 61 b 52 a 2.84 b 6,830 a 4.10 a 7,800 a 15 b

0.1% 378 ab 63 ab 16 b 2.89 a 3,253 ab 3.64 b 4,072 ab 18 a

0.2% 303 b 64 ab 11 b 2.83 b 2,255 b 6.02 a 2,762 b 24 a

0.3% 305 b 66 a 10 b 3.03 a 2,251 b 6.02 a 2,600 b 24 a

LSD 209 3.5 33 0.16 3,617 2.09 4,026 8

t Means within the same column with the same letter are not significantly different.
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There was a significant (P � 0.05) decrease in all cation values from the first to

the second leaching (Table 3.6). A similar quantity of cations removed by leaching

from the second to the fourth leaching suggests that cations in solution are replenished

by adsorbed cations on the solid phase. The slime contains appreciable quantities of

calcium and magnesium bearing minerals in the form of dolomite (an alkaline-earth

carbonate) and lime (Nelson et al. 1999) that act much like slow release fertilizers and

gradually release both calcium and magnesium to the soil solution. In polymer treated

cells, divalent cations form a bridge between clay particles and the polymer. Cations

are gradually released to the environment when the concentration of soil solution

cations becomes low (Aly and Letey, 1988). As both the solution and adsorbed cation

concentrations decrease and with the increasing availability of charge sites on the

polymer, the attractive forces between the remaining cations for polymer and soil

particles increase, with the polymer having an ever increasing preference for divalent

rather than monovalent cations. The preference for the divalent salts provides some

evidence of salt sequestration by the polymer (Martin et aI., 1993).
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Table 3.6 Average cation load per column leach, and of the saturated paste extract,
comparing leach or paste number of hydrated polymer treatments at room temperature
(12 em soil column, 550 g sample, per leach, and 200 g slime sample per paste).

Leach
number Calcium (mg L-') Magnesium (mg L-l) Sodium (mg L-') Potassium (mg L-')
/Paste
number

Leachate Paste Leachate Paste Leachate Paste Leachate Paste

Leach 1 856 at 63 a 36.2 a 2.4 b 10,256 a 4_60 ab 11,680 a 24 a

lPaste 1

Leach 2 268 b 64 a 21.8 ab 2.9 ab 1,903 b 5.45 a 2,414 b 21 ab
/Paste 2
Leach 3 213 b 63 a 16.3 b 3_1 a 1,252 b 5.66 a 1,639 b 19 ab
IPaste 3
Leach 4 219 b 64 a 14.2 b 3.2 a 1,178 b 4.07 b 1,500 b 17 b
IPaste 4

LSD 520 1.2 16.6 0_5 7,351 1.23 8,205 5

t Means within the same column with the same letter are not significantly different.

The saturated paste analysis shows a significant (P :s 0.05) and opposite trend to

that of the leachate analysis. Polymer treatments, in general, have higher quantities of

cations in the saturated paste extract than do the control, however polymer treatments,

overall, leached fewer cations than did the control. This evidence leads to the

interpretation that the polymer may be sequestering salts (as has been suggested by

Martin et al. (1993)); i.e. the X-LPAM behaves as a clay particle and is merely

increasing the effective cation exchange capacity (CEC) of the soil matrix.

The addition of polymer at higher rates of incorporation resulted in fewer anions

being leached, or released (saturated paste extract) as compared to the control (Table

3.7). This provides evidence of anion bridging/sharing or attraction by the polymer.

With external surfaces of the polymer being attracted to divalent cations, excess

available positive charge will result in anion attraction. This was suggested by Lentz et
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al. (1998a, 1998b) who observed that surface application of polymer in irrigation

furrows decreased phosphorus contamination in irrigation runoff water.

The treatments with the highest anion amounts leached were the control and the

0.1 % polymer treatment. This shows similar trends as with cation leaching, where the

higher quantity of polymer acted to increase the effective CEC of the slime and in tum

provide available osmotic or bridging forces for the added retention of anions. One

other possible explanation for the difference in nitrate values is provided by Lentz et al.

(1998b) that indicate that nitrate values in irrigation runoff water were no different in

polymer treatments than in the controls and that microbial use of nitrate, as indicated by

Nelson and Terry (1996), Zhang and Miller (1996) and Kay-Shoemake et al. (1998),

may be wholly or in part responsible for lowered nitrate values in polymer treatments.

The higher rate polymer treatments resulted in a small but significant decrease in

nitrate concentration in the saturated paste after four leachings whereas sulfate was

slightly increased (Table 3.7). Although there was a significant increase in chloride

removal associated with the 0.3% polymer addition treatment, there appears to be no

trend associated with polymer addition (Table 3.7). The significant (P � 0.05) decrease

in nitrate removal may reflect either a decrease in available nitrate due to increased

utilization by microorganisms or due to sequestration by polymer-cation bridging

forces. There was, however, no significant difference in chloride or sulfate removal

associated with subsequent saturated paste extracts indicating that nitrate removed was

removed during leaching, or remained firmly attached to polymer-cation

bridging/sharing associations (Table 3.7). Although not significant, the chloride values

from the saturated paste extract analysis indicate a trend towards increased values with
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increased polymer %. This could be a result of a stronger binding force by the polymer-

cation bridging/sharing associations for the chloride as well as a gradual, rather than a

quick release of chloride by the polymer.

Table 3.7 Average anion load in the leachate per column leach, and of the saturated

paste extract, comparing hydrated polymer treatments at room temperature (12 em soil

column, 550 g sample per leach, and 200 g slime sample per paste).

Polymer Nitrate (mg Lot) Sulfate (mg Lot) Chloride (mg Lot)
Treatment

Leachate Paste Leachate Paste Leachate Paste

Control 0.07 at 0017 a 849 a 61 b 23,995 a 9.76 b

0.1% 0006 ab 0.14 a 772· ab 64 ab 13,559 ab 8.33 b

0.2% 0.03 b 0.12 ab 549 b 69 a 10,401 b 9.13 b

0.3% 0.04 ab 0.10 b 518 b 72 a 5,407 b 20.78 a

LSD 0.03 0.05 272 8 13,071 10

t Means within the same column with the same letter are not significantly different.

There was a significant (P:s 0.05) decrease in anion values associated with

subsequent leachings of the treatments (Table 3.8) which correlates with decreased

cations values. Assuming the presence of ion pairs such as CaS04 0, CaHC03 +, CaC] +,

NaS04 -, NaHC03 0, MgS04 0, and KS04 -(Williams & Schuman, 1987) and halite

(NaCl) (Nelson et aI., 1999) any decreases in cations could ultimately lead to associated

decreases in paired ions.
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Table 3.8 Average anion load per column leach, and of the saturated paste extract,

comparing leach or paste number of hydrated polymer treatments at room temperature
(12 em soil column, 550 g sample, per leach, and 200 g slime sample per paste).

Leach Number Nitrate (mg L-1) Sulfate (mg L-t) Chloride (mg L-t)
Leachate Paste Leachate Paste Leachate Paste

Leach 11 Paste 1 0.09 at 0.20 a 1,065 a 67 a 23,752 a 8 a

Leach 41 Paste 2 0.0004 a 0.06 a 279 a 66 a 2,929 a 15 a

LSD 0.42 0\61 3,510 3 92,966 34

t Means within the same column with the same letter are not significantly different.

As with the cations, the polymer appears to reduce the mobility of anions in the

slime. This may be due to adsorption of anions by the polymer-cation interactions

through bridging. The ability of the polymer to reduce leaching of nutrient anions

would be a desirable characteristic if the polymer were used in conjunction with

fertilizer to provide a medium suitable for plant growth.

The addition of polymer resulted in significantly (P :s 0.05) lower SAR and EC

values with the 0.2% and 0.3% polymer treatments being the least effective in initial

leaching of salts from the column profile (Table 3.9). This is consistent with the lower

amounts of individual cations and anions measured in the leachate as described

previously. There is evidence that both ion bridging and osmotic attraction (Aly and

Letey, 1988; Nadler et al., 1996; Laird, 1997; Lentz et aI., 1998a, 1998b) are interacting

to bring about this result, at least in the short term, while the integrity of the polymer is

still intact.
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Table 3.9 Average sodium adsorption ratio and electrical conductivity of the leachate

per column leach, and of the saturated paste extract, comparing hydrated polymer
treatments at room temperature (12 ern soil column, 550 g sample per leach, and 200 g
slime sample per paste).

Polymer Treatment SAR EC (mS em")
Leachate Paste Leachate Paste

Control 28 at 0.22 ab 104 a 2.9 b

0.1% 18 ab 0.19 b 53 ab 2.9 b

0.2% 10 b 0.31 a 31 b 3.13 a

0.3% 9 b 0.30 a 29 b 3.09 ab

LSD 15 0.10 58 0.16
II II

t Means within the same column with the same letter are not significantly different.

There was a significant (P s; 0.05) decrease in SAR and BC values associated

with subsequent leachings of each treatment (Table 3.10). This indicates that leaching

alone may be effective in decreasing cation and anion values within the slime tailings,

however this is in opposition to field study results by Reid and Ganzer (1993) who had

no success with the washing (repeated leaching) technique.
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Table 3.10 Average sodium adsorption ratio and electrical conductivity comparing
leach number of hydrated polymer treatments at room temperature (12 em soil column,
550 g sample per leach, and 200 g slime sample per paste).

Leaeh number SAR EC (mS em")
Leachate Paste Leachate Paste

Leach 11 Paste 1 29 at 0.24 ab 83 a 3.04 ab

Leach 21 Paste 2 17 ab 0.28 a 24 b 3.14 a

Leach 31 Paste 3 10 b 0.28 a 6 b 3.03 ab

Leach 41 Paste 4 9 b 0.21 b 4 b 2.90 b

LSD 15 0.06 60 0.17

t Means within the same column with the same letter are not significantly different.

Hydrated Polymer Freeze-Thaw Temperature Treatment

Unlike the leaching pattern observed at room temperature, where there was

evidence of possible ion sequestration by the polymer with increasing polymer addition,

addition of polymer was apparently more effective in leaching of Mg, Na and K as a

result of the freeze-thaw temperature cycles (Table 3.11). The addition of hydrated

polymer subjected to freeze-thaw temperature conditions resulted in a trend towards

increased concentration of cations in the leachate, which is especially evident when

values in Table 3.11 (freeze-thaw treatment) are compared with Table 3.5 (room

temperature treatment).
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Table 3.11 Average cation load of the leachate per column leach, and of the saturated

paste extract, comparing hydrated polymer treatments exposed to freeze-thaw cycles
(12 em soil column, 550 g sample per leach, and 200 g slime sample per paste).

Polymer Calcium Magnesium Sodium Potassium
Treatment (mg Lot) (mg Lot) (mg Lot) (mg Lot)

Leachate Leachate Leachate Leachate

Control 418 at 22.1 b 3,348 b 4,842 b

0.1% 465 a 26.2 a 3,926 a 5,441 a

0.2% 448 a 24.5 ab 3,611 ab 5,172 ab

0.3% 242 b 24.8 ab 3,760 a 4,982 b

LSD 171 '2.8 408 431

Paste Paste Paste Paste

Control 64 b 3.12 a 51 a 365 a

0.1% 65 ab 2.93 ab 39 ab 82 b

0.2% 69 a 3.13 a 54 a 193 ab

0.3% 68 ab 2.82 b 28 b 65 b

LSD 4 0.25 19 229

t Means within the same column with the same letter are not significantly different.

The data suggests that the freeze-thaw temperature cycles alter the slime

environment such that the control treatments are negatively affected by freeze-thaw

cycles, i.e. decrease in leaching efficiency, and polymer treatments are affected in such

a way as to cause an increase in leaching. Increases in cation leaching are evident in the

polymer treatments and may be a result of temperature effects on alteration of the

hydrated polymer gel. Without microscopic visual evidence, or direct analysis of the

polymer structure, one can only speculate on the method(s) of change and how these

changes could facilitate an increase in leaching efficiency. Two factors related to the

freeze-thaw temperature cycles and their possible effects on the polymer include:

i) a decrease in attractive force thereby reducing ion sorption; and/or
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ii) an increase in effective surface area of the polymer with an effect on structure

and subsequent leaching efficiency in the slime. The latter concept would have to be

accompanied by a decrease in attractive force to facilitate the increase in leaching

efficiency.

Although cation loads in the saturated paste extract were highly variable, there

does appear to be a trend towards a lower content of monovalent cations in the saturated

paste extracts with increasing polymer addition. When Table 3.11 is compared with

Table 3.5, the effect of freezing on leaching of all.salts is clearly evident. As with other

treatments, there is decreased cation release with subsequent leachings (Table 3.12).

Table 3.12 Average cation load in the leachate per column leach comparing leach
number of hydrated polymer treatments exposed to freeze-thaw cycles (12 em soil

column, 550 g sample).

Leach number Calcium Magnesium Sodium Potassium

(m2 Lot) (ma Lot) (mg Lot) (mg Lot)
Leach 1 1,186 at 80 a 12,299 a 18,403 a

Leach 2 184 b 12 b 1,128 b 1,635 b

Leach 3 96 b 3 b 137 b 231 b

Leach 4 107 b 3 b 82 b 169 b

LSD 882 62 10,720 14,789

t Means within the same column with the same letter are not significantly different.

These results indicate salt sequestration by the polymer, especially under room

temperature conditions, with an increase in leaching efficiency after undergoing freeze-

thaw temperature cycles. In a temperate environment such as Saskatchewan, which

experiences several freeze thaw cycles in spring and fall, expected behaviour of the
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Overall, polymer subjected to freeze-thaw temperature conditions had an

polymer in the field would clearly be different than in a sub-tropical or tropical

environment.

inconsistent effect on anion leaching (Table 3.13). When Table 3.13 (freeze-thaw) is

compared with Table 3.7 (room temperature) however, theeffect of the freeze-thaw

versus constant temperature conditions is more evident. The freeze-thaw conditions

appear to be exerting a greater impact on slime characteristics than the effects of the

polymer itself. Increases in anion leaching are evident with the freeze-thaw treatment

for all anions, therefore the freeze-thaw cycles may, under the confined conditions of

the columns, be exerting an effect on a property such as structure, facilitating an

increase in leaching efficiency.

Table 3.13 Average anion load of the leachate per column leach, and of the saturated

paste extract, comparing hydrated polymer treatments exposed to freeze-thaw cycles
(12 em soil column, 550 g sample per leach, and 200 g slime sample per paste).

Polymer Nitrate (mg L-l) Sulfate (mg L-t) Chloride (mg L-t)
Treatment

Leachate Paste Leachate Paste Leachate Paste

Control 0.15 bt 0.07 ab 735 b 79 b 20,382 a 128 ab

0.1% 0.19 a 0.06 b 758 a 80 b 6,778 b 104 b

0.2% 0.17 ab 0.06 b 745 ab 89 a 21,147 a 292 a.

0.3% 0.16 b 0.08 a 758 a 84 ab 21,285 a 53 b

LSD 0.02 0.01 18 7 11,799 171

t Means within the same column with the same letter are not significantly different.
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There was a significant (P s 0.05) increase in leaching efficiency with addition

of polymer for nitrate and sulfate (Tables 3.13). Chloride was relatively unaffected

with the exception of the 0.1 % polymer treatment showing a large and significant (P s

0.05) decrease which cannot be explained. There was a trend observed over time in

decreased anion leaching with subsequent leachings (Table 3.14), likely associated with

the decreased availability of anions.

Table 3.14 Average anion load in the leachate, per column leach, comparing leach
number of hydrated polymer treatments exposed to freeze-thaw cycles (12 em soil

column, 550 g sample).

Leach number Nitrate (mg LOI) Sulfate (mg Lot) Chloride (mg Lot)

Leach 1 0.33 at 1,349 a 34,591 a
II

Leach 4 0.00 a 149 a 205 a

LSD 1.49 5,356 153,525

t Means within the same column with the same letter are not significantly different.

Neither nitrate nor chloride show a significant difference or trend between

polymer treatments during analysis of the saturated paste extracts, however there was a

small, but significant difference for sulfate removal associated with polymer addition.

This may be in part due to the elimination of cations paired with sulfate. Overall, there

was consistently more anion removal for the freeze-thaw polymer treatments when

compared with room temperature treatments.

SAR of the leachate shows a significant (P s 0.05) difference between the 0.2%

and 0.3% X-LPAM treatments compared to the control. There is also a significant trend
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toward higher EC in the X-LPAM treatments compared to the control. This may be

attributed to increased leaching efficiency of ions (Table 3.15), and a trend toward

decreased EC and SAR with subsequent leachings (Table 3.16). Again, when Table

3.15 (freeze-thaw) is compared with Table 3.9 (room temperature), the overall effect of

freeze-thaw on promoting ion leaching is much more evident.

These. results again indicate higher salt leaching induced by polymer and/or

slime physical properties when exposed to freeze-thaw temperature cycles, than under

constant room temperature treatments. The results however cannot be compared with

other research due to an absence of research in the area of freeze-thaw effects on

polymer efficiency, and this study is the first work to show this effect.

Table 3.15 Average sodium adsorption ratio and electrical conductivity of the leachate

per column leach, and of the saturated paste extract, comparing hydrated polymer
treatments exposed to freeze-thaw cycles (12 em soil column, 550 g sample per leach,
and 200 g slime sample per paste).

Polymer Treatment SAR EC (mS em")
Leachate Paste Leachate Paste

Control 12.8 bt 2.43 a 47 b 6.1 a

0.1% 13.0 ab 1.96 ab 53 a 5.4 ab

0.2% 13.9 a 2.55 a 52 a 6.2 a

0.3% 14.0 a 1.36 b 53 a 4.4 b

LSD 1 0.90 4.9 1.4

t Means within the same column with the same letter are not significantly different.
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Table 3.16 Average sodium adsorption ratio and electrical conductivity in the leachate,
per column leach, comparing leach number of hydrated polymer treatments exposed to

freeze-thaw cycles (12 em soil column, 550 g sample).

Leaeh number SAR EC (mS em")

Leach 1 32 at 161 a

Leach 2 16 ab 33 b

Leach 3 4 b 6 b

Leach 4 2 b 5 b

LSD 23 5

t Means within the same column with the same letter are not significantly different.

The polymer treatments exposed to freeze-thaw temperature cycles showed

significantly higher SAR and EC in the leachate compared to the control and compared

with the room temperature results. Freeze-thaw results suggest that short-term salt

sequestration by the polymer, as evidenced in room temperature results, is reduced by

freeze-thaw cycles and that polymer subjected to freeze-thaw cycles may be more

effective in promoting salt leaching than constant above-freezing temperature

treatments. It should be noted that the majority of the published research to date has

been conducted under constant room temperature conditions.

Non-hydratedPolymer Room Temperature Treatment

The EC values for non-hydrated polymer addition indicate a slight trend towards

increased leaching efficiency with polymer addition (Table 3.17). There appears to be
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an association of increased salts leaching with the use of non-hydrated polymer when

compared with the results discussed previously for hydrated polymer. Swelling during

water sorption, combined with less salt sequestration (with the polymer having a

slightly higher affinity for water molecules than salts), may create a structure conducive

to water movement through the column.

Table 3.17 Average electrical conductivity of the leachate per column leach, and of the
saturated paste extract, comparing non-hydrated polymer treatments at room

temperature (12 em soil column, 550 g sample per leach, and 200 g slime sample per
paste).

Polymer Treatment EC (mS em")
II

Leachate Paste

Control 51 bt 14 b

0.1% 53 ab 22 a

0.2% 53 ab 18 ab

0.3% 56 a 13 b

LSD 3 7

t Means within the same column with the same letter are not significantly different.

Non-hydratedPolymer Freeze-Thaw Temperature Treatment

The EC shows a slight trend toward increasing values associated with increasing

non-hydrated polymer addition under freeze-thaw conditions (Table 3.18) similar to that

observed for non-hydrated under constant temperature. Freeze-thaw conditions appear

to have less effect on salt sequestration and leaching under non-hydrated than hydrated

conditions. Non-hydrated results (both temperature treatments), when compared with
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hydrated results, indicate reduced salt sequestration and greater leaching in the non-

hydrated form.

Table 3.18 Average electrical conductivity of the leachate per column leach, and of the
saturated paste extract, comparing non-hydrated polymer treatments exposed to freeze
thaw cycles (12 ern soil column, 550 g sample per leach, and 200 g slime sample per
paste).

Polymer Treatment EC (mS em")
Leachate Paste

Control 48 bt 31 a

0.1% 49 ab 24 ab

.0.2% 53 ab 10 b

0.3% 55 a 11 b

LSD 6 17

t Means within the same column with the same letter are not significantly different.

Overall, the incorporation of non-hydrated X-LPAM into the slime and freeze-

thaw cycles appear to reduce salt sequestration and increase leaching as compared to

hydrated, constant temperature conditions. There is a trend towards increased leaching

with non-hydrated polymer with freeze-thaw temperature conditions promoting more

leaching than constant room-temperature conditions. The use of non-hydrated polymer

under freeze-thaw temperature conditions would be typical for field application of

cross-linked polyacrylamide hydrogel in Saskatchewan.
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3.3.3 Re-hydration Study

Non-incorporated polymer was able to rehydrate to a greater extent than when

polymer was incorporated into the slime (Table 3.19). Due to the high concentration of

ions in the slime, the decrease in rehydration ability noted for the incorporated polymer

may be a reflection of ion sorption by the polymer thereby inhibiting rehydration due to

occupation of exchange sites by ions and/or bridging of ions with slime particles.

Temperature (freeze-thaw) had a small positive influence on rehydration ability (Table

3.19). The freeze-thaw effects may be altering the structure of the polymer to allow it

to adsorb water molecules more effectively.

Table 3.19 Comparison of effects of non-incorporated versus incorporated X-LPAM
on rehydration under constant temperature and freeze-thaw temperature conditions.

Treatment Average % Rehydration

Non-incorporated polymer, freeze-thaw 140 at
(-15°C and 20°C)
Slime incorporated polymer, freeze-thaw 48 b

(-15°C and 20°C)
Non-incorporated polymer, 20°C 130 a

Slime incorporated polymer, 20°C 36 b

LSD 67

t Means with the same letter are not significantly different.

Visual observations of non-incorporated hydrated polymer which had undergone

freeze-thaw conditions indicated that the structural integrity of the polymer was affected

(Figures 3.3, 3.5 and 3.7). Incorporated polymer, undergoing the same freeze-thaw

conditions, showed fewer visual signs of alteration to the polymer structural integrity
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(Figures 3.4 and 3.6). After the hydrated crystals underwent freeze/thaw cycles and

were dried, their structure changed from a well-defined crystal formation to an

aggregate of smaller, less definable crystal shapes (Figure 3.7). Some of the slime

incorporated hydrated polymer, when subject to the -3 °C temperature did not achieve a

frozen state during the freezing time period. This could be due to adsorption of ions by

the polymer resulting in a depression of the freezing point.
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Figure 3.3 Rehydration of non-incorporated X-LPAM after undergoing a -3 "C

temperature freeze-thaw treatment.

Figure 3.4 Re-hydration of incorporated X-LPAM after undergoing a -3 "C

temperature freeze-thaw treatment.
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Figure 3.S Re-hydration of non-incorporated X-LPAM after undergoing a -15°C

temperature freeze-thaw treatment.

Figure 3.6 Re-hydration of incorporated X-LPAM after undergoing a -15°C

temperature freeze-thaw treatment.
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Figure 3.7 Comparison of three temperature treatments on non-incorporated X-LPAM

physical integrity.

3.3.4 Salt Sequestration Study

Table 3.20 reveals that the polymer has a salt-sequestering ability that is most

pronounced when the polymer is in the hydrated form. There was a trend between the

non-hydrated and hydrated treatments with respect to salt sorption by the polymer. For

all sodium chloride treatments, the hydrated polymer reduced electrical conductivity of

the NaCI solution by 52 to 54 %, whereas the non-hydrated polymer only reduced EC

by 8 to 11 %. In a mixed salt solution, as would be observed in the slime tailings, ion

sorption and EC reduction may be different since the polymer has a greater affinity for

divalent cations. This data supports the observed treatment effects discussed previously

where hydrated treatments reduced salt leaching and apparently sequestered salts to a

higher degree than did the non-hydrated polymer.

63



Treatment EC (mS em") LSD
Initial Hydrating Liquid Hydrated* Non-hydrated**

0.0 M NaCl 0.20 at 0.07 a 0.33 a 0.31

(Control)
0.25MNaCl 28 a 13 a. 25 a 19

O.50MNaCl 51 a 24 a 47 a 35

0.75MNaCI 73 a 35 a 66 a 49

1.0 M NaCI 94 a 45 a 85 a 62

Table 3.20 Average electrical conductivity (mS em") of five sodium chloride solutions
after undergoing two hydration treatments with X-LPAM.

* Hydrated - EC value of the hydrating liquid after previously hydrated polymer was

placed into it.
** Non-hydrated - EC value of the hydrating liquid after non-hydrated polymer was

placed into it.

t Means within the same row with the same letter are not significantly different.

The polymer, added in a non-hydrated form, later subjected to freeze-thaw

3.3.5 Conclusions

cycles, shows the most promise for promoting short-term leaching of salts from the

slime for remedial purposes. If leaching of salts were the desired outcome, the addition

of polymer in the non-hydrated form would be suggested. If, however, providing a

slow release of primarily cationic nutrients (e.g. Ca2+, Mg2+, K+) is desirable, the data

suggest that a polymer addition already hydrated would be the preferred method of

treatment.
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CHAPTER 4: EFFECT OF CROSS-LINKED POLYACRYLAMIDE
HYDROGEL ON SEDIMENT CONDITIONS AND PLANT

GROWTH UNDER CONTROLLED ENVIRONMENT
CONDITIONS

4.1 Introduction

Two separate studies were conducted to determine how X-LPAM compares to

other inorganic and organic soil amendments, including: gypsum, elemental sulfur,

sewage sludge, and peatmoss, on salinity, sodicity, and plant growth in potash mine

slime tailings under controlled environment conditions. It became apparent that there

was a need, due to a lack of studies in this area, to observe how other soil amendments,

organic and inorganic, compare with X-LPAM (using a standard application ratio).

Research in this area would provide information in determining if X-LPAM could

adequately compete with amendments presently being used for remediation/reclamation

of saline, sodie, and saline-sodic soils.

A greenhouse study was initiated to determine if X-LPAM would be effective as

4.1.1 Greenhouse Study

a soil amendment (added alone or in combination with gypsum) in reclaiming the

potash mine slime tailings at the Vanscoy, SK potash mine site. The primary objective

was to determine if the hydrogel could create 'a physical and chemical environment
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conducive to the germination and growth of three salt tolerant grass species under

controlled environment conditions.

Gypsum (CaS04) is commonly used in sodic soils to assist in leaching of sodium

from the soil environment. Gypsum provides calcium, a divalent cation, which can

displace sodium and assist in leaching sodium from the soil profile (Salisbury and Ross,

1992).

4.1.2 Amendment Study

Two potential limitations to successful plant growth within potash mine slime

tailings are lack of structure due to little or no organic matter, along with the extremely

saline-sodic soil conditions (Section 3.3.1).

A controlled environment study was conducted to determine the effectiveness of

various soil amendments such as elemental sulfur, peat moss, and sewage sludge, in

comparison to cross-linked polyacrylamide hydrogel, in reclamation of potash mine

slime tailings. Elemental sulfur is presently used as an amendment in reducing sodicity

because during oxidization it produces sulfuric acid and protons which can promote

leaching of sodium from sodic soils (Salisbury and Ross, 1992). Peat moss and sewage

sludge are common organic soil amendments used to improve organic matter content

and tilth.
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4.2 Methods and Materials

4.2.1 Greenhouse Study

Potash mine slime tailings were collected from a tailings holding facility, dried,

crushed, amendments incorporated with the slime, and then placed into 15.2 em (6 inch)

pots. The experimental design was a randomized complete block design (RCBD) with a

factorial treatment design consisting of four replicates of four polymer treatments, two

gypsum treatments, and four plant treatments. Pots contained 2154 g of slime in the

following treatments:

Polymer and gypsum treatments:

a) control (no amendments);

b) 17.2 g pori gypsum;

c) 17.2 g pori gypsum and

i) 0.1 % (polymer weight/soil weight) polymer; or

ii) 0.2 % (polymer weight/soil weight) polymer; or

iii) 0.3 % (polymer weight/soil weight) polymer;

d) polymer alone

i) 0.1 % (polymer weight/soil weight) polymer; or

ii) 0.2 % (polymer weight/soil weight) polymer; or

iii) 0.3 % (polymer weight/soil weight) polymer.

Sediment and polymer were combined and then thoroughly hydrated with

deionized water prior to being placed in pots. Pots were labeled and randomly placed in

the greenhouse to allow slime to come to field capacity. This weight was used to

determine the quantity of water each pot would receive when watered. Treatments were
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leached twice prior to seeding and seed germination treatments. Seed treatments were

as follows:

i) control (no seed)

ii) 100 Western wheatgrass seeds

iii) 100 Slender wheatgrass seeds

iv) 0.2 g Fults grass seed

All pots were returned to the greenhouse environment after germination.

Greenhouse conditions were 25°C for 16 hr. days, and approximately 18 "C for 8 hr

nights, with natural and artificial lighting maintaining a light intensity at a minimum

110 umol m". Time from potting to harvest was 90 days.

A variety of physical and chemical tests were performed on the slime at the end

of the three months. Penetrometer resistance was measured on each pot of slime prior

to harvest at the end of three months. Methods are described in Section 3.2.1 and

results are described in Section 3.3.1. Chemical testing included pH, EC, SAR and

nutrients. Slime from each treatment, within each replicate, was combined at harvest,

dried, ground to s 2 mm, and bioavailable and/or saturated extract paste analysis of pH,

EC, SAR, and ions were made (for Results see Section 3.3.1). pH, Ee and SAR

methods are described in Section 3.2.1, and nutrient analysis methods are described in

Section 3.2.2.

Top growth of all plants was harvested and plant height, plant number, and total

fresh and dry plant weights measured in each pot.
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4.2.2 Amendment Study

The experimental design was a RCBD with a factorial treatment design

consisting of four replicates of seven amendment treatments, two application methods,

and one plant treatment. Treatments were as follows:

a) control;

b) surface application 0.1 % (amendment weight/slime weight) polymer;

c) surface application 0.2% (amendment weight/slime weight) polymer;

d) surface application 0.2% (amendment weight/slime weight) sewage sludge

(Saskatoon DOS);

e) surface application 0.2% (amendment weight/slime weight) sewage sludge +

elemental sulfur (Tiger"" ground elemental sulfur);

f) surface application 0.2% (amendment weight/slime weight) peat moss;

g) incorporated 0.1 % (amendment weight/slime weight) polymer;

h) incorporated 0.2% (amendment weight/slime weight) polymer;

i) incorporated 0.3% (amendment weight/slime weight) polymer;

j) incorporated 0.2% (amendment weight/slime weight) sewage sludge;

k) incorporated 0.2% (amendment weight/slime weight) sewage sludge + elemental

sulfur; and

1) incorporated 0.2% (amendment weight/slime weight) peat moss.

To prepare the treatments, 600 g of potash mine slime tailings were added to

12.7 em (5 inch) standard pots. Amendments were either surface applied or

incorporated into the slime prior to putting slime into pots. Each pot was seeded with

Slender Wheatgrass, put through a germination treatment at 5-10 °C for seven days,
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followed by seven weeks of growth at 20-30 "C. All pots were initially watered, using

deionized water, with the equivalent quantity of water required to hydrate the 0.3%

polymer addition treatment, to ensure all pots received the same quantity of water. Pots

were then watered weekly with 320 ml (7.0 cm or 2.8 inches) of deionized water. Slime

samples were taken at time of first seedling emergence, and at eight weeks. The

number of plants germinated was tabulated and an analysis made of above ground

biomass for fresh and dry plant weight, and plant height.

4.2.3 Statistical Analysis

The SAS program (SAS, 1988) using single factor, two factor, and multiple

factor ANOVA was used to analyze the greenhouse study data. The Excel statistics

program (Microsoft, 1997-98), using single and two factor ANOVA, was used to

analyze the data from the amendment study, and the data from the field core study. All

statistics were conducted at the 5% significance level.

4.3 Results and Discussion

4.3.1 Greenhouse Study

Water requirement to maintainfield capacity

A significant difference was observed for water requirements during the plant

growth period in the greenhouse study (Table 4.1). It was observed that the polymer

treatments required significantly more water to maintain field capacity than did those
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without polymer. The added requirement for water in the polymer treatments is likely a

result of increased germination and plant water use within polymer amended pots.

Table 4.1 Average amount of water required to maintain field capacity during plant
growth in a greenhouse study of potash slime tailings remediation.

Treatment Average Water Requirement (ml)

Control 9105 bt

Gypsum 9419 b

Gypsum + 0.1 % Polymer 11848 a

Gypsum + 0.2 % Polymer 11880 a

Gypsum + 0.3 % Polymer 10956 a

0.1 % Polymer 11230 a

0.2 % Polymer 11502 a

0.3 % Polymer 11442 a

LSD 1015

t Means with the same letter are not significantly different.

Nutrients

Data indicate a significant positive trend with polymer addition on increasing

nutrient supply rates for calcium, magnesium, nitrate and phosphate (Table 4.2).

Sodium and potassium supply rates were significantly decreased with polymer addition

(Table 4.2). This is expected since the polymer has a greater attraction for divalent

cations (Johnson, 1984; Wallace et aI., 1986b; Shainberg et aI., 1990; Bowman and

Evans, 1991; EI-Morsy et aI., 1991). Whereas, the three grass species showed signs of

phosphorus deficiency (likely due to initially low values and/or single, or a combination

of, chemical interactions), they did not show any visible signs of nitrogen deficiency.
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The higher nitrogen values in the polymer treatments may be a reflection of nitrogen

release from polymer breakdown (Nakamiya and Kinoshita, 1995; Kay-Shoemake et

al., 1998) andlor it may be an indication of ion bridging and a notable decrease in

leaching losses. In the case of ion bridging (Aly and Letey, 1988; Laird, 1997), both the

divalent cations and the anions are prevented or slowed from being leached by forming

chemical bonds with the polymer.

Table 4.2 Average ion supply rate (ug 10 ern? hr') in treatments at time of harvest for
a greenhouse study of potash slime tailings remediation.

Treatment Caz+ Mg2+ Na+ K+ N03- pO/

Control 489 ct 37 c 1266 a 1724 a 0.03 c 0.50 c

Gypsum 599 c 42 c 1082 a 1526 a 0.03 c 0.54 c

Gypsum + 0.1 % Polymer 1178 ab 82 a 117 be 412 b 0.00 c 0.84 b

Gypsum + 0.2 % Polymer 1025 ab 59 b 375 be 673 b 0.00 c 0.76 b

Gypsum + 0.3 % Polymer 1045 ab 57 b 463 b 775 b 0.40 a 0.77 b

0.1 % Polymer 950 b 48 be 356 be 653 b 0.06 c 0.66 be

0.2 % Polymer 1289 a 53 be 44 c 332 b 0.24 b 1.10 a

0.3 % Polymer 1124 ab 73 ab 307 be 640 b 0.14 be 1.09 a

LSD 265 14 417 481 0.14 0.21

t Means within the same column with the same letter are not significantly different.

Plant Response

Overall, polymer addition had a significant positive impact on increasing grass

seed germination (Table 4.3, Figures 4.1 and 4.2). Awad et al. (1986, 1987), Odell

(1987), Callaghan et al. (1988), and Chaudhari and Flanagan (1998) all found increased

incidence of improved germination with polymer addition. Polymer addition had a

small but significant effect on germination of Western Wheatgrass and a large
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significant effect on germination of both Slender Wheatgrass and Fults grass. This may

be in part a result of increased water availability. Waddington (1997) found either

neutral to negative effects of polymer addition on germination, however he does not

discuss if water availability and plant species chosen may have impacted on the results.

Both Slender Wheatgrass and Fults grass have a different mechanism for surviving

salt/water stress than does Western Wheatgrass, i.e. rooting habit and preferred soil

Water content. Both Slender Wheatgrass and Fults grass prefer wetter sites whereas

Western Wheatgrass performs better in drier sites (Looman, 1983). This may account

for the variability in germination success that is seen in the results observed in this

study since slime was maintained at field capacity.

Table 4.3 Average seed germination percentage of three grass species, per treatment,
after three months of growth in a greenhouse study of potash slime tailings remediation.

Treatment Western Wheatgrass Slender Wheatgrass Fults Grass Germination %

(average % pot") (average % pot") (average (average
% DOt-I) % DOt-I)

Control 0 ct 2 c 75 b 26 c

Gypsum 4 c 13 be 50 c 23 c

Gypsum + 0.1 20 ab 93 a 100 a 71 ab
% Polymer
Gypsum + 0.2 10 be % a 100 a 68 ab
% Polymer
Gypsum + 0.3 16 b 48 b 100 a 55 b
% Polymer
0.1 % Polymer 5 c 77 ab 100 a 61 ab

0.2 % Polymer 19 ab % a 100 a 72 ab

0.3 % Polymer 26 a 100 a 100 a 77 a

LSD 9 38 18 20

t Means within the same column with the same letter are not significantly different.
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Figure 4.1 Slender Wheatgrass growth, with no polymer addition, after three months in
a greenhouse.

Figure 4.2 Slender Wheatgrass growth, with 0.2 % wt.lwt. polymer addition, after
three months in a greenhouse.

Plant height was significantly increased, when compared with gypsum addition

and the control (Table 4.4), in response to improved soil conditions resulting from

polymer addition. Increased plant growth of grass and other plant species, with
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polymer addition, was also observed in research conducted by Awad et al. (1986),

Baasiri et al. (1986), Boatright et al. (1997), Chaudhari and Flanagan (1998), Daugaard

(1998), Rajpur and Wright (1999) and Rodriguez and Ramirez (1999) under varying

water and salt stressed environments.

Table 4.4 Average plant height of three grass species, per treatment, after three months
of growth in a greenhouse study of potash slime tailings remediation.

Treatment Western Slender Wheatgrass Fults Grass Average Plant

Wheatgrass (em) (em) (em) Height (em)

Control 0.0 ct 1.0 c 2.3 c 1.1 c

Gypsum 4.5 c 4.6 be 1.5 c 3.5 c

Gypsum + 0.1 % 13.3 ab 17.6 a 4.1 c 11.6 ab

Polymer
Gypsum + 0.2 % 10.2 b 17.9 a 4.0 c 10.7 b
Polymer II

Gypsum + 0.3 % 12.4 ab 10.9 b 4.6 c 9.3 b

Polymer
0.1 % Polymer 10.9 b 16.4 ab 9.1 b 12.1 ab

0.2 % Polymer 17.1 a 17.5 a 13.6 a 16.1 a

0.3 % Polymer 15.6 ab 17.2 ab 9.9 ab 14.2 ab

LSD 5.4 6.3 4.0 4.9

t Means within the same column with the same letter are not significantly different.

Plant fresh weight was significantly increased over the control (Table 4.5) in

response to improved soil conditions resulting from polymer addition. There was a

significant trend towards decreased plant fresh weight of Slender Wheatgrass and Fults

grass with gypsum addition to the polymer treatments as polymer rate increased.

Polymer addition exerted a greater influence on plant fresh weight for Slender

Wheatgrass and Fults grass than for Western Wheatgrass (see Table 4.5). Fresh weight

is typically not a parameter tested for except in horticultural crops where fresh weight of
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plant matter is crucial, i.e. vegetables and fruits. Increased fruit yield and other crop

parameters were shown to increase as a result of polymer addition in research

conducted by Baasiri et al. (1986), however, most other research provides results in dry

weight (Table 4.5).

Table 4.5 Average plant fresh weight of three grass species, per treatment, after three
months of growth in a greenhouse study of potash slime tailings remediation.

Treatment Western Slender Fults Grass (g) Average Plant Fresh

Wheatgrass (g) Wheatgrass (g) WeightIPot (g)

Control 0.00 ct 0.00 b 0.23 c 0.08 c

Gypsum 0.04 c 0.05 b 0.24 c 0.11 c

Gypsum + 0.1 0.26 b 1.12 a 0.90 b 0.76 ab
% Polymer
Gypsum + 0.2 0.12 be 1.08 a 0.85 b 0.68 b

II% Polymer
Gypsum + 0.3 0.23 b 0.39 b 0.61 be 0.41 be
% Polvrner
0.1 % Polymer 0.10 be 1.00 a 0.83 b 0.65 b

0.2 % Polymer 0.46 a 1.31 a 1.46 a 1.07 a

0.3 % Polymer 0.50 a 1.40 a 0.93 b 0.94 ab

LSD 0.18 0.53 0.38 0.34

t Means within the same column with the same letter are not significantly different.

Plant dry weight was significantly increased (Table 4.6) in response to improved

soil conditions resulting from polymer addition. As with plant fresh weight, there was a

trend towards decreasing plant dry weight with gypsum addition as rate of polymer

added increased. Polymer addition exerted a greater influence on plant dry weight for

Slender Wheatgrass and Fults grass, as was seen for plant fresh weight, than with

Western Wheatgrass. Improvements in dry weight of L. perenne were observed in

research conducted by Herrera et aI. (1997) who compared the efficiency of polymer
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with other soil amendments. Awad et al. (1986 and 1987) found increases in dry matter

production of barley with polymer addition when plants were subject to saline irrigation

water. Odell (1987) found increases in dry matter production with polymer amended

peat-vermiculite vegetable plug mix where the seeds had been pretreated with a salt

solution. As previously mentioned, decreases in plant productivity due to gypsum

addition may be a result of osmotic effects on plant water uptake. Overall, the addition

of polymer positively influenced germination and growth of the grass species (Figures

4.1 and 4.2).

Table 4.6 Average plant dry weight of three grass species per treatment, after three
months of growth in a greenhouse study of potash slime tailings remediation.

Treatment Western Slender Fults Grass (g) Av. Plant Dry

Wheatgrass (g) Wheatgrass (g) Weight/Pot (g)

Control 0.00 ct 0.00 b 0.10 c 0.03 c

Gypsum 0.01 c 0.01 b 0.10 c 0.04 c

Gypsum + 0.1 0.08 b 0.35 a 0.36 b 0.26 ab
% Polymer
Gypsum+O.2 0.03 be 0.34 a 0.30 b 0.22 b
% Polymer

Gypsum + 0.3 0.06 be 0.11 b 0.24 b 0.14 be
% Polymer
0.1 % Polymer 0.07 b 0.28 a 0.29 b 0.21 b

0.2 % Polymer 0.12 ab 0.39 a 0.50 a 0.34 a

0.3 % Polymer 0.15 a 0.42 a 0.34 b 0.30 ab

LSD 0.05 0.16 0.13 0.11

t Means within the same column with the same letter are not significantly different.
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4.3.2 Amendment Study

Incorporated sewage sludge, sewage sludge with elemental sulfur, peatmoss, and

surface applied sewage sludge with elemental sulfur were ineffective in creating a slime

environment conducive to germination and growth of Slender Wheatgrass (Table 4.7).

Increases in EC in surface applied polymer may have resulted from retention of salts at

the surface during evapotranspiration. The polymer may have acted as a sink for the

salts thereby preventing them from leaching through the slime. Incorporated treatments

of X-LPAM were the most effective in decreasing EC and creating a slime environment

conducive to the germination and growth of Slender Wheatgrass when compared with

the control. The poorer plant performance, e.g. germination, in the 0.3% incorporated

polymer, when compared with the incorporated 0.1 % and 0.2%, may have resulted from

waterlogging, e.g. poor aeration. Overall, incorporated polymer appears to exert the

greatest positive influence on enhancing slime properties for germination and growth of

grass. The results observed here are in agreement with other research that has found

that polymer amendment had better success in facilitating plant growth than did other

amendments. Herrera et al. (1997) found that additions of manure had a detrimental

effect on L. perenne dry weight and WUE; Chaudhari and Flanagan (1998) found that

gypsum had no effect on plant establishment or slope stabilization; and Awad et al.

(1986) found that bitumen emulsion, although it increased aggregate stability, decreased

dry matter production.
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Table 4.7 Effect of surface applied and incorporated soil amendments on the

germination and growth of Slender Wheatgrass in potash mine slime tailings in
controlled environment conditions.

Treatment % Av.F.Wt. Av. D.Wt. Av. Plant Av.EC

Germination per Plant (g) per Plant (g) Length (em) (mS em")

Control 2 cd t 0.002 c 0.0006 c 1.4 c 18 c

Surface 0.1 % 1 d 0.001 c 0.0002 c 1.1 c 17 c

polymer
Surface 0.2% 7 c 0.005 b 0.0017 be 4.6 b 27 be

polvmer
Surface 0.3% 15 b 0.004 be 0.0010 c 4.1 b 40 a

polymer
Incorporated 27 a 0.010 a 0.0049 a 9.8 a 18 c

0.1 % polvmer

Incorporated 23 a 0.011 a 0.0048 a 9.6 a 21 c

0.2% polymer
Incorporated 2 cd 0.006 b 0.0019 be 4.3 b 9 d
0.3% polymer
Surface 0.2% 8 c 0.004 be 0.0017 be 5.2 b 34 ab

sewage sludge
Surface 0.2% 0 d 0.000 c 0.0000 c 0.0 c 34 ab

sewage sludge
+ sulfur
Surface 0.2% 2 cd 0.004 be 0.0025 b 3.1 be 29 b
oeatmoss

Incorporated 0 d 0.000 c 0.0000 c 0.0 c n/a tt
0.2% sewage
sludge
Incorporated 0 d 0.000 c 0.0000 c 0.0 c nla
0.2% sewage
sludge + sulfur

Incorporated 1 d 0.001 c 0.0001 c 4.0 c nla
0.2% peatmoss
LSD 6 0.003 0.0012 2.4 6

t Means within the same column with the same letter are not significantly different.

tt Values were not obtained due to a lack of visible germination and/or plant growth.

4.4 Conclusions

Both the greenhouse study and the amendment study indicate that incorporated

polymer amended slime is the most efficient at decreasing slime chemical constraints to

successful grass germination and growth. Polymer amended slime had the greatest
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germination and plant growth of all other treatments for both the greenhouse and

amendment studies.
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CHAPTER 5: EFFECT OF CROSS-LINKED POLYACRYLAMIDE
HYDROGEL ON SEDIMENT CONDITIONS IN AFIELD STUDY

5.1 Introduction

The purpose of this component of the research study was to determine how X-

LPAM influences salinity and sodicity under actual field conditions. Prior to this

research study, X-LPAM has never been studied for reclamation of potash mine slime

tailings either in greenhouse, laboratory, or field. Due to positive results obtained in the

greenhouse study, e.g. grass growth and decreased slime sodicity and salinity, there was

a decision to carry out a field study. A site was chosen at the Agrium mine located at

Vanscoy, SK, and a raised bed was constructed in early summer 1997.

5.2 Materials and Methods

5.2.1 Experimental Design

A raised bed was constructed (approximately 0.6 to 0.8 m above grade) the

summer of 1997, in the potash mine slime tailings holding facility located at Agrium,

Vanscoy, SK. Due to regulatory delays, (e.g. project design and waste disposal plan

approval by both federal and provincial regulatory bodies, ... ) the research project was

unable to get underway until July of 1998. At this time the raised bed was roto-tilled

with a 5 h.p. hand rotor tiller to 'open' the sediment. The raised bed was marked to

contain five blocks of four -twice replicated and randomized treatments and at this time
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walkways were also created (Figure 5.1). There were two one-meter wide main

walkways within the raised bed for walking in and to house the irrigation equipment

and there were 0.75 m walkways between each experimental unit in which to walk and

to separate each experimental unit. There were six locations for sampling in the

perimeter slime surrounding the raised bed (Figure 5.1) to assist in describing the

quantity and quality of the leaching process within the raised bed.
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Figure 5.1 Raised bed 'block' and 'experimental unit' design in the Agrium potash mine
slime tailings at Vanscoy, SK.
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Sediment samples (0 - 15 em) were taken from each experimental unit and from

six sample locations in the perimeter area (tailings pond) surrounding the raised bed.

After all treatments were staked out and numbered, they were amended with the non-

hydrated polymer treatments:

a) control (0.0 % polymer wtfsoil wt)

b) 0.1% (polymer wtfsoil wt)

c) 0.2 % (polymer wtfsoil wt), and

d) 0.3% (polymer wtfsoil wt).

The experimental design was a RCBD with a 3 x 4 factorial treatment design.

The polymer was laid on the surface and roto-tilled (5 h.p. rotary tiller) to an

approximate depth of 15 ern. A manual irrigation system was set up (Figure 5.2) and

irrigation began by mid-August 1998.

Standard

globe
valve.

16 m - 2.54 em (1
inch) poly subline.

standard garden
hose with water

wand and water

metre.

Briggs & Stratton - 5

h.p. banjo waterpump.
30 m - 3.8 em (1.5
inch) poly main
line.

Figure S.2 Irrigation set-up for Agrium slime tailings research project.

3 - approx.
5.5 m" water

tanks. 15.25 m (SO feet)
'Snirolite' (suction hose).
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There were seven leaching applications with city of Saskatoon treated water, of

approximately 2.5 em (1 inch) per leach. Leaching was completed on September 25.

Although the slime tailings pond was becoming very wet by fall, rainfall records from

the closest Environment Canada reading station (City of Saskatoon airport) for the

period between the beginning of May 1998 and the end of September 1998 indicate

rainfall for the time period was slightly below average (Table 5.1) (Environment

Canada 1998).

Table 5.1 City of Saskatoon precipitation values for May - September 1998 (Recorded
at the City of Saskatoon airport. Average monthly precipitation is the 30 year average
observed between 1961 and 1990).

Month (1998) Average Monthly Actual Total Monthly
Precipitation (nun) Precipitation (mm)

May 44.2 8.4

June 63.4 75.4

July 58.0 31.1

August 36.8 40.5

September 32.1 32.0

A 50:50 blend of nitrate and phosphate fertilizer (ammonium nitrate 34-0-0 and

monoammonium phosphate 12-51-0) was surface applied at 50 kg of blended fertilizer

ha' (23-23-0) and then incorporated (using a 5 h.p. rotor tiller) in all experimental units

on October 05, 1998. Slime sediment samples (0 - 15 em) were taken from all

experimental units on October 20. Seeding commenced with:

a) Fults grass @ 4615 seeds g' - was seeded at 28.0 g 3 m? (experimental unit);
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b) Western Wheatgrass @ 256 seeds g' - was seeded at 94.0 g 3 m": and

c) Slender Wheatgrass @ 400 seeds g' - was seeded at 66.0 g 3 m", and was completed

by October 21, 1998. Seeding rates were approximately 25% higher than the suggested

seeding rate due to the age of the seed and the extreme soil conditions.

The last sediment samples (0 - 15 ern) from all experimental units, excluding

core samples, were taken in the late spring of 1999. There was one sample (0 - 15 em)

taken from each of the 1 m wide walkways (Figure 5.1) at this time. Due to the rising

water table in the slime tailings pond, it was decided to install two water-table wells in

the raised bed - one at either end (north and south). Two, 6.5 cm diameter x 1.5 m deep,

holes were bored and 6.5 em x 2.4 m perforated black poly tubing was installed in each

hole. Water table depth readings were obtained to assist in interpreting and describing

field data results.

Slime samples from each sample period were dried, ground to 2mm and put in

dry storage (20°C) until chemical analysis was made. Saturated paste extracts were

made using 200 g of slime, from each sample, and the eluate from each sample was

analyzed for EC, SAR, Ca2+, Mg2+, K+, Na+, N03- ,S042- and CL

5.2.2 Statistical Analysis

The Excel statistics program (Microsoft, 1997-98), using single and two factor

ANOVA, was used to analyze the data from the field study. All statistics were

conducted at the 5% significance level.
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S.3 Results and Discussion

There was significant variation in cation composition of the slime across the

raised bed research area (Table 5.2) (prior to installation of experimental units).

Significant differences were observed in all cations with no apparent trend regarding

location in the raised bed or perimeter region. Only magnesium was significantly

higher in the perimeter than in the raised bed at this point in time.

Table S.2 Variation in spring 1998 cation concentrations (saturated pastes), prior to

addition of amendments, in a raised bed in a potash mine slime tailings facility.

Block CaZ+ (mg L01) MgZ+ (mg L01) Na+(mg L01) K+ (mg L01)

Perimeter 1922 ab t 111 a 47883 b 24598 a

1 1941 a 87 b 46904 bc 16520 b

2 1897 ab 87 b 45879 c 19355 b

3 1856 b 104 a 46004 bc 27217 a

4 1892 ab 87 b 49813 a 23196 ab

5 1756 c 90 b 45871 c 26292 a

LSD 79 10 1896 5091

t Means within the same column with the same letter are not significantly different.

Table 5.3 shows the variability in anions, SAR and Ee across the raised bed plot

area. Nitrate concentrations were significantly lower in the raised bed compared to the

perimeter, which may be due to greater leaching in the raised bed prior to installation of

treatments.



Table 5.3 Variation in spring 1998 anion concentrations, SAR, and EC (saturated
pastes) in a raised bed in a potash mine slime tailings facility.

Replicate N03· (mg L·t) cr (mg L·t) SO/" (mg L·1) SAR EC (mS em")

Perimeter 2.45 at 9958 b 2168 ab 81 b 213 a

1 1.10 b 19526 a 1850 b 79 b 197 b

2 1.14 b 17135 a 2036 b 78 b 199 b

3 1.21 b 11244 b 2176 ab 80 b 217 a

4 1.06 b 10366 b 1750 b 85 a 218 a

5
II

1.16 b 10934 b 2436 85 216a a a

LSD 0.63 4740 288 3 12

t Means within the same column with the same letter are not significantly different.

Results of the soil analysis indicate that there was a significant decrease in the

level of salt contamination, related to the leaching, however there was no significant

treatment effect. There was evidence of a 'location effect' within the raised bed (spring

data provided in tables 5.2 and 5.3, fall data not provided), which appeared to be the

result of variations in water table depth within the slime tailings holding facility.

Saturated pastes from the perimeter samples were higher in cation concentrations than

samples collected from the raised bed (Table 5.4). This can be explained by greater

leaching in the raised bed area. In the fall of 1998, the polymer treatments had no

significant effect on cations in the saturated pastes.
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Table 5.4 Fall 1998 cation concentrations (saturated paste) in a raised bed in a potash
mine slime tailings facility after one season of leaching.

Treatment Ca2+ (mg Lot) Mgz+ (mg L·t) Na+ (rug Lot) K+ (mg Lot)

Perimeter 1937 at 103 a 37050 a 16711 a

Control 1562 b 81 b 23527 b 10793 b

0.1 % Polymer 1498 b 78 b 21597 b 10416 b

0.2% Polymer 1567 b 76 b 21837 b 10104 b

0.3% Polymer 1534 b 70 b 21773 b 10328 b

LSD 134 11 4909 2056

t Means within the same column with the same letter are not significantly different.

Significantly higher nitrate concentrations were observed in the raised bed

compared to the perimeter in the fall 1998 sampling (Table 5.5). This is explained by

the application of nitrogen fertilizer to the plots approximately two weeks before

sediment samples were collected. Chloride, SAR and EC were all significantly lower in

the raised bed area compared to the perimeter. Again this reflects the positive effect of

the raised bed on increasing ion leaching. As was the case for cation composition, the

polymer was observed to have no significant effect on anions, SAR or EC, although

there was a trend for SAR and EC to be lower in polymer amended treatments. High

variability in properties across the raised bed area makes small treatment effects

difficult to reveal as statistically significant.
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Table 5.5 Fall 1998 anion concentrations (saturated paste), SAR, and EC in a raised
bed in a potash mine slime tailings facility after one season of leaching.

Treatment N03" Ct SO 2- SAR EC4

(1Wl L·t) (1Wl L"t) (mg L·t) (mS em")
Perimeter 2.09 ct 6807 a 1723 a 61 a 166 a

Control 11.36 a 5050 b 1545 a 48 b 117 b

0.1 % Polymer 10.23 ab 4720 b nJa 46 b 109 b

0.2% Polymer 7.70 b 5158 b nJa 45 b 109 b

0.3% Polymer 6.62 b 5115 b nJa 46 b 108 b

LSD 3.57 630 792 5 19

t Means within the same column with the same letter are not significantly different.

Polymer addition did not exert a significant impact on decreasing the electrical

conductivity of the potash mine slime tailings (Figure 5.3) during the field experiment.

There was a significant decrease for all cations in saturated paste samples from the

raised bed area between spring 1998 and fall 1998. EC and SAR also decreased from

spring to fall 1998 as a result of the leaching induced by irrigation. A trend towards

lower EC and SAR in polymer amended plots in the field study suggests that the

polymer may be starting to have a positive effect on salt leaching, although the effects

appear to be much less pronounced than observed in the controlled environment

conditions.

Figure 5.4 shows leaching of salts in all treatments of the raised bed over time

when compared with the compacted walk way contained in the raised bed, and with the

perimeter samples. The increase in EC noted in the summer 1999 samplings, associated

with a rise in the water table in the tailings holding facility (Figure 5.3 and Table 5.6),

appears to have exerted a greater effect in the polymer treatments. It is in these
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treatments that the rise in Be is more substantial, especially in the 0.3% polymer

addition treatment.

Field plot (surrounded by
saline-sodic water).

�

Figure 5.3 Late spring 1999 photo depicting the flooded field plot at the Agrium
potash mine slime tailings, Vanscoy, SK.
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Figure 5.4 Comparison of treatments over time in saturated pastes of potash mine
slime tailings in all blocks.
t The 'P' represents that polymer has been incorporated in these treatments.

There were three water table depth readings obtained during the period June 30,

1999 and July 16, 1999 (Table 5.6). Results indicate a substantial rise in the water table

depth from the time period prior to installation of the raised bed, and the water table

depth during the summer of 1999 remained relatively stable at between 0.3 m and 0.4 m

in depth. Although estimated, the water table depth prior to installation of the raised

bed was greater than 2 m.
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Table 5.6 Water table depth readings (water level: meters from raised bed surface),
summer 1999, for the raised bed located in the potash mine slime tailings, Agrium,
Vanscoy, SK.

Position June 30, 1999 July 07, 1999 July 16, 1999

North End 0.3 meters 0.4 meters 0.3 meters

South End 0.5 meters 0.5 meters 0.4 meters

5.4 Conclusions

Results of the slime analysis indicate that there was a significant decrease in the

level of salts with leaching over the 1998 field season. Although there was no

significant treatment effect there is a trend to increased salts removal, observed through

lower EC values, in polymer amended treatments. There was evidence that the polymer

had sequestered salt during the course of the field study. There was also evidence of a

'locational effect' within the raised bed that appeared to be the result of variable water

table depth and inherent slime variability. This factor was confirmed during the

summer of 1999 sediment sampling. Water tables, to a depth of 2.0 m (Schwab et al.,

1993; Singh et al., 1996; Oh et al., 1997) can exert a significant influence on upward

flux of water and dissolved salts (Richards, 1969; Connell and Haverkamp, 1996) and a

water table depth as experienced in the slime tailings (Table 5.6) can create situations

where waterlogging, besides the obvious excess dissolved salts and lack of soil

structure, can create further impediments to reclamation and establishment of plants

(Richards, 1969; Naidu et al., 1995; Connell and Haverkamp, 1996; Marcar and

Crawford, 1996).
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CHAPTER 6.0 SUMMARY AND CONCLUSIONS

The addition of X-LPAM to potash mine slime tailings was found to

significantly influence salt dynamics and plant growth in the medium. Addition of X

LPAM to slime in pots at rates of 0.1 % (wt.zwt.), 0.2% (wt.!wt.) and 0.3% (wt.lwt.)

resulted in large decreases in salinity and sodicity over a three month period in the

greenhouse as compared to the unamended slime. However, short-term leaching

experiments in columns of slime amended with hydrated polymer revealed that the

polymer initially acts to sequester salt ions such as calcium, magnesium, potassium, and

sodium under previously hydrated and room temperature conditions. This was shown

in reduced amounts of cation leaching from slime containing polymer. This is consistent

with the known cation retentive properties of the X-LPAM (Johnson, 1984; Wallace et

al., 1986b; Shainberg et al., 1990; Bowman and Evans, 1991; El-Morsy et al., 1991) and

the salt sequestration abilities observed.

Over the longer-term, and with exposure to freeze-thaw cycles, it appears that

the ion sequestration abilities of the polymer are reduced and/or the physical structure

of the polymer-amended slime becomes more conducive to leaching. Incorporation of

polymer into the slime reduces its rehydration ability due to ion attraction to the

polymer exchange sites (Aly and Letey, 1988; Laird, 1997) and bridging interactions

between the clays, ions and the polymer. Controlled environment experiments show

that freeze-thaw cycles and the addition of polymer in non-hydrated, rather than

hydrated form all tend to increase the amount of salt leached in the short-term (first few
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weeks). This may reflect the effects of freezing and in-situ hydration on reducing

polymer salt sequestration ability as well as interactions with slime structure. It would

therefore appear beneficial to apply polymer in the non-hydrated form and allow it to be

exposed to freeze-thaw cycles if short-term increases in leaching potential are desired.

Under controlled environment conditions (growth chamber, greenhouse), the

addition of X-LPAM tended to increase growth and productivity indices such as plant

height, weight, and water relations of the salt-tolerant grasses. These effects could not

be verified through actual plant growth in the field as a result of the high water table

encountered at the field site in 1999 (Figure 5.3 and Table 5.6) due to unusually wet

conditions. The high water table apparently produced field salinity conditions too

extreme to permit germination and growth of any of the tested grasses. The choice of

more salt tolerant plant genera such as Distichlis and Salicornia (or others as mentioned

in Section 2.13) with special adaptations for surviving harsh climates (as mentioned in

Section 2.14) may provide better results, at least in the short term. Any attempts at

revegetating slime tailings with salt-tolerant grasses, or other genera, should first take

into consideration the distance between the water table and the surface of the slime

(Schwab et aI., 1993; Singh et al., 1996; Oh et al., 1997), Ensuring sufficient separation

to permit a net downward flux of water and salts over the course of the reclamation is

vital and will also prevent secondary effects, i.e. poor gas transfer (Naidu et al., 1995)

due to waterlogging. A distance of more than 2.0 m (Schwab et aI., 1993; Singh et al.,

1996; Oh et al., 1997) should be maintained to deter upward flux of water and salts to

the surface. Once a suitable hydrologic condition for leaching has been established, the

laboratory and controlled environment results obtained suggest that the polymer will
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have a beneficial effect on enhancing downward movement of salts and reduce both

salinity and sodicity thereby creating conditions more favorable for plant growth.

Although there is indication that the slime may be reclaimed through water

leaching alone (in opposition to previous research), assuming the water table is

sufficiently lowered, dispersive forces and slaking will likely significantly reduce water

infiltration in a relatively short period of time. It is the author's opinion that any short

term salt sequestration by the polymer will be more than outweighed by the beneficial

structural stabilizing capabilities of the polymer. Furthermore, due to preferential

divalent cation uptake, sequestration that may occur by the polymer will only further

add to surface stabilization and infiltration parameters. Therefore, the ionic qualities of

the X-LPAM may, over time, provide chemical and physical slime conditions

conducive to leaching of salts and the successful long-term growth of plants and

ultimately reclamation of the slime. This conclusion is made with the assumption that

adequate leaching of salts out of the system will be provided for through the use of good

quality irrigation water, and drainage and removal of leachate from the site.

Flooding prevented a complete annual cycle of in-field studies with adequate

drainage, therefore the author recommends that future research be centered toward

evaluating the efficacy of X-LPAM, for reclamation of salt contaminated land, under

good drainage conditions in a field setting. The author also recommends that, if the

experiment were attempted again, a longer period of time and more water be applied for

leaching of salts prior to seeding. An addition of other salt tolerant plant species other

than grasses, e.g. Salicornia, should also be attempted to determine which plant genera

may be better suited to the site during reclamation procedures. Surface application of
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the polymer should be studied under field conditions to determine if the polymer is

capable of slowing the erosional processes that have created problems such as dike

breaching and roadway deterioration.

The author recommends that the amendment study be expanded to include

suggested application rates for the amendments based on the slime sodicity and salinity,

instead of the method used in this study. Realistic application rates may better reflect

the ability of the polymer to compete with other amendments under present usage

guidelines. Incorporation of the polymer in the slime with other amendments, i.e.

manure, may also prove beneficial in providing exchange sites for better retention of

anions such as phosphorus and nitrate and should be investigated further.

Once a more conclusive in-field study has been conducted, a complete

cost/benefit analysis, weighing the environmental, economic and social cost of doing

nothing, against the cost of polymer incorporation, could be performed to determine if

addition of X-LPAM is the most effective route of action.
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APPENDIX A

Table A.I Penetrometer resistance values (N em") of potash mine slime tailings three
months after addition of X-LPAM and gypsum.

Polymer % Pen. Value Polymer % Pen. Value Polymer % Pen. Value

0.0 9.80 0.1 12.25 0.2 12.25
0.0 9.80 0.1 31.86 0.2 4.90

0.0 7.35 0.1 7.35 0.2 24.50
0.0 9.80 0.1 7.35 0.2 14.70
0.0 14.70 0.1 . 26.95 0.2 12.25
0.0 7.35 0.1 22.05 0.2 14.70
0.0 17.15 0.1 14.70 0.2 7.35
0.0 7.35 0.1 22.05 0.2 17.15
0.0 12.25 0.1 24.50 0.3 4.90
0.0 9.80 0.1 17.15 0.3 4.90
0.0 14.70 0.1 29.41 0.3 9.80
0.0 19.60 0.1 17.15 0.3 9.80
0.0 7.35 0.1 14.70 0.3 7.35
0.0 9.80 0.1 44.11 0.3 12.25
0.0 12.25 0.1 9.80 0.3 14.70
0.0 14.70 0.1 4.90 0.3 4.90
0.0 17.15 0.2 9.80 0.3 9.80
0.0 17.15 0.2 4.90 0.3 7.35
0.0 7.35 0.2 12.25 0.3 14.70

0.0 12.25 0.2 22.05 0.3 7.35
0.0 22.05 0.2 9.80 0.3 7.35
0.0 7.35 0.2 14.70 0.3 9.80
0.0 9.80 0.2 14.70 0.3 9.80
0.0 4.90 0.2 12.25 0.3 4.90
0.1 12.25 0.2 19.60 0.3 12.25
0.1 12.25 0.2 9.80 0.3 7.35
0.1 12.25 0.2 7.35 0.3 9.80
0.1 9.80 0.2 4.90 0.3 9.80
0.1 7.35 0.2 44.11 0.3 4.90

0.1 9.80 0.2 7.35 0.3 7.35
0.1 7.35 0.2 4.90 0.3 4.90
0.1 14.70 0.2 9.80 0.3 2.45

115


	Book
	Cover
	Front Matter
	Title
	Copyright
	Abstract
	Acknowledgements
	Contents
	Tables
	Figures
	Abbreviations

	Body
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6

	Back Matter
	References
	Appendix



