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Soils in the Frauie bzone. 
Major Professor; Tee Boon Goh. 

Recent grain Cd analyses by the Canadian Grain Commission has identified the 

Bmwn soiI zone and the Morden, Manitoba region in the prairie ecozone as annually 

producing higher Dumm wheat grain Cd than other parts of the prairies. Codex 

Alimentarius Commission of the World Health ûrganization @AO/WHO 1995) has 

proposed a grain cadmium (Cd) lunit of 0.1 ppm (f. W.) for export. 

The agroecosytems from the prairie ecomne producing higher grain Cd must be 

better understood so that advances in aii agronomie fields to control grain Cd content will 
. 

be relevant to each other. A soi1 Cd map would k a valuable resource for cereal 

producers and private or goverment extension workers. Should it become necessary for 

specific soi1 types to be taken out of Dunmi wheat production, a soü Cd map would 

identify these regions in the prairie ecozone. 

An investigation of some prairie ecozone soils was undertaken to compare the 

pedogenesis in the regions producbg grain with higher Cd to petions from areas 

proàucirig grain with lower Cd. Two soii f o d g  factors: parent matenal and climate 

were studied fkom a gemral survey of the prairie ecozone. Soü samples were collected 



fiom a climosequence of 13 pedons on a genetic basis ftom the Brown. Dark Brown, 

Black, and Dark Gray Soil zones iocluding soils h m  the Dadc Gray W o l  soil zone. 

A lithoseqyence representing different pamt materiaîs was also used to select sites for 

this general m e y .  

The Ap horizon contairied the largest amount of total soil Cd for the horizons in 

the pedons except those horizons that had ban geochemicaîiy e ~ c h e d .  Histoncal 

biopedologicai cyciing occrirred in al i  pedons. ChMum enrichment factors (A horizon 

/ C horizon) for the BKOW~. Da& Brown, Black, Dark Gray, and Gray Luvisol Great 

Groups were 1.38, 1.73, 2.04, 0.787, and 0.833, respectively. Biopedological Cd 

cycling increased the Brown to the Black soil zones because of greater annual 

precipitation and lower annual ternpetatures. This change in climate corresponds with 

a change in vegetation moving from short prairie grasses to ta11 prairie grasses and 

greater below ground biomass. The decrease in Cd enrichment factor for the Dark Gray 

and Gray m o l  soiis represents a shift in vegetation to Aspen forests and greater above 

ground biomass due to -ter mual precipitation and lower aMual temperanires. 

Lacustrine parent materiai h m  the Brown soi1 zone was 0.296 mg Cd kg-L (0.d.) 

and mixed till parent material h m  the Brown soil zone was 0.410 mg Cd kg-' and 0.256 

mg Cd kg-'. In the Black soil zone one mixed Ell parent material sampie was greater 

(0.346 mg Cd kg1) than the lacusaine parent material (0.293 mg Cd kg3. Two other 

mixai till parent materiai samples were 0.096 and 0.108 mg Cd kg-'. The Cd content 

in a shale bül parent material h m  the Dark Gray Lnivis01 was 0.461 mg Cd kgm1. A 

mixed till Dark Gray Luvis01 soil was 0.351 mg Cd kg*'. Cadmium content in parent 



material foiiowed the order: shale tiii > lacustrine > mixed till parent material. 

DWerent rock sources for parent material afcounted for the Cd Iithosequence. 

In order to examine more fWy the inauence of topography within a lithofunction, 

a more detailed survey was initiated h m  a specified area of lacustrine parent material 

knom for producing grain with hi$h Cd. This survey occurred ovei an 80-kilometre 

transect of the Red River Valley of muthem Manitoba. The transect included eleven 

agricuitural fields. Soil sarnples wem coliected on a genetic basis representing the 

d a c e  and sub-dace  horizons M m  thme siope positions at each field. Grain samples 

were also coiiected from each slope position. 

Results from this detaiIed survey iiadicated that the mean surface soil total Cd 

content was 0.876 mg Cd kg-'. The mean grain Cd con- nom this portion of the study 

was 0.094 ppm (f.w.). 

Four wheat classes were sampled h m  the transect. Canada Western Amber 

Durm, Canada Westem Extra Strong. Canada Western Red S p ~ g ,  and Canada Prairie 

Spring had a mean Cd value of 0.092, 0.075.0.063, and 0.042 ppm (f. W.), respectively. 

Toposequeace d t s  iadicated that soi1 Cd was greater in the surface soi1 

compand to sub-surface soii. The mean value for soil Cd in the crest slope position was 

0.938 mg Cd kg-'. and 0.839 and 0.850 mg Cd kg-' for the mid and toe-slope positions, 

respectively. Grain Cd had a mean value of 0.103 ppm (f.w.) in the crest position and 

0.093 and 0.081 ppm @.W.) for the mid and toe-slope positions, respectively . 

Lithosequence resuits indicated soi1 Cd and grain Cd increaseà with increasing 

clay content. 



A statisticaily signifiant positive correlation (r = 0.54'7 was observai between 

the surface soii total Cd and grain Cd. A statistically significant negative correlation (r 

= - 0.504 was obsecved between the sub-surface ratio of total soii Zn f total soii Cd and 

grain Cd. 

A soil Cd map for the prairie ecozone could be developed fiwm parent material. 

If it becornes aecessary to remove certain soüs b r n  Ihuum wheat production, a soil Cd 

map could k used by producers and irdustry I govemment extension workers to make 

these decisions. 

The relationship between Zn:Cd ratios and grain Cd should be m e r  

investigated, cspeciaiiy in Zn deficient soils. These are likely to be the more coarse 

texturd soils. 
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Cadmium (Cd) is a nanually OCCUILing element that is foued in ail soils. It serves 

no known biological purpose. Concern about the accumulation of Cd in the environment 

has been increasing since Cd was identifieci as the causitive factor in Itai-Itai disease in 

Japan in the mid-70's. Since tbat time world-wide efforts have attempted to ümit the 

uses of Cd to prevent its a c c d a t i o n  in the environment. Worldwide producaon of Cd 

is expected to decrease in the future (Stoeppler 1991). 

In nature. Cd is commonly fouid as a substitute for zinc in zinc sulphide minerals 

like sphalerite. Cadmium is coUected as a by-product ftom zinc mining. Cadmium has 

a number of industrial uses. It is used as a strengthening agent for plastics. a coloring 

agent, and an energy source in nickel-cadmium batteries. Cadmium can also be found 

as an impurity in phosphatic feailizers. The level of impurity in the fertüizer is 

dependent upon the location of the source of the tock phosphorus. There are concem 

about the accumulation of Cd in soi1 h m  past and fiiture use of phosphatic fenilizers. 

Co- about Cd in the environment is due in part to its uptake by plants. In 

human consumers of the p h & ,  Cd is stored in the renai CO- of the kidney where it 

can evenaiaiiy cause kidney darnage. It has a biologicai haif-Me of 10 - 30 years 

depending on age of the individual (Ryan et al. 1982). 

Countries with populations that use g r a b  as a staple food source and rely on 



importing cereals have been developing stringent grain Cd levels for acceptable grain 

shipments h m  foreign countries. This has significant implications for Canadian grain 

exports if Canada's grains ex& these levels. 

Some of the a m n t  wodc in controlling the kveI of Cd in cereal grains include 

plant brreding and crop management practices. Basic to these efforts is knowing the 

background levels of mil Cd, and whether there is a correlation between soii Cd levels 

and grain Cd contents. 

The apridturai region where grain fanning occurs in the prairie ecozone includes 

a number of soi1 zones; the Brown. Dark Brown, Black, and Dark Gray soil zones h m  

the Chemozemic soi1 Oder. Some grain production also occurs in the Dark Gray 

Luvisol soii zone. Grain production in the prairie ecomne occurs mostly in the Black 

soii zone where rnoisture is less a limitation for crop growth than in the Brown or Dark 

Brown soi1 zones. In the Dark Gray and Dark Gray Luvis01 soil zones, compared to the 

Black soil zone, the number of h s t  free &ys is a limitation to grain production. 

The soiis from the prairie ecozone are young mils having developeâ shce the last 

glaciation approxllnately 10,000 years ago. The tuxierlying bedrock for much of the 

prairie ecozone is from the Cretaceous priod aiid usuaiiy consists of sedirnentary 

materials such as shale. The Cd content of shale can be enricheci compared to other rock 

sources. Most of the parent materiai for the soiis of the prairie ecozone is mixed till. 

The till matrix consists of varying pmportiom of granitic. carbonate, and shale rocks. 

The proportion of these sourw rocks is iargely a factor of the movement of the glaciers 

and regionai bedtock locations. 



The objectives of this study are to: 1) determine the background soil Cd Ievels for 

some Chemozemic and Gray hvisol soils Born the prairie ecozone; 2) ident@ the 

relationship between parent material and soi1 Cd levels; 3) ascertain the biopedological 

innuence witbin the climatic zones on soi1 Cd levels; 4) correlate physical and chernical 

soil properties with total soii Cd levels; 5) cbaracterize the relatiomhip between total soil 

Cd and 0.01 M CaCl, - extractable Cd and Cd levels in wheat grain. 



2.1 Introduction 

A literature review on soil cadmium (Cd) and grain Cd for the purposes of this 

thesis focuses on subjects that can have a direct effect on the level of Cd found in soil 

and grain. Research is reported that examines the partitionhg of Cd in plant parts 

important to the potential accumuiation of Cd in the human diet. Research on 

biopedologicai cycling of Cd in the soü system is aiso reviewed. Literature on how 

edaphic factors affect soil Cd availability including agronomie factors to manage the 

uptake of Cd is presented. 

2.2 Sources of Cadmium in Soil 

2.2.1 Geochemicai Sources of Cadmium in Soil 

Cadmium is referred to as a "heavy metal" based on an atomic density of > 6 g 

cm-3 or as a "trace element" because it occws in concentrations of less than 1 % in the 

soü. Trace elements occur as trace constituents of primary mherals in igneous rocks. 

They become incorporateci into these minerals by isomorphously substituthg in the crystal 



lanice for ions of one of the major elements at the time of crystallisation. This 

substitution is governed by the ionic charge, ionic radius. and electronegativity of the 

major element and of the trace element replachg it. Substitution c m  occur when the 

radii of the major constituent ion and that of the trace metal are within 15% of each other 

and when the charges m e r  by not more t h  one unit (Krauskopf 1979). 

Sedimentary rocks comprise approximatefy 75% of the rocks outcropping at the 

earth's surface (Abway 19900). In sedimentary wks, substitution in silicate lanices 

of primary minerals is less important than the partitionhg of elements which occurred 

during weathering cycles. As the pnmary rninerals decompose during weathering, the 

alkaline earths and mi metais tend to remain in solution and some of the metallic 

micronutrients pass into the lattices of the secondary or clay minerais (Wild 1988). 

Shales are forrned from organic-rich sediments under anaerobic conditions, and the heavy 

metals accumulate as sulphides and organic complexes. The trace metal concentrations 

in sedimentary rocks are dependent upon the mineralogy and adsorptive properties of the 

sedimentary material, the matrix and the concentrations of mefais in the water in which 

the sechlents were deposited (AUoway lm). Trace element concentrations in 

sandstones are generally low since these rocks are frecpently domiaated by quartz (Wild 

1988). 

Cadmium is classified as a rnember of the chalcophile group in Goldschmidt's 

geochemicai classification of the elements. This classification deSMibes elements havhg 

a high affinity for sulphur and normally occuring in sulphide deposits. Cadmium is 

closely associateci with Zn in its geochemistry; these elements have similar ionic 



structures and electronegativities and both are strongly chalcophiie aïthough Cd has a 

higher affinity for S than Zn (Woway 1990a). Zinc occurs widely in a number of 

minerais, but the mai. source is spbalerite [(ZnFe)S], which commonly occurs with 

galena (PbS). Cadmium miner& are scarce (Table 24, but as a result of its chemical 

simiIarity to Zn, Cd occm by isomorphous replacement in almost ail zinc ores (Cotton 

and WilkiDson 1988). Cadmium is ais0 fomd in WUCtZite, another ZnS, tetrahedicite, and 

a variety of other sulphida ard sulfosalts. Its most common cornpouml is CdS. 

Cadmium ions fonn insoluble white compounds, usuaiiy hydrated, with carbonates, 

arsenates, phosphates, oxalates, and ferrocyanides (Adriano l986). Many carbonate 

rocks are impure and their trace element contems may be boosted by iron/manganese 

oxides and clays. Geochemical generaiizatiom are useful when considering young soils 

where composition is broadly similar to that of the parent material (Wild 1988). 

Parent material @) is one of the state factors in the soil formation eqyation. 

Soi1 = f(c1, 8, r, p, t, ...) (Jenny 1980) 

Where cl is climate, 0 is vegetation, r is relief, t is the ,  and .. . are penodic natural 

occurrences. Thus, the geochemicai nature of cadmium and its occurrences aliow us to 

predict natural background levels of Cd in residuai or transported soils. The same 

reasoning can also help to predict where anomalously high levels of Cd could be expected 

to mur in mil. In non-contaminated, non-cuitivated soils, the concentration of Cd is 

largely govemed by the amount of Cd in the parent materid (Adriano 1986). In general, 

most soils possess a Cd con- of < 1 mg kg-' except soii developed on parent material 

with anomalousIy high Cd contents, e.g., black shales (AUoway 1990b). 



Table 2.1 Range and mean concentrations of cadmium in various natural materials. 

Cadmium. mg kg-1 

Natural Material Rage Average 

Uitramafic Igneousa 

Basaitic Igneousa 

Grmitic Igneous' 

Shales and Claysa 

BIack S h a h a  

DeepSea Claysa 

Limestonesb 

Sandstonesb 

Phosphontes' 

aSource: Comaliy et al. (1978). 
bSource: AUoway (199ûb). 
n.d. = not detectabIe 



A nirvey by Garrett (1994) of soils across the prairie ecozone and immediately 

adjoining States, covering 850,000 km2 and 1,273 Ap horizons, founâ that geological 

factors innuenced soii composition. The range in data was < 0.2 - 3.8 mg kg-L Cd, with 

an arithmetic mean of 0.28 mg kg-' and a median of 0.3 mg kg-'. nie median value of 

0.3 mg kg-' is refefemd to as the average background level of Cd in the prairie ecozone 

surface soil. Garrett (1994) suggested that most of the variation in soil Cd is due to local 

changes in soil chemistry, reflecting the composition of the underlying parent material 

and differences in Lod pedological processes, together with sampibg and analytical 

variability, rather than broad prairie-wide factors. The parent materials of the prairie 

ecozone sob are dorninantly glaciaiiy traiisported materials. The distribution of soil Cd 

reflected a number of regional geologicai features. These feames include the fact that 

the efevated Cd Ievels in eastern Saskatchewan, Manitoba, and North Dakota reflect 

Cretaceous shales, including the Riding Moutain, Vermiiion River, Favel, Ashville, and 

Pierre shales. The lower black &ale Uaits, Le., beneath and older than the Ridhg 

Mountain, are generally thought to be the most enricheci in heavy metals, and it is over 

and dom-ice fiom these that the elevated Cd pattern is observecl. This pattern does not 

continue into central Saskatchewan because much of this area is covered by glacial 

deposits that average 100 m in thickness. The pasent material in this area is reworked 

through the glacial SequeIlce surf' at diluted wncentrations weil do-ice €tom the 

source area (Garrett 1994). Garrett (1994) suggested that the low Cd areas in the e s t  

and north of the survey area, and in the south-central a m  were related to naaval 

geochemical abuadaace. For example, the east and nonhcm margin areas contained tills 



made up largely of Recambnan Shield and for Palaeozoic carbonate material which 

would be expected to be Iow in Cd. The tik in the southem area contain a significant 

Cretaceous and Tertiary samistom componwt that would also be expected to possess 

relatively low Cd values. Garrett (1994) found that 95 96 of the values feu below 0.5 mg 

Cd kg-' and 99% below 0.7 mg Cd kg-'. A number of scattered but elevated Cd levels 

were found in parts of southwestern Alberta and no& central Manitoba that may be 

reflecting the presence of grains of sphderite or gafena in the tiils (Garrett 1994). 

A study involving 3,045 surface soil sarnples from 307 différent soil series from 

agricuiairal soils of the United States found values of the minimum, maximum, 5th, SOth, 

and 95th percentiles for Cd (mg kg-' dry soil) to be: <0.005, 2.0, 0.036, 0.20, 0.78, 

respectively (Holmgren et al. 1993). Areas with moderateIy high Cd values include the 

lower Mississippi River Vaîiey and the glacial areas of the noah centrai States. These 

values could be due to Cd king a lattice contaminant in CaCO, or the Cretaceous age 

Pierre shales fkom diis area (KoImgren et al. 1993). 

Pierce et al. (1982) found tbat the W e s t  total Cd concentrations oawred in 

calcareous soils developed in the lacustrine secüments and the Des Moines Lobe Till and, 

in general, in surface soils with fkee carbonates. Concentrations in the Minnesota soils 

were low, with total Cd ranging h m  0.06 to 0.74 mg kg-L. The authors coiicluded that 

the dinerem among mils couid be attributed to differences in the Cd concentrations of 

their parent materiab. 

Lund et al. (1981) found surface soüs from a region of California derived fkom 

shale parent material had a mean vaiue of 7.5 mg kg-' and ranged in Cd content from 1.4 



to 22 mg kg-'. Soils from basalt and sandstone parent material ranged from 0.01 to 3.5 

mg kg-' and averaged 0.79 mg kg-'. Fragments of the shde parent material taken at Iithic 

contacts within the pedons had a mean content of 8.0 mg kg-'. Ailuvial soils that were 

derived from shale generally had a lower Cd content thaa the residuaf soils developed on 

shale. Variations in the Cd content amongst the alluvial soils reflected their source 

material (Lund et al. 1981). 

2.2.2 Antbropogenic Sources of Cadmium in &il 

Besides the naturai background levels of cadmium in the soil, Cd levels in the soil 

can also be influenced by the cultural ptactices of man, and fkom industrial pollution 

adding to the naturai load of Cd in the parent material of soils. If the ratio of Cd in 

surface soWd in subsoil is appreciably greater than 1, it is argued that anthropogenic 

contamination of the soil has occurred (Holmgren et al. 1993). Although fertilization and 

atmospheric deposition are sources of Cd, quantities added to rurai agriculturaî soils from 

these sources are small and amount to a few grams or less pet hectare per year (Page et 

al. 1987). 

2.2.2.1 Phosphtic Fertüizers. Phosphatic fertilizers contain various levels of cadmium 

as a con taminant in the phosphate rock depeiding on whee it is mined (Table 2.2). 

approximately 175 kg P h-' y w L  (as triple superphosphate, TSP) over a 36-year period 

had Cd levels in the four treated plots that decnased rapidly with soil depth. 



Table 2.2 Cadmium concentrations in phosphorites and phosphatic fertilizers. 

Cd in Phosphonte Cd in Fertiiizer 

Origin of Rock Range, mg kg-' Range, mg kg-' g Cd / t P,O, 

Various 

Pacific Islands 

Various 

Western USA 

Florida USA 

Morocco 

USA 

Togo 

Senegal 

USSR 

TunisidAlgeria 

IsraeVJordan 

Source: AUoway (1990b) 

Ardetson (1977) found that with increasiiig fertilization only a slight increase in 

the Cd in grain was observed. It seems that the level of available soi1 phosphate may 

affect the Cd content of plants mainly tbrough effects of phosphonis supply on plant 

growth anâ vigour ( w ' i  and David 1977). 

Soils from a citms grove that had been fcailized with the equivaîent of P and totai 
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Calculations based on Cd levels in the soi1 profde inâicafed that about 71% of the 

accumulateci Cd resided in d a c e  soü (O to 15 cm). A hear correlation between total 

Cd in surface soil of ail plots was highly significant (r = 0.89). Correlation between 

P and Cd persisted into the 15 to 30 cm irrremem of soil, where the correlation 

coefficient, r. was 0.79 (Mulla et al. 1980)- 

Roberts et al. (1995) reported that based on 1994 phosphorus appiication rates of 

33 kg monoammonium phosphate (MAP) h~' with 55 mg Cd per kg MAP wouid amount 

to an addition of 1.8 g Cd ha-' r' to prairie ecozone soils feSuIting in an increase of 6.9 

x IO4 mg Cd kg1  (asswning the plow layer of soil weighs 2.6 x 106 kg ha-3. 

2.2.2.2 Farmyard Manure. Values of 0.3 to 1.8 mg kgL dry weight of cadmium have 

been reported for farmyard manure (Ahway 1990b). 

2.2.2.3 Sewage Siudge. Sewage sludges are commonly used as soil conditioners and 

as a source of plant nutrients in particuiar, riiriitgen and phosphorus. Sewage contains 

Cd from human excretion, domestic products containing Zn, and industriai effluents. 

Aimost di the Cd in the sewage accunulates in the sludge proâuced during the treatment. 

Cadmium in sewage sludge ranges widely fiom < 1 to 3650 mg kg1 dry weight in 

western Europe and North Awrica (AUoway 1990b). 

2.2.2.4 Atmospheric Deposiaon. The primary sources of air poliution rank as foiiows: 

smelters > hineration of plastics and cadmium pigments > fossii fuel, including coking 



> steel miUs > meraiiurgkai industries. Other sources of atmospheric Cd originate 

from the combustion of coal, oü, paper, aird urban organic trash. Near roads, motor oils 

and tread Wear h m  vebicuIar tires are sources of Cd and other metals. Iacreased levels 

of Cd have been found closer to the source of air pollution (Ritter and Rinefierd 1983). 

Cadmium levels as high as 95.40 mg kg*' on the surface soii were fomd within 15 m of 

a battery smelter decreaSing to 1.65 mg kg-' 300 m away (John et al. 1972). 

Contamination of soii h m  amiospknc deposition in the agricuitufal regions of the 

United States, except near point emission sources, has been described as amounting to 

a few g or Iess ha-' yf' (Page et al. 1987). 

The general Cd concentration in different plant orgaus has been characterized in 

the seqpence, roots > leaves > fruithg parts > seeds (Munshower 1986). 

Hickey and Kittrick (1984) found that ushg chernical partitionhg in soils and 

sediments that had formerly received massive additions of heavy metals indicated the 

greatest percentage (37%) of total Cd was in the 1.0 M MgCl, exchangeable hction. 

They concluded that Cd should k considereâ @te mobik and biologically available 

compared to copper, nickel. and Mit. ûthers descn'bed cadmium's comparatively high 

mobility on the bais of water solubility of the metaî as an important factor of its mobility 

(Bojakowska and Kochany 1985). Bingham et al. (1984) found that increasing the Cl- 

content resultcd in increasing th CdCi+ wrnponent of the total Cd at the expense of 



Cd2+. Also, ieaf Cd was primanly a hc t ion  of the Cd? concentration. 

Himsly et ai. (1982) demoa~trated that, generally. soil CEC inversely affected the 

uptake of Cd by corn and its p w t h  when Cd was suppliecl as a soiuble sait but not when 

it was supplied as a constituent of municipal sewage sludge. They concluded that the 

source of Cd was the most important factor affecthg its uptake and impact on plant 

growth. Experirnents by Wiiams and David (1977) using pot cultures showed that 

uptake of Cd by subterranean clover was elevated by using increasiog arnounts of Cd 

added to the soi1 up to the 10 mg kg' level. Also, soi1 acutely deficient in P had 

increasing Cd uptake with increasing amounts of phosphate added. They suggested that 

adding phosphate to soi1 acutely deficient in soil P resulted in increased root growth in 

the zone of phosphate enrichment which then increased uptake of Cd. Mahler et al. 

(1980) found that under acid soi1 conditions, Cd tended to approach a maximum 

concentration in shoots as total soii Cd increased, suggesting a carrier-mediated transport 

process which is possibly energy dependent. Under calcareous soil growth conditions, 

Cd uptake was primariiy a fiinction of the total soii Cd concentration characteristic of a 

diffusive transport process not requiring energy. In theu interpretation of results Mahler 

et al. (1980) could offer no explmation for how pH or proton activity affects transport 

processes. MiUer et al. (1977) found that there was a tendnry for soil Pb to increase 

the shoot concentration of Cd in soüs amended with Pb and Cd. They speculated that 

Cd concentrations in the soi1 solution, and thus in the plant, are elevated by Pb as it has 

been shown that Pb more effdvely comptes for exchange sites on colloidal surfaces 

than Cd. 



Street et al. (1977) found that more Cd accumulateci in plants on soils treated with 

Uiorganic Cd thaa with Cd+siudge, reflectiag a possible decreased avaîiability of 

organically-SOM Cd. The Cd concentration of plants grown on sandy soils was greater 

than plaius grown on a logm or clay loam soii. They also observed a higher 

concentration of Cd in the root tissue than in the above &round tissue and that this might 

reflect a physiologicai or chernical mechanisrn for reâuced transport of Cd h m  the roots 

to the tops of corn plants. They also fouad that DTPA(diethy1enetriaminepentaacetic 

acid)-extractable Cd showed a highly significant conelation (r = 0.96) with Cd 

concentration in corn seedijngs. 

White and Chaney (1980) applied Zn and Cd to two different surface soils and 

found that greater amounu of Cd were absorbed and bamlocated to the leaves of soybean 

trifoliate leaves of plants on the soi1 with tess organic matter, and on both soils, more at 

pH 5.5 than at pH 6.3. They also found when Zn and Cd were present in the soils, 

0.01M CaC12-e~tractable Cd was cwilinear for the soil with the higher organic matter 

and linear for the soi1 with the lower Ievel of otganic matter at both pH levels. They 

concluded that the organic müer rich, low Fe and Mn oxide soil bound Cd more 

strongly . 

Miller et al. (1976) found tbat the threshold of vegetative yield reduction on 

soybean oavrrd at 3 to 5 fig Cd g-l dry weight of tissue. They also found that the 

upt&e of Cd by soybeans was relateci to the amount of Cd in the soü relative to the soil's 

capacity to sorb Cd. 

John et al. (1972) fourd that altûough Cd was translocated h m  mot to the top 



portions of oat plants, accumulation takes place at rwt absorption sites. in a separate 

smdy, John (1972) found that with radish plants, Cd was narislocated to and accumuiated 

in the tops at higher concentrations than in the mot part of the plants. 

Recently McLauglin et al. (1994~) found that environmental conditions played a 

dominant role in determinhg Cd uptake in potatoes. Higher tuber Cd concentrations 

tended to occur at sites having sandy soils and where mils were acidic. 

2.3.1 Storage Site for Cadmium in Plants 

In a review of the mechaoisms of Cd uptake and translocation, Jastrow and 

Koeppe (1980) reporteci a hypothe~is that suggests Cd uptake by barley roots involved 

three mechanisms. The first mecbanism is exchange adsorption, in which Cd is 

reversibly bound to exchange sites on the root and can be readily exchaoged by 

desolption solutions (soIutions containhg a large exces of another transition type of 

metai cation, eg. Zn, Cu, Hg) or Ca sol~tions. The second proposed mechanism is an 

irreversible. nonmetabolic binding or secluestering to a limited m b e r  of sites on the ce11 

wall or other ceiiular macromolecules. The third mechanism, diffusion, accounts for 

movement across c e U  membranes, which is necessary for translocation from roots into 

above-ground poRions of the plant. 

Jastmw and Koeppe (1980) also reported that the rate of plant uptake and loss 

(transpiration) affects the movement of essential plant nutrients. and dso that of Cd. This 

suggests that Cd naiislocation within the radish plant ocnirs upwards via the transpiration 



Wagner (1993) reviewed Cd storage in plants and d e s c n i  a mode1 which 

speculates on the conml of Cd uptake/exclusionlaccumulation in plant ceïïs. The fust 

mechaniSm involves bindiag of meds in the cell wall. The second mechanism involves 

Limitation of Cd movement across the plasmalemma. Very little is lmown about Cd 

transport across plant plasmalemma. Mecbanism 3 mvolves an anion efflux mechanism 

in plants such as that found in bacteria. A plasnid-encoded, plasmalemma Cd- 

translocating, Cd-eMwt ATPase was characterized in Staphyiococcm. Mechanism 4 

involves sequestration in the cytosol via protein or peptide complexes, organic acids, or 

inorganic (phosphate. sulfide) complexes. Phytochelatins e s )  have been suggested as 

possible chelators of Cd in the cytosol and elsewbrre. Under low-Ievel exposure such 

as in agriculture, PCs may not be abundant and therefore may not be siWcant in 

Mechanism 4. Another possibk cytoplasrnic Cd chelator may be plant metallothionein. 

The relevance of these potential Cd chelators, if they exist as stable proteins, is not 

known. Mechanism 5 is an extension of Mechanism 4: chelation of Cd in the cytosol by 
. 

proteins/peptides and otganic or brganic anions and subsequent transfer of complexes 

or metal to the vacuole. The poüsibility tbat PC or plant metallothionein or theu Cd 

complexes are transportecl into the vacuole bas apparentiy not yet been testeci. There is 

no evidence in plants for cornplex-facillitated transport of Cd into the vacuole of plants 

exposed to low or high levels of Cd. Mechanism 6 hvolves t d e r  of free Cd?+ to the 

v a d e  via a Cd/H antiporter energùcd by (change in) pH generated by the well- 

established tonoplast V-type ATPase. This was observed in tonoplast vesicles isolated 

fiom mts of oat seedüogs grown in the presence or absence of Cd. It was proposai that 



under low- or high-Cd exposure conditions, Cd may enter the cell as ftee Cd2+ via 

channels in response to the plasma membrane potentid and then may be transported into 

the vacuole via a tonoplast Cd/H antiporter activity. Mecbanism 7 is the last mechanism 

spculated and involves tramfer of cytosolic Cd complexes outside the ceIl. 

2.3.2 Biopedological Cyciing of Cadmium 

Metals in the unharvested portion of vegetation may be retumed to the soil as 

plant residues. This process of metal accumulation by the aeriai part of the plant 

followed by the retum of the uobarvested nsidue contributes to metal cycling from the 

subsurface zone to the soi1 suface (Sposito and Page 1984). Surface enrichment of 

elements by plant material is also refemd to as the biogeochemical cycle (Brooks 1972). 

Microorganisms are important to metal cycling in soils through their role in the 

decomposition of organic matter and in microbial synthesis. They provide a wide variety 

of ligands capable of forming both soluble and insoluble metal complexes (Sposito and 

Page 1984). 

Hawkes and Webb (1962) indicatc that the composition of residual soil and glacial 

tu does not diffes greatly from that of the rocks M m  which they were derived. Thus, 

the data on rocks c m  be used as a f%st approximation to the backgroumi composition of 

the overburden. However, background metal levels in soils are also subject to 

appreciable variation, accordhg to soil type and soii horizon, partidarly in weil- 

differentiated profles characterized by marked enrichment of some constituent, such as 



uon oxide or organic matter. 

Also metais indigenou to the parent materiaï vary in theu wlw duriag the 

development of the soil horizons. Soluble metais and those incorporated or adsorkd on 

clays and coiloids are Iiable to be removed b m  the A horizon, whereas those contained 

in resistant primary minerals are iiable to be enrichecl, relative to soluble metals in that 

horizon. Metals taken up by deeprooted plants wiü be returned to the surface in the 

organic debris. and thek subsequent fate wili depend on the stability of their organic 

compounds in the A, horizon. Some of the metals which are removed from the A 

horizon may tend to accumulate dong with hydrous Fe and Mn oxides or clays in the B 

horizon. Deep-rooted plants offset leaching to some extent by taking up elements which 

are retumed to the surface soil when the plant dies or sheds its leaves. 

Living vegetation has a profouird effect on the dispersion of weathering products. 

The uptake of a given element by the root system of a plant is a function of the relative 

solubility of the element in the soil solution, as modifiai by the extremely corrosive 

environment created by the plant in the vicinity of its mot tips. The biogenic processes 

whereby elements may be solubilized nom relatively stable minerai phases and absorbed 

into the plant's circulatory system vary with differwt m i e s  of plants. 

The net effect of these combincd inorganic and organic factors is an uptake of 

substantid ~uaatities of inorganic matter which is then distributed in greater or less 

amount through the body of the plant. As the Ieaves and other plant organs fall to the 

g r o d  and decay, fain water leaches out the more soluble codtuents. A part, 

however, may again be taken up by living plants or reprecipitated with Fe, Mn, and Ai 



in the B horizon of many soifs. The less sohible conniNents reieased by plant decay tend 

to remain in the humus layer, wherein ions may aiso be retained by adsorption on organic 

matter. This effect is cumulative, and over the years very appreciable enrichment may 

take place. The entire seqyence of professes is referred to as the biogeochemicai cycle. 

Brooks (1983) refers to the biogenic enrichment of elements as the Goldschmidt 

Enrichment Ptinc'ile. The degree of enrichent of trace elements by piants foïlows the 

so-calied Irving-Williams Rules. These niles state that the stability of metal-organic 

complexes is independent of the nature of the Iigaid and that for divalent cations the 

order of stabüity (most stable W) is in the SeQuence: Pt, Pd, Hg, UQ, Be, Cu, Ni, Co, 

Pb, Zn, Cd, Fe, Mn, Ca, Sr, Ba. For monovalent cations, the secpence is Ag, TI, Li, 

Na, K, Rb, Cs. The comsponding values for trivalent ions are Fe, Ga, Ai, Sc, In, Y, 

Pr, Ce, and La- 

Fortescue (1980) describes Perel'man's general characteristics of the four 

lamlscape groups ie. 1) wooded laodscapes; 2) meadow and steppe landscapes; 3) tundra 

landscapes; 4) primitive desert lansfapes. Under the Wooded landscape in forests there 

is a great biological accumufation of organic matter which far exceeds the annual primary 

production. This landscape requires decades to mach the mature state and involves two 

kinds of biopedological cycles: (a) anmial cycles of leaf fall and related activity and @) 

whole me cycles which are much longer. In these landscapes, the minera1 elements (Ca, 

Mg, P, etc.) may k removed h m  the $03 in the w d y  parts of the trees for a 

relatively long tirne. In such areas most of the organic matter is above the soii surface. 

Heinrichs and Mayer (1980) describeci the role of forest vegetation in the 



geochemical cychg of heavy metals by compa~g atmospheric input and seepage water 

output with the rate of accumulation of met& in the noncycling fiaction of vegemtion 

(wood, bark) and the amounts retained in the abovegroumi cycling fraction (ïeaves, 

needles, finiits, etc.). The metals incorporateci in the noncycïing ftaction are withdrawn 

Rom the geochemicai cycle for the lifetime of the forest, and ard be partially exported 

from the ecosystem when the forest is harvested. The metais bound in the cycling 

fraction mach the soi1 together with litterfa within a short the, ie., after < = 1 year 

in the beech forest, aftet <7 years in the spruce forest. Very often the* is a strong 

binduig in organic matter and the metah are accumulateci in the organic topsoii or humus 

fraction again king withheld from M e r  cycling, 

Metal cycüng for forest ecosystems has been studied in Europe and Scandinavian 

c o d e s .  Bergkvist et al. (1989) defiaed an ecosystem metal budget as the difference 

between the total deposition to the campy and the amount that leaves the ecosystem, 

either with the soü petcolate below the rooting zone or with the output from the 

catchment. A positive ecosystem budget accumulates the metal and acts as a net sink for 

the metal. Whezeas a negative ecosystem budget is associated with metal release from 

the ecosystem which acts as a net source. The ecosystem budget for Cd is usually 

negative. This loss is via the soi1 solution under the moting zone and remarkably high 

from a spruce stand (Berghrist et al. 1989). The low pH of forest soils wouid likely 

explain the negative ecosystem budget for Cd. The dominahg tree species was 

important for the mtal cyciing and acid-base properties of the soils. The acidifj6ng 

potential of spmce was definitely greater than that of deciduous trees, eg. beech or birch. 



Under the meadow and steppe Iandscapes there are no reserves of living matter 

and the total amount of living organic m r  is usuaiiy not more than 30 - 40 tons h - I .  

The annual accumulation of organic ma- in this type of lamiscape may equal, or 

exceed. that of forests although. because the majority of plants are d s ,  the elements 

are kept out of the circulation for short periods ody. 0rganic matter tends to accumulate 

below the Eaah's surface in these landscapes. 

ALin (1991) descri'bes the cycling of nutrients in the forest ecosystem versus the 

grassland ecosystem in terms of the natural vegetation present, Le.. quantity of organic 

matter produced and the level of nutrient dernand. Most gcass-produced organic matter 

dies annuaIly and thus adck to soi1 humus; even extensive root systems of perennial 

grasses are replaced every few years. As a result. the upper horizons of grassland soils 

generally are much darker than those of forest soüs. On the other hand, trees and theu 

root systems iive longer than grasses and conm'bute las each year to the accumulation 

of soil humus. Also trees are Iess demancihg of soi1 nutrients, particularly bases, so do 

not recycle these nutrients to the surface to the extent that grasses do. 

Eyre (1970) notes that the aerial parts of grasses form a much denser "soâ" or 

''tuf" as they die down and accumdate. Furthermore, grasses form a dense rooting 

network thughout the en& depth of the soi1 beaeath the sucface. Roots decay in an 

almoa conthuous pracess so that bumus, in a IineLyaisseminated form, is acaially 

implanteci in the soi1 by the vegetation. This intimate penetration by mots and humus not 

only ensures deep inherent fertility but also gives the soil a fine cnunb structure and 

pervioumess, regatdless of di&mws in original parent-matenal. Grasses also take up 



greater quantities of minerai aitrients, partidarly Ca, than do forest trees (Eyre 1970). 

The humus retumed to the soÏi by grasses is therefore commensurately richer in nutrients. 

In tum, as the humus decays, the nutrients are released only to be caught up again by the 

efficient footing systems. In this way a very rich nutrient cycle is mahtained. 

2.4 Soil Factors Affecthg Cadmium Availabiiity 

The two most important factors govemiog the uptake of cadmium by crops are the 

soil pH and the concentration of Cd in the soil. Factors of iess importance include soil 

temperature, content of hydrous oxides of km and maaganese in soils, redox potential 

in soil, and interactions with other metals (Page et al. 1987) and complexation with 

balides (McBride 1994). 

2.4.1 Total Soi Cadmium 

Repeated annual applications of fertilizers andfor soil conditioners whkh contain 

Cd (eg. municipai sewage sludges), even though they increase the concentration of Cd 

in the soil each subsequent year, may or may wt increase contents of Cd in the crop 

from year to year (Page et ai. 1987). However, AAdriaao et ai. (1982) found that in 

general, Cd absorption by crops almost always kreased with an increashg level of 

substrate Cd. Luad et al. (1981) used seven soils reprweriting a range in Cd contents 

from O.û2 to 22 mg kg1 for a greenhouse study to investigate the uptake of n a d y  



occurring Cd by three common vegetables: Swiss chard (Beta wlgaris var. cicla); radish 

(Raphanrrs soriw L.); aiad pepper (Crrpscwnfndescens var. grossum). They found that 

the Cd concentrations in the tliree vegetables tested inrreased as the Cd concentrations 

in the sob iirrrased, and were signifîcantly related to both total soü Cd and DTPA- 

extractable Cd. 

2.4.2 Cation Exchange Capadty 

A correspondence between soil texture, CEC, and organic matter for total Cd is 

consistent with the expoctation that most of the Cd in soil is associateci with the clay 

fiaction (probably adsorbed on the Fe and Mn hydrws oxide sucface coatings on clay 

particles) or the organic matter (Holmgren et al. 1993). The kreased ability of soil to 

adsorb Cd with increasing CEC d t s  in a decrease in Cd availabïiity as judged by the 

reduction in the Cd concentration of the soii extract. The retaining power of organic 

matter for Cd predominately is tbugh its CEC proprrty (Mahler et al. 1980). Haghiri 

(1974) reportexi that increasing CU: resuited in decreased Cd concentration in oat shoots. 

Hiwsly et al. (1982) found diat soü CEC inversely affecteci the uptalce of Cd by corn 

when Cd was applied as a soluble sait but not when it was applied as a constituent of 

municipal sewage sludge. Müler et al. (1976) found that CEC was the primary factor 

controliing the Cd sorption capacities of the soils used in th& experiment. 

Conflicting views exist on the value of CEC for predictive purposes with naairal 

soils (Korte et al. 1976). Although the adsorption of cations usuaîiy is related to the 

CEC of soils, noir of the adsorption eqyation parameters were signiticafltly comlated 
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with CEC according to John (1972). 

Soil texture cm inauence Cd uptake. In an atiempt to study the mobility of Cd 

and other trace elements Korte et al. (1976). found that so% texture was an important soil 

property in pmviding information for predicting a soil's effectiveness for trace element 

retention. Increasiog the clay content provides an increase in CEC which decrease the 

availabiliw of Cd for uptake. 

2.4.3 Organic Matter Content 

Soil organic matter serves a dual roIe in controlling the mobility and avaiiability 

of cadmium in soil. A numbet of authors have found that Cd was considerably higher 

in Ap horizons than in C horizons. Probably because there was a greater association of 

Cd with organic matter in the Ap horizon than in the C horizon (Dudas and Pawluk 1980; 

Whitby et al. 1978; Andersson 1977; Hohgren et ai. 1993). However, in poorly 

drained soils fkom different mil zones in Alberta, Dudas and Pawluk (1977) found no 

signifiant correlation (r = 0.38, n = 18) between contents of Cd and organic matter. 

This may have due to their choice of HCL as the extractant for the soils. 

Soil organic matter plays an important role in retainïng soii Cd through its high 

CEC which in tums renders Cd les available to plants (Haghiri 1974; Mahler et al. 

1980; Street et al. 1977; Ktishna Murti 1987; McBride et al. 1981). 

A fiaction of the heavy metais an adsorbed by fiinctionai groups of soi1 organics 

in the d a c e  soils. The Cu?+ ion is known to cornplex sttong1y with fiilvic and humic 

acids, Cd2+ wouid be expected to behave much like Zir'+ anci associate more weakly with 
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organics. Cavaliaro and McBride (1978) suggested that Cd2+ would be more susceptible 

to Ca2+ ion cornpetition, whïie Cu?+ is l e s  replaceable. 

The other signifiant d e  of organic mamr involves complexation of Cd with 

soluble organic matter. Chelates of Cd appeved to be more soluble than those of other 

metds w h n a  Murti 1987). Neal and Sposito (1986) fowd that the sorption of Cd at 

soil solution concentrations between 0.001 and O. 1 pmol Cd kgiL (solution concentration; 

a = aqyeous) was inhi'bited by the formation of soluble Cd-organic associations in 

aqueous solution. The Scurve isotherms reflected a prefemtial complexation of Cd at 

Low concentrations with soluble organic material that is not sorbed by the soil solid 

phases. It has been shown that soluble organic matter contains two distinguishable groups 

of exchange sites; one of which can bind with the foilowing ions; C a o ,  Mg(I1) , Guo, 

Z.u(II), Nia, Co@), Mn@), Cd@), P b o ,  F e 0  and protons, the second can bind 

protons, copper and lead only (Fietcher and Beckett 1987). White and Chaney (1980) 

found tbat a soil rich in organic matter reduced the amount of Cd uptake compared to 

another soil low in organic matter when Cd was added to the potteci soils. He and Singh 

(1993) repoaed that the Cd concentration in ryegrass decreased with increasing arnounts 

of organic mamr added to three soils of varyhg texture, with the decrease behg more 

pronounceü in the d. Ha- (1974) concluded that Cd concentration in oat shoots 

was not signincantly affecteci by the addition of organic matter. From his observations, 

it appeared that the retnining power of organic matter for Cd was predominantiy through 

its CEC pmperty anà not its chelating abiiity. 



If other soi1 conditions remain unchangeci, the Cd concentration of plant tissue 

wouid decrease as the pH of the soi1 imxeased (Page et al. 1987). Under acid soi1 

conditions, Cd tends to approach a maximum concentration in shoots as total soi1 Cd is 

increased (Mahler et ai. 1980; Mahler et al. 1978; White and Chaney 1980). Thus, 

liming is an important meam of  Rducing the mobiiîty of added Cd in sob (Jarvis and 

Jones 1980). 

As the soi1 solution becornes increasingiy acidic, the influence of organic ligands 

on heavy metal adsorption diminishes due to a decreasing ability of the ligands to bind 

the metal. Changes in metal speciation with increasing H+ concentration results fkom an 

enbanced advantage of H+ over Cd2+ for ligand binding and complexation by products 

of soi1 dissolution (F8+ and Al3+). Concern is justïfied when heavy metals and strong 

organic chelators are codisposed on soils at neunal or allraüne conditions (Eiiiot and 

Denneny 1982). 

W * ï  and David (1976) demonstrateci that the uptake of soii Cd increased in 

subtemnean clover when pH was decreased by the addition of CaSO, 2H20 and 

decreased when soil pH was increased. 

Cadmium solubility demases with increasirig pH. This suggests that caîcareous 

soils are a more efficient sink for both Cd and Pb when cornpanai to nollcalcafeous soils 

(Santillan-Medrano and Jurinak 1975). 

Wia-Miragaya and Page (1978), usiag four soil separates of different chemical 

and mineralogid pmperties, fourd then was a decrease in the amount of Cd sorbed as 
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the pH decreased. This was to k expected, due to the effect of increasing concentration 

of H+ and Al in solution, both of which compte with Cd for ion sorption sites on the 

soil sorbent surfaces, as well as the concomitant decrease of negative charge of the same 

sufaces. The increase in Cd soiption with incrernent in pH was due to the formation of 

ww sorption sites, together with the diminishing of the cornpetition of H with Cd for soil 

sorption sites. The rnechanisms fespo~lsl'ble for the charge uIcAase of iron oxide between 

pH 6 and 7 seemed to k more effective at increasing the Cd sorption capacity between 

these pH's than those of organic matter (mainly dissociation of carboxylic, phenolic and 

enolic groups) . 

The sorption capacities of soils were found to increase approximately three times 

for each increase in pH of one unit in the pH-interval 4 to 7 (Christensen 1984~). 

Adsorption of Cd and Pb related to increasing pH. For Cd, the relative change in 

distribution constant/soil organic matter with pH increases oniy slightly with increasing 

ionic strength of the soii solution. Also, for Cd the d i s t n i o n  constant per unit weight 

of soil organic matter at a given pH decreases strongly with increasing ionic strengtb of 

the soi1 solution. The solution concentration of Cd increases very strongly with 

increasing ionic stnength at a given pH and soil organic matter content. Thus, the soil 

solution concentration of Pb and Cu is affected much less by pH than by Zn and Cd. 

The pH at which reversal of the effat of the ionic süength on soi1 solution concentration 

and adsorption constants ocairs decreases in the order Cd > Zn > Pb > Cu. Lead in 

soils is thus less accessible than Cd, Zn, and Cu (Gerritse and Van Driel 1984). 



2.4.5 Other Cations 

It is expecteâ that Ca2+ in the soi1 so1utions would compte with Cd!' for 

exchange sites at the mot surface and h b y  depress uptake. Similatly, Mn!+ and Zn?+ 

may also reduce Cd2+ uptake fiom soils (MiMer et al. 1978). Chnstensen (1987) found 

that Zn cornpetes effectvely for Cd soi1 sorption sites. Nevertheles, soil application of 

Zn as an agent in reducing the uptake of Cd by soybean tops did not appear to be 

practical since the suppression of Cd occurreâ only when large amounts of Zn were 

added at which level the yield was ârastidy reduced (Haghin 1974). Zinc on an 

equivalent basis is mn a strong cornpetitor for sorption sites. Increasing the soil solution 

concentrations of Zn, H+, Ca. or EDTA (as a mode1 for organic ligands) si@~cantly 

desorbed Cd fiom the soils (Christensen 1984b). 

The tendency for soil Pb to increase corn shoot Cd concentrations and uptake was 

less obvious ami only speculative. Specuîation is that Cd concentrations in the soil 
. 

solution, and thus in the plant, are elevated by Pb as it has ken  shown that Pb more 

effectively competes for exchange sites on coiloida1 d a c e s  than Cd (Miller et al. 1977). 

An increase in Ca concentration from 1C3 to IO2 was found to reduce the Cd 

sorption capacity of a d y  loam approximately to one third. Competing ions such as 

Ca2+ shifk the adsorption e@.ïibria for Cd2+ drastidy, suggesting that ion exchange is 

responsible for Cd!+ adsorption (Cavallam and McBride 1978). This fact may 

sigaüicatltly affect the disaibuion of Cd betwem suil and solute, and hence availability 

of Cd to plant uptake aod leaching, since it b common that Ca concentrations of soil 

solutions vary wi&ly as a functioa of tirue. Calcium ptesent in the soil solution was 
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found to compete effectively wit& Cd for adsorption sites in the soi1 (Christensen 19846). 

The exchangeable Ca2+ aiid sum of bases gave the highest correlation coefficients 

to the mils CdRC (cadmium retention capacity) (McBride et al. 1981). Thek results 

strongly suggest that Cd2+ was adsorbed in the soih by exchange of basic cations (mainly 

Ca2') h m  clays and organic matter. They concluded then, that tbe quantity of Cd2+ 

adsorption should be largely detennined by the llumber of surface charge sites on clay 

and organic coiîoids occirpied by basic cations. In general, the sum of exchangeable 

bases, excbangeable Ca2+, and the CdRC had stronger correlation with Cd2f uptake than 

the buffend CEC, a soil parameter cornmotily used to estimate capacity to adsorb heavy 

metals. Thus, soils with high exchangeable base contents tend to restrict absorption of 

Cd2+ by the plant. 

Kuo and Baker (1980) found that the sorption of Cd was drastically reduced when 

Cu and Zn were present. Since the sorption of Cu, Zn, and Cd occurs at a pH well 

below the zero point charge (ZPC) of each soil used, the sorption can proceed even in 

the presence of electrostatic repulsion between the positively charged d a c e s  and the 

metal cations. 

2.4.6 Other Soü Factors 

Factors such as soil mineralogy, soii temperature. soil water stress, soil 

rnicrmrganisms. and Cl- can also have an affkct on the mobility and availability of 

cadmium in soil. 

Based on the hardhard-acid-base principle, kaoiinite shows a preference for the 
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softer Cd2+ c o m p d  to the soft 218' and Ni2+. Montmoriiionite showed no apparent 

ciifference in preference for Cd or Zn (Puis and Bohn 1988). The physical differences 

between kaoiinite and montmori.üoaite that might explain Merences in sorption are (i) 

kaolinite has a greater percenage of hydroxyl edges and ( i  montmoriiïonite has a Iarger 

percentage of ditrigond cavities formed by six comer-stiaring silica tetrahedra on the 

siloxane plam surface. The teactivity of these cavities are dependent on the excess 

negative charge distniution due to isomorphic substitution in the silicate structure. If 

there is no substitution then the cavity functions as a bard Lewis base. 

An increase in the concenttation of Cd in soybean shoots was associateci with 

hcceased soil tempetanire (Haghiri 1974). Giordano et al. (1979) found that heating the 

soii did not appear to Muence the movement of Cd in the soii profile. Haghiri (1974) 

reporteci that Cd concentration increased in soybean with increased soil temperature from 

15.5 to 26.6 OC. 

The avaüabüity of soü water may ako affect Cd uptake and accumuiation. When 

corn was grown in Cd-amended nutrient solution (O to 40 pg Cd W1) and subjected to 

various levels of water stress induceà by additions of polyethy1ene glycol (an osmoticant) 

to the solution, Cd uptake was significantiy reduced by increasing water stress (Jastrow 

and Koeppe 1980). 

A study by Chamnugatbas and BoUag (1987) of the micmbial impact upon the fate 

of Cd in soil showed that it is dif%erent under aerobic and anaerobic conditions. In their 

aerobic studies, Cd was released after its immobilization, whereas no subsequent Cd 

mobiüzation ocnurrd during a longer period of anaerobic incubation. Instead, Cd was 

increasingly immobilized as a resuit of miaobhi activity. They coacluded fkom their 
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studies that soil microorganisms are an important factor in determiaing the fate of Cd in 

soil suspensions. In a short-term exposure, Cd added to soi1 was immobilized as a result 

of both microbial activity and soil sorption. However, in the long-term, Cd 

immobilization was followed by its re1ease into solution (irrluding free Cd?') under 

aerobic conditions, whereas no Cd mobilization occutred d e r  reduced conditions. In 

general, the âegree of irnrnobiîization was considerably -ter d e r  anaerobic tbaa 

under aembic cooditions. FuRhermore, the rate and degree of microbial immobilization 

and mobiiization of Cd varied depending on the soil type (Chanmugathas ami Bollag 

1987). These authors were unable to &scribe the rnechanism involved in the 

immobiiization and mobilization of Cd through microbial activity. 

The influence of chloride on Cd bioavailability bas been noted by a number of 

authors. The relatively Low Cd-sorption capacity of two southern California soils may 

have been caused by their higher concentrations of Na+ and CI; since they are saline, 

which rnay tesult both in cornpetition between cations and, the formation of Cd-Cl 

complexes that are sorbed to a lesser extent than CdLC (Neal and Sposito, 1986). The Cl- 

treatment of soi1 resuited in a signincant increase in the solubility of the saturation extract 

cadmium (Cdn), probably through exchange of adsotbed Cd by the cation associated with 

the Cl sait and by enhanced solubility of Cd tbrough the formation of soluble Cl 

complexes of Cd. The increased concentration of Cd, promoted a greater accumulation 

of Cd in the test plant, to the extent that the concentration of plant Cd inhi'bited growth. 

Cadmium forms relatively strong complexes with Cl and SO, ions. The net effect of 

sahizhg to levels fre<luently eIlcOuafered in arid-zone soiis is for iweased solubility of 

the metal ami possibly increased mobiüty of Cd because of the change in C&+IC~CI+ or 
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Cd2+/CdSOP ratios. Uptake and accumulation of C& appear to be related more to the 

activity of cd2+ than to total Cd (Bingham et al. 1983). 

2.5 Crop Management Factors ALteebtag Cadmium Avaiïabüity 

From the above sections it is apparent that a number of soi1 chernical and physicai 

properties are important factors in the amount of Cd uptake to plants. Plant genetics will 

also determine the level of Cd uptake which is Iikely to occur (McLaughlin et al. 19946). 

Soiî factors which infîuence the uptake of soiï Cd such as pH, and CEC can be 

managed. In the case of soii pH reducing mil pH by liming could reduœ the level of Cd 

uptake (Reâdy and Patrick 1977). Increasing CEC to sandy soiis by addition of organic 

matter couid increase the level of CEC for the soi1 and increase the level of Cd 

adsorption whiie decreasing Cd availabüity (Lo et al. 1992; Saviozzi et al. 1983). 

Nevertheless, these two practices may not be agronomicaiiy practical for economical 

reasons. 

Lgiting the level of Cd in phosphonis fertiiizers by selecting a phosphate rock 

source low in Cd or through processing phosphorus rock for P fertilipr are possible ways 

for reducing the amount of Cd added to the soi1 on a muai basis (Roberts et al. 1995; 

Williams and David 1973). This may be possible at a likely increased cost to producers 

throcgh incrrased P feailizer p r i a s  

The use of Zn fertilizer on Zn deficient soils may offer a management tool for 

producers to decrease the kvel of Cd in their crop(s) (Choudhary et al. 1994; Grant et 

al. 1995; Oliver et al. 1994; McLaughlin et al. 1995). 
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3. A SURVEY OF SOIL CADMIUM. ACROSS THE PRAIRIE ECOZONE 

3.1 Abstract 

High grah Cd kvels (0.1 - 0.2 ppm f.w.) across western Canada have k e n  

identified by the Canadian Grain Commission, Grain Research Lab, Winnipeg. A 

number of these locations are in the Brown soit zone. In order to determine the inauence 

soi1 geriesis has on soi1 Cd levels, two soi1 forming factors were studied; climate and 

parent material. A ciimo~e~uence consisting of 11 Chemozemic soiîs h m  the Brown, 

Dark Brown, Black, and Dark Gray soil zones, and two Gray Luvisois were sampled for 

this study. A lithosequence of pedons representative of different parent materials was 

also iacIuded in the study. 

Biopedological redistribution of Cd was evidenî in dl the pedons. The intemity 

of biopedological Cd cycling obsewed in this study followed a climatic gradient. Solum 

Cd depletion was more prominent dong the cIimatic gradient of drier and hotter Brown 

soil zone to the wettet cooler Dark Gray Iuivisol mils. Surface mil Cd e ~ c h m e n t  

factors (A horizon 1 C horizon) iaçreased dong the climoseqgence h m  Brown, Dark 

Brown, and Black soi1 zones, but derreasd in the Da& Gray and Dark Gray Luvisol soil 

zones 1.38, 1.73, 2.04, 0.787, ami 0.833, respectively. 

This study Plso found that the parent material fiom which a pedon is developed 



has a strong influence on the background Cd levels characteristic of a soii. Lacustrine 

parwt materia) nom the Brown soü soiI zone was 0.2% and 0.410 mg Cd kg-' and 0.256 

mg Cd kgL in the mixed till parent material. In the Bhck soi1 zone one mixed tiîi parent 

material sample was greater (0.346 mg Cd kg-') than the kus t rhe  parent matenal (0.293 

mg Cd kg3. Two other mixeci tül parent material samples were 0.096 and O. IO8 mg Cd 

kg-'. The Cd content in a shaie till parent maierial h m  the Dark Gray tuvis01 was 

0.461 mg Cd kg1. A mixeci tili Dark Gray Luvis01 soi1 was 0.351 mg Cd kg-l. 

Cadmium content in parent material foiiowed the order: shale till > lacustrine > mixed 

tiii parent matenal. DEerent rock sources for parent materiai accounted for the Cd 

Lithosequeme. Regional totai soii Cd levels were relateci to the Cd content of the 

underlying Upper Cretaceous sMes ûom wbich most of the prairie ecozone mixeci glacial 

tiü soüs are in part deriveâ. 

High grain Cd levels (0.1 - 0.2 ppm f.w.) acms western Cariada have been 

identified by the Canadian Grain Commission h m  some grab samples taken fmm grain 

elevators across the prairie Provioces. hinun wheat is the wheat class with the high 

grain Cd levels. Grain Cd levels tendeci to be elevated in the Brown soii zone of the 

prairie ecoum. For dunnn grain harvesteâ in 1991 the average Cd content nOm Alberta 

was 0.122 ppm, Saskatchewan was 0.104 ppm and Manitoba was 0.091 ppm (f.w.). 

The data fnw the Canadian Grah Commission indicates a relationship may exist for 



grain Cd which corresponds to the soii zones of the prairie ecomne. 

The Cd "Rechven" (guide values) of cereais exported to Germany are cunently 

O. 1 pprn (f. W.) for wheat. The European Union (1997) is proposing a grain Cd limit of 

0.2 ppm @.W.) in ali cereais. Codex Alimentarius CommissPon of the WorId Realth 

Organization (FAO/WHO 1995) has proposeci a grain cadmium (Cd) limit of 0.1 ppm 

(f.w.) for export. Thetefore, dependhg on the country Canada is exporthg its wheat to, 

it may be necessary in the future to be able to manage the grain Cd content. This is, and 

would contirne to be managed to some extent by compositing Canadian grain shipments. 

Nevertheless, other methods of contcoiüng grain Cd need to be investigated should 

Canadian grain Cd levels need O be lowered. 

Canada is attemptïng to control grain Cd levels by conducting research in t h e  

different areas. First, plant breeding is being used to develop low Cd accumulators. 

Second, agronomie aspects of crop management such as fertility practices are being 

developed as a the means for limiting tk uptake of soü Cd. Thirdly, background soi1 

Cd levels need to be investigated b ide* regions capable of produchg higher grain 

Cd, so that these can be taken out of dunun production, if necessary. 

Jemy (1980) used a mathematical description to describe soii genesis. He 

considered the five mil-fonning factors: cl, climate; 0, biotic fectors; r, topography; p, 

parent material; t, the; d ..., tk dot factors@eriodic naturai ocamences) as 

ecosystem determinanis. As a group he refemd to tkm as state factors. Thus as an 

ecosystem praperty, soiï properties (S) are a h t i o n  of these five state factors. Jenny 

describeci this mathematidy as S = f(cl,e,r,p,t,. . .) 



A lithosecpence S = f@) , , , , can be studied if the parent material 

(geochemisuy) of the rock source is knom for the pedon sites and ai i  the other variables 

in the soi1 forming eqyation are constant. The influence of parent material on the soi1 

Cd levels h m  dinerent soi1 zones across the prairie m m  will be reflected in the 

geology of the source rock fkom which the parent material is derived. Typically, shale 

rocks contain higher levels of Cd thaa other rock souces (AUoway 1990b). Therefore 

the relative proportion of shale rock in the till material wiU also Muence the Ievel of Cd 

in the soil. 

A = f(cl) 0, . , , ..- (vegetation) cm be studied using different 

climatic zones and lcnowing which soils share the same parent material (geochemistry) 

so that dong with parent material all the other state factors except climate are constant 

to satisfy the soil forming equation. Ciimate wiil influence soil genesis in the dserent 

soil zones across the prairie ecozone due to the type of native vegetation associated with 

a particuiar dimatic region. Going from the Brown soi1 zone to the Dark Gray soil zone 

the climate changes h m  arid with short grasses to sub-humid which has a transition 

vegetation consisting of grasses and fomst trees. The dinerence in climate and its 

influence on the type of native vegetation will in airn intlueirp the intemity of 

biopedologâal cycling. 

This study was initiateci to detennine the pedogenic influences two soii forming 

factors; climate. Sa = f(cl) , , ., ..- ad Pmnt material. Sa = f@) a 0.5 L ..- have on 

soil Cd ievels in the prairie ecozone. 



3.3 Materiaïs and Methods 

3.3.1 Soi 

Study A m  

Grassland and Forested soik 

A map of the study area is given in Figure 3.1. Sarnpling sites were selected on 

the basis of regions which have shown repeatedly higher levels of grain Cd fkom data 

obtained by the Canadian Grain Commission. AU sites selected are h m  agricultural 

fields. A total of thirteen sites were selected. Sites were selected based on similarity in 

surface texture (clay loam) to eliminate the influence of soil texaire on soil Cd Ievels. 

AU sites were sampled h m  the mid-dope position to aUow for sampling of the modal 

soü for the sub group classification. 

Thirteen pedons were sampled fkom two soil orden. Eleven pedons fkom the 

Chemozemic soii order, and two pedons h m  the Luvisolic soii order. A climosequence 

represented by five different soil zones: Brown, Da& Brown, Black, Dark Gray, and 

Dark Gray Luvisol was used for this study. This climosequence represents a m e c t  

through soi1 zones reflecting a change in climate and vegetation Ui each. Sites sampled 

in the lïtho~equence representcd t h  different parent material types: mixed till, 

lacustrine, shale till. The locations, soii series sampled, th& subgroups and parent 

material are given in Table 3.1. A complete soi1 description for each pedon and their 

profiie location is provideci in Appendix 1. 







Field Methods 

The profifes were exposed to a depth of 1.0 rn at each site. Each pedon was 

photographed and describecl in the field. One kg soi1 samples were collected on a genetic 

horizon bsis, from the middle of each horizon. Subsamples for bulk density 

detezmifliltion were also coiiected in duplicate on a genetic basis using a core sampier. 

AU soil samples were stored in plastic bags. 

Sample Reparation 

Soi1 samples were air-dried then passed through a No. 10 plastic sieve with 2.0 

mm mesh openings. Any soi1 aggregates which were too large to pass through were than 

broken using a wooden rohg  pin to d o w  all soi1 aggregates less than 2.00 mm to be 

coiiected. The hygroscopic water content was detennined for the soil samples to allow 

ail analytical determinations to 

deteminations were performed 

be expressad on an oven-dry basis. Ali analytical 

in triplkate. The mean values of the particle size 

hctions, CaC03, soii pH, exchangeable cations, cation exchange capacity , and the heavy 

metals contents were reportecl. 

Particle size distri'bution was determined using the pipette method (McKeague 

198 1). 



Chemicai h d y s e s  

Inorganic carbon content was determined using the Bundy and Bremner (1972) 

tiulmetric rnethod. Organk urbon content was detexmined using a modifiecl Mebius 

metaod (Yeomaus aiid Bremaer 1988). Soii p H  was deteminai using 0.01 M CaCI, at 

1:2 soi1 to solution ratio. Exchangeable cations and cation exchange capacity were 

determined usmg a modifieci version of the Hendmhot and Duquette (1986) method of 

BaCl, saturation foiïowed by MgCl, replacement, respectively. These analyses were 

conducted on the fiae earth ffactions. 

Representative subsamples of the fine earth fiaction were ground using an agate 

mortar and pede then passed through a plastic mesh sieve with 150 pm diameter 

openings. Soil samples were weighed out to approximately 0.2 g into block digestion 

tubes, two blanks and two standard reference soi1 samples were included with each set 

of 40 tubes. To each tube 5 mL of m, and 2.5 mL of HCIO, were added, the 

samples were mixed and aliowed to sit for 1 hour. The samples were then placed in a 

block digestor and brought to 230" C and maintained at this temperature for two hours. 

The samples were then aîlowed to cool, filtered through wetteà #42 Whattman Nter 

paper and brought to 25 mL using deionized water. Samples were then stored in plastic 

scintillation vials for furtber analysis. About 10 mL of the sample was removed for 

aaalysis of Cu, Fe, Ni, Pb, anâ Zn on a Perkin-Elmer, llûû B atomic absorption 

specmphotometer, u h g  flame directly. The rernaining 15 mL of extract was treated 

with 0.05% dithizone at a pH of 4.5 to remove background interferences and concentrate 

the HN03 - HC10, digesti'ble Cd. The sarnples were then analyzed using a PerLin-Elmer, 

1 100 B atomic absorption spectrophotometer with graphite fumace, with a detection limit 

of 0.250 ppb. 



3.4 Resuits and Discussion 

3.4.1 Ciimosequence of totai soil cadmium and other heavy metais 

Morphologicai descriptions, including phy sicai and chemical properties for the 

pedons are provided in Appenxix 1. 

Different c h t i c  influxes are occuring along the climosequence. The mean 

annuai precipitation (mal?) from the sites in the Brown soil zone was 335 mm, Dark 

Brown soil zone was 404 mm, Black soil zone was 459 mm, Dark Gray soil zone was 

428 mm, and the Gray Luvisol soiis was 547 mm (Table 3.2). The mean annual 

temperature (maT) nom the sites in the Brown soil zone was 4.7 O C ,  Dark Brown soil 

zone was 3.0 O C ,  Black soil zone was 1.8 O C ,  Dark Gray soi1 zone was 0.7 O C ,  and the 

Gray Luvisol soils was 1.8 O C  (Table 3.3). 

There is evidence of a net downward movemeot of water into the soil system 

based on the profde development in the pedons studied. The supplementai data in 

Appendix 1. shows that as the amount of r a i a f '  to a pedon increases dong this ciimatic 

gradient, the depth to calcium Catbomte (CaCQ), and solum depth increases and the % 

base saturation decreases. 

The pedogenesis of the pedons sadieci displayed soil chemical propercies reflecting 

the soil zones the pedons were located. AU of the mils except the Nayler Senes have 

formed fiom dcareous parent materials (Appendix 1). The Niverville Series had the 

highest CaC03 content in the surface horizon (71 g kgw1). The CaCQ content of the soils 



Table 3.2 Precipitation (nomials) for selected weather stations based on the period 1951 to 1980 (Environment Canada 1982). 

Soit Weather Station 
Series Location JAN PEB MAR APR MAY JUN IUL AUG SEP OCT NOV DEC YEAR 

Ardil l Sibbald, Ab 17.6 10.8 17.6 22.1 31.1 62.1 44.5 42.7 31.5 13.5 13.8 14.0 
Maleb Bow Island, AB 19.2 12.9 14.4 31.9 50.3 70.6 28.1 38.4 34.3 13.7 14.9 13.7 
Chin Bow Island, AB 19.2 12.9 14.4 31.9 50.3 70.6 28.1 38.4 34.3 13.7 14.9 13,7 
Readymade Vulcan, AB 16.2 17.3 16,4 32.9 51.2 80.9 51.4 51.8 37.0 18.3 13.4 17.7 
Weybum Denzil, SK 21.7 17.5 21.2 27.1 38.6 73.7 71.7 49.6 29.0 15.3 17.2 21.4 
Niverville Altona, MB 26.3 17.7 24.2 40.8 58.7 76.7 77.1 63.9 54.6 27.4 19.9 23.3 
Newstead Virden, MB 21.3 22.5 17.9 29.7 45.1 72.0 67.9 66.4 49.4 30.0 17.1 22.4 
Mayfair Waseca, SK 25.7 16.1 26.7 24.1 39.4 75.7 76.2 67.9 34.3 19,3 18.4 25.2 
Beaverhills Kitscoty , AB 20.1 14.3 17.1 17.8 36.9 85.7 73.8 62.4 36.5 14.7 16.2 19.1 
Whitewood Prcnchman Butte, SU 24.9 15.2 21.3 17.9 33.2 70.4 78.0 58.7 29.8 20.4 12.7 20.7 
Falun Elk Point, AB 22.9 14.9 20.3 20.8 403 70.1 83.0 73.5 45.7 19.4 18.9 23,3 
Nayler Sommaset, Mi3 20.3 22.5 29.6 41.7 71.0 77.1 78.1 62.8 60.4 33.1 28.0 22.2 
Pembina (Z)Sommerset, MB 20.3 22.5 29.6 41.7 71.0 77.1 78.1 62.8 60.4 33.1 28.0 22.2 





ranged from O to 6 g kg1, O to 3 g kg-L, and O to 71 g kg' in the Brown, Dark Brown, and Black 

soiis, respectively. The GCo3 content in the Diuk Gray soiis were both 1 g kg1. The CaCO, 

content in the Gray Luvis01 soils ranged fiom O to 20 g kgL. The Ardill Series, Malet, Series, 

Weyburn Series, and the Nivenrille Secies soils bave had some Iixiviation of CaCQ resulting in 

calcification indicated by tbe Cca horizon designation within these pedons. Most sola contained 

little in the amount of CaCO, and the depth at which larger amounts of carbonates were present 

was deeper for the sites fiom the more subhumid to humid dimatic region; Whitewd, Faiun, 

Nayler, and the Pembina (2) Series soils. 

Generaliy the % base saturation increased with depth in the pedons (Appendix I). Some 

of the pedons with the highest % base saturation were those soils Born the Brown soi1 zone, Soils 

from this soii zone had % base saturation values for their surface horizon ranging irom 74.5 ro 

134.1 96. Values greater thaa 100% likely indicate the presence of CaCO, and a high degree of 

base saturation. AU the horizons for the Chin Series pedon had 46 base saturation values > 

100%. It is not surprishg that the more arid Brown soil zone had pedons with the greatest degree 

of base saturation. The leveI of base satwation is closely associated with climate and the annual 

amount of rainfdî a cegion ceceives (Tan 1993). The % base saturation in the surface horizons 

from soils in the Dark Brown soi1 zone ranged fiom 79.8 to 82.496. The 96 base saturation in 

the surface horizons fiom soils in the Black soi1 zone ranged fiom 73.8 to 79.8%. The % base 

saturation in the surface horizons €rom soils in the Dark Gray soil zone ranged from 65.5 to 

88.7 % . Since the sutface horizon for the Falun Series soil had the lowest 96 base saturation value 

(65.5%) of aii the pedons it would suggat that the level of annuai precipitation in this region is 

probably greater than other regions sampled in this study. It is expected that the % base 

saturation would be the least for the Nayler and Pembina (2) Series pedons since the mean 

monthly precipitation (45.6 mm, Table 3.2) for these sites is greater than for any of the other 



sites studied- 

The solum depths' soils ranged h m  0.45 - 0.57 m, 0.26 - 0.30 m, 0.32 - 0.70 m, 0.47 - 

1.00 m. and 0.67 - 0.70 m for the Brown, Dark Brown, Black, Dark Gray, and Gray Luvisol 

soiis. respectively (Appuidix 0. The ciifference in solum depth between sol zones is likely a 

reflection of mual precipitation fkom the study sites. 

The total @NO3 - HClO, digestiile) soil Cd, auci Zn contents for the thirteen pedons is 

presented on a horizon basis in Table 3.4. The range in values for total soil Cd in the A horizon 

was 0.067 to 0.615 mg Cd kg' soü for the Falun and Chin Series soiis, rrspectively (Table 3 -4). 

The range in values for totd soil Cd in the 9 uniform parent materiais was 0.096 to 0.46 1 mg Cd 

kg1 soil for the Mayfaù and Nayler Sens sob, ce~pectively (Table 3.4). Al1 of the soil horizons 

in the study containeci total Cd within typical background levels for soü, Le., 1 .O mg kg*' (Plant 

and Raisweli 1983). Generaiiy the level of soil Cd in this study was greatest in the surface 

horizon. The soü Cd levels Born this study are sirnila. to other reporteci values in the literature 

of other Canadian studies. A recent study of the A horizon in soils fiom the prairie ecozone 

found the mean value to be 0.3 mg Cd kg1 soü (Garrett 1994). A study in Nonhwestem Alberta 

(Sooa and Abboud 1990) reporteci the mean total soii Cd (HNO, - HF - HClO, digesiible) for the 

surface horizon as 0.3 mg Cd kg1 aad 0.2 mg Cd kgt in the subsoil. The background level of 

Cd in Canadian soils fiom the Interior Plains bas been reponed as < 1 mg kg1 (McKeague and 

Wolynetz 1980). Supplexnentai data on total (HN03 - HClO, digestible) soil Cu, Ni, and Pb 

contents for the tbvteen pedons is listed in Appeadix II.. 

There is very littie in the literature which descri'bes the vertical distribution of soil Cd on 

a horizon (ie. genetic) basis. Picm et al. (1982) descn'bed the vertical dismiution of Cd on the 

basis of surface soi& subsoil, and parent material. The surfice horizon was based on a O to 15 

cm depth, the subsoil depth was fiom 15 cm CO the top of the C horizon, and the layer below the 



Table 3.4 Profile distribution of Cd and Zna in the pedons studied. 

Total 
Soi1 Dept h Cdksd Znksd 
Series Horizon m - mg kg*' - ZnICd 

Ardill Ap 
Bm 
Bmk 
Cca 
llCk 
lnck 

Mdeb Ap 
Ahe 
Bmk 
cca 
Ck 

sd = standard deviation, a al1 values reporteci on an oven-àry bais 



Table 3.4 (cont inued) . 

Total 
Soi1 Depth Cd 1 sd Znksd 
Series Horizon m mg kg*' - Zn 1 Cd 

Chin AP 
AB 
etj 
BC 
Ckl 
lICk 

Readymade Ap 
Brn 
Ckl 
Ck2 

sd = standard deviation 



Table 3.4 (continued). 

Total 
Soil Depth Cd ksd Znksd 
Series Horizon m - mg kg" - Zn 1 Cd 

Weybum AP 
Bm 
Cca 
Ckl 
C U  

Niverville Apk 
AC 
Cca 
llCk 

ND = not detennined, sd = standard deviation 



Table 3.4 (continued). 

Total 
Soi1 Depth Cdksd Znksd 
Series Horizon m mg kg--' - Zn / Cd 

Newstead Ap 
Bm 
l1Ck 1 
IICk2 

May fair AP 
Btj 
Bm 
Ckl 
Ck2 
Ck3 

ND = not determined, sd = standard deviation 



Table 3,4 (continued). 

Total 
Soi1 Depth Cd f sd Znksd 
Series Horimn m mg kg" - Zn / Cd 

Beaverhills Ap 
AB 
Bm 
Bt 
BC 
Ck 

Whitewood Ap 
Btl 
Br2 
Ckl 
Ck2 

sd = standard deviation 



Table 3.4 (continued). 

Total 
Soil Depth Cd rt: sd Znf sd 
Series Horizon m mg kg-' - Zn / Cd 

Falun AF 
AB 
Btj 1 
Bu2 
BC 
Ck 

Nayler AP 
Ae 
Bt 
BC 
C 

ND = not detennined, sd ,= standard deviation 
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Table 3.4 (continued), 

Total 
Soil Depth Cd* sd Znksd 
Series Horizon m - mg kg' - Zn / Cd 

Pembina (2) AP O - 0,25 0,490f0.045 80,8&21 165 
Ae 0.25 - 0.30 0,273k0.033 87.5f23 320 
Bt 1 0.30 - 0.37 0,140 f 0,019 187.5 * 129 1339 
Bt2 0.37 - 0.67 0,129 &0,011 55.6 f 9 43 1 
lICk 0.67 - 0.95 0,314 *0.009 58.7 * 1 187 
IICk2 0.95 - 1,30 0.351f0.013 35.5k4 101 

ND = not determined, sd = standard deviation 



top of the C horizon represented the parent material. Others bave described the vertical 

dim'bution of Cd on a limited depth basis. 

The discussion on the soü Cd proNe distri'bution as a fiinction of c h t e  wiii be 

limiteci to those pedoris which bave developed h m  &om parent material (ie. pedons 

developed h m  a single parent material source or pedons of a single parent material with 

no textural stratification) with ai i  other state factors constant Scd = f(cl) , . , , --- . The 

soii series from this study wnich meei this cnteria are Maleb, Chin, Readymade, 

Weybm, Mayfairy Beaverhills, Whitewood. Falun. and Nayler. Those pedoos (Ardill, 

Nivervüie, Newstead, and Pembina(2) Soii Series) possessing Roman numeral horizon 

prefix designations wiU not be indudeci in the discussion of climosequence because they 

are pedons developed nom more than one parent material or are developed from parent 

material which is texturaiiy stratified. The one exception to a pedon possessing a Roman 

numeral horizon prefk designation is the Chin Series. The Chin soil Series is developed 

from glaciolacustrhe material over clay loam till. This characterization is supported by 

the difference in calcium carbonate content between the Ckl and the IICk. This pedon 

wül be considered in the disaission on climosequence even though it possesses a IICk 

horizon. In this case the overlyhg Cltl wül be considered as the parent material. 

A cornparison of the pedons clearîy displays the intluence of ciimate I vegetation 

on soil developmcnt and the dissr%ution of Cd in their profiles. The climatic data for the 

Maleb soi1 Series inâicates that the maP is 342.4 mm and the maT is 5.9 O C  (T'able 3.2 

and Table 3.3). The total soil Cd pru6le distribution for this soil indicates a greater 

amount of soil Cd for the Ap, Ah, and Bmk horizons over the Ck horizon and a slight 



decrease in total soii Cd in the Cca horizon over the Ck horizon. The Chin soi! Series 

has a maP of 342.4 mm and a maT of 5.9 O C .  The total soii Cd distriiution for the Chin 

series indicated that the Ap horizon comained the larges amount of Cd. The Cd content 

decreased with depth in the soïum, and then hxeased in the Ckl horizon. The 

Readymade soii Series has a maP of 404.5 mm and a maT of 4.0 OC. The totai soil Cd 

prome disaibution for this soil displays the largest amount of soil Cd in the Ap and a 

slight increase in total soi1 Cd in the Ckl horizon over the C E  horizon. There was a 

slight decrease in total soil Cd in Bm horizon compared to the Cd content in the Ck2 

horizon. The climatic data for the Weyburn soi1 Series indicates that the maP is 404.0 

mm and the maT is 1.9 OC. The total Cd prome distribution for this soil also displayed 

a greater amount of soil Cd in the Ap horizon and only a slight increase in soil Cd in the 

Cca and Ckl horizons over the soii Cd content in the CKL horizon. There was only a 

slight decrease of totai soil Cd in the Bm horizon compared to the Ck2 horizon. The 

Maflair soi1 Series has a maP of 449.0 mm and a maT of 1.0 O C .  The totai Cd profile 

distribution for this soil displayed a similar total soil Cd contents in the Ap and Ck3 

horizons. The totai soil Cd content decreased in both the Btj and Bm horizons by 

approximately haif the content of the Ck3 horizon. The total soil Cd in the Mayfair soil 

Senes proNe was highest in the horizons which contained CaCO, in the range ftom 8.9 

to 11.8 g CaCO, kg1. The higher totai soi1 Cd content at the lower depths may be a 

reflection of CdCO, behg present in these horizons where Cd2' has substituted for Ca2+ 

(Viasov 1966). The climatic data for the Beaverhîiîs mil Series indicates that the maP 

is 414.6 mm and the maT is 1.4 O C .  The total Cd profile distribution for this soi1 



displayed a larger amount of total soi1 Cd in both the Ap and AB horizons. There was 

a decrease by half the total soil Cd content in the Bm horizon compared to the Ck 

horizon. The Whitewood soil Series bas a maP of 403 -2 mm and a maT of 0.6 O C ,  The 

total soi1 Cd pronle distriion for this soii displayed a slight increase in total soü Cd 

in the Ap horizon over the CL2 h o b n  and haif the content of totaî soil Cd h m  the Btl 

and BO horizons compared to the Ck3 horizon. The climatic data for the Falun soi1 

Series indicates that the maP is 453.5 mm ami the maT is 0.7 OC. The total Cd profile 

dism'bution for this soi1 displayed a decrease in aU the horizons overlying the Ck horizon. 

The greatest decrease in total soi1 Cd occurnd h m  the AB and Btj horizons. The 

Nayler soil Series has a maP of 546.8 mm and a maT of 1.8 O C .  The total soii Cd 

distribution for the Nayler Series irdicated that the Cd content in the Ap horizon was 

0.384 mg kg'. The Cd content then decreased with depth in the solum and was largest 

in the C horizon, 0.461 mg kg! A shale band and shale hgments were observed in the 

BC and C horizons, respectively (Appendk 1). This would likely accoum for the higher 

Cd content for the C horizon compared to the Ap horizon for this pedon. 

Cadmium does not appear to be a V a r y  mobile heavy metal within the soil. Any 

pedons hdicating pervection of clay in a horizon (Appendix 1 i.e., the Chin Series, 

Beaverhills Series, Whitewood Series, Falun Series, Nayler Series, and Pembina (2) 

Series soils) did not display a coflpsp0ndingIy higher total soil Cd concentration. 

Instead, it appears tbat once Cd has been removed h m  the soi1 by the vegetation and 

probably fonns an orgam-metal cornplex (Fletcher and Beckett 1987; Linehan 1985; Lo 

et al. 1992). the Cd tends to remain at the surface ancl not move down the profile. 



A biopedoIogical redistribution of Cd h m  the solum is evident in al1 of the soil 

pedons. Generaiiy the accumulation of Cd in the profiles was greatest in the surface 

horizon, deereasing with depth through the solurn and then incteasing in content closer 

toward the C horizon (parent material). Graphicaiiy, this could be represented as a 

sideways letter "U" . Fucthermore, tbe pedological redistn'bution of soii Cd within each 

profile, Le., the curvature of the sideways "U" was intensified in going from Brown, 

Dark Brown, Black and Dark Gray soi1 zones and Dark Gray Luvisol soils, respectively. 

Thus, the depletion of Cd h m  below the surface horizon is more promiwnt rnoving 

dong the climatic gradient of the semiarid c h t e  of the Brown soii zone to the 

subhumid to humid climate of the Dark Gray Luvisol soils. The soil Cd enrichment 

factor (Ap horizon I C horizon) for the Brown, Da& Brown, Black, Dark Gray and Dark 

Gray Luvisol soils (Table 3.5) were 1.38, 1.73, 2.04, 0.787, and 0.833, respectively. 

This trend occm even though the total soil Cd content of the unaltered parent 

material is generally decreasing dong the same climosequence i.e., the mean Cd content 

in the C horizons were found to be in the order Brown: 0.266 mg Cd kg', Dark Brown: 

O. 192 mg Cd kg-', Black: 0.102 mg Cd kg-l, Dark Gray: 0.150 mg Cd kg-' (Table 3.5). 

This would dso support the argument that surface soi1 Cd enrichment is a function of 

climate. 

The method of expresshg pt i ta t ive  changes of Cd to the pedons during their 

development in thÎs study has one main limitation. Analyses of the Cd profile 

distribution, and surface soil Cd enrichment were dom attempting to ensure only unifonn 

parent material for the emire depth of the control section were disnissed. A more precise 

measure of the changes to the soils during their development would be to use a 
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Table 3.5 Soi1 cadmiuma enrichment factors from five Great Groups in the Prairie Ecozone. 

A horizon C horizon Mean 

Great Mean Minimum Maximum Mean Minimum Maximum Cd Enrichment Factor 

Group mg Cd kg-' A / C  Pedons 

Brown 0.368 0,232 0.521 0,266 0,256 0,275 1.38 2 

Dark Brown 0,333 0,383 0,424 0,192 0,136 0,247 1 .73 2 

Black 0.208 0.100 0.317 0,102 0.096 O, 108 2.04 2 

Dark Gray 0.118 0.067 O, 161 0,150 0,132 O. 169 O, 787 2 

Gray Luvisol 0.384 0.46 1 0,833 1 

al1 values are reported on an ovendry basis 



"Pedogenic Indexn (St. Arnaud et ai., 1988). This is a mass-balance method, which 

venfies the uniformiity of the deposit. The pedogenic index is based on the premise that 

the totai quartz content in a soi1 =mains unchangeci durhg soil development. A 

recalculation of the original composition of horizons ushg the parent material values for 

quartz and other constituents as representative of the original deposit can be used to 

express overall net changes to a soi1 property during soii development. The pedogenic 

indices method was not used for detennining changes to soi1 Cd in the pedons, since a 

resistant mineral to w e a t h e ~ g  like cprtz was not measured. The % sand and siit 

fraction could bave been used as a rough estimate of a resistaat mineral, with the 

assumption they reprisent quartz size particles. This was not done since the method used 

for determining the particle size fkactions in this study did wt remove the CaCO, fiom 

the soil. Therfore, enoneous pedogenic index values could result if I sand d silt 

fractions were used, since part of these fractions couid include CaC03 size sand and silt 

particies. 

A study by Du& and Pawluk (1980) of Alberta soiis Born similar regions to the 

ones in this study found a similar trend for the soii Cd conrent in the Wace  minerai 

horizon moving almg the climosequence h m  the Brown, Dark Brown, Black, and Gray 

Luvisol soil zones. They also repor&ed that the Cd was depleted nom the solum below 

the enriched surface horizons frwi the Black ard Gray Luvisol soils. 

Coritracy a, this sbudy two previous studies on Manitoba soils have both reported 

that the C horizon was greater in soil Cd than the A horizon Wadden 1974; M a s  and 

Zwarich 1975). The pedons h m  Manitoba in this stuciy were generally fourd to have 



a higher soi1 Cd content in the A horizon than any other horizon. The one exception ui 

Manitoba was the Nayler soi1 Series. Madden (1974) nported a mem toial soil Cd of 

0.8 mg k g 1  in the A horizon and 1.1 mg kg-' for the C horizon. The same author found 

that Zn content was higher in the A horizon thau the C horizon. 

The pedogenetic redistriaiton of total soi1 Cd in the peâons is to a large extent 

likely due to historie biopedologicai cycling (cheluviation) and to a smaller extent the 

addition of phospbatic fertilizers containing Cd impwities. To explain the nature of the 

historic biopedological cycling it is necessary to consider the rooting patterns of the 

native vegetation from the soil zones. 

In the grassland ecosystem, most of the biomass is below the surface. The level 

of cychg among horizons in a pedon appears to foliow a climatic gradient. The soi1 Cd 

at depth is brought up by the roots, plant residue is left to decay on the soil surface dong 

with decaying plant rom where most of the mot biomass is close to the surface. This 

results in the d a c e  horizon havhg the greatest level of total soil Cd within the profile. 

The rooting depths of the native grass species in Saskatchewan bave been fomd to foiïow 

the climatic gradient that ocairs from the southwest in the subarid to semiarid climate of 

the Brown son zone where mting depth is greater than is observed moving towards the 

no- in the subhumid climate of the Black mil zone (Coupland and Johnson 1965). 

Thus, if the native gras species of the prairie ecozone mot deeper in the Brown soil zone 

they wouid k exploring a greater vohune of mil. This may explain why the total soil 

Cd is verticaiiy more Utljfody distri'buted, Le., the "sideways UR is not pmnounced 

within the Brown and Dark Brown soil profiles. With a shallower rooting depth such as 



in the Black soi1 zone, the mots of the native grasses would occupy a smailer volume of 

soil. The increase in precipitation h m  the Black soil zone (Table 3 -2) would aïs0 result 

in a greater mot density for grasses noni rhis soi1 zone. In this type of ecosystem, the 

level of Cd removed Born just below the Wace horizon in the sohim wouid be greater. 

The influence of climate on the type of vegetation and rooting depth can be used to 

explain, why the Cd enrichment factor incleases moving from the Brown to the Black soiI 

zone. 

The Dark Gray soil zone is characterimi as king a transition zone under 

Parkiand prairie and Aspen Paricland vegetation in a subhumid climate. The Gray 

Luvisol soils in this study originally developed under an Aspen-Oak section of the Boreal 

Forest Region in a subhumid to humid climate. In ecosystems where trees are the 

dominant type of vegetation the above gmund biomass is greater than the below ground 

biomass in conaast to the grassland ecosystnn. Thus, a greater proportion of the total 

soil Cd becoms tied up in the above ground vegetation. It talces a long tirne for the Cd 

to be recycled back to the soil with the organic matter. In a Forest ecosystem, once the 

soi1 Cd has been taken up by the trees the Cd becornes incorporated into the noncycling 

fraction d is thus withdrawn h m  the geochemical cycle for the iifetime of the forest 

(Heinrichs and Mayer 1980). Oire the land was cleared for cultivaton and trees 

removed from the ecosystem the natural of soii Cd biopedologicai cycling was 

broken. This resuits in much lower levels of total soi1 Cd h m  below the enriched 

surface horizon of the solum. Thus. in a forest ecosystem the Cd enrichment factor is 

much las than d e r  the grassland ecosystem. As suggested exlier, phospbatic 



fertilizers contribute to a smaller extent in the total soii Cd enrichment of the surface 

horizons. 

nie use of phosphatic feaiIizers and the potential for the build up of Cd in soil 

was not studied directly. However, since 1960, phosphorus fertilization has added a total 

of about 38 g Cd ha-' to the plow layer of prairie soiis (Roberts et al. 1995). Ushg as 

an example, the Ap horizon fÎom the Chin soil Series, 3 % or 0.0182 mg Cd kg-x soi1 (3.8 

x l(r mg Cd ba-' 1 2.08 x 106 kg ha-') is the contriiution f b m  phosphatic fertiiizer to the 

total 0.615 mg Cd kg' soii measured in this study. The Ckl horizon Cd content was 

0.296 mg Cd kg' soii (Table 3.4), therefore, the Cd enrichment factor of 1.38 (Table 

3 -5) was maïnly due to biopedologicai cyciiig . 
There were four pedons that did not develop from uniform parent material were 

the Ardill Series, Niverville Series. Newstead Series, and the Pernbina (2) Series soils. 

The Ardill soil Series profde consisted of three different parent materials. The upper till 

parent material of the Ardill soii Series is underlain by lacustrine parent material (IICk) 

which is underlain by till parent material ( ' ) .  The field description of the pedon 

(Appendix 1) notes that shale fiagrnents were observed h m  these horizons. The ArdiIl 

soil Series t iU includes Cretaceou~ s u e s  ami can be recognized by the presence of shale 

fragments (St. Arnaud 1976). The Judith River Formation is the underlying bedrock, io 

the areas where this soil Series is foiud. Support for this different parent material is also 

aven by the difîerence in particle size distribution in the Ap, Bm, Bmk, and Cca 

horizons (Appendix 0. The higber Cd content for the IICk and IIICk horizom is Iikely 

a teflection of the shak fragments. This type of pedon provides an example of why 



collecting soil samples from the A horizon oniy may be an inadequate indication of the 

available Cd for crop uptake. In regions where shale outciops are exposed or kwwn to 

be close to the surface, soils derived h m  these materials may have to be described in 

detail to adequately determine the level of Cd available for crop uptake. 

The NiveMe soil Series bas developed from lacustrine materials largely from 

Upper Cretaceous age shde materiais. Based on texhuaf group classification two 

dfierent parent materials are presem in the Niverville soil Series pedon. The Niverville 

soil Series has developed nom clay loam lacustrine material over clay lacustrine materiai 

(Appendù 1). The total soi1 Cd content was greatest in the Ap horizon of this pedon. 

The total soi1 Cd content of the lower horizons was lower than the Ap horizon, but 

increased with de@. 

The Newstead Series and Pembha (2) Series soh have developed from medium 

and coarse texnired parent materiais. The Newstead soil Series has developed from 

medium texnired glacio-fluvial outwash parent material over coarse textured parent 

materiai. This is indicated by the texniral group change fiom medium texture in the fust 

two d a c e  horizons followed by coarse textumi materiai in the two lower horizons. h 

is expected that at a depth lower than was sampled for the purposes of this study tül 

parent material would be found below the 0.95 m maximum depth of this pedon. The 

diierence textuai grnips for the horizons also corresponds to a difference in CaCO, 

content (AppendU 1). The total soi1 Cd in the Newstead soil Series profiie also greatest 

in the Ap horizon. 

The Pembina (2) Series, sandy-skeletal substrate variant soii has developed from 



moderately to very strongly calcareou~, loarny mùred tiil with a sandy-skeletal substrate 

material of glacio-fluvial origin within a merer of the mineral surface. Evidence to 

support this soil series is ais0 given by the changes in texnual group between horizons. 

The uppet four  horizon^ are of meûiurn texture overlying coarse texaved material in the 

two lower horizons. The total soi1 Cd content for the Pembina (2) soi1 Series was ais0 

greatest in the Ap horizon. The Cd profile dism%ution then decreased with depth in the 

solum, and increased again in the Eck and ïICk2 horizons. 

The total soil Zn concentration in the pedons was often greatest in the surface 

horizon (Table 3.4). This was not as common as for Cd. The redistribution of Zn in the 

pedon was not as great as for Cd. The fact that soil Cd and Zn tended to accumulate to 

a greater degree in the organic carbon e ~ c h e d  surface horizons is contrary to the 

expected stability of metai-organic complexes for divalent cations of the Irving-Williams 

Rules (Brooks 1983). Some horizons displayhg evidence of pervection did have a 

greater Zn content, but this was not consistent for al1 illuviateci horizons. 

The average crustai abundance ratio of Zn to Cd is 350. ushg 0.2 mgkg-' for Cd 

and 70 mg kg-' for Zn (Plant and Raisweli 1983). Generaily the horizon with the highest 

total soil Zn to Cd ratio in a pedon had the lowest concentration of soil Cd (Table 3.4). 

The whitewood soil Series was the exception, its highest total soi1 Zn to Cd ratio (1036) 

was the Btl horizon. However the Bt2 horizon which had a Zn to Cd ratio of 862 had 

the lowest total soil Cd concentration for the @on. Conversely usually the horizon with 

the lowest total Zn to Cd ratio had the highest concentration of Cd. The exceptions to 

this were the Newstead Series, Nayler Saies, and the Pembina (2) Series soils. The 



IICkl horizon from the Newstead soil Series had the lowest soi1 Zn to Cd ratio yet the 

Cd concentration was greatest in the Ap horizon of this pedon. The Nayler soil Series 

was an exception because its 10west total mil Zri to c d  ratio was the Ap horizon. Lastead 

it was the C horizon which had the hi- total soil Cd concentration. The ECU 

horizon fmm the Pembina (2) soii Series had the lowest soil Zn to Cd ratio even though 

the total soi1 Cd concentration was greatest in the Ap horizon. The lowest totd soil Zn 

to Cd ratios were observed m m  so% in the Brown soil zone. The bighest totai soil Zn 

to Cd ratios were observed in the Black. Dark Gray, and Gray Luvisol soil zones. This 

trend may reflect the intensity of weathering going fhn the Brown to Gray Luvisot soii 

zone. 

3.4.2 Lithosequence of total mil cadmium and other heavy me* 

A lithosequeme can be discussed for each of the Brown, Black, and Gray Luvisol 

soil zones by comparing soils denved of different parent material whiie the other state 

factors remain constant (i.e.. Sa = f@) , , . , -_ ). Three pedons developed ftom 

ciiffereut parent matenais were sampled M m  the Brown soil zone: Ardill Senes, Maieb 

Series, and the Chin Series mils. The total mil Cd content of the different parent 

materials fkom the three soii wnes is given in Table 3.6. The A r a  soil Series as 

describeci earlier is developed h m  thme different parent materiais. Two horizons fiom 

this pedon, IICk derived fkom laastrine parent matenal and IIICk derived from rnixed 

tül parent materhi wili discussed under the assumption these two horizons have not k e n  



Table 3.6 Lithosequence for different parent materials from three soi1 zones. 

Soi\ Parent Total soi1 Cd 
Series Material Horizon mg Cd kg-! 

Maleb 
Chin 
Ardill 
Ardill 

Niverville 
Newstead 
May fair 
Beaverhitls 

Nayler 
Pembina (2) 

Brown 
mixed till Ck 
lacustrine Ckl 
lacustrine IlCk 
mixed till IlICk 

Black 
lacustrine IIC k 
mixed till IICk2 
mixed till Ck3 
mixed till Ck 

Gray Luvisol 
shale till C 
mixed till IICk2 



modifieci. The Ardill soi1 Series IICk horizon bad a total Cd content of 0.610 mg kgL, 

and the mCk horizon 0.410 mg kg-'. The Maleb soi1 Series pedon has developed h m  

uniform mixed glacial till parent material. The Maleb soil Series parent materiai (Ck) 

had a total Cd content of 0.256 mg Cd kg-'. Th ChiD soi1 Series is developed from 

lacustrine patent matenai overlying clay loam ta. Pedologicai evidence for this parent 

material is given by the change in CaCO, content (257 g kg-') in the LICk horizon 

compared to 146 g kg1 in the overtying CL1 horizon. The Chia soil Series parent 

material (Ckl) had a total Cd content of 0.296 mg Cd kg*'. The lacustrine parent 

materials from the Ardill and the Chin soü Series' had the higher total soil Cd content 

from pedoos in the Brown soii zone. 

Different parent materials fkom the same climatic region representing the Black 

soils in the study had the following total soil Cd contents. The Mayfair soii Series parent 

materiai (Cid) had a totd soil Cd content of 0.0% mg Cd kg1. The Beaverhiils soil 

Series parent material (Ck) had a total soil Cd content of 0.108 mg Cd kg-'. The 

Niverviile soii Series IICk horizon is derived from lacustrine parent material. This 

horizon had a total soi1 Cd content of 0.293 mg Cd kg'. The Newstead soil Series IICk2 

horizon is derived fkom &ed tiii parent material. Its total soi1 Cd content was 0.346 

mg Cd kgL. The lacustrine parent material h m  the Black soii zone was generally 

greater in tom soii Cd content. NevertheIess, the mixed till parent material fkom the 

Newstead soil Series IICk2 horizon contahed the Iargest total soil Cd content fkom the 

differeat parent materials in the Black soii zone. This is likely a result of the Upper 

Ccetaceous shale rock conm'bution to the mUed tül parent material fkom this region in 



Manitoba. 

DiEerent parent materiais b m  the same ciimatic region representing the Gray 

Luvis01 soiis in the study had the foliowing totai soii Cd contents. The Nayler soil Series 

parent material (C horizon) had a totai soi1 Cd content of0.461 mg Cd kg-'. Large shale 

hgments were observed Born the C horizon of the Nayler Series profile. Unfortunateiy, 

the Pembina (2) soil Series coosists of two parent materials within its pedon. The 

Pembina (2) Series site @CU, 0.351 mg Cd kg) was reIatively close in proximity to 

the Nayier soil Series @on site. The Pembina (2) soiî Series has been descnbed as 

king denved of mixed till material, this would inciude Iimestone, granite, and shale 

materiai. Elson (1%7) reportecl that the Odanah shale f o m  a large portion of the glacial 

drift in the Tiger Hüls region. Therefore the Pembina (2) soil Series would be expected 

to be lower in total soii Cd content in its parent material than the shale tül denved Nayler 

soi1 Series and this was borne out by the resuits of this survey (Table 3.4). The shale 

till parent material contained a greater amount of totai Cd tban the mked till parent 

material. 

The Cd content of the dinerent parent materials in the survey generally foiIowed 

the order of lacustrine > shale till > mixeci till. The location for the parent materials 

seems to also indicate the presence of regionai geological inaiuences. Parent rnaterial for 

the Ardill soi1 Series from mar Mantario, Saskatcbewan was h i e r  in Cd than other 

pedons from the Brown soil zone. Parent materiais for the Niverville and Newstead soil 

Series' St. Jean and V i n ,  Manitoba, nspectively wese higher in Cd content than 

other soiis h m  the Black soi1 zone. The parent rnaterial for the Nayler and Pembina (2) 



soü Series' fiom Somerset and Altamont. Manitoba, respectively were higher in Cd than 

many of the other parent materials in the survey. 

CIimoseqyence anaiyses of total Cd for mils Scd = f(c1) , , ,, , --- requires that the 

soils be derivecl of the same parent material but under different climatic conditions. What 

is cailed parent material reaiiy represenrs the mode of deposition nom which the soil has 

developed. For example, soils descn'bed as mixed till have different soü Cd contents 

depending on the geochemistry of the source rock Born which the soi1 has developed. 

It is known that most of the prairie ecoume are underlain by Upper Cretaceous period 

shaies and that after the last glaciation these shale bwtrock formations were incorporateci 

into the tiU material h m  which much of the soils in the prairie ecomw have formed. 

Therefore, knowledge of the Cd content of these Upper Cretaceous age shales would be 

important in helping to idcnsfj. regional differences in the total soii Cd content. 

3.5 Suriim~ry and Conclusions 

This survey of thirteen pedom from the prairie ecozone, deomonstrated the 

pedogenic influences of two soi1 forming factors; climate, S, = f(c1) , , , , --- and parent 

material. sa = f@) , m. . ,  -.. have on the horizontal and profile distribution of Cd. 

Cfimate was found to influence the type of native vegetation found within the 

Chemozemic and Luvisolic soils. The profile distribution of Cd was fond to be 

dete- by the type of native vegetation. The amount of biopedologicai cycling was 

measured by the level of Cd enrichment to the d a c e  horizon. The Cd enrichment 



factor (Ap horizon/ C horizon) increased moving fkom the short prairie grasses in the 

Brown soi1 zone to the tail prairie grasses in tbe Black soii zone. The Cd enrichment 

factor decreased under gras f forest native vegetation of the Dark Gray and Dark Gray 

Luvisol soiis. 

The survey also deermheà that parent material is an important state factor in 

establishing the initial soil Cd content. Regiooal totd sol Cd patterns were observed in 

the survey. In particular the rock source or underlying bedrock material is related to the 

these regional soii Cd patterns. As weii the mode of deposition directly related to the 

level of Cd in the soil, Le., lacustrine and shale till were found to have a higher total soü 

Cd content. 



Higher than Codex AümentaMs Commission (1995) proposed cadmium limits of 

0.1 ppm (f.w.) were measurrd in wheat, Tfiticum turgidm and T i c u m  aestMun fiom 

a series of catem dong an 80 küometre transect in southem Manitoba. The range in 

grain Cd was 0.027 to 0.301 ppm (f. w .) . Total soii Cd content is often considemi an 

important factor in causing an increase in Cd uptake by plants. This was a significant 

factor for the Bishop soil Senes that contained 4.620 mg kg1 total soil Cd. The high 

total soil Cd h m  rhis soii also correspondeci with a high clay content. Lithologicaily, 

total soi1 Cd was found to increase with clay content and showed an increase in grain Cd. 

Grain Cd of 0.301 pprn was rneasuied at the Bishop soi1 Series site. Neverthelas, grain 

Cd contents > 0.100 ppm were also identifieci h m  sandy soils. The rock source of the 

soil parent material, specüically surface soi1 totai Cd was positively correlated (r = 0.54) 

with grain Cd. The Zn / Cd ratio in the sub-soil, was negatively correlated (r = 4.50) 

with grain Cd. A low Zn / Cd ratio was also a observeci from the Bishop soil Series. 

Thus, total soi1 Cd and the Zn / Cd ratio are hwo important factors in southem Manitoba 

that account for the higher grain Cd fmm this region. 

Toial soil Cd and grain Cd was not found to be statistically related to 
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toposeqyence. There was, nevenheless, a trend for higher total soi1 Cd and grain Cd to 

occur at the crest-s1ope position. 

The study fkom the previous chapter examineâ soil profile developrnent nom a 

number of different vegetative ecosystems in ternis of iïthology withia the prairie 

ecozone. Chapter 3 provided evidence for the in sita distriTiution of Cd from different 

soi1 zones in the prairie ecozone. Chapter 3 also highlighted the importance of parent 

material toward soil Cd content. The scope of the study in this chapter is focussed on 

one ecosystem. This chapter will examine the relationship between lithosequence 

toposequence and grain Cd content of wheat in the Red River Valley agru-ecosystem. 

Codex Alimentarius Commission of the World Heaith Organhtion (FAOIWHO 

1995) has pmposed a grain cadmium (Cd) Iunit of O. 1 ppm (f.w.) for export. G e m y  

currentiy bas a guide value (Rechvert) lnait of 0.1 ppm Cd (Lw.) for wheat. The 

European Union (1997) has proposeci a cereal Cd ümit of 0.2 ppm (f-W.). 

The Canadian Grain Commission, Winnipeg, Grain Research Laboratory has 

established grain Cd levels of O - 0.05 ppm (f.w.) as representative for low grain Cd 

content, 0.05 - 0.1 ppm as medium and 0.1 - 0.2 ppm as high. The Morden area of 

Southem Manitoba has produced grain with high Cd levels (O. 1 - 0.2 ppm f.w.) 

c o m p a .  to other regions of the province for the years 1991 to 1994 (Canadian Grain 

Commission, W i g ,  Grain Research Laboratory unpbîished). Grain samples for 



cornpareci to other regions of the province for the years 1991 to 1994 (Canadian Grain 

Commission, Winnipeg, Grain Research Laboratory unpublished). Grain sampies for 

analyses of heavy metals by the Canadian Grain Commission have been coUected from 

grain elevators throughout the province. This method of coliecting the grain samples 

does not ide- the field nOm which the m p  was gron.  

The soi1 factors which can affect the availability of cadmium to plants are the rock 

source of the parent material, pH, organic matter, texture, and CEC. Page et al. (1987) 

found that the two most important factors governing the uptake of cadmium by crops 

were the soil pH and the concentration of Cd in the soa. Less important were soii 

temperature, content of hydrous oxides of iron and mangrnese in soüs, redox potential 

in soil, and interactions with other rnetals. All soils contain Cd. The sources of Cd in 

the soil are both natural and anthropogenic. The rock source for the parpnt material from 

which the soii has developed wiii detemine the natural background level of soi1 Cd. The 

anthropogenic sources of Cd are: long range transport of atmospheric poilutants, 

phosphatic fertilizers, sewage sludge, and farmyard manures. 

Experimental labontory rrsearch often shows that the level of Cd in potted soii 

is reflected in the Cd content of the grain ( W i  ard David 1977). How dws this 

compare to field situations? There has not been any literanire published on field research 

on the correlation between levels of soi1 Cd with grain Cd since 1977 (hiclas and Pawluk 

1977). 

Page et al. (1972) fouid that the concentration of Cd in the leaves of plants tested 

increased as the collcentration of Cd added to the substrate solution increased. 



Conversely, Dudas and Pawluk (1977) found that the contents of HCI extractable Cd in 

soil was not generally related to levels found in grain seeds. They suggeswl that the 

choice of HC1 as an extractant may have been a factor in the poor relationship between 

soil Cd levels and grain seed Cd levels. Undcr simüar soil conditions (pH, CEC, etc.), 

amomts of Cd absorbed by plants tend to hcrease as the concentration of Cd in the soil 

increases. There may be a positive linear or a positive cunilinear relationship between 

the increase of Cd concentration in plant tissws and in soil. This relationship is 

influencecl by biologïcai and enviconmenial fitctors (Van Bruwaene et al. 1986). in pot 

experiments Eriksson (1990) fourd a positive correlation between total Cd contents in the 

soii (using HNO+iigesti%le Cd) and Cd contents in grains of oats and winter wheat in 

the field. h w h r  wheat, total soil Cd content was the soil factor that had the greatest 

influence on grain Cd content. 

Garrett (Geologicai Survey Canada, Ottawa, 1993, personal communication) 

reported a similarity between the regions of high bromide and the regions of elevated 

grain Cd in the prairie ecozone. This information suggested that C i  might share a 

similar pattern and as a result Cl analysis was included in this study. The Cr ion can 

serve as a ligand for Cd and form a number of complexes. Chloride saünity has ken  

demonstratecl to cause an increase in the solubility of Cd d t i n g  in a greater 

concentration of plant Cd (Bingham et al. 1983). McLaughün et al. (1994a) reported that 

the bighest concentration of Cd in potato tubers was in a region of Ausaalia where soils 

were aeutral or aliraiine @H 6.0-7.S), but predomhmntiy saline. The best relationship 

between tuber Cd concentrations ard soii or plant factor was found with extractable Cl- 



concentrations in the topsoii m2 = 0.65, P <0.001). 

As describeci in the previous chapter Ienny (1980) used a mathematical description 

to describe soi1 genesis. Thus, as an ecosystem property. soil properties (S) are a 

fhction of the five state factors. Jemy described this mathematically as S = 

f(cl,~,r,p,t, ...). 

Soii genesis in the IatlcIScape is a relief dependent variable. A toposequence S = 

f(r) CI. B. p. L --- based on dope position within the fields sampled wiil be reflected in the soü 

series identifieci. The influence of topography on the toposequence soil series' will be 

ideatified by the degree of the sola development and soil properties, such as organic 

carbon, presence of free carbonates, and texture. 

A fithosequence S = f@) a , . , -.* (really soi1 texture) can be studied if the parent 

material (geochemistry) of the rock source is h o w n  for the sola and ai l  the other 

variables in the soil-forrning equation are constant. TypicaUy, shale rocks contain higher 

levels of Cd than other rock sources. A higher level of Cd in the source rock wiil likely 

increase the level of Cd found in the soil. Aiso the relative proportion of shale rock in 

the lacustrine material wiii influence the level of Cd in the soil. 

The objectives of this study were to determine the pedogenic Muences of two soi1 

forming factors: relief, Sa = f(r) , , , , S.- and parent mmxu Sa = f@) , , , , .-- , on 
soil Cd levels in the Red River Vailey. A series of catenas were used to measure in the 

influence of relief on the distriiution of soil Cd. A lithosequence representative of 

different textures was uscd to measure the influence of parent material on soil Cd levels. 



4.3 Mate&& and Methods 

4.3.1.1 Study Area. Eleven field sites were selecteù across an 80-km transect from an 

agricultural region in southern Manitoba. AU sites except one are located within the 

Manitoba Lowlaed regios. Site 11 is located dong the lower dope of the Manitoba 

Escarpment. The sites were located approximately 80 Imi h m  the nearest urban centre, 

and are considered nonpoiluteci agricultural soils. A map of the study area is given in 

Figure 4.1. Ten of the field sites were of lacusaine parent matdal, and one field site 

was a soil developed fiom residual parent material. The Lithosecpence fonniog the 

transect is based on different texnual classes. Fourteen different soil series are 

represented in this W y .  

4.3.1.2 Field Methods. The soi1 samples were coliected at least 25 m from the edge 

of the cropped field. A catenary function was observed in se1ecting sites for the study. 

A listing of the site numbers, the correspondhg soil series and their dope position dong 

with the Canadian and United States soi1 taxonomy classifications is provideci in Table 

4.1. Soi1 samples and mature wheat grain sampIes were coiiected at each field site fkom 

three slope positions: crest, mid-slope, and toeïlope. The slope gradient was < 0.5 % 

for ai i  sites except site #Il. Site # 11 had a slope gradient of 12% and the slope 

positions were middie, lower, and toe. At each slope position, soil samples were 



site soasem 
No. 

\ 
3 Oeadhorse 

7- 

OLAYD 
4 GraysviOe 

THOMPSON 5 Eigenhof 
6 Gnadenthal 
7 Reiibnd 

\ 
8 Reinbnd 

TP 4 a, 9 Siumenfeld 

'ir\ AM 2 4 
10 BlurnengartJassett 

1 7 
1 Bishop 

TP3 

fP1 

R1W 

Figure 4.1 Location of fields from an 80 km transect for a survey of heavy metals 
in soi1 and wheat crops in southem Manitoba 
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Table 4.1 Site number, location, legal description, slope position, soi1 Series, Canadian System of Soil Classification and United 
States Soil Taxonomy of sola. 

Site LegaI Slope Soi1 Soi1 US, Soi1 
Number Location Description Position Series Subgroup Taxommy 

1 Sommerfeld 

2 New Bercthal 

3 Altona 

4 PIum Coulee 

crest 

mid 
toe 

crest 
mid 

toe 

crest 

mid 

toe 

crest 

mid 

toe 
a 

Neu hors t 

Neuhorst 
Osborne 
PIum Coulee 
Plum Coulee 
PIum Coulee 

Deadhorse 
Neuhors t 
BIumenfeld 
Graysville 

Graysville 

Edkins 

Gleyeâ Rego Black 

Gleyed Rego Black 
Reg0 Humic Gleysol 
Gleyed Black 
Gleyed Black 
Gleyed Black 

Gleyed Rego Black 
Gleyed Rego Black 

Rego Humic Gleysol 
Gleyed Rego Black 

Gleyed Rego Black 

Rego Humic Gleysol 

Ty pic Pelluscert 
Typic Pellustert 

Typic Pellustert 
Typic Pellustert 
Typic Pellustert 
Typic Pellustert 
Typic Pellustert 
Typic Pellustert 
Typic Pellusiea 

Aquic Haploboroll 

Aquic Haploboroll 

Aquic Haploboroll 



Table 4.1 (continued) 

Site Legal Slope Soil 

Number Location Description Position Series 

Soil US. Soil 
Subgroup Taxonomy 

5 Greenfarm 

6 WinWer 

7 Rosebank 

8 Rosebank 

crest 
mid 

me 

crest 
mid 
toe 

crest 

mid 
toe 

crest 

mid 

toe 

WinkIer clay loam 

Eigenhof 
Eigenhof 

Gnadenthal 
Gnadenthal 
Gnadenthal 
Hochfeld 

Reinland 
Reinland 
Hochfeld 

Reinland 

Reinland 

Orthic Black 

Orthic Black 
Orthic Black 

Gleyed Rego Black 

Gleyed Rego Black 
Gleyed Rego Black 

Orthic BIack 

Gleyed Rego Black 
Gleyeâ Rego Black 
Orthic Black 

Gleyed Reg0 Black 
Gleyed Rego Black 

Typic Haploboroll 

Ty pic Haploboroll 

Typic Haploboroll 
Typic Pellustert 
Aquic Haplobomll 
Apuic Haploboroll 
Typic Haploôoroll 

Aquic Haploboroll 
Aquic Haploboroll 

Typic Haploôoroll 

Aquic Haploboroll 

Aquic Haploboroll 



Table 4.1 (continued) 

Site Legal Slope Soi1 Soi1 U.S. Soi1 

Number Location Description Position Series Subgroup Taxonomy 

9 Rosebank NW745W 1 crest 

mid 

toe 

10 Miami NElO-4-6W 1 crest 

mid 

toe 

11 Miami NE7-4-6W 1 middle 

tower 

toe 

Jasset 

Blumenfeld 

Blumenfeld 

Blumengan 

Hochfeld 

Jasset 

Bishop 

Bishop 

Sishop 

Gleyed Black 

Rego Humic Gleysol 

Rego Humic Gleysol 

Gleyed Regosol 

Orthic Black 

Gleyed Black 

Gleyed Rego Black 

Gleyed Reg0 Black 

Gleyed Rego Black 

Aquic Haploborol l 

Typic Haplaquoll 

Typic Haplaquoll 

Typic Pellustert 

s p i c  Haploboro 11 

Aquic Haploboroll 

Aquic Haploboroll 

Aquic Haploôoroll 

Aquic Haploboroll 



collecteci on a genetic horizon basis b m  the nuface horizon and sub-surface horizon. 

Approximarely 1 kg of soil was collected fiom the middle of each horizon. Ali soü 

sarnples were stored in plastic bags. The wheat grain samples were stored in cioth flour 

bags. Each  sol^ was photographed and d e s c r i i  in the field. Wheat grain samples 

were aiso collected M m  a number of other fields from the same ngion at the same time 

as the samples in this study (Dr. Russeii Tkachuk, Canadian Gniin Commission, Grain 

Research laboratory, Winoipeg, Manitoba). The Cd analyses from the grain samples 

coiiected in this study and by Dr. nürhuk were subsequedy wd to form the sample 

set to statisticaily re-sale the grain Cd data to Canada Western Amber Dunim (CWAD). 

This was done to achieve a larger sample set to produce more representative mean grain 

Cd vaiue ftom the wheat classes studied and correlation analyses. 

Sample Preparation. Soi1 samples were air-dried then passeci through a No. 10 plastic 

sieve with 2.0 mm size openings. Any soi1 aggregates which were too large to p a s  

through were broken using a wooden rolhg pin to aiiow aiI soil aggregates less than 

2 . 0  mm to be collected. The hygroscopic water con- was determined for the soil 

samp1es to aiïow a i l  analyticai determinations to be expressed on an oven-dry basis. 

Grain sarnples were ait-dried then threshed. Grain samples were then prepared for 

anaiysis by the Canadian Gnin Commission, Grain Research Laboratory, Winnipeg, 

Manitoba. AU analytical determinations of soii samples were perfomed in triplkate. 



The mean values of the particle size f'ractions, calcium carbonate, organic carbon, soi1 

pH, exchangeable cations, cation exchange capacity(CEC). soil chloride, 0.01 M CaCI, 

extractable Cd, heavy metal contents of mil ami w b t  grain are reporteci. 

Physicai Analyses. Particle size fractions were detetmined using the pipette method 

(McKeague 1981). 

Chemicai Anaiyses. Inorganic carbon content was determined ushg the Bundy awl 

Bremner (1972) titrimetnc method. Organic carbon content was determined using a 

modifiecl Mebius rnethod (Yeomans and Bremner 1988). Soil pH was detennined using 

0.01 M CaCl, at 1:2 soi1 to solution ratio. Exchangeable cations and cation exchange 

capacity were detetmifled using a modified version of the Kendershot and Duqueae 

(1986) method of BaCI, saturation followed by MgCl, replacement. Soil chioride levels 

were determined by the rnefcury(n) thiocyanate method of Fixen et al. (1988) using a 

1:2.5 soil to 0.01 M Ca(N03, extracting solution ratio foilowed by colorimetric analysis. 

These arialyses were conducted on the fine-earth fhction. 

Representative subsamples of the fine-eaah fraction were ground using au agate 

mortar and pestle then passed through a plastic mesh sieve with 150 prn diameter 

openings to prepare the soi1 for acid digestion kfore determination of total soil Cd. Soil 

samples of approximately 0.2 g were weighed into block digestion tubes. Two blanks 

and two staadard reference soil samples were included with each set of 40 tubes. To 

each tube, 5 mL of HNO,, and 2.5 mL of HCIO, were added, samples were mixed and 

allowed to sit for 1 hour. The samples were then placed in a block digestor and brought 

to 230" C where they were mauitatrud 
* . for two hours. The samples were allowed to cool 



and filtered through wetted #42 Wbattman Nter paper and brought to 25 mL ushg 

deionized water. Samples were stored in plastic scimiîlation vials for M e r  anaiysis. 

About 10 mL of the sample was removed for anaiysis of Cu, Fe, Ni, Pb, and Zn on a 

Perkin-Eîmer, 11ûû B atomic absorption spectrophotometer, ushg fiame directly. The 

remaiaing 15 mL of extract was treated with 0.05% dithizone at a pH of 4.5 to rexnove 

background interferences and concentrate the HNO, - HCIO, digestible Cd. The samples 

were tben adyzed using a Perkin-Elmer, 110 B atomic absorption spectrophotometer 

with graphite furnace, with a detection ümit of 0.250 ppb. 

Four gram of soi1 were used for determination of CaCI, extractable Cd using a 

1: 10 soü to 0.01 M CaClz solution ratio, and shaking for 1 hou. The simples were then 

cenûifuged at 145 x g for 15 minutes ami decanted into plastic scintillation vials 

(Novozamsb et ai 1993). The exaaEt was treated with 0.05 % difhwne at pH 4.5 to 

remove background interferences and concentrate the extractable Cd. Analysis was 

conducted using a graphite funiace AAS. 

From the 11 field sites a total of four differeat wheat classes were cotlected: 

Canada Western Hard Red Spring (CWRS), Canada Prairie S p ~ g  (CPS), Canada 

Western Amber Durum (CWAD), ard Canada Western Extra Strong (CWES). Wheat 

grain Cd, Cu, and Zn aoalyses were coaducted at the Canadian Grain Commission, Grain 

Research Laboratory, Winnipeg. Grain samples (100 g) were ground to a tine grind in 

a commercial grinder. From this, 0.5 g was weighed into a teflon digestion vessel. Next 

6 mL of concentrated HNO, was added. Samples were then placed in the microwave 

digestor CEM MDS - 2000, with pressure and temperature monitoring options for a 10 



minute digestion period. Aaalysis of heavy metals in the wheat grain was aiso by atomic 

absorption spaxcometer (Perkin Elmer 51ûûPC equipped with Perkin EImer 5100 ZL 

graphite fiiraace hime extraction system, closed cooling system, AS 70 autosampler and 

EDL power supply) with a detection iimit of 10 ppb. Analysis was performed in 

duplicate for Cd on a h s h  weight (f.w.) basis. A mean grain Cd value was determined 

for each wheat class k m  both the sample set for this study and the sample set nom a 

concurrent mdy by Dr. Russeii Tkachuk in 1993 (oniy the wan wheat class vaIues f'rom 

Tkachuk personai communication are reporteci in this saidy). A re-scaie factor was 

calcuiated by dividing the average Cd content for CWAD by the average Cd value for 

the wheat class to be re-scaled. Actuai grain Cd values for CWRS, CWES, and CPS 

were re-scaied to CWAD by multiplyhg the re-scale factor by the acnial grain Cd value 

to arrive at a re-Scaled (to CWAD) grain Cd content. The re-scaieû grain Cd values were 

used in the correlation analysis. 

4.4 Results and Discussion 

4.4.1 PedoIopic Ropertks and Soia Dcvdopment 

The sand, silt, and clay content, textural class and group, and content of the sola 

are presented in Table 4.2. The calcium carbonate (CaC03), organic carbon (O.C.), pH, 

exchangeable cations. cation exchange capacity, 96 base saturation (96 BS), and chloride 

content are presemed for the sola in this study in Table 4.3. Topography, as a factor of 



Table 4.2 Physical soi1 properties of sola. Al1 values are reported on an oven dry basis. 

Site Soil Slope Sand Silt Clay Textural 
Number Series Position Horizon Depth, m %- Class Group 

1 Neuhorst crest 

Neuhors t mid 

Osborne toe 

2 PIum Coulee crest 

Plum Coulee rnid 

PIum Coulee toe 

3 Deadhone crest 

Neuhorst mid 

Blwnenfeld toe 

C 
SCL 
CL 
CL 
C 
HC 

C 
HC 
C 
C 
CL 
C 

CL 
C 
CL 
CL 
C 
CL 



Table 4.2 (cont inued). 

Site Soi1 Slope Sand Silt Clay Textural 
Number Series Position Horizon Depth, m % Class Group 

4 Graysville cres t 

Graysville rnid 

Edkins toe 

5 Winkler clay loam crest 

Eigenhof mid 

Eigenhof toe 

6 Gnadenthal crest 

Gnadenthal mid 

Gnadenthal toe 

SCL 
VFSL 
VFSL 
VFSL 
VPSL 
VFSL 

SCL 
SC 
SCL 
SCL 
SCL 
SCL 

SCL 
SCL 
SCL 
SCL 
FSL 
VFSL 



Table 4.2 (continued). 

Site Soi1 Slope Sand Silt Clay Tex tural 
Number Series Position Horiwn Depth, rn 76- Class Group 

7 Hochfeld crest AP 
AB 
Bm 

Reinland mid A P ~  
AC 

Reinland toe A P ~  
AC 

8 Hochfeld crest AP 
AB 
Bm 

Reinland mid A P ~  
AC 

Reinland toe A P ~  
AC 

VFS 
VFS 
PS 
VPS 
VPS 
LFS 
VPSL 

FS 
VFS 
VFS 
LFS 
LVPS 
FSL 
VPSL 



Table 4.2 (continued). 

Site Soif Slope Sand Silt Clay Textural 
Nurnber Series Position Horizon Depth, m % Class Group 

9 lasset crest 

Blumenfeld mid 

Blumenfeld toe 

10 Blumengart crest 

Hochfeld mid 

Jasset toe 

11 Bishop middle 

Bis hop Iowa 

Bishop toe 

A P ~  
Ahk 
A P ~  
Bntj 
A P ~  
Bntj 

A P ~  
Ahk 
AP 
Bm 
AP 
Bm 

VPSL 
SCL 
SCL 
VPSL 
SCL 
VPSL 

CL 
C 
FS 
FS 
SCL 
SCL 







Table 4.3 (continued). 

Sample 0.0 1 M Exchangeable Cations 
Site Soi1 Slope Depth, CaC03 OC, MI, Na K Mg Ca CEC Cl 
Number Series Position Horizon cm - g kg1 - PH - cm01 (4- ) kg1 - % BS mg kgs1 

7 Hochfeld crest Ap 
AB 
Bm 

Reinland mid A P ~  
AC 

Reinland toe A P ~  
AC 

8 Hochfeld crest AP 
AB 
Bm 

Reinland mid A P ~  
AC 

Reinlanâ toe A P ~  
AC 



Table 4.3 (continued). 

Sarnple 0.01M Enchangeable Cations 
Site Soi1 Slope Depth, CaCO, O.C. CaCI, Na K Mg Ca CEC CI 
Number Series Position Horizon cm - g kg-' - - cm01 (+) kg.' - 96 BS mg kgJ PH 

9 Jasset crest 

Blumenfeid mid 

Blumenfeld toe 

10 Blumengart crest 

Hochfeld mid 

Jasset toe 

11  Bishop middle 

Bishop lower 

Bishop toe 

A P ~  
Ahk 
A P ~  
AC 
AP 
Ck 



soil genesis cm in some cases depending on the dope gradient result in a decrease in 

sand content and an increase in organic carbon content moving h m  the crest CO the toe- 

dope position in the 1-pe (Jenny 1980). Sites 3. 8, 9, and 11 displayed these 

characteristics in their toposequence. Site 4 displayed an krease in organic carbon at 

the toe-dope position although the sanâ content iacrPased moving from the crest to the 

toe-slope position. At sites 1 and 7 the= was a decrease in sand content at the toe-slope 

position however the organic carbon content did not increase at the tw-slope position. 

Sites 2, 5, and 10 displayed inconsistent sand and organic carbon patterns to be solely 

due to topography. Site 6 demonstrateci the exact opposite of the type of trends h t  

wouid be expected due to Iandscape position. Sites 7 and 8 possessed the greatest sanû 

content fkom the sites in the transect. Both of these sites aiso had the most coarse 

textural group classification fkom the sola in the study. The clay content generally 

decreased moving dong the traosect towards the Manitoba Escapment. The texnual 

distribution nom the transect represents the distri'bution pattern Born the retreat of glacial 

ice in Manitoba. The more coarse texnual materials were deposited at the deltas entering 

glacial Lake Agassiz. The fimr texturai materials were deposited brther fkom the lake 

shore. Since the Manitoba escarpment represents the wesem shore of glacial Lake 

Agassiz it is undemandable that the clay content decre~ses dong the fransect closer to 

the Manitoba Escarpment. However, the clay content was greatest at site 11 since this 

soi1 has developed fnrm miduai shak  parent material. There were ten different t e m a l  

classes for the M a c e  soils and nine diffierent textural classes for the sub-soils. There 

were four different textural groups for both the d a c e  soils and sub-surface soils. 



Generally, the soi1 chernical properties display evidence of the topopphical 

influences on soil genesis. The series of catenas iedicate that in the well draiiied mid- 

slope positions more leaching bas occurred than in the lower landscape positioos. The 

exchangeab1e cations were usuPUy lower in the crest dope position. Generally, the 

exchangeable Na+ content was < 1.0 cm01 (+) kg-' for the surface and sub-soil 

horizons. The sub-soü horizon at the toe-slope position h m  site 9 (Blumenfeld soil 

Series) had the greatest amount of exchangeable Na+ (6.3 mo l  (+) kg-? of any soi1 in 

the study . This horizon was also designatecl Bntj based on the pnsence of salt crystals. 

The exchangeable K+ in this soü horizon was also higher than in most soils in this study 

(3 -5 cm01 ( +) kg-'). Exchangeable M g f  mged in values from 0.9 to 25.3 cm01 (+) 

kg1. The low end of the range for exchangeable M$+ occurred for the more coane 

texaired soils (Sites 7 and 8). The sites with the greater amount of exchangeable M g +  

occurred at the three most easteriy sites h m  the traasect. In most cases the toe-slope 

position of the catena possessed the greater amount of exchangeable Mg? Except for 

three toe-dope positions fiom the series of catenas (Site 3, 10, and 1 l), the exchangeable 

M g *  was always greater in the surface horizon. The exchangeable Ca2+ ranged Born 

5.5 to 52.6 cm01 (+) kg-'. Sites 7 and 8, the more coarse te& sites, contahed the 

smalIest exchangeable Ca2+ values fnwi this range of values. The Bishop Series mils had 

the highest values for exchangeable Ca2+. The exchangeabIe Ca2+ tended to be greater 

in the crest slope position Born the series of catenas. The exchangeable M g f  content 

tended to decrase, while the exchangeable Ca2' content tended to increase in a westerly 

direction dong the transect. This difference is likely a refiection of the parent material 



in southern Manitoba. 

Generdy, the poorly drained toc-slope positions have greater amount(s) of: 

cdcium carbonate for both the surface and sub-surface horizons, CEC in the A horizon, 

and soi1 CI in the subanface horizon. Sites 3, 7, 8, and 9 Nustrate how topography 

effects hydmlogy and the impact this bas on soil genais. That is, in the crest position 

of the landscape the rate of surface water moff wi i i  be greater. As a result thre is less 

downward movement of water and thus less soi1 development. As the dope gradient 

decreases in the landscape the rate of surface water mff is slow enough that the 

downward movement of water is sufficient to cause leaching. When there is no slope in 

the landscape the surface water may collect at this point in the landscape and the net 

downward movement at this point in the landscape wiii be limiteci by the depth of the 

water table Born the surface. The other sites from the study do not consistently display 

this same topographie effect. The crest position for site 6 (Gnadenthai soiI Series) 

indicates a higher CaC03 content for the sub-surface and decreasing dom the catena 

(Table 4.3). This is evidence of better infiltration at the lower slope positions in this 

catena due to better downward movement of  water. Likely due to a Iower dope gradient 

at the mid ami toe-slope positions of the catena. 

The soils in this snidy were =utrd to slightly basic in pH. The horizons with the 

higher soi1 pH were genetally the sub-soil horizons in the tm slope position. Heavy 

metals Iike Cd are more bioavailable under low soü pH conditions. 

The surface horizon with the lowet 46 base saturation was at site 7 a Hochfeld 

soil Series in the mid-dope position. This mil also possessed a high sand content of 882 



g kg-l. Generaily the sola development in the cateaas was more evident at the mid-slope 

position. At a number of the sites the mid-dope position possessed B horizons. 

Compared to the crest slope position which often had a sub-soil horizon which was stU 

ciassifieci as an A horizon. Conversely, at the toe-dope position the sub-soi1 honton was 

either an AC or Ck horizon. 

The CEC was usually greater for the surface soil than for the sub-soi1 horizon. 

An arbitrary classification for CEC values in this study was used to categorize CEC 

values of S 20 cmol(+) kg-' as low, 21 2 40 mol(+) kg-' as medium, and > 40 

mol(+) kg-' as high. Thus, 10 surface soils were low, 9 medium, and 14 hi@. in the 

sub-soils, 9 were low, 17 medium, and 7 high. If there are positively charged species 

of Cd in the soil solution then soils from the low CEC category (a 20 cmol(+) kg-') 

would possess a limited capacity for retaining these species. The toposecpence effect on 

CEC was inconsistent. Typically, in a catena the lower slope positions would be 

expected to possess an increase in organic carbon and an accumulation of clay. Thus the . 
CEC would be greater in the lower dope position of the catena. This was not always the 

case in this study. The eEect of topography on the catenas in this study may have been 

less evident due to the low slope gradient to the catenas. AU cateoas except one had a 

slope gradient of < 0.5%. Site 11 had a slope gradient of 12%. This site did display 

soil physical and chernical pmperties characteristic of a locations dong a catena. 

Soils in this study displayed an extremely large ange in values for soii Cl. The 

surface soi1 Cl ranged fimm 0.4 to 282.1 mg kgL and the sub-soi. Cl ranged fiom 0.2 to 

396.7 mg kg-'. Generaiïy, the lower soi1 Cl values were found in the more sandy soils. 



Also, the sub-dace Cl was usually greater than the surface soil Cl. The soil Cl values 

for the surface horizon and in the sub-surface horizon were in most cases coasiderably 

higher thaa other Manitoba soüs reported by Mohr (1992). Mohr (1992) reported soil 

CI values for two Manitoba soüs over a two ycar study. The soil CI values nom ihose 

Manitoba soils ranged ftom 2.0 to 6.0 mg kg1 in one year and 1.2 to 3.9 mg kg-' in the 

second year. The highest soi1 Cl values were observed h m  the catena at site 3. This 

site is situated in a field directly across the town of Altona's old sewage lagoon. The 

high soil Cl values for this site WOU suggest that the sewage lagoon liner is leaking. 

This would account for soi1 CI values ranging from 30.2 to 396.7 mg kg-' at this site. 

Chloride anions are gerierally subject to negative adsotption when pH > 6 (Tan 1993). 

Therefore the amount of Cl in the buik solution would be directly related to the CEC. 

Salt crystals were observed in the Ap horizons for Site 3 from the mid and toe-slope 

positions. Chloride can serve as a ligand for Cd and fonn a number of complexes which 

are phyto-available. The Cd2+ species in alkaline soils can react with the Cl- ligand to 

f o m  the following complexes: CdCl+, CdCl?, CdCli, CdCh2-. Garcia-Miragaya and 

Page (1976) found that adsorption by montmoriilonite surfaces was drastically reduced 

for the negativcly charged or neutral Cd-Cl species. The clay fjeaction h m  soils in 

Manitoba are recognized as having montmorillonite as the predominant clay mineral 

(Forman and Brydon 1%5; Brierley et al. 19%). Due to anomalously high Cl levels 

nom Site 3, this site wiil not useâ when discussing mean soi1 values and will be omitted 

from grain Cd analyses. In temu of the catena the landscape position was inconsistent 

for predicting where higher surface soi1 Cl values would bc expected to be found. 



GeneraUy the higher surface soil CL values nom a catena were associated with the slope 

position which had the highest surface soi1 value fiom a catena (Table 4.3). This 

trend was not as consistent for the sub-suface horizons, 

The Cd anâ Zn contents of the soils in this study are given in Table 4.4. 

Appeadur II contains the Cu, Ni, and Pb leveis h m  the soils in this M y .  The total 

soil Cd content was usuaUy greatest in the d a c e  soi1 horizon compared to the sub-soi1 

horizon. This is opposite to an earlier study of Manitoba agriculturd soüs by Mills and 

Zwarich (1975). The highest values of total soi1 Cd in the m a c e  and sub-soil horizons 

(Site 11) is likely due to the soil developing fiom parent material that is derived from a 

particuiar shaie member. The elevation at ibis site is 343 m (1125 fi.) this would place 

this site where the Pembina and Gammon Femginous members of the Pierre Shale 

Formation outcrop (Bannatyne 1970). Unpubiished niialyticai results of a weii core 

sample taken fiom Cretaceous Shales in Manitoba indicates that the Pembina and 

Gammon Femginous members are chatacterized by having 9 mg kg1 Cd (E. Nielsen, 

Manitoba Energy and Mines, personal communication). These members appear to be 

geochemically eoriched compared to most Cretaceous Shaies. The values obtained fkom 

the Bishop soi1 Series are h i e r  tban any reported for total soil Cd in a non-polluted 

Canadian soil. A -nt study in the United States of d a c e  soüs and subsurface soils 

found that the surface soils h m  the Northcentnl U.S. region had a mean value of 0.36 

mg Cd kg-l and the Northwestem U.S. had a mean value of 0.30 mg Cd kg-'. 

It is iücely the chloride complex CdCL+ and the fkee Cd2+ species are king 

extracteci with the 0.01 M &Clt extracting solution. The 0.01 M CaCl, extractable soü 
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Cd levels were coasiderably smaller (< 4 . 9 9 ~ 1 0 ~  mg kg-') than the total soil Cd content 

and also slightly greater in the sucface soi1 (Table 4.4). Site 3 had elevated soil Cl- 

values due to contamination (Table 4.3). This site also had some of the higher CaCl, 

extractable soi1 Cd values (T'able 4.4). Site 3 results will not be included later in 

discussions based on mean values, or when considering how soil factors relate to grain 

Cd content. The toe-dope position at site 11 possesseâ the Iargest CaCl, extractable soi1 

Cd value (4.99xlC3 mg kg-9. The extractable soi1 Cl content at site 11 (Table 4.3) were 

also some of the largest values obsmed fiom this study (Table 4.3). The high CaCl, 

extractable Cd from site 11 the Bishop soil Series was likely a =suit of both the high 

total soii Cd and soii Cl content from this site. 

The total soil Zn content for the surface soil from the study area ranged Born 1.3 

to 203.0 mg kgL. Generally the Zn content was greater in the surface soiis than in the 

sub-soils (Table 4.4). The Goadenthal soil Series at the toe dope position is below the 

reporteci minimum range for Zn in Canadian soils of 10 - 200 mg kgL by McKeague and 

Wolynetz (1979). This was also tme for the catena h m  Site 7 and the Hochfeld soil 

Series which occupied the crest position at Site 8. These soils are representative of some 

of the more coarse texhued sob  from tâe study. M e r  coarse te*ured soils üke the 

Graymille, Jasset, and the Blwnenfeld soi1 Series' did not display such low Zn values 

(Table 4.4). The Merence in Zn content among similar coarse textured soils ükely 

reflects a difference in miaeralogy of the parent material. These low Zn coarse texnued 

soiis could be considereà Zn deficient agronomically. 

Site 11 the Bishop soii Series generaliy had ekvated levels for aii  heavy metals 



measured. This site is strongly geochemically enrïched since it is a residuai soil 

developed Gom shak bedrock. 

The Zn / Cd ratios for the mils in this study ranged h m  3.8 to 400. The soils 

with the lower ratios were f o d  in the two extremes of soil texture. The more coarse 

texturecl soiis fiom the toe slope position at Site 6, Site 7 aed the crest position from Site 

8. Site 11 also had relatively low Zn I Cd ratios. The average crustal Zn I Cd ratio has 

been reported as 466 and 300 for shale (Krauskopf 1979). Tomelot et al. (1964) 

reported hdhg Zn I Cd ratios as low as 10 to 30 in Pierre (black) shales. The low end 

range for Zn I Cd ratios has been reporteci as 113 (Connaily et al. 1978). Soils in the 

snidy with a Zn I Cd ratio of < 119 ofien were associateci with grain Cd contents. 

Nielsen (1995 personaï communication) reporteci Zn levels in the Pembina and Gammon 

Femginws members of the Pierre Shale Formation of appmximately 260 mg kgL. 

The mean and median values for Cd, Zn, and 0.01 M CaC1,-extractable Cd 

content of the soils in this study are presented in Table 4.5. The mean level of total soil 

Cd from the surface soil and sub-soil fourd in this study were within the range of what 

is considereâ normal background levels for soi1 of 1 .O mg kg-' plant d Raisweil 1983). 

The mean total soi1 Cd for the surface soils 0.876 mg kg1 is thne times the mean value 

of 0.3 mg kg-' reported by Garrett (1994) for the Ap horizon in soiîs h m  the prairie 

ecozone. The median values in the surface and ab-surface soils were considerably 

m e r  than the mean values. Statisticaiiy this iradicates that the values found in this 

study's data set are skewed to the right. Site 11 which is geochemicaiiy enriched with 

heavy metals is responsibk for this. Soi1 Zn and 0.01 M &Cl2-extractable Cd show a 

similar pattern. 

10s 



Table 4.5 Summary of mean and meâian Cd and Zn contenf for surface and sub- 
surface soil, 

Surface Soii 
Cd 0.876 0.422 
Zo 70.5 56.5 
0.01 M CaCl, Cd 4.74 x 104 3.26 x 10-4 

N = 30, a = di values reported on an oven-dry basis 



4.4.2 Heavy Metai Content in samples of M c u m  &@um and ïkiticum oestivum 

The actual grain cadmium, and the re-scaled grain Cd content are reported in 

Table 4.6. The wheat grain samplhg in the study included two species: Tnticum 

turgidm and Trircm aestivum variety Mgan .  Four wheat classes were identified from 

the study. The Tnticwn turgidum samples represented one wheat class, Canada Western 

Amber Dunun (CWAD) and included two varieties: Medora and Sceptre. nie Tri tcm 

a e s t i m  samples represented three wheat classes; Canada Western Red Spring (CWRS) 

and included two varieties: Neepawa and Robün; Canada Prairie Spring (CPS) 

represented by the Biggar variefy; and Canada Western Extra Strong (CTKES) and was 

represented by the variety Glenlea. nie four wheat classes h m  the study sites displayed 

distinctly different levels in their mean grain Cd content (Table 4.7). The level of grain 

Cd for the different wheat classes was in the order CWAD > CWES > CWRS > CPS, 

The mean grain Cd for the wheat classes from this study and fkom a concurrent saidy by 

the Canadian Grain Commission are reported in Table 4.7. The re-scale factors for the 

wheat classes are based on the sample pool from both snidies to aUow for a more 

representative mean value and thus a re-sale factor for the study area. Site 3 grain Cd 

data bas been omitted from al1 sample pool caiculations because this site was 

contaminated. Since the different wheat classes have ciifferhg capacities for the uptake 

of soi1 Cd, re-scaling the grain Cd content aliowed statisticaî correlations to be carried 

out on the basis of one wheat class, CWAD. Canada Western Amber Durum was chosen 

for this pirpose because of this wheat class's ability to accumulate more Cd than the 



Table 4.6 Grain Cd" content for the wheat classes fiom the study area. 

A c W  Re-scaled 
Site Soi1 Slope Wheat Wheat Cd Cd 
Number Series Position Variety Class - PPm - 

1 Neuhorst crest 
Neuhorst mid 
Osborne toe 

2 Plum Coulee crest 
Plum Coulee mid 
Plum Coulee toe 

3 Deadhorse cre~ t  
Neuhors t mid 
Blumenfeid toe 

4 Gray sville crest 
Graysviile mid 
Edkins toe 

5 Winkler clay loam crest 
Eigenhof mid 
Eigenhof toe 

Glenlea 
Glenlea 
GlenIea 

Neepawa 
Neepawa 
Neepawa 

Neepawa 
Neepawa 
Neepawa 

Biggar 
Biggar 
Biggar 

Roblin 
Robtin 
Roblin 

CWRS 
CWRS 
CWRS 

CWRS 
CWRS 
CWRS 

CWRS 
CWRS 
CWRS 

NS = no sample, NA = not applicable (contaminated site) 
= ail values are reported on a f.w. basis 



Table 4.6 (continued). 

Actual Re-scaled 
Site Soi1 Slope Wheat Wheat Cd Cd 
Nurnber Series Position Variety CIass - PPm - 

C r e s t  
mid 
toe 

Sceptre 
Sceptre 
sceptre 

CWAD 
CWAD 
CWAD 

7 Hochfeld 
Reiniand 
Reinland 

CWAD 
CWAD 
CWAD 

crest 
mid 
toe 

8 Eiochfeld 
Reinland 
Reinland 

Sceptre 
Sceptre 
Sceptre 

WAD 
mm 
CWAD 

crest 
mid 
toe 

9 Jasset 
BIumenfeld 
Blumenfeld 

Roblin 
Roblin 
Roblin 

C r e s t  
mid 
toe 

Biggar 
Biggar 
Biggar 

CPS 
CPS 
CPS 

crest 
mid 
toe 

middle 
lower 
toe 

Roblin 
Roblin 
Roblin 



Table 4.7 Grain Cd. mean and ranges for the wheat classes fmm the study 
area ami re-scaIe fadorsb. 

Wheat Mean Cd Range Re-sde 

Class n P P  Factor 

CWRS 

CPS 

CWAD 

CWES 

CWRS 

CPS 

CWAD 

CWES 

= aii vaiues are reported on a f.w. basis 
= site 3 grain Cd data is omitted 

nc = wheat class sample sïze h m  this study 
d = wheat class sample size h m  this ~tudy plus the Canadian Grain 
Commission 

CWRS Re-mie Factor Sampk Caldation: 
CWAD / CWRS = 0.083 / 0.049 = 1.69 

Re-&g Actuai Gain Cd to CWAD Sample Caldation: 
eg. Site 2, crest position, CWRS 
acaial grain Cd = 0.065 ppm 
re-scaied to CWAD = 0.065 x 1.69 = O. 110 ppm 



other wheat classes and its tendency to take up Cd. 

The mean grain Cd content for 30 of the 33 (site 3 ornittecl) samples re-scaled to 

CWAD was 0.094 ppm (range, 0.027 to 0.301 ppm). Wolnik et al. (1983) reported a 

mean grain Cd content in wheat of 0.043 (ppm, f.w.) ftom major U.S. growing areas. 

The hi* grain Cd content from the trarwct are Wrely due to a mimber of factors in 

this area. The grain sample with 0.301 ppm Cd was ftom Site 11 dong the lower slope 

of the Pembina Escarpment, Bishop soi1 Series (Table 4.6). The high grain Cd h m  this 

site reflects the very high total soü Cd content (Table 4.4). 

An anomalously very high achlal grain Cd (0.205 ppm) sample was obtained from 

the toe-dope position at Site 3. This site was contaminated with Cl (335.8 mg kg-', 

Table 4.3). McLaugblin et al. (19940) have shown that high soi1 extractable Cl levels 

c m  iacrease Cd uptake in potatoes. This landscape position also had the highest 0.01 M 

CaC1,-extractable soi1 Cd level ncorded in this study. 

Some high grain Cd values were also recorded at sites with relatively low total 

soi1 Cd and also low total soü Zn levels and low soi1 Zn / Cd d o s .  The me-slope 

position h m  Site 6, Site 7, and the crest position from Site 8 match this description 

(Table 4.4). Site 11 had high soi1 Zn levels but the ratio of Zn f Cd was relatively low. 

Fertilizmg Zn deficieut mils demases Cd uptake (Oliver et al. 1994; McKenna et al. 

1993; Choudbary et al. 1994). In 1991, the high end of the range for grain Cd from 

southem Manitoba was lower than the high end range h m  this study (Canadian Grain 

Commission, unpublisbal). 

The Codex Alimentarius Commission of the World Health Organization 



(FAO/WHO 1995) has proposed a limit of O. 1 ppm Cd (f.w.) for ail agricultural produce 

interded for export trade. Eleven of the 30 grain simples had grain Cd concentrations 

> 0.1 ppm (f.w.) Cd. However, grain shipmem for export are formed from a 

composite sample and can therefore k "dilutedu tbrough the marketing process to achieve 

the proposed 0.1 ppm grain Cd limit. 

4.4.3 Topasecluence of Total Soi Cadmium and other Heavy Metais 

There was no staWcaily significant difference for total soil Cd based on catena 

position. This may have been due to the small sample sire used in this study. Dudas and 

Pawluk (1977) reported fiDding no statistidy signifiant digerence in soii Cd for weii 

drained and poorly drained mils from the Black Soi1 zone. The mean heavy metal 

content bas& on slope position for the d a c e  soils and sub-surface is iisted in Table 4.8. 

The catena results indicate that the total soi1 Cd content for the surface soil and sub- 

d a c e  horizons was -test in the cmt position e b l e  4.8). This is perhaps opposite 

to what would be expected in the landsape. A greater amount of total Cd would be 

expected at the toe-slope position for the followbg rrasom: 1) erosional effects resulting 

in an accumulation of clay; 2) an hrease in organic carbon in the toe-dope landscape 

position. An example of these pocesscs in the hdscape was observed in the catenas 

from sites 3, 8, 9, and 11 (Table 4.2). It was observed fiom the catenas Çrable 4.4) that 

the total Cd content in the sutface horizon tended to be -ter at the crest position. 

However, in the sub-surface horizon the total Cd content tended to be graiter at the toe- 



Table 4.8 Mean soi1 Cd and Zn values', and grain Cdb besed on toposequence. 

Total 0.01 M CaCl, Re-scaled 
dope Cdksd =&a Extractable Cd* sd Grain Cd &sd 
position mg kg1 PPm 

Surface Soil 
crest 0.938 k1.239 73.4 k53.0 3-90 x lW I3.48 x 104 O. 103 kO.080 
mid 0.839 *1.351 69.0 k51.5 3.96 n l(r I3.11 x 104 0.093 f 0.048 
toe 0.850 11.176 69.0 I58.4 6.35 x 1w k4.84 x 1w 0.081 f0.047 

Sub-Surface Soil 
crest 0.865 11.249 62.6 f 47.9 3.81 x 104 f 4.27 x 10-4 
mid 0.68811.055 64.1k49.4 1.98~1~~3.01xl(r 
toe 0.791 k1.270 56.7 f 38.8 1.76 x la4 13.08 x 1W 

sd = standard deviation, N = 10 
a = aU values are reported on an oven dry bais 
= aU values are reportai on a f.w. bais 



dope position. The mean total soü Cd was greater than the median value (not reported) 

for the surface and sub-surface horizons for each of slope positions of the catenas. This 

was reflected in the large standard deviation values fiom Table 4.8. This suggests that 

the distribution of surface soü total Cd is skewed to the right. This is a resuit of the 

extremely high total soil Cd fiom site 11. 

An example of regional erosion and an accumulation of clay (Table 4.2) with an 

increase in total soi1 Cd content was observed for the Blumengart soi1 Series (Table 4.4). 

The Blumengart soil Senes is descrifi as king developed fiom fluvial deposits Born 

the Manitoba Escarpment (Michalyna et al. 1988). The sedimentary materials originating 

from the Manitoba Escarpment rnay be geochemicaîiy enriched (Neilsen 1995 personal 

communication). Thus, soi1 types which describe: 1) those soiis developed from 

erosionai processes which originate b m  geochemidy enriched shale; 2) residual soils 

developed from geochemically enriched sbale material, rnay be usefbl to predict 

potentiaily high soil Cd levels. 

The surface soil and sub-surface total Zn content was inconsistent in terms of 

which slope position from the catenas possessed the greatest amount (Table 4.4). 

Generaily , the slope position that had the greatest surface soil total Zn content also had 

the greatest mb-soi1 total Zn content. The crest position of the catenas on average had 

the greatest Zn content the cresf position for the surface soil horizon possessed the 

greatest content (Table 4.8). In the sub-Mace soil the largest mean value for Zn was 

at the mid-dope position. 





4.4.6 Lithosequence of Totaï Soii Cadmium and other Heavy Metais 

The mean values for total soi1 Cd, 0.01 M CaCli extractable Cd, and re-scaled 

grain Cd are repofted for the surface soils and sub-dace  for the ddifferent texniral 

classes and texaual groups from the study area in Tables 4.9, 4.10, a d  4.11, 

respectively. Total soi1 Cd in the surface soü and sub-surface displayed a vend for 

increasing Cd with kreasing clay. A simifar eend was also observeci fiom the surface 

soil and sub-dace when the soils were separated into their iexturai gmps. nie clay 

and heavy clay textural classes of the surface soils h m  the study area display total soil 

Cd greater than what is reported as the normal background level for soils. The fine sand, 

very fine sand, loamy fur sand, and fine sandy loam texniral classes possess total soil 

Cd vaiues in the surface soil las than the mean value of 0.3 mg kg1 reported by Garrett 

(1994) for the Ap horizon in soils from th prairie ecozone. The mean value reported 

by Garrett (1994) was for all soils regardless of parent mterial or topographie position. 

The very fine sandy loam =ils were sirnilar to the reported mean for the Ap horizon in 

soils fkom the prairie ecozone by Garreit (1994). The sandy clay loam, clay loam, sandy 

clay, clay, and heavy clay texturai classes of surface sob h m  this study ali contained 

total mil Cd values pater  than the prairie ecozone mean. The texturai classes that were 

represented in both the W a c e  s o b  and sub-surface horizons were generally greater in 

Cd content in the surface horizons. 

Soil zinc exhiiited a smiilar trmd for increasing concentration with an iucrease 

in clay content in the surface soüs and sub-dace when organized on the basis of 



Table 4.9 Mean soi! Cd ansi Zn valuesa, and grain Cdb for the surface soi1 textural classes from the saidy area. 

To ta1 0.01 M CaCI, Total Re-scaled 
Surface Soi1 Cdksd Extractable Cd f sd Znksd Grain Cd* sd 
Texturai Class n mg kg" PPm 

fine Sand 2 
very fine sanl 2 
ioamy fuie saad 2 
fm sandy loam 2 
very fuie sandy loam 3 
Spnay clay loam 8 
clay loarn 3 
d y  cky 1 
clay 5 
heavy clay 2 

n = nurnber of sampIes, sd = standard deviation 
' = al1 values are reporteci on an oven dry basis 
= al1 values are reporled on a f. W. basis 





Tnble 4.11 Mean soi1 Cd and Zn valuesa, and grain Cdb for soi1 texhiral groups €rom the study area. 

Total 0.01 M CaCI, Total Re-scaled 
Cdisd Extractable Cd =t: sd Zn*sd Grain Cdf sd 

Texml Group n mg kg-' PPm 

Sandy 
coarse loarny 
fm loamy 
clayey 

d y  
coarse ioamy 
fîne loamy 
clayey 

Surface Soil 
2.71 x IO4 k2.27 x IO4 19.7 I 20  
3.00 x IO4 k2.54 x IO4 27.9 &25 
4 .68x10413 .55x104  70.4f24 
7.36 x IO4 I4.99 x 104 133.2 I46 

Sub-Surface Soil 
0.00 32.3 
1 . 6 4 ~  104 k 1 . 3 8 ~  IO4 10.1 I l 6  
2.03 x IO4 k1.94 x IO4 62.3 I34 
5.52 x Io4 k4.92 x 104 108.8 *29 

n = number of simples, sb = standard deviation 
* = al1 values are report& on an oven dry basis 

= al1 values are reported on a f.w. basis 



textural class. A similar trend was observeci when the soils were classified on the basis 

of t e x t d  groups. The concentration of Zn was usuaiiy greater in the surface soils for 

those textural classes and texairal groups that were found in both the surface soils and 

in the sub-dace .  

The concentration for Zn reporteci in this study for the surface soils on a textural 

class basis are similar to values reported for other Manitoba mils (Haiuschak 1994). 

4.4.7 Lithosequence of 0.01 M CaQ Extractable Soi Cadmium 

The 0.01 M CaC1,extractable soil Cd i n c d  with increasing clay content in 

the W a c e  soil and sub-suface when the soils were classified into their different texturai 

classes and texairal groups. The amount of 0.01 M CaC1,-extractable soil Cd was 

generaiiy greater in the surface soils nom textural classes which were in both surface 

soiis and sub-surface (Table 4.9 and 4.10). The amount of 0.01 M CaCI, extractable soil 

Cd was greater in the surface soils than the sub-surface when compared on the basis of 

temiral groups (Table 4.1 1). 

4.4.8 Lithosquence of Grah Cadmium and 0th- Henry Metah 

The Cd content of the grain when expressecl on a re-scaled basis and compared 

to sample sites from ciifBerat textural ciasses (Table 4.9) and texturai groups (Table 

4.11) generaily kreased with increasing clay content. The fat  that the grain Cd content 



from soils of the texnual classes; very fme sand and f i  sandy loam, or the textural 

groups; smdy and coarse loamy had some of the highest grain Cd content and some of 

the lowest total soi1 Cd conent suggests that the total soi1 Cd content is not the only 

important factor in the amount of Cd uptake by wheat. The lower CEC values for these 

soils may also reflect in a lower pH buf f e~g  capacity. Thus, a l o w e ~ g  of pH in the 

rtuzosphere maybe sigPificant enough to permit a large percentage of the tow overall total 

soi1 Cd to be made more easily phyto-available. 

4.4.9 Correlation of Soi Factors on Wheat Grain Cd 

The frequency distribution paaems of the surface and sub-soi1 physical and 

chernical properties indicaie, in most cases, a right handed skewness to the data set. This 

indicates statistically that the values are not normally distributed. Therefore a non- 

pararnetric test of comlation was used for statistid analyses. The Kendail and . 
Spearman rank correlation was used to measure the correlation of selected soii properties 

and the te-scaied grain Cd content to CWAD frwi the study (Table 4.12 and 4.13). Site 

3 was an awmaly in this study due to CI contamination h m  an old sewage lagoon. 

Therefore, it was not included in any of the comlation analyses. 

A mimkr of surface soi1 parameters exhibited a siBnificant positive correlation 

with wheat grain Cd. The resuits indicate that the surface soi1 total Cd (r = O. 54, p 5 

0.01) is a slightîy better inclkator of Cd uptake in wheat grain than 0.01 M CaC1,- 

extractabie Cd (r = 0.46, p s; 0.001). Surface sou toral Zn showed a signifiant positive 
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Table 4.13 Kendall ud Spearman rank (non-parametric) correlation coefficient matrix for sub-surface soi1 propcrties and grain Cd. 

correlation coefficient ( r ) 
O.OIM Wheat 

Total Total Soil CaCI, grain 
parameters soi1 Cd soi1 Zn Zn / Cd Cd Oc CEC Clay Silt Sand Cd 

Total soi1 Cd 

Total soi1 Zn 
Soil Zn / Cd 
O.01M CaC12 Cd 
OC 

CEC 
Clay 
Silt 
Sand 
Wheat grain Cd 

*, **, *** statistically significant ai p S  0.05, p-; 0.01, p~ 0.001, respectively. N = 30 
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correlation (r = 0.41, p S 0.05) with wheat grain Cd. This would be expected since Zn 

and Cd share simüar propeaies and Cd can be taken up in place of Zn. This would 

reflect the situation where there was a hi@ total soi1 Zn content and a concomitant higher 

total soi1 Cd content. Sites 1,2, and 11 repment this situation. The ratio of surface soii 

Zn / Cd was fou i  to be a signifiant negative correlation (r = -0.37, p S; 0.05) with 

grain Cd. This suggests that Zn deficient soils are Wrely to resuit in higher grain Cd, eg. 

Sites 6, 7 and 8. Aiso soils which are not Zn deficient but have a low Zn / Cd ratio due 

to being geochemidy emiched with Cd, eg. Site 11 . Surface soil organic carbon, CEC, 

clay, and silt were also determinai to have a significatlt positive correlation and sand a 

significant negative correlation with grain Cd. The correlation between ciay and grain 

Cd would be expected since as d e s c n i  earüer the total soil Cd content increases with 

clay content (Table 4.9 and 4.1 1). 

Few sub-surface parameters were signifiantly correlated with wheat grain Cd. 

A significant positive correlation (r = 0.51, p s  0.01) was detcnnùled for total sub- 

surface Cd with grain Cd. A significant negative correlation (r = -0.50, p 5 0 -01) was 

determined for the sub-dace Zn 1 Cd ratio with grain Cd. The correlation between 

sub-surface Zn and grain Cd was a signincant positive relationship, but less than the 

correlation coefficient for the surface soil. A significant positive correlation was found 

for sub-&ace CEC, and clay with grain Cd. A signincaut negative comlation occurred 

for sand with grain Cd. The fact tbat in the e a c e  and sub-surface soil totai Cd and Zn 

werr positively correlated with the clay to king geochemicaîiy e ~ c h e d  with Cd would 

result in high grain Cd, this was the case for site 11, the Bishop soii Series. 



Ftom the results of this study it appears that a couple of factors are important in 

causing higher wheat grain Cd in the Red Rivet Valley. The total soi1 Cd content, and 

the Zn / Cd ratio were the most important factors in causing higher wheat grain Cd levels 

from the transect. 

4.5 Simmiarg and Conclusions 

The pedogenic influence of relief on soi1 Cd, S, = f(r) , , , , --- was found to 

be greatest in the crest position fkom the toposequence for both the surface and sub- 

surface soils in the red River Valley. Wheat grain Cd content was also greater in the 

crest position fkom the catew in this study. 

A lithosequence, designed to detemhe the Muence of parent material (measured 

on the basis of different soii textures) on soils Cd, Scd = f@) , , , , --* found that soil Cd 

in the W a c e  and sub-surface soil increased with increasing clay content. The 

lithosecpence also indicated that wheat grain Cd content ais0 increased with increasing 

clay content. 

Statisticai aiialyses of the relatiomhip between soi1 properties to wheat grain Cd 

detennined h t  total soil Cd and the Zn / Cd ratio in soil had the greatest significance 

to wheat grain Cd content. 



S. GENERAL DISCUSSION 

Chapter 3 established that lacustrine and shale till parent materiai are iikely to 

possess high total soil Cd levels than mixed till parent material. The soils developed 

from lacustrine parent material in the Red River Valley were detehed in Chapter 4 to 

contain a mean total surface soi1 Cd level(0.876 mg kgx) three times the meaa for the 

Ap horizon in the prairie ecozone (0.3 mg kg-', G m t t  1994). 

The soi1 Cd proNe dismaiton for the pedom presented in Chapter 4 indicated 

that historic biopedological cycling resuits in the surface horizon containing the greatest 

amount of Cd. The profde distn'bution of Cd in Chapter 3 was similar to redts from 

others (Pierce et ai. 1982; Dudas and Pawluk 1980). Sola studied in Chapter 4 contaiued 

a greater amount of Cd in the d a c e  horizon compared to the sub-surface horizon. This 

was simiiar to the findings of Holmgren et al. (1993). But contrary to earlier studies in 

Manitoba by Madden (1974) and ais0 Milis and Zwarich (1975). 

Results h m  Chapter 4 demonstrateci that total soil Cd is a signifcant factor in 

detemirhg the amount of grain Cd. Soils h m  the prairie ecozoue with high levels of 

total soil Cd are likely able to produce m e r  grain Cd. 

Chapter 4 also higbiighted the importance of the sub-SUTface Zn / Cd ratio to grain 

Cd content h m  mils in soutkm Manitoba. This observation could have a significance 

to other soils fmm the prairie ecozone anci theu potential for producing grain with high 



Cd content. From Chapter 4 it appears that soils across the prairie ecozone which 

possess Zn I Cd ratios < 119 may have the potentiai for producing high grain Cd. From 

the pedom d e s c r i i  in Chapter 3 it would appear that only one surface soil horizon 

examineci among the 13 pedons descnibed may be susceptible to producing high grain Cd 

Ievels. The Maieb soil Series Ap horizon had a Zn / Cd ratio of 129. This is a value 

only slightly higher tban 119 Zn I Cd ratio suggested as the critical value in Chapter 4. 

Other soils from Chapter 3 might be susceptible to producing high grain Cd but these 

soiis have horizons with low Zn I Cd ratios below the Ap h o h n .  The IICk horizon 

from the Ardill soi1 Series has a Zn / Cd ratio of 127. This horizon was fiom 60 - 92 

cm within the rooting zone for c e r d  crops. The Ckl horuon fkom the Readymade soii 

Series has a Zn / Cd ratio of 115. This horizon was fkom 0.30 - 0.70 m dso within the 

rooting zone of cereal crops. The IICM horizon h m  the Pembina(2) soil Series has 

a Zn / Cd ratio of 101. This horizon was at a depth of 0.95 - 1.30 m possibly below the 

rooting depth of a cereal crop. 



6. SUMMARY AND CONCLUSIONS 

A number of sisnifiant findings were observed ftom the studies which formed 

this thesis. Two soil formhg factors: parent material ami ciimate are important to prairie 

ecozone soils for: 1) the initiai soi1 Cd content; 2) the biopedolopicai redistribution of Cd. 

The type of rock sowe(s) h m  which parent materiai is derived is an important soü 

forming factor in determining the amount of total soii Cd present in the soüs of the 

prairie ecomw. The Bishop soi1 Series developed ftom tesidual shale parent materiai, 

fiom the lower slope of the Manitoba Escarpment highlighted this fact. Ciimate is a soil 

forming factor that influences the type of vegetation associated with the soil zones across 

the prairie ecozone. The role vegetation plays on biopedological cycling and the 

pedogenesis of soi1 Cd was ùidicated by the type of totai soi1 Cd profile distribution. 

The fact that surface horizons generaily wntained the greatest amouut of totai soii 

Cd also highiights the importance of crop residues acting as a sink for Cd accumulation 

in the surface soil. The lack of an accumulation of totai soii Cd in any Bt horizons from 

the pedons examined demonstratexi that Cd is not a mobile element. 

Concerns that the use of phosphatic fertiîizers bas the potentiai to increase 

accumulation of Cd in prairie ecozone soils are largely Wlfounded. The fact that the 

SUfface horizons in this study contained the higher levels of soi1 Cd is iikely to a Larger 

extent a result of biopedological cycling and not through the use of phosphatic fertilizers. 



Two important factors were observed fkom an area of southem Manitoba noted 

for its il~l~lually bigh grain Cd content by the Canadian Grain Commission. The fmt 

factor was the rock source Qeocbemicaiiy Cd enricheci shale) of the parent material, and 

secondly, the Zn f Cd ratio (< 119) were critical to producing the high levels of grain 

Cd observed. The Ardill soil Series higher total soi1 Cd in horizons below the surface 

horizon and the higher comlation coefficient for sub-sutface Zn / Cd with grain Cd 

highlights the importance of soi1 samphg to the two foot depth for enviro-agronomic 

purPo=* 

Therefore, agronomically managing to reâuce the level of Cd in crops can 

possibly be achieved through a number of approaches. Producers may be able to select 

for low grain Cd accumulators for regions which are enricheci in natural mil Cd or which 

may have a soi1 Zn - Cd ratio susceptible to increasing Cd uptake. In Canada, breeding 

pro- by Agriculture Agri-Foods Canada exist to develop dumm ami flax iines of low 

Cd accumulators. 

A recommendation for firture work would be to establish the soil Zn / Cd ratio 

in cases of excess, optimum, marginal, and deficient Zn conditions for ctop production. 

These results can also be used to compile a data set in order to choose the best Zn / Cd 

ratio associateci with the lowest plant uptake of Cd. These! d t s  suggest that follow up 

work should be initiated to estabiish Zn feailizetr rates for soils deficient in Zn or a low 

Zn / Cd ratio ( < 119). 



7. CONTRIBUTION TO KNOWLEDGE 

Many of the resuits h m  this study co&m the observations made Born other 

studies. The pedological soi1 Cd disaiution over a broad regional basis fkom the 

ciimosequence among soiï zones in the prairie ecorwe provides evidence tbat native soil 

Cd is not affecteû by the same Ieaching processes that cause the translocation of clay 

separates. 

The southern Manitoba region has iikely been producing higher grain Cd Ievels 

than most prairie ecozone districts due to geochemicaily Cd e ~ c h e d  sbaie nom the 

Manitoba Escarpment. Amther factor is possibly the Iow Zn I Cd ratio for some of the 

reg ion. 

The results fkom this study may help others in their attempt at reducing grain Cd 

levels h m  the non-poliuted agro-ecosystem. A means of achieving this couici be to 

pruduce a soil Cd map. Soü types could be rated on the basis of important soü factors 

identifiai fiom these two studies. Agricuituraî producers could then use this " tool" in 

combination with variety selection, and fertiiity management practices to ümit the level 

of Cd in their grain. 
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9. APPENDICES 

1 Morphologid Description Induding PbJrJrcai and Chernical Properties of Soils 
Fmm A Surrey of Soi Cadmium Across The Rairie m o u e  

The 13 pedons sampled for analysis in chapter three were described and named 

by Ross Malegus, Tee Boon Goh, Simon Brooks, Tony Brierley, and Leonard Kozak 

in the field. These soiis were selected to provide background levels of Cd in agricuitural 

soils ftom the prairie ecozone, from different parent materials and different climatic 

zones. 

Prelimhary potentid sites were determhed based on data supplieci by the 

Canadian Grain Commission that indicated regions in the prairie ecozone with higher than 

normal grain Cd. Sites were selected bgsed on similar suface soil textures (clay loam) 

from polygons off of the Soii Lamiscapes of Canada maps for Manitoba, Saskatchewan, 

and Alberta. Various local soils reports were then used to m e r  help identify soils to 

be sampled for the study. In the Mantario area of Saskatchewan a weîi drained sandy 

clay loam soil which formed in clay loam glaciaï till modifeâ by Upper Cretaceous clays 

and shales was selected (The Soils of Chesterfield Rural Municipality No. 261 

Saskatchewan 1993). In the Bow Island area of Alberta two soiis one a weii drained clay 

Loam soi1 which formed in non-saline or wePlrly saline till anci the other a weU drained 

loam soi1 which fomed in glaciolacustrk parent material of the Winnidred uplaml and 
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Etùkom Plain respectively (McNeii et al. 1994). In the Vulcan area of Alberta a well 

drained clay ioam soil which formed in medium textured till of the Majorvüle uplands 

(Waker and Petfapiece 1996). In the Major area of Saskatchewan a welî drained clay 

loam soi1 which formed in slightiy stony. loamy glacial till was sampled in the Rurai 

Municipaiity of Prairieciaie (No. 321 - Preiimhmy Soïi Map and Report, Saskatchewan 

Soi1 Survey 1989). In the St. Jean area of Manitoba a soil developed fkom strongly 

calcareous, medium to moderately fine textured aliuvîai and lacustrine deposits overlying 

lacustrine clay within a meer of the surface under poor drainage was sampled on the Red 

River Plain (Ehrlich et al. 1953). This soi1 is d e s c r i i  in the Soils of Winnipeg Region 

Study Area (Michalyna et al. 1975). In the Virden area of Manitoba the soi1 sampled 

was formed on thin, swngly calcareous, medium textured lacustrine sediments overly ing 

strongly calcareous. medium to moderately fine textured glacial till. A coarse texnired 

layer (1 to 15 cm) OCCIUS at the contact. These soils have developed under moderately 

good drainage of the Oxbow TU Plain (mulich et al. 1956). This soil is described in the 

Soiis of the Boissevain - Meiita Anxi (Eilers et al. 1978). In the Lloydmioster area of 

Saskatchewan a sandy clay loam soi1 formed in well drained sIighrly stony, loamy glacial 

tül was sampled in the Runi Municipaîity of Wiiton (No. 472 - Preiimhary Soi1 Map 

and Report. Saskatchewan Soii Survey 1986). In the gitscoty area of Alberia a well 

draincd clay loam soil fo& in loamy glacial till was sampled (Wyatt et al. 1944). In 

the St. Walberg area of Saskatchewan a well draineci loam soil developed on 

undiff'erentiated boulder clay was sampied on the Paradise Hill-Lloydminstet Upland 

(Mitchell et al. 1950). In the M~yrnamami of Alberta a weli drained loam soi1 developed 



on dark grayish brown to olive brown till of the Mymam Upland was sampled (Macyk 

et al. 1985). In the Somerset area of Manitoba a well drained clay loam soil developed 

on &aie till of the Pembina Hills (tangman 1986) was sampled. In the Altamont area 

of Manitoba a weli draineci loam soil developed on mixeci till, with a sandy-skeletal 

substrate of glacial-fluvial origin within a meter of the minerai surface was sampled in 

the Pembina HUS (Langmm 1986). 



SOIL ONE 

Soi1 Series: 

Classification: 

Profile Location: 

Date: 

Topograeh~: 

Slope Position: 

Aspect: 

Drainage: 

Parent Materiai 1: 

Parent Material 2: 

Parent Material 3: 

Vegetaton: 

AsdiIl (ADA) 

Orthic Brown 

SE32-26-27W3, southwest Saskatchewan, near Mantario 

June 18, 1993 

hummocky 

mid 

northwest 

moderately well 

clay loam glacial till modifieci by Upper Cretaceous clays 

and shafes 

1amtri.m 

mixed tiii 

Crops-fields (manageci) summerfiûlow 

O - 0.10 m Dark brown (1OYR 3/3 m*), àark grayish brown 

(10YR 4.92 d**) sandy clay loam; cloddy; non caicareous; abrupt 

smooth bourdary between 0.08 to 0.18 m: 

0.10 - 0.30 m Dark Yellowish brown (IOYR 3f 4 m), brown 

(1OYR 5/3 d) saady clay; weak to moderate medium to coarse 

subangular blocky; non caîcarrous; clear wavy boundary between 

0.08 to 0.20 m: 



Bmk 

cca 

0.30 - 0.45 m Dark grayish brown (10YR 3 .5/2 m), grayish 

bmwn (IOYR 512 d) d y  clay loam; very weak medium 

prismatic; moderate caicareous; pdual smooth boundary between 

0.06 to 0.16 m: 

0.45 - 0.60 m Oiive brown (2 .n  4/4 m), grayish brown 

( 2 . n  9 2  d) clay loam; very weak medium prismatic; moderate 

calcareous; iron stainiag; few clay fhs; clear smooth boundary 

between 0.21 to 0.24 m: 

0.60 - 0.92 m Very dark grayish brown (2.5Y 312 m) , light 

brownish gray (2.5Y 6/2 d) clay; structureless massive; strong 

calcareous; clear smooth boundary between 0.24 to 0.30 m: 

0.92 - 1.15 m Grayish brown (2.5Y 5/2 d), heavy clay; 

structureless massive; observed shale fragments ; moderate 

caicareous; rooting depth to 1.15 m. 

% - moist color 

**d - dry color 





son TWO 

Soii Series: 

Classification: 

Profile Lmation: 

Date: 

Topography : 

Slope Position: 

A!qKct: 

Drainage: 

Parent Material: 

Vegetation: 

nmeb mm 
Orthic Brown 

NElû-12-9W4, southeast Alberta, near Bow Island 

June 7, 1993 

undulating 

mid 

north 

moderately weii 

non-salii9 or wealdy saüne till 

crops-fields (managed) immature 

Ap O - 20 cm Dark yeilowish brown (10YR 313.5 d**) clay loam; weak 

fine granuiar; non caicareous; wet non sticky; clear smooth boundary: 

Ahe 20 - 30 cm Dark brown (10YR 4/33 m*), dark brown (10YR 4/3 d) 

loam; weak to moderate me- prismatic; w n  caicareous; wet slightly 

sticky; diffuse smooth bouodary: 

Bmk 30 - 46 cm Dark brown (1OYR 3/3 m), brown (IOYR 5/3 d) clay loam; 

very weak medium prismatic; weakly calcareous; wet sticky; diffuse 

smooth bouiulary: 

Ca 46 - 57 an Dadr grayish brown (10YR 4/2 m), Light gray (IOYR 7/2 

d) clay loam; sûuctureless massive; moderate calcareous; graveUy 3 % by 



volume; wet slightiy sticky; clear wavy boundary: 

Ck 57 - 100 cm Grayish brown (2 .N 9 2  m), light brownish gray (10YR 

612 d) clay loam; StNctureless massive; graveUy 3% by volume; weakly 

calcareous; wet sticky. 

% - moist color 

**d - dry color 



Physical and chernical propeniesa for the MaIeb Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmoi(+)kgl - CaCO, B. D. Texiural 

m (CaCU g kg*' Na K Ca Mg %BS g kg" Mg mm' 96s %Si %C Class Group 

Ap 0-0.20 6.9 20.0 1.2 2.010.0 6.0 18.0 106.7 3.0 1.15 39 35 26 CL M 
Ahe 0.20-0.30 6.0 16.0 0.2 1.3 11.1 3,9 14.6 112.5 0.0 1.05 44 31 25 L M 
Bmk 0.30-0.46 7.7 9.0 0.2 0,912.8 5.3 21.7 88.3 57.0 1.31 33 37 30 CL M 
Cca 0.46-0.57 7.9 7.0 0.3 1.1 12.9 4.6 19.7 95.9 136.0 1,37 45 21 34 CL M 
Ck 0.57-1,W 8.1 6.0 1.7 1.5 8.6 6.9 21.1 88.7 58.0 1.46 42 25 33 CL M 

a = al1 values are reported on an oven dry basis 



S O L  THREE 

Soil Senes: 

Classification: 

Profile Location: 

Date: 

T ~ P o ~ ~ ~ P ~ Y :  

Slope Position: 

Aspect: 

Drainage: 

Parent Materiai: 

Vegetation 

(CHN) 

Orthic Brown 

NE3 1-1 1-10W4, southeast Alberta, near Bow Island 

June 7, 1993 

level 

mid 

mab 

moderately weil 

glaciolacustrhe 

crops-fields (manageci) imman~e: imgated 

Ap O - 15 cm Dark grayish brown (10YR 4/2 d4*) loam; moderate 

medium granular; non calcareous; moist friable; abrupt wavy boundary: 

AB 15 - 24 cm Da& brown (10Y' 413 d) loam; moderate medium platy; 

non calcazeous; moist very fiable; clear wavy boundary: 

Btj 24 - 42 cm Dark brown (10YR 413 d) sandy clay loam; weak medium 

prismatic; non calcamus; moist friable to fh; graduai irreguiar 

boundary: 

BC 42 - 57 cm Yeliowish brown (IOYR 5/4 d) sanây clay loam; weak fme 

to medium prismatic; non caicaceous; moist loose; clear wavy boundary: 

Ckl 57 - 70 cm Pale brown (IOYR 613 d) clay loam; smictureless massive; 



moderate calcareous; moist loose; gradua1 smooth boundary: 

IICk 70 - 100 cm Light gray (10YR 712 d) silty clay loam; structureless 

massive; mois Ioose; strong calcareous. 

**d - dry color 



Physical and chemical propertiesa for the Chin Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kg-l - CaCO, B. D. Textural 

m (CaCId g kgwJ Na K Ca Mg %BS g kg-' Mg mo3 %S %Si %C Class Group 

Ap 0-0.15 7.7 16.0 1,l 3.0 11.3 9.3 18.4 134.1 6.0 1.39 48 29 23 L M 
AB 0,154.24 7.6 9.0 1.3 1.9 4.6 9.4 12.0 143.0 1.0 1.50 48 29 23 L M 
Btj 0.24-0.42 7.6 8.0 2.0 1.4 4,O 11.5 11.1 171.0 1.0 1.41 53 22 25 SCL M 
BC 0.42-0.57 7.5 6.0 2.1 0.9 3.0 12.1 6.2 294.6 1.0 1.50 58 20 22 SCL M 
Ckl 0.57-0.70 8.1 6.0 2.4 0.6 14.3 13.9 17.2 181.8 146.0 1.58 33 39 28 CL M 
IICk 0.70-1.00 8.2 6.0 1.8 0.624.1 13.4 20.7 193.0 257.0 1.38 17 46 37 SiCLM 

a = al1 values are reported on an oven dry basis 



S O L  FOUR 

Soi1 Series: 

Classification: 

Profile Location: 

Date: 

T0pography: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

R-dgmade (.DM) 

Orthic Dark Brown 

SE26-17-2lW4, southeast Alberta, near Vuican 

June 9, 1993 

hummocky 

ulid 

northwest 

moderately weli 

medium textumi tiiI 

crops-fields (managed) immature 

Ap O -10 cm Very da& brown (10YR 2 3 2  m*), very dark grayish 

brown (IOYR 332 d**) clay loam; cloddy; non caicareous; gravelly 1 % 

by volume; very fine mou, vertical, imped and exped root distribution; 

abrupt smooth boundary between 7 to 12 cm: 

Bm 10 - 30 cm Da& yeîlowish brown (10YR 3/4 m), dark grayish brown 

(10YR 412 d) sandy clay Ioam; weak medium angular blocky; non 

calcareous; gravelly 1 96 by volume; very fine roots, vertical, imped anci 

exped root distribution; abrupt smooth boundary: 



Ckl 30 - 70 cm Dark grayish brown (ZSY 413 m), grayish brown (2SY 5/2 

d) sanûy clay Ioam; weak medium anguiar blacky; moderate calcareous; 

graveliy 2% by volume; coarse roots. vertical. imped and exped mot 

distribution; diffw irreguIar boundary between 64 to 87 cm: 

Ck2 70 - 100 cm Dark grayish b r m  (MY 4/Z m). grayish brown (2.5Y 5/2 

d) sandy clay loam; weak medium mguiat blocky; gravelly 10 % ; medium 

roots, vertical, imped and exped mot distri'bution; rmting depth to 90 cm; 

moderate calcareous. 

% - moist color 

**d - dry color 



Physical and chernical propertiesa for the Readymade Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kg-l - CaCO, B. D. Textural 

m (CaCiJ g kg" Na K Ca Mg %BS g kg*' Mg m-3 %S %Si %C Class Group 

Ap 0-0.10 6.4 41.0 0.0 2.1 14.4 4.0 22.4 82.4 0.0 1.01 41 27 32 CL M 
Bm 0.10-0.30 6.5 18.0 0.0 0.9 9.7 4.2 18.4 80.9 1.0 1.27 51 15 34 SCL M 
Ckl 0.30-0.70 7.8 7.0 0.2 1.0 9.7 5.7 16.5 100.5 140.0 1.57 46 24 30 SCL M 
CI& 0.70-1.00 8.0 4.0 0.1 0.7 13.7 8.9 18.5 126.7 144.0 1.63 46 24 30 SCL M 

a = al1 values are reported on an oven dry basis 



S O L  FIVE 

Soil Series: 

Classification: 

Profile Location: 

Date: 

Topography : 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

AP 

Bm 

Cca 

O - 1 3 ~ m  

3 - 9 3  d**) 

calcareous; 

13 - 26 cm 

Weyb- (WRA) 

Orthic Dark Brown 

NE16-33-26W3, southeast Saskatchewan, near Major 

Jwie 18, 1993 

hummociry 

mid 

northwest 

moderateIy weii 

slightly stony, loamy glacial till 

crops-fields ( m g e d )  summerfaiiow 

Very dark brown (10YR 211.5 m*), dark brown (10YR 

clay lok;  weak medium to coarse subangular blocky; non 

abrupt smooth boundary between 12 to 14 cm: 

Dark yellowish brown (IOYR 314 m), dark brown (10YR 

3 3 3  d) sandy clay; moderate coarse prismatic; non calcareous; gradua1 

wavy b o e  between 12 to 16.5 cm: 

26 - 56 cm Dark grayish brown (2.5Y 4/2 m), light brownish gray 

(10YR 612 d) clay loam; weak to moderate coarse prismatic; strong 

calcareous: graduai smooth b o u m  between 26 to 32 cm: 



CM 56 - 66 cm Very dark grayish brown (2SY 3 S/2 m), grayish brown 

(IOYR 5 3 2  d) sandy clay loarn; stmchxeless massive; moderate 

calcareous; graduai smooth boundary between: 

Ck2 66 - 110 cm Olive brown (2 .n  414 m), light brownish gray (10YR 612 

d) sandy clay loam; structureiess massive; rooting depth to 110 cm; 

moderate caIcare~us. 

9n - moist color 

**d - dry color 





son SIX 

Soil Series: 

Classification: 

Profile Location: 

Date: 

Topography: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

NivelTViUe 0 

Gleyed Calcareous Rego Black 

NE28-2-lE1, south cemral Manitoba, near St. Jean 

Septembet 3, 1992 

level 

levei 

level 

imperféct 

l a c d  

crops-fields (manageci) cropped 

Apk O - 15 cm %la& (IOYR 2.91 d**) clay loarn; moderate calcareous; 

clear irrepuiar boundary tonguing observed to 50 cm: 

AC 15 - 32 cm Dark gray (1OYR 4.511 d) clay loam; moderate calcareous; 

graduai wavy boundary: 

Ca 32 - 80 cm Light brownish gray (1OYR 6.512 d) clay loam; very swng 

CalCaRous: 

IICk 80 - 100 cm Grayish brown (2.5Y 5/2 d) clay, strong caicareous. 

**d - dry color 



Physical and chernical propeniesa for the Niverville Profile. 

Exc hangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kgl - CaCO, B. D. Textural 

m (CaC19 g kg" Na K Ca Mg %BS g kg'' Mg mW3 %S %Si %C Class Group 

Apk 0-0.15 7.3 50.0 0.3 1.3 28.0 11.5 ND ND 71.01.36 32 32 36 C L M  
AC 0.15-0.32 7.1 44.0 0.5 1.121.0 14.5 ND NI) 78.0 1.63 36 29 35 CL M 
Cca 0.32-0.80 7.2 28.0 0.4 0.6 15.7 10.4 ND ND 328.0 1.30 27 42 31 CL M 
IICk 0.8û-1.00 7.3 28.0 0.2 1.329.6 22.2 ND ND 161.0 1.48 5 34 61 C F 

ND = not determined, ' = al1 values are reported on an oven dry basis 



SOIL S m  

Soi1 Series: 

Classification: 

Profde hation: 

Date: 

Topograpby: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vege tation: 

Nemead (NWS) 

Oahic Black 

NE27-9-28W 1, southwest Manitoba, near Videa 

October 17, 1992 

undulating 

uPP= 

east 

weU 

bouider till 

crops-fields (managed) cropped 

O - 20 cm Black (IOYR 211 in*), very dark gray (10YR 311 d**) 

loam; non calcareous; plentiful fine roots, vertical, imped and exped 

distribution; clear wavy bouadary between 15 to 23 cm: 

20 - 40 cm Dark brown (10YR 313 m), dadc grayish brown (IOYR 4/2 

d) clay loam; weakly calcareous; few f'ine mots, vertical, irnped and exped 

distribution; graduai wavy boundary between 15 to 25 cm: 

E C U  40 - 65 cm Brown (10YR 5/3 m), grayish brown (1OYR 5 3 2  d) sandy 

loam; strong calcareous; very few rmts, vertical, imped and exped 

distribution; gradual srnooth boundary 25 to 30 cm: 



IICk2 65 - 95 cm Dark yeiiowish brown (IOYR 414 m), paie brown (10YR 

6.513 d) sandy loam; strong caicareous. 

% - moist color 

**d - C O ~ O ~  



Physical and chernical propertiesa for the Newstead Profile. 

Exchangeable 
Cations CEC 

Particle Size 
HorizonDepth, pH O.C. - cmol(+)kg-l - CaCO, B. D. Textural 

m (CaCl,) g kg-' Na K Ca Mg %BS g kg" Mg mo3 96s %Si %C Class Group 

ND = not detennined, a = al1 values are reported on an oven dry basis 



SOIL EIGHT 

Soil Series: 

Classification: 

Profile Location: 

Date: 

Topogra~h~: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

W A )  

Ortbic Black 

SW 16-49-27W3, central Saskatchewan, near Lloydmiaster 

June 17, 1993 

hummociEy 

rnid 

southwest 

weil 

glaciai tili 

crops-fields (manageci) immaairc 

Black (10YR 21 1 m*) , very dark gray (10YR 3 SI 1.5 d**) 

sandy clay loarn; weak medium to coarse subangda. blocky; non 

calcareous; abrupt wavy bouadary between 8 to 11 cm: 

Btj 10 - 28 cm Dark yeîlowish b m  (1OYR 3/4 m), brown (10YR 513 d) 

clay loam; weak to moderate very coarse subangular blocky; non 

calcareous; clear smooth bouadacy between 13 to 20 cm: 

Bm 28 - 37 cm Dark yeilowish brown (IOYR 3 .S/3.S m), olive brown 

(2.5Y 4.5/4 d) clay loam; weak very coarse subangular blocky; non 

calcareous; abrupt wavy boMdvy between 7 to 11 cm: 



Ckl 37 - 60 cm Olive brown (2.5Y 4/4 m), light brownish gray (2.5Y 6/2 

d)  clay loam; sauchrreless massive; moderate caicareous; gradua1 smooth 

boundary between 19 to 23 cm: 

Ck2 60 - 88 cm Olive brown (2.SY 3.513 m), grayish brown (2.5Y 5 .Y2 d) 

clay loam; structurefess massive; moderate caicareous; diffuse smooth 

boundary: 

Ck3 88 - 112 cm Very dadc grayish brown (2.5Y 3.512 m), grayish brown 

(2.5Y 5.92 d) clay loam; structureless massive; rooting depth to 110 cm; 

moderate calcareous . 

% - moist color 

**d - dry color 



Physical and chernical propertiesa for the Mayfair Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depîh, pH O.C. - cmol(+)kg-î - CaC03 B. D. Textural 

m (CaC12) g kg-' Na K Ca Mg %BS g kg1 Mg ma %S %Si %C Class Group 

Ap 0-0.10 7.2 28.0 0.0 1.0 13.5 4-9 24.4 79.8 1.0 1.29 47 24 29 SCL M 
Btj 0.1û-û.28 7.3 10.0 0.1 0.7 7.1 7.0 18.4 81.1 0.0 1.48 43 23 34 CL M 
Bm 0.28-0.37 7.4 8.0 0.1 0.6 4.5 7.7 17.3 74.0 3.0 1,60 44 25 31 CL M 
Ckl 0.37-0.60 8.1 7.0 0.2 0.8 4.8 8.1 15,s 89.2 118.0 1-53 41 29 30 CL M 
Ck2 0.60-0.88 8.2 5.0 0.3 0.9 6.2 9.2 17.7 93.5 109.0 1.56 41 30 29 CL M 
Ck3 0.88-1.12 8.1 5.0 0.1 0.7 7.9 7.2 17.7 90.4 89.0 1.65 43 26 31 CL M 

a = ail values are reported ona an oven dry basis 



SOIL NINE 

Soil Series: 

Classification: 

ProNe Location: 

Date: 

T~pography: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

BeaverhiUs (BVH) 

Orchic Bhck 

W7-50-3W4, centrai Alberta near Kitscoty 

June 12, 1993 

hummocky 

mid 

northwest 

weii 

glacial loam 

crops-fields (managed) immature 

Black (LOYR 111 m*), black (IOYR 211 d**) clay loam; 

moderate coarse subanguiar blocky; non calcareous; moia friable; abrupt 

smooth boundary between 14 to 16 cm: 

14 - 21 cm Black (10YR 212 m), very dark grayish brown (10YR 3/2 

d) clay loam; moderate coarse subangdar blocky; non calcareous; moist 

fikble; graduai wavy bouadary between 2 to 10 cm: 

21 - 40 cm Dark yeliowish brown (10YR 3/4 m), brown (10YR 5f 3 d) 

saady clay loam; moderate coarse subanguiar blocky; non calmous; 

moist friable; abrupt smooth bouodary between 20 to 26 cm: 



Bt 40 - 62 cm Dark brown (1OYR 3/3 rn), brown (10YR 5/3 d) clay loam; 

stmng coarse prismatic; common clay Nms, thick. on ped faces; non 

caicateous; mois fîrm; abrupt smooth bouadary between 10 to 16 cm: 

BC 62 - 70 cm Very âark grayish brown (2SY 312 m), brown (10YR 5f3 

d) clay loam; moderate coarse angular blocky; moderate calcareous; moist 

fkiable: 

Ck 70 - 110 cm Brown (IOYR 513 d) clay loam; rooting depth to 90 cm; 

moderate caicareous. 

- moist color 

**d - dry color 





S O L  TEN 

Soi1 Series: 

CIassification: 

Profîle Location: 

Date: 

T W W ~ P ~ Y :  

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

AP 

Btl  

Bt2 

Whitewood (WHA) 

Ortbic Dark Gray 

SE6-52-23W3, central Saskatchewan, near St. Walberg 

June 16, 1993 

hummocky 

mid 

south 

weii 

loamy glacial tiU 

crops-fields (managed) summerfaliow 

Dadr Gray (10YR 4.Y 1 d**) loarn; weak to moderate very 

coarse subanguiar bl*; non calcareous; moist fnable; abrupt smooth 

boundary: 

10 - 27 cm Dark yeilowish brown (IOYR 3/4 m*), light yellowish 

brown (1OYR 614 d) clay loam; weak to moderate coarse submgular 

blocky; common clay Nms, on ped faces; non dcareous; moist fm; 

clear smwth bounduy: 

27 - 47 cm Dark yeilowish brown (10YR 314 m), fight yeiiowish brown 

(IOYR 6/4 d) sandy clay loam; moderate medium to coarse angular 

blocky; many clay films, on ped faces; non dcareous; moist firm; abrupt 



smooth boundary between 20 to 25 cm: 

Ckl 47 - 72 cm Very dark grayish brown (2.5Y 3.5/2 m), brown (IOYR 5/3 

d) sandy clay loam; weak to modemte medium to coarse subangular 

blocky; moderate calcareous; dry bard; graduai smooth boundary between 

18 to 25 cm: 

Ck2 72 - 100 cm Very da& grayish brown (2.5Y 312 m), pale brown (10YR 

613 d) sandy clay loam; weak very coarse mbmpuiar blocky; dry bard; 

moderate calcareous. 

% - moist color 

**d - dry color 



Physical and chemical propertiesa for the Whitewood Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kgl - CaCO, B. D. Textural 

m (CaClJ g kg'' Na K Ca Mg %BS g kg-' Mg mV3 %S %Si %C Class Group 

Ap 0-0.10 6.9 27.0 0.0 1.1 11.2 2.5 6 8  88.7 1.0 1.26 50 32 18 L M 
Btl 0.1010.27 6.8 8.0 0,O 0.8 6.8 4.1 18.9 62.2 0,O 160 42 20 38 CL M 
Bi2 0,274.47 6.7 6,O 0.0 0.7 7.4 3.8 18.5 64.4 1.0 1.63 52 16 32 SCL M 
Ckl 0.47-0.72 7.8 6.0 0.0 0.6 9.2 3.2 14.8 88.0 108.0 1.41 50 22 26 S C L M  
Ck2 0.72-1.00 7.8 5.0 0.0 0.6 10.3 3.8 16.4 90.0 135.0 1.40 46 26 28 SCL M 

a = al1 values are reportecl on an oven dry basis 



SOIL ELEVEN 

soil Series: 

Classification: 

Profile Location: 

Date: 

TOPPP~Y: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vege tation: 

FahQ mv) 
Orihic Da& Gray 

NW5-55-9W4, cenaal Albeaa, near Myniam 

June 11, 1993 

hummocky 

mid 

northwest 

weii 

dark grayish bmwn to olive brown tili 

crops-fields (managed) immature 

Very dark grayish brown (10YR 312 m*), dark gray (IOYR 

411 d**) loam; weak coarse subangular bloclry; non calcareous; moist 

friable; abrupt smooth ôoundary 18 to 20 cm: 

20 - 25 cm Dark yeilowish brown (10YR 3/4 m), brown (10YR 5/3 d) 

clay loam; moderate coarse mbanguiar blocky; non calcareous; moist 

friable; clear irregular boundary between O to 5 cm: 

25 - 49 cm Dadc yeliowish brown (1OYR 316 m), brown (10YR 513 d) 

sandy clay loam; moderate coarse subangular blocly; many clay f-, 

thin, on ped faces; non calcareous; moist niable; gradual wavy bounaary 

between 20 to 34 cm: 



49 - 76 cm Dark yellowish brown (10YR 3/6 m), brown (IOYR 9 3  d) 

sandy clay loam; moderate coarse subangular blocky; many clay films, 

very thh, on ped faces; non caicareous; mois friable; graduai wavy 

bouadary between 20 to 27 cm: 

76 - 100 cm Da* brown (10YR 313 m), brown (10YR 513 d) sandy clay 

loam; weak coarse anguiar blocky; commonclay Nms, very thin, on ped 

faces; non caicazeous; moist firm; graduai wavy boundary between 19 to 

24 cm: 

100 + cm Dark yeliowish brown (1OYR 4/4 m), brown (1OYR 9 3  d) 

clay loam; weak coarse angular bloce; few clay Nms, very thin, on ped 

faces; moist firm; moderate calcareous. 

% - moist color 

**d - dm color 



Physical and chemical propertiesa for the Falun Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kg-' - CaCO, B. D. Textural 

m (CaCl*) g kg' Na K Ca Mg %BS g kg- i Mg mo3 %S %Si %C ClassGroup 

Ap 0-0.20 6.3 12.0 0.0 0.7 6.4 1.6 13.4 65.5 1.0 1.29 48 28 24 L M 
AB 0.20-0.25 6.5 6.0 0.0 1.1 10.0 3.2 16.5 86.7 0.0 1.65 39 25 36 CL M 
Btjl 0.25-0.49 6.5 6.0 0.0 1.0 9.1 3.4 18.1 74.8 0.0 7 48 17 35 SCL M 
Btj2 0.49-0.76 6.5 4.0 0.1 0.9 9.1 3.8 17.9 77.4 1.0 1.77 51 20 29 SCL M 
BC 0.76-1.00 7.5 6.0 0.1 0.7 9.6 3.8 19.1 73.7 9.0 1.61 46 20 34 SCL M 
Ck 1 .OO+ 7.7 4.0 0.1 0.9 9.5 3.2 18.6 73.2 101.0 1.23 40 27 33 CL M 

- - 

" al1 values are reportai on an oven dry basis 



S O L  TWELVE 

Soi1 Series: 

Classification: 

ProfIle Location: 

Date: 

TOPOPP~Y:  

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vege tation: 

Nayler @NO) 

Dark Gray Luvis01 

W30-5-9Wl, south centrai Manitoba, near Somerset 

October 1, 1992 

hummocky 

U P F =  

southeast 

weU 

shale tiU 

crops-fields (managed) cropped 

Very da.& gray (10YR 311 m*), dark gray (10YR 4/1 d**) 

clay loam; weak very to fine granuiar; non calcareous; clear smooth 

boundary: 

Ae 20 - 30 cm Dark grayish brown (2 JY 412 m), light brownish gray 

(2.5Y 6/2 d) clay loam; very weak very fine platy; non calcareous; abrupt 

smooth boundary: 

Bt 30 - 50 cm Olive brown ( 2 . n  414 m), p y i s h  bmwn (2.5Y 5/ 3 d) clay 

loam; moderate to strong medium subanguiar blocky; many clay films, 

thin, on voids and channels; non calcareous; graduai smooth boundary: 



BC 50 - 70 cm Olive brown (2.5Y 4.514 m), light brownish gray (2.5Y 6/ 3 

d) loam; weak to moderate fine to medium subangular blocky; non 

calcareous; clear smooth boundary; horizontal shale band, 2% by volume: 

c 70 - 100 cm Olive brown (2.5Y 614 m), Light brownish gray (2.SY 6/ 2 

d) clay loam; weak fine subangular blocky; non calcareous; shale 

fiagmeuts, 6% by volume. 

% - moist color 

**d - dry color 



Physical and chemical propestiesa for the Nayler Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kg-l - CaCO, B. D. Textural 

m (CaCl,) g k g 1  Na K Ca Mg %BS gkg' Mgm" %S %Si %C ClassGroup 

= al1 values are reported on an oven dry basis 



S O L  THIRTEEN 

Soil Series: 

Classification: 

Profile Location: 

Date: 

TopolWph~: 

Slope Position: 

Aspect: 

Drainage: 

Parent Material: 

Vegetation: 

Pembina, sandy-skdetal substnte variant (PBI(2)) 

Dark Gray Luvisol 

SW32-5-8W 1, south centrai Manitoba, near Altamont 

October 8, 1992 

hummociry 

UPE= 

southeast 

weïï 

mixed till 

crops-fields (managed) cmpped 

Ap O - 25 cm Very da& brown (IOYR 2/2 m*), dark grayish brown 

(10YR 4/2.5 d**) loam; weak fine granular; weakly caicareous; plenciful 

mots, fine, vertical, imped and eqed distribution; abrupt wavy boundary 

between 24 to 28 cm: 

Ae 25 - 30 cm Pale brown (1OYR 613 m), yellowish brown (10YR 5.514 

d) silty loam; fine platy; weakiy calcareous; few roots, fme, vertical, 

imped and exped distribution; gradual wavy boundary: 

BU 30 - 37 cm Dark brown (IOYR 3/3 m), brown (10YR 513 d) loam; 

moderate medium subanguiar blocky; few clay films, thin, on some voids; 

m a  calcareous; few mots, fine, vertical, hped ami exped distribution; 



abrupt smooth bouadary between 6 to 10 cm: 

Bt2 37 - 67 cm Dark yelIowish bmwn (IO= 416 m), dadr yeiiowish brown 

(IOYR 414 d) sandy clay loam; moderate to strong medium to coarse 

submguiar blocky; many clay films, moderate1y thick, on ped faces; non 

calcareous; few roots, fine, vertical, imped and exped distriiution; abrupt 

mmth bouidaty: 

IICk 67 - 95 cm Da& yeliowish bmwn (LOYR 4/4 m), dark brown (10YR 

4/3 d) loamy sand; moderate medium to coarse angular blocky; common 

clay Nms, thin, on voids and channels; moderate calcareous; graveliy 

10% by volume; very few mots, very the, vertical, imped and exped 

distribution; diffuse smooth boundary: 

II- 95 - 130 cm YeUowish brown (IOYR 5/4 m), yellowish brown (10YR 

514 d) sand; fine granuiar; strong calcareous. 

% - moist color 

**d - dry color 



Physical and chernical properties8 for the Pembina (2) Profile. 

Exchangeable 
Cations CEC 

Particle Size 
Horizon Depth, pH O.C. - cmol(+)kgi - CaC03 B. D. Textural 

m (CaCla g kgq1 Na K Ca Mg %BS g kg" Mg mW3 %S %Si %C Class Group 

Ap M . 2 5  6.2 47.0 0.5 0.8 17.3 3.2 ND ND. 20.0 1.36 45 35 21 L M 
Ae 0.25-0.30 6.4 45.0 0.5 0.5 13.1. 2.7 ND ND 10.0 1.45 32 54 14 SiL M 
Btl 0.30-0.37 6.5 31.0 0.6 0,613.1 3.7 ND ND 1.0 1.43 38 36 26 L M 
Bt2 0.37-0.67 6.6 28.0 0.5 0.712.3 5.3 ND ND 1.0 1.48 36 14 26 SCL M 
IICk 0.67-0.95 6.6 15.0 0.6 0.7 11.8 5.0 ND ND 98.0 1.47 73 13 4 LS C 
IUCk2 0.95-1.30 6.8 15.0 0.5 0.3 6.0 1.9 ND ND 204.0 1.63 86 14 O C C 

ND = not detemiined, a = al1 values an reported on an oven dry basis 



1I. Profile Distriution of Other Heavy Metaisa in the Pedons h m  the Prairie Ecozow. 

Soîl -th cu*d Niksi  Pb*sd 
Series Horizon m mg kg-L 

Ardiu Ap 
Bm 
Bmk 
Cca 
nck 
m c k  

Mdeb Ap 
Ahe 
Bmk 
Cca 
Ck 

sd = standard deviation, a aiï values reported on an oven dry basis 



Soil Deph Cuksd Niksd P b ~ s d  
Series Horizon rn mg kg-' 

Chin AP 
AB 
Btj 
BC 
Ckl 
lICk 

Readymade Ap 
Bm 
Ckl 
Ck2 

sd = standard deviation 



II. (continuai) 

Soi1 Depth Cufsd Nifsd Pbfsd 
Series Horizon m mg kg-1 

Weyburn Ap 
Bm 
cca 
Ckl 
Cid 

Nivewüle Apk 
AC 
cca 
Eck 

ND = not determined, sd = standard deviation 



II. (continuecl) 

Soi1 Depth Cuksd Nifsd P b ~ s d  
Series Horizon m mg kg-' 

Newstead Ap 
Bm 
IlCkL 
ITCE 

Mayfair AP 
Btj 
Bm 
Ckl 
C H  
Ck3 

ND = not determined, sd = standard deviation 



Soi1 Depth Cuksd Niksd Pb ksd 
Series Horizon m mg kg-' 

Whitewood Ap 
Btl 
Bt2 
Ckl 
Ck2 

sd = standard deviation 



Soi1 Depth Cuksd Niksd P b ~ d  
Series Horizon m mg kg-' 

Falun AP 
AS 
Btjl 
Btj2 
BC 
Ck 

Nay ler AP 
Ae 
Bt 
BC 
C 

ND = not determined, sd = standard deviation 



II. (continueci). 

Soil -th Cuksd Niisd Pbfsd 
Series Horizon m mg kge1 

Pembina (2) Ap O - 0-25 15.8 *1 26.2 &O ND 
Ae 0.25-0.30 11.2f2 21.9fO ND 
Btl 0-30 - 0.37 10.6*4 26.1 13 ND 
Bt2 0.37 - 0.67 11.5 *3 24.6 &5 ND 
IlCk 0-67 - 0.95 16.8 13 43.5 *4 ND 
IICE 0.95 - 1.30 9-2 &2 25.3 *5 ND 

ND = not determined, sd = staadard deviation 



III. Distribution of Other Heavy Metais8 in the Sola. 

Site Soi1 SIope Depth, Cu* sd Niksd Pbisd 
Nwnber Series Position Horizon m mg kg" 

1 Neuhorst crest 

Neuhorst mid 

Osborne toe 

2 Plum Coulee crest 

PIum Coulee mid 

Plum Coulee toe 

3 Deadhotse crest 

Neuhors t mid 

Blumenfeld toe 

sd = standard deviation, = al1 values are reported on an oven dry basis 
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III. (continued). 

Site Soil Slope Depth, Cuksd N i i s d  Pbksd 
Number Series Position Horizon m mg kg' 

4 Graysville cres t 

Graysville mid 

Edkins toe 

5 Winkler clay loam crest 

Eigenhof mid 

Eigenhof toe 

6 Gnadenthal crest 

Gnadenthal mid 

Gnadenthal toe 

sd = standard deviation 



SI- 
S 
B E 



III. (continued). 

Site Soi1 Slope Dept h , Cu* sd Niksd Pbksd 
Number Series Position Horizon m mg kg-' 

9 Jasset 

Blumenfeld 

Blumenfeld 

10 BIumengart 

Hochfeld 

Jasset 

11 Bishop 

Bishop 

Bishop 

crest 

mid 

toe 

crest 

mid 

toe 

middle 

lower 

toe 

A P ~  
Ahk 
A P ~  
Bntj 
A P ~  
Bntj 

A P ~  
Ahk 
AP 
Bm 
AP 
Bm 

A P ~  
Ahk 
A P ~  
AC 
AP 
Ck 

sd = standard deviation 
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IV. Mean Values of Other Heavy MetalP for the Surface and Sub-Surface Soil Based 
on Toposequence. 

dope Cu* sd Nifsd Pb &sd 
position mg kg *l 

Surface Soil 
crest 19.0 I12.8 28.3 k16.O 12.2 f 5.4 
mid 18.1 f 13.8 25.4 i14.8 10.7 *4.2 
toe 18.1 H2.4 26.7 113.1 11.1 k4.2 

Sub-Surface Soi1 
crest 18.8 114.7 34.7 f 19.2 10.1 f 5.1 
mid 18.7f17.2 29.7f21.4 9.6f5.1 
toe 18.4 I13.0 33.2 f17.2 9.3 k5.3 

sd = standard deviation, N = 10, 
a = aii values are reporteci on an oven dry basis 



V. Mean Values of Other Heavy Metals' for the Surface Soil Temural Classes. 

Surface Soil 
Texnual CIass 

Total 
Cuksd NiIsd PbIsd 

n mg kg-' 

fine sand 2 
very fine sand 2 
loamy fine sand 2 
fine sandy loam 2 
very fine sandy loam 3 
saedy clay loam 8 
clay loam 3 
sandy clay 1 
clay 5 
heavy clay 2 

n = nimber of samples, sd = standard deviation 
a = ail  values are reported on an oven dry basis 



M. Mean Values of Other Heavy Metaie for the Sub-Surface Soü Texturai 
CIasses. 

To ta1 
Sub-Surface Niksd Pb Isd 
Textural Class n mg kg-L 

fine sand 1 11-6 
very fke sand 3 4-7*1 
loamy very fine sand 1 6.2 
very fme s d y  loam 8 10.0 f 4 
sandy clay Loam 7 14.6 15 
c1ay loam 1 24.4 
sandy clay 1 20.7 
clay 4 32.2 k9.9 
heavy clay 4 42.8 118 

n = nmber of samples, sd = standard deviation 
a = aii values are reporteci on an oven dry basis 



M. Mean Values of mer Heavy Metaisa for the Surface and Sub-Surface Soil 
Texnual Groups. 

Total 
cu=tsd Niksd Pbisd 

Texnual Group n mg kg-' 

sandy 
coarse loamy 
fine loamy 
clayey 

sandy 
coarse loamy 
fine loamy 
clayey 

Surface Soi1 
4 7-4 &4 16.2 *3 6.3 *2 
7 8.7 +3 17.7 *4 7-0 *2  
11 18.3 &6 25.2 *7 12.4 &3 
8 32.7 I l 4  42.5 f18 16.1 f 2 

n = number of samples, sd = saindard deviation 
a = aii values are reported on an oven dry basis 




