
ANALYSIS OF CLAY MINERALS IN THE MUDFLATS OF 

SULFATE-RICH SALINE LAKES 

 

 

 

by 

 

Jennifer Lynn Bentz 

 

 

 

 

A thesis submitted to the Department of Geological Sciences and Geological Engineering 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September 28, 2017) 

 

Copyright ©Jennifer L. Bentz, 2017 



 i 

Abstract 

Clay minerals are important targets for interpreting past environments due to their 

ubiquity on the surface of terrestrial planets, sensitivity to the prevailing geochemical conditions, 

and ability to preserve biosignatures. Modern saline lakes that develop sulfate-rich brines are less 

extensively analyzed due to their relative scarcity compared to those that develop bicarbonate-

rich brines. Moreover, most modern sulfate-rich systems are small in area (<100 km2), playa 

dominated, and rich in detritus making them difficult to sample and to study. Yet, the number and 

diversity of these lakes makes them important for understanding authigenic mineral formation. 

The goal of this study was to evaluate authigenic and detrital minerals in the mudflats of sulfate-

rich saline lakes. 

This research focused on microscale (cm) investigations of the mudflats from 23 lakes 

from the Great Plains of southern Saskatchewan, Canada, and Andean Plateau, Bolivia for a total 

of 407 sediment samples. For detrital-rich sediments, authigenic illite was consistently found 

within sand lenses of the mudflats, was rich in Al, Mg, and Fe, and displayed lath-like 

morphologies. Uncommon minerals were also found containing elements usually in minor/trace 

quantities that concentrate in the closed-basins. In Laguna Chiar Khota, Bolivia for example, the 

arsenic-rich minerals realgar and hörnesite were found within the mudflats. Lastly, this thesis 

demonstrates that the biologically-mediated uptake of silica by diatoms can shift the geochemical 

parameters within the lakes, where Mg-smectite form instead of sepiolite in an otherwise silica-

rich environment.   

Overall, this research contributes to our understanding of authigenic clay formation 

recognizing similarities between these highly diverse environments. In detrital-rich environments 

where authigenic minerals are difficult to identify, such as the deltaic-lacustrine deposits in Gale 

crater, Mars, this study shows that authigenic illite can be found within the sand-lenses of the 
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mudflats. Moreover, this study also shows that we need to consider the factors of diatom 

dissolution with respect to dissolved silica. The influence of diatoms on the phyllosilicates in 

brackish lakes suggests we may need to examine the modes of formation for sepiolite in ancient 

deposits, which may be forming from post depositional alteration of the lacustrine sediments. 
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Chapter 1 General Introduction 

 

Saline lakes are ubiquitous features in arid climates, where the rate of evaporation 

exceeds precipitation, and are common in closed basins on every continent in modern and historic 

settings. Over time, freshwater lakes can become saline due to aridification driven by geological 

forces or planet-wide climate change. An episodically dry lake has even been identified on Mars, 

evident by the clay rich lacustrine sediment found in the Sheepbed mudstone in Gale crater, the 

selected landing site for the Mars Science Laboratory (MSL) rover Curiosity (Grotzinger et al., 

2014; Vaniman et al., 2014). These closed-basin lakes are highly interesting targets for planetary 

sciences as they are particularly sensitive to changing environmental conditions recording 

evidence of the surrounding climate within the sediments (Last et al., 2002). Furthermore, the 

preservation of fossils and microbial biosignatures is favourable in these basins due to the rapid 

entombment of microorganisms in precipitates, evaporites, fine-grained clastic sediments, and 

volcanic ash (Farmer, 1999). The increasing importance of lacustrine sediments in understanding 

past climates and environments on Earth and Mars has fueled interest in understanding the 

authigenic minerals present in these deposits that can record the geochemical conditions present 

during formation. Closed-basin lakes also act as sinks for minor and trace elements in the 

environment, allowing these elements to accumulate in concentrations great enough to provoke 

the precipitation of uncommon minerals, granting further insight of the chemical and redox 

conditions present. The main authigenic minerals present in endorheic, saline basins are sulfates, 

halides, carbonates, and phyllosilicates.  

Evaporite minerals are useful indicators of arid environments and their presence can be 

used to track the evolution of the climate and basin through the sequence of minerals present. For 

example, the size, thickness, and morphology of aragonite lamina in organic-rich sediment was 
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used to calculate the depth of the water column from the mid-Holocene to present in the 

meromictic, saline basin, Waldsea Lake, Saskatchewan (Last et al., 2002). Evaporite minerals 

were also used to reveal the genesis of Gallocanta Lake, NE Spain studied by Pérez et al. (2002) 

where: initial alluvial sediments were deposited under an arid climate associated with the Mg-

enrichment of calcite to form dolomicrite; the return of humid conditions resulted in the 

formation of a shallow lake associated with bio-induced carbonate precipitation, flora and fauna 

typical of carbonate lakes (ostracods and charophytes), and bioturbation of the sediments; and 

lastly, the prevailing arid conditions of the modern playa are characterized by gypsum, halite, 

hexahydrite, and blödite. For these examples, and the majority of paleoclimatic reconstructions, 

the evaporite mineralogy forms the basis of the interpretations and the mineralogy of the 

phyllosilicates is largely ignored.  

Authigenic phyllosilicates offer a rewarding opportunity to gain greater insight into past 

climates, as their chemistry, morphology, and mineralogy are sensitive to the wide-ranging 

biogeochemical conditions present in saline lakes (Bristow and Milliken, 2011). Moreover, the 

mechanisms of phyllosilicate formation are diverse and provide additional clues regarding the 

conditions of their formation. Mechanisms of clay formation include: transformation from detrital 

precursors via solid-state substitutions or micro-scale dissolution/precipitation reactions, 

topotactic growth onto precursor minerals, and direct precipitation from solution or neoformation 

(Hay and Kyser, 2001; Deocampo et al., 2009; Bristow and Milliken, 2011). Given their 

abundance, chemical variation, and sensitivity to the geochemical environment, authigenic clay 

minerals are being used to characterize the specific geochemical limits of the paleoenvironment 

they formed in. In the Neoproterozoic Akademikerbreeen Group, Svalbard, the presence of 

sedimentary talc was used to delineate the environmental characteristics at the time of mineral 

formation based on modeled threshold values of the kerolite precipitation (a precursor to talc 

prior to diagenesis) (Tosca et al., 2011). The thresholds for kerolite formation outlined by Tosca 
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et al. (2011) include: amorphous silica saturation, the abundance of Mg2+, marine-like salinity, 

low concentrations of Al in solution, and a pH ≥ 8.7. In Gale crater, Mars, with the absence of 

abundant carbonates, the presence of authigenic Fe-saponite and magnetite in the Sheepbed 

mudstone were used to conclude that Mars hosted liquid water at the surface for potentially 

thousands to hundreds of thousands of years (Vaniman et al., 2014; Grotzinger, et al., 2015).  

Despite success in using phyllosilicates as environmental indicators, the geochemical 

factors that contribute to their modes of formation in terms of neoformation and the specific 

causes of topotactic growth vs. microscale dissolution precipitation reactions during the 

transformation of precursor minerals are still poorly understood. This is especially true for low 

temperature surface environments dominated by sulfate-rich brines, as the majority of research 

has focused on large, ancient deposits with bicarbonate-rich waters. In order to expand our 

understanding of past climates using saline lakes we need a better understanding of the processes 

of clay formation at surface conditions in modern sulfate-rich, saline lakes.  

The purpose of this study is to characterize clay mineral assemblages present in saline 

lakes as well as the factors controlling authigenic clay formation in sulfate-rich brines. This study 

highlights the diversity and extreme range of sedimentary minerals found in a variety of mudflats 

surrounding saline lakes. This research focuses on sulfate-rich lakes sampled from two 

geographic locations under different climates: the Great Western Canadian Plains in 

Saskatchewan and the Andean Plateau in Bolivia. 

1.1 Saline Lakes 

Saline lakes on Earth are created within extensional basins, intermontane basins, the flanks of 

continental uplifts, and glaciated terrain (Jones and Deocampo, 2003). In these settings, outflow 

of water is severely limited or absent due to hydrological closure. For saline lakes and playas to 

form, evaporation needs to exceed inflow and inflow is either adequate enough to maintain 
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standing water in the case of saline lakes or has been severely restricted in the case of playas 

(Jones and Deocampo, 2003). Classification of saline lakes varies between disciplines. In the 

biological sciences saline lakes are defined as having a dissolved salt concentration greater than 

0.5 g l-1 (0.05%) with the following subdivisions: subsaline (0.05-3%), hyposaline (3-20%), 

mesosaline (20-50%), and hypersaline (≥50%). In the geosciences classification of saline lakes is 

as follows: fresh water (≤ 3%), saline (3-35%), and hypersaline (≥ 35%) (Last and Ginn, 2005).  

Saline lakes and playas are extremely complex systems that are sensitive to 

environmental fluctuations including meteoric precipitation, groundwater, weathering, 

evaporation, precipitation of minerals, biological activity, temperature, oxidation-reduction 

conditions, and water chemistry (Figure 1.1) (Jones and Deocampo, 2003). The evolution of 

evaporating brines in continental basins is specific to the hydrological regime of that basin and to 

the source of the solutes entering the lake creating highly variable deposits exhibiting fluids with 

unique ionic compositions and diverse mineral assemblages (Hardie and Eugster, 1970).  

In general, as water evaporates the concentration of dissolved ions increases resulting in 

the precipitation of minerals when their saturation indices are exceeded; however not all minerals 

will precipitate depending on the geochemical conditions present (pH, redox potential, reaction 

kinetics, etc.) (Hardie and Eugster, 1970). The effect of the mineral precipitation is the removal of 

ions from solution thus altering the composition of the remaining brine (Risacher and Fritz, 

1991). Modeling the evolution of evaporating brines is difficult given the number of variables 

that need to be considered and number of potential minerals that can form. Nonetheless, Hardie 

and Eugster (1970) have developed a generalized model to predict the final brine chemistry of 

evaporating water based on the initial composition of the solution. For water in equilibrium with 

the atmosphere, Hardie and Eugster (1970) found that calcite always precipitates first for all the 

solutions modeled. The critical first step that determines whether a bicarbonate-rich brine or 

sulfate/chloride-rich brine will develop is the ratio of calcium [Ca2+] to bicarbonate [HCO3
-] 
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during calcite precipitation (Figure 1.2) (Hardie and Eugster, 1970; Eugster and Hardie, 1978); 

although current models have attempted to expand the bicarbonate factor to total alkalinity (HCO3
- 

, CO
3
 2-,  B(OH)

4

- , OH-, PO
4
 3-, HPO

4
 2-, SiO(OH)

3
 - , HSO

4
 -  ) (Risacher and Fritz, 1991). 

 

 

Figure 1.1 Flow diagram of the major fluxes in saline lake basins (from Jones and 

Deocampo, 2003, Fig. 3, p. 397).  

 

After this initial first step of calcite precipitation, the evolutionary pathways possible for brines in 

the environment become exceedingly complex and computer models fail to account for changes 

in water chemistry due to: variations in the solutes of inflowing water, dissolution of soluble 

minerals, degassing, redox reactions, mineral precipitation caused by microorganisms, and 

sorption reactions (Eugster and Hardie, 1979). Adding to the complexity is the questionable role 
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of silica and resulting authigenic phyllosilicates and SiO2 that can form in these basins. It is not 

possible to accurately model their behaviour because of the lack of robust thermodynamic data 

available for clay minerals at surface temperature and pressure (Hardie and Eugster, 1970; 

Eugster and Hardie, 1979). If continental evaporite deposits are going to be used to model 

paleoenvironments and construct the geochemical conditions of past solutions to their highest 

potential, all authigenic minerals must be accounted for, which requires a greater understanding 

of phyllosilicates. 

 

 

Figure 1.2 Flow diagram outlining the pathways for evaporating brines in closed basins 

(from Eugster and Hardie, 1978, Fig. 5, p. 244). 
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1.2 Relevance to Mars 

The Mars Exploration Program Analysis Group (MEPAG, 2010) established the 

priorities for the scientific exploration of Mars to determine if life ever arose on the planet by 

assessing past and present habitability, the potential for environments to preserve signs of life, 

and the identification of biosignatures.  In this context, the search for liquid water has been 

pivotal to these high priority objectives focusing on the presence, persistence, and chemical 

activity of water. Recent investigations by the (MSL) rover Curiosity at Gale Crater, Mars, have 

revealed a diverse aqueous environment through several interrelated lines of evidence including 

the chemistry, mineralogy, geomorphology, and textures at the site. The chemical and 

mineralogical instrument (CheMin) has provided X-ray diffraction (XRD) data from windblown 

sand at the Rocknest site and from the mudstones at the John Klein and Cumberland sites 

(Sheepbed mudstone). At the Rocknest site, Curiosity analyzed unconsolidated material from an 

aeolian sand shadow (Bish et al., 2013). In the Rocknest material amorphous phases were present 

while the crystalline material was dominated by plagioclase, olivine (Fe-rich end member), 

augite, and pigeonite—indicating minimal aqueous alteration of basaltic lavas in the aeolian 

material (Bish et al., 2013). At the Sheepbed mudstone site however, the identification of Fe-

saponite and calcium sulfates in addition to plagioclase, K-feldspar, pyroxene, magnetite, and 

olivine in the drilled bedrock revealed a habitable, neutral to mildly alkaline environment 

indicating a lacustrine deposit characterized by high water activity (Vaniman et al., 2014). 

Moreover, detailed observations of multiple sites within the Bradbury Rise found fine-scale grain 

sorting evident as rounded pebbles in conglomerates alternating with sand rich layers indicating 

fluvial transport over debris flow and aeolian transport (Williams et al., 2013). Lastly, at the 

center of the crater, Mt. Sharp (Aeolis Mons) hosts five kilometers of layered deposits including 

Fe- and Mg- phyllosilicates, Fe- and Mg- sulfates, and oxides—including a hematite-bearing 

ridge—a mineral usually associated with standing water or groundwater (Milliken at al., 2010; 
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Fraeman, et al., 2013). Analysis of the sediments from the lower 75 m of the mound revealed that 

the stratigraphy is consistent with a series of deltaic-lacustrine complexes, with each lake existing 

for 100 to 100,000 years in the crater (Grotzinger et al., 2015). The lacustrine deposits within 

Gale crater share many characteristics with sulfate-rich saline lakes on Earth including: internal 

drainage, episodic drying, abundant calcium sulfate minerals, and thick deposits of 

phyllosilicates. The MSL rover is currently exploring the remaining stratigraphy of Mt. Sharp 

climbing to higher and younger sediment. 

A recent global survey of Martian craters by Goudge et al. (2015) using orbital data from 

MOLA, THEMIS, CTX, and HiRISE (0.3 m/pixel) identified 205 possible closed basin lakes. 

These potential lakes are located in the southern highlands and feature inlet valleys with no 

outlets and thus contain a high probability of sustaining liquid water at the surface. Cabrol and 

Grin (1999) on the other hand, used a strict classification scheme with Viking data to select 179 

lakes with inflowing water from valley networks and fluviolacustrine features including: 

sedimentary terraces, layered deposits, evaporites, shorelines, and deltaic deposits. Due to the 

lower resolution of the Viking data (46-230 m/pixel), erosion, resurfacing of Mars, and the strict 

classification requirements by Cabrol and Grin (1999), these 179 lakes likely represent a small 

fraction of the total lake number. Nonetheless, crater paleolakes on Mars appear to be widespread 

in the southern highlands and many of them are closed systems with episodic and non-sustained 

flows (Cabrol and Grin, 1999). Given the number of impact craters and basins on Mars that were 

hydrologically closed during the late Noachian period, evaporative saline basins on Earth are 

important analogues for the exploration of habitability on Mars (Cabrol and Grin, 1999; Goudge 

et al. 2015). These endorheic basins are very sensitive to environmental changes, recording 

detailed paleoenvironmetal data within their sediments including water chemistry, organic 

productivity, and climate (Last and Schweyen, 1985). Preservation of fossils and microbial 

biosignatures is also favorable in these basins due to the rapid entombment of microorganisms in 
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precipitates, evaporites, fine-grained clastic sediments, and volcanic ash (Farmer, 1999). 

Furthermore, micro-niches, clay minerals, and chemical gradients within these sediments can be 

important places to look for microorganisms and biochemical indicators of life (Léveillé et al., 

2002). 

1.3 Clay Minerals 

Phyllosilicates are hydrous minerals composed of layered sheets of tetrahedrally-

coordinated cations (Si4+ and Al3+) and octahedrally-coordinated cations (Al3+, Mg2+, Fe3+ and 

Fe2+) with a platy morphology and perfect basal cleavage along the (001) plane (Moore and 

Reynolds, 1989). Phyllosilicates exhibit considerable diversity in their chemical and physical 

properties related to the isomorphous substitution of cations in these tetrahedral and octahedral 

sheets. In general, the tetrahedral sheet is composed of corner-linked SiO4 tetrahedra that are 

often substituted with Al3+ and Fe3+ (Moore and Reynolds, 1989). The octahedral sheet is 

composed of edge-linked Mg2+ octahedra in trioctahedral varieties where all the octahedral sites 

are filled, and Al3+ octahedra in dioctahedral varieties where 2/3 octahedral sites are filled to 

maintain electrical neutrality (Moore and Reynolds, 1989). Substitution in the octahedral sheet is 

common with Al3+, Mg2+, Fe2+, Fe3+, and Li+, however all the transition elements, except Sc, have 

been found in the octahedral sheet in natural clays (Moore and Reynolds, 1989). The net result of 

isomorphous substitution is the development of a net negative charge on the mineral that is 

balanced by adsorbed or complexed cation species in the interlayer space.  

Classification of phyllosilicates is based on the structure of layer type (1:1 vs 2:1) and 

functionally on the charge per formula unit (pfu) related to the amount of isomorphous 

substitution (Bailey, 1980). For the 1:1 phyllosilicates, the apical oxygen atoms of one tetrahedral 

sheet replace 2/3 of the hydroxyl ions in one octahedral sheet to join the layers together (Figure 

1.3) (Moore and Reynolds, 1989). For 2:1 phyllosilicates, the octahedral sheet is linked to two 
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tetrahedral sheets from above and below (Figure 1.3) (Moore and Reynolds, 1989). Subdivisions 

within each layer type and pfu categories are based on the nature of the octahedral sheet 

(dioctahedral vs trioctahedral) (Bailey, 1980). The classification of phyllosilicates is given in 

Table 1.1 (Guggenheim et al., 2006).  

 

 

Figure 1.3 Schematic of the structure of a 1:1 dioctahedral phyllosilicate (kaolinite), a 2:1 

trioctahedral phyllosilicates (talc), and a 2:1 dioctahedral phyllosilicates (pyrophyllite) 

(Modified from Moore and Reynolds, 1989, Fig. 4.4, p. 106). 

 

Phyllosilicates are products of weathering of rock or precipitation reactions in saline 

solutions where surface conditions favour hydrous minerals (Meunier, 2005). Clay minerals 

forming from weathering rock are a function of rock type, chemistry of interacting fluids, and 

intensity of weathering i.e., humid vs. arid climates; where moderate weathering produces 

smectite and intense weathering produces kaolinite (Meunier, 2005). The phyllosilicates that are 

produced are potential detrital minerals that can be carried to sedimentary basins via erosional 

processes.  

For authigenic phyllosilicates, the mineral formed is a function of salinity, the chemistry 

of the solutions, and the presence/absence of detritus (Figure 1.4) (Bristow and Milliken, 2011).  
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Table 1.1 Classification of phyllosilicates (modified from Moore and Reynolds, 1989 and 

Guggenheim et al., 2006). 

Layer 

Type 

Interlayer 

Material 
Group 

Octahedral 

Character 
Species 

1:1 None or H2O 

Only (𝜒 ≈ 0) 

Serpentine-

Kaolin 

Trioctahedral lizardite, berthierine, amesite, 

cronstedtite, nepouite, kellyite,  

   Dioctahedral kaolinite, dickite, nacrite, 

halloysite 

2:1 None (𝜒 ≈ 0) Talc-

pyrophyllite 

Trioctahedral talc, willemseite, kerolite, 

pimelite 

   Dioctahedral pyrophyllite, ferripyrophyllite 

 Hydrated 

exchangeable  

Smectite Trioctahedral saponite, hectorite, sauconite, 

stevensite, swinefordite 

 cations  

(𝜒 ≈ 0.2-0.6) 

 

 Dioctahedral montmorillonite, beidellite, 

nontronite, volkonskoite 

 Hydrated 

exchangeable 

Vermiculite Trioctahedral trioctahedral 

 cations  

(𝜒 ≈ 0.6-0.9) 

 

 Dioctahedral dioctahedral 

 Non-hydrated 

monovalent 

cations 

True (flexible) 

mica 

Trioctahedral annite, phlogopite, lepidolite, 

aspidolite,  

 (𝜒 ≈ 0.85-1.0)  Dioctahedral muscovite, celadonite, 

paragonite 

 Non-hydrated 

mono- or 

divalent cations 

Interlayer-

deficient mica 

Trioctahedral illite, glauconite, brammallite 

 (𝜒 ≈ 0.6-0.85) 

 

 Dioctahedral wonesite 

 Non-hydrated 

divalent cations 

Brittle mica Trioctahedral clintonite, kinoshitalite, bityite, 

anandite 

 (𝜒 ≈ 1.8-2.0) 

 

 Dioctahedral margarite, chernykhite 

 Hydroxide sheet 

(𝜒 = variable) 

Chlorite Trioctahedral clinochlore, chamosite, 

pennantite, nimite, baileychlore 

   Dioctahedral donbassite 

   Di, trioctahedral cookeite, sudoite 

2:1 Regularly 

interstratified  

Variable Trioctahedral corrensite, aliettite, 

cydrobiotite, kulkeite,  

 (𝜒 = variable)  Dioctahedral rectorite, tosudite, brinrobertsite 

2:1 Inverted 

Ribbons (𝜒 = 

variable) 

Sepiolite-

palygorskite 

*b = 27Å 

*b = 18Å 

sepiolite 

palygorskite 

𝜒 = charge per formula unit (pfu) 

 



 12 

 

Figure 1.4 Phyllosilicate minerals formed under different environmental conditions; the 

influence of detritus is unknown for sulfate- and chloride-rich brines (image from Bristow 

and Milliken, 2011, Fig. 3, p. 346). 

 

 

Bristow and Milliken (2011) have summarized the current knowledge regarding the mineralogy 

and factors affecting authigenic clays incorporating both transformations from detrital precursors 

as well as neoformed minerals. In general, Mg-rich clays are the dominant species in saline fluids 

where: palygorskite and sepiolite form in neutral pH and low salinity; saponite and stevensite 

form with increasing pH and/or salinity; illite, chlorite, and talc are expected in highly saline 

and/or high pH solutions; and Fe-rich reducing solutions favour nontronite (Figure 1.4) (Bristow 

and Milliken, 2011). However, the summary presented by Bristow and Milliken (2011) is an 

oversimplification as clay mineral species are frequently found outside their designated stability 

fields. For example, stevensite-like minerals were found forming in the sulfate-rich, neutral, 

moderately saline brines of salars on the Bolivian Altiplano where sepiolite-palygorskite minerals 

are predicted (Badaut and Risacher, 1983). Moreover, Miocene sepiolite was found in sediments 

of the highly saline, alkaline Madrid Basin where smectite or illite are predicted (Leguey et al., 
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2010). Sulfate/chloride-rich brines are also poorly understood, as clay mineral assemblages 

predicted in these lakes are based on ancient deposits due to the relative scarcity of 

sulfate/chloride-rich lakes in modern environments, which has limited the body of research 

available (Bristow and Milliken, 2011). Modern, large (>100 km2) sulfate-rich lakes are rare, 

however, a number of small basins exist across the Great Plains Region, Saskatchewan and the 

Sur Lipez region of the Andean Plateau, Bolivia, both of which are the focus of this study. 

1.4 Geology of the Great Plains 

The Western Canadian sedimentary basin is a supracrustal wedge tapering from a 

maximum thickness at the Alberta syncline of 6 km to 0 km at the northeast edge of the Canadian 

Shield (Mossop and Shetsen, 1994). The basin is divided into two distinct sections: the Paleozoic 

to Jurassic succession dominated by carbonate rocks and the mid-Jurassic to Paleocene foreland 

basin succession dominated by clastic rocks (Mossop and Shetsen, 1994). The clastic rocks of the 

mid Jurassic to Paleocene are a result of compressional tectonism, uplift, and erosion linked to the 

evolution of the Canadian Cordillera. Quaternary sediments were deposited during the 

Pleistocene glaciation that is estimated to have had up to ten glacial advances resulting in a 

complex stratigraphy consisting of unconsolidated glacial till, lacustrine, and fluvial deposits up 

to 300 m thick in some locations (Last and Slezak, 1988). 

Years of mapping and test drilling initiated by the Saskatchewan Research Council (SRC) 

beginning in 1960 have produced detailed maps of the bedrock geology, topography, and aquifers 

across Saskatchewan. For this study, the stratigraphy of the sediment was recorded where cross-

sections from the province-wide mapping dissected basins of interest. The saline lakes studied 

occur within the: Willow Bunch Mapsheet 72H, Regina Mapsheet 72I, Swift Current Mapsheet 

72J, Prelate Mapsheet 72K, Rosetown Mapsheet 72O, Wynyard Mapsheet 72P, and Battleford 

Mapsheet 73C (Mapsheets can be found at: < https://www.wsask.ca/Water-Info/Ground-
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Water/Mapping/>). The stratigraphic Groups and formations underlying each lake sampled in 

Saskatchewan can be found in Table 1.2. Details on the stratigraphic units of the Cretaceous and 

Quaternary deposits are given below (Figure 1.5) (Millard, 1990; Christiansen, 1992; Millard, 

1993; Simpson, 1998; Simpson, 2000; Maathuis and Simpson, 2007a, 2007b; MDH Engineered 

Solutions, 2013): 

 

Bedrock: (Pierre Shale) 

Lea Park Formation 

The Lea Park Formation consists of grey to dark grey, over-consolidated silt and clay 

deposited in the Western Interior Seaway during the Upper Cretaceous. Calcareous, white 

speckled shales characterize the lower unit and the upper part is composed of non-calcareous 

sediment containing sand beds.  

 

Judith River (Belly River Oldman) Formation 

Coarse clastic sediment composed of stratified sand, silt, and clay with carbonaceous and 

concretionary zones deposited in a marine and non-marine deltaic environment during a major 

regression in the Upper Cretaceous Period. The deltaic deposits represent alluvial, lacustrine, 

aeolian, lagoonal, swamp, beach, and marine environments 

 

Bearpaw Formation 

Soft, gray, non-calcareous marine silt and clay deposited during the last major 

transgression-regression of the Western Interior Seaway. The Bearpaw Formation is subdivided 

into eleven units composed of interbedded sand/silt and silt/clay.  
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Figure 1.5 Cretaceous to Quaternary stratigraphy of southern Saskatchewan. The 

Ravenscrag-Eastend-Whitemud-Battle-Frenchmen formations are found overlying the 

Bearpaw Formation shales in discontinuous units throughout the province (image from 

Simpson, 1998, Table 1, p. 4). 



 

1
6
 

Table 1.2 Local stratigraphic units (Cretaceous to Quaternary) underlying each saline lake sampled in the Great Plains Region, 

Saskatchewan. 

Group/ 

formation 
MAN WHS WC BM WB SHO BRN SHR BLS FRD CHP H342 BEE SNK MAS ING 

Saskatoon X X X X X X X X X X X X X X X X 

Sutherland X X    X X X  X X X X X X X 

Quaternary Drift 

Empress X          X X X X X X 

Preglacial Drift 

Ravenscrag   X X X    X        

Tertiary formations 

Eastend   X X X    X        

Whitemud   X X X    X        

Battle                 

Frenchmen                 

Bearpaw X X X X X X X X X X X X X X X X 

Judith 

River 
X X X X X X X X X X X X X X X X 

Lea Park X X X X X X X X X X X X X X X X 

Bedrock 

MAN = Manitou Lake; WHS = Whiteshore Lake; WC = West Coteau Lake; BM = Big Muddy Lake; WB = Willow Bunch Lake; SHO = Shoe 

Lake; BRN = Burn Lake; SHR = Shoe Road Lake; BLS = Bliss Lake; FRD = Frederick Lake; CHP = Chaplin Lake; H342 = Highway 342 

(unnamed lake along highway 342); BEE = Beechy Lake; SNK = Snakehole Lake; MAS = Mason Lake; ING = Ingebrigt Lake 
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Cretaceous to Tertiary Formations 

Eastend-Whitemud-Battle-Frenchman-Ravenscrag Formations 

The Eastend to Ravenscrag formations were deposited during the Late Cretaceous when 

the Western Interior Sea retreated depositing sands and silts in the advancing delta. The Eastend 

Formation is composed of grayish and greenish sand, silt, and clay with thin coal seams. The 

Whitemud Formation is composed of kaolinitized, white sand and clay. The Battle Formation is 

composed of purplish shale. The Frenchman Formation is composed of sand, silt, and clay, with 

local bentonite, carbonaceous, and calcareous zones. Lastly, the Ravenscrag Formation is 

composed of lignite-bearing sand, silt, and clay deposited during the Paleocene. 

 

Preglacial Drift: 

Empress Group 

The Empress Group consists of stratified gravels, sands, silts, and clays lying between the 

bedrock and lowest till. This unit has a limited extent across Saskatchewan. The Empress Group 

can be divided into a lower and upper unit. The lower unit contains complexly stratified valley-

fill sediments of quartzite, chert gravels, fine clastic sediments, and organic-rich sediments. The 

upper unit consists of igneous, metamorphic, and carbonate clastic sediment deposited in bedrock 

valley tributaries and uplands.  

 

Quaternary Drift: 

Sutherland Group 

The Sutherland Group is subdivided into three formations, each of which is associated 

with a distinct glacial period (Mennon Formation, Dundurn Formation, and Warman Formation). 

Tills in the Sutherland Group have more clay, are harder, are less resistive electrically, have less 
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carbonate (17.6 ml CO2/g), and have more shale fragments than the Saskatoon Group tills. 

Oxidation, staining, and leaching signify weathering at the top of the unit.  

 

Saskatoon Group 

The Saskatoon Group is divided into three formations (Floral Formation, Battleford 

Formation, and Surficial Stratified Deposits) and is composed of tills and stratified surficial drift. 

The Saskatoon Group is sandy, more resistive electrically, and has a higher carbonate content 

(31.4 ml CO2/g) than the Sutherland Group. Surficial drift occurs as eolian, glaciolacustrine, 

glaciofluvial, and alluvial sediments deposited by streams and rivers. 

 

The slow melting of ice and dissolution of the deep (>500 m) Devonian Prairie Evaporite 

Formation (up to 215 m thick) beneath the superglacial drift blanket resulted in the formation of 

millions of endorheic basins in depressions, kettles, and sinkholes that lack an integrated drainage 

system (Figure 1.6) (Meijer-Drees, 1994; Last and Ginn, 2005). The combination of high 

evaporation (1.5 m yr-1), low precipitation (0.4 m yr-1), and a low mean annual temperature of 

1.1°C have resulted in saline lake conditions across Saskatchewan (Last and Ginn, 2005). The 

study site includes 17 lakes from southern Saskatchewan many of which are important economic 

deposits for Western Canada as the Chaplin, Frederick, Ingebright, Snakehole, and Whiteshore 

lakes are sites of sodium sulfate production (Figure 1.7). 

The majority of the lakes in this study fall within the Palliser Triangle, the driest part of 

the Canadian prairies and an important region for paleoenvironmental research (Lemmen and 

Vance, 1999). For example, a sediment core from Ingebrigt Lake, Saskatchewan contains a 

10,000 year long sequence of evaporites, with only minor detrital material and organic matter, 

that were used to infer long-term brine composition changes (Shang and Last, 1999). 
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Figure 1.6 Hydrologically closed basins (red) in the Great Plains region (image from Last 

and Last, 2012, Fig. 5, p. 5). 

 

Organic matter, phosphorus, and diatoms from two sediment cores taken from Killarney Lake, 

Manitoba were used to estimate trends in lake productivity back to 4,700 BP (Richmond and 

Goldsborough, 1999). For Clearwater Lake, Saskatchewan microfossils, pigments, diatoms, and 

carbonate mineralogy were used to identify four climatic periods over the past 400 years starting 

with freshwater conditions, to low lake levels, to intermediate lake levels, to the present 

fluctuating lake levels (Leavitt et al., 1999). While these studies provide high quality 

investigations into past climates in the area, they focus on lake cores and evaporites leaving the 

mudflats and detailed mineralogy of the clay minerals requiring further study. The lakes in the 

Great Plains Region are diverse in their geochemical characteristics ranging from magnesium 

sulfate-rich types to sodium chloride-rich types (Last, 1999) offering the opportunity to study a 

wide range of geochemical environments related to phyllosilicate formation. 
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Figure 1.7 Location of study sites in southern Saskatchewan (red box signifies the study 

area). Lake abbreviations are as follows: “BEE” Beechy, “BLS” Bliss, “BM” Big Muddy, 

“BRN” Burn, “CHP” Chaplin, “FRD” Frederick, “H-342” unnamed lake along highway 

342, “ING” Ingebrigt, “MAN” Manitou, “MAS” Mason, “SHO” Shoe, “SHR” Shoe Road, 

“SNK” Snakehole, “STK” stink, “WB” Willow Bunch, “WC” West Coteau, “WHS” 

Whiteshore. Image from Google earth V 7.0.3832. (August 18, 2017). Southern 

Saskatchewan. Landsat/ Copernicus, 2017 [September 27, 2017]. 
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1.5 Geology of the Andean Plateau 

The Andean Plateau, or Altiplano, is series of intermontane basins located between the 

Cordillera Occidental in the west and the Cordillera Oriental to the east in southwest Bolivia 

(USGS, 1975).  The Cordillera Occidental is composed of Cenozoic volcanoes (some of which 

are active) and lava fields associated with the Andean magmatic arc. The Cordillera Oriental is an 

area of intensely folded and faulted Paleozoic to Mesozoic marine sandstones and shales. 

Whereas the Altiplano is an expansive flat plain composed of alluvial, volcanic, and evaporite 

deposits (Figure 1.8) (Banks et al., 2004; Garzione et al., 2008). The Andean Plateau formed in 

the absence of a collision or terrane accretion when the oceanic lithosphere of the Nazca Plate 

subducted beneath the continental crust of the South American Plate. The mechanism of 

formation includes crustal shortening and thickening, as well as lithosphere removal to produce 

the 70 km thick crust uplifted to average elevation of 4 km (McQuarrie et al., 2005; Garzione et 

al., 2008). From roughly 40 to 10 Ma, subduction of the Nazca slab caused thickening of the crust 

and mantle creating the Cordillera Oriental and an eclogite-rich lower crust that prevented uplift 

(Garzione et al., 2008; Krystopowicz and Currie, 2013). Reconstructions of the paleotopography 

suggest the average elevation of the region was <2 km (Garzione et al., 2008). After 10 Ma, the 

ecologite-rich crust was removed from the lithosphere, either by convective removal of 

downward flowing lithosphere (drips) or by delamination due to a weak zone in the crust 

(McQuarrie et al., 2005; Garzione et al., 2008; Krystopowicz and Currie, 2013). The removal of 

the eclogite-rich crust triggered regional surface uplift of 1.5—2.5 km followed by a widespread 

ignimbrite eruption (Garzione et al., 2008).  

The uplift of the Altiplano in combination with the east Cordillera blocked moisture-

bearing winds from the Amazon basin resulting in the intense aridification of the region. This has 

contributed to the formation of the massive salars Coipasa and Uyuni; however the climate has  
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Figure 1.8 Surficial geology and major cities of the Central Altiplano, Bolivia (modified 

from Allmendinger, et al., 1997, Fig. 6, p. 150). The red box signifies the study area. The 

blue line outlines the Bolivian border. 
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varied considerably as a large, Pleistocene aged lake once covered most of the Altiplano (Strecker 

et al., 2007; Garzione et al., 2008). This type of climate change is comparable to the evaporative 

loss of water from the surface of Mars after the removal of the atmosphere by solar winds making 

the mudflats and salars are important analogues for the paleocrater lakes on Mars. 

The current elevation of the plateau decreases from north to south, with Lake Titicaca at 

3,809 m, Lake Poopó at 3,686 m, Salar de Coipasa 3,656 m, and Salar de Uyuni at 3,653 m 

(Argollo and Mourguiart, 2000). The lakes and salars are located in a large lacustrine basin that 

has been filling up since the Paleogene, and are remnants of the Pleistocene lake Ballivian, 

Paleolake Titicaca and Paleolake Minchin (35,000 yr BP), and Paleolake Tauca (15,000 yr B.P.), 

each of which were connected at one point in time (Argollo and Mourguiart, 2000; Fornari et al., 

2001). The mean evaporation rate for the entire region is 1.5 m yr-1 while the mean annual 

precipitation (MAP) varies over the plateau and reflects the hydrological budget of the basins 

(Argollo and Mourguiart, 2000). In the north around Lake Titicaca the MAP is 0.8 m yr-1 and 

decreases to the south to < 0.2 m yr-1 around the Salar de Uyuni (Argollo and Mourguiart, 2000).  

The area of interest is located in the Sur Lipez region of the Altiplano south of Uyuni. 

Risacher and Fritz (1991) have studied the nature and evolution of the solutes that enter the salars 

in detail (Figure 1.9).  Solutes carried into the salars originate from the weathering of the 

surrounding volcanic rocks ranging from andesites to rhyodacites producing Na-HCO3-rich-

waters, by the dissolution of buried evaporites producing Na-Cl-rich waters, and from wind-

blown volcanogenic native sulfur (Risacher and Fritz, 1991). Risacher and Fritz (1991) modeled 

the evaporation of the inflow waters using the extended Debye-Hückel equation and this model 

predicted neutral to highly alkaline, bicarbonate-rich waters, and not the sulfate-rich waters that 

were observed. Risacher and Fritz (1991) explained the discrepancy between the modeled 

evaporative evolution and measured field environments as a result of the continued deposition of  
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Figure 1.9 Location of study sites in the Sur Lipez Region of the Bolivian Altiplano (red box 

signifies the study area). Abbreviations are as follows: “CAN” Canapa, “CHKT” Chiar 

Khota, “CHU” Challuncani, “FL” First Lake, “HED” Hedionda, “HON” Honda, “L2” 

Lake 2, “LS” Low Spot, “RAM” Ramaditas. Image from Google earth V 7.0.3832. (August 

18, 2017). Sur Lipez, Bolivia. CNES/ Airbus 2017, US Dept of State Geographer, 

DigitalGlobe, 2017, Landsat/ Copernicus [September 27, 2017]. 

 



 25 

native sulfur into the waters and subsequent acid producing oxidation of that native sulfur. This 

addition of sulfur to the lakes results in neutral to slightly alkaline surface water with Na-Cl and 

Na-Cl-(SO4
2-) compositions (Risacher and Fritz, 1991). 

1.6 Purpose of Study 

The purpose of this study is to evaluate authigenic and detrital minerals in the mudflats of 

sulfate-rich saline lakes to: (1) aid in understanding the mineral assemblages present in the 

deposits; (2) help elucidate the factors of authigenic mineral formation with a focus on 

phyllosilicates and uncommon minerals dominated by minor/trace elements. This study includes 

mineralogical, chemical, and physical data from the shallow, mudflat, sediments of 17 lakes from 

the Great Western Plains, Saskatchewan and six lakes from the Sur Lipez region of the Andean 

Plateau, Bolivia for a total of 407 sediment samples and 37 surface and pore water samples. This 

project is divided into three manuscripts outlined below: 

 Chapter 2 characterizes the mineralogy of phyllosilicates in the mudflats of saline lakes 

located in southern Saskatchewan. This study classifies sedimentary deposits within the 

mudflats into “sediment classes” common to all the detrital-rich lakes studied and 

connects the chemistry and mineralogy of the phyllosilicates in those sediment classes 

between basins. 

 Chapter 3 describes arsenic (As) minerals precipitating in the mudflats of an arsenic-rich 

salar, Laguna Chiar Khota, located on the Bolivian Altiplano. The arsenic minerals are 

used to track the fluctuating redox conditions throughout the mudflat. Minor and trace 

element accumulations in saline basins are common, however the specific elements 

concentrating in each basin are particular to the surrounding environment; this paper 

highlights the As-chemistry of one saline lake. 
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 Chapter 4 illustrates the importance of the dissolved silica in controlling the mineralogy 

of authigenic phyllosilicates in the mudflats of Bolivia salars. This paper also brings 

attention to the role diatoms (green algae) have in clay mineral formation by removing 

silica from solution via biologically-mediated uptake. 
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Chapter 2 Authigenic Phyllosilicates in Sand Layers from the Mudflats 

of Saline Lakes in the Northern Great Prairies, Saskatchewan 

 

Abstract 

The mudflats of saline lakes are amenable to authigenic clay formation due to the high 

ionic strength of the solutions driven by evaporative concentration and to the fluctuating wet/dry 

cycles. However, the mudflats of saline lakes have received relatively little study given the 

challenges in sampling unstable sediments coupled with post-depositional alterations that make 

direct relationships to the climate difficult. In an effort to gain a better understanding of the 

authigenic phyllosilicates present, the mudflats of 17 sulfate-rich saline lake basins across 

southern Saskatchewan were sampled. The <2 m fraction was separated from the sediments and 

analyzed utilizing X-ray diffraction (XRD), scanning electron microscopy (SEM), bulk chemical 

analysis via digestion and inductively coupled optical emission spectroscopy (ICP-OES), and 

visible and near infrared reflectance spectroscopy (VNIR). The mudflat sediments were 

characterized as highly variable and were classified based on particle size into Clay, Till, or Sand 

sediment classes. Despite the high variability in sorting and thickness of the sedimentary layers, 

the phyllosilicates were unique within each class and independent of the basin. The Clay 

sediment class phyllosilicates were characterized by well-crystalline dioctahedral (Al) clays 

similar to the surrounding soils with smectite > illite > kaolinite > chlorite. Phyllosilicates from 

the Till sediment class displayed highly variable characteristics ranging between the Clay and 

Sand sediment classes. Lastly, clays from the Sand sediment class were dominated by illite with 

decreasing proportions of smectite, kaolinite and chlorite. The illite in the sand lenses was poorly 

formed with broad reflections in the XRD patterns indicative of small crystallite size or high 

disorder rich consistent with an authigenic nature. The clays in the Sand sediment class were rich 
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in iron (Fe) and magnesium (Mg) and displayed lath-like morphologies common with authigenic 

illite forming in sandy porous sediments. The sand lenses of mudflats represent viable targets for 

finding authigenic clay minerals in detrital-rich sediments to use in understanding past climates 

on Earth and Mars. 

 

Key Words: authigenic, crystallinity, Great Plains, illite, integral breadth, reflectance 

spectroscopy, saline lake, Saskatchewan  

2.1 Introduction 

Detailed studies of the clay mineralogy from saline lakes have provided a basic 

framework for distinguishing authigenic phyllosilicates from detrital phyllosilicates based on 

chemistry, morphology, mineralogy, and spatial patterns within basins (Bristow and Milliken, 

2011). Authigenic clays in alkaline lakes tend to be Mg- and Fe-rich minerals such as kerolite, 

stevensite, saponite, nontronite, sepiolite, palygorskite, Fe-illite, chlorite, and corrensite (Bristow 

and Milliken, 2011). These clays typically form at the center of lake basins under conditions of 

high salinity and alkalinity due to evaporative concentration (Bristow and Milliken, 2011; 

Deocampo, 2015).  Detrital clay minerals on the other hand, are located at the periphery of the 

basin at sources of inflowing water, and laterally grade into authigenic minerals towards the 

center. The majority of previous detailed clay mineralogical studies have focused on large (>100 

km2) basins where concentric mineral zones are clearly defined in relation to sedimentation, such 

as the Eocene Green River Formation in Wyoming, Colarado, and Utah  (~15,440 km2) (Dyni, 

1976; Bradley, 1964), Lake Chad in Africa (1,350 km2) (Chamley, 1989), Abert Lake, Oregon 

(148 km2) (Banfield et al., 1991), Pliocene sediments from Lake Olduvai, Tanzania (~250 km2) 

(Hay and Kyser, 2001), Middle Miocene lacustrine sediments in the Madrid Basin, Spain (15,000 

km2) (Bellanca et al., 1992; Pozo and Casas, 1999), and sediments from the Jurassic Lake 
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T’oo’dichi’, Colorado (~150,000 km2) (Turner and Fishman, 1991). However, the vast majority 

of saline lakes occur as small (<100 km2), permanent-ephemeral basins in semi-arid and arid 

climates, such as the Northern Great Plains region (Last, 1984). These shallow basins (or playas) 

(<10 m deep) are composed primarily of detrital sediments as the basins fill in the spring and 

evaporate to dryness over the summer. Given their size and ephemeral nature, the sediment 

patterns of these small basins may or may not reflect the mineral zones identified in the big basins 

that can record large scale climate changes over hundreds of thousands to millions of years 

(Turner and Fishman, 1991; Christiansen et al., 2015). However, despite their small size, 

abundance of detritus, and relatively short life, the ubiquity of the small saline lakes makes them 

a valuable resource for understanding low-temperature clay mineral formation across a broad 

spectrum of chemical and sedimentary parameters.  

The northern Great Plains region stretches from Manitoba in the east to the foothills of 

the Rocky Mountains in the west, reaching down to the northern United States. The Northern 

Great Plains is estimated to contain at least 3.5 million brackish-saline lakes and wetlands (Last, 

1989; Last and Ginn, 2005). Up to 300 m of glacial drift sediments from Quaternary lacustrine, 

fluvial, and ice laid sediments overlies 5,000 m of Phanerozoic clastic carbonate and evaporite 

rock (Last and Slezak, 1988). The region experiences a cold continental steppe climate where the 

average temperature is ~0°C (Last and Skezak, 1988). High rates of evaporation (125 cm yr-1) 

from strong winds and dry, hot summers exceed the rates of precipitation (30 cm yr-1) resulting in 

an annual water deficit and an arid climate (Last, 1984). This strong seasonality contributes to the 

playa nature of the basins as ~ 85% of the shallow lakes dry completely by the end of the summer 

causing a dramatic shift in the salinity and chemistry of each lake throughout the year (Last, 

1989). The region is characterized by flat to gently rolling topography and large areas of internal 

drainage producing small, endorheic basins occupied by saline lakes (Last, 1984). The source of 

ions in the salt lakes appears to be from weathering of minerals in the glacial drift including clays, 
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calcite, dolomite, plagioclase, illite, mica, pyrite, and organo-sulfur compounds brought to the 

surface via long-term dissolution and evaporative concentration in the arid climate; however, 

groundwater sources and the dissolution of the deep Devonian Prairie Evaporate Formation may 

also contribute (Last, 1989).  

Past research in the area has highlighted the extreme diversity of these saline lakes and 

with the number and geographic extent of the basins it is becoming apparent that the full 

continuum of salinities, ionic concentrations, sediment types, and morphologies are likely present 

(Hammer, 1978b; Last, 1989; Last and Last, 2012). The lakes range from freshwater to 

hypersaline and are dominated by sodium-sulfate (Na-SO4

- 
); however, a wide range of ionic 

compositions are present including magnesium sulfate (Mg-SO4

- 
), sodium chloride (Na-Cl

- 
), and 

sodium carbonate (Na-CO3

2-
), with combinations of all four (Hammer, 1978b; Last and Ginn, 

2005; Bowen and Sachs, 2008). In general, across the entire Great Plains the average ionic 

composition consists of Na>Mg>Ca>K and SO4>HCO3>Cl>CO3 (Hammer, 1978b; Last, 1989; 

Last and Last, 2012).  

The diversity of the endogenic and authigenic evaporite minerals present is extensive and 

has been studied in detail due to the economic importance of the sodium sulfate deposits. 

Evaporite minerals form due to changes in ionic concentration from evaporation, the metabolic 

processes of organisms, changes in temperature, and changes in the pH-Eh of solutions. Last 

(1989) noted that evaporite minerals in the saline lakes of the Great Plains occur in five types of 

deposits: crusts, hardgrounds, massive and bedded salts, spring deposits, and subsurface 

accumulations. Crusts are commonly multi-mineralic salts of Na and Mg sulfates found on the 

surface of the mudflats that vary with temperature and humidity (Last, 1989). Hardgrounds are 

found in both subaerial and subaqueous environments and commonly consist of mirabilite, 

gypsum, and carbonate minerals (Last, 1989). Massive and bedded salts are relics from large, 
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shallow-water playas or modern, deep-water meromictic lakes where salts accumulate in the 

monimolimnion as the waters tend be denser, more saline, colder, and often anoxic (Hammer, 

1978a; Last, 1989). Spring deposits are associated with large tufas of calcium carbonates as well 

as sheet-flood deposits, sinter-like ridges, and cones where underwater discharge of groundwater 

is accompanied by dramatic changes in temperature causing mineral precipitation (Last, 1989). 

Lastly, subsurface accumulations form within the clastic mudflat sediments causing the displacive 

growth of salts and evaporates in the highly saline pore fluids (Last, 1989). Subsurface evaporates 

include individual crystals and laterally continuous layers (hardpans) within 1 m of the surface 

(Last, 1989).  

Despite the extensive and on-going research focused on saline lake chemistry, evaporate 

mineralogy, and limnology relatively little is known about the clay mineralogy within these small 

basins. The abundance of detrital clastic material, which comprises the majority of mudflat 

sediments, complicates the analysis of authigenic phyllosilicates. However, the number and 

diversity of these small basins can be advantageous to understanding common patterns of clay 

mineral formation that may not be evident when analyzing the specific sediments of a single 

basin. Moreover, small and/or shallow basins may be the only lacustrine deposits available when 

exploring other planetary bodies similar to Earth, such as Mars. The purpose of this study was to 

investigate the clay mineralogy of modern, shallow mudflat sediments in detail in a variety of 

diverse, saline lakes in southern Saskatchewan. This research identifies and characterizes the 

authigenic phyllosilicates that dominate the clay-sized fraction of sand lenses found in the playa 

sediments of sulfate-rich saline lakes. 
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2.2 Methods 

2.2.1 Sampling 

The mudflats of 17 lakes in southern Saskatchewan were sampled during August of 2015 

(Figure 2.1; Table 2.1). Depending on the dryness, stability, and size of the mudflats the number 

of pits at each lake varied from one to four. Sampling locations were chosen based on 

accessibility and size of the mudflat area. Each pit was dug to a depth of 1 m unless infiltrating 

water or hardpans prevented further excavation. At each pit the sedimentary layers were collected 

separately along surface evaporate material. Where accessible, surface water from the lakes as 

well as water infiltrating into the pits was collected with a 0.45 m syringe filter (field images 

can be found in Appendix A). The pH, oxidation-reduction potential (ORP), and temperature 

were measured in situ for the lake waters and pore waters with a Vernier Tris-Compatable Flat 

pH Sensor, ORP Sensor, Temperature Probe, and LabQuest Interface (Vernier Software and 

Technology, Beaver, OR). Lake water and pore water alkalinity were measured in the field 

immediately following sampling using an Alkalinity Test Kit (Hach, Loveland, Colorado, United 

States). Sediment temperature was also measured in situ for each layer during sampling using the 

Temperature Probe. Half of each sediment sample was air-dried, weighed, and sieved to 2 mm to 

remove coarse fractions. The coarse fractions were weighed and included in the particle size 

distribution analysis.  
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Figure 2.1 a) Location of the sampling sites, b) location of each lake sampled in southern 

Saskatchewan in relation to the closed-watershed at the Canadian sub-basin level outlined 

in white (a and b) World Imagery-Esri, DigitalGlobe, GeoEye, i-cubed, USDS, FSA, USGS, 

AEX, Getmapping, Aerogrid, IGN, IGP, Swissyopo, and the GIS user Community, Esri® 

using ArcGIS [GIS software] verson 10.2, Redlands, CA: Environmental System Research 

Institute, Inc, 2010 (b) Watershed data from: Government of Canada; Natural Resources 

Canada; Earth Sciences Sector; Canada Centre for Mapping and Earth Observation (2003) 

Atlas of Canada 1,000,000 National Frameworks Data, Hydrology-Major River Basin, 

GeoGratis API v2.0.05..  
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Table 2.1 Name and location of each lake sampled in southern Saskatchewan. 

ID Lake Abbreviation Latitude Longitude 

1 Manitou MAN 52°46’21”N 109°41’26”W 

2 Whiteshore WHS 52°7’6”N 108°17’47”W 

3 West Coteau WC 49°2’52”N 104°32’44”W 

4 Big Muddy BM 49°8’39”N 104°52’52”W 

5 Willow Bunch WB 49°29’4”N 105°39’8”W 

6 Shoe Lake SHO 49°44’24”N 105°20’39”W 

7 Burn Lake BRN 49°43’9”N 105°22’53”W 

8 Shoe Road SHR 49°42’46”N 105°23’31”W 

9 Bliss BLS 49°46’34”N 105°30’42”W 

10 Frederick FRD 50°0’24”N 105°46’37”W 

11 Chaplin CHP 50°27’36”N 106°39’55”W 

12 H-342 H-342 50°51’51”N 107°29’19”W 

13 Stink STK 51°2’40”N 107°21’42”W 

14 Beechy BEE 50°59’42”N 107°38’19”W 

15 Snakehole SNK 50°30’13”N 108°29’22”W 

16 Mason MAS 50°21’45”N 109°21’5”W 

17 Ingebrigt ING 50°21’12”N 109°19’26”W 
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2.2.2 Particle Size Separation and X-ray Diffraction 

Bulk XRD patterns were collected on micronized, randomly-oriented mounts prepared as 

back-packed powders spiked with corundum (10% wt.) as an internal standard to enable 

quantitative modal analysis of the minerals present and estimation of the “X-ray amorphous” 

content. The <2 μm fraction was separated from the dry subsamples via centrifugation using a 

modified procedure from Moore and Reynolds (1989) (detailed procedure available in Appendix 

B). Briefly, 15 g of un-ground air-dried sample was separated into two 50 mL falcon tubes® with 

7.5 g in each tube. To remove the soluble salts, the sediment suspensions were disaggregated for 

20 sec with an ultrasonic probe (Sonics and Materials, Inc., Newtown, Connecticut) then spun at 

2,000 rpm for three minutes and the supernatant was discarded. This process was repeated until 

the samples showed signs of turbidity. After the salt was removed, the samples were 

deflocculated by adding ~0.2 g of sodium metaphosphate, and the <2 μm fraction was separated 

via centrifugation, dried at 60°C, and weighed for the particle size distribution analysis. After 

separation, 1.2 g of each <2 m fraction was saturated with Mg2+ by irradiating the sample in 40 

mL of 0.1 M MgCl2 for 1 min with an ultrasonic probe, then centrifuging at 10,000 rpm for 5 

min. The clear supernatant was then discarded and fresh 0.1 M MgCl2 solution was added to the 

tubes. The procedure was repeated 3 times. The samples were then triple rinsed with RO water 

and centrifuged to remove excess Cl-. After the final rinse, samples were dispersed in 20 mL of 

RO water to produce clay solutions of 60 mg mL-1. The remaining sand and silt were wet sieved 

to 0.05 mm to separate the sand from the silt, dried at 60°C, then weighed. The particle size 

distribution analysis was based on the weights of each size fraction: coarse, sand, silt, and clay. 

For clay mineral identification, the Mg-saturated samples were prepared as oriented 

mounts by pipetting 1 mL of the clay solution onto a glass XRD slide to produce a sample density 

of 8.5 mg cm-3, which falls within the recommended guidelines of 3-17 mg cm-3 (Kisch, 1991; 

Moore and Reynolds, 1989). The samples were analyzed as air-dried, ethylene glycol solvated 
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(overnight at 60°C), and heat-treated (400°C and 550°C) mounts. Both the randomly-oriented 

powders and oriented pipette mounts were analyzed using a PANalytical X’Pert Pro 

diffractometer (Almelo, Netherlands) at 40 KV and 45 mA using Fe-filtered Co Kα radiation 

from 4-80°2θ with an effective counting time of 90 sec/step. The identification and semi-

quantification of crystalline phases using XRD and Rietveld Refinements of the randomly-

oriented powders were performed using the Highscore Suite (version 4.5) (Degen et al., 2014) 

with data from the International Centre for Diffraction Data (ICDD), PDF 4+ database, and the 

Crystallography Open Database (COD). Semi-quantitative clay mineral analysis was estimated on 

ethylene glycol solvated smear mounts of the <2 m fractions using mineral intensity factors 

(MIF) determined from equal weight (50/50) mixtures of illite (Beaver’s Bend Oklahoma), with 

API no. 25 Upton montmorillonite, kaolinite, and chlorite (Table 2.2) (Moore and Reynolds, 

1989; Kahle et al., 2002). Clay standards were obtained from the Source Clays Repository of The 

Clay Minerals Society, Iowa State University, Pacific Northwest Labs, and Queen’s University. 

The MIF were based on the 17 Å/ 3.3 Å (montmorillonite (001) relative to illite (003)), 7.2 Å / 

3.3 Å (kaolinite (001) relative to illite (003)), and 7.1 Å / 3.3 Å (chlorite (002) relative to illite 

(003)). For the study samples, the 10 Å (001) illite peak, which was consistently 2x the area of 

the 3.3 Å (003) peak, was used to estimate illite due to overlap with quartz reflections. Estimation 

of montmorillonite via the 5.6 Å (002) peak and of illite via the 5 Å (002) peak are preferred, 

however the peak intensities were too low in the smear mounts for accurate measurement of the 

peak areas (Figure 2.2). Glycolated smear mounts were analyzed at 40 KV and 45 mA using Fe-

filtered Co Kα radiation from 4-40°2θ with an effective counting time of 120 sec/step. 
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Table 2.2 Mineral intensity factors for peak area used for semi-quantitative clay estimations 

based on the illite (003) reflection from equal weight mixtures (50/50) of illite, 

montmorillonite, kaolinite, and chlorite. 

Mineral Reflection MIF 

Illite (001) 2.0 

Montmorillonite (001) 12.8 

Kaolinite (001) 1.4 

Chlorite (002) 10.4 

 

2.2.3 Chemical Analysis and Sediment Characteristics 

Total major and minor elements were analyzed on selected <2 μm fraction solid 

subsamples digested in aqua regia (i.e., a 3:1 mixture of concentrated HCl and HNO3) and on the 

lake water and pore water samples (filtered to 0.45 μm) using inductively coupled plasma optical 

emission spectrometry (ICP-OES) (Agilent Pro-axial CCD spectrometer, Santa Clara, California, 

United States) at the Analytical Services Unit at Queen’s University. The samples were analyzed 

for total silver (Ag), aluminum (Al), arsenic (As), boron (B), barium (Ba), beryllium (Be), 

calcium (Ca), cadmium (Cd), cobalt, (Co), chromium (Cr), copper (Cu), iron (Fe), potassium (K), 

lithium (Li), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), 

phosphorus (P), lead (Pb), sulfur (S), antimony (Sb), selenium (Se), tin (Sn), strontium (Sr), 

titanium (Ti), thallium (Tl), uranium (U), vanadium (V), and zinc (Zn). All water samples were 

also analyzed for dissolved silica (Si). The analytical accuracy was verified using the standard 

reference material MESS-3. Water data can be found in Appendix C, water concentrations is in 

Appendix D, and <2 m fraction sediment concentrations in Appendix E and F. 

Sediment pH was measured in duplicate on air-dried samples using the saturated paste 

method described by Kalro (1995) for saline soils. Reverse osmosis (RO) water was slowly added 

onto 10 g of ground sediment and mixed until a saturated paste was obtained. The samples were 

then allowed to equilibrate for four hours prior to pH measurements with the Vernier Tris-

Compatable Flat pH Sensor. For sediment colour, the field-moist and air-dried colour was 
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qualitatively estimated using Munsell Colour charts. The thermogravimetric moisture content was 

measured on field-moist sediments according to Topp et al. (2008). Samples were weighed, dried 

at 110°C for 24 hrs, and then cooled in a desiccator. The gravimetric water content was calculated 

as the percent weight loss on drying. The initial water content aided in identifying hydrated 

minerals such as mirabilite and epsomite from the X-ray diffraction (XRD) analyses, as the XRD 

analyses were subsequently performed on dry powders. The organic matter content was estimated 

using oven dry (110°C) samples via combustion and determined by loss on ignition (LOI) at 

550°C in a muffle furnace (Walter, 1974). Briefly, the samples were slowly heated to 550°C, held 

at that temperature for one hour and then cooled in a desiccator before weighing. The organic 

matter content was calculated as the percent weight loss upon combustion. It should be noted that 

the LOI can only estimate OM as many reactions can occur between 110°C and 550°C including 

dehydration and dehydroxylation of clay minerals, thermal dissociation of carbonates, and 

dehydration of hydrated minerals. Sediment data is in Appendix G. 

2.2.4 Scanning Electron Microscopy 

The morphology of minerals in selected <2 μm fraction subsamples mounted onto carbon 

tape was investigated using a FEI Quanta 650 field-emission scanning electron microscope (FEG-

SEM Thermo Fisher Scientific, Oregon, United States) at 10 kV. Energy dispersive spectroscopy 

(EDS) coupled with backscattered-electron detection (BSED) was used to aid in identifying 

minerals. The delicate morphology of the clay minerals was characterized using the gaseous 

secondary electron detector (GSED) to eliminate charging when imaging the very small particles 

under high magnification (15,000x).  
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Figure 2.2 Clay-rich sample (140) from Big Muddy Lake representing the typical X-ray 

diffraction patterns from the pipette mounts, smear mounts, and backpack mounts. The 

pipette mounts and smear mounts are glycolated while the backpack mount could only be 

analyzed as an air-dried sample. Note the poor peak intensity for the 5.6 Å (002) reflection 

from smectite (15.8°2θ) and 5 Å (002) reflection from illite (17.7°2θ) that complicated the 

semi-quantitative clay mineral analysis; instead the (001) reflections were used for both 

minerals. 
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2.2.5 Near Infrared Spectroscopy 

The NIR reflectance spectra was measured on the <2 μm separates relative to a USP 

reference standard using an ASD TerraSpec® 4 Hi-Res Mineral Analyzer (Boulder, Colorado, 

United States) from 350-2500 nm and RS3 Spectral Acquisition Software. Contact reflectance 

spectra were collected on air-dry, ground powders at an emission angle of 0°. Reflectance data 

were analyzed using The Spectral Geologist (TSG®) developed by CSIRO Earth Science and 

Resource Engineering (Canberra, Australian Capital Territory, Australia).  

2.2.6 Statistical Analysis 

Statistical analyses of the chemistry from the  <2 m fractions were performed using 

IBM® SPSS© Statistics (Version 20) to test for differences between sediment classes. Data were 

checked for normality using the Shapiro-Wilk test (P ≤ 0.05) and homogeneity of variance using 

Levene’s test (P ≤ 0.05). Conditions of normality and homogeneity of variance were met for Al, 

Be, and Ti, and were violated for As, B, Ba, Ca, Fe, K, Li, Mg, Mn, Mo, Na, P, S, U, V, and Zn. 

For many of these metalloids and metals, the high degree of variance measured is expected given 

the differences in water chemistry between lakes and high temporal and spatial variability 

inherent to evaporative environments. For elements that satisfied the conditions of normality and 

homogeneity of variance parametric statistics were used to analyze the differences between 

chemistries of the <2 m fractions. An analysis of variance (ANOVA) (P ≤ 0.10) was used to test 

if the means between populations were different while the Games-Howell test (P ≤ 0.10) was 

used to identify which populations were different due to unequal sample sizes between sediment 

classes. For the elements that violated normality, non-parametric statistics were utilized; the 

Kruskal-Wallis test (P ≤ 0.10) was used to analyze differences in distribution of ranked data 

while the Games-Howell test (P ≤ 0.10) was used to identify which populations were different. 

Statistical analysis did not include data from Ag, Se, Sb, Sn, and Tl as the elements were only 
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present in a few samples and the majority of the results were below detection limits of the 

instrument for these elements. 

2.3 Results 

2.3.1 Sediment Classification 

Based on field observations, bulk powder XRD, and the particle size distribution all 

samples were categorized into 8 sediment classes: Clay, Till, Sand, Salt, Organic, Rock, Silty 

Clay, and Other (Table 2.3) (Appendix H). The major (> 10%) and minor (<10%) minerals for 

each sample can be found in Table 2.4. Based on similarities in mineralogy, chemistry, and clay 

content, the Silty Clay was combined with the Clay sediment class. Sediment classes relevant to 

clay mineral analysis and the formation of phyllosilicates within the mudflats are the Clay, Till, 

and Sand sediment classes; therefore these three classes were the focus of the study. These three 

sediment classes represent differences in parent material and modes of deposition that affect the 

mineralogy and characteristics of the surficial drift eroding into the lakes due to sorting by the 

transport medium. Fine-textured clay rich sediments are deposited in standing water in lacustrine 

and glaciolacustrine environments; medium-coarse textured, well-sorted sands are deposited in 

running water in fluvial, glaciofluvial, and eolian environments; while heterogeneous, unsorted 

till sediments are deposited in melting water from glacial processes and mass overland flow. Post-

depositional processes (i.e., the addition of organic matter) and/or secondary minerals 

(evaporites) dominate the characteristics of the other sediment classes (Salt, Organic, and Other). 

The Clay sediment class is defined as samples with >40% clay-sized particles or Silty Clay 

(>40% silt) and encompasses heavy clay, clay, silty clay, clay loam, silty clay loam, silt loam, 

and loam textures. The Till sediment class includes samples with >20% coarse fragments (>2 

mm) and/or <50% sand or <40% clay. Textural classifications within the Till sediment class 

include silt loam, silty clay loam, clay loam, loam, sandy clay loam, sandy loam, and loamy sand. 
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Finally, the Sand sediment class includes samples with >50% sand-sized particles (>0.05 mm) 

including sandy clay loam, sandy loam, silty sand, loamy sand, and sand textures. Overlap 

between the sediment classes with Till occurs due to the presence or absence of coarse fragments 

(> 2 mm) that are not included in standard textural classifications. 

 

Table 2.3 Sediment classes distinguished based on field observations, bulk powder X-ray 

diffraction, and the particle size analysis. 

ID 
Sediment 

Class 
Description 

1 Clay Sediment with > 40% clay sized particles (< 2 m fraction). 

2 Till Loamy sediment composed of unsorted gravel, sand, silt, and clay. 

3 Sand Sediment with > 50% sand sized particles 

4 Salt Salt crusts, crystals, or efflorescence 

5 Organic Samples with > 40% organic material determined from LOI 

6 Rock Rocks, pebbles, debris, and cobbles 

7 Silty Clay* Samples with >40% silt and <15% sand 

8 Other 
Samples with layers too thin to separate, calcareous shells, and unclassified 

sediment 

*Based on mineralogical similarities and clay content, the silty clay was combined with the Clay 

sediment class 

 

 

Table 2.4 Mineralogy of the surface evaporites and sediments of Saskatchewan lakes 

(Italicized minerals were major constituents for a limited number of samples). 

Lake Deposit Major >10% Minor <10% 

Manitou Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite calcite dolomite gypsum, 

hexahydrite, hornblende, pyroxene, 

rutile 

 

Whiteshore Surface Blödite, thenardite, quartz Dolomite, gypsum, halite, hexahydrite, 

starkeyite  

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, quartz 

Blödite, calcite dolomite, gypsum, 

halite, konyaite, rutile 

 

 Organic Amorphous, blödite Aragonite, dolomite, halite, pyroxene, 

quartz 

 

West Coteau Surface Blödite, thenardite Aragonite, blödite, calcite, dolomite, 

gypsum, quartz 
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Lake Deposit Major >10% Minor <10% 

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, quartz 

Ankerite, aragonite, calcite, gypsum, 

hornblende, pyroxene, rutile, thenardite 

 

 Organic 

 

Amorphous, thenardite Ankerite, calcite, dolomite, quartz  

 

Big Muddy Surface Thenardite Calcite, dolomite, quartz  

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Calcite, dolomite, hornblende, 

pyroxene, rutile, sylvite  

 

 Organic Amorphous, quartz Ankerite, calcite, dolomite  

 

Willow 

Bunch 

Surface Quartz, thenardite Calcite, dolomite 

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, quartz 

 

Ankerite, calcite, hornblende, pyroxene, 

rutile 

 

Shoe Lake Surface Thenardite Quartz 

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, quartz 

 

Ankerite, calcite, hornblende, pyroxene, 

rutile 

 Organic Blödite, quartz Aragonite, dolomite, gypsum, sylvite, 

thenardite 

 

Burn Lake Surface Thenardite Aragonite, gypsum, quartz  

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, quartz  

 

Calcite, hornblende, pyroxene, rutile, 

thenardite  

 Organic Amorphous, aragonite Calcite, dolomite, gypsum, quartz, 

thenardite 

 

Shoe Road Surface Blödite, quartz, thenardite  Ankerite, dolomite, gypsum 

 

 Sediment Amorphous, clay minerals, 

dolomite, feldspars, 

gypsum, quartz,  

Ankerite, blödite, calcite, goethite, 

gypsum, hornblende, magnesite, 

pyroxene, rutile 

 

 Organic Amorphous, blödite Gypsum, quartz, thenardite 

 

Bliss Lake Surface Blödite, dolomite, quartz Burkeite, calcite, halite  

 

 Sediment Amorphous, clay minerals, 

feldspars, gypsum, quartz,  

Ankerite, aragonite, blödite, calcite, 

dolomite, gypsum, halite, hornblende, 

magnesite, pyroxene, rutile 
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Lake Deposit Major >10% Minor <10% 

Frederick 

Lake 

Surface Aragonite, dolomite, 

gypsum, quartz, thenardite  

 

Blödite, calcite, 

 Sediment Amorphous, aragonite, 

clay minerals, dolomite, 

feldspars, quartz  

 

Ankerite, calcite, dolomite, hornblende, 

magnesite, pyroxene, rutile, thenardite  

 Hardpan Thenardite 

 

 

 Organic 

 

Amorphous, quartz Aragonite, blödite, calcite, dolomite, 

feldspar, thenardite  

 

Chaplin 

Lake 

Surface Blödite, quartz, thenardite  Ankerite, aragonite, calcite, dolomite, 

halite, sylvite 

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite, aragonite, calcite, dolomite, 

halite, hornblende, magnesite, 

pyroxene, rutile 

 

 Hardpan Thenardite 

 

 

Highway 

342 

Organic Amorphous, quartz Blödite, feldspar, gypsum 

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite, blödite, dolomite, gypsum, 

pyroxene, rutile 

 

Stink Lake Surface Blödite, quartz, starkeyite  Ankerite, calcite, dolomite, gypsum 

 

 Sediment Amorphous, blödite, clay 

minerals, feldspars, quartz,  

Ankerite, calcite, dolomite, gypsum, 

hornblende, pyroxene, rutile 

 

Beechy 

Lake 

Surface Blödite, quartz, starkeyite Dolomite 

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite, calcite, dolomite, gypsum, 

hornblende, pyroxene, rutile 

 

Beechy 

Creek 

Surface Blödite, starkeyite, quartz Ankerite, calcite, dolomite, sylvite 

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite, dolomite, gypsum, 

natrojarosite, pyroxene, rutile 

 

Snakehole 

Lake 

Surface Blödite, quartz, thenardite Ankerite, dolomite, gypsum, halite, 

magnesite 

 

 Sediment Amorphous, clay minerals, 

feldspars, magnesite, quartz  

Ankerite, aragonite, blödite, dolomite, 

gypsum, halite, hornblende, magnesite, 

pyroxene, rutile, thenardite  
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Lake Deposit Major >10% Minor <10% 

 Hardpan Thenardite Dolomite, gypsum, quartz 

 

 Crystals 

 

Gypsum, magnesite, quartz Dolomite, magnesite, thenardite  

 

Mason Lake Surface Blödite, quartz Halite 

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz,  

Aragonite, blödite, dolomite, gypsum, 

halite, hornblende, pyroxene, rutile 

 

 Organic Amorphous, quartz Dolomite, feldspar, halite 

 

Ingebrigt 

Lake 

Surface Blödite, gypsum, thenardite Ankerite, aragonite, burkeite, dolomite, 

gypsum, halite, quartz,  

 

 Sediment Amorphous, clay minerals, 

feldspars, quartz 

Ankerite, blödite, calcite, dolomite, 

gypsum, halite, hornblende, magnesite, 

pyroxene, rutile 

 

 Organic Amorphous, blödite, quartz Aragonite, dolomite, feldspars, halite  

 

 Hardpan Gypsum, thenardite  Quartz, sylvite  

 

*All samples were analyzed as air-dried powders; therefore the hydrated states of evaporite 

minerals are not included.  

† Italicized minerals represent single samples with proportions >10%. 

‡ Feldspars include plagioclase and K-feldspar. 

 

2.3.2 Mudflat Sediment Characteristics 

The mudflats of each lake basin displayed unique and highly variable characteristics in 

terms of stratigraphy, surface morphology, evaporite minerals, chemistry, size, and depth to the 

water table reflecting the depositional and climatic events experienced by each basin acting as a 

sink for modern sediments. This high degree of resolution with respect to the geochemical data 

stored in sediments makes it difficult to predict the ordering and thickness of the sediments within 

each mudflat without ground-truthing. Moreover, unlike the sediment typically sampled from 

within the lakes themselves, the re-working, desiccation, and movement of saline fluids through 

the mudflats makes it difficult to relate mudflat sediments to climatic events compared to the 
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stratified sediment within the lake that are commonly analyzed. Despite these differences 

however, all of the lakes contained surface crusts, evaporite minerals, algal mats, clay-rich layers, 

sandy fluvial layers that were typically heavily mottled, and unsorted till (Figure 2.3). Hardpans 

were found in four of the mudflats (Frederick, Chaplin, Snakehole, Ingebrigt) directly above the 

water table consisting of a mix of sodium sulfate minerals (thenardite and mirabilite), and in the 

case of Frederick Lake, gypsum. These hardpans were located between 7 cm and 68 cm depth.  

The mineralogy of the clastic and evaporate sediments across the lakes is also fairly 

consistent. Saskatchewan mudflat sediments are composed primarily of quartz (6-76%) and clay 

minerals (2-79%) with minor amounts of various feldspars, pyroxenes, and amphiboles, which 

are more susceptible to weathering. Calcite (CaCO3) is present in low quantities (<7%; �̅� = 2%, 

n = 136), while Dolomite (CaMg(CO3)2) is more common in the surface evaporites and 

throughout the sediments (<16%; �̅� = 6%, n = 136). Aragonite (CaCO3) is typically found 

associated with algal mats and organic layers in quantities up to 23%. Gypsum (CaSO42H2O) is 

also relatively rare throughout the sediments and surface crusts (<5%) except for the elevated 

quantities found in the sediments of Bliss, Shoe, Snakehole, and Ingebrigt lakes. Gypsum crystals 

are present on the mudflat surface of Snakehole Lake and Ingebrigt Lake and were up to 3 cm 

long. Snakehole Lake was the only basin studied to contain thick (12 cm) layers of displacive 

gypsum crystals growing in the sediment at the water table (Figure 2.3). Magnesite (MgCO3) is 

also present throughout the Snakehole Lake sediments in quantities up to 15%. Minor amounts 

(<10%) of natrojarosite (NaFe 3
III(SO4)2(OH)6) were found within the mudflats of Beechy Lake as 

well. Surface crusts on the playas are typically composed of thenardite (Na2SO4) and blödite  
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Figure 2.3 a) Thenardite-mirabilite crust from Whiteshore Lake; b) magnesium sulfate on 

the mudflat surface of Beechy Lake; c) gypsum crystals at a depth of 68 cm at Snakehole 

lake; d) oxidized iron in sand-rich layers from Ingebrigt Lake; e) brown and grey clay-rich 

layers from Snakehole Lake; f) reduced-oxidized sand-rich layers underlying clay-rich 

layers in Chaplin Lake; g) Image of the mudflat at Fredrick Lake.   
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(NasMg(SO4)24H2O) with mirabilite (Na2SO410H2O) crystals present near the shorelines for 

most of the lakes across Saskatchewan (Figure 2.3). The only exceptions were Stink Lake and 

Beechy Lake from the Coteau Hills, which are dominated by magnesium sulfates including 

epsomite (MgSO47H2O), starkeyite (MgSO44H2O), and blödite (Figure 2.3). 

2.3.3 Clay Mineralogy 

The clay mineralogy between all the samples was remarkably similar with discrete 

smectite, illite, kaolinite, and chlorite present in almost every sample (Figure 2.4). Smectite was 

identified from the ~14Å (001) reflection in Mg-saturated air-dried mounts that swelled to ~17Å 

after the ethylene glycol treatment. Illite was identified from the presence of a 10.1Å (001) 

reflection and a 5.0Å (002) reflection unaffected by ethylene glycol and heat treatments. 

Kaolinite was identified based on the presence of the 7.16Å (001) and 3.58Å (002) reflections 

unaffected by the ethylene glycol treatments but destroyed by the 550°C heat treatment. Lastly, 

chlorite was identified by the presence of 14.2Å (001), 7.10Å (002), 4.74Å (003), and 3.55Å 

(004) reflections unaffected by the ethylene glycol treatment, displayed a slight increase in the d-

spacing of the (001) reflection, and weakening of the other reflections following the 550°C heat 

treatment. Despite the proximity of the kaolinite (001) and chlorite (002) reflections, both peaks 

could be accurately resolved in the oriented mounts (Figure 2.4). Vermiculite can be difficult to 

distinguish from chlorite due to overlapping ~14Å and ~7.2Å peaks, however vermiculite was 

ruled out from the Mg-saturation treatment as the air-dried scan would have produced a 14.5Å 

reflection if vermiculite were present. Moreover, the 400°C heat treatment should collapse the 

14.5Å vermiculate peak to ~10Å, which was not observed in any sample. Weak evidence of illite-

smectite (I-S) interstratification was present in 50% of samples and ranged from 0.5-95% illite 

estimated by the location of the (001/002) and/or (002/003) reflections (Moore and Reynolds, 

1989). Out of the 127 samples analyzed, only 15 deviated from the typical mineral suite of 
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phyllosilicates found in the <2 m fraction, all of which were from the coarser textured Till and 

Sand sediment classes. Eight of the Till and Sand samples from the Manitou, Mason, and 

Ingebrigt lakes lacked evidence of kaolinite in the oriented XRD patterns (Figure 2.5), whereas 

five Till and Sand samples from Beechy Lake and Chaplin lacked any evidence of chlorite 

(Figure 2.6).  

 

 

Figure 2.4 Clay-rich sample (134) from Willow Bunch Lake representing the typical X-ray 

diffraction patterns for the glycol solvated <2 m fraction separated from the mudflat 

sediments. In almost every sample discrete smectite (16.9 Å, 5.64 Å), illite (10.1 Å, 5.0Å), 

kaolinite (7.16 Å, 3.58Å), and chlorite (14.2Å, 7.10Å, 4.74Å, 3.55Å) are present. Few samples 

displayed evidence of interstratified illite-smectite (I-S), and when present, only weak peaks 

from the (001/002) reflection or (002/003) reflection could be resolved. In the above example 

the I-S present is ~40% illite based on the location of the (001/002) reflection.  
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Figure 2.5 X-ray diffraction patterns of air-dried, glycol solvated, heated (400°C and 550°C) 

oriented samples from the Sand sediment class (sample 293) from Mason Lake displaying 

no evidence of kaolinite. Dashed lines are located at 7.2 Å and 3.6 Å from left to right. 
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Figure 2.6 X-ray diffraction patterns of air-dried, glycolated, heated (400°C and 550°C) 

oriented samples from the Sand sediment class (sample 215) from Chaplin Lake displaying 

no evidence of chlorite. Dashed lines are located at 14.2 Å, 7.10 Å, 4.7 Å, and 3.6 Å from left 

to right. 
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Lastly, two coarse-textured samples from Shoe Lake did not display any evidence of 

discrete smectite in the oriented XRD patterns (Figure 2.7).  

 

 

Figure 2.7 X-ray diffraction patterns of air-dried, glycolated, heated (400°C and 550°C) 

oriented samples from the coarse-textured Till sediment class (sample 170) from Shoe Lake 

displaying no evidence of smectite. Dashed lines are located at 16.9 Å and 5.6 Å from left to 

right. 
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Despite the similarities in clay mineralogy for the <2 m fractions from the Clay, Till, 

and Sand sediment classes, the proportion of these minerals varied. The proportion of each clay 

mineral is presented as a box and whisker plot to display the median and range of the data, as well 

as outliers to highlight the variability between sediment classes (Figure 2.8).  In the Clay 

sediment class (n = 53) there is a systematic decrease in the percent proportion of each clay 

mineral with smectite (�̃� = 49%) > illite (�̃� = 32%)  > kaolinite (�̃� = 17%) > chlorite (�̃� =

2%).  In the Till sediment class (n = 31), there is an increase in the proportion of illite relative to 

smectite with illite (�̃� = 47%) > smectite (�̃� = 33%) > kaolinite (�̃� = 16%) > chlorite (�̃� =

2%).  Lastly, the Sand sediment class (n = 32) is dominated by illite (�̃� = 56%), with decreasing 

proportions of smectite (�̃� = 26%) > kaolinite (�̃� = 15%) > chlorite (�̃� = 2%) (Figure 2.8). The 

variability in the data also increases between sediment classes with the Clay class displaying 

relatively little variance within each box and whisker plot compared to the Sand sediment class, 

which was highly variable. It should be noted that the proportions of kaolinite and chlorite were 

fairly consistent between sediment classes (Figure 2.8). 

The integral breadth (βi) of the glycolated smectite (001), illite (001), kaolinite (001), and 

chlorite (002) reflections were used as a proxy for comparing the coherent scattering domain 

(CSD) of each mineral between sediment classes (Figure 2.9). Small crystallite size and structural 

disorder can contribute to peak broadening, both of which are more common in low temperature, 

authigenic clay minerals compared to detrital clay minerals (Martin de Vidales et al., 1991). For 

the glycolated smectite (001) reflection, the βi of the peaks increases between sediment classes 

implying a decrease in the CSD where: Clay (�̃� = 1.9) < Till (�̃� = 3.1) < Sand (�̃� = 3.8). 

Likewise, the βi of the illite (001) reflection displayed a similar trend in decreasing crystallite size 

or increasing structural disorder between sediment classes where:  
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Figure 2.8 Box and whisker plots of the proportion of each clay mineral in the <2 m 

fraction separated from the Clay (n = 53), Till (n = 31), and Sand (n = 32) sediment classes 

from the semi-quantitative analysis performed on smear mounts using mineral intensity 

factors (MIF). The proportion of smectite is highest in the Clay sediment class and 

decreases in the Till and Sand sediment classes. The proportion of illite is highest in the 

Sand sediment class. The proportions of kaolinite and chlorite are relatively equal for all 

sediment classes. Note the increase in variance for the Sand sediment class 
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Figure 2.9 Box and whisker plots of the integral breadth (βi) of the glycolated smectite (001), 

illite (001), kaolinite (001), and chlorite (002) reflections from the oriented mounts of the <2 

m fraction separated from the Clay (n = 53), Till (n = 31), and Sand (n = 32) sediment 

classes. The integral breadth can be used as a proxy for comparing the coherent scattering 

domain (CSD) of each clay mineral between sediment classes. For smectite and illite, the 

Clay sediment class contains minerals with the smallest βi implying a greater degree of 

crystallinity. Smectite and illite in the Sand sediment class have the largest βi indicating the 

minerals are poorly formed. The βi for the kaolinite (001) and chlorite (002) reflections was 

similar between sediment classes. 

 

Clay (�̃� = 0.3) < Till (�̃� = 0.4) < Sand (�̃� = 0.5). For both the smectite (001) and illite (001) 

reflections, the standard deviation in the data was lowest in the Clay sediment class and highest in 

the Sand sediment class (Figure 2.9). Trends between sediment classes for the βi of the kaolinite 

(001) reflection and chlorite (002) reflection were less clear. All three sediment classes displayed 

large variations within the data for kaolinite and chlorite, while the median values increased 
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slightly from Clay to Till. If the average βi of the kaolinite (001) (�̃� = 0.4) and chlorite (002) 

(�̃� = 0.2) reflections are considered, there is no difference between sediment classes for these 

minerals. For all the classes combined, the average βi of the kaolinite (001) was 0.4 ± 0.12 and 

chlorite (002) was 0.2 ± 0.09 suggesting these minerals are of similar genetic origin. 

2.3.4 Scanning Electron Microscopy 

The combination of glacial erosion, transport, and the presence of authigenic minerals in 

the sediments results in a mix of well- to poorly- formed clay-sized minerals making observations 

of typical morphologies associated with specific phyllosilicates difficult. Air-drying of the 

separated <2 m fractions also causes aggregation of the clay minerals decreasing the resolution 

of individual particles. In most samples, micron-sized crystals of calcite and dolomite were 

present, however they were easy to distinguish from the clay minerals based on cleavage and 

EDS analyses prior to observations with the GSED. Despite these interferences, clay minerals 

from the <2 m fraction under the SEM displayed distinct morphologies based on sediment class. 

Phyllosilicates from the Clay sediment class, dominated by smectite, exhibited very fine, wavy 

textured platy aggregates (Figure 2.10a-b). Clay mineral morphologies from the Till sediment 

class varied significantly from sample to sample including spherical and platy aggregates, wavy-

textured grains, as well as fibrous or lath-like crystals (Figure 2.10c-d). This wide-range of clay 

mineral morphologies is expected for the highly variable Till samples characterized by extremely 

heterogeneous deposits and unsorted sediments spanning particle sizes from fine clay to coarse 

gravel. Lastly, clay-sized minerals separated from the Sand sediment class, which was dominated 

by illite, exhibited fibrous, lath-like morphologies mixed with low quantities of spherical and 

platy aggregates (Figure 2.10e-f). These thin, needle-like particles were present in all samples 

from the Sand sediment class analyzed.   
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Figure 2.10 Average GSED-SEM images of the <2 m fraction for the: (a-b) Clay (n = 53), 

(c-d) Till (n = 31), (e-f) and Sand (n = 32). Clays from the Clay sediment class display wavy-

textured grains typical of smectite while clays from the Sand sediment class display lath-like 

textures typical of illite. The Till sediment class is a mix of all morphologies identified. 
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2.3.5 Chemical Analysis  

The bulk chemistry of the <2 m fraction varied significantly between sediment classes 

in terms of population mean for normally distributed data (Al, Ti, and Be) and for the distribution 

of ranked data when conditions of normality were violated (Fe, S, K, P, Na, Ca, Mg, Li, Mn, Sr, 

B, U, Mo, Pb, Cr, As, Co, Cu, Ni Zn, V, and Ba) (Figure 2.11). The high degree of variation 

leading to non-normality in the data for the majority of the elements studied is expected given the 

drastic fluctuations in water depth and element concentrations experienced by each lake each 

year, as well as the site specific presence or absence of certain elements based on location, 

interaction with ground waters, anthropogenic inputs, and the chemistry of the underlying glacial 

drift. It should be noted that Al and Ti, the two elements that are relatively immobile over the 

range of pH values measured in the sediment (8.0-10.2), were both normally distributed, and 

found in significantly higher (P < 0.10) concentrations in the <2 m fraction from the Clay 

sediment class compared to the Till and Sand sediment classes for Al, and Sand sediment class 

for Ti (Figure 2.11). The Clay sediment class also contained significantly (P < 0.1) more Cr and 

V than the Till and Sand sediment classes <2 um fractions, and more Be than the Till sediment 

class. Similar to the clay mineral proportions and phyllosilicate morphologies, the average bulk 

chemistry of the clay-sized fraction of the Till sediment class fell roughly in between the Clay 

and Sand sediment classes, especially for As, B, Ba, Mg, Mo, Na, S, Ti, and U. The clay mineral 

chemistry from the Till sediment class also never displayed significantly higher or lower 

concentrations of elements than the Clay or Sand sediment classes, except for Be. Lastly, average 

element concentrations in the <2 m fraction from the Sand sediment class were significantly (P 

< 0.10) higher for S, Na, B, and U compared to the Clay sediment class (Figure 2.11).  
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Figure 2.11 Bulk chemistry (mol g-1 clay) of the <2 m fractions separated from the Clay 

(black) (n = 53), Till (light grey) (n = 31), and Sand (dark gray) (n = 32) sediment classes. 

Capital letters above the bar represent significant differences (P < 0.10) based on the 

ANOVA and Games-Howell test for normally distributed data. Lower case letters above the 

bar represent significant differences (P < 0.10) based on the Kruskal-Wallis test and 

Games-Howell test for non-normally distributed data. Error bars represent 90% confidence 

interval. Note the scale differences for the y-axes between plots.   
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For the major cations present in the salt lakes (Mg, Ca, Fe, and K) there was no significant 

difference between the bulk chemistries of the <2 m fractions from the Clay, Till, or Sand 

sediment classes suggesting these elements are fairly well dispersed throughout the sediments 

(Figure 2.11). Similarly, the minor/trace element concentrations (P, Li, Mn, Sr, Mo, Pb, As, Co, 

Cu, Ni, and Zn) were not significantly different between sediment classes.  However, the 

distribution of the concentration for these minor/trace elements was highly variable, evident by 

the wide-ranging values for the 90% confidence interval (CI) calculated for each element (Figure 

2.11). For most of the lakes across Saskatchewan, major element concentrations were relatively 

similar while minor and trace element concentrations were low, except for a few specific sites 

that contained anonymously high concentrations for specific elements, all of which were 

contained in the <2 m fraction of the Sand sediment class. For example, the sandy layer in 

Willow Bunch Lake had 2.1 mol g-1 Cu; various sand lenses in Chaplin Lake contained 0.11 

mol g-1 Mo, 0.10 mol g-1 Pb, 2.2 mol g-1 Zn, 57 mol g-1 B, 260 mol g-1 K, 2000 mol g-1 S, 

and 10,0000 mol g-1 Na; while sand layers from Ingebrigt Lake contained 0.37 mol g-1 U, 9.6 

mol g-1 As, 130 mol g-1 Mn, 550 mol g-1 P, and 3400 mol g-1. For Cd, Sn, and Sb moreover, 

only clay-sized fractions separated from the Sand sediment class contained these elements in 

Ingebrigt Lake, Willow Bunch Lake and Shoe Lake, respectively (data not shown). These 

extreme values did not correlate to the modern surface or pore water concentrations of these 

elements measured suggesting the clays in the Sand sediment class may contained heavy minerals 

not identified in the XRD patterns or could be recording historical inputs such as runoff from 

pesticides, fertilizers, manure, or industrial emissions. 

2.3.6 Near-Infrared Spectroscopy 

Near-infrared spectra from the <2 m fraction for the Clay, Till, and Sand sediment classes are 

presented in Figure 2.12. The main absorption bands identified in most of the spectra include: 
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combination structural OH bending and bound H2O stretching and bending around 1410 nm 

(7092 cm-1); adsorbed H2O around 1460 nm (6849 cm-1); bound H2O stretching and bending 

around 1910 nm (5236 cm-1); adsorbed H2O around 1950-1970 nm (5128-5076 cm-1); Al-OH 

combinations at 2210 nm (4525 cm-1); Fe-OH combinations at 2290 nm (4366 cm-1); and a Mg- 

OH combinations at 2310 nm (4329 cm-1) (Bishop et al., 1994; Bishop et al., 2002). Band centers 

identified at the reflectance minimums were located at ~1414 nm and ~1910 nm for almost all the 

< 2 m fractions, regardless of sediment class, indicating Mg2+ saturation of the exchange sites 

for the smectite clays (Bishop et al., 1994). Despite the presence of carbonates in the <2 m 

fractions identified in XRD, prominent absorption features from carbonate minerals around 2350 

nm (4255 cm-1) were absent. When separated by sediment class, the spectral characteristics of the 

clay minerals displayed common trends related to adsorbed water and octahedral cation 

occupancy that systematically differed between classes. 

The majority of the reflectance spectra from the <2 m fraction separated from the Clay 

sediment class (n = 52) is consistent with Al-rich dioctahedral clay (montmorillonite) with major 

absorption bands located at 1414 nm (7072 cm-1), 1910 nm (5236 cm-1), and 2210 nm (4525 cm-1) 

(Figure 2.13).  Thirteen (25%) samples also exhibited an absorption band around 2310 nm (4329 

cm-1) representing Mg-OH combinations. These spectra resemble magnesite, however only 

calcite and dolomite were present in the samples confirmed by XRD analysis, suggesting Mg-rich 

trioctahedral clay is also present. Three (6%) samples displayed an absorption band at 2298 nm 

(4352 cm-1) near the Fe-OH combination feature. Five (10%) samples displayed a strong water 

feature at 1950 nm (5128 cm-1) indicative of adsorbed water.  
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Figure 2.12 Average NIR reflectance spectra for the <2 m fraction separated from the 

Clay (n = 53), Till (n = 31), and Sand (n = 32) sediment classes. Dashed lines are present at 

1410 nm (structural H2O), 1910 nm (Bound H2O), 2210 nm (Al-OH), 2290 nm (Fe-OH), and 

2310 nm (Mg-OH). Clays from the Clay sediment class resemble montmorillonite; clays 

from the Till sediment class display features of both dioctahedral clay (Al) and 

trioctahedral clay (Mg); clays from the Sand sediment class display features of hydrous 

dioctahedral clay (Al) and trioctahedral clay (Mg and Fe). 

  



 68 

Reflectance spectra of the <2 m fraction in the Till sediment class (n = 32) contain a 

mix of absorptions with 91% featuring bands at 2210 nm (4525 cm-1) indicative of Al-rich 

dioctahedral clay, 53% with bands at 2310 nm (4329 cm-1) from Mg-rich trioctahedral clay, and 

25% with bands near 2298 nm (4352 cm-1) consistent with Fe-rich dioctahedral clay (Figure 

2.14). Nine samples (28%) displayed broad absorptions between 1935 nm (5168 cm-1) and ~1950 

nm (5128 cm-1) near the band typically assigned to adsorbed H2O. Three of these hydrated 

samples were coupled with the other strong, adsorbed H2O feature near 1460 nm (6849 cm-1). 

Sample 157 displayed very broad features with reflectance minimums that could not be identified.  

For the <2 m fraction from the Sand sediment class (n = 34), the majority of the 

reflectance spectra displayed absorptions bands for all three metal-OH combinations near 2210 

nm (4525 cm-1), 2310 nm (4329 cm-1), and 2298 nm (4352 cm-1) (Figure 2.15). Aluminum-

dioctahedral clay is present in 88% of the samples, Mg-trioctahedral clay is present in 76% of the 

samples, and Fe-dioctahedral clay is present in 71% of the samples. Moreover, 74% of the 

samples displayed features consistent with adsorbed water near 1950 nm (5128 cm-1) potentially 

representing poorly formed clay minerals as no evidence of hydrated evaporite minerals or salts 

were present in the XRD patterns.  

Overall the reflectance spectra reveal a trend in octahedral cation occupancy moving 

from Al-dominated clay in the Clay sediment class to mixed Al-, Mg-, and Fe-clay in the Sand 

sediment class. The heavy mottling (FeIII) and/or black, reduced sediment (Fe-sulfide) described 

during sampling of the sand lenses are consistent with Fe-enrichment in the sand layers. This 

trend was not evident in the chemical analysis likely due to the presence of the clay-sized 

dolomite and siderite identified in the XRD patterns, as well as highly variable concentrations of 

Fe for all the sediment classes and extremely high concentrations of Mg in all the lakes likely 

saturating the exchange sites of the clays.  
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Figure 2.13 Location of band minimums for the NIR reflectance spectra from the <2 m 

fraction from the Clay sediment class. Major absorption bands are located at 1410 nm 

(structural H2O), 1910 nm (bound H2O), and 2210 nm (Al-OH) indicative of dioctahedral 

clay, likely montmorillonite. Thirteen (25%) of the samples contain an absorption band for 

Mg-OH at 2310 nm while three (6%) samples contain an absorption band for Fe-OH at 

2298 nm indicating enrichment of Mg and Fe in the clays.  
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Figure 2.14 Location of band minimums for the NIR reflectance spectra from the <2 m 

fraction from the Till sediment class. Major absorption bands are located at 1410 nm 

(structural H2O), 1910 nm (bound H2O), and 2210 nm (Al-OH) indicative of dioctahedral 

clay, likely montmorillonite.  Seventeen (53%) of the samples contain an absorption band 

for Mg-OH at 2310 nm while eight (25%) samples contain an absorption band for Fe-OH at 

2298 nm indicating enrichment of Mg and Fe in the clays. 
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Figure 2.15 Location of band minimums for the NIR reflectance spectra from the <2 m 

fraction from the Sand sediment class. Major absorption bands are located at 1410 nm 

(structural H2O), 1910 nm (bound H2O), and 1950 nm (adsorbed H2O). A mix of Al, Mg, 

and Fe occupies the octahedral cation in the phyllosilicates with band minimums at 2210 

nm (Al-OH) in 30 samples (88%), 2310 nm (Mg-OH) in 26 samples (76%), and 2298 nm 

(Fe-OH) in 24 samples (71%). 
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2.4 Discussion 

The sedimentary layers analyzed within each of the mudflats displayed a high degree of 

variability in the number, thickness, location, depth, and chemistry for each of the sediment 

classes identified (Clay, Till, and Sand). This variability in stratigraphy is caused by differences 

in the depositional history of the sediments in the mudflats related to sediment load, aquifer 

chemistry, basin morphology, and precipitation/climatic events at each geographic location as the 

surficial stratified drift is re-worked and sorted via erosion over time. The surficial stratified 

deposits across Saskatchewan include glaciolacustrine, colluvium, eolian, glacial till, 

andglaciofluvial sediment up to 100 m thick forming the parent material of the province’s soils 

and material available for erosion into the basins (Christiansen, 1992). Despite the high 

variability in the physical characteristics of the sediment classes identified, average trends in the 

mineralogy, crystallite characteristics, morphology, and chemistry of the phyllosilicates differed 

each sediment class. The similarities in mineralogical properties within the sediment classes are 

attributed to the common modes of postglacial deposition that sort the mudflat sediments based 

on particle size, subsequently affecting the porosity and permeability of the layers to the saline 

fluids in the mudflat. The accumulations of detrital clay, till, and sand in the shallow topographic 

depressions are a result of modern transport into the basins that deposit: poorly-sorted, coarse till 

during mass overland flow; well-sorted sand within fluvial deposits from water flowing over the 

playas, especially when dry; and finally fine-grained clay-rich layers in standing water when the 

lakes flood. For all the lakes studied, the Clay sediment class was dominated by Al-dioctahedral 

smectite, resembling montmorillonite; the Till sediment class fell in between the Clay and Sand 

classes in terms of clay mineralogy, chemistry, and morphology; while the clay mineralogy of the 

Sand sediment class consisted of illite-rich, poorly formed phyllosilicates composed of a mixture 

of Al-, Mg-, and Fe-compositions.  
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The mineralogy and characteristics of phyllosilicates in the Clay sediment class closely 

resemble the clay minerals found in soils across southern Saskatchewan. An extensive review of 

the literature concerning the mineralogy of Canadian soils encompassing 1200 soil samples and 

2000 bedrock samples concluded that soils located in the interior plains of Canada are dominated 

by smectite (montmorillonite) and mica-group minerals (illite) with trace kaolinite and chlorite 

(St. Arnaud and Mortland, 1963; Kodama, 1979; Christiansen, 1992). The mineralogy of these 

Chernozemic and Solonetzic soils in southern Saskatchewan is similar to the underlying 

Cretaceous marine and non-marine sedimentary rocks, Paleozoic limestone, and Precambrian 

sediments that were eroded and deposited with each glacial advance and retreat, with no change 

in clay composition despite the 10,000 yrs. of subsequent soil formation (Kodama, 1979; 

Christensen, 1992; Dubbin et al., 1993). Similar to the surrounding soils, clay minerals in the 

Clay sediment class in the current study are dominated by smectite followed by illite, kaolinite, 

and chlorite with median values of 48-, 32-, 17-, and 2-%, respectively. The similarity in 

proportions of specific clays minerals in the Clay sediment class to the surrounding soil suggests 

a common, genetic origin. Moreover, the integral breadth of the (001) reflection for 

montmorillonite found in the soils of Saskatchewan measured by Ross and Kodama (1993) 

ranged from 1.96-2.34, which is consistent with the integral breadth of the smectite in the Clay 

sediment class in the present study that ranged from 1.35-2.58. 

Based on the chemical analysis and NIR spectra, the smectite found in the Clay sediment 

is predominately montmorillonite, with Mg and Fe enrichment found in 25- and 6-% of the 

samples, respectively. This enrichment may represent some topotactic growth of Mg- and Fe-rich 

authigenic clay onto the detrital Al-rich smectite, which is common in saline lakes (Banfield et 

al., 1991). Phyllosilicates from the Clay sediment class also contained statistically higher 

concentrations of Al and Ti compared to the Till and Sand sediment classes, with relatively little 

variance in the data. Aluminum speciation in soils is complex and soluble Al3+ is not present in 
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buffered solutions above pH 4.2 due to gibbsite or kaolinite formation, while Al release from 

minerals occurs below pH 4; the lowest pH measured in the water samples was 6.8, implying the 

Al-rich clays formed outside of the alkaline environment of the saline lakes (Hem and Roberson, 

1967; Gardner, 1970; Ritchie, 1995). Likewise, Ti is a relatively immobile element during 

weathering that can be used as a tracer for determining the provenance of sedimentary rocks 

when considered as a ratio of other elements in soils and sediments (Young and Nesbitt, 1998). 

While the Ti chemistry is not available for the soils across Saskatchewan for comparison with the 

lakes, higher concentrations of this immobile element in depositional basins can be related to 

detrital inputs from the surrounding soils instead of dissolution/precipitation reactions, 

confirming the clays are allogenic. The water chemistry of the lakes and pore fluids confirm these 

observations with Al and Ti, as no measurable concentrations of Al or Ti were observed in any of 

the water samples. Overall, the clay-rich layers of the Clay sediment class appear to be products 

of erosion from the surrounding soils, where the clay-sized fraction from the surficial drift is 

concentrated and deposited in standing water over the playas whenever the lakes flood due to the 

low depositional gradients across the shallow basins. 

Another interesting detail noted in the field observations is the weak to absent evidence 

of mottling throughout the Clay sediment class. These smectite-rich layers appear to be more 

resistant to the intense wet/dry cycles experienced by the coarser textured sediments of the Till 

and Sand classes, due to their high exchange capacity and ability to retain water. In fact, the Clay 

sediment class layers located at depth were either grey with or without very weak mottling from 

prolonged water saturation; black from reduced Fe-sulfide, organic matter, and Mn; or more 

commonly, rich-brown sediment that does not appear to be significantly affected by the saline 

fluids of the lake aside from Mg-saturation of the exchange sites.  

Compared to the Clay sediment class, the characteristics of the phyllosilicates in the Sand 

sediment class were more variable for each of the parameters measured reflecting the dynamic 
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geochemical conditions present in the sand lenses with respect to porosity and subsequent 

movement of saline lake fluids through the sand. Evidence of fluctuating wet/dry cycles in all the 

mudflats is present as heavy mottling associated with the sand layers. The clay mineralogy of the 

<2 m fraction for these sand layers is dominated by poorly formed illite (~56%) characterized 

by broad basal (001) reflections (βi 0.47) and mixed Al-, Mg-, and Fe-rich chemistries, indicative 

of authigenic formation.  

In highly saline environments authigenic illite is the primary phyllosilicates expected to 

precipitate under bicarbonate, sulfate, and chloride-rich brines and has been identified in a 

number of deposits including: modern sediments of the Pantanal Wetland, Brazil (Furquim et al., 

2010); the Bushy Basin Member of Jurassic Lake T’oo’dichi’ (Turner and Fishman, 1991); 

lagoonal sediments of the Lower Cretaceous northern Aquitaine Basin, SW, France (El Albani et 

al., 2005); modern sediments of lake Albert and Lake Manyara, East Africa (Singer and Stoffers, 

1980); and Pliocene sediments in Lake Olduvai, northern Tanzania (Hay and Kyser, 2001). In 

most these saline deposits, authigenic illite is found in coarse textured sediments. For example, 

the Nhecolândia sub-region of the Pantanal Wetland, Brazil is composed of alluvial sediment 

from the rivers forming sand hills with saline lakes in the depressions (Furquim et al., 2010). In 

the upper sand hills the pH is ≤5 and clay content ranges from 2-3%, while the sands near the 

alkaline-saline lakes have a pH ≥9 and clay content between 3-28% dominated by mica-illite (67-

85%) (Furquim et al., 2010). These sandy-deposits of the Pantanal Wetland, Brazil are directly 

comparable to the thinner sand lenses in the mudflats of Saskatchewan’s saline lakes in the 

current study that have an average pH of 9 and clay content between 2-28% dominated by illite 

(41-97%). Moreover, chemical and TEM analysis of 85 samples by Furquim et al. (2010) 

observed lath-shaped illite enriched in Fe forming within the sands similar to the illite forming 

within the Saskatchewan mudflats. 
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Authigenic illite is present in other coarse textured or porous deposits as well. Authigenic 

illite in the Bushy Basin Member of Jurassic Lake T’oo’dichi’ formed as delicate ribbons in 

porous sandstones and tuffs due to alteration in saline fluids (Turner and Fishman, 1991). In the 

lagoonal sediments of the Aquitaine Basin, SW France, glauconite formed in cavities produced 

by bioturbation subjected to circulating marine or brackish waters (El Albani, et al., 2005). In 

addition, elongate lath-like crystals of illite were found as pore linings in sandstones from the 

Cambrian through to Pliocene measured in thousands of samples by Wilson and Pittman (1977). 

In all of these deposits, authigenic illite is associated with saline fluids propagating through 

porous, sandy, materials. 

Illite in the Saskatchewan mudflats could be forming from detrital precursors or via 

neoformation. In the sand lenses, detrital, Al-dioctahedral smectite could be present in low 

concentrations depending on the rate of fluid flow during deposition or from translocation of 

detrital clay into the porous sand layers from above or below depending on the order of the 

sediments in the mudflat. The illitization of smectite in saline pore waters is consistent with the 

general increase in illite relative to smectite measured in the Sand sediment class, which is 

common in saline lakes  (Singer and Stoffers, 1980; Deocampo et al., 2009; Andrade et al., 2014; 

Huggett et al., 2016). Illitization occurs in saline fluids via substitution of Mg2+ or Fe2+ for 

octahedral Al3+, microbial reduction of Fe3+, or Al3+ substitution for Si4+ in the tetrahedral sheet 

resulting in increased layer charge followed by K+ fixation (Deocampo et al., 2009; Andrade et 

al., 2014; Huggett et al., 2016) Conversely, both smectite and illite could be precipitating directly 

from the saline pore fluids themselves or by dissolution-precipitation reactions, which is more 

consistent with the broad low-angle reflections measured in the XRD patterns (Hay et al., 1991; 

Hay and Kyser, 2001; Deocampo et al., 2009). Microprobe chemical analysis, HRTEM analysis, 

and mineralogical analysis comparing detrital and authigenic phyllosilicates in the saline mudflats 
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as well as in non-saline mudflats would be required to distinguish the exact mode of illite 

formation in these Saskatchewan sediments.  

Within the mudflats the sand layers act as confined or unconfined aquifers for 

groundwater fluids and surface fluids. In all of the lakes studied, the water table was associated 

with the deep sand layers in the mudflat. The intense mottling described for these layers is also a 

strong indication of fluctuating water levels producing wet/dry cycles known to aid in the 

production of authigenic clay minerals (Eberl et al., 1986; Banfield et al., 1991; Ramirez et al., 

2005). These porous layers are optimal places for authigenic Mg- and Fe- rich clay formation due 

to the accumulation of Mg and Fe (and Mn) in mottled regions and alternating redox conditions. 

In the sand lenses, reducing conditions mobilize Fe2+ and Mg2+ that subsequently collect in 

mottled areas forming pockets enriched in these cations that can react with saline pore fluids 

through fluctuating wet/dry cycles. Given the lack of goethite and hematite in the samples, Fe is 

likely present in Fe-rich illite, smectite, and/or amorphous Fe-oxyhydroxides. The Fe content of 

the clays in the Sand sediment class was highly variable and therefore not statistically different 

from the other sediment classes likely due to homogenization of the samples, however the 

reflectance spectra did indicate structural Fe-OH bonds present in 71% of samples from the <2 

m fractions analyzed. The bulk chemical analysis for Mg was less conclusive due to the high 

concentrations of Mg in the lake water and mudflat fluids themselves, but again the reflectance 

spectra identified Mg-OH bonds in 76% of the <2 m fractions from the Sand sediment class 

compared to the 25% and 53% of the Clay and Till sediment classes, respectively. 

Bulk chemical analysis of the <2 m fractions also identified specific sand lenses that 

contained minor/trace elements not present in any other samples or in exceedingly high 

concentrations compared to the other sediment classes including: As, B, Cd, Cu, Fe, K, Mn, Mo, 

Na, P, Pb, S, Sb, Sn, U, and Zn. These elements could be present as adsorbed cations on exchange 

sites, impurities within the octahedral or tetrahedral layers, or as insoluble precipitates/heavy 
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detrital minerals in the clay sized fraction in quantities too low to be identified in the XRD 

patterns. Again, microprobe or HRTEM analysis of individual grains is needed to determine if 

these minor/trace elements in the Sand sediment class are impurities within the clays, heavy 

detrital minerals, adsorbed to the clays, or precipitates.  

For all the sediment classes sampled, all the characteristics of kaolinite and chlorite were 

strikingly similar, suggesting a common, detrital origin. The integral breadth for the kaolinite 

(001) reflection and chlorite (002) reflection was small at 0.4 and 0.2 respectively, with little 

variation in the data indicative of detrital clays. The proportion of these clays was also low, 

averaging 17% ± 8.9 for kaolinite and 2% ± 1.6 for chlorite for all the samples combined. 

Authigenic kaolinite has been found in acid-saline lakes in Australia, however it is not expected 

in alkaline-saline lakes where Al3+ is immobile (Story et al., 2010; Bowen et al., 2012). 

Authigenic chlorite is expected to form in highly saline, sulfate-rich brines (Weaver, 1989), 

however no evidence of authigenic chlorite was observed in the Saskatchewan mudflat sediments.  

2.5 Conclusions 

The mudflat sediments in small, saline, basins (<100 km2) across southern Saskatchewan 

are highly heterogeneous with respect to the thickness and layering of clays, tills, and sands 

related to depositional events. Despite this high degree of variability, the clay mineralogy of each 

of these mudflat layers is unique regardless of the lakes location, chemistry, basin morphology, 

groundwater sources, and underlying sediments. Phyllosilicates in clay-rich layers (Clay sediment 

class) are predominately detrital, reflecting the mineralogy and “crystallinity” of phyllosilicates in 

the surrounding soils. These clay-rich layers are composed of smectite > illite > kaolinite > 

chlorite, and contain more Al and Ti than the other sediment classes. The dominant clay present is 

Al-dioctahedral smectite, likely montmorillonite that is enriched in Mg and Fe due to interactions 

with the saline lake fluids.  
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Phyllosilicates in the sand-rich layers (Sand sediment class) on the other hand, appear to 

be predominately authigenic Mg- and Fe-rich illite clays that are poorly formed, hydrated, and 

have lath-like morphologies. These sand-rich layers are composed of illite > smectite > kaolinite 

> chlorite. The chemistry of these sand layers is also highly variable, with wide ranging 

compositions possibly reflecting historic pore waters. Moreover, many of <2 m fraction samples 

separated from the Sand sediment class had extremely high concentrations of minor/trace 

elements exclusive to particular saline lakes or in very low concentrations in most basins. These 

minor/trace element compositions may be recording unique natural or anthropogenic inputs to 

that lake. However, high-resolution studies regarding these minor/trace elements are needed to 

understand their chemistry and mineralogy.   

For all the lakes, kaolinite and chlorite were found in similar proportions with similar 

characteristics between all the sediment classes suggesting they are dominantly detrital minerals. 

Lastly, the characteristics of the Till sediment class fell roughly in between the Clay and Sand 

sediment classes depending on the fine and coarse content of the samples.  

Saline lakes are present on every continent and have been found on other terrestrial 

bodies, such as Mars. The ubiquity and number of these small basins (<100 km2) makes them 

important targets for reconstructing past climates or understanding processes of authigenic clay 

formation. However, the mudflats of saline lakes are complex and dynamic environments that are 

highly variable with respect to depositional histories and post-depositional alterations due to 

reactions between the sediments and saline pore fluids. As a result, the neatly stratified sediments 

within the lakes are usually the focus of paleolimnological studies, and the mudflats of modern 

lakes are generally not sampled. Yet, the mudflats of saline lakes are often the dominant or only 

feature available for study, especially for small basins (<100 km2), and we need a better 

understanding of these sediments. This study identified authigenic illite forming in the sand 

lenses of mudflats from a variety of sulfate-rich saline lakes across southern Saskatchewan. These 
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sand layers are valuable targets for understanding the processes of authigenic clay formation. The 

porosity of these sandy deposits makes them amenable to clay formation due to the presence of 

alternating wet/dry cycles, fluctuating redox conditions, and increased salinity from evaporative 

concentration, all of which are buffered against in the clay-rich layers dominated by detrital 

smectite. Analysis of the <2 m fraction from sand layers is difficult due to the low weights of 

material that can be obtained and the poorly formed nature of the phyllosilicates. However, in 

detrital rich environments, like the deltaic-lacustrine sediments the MSL rover is currently 

analyzing on Mt. Sharp, Mars, these sand lenses may be pivotal to reconstructing past 

environments. Future research should focus on high resolution TEM analysis to understand the 

structure of these clays and electron microprobe chemical analysis to accurately characterize the 

mineralogy and minor/trace element compositions.  
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Chapter 3 Realgar and Hörnesite Precipitation in an Iron-Poor, Sulfate-

Rich Mudflat, Laguna Chiar Khota, Bolivia 
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Abstract 

Naturally-occurring arsenic (As)-bearing minerals in iron (Fe)-poor, sulfate (SO4)-rich 

sediments are poorly understood due to the complexity of As speciation and scarcity of 

environments where As concentrations exceed mineral saturation. Sediment chemistry, X-ray 

diffraction (XRD), scanning electron microscopic (SEM), and energy dispersive spectroscopic 

(EDS) data of As-bearing minerals and sediments found in the mudflat of Laguna Chiar Khota, 

Bolivia are presented from a 170 m transect. From the salar, five distinct lithofacies were 

identified in the lake sediment and mudflat sediments. Facies (I) sediment is found below the 

sediment-water interface (0-10 cm) of the salar and contains As-copper (Cu)-sulfide precipitates. 

Within the mudflat sediments are: Facies (II) black, reduced sediments below the water table; 

Facies (III) As-rich, orange-yellow sediment at the redox boundary above the water table 

containing realgar, an unidentified As-S, and a magnesium (Mg)-arsenate phase; Facies (IV) 

structure-less, As-poor, pale brown sediment composed of diatom frustules; and Facies (V) algal-

rich surface sediment containing hörnesite (Mg3(AsO4)8H2O). The presence of realgar and 

hörnesite in the Fe-poor/S-rich environment is unexpected based on geochemical models that 

predict orpiment should dominate in these conditions. Within the transitional layer of Facies III, 

temporal and spatial variability within the mudflat affect the As:S ratio across the continuous 

lithofacies found along the 170 m transect. Realgar is present when the bulk As:S ratio is > 1 in 
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the solid sediments, while the unidentified As-S phase dominates when the As:S ratio is < 1, 

indicating an important role for the As:S ratio in this system. Co-existing oxidizing and Mg-rich 

conditions in the redox boundary result in the precipitation of Mg-arsenate from the reaction of 

As with Mg-rich pore fluids or from dissolution of realgar. In the mudflat sediments, Mg-

enrichment towards the surface occurs due to calcite and gypsum precipitation as the solutions 

evolve during evaporative concentration. Hörnesite present at the surface of the mudflat is 

associated with green-pink algae, due to the reaction of As with Mg-enriched fluids. Hörnesite 

represents a possible As-sequestering mineral for remediation of As-contaminated sites and a 

potential candidate to study microbial As-mineralization.  

 

Key Words: Arsenic, Saline Lake, Realgar, Orpiment, Hörnesite, X-ray Diffraction, Thioarsenic, 

Bolivia Altiplano, Arsenic Speciation, Laguna Chiar Khota 

3.1 Introduction 

High concentrations of arsenic (As) in the environment are typically linked to 

enrichments from mining and smelting, the combustion of coal, the use of As-containing 

pesticides, feed additives, and wood-preserving arsenicals (Garelick et al., 2008; Bowell et al., 

2014). Remediation of As-contaminated sites has promoted extensive research into understanding 

the complex geochemical controls governing aqueous As speciation, which affects the toxicity, 

mobility, and bioavailability of the metalloid. While As can exist in five oxidation states (-III, -I, 

0, III, V), arsenate (As(V)) and arsenite (As(III)) are the two most relevant species to aqueous 

solutions where As can form oxyanions and thioanions (Stollenwerk, 2003; Campbell and 

Nordstrom, 2014). The speciation of As in these aqueous environments is predominately 

controlled by the pH and redox chemistry of the water (Campbell and Nordstrom 2014). Within 

soils, sediments, and solutions As can complex with reactive phases (organic matter (OM), iron 
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(Fe) oxides, manganese (Mn) oxides, sulfides, and phyllosilicates) and/or enter biological cycles 

such as the metabolic and detoxification processes of microorganisms (Nicholas et al., 2003; 

Stollenwerk, 2003; Campbell and Nordstrom, 2014).  

Despite the chemical diversity and the number of variables involved in As speciation, 

geochemical modeling of As oxidation states in dynamic redox environments has identified that 

As-containing aquifers can be generally classified as iron (Fe)-controlled or sulfur (S)-controlled 

(O’Day et al., 2004). In Fe-controlled systems dissolved arsenate can adsorb onto Fe(III) 

oxyhydroxides such as goethite (FeO(OH)), ferrihydrite (Fe3+
2O30.5H2O) under oxidizing 

conditions (O’Day et al., 2004). Whereas under reduced conditions, As can either adsorb to 

mineral surfaces when As concentrations are low, precipitate as realgar (As4S4) if dissolved As 

concentrations reach 100 μM, or precipitate authigenic arsenopyrite or arsenian pyrite (O’Day et 

al., 2004; Campbell and Nordstrom, 2014). In these Fe-controlled systems, the scavenging of H2S 

from solution by Fe to form Fe-S restricts or inhibits the accumulation of dissolved thioarsenic 

species (O’Day et al., 2004). Conversely, in Fe-poor environments orpiment (As2S3) is favoured 

until H2S concentrations exceed 1000 M, and then soluble thioarsenic species dominate (O’Day 

et al., 2004).  

Arsenic can be released to the environment naturally via volcanic emissions, geothermal 

processes, and weathering of As-bearing minerals such as arsenopyrite (FeAsS) (Garelick et al., 

2008; Bowell et al., 2014). Over time, As can accumulate in fumerolic condensates, groundwater 

aquifers, and in evaporative basins reaching concentrations well over the drinking water standards 

outlined by the World Health Organization (10 μg L-1 or 0.13 M) (Plant et al., 2003; WHO, 

2011). For example, the total concentration of As in the surface water of some closed-basin lakes 

near volcanic and geothermal sources is up to 200 μM in Mono lake, California (Oremland et al., 

2000); 11 μM in Kawah Putih crater lake, Indonesia (Sriwana et al., 2000); 17 μM in Copahue 

crater lake, Argentina (Farnfield et al., 2012); 128 μM in Laguna Burro Muerto, Chile (Lara et 
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al., 2012); and 374 μM in Laguna Turquesa, Chile (Lara et al., 2012). Another commonality 

between saline lakes near volcanic sources and waters associated with geothermal activity is the 

presence of high concentrations of S and relatively low concentrations of Fe in the water and 

surrounding environment. This results in the dominance of thioarsenic species in solution when 

reducing conditions are present (Wilkin et al., 2003).  

Historically, distinguishing thioarsenic species in reduced, sulphidic waters has proven 

difficult. Sampling procedures can introduce oxygen to samples during extraction while analytical 

methods (ion chromatography (IC)) can alter the pH if an alkaline eluent is used, or cause the 

breakdown of thioarsenites from dilution of the solutions in the column. These processes cause 

changes in the oxidation state of the As present, leading to debate as to whether thioarsenites 

(As(III)) and/or thioarsenates (As(V)) are present (Beak et al., 2008; Planer-Friedrich et al., 2010; 

Campbell and Nordstrom, 2014; Nearing et al., 2014). However, no evidence of thioarsenate has 

been found when analyzing anaerobic, abiotic arsenite-sulfide solutions under strict laboratory 

conditions across increasing SH- concentrations via X-ray adsorption spectroscopy (XAS) and IC 

in the absence of oxygen (Planer-Friedrich et al., 2010). Therefore, Planer-Friedrich et al. (2010) 

concluded that under reducing conditions thioarsenites are the dominant species present when 

[SH-] > [OH-] and arsenite is the dominant species when [SH-] < [OH-].  In nature, a wide range 

of pH and redox conditions can occur over time, including shifts in redox potential, the addition 

or removal of elements from the system, as well as any changes caused by the metabolic action of 

microbes. All of these factors are coupled with the kinetics of each reaction leading to the 

presence of multiple As species in the same sample requiring careful evaluation of As throughout 

the water, sediments, and mudflats (Stollenwerk, 2003; Campbell and Nordstrom, 2014; Keller et 

al., 2014). Instead of relying on As speciation in solution, where the presence of oxidized species 

in reducing environments is questioned by sampling and analytical procedures or departures from 

equilibrium, characterization of As-bearing minerals precipitating in a closed system can track the 
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movement of As, provided As concentrations are high enough (ie > 100 M). Such a system has 

been identified in the present study on the Bolivian Altiplano in Laguna Chiar Khota where As 

concentrations of 450 M exist in lake waters. This study analyzes the As mineralogy of 

sediments in the As-S dominated closed-basin lake, Laguna Chiar Khota, Bolivia in order to gain 

insight into the As-mineral assemblages that precipitate within the mudflats of high As-

environments. 

3.2 Geological Setting 

Laguna Chiar Khota is a hypersaline lake (21°35’38” S, 68°03’28” W) located in the Sur 

Lipez region of the Bolivian Altiplano in an intravolcanic basin surrounded by andesite and 

rhyodacite flows from the surrounding stratovolcanoes Cerro Cañapa, Cerro Ascotán de 

Ramaditas, Cerro Caquella, and Cerro Tapaquicha (Figure 3.1) (Risacher and Fritz, 1991). 

Previous chemical analysis of the surface water did not include As, however the lake has been 

identified as a Na-Cl-SO4 type with halite crusts and abundant gypsum precipitating throughout 

the sediment (Servant-Vildary and Roux, 1990; Risacher and Fritz, 1991). The lake is shallow (20 

cm) with a large surface area (3.1 km2) and extensive catchment (20 km2) influencing the ionic 

composition of input waters from overland flow and the intermittent stream entering the lake 

from the north (Servant-Vildary and Roux, 1990). The area is characterized by volcanic sulfur 

inputs to the soils and water, a mean annual air temperature of 7.5°C, high elevation (4112 m), 

and an arid climate where the annual precipitation is less than 20 cm yr-1 while evaporation 

reaches 150 cm yr-1 (USGS, 1975; Risacher and Fritz, 1991; Argollo and Mourguiart, 2000; 

Cabrol, et al., 2009). The salars are remnants of large paleolakes that occupied the basin as early 

as 15,000 years BP, and have been evaporating ever since (Argollo and Mourguiart, 2000).  
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Figure 3.1 (a) Location of sampling site on the Bolivian Altiplano outlined in the white 

rectangle. (b) Inset of Figure 1a—location of Laguna Chiar Khota in the white rectangle. 

Images (a) and (b) from: World Imagery-Esri, DigitalGlobe, GeoEye, i-cubed, USDS FSA, 

USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS user Community. 

Esri® using ArcGIS [GIS software] version 10.2. Redlands, CA: Environmental Systems 

Research Institute, Inc, 2010 (c) West facing photograph of the Laguna Chiar Khota 

surface water taken in June 2014. 
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3.3 Methods 

3.3.1 Sampling 

The mudflat of Laguna Chiar Khota was sampled along a 170 m transect extending from 

the outer edge of the mudflat to the edge of the surface water of the lake in June of 2014. Six pits 

were dug into the mudflat down to the water table, to a maximum depth of 80 cm, and each 

sedimentary layer was collected separately and sealed in airtight containers with Parafilm®-M 

until analysis. A sample of the lake water was also collected using a 0.45 m syringe filter in a 50 

mL Falcon® tube. 

3.3.2 Chemical Analysis and Sediment Characteristics 

Total major and minor elements were analyzed using inductively coupled plasma optical 

emission spectrometry (ICP-OES) (Agilent Pro-axial CCD spectrometer, Santa Clara, California, 

United States) at the Analytical Services Unit, Queen’s University, on selected  <2 μm fraction 

solid subsamples digested in aqua regia (i.e., a 3:1 mixture of concentrated HCl and HNO3) and 

on the lake water sample (filtered to 0.45 μm) (Appendix L, M., and N). The analytical accuracy 

was verified using the standard reference material MESS-3 for sediment samples, and the EU-H-4 

standard and Cranberry-05 CRM (for Si) for the water samples. The ICP-OES chemical analyses 

were performed on the <2 m fraction to exclude calcite and gypsum precipitates from the 

samples and focus on the very fine-grained sediment as gypsum and calcite dominated the coarse- 

(>0.5 mm) and silt- (0.5 mm – 2 m) sized fractions. Sample size limitations prevented ion 

chromatographic analysis for anions as well as any analyses of the sediment pore-water collected. 

The pH of the surface water was measured in situ before sampling, while the sediment pH was 

measured in duplicate using the saturated paste method described by Kalro (1995) for saline soils 

with a Vernier Tris-Compatable Flat pH Sensor and LabQuest Interface (Vernier Software and 

Technology, Beaver, OR). The field-moist and air-dried sediment colours were qualitatively 
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estimated using Munsell Colour charts. The thermogravimetric moisture content was measured on 

field-moist sediments dried at 110°C for 24 hrs. The organic matter (OM) content was estimated 

on the dry (110°C) samples via combustion and determined by loss on ignition (LOI) at 550°C 

for one hour. Organic matter content was calculated as the percent weight loss upon combustion. 

It should be noted that the LOI can only estimate OM as many reactions can occur between 

110°C and 550°C including dehydration, dehydroxylation and thermal dissociation of carbonates, 

hydrated minerals, and clay minerals. The moisture and LOI data can be found in Appendix J. 

3.3.3 X-ray Diffraction 

Bulk X-ray diffraction (XRD) patterns were collected on back-loaded, randomly-oriented 

powders from subsamples of each lithofacies. Samples were spiked with corundum (10% wt.) as 

an internal standard to enable quantitative modal analysis of the minerals present and estimate the 

X-ray amorphous content. The <2 μm fraction was also separated from subsamples via 

centrifugation and prepared as oriented mounts to identify minor minerals other than calcite and 

gypsum that dominated the coarse- and silt-sized fractions. The powders and oriented mounts 

were analyzed using a PANalytical X’Pert Pro diffractometer (Almelo, Netherlands) at 40 kV and 

45 mA using Fe-filtered Co Kα radiation from 4-80°2θ with an effective collecting time 90 

sec/step. The identification of crystalline phases in the XRD patterns and Rietveld refinements of 

the randomly-oriented powders were performed using the Highscore Suite (version 4.5) (Degen et 

al., 2014) with data from the International Centre for Diffraction Data (ICDD) PDF 4+ database 

and the Crystallography Open Database (COD).  

3.3.4 Scanning Electron Microscopy 

The morphology and chemistry of select, carbon-coated bulk and <2 μm subsamples 

mounted on carbon tape were investigated using a FEI Quanta 650 field-emission scanning 

electron microscope (FEG-SEM, Thermo Fisher Scientific, Oregon, United States) at 15 or 25 
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kV.  The <2 m fraction was chosen to focus on the micron- and nano-sized As-S precipitates 

expected (Demergasso et al., 2007; Le Pape et al., 2017) Backscattered secondary electron 

detection (BSED) was used to characterize the morphology of the sediments as well as to 

recognize As-bearing phases. Energy Dispersive Spectrometry (EDS) was used for semi-

quantitative elemental analysis of selected particles.  

3.4 Results 

Across the 170 m transect, a distinct set of subsurface lithofacies was identified from the 

lake sediment below the surface water and from the mudflat sediments. The lithofacies were 

distinguished based on redox potential, mineralogy, colour, and chemistry and included: Facies 

(I) the sediment just below the sediment-water interface from within the lake. From the bottom up 

within the mudflat sediments: Facies (II) coarse, black, reduced sediments below the water table; 

Facies (III) arsenic-rich, yellow to orange sediment overlying the water table; Facies (IV) fine-

grained pale brown sediment; and Facies (V) an algal-rich layer at the sediment surface (Figure 

3.2). With a water density of 1.05 g L-1, the surface water of the lake contained 430 μmol g-1 of 

As and 53,000 μmol g-1 of S at a pH of 8.1 (Table 3.1). The surface crust of the mudflat contained 

a thin, discontinuous coating of halite and gypsum. Igneous detritus was absent in all lithofacies 

except the saturated unit below the water table suggesting the overlying sediments are strictly 

composed of endogenic precipitates and authigenic minerals. Average total element 

concentrations for the surface water and each of the lithofacies in the <2 μm fraction are given in 

Table 3.1.  
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Figure 3.2 Schematic diagram of the Laguna Chiar Khota sediments; the horizontal axis is 

170 m and is not to scale with the vertical axis. The water table is located at the black 

lithofacies of Facies II. The colours were converted from Munsell colour estimations while 

the white speckling represents calcite and gypsum that are precipitating throughout the 

mudflat. Roman numerals indicate the location of each lithofacies: (I) saturated sediment 

below the sediment-water interface precipitating As-Cu-S minerals. (II) Black, reduced, 

sediments below the water table at the bottom of the mudflat lacking As-bearing minerals. 

(III) Arsenic-rich sediment with realgar (As4S4) in the orange areas and an unidentified As-

S phase, pararealgar, and Mg-arsenate throughout. This facies is a complex transitional 

redox boundary with As oxidations states of III and V. (IV) fine-grained pale brown 

sediment composed of diatom frustules and evaporite minerals. No As-bearing minerals 

were observed. (V) Algal-rich surface layer accumulating As from surface deposition or 

capillary transport. The reaction of As with Mg-rich fluids results in the precipitation of 

hörnesite (Mg3(AsO4)8H2O), similar to Facies III. 

 

 

 

The percent abundance of major minerals and “X-ray amorphous” content from the Rietveld 

refinements is given in Table 3.2. Many of the sediments contained low concentrations (<5%) of 

various minerals including celestite, dolomite, sylvite, cristobalite, authigenic quartz, and ulexite, 

which were not included in Table 3.2 for clarity.  

For the chemical and mineralogical results, the standard deviation of the measurements 

for each lithofacies was high reflecting the small sample size (n = 2) the variable conditions 

present across the dynamic mudflat environment expected in evaporative environments (Table 

3.2). This high standard deviation is expected given the sediments ranged from water-saturated 

samples below the sediment-water interface to dry sediments near the outer edge of the basin. 
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Despite the high variability between samples from the same lithofacies, the chemical and 

mineralogical differences between lithofacies were significantly higher. In general, the sediments 

are composed of 33- to 73-% X-ray amorphous material that BSED-SEM analyses identified as 

siliceous diatom frustules. Evaporite mineral precipitation is dominated by calcite and gypsum 

resulting in the enrichment of magnesium (Mg) from 1100 mol g-1 at the base of the profile to 

1500 mol g-1 at the surface  (Table 3.2). This evolution towards chemistries throughout the 

mudflat affects the solutions reacting with As in the sediment. Overall the sediments are rich in 

As and S, and low in Fe and Mn (Table 3.1). The sediments lacked abundant OM (light colour 

and low OM), which was expected given that vegetative growth is inhibited in the surrounding 

environment due to the arid and cold climate.  

3.4.1 Facies I: Saturated Sediment Below the Surface Water 

The water-saturated lake sediment (0-10 cm) is composed primarily of well-preserved 

diatom frustules with fine-grained gypsum (5%), calcite (3%), and dolomite (5%) (Table 3.2; 

Figure 3.3a-b). At the sediment-water interface the surface was slightly oxidized, evident by the 

dark olive colour with black, apparently reduced sediment located 1 cm below (colour 2.5Y 2.5/1; 

smelled of hydrogen sulfide when sampling). The total concentrations of bulk As and S were 4.9- 

and 140-μmol g-1, respectively. The paste pH of the sediment (7.3) was lower than the surface 

water (8.1) (Table 3.1). The total concentration of Fe in the sediment was higher than As in this 

layer at 21 μmol g-1, however no Fe-rich minerals were identified from the XRD and SEM-EDS 

analyses indicating the Fe is present in X-ray amorphous phases or requires Raman spectroscopy 

or chemical extractions to characterize. 
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Table 3.1 pH and average element concentrations in the < 2 m fraction for each lithofacies from the mudflats of Laguna Chiar Khota. 

 
Water I-Lake II-Black III-Orange IV-Pale brown V-Surface 

 
Conc. Stdev. Conc. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. 

 
μmol g-1 

 
μmol g-1 

 
μmol g-1 n=2 μmol g-1 n=2 μmol g-1 n=2 μmol g-1 n=2 

pH 8.1 
 

7.3 
 

7.8 0.0 7.8 0.2 7.8 0.002 7.5 0.001 

Ag ND 
 

ND 
 

ND ND ND ND ND ND 0.011 0.015 

Al ND 
 

31 
 

57 13 7.6 2.9 23 12 35 1.3 

As 430 
 

4.9 
 

8.1 1.0 1200 440 9.1 7.8 170 110 

B 23000 
 

180 
 

340 110 110 6.5 270 78 170 39 

Ba ND 
 

0.20 
 

0.22 0.1 1.2 0.31 1.1 1.1 0.70 0.05 

Be ND 
 

ND 
 

ND ND ND ND ND ND 0.002 0.003 

Ca 33000 
 

570 
 

1400 18 3700 350 1700 1800 2100 530 

Cd ND 
 

ND 
 

0.005 0.0075 ND ND ND ND ND ND 

Co ND 
 

ND 
 

ND ND ND ND ND ND 0.021 0.030 

Cr ND 
 

ND 
 

ND ND ND ND ND ND 0.034 0.048 

Cu ND 
 

6.3 
 

1.9 0.22 2.1 1.9 3.7 0.33 10 2.4 

Fe ND 
 

21 
 

55 14 9.5 4.3 14 5.7 18 2.9 

K 63000 
 

59 
 

68 13 14 0.54 46 29 20 7.4 

Li 29000  19  22 6.1 32 11 25 3.1 16 5.9 

Mg 43000 
 

660 
 

540 230 1500 520 1200 120 1500 440 

Mn ND 
 

1.3 
 

6 0.13 5.6 1.3 4.5 0.90 2.4 1.2 

Mo ND 
 

0.09 
 

0.036 0.012 ND ND ND ND 0.022 0.003 

Na 950000 
 

480 
 

280 37 87 ND 500 31 290 80 

Ni ND 
 

ND 
 

ND ND ND ND 0.20 0.29 0.026 0.04 

P ND 
 

11 
 

12 1.1 14 1.6 10 3.9 22 11 

Pb ND 
 

ND 
 

ND ND ND ND ND ND ND ND 

S 53000 
 

140 
 

89 6.6 1300 66 260 210 620 130 

Sb ND 
 

0.11 
 

0.17 0.012 0.9 0.3 0.23 0.09 0.13 0.06 

Se ND 
 

ND 
 

ND ND ND ND ND ND ND ND 

Sn ND 
 

ND 
 

ND ND ND ND 0.011 0.015 ND ND 

Sr 600 
 

10 
 

10 0.16 220 140 62 65 300 130 
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Water I-Lake II-Black III-Orange IV-Pale brown V-Surface 

 
Conc. Stdev. Conc. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. 

 
μmol g-1 

 
μmol g-1 

 
μmol g-1 n=2 μmol g-1 n=2 μmol g-1 n=2 μmol g-1 n=2 

Ti ND 
 

0.88 
 

3.8 1.2 1.8 1.0 1.7 0.6 1.8 0.28 

Tl ND 
 

0.028 
 

0.06 0.01 0.50 0.39 ND ND ND ND 

U ND 
 

ND 
 

ND ND ND ND ND ND 0.020 0.028 

V ND 
 

1.7 
 

1.4 0.028 1.4 0.44 2.5 1.5 0.86 0.25 

Zn ND 
 

1.1 
 

0.8 0.14 0.71 0.53 2.1 0.32 2.0 0.43 

*The density of the water was 1.05 g L-1 

† “ND” = Not detected with the ICP-OES; See Appendix L, M, and N. 

 

Table 3.2 Average quantities of major minerals from Rietveld Refinement of randomly-oriented powder X-ray diffraction analysis of the 

major minerals and As-bearing minerals for each lithofacies in the mudflats of Laguna Chiar Khota. Minor evaporites are not included. 

Sediment Halite‡ Gypsum Calcite Dolomite Plagioclase§ Amorphous Realgar* Hörnesite 

 % % % % % % % % 

I-Lake 12 5 3 5  73   

Stdev. (n=1) - - - - - - - - 

II-Black 8 16 11  6 59   

Stdev. (n=2) 3.3 9.4 0.7  5.0 12.2   

III-Orange 4 23 16 5  51 2 Mg-arsenate§ 

Stdev. (n=3) 0.75 9.8 9.1 6.5  4.8 †  

IV-Pale brown 12 17 6 5  58   

Stdev. (n=5) 4.4 11.5 8.8 5.0  13.0   

V-Surface 39 19  3  33  1 

Stdev. (n=2) 27.7 14.5  5.6  20.8  1.0 

* Samples are a mix of realgar, pararealgar, and amorphous As-S.   

† The standard deviation is not available for realgar as only one sample contained enough to quantify using Rietveld Refinements. 

‡ Halite is present as a result of pore fluid evaporation during sample drying. 

§ Mg-arsenate identified in SEM-EDS; plagioclase represents a mix of oligoclase and anorthite. 
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Small (10 μm) particles composed of As-Cu-S were identified via SEM-EDS analysis coupled 

with enriched Cu concentrations (6.3 mol g-1), however the abundance was too low or the 

crystallinity too poor to identify the mineral in the XRD patterns (Figure 3.3b-c). Possible Cu-As-

S minerals that could be present in this redox, transition zone include tennantite (Cu12As
4
 III/VS13), 

luzonite (Cu3AsvS4) enargite (Cu3AsvS4), lautite (CuAsIS), and sinnerite (Cu6As
4

IIIS9) (Maske and 

Skinner, 1971). 

3.4.2 Facies II: Saturated, Black Sediment at the Bottom of the Mudflat 

For each sampling location, Facies II was present at the base of the pit and was associated 

with water seepage (preventing further excavation) and anoxic conditions evident by the black 

colour and hydrogen-sulfide odour noted during sampling (Figure 3.4a-c). These black sediments 

were present at 10 cm near the outer edge of the mudflat and were found at 40+ cm depth towards 

the center of the basin. In the pit immediately adjacent to the lake edge, this unit could not be 

reached due to saturated conditions and rapid water seepage through the sediment. The total 

concentrations of As, S, and Fe were low at 8.1-, 89-, and 55- μmol g-1, respectively (Table 3.1). 

The average pH of Facies II was 7.8 (Table 3.1). The sediment of Facies II is composed of X-ray 

amorphous diatom frustules (59%), gypsum (16%), calcite (11%), and low quantities of feldspar 

(6%) (Table 3.2).  

3.4.3 Facies III: Yellow-Orange, As-rich Sediment 

The thickness of the yellow-orange, As-rich, sediment of Facies III ranged from 5-10 cm 

at different pit locations (Figure 3.5a). Facies III directly overlies Facies II exhibiting either sharp 

contacts or vertical interfingering with the sediment below. Facies III was found at a depth of 5 

cm at the outer edge of the mudflat and at a depth of 35 cm adjacent to the shoreline. 
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Figure 3.3 Photograph, SEM, and EDS data from Facies I, saturated sediment below the 

sediment-water interface from the lake. (a) Image of the saturated sediment displaying the 

dark olive colour. (b) BSED-SEM image of a high backscatter grain surrounded by diatom 

frustules that were the dominant phase in the sediment. (c) EDS spectra of the high 

backscatter grain composed of As-Cu-S. Possible minerals include tennantite, luzonite, 

enargite, lautite, or sinnerite. 
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Figure 3.4 Images of the mid-mudflat pit and Facies II, black, apparently reduced 

sediments below the water table; (a) image of the black sediment from Facies II. (b) Image 

of the mid-mudflat pit from Laguna Chiar Khota with high As:S ratios and realgar in the 

orange sediment. (c) Close-up of the sampling vials displaying lithofacies from left to right: 

(V) surface sediment below the evaporate crust, (IV) fine-grained pale brown sediment, (III) 

As-rich yellow-orange sediment, and (II) black, saturated sediment. 
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Both As and S are accumulating in this lithofacies reaching average total concentrations of 1200 - 

and 1300- μmol g-1, respectively. Compared to the sediment below (Facies II) the concentration 

of Fe decreased to 9.5 μmol g-1 and the average pH was 7.8 (Table 3.1). The BSED-SEM and 

EDS analyses of the <2 μm fraction displayed an abundance of high-backscatter grains composed 

of As and S (Figure 3.5b and d). The colour of the lithofacies ranged from deep orange colour 

(2.5Y 7/9) in the middle of the mudflat to light yellow colour (2.5Y6/3 to 10YR 7/8) towards the 

outer-edge of the mudflat. In the orange sections, realgar (As4S4) was present in abundances up to 

2% where the bulk As:S ratio was > 1 (Figure 3.5c). The yellow sections of Facies III had As:S < 

1 and XRD analysis identified pararealgar in some of the samples. Other samples showed no 

evidence of As-bearing minerals, despite abundant As-S grains in BSED-SEM images (Figure 

3.5b) indicating X-ray amorphous phases or small crystallites.  

The unidentified As-S phase could be precipitating directly within the sediments or 

occurring as a by-product from the oxidation of realgar within this transitional facies or from 

oxidation and reaction with light during sampling and analysis. In addition to the reduced forms 

of As and S found in realgar and unidentified As-S phase, radiating crystals of a Mg-arsenate 

bearing phase were inferred from BSED-SEM images of the bulk sediment and stability of 

arsenates compared to arsenites.  Based on the SEM-EDS analysis, possible identities of this 

phase are magnesiokoritnigite (Mg(AsVO3OH)H2O),  brassite (Mg(AsVO3OH)4H2O), rößlerite 

(Mg(AsVO3OH)7H2O), wapplerite (Mg(HAsVO4)7H2O), hörnesite (Mg3(AsVO4)8H2O), or 

chudobaite (Mg5(AsVO4)2(AsVO3OH)210H2O) (Figure 3.6a-b) (Majzlan et al., 2014).  However, 

due to low abundances of the Mg-As phase in the sediment, XRD reflections from the phase were 

not detected in the XRD patterns making it difficult to identify the mineral species present. 

Chudobaite cannot be excluded, but is usually associated with zinc (Zn), which was not seen in 

the EDX spectra (Majzlan et al., 2014). Moreover, the Ca in the EDS spectra could be from the 

gypsum crystal, calcite, or low amounts of pharmacolite (Ca(AsVO3OH)2H2O ), which was also 
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not detected in the XRD data. The combination of reduced and oxidized As and S species (III and 

V) make this facies a complex transitional boundary between the saturated sediments at the water 

table below in Facies II and the oxidizing conditions in Facies IV above. Identification of all 

these phases requires further study. 

3.4.4 Facies IV: Pale Brown Sediment 

The pale brown (2.5Y 7/3), structure-less, basin-filling sediment of Facies IV that grades 

into Facies I near the shoreline was the thickest sedimentary layer measured (Figure 3.7a-b). The 

thickness of Facies IV ranged from 5 cm at the outer edge of the mudflat to 35+ cm adjacent to 

the lakeshore. Bulk element concentrations were very similar to Facies I with low concentrations 

of As, S, and Fe at 9.1-, 260-, and 14- μmol g-1, respectively (Table 3.1). The similarities between 

Facies IV and Facies I are expected given that both lithofacies are predominantly composed of 

diatom frustules deposited from the water column following the death of the algae from within 

the lake (Figure 3.7). Major differences between Facies IV and Facies I are the moisture content 

and quantity of evaporite minerals. Facies I consists of water-saturated sediment while Facies IV 

is drier and enriched in gypsum (17%) and calcite (6%) due to capillary transport in the mudflat 

driven by evaporation (Table 3.2). No As-bearing minerals were identified in the XRD patterns or 

SEM analyses of Facies IV. 
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Figure 3.5 Photograph, SEM, X-ray diffraction, and EDS data of Facies III, the As-rich 

,yellow-orange sediment. (a) Microscope image sediment of the sediment displaying the 

orange colour, calcite and gypsum. (b) BSED-SEM image of the <2 m fraction displaying 

abundant high-backscatter grains throughout the sediment. (c) X-ray diffraction pattern 

from the <2 m fraction with realgar indicated by the underlying gray lines. Major peaks 

are labelled for the dominant minerals: R-realgar and C-calcite. Arsenic in realgar has an 

oxidation state of III and represent reduced forms of As and S precipitating in the sediment 

above the water table despite the presence of calcite and gypsum. (d) EDS spectra of the 

high-backscatter grains composed of As and S.  
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Figure 3.6 The BSED-SEM image and EDS spectra of Mg-arsenate from the yellow-orange 

sediment of Facies III that also contains realgar. (a) BSED-SEM of radial fibers on a 

gypsum crystal from the bulk sediment. (b) EDS spectra of the radial fibers displaying Mg, 

As, and O consistent with Mg-arsenate. Calcium in the spectra could be from calcite (small 

grains), gypsum, or pharmacolatite (Ca(AsVO3OH)2H2O ).  

 

 

 

Figure 3.7 Photographs and SEM image of Facies IV, the the fine-grained pale brown 

sediment. (a) image of the structureless, pale brown sediment. (b) BSED-SEM image 

displaying abundant diatom frustules that are the dominant phase of Facies IV, along with 

calcite and gypsum. No As-bearing minerals were observed in in Facies IV. 
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3.4.5 Facies V: Surface 

The final lithofacies is present as a thin (1-3 cm), discontinuous surface coating rich in 

evaporate minerals, halite, and green-pink algae (Figure 3.8a). The total average concentrations of 

As and S reached values of 170- and 620- μmol g-1, respectively, while Fe concentrations 

remained relatively unaltered compared to Facies IV below at 18 μmol g-1 (Table 3.1). Arsenic 

could be accumulating at the surface via capillary transport from the sediments below driven by 

evaporation or from surface dust deposition. The mineralogy of Facies V differed from the rest of 

the sediments as calcite was no longer present and the evaporite mineralogy was dominated by 

gypsum (19%) (Table 3.2). X-ray diffraction analyses of the bulk powders and <2 μm fractions 

from the surface samples displayed strong evidence for hörnesite (Mg3(AsO4)8H2O), a 

secondary Mg-arsenate phase (Figure 3.8c). The EDS analysis of the  <2 m fraction confirmed 

the high backscatter grains are composed of As, Mg, and O consistent with hörnesite; the Si in the 

EDS spectra is from the diatom frustules (Figure 3.8d). In BSED-SEM observations the grains 

exhibit a platy or fibrous morphology (Figure 3.8b). Analysis of the bulk sample via BSED-SEM 

indicates the mineral is associated with the fibrous mat of organic filaments from the green-pink 

algae (Figure 3.9).  

3.5 Discussion 

Based on SEM-EDS, XRD, and chemical analyses, Laguna Chiar Khota can be described 

as an Fe-poor, As-rich system. The main source of As to the region is the active volcanic chain of 

the Western Cordillera along the border of Bolivia and Chile, which also adds sulfur to the 

closed-basin. Pokrovski et al. (2002) experimentally studied the speciation of As in eruptive 

gases in vapour-liquid and vapour-solid partitioning using X-ray absorption fine structure 

spectroscopy (XAFS) and found that As(OH)3 was the dominant form of As in both aqueous and   
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Figure 3.8 Photographs, SEM, and EDS data of Facies V, the alga-rich surface sediment; (a) 

photograph of the surface sediment taken during sampling displaying the green-pink algae 

(b) BSED-SEM image the high-backscatter grain of foliated hörnesite (c) X-ray diffraction 

pattern from the <2 m fraction. Hörnesite is indicated by the gray bars; major peaks are 

labeled for the dominant mineral: H-hörnesite and C-calcite. (d) EDS spectra of the high-

backscatter grain composed of As, Mg, and O; Si is due to the diatom frustules. Hörnesite is 

precipitating at the surface of the mudflat as the Mg-rich pore react with As that has 

accumulated from surface deposition or capillary transport. Precipitaiton of the gypsum 

and calcite throughout the mudflat result in Mg-rich pore fluids, especially at the surface 

where no evidence of pharmacolite is present. 
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Figure 3.9 BSED-SEM image of grains of hörnesite (bright) associated with the fibrous 

algal mat at the surface of Laguna Chiar Khota. The association of hörnesite with the algae 

suggests a possible role for biomineralization of As. 

 

 

vapour phases from 25-500°C. In Bolivia, volcanic As(OH)3 enters the environment adsorbed to 

ash surfaces or as a structural component in aluminosilicate glass phases (Bia et al., 2015). Bia et 

al. (2015) identified the mobile surficial As phases on volcanic ash as As(III)-S and As(V)-O 

from X-ray photoelectron spectra (XPS) indicating some oxidation of the As and complexation 

with S occurred after eruption of the gases. Based on the observations by Bia et al., (2015), As 

accumulating in the surface water of Laguna Chiar Khota is aerially deposited as As(OH)3 or in 

surface runoff as As(III)-S and As(V)-O. After deposition the speciation of As in the surface 

water depends on the rate of oxidation/reduction of the As, which is dependent on the amount of 
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OM in the lake sediment, microbial arsenate reduction, microbial arsenite oxidation, and mixing 

with the underlying reduced sediment (Nordstrom and Archer, 2003; Fisher et al., 2008; Drahota 

et al., 2009; Härtig and Planer-Friedrich, 2012). At a pH of 8.1, both arsenate and/or arsenite 

(H2AsO
-
4, HAsO4 

2-
, and H3AsO

0

3) could be present in the surface water (Campbell and Nordstrom, 

2014).  

The lack of significant As-bearing minerals at the sediment-lake water interface suggests 

surface and pore water associated with Facies I is undersaturated with respect to orpiment, 

realgar, and hörnesite. However, small grains of As-Cu-S are present in Facies I. Possible phases 

are luzonite (AsV), enargite (AsV), tennantite (AsIII/V), sinnerite (AsIII), or lautite (AsI). Arsenic is 

likely present as an aqueous oxyanion (Campbell and Nordstrom, 2014). Without significant 

quantities of Fe(III) oxyhydroxides to adsorb As-oxyanions and remove them from solution, As 

entering the lake (surface run off or aerial deposition) is not accumulating at the sediment-water 

interface and is free to migrate through the sediments. Conversely, in Fe-controlled systems such 

as the lakes found in Eastern Quebec (Canada), As cycles between precipitation—dissolution 

reactions with Fe(III) oxyhydroxides at the redox boundary of the sediment-water interface 

resulting in the accumulation of As at the bottom of the lake (Couture et al., 2010).  

In Laguna Chiar Khota, As deposited on the surface of the sediments and within the lake 

is able to migrate through the subsurface sediments and accumulate in Facies III. A similar long-

term loss of aqueous As from anoxic waters below the sulfidic hypolimnion was measured in 

Mono Lake (California), where thioarsenite species migrated into the subsurface sediment below 

the sediment-water interface, however the ultimate fate of the lost As was not investigated 

(Hollibaugh et al., 2005).  

At the redox boundary within Facies III, XRD and SEM-EDS analyses confirm realgar 

isa forming and that average As and S concentrations reach 1200- and 1300- μmol g-1, 

respectively. Realgar is present in the mid-mudflat pits where the As:S > 1, while the unidentified 
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As-S is precipitating throughout this lithofacies where As:S < 1 based on the bulk, <2 m 

fraction, elemental data. Equilibrium pε-pH diagrams for the As-O-S-H2O system at 25°C for pH 

of 7.8 constrain realgar precipitation to an Eh value of -0.35 V and pe of 5.5 (Nordstrom and 

Archer, 2003), however these conditions may not persist for extended periods of time given the 

fluctuating wet/dry conditions within the mudflat. Under these geochemical parameters, arsenite 

(H3AsO
0

3 ) or thioarsenite could be migrating up or down from Facies II depending on the 

concentration of HS- and subsequent sulfidation of arsenite (Nordstrom and Archer, 2003). The 

reduced As and S precipitate as realgar in high As concentrations. Precipitation of calcite and 

gypsum throughout the mudflat sediment also results in the enrichment of Mg within the pore 

fluids. Subsequent oxidation of realgar or As in the redox boundary leads to the formation of Mg-

arsenate in the Mg-rich solutions, and/or pharmacolite in Ca-rich solutions. 

From pe-log aH2S stability diagrams for As-Fe-S-O-H at 25°C and pH of 7 created from 

reaction path models by varying the amount of Fe(III) oxyhydroxide in the Geochemist 

Workbench®, O’Day et al. (2004) predicted orpiment to dominate and not realgar when Fe 

concentrations were low similar to the conditions in Laguna Chiar Khota (low-Fe/ high-S). 

O’Day et al. (2004) did not explicitly define the As:S ratio of the sediments in the geochemical 

models used, however the general conditions of realgar formation in the study by O’Day et al., 

(2004) do concur with the observations in Laguna Chiar Khota if the As:S ratio is considered and 

not simply the presence or absence of Fe. For example, buffering of dissolved H2S by Fe (FeS or 

pyrite precipitation) would increase the relative concentration of As to S in Fe-rich/low-S 

environments effectively producing similar conditions to the orange sediments in Laguna Chiar 

Khota where the high As:S favours realgar precipitation. Conversely, in the Fe-poor/high-S 

environments described by O’Day et al. (2004), Fe does not buffer the H2S concentrations 

allowing enough S to accumulate to stabilize orpiment or form As-S aqueous complexes; for 
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these sediments the As:S was likely too low for realgar precipitation, however the concentrations 

of As and S were not reported by O’Day et al. (2004).  

In Laguna Chiar Khota, the precipitation of gypsum could have a similar effect on As 

speciation in the variable redox transition zone of Facies III as does Fe-S precipitation. With 

periodic wet-dry cycles in the mudflat, gypsum precipitation during dry periods would remove S 

from solution effectively decreasing aqueous sulfur concentrations and resulting in an increase in 

the As:S ratio. During the following reduced/wet cycle, reduced S from Facies II below could 

react with the As, where the high As:S ratio would favour realgar over orpiment. During 

oxidizing cycles, some of the realgar may convert to amorphous As2S3, the unidentified As-S 

phase, or Mg-arsenate in the Mg-rich pore fluids (Majzlan et al., 2014). When the As:S ratio is 

low and oxidizing conditions dominate, the unidentified As-S phase or Mg-arsenate may also 

precipitate from solution. 

While these abiotic geochemical controls likely contribute to the As speciation in Laguna 

Chiar Khota, microbial activity within the sediment can significantly affect As and S cycles. For 

example, Le Pape et al. (2017) measured the complete removal of As from acid mine drainage 

(AMD) after inoculation with sulfate-reducing bacteria (SRB). Le Pape et al. (2017) found that 

AsIII initially reacts with biogenic sulfide to precipitate nano-sized, amorphous orpiment (As2S3), 

which could be occurring in the yellow sediments of Laguna Chiar Khota. With the AMD, the 

continual production of H2S by SRB transformed the amorphous orpiment into crystalline realgar 

in the sulfide-rich experiments (Le Pape et al., 2017). 

Similarly, amorphous As-S precipitates were found in yellow-orange, As-rich sediments 

sampled off the coast of Milos Island (Greece) in the Hellenic Volcanic Arc associated with 

microbial activity (Godelitsas et al., 2015). Analysis of the X-ray amorphous As-S precipitates 

using micro-Raman and XANES/EXAFS identified an orpiment-like mineral. The orpiment-like 

precipitate displayed evidence of chemical impurities and disorder in higher coordination shells, 
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possibly from the high rate of precipitation from the release of As-enriched hydrothermal fluids 

into the water or due to biomineralization that produced poor crystallinity (Godelitsas et al., 

2015).  

Low-temperature realgar was also found in organic rich, permanently saturated stream 

sediment near Mokrsko, Czech Republic—the realgar was precipitating as a yellow-orange 

coating on organic aggregates and buried wood despite the fact that the measured pH and Eh of 

the pore water was outside the calculated stability field for the mineral (Drahota et al., 2013). The 

close association of realgar with the buried wood and organic aggregates constrained realgar 

precipitation to the Fe-poor, reduced zone immediately surrounding the OM. In this reduced zone 

microbial sulfate reduction dominated in the oxygen-poor microcosm created by the OM and 

allowed realgar precipitation (Drahota et al., 2013). Despite high As and S concentrations in the 

sediment, realgar was not identified in the XRD patterns until the yellow coating was analyzed 

separately (Drahota et al., 2013). Likewise, the unidentified As-S phase found in the transitional 

zone of Facies III in Laguna Chair Khota could be yellow realgar, however further analysis using 

micro-raman, an electron microprobe, or As K-edge XANES is needed to positively identify the 

phase.  

Lastly, realgar could also be forming directly from solution via microbially-mediated 

precipitation depending on the microorganisms present in the mudflat. For example, an anaerobic, 

As-metabolizing organism in the family Clostridiaceae (YeAs) was isolated from the, neutral, 

60°C, Murky Pot hot spring in the Alvord Basin capable of producing biogenic β-realgar via 

arsenate reductase found in the cell extracts (Ledbetter et al., 2007). Moreover, As-rich sediments 

from Salar de Ascotán, Chile, contain arsenic-precipitating bacteria that accounted for half of the 

bacterial population and produced yellow precipitates ranging from orpiment to realgar when 

grown in a modified medium (Demergasso et al., 2007). Whether abiotic and/or biotic factors are 
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controlling the As speciation in Facies III, these sediments contain an interesting suite of As-rich 

minerals and potentially novel As-metabolizing bacteria that warrant further study.  

Arsenic accumulating at the surface of the mudflat in Facies V is present as hörnesite, a 

hydrated Mg-arsenate mineral in the symplesite-vivianite group. From SEM-EDS analyses of the 

As-rich grains, the presence of endmembers symplesite (Fe(AsO4)28H2O) and vivianite 

(Fe(PO4)28H2O) were eliminated from the XRD results based on the absence of Fe and P in the 

precipitates from Laguna Chiar Khota (Muehe et al., 2016). Hörnesite has been identified in 

speleothems in Corkscrew Cave (Arizona) and the Shiman realgar mine tailings in Changde 

(Central China) (Onac et al., 2007; Zhu et al., 2015). In Corkscrew Cave (Arizona), leaching of 

mineralized As from the breccia pipes by meteoric waters into the alkaline cave resulted in the 

precipitation of hörnesite on gypsum, along with a suite of other As-bearing minerals. (Onac et 

al., 2007). At the Shiman realgar mine (Central China), oxidation of the mine tailings with Mg-

rich fluids caused the dissolution of orpiment and realgar followed by the subsequent 

precipitation of hörnesite (Zhu et al., 2015). Similarly, in the mudflats of Laguna Chiar Khota the 

pore fluids become enriched in Mg due to the precipitation of calcite and gypsum throughout the 

mudflat leading to hörnesite formation in Facies V. If sufficient Mg is present (or added), 

precipitation of As into hörnesite could immobilize the As under alkaline conditions as a possible 

remediation strategy. The stability of these phases over changing moisture, redox, and pH 

conditions is relatively unknown however, except that the arsenates are acid soluble, and requires 

further study before they can be considered as a remediation option for As. In addition, the 

association of hörnesite with algae in Facies V could indicate a possible role for microbial As-

mineralization. 



 113 

3.6 Conclusions 

In Laguna Chiar Khota five distinct lithofacies were identified based on chemistry, redox 

potential, mineralogy, and colour across the 170-m transect. These lithofacies are: 

I. Sediments below the sediment-lake water interface composed of diatom 

frustules, calcite, dolomite, and gypsum that were oxidized at the sediment 

surface, reduced 1 cm below the sediment surface, and contained low 

concentrations of As (4.9 μmol g-1). Arsenic is occurring As-Cu-S precipitates 

and potentially dissolved As-oxyanions. 

II. Reduced, black mudflat sediments located at the water table with low 

concentrations of As (8.1 μmol g-1) and S (89 μmol g-1). Gypsum and calcite are 

precipitating within the amorphous diatomaceous sediments and igneous detritus. 

No As-bearing minerals were present and aqueous As-speciation is likely very 

complex consisting of both oxyanion and thioarsenic species in the saline, 

reducing sediment.  

III. Yellow-orange, As-rich sediments (1200 μmol g-1) located at the redox boundary 

above the water table. Arsenic is present as realgar (As
4

3+S4), pararealgar, an 

unidentified As-S phase, and Mg-arsenate making this a complex transitional 

layer. Some pharmacolite (Ca(AsVO3OH)2H2O ) may also be forming under Ca-

rich conditions. Dissolved As species are likely mixed between thioarsenic 

coming up from facies II below forming As-sulfide minerals and As-oxyanions 

forming Mg-arsenate and pharmacolite. 

IV. Pale brown sediments with low arsenic concentrations (12 μmol g-1) dominated 

by amorphous diatom frustules, gypsum, calcite, and dolomite. Arsenic is likely 

present as arsenate (HAsO4 
2- ) given the oxidizing conditions. The mobility of As 
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is increased by the low abundance or absence of Fe(III) oxyhydroxides, clay 

minerals, Mn-oxide, and organic matter.  

V. Surface sediments with abundant pink-green algae. Arsenic is accumulating at 

the surface from surface deposition or capillary transport driven by evaporation 

reaching concentrations of 95 μmol g-1. Arsenic is precipitating as hörnesite 

(Mg3(AsvO4)8H2O) upon reaction with Mg-rich fluids undersaturated with 

respect to calcite and is associated with algae at the surface. The other evaporite 

minerals present at the surface are gypsum, dolomite, and halite, 

The analysis of sediment As concentrations and As-bearing minerals within Laguna 

Chiar Khota allowed As speciation and mobility to be tracked throughout the mudflat sediments. 

The coexistence of sulfate minerals (gypsum) and oxidized As(V) in Mg-arsenate with reduced S 

and As-minerals (realgar, unidentified As-S) emphasizes the importance of reaction kinetics and 

the role of microbes in As geochemistry that allow minerals and element species to persist outside 

of their expected stability fields. Arsenic accumulating at the redox boundary above the water 

table is present in realgar when the bulk, solid As:S > 1 and the unidentified  As-S when the As:S 

< 1. The presence of realgar in Fe-poor/S-rich conditions, that geochemical models predict to be 

dominated by orpiment, suggests that the As:S ratio should be included in geochemical models of 

As stability fields or that microorganisms are significantly affecting As speciation. This redox 

boundary is also an important transitional horizon where oxidized fluids rich in Mg result in the 

dissolution of realgar and the precipitation of Mg-arsenate. At the surface of the mudflat, As is 

also accumulating from surface deposition (runoff or aerial) or capillary transport driven by 

evaporation. Similar to the Mg-arsenate at the redox boundary, hörnesite is precipitating at the 

surface due to the reaction of As with Mg-enriched fluids. Hörnesite is associated with the algae 

at the surface, which may indicate a possible mechanism of biomineralization. Hörnesite 

precipitation appears to immobilize As(V), however the effectiveness of Mg-arsenate for 
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remediation and As sequestration is unknown due to the lack of dissolution—precipitation studies 

and thermodynamic data. 
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Abstract 

Understanding clay mineral assemblages forming in saline lakes aids in reconstructing 

paleoenvironments on Earth and other terrestrial planets, because authigenic phyllosilicates are 

sensitive to the prevailing geochemical conditions present during formation. In the present study, 

phyllosilicates occurring in the mudflats of Bolivian salars were investigated to aid in 

understanding the geochemical factors that control mineral assemblages forming in (SO
4

2-) and 

(Cl-) rich environments. From transects across the mudflats, the bulk sediment and <2 μm fraction 

of each sedimentary layer were analyzed via X-ray diffraction (XRD), near-infrared spectroscopy 

(NIR), bulk chemical analysis using inductively coupled plasma optical emission spectroscopy 

(ICP-OES), and scanning electron microscopy (SEM). From these analyses, three types of 

sediments were identified: 1) regolith sediments dominated by Al-dioctahedral smectite, illite, 

and chlorite; 2) detritus-rich mudflat sediments with Mg-trioctahedral smectite and Al-

dioctahedral smectite along with illite and chlorite; and 3) authigenic mudflat sediments 

dominated by poorly formed Mg-trioctahedral smectite, kerolite, and biogenic silica. The absence 

of sepiolite-palygorskite in the salars is the result of excessively high Mg:Si ratios within the 

waters. In the surface water Mg becomes enriched relative to Si as diatoms dissolved Si from 

solution through biologically mediated uptake. The geochemical conditions present within the 

salars that act to preserve the diatom frustules and prevent their dissolution include: neutral-
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slightly alkaline pH solutions, cold temperatures, shallow water depths, and high salinity. Under 

these conditions the formation of sepiolite is restricted by the low amount of dissolved silica, 

despite the silica-rich environment. The formation of Mg-smectite and kerolite is favoured under 

these conditions.  

 

Key Words: authigenic smectite, Bolivian Altiplano, diatom frustule, kerolite, salar, saponite, 

stevensite, sulfate-rich brine 

 

4.1 Introduction 

Authigenic phyllosilicates commonly form in continental aqueous sedimentary 

environments characterized by alkaline-saline conditions developed under arid climates (Bristow 

and Milliken, 2011; Deocampo, 2015). Concentration of these lake waters by evaporation leads to 

a complex series of precipitation reactions as the brines evolve and control the mineral 

assemblages that are present.  Phyllosilicates forming from direct precipitation in alkaline lakes 

tend to be Mg-rich minerals such as palygorskite, sepiolite, stevensite, kerolite, saponite, and 

hectorite (Jones, 1986; Meunier, 2005). The major geochemical factors controlling the 

phyllosilicate minerals that precipitate may include: pH, alkalinity, element ratios, the presence or 

absence of detrital material, dissolved CO2 from biological activity, salinity, and the activities of 

Mg2+, Si4+, Al3+, Ca2+, and Fe3+ in solution (Jones and Galán, 1988; Weaver, 1989; Deocampo, 

2005; Bristow and Milliken, 2011). The evolutionary pathway followed by brines evaporating in 

closed-basin lakes depends on the concentrations of HCO
 3 
- and Ca2+ during calcite precipitation 

(Hardie and Eugster, 1970). During this critical first step, solutions evolve during calcite 

precipitation towards bicarbonate rich brines if [HCO3
- ] > [Ca2+] and towards sulfate- and/or 

chloride-rich brines if [HCO3
- ] < [Ca2+] (Hardie and Eugster, 1970).  
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The authigenic phyllosilicates formed in waters that evolve towards bicarbonate-rich 

brines have been extensively studied in Lake Chad, Africa (Gac et al., 1977); Abert Lake, Oregon 

(Jones and Weir, 1983; Banfield et al., 1991); Searles Lake, California (Hay et al., 1991); 

Jurassic Lake T’oo’dichi, Colorado (Turner and Fishman, 1991); the Pleistocene Amboseli basin, 

Kenya (Stoessell and Hay, 1978); the Miocene Vallecas-Vicálvaro and Cabañas-Yunclillos 

deposits, Spain (Galán and Castillo, 1984); and the Miocene Ezkişehir basin, Turkey (Ece and 

Çoban, 1994; Kadir et al., 2016). Jones and Galán (1988) have summarized these bicarbonate-

rich systems with regard to silicate minerals outlining the conditions that favour the formation of 

certain Mg-rich clays over others during evaporative concentration. Brackish waters with a 

slightly alkaline to neutral pH and high concentrations of dissolved Si in solution favour the 

precipitation of palygorskite in detritus-rich environments and sepiolite where reactive detritus is 

absent and Al is immobilized (Jones and Galán, 1988; Birsoy, 2002). With increasing pH, 

decreasing activity of silica, and/or high Mg2+ concentrations in solution trioctahedral smectites 

form where the mineralogy is determined by the amount of detrital clay and geochemistry of the 

solutions (Badaut and Risacher, 1983; Calvo et al., 1999; Larsen, 2008). Lastly, in the most saline 

conditions near basin centers and areas with repeated wetting and drying cycles, high K+/Mg2+ 

activity ratios and pH result in K uptake into smectite interlayers and the formation of illite-like 

domains as well as the neoformation of 10 Å clays (Turner and Fishman, 1991; Hay and Kyser, 

2001; Hover and Ashley, 2003; Furquim et al., 2010).  

The other half of the geochemical divide produces sulfate- and chloride- rich brines. For 

these system the pH of the evaporating brines can be neutral to slightly alkaline or can be acidic. 

Moderately alkaline, sulfate-rich salars have been found on the Bolivian Altiplano where Mg-rich 

smectites occur if the pH is >8.5 (Badaut and Risacher, 1983). For the sulfate-alkaline systems, 

many of the factors controlling authigenic clay formation are already described by the high pH, 

bicarbonate-rich, systems. Conversely, acid-saline, sulfate-rich lakes have been analyzed in south 
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Western Australia where authigenic kaolinite and Fe-oxides are favoured to precipitate (Bowen 

and Benison, 2009; Story et al., 2010). These sulfate/chloride systems are high priority analogs 

for understanding past environments on Mars as many layered deposits on the planet have been 

found with both phyllosilicates and sulfates such as Gale Crater, Mawth Vallis, and Columbus 

crater, all of which could have hosted paleocrater lakes (Farrand et al., 2009; Milliken et al., 

2010; Wray et al., 2010, 2011). Unfortunately, modern terrestrial environments with sulfate- and 

chloride-rich waters are relatively rare and have not been extensively studied (Bristow and 

Milliken, 2011). The deposits that have been found should therefore be analyzed in greater detail.  

While the aforementioned generalizations can be helpful in establishing geochemical 

controls for clay mineral formation, the complex environments created by evaporating brines 

across basins can make predicting clay mineral assemblages difficult. Many of the environmental 

conditions that favour magnesium clay formation overlap for sepiolite and Mg-smectite, 

especially for sulfate/chloride-rich systems in closed-basin lakes. For example, both sepiolite and 

Mg-smectite are favoured at intermediate pH (8-9.5), intermediate alkali salinity, and 

groundwater-dominated input (Jones and Galán, 1988; Galán and Pozo, 2011). One of the main 

differences in the factors of formation between these two clays is the activity of silica in solution; 

where sepiolite is favoured at high silica activities and Mg-smectite at low silica activities (Jones 

and Galán, 1988; Galán and Pozo, 2011). More specifically, equilibrium activity diagrams for the 

MgO-CaO-Al2O3-SiO2-H2O-CO2-HCl system calculated by Birsoy (2002) found sepiolite to be 

favoured when the is pH between 8.5-9.5 and the log[aH2SiO4] > - 4.75. Therefore, 

understanding the controls of dissolved silica in solution can aid in explaining Mg-clay formation 

in these intermediate environments such as the salars on the Bolivian Altiplano.  

Previous analysis of the surface waters suggest the sulfate rich-brines for several of the 

salars are brackish with pH values ranging from neutral to alkaline (7-10) and saturated with 

respect to dissolved Si—where the log[aH2SiO4] is > - 3.5 and well within the zone of sepiolite 
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formation (Badaut and Risacher, 1983; Servant-Vildary and Roux, 1990; Risacher and Fritz, 

1991; Dejoux, 1993). Characterization of the clay minerals present in the surface waters by 

Badaut and Risacher (1983) however, found a highly soluble authigenic Mg-smectite resembling 

stevensite replacing the diatom frustules. This authigenic Mg-smectite only formed in salars 

where the pH of the surface water was above 8.2, regardless of salinity (Badaut and Risacher, 

1983). Diatoms frustules have been cited as a source of silica for authigenic clay minerals and as 

a buffer for maintaining dissolved silica concentrations (Hay, 1970; Stoessell and Hay, 1978; 

Badaut and Risacher, 1983; Banfield et al., 1991; Chahi et al., 1997; Deocampo, 2005; Bristow 

and Milliken, 2011; Huggett et al., 2016). The overall effect of the algae on water chemistry with 

respect to clay mineral assemblages however, has not been thoroughly examined.  

The goal of this study is to further examine the salars of the Bolivian Altiplano extending 

out into the mudflats to aid in understanding the processes of phyllosilicate formation in sulfate-

rich environments related to dissolved silica. The present study includes the analysis of the 

mudflat sediments from six salars located in the Sur Lipez region of the Bolivian Altiplano.  

These salars provide a spectrum of varying water chemistry, mineralogy, pH, and the 

presence/absence of detritus. 

4.2 Geological Setting 

The Bolivian Altiplano is a large intermontane basin (200,000 km2) with an average 

elevation of 3,650 m bounded by the Cordillera Occidental to the west and Cordillera Oriental to 

the east (Risacher and Fritz, 1991; Allmendinger et al., 1997). The climate is classified as arid, 

with a mean annual precipitation of <0.2 m yr -1 and a mean evaporation rate of 1.5 m yr -1 

(Badaut and Risacher, 1993; Argollo and Mourguiart, 2000). The annual air temperature for the 

plateau is estimated between 5 and 10°C, however the daily range may be up to 40°C, with 

extreme seasonal temperatures reaching -40°C in the winter and +25°C in the summer (Risacher 
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and Fritz, 1991; Cabrol et al., 2009). The salars are remnants of large paleolakes that occupied the 

intravolcanic basin including the Pleistocene Lake Ballivián, Paleolake Minchín (35,000 years 

BP), and Paleolake Tauca (15,000 years BP) (Argollo and Mourguiart, 2000). The salars included 

in the current study occupy a number of small basins in the Sur Lipez region surrounded by 

stratovolcanoes, andesite lava flows, and ignimbrites (Figure 4.1). The six salars analyzed in 

detail for the current study were selected based on overlap with previous research on the 

Altiplano. The salars chosen were: Laguna Canapa (CAN), Laguna Hedionda (HED), Laguna 

Ramaditas (RAM), Laguna Honda (HON), Laguna Chiar Khota (CHKT), and Laguna 

Chulluncani (CHU) (Figure 4.1). Detailed descriptions of the salars can be found in Servant-

Vildary and Roux (1990) and Risacher and Fritz (1991). 

4.3 Materials and Methods 

4.3.1 Sampling 

The salars were sampled in June of 2014 along transects extending from the outer 

boundary of the mudflat to the sediment-water interface under the surface water. For each 

sampling site, the sediments were excavated to the water table or ice layer (max 80 cm), and each 

sedimentary layer collected separately. Depending on the size, dryness, stability, and 

heterogeneity of sediments across the mudflat, the number of pits at each salar varied. Several dry 

depressions and slopes surrounding the basins were also sampled for comparison between 

pedogenic weathering and lacustrine processes for clay mineral formation. Surface water samples 

were collected for each salar. The location, pH and salinity of the surface waters from each lake 

are included in Table 4.1. These data also include salinity and pH measurements from previous 

studies in 1983, 1990, 1991, and 1993. It should be noted that the surface waters of the salars 

were covered with ice each morning. 
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Figure 4.1 Location of the study site in the Sur Lipez region of Potosi, Bolivia, and position 

of the six salars. Image of the western Sur Lipez region on a Tri-Decadal Global Landsat 

Orthorectified ETM+Pan Mosaic (1999-2003) acquired 14/01/2002. Image courtesy of the 

U.S. Geological Survey. 
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Table 4.1 Location, maximum depth, and range of characteristics of each salar from 1983-

current study; data from Badaut and Risacher, 1983; Servant-Vildary and Roux, 1990; 

Risacher and Fritz, 1991; Dejoux, 1993; Sylvestre et al., 2001. 

 

 

 

4.3.2 X-ray Diffraction 

Subsamples were air-dried and ground with a mortar and pestle to pass through a 0.125 

mm sieve for bulk X-ray diffraction (XRD) analysis. Due to the soluble and fine-grained nature 

of the samples the micronizing mill was not used. Corundum (Al2O3) was mixed into each sample 

(10% wt.) as an internal standard to enable estimation of “X-ray amorphous” phases in randomly-

oriented powders. For clay mineral analysis, the <2 μm fraction was separated from each sample 

(wet-sieved to 45m) by centrifugation (Moore and Reynolds, 1989). Due to the low density of 

diatom frustules (<0.12-0.25 g cm-3), it was difficult to separate the siliceous skeletons out of the 

<2 m fraction, therefore contamination of the <2 m fraction with frustules is assumed. Sodium 

hexa-metaphosphate was used during the particle separation as a deflocculant. During the clay 

separation, each size fraction (> 45 m, >2 m, and <2 m) was weighed to determine the 

particle size distribution. The <2 m fractions were prepared as oriented mounts via the pipette 

method and analyzed as air-dried, ethylene glycol solvated (overnight at 60°C), and heat treated 

(400°C and 550°C) samples. All XRD data was collected using a PANalytical X’Pert Pro 

diffractometer (Almelo, Netherlands) in Bragg-Brentano geometry operated at 40 kV and 45 mA 

using Fe-filtered Co Kα radiation from 4-90°2θ with a ¼ divergence slit, and ½ anti-scatter slit.  

Lake Coordinates Salinity Depth pH Classification 

 S W g L-1 cm   

CAN 21°30’17” 68°00’43” 11-52 20 7.8-9.1 Brackish-Saline 

HED 21°34’19” 68°02’15” 41-72 30 6.6-8.5 Saline-Hypersaline 

RAM 21°39’03” 68°04’40” 21-29 25 7.8-8.2 Brackish 

HON 21°37’18” 68°03’38” 25-41 30 7.9-9.0 Brackish-Saline 

CHKT 21°35’38” 68°03’28” 10-70 20 7.3-8.2 Brackish-Hypersaline 

CHU 21°32’51” 67°52’51” 11-144 20 8.4-10.2 Brackish-Hypersaline 
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Randomly-oriented powders were prepared as back-loaded mounts and analyzed with 0.2 mm 

Soller slits with an effective counting time of 90 sec/step while the oriented clay mounts were 

analyzed with 0.4 mm Soller slits with an effective counting time of 15 sec/step, repeated 3 times 

to maximize intensity. For comparative analysis, 13 standard clays were prepared and analyzed 

with the same procedures. The standards were from the Source Clays Repository of The Clay 

Minerals Society, Iowa State University, and Pacific Northwest National Laboratory and 

included: K-saturated hectorite, SHCa-1 hectorite, SWa-1 ferruginous smectite, nontronite 

(Washington), nontronite (Pennsylvania), saponite, bentonite (South Panther Creek), bentonite 

volclay, API no. 25 Upton montmorillonite, montmorillonite (Arkansas), montmorillonite 

(Mississippi), Ca-attapulgite, and sepiolite. All XRD data were analyzed using the Highscore 

Suite (Degen et al., 2014). Semi-quantitative modal mineralogy was determined via Rietveld 

refinement of the diffraction data collected from randomly-oriented powders. 

4.3.3 Visible and Near-Infrared Spectrometry 

Near-infrared reflectance spectra were measured on the <2 μm separates relative to a USP 

white reference standard using an ASD TerraSpec® 4 Hi-Res Mineral Analyzer (Boulder, 

Colorado, United States) from 350-2,500 nm and RS3 Spectral Acquisition Software. Contact 

reflectance spectra were collected on air-dry, ground powders at an emission angle of 0°. 

Reflectance data were analyzed using The Spectral Geologist (TSG®) developed by CSIRO Earth 

Science and Resource Engineering (Canberra, Australian Capital Territory, Australia).  

4.3.4 Sediment and Water Characteristics 

Sediment plugs of selected samples were mounted in epoxy and prepared as thin sections 

for petrographic analysis. Subsamples of each bulk fraction were treated to dissolve evaporite 

minerals and aid in the identification and weight of the insoluble minerals. First, gypsum was 

dissolved in 10% (NH4)2CO3(aq), then filtered with P4 filter paper to remove the resulting 
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(NH4)2SO4(aq) (1). The filtrate was discarded and the remaining sediment and calcite sludge was 

then treated with 0.5 M HCl, filtered, rinsed with Milli-Q water, and dried at 60°C (2).  

(NH)2CO3(aq) + CaSO4∙2H2O(s) ↔  (NH4)2SO4(aq) + CaCO3(s) + 2H2O(l)  ( 1 ) 

CaCO3(s) + 2HCl(aq) ↔  CO2(g) + CaCl2(aq) + H2O(l)    ( 2 ) 

Major and minor elements of surface water samples and selected <2 μm fraction 

subsamples (digested in aqua regia) were analyzed for a 31 element suite using inductively 

coupled plasma optical emission spectrometry (ICP-OES) (Agilent Pro-axial CCD spectrometer, 

Santa Clara, California, United States) by the Analytical Services Unit at Queen’s University. The 

analytical accuracy was verified using the standard reference material MESS-3 for sediment 

samples, and the EU-H-4 standard and Cranberry-05 CRM (for Si) for the water samples. 

Element data can be found in Appendix L, M, and N. Surface water pH was measured in situ 

during sampling while sediment pH was measured in duplicate via the saturated paste method 

using a Vernier Tris-Compatable Flat pH Sensor and LabQuest Interface (Vernier Software and 

Technology, Beaverton, OR). The morphology and qualitative chemical composition of selected 

<2 μm fractions were analyzed using a FEI Quanta 650 field-emission scanning electron 

microscope (FEG-SEM, Thermo Fisher Scientific, Oregon, United States). Samples were 

mounted on carbon tape, carbon coated, and observed at 15- or 25- kV. 

4.4 Results 

Three types of sediment were identified from the basins based on location, field notes, 

texture, and sedimentary environment: 1) regolith sediment 2) detritus-rich mudflat sediment, and 

3) mudflat sediments composed primarily of authigenic minerals. The mineralogy, texture, and 

abundance of surface crusts and efflorescence varied between each salar and were analyzed via 

XRD only (Appendix K). The particle size data can be found in Appendix J. 
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4.4.1 X-ray Diffraction 

For all the bulk sediment samples, the XRD patterns contained a broad background 

centered on 25°2θ representative of “X-ray amorphous” phases such as biogenic opal (diatom 

frustules), volcanic glass, allophane or imogolite (Elzea et al., 1994; Bishop et al., 2013). Major 

(>10%) and minor (<10%) minerals present in each sediment type for each salar are presented in 

Table 4.2. The “1-Regolith” sediments were sampled from dry depressions and margins 

surrounding the salars and are composed of “X-ray amorphous” material, clay minerals, and 

igneous minerals consistent with the andesitic to rhyolitic surroundings (quartz, cristobalite, 

biotite, hornblende, albite-anorthite, clinopyroxene and orthopyroxene) (Table 4.2). Sediments 

ranged from fined grained (< 45 m) silt and clay in dry depressions to coarse (0.5-2mm), poorly 

sorted sub-angular grains surrounding the salar margins (Figure 4.2a and b). The mineral suite 

comprising the “2-Detrital” sediments is similar to the “1-Regolith” sediment with the addition of 

evaporites including calcite, gypsum, halite, and sylvite (Table 4.2). The sediments are well 

sorted, sub-angular grains deposited in alluvial to deltaic environments (Figure 4.2c and d). The 

“3-Authigenic” mudflat sediments are composed of “X-ray amorphous” material, clay minerals, 

and a complex suite of evaporite minerals including calcite, celestine, dolomite, eugsterite, 

gypsum, mirabilite, authigenic quartz, authigenic cristobalite, sylvite, and ulexite (Table 4.2). 

They consist of an extremely fine-grained matrix with evaporite minerals ranging from <2 m up 

to 1 cm crystals of mirabilite (Figure 4.2e and f). Surface crusts and efflorescence across the 

salars vary considerably, however they are predominantly composed of Na-sulfate minerals 

(thenardite/mirabilite) with small quantities of analcite, aphthitalite, calcite, cristobalite, gypsum, 

eugsterite, halite, howlite, sylvite and syngenite (Table 4.2). 
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Table 4.2 Generalized mineralogy of the surface evaporites, regolith, and mudflat sediments 

from the surrounding sediment, Laguna Canapa (CAN), Laguna Hedionda (HED), Laguna 

Ramaditas (RAM), Laguna Honda (HON), Laguna Chiar Khota (CHKT), and Laguna 

Challuncani (CHA). 

Lake Sediment 

Type 

Major >10%*†§ Minor <10%‡ 

Surrounding 

Sediment 

1- Regolith 

 

Amorphous, feldspars Clay minerals, cristobalite, 

hornblende, biotite, pyroxene, 

quartz 

 

Canapa Surface Aphthitalite, halite, 

thenardite  

 

Howlite 

 

 1-Regolith Halite, quartz Clay minerals, cristobalite, 

hornblende, biotite, pyroxene 

 

 2-Detrital 

 

Amorphous, calcite, 

feldspars 

Calcite, clay minerals, 

cristobalite, halite, hornblende, 

biotite, pyroxene 

 

Hedionda Surface Halite, thendardite,  Calcite, eugsterite, gypsum 

 

 2-Detrital 

 

Amorphous, calcite, 

feldspars 

Calcite, cristobalite, gypsum, 

hornblende, biotite, pyroxene 

 

 3-Authigenic 

 

Amorphous, gypsum Analcite, aphthitalite, calcite, 

clay minerals, eugsterite, halite, 

thenardite, ulexite 

 

Ramaditas Surface 

 

Gypsum, calcite, halite Calcite, cristobalite 

 1-Regolith 

 

Amorphous, Feldpars Calcite, clay minerals, 

cristobalite, biotite, pyroxene 

 

 2-Detrital 

 

Amorphous, calcite, 

feldspars, pyroxene 

 

Clay minerals, hornblende, 

biotite, quartz 

 3-Authigenic 

 

Amorphous, calcite, gypsum Clay minerals, cristobalite, 

sylvite 

 

Honda Surface Gypsum, halite, thenardite,  Amorphous, calcite, cristobalite, 

hörnesite 

 

 3-Authigenic 

 

Amorphous, gypsum, calcite Calcite, clay minerals, 

cristobalite, eugsterite, gypsum, 

halite, quartz 
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Lake Sediment 

Type 

Major >10%*†§ Minor <10%‡ 

Chiar  

Khota 

Surface Amorphous, halite Cristobalite, dolomite, gypsum, 

quartz, sylvite 

 

 3-Authigenic 

 

Amorphous, calcite, 

gypsum, ulexite  

As-Cu-S, calcite, celestine, clay 

minerals, cristobalite, dolomite, 

halite, hörnesite, quartz, realgar, 

sylvite, ulexite 

 

Chulluncani Surface Amorphous, halite, 

thenardite 

Analcite, clay minerals, 

cristobalite, eugsterite, gypsum, 

sylvite, syngenite 

 

 2-Detrital 

 

Amorphous, calcite, 

feldspars 

Clay minerals, cristobalite, 

halite, hornblende, biotite, 

pyroxene, quartz, sylvite 

 

* Moisture content and field descriptions identified mirabilite is present with thenardite; italicized 

minerals are major constituents in specific layers. Numbers correspond to sediment type outlined 

in text. 

† X-ray amorphous material dominated by siliceous diatom frustules identified in SEM images. 

‡ For Clay mineral descriptions, see Table 4.3 

§ Petrographic examinations of thin sections from sediment plugs for selected samples confirm 

the presence of biotite; feldspars range from anorthite to albite; pyroxenes include clinopyroxene 

and orthopyroxene. 

 

 

 

4.4.2 X-ray Diffraction of Clay Minerals 

The XRD patterns for nearly all of the oriented, <2 m fractions displayed evidence of 

swelling clays and “X-ray amorphous material”, except for sample 45, which only contained “X-

ray amorphous” phases (Table 4.3). 
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Figure 4.2 Representative images of the sediments from the regolith and salars of the 

Bolivian Altiplano a) fine-grained “1-Regolith” material from dry depressions surrounding 

the salars, b) stereo-zoom image (FOV 2 mm) of coarse “1-Regolith” sediments from areas 

surrounding the salars displaying unsorted angular grains, c) image of the “2-Detrital” 

mudflat sediments, d) stereo-zoom image (FOV 2 mm) of “2-Detrital” mudflat sediments 

display well-sorted sub-angular grains, e) fine-grained, structureless sediment from the “3-

Authigenic” mudflats, f) stereo-zoom image of the “3-Authigenic” mudflat sediments 

displaying fine-grained calcite and no detritus.   
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Table 4.3 Sediment class, pH, and clay mineral characteristics of each sample from Laguna 

Canapa (CAN), Laguna Hedionda (HED), Laguna Ramaditas (RAM), Laguna Honda 

(HON), Laguna Chiar Khota (CHKT), and Laguna Challuncani (CHU). Clay Standards 

and Source Clays used for comparison are included. 

ID 
Sediment 

Class 
pH 

(001) 

d-spacing 

(glycol) 

(001) 

βi 

19-21°2θ 

d-spacing 

(glycol) 

Clay 

Minerals 

   Å 2°θ Å Å  

Surrounding Sediment 

1 Regolith 7.4 16.7 2.6 5.70 5.00 Sme, Ill, Chl 

2 Regolith 8.3 17.1 2.3 5.68 5.00 Sme, Ill, Chl 

3 Regolith 7.9 17.2 2.7 5.72 4.96 Sme, Ill, Chl 

4 Regolith 8.1 17.3 4.3 5.72 5.00 Sme, Ill, Chl 

6 Regolith 6.9 15.1 3.9 5.45 4.98 I-S, Ill, Chl 

8 Regolith 7.5 16.9 5.3 5.57 4.98 I-S, Ill, Chl 

9 Regolith - 16.9 3.4  5.0 Sme, Ill, Chl 

Laguna Canapa 

12 Detrital 8.1 15.2 3.2 5.42 4.95 I-S, Ill, C 

13 Detrital 8.9 15.7 3.4 5.54 4.97 I-S, Ill, Chl 

14 Detrital 8.7 16.0 3.2 5.65  I-S, Ill 

15 Detrital 8.5 15.6 3.3 5.20 4.97 I-S, Ill, Chl 

16 Detrital 8.7 15.7 3.9 5.56 5.00 I-S, Ill, Chl 

17 Detrital 8.7 17.2 2.9  5.00 S, Ill, Chl 

18 Detrital 7.6 14.4 3.5 5.20 4.97 I-S, Ill, Chl 

19 Detrital 8.7 16.1 3.5  4.96 I-S, Ill, Chl 

24 Detrital 8.6 17.2 2.2 5.68 4.98 S, Ill, Chl 

26 Regolith 6.7 15.4 3.4 5.41 4.98 I-S Ill, Chl 

Laguna Hedionda 

28 Authigenic 8.7 16.4 3.9   Sme*, Ker 

29 Authigenic 8.6 17.3 3.5   Sme, Ker 

30 Detrital 8.8 15.6 3.2 5.23 5.00 I-S, Ill 

31 Detrital 8.7 16.0 2.9   I-S, Ker 

35 Regolith 8.6 15.3 3.0 5.33 5.00 I-S, Ill, K 

Laguna Ramaditas 

37 Detrital 8.5 16.1 2.9   I-S, Ker 

38 Detrital 9.0 15.6 3.3   I-S, Ker 

41 Authigenic - 14.8 3.6   Sme*, Ker 

42 Authigenic 8.6 16.5 5.7   Sme*, Ker 

43 Authigenic 6.8 16.1 4.9   Sme*, Ker 

44 Authigenic 8.1 15.3 6.2   Sme*, Ker 

45 Authigenic 7.9     Ker 
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ID 
Sediment 

Class 
pH 

(001) 

d-spacing 

(glycol) 

(001) 

βi 

19-21°2θ 

d-spacing 

(glycol) 

Clay 

Minerals 

   Å 2°θ Å Å  

Laguna Honda 

46 Authigenic 7.5 15.6 5.2   Sme*, Ker 

49 Authigenic 7.8 16.3 3.7   Sme*, Ker 

50 Authigenic 7.9 17.3 2.4   Sme, Ker 

51 Authigenic 8.3 16.1 5.0   Sme*, Ker 

52 Authigenic 8.0 16.9 4.2   Sme, Ker 

Laguna Chiar Khota 

58 Authigenic 8.0 16.3 3.7   Sme*, Ker 

59 Authigenic 7.7 16.4 6.0   Sme*, Ker 

60 Authigenic 7.6 16.5 3.8   Sme*, Ker 

61 Authigenic 7.9 16.9 3.8   Sme, Ker 

62 Authigenic 7.5 16.7 4.1   Sme*, Ker 

63 Authigenic 7.8 17.0 4.4   Sme, Ker 

64 Authigenic 7.7 17.2 3.7   Sme, Ker 

65 Authigenic 7.8 15.7 8.5   Sme*, Ker 

66 Authigenic 7.7 16.7 4.1   Sme*, Ker 

67 Authigenic 7.8 16.7 3.1   Sme*, Ker 

68 Authigenic 7.9 15.9 6.3   Sme*, Ker 

69 Authigenic 7.8 15.4 8.4   Sme*, Ker 

70 Authigenic - 17.0 5.8   Sme, Ker 

71 Authigenic 7.6 17.6 4.0   Sme, Ker 

72 Authigenic 7.5 17.4 4.2   Sme, Ker 

73 Authigenic 7.5 15.7 4.2   Sme*, Ker 

74 Authigenic 7.7 16.1 4.7   Sme*, Ker 

75 Authigenic 7.7 16.3 7.1   Sme*, Ker 

76 Authigenic 8.0 16.7 5.0   Sme*, Ker 

77 Authigenic 7.8 16.8 3.7   Sme, Ker 

78 Authigenic 7.3 16.4 3.7   Sme*, Ker 

79 Authigenic 7.3 15.1 10.5   Sme*, Ker 

Laguna Challuncani 

83 Detrital 8.4 17.2 3.7  5.00 Sme, Ill 

84 Detrital 8.5 17.1 3.3 5.52 5.00 I-S, Ill 

85 Detrital 8.0 15.9 3.6 5.22 4.98 I-S, Ill 

89 Detrital 8.4 15.8 3.8  5.00 I-S, Ill 

Clay Mineral Standards and Source Clays 

K-Hectorite na 17.1 1.5 5.60  Sme 

SHCa-1 Hectorite na 16.8 1.3 5.59  Sme 

SWa-1 Fe-Smectite na 16.8 0.9 5.62  Sme 
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ID 
Sediment 

Class 
pH 

(001) 

d-spacing 

(glycol) 

(001) 

βi 

19-21°2θ 

d-spacing 

(glycol) 

Clay 

Minerals 

   Å 2°θ Å Å  

Nontronite, WA na 16.9 1.1 5.64  Sme 

Nontronite, PA na 16.9 0.9 5.60  Sme 

Saponite na 17.0 0.7 5.65  Sme 

Bentonite, SPC na 17.0 1.1 5.65  Sme 

Bentonite volclay na 17.1 0.8 5.65  Sme 

API no. 25 Mont. na 17.0 0.8 5.65  Sme 

Mon (AR) na 17.1 0.9 5.60  Sme 

Mon (MS) na 17.0 0.9 5.59  Sme 

* Peak parameters for the (001) reflection were measured on glycolated smectite peaks ~6°2θ. 

“Sme”=smectite; “Sme*”=low swelling smectites; “Ill”=illite; “I-S”=interstratified illite-smectite; 

“Chl”=chlorite; “Ker”=kerolite; and Mon= montmorillonite. 

 

 

(1-Regolith): XRD patterns for the regolith clay samples that had been glycolated all 

contain a low-angle reflection (15.1- to 17.3-Å) indicative of smectite or interstratified illite-

smectite (I-S), discrete illite (10 Å and 5.0 Å), and a ~7.2 Å peak, likely from chlorite with weak 

(001) and (003) reflections given the arid environment (Figure 4.3). Interstratified clays were 

identified based on irrational basal spacings and a glycolated d001 spacing < 16.9 Å that collapsed 

to 10 Å with heat treatment (400°C) (Table 4.3) (Moore and Reynolds, 1989). When the 

(002/003) I-S peak could be resolved, most samples were estimated to have between 20-50% 

randomly interstratified illite layers. These regolith sediments represent basin filling Quaternary 

alluvium. 

(2-Detrital): The majority of the XRD patterns from glycolated samples of the detritus-

rich mudflat sediments are similar to the regolith clay diffractograms. X-ray diffractograms show 

detritus-rich mudflat sediment containing low-angle reflections with glycolated d001 spacings 

ranging from 14.4- to 17.2-Å mixed with discrete illite, and chlorite (Table 4.3) (Figure 4.4). 

Percent illite interstratification, estimated from the (002/003) I-S reflections, ranged from 30-

80%. This increase in illite interstratification indicates a general increase in layer charge 
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compared to the regolith clays common with diagenetic alteration in saline or alkaline solutions 

(Deocampo et al., 2010; Hugettt et al., 2016). Discrete illite could not be resolved in the XRD 

patterns from samples 31, 37, and 38 (sampled from below the sediment-water interface) as they 

contained a broad, asymmetric, shoulder at 10 Å resembling kerolite (Table 4.3) (Brindley et al., 

1977; Léveillé et al., 2002).  

(3-Authigenic): Authigenic mudflat sediments produced oriented XRD patterns 

significantly different from the regolith and detrital-rich mudflat sediments. All of the XRD 

patterns from glycolated samples displayed a very broad, low-angle reflection that swelled with 

ethylene glycol and either collapsed with heat (400°C) treatment or was destroyed (Figure 4.5). 

The d-spacings for the glycolated (001), low-angle reflections ranged from 14.8- to 17.6-Å (Table 

4.3). These clays were identified as poorly formed, low-swelling smectite indicative of high layer 

charge materials with some illite-like layers based on the broad reflections and lack of a 10 Å 

peak with heat treatment (Deocampo, et al., 2010). The only other features present (aside from 

micron-sized calcite) were weak peaks at 10 Å and 4.5 Å that did not swell with ethylene glycol 

and resembled kerolite (Brindley et al., 1977; Léveillé et al., 2002). Aside from the reduced d-

spacings of the (001) peak for some samples, higher angle reflections indicative of I-S or kerolite-

stevensite interstratification were not observed in the XRD patterns. The samples extracted from 

the sediment-water interface under the surface water (Nos. 44, 45, and 79) exhibited XRD 

patterns for glycolated samples dominated by broad reflections consistent with biogenic silica.  
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Figure 4.3 Representative X-ray diffraction patterns from the oriented <2 m fraction of 

regolith samples (REG-1) after glycolation, air-drying, 400°C, and 550°C treatments. The 

dotted line is located at 6°2θ (17 Å) representing the location of glycolated smectite 

reflections. Regolith clay samples are composed of smectite (S) with varying degrees of 

interstratification with illite, discrete illite (I), and chlorite (C).  
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Figure 4.4 Representative X-ray diffraction patterns from the oriented <2 m fraction of 

detritus-rich mudflat samples (CAN-15) after glycolation, air-drying, 400°C, and 550°C 

treatments. The dotted line is located at 6°2θ (15.6 Å) representing the location of glycolated 

illite-smectite reflection. Detrital clay samples are composed of smectite (S), illite-smectite 

(I-S), illite (I), and chlorite (C). 
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Figure 4.5 Representative X-ray diffraction patterns from the oriented <2 m fraction of 

authigenic mudflat samples (RAM-43) after glycolation, air-drying, 400°C, and 550°C 

treatments. The dotted line is located at 6°2θ (16.1 Å) representing the location of glycolated 

low swelling smectite reflections. Authigenic clay samples are composed of smectite (S) 

characterized by high layer charge and kerolite (Ker).  
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Due to interferences in the XRD patterns from diatom frustules and the broad 10 Å 

shoulder from kerolite in many samples, the coherent scattering domain for the glycolated (001) 

smectite reflection could not be accurately calculated. Instead the integral breadth (βi) of the (001) 

smectite reflection was used as a proxy to compare the nature of the smectite clays between 

sediment classes and the Source Clays and clay standards analyzed (Table 4.3; Figure 4.6). 

Broadening of the (001) reflection, resulting in a higher βi, occurs when materials have limited 

coherent domains from small crystallite size and randomly interstratified layers (Martin de 

Vidales et al., 1991). Analysis of box and whisker plots of the βi from (001) smectite reflections 

by sediment class reveals a systematic increase in both the overall broadness and range of the βi 

measured from the standard Source Clays (used as a benchmark for well-crystallized clay) to the 

Bolivian clays in the “3-Authigenic” sediments (Figure 4.6). The Source Clay standards had the 

smallest βi ranging from 0.6-1.5 with the lowest average (�̅� = 1.0), while the authigenic clays 

displayed the greatest range in βi from 2.4-10.5 and highest average (�̅� = 5.0). The βi of the 

regolith and detrital-rich mudflat clays were fairly similar ranging from 2.1-3.9 (�̅� = 3.0) for the 

regolith samples and 2.4-3.9 (�̅� = 3.3) for the detrital samples. 

4.4.3 Visible and Near-Infrared Spectroscopy 

The major absorption bands identified in the samples are located around 1410 nm (7092 

cm-1) from OH and H2O overtones (OH2v and H2O2v), 1910 nm (5236 cm-1) from H2O 

combinations (H2Ov+δ), 2210 nm (4525 cm-1) from Al-OH combinations, and/or 2310 nm (4329 

cm-1) from Mg-OH combinations (Bishop et al., 1994; Bishop et al., 2013). A flat, broad 

reflectance band between 2210-2310 nm was also observed in most of the mudflat samples 

characteristic of opal or hydrated silica (Figure 4.7) (Milliken et al., 2008). This Si-OH feature 

was excluded from Figures 4.8-4.10 for clarity unless it was the most prominent feature in the 

reflectance spectra. Subtle shifts in the 1410 nm band (OH2v) that depend on the corresponding 
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cation (Al, Mg, or Fe) could not be distinguished due to the presence of this hydrated silica in all 

of the samples that contributed a very broad absorption over the region (Bishop et al., 2013). 

 

 

Figure 4.6 Box and whisker plot of the integral breadth (βi) of glycolated (001) smectite 

reflections from oriented <2 m fraction X-ray diffraction patterns by sediment class. The 

clay mineral Source Clay standards (n=11) measured had the smallest βi measured 

characteristic of large coherent scattering domains (Table 4.2); regolith (n=10) and detrital 

(n=17) clays had similar βi, with detrital clays exhibiting slight broadening of the (001) 

reflection; Authigenic (n=33) clays displayed the largest range and largest βi characteristics 

of small coherent scattering domains from extremely small crystallite size and/or disorder. 
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Figure 4.7 Representative NIR reflectance spectra of the <2 m fraction from each sediment 

class The dotted lines identify the location of diagnostic absorption bands for clay minerals 

around 1410 nm (7092 cm-1), 1910 nm (5236 cm-1), 2210 nm (4525 cm-1), and 2310 nm (4329 

cm-1). Regolith sediments from dry depression and slopes exhibit absorption bands for Al-

dioctahedral smectite (2208 nm); detrital-rich mudflat sediments exhibit absorption bands 

for Al-dioctahedral smectite (2208 nm) and Mg-trioctahedral smectite (2313 nm); 

authigenic mudflat sediments exhibit absorption bands for Mg-trioctahedral smectite (2312 

nm); sediments dominated by diatom frustules exhibit a broad absorption from hydrated 

silica (2210-2310 nm). 

 

 

(1-Regolith): Reflectance spectra of the regolith <2 m fractions all contained diagnostic 

absorption bands for dioctahedral smectite located at 1414 nm (7072 cm-1), 1908 nm (5241 cm-1), 

and 2208 nm (4529 cm-1) (Figure 4.8). The absence of any Mg-OH absorptions suggests most of 
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the Mg2+ released from the weathering of pyroxene and hornblende in the regolith is not 

incorporated into the pedogenic smectite and instead contributes to Mg enrichment of the surface 

water and sediments in the salars. These Al-rich clays are available for transport into the mudflats 

of the salars.  

 

 

Figure 4.8 Location of major absorption bands in the NIR reflectance spectra for the <2 m 

fraction separated from regolith samples. Absorption bands are present at 1414 nm (7072 

cm-1) from OH2v and H2O2v overtones, 1908 (5241 cm-1) from H2Ov+ δ combination 

stretching, and 2208 nm (4529 cm-1) from Al-OH combinations. All NIR spectra confirm Al-

dioctahedral smectite is the dominant clay mineral. 

 

 

(2-Detrital): Reflectance spectra from the <2 m fractions from detrital mudflat 

sediments are characterized by metal-OH absorption bands for both dioctahedral clay (Al-OH) at 

2208 nm (4529 cm-1) and trioctahedral clay (Mg-OH) at 2313 nm (4323 cm-1) (Figure 4.9). 

Spectral analysis of these NIR data resembles montmorillonite-beidellite mixed with magnesite, 

however bulk XRD patterns had no evidence of magnesite, dolomite, and Mg-calcite. Sample 

Nos. 31, 37, and 38 were collected from beneath standing water and exhibit the broad absorption 

bands from hydrated silica between 2200-2300 nm, and in the case of 37 and 38, Mg-OH 
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absorptions are absent. The clay minerals in the detrital-rich mudflat are a mix of detrital 

dioctahedral smectite and authigenic trioctahedral smectite. Substitution of Mg into the octahedral 

sheet (AlMg-OH) should shift the Al-OH band to higher wavelengths near 2212 nm (4520 cm-1), 

which was not observed suggesting the Al-OH and Mg-OH phases are distinct (Bishop et al., 

2002a).  

 

 

Figure 4.9 Location of major absorption bands in the NIR reflectance spectra for the <2 m 

fraction separated from detritus-rich mudflats samples. Absorption bands are present at 

1415 nm (7067 cm-1) from OH2v and H2O2v overtones, 1910 (5236 cm-1) from H2Ov+ δ 

combination stretching, 2208 nm (4529 cm-1) from Al-OH combinations and 2313 (4323 cm-

1) from Mg-OH combinations. The NIR spectra confirm Al-dioctahedral smectite and Mg-

trioctahedral smectite are present. Broad bands between 2200-2300 nm indicate biogenic 

silica. 

 

 

(3-Authigenic): The NIR spectra of authigenic mudflat sediment displayed absorption 

features consistent with trioctahedral clay with the main absorption band located at 2312 nm 
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(4325 cm-1) from Mg-OH (Figure 4.10). A broad feature was identified between 2200-2300 nm 

(4545-4348 cm-1) in many of the samples as well resembling hydrated silica. For samples 58, 60, 

and 74 the H2O combination band at 1910 nm (5236 cm-1) is shifted to longer wavelengths (1938-

1942 nm) due to the presence of vegetation in the samples noted as green and pink algae in the 

field (Clark, 1999). No evidence for Al-OH absorptions was observed in the NIR spectra 

indicating that the dioctahedral clay from the regolith and detrital mudflat sediment is absent. 

Samples that were dominated by hydrated silica (Nos. 42, 44, 45, 79) were fresh sediments 

sampled from under the surface water similar to the detrital sediment samples 31, 37, and 38.  

4.4.4 Scanning Electron Microscopy 

(1-Regolith): Clay minerals separated from the regolith sediments display a mix of well 

defined, hexagonal, spherical, and platy minerals with small, flaky particles consistent with XRD 

results of dioctahedral smectite (montmorillonite or beidellite), illite, and chlorite (Figure 4.11a). 

The EDS spectra of the flaky particles with classic smectite textures confirm the clays are Al-rich 

(data not shown). 

(2-Detrital): The detrital-rich sediments display platy and spherical-shaped minerals 

similar to those present in the regolith, as well as poorly-preserved remnants of diatom fragments 

and flaky masses (Figure 4.11b). Within the flaky masses, individual particles can still be 

distinguished by their well-defined edges.  
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Figure 4.10 Location of major absorption bands in the NIR reflectance spectra for the <2 

m fraction separated from authigenic mudflats samples. Absorption bands are present at 

1414 nm (7072 cm-1) from OH2v and H2O2v overtones, 1910 (5236 cm-1) from H2Ov+ δ 

combination stretching, and 2312 (4325 cm-1) from Mg-OH combinations. The NIR spectra 

confirm Mg-trioctahedral smectite is the dominant clay mineral present. Broad bands 

between 2200-2300 nm designate indicate silica.  
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Figure 4.11 Representative BSED-SEM images of the <2 m fraction from each detrital 

class: (a) regolith clay samples display well-defined particulates characteristic of weathering 

from igneous minerals; (b) detritus-rich mudflat samples display a mix of well-defined 

particulates and conglomerated masses rich in Mg and Si from EDS data; (c-d) authigenic 

mudflat samples display poor-moderately well preserved diatom frustules and fluffy 

masses, likely authigenic Mg-clay; (e-f) authigenic detritus-poor mudflat samples taken 

from the sediment water interface below the surface water display predominantly well-

preserved diatom frustules. * Due to the low density of the diatom frustules (<0.12-0.25 g 

cm-3) the large siliceous skeletons remained in suspension during the clay separation.  
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(3-Authigenic): The authigenic mudflat sediments are predominately composed of diatom 

frustules with small platy particles mixed and fluffy aggregates (Figure 4.11c-f). Within the 

authigenic sediments the diatom frustules display evidence of dissolution and 

coating/replacement with fine-grained material as the delicate morphology of the microfossils is 

obscured for many of the samples (Figure 4.11c-d). The NIR reflectance spectra and EDS 

analysis (data not shown) confirm the fine-grained aggregates are rich in Mg and Si. The small <2 

m wide scalenohedral crystals are calcite, confirmed in the XRD spectra and EDS analysis of 

the grains (data not shown). 

Samples taken from below sediment-water interface (Nos. 42, 44, 45, 79) are composed 

of well-preserved diatom frustules still displaying the delicate morphology of the stria and raphe 

on the porous structure (Figures 4.11e-f). Sparse aggregates of fluffy masses are still present in 

these samples representing poorly-formed minerals. The dominance of diatom frustules within 

these sediments is consistent with the NIR spectra and X-ray diffraction profiles, which exhibited 

a strong absorption for hydrated silica and broad amorphous hump around 25°2θ, respectively. 

These samples represent the most recent sedimentary deposits from the salar confirming that 

endogenic calcite and diatom frustules are the main materials settling out of the surface water, 

and that neoformed phyllosilicate minerals are not precipitating directly from solution in 

appreciable amounts. The fine-grained, fluffy material in the rest of the samples is a product of 

frustule dissolution and alteration rather than neoformed phyllosilicates.  

4.4.5 Chemical Analysis 

The Al:Fe:Mg and K:Li:Fe ternary diagrams for selected <2 m fractions are presented in 

Figure 4.12. The Al:Fe:Mg ternary diagrams display a pattern of increasing Mg content from the 

regolith clays to the mudflat clays where: “1-Regolith” < “2-Detrital” < “3-Authigenic” (Figure 

4.12a). These data are consistent with the NIR spectra for each sediment class where the regolith. 
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Figure 4.12 Ternary diagrams of <2 m fraction compositions separated from regolith 

sediments (squares), detritus-rich mudflat sediment (triangles), and authigenic mudflat 

sediments (circles). (a) The Al:Fe:Mg ternary diagram displays increasing Mg-enrichment 

within the mudflats where authigenic clays forming in detritus-poor environments are 

dominated by Mg-rich chemistries. (b) The Fe:K:Li ternary diagram displays increasing K 

and Li content in authigenic clays forming in detritus-poor environments.  
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clays are dominated by Al-dioctahedral smectite and the authigenic clays are dominated by Mg-

trioctahedral smectite. For the Fe:K:Li, ternary diagrams, both the “1-Regolith” and “2-Detrital” 

clays contain greater amounts of Fe (>60%) compared to K and Li; however, some of the detrital 

clays display a slight increase in K consistent with the increase in illite layers, or decrease in the 

glycolated d001, observed in the XRD patterns (Figure 4.12b). The Mg-rich clays sampled from 

the “3-Authigenic” sediments conversely, display increasing concentrations of K and Li relative 

to Fe. Given the small, glycolated d001 spacings for many of the “3-Authigenic” clays, K is 

present as an interlayer cation contributing to illite-like layers in the smectite from low 

temperature illitization. The high Li concentrations in the “3-Authigenic” clays could be from 

hectorite or Li-rich saponite/stevensite in the evaporative basin (Figure 4.12b). Minor/trace 

elements and heavy metals were either below detection limits or enriched in specific salars with 

no apparent pattern to the sediment class, and were therefore not included 

4.4.6 Water Chemistry 

Surface water chemistry data from publications ranging from 1983-2014 (including the 

current study) was compiled to understand the range of geochemical conditions experienced 

within each salar (Badaut and Risacher, 1983; Servant-Vildary and Roux, 1990; Risacher and 

Fritz, 1991; Dejoux, 1993; Sylvestre et al., 2001) (Figure 4.13). Even though the data spans ~30 

years and is highly variable, the general trend in the Mg:Si ratio of the surface water compared to 

the inflow water is consistent across studies. The variability in the data is expected for closed-

basins where ionic concentrations fluctuate with evaporation and depend on the time and season 

sampled. Compared to inflow waters that are rich in dissolved Si (Mg:Si < 1), the surface waters 

of the salars are significantly enriched in Mg2+ with respect to dissolved Si (Mg:Si > 1) (Figure 

4.13). This Mg2+ enrichment is especially pronounced in HED, CHKT, and CHU where the mean 

Mg:Si was 130, 98, and 73, respectively. Surface water pH was also highly variable for all the 

salars over the 30 year period, fluctuating between neutral-alkaline for most salars—although pH 
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would depend on the season sampled (i.e., wet vs. dry) (Table 4.1; Figure 4.14). For HED, RAM 

and CHKT the pH values measured/reported were consistently below 8.5, which is the tentative 

threshold for Mg-silicate precipitation from solution identified by Badaut and Risacher (1983).  

 

 

Figure 4.13 Box and whisker plots of the Mg:Si ratio of inflow waters compared to salar 

surface waters from 1983-current study; data from Badaut and Risacher, 1983; Servant-

Vildary and Roux, 1990; Risacher and Fritz, 1991; Dejoux, 1993. For all the salars, 

evaporative concentration of the inflow waters results in significant enrichment of Mg 

relative to Si in the surface waters of the salars. 
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Figure 4.14 Box and whisker plots displaying the range of pH values measured from surface 

water samples from each salar from 1983-current study; data from Badaut and Risacher, 

1983; Servant-Vildary and Roux, 1990; Risacher and Fritz, 1991; Dejoux, 1993; Sylvestre et 

al., 2001. The salars range from neutral-alkaline over the years of study, however the pH of 

HED, RAM, and CHKT has never increased above the threshold for Mg-silicate 

neoformation despite the evidence of Mg-smectite within the mudflats of these salars. 

 

 

4.5 Discussion 

(1-Regolith): Clay minerals identified in the <2 m fraction of regolith samples are 

consistent with illite, chlorite, and randomly interstratified I-S rich in Al-dioctahedral smectite. 

These samples were all characterized by Al-OH absorptions near 2208 nm (4528 cm-1) in the NIR 

spectra, chemical composition dominated by Al, and low-angle reflections in the XRD data that 

swell with ethylene glycol treatment. This suite of dioctahedral phyllosilicates is expected from 

pedogenic weathering in the soils (regolith) surrounding the salars. Weathering of biotite, 
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feldspar, pyroxene, and hornblende present in the surrounding andesites and rhyodacites has been 

shown to produce Al-rich phases while releasing Fe and Mg to solution (Hover and Ashley, 2003; 

Deocampo et al., 2009). Clay minerals formed via weathering of detrital minerals also tend to 

have larger crystallite sizes and produce sharper reflections in XRD, both of which were observed 

for the regolith clays. These dioctahedral phyllosilicates represent potential detrital sources for 

clay minerals entering the salars. 

(2-Detrital): Clay minerals in the detritus-rich mudflats are a mix of detrital (illite, 

chlorite, and I-S-rich in Al-dioctahedral smectite) and authigenic (Mg-smectite) phyllosilicates. 

All detritus-rich mudflat sediments displayed absorptions from both Al-OH (2208 nm; 4528 cm-1) 

and Mg-OH (2313 nm; 4323 cm-1) combinations in the NIR spectra with an overall shift towards 

Mg-rich chemistries compared to the “1-Regolith” clays. The XRD patterns also exhibited 

evidence of broadening of the glycolated (001) reflections and increased layer charge (smaller 

glycolated d-spacings) of the smectite minerals compared to the regolith smectite clays. Without 

any shifts in the Al-OH band to higher wavelengths near 2212 nm (4520 cm-1) signifying Mg-OH 

contributions, these observations suggest that authigenic Mg-smectite is forming on, or replacing, 

dioctahedral smectite within the mudflats. The authigenic clay minerals are characterized by 

small crystallite sizes, structural disorder, and high layer charge consistent with low temperature 

illitization due to increasing octahedral Mg in the saline environment (Deocampo et al., 2009, 

2010). Similar broadening of the (001) reflection was measured by Cuevas et al., (2003) who 

used peak deconvolution analysis to conclude that combining a broad 18Å reflection from 

authigenic stevensite with a sharper 17Å reflection from detrital dioctahedral smectite would 

produce the broad reflections observed. The transformation of detrital Al-dioctahedral smectite to 

authigenic Mg-trioctahedral smectite has been demonstrated in Abert Lake, Oregon (Jones and 

Weir, 1983; Banfield et al., 1991); in Miocene lacustrine units in the Madrid basin, Spain 

(Bellanca et al., 1992); in the Salina Ometepec, Baja, California (Hover et al., 1999); in Neogene 
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Vicalvaro deposits, Madrid, Spain (Cuevas et al., 2003); in Lake Eyasi and Ngorongoro Crater, 

Tanzania (Hover and Ashley, 2003; Deocampo, 2005); and in the Pliocene Olduvai Gorge, 

Tanzania (Deocampo et al., 2009). The process of the transformation has been theorized by 

several studies and includes: topotactic growth of Mg-rich layers onto existing detrital clays 

producing di- and tri- octahedral crystals; complete dissolution of Al-dioctahedral smectite and 

re-precipitation of Mg-trioctahedral smectite; and solid state transformation of dioctahedral clays 

to trioctahedral clays producing coexisting domains within the same sheet or an intermediate 

composition of the octahedral sheet (Banfield et al., 1991, Cuevas et al., 2003; Hover and Ashley, 

2003; Deocampo et al., 2009). Due to the lack of evidence for octahedral substitution of Mg for 

Al in the NIR reflectance spectra, the most likely process of authigenic clay formation in Bolivia 

appears to be topotactic growth of the Mg-rich phases onto existing Al-rich phases. 

 (3-Authigenic): Clay minerals in the authigenic sediments are consistent with Mg-

smectite (most likely stevensite or saponite), and kerolite forming on/replacing diatom frustules. 

The enrichment of Li in the authigenic clays in CHKT could indicate hectorite is forming, 

however analytical electron microscopic analysis coupled with transmission electron microscopic 

analysis (AEM/TEM) of individual clay particles would be required to establish if enough Li is 

present in any individual particles to identify them as hectorite. If hectorite were present however, 

there should be a shift in the trioctahedral combination band to 2306 nm (4335 cm-1), which was 

not observed (Bishop et al., 2002b). The NIR spectra for these sediments are dominated by 

hydrated silica and/or Mg-OH absorptions (2312 nm; 4325 cm-1). X-ray diffraction analyses 

produced very broad basal reflections whose position changed with ethylene glycol treatment and 

weak reflections from kerolite (10Å and 4.5Å). Broad basal reflections are indicators of 

authigenic formation for clay minerals (Deocampo et al., 2009, 2010). Within the mudflats, 

kerolite is precipitating from the Mg2+ enriched solutions characterized by an excessively high 

aMg2+/aSiO2 that are leaching through the diatomaceous sediment (Galán and Pozo, 2011; Tosca 
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and Masterson, 2014). Subsequent removal of Mg2+ via kerolite precipitation shifts the solutions 

into the stability field of stevensite allowing the smectite to precipitate (Galán and Pozo, 2011; 

Tosca and Masterson, 2014).   

The samples that exhibited glycolated d001 spacings <17 Å are consistent with a high 

octahedral layer charge coupled with moderate K+ fixation (Deocampo et al., 2009). A similar 

precursor smectite was described in the Tagus basin (Spain) that had variable interlayer spacings 

(10-18Å) and a high layer charge from deficiencies in the octahedral cations (Santiago de Buey et 

al., 2000). The absence of I-S interstratification in the XRD data could be due to incomplete K+ 

fixation in the Na-rich solutions. Deocampo et al. (2009) suggested layer charge increases and K+ 

fixation are decoupled, and that K+ fixation occurs under freshwater conditions when the K/Na is 

higher. The rest of the Mg-rich samples that swelled to ~17Å resemble authigenic kerolite-

stevensite similar to the clays from palustrine environments from the Neogene Madrid basin 

(Spain) (Pozo and Casas, 1999). The Neogene kerolite is thought to have originated via 

precipitation from solution or a gel-like medium (neoformation) based on the colloform texture, 

chemical purity, and XRD reflections; while early diagenetic processes (increasing salinity via 

evaporation and drying) converted the kerolite to kerolite-stevensite prior to pure stevensite 

formation (Pozo and Casas, 1999). Although diatoms were not included in the observations by 

Pozo and Casas (1999) diatomaceous marls are present in the Miocene sediments of the Madrid 

basin indicating the green algae could be affecting the mineral assemblages present as well 

(Bellanca et al., 1992).  

The replacement of biogenic silica with Mg-smectite is consistent with the observations 

of Badaut and Risacher (1983) who reported stevensite replacing diatom frustules in water 

samples when the pH was above 8.5 in the same salars as the present study, however the 

pervasiveness of the diatom frustules throughout the mudflats (~ 1 m of diatomaceous sediment) 

has not been previously reported. Authigenic smectite formation within the mudflats however, 
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was not restricted by the pH of the surface water as Badaut and Risacher (1983) found, as all of 

the sediments exhibited evidence of phyllosilicate formation due to the concentration of solutes 

within the pore fluids. The mudflats adjacent to saline lakes are dynamic environments subject to 

periodic wet/dry cycles and strong capillary forces that concentrate solutes, especially Mg2+ after 

calcite and gypsum precipitation. 

Widespread evidence of sepiolite was absent in the XRD patterns and NIR reflectance 

spectra despite the silicate rich, brackish, environments, however trace amounts cannot be ruled 

out without DTA/TG or TEM analysis. Based on the Mg:Si ratios measured during the past 30 

year, it is evident that waters within the salars become significantly enriched in Mg, but not silica, 

during evaporative concentration. From SEM analysis of the authigenic mudflat sediments not 

obscured by detritus, it is evident that these sediments are dominated by diatom frustules. 

Diatoms are capable of surviving under wide ranges of salinities and pH, and effectively remove 

silica from the water column via biologically mediated uptake to form their siliceous skeletons 

(DeMaster, 2003). The ultimate fate of the silica depends on the geochemical conditions present 

following the death of the biota: i.e., preservation vs. dissolution. Factors that affect diatom 

dissolution have been summarized by DeMaster (2003), Ryves et al, (2006) Flower and Ryves 

(2009) and Loucaides et al. (2012) and include: 

 pH: dissolution increases with increasing pH, due to deprotonation of silanol 

groups that helps promote hydrolysis of the siloxane bonds, especially above pH 

9 where dissolution increases exponentially. The pH dependent dissolution of 

diatoms aids in explaining the absence of frustules in many ancient, bicarbonate-

rich, systems. 

 Temperature: The rate of frustule dissolution increases linearly with increasing 

temperature from 4°C to 30°C. 
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 Salinity: alkali salts increase frustule dissolution until solutions become 

hypersaline; further increases in salinity decrease silica solubility, especially 

when divalent cations are present (Ca2+, Mg2+, and Fe2+). 

 Depth of the water column: a deeper water column allows more time for the 

frustules to dissolve before sedimentation. In deep lakes and ocean environments, 

many diatoms dissolve within the water column before settling.  

 Sinking velocities: the sinking velocity is affected by the size (dependent on the 

nutrient status of the water) and aggregation of diatom cells where larger 

cells/groups sink faster allowing less time for dissolution. 

 Al incorporation: soluble Al present during diatom growth can be incorporated 

into the siliceous skeleton and ultimately decreases the solubility of the frustules. 

In the Bolivian salars, temporal variations in the neutral-alkaline solutions and brackish-

hypersaline conditions create a range of biogeochemical conditions within each salar and between 

salars. For most of the salars however, the slightly alkaline waters (pH < 9), cold temperatures (0-

10°C), and shallow water depths (< 30 cm) that promote high rates of sedimentation act to slow 

the dissolution of biogenic silica. These conditions promote the preservation of diatom frustules, 

especially in HED, RAM, and CHKT where silica is removed from solution and cannot 

contribute to authigenic sepiolite formation. Under more optimal conditions for dissolution, 

Michalopoulos et al. (2000) measured the complete conversion of diatom frustules to 

aluminosilicate clays in 23 months. In the Bolivian salars conversely, the sedimentation of the 

frustules has built-up diatomaceous muds >1 m thick in some of the salars. Instead of dissolving 

in the water column, the deposited frustules become a slow release source of silica as Mg-rich 

fluids leach through sediment pores allowing kerolite and Mg-smectite to form during 

evaporative concentration in the mudflats. Samples from the current study included transects 

across the mudflats of the salars, however samples were not taken where inflowing waters mix 
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with surface waters. It is possible that deposits of sepiolite could be present where Si-rich inflow 

waters react with saline solutions in the salars before silica uptake by the diatoms occurs. 

In many other basins, sepiolite seems to form from the dissolution of trioctahedral Mg-

smectite, within soils and lake margins, and from the dissolution of dolomite (Chahi et al., 1997; 

Galán and Pozo, 2011). In Jbel Rhassoul sediments in Morocco, sepiolite was found replacing 

neoformed stevensite during climatic periods characterized by low salinity and high 

concentrations of dissolved silica from fresh water entering the basin (Chahi et al., 1997). In the 

Madrid basin (Spain), weathering of granites and the dissolution of siliciclastic grains during 

calcretization in alluvial fans produced Si and Mg enriched groundwater that led to the 

precipitation of sepiolite followed by opal within the detrital lake sediments (Bustillo and 

Bustillo, 2000). In the Sariyer Formation (Turkey), the Intermediate Unit in the Madrid basin 

(Spain), and the Tuzgölü basin (Turkey) sepiolite-palygorskite were found replacing dolomite 

during dry periods coupled with sulfide oxidation in the presence of disordered silica (Kadir et 

al., 2010; Gürel and Özcan, 2016). In all of these cases it appears sepiolite-palygorskite may be 

restricted to subsurface environments and post depositional alteration of Mg-smectite and 

dolomite. In subsurface environments (pore fluids of detrital mudflats, soils, and deltas) the 

sunlight required for algal growth is absent, which inhibites the growth of diatoms allowing 

dissolved Si concentrations to increase and sepiolite-palygorskite to precipitate.  For the Bolivian 

salars, post depositional alteration could convert the smectites in the mudflats to sepiolite if fresh 

water conditions returned or dissolved silica increased significantly. 

4.6 Conclusions 

Clay minerals forming on the Bolivian Altiplano follow a pattern of increasing Mg-

enrichment from detrital, Al-dioctahedral, phyllosilicates to authigenic, Mg-trioctahedral, 

phyllosilicates transforming detrital clays and diatom frustules. Despite the range of geochemical 
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environments across the salars, from brackish to hypersaline and neutral to alkaline, all of the 

authigenic clays forming are kerolite or Mg-smectite, likely stevensite. The pH of evaporating 

solutions defines an important threshold for the neoformation of clays from solution at pH 8.5 

(both sepiolite and Mg-smectite), however the Mg:Si ratio of the pore solutions has a greater 

impact on the mineralogy of the clays that are forming. Very high Mg:Si ratios favour kerolite, 

especially in detritus-poor sediments, while decreasing Mg:Si ratios favour Mg-smectite. 

Authigenic clays in the mudflats are all characterized by high layer charge, small crystallite sizes, 

and/or stacking disorders producing very broad low-angle X-ray reflections. Aside from 

evaporites and phyllosilicates, the mudflats are dominated by diatom frustules, explaining the 

depletion of dissolved Si in the evaporating waters compared to the inflowing waters. 

Diatomaceous sediments >1 m have accumulated due to slow rates of diatom dissolution as a 

result of cold temperatures, shallow water depths, salinity, and neutral-slightly alkaline pH 

solutions. This removal of Si from solution by diatoms prevents sepiolite formation, which 

requires high concentrations of dissolved Si. In modern sediments, the activity of diatom frustules 

may even restrict sepiolite-palygorskite to subsurface environments where sunlight is absent and 

diatom growth is inhibited, thereby allowing dissolved Si to accumulate in the pore fluids. Burial 

of the Bolivian mudflats sediments could favour the conversion of smectite to sepiolite as the 

diatom frustules will act as a source of silica during potential, future, epigenetic and diagenetic 

reactions.  
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Chapter 5 Summary and Conclusions 

 

Closed-basin lakes are becoming increasingly important targets for understanding 

paleoenvironments on Earth and other terrestrial planets, such as Mars. These lakes are sensitive 

to fluctuating environmental conditions recording the geochemical data within the water, 

sediments, and authigenic minerals that form. The particle size, sorting, morphology, and textures 

of the sediments may reflect changes in water depth and sources of input, which can be related to 

the climate (arid vs. humid or lake vs. playa); while the authigenic minerals can provide evidence 

of cation ratios, pH, element concentrations, salinity, and redox reactions based on the 

thermodynamic thresholds of mineral precipitation. The diversity of minerals that can be found in 

saline lakes is staggering, and is a direct function of the natural or anthropogenic inputs into the 

environment that accumulate in these hydrologically-closed basins. These studies are concerned 

specifically with the mineralogy of authigenic phyllosilicates and evaporite minerals forming in 

the mudflats of sulfate-rich saline lakes and playas in the Great Plains Region, Saskatchewan and 

Sur Lipez region of the Altiplano, Bolivia. This study analyzed the bulk and <2 m fraction 

mineralogy of mudflat sediments via X-ray diffraction (XRD), near infrared reflectance 

spectroscopy (NIR), scanning electron microscopy (SEM), and inductively coupled plasma 

optical emission spectroscopy (ICP-OES) to further our understanding of the mineral 

assemblages that occur in these deposits. The physical characteristics of the sediments were also 

characterized to aid in mineral identification including: moisture, colour, particle size, and loss on 

ignition. The mudflat sediments surrounding the lakes were the focus of the study (as opposed to 

the underwater lake sediment), as the mudflats are often not sampled or analyzed. Yet, mudflats 

can represent laterally extensive areas that can dominate the morphology of the basins and are 

conducive to authigenic mineral formation due to fluctuating wet/dry cycles and the high ionic 
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concentrations in sediment pore waters. Moreover, small basins (<100 km2) were sampled in part 

due to the rarity of large (>100 km2), sulfate-rich basins in modern settings, but also due to the 

ubiquity of the small, poorly studied lakes. These lakes offer a wealth of knowledge concerning 

authigenic mineral formation and are overlooked due to their small size, inferred simplicity 

compared to large paleolakes, and lack of economic interest. This study included a total of 407 

sediment samples and 37 water samples (surface water and pore water) from 17 saline lakes on 

the Great Plains region, Saskatchewan and 6 salars from the Altiplano, Bolivia to capture the 

diversity of mudflat sediments across a range of geochemical and climatic conditions and to allow 

comparisons to be made between these highly variable environments. Overall, the mudflats varied 

in size, amount of detritus, climate, pH, chemistry, and layering/ordering of the sedimentary 

layers. 

The first objective of this study was to characterize the phyllosilicate mineralogy in 

detrital-rich mudflats from a variety of saline lakes in southern Saskatchewan. Within the 

mudflats, sedimentary layers were distinguished by texture, colour, and morphology and were 

sampled separately. Each mudflat displayed unique sediments in terms of the thickness and 

layering of the textural classes, however the chemistry, morphology, and mineralogy of the 

phyllosilicates within each class were similar. Therefore, the sedimentary layers for all the 

mudflats were grouped into three sediment classes defined by texture (Clay, Till, and Sand).  

The Clay sediment class was dominated by detrital phyllosilicates displaying similar 

mineral abundances (smectite > illite > kaolinite > chlorite) and crystallinity to the surrounding 

soils. Based on bulk chemical analysis, phyllosilicates within the Clay sediment class also 

contained significantly (P > 0.1) more Al and Ti compared to the other two classes, which is 

common with detrital minerals. The most abundant clay mineral was dioctahedral smectite 

(montmorillonite) with some enrichment of Mg and Fe. The phyllosilicates within the Sand 

sediment class were dominated by authigenic illite, which is expected in highly saline solutions. 
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The clay minerals in the Sand sediment class displayed poor crystallinity, were rich in Mg and Fe, 

and characterized by lath-like morphologies. Overall, the chemistry of the <2 m fraction in the 

Sand sediment class was highly variable with the <2 m fraction from specific lakes enriched in 

As, B, Cd, Cu, Fe, Mn, Mo, Na, P, Pb, Sb, Sn, U, and Zn. Lastly, kaolinite and chlorite 

proportions were low, did not noticeably vary across the sediment classes, and displayed 

characteristics consistent with detrital minerals. In detrital-rich environments, where the 

determination of provenance for phyllosilicates is difficult, the <2 m fraction separated from 

sand layers represents a viable target to analyze authigenic clay minerals. These sand layers may 

be important targets for understanding the past climate on Mars for the deltaic-lacustrine 

sediments of Gale crater, where identifying authigenic minerals may be difficult in the detrital-

rich deposits.  

The second study characterized the mineralogy of As-rich minerals found in the mudflats 

of Laguna Chiar Khota, Bolivia as an example of the diversity of minerals that can be found in 

closed-basin lakes.  Both As and S are released to the environment on the plateau from the active 

volcanic chain of the Western Cordillera. With no outlet (overland flow or deep drainage) As 

accumulated in the surface water in concentrations up to 432.21 μmol g-1 water (density of water 

1.05 g L-1) and was found throughout the mudflat sediments. The highest concentrations of As 

and S were found at the redox boundary above the water table in the mudflat where As reached 

1154.57 mol g-1 and S reached 1325.48 μmol g-1. Realgar (AsIII) and a Mg-arsenate (AsV) 

mineral were found within this complex boundary, along with gypsum and calcite, showcasing 

the role of reaction kinetics and microbial influences on mineral precipitation and element 

speciation. At the surface of the mudflat, hörnesite (Mg3(AsVO4)8H2O) was associated with 

fibrous mats of green-pink algae and Mg-rich fluids. Hörnesite was shown to immobilize As 

offering a potential remediation solution for As contaminated sites. 
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The As concentrations and suite of minerals present in Laguna Chiar Khota are 

uncommon to the salars, however the factors that enabled As to accumulate at the redox boundary 

are consistent with all saline lakes i.e., internal drainage and evaporative concentration. Unique 

element concentrations were found in the lakes of Saskatchewan as well (Fe and U in Ingebrigt 

Lake; Pb, Zn, and B in Chaplin Lake; Cu and Sn in Willow Bunch Lake; and Sb in Shoe Lake) 

yet no uncommon minerals were found in the bulk or <2 m fractions by XRD analysis. The 

minor/trace elements in the Saskatchewan lakes have not accumulated to concentrations great 

enough to allow the precipitation of uncommon minerals bearing minor/trace elements as 

observed in Laguna Chiar Khota. The last glaciation in Saskatchewan was approximately 10,000 

years BP making the Saskatchewan sediments relatively young compared to the Bolivian 

sediments that have remained unglaciated since at least the Paleogene (66 Ma) due to the 

elevation of the Plateau. For saline lake basins, the redox boundaries or sand lenses within the 

mudflats can be sites of uncommon mineral precipitation that record chemical indicators of 

minor/trace elements specific to individual lakes.  

The third and final objective was to characterize the authigenic phyllosilicates forming in 

the detrital poor, sulfate-rich salars of the Bolivian Altiplano, characterized by a drier, steppe-

desert climate. Results of this study identified kerolite-stevensite like authigenic clays forming on 

diatom frustules in the mudflats of all the salars despite the wide-ranging geochemical conditions 

present in each lake (pH, salinity, element concentrations). Given the silicate-rich geology of the 

Altiplano and high concentration of dissolved silica previously measured in the inflowing streams 

of the salars, sepiolite and palygorskite are the clay mineral species expected to form under these 

conditions. Instead, the mudflats were dominated by diatom frustules and poorly formed Mg-rich 

kerolite-stevensite. In the Bolivian salars, the biologically mediated uptake of silica by diatoms 

removes significant quantities of silica from solution increasing the Mg:Si ratio of the salar, thus 

favouring kerolite and Mg-smectite precipitation. 
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Diatoms (algae) are common in all freshwater and saline water systems, however 

significant deposits of diatom frustules have not accumulated in the Saskatchewan basins as they 

have in the Bolivian salars because the geochemical conditions present in saline lakes typically 

act to dissolve the frustules. In Bolivia however, cold temperatures (0-10°C), neutral-moderate 

pH, and shallow water depths (<30 cm) that promote sedimentation of the diatoms all act to slow 

the dissolution of biogenic silica that occurs in the water column. The result is the preservation of 

diatom frustules in the mudflat sediments that effectively removes Si from solution that would 

otherwise be available to react with Mg and form sepiolite. The influence of diatoms on the clay 

minerals assemblages in ancient basins is poorly documented and may be obscured by diagenesis. 

For modern lakes with brackish solutions that are neutral to alkaline however, sepiolite and 

palygorskite do not appear to forming in the lake waters and are instead found within soils and 

dolocretes where silicate-rich fluids are altering the sediments after deposition, which may also be 

occurring in ancient deposits. 

5.1 Future Work 

Phyllosilicates are unique minerals that display considerable diversity in their structure 

and chemistry, both of which affect their physical properties. This diversity makes them ideal for 

characterizing the geochemical conditions present during their formation. However, their 

diversity and small size (<2 m) also make them challenging to analyze, as they require multiple 

analytical techniques and sample preparation methods to describe their mineralogy and chemical 

composition. This research analyzed both detrital and authigenic phyllosilicates in diverse, 

sulfate-rich mudflats surrounding saline lakes in Saskatchewan and Bolivia. Results of this 

research help to expand the knowledge concerning the formation and mineralogy of 

phyllosilicates and provides new areas of research focusing on sand lenses in detrital-rich areas as 

well as discerning the role of diatoms in altering/controlling dissolved silica species in solution. 
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Locating authigenic phyllosilicates in detrital-rich environments will be pivotal to reconstructing 

past environments on Mars, as the deltaic-lacustrine complexes in Gale crater have already 

proven to be rich is detritus and calcium sulfates. Further research on Earth analogues requires 

high-resolution TEM analysis, microprobe chemical analysis, micro-XRD, synchrotron X-ray 

absorption near edge structure (XANES), and extended X-ray fine structure (EXAFS) 

spectroscopy to characterize the small, poorly formed, authigenic minerals found in modern 

saline lake settings. High-resolution geochemical studies are also needed to identify the species 

and mineralogy of minor/trace elements accumulating in the sand lenses and redox boundaries of 

saline lakes. Studies of ancient lake sediments are complicated by possible diagenetic reactions 

that introduce highly variable fluids and temperature/pressure regimes that alter the authigenic 

minerals present often increasing their crystallinity and/or transforming the mineral species. 

Analysis of modern saline lakes on the other hand, allows us to characterize the early clay 

mineral precipitates before diagenetic reactions take place, gain a better understanding of the 

geochemical conditions present with respect to authigenic clay mineral formation, and describe 

potential precursor minerals that form in saline lakes, such as poorly-formed kerolite, smectite, 

and illite. 
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Appendix A: Field Images from Southern Saskatchewan 

 

 

(a) Grey-light brown clay overlying mottled sand at Willow Bunch Lake. (b) Clay-rich layers 

from Big Muddy Lake. (c) Mottled, sandy layers from Chaplin Lake. (d) Polygonal fracturing at 

the surface of Big Muddy Lake. (e) West-facing image of the mudflat at Whiteshore Lake. 
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Appendix B: Detailed Clay Separation Procedure 

The clay-sized fraction (< 2µm) of a sample can be separated out using Stokes’ Law to 

prepare samples for clay identification from preferentially orientated mounts. To do so, non-clay 

minerals such as quartz, feldspar, carbonates, zeolites, sulfates, pyrite, and iron oxides must be 

removed to ensure the non-platy minerals do not interrupt the preferred orientation of clays with 

random crystal shapes or by masking the diagnostic 00l reflections (Moore and Reynolds, 1989). 

For the purpose of Stokes’ Law, the assumption is made that the < 2µm sized platy particles will 

behave as 1µm spherical particles (as the settling velocity of platy particle is slower than a 

spherical one and Stokes’ Law assumes spherical particles). Briefly, Stokes’ Law describes the 

settling of a particle in a viscous fluid due to gravity to define the terminal velocity (Starkey et 

al., 1984). The terminal velocity is inversely proportional to the viscosity of the fluid, and 

proportional to the particle density and particle diameter. Finally, the velocity is a function of 

distance/time, therefore the equation can be expressed as a function of time. 

 

T= (9nLN(R2/R1))/(8π2r2N2(p-po)) + 2(ta+td)/3 

 

Values specific to Eppendorf centrifuge 7502 or measured from preliminary trial 

Symbol Measured Units 

T Calculated Time (s) 

n Table (temperature) Viscosity (cm2/s) –table 

R1 8.7 cm Initial distance of particle from axis of rotation 

R2 11.8 cm Final distance of particle from axis of rotation (2 g sample) 

r 1x10-4 cm Radius of particle 

N 600/60 RPS Angular velocity 

p 2.65 g cm-3 Density of particle 

po Table (temperature g cm-3) Density of Water 

ta 3.95 sec Time of acceleration (measured) 

td 5.11 sec Time of deceleration (measured) 
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Prior to clay separations from unconsolidated materials or clay mineral XRD, there 

should be a rough idea of the proportion of clay and non-clay minerals to facilitate decision-

making processes for sample preparation. Check for the 020 spacing diffraction peaks for clays. 

Most of the time, basic separation of clay minerals will remove enough of the non-clay minerals 

present with the exception of: 

 Salt  

 Carbonates 

 Organic Matter and Iron Oxides (remove only if problematic) 

o Organic matter is only an issue if present in percent level amounts (over 5%). As a 

first step, the amount of organic matter can be quantified by a carbon analyzer; 

inferred from LOI; or cause large, broad x-ray diffraction peaks that mask other 

mineral peaks. Only remove if necessary via NaOCl (sodium hypochlorite) as the 

oxidizing agent can alter clay minerals. 

o Iron oxides can produce high background noise from Fe fluorescence under Cu 

radiation that can mask peaks, especially for clay minerals. Instead of removal, try 

using Co radiation, Fe radiation, or a crystal monochromator in front of the detector 

first. Only remove if absolutely necessary via citrate-bicarbonate-dithionate, as the 

chemical treatment alters mixed-layer clay minerals. 

 

Materials 

 

 50 mL falcon tubes 

 1L beakers for each sample 

 Dispersing agent (Calgon®-sodium metahexaphosphate) 

 Eppendorf centrifuge 5702 

 Sonics and Materials® Sonic probe 

 Temperature probe 
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Procedure 

1. Sieve air dried soil to 2 mm to remove course fragments 

1. Record weight of >2mm material 

2. Weigh out ~ 2.0 g of sieved sample into a 50 mL falcon tube (4 to 5x for 8-10 g of sample) 

1. Record weight for each tube 

2. Make sure all samples are labeled 

3.  Fill tube to 50 mL line with milli-Q water. Ensure the water height is the same for all tubes 

(or weight). 

4. Disperse sample by ultrasound for 20 sec at 40% power. 

5. Centrifuge the sample at 2000 RPM for 3 min.  

1. Once finished, check the sample for signs of turbidity. If the supernatant is clear 

soluble salts need to be removed to allow for proper dispersion of the clay fraction. 

2. If the supernatant is clear, discard dionized water and repeat steps 3-5 until sample 

shows signs of turbidity. 

6.  Fill tube to 50 mL line with milli-Q water. Ensure the water height is the same for all tubes 

(or weight). 

7. Add ~ 5 mg of Calgon® to each tube (can estimate).  

8. Disperse sample by ultrasound for 20 sec at 40% power.  

9. Measure and record the temperature of the solution with the temperature probe. 

10. Look up centrifuge time from table 

11. Centrifuge samples for calculated time. Ensure all lids are secure and centrifuge is evenly 

balanced. If needed add a blank vial with 50 mL of water to balance centrifuge. 

12. Stop centrifuge at calculated time to account for deceleration. 

13. Decant supernatant into a 1 L beaker and save as the < 2µm fraction.  

14. Repeat steps 3-11 until supernatant is clear (usually 3x) 

15. Collect the > 2µm fraction for all subsamples for future analysis of non-clay minerals and dry 

in an oven at 60°C. 

16. To reduce the volume of water in the < 2µm fraction, any ultracentrifugation (10,000 rpm) 

can be used to collect sample at the bottom of a centrifuge tube and discard liquid. This step 

also aids in removing Calgon® from clay. After ultracentrifugation, re-suspend clay in a small 

amount of deionized water (~ 20 mL) to remove sample from centrifuge tube. 
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Centrifuge times for 1x10-4 cm diameter particles in deionized water based on temperature, 

sample weight, and measured centrifuge dimensions for 50 mL centrifuge tubes. 

 

Temp Density Viscosity TIME TIME decel. Actual Time

C g/cm3 cm2/s sec mm:ss mm:ss mm:ss

0.0 0.9998 0.0179 382.8752 06:23 00:04 06:19

0.6 0.9999 0.0175 374.4766 06:14 00:04 06:10

1.0 0.9999 0.0173 370.2659 06:10 00:04 06:06

1.1 0.9999 0.0172 368.1606 06:08 00:04 06:04

1.7 0.9999 0.0169 361.8445 06:02 00:04 05:58

2.0 0.9999 0.0167 357.6338 05:58 00:04 05:54

2.2 0.9999 0.0166 355.5284 05:56 00:04 05:52

2.8 1.0000 0.0163 349.2332 05:49 00:04 05:45

3.0 1.0000 0.0162 347.1277 05:47 00:04 05:43

3.3 1.0000 0.0160 342.9167 05:43 00:04 05:39

3.9 1.0000 0.0157 336.6003 05:37 00:04 05:33

4.0 1.0000 0.0157 336.6003 05:37 00:04 05:33

4.4 1.0000 0.0155 332.3893 05:32 00:04 05:28

5.0 1.0000 0.0152 326.0729 05:26 00:04 05:22

5.6 1.0000 0.0149 319.7565 05:20 00:04 05:16

6.0 0.9999 0.0147 315.5268 05:16 00:04 05:12

6.1 0.9999 0.0147 315.5268 05:16 00:04 05:12

6.7 0.9999 0.0144 309.2107 05:09 00:04 05:05

7.0 0.9999 0.0143 307.1053 05:07 00:04 05:03

7.2 0.9999 0.0142 305.0000 05:05 00:04 05:01

7.8 0.9999 0.0140 300.7893 05:01 00:04 04:57

8.0 0.9998 0.0139 298.6662 04:59 00:04 04:55

8.3 0.9998 0.0137 294.4558 04:54 00:04 04:50

8.9 0.9998 0.0135 290.2453 04:50 00:04 04:46

9.0 0.9998 0.0135 290.2453 04:50 00:04 04:46

9.4 0.9997 0.0133 286.0179 04:46 00:04 04:42

10.0 0.9997 0.0131 281.8077 04:42 00:04 04:38

10.6 0.9996 0.0129 277.5810 04:38 00:04 04:34

11.0 0.9996 0.0127 273.3711 04:33 00:04 04:29

11.1 0.9996 0.0127 273.3711 04:33 00:04 04:29

11.7 0.9995 0.0125 269.1452 04:29 00:04 04:25

12.0 0.9995 0.0124 267.0404 04:27 00:04 04:23

12.2 0.9995 0.0123 264.9355 04:25 00:04 04:21

12.8 0.9994 0.0121 260.7104 04:21 00:04 04:17

13.0 0.9994 0.0120 258.6057 04:19 00:04 04:15

13.3 0.9993 0.0119 256.4858 04:16 00:04 04:12

13.9 0.9993 0.0117 252.2767 04:12 00:04 04:08

14.0 0.9992 0.0117 252.2617 04:12 00:04 04:08

14.4 0.9992 0.0116 250.1573 04:10 00:04 04:06

15.0 0.9991 0.0114 245.9338 04:06 00:04 04:02

15.6 0.9990 0.0112 241.7109 04:02 00:04 03:58

16.0 0.9989 0.0111 239.5925 04:00 00:04 03:56

16.1 0.9989 0.0111 239.5925 04:00 00:04 03:56

16.7 0.9988 0.0109 235.3705 03:55 00:04 03:51

17.0 0.9988 0.0108 233.2665 03:53 00:04 03:49

17.2 0.9987 0.0108 233.2528 03:53 00:04 03:49

17.8 0.9986 0.0106 229.0316 03:49 00:04 03:45
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Temp Density Viscosity TIME TIME decel. Actual Time

C g/cm3 cm2/s sec mm:ss mm:ss mm:ss

18.0 0.9986 0.0105 226.9279 03:47 00:04 03:43

18.3 0.9985 0.0105 226.9146 03:47 00:04 03:43

18.9 0.9984 0.0103 222.6943 03:43 00:04 03:39

19.0 0.9984 0.0103 222.6943 03:43 00:04 03:39

19.4 0.9983 0.0102 220.5779 03:41 00:04 03:37

20.0 0.9982 0.0100 216.3585 03:36 00:04 03:32

20.6 0.9981 0.0099 214.4530 03:34 00:04 03:30

21.0 0.9980 0.0098 212.1272 03:32 00:04 03:28

21.1 0.9980 0.0098 211.4963 03:31 00:04 03:27

21.7 0.9978 0.0097 208.9482 03:29 00:04 03:25

22.0 0.9978 0.0096 207.2661 03:27 00:04 03:23

22.2 0.9977 0.0095 206.2026 03:26 00:04 03:22

22.8 0.9976 0.0094 203.6676 03:24 00:04 03:20

23.0 0.9975 0.0094 202.6045 03:23 00:04 03:19

23.3 0.9975 0.0093 201.1329 03:21 00:04 03:17

23.9 0.9973 0.0092 198.5869 03:19 00:04 03:15

24.0 0.9973 0.0091 198.1665 03:18 00:04 03:14

24.4 0.9972 0.0091 196.2631 03:16 00:04 03:12

25.0 0.9970 0.0089 193.7181 03:14 00:04 03:10

25.6 0.9969 0.0088 191.3951 03:11 00:04 03:07

26.0 0.9968 0.0087 189.4926 03:09 00:04 03:05

26.1 0.9968 0.0087 189.0723 03:09 00:04 03:05

26.7 0.9966 0.0086 186.9490 03:07 00:04 03:03

27.0 0.9965 0.0085 185.4674 03:05 00:04 03:01

27.2 0.9965 0.0085 184.6270 03:05 00:04 03:01

27.8 0.9963 0.0084 182.5046 03:03 00:04 02:59

28.0 0.9962 0.0084 181.6537 03:02 00:04 02:58

28.3 0.9961 0.0083 180.3827 03:00 00:04 02:56

28.9 0.9960 0.0082 178.2718 02:58 00:04 02:54

29.0 0.9959 0.0082 177.8413 02:58 00:04 02:54

29.4 0.9958 0.0081 176.3609 02:56 00:04 02:52

30.0 0.9956 0.0080 174.2404 02:54 00:04 02:50

30.6 0.9955 0.0079 172.3404 02:52 00:04 02:48

31.0 0.9954 0.0079 170.8607 02:51 00:04 02:47

31.1 0.9953 0.0078 170.4308 02:50 00:04 02:46

31.7 0.9951 0.0077 168.5216 02:49 00:04 02:45

32.0 0.9950 0.0077 167.4622 02:47 00:04 02:43

32.2 0.9950 0.0077 166.6226 02:47 00:04 02:43

32.8 0.9948 0.0076 164.7142 02:45 00:04 02:41

33.0 0.9947 0.0075 164.0750 02:44 00:04 02:40

33.3 0.9946 0.0075 163.0161 02:43 00:04 02:39

33.9 0.9944 0.0074 161.3185 02:41 00:04 02:37

34.0 0.9944 0.0074 160.8988 02:41 00:04 02:37

34.4 0.9942 0.0073 159.6213 02:40 00:04 02:36

35.0 0.9940 0.0072 157.9244 02:38 00:04 02:34

35.6 0.9938 0.0072 156.2280 02:36 00:04 02:32

36.0 0.9937 0.0071 154.9605 02:35 00:04 02:31
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Temp Density Viscosity TIME TIME decel. Actual Time

C g/cm3 cm2/s sec mm:ss mm:ss mm:ss

36.1 0.9937 0.0071 154.5410 02:35 00:04 02:31

36.7 0.9935 0.0070 153.0550 02:33 00:04 02:29

37.0 0.9933 0.0070 151.9887 02:32 00:04 02:28

37.2 0.9933 0.0069 151.3597 02:31 00:04 02:27

37.8 0.9931 0.0069 149.8744 02:30 00:04 02:26

38.0 0.9930 0.0068 149.2368 02:29 00:04 02:25

38.3 0.9929 0.0068 148.3895 02:28 00:04 02:24

38.9 0.9926 0.0067 146.8965 02:27 00:04 02:23

39.0 0.9926 0.0067 146.4773 02:26 00:04 02:22

39.4 0.9924 0.0067 145.4124 02:25 00:04 02:21

40.0 0.9922 0.0066 143.9287 02:24 00:04 02:20
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Appendix C: Depth, pH, Redox Potential, Temperature, and Alkalinity of the Surface Water Samples and 

Pore Water Samples From Saline Lakes in Southern Saskatchewan. 

 

ID Location Depth pH Redox Temp 
Alkalinity 

mg/L 

Total 

Alkalinity 

  (cm)  mV °C Total OH-1 CO
3

2- 
HCO3

- meq/L 

Manitou Surface Lake water 5.0 8.4 57.0 19.7 360 -  360 7.2 

Manitou Sediment Sample 102 45.0 6.8 -10.6 17.7 940 -  940 18.8 

Whiteshore Surface Surface near Pit 3 5.0 8.3 57.0 19.2 1740 -  1740 34.8 

Whiteshore Surface Surface near Pit 4 5.0 8.4 -35.0 30.2 1360 -  1360 27.2 

Big Muddy Surface Surface near Pit 7 5.0 9.7 69.7 28.3 2580 - 1640 940 51.6 

Willow Bunch Sediment Sample 149 61.0 9.2 112.4 17.9 4600 - 3200 1400 92.0 

Willow Bunch Surface Surface near Pit 8 5.0 9.7 128.7 21.5 940 - 680 260 18.8 

Shoe Sediment Sample 153 25.4 7.4 104.1 29.1      

Shoe Surface Surface near pit 9 5.0 8.3 110.1 29.5 460 - - 460 9.2 

Burn Sediment Sample 158 20.3 7.6 -166.0 32.1 620 - - 620 12.4 

Burn Surface Near Pit 10 5.0 8.4 37.3 33.1 500 - - 500 10.0 

Shoe Road Sediment 167 12.7 7.0 -7.0 29.5 1340 - - 1340 26.8 

Shoe Road Surface Near Pit 13 5.0 9.2 0.7 33.0 340 - 160 180 6.8 

Bliss Lake water 5.0 8.8  38.7 700 - - 700 14.0 
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ID Location Depth pH Redox Temp 
Alkalinity 

mg/L 

Total 

Alkalinity 

  (cm)  mV °C Total OH-1 CO
3

2- 
HCO3

- meq/L 

Frederick Sediment 1 Sample 184 61.0 7.1 -234.4 22.1 2040 - - 2040 40.8 

Frederick Sediment 2 Sample 190 17.8 7.2 9.6 22.2 1420 - - 1420 28.4 

Frederick Surface Surface near Pit 16 5.0 8.6 34.6 28.6 420 - - 420 8.4 

Chaplin Sediment 1 Sample 198 73.7 7.3 -53.6 20.8 1120 - - 1120 22.4 

Chaplin Sediment 2 Sample 205 40.6 8.2 7.5 20.8 1060 - - 1060 21.2 

Chaplin Sediment 3 Sample 215 58.4 7.7 106.2 22.6 960 - - 960 19.2 

Chaplin Sediment 4 Sample 218 25.4 7.6 38.8 23.5 620 - - 620 12.4 

Beechy Surface Near Pit 25 5.0 8.2 84.5 25.1 200 - - 200 4.0 

Beechy Creek Surface Near Pit 28 5.0 8.7 85.4 28.8 200 - 120 80 4.0 

Snakehole Sediment 1 Sample 267 50.8 7.3 -304.2 19.5 1600 - 80 1520 32.0 

Snakehole Sediment 2 Sample 277 53.3 7.6 -336.7 22.6 2040 - - 2040 40.8 

Snakehole Sediment 3 Sample 286 38.1 7.5 -13.5 20.0 1160 - - 1160 23.2 

Snakehole Surface Lake water 5.0 8.3 5.1  260 - - 260 5.2 

Mason Sediment Sample 294 5.0 7.9 92.3  1080 - - 1080 21.6 

Ingebrigt Sediment 1 Sample 302 and 303 45.7 7.1 -124.5 24.2 1120 - - 1120 22.4 

Ingebrigt Sediment 1 Below 310 68.0 7.2 -188.5 24.0 1060 - - 1060 21.2 

*Where cells are empty, the measurements could not be made due to turbidity or the Vernier LabQuest® interface battery failure. 

†“Redox”= oxidation-reduction potential, “Temp” = temperature. 
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Appendix D: Water Chemistry of the Surface Water Samples and Pore Water Samples From Saline Lakes 

in Southern Saskatchewan 

 

Sample ID As B Ca K Li Mg Mn Mo Na S Si Sr U V 

         mM           

Manitou 

Surface 
ND ND 5.0 5.9 0.35 82 ND ND 200 140 0.16 0.014 ND ND 

Manitou 

Sediment 
ND ND 14 8.2 0.75 160 0.038 ND 370 280 0.27 0.072 ND ND 

Whiteshore 

Surface 
0.0059 2.6 13 43 1.9 620 0.011 ND 1800 1400 ND 0.088 ND ND 

Whiteshore 

Surface 
0.004 3.1 12 31 1.9 820 ND ND 2000 1800 0.13 0.11 ND ND 

Big Muddy 

Surface 
ND ND 0.2 2.6 ND 2.6 ND ND 150 59 ND 0.0037 ND ND 

Willow 

Bunch 

Sediment 

ND ND 0.27 4.3 ND 1.2 ND ND 74 25 0.053 0.0017 ND ND 

Willow 

Bunch 

Surface 

0.031 ND 0.09 2.6 ND 2.6 ND 0.007 740 200 0.39 0.0016 ND 0.0073 

Shoe 

Sediment 
ND 1.3 3.7 10 0.79 49 ND ND 300 190 0.11 0.033 ND ND 

Shoe 

Surface 
ND ND 4.5 9.5 0.59 49 ND ND 380 220 0.24 0.029 ND ND 

Burn 

Sediment 
ND ND 12 13 0.64 190 ND ND 2000 1300 0.17 0.045 ND ND 

Burn 

Surface 
ND ND 13 15 0.4 130 0.058 ND 1400 810 0.44 0.052 ND ND 

Shoe Road 

Sediment 
ND ND 14 19 0.55 150 ND ND 1400 870 0.051 0.11 ND ND 
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Sample ID As B Ca K Li Mg Mn Mo Na S Si Sr U V 

         mM           

Shoe Road 

Surface 
ND ND 13 28 1.3 380 ND ND 1300 900 0.64 0.13 ND ND 

Bliss 

Surface 
0.0044 ND 7.7 20 0.45 240 0.022 ND 1100 660 0.36 0.042 ND ND 

Frederick 

Sediment 1 
ND 1.3 7.0 22 0.90 210 ND ND 1000 690 0.088 0.029 ND ND 

Frederick 

Sediment 2 
0.0048 2.0 11 31 1.6 450 0.017 ND 2100 1200 0.33 0.086 ND ND 

Frederick 

Surface 
ND 1.3 13 22 0.87 220 ND ND 2000 1100 0.50 0.073 ND ND 

Chaplin 

Sediment 1 
ND 1.2 11 54 2.7 410 ND ND 960 660 0.20 0.065 ND ND 

Chaplin 

Sediment 2 
ND 8.2 2.3 100 4.0 530 ND ND 1800 1000 0.05 0.04 0.011 ND 

Chaplin 

Sediment 3 
ND 1.5 6.0 49 1.6 290 ND ND 1500 900 0.15 0.058 0.011 ND 

Chaplin 

Sediment 4 
ND 1.4 8.5 51 1.9 370 ND ND 2000 1200 0.15 0.063 0.012 ND 

Beechy 

Surface 
ND ND 6.0 10 ND 70 ND ND 190 170 0.13 0.017 ND ND 

Beechy 

Creek 

Surface 

ND ND 7.0 7.9 0.33 120 ND ND 120 180 ND 0.021 ND ND 

Snakehole 

Sediment 1 
ND 2.2 13 25 0.71 280 ND ND 2200 1200 0.87 0.16 0.012 ND 

Snakehole 

Sediment 2 
0.0061 2.0 12 20 0.60 210 ND ND 2000 1100 0.85 0.15 0.011 ND 

Snakehole 

Sediment 3 
ND 0.93 14 12 0.33 86 ND ND 1300 780 0.55 0.16 0.011 ND 

Snakehole 

Surface 
ND 1.2 11 24 0.88 530 ND ND 1100 780 0.14 0.13 0.0097 ND 

Mason 

Sediment 
ND 0.93 9.2 31 1.6 620 ND ND 2200 1200 0.12 0.054 0.012 ND 
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Sample ID As B Ca K Li Mg Mn Mo Na S Si Sr U V 

         mM           

Ingebrigt 

Sediment 1 
ND 1.4 11 24 1.1 530 ND ND 2200 1200 0.11 0.074 0.011 ND 

Ingebrigt 

Sediment 2 
ND 1.2 10 12 0.38 100 ND ND 570 370 ND 0.13 0.01 ND 

EU-H-4a 0.052 0.16 0.15 0.36 - 0.24 0.29 0.033 0.65 0.97 0.1 0.033 0.01 0.059 

EU-H-4b 0.051 0.17 0.15 0.36 - 0.24 0.27 0.032 0.65 0.97 - 0.033 0.01 0.059 

EU-H-4* 0.053 0.19 0.15 0.38 - 0.25 0.29 0.031 0.65 0.94 0.1 0.034 0.01 0.059 

Control 1 0.01 ND 0.90 1.0 0.58 0.9 ND 0.007 1.8 ND 0.14 0.0095 ND 0.015 

Control 2 0.01 ND 0.87 1.0 0.61 0.9 ND 0.007 1.7 ND 0.14 0.0092 ND 0.015 

Control* 0.01 ND 1.0 1.2 0.58 1.0 ND 0.008 2.0 ND 0.14 0.01 ND 0.016 

Blank 1 <0.004 <0.93 <0.012 <0.05 <0.29 <0.02 <0.01 <0.01 <0.44 <0.31 <0.04 <0.001 <0.01 <0.004 

Blank 2 <0.004 <0.93 <0.012 <0.05 <0.29 <0.02 <0.01 <0.01 <0.44 <0.31 <0.04 <0.001 <0.01 <0.004 

Blank 3 <0.004 <0.93 <0.012 <0.05 <0.29 <0.02 <0.01 <0.01 <0.44 <0.31 <0.04 <0.001 <0.01 <0.004 

* Expected values (Note Si standard used Cranberry-05 CRM). 

† Samples below detection limits for Ag, Al, Ba, Be, Cd, Co, Cr, Cu, Fe, Ni, P, Pb, Sb, Se, Sn, Ti, Tl, and Zn. 

‡ “ND” = Not Detected. 
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Appendix E: Major Element Concentrations of the <2 m Fraction of Selected Samples from Saskatchewan 

Saline Lakes 

 

ID Al B Be Ca Fe K Li Mg Mn Mo Na P S Ti 

         mol g-1          

147 1000 11 0.13 550 630 170 4.3 530 9.1 0.0067 1800 18 270 9.6 

148 410 15 0.055 370 410 77 ND 330 7.6 0.015 8700 15 1500 9.2 

149 560 17 0.071 550 430 110 ND 450 9.3 0.0071 7400 15 1300 6.9 

151 410 12 0.05 3000 410 130 7.5 3300 69 ND 910 12 160 6.3 

152 260 22 0.055 470 3200 130 ND 580 51 0.071 4800 42 750 7.1 

153 360 27 0.093 350 970 140 ND 300 16 0.018 7800 22 1400 5.4 

162 590 10 0.067 2300 430 130 13 3400 17 ND 220 30 270 7.9 

163 410 7.6 0.046 3200 410 110 10 3400 17 ND 260 24 260 6.7 

181 520 25 0.065 470 380 82 ND 620 10 ND 8300 13 1600 9.8 

182 1000 10 0.13 1200 730 200 6.3 1200 15 0.011 1300 26 500 10 

183 890 12 0.11 2000 570 190 8.8 2200 22 0.0085 570 24 170 9.6 

187 440 13 0.047 3500 300 92 9.9 3500 22 ND 440 18 120 5 

188 410 13 0.042 4000 320 79 9.4 3300 22 0.01 420 20 120 4.4 

195 1000 12 0.11 1700 590 240 9.5 1600 13 0.02 610 20 140 10 

196 1000 14 0.12 2200 750 220 11 2000 15 ND 830 19 120 12 
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ID Al B Be Ca Fe K Li Mg Mn Mo Na P S Ti 

         mol g-1          

197 820 13 0.12 2200 910 260 4.9 700 22 0.11 2400 14 690 7.5 

202 350 57 0.057 850 570 100 3.9 1500 5.8 0.063 7400 10 1400 4.4 

203 440 30 0.10 400 1100 120 6.6 1900 7.8 0.03 7000 15 1100 5.6 

204 280 27 0.058 190 590 74 ND 740 4 0.04 10000 9 2000 4.0 

227 850 17 0.10 450 560 130 3.3 660 16 0.019 4400 18 780 10 

228 1300 4.3 0.13 970 700 130 5.0 990 13 0.034 520 18 470 15 

234 780 19 0.073 3000 430 160 7.5 3000 13 ND 1900 20 410 8.8 

235 740 6.9 0.07 3200 410 150 8.4 3400 14 ND 440 17 440 9 

240 850 13 0.082 2700 480 160 8.1 2700 13 ND 960 23 210 10 

242 850 9.0 0.08 3000 480 170 8.5 3300 15 ND 1200 17 340 11 

265 1100 21 0.11 920 570 130 9.7 3500 13 0.01 1400 18 410 13 

266 1000 15 0.10 1600 540 120 8.2 2700 12 0.042 1500 16 530 12 

267 930 18 0.093 1100 480 110 10 3700 12 0.015 1100 17 410 10 

294 780 22 0.078 2000 610 130 5.9 3000 18 0.0073 3300 21 530 7.9 

296 590 11 0.064 2000 430 92 ND 1600 11 ND 6100 16 1000 5.6 

297 590 19 0.065 2000 430 110 ND 1900 15 ND 5700 11 810 6.3 

301 330 25 0.039 500 3400 74 4.8 1600 130 ND 4400 550 940 7.1 

303 890 23 0.094 1200 470 160 3.5 660 13 ND 5700 15 840 7.9 

307 850 33 0.087 1500 470 120 12 3400 18 0.013 2100 26 620 8.8 
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ID Al B Be Ca Fe K Li Mg Mn Mo Na P S Ti 

         mol g-1          

308 780 29 0.08 1300 480 120 12 3600 22 ND 3500 16 750 9.8 

309 820 13 0.092 62 380 130 ND 370 4.2 0.008 9100 9.7 1600 6.5 

MESS-3a 630 - 0.11 370 680 140 0.61 530 5.6 0.021 520 32 50 - 

MESS-3b 740 - 0.12 370 680 160 0.56 530 5.8 0.02 520 32 50 - 

MESS-3c 850 - 0.12 400 680 140 0.55 580 5.6 0.026 520 36 56 - 

MESS-3d 890 - 0.14 370 680 130 ND 620 6.4 0.025 520 31 56 - 

MESS-3* 740 - ND 350 630 130 0.58 530 5.5 0.022 480 32 53 - 

Blank <1.9 <1.9 <0.001 <2.5 <0.9 <0.51 <2.9 <0.82 <0.01 <0.01 <3.3 0.65 <0.94 <0.1 

Blank <1.9 <1.9 <0.001 <2.5 <0.9 <0.51 <2.9 <0.82 <0.01 <0.01 <3.3 0.65 <0.94 <0.1 

Blank <1.9 <1.9 <0.001 <2.5 <0.9 <0.51 <2.9 <0.82 <0.01 <0.01 <3.3 0.65 <0.94 <0.1 

Blank <1.9 <1.9 <0.001 <2.5 <0.9 <0.51 <2.9 <0.82 <0.01 <0.01 <3.3 0.65 <0.94 <0.1 

*Expected values (Note Li standard used Control). 

† Sampled below detection limits for Se. 

‡ “ND” = Not Detected. 
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Appendix F: Minor Element Concentrations of the <2 m Fraction of Samples from Saskatchewan Saline 

Lakes 

 

ID Ag As Ba Cd Co Cr Cu Ni Pb Sb Sn Sr Tl U V Zn 

         mol g-1         

147 ND 0.25 2.6 ND 0.25 0.85 0.47 0.65 0.087 ND ND 0.94 ND ND 1.7 1.2 

148 ND 0.4 1.3 ND 0.17 0.48 2.1 0.46 0.092 ND 0.042 1.3 ND 0.059 0.88 0.93 

149 ND 0.13 0.71 ND 0.19 0.46 1.2 0.53 0.053 ND 0.029 1.1 ND 0.05 0.82 0.78 

151 ND 0.041 1.1 ND 0.17 0.31 0.33 0.34 0.045 ND ND 4.0 0.01 0.059 0.61 0.47 

152 0.004 2.0 2.8 ND 0.24 0.33 0.61 0.92 0.13 0.14 ND 0.63 ND 0.15 0.75 0.62 

153 ND 0.15 1.6 ND 0.2 0.38 0.52 0.41 0.077 ND ND 0.57 ND 0.084 1.0 0.7 

162 ND 0.037 1.3 ND 0.13 0.38 0.31 0.31 0.077 ND ND 4.5 ND 0.12 0.84 0.79 

163 ND 0.019 0.87 ND 0.11 0.29 0.22 0.26 0.039 ND ND 4.1 ND 0.11 0.67 0.49 

181 ND 0.15 1.2 ND 0.17 0.48 1.3 0.39 ND ND ND 0.45 ND 0.12 1.0 0.99 

182 ND 0.33 2.5 ND 0.27 0.79 0.54 0.65 0.10 ND ND 1.4 ND 0.029 1.8 1.1 

183 ND 0.24 1.6 ND 0.2 0.65 0.44 0.48 0.097 ND ND 5.2 ND 0.046 1.5 1.0 

187 ND 0.075 0.95 ND 0.12 0.29 0.19 0.22 0.043 ND ND 11 ND 0.10 0.71 0.43 

188 0.003 0.097 0.87 ND 0.11 0.27 0.17 0.22 0.046 ND ND 16 ND 0.092 0.67 0.39 

195 ND 0.061 2.0 ND 0.2 0.69 0.42 0.53 0.068 ND ND 2.6 ND 0.021 1.5 0.91 

196 ND 0.27 2.3 ND 0.29 0.75 0.52 0.6 0.087 ND ND 4.7 ND 0.035 1.7 0.9 

197 ND 0.59 3.9 ND 0.27 0.63 0.63 0.72 0.11 0.1 ND 5.9 ND 0.071 1.5 1.5 

202 ND 0.93 1.0 ND 0.15 0.35 0.28 0.43 0.063 ND ND 0.63 ND 0.084 0.77 0.52 
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ID Ag As Ba Cd Co Cr Cu Ni Pb Sb Sn Sr Tl U V Zn 

         mol g-1         

203 ND 0.43 0.58 ND 0.25 0.62 0.72 0.63 0.14 0.14 ND 0.35 ND 0.13 1.3 2.2 

204 ND 0.33 0.45 ND 0.17 0.37 0.54 0.46 0.077 0.09 ND 0.18 ND 0.13 0.82 0.66 

227 ND 0.19 1.6 ND 0.22 0.71 0.55 0.65 0.063 ND ND 0.86 ND ND 1.6 0.88 

228 ND 0.13 2.8 ND 0.22 0.90 0.46 0.56 0.072 ND ND 1.4 ND ND 2.2 0.95 

234 ND 0.057 1.7 ND 0.13 0.48 0.33 0.31 0.045 ND ND 4.1 ND 0.046 1.0 0.59 

235 ND 0.044 1.7 ND 0.13 0.46 0.24 0.31 0.041 ND ND 5.0 ND 0.037 1.0 0.54 

240 ND 0.075 1.8 ND 0.15 0.54 0.31 0.36 0.058 ND ND 3.9 ND 0.036 1.1 0.71 

242 ND 0.051 1.7 ND 0.15 0.52 0.28 0.34 0.048 ND ND 4.6 ND 0.05 1.2 0.64 

265 ND 0.19 2.2 ND 0.19 0.65 0.38 0.44 0.068 ND ND 2.2 ND 0.023 1.6 0.84 

266 ND 0.19 2.2 ND 0.17 0.60 0.38 0.41 0.063 ND ND 5.1 ND 0.059 1.4 0.77 

267 ND 0.12 2.0 ND 0.16 0.54 0.38 0.37 0.058 ND ND 3.1 ND 0.063 1.3 0.72 

294 ND 0.52 1.1 ND 0.22 0.40 0.39 0.34 0.068 ND ND 4.0 ND 0.11 0.8 0.75 

296 ND 0.43 1.5 ND 0.092 0.31 0.38 0.2 0.053 ND ND 2.5 ND 0.15 0.69 0.48 

297 ND 0.091 0.95 ND 0.1 0.31 0.17 0.19 0.048 ND ND 2.6 ND 0.16 0.63 0.55 

301 ND 9.6 0.56 ND 0.19 0.27 0.83 0.22 ND ND ND 2.2 ND 0.37 0.94 1.8 

303 ND 0.092 1.1 0.01 0.14 0.46 0.42 0.29 0.058 ND ND 1.5 ND 0.16 0.94 0.82 

307 ND 0.20 1.5 ND 0.14 0.48 0.28 0.34 0.058 ND ND 4.5 ND 0.11 1.2 0.68 

308 ND 0.20 1.2 ND 0.12 0.48 0.25 0.22 0.053 ND ND 2.2 ND 0.11 0.98 0.67 

309 ND 0.17 1.5 ND 0.097 0.46 0.25 0.26 0.042 ND ND 0.34 ND 0.13 1.0 0.67 

MESS-3a ND 0.24 2.3 ND 0.2 0.58 0.47 0.61 0.11 ND ND 0.70 ND ND 1.5 1.4 

MESS-3b ND 0.23 2.4 ND 0.2 0.63 0.46 0.60 0.11 ND ND 0.78 ND ND 1.6 1.4 
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ID Ag As Ba Cd Co Cr Cu Ni Pb Sb Sn Sr Tl U V Zn 

         mol g-1         

MESS-3c ND 0.24 2.5 ND 0.2 0.65 0.5 0.61 0.11 ND ND 0.83 ND ND 1.7 1.4 

MESS-3d ND 0.24 2.8 ND 0.2 0.75 0.5 0.61 0.10 ND ND 0.88 ND 0.031 1.9 1.4 

MESS-3* ND 0.24 2.5 ND 0.2 0.69 0.49 0.63 0.092 ND ND 0.73 ND ND 1.6 1.4 

Blank <0.002 <0.01 <0.004 <0.01 <0.01 <0.02 <0.03 <0.02 <0.02 <0.06 <0.02 <0.01 <0.01 <0.02 <0.02 <0.05 

Blank <0.002 <0.01 <0.004 <0.01 <0.01 <0.02 <0.03 <0.02 <0.02 <0.06 <0.02 <0.01 <0.01 <0.02 <0.02 <0.05 

Blank <0.002 <0.01 <0.004 <0.01 <0.01 <0.02 <0.03 <0.02 <0.02 <0.06 <0.02 <0.01 <0.01 <0.02 <0.02 <0.05 

Blank <0.002 <0.01 <0.004 <0.01 <0.01 <0.02 <0.03 <0.02 <0.02 <0.06 <0.02 <0.01 <0.01 <0.02 <0.02 <0.05 

*Expected values (Note Li standard used Control). 

† Sampled below detection limits for Se. 

‡ “ND” = Not Detected. 
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Appendix G: Sediment pH, Moisture, Loss on Ignition, Temperature, 

and Colour From Saline Lakes in Southern Saskatchewan 

 

 

ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

100 MAN 8.0 34.3 7.9 18.1 2.5YR 4/1 

101 MAN 8.6 34.1 7.1 18.1 10YR 6/2 

102 MAN 8.7 19.9 5.5 18.2 10YR 5/4 

103 MAN NA NA NA NA NA 

104 MAN NA NA NA NA NA 

105 MAN 8.4 13.5 1.8  2.5Y 6/1 

106 WHS NA 24.1 7.3  2.5Y 6/1 

107 WHS NA 36.4 13.2  10YR 6/1 

108 WHS 8.6 27.5 7.0  10YR 6/1 

109 WHS 8.5 19.3 5.4  10YR 5/2 

110 WHS 8.3 21.4 4.1  5Y 4/2 

111 WHS 8.4 21.8 6.1  10YR 6/1 

112 WHS 8.4 19.4 5.2  10YR 6/1 

113 WHS 8.5 21.5 5.5  10YR 6/3 

114 WHS NA 42.1 8.8  2.5Y 6/1 

115 WHS NA 41.6 8.4  2.5Y 7/1 

116 WHS NA 69.5 21.7  2.5Y 6/1 

117 WHS 8.2 14.7 5.5  2.5Y 6/1 

118 WHS NA 11.4 5.4  W 9/N 

119 WHS NA NA NA NA NA 

120 WHS NA NA NA NA NA 

121 WHS 8.3 30.3 11.5  2.5Y 6/1 

122 WHS 8.3 13.0 3.6  2.5Y 5/2 

123 WHS 8.3 18.6 5.3  10YR 6/4 

124 WHS NA 62.3 3.9  W 9/N 

125 WHS 8.2 46.3 20.9  10YR 6/1 

126 WHS NA 1.6 NA NA NA 

127 WHS NA 20.0 47.1  W 9/N 

128 WHS NA 19.0 9.1  2.5Y 6/1 

129 WHS NA 31.4 9.9  2.5Y 5/1 

130 WC NA 22.0 7.2  W 8/N 

131 WC 9.1 60.8 11.7  2.5Y 7/1 

132 WC 9.2 27.2 3.0  2.5Y 6/1 

133 WC 9.2 25.6 2.7  2.5Y 6/2 

134 WC 9.3 32.8 2.6  10YR 6/1 

135 WC NA 13.7 23.0  2.5Y 6/2 

136 WC NA 10.9 3.3  2.5Y 6/2 

137 WC NA 54.8 65.8  2.5Y 6/2 

138 BM NA 12.9 9.1  5Y 5/1 
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ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

139 BM NA 9.8 5.4  W 9/N 

140 BM 9.7 37.4 4.5 21.1 10YR 6/2 

141 BM 9.6 22.6 1.4 17.4 10YR 6/3 

142 BM 9.5 34.2 4.6 16.6 10YR 6/2 

143 BM NA 16.7 22.0  2.5Y 6/1 

144 BM NA 452.8 18.0  2.5Y 6/1 

145 BM 9.5 28.3 9.3  2.5Y 6/2 

146 WB NA 20.2 1.8  2.5Y 7/1 

147 WB 10.2 38.8 1.8  10YR 6/3 

148 WB 10.1 24.9 0.8  10YR 6/2 

149 WB 10.1 11.6 0.5  10YR 5/3 

150 SHO 8.9 51.3 16.3  2.5Y 6/1 

151 SHO 8.6 12.8 4.8  2.5Y 6/2 

152 SHO 8.4 15.3 2.2  7.5YR 4/6 

153 SHO 8.6 12.2 1.5  7.5YR 5/4 

154 SHO NA 118.2 52.3  2.5Y 7/1 

155 SHO NA 33.6 1.8  W 9/N 

156 BRN NA 119.4 42.9  2.5Y 7/1 

157 BRN 8.7 16.1 3.6 20.5 2.5Y 5/2 

158 BRN 8.6 29.6 4.6 20.5 2.5Y 6/3 

159 BRN NA 20.6 5.4  W 9/N 

160 BRN NA 60.3 41.2  10YR 5/1 

161 SHR NA 24.6 50.0  10YR 7/1 

162 SHR 8.7 46.0 17.0 28.9 10YR 5/1 

163 SHR 8.4 28.4 15.7 20.6 2.5Y 6/1 

164 SHR 8.3 22.8 7.6  2.5Y 5/1 

165 SHR 8.3 16.6 3.2  7.5YR 4/4 

166 SHR 8.3 12.4 2.8  2.5Y 6/1 

167 SHR 8.3 23.1 10.4  2.5Y 6/1 

168 SHR NA 9.7 2.5  2.5Y 7/1 

169 SHR 8.3 14.6 2.6  2.5Y 6/3 

170 SHR 8.3 14.3 4.1  2.5Y 7/3 

171 BLS NA 7.1 21.2  2.5Y 7/1 

172 BLS NA 41.0 16.0  2.5Y 6/1 

173 BLS NA 13.8 7.1  10YR 6/1 

174 BLS 8.9 49.9 15.2 33.0 2.5Y 6/2 

175 BLS 8.8 30.6 5.4 19.8 10YR 6/2 

176 BLS 8.4 34.5 6.7 17.9 2.5Y 6/3 

177 BLS NA NA NA  2.5Y 6/2 

178 FRD 8.5 17.0 4.2 36.9 2.5Y 5/3 

179 FRD 8.6 18.4 2.6 32.7 2.5Y 6/2 

180 FRD 8.7 24.0 3.4 31.5 2.5Y 6/1 

181 FRD 8.6 15.4 1.6 25.7 2.5Y 5/2 

182 FRD 8.8 28.8 3.9 23.1 2.5Y 6/1 

183 FRD 9.0 30.9 9.5 22.7 2.5Y 6/1 

184 FRD 9.1 19.4 6.9 20.4 2.5Y 6/1 

185 FRD NA 5.1 12.6  2.5Y 8/1 
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ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

186 FRD NA 56.1 13.6  2.5Y 6/1 

187 FRD 9.1 43.4 18.3  2.5Y 7/2 

188 FRD 9.1 47.2 30.8  2.5Y 7/2 

189 FRD NA 130.0 1.8  W 9.5/N 

190 FRD NA 67.1 23.0  2.5Y 8/1 

191 FRD NA 17.6 6.4  2.5Y 8/1 

192 FRD NA 3.8 NA  W 9.5/N 

193 CHP NA NA NA  2.5Y 6/2 

194 CHP 9.1 29.7 6.7 25.6 2.5Y 6/2 

195 CHP 9.1 43.6 10.7 22.4 2.5Y 5/2 

196 CHP 9.1 22.7 5.3 21.3 2.5Y 5/2 

197 CHP 8.9 24.3 4.9 19.5 2.5Y 3/1 

198 CHP 8.9 20.3 5.4 18.8 2.5Y 6/3 

199 CHP NA 2.0 1.0  W 9.5/N 

200 CHP NA 22.4 0.9  2.5Y 7/1 

201 CHP NA 10.3 7.1  2.5Y 6/1 

202 CHP 8.7 13.1 2.2 23.6 2.5Y 6/3 

203 CHP 8.5 19.0 1.3 21.0 2.5Y 6/2 

204 CHP 8.5 19.8 1.2 20.6 2.5Y 5/2 

205 CHP 8.9 19.6 1.4  2.5Y 6/2 

206 CHP NA 13.3 6.5  2.5Y 7/2 

207 CHP NA 86.5 0.5  W 9.5/N 

208 CHP NA 10.2 1.7  W 9/N 

209 CHP NA 44.9 10.9  2.5Y 6/2 

210 CHP NA 28.1 4.5  2.5Y 7/2 

211 CHP NA 2.5 1.2  2.5Y 8/1 

212 CHP 8.9 10.2 1.3 29.6 2.5Y 6/2 

213 CHP 8.9 13.9 3.9 24.3 2.5Y 6/2 

214 CHP 9.1 29.5 2.3  2.5Y 7/2 

215 CHP 8.8 18.1 3.3 22.3 2.5Y 6/1 

216 CHP NA 21.5 5.7  2.5Y 5/1 

217 CHP 8.7 39.5 12.6 26.6 2.5Y 5/1 

218 CHP 8.9 18.3 3.0 22.3 2.5Y 6/2 

219 H-342 8.7 23.6 4.7 29.8 2.5Y 6/2 

220 H-342 9.0 47.4 7.2 22.3 2.5Y 6/3 

221 H-342 NA 35.2 26.9  2.5Y 5/2 

222 STK NA 5.4 4.3  2.5Y 6/2 

223 STK NA 12.4 9.5  2.5Y 7/2 

224 STK NA 18.4 9.6  2.5Y 7/1 

225 STK 8.8 23.7 6.0 35.7 2.5Y 6/2 

226 STK 8.9 21.8 4.3 25.6 2.5Y 6/1 

227 STK 8.8 13.9 2.0 22.9 2.5Y 6/3 

228 STK 9.0 30.3 7.2 20.0 2.5Y 6/3 

229 STK NA 18.0 5.5  2.5Y 6/1 

230 STK NA NA NA NA NA 

231 STK 9.0 25.4 6.6 23.5 2.5Y 6/2 

232 STK NA 15.8 16.7  2.5Y 6/1 
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ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

233 BEE 9.0 16.3 5.0 24.9 2.5Y 6/1 

234 BEE 9.0 14.7 5.0 21.6 2.5Y 6/1 

235 BEE 9.0 18.6 11.4 20.9 2.5Y 6/1 

236 BEE 9.1 17.6 6.9 20.1 2.5Y 6/2 

237 BEE NA 14.0 5.9  2.5Y 8/1 

238 BEE 9.1 19.6 5.0  10YR 6/2 

239 BEE NA 31.2 11.3  2.5Y 7/1 

240 BEE 9.2 25.3 7.7  2.5Y 6/1 

241 BEE 9.2 19.0 4.4  2.5Y 7/1 

242 BEE 9.2 16.4 4.9  2.5Y 6/1 

243 BEE NA 29.2 16.1 26.8 W 9.5/N 

244 BEE 9.2 15.9 7.1 22.6 2.5Y 7/2 

245 BEE 9.2 18.2 9.6 21.8 2.5Y 6/1 

246 BEC NA 19.7 11.4 29.4 2.5Y 7/1 

247 BEC 9.2 19.3 5.9 29.4 2.5Y 6/1 

248 BEC 9.2 13.1 4.1 24.9 2.5Y 6/1 

249 BEC NA 18.2 4.8 22.3 2.5Y 6/2 

250 BEC 9.1 21.8 4.8 18.8 2.5Y 6/2 

251 BEC NA 17.5 4.6 18.8 2.5Y 6/2 

252 BEC 9.1 19.9 6.6 22.4 2.5Y 6/4 

253 BEC 9.2 19.6 5.7  2.5Y 6/3 

254 BEC NA 12.3 5.0  2.5Y 6/2 

255 BEC NA 14.8 4.6  2.5Y 7/2 

256 BEC NA NA NA NA NA 

257 BEC NA NA NA NA NA 

258 BEC NA NA NA NA NA 

259 SNK NA 4.2 8.4 25.4 2.5Y 7/2 

260 SNK NA 17.9 11.5  2.5Y 7/2 

261 SNK NA 23.5 7.5  2.5Y 7/2 

262 SNK 9.3 22.5 16.5  2.5Y 7/2 

263 SNK 9.4 31.5 16.5 24.5 2.5Y 7/2 

264 SNK 9.3 27.8 9.7 22.8 2.5Y 7/1 

265 SNK 9.4 31.5 9.9 22.8 2.5Y 7/1 

266 SNK 9.5 36.6 13.8 21.7 G1 6/N 

267 SNK 9.4 38.2 20.0 21.0 G1 7/10Y 

268 SNK NA 81.4 5.8  W 8.5/N 

269 SNK 9.4 42.0 19.3 19.3 G1 6/N 

270 SNK NA 47.5 15.9  G1 7/N 

271 SNK NA 55.1 14.4  G1 7/N 

272 SNK 9.5 29.8 12.0 30.3 2.5Y 7/2 

273 SNK 9.4 25.3 5.0 25.2 2.5Y 6/3 

274 SNK 9.5 28.2 7.6 25.0 G1 7/10Y 

275 SNK 9.5 41.0 20.7 24.5 G1 6/N 

276 SNK NA 33.1 4.0 23.6 G1 7/10Y 

277 SNK 9.5 44.0 20.4 21.5 G1 7/10Y 

278 SNK NA 19.6 11.8  2.5Y 8/1 

279 SNK 9.2 19.2 14.2  2.5Y 7/1 
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ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

280 SNK 9.4 27.0 5.3 24.7 2.5Y 7/1 

281 SNK 9.5 46.1 7.1 21.9 G1 7/10Y 

282 SNK NA 39.4 4.8  W 8.5/N 

283 SNK NA 26.8 5.0 28.6 2.5Y 8/2 

284 SNK 9.7 40.3 6.8 23.5 2.5Y 7/2 

285 SNK NA 36.8 5.0 20.7 5Y 7/1 

286 SNK 9.6 41.3 20.3 19.7 2.5Y 7/1 

287 SNK 9.6 41.5 6.0 19.5 2.5Y 7/1 

288 SNK 9.6 40.7 7.5  2.5Y 7/1 

289 SNK NA 19.8 5.2  W 9/N 

290 SNK NA 11.6 5.6  5Y 7/1 

291 MAS NA 6.9 50.0  2.5Y 7/1 

292 MAS NA 10.6 33.9  2.5Y 8/1 

293 MAS 9.3 14.6 3.5  W 8/N 

294 MAS 9.3 23.6 5.1 24.8 2.5Y 6/2 

295 MAS 9.3 16.8 2.6 23.1 2.5Y 7/2 

296 MAS 9.3 21.6 4.3 22.7 2.5Y 7/2 

297 MAS 9.3 15.5 3.2 22.1 2.5Y 7/1 

298 MAS 9.2 17.7 3.2 24.8 2.5Y 7/2 

299 ING 8.9 21.9 6.1 33.9 2.5Y 7/1 

300 ING 9.1 15.1 3.9 34.6 2.5Y 6/1 

301 ING 9.2 20.7 2.9 31.4 7.5YR 4/3 

302 ING 9.2 18.0 3.6 27.7 2.5Y 7/1 

303 ING 9.2 16.4 2.6 24.0 2.5Y 6/1 

304 ING NA 37.1 14.3 34.3 2.5Y 6/1 

305 ING NA 44.0 8.6 32.9 2.5Y 7/1 

306 ING NA 35.8 25.8  2.5Y 7/1 

307 ING 9.0 29.8 9.0 32.1 2.5Y 7/1 

308 ING 9.2 19.4 4.4 27.2 2.5Y 6/1 

309 ING 9.2 20.1 1.7 27.4 2.5Y 6/1 

310 ING NA 84.1 1.6  W 8.5/N 

311 ING 9.1 44.7 11.7 30.9 5Y 7/2 

312 ING NA 39.1 20.6  5Y 8/1 

313 ING NA 45.0 30.7  G1 7/10Y 

314 ING NA 71.4 6.7  5Y 8/1 

315 ING NA 16.6 6.4  2.5Y 7/2 

316 ING NA 99.0 NA  W 9.5/N 

317 ING NA 59.9 10.3  2.5Y 8/1 

318 ING NA 66.7 12.7  2.5Y 7/2 

319 ING NA 84.7 11.1  5Y 8/1 

320 ING NA 28.3 7.1  2.5Y 7/2 

321 ING 9.6 26.2 3.1  2.5Y 7/1 

322 ING NA 51.4 5.3  2.5Y 8/1 

323 ING NA 80.5 8.6  2.5Y 8/1 

324 ING NA 78.3 5.5  2.5Y 8/1 

325 ING NA 62.1 13.1  2.5Y 7/2 

326 ING NA 116.9 2.7  2.5Y 9/1 
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ID Lake pH Moist. LOI Temp. Dry Colour 

   (%) (%) °C Munsell Colour 

327 ING 9.7 39.4 16.3  2.5Y 7/2 

* Where cells are empty, the measurements could not be made due to the Vernier LabQuest® 

interface battery failure. 

†Where moisture content is above 100% hydrated minerals were present. 

‡“Moist” = moisture; “LOI”= loss on ignition; “Temp” = temperature. 

§ Samples not analyzed (NA) for pH, moisture, loss on ignition, or temperature were either 

soluble salts or rocks. 
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Appendix H: Particle Size Analysis of Mudflat Samples From Saline 

Lakes in Southern Saskatchewan. 

 

Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

MAN 100 0-15.24 Till 43.6 40.5 16.0 6.9 4.9 

MAN 101 15.24-43.18 Clay 13.2 37.4 49.4 0.7 3.5 

MAN 102 43.18-50.8+ Till 39.6 33.9 26.6 0.0 4.1 

MAN 103 15.24- 43.18 Rock 0.0 0.0 0.0 100.0 0.0 

MAN 104 15.24- 43.18 Rock 0.0 0.0 0.0 100.0 0.0 

MAN 105 0-1 Sand 97.3 1.1 1.6 0.0 5.7 

WHS 106 0-1.5 Salt 0.0 0.0 0.0 0.0 0.0 

WHS 107 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

WHS 108 1.5-7 Silty Clay 7.2 58.4 34.4 0.9 5.0 

WHS 109 7-35 Silty Clay 8.2 57.5 34.3 3.3 10.2 

WHS 110 35 Sand 78.0 13.3 8.6 14.8 4.3 

WHS 111 35-40 Till 15.8 48.9 35.3 11.5 10.2 

WHS 112 40-49 Silty Clay 15.9 50.6 33.6 3.7 8.9 

WHS 113 49.5-65+ Silty Clay 3.0 64.8 32.2 1.2 8.5 

WHS 114 1-0 Till 34.9 41.1 24.0 3.9 15.0 

WHS 115 1-0 Rock 0.0 0.0 0.0 100.0 0.0 

WHS 116 1-0 OM NA NA NA NA NA 

WHS 117 1-0 Sand 74.9 21.6 3.5 9.7 20.6 

WHS 118 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

WHS 119 49 Rock 0.0 0.0 0.0 100.0 0.0 

WHS 120 49 Rock 0.0 0.0 0.0 100.0 0.0 

WHS 121 1-9.5 Clay 17.8 37.2 45.0 1.3 15.9 

WHS 122 9.5-70 Till 64.4 18.1 17.5 27.7* 1.6 

WHS 123 70+ Till 16.5 44.0 39.5 5.4 6.3 

WHS 124 3-0 Salt 0.0 0.0 0.0 0.0 100.0 

WHS 125 0-10+ Clay 0.8 30.1 69.1 0.0 33.5 

WHS 126 0 Rock 0.0 0.0 0.0 100.0 0.0 

WHS 127 0 OM NA NA NA NA NA 

WHS 128 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

WHS 129 1-0 Salt  0.0 0.0 0.0 0.0 0.0 

WC 130 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

WC 131 0-1.27 Till 17.6 45.6 36.8 9.1 8.1 

WC 132 1.27-8.89 Clay 10.2 42.9 46.8 4.5 5.4 

WC 133 8.89-16.51 Clay 12.3 40.8 46.9 13.8 5.3 

WC 134 16.51-27.29 Clay 14.7 39.9 45.5 14.6 5.0 

WC 135 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

WC 136 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

WC 137 1-0 OM NA NA NA NA NA 

BM 138 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 
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Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

BM 139 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

BM 140 0.5-25.4 Clay 8.5 40.2 51.3 0.5 2.7 

BM 141 25.4-58.42 MIX 58.6 31.2 10.2 0.0 0.9 

BM 142 58.42+ Clay 0.5 14.6 84.9 0.0 1.7 

BM 143 1-0  Salt 0.0 0.0 0.0 0.0 100.0 

BM 144 1-0 OM NA NA NA NA NA 

BM 145 1-0 Clay 0.1 5.0 95.0 2.8 1.9 

WB 146 0-0.64 Salt 0.0 0.0 0.0 0.0 100.0 

WB 147 0.64-20.32 Clay 11.6 45.6 42.8 0.0 3.2 

WB 148 20.32-50.8 Sand 66.0 27.4 6.6 2.9 0.6 

WB 149 50.8-60.96 Till 80.8 9.2 10.0 43.7 0.7 

SHO 150 0-1.27 Till 40.4 21.7 38.0 3.2 1.8 

SHO 151 1.27-15.24 Till 53.2 22.9 23.9 30.8 2.1 

SHO 152 15.24-25.4 Till 79.9 4.7 15.4 52.0 1.2 

SHO 153 25.4+ Till 83.7 6.6 9.7 30.9 0.6 

SHO 154 1-0 OM NA NA NA NA NA 

SHO 155 0 Salt 0.0 0.0 0.0 0.0 100.0 

BRN 156 0.5-0 OM NA NA NA NA NA 

BRN 157 0-15.24 Till 62.6 19.6 17.7 34.5 0.5 

BRN 158 15.24+ Clay 17.0 35.8 47.2 14.1 2.8 

BRN 159 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

BRN 160 0 OM NA NA NA NA NA 

SHR 161 0.5-0 OM NA NA NA NA NA 

SHR 162 0-8.89 MIX 24.2 30.9 44.8 5.2 17.1 

SHR 163 8.89-43.18+ MIX 36.8 20.8 42.4 6.0 14.2 

SHR 164 0-10.16 Till 51.0 24.7 24.2 31.1 11.5 

SHR 165 0-10.16 Till 63.3 9.7 26.9 23.4 2.2 

SHR 166 0-10.16 MIX 57.1 14.4 28.5 43.7 6.0 

SHR 167 10.16-15.24 Till 36.0 26.7 37.3 24.6 13.7 

SHR 168 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

SHR 169 0-5.08 Sand 74.1 7.8 18.1 7.1 2.9 

SHR 170 0-5.08 Till 43.2 26.6 30.2 40.8 4.0 

BLS 171 0 OM NA NA NA NA NA 

BLS 172 0 Salt 0.0 0.0 0.0 0.0 100.0 

BLS 173 0 Till 19.9 54.1 26.0 0.0 27.7 

BLS 174 0-6.4 Clay 6.7 38.8 54.6 2.0 14.9 

BLS 175 6.4-47.0 Clay 11.5 40.1 48.5 1.7 3.4 

BLS 176 47-60+ Clay 8.2 37.6 54.2 2.1 7.1 

BLS 177 0 Salt 0.0 0.0 0.0 0.0 100.0 

FRD 178 0-2.5 MIX 52.1 31.3 16.7 2.7 1.9 

FRD 179 2.5-10.2 Silty Clay 32.8 53.7 13.5 3.0 3.7 

FRD 180 10.2-12.7 Till 41.4 38.7 19.9 0.0 1.6 

FRD 181 12.7-16.5 Sand 85.0 11.3 3.7 12.7 2.5 

FRD 182 16.5-30.5 Silty Clay 27.1 50.3 22.6 0.3 5.2 

FRD 183 30.5-59.7 Clay 6.0 49.2 44.8 1.0 10.5 
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Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

FRD 184 59.7+ Clay 0.00 28.7 71.3 0.0 61.8 

FRD 185 0 Salt 0.0 0.0 0.0 0.0 100.0 

FRD 186 0 OM NA NA NA NA NA 

FRD 187 0-7.6 Clay 0.1 7.9 92.0 0.0 11.0 

FRD 188 7.6-17.8 Clay 0.1 14.5 85.4 0.0 11.8 

FRD 189 17.8+ Salt 0.0 0.0 0.0 0.0 100.0 

FRD 190 17.8+ Salt 0.0 0.0 0.0 0.0 100.0 

FRD 191 0 Salt 0.0 0.0 0.0 0.0 100.0 

FRD 192 0 Rock 0.0 0.0 0.0 100.0 0.0 

CHP 193 0 Rock 0.0 0.0 0.0 100.0 0.0 

CHP 194 0-10.2 Sand 55.3 23.8 20.9 1.6 7.3 

CHP 195 10.2-22.9 Clay 16.5 12.6 71.0 0.0 7.7 

CHP 196 22.9-38.1 Till 48.6 27.5 23.8 0.0 4.4 

CHP 197 22.9-61.0 Sand 60.0 12.1 27.9 0.0 1.3 

CHP 198 61.0+ MIX 63.9 20.1 16.0 3.4 7.0 

CHP 199 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 200 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 201 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 202 0-33.0 Sand 89.9 3.1 6.9 0.0 0.1 

CHP 203 33-38.1 Sand 95.5 0.1 4.5 0.0 4.5 

CHP 204 38.1-40.6 Sand 92.6 1.4 6.0 0.0 1.9 

CHP 205 40.6+ Sand 90.0 2.6 7.4 0.0 7.7 

CHP 206 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 207 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 208 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 209 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 210 0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 211 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

CHP 212 0-5.0 Sand 91.3 3.6 5.1 14.9 1.7 

CHP 213 5.0-25.4 Sand 85.1 6.1 8.8 0.0 0.5 

CHP 214 25.4+ Sand 88.9 4.4 6.7 0.0 9.9 

CHP 215 25.4-58.42 Sand 87.8 3.8 8.4 0.3 2.8 

CHP 216 0.5-0 Salt 0.0 0.0 0.0 0.0 0.0 

CHP 217 0-12.7 Sand 77.9 4.0 18.1 15.5 4.8 

CHP 218 12.7+ Sand 90.1 5.1 4.9 2.3 3.9 

H342 219 0-1.3 Till 33.5 34.9 31.5 16.4 7.6 

H343 220 1.3-43.18 Clay 7.0 15.8 77.2 3.5 13.9 

H344 221 0.5-0 OM NA NA NA NA NA 

STK 222 0 MIX 58.7 29.9 11.5 2.2 11.5 

STK 223 0 Salt 0.0 0.0 0.0 0.0 100.0 

STK 224 0.1-0 Salt 0.0 0.0 0.0 0.0 100.0 

STK 225 0-8.9 Till 21.3 48.0 30.7 5.9 11.9 

STK 226 8.9-53.3 Till 25.4 44.3 30.2 6.5 5.8 

STK 227 27.94-53.3 MIX 52.1 22.5 25.4 1.7 0.6 

STK 228 53.3-62+ Clay 2.7 44.3 53.0 0.0 9.1 
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Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

STK 229 0 Salt 0.0 0.0 0.0 0.0 100.0 

STK 230 30.5 Rock 0.0 0.0 0.0 100.0 0.0 

STK 231 5.1-30.5 Clay 7.1 44.3 48.6 0.0 7.8 

STK 232 0 Salt 0.0 0.0 0.0 0.0 100.0 

BEE 233 0-5.1 Till 48.7 34.2 17.1 0.0 6.9 

BEE 234 5.1-19.0 MIX 72.3 13.6 14.1 0.0 2.1 

BEE 235 19.0-61.0 Till 31.8 32.9 35.3 0.0 9.1 

BEE 236 61-64.8+ MIX 24.8 27.7 47.5 0.7 5.4 

BEE 237 0 Salt 0.0 0.0 0.0 0.0 100.0 

BEE 238 64.5 Till 26.7 38.8 34.5 35.4 3.5 

BEE 239 0-5.1 Salt 0.0 0.0 0.0 0.0 100.0 

BEE 240 5.1-15.2 Till 44.7 24.2 31.0 0.9 5.4 

BEE 241 15.2-48.3 Till 44.4 25.4 30.3 0.0 10.1 

BEE 242 48.3-61+ Sand 60.8 21.2 18.0 0.0 9.3 

BEE 243 0-0.5 Salt 0.0 0.0 0.0 0.0 100.0 

BEE 244 0.5-61 Till 32.5 37.3 30.2 0.0 6.7 

BEE 245 61-66.0 MIX 16.6 41.5 41.9 0.0 16.7 

BEE 246 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

BEE 247 0-2.5 Sand 67.0 22.1 10.9 2.8 8.3 

BEE 248 2.5-22.9 Sand 58.3 22.7 19.0 9.3 3.3 

BEE 249 22.9-30.5 Till LW LW LW LW LW 

BEE 250 30.5-78.7 Clay 17.7 33.9 48.5 5.2 7.8 

BEE 251 78.7 Rock 0.0 0.0 0.0 100.0 0.0 

BEE 252 66 Clay 17.4 31.7 50.9 4.5 6.6 

BEE 253 63.5 Clay 16.7 34.4 48.9 5.4 7.5 

BEE 254 43.2 Rock 0.0 0.0 0.0 100.0 0.0 

BEE 255 40.6 Rock 0.0 0.0 0.0 100.0 0.0 

BEE 256 50.8 Rock 0.0 0.0 0.0 100.0 0.0 

BEE 257 0 Rock 0.0 0.0 0.0 100.0 0.0 

BEE 258 0 Rock 0.0 0.0 0.0 100.0 0.0 

SNK 259 0-1.3 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 260 0-0.8 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 261 0 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 262 0-1.3 Clay 0.3 31.7 68.0 0.0 10.1 

SNK 263 1.3-20.3 Clay 0.2 51.2 48.6 0.0 8.9 

SNK 264 20.3-40.6 Silty Clay 0.1 75.4 24.5 0.0 8.5 

SNK 265 20.3-40.6 Silty Clay 0.3 64.7 35.0 0.0 11.5 

SNK 266 40.6-48.3 Clay 0.2 39.0 60.9 0.0 11.2 

SNK 267 48.3-50.8 Clay 1.0 45.4 53.6 0.0 15.7 

SNK 268 50.8-61 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 269 61-76.2+ Clay 1.5 42.8 55.7 0.0 21.0 

SNK 270 71.1 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 271 70 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 272 0-12 Silty Clay 0.1 60.1 39.8 0.0 13.9 

SNK 273 12-28 Silty Clay 0.0 82.2 17.8 0.0 7.0 
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Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

SNK 274 28-33 Silty Clay 0.4 63.4 36.2 0.0 25.9 

SNK 275 33-40.6 Clay 1.1 37.6 61.4 0.0 12.0 

SNK 276 40.6-53.3 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 277 53.3-71.1 Clay 1.3 33.7 64.9 0.0 20.9 

SNK 278 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 279 0.5-0 Clay 0.1 46.6 53.3 0.0 28.2 

SNK 280 10.1-22.9 Silty Clay 3.9 75.0 21.2 0.0 13.5 

SNK 281 61-68.6 Silty Clay 0.0 62.4 37.6 0.0 37.7 

SNK 282 68.6+ Salt 0.0 0.0 0.0 0.0 100.0 

SNK 283 0-12.7 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 284 12.7-22.9 Clay 2.3 27.2 70.5 0.0 9.5 

SNK 285 22.9-38.1 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 286 38.1-45.7 Clay 4.3 31.4 64.2 0.0 12.0 

SNK 287 25.7-58.4 Silty Clay 0.0 71.9 28.1 0.0 73.0 

SNK 288 58.4+ Clay 0.0 54.7 45.3 0.0 8.3 

SNK 289 0 Salt 0.0 0.0 0.0 0.0 100.0 

SNK 290 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

MAS 291 0 OM NA NA NA NA NA  

MAS 292 0 OM NA NA NA NA NA  

MAS 293 0 Sand 93.1 2.9 4.0 0.0 9.0 

MAS 294 0-8.9 Sand 76.7 12.2 11.1 0.0 3.0 

MAS 295 8.9-38.1 Sand 75.6 12.8 11.6 0.0 3.0 

MAS 296 38.1-45.7 Sand 74.8 6.6 18.6 0.0 0.3 

MAS 297 45.7+ Sand 74.1 7.9 18.0 0.0 2.6 

MAS 298 2.5-5.1 Sand 72.8 13.7 13.5 0.0 4.3 

ING 299 0-1.3 Sand 81.5 11.2 7.3 0.0 13.0 

ING 300 1.3-6.4 Sand 71.4 13.1 15.5 0.0 5.0 

ING 301 2.5-12.7 Sand 86.8 11.4 1.8 0.0 4.7 

ING 302 12.7-40.6 Sand 82.6 11.9 5.5 0.0 5.4 

ING 303 40.6-66.0 Sand 80.3 8.2 11.5 0.0 1.3 

ING 304 0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 305 0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 306 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 307 0-5.1 Sand 42.2 40.0 17.7 0.0 18.1 

ING 308 5.1-35.6 Sand 67.4 20.0 12.6 2.5 7.3 

ING 309 35.6-66.0 Sand 74.3 11.8 13.9 0.0 2.3 

ING 310 66.0+ Salt 0.0 0.0 0.0 0.0 100.0 

ING 311 0-1.3 Till 24.3 35.8 39.9 0.0 18.5 

ING 312 0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 313 0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 314 2-0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 315 0.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 316 2.5-0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 317 0-2 Salt 0.0 0.0 0.0 0.0 100.0 

ING 318 2-22.9 MIX LW LW LW LW LW 
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Lake ID Depth Sediment 

Class 

Sand Silt Clay Coarse Soluble/ 

Salt 

  cm  % % % % % 

    Mineral Sediment Rocks and Salt 

ING 319 22.9-26.7+ MIX LW LW LW LW LW 

ING 320 0.2-0-7.62 Salt 0.0 0.0 0.0 0.0 100.0 

ING 321 7.6-8.9 Clay 0.00 47.4 52.6 0.0 52.3 

ING 322 8.9-11.4 Salt 0.0 0.0 0.0 0.0 100.0 

ING 323 11.4+ MIX LW LW LW LW LW 

ING 324 1-0 Salt 0.0 0.0 0.0 0.0 100.0 

ING 325 0-2.5  MIX LW LW LW LW LW 

ING 326 2.5-16.5 Salt 0.0 0.0 0.0 0.0 100.0 

ING 327 0-12.7 Clay 0.1 18.0 81.9 0.0 11.0 

* Percentages of coarse (>2 mm) and salt/evaporates abundances were re-calculated from the 

bulk sediment but not included in the mineral sediment for texture identification.  

†“OM”= organic matter; “MIX” = thinly bedded sand lenses in clay-rich layers that could not be 

separated; “LW” =low weight samples with have enough material to analyze; “Coarse” = 

particles > 2 mm, “Sand” = particles 2 mm-40 m “Silt” = particles 50-2 m; “Clay” = particles 

< 2 m with a density of 2.65 g cm-3. 
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Appendix I: Sample ID and depths of Bolivian Sediments 

 

ID Lake Abbreviation Hole Depth 

    (cm) 

1 First Lake FL 1 0-1 

2 First Lake FL 1 1-10 

3 First Lake FL 2 0-1 

4 First Lake FL 2 1-10 

5 First Lake FL 2 0 

6 First Lake FL 3 1-0 

7 First Lake FL 4 0 

8 Lake 2 L2 4 0-1 

9 Lake 2 L2 4 1-10 

10 Lake 2 L2 5 1-0 

11 Canapa CAN 6 0.5-0 

12 Canapa CAN 6 0-20 

13 Canapa CAN 6 20-30 

14 Canapa CAN 6 30-35 

15 Canapa CAN 6 35-47 

16 Canapa CAN 6 47-54 

17 Canapa CAN 6 54-60 

18 Canapa CAN 6 60+ 

19 Canapa CAN 6 35-40 

22 Canapa CAN 7 4-0 

23 Canapa CAN 7 2-0 

24 Canapa CAN 7 0-5 

25 Canapa CAN 8 2-0 

26 Low Spot LS 9 0-5 

27 Hedionda HED 10 0 

28 Hedionda HED 10 0 

29 Hedionda HED 10 0-10 
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ID Lake Abbreviation Hole Depth 

    (cm) 

30 Hedionda HED 11 2-0 

31 Hedionda HED 12 0-5 

35 Ramaditas RAM 13 3-0 

36 Ramaditas RAM 13 0 

37 Ramaditas RAM 13 0-50 

38 Ramaditas RAM 13 50-70 

41 Ramaditas RAM 14 3-0 

42 Ramaditas RAM 15 2-0 

43 Ramaditas RAM 16 0-1 

44 Ramaditas RAM 16 1-5 

45 Ramaditas RAM 17 0-5 

46 Honda HON 18 1-0 

49 Honda HON 18 0-5 

50 Honda HON 19 1-0 

51 Honda HON 19 10-15 

52 Honda HON 19 0-10 

53 Char Khota CHKT 20 0-10 

54 Char Khota CHKT 20 0-10 

55 Char Khota CHKT 20 0-10 

56 Char Khota CHKT 21 1-0 

57 Char Khota CHKT 22 1-0 

58 Char Khota CHKT 23 0-5 

59 Char Khota CHKT 23 0-5 

60 Char Khota CHKT 23 0-2 

61 Char Khota CHKT 23 0-10 

62 Char Khota CHKT 24 0-10 

63 Char Khota CHKT 24 10-18 

64 Char Khota CHKT 24 18-26 

65 Char Khota CHKT 24 26-30 

66 Char Khota CHKT 25 0-1 

67 Char Khota CHKT 25 0-35 
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ID Lake Abbreviation Hole Depth 

    (cm) 

68 Char Khota CHKT 25 35-40 

69 Char Khota CHKT 25 40-50 

70 Char Khota CHKT 26 1-0 

71 Char Khota CHKT 26 0-0.5 

72 Char Khota CHKT 26 0.5-1 

73 Char Khota CHKT 26 1-7 

74 Char Khota CHKT 26 7-8 

75 Char Khota CHKT 26 8-11 

76 Char Khota CHKT 26 11-16 

77 Char Khota CHKT 26 16-22 

78 Char Khota CHKT 26 22-28 

79 Char Khota CHKT 27 0-5 

82 Challuncani CHU 28 1-0 

83 Challuncani CHU 28 0-10 

84 Challuncani CHU 28 10-13 

85 Challuncani CHU 28 13-18 

88 Challuncani CHU 29 1-0 

89 Challuncani CHU 29 0-10 
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Appendix J: Sediment Class, Particle Size, Moisture, Loss on Ignition 

and Colour of Mudflat Sediments From Bolivian Salars. 

 

ID Salar 
Sediment 

Class 
Coarse Silt Clay Evap. Moist. LOI 

Colour 

Dry 

   (%) (%) (%) (%) (%) (%) 
Munsell 

Colour 

1 FL Regolith 0.0 41.3 58.7 0.0 1.5 3.4 10 YR 7/3 

2 FL Regolith 0.0 64.3 35.7 0.0 1.9 3.0 10 YR 6/2 

3 FL Regolith 0.0 65.8 34.2 0.0 1.2 2.8 10 YR 7/2 

4 FL Regolith 0.0 51.2 48.8 0.0 2.1 4.1 10 YR 5/3 

5 FL Regolith NA NA NA NA NA NA Gley 1 3/1 

6 FL Regolith 12.0 86.0 2.0 0.0 0.4 1.9 10 YR 4/1 

7 FL Regolith NA NA NA NA NA NA 5YR6/3 

8 L2 Regolith 0.0 64.5 35.5 0.0 2.1 3.4 10 YR 6/3 

9 L2 Regolith 0.0 38.1 61.9 0.0 6.8 3.4 10 YR 4/3 

10 L2 Regolith 17.5 72.6 9.9 0.0 0.9 6.0 10 YR 5/3 

11 CAN Crust 33.3 66.7 0.0 0.0 26.3 1.3 W 9.5/N 

12 CAN Detrital 36.6 44.0 16.6 2.8 9.7 3.1 2.5Y 6/3 

13 CAN Detrital 78.5 12.9 4.3 4.2 14.3 3.3 2.5Y 6/2 

14 CAN Detrital 33.1 53.3 9.6 4.0 24.0 4.3 2.5Y 6/1 

15 CAN Detrital 9.4 47.8 31.5 11.3 73.7 11.3 2.5Y 7/2 

16 CAN Detrital 85.8 6.3 5.6 2.3 30.1 2.5 2.5Y 7/2 

17 CAN Detrital 45.6 40.2 10.1 4.1 18.5 3.3 2.5Y 7/1 

18 CAN Detrital 53.8 25.5 15.9 4.8 41.9 4.2 2.5Y 6/3 

19 CAN Detrital 1.3 41.0 57.4 0.3 124.8 5.9 2.5Y 7/8 

22 CAN Detrital 0.3 45.0 54.7 0.0 9.0 0.5 W 9.5/N 

23 CAN Detrital 7.7 42.6 49.7 0.0 50.2 1.1 2.5Y 7/2 

24 CAN Detrital 0.5 45.1 54.3 0.1 123.1 5.8 2.5Y 7/2 

25 CAN Detrital 62.4 29.9 3.3 4.3 0.5 2.0 2.5Y 5/1 

26 LS Regolith 2.4 45.3 52.3 0.0 3.5 3.9 10 YR 7/4 

27 HED Crust NA NA NA NA NA NA W 9.5/N 

28 HED Authigenic 0.0 13.6 44.7 40.1 99.3 7.6 5Y 8/3 

29 HED Authigenic 3.2 26.1 30.9 39.9 93.6 9.9 2.5Y 8/4 

30 HED Detrital 80.8 8.5 2.1 8.6 1.6 3.7 7.5YR 5/2 

31 HED Detrital 52.6 27.5 12.2 7.6 45.5 2.9 5Y 7/1 

35 RAM Regolith 83.8 12.1 1.9 2.3 2.0 1.0 2.5Y 6/1 

36 RAM Rock NA NA NA NA NA NA NA 

37 RAM Detrital 50.0 31.7 7.6 10.7 18.9 2.1 G1 7/N 

38 RAM Detrital 29.4 62.0 4.7 4.0 19.6 1.4 G1 6/N 

41* RAM Authigenic 0.0 24.1 14.4 61.5 16.1 4.6 W 8.5/N 

42 RAM Authigenic 3.0 36.1 50.8 10.1 4.9 7.6 W 9.5/N 

43 RAM Authigenic 3.9 13.5 10.4 72.2 24.3 6.4 2.5Y 6/2 

44 RAM Authigenic 2.8 36.5 59.6 1.1 80.4 18.2 10YR9.5/1 

45 RAM Authigenic 7.6 38.8 49.3 4.3 75.7 15.2 5Y 8/1 

46 HON Authigenic 0.7 36.1 44.4 18.8 16.2 6.1 10YR8/1 
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ID Salar 
Sediment 

Class 
Coarse Silt Clay Evap. Moist. LOI 

Colour 

Dry 

   (%) (%) (%) (%) (%) (%) 
Munsell 

Colour 

49 HON Authigenic 0.2 42.6 56.3 0.8 132.5 18.8 10YR8/1 

50 HON Authigenic 0.5 41.0 51.0 7.6 72.2 12.2 W 9.5/N 

51 HON Authigenic 0.3 36.8 43.3 19.5 38.1 7.6 2.5Y 8/1 

52 HON Authigenic 0.2 33.0 66.6 0.2 111.2 14.7 2.5Y 8/1 

53 CHKT Authigenic 0.3 33.2 66.5 0.1 56.9 5.8 10YR8/2 

54 CHKT Authigenic 0.1 31.7 68.0 0.2 61.9 5.9 10YR8/2 

55 CHKT Authigenic 3.7 29.6 44.3 22.4 69.1 8.0 10YR8/1 

56 CHKT Authigenic 0.0 22.7 59.1 18.2 2.3 26.0 W 9.5/1 

57 CHKT Authigenic 0.0 38.6 44.3 17.1 5.4 15.8 W 9.5/1 

58 CHKT Authigenic 0.0 22.9 6.1 71.0 59.1 16.1 W 9.5/1 

59 CHKT Authigenic 2.2 24.2 9.7 63.9 72.0 21.4 W 9.5/1 

60 CHKT Authigenic 0.2 38.0 8.7 53.1 67.1 24.5 10YR8/1 

61 CHKT Authigenic 1.0 39.6 32.8 26.6 123.9 11.1 10YR8/1 

62 CHKT Authigenic 0.0 42.5 19.4 38.1 55.6 18.4 10YR8/1 

63 CHKT Authigenic 0.0 59.3 30.4 10.3 64.8 16.8 10YR8/1 

64 CHKT Authigenic 9.4 22.9 4.3 63.4 42.2 18.2 2.5Y 8/3 

65 CHKT Authigenic 0.6 53.0 7.0 39.5 66.7 16.9 2.5Y 8/1 

66 CHKT Authigenic 0.0 30.3 9.2 60.5 39.0 14.9 2.5Y 8/1 

67 CHKT Authigenic 0.0 36.7 62.9 0.4 117.7 16.7 2.5Y 8/1 

68 CHKT Authigenic 2.7 43.5 12.1 41.7 43.6 22.8 2.5Y 8/8 

69 CHKT Authigenic 2.0 56.1 38.9 3.0 90.6 20.9 2.5Y 8/2 

70 CHKT Authigenic 0.0 22.2 33.3 44.4 13.3 8.1 W 9.5/N 

71 CHKT Authigenic 0.0 22.4 55.1 22.4 119.7 15.0 2.5Y 8/1 

72 CHKT Authigenic 0.0 43.1 46.1 10.8 85.1 15.7 2.5Y 8/1 

73 CHKT Authigenic 0.0 30.8 63.1 6.2 155.4 18.7 2.5Y 7/2 

74 CHKT Authigenic 0.0 40.8 47.9 11.3 131.0 20.0 2.5Y 8/1 

75 CHKT Authigenic 0.0 36.3 60.1 3.6 142.7 20.7 2.5Y 8/1 

76 CHKT Authigenic 0.0 41.0 47.9 11.2 123.1 16.7 2.5Y 8/1 

77 CHKT Authigenic 0.0 44.6 25.6 29.8 115.6 20.5 2.5Y 8/1 

78 CHKT Authigenic 0.1 18.0 2.8 79.1 78.2 12.4 2.5Y 7/2 

79 CHKT Authigenic 0.4 39.0 53.7 6.9 214.8 14.3 2.5Y 8/2 

82 CHA Crust 4.7 10.8 1.4 83.0 83.6 5.7 5Y 8/1 

83 CHA Detrital 19.1 46.1 30.3 4.5 142.7 26.9 2.5Y 7/2 

84 CHA Detrital 4.4 48.7 42.1 4.8 145.8 21.8 2.5Y 7/2 

85 CHA Detrital 72.5 22.9 4.0 0.5 18.5 3.4 2.5Y 7/1 

88 CHA Detrital 9.2 17.2 6.9 66.7 8.2 7.4 W 9.5/1 

89 CHA Detrital 68.8 16.2 3.0 12.0 9.8 3.5 2.5Y 7/1 

*Where moisture is over 100% hydrated minerals are present. 

†“Coarse” = particles > 50 m, “Evap” = Evaporite minerals soluble in ammonium carbonate and 

hydrochloric acid; “Silt” = particles 50-2 m; “Clay” = particles < 2 m with a density of 2.65 g 

cm-3; “Moist” = moisture content; “LOI” = loss on ignition.  
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Appendix K: Field Images from the Bolivian Altiplano 

 

(a) Regolith sediment from hole 1 at First Lake. (b) Detrital-rich mudflat pit at hole 6 from 

Laguna Canapa. (c) Authigenic sediments from hole 26 at Laguna Chiar Khota. (d) Authigenic 

sediments from hole 10 at Laguna Hedionda. 
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Appendix L: Concentration of Elements in 0.45 m Filtered Surface Water Samples from Bolivian Salars 

 

Salar Ag As B Ca K Li Mg Na S Si Sr 

         mM          

CAN 0.001 0.10 15 0.77 87 27 3.0 1654 374 1.2 0.02 

HED ND 0.01 ND 2.1 0.64 ND 0.99 7.8 1.0 1.6 0.02 

RAM ND 0.02 ND 3.2 1.1 ND 0.66 16 3.7 1.4 0.03 

HON ND 0.27 10 13 36 12 10 566 78 1.8 0.26 

CHKT ND 0.45 24 34 67 30 45 1000 56 1.6 0.63 

CHU ND 0.05 8.8 8.0 64 0.71 18 252 34 0.74 0.11 

EU-H-4a - 0.01 - 0.90 1.03 - 0.91 1.78 - 0.1 0.01 

EU-H-4b - 0.70 - 35 39 - 22 40 - - 0.81 

EU-H-4* - 0.78 - 41 45 - 25 46 - 0.1 0.91 

Control 1 1.2 3.9 1.7 5.9 14 4.0 5.9 15 31 4.0 2.9 

Control 2 1.2 3.8 1.8 5.9 14 4.2 5.8 15 31 4.0 2.9 

Control* 1.2 4.0 2.0 6.0 15 4.0 6.0 15 30 3.8 3.0 

Blank 1 <0.001 <0.004 <0.93 <0.01 <0.05 <0.29 <0.02 <0.44 <0.31 <0.04 <0.001 

Blank 2 <0.001 <0.004 <0.93 <0.01 <0.05 <0.29 <0.02 <0.44 <0.31 <0.04 <0.001 

* Expected values (Note Si standard used Cranberry-05 CRM). 

† Samples under detection limits for Al, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, P, Pb, Sb, Se, Sn, Ti, Tl, U, V, and Zn. 

‡ “ND” = Not detected. 
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Appendix M: Major Element Concentrations of the <2 m Fraction of Selected Samples from Bolivian 

Salars. 

 

ID Al B Ca Fe K Li Mg Mn Na P S Ti 

        mol g-1        

1 1500 10 200 570 190 9.4 270 8.7 250 32 69 52 

2 1400 6.0 210 560 140 7.5 220 7.3 260 32 78 52 

12 1300 21 420 810 140 59 860 15 280 36 150 42 

15 630 17 1100 300 87 32 450 5.8 130 23 72 25 

18 1300 22 140 750 220 62 660 8.2 570 26 440 40 

19 740 44 150 360 180 73 990 4.9 610 19 72 20 

24 820 83 1100 360 110 78 2400 4.9 360 39 81 20 

26 1400 7.4 70 640 170 14 280 8.0 150 20 50 42 

28 85 260 240 54 31 46 3000 1.2 610 14 210 2.5 

35 560 16 2100 390 82 14 400 4.2 190 20 59 18 

37 170 14 3700 86 23 4.8 140 1.8 210 8.1 110 9.2 

45 140 13 3000 72 36 4.9 120 1.7 160 5.8 120 4.8 

49 130 74 1300 64 54 36 2000 0.96 260 13 97 4.2 

60 34 140 250 16 15 12 1800 3.3 230 30 720 2 

61 37 360 1200 21 46 22 1400 6.9 200 17 280 1.5 

62 36 190 1700 20 25 20 1200 1.6 350 14 530 1.6 
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ID Al B Ca Fe K Li Mg Mn Na P S Ti 

        mol g-1        

63 56 240 1200 41 41 24 1200 3.6 160 13 280 3.3 

64 9.6 110 3500 13 14 40 1900 6.6 87 15 1300 2.5 

65 67 260 1400 64 59 26 700 5.8 250 13 94 4.6 

67 31 320 500 18 66 23 1200 5.1 520 7.7 110 1.3 

68 5.6 100 4000 6.4 14 24 1200 4.7 87 13 1400 1.1 

69 48 420 1300 45 77 17 370 5.6 300 11 84 2.9 

78 15 210 3000 9.8 25 27 1300 3.8 480 13 410 2.1 

79 31 180 570 21 59 19 660 1.3 480 11 140 0.88 

83 290 65 2400 180 82 16 1800 6.6 190 26 87 11 

85 440 59 160 410 120 29 2300 11 290 11 130 25 

89 520 54 320 390 130 33 2100 16 250 11 56 21 

MESS-3a 560 - 320 560 100 0.59 490 4.7 430 32 53 - 

MESS-3b 560 - 300 610 97 0.59 490 5.1 430 31 47 - 

MESS-3* 740 - 350 630 130 0.58 530 5.5 480 32 53 - 

Blank 1 <1.85 <1.0 <2.5 <0.90 <0.51 <1.44 <0.82 <0.02 <3.3 <0.65 <0.78 <0.21 

Blank 2 <1.85 <1.0 <2.5 <0.90 <0.51 <1.44 <0.82 <0.02 <3.3 <0.65 <0.78 <0.21 

* Expected values (Note Li standard used Control). 

† Samples were under detection limits for Ag, Be, Cd, U. 

‡ “ND” = Not Detected 
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Appendix N: Minor Element Concentrations of the <2 m Fraction of Selected Samples from Bolivian 

Salars. 

 

ID As Ba Co Cr Cu Mo Ni Pb Sb Sn Sr Tl V Zn 

         mol g-1         

1 1.3 2.8 0.25 0.29 0.76 0.01 0.17 0.09 ND ND 2.2 ND 1.1 1.2 

2 0.96 3.9 0.24 0.27 0.55 0.01 0.14 0.08 ND ND 2.6 ND 1.2 1.0 

12 13 2.0 0.36 0.44 1.1 0.30 0.19 0.12 ND 0.02 3.2 ND 2.4 1.8 

15 0.89 1.1 0.12 ND 0.72 ND ND ND ND ND 4.3 ND 1.4 0.86 

18 6.5 2.1 0.34 0.38 2.5 0.23 0.15 0.11 ND 0.02 1.9 ND 2.2 2.1 

19 1.9 1.2 0.13 ND 1.0 ND 0.09 0.05 ND ND 1.5 ND 1.5 0.95 

24 7.6 1.5 0.13 ND 3.3 ND 0.09 0.07 ND 0.02 19 ND 1.3 1.0 

26 3.5 2.0 0.25 0.50 1.5 0.02 0.20 0.11 ND ND 2.1 ND 1.6 2.1 

28 150 0.44 ND ND 0.98 ND ND ND 0.17 ND 2.1 ND 2.7 0.63 

35 5.2 0.65 0.15 0.27 9.8 0.05 1.5 0.09 ND ND 5.0 ND 2.6 49 

37 6.4 0.40 ND ND 0.91 ND ND ND ND ND 7.8 ND 2.2 0.52 

45 5.2 0.39 ND ND 0.83 ND ND ND ND ND 6.6 ND 1.6 0.5 

49 7.3 0.36 ND ND 1.7 ND ND ND 0.48 ND 14 ND 3.5 0.44 

60 250 0.66 0.04 0.07 12 0.02 0.05 ND 0.09 ND 390 ND 0.69 2.3 

61 20 1.5 ND ND 4.1 ND ND ND 0.22 ND 210 ND 1.1 1.2 

62 95 0.73 ND ND 8.2 0.02 ND ND 0.17 ND 210 ND 1.0 1.7 
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ID As Ba Co Cr Cu Mo Ni Pb Sb Sn Sr Tl V Zn 

         mol g-1         

63 47 0.54 ND ND 5.0 0.03 ND ND 0.17 ND 130 0.03 1.2 1.3 

64 840 1.5 ND ND 3.5 ND ND ND 0.66 ND 320 0.23 1.7 1.1 

65 7.3 0.18 ND ND 2.0 0.05 ND ND 0.18 ND 9.7 0.07 1.4 0.93 

67 3.6 0.31 ND ND 3.5 ND 0.41 ND 0.16 0.02 16 ND 1.5 1.8 

68 1500 1.0 ND ND 0.79 ND ND ND 1.1 ND 130 0.78 1.1 0.34 

69 8.8 0.25 ND ND 1.7 0.03 ND ND 0.16 ND 9.5 0.05 1.4 0.73 

78 15 1.9 ND ND 3.9 ND ND ND 0.30 ND 110 ND 3.5 2.3 

79 4.9 0.20 ND ND 6.3 0.09 ND ND 0.11 ND 10 0.03 1.7 1.1 

83 1.6 0.52 ND ND 0.82 ND ND ND ND ND 11 ND 1.9 0.75 

85 4.3 0.36 0.17 0.40 0.52 0.03 0.13 ND ND 0.04 1.1 ND 2.6 0.78 

89 1.9 0.43 0.19 0.40 0.82 ND 0.12 ND ND 0.16 2.2 ND 2.7 0.89 

MESS-3a 0.21 2.0 0.19 0.50 0.41 0.02 0.56 0.10 - - 0.59 - 1.2 1.8 

MESS-3b 0.21 2.0 0.19 0.50 0.41 ND 0.58 0.10 - - 0.59 - 1.3 1.8 

MESS-3* 0.24 2.5 0.02 0.69 0.49 0.02 0.63 0.09 - - 0.73 - 1.6 2.0 

Blank <0.01 <0.04 <0.08 <0.38 <0.08 <0.02 <0.09 <0.05 <0.01 <0.02 <0.06 <0.01 <0.20 <0.23 

Blank <0.01 <0.04 <0.08 <0.38 <0.08 <0.02 <0.09 <0.05 <0.01 <0.02 <0.06 <0.01 <0.20 <0.23 

* Expected values (Note Li standard used Control). 

† Samples were under detection limits for Ag, Be, Cd, U. 

‡ “ND” = Not Detected. 

 


