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Abstract 

The introduction of agriculture to the Canadian prairie by European settlers 

brought about many changes to the natural landscape. The changes, resulting from 

removing the natural vegetation and cultivation~ accelerated geomorphic processes such 

as erosion and deposition. The general design of this study is based on the lake

catchment system approach and the wetland and its drainage basin are therefore 

considered one ecological system. The objective of this research project is to relate 

changes in the sedimentary record of a wetland drainage basin to documented land use 

changes that have occurred since the onset of settlement. This thesis project is part of the 

PECOS study. The objective of the PECOS project is to evaluate land use and 

communities in Census Region 3BN from the perspective ofsustainability. 

A 52-cm sediment core from a wetland slough in the northeast portion of Census 

Region 3BN was analyzed to determine physical and chemical characteristics. The 

sediment was separated into allogenic and authigenic fractions to help identify the source 

of the sediment. Close interval 21<>:Pb and 137Cs dating allowed calculation ofthe influx of 

sediment and individual elements to the wetland. There were several episodes of intense 

influx of sediment to the core. Pre-settlement episodes of increased influx are beyond the 

time period of documented land use and therefore most likely due to naturally occurring, 

high magnitude, low frequency events. The post-settlement sediment characteristics, 

however, are consistent with human disturbance that occurred near the wetland. A post

settlement period of increased sedimentation rates occurred from 1941 to 1943, the years 

following the drought and depression of the 1930s. This period also corresponded to a 

peak in the number of acres under summmerfallow. 

Sedimentation rates and chemical influx to the wetland began to increase 

following the damming of the slough in 195 5. Sedimentation rates continued to increase 

from 1965 to 1968, at a time when agriculture intensified around wetland. The second 

highest peak in sedimentation rates occurred from 1989 to 1991. This period occurred at 

the time when the island in the wetland was seeded following the drought of 1988. 

Two conclusions were drawn after evaluating the impact of anthropogenic activity 

on wetland sedimentation. First, the onset of agriculture was associated with an influx of 

geochemical elements associated with topsoil erosion as shown by increases in allogenic 

AI, and fertilizer application as shown by increases in trace elements such as U. The 
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second conclusion is that increasing sedimentation rates are associated with the onset of 

agriculture and accelerated by human disturbance such as damming of the wetland and 

road construction. 
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1. Introduction 

The onset of agriculture by European settlers brought many changes to the 

natural landscape of the prairies. The changes associated with removing the natural 

vegetation, tilling the land, and planting crops accelerated geomorphic processes such 

as erosion and deposition (Goudie, 1994). This affected the health of the land through 

the loss of soil organic matter and topsoil, decreased soil fertility, the breakdown of soil 

structure, and increased sedimentation in water bodies (Wallet a/., 1995). This study 

examines the potential for using wetland sediments as indicators of land use change in 

prairie agricultural drainage basins. In order to do this, the study compares land use 

change in the area surrounding a wetland with changes in sedimentation rates and 

changes in sediment properties in the wetland prior to and following European 

settlement and cultivation of the adjacent land. The data gathered from this project 

provide insight into what wetland sedimentation rates suggest about the response of the 

landscape to land use change. The information will help predict future erosional 

responses of prairie basins to environmental change resulting from natural causes and 

human activity. 

1.1 Research objectives 

Lake sediments can be used to study past environmental conditions. Sediment 

accumulates layer upon layer through time, thus providing a detailed chronological 
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record of the catchment's history. Analysis of the sedimentary record through an 

examination of changes in sediment characteristics and rates of sediment deposition are 

the first step. Sedimentation rates and sediment characteristics, along with documented 

land use changes, provide a multi-dimensional framework of ecological change that has 

occurred since the introduction of agriculture (Dearing, 1991). Heathwaite (1994) 

suggests that a timescale of 50 to 150 years allows the researcher to identify trends in, 

and driving forces of, catchment changes as they are passed on to the drainage network 

and recorded in the lake sediments. Research of this kind has not been conducted at a 

time scale of the last hundred years within the semi-arid prairie ecosystem of 

southwestern Saskatchewan. 

The objective of this research project is to relate observed changes in the 

sedimentary record of a wetland drainage basin to documented land use changes that 

have occurred since the onset of European settlement. This research project uses the 

general approach of lake sediment studies and applies them to wetland sediments. 

Information on the erosional history of a basin, combined with present day hydrological 

and sediment yield data, allows the prediction of future landscape response. 

Information on the landscape response to land use change contributes to the assessment 

of sustainability of the semi-arid prairie. 

1.2 Research hypothesis 

This research project tests two hypotheses. The first is that a greater 

contribution of topsoil and use of agrochemicals since the onset of agriculture caused 

geochemical variations in the sediment profile. The second hypothesis is that changes 

in wetland sedimentation rates reflect increases in erosion resulting from the onset of 
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agriculture by European settlement. The hypotheses are tested by, first, establishing a 

time line to differentiate pre- and post-settlement sediment, and secondly, by examining 

differences in the physical and geochemical characteristics of the sediment and in 

sedimentation rates prior to and following European settlement. 

1.3 Framework 

This research is a part of the Prairie Ecosystem Study (PECOS), an 

interdisciplinary study involving researchers and students at the Universities of 

Saskatchewan and Regina. The objective of the PECOS study is to evaluate current 

land use and communities from the perspective of sustainability and to establish policies 

for the future. The PECOS project has three focus groups: the first deals with 

socioeconomic concerns in agriculture and rural communities; the second focuses upon 

the health of the people, especially risks of pesticide exposure; and the third is 

concerned with the health of the land, particularly the impact of agricultural practices on 

soil and water quality and the living component that depends on the land (PECOS 

Newsletter, 1996). The present study is part of the third focus group. 

The interdisciplinary participation required a holistic approach to understanding 

the ecosystem. Each discipline examined the health of the agricultural ecosystem from 

its own perspective while emphasizing the theme of sustainability. Some of the 

research projects are: 1) the examination offanner's rights and responsibilities, 2) a 

survey of farmers' perception of pesticide use, 3) an in-depth study of the health of 

farmer's and their families exposed to pesticides, 4) an inventory of the distribution of 

trace elements in the soil, water, and plants, and 5) cataloguing of rare plants in the 

study area. The present research project examines agriculturally influenced geomorphic 
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processes such as soil erosion and wetland sedimentation, which may provide an insight 

into the health of the landscape. The interconnectedness of all the research projects 

builds an understanding of the ecosystem and provides a multi-dimensional picture. 
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2. Literature Review 

The general approach of this study is based on the lake-catchment system 

approach of Dearing ( 1991) and, therefore, the wetland and its drainage basin are 

considered one ecological system. Processes occur on many timescales within this 

system (Oldfield, 1977). There are interconnections between all processes and rates of 

change on the hill slope, the vegetation, the water body, and the lake bottom sediments 

(Oldfield, 1977; Foster et al., 1988; Dearing, 1991). The driving forces that affect the 

movement of materials within the system are human impact and climatic variation. Lake 

sediments contain many clues to past environmental conditions and events that have 

occurred within the ecological unit of the basin. The sediments accumulate layer upon 

layer through time providing a detailed chronological record of the catchment's history. 

Because lake sediments contain an accumulation of soil derived from the land surface of 

the drainage basin, analysis of the sediments will provide data that can be connected with 

events affecting the surrounding landscape (Mackereth, 1965). 

2.1 The wetland ecosystem 

The Great Plains ofNorth America, dotted with numerous depressions of various 

sizes, is a 'pothole' region (Woo and Rowsell, 1983). The depressions formed at the end 

of the Wisconsin deglaciation period, approximately 11 500 BP. As the glacier retreated, 

large fragments of glacial ice left behind with the till began to melt. As the buried ice 
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fragment melted the surface sediments collapsed, forming a hollow. The hollow quickly 

filled with water. The American term for these depressions is pothole. The 

Saskatchewan term for wetlands is slough. Wetzel (1983) argues the correct term is 

'lakes'. 

The North American Waterfowl Management Plan (NAWMP) (1990) considers 

wetlands to be any area of land covered by shallow water with grasses and sedges. It also 

considers any exposed large, flat basins holding little or no water during dry years to be 

wetlands (NA WMP, 1990). Wetlands are land that has the water table at, near, or above 

the land surface. Saturation must be a long enough period to promote wetland processes 

as indicated by soils, vegetation, and biological activity adapted to a wet environment 

(Tarnocai, 1980 as cited in Woo et aL, 1994). Classification of the different types of 

wetlands depends upon vegetation or water depth or both. 

Wetlands are an essential component of the prairie ecosystem, playing a vital role 

in sustenance of nearly all forms of prairie life (Dugan, 1993). Wetlands provide habitat 

to prairie fauna and flora, and supports complex food webs (Young and Thompson, 

1990). Many rare, endangered and threatened species (plant and animal) depend on 

wetlands for survival (Turner et al., 1987). The vegetation peripheral to the wetland 

provides breeding and nesting sites for many birds such as sparrows, Barn swallow, 

Yellow Warbler, and Eastern Kingbird (Ross, 1999). As well, the vegetation traps snow, 

stores runoff and holds soil moisture, cutting down on soil erosion (NA WMP, 1990). 

During spring snowmelt and rainfall events, the wetland receives surface runoff from the 

surrounding drainage basin (Richardson and Arndt, 1989). Wetlands constitute a major 

storage element within the hydrologic cycle, storing water above and below the ground 
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(Bang~ 1988), thus recharging the groundwater (Richardson and Arndt, 1989). This 

maintains a water supply to livestock and wildlife. 

Wetlands behave as 'sinks' receiving nutrients and pollutants. Nutrients such as 

nitrogen and phosphorus accumulate in the subsoil or are stored in the vegetation. 

Agricultural chemicals entering the wetland from agricultural fields are removed from the 

water by a number of processes including adsorption by vegetation, sedimentation and 

decomposition (Young and Thompson, 1990). D.F. Acton (personal communication) 

compares prairie potholes (wetlands) to storm retention ponds in cities, filtering out silt 

and even soluble and potential toxic elements before they have a chance to reach the river 

system. Sediments, deposited into the wetland, contain naturally occurring elements and 

anthropogenically-introduced elements from agrochemical or industrial residues. During 

erosional events, the sediments carry attached pesticides and nutrients from agricultural 

fields to the wetland in runoff water. Agrochemicals also enter the wetland through drift 

after agrochemical application (Forsyth, 1988). It is estimated that 80 to 90% of all 

croplands are sprayed annually with pesticides. During 198 5, a severe grasshopper 

infestation resulted in 26-28 % of all cropland in the prairies to be sprayed with 

insecticides (Forsyth, 1988). Acton (personal communication) recommends more 

research into the sedimentation processes and rates of prairie potholes. 

Various scientific procedures date and detect changes in the sediment profile that 

reflect changes in land use on the surrounding landscape. The segment that follows 

examines different dating techniques and their applicable timescales, and progresses to a 

discussion of sediment characteristics and indicators of soil erosion. The last section is a 

discussion of examples of previous lake catchment studies relevant to this research 

project. 
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2.2 Dating sediments 

Even though the Principle of Superposition tells us that the sequence of deposition 

of sediments is oldest at bottom, youngest at top, (Flint and Skinner, 1977), it does not 

provide absolute dates. Establishing a time line within the sediment core profile is 

fundamental when examining rates of change. Knowing the age of the sediments is 

essential to date events and to calculate rates of sedimentation (Oldfield and Appleby, 

1984). Robbins (1978) outlined three important aspects of establishing a chronology. 

First, the accumulation of material must be in order in time. This follows the Principle of 

Superposition, that the sequence of deposition of sediments is oldest at the bottom, 

youngest on top. Second, the marker that serves as the measure of time must be 

preserved in time in association with the sediments. Third, this marker must be 

immobile. Several different methods can be used to determine the time of sediment 

deposition. The following section discusses pollen analysis and two methods using 

natural and artificial radioisotopes (lead-210, and cesium-137, respectively). Although 

pollen analysis was not used in the present study, it is included in the discussion because 

much of the research conducted in this field has used pollen analysis to determine the 

settlement boundary within the sediment and therefore allows a comparison of pre- and 

post-settlement sedimentation rates. 

2.2.1 Pollen analysis 

Pollen analysis, or palynology, is the study of fossil pollen grains through 

extraction, identification, and counting of individual pollen grains in a layered sequence. 

A change in the abundance of pollen found in lake sediments often indicates a change in 

the surrounding vegetation and, hence, a change in land use. Pollen analysis is a useful 
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research tool for Quaternary studies (MacDonald~ 1988), as well as for periods that are 

more recent. The introduction of agriculture to a landscape is reflected in decreases of 

pollen counts of natural vegetation, the introduction of crop pollen, and increases in 

herbaceous pollen such as Russian Thistle or other exotics introduced as weeds (Flenley, 

1988). Even though wetlands and prairie potholes (or sloughs) are numerous in this 

region, there have been only a few lake sediment projects carried out within the Canadian 

Prairie Provinces (Strong, 1977, 1991; De Boer, 1994, 1997a). Last (1999) provides an 

in-depth overview of the literature on the geolimnology of the Great Plains of Western 

Canada, the focus was, however, on the evaluation of the effects of climate change at 

greater timescales. 

Strong (1977) differentiated pre- and post-settlement boundaries in cores taken 

from nine lakes in southern Alberta. Changes in pollen percentages showing increases in 

weed species and the occurrence of introduced species such as Taraxacum officinale 

determined the boundary locations. Table 2.1 identifies the estimated depth of the 

settlement boundaries from the Strong (1977) study. 

Table 2.1 Estimated depth of settlement boundaries in cores collected 
from prairie lakes in southern Alberta (Strong, 1977). 

All areas were settled in late 1880s. 

Ecoregion Lake Area km2 Settlement Depth 
(em) 

mixed grass prairie Gooseberry 2.4 11 

mixed grass praire Little Fish 5.2 9 
short grass prairie Chapp ice 1.4 7 

short grass prairie Twelve Mile 1.2 11 
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A core taken from Deer Lake, British Columbia had a settlement boundary at 42.5 

em determined by changes in the pollen count of the natural vegetation (Mathewes and 

D' Auria, 1982). Examining a core obtained from southeastern Saskatchewan, De Boer 

(1997a) determined a settlement date at 42 em based on the increases in Populus pollen 

counts associated with the southward advancement of the aspen parkland caused by fire 

suppression by early settlers in the region. Mott and Christiansen ( 1981) investigated the 

suitability of slough sediments for radiocarbon and pollen analysis. Martens Slough 

(located southeast of Saskatoon) was one of the selected sloughs for research. The 

sediments from this slough were analyzed by radiocarbon and pollen analysis techniques. 

The results of the study confirmed the successful use of slough sediments for pollen 

analysis and radiocarbon dating and showed that the Quaternary vegetation history of the 

area around Martens slough is similar to the vegetative history of the interior of Western 

Canada. 

In the semi-arid prairie ecozone, the change in vegetation from natural vegetation 

to cereal crops is subtle as both belong to the grass family. In addition, cereal crop pollen 

does not travel long distances and is difficult to detect during pollen analysis (Edwards 

and Mcintosh, 1988). For these reasons, pollen analysis was not part of the present 

study. 

2.2.2 Lead-21 0 

Two dating methods applicable to a time scale of 100 to 150 years are the 

techniques involving 21<>:Pb and 137Cs. The methodology of dating sediments using 21<>:Pb 

was developed by Goldberg (1963) and first applied to lake sediments by Krishnaswamy 

eta/. (1971). Lead-210, a natural radioisotope with a half-life of22.26 years, is part of 
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the 238U decay series (Krishnaswamy eta/., 1971). 238U decays through a series of 

daughters to 22~a, with a half-life of 1620 years, which decays to give 222Rn gas. The 

222Rn, which has a half-life of3.8 days, diffuses into the atmosphere and decays (through 

a series of short-lived isotopes) to 21o:Pb (Eakins eta/., 1984). Lead-210 reaches lake 

sediment by different pathways. In one pathway, 226Ra is supplied to the lake sediments 

as part of the eroded material deposited from the surrounding catchment. The 210Pb 

formed by decay of this 226Ra is referred to as 'supported 21o:Pb' (Oldfield and Appleby, 

1984). Lead-210 also reaches the lake sediment by direct atmospheric fallout, when the 

21o:Pb falls directly into the lake and is adsorbed onto sediment particles, which are 

deposited onto the lake bottom. Supported 21o:Pb is assumed to be in equilibrium with 

226Ra. If 21o:Pb activity from direct atmospheric fallout is in excess of the supported 210Pb, 

it is called 'unsupported 21 o:Pb'. It is assumed that once the unsupported 21 o:Pb is 

incorporated in the sediment, it does not diffuse or move by way of the pore water of the 

sediment (Oldfield and Appleby, 1984). 

The unsupported 21o:Pb component is used in dating because once it is 

incorporated in the lake sediment it decays exponentially with time. In dating, the 

supported 210Pb activity is first determined by analysis of226Ra. Once this has been 

estimated, the unsupported activity is determined by subtraction from the total 21o:Pb 

activity. 

There are two 21o:Pb models, the Constant Initial Concentration (CIC) model and 

the Constant Rate of Supply (CRS) model, which differ in their assumptions about the 

transfer of unsupported 210Pb to the sediments (Appleby and Oldfield, 1978). The CIC 

model assumes a constant initial concentration of unsupported 210pb per unit mass of dry 

sediment at each stage of accumulation, regardless of variations of sediment 
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accumulation rates. The model assumes that the supply of 210Pb to the sediment is 

proportional to the sedimentation rate and increases or decreases in response to changes 

in sediment flux (Oldfield and Appleby, 1984). In contrast, the CRS model assumes the 

rate of supply of unsupported 210pb to the sediments surface is constant (Wise, 1980). 

This allows calculation of ages throughout the sediment profile independent of variations 

in sediment accumulation rates (Oldfield and Appleby, 1984). 

Blais et al. (1995) compared dating techniques of 14 published studies of cores 

from North American and Scandinavian lakes. They compared dates suggested by the 

CRS and CIC 210Pb models to markers of known time and found that CRS model dates 

were in better agreement with the markers than CIC model dates. The CIC dates were 

consistently more recent than the CRS dates. 

2.2.3 Cesium-137 

Cesium-137 is an artificial radioisotope with a half-life of30 years (Wise, 1980). 

Atmospheric nuclear tests, which peaked in 1954 and continued into the 1960s, deposited 

the 137 Cs across the surface of the earth. The nuclear tests injected 137 Cs into the 

stratosphere where it moved into the troposphere; its re-entry from the troposphere to the 

landscape relates to local precipitation patterns and rates (Kiss et al., 1988). Once 

adsorbed onto soil particles, the isotope is nonexchangeable under oxidizing conditions 

and therefore transport processes are limited. The rain-borne 137 Cs is adsorbed to fine 

particles such as clay and organic colloids in the drainage basin, and is transported and 

incorporated into the lake sediment (Oldfield, 1977). 

Cesium-13 7 in lakes also comes from direct atmospheric deposition onto the lake 

surface. Suspended sediment adsorbs the 137 Cs following deposition on the water 
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surface. The suspended material is deposited on the lake bottom, and, therefore, the time 

distribution pattern of fallout 137 Cs is reflected in the sediments. This can be used to 

indicate a chronology for the sediment profile (McHeruy eta/., 1973). 

Researchers have measured and documented the temporal and spatial distribution 

of 137 Cs fallout in Saskatchewan. The peak of 137 Cs deposition in Saskatchewan occurred 

in 1963 (Kiss et al., 1988; De Jong et al., 1982; Martz and de Jong, 1987). Lake 

sediment 137Cs profiles should have a 137Cs onset (1954) and a peak (1963). It is 

therefore possible to suggest two separate dates within the profile, which allows the 

calculation of sediment accumulation rates. There are, however, few studies of the depth 

of 137 Cs onset or peak in lake sediments in Saskatchewan. In a core obtained in the aspen 

parkland of southeast Saskatchewan, De Boer (1997a) measured the onset of 137Cs at 21-

cm depth while the peak of activity was at 7 em. Table 2.2 lists the core depths of 137 Cs 

activity for various studies discussed in section 2.2.4. 

It has been suggested that 137 Cs dates in some cases are too young based upon 

independent evidence for the sediment age (Robbins eta/., 1977, 1979; Oldfield, 1977). 

The natural 137 Cs profile may be disturbed due to bioturbation, diffusion of the 137 Cs 

under reducing conditions after deposition, or the influx of topsoil with high 

concentrations of 137Cs. Blais eta/. (1995) reported major discrepancies between 137Cs 

and 210pb dates. This was especially true in the sediments of small, soft water lakes with 

high organic content and low mineral content. 137 Cs has a high affinity for micaeous 

minerals. Hard water sediments with a high mineral content therefore trap 137 Cs more 

effectively than organic-rich soft water sediments. Hard water lakes are distinguished 

from soft water lakes by the presence of calcium salts and higher electrical conductivity 

(Goldman and Horne, 1983). 
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2.3 Sediment characteristics 

This section discusses the magnetic susceptibility and the geochemical 

characteristics of lake sediments. Interpretation of the analysis of these characteristics 

helps to determine sediment sources and examines the relationship between periods of 

erosional activity, land use, and the wetland and its drainage basin (Oldfield, 1977). 

2.3.1 Magnetic Susceptibility 

Magnetic properties of sediments and soils may provide information for a variety 

of disciplines such as geomorphology, soil science, and environmental studies. The 

magnetic properties of minerals within the crust of the earth vary from rock to rock. 

Because recent lake sediments are derived from erosional and depositional processes of 

the surrounding catchment variations in the type of, and concentration of, magnetic 

minerals within the watershed ecosystem are often related to soil and slope processes and 
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land use changes (Thompson and Oldfield, 1986). Magnetic susceptibility of sediment is 

the measure of the degree to which a magnetic field influences ferromagnetic minerals in 

the sediment (Andrews and Jennings, 1987). The magnetic susceptibility of sediment 

relates directly to the amount of allogenic, inorganic material deposited into a lake or 

wetland originating from the soils of the catchment basin (Thompson et al., 1975). 

Increases in magnetic susceptibility are therefore associated with increases in the 

allogenic material influx associated with rises in erosion rates. Rises in erosion rates may 

reflect changes in land use, and increases in magnetic susceptibility of lake sediments 

may indicate, therefore, land use change. 

Fluctuations in susceptibility result from changes in the concentration of magnetic 

minerals. The variation with depth of magnetic mineralogies, resulting from 

transportation and deposition into a lake catchment, provides a method of correlation 

between sediment cores (Thompson et al., 1980). The fluctuations in susceptibility also 

provide a basis for sedimentological interpretation. Heavy minerals (including 

magnetite) are sorted during transport and concentrated in sediments according to their 

physical properties. Thompson and Morton (1979) reported that magnetic concentrations 

relate to the particle size of the sediment in Loch Lomond. The coarse silt fraction of 

sediment had a low concentration of magnetite and, therefore, low susceptibility values. 

The changes in particle size distribution resulted from environmental changes in the Loch 

Lomond catchment. Williams and Cooper (1990) found a positive relationship between 

magnetic susceptibility and sand content. Williams and Cooper (1990) also found that 

magnetic susceptibility values were related to landscape position and soil moisture 

content. Larger magnetic susceptibility values were reported on summit and side slopes. 

There was a peak of magnetic susceptibility values, however, within the drainage way of 
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the slope. Williams and Cooper (1990) suggest the peak of magnetic susceptibility was a 

result of erosion and deposition of sand from the upland area to the drainage way. The 

same study reported magnetic susceptibility values decreasing down slope and were low 

on poorly drained soil. Thompson and Oldfield (1986) suggest under reducing conditions 

in gleyed soils the secondary and primary ferromagnetic forms are dissolved and remain 

in solution, which gives low magnetic susceptibility values. 

The frequency dependence of magnetic susceptibility reflects the concentration of 

fine ferromagnetic minerals of pedogenic origin within the soil or sediment sample (Fine 

et al., 1989). The frequency dependence of magnetic susceptibility decreases with soil 

depth and decreases from upper to lower slope positions (Fine et al., 1992). 

Magnetic susceptibility measurements help to establish the chronology of 

sedimentation. Appleby et al. (1985) used magnetic susceptibility, 210Pb, and 137Cs to 

help reconstruct the recent erosional history of Loch Frisa, Isle of Mull, Scotland. 

Parallel magnetic susceptibility traces correlated multiple cores, thus providing a 

chronological framework for further study. Measurements of magnetic susceptibility 

were used to evaluate topsoil input to the sediment, as well as to correlate cores within 

one lake by De Boer (1994). Magnetic properties of the sediments can form the basis for 

sediment source tracing if the magnetic properties have not been altered by post

depositional changes such as dilution by organic matter (Oldfield and Clark, 1990). 

2. 3.2 Geochemistry 

Analysis of lake sediment chemistry can make a substantial contribution to the 

integrated environmental picture (Mackereth, 1965, 1966; Pennington, 1981 ). This 
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section discusses the geochemical characteristics of sediments. The discussion is divided 

into two major sections: major elements and trace elements. 

2.3.2.1 Major elements 

Mackereth ( 1966) presented a basic hypothesis that the inorganic component of 

lake sediments reflects the intensity erosion in the drainage basin. This was determined 

by changes in the loss-on-ignition profile and by proportions ofNa and K in the vertical 

sediment column. Mackereth (1965) reported that periods ofhigh sedimentation rates 

occur during periods of high erosional intensity. Ca, Fe, and Mn reach the lake sediments 

as part of the minerogenic particulate input during periods of active erosion of the 

unweathered substrate. Increased sedimentary concentrations ofK, Na and Mg were 

related to the transport of unleached soils from the basin and therefore reflected erosion 

within the catchment (Mackereth, 1966). Mackereth (1966) also associated K and Mg 

with clay minerals in the sediment profile. 

Geochemical analysis of a 60-cm core from Deer Lake, British Columbia 

indicated changes in the sediment profile following settlement (Mathewes and D' Auria, 

1982). The settlement horizon, dated by changes in pollen assemblages and historical 

records (section 2.2.1), was found at 42.5 em. Between 40 and 30 em, the physical and 

geochemical properties of the core sediments change, especially at 36 em. The changes 

between 40-30 em include increases in AI, Fe, K, Ti, Rb, and Sr concentrations and an 

increase in silt and clay content. The authors suggest the changes relate to a period from 

1912 to 1914 of land clearing, construction of a large institution, and farming along the 

north side of Deer Lake, which increased runoff and erosion within the catchment. As 

well, in 1903, construction of a road that crosses two of the inlets to Deer Lake may have 
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contributed to an increased contribution of silt. Lead concentrations increased upcore 

from the 1947 depth at 22-cm. Mathewes and D' Auria (1982) suggest this is due to 

increased automobile emissions from leaded gasoline. Historic data on automobile 

registrations for the cities near Deer Lake show a pronounced increase in vehicle 

registrations occurred in 1946. The date of 1947, assuming the date is accurate, allows a 

one-year lag period for generation of lead and its movement into the lake. 

Butler (1990) associated increases in elemental concentrations with a period of 

catchment erosion following clearing and cultivation of the forest by interpretation of 

geochemical analysis of a 120 em core obtained from Branscomb Pond, Newfoundland. 

A "disturbance" horizon was determined at 95 em where there was a decline in pollen 

percentages of native trees. Increases in mineral matter at the top end of the core 

corresponded with increases in elemental concentrations of AI, Fe, Ca, Na, K, and P. 

2.3.2.2 Elemental analysis according to sediment source 

Lake sediments can be classified according to sediment source. Minerals 

procured from outside the lake are the allogenic fraction, and consist predominantly of 

clastic, mineral particles. Minerals deposited directly from aquatic solution through 

biological uptake or chemical sorption and precipitation are considered the authigenic 

fraction. These are minerals formed in situ within the sediments. Jones and Bowser 

(1978) differentiate between minerals derived from the water column, which are termed 

endogenic and the minerals formed through diagenic changes within the sediments as 

authigenic components. Biogenic silica, produced by diatom frustules, forms part of the 

sediment found in small temperate lakes (Engstrom and Wright, 1984). Engstrom and 

Wright (1984) suggest that different environmental information is contained within each 
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fraction and that it is therefore necessary to separate the fractions. This project focuses on 

the allogenic and authigenic fractions of the sediment. 

Conventionally, geochemical analysis results are presented in units of 

concentration, which is preferred by authors such as Pennington (1981). Some authors, 

however, favour presentation as accumulation rates (Likens and Davis, 1975). Engstrom 

and Wright (1984, and references therein) discuss the advantages and limitations to both 

methods. Units of concentration expressed as measures of sediment composition in ppm 

or mg g-1 dry sediment may be difficult to interpret. This is because variation in 

concentration of a single element may influence the concentration profile of all other 

elements in the sediment. Nevertheless, relative changes in elemental concentrations 

may provide important information regarding the composition of the source material. 

The variations, for instance, may reflect changes in the composition and structure of the 

catchment soils associated with soil truncation. Conversely, accumulation rates measure 

the annual net deposition of various elements per unit area of the depositional area. 

Accumulation rates may indicate environmental signals that concentration units cannot 

detect and accumulation rates may reflect erosional intensity in the past. Engstrom et al. 

(1985), for example, found that concentration profiles of authigenic Fe did not accurately 

reflect the influx of Fe to Harvey's Lake. Despite increasing Fe-accumulation rates, the 

concentration profiles decreased following settlement. A period of land clearing 

increased deposition of other sedimentary components, diminishing F e-concentrations 

despite increasing Fe-accumulation rates. Heathwaite and O'Sullivan (1991) report that 

K and AI, in a core from Slapton Ley, England, were found mainly in the allogenic 

fraction and had similar profiles in concentration units and influx. There was, however, 

only a slight increase in K and AI concentrations from the base of the core to the top, 
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whereas the influx profiles exhibited a strong upward trend. There was no correlation 

between the concentrations ofK and Al with mineral matter content. The upcore trend of 

K and AI influx had, however, a strong correlation with the upcore trend of mineral 

matter content. The authors concluded that erosional intensity increased over the last 200 

years, which would not have been evident if the authors had just relied on the 

concentration data. Furthermore, Heathwaite and O'Sullivan (1991) agree with the 

Engstrom and Wright (1984) hypothesis that allogenic Aland K are indicators of eroded 

material reaching the lake. 

Calculations of accumulation rate are dependent upon accurate, detailed sediment 

dating. Interpolation of sediment age between dated levels will decrease accuracy and 

resolution of the accumulation rates. Engstrom and Wright (1984) conclude that 

concentration units and accumulation rates provide complementary information. 

2.3.2.3 Trace element analysis 

The previous section has been limited to the major elements such as AI, K, P, Mg, 

Mn, Ca, and Fe. There has been limited research on the behavior of trace elements in 

lake sediment studies. Measuring trace elements in the lake catchment system may help 

to understand the chemical, physical, and biotic processes in the system, and facilitate 

comparison of natural and anthropogenic fluxes of the elements. Trace elements are 

those elements in the Earth's crust which occur in concentrations of less than one 

thousand parts per million. Soils with higher concentrations of trace elements tend to 

have higher proportions of clay-sized minerals (McBride, 1992; Mermut et a/., 1996). 

Mermut et al. ( 1996) suggest that the major part of these elements are adsorbed on to 

silicate clay minerals in soils. Soils with similar clay contents in the surface and subsoil 
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had higher concentrations of some trace elements in the surface soil, which suggests the 

enrichment at the surface may be due to anthropogenic activities such as phosphate 

fertilizer application (Mermut et al., 1996). Higher trace element concentrations are also 

found in soils with higher concentrations of humus and moderate to high pH levels 

(McBride, 1994). There was limited knowledge of trace elements in Saskatchewan soils 

until Mermut et a/. ( 1996) completed a reconnaissance study. This study established 

levels of trace elements in surface horizons, parent material, and durum wheat from 13 

sites within the Brown and Dark Brown soil zones in southwestern Saskatchewan. Li 

(1997) conducted a similar study in the PECOS study area. Since trace elements are a 

component of agrochemicals, Mermut eta/. ( 1996) and Li ( 1997) also analyzed fertilizers 

for trace element content. They report phosphate fertilizers contain considerable amounts 

of trace elements such as Co, As, Zn, Cd, and U. Some trace elements such as Hg, Pb, 

Cd, Cu, Ni, and Co may be toxic to plants and microorganisms at high concentrations 

(McBride, 1994). Priority elements, considered toxic to human health, include As, Be, 

Sb, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Tl, and Zn. Trace element concentration enrichment 

may be a sign of pollution from human disturbance or accumulation from natural 

biogeochemical processes (McBride, 1994). 

Categorizing groups of trace elements into sets simplify examining the data set. 

Elements within each group have similar properties and exhibit similar geochemical 

behavior. The basis of classification is periodic table position. Rollinson (1993) 

describes three common groups of trace elements. Group 1 consists of the rare earth 

elements (REE). The REE have atomic numbers 57 to 71, the set includes La, Ce, Pr, 

Nd, Pm, Sm, Eu, Gd, Tb, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Group 2 consists of the 

platinum group of elements with atomic numbers 44 to 46 and 76 to 79. This group 
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includes Ru, Rh, Pd, Os, Ir, Pt, and sometimes Au. The third group is the transition 

metals with atomic numbers 21 to 30. It includes Sc, Ti, V, Mn, Fe, Co, Ni, Cu, and Zn. 

Mn and Fe are included in this group but considered major elements. 

Trace elements may be used to distinguish geochemical processes and identify 

sediment sources. Rollinson (1993) considered the REE, Th, Sc, and Co to be important 

in this aspect. These elements, exclusively transported in the terrigeneous component of 

sediment, reflect the chemistry of their source. 

Few lake sediment based studies include an analysis of trace elements. Burden et 

al. (1986) examined the relationship between deforestation and erosion to the 

geochemistry of lake sediments included a few trace elements (V, U, Cl, Br, I, Ba, and, 

Dy) in the bulk chemical analysis. Changes in the chemical composition of the lake 

sediments coincided with deforestation and farming by Indians in 1450 (date determined 

by palynological record of farming). The changes included increases in Ca, Na, Mg, Ba, 

AI, Ti, and Dy in cores from Second Lake and Gignac Lake. 

2.4 Lake sediment studies 

Relating sediment characteristics to land use history is a multi-dimensional 

approach to examining the effects of environmental change. Many published works 

illustrate the philosophy that is the basis for the present study. This section reviews 

relevant issues from several of these papers. 

Davis's ( 197 6) study is a classic example of a lake sediment investigation 

comparing erosion rates to land use history. Cores collected from Frains Lake in 

southeastern Michigan, USA, were dated using pollen analysis and radiocarbon 

techniques. At the time of settlement around 1830, the landscape adjacent to Frains Lake 
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was forested. The landscape has been totally cleared of forest and presently there are 

houses, roads, meadows, and cornfields. The settlement boundary in the lake sediments, 

determined by changes in pollen assemblages, is located at 32 em. The detected changes 

observed were a sharp decline in oak pollen, an increase in agricultural weeds such as 

Ambrosia, and the appearance of crop type pollen. Radiocarbon dating ( 14C) determined 

accumulation rates in the older sediments below the settlement boundary. Erosion rates 

were low before settlement. In the period following settlement, erosion rates soon rose 

by a factor of 10 to 30. After this initial peak, episodes of intense erosion alternated with 

periods of low erosion rates. By 1900, sedimentation rates had stabilized but remained 

higher than pre-settlement rates had been. Post-settlement increases in accumulation of 

mineral materials in the sediment were attributed to an increased influx of silt and clay. 

Clearing of the land increased the erodibility of the watershed soils and therefore there 

was an increase in the transport of clay and silt into the lake. The influx of organic 

matter to the lake also increased following settlement. Davis (1976) also cored the centre 

of a wetland adjacent to Frains Lake. Sediment in the wetland had a slower accumulation 

rate (1.4 mm i 1 opposed to 3 mm y-1 in the lake) since settlement. Davis (1976) suggests 

the slower rate was due to vegetation near its edges, trapping clay and silt washing into 

the wetland. 

Another good example of a multi-disciplinary approach to examining lake 

sediments is the study ofLinsley Pond (Brugam, 1978a and b). Brugam (1978b) 

compared changes in the sediment with documented changes in catchment land use. 

Linsley Pond, the site of many other limnological studies, is located near New Haven, 

Connecticut, USA. Examination of fossil diatoms, macrofossils, and chemical 

composition in a core taken the summer of 197 4 combined with calculation of 
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sedimentation rates provided a detailed analysis. Dating techniques included 14C, 210pb, 

and pollen analysis. Municipal land records revealed five periods of land use. The first 

period is pre-settlement or before the arrival of European colonists. Next, from 1700 

to 1810, is the homestead period. The Linsley family settled on the land adjacent to the 

pond. At this time, clearance of small areas of land allowed subsistence farming. From 

1810 to 1915 was the period with the beginning of farming and the start of a gristmill and 

an axe factory. A dam, constructed at the mouth of a stream that enters the pond, still 

exists today although it is not in use. During the fourth period, from 1918 to 1959, the 

Linsley family operated a dairy farm. In addition, there was a row of cottages built along 

the lakeshore in 1938. In 1959, the family sold the farm to land developers. Many 

changes occurred in the suburban period, such as construction of cottages and homes 

around the lakeshore, as well as construction of a golf course. 

The changes in land use near Linsley Pond are reflected in changing 

sedimentation rates. Pre-settlement sedimentation rates were the lowest at 0.23 em f 1
. 

From settlement (1700) to 1938, sediment accumulation rates were 0.33 em y·1
. From 

1938 to 1960, rates increased slightly to 0.41 em f 1
. Sedimentation rates were the 

highest (0.91 em f 1
) during the suburban period. Also associated with the changes 

brought about by settlement was an increase in the flux of dry matter and mineral matter. 

These rates remained constant following an initial rise but peaked after 1960. The arrival 

of agriculture caused an initial increase in organic matter. Calcium accumulation profiles 

were constant during pre-settlement rising at settlement to a peak around 1840. The Ca 

influx then declined until the 1940s and then peaked in the post 1960s sediments. The 

accumulation rate profiles ofP, Mn, Fe, and Cu were all similar. All elements showed 

nearly constant influx rates in the pre-settlement period and increased significantly after 

24 



settlement to reach maximum accumulation rates in the sediments above the 1960-dated 

horizon. The peaks, especially after 1960, in mineral matter, organic matter, and 

chemical influx are indicators of intensive soil erosion in the Linsley Pond catchment. 

Engstrom et al. ( 1985) correlated the results of chemical analysis of a short-core 

from Harvey's Lake, Vermont, USA, to documented historical human disturbance. 

Settlement around Harvey's Lake started in 177 5 and forest clearance began the same 

year. A period of intense excavation, land clearing, and house building, as well as dairy 

farming, began in 1945. Phosphorus fertilizer use started around 1950. Pollen analysis 

determined the settlement boundary at the 34-cm depth. Time-depth relationships were 

established using close-interval 210Pb dating and the Appleby and Oldfield (1978) CRS 

model. Sediments were chemically fractionated into allogenic and authigenic 

components, and analyzed for eight major elements (Mg, AI, Si, P, K, Ca, Mn, and Fe). 

All elemental profiles of the allogenic fraction were highly correlated for 

Harvey's Lake. Because of this, the authors chose one profile (AI) to represent the 

fraction as a whole. AI concentrations and accumulation rates increased upcore across 

the settlement boundary, while organic content decreased. Engstrom et al. (1985) 

suggest this indicates soil erosion increased after settlement because the source of 

allogenic AI is terrigeneous clastic sediment and therefore the eroded inputs dilute the 

organic content. A slight drop in concentrations and accumulation rates occurred around 

27cm (1880), which is interpreted as indicating catchment soil stabilization. After this 

point, AI accumulation rates continued to increase upcore but AI concentrations 

decreased. Presumably, this is because AI concentration was decreased by the influx of 

sedimentary components such as authigenic Mn and organic matter. Intensive land 

clearing and house building, which began in 1945, accounted for the continuing increase 
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in AI accumulation rates. Engstrom et al. (1985) concluded that the AI profile represents 

the erosional intensity of the Harvey's Lake catchment and that the erosional intensity 

increased following settlement. Engstrom et al. (1985) caution that the basis for this 

interpretation is analysis of accumulation rates from a single core site. Variations in 

deposition patterns across the lake bottom may be an important factor to consider. 

Strong (1977, 1991) identified and interpreted changes that were recorded in the 

sediment since settlement by analysis of sediment cores from nine lakes in southern 

Alberta, Canada. Although Strong (1991, 1977) did not use a multi-disciplinary 

approach, it is included in this section because the study compares pre- and post

settlement sediment characteristics. As discussed in Section 2.2.1, changes in pollen 

assemblages determined the settlement boundary within each core (Strong, 1977). Of the 

nine lakes sampled, there were two were in the short grass prairie, two in the mixed grass 

prairie, one in the fescue grassland, and four in the aspen parkland. Strong ( 1991, 1977) 

examined organic matter content and particle sizes. Organic matter contents were greater 

in the pre-settlement sediments. Strong ( 1991) suggests that this is due to a loss of 

natural nutrients and commercial agrochemicals from the organic-rich Chemozemic soils 

via surface runoff into the lakes. The study found that in the post-settlement sediments, 

the major particle size was silt whereas pre-settlement sediments contained poorly sorted 

sediments, which may be representative of short-distance water transport. Strong ( 1991) 

proposed that the increase of silt implied that the mode of erosion changed following 

settlement. Before settlement, water erosion transported the sediment into the lakes but 

the introduction of agriculture lead to an increase in wind erosion transport. Chappice 

Lake, Alberta, the exception to the increase in silt, had a 73.2 % increase in sand content 

after settlement. The increase in the influx of sand to Chappice Lake may be due the 
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effects of increased grazing intensity leading to an increase in the erodibility of the 

natural prairie surrounding the lake. 

De Boer (1994, 1997a) assessed the changing properties of the allogenic fraction 

resulting from settlement and ensuing changes in land use in a small wetland. The study 

site, a slough in the Stony Creek catchment, lies within the aspen parkland of 

southeastern Saskatchewan. De Boer (1994, 1997a) followed the chemical fractionation 

technique ofEngstrom and Wright (1984) to separate the organic and authigenic fractions 

from the non-carbonate allogenic and biogenic fractions of the lake sediment. At the 

settlement boundary (determined by pollen analysis), LOI and colour changes coincided 

with an increase in magnetic susceptibility and changes in the geochemistry. 

Concentrations of elements that were predominately represented in the allogenic 

fraction increased upcore from this point. This group included AI, K, Ti, Zr, Fe, P, and, 

As. At the same location, the elements that are predominantly represented in the 

authigenic fraction, Ca, Sr, and Mg, sharply decrease. Calculations of deposition rates 

for the analyzed core revealed three periods of increased rates. Between 1900 and 1954, 

and 1954 to 1963 deposition rates rose sharply. The rates decreased during 1963-1992 to 

levels below the settlement period ( 1900-1954 ). De Boer ( 1997 a) interpreted the changes 

as indicating an increase in topsoil erosion following settlement. The author concludes 

that the changes in geochemistry and deposition rates of the allogenic fraction occurred in 

response to land use change following settlement. 

2. 5 Conclusion 

The previous discussion explored the aspects of lake sediment based studies 

relevant to the present research project. Last (1999) provides an in-depth overview of the 
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literature on the geolimnology of the Great Plains of Western Canada with a focus was on 

the evaluation of the effects of climate change at greater timescales. Nevertheless, as 

there were only two lake sediment studies conducted within the semi-arid prairie 

concerned with a timescale of the past hundred years, an apparent need for more research 

within the semi-arid prairie is evident. In this region, a question of great concern is how 

agriculture has affected sedimentation rates and the sediment qualities of wetlands. The 

use of sediment and sedimentation rates as indicator of erosion rates will provide 

information about the sustainability of the soil resource for agricultural use. 
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3. Study Area 

3. 1 Physical description 

The PECOS study area, Census Region 3BN, located within southwestern 

Saskatchewan, Canada (Fig. 3. 1 ), was chosen as the study area of the PECOS study 

because considerable information and data already exist about the region and its 

residents. The information is in the form of census data, health care, educational, and 

social service administrative databases. The area contains a variety of landforms, soil 

types, and land uses. As it is part of the semi-arid region of Saskatchewan, it is on the 

margin of viable agriculture and is sensitive to environmental stresses (Anderson, 1993). 

Other reasons for selecting this region are that the Swift Current Agricultural Research 

Station and the Matador Grassland Research site are located in this area. 

The PECOS area covers 15,700 km2 within the Brown soil zone. This dry area 

of Saskatchewan is in the mixed grass ecoregion (Fung, 1999). The landscape is diverse 

with few trees. Grasses such as spear grass and wheat grass dominate the natural 

semiarid vegetation. The northwest portion of the area has productive clay soils with 

large wheat farms. The remainder of the area has hilly, stony, or sandy soils where 

grazing is the major land use (Anderson, 1993). 

This semi-arid area receives little precipitation, averaging only 300 to 370 

millimeters annually. Potential evaporation rates are twice this amount (Environment 

Canada, 1982). Major droughts have been experienced in the PECOS area and the 
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semi-arid prairie during the 1880s, the early 1920s and 1930s, and the last drought 

occurred in 1988 (Rowe, 1990). The PFRA station at Outlook, about 20 km to the 

northeast of the slough, has an annual temperature of3.2° C and receives, on average, 

3 23.3 mm of precipitation annually based on 3 0-year averages (Environment Canada, 

1982). Maximum precipitation occurs in June (60.4 mm). Mean annual wind speeds 

are 15 km/h (Environment Canada, 1982). 

The wetland selected for the present research is a slough located in the Coteau 

Hills in the north part of the PECOS study area on property owned by the Thunstrom 

family (Fig. 3.2). The primary criteria for selecting this wetland were its proximity to a 

road (easy access) and the apparent permanence of water. Another reason for selecting 

this wetland is that it was the site of another PECOS research project (Ross, 1999). 

The Thunstrom farm property is located in the Coteau Municipality (RM 25 5), 

named after the Coteau Hills, a hilly upland area southwest of Dinsmore. The 

topography was shaped by glaciation, with numerous potholes dotting the landscape. 

The underlying shale and sandstone bedrock is part of the Bearpaw formation. Relative 

to other stratigraphic units within Cretaceous bedrock in Saskatchewan, the Bearpaw 

formation is enriched in several trace elements: Ba, Cr, Mg and Ti (Dunn and Irvine, 

1993 ). Average concentrations of elements in rocks of the Bearpaw formation are listed 

in Table 3.1. 

The soils are loam-textured Brown Chemozem soils of the Haverhill 

Association. The soils 3m-capability classification refers to the soil's insufficient water 

holding capabilities, which presents limitations that may restrict crop choices or require 

special conservation practices (Fung, 1999). 
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Table 3.1 Average concentrations of elements in rock chip samples 
from exploration drill-holes in the Bearpaw Formation in southern 
Saskatchewan (Dunn and Irvine, 1993). (ppm unless otherwise 
stated) 

Element Concentration 

Na 0.09% 
Mg 0.86% 
AI 1.10% 
p 590 
K 0.2% 
Ca 2.30% 
Ti 250 
v 28 
Cr 53 
Mn 600 
Fe 2.60% 
Co 11 
Ni 27 
Cu 24 
Zn 78 
As 8 
Rb 63 
Sr 78 
Ag 0.4 
Mo < 1 
Cd <1 
Sb 1 
Cs 4 
Ba 600 
La 27 
Bi 0.2 
Th 6 
u 2.3 
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The Haverhill Association soils are medium textured soils developed on glacial 

till deposits from the Quaternary glaciations (Mitchell eta/., 1977). They are typically 

present in a landscape of rolling relief, with knolls and intermediate slopes and 

depressions. The A horizon is characterized by grey brown to light brown soils. The B 

horizon is bright brown to coffee colored turning yellow brown at the base of the 

horizon (Mitchel et a/., 1977). C horizons are dark grey heavy boulder clay till with 

laminations. At lower depths the soil becomes bluish grey. Throughout the lower 

horizons there may be rust coloured specks of iron oxides (Mitchell et a/., 1977). 

Li ( 1997) compared farmland soils with natural, unbroken soils of the Haverhill 

Association in the PECOS study area (Table 3.2). The results indicate a depletion of 

Na, Sr, Ni, and Cain the farmed soils compared to the natural, unbroken soils. The 

farmland soils did show, however, enrichment of greater than 20 % of Cd, Bi, Zn, and 

U. The highest concentrations of Cd were found in the topsoil. Several other elements 

were enriched in the farmed soils as well, including P, Ti, V, Rb, Zr, Mo, and Ba, 

however enrichments were not as great. In sample cores of Haverhill soils, 

concentrations ofMg, Ca, and U increased with depth whereas Zn concentration 

decreased with depth. Concentrations ofF e, Cu, and Co remained constant throughout 

the profile. Li (1997) suggests the enrichments in the topsoil are related to agricultural 

practices such as fertilizer application and the use of pesticides. Phosphate fertilizers are 

a source ofCd in topsoils (Li, 1997). 

The Thunstrom slough (Fig. 3.3) lies in a north to south valley bisected by a grid 

road constructed in 1975 (Fig. 3.4). The slough and wetland lie on the north side of the 

road. The slough measures approximately 330m by 70 m, although there are seasonal 

variations depending on precipitation and evaporation rates. A 1. 5 m high dam 
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Table 3.2 Average trace element concentration (ppm) of soils from the plough zone 
in the Haverhill soil association within PECOS study area (Li, 1997). 

Haverhill Haverhill 
Element Association farmed Association natural 

soils unbroken soils 

Li 19.7 16.7 
p 600.0 543.0 
Sc 7.5 7.7 
Ti 2836.0 2521.0 
v 82.3 76.3 
Cr 61.7 60.9 
Co 9.6 8.8 
Ni 20.2 22.3 
Cu 16.2 15.5 
Zn 65.5 49.7 
Rb 63.9 56.2 
Sr 164.0 173.2 
y 18.7 17.4 
Zr 162.0 157.0 
Mo 1.0 0.8 
Cd 0.3 0.2 
Sb 0.7 0.6 
Cs 2.8 2.3 
Ba 685.0 587.5 
La 27.0 26.1 
Ce 53.0 51.0 
Pr 5.9 5.7 
Nd 23.3 22.1 
Sm 4.5 4.0 
Eu 1.0 0.9 
Gd 4.6 4.2 
Tb 0.6 0.5 
Dy 3.1 2.9 
Ho 0.6 0.6 
Er 1.8 1.6 
Tm 0.3 0.3 
Yb 1.7 1.6 
Lu 0.3 0.3 
Hf 4.0 3.5 
Pb 12.3 11.5 
Bi 0.12 0.09 
Th 8.31 8.4 
u 2.06 1.62 
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Figure 3.3 Photograph ofThunstrom wetland and slough taken facing northeast on 
September 23, 1995 
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Figure 3. 4 Photograph of grid road (constructed 197 5) directly south of wetland, taken 
September, 1995. 

37 



built in 1950 blocks the north end. North of the dam is marshland along the valley 

bottom, with intermittent seasonal stream flow. The slough is a closed water system 

that was originally part of an intermittent creek. The east and west banks have steep 

slopes, the southwest half being the steeper. Willows, saskatoon berry bushes, prickly 

rose and snowberries grow along the north banks. Sedges and cattails grow within the 

eulittoral zone. The centre of the slough contains an island of emergents, mainly 

cattails. The water level varies season-to-season and year-to-year. Ice thickness, 

recorded during fieldwork in the winter of 1997, ranged from 1 to 1. 5 m. 

3.2 Land use history 

The 17tlt and 18tlt centuries brought European explorers into the Canadian 

prairies. In 1690, Henry Kelsey described the area known today as the Palliser Triangle 

as a barren desert. Anthony Henday's (1750s) report complained about the lack of 

fresh water. Alexander Mackenzie reported that the proportion of the land fit for 

agriculture was small (Jankunis, 1977). In 1857, Captain John Palliser was 

commissioned by the British government to evaluate the potential for settlement, the 

natural resources, and identify possible transportation corridors within the semi-arid 

prairie region. The three-year expedition (1857-1860) resulted in a report describing an 

area with little agricultural potential. Palliser reported the landscape to be desolate and 

desert-like, unfit for agriculture and with no source for timber (Spry, 1963). 

Nevertheless, the explorers found a semi-arid grassland ecosystem that was in harmony. 

The grassland had been sustaining the grazing buffalo and aboriginals for thousands of 

years. 
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The introduction of agriculture led to a mass conversion of native grassland to 

wheat production; the foundation of the prairie economy (Rosaasen and Lokken, 1993). 

Wheat farming began in the southeastern part of Saskatchewan in 1871, although large 

cattle ranches had been in operation in the southwest of the province (Coupland, 1974). 

The Coteau Rural Municipality was surveyed in 1883 and 1884. The 1884 survey 

report noted there was a small creek flowing northward alongside a cart trail in one of 

the valleys ofRange 9 Township 26 (Deane, 1884). At present, the cart trail functions 

as a dirt road along the fields west of the Thunstrom slough. 

Expansion and completion of the railroad in the 1880s brought settlers west to 

the Palliser Triangle, which intensified land use changes. By 1901, 20,000 people had 

settled in the Triangle. From 1896 to 1914, the Dominion of Canada provided millions 

of hectares of land to settlers as part of the Homestead Act. This policy required 

settlers to till or plough 3 0 acres of their 160 acres within the first year in order to 

obtain title to that quarter -section. This regulation applied to all land even if you had 

been given stony, hilly, or salty land that was unfit for crops to grow. This regulation 

ignored the nature of the soil resource, and as a result, land that should never have been 

tilled was broken (Brierly and Hiley, 1993). Thus began an era of intensive land use 

change. Land clearing and tilling the soil had a profound effect on the health of the soil. 

Soils in the semi-arid grassland accumulate organic matter from the decomposition of 

the grasses and forbs growing on them. Tilling the soil reduces the soil organic matter 

due to the increased mineralization of the organic matter and removal of topsoil by 

erosional forces (Gregorich, 1984). Pennock eta/. (1994) report that the most 

pronounced decrease in soil organic matter occurs in the first 12 years of cultivation. 

Tillage decreases the size of the soil aggregates and therefore increases the erodibility of 
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the soil (Siddoway, 1963). Pennock eta/. (1994) describe the changes in soil organic 

carbon percentages as a set of transfers occurring in the soil column and between 

different parts of the landscape. The transfers were due to erosional processes involving 

water and wind and tillage. 

The number of farms quickly climbed in both the PECOS study area and Coteau 

Rural Municipality (R.M.) (Fig. 3.5a and b). A record number of farms in the Coteau 

R.M. were reported in the 1921 Canadian Census (Fig. 3.5b). The number of farms in 

the PECOS area peaked in 1931. The number of farms has slowly diminished since 

then, especially in the Coteau R.M. compared to the PECOS area. The size of farms, 

however, has increased (Statistics Canada, 1991 ). The number of acres of farms peaked 

in 1966 in Coteau R.M., but in the PECOS area, the numbers of farm acres continued to 

increase peaking in the 1996 census. Farming semi-arid prairie soil was a new 

experience to most of the homesteaders. They were from Ontario, the American 

Midwest, and Britain where soil forming processes, soil conditions, and climate are 

different. The applied farming practices were for moist conditions, not for the semi-arid 

conditions on the prairies. The changes in land cover, coupled with lack of knowledge 

of dryland farming, left the soil vulnerable to the prairie wind. The Canadian Census 

termed land that had been tilled and seeded, or altered in any way as "improved". The 

number of "improved acres" doubled from 1916 to 1921 in the Coteau R.M. (Fig. 3. 6). 

The number of improved acres remained relatively constant from 1931 to 1946 during 

the depression and drought and the WWII years (Fig. 3.6). Directly following WWII, 

from 1946 to 1951 the increase in numbers of improved acres in Coteau R.M 

accelerated. The number of acres under field crops in Coteau R.M. and PECOS area 

fell in 1941 following the depression and drought conditions of the 1930s (Figs. 3.7a 
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and b). Field crop acres remained constant from 1951 through 1971; the next census 

(1976) reveals an upward trend. 

Summerfallow is the practice of allowing a cropland to lie idle, either tilled or 

untilled, during the whole or greater portion of the growing season (Jankunis, 1977). 

Acres of summer fallow gradually increased through time and peaked in the 1941 in 

both the PECOS area and Coteau R.M. (Fig. 3.7a and b). The number of acres ofland 

under summerfallow has increased since 1966 surpassing the peak during 1941 

(Saskatchewan Agriculture- Agriculture Statistics). 

The Thunstrom family homesteaded in the Big Valley District of the Coteau 

Rural Municipality in 1909 (Coteau History Committee, 1981). They were the first 

family in the district, with many settlers soon following. Many of the early 

homesteaders abandoned their quarter-sections of land when farming proved to be too 

frustrating on the stony land (Homestead records). The section of land occupied by the 

wetland ofinterest(SW29 Range 9 Township 26 West of the Prime Meridian) was 

designated as school land. Sections 29 and II within each township were set aside for 

schools and often rented out for pasture or seeding. The Thunstrom family rented 

Section 29 from the school district. Eldon Thunstrom remembers the slough was partly 

dry in the 193 Os and cutting hay from the centre portion of the slough where the island 

is situated (Thunstrom, 1997, written communication). Grandsons ofthe original 

settlers purchased section 29 in the early 1960's. The fields east of the slough were 

ploughed and seeded after 1965. A gravel road was constructed to the south of the 

slough in 1975. The slough was dry during the summer drought of 1988 and the 

following year, oats were seeded in the centre where the island is located (Thunstrom, 

41 



1997, written communication). At present, the land use on the surrounding fields 

alternates between canola, wheat, and summerfallow with the use of 2, 4-D herbicide. 
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Fig. 3.5b Number of farms in Coteau R.M. (Statistics Canada). 
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43 



2000000 
I 

1600000 I 

U) 1200000 
Q) 
'-
() 
<( 800000 

--1r- Field Crops 

400000 ---- Summerfallow 

0 
1921 1941 1961 1981 2001 

Year 

Figure 3.7a Number of acres of field crops and summerfallow in PECOS study area 
(Statistics Canada). 
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4. Methodology 

4 .I Fieldwork 

A lightweight percussion core sampling system (Reasoner, 1986) was used to 

obtain sediment cores. The ideal time to obtain cores is in the winter when an ice cover 

forms over the slough. The ice provides a stable platform to operate the coring device. 

An ice auger was used to cut a twelve-inch diameter hole through the ice. During 

sampling, a core driver was elevated and dropped repeatedly to force the core barrel into 

the lake mud. Ropes and a lever were used to lift the core barrel out of the water. 

Fieldwork in February 1996 was not successful due to extremely cold winter conditions 

that caused ice to freeze to the sediment surface making penetration impossible. In the 

summer of 1996, one core was collected using dinghies. A second attempt at winter 

fieldwork took place in February 1997 and eleven cores were collected. The location of 

core sampling positions is illustrated in Fig. 4 .1. All cores were capped and transported 

to the laboratory of the Department of Geography, University of Saskatchewan, and 

placed in cold storage (4°C). In August 1996, sampling of the horizons of the soil catena 

of the contributing basin took place. The soil samples were air dried at room 

temperature, placed in plastic bags and labeled, and stored for further analysis. 

4.2 Laboratory procedures 

Each core was split lengthwise to allow observation and sub-sampling. Directly 
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Figure 4 .I Location of core sampling positions at Thunstrom slough. 
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after splitting, the colour of the moist sediment was recorded using the Munsell soil 

colour system. One half of the first core obtained during the summer of 1996 (core A) 

was sectioned into 1-cm layers. The layers were placed in labeled Petrie dishes. Half of 

the core was stored at 4 OC for later analysis while the other half was dried at room 

temperature until a constant weight was observed. Core A was selected for detailed 

analysis because it was obtained first, and it was from a central position in. the deeper part 

of the wetland, and because there were distinct colour changes with depth. Cores 6, 7, 

and 8 were also sectioned into 1-cm layers, which were oven dried (40°C) and stored in 

labeled Petrie dishes at room temperature. The rest of the cores remain in storage at 4°C. 

A number of procedures were used to determine the physical and chemical characteristics 

of the sediment. A brief description of these follows. 

4.2.1 Lead-210 

Five to ten grams of the even numbered layers from core A were ground using a 

mortar and pestle, placed into tared and labeled plastic vials, and mailed to the 

Freshwater Institute of the Department ofFisheries and Oceans in Winnipeg. Each of the 

samples sent was sealed in 60 x 15 mm plastic Petrie dishes and aged for 3 0 days. The 

samples were counted on a gamma spectrometer ( Ge (Li) or HPGe semi-conductor 

detector) for the determination of 137 Cs and 226Ra (Joshi and Durham, 1976). One- to 

three-gram samples were analyzed for 210pb by leaching in 6 N HCl in the presence of a 

210Po tracer, auto plating Po onto a silver disc (Flynn, 1968), and counting the disc on an 

alpha spectrometer to determine 210pb via its 210po daughter. 22~ was determined on 

selected layers by the radon de-emanation technique (Mathieu, 1977; Wilkinson, 1985). 

Excess 210pb was determined by subtracting the 22~ activity from the 210pb activity. 
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The sediment layer mean ages were determined using the Constant Rate of Supply model 

(CRS) (Appleby and Oldfield, 1978). 

4.2.2 Cesium .. 137 

Due to the amount of sample (50 g' s) needed for measurement by the Department 

of Soil Science, 137Cs activity was determined in core 6. Core 6, obtained near the site of 

core A, exhibited a similar stratigraphy to core A. Each sub-sample was air dried, 

ground, and weighed before testing. The first sample contained all of the top three em (0-

3 em) of core 6 to obtain 50 g. Subsequent lower layers were combined using equal 

weights, for example 25 g from the 3-4 em and 25 g from 4-5 em layers were combined 

into one plastic container for testing. The Department of Soil Science conducted the 

137Cs testing using a high-purity, coaxial Ge crystal connected to a 4096 Multichannel 

Analyzer (MCA). Testing proceeded with the top sample and continued until detection 

of 137Cs ceased in two consecutive depths. Calculations to determine activity (Bq kg-1
) 

followed methods outlined in de Jong et al. (1982). 

4.2.3 Gravimetric moisture content 

Moisture content is the ratio of the mass of water to the dry mass of the sediment. 

Variation in the water content relates to changes in the rate of sedimentation, the degree 

of bioturbation and its variation in time, the character of the sediment deposit, and the 

bulk density of the sediment. The standard procedure involves oven-drying a small (3-5 

grams) sample of sediment at 105°C overnight. Methodology is outlined by Hakanson 

and Jansson (1983). 
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4.2.4 Particle size analysis 

Particle size analysis is a measurement of the size distribution of the individual 

particles or texture of a sediment sample (Gee and Bauder, 1986). This analysis is useful 

to describe and classify the sediments, and helps to understand modes of transport and 

deposition. Coarse classes of sediment may be separated by sieve analysis, whereas finer 

sediments require other methods such as the pipette or hydrometer methods (Lowe and 

Walker, 1984). 

The pipette method is a direct sampling procedure based upon Stokes' Law, 

which assumes that thoroughly dispersed particles of a given size in a suspending 

medium will settle below a given point of withdrawal in a given time (Gee and Bauder, 

1986). Laboratory procedures follow the standard methodology presented by Gee and 

Bauder (1986). This method was chosen for particle size analysis of the soil samples. 

Due to limited amounts of sample and the availability of a computer-based image 

analysis system within the Department of Geography presented an alternative method. 

Each sub sample (obtained from odd numbered sample layers) was prepared following a 

modified method by Engstrom and Wright (1984) to separate the clastic portion from the 

authigenic and organic portions of the sediment. The clastic portion was analyzed. 

Preparation of samples for particle size analysis following modified Engstrom and 

Wright (1984) fractionation procedure 

1. Place 0.1 grams of oven-dried sample into a 250 mi Erlenmeyer flask. 

2. Add 25 mi 30% H202; place in water bath and react at 90°-95°C until oxidation ceases 

(usually 1 hour). This step destroys the organic matter. 

3. Add 15 mi 1 N HCl and bring volume to 50 mi with distilled water. React at 90°-95°C 
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in a hot water bath for 30 minutes. This step extracts carbonates and amorphous oxides. 

4. Centrifuge the samples at 2500 rpm for 15 minutes. 

5. Pour off supernatant. 

6. Add distilled water to the remaining residue and place on vortex mixer for 30 seconds. 

Centrifuge at 2500 rpm for 15 minutes. This step washes the H202 and HCl from the 

residue. Repeat twice. 

7. Pour off supernatant. Add distilled water and place on vortex mixer for 30 seconds. 

Using a fine pipette immediately withdraw a small amount. Place 2-3 drops on a 0.45 

J.tm Millipore HA filter that has been set up on a vacuum filter holder. After evacuation 

of excess water, remove filter and place on labeled slide. Allow filter paper to dry 

completely. 

8. The particle sizes were investigated using a light microscopy on an imaging system 

consisting of a Zeiss Jenamed II microscope with a Sony XC75 CCD camera installed on 

the phototube. The CCD camera was connected to a Pentium computer running the 

Northern Exposure image analysis software. This allows capture, analysis, and storing of 

digital images of the particles obtained by the camera. Images were collected using 1 OX 

objectives. During analysis, the filter is made semi-transparent by applying droplets of 

low viscosity immersion oil to the field of view. This helps separate the particles from 

background. (De Boer, 1997b) 

9. The image analysis system measured the particles, grouped them into specific size 

classes, and counted the number of particles in each size. The following particle size 

classes, established by the particle size classification system outlined by Hakanson and 

Jansson (1983), were used: 
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Particle classes 

Clay < than 2 J.lm 

Fine silt < 6 J.lm but >2 J.lm 

Medium silt <20 J.lm 

Coarse silt <63 J.lm 

Sand <2000 IJm 

Gravel >2000 IJm 

4.2.5 Dry bulk density 

Dry bulk density is the ratio of the mass of the dry solids to the bulk volume of 

the soil (Blake and Hartge, 1986). When calculating deposition rates, part of the formula 

includes the bulk density of the sediment. Bulk densities were determined using the clod 

method, following the standard methodologies described by Blake (1965) based on the 

following formula: 

p= (dw * Wods) I (Wsa - Wsp + Wpa - (Wpa * dw/dp)) [4.1] 

Where, 

p is bulk density (g cm-3
), 

dw is density of water at temperature of determination (g cm-3
), 

W ods is oven dry mass of soil sample (g), 

W spw is the net mass of soil plus paraffin in water (g), 

Wpa is the mass of paraffin coating in air (g), and 

51 



dp is the density of paraffin (Blake, 1965). 

For core ~ the slice method for determining bulk densities on a dry mass per wet 

volume basis, g cm-3
, was also calculated. The dry mass (g) of the sediment slice was 

divided by the volume ( cm3
) of the 1-cm slice. 

4.2.6 Total, organic and inorganic carbon and LOI 

The organic carbon content of sediment provides a record of the biological 

productivity in the basin and input of organics from outside of the lake. Organic carbon 

content must be known prior to beginning the procedure for particle size analysis, as 

samples with high organic content must be treated to remove the organic portion. The 

standard method of determining organic content is loss on ignition (LOI). Sediment 

samples from core A were analyzed for loss on ignition using this method. The amount 

of organic carbon in a sample is indicated by the weight loss of dry sediment following 

combustion in a furnace at 550°C (Lowe and Walker, 1984). The formula for calculating 

loss on ignition is: 

LOI =(eNs .. Wr) x 100) I Ws [4.2] 

Where LOI is the loss on ignition(%) of the mass (g) of the solid particles (Ws), and 

Wr is the mass (g) of the inorganic residue after combustion (Hakanson and Jansson, 

1983). 

To determine carbonate percentages, the samples were returned to the muftle 

furnace and heated to 1000°C for one hour. The weight loss between 550° and 1000° is 
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the amount of carbon dioxide evolved from the carbonates. This value was divided by 

0. 44 (the fraction of C02 in CaC03) to give the measured percent of CaC03 (Dean, 

1974). 

The muftle furnace broke during the course of the loss on ignition measurements, 

and therefore selection of another method of determining organic and inorganic carbon 

was necessary. The LECO CR-12 Carbon System at the Department of Soil Science, 

University of Saskatchewan, measured total carbon and organic carbon for each 1 em 

layer from core A and the soil samples. The system measures total C on approximately 

1 g of ground sample by combustion at 1100°C in the presence of oxygen. Organic 

carbon is determined by combustion at 800°C, and inorganic carbon is determined by 

subtraction. 

4.2.7 Magnetic susceptibility 

Magnetic susceptibility was measured with a Hartington Dual Frequency 

Magnetic Susceptibility Meter (Hartington Instruments, 1990) at the Soil Physics 

Laboratory in the Department of Soil Science, on cores A, 6, 7, and 8, and on the soil 

samples total and coarse and fine fractions. Soil samples were separated into size 

fractions (fines <63 J..lm and sands >63 J..lm) by sieving before sub sampling. A sub

sample of each layer was ground using a mortar and pestle and funneled into a 4 dram 

clear medicine container (23 mm diameter by 50 mm high) up to a standardized level 

(~ 20 mm.). Low (0.47 kHz) and high frequency (4.7 kHz) readings were obtained to 

calculate both the magnetic susceptibility (X) (10-8 m3 kg-1
) and the frequency 

dependence of the magnetic susceptibility (Xrd) following the procedure outlined in 

Nestor (1996). Two consecutive measurements for each sample were preceded by and 
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followed by a blank instrument reading to account for any possible thermal drift in the 

instrument (Nestor, 1996). 

Senft ( 1991) reports that magnetic susceptibility is dependent on the height of the 

sample in the medicine container and that maximum values occurred at 20 mm. The 

following formula represents the calculations for low frequency magnetic susceptibility: 

Xtt=Xmax (0.76636 + 0.023823h- 0.00060153h2
) [4.3] 

Where Xtt is the magnetic susceptibility (SI units) for a sample ofh mm height, 

Xmax is the maximum measured magnetic susceptibility for this material, and h is the 

sample height in mm (Nestor, 1996). 

Frequency dependence of magnetic susceptibility is expressed as the percentage 

of the low frequency magnetic susceptibility calculated as: 

Xrd = [(X~ Xttf)/XIf] * 100 [4.4] 

Where Xrd is frequency dependence of the magnetic susceptibility (% ), Xlf is low 

frequency magnetic susceptibility, and Xttr is the high frequency magnetic susceptibility 

(Nestor, 1996). 

The absolute frequency dependence ( Ard) calculation uses the corrected low 

frequency X value and the % Xrd of the sample in the formula: 

Afd= (XIf * Xrd) I 100 
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Where Afd is the absolute frequency dependence (10-8 m3 kg-1
), 

Xfd is the frequency dependence of the magnetic susceptibility,%, 

Xlf is the magnetic susceptibility (low frequency), and 

Xhfis the magnetic susceptibility (high frequency) (Nestor, 1996). 

4.2.8 Geochemistry 

Inductively coupled plasma mass spectrometry (ICP-MS) is a new analytical 

technique in geochemical analysis. It has the capability to identify metals and rare earth 

elements at natural levels in geological materials and the capacity to measure individual 

isotopes (Hall, 1992). An important advantage ofusing ICP-MS is its unprecedented 

sensitivity as shown in the compilation of detection limits in Tables 4.1 and 4.2. Other 

advantages include rapid, simultaneous multi-element analysis that has the capability to 

analyze more than 60 elements. As well, ICP-MS uses pure elemental standards for 

calibration (Taylor et al., 1993). A disadvantage to ICP-MS is that it is solution based. 

The samples must be dissolved, which increases the chance of error through possible 

contamination or low yield due to incomplete digestion (Hall, 1992). 

The following section discussed the ICP-MS analysis of the major elements, 

fractionated according to sediment source, and bulk analysis of the trace elements. 

4.2.8.1 Major elements 

The following procedure is an adaptation of the chemical fractionation procedure 

outlined by Engstrom and Wright (1984) that separates the clastic allogenic fraction of 

the sediment from the authigenic and organic fractions. Engstrom and Wright (1984) 

caution that a precise division of the distinct fractions is difficult to attain and the 
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Table 4.1 Detection limits of elements analyzed in the subsamples of the allogenic 

and authigenic fractions of core A by XRAL Laboratory 

Allogenic Authigenic 
Element Symbol Atomic number Detection Limits Detection Limits 
Beryllium Be 4 0.5 ppm 5ppb 
Sodium Na 11 0.01% 50ppb 
Magnesium Mg 12 0.01% 50ppb 
Aluminum Al 13 0.01% 50ppb 
Phosphorus p 15 0.01% 50ppb 
Potassium K 19 0.01% 100 ppb 
Calcium Ca 20 0.01% 1 ppm 
Scandium Sc 21 0.5 ppm 1 ppb 
Titanium Ti 22 0.01% 10ppb 
Vanadium v 23 2ppm lOppb 
Chromium Cr 24 1 ppm lOppb 
Manganese Mn 25 2ppm 5ppb 
Iron Fe 26 0.01% 50ppb 
Cobalt Co 27 1 ppm 10 ppb 
Nickel Ni 28 1 ppm IOppb 
Copper Cu 29 0.5 ppm 5ppb 
Zinc Zn 30 0.5 ppm 5ppb 
Arsenic As 33 3ppm 30ppb 
Strontium Sr 38 0.5ppm 1 ppb 
Yttrium y 39 0.5 ppm 5ppb 
Zirconium Zr 40 0.5 ppm lOppb 
Molybdum Mo 42 1 ppm 10ppb 
Silver Ag 47 0.2ppm 1 ppb 
Cadmium Cd 48 I ppm 10ppb 
Tin Sn 50 lOppm 50ppb 
Antimony Sb 51 5ppm 50ppb 
Barium Ba 56 1ppm lOppb 
Lanthanum La 57 0.5 ppm 10ppb 
Tungsten w 74 lOppm 50ppb 
Lead Pb 82 2ppm 30ppb 
Bismuth Bi 83 5ppm 50ppb 
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Table 4.2 Detection limits for trace elements 
in soils analysed by ICP-MS (Li, 1997) 

ICP-MS 
Atomic Measured Detection 

Element Symbol Number Mass Limit ppm 

Lithium Li 3 7 1.7 
Beryllium Be 4 9 * 
Phosphorus p 15 31 10 
Scandium Sc 21 45 0.6 
Titanium Ti 22 47 6 
Vanadium v 23 51 0.2 
Chronium Cr 24 53 4 
Cobalt Co 27 59 
Nickel Ni 28 60 0.4 
Copper Cu 29 65 0.3 
Zinc Zn 30 66 
Rubidium Rb 37 85 0.2 
Strontium Sr 38 86 0.3 
Yttrium y 39 89 0.02 
Zirconium Zr 40 91 0.04 
Niobium Nb 41 93 * 
Molybdenum Mo 42 95 0.7 
Silver Ag 47 107 * 
Cadmium Cd 48 Ill 0.18 
Antimony Sb 51 121 0.05 
Cesium Cs 55 133 0.09 
Barium Ba 56 137 10 

Lanthanum La 57 139 0.01 
Cerium Ce 58 140 0.01 
Praseodymim Pr 59 141 0.01 
Neodymium Nd 60 145 0.09 
Samarium Sm 62 147 0.11 
Europium Eu 63 151 0.03 
Gadolinium Gd 64 157 0.06 
Terbium Tb 65 159 0.01 
Dysprosium Dy 66 163 0.03 
Holmium Ho 67 165 0.01 
Erbium Er 68 167 0.03 
Thulium Tm 69 169 0.01 
Ytterbium Yb 70 173 0.05 
Lutrtium Lu 71 175 0.01 
Hafuium Hf 72 177 0.08 
Tantahnn Ta 73 181 * 
Tungsten w 74 184 * 
Thallium Tl 81 205 * 
Lead Pb 82 208 0.06 
Bismuth Bi 83 209 0.02 
Thorium Th 90 232 0.01 
Uranium u 92 238 0.04 
* not provided 
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separation is only an estimate. Representative samples were selected for sub-sampling 

from core A from the odd numbered layers, starting with the 2-3 em layer through to 34-

35 em. Layers 35-36 and 36-37 were a mixture of two colours of sediment and therefore 

not sampled. Sampling resumed at the 37-38 em layer, and continued to the base of the 

core at every second layer. 

Chemical fractionation procedure 

1. Weigh approximately 1 gram of oven dried (105°C) in a 250 ml Erlenmeyer flask. 

2. Add 25 ml30% H20 2 and react at 90-95°C until oxidation ceases to destroy organic 

matter. 

3. Add 15 ml1N HCl and bring volume to 50 ml with distilled water; react at 90-95°C for 

30 minutes to extract carbonates and amorphous oxides. 

4. Centrifuge the samples at 2500 rpm for 15 minutes; pour supernatant into labeled 

narrow mouthed polyethylene bottle and store until analysis. This fluid sample 

represents the authigenic fraction diluted with distilled water plus the organic part of the 

allogenic fraction. 

5. Wash the residues with distilled water into an Erlenmeyer flask and add 10 ml 1 N 

NaOH; bring volume to 50 ml with distilled water. React at 90-95°C for 15 minutes, this 

releases biogenic silicas. 

6. Centrifuge the samples at 2500 rpm for 15 minutes. Pour off the supernatant and wash 

the residue with distilled water into a tared Petrie dish. With distilled water, wash the 

residue from the Erlenmeyer flask into the same Petrie dish, dry at 50-60°C, and store for 

analysis. This residue represents the clastic part of the allogenic fraction of the sediment. 

An outside laboratory (XRAL) processed the samples for elemental analysis by 
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inductively coupled plasma mass spectrometry (ICP-MS). The clastic portion of each 

sub sample, after multi-acid digestion, was analyzed for the following elements: Be, Na, 

Mg, AI, P, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Y, Zr, Mo, Ag, Cd, Sn, 

Sb, Ba, La, W, Ph, and Bi. Two samples (sample 3 and 29) had duplicate tests for quality 

control. The authigenic portion of each subsample was analyzed for the same list of 

elements. Because samples of the allogenic fraction were solid particles compared to the 

liquid samples from the authigenic fraction, the ICP-MS analysis for each fraction had 

different detection limits. Table 4.llists limits of detection for the allogenic and 

authigenic samples. 

4.2.8.2 Trace element analysis ofbulk sediment by ICP-MS 

In addition to the analyses of the allogenic and authigenic fractions, trace element 

concentrations in bulk sediment were measured by ICP-MS. Analysis of this type allows 

a description of the trace element sediment profile. Elements analyzed by ICP-MS 

include Li, Be, P, Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sb, Cs, 

Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Ph, Bi, Th, 

and U. Subsamples from the following layers were prepared in the clean laboratory of 

the Department of Geological Sciences (3,7,9,11,15,17,19,21,23,25,27,29,31,33,35,41, 

43, 45, 49, and 51). All trace elements were analyzed using a Perkin-Elmer-Sciex model 

Elan 5000 ICP-MS in the Department of Geological Sciences, University of 

Saskatchewan, following the procedures outlined in Li (1997). Detection limits are listed 

in Table 4.2. 
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5. Results 

5.1 Colour 

Visual inspection of core A revealed six distinct colour sections (Figs. 5.1 and 

5.2). The base of the 52-cm core was light greyish brown (2.5Y 6/2). From 47 to 37 em, 

the colour was greyish brown (2.5Y 5/2). The top three centimeters of this section 

contained a mixture of very dark grey and greyish brown sediments. From 37 em to 30.5 

em, the sediment colour was very dark grey (7.5YR 3/0). From 30.5 em to 24 em, the 

colour was black (2.5YR 2.5/0). The colour lightens slightly within the next section, 

returning to very dark grey (2.5Y 3/0). The top 15 em are the darkest sediments, which 

were black (2.5Y 2/0). The surface layers contained small bits of plant debris and fine 

fibrous roots. Several small pebbles less than 0. 7 em in diameter were found in the 

sediment in the 26 to 29 em and 3 2 to 3 5 em layers. Descriptions of the remaining cores 

(2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12) can be found in the Appendix Table A.1 

5.2 Chronology e10pb and 137Cs) 

The chronology of sediments (primarily post-settlement) from core A was based 

on close-interval 210pb dating. Unsupported 210pb activity was determined at fifteen 

levels down to a depth of 30 em. The excess 210pb shows an exponential decrease down 

the core profile but the curve is not smooth, which suggests changes in sedimentation 

rates. Calculations therefore followed the CRS model of Appleby and Oldfield (1978). 
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Figure 5.1 Photograph of core A split open lengthwise revealing colours of sediment 

sections 
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Figure 5.2 Schematic diagram illustrating sediment colour sections in core A, using the 

Munsell soil colour system. 
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The age-depth relationship of the sediment is illustrated in Fig. 5.3. Sediment influx to 

the wetland was calculated from the dates derived from the CRS model together with 

measurements of the dry weight to wet volume ratio of the core slice (bulk density slice 

method). There is a general upward trend in sediment influx, with several pronounced 

peaks (Fig. 5.4). The first peak occurred in 1876-1878 (29-30 em) with a sedimentation 

rate of0.28 g cm-2 y-1
. The highest peak occurred in 1905-1906 (23-24 em) with a 

sedimentation rate of0.64 g cm-2 f 1
. The next peak in sedimentation rated occurred 

1941-1943 (19-20 em). Sediment influx increases steadily upcore especially after the 15 

em, following a period of low sedimentation rates from 1945-1955 (17-18 em). A fourth 

period of high sedimentation rates occurs in 1983-1985 (7-8 em). The peaks in 1941-

1943 and 1983-1985 have the same sedimentation rate as the first peak in 1876-1878. 

The final peak in 1989-1991 (4-5 em) has the second highest sedimentation rate at 0.32 g 

cm-2 f 1
. Upcore from 4-5 em sedimentation rates steadily decline, but rates remain 

higher than pre-settlement rates. 

Soil losses to the catchment were calculated using the sedimentation rate 

(g cm·2 f 1
), the approximate area of the slough (23,000 m2

), and the estimated area of 

the catchment (180,000 m2
). Estimated soil losses varied from 1.3 to 7.8 tonnes ha-1 y·1

, 

although most losses were between 2-3 tonnes h-1 f 1
. The highest soil loss occurred 

during 1905-1906 (23-24 em). 

Sediments with a 210pb date around 1963 occur at the 15-16 em depth: close to 

the 137Cs peak for this core at 13-14 em (Fig. 5.5). Sediments with a 210Pb date of 1954 

occur at 17-18 em. Detection of 137Cs, however, occurs at depths down to the 23-24 em 

layer. The 137Cs curve shows an upsweep in the top three samples (1-2 em, 3-4 em, and 

5-6 em). 
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5. 3 Gravimetric moisture content 

At the base of core 1\ the greyish brown and light greyish brown sediments (3 7-

52 em), had consistent moisture contents of approximately 10% (Fig. 5.6). Above this 

layer, there was an upward trend of increasing moisture percentages. The uppermost 

black sediments of core A contained the highest moisture contents, ranging from 100 to 

280 %. Changes in moisture percentage corresponded to the areas of observable colour 

changes in the core A profile. 

5. 4 Particle size analysis 

Although particles in the silt range are predominant throughout the core, there are 

significant changes in particle size distribution (Fig. 5. 7). Because the % silt 

outnumbered the % clay and % sand, particles in the silt class were subdivided into fine 

(<6 J.tm), medium (6-20 Jlm), and coarse (20-63 Jlm) (Hakanson and Jansson, 

1983). The fine silt fraction dominated the total silt content throughout the entire core 

(Fig.5.8). The light greyish brown and greyish brown sediment at the base of the core 

(38-51 em) had higher% of fine silt than upcore. The peak in% fine silt occurred at 45 

em. The lowest % fine silt occurred at 19 em. Medium silt ranged from 19 to 31 %. 

The light greyish brown and greyish brown sediment at the base of the core (38-51 em) 

had the lowest percent of medium silt. The lowest percent is at 41 em at 19 %. The peak 

of medium silt is at 35 em with 31 %. From the base of the core up to 38 em (light 

greyish brown and greyish brown sediment) has low % coarse silt. Above 3 8 em, the % 

coarse silt is generally higher and peaks at 11 em with 12% (Fig. 5.8). 
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From the base of the core to 37-38 em, the% clay ranges from 21 to 33% (Fig. 

5.7). A major change occurs at 37-38 em where the% clay sharply decreases to around 

18%. However, there are minor increases at 12-13, 6-7 em, and 2-3 em. 

The higher% clay at the lower section of the core (37-47 em) corresponds to 

decreased sand content (Fig.5.7). The% sand at the base of the core is lower than 

upcore. The% sand increases from 2% at 38 em to 6% at 35cm. The% sand peaks at 

18-19 em, and there are minor increases at 10-11 em. 

The % gravel in core A is low with all values less than or equal to 0.31 %. The 

peak in% gravel occurs at 37-38 em. Two other peaks occur at 32-33 and 14-15 em. 

The lowest percentages of gravel occur at 10-11 and 18-19 em. There were no gravel 

size particles at 2-3 em Table A.2 (Appendix A). 

Changes in the particle size distribution were evident at two layers. The first 

major change occurred around the 37-cm colour change. From 38 em to 35 em, the 

following changes occur: decrease in % clay, % fine silt, and in % medium silt; a peak in 

% coarse silt; an increase in % sand from 2 to 6 %, and % gravel peaks at 0. 31 %. The 

second major change occurred at 18-19 em: this includes a decrease in% clay,% fine 

silt, and% medium silt; and peaks in% coarse silt and% sand. The peak in% sand is 

the highest percentage of sand content for the core. Gravel content is higher at 18-19 em 

than in the overlying sediment. 

5.5 Bulk Density 

Bulk densities were calculated by two methods, the clod method and the slice 

method. The bulk densities calculated by the clod method are close to 1. 5 g cm-3
, with a 

general upcore-decreasing trend (Fig.5.9a). There are, however, sections of sediment 
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that deviate from the general trend. The grey brown and light grey brown sediments 

below 40 em have consistently higher bulk density values. Above 40 em, bulk densities 

continue to decrease up to 3 3 em. Within the next section, values fluctuate from high to 

low. There are two sections of higher values from 15 to 20 em and 32 to 34 em. Above 

15-16 em, there is a sharp increase in values. The black sediments near the surface (0-15 

em) have consistent bulk density values. 

For the bulk density values calculated by the slice method (Fig. 5. 9b ), the values 

are consistently lower than the calculated values of the clod method, and exhibit a 

general decreasing trend. The lower greyish brown and light greyish brown sediment 

(52-37 em) had consistently higher values than the upper sediments. Bulk density values 

ranged from the highest value of 1.3 g cm-3 at 44-45 em to 0.13 g cm-3 at the core top (0-

1 em). There were some deviations to the trend. Slight increases in the bulk density 

profile occurred at 28-29 em, 20-21 em, and 7-8 em. Bulk density values decreased 

steadily upcore from 39-40 em to 35-36 em. 

5.6 Total, organic, and inorganic carbon, and LOI 

There is a similarity between the changes in total carbon and the changes in 

colour profile of core A (Fig. 5.10). Total carbon percentages remain consistently low in 

the greyish brown and light greyish brown sediments below 40 em. From 40 up to 15 

em, there is an upward increase in% carbon. At 13-14 em, there is a sharp increase with 

high carbon percentages. The % total carbon for core is highest at black sediments near 

the surface (0-15 em). 

Organic carbon percentages are lowest in the lower greyish brown and light 

brown sediments (37-52 em), with values close to zero from the base up to 42 em 
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(Fig.5.10). Above 37 em,% organic carbon sharply increases. From the 35-36 em layer, 

the values only slightly increase to the 12-13 em depth. The % organic carbon is highest 

in the top black sediments beginning at 13 em. 

The % inorganic carbon is extremely low. The base of core A has the highest 

percent of inorganic carbon with values ranging from 3.4 to 3.8 %. From 39 to 44 em 

there is between 2 and 3% inorganic carbon. Upcore from 39 em, percentages range 

between 1 and 2 % inorganic carbon. At 31-3 2 em, continuing upcore through the very 

dark grey and the top black sediments, percentages are less than I % with the exception 

oflayers 7-8, 14-15, 24-25, and 28-29 em. 

Losses on ignition, which represent the organic matter content, exhibits an 

increasing upcore trend (Fig. 5.11). The greatest increase is at 14-15 em, where the 

sediment colour changes from very dark grey to black. The layer at 27-28 em has the 

lowest loss on ignition percentage while 1-2 em has the highest (24 %). 

There is a dramatic increase in the percentages of carbonates above 16 em (Fig. 

5.11 ). At 15 to 16 em, % carbonates is 7 % compared to 17 % in the next layer (14-15 

em). Layers 2-3 em and 12-13 em have the highest% carbonates (20.5 %) which are 

found at 2-3 em and 12-13 em compared to the lowest (7 %) carbonate at 15-16 em and 

18-19 em. The CaC03 percentages decrease in the top sample (1-2 em). 

5. 7 Magnetic Susceptibility 

Low and high frequency magnetic susceptibility measurements were conducted 

on core A, 6, 7, and 8. From these measurements, the low frequency (LFMS), frequency 

dependence(% Xfd) and absolute frequency dependence (Afd) were calculated 
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(Appendix A, Table A.3). In general, the low frequency magnetic susceptibility (LFMS) 

values do not vary upcore and all values are low. Values are slightly higher at the base 

of the core A compared to the values in the top black and dark grey sediment (0-24 em) 

of core A (Fig. 5.12). There are peaks ofLFMS at 28 ... 29 and at 23-24 em, which 

coincide with increases in sediment influx. %Xfd had low values ranging from 1 to 3, 

with an extremely high peak at 48-49 em. Afd was very low, generally less than 0.3 but 

has a peak at 48-49 em. 

5. 8 Geochemistry 

The description of the geochemical profile of core A is divided into three 

sections. The first section describes the differences between the contributions of major 

elemental concentrations of the allogenic and authigenic fractions. The second part 

describes the results of trace element analysis in terms of concentration in bulk sediment. 

The third section describes the contributions of elemental influx of the allogenic and 

authigenic fractions and the influx of trace elements to the core. 

5.8.1 Major elements 

The allogenic and authigenic fraction data (ppm) were converted to mg g-1 of dry 

sediment and summed together to present a total elemental picture. The contribution 

from the allogenic fraction of the sediment generally dominates the geochemical 

composition of core A. The discussion of the major elements is therefore divided into 

three sections: (a) the predominantly allogenic elements, which include Na, Al, P, K, Sc, 

Ti, V, Cr, Ni, Zr, and Ba, (b) those elements that are mainly authigenic but the allogenic 

fraction may predominate in some layers, or mainly allogenic but the authigenic may 
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predominate in some layers. This group includes Mn, Fe, Ni, Cu, Sr, Y, and La, and (c) 

the predominantly authigenic fraction, which includes Mg, Ca, Co, and Zn. 

5.8.1.1 Predominantly allogenic fraction 

Elemental concentrations of the allogenic fraction tend to increase up core (Fig. 

5.13a). Nevertheless, within the light greyish brown sediment at the base of the core 

(47-52 em) concentrations ofNa, Ti, V, and Cr decrease upcore. Concentrations ofCr 

generally decrease upcore. From the colour change at 3 7 em, there is a general increase 

upcore of Al, Ti, V, and Zr. Within the next section (30.5-37), there is a definite peak at 

32-33 em of A1 and Sc, while concentrations ofK, Cr, and Zr decrease. 

Elemental concentrations remain constant throughout the next section (24-30.5 

em). Changes occur, however, in the overlying sediment section (15-24 em). At 18-19 

em, concentrations ofNa, Sc, Ti, V, and Zr begin an increasing trend that continues 

upcore. Zirconium concentrations had been generally constant up to 19 em. Potassium 

concentrations peak at 18-19 em, remaining constant throughout the rest of the core. The 

concentration of allogenic A1 begins to increase at 14-15 em. 

Ratios of selected elemental concentrations within the allogenic fraction were 

relatively constant (Table 5.1 ). Calculated ratios include K/ Al, K/Ti, Al/Ti, Zr/K, and 

Ti/Zr. Differences in ratios, however, occurred at the same layers for most ratios. Major 

deviations in the ratios occurred at 32-33 em and 18-19 em. At 32-33 em, ratios ofK/Al 

and K/Ti decrease, while the greatest difference between Al/Ti occurs at 3 2-33 em. The 

other elemental ratios (Zr/K and Ti/Zr) remain constant. At 18-19 em, the ratios between 

K/ Al, K/Ti, and Al/Ti are high, however Zr/K and Ti/Zr ratios drop. 
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Table 5.1 Selected ratios of allogenic fraction 

Depth K/Al K/Ti Al/Ti Zr/K Ti/Zr ZrN 
3 0.31 5.38 17.50 0.006 29.67 13.05 
7 0.33 5.42 16.23 0.007 26.69 14.98 
9 0.33 6.10 18.48 0.006 28.38 12.76 
11 0.36 5.52 15.40 0.006 28.28 14.73 
13 0.32 5.48 17.09 0.006 29.49 13.22 
15 0.34 6.30 18.60 0.005 29.63 12.27 
17 0.32 6.05 19.00 0.006 29.37 12.54 
19 0.41 10.00 24.27 0.004 24.71 13.20 
21 0.32 6.55 20.50 0.006 26.63 11.92 
23 0.31 6.47 20.84 0.006 25.33 13.16 
25 0.32 6.42 20.11 0.006 26.99 13.04 
27 0.31 6.11 19.47 0.006 28.83 14.02 
29 0.31 6.60 21.25 0.006 26.49 13.02 
31 0.31 6.58 20.95 0.006 26.72 12.70 
33 0.22 5.89 26.39 0.006 26.67 10.07 
35 0.33 7.00 21.33 0.006 25.14 14.32 
38 0.32 7.25 22.38 0.007 20.43 15.98 
41 0.36 9.20 25.47 0.005 21.22 15.37 
43 0.31 7.00 22.73 0.007 20.33 14.76 
45 0.35 8.00 23.18 0.006 21.68 14.52 
47 0.32 7.60 23.80 0.006 22.46 13.63 
49 0.33 7.63 23.06 0.006 21.19 14.80 
51 0.31 6.88 22.06 0.006 23.42 14.24 
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In summary, there is an upcore trend of increasing concentrations of the 

predominantly allogenic fraction, especially above 18-19 em. The allogenic profile 

demonstrates changes around the colour change at 3 7 em. Another interesting aspect 

within the allogenic concentrations is the peak of allogenic AI and Scat 32-33 em, which 

corresponds to changes in elemental ratios (K/Al, K/Ti, Al/Ti and Zr/Y) at 32-33 em. 

Several elements were not detected in the allogenic fraction of the sediment, 

including As, Cd, Sn, W, Ph, and Bi. Ag and Sb were detected in a few subsamples 

only. Although XRAL Laboratories detected Pin the allogenic fraction, its 

concentrations did not consistently reach detection levels. Detection levels (Table 4.1) 

are high for Pat 0.01 %. 

5.8.1.2 Mainly authigenic fraction 

Those elements which are mainly authigenic but the allogenic fraction may 

predominate in some layers include Mn, Fe, Cu, Sr, Y, and La (Fig, 5.13b). This group 

of elements, with the exception of Cu and La, dominated the elemental composition at 

the base of the core in the light greyish brown and greyish brown sediment (37-52 em). 

At the colour change at 3 7 em, the allogenic portion of the elements dominates 

throughout the next sections to 19 em. Authigenic concentrations ofMn, Fe, and Sr are 

lowest in the middle sediment sections (from 37 to 19 em); however, the concentrations 

increase upcore from 19 em and continue to increase throughout the uppermost black 

sediments (0-15 em). Copper, however, is dominated by allogenic Cu at the base ofthe 

core (37-52 em). Above the colour change at 37 em, the authigenic fraction ofCu 

dominates and exhibits a general upcore increase. The Yttrium composition is 
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dominated by the authigenic fraction in all samples tested except in the 30-31 em layer, 

where authigenic Y drops considerably. 

Although Be and Ni concentrations were mainly allogenic, contributions from the 

authigenic fraction dominated at 8-9 em and, therefore, these elements are included in 

this section. Authigenic Ni contributions remained constant upcore, but Be 

concentrations exhibited a slight upcore increase. Allogenic Ni concentrations were 

erratic. 

5. 8 .1.3 Predominantly authigenic fraction 

The predominantly authigenic fraction includes Mg, Ca, Co, and Zn (Fig. 5.13c). 

Authigenic Mg and Ca concentrations exhibit a similar profile trend upcore. In the light 

greyish brown and greyish brown sediments at the base of the core (37-52 em) the 

authigenic concentrations ofMg and Ca are high. The concentrations, however, 

immediately begin to decrease upcore until the colour change at 37 em. From 37 em to 

19 em, the authigenic concentrations ofMg and Ca remain constant. At 19 em, however, 

the concentrations begin to increase upcore. The trend continues upcore throughout the 

top black sediment, peaking at 12-13 em. 

Authigenic Co concentrations also follow the same pattern, however, the changes 

at 37 em and 19 em are not as pronounced. Although there is a section of a constant 

concentration from 30.5 to 19 em, authigenic Zn concentrations increase upcore. The 

profiles of Zn and Cu are similar. Allogenic Cu, however, dominates the authigenic Cu 

fraction at the base of the core from 37-52 em. 

Several elements were not detected in the authigenic sediment profile, including 

As, Cd, Sb, Bi, and W. There was no detection ofMo from the base of the core to 
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34-35 em, but above this depth to 10-11 em and in the subsample at 6-7 em, small levels 

ofMo were detected. Ag concentrations were extremely low, less than 4 ppb and not 

detected at 14-15 em and 32-33 em. Only six sub-samples had minor levels ofSn 

detected. 

5.8.2 Bulk Element Analysis 

Trace and major element concentrations in bulk sediment can be divided into 

groups of similar geochemical behavior, which simplifies the discussion. The first group 

includes Cu, Zn, and Cd, and is referred in the discussion as the Cu group (Fig. 5.14). 

Concentrations of the Cu group are low in the light greyish brown and greyish brown 

sediment at the base of the core (37-52 em). At the colour change at 37 em 

concentrations of the Cu group increase. The increase in concentration continues upcore 

to peak at 24-25 em. Concentrations decrease upcore to 18-19 em and then generally 

remain high throughout the top black sediments (0-15 em). 

The next group, consisting of V, Co, Sb, Ni, and Mo, shall be referred to as the V 

group (Fig.5.14). The V group concentrations are highest in the light greyish brown 

sediment at the base of the core (47-52 em). Concentrations, however, begin to decrease 

until the 42-43 m layer. Throughout the next sections, the V group concentrations 

remain constant until the 18-19 em layer. From 18-19 em to 14-15 em, the 

concentrations of the V group are consistently high upcore, while Sb and Mo 

concentrations continue to increase upcore. 

Concentration profiles of P and U are considered one group, each exhibiting 

similar profiles (Fig.5.14). Generally, the P group increases upcore. In the middle 
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sediment section (24-30.5), however, the trend is interrupted with constant 

concentrations. Above 18-19 em, the P group concentrations resume increasing 

throughout the top black sediment (0-15 em). Phosphorus concentration reaches 

maximum level at 2-3 em. 

Another group, Sc and Sr, exhibit similar geochemical concentration profiles 

(Fig. 5.14). The Sr group has high concentrations in the light greyish brown and greyish 

brown sediment (37-52 em) at the base of the core. From the colour change at 37 em, 

concentrations of the Sr group decrease upcore to the colour change at 30-31 em. 

Concentrations increase throughout the next section upcore to the colour change at 24 

em, which is followed by a decrease to 18-19 em. From 18-19 em, concentrations of the 

Sr group increase upcore throughout the top black sediment (0-15 em). 

Another group is the rare earth elements (REE), which have similar chemical and 

physical properties (Fig. 5.14). In core A, all REE concentration profiles exhibited 

similar patterns, however, there were small differences. The small differences in 

behavior are due to rock forming processes, which cause the REE to fractionate 

(Rollinson, 1993). The REE can be divided into group according to their atomic number 

(Rollinson, 1993). REE with low atomic numbers, referred to as the light rare earth 

elements (LREE) include La, Ce, Pr, and Nd. LREE concentrations are low at the base 

of the core but begin to increase upcore to the colour change at 3 7 em. In the middle 

sediment section (24-3 7 em), LREE concentrations are generally higher then the 

underlying concentrations and the upcore concentrations, with the exception of a sharp 

decrease at colour change at 30-31 em. From 26-27 em upcore throughout the dark grey 

(24-15 em) and the top black sediment (0-15 em) LREE concentrations continue to 

decrease. 
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The middle rare earth elements (MREE) include Sm, Eu, Gd, Tb, and Dy. 

MREE concentrations in the light greyish brown sediment are low, however, 

concentrations begin to increase upcore peaking in the middle black sediment (24-30.5 

em). Upcore from the peak, MREE concentrations decrease. The top black sediment (0-

15 em) has the lowest concentration ofMREE. 

REE with higher atomic numbers are referred to as the heavy rare earth elements 

(HREE). This group includes Ho, Er, Tm, Yb, and Lu. HREE concentration profiles 

begin high at the base of the core (51-52 em), however, upcore, concentrations sharply 

decrease throughout the lower sections (37-52 em) (Fig.5.14). The HREE concentration 

pattern varies slightly upcore, with slight increases at 44-45 em, in the middle sediment 

section from 24-30.5 em, and at 6-7 em. HREE concentrations decrease at 18-19 em. 

In summary, bulk elemental concentration profiles exhibit two zones of change. 

At the 37-cm colour change (Fig. 5.2), all bulk element concentrations exhibit a change; 

the Cu group and HREE concentrations begin to increase, while the Sc group, LREE, 

and MREE begin to decrease in concentration. The V group concentration ends a 

decreasing trend at 3 7 em and upcore its concentrations remain constant. The second 

zone of change occurs at 18-19 em, where the Sc group, Cu group and P group 

concentrations begin to increase. In addition, another change occurs in the 24-30.5 em 

sediment section, where all REE concentrations peak. 

5. 8. 3 Influx rates 

This section discusses the influx of the major elements, grouped into allogenic 

and authigenic fractions, and bulk (major and trace) elements to the sediment core. 

Sediment influx to core A begins with low rates in the 1880s and generally increases 
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upcore after 1918 (Fig. 5.4). There are four peaks of sedimentation rates from 1876-

1878 (29-30 em), 1905-1906 (23-24 em), 1941-1943 (19-20 em), and 1989-1991 (4-5 

em). 

5.8.3.1 Predominantly allogenic elements 

The rate of influx of the predominantly allogenic fraction has a general trend of 

upcore increasing values (Fig. 5.15). This increase, however, is not uniform. The first 

influx peak is dated around 1878-1882 (28-29 em). All elements in the predominantly 

allogenic group also show the highest peak influx rates at 1905-1906 (23-24 em). 

Another peak occurs during 1941-1943 (19-20 em). There is a minor rise in 

sedimentation rates of the allogenic influx 1965 at 14-15 em. A slight peak occurs 

during1983-1985 (7-8 em). There is a peak in the more recent sediments at 1989-1991 

(4-5 em), but influx rates fall in the remaining upcore sediments. Periods oflow 

allogenic influx occur at 1892-1901 (25-26 em), 1918-1934 (21-22 em), and 1948-1955 

(17-18 em). 

5.8.3.2 Mainly authigenic and predominantly authigenic elemental influx 

The influx of the mainly authigenic and predominantly authigenic group of 

elements exhibits a similar, general upcore increase consistent with the influx of 

elements in the allogenic fraction (Figs. 5.16 and 5 .17). The first influx rate peak occurs 

in 1878-1882 at 28-29 em. Elemental influx of the authigenic and mainly authigenic 

group reach maximum peaks in 1905-1906 at 23-24 em, where Mn and Sr do not. Mn 

and Sr influx profiles also exhibit peaks in 1905-1906, however the peaks are not as 
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pronounced as the rest of the group. Influx of authigenic Mn and Sr is highest during 

1991-1992 (3-4 em.). 

Influx of the mainly authigenic and predominantly authigenic fraction is lowest 

(1.04 mg cm-2 y-1
) during 1906-1918 (22-23 em). However:> there are minor peaks in 

1941-1943 (19-20 em) and 1965-1968 (14-15 em). Rates generally increase upcore and 

exhibit the highest peak during 1989-1991 at 4-5 em. Authigenic influx declines after 

this, upcore to the top layer. 

5. 8. 3. 3 Bulk element influx rates 

Influx rates of the bulk elements (major and trace) exhibit similar patterns to the 

influx of the elements of the allogenic fraction (Fig. 5.18). Influx rates of elements in 

the bulk sediment are lowest at 34 to 31 em then increasing upcore. Large peaks at 

1878-1882 (28-29 em) and at 1905-1906 (23-24 em) interrupt the trend. The peak at 

1905-1906 is the maximum rate of influx of trace elements to the wetland. Another peak 

occurs during 1941-1943 (19-20 em):> followed by a decrease during 1948-1955 (17-18 

em). Influx rates begin to increase upcore with a noticeable increase during1965-1968 at 

14-15 em. Rates remain high but experience some fluctuation with a peak during 1989-

1991 (4-5 em). Upcore of the 4-5 em layer, influx rates of the bulk major and trace 

elements decrease. 

5. 9 Soil characteristics 

Particle size distributions in soils from the shoulder, midslope and toeslope 

positions of the eastern slope were classified as loams (Table 5.2). The underlying 

horizons were sandy loam. The top horizon of the soil sampled adjacent to the slough 
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Table 5.2 Summary of soil characteristics from the eastern slopes of Thunstrom wetland 

Position Sample Depth incm Texture class %sand o/o silt %clay %C 
Munsell colour 

(dry) 

Shoulder 1 0-8 L 48 32 20 4.5 lOY 3/2 
2 8- SL 63 19 18 3.4 2.5Y3/2 

Midslope 3 0-8 L 35 41 24 5.9 lOYR 3/2 
4 8- SL 63 22 15 1.6 2.5Y3/2 

Toeslope 5 0-20 L 47 32 21 3.9 10YR3/3 
6 20- SL 61 21 18 1.3 10YR4/3 

Adjacent to slough 7 0-15 CL 31 40 29 8.9 10YR4/l 
\0 8 15-30 CL 32 29 39 3.8 lOYR 5/1 0"1 

9 30-43 CL 32 29 39 3.8 10YR4/l 

L is loam, SL is silty loamn and CL is clay loam 



contained less clay but more silt than the underlying horizons, therefore classified as clay 

loam. The soil horizon samples adjacent to the water edge had the highest % clay 

compared to the soils sampled upslope. The % sand was highest in the soil from the 

shoulder of the eastern slope at 48 %. 

Total carbon percentages were higher for the topsoil samples compared to the 

lower horizons. The topsoil from the midslope position had the highest % carbon of the 

three sampling positions at 5.9 %. The top horizon from the sample of soil adjacent to 

the wetland had the highest total carbon percentage at 8. 9 %. 

Low and high frequency magnetic susceptibility measurements were conducted 

on the soil horizon samples collected from the eastern slopes (Table 5.3a and 5.3b). 

Measurements were conducted on the fines(< 63 Jlm) and the coarser particles (>63 Jlm) 

as well. The A and B horizons of the shoulder sample had the highest magnetic 

susceptibility compared to the horizons from the other sampling locations. The particles 

> 63 Jlm from the shoulder position had a very high low frequency signal. The soils 

collected adjacent to the wetland had low susceptibility measurements. Frequency 

dependence ofthe top horizon was highest from the midslope (sample 9, Table 5.3b). 
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Table 5 .3a Low frequency magnetic susceptibility of soil from eastern slope 

ofThunstrom wetland (1o-8m3 kg-1) 

Position Sample Depth em Soil 
<63 >63 

microns microns 
Shoulder 1 0-8 73.6 52.61 118.4 

2 8- 101.05 46.27 184.02 
Midslope 3 0-8 42.75 38.53 41.12 

4 8- 59.4 53.75 49.8 
Toeslope 5 0-20 41.4 39.55 53.72 

6 20- 42.65 48.98 40.29 
Adjacent to slough 7 0-15 22.78 19.95 30.8 

8 15-30 35.18 21.16 41.76 
9 30-43 28.21 21.06 38.9 

Table 5 .3b % Frequency dependence measurements of soils 

Position Sample 
Depth in 

Soil 
<63 >63 

em microns microns 

Shoulder 1 0-8 0.37 4.75 0.97 
2 8- 1.57 3.5 0.81 

Midslope 3 0-8 3.43 4.01 2.08 
4 8- 1.41 3.37 0.25 

Toeslope 5 0-20 1.02 4.81 0.43 
6 20- 1.87 3.87 0.99 

Adjacent to slough 7 0-15 1.42 0.68 1.95 
8 15-30 1.21 2.63 1.73 
9 30-43 0.61 1.24 1.27 
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5.10 Conclusion 

Analysis of the data reveals three distinct sections of the sediment core. The first 

section is at the base of the core (37-52 em). The colour change, from light greyish 

brown and greyish brown at the base of the core to very dark grey at 3 7 em, corresponds 

to many changes in the physical and geochemical characteristics. The characteristics of 

the overlying section remain generally constant up to the colour change at 24 em. This 

colour change is corresponds to the highest peak of sedimentation rates. Around 19 em, 

there is a period of low sedimentation rates. The sedimentation rate begins to accelerate 

upcore from 19 em and the start of upcore changes within the physical and geochemical 

characteristic profiles. 
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6. Discussion 

6.1 Introduction 

The objective of this study was to relate changes in the wetland sediment 

characteristics to changes in land use history. The history of sediment accumulation 

represented in the core from theThunstrom wetland has three periods of contrasting land 

use, each designated by a section of sediment. Settlers began arriving in the prairies in 

the 1880s with the completion of the C.P.R. railroad. The pre-settlement period is 

represented from 52 em at the base of the core to1905 at 24 em. This date coincide with 

a colour change in the sediments from dark grey to black at 24 em and the peak 

sedimentation rates (23-24 em) (Fig. 5.4). The Thunstrom families homesteaded near 

the study site in 1909. They were the first family in the Big Valley district on Coteau 

R.M (Coteau Historical Society, 1981 ). The post-settlement period, from 1905 through 

to 1996:J is represented in the sediment layers 0-24 cm:J however:J the top 15 em of the 

core are considered recent sediments:J from 1965 to 1996. Around 1965:J the Thunstrom 

family purchased the land surrounding the wetland and the land was broken from the 

natural prairie and seeded. A composite diagram of selected sediment characteristic 

provides a summary of the erosional history of the area (Fig. 6.1). The following three 

sections discuss the three sediment layers and how they reflect changes in land use. 
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6.2 Pre-settlement period 

The sediment from the base of the core upwards to 24 em represents the pre

settlement period. Traces of unsupported 210Pb ceased below 33-34 em depth and dated 

this layer at 1796 (Fig. 5.3). The estimated date at the 24-25 em layer is between 1901 

to 1905. There are four colour sections within the pre-settlement sediment (Fig. 6.1). 

At the base of the core, the light greyish brown (47-52 em) and the greyish brown 

sediment (37-47) exhibit a few different characteristics compared to the overlying 

sediment. Within this section, the percentages of total and organic carbon are the lowest 

recorded for the core, with % organic content close to zero from 42-52 em. Magnetic 

susceptibility values, which were extremely low throughout the core, exhibit a very high 

peak at 48-49 em (Fig. 5.12). Concentrations of elements of the predominantly 

allogenic fraction increase upcore throughout this section with the exception ofNa, Ti, 

and V (Fig. 5.13a). Concentrations of elements in the predominantly authigenic 

fraction, however, are high. Bulk elements, divided into groups of elements with 

similar geochemical profiles, have different characteristics in the lower sediment section 

than in the upper core sediments (Fig. 5.14). The Cu group concentrations are low from 

37-52 em; authigenic Cu dominated the Cu total concentration in the lower sediment. 

The highest concentrations of the V group are at the base of the core as well. 

Concentrations ofSr are high from 37-52 em and enriched compared to the underlying 

bedrock geology, the Bearpaw Formation (Dunn and Irvine, 1993). In the light greyish 

brown and greyish brown sediment, the concentrations of the MREE and LREE are low 

but HREE concentrations are high (Fig. 5 .14). 

A distinct colour boundary at 3 7 em separates the greyish brown sediment from 

the overlying very dark grey sediment (Fig. 6.1 ). The distinct boundary is also evident 
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in the profiles of the physical and chemical characteristics. Rollinson ( 1993) suggests 

that REE, Th, Sc, and Co concentrations reflect the chemistry of the sediment source. 

Concentrations ofREE, Sc, and Co are different at the base of the core (37-52 em) from 

concentrations of these elements upcore from 3 7 em suggesting that the source of 

sediment at the base of the core differs from the source of the overlying sediment. If the 

core had not been dated, it would be easy to interpret the 3 7 em boundary as indicating 

the start of agricultural activity and settlement. This would compare to the settlement 

horizons determined by Mathewes and D' Auria (1982) at 42.5 em and De Boer (1994, 

1997a) at 42 em. However, the dates obtained from 210Pb and 137Cs profiles indicate the 

sediment in this section to be much older than the beginning of farming in the area. 

This may suggest post-settlement sedimentation rates at Thunstrom wetland to be lower 

than the Mathewes and D' Auria (1982) and De Boer (1994, 1997a) sediment influx. 

The changes that were evident at the 3 7 em boundary are continuous into the 

next section from 30.5 to 37 em, the very dark grey sediment. During 1837-1857 (32-

33 em), there is a peak in concentration of several allogenic elements, including AI and 

Sc (Fig. 6.1 ). This peak is not evident in the influx profile. Sedimentation rates begin 

to increase in 1869-1876 at 30-31 em (Fig. 6.1). Within this layer, at 30.5 em the 

sediment changes colour from very dark grey to black. Sedimentation rates, the influx 

of allogenic and authigenic elements, and the influx of trace elements begin to increase 

from 1869-1876 and peak during 1878-1882 at 28-29 em (Fig. 6.1). This high point in 

the sedimentation curve at 28-29 em corresponds to several changes in the physical 

characteristics of the sediment. The % moisture begins to increase upcore from this 

point (Fig. 5.6). Bulk density (g cm-3
) values are slightly higher than values above and 

below this layer (Fig. 5.9a and b). At 28-29 em, the% total carbon begins an increasing 
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trend upcore and% inorganic C exhibits a peak (Fig. 5.10). The second highest value of 

the low frequency magnetic susceptibility occurs at 28-29 em, and the% XFD has a 

slightly higher value (Fig. 5.12). Concentration of elements in the authigenic fraction 

(Al, P, K, Sc, Ti, V, Cr, Ni, Cu, Zn, and Zr) increase in concentration upwards towards 

28-29 em, but at this layer the trend is interrupted (Fig. 5.13b and c) and the 

concentrations begin to decrease upcore. Elements within the allogenic fraction (Al, V, 

Sr, Zr, Ba, and La) increase at 29-29 em whereas allogenic K, Fe, and Cu decrease in 

concentration (Fig. 5.13a). There is, however, a peak in influx of the predominantly 

allogenic elements, mainly authigenic elements, the predominantly authigenic, and the 

bulk elements (Figs. 5.15, 5.16, 5.17, and 5.18). Although the period of changes 

corresponds to the first farm in Saskatchewan in 1871 (Coupland, 1974), this is unlikely 

to have caused the period of erosional intensity associated with the changes within the 

sediment at 30-31 em. It is more likely that the changes are the result of processes 

controlled by natural forces such as a single, large magnitude event like a large 

rainstorm, fire, or bison. The grassland ecosystem is maintained by many factors: 

climate, fire, grazing, and topography (Anderson, 1990). Fire is a natural phenomenon 

in the prairies, where drought, seasonal high soil and air temperatures, and winds 

provide an ideal environment for ignition (Risser, 1990). Fires were set by lightning 

strikes. The Aboriginal people set fires to drive the bison towards the buffalo jumps 

(Collins, 1990). Burning the grassland enhances the rate of nutrient cycles, the 

regrowth is lush, and therefore the buffalo return. Before the regrowth of vegetation, 

however, the land is left vulnerable to erosional forces. Before European settlement, 

large herds of bison grazed the grasslands. Historians have estimated herd counts of 50 

to 150 million grazing over vast areas. As forage decreased due to grazing (or drought), 
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the bison would move on to the next location, trampling shrubs, forbs, and trees, 

therefore increasing the erodibility of the soil and perpetuating the grasslands (Risser, 

1990: Bird, 1961). 

6.3 Post-settlement: 1905-1965 

The Thunstrom family homesteaded in 1909 on the quarter-section northeast of 

the wetland (Fig. 3.2). By 1921, a record number of farms were homesteaded (Fig. 3.5a 

and b) (Statistics Canada, 1921). The very dark grey sediment from 24 to 15 em 

represents post-settlement (up to 1965) sediment in the core from Thunstrom wetland. 

There are significant changes in the sediment, which are consistent with changing land 

use during this period. The start of this period begins with a peak in the highest 

sedimentation rate (0.64 g cm-2 y-1
) at 23-24 em. The maximum peak of allogenic, 

authigenic, and trace element influx occurred at 23-24 em (Figs. 5.15, 5.16, 5.17, and 

5 .18). Increases of allogenic AI, K, and Ti are suggested to be indicators of erosional 

intensity (Mackereth, 1966; Engstrom and Wright, 1984). The influx of elements to the 

sediment may lower the concentrations of the elements that experienced a decrease at 

this layer. 

The number of farms continued to grow as more people homesteaded in the 

PECOS area and in Coteau R.M. as reported in the 1931 census (Fig.3.5b). The weather 

presented problems during this decade with years of alternating drought and heavier 

than average rainfall, thus increasing the erodiblity of the soil. The wetland must have 

been partly dry sometime in the 1930s as the landowner remembers cutting hay from the 

area that is now an island. The 1941 census reported a large number of acres in 

summerfallow, a practice of allowing a cropland to remain idle during the growing 
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seaso~ to reserve soil moisture (Fig. 3.7a and b). During the dry years of the 1930s, 

fields left in fallow were vulnerable to soil erosion and drifting (Anderson, 1975). 

Acres of field crops decreased in 1941 (Fig. 3.7a and 3.7b). These events are reflected 

in an increase in sedimentation rates during 1941-1943 at 19-20 em (Fig. 5.4) and 

changes in the physical and chemical characteristics of the sediment. The increase in 

sedimentation rates corresponds to a peak in % coarse silt and % sand between 18 and 

21 em (Fig. 6.1). The% gravel also increases slightly at this layer (Table A.2), which 

may suggest the mode of erosion has changed (wind erosion to water erosion). Upcore 

from 19-20 em, most physical and geochemical characteristics exhibit changes. 

Elemental concentrations of the allogenic fraction increase from 21 to 18 em including 

Be, K, Sc, Cr, Ni, Cu, Zn, Mo, Ba, and La, whereas concentrations ofNa, Mg, AI, Ca, 

Tl, V, Mn, Fe, Sr, Y, and Zr decrease (Fig. 5.13a). There was no change in Co, Sb, and 

Pb concentrations. The authigenic fraction (Fig. 5 .13b and c) decreased in 

concentration from 21 to 18 em with the exception of Ag, Sn, and Pb. Most trace 

elements decreased in concentration from 21 to 18 em (Fig. 5.14). However, several 

trace elements concentrations did increase (P, Ti, Cu, Sr, Mo, Cd, Hf, Pb, Th, and U). 

There was no change in the concentrations ofCr, Co, Ni, Ag, Ba, Eu, W, Tl, and Bi. 

There is a peak in the influx of the allogenic and authigenic fractions and the trace 

elements during 1941-1943 at 19-20 em (Figs. 5.15, 5.16, 5.17,and 5.18). 

Construction of a dam at the north end of the slough in the early 1950s blocked 

the outflow into the small creek that flows northward. A major change in the sediments 

begins at 17-18 em dated from 1948-1955 following the damming ofthe slough. The 

sedimentation rated for this period is low (0.09 g cm-2 i 1
) (Fig. 5.4). Upcore from this 

layer, the influx of sediment begins to increase. Although the rates fluctuate, the rate 
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does not fall to below the rates experienced during 1948-1955. Upcore clay and fine silt 

percentages begin to increase from 17-18 em (Fig. 6.1 ). Bulk density values are high 

from 18-16 em (0.6 to 0.7 g cm-2
) (Fig. 5.9a and b). Highest concentrations of allogenic 

K occur during 1943-1948 at 18-19 em (Fig. 5.12a). Allogenic concentrations ofBe, 

Na, Mg, AI, Ca, Sc, Ti, V, and Cr are low at 18-19 em then increase up to 15 em. Trace 

element concentrations are also low and then increase upcore to 15 em (Fig. 5.14). The 

influx of the allogenic and authigenic fractions and the trace element influx are low at 

18-19 em and then increase upcore. The damming of the slough appears to have 

changed the chemical composition of the slough sediments. 

6.4 Recent: 1965-1996 

In 1965, the Thunstrom family purchased Section 29, which they had been 

renting from the Big Valley School District (Thunstrom, 1997). The fields adjacent to 

the wetland were broken from native grassland and seeded. This marks the beginning of 

a period of intense farming and changes to the landscape. It also corresponds to 

changing sediment characteristics and changes in sedimentation rates. The recent 

sediment, deposited from 1965 to 1996, is represented in the sediment from 0-15 em. 

The change in colour from very dark grey to black is consistent with changes in the 

physical characteristics and the geochemistry of core sediment (Fig. 6.1 ). The 

sedimentation rate, already displaying an upcore increase since 18-19 em exhibits a 

higher rate (0.18 g cm-2 i 1
) at 14-15 em (Fig. 5.4) and from 1989-1991 at 4-5 em. LOI 

increases at 14-15 em and the trend continues upcore (Fig. 5.11 ). The percentage of 

CaC03 increases from 7.2 % at 15-16 em to 17 % at 14-15 em. The particle size 

distribution changes at this boundary with % clay increasing upcore (Fig. 6.1 ). As well, 
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a peak of% gravel (0.23 %) occurs at 14-15 em, and% sand was higher in the upper 

black sediments (0-15 em). All elements in the authigenic fraction show an increase in 

concentration during 1965-1968 at 14-15 em (Fig. 5.13b and c). Trace element 

concentrations increase at 14-15 em. The only trace elements to decrease in 

concentration at 14-15 em are Sm and Er. The influx of the allogenic and authigenic 

fractions and trace elements increases from 1965-1968 (14-15 em), and peaks during 

1989-1991 at 4-5 em (Figs. 5.15, 5.16, 5.17, and 5.18). The increase in sedimentation 

rates and influx of elements are consistent with a period of increased erosion in the 

wetland catchment brought about by cultivation of the fields surrounding the wetland 

catchment. Application of fertilizers in Saskatchewan began to increase in the early 

1960s (Saskatchewan Agriculture-Agricultural Statistics, 1992), which may explain the 

increasing influx in trace elements upcore such as Cd and U. Over 1.1 million tonnes of 

phosphate fertilizer was applied in 1994 in Saskatchewan (Saskatchewan Agriculture

Agricultural Statistics, 1992). Mermut et al. (1996) analyzed the chemicals contained in 

phosphate fertilizers in Saskatchewan and found a considerable amount of trace 

elements such as Cd, V, Zn, Pb, and U. Excess amounts of trace elements are controlled 

by the amount of root uptake of the elements. Mermut eta/. (1996) suggest that soil 

may be a 'sink' for certain trace elements because of phosphate fertilizer application. Li 

( 1997) reported that farmed soils of the Haverhill Association were enriched in Cd, Bi, 

Zn, and U, and postulates that the reason to be due to phosphate fertilizer application. 

Construction of a grid road, directly south of the wetland, was completed in 

197 5 and increased the slope of the south bank. Sedimentation rates increased from 

1976 to 1978 and peaked from 1989 to 1991 at 4-5 em. All elemental concentrations of 

the authigenic fraction increase during 1989 to 1991 at 4-5 em and continue to increase 
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upcore (Fig. 5.13b and c). Trace element concentrations decrease from 6-7 em to 2-3 

em except for concentrations ofMo and Ag, which increase (Fig. 5.14). Influx ofthe 

authigenic and allogenic fractions and influx of the trace elements peak at 4-5 em (Figs. 

5.15, 5.16, 5.17, and 5.18). These changes correspond to a period following when the 

slough was dry during the drought of 1988. The next year, the centre of the slough (the 

island) was seeded with oats. Therefore, the changes evident in the chemical and 

physical properties of the sediment are consistent with an increase in erosional intensity. 

The peaks in sedimentation are consistent with periods of intense erosion. 

Periods of increased erosional intensity are reflected in deposition of topsoil at the 

coring site. Acceptable limits of soil loss have been judged to be between 2.2 to 11 

tonnes ha-1 f 1 for the USA based on the Universal Soil Loss Equation (Hudson, 1995). 

Shelton et al. (2000) developed soil loss from water erosion risk categories based on the 

Revised Universal Soil Loss Equation for Application in Canada. The five classes of 

risk are: tolerable (less than 6 tonnes ha-1 f 1
), low (6-11 tonnes ha-1 y-1

), moderate (11 

to 22 tonnes ha-1 y-1
), high (22 to 33 tonnes ha-1 y-1

), and severe (greater than 33 tonnes 

ha-1 y-1
). Estimated soil losses in the Thunstrom catchment area ranged from 1.3 to 7.8 

tonnes ha-1 f 1 but mainly varied between two to three tonnes ha-1 f 1
. The soil losses 

are in the tolerable class, which considers soils to be at tolerable risk of soil erosion and 

able to sustain long-term crop production (Shelton et al., 2000). The highest soil loss of 

7.8 tonnes ha-1 i 1 represented by the peak in influx rates during 1905-1906 approaches 

the upper limit for acceptable losses for the USA. The peak of soil loss during 1905-

1906 is within the low risk category of the Canadian class system. Soils within the low 

class may represent a risk of conditions that are unsustainable. Shelton et al. (2000) 

suggest soil conservation practices are needed to support long-term crop production for 
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soils in this class. The sedimentation rates and soil losses quickly decreased~ however, 

in the period immediately following this peak at the time of settlement and soil losses 

fell to within the tolerable range. 

As the topsoil of the surrounding catchment is eroded and deposited in the 

wetland~ the geochemistry of the topsoil will be reflected in the sediment geochemistry. 

Li ( 1997) analyzed topsoil samples from the Haverhill soil association within the 

PECOS study area. The study compared farmed and natural unbroken soils (Table 3.1 ). 

Comparison of elemental concentrations of trace elements in core A to the Haverhill 

concentrations revealed enrichments of several elements including Li, Cd, Bi, and U. 

Cu and Zn concentrations were less than the Haverhill concentrations from 52- 35cm, 

however concentrations were greater than the Haverhill concentrations above 3 5 em. 

Elemental concentrations ofTi, V, Co, Y, Zr, REE, Ph, and Th were less than Haverhill 

concentrations. Zr concentrations were half of the Haverhill concentration. Li (1997) 

cautions that elemental concentrations vary from site to site, as elemental concentrations 

are a function of soil parent materials and soil forming processes, as well as 

anthropogenic sources. 

Changing sediment sources may be the cause of differences in the composition 

of the allogenic fraction. Ratios of the allogenic fraction may suggest changing 

sediment sources, as suggested by De Boer (1997a). All allogenic ratios were relatively 

constant however there were a few deviations. The consistencies of the ratios suggest 

that allogenic elements have the same source, however, where the trend is interrupted by 

an increase of one element over the other; it may suggest a second source. This may be 

the case in the K/Al ratio at 32-33 em; there is more AI thanK. The Al/Ti ratio is high 

at this layer as well. The Ti/Ca and K/Ca drop at 32-33 em, therefore ratios are 
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consistent with a second source of Ca. This corresponds to a peak in allogenic AI and 

Ca concentration. At 18-19 em, the ratios change; there is more K than AI, less AI than 

Ti, more Ti than Ca, and more K than Ca. This may indicate a second sediment source, 

which is rich in K and Ti, compared to the first source with constant ratios of the 

allogenic fraction. The damming of the creek, during the early 1950s, may have 

changed the chemical composition of the sediments, as elemental concentrations, 

allogenic ratios, and influx of sediment tend to increase following its construction. 

6. 5 Limitations 

The results of the analysis provided a vast source of information concerning 

history of the wetland and its drainage basin, yet there are limitations. Although the 

changes in characteristics of the sediment were related to land use changes, Engstrom et 

a/. (1985) caution that accumulation rates from a single coring site may not be 

representative of the sedimentation pattern of the entire lake bottom. The soil losses 

were calculated from an approximation of the basin size, the scope of the project did not 

determine the extent of the basin. The size of the slough was assumed constant for the 

calculations; however, the size of the slough varies with seasonal and annual 

precipitation and evapotranspiration patterns. These calculations also assume the 

erosional and depositional pattern of the basin to be uniform, which it may not be. 

Assuming the erosional pattern of the basin to be uniform ignores the effects of tillage 

erosion. Tillage loosens soils and the soil is moved downslope under gravity. The 

movement results in losses of soils from tops of knolls and an accumulation of soils 

downslope (King eta/., 2000). 
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Furthermore, not all layers of core A were subsampled for every procedure and 

interpolation between layers was necessary. This was taking the average between the 

upper and lower layer values, therefore, presents a possible source of error. The limits 

of detection for the ICP-MS instrument at the Department of Geology are extremely 

sensitive, therefore the slightest contamination would alter the results. All precautions 

to prevent contamination, however, were executed but this does not rule out the 

possibility of contamination. 

From visual inspection, it was easy to assume the distinct colour boundary at 3 7 

em was the settlement horizon. If the 210Pb dating procedure had been scheduled before 

geochemical analysis, a closer interval of chemical analysis would have been preferred 

for the post-settlement sediments. 

Engstrom and Wright (1984) caution that the fractionation procedure is 

operationally defined. This was evident in the results of this study as the influx of the 

authigenic fraction mirrored the influx of the allogenic fraction. The author suggests 

that part of the allogenic fraction was dissolved with the authigenic fraction during the 

chemical procedure; the authigenic fraction therefore is over represented. 

6. 6 Significance of Study 

There is little known about the response of the semi-arid prairie landscape to 

Euro-Canadian settlement. Therefore, this study is unique in that it presents a glimpse 

into the pathway of trace elements and a wide spectrum of allogenic elements from the 

agricultural catchment to the wetland bottom. The study also complements Li' s ( 1997) 

reconnaissance of trace elements in the soils, water and crops of the PECOS study area. 

The interdisciplinary nature of the PECOS project provided an understanding of the 
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linkages between health of the land, people, and economy. Sustainability of agriculture 

in the semi-arid prairie is dependent on many aspects and one aspect is the health of the 

soil resource. The health of the soil depends upon agricultural practices, which are 

linked to the economy and to the well being of the people. 

This project provides insight into the sustainability of the soil as a non

renewable resource. The soil losses in the Thunstrom catchment were generally below 

the lower limits of tolerable soil losses for the USA (Hudson, 1995). The data gathered 

from this project provide an insight into what wetland sedimentation rates and sediment 

characteristics suggest about the response of the landscape to land use change. The 

information will help predict future erosional responses of prairie basins to 

environmental change resulting from natural causes and human activity. 

6.7 Future studies 

Many interesting future studies can be envisioned arising from this study. Although Li 

(1997) conducted a reconnaissance of trace elements in the soils, water and crops of the 

PECOS study area, an intense sampling and analysis of the immediate fields and slough 

of the Thunstrom wetland catchment may provide an in depth insight into the behaviors 

of the trace elements. If time and economics were not a consideration, complete 

analysis of multiple cores would present a thorough historical interpretation. To 

complement the present study, the addition of plant macrofossils, diatom and pigment 

analysis would present a history of limnological conditions of the wetland. In addition, 

comparison of a similar study at location within the semi-arid ecosystem but with 

different land uses such as intensive grazing may suggest how the landscape responds to 

different land uses. 
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7. Summary and conclusions 

The introduction of agriculture by Euro-Canadian settlers brought about many 

changes to the natural prairie landscape. The changes, such as removing the natural 

vegetation and tilling the land, accelerated geomorphic processes such as erosion, 

deposition and sedimentation (Goudie, 1994). This affected the health of the land by 

decreasing soil organic matter, which decreases soil fertility and soil aggregation. This 

research project relates the history of agricultural activity directly to the history of 

geomorphic processes in the area surrounding a prairie wetland. Information about past 

environmental conditions preserved in sediments from the wetland. The sediment 

accumulates layer upon layer through time thus providing a detailed record of the 

surrounding area. Analyses of the sediment provide clues to what has happened in the 

past. Examining the physical and chemical characteristics, dating the various layers in 

the sediment column, and researching the documented land use changes discover the 

clues. Together this provides a multi-dimensional framework of ecological change that 

has occurred (Dearing, 1991 ). 

The selected wetland is located in the northern portion of 3BN in Coteau 

Rural Municipality on land owned by the Thunstrom family. The flora and fauna of the 

region is typical of the semi-arid prairie. The slough lies in a north to south valley 

bisected by a grid road constructed in 197 5. The slough and surrounding wetlands are to 

the north of the road. The slough was part of an ephemeral stream before 1950 and the 
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north end of the slough was dammed in the 1950s. 

Although surveyed in 1883, settlers did not arrive in Coteau Rural 

Municipality until after the turn of the century. The Thunstrom family from Minnesota 

was the first family to homestead in the Big Valley District of the municipality, and 

many settlers soon followed. The Section of land where the wetland is located (SW 

Section 29, Township 26 Range 9) was originally designated as school land. Grandsons 

of the original settlers purchased Section 29 in the early 1960s. The surrounding fields 

were first cultivated in about 1965 (according to the memory ofE. Thunstrom). 

Collection of sediment cores took place in June 1996 and February 1997. Soil 

sampling along the east bank occurred in August 1997. Visual inspection of the cores 

occurred in the Department of Geography Laboratory. Each core was sliced into one em 

sections and stored until further analysis. Detailed analysis of the core collected in June 

1996 began immediately. 

Various procedures establish the physical and chemical characteristics. 

Characteristics tested included differences within the sediment profile of water content, 

particle sizes (clay, silt, sand), bulk density, carbon content, magnetic susceptibility and 

elemental composition. The elemental composition of the sediment chemically 

separated into the allogenic and authigenic fractions (Engstrom and Wright, 1984) helps 

to identify the source of the sediment. Two methods, using natural and artificial 

isotopes, determined the age of the sediments. The first method uses 210pb a natural 

radioisotope with a half-life of22.6 years. Annual deposition of210pb from the 

atmosphere is constant, and therefore it provides a means of estimating sedimentation 

rates and dating layers within the core (Krishnaswamy et al., 1977). 137 Cs is an artificial 

radioisotope, a product of nuclear tests. Deposited across the surface of the earth it is 
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absorbed on soil particles. The first nuclear test was in 1954; the peak of 137 Cs activity 

was 1963 (Ritchie and McHenry, 1990). Thus, it provides two time markers in the 

sediment profile. 

Quantities and kinds of sediment that accumulated in the Thunstrom slough, 

over the known interval of time, provided a measure of erosion from the surrounding 

basin and fields. Changes within the sediment profile correlated with the arrival of 

settlers on the prairie. There were five episodes of intense influx of sediment and 

elements to the core. There is no explanation for the presettlement episodes, other than 

natural occurring processes, but the post-settlement episodes are consistent with human 

disturbance, which occurred near the wetland. For example, a gradual increase in 

sedimentation followed damning of the slough. The wetland became a sink for nutrients 

and sediments eroding from the fields and transported to the slough. The onset of tilling 

adjacent to the wetland in 1965 and the 1989 seeding of the centre island accelerated 

erosional processes. This was evident with the increase in sedimentation from 1965-

1968 (14-15 em) and a peak in sedimentation during1989-1991 (4-5 em), as well as the 

influx of allogenic elements during these episodes. The application of agrochemicals to 

the surrounding field contributed to changes in the sediment elemental profile. Trace 

elements from the agrochemicals may be absorbed onto clay particles. Erosional 

processes transport the clay particles and trace elements into the wetland. After 

evaluating the impact of anthropogenic activity on wetland sedimentation, two 

conclusions arose. First, the data suggest that the onset of agriculture was associated 

with an influx of geochemical elements associated with topsoil erosion such as AI and 

fertilizer application as shown by increases in Cd and U (Fig. 6.1 ). The second 

conclusion is that increasing sedimentation rates are associated with the onset of 

116 



agriculture and accelerated by human disturbance such as damming of the wetland and 

road construction. Soil losses, however, were within tolerable limits. 

Overall, this project provides insight into how changes in land use have 

resulted in changing rates of topsoil erosion. Because topsoil is a non-renewable 

resource on the human time scale, this information indicates whether current agricultural 

practices are sustainable in the future. Foil owing each episode of intense erosion, the 

system appears to stabilize. Soil losses were within tolerable limits and only during a 

period of intense sedimentation rates did the losses increase to within low risk. This may 

suggest the soil recovers from high magnitude but low frequency events, and therefore is 

sustainable. In addition, this project also illustrates that land use practices in the recent 

past have modified the chemical characteristics of sediment in wetlands. Consequently, 

agriculture potentially has a profound effect on the health of the aquatic ecosystems 

adjacent to the farmland. 
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Table A.1 Description of cores 

Core2 
Depth em Munsell Colour 
0 to 10 2.5Y 2/0 Black 
10 to 34 10 YR2/l Black 
34 to 45 2.5Y 3/0 Very dark grey 
45 to 53 5Y 2.5/2 Black 

Core3 
Depth em Munsell Colour 
1 to 12.5 2.5Y 2/0 Black 
12.5 to 21 10YR211 Black 
21 to 34 2.5Y 3/0 Very dark grey 
34 to 53 10YR2/1 Black 
53 to 67 2.5Y 3/0 Very dark grey 

Core4 

De:ethcm Munsell Colour 
0 to 10 2.5Y 2/0 Black 
10 to 27 10YR2/l Black 
27 to 43 2.5Y 3/0 Very dark grey 
43 to 50 SY 2.511 Black 
50 to 59 5Y 4/1 Black dark grey mottles 
59 to 64 5Y 3/1 Very dark grey 

Core 5 
Depth em Munsell Colour 
0 to 17 2.5Y 2/0 Black 
17 to 27 10YR2/1 Black 
27 to 42 2.5Y 3/0 Very dark grey lower boundary angled 
27 to 49 2.5Y 3/0 Very dark grey 
42 to 51 SY 4/1 dark grey (with mottling) 
51 to 57 5Y3/1 Very dark gre~ 
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Core6 

DeEthcm Munsell Colour 
0 to 5 2.5Y 3/0 Very dark grey 
5 to 20 10 YR 4/1 Dark grey 
20 to 34 10YR 5/1 Grey 
34 to 42 2.5YR 6/2 Light brownish grey 
42 to 63 2.5Y 6/2 Li~ht brownish gre~ mottlinB 2. 5Y 5/6 

Core7 

DeEthcm Munsell Colour 
1 to 7 2.5Y 2/0 Black 
7to 25 10YR2/1 Black 
25 to 36 10YR2/l Black 
36 to 48 5Y 2.5/1 Black 
48 to 60 5Y3/l Very dark grey 

Core 8 

DeEthcm Munsell Colour 
Oto 9 2.5Y2/0 Black 
9to 25 10YR2/1 Black 
25 to 38 10YR 3/1 Very dark grey 
38 to 56 10 YR4/l Dark grey 
56 to 62 10YR 3/1 Dark grey 
62 to 65 mixture of above and below layers mottling 
65 to 73.5 5Y5/2 Olive grey mottling 

Core9 
Depth em Munsell Colour 
1 to 8 2.5Y 2/0 Black 
8 to 24 10YR211 Black 
24 to 35 10YR2/2 Very dark grey 
35 to 43 IOYR 3/1 Very dark grey 
43 to 55 10YR4/1 Darkgtey 
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Core 10 
Depth em Munsell Colour 
Oto 5 2.5Y 2/0 Black 
5 to 20 10YR2/1 Black 
20 to 33 10YR2/2 Very dark grey 
33 to 43 10 YR 3/1 Very dark grey 
43 to 56 10YR4/1 Dark grey 
56 to 77 5Y 4/1 Dark grey 

Core 11 
Depth em Munsell Colour 
Oto 4 Missing part of PVC broke off 
Oto 8 2.5Y 2/0 Black 
8 to 25 10YR2/1 Black 
25 to 34 10YR 3/1 Very dark grey 
34 to 42 5Y 2.511 Black 
42 to 56 5Y311 Very dark gre~ 

Core 12 
Depthcm Munsell Colour 
0 to 1 10YR2/l Black 
I to 6 2.5Y 2/0 Black 
6 to 12 10YR2/l Black 
12 to 22 10YR 2/1 Black 
22 to 35 10YR 3/1 Very dark grey 
35 to 47 5Y 3/1 Very dark grey 
41 to 43 large rock 
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Table A.2 Core A Particle size distribution (microns) 

<2 <6 <20 <63 <2000 >2000 
Depth clay fine silt med silt coarse silt sand gravel 

3 22.57 38.16 26.36 8.58 4.32 0 
7 23.94 34.86 24.91 10.26 5.98 0.07 
9 18.01 36.51 29.85 10.83 4.67 0.12 
11 18.47 33.75 28.91 12.35 6.51 0.01 
13 23.78 38.11 25.75 8.36 3.94 0.05 
15 20.05 37.27 28.02 9.29 5.13 0.23 
17 19.62 38.67 30.02 8.77 2.9 0.02 
19 17.3 33.9 29.7 11.62 7.37 0.1 
21 18.49 37.55 29.83 9.5 4.51 0.1 
23 18.02 37.55 30.99 9.46 4.12 0.05 
25 19.86 37.94 30.21 8.88 3.03 0.07 
27 18.03 37.71 30.99 9.51 3.58 0.18 
29 18.27 36.34 31.23 10.29 3.73 0.13 
31 17.51 34.03 32.06 11.89 4.45 0.06 
33 17.85 34.79 30.88 11.46 4.72 0.29 
35 16.99 33.11 31.59 12.27 5.86 0.18 
38 27.14 41.74 23.58 5.13 2.1 0.31 
41 32.83 36.61 19.37 7.75 3.12 0.31 
43 26.96 40.61 24.03 6.14 2 0.26 
45 25.69 43.65 24.05 4.9 1.63 0.09 
47 27.17 41.82 22.83 5.45 2.56 0.17 
49 26.01 41.99 23.78 5.79 2.31 0.12 
51 23.53 35.54 26.35 9.96 4.48 0.15 
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