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ABSTRACT 

The near-surface sediment stratigraphy of Saskatchewan 

hypersaline lakes comprises four main units: the underlying 

mud unit, the permanent crystal layer, the crystal-mud layer 

and the intermittent crystal layer. Mirabilite, thenardite 

and bloedite are the dominant evaporite minerals in all 

crystal layers. The concentrated brine and the intermittent 

crystal layer are two phases of a complex, dynamic, multi

component chemical and mineralogical system, the equilibrium 

of which is a function of temperature and moisture. An an

nual cycle of change from undersaturated to supersaturated 

lake brine conditions is caused by dilute water influx in 

the spring and evaporative concentration during the summer: 

freeze-out processes dominate in the winter. Due to the ex

tremely positive temperature-solubility coefficient of mira

bilite and the dehydration of mirabilite to thenardite at 

high brine temperatures, a summer diurnal cycle of change 

from crystal at night to brine during the day may ensue in 

sodium sulfate supersaturated lake brines. Diverse mirabil

ite morphologies are caused by such factors as the degree of 

supersaturation, agitation/mixing of the brine, availability 

of nuclei and the amount of time involved in crystal growth. 

The effects of pH conditions are negligible. Bladed mira-
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bilite crystal habits are favoured over tabular habits with 

increasing magnesium-content of the brine. 

The insoluble (non-evaporite) sediments in the crystal

mud layer show little lateral or vertical variation. There 

is generally between 9 and 20 wt% organic matter. The sedi

ments are silt- and clay-rich with less than 25 wt% sand. 

Allochthonous sand-sized material includes quartz, feldspars 

and lithic fragments. Gypsum is often a 

component and may be formed authigenically. 

major sand-sized 

The silt-sized 

fraction is dominated by quartz, feldspars, dolomite, hun

tite and Mg-calcite. Gypsum, carbonate-apatite and siderite 

may be present in small amounts. Gypsum, dolomite, huntite, 

Mg-calcite, carbonate-apatite and siderite may be authigenic 

in origin. 

The clay-sized fraction is a complex mixture of clay min

erals, non-clay mineral silicates, carbonates/phosphates, 

hydroxides/oxides and amorphous material. Non-clay mineral 

components include dolomite, huntite, Mg-calcite, quartz, 

feldspar and carbonate-apatite. Scarbroite occurs in the 

dry near-shore sediments of Muskiki Lake. In addition, di

aspore, jarosite, goethite, norstrandite and dawsonite occur 

in the <0.25 ~m fraction of Muskiki Lake sediments. Zeol

ites may also be present in small amounts. Major clay min

erals include illite, random mixed-layer illite-smectite, 

smectite, kaolinite and chlorite. Occasionally sepiolite, 

halloysite and rectorite are found in minute amounts. Allo-
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chthonous clay minerals undergo diagenesis through interac

tion with hypersaline brine. Depending on the mineralogy 

and crystallinity of the clay and the chemistry of the 

brine, clay minerals undergo transformations including ca

tion exchange, cation fixation and layer reordering. These 

reactions can occur within the first few weeks of clay min

eral-hypersaline brine interaction. The result is an in

crease in mixed-layers and amorphous material. Clay miner

als are instrumental in pH-determining reactions in 

hypersaline brines. 
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1.1 OBJECTIVES 

Chapter I 

INTRODUCTION 

Hundreds of saline and hypersaline lakes occur in the 

northern Great Plains region of western Canada and the 

northern United States (Figure 1.1). The biological and hy

drochemical characteristics of some of these lakes are 

well-documented (Rawson and Moore, 1944: Ham-

mer, 1978a, 1978b: Hammer and Haynes, 1978: Ham-

mer, et al., 1978; Haynes and Hammer, 1978: Lawrence, 1978: 

Lawrence, et al., 1978: Lieffers, 1981: Tones and Ham

mer, 1975). The economic aspects of a select few of the 

lakes have also been considered in some detail, particularly 

with respect to the location, size, shape, mining history 

and origin of the numerous sodium and/or magnesium sulfate 

deposits (Cole, 1926; Tomkins, 1953, 1954: Gross

man, 1949, 1968: Rueffe1, 1968). However, many geological 

questions remain unanswered. 

The purpose of this thesis is to address the mineralo

gical aspects of hypersaline lakes in southern Saskatchewan 

and relate them to the chemical and sedimentological data. 

Specifically, the objectives are to: 

- 1 -
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1. Characterize, in detail, the mineralogy of the sedi

ments from several Saskatchewan hypersaline lakes 

(Chapter II)~ 

2. investigate the processes influencing the mineralogy 

and morphology of the soluble salt precipitates found 

in these lakes (Chapter III); and 

3. study clay mineral/hypersaline brine interaction 

(Chapter IV). 

ALBERTA 

"4 
' 

Figure 1.1: Saline and hypersaline lakes of the northern 
Great Plains (from Last and Schweyen, 1983). 
The hachure lines indicate areas of interior 
drainage and the saline lakes are shown in 
black. 
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1.3 SALINE LAKES: PREVIOUS GEOLOGICAL STUDIES 

In recent years, major advances have been made in our 

understanding of saline lakes. These advances are largely 

due to the research of Dr. H.P. Eugster and his colleagues 

(Hardie and Eugster, 1970: Eugster and Hardie, 1978: Har

die, et al., 1978: Eugster and Jones, 1979: Eugster, 1980). 

Their work contains essential information concerning the 

formation and sustenance of saline lakes, the sedimentology, 

mineralogy, brine evolution and geochemistry. To date, their 

research has been directed to those saline lakes that occur 

within two geographic settings: 

1. rift valleys (i.e. the East African rift system), 

2. block-faulted terrains (i.e. the Basin and Range 

Province of the western United States). 

Other pertinent work includes that of Eardley (1938), Lang

bein (1961) and Handford (1982). In addition, the Austra

lian lakes Eyre (Bonython, 1955) and Tyrell (Tell

er, et al., 1982) have been studied in some detail. By 

comparison, the saline lakes of the northern Great Plains 

are unsatisfactorily characterized and poorly understood 



from a geological perspective. 

in view of the fact that some 

sources of industrial minerals. 

1.4 REGIONAL SETTING 

1.4.1 Physiography 

5 

This is somewhat surprising 

of the lakes are important 

The prairie grasslands of southern Saskatchewan (south 

of latitude 54° N) are characterized by gently rolling to 

hummocky ground moraine topography. Local relief is up to 

70 metres except where ancient glacio-fluvial systems have 

cut deeper, often terraced, valleys. Despite being drained 

by several large river systems (the North and South Saskat

chewan system and the Qu'Appelle-Assiniboine system), ap

proximately 45% (over 100,000 km 2
) of the region is charac

terized by interior drainage (Figure 1.2). It is primarily 

within these large areas of interior drainage that the sa

line and hypersaline lakes occur. Many of the lakes are in 

closed basins associated with knob and kettle topography, 

and in the remnants of ancient glacio-fluvial systems. 



~0 
km 

Montana N.D. 

c 
0 
~ 

Figure 1.2: Areas of interior drainage in southern 
Saskatchewan. 

1.4.2 Climate 
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Southern Saskatchewan has a cold continental climate. 

Average temperatures are -l5°C in January and 18°C in July 

with between 80 and 125 frost free days per year (Frem-

lin, 1974). There are approx i mately 100 precipitation days 

per year with June being the wettest month (Frernlin, 1974) . 

The most important climatic factor influencing the formation 

and maintenance of saline conditions within closed basin 

lakes is the evaporation/precipitation ratio (Eugster and 

Hardie, 1978). The average annual precipitation in southern 
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Saskatchewan is approximately 30 centimetres, whereas more 

than 125 centimetres of water can be evaporated annually 

from open bodies of water (Fremlin, 1974). Average annual 

moisture deficits are in the range of 30 centimetres (Figure 

1.3). 

Figure 1.3: 
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Moisture deficit map of southern Saskatchewan 
(after Fremlin, 1974). 
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1.4 . 3 General Geology 

The southern Saskatchewan region is underlain by a gen

tly southward-dipping package of Phanerozoic sedimentary 

rocks (Figure 1.4) up to 4000 metres thick (DMR, 1969). The 

Phanerozoic rocks overlie the Precambrian shield. The lower 

Paleozoic section consists mainly of a series of carbonate

evaporite cycles, with occasional shale interbeds (Fuz

esy, 1960). Overlying the Paleozoic rocks is a Mesozoic

Cenozoic sequence of sandstones and shales. Some groundwater 

dissolution of the highly soluble Paleozoic evaporites has 

complicated the otherwise simple structural relationships of 

the nearly flat-lying formations by creating collapse struc

tures over much of the area (Christiansen,1967,1971a). 

Up to 250 metres of unconsolidated Quaternary sediments 

mantle the bedrock of the region (Prest, 1970). These depos

its consist of till, fluvial sands and gravels, and lacust

rine silts and clays (Prest, 1970; pp. 690-695). To a major 

degree, the hydrodynamic properties of these Quaternary sed

iments influence the location and development of Saskatche

wan's saline lakes; specifically the porosity and permeabil

ity control the direction of flow and quantity of 

groundwater discharge into the lakes (Last and Schwey

en, 1983). 
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Figure 1.4: Generalized bedrock stratigraphy of southern 
Saskatchewan (after DMR, 1969). 

1 . 4.4 Land Use 
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Southern Saskatchewan is extensively ·farmed, with cat 

tle ranching in the west and grain farming in the east . 

Mining activities include potash production from the lower 

Paleozoic section, and sodium sulfate production from sever-

al existing saline lakes. Producing oil and gas operations 

are common, particularly in the southwest. 



1.5 SALINE LAKES OF SASKATCHEWAN 

1 . 5.1 Definitions and Terminology 
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Last and Schweyen (1983) have categorized Saskatche

wan's saline lakes on the basis of three geolimnological pa

rameters: 

1. basin morphology 

2. water chemistry 

3. sediment type. 

This thesis deals only with those lakes that are small (less 

than 100 km 2 areal extent), shallow (less than 3 metres mean 

depth), hypersaline (greater than 75 ppt average total dis

solved solutes) and ephemeral (dry up periodically). The 

term 'hypersaline lake' will be used to indicate lakes where 

these conditions prevail. 

As shown in Figure 1.5, the lake brines are sodium-mag

nesium-sulfate-rich. This is contrary to expectation, as 

the most soluble rocks (Paleozoic evaporites) supply the 

deep groundwaters with predominantly chloride anions (Figure 

1.6). The sulfate anions may be supplied by the oxidation of 

pyrite in the Mesozoic shales and/or dissolution of gypsum 

and anhydrite (Grossman, 1968). 

1.5.2 General Near-Surface Stratigraphy 

The typical Saskatchewan hypersaline lake is dominated 

by evaporite minerals, and is surrounded by mudflats and 

sandflats that contain efflorescent crusts, authigenic crys-
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tals and salt beds. Contrary to Eugster's (1980) sta tement 

that "alluvial fans are important for all closed basins", no 

classical alluvial-fan sedimentation is associated with 

these basins. Clastic material is t r ansported into and 

within the lakes via surface runoff, shoreline erosion and 

wind. 

Cl No·K Co 
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Figure 1.5: Ionic percentages in brines from Saskatchewan 
saline lakes (after Hammer, 1978a: 
Rueffel, 1968: Tomkins, 1954: and Cole, 1926). 

Figure 1.7 shows a near-surface stratigraphic profile 

through a typical Saskatchewan hypersaline lake. There is an 

underlying layer of black, highly reducing mud. Some eva -

porite minerals may be growing authigenically, and these 

tend to contain abundant mud inclusions. The term 'authi-

genic' refers to minerals that result from processes occur-

ring within the sediments once deposited (Jones and Bow-
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Figure 1.6: Composition of waters from the Old Wives 
drainage basin in southern Saskatchewan 
(after Freeze, 1969). 
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ser, 1978) and in this case, the crystals grew by displacing 

the sediments in which they are found. Above the black mud 

is a dense layer of nearly pure crystalline sulfate with mi

nor mud partings. This layer is referred to as the permanent 

crystal layer. It is permanent in the sense that it is not 

usually re-dissolved every spring. The permanent crystal 

layer is variable in thickness, and may be discontinuous or 

absent within any given lake. Holes in the layer may be 
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groundwater (spring) outlets. Where the layer exists, the 

thickness usually ranges from 1 to 3 metres; however, it may 

reach thicknesses of tens of metres (Cole, 1926). 

1-10mm 
2-10cm 

2-aocm 

1-3(+)m 

l . --· ·----
Figure 1.7: Generalized hypersaline lake near-surface 

stratigraphy (from Last, in press). 

Overlying the permanent crystal layer may be a 2 to 80 

centimetre crystal-mud layer. In lakes where there is much 

clastic influx, mud predominates; if there is little clastic 

sedimentation, evaporite minerals predominate. This mud 

protects the underlying permanent crystal bed from annual 

dissolution. Brine overlies the crystal-mud layer, and may 

be capped intermittently by a floating crystal layer. 
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1.5.3 The Intermitte nt Crystal Layer 

The concentrated brine and the intermittent crystal 

layer are two phases of a complex, dynamic, multicomponent 

chemical and mineralogical system. Equilibrium bet ween the 

brine and the intermittent crystal layer is controlled prin

cipally by temperature and moisture. The most important 

minerals in these sodium-magnesium-sulfate lakes are: 

1. 

2. 

3. 

mirabilite 

thenardite 

bloedite 

Na 2so 4 

Na2Mg(S04)2 * 4H20 

(Appendix A is a glossary of all minerals discussed in th i s 

thesis). These minerals are very soluble, hence equilibrium 

reactions may proceed rapidly. 

There are two types of floating intermittent crystal 

layers, both composed predominantly of mirabilite. Crystal 

layer type 1, the more prevalent of the two , is composed of 

thin (1 mm) bladed or platey crystals approximately 2 centi

metres long (Figure 1.8). These crystals form at the brine

air interface, supported by brine surface te ~on. They may 

coalesce to form a brine cover up to several centimetres 

thick. Crystallization is initiated by cooling and/or fur

ther evaporation of the slightly supersaturated brine. 

The second type of crystal layer is composed of euhe

dral prismatic crystals up to 45 centimetres long (Figure 

1.9). These crystals generally have fluid inclusions and in 

many instances are hollow. Cruciform twins are common. 
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Figure 1.8: Bladed mirabilite crystals. 

Growth occurs just below the surface of the brine, and the 

prisms lie with their long axes horizontal. Somewhere along 

the length of the crystal, it may be anchored and therefore 

may not be completely free-floating. The resulting crystal 

layer is a dendritic mesh of interfingering prisms. This 

type of crystal layer has been observed in isolated pockets 

sheltered from the wind, and in areas adjacent to the mouths 

of highly saline springs. When not subjected to agitation, 

the brine in these areas can retain a high degree of super

saturation. Under these conditions, crystal growth may occur 

more rapidly than spontaneous nucleation. The result is the 

growth of a few large crystals rather than a large number of 

small crystals. 
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Figure 1.9: Prismatic mirabilite crystals. 

On the underside of both types of crystal layers are 

equant 'dog tooth' crystals that grow down 

perpendicular to the host crystals (Figure 

into the brine, 

1.10). These 

crystals grow in response to small, slowly occurring changes 

in supersaturation levels of the brine. Crystals that break 

through the brine surface tension fall to the lake bottom 

where, if growth continues, they may assume classic hopper 

morphologies (Figure 1.11). 

There are two factors which may lead to the intermit

tent crystal layer retaining some degree of buoyancy. First

ly, the hypersaline brine may have a density of up to 1.3 

g/cm 3 (Tomkins, 1954). Secondly, the mirabilite crystal 

structure has a density of 1.49 g/cm 3
; however, ubiquitous 
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Figure 1.10: Dog-tooth mirabilite crystals. 

Figure 1.11: Hopper mirabilite crystals. 

' j 
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fluid inclusions and air pockets significantly decrease the 

real density of most mirabilite crystals. Therefore, mira-

bilite crystals and hypersaline brine can have similiar den-

sities. 

1.6 THE SODIUM SULFATE SYSTEM 

Mirabilite is unstable when removed from it's aqueous 

solution of formation. Depending on the relative humidity 

of the air, mirabilite will dehydrate to thenardite. At 

32°C, in a pure sodium sulfate saturated brine, mirabilite 

decomposes to saturated solution and thenardite (Figure 

1.12). 
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Figure 1.12: Solubility of sodium sulfate in water (after 
Cole, 1926). 
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The presence of a common-ion compound in solution ef

fectively lowers the mirabilite/thenardite transition temp-

erature (D'ans, 1933}. For example, in brines saturated 

with respect to both sodium sulfate and sodium chloride, the 

transition occurs at about l8°C (Figure 1.13}. The brine is 

subject to evolution during evaporative concentration. As a 

result, conservative constituents such as chloride anions 

may be initially present in minute amounts but will increase 

in relative quantity during evaporative concentration. 

Therefore, the phase of sodium sulfate precipitated at any 

instant within a hypersaline lake depends not only on the 

temperature, but also on the bulk chemistry of the brine. 

30 
0 

thenardite N 
::r: & 
c. solution 
0 

20 0 ... 
~ 
u • · mirabilite z & 
m 10 solution 

20 30 
temp •c 

Figure 1.13: Effect of sodium chloride on sodium sulfate 
mineralogy (after D'Ans, 1933}. 
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The formation of a floating crystal layer greatly 

influences further brine evolution and mineral crystalliza

tion. Not only does the floating crystal layer protect the 

brine from evaporation, but it partly insulates the brine 

from the air temperature changes. As the brine becomes more 

concentrated, further evaporative concentration proceeds at 

a progressively slower rate due to the decrease in vapor 

pressure of the brine. 

The presence of a mirabilite precipitate in a hypersa

line lake profoundly affects the volume of brine within that 

lake. In the mirabilite structure, the sodium cations are 

octahedrally coordinated by water molecules (Figure 1.14). 

In other words, there is a water shell surrounding each so

dium cation, the water amounting to 55.9 wt% of the mirabil

ite structure. Due to this intimate association, decomposing 

mirabilite gives thenardite and a saturated solution. 

Therefore, dehydration of mirabilite to thenardite adds sig

nificant amounts of water to the lake. Conversely, the crys

tallization of mirabilite (55.9 wt% H20) from a concentrated 

lake brine (approximately 66.5 wt% H2o at 30°C) can tie up 

enough water to make the lake appear dry. 
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Figure 1.14: Crystal structure of mirabilite (from 
Ruben, et al., 1960). The sulfate ions are in black: the 

edges of the coordination octahedra about sodium are 
indicated by lines (each sodium is coordinated by 6 water 

molecules): hydrogen atoms are not shown. 

1.7 THE ANNUAL AND DIURNAL CYCLES 
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The Saskatchewan hypersaline lakes show both an annual 

cycle (Figure 1.15) and a summer diurnal cycle (Figure 1.16) 

of change (Cole, 1926). Beginning in the spring, the lake 

fills with water from diffuse overland runoff, direct pre

cipitation, small streams and groundwater influx. This di

lute brine can re-dissolve previously precipitated soluble 

sarts, the amount of which is controlled by the nature of 

the inflowing water (temperature, suspended load, salinity, 

composition) and the kinetics of dissolution of the existing 

precipitated phases. A partial or total re-solution of the 
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previous year's precipitate, and even older salt beds, can 

occur. Clastic material transported into the basin during 

the wet season is distributed and sorted within the lake. 

Normal shoreline processes rework the coarser fraction into 

beaches and bars,and the fines are transported basin-ward to 

be deposited as thin mud laminae on the lake floor. 

Evaporation continues into the summer, 

level of the brine and subaerially exposing 

lowering the 

the margins of 

the basin. These newly-exposed mudflats may become encrusted 

with salts that are precipitated from brine films brought to 

the surface by capillary action and evaporative pumping. 

Distinctly bulbous in appearance, these efflorescent crusts 

can be up to 12 centimetres thick, but are easily eroded by 

ablation or dissolved by runoff from a summer shower. 

As supersaturation levels for particular minerals are 

reached, they precipitate. At this point, a period of re

peated diurnal change from brine to crystal may ensue, de

pending on the rate of evaporation versus groundwater and 

surface water recharge. Complete evaporation of the brine 

can deposit a salt bed variable in thickness but averaging 

between 10 and 20 centimetres. These beds are often crudely 

laminated due to differences in crystal morphology and/or 

the presence of thin discontinuous mud layers. If brine re

mains in the basin into the winter, salts precipitate out as 

the lake freezes over. 
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The summer diurnal cycle, which bears some resemblance 

to the annual cycle, is a result of the sodium sulfate sys

tem's sensitivity to temperature and moisture. Commencement 

of the cycle hinges on evaporative concentration proceeding 

to the point of sodium sulfate supersaturation. Overnight 

the lake cools; the solubility of mirabilite is decreased 

and it precipitates. By morning, the intermittent crystal 

layer may completely cover the brine (Figure 1.17). As the 

lake warms throughout the day, the solubility of mirabilite 

increases and the mirabilite is taken back into solution, 

adding significant amounts of structural water to the lake. 

Cracks develop in the floating crystal layer. If the brine 

temperature approaches 30°C, then all of the mirabilite will 

convert to thenardite, adding more brine to the lake. The 

intermittent crystal layer continues to break up throughout 

the day, and this exposes more of the brine to the evaporat

ing effects of the sun and wind. 

Due to the effect of temperature on the solubility of 

mirabilite and the dehydration of mirabilite to thenardite, 

the summer diurnal cycle of sodium sulfate-rich lakes which 

have reached sodium sulfate supersaturation involves a 

night-time drying and a daytime flooding. 
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Figure 1.17: Intermittent crystal layer completely covering 
the brine. 



Chapter II 

DETAILED MINERALOGY OF EIGHT SASKATCHEWAN 
HYPERSALINE LAKES 

2.1 METHODOLOGY 

2.1.1 Field Methodology 

The near surface sediments of eight Saskatchewan hyper-

saline lakes were sampled during the summer of 1981. South 

Grandora, North Grandora and Muskiki lakes were sampled in 

detail. Dana Salt, Berry, Frederick, Chaplin and Vincent 

lakes were sampled on a reconnaissance basis. Figure 2.1 is 

a map showing the location of the lakes. 

Sample locations were in some degree influenced by ac-

cessability. Sampling was done by collecting approximately 

50 grams of sediment from the top 10 centimetres of the lake 

bottom and at measured intervals in trenches dug by hand. 

In addition, an auger was sometimes used to obtain samples 

from specified depths near the centre of the lake. The in-

termittent crystal layer was sampled as it floated on the 

brine surface, and the permanent crystal layer was uncovered 

and sampled with a shovel. All samples were immediately 

sealed in air-tight plastic bags. 

- 27 -
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Figure 2.1: Location map of sampled hypersaline lakes. 

2.1.2 Laboratory Methodology 
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Throughout this thesis the term 'insoluble sediment' 

will be used to refer to sediment that is not significantly 

dissolved by repeated washings in distilled water. This in

cludes clastic sediment and that which is formed and altered 

by diagenetic processes. The term 'soluble sediment' in-

eludes the intermittent and permanent crystal layers. 

The water content of the insoluble sediment samples was 

determined by calculating weight loss after heating for 3 

hours at 105°C. The results are reported as percent water 

in the wet sediment. These values tend to be somewhat lower 
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than expected due to post collection drying of the sedi

ments. The organic matter content was determined by calcu

lating weight loss after a further heating to 500°C for 1 

hour (Dean, 1974). The results are reported as percent or

ganic matter in the dry sediment. 

The insoluble sediment samples were washed in distilled 

water until salt-free. Generally, these samples contain 

some component of soluble sediments and this would interfere 

with grain size analysis if not removed. The wash water was 

saved and the precipitates were analyzed with X-ray fluores

cence and X-ray diffraction. The XRF analysis was done by 

analyzing filter paper on which 0.3 ml of the concentrated 

wash water had been dried. The results are 

percentage of the total cations detected. 

reported as a 

Mounts for XRD 

analysis were prepared by packing metal trays with ground-up 

precipitate from completely evaporated samples. Since an-

ions could not be detected with the XRF equipment, the XRD 

analysis was used to semiquantitatively determine the major 

anions present. Mineral percentages were calculated by corn

paring reflection intensities to those obtained from X-ray 

diffraction analysis of prepared standards. The percentages 

were then rounded off and are reported as in Table 2.1. 

This wash water includes the sediment pore water and will be 

referred to as the 'pore/wash water'. 

The washed insoluble sediments were treated with H2o2 

to remove the organic matter, and then dispersed in Calgon 
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solution. The sand-sized fraction was removed by wet siev-

ing. This fraction was dried, weighed and examined under a 

binocular microscope. Selected samples were studied with 

XRD and scanning electron microscopy. The silt-sized and 

clay-sized fractions were isolated by settling tube and pi

pette. These fractions were studied with XRD. 

Mineral percentages were calculated from diffractograms 

by comparing peak intensities with those from diffractograms 

of prepared standards. The percentages were then rounded 

off and are expressed as symbols (Table 2 .1) • The 

Mgco3-content of calcite was determined by the method de-

scribed by Goldsmith and Graf (1958). 

TABLE 2.1 

Mineral Quantity Symbols 

Symbol 

0 
+ 
++ 

+++ 

% Mineral 

< 5 
5 - 15 

15 - 30 
30 - 50 

> 50 

Each clay-sized fraction was characterized by five dif

ferent X-ray diffraction scans: 

1. oriented mount, with no further treatment, 

2. oriented mount, glycolated, 

3. oriented mount, heated to 350°C for 3 hours, 

4. oriented mount, heated to 550°C for 3 hours, and 



31 

5. random mount. 

Oriented mounts were prepared by allowing aqueous clay solu

tion to settle and dry on glass slides. Random mounts were 

prepared by packing metal trays with dry clay. The soluble 

sediment samples were studied with XRD by packing metal 

trays with the ground-up salt. Detailed laboratory proce

dures appear in Appendix B. All sample collection, prepara

tion, analysis and interpretation was done by the author, 

with the exception of SEM and XRF equipment operation. 

2.2 

2.2.1 

SOUTH GRANDORA LAKE 

Introduction and Field Observations 

South Grandora Lake is a small (< 1.0 km 2
) lake approx

imately 20 kilometres west of Saskatoon (Figure 2.1). The 

surrounding flat prairie, dotted with occasional poplar and 

willow, is extensively farmed. The drift in the area is be

tween 90 and 125 metres thick (Christiansen, 1970) with a 

sandy, stoneless loam soil cover (Ellis and Stone

house, 1970). South Grandora Lake occupies a shallow de

pression about 3 metres below the average local elevation. 

The channel connecting the east and west sub-basins is ap

proximately 1 metre above the level of the lake, and only 

during exceptionally wet years is there any brine discharge 

between basins. In recent years, a road has been extended 

through the lake, cutting off the extrem~ eastern tip . 
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South Grandora Lake was visited twice during the summer 

of 1981, once in mid-June and again in early August. In 

June, the lake basin contained a brine cover up to 0.5 me

tres deep. By this time, the lake was already very concen

trated, and well into the summer diurnal cycle of change 

from crystal at night to brine during the day. In August, 

the brine cover was up to 0.3 metres deep and the margins of 

the lake were dry. The dry salt/mud flats were subject to 

ablation, and the powdery salts were being blown out of the 

basin. 

Only the eastern sub-basin was sampled. A total of 25 

insoluble and 10 soluble sediment samples were collected 

(Figure 2.2). Insoluble sediment samples ME-l to ME-13 are 

·from the top 10 centimetres 

ples ME-14 to ME-16 are from 

of lake-bottom sediment. Sam-

measured intervals in a trench 

dug near the lake shore, and ME-17 to ME-25 were collected 

near the middle of the lake using an auger. Samples ME-26 

to ME-30 are from the intermittent crystal layer and ME-31 

to ME-35 are from the permanent crystal layer. 
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Figure 2.2: South Grandora Lake: sample location map . 

2.2.2 Soluble Sediments 

Both the intermittent and permanent crystal layers are 

mirabilite/thenardite (Table 2.2). Table 2 . 3 is Cole ' s 

(1926) analysis of the permanent crystal layer . The pe r ma-

nent crystal layer averages 2 to 3 metres thick (Cole, 1 926) 

and is covered by approximately 0 . 5 metres of insoluble sed

iment with abundant intrasedimentary soluble crystals . 



TABLE 2.2 

Soluble Sediment Mineralogy: South Grandora Lake 

sample m/t 

Intermittent crystal 
ME-26 +++ 
ME-27 +++ 
ME-28 +++ 
ME-29 +++ 
ME-30 +++ 

Permanent crystal 
ME-31 +++ 
ME-32 +++ 
ME-33 +++ 
ME-34 +++ 
ME-35 +++ 

m/t = mirabilite/thenardite 
+++ = > 50% 

TABLE 2.3 

Analyses of Permanent Crystal from South Grandora Lake 

in weight percent 
Species 0 to l.Sm 1.5 to 3.0m 3.0 to 4.5m 

Na+ 
Mg2• 
Ca 2 + 

504 2-

cl
Hco -3 

31.50 
0.31 
0.34 

66.72 
0.33 
0.78 

(data from Cole, 1926) 

31.44 
0.31 
0.39 

66.61 
0.36 
0.89 

31.91 
0.16 
0.20 

66.53 
0.41 
0.79 

34 
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2.2.3 Insoluble Sediments 

The insoluble sediments of South Grandora Lake are 

silt- and clay-rich, with usually less than 10% sand (Table 

2.4); the only exception is ME-6, which has 17% sand and 

comes from a site directly in line with the intersub-basin 

channel. During flood periods, water may flow between sub

basins and creat mini-deltas at the channel mouths, with 

sediments somewhat coarser than average. Generally, the 

sand-sized fraction is fine- to very fine-grained, well

rounded and well-sorted (Table 2.5). The sand grains are 

mainly quartz, occasional feldspars and lithic fragments, 

and rare biotite and hornblende. 

The silt-sized fraction is predominantly quartz, with 

dolomite, Mg-calcite (2 to 5 mole % MgC0 3) and albite (Table 

2.6). Occasionally albite is a major component. 

Clay minerals constitute between 50% and 75% of the 

clay-sized fraction. The typical clay-mineral assemblage 

consists of illite, smectite, random mixed-layer illite

smectite, kaolinite and chlorite (Table 2.7). Other clay 

minerals present in some samples include sepiolite, halley

site and rectorite. With the exception of dolomite, non

clay mineral components of the clay-sized fraction are pres

ent in small amounts (< 5%). These include Mg-calcite (5 to 

8 mole% MgC0 3), huntite, albite, quartz and carbonate-apa

tite. In contrast, dolomite frequently amounts to over 20%, 

and occasionally is the dominant constituent. There is ap

proximately 10% to 15% amorphous material in the clay. 
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TABLE 2.4 

Grain Size Analyses: South Grandora Lake 

Sample Clay Silt Sand 
------
ME-l 56 41 3 
ME-2 74 24 2 
ME-3 60 38 2 
ME-4 72 26 2 
ME-5 58 37 5 
ME-6 41 42 17 
ME-7 50 44 6 
ME-8 46 45 9 
ME-9 53 38 9 
ME-10 71 21 8 
ME-11 49 44 7 
ME-12 58 33 9 
ME-13 63 28 9 

ME-14 23 68 9 
ME-15 48 43 9 
ME-16 45 46 9 

ME-17 68 33 9 
ME-18 73 24 3 
ME-19 75 21 4 
ME-20 67 31 2 
ME-21 65 30 5 
ME-22 68 27 5 
ME-23 65 28 7 
ME-24 62 31 7 
ME-25 65 29 6 

The pore/wash water samples are rich in sodium, sulfate 

and chloride (Table 2.8). Small amounts of magnesium, potas-

sium, calcium and phosphorous are present. Burkeite precipi

tated from the pore/wash water of ME-15 which is from the 

lake margin. All other samples precipitated a mixture of 

thenardite and halite. 
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TABLE 2.5 

Desciption of the Sand-Sized Fraction: South Grandora Lake 

Sample 

ME-l 

ME-2 

ME-3 

ME-4 

ME-5 

ME-6 

ME-7 
ME-8 
ME-9 
ME-10 
ME-11 
ME-12 
ME-13 

ME-14 

ME-15 

ME-16 

ME-17 
to 

ME-25 

Description 

well-sorted, rounded to well-rounded, 
very fine-grained quartz sand with 
occasional feldspars and rare lithic 
fragments. 

Somewhat less well-sorted and less 
rounded than ME-l. Very fine-grained 
quartz sand. 

Similiar to ME-2. Has more lithic 
fragments and also rare biotite and 
hornblende. 

Similiar to ME-3. 

Very well-sorted, fine-grained like 
ME-l. 

Very fine-grained, sorted quartz sand 
with occasional feldspars and lithic 
fragments. 

Simi liar to ME-6 with increased 1 
Simi liar to ME-6 quartz 
Simi liar to ME-6 and 
Simi liar to ME-6 sorting 
Simi liar to ME-6 
Simi liar to ME-6 becoming 
Simi liar to ME-6 'salt and pepper' 

Well-sorted. The quartz is stained 
yellow (iron oxide coating), and there 
is a high percentage of feldspars and 
lithic fragments. 

Similiar to ME-14 but the oxide coating is 
not as apparent. 

Similiar to ME-15 but the oxide coating has 
all but disappeared. 

Similiar to ME-6 
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TABLE 2.6 

Mineralogy of the Silt-Sized Fraction: South Grandora Lake 

Sample Qtz Dolo MgCc Feld Clay 
------
ME-l + + ++ 
ME-2 + + ++ 
ME-3 + 0 ++ 
ME-4 ++ + + + 
ME-5 + + 0 + ++ 
ME-6 + + + 
ME-7 ++ + ++ + 
ME-8 + 0 0 ++ + 
ME-9 +++ 0 ++ + 
ME-10 + 0 ++ 
ME-11 + 0 ++ 
ME-12 + 0 ++ 
ME-13 ++ 0 + + 

ME-14 +++ + 0 
ME-15 + 0 ++ 
ME-16 ++ 0 ++ 

ME-17 
to ++ 0 + 

ME-25 

Qtz = quartz Dolo = dolomite 
MgCc = Mg-calcite Feld = feldspar 
Clay = clay minerals 

- = < 5% 0 = 5 to 15% 
+ = 15 to 30% ++ = 30 to 50% 

+++ = > 50% 

Organic matter amounts to between 10% and 15% of each 

sample (Table 2.9) with the exception of ME-14. In this 

sample organic matter is less than 2%. 

Overall there is little stratigraphic variation in the 

upper metre of lake bottom sediment. The only noticable 

variation is in ME-14, a sample collected on the dry lake 
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TABLE 2.7 

Mineralogy of the Clay-Sized Fraction: South Grandora Lake 

~ 

~ 
tCj 

·r-i 
Q) ·r-i ~ .., .., 

~ ·r-i a 
i CU · 

ro ~ 
~ 

Q) Q) ~ (/) ~ tl) 
Q) Q) .., .., ·r-i ~ ~ 

.., 

t I .., •r-i .., ·r-i ·r-i tl) Q) ~ ~ ~ ~ •r-i ~ ·r-i .s ,...... s -~ 
.., N 

i ~ 
~ 0 ·r-i ·r-i 

i ·r-i ·r-i 0 ,...... •r-i ,...... u .., 
~ ,...... ,...... 

~ 0 
~ 

,...... ,...... ,...... 

.2 ~ sample 
,...... ~ ~ ~ ,g B ~ ·r-i ..... u u 

------------------------------------------------------
ME-l 0 0 0 0 0 0 0 0 0 
ME-2 0 0 0 0 0 0 + 0 
ME-3 + 0 0 0 0 0 0 0 
ME-4 + 0 0 0 0 0 0 0 
ME-5 + 0 0 0 0 0 0 + 0 
ME-6 + 0 0 0 0 0 0 0 0 
ME-7 0 0 0 0 0 0 + 0 0 
ME-8 + 0 0 0 0 0 0 0 
ME-9 + 0 0 0 0 0 0 
ME-10 + 0 0 0 0 0 + 
ME-11 + 0 0 0 0 0 0 + 
ME-12 + 0 0 0 0 0 0 
ME-13 + 0 0 0 0 0 0 0 + 

ME-14 + + 0 + 0 
ME-15 0 0 0 0 0 + 
ME-16 + 0 0 0 0 + 

ME-17 0 0 0 0 0 + 0 
ME-18 0 0 0 0 0 0 0 0 
ME-19 0 0 0 0 0 0 0 
ME-20 0 0 0 0 0 + 0 
ME-21 0 0 0 0 0 + 0 
ME-22 0 0 0 0 0 0 0 0 
ME-23 0 0 0 0 0 0 0 
ME-24 0 0 0 0 0 0 0 
ME-25 0 0 0 0 0 0 0 

- = < 5% 
0 = 5 to 15% 
+ = 15 to 30% 
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TABLE 2.8 

Pore/Wash Water Analyses: South Grandora Lake 

Mineralogy Chemistry (%) 
Sample t h b Na Mg Ca K p 
------
ME-l +++ + 99.57 0.00 0.00 0.41 0.02 
ME-2 +++ ++ 
ME-3 ++ +++ 
ME-4 +++ ++ 99.48 0.00 0.00 0.51 0.02 
ME-5 +++ 0 
ME-6 +++ + 
ME-7 +++ ++ 99.44 0.00 0.00 0.53 0.03 
ME-8 +++ ++ 
ME-9 ++ +++ 
ME-10 ++ +++ 
ME-11 +++ + 99.46 0.04 0.02 0.46 0.02 
ME-12 +++ ++ 
ME-13 ++ +++ 

ME-14 no sample* 
ME-15 +++ ++ 0 98.91 0.02 0.09 0.98 0.00 
ME-16 +++ + 99.58 0.02 0.02 0.38 0.00 

ME-17 +++ ++ 99.47 0.03 0.01 0.48 0.01 
ME-18 +++ ++ 
ME-19 +++ ++ 
ME-20 +++ ++ 
ME-21 +++ ++ 
ME-22 +++ ++ 99.38 0.04 0.02 0.55 0.01 
ME-23 +++ ++ 
ME-24 +++ ++ 
ME-25 +++ ++ 

0 = 5 to 15% t = thenardite 
+ = 15 to 30% h = halite 

++ = 30 to 50% b = burkeite 
+++ = > 50% 

* no precipitate was obtained upon evaporation 
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TABLE 2.9 

Moisture and Organic Matter Contents and Sediment Colour: 
South Grandora Lake 

Sample H2·o Organic Matter Sediment Colour 
-------- ----- -------------- ---------------

ME-l 27.0 wt% 15.3 wt% dark grey 
ME-2 16.3 20.9 " 
ME-3 36.4 16.6 black 
ME-4 28.4 19.1 " 
ME-5 20.4 15.9 " 
ME-6 . 19.5 16.9 med. grey 
ME-7 19.0 15.9 " 
ME-8 35.7 15.5 " 
ME-9 19.3 15.3 " 
ME-10 22.9 16.5 " 
ME-11 22.6 15.8 " 
ME-12 21.3 15.5 " 
ME-13 15.6 11.9 " 

ME-14 9.2 1.9 " 
ME-15 13.1 12.1 " 
ME-16 20.9 11.9 " 

ME-17 31.7 10.7 " 
ME-18 40.3 12.2 " 
ME-19 36.0 13.6 " 
ME-20 37.6 13.3 " 
ME-21 35.4 14.0 dark grey 
ME-22 34.5 12.1 " 
ME-23 34.5 14.9 " 
ME-24 34.7 15.5 " 
ME-25 33.8 12.9 " 

shore. This sample shows a paucity of organic matter and 

clay-sized material, together with less dolomite and fewer 

mixed-layers of illite-smectite. 
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2.3 NORTH GRANDORA LAKE 

2.3.1 Introduction and Field Observations 

North Grandora is a small (< 1.0 km 2
) oval lake, 30 ki

lometres west of Saskatoon (Figure 2.1). The topographic 

setting is similiar to that of South Grandora Lake, 8 kilo

metres to the southeast. North Grandora Lake occupies a 

shallow depression in the flat prairie. There are 30 to 100 

metres of drift overlying the bedrock in the area (Chris

tiansen, 1970), and the soil cover is predominantly sandy 

loam with less than 15% clay (Ellis and Stonehouse, 1970). 

North Grandora Lake was visited in early August, 1981. 

At that time, the lake was well into the summer diurnal cy

cle. The middle of the basin was covered with approximately 

0.5 metres of brine. Extensive sand/mud flats had developed 

on the lake shore: depending on the wind direction, these 

areas would periodically flood. Crystal molds were common 

features on the damp sand/mud flats. 

A total of 9 insoluble and 5 soluble sediment samples 

were collected (Figure 2.3). Insoluble sediment samples 

ME-100 to ME-104 are from the top 10 centimetres of lake

bottom sediment: ME-105 to ME-108 are from measured inter

vals in a trench near the lake shore. Soluble sediment sam

ples ME-109 to ME-112 are from the intermittent crystal 

layer and ME-113 is from the permanent crystal layer. 
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Figure 2.3: North Grandora Lake: sample location map. 

2.3.2 Soluble Sediments 
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The intermittent crystal layer of North Grandora Lake 

is composed of mirabilite/thenardite with traces of bloe

dite, and the permanent crystal layer is exclusively mira-

bilite/thenardite (Table 2.10). The permanent crystal layer 

is generally greater than 1 metre thick (Cole, 1926), and is 

covered by approximately 0.8 metres of insoluble sediment. 



2.3.3 

TABLE 2.10 

Soluble Sediment Mineralogy: North Grandora Lake 

sample m/t b 
------

Intermittent crystal 
ME-109 +++ 0 
ME-110 +++ 0 
ME-111 +++ 0 
ME-112 +++ 0 

Permanent crystal 
ME-113 +++ 

m/t = mirabilite/thenardite 
b = bloedite 
0 = 5 to 15% 

+++ = > 50% 

Insoluble Sediments 
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The insoluble sediments of North Grandora Lake are 

poorly sorted, with major components of sand, silt and clay 

(Table 2.11). The sand component, never less than 20%, is 

very fine- to fine-grained, well-sorted and well-rounded 

(Table 2.12). Quartz is predominant, with occasional felds

par, lithic fragments, biotite and gypsum crystals. The 

silt-sized fraction (Table 2.13) is predominantly quartz and 

albite, with some dolomite, huntite and Mg-calcite (about 5 

mole % MgC0 3). 

The typical clay assemblage includes random mixed-layer 

illite-smectite, illite and chlorite (Table 2.14). Smectite, 

kaolinite and rectorite are present in small amounts. Non 

clay-mineral constituents of the clay-sized fraction are 
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TABLE 2.11 

Grain Size Analyses: North Grandora Lake 

Sample Clay Silt Sand 
------
ME-100 41 29 30 
ME-101 36 42 22 
ME-102 30 38 32 
ME-103 37 41 22 
ME-104 53 26 21 

ME-105 32 48 20 
ME-106 37 37 26 
ME-107 35 44 21 
ME-108 41 38 21 

TABLE 2.12 

Description of the Sand-Sized Fraction: North Grandora Lake 

Sample 

ME-100 

ME-101 
to 

ME-102 

ME-103 

ME-104 
to 

ME-107 

ME-108 

Description 

Very fine- to fine-grained quartz 
sand, with some feldspars and 
lithic fragments. 

Similiar to ME-100 

Similiar to ME-100, but there are 
rare gypsum twinned 'spearhead' 
crystals. 

Similiar to ME-103 

Similiar to ME-103, but there are 
rare flakes of biotite. 
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TABLE 2.13 

Mineralogy of the Silt-Sized Fraction: North Grandora Lake 

Sample Qtz Feld Dolo Hunt MgCc Clay 
------
ME-100 ++ + 0 0 0 ++ 
ME-101 ++ 0 0 0 0 ++ 
ME-102 +++ + 0 0 0 0 
ME-103 ++ + 0 0 0 ++ 
ME-104 ++ ++ 0 0 + 

ME-105 ++ + 0 0 0 + 
ME-106 ++ ++ 0 0 0 0 
ME-107 ++ + 0 0 0 + 
ME-108 ++ + 0 0 0 ++ 

Qtz = quartz Hunt = huntite 0 = 5 to 15% 
Feld = feldspar MgCc = Mg-calcite + = 15 to 30% 
Dolo = dolomite Clay = clay minerals ++ = 30 to 50% 

+++ = > 50% 

subordinate and include dolomite, Mg-calcite (2 to 4 mole % 

MgC0 3), huntite, quartz and albite. There is approximately 

10% amorphous material in the clay. 

The pore / wash waters are rich in sodium, sulfate and 

chloride (Table 2.15). Samples ME-103 to ME-105 have appre-

ciable magnesium; however, all other samples average less 

than 9% (total cations) magnesium. Both potassium and cal

cium are minor constituents (< 1%). Phosphorous was not de-

tected. The pore/wash waters precipitate halite and thenar

dite, with lesser amounts of hexahydrite, loeweite and rare 

gypsum. 
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TABLE 2.14 

Mineralogy of the Clay-Sized Fraction: North Grandora Lake 
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""" 
CL> 
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I 
""" 

·r-4 
""" :s •r-4 

~ 
CL> ~ j CL> ~ •o-1 ~ ·r-4 P""'4 

-~ """ N 

""" i 0 ~ 0 ·r-4 •.-4 

i ·r-4 ·r-4 

~ 
0 P""'4 ·r-4 P""'4 t> 

""" ~ P""'4 P""'4 
~ ~ ~ 

...-4 ...-4 ...-4 

.2 ~ sample P""'4 P""'4 
~ r8 B ~ ·r-4 ·r-4 t> 

------------------------------------------------------
ME-100 0 + 0 + 0 
ME-101 + + 0 0 + 
ME-102 0 0 0 + 0 0 
ME-103 0 + 0 0 0 0 
ME-104 + + 0 0 0 0 0 

ME-105 + + + + 0 0 0 
ME-106 + + 0 0 0 0 
ME-107 + + 0 0 0 0 0 
ME-108 + 0 0 0 0 0 0 

- = < 5% 
0 = 5 to 15% 
+ = 15 to 30% 

Organic matter in the lake·sediment is very low, aver-

aging 4.0% and never exceeding 6.6% (Table 2.16). Overall 

there is little lateral or vertical variation in the 0.8 me-

tres of insoluble sediment that overlies the permanent crys-

tal layer. 
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TABLE 2.15 

Pore/Wash Water Analyses: North Grandora Lake 

Mineralogy Chemistry (%) 
Sample t h hx 1 g k Na Mg Ca K 
------
ME-100 + ++ + 0 90.77 8.24 0.07 0.92 
ME-101 + ++ 0 0 94.99 4.35 0.09 0.57 
ME-102 + ++ 0 0 0 94.08 4.22 0.22 1.48 
ME-103 + ++ + 0 86.45 11.96 0.30 1.25 
ME-104 ++ ++ 0 0 80.24 18.57 0.21 0.98 

ME-105 ++ ++ 0 0 78.16 20.60 0.10 1.15 
ME-106 ++ ++ 0 96.78 2.47 0.09 0.64 
ME-107 +++ ++ 0 97.18 2.36 0.05 0.41 
ME-108 +++ ++ 0 97.37 1.70 0.23 0.71 

t = thenardite h = halite 
hx= hexahydrite 1 = loeweite 
g = gypsum k = kieserite 

0 = 5 to 15% p was not detected 
+ = 15 to 30% 

++ = 30 to 50% 
+++ = > 50% 

TABLE 2.16 

Moisture and Organic Matter Contents and Sediment Colour: 
North Grandora Lake 

Sample H20 Organic Matter Sediment Colour 
------ ----- -------------- ---------------
ME-100 15.9 wt% 5.1 wt% dark grey 
ME-101 14.0 3.4 " 
ME-102 16.5 2.5 " 
ME-103 15.8 6.6 " 
ME-104 6.1 3.5 olive 

ME-105 11.4 5.3 dark grey 
ME-106 10.3 2.2 " 
ME-107 10.3 2.5 " 
ME-108 8.3 5.0 " 
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2.4 MUSKIKI LAKE 

2.4.1 Introduction and Field Observations 

Muskiki Lake is relatively large (11.3 km 2
) and is ap

proximately 85 kilometres east-northeast of Saskatoon (Fig

ure 2.1). The lake basin occupies a depression in the sur

rounding undulating prairie. Maximum relief in the area is 

about 60 metres, and the drift cover is approximately 100 

metres thick (Meneley, 1967). The surrounding land is ex

tensively farmed. 

Muskiki Lake 

(Tomkins, 1953). 

brine is magnesium-sodium-sulfate-rich 

Tomkins (1953; p.16) states that except 

for Muskiki lake, none of the other Saskatchewan sodium sul

fate lakes "contain sufficient magnesium in solution to sup

ply a commercial operation for very long." Muskiki Lake was 

the site of the first attempt in Saskatchewan to commercial

ly produce sodium sulfate, and the only operation to date to 

produce magnesium salts. The lake is not currently being 

mined. 

Muskiki lake is divided into three sub-basins. Only 

the southern sub-basin was sampled. The lake was visited 

twice during the summer of 1981, once in mid-June and again 

in early August. There was very little surface brine on the 

lake, but the sediments were brine-saturated. 

A total of 12 insoluble and 6 soluble sediment samples 

were collected (Figure 2.4). Insoluble sediment samples 

ME-200 to ME-206 are from the top 10 centimetres of the lake 
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bottom and ME-207 to ME-211 are from measured intervals in a 

trench dug near the lake edge. Samples ME-212 to 214 are 

from the intermittent crystal layer and ME-215 to ME-217 are 

from the permanent crystal layer. 
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Figure 2.4: Muskiki Lake: sample location map. 
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2.4.2 Soluble Sediments 

The intermittent crystal layer of Muskiki Lake is com-

posed of mirabilite/thenardite, bloedite, hexahydrite and 

halite (Table 2.17). The permanent crystal layer is predom

inantly mirabilite/thenardite with bloedite (Table 2.17). 

This layer · averages about 1 metre thick (Cole, 1926) but is 

highly irregular and is often absent. Approximately 0.5 me

tres of insoluble sediment cover the permanent crystal layer 

(where it exists). 

TABLE 2.17 

Soluble Sediment Mineralogy: Muskiki Lake 

sample m/t b hex h 
------

Intermittent crystal 
ME-212 ++ ++ 0 0 
ME-213 ++ ++ 0 0 
ME-214 ++ ++ + 0 

Permanent crystal 
ME-215 +++ 0 
ME-216 +++ 0 
ME-217 +++ 

m/t = mirabilite/thenardite 0 = 5 to 15% 
b = bloedite + = 15 to 30% 
hx = hexahydrite ++ = 30 to 50% 
h = halite +++ = > 50% 
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2.4.3 Inso l uble Sediments 

The insoluble sediments of Muskiki Lake are clay-rich, 

with less than 5% sand (Table 2.18). The coarse fraction 

(Table 2.19) is poorly sorted, very fine-grained sand- to 

granule-sized material. The grains include lithic frag-

ments, quartz, feldspar and gypsum. Gypsum predominates in 

several samples, including ME-200 in which the coarse frac-

tion (1% of the total sediment) is 99% well-sorted, fine-

grained gypsum spearhead crystals. 

TABLE 2.18 

Grain Size Analyses: Muskiki Lake 

Sample Clay Silt Sand 
------
ME-200 77% 22% 1% 
ME-201 89 8 3 
ME-202 93 3 4 
ME-203 83 16 1 
ME-204 90 9 1 
ME-205 61 38 1 
ME-206 67 32 1 

ME-207 70 27 3 
ME-208 62 36 2 
ME-209 52 45 3 
ME-210 57 40 3 
ME-211 73 25 2 

The silt-sized material is a mixture of quartz, dolom

ite and gypsum (Table 2.20). Minor constituents include Mg

calcite (about 5 mole% MgC0 3), huntite and carbonate-apa

tite. 
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TABLE 2.19 

Description of the Sand-Sized Fraction: Muskiki Lake 

Sample 

ME-200 

ME-201 

ME-202 

ME-203 

ME-204 

ME-205 

ME-206 

ME-207 

ME-208 

ME-209 
to 

ME-211 

Description 

99% gypsum, fine-grained spearhead crystals. 
XRD indicates that albite and quartz are 
present as inclusions in the gypsum crystals. 
1% fine-grained rose quartz. 

Poorly sorted lithic fragments, including some 
pebbles. 

Poorly sorted quartz, gypsum, feldspar and 
lithic fragments. 

Similiar to ME-202 

Poorly sorted but fine-grained quartz 
predominates. 

Better sorting, predominantly fine-grained 
quartz 

Similiar to ME-205 

Poorly sorted with numerous gypsum plates. 

quartz/gypsum = 50/50. The quartz is fine
to medium-grained. The gypsum is medium-to 
coarse-grained, and includes yellowish 
plates and twinned spearhead crystals. 

Similiar to ME-208 

The clay fraction of the Muskiki Lake samples (Table 

2.21) is the most complex of the eight lakes studied. The 

typical clay-mineral fraction consists of illite, random 

mixed-layer illite-smectite, kaolinite, chlorite and smec

tite; in some samples, halloysite is found in small amounts. 
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TABLE 2.20 

Mineralogy of the Silt-Sized Fraction: Muskiki Lake 

Sample Qtz Feld Dolo Gyp MgCc Hunt CaAp Clay 
------
ME-200 + 0 0 0 +++ 
ME-201 + + 0 0 0 ++ 
ME-202 + 0 0 +++ 
ME-203 0 0 0 0 +++ 
ME-204 0 0 0 0 +++ 
ME-205 0 0 0 0 0 +++ 
ME-206 0 + 0 0 0 0 +++ 

ME-207 + 0 0 0 0 +++ 
ME-208 + 0 0 0 0 0 0 +++ 
ME-209 + 0 0 ++ 0 0 + 
ME-210 0 0 0 0 0 0 +++ 
ME-211 0 0 0 0 0 0 +++ 

Qtz = quartz MgCc = Mg-calcite 
Feld = feldspar Hunt = huntite 
Dolo = dolomite CaAp = carbonate-apatite 

Gyp = gypsum Clay = clay minerals 

0 = 5 to 15% + = 15 to 30% 
++ = 30 to 50% +++ = > 50% 

Non-clay mineral constituents of the clay-sized fraction in

clude quartz, albite, huntite, dolomite, Mg-calcite (about 5 

mole % MgC0 3) and carbonate-apatite. Except for ME-200, in 

which huntite amounts to about 20%, these non-clay mineral 

constituents are present in small amounts (< 5%). Diffracto-

grams from ME-200 an~ ME-201 have several additional reflec-
0 

tions, including a sharp reflection at d = 8.60 A. This re-

flection is identified as belonging to the rare mineral 

scarbroite, described by Duffin and Goodyear (1957, 1960) 

from Scarborough, England (the type locality), where it oc-
': 
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curs in vertical fissures in a sandstone, in association 

with quartz, gibbsite, kaolinite and calcite. There is no 

documentation in the literature of occurrences similiar to 

that of Muskiki Lake. A summary of the techniques used for 

identification, and all data on scarbroite, appear in Appen-

dix C. 

TABLE 2.21 

Mineralogy of the Clay-Sized Fraction: Muskiki Lake 

,.....f 
(1) tO 

~ 
+J ·r-1 ....... J-.4 
+J ~ ....... a i ~ 
tO 

~ 
~ 

(1) ~ (1) 
(1) 

tf) ~ 

.9 
(1) +J ....... 

~ 
+J . ...... 

I +J +J 
~~ 

....... tf) +J ~ (1) 

~ 
B ~ (1) ....... ....... ,.....f s -~ +J N 

+J t ~ 0 ....... . ...... 

i -8 fr ·..-I ....... 0 ,...-I ....... ,...-I t> +J '0 ,...-I ,...-I 

~ 
,.....f 0 ~ ,.....f ,.....f ,.....f 

~ 
,.....f f3 ~ ,...-I ,...-I -5 ~ fH ~ r8 ct1 
~ f3 sample ·r-1 ....... t> tf) 

------------------------------------------------------
ME-200 + 0 0 + 0 0 0 0 
ME-201 + + 0 0 0 
ME-202 + + 0 0 + 0 + 0 
ME-203 + + 0 0 + 0 0 
ME-204 + + 0 0 + 0 0 0 
ME-205 + + 0 0 + 0 0 0 0 0 
ME-206 0 + 0 0 0 0 

ME-207 + + 0 0 + 
ME-208 + 0 0 0 ++ 0 
ME-209 + + 0 0 + 0 
ME-210 + + 0 0 + 0 0 
ME-211 + + 0 0 + 0 

- = < 5% 0 = 5 to 15% 
+ = 15 to 30% ++ = 30 to 50% 

data for the <2.0 1-lffi fraction only 
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Several other minerals were identified in the X-ray 

diffractograms of the <1.0 ~m, <0.50 ~m, and <0.25 ~m frac

tions (these fractions were obtained as part of the proce

dure used to identify scarboite). In addition to about 20% 

scarbroite, ME-200 contains goethite identifiable in the 

<0.50 ~m and <0.25 ~m fractions. Sample ME-201, taken 75 me

tres from the shoreline (the sediments were water-saturated 

but not covered with brine), has a very small amount of 

scarbroite (< 5%) and also has goethite in the <0.50 ~m and 

<0.25 ~m fractions. Sample ME-202 (150 metres from the 

shoreline, where a few centimetres of brine covered the sed

iments) contains no scarbroite, but has diaspore, jarosite, 

norstrandite and dawsonite in the <0.25 ~m fraction. Sam

ples collected at 10 centimetre depth intervals in a trench 

at the location of ME-200 (i.e., ME-207 to ME-211) have no 

scarbroite. 

The pore/wash water samples (Table 2.22) are rich in 

sodium and magnesium, each amounting to almost 50% of the 

total cations. Potassium is less than 3% and calcium less 

than / 1%. Phosphorous was not detected in any samples. The 

precipitates from the pore/wash water samples are a mixture 

of about 30% halite, and one or more of bloedite, loeweite, 

d'ansite and/or hexahydrite. Gypsum is variable between 0 

and 15%. Thus sulfate is the major anion but there is a sig

nificant amount of chloride. 
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TABLE 2.22 

Pore/Wash Water Analyses: Muskiki Lake 

Mineralogy Chemistry (%) 
Sample b h hx g 1 d Na Mg Ca K 
------
ME-200 ++ + + + 49.81 48.73 0.15 1.32 
ME-201 ++ ++ + 0 49.64 47.44 0.16 2.76 
ME-202 ++ + ++ 0 45.16 52.29 0.25 2.30 
ME-203 ++ + + 0 50.24 47.07 0.35 2.34 
ME-204 +++ + 0 0 0 62.15 35.40 0.56 1.89 
ME-205 ++ + ++ 63.43 34.00 0.09 2.49 
ME-206 ++ 0 ++ 63.32 34.14 0.07 2.47 

ME-207 ++ ++ + 0 45.98 52.71 0.26 1.05 
ME-208 ++ 0 0 + 0 47.40 51.17 0.29 1.15 
ME-209 ++ 0 0 + 0 48.89 49.66 0.24 1.21 
ME-210 + + 0 0 ++ 46.80 51.48 0.59 1.13 
ME-211 ++ 0 0 + 0 47.04 51.84 0.22 0.90 

b = bloedite g = gypsum 
h = halite 1 = loeweite 
hx= hexahydrite d = d'ansite 

P was not detected 

0 = 5 to 15% + = 15 to 30% 
++ = 30 to 50% +++ = > 50% 

Organic matter content is quite variable, ranging from 

5.3 wt% to 18.2 wt% (Table 2.23). Samples from the dry lake 

shore average 7.3 wt%, never varying more than 1.6 wt%. 

Samples from the lake bottom (brine-saturated) generally 

have more organic matter, averaging 15.3 wt%. 
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TABLE 2.23 

Moisture and Organic Matter Contents and Sediment Colour: 
Muskiki Lake 

Sample H ·o 2 Organic Matter Sediment Colour 
------ --.-..-- -------------- ---------------
ME-200 21.8 wt% 8.6 wt% dark grey 
ME-201 29.1 12.5 " 
ME-202 27.8 12.0 " 
ME-203 25.9 5.3 " 
ME-204 27.3 17.1 " 
ME-205 29.6 16.9 med. grey 
ME-206 35.5 18.2 " 

ME-207 17.9 7.8 olive 
ME-208 16.2 7.5 " 
ME-209 17.0 6.4 " 
ME-210 18.6 7.1 " 
ME-211 14.9 6.6 " 

2.5 RECONNAISSANCE SAMPLING OF FIVE OTHER HYPERSALINE 
LAKES 

2.5.1 Introduction 

Four samples were collected from each of Dana Salt, 

Berry, Frederick, Chaplin West and Vincent lakes (Figure 

2.1). The sample suite from each lake includes both the in

termittent and permanent crystal layers along with the jux-

taposed mud layer. In all cases, the sample locations are 

approximately 25 metres from the shoreline (out into the 

lake). All data tables appear in section 2.5.7 • 

• 
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2.5.2 Dana Salt Lake 

Dana Salt Lake is a small (< 0.5 km 2
) circular lake 

about 75 kilometres east of Saskatoon and 7.5 kilometres 

south of Muskiki Lake (Figure 2.1). The surrounding area is 

hilly, and is extensively farmed. The drift is approximate-

ly 125 metres thick (Meneley, 1967). The samples were col-

lected in early August, when the brine was up to 0.4 metres 

deep. Quite extensive mud flats had developed around the 

eastern lake shore: mud cracks, crystal molds and vegetation 

mats were common features. 

The sodium-magnesium-sulfate-rich intermittent crystal 

layer is composed mainly of bloedite, with some mirabilite/ 

thenardite (Table 2.24). The permanent crystal layer is 

predominantly mirabilite/thenardite, with bloedite in lesser 

amounts (Table 2.24). 

There is approximately 0.5 metres of insoluble sedi-

ment, with abundant intrasedimentary soluble crystals, cov-

ering the permanent crystal layer. The sediment ·is very 

silty with less than 5% sand (Table 2.25). The little sand 

that is present is fine-grained, well-sorted, and composed 

mainly of gypsum plates and dolomite grains (Table 2.26). 

Quartz and albite occur as inclusions in the gypsum, as 

shown by XRD. Quartz is the main constituent of the silt-

sized fraction, with feldspars, dolomite, siderite, gypsum 

and muscovite also present (Table 2.27). 
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The clay-mineral assemblage consists of illite, chlor

ite and random mixed-layer illite-smectite, with kaolinite, 

smectite and sepiolite present in subordinate amounts (Table 

2.28). Non-clay minerals present in the clay-sized fraction 

include dolomite, Mg-calcite (about 5 mole% Mgco3 ), quartz 

and albite. Except for albite, which makes up about 10% of 

the clay-sized fraction, the non-clay mineral constituents 

are present in small amounts (< 5%). There is approximately 

10% to 15% amorphous material in the clay. 

Sodium constitutes about 60% of the cations in the 

pore/wash water samples, with magnesium being about 38%, po

tassium about 1.5%, and calcium less than 0.2% (Table 2.29). 

Phosphorous was not detected. These samples precipitate a 

mixture of bloedite, loeweite, hexahydrite, halite and gyp

sum. Thus sulfate is the predominant anion, with a lesser 

amount of chloride. Organic matter content averages 16%, 

with little variation (Table 2.30). 

2.5.3 Berry Lake 

Berry Lake is 85 kilometres east-southeast of Saskatoon 

(Figure 2.1). Set in among the undulating to gently rolling 

ground-moraine hills, the shallow lake has an areal extent 

of about 2.4 square kilometres. There is about 100 metres 

of drift covering the bedrock (Meneley, 1967). The sur-

rounding land is extensively farmed. Berry Lake was the 

site of some preliminary mining activity during the 1920's 

(Cole, 1926). 
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Berry Lake was visited in early August, 1981. At that 

time, the brine was a maximum of 0.2 metres deep. At the 

sample location, there was a floating intermittent crystal 

layer and a two to five centimetre thick layer of crystals 

covering the lake bottom. The 2 centimetre thick floating 

crystal layer is composed of bloedite with mirabilite/the

nardite, and the crystals covering the lake bottom are mira

bilite/thenardite with some bloedite (Table 2.24). The per

manent crystal layer is composed almost exclusively of 

mirabilite/thenardite, with minor bloedite (Table 2.24). 

According to Cole (1926), the permanent crystal layer does 

not underlie the entire lake but exists in patches separated 

by mud. There is approximately 0.8 metres of insoluble sed

iment, with abundant intrasedimentary soluble crystals, cov

ering the permanent crystal layer. 

The silty-clayey insoluble sediments contain very lit

tle sand-sized material (Table 2.25). The sand is poorly 

sorted, fine- to-medium grained gypsum crystals (Table 

2.26). The gypsum morphologies include plates, spearheads 

and prismatic crystals. Quartz and albite are present as in

clusions in the gypsum (as identified by XRD). The silt

sized fraction is predominantly quartz and dolomite, with 

albite, gypsum, Mg-calcite (about 5 mole % MgC03 ) and sider

ite in lesser amounts (Table 2.27). 

The clay-sized fraction is composed of illite, random 

mixed-layer illite-smectite, smectite, chlorite, kaolinite 
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and dolomite, with small amounts of Mg-calcite (about 5 mole 

% Mgco3 ), quartz and albite (Table 2.28). There is approxi

mately 20% to 30% amorphous material in the clay. 

Sodium amounts to 65% to 75% of the cations detected in 

the pore / wash water samples (Table 2.29). Magnesium amounts 

to between 22% and 31% with calcium and potassium being less 

than 2% each~ phosphorous was not detected. These samples 

precipitate predominantly bloedite (60% to 70%), with halite 

(25% to 30%) and small amounts of hexahydrite. Approximate

ly 15% of the sediment is organic matter (Table 2.30). 

2.5.4 Frederick Lake 

Frederick Lake is 61 kilometres southwest of Moose Jaw 

(Figure 2.1). The lake occupies a 2.2 square kilometre de-

pression in the midst of several morainic ridges of the Mis-

souri Coteau. Total relief is about 30 metres. The drift 

cover is between 30 and 60 metres thick (Christian-

sen, 197lb). A narrow sand and gravel ridge 10 to 12 metres 

high separates Frederick Lake from Old Wives Lake to the 

northwest. Old Wives Lake is large (161 km 2
), and is about 

1 metre above the level of Frederick Lake. Consequently, 

there is some natural subsurface drainage from Old Wives 

Lake into Frederick Lake through the sand/gravel bar. In 

addition, water is presently pumped out of Old Wives Lake 

into Frederick Lake for mining purposes. Frederick Lake has 

been mined almost continuously since the early 1920's (Tom

kins, 1954). 
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Frederick Lake was visited in mid-June, 1981. The 

brine was approximately 0.2 metres maximum depth. Both the 

intermittent and permanent crystal layers are composed of 

mirabilite/thenardite, with some bloedite (Table 2.24). Ac

cording to Tomkins (1953), the permanent crystal layer is 

continuous throughout the lake and is remarkably uniform. 

The thickness varies from 1 to 1.75 metres. Less than 0.5 

metres of insoluble sediments, with abundant intrasedimenta

ry soluble crystals, cover the permanent crystal layer. 

These silty-clayey sediments have very little sand (< 5%) 

(Table 2.25). The sand that is present is well~sorted, very 

fine-grained dolomite (Table 2.26). Quartz, feldspars, do

lomite, siderite and Mg-calcite (about 5 mole % MgC0 3) are 

the main constituents of the silt-sized fraction (Table 

2.27). 

The clay assemblage includes random mixed-layer illite

smectite, illite, smectite, chlorite, kaolinite and sepiol

ite (Table 2.28). Non-clay mineral constituents of the 

clay-sized fraction include quartz, albite, carbonate-apa

tite, dolomite and Mg-calcite (about 5 mole % Mgco 3). 

Amorphous material amounts to about 10% to 20% of the clay 

fraction. 

Sodium and magnesium each constitute between 40% and 

60% of the cations detected in the pore/wash water samples 

(Table 2.29). Potassium amounts to between 2% and 3%, and 

calcium and phosphorous are both less than 0.1%. These sam-



64 

ples precipitate a mixture of hexahydrite, bloedite and hal

ite with subordinate amounts of gypsum. Thus sulfate is the 

predominant anion, with lesser amounts of chloride. Less 

than 10% of the sediment is organic matter (Table 2.30). 

2.5.5 Chaplin Lake 

Chaplin Lake is a large (61 km 2
) lake 75 kilometres 

west of Moose Jaw on the TransCanada Highway (Figure 2.1). 

The surrounding land is flat prairie. There is a drift cov

er about 150 metres thick (Whitaker, 1970). Chaplin is cur

rently mined and the lake has been artifically subdivided 

into several sections. Only Chaplin West was sampled. The 

lake was visited twice in the summer of 1981, once in mid

June and again in early August. There was only a few centi

metres of brine on the lake during both visits; however, wa

ter is continuously passed through the lake for mining 

purposes. 

Both the intermittent and permanent crystal layers are 

composed of mirabilite/thenardite (Table 2.24). The perma

nent crystal layer is thin and discontinuous (Tom

kins, 1954). The mud layer overlying the permanent crystal 

layer is of variable thickness, but was 0.6 metres thick at 

the sample location. The sediments are very clayey, with 

less than 10% silt and 5% sand (Table 2.25). Sand grains 

that are present are poorly sorted, fine- to medium-grained 

quartz (including some rose quartz), gypsum, feldspars and 



65 

lithic fragments (Table 2.26). The silt-sized fraction is 

predominantly quartz and dolomite, with albite, calcite, 

gypsum and muscovite (Table 2.27). Illite and random mixed

layer illite-smectite are the main constituents of the clay 

assemblage, with smectite, 

and albite present in lesser 

kaolinite, chlorite, sepiolite 

amounts (Table 2.28). Dolom-

ite, huntite, calcite and quartz are present in subordinate 

amounts. Approximately 10% of the clay-sized fraction is 

amorphous to X-rays. 

Sodium amounts to 98% of the cations detected in the 

pore/wash water samples (Table 2.29). Magnesium, potassium, 

calcium and phosphorous are present in small amounts. These 

samples precipitate thenardite with some halite, indicating 

the predominance of sulfate with small amounts of chloride. 

Approximately 9% of the sediment is organic matter (Table 

2.30). 

2.5.6 Vincent Lake 

Vincent Lake is 90 kilometres west of Swift Current 

(Figure 2.1). The 2.1 square kilometre lake bed occupies a 

deep depression about 60 metres below the average elevation 

of the surrounding country. The surrounding country, refer

red to as "The Sand Hills", is very hilly. The approximate

ly 125 metres of drift is very sandy; with numerous pebbles~ 

it is gravelly in places (David and Whitaker, 1973). At the 

time of sampling (mid-June), there was up to 0.4 metres of 

brine on the lake. 
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The intermittent and permanent crystal layers are 

composed of mirabilite/thenardite (Table 2.24). The perma

nent crystal layer averages 2 to 3 metres thick but has been 

measured in places at over 10 metres (Cole,l926). Approxi

mately 25 centimetres of mud covered the permanent crystal 

layer at the sample location. This sediment is clayey with 

less than 5% sand (Table 2.25). The sand that is . present is 

sorted, very fine- to fine-grained quartz and feldspar (Ta

ble 2.26). The silt-sized fraction is composed of quartz, 

albite and dolomite, with gypsum and siderite also present. 

Illite, chlorite and random mixed-layer illite-smectite are 

the main constituents of the clay assemblage, with some kao

linite, smectite, sepiolite and halloysite (Table 2.28). 

Approximately 10% of the clay-sized fraction is amorphous to 

x-rays. 

Sodium amounts to over 99% of the cations detected in 

the pore/wash water sample from ME-703 (20-25 centimetres 

depth) fTable 2.29). However, in ME-702 (0-10 centimetres 

depth), sodium amounts to 81% and magnesium is 18%. Potas

sium and calcium are present in small amounts in both sam

ples. Phosphorous was not detected. These samples precipi

tate thenardite with some halite, indicating that sulfate is 

the principal anion, with some chloride. · Small amounts of 

loeweite and hexahydrite are found in ME-702. Organic mat

ter also shows some variation with depth, from 9.3% at 0-5 

centimetres to 3.7% at 20-25 em depth (Table 2.30). 
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2.5.7 Data Tables For Reconnaissance Sampling 

TABLE 2.24 

Soluble Sediment Mineralogy: Assorted Lakes 

sample m/t b 
------

Dana Salt Lake 
ME-301 IC + +++ 
ME-304 PC +++ + 

Berry Lake 
ME-401A IC + +++ 
ME-401B IC +++ ++ 
ME-404 PC +++ 0 

Frederick Lake 
ME-501 IC +++ + 
ME-504 PC +++ 0 

Chaplin Lake 
ME-601 IC +++ 
ME-604 PC +++ 

Vincent Lake 
ME-701 IC +++ 
ME-704 PC +++ 

m/t = mirabilite/thenardite 
b = bloedite 

IC = intermittent crystal 
PC = permanent crystal 

0 = 5 to 15% 
+ = 15 to 30% 

++ = 30 to 50% 
+++ = > 50% 
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TABLE 2.25 

Grain Size Analyses: Assorted Lakes 

Sample Clay Silt Sand 
------

Dana Salt 
ME-302 23% 74% 3% 
ME-303 43 53 4 

Berry 
ME-402 72 19 9 
ME-403 48 52 0 

Frederick 
ME-502 29 69 2 
ME-503 58 38 4 

Chaplin 
ME-602 86 9 5 
ME-603 74 19 7 

Vincent 
ME-702 80 15 5 
ME-703 63 35 2 
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TABLE 2.26 

Description of the Sand-Sized Fraction: Assorted Lakes 

Dana Salt 

Berry 

Frederick 

Chaplin 

Vincent 

Sample 

ME-302 

ME-303 

ME-402 

ME-403 

ME-502 

ME-503 

ME-602 

ME-603 

ME-702 

ME-703 

Description 

Fine-grained, well-sorted gypsum plates 
and carbonate grains. XRD analysis of 
the gypsum indicates that quartz and 
albite are present as inclusions. 

Similiar to ME-302 

Poorly sorted, fine- to medium-grained 
gypsum crystals, including plates, 
spearheads and elongate prisms. 
XRD analysis indicates that quartz and 
albite are present as inclusions. 

Similiar to ME-402 

Well-sorted, very fine-grained dolomite 

Similiar to ME-502 

Poorly sorted, fine- to medium-grained 
quartz, gypsum, lithic fragments and 
feldspars. Some rose quartz. 

Similiar to ME-602 

Well-sorted, very fine- to fine-grained 
quartz and feldspar. 

Similiar to ME-702 
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TABLE 2.27 

Mineralogy of the Silt-Sized Fraction: Assorted Lakes 

Sample Qtz Feld Dolo Gyp Sid MgCc Clay 
------
Dana Salt 
ME-302 ++ + + 0 0 0 
ME-303 ++ + + 0 0 0 

Berry 
ME-402 ++ 0 ++ 0 0 + 
ME-403 ++ + ++ 0 + 

Frederick 
ME-502 + + + 0 0 + 
ME-503 +++ 0 + 0 0 + 

Chaplin 
ME-602 ++ + + 0 0 + 
ME-603 ++ + + 0 0 + 

Vincent 
ME-702 +++ + + 0 + 
ME-703 + + 0 0 ++ 

0 = 5 to 15% + = 15 to 30% 
++ = 30 to 50% +++ = > 50% 
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TABLE 2.28 

Mineralogy of the Clay-Sized Fraction: Assorted Lakes 

,.-.t 
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·r-4 ~ +J +J ~ ·r-4 a i Q) . ro ~ 
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~ ·r-4 ~ ·r-4 .~ ,.-.t 8 ·e +J N +J 
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,.-.t ,.-.t ,.-.t ] 

,....., 

~ sample 
,....., ,....., ..c:: ~ r8 ~ ~ ·r-4 ·r-4 t> t> ------------------------------------------------------

Dana 
ME-302 + + 0 + 0 0 0 0 
ME-303 + + 0 0 0 0 0 

Berry 
ME-402 0 0 0 0 0 0 0 
ME-403 0 0 0 0 0 0 0 

Frederick 
ME-502 0 0 0 0 0 0 0 + 
ME-503 0 + 0 0 0 0 + 

Chaplin 
ME-602 + + 0 0 0 0 0 0 
ME-603 + + 0 0 0 0 0 0 

Vincent 
ME-702 + + 0 + 0 0 0 0 0 
ME-703 + + 0 0 0 0 0 0 

- = < 5% 
0 = 5 to 15% 
+ = 15 to 30% 
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TABLE 2.29 

Pore/Wash Water Analyses: Assorted Lakes 

Mineralogy Chemistry (%) 
Sample t h 1 hx b g Na Mg Ca K p 
------ --- --- --- ---

Dana Salt 
ME-302 0 + 0 ++ 0 61.30 37.09 0.16 1.45 nd 
ME-303 0 + 0 ++ 0 59.89 39.06 0.26 0.89 nd 

Berry 
ME-402 ++ 0 +++ 76.51 22.54 nd 0.95 nd 
ME-403 + 0 +++ 65.59 30.99 1.89 1.55 nd 

Frederick 
ME-502 ++ ++ + 0 41.30 56.54 0.06 2.04 0.06 
ME-503 + +++ + 0 58.61 38.51 0.06 2.76 0.07 

Chaplin 
ME-602 +++ + 98.25 1.03 0.03 0.69 nd 
ME-603 +++ + 97.89 1.10 0.04 0.97 nd 

Vincent 
ME-702 +++ ++ + + 81.36 17.59 0.11 0.94 nd 
ME-703 +++ 0 99.33 0.35 0.09 0.23 nd 

t = thenardite hx= hexahydrite 0 = 5 to 15% 
h = halite b = bloedite + = 15 to 30% 
1 = loeweite g = gypsum ++ = 30 to 50% 

+++ = > 50% 
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TABLE 2.30 

Moisture and Organic Matter Contents and Sediment Colour: 
Assorted Lakes 

Sample H20 Organic Matter Sediment Colour 
------ -------------- ---------------
Dana Salt 
ME-302 34.9 wt% 15.8 wt% black 
ME-303 31.9 14.8 " 
Berry 
ME-402 29.1 15.9 dark grey 
ME-403 26.6 14.9 " 

Frederick 
ME-502 30.4 22.2 " 
ME-503 23.7 18.6 " 
Chaplin 
ME-602 18.9 9.0 med. grey 
ME-603 17.6 8.3 " 

Vincent 
ME-702 28.3 9.3 " 
ME-703 25.9 3.7 " 

2.6 DISCUSSION AND INTERPRETATION 

A discussion of mineral assemblages found in hypersa

line lakes must incorporate the ideas of brine evolution and 

geochemical divides reviewed by Eugster and Jones (1979). 

The following text will refer to their work freely. 

Figure 2.5 is a brine evolution-geochemical divide dia-

gram. A succession of mineral supersaturation points may be 

reached as a lake brine undergoes evaporative concentration. 

Other brine evolutionary mechanisms, such as selective dis-

solution of efflorescent crusts and sediment coatings, sorp

tion on active surfaces (i.e. ion exchange with clay miner-
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als), degassing, and redox reactions, can be important in 

determining the final composition of concentrated hypersa

line lake brines; however, mineral precipitation is the eas-

iest to assess and is of most concern in this discussion. 
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Figure 2.5: Brine evolution-geochemical divide diagram 
(from Eugster and Jones, 1979). 
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Mineral precipitation selectively removes solutes from 

solution. With the onset of calcite precipitation, which is 
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generally reached in the early stages of evaporative concen

tration, calcium and carbonate ions are removed from solu-

tion in a 1/1 molar ratio. If the initial brine calcium/ 

carbonate ratio was not 1/1, then continuing calcite precip

itation depletes the brine of the ion not in excess. At the 

same time, the concentration of solutes not involved in cal-

cite precipitation increase in solution relative to calcium 

and carbonate (i.e. the Mg/Ca, Na/Ca, so4/C03, and Cl/C0 3 

ratios increase). Increasing the Mg/Ca ratio may initiate 

the precipitation of Mg-calcite or protodolomite. 

All eight lakes studied have some component of Mg-cal

cite, dolomite and/or huntite in their insoluble sediments. 

Neither huntite nor Mg-calcite have been reported in either --- ---
the glacial sediments or the bedrock of the region. Euhe-

dral, non-abraded dolomite crystals (Figure 2.6) were found 

with scanning electron microscopy in samples from South 

Grandora and Muskiki lakes. This type of dolomite is 

thought to be endogenically 1 or authigenically 2 derived and 

confirms earlier suggestions by Tomkins {1954) that Saskat-

chewan hypersaline lakes initially rich in magnesium are 

gradually losing magnesium through the precipitation of in

soluble Mg-carbonates, due to the influx of carbonate-rich 

waters. 

1 Referring to minerals originating from processes occurring 
within the water column (Jones and Bowser, 1978). 

2 Referring to minerals resulting from processes that occur 
within the sediments once deposited (Jones and Bow
ser, 1978). 
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Figure 2.6: SEM photograph of dolomite in clay fraction 
from South Grandora Lake. 

Depending o~mhether calcium or carbonate becomes de

pleted, supersat ation with respect to either gypsum or a 

Mg-silicate may be r ,pched with continuing calcite precipi-

tation and increased evaporative concentration. All eight 

lakes studied have some component of gypsum in their insolu-

ble sediments. The gypsum occurs as euhedral sand- to 

silt-sized non-abraded crystals (Figure 2.7). In addition, 

gypsum is not found in the clay-sized fraction of the lake 

sediments. These characteristics indicate an endogenic or 

authigenic origin. Clastic processes would tend to abrade 

and round the crystals, creating a clay-sized component. 

Lockhart (1983) has documented authigenic gypsum formation 

in Lydden Lake, a Saskatchewan hypersaline lake. 
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Figure 2.7: SEM photograph of gypsum in sand fraction from 
Muskiki Lake. 

Eugster and Jones (1979) state that the position of 

Mg-silicate in Figure 2.5 should be considered problematic. 

According to Drever (1982), the effect of the chemical di-

vide is the same whether Mg 2
+ is removed as a carbonate or 

as a silicate. Both lead to the removal of alkalinity 

(HC03-) from solution by reactions 1 and 2. Drever (1982: 

pp. 203-204) indicates that dolomitization of existing cal-

cium carbonate may take place in the absence of excess alka-

linity by reaction 3. 

= 
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In the case of reaction 3, ca~· may be used up in subsequent 

gypsum precipitation. This may be the mechanism at work in 

Saskatchewan hypersaline lakes that have major components of 

both dolomite (and/or huntite) and gypsum. 

Sepiolite was very uncommon in the sediments of the 

eight lakes studied. Jones and Van Denburgh (1966) suggest 

that magnesium-rich smectite, rather than sepiolite, may be 

the Mg-silicate forming during brine evolution. Smectite is 

ubiquitous in the lakes studied, but it was not established 

whether or not the smectite was magnesium-rich. Samples 

taken from the dry lake shores had more smectite than those 

collected from the lake bottoms. The lake-bottom sediments 

generally had mixed-layer illite-smectite rather than pure 

smectite. Thus smectite in Saskatchewan hypersaline lake 

sediments is most probably allogenic 3 rather than endogenic 

or authigenic. 

Further evaporation enriches the brine in conservative 

constituents, and eventually leads to supersaturation with 

respect to soluble salt minerals. At this stage, the brine 

is very concentrated and may be termed hypersaline. Depend

ing on the brine constituents, there may be a marked compo-

sitional variation from season to season as well as from 

3 Referring to minerals brought into the lake by surface wa
ter (streams and overland flow), shoreline erosion, gla
cial transport and aeolean processes (Jones and Bow
ser, 1978). 
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year to year (Table 2.31). The cause for this marked varia

tion is related primarily to the moisture conditions (i.e. 

wet year versus dry year), which in turn influence processes 

such as selective dissolution of efflorescent crusts and 

sediment coatings, and clastic sediment influx. A large in

flux of clastic sediment may form a protective seal over the 

previous years' precipitated salts, thereby removing them 

from the available ion pool' and adding them to the perma

nent crystal layer. 

TABLE 2.31 

Temporal variation in chemistry of Muskiki Lake brine 

parts per thousand 
Species Aug 49 May 51 July 51 May 52 
------- ------ ------ ------- ------

Mg2 • 31.5 8.6 13.7 15.2 
Na• 64.7 32.6 57.2 35.9 
S042- 190.7 70.4 117.2 98.3 
c1- 12.4 2.7 5.3 5.0 
----- ----- ----- ----- -----
total 299.3 114.3 193.4 154.4 
sp.gr. 1.3 1.1 1.2 1.2 
depth (em) 5 46 33 46 

(after Tomkins, 1954) 

Lake brines very rich in sodium sulfate with little 

magnesium and/or chloride (i.e. South and North Grandora, 

Chaplin West, and Vincent) will not show marked seasonal 

and/or annual compositional variation. Similiarly, the min-

• Meaning all of the ions in solution and those 
termittent crystal layer that may readily go 
tion. 

of the in
into solu-
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eralogy of the intermittent crystal layer in these sodium 

sulfate-rich lakes remains essentially constant, being pre

dominantly mirabilite/thenardite. However, the intermittent 

crystal layers, particularly the floating crystal layer, of 

magnesium-rich lakes are compositionally variable, reflect

ing the seasonal evolution of the brine (Table 2.31}. The 

magnesium-sodium sulfate and magnesium sulfate minerals do 

not usually precipitate until well into the summer when the 

brine has concentrated sufficiently, and only after a con

siderable amount of sodium sulfate has precipitated. For 

example, Berry Lake had two to five centimetres of mirabil

ite/thenardite covering the lake bottom and a floating crys

tal layer composed predominantly of bloedite. 

The permanent crystal layers of the eight lakes studied 

are composed of mirabilite/thenardite. This is a reflection 

of the relative solubilities of the sodium, sodium-magnesi

um, and magnesium sulfates, as well as an indication that 

all of the lakes, including those containing appreciable 

magnesium, are sodium sulfate-rich. Selective dissolution 

of the sodium-magnesium and magnesium sulfates during dilute 

water influx leave mirabilite/thenardite with a greater 

chance of being incorporated into the permanent crystal lay~ 

er. Consequently, the more magnesium-rich lakes (i.e. Musk

iki, Dana Salt, Berry and Frederick} have only minor bloe

dite in their predominantly mirabilite/thenardite permanent 

crystal layers. 
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We shall now consider the sediment overlying the perma

nent crystal layer. In general, this sediment is muddy and 

contains little sand. North Grandora Lake is an exception; 

sand comprises approximately 20% of the sediments overlying 

the permanent crystal layer in North Grandora Lake. In ad

dition, one sample from South Grandora Lake (ME-6) contains 

17% sand. This sample site is immediately in front of an in

flow channel. Sand-sized grains generally include quartz, 

feldspar and lithic fragments. This material has been 

transported into the basin. Gypsum is often a major sand-

sized component. As previously mentioned, gypsum is likely 

endogenic or authigenic in origin. 

The silt-sized fractions are dominated by quartz, 

feldspars, dolomite, huntite and Mg-calcite; gypsum, carbo

nate-apatite and siderite may be present in small quanti

ties. The origin of gypsum, dolomite, huntite and Mg-cal

cite has been discussed above, and they are endogenically or 

authigenically derived. The quartz and feldspars are detri

tal, derived from the surrounding tills and transported into 

the basin. The carbonate-apatite was not observed in SEM 

analysis and thus no conclusive evidence is available per

taining to its' origin; however, carbonate-apatite may be 

forming authigenically in response to the continuous supply 

of phosphate in the form of bird droppings. The floating 

crystal layers of several lakes (i.e. South Grandora, Ber

ry, Dana Salt) were soiled with bird droppings. 
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The clay-sized fractions of the eight lakes studied are 

complex mixtures of clay minerals, non-clay mineral sili

cates, carbonates/phosphates, hydroxides/oxides and amorp

hous material. The major clay-mineral constituents include 

illite, random mixed-layer illite-smectite, smectite, kaoli

nite and chlorite. Occasionally, sepiolite, halloysite and 

rectorite are found in minute amounts. Scanning electron 

microscopy of samples from South Grandora and Muskiki lakes 

indicate that the clay grains may be filamentous (Figure 

2.8), indicative of an authigenic origin, or with anhedral 

habit and broken edges (Figure 2.9), indicative of an allo

genic origin. Clay samples that had been in contact with 

brine (samples from the lake-bottom) have distinctly more 

mixed-layers and more amorphous material than clays found on 

the dry lake shore. Therefore, it seems that contact with 

hypersaline brine promotes clay mineral diagenesis. Droste 

(1959, 1961) states that the sodium continental environment 

"does not produce diagenetic changes in clay mineral compo

sition". This does not seem to be the case for Saskatchewan 

hypersaline lakes. 

Common non-clay mineral components of the clay-sized 

fraction include dolomite, huntite, Mg-calcite, quartz, 

feldspars and carbonate-apatite. Dolomite and/or huntite 

often amount to over 20% of the clay-sized fraction. The 

origin of these minerals has been discussed previously. In 

addition, diaspore, jarosite, goethite, norstrandite and 



Figure 2.8: SEM photograph of clay from South Grandora 
Lake. 

Figure 2.9: SEM photograph of clay from Muskiki Lake. 

83 
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dawsonite were ident if ied in the <0.25 ~m fraction of Mus k

iki Lake sediments. It is possible t ha t minute amounts of 

these minerals are present in the sediments of the other 

lakes. Diaspore, goethite and norstrandite are oxide/hy

droxide minerals and they may have an allogenic or authigen

ic origin. Jarosite and dawsonite may be either endogenic 

or authigenic. The rare mineral scarbroite was found in the 

near-shore surface sediments of Muskiki Lake. Scarbroite 

may be formed through diagenesis of aluminous clastic ma

terial. However, scarbroite is probably transported into 

the lake from the shore as it is only found in abundance in 

the dry near-shore sediments and rapidly disappears basin

wards. 

Scanning electron microscopy of clay samples from Musk

iki Lake indicates the presence of columnar (Figure 2.10) 

and equant (Figure 2.11) crystals. Positive identification 

was not made: however, the crystals are morphologically sim

iliar to phillipsite and analcime respectively, as reported 

by Singer and Stoffers (1980) from Lake Manyara in East Af

rica. Neither phillipsite nor analcime was detected in the 

X-ray diffractograms of the Muskiki Lake samples. The crys

tals are euhedral and nonabraded, suggesting either an endo

genic or authigenic origin. According to Defeyes (1959), 

all laboratory data indicates that zeolites form only in al

kaline environments. Defeyes (1959) also states that most, 

if not all, known sedimentary zeolite occurrences are formed 
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during diagenesis by the alteration of volcanic material. 

Therefore, if the crystals in Muskiki Lake sediments are 

zeolites then it would likely involve a volcanic precursor, 

possibly an ash or reworked tuffaceous unit transported into 

the basin. Several ash horizons, dated at less than 10,000 

years B.P., occur in Alberta and southern Saskatchewan 

(Westgate, 1975). The amorphous fraction of the clay may be 

the tuffaceous precursor; however, this fraction was not 

completely characterized. 

., 
B .___, 

,_.., I 

Figure 2.10: SEM photograph of phillipsite-like crystals in 
the clay fraction from Muskiki Lake. 

The pore/wash water samples reflect the lake brine 

chemistry to some degree, but are generally more chloride 

and magnesium-rich than the brine and evaporitic sediments 



0 2 . 
~ I, 
J.Jm 

Figure 2.11: SEM photograph of analcime-like crystals in 
the clay fraction from Muskiki Lake. 
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of the lake. For example, the intermittent and permanent 

crystal layers of South Grandora Lake are composed exclu

sively of sodium sulfate, yet the precipitate from the 

pore/wash water contains up to 50% sodium chloride. Accord-

ing to Jones, et al. ( 1969), 

"when compared to associated surface waters, in
terstitial brines in playas deposits ••. are gen
erally more concentrated and of unique chemical 
character. This reflects the influence of added 
solute sources or alteration mechanisms in saline 
lacustrine sediments." 

It is ·possible that the chloride ion is more easily adsorped 

on the surface of clay minerals than is the sulfate ion, and 

is therefore concentrated in the lake sediment pore waters. 

5 Meaning ephemeral lake conditions, but in this context im
plying hypersaline conditions. 
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The situation may be similiar for magnesium. 

Muddy offshore lake sediments generally have 10 wt% to 

20 wt% organic matter. Low organic matter occurs in samples 

containing abundant intrasedimentary evaporite crystals. 

This is because the evaporite component is essentially free 

of organic matter. A more meaningful! comparison would be 

obtained on washed samples (washed to remove the salt miner

als). Sandy lake-bottom sediments (i.e. North Grandora 

Lake) contain low organic matter content ranging from about 

2 to 7 wt%. Sediments from the dry lake shore have variable 

organic matter content ranging from 2 wt% to 13 wt%. 

2.7 CONCLUSIONS 

Saskatchewan hypersaline lakes are generally sodium 

sulfate-rich, and as a result, both the intermittent and 

permanent crystal layers are composed of mirabilite/thenar

dite. Lakes with appreciable magnesium may precipitate 

bloedite and/or hexahydrite (epsomite at low temperatures) 

in the intermittent crystal layer; however, even the perma

nent crystal layers of magnesium-rich lakes are composed 

predominantly of mirabilite/thenardite with only minor 

amounts of bloedite. Minor sodium chloride may precipitate 

in the intermittent layers if extreme brine concentrations 

are reached. The sediment pore waters tend to be more chlo

ride-rich than the corresponding lake brines. 
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Magnesium concentrates in solution only after depletion 

of excess alkalinity. Magnesium and excess alkalinity com

bine to form Mg-calcite, dolomite and/or huntite. In the 

absence of excess alkalinity magnesium may react with cal

cite to form dolomite (and/or huntite) and calcium cations, 

which in turn may react with sulfate anions to form gypsum. 

Both dolomite (and/or huntite) and gypsum are common con

stituents of Saskatchewan hypersaline lake-bottom sediments. 

Carbonate-apatite, diaspore, jarosite, goethite, norstran

dite, dawsonite and various zeolites may form authigenically 

(and/or endogenically) in the lakes. Scarbroite occurs in 

the dry near-shore sediments of Muskiki Lake. 

Clay minerals seem to undergo diagenesis due to hyper

saline briDe interaction. Mixed-layers of illite-smectite 

increase basin-wards. In addition, the amount of amorphous 

material within the clay-sized fraction increases basin

wards; this may be due to dissolution and leaching reac

tions. 



Chapter III 

BRINE CRYSTALLIZATION EXPERIMENTS 

3.1 INTRODUCTION 

A great variety of mirabilite crystal morphologies oc

cur in the hypersaline lakes of Saskatchewan. Field obser

vation provides no rationale for such morphological diversi

ty, and this aspect of paragenesis has not been addressed 

previously. 

The arrangement of atoms in a crystal structure may be 

rationa~ized in terms of a minimum energy configuration 

(Whittaker, 1981; p. 240). Atoms are incompletely bonded on 

crystal faces, and thus each face has a surface energy pro

portional to its area. An equilibrium morphology is that 

which "minimizes the total surface energy for a given vol

ume" (Whittaker,1981). However, the relative surface ener

gies, and therefore the crystal morphology, may vary consid

erably depending on the growth conditions (Petrov, et 

al., 1969). In other words, the surrounding medium exerts 

considerable influence on the crystal morphology of minerals 

(James and Kell, 1975), within the bounds dictated by the 

mineral's point group symmetry. The growth conditions in-

elude the degree of supersaturation, composition of the so

lution, temperature, degree of mixing and other physical 

- 89 -
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factors such as shaking and mechanical shock (Kozlovskii, et 

al., 1968; Hartman, 1973). 

Supersaturation is a necessary condition prior to the 

initiation of crystallization (Mullin, 1975). "Compounds 

that include water of crystallization (e.g. mirabilite) have 

a strong tendency to form metastable ·highly supersaturated 

solutions" (Khamskii, 1969; p. 5). To illustrate this, 400 

grams of anhydrous sodium sulfate was dissolved in 1 litre 

of water heated to 50°C. The solution was poured into a 

jar, capped, and left to cool where it could not be dis

turbed. Over twenty-four hours later there were no signs of 

crystallization. The lid of the jar was tapped once with a 

pencil and immediately crystallization occurred, with equi-

librium in less than 5 seconds. The temperature of the 

brine remaining after crystallization was 20°C. According to 

Figure 1.12 (p. 18), 200 grams of anhydrous sodium sulfate, 

or 453.7 grams of mirabilite, dropped out of solution. 

Therefore, sodium sulfate solutions can maintain a metasta-

ble and very supersaturated state. 

Kern (1953, 1955, 1969) found that ionic crystals' 

change their habit when supersaturation exceeds a critical 

value. For example, halite forms cubes at low supersatura-

tion levels and octahedra at high supersaturation levels 

' Ionic crystal structures consist of relatively large ions, 
usually anions, in a closest packed arrangement with small 
ions, usually cations, filling some of the interstices be
tween the large ions. There is a large ~lectronegativity 
difference between the crystal constituents and therefore 
the bonds have predominantly ionic nature (Bloss, 1971). 



91 

(Kern, 1953). The octahedron face of halite (111) consists 

of either all sodium cations or of all chloride anions, 

whereas the cube face (100) consists of equal numbers of 

both ions. 

Growth rates also have an effect on crystal morphology. 

According to Whittaker (1981), 

"rapid crystal growth into more concentrated re
gions of the fluid may effectively deprive other 
regions of the crystal of access to the nutrient, 
and this leads to the formation of oriented inter
growths, hopper crystals, and dendritic growths. 
These are all single crystals, in that the struc
ture is continuous and in a single orientation 
throughout. Such growths are therefore promoted 
by high degrees of supersaturation of a solution 
from which the crystals are growing." 

James and Kell (1975) add that "fast growth rates give rise 

to inclusions of mother liquid and lack of transparency, 

while sufficiently low growth rates usually produce a clear 

crystal". What may be considered a sufficiently low growth 

rate will be different for different minerals, and will be 

dependent on that mineral's kinetics of crystal growth. 

The chemical composition of the solution also affects 

the crystallization process. Changes in the composition may 

change the relative availability of the different crystal 

constituents for deposition on a face, the effects being 

different for different faces (Whittaker, 1981). Buckley 

(1951) states that crystal morphology is largely independant 

, of pH, but there are appreciable effects in some cases. For 

instance, halite forms cubes at low pH and octahedra at high 

pH (Whittaker, 1981). Other documented cases include zircon 
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(Caruba,et al.,l975) and ammonium dihydrogen phosphate (ADP) 

crystals (Byteva,l966). Byteva (1966) found that ADP crys

tals grow more uniformly at high pH because the prism face 

growth is no longer retarded by iron. At high pH, traces of 

iron are precipitated as insoluble phosphates. The effect of 

pH is to increase or decrease the activity of particular 

ions (Belyustin, 1966). However, it must be pointed out 

that when working with concentrated brines, the significance 

of pH, and indeed all activity measurements, is uncertain. 

Mishchenko and Poltoratski (1968) report that the structure 

of water is "completely destroyed" when working with concen

trated solutio~s. They add that in concentrated solutions, 

there are intensified effects of ionic association and com

petition between oppositely charged ions for water molecules 

in their hydration shells. According to Krumgalz (1980), 

"pH values obtained from concentrated aqueous solutions can 

only approximate the hydrogen ion activity", but "changing 

the pH in such systems will affect the solubility of a num

ber of minerals and also the equilibrium and kinetics of 

many processes." 

Although the growth conditions exert an influence on 

crystal morphology, there is a fundamental influence of the 

crystal structure. According to the Law of Bravais-Friedel· 

(Friedel, 1907), the importance of a face is proportional to 

its reticular (network) density. There is a distinct tenden

cy for crystals to assume habits that bear an inverse rela-
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tionship to the shape of the unit cell (i.e. crystal struc-

tures with 

elongated 

er,l981). 

flattened cells tend to form acicular crystals 

parallel to the smallest cell edge) (Whittak-

3.2 MIRABILITE MORPHOLOGY VERSUS HYDROGEN ION ACTIVITY 

3.2.1 Methodology 

To study the affect of pH on mirabilite morphology, 200 

ml of brine containing 50 grams of anhydrous sodium sulfate 

were poured into each of 10 erlenmeyer flasks. The flasks 

were then set in a water bath to regulate the temperature at 

30°C. At this temperature, the solutions were not quite 

saturated. Several drops of either NaHS04 solution or NaOH 

solution were added to vary the pH between 5.5 and 10.0 in 

0.5 pH unit increments. The pH was measured with a Cornell 

digital pH/temperature meter Model 4. Standard buffer solu

tions were used to calibrate the instrument. 

The objective was to grow single crystals of mirabil

ite, keeping all crystallization conditions constant except 

pH. Problems were encountered when trying to seed the solu

tions. The temperature was lowered slowly to approach the 

saturation curve (Figure 1.12) and tiny mirabilite crystals 

were lowered into the solution on threads. If the solution 

was slightly undersaturated, the seed would dissolve; if the 

solution was supersaturated, upon touching the solution the 

seed would cause an instantaneous 'rain' of mirabilite crys-
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tals. Different seeds were tried, including gypsum and cal

cite, but the problem of the solution attaining a labile, 

ultra-supersaturated state prevented a yield of single crys

tals. Instead, fine-grained crystalline aggregates and den

dritic growths were precipitated. 

In an attempt to obviate thus difficulty, a different 

approach was tried. Brine was poured into evaporating dishes 

to a depth of 0.5 centimetres. Three dishes with pH values 

of 4.6, 7.2 and 9.9 were covered and left to evaporate. The 

covers allowed air to circulate but excluded dust. The 

brines were not seeded, and the intention was to grow a 

suite of crystals rather than a single crystal. This exper

iment was done twice. 

3.2.2 Results and Discussion 

Crystal growth in the flasks was influenced by the 

depth of nucleation and depth of growth of the crystals. 

This was due to a concentration gradient within the flask. 

Due to density differences, the gradient was from supersatu

rated at the brine-air interface to very supersaturated at 

the flask bottom. The concentration gradient, as a factor 

influencing morphology, was essentially removed by using 

evaporating dishes instead of flasks and keeping the brine 

only 0.5 centimetres deep. 

The mirabilite crystal suites grown in the evaporating 

dishes were essentially the same. Subtle morphological dif-
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ferences were not reproduced in the second experiment run. 

These differences could be accounted for by the position of 

crystal growth in the brine. For example, if the crystals 

grew on the top of the brine, at the air-brine interface, 

they tended to be thinner than crystals that had grown at 

the bottom of the dish. The pH conditions did not seem to 

influence the mirabilite crystal morphology. 

3.2.3 Conclusions 

The crystal morphology of mirabilite is to a great de

gree influenced by several growth conditions including con

centration, agitation/mixing of the brine, availability of 

nuclei, and the amount of time involved in crystal growth. 

These factors render the effects of pH conditions negligi

ble. 

3.3 MIRABILITE MORPHOLOGY VERSUS MAGNESIUM CONTENT 

3.3.1 Field Observations and Introduction 

Acicular crystals are ubiquitous in the intermittent 

crystal layers of Saskatchewan magnesium-rich lakes (i.e. 

Muskiki, Dana Salt, Berry and Frederick). These acicular 

crystals are not found in magnesium-poor lakes (i.e. South 

Grandora, North Grandora, Chaplin West and Vincent). Crys

tal samples transported from the field to the laboratory 

tend to weld together into a bulbous mass. With X-ray dif

fraction, mirabilite/thenardite, bloedite and hexahydrite 
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were identified in the crystalli ne mass of samples ME-212 to 

ME-214 from Muskiki lake; however, it was not possible to 

correlate mineralogy with crystal habit. 

Berner (1975) f ound that the magnesium content of a 

brine affects calcium carbonate morphology and mineralogy by 

a process known as magnesium poisoning. A similiar process 

may operate in the sodium sulfate mineral system; this was 

investigated here. 

3.3.2 Methodology 

Ten evaporating dishes were filled with brines that 

ranged in composition from pure sodium sulfate to pure mag

nesium sulfate. (The brine compositions are in Table 4.1, 

pp. 106, B01 to B10.) The brines were allowed to evaporate 

at room temperature (about 20°C). The precipitated crystal 

suites were studied under a binocular microscope, photo

graphed, and then identified with X-ray diffraction (techni

ques described in Appendix B.5.2). The experiment was done 

three times. 

3.3.3 Results and Discussion 

The magnesium content of the brine has an effect on 

mirabilite morphology. At low magnesium content (brine 

Na:Mg greater than 9:1), mirabilite crystals assume tabular 

habits (Figure 3.1). In brines with higher magnesium-con

tent (brine Na:Mg is 4:1 to 7:3) mirabilite morphology be-
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comes more bladed and less tabular (Figure 3.2). Acicular 

bloedite crystals are later precipitates at these Na:Mg rat

ios. Figure 3.3 defines the terms tabular, bladed and aci

cular (along with columnar, equant and lamellar). 

Figure 3.1: Tabular mirabilite crystals grown from a pure 
sodium sulfate brine. 

Strictly speaking, the sodium sulfate precipitates from 

the brines with Na:Mg ratios between 4:1 and 7:3 may not be 

mirabilite. Several reflections do not conform precisely to 

the accepted mirabilite X-ray diffraction pattern (Table 

3.1: includes mirabilite and thenardite XRD data). It is 

possible that the crystals have a slightly lower hydration 

state than that of mirabilite. DeCoppet (1907), Findley 

(1923), Cole (1926), and Loewel (referenced by Cole, 1926) 
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3 

Figure 3.2: Bladed mirabilite crystals grown in a sodium
magnesium-sulfate brine (Na:Mg = 4:1). 

\ 

Figure 3.3: 

EQUANT m 
Definition of crystal habit nomenclature (from 

Bloss, 1971). 

indicate the existence of an un-named, metastable-, heptahyd-

rate of sodium sulfate: however, information is sparse and 

XRD data not available. 

An unidentified mineral, with an intense reflection at 
0 

11.65 A, co-exists with mirabilite and bloedite in the pre-
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TABLE 3.1 

XRD Data: B01 Precipitate, Mirabilite, and Thenardite 

d~ 
B01 

0 0 Mirabiliie The~ardite 
I dA I dA I d I d I 

--------- --------- --------- --------- ---------
6.25 1 2.056 7 7.55 1 2.847 20 4.66 73 
5.72 1 2.017 77 7.11 3 2.801 30 3.84 18 
5.48 10 1.914 2 6.11 17 2.743 13 3.178 51 
5.21 5 1.887 2 5.89 9 2.706 7 3.075 47 
4.75 12 1.843 2 5.49 100 2.687 11 2.783 100 
4.36 1 1.810 2 5.32 25 2.592 8 2.646 48 
3.98 28 1.785 2 5.17 5 2.569 13 2.329 21 
3.87 1 1.768 2 4.88 20 2.535 3 2.211 5 
3.76 1 1.742 6 4.77 45 2.516 35 1.919 4 
3.56 1 1.730 13 4.32 20 2.485 20 1.891 4 
3.49 2 1.697 1 3.95 15 2.444 25 1.864 31 
3.21 100 1.685 1 3.83 40 2.425 <1 1.841 6 
3.13 4 1.670 2 3.77 9 2.386 7 1.798 4 
3.05 1 1.653 3 3.67 7 2.364 5 1.680 12 
2.949 4 1.608 2 3.60 9 2.282 7 1.662 8 
2.789 2 1.591 1 3.58 17 2.265 9 1.605 5 
2.746 1 1.576 1 3.46 9 2.208 3 1.589 3 
2.700 1 1.556 1 3.40 17 2.196 3 1.553 10 
2.528 1 1.541 1 3.38 5 2.168 11 1.512 2 
2.501 8 1.524 1 3.31 5 2.157 1 1.497 5 
2.424 1 1.487 23 3.26 60 2.146 <1 1.429 5 
2.394 2 1.471 2 3.21 75 2.135 <1 1.386 3 
2.353 2 1.453 1 3.11 60 2.114 3 1.324 3 
2.300 2 1.443 1 3.10 7 2.099 22 1.304 3 
2.220 14 1.409 1 3.07 3 2.071 15 1.297 6 
2.162 6 1.398 1 3.06 3 2.057 7 1.279 5 
2.073 2 30.2 9 2.047 1 1.258 1 

2.975 5 2.038 7 1.233 1 
\ 2.943 13 2.029 7 1.214 1 

2.896 3 1.135 3 

Mirabilite XRD data from PDF card no. 11-647 
Thenardite XRD data from PDF card no. 5-0631 

cipitate from the brine with a Na:Mg ratio of 7:3. 

3.2 is the X-ray diffraction data for this sample. 

Table 

The XRD 

pattern of the unidentified mineral is somewhat similiar to 

the XRD pattern of loeweite (a hydrated sodium magnesium 
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sulfate; Table 3.2 includes loeweite and bloedite XRD data). 

Perhaps the unidentified mineral has a different hydration 

state but a structure similiar to loeweite. 

At still higher magnesium content (brine Na:Mg less 

than 1:1), the precipitates are predominantly bloedite and 

hexahydrite with bladed to acicular habits (Figures 3.4 and 

3 • 5 ) • 
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TABLE 3.2 

XRD Data: B04 Precipitate, Loeweite, and Bloedite 

0 B04 0 Lo~weite 
a A 

Bloedite
0 

dA I dA I d I I dA I 
---------- -------- ---------- --------- ---------
11.65 32 2.037 5 10.3 80 5.46 2 1.988 8 

8.36 1 2.011 5 9.41 25 4.56 95 1.959 16 
7.44 2 1.992 6 6.96 35 4.44 6 1.951 6 
6.96 2 1.958 5 6.20 20 4.28 30 1.937 16 
6.04 4 1.913 5 5.61 40 4.13 10 1.933 16 
5.43 26 1.892 5 5.44 45 3.98 10 1.921 14 
5.17 3 1.847 8 5.18 6 3.86 6 1.907 6 
4.76 7 1.831 4 4.54 16 3.80 25 1.901 6 
4.61 6 1.820 5 4.47 12 3.33 20 1.876 4 
4.51 15 1.799 5 4.29 95 3.29 95 1.858 10 
4.37 8 1.784 5 4.04 95 3.25 100 1.834 6 
4.16 8 1.753 4 3.90 <2 3.09 4 1.812 4 
3.97 100 1.722 6 3.75 55 3.06 4 1.803 4 
3.74 8 1.677 4 3.61 16 2.971 40 1.790 10 
3.58 7 1.664 4 3.56 10 2.732 40 1.785 10 
3.41 7 1.641 6 3.46 90 2.724 40 1.779 10 
3.32 13 1.626 4 3.27 85 2.687 14 1.753 6 
3.25 7 1.601 4 3.25 35 2.667 14 1.732 4 
3.19 8 1.575 5 3.17 100 2.651 40 1.723 2 
3.15 8 1.551 3 3.15 18 2.644 40 1.711 2 
3.09 12 1.535 3 3.11 4 2.623 2 1.706 4 
2.976 10 1.516 3 3.01 12 2.586 20 1.7'00 <2 
2.934 7 1.498 4 2.94 60 2.518 4 1.685 2 
2.827 15 1.474 4 2.86 35 2.454 4 1.676 10 
2.723 12 1.461 3 2.80 40 2.420 2 1.665 12 
2.639 12 1.451 3 2.79 45 2.314 10 1.661 10 
2.589 9 1.436 4 2.72 50 2.297 12 1.644 2 
2.515 7 1.417 3 2.70 95 2.276 20 1.631 4 
2.472 5 1.391 3 2.63 35 2.271 20 1.625 2 
2.427 7 1.371 4 2.61 30 2.194 6 1.620 2 
2.397 11 1.357 3 2.170 16 1.605 2 
2.329 10 1.341 3 2.157 6 1.601 6 
2.296 6 1.333 3 2.141 8 1.599 4 
2.260 5 1.322 3 2.113 10 1.567 6 
2.217 6 1.307 2 2.103 2 1.550 8 
2.197 5 1.328 2 2.080 4 1.542 6 
2.170 5 1.288 3 2.062 4 1.528 4 
2.154 5 1.279 2 2.025 30 1.518 10 
2.122 5 1.264 3 1.992 8 1.499 8 
2.091 6 1.247 2 
2.071 6 

Loeweite XRD data from PDF card no. 21-1139 
B1oedite XRD data from PDF card no. 19-1215 
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Figure 3.4: Bladed hexahydrite crystals with some bloedite. 
Grown from a magnesium-sodium-sulfate brine (Mg:Na = 9:1). 

Figure 3.5: Acicular bloedite crystals with some 
hexahydrite. Grown from a magnesium-sodium-sulfate brine 

(Mg:Na = 9:7). 
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3.3.4 Conclusions 

Magnesium has an effect on mirabilite morphology. 

Bladed mirabilite morphologies are favored over tabular hab

its with increasing magnesium content of the brine. The 

ubiquitous acicular crystals in Saskatchewan magnesium-rich 

hypersaline lakes are composed of bloedite and/or hexahy

drite. Magnesium may also have an effect on the hydration 

state, and therefore on the mineralogy, of hydrous sodium 

sulfate. 



Chapter IV 

CLAY MINERAL-HYPERSALINE BRINE INTERACTION STUDY 

4.1 INTRODUCTION 

Clay minerals are very responsive to their environment: 

by processes such as cation exchange, cation fixation and 

layer reordering, they equilibrate with their surrounds. At 

the same time and by the same processes, they influence 

their ambiant medium. Sillen (1967) considers clay minerals 

to be one of the major factors determining the pH of ocean 

water. Weaver (1967) believes that clay has exerted signif

icant influence on the ocean's chemical composition. 

Clay minerals are major constituents of the sediments 

in Saskatchewan's hypersaline lakes. Several authors have 

studied the interaction of ocean waters and clay minerals 

(Powers, 1957: Russell, 1970: Drever, 1971: Sayles and Man

gelsdorf, 1977): however, the interaction of clay minerals 

and hypersaline sodium-magnesium-sulfate brines have not 

been previously studied. It is possible that this chemical 

environment, with very high ionic strengths, may be condu

cive to diagenesis of clay minerals. 

- 104 -
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4.2 METHODOLOGY 

To study clay mineral-hypersaline brine interaction, 

four clays were immersed in fourteen artificial sodium-mag

nesium-sulfate and sodium-magnesium-potassium-sulfate-chlo

ride brines (Table 4.1) for 6 weeks. The clays used were: 

1. kaolinite, 

2. illite, 

3. random mixed-layer illite-smectite, and 

4. mixture of vermiculite, illite, and kaolinite. 

One gram of air-dried clay (<1.0 ~m fraction) 

75 ml of brine in each of 76 Nalgene bottles. 

lected samples was varied by addition of NaOH, 

was added to 

The pH of se

Mg(OH)2 and/ 

or H2so4 • The bottles were shaken once a day for the dura

tion of the experiment. After 6 weeks, the clays were 

separated from the brines by centrifuging, washed with dis

tilled water, and analyzed to characterize any changes. The 

clay mineralogy was studied with X-ray diffraction, the in

terlayer cations were analyzed by atomic absorption spec

troscopy and the clay composition was determined by X-ray 

fluorescence. The brine chemistry was analyzed by X-ray 

fluorescence and atomic absorption spectroscopy. Due to the 

likelihood of error propagated through the dilution of the 

concentrated brines (in some cases dilution was up to 

100,000 times), only the XRF data was used in the final as-

sessment. The pH of each brine was recorded before and af-

ter the 6 week clay mineral-hypersaline brine interaction 
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period. All laboratory procedures are described in Appendix 

D. 

TABLE 4.1 

Composition of the Hypersaline Brines 

in parts per thousand 
Brine Na Mg K 504 Cl 
----- -----

B01 80.9 0.0 0.0 169.1 0.0 
B02 68.1 8.0 0.0 173.9 0.0 
B03 56.8 15.0 0.0 178.1 0.0 
B04 46.9 21.3 0.0 181.9 o.o 
B05 38.0 26.8 0.0 185.2 0.0 
B06 30.0 31.8 0.0 188.2 0.0 
B07 22.9 36.2 0.0 190.9 0.0 
BOB 10.4 44.0 0.0 195.6 0.0 
B09 5.0 47.4 0.0 197.6 0.0 
BlO 0.0 50.5 0.0 199.5 0.0 
Bll 52.5 36.8 0.0 254.9 0.0 
Bl2 36.7 45.6 2.8 257.5 2.6 
Bl3 58.6 6.8 4.0 149.4 3.7 
B14 41.4 14.6 1.7 144.1 1.5 

To avoid confusion, a descriptive numbering system is 

used for the samples. For example, sample B04-IlK-10 is 

brine B04 after a 6 week interaction with clay IlK. In this 

case, the pH had initially been set at 10. Sample IlK-B09 

is clay IlK after a 6 week interaction with brine B09. The 

pH of this sample was not set. If only one set of numbers/ 

letters is used, then the sample has not had any interaction 

with the other medium (i.e. sample B01 is brine BOl with no 

clay interaction.) 



107 

4.3 KAOLINITE VERSUS HYPERSALINE BRINE 

The kaolinite clay used is from Oneal Pit, Macon, Geor

gia (U of M mineral speciman no. M5596): it will be referred 

to as 'KaS'. The <1.0 ~m fraction is approximately 90% 

lMd kaolinite and 10% smectite. Representative X-ray dif-

fractograms of KaS to KaS-B14 appear in Figure 4.1. The 

brines have no affect on the mineralogy of the kaolinite. 

All X-ray diffractograms have identical strong sharp reflec-
0 

tions, with a basal spacing of 7.18 A. In contrast, the 

smectite basal reflections (Figure 4.2) are affected by the 

brines: undoubtedly this is a consequence of the nature of 

the interlayer cations. The smectite in sample KaS has a 
0 0 

basal spacing of 12.7 A that expands to 17.0 A upon glycola-

tion. Sample KaS-B01 has the same smectite unglycolated ba-
0 

sal spacing of 12.7 A: however, doublet reflections, one at 
0 

13.6 A (75% of the total smectite reflection) and the other 
0 

at 17.0 A (25% of the total reflection), appear upon glyco-

lation. With increasing magnesium in the brine, 
0 

the 13 A 

reflection diminishes and the reflection between 
0 

16 A and 
0 • 

17 A becomes more 1ntense. A single broad 16 A reflection 

occurs in KaS-B04. All remaining samples have sharp smec-
o 0 

tite basal reflections between 16.0 A and 16.5 A. Brines 

that include potassium have no added affect on either the 

kaolinite or smectite reflections. 

The cation exchange capacities (CEC) of the clays (Ta

ble 4.2) are greatly influenced by the composition of the 
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Figure 4.1: Representative X-ray diffractograms of KaS 
samples. 
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Figure 4.2: Glycolated smectite 001 reflections in KaS 
Samples. There is a scale change between 
Figure 4.1 and Figure 4.2. 

109 

brine ; Sample KaS has a CEC of 38.3 meq/100 grams with mag-

nesium amounting to 35.5 meq/100 grams. Sample KaS-B01 has 

a CEC of 32.6 meq/100 grams with sodium amounting to 22.2 

meq/100 grams. Samples KaS-B02, KaS-B03 and KaS-B04 have 

unusually high magnesium in exchangable sites: 50.4, 53.6, 

and 54.0 meq/100 grams respectively. Samples KaS-B05 to 

KaS-B10 have CEC values that show a fairly continuous de

crease from 38.5 to 21.0 meq/100 grams respectively. The 

trend is decreasing CEC with increasing magnesium-content of 

the brine. Samples KaS-B12, KaS-B13 and KaS-B14 have low 

CEC ranging from 15.6 to 17.6 meq/100 grams. Potassium 

tends to lower the CEC, perhaps due to ion fixation. Liter

ature values for CEC of kaolinite range from 1 to 18 (Nem-

ecz, 1981). The higher CEC values obtained in this study 
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may be attributed in part to the smectite content of the 

clay. Smectite CEC ranges from 80 to 140 (Brownlow, 1979). 

TABLE 4.2 

Cation Exchange Capacities of the KaS Sample Suite 

meq/100 grams 
Sample Na Mg Ca K total 
------ -----
KaS 2.3 35.5 0.4 0.1 38.3 
KaS-BOl 22.2 10.0 0.3 0.1 32.6 
KaS-B02 5.6 50.4 1.2 0.0 57.2 
KaS-B03 3.6 53.6 1.2 0.1 58.5 
KaS-B04 2.6 44.0 0.7 0.0 47.3 
KaS-B05 0.9 37.4 0.1 0.1 38.5 
KaS-B06 0.6 26.6 0.1 0.0 27.3 
KaS-B07 0.6 24.7 0.1 0.1 25.5 
KaS-B08 0.3 24.2 0.1 0.0 24.6 
KaS-B09 0.2 22.5 0.1 0.0 22.8 
KaS-BlO 0.0 20.8 0.1 0.1 21.0 
KaS-Bll 3.2 29.5 0.1 0.0 32.8 
KaS-Bl2 0.1 17.2 0.1 0.2 17.6 
KaS-Bl3 1.5 13.2 0.1 0.8 15.6 
KaS-Bl4 0.3 16.8 0.1 0.2 17.4 

Table 4.3 lists the chemical compositions of the KaS 

sample suite. The Na2o, Sio 2 , MnO and Fe2o3 contents of the 

clay remain constant. Relative to KaS, there is a decrease 

in MgO and Al 2o 3 in samples that have interacted with brine. 

The K2o content of the clay is decreased upon interaction 

with brine, except if the brine contains potassium, in which 

case there is a slight increase. Interaction with brine 

t~nds to increase the Tio2 content of the clay, except where 

the brine contains potassium, in which case Ti02 decreases. 

The P2o5 content is quite variable, generally decreasing af

ter interaction with brine. CaO was not detected. 



TABLE 4.3 

Chemical Analyses of the KaS Clay Sample Suite 

weight percent oxide 
Sample Na2o MgO Al203 Si02 P205 K20 CaO Tio2 MnO Fe2o3 H20 Total 

- -- ---- -- -- -- --
KaS 0.11 0.50 36.82 46.35 0.13 0.03 0.00 1.49 0.00 0.21 14.50 100.16 

KaS-BOl 0.06 0.41 35.90 46.87 0.09 0.00 0.00 2.25 0.00 0.21 14.32 100.11 

KaS-B02 0.08 0.47 35.82 46.58 0.26 0.00 0.00 1.65 0.01 0.20 14.83 99.90 

KaS-B03 0.09 0.50 36.17 46.10 0.29 0.02 0.00 1.64 0.00 0.22 14.91 99.94 

KaS-B04 0.06 0.43 36.35 46.05 0.22 0.01 0.00 1.65 0.00 0.22 15.06 100.05 

KaS-B05 0.07 0.34 35.96 46.54 0.11 0.00 0.00 1.83 0.00 0.19 14.81 99.85 

KaS-B06 0.08 0.43 35.96 46.23 0.19 0.00 0.00 1.69 0.00 0.28 15.10 99.96 

KaS-B07 0.05 0.32 36.62 46.11 0.10 0.00 0.00 1.93 0.01 0.20 14.58 99.92 

KaS-B08 0.05 0.26 36.56 46.07 0.08 0.00 0.00 1.99 0.00 0.18 14.75 99.94 

KaS-B09 0.05 0.23 35.99 46.42 0.08 0.01 0.00 2.07 0.00 0.17 14.81 99.83 

KaS-BlO 0.07 0.27 35.83 47.05 0.07 0.01 0.00 2.16 0.00 0.16 14.33 99.95 

KaS-Bll 0.07 0.35 36.49 46.51 0.11 0.00 0.00 1.79 0.00 0.21 14.50 100.03 

KaS-Bl2 0.05 0.23 36.80 46.75 0.02 0.03 0.00 1.16 0.00 0.17 14.80 100.01 

KaS-Bl3 0.07 0.20 36.68 46.16 0.03 0.05 0.00 1.43 0.00 0.21 15.20 100.03 
J-J 

KaS-Bl4 0.07 0.23 36.64 46.97 0.03 0.02 0.00 1.33 0.00 0.18 14.46 99.93 J-J 
J-J 
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The brine chemistry (Table 4.4) is not greatly affected 

by the clay. The only significant observation is that the 

clays give up small amounts of phosphorous to the brine. 

Phosphorous was not detected in brines prior to interaction 

with clay wheras a high sodium concentration, as in BOl, is 

particularly effective in driving phosphorous out of the 

clay structure. 

Generally, the brine pH increased after interaction 

with clay (Table 4.5). Brine B09-KaS showed a substantial 

increase from 5.0 to 7.4. The starting pH of 5.0 for brine 

B09 is very acidic compared to the other brines~ all other 

brines began with pH between 7.0 and 7.9. 



113 

TABLE 4.4 

Chemical Analyses of the Brines Interacted With KaS 

in parts per thousand 
Sample Na Mg K p 
------- ----- ----- ----- -----
B01 80.96 0.02 0.00 0.00 
B01-KaS 80.90 0.00 0.00 0.08 

B02 67.82 7.94 0.00 0.00 
B02-KaS 67.86 7.88 0.00 0.04 

B03 56.92 14.89 0.00 0.00 
B03-KaS 56.87 14.81 0.00 0.03 

B04 45.71 20.92 0.00 0.00 
B04-KaS 45.59 20.89 0.00 0.04 

B05 37.80 27.01 0.00 0.00 
B05-KaS 37.84 27.00 0.00 0.05 

B06 30.11 31.69 0.00 0.00 
B06-KaS 30.09 31.61 0.00 0.04 

B07 22.82 36.02 0.00 0.00 
B07-KaS 22.85 36.00 0.00 0.04 

BOB 10.41 43.90 0.00 0.00 
BOB-KaS 10.41 43.91 0.00 0.03 

B09 5.15 47.46 0.00 0.00 
B09-KaS 5.17 47.40 0.00 0.03 

B10 1.42 49.98 0.00 0.00 
B10-KaS 1.43 49.99 0.00 0.02 

B11 52.49 36.63 0.00 0.00 
B11-KaS 52.41 36.57 0.00 0.04 

B12 36.88 45.35 2.85 0.01 
B12-KaS 36.80 45.39 2.84 0.02 

B13 58.35 6.90 4.06 0.00 
B13-KaS 58.32 6.85 4.05 0.01 

B14 40.85 14.56 1.68 0.00 
B14-KaS 40.82 14.49 1.68 0.01 

Ca, Fe, and Mn were not detected 
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TABLE 4.5 

Brine pH: Before and After Interaction with KaS 

Sample Initial Final 
-------- --------- -------

B01-KaS 7.2 9.2 
B02-KaS 7.5 8.4 
B03-KaS 7.2 8.2 
B04-KaS 7.0 8.2 
B05-KaS 7.6 8.0 
B06-KaS 7.5 7.9 
B07-KaS 7.4 7.8 
B08-KaS 7.0 7.6 
B09-KaS 5.0 7.4 
B10-KaS 7.3 7.5 
B11-KaS 7.9 7.9 
B12-KaS 7.4 7.3 
B13-KaS 7.4 7.5 
B14-KaS 7.6 7.8 

4.4 ILLITE VERSUS HYPERSALINE BRINE 

4.4.1 Natural System 

The illite clay used is from Morris, Illinois (U of M 

mineral speciman no. M5600): it will be referred to as 

'IlK' . The <1.0 ~m fraction is composed of 70% 2M2 illite, 

15% kaolinite, 10% rectorite and about 5% of an undetermined 

member of the plumbogummite series (hydrated aluminum phos

phates). 

Figure 4.3 shows representative X-ray diffractograms of 

samples IlK to IlK-B14. Upon glycolation, the illite basal 

reflection in sample 
0 0 

IlK shifts from 10.01 A to 9.95 A and 

becomes slightly more asymmetrical towards higher d-spac-

ings. This indicates the presence of small amounts of ex-

pandable layers randomly interstratified with the illite 
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(Nemecz, 1981). The quality and quantity of the interstra-

tified layers are affected by interaction with brine. A 

plateau centred at 11.16 A is present in IlK-BOl upon glyco-

lation. Samples IlK-B02 and IlK-B03 have no plateau, but 

the illite reflection has become very asymmetric. After 

glycolation, there are four partly resolved reflections at 

9.98 A, 10.52 A, 11.18 A and 12.44 A in IlK-B04. For sam-

ples IlK to IlK-B07, sharp 
0 

reflections at 9.95 A are ob-

tained after heating to 150°C; these expandable layers are 

interstratified smectite. The multiple reflections obtained 

in some samples indicate that there are several modes of 

randomly interstratified illite-smectite. For instance, the 

reflections in 
0 

IlK-B04 at 9.98 A, 
0 

10.52 A, 
0 

11.18 A, and 
0 

12.44 A are mixed-layer illite-smectites with 0%, 15%, 22%, 

and 28% smectite respectively (Figure 4.4). 

Prior to glycolation, IlK-B08 has 2 reflections at 
0 0 

10.10 A and 11.18 A. Ethylene glycol has very little affect 

on these reflections. Heating to 150°C also has little af

fect on the reflections; however, heating to 350°C collapses 
0 0 

the 11.18 A reflection to 9.95 A. 
0 • 

This 11.18 A reflect1on 

behaves like a mixed-layer illite-intergrade smectite-chlor-

ite (Brown, et al., 1978). Samples IlK-B09 and IlK-B10 are 

similiar to IlK-B08. Samples IlK-B12 to IlK-B14 are little 

affected by ethylene glycol; however, 
0 • 

the 10 A reflect1ons 

are distinctly asymmetric. Therefore, potassium decreases 

the expanding nature of the interstratified layers. 
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Figure 4.3: Illite 001 reflections in representative IlK 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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Figure 4.4: Diagram showing percent smectite in mixed-layer 
illite-smectites (from Nemecz, 1981). 

The brines have no affect on the mineralogy of the kao-

linite: the basal reflections are consistently between 
0 0 

7.14 A and 7.16 A. Rectorite is apparently not affected by 

the brines, although the 001 basal reflection is broad and 

subtle changes may be undetectable. The plumbogummite se-

ries member is also apparently unaffected by the brines. 

Table 4.6 lists the Weaver indices (W.I.)(Weaver, 1960) 

for samples IlK to IlK-B14. The Weaver index 7 is particu-

larly effective in illustrating the broadening of 
0 

the 10 A 

reflection due to contact with brine. Sample IlK has a 

sharp 10 
0 
A reflection with a W.I. of 2.10 and IlK-B01 to 

0 • • 
IlK-Bl4 all have 10 A reflect1ons w1th W.I. values less than 

1.54. 

7 The sharper the reflection, the higher the W.I. value. 
All else being equal, the sharper the reflection, the bet
ter crystallized is the sample. 



118 

TABLE 4.6 

Illite Weaver Indices: IlK Sample Suite 

Sample W. I. 
-------- ------

IlK 2.10 
IlK-BOl 1.11 
IlK-B02 1.36 
IlK-B03 1.27 
IlK-B04 1.11 
IlK-BOS 1.36 
IlK-B06 1.39 
IlK-B07 1.39 
IlK-BOB 1.31 
IlK-B09 1.24 
IlK-BlO 1.54 
IlK-Bll 1.23 
IlK-B12 1.43 
IlK-Bl3 1.44 
IlK-Bl4 1.34 

After interaction with brine there is a decrease in the 

cation exchange capacity (CEC) of the clays (Table 4.7). 

Sample IlK has a CEC of 97.8 meq/100 grams. Clays interact

ed with brine have CEC values that range from 30.4 to 62.1 

meq/100 grams. Samples IlK-Bl2, IlK-Bl3, and IlK-Bl4 have 

the lowest CEC values at 34.3, 31.2, and 30.4 meq/100 grams 

respectively. This is another indication that potassium 

effectively decreases the CEC due to cation fixation. Mag-

nesium is always the dominant exchangable cation except in 

IlK-BOl where sodium is 19.7 and magnesium is 16.1 

meq/100 grams. There is a decrease in the amount of exchan

gable calcium in clays after interaction with brine. Sample 

IlK has 1.6 meq/100 grams of Ca whereas IlK-B01 has 0.7 and 
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all other samples have less than 0.3 meq/100 grams. Litera

ture CEC values for illite range from 10 to 40 (Brown

low, 1979). The higher values obtained in this study can be 

attributed to the interstatified layers ·of smectite with il

lite. 

TABLE 4.7 

Cation Exchange Capacities of the IlK Sample Suite 

meq/100 grams 
Sample Na Mg Ca K total 
------ -----
IlK 3.1 92.1 1.6 1.0 97.8 
IlK-BOl 19.7 16.1 0.7 1.2 37.7 
IlK-B02 2.5 44.6 0.2 0.9 48.2 
IlK-B03 2.3 46.6 0.2 0.9 48.0 
IlK-B04 2.6 48.4 0.3 0.9 52.2 
IlK-B05 2.8 46.6 0.1 1.0 50.5 
IlK-B06 1.9 49.4 0.1 1.0 52.4 
IlK-B07 2.3 56.6 0.1 1.1 60.1 
IlK-BOB 0.6 47.1 0.1 1.0 48.8 
IlK-B09 0.3 47.8 0.1 1.1 49.3 
IlK-BlO 0.2 54.2 0.3 1.4 56.1 
IlK-Bll 3.9 58.0 0.1 0.9 62.9 
IlK-Bl2 0.8 32.0 0.1 1.4 34.3 
IlK-Bl3 2.2 26.8 0.1 2.1 31.2 
IlK-Bl4 1.2 28.0 e.1 1.1 30.4 

Table 4.8 lists the chemical compositions of the IlK 

sample suite before and after brine interaction. The Al 203, 

Sio 2 , Tio2 , and MnO contents of the clay remain constant, 

but there is a decrease in Na20, CaO and Fe 2o3 after inter-

action with brine. The decrease in Fe 2o 3 is particularly 

evident in samples involving potassium-bearing brines. MgO 

increases in the clay upon exposure to brine unless the 
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brine contains potassium, in which case there is little 

change. K2o content of the clay decreases after interaction 

with brine, unless the brine contains potassium, when the 

K2o content of the clay increases slightly. There is also a 

slight decrease in P2o5 content of the clay upon exposure to 

brine. 

The chemical composition of the brines (Table 4.9) are 

little affected by interaction with clay. A small amount of 

phosphorous is detectable in the brines after exposure to 

clay; except in Bl2, phosphorous was not detected in the 

brines prior to interaction with clay. Brines which previ

ously had no potassium have small amounts of potassium after 

interaction with clay. 

In sodium-rich brines (BOl to B04), there is an in

crease in pH after clay has been in the system (Table 4.10). 

Brines B05-IlK to B07-IlK have constant pH whereas BOB-IlK, 

BlO-IlK and Bl2-IlK to Bl4-IlK change no more than 0.2 pH 

units. Brine B09-IlK increases pH from 5.0 to 7.1 and 

Bll-IlK decreases pH from 7.9 to 7.4. 



TABLE 4.8 

Chemical Analyses of the IlK Clay Sample Suite 

weight percent oxide 
Sample Na2o MgO Al203 Sio2 P205 K20 cao Ti02 MnO Fe2o3 H20 Total 

------
IlK 0.99 1.32 24.57 50.25 0.49 5.91 0.06 0.89 0.02 7.25 7.93 99.68 

Il.K-BOl 0.62 1.38 24.52 50.33 0.49 5.89 0.03 0.84 0.02 7.27 8.60 99.99 

IlK-B02 0.64 1.52 24.25 50.33 0.46 5.62 0.00 0.75 0.02 6.48 9.74 99.81 

Il.K-B03 0.61 1.53 24.49 50.37 0.47 5.77 0.00 0.74 0.02 6.36 9.37 99.79 

Il.K-B04 0.40 1.56 24.07 50.09 0.44 5.74 0.02 0.74, 0.02 6.83 9.83 99.73 

Il.K-B05 0.51 1.56 24.11 50.42 0.46 5.80 0.01 0.75 0.02 6.51 9.51 99.76 

Il.K-B06 0.56 1.48 24.30 50.28 0.47 5.79 0.00 0.74 0.02 6.71 9.56 99.91 

IlK-B07 0.47 1.54 24.10 50.21 0.47 5.76 0.01 0.75 0.02 6.87 9.51 99.71 

Il.K-B08 0.44 1.60 24.40 50.19 0.46 5.74 0.00 0.74 0.02 6.82 9.45 99.86 

IlK-B09 0.87 1.59 24.85 49.96 0.47 5.68 0.01 0.74 0.02 6.80 9.00 99.99 

IlK-BlO 0.63 1.64 24.42 50.29 0.48 5.79 0.02 0.77 0.02 6.84 9.09 99.99 

IlK-Bll 0.54 1.62 24.53 50.31 0.45 5.71 0 . 00 0.74 0.02 6.85 9.19 99.96 

IlK-Bl2 0.43 1.35 24.44 50.82 0.45 5.97 0.02 0.82 0.01 5.93 9.52 99.76 

Il.K-Bl3 0.45 1.32 24.23 50.92 0.46 5.95 0.00 0.81 0.01 5.82 9 . 80 99.77 

IlK-Bl4 0.68 1.28 24 ._60 51.24 0 .40 5.89 0.00 0.77 0.01 5.73 9.30 99.90 
I-' 
N 
I-' 
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TABLE 4.9 

Chemical Analyses of the Brines Interacted With IlK 

in parts per thousand 
Sample Na Mg K p 
------- ----- ----- ----- -----
BOl 80.96 0.02 0.00 0.00 
BOl-IlK 80.95 0.02 0.01 0.04 

B02 67.82 7.94 0.00 0.00 
B02-IlK 68.04 7.86 0.01 0.02 

B03 56.92 14.89 0.00 0.00 
B03-IlK 56.97 14.74 0.01 0.02 

B04 45.71 20.92 0.00 0.00 
B04-IlK 45.60 20.77 0.01 0.02 

B05 37.80 27.01 0.00 0.00 
B05-IlK 37.B2 26.91 0.01 0.02 

B06 30.11 31.69 0.00 0.00 
B06-IlK 30.08 31.75 0.01 0.02 

B07 22.B2 36.02 0.00 0.00 
B07-IlK 22.96 35.98 0.00 0.02 

BOB 10.41 43.90 0.00 0.00 
BOB-IlK 10.33 43.46 0.01 0.02 

B09 5.15 47.46 0.00 0.00 
B09-IlK 5.10 47.52 0.01 0.02 

B10 1.42 49.98 0.00 0.00 
B10-IlK 1.27 49.91 0.01 0.02 

B11 52.49 36.63 0.00 0.00 
B11-IlK 52.22 36.51 0.01 0.02 

B12 36.88 45.35 2.85 0.01 
B12-IlK 36.80 45.36 2.B5 0.02 

B13 58.35 6.90 4.06 0.00 
B13-IlK 58.12 7.03 3.99 0.03 

B14 40.85 14.56 1.68 0.00 
B14-IlK 40.53 14.50 1.6B 0.01 

Ca, Fe, and Mn were not detected 
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TABLE 4.10 

Brine pH: Before and After Interaction with IlK 

Sample Initial Final 
-------- --------- -------

BOl-IlK 7.2 8.3 
B02-IlK 7.5 7.8 
B03-IlK 7.2 7.7 
B04-IlK 7.0 7.6 
B05-IlK 7.6 7.6 
B06-IlK 7.5 7.5 
B07-IlK 7.4 7.4 
BOB-IlK 7.0 7.2 
B09-IlK 5.0 7.1 
BlO-IlK 7.3 7.2 
Bll-IlK 7.9 7.4 
Bl2-IlK 7.4 7.2 
Bl3-IlK 7.4 7.5 
Bl4-IlK 7.6 7.7 

4.4.2 ~ Controlled System 

The initial pH was set in brines BOl and B04. Aliquots 

of brine BOl were set at 5.0, 6.1, 7.2, 8.0, 9.0 and 10.0. 

Aliquots of brine B04 were set at 5.0, 6.0, 7.0, 8.0, 9.0 

and 9.9. X-ray diffractograms (Figures 4.5 and 4.6) show 

that pH affects the expandable layers. At high pH (9.0 to 

10.0), there is a decrease in the number of expandable lay-
0 

ers. Sample IlK-B04-10 has a symmetrical 9.97 A reflection 

that is little affected by ethylene glycol and responds to 

heat treatments as would a mixed-layer illite-intergrade 

smectite-chlorite (Brown, et al., 1978) reflection. Table 

4.11 is a list of the Weaver Indices: these are particularly 

effective in illustrating the diminished expanding layers at 

high pH and (to a lesser degree) at low pH. 
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10 

10 8 6 4 10 8 6 4 10 8 6 4 

Figure 4.5: 

•2e CuKe 

Illite 001 reflections of IlK-BOl-pH adjusted 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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6 8 9 

10 8 6 4 10 8 6 4 10 8 6 4 

10 8 6 4 10 8 6 4 10 8 6 4 
0 28 CuKa 

Figure 4.6: Illite 001 reflections of IlK-B04-pH adjusted 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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TABLE 4.11 

pH Controlled IlK Sample Suite: Illite Weaver Indices 

Sample W. I. 
-------- ------
IlK 2.10 

IlK-B01-5 1.35 
IlK-B01-6 1.17 
IlK-B01-7 1.11 
IlK-B01-8 1.49 
IlK-B01-9 1.55 
I1K-B01-10 1.26 

IlK-B04-5 1.44 
IlK-B04-6 1.27 
IlK-B04-7 1.11 
IlK-B04-8 1.44 
IlK-B04-9 1.93 
IlK-B04-10 1.75 

The CEC is affected by pH (Table 4.12). In samples 

IlK-B01-5 to IlK-B01-10, the CEC varies between 20.3 and 

24.9 meq/100 grams, 

37.7 meq/100 grams. 

except for IlK-B01-7 in which CEC is 

Except in IlK-B01-10 where sodium is 

10.2 meq/100 grams and magnesium is 13.4 meq/100 grams, so-

dium is the dominant exchangable cation. 

to IlK-B04-10 show extreme variation. 

Samples IlK-B04-5 

The CEC decreases 

with decreasing pH, 41.6 meq/100 grams at pH 6 and 31.2 

meq/100 grams at pH 5. When pH is increased from 7 to 8, 

the CEC decreases from 52.2 meq/100 grams to 

meq/100 grams; however, the CEC increases to 

32.5 

54.0 

meq/100 grams at pH 9. Magnesium is by far the dominant ex-

changable cation. A precipitate of brucite formed in 
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B04-IlK-10. The brucite is soluble in ammonium acetate (CEC 

determination fluid: see Appendix D.3 for details). As a 

result, the CEC seemingly soars to 426.3 meq/100 grams. One 

other possibly significant observation is that IlK-B04-10 

has half as much exchangable potassium as all other samples. 

TABLE 4.12 

Cation Exchange Capacities of pH Controlled IlK Samples 

meq/100 grams 
Sample Na Mg Ca K total 
--------- -----
IlK 3.1 92.1 1.6 1.0 97.8 

IlK-BOl-5 17.2 5.1 0.4 1.0 23.7 
IlK-BOl-6 16.8 5.8 0.5 0.9 24.0 
IlK-BOl-7 19.7 16.1 0.7 1.2 37.7 
IlK-BOl-8 16.9 3.7 0.4 1.0 22.0 
IlK-BOl-9 14.2 5.0 0.3 0.8 20.3 
IlK-BOl-10 10.2 13.4 0.4 0.9 24.9 

IlK-B04-5 2.4 27.9 0.1 0.8 31.2 
IlK-B04-6 2.3 38.2 0.1 1.0 41.6 
IlK-B04-7 2.6 48.4 0.3 0.9 52.2 
IlK-B04-8 2.4 29.1 0.1 0.9 32.5 
IlK-B04-9 3.1 49.9 0.1 0.9 54.0 
IlK-B04-10 5.7 420.1* 0.1 0.4 426.3* 

(* = influenced by Mg(OH) 2 ) 

The chemical compositions of the pH controlled IlK sam-

ples appear in Table 4.13. 

MnO contents of the clay are not affected by brine pH condi-

tions. There is a tendency for P205 and Fe203 to decrease 

with increasing pH. The MgO content of the clay jumps over 

50% at pH of 10 in sodium-magnesium-sulfate brines: this is 
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perhaps related to a slight decrease in Al 2o3 content under 

the same conditions. In sodium-sulfate brines, the Na 2o 

content of the clay is unaffected by pH: however, in sodium

magnesium-sulfate brines, Na20 content increases with de

creasing pH. 

The only variation in the brine composition (Table · 

4.14) is a decrease of magnesium in B04-IlK-10. This con

firms earlier findings that brucite is precipitated at high 

pH. 

The final pH of the brines (Table 4.15) show that this 

clay is a fairly effective buffering agent. Except for 

brines initially set at 7, the pH of all brines moved to

wards neutrality after clay was in the system. 



TABLE 4.13 

Chemical Analyses of pH Controlled IlK Samples 

weight percent oxide 

Sample Na2o MgO Al203 Si02 P205 K2o CaO Tio2 MnO Fe2o3 H2o Total 
- - -- -- - - -- - --

IlK 0.99 1.32 24.57 50.25 0.49 5.91 0.06 0.89 0.02 7.25 7.93 99.68 

IlK-BOl-5 0.76 1.33 24.45 50.30 0.47 5.82 0.03 0.90 0.01 6.86 9.10 100.03 

IlK-BOl-6 0.79 1.48 24.56 50.22 0.42 5.38 0.03 0.67 0.02 6.72 9.44 99.73 

IlK-BOl-7 0.62 1.38 24.52 50.33 0.49 5.89 0.03 0.84 0.02 7.27 8.60 99.99 

IlK-BOl-8 0.71 1.13 24.35 50~52 0.47 5.51 0.03 0.71 0.02 6.88 9.52 99.85 

IlK BOl-9 0.81 1.24 24.44 50.32 0.44 5.63 0.02 0.71 0.01 6.52 9.65 99.79 

IlK-BOl-10 0.85 1.37 24.57 50.83 0.40 5.75 0.02 0.86 0.01 6.42 9.11 100.19 

IlK-B04-5 1.04 1.28 24.60 50.01 0.49 5.60 0.03 0.82 0.01 6.78 9.20 99.86 

IlK-B04-6 0.96 1.33 24.40 50.43 0.45 5.66 0.00 0.76 0.01 6.54 9.32 99.86 

IlK-B04-7 0.40 1.56 24.07 50.09 0.44 5.74 0.02 0.74 0.02 6.83 9.83 99.73 

IlK-B04-8 0.58 1.30 24.48 50.62 0.45 5.67 0.00 0.80 0.01 6.19 9.71 99.81 

IlK-B04-9 0.45 1.52 24.36 50.55 0.49 5.69 0.00 0.75 0.02 6.35 9.60 99.78 

IlK-B04-10 0.40 2.88 23.63 50.29 0.33 5.54 0.01 0.79 0.02 6.20 9.72 99.81 

........ 
1\.) 

w 
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TABLE 4.14 

Chemical Analyses of pH Controlled IlK Interacted Brines 

in parts per thousand 
Sample Na Mg K p 

---------- ----- ----- ----- -----
BOl 80.96 0.02 0.00 0.00 
BOl-IlK-5 80.81 0.01 0.02 0.00 
B01-IlK-6 80.96 0.01 0.01 0.02 
B01-IlK-7 80.95 0.02 0.01 0.04 
B01-IlK-8 80.91 0.01 0.01 0.02 
B01-IlK-9 80.78 0.01 0.01 0.01 
B01-IlK-10 80.88 0.01 0.01 0.02 

B04 45.71 20.92 0.00 0.00 
B04-IlK-5 45.58 20.82 0.01 0.01 
B04-IlK-6 45.54 20.66 0.01 0.01 
B04-IlK-7 45.60 20.77 0.01 0.02 
B04-IlK-8 45.77 20.71 0.01 0.01 
B04-IlK-9 43.41 20.83 0.01 0.02 
B04-IlK-10 34.70 13.62 0.02 0.00 

Ca, Fe, and Mn were not detected 

TABLE 4.15 

Brine pH: Initial and Final 

Sample Initial Final 
--------- --------- -------
B01-I1K-5 5.0 7.8 
B01-IlK-6 6.1 7.7 
B01-IlK-7 7.2 8.3 
B01-I1K-8 8.0 7.9 
B01-IlK-9 9.0 7.9 
B01-IlK-10 10.0 8.3 

B04-IlK-5 5.0 7.5 
B04-I1K-6 6.0 7.7 
B04-IlK-7 7.0 7.6 
B04-IlK-8 8.0 7.6 
B04-IlK-9 9.0 7.5 
B04-I1K-10 9.9 8.6 
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4.5 MIXED-LAYER ILLITE-SMECTITE VERSUS HYPERSALINE BRINE 

4.5.1 Natural System 

The mixed-layer illite-smectite standard clay used is 

from Morris, Illinois (U of M mineral specimen no. M5594); 

it will be referred to as 'MIS'. The <1.0 wm fraction is 

composed of 75% mixed-layer illite-smectite, 10% rectorite , 

5% kaolinite, 5% quartz and about 5% of an undetermined mem-

ber of the plumbogummite series. 

Figure 4.7 shows representative X-ray diffractograms of 

samples MIS to MIS-Bl4. Sample MIS has a prominent broad 

reflection at 10.71 A; upon glycolation, this resolves into 

5 discernable reflections at 
0 

9.87 A, 
0 

10.88 A, 
0 

11.33 A, 
0 0 

12.44 A and 16.60 A. According to Figure 4.2, these reflec-

tions correspond to mixed-layer illite-smectites with 0 ~ 0, 

20%, 23%, 28% and 72% smectite respectively. Sample MIS-BOl 
0 • 0 

has a broad 10.89 A reflect1on that expands to 11.15 A after 

glycolation; however, the shape of the reflection remains 

unchanged. This shows that sodium is capable of diminishing 

the expandable nature of the smectite layers. The X-ray 

diffractograms of MIS-B02 to MIS-Bll are similiar to MIS. 

There is a random variation in the d-spacings of the ungly-

colated illite-smectite 001/001 reflection. The range is 
0 0 • 0 

from 10.91 A to 11.31 A, as compared w1th 10.77 A for MIS. 

There are also slight differences in the d-spacings and rel

ative intensities of the glycolated mixed-layer modes. Upon 

glycolation, samples MIS-B09 and MIS-B11 have reflections of 
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• 0 0 

equal 1ntensity at 10 A and 12 A. In each sample, the 12 A 
reflection is broad and distinctly asymmetric towards higher 

d-spacings. Unglycolated 001/001 reflections in MIS-Bl2 to 
0 0 

MIS-Bl4 range from 10.75 A to 10.79 A; this is essentially 

equal to the 10.77 A reflection in MIS. Two major reflec-

tions, 
0 0 

one at 10 A and the other between 11.11 A and 
0 

11.70 A, appear in MIS-Bl2 to MIS-Bl4 upon glycolation. 

Once again, this demonstrates that potassium can decrease 

the expandability of the smectite mixed-layers. 
0 

The 10 A 

0 
and 11+ A reflections are of equal intensity in MIS-Bl3 and 

MIS-Bl4. Due to interference from the abundant mixed-lay-

ers, the Weaver indices were not calculated. 

The minor mineral constituents of the samples do not 

seem to be affected by the brines. However, there is sub-

stantial variation in the intensity of the rectorite 001 re

flection, and it is possible that some ordering of the pre

viously unordered layers occurs due to contact with brine. 

For instance, 
0 

the glycolated 29 A reflectiun in MIS-B02 and 

MIS-Bll have the same intensity as the 10 A reflection. 

With one exception, exposure to brine decreases the ca-

tion exchange capacity (CEC) of the clay (Table 4.16). The 

CEC of MIS is 60.4 meq/100 grams with magnesium amounting to 

53.4 meq/100 grams. Sample MIS-BOl has a CEC of 62.2 

meq/100 grams with sodium at 38.9 meq/100 grams and magnesi-

urn at 20.4 meq/100 grams. The CEC of MIS-B02 to MIS-Bll 

range from 49.4 to 57.2 meq/100 grams with magnesium always 
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MIS MIS-801 

10 8 6 4 

MIS-814 
MIS-808 

10 8 6 4 

10 8 6 4 0 28 CuKa 

Figure 4.7: Illite 001 reflections of representative MIS 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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amounting to over 85%. The amount of exchangable calcium is 

substantially decreased once the clay interacts with brine. 

Sample MIS has 4.0 meq/100 grams of calcium whereas MIS-BOl 

has 1.2 meq/100 grams and all other samples have less than 

0.5 meq/100 grams. In spite of the fact that brines BOl to 

B11 contain no added potassium, in each case there is a 

slight increase in exchangable potassium from 1.2 

meq/100 grams in MIS to 1.9 meq/100 grams in MIS-B09 and 

MIS-B10. Samples MIS-B13 and MIS-B14 have low CEC at 37.2 

and 40.6 meq/100 grams respectively. However, MIS-B12 does 

not follow the trend of low CEC with increased potassium

content of the brine. The CEC of MIS-B12 is 58.8 

meq/100 grams which is just slightly lower than that of MIS 

(60.4 meq/100 grams). 

Table 4.17 lists the chemical compositions of the MIS 

sample suite. The CaO, Tio 2 and MnO contents of the clay 

remains constant, but there is a 

tent upon interaction with brine. 

Si02 contents generally decrease 

decrease in the Na20 con

Similiarly, the Al203 and 

in clays interacted with 

brine; however, Al203 remains constant if the brine contains 

potassium and sio2 changes little if the brine contains only 

sodium sulfate. The MgO content of the clay increases upon 

interaction with brine, except in sodium-rich, magnesium

poor brines containing potassium. There is an overall in

crease in K20, most evident in clay interacted with brines 

containing potassium. The P2o5 content is fairly constant, 
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TABLE 4.16 

Cation Exchange Capacities of the MIS Sample Suite 

meq/100 grams 
Sample Na Mg Ca K total 

-------- -----
MIS 1.8 53.4 4.0 1.2 60.4 
MIS-BOl 38.9 20.4 1.2 1.7 62.2 
MIS-B02 6.6 45.6 0.4 1.6 54.2 
MIS-B03 2.4 44.8 0.4 1.8 49.4 
MIS-B04 1.3 46.3 0.3 1.8 49.7 
MIS-B05 1.3 49.9 0.3 1.6 53.1 
MIS-B06 3.5 51.9 0.3 1.5 57.2 
MIS-B07 1.3 48.7 0.2 1.7 51.9 
MIS-BOB 0.6 48.5 0.3 1.8 51.2 
MIS-B09 0.6 48.3 0.3 1.9 51.1 
MIS-BlO 0.1 48.2 0.4 1.9 50.6 
MIS-Bll 0.8 48.3 0.3 1.8 51.2 
MIS-Bl2 3.8 52.2 0.2 2.6 58.8 
MIS-Bl3 2.9 31.6 0.2 2.5 37.2 
MIS-Bl4 1.2 37.7 0.2 1.5 40.6 

although there is a slight decrease in clays interacted with 

sodium-rich, magnesium-poor brines containing potassium. 

The brine compositions (Table 4.18) show similiar 

trends to those established for the previous clays (KaS and 

IlK). Brines having no potassium prior to interaction with 

clay have 0.01 ppt potassium following the interaction. 

There is a similiar situation in relation to phosphorous and 

the phosphorous-content of the clay-contacted brines averag-

es 0.03 ppt. 

The final pH of the brines is generally higher than the 

initial pH (Table 4.19). Exceptions include B05-MIS and 

B06-MIS in which pH remained constant, Bl2-MIS in which pH 

decreased from 7.4 to 7.3, and Bll-MIS in which the pH de

creased from 7.9 to 7.5. 



TABLE 4.17 

Chemical Analyses of the MIS Clay Sample Suite 

weight percent oxide 
Sample Na2o MgO Al203 Sio2 P205 K2o cao Tio2 :MnO Fe2o3 H2o 'Ibta1 

--- --
MIS 0.60 1.71 21.68 52.03 0.50 5.65 0.02 0.77 0.01 7.64 9.38 99.99 

.MIS-B01 0.42 1.90 21.16 52.02 0.50 5.88 0.01 0.74 0.02 8.07 9.27 99.99 

MIS-B02 0.26 2.00 21.55 51.89 0.49 5.75 0.01 0.70 0.02 8.12 9.13 99.92 

MIS-B03 0.20 2.03 21.38 51.70 0.48 5.82 0.01 0.71 0.01 8.07 9.48 99.89 

MIS-B04 0.41 1.99 21.42 51.53 0.48 5.95 0.01 0.70 0.01 8.04 9.31 99.85 

MIS-B05 0.19 2.08 21.05 51.40 0.50 6.07 0.01 0.71 0.01 8.08 9.58 99.68 

.MIS-B06 0.22 2.03 21.16 51.50 0.50 6.03 0.01 0.69 0.01 8.03 9.69 99.87 

.MIS-B07 0.23 1.95 21.21 51.59 0.48 6.01 0.00 0.71 0.02 8.07 9.59 99.86 

MIS-BOB 0.15 1.92 21.37 51.79 0.48 6.01 0.01 0.71 0.01 8.07 9.40 99.92 

MIS-B09 0.15 2.00 21.28 51.31 0.48 5.89 0.03 0.71 0.01 8.25 9.73 99.81 

MIS-B10 0.20 2.01 21.20 51.38 0.48 6.10 0.03 0.72 0.01 8.30 9.67 100.10 

.MIS-B11 0.17 1.98 21.34 51.51 0.47 6.03 0.01 0.71 0.01 8.10 9.55 99.88 

MIS-B12 0.19 1.89 21.56 51.66 0.46 6.18 0.02 0.74 0.01 8.08 9.30 100.09 

MIS-Bl3 0.28 1.37 21.68 51.81 0.34 6.20 0.03 0.78 0.01 7.63 9.71 99.84 
~ 
w 

MIS-B14 0.22 1.36 21.72 51.76 0.34 6.15 0.01 0.79 0 . 01 7.52 9.89 99.77 0"1 
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TABLE 4.1B 

Chemical Analyses of Brines Interacted With MIS 

in parts per thousand 
Sample Na Mg K p 
------- ----- ----- ----- -----
BOl B0.96 0.02 0.00 0.00 
BOl-MIS B0.90 0.00 0.01 0.04 

B02 67.B2 7.94 0.00 0.00 
B02-MIS 67.B3 7.B9 0.01 0.03 

B03 56.92 14.B9 0.00 0.00 
B03-MIS 56.99 14.63 0.01 0.03 

B04 45.71 20.92 0.00 0.00 
B04-MIS 45.65 20.B9 0.01 0.03 

B05 37.BO 27.01 0.00 0.00 
B05-MIS 37.B6 27.04 0.01 0.03 

B06 30.11 31.69 0.00 0.00 
B06-MIS 30.01 31.76 0.01 0.03 

B07 22.B2 36.02 0.00 0.00 
B07-MIS 22.B4 36.10 0.01 0.03 

BOB 10.41 43.90 0.00 0.00 
BOB-MIS 10.59 43.72 0.01 0.03 

B09 5.15 47.46 0.00 0.00 
B09-MIS 5.09 47.29 0.01 0.03 

B10 1.42 49.9B 0.00 0.00 
B10-MIS 1.42 4B.BO 0.01 0.04 

B11 52.49 36.63 0.00 0.00 
B11-MIS 52.31 36.7B 0.00 0.03 

B12 36.BB 45.35 2.B5 0.01 
B12-MIS 36.62 45.30 2.B5 0.03 

B13 5B.35 6.90 4.06 0.00 
B13-MIS 5B.27 6.9B 4.04 0.02 

B14 40.B5 14.56 1.6B 0.00 
B14-MIS 40.B9 14.61 1.60 0.03 

Ca, Fe, and Mn were not detected 
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TABLE 4.19 

Brine pH: Before and After Interaction with MIS 

Sample Initial Final 
-------- --------- -------

BOl-MIS 7.2 8.4 
B02-MIS 7.5 8.0 
B03-MIS 7.2 7.6 
B04-MIS 7.0 7.7 
B05-MIS 7.6 7.6 
B06-MIS 7.5 7.5 
B07-MIS 7.4 7.5 
BOB-MIS 7.0 7.3 
B09-MIS 5.0 7.2 
BlO-MIS 7.3 7.4 
Bll-MIS 7.9 7.5 
Bl2-MIS 7.4 7.3 
Bl3-MIS 7.4 7.8 
Bl4-MIS 7.6 8.2 

4.5.2 ~ Controlled System 

The initial pH was varied in brines B07 and BlO. The 

pH was set at 5.0, 6.0, 7.4, 8.0, 9.0 and 10.0 in B07, and 

5.0, 6.0, 7.3, 8.0, 9.0 and 10.0 in BlO. Figures 4.8 and 

4.9 are the X-ray diffractograms of MIS-B07-5 to MIS-Bl0-10 

and MIS-Bl0-5 to MIS-Bl0-10 respectively. The X-ray dif-

fractograms of MIS ~ B07-5 to MIS-B07-8 are essentially iden-

tical, with minor variations in d-spacings and intensities 

of the mixed-layer reflections. In contrast, MIS-B07-9 and 

MIS-B07-10 are quite different from their lower pH counter-

parts. The clay reflections are much less intense, particu-

larly in MIS-B07-10. In MIS-B07-10, ethylene glycol has 

little or no effect on the 001/001 mixed-layer reflections. 

Heating to 150°C also has little effect, but heating to 
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350°C collapses the reflection 
0 

to 9.95 A. This reflection 

behaves like a mixed-layer illite-intergrade smectite-chlor

ite reflection (Brown, et al., 1978). The 002 reflection at 
0 0 0 

5 A is resolved into 2 reflections at 4.96 A and 5.07 A in 

unglycolated MIS-B07-9 and MIS-B07-10. In addition, 

MIS-B07-10 has a brucite reflection 
0 

at 4.78 A. There is 

also a considerable amount of amorphous material in 

MIS-B0?-10. 

Samples MIS-Bl0-5 to MIS-Bl0-8 show only minor varia-

tions in d-spacings and intensities of the mixed-layer re

flections; and the reflections are particularly intense in 

MIS-Bl0-6. Overall there is a decrease in intensity of the 

clay reflections in MIS-Bl0-9 and MIS-Bl0-10; however, the 

decrease is not nearly as dramatic as in MIS-B07-10. There 
0 

are brucite 4.78 A reflections present in both MIS-Bl0-9 and 

MIS-Bl0-10. 

The CEC of the clay is affected by pH conditions (Table 

4.20), the extent of which is masked by the precipitation of 

brucite at high pH. The CEC of MIS-B07-5 to MIS-B07-8 rang

es from 40.9 meq/100 grams at pH 5 to 51.9 meq/100 grams at 

neutral pH. Samples MIS-07-9 and MIS-B07-10 have extremely 

high CEC values, 259.0 and 609.6 meq/100 grams respectively, 

due to the precipitation of brucite. Magnesium is always 

the major exchangable cation. At high pH (9-10), sodium and 

potassium decrease slightly whereas calcium increases. The 

CEC of MIS-Bl0-5 to MIS-Bl0-8 ranges from 39.7 meq/100 grams 
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Figure 4.8: Illite 001 reflections of MIS-B07-pH adjusted 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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10 8 6 4 

10 8 6 4 

Figure 4.9: Illite 001 reflections of MIS-BlO-pH adjusted 
samples. The top reflection in each set is 
after ethylene glycol treatment. 
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at pH 6 to 72.1 meq/100 grams at pH 5. Samples MIS-Bl0-7 

and MIS-Bl0-8 have CEC of 50.6 and 52.0 meq/100 grams re-

spectively. Once again, due to the precipitation of bru-

cite, the CEC of MIS-Bl0-9 and MIS-Bl0-10 are anomalously 

high at 145.1 and 179.0 rneq/100 grams respectively. Magne-

sium is always the major exchangable cation. Sodium is de-

creased at neutral pH (6 to 8). Calcium is increased at 

high pH (10) and there is a slight decrease in potassium 

with increasing pH. 

TABLE 4.20 

Cation Exchange Capacities of pH Controlled MIS Samples 

meq/100 grams 
Sample Na Mg Ca K total 

-------- -----
MIS 1.8 53.4 4.0 1.2 60.4 

MIS-B07-5 1.0 38.0 0.2 1.7 40.9 
MIS-B07-6 1.1 39.0 0.2 1.7 42.0 
MIS-B07-7 1.3 48.7 0.2 1.7 51.9 
MIS-B07-8 1.6 47.3 0.2 1.6 50.7 
MIS-B07-9 0.8 256.6* 0.5 1.1 259.0* 
MIS-B07-10 0.5 608.0* 0.4 0.7 609.6* 

MIS-Bl0-5 1.2 68.5 0.4 2.0 72.1 
MIS-Bl0-6 0.1 37.6 0.2 1.8 39.7 
MIS-Bl0-7 0.1 48.2 0.4 1.9 50.6 
MIS-Bl0-8 0.1 49.9 0.3 1.7 52.0 
MIS-Bl0-9 0.2 142.8* 0.6 1.5 145.1* 
MIS-Bl0-10 0.5 175.3* 1.7 1.5 179.0* 

(* = influenced by Mg(OH) 2 ) 

The chemical analyses of the clay samples appear in Ta

ble 4.21. The Na 2o, P205 CaO, and Tio 2 contents of the clay 
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remain constant. MgO content increases in clay at high 

brine pH. Al 2o 3 tends to be high at low pH and low at high 

pH, whereas Sio 2 is low at low pH and high at high pH. K2o 

is decreased with decreasing pH and both- MnO and Fe 2o 3 in

crease with decreasing pH. 

The pH conditions have an effect on the composition of 

the brines (Table 4.22). Samples B07-MIS-5 to B07-MIS-9 

have simi1iar compositions, close to that of brine B07. 

However, B07-MIS-10 shows a 60% decrease in sodium and an 

80% decrease in magnesium concentration from that of B07. 

In addition, there is an increase in potassium to 0.03 ppt. 

Iron is 0.01 ppt, but is not detected in previous samples. 

Phosphorous is not detected in B07-MIS-10 whereas it is de

tected in all previous brines that have had interaction with 

clay. 

Samples B10-MIS-5 to B1~-MIS-7 have similiar composi

tions. Beginning with B10-MIS-8 there is a drastic decrease 

of magnesium with increasing pH. These samples are no long

er hypersaline brines but range from saline (B10-MIS-8) to 

brackish (B10-MIS-9) to fresh (B10-MIS-10). Sample 

B10-MIS-10 started out as a concentrated hypersaline brine 

with 250 ppt MgS04 and is now potable! The so4 z- ions must 

be tied up as H20-S04 complexes and as H2so4. 'other trends 

at high pH include an increase in potassium, an increase in 

iron, an increase in manganese and a decrease in phospho

rous. 



TABLE 4. 21 

Chemical Analyses of pH Controlled MIS Samples 

weight percent oxide 
Sample Na2o MgO Al203 Sio2 P205 K2o CaO Tio2 MnO 

- -- -- - - -- -

MIS 0.60 1.71 21.68 52.03 . 0.50 5.65 0.02 0.77 0.01 

MIS-B07-5 0.23 1.83 21.80 51.44 0.46 5.99 0.01 0.77 0.01 

MIS-B07-6 0.24 1.82 21.55 51.42 0.47 5.97 0.01 0.75 0.01 

MIS-B07-7 0.23 1.95 21.21 51.59 0.48 6.01 0.00 0.71 0.02 

MIS-B07-8 0.37 1.87 21.49 51.51 0.49 5.94 0.02 0.73 0.01 

MIS-B07-9 0.27 2.39 21.51 51.61 0.47 5.85 0.02 0.75 0.01 

MIS-B07-10 0.28 2.86 21.77 50.98 0.41 5.54 0.01 0.69 0.02 

MIS-B10-5 0.24 2.00 23.32 49.92 0.44 3.99 0.00 0.71 0.08 

MIS-B10-6 0.13 1.78 21.60 51.44 0.40 5.82 0.01 0.77 0.02 

MIS-B10-7 0.20 2.01 21.20 51.38 0.48 6.10 0.03 0.72 0.01 

MIS-B10-8 0.24 1.81 21.56 51.36 0.43 5.79 0.02 0.74 0.01 

MIS-B10-9 0.09 2.13 20.42 52.12 0.42 5.92 0.00 0.76 0.01 

MIS-B10-10 0.24 2.13 19.82 52.77 0.45 5.62 0.02 0.71 0.02 

Fe2o3 H2o 
--

7.64 9.38 

7.66 9.80 

7.73 9.85 

8.07 9.59 

7.79 9.70 

7.28 9.76 

7.31 9.93 

8.14 10.95 

7.50 10.61 

8.30 9.67 

7.52 10.30 

7.47 10.48 

7.37 10.71 

Total 

99.99 

100.00 

99.82 

99.86 

99.92 

99.92 

99.80 

99.79 

100.08 

100.10 

99.78 

99.82 

99.86 

...... 
~ 
~ 
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TABLE 4.22 

Chemical Analyses of pH Controlled MIS Interacted Brines 

in parts per thousand 
Sample Na Mg K p Fe Mn 
----------------------------------------------------------
B07 22.82 36.02 0.00 0.00 0.00 0.00 
B07-MIS-5 22.81 36.00 0.01 0.01 0.00 0.00 
B07-MIS-6 22.69 35.93 0.01 0.02 0.00 0.00 
B07-MIS-7 22.84 36.07 0.01 0.03 0.00 0.00 
B07-MIS-8 22.79 35.89 0.01 0.02 0.00 0.00 
B07-MIS-9 21.59 34.01 0.01 0.01 0.00 0.00 
B07-MIS-10 8.30 6.87 0.03 0.00 0.01 0.00 

B10 1.42 49.98 0.00 0.00 0.00 0.00 
B10-MIS-5 1.32 50.02 0.01 0.02 0.00 0.00 
B10-MIS-6 1.39 49.86 0.01 0.01 0.00 0.00 
BlO-MIS-7 1.42 49.80 0.01 0.04 0.00 0.00 
B10-MIS-8 1.37 47.76 0.02 0.01 0.01 0.00 
BlO-MIS-9 1.32 9.81 0.03 0.00 0.02 0.00 
BlO-MIS-10 1.11 0.05 0.03 0.00 0.02 0.01 

Except for brines initially set at 7, the pH of the 

brines moved closer to neutrality after clay was in the sys-

tern (Table 4.23). This clay is more effective at buffering 

acidic brines than alkalic brines. For example, where the 

initial pH was 5 the final pH is always greater than 7.0, 

but where the initial pH was 9 or more the final pH is al-

ways greater than 8.0. 



TABLE 4.23 

pH of the Brines: Initial and Final 

Sample Initial Final 
-------- --------- -------
B07-MIS-5 5.0 7.4 
B07-MIS-6 6.0 7.3 
B07-MIS-7 7.4 7.5 
B07-MIS-8 8.0 7.3 
B07-MIS-9 9.0 8.4 
B07-MIS-10 10.0 9.0 

BlO-MIS-5 5.0 7.3 
B10-MIS-6 6.0 7.1 
B10-MIS-7 7.3 7.4 
B10-MIS-8 8.0 7.6 
B10-MIS-9 9.0 8.3 
B10-MIS-10 10.0 8.1 

4.6 VERMECULITE-ILLITE-KAOLINITE MIXTURE VERSUS 
HYPERSALINE BRINE 
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This clay is from Catawba, Virginia (U of M mineral 

specimen no. M5598); it will be referred to as 'VIK'. The 

<1.0 ~m fraction is approximately 33% vermiculite, 33% il-

lite, 33% kaolinite and 1% quartz. Of the four clays used 

in this clay mineral-hypersaline brine interaction study, 

clay VIK proved to be the most difficult to characterize. 

The difficulties arise due to the presence of several dif-

ferent types of mixed-layers. 

Representative X-ray diffractograms of samples VIK to 

VIK-Bl4 appear in Figure 4.10. Figure 4.11 shows the X-ray 

diffractograms of samples VIK, VIK-BOl and VIK-B09, heated 

Sample VIK has minor interstratified chlorite 

with the illite. The random mixed illite-chlorite layers do 
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not collapse 
0 

to 9.95 A upon heating to 550°C but retain a 

basal spacing of about 11.65 ~. There are also some random 

mixed-layers of smectite and some halloysite with the kaoli-

nite. Despite the large variety, the mixed-layers are only 

minor constituents of VIK, and the majority of the vermicu-

lite, illite and kaolinite are well crystallized, giving 

sharp well-defined reflections. Sample VIK-BOl has inters-

tratified smectite layers not only with the kaolinite but 

also with the illite. Upon glycolation, 
0 . 

the 7.15 A kaol1-

nite reflection becomes less asymmetric towards higher d-

spacings and an 
0 

8.04 A reflection is present. Heating to 

550°C shows that chlorite is present with the illite; how-
0 

ever, the 11.65 A reflection is not nearly as well-resolved 

as that in VIK. Upon glycolation, there are 
0 

17.66 A, 
0 0 

19.71 A and 23.73 A reflections in VIK-B02. These reflec-

tions are possibly due to ordered or partially ordered 

stacking arrangements of some mixed-layers, along with non-
0 

mixed layer smectite (17.66 A). 

With only minor variations in the d-spacings and inten-

sities of the mixed-layer reflections, samples VIK-B03 to 

VIK-Bll are similiar to VIK-B02. When the samples are heat

ed to 550°C, the 11.65 A reflections show better resolution 

with increased magnesium-content of the brine. The partial-
0 

ly collapsed 11.65 A illite-chlorite reflection is very well 

defined in VIK-B09. The 10 A illite reflections in VIK-Bl2 

to VIK-Bl4 are not quite as asymmetric as in other samples. 
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Figure 4.10: Glycolated clay 001 reflections of 
representative VIK samples. 
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VIK 

VIK-801 

10 5 

Figure 4.11: Clay 001 reflections of VIK, VIK-BOl, and VIK
B09 heated to 550°C. 

This results from the decrease in expandable interstratified 

layers brought about by cation fixation of potassium. 

There is little variation in the Weaver index of the 

illite reflections (Table 4.24). This is due to the high 

degree of crystallinity of the illite and the lack of inter

ference by the small number of mixed-layers. 

The cation exchange capacities (CEC) of the clays (Ta

ble 4.25) show a marked decrease upon interaction with the 

brines. The CEC of VIK is 94.5 meq/100 grams while the CEC 

of VIK-BOl is 64.1 meq/100 grams. All other samples have 

CEC values that range from 41.3 to 50.6 meq/100 grams. The 

trend is for increased CEC with high sodium-content of the 
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TABLE 4.24 

Illite Weaver Indices: VIK Sample Suite 

Sample W. I. 
-------- ------

VIK 1.96 
VIK-B01 1.78 
VIK-B02 1.87 
VIK-B03 1.67 
VIK-B04 1.82 
VIK-B05 1.94 
VIK-B06 1.93 
VIK-B07 1.69 
VIK-B08 1.74 
VIK-B09 1.82 
VIK-B10 1.83 
VIK-B11 1.71 
VIK-B12 1.71 
VIK-B13 1.76 
VIK-B14 1.81 

brine. Only in VIK-B01 is sodium ~he major exchangable ca-

tion, accounting for about 66% of the total. Magnesium is 

by far the major exchangable cation in all other samples. 

Calcium is always less than 0.5 meq/100 grams. Potassium is 

0.7 meq/100 grams in VIK, always less than 0.5 meq/100 grams 

in VIK-BOl to VIK-B11, and between 1.1 and 2.3 meq/100 grams 

in VIK-B12 to VIK-Bl4. 

Table 4.26 lists the chemical compositions of the VIK 

sample suite. The only variation occurs in VIK-B12 to 

VIK-B14. These samples have slightly increased K20-content 

compared to the other samples, and this can be attributed to 

cation fixation of potassium. Little or no variation occurs 

in the brine chemistry (Table 4.27). 
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TABLE 4.25 

Cation Exchange Capacities of VIK Samples 

meq/100 grams 
Sample Na Mg Ca K total 

-------- -----
VIK 15.7 77.8 0.3 0.7 94.5 
VIK-BOl 44.6 18.6 0.5 0.4 64.1 
VIK-B02 2.6 38.3 0.1 0.3 41.3 
VIK-B03 1.9 42.0 0.1 0.3 44.3 
VIK-B04 1.9 44.7 0.5 0.4 47.5 
VIK-B05 1.3 47.2 0.1 0.4 49.0 
VIK-B06 1.3 44.1 0.1 0.3 45.8 
VIK-B07 0.7 44.8 0.1 0.4 46.0 
VIK-B08 0.7 44.3 0.1 0.4 45.5 
VIK-B09 0.5 45.4 0.1 0.4 46.4 
VIK-BlO 0.2 45.4 0.1 0.4 46.1 
VIK-Bll 2.4 47.7 0.1 0.4 50.6 
VIK-Bl2 0.9 42.7 0.1 1.1 43.8 
VIK-Bl3 1.5 37.4 0.1 2.3 41.3 
VIK-Bl4 4.2 42.4 0.1 1.7 48.4 

The final pH of the brines, with the exception of 

BOl-VIK and B09-VIK, varies no more than 0.5 units from the 

initial pH (Table 4.28). Brine BOl-VIK had an initial pH of 

7.2 and a final pH of 8.4, while B09-VIK began at 5.0 and 

ended at 7.0. 



TABLE 4.26 

Chemical Analyses of the VIK Clay Sample Suite 

weight percent oxide 
Sample Na2o MgO Al203 P205 K2o cao Tio2 MnO Fe2o3 H2o Total 

- --· -- -- -- -- -- --
VIK 0.13 2.01 24.20 0.48 4.35 0.04 0.61 0.09 8.31 11.18 99.91 

VIK-B01 0.16 1.81 24.67 0.36 4.10 0.04 0.69 0.08 8.21 10.93 99.87 

VIK-B02 . 0.16 1.86 24.71 0.43 4.13 0.04 0.69 0.07 8.34 10.51 99.92 

VIK-B03 0.11 1.86 24.64 0.45 4.19 0.05 0.68 0.07 8.37 10.74 99.95 

VIK-B04 0.15 1.89 24.47 0.46 4.28 0.04 0.70 0.07 8.32 10.67 99.98 

VIK-B05 0.13 1.85 24.67 0.47 4.29 0.04 0.68 0.08 8.40 10.22 99.84 

VIK-B06 0.14 2.03 24.76 0.47 4.24 0.05 0.70 0.08 8.49 9.62 99.83 

VIK-B07 0.16 1.92 24.67 0.45 4.24 0.04 0.67 0.08 8.45 9.85 99.98 

VIK-B08 0.14 2.03 24.52 0.46 4.26 0.04 0.70 0.08 8.50 10.87 100.21 

VIK-B09 0.15 1.93 24.13 0.45 4.22 0.05 0.69 0.07 8.43 10.99 99.80 

VIK-B10 0.15 1.95 24.43 0.46 4.22 0.05 0.69 0.07 8.50 10.76 99.91 

VIK-Bl1 0.08 1.94 24.43 0.45 4.30 0.05 0.67 0.07 8.42 10.91 99.99 

VIK-Bl2 0.24 1.98 24.48 0.47 4.51 0.04 0.70 0.08 8.49 10.74 100.20 

VIK-B13 0.18 1.94 24.24 0.45 4.53 0.05 0.69 0.08 8.41 10.64 100.07 

VIK-Bl4 0.15 1.92 24.57 11.11 100.19 
t-J 0.47 4.46 0.05 0.69 0.08 8.22 (J1 

f'V 
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TABLE 4.27 

Chemical Analyses of Brines Interacted With VIK 

in parts per thousand 
Sample Na Mg K p 
------- ----- ----- ----- -----
B01 80.96 0.02 0.00 0.00 
B01-VIK 80.87 0.02 0.00 0.04 

B02 67.82 7.94 0.00 0.00 
B02-VIK 67.81 7.86 0.01 0.02 

B03 56.92 14.89 0.00 0.00 
B03-VIK 56.72 14.92 0.01 0.02 

B04 45.71 20.92 0.00 0.00 
B04-VIK 45.68 20.92 0.00 0.02 

B05 37.80 27.01 0.00 0.00 
B05-VIK 37.82 26.82 0.00 0.02 

B06 30.11 31.69 0.00 0.00 
B06-VIK 30.17 31.80 0.00 0.02 

B07 22.82 36.02 0.00 0.00 
B07-VIK 22.88 35.83 0.00 0.02 

BOB 10.41 43.90 0.00 0.00 
B08-VIK 10.31 43.99 0.00 0.02 

B09 5.15 47.46 0.00 0.00 
B09-VIK 5.13 47.40 0.00 0.02 

B10 1.42 49.98 0.00 0.00 
B10-VIK 1.31 50.01 0.00 0.02 

B11 52.49 36.63 0.00 0.00 
B11-VIK 52.22 36.52 0.00 0.02 

B12 36.88 45.35 2.85 0.01 
B12-VIK 36.67 45.23 2.86 0.03 

B13 58.35 6.90 4.06 0.00 
B13-VIK 58.20 7.00 4.03 0.02 

B14 40.85 14.56 1.68 0.00 
B14-VIK 40.83 14.54 1.68 0.02 

Ca, Fe, and Mn were not detected 
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TABLE 4.28 

Brine pH: Before and After Interaction with VIR 

Sample Initial Final 
-------- --------- -------
VIK-BOl 7.2 8.4 
VIK-B02 7.5 7.8 
VIK-B03 7.2 7.7 
VIK-B04 7.0 7.5 
VIK-B05 7.6 7.4 
VIK-B06 7.5 7.4 
VIK-B07 7.4 7.5 
VIK-B08 7.0 7.2 
VIK-B09 5.0 7.0 
VIK-B10 7.3 7.2 
VIK-B11 7.9 7.5 
VIK-B12 7.4 7.3 
VIK-B13 7.4 7.6 
VIK-Bl4 7.6 7.6 

4.7 DISCUSSION AND SUMMARY 

4.7.1 The Clay Minerals 

Clay mineral-hypersaline brine interaction promotes 

changes in both the clay minerals and the brine. The degree 

to which the clay minerals are affected depends on several 

factors including: 

1. mineralogy of the clay, 

2. crystallinity of the various mineral constituents of 

the clay, 

3. chemistry of the brine. 

The factors of mineralogy and crystallinity may be closely 

related. For instance, kaolinite and vermiculite were min-

eralogically unaffected by the brines; however, both the 

kaolinite and vermiculite used in the study were well crys-
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tallized, as indicated by ~harp, symmetrical XRD reflec

tions. It is possible that a poorly crystallized or more 

weathered kaolinite and/or vermiculite may have shown some 

mineralogical affects from hypersaline brine interaction. 

Well-crystallized illite was mineralogically unaffected by 

the brines, but the poorly crystallized, less pure varieties 

showed pronounced effects. 

In the strictest sense, it was the mixed-layers of il

lite-smectite that showed the greatest effects of hypersa

line brine interaction. The expandability of the smectite 

layers varied with brine chemistry. Sodium-rich brines de

creased the expandability of smectite as did a small amount 

(< 2 ppt) of potassium in the brine. In addition, alkaline 

pH conditions decreased the expandability of smectite. The 

result of high pH and/or high sodium concentration may in 

fact be due to the same cause. The highly sodium-concen

trated brines were alkaline (at least 8.3 pH units) after 

interaction with clay. Perhaps the decrease in expandabili

ty of smectite was caused by the subsequent pH increase 

rather than the high sodium concentration. To a lesser de

gree, low pH (pH of 5) and high sodium concentration also 

decreased the expandability of the smectite layers. At neu

tral and high pH and high brine magnesium concentration, 

there was a decrease in the expandability of the mixed smec

tite layers, but in this case the result was the formation 

of intergrade smectite-chlorite layers (Brown, et al., 1978) 



along with the precipitation of brucite. 
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It is likely that 

some brucite layers formed in the interlayers of the smec

tite. The affect was not quite so pronounced at high brine 

magnesium concentrations and lower pH. The phenomenon of 

hydroxy-Mg interlayer formation in phyllosilicates has been 

studied in detail by Carstea, et al., (1970). 

Rectorite was abundant in mixed illite-smectite samples 

after interaction with some sodium-magnesium-sulfate brines. 

It is possible that the sodium-rich environment, with minor 

magnesium, promotes ordering of previously random mixed-lay

ers. 

The cation exchange capacity (CEC) of a clay is greatly 

affected by interaction with brine. Of the four clay stan

dards used in this study, three of them (illite, illite

smectite random mixed-layer, and vermiculite-illite-kaoli

nite mixture) showed a marked decrease in CEC after 

interaction with brine. The kaolinite standard had in

creased CEC in highly sodium concentrated brines. The trend 

for all of the clays is for decreasing CEC with increasing 

magnesium-content of the brine. The clays with the lowest 

CEC were those that had interacted with brines containing 

potassium. In these clays, there was also an increase in 

the amount of exchangable potassium. Only in clays inter

acted with sodium-rich brines, devoid of magnesium, was so

dium the major exchangable cation. If magnesium was present 

in the brine (greater than 8.0 ppt), then magnesium was the 
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dominant exchangable cation. Exchangable calcium was de

creased in all clays that had interacted with brines. 

The pH of the brine also had an affect on the CEC of 

the clays. Generally, the trend is for decreased CEC with 

decreasing pH: however, at high pH the CEC may be increased 

or decreased. In magnesium-rich brines with high pH (9 to 

10), the precipitation of brucite, which is soluble in ammo

nium acetate, makes CEC determination uncertain. 

Interaction with brine promotes changes in the chemical 

composition of the clays. There is a definite influence of 

crystallinity over the degree to which a clay changes its 

chemical makeup. Factors such as grain size and amount of 

weathering are important because most of the reactions occur 

at the edges of clay crystals. Cation and anion exchange/ 

fixation/leaching reactions can change the true amount of a 

component but at the same time the relative amounts of the 

other components may be affected. Therefore, any change in 

the weight percent oxides obtained in a chemical analysis 

may be real or apparent. With this in mind, the overall 

trends of clays interacted with brine are as follows: 

1. Na 2o generally decreases after brine interaction. 

2. MgO may increase or decrease but there appears to be 

some influence exerted by the potassium-content of 

the brine. The anomalously high MgO values obtained 

at high pH may be due, in whole or in part, to the 

precipitation of brucite. 
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3. Al20 3 may increase or decrease, but there seems to be 

some influence exerted by the potassium-content of 

the brine. 

4. Si02 is variable. Mixed-layer illite-smectite MIS 

decreased in Si02 with increasing magnesium-content 

of the brine. There may also be an influence of pH 

in magnesium-rich brines, Si02 being positively cor

related with pH. 

5. P20 5 always decreases, and there is also an influence 

exerted by the potassium-content and the pH of the 

brine. 

6. K20 increases when there is potassium in the brine, 

otherwise it generally decreases. There is a sub

stantial decrease at low pH and high magnesium-con

tent of the brine. 

7. CaO remains constant. 

8. Tio 2 generally remains constant: however, the 

Tio2-content of KaS samples increased upon brine in

teraction. 

9. MnO remains constant with one exception: it increases 

at low pH and high magnesium-content of the brine. 

10. Fe 2o3 is variable. There appears to be some influ

ence exerted by the potassium-content of the brine. 

The potassium-content of the brine is often the controlling 

factor on the changes occurring in the chemical compositions 

of the clays. If appreciable potassium is present in the 
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brine, there is a tendancy for potassium fixation reactions 

to occur in smectite layers. In other words, there is a 

tendancy for smectite to convert to illite if potassium is 

available for reaction. 

4.7.2 The Hypersaline Brines 

Brine composition is affected by clay mineral interac

tion, but some of the changes are subtle and quantitative 

characterization difficult. The highly concentrated brines 

posed analytical problems, particularly in the quantitative 

analysis of sodium and magnesium. Cations present in minute 

amounts (<< 1 ppt) were accurately measured and reproduci

bility was very good (+/- 2%): however, measurements of ca

tions present in excess of 1 ppt were less accurate. While 

the reproducability was still very good (+/- 2%), the margin 

of error was greater than any possible changes due to clay 

mineral interaction. Therefore, 

composition of the clay minerals 

changes in the chemical 

are often not backed-up by 

corresponding data from brine chemistry analysis. Despite 

this, several interesting observations arise from the brine 

chemistry data: 

1. There is 

the brine 

generally an increase in potassium unless 

originally contained potassium. The in-

crease in potassium is particularly great at high pH. 

This is consistent with the clay mineral chemical 

analysis data. 
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2. There is an increase in phosphorous except at high 

pH, and except at low pH only in sodium-rich brines. 

The phosphorous-content increase is greatest in sodi

um-rich brines at neutral pH. This is consistent 

with the clay mineral chemical analysis data. 

3. Both iron and manganese are undetected except at high 

pH in magnesium-rich brines. 

4. Calcium is not detected. 

Clay is generally an effective buffering agent. Except 

for brines initially set at 7, the final pH of the adjusted 

systems were closer to neutral than the initial pH. At ini

tial pH of 5 to 6 the final pH was always between 7.1 and 

7.8. However, in a magnesium-rich brine at an initial pH of 

9 to 10 the final pH was less than 1.0 pH unit lower. 

Therefore, it seems that clay is a more effective buffering 

agent at low pH. The addition of clay to pure sodium-sul

fate brines always increased pH from 7.2 to between 8.3 and 

9.2, depending on the clay. Kaolinite caused the largest pH 

increase and increased the pH in all sodium-rich brines. 

The presence of potassium in the brine has a buffering ef

fect~ however, sodium, magnesium and potassium all seem to 

be involved in pH-determining reactions. 
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4.7.3 Application to Saline Lakes 

This study was conducted in oxidizing conditions and in 

the absence of organic matter. It is likely that organic 

reactions are important in the diagenesis of clay minerals. 

In addition, it is probable that redox reactions play an im

portant role in clay mineral diagenesis. According to Drev

er (1971), the increase of (fixed) magnesium in marine clays 

is related to redox state and not pH. Drever (1971) adds 

that the reaction likely involves iron as well as magnesium. 

The redox reactions may be related to organic activity. 

Mixed-layer illite-smectite is greatly affected by hy

persaline brine interaction. In Chapter II, it was shown 

that Saskatchewan hypersaline lake-bottom sediments contain 

abundant random mixed-layer illite-smectite. Singer and 

Stoffers (1980) suggest that mixed-layer illite-smectite and 

illite may be forming in East African Lake Albert from the 

diagenetic conversion of smectite. Jones and Weir (1983) 

conclude that upon exposure to (Oregon's) Lake Abert brine, 

elastically derived clay minerals extract potassium, magne

sium and silica to form authigenic interstratified illite

smectite. These observations all seem to be consistent. 
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4.8 CONCLUSIONS 

Interaction of clay minerals and hypersaline sodium

magnesium-(potassium)-sulfate-(chloride) brines affects both 

mediums. Depending on the mineralogy and crystallinity of 

the clay and the chemistry of the brine, clay minerals un

dergo transformations including cation exchange, cation fix

ation and layer reordering; reactions that can occur over a 

time span of a few weeks. Mixed-layer illite-smectite is 

very sensitive to brine chemistry. If potassium is availa

ble in the brine, then potassium fixation reactions tend to 

decrease the expandability of the smectite layers, thereby 

making them illite-like. At high pH and high magnesium con

centration, brucite layers form in the smectite creating in

tergrade smectite-chlorite. It seems that clay minerals are 

instrumental in pH-determining reactions in hypersaline 

brines. 



Chapter V 

SUMMARY AND CONCLUSIONS 

The near-surface stratigraphy of Saskatchewan hypersa

line lakes comprises four main units: the underlying mud 

unit, the permanent crystal layer and the intermittent crys

tal layer. Mirabilite, thenardite and bloedite are the dom

inant evaporite minerals in all crystal layers. The concen

trated brine and the intermittent crystal layer are two 

phases of a complex, dynamic, multicomponent chemical and 

mineralogical system, the equilibrium of which is a function 

of temperature and moisture. An annual cycle of change from 

undersaturated to supersaturated lake brine conditions is 

caused by dilute water influx in the spring and evaporitic 

concentration during the summer: freeze-out processes domi

nate in the winter. Due to the extremely positive tempera

ture-solubility coefficient . of mirabilite and the dehydra

tion of mirabilite to thenardite at high brine temperatures, 

a summer diurnal cycle of change from crystal at night to 

brine during the day may ensue in sodium sulfate saturated 

lake brines. Diverse mirabilite morphologies are caused by 

such factors as the degree of supersaturation, agitation/ 

mixing of the brine, availability of nuclei and the amount 

of time involved in crystal growth; the effects of pH are 

- 163 -
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Bladed mirabilite crystal habits are favoured 

over tabular habits with increasing magnesium-content of the 

brine. The ubiquitous acicular crystals in Saskatchewan mag

nesium-rich lakes are composed of bloedite and/or hexahy

drite. 

The insoluble sediments in the crystal-mud layer show 

little lateral variation. There is generally between 9 and 

20 wt% organic matter. The sediments are silt- and clay

rich, with less than 25 wt% sand. Allochthonous sand-sized 

material includes quartz, feldspars and lithic fragments. 

Sand-sized gypsum may be authigenic. The silt-sized frac

tion is dominated by quartz, feldspars, dolomite, huntite 

and Mg-calcite. Gypsum, carbonate-apatite and siderite may 

be present in small amounts. Magnesium may react with cal

cite to form dolomite (and/or huntite) and calcium cations; 

the calcium may then react with sulfate to form gypsum. Car

bonate-apatite may be forming authigenically in response to 

the continuous supply of phosphate in the form of bird drop

pings. 

The clay-sized fraction is a complex mixture of clay 

minerals, other silicates, carbonates/phosphates, hydrox

ides/oxides and amorphous material. Non-clay mineral compo

nents include dolomite, huntite, Mg-calcite, quartz, felds

par and carbonate-apatite. Scarbroite occurs in the dry 

near-shore sediments of Muskiki Lake. Minute amounts of di

aspore, jarosite, goethite, norstrandite and dawsonite were 
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found in Muskiki Lake sediments. Zeolites may also be pres

ent in small amounts, perhaps due to diagenesis of amorphous 

material. Major clay minerals include illite, random mixed

layer illite-smectite, smectite, kaolinite and chlorite. Oc

casionally sepiolite, halloysite and rectorite are found in 

minute amounts. Clay minerals undergo diagenesis through 

interaction with hypersaline brine. Depending on the miner

alogy and crystallinity of the clay and the chemistry of the 

brine, clay minerals undergo transformations including ca

tion exchange, cation fixation and layer reordering; reac

tions that can occur over a time span of a few weeks. Mix

ed-layer illite-smectite is very sensitive to brine 

chemistry. If potassium is available in the brine, then po

tassium fixation reactions tend to decrease the expandibili

ty of the smectite layers, thereby making them illite-like. 

At high pH and high magnesium concentration, brucite layers 

form in the smectite creating intergrade smectite-chlorite. 

The cation exchange capacity (CEC) of a clay is greatly af

fected by interaction with brine: the trend is for decreas

ing CEC with increasing magnesium-content of the brine. The 

clays with the lowest CEC were those that had interacted 

with brines containing potassium. In these clays, there was 

also an increase in exchangable potassium. Brine pH also had 

an affect on the CEC of the clays; the trend is for decreas

ing CEC with decreasing pH. At high pH, the CEC shows no 

systematic variation. Clay minerals are instrumental in 

pH-determining reactions in hypersaline brines. 
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Mineral Name 

albite 

biotite 

bloedite 

brucite 

burkeite 

calcite 

carbonate-apatite 

chlorite 

d'ansite 

dawsonite 

diaspore 

dolomite 

feldspar 

gibbsite 

goethite 

gypsum 

halite 

Appendix A 

GLOSSARY OF MINERALS 

Chemical Formula 

NaA1Si 3o8 

+2 +3 . K(Mg,Fe ) 3 (Al,Fe )Sl 3o10 (0H,F) 2 

Mg(OH) 2 

Caco 3 

A5-6z4°10(0H)8 
A=Al,Fe,Li,Mg,Mn,Ni; Z=Al,B,Si,Fe 

NaAl(C0 3 ) (OH) 2 

AlO(OH) 

xz
4
o

8 
X=Ba,Ca,K,Na,NH4 ,Sr; Z=Al,B,Si 

Al(OH) 3 

alpha-FeO(OH) 

NaCl 
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halloysite 

hexahydrite 

hornblende 

huntite 

illite 

illite-smectite 

illite-intergrade 
smectite-chlorite 

jarosite 

kaolinite 

loeweite 

Mg-calcite 

mirabilite 

muscovite 

norstrandite 

plumbogummite group 

pyrite 

quartz 

rectorite 

scarbroite 

sepiolite 

siderite 

Mgso 4 .6H 20 

Ca 2 (Mg,Fe+ 2) 4Al(Si
7
Al)0

22
(0H,F)

2 
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Interstratified layers of illite and 
smectite 

interstratified layers of illite and 
a mineral that behaves partially like 
smectite and partially like chlorite 

caco
3 

(> 2 mole % Mgco
3

) 

Al(OH) 3 

ordered mixed • layer illite-smectite 

FeC0 3 



smectite 

thenardite 

vermiculite 

zircon 

176 
(Na,Ca)l/J(Al,Mg) 2si 4o10 (0H) 2 · nH 2o 

Na 2so4 

(Mg,Fe+ 2 ,Al) 3 (Al,Si)
4
o

10
(0H)

2
· 4H

2
o 

ZrSi04 



Appendix B 

LABORATORY PROCEDURES FOR ANALYSIS OF SALINE 
LAKE SEDIMENTS 

B.1 WATER CONTENT 

1. A known amount of homogenized wet sediment was heated 

at 105°C for 3 hours. 

2. The sediment was then re-weighed and the weight loss 

was considered as water loss. The results are given 

as percent water in the wet sediment. 

B.2 ORGANIC MATTER 

1. A known amount of homogenized dry sediment (dried at 

105°C for 3 hours, as above) was heated at 500°C for 

1 hour (Dean, 1974). 

2. The sediment was re-weighed and the weight loss was 

considered as organic matter loss. The results are 

given as percent organic matter in the dry sediment . 

B.3 PORE/WASH WATER 

1. 15 grams of wet sediment was put into 500 ml of dis

tilled water in a beaker. 

2. The sediment/water mixture was stirred and allowed to 

settle. 
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3. After 12 to 24 hours the water was decanted off and 

stored. 

4. These steps were repeated until the water obtained in 

step 3 had a zero deflection on a YSI Model 33 Salin

ity Meter. 

5. The water obtained was concentrated to saturation 

point by evaporation. At this time 25 ml of the 

brine was sealed in a bottle. 

analyzed with XRF. 

This sample was later 

6. The remaining brine was fully evaporated and the 

salts were identified with XRD. 

B.4 GRAIN SIZE ANALYSIS 

(after Folk, 1968) 

1. The sediment sample, from which the pore/wash water 

had been removed per above, was then poured into a 

400 ml beaker. 

2. In order to remove the organic matter, 50 ml of H2o2 

was added and the solution was gently heated. 

3. Calgon was then added to the beakers in order to dis

perse the sediments. The amount of Calgon needed for 

complete dispersal varied for each lake's sample 

suite but the range was between 0.1% and 1.0% Calgon 

solution. 

4. When dispersion was complete the sediment was wet 

sieved through a 62 ~m sieve. The material remaining 
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in the sieve was washed into an evaporating dish, al

lowed to dry, then stored in a plastic vial. These 

samples were weighed and later identified under a mi

croscope. Selected samples were further studied with 

XRD and SEM. 

5. The sediment passing through the sieve was transfered 

into a 1 litre graduated cylinder, topped up with 

Calgon solution to exactly 1 litre, and then left for 

approximately 24 hours to ensure that no flocculation 

would occur. 

6. The solution was stirred and, with the use of a 20 rnl 

pipette, aliquots were withdrawn at the times and 

depths listed in Table B.l. 

7. The <44 wm and <2.0 wm fractions were evaporated to 

dryness and, along with the weight of material re

maining in the sieve (coarse fraction: step B.4.4), 

the percentages of sand, silt, and clay were calcu

lated. 

8. Extra aliquots of the <44 wm and <2.0 wm fractions 

were stored in bottles for subsequent XRD analysis. 

The <1.0 wm, <0.50 wm, and <0.25 wm fractions were 

obtained for samples ME-200 to ME-202 only. These 

were later identified with XRD. 
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TABLE B.l 

Time and Depth of Aliquots for Grain Size Analysis 

Time Depth (ern) Grain Size ( ~ m) 
--------------- ---------- ---------------

1 min 45 sec 20 <44 (silt) 
7 hrs 24 min 10 <2 (clay) 

14 hrs 50 min 5 <1.0 
59 hrs 20 min 5 <0.50 

118 hrs 25 rni n 2.5 <0.25 

(after Folk,l968) 

B.5 X-RAY DIFFRACTION ANALYSIS 

B.5.1 Introduction 

All XRD work was done on a Philips Automated Powder 

Diffraction System PW1710, in the Crystallography Laboratory 

in the Department of Earth Science, University of Manitoba. 

Monochrornated Cu K-alpha radiation with Ni filtering was 

used throughout. 

for all samples. 

The program listed in Table B.2 was used 

The only variables were the starting an-

gle, the scan duration and the diffraction scale, which were 

set as needed. For the purpose of mineral identification, 

there is little difference between data obtained with this 

equipment at slow scanning speeds (<0.5°2e/rninute) and the 

data obtained at higher scanning speeds (>5.0°29/minute)~ 

however, a scanning speed of 0.04°29/second or 2.4°29/rninute 

was used throughout. 

Mineral percentages were calculated from the diffracto

grarns by comparison with standard patterns, and are listed 

as in Table B.3. The MgC03-content of calcite was deter-

mined by the method of Goldsmith and Graf (1958). 



Command 
-------
CLP 4 
RFS nEm 

RTC 2 
RSP 10 
SPE 0.04 
INT 2.00 
STP 0.01 
MXN 10 
MXS 0.01 

MXT 1.0 
BGT 3.0 
BGM 2 
BGA 0.5 
WAV 1.5418 
SOF 
RON 
DOF 
CLP 6 
SAN n.n 

CSP n 

TABLE B.2 

XRD Program 

Explanation 

display parameters 
ratemeter setting, usually 
1E3 (1000) to 5E3 (5000) 
recorder time constant 
recorder speed (lOmm/ 0 28) 
scanning speed (.04°28/sec) 
sampling interval time 
step size in °28 
number of measuring points 
step size between measuring 
points (in °28) 
measurement for 1 second 
background measurement time 
background mode 
background offset 
wavelength 
sample spinner off 
recorder on 
dual output off 
heading for computer output 
starting angle: 
2.5°29 for clastic sediments 
6.0°29 for chemical sediments 
duration of scan in °29 

TABLE B.3 

Mineral Quantity Symbols 

Symbol 

0 
+ 
++ 
+++ 

% Mineral 

< 5 
5 - 15 

15 - 30 
30 - 50 

< 50 
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B.5.2 Soluble Sediments 

All soluble sediment samples were scanned twice from 6° 

to 70°2e, first as they were found in the sample bag, and 

again after dehydration at 60°C for 4 hours. The diffracto

grams obtained from the dehydrated samples are far less com

plicated than the first diffractograms and were used to 

check the results. As the soluble sediments are water solu-

ble and acetone has a dehydrating effect on hydrated miner-

als (i.e. mirabilite), these samples were 'dry' ground. 

Metal sample trays were used. It was found that mirabilite 

dehydrates as it is being X-rayed. A piece of scotch tape 

over the sample stops the dehydration but causes two very 
0 0 

broad reflections at 10.51 A and 5.04 A. A convienent meth-

od of retarding the dehydration of hydrated salts is to re

frigerate the x-ray slides for 1 to 2 hours at about 5°C 

prior to the scan. This method was used throughout the 

study. 

B.5.3 Insoluble Sediments 

B.5.3.1 coarse fraction 

Sand grains obtained in step B.4.4 that were unidenti

fiable under the binocular microscope were ground up in ace-

tone. The slurry was poured on glass slides and allowed to 

dry. The slides were then scanned from 6° to 70°29. 
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B.5.3.2 silt fraction 

The <44 ~m aliquot obtained in step B.4.8 was evapo

rated to a paste and then smeared on a glass slide. The 

slide was scanned from 2.5° to 70°28. 

B.5.3.3 clay fraction 

The aliquots of the clay-sized material obtained in 

step B.4.8 were Mg-saturated with the addition of MgC1 2 and 

washed clean; then slides were made. Oriented mounts were 

prepared by allowing several drops of aqueous clay solution 

to settle and dry on glass slides. 

scanned as follows: 

The slides were then 

1. with no further treatment: from 2.5° to 60°29, 

2. glycolated (ethylene glycol): from 2.5° · to 35°29, 

3. heated to 350°C for 3 hours: from 2.5° to 35°28, 

4. heated to 550°C for 3 hours: from 2.5° to 35°29. 

A metal tray was packed with dry clay to ensure random 

orientation. The trays were scanned from 2.5° to 70°29. 

The carbonate-rich samples were also scanned from 26° to 

33°29 in order to further characterize the carbonate miner

als. 

The clay minerals were identified with the aid of sev

eral references including: Brindley and Brown, 1980; Brind-

ley, 1981; Nemecz, 1981; Thorez, 1975; Warshaw and 

Roy, 1961. The clay mineral percentages were calculated us

ing the method described by Teller (1970) which is a modifi

cation of the method described by Johns et al. (1954). 
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B.6 SCANNING ELECTRON MICROSCOPY 

Selected samples were examined by SEM. Sample mounting 

and equipment operation were performed by Mr. Bert Luit. 

The microscope is a Cambridge 5000 in the Soil Science De

partment at the University of Manitoba. 

B.7 X-RAY FLUORESCENCE ANALYSIS 

The pore/wash water concentrate obtained in step B.3.5 

was used for XRF analysis. Exactly 0.3 ml of the concen

trate was dropped on 3 em diameter, no. 1 filter paper. The 

filter paper was allowed to air dry and then heated at 105°C 

for 1 hour. The filter paper was then loaded in the ARL 

72000 S X-ray Quantometer at the University of Manitoba, 

Earth Science Department. The results were automatically 

calculated by the simultaneous analyzer and are good to ap

proximately +/- 2%. The equipment was operated by Mr. Ken 

Ramlal. 



Appendix C 

THE OCCURRENCE OF SCARBROITE AT MUSKIKI LAKE 

Scarbroite was identified in samples ME-200 and ME-201 

from Muskiki Lake. Supplemental grain size segregation con

centrated the <0.25 ~m, <0.50 ~m, and <1.0 ~m fractions as 

well as the <2.0 ~m fraction (per Appendix B.4). The four 

different size fractions of each sample were studied with 

XRD. Oriented slides were prepared per Appendix B.5.2.3 and 

these were X-rayed before and after several heat treatments. 

The heat treatments were as follows: 

1. 50°C, 

2. 100°C, 

3. 150°C, and 

4. 200°C. 

In addition, some samples were soaked in 1M HCl for 24 hours 

prior to XRD analysis. The additional information given by 

the extra grain size segregation and XRD program was neces

sary to confirm the presence of scarbroite. The X-ray dif

fractogram of ME-200 appears in Figure C.l. 

Scarbroite is a rare mineral described by Duffin and 

Goodyear (1957,1960) from Scarborough, England (the type lo

cal), where it occurs in vertical fissures in a sandstone, 

in association with quartz, gibbsite, kaolinite and calcite. 
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Figure C.l: X-ray diffractogram of glycolated ME-200. 
There is approximately 20% scarbroite in the <2.0 ~m 

fraction of ME-200. 
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The difficulty in identifying the mineral is explained by 

Duffin and Goodyear (1957), 

"different specimens of the material show slight 
variations from this (their) pattern, which may be 
due both to the presence of small quantities of 
other materials and to the co-existence of differ
ent states of hydration". 

There is no documentation in the literature of occurrences 

similiar to that of Muskiki Lake. 

Scarbroite seems to be unstable when in contact with 

Muskiki Lake brine. Sample ME-200, which is 20% scarbroite, 

is from the dry lake shore. Sample ME-202, which is less 
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than 5% scarbroite,is from brine-soaked sediments 75 metres 

from shore. Scarbroite is not identified in any other sam-

ples, all of which were brine saturated. 

Sample ME-200 was viewed on the SEM in hope of identif

ying the scarbroite. Positive identification was not possi-

ble (mainly due to the lack of a parallel energy dispersive 

system). An SEM photograph of ME-200 appears in Figure C. 2 . 

Figure C.2: SEM photograph of the <2.0 ~m fraction of 
ME-200. Scarbroite is not pusitively 
identified. 



Appendix D 

LABORATORY PROCEDURES: CLAY MINERAL-BRINE 
INTERACTION STUDY 

D.1 INTRODUCTION 

The <1.0 ~m fraction of the four clay standards was 

concentrated per Appendix B.4.1 to B.4.6. Following the six 

week interaction period with brine, the clays were separated 

from the brines using a centrifuge, and washed clean. 

D.2 XRD ANALYSIS OF THE CLAYS 

The clays were studied using techniques described in 

Appendix B.5.2.3. All diffractometer parameters were per 

Table B.2. Weaver Indices (W.I.) were calculated per Weaver 

(1960). The W.I. is the ratio of illite reflection heights 
0 0 

at 10 A: 10.5 A (Figure D.1). 
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HEIGHT AT 10 Ao 

WEAVER INDEX (WEAVER, 1960, 

FIG . 6) • RATIO OF HEIGHTS AT 

HEIGHT AT 10 .5Ao 

~/l /-
--...--.---.L-~ -· L--i 

10A0 10 .5A0 

Figure D.l: Calculation of the illite Weaver Index (after 
Weaver, 1960). 

D.3 ANALYSIS OF THE CLAY EXCHANGABLE CATIONS 

The exchangable cations of the clays were extracted us

ing a technique outlined by Ferrell and Brooks (1971) which 

is an adaptation of a method by Jackson (1958). The proce-

dure is as follows: 

1. Exactly 0.80 grams of the sample were placed in an 

erlenmeyer flask with 30 ml lN NH 40Ac buffered at pH 

7. This was shaken for 24 hours. 

2. The sample was separated from the liquid using a cen

trifuge; and the supernetant liquid was decanted off 

and saved. 

3. The clay was again placed in a flask with another 30 

ml lN NH40Ac and shaken for 30 minutes. 
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4. The suspension was again separated using a centrifuge 

and the supernatant liquid was decanted and added to 

that of step 2. After one more washing, the combined 

volume was adjusted to 100 ml. 

5. The solution was analyzed by atomic absorption and 

the results are reported as meq/100 grams of solid. 

The ionization interference of Na• with K• was overcome by 

comparing samples with and without a small measured amount 

of additional K• (Angino and Billings,l967). The addition 

of 500 ppm of lanthanum eliminated the complexing problems 

of Ca 2
• and Mg 2

• (Angino and Billings,l967). 

The Atomic Absorption Spectrometer used in the study is 

a Perkin and Elmer 303 in the Geochemistry Laboratory of the 

Department of Earth Sciences, University of Manitoba. 

D.4 XRF ANALYSIS OF THE CLAYS ---
After the exchangable cations had been removed, the 

clays were prepared for XRF analysis as follows: 

1. Measure carefully and mix thoroughly the following 

materials in a small glass vial: 

a) 0.500 grams of ground sample, 

b) 0.500 grams of lanthanumoxide (La203), and 

c) 1.000 grams of lithium tetraborate (Li2B407). 

2. Transfer material from glass vial to a graphite cru-

cible. 

3. Heat sample in furnace for 35 minutes at 1000°C. 
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4. Remove cooled 'bead' and make the weight of bead plus 

boric acid (H 3Bo 3 ) equal to 2.100 grams. 

5. Grind the bead plus boric acid in beuler mill for 1 

minute. 

6. Using a hydraulic press, make 'pellets' from the 

milled sample with a backing of boric acid. 

7. Remove pellet from press, mark number on the boric 

acid surface. The sample is now ready for XRF analy

sis. 

Equipment and operator information appears in Appendix B.7. 

D.S MAKING THE BRINES 

Reagent grade Na 2so4 , Mgso 4 and KCl were used through

out. The chemicals were dried in an oven for 2 hours at 

105°C prior to weighing. Weighed allotments were added to 

measured quantities of double distilled water. The brines 

were then filtered through no.l filter paper into Nalgene 

bottles. After a 2 week 'aging' period, the brines were re

filtered to remove any insoluble precipitates. The concen

trations were checked with atomic absorption and XRF. 

D.6 HYDROGEN ION ACTIVITY OF THE BRINES 

The pH of the brines were measured before and after the 

interaction with clay. All pH measurments were made with a 

Corning digital pH/temperature meter Model 4. Standard 

buffer so~utions were used to calibrate the instrument. 
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D.7 ATOMIC ABSORPTION ANALYSIS OF THE BRINES -- ---
The sodium and magnesium concentrated brines had to be 

diluted, in some cases up to 100000 times, in order to bring 

the concentrations down to a workable level for atomic ab-

sorption analysis (0 to 4 ppm for Na and 0 to 3 ppm for Mg). 

The error from dilution was large and the reproducibility 

was poor: hence these results were not used in the final as-

sessment. 

D.8 XRF ANALYSIS OF THE BRINES 

The brines were analyzed with XRF using the technique 

outlined in Appendix B.7. 




