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Abstract
Hydrated sodium-magnesium sulfate minerals are common in many continental

evaporite settings around the world. The crystallization sequence of these minerals

depends on such parameters as the composition of the parent brine, the temperature, the
evaporation rate of the brine, and the differences in the atomic structure and water content

of the minerals. The atomic structures of konyaite [Na2Mg(SO4)2·5H2O] and sodiummagnesium decahydrate [Na2Mg(SO4)2·10H2O], a newly described sulfate salt, have been

determined from single-crystal X-ray diffraction experiments. The refined structures are
discussed and compared to that of blödite [Na2Mg(SO4)2·4H2O]. The arrangement and

importance of hydrogen bonds within all three structures are also discussed, and have been

further investigated by infrared spectroscopy. Löweite [Na12Mg7(SO4)13·15H2O] was
included in this experiment to provide a low-hydration end-member. Differences in water
content and the importance of hydrogen bonds in the respective structures were clearly

reflected in the generated infrared spectra. The growth conditions of the decahydrate,
konyaite, blödite, löweite, and other phases of the Na2O-MgO-H2O system, as well as their
stability relationships, were studied in a temperature-controlled crystal-growth

experiment. Konyaite and the decahydrate phase were found as first precipitates over a
range of temperatures and brine compositions where they are not considered to be the

thermodynamically stable phase. The importance of evaporation rate in the formation of

these, and other metastable phases, is discussed in relation to inland saline systems.
Possible localities where the decahydrate could exist in nature are discussed, and
challenges for future research are presented.
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Chapter 1
General introduction
1.1 Introduction

The first thing that typically springs to mind when thinking about salinity is

seawater. It is so very abundant – covering nearly 70% of the Earth’s surface – and has been
studied so extensively that seawater is often thought of as the only source of salts and other

evaporite minerals. Nevertheless, other saline systems exist in inland basins, where water

circulation is restricted and evaporation is the principal or only mechanism for water

removal (Last, 2002). These are generally called saline lakes, although some are referred to

as ‘seas’ (e.g. the Dead Sea), playa lakes, salt pans or dry lakes, depending on their extent
and degree of permanence (Eugster, 1980). Figure 1.1 presents the global distribution of

such systems, and shows that they not only occur on every continent (including Antarctica,
not shown) but also that they are quite abundant.

The salinity in such systems arises from the input of solute from the sediment

produced from the local lithology. Common ions include, but are not limited to, Na+, K+, Ca2+,

Mg2+, Cl-, CO32-, SO42-, transition metals, and silica (Livingstone, 1963). As a result, saline
lakes have a much more diverse geochemistry than is possible in marine settings (Jones and

Deocampo, 2004), and are host to certain mineral species that are found in no other

geological settings (trona, burkeite, glauberite, and blödite, for example). Despite this

complex chemistry, there are a few species that are very common and constitute the major
1

Figure 1.1 Global distribution of inland saline systems. Several prominent examples are highlighted (after Jones and Deocampo, 2004).
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deposit-forming minerals: gypsum, thenardite, mirabilite, epsomite, and halite can occur in

quantities large enough to have significant economic potential (Last, 1992).

A multitude of geological processes pertinent to geochemistry, mineralogy,

sedimentation, hydrology, climate and even tectonic activity influence the state of saline
lakes and the minerals they host (Eugster, 1980). These minerals include double sulfate
salts (containing both monovalent and divalent cations), single sulfate salts, carbonates, and
chlorides. Table 1.1 is provided to introduce the general nomenclature of selected

commonly associated salt phases. The study of these phases provides insight into the
complex interplay of processes regulating the interactions between inland saline systems

and their environment. Such information can be very useful, especially in the fields of
desalination, concrete damage mitigation, and desertification control, where a good

understanding of the behaviour and properties of salts and their mobility is essential (Keller
et al., 1986b).

Sodium-magnesium hydrated sulfates belong to the group of minerals that are

commonly found in saline lake systems. They precipitate from solution, and occur in various

hydration states, depending on ambient conditions such as temperature, relative humidity,

and brine concentration (Hawthorne et al., 2000). They are typically soluble phases that can
easily be mobilized into the local watershed (Whittig et al., 1982). This results in salinity

problems which can potentially be damaging to the environment (e.g. crops and

ecosystems) and to human health through contamination of groundwater (Keller et al.,
1986a). These sulfate minerals form as a direct result of geological processes that operate

on relatively short time scales: evaporative concentration, and hydration-dehydration
3

Table 1.1 Selected minerals in the Na2O-MgO-CaO-SO4-Cl-CO3-H2O system (name, formula,
crystal structure reference).
Löweite
Blödite
Leonite
Konyaite
Vanthoffite
Eugsterite
Glauberite

Double salts
Na12Mg7(SO4)13∙15H2O
Na2Mg(SO4)2∙4H2O
K2Mg(SO4)2∙4H2O
Na2Mg(SO4)2∙5H2O
Na6Mg(SO4)4
Na4Ca(SO4)3∙5H2O
Na2Ca(SO4)2

Meridianiite
Epsomite
Hexahydrite
Pentahydrite
Starkeyite
Kieserite

MgSO4∙11H2O
MgSO4∙7H2O
MgSO4∙6H2O
MgSO4∙5H2O
MgSO4∙4H2O
MgSO4∙H2O

Mirabilite
Thenardite

Na2SO4∙10H2O
Na2SO4

Gypsum
Bassanite
Anhydrite

CaSO4∙2H2O
CaSO4∙0.5H2O
CaSO4

Aragonite
Calcite
Magnesian calcite
Magnesite
Trona
Thermonatrite
Nahcolite
Burkeite

CaCO3
CaCO3
(Mgx , Ca1-x)CO3
MgCO3

Halite
Bischofite

NaCl
MgCl2∙6H2O

Mg sulfates

Na sulfates
Ca sulfates

Carbonates

Na3(HCO3)(CO3)·2H2O
Na2CO3∙H2O
NaHCO3
Na4(SO4)(CO3)

Chlorides

4

Fang and Robinson (1970)
Hawthorne (1985)
Jarosch (1985)
Leduc et al. (2009a)
Fischer and Hellner (1964)
Vergouwen (1981)
Cocco et al. (1965)
Peterson et al. (2007)
Baur (1964b)
Zalkin et al. (1964)
Baur and Rolin (1972)
Baur (1964a)
Hawthorne et al. (1987)
Levy and Lisensky (1978)
Nord (1973)
Pedersen and Semmingsen (1982)
Abriel and Nesper (1993)
Hawthorne and Ferguson (1975)
De Villiers (1971)
Graf (1961)
Althoff (1977)

Effenberger et al. (1981)
Choi and Mighell (1982)
Wu and Brown (1975)

Sass and Scheuerman (1962)
Giuseppetti et al. (1988)
Wyckoff (1963)
Agron and Busing (1985)

interactions (Hawthorne et al., 2000), or through syngenetic/diagenetic-type reactions,

such as blöditization (Sánchez-Moral et al., 1998). One such suite of minerals, the

Na2Mg(SO4)2∙nH2O phases, includes löweite [Na12Mg7(SO4)13∙15H2O, or n = 2.5], blödite (n =
4), and konyaite (n = 5). A higher hydrate (n = 10) is suspected to occur in nature in
association with these minerals but has yet to be observed (Leduc et al., 2009b). With the

exception of blödite, the Na2Mg(SO4)2∙nH2O phases have, however, not been studied as
extensively as other salts, partly due to their extremely labile nature and to their ambiguous
status as metastable phases (van Doesburg et al., 1982).

1.2 Previous work and focus of this study
1.2.1 Saline lake studies

Prior to the 1980’s, saline lakes were one of the least studied and understood

geological settings in sedimentary geology (Last, 2002). Regardless of the fact that saline

lakes have been exploited commercially for hundreds of years (Multhauf, 1978), and that

they have widely been recognized as environments capable of recording significant
paleoenvironmental data (Jones and Deocampo, 2004), they have largely been overlooked

in classic limnological publications such as Chemical Processes in Lakes (Stumm, 1985),

Principles of Lake Sedimentology (Håkanson and Jansson, 1983), Limnology (Wetzel, 1983),

and Lake Sediments and Environmental History (Haworth and Lund, 1984). The past three

decades have, however, seen the publication of numerous and diverse studies (Last, 2002).

Given that Hammer (1986) and Smoot and Lowenstein (1991) offer excellent reviews on
the subject and provide substantial literature references, only a brief and selected overview

of previous salt lake limnology studies is presented here. Hardie et al. (1978) focuses on the
5

sedimentological aspects; Rosen (1994) on hydrology; Spencer (2000) on mineralogy, and

Eugster and Hardie (1978) examine the chemical evolution of evaporated brines.

The aim of this study is to better understand individual phases in the Na2O-MgO-

SO4-H2O system (löweite, blödite, konyaite, and decahydrate) and to probe the relationships

among them. The geological setting in which these phases occur is therefore discussed,
along with their possible paragenetic sequences, and selected localities where they are
known to occur (Chapter 2). Figure 1.2 shows Soda Lake, Carrizo Plain, California, an
example of a modern inland saline system, with two of its most common phases.
1.2.2 Mineralogical studies

It is a general property of hydrated sulfates that their behaviour and stability are

largely influenced by the extent and importance of hydrogen bonding within their structure
and by the relative arrangement of their water molecules and major cations (Schindler et

al., 2006). As a result, numerous studies have been conducted to determine the crystal
structures of many sulfates and other saline lake phases (see references cited in Table 1.1).

This study describes the atomic structure and hydrogen bonding scheme of konyaite for the

first time, based on a single-crystal X-ray diffraction experiment. The structure is compared

to that of blödite (Hawthorne, 1985) to shed some light on the extent of structural
reorganization needed during the konyaite-to-blödite dehydration reaction (Chapter 3;

Leduc et al., 2009a). The choice was made to study synthetic material, rather than natural

samples, because of the difficulties in collecting naturally occurring, coarsely crystalline

konyaite, preserving it during transport, and separating it from other phases that might be
6

b)

a)

c)

1 cm

1 cm

Figure 1.2 A modern inland saline system with associated major phases. a) Soda Lake, Carrizo Plain, California. b) Dry, hair-like mirabilite
and thenardite surface precipitate. c) Wet surface mirabilite crystals. [Photos courtesy of Natalie Bursztyn, winter 2009].
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present. Konyaite is rather easily synthesized and it is relatively simple to produce a single-

phase sample with crystals suitable for single-crystal study, which are appropriate
substitutes for natural samples.

The original intent behind this experiment was to understand the mechanism and

conditions pertinent to the interactions between blödite and konyaite. However, during
synthesis attempts, a new phase was discovered (Figure 1.3 a) and b)). This unnamed
phase, Na2Mg(SO4)2∙nH2O, n = 10, (henceforth referred to as sodium-magnesium

decahydrate, or simply decahydrate) was therefore investigated as well. Its structure and

hydrogen bonding arrangement were also solved through single-crystal X-ray diffraction
and are presented here for the first time. Its relationship to konyaite, blödite, and

M2+1M2+(SO4)2·6H2O structures is also described (Chapter 4; Leduc et al., 2009b). Figure 1.3
shows crystals of blödite, konyaite, and the decahydrate, and presents some key
relationships among them.

1.2.3 Relevance to planetary geology

The sulfate phases occurring in salt lake systems, because they are so sensitive to

the ambient environmental conditions and because of their association with water, are ideal

candidates for the study of water on other planetary bodies. Consider Mars (Peterson and

Wang, 2006; King et al., 2004) and Europa (Dalton et al., 2005; Arvidson et al., 2005), for
example, where chemical analyses and infrared spectroscopic experiments suggest sulfates

belonging to the Na2O-MgO-SO4-H2O may occur. As a result, the environments where these

phases occur on Earth are used as terrestrial analogs for the Martian surface by planetary
8

a)

0.5 mm

b)

5 mm

c)

2 mm

d)

0.1 mm

D

K

B

B

e)

f)

1 cm

K

2 cm

Figure 1.3 Blödite, konyaite, and decahydrate crystals synthesized for this study. a)
Decahydate crystal. b) Decahydrate crystals; the rhombic prism in a) is indicated by the
arrow; note the white coating developing on the crystals due to konyaite formation. c)
Radiating masses of konyaite crystals. d) Decahydrate crystal, dehydrated and
recrystallized to blödite in a sugary texture. e) Blödite (B) and konyaite (K) crystals,
precipitated together from solution. f) Blödite (B), konyaite (K) and decahydrate (D)
crystals; note the decahydrate crystal replaced by konyaite, maintaining the decahydrate
morphology (arrow), and the dehydrating decahydrate crystals (opaque), as opposed to the
fully hydrate crystal in a).
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geologists (Fortes, 2005; Socki et al., 2008; Peterson et al., 2007). A greater understanding
of the behaviour of this system on Earth may therefore be applicable to these other

environments (Schreiber et al., 2007). This study presents an infrared spectroscopic study

of löweite, blödite, konyaite, and sodium-magnesium decahydrate, which illustrates the
importance of water content and hydrogen bonding in the behaviour of these phases
(Chapter 5).

1.2.4 Geochemical studies

The geochemistry of concentrated saline systems concerns itself with studying the

composition, evolution, paragenetic sequences of minerals, phase stabilities, and the
reactions between solvent, solute and the surrounding lithology (Jones and Deocampo,
2004). To describe these concepts quantitatively and understand how they are tied
together, geochemists develop models that allow for the prediction of the state or behaviour

of a given system. This theoretical approach, after being verified by experimental results,

leads to the creation of software capable of simulating the behaviour of concentrated saline
systems, which can, in turn, teach us about the mechanisms and processes that operate (or
have operated) in nature.

An impressive amount of data about the particular system of interest must be

gathered in order to develop the above-mentioned models, and brines are often difficult to
handle in this regard (Anati, 1999). In order to get data that is as accurate as possible, many

parameters must be measured in the field: temperature, pH, total dissolved solids, pressure,

relative humidity, alkalinity, etc. Mineral identification carried out in the field is also a great
10

asset as these phases are typically highly susceptible to temperature and humidity
variations. This can be achieved with such methods as portable X-ray diffraction (Sarrazin

et al., 2008). Once the system has been described quantitatively as much as possible, the
experimental data is processed using the Pitzer (ion-interaction) model, which allows for

the thermodynamic properties of the system to be determined (Pitzer, 1973). These include
osmotic coefficients (a measure of the departure from ideality of the solvent) and activity

coefficients (effective concentration of solute phases). Once this information is obtained

from the model, it can be combined with molalities for all the relevant phases. Reactions,
solubility constants, Gibb’s free energies and other familiar quantities can henceforth be
derived and used to describe the system’s behaviour.

This study does not investigate the Na2Mg(SO4)2∙nH2O phases in such detail. Rather,

it focuses on empirical stability relationships, similar to the studies of Archibald and Gale
(1924) and Blasdale and Robson (1928), among löweite, blödite, konyaite and the

decahydrate. The conditions necessary for their formation and their stability relationships
with each other and other phases of the Na2O-MgO-SO4-H2O system are examined and

reported (Chapter 6). The crystal structure information, phase relationships, stability fields,
and hydrogen bonding are then considered and discussed within the context of the Na2OMgO-SO4-H2O system (Chapter 7). The conditions expected to be necessary for the

formation of the decahydrate in nature are also discussed, along with localities where this
phase might occur (Chapters 7).

11
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Chapter 2
Geological setting and occurrence of Na-Mg sulfates
2.1 Inland saline systems

The main feature that distinguishes inland salinity from marine salinity is the nature

of their respective geochemistries. Normal seawater has a very uniform composition

worldwide, with a salinity of 3.5 x 104 mg/L TDS (Total Dissolved Solids) mainly due to

dissolved Na+ and Cl- (Last, 2002). A predictable series of minerals, in known proportions,

can be shown to precipitate from seawater by evaporation (Hardie and Eugster, 1980). Such

uniformity does not exist in inland systems; the composition and concentration of saline
lake waters are not only dependent on the lithology surrounding them, but are also complex

functions of the pH, climate, biological activity, tectonic setting and other specific conditions
particular to each lake (Last, 1993).

A much wider range of minerals can therefore precipitate from inland systems,

including some minerals that are found in no other environments. The order and
proportions in which precipitates form are often particular to each system, so that a
standard, predictable paragenetic sequence cannot be defined (Eugster, 1980).

Nevertheless, most inland saline systems may generally be classified into one of five broad
categories (Jones and Deocampo, 2004). These are loosely defined, and typically encompass

a range of conditions, but allow for systems with similar chemistry to be grouped together

and compared. They are named for their compositions, according to their most important
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ions: chloride-dominated, carbonate-dominated, sulfate-dominated, mixed-anion, and acid

lake systems. This classification scheme is, however, subjective because of the dynamic
nature of these system; any given chloride-dominated lake, for example, may have belonged

to a different category in the past, and may belong to yet a third in the future (Hardie, 1991).
This chapter focuses on modern sulfate-dominated systems, as most of the

Na2Mg(SO4)2·nH2O phases form in such environments. Their physical characteristics,
mineralogically relevant processes, and deposits are discussed here. Selected occurrences

are also presented, illustrating the geological settings where sulfate-dominated systems

form.

2.1.1 Physical characteristics

All inland saline systems share three basic characteristics: they occur in closed or

restricted basins (implying that the main mechanism for water removal is evaporation); the

water input into each system is approximately equal to, or less than, the amount of water
lost to evaporation; and the water input is sufficient to maintain a semi-permanent body of

water in the basin (Eugster and Hardie, 1978).

Such conditions commonly develop within the rain-shadows created by mountain

ranges as they perturb weather patterns. The arid or semi-arid climate commonly

associated with the basins in such shadows, and their susceptibility to hydrological closure,
promote the evaporation necessary for the emergence of salinity (Eugster, 1980). The

chemical and physical erosion of the mountain highlands typically supply solute which can
be transported by limited runoff, through springs and streams, as well as through
18

groundwater circulation (Eugster and Hardie, 1978). Extensional basins such as those

associated with rift systems may likewise provide the necessary relief and hydrological
closure, as well as solute sources either through erosion, or from hydrothermal activity

(Hardie, 1991). Glaciated terrains are a third common tectonic setting, where basins with

developed drainage systems prior to glaciation are modified by glacial activity. Relief is
carved by meltwater as glaciers retreat, and solute is typically derived from the resulting

glacial sediments (Last and Schweyen, 1983). Figure 2.1 shows a schematic representation
of a closed basin hosting a salt lake, illustrating typical basin geometry.
2.1.1.1 Hydrology
Water input comes in the form of precipitation, surface runoff, and groundwater

flow, either from the local or regional watersheds (Jones and Deocampo, 2004).

Hydrothermal activity may also supply waters to salt lakes, but this is not common in
sulfate-dominated systems (Last, 1989). Runoff and groundwater sources provide most of

the solute responsible for the salinity, as precipitation normally contains few dissolved

species, and is limited in arid climates (Jones et al., 1969). As illustrated in Figure 2.1, dilute
input water most commonly enters the saline lake system via alluvial fans. These occur

when regions of higher elevation erode, and the sediments accumulate at the base of the
mountain (or other relief feature). Alluvial fans tend to grade into sand flats which, in turn,
grade into mud flats as they approach the lake (Rosen, 1994). The porosity and

permeability of these sediments and other subsurface features surrounding the lake
determines the impact of groundwater interactions on lake chemistry (Jones and
Deocampo, 2004).
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Figure 2.1 Schematic representation of a saline lake system (after Jones and Deocampo, 2004).
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The inflow water interacts with the local lithology, acquiring various amounts of the

most common species: Na+, K+, Ca2+, Mg2+, Cl-, HCO3-, CO32-, SO42-, borates, and silicates

(Livingstone, 1963). Minor species include phosphates, nitrates, Li+, and Ba2+, among others,

adding to the wide range of chemical compositions possible for inland settings (Eugster,

1980). These solute-charged waters are typically dilute and mix with the existing lake
water, where evaporation takes place. The type and amounts of species dissolved and

transported in a salt lake system are, therefore, controlled chiefly by the lithology, but

several other factors such as residence times, hydraulic conductivity (or lack thereof), the

presence of multiple solute sources, and dissolution rates affect the ultimate composition
and concentration of input waters (Donovan and Rose, 1994).

Depending on the temperature, evaporation rate, and concentration of different

inflow waters, the water column may become stratified. A thermocline or halocline (or

both) may develop in cases where differences in temperature and salinity affect water

density (Last, 2002). For example, this may occur when relatively fresh, cool spring water

enters an evaporating salt pan in the summer. Although stratification is a common feature
of saline lakes, not all lakes are stratified, as overturning tends to homogenize the water
column (Dickey, 1968).

Outflow is, by definition, typically restricted or non-existent in closed-basin systems.

Water is instead removed from the system primarily through evaporation. The balance

between the amount of water coming into the system and the evaporation rate dictates
whether a permanent water column is present or not (Rosen, 1994). Both perennial and
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ephemeral water bodies that recur frequently over significant periods of time are relatively
common and are considered inland saline systems (Hardie et al., 1978).

The restricted nature of inland saline systems makes them very sensitive to

seasonal variations in precipitation and evaporation rates. Even small changes will typically

cause significant fluctuations in lake levels and, therefore, in lake shape and size
(Almendinger, 1990) because salt lakes are typically shallow. Concentrations and

compositions may also vary, from actual brines with 3.5 x 104 mg/L TDS or above, to
brackish waters with between 1 mg/L and 3.5 x 104 mg/L TDS as a result of these

fluctuations (Jones and Deocampo, 2004). The balance between evaporation and water

input must be sustained for an appreciable amount of time for the dissolved species to
precipitate, accumulate, and create continental evaporite deposits (Eugster, 1980).
2.1.1.2 Climate
Climate is the primary factor affecting the water balance of saline lakes (Jones and

Deocampo, 2004). In fact, the temperature, relative humidity, and amount of precipitation
impact both the inflow and outflow of water. As previously mentioned, arid and semi-arid

climates favour the development of salt lakes because they tend to limit the amount of

water entering the system and promote evaporation. Areas experiencing such climates are

common on the periphery of deserts but are not restricted to a particular latitude range
(Hardie, 1991).
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While a dry climate is essential to the development of salt lake systems, the

temperature range within which they are found is very wide. Continental saline systems are
found in many of the warmest areas on Earth, such as on the fringes of the Australian desert
(Bowen and Benison, 2009), at Death Valley, California (Goudie and Cooke, 1984), and in

several countries bordering the Sahara (i.e. Libya, Chad, and Egypt; Goudharzi, 1970;

Eugster and Maglione, 1979; Larsen, 1980). On the other hand, saline lakes also occur in

Antarctica and commonly experience freezing point depression due to high salinities,
resulting in brine temperatures below 0°C (Doran et al., 2003). The most extreme example

of these is the Don Juan Pond, Wright Valley, in Victoria Land. This small hypersaline body
of water is so concentrated that it doesn’t freeze in winter, and its brine can reach
temperatures below -50°C (Marion, 1997). Temperature affects the precipitation of

minerals from brines by enhancing evaporation when elevated, by determining phase

stability through thermodynamics, or by “freezing-out” minerals as solubilities decrease in

cold settings (Last, 2002). Another indirect influence of temperature is that it affects the
amount and type of biological activity involved in saline lakes which, in turn, may play a role

in their chemistry and deposits (Last, 1999). Non-marine evaporites are great sources of

paleoclimatic information because climate has such a profound impact on the limnology of
saline lakes and on the deposits they form (Last and Vance, 2002). Their sensitivity to both
daily and seasonal fluctuations in temperature and precipitation also makes them valuable
tools for the study of climate change (Street-Perrott and Roberts, 1983; Johnson, 1996).
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2.1.1.3 Geology
The chemistry of a saline lake depends primarily on the type of solute available to

that particular system. The local lithology and sediments interacting with inflow water
produce dissolved species and suspended particles that become solute for the system (Jones

and Deocampo, 2004). The composition of this solute is, therefore, a reflection of the

regional geology, and can be as varied as the rock types present in an area. Not only is the
initial composition thus determined but, as explained further below, the evolution of brines
and their associated minerals is a function of this starting composition. It is, therefore,

essential to be familiar with the geology of the area hosting a saline lake in order to

understand its geochemistry and mineralogy.

Igneous and metamorphic rocks produce silica-rich, soft, Ca2+-Na+-HCO3--rich waters

containing varying amounts of sulfate. Limestones result in hard, silica-poor, Ca2+-HCO3-enriched waters. Waters derived from mafic and ultramafic rocks are highly alkaline, and

contain high concentrations of Mg2+ and HCO3- (Eugster, 1980). Chlorine can come from
most rock types and is present in nearly all systems in varying concentrations. Lithium,
boron, and other such light elements are typically only found when hot springs are involved

(Eugster, 1980). The types of rock present in an area are typically a function of their

tectonic setting. It can therefore be said that, to a certain extent, tectonic setting has an
effect on the type of continental saline waters that develop. For example, rift basins are

typically associated with calc-alkaline volcanic rocks, which tend to yield Na+-HCO3--rich

waters (Jones et al., 1977). On the other hand, glaciated areas, such as the Northern Great

Plains of Canada, will tend to produce waters reflecting the composition of the overlying
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tills and other glacial sediments – in this case, enriched in Mg2+, Na+, SO42-, and HCO3- (Last,

1999).

2.1.2 Processes

Saline lakes are complex, dynamic systems within which numerous processes

operate. Figure 2.2 presents those processes relating to water-solute interactions. Given the
mineralogical focus of this study, only the processes on the right-hand side of this diagram

are discussed here. Table 2.1 also provides a summary of the processes involved in the
formation of the Na2Mg(SO4)2·nH2O phases.
2.1.2.1 Evaporation
Evaporative concentration is the driving mechanism that creates salinity and leads

to the formation of non-marine evaporites (Rosen, 1994). By removing water from the

system, it concentrates the dilute inflow waters into brines from which minerals can then
precipitate as they become thermodynamically stable. As a result, crystals tend to form
either near the lake surface where brines are most concentrated (they then rain down,

settling on the bottom to form deposits), or in the interstices between sediment particles
(either from pore-water, or from brine exposure to the atmosphere) (Last and Schweyen,

1983). The latter situation commonly involves evaporative pumping of the groundwater

table, a process by which water is moved up towards the exposed sediment surface by

capillary action (Eugster, 1980). This extremely common phenomenon leads to the
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Figure 2.2 Flow chart representing the elements of an inland saline system and the processes
involved in solute and water interactions (after Jones and Deocampo, 2004).
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Table 2.1 Possible pathways for the formation of the decahydrate, konyaite, blödite, and
löweite in non-marine saline settings (this study).
Phase

Decahydrate
Na2Mg(SO4)2·10H2O

Konyaite
Na2Mg(SO4)2·5H2O

Formation pathway

 precipitation from solution:
2 Na+ + Mg2+ + 2 SO42- + 10 H2O ⇀ Na2Mg(SO4)2·10H2O
 precipitation from solution:
2 Na+ + Mg2+ + 2 SO42- + 5 H2O ⇀ Na2Mg(SO4)2·5H2O

 decahydrate dehydration:
begins forming almost immediately when the decahydrate
is wet and exposed to the atmosphere

 precipitation from solution:
2 Na+ + Mg2+ + 2 SO42- + 4 H2O ⇀ Na2Mg(SO4)2·4H2O
Blödite
Na2Mg(SO4)2·4H2O

 konyaite dehydration:
forms over the course of hours or days as konyaite is
exposed to the atmosphere

 blöditization:
2 (MgSO4·7H2O) + 2 Na+ ⇀ Na2Mg(SO4)2·4H2O + Mg2+ + 10
H2O

 decahydrate recrystallization
forms over the course of hours or days when the
decahydrate remains in contact with its parent solution
 precipitation from solution:
12 Na+ + 7 Mg2+ + 13 SO42- + 15 H2O ⇀
Na12Mg7(SO4)13·15H2O

Löweite
Na12Mg7(SO4)13·15H2O  blödite dehydration/recrystallization:
forms over the course of weeks or months as blödite is
exposed to the dry atmosphere, or over hours upon heating;
thenardite is also formed as a by-product
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formation of salt efflorescences, as crystals grow in the spaces between sediment particles
in response to changes in ambient relative humidity. These typically highly soluble phases

form a mineralogical assemblage commonly unique to saline lake systems (Eugster and

Jones, 1979).

2.1.2.2 Brine evolution
As lake waters become more concentrated and mineral precipitation occurs, brines

begin to evolve chemically in a process similar to the crystal fractionation found in magma

chambers (Eugster and Jones, 1979). The formation of each mineral phase removes certain

components from the brine and dictates what composition the remaining liquid evolves
toward. The particular evolutionary path is determined by initial composition and
concentration, but is also influenced by evaporation rate, pH, redox conditions, mineral

sorption, dissolution of efflorescences, and CO2 degassing (Bowler, 1986; Sanford and

Wood, 1991). Most of these conditions are susceptible to rapid changes due to climate or

biological activity, complicating saline lake brine evolution. A simple example presented by
Eugster (1980) can, however, illustrate the concept; it explains how the precipitation of
calcite will affect a given brine:
If

Ca2+(aq) + CO32-(aq) ⇀ CaCO3 (s)

and

Ksp = (a Ca2+)(aCO32-)(aH2O)2

Where Ksp is a constant known as calcite’s solubility product, then the activities

(concentrations) of Ca2+ and CO32- in the brine will change as calcite precipitates. Assuming

that the water is in equilibrium with calcite, the calcium and carbonate ionic concentrations
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have no choice but to vary in opposite directions to maintain a constant Ksp. At the same

time the production of one mole of calcite requires that one mole of Ca2+ be combined with

one mole of CO32- and be removed from the solution, implying that the Ca2+ : CO32- ratio

should change. These conditions force the system to enrich the solution in whichever is the

more abundant species initially, and to deplete it in the less abundant, until it is exhausted.
The greater the initial difference in concentration between the ions in question, the faster
these reactions proceed.

Therefore, every new mineral that precipitates from the brine acts as a fork in the

road in its chemical evolution, depending on the relative concentrations of the elements that

make it up. Hardie and Eugster (1970) described this concept and called each branching

composition a “chemical divide”. Figure 2.3 illustrates possible chemical evolution
pathways for three different inflow compositions, and the resulting brines. Any change in
composition or concentration at any point during this evolution process adds new

opportunities for chemical divides to intervene, contributing to the complexity of the
system (Drever, 1997).

The most fundamental and first chemical divide encountered during brine evolution

relates to the HCO3- : (Mg2+ + Ca2+) ratio, which will determine which of the five broad

classes a system belongs to (Jones and Deocampo, 2004). Sulfate-dominated systems

develop when the above-mentioned ratio is either near 1:1, or if the amount of (Mg2+ + Ca2+)
exceeds the carbonate content (Last, 1999). Regardless of the particular ratio, sulfate-

dominated systems tend to precipitate carbonates (both calcium and magnesium-rich) as a
first step, followed by gypsum, as these minerals have low solubilities (Vance et al., 1997).
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Figure 2.3 Diagram representing the possible evolutionary pathways of three dilute inflow compositions.
Modern examples of the resulting brines are also provided (after Eugster, 1980).
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The formation of these phases reduces the amount of Ca2+ still available in the brine, and

causes a relative increase in the proportion of Mg2+ in the remaining solution (Last, 1992).

Magnesite may be precipitated next, if sufficient concentrations of carbonate remain after
Ca2+ is depleted (Jones and Deocampo, 2004). Following this trend, once the carbonate ions

are also exhausted, the brine is enriched in sodium and magnesium. This particular brine

chemistry then results in the precipitation of characteristic mineral assemblages: blödite,

epsomite and mirabilite are abundant (Last, 1994). In fact, most of the Na2Mg(SO4)2·nH2O,

and several other double salts may also precipitate. Next the Mg2+ : SO42- ratio and the brine

temperature determine whether the brine will be Mg or Na-rich (Ordóñez and Garcia del

Cura, 1994). Higher temperatures will favour Mg-salt precipitation over sodium phases, as
magnesium salts are less soluble between 30 and 45°C (Last, 1999). At lower temperatures,
Na-sulfates become the less soluble phases, and will therefore precipitate first (Last, 1999;

this study). Depending on the remaining amount of Mg2+ and on the Na+ : Cl- ratio, several
chlorides, including bischofite and halite, may then form as the brine continues to evolve.
(Jones and Deocampo, 2004).

Although this evolution process is driven mainly by evaporative concentration,

groundwater interactions commonly also play an important role in sulfate systems, if
permitted by the local subsurface hydrology (Last, 1999). Given the importance of mineral

phase stability in determining the order and proportions in which precipitates form, it is
clear that knowledge of the phase equilibria of continental evaporites is immensely helpful
to understanding brine evolution.
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2.1.2.3 Secondary mineral reactions
The primary phases that precipitate during the brine evolution process are very

commonly involved in hydration and dehydration reactions, because they tend to be quite
sensitive to thermal and humidity changes. These are triggered by fluctuations in ambient

relative humidity, and most typically involve the minerals formed in the mud and sand flats
surrounding a salt lake (Eugster, 1980). As the name implies, hydration reactions

incorporate extra water molecules in the crystal structure of lower hydrates. These
reactions commonly involve dissolution of the lower hydrate and reprecipitation as a more

hydrated phase (Genkinger and Putnis, 2007). Alternatively, higher hydrate phases may
deliquesce under increased humidity conditions (Carroll et al., 2005).

Dehydration

reactions involve the loss of waters of hydration. Such changes in the crystal structures of
the pre-existing minerals involve various amounts of structural reorganization: structures

in which waters are held mainly through hydrogen bonding tend to reorganize more easily

than those in which waters are bound to cations.

As these reactions proceed, kinetic and thermodynamic limitations commonly lead

to the development of “mineral rinds” (Baldridge and Christensen, 2009). These are

coatings that form around hydrated minerals as they dehydrate upon contact with the dry

atmosphere, creating a layer of lower-hydrates, which then acts as a barrier to further
dehydration. An isolated kernel of more hydrated material at the centre may be surrounded

by several concentric layers, as humid and dry conditions alternate due to seasonal or daily
changes.
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Another transition mechanism between hydrates of the same type (i.e. hydrates

with different n values belonging to a series such as the Na2Mg(SO4)2·nH2O or MgSO4·nH2O

phases) involves the recrystallization of high n phases to low n phases or vice-versa (Oswald

et al., 2008). This process, although similar to dehydration-hydration reactions, occurs
when metastable phases (phases in disequilibrium with their parent solution) are formed

and remain in contact with their parent solution, and is not influenced by relative humidity.
Depending on reaction kinetics, these metastable crystals will tend to revert to a more
stable phase over time. For example, the decahydrate described in this study and konyaite

recrystallize to blödite after about 24 h if left in contact with their parent solution.

Genkinger and Putnis (2007) report a similar behaviour for the elusive Na2SO4·7H2O phase
and mirabilite (n = 10), suggesting that the heptahydrate is a metastable precursor to
mirabilite formation.

A third process relevant to sulfate-dominated systems is called “blöditization”. It

was described by Sánchez-Moral et al. (1998) as a penecontemporaneous diagenetic
reaction similar to dolomitization, in that it involves the replacement of epsomite by blödite.
Their study focused on the modern deposits of Quero playa lake, La Mancha (central Spain),

where blödite occurs as the predominant mineral, but isn’t precipitated from the Mg2+-Na+-

Cl--SO42- brine evaporation, even when it is saturated with respect to blödite. Through

experimental observation and thermodynamic modelling, it was determined that the
blödite formed as a result of interactions between the primarily precipitated epsomite and

the increasingly concentrated Na+- and Cl--rich brine, according to the following reaction:
2 (MgSO4·7H2O) + 2 Na+(aq) ⇀ Na2Mg(SO4)2·4H2O + Mg2+(aq) + 10 H2O
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Similar alteration reactions have been discussed as possible mechanism for the

formation of other double salts, and as a possible explanation for the absence of blödite in

systems where it is expected (Strakhov, 1962; Hardie, 1984). The puzzling behaviour of

blödite with respect to its saturation is attributed to its slow crystallization rate at low

temperatures, compared to that of epsomite (Sánchez-Moral et al., 1998). Genkinger and
Putnis (2007) also argue that evaporation rate has an effect on which phase precipitates
from a solution, and that more soluble phases (epsomite in this case) tend to precipitate at

high evaporation rates. The observed crystallization of the decahydrate, konyaite and

blödite synthesized in the course of this study supports this argument: the decahydrate and

konyaite tend to form when evaporation rates are high, while blödite will instead crystallize
from the same solution if evaporated slowly. Although many other processes are involved in

post-depositional reactions between minerals and their environment, they are not
discussed here, as they are not directly relevant to this study.
2.1.3 Deposit mineralogy

Closed basins hosting salt lakes feature a number of depositional environments. As

seen in Figure 2.1, alluvial fans, sand flats, mud flats, and perennial streams and springs are

typical outlying components of inland saline systems and commonly yield evaporite
deposits. The bulk of the precipitates is, however, generally produced by the main body of
water which can either be an ephemeral lake (salt pan, or playa lake), or a perennial salt

lake (Hardie et al., 1978). Both environments produce similar types of deposits, which take

three common forms: crusts and hardgrounds, massive and bedded salts, and subsurface or
groundwater-related accumulations (Last, 1989).
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Crusts are extremely common, and form in practically all areas experiencing

alternating episodes of dry and wet conditions adjacent to salt lakes (Jones and

Vandenburgh, 1966). This includes hillsides, sand flats, mud flats, beaches, stream beds, on
vegetation, near spring openings, etc. They are, however, most common in the sand and

mud flat areas and usually occur as thin (a few mm to several cm), soft, brittle,
efflorescences that are relatively soluble and thus easily eroded by rain and wind (Drever
and Smith, 1978). Many of the salt minerals unique to continental evaporites are authigenic

crusts which tend to form in the spaces between the individual particles of sediment. Such
characteristic salts include: trona, burkeite, blödite, and glauberite (Eugster, 1980).

Konyaite and löweite are also commonly found as efflorescences (Keller et al., 1986). In

association with these, zeolites are extremely common, as well as sodium silicates, all of
which are derived from the weathering of the local lithology (Last, 2002). Hardgrounds (or

hardpans) are similar to crusts, but they are more compact and typically cemented by

carbonate. They have harder, more porous textures, and are more resistant to erosive
forces (Last and Schweyen, 1985). Crusts and hardpans typically contain more than one
mineral species and have a predominant sodium and/or magnesium sulfate composition in
sulfate-dominated systems (Last, 1992).

Massive and bedded salts occur in generally thicker, monomineralic accumulations

which may be economically important (Last and Ginn, 2005). The most common are

thenardite, mirabilite and epsomite beds, which are exploited for Na2SO4 and MgSO4,

respectively (Broughton, 1984). Bedded blödite, gypsum, halite, carbonate, amorphous

silica, and borax layers may also be found, depending on each lake’s particular chemistry

(Eugster, 1980). Other associated evaporites include carbonates (usually calcite, high-Mg
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calcite, and some lacustrine dolomite; Last, 1990) as well as minor silicates and chlorides

(Vance et al., 1997). These deposits form as a result of the accumulation of crystals that
precipitate directly out of the saturated lake water. Their layers can be preserved as is
(recording the conditions at the time of deposition) or may be later altered (e.g. through

blöditization or a similar process), and therefore can provide information concerning the
composition, pH, redox conditions, etc. of the lake waters as they change over time (Last,
1992).

Subsurface- and groundwater-related accumulations grow between clasts of

unconsolidated material and may represent past levels of the local groundwater table when

found on a large scale (Last, 1989). They can form rather thick beds (> 2m thick), but are

polymineralic (as opposed to massive and bedded salts), and can contain up to 85% clastic

material (Last, 1989). They characteristically consist of mirabilite, and occur at depths no

more than 1 m from the surface at a constant level throughout the area surrounding a
particular lake (Grossman, 1949; Binyon, 1952). These deposits are, however, not always
present, as a well-developed subsurface hydrological system must be present in order for
them to form.

Spring deposits also commonly form due to the surfacing of carbonate-rich

groundwater. They tend to precipitate calcite and high-Mg calcite that weather to form
carbonate beaches, or may be composed of travertine and tufa if hydrothermal activity is

involved (Cole, 1926). Non-hydrothermal springs are relatively common in areas where the
groundwater system is important (Last, 1989).
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2.2 Selected occurrences

Of the Na2Mg(SO4)2·nH2O phases, konyaite, blödite, and löweite occur in nature and

have been reported from localities on all continents (Goudie and Cooke, 1984). They are
found in three common geological settings: in glaciated terrains, or in areas where sediment

paleochannels are important hydrologically, such as the Northern Great Plains of North

America (Last, 2002), the Konya basin in Turkey (van Doesburg et al., 1982), and Australia
(Jankowski and Jacobson, 1989); in extensional settings such as the Basin and Range

Province, southwest United States (Eghbal et al., 1989), and eastern China (Mianping et al.,

1993); and in compressional basins, such as those of Austria (Dana and Brush, 1869), Chile

(Vega et al., 1996) and Tibet (Li et al., 2010). Three of these settings have been chosen to be

discussed in more detail. There are also various other occurrences worth mentioning:

several burning coal waste piles, though not natural, have been reported to form konyaite

(Zielinski et al., 2001; Dokoupilova et al., 2007; Masalehdani et al., 2009); konyaite has been

found in caves in Romania (Onac et al., 2001); blödite was reported from a cave in Iceland

(Jakobsson et al., 1992); several localities in Antarctica also report blödite occurrences

(Keys, 1979).

2.2.1 Northern Great Plains of North America (glaciated terrain)

The Northern Great Plains of North America are host to the largest group of sulfate-

dominated saline lakes in the world – they are estimated to contain in excess of 3.5 million

(Last, 1989). The area, extending over 350 000 km2, covers parts of Alberta, Saskatchewan,
Manitoba, Montana, North Dakota, and northern Washington State, in the rain shadow of
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the Rocky Mountains (Kehew and Teller, 1994). The basin has a flat topography and is

dominated by Paleozoic carbonates and evaporites, overlain by Mesozoic to Cenozoic

siliciclastic units, which are, in turn, overlain by Quaternary glacial sediments (Klassen,

1989). The climate, due to latitude and tectonic setting, is generally cold and semi-arid.
Solute input from these rock units and sediments is responsible for the sulfate-carbonate

nature of inflow waters. Groundwater interactions are extremely important in this system,
as it was found that they affect brine concentrations to the same degree as seasonal climatic

variations, which are quite extreme (Last, 1999). As a result of these variations, a freeze-out
precipitation process also becomes important for the lakes of the Great Plains in the winter

season (Hammer, 1978; Last, 1989). This process is responsible for the precipitation of

various bedded Na- and Mg-sulfates, mostly mirabilite and epsomite, but also blödite (Last

and Schweyen, 1983).

Blödite, konyaite and löweite have all been reported to occur commonly as

efflorescent crusts (Timpson et al., 1986). Hardpans were also found to have a predominant

Na- and/or Mg-sulfate composition (Last, 1992). Konyaite is identified as the most common

mineral to form from the evaporation of saline seeps in the soils of North Dakota (Keller et
al., 1986; Skarie et al., 1987) and Alberta (Kohut and Dudas, 1993). Spring deposits are also

reported to commonly contain blödite (Last, 1989). However, for all the occurrences

reported here, there is a substantial delay, sometimes of several days, between sample
collection and X-ray diffraction analysis, which means that the phases identified in the lab

may not necessarily be the original phases present in the samples at the time they were
collected (Timpson et al., 1986; Kohut and Dudas, 1993). This is one of the major problems
encountered when studying highly soluble phases in nature: their sensitivity to
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temperature and relative humidity levels often makes sample preservation difficult. Given

the highly metastable nature of the decahydrate, it is possible that it could form in these
environments and originally be part of the collected samples, but may have dehydrated to

konyaite or reverted to blödite before the samples could be analyzed (Chapter 6). The cold

climatic conditions and the Na-Mg sulfate chemistry of the Great Plains salt lakes may very
well provide the conditions necessary for the decahydrate to precipitate naturally (Chapter

6); the use of a portable X-ray diffractometer would, however, be necessary to provide rapid
sample analysis and identify this phase as a mineral.

2.2.2 Soda Lake, Carrizo Plain, California, USA (extensional basin)

Soda Lake is an ephemeral playa lake found in the centre of the Carrizo Plain, a flat

basin occupying an elongated valley (approximately 72 km x 11 km) in the Central Coast

Range Province of California, which is part of the San Andreas Fault system (Dibblee, 1962).

It is bounded by the Caliente and Temblor Ranges, and experiences a semi-arid climate. The
lake becomes flooded seasonally as a result of the accumulation of meteoric waters from
November to March (approximately 150 mm annually), although the lake sediments and

surrounding soil retain a water table for a longer period (Eghbal et al., 1989). The

surrounding ranges are composed mainly of Miocene sandstones, siltstones and shales of
marine origin which provide solute rich in sulfate and chloride but very poor in carbonate
(Dibblee, 1962). The area surrounding Soda Lake is characterized by a deep water table,

where evaporative pumping is a major drive for salt formation; the water table becomes

progressively shallower toward the lake. Evaporite phases precipitate in a concentric
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pattern, with the less soluble phases (gypsum and halite) forming mostly near the alluvial

fans, and the more soluble phases (blödite, löweite, mirabilite, and thenardite) forming in
greater abundance in the mud flats and salt pan itself (Eghbal et al., 1989). This distribution
is explained by the difference in stability of these minerals: because gypsum and halite have

poor solubility, the Ca2+ and Cl- ions cannot be easily transported towards Soda Lake; the

Na-Mg sulfate phases have higher solubility and, therefore, the Na+, Mg2+ and SO42- ions can
be transported further to precipitate closer to the salt pan as evaporation concentrates the

brine further. This trend was also observed in Death Valley and Saline Valley, by Hunt et al.

(1966), and Hardie (1968), respectively.

Eghbal et al. (1989) collected saturated soil samples that were evaporated in the

laboratory to produce salt efflorescences, which were then studied through X-ray

diffraction. Soil-water solutions that were created from the samples were treated in a
similar fashion. Blödite and löweite were identified, as well as an “unknown” Na-Mg sulfate,

which appears to be konyaite (Chapter 3). These phases were, however, not necessarily the

minerals present in the field: temperature and evaporation rate have a large impact on the
minerals which can form from a given solution (Chapter 6). It is, however, reasonable to
assume that the minerals produced from the soil samples also precipitate in the field, most

likely as efflorescences. At the same time, it is also entirely possible that other phases, such

as the decahydrate, occur naturally in the Soda Lake system. The most favourable
conditions for Na2Mg(SO4)2·10H2O formation would be found just after the rainy season,
when sufficient water is present in the system, evaporation rates are high, and
temperatures range between 6 and 19°C, on average (NOAA Weather Data, 2010).
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2.2.3 Bad Ischl and Hallstatt, Upper Austria (compressional basin)

Bad Ischl and Hallstatt are two towns in Austria situated within the Northern

Calcareous Alps (NCA). The salt deposits found in their vicinity have been exploited since
800 BC (Ebner et al., 2000). These evaporites were, therefore, not generated by a currently
active salt lake system, nor were they originally part of a compressional tectonic regime.

They are instead thought to be the result of salt accumulations from a restricted basin that
formed during the formation of a Late Permian rift system, where the waters of the Paleo-

Tethys ocean would occasionally flood in (Schauberger, 1955). The Alpine orogenic event
occurred subsequently, and the salt deposits became weak points that acted as detachment

surfaces for thrust faults (Spötl and Hasenhüttl, 1998). This orogeny was accompanied by
low-grade regional metamorphism, and the salt deposits themselves are strongly tectonized

(Mayrhofer, 1955). The NCA deposits were, therefore, of at least partial marine origin and

were formed in an extensional setting. However, it is the later compressional tectonic
history that modified the original gypsum deposits into the salts found today.

These salts deposits were classified into four categories by Schauberger (1986): the

Rotsalzgebirge are red-banded halite, anhydrite, polyhalite, glauberite and Na-Mg-sulfate

deposits mixed with dark claystone, pyrite and talc. Blödite and löweite are among the main

minerals found in the Rotsalzgebirge. The Grüntongebirge are primarily composed of white
halite, anhydrite, green claystones and sandstones. The Bunttongebirge consist of a yellow-

gold halite matrix (Haselgebirge), with dark and green claystones, volcanic rocks and

hematite. The Grausalzgebirge are mainly grey to white halite, anhydrite, dolomite, and
magnesite.
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The original gypsum- and halite-rich deposits are thought to have been dehydrated

to anhydrite during the Alpine orogeny, and partially converted back over time as erosion
(and mining activities) allowed meteoric water access to the salt body (Ebner et al., 2000).

The surrounding shale deposits are rich in Mg-chlorite (Spötl and Hasenhüttl, 1998) and

may have provided the necessary ions for the blödite and löweite formation either during
this process or during the metamorphic episode itself. The decahydrate could possibly form
in this environment as a result of ongoing weathering of the Rotsalzgebirge deposits.
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Abstract

The crystal structure of synthetic konyaite, Na2Mg(SO4)2·5H2O, a = 5.7690(8), b =

23.951(3), c = 8.0460(11) Å, β = 95.425(2)°, V = 1106.8(3) Å3, space group P21/c, Z = 4, was

solved using single-crystal X-ray diffraction. Hydrogen atom positions were determined and

the structure solution was refined to R1 = 3.31% and wR2 = 6.28% for the 2167 measured

independent reflections. Three distinct cation sites host the Mg and Na atoms in distorted
octahedra and eight-coordinated polyhedra. The coordination polyhedra share edges to
form compact sheets oriented perpendicular to b and linked to one another by hydrogen
bonds. This results in a {010} tabular habit. A comparison of this structure is made to that of

blödite [Na2Mg(SO4)2·4H2O], the dehydration product of konyaite. Konyaite is discussed

within the context of the Na2O-MgO-SO4-H2O system. This study is part of ongoing

investigations into the dehydration mechanisms and phase stability of this system.

Keywords: Konyaite, crystal structure, single-crystal X-ray diffraction, hydrogen bonding,

blödite, dehydration, phase stability.
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3.1 Introduction

Konyaite is a hydrated sodium-magnesium-sulfate salt. It is most commonly found

as white mineral efflorescences associated with marine and lacustrine sediments such as
those found in the Great Konya Basin, Turkey (van Doesburg et al., 1982), and in the

Northern Great Plains of North Dakota (Keller et al., 1986a). Konyaite is sensitive to

variations

in

temperature

and

humidity

and

dehydrates

readily

to

blödite,

Na2Mg(SO4)2·4H2O. Both phases precipitate when saline solutions become supersaturated
through evaporation (Keller et al., 1986b).

The Na2O-MgO-SO4-H2O system has been the subject of numerous studies. Archibald

and Gale (1924) and Blasdale and Robson (1928) both concerned themselves with mapping

out the phase relationships, but neither study identified konyaite. D’Ans (1933) later
suggested that a metastable phase may exist in the blödite field of stability, describing it as a

labile double salt, but this was not further investigated. The study of individual phases
related to this system also became important: Rumanova (1958) solved the crystal
structure of blödite, later to be refined by Hawthorne (1985). Baur (1964) investigated the

crystal structure of epsomite (MgSO4∙7H2O), while Zalkin et al. (1964) studied hexahydrite

(MgSO4∙6H2O) and Fischer and Hellner (1964) studied vanthoffite, Na6Mg(SO4)4. Fang and

Robinson (1970) also described the structure of löweite, Na12Mg7(SO4)13∙15H2O. Figure 3.1
shows how these phases are compositionally related to one another, and to thenardite

(Na2SO4) and mirabilite (Na2SO4∙10H2O). Driessen and Schoorl (1973) tied the previously

modeled phase stability relationships to a field study of the saline soils of the Great Konya
Basin, but konyaite was again overlooked. Meanwhile, Nord (1973) and later Hawthorne
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Figure 3.1 Selected phases of the Na2O-MgO-SO4-H2O system, by mole percent (mol%)
composition. Epsomite dehydrates to hexahydrite; konyaite dehydrates to blödite, and
mirabilite is similarly related to thenardite. Löweite forms at higher temperatures than
konyaite.
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and Ferguson (1975) investigated the structure of thenardite. Friedel (1976) found that a

salt with the formula Na2Mg(SO4)2∙5H2O was often found in saline soil crusts, and that

although it altered to blödite when allowed to react with its saturated solution, it persisted

in dry crusts. Optical, chemical, and X-ray diffraction data were collected, but a unit cell was
never refined. Subsequently, the crystal structure of mirabilite was solved by Levy and

Lisensky (1978). Van Doesburg et al. (1982) described konyaite, which was recognized by
the IMA as a mineral species, during a study of the salt mineralogy of the Great Konya Basin
in Turkey. However, its crystal structure remained unsolved.

Numerous studies have, since then, identified konyaite as an important phase in

saline soils (Shayan and Lancucki, 1984; Timpson et al., 1986; Zielinski et al., 2001).

Konyaite was also found to be the most common phase in mineral assemblages sampled in
North Dakota by Keller et al. (1986a). Little is known about the field of stability of konyaite;
Keller et al. (1986a) reported having found konyaite between 6.3 and 37.9°C, but no relative

humidity constraints were provided. They suggested however, as Shayan and Lancucki
(1984) did before them, that konyaite typically forms in nature and dehydrates to form

blödite, and that although direct formation of blödite is possible, the required conditions for

its formation do not occur as frequently as those required for konyaite. Its status as a metastable phase (van Doesburg et al., 1982; Friedel, 1976) has also been questioned by

Timpson et al. (1986), although its soluble nature and sensitivity to relative humidity
changes make it subject to remobilization into the local watershed. Whittig et al. (1982) and

Zielinski et al. (2001) have both identified konyaite as an important source of contaminants
in soils, surface water, and shallow groundwater.
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The behaviour of konyaite and the other phases of the Na2O-MgO-SO4-H2O system is

partially dictated by their hydrogen-bonding arrangements, and consequently the modeling
of their crystal structures has been the subject of several studies (as presented above), with

the exception of konyaite. This study, therefore, presents the first structure solution for

konyaite using single-crystal X-ray diffraction and compares it with that of blödite, its

dehydration product.

3.2 Synthesis, diffraction experiments, and refinement
3.2.1 Synthesis

The konyaite crystal used in this study was synthesized following the method

described by van Doesburg et al. (1982). Approximately 50 mL of a solution with a 1:1

molar ratio of MgSO4 and Na2SO4 was prepared and evaporated at 27°C and 79% relative

humidity (RH) in a large Petri dish with a perforated cover to allow evaporative

concentration. Crystals as large as 0.30 × 0.10 × 0.06 mm were obtained after ~72 h. These

synthetic konyaite crystals are soft (H = 2.5), elongate, colorless to white, translucent to
transparent, and exhibit a {010} tabular habit. They were also found to commonly form
radiating masses (this study; van Doesburg et al., 1982).
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3.2.2 Diffraction experiments

X-ray powder diffraction data of the synthesized material was produced using a

PANalytical X’Pert Pro θ-θ diffractometer, and collected with an X’Celerator position-

sensitive detector. Cobalt radiation (1.7903 Å) was used at a setting of 40 kV and 45 mA to

collect data over a range of 5 to 70°2θ. The pattern identification was carried out using the

X’Pert Highscore software, and the ICDD database to verify that the synthesized crystals
were indeed konyaite. The collected pattern intensities are shown in Table 3.1. An equant

single-crystal fragment was selected, immersed in mineral oil to prevent dehydration, and

inserted in a 0.3 mm glass capillary. The prepared crystal was then mounted on a Bruker

SMART APEX II X-ray diffractometer and studied using graphite-monochromated MoKα

radiation (λ = 0.71073Å), operating at 50 kV and 30 mA over a 2θ range of 3.40 to 52.00°.
The sample was cooled to 180 K using a nitrogen gas Cryostream Controller 700 during

data collection. Table 3.2 compares the unit cell of konyaite determined here with that
determined by van Doesburg et al. (1982).
3.2.3 Refinement

A total of 2167 (Rint = 0.0329) independent reflections were collected, and a multi-

scan approach was used to correct for X-ray absorption. Table 3.3 presents crystal data and

refinement parameters. Intensity data were processed with the Bruker AXS Crystal

Structure Analysis Package (Bruker, 2006). Both structure solution and refinement were

performed using the SHELXTL program (v. 6.14) (Sheldrick, 2008). Scattering factors were
55

Table 3.1 Strongest X-ray powder diffraction lines for konyaite.
ICDD # 35-0649*
This study
This study
H
k
l
d (Å)
I (%)
d (Å)
I (%)
dcalc (Å)
Icalc (%)
0
0
1�
1
1
1�
0
0
1
1�
1�
0
1�
1
1
2�
2
0
0

2
4
2
1
2
3
6
1
4
1
4
8
5
7
8
3
4
8
5

0
1
1
1
1
1
0
2
1
2
2
1
2
1
0
1
0
2
3

12.010
4.807
4.546
4.410
4.203
4.184
4.002
3.961
3.589
3.416
2.989
2.811
2.802
2.725
2.661
2.639
2.598
2.403
2.336

100
12
55
10
20
20
70
14
10
10
12
14
12
14
12
14
16
10
10

12.012
4.763
4.502
4.371
4.311
4.169
3.975
3.929
3.569
3.393
2.973
2.822
2.799
2.714
2.651
2.628
2.588
2.395
2.331

23
6
16
43
16
41
100
54
19
6
17
7
11
20
31
44
21
4
19

11.976
4.796
4.528
4.396
4.189
4.171
3.992
3.950
3.583
3.406
2.984
2.804
2.795
2.717
2.655
2.632
2.589
2.398
2.332

100
18
82
17
23
31
67
24
14
13
15
13
15
22
18
19
25
14
13

Note: The values for dcalc and Icalc were calculated from a simulated X-ray
powder diffraction pattern generated from the single-crystal analysis data.
* Deposited by Keller and McCarthy (1984).

Table 3.2 Unit-cell data for konyaite at 180 K.
Synthetic*
Synthetic†
a (Å)
b (Å)
c (Å)
β (°)
V (Å3)

5.79(1)
24.04(2)
8.07(1)
95.4(2)
1118(2)

5.784(3)
24.026(9)
8.066(3)
95.37(3)
1116.0(5)

Natural†

5.784(3)
24.029(9)
8.060(3)
95.38(3)
1115.7(5)

Synthetic‡

5.7690(8)
23.951(3)
8.0460(11)
95.425(2)
1106.8(3)

* From single-crystal techniques (van Doesburg et al., 1982).
† From refinement of X-ray powder diffraction data (van Doesburg et al., 1982).
‡ From single-crystal techniques at 180 K (this study).
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Table 3.3 Summary of crystal data and structure refinement for
konyaite.

Formula
Crystal size (mm)
Space group
a (Å)
b (Å)
c (Å)
β (°)
V (Å3)
Z
ρ (calc) (g/cm3)
λ (Å)
µ (mm-1)
Temperature (K)
θ range for data collection
No. of reflections collected
No. of independent reflections
No. of reflections with I > 2σ(I)
No. of parameters refined
Rint
Final R factors [I > 2 σ(I)]
Final R factors (all data)
Goodness-of-fit

Na2Mg(SO4)2∙5H2O
0.30 x 0.10 x 0.06
P21 / c (no. 14)
5.7690(8)
23.951(3)
8.0460(11)
95.425(2)
1106.8(3)
4
2.115
0.71073
0.683
180(2)
1.70° to 26.00°
11033
2167
1828
203
0.0329
R1 = 0.0244, wR2 = 0.0585
R1 = 0.0331, wR2 = 0.0628
1.040

Note: R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo| ; wR2 = {∑ [w (Fo2 – Fc2)2] / ∑
[w(Fo2)2]}1/2 ; (where w = 1 / [σ 2(Fo2) + (0.0376P)2 + 0.99P] ; and
P = [Max (Fo2, 0) + 2Fc2] / 3)
taken from Cromer and Waber (1974). Space group P21/c was determined based on the

systematic absences. The structure was solved by direct methods and refined using a fullmatrix least-squares approach. The resulting CIF 1 has been deposited.

1

Deposit item AM-09-032, CIF (Crystallographic Information File). Deposit items are available two
ways: For a paper copy, contact the Business Office of the Mineralogical Society of America (see
inside front cover of recent issue). For an electronic copy visit the MSA web site at
http://www.minsocam.org, go to the American Mineralogist Contents, find the table of contents for
the specific volume/issue wanted, and then click on the deposit link there.
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3.3 Results and discussion

The successful refinement produced the atom coordinates and displacement

parameters presented in Tables 3.4 and 3.5. Approximate hydrogen positions were found

from difference-Fourier maps, and all other atom positions were determined from structure

solution. Selected bond lengths and angles are listed in Table 3.6; Table 3.7 shows
information relating to hydrogen bonding. The structure determination was confirmed

using the bond-valence summation method (Brown, 1981), the results of which are
presented in Table 3.8.

3.3.1 Description of the structure

The unit-cell parameters refined for konyaite in this study are consistent with those

reported by van Doesburg et al. (1982) (Table 3.2). The konyaite structure contains three
cation sites. Magnesium is octahedrally coordinated with both oxygen and water molecules.

Both Na polyhedra (six- and eight-coordinated) are significantly distorted, whereas the Mg
octahedra are only slightly distorted. Each coordination polyhedron shares at least one edge

with either a neighbouring cation site or one of two symmetrically distinct sulfate

tetrahedra. This arrangement creates infinite sheets perpendicular to b, accounting for the

{010} tabular habit of konyaite, and its {010} cleavage. Hydrogen bonds provide the intersheet linkage.

Each sheet is composed of chains of eight-coordinated Na (Na2), Mg octahedra and

sulfate tetrahedra running parallel to a. They are connected by two edge-sharing octahedral
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Table 3.4 Atomic coordinates and equivalent isotropic displacement
parameters (Å2) for konyaite.
Atom
Mg
Na1
Na2
S1
S2
O1
O2
O3
O4
O5
O6
O7
O8
Ow1
Ow2
Ow3
Ow4
Ow5
H1A
H1B
H2A
H2B
H3A
H3B
H4A
H4B
H5A
H5B

x

y

z

Ueq

0.5349(1)
0.2203(2)
0.1837(2)
0.2878(1)
0.0047(1)
-0.0458(2)
0.0538(3)
-0.1972(3)
0.2114(2)
0.1067(3)
0.2264(3)
0.2935(2)
0.5153(2)
0.2162(3)
0.5383(3)
0.8470(3)
0.5039(3)
0.3687(3)
0.107(5)
0.207(5)
0.471(6)
0.669(5)
0.909(5)
0.839(5)
0.574(5)
0.374(5)
0.324(5)
0.301(6)

0.6408(1)
0.5495(1)
0.4453(1)
0.4911(1)
0.6677(1)
0.6177(1)
0.6495(1)
0.7055(1)
0.6969(1)
0.4956(1)
0.5270(1)
0.4325(1)
0.5067(1)
0.6019(1)
0.6245(1)
0.6825(1)
0.6514(1)
0.7133(1)
0.622(1)
0.582(1)
0.648(1)
0.622(1)
0.680(1)
0.718(1)
0.675(1)
0.650(1)
0.739(1)
0.715(2)

0.8182(1)
0.5513(1)
0.8445(1)
0.2009(1)
0.3255(1)
0.4224(2)
0.1567(2)
0.3113(2)
0.4066(2)
0.3174(2)
0.0562(2)
0.1386(2)
0.2860(2)
0.8060(2)
0.5616(2)
0.8560(2)
1.0720(2)
0.7400(2)
0.802(3)
0.872(4)
0.503(4)
0.524(4)
0.944(4)
0.844(4)
1.138(4)
1.106(4)
0.792(4)
0.651(5)

0.010(1)
0.016(1)
0.017(1)
0.009(1)
0.011(1)
0.017(1)
0.018(1)
0.016(1)
0.016(1)
0.016(1)
0.017(1)
0.013(1)
0.016(1)
0.013(1)
0.015(1)
0.014(1)
0.021(1)
0.017(1)
0.028(8)
0.033(9)
0.04(1)
0.033(8)
0.016(7)
0.042(9)
0.031(8)
0.031(8)
0.024(8)
0.06(1)

Note: Ueq is defined as one third the trace of the orthogonalized Uij tensor.
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Table 3.5 Anisotropic displacement parameters (Å2) for konyaite.
Atom
Mg
Na1
Na2
S1
S2
O1
O2
O3
O4
O5
O6
O7
O8
Ow1
Ow2
Ow3
Ow4
Ow5

U11

U22

U33

U23

U13

U12

0.010(1)
0.019(1)
0.020(1)
0.010(1)
0.010(1)
0.015(1)
0.016(1)
0.015(1)
0.016(1)
0.015(1)
0.021(1)
0.015(1)
0.013(1)
0.011(1)
0.014(1)
0.014(1)
0.014(1)
0.021(1)

0.010(1)
0.015(1)
0.016(1)
0.010(1)
0.010(1)
0.014(1)
0.027(1)
0.013(1)
0.016(1)
0.017(1)
0.014(1)
0.011(1)
0.016(1)
0.013(1)
0.018(1)
0.013(1)
0.034(1)
0.013(1)

0.010(1)
0.014(1)
0.014(1)
0.009(1)
0.011(1)
0.024(1)
0.012(1)
0.021(1)
0.016(1)
0.015(1)
0.015(1)
0.014(1)
0.017(1)
0.014(1)
0.012(1)
0.015(1)
0.015(1)
0.016(1)

0.000(1)
-0.001(1)
0.001(1)
0.000(1)
0.001(1)
0.006(1)
-0.003(1)
-0.002(1)
0.002(1)
-0.004(1)
0.005(1)
-0.001(1)
-0.001(1)
0.003(1)
0.002(1)
0.002(1)
-0.010(1)
-0.002(1)

0.000(1)
-0.004(1)
0.000(1)
0.000(1)
0.000(1)
0.004(1)
0.000(1)
-0.002(1)
-0.005(1)
0.004(1)
-0.002(1)
-0.001(1)
-0.003(1)
0.002(1)
0.003(1)
-0.002(1)
0.005(1)
-0.002(1)

0.000(1)
-0.001(1)
-0.001(1)
0.000(1)
0.000(1)
0.000(1)
0.003(1)
0.004(1)
-0.005(1)
-0.002(1)
0.000(1)
0.002(1)
-0.002(1)
0.001(1)
0.003(1)
-0.002(1)
-0.009(1)
0.006(1)

Note: Anisotropic parameter exponents take the form: -2σ2[(ha*)2U11 + … + 2hka*b* U12].
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Table 3.6 Selected bond lengths and angles for konyaite.
Bond
Mg-O7''
Mg-Ow1
Mg-Ow2
Mg-Ow3
Mg-Ow4
Mg-Ow5
Mean

Octahedral coordination around Mg and Na1 (distorted)
Å
Angle
Deg (°)
Angle
2.029(2)
Ow3-Mg-Ow2
98.41(7)
Ow1-Mg-Ow4
2.055(2)
Ow5-Mg-Ow2
84.48(8)
O7''-Mg-Ow4
2.103(2)
Ow1-Mg-Ow2
87.72(7)
Ow3-Mg-O7''
2.057(2)
O7''-Mg-Ow2
87.60(7)
Ow1-Mg-O7''
2.083(2)
Ow3-Mg-Ow4
87.18(7)
Ow3-Mg-Ow5
2.054(2)
Ow5-Mg-Ow4
96.69(8)
Ow1-Mg-Ow5
2.064

O8'-Na1-O5
Ow2-Na1-O5
O1-Na1-Ow1
Ow2-Na1-Ow1
O8'-Na1-Ow1
O5'-Na1-Ow1

104.66(6)
124.11(6)
87.46(6)
70.82(6)
83.20(6)
78.26(6)

Na2-O1'
Na2-O2'
Na2-O5'
Na2-O6'
Na2-O6''
Na2-O7'
Na2-O8'
Na2-Ow4'
Mean

Eight-fold coordination around Na2 (distorted)
2.683(2)
O8'-Na2-O7'
110.84(6)
O5'-Na2-O6''
2.652(2)
O8'-Na2-O5'
88.73(6)
O6'-Na2-O6''
2.468(2)
O8'-Na2-O6'
84.16(6)
O2'-Na2-O6''
2.590(2)
O7'-Na2-O6'
56.69(5)
O8'-Na2-O1'
2.652(2)
O5'-Na2-O6'
86.10(5)
O5'-Na2-O1'
2.411(2)
O2'-Na2-O7'
88.99(5)
O2'-Na2-O1'
2.405(2)
O2'-Na2-O5'
99.44(6)
O6''-Na2-O1'
2.972(2)
O6''-Na2-O7'
83.98(5)
O2'-Na2-Ow4'
2.604

55.63(5)
69.21(6)
74.92(5)
95.23(6)
76.40(5)
53.23(5)
100.17(5)
68.64(5)

Na1-O1
Na1-O5
Na1-O5'
Na1-O8'
Na1-Ow1
Na1-Ow2
Mean

S1-O5
S1-O6
S1-O7
S1-O8
Mean
S2-O1
S2-O2
S2-O3
S2-O4
Mean

2.409(2)
2.324(2)
2.493(2)
2.339(2)
2.405(2)
2.563(2)
2.422

O1-Na1-O5'
O1-Na1-Ow2
O1-Na1-O5
O5'-Na1-O5
O5'-Na1-O8'
O8'-Na1-Ow2

89.97(6)
87.90(6)
84.75(6)
86.33(6)
89.63(6)
87.59(6)

Tetrahedral coordination around S1 and S2
1.472(2)
O5-S1-O6
109.33(9)
O8-S1-O5
1.463(2)
O8-S1-O6
111.09(9)
O5-S1-O7
1.492(2)
O7-S1-O6
107.24(9)
O8-S1-O7
1.470(2)
1.474
1.473(2)
1.479(2)
1.471(2)
1.481(2)
1.476

O3-S2-O1
O3-S2-O2
O1-S2-O2

110.25(9)
109.24(9)
108.13(9)
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O3-S2-O4
O1-S2-O4
O2-S2-O4

Deg (°)
86.72(7)
91.31(7)
89.37(7)
92.06(7)
90.62(7)
88.80(7)

109.91(9)
108.83(9)
110.38(9)
110.01(9)
110.02(9)
109.15(9)

Table 3.7 Hydrogen bonds (d in Å) and angles (< in °) for konyaite.
d(D-H)

d(H⋅⋅⋅A)

d(D⋅⋅⋅A)

< D-H-A

Ow1-H1A⋅⋅⋅Ow3

0.79(3)

2.16(3)

2.931(2)

165(3)

Ow2-H2B⋅⋅⋅O1

0.84(3)

1.91(3)

2.747(2)

176(3)

D-H⋅⋅⋅A

Ow1-H1B⋅⋅⋅O6

Ow2-H2A⋅⋅⋅O4
Ow3-H3A⋅⋅⋅O2
Ow3-H3B⋅⋅⋅O3

Ow4-H4A⋅⋅⋅O3
Ow4-H4B⋅⋅⋅O2

Ow5-H5A⋅⋅⋅O4
Ow5-H5B⋅⋅⋅O4

0.72(3)
0.81(3)

0.77(3)
0.86(3)
0.85(3)
0.82(3)
0.80(4)
0.79(4)

1.98(3)
2.00(3)
1.97(3)
1.85(3)
1.97(3)
1.93(3)
1.94(3)
2.03(4)

Note: D = donor; A = acceptor; d = distance

2.692(2)
2.771(2)
2.713(2)
2.716(2)
2.781(2)
2.746(2)
2.734(2)
2.777(2)
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Water molecule

< H-Ow-H

159(3)

H1A-Ow1-H1B

108(3)

176(3)

H4A-Ow4-H4B

102(3)

173(3)
162(3)
160(3)
173(3)
177(4)
159(4)

H2A-Ow2-H2B
H3A-Ow3-H3B
H5A-Ow5-H5B

104(3)
101(3)
106(3)

Table 3.8 Bond valences (vu) for konyaite.
Mg

Na1
Na2
S1
S2

H1A
H1B

H2A
H2B

H3A
H3B

H4A
H4B

H5A
H5B

O1

0.18

O2

0.10

0.11

1.48

1.46

0.20

0.22
0.21

O3

O4

O5

0.15
x2 →↓
0.16

1.49

1.45
0.19

1.48

O6
0.12
x2 →↓
1.52

O7

0.39
0.18
1.40

O8

Ow1

Ow2

0.21

0.19

0.13

0.18

0.33

0.37

0.79

0.23

0.79

0.21
0.19

0.79
0.79

Ow4
0.35

Ow5
0.37

0.05

1.49

0.22
0.19

0.37

Ow3

0.79

1.636 / 0.42 / -

1.02

1.661 / 0.44 / -

1.01

5.88
0.94
1.02
0.98
0.99
0.79
0.79

1.01
1.01
0.79
0.79

Ro/b/N

2.18

5.89

0.15

0.79

Sum

0.98
1.00
1.00
0.98

1.661 / 0.44 / 1.614 / 0.36 / 1.614 / 0.36 / 0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2
0.87 / - / 2.2

Sum 1.96
2.00
1.90 2.04
1.94
1.99
1.97 1.88
2.14
2.04
2.10
1.98
1.95
Note: Multiplicity is indicated by x →↓, constants were obtained from Brown (1981), long hydrogen bond valences were determined
from the s(H…O) vs O⋅⋅⋅O curve of Ferraris and Ivaldi (1988), where s = [(O⋅⋅⋅O)/2.17]-8.2 + 0.06.
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Na sites (Na1). The repeating unit that forms each chain consists of the two Na2 sites,
sharing an edge between them, and three additional edges, one with the same S1

tetrahedron, a second with a S2 tetrahedron, and a third with a Mg octahedron that
consequently shares a corner with the central S1 tetrahedron (Fig. 3.2a). These repeating
units are linked together through corner-sharing between the S1 tetrahedra of one unit and

the Na2 sites of the next. Figure 3.2b illustrates the chain arrangement, and Figure 3.2c
shows the Na1 linkage. Each Na1 octahedron shares two edges with the Mg octahedron and

the eight-coordinated Na2 site of a particular chain, and an edge with another Na1

octahedron, effectively linking the chains together and forming sheets perpendicular to b.
Consequently, each Na1 site also shares a corner with both S1 and S2 tetrahedra.

The five water molecules present in konyaite are primarily bonded to the Mg

octahedron, but, due to the compact nature of the structure, they are also coordinated to

both Na sites. Most hydrogen atoms are therefore located on the outside of each sheet, but
only H3 and H5 atoms serve to link the sheets together, whereas the others participate

exclusively in intra-sheet bonding (Fig. 3.2d). All hydrogen atoms bond chiefly to the O
atoms of the sulfate group, and secondly to the O atoms of other water molecules.
3.3.2 Bond lengths and angles

The Mg octahedron of konyaite is slightly distorted, with Mg-O distances varying

between 2.03 and 2.10 Å. The mean Mg-O bond length of 2.06 Å is reasonable when

compared to the results obtained in similar structures (Hawthorne, 1985), and agrees well

with the sum of the ionic radii reported by Shannon (1976). Both Na polyhedra are also
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a)

b)

c)

d)

Figure 3.2 The structure of konyaite, Na2Mg(SO4)2∙5H2O, created from the crystallographic
data and atomic coordinates refined in this study and the Shape Software program ATOMS,
v.6.0 (Dowty, 2003). (a) Fundamental repeating unit of the structure, as viewed
approximately down the a axis and perpendicular to c. The O atoms of the five water
molecules coordinate the Mg octahedra. (b) Polymerization of the fundamental repeating
unit, as viewed down the c axis and perpendicular to a. The units are connected to one
another through corner-sharing of the S1 tetrahedra and the Na2 polyhedra. (c) Single sheet
of the konyaite structure, as viewed down the b axis, and perpendicular to the a-c plane. The
paired Na1 octahedra serve to link one set of polymerized units to another, through edgesharing with the Mg and Na2 polyhedra of each set. (d) The konyaite structure as viewed at
β/2 from the c axis and perpendicular to the b axis. Small gray spheres represent hydrogen
atoms. Sheets are linked together through hydrogen bonding exclusively. H3 and H5 atoms
only participate in inter-sheet linkage, while H1, H2, and H4 atoms only form intra-sheet
bonds. This geometry accounts for the {010} tabular habit of konyaite and its perfect {010}
cleavage.
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distorted, the eight-coordinated Na2 site more so than the octahedrally coordinated Na1

site. Interatomic distances for the Na1-O bonds have a mean value of 2.42 Å, compared to

2.37 Å for similar structures, and the Na2-O bonds are likewise longer, at 2.60 Å compared

to 2.53 Å (Shannon, 1976). The internal angles of both the octahedra and the Nadodecahedra therefore differ significantly from their ideal values. Both sulfate tetrahedra
display nearly ideal configurations.
3.3.3 Hydrogen bonds

Shannon (1976) reports an average value of 0.97 Å for the short O-H bond

associated with water molecules. The calculated bond lengths reported in Table 3.7 are
substantially shorter, averaging 0.81 Å. This discrepancy is a direct consequence of the
chosen method of crystal analysis, as reported by Dai et al. (1995). X-ray diffraction relies

on the measure of electron density to locate atoms, rather than on interactions with the
nucleus. Closely associated atoms, such as the O-H pairs in the water molecule, tend to have

poorly separated electron distributions. Measured interatomic distances are, consequently,
systematically shorter than values obtained by other methods, such as neutron diffraction.

For the purpose of the bond valence summation calculations presented in Table 3.8, the

short hydrogen bonds of the refined structure were therefore defined as being 0.97 Å in
length (Shannon, 1976), to account for this systematic error. The long hydrogen bond

distances were also determined to be approximate, and their contributions to bond valence
were calculated from the curve presented by Ferraris and Ivaldi (1988). This curve allows

for the calculation of the bond valence of an H⋅⋅⋅O bond based on its O⋅⋅⋅O distance,
therefore eliminating the need to know the precise position of the hydrogen atom. The
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summation, with these corrections, supports the refined atomic structure. The hydrogen
bonding arrangement described here was also compared with the curve from Ferraris and

Franchini-Angela (1972). This curve suggests that the upper limit for the H⋅⋅⋅O distance of

reasonable hydrogen bonds within crystalline substances is 2.5 Å, with an O-H⋅⋅⋅O angle

greater than 130°. The hydrogen bonds presented in this study (Table 3.7) are well within
those limits, keeping in mind that they are approximate.
3.3.4 Relationship to blödite

Konyaite is a common phase of saline soils (Keller et al., 1986a; Zielinski et al.,

2001). High solution concentrations and rapid evaporation rates favour the precipitation of

konyaite in the Na2O-MgO-SO4-H2O system (Shayan and Lancucki, 1984). The mineral

appears to form in disequilibrium with its parent saline solution, and to alter to blödite
within a matter of days at room temperature, if the crystals stay in contact with the solution

(Friedel, 1976). This lifespan can be extended if the RH is increased, but it is still limited.

However, if removed from its parent solution, konyaite has been shown to persist for up to

90 days, even well below 80% relative humidity (Timpson et al., 1986). The conversion of
konyaite to blödite is not dictated only by temperature and humidity; crystal size is
reported to be an important factor (van Doesburg et al., 1982). Larger crystals take longer

to dehydrate to blödite, implying that diffusion rates and reaction kinetics are important
factors in the dehydration of konyaite (Timpson et al., 1986). A well-defined stability field
for konyaite has yet to be determined. It was originally believed that konyaite would only

form at temperatures between 30 and 50°C (van Doesburg et al., 1982), but Keller et al.
(1986a) have since reported the presence of konyaite between 6.3 and 37.9°C. However,
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certain stability relationships have been mapped out: it is possible to synthesize konyaite
between 24 and 28°C and 51 and 79% RH (this study), and Keller et al. (1986b) have

obtained konyaite at 28 and 40°C and 20% RH as well, pointing out that the range of

solution compositions from which konyaite can precipitate shrinks at lower temperatures.
Further investigations of the Na2O-MgO-SO4-H2O system are underway and phase

relationships will be studied. In situ powder X-ray diffraction experiments of natural

samples may provide valuable insight into the hydration-dehydration reactions involving
blödite, konyaite, and other related hydrate phases.

From a structural point of view, both blödite and konyaite are monoclinic and have

sheet structures. However, konyaite has a much more densely packed sheet arrangement

than blödite’s open sheet configuration (Hawthorne, 1985), where polyhedra share mostly
corners, and only the two Na polyhedra share edges. In contrast, all the polyhedra in the

konyaite structure share edges (up to three) with neighbours, and no polyhedra are bonded
only by vertices.

The sheets of the blödite structure (Fig. 3.3a) are composed of [VIM(IVTΦ4)2Φ4] 2

clusters, where water-coordinated Mg octahedra share corners with two sulfate tetrahedra

(Hawthorne, 1985). These clusters are linked by pairs of a symmetrically unique Na
octahedral site, and by hydrogen bonds to form open sheets. These sheets are in turn
bonded to one another through corner-sharing between the sulfate tetrahedra and Mg and
Na octahedra, and further hydrogen bonding (Fig. 3.3b).

2 [VIM(IVTΦ ) Φ ] refers to a cluster having a six-coordinated transition metal site (in this case, VIM =
4 2 4
Mg2+), bonding with two sulfate groups (IVTΦ4)2 and four water molecules (Φ4 = 4H2O). In this case,
IVT = S+6 and is in tetrahedral coordination with four O atoms, Φ = O2–.
4
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a)

b)

Figure 3.3 The structure of blödite, Na2Mg(SO4)2·4H2O, created from the crystallographic data and atomic
coordinates of Hawthorne (1985) and the Shape Software program ATOMS, v.6.0 (Dowty, 2003). (a) Open sheet,
as seen down the c axis. The four water molecules coordinate the magnesium octahedra through their oxygen
atoms. Small gray spheres represent hydrogen atoms. The sheets of [VIM(IVTΦ4)2Φ4] clusters (Mg octahedra and
their two associated sulfate tetrahedra) are held together by hydrogen bonds and the paired Na octahedra. (b)
Inter-sheet linkage, as seen down the b axis and perpendicular to the a-c plane. The open sheets are linked to one
another both through hydrogen bonding and corner sharing between the S1 tetrahedra of one sheet and the Na
octahedra of another.
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The konyaite structure, on the other hand, is composed of a significantly different

Mg-SO4 arrangement. Each Mg octahedron shares only one corner with one sulfate

tetrahedron. The second sulfate tetrahedron is linked to the Mg octahedron only through

hydrogen bonding, but shares an edge and a corner with each of the Na sites. The presence
of five water molecules in konyaite, as opposed to the four in blödite, leads to two distinct

Na sites. Both sites occur in edge-sharing pairs, much like those in blödite, with the

exception that the eight-coordinated site serves as the core of infinite Mg-SO4 chains, while

the pairs of octahedra link the chains together to form the sheets. Such a chain-like
arrangement is not found in blödite. In addition, the konyaite structure relies solely on
hydrogen bonding between sheets, whereas in blödite the sulfate tetrahedra are also

involved in bonding between sheets. The details of the reaction mechanisms have yet to be
described, but it is clear that the dehydration of konyaite to blödite involves more than the

simple loss of one water molecule. Significant changes in the linkage of all the polyhedra
and a reorganization of the Na coordination to eliminate the difference between the two
distinct Na sites are necessary.
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Chapter 4
Sodium magnesium sulfate decahydrate, Na2Mg(SO4)2·10H2O, a
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1

Abstract
The structure of synthetic disodium magnesium disulfate decahydrate at 180 K

consists of alternating layers of water-coordinated [Mg(H2O)6]2+ octahedra and [Na2(SO4)2(H2O)4]2- sheets, parallel to [100]. The [Mg(H2O)6]2+ octahedra are joined to one another by

a single hydrogen bond, the other hydrogen bonds being involved in inter-layer linkage. The

Mg2+ cation occupies a crystallographic inversion centre. The sodium–sulfate sheets consist

of chains of water-sharing [Na(H2O)4]+ octahedra along b, which are then connected by
sulfate tetrahedra through corner-sharing. The associated hydrogen bonds are the result of
water–sulfate interactions within the sheets themselves. This is believed to be the first
identified structure of a mixed monovalent/divalent cation sulfate decahydrate salt.

Keywords: Decahydrate, crystal structure, single-crystal X-ray diffraction, hydrogen

bonding, konyaite, blödite, dehydration.
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4.1 Introduction

Sodium magnesium sulfate decahydrate belongs to a group of sulfate salts having

the general formula Na2Mg(SO4)2∙nH2O. Konyaite (n = 5) and blödite (n = 4) are two known

mineral phases of this type, and are most commonly found as salt efflorescences associated

with marine and lacustrine sediments. Such environments can be found in areas like the

Great Konya Basin, Turkey (van Doesburg et al., 1982), the northern Great Plains of North

Dakota (Keller et al., 1986a) and western Canada (Last and Ginn, 2005), as well as in the

Carrizo Plain, California (Eghbal et al., 1989). Na–Mg sulfate decahydrate is suspected to

occur in similar environments, as it readily dehydrates to konyaite. These phases are
sensitive to changes in temperature and relative humidity, and precipitate chiefly through
evaporative concentration of saline solutions (Keller et al., 1986b).

The behaviour and stability of Na2Mg(SO4)2∙nH2O phases and other phases of the

Na2O–MgO–SO4–H2O system are related, at least partially, to the arrangement and
importance of the hydrogen bonds in their structure. Consequently, numerous studies have

focused on solving their crystal structures, and individual phases are relatively well

described, for example, blödite [Na2Mg(SO4)2∙4H2O; Rumanova, 1958; Hawthorne, 1985],
epsomite (MgSO4∙7H2O; Baur, 1964), hexahydrite (MgSO4∙6H2O; Zalkin et al., 1964),

vanthoffite [Na6Mg(SO4)4; Fischer and Hellner, 1964], löweite [Na12Mg7(SO4)13∙15H2O; Fang
and Robinson, 1970; Nord, 1973], thenardite (Na2SO4; Hawthorne and Ferguson, 1975),

mirabilite (Na2SO4∙10H2O; Levy and Lisensky, 1978) and konyaite [Na2Mg(SO4)2∙5H2O;

Leduc et al., 2009].
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The interactions and stability relationships among these phases, however, are

poorly understood. Although phase relationships for the system have been partially mapped

out (Archibald and Gale, 1924; Blasdale and Robson, 1928; Keller et al., 1986a), and these
studies have been tied to field studies of saline soils of the Great Konya Basin by Driessen

and Schoorl (1973), the existence of metastable phases, or the status of some of these
minerals as being metastable, has been debated. D’Ans (1933) suggested, for instance, that

the blödite field of stability could include a metastable phase, which was later found by

Friedel (1976) to have the formula Na2Mg(SO4)2∙5H2O. Konyaite was, however, not fully

recognised until 1982 (van Doesburg et al., 1982). Timpson et al. (1986) later questioned its

status as a metastable phase, and its structure was only described much later (Leduc et al.,
2009). This study introduces another phase to the system.

These sulfates are typically labile and constitute important components of saline

soils, playing a role in desertification, soil contamination, and surface and ground water

salinization (Shayan and Lancucki, 1984; Timpson et al., 1986; Keller et al., 1986a; Whittig
et al., 1982; Last, 2002). They are also often associated with reactions involving mine waste

(Zielinski et al., 2001) and commonly cause damage to concrete structures (Gao et al.,
2007), both areas of ongoing concern. Furthermore, they occur in terrestrial environments

that are used as analogs to what the Martian surface and subsurface environments are
believed to be like (King et al., 2004). The study of these terrestrial analogs has already led
to the discovery of a new mineral that is predicted to occur on Mars (Peterson and Wang,

2006; Peterson et al., 2007), and numerous other sulfate phases have been identified on its
surface (Christensen et al., 2004; Squyres et al., 2004). The large saline oceans and icy crust

of the Jovian moon Europa are also believed to include some phases belonging to the Na2O–
76

MgO–SO4–H2O system (Dalton, 2007; Dalton et al., 2005; Kargel et al., 2000). A greater

understanding of the behaviour of this system on Earth may, therefore, be applicable to
these other environments.

4.2 Synthesis, diffraction experiments, and refinement
4.2.1 Synthesis

The crystal used in this study was synthesized according to the method described by

van Doesburg et al. (1982). Solutions with a 1:1 molar ratio of reagent-grade MgSO4 and

Na2SO4 were prepared by dissolving magnesium sulfate (20 g) and sodium sulfate (23.6 g)

in distilled water (160 mL). These solutions were evaporated between 297 and 301 K, and

51 to 64% relative humidity, in large Petri dishes with perforated covers. Concentrations
sufficient for precipitation were typically reached in 72–96 h. The synthesized crystals have

a rhombic habit and typically measure between <1 and 5 mm in length, although crystals as

large as 2 cm were obtained with slower evaporation rates. The rhombs are soft, colorless
and transparent, and exhibit a [100] cleavage.

4.2.2 Diffraction experiments and refinement

A single-crystal fragment of the synthetic material was selected, immersed in

mineral oil to prevent dehydration and inserted in a 0.3 mm glass capillary at 180 K, which

was then mounted for single-crystal X-ray diffraction. H-atom positions were obtained from
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difference Fourier maps and refined isotropically. The SHELXL97 (Sheldrick, 2008)

instruction SADI was used to restrain the O—H distances to be similar, within an effective
standard uncertainty of 0.02. Data collection was performed using APEX2 (Bruker, 2006);
cell refinement and data reduction with SAINT (Bruker, 2006). SHELXS97 (Sheldrick, 2008)

was used to solve and refine the structure. The molecular graphics were created using

ATOMS (Dowty, 2003); SHELXTL (Sheldrick, 2008) and publCIF (Westrip, 2009) were used
to prepare the CIF 3 file. Table 4.1 summarizes the information pertaining to the diffraction

experiment.

4.3 Discussion
4.3.1 Description of the structure

The decahydrate structure contains two cation sites filled by Mg, in a slightly

distorted octahedral arrangement, and Na, in a significantly more distorted octahedral

coordination (Fig. 4.1 and Table 4.2). Of the five symmetrically unique water molecules,

three coordinate exclusively with the Mg cations (O3W, O4W and O5W), while the other two
(O1W and O2W) coordinate with the Na cations only.

The Mg octahedra interact with each other by O4W−H4A∙∙∙O3Wv [symmetry code:

(v) x, –y + 3⁄2 , z –

1� ]
2

hydrogen bonds alone, whereas the Na polyhedra share edges with

Supplementary data for this paper are available from the IUCr electronic archives (Reference:
SQ3201). Services for accessing these data are described at the back of the journal (Acta
Crystallographica).
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Table 4.1 Crystal data, data collection, and refinement information.
Crystal data
Na2Mg(SO4)2∙10H2O
Mr = 442.57
Monoclinic, P21/c
a = 12.4950 (13) Å
b = 6.4978 (7) Å
c = 9.9943 (11) Å
β = 106.362 (1)°
Data Collection

V = 778.57 (14) Å3
Z=2
Mo Kα radiation
µ = 0.53 mm-1
T = 180 K
0.30 × 0.24 × 0.08 mm

Bruker SMART APEXII CCD area-detector
diffractometer
Absorption correction: multi-scan (SADABS;
Bruker, 2003)
Tmin = 0.733, Tmax = 0.820
(expected range = 0.857–0.959)

3655 measured reflections

R[F2 > 2σ (F2)] = 0.027
wR(F2) = 0.065
S = 1.08
1527 reflections
146 parameters

45 restraints
All H-atom parameters refined
Δρmax = 0.33 e Å -3
Δρmin = -0.34 e Å-3

Refinement

1527 independent reflections

1355 reflections with I > 2σ(I)
Rint = 0.018

Table 4.2 Selected geometric parameters (Å, °).
Mg1—O4W
2.0405 (14) Na1—O2W
2.0466 (14) Na1—O2Wii
Mg1—O5W
2.1089 (14) Na1—O1iii
Mg1—O3W
Na1—O1Wi
2.4018 (16) Na1—O3i
Na1—O1W
2.4139 (17)

92.48 (6) O1Wi—Na1—O1W
O4Wiv—Mg1—O5Wiv
90.11 (6) O1W—Na1—O2W
O4Wiv—Mg1—O3Wiv
O5Wiv—Mg1—O3Wiv
87.38 (6) O1W—Na1—O1iii
i
O3 —Na1—O1W
87.58 (6) O2W—Na1—O1iii
O3i—Na1—O2W
164.66 (6) O2Wii—Na1—O2W
Symmetry codes: (i) –x + 2, –y + 1, –z + 1; (ii) –x + 2, –y, –z + 1;
(iii) x, –y + 1�2, z – 1�2; (iv) –x + 1, –y + 2, –z + 1.
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2.4495 (17)
2.4765 (17)
2.5182 (15)
2.3822 (15)
77.44 (6)
105.43 (6)
75.50 (5)
84.11 (5)
77.18 (6)

Figure 4.1 The coordination environment of the decahydrate asymmetric unit, showing
displacement ellipsoids for non-H atoms at the 70% probability level. H atoms are
depicted as spheres of arbitrary radii, and their labels have been omitted for clarity.
Dashed lines represent hydrogen bonds. [Symmetry codes: (i) –x + 2, –y + 1, –z + 1; (ii) –x +
2, –y, –z + 1; (iii) x, –y + 𝟏�𝟐, z – 𝟏�𝟐; (iv) –x + 1, –y + 2, –z + 1.]
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one another, forming chains along b. These edges are defined by the sharing of O1W and

O2W atoms between Na atoms. The remaining bonds are satisfied by corner-sharing

between the Na octahedra and sulfate tetrahedra. This corner-sharing, together with water–
sulfate O−H∙∙∙O hydrogen bonds involving atoms H1 and H2, links the Na octahedra chains

to form sheets perpendicular to a. These sheets are separated by layers of weakly
interacting Mg octahedra (Fig. 4.2). Several H atoms on the Mg-coordinated water molecules

are involved in bonding the [Mg(H2O)6]2+ layers to the sulfate O atoms of the
[Na2(SO4)2(H2O)4]2- layers (Table 4.3). A bond valence summation was calculated for the

structure, following the method of Brown (1981) and using the curve provided by Ferraris
and Ivaldi (1988) for long hydrogen-bond contributions. The results confirm that the
proposed structure solution is reasonable.
4.3.2 Structure comparison

The decahydrate structure, while distinct, bears certain similarities to that of both

konyaite (n = 5) and blödite (n = 4). These features suggest a trend in the way the initial

tetrahydrate structure must be modified to accommodate five and then ten water

molecules. All three compounds are monoclinic, with a layered structure where hydrogen
bonds are important.

The layers of the blödite structure are described as open sheets composed of water-

coordinated Mg–sulfate clusters, [Mg(SO4)2(H2O)4]2-, linked by pairs of edge-sharing Na

octahedra and hydrogen bonds (Hawthorne, 1985). All sheets are identical, and are tied to
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Figure 4.2 The decahydrate structure, as viewed down the b axis. This geometry
accounts for the [100] cleavage, as layers are only linked to one another by hydrogen
bonds. [Mg octahedra (slightly distorted) are green, Na octahedra (distorted) are orange,
sulfate tetrahedra are yellow, O atoms are red and H atoms are white.]
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Table 4.3 Hydrogen-bond geometry (Å, °).
D—H∙∙∙A

D—H

H∙∙∙A

D∙∙∙A

D—H∙∙∙A

O1W—H1A∙∙∙O4

0.811 (15)

2.111 (17)

2.9008 (19)

164 (3)

O2W—H2B∙∙∙O2iii

0.816 (15)
0.820 (15)

2.324 (19)

3.082 (2)

155 (3)

O1W—H1B∙∙∙O3v
O2W—H2A∙∙∙O1

O3W—H3A∙∙∙O2vi

O3W—H3B∙∙∙O4vii

O4W—H4A∙∙∙O3Wv
O4W—H4B∙∙∙O4
O5W—H5A∙∙∙O2

O5W—H5B∙∙∙O1viii

0.821 (15)
0.819 (15)
0.809 (15)
0.814 (14)
0.814 (14)
0.821 (15)
0.820 (15)

1.993 (15)
1.986 (15)

1.914 (15)
2.013 (15)
2.177 (15)
1.939 (15)
1.915 (16)
1.940 (15)

2.804 (2)
2.804 (2)
2.731 (2)
2.822 (2)
2.979 (2)

2.7529 (19)
2.731 (2)
2.756 (2)

169 (2)
175 (3)
174 (3)
177 (3)
168 (2)
178 (3)
173 (3)
173 (3)

Symmetry codes: (iii) x, –y + 1�2, z – 1�2; (v) x, –y + 3�2, z – 1�2; (vi) –x + 1, y + 1�2,
–z + 3�2; (vii) –x + 1, –y + 1, –z + 1; (viii) x, y + 1, z.

one another by corner-sharing between sulfate tetrahedra and both the Mg and the Na

octahedra. Hydrogen bonds are also involved in inter-sheet bonding. The Mg octahedra

form an integral part of each sheet.

The konyaite structural layers have a much denser arrangement, in which all

polyhedra share at least one edge with a neighbour but can share up to three (Leduc et al.,
2009). Corner-sharing is secondary and only involved in the formation of chains, which are

then bonded together through further edge-sharing to form layers. Inter-layer linkage

involves hydrogen bonds exclusively. Two symmetrically independent Na sites are present;

an octahedral and an eight-coordinated site are required to accommodate the presence of
the ‘fifth’ water molecule that now coordinates the Mg atom. The Na sites still occur in edgesharing pairs, but the eight-coordinated sites are responsible for the formation of the

polyhedral chains, whereas the octahedral sites provide linkage between the chains,
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effectively creating the layers. The Mg octahedra are located on the outside of each chain
and provide the hydrogen bonds holding the layers to one another.

The decahydrate structure follows the same trend, as the Mg atoms are now

coordinated by six water molecules, to accommodate the ‘extra’ water molecules. This limits
corner and edge-sharing for the Mg octahedra and, as a result, they now form a separate

layer, whose structure relies entirely on hydrogen bonding. It seems that the structures

tend to segregate Na and Mg polyhedra as water content increases. The Na atoms must now

coordinate the remaining four water molecules, which again allows for a symmetrically
unique Na octahedral site, as in blödite. The Na octahedra no longer occur in pairs but retain
the chain element through edge-sharing. As in konyaite, the chains are assembled together

to form the layers, but corner-sharing is involved as in blödite, as opposed to the very

compact nature of the konyaite layers which requires edge-sharing to bind chains together.

Finally, only hydrogen bonds provide inter-layer linkage in the decahydrate, as they do in

konyaite, and account for the tabular habit and cleavage of both compounds. The blödite

layers, on the other hand, involve both hydrogen bonding and corner-sharing in sheet-to-

sheet linkage.

Several other types of structures exist for compounds having the general formula

M2M'(SO4)2∙nH2O, where M is a monovalent cation (typically Na, NH4 or K, but may include

Rb, Cs, etc.), M' is a divalent cation (usually Mg, Ca or a transition metal) and n denotes the

hydration state. Examples include monohydrates, dihydrates and hexahydrates. No
decahydrate analogues (n = 10) have been reported in the literature.
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The hexahydrate type of structure can accommodate a variety of cations, the most

common of which are NH4+ and K+, and Mg2+, Ca2+ or a first row divalent transition metal.

Although the arrangement of the structure slightly varies depending on composition, the

overall connectivity is comparable. Therefore, picromerite [K2Mg(SO4)2∙6H2O; Kannan and
Viswamitra, 1965] was selected for comparison, as it is a Mg phase. The structure is

composed of undulating layers, in which chains of corner-sharing distorted K-centered

octahedra are linked by water-coordinated Mg octahedra and sulfate tetrahedra through

corner-sharing as well as hydrogen bonding. Aside from the presence of a chain
arrangement, this type of structure is more similar to that of blödite than to the

decahydrate, as the sheets are all identical, contain both metal sites, and rely on cornersharing and hydrogen bonding for connectivity.

The decahydrate structure, therefore, includes features present in the structures of

other phases having the same general formula. However, the difference in composition of its

layers, the chain arrangement present in the sodium sulfate layer and the importance of
hydrogen bonding to its overall connectivity distinguish it from the other M2M'(SO4)2∙nH2O
phases.
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Infrared spectroscopy experiments
5.1 Infrared spectroscopy experiments

Infrared (IR) spectroscopy is a technique used primarily to characterize the

structure of samples (Pavia et al., 2009). Infrared radiation bombards a sample and

interacts with the atoms and the bonds within it to generate a spectrum. This spectrum
contains peaks, whose positions, shapes, and relative intensities provide information about

the fine structure and bonding in the sample (van der Maas, 1972). As with X-ray
diffraction, the spectrum obtained from a sample is unique to each phase or mineral, and
can be used for identification purposes (McMillan and Hofmeister, 1988).

The behaviour and stability of the sodium-magnesium sulfate decahydrate,

konyaite, blödite, and löweite are related at least partially to the arrangement and

importance of the hydrogen bonds present in their structure. Fourier Transform Infrared

(FTIR) Transmittance Spectroscopy was used to determine how the differences in structure
among the four phases would manifest themselves in their spectra. The experiments were

conducted at the Department of Chemistry of Queen’s University, under the supervision of
Lyndsay Hull.
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5.1.1 Sample synthesis and preparation

The samples of konyaite and decahydrate were synthesized by dissolving reagent-

grade MgSO4 and Na2SO4 (1:1 molar ratio) in purified water (prepared by the reverse

osmosis process). The resulting solution was evaporated at 40% relative humidity in an
uncovered Petri dish to produce the decahydrate, and in a partially covered Petri dish for

konyaite. A larger quantity of konyaite was dehydrated by drying at room temperature to

produce blödite, a portion of which was, in turn, dried in a furnace at approximately 100°C
for 48 hours to produce löweite. X-ray diffraction patterns were collected from all four

samples prior to IR spectroscopy to confirm that they were the expected phases, and that

they were single-phased. A PANalytical X’Pert Pro θ-θ diffractometer equipped with an

X’Celerator position-sensitive detector and cobalt radiation (1.7903 Å) at 40 kV and 45 mA

was used to collect data over a range of 6 to 70°2θ. The pattern identification was carried

out using the X’Pert Highscore software and the ICDD database.

A Varian 649 FTIR series Fourier Transform infrared spectrometer was used to

perform the experiments on the four samples. It was equipped with a Duraglow™ mid-IR
source, and a Pike MIRacle™ single reflection ATR accessory, with ZnSe. The spectral data

was recorded over the 600 to 4000 cm-1 range, and was processed using the Resolutions

Pro™ software. The resulting spectra were exported as Microsoft Excel™ files. Sample

preparation consisted of crushing the minerals into a fine powder using a mortar and pestle,
only moments prior to placing them in the spectrometer, to avoid dehydration.
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5.1.2 Results

The acquired spectra can be found in Appendix A. The most important bands for

each of the samples are listed in Table 5.1. The samples have similar bands, both in shape

and relative intensities, and occurrence in the same seven regions. These seven regions can

be defined approximately as ranging from: 600 to 680 cm-1, 700 to 880 cm-1, 1000 to 1250

cm-1, 1560 to 1680 cm-1, 2290 to 2390 cm-1, 2900 to 3600 cm-1, and >3600 cm-1. The
similarities in the spectra of the four samples are expected as the samples have similar

chemical compositions. However, there are differences in position, shape, and intensity of
the bands for each sample that can provide valuable information about its structure, water

content, and hydrogen bonding. The spectra are interpreted below, in terms of structural
and compositional differences among the four phases.
5.1.3 Interpretation

Given the known chemistry of the samples, the spectral features observed can only

be generated by a limited number of bond types (and combinations of these). A signature
for the S-O, Mg-O, Na-O, O-H, and H∙∙∙O bonds could therefore be expected, as those are the

only bonds present within the structures of the four sulfates. A signature for such groups as
[SO4]-2 is also a possibility. Table 5.2 provides a summary of expected bands generated by

these bonds. As the scan range was 600 to 4000 cm-1, some of these features were not seen

for the sulfates in this study: the lattice, libration, translation, and ν2 vibrations for [SO4]2-,

the Mg-O and Na-O stretch vibrations, and the hydrogen bond vibrations are outside the

scanned range. The other vibrations are, however, present for all the samples. Figure 5.1
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Table 5.1 Important bands for the decahydrate, konyaite, blödite, and löweite samples (𝝂� cm-1).
Decahydrate bands
Konyaite bands
Blödite bands
Löweite bands
< 650, 659, 688

< 650, 665, 699

< 650

< 650

1630, 1650

1661

1598, 1672

1667

730, 767

983, 1076, 1149
2335

746

983, 1003, 1070, 1111, 1157 993, 1085, 1117, 1153
2283, 2349, 2388

3275, 3400, 3480, 3573 3257, 3414, 3512
3744

714, 822, 879

3662, 3690-3970

2363

776

997, 1083, 1119, 1135, 1163
2339, 2354

3168, 3326, 3394, 3440 2895, 3029, 3189, 3384, 3555
3650, 3693

3834, 3869

Table 5.2 Reported bands (wavenumber; 𝜐� ) associated with the bonds present in the decahydrate, konyaite,
blödite, and löweite structures, for crystalline solids.
Bond
Absorption bands (cm-1)
References
<500 lattice, libration, translation
Serna et al. (1986)
400-500 ν2 symmetric bend
Hezel and Ross (1966)
2500-700 ν4 asymmetric bend
Herzburg (1945)
S-O in (SO4)
~1000 ν1 symmetric stretch
Hezel and Ross (1966)
1050-1250 ν3 asymmetric stretch
Nakamoto (1986)
Mg-O
~340 Mg-O stretch (cage vibration)
McMillan and Wolf (1995)
Na-O
~80-240 Na-O stretch (very broad)
McMillan and Wolf (1995)
300-900 O-H in-plane bend
George and McIntyre (1990)
1000-1700 O-H in-plane bend
George and McIntyre (1990)
O-H
2500-3500 O-H stretch + in-plane bend
George and McIntyre (1990)
3600-3700 O-H stretch
King et al. (2004)
<50 H∙∙∙O bend
George and McIntyre (1990)
H∙∙∙O
50-250 H∙∙∙O stretch
George and McIntyre (1990)
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Figure 5.1 Interpretation of the infrared spectra for sodium-magnesium decahydrate, konyaite, blödite, and löweite.
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compares the interpreted spectra for the four samples. The spectra have been offset in

transmittance and modified in intensity for clarity. The decahydrate spectrum was
enhanced by a factor of five (x5), that of konyaite was reduced to 40% its original intensity,
and that of blödite to 35%. The spectrum for löweite was not altered. The wavenumbers for

the spectra have not been altered by these corrections.
5.1.3.1 Löweite

The löweite spectrum shows a truncated peak near 650 cm-1, which can be

attributed to a ν4 S-O asymmetric bend vibration. The 776 cm-1 band was attributed to an in-

plane O-H bend, while the 997 cm-1 absorption feature (which appears as a shoulder on the
more intense sulfate bands) can be explained by a ν1 symmetric S-O stretch. There are three

ν3 S-O bands at 1083, 1119, and 1135 cm-1, with a possible fourth band at 1163 cm-1. This

fourth band could also be assigned to the O-H in-plane bend, which is also responsible for

the 1667 cm-1 band. This 1667 cm-1 band in particular is typically attributed to the

vibrations of the waters of crystallization, which are not directly bound to a metal (van der
Maas, 1972). The 2339-2354 cm-1 bands cannot be attributed to a single bond and are likely

the result of a water interaction of some kind, or may be an overtone of one of the S-O ν3

vibrations (Lane, 2007). The next group of bands (2895, 3029, 3189, 3384, and 3555 cm-1)
is due to the in-plane bend and stretch of O-H bonds. The smaller peaks at 3834-3869 cm-1

can be attributed to O-H stretch. The relative intensities of the sulfate and water bands
suggest that there isn’t a lot of water present in the structure, as compared to the

abundance of sulfate. This comes as no surprise, as when the löweite structure is reduced to
a Na2Mg(SO4)2∙nH2O equivalent, n becomes 2.5, which is a low hydrate.
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5.1.3.2 Blödite
The spectrum for blödite also shows the truncated peak near 650 cm-1, which is

indicative of ν4 S-O asymmetric bend. Three bands due to O-H bending occur at 714, 822,

and 879 cm-1. A band at 993 cm-1 indicates a ν1 symmetric S-O stretch, while bands at 1085,

1117, and 1153 cm-1 are the result of ν3 asymmetric S-O stretch. A moderately strong peak

at 1672 cm-1, and its weaker neighbour at 1598 cm-1 represent an in-plane O-H bend. The

small peak at 2363 cm-1 again has no obvious explanation, and may be attributed either to a

water interaction, or perhaps a small ν3 sulfate overtone. O-H in-plane bend and stretch

vibrations are responsible for the bands at 3168, 3326, 3394, and 3440 cm-1. The smaller

peaks near 3650 and 3693 cm-1 are again generated by O-H stretching. The bands in this

spectrum are similar to those reported for blödite by Lane (2007). The relative intensities of
the blödite bands suggest that there is a larger proportion of water relative to the sulfate,
than that seen in löweite. This is reasonable, as blödite contains four water molecules per
formula.

5.1.3.3 Konyaite
The lower end of the konyaite spectrum is quite similar to those previously

presented. The ν4 S-O bands (<650, 665, 699 cm-1), O-H bend (746 cm-1), ν1 (983, 1003 cm-1)

and ν3 S-O bands (1070, 1111, 1157 cm-1) are all present. A peak occurs at 1661 cm-1 which

may be attributed either to in-plane bending of O-H bonds, or possibly to the vibration of a
Mg-H2O∙∙∙H2O group (Balicheva and Roi, 1971). The first major difference is the presence of

an emissivity feature at 2283, 2349, and 2388 cm-1. This feature is typically water-related
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and only seen in fine-grained samples (Lane, 2007). The emission is due to scattering and a
splitting of the O-H bending mode. The second major difference lies in the intensity of the
in-plane O-H bend and stretch bands (3257, 3414, and 3512 cm-1). These bands are larger in

intensity than the sulfate bands, as opposed to those in the blödite and löweite spectra,

suggesting a higher hydration state, which again is consistent with the greater water
content of konyaite. The higher wavenumber peaks (3662 cm-1 and above) are due to O-H
stretch.

5.1.3.4 Decahydrate
The decahydrate spectrum is also similar to that of konyaite. The ν4 S-O bands occur

at 650, 659, and 688 cm-1; the O-H bend frequencies occur at 730 and 767 cm-1; the ν1 (983

cm-1) and ν3 S-O bands (1076, 1149 cm-1) are also present. The peaks at 1630 and 1650 cm-1
may also be attributed either to in-plane bending of O-H bonds, or again may be due the

vibration of a Mg-H2O∙∙∙H2O group (Balicheva and Roi, 1971), as this arrangement is also

present in the decahydrate structure (Leduc et al., 2009b). The same small feature as that

present in blödite and löweite is visible at 2335 cm-1. The same explanations are valid,

although a wider scanning range would probably help in identifying its origin (Clark, 2004).

Similarly to the konyaite spectrum, the intensities of the in-plane O-H bend and stretch

bands (3275, 3400, 3480, and 3573 cm-1) are greater than those of the S-O bands. This again
points to a high hydration state. The small peak at 3744 cm-1 is also a result of O-H stretch.

97

5.1.4 Comparison of spectra

In order to understand the more subtle features of the spectra presented above, a

brief description of the structure of each sulfate is helpful. The decahydrate, konyaite and

blödite structures have been described in Chapters 3 and 4 (Leduc et al., 2009a;b). The

löweite structure is different (see Fang and Robinson, 1970): it is trigonal, and composed of
six chains of alternating Mg octahedra and sulfate tetrahedra emanating from the corners of
another Mg octahedron. Two water molecules are bonded to the Mg octahedra in the chains,

and the sulfates forming the chains belong to two symmetrically distinct sites. Sodium
polyhedra are seven-coordinated by sulfate tetrahedra and a water shared with the Mg
octahedra in the chains, or to the previously mentioned two sulfate groups and an

additional third sulfate. This third sulfate is disordered, and, when absent, is replaced by a
third water molecule. There is currently no hydrogen bond information available in the
literature.

A number of trends have been identified in the behaviour of spectral lines

associated with hydrous crystalline solids. Firstly, the presence of hydrogen bonds tends to

shift the bands associated with their neighbouring species to lower wavenumbers, as the

hydrogen bonds constrain the movement of the H atom (George and McIntyre, 1990). This
means that more energy is now required to get the O-H to vibrate, and thus, the band shifts

to a lower wavenumber (or a lower wavelength, and consequently requires the absorption
of a higher frequency photon, which has more energy). Similarly, it has been reported that

increasing water content in a crystalline structure will also shift bands to lower
wavenumbers, as the presence of water tends to constrain the structure in general (Lane,
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2007). The presence of more water molecules, and the increasing importance of hydrogen
bonding, may also have an effect on the intensity of water-related bands; their intensity may
decrease as the system becomes more restricted and less vibrations occur (George and

McIntyre, 1990). Conversely, the effect on the widths of bands is opposite, as they will tend

to broaden due to the increased number of possible polymers which will produce bands

that inherently overlap (van der Maas, 1972). Finally, it should be pointed out that the
number of bands present in a spectrum and their positions is also dependent on the

symmetry of the crystalline substance, and on the amount of distortion present in the sites
generating the absorption features (Lane, 2007). In light of the information given about the

structures of the four sulfates samples, and the above-mentioned trends, a summary of the

evidence found within the experimental spectra is provided in Table 5.3. The observed
trends are in agreement with those presented above.
5.1.5 Conclusion

The analysis of sulfate IR spectra collected between 600 and 4000 cm-1 revealed that

the differences in the relative abundance of sulfate groups and the varying water content

and hydrogen bonding in each sample have an impact on the shape, position, and intensities

of the absorption bands. The observed relationships are consistent with those reported in

the literature, and with what is known of the crystal structure of the respective samples. In
retrospect, now that the author has a much deeper understanding of infrared spectroscopy
as applied to crystalline solids, it is clear that the samples should have been studied through
a wider frequency range, as many of the absorption features generated by minerals occur
outside the 600-4000 cm-1 range.
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Table 5.3 Trends identified among the absorption features of the decahydrate, konyaite,
blödite, and löweite samples.
Decahydrate Konyaite Blödite Löweite
bands
bands
bands
bands
Observed trend(s)
Mode
(cm-1)
(cm-1)
(cm-1)
(cm-1)
New bands appear with ↑
< 650
< 650
< 650
< 650
H2O content, and they occur
659
665
ν4 S-O
at ↓ 𝜐̅ in the 10hydrate than
688
699
in konyaite.
Varying numbers of bands
730
746
714
O-H
are present, but they occur
767
822
776
bend
879
at ↓ 𝜐̅ with ↑ H2O content.
Bands occur at ↓ 𝜐̅ with ↑
983
983
993
997
ν1 S-O
H2O content.
Löweite and konyaite have
many bands; the 10hydrate
1003
and blödite have fewer
1076
1070
1085
1083
bands – the konyaite bands
1111
1117
1119
ν3 S-O
1135
occur at ↓ 𝜐̅ than löweite;
1149
1157
1153
1163
the 10hydrate bands occur
at ↓ 𝜐̅ than blödite
1598
Bands occur at ↓ 𝜐̅ with ↑
O-H
1630
H2O content, except for the
bend
1650
1661
1672
1667
anomalous löweite band.
Bands occur at ↓ 𝜐̅ with ↑
2283
O-H/
H2O content, except for the
2335
2349
2363
2339
S-O (?)
anomalous löweite and
2388
2354
konyaite bands.
2895
The 10hydrate and
O-H
3029
konyaite bands are broad
3168
3189
and have high intensity;
bend
3275
3257
3326
blödite bands are narrower
+
3400
3414
3394
3384
and have medium intensity;
3480
3440
löweite bands are sharp,
Stretch
3573
3512
3555
and have low intensity.
3662
3650
Bands are small, sharp, in
3744
3690
3693
O-H
the lower hydrates, but
3834
become broader in the
stretch
3869
10hydrate.
3970
-
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Chapter 6
Phase stability experiments
6.1 Introduction

As discussed in Chapter 2, salt efflorescences in sulfate-dominated systems such as

those of the Northern Great Plains of North American have a predominant Na2SO4 – MgSO4

composition. Several studies have attempted to model stability relationships among the

phases of the Na2O–MgO–SO42--H2O system that occur as such efflorescences, first by

mapping the phase diagram of the system (Archibald and Gale, 1924; Blasdale and Robson,

1928; Frölich, 1929; Schröder, 1929), and later by computer-generated thermodynamic
modelling (Harvie and Weare, 1980; Rard and Miller, 1981). However, as pointed out by

Keller et al. (1986b), none of these studies took konyaite (or the decahydrate) into account,

and most phase stability studies in saline systems include chloride as a major ion (Driessen
and Schoorl, 1973; Friedel, 1976). When considering that several studies have found

konyaite to be abundant in natural settings (Keller et al., 1986a; Timpson et al., 1986), it

was decided that basic phase stability relationships among the sodium and magnesium

sulfate phases should be re-examined over a range of compositions and temperatures. Table
6.1 lists the phases expected to form in this system.
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Table 6.1 Expected phases in the Na2SO4-MgSO4-H2O system.
Phase
Formula
Mirabilite
Thenardite

Na2SO4·10H2O
Na2SO4

Meridianiite
Epsomite
Hexahydrite
Pentahydrite
Starkeyite
Sanderite
Kieserite

MgSO4·11H2O
MgSO4·7H2O
MgSO4·6H2O
MgSO4·5H2O
MgSO4·4H2O
MgSO4·2.5H2O
MgSO4·1H2O

Na-Mg decahydrate
Konyaite
Blödite
Löweite
Vanthoffite

Na2Mg(SO4)2·10H2O
Na2Mg(SO4)2·5H2O
Na2Mg(SO4)2·4H2O
Na12Mg7(SO4)13·15H2O
Na6Mg(SO4)4

6.2 Experimental approach

To study the Na2O–MgO–SO42--H2O system in nature, a sedimentological and

geochemical approach would typically be used, whereby solid phase and brine samples

would be collected periodically and analyzed. These types of studies most commonly result

in an incomplete and sporadic record of the system’s evolution due to daily temperature

variations, synsedimentary or early diagenetic reactions, and heterogeneous sample
distribution (Lopez and Mandado, 2007). For example, deep brines or central lake areas

may be difficult to access. To avoid these inconsistencies, this experiment was designed to
eliminate as many of those variables as possible, in order to simplify the determination of

phase-composition-temperature relationships. The primary concern was to study the

conditions required for the formation of the decahydrate and konyaite. Konyaite is known

to be important in natural efflorescence assemblages and to exhibit metastable behaviour;
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this suggests that natural systems do not always achieve a thermodynamically equilibrated

state, probably due to the dynamic nature of saline systems and the reactivity of Na-Mg

efflorescent minerals. In order for the experiment to reflect the importance of such

metastable phases in natural systems, solutions were prepared and evaporated, but not

allowed to equilibrate, and only first precipitates were analyzed.

Five parent solutions were prepared by dissolving reagent-grade Na2SO4 and MgSO4

in purified water treated by the reverse osmosis process, with specific molar ratios (1:0,

3:1, 1:1, 1:3, and 0:1 molar Na2SO4:MgSO4, respectively). These were chosen to study the
range in composition around the 1:1 molar Na2SO4 and MgSO4 solution reported by Keller et

al. (1986b) as the required composition to form konyaite. The parent solutions were
evaporated at constant temperatures, from 10°C to 90°C, in 10 degree increments. The first
precipitates formed for each solution at each of the temperatures were quickly dried,

crushed, and identified using a PANalytical X’Pert Pro θ-θ diffractometer equipped with an

X’Celerator position-sensitive detector and copper radiation (1.5419 Å) at 45 kV and 40 mA

was used to collect data over a range of 5 to 50 or 70°2θ. The pattern identification was

carried out using the X’Pert Highscore software and the ICDD database.
6.2.1 Apparatus

The apparatus designed for this experiment was similar to that described by Potter

and Clynne (1978). A Cole-Parmer® Polystat® 6-liter heated/refrigerated circulating water

bath was used to keep the parent brines at a constant temperature during evaporation. The
solutions were prepared in 25 mL test tubes and submerged in the water bath, which was
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itself isolated from the atmosphere to prevent bath water evaporation. An enclosing
chamber was placed around the tubes, and de-humidified compressed air was introduced
into this chamber to promote brine evaporation. A fan set in the enclosure wall was used to

expel the water vapour. The enclosure also contained silica gel to act as a desiccant. Relative

humidity was monitored above the tubes and ranged between 30 and 50%, depending on

the temperature of the evaporating brines. Figure 6.1 shows a schematic representation of
this apparatus.

6.3 Results and discussion

The phases identified for the five parent solutions at each of the 10°C intervals are

presented in Figure 6.2. The interpreted diffraction patterns for these data points can be
found in Appendix B. The data presented in Figure 6.2 are superimposed over experimental

data of phase equilibria, from which stability fields for the equilibrium phases have been

extrapolated (Kaj Thomsen, personal communication, July 2008). The two datasets

represent the system in different states, and thus do not agree. It is, however, useful to

compare them to determine which of the phases identified in this study exhibit metastable

behaviour in relation to the equilibrated phases. Several trends also become apparent as a

result of this comparison and are discussed below.

Figure 6.2 suggests that higher hydrate phases tend to form as first precipitates,

which later recrystallize to more stable lower hydrates. This trend is more pronounced in

Mg-rich compositions, as evidenced by the occurrence of epsomite (7H2O) at all
temperatures on the MgSO4-dominated side of the diagram, well beyond its stable field.
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Figure 6.1 Schematic representation of the apparatus used in the phase stability experiments.
The water bath is set at the desired temperature and the five parent brines are allowed to
evaporate in an enclosure. Compressed dry air flows above the evaporating brines and the humid
air is expelled with the fan set in the enclosure wall. Silica gel also acts as a desiccant.
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Figure 6.2 First precipitates identified for the five parent solutions from 10 to 90°C. The white stars represent unknown
phases. The small grey solid circles and dashed fields represent experimental thermodynamic phase boundaries for the
system at equilibrium [courtesy of Kaj Thomsen, at the Technical University of Denmark, personal communication, July
2008].
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Likewise, hexahydrite (6H2O) and starkeyite (4H2O) occur under conditions where kieserite
(1H2O) and löweite (2.5H2O) are predicted to be that stable phases. The match with the

slowly equilibrated dataset increases with higher Na content, as konyaite (5H2O) tends to
form where blödite (4H2O) is stable, and mirabilite (10H2O) only occurs slightly above its

stability field with thenardite on the Na2SO4-dominated side of the diagram. This trend is

further supported by the fact that neither vanthoffite (anhydrate) nor kieserite (1H2O) were
observed during this experiment; instead, more hydrated phases were formed under
conditions where vanthoffite and kieserite are considered the stable phases. This behaviour

has also been observed by Genkinger and Putnis (2007), who argue that metastable, highly

hydrated phases tend to nucleate very easily compared to more stable phases. This may be
due to the increase in the importance of hydrogen bonding in higher hydrates. The
distribution of the Na2Mg(SO4)2·nH2O phases is also interesting: a 1:1 molar ratio clearly
favours their formation, as observed by Keller et al. (1986b), but it also appears that higher
Mg concentrations promote their crystallization, as they occur at a wide range of

temperatures for the 75% MgSO4 solution, and only at 80°C and 90°C for the 25% MgSO4
solution.

The decahydrate was also observed to occur at 10°C only in these experiments, but

was formed at higher temperatures (ranging to 25°C) during synthesis for single-crystal X-

ray diffraction. This discrepancy is due to the difference in evaporation rates. High

evaporation rates, such as those achieved during the single-crystal experiments, promote

the formation of higher, metastable hydrates, as was also reported by Genkinger and Putnis

(2007). This factor is extremely important in determining which phase will precipitate from
a given solution. For example, it was found that the same solution, under that same
109

temperature and relative humidity conditions, will form the decahydrate if allowed to
evaporate very quickly, will produce konyaite if evaporation is slightly restricted, and will

precipitate blödite if evaporation rates are very low. The evaporation rate was relatively
restricted during the temperature-composition experiments, because only a small area was

exposed to the atmosphere, comparatively to the total volume of brine in each tube.
However, it was very difficult to control this parameter beyond deciding on the shape of the
container. Environmental variables such as ambient relative humidity and the temperature

at which the brines were evaporated also had an effect on the evaporation rates. The
occurrence of blödite for the 1:1 and 75% MgSO4 solutions at 40°C could be due to an
increase in evaporation rate, compared to the 30°C and 50°C experiments. The same

argument could be made for the formation of pentahydrite from the 100% MgSO4 solution
at 70°C, relative to the 60°C and 80°C experiments.

Two unknown sulfate phases were found to occur in significant quantities at 40°C

for the 100% Na2SO4 solution and at 60°C for the 75% Na2SO4/25% MgSO4 solution. The

main peaks were observed at 16.3, 31.2, and 47.2°2θ for the phase at 40°C, and at 18.8, 32.0,

32.5, and 33.6°2θ for the phase at 60°C. In both cases the unknown occurred with

thenardite, but the phase at 40°C also occurred with mirabilite. Neither could be indentified

using any pattern in the ICDD database, nor did they match the peaks for the Na2SO4·7H2O
and Na2SO4·8H2O structures reported by Oswald et al. (2008). It is possible that the

unidentified peaks for the phase at 60°C are due to a break in the symmetry of the

thenardite as it transforms to another of the five known polymorphs for Na2SO4. The

polymorphs are however reported to form at between 180°C and 260°C, and thus make this
explanation rather unlikely (Kracek and Gibson, 1930). The unidentified peaks for the phase
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at 40°C are unlikely to be due to polymorphism, as they are very distinct and close to the

mirabilite peaks, which isn’t known to have any polymorphs. These unknowns were

however not further investigated due to time constraints. Other phase relationships
pertinent to the Na2Mg(SO4)2+·nH2O phases were also observed during the course of this
experiment. Their dehydration sequence, when removed from solution, is decahydrate ⇀

konyaite ⇀ blödite ⇀ löweite. Removing the phases from their original solution greatly

increases their lifespans, from a few hours to a few days in the case of the decahydrate, and

from a few days to weeks or months in the case of konyaite and blödite. However, if these

phases are left in contact with their parent solutions, the decahydrate will recrystallize to

blödite, and blödite will produce löweite and thenardite. This thenardite arises when

blödite recrystallize in a 1:1 Na2SO4 to MgSO4 solution, because of the different Na2SO4 to

MgSO4

ratios

found

in

blödite

(Na2SO4·MgSO4·4H2O)

and

löweite

(6[Na2SO4]·7[MgSO4]·15H2O). Löweite uses one less mole of Na2SO4 than does blödite,
which is precipitated as thenardite.

6.4 Conclusion

The stability experiment described here serves to demonstrate that several phases

in the Na2SO4–MgSO4–H2O system can exhibit metastable behaviour, and that these phases

play an important role in nature. Metastable phases are typically more hydrated than their

stable counterparts, and form more easily in Mg-rich brines than in Na-rich brines.
However, their study is challenging due to their labile nature. Evaporation rate has a large
impact on their sequence of formation, and their isolation from their parent solution tends
to prolong their stability.

111

References cited
Archibald, E.H. and Gale, W.A. (1924) The system magnesium sulfate-sodium sulfate-water
and a method for the separation of the salts. Journal of the American Chemical
Society, 46, 1760–1771.

Blasdale, W.C. and Robson, H.L. (1928) The system water and the sulfates of sodium and
magnesium. Journal of the American Chemical Society, 50, 35–46.

Driessen, P.M. and Schoorl, R. (1973) Mineralogy and morphology of salt efflorescences on
saline soils in the Great Konya Basin, Turkey. Journal of Soil Science, 24, 436–442.
Friedel, B. (1976) Na2Mg(SO4)2∙5H2O, ein metastabilies Salz bei der Krustenbildung auf
Boden. Neues Jahrbuch für Mineralogie, 126, 187–198 (in German).

Frölich, W. (1929) Neuere Forschungsergebnisse uber das Systeme MgSO4-Na2SO4-H2O. Z.
Angew. Chem. 42, 660-662.

Genkinger, S. and Putnis, A. (2007) Crystallization of sodium sulfate: supersaturation and
metastable phases. Environmental Geology, 52, 329-337.

Harvie, C.E. and Weare, J.H. (1980) The prediction of mineral solubilities in natural waters:
the Na-K-Mg-Ca-Cl-SO4-H2O system from zero to high concentration at 25°C.
Geochimica et Cosmochimica Acta, 44, 981-997.
ICDD (2006) PCPDFWIN. International Centre for Diffraction Data, Newtown Square,
Pennsylvania, USA.

Keller, L.P., McCarthy, G.J., and Richardson, J.L. (1986a) Mineralogy and stability of soil
evaporites in North Dakota. Soil Science Society of America Journal, 50, 1069–1071.
——— (1986b) Laboratory modeling of Northern Great Plains salt efflorescence
mineralogy. Soil Science Society of America Journal, 50, 1363–1367.

Kracek, F.C. and Gibson, R.E. (1930) The polymorphism of sodium sulphate III. Journal of
Physical Chemistry, 34, 1, 188-206.

Leduc, E.M.S., Peterson, R.C. and Wang, R. (2009a) The crystal structure and hydrogen
bonding of synthetic konyaite, Na2Mg(SO4)2·5H2O. American Mineralogist, 94, 1005–
1011.

Leduc, E.M.S., Peterson, R.C. and Wang, R. (2009b) Sodium magnesium sulfate decahydrate,
Na2Mg(SO4)2·10H2O, a new sulfate salt. Acta Crystallographica, C65, i81–84.
112

Lopez, P.L. and Mandado, J.M. (2007) Experimental evaporation of superficial brines from
continental playa-lake systems located in Central Ebro Basin (northeast Spain). In
Evaporites through space and time (B.C. Schreiber, S. Lugli and M. Babel, eds.)
London Geological Sociesty, Special Publications, 285, 143-154.

Oswald, D.H., Hamilton, A., Hall, C., Marshall, W.G., Prior, T.J., and Pulham, C.R. (2008) In situ
characterization of elusive salt hydrates – the crystal structures of the heptahydrate
and octahydrate of sodium sulfate. Journal of the American Chemical Society, 130,
17795-17800.
Potter, R.W. and Clynne, M.A. (1978) Solubility of highly soluble salts in aqueous media –
Part 1, NaCl, KCl, CaCl2, Na2SO4, and K2SO4 solubilities to 100°C. Journal of Research
of the United States Geological Survey, 6, 6, 701-705.
Rard, J.A. and Miller, D.G. (1981) Isopiestic determination of the osmotic and activity
coefficients of aqueous magnesium chloride solutions at 25°C. Journal of Chemical
Engineering Data, 26, 1, 38-43.
Schröder, W. (1929) Die Polytherme des Systems MgSO4-Na2SO4-H2O zwischen 0°C und
100°C. Z. Angew. Chem. 42, 598-599.

Timpson, M.E., Richardson, J.L., Keller, L.P., and McCarthy, G.J. (1986) Evaporite mineralogy
associated with saline seeps in south-western North Dakota. Soil Science Society of
America Journal, 50, 490–493.

113

Chapter 7
Summary and conclusions
7.1 Summary
Salt lakes are found globally. Their salinity arises from solute input from the local

mineralogy, the differences in which gives rise to unique mineral assemblages. Some have

economic potential, but they are also studied because of their importance in the mitigation
of damage to concrete structures, desertification, desalination processes, climate change

and understanding of planetary geology. The sodium-magnesium sulfate phases (löweite,
blödite, konyaite and decahydrate) are important phases in the mineral assemblages

associated with sulfate-dominated systems, but their stability is poorly understood. The

differences in their crystal structures, especially the arrangement and prominence of

hydrogen bonds, are believed to influence their stability.

Continental saline systems are geochemically diverse, as opposed to marine

systems, because the primary control on their composition is their surrounding lithology.

Aridity is required for the formation of salt lakes, but they are found in a range of climates,

from polar to equatorial latitudes. They occur in closed basins, commonly in the rain
shadows of mountains, where evaporation is the main mechanism for water removal.
Groundwater systems, where developed, play an important role in salt lake limnology.

Evaporative concentration is the major drive for the evolution of the system and
groundwater pumping is also important to efflorescence mineralogy. Brines evolve by a
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process similar to crystal fractionation, and secondary mineral reactions (blöditization,

hydration, dehydration) are especially important in the formation of the Na2Mg(SO4)2·nH2O

phases. These phases most commonly occur as efflorescences, but are also found in bedded,

interstitial, and spring deposits. Glaciated terrains, such as those found in the Northern
Great Plains of North America, extensional basins (e.g. Carrizo Plain, California), and

compressional basins (e.g. Austrian salt deposits) are tectonic settings that commonly host

salt lake systems.

The saline soils surrounding salt lakes, typically sand and mud flats, are host to

efflorescences that form within and upon their surface. Although konyaite is a major phase
found in such saline soils, its structure was previously unknown. A synthetic konyaite

crystal was obtained by evaporating a 1:1 molar solution of Na2SO4 and MgSO4. Its structure
was solved by single-crystal X-ray diffraction. The konyaite structure is monoclinic and

consists of compact sheets where Na and Mg polyhedra share edges with each other and

with sulfate tetrahedra. Hydrogen bonds play an important role as they provide all intersheet linkage, and are also involved in intra-sheet bonding. Konyaite dehydrates to blödite,

which also has a sheet structure. However, the blödite sheets are “open sheets”, in which Mg
and Na polyhedra and sulfate tetrahedra share corners only. These sheet are bound to one-

another though corner-sharing; hydrogen bonds play a minor role in sheet connectivity.

Sodium-magnesium decahydrate was also synthesized during attempts at konyaite

synthesis, from a solution with the same composition as konyaite, but evaporated at a
higher rate. This phase is a newly described sulfate salt and has not yet been identified in

nature.

A crystal was prepared for structure determination by single-crystal X-ray
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diffraction. It is believed to be the first determined structure of a mixed
monovalent/divalent cation sulfate decahydrate salt. The structure consists of alternating

layers: one of the layers consists of Na and sulfate polyhedra, while the other contains Mg

octahedra only. In the [Na2(SO4)2(H2O)4]2- layers, Na polyhedra share edges with one

another to form a chain structure in which four waters are coordinated. These chains are

held together by corner-sharing between sulfates and Na polyhedra to form sheets. These

sheets are interspaced with layers entirely composed of water-coordinated Mg octahedra
held to one another only by hydrogen bonds and linked to the other layers also exclusively

by hydrogen bonds. Hydrogen bonds are, therefore, extremely important to the stability of
the whole structure.

In order to further probe the importance of hydrogen bonds to each sodium-

magnesium sulfate structure, an infrared spectroscopy experiment was conducted on

synthetic löweite, blödite, konyaite and the decahydrate. It was found that the spectral
bands generated by the samples tend to increase in number, broaden, and shift to lower

wavenumbers with increasing water content and the structural importance of hydrogen
bonding. The relative intensity of the water and sulfate bands is also proportional to water
content. This behaviour agrees with observations reported in the literature.

An experiment was designed to investigate the stability relationships among the

phases of the Na2O-MgO-SO42--H2O system. The main objective was to determine the range

in composition and temperature under which sodium-magnesium sulfate decahydrate and

konyaite form, and their associated phases. In order to study potentially metastable phases,
an important part of natural salt efflorescence mineral assemblages, only first precipitates
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were analyzed. Konyaite and the decahydrate were found to form under conditions where

they were not the thermodynamically stable phase, possibly as a result of high evaporation
rates. Several other phases also exhibited metastable behaviour, and one or more unknown

sodium sulfate hydrates were observed. Mg-rich solutions were more favourable to the
formation of the Na2Mg(SO4)2·nH2O phases than Na-rich solutions.

7.2 Conclusions

The Na2Mg(SO4)2·nH2O phases form an important part of the efflorescent

mineralogical assemblages found in salt lake systems. Their labile nature makes their study

challenging, and as a result, they are not understood as well as other phases in the Na2SO4-

MgSO4-H2O system. The differences in the decahydrate, konyaite, blödite and löweite

structures, and especially in their hydrogen bonding schemes, have a significant influence
on their stability. Blödite has an open sheet structure, in which hydrogen bonds play only a

minor role in inter-sheet connectivity. Konyaite has a much more compact sheet structure,

in which hydrogen bonds play a key role in inter-sheet linkage. The decahydrate, a newly

described sulfate salt, has a layered structure in which hydrogen bonds are extremely
important, both in the connectivity within the Mg layer itself, as well as in inter-layer

linkage. This structure is believed to be the first reported for a monovalent / divalent

decahydrate sulfate salt. The comparison of these three structures suggests that higher
water content leads to the segregation of the Mg-octahedra from the sulfate and Na

polyhedra by water molecules, and to the increased importance of hydrogen bonds in the

overall structure. This tendency is also reflected in the infrared spectra of the phases.
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Phases with a higher water content and structurally important hydrogen bonds

were found to exhibit increasing degrees of metastable behaviour. Hydrated Na and Mg
sulfates in general tend to first form higher hydrates that revert to lower hydration states

over time if the evaporating system is allowed to reach equilibrium. Composition was also
determined to have an impact on metastability: solutions with a higher Mg content, as
opposed to more Na-rich compositions, promote metastable behaviour in the MgSO4·nH2O
phases and favour the formation of Na2Mg(SO4)2·nH2O phases. This suggests a link between

the segregation of Mg-octahedra in the Na2Mg(SO4)2·nH2O structures and the increased

concentration of Mg available in a parent solution.

Evaporation rate is another factor important in the sequence of formation of these

sulfate phases: high evaporation rates consistently result in the formation of more
metastable phases, regardless of brine composition. In fact, the decahydrate, konyaite and
blödite can form from the same solution, at the same temperature, and under the same

conditions, provided that evaporation is very restricted for blödite, somewhat restricted for
konyaite, and unhindered for the decahydrate. This dependence on evaporation rate
suggests that metastable phases could play an important role in salt lake mineral

assemblages, as equilibrium conditions may not always be achieved in natural settings. This

is attributed to the dynamic nature of inland saline systems, where daily and seasonal
fluctuations in both temperature and precipitation impact mineral stability.

The Na2SO4-H2O system was also found to include phases that are poorly

characterized: possibly two unknowns were found to occur at 40°C and 60°C in the Na-rich

solutions of the stability experiment.
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7.3 Future research
The thermodynamic characteristics of the phases in the Na2O-MgO-SO42--H2O

system, especially those of the Na-Mg phases, are still poorly understood. A formal
quantitative investigation of the solubility of the decahydrate, konyaite, blödite and löweite,

and of the whole system from a geochemical point of view is required. This thermodynamic

data is essential to allow the development of an accurate model for the system. Particular

attention should also be given to the NaSO4·nH2O phases to determine exactly which

hydrates can form between the two currently known end-members, thenardite (n = 0) and
mirabilite (n = 10). A heptahydrate (formed at low temperatures) and an octahydrate

(formed at high pressures) have been described, but have not been found in nature (Oswald

et al., 2008). It is also likely that other unknown metastable lower hydrates exist, as
suggested by the results of the stability experiment conducted during this study. The
crystallography of these potentially unknown phases, if suitable crystals can be synthesized,
should, therefore, be investigated. The structure of löweite should also be re-determined to

obtain hydrogen positions, as this was not done by Fang and Robinson (1970). The

structural importance of hydrogen bonds in this mineral could then be examined and

compared to that of the other Na-Mg sulfate phases. This new information could also
provide insights into the mechanism by which blödite dehydrates to löweite, especially
when this dehydration occurs in the absence of solution, as it is unclear how the change in
the Na : Mg ratio occurs.

The effect of relative humidity on the stability of the Na-Mg hydrated sulfates could

also be explored. A study similar to that of Chou and Seal (2005) in which salts are exposed
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to an increasingly humid atmosphere and monitored for phase changes or deliquescence
would be relevant to natural systems, as efflorescences form primarily upon exposure to the
atmosphere. This investigation could tie into a more focused study on the link between

evaporation rate and the crystallization of metastable phases, to determine why such a
relationship exists.

Finally, field studies could be conducted with a portable X-ray diffractometer to

determine whether or not the decahydrate can be found in nature. The most likely

environments to host this phase are the lakes of the Northern Great Plains, particularly in
areas where konyaite is abundant, such as the field area of Keller et al. (1986) in North

Dakota. Soda Lake, in the Carrizo Plain of California, is also a likely candidate, especially
after the rainy season, when the salt pan contains sufficient water and evaporation rates are
high. Other environments to investigate include the surfaces of Mars and Europa, where an

infrared spectroscopy study could potentially identify the decahydrate, or other hydrated

sulfates belonging to the Na and Mg sulfate groups (Dalton et al., 2005; Hall and Hamilton,
2008).
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Appendix A- Infrared spectra
Infrared spectrum for löweite [Na12Mg7(SO4)13·15H2O]
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Infrared spectrum for blödite [Na2Mg(SO4)2·4H2O]
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Infrared spectrum for konyaite [Na2Mg(SO4)2·5H2O]
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Infrared spectrum for sodium-magnesium decahydrate [Na2Mg(SO4)2·10H2O]
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Appendix B - Interpreted X-ray diffraction patterns for the stability experiments
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