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ABSTRACT

 Manito Lake is a large, perennial, Na-SO4 dominated hypersaline lake located in 

the northern Great Plains of western Canada.  Significant water level decrease over the 

past several decades has lead to reduction in volume and surface area.  Today, the lake is 

15% of its mid -20th century volume and 46% of its former area. 

 This decrease in water level has exposed large areas of nearshore microbialites. 

These organosedimentary structures have various external morphologies, vary in 

mineralogical composition, and show a variety of internal fabrics from finely laminated 

to massive and clotted. These features range from small, mm-scale, finely laminated 

encrustations to large, reef-like structures up to 5 m high and over 500 m long. Although 

there is relatively little consistent lateral variability in terms of morphology, the structures 

do vary significantly with elevation in the basin. Petrographic evidence confirms a strong 

biological involvement in the formation of these structures. Nonetheless, inorganic and 

trapping mechanisms may also play a role.

 Dolomite, aragonite, and calcite are the most commonly found minerals in these 

structures, however, monohydrocalcite, magnesian calcite, hydromagnesite, dypingite, 

and nesquehonite are also present. The calcite is a pseudomorph after ikaite, which forms 

an open porous dendritic and shrub-like fabric, comprising the interiors of  massive 

shoreline microbialite mounds and pinnacles. These ikaite pseudomorphs are encased in 

millimeter to centimeter-scale laminated dolomite-aragonite rinds.

 Radiocarbon dating and stable isotope analysis have indicated microbialite 

formation began about 2200 yBP in a shallow, productive, saline and cold lake. Over the 
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next 900 years, the microbialites record a transgressing lake in a cool climate, which 

corresponds to a period not previously documented in this region but is referred to as the 

Dark Ages Cold Period, which has been documented in other parts of the Northern 

Hemisphere. This is followed by 500 years of warmer conditions coinciding with the 

Medieval Climate Anomaly. Starting about 600 years ago the lake experienced a dramatic 

decrease in level resulting in formation of extensive carbonate pavements, cemented 

siliciclastics, rinds, and coatings. 
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dolomite platform hardground with bird foot-print tracks at N52o 45’ 45” 
W109o 43’ 44”.

(F)The modern lake: historical records have indicated a lake level at about 
600 m asl in the 1920’s, thus indicating another transgression followed by 
the current regression to 583 m asl.

Figure 6.1. Manito Lake, Canada. Dark blue outlines the present day lake ...................301
and surrounding water bodies. Light blue shows the outline of Lake Manito 
in the early part of the 20th century as determined by historical maps (Dowling, 
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1906; Geological Survey of Canada, 1911, 1913). At this higher level, the lake 
probably was close to its spill point (~612  m) at which point it would drain 
northward to Battle River via Jones Coulee. The lake at that time encompassed 
Wells Lake (northwest of present day Manito Lake) and Little Manito Lake
 (~10km south of the basin). Star on inset map shows location of Manito Lake in 
western Canada. 

Figure 6.2. Durov diagram showing Manito Lake water and groundwater.....................307
chemistry (major ion values in eq%): lake water (red), groundwater from drift 
aquifers (blue), and groundwater from Mesozoic bedrock aquifers (green). Also 
shown are pie diagrams of mean lake water composition (2005-2011) with anions
 on right and cations on left in mol%. (Data compiled from Rawson and Moore, 1944; 
Rutherford, 1967; Hammer, 1978b; Last and Kelley, 2002; Pham et al., 2009;
 Last et al., 2010). 

Figure 6.3. Calculated saturation state of Manito Lake water 1938-2011 with ..............308
respect to nine calcium and magnesium carbonates. The inset box shows an 
expansion of data from 2001-2011. Several (pirssonite, gaylussite) have not been 
identified in Manito Lake sediments but the degree of saturations are included for 
completeness. In addition to the minerals shown, the lake water is strongly 
supersaturated with respect to magnesite and ordered dolomite. Data used 
for speciation and saturation calculations from sources listed in Figure 6.2.

Figure 6.4. Summary of  δ2H and δ18O (SMOW) of Manito Lake water and ................309
drainagebasin stream and groundwaters . Also shown are the prairie meteoric water 
line (PMWL) from  and the local evaporation line from Birks and Remenda (1999a). 
Star (*) indicates average precipitation at Edmonton, Alberta, Canada. (modified from 
Last et al., 2010) 

Figure 6.5. Map showing the distribution of lithified carbonate sediments and .............311
features in Manito Lake (modified from Last et al., 2010), and the topography and 
bathymetry of the basin (contour interval: 10 m).  Heavy dashed line indicates the 
elevation of the lake (~612 m asl) at its highest stand in the past 2000 years. 
Number-letters (e.g., 6A, 6B, etc.) show the approximate locations of 
photographs in Figure 6.6.

Figure 6.6. Dolomite field occurrences (refer to Fig. 6.5 for approximate .....................312
locations in the basin): A. Recently exposed bioherm; 1.4 m of the structure is 
above the present-day lake level and ~1 m is still submerged. Bioherm is composed
 of a mixture of dolomite, aragonite and calcite. B. Exposed and weathered 
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microbialite pinnacle. The structure is part of a microbialite shoreline complex 
~10 m above the present-day lake level. Pinnacle is composed of a mixture of 
dolomite and aragonite. C. Modern microbialite; shovel blade is 15 cm wide. 
Structure is composed of a mixture of dolomite and calcite. The surface of the 
structure comprises a microbial mat dominated by Nodularia sp. D. Dolomite-cemented 
sand. Sand is mainly fine grained quartz with dolomite forming isopachous cement. 
As in C, the surface of the sand is covered with a thin microbial mat. E. Fragmented 
dolomite pavement/veneer boundstone; scale bar in foreground is 1 m. Pavement is 
composed entirely of dolomite. F. Teepee structure in dolomite pavement. Scale bar in 
foreground is 35 cm. G. Surface of dolomite pavement showing bird foot prints and 
possible ice crystal marks. Scale bar is 20 cm.

Figure 6.7. Finely laminated dolomitic microbialite crust. Upper is an .........................314
electron backscatter image; lower images are X-ray elemental maps of the 
smaller areas outlined in yellow in the BSE image showing variation in Mg, Ca, 
and Sr. 

Figure 6.8. A. X-ray diffractogram of dolomitic pavement from 20° to 60° ..................316
two theta (Cu-Κα radiation). All diffraction peaks for dolomite having relative
 intensities I/Io higher than 10 are clearly identified. In addition to dolomite, this 
diffractogram also shows small reflections for quartz and feldspars. B and C. 
Scanning electron micrographs of dolomitic pavement. D. Cathodoluminescence 
photomicrograph of cemented quartz sand (beachrock). Dolomite forms 
isopachous cement and luminesces bright orange-red. Scale bar = 0.2 mm. E. 
Autofluorescence photomicrograph of cemented sand (beachrock). Organic-rich, 
isopachous micritic dolomite cement (c) shows a strong green/yellow 
autofluorescence. dg = detrital grain; e = epoxy; scale bar = 0.1 mm. F. Scanning 
electron micrograph of dolomite-cemented quartz sand. Inset shows EDAX image
 from spot marked by X on the micrograph.

Figure 6.9.  A. Autofluorescence photomicrograph of laminated dolomitic...................317
 microbialite with an internal pocket of trapped clastic grains. Scale bar = 0.5 mm; 
top is toward the right.	  Strong green/yellow autofluorescent (480 nm using B filter; 
470-490 nm) organic-rich dolomite alternates with dolomite showing less intense 
autofluorescence. Detrital quartz, feldspar and carbonate grains in center show
 little or no fluorescence. B. Scanning electron micrograph showing dolomite grains 
trapped in and coating cyanobacterial filaments. C and D. Scanning electron 
micrographs showing dolomite associated with exopolymeric substances (EPS). 
Voids (v) are empty cyanobacterial filaments. Small remnant microbial cells
 (arrow) can be seen in D. E. Photograph of cross section of dolomite 
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microbialite crust stained with Mutvei’s solution. Darker blue indicates 
preserved organic matter. Scale bar = 0.5 cm.

Figure 6.10. Mol% CaCO3 of dolomite from pavements/beachrock cements ................319
and microbialites determined by electron microprobe.

Figure 6.11. Electron backscatter images of thin sections of four microbialites. ...........321
Dark gray is dolomite; light gray is aragonite. Points represent electron microprobe
 spot analyses for mol% CaCO3 in the dolomite.

Figure 6.12. Sr versus Mg (upper) and Sr versus Ca (lower) contents of .......................322
dolomite as determined by electron microprobe. Open circles are analyses of
 dolomite from microbialites; closed triangles are analyses of dolomite from
 pavements and beachrock cements. See table 1 for means and ranges of data.

Figure 6.13. Schematic diagram showing the time of dolomite formation ....................324
and the approximate position relative to present-day water level in the basin.
 Medieval Climate Anomaly (MCA; yellow) and Little Ice Age (LIA; pink) 
are shown on the horizontal axis. Pinnacles A-G refer to various microbialite 
pinnacle structures plotted at their approximate elevation in the basin. Green 
bars indicate dolomite radiocarbon dates and blue bars indicate dates on other 
material (i.e., wood, calcite, aragonite). For example, Pinnacle A is located 
above present-day water level and has a dolomite date at the outermost crust 
and several dates near the interior base of the structure. A question mark 
indicates no 14C starting date was available for the particular pinnacle. A wide
 green or blue bar indicates multiple radiocarbon dates. Dolomite Plate A refers 
to a date on a dolomitic pavement sample found above present-day water level; 
dolomite cement in sand refers to a date on the dolomitic isopachous cement in a 
beachrock found below present-day water level. 

Figure 6.14. ∂18O versus ∂13C of dolomite from Manito Lake (red symbols) and .........326
isotopic data from other non-detrital Quaternary lacustrine occurrences. Also
 shown are 14C ages for the dolomite. 

Figure 6.15. Spencer (A) and Jones (B) diagrams (modified from Last et .....................333
al., 2010) showing Manito Lake water and groundwaters. Data from sources 
listed in Figure 2. Arrows indicate possible evolutionary paths of waters in the
 Manito basin. Path on the Jones diagram suggests rapid or early loss of Ca
 and early dolomite formation according to (modified from Last et al., 2010).

Figure 7.1. Map showing the location of Manito Lake (*) in the northern ....................362
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Great Plains of western Canada 

Figure 7.2. Map showing the topography and bathymetry of the Manito ......................363
Lake basin (modified after Last et al., 2010). Contour interval for the bathymetry
 is 10 m; contour interval for the topography is 50 m. Inset is a schematic profile
 showing the vertical distribution of microbialites in the basin. Microbialites 
above 595 m asl do not contain calcite pseudomorphs after ikaite. The
 present-day lake level has decreased from ~610 m asl in the 1920s to  
~581 m asl today. 

Figure 7.3. External (A) and internal (B) views of microbialites ...................................366
containing calcite pseudomorphs after ikaite used in this study. C is
 a horizontal section showing internal portion of the microbialite in A 
at the line indicated. The microbialite on the left (A) was collected at an 
elevation of 580 m asl; the microbialite on the right (B) was collected at 
an elevation of 595 m asl. The dates shown on the microbialites are calibrated 
radiocarbon ages determined on internal calcite and dolomite of the external 
rind (see Table 1). Scale bars (A) = 5 cm; (B) = 3 cm; (C) = 1 cm.

Figure 7.4. (A) SEM photomicrograph of calcite after ikaite from a .............................367
Manito Lake microbialite. Scale bar = 2 microns. (B) Glendonite 
(pseudomorph after ikaite) from Euraka, Nunavut, Canada. Scale 
bar = 1 cm. (B) is reproduced with permission from RocksForKids.com; 
photo by N. Gere. 

Figure 7.5. SEM photomicrograph of calcite after ikaite showing well..........................368
 preserved monoclinic crystal structure (A) and stepped-like fabric (B); 
arrow indicates a representative ß angle of ikaite (~110.5o).

Figure 7.6. Microbialites A and B showing the ∂18O and ∂13C of  .................................372
calcite pseudomorphs after ikaite. Image A shows the external view
 of the microbialite, however the isotopic data are derived from the 
internal part of the structure. Scale bars (A) = 5 cm; (B) = 3 cm. Arrow
 in the upper right corner of B indicates the area of detailed SIMS analyses 
(see Table 1).

Figure 7.7.  Stable isotopic data (‰ PDB) from Manito Lake .......................................373
(this study; Table 1) and other modern and ancient pseudomorphs 
after ikaite. Circles = Manito Lake (closed circles = SIMS, open 
circles = IRMS); cross-hatch = Mono Lake and Lahontan Basin; 
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squares = modern non-Arctic marine; blue triangles = modern 
Arctic marine; cross hatch= pre-modern marine; pink circles = 
Ikka Fjord. Data other than that of Manito Lake from Selleck et al. 
(2007) and Oehlerich et al. (2012).
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Chapter 1

Dissertation Introduction
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1.1 General Introduction  

Microbialites are organosedimentary deposits formed by the interaction of 

benthic microbial communities and detrital or chemical sediments (Burne and 

Moore, 1987). Processes that contribute to the formation of these structures 

include: inorganic calcification, biologically influenced calcification and trapping 

and binding of detrital or chemical sediments. These structures can have varying 

internal fabrics such as stromatolitic (laminated), thrombolitic (clotted) and 

leiolitic (no defined structure).

 Although stromatolites, thrombolites and other microbialite structures 

occur in many marine and marginal-marine depositional environments (Arp et al., 

2003; Bosak et al., 2007; Burne and Moore, 1987; Gautret et al., 2006), those 

from true lacustrine settings are still relatively poorly studied.  Sedimentological 

and geochemical research was carried out on modern and late Holocene 

microbialites from a lake in western Canada, Manito Lake, Saskatchewan. This 

lake was chosen based on several years of field research and study of saline lakes 

in the region. 

 Because laminated structures like stromatolites can provide an exceptional 

archive for past environmental conditions (Awramik, 1992; Buick, 1992; 

Hofmann, 1973; Kah and Riding, 2007), the microbialites in Manito Lake were 

examined with particular emphasis on their potential use as proxies for climatic, 

hydrological, and other limnological environmental changes. Accurately dated in 

situ shoreline microbialites can provide unambiguous lake level information that 
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is often unobtainable from profundal sediments (Bradbury et al., 1989).  In 

addition, geochemical, mineralogical, and morphological data obtained from the 

carbonate structures can be used to infer paleolake conditions providing no 

diagenesis has occurred.  

 This research was carried out by doing an intralake comparison of the 

microbialites in the Manito basin. From this information a reconstruction was 

done of  the last 2000 years of the lakes environmental history.

1.2 Thesis  Objectives and Significance of Research

The objectives of this research are to examine the occurrence, 

composition, and morphology of modern and pre-modern carbonate microbialites 

and other organo-sedimentary structures that are found in Manito Lake, 

Saskatchewan, a large saline lake in western Canada. The goal is to better 

understand the genesis and diagenesis of these structures in order to use the 

features and microchemistry as paleoenvironmental indicators. One of the major 

contributions of this research will be to develop a paleoenvironmental proxy (e.g., 

temperature, water chemistry, hydrology) that can be used in salt lakes and other 

extreme environments where conventional biological (diatoms, ostracodes, etc.) 

and physical (grain size, magnetic susceptibility, etc.) proxies are not always 

reliable. This will be accomplished by understanding the genesis of biogenic and 

inorganic carbonate minerals associated with these microbialite structures. The 

interpretation of the present and past limnological, hydrological, and geochemical 

conditions by the examination of the fabric, texture, mineralogy, and 
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microchemistry of these structures will be a useful tool in interpreting regional 

climate change and past environmental/hydrological conditions. 

 The specific objectives of this research are to: 

(i) Describe the microbialites in Manito Lake, Saskatchewan; 

(ii) Delineate the mineralogy and decipher the petrography of the 

microbialites;

(iii)  Ascertain the temporal aspect of carbonate mineral/microbialite 

formation; and 

(iv)  Identify the geochemical and limnological conditions by which the 

microbialites form in the study lake.

The study of these structures will be carried out through a combination of 

sedimentological, mineralogical, geochemical, and microanalytical techniques.  

The focus will be on modern and late Holocene (last 2000 years) changes as 

recorded by the stratigraphic variation in these microbialites.

 The significance of this research is:

(i) This is the first description of the occurrence of microbialites in the 

northern Great Plains (Manito Lake).

(ii) This is the first attempt to use multi micro-analytical techniques at high 

resolution spatial scale to decipher the paleoenvironmental conditions of a 

lake in which the microbialites are forming;

(iii)  Important insight will be gained on the formation of modern dolomite, 

ikaite and other relatively uncommon endogenic carbonate minerals;
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(iv)  Significant new knowledge of microbialite formation and 

biomineralization will be gained.

1.3 Structure of the thesis

 Each chapter of this thesis is written as a self contained publishable 

manuscript.  Taken together they present the results of research undertaken to 

describe the microbialites of Manito Lake, Saskatchewan and to use the 

information contained in these microbialtes as a tool to determine past climate and 

hydrological conditions in the lake.  I begin with a review of the literature, 

starting with background information on saline lakes, minerals in saline lakes and 

biomineralization as well as previous research carried out on microbialites in 

saline lakes. Chapter 3 is a review of how carbonates have been used to decipher 

past climate and environmental change in the northern Great Plains of Canada. 

This paper was published in Sedimentary Geology (Last et al. 2012a). Chapter 4 

is an introduction to the study site with relevant geological, geographical and 

biological background information. Chapter 5 describes the microbialite 

structures in Manito Lake, Saskatchewan and  shows how it is possible to use the 

information contained in these structures to reconstruct lake environmental 

history, this is a paper that was published in Sedimentary Geology (Last et al., 

2010). Arising from the Manito lake research was the discovery of two important 

minerals in the sediments. First, primary dolomite (Chapter 6) which is rare in the 

modern environment was discovered in the structures and sediments. The 

description of the occurrence of this mineral is important from both a 
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mineralogical perspective as well as a paleoenvironmental and bio-mineralogical 

perspective  and has been published in Sedimentary Geology (Last et al. 2012b).  

Ikaite, a rare mineral that occurs under limited conditions was described from the 

microbialite structures as a pseudomorph (calcite after ikaite). The occurrence of 

this mineral indicates cool climatic conditions, the presence of this pseudomorph 

after ikaite gives important information about the environmental/ climatic history 

of the lake. This paper has been submitted to Journal of Paleolimnology (Chapter 

7). Finally, in Chapter 8,  I outline the conclusions and summary of this research.
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2.1 Saline lakes

2.1.1 Origin and hydrology

Saline lakes are a major part of inland water ecosystems (Williams, 2002). 

Although they are generally concentrated in arid and semi-arid regions of the world, salt 

lakes are geographically widespread and occur on every continent. The total volume of 

inland saline water (~104 x 103 Km3) is roughly equal to that of freshwater lakes 

(Hammer, 1986).  Some of the most notable lacustrine basins on our planet are salt lakes, 

including the largest  (Caspian Sea), the lowest (Dead Sea), and the highest (Namtso 

Lake, Tibet) lakes on Earth (Hammer, 1986; Williams, 2002).  In spite of these extremes, 

most salt lakes are relatively small and found at altitudes between 400 and 1500 m 

(Hammer, 1986). 

Despite being widespread, saline lakes are not well studied. As a group, saline 

lakes represent one of the least understood depositional systems (Talbot and Allen, 1996). 

It has only been in the past several decades that we have begun to appreciate the spectrum 

of salt lake types, their chemistry, hydrology and the biotic and abiotic processes 

occurring within them (Last and Ginn, 2005).

The origins of saline lake basins are basically the same as that of other lacustrine 

basins: mainly through tectonics, volcanic or glacial activity or a combination of the 

three. Other common origins include fluvial processes, deflation, and solution (Hammer, 

1986).  While the origin of most lake basins can be readily categorized, a wide variety of 

other geological processes usually modify the lake after initiation. It is not uncommon for 

saline lakes to develop from originally freshwater basins. For example, many of North 

America’s saline lakes were freshwater settings during the early Holocene and late 
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Pleistocene (Benson et al., 1990; Morrison, 1991; Oviatt, 1987, 1988; Spencer et al., 

1984; Stine, 1990; Street and Grove, 1979). 

There are several additional conditions that are required for the development of 

salt lakes. Saline lakes usually occupy topographically closed basins and are often the 

terminus of large closed drainage systems. Furthermore, for a permanent salt lake to exist 

there needs to be a balance between hydrologic inputs (surface and subsurface inflows 

and direct precipitation) and outputs (evaporation and seepage/recharge). These 

hydrologic conditions usually occur in semi-arid and arid regions (Williams, 2002). The 

difference in evaporation and precipitation relative to inflow  ((Vevap – Vprec)/Vinflow) is an 

important parameter that controls not only whether a saline lake will develop but also 

how salty the water will be (Carmouze and Pedro, 1977). Clearly, the greater the 

evaporation, the more concentrated the solutes become (Williams, 2002). 

 There is, a considerable range of conditions in which salt lakes are found in the 

world today. Williams, (2002) contends that most occur in areas having mean annual 

temperatures of about 00 - 300C and annual precipitation of 50 - 100 cm (Figure 2-1). In 

warmer and/or drier climates (i.e., higher evaporation), the lakes tend to become 

ephemeral. . Bohacs et al. (2003) suggest that controls on salt lake existence are, in fact, 

not related to climate, but can be attributed to four variables: sediment supply, water 

supply, sill height and basin floor depth. The most important factor in making a salt lake 

saline is the closed hydrology allowing ions to accumulate over time.
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Figure 2.1. The development of salt lakes relative to temperature, precipitation and 
evaporation. Also shown are fields of occurrences for salt lakes in the northern Great 
Plains of western Canada (NGP), southwestern United States (SWUS) and interior 
Australia (Central Australia). Data in part from (Langbein, 1961) and (Williams, 
2002).Modified from Williams (2002) Copyright 2002 Foundation for Environmental 
Conservation. Reprinted with with permission of Canbridge University Press.
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Due to the fact that most salt lakes owe their existence to the balance of several 

climatic factors, they are affected by both long and short-term changes in climate. The 

closed nature of the basins in which most salt lakes occur make them particularly 

sensitive to even small fluctuations in hydrology (Richardson, 1969).  Thus, shoreline 

deposits, such as microbialites and carbonate tufas, which record regressions and 

transgressions in saline lakes, are important archives of hydrological changes as have 

been demonstrated in many basins (e.g., Benson, 1991; Benson et al., 1991; Benson et al., 

1996b; Bortnik, 1996; Bowler, 1981; Micklin et al., 1993; Micklin, 2004, 2007).

Even large deep salt lakes that have been relatively stable over many decades 

have been shown to have previous periods of dramatic water level changes (Barannik et 

al., 2004; Brunet et al., 2003; Last and Schweyen, 1985; Williams, 2002). Short-term 

(decade to century scale) fluctuations in climate, such as those linked to ENSO and La 

Niña, can have global impact and dramatically affect the precipitation and temperature 

regimes in arid and semi-arid regions of the Earth, including the northern Great Plains 

and southern Australia  (Cayan et al., 1998; Chiew et al., 1998; Ginzburg et al., 2003).  

The salt lakes of these dry regions provide an important source of information on the 

frequency and intensity of these short-term fluctuations. 

Changes in the hydrology of closed basins are reflected in salinity fluctuations 

occurring seasonally or over the long term (Aladin and Plotnikov, 1993; Langbein, 1961; 

Williams, 2002; Williams and Kokkinn, 1988). However, large permanent salt lakes with 

large volumes tend to exhibit little short-term temporal variation in salinity whereas 
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episodically filled lakes (playas) and small saline lakes can show striking changes that 

range from <50 to > 300 g/l (Williams, 2002).

2.1.2 Salinity

 Major ions in salt lakes are generally the same as those in their freshwater 

counterparts: Na+, K+, Ca2+, Mg2+, Cl-, SO42- and CO32- + HCO3- are important in salt 

lakes. On a global basis, sodium and chloride are usually dominant but in some regions 

(e.g., northern Great Plains) Mg2+, Ca2+ and SO42- can be dominant (Eugster and Hardie, 

1978); (Hammer, 1986).  

 The composition of a lacustrine brine is determined by two factors: (1) the solutes 

are acquired by dilute inflow waters through weathering processes and by atmospheric 

fallout, and (2) subsequent evaporation and concentration of ions leads to precipitation of 

minerals which further affects the final brine composition (Eugster and Hardie, 1978).  

Unlike marine-derived waters, the composition of continental brines depends mainly on 

the lithologies that are leached from the drainage basin that surrounds the lake. Rainwater 

and weathering reactions are the chief sources of solutes. Rainwater can contribute many 

solutes but the most important are Na+, Cl-, SO42- and HCO3- ions.

 The weathering reactions affecting dilute inflow depend largely on the minerals 

present in the watershed (Hardie and Eugster, 1970). For example, groundwater flowing 

through a limestone aquifer will contribute Ca2+ and HCO3- ions. Mg2+ rich waters can 

result from the dissolution of dolomite or the presence of basalt in the watershed. Ca2+-

Na+-HCO3 - brines are usually derived from the weathering of igneous and metamorphic 
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rocks. Sulfate ions can be contributed by sulfide rich sediments or pyritic shales (Warren, 

1999). 

 Solute acquisition defines the composition of the dilute inflow waters and 

provides the starting point for further brine evolution. When this dilute inflow carried by 

surface waters and groundwater enters a closed basin the composition will continue to 

change. This change in lake water composition is referred to as brine evolution and has 

been the subject of considerable interest (Eugster, 1980, and references therein).  Working 

with the natural waters of the Sierra Nevada region in western United States, Garrels and 

Mackenzie (1967) first pointed out that mineral precipitation, triggered by evaporative 

concentration, is the primary control of brine evolution.  Hardie and Eugster, (1980) and 

Eugster (1980) generalized the evolutionary scheme and concluded that are three main 

brine evolutionary pathways resulting in five dominant brine types in evaporitic 

lacustrine basins (Figure 2-2). 

 Although there have been many modifications of the basic Hardie-Eugster 

evolutionary scheme, the most important contribution of the model is that of the chemical 

divide. A chemical divide is a point in the evolution sequence of a brine in which 

precipitation of a mineral depletes the water in certain cations or anions (depending on 

the initial starting composition) and further evaporation moves the solution along a 

distinct pathway. As pointed out by Faure (1998), the result of this process is that small 

differences in ionic ratios in the dilute starting composition of the lake are amplified as 

the brine evolves and produce brines of different and diverse composition. 
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Figure 2.2. Summary of Hardie-Eugster model for evolution of non-marine waters by 
evaporative concentration.
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For example, as evaporation occurs and a dilute starting solution is concentrated, a 

characteristic suite of evaporite minerals is deposited based on the particular succession 

of chemical divides. The calcium carbonates (calcite, aragonite) are usually the first to 

precipitate; these comprise the first divide for most continental brines (Figure 2-2). The 

proportions of Mg2+, Ca2+, and HCO3- in the dilute parent solution determine the 

subsequent evaporation pathway and the Mg/Ca ratio determines which specific 

carbonate mineral will precipitate. If calcium is enriched relative to carbonate alkalinity, 

then the brine will follow pathway I after the initial CaCO3 precipitate divide. Further 

evaporation of this type of brine will lead to a second divide: the precipitation of gypsum. 

After this, further evolution will be controlled by the relative proportions of Ca2+ and 

SO42- (i.e., pathways III and IV in Figure 2-2).  

If, however, HCO3- is enriched compared to Ca2+ in the dilute inflow solution, 

then the brine evolution will follow pathway II after the initial divide. In this path, 

calcium will ultimately be depleted leaving an excess of HCO3-, which, in turn, may 

combine with Mg2+ and Na+ to produce a variety of complex Na-Mg-carbonate-sulfate 

evaporites. A second divide in this evolution pathway is that of sepiolite  [Mg4Si6O15 

6H2O]. Further brine evolution after this divide is controlled by the relative 

concentrations of Mg2+ versus HCO3-. If the magnesium concentration is greater than the 

remaining alkalinity, the brine will evolve to a sulfate or chloride end member (V in 

Figure 2-2).  Conversely, the water will become an alkali carbonate brine (VI in Figure 

2-2) if magnesium is less than HCO3- alkalinity after sepiolite precipitation.
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While this model works well in theory, in practice there are many problems and it 

tends to be  too simplistic a view of the real world (Drever, 1988) and normally is viewed  

as a general guide only. Few continental brines actually follow any of the paths outlined 

in this model. For example, in path II Mg-silicate (sepiolite) is rarely found as a primary 

mineral (Papke, 1972; Parry and Reeves, 1968) and thus does not seem like a reasonable 

divide. Also, the model implies that only a relatively small number of brine types will 

evolve from a typical dilute inflow; this is not the case as there are many common brine 

types not represented by this sequence. For example the typical Na-Mg-SO4--HCO3- brine 

that is very common in the northern Great Plains is not represented (Faure, 1998), nor are 

the Na-Mg-Cl SO4 brines with variable amounts of Ca, K, Al, Fe, Si, and Br, that 

characterize the acid saline lakes of Western Australia  (Benison et al. 2007)

2.1.3 Saline lake biota and biological processes

In most areas of the world in which saline lakes occur, biological studies far 

outnumber investigations of the sedimentology or geochemistry of the basins (Evans, 

1993a; Last, 2002a; Renaut and Last, 1994a). Overall, the biological processes in salt 

lakes are similar to those in fresh standing waters, notwithstanding their physical and 

chemical extremes. Processes such as photosynthesis by aquatic plants, ammonification, 

denitrification, sulfate reduction and anaerobic sulfide oxidation cause a rise in pH as 

carbon dioxide is utilized by the flora, and an increase in the concentration of HCO3-

which, in turn, creates favourable conditions for carbonate precipitation (Castanier et al., 

1999; Riding, 2000; Visscher et al., 1992). The biota, however, differ significantly 

between fresh and saline lakes (Hammer, 1986; Javor, 1989); at low salinities the species 
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composition of salt lakes is comparable to that of their freshwater counterparts (Evans, 

1993b). As salinity increases the diversity of species declines (Dedeckker et al., 1980; 

Haynes et al., 1978; Warren, 1999), and as salinities reach extremely high values, species 

diversity becomes very low. At these elevated salinities the lake is usually dominated 

only by halotolerant organisms (Hammer, 1986). This low biodiversity greatly simplifies 

studies related to biota (Williams, 2002).  Nonetheless, saline and hypersaline lakes have 

some of the highest measured rates of organic productivity in the world (Figure 2-3). At 

moderate to high salinities (30-100 ppt (parts per thousand) TDS), the main contributors 

to this biomass are green algae and cyanobacteria. At more elevated salinities halophilic 

bacteria dominate the ecosystem (Riding and Riding, 1991; Warren, 1999).

Ionic composition also affects species diversity. Certain taxa are found in 

hypersaline waters dominated by a particular solute; anions including chloride, 

bicarbonate-carbonate and sulfate are important controlling factors in the species 

composition of salt lakes (Boulton et al., 1999; Herbst, 2001). Sulfate rich brines, which 

dominate the northern Great Plains region, often have an abundance of purple bacteria 

(Hammer, 1986; Last, 1993; Last and Schewyen, 1985) however, these bacteria are 

commonly found in saline lakes independent of the brine composition (Hammer, 1986). 

The role of these organisms in the saline lake ecosystems are critical areas of 

investigation, especially with respect to their potentially important role in the formation 

and diagenesis of carbonate minerals (Awramik and Riding, 1988; Rivadeneyra et al., 

2004; Sanchez-Roman et al., 2007; Sánchez-Román et al., 2004; Vasconcelos et al., 1995; 

Wright, 1999).
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Figure 2.3. Productivity of various saline lakes. Also shown is the productivity level of a 
typical marine upwelling zone (offshore Peru; dashed line). From Warren 1999. 
Copyright 1999 Wiley. Reprinted with permission of Wiley

19



2.1.4 Paleolimnology

 Despite the relative paucity of detailed studies of modern saline lakes compared to 

freshwater settings, the stratigraphic records of salt lakes have been very attractive to 

paleolimnologists. Numerous comprehensive reviews of the use of saline lake sediments 

in paleoenvironmental investigations have been published (Chivas and Dedeckker, 1991; 

Chivas et al., 1986; Evans, 1993b; Renaut and Last, 1994b). Although the application of 

biological proxies in salt lake paleolimnology is limited (Evans, 1993b), a key factor is 

that differences in salinity in the lakes can be reflected in significant differences in biota 

(Hammer et al., 1981; Hammer, 1981; Haynes and Hammer, 1978; Swift et al., 1979; 

Williams and Anonymous, 1981; Williams and Anonymous, 1985; Williams, 2002; 

Williams and Kokkinn, 1988; Williams and Sherwood, 1994).  Williams (2002) maintains 

that the biota of inland waters with more than 10 ppt TDS sets them apart from other 

aquatic ecosystems. Likewise, some biota, such as stromatolitic cyanobacteria and 

Archaeobacteria, have unique physiological and biochemical adaptations for living in 

saline lakes. Thus, they are often the only biological indicators present in the stratigraphic 

record.

 Because high salinity waters tend to have lower oxygen levels, preservation of 

organic matter in salt lakes is often high (Warren, 1986). This makes salt lake sediments 

potentially attractive targets for biological paleolimnology. Pigments and fossil remains 

of siliceous algae and crustaceans are the main biological proxy indicators used in saline 

lakes but the low diversity limits their application relative to inorganic components.
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There are some unique features of salt lakes that make them excellent subjects for 

paleoclimate and paleohydrological studies.  In general, they are more sensitive to 

climate change than other aquatic ecosystems. Physiochemical and biological changes 

occur directly and rapidly in response to even small fluctuations in any element of the 

hydrologic budget (Mason et al., 1994). This is of great value to people studying 

paleoclimate by making inferences from the analysis of lake sediments (Lemmen et al., 

1997; Zeeb and Smol, 1995).  Perhaps most important, is that due to their closed nature 

and high salinity, salt lake basins show both complex and rapid interactions between 

hydrology, geochemistry, sedimentology, and mineralogy (Eugster, 1980).  Thus, from a 

paleoenvironmental perspective it is essential to take the whole system approach when 

studying the various aspects of these saline systems. 

2.2 Minerals

2.2.1 Mineral genesis in salt lakes

There are three genetic types of minerals that exist in lake sediments (Jones and 

Bowser, 1978).  Allogenic minerals are those brought in to the lake basin by surface 

transport agents such as streams, sheetflow, mass movement, ice or wind. These 

components comprise the detrital fraction of lake sediments.  Most lacustrine basins in 

glaciated regions and almost all freshwater lakes are dominated by detrital sediments.  

The endogenic minerals are those that originate in the water column of the lake by either 

inorganic or biologically-induced chemical precipitation. Many salt lakes are dominated 

by endogenic components.  Finally, authigenic minerals are those derived by diagenetic 
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alteration of sediments already deposited. These can be primary precipitates that are 

formed by chemical reactions within the pore water system (e.g., aragonite cement in a 

beachrock) or secondary minerals formed by the physical or chemical alteration of pre-

existing components (e.g., dewatering of mirabilite to form thenardite or conversion of 

relatively unstable monohydrocalcite to calcite).  

Determining the precise genesis of lake sediments can be difficult particularly in 

regions such as the northern Great Plains where, for example, many of the same minerals 

can occur in all three genetic groups. Nonetheless, deciphering the origin of the inorganic 

components of lake deposits is essential and can give tremendous insight into past 

environmental conditions. Allogenic minerals, for example, provide information about 

provenance, weathering processes in the catchment, and transportation processes of the 

watershed (Last, 2002b).    This information, in turn, can be used to deduce changes in 

the drainage basin and fluctuations in the climatic regime of the region.  Endogenic 

minerals give a snapshot of the chemical and limnological conditions of the lake at the 

time of their formation. The most common endogenic minerals in most lakes are the 

carbonates. Many studies in paleolimnology have used endogenic calcite, Mg-calcite, and 

aragonite (Cohen, 2003; Talbot and Allen, 1996; Talbot and Kelts, 1986). Stratigraphic 

variation of these carbonates can be used to deduce  past Mg/Ca ratios and salinities of 

the lake waters (Muller and Wagner, 1978). The carbonate mineral information can also 

be used in conjunction with stable carbon and oxygen isotope analyses of the inorganic 

carbonates or biologic materials to show degree of evaporation and past levels of 

productivity (Ito, 2002).
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In saline lakes the mineralogical composition is one of the most critical tools for 

assessing lake level, environmental and other important hydrological changes.  Biological 

indicators, such as siliceous microfossils, ostracodes, and pollen, which are very useful in 

freshwater settings, are of limited use in these saline environments (Evans, 1993a).  The 

mineralogy of the endogenic and authigenic material, in particular, is an excellent 

indicator of past chemical conditions of the lake (Last et al., 2002) and can provide an 

unambiguous quantitative record of salinity and ion composition because these minerals 

are often thermodynamically and kinetically responsive to even small changes in the 

water chemistry (Boyle, 2002; Last, 2002b). 

2.2.2 Dolomite, monohydrocalcite and ikaite

One carbonate mineral in particular, dolomite [(CaMg(CO3)2], has been of interest 

to many researchers. Dolomite is one of the most important sedimentary minerals. In the 

subsurface in sedimentary basins it forms the reservoir rock for a large proportion of the 

world’s conventional oil and natural gas reserves (Davis, 1979) and is host to sedimentary 

metal deposits such as lead and zinc (Hsu, 1966). It also forms the basis of an array of 

valuable industrial mineral resources (Carr et al., 1994). 

As important as this mineral is, the formation of dolomite has been an elusive 

process in low temperature and pressure laboratory settings. Other than Vasconcelos and 

colleagues (Sánchez-Román et al., 2004; Vasconcelos et al., 1995; Warthmann et al., 

2000), who precipitated nonstoichiometric Mg-Ca carbonate by simulating anoxic, high 

salinity, marine-derived brines in the presence of Desulfonatronovibrio sp, no one has 

successfully generated any form of dolomite in the laboratory at low temperatures and 
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pressures (Deelman, 2005).  Nonetheless, the role of anaerobic respiration by various 

microbes (e.g., sulfate reduction, methanogenesis, etc.) in natural sedimentary 

environments where dolomite is forming has been suggested on numerous occasions 

(e.g.,Muir et al., 1980; Borch and Jones, 1976). Recent geomicrobiological work on 

marine and marine-marginal dolomite-precipitating settings in South America and 

Australia by (van Lith et al., 2002; van Lith et al., 2003; Wright, 1999; Wright and 

Wacey, 2005) and others has lead to renewed research efforts directed toward better 

understanding how bacterial reduction of sulfate influences the formation of modern 

dolomite.  Work on dolomite in Lake Qinghai sediments by Deng et al. (2010) showed 

that dolomite did, in fact, precipitate in the presence of sulfate reducing bacteria as well 

as other halophiles; however sulfate did not inhibit dolomite precipitation. They 

concluded that an increase in pH and alkalinity by the organisms, in conjunction with 

supersaturation resulted in dolomite precipitation. They also found that exopolymeric 

substances (EPS) and microbial cell surfaces played an important role for nucleation. 

Although this is certainly a step forward in the search for a solution to the dolomite 

problem, there are still many questions left unanswered. Other work on lacustrine basins 

(as opposed to marine-influenced lagoons) suggests that sulfate reduction is not the 

dominant process affecting dolomite formation (Folk and Land, 1975; Friedman, 1966; 

Jones, 1965; Last, 1990; Last and de Deckker, 1992). Based on two different types of 

dolomite found in Deep Springs Lake, California, Meister et al. (2011) suggest that there 

are at least two modes of modern dolomite formation. The first type of dolomite is 

characterized by small, euhedral crystals which form an ooze that does not lithify. This is 
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comparable to the  type A dolomite reported in the Coorong by Rosen et al. (1988, 1989), 

and is thought to precipitate directly from solution. No biological influence is invoked; 

however the possibility of organic matter serving as nucleation sites is not completely 

eliminated.This type of dolomite is described as rate limited, imposed by low cation 

availability. A second type of dolomite found in Deep Springs, Type B dolomite, is 

alkalinity limited, and forms cemented layers in sediments. In this case, carbonate 

alkalinity is increased due to microbial metabolism. Clearly, dolomite genesis in 

continental evaporitic settings is very complex and there are many possible models. 

However, there are still many unanswered questions and much research that needs to be 

carried out in order to test and provide reasonable explanations for these proposed 

dolomite models. Ikaite and calcite pseudomorphs after ikaite (glendonites) are relatively 

common in the rock record (Seaman and Buchardt, 2006; Selleck et al., 2007). However, 

nearly all of these reported occurrences are marine in origin. Occurences of ikaite in 

lacustrine settings are not common. In fact, the only reported occurrences of ikaite in 

lacustrine settings is Mono Lake, California and Pyramid Lake, Nevada.

Calcite pseudomorphs after ikaite are associated with cold water depositional 

systems (Selleck et al., 2007). Ikaite forms in very confined conditions, limited to its 

stability field of near-freezing temperatures. It is also favored by alkaline conditions and 

high phosphate concentrations (Selleck et al., 2007).  These conditions can be found in 

Manito lake. Ikaite crystals rapidly decompose to calcite and water when warmed above 

4oC.  The strict temperature limits on its stability make it an excellent indicator of cold 

water conditions and hence of great paleoclimatic significance.  The conversion of ikaite 
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to calcite plus water may result in pseudomorphic aggregates with an external form 

controlled by ikaite morphology (Whiticar and Suess, 1998).  This provides petrographic 

evidence of cold water carbonate precipitation. In addition, stable isotopes of carbon and 

oxygen from the glendonites have been used in marine occurrences to reconstruct the 

evolution of seawater in the geological record (Rickaby et al., 2006). This suggests that 

there may be some application to lacustrine settings as well, however this has not yet 

been demonstrated.

2.3 Laminated sedimentary structures

 The sediments in saline lakes are an excellent archive of changes in the 

environmental conditions of the lake basin and catchment. As summarized above, by 

examining variations in mineralogy important deductions can be made about the brine 

composition, weathering and climatic conditions in the drainage basin and the nature of 

sedimentary processes such as river inflow and aeolian transport. In addition to 

mineralogy, the sedimentary structures of lacustrine deposits can provide the foundation 

for more detailed interpretations of the paleohydrology and limnological environment.  

Because sedimentary structures are the product of a great range of physical, biological 

and chemical processes, their interpretation is often difficult. Last and Vance (1997)  

summarize the genesis and interpretation of  lacustrine laminae and other bedforms in the 

salt lakes of the northern Great Plains. Similar overviews are provided (Kemp, 1996; 

Kemp et al., 2001; Riedinger et al., 2002; Saarnisto and Kahra, 1992) for lake deposits in 

general.
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 Many offshore lake deposits are laminated.  Varves are common in most north-

temperate freshwater lakes and often form the basis of chronostratigraphy of these basins 

(Bradley, 1929; Dean et al., 1999; Lamoureux, 1999; Lamoureux, 2000; Sturm, 1979).  

Chemical laminae are more common in saline basins and together with mineralogical and 

geochemical data can be excellent tools to help determine past environmental conditions. 

For example, Kelts and Hsu (1978) described light and dark couplets in the Eocene Green 

River Formation of western United States. They suggest that these couplets represent an 

annual cycle started in the spring with the warming of the surface waters leading to 

supersaturation the lake waters with respect to CaCO3. This is further enhanced by algal 

blooms, which, through the process of photosynthesis, remove CO2 and therefore 

increase pH:

6CO2+12H2O+light energy  è C6H12O6 + 6O2 + 6H2O

In response, a fine rain of calcite and/ or aragonite is initiated. This continues through the 

warm summer months and is represented in the sediment by a light, mineral-rich lamina. 

Through autumn the algae die off and fall to the bottom forming the dark organic-rich 

lamina. 

Laminae also occur in some types of shallow water and nearshore lake deposits 

such as playas (Last, 1989a; Last, 1989b; Thompson et al., 1990; Vance et al., 1993), 

tufas, microbialites and other shoreline hardgrounds (Benson et al., 1995; Demicco and 

Hardie, 1994; Russel, 1885; Thompson et al., 1990), and a variety of non-lacustrine 

terrestrial settings such as caves (Galy et al., 2002; Ihlenfeld et al., 2003; Serefiddin et al., 

2005), hot and cold springs (Chafetz and Folk, 1984; Pentecost, 2003), and calcrete 
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(Folk, 1999; Verrecchia et al., 1991; Ward et al., 1970; Wright, 1989). Nearshore biogenic 

structures such as cryptmicrobial laminites and stromatolites are central to this research 

and will be discussed in greater detail further on.  A major point to emphasize is that 

although few structures are truly diagnostic of specific limnological conditions and in fact  

dissimilar processes can result in similar structures, critical and detailed examination of 

sedimentary features can lead to important insight into past environmental conditions 

when used in conjunction with mineralogical and geochemical analyses.  

2.4 Microbialites in saline lakes

As with marine settings, nearshore and shallow water carbonate deposition in 

saline lakes can take a variety of forms and occurs in response to many different 

processes (Eugster, 1980; Smoot and Lowenstein, 1991; Demicco and Hardie, 1994; 

Valero Garcés et al., 1995; Talbot and Allen, 1996). Of particular relevance to this 

research is the plethora of carbonate minerals associated with organogenic structures 

termed microbialites or cryptmicrobial structures.  These structures have a wide range of 

external morphologies, may vary greatly in mineralogical composition, and show a 

spectrum of internal fabrics from finely laminated to massive and clotted.  The most 

noteworthy of these organo-sedimentary structures are stromatolites, which are inplace 

structures having discrete boundaries and possessing fine, generally millimeter-thick 

internal laminae. Demicco and Hardie (1994) point out that more has been written about 

stromatolites than any other sedimentary structure. Despite this volume of literature, there 

is a great deal of confusion about their genesis and many terminological problems 

(Awramik, 2006; Buick et al., 1981; Burne and Moore, 1987; Dupraz and Strasser, 1999; 
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Gerdes and Schieber , 2007; Kennard and James, 1986; Logan et al., 1964; Walter, 1976). 

Structures that show a clotted internal fabric are generally referred to as thrombolites 

whereas mounds and bioherms with no obvious internal structural features are referred to 

as having a leiolitic fabric (Dupraz and Strasser, 1999). However, the terms stromatolitic, 

thrombolitic, leiolitic (undifferentiated microbial boundstone), should be viewed as end-

members of a spectrum of fabrics  (Figure 2-4) that include for example, cryptic, 

oncolytic, peloidal, shrubbery, radial, fan, etc., (Demicco and Hardie, 1994; Burne and 

Moore, 1987; Dupraz et al., 2004; Kennard and James, 1986; Riding, 2000; Walter, 

1976). 

 The formation of these structures relies on a combination of both biotic and 

abiotic processes that include: (i) trapping and binding of detrital sedimentary particles, 

(ii) inorganic precipitation, (iii) biologically-influenced or mediated precipitation, and 

(iv) true organic/skeletal precipitation.  Numerous systems have been proposed in an 

effort to classify these process-controlled structures as summarized in Figure 2-5. In 

addition to the fundamental differentiation between physical (trapping), chemical 

(inorganic and bio-mediated precipitation), and biological processes, an additional 

component is usually considered: whether or not the structure or laminae show evidence 

the ability to ‘defy gravity’. In other words, whether the bedding or feature exceeds the 

normal angle of repose of cohensionless sediment is an important criteria in classifying 

cryptmicrobial structures.  

29



Figure 2.4. Classification of microbial structures according to (Kennard and James, 
1986a). Copyright 1986 SEPM. Reproduced with permission of SEPM.
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Figure 2.5. Schematic representation showing the continuum of processes of microbialite 
formation  (modified from Burne and Moore, 1987). Copyright 1987 SEPM. Reproduced 
with permission of SEPM.
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Clearly, the specific genesis of these structures is just as important as their 

presence and description. Despite the enormous amount of literature on the description of 

microbialites in ancient sedimentary sequences, much more research needs to be done to 

better understand the various depositional and diagenetic roles of organisms versus 

inorganic processes. A better understanding of the mechanisms of microbialite genesis 

will allow for better insight into the paleoenvironmental setting in which these features 

are preserved. In addition, by determining the temporal aspects of the deposition of these 

structures our ability to use these structures as key paleoenvironmental indicators will be 

greatly enhanced (Casanova and Hillaire-Marcel, 1992; Hofmann et al., 1999).

2.5 Previous studies on carbonate microbialites in lacustrine settings

Although many studies have been carried out on laminated carbonate structures in 

modern marine and ancient settings, e.g., (Andres and Reid, 2006; Arp et al., 2003; 

Awramik and Riding, 1988; Dill et al., 1986; Dupraz and Strasser, 1999; Dupraz and 

Visscher, 2005; Grey et al., 1990; Macintyre et al., 2000; Moore et al., 1983; Paerl et al., 

2001; Paull et al., 1992; Reid et al., 2000; Steppe et al., 2001; Visscher et al., 2000; 

Walter, 1976) relatively little work has been carried out on true lacustrine settings.  The 

most notable studies of microbialites occurring in freshwater lacustrine settings include 

those of Pavillion Lake (Laval et al., 2000) and Kelly Lake (Ferris et al., 1997; Renaut, 

2004) in British Columbia, Canada; Fayetteville Green Lake in New York, U.S.A., e.g.,

(Brunskill, 1969; Thompson et al., 1990); and Lake Tanganyika, in central Africa (Cohen 

and Thouin, 1987; Casanova and Hillaire-Marcel, 1992; Casanova and Hillaire-Marcel, 
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1993; Cohen et al., 1997). In addition to these freshwater studies, siliceous microbialites 

have been reported in a variety of lacustrine and hot springs settings in New Zealand, 

e.g., (Jones et al., 1997 ;Jones et al., 2005), central Africa, e.g., (Renaut et al., 1998; 

Renaut et al., 2002); and western United States e.g.,(Cady and Farmer, 1996; Guidry and 

Henry Chafetz, 2003; Lowe and Braunstein, 2003).

2.5.1 Lake Lahontan

 Pyramid Lake, Nevada, one of the remnants of pluvial Lake Lahontan (which 

also includes modern lakes Walker and Mono) has been studied extensively by Benson 

and colleagues. The following information has been summarized from (Benson, 1991; 

Benson, 1993; Benson et al., 1995; Benson and Peterman, 1996; Benson and White, 

1994; Benson et al., 1996a; Hostetler and Benson, 1994; Russell, 1885). 

Although modern offshore fine-grained aragonite is being periodically deposited 

in Pyramid Lake in response to elevated levels of primary productivity, the well-known 

tufa mounds and shoreline carbonate bioherms  (e.g., the ‘pyramids’ of Pyramid Lake) in 

the various sub-basins of Lake Lahontan were deposited mainly between about 25,000 

and 12,000 years ago during the late Quaternary highstand of this pluvial lake. The 

deposition of the carbonate mounds and bioherms were favored by the hydrologic closure 

of the lake as well as a number of other key factors including: elevated temperature, and 

proximity to a calcium source (groundwater springs). 

Several types of tufa have been described from the Pyramid Lake sub-basin.  

Russell, (1885) suggested three tufa varieties : lithoid (dense and often finely laminated 

tufa), thinolitic (large crystalline morphology), and dendritic (branching or anastomosing 
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morphology). Subsequent to Russell’s early work on these tufas, researchers have 

identified two other varieties : (i) a fine grained carbonate that cements gravel and forms 

beachrock, and (ii) a thin, white porous carbonate that coats the outer surface of older 

tufas (Benson, 2004). 

These tufa varieties can combine to form tufa forms. These have been given 

descriptive terms including: nodular, palmate, pendulous, pillow, platy, spheroidal and 

tubular. Finally, tufa forms can combine to create megaforms, such as mounds and reefs. 

The constructional history of these mounds can be complex. For example, a mound, can 

consist of branching tufa, overlain by a thick layer of thinolitic tufa, followed by another 

layer of branching tufa, coated with a thin layer of non-tufa carbonates (mainly 

dolomite), followed by a layer of laminated tufa, and finally coated by layers of 

encrusting porous tufa.  

Clearly, the various carbonate features in the Lahontan basin have diverse origins. 

In addition to offshore deposition of fine grained aragonite (Galat et al., 1985), the deep 

water  areas of the modern lakes are sites of thermal spring carbonate formation and 

buildups . In areas of the Lahontan basin that are now subaerially exposed due to 

Holocene drops in lake levels, a wide array of shallow water and shoreline/beach 

carbonate reefs and mounds can be found. 

Overall, the distribution of the varieties of shallow water tufa are related mainly to 

variation in the water chemistry, lake level, and thermal structure of Lake Lahontan. The 

thickness and character of these shoreline carbonate deposits are a function of lake level 

dynamics: relatively thick sequences of carbonates were deposited at overflow elevations 

34



during times of relative stability, or at lake bottom sites of groundwater discharge. In 

contrast, thin sheet-like accumulations of carbonates with a draping aspect and 

beachrocks were deposited during times of lake level rising or falling.  

 It is suspected, but not specifically shown, that most of the branching and dense/

lithoid tufas were deposited in association with algae.  The thinolitic tufa, which consists 

of long and often fragile crystals of calcite, is of probable inorganic origin. The calcite 

comprising the thinolites  is the stable phase of ikaite (CaCO3 6H2O), which is a cold 

water carbonate that originally precipitated and grew in the unconsolidated lake sediment 

(Bischoff et al., 1993). Likewise, when calcium-rich groundwater mixes with the 

carbonate-rich lake water in the shallow water sediments, inorganic authigenic CaCO3 

precipitates as cements to form beachrock.  

Stable isotopic studies in the Lahontan basin have contributed much to 

understanding the paleohydrology of the lakes.  For example, use of 87Sr/86Sr (δ87Sr ) of 

the tufa deposits were used by (Benson and Peterman, 1996) to determine the formation 

of the paleolake, the coalescence/subdivision of the various sub-basins and the source(s) 

of the water. Changes in hydrologic balance of the lake were determined using δ18O and 

δ13C.  Abrupt changes in these values in the carbonate deposits coincide with lake level 

changes.  This correlation of δ18O of the tufa to lake levels is due to the fact that δ18O 

increases in the lake water with increased evaporation (and lower lake volume) and 

decreases with increased meteoric input (increased lake volume) and stream flow 

(Benson et al., 1996a). When the lake is hydrologically open (i.e., high levels) the 

residence time of the water decreases. The greater the rate of spill, the more 18O-enriched 
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water is diluted with 16O enriched water in the spilling lake and the δ18O values of the 

endogenic carbonates precipitating in the basin will become more negative.  Conversely, 

when water levels are lower and the lakes occupy closed basins, residence times are long, 

18O-enriched water is not diluted  and the δ18O values of the tufas are high. 

Changes in lake volume are also indicated by the covariance of δ18O and δ13C.  

Benson et al. (1996) propose that the change of rate in primary productivity  

(photosynthesis) versus the rate of bacterial respiration accounts for the variation in the 

δ13C in the tufas.  As lake volume increases and water spills into other basins, the 

nutrients for photosynthesis become more limiting. Increasing rates of spill (i.e., higher 

water levels) lead to an overall decrease in photosynthetic rates relative to respiration 

rates and, consequently results in more negative δ13C values in the water and tufas due to 

the preference for the lighter 12C during photosynthesis by plants. 

2.5.2 Lake Bonneville

Lake Bonneville, the largest (~50,000 km2) late Pleistocene (30-10 ka) closed-

basin lake in western North American, fluctuated widely in response to changes in 

climate. As in the pluvial Lahontan Basin to the west, extensive deposits of shoreline 

carbonates in the form of tufa were emplaced during episodes of lake stability. These 

Lake Bonneville tufas have long played a central role in identifying shorelines, 

establishing water levels, and providing the basis for the chronology of pluvial phases 

(i.e., Stansbury, Bonneville and Provo phases) for this large perennial salt lake (Currey, 

1990; Gilbert, 1890; Oviatt et al., 1992; Scott et al., 1983). Although not as well studied 

and less spectacular in terms of morphology than the Lahontan tufas, relatively recent 
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work on the stratigraphy, geochemistry, and mineralogy of the Bonneville carbonates has 

provided new insight into millennial-scale lake-level fluctuations and lacustrine 

hydrodynamics.

Felton et al., (2006) describe three basic types of tufa in Bonneville: capping, 

beachrock, and capping-over-beachrock. They suggest that, in addition to algal-mediated 

precipitation of calcium carbonate, inorganic processes are critical in the localization and 

formation of the tufas.  The authors argue that vigorous wave action and water agitation, 

particularly at exposed headlands, results in degassing of CO2, subsequently raising the 

local pH of the water.  Thus, it is the areas that were exposed to high wave energy in the 

lake that corresponds to maximum tufa deposition., Felton et al., (2006)  used this 

hypothesis to deduce paleowind directions and fetch distances in the various phases of 

the pluvial lakes in the Bonneville Basin.  This work iargues carbonate tufa development 

is the result of the interplay of biologic factors (in this case algae), substrate availability 

(i.e., exposed bedrock), lake water chemistry (saline water), and wave energy.    

However, there is a problem in that it would also suggest that every lake  with the 

appropriate chemistry and a prevailing wind would have tufa deposits. 

Nelson et al., (2005) used the mineralogy and major/trace element geochemistry 

of the tufas to interpret the paleochemistry of the lakes in the Bonneville Basin. Tufas 

composed mainly of aragonite reflect higher Mg/Ca ratios in the water, whereas calcite 

tufas were deposited from lakes with lower Mg/Ca ratios. They point out that the Mg2+ 

and Ca2+ contents of the lakes were controlled essentially by the hydrology of the lake. 

When the basin had enough water to be an open system, Mg/Ca were low, resulting in 
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calcite tufas with relatively lower (but still positive) δ18O values. Conversely, when the 

lakes occupying the Bonneville Basin were below the spill point and the basin was 

closed, higher Mg/Ca ratios prevailed and aragonite was the stable carbonate form.

 Nelson et al., (2005) also showed that there is a significant difference in Na+ and 

Sr+ contents  and δ13C values between the capping tufas, which formed in the swash zone 

of the lake, and the beach rocks (tufaglomerate), which were cemented at the same time. 

These data emphasize a greater inorganic influence on the beachrock/tufaglomerate 

formation relative to the combination of bio-mediated and inorganic processes 

responsible for swash zone tufa development. 

Finally, Hart et al., (2004) used strontium isotopes to decipher the sources of 

water contributing to the pluvial lakes. By examining present-day 87Sr/86Sr of the major 

rivers flowing into the Bonneville Basin and comparing these data with the Sr isotopic 

data for the tufa carbonates that were deposited during each of the major phases, they 

were able to not only show the relative contribution of each source but also how well 

mixed the lake was and what the overflow characteristics were. Furthermore, by 

comparing the 87Sr/86Sr values of the shoreline tufas with those of the offshore carbonates 

(i.e., core material from Great Salt Lake), they were able to provide a detailed correlation 

and better understanding of the lake hydrology.

2.5.3 Big Soda Lake

Big Soda Lake, Nevada, is a groundwater-fed meromictic lake, which formed in a 

volcanic explosion crater. Tufa mounds are actively forming in this lake and have been 

studied by (Rosen et al., 2004). The carbonate mounds and reefs up to 3 m high occur 
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near shoreline and subaqueous springs to a water depth of 3-4 m. Groundwater visibly 

discharges from the centre of many of the mounds. An unusual aspect of these mounds is 

that their external surfaces are dominated by the carbonate mineral monohydrocalcite 

(CaCO3 H2O) and the interior is mainly calcite.  The chemical precipitation of calcium 

carbonate resulted in euhedral crystals from the mixing of Ca-rich groundwater of the 

volcanic tuff and scoria with the carbonate-rich lake water.  There is petrographic and 

textural evidence of both biologic (algal and bacterial) and abiotic precipitation of 

calcium carbonate. The data collected from this lake also indicate a very rapid growth 

rate of the microbialites of greater than 30mm yr-1. (Russell, 1885) noted the presence of 

springs in this lake, but did not mention carbonate build ups. The springs are now the 

sites for these large tufa mounds. This is extremely rapid compared to the few published 

rates for modern microbialites in the literature (e.g., ~0.03 mm yr-1 for freshwater tufa at 

Pavilion Lake, British Columbia (Laval et al., 2000) and ~0.16 mm yr-1 for hypersaline 

stromatolites in the Bahamas (Paull et al., 1992). 

Stable oxygen and carbon isotopic analyses of the carbonate mounds in Big Soda 

indicate a mixing trend between the lake and groundwater. Both δ18O and δ13C values 

show a transition to higher isotopic values toward the outer part of the mound, with the 

outermost margins in equilibrium with CO2 in the lake water.  The interior of the mounds 

represents carbonate in isotopic equilibrium with the mixture of ground and lake water 

CO2, and the change between the two regimes was fairly abrupt. This indicates that the 

tufa was deposited in equilibrium with the lake water and subsequently has  equilibrated 

with the groundwater.  This may have occurred as the earlier-formed monohydrocalcite 
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recrystallized to calcite in the process of becoming equilibrated with the mixed 

groundwater-lake water in the pore fluid.  

The importance of this research on Big Soda microbialites is that extreme care 

should be taken when interpreting mineralogical and isotopic records from lacustrine tufa 

deposits. Unless there are laminae that can indicate growth patterns, coupled with a firm 

chronostratigraphy, stable isotope data from groundwater-influenced carbonates in a 

hydrologically closed basin could be easily misinterpreted. Diagenetic alteration can lead 

to a mixed isotopic signature. 

2.5.4 Searles Lake

Searles Lake, a saline playa in a graben of the Basin and Range Province of 

California, is the site of about 500 tufa pinnacles (Guo, 2007). These pinnacles formed 

during the Pleistocene pluvial period when a deep-water lake occupied the basin. A 

detailed study of the morphology and petrography of some of these pinnacles was carried 

out by (Scholl, 1960).  As in Pyramid, Mono and Big Soda lakes, many of the tufa 

mounds are thought to be associated with sublacustrine springs, in this case occurring 

along faults.  It is thought that the tufa was precipitated by algae at the orifices of these 

springs.  Scholl attributed some of the morphologies of these tufa mounds, in particular 

the upward and outward radiating structure of tubular columns, to the growth of algae 

attempting to present maximum surface area to solar radiation and nutrients.  The 

petrography of some of this tufa also revealed the presence of microscopic algal and 

bacterial cell remains from 60 to 130 µm in size.  Bands of organic-rich dark layers 

alternating with layers of calcite / aragonite were also described in these tufas, again 
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implying an organic influence. As Benson and colleagues did at Pyramid Lake, Scholl 

used the elevations of these tufa mounds as an indicator of lake levels, and from this was 

able to reconstruct the pluvial episodes of this large Pleistocene lake complex.  

2.5.5 Salton Sea (Lake Cahuilla)

The Salton Sea occupies the northern extension of the Gulf of California graben, 

referred to as the Salton trough.  It was cut off from the Gulf of California during the late 

Tertiary by the formation of the Colorado River delta.  The Salton Sea, which today is fed 

mainly by the Colorado River, was originally saline Lake Cahuilla (Waters, 1983). This 

lake deposited extensive tufas during the late Pleistocene through the Holocene (18,000 

-1,200 yr BP). Radiocarbon dating of the tufas and other lacustrine carbonates showed 

that the lake existed until just a few hundred years ago (Li et al., 2005). In contrast to tufa 

deposits in other lakes in southwestern United States, little petrographic and 

morphological description has been carried out on the Lake Cahuilla tufas. However, 

recent work on stable isotopes (δ18O, δ13C, δ87Sr) and trace elements  (Mn, Mg, Sr and 

Fe) of the tufas has provided the only real evidence for the complex history of this lake 

(Li et al., 2008a; Li et al., 2008b). Since the residence time of Sr in a lake is only a few 

years and little isotopic fractionation of Sr occurs during carbonate precipitation, lake 

carbonates record past changes of 87Sr/86Sr in the lake.  Isotopic ratios of Sr from tufa 

were used to trace the water source and hydrologic state of the Salton Sea (Li et al., 

2008b). Covariance of the δ18O and δ13C values indicates that this has been a closed basin 

for about 15,000 years. 
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2.5.6 Lake Van

Lake Van, Turkey, is the site of the largest known modern microbialites (Kempe et 

al., 1991; López-García et al., 2005). These tufa columns are mainly aragonite and, like 

those in Big Soda Lake, are formed from groundwater springs.  The surface of the 

columns are covered with coccoid cyanobacteria and the central axis has a channel 

through which Ca-enriched groundwater flows into highly alkaline (pH 9.7) Ca-poor lake 

water (López-García et al., 2005).  

In contrast to the work done on Lahontan, Bonneville, Big Soda, Searles, and 

Lake Cahuilla, where most of the research has been of a hydrogeological nature, the work 

carried out on the Lake Van is more biological and biogeochemically oriented. López-

García et al., (2005) found a large diversity of alkaliphilic, heterotrophic bacteria that 

may play an essential role in the genesis of these structures. Scanning electron 

microscopy of the microbialite surface revealed a variety of bacterial morphotypes 

including filamentous and coccoid. Some of these bacteria were not associated with 

mineral material and others were completely coated by aragonite “nano” precipitates. 

Bacteriomorphs found toward the inside of the pinnacles were exclusively coated with 

mineral material.  While the dominant primary producer on the towers is cyanobacteria, 

this research suggests that the other heterotrophic microbes associated with the tufa 

towers should not be ignored. 

Water level fluctuations have also been studied in Lake Van (Altunkaynak et al., 

2003) but surprisingly have not been linked to the microbialite formation.
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2.5.7 Mongolian Lakes

Lakes Nuoertu and Huhejaran, China, are interdunal hypersaline lakes, located in 

the Badain Jaran Shamo desert of Inner Mongolia. With salinities of 90-120 ppt TDS, 

these are the most saline lacustrine environments in which tufas have been reported in the 

literature. However, it should be pointed out that the groundwater around which the tufa 

mounds are forming is very low salinity (<1 ppt TDS).  Arp et al., (1998) studied the 

influence of biofilm extrapolymeric substances and microbial decay on the carbonate 

fabric formation of spring mounds in these Mongolian lakes.  These tufa mounds, like 

most of the others previously discussed, are formed around sublacustrine springs that 

supply Ca2+ to the highly alkaline lake waters.  The mucilaginous substances of the 

spring-mound biofilms were found to have an influence on Ca2+ by adsorption and spatial 

fractionation.  Heterotrophic bacterial activity alters the mucus and reduces Ca2+ 

buffering capacity, thus enabling aragonite precipitation. Therefore, mineral precipitation 

and the fabric morphology (air bubbles, shrinkage features, etc.), are determined by these 

bacteria.  In well developed cyanobacterial mats in shallow water, without immediate 

groundwater input, the aragonite precipitation decreases after the initial precipitation of 

aragonite crystals.  This is due to the buffering capacity of  Ca2+ by the mucus, low Ca2+ 

supply (lack of groundwater input), and possible CO2 production by respiring bacteria.

2.5.8 Summary

To summarize the important points of the previous research carried out on 

microbialite carbonate deposits in saline lakes: 
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• Nearshore carbonate microbialites deposits in saline lakes are intimately associated 

with changes in hydrology. Consequently, these deposits have tremendous potential 

as an archive of paleohydrological data.

• In nearly all cases (except Lake Cahuilla and Lake Bonneville) reported, 

groundwater is directly involved in the deposition of, or is implicated in the 

alteration of the minerals in these deposits. 

• Since the carbonate minerals are deposited rapidly and usually in equilibrium with 

the lake water, stable isotopic data from the microbialites reflects fluctuations in 

hydrology. However, interpretation must be with caution if there is potential for 

mixing of water sources (e.g., groundwater with lake water), groundwater-induced 

diagenetic alteration of the minerals, or “vital effect” fractionation. 

• Sr isotopes of microbialites have been shown to be particularly effective in 

deciphering the relative contributions of water to a closed basin from various 

drainage catchments.

• In some systems, mineralogy and trace element composition can be a valuable tool 

in deducing lake water chemistry, temperature and drainage basin history.

• Both biotic and abiotic factors play critical roles in the formation of the 

microbialites and both factors should always be considered.

2.6. Microbe-mineral interactions

         There are essentially two types of mineralization that can be carried out by 

microbes. The first, “biologically mediated mineralization” or “biologically induced 

mineralization”, is when the minerals form as a byproduct of the microbial cell’s 
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metabolism or interaction with the environment (Dove et al., 2003; Ehrlich, 1990; 

Konhauser, 2006; Lowenstam and Weiner, 1989; Riding and Awramik, 2000).  For 

example, the release of O2, OH-, HCO3-, H2S, etc., as metabolic wastes, or the 

development of a charged cell surface can induce nucleation of poorly crystalline 

minerals. This mediated/induced mineralization produces minerals similar to those 

produced abiotically (Konhauser, 2006).  In contrast  “biologically controlled 

mineralization” is when the mineral serves some physiological purpose and is completely  

regulated by the organism (Dove et al., 2003; Ehrlich, 1990; Konhauser, 2006; 

Lowenstam and Weiner, 1989). In this case, the mineralization is regulated by 

intracellular (within the cytoplasm) or extracellular (on the cell wall) organic matrices. 

Specific ions are introduced and their concentrations are controlled such that proper 

saturation states are achieved. Because the site of mineralization is in a separate 

compartment, mineralization will occur despite the conditions in the external 

environment (Konhauser, 2006).

It has long been accepted that microbes and microbial activity have a critical 

influence on both the formation of minerals and the processes responsible for alteration 

and diagenesis of minerals (Ehrlich, 1990; Hammes, 2002; Riding, 2000; Riding and 

Awramik, 2000). Since the Archean, microbes have played a role in carbonate 

sedimentation (Konhauser, 2006; Riding, 2000). Various metabolic processes, for 

example photosynthetic uptake of CO2 and / or HCO3- by cyanobacteria, and 

ammonification, denitrification, and sulfate reduction by other bacteria can increase 

alkalinity and trigger carbonate precipitation. Extracellular polymeric substances (EPS) 
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produced by most microbes for attachment and protection (Decho and Lopez, 1993), play 

a role in providing nucleation sites and sediment trapping (Riding, 2000), and have also 

recently been the focus of much research on carbonate precipitation (Arp et al., 2003; 

Bonny and Jones, 2003; Braissant et al., 2003; Dupraz et al., 2004; Pentecost, 1978; 

Pentecost, 1995).  However, the specific roles of microbes and their processes in 

carbonate formation are still not completely clear. Whether the role is passive or 

controlled, the importance of the microbial role in the formation and diagenesis of 

carbonates cannot be understated. 

2.6.1 Cyanobacterial role in carbonate precipitation

The role of cyanobacteria and microbial processes in precipitation of carbonate 

minerals such as in stromatolites and other microbialites has been extensively studied and 

reviewed (e.g.,Altermann et al., 2006; Castanier et al., 1999; Castanier et al., 2000; 

Douglas and Beveridge, 1998; Riding, 2000; Riding and TomÁS, 2006; D. Wright, 

1999).  Most of the emphasis has been placed on photosynthesis and surface reactivity of 

cyanobacteria (Konhauser, 2006; Riding, 2000). 

 Calcification of cyanobacteria is extracellular, associated with the 

macromolecules of the cell envelope (Merz-Preiß, 2000; Merz-Preiß and Riding, 1999). 

There are two parts to the cyanobacterial role in carbonate precipitation: (i) metabolic 

fixation of inorganic carbon increases the solution pH, which leads to supersaturation,  

and (ii) cation adsorption to the cell surface promotes nucleation (Konhauser, 2006).  

Cyanobacteria can use CO2 or HCO3- (if CO2 is limiting) as a carbon source. This 

reaction results in an excess of OH- ions (HCO3- ⇔ CO2+ OH-), which are excreted to the 
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external environment, thus increasing alkalinity around the cell (Konhauser, 2006).  This 

causes a change in the carbonate speciation toward the carbonate anion (HCO3- + OH- ⇔ 

CO32- + H2O).  

Cyanobacteria also provide nucleation sites for metal cations such as Ca2+. Once 

bound to the cell, these cations can react with carbonate anions to form carbonate phases, 

most commonly calcite and aragonite (Dupraz and Visscher, 2005; Konhauser, 2006). 

Some cyanobacteria, such as Synchecoccus sp., have a paracrystalline array on the 

outermost part of the cell called an S-layer. The microenvironment around the cell can 

become highly alkaline (up to pH 10.5) in active cells, promoting the formation of calcite 

(CaCO3) from Ca2+ associated with negative charges on the cell wall surface. In fact, 

cells appear to have shed part of their surface layer (S- layer) to keep from being encased 

in carbonate mineral, which would otherwise lead to reduced diffusion and death 

(Douglas and Beveridge, 1998).  Calcium carbonate can also precipitate within the 

exopolymeric substances (EPS) sheath and become filled with mineral material 

(Verrecchia et al., 1995). 

Cyanobacteria grown in the presence of various combinations of Mg, Ca, and Sr 

can precipitate strontionite, magnesite or mixed calcite-strontianite carbonates (Schultze-

Lam and Beveridge, 1994). Cyanobacteria are capable of incorporating Ca2+ or Sr2+ 

during carbonate mineral formation. Magnesite precipitation is inhibited by the 

preferential binding of Sr and Ca over Mg (Konhauser, 2006). It has been documented by 

Ferris et al., (1995) that cyanobacteria can partition up to 1.0 wt% Sr in calcite. 
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 Although cyanobacteria are often implicated in carbonate precipitation, there is 

still considerable skepticism for their direct involvement (Arp et al., 1998). In fact, 

studies of various Bahamian stromatolites-building communities found that CaCO3 

precipitation was associated with Gram-negative bacteria and purple bacteria within the 

EPS layer, and not with the cyanobacteria themselves (Braissant et al., 2007; Dupraz et 

al., 2004; Paerl et al., 2001; Stolz et al., 2001).  The role of the cyanobacteria is probably 

to provide a stable structural habitat and a source of organic electron donor in the form of 

photosynthate that can, in turn, be used by sulfate reducing bacteria (Dupraz et al., 2004; 

Stolz et al., 2001; P Visscher et al., 2000). It has also been demonstrated, in a controlled 

laboratory setting, by Chafetz and Buczynski, (1992) that bacteria preferentially induce 

carbonate precipitation around dead cyanobacterial threads as opposed to live ones. This 

presumably results in a distinct lithified layer within the stromatolite, rather than patches 

of calcification. Perhaps this is due to the release of ions from the cyanobacterial sheaths 

after their death and subsequent disintegration. 
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Chapter 3

Lacustrine carbonates of the northern Great Plains of Canada
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Abstract

The northern Great Plains of western Canada, a vast region stretching from the 

Precambrian Shield east of Winnipeg, Manitoba, westward for some 1600 km to the 

foothills of the Rocky Mountains, contains literally millions of lakes and wetlands. 

Although often characterized as a saline, Na-SO4 system, in fact the wide range of water 

chemistries exhibited by the lakes results in an unusually large diversity of sediment 

composition. Despite a long history of limnogeological study, it is only recently that the 

spectrum of carbonate minerals and sedimentological processes in these lakes has been 

realized. About 30 species of carbonate minerals have been reported from the modern and 

Holocene sediment of about 50 basins in the region. The ubiquity of detrital calcite and 

dolomite is a legacy of the carbonate bedrock and carbonate-rich glacial sediments. 

Elevated salinities of the lakes, together with high alkalinities, productivity, and pH 

values, act in concert to create thermodynamically saturated or supersaturated conditions 

with respect to many carbonate minerals. The most common non-detrital components are 

Mg-calcite, aragonite and non-stoichiometric dolomite. Many of the basins whose brines 

have very high Mg/Ca ratios also contain hydromagnesite, magnesite, and nesquehonite. 

Although not common, sodium carbonates, including trona, natron and nahcolite, also 

occur in some of the hypersaline lakes.

Because of their great range of formative conditions, carbonates have been the 

workhorse for much of the physical and geochemical paleolimnology in the Canadian 

Great Plains. However, the often-difficult task of distinguishing endogenic lacustrine 
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carbonates from allogenic and authigenic minerals has limited the use of carbonate 

stratigraphy in the region. Despite this problem, the carbonates have been useful in 

deciphering (i) past changes in hydrology and drainage basin characteristics, (ii) lake 

level and water column stratification fluctuations, and (iii) water chemistry and salinity 

variations.
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3.1 Introduction

The northern Great Plains of western Canada is a large region of flat to gently rolling 

topography and poorly integrated surface drainage. Despite being relatively dry, the 

region contains millions of extant lakes as well as the sediments of a large number of now 

extinct late Pleistocene-Holocene water bodies. These lakes and lacustrine deposits are 

important features of the landscape. They serve a variety of critical hydrological and 

biological functions in this often water-stressed region of North America, and their 

sediments form the cornerstone of a multimillion-dollar minerals industry. 

Scientific investigation of lakes in the region, beginning with the classic works on 

glacial Lake Agassiz (Upham, 1890; Tyrrell, 1896), extends back over 130 years, 

although segmented disciplinary research contributed to generally slow progress in the 

advance of our understanding of the lakes throughout most of the 20th century. With a 

geochemical database now comprising over 800 lakes, our knowledge of the lacustrine 

hydrochemical systems in the Canadian Great Plains has increased significantly. 

Similarly, the rudimentary understanding of modern sedimentary processes and lacustrine 

facies development has matured with considerable effort having been directed toward 

unravelling the complexities and dynamics of various interactive physical, chemical, and 

biological processes. While investigation of the Quaternary stratigraphic records in these 

basins is still in its infancy, the data and interpreted lake histories now available from 

about 50 basins in the region is sufficient to allow paleolimnologists to begin to make 

meaningful contributions to paleoclimate, global change and environmental impact 

discussions. 
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The objectives of this paper are to summarize our understanding of these lakes 

from a carbonate sedimentology perspective and to illustrate how physical, chemical, and 

mineralogical parameters of carbonates in selected lakes can be used to interpret past 

hydrological and geochemical conditions in the basin. The reader is referred to several 

important, comprehensive, up-to-date reviews germane to the subject of this paper: 

Gierlowski-Kordesch (2010) on lacustrine carbonates, Deocampo (2010) on the 

geochemistry of saline lakes, and Renaut and Gierlowski-Kordesch (2010) on lacustrine 

sedimentary processes and facies models. Other reviews and compilations summarize the 

general limnogeology of the lakes and playas discussed in this paper (Last and Schweyen, 

1983; Last, 1994b; 1999; Lemmen, 1996; Last and Ginn, 2005), the mineralogy and 

genesis of the more soluble lacustrine evaporites (Broughton, 1984; Last and Slezak, 

1987b; Last, 1989a), and the paleolimnological efforts that have been conducted in this 

region (e.g., Last and Slezak, 1988; Last, 1992b; Fritz et al., 1993; Sauchyn and 

Beaudoin, 1998; Hall et al., 1999; Lemmen and Vance, 1999a; Laird et al., 2003; 

Sauchyn and Velez, 2007). 

Two constraints should be emphasized: Firstly, this review is restricted to 

carbonates occurring in lakes of the Canadian portion of the Great Plains. The entire 

Great Plains region is a major (~3.6 million km2) geomorphic entity of North America, 

encompassing parts of 11 states and 3 Canadian provinces and stretching some 4000 km 

from the Rio Grande River northward to the Boreal Forest. Many other publications 

address the limnogeology (including carbonate sedimentology) of the United States 

portion of the Great Plains (e.g., Reeves, 1966; Gorham et al., 1983; Keller et al., 1986; 
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Osterkamp and Wood, 1987; Haskell et al., 1996; Covich et al., 1997; Last and Gosselin, 

1997; Valero-Garcés et al., 1997; Dean and Schwalb, 2000; Clark et al., 2002; Yu et al., 

2002; Smith, 2003; Shapley et al., 2005b; Grimm et al., 2011). Secondly, because nearly 

all of the naturally occurring lakes in this region are saline or hypersaline1 (Northcote and 

Larkin, 1963; Hammer, 1986b), the comments in this review deal mainly with lacustrine 

carbonates in salt lakes. Unfortunately, with the notable exceptions of Lake Winnipeg at 

the eastern edge of the Great Plains (Brunskill and Graham, 1979; Todd et al., 1996; 

Lewis et al., 2001), several reservoirs and urban-modified lakes in southern 

Saskatchewan (Oscarson et al., 1981; Warwick, 1982; Ghebre-Egziabhier and St. Arnaud, 

1983a; b; Dixit et al., 2000), and a group of lakes in central Alberta (e.g., Macdonald, 

1982; Schweger and Hickman, 1989; Hickman and Schweger, 1993; 1996), there has 

been relatively little geolimnological research on the few but interesting freshwater 

basins. Nonetheless, it is clear from stratigraphic investigations of these presently 

freshwater settings that many experienced highly saline conditions for extended periods 

during the Holocene. 

3.2 Saline Lakes

Saline lakes are a major part of terrestrial ecosystems (Jellison et al., 2008).  

Although generally concentrated in arid and semi-arid regions of the world, they are 

geographically widespread and occur on every continent. Extant salt lakes comprise 

about half of the world’s total volume of inland surface water  (~100 x 103 km3) 

(Williams, 1996; Shiklomanov and Rodda, 2003). The economic potential of both 
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modern saline brines and ancient salt lake sediments is well known (Reeves, 1978). 

Despite this, saline lakes and their sediments were relatively poorly studied for many 

years, prompting researchers to suggest that salt lakes represent one of the least 

understood depositional systems (Collinson, 1978; Hammer, 1986a; Talbot and Allen, 

1996).  As of the late 20th century, only about 15% of all lacustrine geoscience 

publications dealt with salt lakes (Renaut and Last, 1994; Last, 2002a). Similarly, 

biological limnologists and paleolimnologists have traditionally considered salt lakes and 

other inland saline settings unimportant and have historically focused mainly on 

permanent, “north-temperate” freshwater settings (see for example comments in 

Williams, 1986; 1988; Evans, 1993). However, the past ten years have seen major efforts 

to redress this imbalance and adjust the historical preoccupation with freshwater lakes 

(Ryder and Boulton, 2005; Waiser and Robarts, 2009). 

It has long been noted that modern saline lakes generally occupy topographically 

and hydrologically closed basins and are often the termini of large, closed (endorheic) 

drainage systems. Except for basins formed by dissolution of bedrock evaporites (e.g., 

Bulgâreanu, 1997; Ionescu et al., 1998; Craw and Beckett, 2004) or open systems having 

a significant source of high salinity inflow (e.g., Wing et al., 1995; Novotny et al., 2008), 

a permanent salt lake requires the maintenance of a delicate balance between hydrologic 

inputs (surface, subsurface inflows and direct precipitation) versus outputs (evaporation 

and seepage/recharge). As pointed out by Williams (2002), from a hydrological 

perspective the relationships between (i) inflow salinity and (ii) the difference in 

evaporation and precipitation relative to inflow are important parameters controlling 
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whether a saline lake will develop and the level of concentration of the brine (Fig. 3.1). 

While intuitively simple, these straight-forward relationships can be complicated by a 

variety of endogenic and exogenic factors, including basin morphology, water column 

structure, mineral precipitation, and eolian transport (e.g., Kinsman, 1976; Carmouze and 

Pedro, 1977; Osterkamp and Wood, 1987; Drever, 1988; Wood and Sanford, 1990; 1995; 

Herczeg et al., 2003; Jones and Deocampo, 2003; Verrecchia, 2007; Martín-Puertas et al., 

2011). Consequently, paleoenvironmental interpretations of preserved stratigraphic 

records of saline lakes and wetlands are sometimes enigmatic (Miller et al., 1989; Teller 

and Last, 1990; Last, 1992b; Pienitz et al., 2000; Yu et al., 2002; Warren, 2010).

The wide diversity of water composition types of modern salt lakes on a global 

scale and the interrelated processes controlling the ionic content of continental saline 

systems are well known (Livingstone, 1963; Hammer, 1986a; Drever, 1988; Smoot and 

Lowenstein, 1991; Jones and Deocampo, 2003; Warren, 2006; 2010). The basic 

principles of non-marine brine evolution have been established and discussed for nearly 

half a century. Following the pioneering efforts of Jones (1966), Garrels and Mackenzie 

(1967) and Hardie and Eugster (1970), much effort has been made to better model the 

chemical changes in closed lacustrine basins undergoing evaporative concentration. In 

most terrestrial saline systems, the low solubility of calcium and magnesium carbonate 
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Figure 3.1. Climatic and hydrologic effects that control lake salinity. 
A. Relationship between the concentration factor (lake water salinity versus inflow 
salinity) and the E/P factor (difference between the volume of evaporation and volume of 
precipitation versus inflow volume) Modified from Carmouze and Pedro (1977). In a 
humid climate in which precipitation exceeds evaporation, the lake will be dilute relative 
to the inflowing waters. When evaporation exceeds precipitation, the lake will be more 
concentrated relative to the inflowing water, and as the difference in evaporation minus 
precipitation relative to inflow approaches 1, the concentration rapidly increases. 
B. Development of saline lakes relative to temperature, evaporation, and precipitation 
(modified from Williams, 2002). Approximate fields of occurrence of saline lakes are 
shown for the Canadian Great Plains (CGP), southwestern United States (SWUS) and 
interior Australia (Central Australia). Copyright 2002, Foundation for Environmental 
conservation. Reprinted with permission of Cambridge University Press.

85

This figure has been removed
for Copyright reasons. Please
see Carmouze and Pedro, 1977 
Figure 3.



minerals such as calcite2, aragonite, and dolomite dictates their inorganic precipitation 

during the relatively early stages of brine evolution (Deocampo, 2010; Gierlowski-

Kordesch, 2010). Consequently, carbonate minerals are among the most common and 

abundant non-detrital components in most lacustrine settings (Jones and Bowser, 1978; 

Dean and Fouch, 1983).  Furthermore, the high productivity of many terrestrial evaporitic 

systems (Warren, 1986; 2006) implies that biomediated and biologically precipitated 

carbonates will also be common in salt lakes. 

3.3 The Canadian Great Plains Region

The Great Plains geomorphic province of western Canada (Fig. 3.2), a vast area of 

~450,000 km2, contains many lakes. Estimates range from 4 to 10 million lakes and 

wetlands occur in this region (Fig. 3.3; Gollop, 1963; Adams, 1988; Adams et al., 1992; 

Zimpfer et al., 2009; USFWS, 2010). Most of these lacustrine bodies are small (<100 

km2) and shallow (<10 m deep) such that hydrologists and wildlife biologists often refer 

to the northern Great Plains as the prairie pothole region with reference to the glacial 

origin of most of the lakes. However, several of the largest lakes in North America also 

occur in the region (Fig. 3.4), including Lakes Winnipeg, Winnipegosis and Manitoba. 

Except for man-made reservoirs and modified natural impoundments, most of the lakes
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Figure 3.2. The Canadian Great Plains region of western Canada. Green shading indicates 
the Parkland ecozone with its northern boundary coinciding with the Boreal Forest 
ecozone; red shading indicates the Grassland ecozone. 
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Figure 3.3. CDED (Canadian Digital Elevation Data) map from southeastern 
Saskatchewan showing the high density of lakes (white) in an area of the Canadian Great 
Plains region. Image is centered at N49o50’, W102o77’ and covers an area of 
approximately 290 km2. From http://atlas.nrcan.gc.ca/site/english/maps/topo/map
© Department of Natural Resources Canada. All rights reserved.
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Figure 3.4. Regional DEM of southern Manitoba and adjacent eastern Saskatchewan 
showing several of the larger lakes of the Canadian Great Plains: Lake Winnipeg (24,400 
km2), Lake Winnipegosis (5100 km2), Lake Manitoba (4700 km2), Cedar Lake (1300 
km2), Dauphin Lake (500 km2), Old Wives Lake (500 km2), and Quill Lakes (400 km2). 
Modified from Last and Ginn (2005).
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are saline. In much of the area, ponded saline and hypersaline brines are the only surface 

waters present. 

The general limnology of the lakes in this region has been known for nearly a 

century (see summaries in Rawson and Moore, 1944; Northcote and Larkin, 1963; 

Hammer, 1978a). However, despite their historical importance as valuable sources of 

minerals and various biological resources (Cole, 1930; Broughton, 1984; Slezak and Last, 

1985; Hammer, 1986b) and as waterfowl staging areas in this water-stressed region of 

North America (Richardson and Arndt, 1989; Johnson et al., 2005), recently the 

sediments, sedimentary processes, and paleolimnology of these basins have been largely 

ignored. 

Advances in our understanding of the limnogeology of these lakes have been 

made in the past 10 to 15 years. This progress has been spurred largely by the combined 

demand for better resource management and the renewed appreciation of the 

paleolimnological value of these basins. Several major multidisciplinary research projects 

completed during the past 15 years have highlighted the use and importance of these 

lakes in the broad context of global change (e.g., Lemmen et al., 1997; Vance, 1997; Todd 

et al., 1998; Vinebrooke et al., 1998; Lemmen and Vance, 1999a; Leavitt et al., 2002; 

Laird et al., 2003; Michels et al., 2007). These reports emphasize the paleoenvironmental 

sensitivity of the basins and their pivotal role in providing detailed proxy records of late 

Quaternary climate and hydrology. With the absence of extended historical records and 

the paucity of other high-resolution archives, such as tree rings, the sediments of these 
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saline lacustrine basins offer the best, and in some areas, only source of data on long-term 

changes in environmental conditions.

The climate, hydrology, geology, geomorphology and land use of the region, as 

these features apply to lakes, have been described by Rutherford (1970), Hammer (1984), 

Last and Ginn (2005), Thraves et al. (2007), Pham et al. (2008) and others. As shown in 

Figure 2, the northern Great Plains of Canada stretch some 1600 km westward from the 

Precambrian Shield near Winnipeg to the Foothills of the Rocky Mountains. The flat to 

gently rolling terrain is interrupted by occasional steep-sided, deeply entrenched river 

valleys. The region drains to the north (Hudson Bay) by the Saskatchewan, Assiniboine, 

and Red River systems through the large lakes Winnipegosis, Manitoba and Winnipeg 

(Fig. 5a). Approximately 100,000km2 of the Canadian Great Plains drains to the south 

(Gulf of Mexico) via the Missouri River system. However, much of the region is 

characterized by interior or “dead” drainage with large proportions of ‘non-contributing’ 

areas (Fig. 3.5). 

In general, the region experiences a cold, semi-arid to sub-humid steppe climate 

(mean annual temperature 2oC and average precipitation 320 mm yr-1; McGinn, 2010), 

with short, warm summers (mean July temperature 19oC) and long, cold winters (mean 

January temperature -18oC). Evaporation results in a 300-600 mm yr-1 moisture deficit 

(Hydrologic Atlas of Canada, 1978). The hydrology of most of the lakes is assumed to be 

strongly groundwater dominated, compensating for this high E/P ratio, although there are 

few individual basins that have received detailed hydrodynamic assessments. The 

undulating topography combined with multiple aquifers within the shallow bedrock and 
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Figure 3.5. A. Major drainage systems of the Canadian Great Plains. The orange shaded 
areas are internal drainage. B. Non-contributing areas (red) of the Canadian Great Plains 
(from Pomeroy et al., 2007; Pomeroy et al., 2010). Non-contributing areas are low-lying 
areas that trap runoff and prevent it from contributing to stream flow during years of 
average or below-average runoff  (Goodwin and Martin, 1975; Crosby, 1990a). 
According to Sauchyn (2007), 62% of the Assiniboine River drainage basin, 40% of the 
Saskatchewan River basin, 30% of the Red River basin and 27% of the Canadian portion 
of the Missouri River basin are non-contributing. Figure B Copyright 2007, used with 
permission of University of Regina Press.

92



Quaternary glacial-fluvial sediments create complex groundwater-lake hydrologic 

interactions (Meyboom, 1962; Remenda and Birks, 1999). It is generally accepted that 

this subsurface flow is vertically organized into local, intermediate, and regional systems 

(Fig. 3.6), any of which can dominate the hydrologic budget of a given closed lake. The 

position of the lake within the drainage basin, the depth of the lake and the proximity to 

specific aquifers provide the major controls on this groundwater input, although time-

dependent changes in discharge or recharge can occur on a variety of scales (Winter, 

1989; van	  der	  Kamp	  and	  Hayashi,	  1998;	  	  Winter	  and	  Rosenberry,	  1998;	  Narasimhan,	  

2005). Variable compositions and salinities of these groundwater systems can complicate 

the hydrochemistry of the surface water (e.g., Rutherford, 1967; Sloan, 1972; Last, 1988; 

Almendinger, 1989; Cohen et al., 2006).  

The century-long instrumental record suggests that large-area prolonged (5-10 

year duration) droughts are common (Sauchyn et al., 2003b; Bonsal et al., 2011) and that 

these events can have significant affects on the region’s water resources, including lake 

levels and water quality (Schindler and Donahue, 2006; van der Kamp et al., 2008; Byrne 

et al., 2010; Sereda et al., 2011).  However, most paleohydrological research on the 

Holocene sequences in these lakes suggests pre-settlement droughts were more frequent 

and extensive than those recorded since the late 19th century (Laird et al., 1996; Leavitt et 

al., 2002; Sauchyn et al., 2002; Sauchyn et al., 2003a; Michels et al., 2007; Sauchyn, 

2010). 
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Figure 3.6. Schematic summary of groundwater flow systems typical in the Canadian 
Great Plains (modified from Toth, 1963). The local and intermediate flow systems in 
much of the region are characterized by low to moderate salinity (<3 g L-1) waters 
dominated by calcium, magnesium, sulfate and bicarbonate ions. The deeper, regional 
flow systems are generally characterized by higher salinity waters dominated by sodium 
and chloride ions (Last, 1992).
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3.4 Modern Lake Water Composition

 Several authors provide compilations and comprehensive summaries of the 

composition of lake waters in the Canadian Great Plains (Moore, 1939; Rawson and 

Moore, 1944; Thomas, 1959; Rutherford, 1970; Hammer, 1978b; Last and Ginn, 2009b). 

The earliest geochemical investigations of these lakes (Cole, 1926; Tomkins, 1954b; a; 

Govett, 1958) focused mainly on the economic deposits in the basins and, hence, 

characterized the brines as being dominated by sodium and sulfate ions.  Based on water 

chemistry data from about 800 of the basins, it is now evident that the lakes show a 

considerable range in ionic composition and concentration. There is a complete spectrum 

of salinities, from less than 1 g L-1 TDS to nearly 400 g L-1, and virtually every water 

chemistry type is represented in lakes of the region (Fig. 3.7). Although it is somewhat 

misleading to refer to ‘typical’ surface water compositions in a such a large region, 

nonetheless, the average lake of the Canadian Great Plains has a salinity of about 50 g L-1 

and an ionic composition of Na>Mg>Ca>K and SO4>HCO3>Cl>CO3. 

It must also be noted that these lakes, like salt lakes elsewhere, can show dramatic 

changes in composition on a relatively short time scale. Shallow water playas and 

ephemeral wetlands are very susceptible to both seasonal and annual fluctuations in 

salinity and composition. For example, Ceylon Lake, a hypersaline playa lake in southern 

Saskatchewan, can vary on an annual basis from a relatively dilute (~50 g L-1 TDS), Na-

Mg-SO4-HCO3 water type to a very concentrated brine (> 350 g L-1 ) dominated by Mg-

SO4-Cl (Last, 1990b). Little Manitou Lake, a six-meter deep perennial hypersaline lake 
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Figure 3.7. Ternary diagrams showing the range of cation and anion composition (eq%) 
of lake waters from the Canadian Great Plains. Modified from Last and Ginn (2005).
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(average ~180 g L-1 TDS) southeast of Saskatoon, Saskatchewan, has shown over 200% 

fluctuation in salinity over a 20 year period (Sack and Last, 1994).

 As discussed elsewhere (Last and Schweyen, 1983; Last, 1988), lakes with 

highest salinity and highest Na, Mg, and SO4 concentrations generally occur in east-

central Alberta, west-central and southern Saskatchewan areas, whereas lakes having high 

alkalinity and Cl contents are found in central Alberta and western Saskatchewan. Lakes 

with relatively low proportions of Ca and Mg occur in the northern and central parts of 

the Plains. Using R-mode and Q-mode factor analysis Last (1992a) concluded that the 

most important controls of brine composition in the modern lakes on a regional basis are: 

(i) composition of inflowing groundwater, (ii) evaporation to precipitation ratio, and (iii) 

elevation of the basin within the drainage system. Low significance of statistical factors 

related to bedrock lithology, glacial drift composition and mineralogy, fluvial input, and 

lake basin morphology suggest these controls have a less important influence on the brine 

chemistry. From a geochemical and paleoenvironmental perspective, one of the most 

important implications of the dominance of groundwater in controlling lake brine 

composition in the Canadian Great Plains is that the commonly observed evolutionary 

sequences of closed basin waters do not occur. In particular, the relatively poor statistical 

correlation between calcium, magnesium and salinity emphasizes that caution must used 

in the application of Mg/Ca ratios of endogenic calcite as a proxy for salinity (see also 

Ito, 2002; Shapley et al., 2010).

Several other studies conducted over a number of years on somewhat more 

focused groups of lakes have amplified these general trends and further elaborated on the 
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major controls of brine composition and salinity from a temporal perspective. Evans and 

Prepas (1996) also emphasized the importance of local groundwater and soil chemistries 

on individual lake water composition in a group of six moderately saline (< 30  g L-1 

TDS) basins in eastern Alberta and demonstrated that precipitation of CaCO3 minerals is 

likely a critical factor in controlling ion composition as salinity increases. More recently, 

Pham et al. (2008) used salt mass balance studies and multivariate statistics to further 

quantify the specific effects of climate on 21 saline lakes in a ~170,000 km2 area of 

central and southwestern Saskatchewan over a three year period. Their results showed 

that evaporative concentration was the predominant mechanism affecting lake water 

chemistry and this was particularly effective during relatively dry ice-free periods 

whereas variations in hydrologic input (i.e., non-evaporative processes such as 

precipitation, groundwater inflow) were major factors in controlling water composition 

during years with wet summers.

3.5 Mineralogy and Origin of Great Plains Lacustrine Carbonates 

The wide range of water chemistries and salinities exhibited by lakes of the 

Canadian Great Plains leads to an unusually large diversity of sediment compositions. 

Because of their resource potential and their use in brine composition reconstruction, 

most mineralogical research on the lacustrine sediments of the region has been directed 

toward the very soluble evaporitic salts. Nearly 50 species of relatively soluble sulfate, 

chloride and mixed-anion salts have been documented as primary or secondary 

precipitates. 
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 In addition to these soluble sulfate and chloride evaporites, the lakes also contain 

a wide range of carbonate minerals. In a survey of ~130 perennial lakes and 50 playas/

ephemeral wetlands in the Canadian Great Plains, Last and Schweyen (1983) and Last 

(1984b) noted that the water of nearly every lake was thermodynamically saturated or 

supersaturated with respect to calcite and dolomite and many were also saturated with 

respect to aragonite. This is not surprising considering the high pH levels (> 8.5) and 

generally elevated salinities of the lakes. However, as shown by studies of modern lakes 

elsewhere (e.g., Brunskill, 1969; Stabel, 1986; Last and De Deckker, 1990; Thompson et 

al., 1997), simple thermodynamic supersaturation does not necessarily result in carbonate 

mineral precipitation. Often microorganisms are required to initiate mineral formation. 

Over the entire Canadian Great Plains, about two dozen species of carbonate minerals 

and a smaller number of mixed sulfate-carbonates and phosphate-carbonates have been 

identified in the modern and Holocene lacustrine deposits (Table 3.1). In general, the 

roles of biological processes versus inorganic carbonate precipitation mechanisms in 

these lakes are poorly understood.
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Table 3.1. Carbonate minerals and their interpreted genesis in lakes of the Canadian Great 
Plains. Italics indicate common occurrence. D: detrital, E: endogenic, A: authigenic, B: 
biogenic. Compiled from the sources listed in Table 3.2.

Mineral Name Composition Occurrence

Aragonite CaCO3 E, A, B
Artinite Mg2CO3(OH)2 � 3H2O E, A
Ankerite Ca(Fe,Mg)(CO3)2 E, A
Benstonite Ca7Ba6(CO3)13 A
Bradleyite Na3MgPO4CO3 A
Burkeite Na6(CO3)(SO4)2 A
Calcite CaCO3 D, E, A, B
Carbonate-Apatite Ca10(PO4)6CO3 � H2O A
Dolomite CaMg(CO3)2 D
Dypingite Mg5(CO3)4(OH)2 � 5(H2O) A
Gaylussite Na2Ca(CO3)2 � 5H2O E, A
Hanksite Na22K(SO4)9(CO3)2Cl A
Hydromagnesite Mg5(CO3)4(OH)2 � 4H2O E, A
Huntite CaMg3(CO3)4 E, A
Ikaite CaCO3 � 6(H2O) E
Kutnahorite Ca(Mn,Mg)(CO3)2 E, A
Magnesite   MgCO3 E, A
Magnesian Calcite (MgxCa1-x)CO3 D, E, A
Monohydrocalcite CaCO3 � H2O E
Nahcolite NaHCO3 E, A
Natron Na2CO3 � 10H2O E, A
Nesquehonite MgCO3 � 3H2O E, A
Non-stoichiometric Dolomite (MgxCa1-x)(CO3)2 E, A
Pirssonite Na2Ca(CO3)2 � 2H2O E
Rapidcreekite Ca2(SO4)(CO3) • 4(H2O) A
Scarbroite Al2(CO3)3 � 13Al(OH)3 A
Siderite FeCO3 E or A
Trona Na3(CO3)(HCO3) � 2H2O E or A
Tychite Na6Mg2(CO3)4SO4 A
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3.5.1 Detrital versus Endogenic versus Authigenic Carbonates

 Any investigation of carbonate minerals in Quaternary lacustrine sediments of the 

Great Plains is burdened with the sometimes challenging task of deciphering the origin of 

the minerals. As pointed out some time ago by Jones and Bowser (1978) and more 

recently summarized by Gierlowski-Kordesch (2010), ascribing mineral genesis is 

particularly difficult because the carbonates can be detrital (allogenic), endogenic (i.e., 

precipitated from the water column by inorganic or biological processes) or authigenic 

(precipitated from pore solutions or chemical alteration of a pre-existing solid). 

Because the Quaternary diamictons and fluvial deposits of the Canadian Great 

Plains contain high amounts of carbonates, a legacy of the Paleozoic bedrock and glacial 

transport in the region, the lakes developed on these Pleistocene sediments normally also 

have detrital carbonate minerals. These lacustrine detrital carbonates, dominated by low-

Mg calcite and stoichiometric dolomite, can reach as high as 70% of the total inorganic 

fraction and often comprise 100% of the total carbonate fraction. In general, the 

abundance of detrital carbonates in the lakes varies on a regional basis in response to a 

strong east to west gradient in carbonate content of the glacial deposits (Fig. 3.8). 

Calcite and dolomite are so widespread in the watersheds of the Great Plains that 

their occurrence in lacustrine sediments is often tacitly assumed to be detrital, being 

derived by erosion of catchment soils and tills, and transported by streams, sheet-wash or 

wind to the lake (e.g., Quigley, 1968; De Boer, 1994; Aitken et al., 1999; Medioli, 2001; 

2003; Boyd et al., 2003). However, as noted above, nearly all of the lakes in the region 
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Figure 3.8. Detrital carbonate mineral content of (A) glacial till (Data from St Arnaud, 
1976) and (B) lake sediment (compiled from references listed in Table 2).
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are at least seasonally supersaturated with respect to CaCO3 and CaMg(CO3)2 and both 

calcite and dolomite also occur as non-detrital minerals in the basins. 

Similarly, it is sometimes assumed that the origin of lacustrine carbonates other 

than calcite and dolomite is either endogenic or authigenic (e.g., Vance et al., 1992; Last 

and Sauchyn, 1993; Henderson and Last, 1998). This assumption is not necessarily 

unfounded for species like aragonite, monohydrocalcite or hydromagnesite, whose 

metastability generally precludes them being a detrital product. However, the occurrence 

of magnesian calcite, for example, in soils of the region (St Arnaud and Herbillion, 1973; 

St Arnaud, 1979; Egan, 1984; Heagle et al., 2007) demonstrates the need for rigorous 

petrographic or geochemical examination of the lacustrine sediments in order to ascribe 

an origin to the carbonates as exemplified in studies by Baracos (1977), Macdonald 

(1982) or Last et al. (2002). There are surprisingly few lakes in the Canadian Great Plains 

having the detailed level of petrographic investigation comparable to that achieved in 

other regions (e.g., Valero-Garcés et al., 1995; Corzo et al., 2005; Alonso-Zarza et al., 

2006; Dean, 2009).

In addition to petrographic data, some investigators suggest formative 

mechanisms for the carbonates through the mineral associations and stratigraphic 

relationships. For example, the presence of Chara oogonia and absence of detrital 

dolomite in a highly calcareous mid-Holocene unit of Lake Agassiz in eastern Manitoba 

allowed Teller et al. (2000) to suggest a biochemical origin for the calcite. Vance and Last  

(1996b) used the strong positive covariance of ∂18O and ∂13C of the carbonate minerals in 
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the early Holocene sediments of Clearwater Lake, Saskatchewan, to confirm their 

endogenic origin.

The complexity of these allogenic/endogenic relationships is well illustrated in 

Blackstrap Reservoir and the Qu’Appelle Lakes, a series of hyposaline reservoirs and 

shallow lakes north of Regina, Saskatchewan. Ghebre-Egziabhier and Arnaud (1983a, b) 

used detailed microprobe data and SEM petrography, in combination with size-fraction 

mineralogy, to show that the modern sediments comprise a mixture of (i) fine-grained 

detrital calcite, Mg-calcite, and dolomite, all derived from the surrounding calcareous 

glacial sediments, (ii) fine-grained Mg-calcite precipitated directly from the 

supersaturated water columns, and (iii) authigenic Mg-calcite that forms cements in the 

coarse quartz sand fraction of the sediments. In Lake Manitoba at the eastern edge of the 

Great Plains, Last (1982) and Last et al. (1994) used similar petrographic and particle size 

evidence, combined with sediment trap data and stable isotope geochemistry of the 

carbonate mineral suite, to demonstrate abiotic endogenic precipitation of Mg-calcite and 

a detrital origin for the normal calcite and dolomite. 

Unlike marine environments, where nearly all of the endogenic sediments 

originate from direct biological precipitation, those in lacustrine settings show a more 

diverse origin (Jones and Bowser, 1978; Last, 2002b; Kelts, 2003; Schnurrenberger et al., 

2003). Although there are many uncertainties surrounding the relative roles played by 

abiotic and biological processes, in most of the lakes of the region the endogenic 

carbonates have been interpreted to be the result of simple evaporative concentration and 

inorganic precipitation (see, for example, comments in Last and Schweyen, 1983; Last, 
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1994b; Evans and Prepas, 1996). However, it must be emphasized that few of the lakes 

have been examined from a biomineralization perspective. The rare occurrences of 

shoreline and near-shore carbonate microbialites in these lakes (Last and Vance, 1997; 

Last and Ginn, 2005; Last et al., 2010) confirm a direct biological or bio-mediated origin 

for a variety of carbonates including Mg-calcite, aragonite, monohydrocalcite, 

hydromagnesite, and non-stoichiometric dolomite. Likewise, bio-induced precipitation 

resulting from pH shifts associated with seasonally high algal productivity has been 

invoked for the generation of micron-scale magnesian calcite and aragonite in several 

perennial basins such as Lake Manitoba (Last, 1984a), Waldsea and Deadmoose lakes 

east of Saskatoon (Schweyen and Last, 1983; Last and Slezak, 1986), and Freefight Lake 

in southwestern Saskatchewan (Last, 1993a). Despite these occurrences, the absence of 

reports of carbonate whitings and the lack of varves and other rhythmically laminated 

sediments in the Holocene sequences of relatively deep perennial basins (Vance and Last, 

1994; Last and Vance, 1997) argues against seasonal bio-induced supersaturation-

precipitation mechanisms playing a major role in the region (cf. Dean and Fouch, 1983; 

Thompson et al., 1997; Talbot, 2005; Gierlowski-Kordesch, 2010). With the exception of 

ostracodes (Delorme, 1969; 1989; Last et al., 1994; Puller, 1995; Curry, 1997; Vance et 

al., 1997; Porter et al., 1999; Ito, 2011), bioclastic carbonates and shell material have only 

rarely been reported from the lacustrine sediments (Pip, 1990; McKillop et al., 1992).

Finally, diagenetic processes affecting previously deposited allogenic or 

endogenic carbonates have long been recognized as important in many Quaternary 

lacustrine systems and a wide range of secondary or diagenetically altered carbonates 
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have been reported (e.g., Müller et al., 1972; Botz et al., 1988; Coshell et al., 1998). 

Although an authigenic origin is suspected for the majority of carbonate mineral species 

identified in the lakes of the Canadian Great Plains, few investigations have documented 

the reaction mechanisms or kinetics involved in these post-depositional processes. 

Unfortunately, the distinction between endogenic and authigenic carbonates is sometimes 

obscure, particularly in hypersaline settings characterized by dynamic groundwater 

systems like many of the lakes of the Canadian Great Plains. Relatively soluble 

components that may have formed as true endogenic precipitates (e.g., gaylussite, 

hanksite) can be expected to dissolve and re-precipitate numerous times at the sediment-

water interface and in the shallow subsurface. Likewise, pore water in a dynamic 

groundwater flow system within the lacustrine sediments can readily modify the 

precipitated carbonates. 

In the case of carbonates like aragonite, non-stoichiometric dolomite, and 

magnesian calcite that form intergranular cements in siliciclastic beachrocks, an 

authigenic origin is clear.  In other situations, phase changes of the original endogenic 

precipitate to a more stable mineral have been invoked. For example, as noted by many 

investigators (e.g., Müller et al., 1972; Deelman, 1999; 2008; Vágvölgyi et al., 2008), the 

strongly hydrated nature of Mg ions results in the tendency to form metastable hydrous 

magnesium carbonates rather than simple anhydrous MgCO3 (magnesite) in saline lakes.  

Thus, fluctuations in temperature and moisture content, as might be encountered at or 

near the sediment-water interface of playas (Lieffers and Shay, 1983; Last, 1984b; Last, 

1986), or changes in pH and CO2 activity associated with organic matter decomposition 

119



(cf. Talbot and Kelts, 1986; Pueyo Mur and Inglés Urpinell, 1987) can result in a 

complex series of diagenetic Mg carbonates, including hydromagnesite, artinite, 

nesquehonite, and dypingite. Other post-depositional reactions are summarized in the 

following sections and examples.

3.5.2 Dolomite

In a review of Holocene dolomite formation in lakes, Last (1990a) reported that 

authigenic dolomite occurred in five lakes in southern Saskatchewan (Waldsea, 

Deadmoose, Lenore, Freefight and Debden lakes). The dolomite in these basins has a 

wide spectrum of geochemical and petrographic characteristics, from poor to well 

ordered, stoichiometric and non-stoichiometric with both Ca-rich and Mg-rich varieties 

occurring. It is most often found as part of a complex mixture with other endogenic 

carbonates (e.g., aragonite, Mg-calcite, monohydrocalcite, hydromagnesite) and detrital 

clays. In each of these examples, the authors maintain that there is little evidence of 

replacement fabrics and no geochemical data to support any kind of recrystallization or 

dissolution-reprecipitation phenomena. Rather, the authigenic dolomite appears to be a 

primary precipitate in the pore spaces of the previously deposited lacustrine sediment.

Subsequent to Last’s review over two decades ago, a number of other occurrences 

of non-detrital CaMg(CO3)2 have been reported from the modern and Holocene lacustrine 

sediments of the region (see Table 2). Most noteworthy and best studied among these are 

the new occurrences at Manito Lake, Saskatchewan, and Chappice Lake, Alberta (Fig. 

3.9). At Manito Lake, a large hypersaline perennial basin in western Saskatchewan, 

dolomite 
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Figure 3.9. Examples of non-stoichiometric dolomite in lakes of the Canadian Great 
Plains. A. Photograph of a section of core from the deep water, offshore area of Manito 
Lake, Saskatchewan, showing laminated non-stoichiometric dolomite-organic matter. 
Scale bar = 1 cm. Shaded box is the area of the photograph in B. Core photograph from 
Dowsett (2011). B. Detail of shaded box area in A. Light green to buff colored laminae 
are mainly non-stoichiometric dolomite; dark green colored laminae are predominantly 
organic matter and clay minerals. Scale bar = 1 mm. Non-stoichiometric dolomite in the 
offshore area of Manito Lake ranges from Ca0.84Mg1.16 (CO3)2 to Ca0.66Mg1.34 (CO3)2 
(Dowsett, 2011; Last et al., 2011). C. Photograph of a section of core from the mid-
Holocene sequence at Chappice Lake, Alberta, showing millimeter-scale laminae 
composed of non-stoichiometric dolomite (light to medium brown), organic matter and 
clay minerals (dark brown), and hydromagnesite (white to buff colored). Scale bar = 1 
cm. Photograph by R. Vance. Modified from Last and Vance (1997). Used with 
permission from Springer Science and Business Media B.V.
D. Scanning electron photomicrograph showing authigenic dolomite cement from 
Chappice Lake. Scale bar = 10 microns (Ginn et al., 2005).
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occurs as beachrock and hardground cements in addition to primary precipitates in the 

deep water offshore areas of the basin and shallow water veneer boundstones (Last and 

Ginn, 2009a; Last et al., 2010). Although there is evidence of both inorganic and organic 

origins for this modern and late Holocene dolomite, the association of much of the 

dolomite with microbialites strongly suggests biomediated mechanisms are mainly 

responsible. The mid to late Holocene sediments of Chappice Lake, a small groundwater-

dominated playa in southeastern Alberta, are strongly dolomitic. The association of this 

dolomite with other Mg carbonates (hydromagnesite, magnesite), combined with a Mg-

Ca-HCO3 -dominated dynamic groundwater system, suggests an authigenic origin (Vance 

et al., 1992; Vance et al., 1993), although detailed petrography has not yet been done.  

3.5.3 Ikaite

In addition to the various magnesium carbonates discussed above, other 

metastable hydrous carbonate minerals occur sporadically that are likely involved in 

simple dehydration diagenesis, although details of the reactions are poorly known. Ikaite 

is a rare calcium carbonate mineral phase with a limited stability field at or near freezing 

temperatures. Because of this limited thermodynamic stability, most field reports have 

been on pseudomorphs after ikaite, variously termed glendonite, thinolite, jarrowite, 

gennoishi, fundyite, etc. (Shearman and Smith, 1985; Huggett et al., 2005). While the 

vast majority of reported occurrences of ikaite and its pseudomorphs have been from 

marine settings, notable lacustrine exceptions include the late Pleistocene-Holocene 

thinolites in the Lahontan basin of southwestern United States (e.g., Pyramid and Walker 

Lakes) and modern ikaite from Mono Lake, California (Selleck et al., 2007). To date in 
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the Great Plains region, ikaite pseudomorphs have only been identified in Manito Lake, 

Saskatchewan (Ginn and Last, 2008; Last et al., 2010), even though environmental 

conditions in the lakes of this region (i.e., seasonally cold temperatures, high salinities 

and elevated productivity and phosphate concentrations) suggest that ikaite should be a 

common occurrence. Like most other pseudomorphs after ikaite, those occurring in 

Manito Lake are composed of calcite. The calcite pseudomorphs, which form a porous 

dendritic fabric, comprise the interiors of massive shoreline microbialite mounds and 

pinnacles (Fig. 3.10). These ikaite pseudomorphs, formed ~2300-1300 yr BP3  in a cold, 

saline but highly productive and phosphate-rich lake, are encased in centimeter-scale 

laminated dolomite-aragonite rinds.

3.5.4 Monohydrocalcite

Although not a common mineral, monohydrocalcite has been reported from a 

wide range of terrestrial and marine settings, including both fresh and saline lakes, caves, 

beachrocks, soils, tufas and spring deposits (e.g., see recent summaries in Swainson, 

2008; Kimura and Koga, 2011). There is surprisingly little agreement with respect to 

conditions favoring its formation, although it is often linked to biomineralization 

processes and environments having high levels of organic matter and productivity. Like 

ikaite, it is metastable and has been reported to decompose under subaerial conditions to 

either aragonite or calcite (Fricke and Volkmer, 2007; Swainson, 2008). It also occurs as 
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Figure 3.10. An example of a small, recently emergent microbialite mound/reef at Manito 
Lake, Saskatchewan. The reef structure comprises well cemented, coalesced individual 
pinnacles. The pinnacles, composed of an internal core of highly porous, dendritic calcite 
that has pseudomorphically replaced ikaite, are girdled by a thick, finely laminated non-
stoichiometric dolomite-aragonite rind (inset). This reef structure began growing about 
2300 years ago (Last et al., 2010). Scale bar on inset photograph is 5 cm.
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an intermediate dehydration product of ikaite (Neumann and Epple, 2007; Selleck et al., 

2007).  In the northern Great Plains, monohydrocalcite occurs at Manito and Freefight 

lakes in Saskatchewan as a primary precipitate in monomineralic boulder coatings and 

other encrustations produced by algal films and mats, but it appears to be rapidly 

converted to aragonite (Slezak, 1989; Last, 1996d; Last et al., 2010). In addition, it is 

found associated with dolomite and Mg-calcite in finely laminated microbialites at 

Manito Lake where it is likely produced by biological mineralization. Finally, it is also 

present in the Holocene stratigraphic records of Lake Manitoba and Ceylon Lake (Last, 

1990b; Teller and Last, 1990; Last et al., 1994), but detailed petrography is required to 

confirm the genesis. 

3.6  Synopsis of Paleoenvironmental Applications of Carbonates in the Canadian 

Great Plains

 Lacustrine environments occupy a unique position in the realm of carbonate 

mineral studies. Lakes and lake sediments have formed the basis for many advances in 

our understanding of carbonate sedimentology and diagenesis, including dolomite 

formation and dolomitization, stromatolite and microbialite genesis, and 

biomineralization processes. As discussed by many others (e.g., Dean and Fouch, 1983; 

Last, 1990a; Platt and Wright, 1991; Freytet and Verrecchia, 2002; Gierlowski-Kordesch, 

2010), lakes are ideal large-scale natural laboratories that permit detailed examination of 

many important aspects of carbonate mineral formation and offer a wider range of 

conditions than corresponding marine settings. Unfortunately, it is this diversity of 

formative environments that puts limitations on the paleoenvironmental application of 
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lacustrine carbonates. In order to make meaningful paleolimnological interpretations it is 

necessary to understand and integrate the complex interactions between biology, 

hydrology and geochemistry of the entire lake setting (Tucker and Wright, 1990). 

Because of these challenges and the dominance of soluble evaporites rather than 

carbonates in the sediment records of many of the lakes in the Canadian Great Plains, 

there are surprisingly few detailed studies of lacustrine carbonates per se in the region. 

Table 3.2 and Figure 3.11 provide a listing of all published lacustrine carbonate 

occurrences of modern, Holocene and Pleistocene age in the Canadian Great Plains. The 

following section provides a brief synopsis of several applications of carbonate 

mineralogy and sedimentology in the region. 

3.6.1 Carbonates in Lacustrine Facies Analysis

 Recognition of facies and the application of facies models to interpreting 

stratigraphic records is the cornerstone of sedimentary geology. It is clear from numerous 

examples elsewhere (e.g., Murphy and Wilkinson, 1980; Platt and Wright, 1991; Smoot 

and Lowenstein, 1991; Warren, 1991; Valero-Garcés and Kelts, 1995; Valero-Garcés et 

al., 1999; Valero Garcés et al., 2008), the use of depositional and paleoenvironmental 

models can provide an important critical framework for integrating the great diversity of 

processes and resulting carbonate deposits in a complexly evolving lake system. 

Nonetheless, the development of carbonate facies models in lakes of the Canadian Great 

Plains have received less attention than that of sulfate-dominated evaporite lacustrine 
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Figure 3.11. Map of the Canadian Great Plains showing the approximate locations of the 
lakes listed in Table 2.
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settings. There are few carbonate-dominated sequences in the region that have been 

approached from a facies perspective. 

3.6.1.1 Freefight Lake

Freefight Lake, located in the Great Sand Hills area of southwestern 

Saskatchewan, is Canada’s deepest (~20 m mean depth) salt lake and also the most saline 

permanent body of water in the Great Plains region. The 2 km2 modern lake is 

meromictic with a distinctive basin morphology: a large expanse of seasonally flooded 

mudflats and sandflats surround a deep, flat-bottomed basin. The mixolimnion (average 

salinity ~110 g L-1) is dominated by Mg, Na, and SO4 (Last, 1996d). A stable chemocline 

with a purple phototrophic bacterial plate occurs at about 6 m depth separating a 

monimolimnion of ~200 g L-1 from the overlying water column. Both water masses have 

very high (~150) Mg/Ca ratios and are strongly supersaturated with respect to many Ca, 

Mg and Ca-Mg carbonates including calcite, aragonite, dolomite, huntite, 

hydromagnesite and magnesite. High levels of H2S and sulfate in the monimolimnion 

lead to saturation with respect to metal sulfides and Na-Mg sulfates. Over 40 endogenic 

and authigenic minerals have been identified in the modern and late Holocene sediments 

of the lake (Slezak, 1989; Last, 1993a), many of which have not been reported from any 

other continental setting in the Great Plains. 

Slezak (1989), Last (1991a), and Last (1993a) used detailed surface sediment 

analyses and mapping to identify six modern sedimentary facies and develop a dynamic 

facies model for this deep, meromictic hypersaline basin (Fig. 3.12). With the exception 

of 
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Figure 3.12. Schematic diagram showing the major processes and sedimentary 
environments in Freefight Lake, Saskatchewan. Modified from Last (1993a).Copyright © 
2006, John Wiley and Sons.
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the delta and colluvial facies that are both dominated by coarse siliciclastic sediments, 

endogenic and authigenic carbonate minerals are prominent in these modern facies. The 

broad mudflats and sandflats surrounding the lake are areas of evaporite and carbonate 

cementation, efflorescent crust formation, and extensive diagenesis of both evaporites 

and carbonates with penecontemporaneous dolomitization being the dominant processes. 

The near shore and shoreline areas are sites of living microbial mats and abundant 

biogenic and biomediated inorganic carbonate mineral genesis. Biomineralization and 

early diagenetic processes largely driven by sulfate reduction in the sediments of this 

shallow water, algal flat facies (Lyons et al., 1994) give rise to a complex carbonate 

mineral suite which includes aragonite, both normal and high-Mg calcite, non-

stoichiometric dolomite, huntite, hydromagnesite, magnesite, siderite, and tychite. The 

carbonates of the algal flat facies form a broad shallow shelf extending about 100 m from 

the shore. Further offshore, the carbonate bank grades abruptly into a debris slope and fan 

facies, comprised of poorly sorted carbonate sand, gravel and mud derived from wave 

erosion and reworked sediments of the algal flat. The deep water offshore areas of the 

basin are currently undergoing very high rates of mainly evaporite mineral deposition 

(average accumulation rate: ~30 kg  m-2 yr-2 ; Last, 1993b) through the process of freeze-

out precipitation. About 10% of this offshore sediment is endogenic aragonite and 

hydromagnesite. Finally, bacterial reduction of dissolved sulfate in the anoxic 

monimolimnion leads to endogenic Ca-rich dolomite formation.

Many aspects of the limnogeology and geochemistry of Freefight Lake remain 

poorly understood and the application of this modern facies model to the Holocene 
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stratigraphy in the basin has not yet been tested. However, it is clear that this lake 

represents an unusual ‘end member’ basin (i.e., deep, meromictic, hypersaline) in the 

wide spectrum of lacustrine settings of the Canadian Great Plains. The modern 

sedimentary facies encompass a wide range of carbonate formative and diagenetic 

environments that give rise to an unusually diverse assemblage of minerals.

3.6.1.2 Clearwater Lake

Clearwater Lake occupies a small (0.5 km2) perennial, groundwater-fed lake in 

southwestern Saskatchewan. Although topographically closed, the modern lake maintains 

a relatively low salinity (~1 g L-1), alkaline (pH > 9), Mg-HCO3 water column, 

presumably due to the presence of an open flow-through hydrologic system in which the 

basin acts as both a discharge and recharge site for shallow groundwater. Despite its low 

salinity, the modern lake is strongly supersaturated with respect to most carbonate 

minerals and, because of the high Mg/Ca ratio (~20), aragonite occurs in the modern 

sediment as a primary inorganic precipitate probably as a response to seasonal 

productivity changes (Vance and Last, 1996b). A small amount of non-stoichiometric 

dolomite is also present in the modern offshore sediments, likely originating as a very 

early or penecontemporaneous diagenetic product generated by biomediated processes at 

the anoxic sediment-water interface.  In a multidisciplinary study of a core spanning the 

last 400 years, Leavitt et al. (1999) have shown that because of the flow-through 

groundwater-dominated hydrology of the basin, that it is not a particularly sensitive lake 

for paleoclimatic studies.
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However, the earliest sediments (9400-11,800 yr BP) recovered from Clearwater 

Lake do provide an excellent example of a deepening upward carbonate lacustrine 

sequence followed by an abrupt lowering and desiccation of the basin (Last et al., 1998). 

A meter of relatively coarse grained, siliciclastic-rich sediment with appreciable amounts 

of authigenic non-stoichiometric dolomite (shoreline facies) is overlain by about half a 

meter of faintly bedded, organic-rich, gypsite-aragonite clayey silt representing the 

transgression of shallow water offshore facies over the near shore siliciclastics. Lake 

expansion and transgression continued with the deposition of about 2 m of laminated 

aragonitic clay at the core site. The δ18O and δ13C of the aragonite in this and in the 

underlying gypsite-aragonite sediment show a strong positive correlation and are 

enriched relative to the endogenic carbonates in the younger sediments, suggesting closed 

basin, evaporitic conditions. Finally, a rapid regression and complete drying of the lake is 

recorded by the deposition of siliciclastic-rich sediment having low moisture content and 

exhibiting a distinctive pedogenic-like structure. 

3.6.1.3 Summary

In striking contrast to investigations of carbonate sedimentology in saline lakes in 

other regions, only a few basins in the Canadian Great Plains have been approached from 

a facies perspective. The modem sedimentary processes operating in the hypersaline, 

meromictic Freefight Lake basin give rise to six sedimentary facies: (i) colluvium, (ii) 

mud flats and sand flats, (iii) algal flats, (iv) delta, (v) slope and debris apron, and (vi) 

deep basin. The colluvium, mud flats and sand flats, and delta facies are dominated by 

physical processes and consist mainly of detrital siliciclastic sediment, although 
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evaporative pull-up on the mud flats can generate soluble efflorescent crusts and 

aragonitic cements. The algal flats, slope and debris apron, and deep basin facies are 

dominated by endogenic and authigenic sediments derived mainly by physicochemical 

and biologically mediated carbonate and evaporite mineral precipitation.

The early Holocene facies in the offshore area of Clearwater Lake record a 

deepening upward carbonate sequence associated with lake transgression. A basal 

dolomite-cemented coarse siliciclastic shoreline facies is overlain by shallow water 

gypsum-aragonite clays that grade upward into deep basin, finely laminated organic-rich 

aragonite. Rapid regression and complete drying of the lake by mid-Holocene resulted in 

development of a pedogenic horizon at the top of the deep basin aragonite facies. 

 

3.6.2 Using Carbonates in Reconstructing Lake Water Composition

Clearly, the mere occurrence of an endogenic carbonate of non-biological origin 

in the stratigraphic record of a lake provides a snapshot of the chemical conditions at the 

time of the mineral’s formation. Unfortunately, in the Canadian Great Plains, where most 

of the lakes are, and probably have been throughout much of their history, saturated with 

respect to many carbonate minerals, this information is usually of limited value. 

In contrast, in this region it is sometimes the absence of endogenic carbonates that 

provides critical insight into the chemical history of basin. For example, in Lenore Lake, 

Saskatchewan, a large perennial, Mg-Na-SO4 saline lake with very low calcium content, 

the lack of endogenic carbonates in the late Holocene sediments indicates the lake 

maintained undersaturated conditions and low Ca levels for the past several millennia 
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(Last, 1991b; Dickie, 2010). Similarly, the early to mid-Holocene sediments deposited in 

Harris Lake, a small, shallow lake at the foot of the Cypress Hills upland in southwestern 

Saskatchewan, are dominated by detrital carbonates and siliciclastics. Last and Sauchyn 

(1993) documented an upward decrease in the ratio of detrital calcite to dolomite in the 

allogenic fraction of this early phase of Harris Lake. They interpreted this change as 

reflecting the relative chemical stability of these carbonate components: calcite is 

somewhat more soluble than dolomite and is therefore less likely to survive in a near-

surface weathering environment. Thus, the detrital carbonate mineralogy in Harris Lake 

indicates a gradual depletion of calcite in response to progressive chemical weathering 

and increased watershed stability during the Holocene.   

As a generalization, however, endogenic carbonates are present and common in 

most of the lakes of the Canadian Great Plains. Based largely on observational data by 

Müller et al. (1972), Folk (1974) and Müller and Wagner (1978), it is generally held that 

the main factor controlling the specific phase of endogenic carbonate formed is the Mg/

Ca ratio of the lake water (Fig. 13; see also summaries and examples in Kelts and Hsu, 

1978; Dean, 1981; Morse and Mackenzie, 1990; Deocampo, 2010). Normal calcite is 

generated from waters with Mg/Ca ratios lower than 2. High-Mg calcite precipitates from 

solutions with ratios about 2-10. As summarized in Figure 3.13, the amount of Mg 

incorporated into this calcite lattice is, likewise, dependent mainly on the Mg/Ca ratio 

(Mackenzie et al., 1983; Mucci and Morse, 1990). At increasingly higher Mg/Ca ratios 

aragonite and dolomite are the preferred phases, and ultimately at greatly elevated ratios 

(>50) hydrous magnesium carbonates such as hydromagnesite and nesquehonite are 
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Figure 3.13. Top: Effect of Mg/Ca ratio of the precipitating lake water on the endogenic 
carbonate mineralogy. Modified from Last and De Deckker (1992). 
Bottom: Magnesium content of calcite versus the Mg/Ca ratio of the precipitating lake 
water (from Last, 1980).
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precipitated. Although it must be recognized that many other factors in addition to the 

Mg/Ca ratio help dictate the carbonate phase that is stable in a given precipitating 

solution, this generalized sequence of minerals is well accepted. Thus, it has become 

common to use the stratigraphic variation of these endogenic species in the lacustrine 

basins of the Great Plains to help deduce past composition and specifically the Mg/Ca 

ionic ratios.

In addition, there are less commonly occurring carbonate mineral species (e.g., 

ikaite, trona, nahcolite, gaylussite, burkeite, hanksite) whose stability fields are relatively 

restricted with respect to environmental factors such as temperature, pH or alkalinity.  

Their presence can sometimes offer considerable detail about the nature of the formative 

brine and the depositional/postdepositional conditions affecting the particular sequence. 

For example, the presence of nahcolite and natron rather than trona in the carbonate 

mineral suite of Muskiki Lake, a large hypersaline playa east of Saskatoon (Last, 1991b), 

suggests carbonate mineral formation (or diagenesis) occurred at temperatures less than 

20oC (Foshag, 1940; Smith, 1979). 

3.6.2.1 Chappice Lake

Chappice Lake is a small hypersaline Na-SO4 playa in southeastern Alberta. Its 

8000 year long sedimentary sequence is one of the most complete from any playa in the 

region and has been the target of detailed sedimentological, geochemical, and 

paleobiological investigations (Vance, 1991; Vance et al., 1992; Vance et al., 1993; 

Padden, 1996). Chappice is also one of the few basins in the Canadian Great Plains for 
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which detailed groundwater chemistry and dynamics have been studied in addition to the 

Holocene stratigraphy. 

The basin is located in a Pleistocene meltwater channel and is situated over the 

thalweg of a buried bedrock valley (Stevenson and Borneuf, 1977; Birks and Remenda, 

1999). Although the geological setting of Chappice suggests that the basin may be 

influenced by multiple (shallow, intermediate, deep) groundwater systems, typical of 

playas elsewhere in the Great Plains (Last, 1994b; Remenda and Birks, 1999), Birks and 

Remeda (1999) have shown through geochemical modeling that groundwater from just 

the shallow surficial deposits best explains the brine chemistry of the lake. While 

evidence of both groundwater recharge as well as discharge complicate these brine 

evolution calculations, it is clear that the composition of the nondetrital carbonates reflect 

brine chemistry changes due mainly to direct climatic fluctuations (e.g., E/P, temperature) 

rather than changes in water source or water column stratification.

Vance and colleagues (Vance et al., 1992; Vance et al., 1993; Last and Vance, 

1997) report that the suite of carbonate minerals from an 8 m long sequence in Chappice 

Lake comprise dolomite, non-stoichiometric dolomite, aragonite, magnesite and 

hydromagnesite.  Much of the early and mid-Holocene sediment recovered consists of a 

series of packages of these laminated carbonates alternating with nonbedded coarse 

siliciclastic sands and silts. This reflects an extended period of overall chemical and 

physical instability of the lake in which repeated freshenings and siliciclastic influx 

interrupted normal evaporative concentration of the shallow groundwater-dominated Ca-

Mg-HCO3  lake waters. By mid-Holocene the highly evolved brines were strongly Mg-
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enriched. Sulfate was effectively removed through anaerobic decomposition of organic 

matter by sulfate-reducing bacteria and endogenic precipitation of mainly Mg-carbonates 

dominated in the basin. Although the paucity of calcite and Mg-calcite is curious, the 

absence of sodium carbonates and sulfates confirms that deeper groundwater (a source of 

sodium) did not contribute significantly to the hydrologic budget of the lake. A change 

from Mg-carbonate deposition to a siliciclastic regime starting about 2800 yr BP marks 

the onset of a cooler and wetter climate and rising lake levels.  The most recent post-

settlement sediments contain sporadic occurrences of Mg-carbonate and dolomite 

probably corresponding to historic droughts in combination with human modification of 

the drainage basin and water budget. 

3.6.2.2 North Ingebrigt Lake

Ingebrigt and North Ingebrigt lakes, two small adjacent playa basins containing 

Canada's thickest (~45 m) Holocene terrestrial salt sequence, are located at the terminal 

end of a 50 km long series of riverine playas in southwestern Saskatchewan. Because of 

their significant accumulation of apparently uninterrupted evaporites, the basins hold 

considerable interest from both economic as well as paleoclimate perspectives (Shang, 

1999; Shang and Last, 1999). 

The 12,000 year long lacustrine sequence recovered from the North Ingebrigt 

basin consists almost entirely of well-indurated, hydrated Na, Mg, and Ca sulfate and 

carbonate evaporites, with only minor amounts of mud and organic debris. Indeed, the 

section is remarkable in its lack of obvious bedding, color variation or other macroscopic 

sedimentary structures. The absence of bedding and paucity of primary crystal fabrics and 
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textures suggests repeated dissolution and recrystallization probably occurred but the 

mineral suite was likely stabilized within about a meter of the sediment-water interface. 

The extraordinary thickness of relatively pure evaporites in these two small basins 

presents some interesting dilemmas regarding the specific limnological conditions of the 

depositional system (see comments in Last and Shang, 1996). A “shallow water, build-

up” model in which the entire Holocene sequence of sulfates and carbonates was 

deposited under playa-like conditions is probably the most reasonable depositional setting 

from a sedimentological and geochemical perspective. However, there is also 

considerable evidence to support Rueffel’s (1968) “deep water, fill-up” hypothesis in 

which the 12,000 years of evaporite deposition occurred in a deep water meromictic lake. 

Whichever model is adopted, it is clear that mineralogical variation in this long 

sequence of non-detrital carbonates and sulfates provides evidence of changing lake 

water chemistries. With nearly 20 carbonate and carbonate-sulfate species identified in 

the North Ingebrigt section, the mineral paragenesis is complex and beyond the scope of 

this review. Briefly, in addition to magnesian calcite, aragonite and non-stoichiometric 

dolomite, which are probably primary endogenic precipitates from brines of varying 

salinities and Mg/Ca ratios, a large number of secondary carbonates occur in response to 

post-depositional or penecontemporaneous brine-mineral reactions. For example, 

gaylussite in the sequence is interpreted to be the result of a reaction of the evaporative 

alkaline brine with early-formed calcite or aragonite according to: 

CaCO3 + 2Na+ + CO32- + 5H2O D Na2Ca(CO3)2 � 5H2O (Shang, 1999). Furthermore, the 

presence of gaylussite rather than pirssonite indicates relatively low temperature 
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formative conditions (cf. Eugster and Smith, 1965; Smith, 1979). Similarly, burkeite 

[Na6(CO3)(SO4)2] likely formed diagenetically as CO3-rich groundwaters reacted with 

previously deposited thenardite or mirabilite.	  

	   Shang and Last (1999) delineated six mineral facies (each with multiple mineral 

zones) in the North Ingebrigt section. Following thermodynamic models and phase 

relations established by others (e.g., Harvie and Weare, 1980; Harvie et al., 1984; Wasson 

et al., 1984; Königsberger et al., 1999) the non-detrital components of the sediment were 

used to reconstruct the composition of the brine as shown in Figure 3.14. The unique 

mineral assemblage of carbonates and sulfates, as well as other less common nitrates and 

chlorides in the Ingebrigt sequence permit remarkably explicit paleochemical information 

to be deduced. These assemblages were also used to suggest mean atmospheric relative 

humidity of the area through the Holocene. 

3.6.2.3 Summary

 One of the major applications of carbonate mineralogy in paleolimnology is to 

help decipher past changes in water composition of the lake. The lacustrine carbonate 

mineral suite can provide important information about past salinity, Mg/Ca ratio, 

temperature, pH, and alkalinity. In Chappice Lake, a long sequence of laminated Mg-

carbonates dominates the early and mid-Holocene record.  This suggests that extended 

periods of high salinity and elevated Mg/Ca and alkalinity levels persisted in the basin 

before climatic and hydrologic changes brought about less saline conditions during the 

late Holocene. The carbonate mineralogy of nearby Ingebrigt Lake is more complex but 

because of their limited thermodynamic stabilities, the primary and secondary 
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Figure 3.14. Holocene history of water chemistry of North Ingebrigt (relative chemical 
activities of major dissolved anions and cations) interpreted from the endogenic and 
authigenic mineral suite. Gaps indicate areas of poor or no core recovery. Modified from 
Shang and Last (1999).Used with permission.©	  Department	  of	  Natural	  Resources	  
Canada.	  All	  rights	  reserved.
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evaporative carbonates and sulfates provide a remarkably detailed reconstruction of 

specific ion activities and ratios over the past 10,000 years. 

3.6.3 Using Carbonates to Interpret Sources of Water

 There is a wealth of literature emphasizing the hydrologic complexities of lakes 

and wetlands in the Canadian Great Plains (e.g., Meyboom, 1966; 1967; Rozkowska and 

Rozkowski, 1968; Mills and Zwarich, 1986; Woo and Rowsell, 1993; Hayashi et al., 

1998; van der Kamp and Hayashi, 1998; Johnson et al., 2005; Pomeroy et al., 2010). 

Irregular topography, poorly integrated surface drainage, and multiple groundwater 

aquifers with complex recharge and discharge dynamics and variable hydraulic 

conductivities create many challenges for sedimentologists attempting to decipher the 

paleohydrology of these lakes. These hydrologic uncertainties have often limited 

paleolimnological accuracy and resolution in the region (Nkemdirim, 1991; Last, 1992b; 

1999). However, investigation of the lacustrine carbonates can provide important insight 

into past water sources in these lakes as shown by the following examples.

3.6.3.1 Pine Lake

 Pine Lake is a relatively deep (~13 m), freshwater lake occupying a glacial 

meltwater channel about 100 km south of Edmonton, Alberta. Because it is a popular 

recreation site, the limnology and hydrology are relatively well studied (e.g., Crosby, 

1990b; Ames, 1992; Ahmed, 1995; Sosiak, 1997). The hydrology of the modern lake is 

dominated by both diffuse groundwater inflow and recharge from several aquifers, in 

addition to inflow from small streams draining a catchment of ~150 km2. The shallow 
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groundwater aquifer is Mg-rich whereas the deeper aquifers are relatively high in calcium 

(Clare, 1993). 

 The late Holocene sediments are composed of sub-equal proportions of fine-

grained detrital carbonates and siliciclastics as well as endogenic carbonates and sulfates 

(Campbell et al., 2000). Gypsum, together with sporadic occurrences of non-

stoichiometric dolomite and magnesite, in the lower half of the section (~1500-3400 yr 

BP) indicate the lake experienced 1500 years of high salinity and probably much lower 

water levels. The absence of these high salinity indicators and the presence of endogenic 

Mg-calcite and authigenic pyrite in the upper 2 m of sediment indicate stable, deeper and 

fresher water conditions were maintained in the basin after 1500 years ago. A significant 

decrease in the magnesium content of the Mg-calcite deposited after about 100 years ago 

indicates an abrupt change in the Mg/Ca ratio of the lake water (Fig. 3.15). This decrease 

was likely an indirect result of the extirpation of bison and other ungulates associated 

with widespread Eurocanadian settlement during the mid to late 19th century (Fig. 3.16). 

The prehistoric bison population played a major role in limiting the expansion of aspen 

parkland vegetation in the area by grazing and trampling on new tree roots and suckers 

(Campbell et al., 1994). Removal of the bison and subsequent replacement of the 

dominantly grassland vegetation with aspen parkland had a significant impact on the 

hydrology of the lake. The development of an extensive forest canopy resulted in 

increased evapotranspiration and less recharge to the shallow subsurface groundwater 
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Figure 3.15.  Stratigraphic variation in percent of endogenic calcite in the late Holocene 
sediments of Pine Lake, Alberta and the variation in the Mg/Ca ratio of the lake water 
based on the mol% MgCO3 content of the magnesian calcite. Time scale on right is in 
calendar years. Data from Campbell et al. (2000). 
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Figure 3.16. Prehistorically, development of aspen forest in the Pine Lake, Alberta 
watershed was limited due to grazing and trampling of the aspen shoots by bison and 
burning by fire (top). Relatively elevated Mg/Ca ratios existed in the lake because of the 
influx of Mg-rich shallow groundwater. After bison extirpation in the mid-19th century 
(bottom), reduced grazing allowed the development of an aspen canopy, which increased 
the rate of evapotranspiration and reduced the flux of Mg-rich shallow groundwater into 
the lake, thereby lowering the Mg/Ca of the lake water.
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system. The flux of Mg-rich shallow groundwater to the lake decreased and the Mg/Ca 

ratio of the water dropped as shown by the Mg content of the magnesian calcite. 

3.6.3.2 Lake Manitoba

Lake Manitoba, a 4700 km2 lake located in south-central Manitoba, is one of the 

largest lakes in the Great Plains. As a remnant of glacial Lake Agassiz and because of its 

position astride the prairie-forest ecosystem boundary, the lake has been the subject of 

intensive paleolimnological research spanning the past three decades. The	  10,000 year 

long offshore sediment sequence documents a complex Holocene history in which water 

levels and limnological conditions were controlled by the interplay of changing climate, 

variable river and groundwater inflow, and differential isostatic rebound.  The lake 

periodically dried completely for extended periods during the early and mid-Holocene, 

resulting in desiccation and formation of soils in the subaerially exposed offshore 

sediments (Teller and Last, 1982).

Seasonally high levels of productivity in modern Lake Manitoba result in 

deposition of primary, inorganically precipitated magnesian calcite (Last, 1982). The 

MgCO3 content (7 mol%) of this endogenic calcite agrees well with the mole% MgCO3 

predicted from experimental data (Müller and Wagner, 1978; Morse, 2003). Stratigraphic 

variation in the amount of magnesium incorporated into the calcite over the past 10,000 

years is interpreted as reflecting a variable magnesium input to the lake from shallow 

groundwater and surface water. During relatively dry periods inflow from both shallow 

groundwater and surface streams, the main sources of Mg to the lake, diminished and the 

hydrological budget of the basin was dominated by the deep, Na-dominated regional 
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groundwater (Fig. 3.17). The lake brines, although saline, were low in Mg and the 

associated magnesian calcite was relatively low in magnesium (~4-5 mol% MgCO3). 

During wetter conditions, there was an abrupt rise in the relative contribution from the 

shallow aquifer and surface runoff, and the Mg/Ca ratio of the lake increased. This 

resulted in significantly elevated levels of magnesium incorporation into the calcite 

(~10-12 mol% MgCO3).

3.6.3.3 Oro Lake

Oro Lake is a small (< 0.5 km2), perennial saline lake occupying a closed basin on 

the Missouri Coteau in southern Saskatchewan and arguably contains one of the most 

important stratigraphic sequences in the region. It is one of only a few uninterrupted 

lacustrine sequences collected to date from the Canadian Great Plains that span the entire 

Holocene epoch. Its finely laminated sediments provide a high resolution record of 

11,000 years of deposition in the most arid portion of western Canada (Cywinska and 

Delorme, 1995b; Padden, 1996; Vance and Last, 1996a; Stuart, 1999; Last and Vance, 

2002; Laird et al., 2007). 

The 6 meter deep water column of modern Oro Lake is periodically chemically 

stratified with ~30 g L-1 salinity surface water and ~50 g L-1 at depth. Unlike most other 

lakes in the vicinity, Mg rather than Na dominates the modern brine of Oro Lake due to a 

mixture of shallow (Ca-HCO3) and deep (Mg-SO4) groundwater contributions that, in 

turn, are modified by evaporative concentration and mineral precipitation. The surficial 
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Figure 3.17. Schematic diagram showing lake level and relative contributions of deep, 
saline Na-Cl groundwater versus shallow, Mg-HCO3 groundwater and surface runoff 
during a wet-dry cycle in Lake Manitoba. Modified from Teller and Last (1990). Used 
with permission of Elsevier.
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offshore bottom sediments reflect a complex inorganic precipitation paragenesis, 

comprising a mixture of endogenic carbonates and sulfates together with fine grained 

detrital components. The carbonate fraction is composed mainly of non-stoichiometric 

dolomite, with smaller amounts of aragonite and Mg-calcite.

The Holocene stratigraphic sequence recovered from a transect of cores across the 

Oro basin consists of well bedded, calcareous and gypsiferous silts and clays (Fig. 3.18). 

The fine laminae, fine-grained texture of the sediment, and the absence of exposure 

horizons imply the lake maintained relatively deep water conditions throughout the 

Holocene. While meromixis, combined with a complex groundwater-dominated 

hydrologic budget, complicate the paleolimnological and hydrologic interpretations, both 

the biostratigraphy and mineralogy indicate short-term (decadal) salinity fluctuations 

from as low as ~1‰ to more than 75‰. 

The endogenic carbonate and sulfate mineralogy indicates the precipitating brine 

underwent dramatic fluctuations in composition during the Holocene and provides insight 

into the hydrologic changes that occurred. Like many other lacustrine basins in the 

northern Great Plains (see recent summaries in Grimm et al., 2011; Hobbs et al., 2011), 

maximum salinities at Oro were achieved early in the Holocene as recorded by the 

deposition of a 2 m thick laminated evaporite (Na-sulfate/gypsum) unit. However, 

beginning about 8000 yr BP the Ca-Na-SO4 dominated brine gave way to a more Mg-

HCO3 rich saline lake in which aragonite and dolomite comprised the major endogenic 

precipitates. The shift from sulfate to carbonate deposition marked a major change in the 

hydrochemistry of Oro Lake that persisted through the mid-Holocene. This 
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Figure 3.18. Holocene stratigraphic variation in endogenic and authigenic carbonates and 
sulfates in Oro Lake, Saskatchewan (Data from Last and Vance, 2002). For each pair of 
core photographs, the image on the left is normal light photography; the image on the 
right is x-radiography of the same interval. Core photographs from Last et al. (2000).
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hydrochemical switch reflects a long period of dominance of the shallow carbonate-rich 

groundwater aquifers in the hydrologic budget of the basin.  The groundwater 

reorganization was a result of millennial-scale aridity that characterized the mid-

Holocene Hypsithermal interval in the Great Plains (Vance et al., 1995; Lemmen et al., 

1997; Lemmen and Vance, 1999b; Michels et al., 2007). Unlike the situation in Lake 

Manitoba at the eastern edge of the Great Plains (see section 6.3.2), Last and Vance 

(2002) suggest that this extended aridity decreased the regional groundwater table in the 

vicinity of Oro such that the basin no longer received input from the sulfate-rich deep 

aquifers, thereby increasing the relative proportion of carbonate-rich shallow 

groundwater. 

At about 4.5 ka the mineralogy records a transition to more variable chemical 

conditions in which the overall aragonite and dolomite deposition continued but was 

punctuated by episodes of gypsum, Mg-Na sulfates and Mg-carbonate indicating a 

renewed source of Mg-SO4 brines from the deeper aquifers. Variable effective moisture 

conditions during the past 2000 years periodically freshened Oro Lake brines such that 

meromixis broke down and the sediment was dominated by magnesian calcite. However, 

the more frequent occurrences of Mg-carbonates and sulfate salts and increasing 

enrichment of lake water ∂18O (Padden, 1996) beginning about 1000 years ago indicate 

that episodic hypersaline conditions became more common.

3.6.3.4 Harris Lake

Harris Lake is a small (9 ha), shallow (~1.5 m depth), closed-basin lake located 

on the northern edge of the sub-humid Cypress Hills upland in southwestern 
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Saskatchewan. The Cypress Hills physiographic area is an ecologically distinct plateau 

rising about 400 m above the surrounding plains. Because of its elevation, the area 

remained unglaciated throughout the Quaternary. The Harris Lake basin sits in a 

meltwater channel created about 12,000 years ago at the limit of the late Wisconsinan 

glaciation (Porter et al., 1999). The Quaternary and Tertiary groundwater systems are 

dominated by Mg-Ca-HCO3 while the Cretaceous sediments have Na-SO4 waters 

(Rutherford, 1967; Whitaker, 1976)

As pointed out in section 6.2, throughout most of the Holocene Harris Lake 

received water from streams draining the escarpment and was dominated by detrital 

sedimentation. The allogenic carbonates record gradually increasing chemical maturity of 

the drainage basin. In addition to detrital calcite and dolomite, endogenic Mg-calcite, 

non-stoichiometric dolomite and hydromagnesite, as well as gypsum and a variety of 

other Na and Mg sulfates, occur sporadically through the early to mid-Holocene sequence 

(Last and Sauchyn, 1993) This assemblage of endogenic carbonates and sulfates indicate 

the warmer and drier conditions that characterized the region during the early Holocene 

periodically decreased the fluvial influx to the basin and the lake’s hydrologic budget 

became dominated for short periods by the magnesium, sodium and sulfate-rich 

groundwater. 

About 4000 years ago sedimentation in Harris Lake changed dramatically. The 

lake shifted abruptly from the mainly detrital system that characterized the previous 6000 

years to one dominated almost entirely by endogenic carbonate deposition. This change 

was likely caused by the onset of a cooler and wetter climate (Sauchyn, 1990; Sauchyn 
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and Sauchyn, 1991). This greater effective moisture, in turn, caused a rearrangement of 

the lake’s drainage system by generating a landslide, which diverted part of the stream 

inflow and cut off the source of detrital sediment (Goulden and Sauchyn, 1986). Thus, the 

dominance of Mg-calcite in the late Holocene sediments of Harris Lake after this 

landslide event reflects the combination of diminished siliciclastic sediments from 

decreased fluvial influx and the increased relative contribution of Mg-HCO3 

groundwaters. 

3.6.3.5 Summary

In summary, the endogenic carbonate minerals in Lake Manitoba, Oro Lake, Pine 

Lake, and Harris Lake provide important insight into the complex hydrochemical and 

hydrologic history of basins that were subjected to multiple and shifting water sources 

and regional climate changes. In Oro, a suite of Mg-carbonates, together with soluble 

evaporitic sulfate salts, was deposited during episodes in which the lake was receiving 

inflow from both the deep regional groundwater system as well as from local shallow 

groundwater aquifers. When shallow groundwater dominated the hydrologic budget, 

aragonite and dolomite were the dominant precipitates in the basin. In contrast, at Harris 

Lake, during episodes in which the Mg-rich groundwater was strongly dominant over 

surface inflow, the lake water had elevated Mg/Ca ratios, and carbonate mineral 

precipitation was mainly dolomite and hydromagnesite. When conditions were such that 

surface runoff and direct precipitation played a greater role in the hydrology of the basin, 

lake water with lower Mg/Ca ratios was present and magnesian calcite formed. At  Lake 

Manitoba in the eastern Great Plains, the Mg content of magnesian calcite tracks the 
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input of shallow groundwater and surface inflow to the basin. During relatively dry 

episodes, the hydrology of the lake was dominated by the deep Na-Cl rich groundwater 

and the endogenic calcite contained relatively low magnesium levels. During wetter 

periods, there was a higher relative contribution of shallow groundwater and surface 

inflow and the magnesium content of the Mg-calcite was high. The magnesium content of 

the Mg-calcite in Pine Lake similarly tracks the Mg/Ca ratio of the lake water. In this 

case, human modification of the vegetation in the drainage basin through extirpation of 

the vast herds of plains bison resulted in decreased flux of Mg-rich groundwater to the 

lake and a significant decrease in Mg/Ca ratio of the lake water.

3.6.4 Using Carbonates to Detect Water Level Fluctuations and Water Column 

Stratification

Because the vast majority of lakes in the Canadian Great Plains occupy closed 

basins, their levels and limnological characteristics respond dramatically to even minor 

changes in climate, groundwater dynamics and drainage basin modifications. In many 

cases these fluctuations in hydrologic or sediment budgets are accompanied by 

complementary changes in water composition, saturation state, detrital influx, or, in 

extreme cases, development of pedogenic horizons, all of which can often be readily 

identified and interpreted from the sedimentary record. Sometimes, however, hydrologic 

changes may be difficult to deduce from the offshore sequence alone or the preserved 

sediments may offer a complacent record or ambiguous interpretation. Following are 

several examples from the region in which the carbonates provide important details not 

readily interpreted from other sources of paleoenvironmental data.
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3.6.4.1 Manito Lake

Manito Lake is a perennial, hypersaline Na-SO4 lake located at the prairie-

parkland ecotone on the northern fringe of the Canadian Great Plains in western 

Saskatchewan. With an area of over 65 km2 and mean depth of about 8 m, it is one of the 

larger perennial saline lakes in the region. Significant water level declines over the past 

decade have exposed large areas of near shore carbonate microbialites, hardgrounds and 

beachrocks (Last et al., 2010). The organogenic structures, emplaced during the past two 

millennia, have various external morphologies, vary in mineralogical composition, and 

show a variety of internal fabrics from laminated to massive and clotted. The features 

range from small, cm-scale encrustations to large, reef-like structures up to 5 m high and 

over 500 m long. Non-stoichiometric dolomite, aragonite, and calcite are the most 

common minerals in the microbialites; however, monohydrocalcite, magnesian calcite, 

hydromagnesite, dypingite and nesquehonite are also present. While there is relatively 

little consistent lateral variability in terms of morphology, the structures do vary 

significantly with elevation in the basin. Their presence at elevations from several meters 

below the level of the modern lake to nearly 20 m above today’s lake clearly indicate 

significant fluctuations in water level have occurred during the past two millennia (Fig. 

3.19). The importance of these paleoshoreline features is underscored by the absence of 

evidence for significant water level fluctuation in the offshore sequence of sediments 

(Dowsett, 2011; Last et al., 2011). 
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Figure 3.19. Schematic diagram showing the time of microbilite and carbonate 
hardground formation, mineralogy and approximate position relative to the present day 
water level in Manito Lake, Saskatchewan. Vertical axis (elevation) is not to scale. MCA: 
Medieval Climate Anomaly; LIA: Little Ice Age. From Ginn and Last (2008) and 14C 
data from Last et al. (2010).
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The earliest microbialites in Manito started growing at the shoreline of a cold, 

saline but productive lake about 2300 yr BP. Rising water levels in the basin over the next 

1700 years were able to overcome the modest carbonate accumulation rates (3-5 mm yr-1) 

of most structures and growth of the lower elevation microbialites stopped as they were 

progressively submerged below the photic zone. The structures developed at the highest 

elevation in the basin, deposited ~600 yr BP, are still below the spill point of the lake and 

closed, evaporative conditions are indicated by the aragonite mineralogy and co-variance 

of carbonate δ18O and δ13C within the structures. As lake levels fell, the older, previously 

submerged structures became sites of renewed microbialite development. Thus, the lower 

elevation features show a more complex morphology and mineralogy. These older 

structures are larger and more robust and show an interior core of porous calcite-after-

ikaite with a dendritic fabric that is subsequently encased in a rind of laminated 

biomediated dolomite and aragonite. The lowest elevation structures have 5-6 cm thick 

rinds whereas younger microbialites at higher elevations have progressively thinner rinds. 

Finally, as water levels declined during the past 600 years, non-microbialite, inorganic 

dolomite precipitation occurred to form extensive areas of pavement hardgrounds and the 

cements of beachrock.

3.6.4.2 Waldsea Lake

Waldsea Lake and immediately adjacent Deadmoose Lake are two perennial, 

meromictic lakes located in central Saskatchewan about 100 km east of Saskatoon. 

Waldsea Lake is one of the most intensively sampled and studied salt lakes in Canada. It 

has been the subject of nearly forty scientific papers, reports and theses. The basin is 
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attractive for detailed study because of its small size (4.7 km2), excellent accessibility, 

simple basin morphology, and interesting meromictic character. Similarly, the adjacent 

larger (10.5 km2) and more complex Deadmoose Lake, although less intensively studied, 

has also provided important limnological information. Much of the physical and 

biological limnology of these two lakes has been summarized by Hammer and colleagues 

(e.g., Swift and Hammer, 1979; Parker and Hammer, 1983; Parker et al., 1983; Swanson 

and Hammer, 1983; Hammer, 1986a; Hammer, 1994). The limnogeology and 

paleolimnology have been discussed in Schweyen and Last (1983), Last and Schweyen 

(1985), Last and Slezak (1986), and Last (1994a). The two basins have become the focus 

of additional recent paleohydrology and environmental history investigations because of 

exceptionally high water levels and associated disruptions to surrounding recreational 

facilities and agricultural activities during the past decade (e.g., Saskatchewan Watershed 

Authority, 2008; 2009; Read et al., 2010; 2011; Read, 2012). 

Waldsea and Deadmoose lakes are good examples showing the complexity of 

carbonate mineral formation and sedimentation in thermally and chemically stratified 

saline basins of the Canadian Great Plains. As is common in many other lakes of the 

region, the basins receive relatively dilute Ca-HCO3 groundwater from shallow glacial 

drift aquifers and higher salinity Na-Mg-HCO3 and Na-SO4 groundwater from deeper 

aquifers. The lakes’ surface waters, dominated by Na, Mg, and SO4, have historically 

averaged about 30 g L-1 TDS; however drainage of surrounding wetlands as part of 

agricultural improvements and a series of high precipitation years over the past decade 

have diluted the surface waters to about half this salinity. The monimolimnia of both 
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lakes are ~80 g L-1 and both water columns contain phototrophic bacterial plates at their 

chemoclines. 

The detrital components of the modern sediments in the basins consist of dolomite 

and calcite together with clay minerals, quartz, and feldspars, derived from shoreline and 

stream erosion of the surrounding glacial sediments and soils. The endogenic fraction is 

made up of aragonite, high-Mg calcite, gypsum and mirabilite. Based on sediment trap 

data, both the aragonite and high-Mg calcite are precipitated inorganically in response to 

supersaturated conditions brought about by uptake of CO2 through organic productivity. 

The two sulfate minerals originate by inorganic precipitation from the hypersaline 

monimolimnion. The authigenic components (non-stoichiometric dolomite and pyrite) 

recognized in the surficial sediments are likely derived as very early diagenetic products 

associated with sulfate reduction. 

The mid to late Holocene stratigraphy and facies development in Waldsea and 

Deadmoose lakes are known from nearly 90 m of core taken at 50 sites in the basins. The 

relatively simple modern facies assemblage present in these two basins does not persist 

into the Holocene record. Rather, the stratigraphic sequences preserved in the basins 

reflect significant fluctuations in lake levels over the past 6000 years. These interpreted 

water level and concomitant limnological changes have already been reviewed elsewhere 

(Last and Slezak, 1988; Teller and Last, 1990; Last and Vance, 1997; Last, 2002c) and 

will be only briefly summarized here. Very low water to dry playa-like conditions existed 

during the mid-Holocene as recorded by massive evaporitic salts, pedogenic horizons, 

aragonite tufas, and microbial mat laminae. By about 3.8 ky, a more positive hydrologic 
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budget caused lake transgression and the development of meromixis, which resulted in 

deposition of a thick sequence of laminated aragonite (from mixolimnion) and gypsum 

(from monimolimnion). Except for short intervals, deep water meromictic conditions 

persisted in each basin for most of the past 3500 years. 

 There are many challenges in deciphering carbonate mineral genesis in thermally 

and chemically stratified saline lakes receiving water from multiple sources. However, 

examination of the petrography and crystal morphology of the carbonate laminae 

deposited in the lakes over the past several thousand years can provide further insight into 

aspects of the history of the lakes that is not readily deciphered from other physical, 

biological or geochemical proxies (Greengrass et al., 1999; Last et al., 2002; Read, 2012). 

In Waldsea Lake, individual laminae are composed entirely of well-sorted, euhedral, 

micron-sized aragonite crystals. These aragonite crystals show considerable variation in 

both size and morphology. Because the aragonite originates entirely from the 

supersaturated water mass above the chemocline (and probably mostly from the 

epilimnion above the thermocline), the crystal size of the aragonite in each lamina 

reflects the depth to the chemocline: fine size indicates a shallow chemocline; large 

crystal size suggests a deeper chemocline. Crystal size analyses of aragonite in 

approximately 600 individual laminae from Waldsea Lake cores show that the 

chemocline was deeper during the most recent 500 year period relative to the previous 

1500 years (Fig. 3.20). 

While most of the beds have aragonite crystals with a fine, interlocking acicular 

morphology, some of the aragonite shows an ellipsoidal or rice grain shape. According to 
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Figure 3.20. Airphoto of Waldsea and Deadmoose lakes, Saskatchewan, with a 
photograph (upper right inset) showing an example of the fine aragonite laminae common 
to both lakes. The graphs in the lower-right inset show the interpreted depth to 
chemocline in the Waldsea basin over the past 2000 years based on aragonite crystal size 
(left and right curves) and aragonite crystal shape (middle curve) as discussed in the text. 
Modified from Last et al. (2002).
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Last et al. (2002), this ellipsoidal morphology is the result of aragonite crystals settling 

though a relatively deep, stagnant and slightly undersaturated water column prior to 

deposition (see also Stoffers and Muller, 1978; Last and De Deckker, 1990; Sack and 

Last, 1994). Thus, a lamina composed of mostly rice grain aragonite indicates a relatively 

shallow chemocline/deep monimolimnion, whereas laminae composed of mainly needle-

like aragonite implies deposition in a lake having a deeper chemocline. Analysis of 

Waldsea Lake cores shows that laminae deposited after about 500 years ago are 

composed of mainly acicular crystals, whereas those before 500 yr BP contain relatively 

low proportions of acicular crystals (Fig. 20). Thus, both the aragonite shape and crystal 

data suggest that the depth to the chemocline in Waldsea Lake increased significantly 

about 500 years ago possibly due to the influx of more freshwater via precipitation and 

steam runoff, increased wind mixing of the mixolimnion, or an increase in the degree of 

saturation with respect to CaCO3 of the monimolimnion.

3.6.4.3 Summary

 Water is one of the most critical resources affecting the prosperity of the Canadian 

Great Plains. In much of this vast region there are well documented water supply/demand 

imbalances, which have been strongly influenced by historic climate variability. In the 

absence of extended historical records in much of the region, these hydrologic 

perturbations are most efficiently examined using the sediment record from lakes. The 

carbonate mineralogy and stratigraphy in these lacustrine basins can be used to help 

decipher past changes water levels and limnological conditions. These water level 

fluctuations provide critical insight into changing hydrology and climate, and can be used 
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to help predict the results of future climate change as predicted by the various Global 

Circulation Model simulations.

 The large, saline Manito Lake basin contains carbonate microbialites  and 

hardgrounds of varying composition and morphology. Detailed isotopic and 

mineralogical analyses of these organo-sedimentary structures reveal a complex history 

of hydrologic and environmental change over the past 2000 years. Because they form in 

shallow water, nearshore settings, their positions and elevations in the basin provide an 

unambiguous record of water level fluctuations that are not readily deciphered from the 

offshore deposits. 

 The high salinity and meromixis of Waldsea and Deadmoose lakes result in 

exceptional preservation of fine laminae coupled with a diverse endogenic and authigenic 

mineral suite. The detailed petrography and composition of these carbonate laminae 

allow reconstruction of past water column stratification characteristics in the lakes, 

which, in turn, are related to climate-induced changes in hydrology.

3.7 Discussion and Conclusions

This paper provides an overview of the occurrences of carbonate sediments in 

modern and Quaternary lakes of the Canadian Great Plains. The widespread presence of 

carbonate bedrock and carbonate-rich Pleistocene sediments derived from glacial erosion 

implies a source of detrital carbonates for the modern and Holocene lacustrine systems. 

Likewise, the generally elevated levels of pH, ionic concentration and organic 

productivity in the lakes of the region create favourable geochemical conditions for 

endogenic and authigenic carbonate minerals. 
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Carbonates from about 50 lacustrine basins in the region have been reported in the 

literature. This small number, relative to the millions of lakes and wetlands that are 

present, reflects (i) the paucity of lakes that have been investigated from a 

sedimentological perspective, and (ii) the predominant emphasis by previous researchers 

on lacustrine sulfate, rather than carbonate, mineral genesis. Notwithstanding the 

relatively small number of basins examined, it is clear the lakes contain an impressively 

diverse assemblage of endogenic and authigenic carbonates, in addition to the ubiquitous 

detrital calcite and dolomite. This range in mineralogy and carbonate forming processes, 

some of which are relatively uncommon in other salt lake systems, is due mainly to the 

great diversity of lake basin types, water sources, and brine chemistries.

These carbonates play a particularly important role in paleoenvironmental 

research because they form in a wide range of temperatures from sub-freezing to warm, 

and salinities ranging from fresh to hypersaline. The lacustrine carbonates have been used 

to better understand past hydrologic and drainage basin changes, lake level fluctuations, 

and water chemistry and salinity variations. The importance of carbonate mineralogy is 

further emphasized by the limitations imposed on many biological proxies by the high 

and rapidly fluctuating salinity levels characteristic of these lakes (Evans, 1993; Ryves et 

al., 2009; Hobbs et al., 2011). 

However, there are several important avenues of investigation relative to 

carbonate sedimentology that, to date, have not been rigorously pursued in the Canadian 

Great Plains. As noted in Section 3.5.1, there are surprisingly few examples of detailed 

petrographic examination of the lacustrine carbonates. Stable carbon and oxygen isotopes 
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form the backbone of lacustrine carbonate analyses in many other areas (Talbot, 1990; 

Ito, 2002; Leng and Marshall, 2004). However, fewer than 20% of the published 

carbonate occurrences in the Canadian Great Plains have corresponding ∂18O and ∂13C 

stratigraphic data. Similarly, with the exception of Mg/Ca data on calcites and dolomites, 

only a few of the reported endogenic/authigenic carbonates have been investigated from a 

trace element perspective as outlined, for example, by Chivas et al. (1986), Holmes 

(1996) and Boyle (2002). In addition to helping characterize and decipher the genesis and 

diagenesis of the carbonates, additional trace element data will help resolve the non-

conservative geochemical behaviour of strontium and barium in particular (cf. Witherow 

and Lyons, 2011).  One of the most innovative advances in the paleoclimatic 

interpretation of lacustrine CaCO3 in the past decade, the authigenic (or endogenic) 

carbonate flux (ACF or ECF; Donovan et al., 1999; Shapley et al., 2005a; Grimm et al., 

2011), has not been applied in the Canadian Great Plains due to the complex groundwater 

composition and hydrology, and the often ambiguous chronology of many of the basins.

 As investigations of the preserved sediments in these lakes continue to uncover 

new challenges and interpretations, we must guard against assuming that our 

understanding of the carbonate forming processes is complete. For example, there is little 

quantitative data on the relative importance of organic versus inorganic mechanisms of 

mineral generation in these lakes. Carbonate biomineralization processes are important in 

lacustrine settings in many other areas (e.g., Burne and Moore, 1987; Ferris et al., 1997; 

Freytet and Verrecchia, 1998; Arp et al., 1999; Riding, 2000; Couradeau et al., 2012), but 

reports are just beginning to emerge from studies in the lakes of the northern Great 
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Plains. Although much of the existing literature on lacustrine carbonates in the region 

emphasizes inorganic mechanisms of mineral formation, it must be pointed out that our 

understanding of biomineralization and carbonate genesis associated with 

microorganisms in these lakes is rudimentary. It is likely that renewed investigations of 

both modern lakes and the stratigraphic sequences in the northern Great Plains will result 

in new appreciation of the importance of biological processes in carbonate mineral 

formation. Likewise, the many occurrences of non-stoichiometric dolomite, for example, 

are intriguing. However, the dolomite ‘problem’ still exists in this region; except for 

Manito, Freefight, and Waldsea lakes, there has been little petrographic or geochemical 

evidence published to establish the neoformation or transformation mechanisms of this 

important carbonate mineral. The association of much of the dolomite in Manito Lake, 

the best studied occurrence in the Canadian Great Plains, with laminated microbialites 

indicates the importance of biomediated processes. 

The major conclusion evident from this review is that although limnogeological 

efforts in this vast region of western Canada extend back over a century, there is still 

much to be done in documenting the lacustrine carbonates and in understanding their 

genesis and diagenesis. The northern Great Plains of western Canada is a critical area in 

monitoring the effects of anthropogenic global change. The impacts of climate change 

over the next 80-100 years in the region are predicted to be among the most significant in 

all of North America (Bergengren et al., 2011; Thorpe, 2011). The carbonate sediments in 

the Holocene records of lakes in western Canada provide some of the best archival 

information about past environmental changes. In order to put these environmental 
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changes into proper hydrologic and climatic perspective, it is essential to have a thorough 

understanding of the geochemical and sedimentological controls of lacustrine carbonate 

sedimentation in the region.
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Chapter 4

Description of study site
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4.1 General

After several seasons of field work and preliminary laboratory investigations, one 

study site was identified for this Ph.D. research project. Manito Lake was chosen on the 

basis of its climatic, hydrologic and limnological setting, the presence of microbialites, 

the size and morphology of the basin, the historical water level changes, and the 

catchment characteristics. Preliminary results indicated the presence of a wide range of 

modern and Holocene microbialites and hardgrounds that were composed of a diverse 

assemblage of carbonate minerals, including two that are relatively rare. Thus, Manito 

Lake provides an excellent opportunity to study the genesis of saline lake carbonates in 

this mid-continental region of North America and to investigate the relative importance of 

inorganic versus biologically mediated precipitation processes.

As indicated in Chapter 3, the northern Great Plains of western Canada is 

characterized by a paucity of high resolution paleoclimate and paleoenvironmental 

indicators such as tree rings and varved sediments. Furthermore, many of the commonly 

used biological proxies (e.g., diatoms, chironomids, pollen) are of limited use. The 

development or refinement of any paleoenvironmental and paleoclimate proxy using 

carbonate minerals would be a welcome addition to the paleolimnology toolkit in this 

region.

4.2 Manito Lake

Manito Lake is a large, perennial, deepwater saline lake located in the northern 

Great Plains region northwest of Saskatoon in the Aspen Parkland ecoregion of 
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Saskatchewan (Fig. 4.1). It occurs in the physiographic region of Saskatchewan referred 

to as the Snipe Lake Plain (Acton et al., 1998), which is characterized by a gently 

undulating glacial drift plain at elevations of about 640-700 m above sea level (asl). An 

extensive area of mainly stabilized aeolian surficial sediments stretches southeastward 

from the basin for about 40 km. Optical ages of the quartz in these deposits indicate the 

dunes were active between 7000 and 5000 years ago and again at 2600 years ago (Wolfe 

et al., 2006; Wolfe et al., 2002). 

Quaternary drift thicknesses in the vicinity of the basin are approximately 100 m.  

The Manito Lake basin sits atop a pre-glacial valley, the Battle Valley (or Battleford 

Channel) which has been cut into the Upper Cretaceous Lea Park Formation (Millard, 

1990).

Manito Lake occupies the terminus of a large endoheric drainage basin, with a 

catchment of 23,674 km2 (Fig. 4.2). The lake consists of five sub-basins, two of which are 

no longer connected to the main lake body (Fig. 4.3). It has a maximum depth at the 

present time of approximately 22 m. The formation of the Manito Lake basin is related to

late Pleistocene deglaciation and most likely originated as a series of interconnected, 

large meltout features from the slowly melting ice beneath a large superglacial drift

blanket. This process is common in large areas of the northern Great Plains (Clayton and

Cherry, 1967; Gravenor and Kupsch, 1959) and resulted in the formation of many closed 

basin lakes in the prairies of western Canada and northern United States. Although there

are no radiocarbon dates or other chronostratigraphic studies directly related to the

219



Figure 4.1. The northern Great Plains of North America showing the location of Manito 
Lake in the Parkland ecoregion of Canada.
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Figure 4.2. GoogleEarth image showing the drainage basin of Manito Lake. Base image 
© 2007 Google Earth.
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Figure 4.3. Present-day bathymetry of Manito Lake (contour shading increments = 5 m). 
North is to the top of the map.
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Manito basin, the lake probably originated some time after about 12,000 years ago 

(Christiansen, 1967). 

4.2.1 Climate
The climate of the northern Great Plains is cold continental, sub-humid to semi-

arid, with large variations in temperature between seasons. Mean daily temperatures in 

January are about -18oC and during July are ~19o C (Brown, 1978).  Not only are there 

wide variations in temperatures between seasons, there are also daily and annual 

temperature variations. This variability has a significant impact on the chemical and 

physical processes of the lakes in the region (Last and Ginn, 2005). 

The region has a high evaporation to precipitation ratio: average annual 

precipitation is ~40 cm per year, but up to 1.5 m of water can be lost annually from open 

water bodies in this area (Brown, 1978). It is this resulting moisture deficit that helps 

maintain the elevated salinities of most of the lakes in the region.

Wind is another important controlling factor of the processes in these lakes. Many 

of the lakes, including Manito Lake, do form a winter ice cover; however during the ice-

free season the wind speeds are moderate to high from the west and southwest (Last and 

Ginn, 2005). This not only affects the evaporative processes in the lakes but also the 

sedimentation and depositional/ erosional processes by the generation of waves and 

currents (Kenny, 1985).

4.2.2 Hydrology

Manito Lake currently has a surface area of 65 km2, which is half of its 1920’s 

area of 120 km2 (Figure 4.4). The current volume of the lake (~185 x 106 m3) is less than 

15% of its 1920’s volume. Of the original five sub-basins two are now completely 
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separated from the main body of the lake due to the dramatic drop in water level over the 

past few decades (Figure 4.4).

The lake occupies a topographically closed basin with the water level currently at 

~584 m asl. The spillpoint of this closed basin is at 612 m asl, at which elevation the lake 

spills into the Battle River to the northwest and ultimately into the North Saskatchewan 

River.  There are two main perennial streams entering the basin and 21 smaller ephemeral 

creeks supplying surface runoff. Eyehill Creek, which drains about 80% of the 23,700 

km2, flows into the now-isolated southeast basin of the lake. The other perennial stream 

drains Wells Lake northwest of Manito and enters the northeast corner of the Manito 

basin. Neither perennial stream is gauged in Saskatchewan; however estimates during the 

summer of 2007 suggest maximum flow from Wells Lake is about 0.01 m3 sec-1.
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Figure 4.4. Cross section showing the bathymetry and change in water level in Manito 
Lake since 1927. Water level data compiled from Saskatchewan government records, 
Hammer and Haynes (1978) and Rawson and Moore (1944).
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Given the very small surface stream inflow contribution to Manito, it is evident 

the hydrologic budget is dominated by groundwater inflow. As indicated above, the 

Manito basin sits directly on top of the west to east trending Battleford Channel (Fig. 

4.5), a preglacial valley incised into the shaly Cretaceous Lea Park Formation 

(Christiansen, 1967; Millard, 1990). This channel was active during the Tertiary when 

uplift occurred after tectonic activity in western Canada changed from compressional to 

extensional. The ~50 m of coarse sandy valley fill (Empress Group )(Fig. 5.6) comprises 

part of a regionally extensive semi-confined aquifer that runs from central Alberta to 

southeastern Saskatchewan (Russell et al., 2004).  In spite of the juxtaposition of the 

Manito basin and the buried Battleford Channel, it is not yet known if the lake is in 

contact with this aquifer. 

There are about 100 m of glacial drift (Sutherland Group) overlying the Empress 

Formation (Fig. 5.6 ). This glacial drift unit contains sands and silt, which comprise 

another discontinuous aquifer. It is likely that the Manito basin intersects aquifers in the 

Sutherland group although there are no direct groundwater data confirming this (Pomeroy  

et al., 2005). Similarly, it appears that little is known about how the Sutherland group 

aquifer is recharged, but according to Shaheen (2006) the surface of the lake corresponds 

approximately with the hydraulic head of the drift aquifer.  
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Figure 4.5. Map showing the position of Manito Lake relative to the buried Battleford 
preglacial valley (Drawn from data in Millard, 1990).
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Figure 4.6. Stratigraphic units underlying Manito Lake
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4.2.3 Salinity and water chemistry

Manito Lake is saline with 39-45 ppt TDS. This salinity is dominated by Na+, Mg+, 

and SO42- ions . As expected, the salinity levels have increased concomitant with the 

dramatic decrease in lake level and volume over the past few decades.

As with nearly all of the lakes in the northern Great Plains, the major ion 

composition of Manito Lake results from three major factors: (i) the interaction of 

unconsolidated glacial and non-glacial sediments, bedrock, and meltwater/ precipitation 

in the drainage basin, (ii) the composition and amount of groundwater discharge and 

streamflow, and (iii) other physical, chemical, and biological processes acting in the 

water column and surficial sediment (Last and Ginn, 2005).  

The specific source of the dissolved components in Manito Lake is not yet known. 

Various hypotheses have been proposed for the source of salts in the lakes of the northern 

Great Plains. These have been summarized in numerous publications including: Kelley 

and Holmden, 2001a; Kelley and Holmden, 2001b; Last and Ginn, 2005; Last, 1992, 

1995, 1999, 2002b; Last and Kelley, 2002; McIlveen and Cheek, 1994; Rutherford, 1967. 

Early research in the northern Great Plains has suggested that the lakes derive their salts 

from dissolution of the Devonian Prairie Evaporite Formation or from connate waters of 

other marine Mesozoic and Paleozoic units (Grossman, 1968). However, it is unlikely 

these deeply buried stratigraphic units are an important source of ions for Manito Lake 

because of the great thickness of relatively non-permeable sedimentary rocks between the 

lake and the Paleozoic units. Furthermore, the low concentrations of both chloride and 

potassium ions in the lake waters argues against this hypothesis.  Other research points 
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out that many of the underlying Cretaeous shales (and the glacial deposits derived from 

them) contain smectite and other clay minerals that have high cation exchange capacity. 

These clay minerals have abundant sodium, which can be exchanged with calcium and 

magnesium.  A considerable amount of stable isotope work done in southern 

Saskatchewan and Alberta (e.g., Dowuona et al., 1993; Hendry et al., 1986) suggests that 

the glacial till acts as a soluble salt reservoir, which can provide salinity to shallow 

groundwater systems and hence to the lakes. A variety of biochemical and 

physicochemical reactions such as dissolution of detrital carbonates and feldspars, 

oxidation of reduced –S minerals and organic matter, and the precipitation of authigenic 

sulfate and carbonates in the tills can be documented which support this hypothesis 

(Doering, 1982).  The source of calcium and magnesium in the saline lakes does remain a 

problem if the elevated levels of sodium are, in fact, attributed to cation exchange. 

However, it is possible these divalent cations are derived locally from chemical 

weathering of fragmental Paleozoic limestones and dolostones in the tills surrounding the 

lake. 

4.2.4 Sediments

The sediments of Manito Lake have not been examined prior to the start of this 

Ph.D. research. Based on limited observations during 2006-2007, and 2010 the offshore 

sediments consist of black, organic-rich, anoxic muds. The near-shore sediments consist 

of a complex mixture of fine to coarse grained siliciclastics and carbonate sediments. The 

siliciclastics are most likely derived from erosion of the surrounding glacial drift and 

aeolian deposits. The carbonate sediments have allogenic, endogenic, and authigenic 
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origins. Large areas of the present-day exposed shoreline and shallow water areas of the 

basin contain extensive and well indurated carbonate microbialites of varying 

morphologies (see Chapter 5) and mineralogies (see Chapters 5,6,7  ).  Furthermore, the 

exposed structures are being actively weathered and eroded with the detrital material 

being redeposited as modern detrital shoreline clastic sediments. Finally, some of the 

siliciclastics sediments are well cemented by authigenic carbonate minerals 

(protodolomite and Mg- calcite) to form beachrocks and hardgrounds.
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Chapter 5

Carbonate microbialites and hardgrounds from Manito Lake, 
an alkaline, hypersaline lake in the northern Great Plains of 

Canada
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Abstract

 Manito Lake is a large, perennial, Na-SO4 dominated saline to hypersaline lake 

located in the northern Great Plains of western Canada. Significant water level decrease 

over the past several decades has led to reduction in volume and surface area, as well as 

an increase in salinity. The salinity has increased from 10 ppt to about 50 ppt TDS. This 

decrease in water level has exposed large areas of nearshore microbialites. These 

organogenic structures range in size from several cm to over a meter and often form large 

bioherms several meters high. They have various external morphologies, vary in 

mineralogical composition, and show a variety of internal fabrics from finely laminated 

to massive.  In addition to microbiolities and bioherms, the littoral zone of Manito Lake 

contains a variety of carbonate hardgrounds, pavements, and cemented clastic sediments.  

 Dolomite and aragonite are the most common minerals found in these shoreline 

structures; however, calcite after ikaite, monohydrocalcite, magnesian calcite, and 

hydromagnesite are also present. The dolomite is nonstoichiometric and calcium-rich; the 

magnesian calcite has about 17 mol% MgCO3. AMS radiocarbon dating of paired organic 

matter and endogenic carbonate material confirms little or no reservoir affect. Although 

there is abundant evidence for modern carbonate mineral precipitation and microbialite 

formation, most of the larger microbialites formed between about 2300 and 1000 cal BP, 

whereas the hardgrounds, cements, and laminated crusts formed about 1000-500 cal BP. 

Keywords: Saskatchewan, Canada, microbialite, dolomite, salt lake, stromatolite
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5.1 Introduction

Although relatively rare in the modern, stromatolites, thrombolites, and other 

lithified microbial sediments  are commonly reported in ancient shallow marine 

sediments (Walter, 1976; Monty, 1981; Bertrand-Sarfati and Monty, 1994; Demicco and 

Hardie, 1994; Dupraz and Strasser, 1999; Allwood et al., 2006; Awramik, 2006). Many 

freshwater lacustrine and associated continental settings are also sites for carbonate 

microbialite formation (e.g., Eggleston and Dean, 1976; Binkley et al., 1980; Abell et al., 

1982; Dean and Fouch, 1983; Chafetz and Folk, 1984; Thompson et al., 1990; 

Braithwaite and Zedef, 1996; Freytet and Plet, 1996; Cohen et al., 1997; Ferris et al., 

1997; Freytet and Verrecchia, 1998; 1999; Hodell et al., 1998; Merz-Preiß and Riding, 

1999; Laval, 2000; Riding, 2000; Melim et al., 2001).  Similarly, carbonate beachrock, 

cemented plates and pavements, and lithified mudstone/wackstone, all generated mainly 

by inorganic processes, are common in intertidal and supratidal settings, lagoons, and 

other marginal marine environments (Ferguson et al., 1982; Warren, 1982; Warren, 1983; 

Kendall and Warren, 1987; Rosen et al., 1988; Warren, 2006).  While both organic and 

inorganic carbonate hardgrounds, boundstones, and framestones have been reported from 

saline and hypersaline lakes (e.g., Russell, 1885; Scholl, 1960; Kempe, 1991; Last, 

1992a; Benson, 1994; Rosen et al., 2004; Felton et al., 2006;  Li, 2008a);nonetheless, 

non-marine occurrences remain relatively poorly studied. 

 The northern Great Plains, a vast area of North America stretching from the edge 

of the Precambrian Shield westward some 1400 km to the foothills of the Rocky 

Mountains, contains millions of lakes. The vast majority of these lakes are saline 
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(Hammer, 1978a; Hammer, 1978b; Hammer and Haynes, 1978; Haynes and Hammer, 

1978; Last and Ginn, 2005), and the basins show a great range of morphologies, 

chemistries, and physical and biological processes. To date there has been no reported 

occurrences of  lacustrine carbonate microbialites or algal boundstones in the Canadian 

Great Plains and only one report of  cryptalgal structures in a lake from the United States 

portion of this region (Donovan, 1994). This paucity of carbonate microbialites and 

hardgrounds in the northern Great Plains is presumably due to the fact the lakes of the 

region are dominated by sodium, magnesium, and sulfate ions, and calcium carbonate- 

rich lacustrine systems are rare (Last, 1992a).  

The objective of this paper is to describe and discuss the composition, genesis and 

significance of nearshore and shallow water carbonate hardgrounds, crusts, microbialites 

and other lithified features in one of these lakes: Manito Lake, Saskatchewan.

 5.2 Terminology

The description of microbialites can be differentiated into four scales; 

megastructure (large-scale configuration; e.g., bioherms, bisotromes), macrostructure 

(morphology of individual microbialites; e.g., columns, domes), mesostructure (internal 

texture and fabric visible with the naked eye; e.g., laminae, clots) and microstructure 

(microscopic features; e.g., crystal form, cement morphology) (Shapiro, 2000; Flügel, 

2004). Despite the great volume of literature dealing with microbialites, stromatolites and 

related cryptalgal structures (e.g., Walter, 1976; Buick et al., 1981; Burne and Moore, 

1987; Flügel, 2004; Awramik, 2006; Gerdes, 2007), there is little consistency in terms of 

descriptive and genetic terminology.  Descriptive nomenclature for stromatolites (i.e., 
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internally laminated organosedimentary structures) tends to be self-explanatory following 

classifications such as of Logan et al. (1964), Semikhatov et al. (1979) or Demicco and 

Hardie (1994). Structures that show a clotted internal fabric are generally referred to as 

thrombolites, whereas mounds and bioherms with no obvious internal structural features 

are referred to as having a leiolitic fabric (Dupraz and Strasser, 1999). However, these 

terms should be viewed as end-members of a spectrum of fabrics that include, for 

example, cryptic, oncolytic, peloidal, shrubbery, radial, fan, etc. (Dean and Fouch, 1983; 

Kennard and James, 1986; Chafetz and Guidry, 1999). 

In addition to these framestone and bindstone sedimentary structures that are 

clearly organically influenced, a wide variety of non-microbially influenced carbonate 

features have been described from lacustrine settings (e.g.,Cohen and Thouin, 1987; 

Kendall and Warren, 1987; Talbot and Allen, 1996; Last and Vance, 1997; Valero-Garcés 

et al., 2001; Schnurrenberger et al., 2003; Vousdoukas et al., 2007). For example, 

penecontemporaneous cementation and early diagenesis of inorganically-precipitated 

carbonate muds can form laterally extensive areas of thin platy hardgrounds and 

mudstones termed pavements. Often infilled fractures, tepee structures, polygonal 

fragmentation, and re-cemented breccias characterize these fine-grained shallow-water 

mudstones. Carbonate mineral cementation of coarse shoreline sands and gravels, usually 

associated with degassing or evaporative concentration processes, can form beachrocks. 

Laminated and massive carbonates are frequently reported as abiotic and biotic 

encrustations, crusts, and tufas from a variety of modern and Holocene lacustrine 

settings, particularly in basins dominated by groundwater and spring discharge.
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5.3 Setting 

Manito Lake (52o45’N; 109o43’W; 583 m asl) is a large, perennial, deep-water 

saline lake located in the northern Great Plains region of western Canada about 200  km 

northwest of Saskatoon (Fig. 5.1). The climate of this region is cold continental, sub-

humid to semi-arid. Mean annual precipitation is ~40 cm, but over three times this 

amount can be lost by evaporation. It is this resulting moisture deficit that helps maintain 

the elevated salinities of most of the lakes in the region. Large variations in temperature 

occur between seasons: mean daily temperatures in January are about -18oC and during 

July are ~19o C (Brown, 1978).  There are also daily and annual temperature variations 

which have a significant impact on the chemical and physical processes of the lakes in 

the region (Last and Ginn, 2005).

The area is underlain by about 100 m of till and glaciofluvial sediments, which, in 

turn, overlie about 3 km of Phanerozoic sedimentary rocks.  The large catchment of 

Manito Lake (~24,000 km2) is characterized by poorly integrated drainage and 

hummocky to gently rolling topography consisting mainly of undulating moraine and, 

immediately south of the lake, stabilized sand dunes. 
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Figure 5.1 Map showing location of Manito Lake (star) in the northern Great Plains of           
Canada.
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5.4 Methodology

This report is based on field examination and analyses of samples of 

microbialites, hardgrounds, and water collected from Manito Lake during the period 2005 

to 2009. The sediment samples were collected from fifteen sites along the shoreline and 

nearshore areas of the basin in water depths less than 3 m and up to 20 m above the 

present day water level (Table 5.1). Mineralogical analyses were done using powder X-

ray diffraction on a Philips PW3830/40 X-ray generator with PW1710 X-ray powder 

diffraction (XRPD) system using MDI Datascan and Jade data collection/processing 

software, as well as standard petrographic techniques (Hardy and Tucker, 1988; Last, 

2002). Cation composition of the carbonates was confirmed using a CAMECA SX100 

electron microprobe with PGT EDS and 5 WDS spectrometers (Potts et al., 1995; Reed, 

2005).  Petrographic thin sections were made of subsamples and examined by transmitted 

and reflected light microscopy as well as cathodoluminesence and epifluoresence 

microscopy. Samples were also examined using scanning electron microscopy on a 

Cambridge Stereoscan 120 Scanning Electron Microscope with back scattered electron 

detector and energy dispersive X-ray detector (Reed, 2005). 

Radiocarbon dating was carried out by Keck-Carbon Cycle AMS facility 

(KCCAMS) and Beta Analytic Radiocarbon Dating laboratories. Radiocarbon dates were 

calibrated using Calib Radiocarbon Calibration 5.0.2 using the INTCAL04 calibration set  

(Stuiver and Reimer, 1993; Stuiver et al., 2005).  Stable oxygen and carbon isotope 

values for carbonate material were determined by the liberation of CO2 by phosphoric 

acid at Queen’s University (Canada) Stable Isotope Laboratory (reproducibility of +/- 0.3 
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Table 5.1. Location of sediment and water samples analyzed. Sample locations are shown 
on Figure 5.4.
 

Sample ID Location
1 MAN05D (Beach Pinnacle) N52o 47’ 23” W109o 47’ 14”
2 MP1 (Pinnacle A) N52o 45’ 47” W109o 38’ 48” 
3 MANPPR06 (Pinnacle B) N52o 45’ 45” W109o 38’ 51”
4 MANPPRB06 (Pinnacle C) N52o 45’ 49” W109o 38’ 46”
5 MANPR06 (Pinnacle D) N52o 45’ 29” W109o 38’ 50”
6 MANPL06 (Plate) N52o 46’ 49” W109o 44’ 31”
7 MANS06 (Pinnacle S) N52o 42’ 12” W109o 43’ 36”
8 CS106 (Hardground) N52o 45’ 45” W109o 43’ 44”
9 MANHEM07 (Pinnacle H) N52o 46’ 02” W109o 47’ 08”
10 MANPNW07 (Pinnacle P) N52o 46’ 20” W109o 47’ 06”
11 MANPWA07 (West Reef) N52o 46’ 07” W109o 47’ 15”
12 MANWUB07  (Upper beach Pinnacle) N52o 47’ 13” W109o 47’ 40”
13 MANCW07 (Causeway hardground) N52o 43’ 48” W109o 42’ 18”
14 MC (Wells Creek water) N52o 47’ 23” W109o 47’ 32”
15 MS (lake water South Basin) N52o 42’ 07” W109o 43’ 26”
16 MB (beach water) N52o 47’ 23” W109o 47’ 15”
17 MSPR (spring water near Bird Reef) N52o 45’ 57” W109o 38’ 41”
18 MGW (groundwater well sample) N52o 47’ 40” W109o 47’ 13”
19 MBR (spring water in Bird Reef) N52o 45’ 47” W109o 38’ 57”
20 MW (lake water nearshore west side) N52o 47’ 23” W109o 47’ 15”
21 ML (lake water offshore west basin) N52o 46’ 29” W109o 45’ 32”
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‰) and at  Isotech Laboratories Inc. (reproducibility of  +/- 0.1 ‰). Water samples were 

collected and analyzed according to APHA standard methods (Eaton and Franson, 2005). 

Major and trace elements of the waters were determined by atomic absorption 

spectrophotometry, gravimetric, colourmetric and tritimetric methods by ALS Laboratory 

Group. Water samples were analyzed for stable δ 18O and δD at the Stable Isotope 

Laboratory at Queen’s University (Canada).

5.5 Limnogeology

The Manito Lake basin probably originated as a series of large interconnected 

meltout features from the slowly melting ice beneath a thick supraglacial drift blanket. 

This process is common in large areas of the northern Great Plains of western Canada and 

the United States (Gravenor and Kupsch, 1959, Clayton and Cherry, 1967) and resulted in 

the formation of many closed basin lakes in the prairies. Although there are no 

radiocarbon dates or other chronostratigraphic data directly related to the formation of  

the Manito basin, the lake probably formed some time after about 12,000 years ago 

(Christiansen, 1967). 

Prior to this study, the only scientific investigations of Manito Lake were the 

limnological surveys of  Rawson and Moore (1944) in the 1930’s, and Hammer and 

associates during the early 1970’s (Hammer, 1978a; Hammer and Haynes, 1978). These 

earlier limnological efforts indicated that Manito Lake was one of the largest (~120 km2), 

deepest (~10 m mean depth), and most productive saline lakes in the Great Plains. 

However, over the past 50 years the lake has experienced a significant drop in level. It 

currently has a surface area of approximately 65 km2 (46% of its former area) (Fig. 5.2), 
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Figure 5.2. Map showing the former and present area of Manito Lake. Dashed line 
indicates the approximate shoreline of the lake during the 1920’s. Gray areas denote 
present lake levels. Stippling indicates marshy/wetland areas
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and the volume (~185 106 m3) is less than 15% of its 1930’s volume.  Even at its highest 

level during the last century, the lake was topographically closed; the spillpoint is ~612 m 

asl, or approximately 30m above the present day water level.

There are two small perennial streams currently entering the lake and twenty-one 

ephemeral creeks supplying surface runoff.  The largest perennial stream, Eyehill Creek, 

which drains about 80% of Manito Lake’s catchment, flows into a now-isolated southeast 

basin. Wells Creek drains Wells Lake and enters the northeast corner of Manito Lake. 

Given the very small surface stream inflow to Manito, it is evident the hydrologic budget 

is dominated by groundwater inflow. The Manito basin sits directly on top of a large 

west-to-east trending preglacial valley (Christiansen, 1967; Millard, 1990). The fluvial 

sediments of this buried channel (Battleford Channel) were deposited during the Tertiary 

and comprise part of a regionally extensive aquifer system that runs from central Alberta 

to southeastern Saskatchewan (Russell et al., 2004).   Sublacustrine flow from this 

aquifer, together with other discontinuous aquifers within the Quaternary glacial 

sediments, likely dominate the hydrologic budget of the lake;however, to date there are 

no published groundwater data confirming this (Pomeroy et al., 2005; Shaheen, 2006).

Figure 5.3 shows the δD and δ18O values for lake water, groundwater and stream 

inflow.  Continuation of the local evaporation line to the prairie meteoric water line from 

Birks and Remeda (1999)  indicates the starting isotopic composition of the lake water. 

During evaporation the light isotopes are removed from the lake water resulting in 

enrichment of the heavier isotopes relative to precipitation.
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Figure 5.3. δ18O and δD of groundwater, surface springs, and lake water from the Manito 
Lake basin. Also shown are the prairie meteoric water line (Birks and Remenda 1999) 
and the calculated local evaporation line. Triangles indicate data collected as part of 
thisproject; circles indicate data from Birks and Remenda (1999).
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Manito Lake is alkaline (pH = 9.9) and presently hypersaline, with about 40-50 

ppt total dissolved solids (TDS). This salinity is dominated by Na+, Mg2+, and SO42- ions 

(Table 5.2).  As expected, the salinity levels have increased concomitant with the 

dramatic decrease in lake level and volume over the past few decades. The current 

salinity is about five times higher than that of the 1920’s.  The Mg/Ca has risen from less 

than 10 to nearly 40 over the last 30 years. The present day lake water is saturated with 

respect to aragonite, calcite and dolomite.

5.6 Ages of microbialites and hardgrounds

Radiocarbon dating of carbonate material is often problematic because of the hard 

water effect (Barnosky et al., 1987; Benson, 1993; Rea and Colman, 1995). Wood 

sampled from the centers of two of the laminated microbialites were found to be of nearly  

identical age as that of the carbonate that was deposited immediately next to it  (see Table 

5.3: Manpr06 vs. Mpwlfg and Manpprb06a vs. Manpprb06b). These data indicate that the 

hard water effect is negligible in Manito Lake, thus radiocarbon dating of endogenic 

carbonates can provide an accurate estimate of time of mineral formation.

 All of the microbialites and hardgrounds in Manito Lake are late Holocene as 

evidenced by 14C dates (Table 5.3) and encrustations on bison and cattle bones. The 

oldest microbialites started forming about 2300 cal yr BP and the radiocarbon dating 

results show microbialite development to the present day. The pavement hardgrounds, 

crusts, and various cemented detrital clastic features formed mainly around 500-600 years 

ago but also show a range of formative ages from ~2000 cal BP to modern.
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Table 5.2. Water chemistry of Manito Lake. Data from 1971 from Hammer (1970); 
groundwater data from Rutherford (1970), values are in mg L-1. Brackets values indicate  
meql %.

1971 Mean 2005-2008 Groundwater
pH 9.3 9.9 7.2
TDS(‰) 23.88 40.1 1.8

Ca2+ 42 (0.5) 10.5 (0.1) 215 (42.3)
Mg2+ 400 (8.4) 406 (6.0) 85 (28.0)
Na+ 8025 (89.5) 11,800 (92.6) 181 (28.3)
K+ 248 (1.6) 260 (1.2) 5.9 (0.7)
Cl- 1825 (13.4) 2880 (12.9) 39.3 (1.1)
SO42- 12,400 (67.1) 18,600 (61.8) 714 (46.8)
HCO3- 2220 (9.5) 3050 (15.7) 617 (48.5)
CO32- 1176 (10.2) 1810 (9.5)

Boron 4.14
Barium 0.02
Carbon (DIC) 1020
Carbon (DOC) 140
Copper 0.1 0.01
Fluorine 0.39
Iron 0.42 1.22
Manganese 0.06 0.006
Phosphorus 1.79 0.962
Rubidium 0.016
Selenium 0.065
Silicon 0.6 3.0
Strontium 0.198
Titanium 0.184
Uranium 0.022
Zinc 0.08 0.048
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Table 5.3. Radiocarbon dates for Manito Lake samples

Sample Description Lab code 14C age 2 σ cal BP
MAN05D Crust BGS2785 853+/- 85 669-927
MP106 Interior of small pinnacle 

A
BGS2786 903 +/- 80 684-938

MPW1FG Wood from interior of 
small pinnacle A

UCIAMS34152 920 +/- 15 790-834

MANHEM07c Bottom of big pinnacle H 
interior

UCIAMS49430 2205+/-15 2221-2310

MANHEM07d mid pinnacle H interior UCIAMS49431 1950 +/- 15 1867-1945

MANHEM07f Porous material close to 
outer rind pinnacle H

UCIAMS49433 1770 +/-15 1616-1675

MANHEM07g Porous material in top 
bulb, pinnacle H

UCIAMS49434 1730 +/- 15 1593-1699

MANS06a South basin sample 
centre of pinnacle S

UCIAMS49435 1050 +/- 15 930-974

MANS06b

MANPL06a

South basin sample outer 
part of pinnacle S
Plate from north side 

UCIAMS49436

UCIAMS49437

-330 +/- 15

530 +/- 15

modern

517-552
MP1 Small pinnacle A exterior 

rind
UCIAMS47491 455 +/- 15 500-522

MANPNW07 Upper part of big 
pinnacle P

UCIAMS47492 1450 +/- 15 1306-1370

MANPNW07b Lower part of big 
pinnacle P

UCIAMS47493 1490+/-15 1341-1405

MANPNW07c External coating of 
pinnacle P

UCIAMS47494 475+/-15 505-530

MANPNW07d Top of internal porous 
material pinnacle P

UCIAMS47495 1375+/-15 1283-1307

MANPPR06 Internal part of small 
pinnacle B

UCIAMS47496 620+/-15 623-654

MANPPRB06b Carbonate from inside of 
small pinnacle C

UCIAMS47497 870+/-15 732-795

MANWUB07 Upper beach west side of 
lake

UCIAMS 47498 625+/-15 556-605

MANCW07 Causeway plate (south) 
07

UCIAMS47499 565+/-15 599-631

MANHEM07a Rind of pinnacle H UCIAMS47500 545+/-15 525-556
MANHEM07b Internal upper part of 

porous material Pinnacle 
H

UCIAMS47501 1925+/-15 1825-1898
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MANPPRB06a Wood from inside of 
pinnacle C

UCIAMS47505 900+/-15 759-803
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5.7 General description and distribution of hardgrounds and microbialites 

In general, three types of late Holocene/modern carbonate structures are present in 

the shoreline/nearshore area of the Manito Lake basin: (i) microbialites, including 

individual isolated pinnacles, and large coalesced biohermal structures, (ii) pavements 

and laminated coatings, and (iii) cemented sandstones, siltstones, and conglomerates and 

breccias. Although these various types are readily identified in field exposures and form 

mappable units, their distributions are not mutually exclusive. They can occur together at 

one location, adjacent to each other, and superposed on one another. The generalized 

spatial distribution of the major types is shown in Figure 5.4.

 The lithified sediments in Manito Lake form a discontinuous girdle around the 

perimeter of the lake. The crusts, microbialites and hardgrounds extend from as much as 

500 meters inland to several tens of meters offshore and into water depths of up to 2 m. 

The highest elevation at which the Holocene lithified carbonates have been found is ~600 

m asl, or about 17 m above the present lake level.

 Because of the wide variety of morphologies and compositions exhibited by the 

lithified shoreline carbonate sediments, few generalizations can be made. Lithologies 

range from micritic limestones and dolostones to carbonate-cemented quartzose 

sandstones and siltstones. The rocks range from strongly lithified to friable to only 

weakly consolidated. Some appear to be associated with areas of diffuse groundwater 

discharge, but in most cases direct association with groundwater is not obvious. 

Furthermore, there are many areas of the basin in which groundwater discharge is 

occurring, as indicated by the presence of springs and seeps, but there is no carbonate 
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Figure 5.4. Sketch map showing the distribution of lithified carbonate sediments and 
features in Manito Lake. Also shown are the locations of specific samples analyzed as 
part of this report. The sample numbers refer to Table 1.
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microbialite or hardground development. Colors of the rocks range from predominantly 

light grey (N8, Munsell) to light olive brown (5Y 5/6). The surfaces of many of the 

exposed microbialites have been stained various shades of green (5GY 5/2 to 5G 5/6) and 

black (5YR 2/1 to 5G2/1) due to the presence of algal pigments. The interiors of some of 

the microbialites show a distinct reddish brown staining (10R 4/6). The surfaces of the 

submerged structures are generally covered with a coating of living filamentous 

cyanobacteria.

5.8 Mineralogy

The most commonly occurring non-detrital carbonate minerals in the modern and 

late Holocene microbialites and hardgrounds are aragonite, dolomite, and calcite. The 

leiolitic interiors of the large microbialites are dominated by calcite which has 

pseudomorphically replaced ikaite (CaCO3 · 6H2O). The calcite after ikaite 

pseudomorphs are similar in morphology, although not in size, to the thinolites of the 

Lahontan Basin (Russell, 1885; Shearman et al., 1989). SEM images and crystallographic 

measurements from these images clearly indicate microcrystalline forms that are 

comparable to ikaite with respect to cell refinement parameters (Ginn and Last, 2008). 

The outer rinds of the large microbialites and the laminated small pinnacles are composed 

of dolomite and aragonite. The pavement hardgrounds and the cements of the beachrocks 

are also either dolomite or more rarely aragonite. Monohydrocalcite [CaCO3H2O] and 

hydromagnesite [Mg5(CO3)4(OH)2·4(H2O)] have also been identified and can dominate 

the carbonate mineral fraction in some rinds and hardgrounds.  Small amounts of 
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accessory minerals, including pyrite [FeS2], dypingite [Mg5(CO3)4(OH)2·5(H2O)] and 

nesquehonite [Mg(HCO3)(OH)·2(H2O)], have been noted in a few subsamples.

All of the dolomite is non-stoichiometric  and calcium-rich (average 59 mol% 

CaCO3), subhedral to anhedral, and very finely crystalline (crystals usually < 2um).  Both 

normal and high Mg calcite exist, with the magnesian calcite showing an average 

composition of 17 mol% MgCO3.  

5.9 Stable isotopes

 Results from the δ13C and δ18O analyses of the carbonates are shown in Table 5.4.  

The carbon and oxygen stable isotopes show a strong positive covariance (r =0.76; 

significant at  α = 0.001). Subsamples from the internal portions of the large pinnacles 

from base to top show enrichment in 18O as well as in 13C over the growth period of the 

structure. For example, pinnacle H shows a change from -10.17 ‰  to -6.80 ‰  δ18O and 

0.75‰  to 3.00 ‰ δ13C over the 700 year growth period of the internal part of this 

pinnacle (Fig. 5.5).  The laminated rinds of each of the pinnacles as well as the beachrock 

cements, the pavement hardgounds and the thin botryoidal and columnar stomatolitic 

crusts are all more enriched in both  δ13C and δ18O  relative to that of the internal 

pinnacle carbonate material (Table 5.4). 
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Figure 5.5. δ18O and δ13C  values of carbonates of the interior and the rind of Pinnacle H. 
Also shown are the 14C dates. The isotope data strongly covary (r = 0.98). The location of 
Pinnacle H is shown in Figure 5.4 and Table 5.1.
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Table 5.4.  δ13C and δ18O values for Manito Lake carbonates 

Sample δ13C 
(PDB)

δ18O 
(PDB)

Sample Description

Mans06-1 -1.8 -8.1 Interior center of small, poorly-indurated pinnacle
Mans06-2 -1.2 -8.2 3 cm from Man06-1 toward exterior
Mans06-3 5.0 -0.4 Exterior rind of Mans06
PWA-1 -0.8 -7.4 Mid-portion of leiolitic interior of well-indurated 

pinnacle
PWA-2 -0.9 -6.5 Leiolitic interior 3 cm from PWA-1 toward exterior
PWA-3 -0.8 -7.1 Leiolitic interior adjacent to rind 
PWA-4 1.6 -6.6 Interior lamina of well indurated external rind
PWA-5 3.4 -5.4 Exterior lamina of well indurated external rind
PWA-6 -1.7 -8.5 Leiolitic interior of bottom centre of pinnacle
PWA-7 0.2 -5.4 Leiolitic interior of top centre of pinnacle
MP1-1 3.5 -5.5 Lamina from centre of well indurated laminated 

pinnacle
MP1-2 3.3 -5.7 Lamina 2mm from centre of MP1
MP1-3 3.7 -5.4 Lamina 4 mm from centre of MP1
MP1-4 3.3 -5.3 Lamina 6mm from centre of MP1
MP1-5 3.1 -5.1 Exterior lamina of MP1
MANPL06-1 3.9 -6.2 Outer portion of plate
MANCW07-1 3.5 -5.1 Outer rind of plate
MANWUB07-10.4 -8.3 Leiolitic interior of weathered well indurated pinnacle
MANWUB07-20.9 -8.1 Leiolitic exterior of weathered well indurated 

pinnacle
CS1-06-1 0.5 -9.2 Cement from cemented sand from reef
HEM1 0.55 -10.1 Leiolitic Interior of base of well indurated  pinnacle
HEM2 0.8 -9.93 Leiolitic interior 25 cm up from HEM1 (centre of 

branch 1)
HEM3 0.75 -10.17 Leiolitic interior 25 cm up from HEM1 (centre of 

branch 2)
HEM4 1.65 -9.21 Leiolitic interior 40 cm up from HEM1 centre interior
HEM5 1.85 -9.13 Leiolitic interior 5 cm up from HEM4 sub-sample
HEM6 1.72 -9.46 Leiolitic interior 9 cm up from HEM4 sub-sample
HEM7 2.63 -7.72 Leiolitic interior 13 cm up from HEM4 sub sample
HEM8 2.67 -6.31 Inner lamina of well indurated rind
HEM9 3.33 -5.63 Outer lamina of well indurated rind

256



HEM10 3.0 -6.8 Outer lamina of well indurated rind from top of 
pinnacle

PNW1 0.16 -8.16 Leiolitic interior, 4cm from base of well indurated 
pinnacle

PNW2 0.83 -7.33 Leiolitic interior, 8 cm from base
PNW3 -0.56 -8.03 Leiolitic interior 12 cm from base
PNW4 -0.41 -9.03 Leiolitic interior 16 cm from base
PNW5 0.23 -8.35 Leiolitic interior 20 cm from base
PNW6 -0.71 -8.9 Leiolitic interior 24 cm from base
PNW7 -0.21 -9.28 Leiolitic interior 28 cm from base
PNW8 -0.26 -8.83 Leiolitic interior 32 cm from base
PNW9 -0.29 -8.71 Leiolitic interior 36 cm from base
PNW10 1.81 -6.88 Internal lamina of well indurated rind
PNW11 3.35 -5.87 External lamina of well indurated rind
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5.10 Microbialite and hardground structure 

5.10.1 Hardgrounds, crusts and beachrock 

Both the thickness and morphology of the hardgrounds and crusts vary 

considerably. Crusts of 0.5 cm to ~ 3 cm in thickness with sub-millimeter scale, 

monomineralic laminae occur on detrital boulders and coarse shoreline clastics as 

encrusting domical laminites. Some of these crusts are botryoidal and others have 

microcolumnar stromatolitic structure  (Fig. 5.6 A-D).  The laminated microcolumnar 

stromatolitic crusts and the botryoidal boulder coatings are composed of varying 

combinations of dolomite, high Mg calcite, monohydrocalcite and aragonite.  The 

dolomite is not homogeneous with respect to the amount of calcium.  Electron 

backscatter images show compositional differences, which are also reflected in the 

microprobe data (Fig.5.7 & Table 5.5) The dolomitic laminae show a strong 

autofluorescence (Fig. 5.6E). Much of the aragonite in these structures consists of fine-

grained anhedral crystals. The domal laminites of the botryoidal crusts are generally 

composed of poorly to well consolidated microcrystalline monohydrocalcite with 

remnants of preserved organic material.

 Most of the hardgrounds are centimeter-scale in thickness and can form extensive 

and continuous (up to ~3 km2) flat, featureless platform areas. The pavement hardgrounds 

are usually homogenous and monomineralic (either dolomite or aragonite), and can 

comprise a sequence up to a meter thick alternating with unconsolidated muds and sands. 

The mudstones are nonporous and well indurated. The surfaces of individual pavement 

hardground units can contain extensive bird footprints and ice crystal casts. Other 
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Figure 5.6.  (A, B) Exterior and (C, D) interior of botryoidal laminated microcolumnar 
stromatolitic crusts. Sample A was collected at N52o 47’ 37” W109o 46’ 58” and sample 
B was collected at N52o 45’ 32” W109o 43’ 20”.  (E) Autofluorescence photomicrograph 
of dolomitic laminae from a rind of a pinnacle collected at N52o 46’ 07” W109o 47’ 06”.  
(F) Autofluorescence of dolomite cement from a beachrock located at N52o 47’ 22” 
W109o 47’ 16”.
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Figure 5.7.  Electron backscatter image showing the compositional differences of the 
laminations in a pinnacle rind located at N52o 45’ 49” W109o 38’ 46”.  Microprobe data 
for numbered points are tabulated in Table 5.
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Table 5.5. Microprobe data corresponding to data points on Figure 5.7

Point# Mol%Mg Mol%Ca Mineral
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

31.21
41.83
39.78
3.73
0.33
0.52
46.66
0.49
43.77
1.13
44.53
0.31
36.43
5.66
44.53
0.76
0.32
0.46
42.07
0.65
44.01
0.36
44.32

68.79
58.17
60.22
96.27
99.67
99.48
53.34
99.51
56.23
98.87
55.47
99.69
63.57
94.34
55.47
99.24
99.68
99.54
57.93
99.35
55.99
99.64
55.68

HMC
Dol
Dol
HMC
Arag
Arag
Dol
Arag
Dol
Cal
Dol
Arag
Dol
HMC
Dol
Arag
Arag
Arag
Dol
Arag
Dol
Arag
Dol
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common post-depositional features include tepee structures and infilled fractures (Fig. 5.8 

A,B).

In addition to the extensive pavement hardgrounds, minor occurrences of 

beachrock are present. These beachrocks are generally quartz-rich sandstones and 

conglomerates, and less than 30 cm in thickness. Unlike beachrocks reported from other 

lacustrine settings (e.g., Last, 1992b; Jones et al.,1997; Reheis, 2003; Li, 2008b) the 

features in Manito are discontinuous, isolated and poorly indurated. The upper surface of 

most of the beachrock is covered with a thick (2-5 mm) mat of filamentous and coccoid 

cyanobacteria (Fig. 5.8 C).

The beachrocks show little consistent internal fabric. The cemented material 

comprises generally poorly sorted, angular to subrounded quartz and feldspathic 

siliciclastics ranging from fine sand (125 µm diameter) to medium and coarse pebbles (to 

16 mm diameter). The cements are nearly all isopachous and in most cases made up of 

very fine grained, tightly interlocking anhedral dolomite (Fig. 5.8 D), although aragonite 

cement has also been identified in several beachrock samples.  Most of the cements show 

a high degree of autofluorescence (Fig.5.6 F). 

5.10.2 Pinnacles

Individual microbialites in Manito Lake exhibit mainly pinnacle morphologies, 

with sizes ranging from several cm high and about a cm in diameter to 1.5 m high  and 30 

cm in diameter. In cross-section the pinnacles are subcircular to lobate. Individual 

pinnacles can show simple branching, and multiple branches can be readily traced 

downward to a common root. Although individual equidimensional mounds are 
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Figure  5.8. Photograph of pavement hardgrounds showing (A) infilled fractures  and (B) 
tepee structures The location of A is N52o 46’ 52” W109o 44’ 21” and B is located at 
N52o 45’ 34” W109o 43’ 12”. (C) Beachrock coated with cyanobacterial mat (location: 
N52o 46’ 04” W109o 38’ 31”). (D) SEM image of fine grained dolomite cement coating a 
quartz grain from a beachrock collected at N52o 43’ 48” W109o 42’ 18”.
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uncommon, coalesced toppled and collapsed pinnacles can form large well-cemented 

mounds and biohermal structures. The largest such bioherm,’Bird Reef’ located on the 

eastern side of Manito (Fig. 5.9 A,B) is approximately 500m long, 5 m high and 25 m 

wide. Somewhat smaller ‘reefal areas’ are located along the west shore (“West Reef”) and 

the offshore area west of Manito Island.  Other similar laterally continuous but now 

eroded curvilinear mounds mark former shorelines inland from the present day lake (Fig. 

5.4).

Large individual pinnacles have a distinctive leiolitic interior enclosed by a finely 

laminated rind forming the outer perimeter of the structure (Fig. 5.9 C). The outer rinds 

vary from less than 1 cm in thickness to as much as ~5cm, and show a consistent 

variation with elevation: structures that are at or near the present day level have the 

thickest rinds whereas the microbialites located higher in the basin have thinner rinds. 

The integrity of the leiolitic interior of the structure is preserved only because of the 

presence of this well-cemented cm-scale rind.  In cases where the rind is very thin or has 

been removed by subsequent exposure, the leiolitic interior is highly weathered. The 

external surface of the microbialite rind generally exhibits a popcorn or cauliflower-like 

external surface (Fig 5.9 D).

The structureless (leiolitic) interiors of the microbialites are highly porous 

(30-40%) but lack any clear evidence of groundwater counduits or discharge features. 

The interiors of some of the exposed and weathered pinnacles show an indistinct shrub-

like fabric; however there is an absence of any macrophyte remains or phytoclasts. 
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Figure 5.9. (A) Photograph of approximately 30% of  “Bird Reef” (see Fig. 5.4 for 
location), the largest biohermal structure in Manito Lake. This structure extends about 
500m in length and is about 5 m high and 25 m wide. (B) Photograph showing surface of 
“Bird Reef” at point indicated in (A). (C) Interior leiolitic texture and thick outer rind 
seen in most of the large pinnacles. (D) Popcorn/cauliflower-like exterior of  pinnacles 
shown in a coalesced biohermal mound (West Reef; see Fig. 5.4). (E) SEM image of 
internal pseudomorphs after ikaite from a large pinnacle  near West Reef (Fig. 5.4). (F) 
Photomicrograph of laminations from a thin section of a pinnacle rind (N52o 46’ 07” 
W109o 47’ 06”)  showing acicular aragonite crystals and calcified cyanobacterial 
filaments (arrow).
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This porous material is “normal” (low Mg) calcite according to XRD but SEM images 

show a crystal morphology that is of the carbonate mineral ikaite (Fig. 5.9 E).  The 

contact between the interior leiolitic calcite and the laminated rind is irregular, with many 

gaps where the rind is not in direct contact with the interior structure. This fenestral fabric 

appears to be due mainly to a bridging of the laminae of the rind over pits and 

irregularities on the outermost surface of the leiolitic calcite.

The exterior laminated rind of the large pinnacles is composed of dolomite and 

aragonite, with rarely small amounts of monohydrocalcite.  The material is fine grained 

with randomly occurring elliptical pore spaces several 10’s of microns wide and several 

hundreds of microns long that are parallel to the laminae. These pores probably represent 

either space from surface irregularities or may result from the decomposition of carbonate 

coated organic matter. Some of these pore spaces can be occluded by euhedral, acicular 

aragonite (Fig. 5.9 F) or filled with carbonate coated siliciclastic material and peloids. 

SEM and light microscopy also show preserved organic matter and mineral coated 

filaments which are likely cyanobacteria (Fig. 5.9F). The dolomite in the laminae show 

an average of 41.34 mol% Mg. However there is considerable variability within 

individual laminae (Table 5.4, Fig.5.7). 

The east side of Manito also contains an abundance of smaller pinnacles, 3 - 8 cm 

in diameter and up to 30 cm long with the typical popcorn/cauliflower surface 

morphology. These smaller structures are different than the more commonly occurring 

large pinnacles in that they have not been found in growth position and do not have a 

leiolitic interior. They are found mainly in a concentrated debris field adjacent to the 

266



‘Bird Reef” and dispersed among the larger pinnacles within the bioherm. All of these 

small structures are internally laminated concentrically around a small piece of wood or a 

circular void (Fig. 5.10 A). 

The microfacies of these smaller laminated pinnacles and the laminated rinds of 

the larger structures consist of irregularly alternating dark and light bands ranging from 

less than 0.1 mm thickness to about 1mm in thickness (Fig. 5.6 D). The lighter bands 

consist of either cemented allochthonous grains, which appear to have been trapped by 

biological material (Fig 5.10 B), euhedral aragonite crystals, or microcrystalline aragonite 

cement.  Similar to the crusts, the dark bands show a strong autofluoresence  (Fig. 5.6E).  

and are composed of microcrystalline dolomite.  Most of the laminae are continuous and 

irregularly wavy, but others are discontinuous and show sharp directional changes to 

form tepee-like shapes along the length of the lamination. The underside of the tepees are 

commonly filled with either fine grained siliciclastic material or acicular aragonite. 

Modern microbialites are forming in sheltered portions of the lake and more 

isolated parts of the basin (Fig. 5.10 C,D). These microbialites are coated with a thick 

cyanobacterial mat comprised mainly of Nodularia sp. These mats contain both primary 

carbonate precipitates (dolomite, aragonite) and detrital carbonates and siliclastics  (Fig. 

5.10 E,F).
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Figure  5.10. (A) Small laminated pinnacle near Bird Reef (Fig. 4). (B) SEM image of 
cyanobacterial mat trapping carbonate grains (location: N52o 42’ 07” W109o 43’ 26”). (C) 
Modern microbialite mound, and (D) pinnacles from a sheltered portion of the lake lake 
(location: N52o 46’ 07” W109o 47’ 06”).  (E, F) Microbial mats with carbonate 
precipitates from Manito Lake (location: N52o 42’ 09” W109o 43’ 45”).
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5.11 Discussion

Microbialites can be formed by four major processes; trapping and binding of 

inorganic detrital sediments, inorganic calcification, biomediated calcification and 

skeletal calcification (Burne and Moore, 1987, Flügel, 2004, Dean, 2009).  The origin of 

stromatolite form and texture is complex and involves biological and ecological factors 

(Semikhatov et al., 1979, Demicco and Hardie, 1994, Seong-Joo et al., 2000, Schieber et 

al., 2007).  By understanding what factors contribute to the genesis of the microbialites in 

a given lacustrine basin, the paleoenvironmental history of the lake should be “told” by 

these structures. Past environmental changes in a lake can be revealed through the 

mineralogy (Eugster and Kelts, 1983; Tucker and Wright, 1990), petrography and facies 

analyses (Valero-Garcés, 1997; Valero-Garcés et al., 2001; Alçiçek et al., 2007), and 

stable isotopes of the endogenic carbonates (Cohen et al., 1997), provided they can be 

placed into an unambiguous chronological framework. 

The genesis of the lithified carbonates in Manito Lake is complex and the 

structures cover only a short part of the 12,000 year history of the basin. However, by 

better understanding the hydrologic and limnological changes over the past 2300 years, 

especially in this region that is prone to droughts, it is possible to gain important insight 

into the temporal variability of climatic oscillations. Further details on climatic change 

and identification of possible hydrologic fluctuations from lacustrine microbialite records 

is particularly important in this region of North America because of the absence of varved 

lacustrine sediments and other high resolution records (e.g., tree ring data) and the limited 
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applicability of other proxies such as pollen and siliceous microfossils (Evans, 1993; 

Gasse et al., 1997; Laird, 2003; Sauchyn et al., 2003).

Figure 5.11 summarizes the history of lake level and limnological changes in 

Manito Lake over the past several millennia. The formation of lithified carbonates and 

microbialites in Manito Lake began approximately 2300 years ago. Stable platforms for 

organosedimentary structures were provided by the development of lithified nearshore 

clastics at an elevation of approximately 2-3 meters below the level of the present day 

lake.  The strong autofluoresence of some of these cements indicates the presence of 

organic material (cf. Chafetz and Guidry, 1999; Dupraz et al., 2004) thereby suggesting a 

biological involvement in beachrock and clastic cementation.

The original mineralogy of the carbonates making up the newly developing 

pinnacle microbialites was ikaite. Ikaite is a rare carbonate mineral phase with a limited 

stability field at or near freezing temperatures (Suess, 1982). The presence of ikaite in the 

large microbialites thus provides unequivocal evidence for a cool formative environment 

over the duration of the deposition of the interiors of these structures. Subsequent 

pseudomorphic replacement of the ikaite by low Mg calcite has resulted in formation of 

the characteristic porous leiolitic internal fabric (Selleck et al., 2007) found in virtually 

all of the large microbialite pinnacles.
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Figure 5.11.  Manito Lake 2300-year lake level history as indicated by carbonate 
microbialites.

(A) 2200 cal BP: lake level is low but has started transgressing. δ 13C and δ 18O and the 
presence of ikaite suggest the water from which the carbonate is precipitating is cold and 
productive. Inset photograph shows pinnacle H (see Fig. 4 and Table 1 for location of 
pinnacle H).

(B) 1400 cal BP: the lake is still rising and continues to be cold as indicated by continued 
ikaite precipitation. Stable isotopes reflect a non-evolved and productive lake. The lowest 
microbialites have stopped growing because they are below the photic zone of the 
deepening lake. The lake level has risen quickly based on the calculated sedimentation 
rates. Inset photograph shows pinnacle P (see Fig. 4 and Table 1 for location of pinnacle 
P).

(C) 900 cal BP: the lake continues to increase but the water has become warmer. δ 18O  
signatures of the carbonates indicate a more evolved brine and δ 13C  data indicate an 
increase in productivity. Rinds are starting to form on the larger (lower elevation) 
pinnacles, which have been below the photic zone and in a reducing environment. The 
water column of the lake became meromictic at ~1350 cal BP. Ikaite is no longer being 
precipitated and the stable carbonate phase is aragonite. Inset photograph shows the 
transverse section through pinnacle H (see Fig. 4 and Table 1 for location of pinnacle H). 
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Fig 5.11.  Manito Lake 2300-year lake level history as indicated by carbonate 
microbialites.

(D) 600 cal BP: the lake  is at its highest level for this transgression. Pinnacles composed 
of aragonite have formed at the highest elevation in the basin. The water is still warm but 
not highly evaporitic and the δ 13C  data suggest a decrease in productivity. Inset 
photograph shows partially-eroded curvi-linear microbialite complex at about 595 m 
elevation at N52o 47’ 13” W109o 47’ 40”.

(E) 500 cal BP: the lake level has dropped significantly; thick rinds on the lower 
elevation pinnacles and the smaller laminated pinnacles have formed. An evolved brine 
has resulted in variable carbonate mineralogy in these rinds.  Dolomitic plates and 
hardgrounds are now forming. Inset photograph shows dolomite platform hardground 
with bird foot-print tracks at N52o 45’ 45” W109o 43’ 44”.

(F) The modern lake: historical records have indicated a lake level at about 600 m asl in 
the 1920’s, thus indicating another transgression followed by the current regression to 
583 m asl.
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 The δ13C  (0.5 ‰) and δ18O (-9.3 ‰) values of the carbonates in these newly 

developing pinnacle microbialites indicate a productive and non-evolved lake water.  As 

noted by many authors (e.g., Bischoff et al., 1993; Benson et al., 1995; Buchardt, 1997; 

Selleck et al., 2007) one of the conditions favoring ikaite formation is high dissolved 

phosphate levels. It is suggested that, provided the other conditions are met (e.g., low 

temperature), the presence of phosphate inhibits the formation of calcite and aragonite, 

thus favoring the precipitation of ikaite. This is in keeping with a productive lacustrine 

environment in Manito as indicated by the enriched δ13 C of the calcite. 

Multiple radiocarbon dates from several individual pinnacles permit an estimate 

of growth rates of the microbialites. For pinnacle H (see Table 5.1 and Fig. 5.4 for 

location), the overall sedimentation rate is about 1 mm yr.-1. However, the rate was not 

constant over the growth period of the pinnacle. Between its inception about 2300 years 

ago and 1900 cal BP, growth was relatively slow at about 0.75 mm yr -1. This was 

followed by a half a century of greatly accelerated growth rates (3.5 mm yr -1). The rate 

of accretion of pinnacle H then declined to about 0.5 mm yr -1during the final 200 years 

of its development. In contrast, pinnacle P, which was located about 7 m higher in the 

basin than pinnacle H (see Fig. 5.4), showed a rapid and constant growth rate of ~ 3.5 

mm yr -1.  However, these rates are still over an order of magnitude lower than those 

reported by Rosen et al. (2004) for the microbialites in Big Soda Lake, Nevada.  Finally, 

the small laminated pinnacles and the rinds on the larger pinnacles show exceptionally 

slow rates of growth at about 0.1 mm yr -1.
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 The pinnacle that was collected from the highest elevation in the basin (~17m 

above the present day water level) stopped forming at about 650 cal BP. This pinnacle is 

different from those at lower elevations in that it had little or no laminated rind and is 

composed entirely of aragonite. This pinnacle thus represents the highest level of lake 

transgression in the Manito basin. However, it is likely that the lake remained 

hydrologically closed and did not reached the spillpoint (612 m asl) in the past 2300 

years as evidenced by the strong  δ18O/δ13C covariance of the microbialite carbonates 

(Fig. 5.5).  Nonetheless, aragonite precipitation, rather than ikaite, in the uppermost 

microbialite indicates warmer but continued saline conditions.

 There is evidence that the lake stratified for a period of time between 1300 cal 

BP and 900 cal BP.  Large pinnacles that were growing at or below ~585 m elevation 

have a rusty appearance at the outer edge of the leiolitic interior. The presence of pyrite 

framboids within the interior calcitic fabric of these lower-elevation structures indicates 

that the pinnacles were maintained in a reducing environment for a period of time after 

ikaite formation. The lower water mass (monimolimnion) of meromictic lakes in the 

northern Great Plains today is strongly reducing (Last, 1993; Last and Kelley, 2002) and 

pyrite is a common early diagenetic mineral formed by bacterial degradation of organic 

matter under anaerobic conditions in the bottom sediments of these lakes (Last et al., 

2002; Last and Teller, 2002; Last and Ginn, 2005). In contrast, the absence of low Eh 

indicators in the laminated rinds and small pinnacles suggests that either meromixis broke 

down before the deposition of the laminated rinds (i.e., prior to ~900 cal BP) or, more 
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likely, the chemocline decreased to an elevation below that of the lowermost pinnacles, 

probably associated with transgression of the lake to its maximum level.

From about 650 cal BP to 540 cal BP, the lake rapidly regressed to an elevation of 

at least 585 m asl. At this time the laminated rinds, crusts and pavement hardgrounds 

formed. The δ18O values indicate an evaporative environment and enriched δ13C point to 

high productivity. This is also apparent in the mineralogy of the rinds and hardgrounds, 

which indicates the lake water progressed through a series of chemical divides (i.e., 

calcite, Mg-calcite, aragonite, and dolomite). 

Mineral precipitation associated with the microbialites was mediated in a variety 

of ways by the presence of a microbial consortium.  The dolomite laminae show a strong 

autofluorescence (Fig. 5.6 E), demonstrating the presence of preserved intracrystalline 

organic matter. The involvement of microbes in the building of the Manito Lake 

structures could be passive trapping and binding in mucilaginous sheaths, or the chemical 

alteration of the microenvironment in the microbial mat (e.g.,Visscher et al., 2000; 

Vasconcelos, 2006). Metabolic processes in the mat ultimately alter the pH causing 

carbonate to precipitate from a supersaturated brine.  Microscopic evidence points toward 

a combination of processes.  Small pockets are created by large clusters of cyanobacterial 

filaments. The isolated microenvironment created results in the precipitation of acicular 

aragonite crystals that line the cavity (Fig. 5.9 F).  Subsequent calcification of the 

surrounding filamentous cyanobacteria results in laminations on both sides of this cavity 

(Fig. 5.9 F).  Other laminae are composed of  (i) pockets of trapped and carbonate coated 

siliciclastics and peloids, and (ii) primary microcrystalline dolomite, aragonite or Mg-
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calcite.  Details of the microbial processes influencing these precipitates is currently 

being investigated and will be discussed in future publications.

After about 500 cal BP there is no evidence of further large scale microbialite 

growth, although modern domal and pinnacle microbial carbonates and carbonates 

associated with living cyanobacterial mats continue to form in shallow isolated bays of 

the lake. Historical records indicate that Manito Lake experienced a renewed 

transgression and high stand in the early part of the 20th century (van der Kamp et al., 

2008).  By the 1920’s the lake had reached water levels similar to that of 600 years ago, 

but surprisingly there is no preserved microbialite or sedimentological record of this 

transgression.

5.12 Conclusions

 Manito Lake is a large carbonate precipitating lake in the northern Great Plains of 

Canada. Late Holocene to modern microbialites that have formed in the basin can be used 

to reveal a complex history of the lake level and environment over the past 2300 years.

• The microbialites of Manito Lake are the only reported lacustrine microbialites in 

the northern Great Plains of Canada. They represent the northern-most reported  

lacustrine carbonate microbialite structures to date.

• The pseudomorphs of ikaite are the first reported occurrences from a lacustrine 

environment in Canada and represent unequivocal evidence of cold conditions in 

this region between 2300 cal BP and 1250 cal BP.
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• Radiocarbon ages of the microbialites in the basin point to a cycle of 

transgression and regression in the lake over the 2300 year period.

• Trends of δ13C and δ18O show a strong covariance indicating that the lake 

remained hydrologically closed during this time.

• Although the lake is not currently meromictic, the microbialites contain evidence 

of a period of meromixis, between 1300 to 900 cal BP.

• The laminated structures in Manito Lake show evidence of multiple processes 

contributing to their deposition, including both biotic and abiotic mechanisms. 

The variable mineralogy, as well as the δ18O values, of the laminated structures 

indicates an evolving brine associated with a lake regression after 650 cal BP.
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Appendix A

Figure 5.3. δ18O and δD of groundwater, surface springs, and lake water from the Manito 
Lake basin. Also shown are the prairie meteoric water line (Birks and Remenda 1999) 
and the calculated local evaporation line. Triangles indicate data collected as part of this 
project; circles indicate data from Birks and Remenda (1999). Displacement of the 
shallow groundwater data to the left could potentially indicate mixing of deep 
groundwater with other saline brines. c.f. Stotler et al. 2012.

Stotler, R.L., Frape, S.K., Ruskeeniemi, T., Pitkänen, P, Blowes, D.W. 2012, The 
interglacial - glacial cycle and geochemical evolution of Canadian and Fennoscandian 
Shield groundwaters, Geochimica et Cosmochimica Acta, 76:45-67
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Chapter 6

Modern and Holocene dolomite formation: Manito Lake, 
Saskatchewan, Canada

This chapter has been published in the journal Sedimentary Geology co-authored with a 
research colleague and my advisor. I was responsible for much of the writing, analyses  
and experimental design, where my co-authors provided insight to the overall study and 
reviewed multiple drafts.This paper is reproduced with permission from Elsevier and my 
co-authors.
Appendix A contains changes suggested by the examiners which could not be made in 
this chapter due to copyright regulations.
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Abstract

Major advances have occurred in our understanding of modern dolomite formation and 

penecontemporaneous dolomitization over the past several decades. Manito Lake, located 

in west-central Saskatchewan, Canada, is a large (65 km2), deep (zmax: 22 m) perennial 

saline (~45 ppt TDS) lake in which modern and late Holocene dolomite coexists with 

other endogenic and authigenic carbonate precipitates, including aragonite, 

monohydrocalcite, calcite, and Mg-calcite. Like many other lacustrine dolomites, Manito 

Lake dolomite is microcrystalline (less than 1 µm to 5 µm), Ca-rich and poor to 

moderately ordered. It occurs as relatively pure hardgrounds and as a component of 

nearshore microbialites. It also forms isopachous cements in consolidated siliciclastic 

shoreline sediments. Manito Lake dolomite is most likely forming by mainly biomediated 

precipitation at or near the sediment-water interface (i) in pore spaces of coarse 

siliciclastic sediments (i.e., beachrock), (ii) as fine laminae associated with microbialites, 

and (iii) as a major component of mudstone hardgrounds and pavements.

Keywords: dolomite, saline lake, Saskatchewan, Canada, microbialite
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6.1 Introduction

Dolomite formation and dolomitization in the sedimentary realm are subjects of 

long-standing interest and study (Shukla and Baker, 1988; Purser et al., 1994; Burns et 

al., 2000; Deelman, 2011). It is one of the most important sedimentary minerals: in the 

subsurface dolomite forms the reservoir rock for a large proportion of the world’s 

conventional oil and natural gas reserves (Davis, 1979) and is host to sedimentary metal 

deposits such as lead and zinc (Hsu, 1966). 

The formation of CaMg(CO3)2 has been an elusive process in low temperature 

and pressure laboratory settings (see, for example, summaries in Morrow, 1982; Hardie, 

1987; Warren, 2000). There are few studies demonstrating low temperature and pressure 

synthesis of dolomite (Deocampo, 2010; Deelman, 2011). Inorganic precipitation of 

dolomite and magnesite from fluctuating pH solutions at ~40 to 60oC was reported by 

Deelman (1999). Vasconcelos and colleagues (e.g., Vasconcelos et al., 1995; Warthmann 

et al., 2000; Vasconcelos et al., 2005; but see also comments in Deelman, 2010) 

precipitated nonstoichiometric Mg-Ca carbonate by simulating anoxic, high salinity, 

marine-derived brines in the presence of Desulfonatronovibrio sp.. Sánchez-Román et al. 

(2009) precipitated Mg-Ca carbonate in laboratory culture experiments with and without 

sulfate using two different strains of aerobic halophilic bacteria. More recently, Zhang et 

al. (2012) emphasize the role of adsorbed extracellular polysaccharides in helping 

weaken the chemical bond of the strongly hydrated Mg2+ ions, thereby allowing 

magnesium incorporation in the carbonate and dolomite formation.
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The role of anaerobic respiration by various microbes (e.g., sulfate reduction, 

methanogenesis, etc.) in natural sedimentary environments where dolomite is forming has 

been suggested on numerous occasions (e.g., von der Borch and Jones, 1976; Muir et al., 

1980; Rosen and Coshell, 1992; Corzo et al., 2005; Sanz-Montero et al., 2006; Wacey et 

al., 2007; Alonso-Zarza and Martín-Pérez, 2008; Sanz-Montero et al., 2008; Sanz-

Montero et al., 2009a; Sanz-Montero et al., 2009b; Deng et al., 2010; Lindtke et al., 

2011). Recent geomicrobiological work on marine and marine-marginal dolomite-

precipitating settings in South America, Australia and the Middle East (e.g., Wright, 

1999; van Lith et al., 2002; van Lith et al., 2003; Wright and Wacey, 2005; Spadafora et 

al., 2009; Bontognali et al., 2010) has lead to renewed research efforts directed toward 

better understanding how bacterial reduction of sulfate influences the formation of 

modern dolomite.  Although this is certainly a step forward in the search for a solution to 

the dolomite problem, there are still many questions left unanswered.  Most importantly, 

work on true lacustrine basins (as opposed to marine-influenced lagoons) and other 

terrestrial settings suggests that sulfate reduction is not the dominant process affecting 

dolomite formation (e.g., Folk and Land, 1975; Talbot and Kelts, 1986; De Deckker and 

Last, 1988; Last, 1990; 1992b; Last and De Deckker, 1992; Rodríguez-Navarro et al., 

1997; Friedman, 1998; Goto et al., 2003; Sinha and Smykatz-Kloss, 2003; Roberts et al., 

2004; Meister et al., 2011). Clearly, dolomite genesis in continental evaporitic settings 

involves more than simple bacterial sulfate reduction.

There have been surprisingly few reports of modern or Quaternary non-detrital 

lacustrine dolomite from lakes in Canada (Last, 1990; Renaut, 1990; Deelman, 2011). 
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This study focuses on the modern/late Holocene dolomite in Manito Lake, western 

Saskatchewan. The objective of this paper is to describe the occurrence and genesis of 

dolomite in the nearshore sediments and shallow-water microbialites of Manito Lake. As 

pointed out by Rosen and Coshell (1992), it is important to document new occurrences of 

dolomite formation in order to test models of dolomitization and to further our 

understanding of the long-standing dolomite problem. 

6.2 Setting

Manito Lake (52o45’N; 109o43’W) is a large, perennial, deep water saline lake located 

about 200 km northwest of Saskatoon, Canada (Fig. 6.1). The basin occurs at an elevation 

of about 600 m above sea level in an area of gently undulating topography in the Aspen 

Parkland ecoregion of the northern Great Plains of western Canada. This region 

experiences a cold, semi-arid to sub-humid, continental climate, with an average annual 

precipitation of 370 mm and a mean annual temperature of 1.9°C near the lake (McGinn, 

2010). Evaporation exceeds precipitation by a factor of about 2 and most of the large 

drainage basin of the lake has an Aridity Index (mean annual precipitation divided by 

potential evapotranspiration) of less than 0.75 (Sauchyn et al., 2002). 

Quaternary glacial deposit thicknesses in the vicinity of the basin are 

approximately 100 m.  The glacial and glaciofluvial sediments are generally low (<10%) 

in carbonate content (St Arnaud, 1976) and soils developed on these deposits are acidic 

(Rostad et al., 1987). The Manito Lake basin sits atop a regionally extensive pre-glacial 

valley, the Battle Valley (or Battleford Channel), which has been cut into the Upper 
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Figure 6.1. Manito Lake, Canada. Dark blue outlines the present day lake and 
surrounding water bodies. Light blue shows the outline of Lake Manito in the early part 
of the 20th century as determined by historical maps (Dowling, 1906; Geological Survey 
of Canada, 1911, 1913). At this higher level, the lake probably was close to its spill point 
(~612  m) at which point it would drain northward to Battle River via Jones Coulee. The 
lake at that time encompassed Wells Lake (northwest of present day Manito Lake) and 
Little Manito Lake (~10km south of the basin). Star on inset map shows location of 
Manito Lake in western Canada. 

301



Cretaceous bedrock (Millard, 1990). About 2000 m of Mesozoic (mainly shales and 

sandstones) and Paleozoic (mainly carbonates and evaporates) sedimentary rocks overlie 

the southwesterly-dipping igneous and metamorphic Precambrian basement (Mossop and 

Shetsen, 1994). We are not aware of any detailed geochemical investigations of the 

bedrock or glacial carbonates in the vicinity of Manito Lake, but in a regional summary 

of formation waters in the Western Canada Sedimentary Basin, Connolly et al. (1990) 

indicate ranges of about 17 to 30‰ (PDB) for δ18O and -3 to +3‰ (PDB) for δ13C of 

Paleozoic carbonates (mainly dolostones). Carbonates in the Mesozoic sequence showed 

ranges of 13 to 25‰ and -8 to +1‰ for stable oxygen and carbon, respectively. 

The formation of the Manito Lake basin is related to late Pleistocene deglaciation 

and most likely originated as a series of interconnected, large melt out features from the 

slowly melting ice beneath a large superglacial drift blanket. Although there are no 

radiocarbon dates or other chronostratigraphic studies directly related to the early history 

of the Manito basin, the lake probably originated some time after about 12,000 years ago 

(Christiansen, 1967). An extensive area of stabilized aeolian surficial sediments stretches 

southeastward from the basin for about 40 km. Optical ages of the quartz in these 

deposits indicate the dunes were active between 7000 and 5000 years ago and again at 

2600 years ago (Wolfe et al., 2006).

Manito Lake occupies a topographically closed basin at the terminus of a large 

endorheic drainage basin, with a catchment of 23,674 km2. The lake has a surface area of 

65 km2, which is about a third of its early 20th century area of 180 km2 (Fig. 6.1). The 

present-day volume of the lake (~185 x 106 m3) is less than 15% of its 1920’s volume. Of 
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the original six sub-basins comprising Manito Lake, four are now completely separated 

from the main body of the lake due to the dramatic drop in water level over the past few 

decades. Two small perennial streams enter the basin, however the hydrologic budget is 

almost completely dominated by sub-lacustrine groundwater flow from discontinuous 

aquifers in the Quaternary glacial drift (Last et al., 2010). Over the past decade, the 

largest inflowing stream, Eyehill Creek, has failed to enter the main part of the lake. 

Unfortunately, few details are known about the groundwater dynamics in the basin. 

According to Shaheen (2006), the surface of the lake corresponds approximately with the 

hydraulic head of the drift aquifer, implying the 15 m drop in lake level over the past few 

decades is, in part, directly related to a decline in shallow groundwater levels. However, 

deuterium-oxygen isotope data suggest that Manito Lake is sourced from both shallow 

(drift) and deeper (bedrock) groundwater (Last et al., 2010). The low salinity (≤ 1000 mg 

L-1) and strikingly different ionic composition of the shallow groundwater (see section 

6.4.1) indicates that the lake is not recharging the groundwater system.

Manito Lake was included in regional limnological surveys by Rawson and 

Moore in the 1930’s (Rawson and Moore, 1944) and Hammer and colleagues during the 

1970’s (Hammer, 1978a; b; Hammer and Haynes, 1978; Haynes and Hammer, 1978). 

These surveys point out that Manito Lake is one of the largest and deepest saline lakes in 

the northern Great Plains of Canada. The water column is not chemically stratified but 

does exhibit seasonal thermal stratification after spring (May) and fall (November) 

turnover. The lake is one of the most productive saline lakes in the region, with 

phytoplankton production rates exceeding 1 g C m-3 day-1 (Haynes and Hammer, 1978; 
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Hammer, 1981).  This high productivity is dominated by the cyanobacteria Nodularia 

spumigena.

6.3 Methods 

This report is based on field and laboratory examination of surface grab samples 

and shallow pit samples collected from recently exposed and shallow water/shoreline 

lithified sediments in the Manito basin. In addition to field observation and mapping, thin 

sections were made of epoxy-impregnated subsamples and examined by both transmitted 

and reflected light microscopy as well as cathodoluminescence and epifluorescence 

microscopy. Alizarin Red-S stain was used to identify and differentiate dolomite versus 

aragonite and calcite in thin sections and slabs (Lewis and McConchie, 1994). Sections 

and sample slabs were also stained with Mutvei’s solution (Schöne et al., 2005), which 

shows regions of preserved proteins and thus helps indicate areas of bioinfluenced 

precipitation of carbonates. Thin sections and chips of approximately 1 cm3 in size were 

also examined using scanning electron microscopy coupled with energy-dispersive X-ray 

and backscattered electron analysis. 

Mineralogical analyses were done using standard petrographic and powder X-ray 

diffraction techniques. Estimates of mineral abundances were based on relative peak 

intensities from the diffractograms as outlined by Schultz (1964). Hardy and Tucker 

(1988) and Last (1996; 2002) provide details of this analytical procedure. Stoichiometry 

of the dolomite and calcite was determined by examining the displacement of the d104 

peak on a detailed (slow) XRD scan (Goldsmith and Graf, 1958; Lumsden and 

Chimahausky, 1980; Hardy and Tucker, 1988). Replicate analyses indicate precision of 
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the mineralogical data is approximately ±6%. Cation composition of the carbonates was 

confirmed by electron microprobe (Potts et al., 1995; Reed, 2005).

Last et al. (2010) provide details of the chronostratigraphy of the carbonate 

deposits (including dolomite) in Manito Lake. In addition to the dates on organic matter, 

wood, and carbonate material listed in Last et al. (2010), AMS radiocarbon dating was 

carried out by Keck-Carbon Cycle AMS facility (KCCAMS) and Beta Analytic 

Radiocarbon Dating laboratories. The laboratory 14C dates were calibrated using Calib 

Radiocarbon Calibration 6.0 (Stuiver and Reimer, 1993; Stuvier et al., 2005) and the 

INTCAL09 calibration set (Reimer et al., 2009). The dates are reported as cal BP. Stable 

oxygen and carbon isotope values for dolomite were determined at Queen's University 

(Canada) Stable Isotope Laboratory (reproducibility of +/− 0.3‰) and at Isotech 

Laboratories Inc. (reproducibility of +/− 0.1‰). Water samples were collected at 1 m 

intervals from several offshore locations in Manito Lake using a 2 litre Kemmerer-style, 

non-metallic sampling bottle. Groundwater was collected from springs and shallow wells, 

and samples of inflowing stream water were collected from Eyehill and Wells Creek. 

Water samples were pretreated and analyzed by ALS Laboratory Group (Winnipeg) 

according to APHA Standard Methods protocols (Eaton and Franson, 2005). The 

molalities and activities of the chemical species and the saturation states of the water with 

respect to various carbonate mineral components were calculated using MINTEK 

(Gustaffsson, 2010) and the Harvie-Møller-Weare method (Harvie et al., 1984) as 

implemented through the SpecE8 program of the Geochemist’s Workbench software 

package (Bethke, 2008; Bethke and Yeakel, 2009).
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6.4 Results 

6.4.1 Hydrochemistry

Manito Lake water is alkaline (pH: 9-10) and saline/hypersaline (39-50 ppt total 

dissolved solids). Water composition is dominated by Na+ and SO42- ions with secondary 

abundances of Mg2+ and HCO3- (Fig. 6.2). There is little variation in the major ions with 

depth in the dimictic water column. The water is strongly supersaturated with respect to 

calcite, aragonite, dolomite, and most other Mg-Ca carbonates at all depths and at all 

times of the year (Fig. 6.3). The lake is strongly depleted with respect to Ca2+ relative to 

the glacial drift groundwater in the vicinity of the basin, presumably due to precipitation 

of calcium carbonate minerals. This Ca+2 depletion gives rise to a high (50-60) Mg/Ca 

molar ratio. The carbonate+bicarbonate content of Manito is also unusually high relative 

to most of the other saline lakes in the northern Great Plains region (cf. Hammer, 1978b; 

Last, 1992a). The δ18O and δ2H data (Fig. 6.4) demonstrate evaporative concentration of 

the lake has shifted the water away from the meteoric water line for the Prairie region 

(PMWL). Intersection of the local evaporation line with PMWL in Figure 4 suggests a 

starting composition of about δ18O = -22‰ and δ2H = -175‰ although the incoming 

stream waters are already somewhat enriched. The average composition of precipitation 

in the vicinity is about δ18O = -17‰ and δ2H = -131‰ (IAEA/WMA, 2006; Delavau et 

al., 2011).
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Figure 6.2. Durov diagram showing Manito Lake water and groundwater chemistry 
(major ion values in eq%): lake water (red), groundwater from drift aquifers (blue), and 
groundwater from Mesozoic bedrock aquifers (green). Also shown are pie diagrams of 
mean lake water composition (2005-2011) with anions on right and cations on left in mol
%. (Data compiled from Rawson and Moore, 1944; Rutherford, 1967; Hammer, 1978b; 
Last and Kelley, 2002; Pham et al., 2009; Last et al., 2010). 
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Figure 6.3. Calculated saturation state of Manito Lake water 1938-2011 with respect to 
nine calcium and magnesium carbonates. The inset box shows an expansion of data from 
2001-2011. Several (pirssonite, gaylussite) have not been identified in Manito Lake 
sediments but the degree of saturations are included for completeness. In addition to the 
minerals shown, the lake water is strongly supersaturated with respect to magnesite and 
ordered dolomite. Data used for speciation and saturation calculations from sources listed 
in Figure 6.2.
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Figure 6.4. Summary of  ∂2H and ∂18O (SMOW) of Manito Lake water and drainage 
basin stream and groundwaters . Also shown are the prairie meteoric water line (PMWL) 
from (modified from Last et al., 2010) and the local evaporation line from Birks and 
Remenda (1999a). Star (*) indicates average precipitation at Edmonton, Alberta, Canada. 
The deep  groundwater field comprises 6 samples. The shallow groundwater field 
comprises 7 samples. The lake and stream fields comprise 3 samples each.
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6.4.2 General description of dolomitic sediment

 The recent drop of water level in Manito Lake has provided an exceptional 

opportunity to study previously submerged nearshore features (Last et al., 2010). The 

lowered water levels have revealed a complex array of late Holocene carbonate 

hardgrounds and microbialites occurring from as much as half a kilometer inland from 

the present shoreline to water depths of up to several meters. Detailed descriptions of 

these carbonate features and their genesis are provided in Last et al. (2010) and Last and 

Last (2012). Figure 6.5 shows the distribution of the shoreline features within the basin 

and Figure 6.6 provides a graphic indication of the large spectrum of late Holocene 

structures and forms that contain dolomite. The structures that exhibit clear and obvious 

biological origins (i.e., microbialites) range in size from several cm to over a meter (Fig. 

6.6a-c), and often form large bioherms several meters high and up to 500 m in length. 

These algal boundstones have various internal fabrics from finely laminated to massive 

and clotted (see Fig. 5.9 in Chapter 5). The structures are often well lithified and form 

wave-resistant shoreline features, although in several sheltered areas of the lake 

lithification is less complete and the structures are only poorly cemented. 

 In addition to these organogenic structures, dolomite also occurs in lithified 

beachrocks (as isopachous cements), indurated pavements (veneer boundstones), and 

boulder coatings having less obvious biological linkage (Fig. 6.6 d-g). The veneer 

boundstones have many sedimentary features in common with similar pavements 

reported from dolomite-precipitating lakes elsewhere (e.g., von der Borch and Lock, 

1979; Muir et al., 1980; Last, 1992b; Ahmad, 1996), including polygonal fragmentation 

310



Figure 6.5. Map showing the distribution of lithified carbonate sediments and features in 
Manito Lake (modified from Last et al., 2010), and the topography and bathymetry of the 
basin (contour interval: 10 m).  Heavy dashed line indicates the elevation of the lake 
(~612 m asl) at its highest stand in the past 2000 years. Number-letters (e.g., 6A, 6B, etc.) 
show the approximate locations of photographs in Figure 6.6.
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Figure 6.6. Dolomite field occurrences (refer to Fig. 6.5 for approximate locations in the 
basin): A. Recently exposed bioherm; 1.4 m of the structure is above the present-day lake 
level and ~1 m is still submerged. Bioherm is composed of a mixture of dolomite, 
aragonite and calcite. B. Exposed and weathered microbialite pinnacle. The structure is 
part of a microbialite shoreline complex ~10 m above the present-day lake level. Pinnacle 
is composed of a mixture of dolomite and aragonite. C. Modern microbialite; shovel 
blade is 15 cm wide. Structure is composed of a mixture of dolomite and calcite. The 
surface of the structure comprises a microbial mat dominated by Nodularia sp. D. 
Dolomite-cemented sand. Sand is mainly fine grained quartz with dolomite forming 
isopachous cement. As in C, the surface of the sand is covered with a thin microbial mat. 
E. Fragmented dolomite pavement/veneer boundstone; scale bar in foreground is 1 m. 
Pavement is composed entirely of dolomite. F. Teepee structure in dolomite pavement. 
Scale bar in foreground is 35 cm. G. Surface of dolomite pavement showing bird foot 
prints and possible ice crystal marks. Scale bar is 20 cm.
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and brecciation, tepees, and overthrusted plates. However, in contrast to modern dolomite 

reported in many other lacustrine settings (e.g., De Deckker and Last, 1988; Warren, 

1988; 1990; Last and De Deckker, 1992; Dutkiewicz and Von der Borch, 2002; Meister et 

al., 2011), soft unconsolidated dolomite mud has not been observed in modern Manito 

Lake.

 Mapping of the hardgrounds and microbialites shows that these features form a 

discontinuous girdle around the perimeter of the lake (see Fig. 6.5).  According to Last et 

al. (2010), there is no consistent field association of any of these structures with present-

day active groundwater springs, diffuse groundwater seepage zones or points of stream 

entry in the basin. However, the large-scale teepee structures commonly exhibited by the 

dolomitic pavements (Fig. 6.6f) are indicative of upwelling groundwater (cf. von der 

Borch and Lock, 1979; Warren, 1983; Kendall and Warren, 1987). In several areas of the 

lake, multiple thin pavements occur over a stratigraphic distance of about a meter. The 

upper surfaces of these pavements contain cm-scale bird foot tracks and possible ice 

crystal markings (Fig. 6.6g) indicating less induration at the time of dolomite formation.

6.4.3 Mineralogy, petrography and geochemistry

 Dolomite found in the microbialites usually occurs in thin to very thin laminae 

(Fig. 6.7) alternating with other endogenic carbonate minerals, including aragonite, 

monohydrocalcite, Mg-calcite and hydromagnesite. Pyrite is a common accessory 

mineral and nesquehonite [Mg(HCO3)(OH)·2(H2O)] and dypingite 

[Mg5(CO3)4(OH)2·5(H2O)] occur rarely in the laminated microbialites. In contrast, 

material comprising the pavements/veneer boundstones and beachrock cements is usually 
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Figure 6.7. Finely laminated dolomitic microbialite crust. Upper is an electron 
backscatter image; lower images are X-ray elemental maps of the smaller areas outlined 
in yellow in the BSE image showing variation in Mg, Ca, and Sr. 
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wholly dolomite, sometimes mixed with small amounts of detrital quartz and feldspars 

(Fig. 6.8). Where dolomite is present in the beachrocks and microbialites, the cements 

and laminae luminesce bright orange-red (Fig 6.8d), and show an intense green to yellow 

(480 nm) autofluorescence (Figs 6.8e, 6.9a) and a positive reaction with Mutvei’s stain 

(Fig. 9e). There is strong evidence of biomediated precipitation by the presence of 

mineral coated cyanobacterial filaments (Fig 6.9b) and remnant  exopolymeric substances 

(EPS) in the samples when viewed with SEM (Fig. 6.9c, d). 

 Like many other lacustrine dolomites, Manito Lake dolomite is microcrystalline 

(less than about 1 µm to 5 µm) and Ca-rich. Superstructure reflections on XRD (i.e., d021, 

d015, d101) are generally diffuse and low intensity. The degree of ordering (ratio of the d015 

ordering peak intensity to the d110 diffraction peak intensity; Hardy and Tucker, 1988) 

ranges from 0.4 to 0.6, suggesting a low to medium degree of order (cf. Valero-Garcés et 

al., 2000). The crystals are typically equant, anhedral to subhedral (Figs. 6.8 and 6.9), and 

commonly occur in larger but poorly defined aggregates up to 20 µm in diameter. There 

are no significant differences in crystallinity between dolomite in the microbialites versus 

that comprising the pavements or beachrocks. Likewise, there is no petrographic 

evidence of replacement fabrics, intragranular precipitation, or dissolution/reprecipitation 

phenomena.  

 On the basis of 208 microprobe spot analyses, the average composition of the 

dolomite in Manito Lake is 41.4 mol% MgCO3 and 58.6 mol% CaCO3 (Table 6.1 and 

Fig. 6.10). These microprobe data agree well with the mole % MgCO3 estimates provided 
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Figure 6.8. A. X-ray diffractogram of dolomitic pavement from 20° to 60° two theta (Cu-
Κα radiation). All diffraction peaks for dolomite having relative intensities I/Io higher 
than 10 are clearly identified. In addition to dolomite, this diffractogram also shows small 
reflections for quartz and feldspars. B and C. Scanning electron micrographs of dolomitic 
pavement. D. Cathodoluminescence photomicrograph of cemented quartz sand 
(beachrock). Dolomite forms isopachous cement and luminesces bright orange-red. Scale 
bar = 0.2 mm. E. Autofluorescence photomicrograph of cemented sand (beachrock). 
Organic-rich, isopachous micritic dolomite cement (c) shows a strong green/yellow 
autofluorescence. dg = detrital grain; e = epoxy; scale bar = 0.1 mm. F. Scanning electron 
micrograph of dolomite-cemented quartz sand. Inset shows EDAX image from spot 
marked by X on the micrograph.
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Figure 6.9.  A. Autofluorescence photomicrograph of laminated dolomitic microbialite 
with an internal pocket of trapped clastic grains. Scale bar = 0.5 mm; top is toward the 
right.	  Strong green/yellow autofluorescent (480 nm using B filter; 470-490 nm) organic-
rich dolomite alternates with dolomite showing less intense autofluorescence. Detrital 
quartz, feldspar and carbonate grains in center show little or no fluorescence. B. Scanning 
electron micrograph showing dolomite grains trapped in and coating cyanobacterial 
filaments. C and D. Scanning electron micrographs showing dolomite associated with 
exopolymeric substances (EPS). Voids (v) are empty cyanobacterial filaments. Small 
remnant microbial cells (arrow) can be seen in D. E. Photograph of cross section of 
dolomite microbialite crust stained with Mutvei’s solution. Darker blue indicates 
preserved organic matter. Scale bar = 0.5 cm.
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Figure 6.10. Mol% CaCO3 of dolomite from pavements/beachrock cements and 
microbialites determined by electron microprobe.
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by x-ray diffraction. The difference between the Ca content of the microbialite dolomite 

versus beachrock cement/pavement dolomite is not statistically significant. Despite a 

relatively large variation within individual samples (Fig. 6.11), there is no evidence of 

systematic micron-scale fluctuation or zoning in individual crystals like that reported, for 

example, by Jones and Luth (2002) and (Jones, 2005).

 Manito Lake dolomite is also somewhat enriched in Sr (Table 6.1) relative to other 

modern and Holocene occurrences. Mazzullo (1992; 2000) show a range of about 100 to 

700 ppm for Quaternary marine and marginal marine supratidal and orogenic dolomites. 

Similar to Mg, there is no significant difference between the mean values of Sr in the 

microbialite dolomite (~1000 ppm) and the pavement/cement dolomite (880 ppm). 

Likewise, there is no statistically significant variation of Sr with either Ca or Mg of the 

dolomite (Fig. 6.12).

6.4.4 Age and stable isotope composition of dolomite

 Nine AMS 14C dates, ranging from modern (i.e., laboratory 14C age younger than 

1950 AD) to 1974 cal BP, have been acquired from dolomite comprising various types of 

hardgrounds and microbialites in the basin (Table 6.2). Using AMS 14C dates on both 

wood and other endogenic carbonates, Last et al. (2010) showed that the 14C reservoir 

effect is negligible in Manito Lake. Thus, radiocarbon dating of endogenic carbonate 

minerals in the lake provides an accurate estimate of the time of mineral genesis.

 Figure 6.13 summarizes the chronostratigraphy of dolomite formation in Manito 

Lake and also shows the approximate position relative to present-day water level at 

320



Figure 6.11. Electron backscatter images of thin sections of four microbialites. Dark gray 
is dolomite; light gray is aragonite. Points represent electron microprobe spot analyses for 
mol% CaCO3 in the dolomite.
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Figure 6.12. Sr versus Mg (upper) and Sr versus Ca (lower) contents of dolomite as 
determined by electron microprobe. Open circles are analyses of dolomite from 
microbialites; closed triangles are analyses of dolomite from pavements and beachrock 
cements. See table 1 for means and ranges of data.
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Table 6.2. Radiocarbon dates for Manito lake dolomite samples

Sample Description Lab code 14C age 2 σ cal BP
Man05D Crust BGS2785 853+/- 85 669-927
ManCS-1 Cement from beachrock 

near reef
Beta244157 2020 +/- 40 1883-2065

Mans06b South basin sample 
outer part of pinnacle

UCIAMS49436 -330 +/- 15 modern

Manpl06a Plate from north side UCIAMS49437 530 +/- 15 517-552
Mp1 Small pinnacle  exterior 

rind
UCIAMS47491 455 +/- 15 500-522

Manpnw07 Upper part of big 
pinnacle 

UCIAMS47492 1450 +/- 15 1306-1370

Manpnw07b Lower part of big 
pinnacle 

UCIAMS47493 1490+/-15 1341-1405

Manpnw07c External coating of 
pinnacle 

UCIAMS47494 475+/-15 505-530

Manpnw07d Top of internal porous 
material pinnacle

UCIAMS47495 1375+/-15 1283-1307

Mancw07 Causeway plate (south) UCIAMS47499 565+/-15 599-631
Manhem07a Rind of pinnacle UCIAMS47500 545+/-15 525-556
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Figure 6.13. Schematic diagram showing the time of dolomite formation and the 
approximate position relative to present-day water level in the basin. Medieval Climate 
Anomaly (MCA; yellow) and Little Ice Age (LIA; pink) are shown on the horizontal axis. 
Pinnacles A-G refer to various microbialite pinnacle structures plotted at their 
approximate elevation in the basin. Green bars indicate dolomite radiocarbon dates and 
blue bars indicate dates on other material (i.e., wood, calcite, aragonite). For example, 
Pinnacle A is located above present-day water level and has a dolomite date at the 
outermost crust and several dates near the interior base of the structure. A question mark 
indicates no 14C starting date was available for the particular pinnacle. A wide green or 
blue bar indicates multiple radiocarbon dates. Dolomite Plate A refers to a date on a 
dolomitic pavement sample found above present-day water level; dolomite cement in 
sand refers to a date on the dolomitic isopachous cement in a beachrock found below 
present-day water level. 
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which the dated dolomite occurs. The oldest dolomite found in this study (~ 2000 cal BP) 

is isopachous cement in beachrocks, and the youngest is dolomite in modern 

microbialites. However, dolomite deposition was not continuous throughout the past two 

millennia, but rather occurred mainly during the Medieval Climate Anomaly (MCA), 

about 1200 to 600 cal BP. Although dolomite was the dominant carbonate mineral being 

deposited during the MCA, it is also evident from Figure 6.13 that dolomite co-existed 

with other carbonate phases. 

 Stable carbon and oxygen isotope values of dolomite from Manito hardgrounds 

and microbialites are shown in Figure 6.14. This figure also shows the range of δ18O and 

δ13C data of modern and Holocene dolomite reported from other continental basins. The 

Manito Lake oxygen isotopic ratios vary over a considerable range, from -9.2‰ to -0.5‰  

(mean = -5.6 ‰; σ = 1.7). In contrast, the δ13C values of this dolomite show a narrower 

range of fluctuation from 0.5‰ to 5.1‰ (mean = 3.1‰; σ = 1.0). Although the δ18O of   

a single sample of beachrock cement is relatively depleted and the sample of modern 

microbialite dolomite is enriched, it is clear from Figure 6.14 that, in general, the stable 

isotopes cannot be used to differentiate microbialite dolomite from that of the pavements 

and other hardgrounds.

6.5 Discussion

Deciphering the origin and genesis of lacustrine carbonates can sometimes be a 

difficult task (Jones and Bowser, 1978; Gierlowski-Kordesch, 2010). In lakes of the Great 

Plains region of North America, dolomite and calcite commonly occur as detrital 

minerals, a legacy of Quaternary glaciation and subsequent transport of comminuted
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Figure 6.14. δ18O versus δ13C of dolomite from Manito Lake (red symbols) and isotopic 
data from other non-detrital Quaternary lacustrine occurrences. Also shown are 14C ages 
for the dolomite. 
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Paleozoic and Mesozoic bedrock (Last and Last, 2012). Dolomite, in particular, has often 

been tacitly ascribed a detrital origin and most of the CaMg(CO3)2 reported from lakes of  

the Great Plains is probably derived from bedrock. However, the dolomite in Manito 

Lake shoreline sediments is not detrital as evidenced by the late Holocene 14C ages, the 

petrography, and the non-stoichiometric and microcrystalline nature of the mineral.

In contrast, the abundance of saline and hypersaline lakes in the region, most of 

which are at least seasonally saturated or supersaturated with respect to most carbonate 

minerals, implies the presence of endogenically precipitated minerals (Gorham et al., 

1983; Last, 1989; Evans and Prepas, 1996). For example, water saturation values with 

respect to dolomite in excess of 104 supersaturation are common (Last and Schweyen, 

1983). Likewise, the dynamic groundwater systems that characterize these lakes can 

readily alter the previously deposited detrital and endogenic sediments or result in post-

depositional cementation (Ghebre-Egziabhier and St Arnaud, 1983; Last, 1994; Shang 

and Last, 1999).

The elevated strontium in most of the CaMg(CO3)2 appears to point toward a 

secondary replacement origin for Manito Lake dolomite. For example, using 

conventional distribution coefficients for dolomite (i.e., 0.015-0.025; Banner, 1995; 

Pedone and Dickson, 2000) and present-day Sr/Ca ratios of the lake water (0.016-0.018), 

the dolomite precipitated in Manito should have Sr levels of about 60-100 ppm. Thus, the 

~1000 ppm average concentration in the dolomite suggests the mineral originated as 

result of replacement of aragonite. In contrast, however, Sánchez-Román et al. (2011) 

recently showed that elevated Sr levels occur in laboratory-precipitated microbial 
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dolomite in a sulfate-rich culture. Indeed, the strontium concentrations of Manito 

dolomite fit well with the biomediated distribution coefficients derived from this 

experimental work. Thus, although a diagenetic origin cannot be eliminated, the elevated 

Sr content appears to be compatible with a biomediated primary precipitation origin. 

Similarly, the finely laminated nature of the microbialite dolomite, alternating with 

laminae of aragonite, monohydrocalcite and Mg-calcite, combined with a lack of 

definitive petrographic evidence for replacement argues against a secondary origin. 

 The dolomite forming isopachous cements in the beachrocks of Manito Lake is 

clearly post-depositional, nucleated as a primary mineral from pore solutions. As with the 

formation of most beachrocks (Scoffin and Stoddart, 1983; Vousdoukas et al., 2007), 

cement formation probably occurred due to a combination of processes, including (i) 

degassing of CO2 from groundwater, (ii) mixing of high salinity, Mg-rich lake water with 

lower salinity but bicarbonate-rich groundwater, and (iii) biomediated precipitation. 

While the beachrock cement shows no clear remnant biological components under SEM 

examination, the green/yellow autofluoresence does confirm the presence of diffuse 

organic matter (cf. Dupraz et al., 2004; Dupraz and Visscher, 2005; Mastandrea et al., 

2006; Perri and Tucker, 2007). Russo et al. (1997) indicate that green/yellow 

autofluoresence when visible in dolomite is indicative of residual organic matter and may, 

in fact, help show whether or not the mineral is of biological origin in cases where this is 

not easily determined. Furthermore, Neumeier (1999) showed that the initial cement 

formed in simulated beachrocks was precipitated in a biofilm that covered the grains. 

Although subsequent cementation formed abiotically, nonetheless, this study 
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demonstrates that microbial activity is the main controlling factor in beachrock 

formation. The green/yellow autofluoresence in the Manito Lake beachrock cements most 

likely reflects remnant organic matter from an original biofilm that induced the primary 

cement. Similar to the Holocene dolomitic beachrock cements reported by Last (1992b) 

and Last and De Deckker (1990) from southern Australia, the high Mg/Ca ratio of the 

lake resulted in the precipitation of dolomite cement rather than the more common 

aragonite or Mg-calcite that characterize marine and lagoon settings (Vousdoukas et al., 

2007).

 Likewise, the intense green/yellow autofluorescence of microcrystalline dolomite 

laminae that are found in the microbialites also points toward a biological association . 

The presence of preserved organic matter associated with the dolomite is further 

confirmed by the positive reaction to Mutvei’s solution. The modern microbialites in 

Manito Lake are coated with a microbial mat comprised mainly of Nodularia sp. 

Although Nodularia sp. occur in numerous saline lakes of the region of salinities from 

about 15 ppt to more than 200 ppt TDS (Hammer, 1986), it is abundant in only Manito 

and two others (i.e., Deadmoose Lake and Sayer Lake; Haynes and Hammer, 1978; 

Hammer et al., 1983). Although Sayer Lake has not yet been investigated from a 

sedimentological perspective and historically high water levels in the Deadmoose basin 

preclude the examination of shoreline features, non-detrital dolomite has been reported 

from the offshore sediments of this lake (Last, 1990; Last and Last, 2012). 

 The biogeochemical processes of the modern mats in Manito Lake are complex 

and still being investigated. However, the presence of Nodularia sp. in close proximity to 
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CaMg(CO3)2 suggests that this cyanobacteria is playing at least a passive role (i.e., 

trapping and binding), and possibly an active role by the biochemical activity of 

exopolymeric substances (EPS) in the deposition of dolomite in the microbialites.   

Dupraz and Visscher (2005) suggest that there are two important factors that support 

carbonate  precipitation:  a geochemical facet (the thermodynamic saturation index), and 

a biochemical facet, exopolymeric substances (EPS). As is shown in Figure 6.3, the 

Manito Lake waters are strongly supersaturated with respect to dolomite and, as pointed 

out by Haynes and Hammer (1978), Manito is unique among saline lakes of the region in 

terms of its high CO32- and HCO3-  concentrations. Thus, it is likely that the Nodularia 

spumigena blooms that characterize the lake, as well as the presence of Nodularia 

spumigena in the microbial mats, in combination with the high carbonate levels, have 

contributed to the development of dolomitic microbialites over the past 2000 years. 

 Overall, the oxygen and carbon isotopes of the dolomite in Manito Lake show a 

marked covariance (r = 0.89; statistically significant at 99% confidence level). In 

lacustrine systems, δ13C of the carbonates is often interpreted in conjunction with δ18O, 

and provides insight into the hydrology of the basin (Leng and Marshall, 2004; Leng et 

al., 2005). Closed basin lakes often show a co-variation between δ18O and δ13C of the 

carbonate (Li and Ku, 1997). Talbot (1990) and Talbot and Kelts (1990) suggest that this 

is due to hydrological effects associated with dilution and concentration balances. When 

there is a large freshwater input into the lake the δ18O and δ13C become lower. 

Conversely, as volume of water in the closed basin decreases, δ18O and δ13C are likely to 

increase via evaporation and productivity. Thus, the strong positive correlation of δ18O 
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versus δ13C of the dolomite in Manito is suggestive of formation in a hydrologically 

closed basin over the past two millennia. 

 The stable oxygen isotope values are considerably depleted compared to many 

other Holocene and modern lacustrine dolomites. This strong 18O depletion, also noted by 

Padden (1996) in the Holocene dolomitic sediments of Chappice Lake, southeastern 

Alberta, is likely due to the dominance of groundwater in the hydrologic budget of the 

lake. The large relative contributions of δ18O-light groundwater versus the heavier stream 

inflow can buffer the lake water against much of the more dramatic isotopic effects of 

evaporation in this closed basin (see also comments in Luzón et al., 2009). Isotopically 

depleted lake waters may correspond to periods of relatively warm and dry conditions in 

spite of high rates of evaporation (Padden, 1996; Birks and Remenda, 1999a). 

Furthermore, the generation of these carbonate microbialites and hardgrounds in a 

shoreline environment, as opposed to deeper water offshore conditions, suggests that 

dolomite formation occurred in schizohaline conditions that were probably subjected to 

rapid and extreme temperature fluctuations.  Factors such as disequilibrium mineral 

precipitation and rapid degassing of inflowing groundwater (e.g., Chafetz et al., 1991; 

Pentecost et al., 2006) further limit the paleoenvironmental application of the isotopic 

data. 

 Nonetheless, despite these limitations, the stable isotopes of the dolomite indicate a 

range of environmental conditions, from relatively cold, non-evolved waters to more 

highly evolved, warm and productive conditions.  The major episode of dolomite 

formation in Manito Lake during the MCA took place in a lake of increasing salinity and 
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strong groundwater dominance, probably associated with the generally warm climatic 

conditions. Using the fractionation equation of Vasconcelos et al. (2005) and assuming 

mineral genesis occurred in equilibrium with lake water within today’s range of ∂18O 

(i.e., -7 to -9‰ SMOW), dolomite of the microbialites and pavements (∂18O: -6.6 to         

-5.0‰ PDB) formed at temperatures ~10 to 25oC. A similar range of temperatures for late 

Holocene dolomite in Chappice Lake can be derived from the mineral and water ∂18O 

data of Birks and Remenda (1999b) and Padden (1996).  The oldest dolomite, isopachous 

cements in beachrocks, probably formed in the least evolved, but still productive lake and 

warm (~28 to 34oC) shoreline sediments.

 As is the situation in most of the closed basin lakes in the northern Great Plains 

(see Last, 1995; 1999), both the source of dissolved components and the hydrochemical 

evolution of Manito Lake are complex. On a regional basis, the dominance of multiple 

groundwater systems and the paucity of river flow into these basins preclude 

development of the commonly observed evolutionary sequences of closed basin waters 

such as outlined in the literature (e.g., Eugster and Hardie, 1978; Jones and Deocampo, 

2003; Renaut and Gierlowski-Kordesch, 2010). In the Manito basin, it is clear from 

Figures 6.2 and 6.15a that the dilute inflowing waters from either shallow bedrock 

aquifers or, more likely, drift aquifers immediately lose Ca, thereby increasing the Mg/Ca 

ratio of the lake. As summarized by Deocampo (2010), rapid or “early” Ca depletion 

(Fig. 6.15b) is conducive to early dolomite formation and, upon further evaporation, Mg-

carbonate precipitation. 
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Figure 6.15. Spencer (A) and Jones (B) diagrams (modified from Last et al., 2010) 
showing Manito Lake water and groundwaters. Data from sources listed in Figure 2. 
Arrows indicate possible evolutionary paths of waters in the Manito basin. Path on the 
Jones diagram suggests rapid or early loss of Ca and early dolomite formation according 
to (modified from Last et al., 2010).
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The Manito Lake dolomites are characterized by a considerable range in major cation 

composition from approximately stoichiometric to Ca-rich (up to 68 mol% CaCO3), 

although there does not appear to be a consistent spatial or fabric-related pattern. 

The stoichiometry of CaMg(CO3)2 is a fundamental parameter that is related to many 

other attributes of  the mineral and can be used to distinguish between different types of 

dolomite as well as help decipher the conditions of formation of the mineral (Lumsden 

and Chimahausky, 1980; Tucker and Wright, 1990). Most low temperature sedimentary 

Phanerozoic dolomite is Ca-rich and typically contains 48-62 mol% CaCO3  (Sperber et 

al., 1984; Searl, 1994; Mazzullo, 2000; Jones et al., 2001). Although dolomite from 

modern and Holocene lacustrine settings show a somewhat wider range of 

stoichiometries (e.g., Gunatilaka, 1987; Rosen et al., 1988; De Deckker and Last, 1989; 

Rosen et al., 1989; Deelman, 2011), Armenteros (2010) points out that lacustrine 

dolomites with an organogenic origin are mainly Ca-rich and finely crystalline. 

Additionally, in laboratory conditions, the specific mineralogy and carbonate mineral 

composition involved in halophilic bacterial biomineraliztion is at least partly species 

dependent: different bacterial species are capable of precipitating different compositions 

of carbonates from the same synthetic medium (e.g., Ferrer et al., 1988; Hammes and 

Verstraete, 2002) . Thus, the compositional heterogeneity and range of Ca content 

observed in Manito Lake CaMg(CO3)2 may be related to variability in the carbonate-

precipitating microbial consortium rather than broader extrinsic controls such as brine 

composition. 
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6.6 Summary and conclusions 

Twenty years ago Land (1992) noted  that most occurrences of modern and 

Holocene dolomite formation were from marine or marginal marine settings. During the 

past two decades, investigations of modern dolomite in lacustrine settings have expanded 

greatly. Most of the reported examples of Holocene non-detrital lacustrine dolomite in 

North America occur in the northern Great Plains region of western Canada and United 

States. The Manito Lake dolomite is the best documented of these occurrences in terms of 

composition and geochemistry, sedimentology and chronostratigraphy. 

The dolomite occurs in lithified, shallow water, nearshore sediments. It is 

typically fine grained, poor to moderately ordered, non-stoichiometric, and enriched in 

Sr. It occurs as both inorganic and biomediated primary precipitates in the forms of: (i) 

veneer boundstones/pavements/crusts, (ii) cements in beachrock, and (iii) laminae 

associated with microbialites. In the microbialites it is associated with other calcium and 

magnesium carbonates, including aragonite, Mg-calcite, monohydrocalcite and 

hydromagnesite, whereas the cements and pavements are monomineralic. 

Radiocarbon dating indicates the dolomite has been forming in Manito since at 

least ~2000 cal BP, although formation has not been continuous in the nearshore areas. 

Most of the dolomite was generated during the Medieval Climate Anomaly, probably in 

association with warmer conditions. Stable carbon and oxygen isotopes of the dolomite 

suggest formation in a closed, highly productive lacustrine environment ranging from 

relatively fresh/non-evolved water to highly saline brine. 
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Although modern and Holocene non-detrital dolomite has been reported from at 

least 30 other lacustrine settings in the northern Great Plains (Last and Last, 2012), 

Manito Lake appears to be unique in terms of CaMg(CO3)2 associated with microbialites 

and its formation as beachrock cement and boundstones. The reason for this singularity 

among the many other saline lakes that have been studied in the region is still unresolved. 

However, the unusually high CO32-/HCO3- levels, in conjunction with high productivity 

dominated by Nodularia sp. blooms, may be the requisite to establishing a favorable 

environment for the precipitation of dolomite. 
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Appendix A

On page 333 at the end of the first paragraph, this sentence should be added:

It should be emphasized however, that because of the caveats mentioned that these 

temperature estimates are of little or no value.
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Chapter 7

Occurrence and significance of a cold-water carbonate 
pseudomorph in microbialites from a saline lake 
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Abstract

Micron-scale pseudomorphs of calcite after ikaite have been discovered in microbialites 

from Manito Lake, a large hypersaline lake in the Great Plains of western Canada. 

Although environmental conditions in the lakes of this region (seasonally cold 

temperatures, high salinities and elevated productivity) suggest that ikaite should be a 

common occurrence, this is the first documentation of lacustrine ikaite in Canada and the 

Great Plains region of North America. The calcite pseudomorphs form a porous dendritic 

fabric, comprise the interiors of massive shoreline microbialite mounds and pinnacles, 

and are encased in centimeter-scale laminated dolomite-aragonite rinds. Because of the 

limited thermodynamic stability of ikaite at or near freezing temperatures, the 

psuedomorphs of this mineral provide evidence of an extended cold episode during the 

first millennium A.D. The Manito deposits also show high δ13C values, indicating 

elevated productivity and δ18O signatures are consistent with precipitation in a cold, 

somewhat fresher lake than present.

Keywords

Ikaite, calcite, microbialites, saline lake, northern Great Plains, Canada
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7.1 Introduction

 To test predictions of future climate change we need to understand the Earth’s 

natural climate variations at a variety of time scales. For example, an understanding of 

the variability, duration, and intensity of droughts during the Holocene is critical for 

planning strategies to help mitigate the adverse social effects of global warming as 

suggested by GCM’s. Information about past climate variation is stored in tree rings, ice, 

lake sediments and cave deposits in many places around the world. 

The Great Plains is one of the most agriculturally intensive and climatically 

sensitive regions of North America. Because of the short instrument record, sparse tree 

ring data, and absence of varved lake records, paleoclimate reconstructions have been 

largely based on relatively low-resolution proxy data from pollen/plant macrofossils and 

lacustrine microfossils, supplemented by geomorphic landscape responses and 

archeological studies. Thus, identification of any novel proxy in these terrestrial settings 

that can provide new data is useful in helping characterize and quantify regional climate 

fluctuations. 

 Ikaite (CaCO3•6H2O) is a rare carbonate mineral phase with a limited stability at 

or near freezing temperatures. Modern and Quaternary occurrences have been reported 

from both terrestrial and marine settings, including springs in the Canadian Arctic 

(Omelon et al., 2001), Mono Lake and Lahonton Basin, California (Shearman et al., 

1989; Bischoff et al., 1993b; Council and Bennett, 1993), lakes in Patagonia, Argentina 

(Oehlerich et al., 2012), Arctic and Antarctic ice and sediment (Suess et al., 1982; 
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Dieckmann et al., 2010; Lu et al., 2012; Rysgaard et al., 2012), Ikka Fjord (Buchardt et 

al., 2001; Hansen et al., 2011), and various other deeper marine settings (Greinert and 

Derkachev, 2004; Rickaby et al., 2006; Selleck et al., 2007). Since this metastable 

calcium carbonate represents cold temperatures at the time of precipitation, ikaite or 

pseudomorphs after ikaite, have the potential for use as indicators of past climatic 

conditions. There are other minerals that can be pseudomorphed by calcite so it is 

important to be sure that the precursor mineral is, in fact, ikaite (Swainson and 

Hammond, 2001).

7.2 Manito Lake

 Manito Lake (52o45’N; 109o43’W) is a large, deep-water saline lake located in the 

northern Great Plains ~200 km northwest of Saskatoon, Canada (Fig. 7.1). It is situated at 

the Parkland-Prairie ecotone on a gently undulating glacial drift plain. The lake occupies 

the terminus of a large closed drainage basin, with a catchment of ~24,000 km2. 

Formation of the Manito Lake basin is related to late Pleistocene deglaciation and most 

likely originated about 12,000 years ago as a series of interconnected meltout features 

from slowly melting ice beneath the thick supraglacial drift blanket. Maximum depth of 

the lake is ~22 m (Fig. 7.2). The salinity is ~50 ppt TDS and is dominated by Na+, Mg2+ 

and SO42- ions. Salinity levels have increased significantly concomitant with a dramatic 

decrease in lake level and volume over the last few decades (van der Kamp et al., 2008; 

Last et al., 2010).  The Mg/Ca is ~60 and the lake is highly alkaline with a pH of 9.9. 

Dissolved PO43- levels are high at 0.5 mg/L. Primary productivity is among the highest 

reported for perennial saline lakes in the northern Great Plains (Hammer, 1981).
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Figure 7.1. Map showing the location of Manito Lake (*) in the northern Great Plains of 
western Canada.
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Figure 7.2. Map showing the topography and bathymetry of the Manito Lake basin 
(modified after Last et al., 2010). Contour interval for the bathymetry is 10 m; contour 
interval for the topography is 50 m. Inset is a schematic profile showing the vertical 
distribution of microbialites in the basin. Microbialites above 595 m asl do not contain 
calcite pseudomorphs after ikaite. The present-day lake level has decreased from ~610 m 
asl in the 1920s to  ~581 m asl today. 
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The recent drop in lake level has exposed extensive areas of shallow water 

carbonate microbialites of varying morphologies and mineralogies, including km-scale 

bioherms and individual pinnacles over one meter tall. Most of the larger pinnacles and 

bioherm structures have a massive porous and dendritic interior surrounded by a sub-

millimeter-scale laminated rind. The genesis, composition and paleoenvironmental 

interpretation of the laminated rinds have been summarized and discussed by Last et al. 

(2010; 2012); the subject of this report is the porous interior of the microbialites. 

Although environmental conditions in the lakes of this region (seasonally cold 

temperatures, high salinities and elevated productivity) suggest that ikaite should be a 

common occurrence at least on a seasonal basis, this is the first documentation of 

lacustrine ikaite in Canada and the first reported occurrence in the Great Plains of North 

America.

7.3 Materials and methods

For this study, detailed analyses were carried out on two large microbialites: one retrieved 

from just below the current lake level (~580 m asl) and one from a position ~300 m 

inland corresponding to the highest elevation at which the microbialites with porous 

interiors are found (595 m asl).  Subsamples of these large structures were examined 

petrographically (reflected and transmitted light, SEM) and analyzed for mineralogy and 

∂13C and ∂18O using standard techniques as described by Tucker (1988), Last (2002), 

Ireland (2004) and Sharp (2007). Fifty interfacial angles were measured from clearly 

imaged crystals, and general crystal morphology as seen in SEM images was compared to 

published sources (Dickens and Brown, 1970; Hesse and Küppers, 1983; Whiticar and 
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Suess, 1998; Swainson and Hammond, 2003; Huggett et al., 2005; Dieckmann et al., 

2010).  

Radiocarbon AMS dates were obtained for pure samples of carbonate material 

taken from the interiors of the pinnacles at the base, centre, and top in order to establish 

chronology and to estimate growth rates. 14C dates were also obtained from the inner and 

external parts of the outer rind. By dating juxtaposed organic matter and endogenic 

carbonate material, Last et al. (2010) confirmed there is little or no reservoir effect for the 

carbonate dates in this lake. The laboratory 14C dates were calibrated using Calib 

Radiocarbon Calibration 6.1.1 (Stuvier et al., 2012). 

7.4 Results 

The internal sediment of each microbialite is composed of buff to white, friable calcite 

forming an open, highly porous, shrub-like fabric encased in centimeter-scale laminated 

dolomite-aragonite rinds (Fig. 7.3). Iron staining is common and pyrite framboids are 

occasionally seen under SEM examination. Detailed petrographic analyses of this 

carbonate material reveal micron-scale crystals that are not a common morphology for 

calcite (Fig. 7.4a). The crystals are similar in morphology, although not in size, to the 

thinolites (calcite pseudomorphs after ikaite) of the Pleistocene Lahontan Basin, Nevada 

(Russell, 1885; Shearman et al., 1989), as well as that of marine ikaite found in the 

Canadian Arctic (cf. Fig. 7.4b). SEM images of the material (Fig. 7.5) clearly indicate 

microcrystalline monoclinic forms with a 2/m point group, which is characteristic of 

ikaite (Anthony et al., 2003) and are visually comparable to the calcite after ikaite 

crystals described by Dieckmann et al. (2010).  The 50 angles measured from SEM 
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Figure 7.3. External (A) and internal (B) views of microbialites containing calcite 
pseudomorphs after ikaite used in this study. C is a horizontal section showing internal 
portion of the microbialite in A at the line indicated. The microbialite on the left (A) was 
collected at an elevation of 580 m asl; the microbialite on the right (B) was collected at 
an elevation of 595 m asl. The dates shown on the microbialites are calibrated 
radiocarbon ages determined on internal calcite and dolomite of the external rind (see 
Table 1). Scale bars (A) = 5 cm; (B) = 3 cm; (C) = 1 cm.
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Figure 7.4. (A) SEM photomicrograph of calcite after ikaite from a Manito Lake 
microbialite. Scale bar = 2 microns. (B) Glendonite (pseudomorph after ikaite) from 
Euraka, Nunavut, Canada. Scale bar = 1 cm. (B) is reproduced with permission from 
RocksForKids.com; photo by N. Gere. 
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Figure 7.5. SEM photomicrograph of calcite after ikaite showing well preserved 
monoclinic crystal structure (A) and stepped-like fabric (B); arrow indicates a 
representative ß angle of ikaite (~110.5o).
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images have an average of 110.48° and standard deviation of 0.2 (Appendix A, Table 1); 

this is a reasonable measurement for the ß angle of ikaite (Dickens and Brown, 1970; 

Hesse and Küppers, 1983).   

The results of the 14C analyses indicate ikaite started forming in the microbialites 

of Manito Lake at about cal BP 2250 and ended cal BP 1290 (Table 7.1 and Fig. 7.3). 

Vertical growth rates of the samples studied varied from about 1 mm yr-1 to 3 mm yr-1. 

These rates are higher than those reported for most other modern freshwater and marine 

microbialites but much less than that of saline Big Soda Lake, Nevada (Rosen et al., 

2004).

δ18O values for the Manito Lake microbialite carbonates range from  -6.3 to 

-10.1‰ (mean -8.7‰, σ = 1.0; Table 1 and Fig. 7.6). The δ18O data from microbialite A, 

which spans ~600 years, show a distinct increasing trend over time, beginning with 

relatively low values at the start of ikaite formation (average about  -10‰) and trending 

toward carbonate with several ‰ higher δ18O (average about -7‰) at the end of ikaite 

deposition. Microbialite B, recording deposition of only about 80 years, shows little 

systematic temporal variation. As shown in Figure 7.7, the Manito δ18O results are 

somewhat lower than stable oxygen isotope data collected from other lacustrine calcite 

pseudomorphs. Pleistocene thinolites from the Lahontan Basin average about -2.3‰ 

(Benson et al., 1996); Mono Lake, California average -3.4 ‰ (Whiticar and Suess, 1998); 

Laguna Potrok Aike, Patagonia average -4.0‰ (Oehlerich et al., 2012).
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Table 7.1. Stable oxygen and carbon isotope data (‰ PDB) using IRMS (isotope-ratio 
mass spectrometry) and SIMS (secondary ion mass spectrometry), and radiocarbon ages 
of microbialites. Stable isotope analyses were done by Isotech Laboratories Inc. 
(Champaign, Illinois); precision is 0.1‰. Samples with * are from dolomite comprising 
the outer rinds of the microbialites; all others are from calcite pseudomorphs after ikaite 
from the interiors of the microbialites. 14C analyses were done at the Keck Carbon 
Facility at the University of California-Irvine.

δ13C δ18O cal yr BP 14C age (BP) ± UCIAMS #
Microbialite AMicrobialite AMicrobialite AMicrobialite AMicrobialite AMicrobialite A

0.7 -10.1 2250 2205 15 49430
0.5 -10.1
0.8 -9.9
1.7 -9.4 1890 1950 15 49431
1.6 -9.2 1875 1925 15 47501
1.8 -9.1
2.6 -7.7 1670 1730 15 49434
2.7 -6.3 1645 1770 15 49433
3.3 -5.6 * 1295 1375 15 47495
3.0 -6.8 * 527 545 15 47494

Microbialite B Microbialite B Microbialite B Microbialite B Microbialite B Microbialite B 
0.2 -8.1
0.8 -7.3 1370 1490 15 47493
-0.6 -8.0
-0.4 -9.0
0.2 -8.3
-0.7 -8.9 1330 1450 15 47492
-0.2 -9.2
-0.3 -8.8
-0.3 -8.7 1290 1375 15 47495
1.8 -6.9*
3.3 -5.9*

Microbialite B - SIMSMicrobialite B - SIMSMicrobialite B - SIMSMicrobialite B - SIMSMicrobialite B - SIMSMicrobialite B - SIMS
11.4 -13.0
8.6 -13.8
13.6 -22.6
13.0 -20.1
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22.7 -21.4
29.2 -18.6
29.3 -17.9
15.5 -12.4
8.3 -13.8
19.1 -15.5
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Figure 7.6. Microbialites A and B showing the δ18O and δ13C of  calcite pseudomorphs 
after ikaite. Image A shows the external view of the microbialite, however the isotopic 
data are derived from the internal part of the structure. Scale bars (A) = 5 cm; (B) = 3 cm. 
Arrow in the upper right corner of B indicates the area of detailed SIMS analyses (see 
Table 1).
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Figure 7.7.  Stable isotopic data (‰ PDB) from Manito Lake (this study; Table 1) and 
other modern and ancient pseudomorphs after ikaite. Circles = Manito Lake (closed 
circles = SIMS, open circles = IRMS); cross-hatch = Mono Lake and Lahontan Basin; 
squares = modern non-Arctic marine; blue triangles = modern Arctic marine; cross 
hatch= pre-modern marine; pink circles = Ikka Fjord. Data other than that of Manito Lake 
from Selleck et al. (2007) and Oehlerich et al. (2012).
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δ13C values of Manito calcite range from -0.7 to 2.7 ‰ (mean 0.7‰, σ = 1.0). 

Like that of the δ18O data, the δ13C data in microbialite A show a trend of increasing 

values over the 600 years of deposition recorded by this structure. The stable isotope data 

from both microbialites show a strong positive covariance (microbialite A: r = 0.92; 

microbialite B: r = 0.71).

Finally, a portion of the calcite from immediately adjacent to the outer laminated 

rind in microbialite B was analyzed using SIMS (secondary ion mass spectrometry) to 

allow for in situ high spatial resolution analysis. Although the high spatial resolution 

achieved by the SIMS analyses precludes direct comparison with data obtained from bulk 

IRMS analyses (Fitzsimons et al., 2000), nonetheless, these analyses show strongly 

enriched δ13C (5.8 to 29.3‰) and depleted δ18O values (-12.4 to -22.6‰) in the 

microbialite calcite deposited immediately adjacent to the outer dolomitic rind. 

7.5 Discussion

 Manito Lake is the first lake in Canada in which microbialites have been used to 

decipher past environmental and hydrological conditions. Because the lake is 

characterized by high Mg/Ca ratios, the presence of pure calcite comprising the interior 

of the microbialites, without any aragonite, magnesian calcite or other Mg-bearing 

carbonates, is anomalous. As summarized by Last and Last (2012) and Last (1989), 

although most of the lakes in the northern Great Plains are thermodynamically saturated 

with respect to CaCO3, non-detrital calcite is rare presumably due to the commonly high 

concentrations of Mg2+ and SO42- (Last and Schweyen, 1983). 
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On the basis of crystal morphology and measured interfacial angles, the calcite 

making up the interiors of the microbialites in Manito Lake is interpreted as a 

pseudomorph after ikaite. The distinctive highly-porous and dendritic fabric of the 

microbialite interiors is consistent with the transformation from ikaite to calcite, which 

shows a 30-60% reduction in volume (Huggett et al., 2005; Selleck et al., 2007). The 

characteristic stepped appearance of the micron-sized crystals implies that the crystals 

were wet during decomposition (Huggett et al., 2005), indicating a change in 

temperature, rather than exposure to air, was the likely mode of conversion from ikaite to 

calcite. 

Although ikaite is a relatively rare mineral, the chemical conditions conducive for 

its formation in a lacustrine environment are well constrained: ikaite forms at low 

temperatures in saline, alkaline waters high in dissolved phosphate (Bischoff et al., 

1993a; Bischoff et al., 1993b; Deocampo, 2010). The microbialite structures in Manito 

Lake that contain the calcite pseudomorphs formed at the sediment-water interface, with 

the preferred vertical growth being determined by microbial mat development, likely in 

conjunction with diffuse Ca-rich groundwater flow. There are no distinct internal 

laminations, however there is evidence of irregular boundaries, likely associated with 

benthic microbial mats that were mostly removed by physical processes. The occurrence 

of pyrite framboids associated with the pseudomorphs suggests the ikaite formed in an 

anoxic microenvironment probably caused by microbial mats. 

High phosphate concentrations are clearly linked with most occurrences of ikaite 

in terrestrial settings. As shown by Bischoff et al. (1993a), elevated phosphate levels not 
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only inhibit precipitation of calcite and other anhydrous carbonates, making ikaite the 

preferred precipitate at low temperatures, but also increase the relative stability of the 

mineral once it forms. Like most lakes and natural reservoirs in the region, Manito Lake 

is currently hyper-eutrophic. Although post-1800s agricultural activity and sewage 

discharge have no doubt resulted in increased nutrient loading and high phosphate levels 

in Manito;it should be emphasized that, in general, the lakes of the Prairie region were 

naturally eutrophic prior to agriculture development (Allan et al., 1980; Quinlan et al., 

2002). For example, elevated PO4 levels in Kettle Lake, a small, deep lake in 

northwestern North Dakota, during the Holocene resulted in periodic precipitation of 

struvite, a hydrous Mg-ammonium-phosphate mineral (Donovan and Grimm, 2007). 

While the phosphate concentration of Manito Lake at the time of ikaite formation is not 

known, it is possible that open lake PO4  levels were higher than that of today’s ~0.5 mg 

L-, which inhibited CaCO3 precipitation and stabilized CaCO3•6H2O.

 However, if late Holocene lake-wide PO4 levels were not higher than that of 

today, it is reasonable that ikaite precipitation was related to the presence of benthic 

microbial mats that made up the microbialite and biohermal structures. These mats 

contributed to localized phosphate levels, increasing them high enough to inhibit 

anhydrous carbonate formation. In most lakes, phosphate is bound to ferric iron in the 

sediment (Wetzel, 2001). This Fe acts as an electron acceptor in the absence of oxygen. 

Under the anoxic conditions at the sediment-water interface, microbial activity in the mat 

can use iron, thereby releasing PO4 to the immediate microenvironment. Indeed, the fact 

that there is no evidence of ikaite (or calcite pseudomorphs after ikaite) in the 2000 year 
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long record of offshore deposition in Manito (Last et al., 2011) suggests that ikaite 

formation was localized, associated only with the nearshore and shoreline microbialites.

 Notwithstanding the likelihood of elevated PO4 levels playing a key role in 

creating suitable conditions for CaCO3•6H2O formation, it should be emphasized that 

extended periods of cold temperatures would be required for the lengthy record of 

uninterrupted ikaite deposition in Manito. For example, microbialites are forming in 

present-day Manito Lake in water depths less than ~3 m. However, unlike the older 

microbialites, these modern cryptalgal structures are composed of dolomite and 

aragonite, rather than ikaite. If CaCO3•6H2O is forming seasonally during the cold winter 

months, it is not being incorporated or preserved in the modern microbialite because of 

today’s warmer water temperatures.

Because stable oxygen and carbon isotope values of calcite after ikaite closely 

mimic the values of the original ikaite (Greinert and Derkachev, 2004; Oehlerich et al., 

2012), δ18O and δ13C  signatures of the carbonates can be used to help characterize and 

confirm the conditions of formation. However, interpretation of stable carbon and oxygen 

isotopes of carbonates generated by mainly microbial processes in a shoreline setting is 

often problematic because of factors such as disequilibrium mineral precipitation, 

schizohaline conditions, and variable groundwater influences (Leng and Marshall, 2004; 

Luzón et al., 2009; Last et al., 2012). The range of isotopic data collected by SIMS (Table 

1) emphasizes the spatial variability that exists in a small (~cm2) sample of the 

microbialites. 
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The marked covariance of the IRMS δ18O and δ13C data from the two 

microbialites studied confirms that the Manito basin remained hydrologically closed 

during the ~900 years of ikaite deposition. The trend toward higher δ18O values recorded 

in microbialite A between 2200 and 1600 cal BP suggests a gradually increasing aridity 

during the first millennium A.D. However, since theδ signature of endogenic carbonates 

can fluctuate as a result of changes in not only evaporation but also composition of the 

inflowing water and temperature, and these factors can oppose or compensate each other, 

it is important to interpret the isotopic record in light of all controlling factors (Leng and 

Marshall, 2004). In the Manito basin the first millennium A.D. was a period of lake 

transgression in which the water level in the basin rose some 15 m (Last et al., 2010). 

Thus, it is more reasonable that the temporal trend in δ18O reflects a gradual shift in the 

hydrologic budget from a groundwater dominated lake at ~2200 BP to a basin 

increasingly influenced by surface runoff and direct precipitation. The δ18O of 

groundwater in drift aquifers today ranges from about -20 to -23‰ (SMOW), whereas 

stream inflow and direct precipitation are about -15 to -17‰. 

The increase in δ13C values of calcite in microbialite A is most probably related to 

an increase in productivity (McKenzie, 1985; Talbot, 1990). However, there are many 

factors that contribute to 13C/12C variation of lacustrine endogenic carbonates, including 

changes in photosynthesis, CO2 outgassing, methanogenesis, and changes in inflow DIC 

concentrations (Valero-Garcés et al., 1997; Leng and Marshall, 2004). Photosynthesis and 

metabolic processes taking place in the microbial mat, possibly in conjunction with an 

increase in productivity in the lake as a whole led to a more positive δ13C as the 
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organisms preferentially used the lighter 12 C. Alternatively as the lake level rose, the 

bottom waters became anoxic, thus giving rise in slower oxidation of organic matter 

resulting in high δ13C (Leng and Marshall, 2004). The fairly consistent more negative 

values in microbialite B are probably a reflection of more isotopic exchange with the 

atmospheric CO2 as the microbialte grew more rapidly in a lake with a relatively stable 

level. However, the  more positive  13 C data from the SIMS near the rind of this 

microbialite further emphasize formation of ikaite in a highly productive micro-

environment, under a microbial mat. 

These mineralogical and geochemical data show that Manito Lake experienced a 

prolonged ~900 year episode of relatively cold conditions during the first millennium 

A.D., during which lake level rose ~15 m. This cold period has not previously been 

reported in the northern Great Plains mainly because the paleoclimate proxies commonly 

used in the region are more responsive to changes in water salinity and hydrology than to 

temperature. Nonetheless, widespread lacustrine proxy records from the region suggest 

high lake level phases or interpreted wet conditions corresponding to this cold episode 

(Vance et al., 1993; Valero-Garcés et al., 1995; Laird et al., 1996; Xia et al., 1997; 

Campbell, 1998; Lemmen and Vance, 1999; Last et al., 2002; Grimm et al., 2011). A first 

millennium A.D. cooling (Dark Ages Cold Period) has been widely noted in other areas 

of North America and the Northern Hemisphere (Hu et al., 2001; Follett et al., 2004; 

Reyes et al., 2006; Wiles et al., 2008; Clegg et al., 2010; Ljungqvist, 2010).
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The end of ikaite formation and subsequent deposition of the dolomitic 

stromatolitic microbialites in Manito Lake coincides with the onset of a megadrought 

beginning in about 1300 AD (Woodhouse and Overpeck, 1998; St. Jacques et al., 2008). 

7.6 Conclusion

 The calcite after ikaite in Manito Lake is the first reported occurrence of Holocene 

lacustrine ikaite in the Great Plains region of North America. The identification of 

micron-scale calcite after ikaite associated with microbialites and bioherms provides 

irrefutable evidence of low temperature conditions that persisted for nearly 900 years in 

Manito Lake.  Stable C and O isotope data of the pseudomorphs indicate precipitation in 

a cold but highly productive environment.  

 This cold-water carbonate is an important temperature proxy that may be 

applicable on a regional basis in other saline lacustrine systems including not only the 

Great Plains, but lakes in the Arctic, Antarctic, and high elevation basins, to provide more 

detailed information on temperature fluctuations that is not readily attainable through 

conventional paleolimnological tools. This mineral, while thought to be rare, may 

actually be more common in lakes than previously thought; formative conditions (i.e., 

high salinity, alkalinity and productivity) are common in many areas. Clearly, detailed 

petrographic re-examination of other reports of lacustrine calcite (usually tacitly assumed 

to be detrital in origin; Last and Last, 2012), in the northern Great Plains is warranted. 

The association of this cold-water mineral with productive, saline and alkaline 

environments is particularly applicable to the search for life and the determination of past 

climates and hydrological conditions on Mars (Bishop, 2005). 
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Appendix A:
Table 1: Measured interfacial angles from SEM images of the calcite pseudomorphs after ikaite 
interiors of the microbilaites.

Angle# Angle (º)

1 110.5

2 110.5

3 110.5

4 110.5

5 110.5

6 110.5

7 110.5

8 111.0

9 110.5

10 110.5

11 110.5

12 110.5

13 110.5

14 110.5

15 110.5

16 110.5

17 111.0

18 110.5

19 110.5

20 110.5

21 110.5

22 110.5

23 110.5

390



Angle# Angle (º)

24 110.5

25 110.5

26 110.5

27 110.5

28 110.5

29 110.5

30 110.5

31 110.5

32 110.5

33 110.5

34 110.0

35 110.0

36 110.5

37 110.5

38 110.5

39 110.5

40 110.5

41 110.5

42 110.5

43 111.0

44 110.0

45 110.5

46 110.0

47 110.5

48 110.0

49 110.5
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Angle# Angle (º)

50 110.5

Mean 110.48
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Chapter 8
Dissertation synthesis

Summary and future directions
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8.1 Microbialites in Manito Lake

 The research presented here represents the most comprehensive in-depth study of 

nearshore carbonates in a saline lake in the Canadian northern Great Plains. This is the 

first and only report of microbialites in the Canadian Great Plains, and these are the 

northernmost reported microbialites to date.  The variability in the morphology and 

mineralogical composition of these organogenic structures has allowed for a detailed 

analyses of how carbonates associated with microbialites form, which has been an 

important topic in Earth science for decades.  There has been much discussion about the 

genesis of carbonate microbialite structures in both lacustrine and marginal marine 

settings, particularly with regard to the degree of bio-mediation involved and the relative 

importance of inorganic versus organic/bio-induced process.  I have shown that both 

biotic and abiotic processes are occurring in the formation of the Manito Lake  features, 

although it is clear that bio-mediated processes play a dominant role in mineral genesis. 

8.2 Minerals 

 An unusually large range of carbonate minerals were identified  associated with  

the microbialites in Manito Lake. No other lake in the northern Great Plains contains 

such a diverse assemblage of calcium and magnesium carbonate minerals.  Two minerals 

in particular are of great interest: dolomite, a rare endogenic/authigenic mineral in 

modern and Holocene lacustrine sediments elsewhere, and ikaite, preserved in the 

sediment record as calcite pseudomorphs. 
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8.2.1 Dolomite

 The genesis of CaMg(CO3)2 in terrestrial settings has been an ongoing problem in 

sedimentary geology since the mineral  was first described from a lacustrine environment 

over 80 years ago. With only about sixty occurrences of non-detrital dolomite 

documented from lakes world-wide, its presence in modern and Holocene environments  

is rare and its formation elusive. Although dolomite has been reported from several other 

lakes in the Great Plains region, with the completion of this thesis research, Manito Lake 

is now one of the best documented occurrences of Holocene lacustrine dolomite in the 

world, and is one of only several instances in which the mineral is found in association 

with microbialites, beachrocks and veneer boundstones. The research presented in this 

dissertation contributes new information to the solution of the dolomite problem, 

suggesting that bio-mediated processes are more critical to the formation of dolomite than 

previously thought. It also opens new avenues of geomicrobiological research in Canada, 

and the northern Great Plains in particular.  

8.2.2 Ikaite

 Because of the limited thermodynamic stability of ikaite, nearly all field studies 

on this carbonate mineral within the sedimentological realm have been on pseudomorphs 

after ikaite. Most of the reported occurrences of CaCO3•6H2O have been in marine 

settings. The presence of calcite-after-ikaite pseudomorphs associated with the 

microbialites of Manito Lake is noteworthy because it is one of only three reported 

Quaternary lacustrine occurrences in the world.  This is also the first report of micron 
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scale ikaite pseudomorphs in lacustrine sediments, and the first discovery  of ikaite in the 

northern Great Plains. 

 The documentation of this cold water carbonate mineral in Manito Lake  is an 

important contribution to regional paleoclimate research because it provides irrefutable 

evidence of low temperature conditions that persisted for nearly a millennium during the 

late Holocene. Furthermore, because environmental conditions in the lakes of the 

northern Great Plains (i.e., seasonally cold temperatures, high salinities and elevated 

productivity) suggest that ikaite should be a common occurrence, the Manito Lake 

discovery and methodology described in this thesis provides the impetus for further 

investigations in the carbonate-rich sediments of other saline systems in the Great Plains, 

as well as the Arctic, Antarctic and high elevation basins.  Knowing how to identify this 

mineral in its preserved form may also contribute to the continuing investigation of 

paleoenvironmental conditions on Mars. 

8.3 Reconstruction 

 Manito Lake is one of the first lakes in Canada where carbonate microbialites 

have been used to reconstruct past environmental and hydrological conditions. Using a 

combination of  position  of the microbialites and carbonate hardgrounds in the basin, 

mineralogy and geochemistry, high-resolution petrography, stable isotopes, and 

radiocarbon dating, this research has established a detailed 2000 year reconstruction of 

lake levels and environmental changes in the basin.  

 These  variations in morphology, mineralogy, petrography, and elemental 

composition with respect to the fabric of the microbialites as delineated in this research 
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has provided valuable insight into the recent climatic and complex environmental history 

of the lake and the region. Stable oxygen and carbon isotope stratigraphy of the 

carbonates  furthermore help identify and confirm the occurrence of the Medieval 

Climate Anomaly (~1200-700 cal BP) and an earlier 800-year long cold period 

(~2200-1400 cal BP).  This first millennium cold period, described from other regions of 

the Northern Hemisphere and referred to as the Dark Ages cold period (DACP), had not 

been identified in western Canada prior to this research on Manito Lake. .

 Manito Lake, as well as many other lacustrine basins  in the northern Great Plains,  

have experienced dramatic lake level fluctuations over the past half century. In many 

situations these lake level changes have been tacitly assumed  to be anthropogenically 

related. This research helps place these late-20th and early 21st century fluctuations into 

proper long-term perspective. I have shown that water level fluctuations considerably 

greater than those experienced during the past 50 years have occurred repeatedly in the 

basin over the past 2000 years. Thus, the hydrological variation and resulting ecological 

and environmental changes in Manito Lake witnessed during the past five decades are 

well within the range of natural variation observed during the past several millennia.  

 In summary, shoreline and nearshore organogenic carbonate structures have been 

shown to be of considerable value in creating high resolution reconstructions of lake 

conditions in Manito Lake. A range of sedimentological, morphological and geochemical 

proxies have been successfully applied to deduce late Holocene fluctuations in various 

limnological parameters, including lake level, water chemistry and salinity, water 

temperature, and productivity. The application of carbonate microbialites in 
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paleolimnological investigations of closed-basin saline/hypersaline lakes is important 

because most biological proxies, traditionally used in fresher open systems, are often 

limited in highly saline, alkaline settings of the northern Great Plains.
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