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Abstract

i

Waldsea, Deadmoose, and Lenore lakes are three saline lakes located in the

Lenore Basin drainage complex north of the town of Humboldt in south-central

Saskatchewan, Canada. Waldsea Lake and Deadmoose Lake are both meromictic, with

anoxic, saline to hypersaline (~30-45 g L-1 TDS) Na-Mg-SO4 –rich monimolimnion

waters underlying hyposaline to saline mixolimnions. Lenore Lake water shows similar

ionic ratios but is less saline (~4 g L-1 TDS) and does not exhibit meromixis. Water levels

in these closed-basin lakes have historically fluctuated dramatically. Present-day high

levels in the basins have lead to considerable social, economic, and environmental

disruptions and problems. Short sediment cores (~1 m length) were collected from deep-

water offshore locations in each basin in order to study sedimentological and

hydrological changes that have occurred over the past several millennia and to place the

current high water levels into a longer-term perspective.

The late Holocene stratigraphic sequences recovered from Waldsea and

Deadmoose lakes are roughly similar: both comprise overall well-bedded, fine-grained,

organic-rich sediment dominated by endogenic gypsum and detrital clay minerals, with

associated quartz, plagioclase and carbonate minerals. They both contain laminae

composed of endogenic aragonite. Two lithostratigraphic units are identified in each

sequence on the basis of bedding, grain size, organic matter content, geochemistry,

mineralogy, and δ18O and δ13C characteristics. Although chronostratigraphic control is

limited, AMS 14C dating of plant remains in the cores indicate that the recovered

sequence from Waldsea spans approximately 1500 years whereas the Deadmoose

sequence covers about 3500 years. The recovered Lenore Lake sequence is mainly non-

bedded and largely composed of fine to coarse-grained siliciclastics and detrital



ii

carbonate minerals. Like Waldsea and Deadmoose, two lithostratigraphic units are

identified, however efforts to establish chronostratigraphic control for the section

recovered from Lenore Lake were not successful.

The short cores recovered from each of these basins show a clear change from

shallow water deposition at the base to deep(er) water conditions further up the section.

This change was likely a result of the development of a more positive hydrologic budget

in each of the basins. The lack of chronological synchrony of the interpreted hydrologic

changes, however, suggest that the effects of regional climatic fluctuations are masked by

various intrinsic sedimentological, geochemical, and biological processes operating

within each basin.
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Chapter 1 - Introduction

1

1.1 Prologue

Lakes throughout the northern Great Plains have shown significant water level

variability over the past 40 to 50 years. Elevated and declining water levels each pose

unique problems that must be considered. Low waters present a series of environmental

concerns due to increases in salinity and changes in the biogeochemical processes

dominant in the basin. High water levels have recently been occurring in the northern

Great Plains, particularly since the 1990’s, and can be equally as devastating to the lake

environments as well as the local communities (Saskatchewan Watershed Authority,

2010). Lakes Waldsea, Deadmoose and Lenore, occurring in the central portion of the

northern Great Plains, are not spared from these issues and have recently experienced

major floods as well as spills among lakes in the region. Any strategies developed to

manage these lacustrine ecosystems must not only consider historic droughts and

flooding caused by anthropogenic stresses in the short term, but also large deviations

caused by natural trends and fluctuations over the long term.

1.2 Objectives

With the absence of extended historical records for most lakes in western Canada,

hydrologic perturbations are most efficiently examined using the sedimentary deposits of

the basins and their geochronological record. Paleoenvironmental interpretations based

on sedimentological data are required to generate a scientifically defensible analysis of

the role of climate and natural variability versus human induced fluctuations. Physical,

geochemical and biological components of lake sediments provide an archive of vast
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amounts of detailed information about past changes in hydrology, climate and ecological

conditions.

The objectives of this project are to identify past physical, chemical and

biological changes that have occurred in lakes Waldsea, Deadmoose and Lenore in the

late Holocene. These are closed basin lakes, providing the best sites for reconstructing

the history of hydrologic and climatic changes. This type of lake is very sensitive to

fluctuations in water, sediment and nutrient balances and therefore their sedimentary

deposits are much more likely to provide an unambiguous record of past hydrologic and

climatic fluctuations.

Chapter 1 summarizes previous work and gives an overview of the geological and

limnological setting. Chapter 2 provides a summary of the sample collection and

analytical methods used in this thesis. Chapter 3 presents the modern hydrological

conditions surrounding the three lakes. A brief overview of lacustrine stratification is

discussed in chapter 4. The physical and mineralogical features of all three cores are

described in chapter 5. Chapter 6 presents a detailed look at some of the laminae in the

Deadmoose Lake core. Organic matter disseminated throughout the cores is discussed in

chapter 7. Isotopic data from endogenic carbonates and organic matter is presented and

interpreted in chapter 8. Chapter 9 compiles all the data collected in order to discuss and

interpret past lake conditions. A review of regional lake level changes as well as a

summary and conclusion of the thesis is presented in chapter 10.
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1.3 Previous Work

Nearly all of the previous work covers either Waldsea or Deadmoose lakes as

very little has been published on Lenore Lake. However, a series of papers published in

Internationale Revue der gesamten Hydrobiologie und Hydrographie very briefly covers

physical, chemical and biological aspects of all three lakes, among many others

(Hammer, 1978a; Hammer 1978b; Hammer and Haynes, 1978; Haynes and Hammer,

1978). Several authors have published studies that are predominantly biologically

focused on lakes Waldsea and Deadmoose. These publications attempt to define the

varying populations of phototrophic algae or determine the factors influencing their

productivity rates (Hammer et al., 1983; Heseltine, 1976; Lawrence, 1978; Lawrence et

al., 1978; Parker, 1980; Parker et al., 1983; Swanson, 1978; Swanson and Hammer,

1983). Others are much more case specific, examining ecological conditions for

particular ostracod species (Tones, 1976; 1978; 1983). Publications largely written in

conjunction with W. M. Last have directed their attention to sedimentological and

limnogeological studies (Last and Schweyen, 1983; 1985; Schweyen, 1984; Last and

Slezak, 1986; Last et al., 2002). These sedimentological studies generally analyzed a

much greater portion of the Holocene than that of this project. In these past works,

several meters of core were typically collected dating back to mid Holocene around 5000

yr BP. Analyses addressed hydrological problems (groundwater and lake water

chemistry, mineral saturation, water stratification), and interpreted sediment mineralogy

and morphology, and inorganic isotope analyses. Much more attention has been given to

the Waldsea Lake sedimentary record in these studies. Although these previous

investigations did not specifically target the most recent record in Waldsea and
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Deadmoose, their data suggest relatively constant limnological and hydrologic conditions

over the past several millennia. Preliminary mineralogical analyses of the Lenore Lake

core were undertaken by Dickie (2011). Finally, Witherow and Lyons (2011) analysed

the role of major (Mg, Ca, Na, K) and minor (Li, Rb, Sr, Ba) alkali elements in the

geochemical evolution of multiple saline lakes, including Waldsea and Deadmoose lakes.

1.4 General Setting

Lakes Waldsea, Deadmoose and Lenore are located in south-central

Saskatchewan approximately 110 km east of Saskatoon, 5 (Waldsea, Deadmoose) to 20

(Lenore) km northeast of Humbolt (Fig.1). These lakes occur among millions of others

throughout the northern Great Plains with salinities ranging from fresh (less than 3‰

TDS) to saline (3-35‰) and hypersaline (greater than 35‰, Last and Ginn, 2005). Lakes

Waldsea, Deadmoose and Lenore are three of several lakes forming a chain of basins

within a large area of internal drainage (approximately 14,000 km2) collectively known

as the Lenore Basin Complex (Last and Slezak, 1986; Fig.2). Due to the lack of well-

developed drainage, the lakes within the complex spill from one to another during periods

of high water level (Saskatchewan Watershed Authority, 2010). The Lenore Basin

Complex likely originated approximately 10,000 years ago as a remnant of glacial Lake

Fulda, a short lived ice-marginal lake, although sediments dating back this far to the

glacial lake have yet to be collected (Meneley, 1964).

The three lakes are located within the aspen parkland vegetation zone. This zone

occurs between the shortgrass prairie zone to the south and west and the boreal forest

zone to the north (Last et al., 2002). The town of Humboldt receives approximately 36
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cm of precipitation annually, although as much as three times this amount may be lost by

evaporative processes from open water during the ice free season (Last et al., 2002,

CNC/IHD, 1978). The mean temperature in the Humboldt region is -18 and 19 °C for

January and July respectively (Last et al., 2002).

The study area is underlain by approximately 350 m of Cretaceous sandstones and

shales from the Colorado and Mannville Groups (Mossop and Shetsen, 1994). Prior to

any major glaciation, this bedrock surface is thought to have been affected by numerous

channels, forming a ‘badlands’ type of topography. The current undulating topography

of the area may be a relic of major trunk valleys and uplands that have remained since

glaciation (Schweyen, 1984). Stratigraphically beneath this in the deeper bedrock, is

approximately 750 m of Paleozoic carbonate and evaporite sequences as well as a minor

50 meters of Triassic red beds (Mossop and Shetsen, 1994). The three lakes are directly

underlain by approximately 70 m of till, glaciofluvial and lacustrine sediment, although

Meneley (1964) notes that in some regions characterized by trunk valleys of the

Cretaceous bedrock, these glacial sediments can reach thicknesses of up to 278 meters.

The uppermost surficial tills contain approximately equal amounts of calcite and

dolomite (~10% each) as well as an abundance of clay minerals. Unfortunately, further

detailed mineralogy has not been reported for these tills (Meneley, 1964). The regional

soils, predominantly black chernozemic, are assumed to have approximately the same

carbonate content as their parental material, the till (apart from the upper 10 centimeters

in the A and B horizons). The soils likely supply a small dissolved carbonate and salt

component to the lakes as runoff waters pass through and into the basins (Schweyen,

1984).



Figure 1 - Regional map of Canada detailing major cities (red)
well as Humboldt, Saskatchewan (yellow), the town five kilometers south of the lake
complex area (modified from Google Earth, 2011).

Regional map of Canada detailing major cities (red) and provinces (blue),
well as Humboldt, Saskatchewan (yellow), the town five kilometers south of the lake
complex area (modified from Google Earth, 2011).
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and provinces (blue), as
well as Humboldt, Saskatchewan (yellow), the town five kilometers south of the lake
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Figure 2 - Satellite image of the Lenore Basin Complex. (A) Location of the three lakes
Waldsea, Deadmoose and Lenore as well as other lakes in the complex. (B) Yellow
shading displays the internal drainage basin area of the complex. Blue arrows
indicate the spilling direction among the lakes during periods of high water levels.
Humboldt is located in red at the bottom of (B) (Modified from Google Earth, 2011)



Chapter 2 - Methodology

8

2.1 Lake Sediment Core Collection

A single sediment core was collected from each of the three lakes included in this

study. Coring sites were chosen on site based on water depth in offshore locations, with

an emphasis put on choosing relatively deep water settings (depth determined with a laser

water depth indicator). Lenore Lake’s southern bay was also chosen specifically as it is

shallow enough to display water level variations in the sediment. The UTM coordinates

of each coring site are provided in Table 1 as well as the individual water depth. Figure 3

displays the location in each lake where the cores were collected.

The cores were collected in the summer field season of 2010. An inflatable

Zodiak was used for transportation as well as a platform at the coring sites. Once a

suitable depth was determined via laser depth sounder, the Zodiak was anchored and

cores were collected as described by Glew et al. (2001). A modified Livingston piston

corer driven by a series of rods was used to extract the lake sediment in cores with an aim

of retrieving up to one meter of sediment. Once retrieved, the core tubes were sealed on

site and returned to the University of Manitoba for extraction and splitting. Upon

splitting, one half of each core was subsampled at an interval of 0.5 cm and the other half

was left intact for photographing and further analyses.

Table 1 - Water depth and UTM coordinates of the lake coring sites
Lake Water Depth UTM Coordinate

Waldsea 16.60 0304972E 5940081N
Deadmoose 16.25 0306634E 5945335N
Lenore 9.95 0320222E 5957141N
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Figure 3 - Approximate location of cores collected from Waldsea and Deadmoose (A)
and Lenore (B) lakes. Note the different scale among the two images (Modified from
Google Earth, 2011).
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2.2 Major and Trace Element Analyses of Water

Three water samples were collected from each lake, for a total of nine samples, at

the same location chosen for core collection. Each water sample was taken at a different

depth in order to collect from a different water mass in the stratified water bodies of these

lakes (mixolimnion, monimolimnion and at the chemocline). The samples were

subsequently delivered to ALS Laboratories for analysis upon return to Winnipeg,

Manitoba. Water samples were collected and analyzed according to APHA standard

methods (Eaton and Franson, 2005). Major and trace elements of the waters were

established with atomic absorption spectrophotometry, gravimetric, colourmetric and

tritimetric methods by ALS Laboratory Group.

2.3 X-ray Diffraction

X-ray diffraction (XRD) analyses were performed to determine the mineralogy

from samples taken at an approximately 2 cm interval throughout all three sediment

cores. Appendix A lists the specific depths for each sample. For these analyses,

aragonite laminae were not specifically sampled as the aim was to determine the

mineralogical variations throughout the fine organic-rich sediment. Unoriented powder

smear mounts were produced for bulk mineralogical analysis (Zhang et al., 2003). The

smear mounts were examined from 3-65° 2θ with a 0.05 2θ step width at one second per 

step. Smear mounts were made from the base to the top of all three cores, with a sample

spacing of approximately two centimeters although in some zones of interest that

increment decreased to 0.5 centimeters. All samples were analyzed using a Siemens

D5000 automated X-ray powder diffractometer, operating at 40.0 kV and 40.0 mA and

employs 1.5406Å – wavelength CuKα radiation.  Minerals were identified with the aid of 
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Jade software and quantified according to Last (2001). For all mineralogical work,

replicate analyses indicate analytical precision of ±8%.

2.4 Isotopic Analyses

2.4.1 δ18O and δ13C Isotope Analysis – Endogenic Carbonates

The endogenic carbonates in Waldsea and Deadmoose lake cores were

analyzed for bulk carbonate δ18O and δ13C by GasBench II-Isotope Mass Spectrometry

(IRMS), at the Department of Geological Sciences, University of Manitoba. Samples

were collected at approximately every two centimeters with an emphasis on sampling

carbonate laminae where available on the core. Appendix B lists the specific depths for

each sample. Samples were then left to dry for 24 hours and subsequently powdered.

The sample powders were weighed based on their individual carbonate percentage in

Exetainer vials and capped with rubber septa. Sample vials were loaded into the

Gasbench II tray and the system then flushes the sample vials with inert helium. Each

sample vial had 100% H3PO4 added to it and was left at 70°C for at least a few hours in

order to be sure of a complete reaction. The produced CO2 was separated from other gas

products and transferred to the Thermoquest-Finnigan Delta V Plus Isotope Ratio Mass

Spectrometer by helium carrier gas for the isotope ratio measurement. The Vienna Pee

Dee Belemnite (VPDB) standard was used and analytical precision of ±0.11‰ was

determined for both δ18O and δ13C measurements in the endogenic carbonate isotope

analyses.



12

2.4.2 δ13C and δ15N Isotope Analysis – Organics

 Organic matter occurring throughout all three lake cores was analyzed for δ13C

and δ15N by Elemental Analyzer (EA)-IRMS, at the Department of Geological Sciences,

University of Manitoba. Samples were prepared in a similar fashion as those above,

collected at approximately every two centimeters, left to dry for 24 hours and then

powdered. Appendix C lists the specific depths for each sample. Samples were then

weighed in Ag cups based on the contents of organic C and organic N and distilled 6N

HCl was added in order to remove any carbonates. The sample cups were air dried

overnight, followed by 24 hours of oven drying at approximately 70°C until completely

dried. The sample cups were then folded carefully with clean tweezers. The prepared

sample cups were analyzed by the EA-IRMS for the isotope ratio measurement.

Analytical precision of ±0.4‰ and ±0.1‰ was determined for the organic δ15N and δ13C

measurements respectively.

2.4.3 δD and δ18O Isotope Analysis – Lake Water

Three samples from each lake (same samples described in the Major and Trace

Element Analyses of Water section) were analyzed for δD and δ18O values. The samples

were analyzed by Isotech Laboratories Inc. in Champaign, Illinois, where they were

investigated using a Picarro L2130-I isotopic water analyser on a Cavity Ring-Down

Spectroscopy laser system. Isotopic values were determined with a precision of

approximately ±1% of the result.
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2.5 Total Organic Nitrogen and Carbon

Samples were prepared in the same manner as those for the organic isotope

analyses. Upon preparation, samples were run in the Elemental Analyzer (EA)-IRMS, at

the Department of Geological Sciences, University of Manitoba. Values were compared

to the known standard, acetanilide, and the resulting carbon and nitrogen percentages

were calculated.

2.6 Radiocarbon Dating

Two samples were collected for radiocarbon age dating. Both samples were

composed of macroscopic fibrous plant material gathered from the cores, the first from

the Deadmoose Lake core at a depth of 37 cm and the second from the Waldsea Lake

core at a depth of 69 cm. Samples were sent to BETA Analytical Inc. for accelerator

mass spectrometry radiocarbon dating. The radiocarbon (14C) date was subsequently

converted to calendar years (cal yrs BP) using CALIB 6.0 software (Stuiver and Reimer,

1993).

2.7 Scanning Electron Microscopy

Four samples were collected from aragonite laminae in the Deadmoose Lake core

and were air dried for approximately 24 hours. The samples were then coated with gold-

palladium and analysed using a Cambridge Instruments Stereoscan 120 scanning electron

microscope (SEM) that uses EDAX Genesis 4000 operation software. Secondary

emission imaging was used to determine the size and morphology of aragonite grains

forming the laminae.
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3.1 Groundwater

Last and Slezak (1986) presented a summary of the groundwater hydrology

applicable to the Lenore Basin Complex. Unconsolidated Pleistocene sands and gravels

as well as sandstones at the top of the Cretaceous bedrock make up the most abundant

aquifer in the area. Groundwater closest to the surface within shallow glacial drift is

calcium and bicarbonate ion dominated, though relatively dilute (<1000 mg/l TDS). In

lower glacial drift and shallow bedrock groundwater, salinities are similar (1000-3000

mg/l TDS) though composition is different (lower glacial drift dominated by CaMg-

HCO3 and upper bedrock is Na-SO4 rich). Formation water within older bedrock

progressively increases in salinity with depth to over 300 000 mg/l and is generally Na-Cl

dominated.

3.2 Waldsea and Deadmoose Lake

Waldsea and Deadmoose lakes are both relatively small with surface areas of 4.7

and 10.5 km2 respectively (Table 2). Waldsea has a uniform cone-shaped basin, with a

maximum depth of 14.5 m and a mean depth of 8.2 m (Fig.4). Alternatively, Deadmoose

has a much more irregular shape with several sub-basins up to 48 m deep; its mean depth

is 9.7 m (Fig.4; Last and Slezak, 1986). Both lakes are hydrologically and

topographically closed with a hydrologic budget controlled largely by groundwater

inflow and loss by evaporation. Throughout the drainage basins of Waldsea Lake (42.9

km2 drainage basin) and Deadmoose Lake (185 km2 drainage basin) minor intermittent

streams as well as direct precipitation and sheet flow are other relatively minor inputs of

water (Last et al., 2002). Recently, high water levels have resulted in spills between
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Figure 4 – Bathymetric maps for lakes Waldsea and Deadmoose (X on Deadmoose Lake
bathymetry map indicates depths >45m). The circles indicate previously cored sites
(cores collected for this study not included; modified from Last and Slezak, 1988)
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lakes in the Lenore Basin Complex, in particular Deadmoose Lake spilling into Waldsea

and Houghton lakes, and subsequently Houghton Lake spilling into Lenore Lake

(Saskatchewan Watershed Authority, 2010; Fig.2).

Table 2 - Summary of morphometric data for Waldsea (2002), Deadmoose (1986) and
Lenore (1978) lakes (compiled from Last et al., 2002; Last and Slezak, 1986;
Hammer and Haynes, 1978). Shoreline development and volume development
calculated according to Wetzel (1975).

Waldsea Lake Deadmoose Lake Lenore Lake

Surface Area (km2) 4.7 10.5 60.7

Maximum Depth (m) 14.5 48.0 9.3

Mean Depth (m) 8.2 9.7 4.0

Shoreline Length
(km)

10.7 23.4 96.8

Shoreline
Development

1.3 2.1 3.5

Volume (106m3) 38.0 101.0 244.2

Volume Development 1.7 0.37 1.3

High salinity levels, documented up to hypersaline conditions, have resulted in

chemical stratification of the water bodies as well as meromictic conditions in both lakes.

Prolonged meromixis in these lakes (meromictic conditions first recognized in 1971) has

resulted in anoxic bottom waters (Last and Slezak, 1986; Hammer and Haynes, 1978).

Both lakes contain phototrophic bacterial plates that occur along their chemoclines. The

dominant species in each plate are Chlorobium and Thiocapsa roseopersicina in Waldsea

and Deadmoose lakes respectively (Last and Slezak, 1986). The monimolimnion in these

two lakes approximately doubles the salinity level of the mixolimnion. In Waldsea and

Deadmoose lakes the mixolimnion/monimolimnion salinity values are approximately

15.92 / 43.51 ppt and 12.66 / 32.26 ppt respectively, though they vary slightly from year

to year. The ionic composition of Waldsea and Deadmoose waters was analyzed, and the

lakes are dominated by Na and Mg cations and SO4 anions, much like many other saline
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lakes in the Saskatchewan region, although both contain an unusually high proportion of

Cl for the region (Fig.5, Table 3; Hammer, 1978). The lower water mass

(monimolimnion) has a much higher level of total dissolved solids than the upper waters

(mixolimnion), however the relative percentage of these main ions retain a similar ratio.

Figure 6 displays the ‘Spencer’ and ‘Jones’ ternary diagrams as well as a Piper diagram,

plotting the ionic compositions of the lakes and local groundwater sources. The

geochemical effects of carbonate precipitation can be observed and predicted using such

diagrams. On the ‘Spencer’ triangle, precipitation of calcite results in the migration of a

solution on the diagram away from the calcite point (halfway between the Ca and (HCO3

+ CO3) vertices; Deocampo, 2010). Unfortunately, ionic evolution pathways cannot be

readily identified with the Waldsea, Deadmoose and Lenore lake water data.

Table 3 - Water chemistry data collected for Waldsea, Deadmoose and Lenore Lakes

Waldsea K
(mg/L)

Na
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

HCO3+CO3

(mg/L)

Cl
(mg/L)

SO4

(mg/L)

TDS
(ppt)

Mixolimnion 167 1810 212 1630 349.6 2550 8730 15.92

Monimolimnion 398 4970 427 3860 1940 7020 22900 43.51

Deadmoose

Mixolimnion 142 2530 110 798 431.5 2760 5370 12.66

Monimolimnion 315 6390 141 1890 990.1 7760 13700 32.26

Lenore 77.1 332 61.8 370 425.3 98 2120 4.10



Figure 5 - Summary
charts in percent equivalent.

Summary of analyzed lake water chemistry displayed with pie
in percent equivalent.
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of analyzed lake water chemistry displayed with pie
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Figure 6 - Spencer (A) and Jones (B) triangles as well as a Piper diagram (C), displaying
the relative distribution of ions (in percent equivalent) contained in the lake and
groundwaters. Groundwater values reported by Rutherford (1967).
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Waldsea and Deadmoose lakes are saturated to supersaturated with various

carbonate minerals at all times of the year and all vertical depths (Last and Slezak, 1986).

Zones of carbonate supersaturation, notably the mixolimnion, decrease in their degree of

saturation during the winter season and beneath the chemocline in the monimolimnion

carbonate saturation is also much lower (Last and Slezak, 1986). Due to the Mg/Ca molar

ratio of the modern waters, both lakes are currently precipitating aragonite as the stable

carbonate mineral phase. The monimolimnion is saturated with respect to gypsum

throughout the year, whereas the upper meter of the mixolimnion becomes saturated in

the winter season. Various other hydrated sodium or magnesium sulphates may approach

saturation in the surface waters during winter (Last et al., 2002).

Water samples collected at varying depths were analyzed to determine their δD 

and δ18O values (Table 4). The purpose of the various samples was to identify any

isotopic differentiation among the mixolimnion and monimolimnion. The upper two

samples in both Waldsea and Deadmoose lakes were sampled from the mixolimnion that

is isotopically depleted. This is most likely due to effects such as evaporative processes,

preferentially removing light isotopes and leaving the remaining waters isotopically

heavy. The lake bottom samples (14 m in Waldsea and 13 m in Deadmoose) clearly

display an isotopic differentiation in the monimolimnion. This body of water does not

circulate throughout and the lake and is not exposed to the atmosphere, therefore it is

likely not affected evaporative effects. Groundwater is the main input into the

monimolimnion, therefore this signature may reflect the isotopic composition of the

groundwater.
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Table 4 - δD and δ18O values (relative to SMOW) of water samples taken at
three depths in each lake. The varying depths of the samples are a function
of the water depth at each sample site.

Waldsea δD H2O (‰) δ
18

O H2O (‰)

Surface -89.9 -9.55

8 m -91.6 -9.33

14 m -80.6 -7.11

Deadmoose

Surface -93.5 -9.98

7 m -93.8 -9.99

13 m -84.4 -7.88

Lenore

Surface -91.4 -9.72

4 m -92.8 -9.90

9 m -92.9 -10.01

3.3 Lenore Lake

Lenore Lake is the least studied lake of the three covered in this project. It is the

largest and least saline of the three lakes, with a surface area of 60.7 km2, max depth of

approximately 9 m and a salinity of approximately 4.10 ppt (Table 3, Fig.7, Hammer and

Haynes, 1978). Similar to lakes Waldsea and Deadmoose, Lenore Lake is hydrologically

and topographically closed, although it is not chemically stratified. It becomes thermally

stratified seasonally and is polymictic (stratification breaks down and lake water mixes

multiple times per year), a condition typical of larger, wind stirred lakes (Hammer and

Haynes, 1978). It has a drainage basin area of 700 km2 and the inputs and outputs of the

hydrologic budget are very similar to Waldsea and Deadmoose. Overflow of surrounding

lakes such as Houghton (southwest) or Ranch (east), water bodies that have significantly

different levels of salinity than Lenore Lake, may drastically affect the chemical

conditions and water levels in Lenore Lake (Saskatchewan Watershed Authority, 2010).

Although Lenore Lake has a much lower TDS, its chemical compositions is

dominated by similar ions as Waldsea and Deamoose lakes (Fig. 5, Table 3). The cations



Figure 7 – Bathymetric
1978).

Bathymetric map of Lenore Lake (modified from Hammer and Haynes,
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map of Lenore Lake (modified from Hammer and Haynes,
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and anions Na, Mg and SO4 have similar relative compositions (however much lower

concentration) compared to Waldsea and Deadmoose lakes, although the Na/Mg is lower

with respect to Waldsea and Deadmoose waters.

Isotopic values remain consistent through the Lenore Lake water body (Table 4).

As Lenore Lake is unstratified, it frequently mixes and water readily circulates

throughout, resulting in an isotopically undifferentiated water body.
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4.1 Thermal and Chemical Stratification

Most deep lakes develop some form of stratification for relatively short (months)

to much longer (years) periods of time. Density differences among masses of water in a

singular water body result in stratification, inhibiting interaction among them. Varying

thermal and chemical properties of these water masses are the most common controls that

result in deviations in density. The stratification of a water body facilitates the

development of chemical differences between the stratified water masses, and can have

major implications for the living organisms as well as the physical processes throughout

the lake (Beohrer and Schultze, 2008). Lakes Waldsea and Deadmoose are chemically

stratified meromictic lakes, whereas Lenore exhibits polymictic thermal stratification

(Hammer and Haynes, 1978).

Thermal stratification is much more common in lakes than chemical stratification.

Generally, this type of stratification is formed and subsequently broken down by the

variations in temperature imposed on the lake surface by changing seasons (Beohrer and

Schultze, 2008). Cold, denser water masses will accumulate at the bottom of a

sufficiently deep lake while warmer less dense waters compose the upper water body.

This is generally observed during the warm season and is broken down during colder

seasonal periods when cooling surface waters force vertical circulation of the water

masses and remove water density gradients, or stratification (Beohrer and Schultze,

2008). This process, referred to as mixing, can occur once (holomictic), twice (dimictic)

or multiple (polymictic) times per year. Mixing is very important for the ecosystems in

any lake, as it homogenizes oxygen and nutrient concentrations throughout the water

masses that may become otherwise depleted in some zones (Hakala, 2004). Typically,
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three zones can be identified in a thermally stratified lake: the epilimnion (upper, least

dense zone), thermocline (transitional zone) and hypolimnion (lower, most dense zone;

Beohrer and Schultze, 2008; Fig.8).

Chemically stratified lakes are the result of water density contrasts due to the total

dissolved solids (TDS), which is the case in lakes Waldsea and Deadmoose (Fig.9).

Chemical stratification most often results in meromixis, meaning the water layers are

permanently stratified and do not mix regularly. Density differences between chemically

stratified water masses are much greater than those between thermally stratified water

masses and therefore are more stable and more likely to remain meromictic (Hakala,

2004). In meromictic lakes, thermal convection and wind energy (the major processes

promoting lake water circulation) are too weak to overcome stratification and cause

mixing. Locally, this may be a result of reduced wind energy due to a sheltering effect

from topography, forests or lake morphology. Alternatively, meromixis may simply be

maintained because of very strong stabilizing forces (Hakala, 2004). The three zones in

this type of lake are referred to as the mixolimnion (upper, least dense zone), chemocline

(transitional zone) and monimolimnion (lower, most dense zone, Fig. 8). Due to high

resistance to circulation, exchange rates between the mixolimnion and monimolimnion

are so small that chemically distinct conditions are maintained continuously within each

zone (Beohrer and Schultze, 2008). The lack of circulation results in a monimolimnion

that is excluded from gas exchange with the atmosphere and develops anoxia after

sufficient time. In this case, nitrate and sulphate become dominant electron acceptors for

microbial oxidation of organic matter (Beohrer and Schultze, 2008). These conditions

are not suitable to sustain higher forms of life, eliminating the possibility of significant
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bioturbation (Degens and Stoffer, 1976). Such processes are observed in Waldsea and

Deadmoose lakes and have resulted in anoxic, sulphate rich bottom waters.

Thermal stratification and even secondary chemical stratification can develop

within the mixolimnion of a chemically stratified lake. The mixolimnion of Waldsea

Lake becomes thermally stratified annually the development of a secondary chemocline

has also been documented (Hammer, 1978b).
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Figure 8 - Different terminology in thermally vs. chemically stratified lakes.
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Figure 9 – Generalized profile of temperature, conductance (a function of
salinity), density and dissolved oxygen which outline the two main water
masses in a chemically stratified system, the mixolimnion and the
monimolimnion. It should also be noted that the mixolimnion is
displaying a secondary thermal stratification in the mixolimnion
(modified from Beohrer and Schultze, 2008).
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4.2 Meromixis

Four major types of meromixis have been recognized based on the process by

which the meromixis formed. These types are reviewed by Schweyen (1984) and are

described in the following. (1) Ectogenic meromixis – formed when sufficient freshwater

is introduced into a saline lake (or saline water into a freshwater lake) via overland flow

to maintain stratification despite wind mixing and other sources of energy over multiple

years. (2) Biogenic meromixis – forms due to salts and other chemical compounds

collecting in the lower portion of a lake from biological activity. (3) Crenogenic

meromixis – occurring when saline spring water contributes sufficient quantities of water

below a freshwater lake to maintain stratification (or freshwater springs beneath a saline

lake). (4) Cryogenic meromixis – formed from the loss of salts from surface waters as the

lake freezes, as the ice crystal structure cannot incorporate foreign ions during

crystallization. The lake will freeze from the surface down, selectively removing pure

water and leaving the solution beneath it more saline. Cooling of this remaining solution

may supersaturate it and cause ‘freeze out’ precipitation of salts such as gypsum and

mirabilite. This annual event may induce a secondary chemocline during melting in the

summer months, likely increasing the stability of stratification.

Waldsea and Deadmoose lakes likely acquired their meromixis as a result of

several of these processes. Ectogenesis may have been a source of meromictic initiation

in these lakes, although crenogenic processes are likely those that sustain continuous

stratification in the lakes. Crenogenesis infers a saline spring but dissolution of

intrasedimentary salts by groundwater and subsequent transport into the lake via diffuse

groundwater efflux to stabilize stratification is also likely (Schweyen, 1984). Ectogenic
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and possibly even cryogenic processes likely aid in stabilizing stratification during

certain periods of the year.



Chapter 5 – Core Descriptions
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5.1 Waldsea Lake

5.1.1 Introduction

Previous authors divided basinal Waldsea Lake sediments into several

stratigraphic units (Last and Schweyen, 1985; Schweyen, 1984). This was generally

observed from collecting long cores (several meters) that extended deep into the lake’s

stratigraphic record. These units were defined with characteristics such as color,

sediment texture, mineralogy, organics and others. For the purposes of this study, one

relatively short core was collected from Waldsea Lake, penetrating only two units

(Fig.10). The entire core collected as part of this study comprises only part of the

uppermost lithostratigraphic unit described by Last and Schweyen (1985) and Schweyen

(1984). Throughout these units, features such as mineralogy, organic matter (Chapter 7)

and inorganic / organic isotopic composition (Chapter 8) have been analyzed in an

attempt to understand how the lake’s depositional conditions have changed throughout

the ~1500 years of deposition this core represents.

5.1.2 Core Description

The Waldsea Lake core is approximately 72 cm long and composed of clay to silt-

sized sediment that is finely laminated to banded and organic-rich. The white laminae are

almost purely aragonite and the remaining dark sediments are rich in gypsum, carbonates

and clays. Two units have been defined in this core, an upper Unit 1 and lower Unit 2,

with a contact at approximately 62 cm core depth. The contact between Unit 2 and Unit

1 is gradational over a few centimeters. Textural and mineralogical variations between

the units are presented and discussed below and in Table 5. It should be emphasized that
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the mineralogical data summarized in Table 5 and Figures 11 and 12 do not include

analyses of the pure aragonite laminae that are present in the core.

Apart from the white laminae, both units have a relatively uniform although

slightly banded color ranging from dark green/brown to black. This color is likely due to

the high percentage of very fine organics, clays and amorphous iron sulphides occurring

throughout the sediment. Slight variations in grey color are likely a function of subtle

changes in organic and clay content. For example, the darker color at 60 centimeters core

depth is associated with higher organic content (detailed stratigraphic variation of organic

matter content is shown in Fig.26). Coarser organics such as wood fragments and fibrous

material were observed in the core. A thin organic fiber mat was observed at

approximately 69 centimeters in the core, which was dated, a feature more commonly

observed by Last and Schweyen (1985) in their examination of Waldsea Lake cores.

White laminae vary in spacing and thickness throughout the core but are much

more common in Unit 1 and have very sharp upper and lower contacts. Occasionally, the

laminae that are typically white had a pinkish color that quickly faded upon exposure of

the core. This pink color has been associated with deposition of organic material from

the red to purple colored bacterial plate occurring at the lakes chemocline or staining by

pigments (Last et al., 2002).

The Waldsea Lake mineral suite contains minerals with varying provenances.

According to Schweyen (1984), Last and Schweyen (1984) and Last and Slezak (1985),

quartz, feldspars, clay minerals, low-Mg calcite and dolomite are allogenic, whereas

aragonite, high-Mg calcite, and gypsum are endogenic and protodolomite is either

endogenic or authigenic.
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Figure 10 - Waldsea Lake core after extrusion and splitting. The two lithostratigraphic units identified in this core are outlined in
blue (Unit 1) and orange (Unit 2) bars. The date is a conventional 14C age. The organic fibers at the base of the core were dated
and are indicated on the figure.
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5.1.3 Unit 2

Unit 2, occurring from the base of the core up to 62 cm core depth, has few

distinct white laminae. It is clearly banded and has a fine sand-sized component of

approximately 10-20%, however it is dominated by silt to clay size grains. Organic

matter ranges from 7.8-10.4% throughout the unit with a dominantly algal source (See

Chapter 7 for a more detailed description of organic matter throughout the cores).

The siliciclastic components quartz, plagioclase and clay minerals observed in

Unit 2 display some variability, although they are a significant component of the unit

(Fig.11). Quartz, plagioclase and the clay minerals range from approximately 7-25, 0-19

and 8-33% with a mean of 13.6, 4.7 and 18.2 %, respectively (Table 5). The abundance

of these minerals all peak around the base of the core and subsequently decrease upwards

towards the contact with Unit 1.

Carbonate and evaporite minerals in Unit 2 are represented by varying amounts of

aragonite, calcite, dolomite and gypsum (Fig.12). Low-Mg calcite and dolomite are

likely allogenic due to their presence in the tills and soils of the surrounding area.

Aragonite ranges from approximately 3 to 47% with a mean of 7.3%. At the base of the

core, maximum amounts of aragonite are observed and values decrease significantly

towards the top of the unit. Maximum values of calcite and dolomite occur

simultaneously at 67 cm as aragonite decreases. Within the unit, they range from

approximately 4 to 12 and 8 to 31% with means of 2.4 and 5.4%, respectively. Gypsum

appears abruptly at 65.5 centimeters with increasing concentrations towards the top of the

unit. This zone of increasing gypsum is likely part of the gradational contact between the

two units, as gypsum is a major component of Unit 1.
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5.1.4 Unit 1

A slight decrease in grain size and a higher concentration of distinctive white

laminae, relative to Unit 2, mark the base Unit 1. Upon further analysis, these changes

are accompanied by major mineralogical shifts, discussed below.

Unit 1, occurring from the top of the core down to 62 cm core depth, is much

more concentrated in distinct white laminae and is made up of silt to clay-sized sediment

with a minor (<5%) component of fine sand-sized particles (Fig.10). Organic matter

percentages surge (up to 14.9%) at the onset of Unit 1 deposition and drop to more

consistent values (~4-8% however up to 12.4%) for the remainder of Unit 1 deposition.

The siliciclastic component is made up of quartz, plagioclase and clay minerals

(Fig. 11). Quartz remains relatively consistent throughout the unit, ranging from

approximately 2-15% and a mean of 6.6% (Table 5). Slightly greater fluctuation is

observed in the plagioclase percentages that vary from approximately 0-12% and a mean

of 2.3%. A notable feature of plagioclase is that over half of the samples taken at varying

depths in this unit contained none of the mineral. The clay minerals displayed the

greatest variability in this unit, ranging from 0-46% with a mean of 17.5%. Minor

amounts of K-feldspar were also observed in few samples.

Carbonate and evaporite minerals display a major change in Unit 1. The

proportion of aragonite, calcite and dolomite remain relatively stable throughout the unit

with ranges of 0-20, 0-5 and 1-14 % and means of 7.3, 2.4 and 5.4 % respectively. The

percentage of the three minerals notably increases in the upper five centimeters of the

core. The dominance of gypsum in Unit 1 is the most distinctive feature of this unit.



36

Gypsum ranges from 0-96 % with a mean of 58.1%. It is variable, although nonetheless

it represents the largest mineral component of the unit.

Minor amounts of pyrite were observed via XRD in two samples from the unit at

28 cm (6.3%) and 31 cm (2.5%).

Table 5 - Percentage of various minerals in lakes Waldsea, Deadmoose and Lenore. The
mineral percentage range is given in black for each unit and average in red. NP
indicates a particular mineral was not present.

Quartz
%

Plagioclase
%

Total
Clays

%

Aragonite
%

Calcite
%

Dolomite
%

Gypsum
%

Waldsea

Unit 1 2-15

6.6
0-12

2.3
0-46

17.5
0-20

7.3

0-5

2.4
1-14

5.4
0-96

58.1

Unit 2 7-25

13.6
0-19

4.7
8-33

18.2
3-47

7.3
4-12

2.4
8-31

5.4
0-65

19.25

Deadmoose

Unit A 3-30

10.7
0-20

5.0
0-37

19.5
1-32

6.8
0-11

3.1
0-17

7.0
11-69

47.4

Unit B 15-64

38.9
5-61

33.5 NP
3-13

6.1
0-3

1.2
3-14

7.2
0-44

11.0

Lenore

Unit X 9-39

19.7
0-47

15.2
9-62

36.0
0-9

0.9
0-42

2.7
7-52

18.9
0-34

3.3

Unit Y 24-47

35.8
16-65

47.0
0-51.3

11.5 NP NP
0-8.4

0.9 NP
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Figure 11 - Variation in siliciclastic mineral percentages with depth in the Waldsea
Lake core. Age in 14C yrs BP is given on the right scale (green star at 69 cm where
dated sample was taken) and was determined on the basis of a constant linear
sedimentation rate (see section 5.4).
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Figure 12 - Variation in carbonate/evaporite mineral percentages with depth in the Waldsea Lake core. Aragonite laminae are
not represented in the aragonite profile, as it is assumed they are composed of almost entirely aragonite. Age in 14C yrs BP
is given on the right scale (green star at 69 cm where dated sample was taken) and was determined on the basis of a
constant linear sedimentation rate (see section 5.4)..
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5.2 Deadmoose Lake

5.2.1 Introduction

Deadmoose Lake has not been as extensively cored as Waldsea Lake and as such

its stratigraphy is not as well defined by previous works. Additionally, the Deadmoose

basin’s irregular morphology has resulted in a complex stratigraphic sequence that varies

drastically in different positions of the lake (Last and Slezak, 1986). As in Waldsea

Lake, one core was collected from Deadmoose Lake for this project, and two units, A and

B, have been identified using the same criteria described in the Waldsea Lake section

above. The entire core collected as part of this study comprises only part of the

uppermost lithostratigraphic unit described by Last and Slezak (1986) and Boden (1985).

5.2.2 Core Description

The Deadmoose Lake core is 62.5 cm of organic-rich, finely laminated to banded

clay to silt-sized sediment. Similar to the Waldsea Lake deposits, the white laminae are

almost purely aragonitic and the remaining dark sediments are rich in gypsum, carbonates

and clays. The Deadmoose Lake core is separated into two main units; Unit A and Unit

B (Fig. 13). The lower unit, Unit B, occurs from the base of the core to approximately 37

cm. Unit A overlies Unit B with a sharp contact and extends up to the top of the core.

Textural and mineralogical variations between the units are discussed below and

presented in Table 5. Also, similar to Section 5.1, it should be emphasized that the

mineralogical data summarized in Table 5 and Figures 14 and 15 do not include analyses

of the pure aragonite laminae that are present in the core.
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Unit A is banded dark green/brown to black likely due to fine organics and clays

deposited as part of the sediment. Macroscopic organics were also observed, most

commonly organic fibrous material, although small wood fragments were also rarely

found. Unit B is much lighter in color due to much lower amounts of fine organics

deposited with the coarse sediment (see figure 27).

Distinctive white laminae like those in the Waldsea Lake core are observed in

Unit A of Deadmoose Lake. However, they are not as numerous throughout Unit A in

comparison to Unit 1 of the Waldsea Lake core.

The mineral suite and associated provenances in Deadmoose Lake are quite

similar to those of Waldsea Lake. According to Last and Slezak (1986), quartz,

feldspars, clay minerals, low-Mg calcite and dolomite are allogenic, and aragonite, high-

Mg calcite and gypsum are endogenic.



4
1

Figure 13 - Deadmoose Lake core after extrusion and splitting. The two units identified in this core are outlined in purple (Unit A)
and green (Unit B) bars. The date is a conventional 14C age. Disregard the break in the core as it occurred during extrusion. The
‘core depth’ value given to all data analyzed considered one continuous core, accounting for the break.
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5.2.3 Unit B

Grain size varies from fine to medium sand with well-rounded grains. The unit is

banded with varying shades of brown and grey. The bands generally range from 0.5 to 2

cm in thickness, vary in grain size with some being predominantly medium sand size and

others predominantly fine sand size. Total organic carbon percentages are very low

(generally below 1%) in this unit.

For the majority of Unit B, the siliciclastic minerals quartz and plagioclase

dominate and clay minerals are not present (Fig.14). Quartz ranges from 15-64 % and

has a mean of 38.9% (Table 5). A slight trend of increasing quartz can be observed from

the base to the top of Unit B. Plagioclase ranges from 5-61 % and has a mean of 33.5%.

It decreases from the base of the unit upwards, with a slight increase at the top of the unit.

Unit B contains a suite of carbonate and evaporite minerals such as aragonite,

calcite, dolomite, protodolomite and gypsum (Fig. 15). As shown by Last and Ginn

(2005), Last and Slezak (1986) and Last and Schweyen (1985), much of the carbonate

component (particularly calcite and dolomite) has been reported as allogenic, being

eroded from glacial till in the area.

Endogenic/authigenic minerals in this unit include aragonite, protodolomite and

gypsum As a whole, these minerals represent a relatively small percentage of Unit B

(with the exception of one sample containing significant gypsum) and have been

observed as, for example, aragonite coatings on organic fibers. The carbonate minerals

have relatively consistent values throughout the core. Aragonite, calcite, dolomite and

protodolomite in Unit B range from 3-13, 0-3, 3-14 and 0-14% with means of 6.1, 1.2,



43

7.2, 2.0%, respectively. Gypsum percentages are notably low in Unit B with a range of

0-44 % and a mean of 11.0%.

5.2.4 Unit A

As mentioned above, Unit A overlies Unit B with a sharp contact at

approximately 37 cm and extends to the top of the core. This contact can be recognized

through a large shift in grain size from fine to medium sand, to clay to silt-sized

sediment, as well as mineralogy in the core. Organic percentages immediately shift

upwards to ~9% at the onset of Unit A deposition.

Unit A is composed of silt to clay-sized (with a minor, <5%, component of fine

sand) organic-rich sediment that is finely laminated to banded. This unit is very similar

to Unit 1 described from the Waldsea Lake core.

The siliciclastic component of this unit is dominated by quartz, plagioclase and

clay minerals (Fig.14). These minerals range from 3-30, 0-20 and 0-37 % with means of

10.7, 5.0 and 19.5 %, respectively (Table 5). The appearance of a significant amount of

clay minerals in Unit A (with the exception of a single sample at the top of the core) is

one of the diagnostic features of the unit.

The carbonate and evaporite minerals observed in Unit A are aragonite, calcite,

dolomite and gypsum (Fig.15). The carbonate minerals aragonite, calcite and dolomite

range from 1-32, 0-11 and 0-17% with means of 6.8, 3.1 and 7.0%. Gypsum percentages

notably increase in Unit A with a range of 11-69% and a mean of 47.4% making it the

most significant mineral of the unit in terms of percentage. Minor amounts of

protodolomite have also been detected in the unit. The carbonate minerals display little
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change across the contact from Unit B, unlike gypsum that increases significantly.

Within the upper ten centimeters of the core, an increase in carbonate minerals is

observed, particularly in calcite and dolomite. White laminae are observed in this unit,

and are composed almost entirely of aragonite crystals.
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Figure 14 - Variation in siliciclastic mineral percentages with depth in the Deadmoose
Lake core. Age in 14C yrs BP is given on the right scale (green star at 37 cm where
dated sample was taken) and was determined on the basis of a constant linear
sedimentation rate (see section 5.4).
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Figure 15 - Variation in carbonate/evaporite mineral percentages with depth in the Deadmoose Lake core. Aragonite laminae are not
represented in the aragonite profile, as it is assumed they are composed of almost entirely aragonite. Age in 14C yrs BP is given on the
right scale (green star at 37 cm where dated sample was taken) and was determined on the basis of a constant linear sedimentation rate
(see section 5.4).
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5.3 Lenore Lake

5.3.1 Introduction

This is the first core collected from Lenore Lake intended for sedimentological

analyses. Depositional conditions have been significantly different in Lenore Lake than

Waldsea and Deadmoose lakes because of its much lower salinity. Sedimentation has

been dominated by detrital minerals and there seems to have been little endogenic

mineral precipitation. One core was collected and two units have been identified and

described. Mineralogical data are presented below and summarized in Table 5.

5.3.2 Core Description

The Lenore Lake core is 73.5 cm long and composed of faintly banded, organic-

rich, clay to coarse sand-sized sediment. Unlike Waldsea and Deadmoose lake cores, this

core contains no apparent laminae and is dominated by clastic sedimentation, with little

endogenic sedimentation. The core has been divided into two units, Unit Y and Unit X

(Fig.16). Unit Y is the lower unit and extends from the base of the core to 56 cm core

depth. Unit X overlies Unit Y with a gradational contact over a few centimeters. Unit X

occurs from the top of Unit Y at 56 cm to the top of the core.

The core ranges from brown to black in color, which is a function of variations in

the amount of fine grained organics disseminated throughout the core with darker colors

related to the amount and source of organics. Unit Y is close to black in color with little

variation and is distinctively darker than Unit X that has varying shades of brown.

Macroscopic organic material such as wood fragments or fibrous material that are

common in the other two cores was not identified in the Lenore Lake core.
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The depositional provenance of the suite of minerals in Lenore Lake has not been

discussed by any previous researchers. Deposition in Lenore Lake is dominated by

allogenic minerals. Quartz, feldspars, clay minerals, amphibole, low-Mg calcite and

dolomite are all interpreted as allogenic in Lenore Lake. The dolomite is derived from

erosion of exposed tills that are rich in dolomite and were delivered via runoff into the

basin. Primary precipitation or early diagenetic alteration of other carbonates to dolomite

are other possible sources, although the absence of any intermediate or metastable

precursors such as protodolomite in the sediment argues against any

penecontemporaneous origin of the dolomite (Last, 1982). The small amount of high-Mg

calcite may be of endogenic origin.
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Figure 16 - Lenore Lake core after extrusion and splitting. The two units identified in this core are outlined in yellow (Unit Y) and
red (Unit X) bars.
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5.3.3 Unit Y

Unit Y is distinctively coarse, with grain sizes ranging from fine to very coarse

sand size. Total organic carbon values are very low in the unit (0.7-2.2%), however the

organics have a largely terrestrial source (further discussed in Chapter 7). It is dominated

by the siliciclastic minerals quartz and plagioclase that represent the majority of the unit,

averaging at 35.8 and 47.0 %, respectively (Table 5; Fig.17). There is very little clay

content in this unit apart from a small section at the base of the core that has a sudden

increase up to 51.3%. Amphibole has not been plotted due to sparse and sporadic

distribution through the core, although it occurs in a zone from 70 to 64 cm in the core,

ranging from 3.3 to 14.9 %. Carbonates and evaporites are, for the most part, absent in

Unit Y.

5.3.4 Unit X

Unit X is composed of clay to silt-sized grains throughout the unit. There is a

gradual decrease in grain size along the gradational contact from Unit Y to Unit X.

Organics gradually increase in Unit X, have a mean of 5.5% and transition to a

dominantly algal source. An immediate drop in quartz and plagioclase percentages is

detected at the base of Unit X and an average throughout the unit of 19.7 and 15.2 %,

respectively (Table 5; Fig.17). Clay mineral content increases from the base of the unit

to a maximum of 62.5% at 42 centimeters core depth. Upwards from this point, clay

minerals vary significantly from 14.2 to 61.2 %. Carbonate minerals, particularly

dolomite, make a sudden appearance in Unit X (Fig.18). A few centimeters above the

contact with Unit Y, dolomite peaks at 52.7% and subsequently declines to range from
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6.2 to 33.7 % with a mean of 17.5% for the remainder of the core. Calcite, high-

magnesium calcite and aragonite have sporadic values throughout the unit, although they

are rarely abundant. Other minerals such as K-feldspar and amphibole occur

sporadically, generally with low percentages. Gypsum also occurs sporadically in this

unit, observed in only four samples although in higher amounts averaging 22.5%.
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Figure 17 - Variation in siliciclastic mineral percentages with depth in the Lenore Lake
core.
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Figure 18 - Variation in carbonate mineral percentages with depth in the Lenore Lake
core. Note in the left hand chart HMC refers to high-magnesium calcite.
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5.4 Dating and Core Ages

5.4.1 Waldsea Lake

Organic fibers for age dating were collected from the Waldsea Lake core at a

depth of 69 centimeters (Table 6). A date of 1480 +/- 30 years before present (yrs BP,

conventional 14C age) was determined. Conventional 14C ages have been used in order to

make comparisons with past studies easier, although Table 6 also contains the calibrated

2σ age. 

5.4.2 Deadmoose Lake

Organic fibers were collected from the Deadmoose Lake core at a depth of 37

centimeters for age dating (Table 6). Fibers were collected from the base of Unit A, as

Unit B did not contain a sufficient amount of recoverable organic fibers. A date of 2140

+/- 40 yrs BP was determined.

Table 6 – Conventional AMS 14C ages as well as a range of calibrated (2σ) ages for lakes 
Waldsea and Deadmoose. Ages were not determined for Lenore Lake

Lake (Sample depth in core; lab
number)

Conventional 14C Age
(14C yrs BP)

Calibrated 2σ Age  
(14C yrs BP)

Waldsea (69 cm; Beta-306120) 1480 ± 30 1410-1310
Deadmoose (37 cm; Beta-06119) 2140 ± 40 2180-2000

5.5 Sedimentation Rate and Assumed Ages

5.5.1 Waldsea Lake

Using the date of 1480 +/- 30 yrs BP collected at 69 centimeters core depth, a

sedimentation rate of 0.47 millimeters per year was determined (assuming a constant
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sedimentation rate). The age of the top of the core has been assumed to be 0 yrs BP, and

the bottom of the core, using this sedimentation rate is approximately 1500 yrs BP.

5.5.2 Deadmoose Lake

The date of 2140 +/- 40 yrs BP determined from Deadmoose Lake samples collected at

37 centimeters core depth defines a sedimentation rate of 0.18 millimeters per year

(assuming a constant sedimentation rate). As in Waldsea Lake, the top of the core was

assumed to be 0 yrs BP and, using this sedimentation rate, the base of the core was

deposited approximately 3500.

5.6 Chronostratigraphic Limitations

As discussed in numerous publications (e.g., Hickman et al., 1984; Barnosky et

al., 1987; Last and Slezak, 1988; Vance and Last, 1994; Vance et al., 1995; Last and

Vance, 1997; Lemmen and Vance, 1999), stratigraphic investigations of Holocene

lacustrine sequences in the northern Great Plains have been plagued by limited age

control. This unreliable chronostratigraphy is due mainly to the common occurrence of

14C-deficient carbon from pre-Quaternary carbonaceous shale, lignite and carbonate

minerals in the sediments of the lakes, which preclude routine use of amorphous bulk

organic matter. Vance (1991) maintains that optimum Holocene chronostratigraphy of

the sediments in most of the lakes in this large region of North America can only be

achieved through the use of AMS technology to date non-abraded shoreline and

terrestrial (non-aquatic) plant macrofossils.
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Because of budgetary constraints for this M.Sc. project and the fact that the

chronostratigraphy of both Waldsea and Deadmoose offshore sediments was already

established by previous investigators, only limited effort was placed on dating the

recovered sequences. Following the work by Schweyen (1984) on Waldsea Lake and

Last and Slezak (1988) on Deadmoose, only terrestrial organic matter from interwoven

plant-fiber mats was targeted for 14C dating in this thesis. It is, however, recognized that

dating detrital terrestrial organic matter of this type may introduce an additional

chronological error. Unfortunately, efforts to acquire suitable material for 14C dating from

the Lenore Lake core were unsuccessful and no chronostratigraphy is yet available for

this sequence. In addition, efforts to develop an accurate chronology for the most recent

sediments in Waldsea Lake using 210Pb dating was unsuccessful due likely to elevated

activities of radionuclides in the 238U series associated with groundwater input (Last, W.

M., personal communication). For the purpose of discussion, and for interpreting and

describing the stratigraphy of the lacustrine sequences studied in this M.Sc. project, it

must be emphasized that the two AMS radiocarbon dates reported here provide only a

very general temporal framework for the late Holocene history. The time scales included

on each of the figures showing the stratigraphic changes (e.g., Figs. 11, 12, 14, 15) are

provided assuming a constant linear sedimentation rate. However, it is clear from the

physical stratigraphy of the recovered sequences that the nature of sedimentation in the

basins and sedimentation rates changed dramatically over the past several millennia. In

addition to fluctuating sedimentation rates, it is possible that each of the sequences

contains unconformities. Despite these obvious limitations, the calculated overall linear

sedimentation rates for offshore sediment in Waldsea Lake (~0.5 mm yr-1) and
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Deadmoose Lake (~0.2 mm yr-1) are similar to sedimentation rates reported by other

researchers. For example, the offshore sedimentation rates in Waldsea Lake determined

by Schweyen (1984), Last and Schwyen (1985) and Last (1991) is approximately ~0.7

mm yr-1 . The unusually low sedimentation rate in Deadmoose Lake is nearly identical to

the offshore sedimentation rate reported by Last et al. (2011) and Dowsett (2011) from

Manito Lake, a similar deep saline lake in western Saskatchewan.



Chapter 6 – Aragonite Laminae and the Record in
Deadmoose Lake Core
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6.1 Introduction

Inorganically precipitated carbonates are useful indicators of past conditions in

both marine and lacustrine environments. Within individual laminae, aragonite crystal

sizes and morphologies can provide insight into carbonate saturation levels as well as the

vertical thickness of the upper and lower water bodies of a stratified lake (the

mixolimnion and monimolimnion, respectively). In a pioneering study published by Last

et al. (2002), aragonite laminae deposited in Waldsea Lake were analyzed in an attempt

to understand how the lake conditions have changed through time. This chapter

summarizes and interprets the results of analyzing aragonite crystals collected from

several laminae in the Deadmoose Lake core using scanning electron microscopy in order

to characterize changing crystal characteristics. An interpretation of past lake conditions

can be deciphered using these observations and the results can then be compared to those

collected from the adjacent Waldsea Lake. As only 4 samples have been collected from

Deadmoose Lake laminae, this is a preliminary, reconnaissance level investigation in

comparison to the work done on over 600 Waldsea Lake laminae by Last et al. (2002).

6.2 Laminae Formation

Mass aragonite precipitation events depositing characteristic white laminae in the

sedimentary record may reflect ‘whiting events’, and occur in some stratified saline lakes

in the northern Great Plains of Canada as well as worldwide (Last and Vance, 1997).

These events are considered to occur over a relatively short period of time, on the order

of several days to weeks, and as a result, the carbonate laminae record lake conditions at
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a very particular period in time (Last et al., 2002). Aragonite laminae are

observed throughout much of Deadmoose and Waldsea lake stratigraphic records and

contain many similarities to those formed in other saline lakes of the northern Great

Plains such as Little Manitou Lake (Last and Vance, 1997). On the basis of detailed

petrographic examination, these laminae are composed almost entirely of micron-sized

aragonite crystals and lack the siliciclastics, organic matter and other endogenic minerals,

such as gypsum, that are observed throughout the rest of the sequence. The absence of

these other major components as well as very sharp upper and lower boundaries suggests

rapid precipitation and deposition of the aragonite laminae (Last et al., 2002). The cause

of such events is still enigmatic, although several processes have been proposed in an

attempt to explain their occurrence.

Many early papers proposed a biogenic or biologically induced origin (Valero-

Garces and Kelts, 1995). During algal blooms, which themselves can represent a

relatively short term event, mass removal of CO2 would cause carbonate supersaturation

within the water column. As the individual algae may function as nucleation sites, a

mass aragonite precipitation event could occur (Flugel, 2004).

More recently, an inorganic origin has been attributed to these ‘whiting events’

(Barkan et al., 2000). It is possible that seasonal temperature fluctuations could result in

‘varve-like’ laminae as a result of high summer temperatures, greater evaporation and

resulting carbonate saturation of the water body. Carbonate solubility decreases with

increasing temperature and is approximately 1.15 times more soluble at 5°C than at 25°C

(Plath et al., 1980). Annual periodicity in terms of lamination occurrence for aragonite,
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as well as for any other precipitating endogenic minerals, such as gypsum, is expected

with this type of process (Barkan et al., 2000).

Recent studies of mass aragonite precipitations in the Dead Sea (Barkan et al.,

2000) and Waldsea Lake (Last et al., 2002) have attributed the source of carbonate in the

aragonite to bicarbonate in freshwater input or runoff. The freshwater mixes with the Mg

and Ca brine within the respective basins and causes significant and rapid aragonite

precipitation (Barkan et al., 2000). Another theory proposed to explain Dead Sea

aragonite mass precipitation is seasonally based. When the temperature is high enough

during the summer season to sufficiently reduce the CO2 content, chemical equilibrium is

disturbed and mass aragonite precipitation occurs (Barkan et al., 2000). In the Dead Sea,

this is accompanied by significant decreases in HCO3, SO4 and oxygen in the water,

indicating that aragonite and gypsum are precipitated simultaneously (Harbaugh, 1967).

This feature has not been observed in either Waldsea or Deadmoose Lakes, nor has there

been any indication of seasonality in carbonate mineral precipitation from sediment trap

data from these two lakes as summarized by Last (1994, 1991).

6.3 Deadmoose Lake Laminae

The upper 38 cm of the Deadmoose Lake core is composed of very fine grained

gypsum rich sediment, extremely rich in organics. These deposits are sporadically

interrupted by relatively widely spaced white laminae 0.3-2 mm thick composed of pure

aragonite (Fig.19). Although the laminae in the upper part of the Deadmoose Lake

sequence are frequent, on the basis of visual observation, the distinct aragonite laminae

do not show any regular periodicity and thus, are thought to represent non-periodic
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events. Single laminae are composed of moderately to well sorted, subhedral to euhedral

aragonite crystals ranging in size from 0.3 to 5 μm.  As viewed under SEM, the 

individual crystals generally range from an acicular to ellipsoidal morphology, though

fine equant crystals are also relatively common. Four laminae at depths of 33.5, 19, 10

and 2 mm in the core were chosen for sampling due to their distinct upper and lower

boundaries, thickness and ease of collection. It should be noted, however, that there are

many more diffuse and variable coloured thin beds and laminae that were not sampled as

part of this reconnaissance level investigation (Fig.19). The Deadmoose Lake core

contains fewer aragonite laminae relative to Waldsea Lake and as such much less data

were available in comparison to work previously done on Waldsea Lake cores by Last et

al. (2002), that are extensively laminated. The samples were analyzed by SEM in order

to document the variations in size and morphology of the aragonite crystals among the

laminae.
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Figure 19 – Sediment core from Deadmoose Lake after being extruded and split (A). Note the many white aragonite laminae in the
upper ~35 cm of the core (red box outlined in (A)). This section has been expanded in (B). Red arrows indicate the four laminae
that were sampled for SEM analysis.
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6.3.1 Lamination 33.5

With a thickness of approximately 2 mm, lamination 33.5 is the thickest of the

Deadmoose Lake core laminae. It is predominantly composed of aggregates of aragonite

with a size of 2-5 μm, themselves composed of equant fine crystals 0.3-1 μm in size 

(Fig.20). This feature is only observed in lamination 33.5 and is unique within the

Deadmoose Lake core. Ellipsoidal or ‘rice-grain’ morphology is also observed in a small

amount (5-10%) throughout the lamination with crystal sizes ranging 1-2 μm in size.  

Acicular crystals are not observed in this lamination

6.3.2 Lamination 19

Lamination 19 is relatively thin with respect to 33.5 at approximately 0.3 mm. It

is composed of 40-50% acicular crystals and 50-60 % equant to slightly ellipsoidal

crystals (Fig.21). The acicular crystals in this lamination are more rectangular and rod

like, slightly different than the typical needle-like aragonite shape, and with a size of 2-3

μm.  The equant / slightly ellipsoidal crystals range from 0.4-1 μm. 

6.3.3 Lamination 10

With a thickness of approximately 0.5 mm, lamination 10 contains the coarsest

aragonite crystals of all those analyzed. It is composed of nearly entirely ellipsoidal or

‘rice grain’ crystals with minor aggregates. These rice grained crystals with a speckled

appearance are unique to this lamination (Fig.22). The crystals range in size from 2-5

μm, and appear particularly round in this lamination with a larger intermediate axis than 

the other examples of ‘rice grain’ crystals observed.
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6.3.4 Lamination 2

Lamination 2 is approximately 0.5 mm thick and the most recently deposited

lamination.  It contains 50-60% typical ‘needle like’ acicular crystals 1-2.5 μm (Fig.23).  

The remainder is composed of equant and ellipsoidal crystals with respective crystals

sizes of 0.3-1 and approximately 2 μm 

.
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Figure 20 - SEM images taken from the aragonitic lamination at 33.5 cm depth
with various magnifications. Red square in (A) identifies an aggregate of
grains with some equant grains visible. Red square in (B) shows a series of
equant aragonite grains. Red arrow in (D) displays an example of an
ellipsoidal grain of aragonite.
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Figure 21 - SEM images taken from the aragonitic lamination at 19 cm depth
with various magnifications. Red arrows in (A) and (B) point out the
atypical (less needle-like and more rectangular and rod like morphology)
acicular aragonite crystals.
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Figure 22 - SEM images taken from the aragonitic lamination at 10 cm depth
with various magnifications. Red arrows in (C) and (D) identify the
unusually round ellipsoidal (rice grain) aragonite crystals.
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Figure 23 - SEM images taken from the aragonitic lamination at 2 cm depth
with various magnifications. Red arrow in (B) identifies a small cluster of
acicular crystals.
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6.4 Aragonite Morphology and Origin

Fine, needle-like, acicular crystals of aragonite are typical of aragonite formed in

perennial lakes of the northern Great Plains with saline water (Van Stempvoort et al.,

1993; Sack and Last, 1994). This is likely indicative of saturation in the entire water

column (both mixolimnion and monimolimnion) with respect to aragonite, as the sharp

edges are not etched as they settle through an undersaturated zone (Last et al., 2002).

However, this morphology can also be formed with an undersaturated monimolimnion if

crystal formation in the mixolimnion, settling and burial occurs rapidly. The

characteristic ellipsoidal or ‘rice-grain’ morphology has also been observed in some deep

water, saline lakes of Canada, Australia and in the Black Sea (Degens and Stoffers, 1976;

Gell et al., 1994; Sack and Last, 1994). This type of morphology is thought to be a result

of newly formed aragonite crystals settling through a relatively deep, stagnant and

somewhat undersaturated water column where the crystal undergoes slight dissolution

(most likely an undersaturated monimolimnion, Last et al., 2002).

Last et al. (2002) performed a similar, much more detailed analysis on the

aragonitic laminae that occur in Waldsea Lake. The modern aragonite that precipitates in

Waldsea Lake is composed entirely of acicular crystals. This morphology occurs because

both the mixolimnion and monimolimnion are saturated with respect to aragonite and

there is no crystal dissolution or etching as it settles through the water column.

Schweyen (1984) analyzed the carbonate saturation states of the upper and lower water

bodies in Waldsea Lake. He noted that by shallowing the chemocline approximately 4

meters (and thereby increasing monimolimnion volume), slightly undersaturated

conditions would result in the monimolimnion. This, in turn, favours deposition of the
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ellipsoidal ‘rice-grain’ aragonite crystals. Therefore, the presence of ellipsoidal aragonite

crystals is indicative of a relatively shallower chemocline, or in the same sense, a

monimolimnion that is less saturated with respect to aragonite (Last et al., 2002).

6.5 Crystal Size

In the study by Last et al. (2002), the authors discussed that one of the most

important factors controlling the size of a precipitated inorganic crystal is the amount of

time it remains suspended in supersaturated water (although factors such as the level of

supersaturation and the degree of crystal change during settling in an undersaturated

water column also have an effect). Therefore, the variation in crystal size throughout a

stratigraphic section can be used as a reflection of the depth of the supersaturated

solution. This can also typically be expressed as the depth, or thickness, of the

mixolimnion (or the depth to the chemocline, which is the contact between the

supersaturated mixolimnion and the saturated to slightly undersaturated monimolimnion).

By collecting precipitated aragonite crystals in sediment traps from several basins with

known chemocline depths, Last et al.(2002) were able to calibrate the expected crystal

size with the depth to the chemocline (or the vertical thickness of the oversaturated

mixolimnion, Fig.24). The crystal data from Deadmoose Lake presented in this section

have been added to figure 24, displaying how it relates to the thickness of the

supersaturated zone of the water column.
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Figure 24 - Relationship between aragonite crystal size and the thickness of
the supersaturated water body (mixolimnion). The area circled in red
outlines the range in aragonite crystal sizes identified in laminae
sampled from the Deadmoose Lake core collected for this study.
Modified from Last et al.(2002).
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6.6 Interpretations

Based on the aragonite laminae, it appears the saturation state of the

monimolimnion, or the depth of the chemocline has changed frequently in past years

(Fig.25). Assuming a chemically stratified water column existed in the basin as

suggested by Last and Slezak (1986, 1988), the oldest lamina examined at 33.5 cm

contains very few acicular crystals, indicating a shallow chemocline and an

undersaturated monimolimnion. Conditions clearly changed in the later aragonite deposit

at 19 cm depth. The relative percentage of acicular crystals substantially increases,

signifying a deeper chemocline and increasingly saturated monimolimnion. The depth to

the chemocline may have been increased through periodically increased wind mixing of

the mixolimnion or because of increased freshwater input through runoff or precipitation

(Last et al., 2002). Alternatively, this change may simply be a function of a change in the

saturation state of the monimolimnion. Increasing the degree of saturation could result in

a decrease in dissolution or etching features creating the ellipsoidal crystals (Last et al.,

2002). In the subsequent samples at 10 cm and 2 cm, a similar pattern of change is

observed. The sample at 10 cm returns to a completely ellipsoidal crystal deposit

(shallowed chemocline, undersaturated monimolimnion). The youngest aragonite lamina

studied at 2 cm contains the greatest amount of typical needle-like aragonite (suggesting

once again deepening of chemocline and higher saturation states). Naturally, a more

thorough sampling, ideally with additional cores in order to make more laminae available

for analysis, must be done before any definitive conclusions can be made.

Chemocline depths in Deadmoose Lake were also estimated using the calibrated

system of aragonite crystal size developed by Last et al.(2002), discussed above in
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Fig.24. Results based on the four samples display a slightly different history than the one

resolved through crystal morphology (Fig.25). Based on crystal size and its association

with the thickness of the mixolimnion discussed by Last et al.(2002; Fig. 24), there is a

continued deepening of the chemocline from an initial relatively shallow depth of

approximately two meters (based on the 33.5 cm sample) to a maximum depth of

approximately five meters (in the 10 cm sample). Finally, in the most recent sample at 2

cm there is a decrease in crystal size, indicating a recent shallowing of the chemocline.

This reconnaissance-level investigation of crystal size and morphology

characteristics of aragonite laminae in Deadmoose Lake clearly shows that valuable

insight can be achieved regarding the changes in conditions of the stratified water column

in the basin. However, the very small sample base used in this study (4 samples versus

>600 samples used in Waldsea Lake by Last et al. (2002)) and the use of manual

quantification in this study rather than the application of an automated imaging and

quantification system used by Last et al. (2002), precludes more definitive interpretations

for Deadmoose Lake. In particular, future efforts should be made to better resolve and, if

necessary explain apparent discrepancies in interpretations such as that for the sample at

10 cm depth.
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Figure 25 – (Left) Stratigraphic variation in the percent of acicular
crystals in four samples collected from the Deadmoose Lake core.
Proportions of acicular crystals to ellipsoidal ones can be used to
infer relative change in chemocline depths. (Right) Stratigraphic
variation of interpreted chemocline depth using changes in
aragonite crystal size.
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7.1 Introduction

Organic matter in lake sediments is derived from two main sources; lacustrine

algae forming within the lake basin and inwash of vascular land plants that surround the

basin or are rooted around its periphery. Organic carbon concentrations, or total organic

carbon (TOC), are controlled by the initial generation of biomass as well as the

subsequent degradation. TOC values may therefore represent different origins, delivery

routes, depositional processes and degrees of preservation of such organics (Meyers and

Teranes, 2002). It is expected that organic matter concentrations will vary throughout the

basin and generally increase in deeper water locations where fine sediment accumulates

slowly under low energy and low oxygen conditions (Meyers and Teranes, 2002).

These two sources of organics may be identified via the geochemically distinct

group of plants that compose them. The first being non-vascular plants containing little

or no carbon-rich cellulose and lignin, such as phytoplankton (aquatic algae). The second

is vascular plants with a significant amount of carbon-rich cellulose and other fibrous

tissues (terrestrial). Some examples are grasses, shrubs and trees (Meyers and Teranes,

2002). The relative proportion of organics derived from aquatic as opposed to land

sources can be determined using their characteristic C/N ratios. Organic matter from

aquatic sources, such as phytoplankton, typically has a C/N ratio between 4 and 10,

whereas vascular land plants generate organic matter with a C/N ratio of 20 and above

(Kaushal and Binford, 1999).
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7.2 Waldsea Lake

7.2.1 Unit 2

Total organic carbon in Unit 2 ranges from 7.8 to 10.4 % with an average of 8.66

% (Fig.26). C/N values are also quite stable, remaining between 9 and 10 throughout the

unit.

7.2.2 Unit 1

The onset of Unit 1 at 62 cm core depth is marked by a major increase in TOC up

to 14.9% for approximately four centimeters (Fig.26). Above this organic-rich zone is a

return to relatively low values upwards to approximately 17 cm core depth. Within this

zone, values generally remain between 4 and 6 percent, although some extend up to eight

percent. From 17 centimeters to the top of the core, values become somewhat variable

ranging from 6.1 to 12.4 %.

A drastic increase in C/N values, up to 14.9, occurs in lower Unit 1 sediment just

above the contact with Unit 2 (Fig.26). The values subsequently drop, remaining

between 10 and 11, in a zone approximately 10 centimeters long. Above this, at 43 cm

core depth, the C/N values increase to approximately 12 for eight centimeters and

subsequently decrease gradually until they reach a zone varying from 8.6 to 11.1 for the

remainder of the core.
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Figure 26 - Variations in the percentage of total organic carbon (left) and carbon(org) :
nitrogen (mass) ratios (right) with depth in the Waldsea Lake core. Age in 14C yrs BP
is given on the right scale (green star at 69 cm where dated sample was taken) and
was determined on the basis of a constant linear sedimentation rate (see section 5.4).
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7.3 Deadmoose Lake

7.3.1 Unit B

Total organic carbon percentages are consistently low, generally below one

percent, with the exception of two samples slightly above two percent (Fig.27). The C/N

values are quite variable throughout this zone, ranging from 8.7 to 10.9 without any

particular trend.

7.3.2 Unit A

Initial levels of TOC in Unit A, at values of up to 8.9% for approximately five

centimeters, are the highest observed in the core (Fig.27). These levels subsequently

decline and from 30 cm to the top of the core they generally remain between 4 and 6%,

although there are samples as low as 2.7% and as high as 6.2%.

After a brief initial drop, C/N values peak at 30.5 cm core depth with values up to

11.8 (Fig.27). This high C/N zone is approximately five centimeters thick, dropping to

values of approximately 10 that extend up to 17 cm in the core. The C/N values

subsequently drop to 8.2, the lowest of the Deadmoose Lake core, at 13 cmfollowed by a

gradual rise towards the top of the core.
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Figure 27 - Variations in the percentage of total organic carbon (left) and carbon(org) :
nitrogen (mass) ratios (right) with depth in the Deadmoose Lake core. Age in 14C yrs
BP is given on the right scale (green star at 37 cm where dated sample was taken)and
was determined on the basis of a constant linear sedimentation rate (see section 5.4).

A
ge

( 1
4C

yrs
B

P
)

A
ge

( 1
4C

yrs
B

P
)



80

7.4 Lenore Lake

7.4.1 Unit Y

Total organic carbon values remain relatively low throughout the unit, ranging

from 0.7 to 2.2% (Fig.28). The basal ten centimeters of the core have C/N values that

show little variation with an average of 12.8. Toward the top of the unit, C/N values

decline to a low of 9.9 at 57.5 centimeters core depth, the upper most sample of the unit.

7.4.2 Unit X

Total organic carbon gradually increases from Unit Y values from the contact to

48 cm core depth (Fig.28). From this point upward, TOC values are relatively uniform to

the top of the core, averaging 5.5%. The C/N values are relatively stable throughout the

unit and although there are some slight variations, these can be considered insignificant.

The values range from 8.2 to 10.4 with a mean of 9.4.



81

Figure 28 - Variations in the percentage of total organic carbon (left) and carbon(org) :
nitrogen (mass) ratios (right) with depth in the Lenore Lake core.
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7.5 Interpretation – Organic Productivity and Source History

7.5.1 Waldsea Lake

Aquatic algal sources of organic matter are consistent throughout Unit 2 from

63.5 to 72 cm core depth, as indicated by C/N values that are consistently between 9 and

10. During this period of deposition, Waldsea Lake was clearly dominated by algal

organics and the higher order vascular vegetation surrounding the basin did not contribute

a significant amount of organic matter to the deeper basinal zone where the core was

collected.

Upon the onset of Unit 1 deposition, the sudden increase in TOC with an

associated C/N shift to higher values of 13-15 is indicative of an influx of vascular

vegetation (that have higher C/N values ~20) from the basins marginal areas. C/N values

of 13-15 are the result of a mixture of both algal and terrestrial organic matter in the

sediment, with a greater proportion of the latter. This sudden change is best explained by

a short lived period from 59.5 to 61.5 centimeters core depth, of increased discharge into

the basin delivering greater amounts of terrestrial, vascular organic matter. Vascular

(terrestrial) organic matter has a higher C/N ratio (20+), and a greater percentage in the

sediment would result in the increased C/N value observed here. However, there would

still be some algal organic input resulting in C/N values that are below 20 due to

averaging of the two sources. Throughout the remainder of Unit 1, there is a return to

lower TOC levels as well as C/N values that are more representative of an aquatic algal

source. These values are still in the upper range of what is generally considered an algal

source, indicating that there is still a source of terrestrial organic matter entering the basin

and being incorporated into the sediment. The slightly increased C/N values in the
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sediment between 37 and 43 cm depth indicate a period of somewhat increased terrestrial

organic matter entering Waldsea Lake.

7.5.2 Deadmoose Lake

Total organic carbon levels in Unit B are very low, as is expected in coarse

grained sediment deposits that are generally deposited rapidly in high energy

environments, diluting organic matter with inorganic clastic sedimentation (Meyers and

Teranes, 2002). C/N values are unexpectedly low in Unit B as coarser terrigenous

organics, having a higher C/N range, are typically more concentrated in this type of

marginal lake environment.

Unit A TOC levels are notably higher than those of Unit B. This is likely a

function of the onset of deeper water depositional conditions in Unit A with a lower

sedimentation rate and the development of low oxygen conditions associated with

meromixis. The range of C/N values in this unit is, for the most part, indicative of

aquatic algae with the exception of the interval 26 to 32.5 cm core depth which is

characterized by organics with slightly elevated values. This is likely due to a phase of

increased terrigenous organic matter being transported and incorporated into the offshore

sediment.

7.5.3 Lenore Lake

As observed in Unit B of Deadmoose Lake, percentages of TOC are low in the

coarse clastics of Unit Y in the Lenore Lake core. This is attributed to dilution of

organics in the rapid sedimentation of a high energy environment (Meyers and Teranes,
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2002). The C/N values associated with this zone are intermediate between algal and

vascular plants, likely a function of combined contribution by both macrophytic

terrestrial vegetation and aquatic algal organics.

The transition from Unit Y to Unit X contains increasing TOC levels with an

associated drop in C/N values. This is interpreted as a gradual change to deeper water,

lower energy conditions. Slower sedimentation in this type of environment would result

in less dilution of the organics and higher TOC values. Farther offshore, less terrestrial

organics would be expected to be incorporated into the sediment and a more aquatic,

algal dominated signature should occur. This is exactly what is observed in the Unit X

C/N data, with values indicative of an aquatic source, averaging at 9.4.
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8.1 Introduction

As pointed out by Leng et al. (2005) and Leng and Marshal (2004), stable isotope

geochemistry has become a valuable tool in paleolimnology. The range of information

that can be potentially derived from stable isotope data of lake sediments is enormous as

emphasized by many recent reviews, compilations, and case studies (e.g., Ito, 2001; Leng

et al. 2013; Leng, 2006; Leng, 2004). Despite this emergence as a routine methodology in

terrestrial paleoenvironmental investigations, surprisingly few researchers have applied

stable isotope geochemistry to lacustrine sequences in the northern Great Plains of

western Canada. In this project I examined the stable carbon and oxygen isotope

composition of the endogenic aragonite in the Waldsea and Deadmoose sequences

(Section 8.2), and the stable carbon and nitrogen isotope composition of organic matter in

the recovered sections of each of the three lakes (Section 8.4). It should be emphasized

that this is one of only two paleolimnological studies in the entire northern Great Plains

region in which stable isotope geochemistry has been applied to both inorganic endogenic

precipitates and organic matter. Clearly, stable isotope studies of both components in a

lacustrine sequence can provide a more accurate understanding of past environmental

conditions of a lake basin. However, because of the extremely diverse array of

hydrological, geological, chemical, and biological factors that control the isotopic

compositions of these two components of lacustrine sedimentary materials (see, for

example, Meyers and Lallier-Vergés 1999; Leng et al., 2005; Leng and Marshal, 2004;

Talbot, 2002) it is necessary to discuss and interpret the stratigraphic variations of each of

these datasets separately. Section 8.3 provides interpretive comments on the δ18O and

δ13C of the endogenic aragonite in Waldsea and Deadmoose lakes, and
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Section 8.5 summarizes the interpretations gleaned from δ13C and δ15N of organic matter

in the three study lakes. As with most stratigraphic isotopic investigations, a full

understanding of the paleolimnological history of the basin is only achieved through the

integration of the isotope geochemistry with other lines of evidence and proxies provided

by petrography and mineralogy. The integration of all stratigraphic information collected

in this project is provided in Chapter 9.

The terms isotope enrichment and depletion are used throughout this section.

These are generally used to describe trends in the isotopic plots. Depletion refers to, for

example, a δ18O value that is more negative. This would be the result of an increase in the

relative amount of the light 16O isotope versus the heavy 18O isotope. Enrichment simply

refers to the opposite, when the δ18O value is more positive, a function of increased 18O

relative to 16O.

A substantial amount of endogenic carbonate production is only observed in

Waldsea and Deadmoose lake cores, therefore the δ13C and δ18O data were only collected

from these two cores and not from Lenore Lake. Emphasis was placed on sampling the

aragonite laminae observed in the two cores as they represent carbonate formation in a

geologically short period of time. When laminae were not present, a general two

centimeter sampling interval was used. Based on the calculated overall linear

sedimentation rates (assuming continuous uniform sedimentation; see section 5.6), this

represents a sample every ~40 years for Waldsea Lake and every ~110 years for

Deadmoose Lake.

Aragonite is interpreted as an endogenic mineral in these lakes, with other

carbonates such as calcite and dolomite being considered detrital with till sources. The
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following equation is used to account for these detrital carbonates in the isotopic data in

order to be able to interpret values from purely endogenic sources. δ18O and δ13C values 

are calculated based on the following correction for calcite proposed by Van Stempvoort

et al. (1993).

δa = ((Pa + Pc) δm – Pc δc) / Pa (1)

Where:

P = percentage aragonite (a) or calcite (c) (see appendix A for measured

values)

δ = δ18O or δ13C measured for aragonite + calcite (m), for aragonite (a) (see

appendix B for measured values), or calcite (c) (see below for value)

For equation (1), the calcite, considered to be detrital and derived from the local

till, is assigned values of δ13C = -1.9‰ and δ18O = -9.2‰ (δc in equation (1)). These 

assumed values are within 1‰ of the values for detrital calcite in the near-surface tills of

Warman, Saskatchewan (approximately 90 km west of Humboldt, Saskatchewan; Van

Stempvoort et al., 1993). The percentages of aragonite and calcite (Pa and Pc) were all

measured from the same samples as those used for the isotope analysis and were applied

together in equation (1).
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Carbon and nitrogen isotopic ratios were also collected from organics deposited

throughout the cored section. Organic matter is found throughout all three cores, with the

exception of the sands in Unit B at the base of Deadmoose Lake’s core. Such information

provides insight into the level of productivity within the lake, organic sources, nutrient

availability and even transitions among dominant algal species (Meyers and Teranes,

2002).

8.2 Endogenic Carbonate δ13C and δ18O Data

8.2.1 Waldsea Lake

The variations in δ13C and δ18O values analyzed from carbonate minerals in the 

Waldsea Lake core, overlaid with the calcite correction, are presented in figure 29. There

is a positive correlation observed between the δ13C and δ18O values, referred to as 

isotopic covariance, indicative of hydrologic fluctuations within a closed basin lake (r =

0.62, statistically significant at 0.01; Fig.30). Isotopic covariance is a function of the long

water residence times in closed basin lakes and reflects this effect on isotopic evolution in

the basin through time (Talbot and Kelts, 1990). As a result, there are some distinct

trends that can be identified in figure 29 as well as a major isotopic shift across the

contact between Unit 2 and Unit 1.
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Figure 29 - δ13C and δ18O values from endogenic carbonates with depth in the Waldsea Lake
core. Age in 14C yrs BP is given on the right scale (green star at 69 cm where dated sample
was taken) and was determined on the basis of a constant linear sedimentation rate (see
section 5.4). Black triangles represent the original data and red circles display the calcite
corrected values.
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8.2.1.1 Unit 2

The isotopic data collected from endogenic carbonates in Unit 2 sediment have

values that increase upward throughout the unit, with a slight drop at the top of the unit.

δ13C and δ18O values range from -0.5 to 9.0 ‰ and -6.1 to 3.3 ‰, respectively (Fig.29).

8.2.1.2 Unit 1

Unit 1 contains some isotopic variability, and several isotopic trends may be

identified. Immediately upon the onset of Unit 1 deposition is a major isotopic shift in

which a significant depletion is observed in both δ13C and δ18O values (Fig.29). This

depleted zone contains δ13C values of approximately -8.2 to -1.2 ‰ and extends up core

to 50 centimeters core depth. Overlying this zone and extending up to approximately 12

centimeters core depth is a δ13C isotopic zone with some variability, although averaging

approximately 3.8‰. Throughout this zone, values range from 1.4 to 13.2 ‰ . From 12

to 7 centimeters core depth, there is an abrupt and significant shift to very high δ13C

values, ranging from 12.7 to 17.9 ‰. Above this zone is a return to lower values, from

1.9 to 4.9 ‰, extending to the top of the core.

Above Unit 2, δ18O values are significantly depleted at the onset of Unit 1. These

depleted values extend upwards to approximately 12 centimeters core depth.  δ18O values

throughout this zone range from -8.4 to -2.2 ‰. Although they display some variability,

these data display a trend of subtly increasing values upward to 12 centimeters core
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and R2 are shown to display the level of isotopic covariance within each lake.
outliers have been removed from the Deadmoose Lake values.
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-12.00

-10.00

-8.00

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

-10.00 -5.00

δ
1

8
O

Covariance of

C and δ18O plotted for both Deadmoose and Waldsea lakes. Best fit lines
are shown to display the level of isotopic covariance within each lake.

outliers have been removed from the Deadmoose Lake values.
for Deadmoose and Waldsea lakes are 0.79 and 0.62, respectively.

R² = 0.6213

R² = 0.386

5.00 0.00 5.00 10.00 15.00 20.00

δ13C

Covariance of Carbon and Oxygen Isotope Data

91

O plotted for both Deadmoose and Waldsea lakes. Best fit lines
are shown to display the level of isotopic covariance within each lake. Four

outliers have been removed from the Deadmoose Lake values. The correlation
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depth.  As in the δ13C data, a significant shift to high values occurs in the δ18O data from

12 to 7 centimeters core depth. Values in this zone range from -0.2 to 6.8‰. Above this

zone and to the top of the core is a return to lower δ18O values that range from -5.1 to -

6.0‰.

8.2.2 Deadmoose Lake

The stratigraphic variations in δ13C and δ18O values in the Deadmoose Lake core

are shown in figure 31. As in the isotopic data described for Waldsea Lake, a positive

correlation is observed between δ13C and δ18O values and is indicative of hydrologic

fluctuations within a closed basin lake. A correlation coefficient of r = 0.274 (statistically

significant at 0.1) is observed in the Deadmoose Lake data, however with four outlying

points removed, the correlation is much stronger with r = 0.79 (statistically significant at

0.01; Fig.30). Both units A and B have distinct isotopic values, identified for each unit.

8.2.2.1 Unit B

Little isotopic variability is observed throughout Unit B of the Deadmoose Lake

core.  δ13C and δ18O values range from 0.0 to 2.4 ‰ and -6.9 to -2.4 ‰, respectively

(Fig.31).

8.2.2.2 Unit A

The oldest sediment in Unit A sediment, deposited just above the contact with

Unit B at 37 cm core depth, shows δ13C values that are similar to that of the sediment

below (Fig.31). This is overlain by a thin (occurring from approximately 33.5 to 30 cm
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core depth) yet significant zone of δ13C enrichment.  Within this zone, δ13C values

increase to up to 6.5‰.  Subsequently, at 30 centimeters core depth, the δ13C data drop to

the most depleted values observed in the core (δ13C of -6.9 ‰). Values up core from this

point, although showing some variability, gradually increase until they become somewhat

consistent from 19 to 10 centimeters core depth. Very similar to what was observed in

the Waldsea core, a zone of significant isotope enrichment occurs from 8 to 4.5

centimeters core depth.  The δ13C values in the zone are up to 9.3‰. Above this zone

and extending to the top of the core is a return to lower δ13C values ranging from -1.7 to

4.8 ‰.

δ18O data immediately above Unit B, in the early Unit A sediment, forms a zone

of enriched values extending up core to approximately 20 centimeters core depth. The

values in this zone are somewhat erratic; however they do form a zone of enrichment.

From 20 to 10 cm core depth, the δ18O data remains generally consistent between 5 and

6‰.  At 8 centimeters core depth, as observed in the δ13C data, is a zone of significant

enrichment, up to 13.3‰, extending up core to 4.5 cm core depth. Overlying this zone

and extending to the top of the core, the data returns to more typical depleted values

averaging approximately -3.9‰.
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Figure 31 - δ13C and δ18O values from endogenic carbonates with depth in the
Deadmoose Lake core. Age in 14C yrs BP is given on the right scale (green star at 37
cm where dated sample was taken) and was determined on the basis of a constant
linear sedimentation rate (see section 5.4). Black triangles represent the original data
and red circles display the calcite corrected values.
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8.3 Interpretation of Endogenic Carbonate Mineral Isotope Data

The fluctuations in δ18O values of endogenic lacustrine carbonates reflect changes

in the hydrological balance (precipitation – evaporation), The fluctuations in δ18O values

of endogenic lacustrine carbonates reflect changes in the hydrological balance

(precipitation – evaporation), salinity, water temperature and atmospheric circulation

patterns that affect δ18O values of precipitation (Valero Garces et al., 1995). Temperature

effects are thought to have less control on δ18O values, as a 3‰ range would imply a

12°C fluctuation if all the data’s variability is solely attributed to temperature effects

(Valero Garces et al., 1995). The Lenore Basin Complex prairie lakes do experience this

type of temperature fluctuation seasonally (averages of -18°C and 19°C in January and

July, respectively), although major carbonate production likely occurs within a narrower

specific range of temperature during the summer.

It is assumed that throughout the period of deposition represented in the cores, the

isotopic signature of input groundwater, precipitation and river/overland inflow is

constant. The endogenic carbonates are also assumed to have formed within the

mixolimnion and in isotopic equilibrium with the surrounding lake water. Based on these

assumptions, by analyzing the isotopic signature of endogenic carbonate minerals

throughout the core, a reconstruction of past isotopic conditions is possible. With this

information, aspects of the lakes’ paleohydrologic history, such as evaporative versus wet

conditions and water levels, may be interpreted.

The input-evaporation balance controls the isotopic evolution of closed basin

lakes; therefore the trends observed must reflect hydrologic variations within the lake

(Talbot, 1990). However, the isotopic correlation to the input-evaporation balance
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controls within individual cores is not perfect (discussed further below), an observation

attributed to complex parameters affecting the isotopic signature apart from hydrologic

change. Some of these parameters include temperature effects and isotopic fractionation

during precipitation. These however, are generally of secondary importance, being at

least partially masked by evaporative and residence related effects of closed basin lakes

(Talbot, 1990; Van Stempvoort et al., 1993).

As these carbonates were deposited in a highly saline, hydrologically closed

basin, changes in effective moisture (precipitation – evaporation) are likely the main

control on δ18O values. Within closed basin systems, 18O enrichment can be related to

relatively dry and low lake level periods, as H2
16O preferentially vaporizes with respect to

H2
18O during evaporative periods. As a result, the 18O/16O in remaining lake water will

rise and imprint this signature on endogenic carbonates forming during this time (Van

Stempvoort et al., 1993). Unfortunately, the δ18O values of closed basin lakes can be

affected by several other processes such as groundwater recharge with isotopically

evolved waters that are very different than local precipitation, influx of surface waters or

the impedance of recharge due to active evapotranspiration by plants during the growing

season (Ito, 2001).

8.3.1 Waldsea Lake

Unit 2 δ18O values are consistently some of the highest observed in the core and

display an increasing trend to the top of the unit. This is interpreted to indicate that

endogenic carbonates in the sediment from 72 to 63 cm core depth were forming during a

relatively warm and dry period. Throughout this period, the isotopic reservoir in the
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basin became progressively enriched with continued evaporation. In this type of

environment, evaporation exceeds precipitation and is generally associated with lower

water levels.  There is a drastic shift in δ18O values at the boundary between the two units

and is a result of a significant change in hydrological conditions.

These depleted values occur at the onset of Unit 1, at approximately 62 cm core

depth. The initial deposition of Unit 1 immediately above the contact with Unit 2 is the

most depleted of the core, indicating a relatively rapid and significant hydrologic change.

These values are likely the result of carbonate formation in a cooler, wetter environment

where precipitation and runoff had considerably increased. These depleted values may

be coincident with a period of higher water levels in Waldsea Lake.

From approximately 50 cm core depth to the top of the core, values become

slightly more enriched and much more variable. This likely indicates a slight decrease in

precipitation, or increased evaporation, although lake level likely remained high (based

on sustained meromixis, sedimentary observations). A short period of significant isotope

enrichment is observed, peaking at approximately 7 cm core depth. This may represent a

very short lived dry and evaporitic phase in the lake history.

The enrichment of δ13C values in Unit 2 indicates productivity in the lake was

relatively high during this depositional period from from 72 to 63 cm core depth. Upon

the onset of Unit 1, productivity within Waldsea Lake suddenly drops in association with

the hydrological changes. Low productivity appears relatively short lived in the sediment

(63 to 51 cm core depth) as δ13C values (and associated productivity) increase once again

with few short lived drops for the remainder of the core, 50 centimeters core depth to the

top of the core. Productivity generally drops during periods of high lake level, although
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it appears productivity recovers when such high lake levels remain stable for a period of

time.

The organic and endogenic data collected and displayed in figures below have

some trends in common within each lake (among carbon isotopes, that are analyzed in

both data sets). This is expected, as both pull from similar carbon reservoirs, however the

difference in overall value is attributed to fractionation (for example, organic

fractionation results in much more negative overall values).

8.3.2 Deadmoose Lake

Unit B, the lowermost sediment of Deadmoose Lake, is composed largely of

relatively coarse grained allogenic components, with the carbonates showing very little

stratigraphic variation in δ18O and δ13C (Fig. 31). Even after the van Stempvoort et

al.(1993) detrital carbonate correction, the profile remains uniform. This lack of

significant isotopic variation of the endogenic carbonates in the basal 25+cm of the

Deadmoose Lake sequence suggests remarkably static hydrologic and environmental

conditions persisted for some time in the basin. The strong covariance of the carbonate

isotopic data confirms deposition took place in a closed basin setting. The endogenic

carbonates in the lower part of Unit A overlying the sharp contact with Unit B show more

variability but generally have much more enriched δ18O and δ13C values relative to those

of the underlying sediment. The δ18O of the carbonates in the lower part of Unit A

suggest a highly fluctuating hydrology for the lake, from relatively humid to dry,

evaporitic conditions. Significant positive oxygen isotope excursions (indicting

deposition from more evaporative, highly evolved brines) occur immediately above the
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contact with Unit B at 36-37 cm and again at ~28 cm core depth. Although the overall

sample spacing precludes assessment of these hydrologic changes at a fine resolution, the

variation between adjacent samples can be as much as 10 per mil indicating an extremely

rapidly fluctuating lacustrine environment.  Above this, the depleted δ18O values at ~10-

26 cm core depth suggest a return to relatively humid but more stable conditions. The

highly enriched carbonates at 6-8 cm core depth, suggesting an episode of deposition

from a lake a with strong negative hydrologic budget and highly evolved brine, are

overlain by sediments showing a distinct trend toward increasing aridity in the uppermost

5 cm of the core.

With the exception of a zone of enrichment at ~32-34 cm core depth, the δ13C

data of the endogenic carbonates in the lower part of Unit A suggest an overall trend

toward lower productivity upward in the section above the sharp contact with Unit B.

This is followed by δ13C data indicating increasing productivity (~19-28cm core depth)

and overlying this, relatively stable conditions upward to 10 cm core depth. The

significant positive isotope excursion at 6-8 cm core depth noted in the δ18O data is also

evident in the δ13C values, indicating the lake experienced a period of high producitivty

associated with the relatively dry evaporitic hydrologic conditions. Finally, similar to the

upward increasing trend in aridity identified from the oxygen isotope data in the

uppermost 5 cm of section, the stable carbon isotopes of the carbonates suggest

increasing productivity during this most recent period.
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8.4 Organic Matter δ13C and δ15N

8.4.1 Waldsea Lake

8.4.1.1 Unit 2

The organic isotopic signatures of δ13C and δ15N in Unit 2 of Waldsea Lake

display opposite trends.  δ15N values in this unit are some of the most depleted observed

in the entire core, ranging from 1.5 to 2.7 ‰ (Fig. 32).  Contrastingly, δ13C results are the

most enriched in the core, ranging from -22.9 to -21.5 ‰.

8.4.1.2 Unit 1

 Above the contact between Unit 2 and Unit 1, δ15N remain initially depleted for

several centimeters in the core before a major shift to the most enriched value of the core

(5.6‰) at 57.5 cm core depth (Fig. 32). From this point, there is a gradual decrease in

δ15N values up core to approximately 33 cm core depth. The values then begin to

fluctuate by two ppt on a decadal scale, with the exception of the most recent samples.

The δ15N value at 10 cm core depth is 2.4‰, and gradually increases towards the top of

the core.
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Figure 32 - Variations in organic δ13C and δ15N with depth in the Waldsea Lake core.
Age in 14C yrs BP is given on the right scale (green star at 69 cm where dated sample
was taken) and was determined on the basis of a constant linear sedimentation rate
(see section 5.4).
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δ13C values shift drastically across the contact with Unit 2 , becoming significantly

depleted from 61.5 to 59.5 cm core depth (Fig. 32). From 57.5 to 35 cm core depth, the

values remain uniform at approximately -24.0‰. The portion of the core from 35 cm

core depth to recent sediments at the top contains values that are quite variable in the

range of -26.3 to -22.7 ‰ without any particular trend.

8.4.2 Deadmoose Lake

8.4.2.1 Unit B

δ13C and δ15N plots of the organic matter display quite different trends in Unit B

of Deadmoose Lake.  From the base of the core, δ15N values initially drop from 4.5 to 1.5

‰ over 15 cm (Fig. 33). This organic matter subsequently becomes briefly enriched but

declines again towards the top of the unit.  Initial δ13C values are relatively stable at

approximately -24.0 ‰ from the base of the core to 44.5 cm core depth. These values

begin to fluctuate in the upper 7.5 cm of Unit B.

8.4.2.2 Unit A

 Unit A contains δ15N and δ13C values with negative correlation (R=0.71; Fig.34).

δ15N values at the base of Unit A range from 2.3 to 3.5 ‰ and subsequently shift towards

higher values at approximately 32 cm core depth (Fig. 33). This enriched zone ranges

from 4.2 to 6.2 ‰ and extends up core to 19 cm core depth. Above this zone and

extending to the top of the core is a return to lower isotopic values in the range of 2.1 to

3.3 ‰.
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Figure 33 - Variations in δ13C and δ15N analyzed from organics with depth in the
Deadmoose Lake core. Age in 14C yrs BP is given on the right scale (green star at 37
cm where dated sample was taken) and was determined on the basis of a constant
linear sedimentation rate (see section 5.4).
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Figure 34 - δ15N and δ
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0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-27.0 -26.0

δ
15

N

Organic Matter Unit A

N and δ13C plotted for Unit A of Deadmoose Lake. Best fit line and
are shown to display the negative correlation between the data.

R² = 0.5052

-25.0 -24.0 -23.0 -22.0 -21.0 -20.0

δ13C

Organic Matter Unit A - Deadmoose Lake

104

C plotted for Unit A of Deadmoose Lake. Best fit line and an R2

are shown to display the negative correlation between the data.

Deadmoose Lake

Unit A -
Deadmoose Lake



105

 Just above the contact with Unit B, the early Unit A δ13C values are the most

enriched of the core with a thin zone at 21.7‰.   The remaining δ13C values in the core

resemble a mirror image of the δ15N values. From 32 to 19 cm core depth, there is a

depleted zone ranging from -26.0 to -25.0 ‰. This is subsequently followed by a period

of enrichment extending to the recent sediment at the top of the core with values from -

24.5 to -22.4 ‰.

8.4.3 Lenore Lake

8.4.3.1 Unit Y

From the base of the core to the top of Unit Y, δ15N values display an increasing

trend from 3.7 to 6.0 ‰ (Fig.35).  Alternatively, δ13C values do not contain any particular

trend and show little variability throughout the Unit. The data ranges from 24.0 to 25.5‰

with a slight peak in the middle of the unit.

8.4.3.2 Unit X

Across the contact with Unit Y, the overlying Unit X displays a significant drop

in δ15N values that level out at 52.5 cm core depth (Fig.35). From this point values

remain relatively stable, generally remaining between 4 and 5‰, up core to

approximately eight centimeters core depth. Values then substantially increase from this

point to the top of the core, with a maximum value of 6.8 ‰.

 Initial δ13C values vary significantly without any particular trend and without any

apparent association with the δ15N data. This occurs until approximately 30 cm core

depth where the values level out between -25 and -24‰ for approximately 20 cm. At ten
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Figure 35 - Variations in δ13C and δ15N analyzed from organics with depth in the Lenore
Lake core.
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centimeters core depth, the values increase and once again level out, remaining between -

24 and -23 ‰ to the top of the core. There is notably little covariance among the data for

either unit (R2=0.04 for entire core).

8.5 Interpretation of Organic δ13C and δ15N Data

Organic matter in lake sediments has a carbon isotopic composition that yields

important information pertaining to the source of that organic matter, past lake

productivity and the identification of changes in surface water nutrient availability

(Meyers and Teranes, 2002). Phytoplankton produces organic matter preferentially

removing 12C from the reservoir. The organic matter then averages 20‰ lighter than the

13C/12C ratio of its dissolved inorganic carbon (DIC) source. Subsequently, as

sedimentation of this organic matter removes 12C from the DIC reservoir, the δ13C values

of the water increase, as does the δ13C value of newly produced organic matter (Meyers

and Teranes, 2002). The rate of carbon synthesis with algal productivity and the DIC

isotopic composition are typically the controlling factors behind δ13C values of organic

matter. Other factors such as pH, temperature, nutrient limitation and growth rate are

known to affect δ13C values in organic matter (Meyers and Teranes, 2002). Similar

δ13Com and δ13Ccarb trends are often observed in lacustrine sequences. This is likely due to

the common / shared carbon reservoir. Variability amongst these data sets is attributed to

the various different processes that control organic matter generation versus those that

control inorganic mineral formation. There is also potential for further variability due to

the position within the water column at which the organic matter is generated versus that
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in which the carbonate minerals are formed, different temperatures of formation, as well

as the time of year at which the two C-bearing components are formed.

Not as widely used for paleoenvironmental interpretations as carbon isotopes, the

nitogen isotopic composition of organic matter can be useful in distinguishing sources of

the organic material as well as past productivity levels (Meyers, 2003). Although the

dynamics of nitrogen biogeochemical cycling are much more complicated than the

carbon cycle, this proxy is helpful in determining changes in the past availability of

nitrogen to aquatic primary producers (Meyers and Teranes, 2002). The method used to

identify organic matter sources with δ15N values is based on the 15N/14N ratios of

inorganic nitrogen reservoirs available to plants on land and in water (Meyers, 2003).

The most common form of dissolved inorganic nitrogen available to algae is nitrate, with

a typical δ15N value of 7-10‰. Land plants make use of atmospheric N2 that has a lighter

δ15N of about 0‰. These isotopic variations in nitrogen sources are generally preserved

in the respective algal and land plant organics (Meyers, 2003).

Meyers and Teranes (2002) discuss how paleoenvironmental interpretations can

be very complicated as a result of several other factors affecting δ15N values. As in

carbon isotopic data, algae favor 14N over 15N and as a result their organic matter has a

lower δ15N than the DIN reservoir.  The δ15N of the surface waters will progressively

increase as nitrate is removed, causing an increase in the δ15N of organic matter that is

generated from the remaining supply. Another complication is that phosphorous

commonly limits productivity in lake settings and only a small amount of the available

nitrate is used if phosphorus becomes depleted. As a result, the nitrogen isotopic

composition of the DIN reservoir will remain unaltered and δ15N values in organic matter
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will seemingly display an unchanging signal. Turnover of phytoplankton species or

addition of heterotrophs can also greatly affect the δ15N. Despite these complications, Gu

et al.(1996) argue that the δ15N of lacustrine organics can be related to the trophic status

of the lake, with increasing values as the lake approaches eutrophic conditions.

8.5.1 Waldsea Lake

 The high δ13C values characteristic of Unit 2 are indicative of a highly productive

lake relative to the rest of the core. This productivity remains consistent throughout the

unit, likely the result of a stable, nutrient rich environment. At first glance, nitrogen

values seem to disagree with this interpretation as the δ15N values are low and high

aquatic productivity is generally associated with high δ15N values. However, this period

in the lake history may have been dominated by nitrogen-fixing cyanobacteria. These

organisms directly fix atmospheric N2 that is much lighter isotopically, reducing the δ15N

values in Unit 2 (Meyers and Teranes, 2002).

The earliest organics deposited in Unit 1 display a significant but relatively short

lived drop in productivity (approximately one century). This is occurring at the same

time as the period of increased precipitation at the onset of Unit 1 (discussed above) and

this drop in productivity is thought to be associated with rapidly changing conditions in

Waldsea Lake.  The δ13C data then stabilize at higher values, indicating a return to

productive levels without any major shifts for approximately 1250 years. The shift to

elevated δ15N values in Unit 2 may be a function of several factors. A shift in the

dominant phytoplankton species to algae that consume dissolved nitrate is likely. The

development of anoxia in the basin can result in denitrification when nitrate becomes the
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primary source of oxygen. The process may considerably enrich the DIN reservoir in 15N

and increase the δ15N (Meyers and Teranes, 2002).

8.5.2 Deadmoose Lake

As a result of the very low amounts of organic matter throughout Unit B of

Deadmoose Lake, only tentative interpretations could be derived. Similar to the

inorganic δ13C values from Unit B in Deadmoose Lake, the organic carbon values remain

constant for the majority of the unit. This is interpreted to be a function of the high

energy nature of this unit that likely contains an assortment of various types of organic

material, such as those transported into the basin, reworked from older sediment or

simply deposited. Due to the low volume of organics in Unit B, nitrogen levels are so

low that δ15N values are likely unreliable.

 As mentioned above in the unit description, Unit A δ15N and δ13C values have an

inverse relationship.  The first 4 cm of the unit display data with low δ15N and high δ13C

values.  This is consistent with the inverse relationship among the data, where low δ15N

values are observed during periods of high productivity. There are several possible

explanations for this observation. This may be attributed to shifts in the dominant

phytoplankton species, extracting from atmospheric sources of nitrogen during phases of

high productivity causing low δ15N levels. Increased input of terrestrial organics would

also decrease the δ15N values.  δ13C values and productivity subsequently drop at

approximately 32.5 cm core depth and are associated with high δ15N values for a period

lasting until 19 cm core depth. These features can be explained by a shift to algae whose

source of nitrogen is aquatic NO3, with little addition by terrestrial organics. From 19 cm
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core depth and extending to the modern sediment at the top of the core, there is a gradual

return to highly productive conditions with associated low δ15N values.

8.5.3 Lenore Lake

 Little isotopic variation is observed in Unit Y of Lenore Lake.  The stable δ13C

data likely reflects an environment with relatively steady levels of productivity, though

somewhat low in comparison to the remainder of the core.  The gradually increasing δ15N

values are likely not associated with productivity as it is not recorded in the δ13C data.

This trend may represent a decrease in terrestrial organics being transported and

incorporated into the sediments. However it may also indicate a gradual turnover in

phytoplankton species from N2 towards NO3 synthesizers at the top of the unit.

 Early δ13C data from Unit X displays a variable productivity trend between highs

and lows before stabilizing around 30 cm core depth. This variability is not matched by

the δ15N values that generally remain between 4 and 5 ‰, indicating once again this data

is likely not representative of productivity. However, two small peaks seem to coincide

with productivity highs at 52 and 34 cm core depth. These may be an effect of increased

productivity. Alternatively it may be a function of increased algal productivity from NO3

synthesizers (having a δ15N value between 7 and 10‰) that in turn increase the δ15N

value.  Towards the top of the unit, δ13C values increase slightly indicating there is a

slight increase in productivity, although it does not match the substantial nitrogen shift.

As changes in productivity likely did not cause the δ15N shift at the top of the core, it can

be attributed with some confidence to, once again, a shift in algal species.



Chapter 9 – Paleohydrological and Paleoenvironmental
Histories
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9.1 Introduction

The data collected from core descriptions, sedimentological and mineralogical

analyses, detailed inspection of aragonite morphology and isotopic analyses of organic

matter and inorganic carbonates, provide the means to reconstruct the complex histories

of lakes Waldsea, Deadmoose and Lenore. (1) Sedimentological features such as grain

size, color and bedding provide information pertaining to changing energy conditions in

the lakes through time, and can be associated with lake level. (2) Mineralogical analyses

present insight into past brine chemistries and paleohydrology (endogenic/authigenic

minerals), and can also be associated with changing depositional conditions. (3)

Endogenic carbonate mineral isotopic data can be a strong paleohydrological tool, used to

distinguish between evaporitic and wet periods that are useful indicators of low and high

lake levels, respectively. (4) Organic matter provides information about various organic

sources as well as past lake productivity. Total C/N ratios are strong source indicators,

TOC levels can be indicative of productivity and carbon and nitrogen isotopic ratios are a

strong tool for both source and productivity. This information about the organic matter is

often observed to be closely tied to changes in lake level and brine concentration.

Integrating these data allows interpretations to be made regarding changes in lake

chemistry, stratification, water level and possibly even local and regional climatic

variations. Clear changes have been identified in all three lakes, defining some major

changes in the depositional conditions and delineating unique stratigraphic zones and

depositional periods. However, there are limitations here, as changing water and salinity

levels can result in the presence or absence of stratification and may ultimately obscure
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the record. Further and more detailed dating may ultimately affect the final

interpretations about the lake histories. Like many other Holocene lake sediment studies

in the northern Great Plains, the chronostratigraphic aspect and availability of datable

material in the cores limited a more precise interpretation of the history.

9.2 Waldsea Lake History

As discussed in Chapter 5, the limited chronostratigraphic controls on the cores

acquired prevent establishment of an accurate decadal-resolution environmental history

for Waldsea, Deadmoose and Lenore lakes as part of this study. However, the

preliminary 14C dating presented in Chapter 5 suggests that the stratigraphic sequence

recovered from Waldsea represents about 1500 years of deposition. The two

lithostratigraphic units characterize two distinctly different depositional environments

from which limited paleohydrological and paleoclimatic inferences can be made.

Unit 2, observed from the base of the Waldsea core up to 62 cm core depth, is a

non-laminated, carbonate-rich, fine-grained sediment that becomes gypsiferous in the

upper few centimeters.  The δ18O values of the endogenic carbonates become

progressively enriched toward the top of the unit and display excellent covariance with

the corresponding δ13C values (R=0.91), confirming that deposition took place in closed

basin.  As summarized in Chapter 8, the upward trend toward increasingly enriched δ18O

carbonates is conventionally interpreted as an indicator of increasing aridity, reflecting

increasing evaporation to precipitation ratios in the watershed.

The banded but overall non-laminated nature of this lower unit further suggests that

deposition occurred in a shallow (relative to that of today), non-meromicitic lake (Figs.
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36 and 37). In addition to physical disruption of the bottom sediments by waves,

bioturbation was also likely due to seasonal breakdown of the thermally stratified water

column. In contrast, the absence of sedimentary features indicating desiccation and

subaerial exposure such as pedogenic horizons and displacive intrasedimentary salts that

are common in the older mid-Holocene sediments (Last and Schweyen, 1985) suggests

that this shallow lake never completely dried during the deposition of Unit 2. The

presence of endogenic aragonite implies a brine composition having a Mg/Ca ratio

greater than about 10 (cf. Last and De Deckker, 1992; Last and Last, 2012), but the

absence of other Mg-carbonates, such as protodolomite, hydromagnesite, and magnesite

(present in the mid-Holocene sediments; Last and Schweyen, 1985; Greengrass et al.,

1999), indicates that the Mg/Ca was less than about 100.
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Figure 36 – Late Holocene stratigraphic variationLate Holocene stratigraphic variation in the three lake cores and the interpreted depositional environment.depositional environment.
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Figure 37 - Interpreted paleoenvironmental setting during deposition of Unit 2 (A) and
Unit 1 (B).
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In contrast, however, the absence of gypsum, a relatively soluble salt usually

considered to indicate evaporitic conditions, throughout much of this lower unit appears

to be anomalous. For example, Last and Kelley (2002) show that gypsum can

theoretically precipitate from lake water in the northern Great Plains having a TDS as low

as ~2 ppt. In their survey of the modern sedimentology of over 130 lakes, Last and

Schweyen (1983) further emphasize that gypsum precipitation occurs in most of the

saline lakes of the northern Great Plains having salinities greater than that of about 25

ppt. Clearly, gypsum should be present throughout Unit 2 if deposition occurred in

waters having even moderate salinities. Thus, the paucity of CaSO4 2H2O would seem to

suggest relatively freshwater conditions, rather than the highly evolved, saline brines

suggested by the stable isotopes of the endogenic carbonate minerals.

While a number of plausible hypotheses can be constructed to better understand

this apparent discrepancy, the most reasonable explanation is that the lake’s hydrologic

budget during the deposition of Unit 2 was dominated by relatively deep, bedrock-

derived groundwater. As summarized in Chapter 3 and emphasized by Schweyen (1984)

and Schweyen and Last (1983), the influx of groundwater to the modern lake is from

aquifers within the Quaternary drift and aquifers in the Mesozoic bedrock. The bedrock

groundwater is strongly Na-SO4-Cl dominated, whereas the drift aquifers are generally

Ca-Mg-HCO3 -rich. Thus, the conspicuous lack of calcium sulfate minerals in Unit 2

most likely represents a situation in which the Ca-rich groundwaters from the shallow

Quaternary aquifers comprised a relatively insignificant contribution to the lake. Any

calcium ions in the lake water during this time were readily tied up in endogenic

carbonates, rather than sulfates, even though the salinity of the brine may have been high
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as implied by the enriched carbonate δ18O data. Although likely saline, the salinity of the

Na-SO4-Cl lake brine at this time was probably less than ~200 ppt as evidenced by the

absence of soluble sodium sulfate salts. These Na-SO4 salts are present in the older mid-

Holocene sediments in the basin (Last and Schweyen, 1983) which Last and Slezak

(1988) maintain were deposited in brines having ~150-200 ppt TDS.

In this type of hydrologic setting, where more than one source of groundwater can

contribute to the lake, it is likely that the relative importance of the different sources may

change with changes in climate. A number of groundwater studies elsewhere in the

northern Great Plains (e.g., Crowe, 1993; van der Kamp and Hayashi, 1998; Birks and

Remeda, 1999; Conley and van der Kamp, 2001) have emphasized the importance of

climate on the shallow groundwater-lake basin hydrodynamics. Thus, it is likely that

during much of the deposition of unit 2 in the Waldsea basin, the climate was relatively

arid, the lake was shallow (non-stratified), saline and probably Na-S04-Cl-rich, and the

hydrologic budget was dominated by deep (bedrock) groundwater inflow. Furthermore,

the relatively high TOC levels, enriched δ13C isotopic data of the organic matter, and C/N

ratios between eight and ten show that Unit 2 was deposited during a period of

consistently high algal productivity. Depletion in 15N, attributed to the dominance of N2 -

fixing cyanobacteria which can be associated with hypereutrophic conditions (Gu et al.,

1996), is compatible with a relatively shallow, saline lake.

It is important to note that in this variable groundwater hypothesis, the appearance

of significant amounts of gypsum in the upper few centimeters of Unit 2 does not indicate

increasing aridity, but rather the opposite. The abundant CaSO4 2H2O suggests an influx

of more Ca-rich groundwater to the basin. This implies a more positive hydrologic
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budget in the upper part of Unit 2 in which the lake basin is receiving water from both the

shallow, Ca-Mg-HCO3 –rich drift aquifers as well as the Na-SO4-Cl dominated bedrock

aquifers. This addition of shallow drift groundwater, probably combined with increased

surface runoff into the basin associated with greater meteoric precipitation (and/or a

decrease in E/P) due to climate amelioration, resulted in lake deepening.

The sharp contact between Unit 2 and the overlying finely laminated Unit 1 at 62

cm core depth likely represents the development of a meromictic water column in this

saline lake (Figs. 36 and 37). This marks a major change in the depositional conditions in

Waldsea Lake.  All of the isotopic data, with the exception of the organic δ15N data,

display a major shift to lower, depleted values, indicating a significant drop in

productivity as well as a change to cooler and wetter conditions and higher lake levels.

During this initial phase of Unit 1 deposition, local precipitation is interpreted to have

substantially increased in the drainage basin, delivering 16O to the lake via meteoric

waters and causing the observed δ18O depletion. This increased meteoric influx resulted

in the major but short-lived shift to higher C/N values (approximately 13-15) in the core

corresponding to an increased delivery of terrestrial organics into the lake basin. In

addition to lake level increase, this influx of freshwater, combined with the contribution

of relatively dilute groundwater from the shallow drift aquifers, increased the stability of

the newly-formed meromixis, and the basin entered a hydrologic setting similar to that of

today. The appearance of distinct white aragonite laminae in the core above 62 cm depth

indicates sustained water column stratification. As summarized above, the presence of

aragonite as the stable carbonate phase and the absence of Mg-calcite suggests elevated

Mg/Ca ratios (>10) in the lake brine.
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As pointed out by others (e.g., Last and Last, 2012; Valero-Garcés and Kelts,

1995; Valero-Garcés et al., 1995; Gell et al., 1994), the development of a meromictic

water body in a lake that is being fed by multiple groundwater sources greatly

complicates paleoclimate and paleohydrological reconstructions that rely on

mineralogical and isotopic data. The chemical conditions in Waldsea Lake clearly

change with the deposition of Unit 1 relative to Unit 2. Gypsum dominates

sedimentation in Unit 1 with endogenic carbonates being concentrated in the aragonite

laminate and deposited in relatively low amount throughout the rest of the sediment

(generally <20%). Several processes may be responsible for increasing and sustaining

the gypsum saturation of the monimolimnion where precipitation is occurring. It has

been interpreted above that the unstratified lake waters that existed before Unit 1

deposition reached high enough salinity levels for gypsum precipitation slightly before

the onset of Unit 1. It is possible that upon the onset of chemical stratification and

meromixis, the newly formed monimolimnion that was no longer connected to the

atmosphere or any sources of meteoric precipitation or runoff and became solely

connected to saline groundwater inflow. This source of water, now restricted to the

monimolimnion, potentially provided the concentration of calcium ions required for

gypsum precipitation, however lacked bicarbonate ions for carbonate precipitation.

Another process called ‘freeze-out’, common in cryogenic meromictic lakes, is

caused by the elimination of salts from surface waters as ice cover develops in the winter

seasons. During this separation of ions, salts may crystallize in the mixolimnion and

descend to the monimolimnion where some may re-enter solution (Stewart et al., 2009).

Due to Waldea Lake’s dominance by sodium and sulphate ions, the salt precipitating by
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this mechanism in the mixolimnion would likely be mirabilite. Descending into the

undersaturated monimolimnion, this NaSO4 salt would re-dissolve delivering SO4 that

would be available for gypsum precipitation. Thermal convection in the mixolimnion

may have also resulted in gypsum precipitation in the monimolimnion. Cooling waters

with increasing density circulate downwards to the bottom of the mixolimnion, resting

just above the chemocline. This may cause a drop in temperature of monimolimnion

waters and, in turn, precipitation of calcium sulphate. At the top of Unit 2, slightly before

the transition to Unit 1, gypsum began precipitating indicating that Waldsea Lake waters

had reached saturation with respect to gypsum just prior to the large influx of fresh

waters. It is possible that the source of gypsum precipitation in Unit 1 is a result

sustained conditions from late in the history of Unit 2 and continued input of ions from

shallow groundwater sources.

Waldsea Lake continued to experience a more humid and wet environment with

high water levels for the majority of Unit 1 deposition. This is indicated by a significant

transition to depleted δ18O values above the contact with Unit 2 and sustained deep water

depositional conditions (fine grained, organic-rich, laminated sediment) to the top of the

core. Productivity within the lake appears to have considerably decreased with the

sudden development of the deeper stratified lake, as evidenced by major drops in the δ13C

of organic matter and endogenic aragonite, as well as a sudden dominance by terrestrial

organic matter reflected by the increase in C/N ratios (Fig.26). This decrease in

productivity is attributed to a changing environment during the transition from Unit 2 to

Unit 1 deposition. The conditions may have become less favorable for the taxa at that

time that may have struggled to adapt to the less saline conditions of the Unit 1
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mixolimnion. Productivity eventually recovered at approximately 50 centimeters core

depth (see figure 29), and may be due to a turnover in algal species. However, it is also

possible that it simply took the lake environment some time to stabilize. Waldsea Lake

became progressively more evaporitic until the major enrichment from approximately 10

to 5 centimeters core depth, however this change appears relatively short-lived and lake

level likely remained largely stable with sustained meromixis throughout this time. This

significant δ18O enrichment is indicative of a very dry and evaporative period and may

possibly be associated with the historic droughts of the late 1800’s or early 20th century

(Vance et al. 1992).

9.3 Deadmoose Lake History

The earliest deposits in the Deadmoose Lake core, Unit B, composed of coarse

grained sands clearly represent a high energy environment, much different than the

present-day deep water, low energy conditions at the core site. This sediment, dominated

by quartz and plagioclase, is interpreted to represent a lake margin environment. This

unit, therefore, represents a period of much lower lake level than today’s conditions. The

current water depth at the core site is 16 meters, meaning there has been a substantial

increase in water depth since the deposition of Unit B. The presence of small amounts of

protodolomite in Unit B may have one of several origins but is almost certainly post-

depositional. Interstitial fluids may have been more supersaturated with respect to

dolomite than calcite or aragonite in comparison to the lake waters, creating an

environment conducive to early diagenetic dolomitization of previously deposited

carbonates (Last, 1990). Alternatively, the introduction of relatively dilute, yet still Mg-
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rich, subsurface brines (groundwater) into this marginal environment that are chemically

distinct from the Na-rich lake waters farther basinward may have generated dolomite or

protodolomite (Last and Schweyen, 1985).

Organic carbon and nitrogen isotope data are difficult to interpret, as the few

organics that do occur in these sediments have likely been reworked in the high energy

environment and the data cannot be linked to a particular period of deposition.

Last and Slezak (1986) discuss that a drop in Deadmoose Lake water levels of 6-

8 meters would result in a series of ‘satellite’ basins with reference to the complex

bathymetric profile of the basin (Fig.38). This is likely the case during the period of Unit

B deposition, although more extensive coring of the late Holocene lake sediment is

necessary to establish a basin wide understanding of conditions at this time.

The coarse grained sands of Unit B are in sharp contact with clay and silt-sized

organic-rich material in Unit A, representing a major change in lake conditions to a deep

water and low energy setting at 37 cm core depth (Fig.36). It is possible that this contact

represents an erosional unconformity or period of non-deposition.

Unit A sediments are dominated by gypsum, contain a sudden appearance of clays

and consistently display aragonite laminae throughout the unit. These attributes indicate

that despite the rapid and apparently substantial lake level increase, waters were saturated

with respect to gypsum and quickly developed chemical stratification/ meromictic

conditions. The appearance of non-bioturbated aragonite laminae is an indicator of

anoxic bottom water conditions, a feature of meromictic water bodies with bottom waters

that are not exposed to the atmosphere.
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Initial Unit A δ18O values are also significantly enriched, interpreted to be the

result of highly saline waters with an ‘evaporative’ (enriched) isotopic reservoir, already

existing in the basin from the previous depositional regime, as water levels rose with the

addition of fresh water. With lake water deepening, and a hydrologic budget that has

undoubtedly increased, the early Unit A δ18O values would generally be expected to

decrease, or deplete. This suddenly enriched isotopic reservoir may be the result of one

of several factors. It is possible that the first post-unconformity carbonate precipitation

contained the isotopic ratios of the ‘evaporative’ (enriched) reservoir. Otherwise, it is

possible that as this fresh water (and depleted isotope) input entered the basin, it was

restricted solely to the mixolimnion, and carbonates were altering to the monimolimnion

isotopic ratio as they settled through these waters. However, the latter theory is unlikely,

as the carbonates would have to completely recrystallize in the lower water body after

forming in the upper water body. This period of enrichment, occurring from 34 to 20 cm

core depth is also associated with the highest levels of gypsum in the core, therefore

salinity levels in the monimolimnion must have remained relatively high. This high

salinity is considered a remnant of lake water from the period of Unit B deposition. Low

water levels and high salinity have been interpreted for this period and upon the onset of

Unit A, despite an increased hydrologic budget and water level deepening, salinity levels

during the early deposition of Unit A were still high. Early Unit A deposits therefore

contain a larger volume of gypsum than later Unit A when salinity had declined with

further input of fresh water.

The C/N values peak at approximately 30 cm core depth, indicating that despite

the enriched δ18O values, there was still a significant amount of water being delivered and
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transporting terrestrial material into the basin.  Productivity drops at the peak of the δ18O

enrichment, however it recovers as the δ18O values stabilize in a depleted state, possibly

reflecting the stabilization of the hydrologic budget of the lake. Conditions remained

relatively consistent for the remainder of the core (20 cm core depth to top of core), with

the exception of a drought from 8 to 5 cm core depth, identified by a significant isotopic

enrichment. A similar enrichment is also observed in the upper 10 cm of the Waldsea

Lake core (observed from 10 to 5 cm core depth in Waldsea Lake). Unfortunately, as

fully discussed in section 5.6, the limited chronostratigraphic control throughout the

Waldsea and Deadmoose Lake cores precludes a precise correlation of these most recent

episodes of aridity. It is, however very likely that these two episodes represent the severe

historical droughts of the late nineteen and/or early twentieth centuries.
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Figure 38 - Bathymetric profile of Deadmoose Lake with the core location of this project represented by a red star, and black
dots that represent cores collected by Last and Slezak (1986). (I) Display of interpreted lake level during deposition of
Unit B. Note the satellite style of basins due to the irregular depth profile. (II) Interpreted lake level during the period of
Unit A deposition that is clearly thought to be very similar to modern levels. Modified from Last and Slezak (1986).
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9.4 Lenore Lake History

With modern chemical conditions in Lenore Lake being much different than lakes

Waldsea and Deadmoose, as well as being much larger and shallower, physical

sedimentation processes assume a more important control of stratigraphic variation than

the other more saline, meromictic basins. It should be re-emphasized that efforts to

establish a chronostratigraphy of the core collected from Lenore lake were not successful

and that the paucity of endogenic carbonate minerals prevented any attempt to examine

the inorganic isotope stratigraphy. As a result, sedimentation rates, unit durations and

temporal correlations were not resolved as part of this study.

As in Deadmoose Lake, the oldest unit in the Lenore Lake core, Unit Y, is

composed of coarse grained sediment and was deposited in a relatively high energy

environment. This unit, dominated by clastic sediment, was deposited in the marginal

area of the lake and clearly indicates a major lake level lowstand during this period of

deposition. TOC levels are much lower in Unit Y than the rest of the core, as is expected

in this type of deposit. With distinctly elevated C/N values, the organics contained within

the unit are of terrestrial origin, further evidence of deposition in a marginal lake

environment. Due to this origin, the organic isotope data likely reveal little about the

productivity levels or trophic status of Lenore Lake.

Lake conditions were altered substantially at the end of Unit Y deposition, and the

contact between Unit Y and Unit X formed. The decrease in quartz and plagioclase and

associated increase in clays and clay/silt-sized sediment is attributed to the deeper water,

lower energy conditions of Unit X. The lack of endogenic carbonates in Lenore Lake
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precludes the collection of δ18O data. Nonetheless, two distinct water depth regimes are

very apparent.

Organics deposited throughout Unit X sediment (TOC) have higher values

relative to Unit Y and have C/N ratios indicative of an algal source. These features are

associated with a deeper water depositional environment where these fine-grained

organics can settle and algal organics dominate. Lake productivity, based on organic

δ13C values (Fig.35), displays much less variability than Waldsea and Deadmoose lakes.

This is attributed to Lenore Lake being the largest lake in the Lenore Basin Complex and

likely the most environmentally stable.  Based on slightly variable δ13C values, the lower

25 centimeters of Unit X show some slight productivity highs and lows before stabilizing

for the remainder of the core (Fig.35).  However, with relatively stable δ15N throughout

this period (Fig.35), it does not appear to have affected the amount or type of organics

within the sediment.

9.5 Lenore Basin Complex Synthesis

At the onset of this project it was anticipated that interbasinal lithostratigraphic

and chronostratigraphic correlation could be established within the uppermost late

Holocene sediments of Waldsea, Deadmoose and Lenore lakes, even though the modern

lakes are not hydrologically connected. If similar lithologies and/or similar trends in

geochemical and sedimentological parameters occurred in a broadly synchronous manner

in the three basins, it would suggest that the lakes respond similarly to regional

environmental and climatic fluctuations that have occurred over the past one to two

thousand years. The establishment of this type of correlation and synchrony would be
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valuable in helping predict the response of these and other lakes in the large Lenore Basin

Complex to external stressing factors such as accelerated climate change as predicted by

various Global Circulation Model simulations (e.g., Lemmen and Warren, 2004; Töyrä et

al., 2005; Wittrock et al., 2005; Schindler and Donahue, 2006; Martz et al., 2007;

Pomeroy et al., 2009). In contrast, a lack of correlation and an absence of synchrony of

changes from one basin to another indicate that factors like regional climate change are

masked or at least strongly buffered by the various sedimentological and biological

processes operating within each basin. In this case, prediction of anticipated regional

climate change impacts on specific water bodies are much more difficult to generalize. It

is clear from the data presented in Chapters 5, 7, and 8 that that there are few, if any, well

established sediment parameter trends or sequences within the uppermost ~70 cm that

can be correlated between the three lake basins. The most readily identifiable trend is the

progression from relatively coarse-grained, siliciclastic-rich sediments comprising the

lower stratigraphic units of Deadmoose and Lenore lakes (Units B and Y, respectively) to

overlying fine-grained, organic-rich sediments in the upper half meter of these two lakes.

However, the lower, fine-grained, gypsum/carbonate-rich, banded unit in Waldsea Lake

(Unit 2) is not lithostratigraphically equivalent to the lower coarse-grained sediments in

the other two lakes. Likewise, although efforts to establish an absolute

chronostratigraphic framework for the Lenore sequence were not successful in this

project, the preliminary age dating of the transition from the lower coarse-grained Unit B

to the overlying laminated, fine-grained Unit A appears to have occurred at least several

hundred years prior to the change from the basal gypsum / carbonate-rich sediment to the

finely laminated aragonitic sequence in Waldsea.
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Notwithstanding the problems of lithostratigraphic and chronostratigraphic

correlation mentioned above, the cores from the three lakes exhibit a clear pattern of low

water levels in the older sediment, followed by deepening in the more recent deposits.

Unfortunately, there are two temporal issues associated with these data; (1) the timing of

this deepening among the two dated cores (Waldsea and Deadmoose) does not match.

The possibility of an erosional surface at the contact between Unit B and Unit A in the

Deadmoose Lake core results in the likelihood that the material dated in the lowermost

part of Unit A was reworked. This would result in an older than expected date. (2) Due

to the lack of datable organics, it was not possible to temporally constrain when Lenore

Lake deepened or associate this event with lakes Waldsea and Deadmoose. Regardless of

the exact date or period of regional lake water deepening, the trend certainly exists.

The chemical and depositional history of these basins is complex, and attributing

these variations to a single extrinsic control, such as climate, is an over simplification.

The sedimentological changes are more likely a result of a complex interplay between

multiple factors such as watershed conditions (drainage basin size, vegetative cover),

surface water hydrological fluctuations (precipitation/runoff, past river inflow) and

variations in groundwater contribution (Last et al., 2002). However, the cause of many

of these effects that alter lake level may, in the end, be tied to climatic changes.
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Lakes Waldsea, Deadmoose and Lenore, located in central Saskatchewan, are

closed basin lakes occurring within the Lenore Basin Complex, an area of internal

drainage. This, along with the fact that Waldsea and Deadmoose lakes are meromictic,

makes these basins excellent sites to collect and analyze their sediments and interpret past

changes in hydrology and climate because of their sensitive nature to various

fluctuations, such as water, sediment and nutrient balances.

10.1 Modern Hydrology

The hydrologic budgets of lakes Waldea and Deadmoose are today largely

controlled by groundwater inflow and loss by evaporation. They are saline to hypersaline

with a stratified, meromictic water body and are dominated by Na and Mg cations and

SO4 anions with high levels of Cl. Values for the Waldsea and Deadmoose

mixolimnion/monimolimnion salinity levels are 15.92 / 43.51 ppt and 12.66 / 32.26 ppt

respectively. Both the mixolimnia and monimolimnia of Waldsea and Deadmoose lakes

are saturated to supersaturated with respect to carbonate minerals through the year and

precipitate aragonite as the stable carbonate phase due to the current Mg/Ca ratio. The

monimolimnia and in some seasonal environments the mixolimnia of these lakes are

saturated with respect to gypsum.

Lenore Lake is the largest and least saline of the three lakes, with a salinity of

approximately 4.0 ppt. Lenore Lake is not meromictic although it does become

seasonally thermally stratified. Although its salinity is much lower, Lenore Lake is
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dominated by similar ions as Waldsea and Deadmoose lakes. No carbonate or evaporate

minerals are precipitating in Lenore Lake today.

10.2 Sediment Description

Short (< 1m) sediment cores were taken from offshore, relatively deep water

locations in the basins in order to asses late Holocene changes in the lacustrine

environments and hydrology of the basins. Waldsea Lake sediment is clay to silt-sized,

finely laminated to banded and organic-rich. Varying amounts of quartz, plagioclase,

gypsum, carbonates and clay minerals were observed, although the obvious white

laminae are composed almost entirely of endogenic aragonite. Two units were defined in

this core, Unit 1 and Unit 2 on the basis of mineralogy, grain-size, organic matter

amounts and type and inorganic/organic isotope ratios.

Deadmoose Lake sediment consists of two units, Unit A and Unit B. Unit A is

very similar to Unit 2 of Waldsea Lake, although somewhat less laminated. The lower

unit, Unit B, is a banded medium sand-sized deposit.

Lenore Lake sedimentation is dominated by detrital minerals such as quartz,

plagioclase and clay minerals. A relatively high amount of dolomite is observed,

however it is interpreted to be detrital as well. The Lenore Lake core contains two units,

an older sand-sized sediment unit (Unit Y) overlain by a homogenous clay to silt-sized

Unit X.
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10.3 Aragonite Laminae

Aragonite crystals deposited in the laminae of Waldsea and Deadmoose lakes are

interpreted as having formed during ‘whiting events’ in which mass aragonite

precipitation occurs in the lake over a span of days to weeks. Several theories have been

proposed with regards to the cause of the ‘whiting events’. These theories include

biogenic or seasonal temperature-based reduction of CO2 (causing mass precipitation),

and as runoff/input-based sources of bicarbonate mixing with Mg and Ca brine in the

basins, resulting in precipitation. The aragonite crystal size is thought to have been

largely controlled by the amount of time the crystal spent in the supersaturated solution

(mixolomnion). Thus, it is an indicator of the depth, or thickness, of the mixolimnion.

Using the relationship of modern chemocline depth versus aragonite crystal size

precipitating today in five meromictic lakes observed by Last et al. (2002), the

chemocline water depth was interpreted from Deadmoose Lake aragonite laminae

(Fig.24). Using this relationship, past chemocline depths of approximately two to four

meters have been interpreted from Deadmoose Lake laminae collected in this study.

10.4 Organic Matter

Organic matter disseminated through the three lakes’ sediment has two main

sources; lacustrine algae forming within the basin and vascular land plants that surround

the basin. Total organic carbon and C/N ratios show changes in organic productivity /

depositional conditions as well as the major sources of organic matter. Waldsea Lake

was dominated by algal productivity throughout deposition of Unit 2 sediment, indicated

by C/N values between ~ 9-10. Upon the onset of Unit 1 deposition a significant influx
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of terrestrial organics occurred causing a large increase in TOC percentages and C/N

values shifting to ~15, indicative of a terrestrial source. This influx is attributed to a short

lived period of increased precipitation and runoff, which delivered this increased amount

of terrestrial organic matter into the basin. The Waldsea Basin’s source of organics then

returned to a largely algal source for the remainder of the core, however terrestrial

organics were certainly still being delivered, which caused slight increases in some C/N

values. The data from Unit B of Deadmoose Lake are difficult to interpret due to the low

percentage of organics; however Unit A is largely dominated by algal sources as

indicated by lower C/N ratios. Though dominated by algal organics, this unit does

appear to have had some terrestrial inputs, particularly at the base, with C/N values up to

~12. These terrestrial inputs were a function of increased runoff delivering organics to

the basin and were likely associated with the deepening of the lake. Unit Y of Lenore

Lake contains a significant contribution of terrestrial organic matter as seen by the high

C/N values. This is likely a function of deposition in a lake margin setting. The much

lower C/N values observed in the overlying Unit X are indicative of algal dominance lake

level increase.

10.5 Isotopic Analyses

Carbon and oxygen stable isotopes were analyzed from endogenic carbonates

within the Waldsea and Deadmoose lake cores and the data were subsequently corrected

for allogenic calcite within the sediment.  δ18O data may provide information regarding

the paleohydrologic history of the lakes, such as evaporative vs. wet conditions and

fluctuating water levels.  Alternatively, δ13C data may infer levels of organic productivity



135

within the lakes. Waldsea Lake results have indicated relatively low water levels,

interpreted to be progressively shallowing towards the top of the unit on the basis of

increasingly enriched δ18O values upwards in the unit, as well as other features such as

the appearance of gypsum. Deposition of Unit 1 began with a significant shift in isotopic

values, indicating increased water levels and decreased productivity early in the unit that

subsequently recovered with time. This sudden shift occurs in conjunction with the

sudden and large input of terrestrial organics, and is interpreted as the flooding surface.

δ18O values remain relatively depleted in Unit 1, associated with deeper waters depositing

the very fine sediment observed in this unit. A major enrichment towards the top of the

core is interpreted to represent a relatively short-lived drought.

Measured isotopic values in Unit B of Deadmoose Lake indicate low water levels

with associated high productivity, matching sedimentary observations such as course-

grained sediment and high TOC values. Isotopic values in the overlying Unit A indicate

deepening water with a decrease in productivity that recovers with time. Like Waldsea

Lake, the Deadmoose Lake endogenic carbonate isotope record shows a significant

enrichment in the upper 10 cm of sediment, interpreted to represent a significant and

recent drought.

Organic matter throughout the all three lakes was analyzed for carbon and

nitrogen isotopic ratios. These data allow for interpretations to be made regarding

organic sources, nutrient availability and even transitions among dominant algal species.

Organic isotope values collected from Waldsea Lake in Unit 2 indicated a

productive environment, an interpretation that is in agreement with the inorganic isotope

data. The values from Unit 1 also concur with the inorganic isotope data, with a drop in
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productivity upon the onset of Unit 1 deposition that eventually stabilized at higher

levels. Low amount of organic matter in Unit B of Deadmoose Lake resulted in data that

was relatively difficult to provide concise interpretations. The onset of Unit A displays

high productivity with dominantly atmospheric nitrogen fixing phytoplankton. There is

then potentially a turnover in algal species and a subsequent drop in producitivy that

recovers from 19 cm core depth upwards. Little variation is observed in Unit Y of

Lenore Lake with values indicating low productivity but also likely a large terrestrial

organic matter input. This interpretation is in agreement with the C/N values collected

from this units organic matter. Initial values in the overlying Unit X display variability

up to 30 cm core depth, likely a result of taxonomic stabilization during the onset of a

deeper lake setting. However, as in Waldsea Lake, values generally stabilize with time

and only one gradual shift to higher productivity is observed from 30 cm core depth

upwards.

10.6 Summary of Late Holocene Histories of the Three Lakes

The chronostratigraphy of the uppermost ~70 cm of sediment in Waldsea Lake is

not well constrained. However, on the basis of one AMS 14C date of organic fibers at 69

cm (1480 +/- 30 14C yrs BP) and assuming a linear sedimentation rate below this point,

the base of the core collected likely represents about 1500 14C yrs BP. The Waldsea Lake

depositional history has been broken into two distinct depositional periods. The earliest

period, represented by this 72 cm long core, is marked by a relatively low lake level in an

arid environment (Fig.36). The lake productivity was high, and it was likely not

chemically stratified based on the lack of laminae within the sediment. The aridity
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during this period is interpreted to have resulted in a fluctuating groundwater scenario.

Contributions from the shallow glacial drift aquifer (CaMg-HCO3 dominated) were

eliminated as a result of decreased shallow aquifer recharge, leaving the deeper bedrock

aquifer (Na-SO4 dominated) as the main groundwater source. Gypsum was not deposited

until the upper few centimeters of this unit and is interpreted to be the result of lacking

contributions of Ca by the shallow glacial drift aquifer. This unit is not readily

correlated to the stratigraphic sequences in either of the two other lakes.

At 62 cm core depth, there was a major transition to less arid, more humid and

wet conditions, marking the beginning of Unit 1. Based on linear extrapolation from the

dated fibers at 69 cm depth, this transition took place about 1300 14C yrs BP. The earliest

sediments in this period contain a large amount of terrestrial organics, and this is

interpreted to represent a period of significantly increased precipitation, delivering these

terrestrial organics to the lake. This sudden input of fresh water resulted in the deepening

and chemical stratification of the lake that has been sustained until today. Gypsum

precipitation in the monimolimnion dominates endogenic minerals (apart from aragonite

laminae), indicating the high level of salinity reached at the end of Unit 2 deposition was

sustained. This deep water evaporite and carbonate precipitating depositional

environment is sustained throughout Unit 1 and to today’s modern lake environment.

Similar to Waldsea Lake, the chronostratigraphy of the uppermost ~75 cm of

sediment in Deadmoose Lake is not well constrained. However, on the basis of one AMS

14C date of organic fibers at 37 cm (2140 +/- 40 14C yrs BP) and assuming a linear

sedimentation rate below this point, the base of the core collected likely represents about

3500 14C yrs BP. Deadmoose Lake’s earliest course-grained deposit, Unit B, is also
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deposited in shallow waters, likely in a marginal lake setting. Due to the complex

bathymetric profile of this lake, these low water levels are interpreted to result in several

sub basins. Unit B was deposited on the margin of one of these sub basins. Sudden lake

level deepening occurred at 37 cm core depth and during this process, meromictic

conditions formed likely as a result of increased precipitation and water runoff and have

remained until today.

The Lenore Lake depositional history is very similar to that of Deadmoose Lake,

although radiocarbon dating of the Lenore Lake sediments collected in this study was not

successful. Unit Y, the earliest deposit, represents a shallow water, marginal setting.

This is overlain by the deep water muds of Unit X, indicating a major increase in water

levels. Nonetheless, the paucity of endogenous carbonates and lack of evaporates

suggests that Lenore Lake did not reach the elevated levels of salinity experienced by the

other two lakes during the recent past. Unfortunately, dating was not available for the

Lenore Lake sediments, therefore no temporal comparison can be made with the

Deadmoose Lake sediments.

10.7 Regional Lake Level and Hydrology Comparison

The impacts of climate variability are of direct concern to modern society,

particularly when considered in the context of potential future changes. General

circulation models accounting for increased concentration of atmospheric greenhouse

gases predict elevated temperatures and decreased summer precipitation in the northern

Great Plains, resulting in greater and more prolonged droughts. Although these
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simulations are continuously advancing, the confidence associated with many of these

projections is relatively low (Lemmen and Vance, 1999).

Understanding past climatic variability is a unique approach to predicting

potential future changes. Paleoenvironmental studies provide a crucial view into the field

of climate dynamics that only through the analysis of past millennia can the full range of

climatic variability be defined (Lemmen and Vance, 1999). There are a vast number of

lakes throughout the northern Great Plains, exhibiting a great range in hydrologic

conditions that through modern documentation appear to respond predictably to

environmental change (Fig.39). By identifying lakes with an apparently continuous (and

at times discontinuous) sedimentary record, environmental trends proposed by various

authors may be identified and compiled to observe the regional context as well as to

compare with the observations from Waldsea, Deadmoose and Lenore lakes (Fig.40).

Surprisingly few authors have focused their lake studies on detailed analyses of

the late Holocene record in the northern Great Plains. Of the limited number of lakes in

the region for which Holocene stratigraphic data are known, only a few display similar

periods of increased warmth and aridity causing lowered water levels during the past 1-2

k years (Fig.40). Indeed, most of the studied lacustrine sequences in the prairies region

appear to display little change over the past two millennia. This complacency of the latest

Holocene lacustrine records in the region is generally viewed as a result of the strong

groundwater dominance of the hydrologic budgets of the lakes (Hobbs et al., 2011;

Grimm et al., 2011; Vance et al., 1997; Vance and Last, 1994; Last, 1994). This

groundwater dominance tends to buffer all but the most significant hydrologic

fluctuations on a typical prairies lacustrine system. Lakes Waldsea and Deadmoose both.
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Figure 39 - Regional map of western Canada and northern US, detailing the locations of the various lakes discussed
in this section. Note that lakes Waldsea, Deadmoose and Lenore are located in the Lenore Lake Complex
identified above. (modified from Google Earth, 2014).
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display a change from shallow to deep conditions, however occurring at slightly different

times within the past 1500 – 2000 years. Waldsea Lake appears to have deepened

approximately 1300 years BP and Deadmoose Lake 2000 years BP based on data

collected in this project. However, as discussed in detail in section 5.6, much caution

must be taken when using these dates.

Chappice Lake in southeastern Alberta (Fig.39) contains a late Holocene

sequence recording a low lake stand, occurring from 1000-600 years BP. This sediment

is interpreted to have been deposited during the Medieval Climate Anomaly and the

droughts associated with it (Fig.40; Vance et al., 1992). Laird et al. (2003) observed a

major shift in the diatom assemblages from two western prairie lakes, Chauvin Lake in

eastern Alberta and Humboldt Lake just 15 km south of Waldsea Lake (Fig.39). The

diatom assemblages shifted from hypo-hypersaline taxa dominated to subsaline-

freshwater taxa dominated between the ages of 1200-1400 years BP in both lakes. This is

associated with a change from overall dry to wet environmental conditions and can also

be linked to a rise in water level at this time (Fig.40). Shang and Last (1999) estimated

variations in the atmospheric relative humidity in North Ingebrigt Lake, a playa lake

located in southwestern Saskatchewan (Fig.39), based on the particular suite of evaporitic

minerals observed in the cores collected. A period of low relative humidity was observed

between 1500 and 1000 years BP with conditions considerably less humid than those of

today (Fig.40). This indicates that intense evaporation or evaporative concentration was

occurring around North Ingebrigt Lake during this period. In diatom based salinity

reconstructions of Moon Lake in North Dakota of the United States, Laird et al. (1996)
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Figure 40 - Series of diagrams reflecting changes in the lake environment associated
with lake level variations in four northern Great Plains lakes. (A) Variations in
relative atmospheric humidity surrounding North Ingebrigt Lake deduced via the
evaporitic mineral suite (Modified from Shang and Last, 1999). (B) Water level
changes during different periods of Manito Lake history (Modified from Last, 2013).
(C) Inferred water level changes and climatic intervals of two dated cores (L1 and
C1) collected from Chappice Lake (Modified from Vance et al., 1992). (D)
Normalized records of climatic change over time from two lakes (a - Chauvin Lake, b
– Humboldt Lake). Diatom assemblage based salinity proxies are represented as
deviations from mean log salinity, with indications of increasing or decreasing
salinity representing drier or wetter environments respectfully (Modified from Laird
et al., 2003).
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have argued that extreme droughts were much more frequent before 800 yrs BP.

Furthermore, this high frequency of extreme droughts endured for several centuries with

notable droughts occurring from 800 to 1000, 1150 to 1300 and 1620 to 1800 yrs BP.

Last et al. (2010) discusses the lake level changes of Manito Lake in western

Saskatchewan. Approximately 2200 yrs BP, lake level was low but consistently rose

until a high stand approximately 600 yrs BP. Finally, in studies of Little Manitou Lake

by Sack and Last (1994) and Redberry Lake by Van Stempvoort et al. (1993), lower lake

levels and climatic conditions interpreted as warm and dry have been observed from

2000-1500 years BP and 2500-1500 years BP, respectively. Laird et al. (2007) compiled

paleoclimatic data from several lakes in the northern Great Plains of Canada (as well as

Moon Lake in North Dakota) and presented changes in lake level (or aridity) dating back

as far as 11,000 cal yrs BP (Fig.41). Note that in this compilation, lakes Kenosee,

Ceylon, Oro, Chappice and Waldsea (past studies) have all most recently displayed high

lake levels. Additionally, Kenosee, Ceylon, Chappice and Waldsea (past studies) have

been interpreted to have had low lake lake level periods in the range of approximately

700-1500 cal yrs BP.

10.8 Suggestions for Further Studies

The wealth of information that can be provided by lakes Waldsea, Deadmoose

and Lenore, as well as the remaining lakes in the Lenore Basin Complex, is seemingly

endless. Although much work has already been completed, much more can be done to

better understand the processes ongoing in these lake systems. The following are

suggestions for ongoing studies:



Figure 41 – Comparison of
from east to west, of the northern Great Plains. Note that the Waldsea reference in this
figure is from data compiled in past studies. Arrows indicate radiocarbon dates in
each of the lakes (Modified from Laird

Comparison of changes in lake level (or aridity) from various lakes, arranged
from east to west, of the northern Great Plains. Note that the Waldsea reference in this

m data compiled in past studies. Arrows indicate radiocarbon dates in
(Modified from Laird et al., 2007).
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changes in lake level (or aridity) from various lakes, arranged
from east to west, of the northern Great Plains. Note that the Waldsea reference in this

m data compiled in past studies. Arrows indicate radiocarbon dates in
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1. Thorough chemical analysis of waters entering the lakes via runoff

and groundwater input as well as leaving the lakes via overflows

and spills.

2. Paleolimnological studies such as diatom taxa assemblages through

time in order to reconstruct past salinities.

3. Detailed study of the local glacial sediments in order to outline their

specific composition and to determine the isotopic values of the

carbonates they contain.

4. Diagenesis focused approach to understanding the formation of

some carbonates, particularly protodolomite and dolomite.

5. An in-depth analysis of the chronostratigraphy in all three lakes,

ideally making use of several dating methods.



References Cited

146

Barkan, E., Luz, B., Lazar, B., 2000: Dynamics of the carbon dioxide system in the Dead
Sea, Geochimica et Cosmochimica Acta, Vol.65, pages 355-368.

Barnosky, C.W., Grimm, E.C., Wright, H.E., 1987: Towards a Postglacial History of the
Northern Great Plains: A Review of the Paleoecologic Problems, Annals of Carnegie
Museum, Vol.56, pages 259-273.

Boden, S.E., 1985: A chemical and sedimentological study of Deadmoose Lake,
Saskatchewan, Unpublished BSc. Honours Thesis, Department of Geological
Sciences, University of Manitoba, 89 pages.

Boehrer, B., Schultze, M., 2008: Stratification of lakes, Reviews of Geophysics, Vol. 46,
pages 1-27.

CNC/IHD (Canadian National Committee for the International Hydrologic Decade),
1978: Hydrologic Atlas of Canada, Fisheries and Environment Canada, Ottawa, 75
pages.

Conley. F., van der Kamp. G., 2001: Monitoring the hydrology of Canadian prairie
wetlands to detect the effects of climate change and land use changes, Environmental
Monitoring and Assessment, Vol.67, pages 195-215.

Crowe, A.S., 1993: The application of a coupled water-balance-salanity model to
evaluate the sensitivity of a lake dominated by groundwater to climate variability,
Journal of Hydrology, Vol.141, pages 33-73.

Degens, E.T., Stoffer, P., 1976: Stratified waters as a key to the past. Nature, Vol. 263,
pages 22-27.

Deocampo, D.M., 2010: The geochemistry of continental carbonates, In Carbonates in
Continental Settings: Geochemistry, Diagenesis and Applications (p. 1-60), Editors
Alonso-Zarza, A.M., Tanner, L.H., Elsevier, Amsterdam, 319 pages.

Dickie, I., 2011: Mineralogy and late Holocene history of Lenore Lake, Saskatchewan.
Unpublished Technical Report, Department of Geological Sciences, University of
Manitoba, 16 pages.

Dowsett, A.E.I., 2011: Characterization and analysis of offshore Holocene sediments
from Manito Lake, Saskatchewan, Honours Thesis, Department of Geological
Sciences, University of Manitoba, 69 pages.

Eaton, A.D., Franson, M.A.H., 2005: Standard methods for the examination of water and
wastewater, American Public Health Association, Washington, DC.

Flugel, E., 2004: Microfacies of Carbonate Rocks: Analysis, Interpretation and
Application, Springer, Berlin, 976 pages.



147

Gell, P.A., Barker, P.A., De Deckker, P., Last, W.M., Jelicic, L., 1994: The Holocene
history of West Basin Lake, Victoria, Australia; chemical changes based on fossil
biota and sediment mineralogy, Journal of Paleolimnology, Vol.12, pages 235-258.

Glew, J.R., Smol, J.P., Last, W.M., 2001: Sediment core collection and extrusion, In
Tracking Environmental Change Using Lake Sediments. Volume 1: Basin Analysis,
Coring, and Chronological Techniques (p. 73-106), Editors: Last, W.M., Smol, J.P.,
Kluwer Academic Publishers, Dordrecht, 548 pages.

Google Earth (Version 6.2), Mountain View, CA: Google Inc. (2011). Available from
URL www.earth.google.com.

Google Earth (Version 7.1), Mountain View, CA: Google Inc. (2014). Available from
URL www.earth.google.com.

Greengrass, K., Last, W.M., Deleqiat, J., Sukhan, S., 1999: Waldsea Lake revisited:
another look at the recent history of one of western Canada's best-studied meromictic
lakes, Prairie Perspectives, Vol.2, pages 89-115.

Grimm, E.C., Donovan, J.J., Brown, K.J., 2011: A high-resolution record of climate
variability and landscape response from Kettle Lake, northern Great Plains, North
America, Quaternary Science Reviews, Vol.30, pages 2626-2650

Gu, B., Schelske, C.L., Brenner, M., 1996: Relationship between sediment and plankton
isotope ratios (d13C and d15N) and primary productivity in Florida lakes. Canadian
Journal of Fisheries and Aquatic Sciences, Vol. 53, pages 875-883.

Hakala, A., 2004: Meromixis as a part of lake evolution – observations and a revised
classification of true meromictic lakes in Finland, Boreal Environment Research,
Vol.9, pages 37-53.

Hammer, U.T., 1978a: The saline lakes of Saskatchewan I. Background and rationale for
saline lake research, Internationale Revue Der Gesamten Hydrobiologie, Vol.63,
pages 173-177.

Hammer, U.T., 1978b: The saline lakes of Saskatchewan III. Chemical characterization,
Internationale Revue Der Gesamten Hydrobiologie, Vol.63, pages 311-335.

Hammer, U.T., Haynes, R.C., 1978: The saline lakes of Saskatchewan II. Locale,
hydrography and other physical aspects, Internationale Revue Der Gesamten
Hydrobiologie, Vol.63, pages 179-203.

Hammer, U.T., Shamess, J., Haynes, R.C., 1983: The distribution and abundance of
algae in saline lakes of Saskatchewan, Canada, Hydrobiologia, Vol.105, pages 1-26.



148

Harbaugh, J.W., 1967: Carbonate Oil Reservoir Rocks, In Development in
Sedimentology Volume 9: Carbonate Rocks Origin, Occurance and Classification (p.
349-398), Editors: Chilingar, G.V., Bissell, H.J., Fairbridge, R.W., Elsevier
Publishing Company, Amsterdam, 471 pages.

Haynes, R.C., Hammer, U.T., 1978: The saline lakes of Saskatchewan IV. Primary
production of phytoplankton in selected saline ecosystems, Internationale Revue Der
Gesamten Hydrobiologie, Vol.63, pages 337-351.

Heseltine, J.M., 1976: A study of environmental influence on the distribution of
submerged vascular hydrophytes in three Saskatchewan saline lakes, with emphasis
on substrate factors, M.Sc thesis, Department of Biology, University of
Saskatchewan, 75 pages.

Hickman, M., Schweger, C.E., Habgood, T., 1984: Lake Wabamun, Alta: a
paleoenvironmental study, Canadian Journal of Botany, Vol.62, pages 1438-1465.

Hobbs, W,O., Fritz, S.C., Stone, J., Donovan, J.J., Grimm, E.C., Almendinger, J.E., 2011:
Environmental history of a closed-basin lake in the US Great Plains: Diatom
response to variations in groundwater flow regimes over the last 8500 cal. yr BP, The
Holocene, Vol.21, pages 1203-1216.

Ito, E., 2001: Applications of stable isotopic techniques to inorganic and biogenic
carbonates, In Tracking Environmental Change Using Lake Sediments Volume 2:
Physical and Geochemical Methods (p. 351-372), Editors: Last, W.M., Smol, J.P.,
Kluwer Academic Publishers, New York, 532 pages.

Kaushal, S., Binford, M.W., 1999: Relationship between C:N ratios of lake sediments,
organic matter sources and historical deforestation in Lake Pleasant, Massachusetts,
USA, Journal of Paleolimnology, Vol.22, pages 439-442.

Laird, K.R., Fritz, S.C., Maasch, K.A., Cumming, B.F., 1996: Greater drought intensity
and frequency before AD 1200 in the Northern Great Plains, USA, Nature, Vol.384,
pages 552-554.

Laird, K.R., Cummings, B.F., Wunsam, S., Rusak, J.A., Oglesby, R.J., Fritz, S.C.,
Leavitt, P.R., 2003: Lake sediments record large-scale shifts in moisture regimes
across the northern prairies of North America during the past two millennia, PNAS,
Vol.100, pages 2483-2488.

Last, F.M., 2013: Carbonate microbialite formation in a prairie saline lake in
Saskatchewan, Canada: paleohydrologic and paleoenvironmental implications, Ph.D
thesis, Department of Geological Sciences, University of Manitoba, 398 pages.

Last, F.M., Last, W.M., 2012: Lacustrine carbonates of the northern Great Plains of
Canada, Sedimentary Geology, Vol.277-278, pages 1-31.



149

Last, F.M., Dowsett, A.E.I., Last, W.M., Read, J., Halden, N.M., 2011: Are shoreline
microbialites a true reflection of lake history: A case study from Western Canada,
Geological Society of America, Abstracts with program Vol.43, Page 464.

Last, W.M., 2001: Mineralogical analysis of lake sediments, In Tracking Environmental
Change Using Lake Sediments Volume 2: Physical and Geochemical Methods,
Editors: Last, W.M., Smol, J.P., Kluwer Academic Publishers, New York, 532 pages.

Last, W.M., 1994: Deep water evaporite mineral formation in lakes of western Canada,
In Sedimentology and Geochemistry of Modern and Ancient Saline Lakes (p.51-60),
Editors: R.W. Renaut and W.M. Last, SEPM Special Publication, Vol.50, 348 pages.

Last, W.M., 1994: Paleohydrology of the playas in the northern Great Plains:
Perspectives from Palliser’s Traingle, In Paleoclimate and Basin Evolution of Playa
Systems, Editors: Rosen, M.R., Geological Society of America, Special Paper 289,
Denver, pages 69-80.

Last, W.M., 1991: Sedimentology, geochemistry, and evolution of saline lakes in the
Saskatoon area, Within-conference excursion guidebook, International Conference
on Sedimentary and Paleolimnological Records of Saline Lakes, Saskatoon,
University of Saskatchewan, 192 pages.

Last, W.M., 1990: Lactustrine Dolomite – An overview of modern, Holocene and
Pleistocene occurrences, Earth-Science Reviews, Vol.27, pages 221-263.

Last, W.M., 1982: Holocene carbonate sedimentation in Lake Manitoba, Canada,
Sedimentology, Vol. 29, pages 691-704.

Last, W.M., Ginn, F.M., 2005: Saline systems of the Great Plains of western Canada: an
overview of the limnogeology and paleolimnology, Saline Systems, Vol.1, pages 1-
38.

Last, W.M., Kelley, L., 2002: Salt Lakes of the Northern Great Plains Field Trip
Guidebook B2, Geological Association of Canada, Saskatoon, 287 pp.

Last, W.M., De Deckker, P., 1992: Paleohydrology and paleochemistry of Lake Beeac, A
saline playa in southern Australia. In: Aquatic Ecosystems in Semi-Arid Regions,
Editors: Roberts, R.D., Bothwell, M.L., N.H.R.I. Symposium Series 7, Environment
Canada, Saskatoon, Canada, pages 1-12.

Last, W.M., Schweyen, T.H., 1983: Sedimentology and geochemistry of saline lakes of
the Great Plains, Hydrobiologia, Vol.105, pages 245-263.



150

Last, W. M., Schweyen, T.H., 1985: Late Holocene history of Waldsea Lake,
Saskatchewan, Canada, Quaternary Research, Vol.24, pages 219-234.

Last, W.M., Slezak, L.A., 1988: The salt lakes of Western Canada: A paleolimnological
overview, Hydrobiologica, Vol.158, pages 301-316.

Last, W.M., Slezak, L.A., 1986: Paleohydrology, sedimentology and geochemistry of two
meromictic saline lakes in southern Saskatchewan, Géographie Physique et
Quaternaire, Vol.40, pages 5-15.

Last, W.M., Vance, R.E., 1997: Bedding characteristics of Holocene sediments from salt
lakes of the northern Great Plains, Western Canada, Journal of Paleolimnology,
Vol.17, pages 297-318.

Last, F.M., Last, W.M., Halden, N.M., 2010: Carbonate microbialites and hardgrounds
from Manito Lake, an alkaline, hypersaline lake in the northern Great Plains of
Canada, Sedimentary Geology, Vol.225, pages 34-49.

Last, W.M., Deleqiat, J., Greengrass, K., Sukhan, S., 2002: Re-examination of the recent
history of meromictic Waldsea Lake, Saskatchewan, Canada, Sedimentary Geology,
Vol.148, pages 147-160.

Lawrence, J.R., 1978: Factors influencing the contribution of Chlorobacteriaceae to
primary production in a saline meromictic lake, M.Sc thesis, Department of Biology,
University of Saskatchewan, 103 pages.

Lawrence, J.R., Haynes, R.C., Hammer, U.T., 1978: Contribution of photosynthetic green
sulphur bacteria to total primary production in a meromictic lake, Verh. Internat.
Verein. Limnol., Vol. 20, pages 201-207.

Lemmen, D. S., Warren, F.J., (editors), 2004: Climate Change Impacts and Adaptation:
A Canadian Perspective. Climate Change Impacts and Adaptation Program, Natural
Resources Canada, Ottawa, 175 pages.

Lemmen, D.S., Vance, R.E., (editors) 1999: An overview of the Palliser Triangle Global
Change Project, In Holocene Climate and Environmental Change in the Palliser
Triangle: A Geoscientific Context for Evaluating Impacts of Climate Change on the
Southern Canadian Prairies, Geological Survey of Canada, Bulletin 534, pages 7-22.

Leng, M.J.,(editor) 2006: Isotopes in Palaeoenvironmental Research: Volume 10
Developments in Palaeoenvironmental Research, Springer, Dordtrecht, the
Netherlands, 307 pages.

Leng, M.J.,(editor) 2004: Isotopes in Quaternary paleoenvironmental reconstruction,
Quaternary Science Reviews, Vol.23, pages 739-992



151

Leng, M.J., Lamb, A., Heaton, T., Marshall, B., Wolfe, M., Jones, J., Holmes,
J.,Arrowsmith, C., 2005: Isotopes in lake sediments, In Isotopes in
Palaeoenvironmental Research: Volume 10 Developments in Palaeoenvironmental
Research(p.147-184), Editors Leng, M.J., Springer, Dordtrecht, the Netherlands, 307
pages.

Leng, M.J., Marshall, J.D., 2004: Palaeoclimate interpretation of stable isotope data from
lake sediment archives, Quaternary Science Reviews, Vol.23, pages 811-831

Martz, L., Bruneau, J., Rolfe, J.T., (editors), 2007: Climate change and water. South
Saskatchewan River Basin Final Technical Report, Saskatoon, Canada, 252 pages.

Meneley, W.A., 1964: Geology of the Melfort Area, Saskatchewan, Unpublished thesis,
University of Illinois, Chicago, 148 pages.

Meyers, P.A., 2003: Applications of organic geochemistry to paleolimnological
reconstructions: a summary of examples from the Laurentian great Lakes, Organic
Geochemistry, Vol.34, pages 261-289.

Meyers, P.A., Teranes, J.L., 2002: Sediment Organic Matter, In Tracking Environmental
Change Using Lake Sediments Volume 2: Physical and Geochemical Methods (p.
239-270), Editors: Last, W.M., Smol, J.P., Kluwer Academic Publishers, New York,
532 pages.

Meyers, P.A., Lallier-Verges, E., 1999: Lacustrine sedimentary organic matter records of
late Quaternary Paleoclimates, Journal of Paleolimnology, Vol.21, pages 345-372

Mossop, G.D., Shetsen, I., (1994): Geological atlas of the Western Canada Sedimentary
Basin, Canadian Society of Petroleum Geologists and Alberta Research Council,
Special Report 4, URL
<http://www.ags.gov.ab.ca/publications/wcsb_atlas/atlas.html>, Accessed
06/01/2012.

Parker, R.D., 1980: The ecology and primary production of limnetic phytoplankton, with
emphasis on the chromatiaceae in a saline meromictic lake, M.Sc thesis, Department
of Biology, University of Saskatchewan, 134 pages.

Parker, R.D., Lawrence, J.R., Hammer, U.T., 1983: A comparison of phototropic bacteria
in two adjacent saline meromictic lakes, Hydrobiologia, Vol. 105, pages 53-62.

Pomeroy, J.W. Fang, X., Williams, B., 2009: Impacts of climate change on
Saskatchewan’s water resources, Centre for Hydrology Report No. 6, University of
Saskatchewan, Saskatoon, Canada. 46 pages.



152

Rutherford, A.A., 1967: Water quality survey of Saskatchewan groundwaters, Saskatoon:
Saskatchewan Research Council, Saskatchewan Research Council, Report C-66-1,
Saskatoon, Canada, 267 pages.

Sack, L.A., Last, W.M., 1994: Lithostratigraphy and recent sedimentation history of
Little Manitou lake, Saskatchewan, Canada, Journal of Paleolimnology, Vol.10,
pages 199-212.

Saskatchewan Watershed Authority, 2010: Lenore lake basin water levels, Government of
Saskatchewan, URL < http://www.swa.ca/WhatsNew/LakeLenore.asp >, Accessed
Jan 2010.

Schindler, D.W., Donahue, W.F., 2006: An impending water crisis in Canada’s
western prairie provinces. Proc. National Academy of Science, Vol. 103, pages
7210-7216.

Schweyen, T.H., 1984: The sedimentology and paleohydrology of Waldsea Lake,
Saskatchewan, an ectogenic meromictic saline lake, M.Sc. thesis, Geological
Sciences Department, University of Manitoba, Winnipeg, Canada, 192 pages.

Schweyen, T.H., Last, W.M., 1983: Sedimentology and paleohydrology of Waldsea
Lake, Saskatchewan, Candian Plains Proceedings, Vol.11, pages 45 - 59.

Shang, Y., Last, W.M., 1999: Mineralogy, lithostratigraphy, and inferred geochemical
history of North Ingebrigt lake, Saskatchewan, In Holocene Climate and
Environmental Change in the Palliser Triangle: A Geoscientific Context for
Evaluating Impacts of Climate Change on the Southern Canadian Prairies, Editors:
Lemmen, D.S., Vance, R.E., Geological Survey of Canada, Bulletin 534, pages 95-
110.

Stewart, K.M., Walker, K.F., Likens, G.E., 2009: Meromictic Lakes, In Encyclopedia of
Inland Waters - Lake Ecosystem Ecology: A Global Perspective, Editors: Likens,
G.E, Academic Press, London, 480 pages.

Stuiver, M., Reimer, P.J., 1993: Extended 14 C database and revised CALIB radiocarbon
calibration program. Radiocarbon, Vol.35, pages 215–230.

Swanson, S.M., 1978: Ecology and production of macrobenthos of Waldsea Lake,
Saskatchewan, with emphasis on Cricotopus ornatus (Diptera: Chironomidae), Ph.D.
thesis, Department of Biology, University of Saskatchewan, 238 pages.

Swanson, S.M., Hammer, U.T., 1983: Production of Cricotopus ornatus (Meigen)
(Diptera: Chironomidae) in Waldsea Lake, Saskatchewan, Hydrobiologia, Vol.105,
pages 155-164.



153

Talbot, M.R., 2002: Nitrogen isotopes in palaeolimnology In Tracking Environmental
Change Using Lake Sediments Volume 2: Physical and Geochemical Methods (p.
401-439), Editors: Last, W.M., Smol, J.P., Kluwer Academic Publishers, New York,
532 pages.

Talbot, M.R., 1990: A review of the paleohydrological interpretation of carbon and
oxygen isotopic ratios in primary lacustrine carbonates, Chemical Geology, Vol.80,
pages 261-279.

Talbot, M.R., Kelts, K., 1990: Paleolimnological signatures from carbon and oxygen
isotopic ratios in carbonates from organic carbon-rich lacustrine sediments, In
Lacustrine Basin Exploration: Case studies and Modern Analogues (p. 99-112);
AAPG Memoir 50, Editior: Katz, B.J., American Association of Petroleum
Geologists, Tulsa, 340 pages.

Teller, J.T., Last, W.M., 1990: Paleohydrological indicators in playas and salt lakes, with
examples from Australia, South West Africa and Canada, Palaeogeography,
Palaeoclimatology and Palaeoecology, Vol.76, pages 215-240.

Tones, P.I., 1976: Factors influencing selected littoral fauna in saline lakes in
Saskatchewan, Ph.D. thesis, Department of Biology, University of Saskatchewan,
185 pages.

Tones, P.I., 1978: Osmoregulation in Trichocorixa Verticalis interiors Sailer (Hemiptera:
corixidae), an inhabitant of Saskatchewan saline lakes, Canadian Journal of
Zoology, Vol. 53, pages 1207-1212.

Tones, P.I., 1983: Megalocypris ingens Delorme (Ostracoda) in Saskatchewan saline
lakes: osmoregulation and abundance, Hydrobiologia, Vol.105, pages 133-136.

Töyrä, J.A., Pietroniro, A., Bonsal, B., 2005, Evaluation of GCM Simulated Climate
over the Canadian Prairie Provinces, Canadian Water Resources Journal, Vol. 30,
pages 245-262.

Valero Garces, B.L., Kelts, K., 1995: A sedimentary facies model for perennial and
meromictic saline lakes: Holocene Medicine Lake Basin, South Dakota, USA,
Journal of paleolimnology, Vol.14, pages 123-149.

Valero Garces, B.L., Kelts, K., Ito, E., 1995: Oxygen and carbon isotope trends and
sedimentological evolution of a meromictic and saline lacustrine system: the
Holocene Medicine Lake basin, North American Great Plains, USA,
Palaeogeography, Palaeoclimatology, Palaeoecology, Vol.117, pages 253-278.

van der Kamp, G., Hayashi, M., 1998: The groundwater recharge function of small
wetlands in the semi-arid northern prairies, Great Plains Research, Vol.8, pages 39-
56.



154

Vance, R.E., 1991: A paleobotanical study of Holocene drought frequency in
Southern Alberta. Ph.D. Thesis, Department of Biological Sciences, Simon Fraser
University, 179 pages.

Vance, R.E., Last, W.M., 1994: Paleolimnology and global change on the southern
Canadian prairies, In: Current Research 1994-B, Geological Survey of Canada,
pages 49-58.

Vance, R.E., Last, W.M., Smith, A.J., 1997: Hydrologic climatic implications of a
multidisciplinary study of late Holocene sediment from Kenosee Lake, southeastern
Saskatchewan, Canada, Journal of Paleolimnology, Vol.18, pages 365-393.

Vance, R.E., Beaudoin, A.B., Luckman, B.H., 1995: The paleoecological record of 6 ka
BP climate in the Canadian prairie provinces, Geographie Physique et Quaternaire,
Vol.49, pages 81-98.

Van Stempvoort, D.R., Edwards, T.W.D., Evans, M.S., Last, W.M., 1993:
Paleohydrology and paleoclimate records in a saline prairie lake core: mineral
isotope and organic indicators, Journal of Paleolimnology, Vol.8, pages 135-147.

Vance, R.E., Matthewes, R.W., Clague, J.J., 1992: 7000 year record of lake level change
on the Northern Great Plains: A high-resolution proxy of past climate, Geology,
Vol.20, pages 879-882.

Wetzel, R. G., 1975: Limnology, Saunders Co. Philadelphia, Pa, 743 pages.

Witherow, R.A., Lyons, W.B., 2011: The fate of minor alkali elements in the chemical
evolution of salt lakes, Saline Systems, Vol.7, pages 1-17.

Wittrock, V., Wheaton, E., Kulshreshtha, S., 2005: Climate Change, Ecosystem and
Water Resources: Modeling and Impact Scenarios for the South Saskatchewan River
Basin, Canada: A Working Paper. SRC Publication No. 11899-1E05: Regina. 61
pages.

Zhang, G., Germaine, J.T., Martin, T., Whittle, A.J., 2003: A simple sample mounting
method for random powder X-ray diffraction; Clays and Clay Minerals, Vol. 51,
pages 218-225.



155

Appendix A

Mineralogical Percentages from Core Sediment Samples



1
5

6

Core
Sample
depth

percent
Quartz
W/O
halite

percent
k-spar

percent
plag

percent
calcite

percent
dolomite

percent
total
clay

percent
aragonite

percent
pyrite

percent
gypsum

total Molar%of
Mg in
Calcite

Ca in
dolomite

Waldsea 0 0 0 0 0 0 0 0 0 0 0 0

0 11.52 0 0 5.48 7.13 0 19.93 0 55.94 100 3.33 48.82

1 10.39 0 0 4.87 11.75 0 16.39 0 56.59 100 4.27 50.33

2 5.78 0 2.57 3.64 14.45 8.61 5.12 0 59.83 100 2.26 48.94

4 14.44 0 8.8 4.26 14.12 0 1.45 0 56.94 100 2.8 49.94

6 11.68 0 12.01 3.79 12.91 46.76 12.85 0 0 100 3.46 50.18

8 9.36 0 3.41 2.32 6.34 22.53 0.74 0 55.29 100 2.13 49.42

10 3.07 0 0 1.75 6.81 5.44 0.75 0 82.18 100 1.25 47.61

12.5 6.02 0 2.25 2.5 5.88 10.79 7.23 0 65.32 100 1.82 49.12

14.5 3.83 0 0 1.29 3.77 4.32 1.48 0 85.31 100 3.16 50.03

17 5.27 0 2.05 2.22 4.51 13.59 8.66 0 63.7 100 1.82 49.12

19 10.11 0 7 3.59 8.28 35.66 12.25 0 23.11 100 0 47.91

21 3.15 0 8.39 2 2.47 30.5 4.09 0 49.41 100 4.87 49.42

23 10.59 0 0 1.31 12.65 13.04 13.25 0 49.15 100 0 48.82

25 4.25 0 0 0.68 2.96 27.17 0.93 0 64.01 100 0 48.82

27 6.95 0 0 0.82 8.91 16.24 18.29 0 48.79 100 0 49.72

28 3.26 0 0 2.02 3.24 20.01 9.21 6.28 55.99 100 0 48.82

29 2.96 0 0 0.91 2.79 36 4.33 0 53.01 100 0 48.82

31 4.63 0 0 1.27 2.89 31.62 15.2 2.48 41.9 100 8.82 48.82

33 6.2 0 0 2.94 3.95 46.75 1.61 0 38.55 100 6.4 48.82

35 4.92 0 0 2.08 1.26 17.92 7.88 0 65.96 100 6.36 0

37 3.29 0 5.97 1.04 1.52 6.75 13.44 0 67.98 100 3.16 47.91

39 3.55 0 0 1.92 3.58 17.72 8.81 0 64.43 100 2.8 49.12

41 9.49 0 3.89 3.46 3.31 22.12 1.65 0 56.07 100 2.56 49.42

43 4.22 0 0 2.91 5.6 2.77 6.09 0 78.4 100 3.5 50.03

45 3.66 0 0 1.47 2.15 16.82 4.28 0 71.63 100 3.56 49.72

47.5 11.69 0 2.64 3.83 5.51 3.91 12.26 0 60.17 100 4.83 49.12

49.5 6.18 0 0 2.62 0.36 28.28 12.14 0 50.42 100 5.8 0

51.5 8.28 2.39 0 2.75 4.56 24.54 0.67 0 56.81 100 5.1 49.12



1
5

7

53 6.52 0 3.49 2.6 3.17 6.62 0 0 77.61 100 2.36 49.57

55.5 5.78 0 6.04 3.37 2.29 26.27 14.99 0 41.26 100 6.46 49.81

57.5 11.06 3.25 3.21 2.67 3.3 6.8 1.4 0 68.31 100 3.26 47.91

59.5 4.87 2.98 3.06 0 3.3 26.46 1.71 0 57.63 100 0 49.42

61.5 1.9 0 0 0 1.54 0 0.61 0 95.95 100 0 49.12

63.5 7.2 4.15 0 4.51 7.59 8.37 2.87 0 65.31 100 1.76 49.18

65.5 10.4 0 8.86 8.01 11.47 8.23 2.83 0 50.2 100 1.86 50.09

67 17.83 0 0 12.47 30.79 19.04 19.87 0 0 100 3.1 49.42

69.5 24.75 0 19.19 6.51 18 23.48 8.06 0 0 100 4.87 50.24

71.5 11.05 0 0 7.1 16.96 17.61 47.28 0 0 100 2.02 49.91

72 10.28 0 0 3.53 9.97 32.58 43.64 0 0 100 0.55 49.21

Core Sample
Depth

percent
Quartz
W/O
halite

percen
t k-
spar

percent
plag

percent
calcite

percen
t HMC

percen
t proto
dol

percent
dolomite

percent
total
clay

percent
aragonit
e

percent
gypsum

total Molar%
of Mg
in
Calcite

Mg in
HMC

Ca in
proto
dolo

Ca in
dolomi
te

Deadmoose 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 29.93 0 8.91 10.99 0 2.82 27.3 0 9.4 10.65 100 1.66 0 65.37 49.18

3 18.68 0 2.91 4.08 0 0 7.71 33.18 21.62 11.82 100 2.02 0 0 48.85

5 10.43 0 3.55 2.64 0 0 8.37 14.87 0.41 59.74 100 3.43 0 0 50.24

7 23.12 0 11.22 7.19 0 0 6.54 26.44 2.91 22.58 100 2.06 0 0 49.21

9 5.51 0 0 1.99 0 0 6.3 10.99 16.61 58.59 100 2.96 0 0 49.39

11 13.62 0 0 4.76 0 0 17.29 33.77 10.67 19.89 100 1.12 0 0 49.3

13 7.24 0 20.01 0 0 0 6.29 15.78 32.09 18.59 100 0 0 0 48.94

15 6.74 0 0 2.15 0 0 7.43 10.85 10.43 62.41 100 2.39 0 0 49.72

17 9.41 0 9.15 2.17 0 2.65 2.99 17.13 5.46 51.04 100 2.9 0 63.72 48.97

19 4.35 0 0 1.34 0 0 4.3 18.39 3.76 67.85 100 1.76 0 0 49.94

21 5.97 0 4.97 0.88 0 0 4.07 14.54 0.62 68.95 100 2.26 0 0 49.33

23 7.37 0 6.2 2.22 0 0 6.12 15.55 3.93 58.6 100 3.46 0 0 49.27

23.5 8.39 0 3.76 1.91 0 0 5.33 6.21 2 72.4 100 2.56 0 0 50.06

26 5.6 0 4.35 2.38 0 0 4.29 26.43 2.62 54.33 100 2.8 0 0 48.97

28.5 11 0 3.98 2.57 2.75 0 2.12 26.91 0.28 50.39 100 1.42 15.35 0 50.03



1
5

8

30.5 15.62 0 4.96 2.94 0 0 0 9.72 0.67 66.09 100 3.4 0 0 0

32.5 7.77 0 11.04 1.48 0 1.67 3.49 29.44 0.71 44.41 100 5.03 0 63 49.94

34.5 9.1 0 0 2.19 0 0 3.29 23.11 4.72 57.59 100 1.15 0 0 50.18

36.5 3.26 0 0 4.07 0 0 9.34 36.7 1.01 45.61 100 2.76 0 0 49.69

38.5 25.02 0 25.82 1.03 1.21 13.82 13.82 0 2.74 16.55 100 1.56 15.16 0 49.03

40.5 64.28 0 22.56 1.65 0 4.29 4.2 0 3.02 0 100 1.22 0 67.19 49.12

54.5 38.75 0 38.04 0 0 0 4.28 0 6.88 12.03 100 0 0 0 50.63

56.5 33.15 0 5.07 1.9 0 0 11.89 0 3.08 44.91 100 2.66 0 0 49.15

58.5 59.66 0 17.04 2.68 0 0 3.91 0 7.53 9.19 100 1.86 0 0 49.33

60.5 38.07 0 25.7 0 0 0 4.71 0 13.26 18.25 100 0 0 0 49.94

62.5 58.68 0 22.78 1.46 0 1.85 2.7 0 5.97 6.57 100 2.53 0 64.71 50.42

63.5 21.86 0 61.78 0.99 0 0 4.64 0 3 7.72 100 2.16 0 0 49.94

64.5 45.37 0 34.91 1.23 0 0 7.53 0 3.91 7.05 100 1.92 0 0 49.12

66.5 34.74 0 37.9 2.08 0 4.28 12.3 0 8.7 0 100 0.75 0 64.12 50.12

68.5 33.37 0 40.83 0 0 3.57 12.57 0 9.66 0 100 0 0 68.48 49.21

70.5 51.53 0 37.15 1.84 0 0 5.4 0 4.08 0 100 1.89 0 0 50.09

72.5 24.84 0 44.93 0 0 0 7.43 0 9.95 12.85 100 0 0 0 50.12

74.5 15.49 0 53.97 1.51 0 0 5.63 0 3.85 19.56 100 1.92 0 0 49.3

Core
Sample
Depth

percen
t
Quartz
W/O
halite

percen
t k-
spar

percent
plag

percen
t
calcite

percent
HMC

percent
dolomite

percen
t total
clay

percent
aragonite

percent
amphibol
e

percent
gypsum

total Molar%of
Mg in
Calcite

Mg in
HMC

Ca in
dolomite

Lenore

1 22.3 0.0 22.5 0.0 3.6 20.5 14.7 0.0 0.0 16.4 100.0 6.8 50.0

3 25.2 0.0 11.5 7.1 0.0 20.8 35.4 0.0 0.0 0.0 100.0 1.5 50.0

4 23.8 0.0 7.2 2.6 0.0 11.0 55.3 0.0 0.0 0.0 100.0 2.8 49.4

6 30.3 0.0 32.8 2.8 0.0 11.3 22.8 0.0 0.0 0.0 100.0 0.8 49.5

8 29.0 0.0 19.3 0.0 0.0 20.5 31.2 0.0 0.0 0.0 100.0 49.3

10 39.3 0.0 19.4 0.0 0.0 21.9 19.4 0.0 0.0 0.0 100.0 49.4

12 27.1 0.0 10.1 0.0 0.0 10.5 49.0 0.0 3.4 0.0 100.0 51.8
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14.5 24.0 0.0 8.9 0.0 0.0 25.4 38.1 3.6 0.0 0.0 100.0 49.4

16.5 13.9 0.0 11.9 3.2 0.0 22.3 45.2 0.0 3.4 0.0 100.0 0.1 49.4

18 26.6 0.0 28.5 3.0 0.0 13.5 24.8 0.0 3.5 0.0 100.0 1.5 50.0

20.5 15.4 0.0 4.4 42.5 0.0 7.1 28.8 0.0 1.8 0.0 100.0 2.4 50.0

22 16.7 0.0 17.6 0.0 5.0 16.6 44.2 0.0 0.0 0.0 100.0 5.4 50.1

24 13.6 0.0 7.7 6.2 6.2 23.1 41.3 0.0 2.0 0.0 100.0 3.9 49.2

25 10.3 0.0 10.2 2.1 0.0 24.1 46.9 2.9 3.6 0.0 100.0 2.4 50.0

26 13.2 0.0 7.8 3.1 0.0 17.6 58.4 0.0 0.0 0.0 100.0 0.1 51.8

28 26.3 27.6 0.0 0.0 0.0 12.3 33.8 0.0 0.0 0.0 100.0 49.2

30 24.5 0.0 7.4 0.0 5.0 33.3 29.8 0.0 0.0 0.0 100.0 5.3 49.4

32 16.2 0.0 7.9 0.0 0.0 14.6 61.2 0.0 0.0 0.0 100.0 49.2

34 18.3 0.0 0.0 0.0 0.0 33.7 48.1 0.0 0.0 0.0 100.0 49.2

36 14.5 0.0 0.0 6.4 0.0 27.2 42.3 9.6 0.0 0.0 100.0 2.3 50.3

38 22.2 0.0 47.5 0.0 0.0 12.5 14.2 0.0 3.6 0.0 100.0 49.4

40 17.9 0.0 10.4 0.0 0.0 10.6 51.8 5.5 3.8 0.0 100.0 49.4

42 9.0 0.0 10.2 2.7 2.7 12.9 62.5 0.0 0.0 0.0 100.0 3.5 49.4

44 11.5 0.0 15.2 0.0 3.6 6.2 48.9 5.5 0.0 8.9 100.0 7.4 50.2

46.5 11.5 0.0 23.7 0.0 0.0 7.9 37.0 0.0 8.6 11.3 100.0 49.4

48 19.5 0.0 14.9 0.0 0.0 41.1 24.4 0.0 0.0 0.0 100.0 49.4

50.5 18.8 0.0 0.0 0.0 0.0 52.7 19.9 0.0 8.5 0.0 100.0 49.4

52.5 15.4 0.0 13.1 0.0 0.0 16.6 20.1 0.0 0.0 34.8 100.0 49.5

54 20.1 0.0 31.0 0.0 0.0 8.7 9.5 0.0 3.1 27.5 100.0 49.1

55.5 15.4 0.0 54.7 0.0 0.0 10.5 19.5 0.0 0.0 0.0 100.0 49.4

57.5 23.8 0.0 56.3 0.0 0.0 8.4 8.2 0.0 3.4 0.0 100.0 49.3

59.5 28.7 0.0 71.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0

62 35.5 0.0 64.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0

64 46.5 0.0 41.8 0.0 0.0 0.0 0.0 0.0 11.7 0.0 100.0

66 37.3 0.0 43.3 0.0 4.5 0.0 0.0 0.0 14.9 0.0 100.0 7.3

67.5 44.2 0.0 50.8 0.0 0.0 0.0 0.0 0.0 5.0 0.0 100.0



1
6

0

70 29.7 0.0 15.7 0.0 0.0 0.0 51.3 0.0 3.3 0.0 100.0

72.5 39.2 0.0 46.3 0.0 0.0 0.0 14.5 0.0 0.0 0.0 100.0

73.5 37.4 0.0 33.2 0.0 0.0 0.0 29.4 0.0 0.0 0.0 100.0
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Appendix B

Carbon and Oxygen Isotope Data from Endogenic Carbonates
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Lab ID Client ID Mineralogy δ
13

C
(‰,

VPDB)

δ
18

O
(‰,

VPDB)

δ
18

O*
(‰,

VSMOW)

GB-11-0356 W72 aragonite -0.7 -6.5 24.2

GB-11-0694 W72 dup aragonite -0.6 -6.3 24.4

GB-11-0691 W71 aragonite 1.9 -5.9 24.8

GB-11-0358 W69 aragonite -0.4 -6.2 24.5

GB-11-0690 W69 dup aragonite -0.2 -6.2 24.6

GB-11-0359 W67 aragonite 1.6 -5.6 25.1

GB-11-0689 W67 dup aragonite 1.6 -5.6 25.1

GB-11-0688 W65 aragonite 0.9 -5.9 24.8

GB-11-0685 W63 aragonite 0.2 -5.8 24.9

GB-11-0684 W61 aragonite -2.9 -7.7 23.0

GB-11-0683 W59 aragonite -3.2 -8.3 22.3

GB-11-0682 W57 aragonite -2.8 -8.2 22.5

GB-11-0679 W55 aragonite -1.3 -8.0 22.6

GB-11-0678 W53 aragonite -2.2 -8.2 22.4

GB-11-0371 W51 aragonite -1.9 -8.0 22.6

GB-11-0677 W51 dup aragonite -1.9 -7.9 22.7

GB-11-0676 W49 aragonite 1.1 -8.3 22.3

GB-11-0673 W47 aragonite 1.9 -6.7 24.0

GB-11-0672 W45 aragonite -0.1 -8.6 22.1

GB-11-0671 W44 aragonite 2.1 -8.0 22.7

GB-11-0670 W43 aragonite 2.3 -8.0 22.6

GB-11-0381 W41.5 aragonite 3.2 -7.4 23.3

GB-11-0667 W41.5 dup aragonite 3.0 -7.6 23.0

GB-11-0382 W40 aragonite 0.6 -7.5 23.2

GB-11-0666 W40 dup aragonite 0.6 -7.6 23.1

GB-11-0665 W39 aragonite 3.6 -7.4 23.3

GB-11-0664 W37 aragonite 3.0 -5.9 24.9

GB-11-0661 W35 aragonite 2.7 -6.7 24.0

GB-11-0404 W33 aragonite 3.3 -7.1 23.6

GB-11-0392 W32.5 aragonite 1.6 -6.3 24.4

GB-11-0393 W31.5 aragonite 2.0 -5.8 24.9

GB-11-0396 W30.5 aragonite 4.0 -5.5 25.2

GB-11-0397 W29.5 aragonite 2.9 -7.3 23.4

GB-11-0398 W27 aragonite 2.9 -6.1 24.6

GB-11-0399 W25 aragonite -1.6 -7.5 23.2

GB-11-0402 W23.5 aragonite 2.3 -7.9 22.8

GB-11-0403 W22.5 aragonite 3.4 -5.8 25.0
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GB-11-0405 W21 aragonite 3.2 -5.8 24.9

GB-11-0408 W19 aragonite -0.6 -7.0 23.7

GB-11-0409 W18 aragonite 1.6 -6.5 24.2

GB-11-0660 W18 dup aragonite 1.7 -6.6 24.1

GB-11-0410 W16 aragonite 1.2 -7.1 23.6

GB-11-0659 W16 dup aragonite 1.4 -7.2 23.5

GB-11-0411 W14 aragonite -0.3 -6.4 24.3

GB-11-0414 W13 aragonite 2.3 -7.3 23.4

GB-11-0415 W12 aragonite 2.5 -5.6 25.2

GB-11-0416 W10 aragonite 2.5 -6.2 24.6

GB-11-0417 W9 aragonite 2.9 -6.0 24.7

GB-11-0658 W7 aragonite 1.3 -6.6 24.1

GB-11-0421 W5 aragonite -0.4 -6.3 24.4

GB-11-0655 W2.5 aragonite 2.1 -6.8 23.9

GB-11-0423 W1 aragonite 2.0 -6.6 24.1

GB-11-0654 W1 dup aragonite 2.1 -6.7 24.0

GB-11-0653 W0 aragonite 1.1 -6.5 24.2

GB-11-0720 D74 aragonite 0.3 -5.9 24.8

GB-11-0428 D72 aragonite 0.3 -6.0 24.7

GB-11-0429 D70 aragonite 0.3 -6.1 24.6

GB-11-0719 D68 aragonite 0.8 -6.1 24.6

GB-11-0433 D66 aragonite 0.0 -6.2 24.5

GB-11-0718 D65 aragonite 0.2 -6.1 24.6

GB-11-0435 D63.5 aragonite 0.4 -6.3 24.4

GB-11-0438 D62 aragonite 0.3 -6.2 24.5

GB-11-0439 D60 aragonite 0.4 -6.1 24.6

GB-11-0440 D58 aragonite 0.0 -6.2 24.5

GB-11-0441 D56.5 aragonite 0.3 -6.2 24.5

GB-11-0444 D55.5 aragonite -0.2 -7.0 23.7

GB-11-0715 D55.5 dup aragonite 0.0 -6.9 23.8

GB-11-0445 D54.5 aragonite 0.6 -6.2 24.5

GB-11-0446 D53.5 aragonite 0.5 -6.2 24.5

GB-11-0447 D39.5 aragonite 0.4 -6.4 24.3

GB-11-0450 D38 aragonite 0.2 -6.1 24.6

GB-11-0451 D37.5 aragonite -0.1 -6.3 24.4

GB-11-0499 D36.5 aragonite -1.4 -6.3 24.4

GB-11-0452 D35.5 aragonite -0.6 -6.6 24.1

GB-11-0453 D34 aragonite -1.5 -6.9 23.8

GB-11-0456 D33.5 aragonite 1.9 -6.0 24.7

GB-11-0714 D32 aragonite 0.8 -5.8 24.9
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GB-11-0458 D30 aragonite -2.8 -7.8 22.9

GB-11-0459 D28 aragonite -2.3 -7.6 23.1

GB-11-0462 D26 aragonite -1.1 -6.9 23.8

GB-11-0713 D24 aragonite 1.1 -7.2 23.5

GB-11-0464 D23 aragonite -1.2 -8.0 22.7

GB-11-0465 D21 aragonite 2.4 -6.5 24.2

GB-11-0478 D20 aragonite -0.6 -7.6 23.1

GB-11-0712 D19 aragonite 2.5 -6.7 24.0

GB-11-0709 D18 aragonite 1.4 -6.3 24.4

GB-11-0481 D16 aragonite 0.6 -6.5 24.3

GB-11-0708 D14 aragonite 1.0 -5.7 25.1

GB-11-0707 D12.5 aragonite 1.7 -5.1 25.6

GB-11-0498 D11.5 aragonite 1.0 -5.7 25.0

GB-11-0706 D11.5 dup aragonite 1.0 -5.7 25.0

GB-11-0486 D10 aragonite 1.0 -6.4 24.3

GB-11-0703 D10 dup aragonite 0.8 -6.2 24.6

GB-11-0702 D8 aragonite 0.8 -5.9 24.8

GB-11-0490 D6 aragonite -0.2 -6.2 24.5

GB-11-0701 D6 dup aragonite -0.4 -6.2 24.5

GB-11-0491 D4.5 aragonite -1.8 -7.0 23.7

GB-11-0492 D3.5 aragonite 1.7 -5.7 25.0

GB-11-0700 D3.5 dup aragonite 1.5 -5.7 25.0

GB-11-0697 D2.5 aragonite 1.5 -5.7 25.1

GB-11-0696 D1 aragonite 1.1 -5.6 25.2

GB-11-0695 D0 aragonite 0.3 -6.0 24.7
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Appendix C

Carbon and Nitrogen Isotope Data from Organic Matter; Total

Organic Carbon and Nitrogen
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Client ID Material
N

(%)
Corg

(%)
δ

15
N

(‰, Air)

δ13Corg

(‰,
VPDB)

W0 sediment 0.7 7.1 3.8 -24.4

W1 sediment 0.9 8.7 4.4 -23.8

W2 sediment 1.0 10.0 4.0 -22.8

W4 sediment 1.0 10.9 3.3 -26.0

W6 sediment 0.6 6.1 3.0 -25.0

W8 sediment 0.7 6.3 2.9 -23.8

W10 sediment 1.2 12.4 2.4 -26.2

W12.5 sediment 0.7 7.0 5.0 -24.0

W12.5 - dup sediment 0.7 7.1 4.9 -23.5

W14.5 sediment 1.2 11.9 3.1 -25.5

W17 sediment 0.7 6.3 3.0 -24.2

W17.5 sediment 0.8 7.2 1.8 -22.7

W19 sediment 0.5 5.0 3.0 -24.5

W21 sediment 0.7 6.3 3.7 -25.1

W23 sediment 0.7 6.0 4.0 -24.1

W25 sediment 0.6 5.8 2.5 -24.8

W27 sediment 0.5 4.8 3.6 -24.8

W28 sediment 0.5 5.2 2.7 -23.9

W29 sediment 0.8 7.8 4.1 -25.5

W31 sediment 0.5 5.5 2.0 -26.3

W33 sediment 0.7 7.4 3.3 -25.8

W35 sediment 0.5 5.4 3.8 -23.9

W37 sediment 0.4 5.2 3.5 -23.9

W39 sediment 0.5 6.1 3.4 -24.4

W41 sediment 0.4 5.3 4.0 -24.3

W43 sediment 0.4 5.0 4.1 -24.2

W45 sediment 0.4 4.2 4.3 -23.7

W47.5 sediment 0.4 4.3 4.5 -23.8

W49.5 sediment 0.5 5.7 4.0 -24.2

W51.5 sediment 0.6 6.1 4.8 -23.5

W53 sediment 0.7 7.4 4.4 -23.9

W55.5 sediment 0.5 5.6 4.4 -25.2

W57.5 sediment 0.7 7.6 5.6 -24.3

W57.5 - dup sediment 0.6 7.5 5.6 -24.0

W59.5 sediment 1.0 14.6 3.1 -28.0

W61.5 sediment 1.1 14.9 1.6 -26.8
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W63.5 sediment 1.0 8.6 2.5 -21.5

W65.5 sediment 0.9 7.8 2.1 -21.6

W67 sediment 0.9 8.6 1.9 -21.5

W69.5 sediment 1.0 10.4 1.5 -22.2

W72 sediment 0.8 7.9 2.7 -22.9

D1 sediment 0.4 3.8 2.6 -23.2

D3 sediment 0.7 6.2 3.2 -24.5

D5 sediment 0.5 5.0 2.7 -24.2

D7 sediment 0.5 4.7 2.5 -22.8

D9 sediment 0.7 5.9 2.8 -23.1

D11 sediment 0.7 6.1 2.8 -23.0

D13 sediment 0.3 2.7 2.1 -22.4

D15 sediment 0.5 4.6 2.7 -22.8

D17 sediment 0.5 5.5 3.3 -23.6

D19 sediment 0.5 5.0 4.9 -25.0

D21 sediment 0.4 3.9 4.5 -25.1

D23 sediment 0.3 2.8 6.2 -25.4

D23.5 sediment 0.4 3.7 4.9 -26.0

D26 sediment 0.4 4.2 4.2 -25.7

D28.5 sediment 0.4 4.6 4.8 -25.5

D30.5 sediment 0.5 5.8 4.7 -25.0

D32 sediment 0.7 7.7 4.8 -25.7

D32.5 sediment 0.8 8.9 2.9 -25.8

D34.5 sediment 0.6 5.5 2.9 -21.4

D34.5 - dup sediment 0.5 5.1 3.5 -21.7

D36.5 sediment 0.8 8.1 2.3 -23.2

D38.5 sediment 0.1 0.9 3.0 -25.3

D40.5 sediment 0.0 0.2 1.8 -24.0

D40.5 - dup sediment 0.0 0.2 1.4 -23.7

D54.5 sediment 0.0 0.4 3.4 -23.9

D54.5 - dup sediment 0.0 0.5 3.5 -23.6

D56.5 sediment 0.2 2.5 4.7 -25.0

D58.5 sediment 0.1 0.5 3.9 -23.8

D60.5 sediment 0.1 0.7 1.5 -24.0

D62.5 sediment 0.0 0.3 3.2 -23.7

D63.5 sediment 0.0 0.4 2.9 -23.9

D64.5 sediment 0.0 0.3 2.1 -23.8

D64.5 - dup sediment 0.0 0.2 2.6 -23.6
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D66.5 sediment 0.1 0.5 2.3 -23.9

D68.5 sediment 0.1 0.5 3.5 -23.9

D70.5 sediment 0.0 0.2 3.1 -23.9

D72.5 sediment 0.1 1.2 4.5 -24.0

D74.5 sediment 0.2 2.3 4.2 -24.0

L1 sediment 0.6 4.9 6.8 -24.0

L3 sediment 0.5 5.0 6.8 -23.3

L4.5 sediment 0.5 4.9 5.3 -23.8

L6 sediment 0.6 5.2 5.6 -23.7

L8 sediment 0.6 5.7 4.8 -23.4

L10 sediment 0.6 6.0 4.6 -23.7

L12 sediment 0.6 5.6 4.3 -24.1

L14.5 sediment 0.6 5.5 5.0 -24.4

L16.5 sediment 0.5 5.2 5.5 -24.7

L18 sediment 0.5 5.1 5.0 -24.4

L20.5 sediment 0.5 5.4 4.4 -24.4

L22 sediment 0.6 5.9 4.9 -24.7

L24 sediment 0.6 5.7 4.1 -25.0

L25 sediment 0.6 5.3 3.8 -24.7

L26 sediment 0.6 5.4 4.5 -24.7

L28 sediment 0.5 5.1 4.0 -24.2

L30 sediment 0.5 4.9 4.1 -24.5

L32 sediment 0.5 5.6 4.1 -24.2

L34 sediment 0.7 6.8 5.0 -22.5

L36 sediment 0.6 6.4 4.6 -23.9

L38 sediment 0.6 5.5 3.5 -24.6

L40 sediment 0.6 4.9 3.9 -24.3

L42 sediment 0.7 6.0 4.1 -23.7

L44 sediment 0.6 5.4 4.4 -25.0

L46.5 sediment 0.7 6.7 4.1 -25.8

L48 sediment 0.6 5.2 4.5 -25.0

L50.5 sediment 0.4 3.2 4.1 -24.6

L52.5 sediment 0.3 2.7 3.9 -23.6

L54 sediment 0.2 2.1 5.3 -23.7

L55.5 sediment 0.2 1.6 4.8 -24.7

L57.5 sediment 0.1 1.2 6.0 -25.5

L59.5 sediment 0.1 0.9 6.0 -25.2

L62 sediment 0.1 0.7 5.4 -25.2
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L64 sediment 0.1 1.1 5.0 -24.0

L66 sediment 0.1 1.4 4.8 -24.7

L67.5 sediment 0.1 1.3 5.2 -24.2

L70 sediment 0.2 2.2 3.7 -24.8

L72.5 sediment 0.1 1.8 4.2 -25.0

L73.5 sediment 0.2 2.0 4.2 -25.0
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Appendix D

Major and Trace Element Analysis of Lake Water
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