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THESIS

THE USE OF NATURALLY OCCURRING C 14 TO
MEASURE THE PERSISTENCE Of ORGANIC

COMPONENTS IN SOIL

Applicabil ity of the carbon-doting method of ana/ysito studies in Soil Science was investigated. Factors affect_S
ing the accuracy of the method, e. g. precision, isotopicfractionation, bomb produced C,4, 'Suess effect', and 'de
Vries effect; were found either to cause insignificant errors
or errors for which corrections could easily be mode.

Mean residence times (m. r. t's) of humus from the Aphorizon of five Saskatchewan soils ranged from 250 years for
a Gray-Wooded Podzol ic soil to 1000 years for the Block
Chernozemic soils. The humus of the Dark B row n Cherno_
zemic soils from Lethbridge, Alberto, was older.

Humic fractions from a Chernozemic and a Podzol ic
Soil were dated and chemically characterized. The frac_
tions differed significantly in their m. r, t's and optical pro
perties. The 'calcium' humates and non-hydrolysable humic
acids of the Chernozem dated 1400 years while the humic
acids hydrolysate was, in comparison, extremely young (25
years). There were indications that a close relationship be
tween optical properties and m. r, t. exists.

Except for a small fraction (the humic acids hydrolysate)the maior portion of soil humus is inert to decomposition.
Calculations employing them.r.t. of the fractions ofa Cher
nozem showed that the humic acids hydrolysate accounts for
80 per cent of the nitrogen released per annum. Data for



N SOIL

the soils and fractions showed the humus of Podzol ic soils to
be much more labile than that of Chernozems , and also serv

ed to emphasize the importance of different types of organo
mineral bonds in the stabil ization of humus.

It is concluded that the carbon-dating technique, sup
ported by other chemical methods of analysis, is a useful re
search procedure for resolving problems in soil organic matter

investigations.
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ABSTRACT

Applicability of the carbon-dating method of analysis

to studies in Soil Science was investigated. Factors affecting

the accuracy of the method, e.g. precision, isotopic fractionation,

bomb produced C14, 'Suess effect', and 'de Vries effect', were

found to either cause insignificant errors, or errors for which

corrections could easily be made.

Meanlesidence times (m.r.t's) of humus from the Ap

horizon of five Saskatchewan soils ranged fram 250 years for a

Gray-Wooded Podzolic soil to 1000 years for the Black Chernozemic

soils. The humus of the Dark Brown Chernozemic soils from

Lethbridge, Alberta, was older.

Humic fractions from a Chernozemic and a Podzolic soil

were dated and chemically characterized. The fractions differed

significantly in their m.r.t's and optical properties. The

'calcium' humates and non-hydrolysable humic acids of the

Chernozem dated 1400 years while the humic acids hydrolysate was,

in comparison, extremely young (25 years). There were indications

that a close relationship between optical properties and m.r.t.

exists.

Except for a small fraction (the humic acids hydrolysate)

the major portion of soil humus is inert to decomposition.

Calculations employing the m.r.t. of the fractions of a Chernozem

showed that the humic acids hydrolysate accounts for 80 per cent

of the nitrogen released per annum. Data for the soils and

(
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fractions showed the humus of Podzolic soils to be much more

labile than that of Chernozems, and also served to emphasize

the importance of different types of organo-mineral bonds in

the stabilization of humus.

It is concluded that the carbon-dating technique,

supported by other chemical methods of analysis, is a useful

research procedure for resolving problems in soil organic matter

investigations.
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1. INTRODUCTION

In attempting to answet some of the questions

regarding the role of soil organic matter in soil formation

and productivity, numerous analytical techniques (26, 49, 57,

69, 86, 98) have been employed. One technique which appears

extremely promising for studying this fraction of soil but

which has seen very limited use in this connection has been the

catbon-dating technique (63). The lack of usage of the latter

technique probably stems from the fact that: (a) the complicated

methods and instrumentation involved in carbon-dating has

resulted in only a few instruments being available for use

throughout the world, (b) the procedure involved in the preparation

of samples for carbon-dating is often very time consuming and

(c) the humus of the soil profile is different from other

carbonaceous residues used for carbon-dating in that incorporatbn

of c14 from the atmosphere via plant residues continues at all

times which makes interpretation of carbon-dating results for

humus very difficult.

The usefulness of the carbon-dating technique lies in

the fact that the mean residence time or average age of the soil

organic matter can be calculated if the natural radiocarbon

activity of the soil and of a contemporary carbon standard are

known. This technique, therefore, provides researchers with a

tool for the elucidation of problems in Soil SCience, problems

---------------------,
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which were formerly beyond the scope of standard chemical and

physical methods of analysis.

It is generally conceded that the builduP of organic

matter in soils is beneficial; this is reflected in the improved

nutrient availability and structure, better aeration, improved

moisture penetration and soil conservation which accompanies

such trends. However, some of the fundamental questions

concerning the role of increased soil organiC matter levels still

remain unanswered. For example, only limited work has been done

with regards to the determination of the rates of turnover of

soil organic matter and, the results in most cases have been

inconclusive. Thus it has been difficult to assess accurately

the contribution of added organic matter to the fertility level

of soils. The addition of stubble trash residues is mooted as

one of the major economic means whereby farmers can maintain a

satisfactory level of organic matter in prairie soils. However,

its contribution to the soil humus is little understood. The

carbon-dating method permits the determination of turnover rates

and the relative persistence of soil organiC matter components,

and should therefore be of invaluable assistance in elucidating

these problems.

In the field of pedogenesis, there are numerous problems

which ha¥e, in the past, presented much difficulty in their

interpretation. For example, the occurrence of double profiles

often leayes the pedologist wondering whether this resulted from

(.....--..----�\
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an illuviation process or whether the lower A horizon is a true

fossil horizon. A determination of the mean residence time of

the two A horizons would be of great assistance in resolving

such a situation. Soil scientists have chemically, biochemically,
and physically characterized the soil humus from different great

soil groups; based on their findings it has been possible to

make only general postulations a� to the relative stability of

the humus and of the humus components. The carbon-dating

technique should prove a useful tool in furnishing more definite

information on these aspects of soil study.

Tbe successful application of the carbon-dating

technique to thenvestigation of such problems as those mentioned

above, would not only improve the knowledge of soil scientists

immeasurably, but the results obtained would also be of tremendous

practical significance, especially fram a fertility standpoint.

For example, it should be possible to fractionate the soil humus

into various components with varying mean residence times and

therefore, different rates of turnover. The latter could then be

used to estimate the yearly release of various nutrients e.g.

nitrogen, Phospbor'�, SUlphur, etc. from the humus. The objective

of this study was therefore to (a) establish the validity of the

carbon-dating technique for studying soils, and (b) initiate the

investigation of specific problems in the fields of soil fertility,

pedogenesis, and soil biochemistry, using the carbon-dating method

of analysis.

f \
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2. LITERATURE R];\fIEW

2.1. Factors affecting the dynamics of soil organic matter

The soil is a dynamic sys�em COntaining large amounts

of resistant carbonaceous components which constitute the bulk

of the organic matter. In addition to these, the soil organic

matter generally contains recently added crop residues, plant

roots, and microorganisms. Within the sail the processes of

decomposition and synthesis go on continuouslY and simultaneously.

The study of the dynamics of this system is hindered by the

complexity of the organiC constituents and by the length of

time required for equilibrium to be attained. The rate of

turnover of the soil organic matter is affected by such factors

as: the conditions of soil formation, such as the climate, plant

cover, the activity of microorganisms and soil animals, the

chemical, physical and physico-chemical properties of the soil,

man's activity, and time. The diverse interaction of these

factors determines the amount and nature of humic substances,

and the types of combination with the inorganic fraction in soil.

Any study involving the relative stability of the soil organic

matter must, in essence, hinge upon its inherent nature. The

first section of this review of literature will therefore deal

with this facet.

\
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2.1.1 The nature of the soil organic matter

The organic fraction of soil contains various substances

representing (a) partiallY decomposed organic residues,

(b) by-products of microbial metabolism, (c) products of

secondary synthesis (e.g. microbial plasma), and (d) true humic

substances (both humic acids and fulvic acids). (a), (b), and

(c) are composed of various nitrogenous and non-nitrogenous

organic compounds well known in organic chemistry e.g. proteins,

fats, carbohydrates, lignins, tannins, resins, waxes, nucleic

acids, etc. (57)0 These constitute 10 to 15% of the total soil

organic matter (57). The remaining 85 to 90% belongs to the

group called humic substances.

There are two contrasting theories concerning the nature

of humic substances; these are (a) that humic substances are

merely an indeterminate mixture of substances made up of the

more resistant residues of plants, microbes and soil fauna (112),

and (b) that they are a group of substances having a common form

of structure, although they are not completely identical with one

another (57). As a consequence� these two views, soil

scientists have approached the investigation of soil humus in two

different ways. Those assuming theory (a) to be correct have

concentrated on isolating and identifying the individual organic

compounds in soils e.g. sugars, amino-sugars, etc., (23, 57,

69, 88), while the others have attempted to characterize soil

organic "matter by fractionating it into specific groups e.g. humin,

humic acids, fulvic acids, etc., and studying the nature of these

groups (57, 61, 105).

(
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Soil scientists, in attempting to fractionate soil

organic matter, have experienced tremendoUs difficulties

especially in finding adequate methods of isolating homogenous

fractions from soil (69). The chief difficulty is, that the

organic matter is best studied in the absence of the interfering

inorganic matrix of soil. However, no extractant has yet been

found which can give a complete extraction. Another hindrance

is that there are few extractants which will not change the

chemical nature of the organic matter. The content of organic

matter in most agricultural soils is less than five per cent

and extraction yields are quite low, thus necessitating the

extraction of large quantities of soil to obtain enough organic

matter for characterization.

Organic matter is difficult to extract from soils

because its different components vary in their solubility, and

also because it is adsorbed to the mineral constituents of soils.

Mortensen and Himes (69) have suggested, that organic cations and

polycations which occur if the organic material is below the

isoelectric point, are bound to clays by coulombic forces via a

cation-exchange mechanism. The coulombic forces are supplemented

by Van der Waal's forces, and bydrogen bonding between organic

molecules and clay mineral surfaces. Negatively charged organic

anions and polyanions are linked to the clay surface through

polyvalent inorganic cations and ionized carboxyl groups

(Clay - M - OOCR). The inorganic cations may be exchangeable
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cations, interlayer adsorbed aluminum or iron hydroxide po�ers,

or clay constituents. The extent of adsorption depends on pH

and species of salts which affect the charge of the clay�

Negatively charged polymers are not adsorbed on the basal surfaces

of expanding clays. Thus reagents such as some phosphates,

fluorides, strong bases, and hydrofluoric acid which decompose

the clay lattice may be useful in desorption of organic �tter

from clays.

The organic soil constituents also form salts and gels

with metal ions (1, 2, 69, 111). The stability of these floccules

and gels is dependent upon pH and oxidation-reduction status of

the soil. These organo-mineral gels are converted into �ater

soluble hydroxy-complexes by partial bydrolysis in a strongly

alkaline medium (50).

The nature of the organo-mineral bonds will therefore

vary from soil to soil and consequently, the relative stability

of the organic matter in different soils will also vary.

T,rurin (57) investigated tbe nature of the humus of the main soil

groups of the U.S.S.R., and found that they differed in the types

of organo-mineral colloids predominating in each. He found that

Chernozems had a bigh content of exchangeable calcium and clay

minerals and that tbei� h�ic acids were relatively complex with

a preponderance of calci� humates. He also found that the

calcium-humates were to a large extent aggregated with clays and

were very stable. In contrast, podzolic soils were highly base

( \
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unsaturated, low in clays, high in non-silicate forms of iron and

aluminum, and the humic acids �ere relatively simple structured.

Consequently, the humus of Pod�ols waS quite mobile and unstable.

TYurin found the Sod-podzols t� be intermediate between these

two extremes, having a moderat� calcium content but, unlike the

Chernozems, the calcium humate� were relatively soluble.

A very small concent�ation of organic compounds exists

1n soils in free form (e.g. free amino acids) (78). The greater

part of soil organic matter, h�wever, is stabilized by the s01l

minerals or composed of high-molecular-weight, organo-mineral gels.

Apart from fats, waxes and resins which are soluble in ethanol,

chloroform, and benzene:methanol mixtures, the remaining soil

organicmmatter is quite insoluble in organic reagents.

Extraction of soil with these Organic reagents has often been

a pretreatment prior to aqueous extraction. However, Kononova

� ale (54) have suggested that, except for Podzolic soils, this

treatment can be omitted for mineral soils since the organic

carbon thus extracted is usually negligible. Other methods of

pretreatment which have been used include: sulfacetolysis (62),

densimetric fractionation (39), hydrofluoric acid-hydrochloric

acid mixtures (19), sodium dithionite (19), and 0.1 N hydrochloric

acid (57, 69). These pretreatments have usually resulted in an

increase Of tbe per cent organic matter extracted. However, as

pointed out by Mortensen (69), pretreatment may solubilize some

organic matter whose chemistry is entirely different from that

solubilized by the major extractant.

(



Various aqueous extractants have been used to extract

organic matter from soils. Warm water extracts a small amount

of the soil organic matter, chiefly some polysaccharides (69).

Except for hydrofluoric acid-hydrochloric acid mixtures, soil

organic matter is quite insoluble in cold, dilute mineral

acids (85). Workers have used weak organic acids such as

formic acid (771 and lactic acid (17) as extractants,but these

are less efficient than salts of polybasic organic acids e.g.

ethylene diamine tetra-acetic acid, oxalic acid, etc., which

chelate metal ions (109). Tinsley and Salam (109) have used

carbonate, borate and sulfite salts with some success.

The most useful extractants for soil organic matter

seem to be neutral sodium pyrophosphate, and 0.1 N or 0.5 N

sodium hydroxide (54, 69). These extractants solubilize much

more organic matter than the milder extractants. It has been

reported that some auto-oxidation, and decarboxylation (69, 81)

occur when organic matter is extracted by sodium hydroxide.

These processes occur to a lesser extent when neutral pyro

phosphate (69) is used. An acid pretreatment usually accompanies

the sodium hydroxide extraction. This is net necessary if pyro

phosphate is being used as the extractant,since the latter chelates

polyvalent metal ions and thus solubilizes organic matter which

these metals had fixed (2). There is less likelihood of changes

in the physico-chemical properties of the organic matter extracted

bY the pyrophosphate than with the acid-base extraction (69).

- 9 -



However, the pyrophosphate extracts less than 25% of the organic

matter from some soils (69) while the acid-base extraction can

usually extract about two-thirds of the organic matter (57, 69).

Pyrophosphate buffered at a higher pH (56), extracts more humic

substances, but still only about half that extracted by sodium

hydroxide. The sodium form of "Dowex" A-I chelating resin has

been used as an extractant (12). This combines the beneficial

effects of both chelation and alkali. The efficiency of this

extractant is reported comparable to 0.5 N NaOH and an extract

devoid of contaminating extractant is obtained. Several workers

(11, 33, 64, 69) have used concentrated mineral acids such as

6 N nitric acid to hydrolyze organic matter for the study of

monomeric components. Hydrolysis i� however, usually incomplete,

and polymeric components, some of which seem to be formed during

the hydrolysis procedure remain in the non-hydrolysable portion (69).

The fractions obtained by using the various methods are

arbitrary ones. Furthermore,they do not contain only humic

substances (57, 69). They may contain, for example, metal

complexing anions such as pyrophosphate which is difficult to

remove completely from the suspension, large amounts of inorganic

materials (69), and. organic materials which are not considered

to be humic in nature e.g. lignins, celluloses, etc. (54).

- 10 -
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2.1.2 The character of the humic substances of soil organic matter

The humic acids fraction is defined �s the organic

matter which is extracted from a decalcified soil by basic

solutions, and which precipitates upon acidificatmon to pH 2.0.

The soluble fraction remaining after preciPitation is called the

fulvic acids and the humic substances which were not extracted

from decalcified soil by the base were called the humin fraction.

Various workers (57, 58) have suggested that tbe latter fraction

is actually composed of hUlllic and fulvic acids, and that its

failure to be extracted may be attributed not to any difference

in its nature, but rather to the firmness of its bond with the

mineral fraction of the soil. Three-fourths to one-half of the

soluble organiC matter occurs in the humic acid fraction, the

proportion being lower for forest soils than for grassland soils

(57, 69). The percentage Of the fulvic aCid fraction increases

with depth in the profile, and Kobo (61) reported an increase in

humic acid content relative to fulvic acid content with

increasing maturity of soils.

Humic acids can be separated into "gray II and "brown tI

components by treatment with 2N NaCl at pH 7.0. The ttgraytl humic

acids coagulate while the �rown" bumic acids stay in solution (83).

The t�obile" humic acids which are extracted by NaOR without prior

decalcification (57) have been likened to the "brown tt humic acids (54).
The calcium-humates which lllay be estimated by taking the

------------------,
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ari tlnnetic difference between the "total" humic acids (i. e. the

humic acids extracted by NaOH after an acid pretreatment) and

the "mobile" humic acids, have been likened to the
" "

gray

humic acids (54). Ferrari and Dell'Agnolla (30) have used

sephadex gel to fractionate the NaOH- extract into humic acids

and fulvic acids. They found that this method gave a better

separation than when acidification was used.

Before analysis of these arbitrary fractions it is

usually necessary to 'purify' them. The degree of purification

required will be dependent upon the type of analysis to be carried

out. For functional group analysis, x-ray analysis, infra-red

analysis and other highly sensitive methods,it is necessary to

remove as much mineral as possible. Consequently, the "raw"

humic acids is usually redissolved and reprecipitated several

times and then dialysed, electrodialysed, or run through ion

exchange columns (69). After all this,the fractions are usually

still contaminated by organic "impurities" which are either

adsorbed or conjugated to the colloidal material (69). Some of

these organic "impurities" may be easily removed from the electro-

dialysed soil or peat extract by extraction with organic solvents

e.g. methanol, ethyl-ether, etc. (69). Polysaccharides and

nitrogen-containing compounds have been removed from humic acids

by hydrolysis with 2 N HC4 followed by extraction with copper

hydroxide in ethylenediamine (69) •

.
�"----------....
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The characterization of the organic matter of these

different groups of humic substances has involved the use of

various analytical techniques. Hoppe-Seyler (57) was one of

the first to show tbe presence of the aromatic ring in bumic

acids. He fused peat with concentrated KOH at 2450C and detected

P,yrocatechol (1, 2- dihydroxy benzene) and protocatechuic acid

(3, 4- dibydroxy benzoic acid) among the fusion products. The

presence of tbe aromatic ring in humic acids was further confirmed

by Flaig (57) who, upon oxidation and hydrogenation of humic acids

obtained a number of products of phenolic nature (e.g. vanillin,

pyrocatechol, protocatechuic acid) or derivatives of quinones

and their decomposition products (e.g. maleic acid). Infra-red

studies (48, 57, 69) have shown that humic acid 'molecules'

possess an aromatic ring and aliphatic side chains, and it has

been suggested that as humic acids become more 'mature' their

aromaticity becomes more pronounced (57). wright and Schnitzer

in addition to oxidative degradation (17) used a method proposed

by Mazumdar et !!_. (65) to study the aromaticity of the organic

matter of a Podzol soil. This method involved the heating of

the organic matter in air at l700C for approximately 500 hours.

This supposedly caused the complete oxidation of the aliphatic

and alicyclic carbon while leaving the aromatic network intact.

These workers found that the carbon skeleton of the organic material

of the Bh horizon was more aromatic than that of the Ao material,

(----'�
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and that about half the organic carbon in these horizons was

present in aromatic compounds (118).

The rate of the exchange reactiOns, the mobility, and

the hydrophilic properties of humic substances apparently depend

on the ratio between aromatic and aliphatic moeities in the

molecules (57). Kononova (57) bas suggested that the pronounced

hydrophilic nature of fulvic acids, and also of humic acids from

Podzolic soils is due to the predOminance in the molecule of the

aliphatic structure. In contrast, humic acids from Chernozems

have a clearly expressed aromatic ring and are less hydrophilic.

Several workers (25, 59, 83) have found that humic

acids solutions obeyed the Beer-Lambert law. It has also been

determined (49) that humic acids solutions extracted from

different soil groups all give similar absorption curves in that

there is usually a gradual increase in optical density as the

wavelength decreases. Other workers (56, 59) have further concluded

that the optical density of humic acid solutions, having the

same carbon concentration, reflected the degree of condensation

of their aroxnatic nucleus. Springer (57) found the E4/E6 ratio

(ratio of optical density at 465 mu : 665 mu) of humic acids to

be characteristic of different groups of soils. Kononova and

Bel'chikova (56) have repo�ted the E4/E6 ratio of Podzolic,

Chestnut and Chernozemic soils to be 5.0, 3.8-4.0, and 3.0-3.5

respectively. Recent investigations (83) have shown that the ratio

does not depend on the carbon content but on the nature of the

humic acio.s �ith a narrower ratio indicating more condensed

aromatic nuc j.eus •
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Numerous workers (57, 69, 86) have determined the

elementary composition of the humic fractions in different

soil groups. This varies from one group of soil to another.

For example, Tischenko and Rydalevskaya (57) found that the

carbon increased and hydrogen and oxygen decreased from Podzols

through Sod-podzols to Chernozems. The decrease in hydrogen was

more than that of oxygen. They concluded that the degree of

oxidation and dehydration, and therefore humification, had

proceeded much further in Chernozems than in Sod-podzols or

Podzols. This suggests a greater stability for Chernozemic

organic matter than for Podzolic organic matter. In general,

the humic acids fraction has a higher per cent carbon and a

lower per cent hydrogen, nitrogen, and oxygen than the fulvic

acids. Average figures as listed by Kononova (57) are:

C

%

H

%

o

%

N

%

Humic acids 57 3.5 35 4.0

Fulvic acids 45 5.0 45 5.0

It has been suggested (57) that the high CjH ratio of the humic

substances is an indication of its unsaturated structure.

Fuchs and Stengel (36) were among the first to perform

functional group analysis on humic acids. They determined carboxyl

groups by methylation with methanolic HCl, and phenolic hydroxyl

groups by exhaustive methylation of the ester obtained by the

methylation. Barton and Schnitzer (6) and Wright and Schnitzer (116)

,.
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have done extensive work of this nature on the humic acids of

a Podzol. They determined carboxylic, phenolic and carbonyl

groups. Forsyth (33) has reported the presence of methoxyl,

acetyl and quinolic groups in humic acids.

Soil scientists wishing to calculate the molecular

formulae of humic sUbstances require information regarding the

functional groups, elemental composition, and molecular weight.

Various methods have been used to determine the molecular weights

of humic sUbstances. Schnitzer and Desjardins (86� using a

cryoscopic method,obtained very low molecular weights for humic

acids from a Podzol (ca. 1000). Scheffer and Ulrich (26) used

diffusion rate and osmotic pressure measurements and obtained

similarly low results. On the other hand, where viscosimetry (26),

ultracentrifugation (57, 98) and Sephadex gel filtration (26)

methods were used,a spectrum of molecular weights extending from

ca. 2000 for ether-soluble material to over 300,000 for humic

acids was obtained. The average molecular weight usually varied

between 3,000 and 50,000.

To date,chromatographic methods of analysis of humic

substances have not been too successful, primarily because of

lack of satisfactory eluting agents and probably because

chromatography of complex polymeric mixtures is usually very

difficult. Paper chromatography of humic acids usually results

in from two to four poorly defined fractions (53). Barton and

f
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Schnitzer (6) separated a methylated extract from the Bb horizon

of a Podzol into six components on alumina. �ashi and

Nagai (61) obtained four component� and by chemical characteri-

zation of these components concluded that the degree of

humification increased from the least mobile to the most mobile

component. Various other columns e.g. starch (52), silica gel,

ion exchange resins, Sephadex (69), and cellulose (93) bave also

been tried. Forsyth (}4) used a charcoal column to separate

fulvic acids and hydrolysates of humic acids into four fractions

containing (a) free sugars and amino acid� (b) phenolic glycosides,

(c) polysaccharides, and (d) materials rich in nitrogen,

containing pentoses and organic phosphorus.

Electrophoretic methods have also been used for these

studies (17, 49, 55, 84, 115). Scheffer et ale (84), using
--

continuous §preeipitative) electrophoresis, succeeded in separating

humic acids into 10 to 15 fractions which they believe represent

a gradual transition from
It
gray

tI to ''brown tt humic ec ids •

Kaurichev et �. (49) used continuous flow paper electrophoresis

and obtained two distinct zones, a gray and a cinnamon brown zone.

These zones were particularly obvious when viewed with ultra-violet

light. They concluded that since each zone extended for some

distance in the electric field the substances forming each zone

varied in mobility, thus each zone was unlikely to be composed

of a single chemical component, rather they were groups of gray

and brown fractions.

(
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Some workers (57) using x-ray diffraction analysis

found that humic acids from soils and peats gave two to three

diffuse diffraction lines. Some of these workers interpreted

this to mean that humic acids had a crystalline structure;

Gorbunov (57), however, concluded that these lines were due

to intra-molecular diffraction and that humic acids were

amorphous. The latter opinion is the one generally accepted

by soil scientists (57).

Electron microscope stUdies on humic acids have been

conducted by various workers (57). They concluded that humic

acids consisted of tiny sphero-colloidal particles with a loose

spongy nature, the particles tending to unite into chains

forming racemose aggregates.

HYdrolysis of the humic fractions with concentrated

acid, coupled with chromatographic and other chemical analyses,

have been tried. By this method various carbohydrates (27, 35, 95),

amino-sugars (94, 99), and at least 22 amino acids (11, 57)

have been isolated from humic acids and identified. Forsyth (33),

using this method, concluded that no firm bond united the

hydrolysates to the nonhydro1ysable fraction of the humic acids.

In contrast, other workers (57) have intimated that hydrolysis

by concentrated acid splits off a loosely bound but integral

part of the humic acid molecule. A greater percentage of the

nitrogen from humic acids of Podzols was hydro1ysab1e than that

of Chernozems (57). Flaig and Breyhan (31) found that the

nonhydrolysab1e humic acids contained cyclic forms of nitrogen.

(�.'""----'
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Based on analyses such as those discussed, it has been

generally concluded that the humic acids molecule (particle).

is probably complex and contains aromatic (quinone type) rings,

nitrogen-containing compounds (in cyclic forms and as peripheral

chains), and probably reduCing substances. Various functional

groups such as carboxylic, phenolic, methoxyl, amino, hydroxyl,

and carbonyl groups are also present in the molecules. Flaig,

Swaby and others (26, 57, 105) have further suggested that the

presence of reactive side groupS such as-COOR, -NH2, and -OR

in these molecules may lead to linkages between them giVing

finally a complex three dimensional structure. Konono'V8. (57)

concluded that humic acids were amorphous and probably formed

by heteropolycondensation and/or polYmerization, the latter

contributing to its heterogenous nature. She suggested that

there were only two groups of humic substances in soils, humic

acids and fulvic acids. She further intimated that the humin

fraction was composed of humic acids occurring in a stable link

with the mineral part cr soil, and that fulvic acids might be

simple forms of humic acids.

-----------------,
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2.1.3 Ohher factors affecting the dynamics of soil organic matter

In Section 2.1.2 it has been established that the humic

substances of different soil groups vary in their characteristics;

therefore, different soil groups should also vary in the

relative stability of their organic matter. Besides the inherent

characteristics of the humic substances, there are several other

factors �hich may affect the relative stability of the soil

organic matter: e.g. chemical factors, microorganisms, cultural

practices, etc. In this section, a brief discussion of some

of these factors is given.

Sail organic matter is often chemically changed by the

action of water, ligbt, air, and hydrogen ion concentration.

For example, �orkers have reported (57) photo-oxidation of fats

and resins, o�idation of aromatic compounds at alkaline soil pH,

and, hydrolysis of certain compounds in acid or alkaline

conditions. These will affect the relative stability of the

soil organic matter to a certain extent, and their effect will

likely vary from one soil to another.

Microbes play an important role in the decomposition

and synthesis of soil organic matter. Kononova (57) suggested

that micrO�l activity in soils increased from Podzols through

Gray-Wooded soils to Chernozems. This suggests that all other

things bein� equal, there would be less likelihood of fresh

organic m$tter perSisting in the Chernozem than in a Podzol.

Several �or�ers (3, 32, 108) have isolated microorganisms which

- 20 -
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can partial:cy" decompose humic acids; microbes which can

synthesize materials resembling humic acids have also been

isolated (63, 96). The process of decomPosition of humic

substances in situ is slow. Swaby (105) suggested that this

:might be because the nature of the humic substances is such that

it requires innumerable extra-cellular enzymes from many

different organisms to dissemble it piece by piece from the outer

surface. He further suggested that this might explain why the

addition of fresh, easily decomposable organic residues to soil

often leads to decomposition of residual organic matter (ltpriming

effect It).

Hallam (106), using plant materials labelled with cl4,

and N15, found that at moisture levels below field capacity,
/

decomposition increased with increasing soil moisture. Birch

and Friend (81) showed that alternate wetting and drying of soil

caused an outburst of microbial respiration for a few days which

then subsided. They suggested that drying appeared to release

organic �tter bound to clay, making it available for microbial

attack. They found that several cycles of wetting and drying

resulted in serious depletion of organic matter.

Different cultural methods, e.g. mulching, fallowing,

fertilizing, and liming, USually lead to different rates of

decompositiOn of soil Organic matter and therefore to variations

1n its Stability. Summerfallowing eliminates plant growth and
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invariably promotes rapid decomposition of native carbon (81).

Birch and Friend (9) suggested that burning the croP residues

would result in desiccation of the surface soil and lead to

the release of bound organic matter, which would decompose

more rapidly wben tbe soil was rewetted. The method of

addition of plant residues to soil affects the rate of decom

position and build up of organic matter reserves. Where the

organic matter is left on the surface as a mulch it often becomes

desiccated and decomposes more slowly than if incorporated (76).

Where organic residues are incorporated, the rate of

decomposition varies with depth of placement, this is particulatly

so since the latter controls the temperature, aeration and

moisture conditions under which decomposition occurs. In

general, organic residues decompose more rapidly at shallow

depths and leave less humus than at lower depths where humifi

cation is favourede Burial of residues under wet, cold conditions

(57), or very dry conditions tends to preserve organic matter.

In cultivated soils the maintenance of soil humus requires

applications of lignified materials. Usually, the incorporation

of the season's plant residues is not enough to maintain the

soil humus because in cultivated soils microorganisms decompose

most of this very rapidly. It has been reported (8, 16, 17, 40)

that plowing down green manures accelerates the decomposition of

soil organic matter by priming the decomposition of the indigenous

humus ("priming effect "),. The application of fertilizers has been

(�
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reported to aid both decomposition and accumulation (81) of

organic matter in soils. Accumulation is aided by the fact

that fertilizers promote greater production of plant material

thus ensuring greater returns of organic matter to soils.

Lime, when added to acidic soils, stimulates microbial decom

position of organic matter (81) especially immediately after

application.

2.1.4 Estimation of the dynamics of soil organic matter turnover

It has been known for some time that at least some

fractions of soil organic matter must be very resistant to

decomposition. For instance, peat bogs which accumulate at a

slow rate (a few cm/100 years) (28) are sometimes several meters

deep, and thousands of years old as determined by pollen

analysis (28) and carbon dating (63). Further proof of the

resistance of soil organic matter to decomposition is demonstrated

by the fact that mineral soils which usually develop under less

favourable conditions for organic matter accumulation than peats,

often have A horizons which are more than ;0 centimeters deep with

an organic matter content of lO-15� (44, 68). Conversely, it is

also well known that soil organic matter may decompose quite

rapidly. For example, when virgin land is cultivated, its organic

matter content decreases rapidly for the first five years and then

more slowly until a final equilibrium level is reached after

about 60 years (5, 38, 72).
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Soil scientists have considered soil organic matter

to be an equilibrium system. Consequently, some workers h&ve

used long term field experiments (5, 114), and others (46)

have used isotopes (C14, N15, P32, and S35) in simulated field

experiments (performed in the laboratory) to make a mathema-

tical evaluation of the dynamics of the system. These studies

have invariably led to the proposal of various mathematical

expressions for the description of this equilibrium system.

Salter and Green (82) proposed the following equation:

= • • (1)

where Ct = amount of organic carbon or nitrogen remaining in

soil after t years; Co = amount of organic carbon or nitrogen

in soil at the beginning of the study; and K = the fraction of

the original organic carbon or nitrogen remaining after a year.

This equation did not allow for the accumulating effect of humus,

which results from the addition of organic materials and was

therefore found wanting. Jenny (47) took the latter factor into

account when he proposed the following equation:

dN
dt

= A rN • . • . • . . • • (2)

Here he assumed that the losses were proportional to the amount of

organic matter (N), present at any time (t), that the rate of

addition (A), was constant, and the rate of decomposition (r),

was a constant for all forms of organic matter. Bartholomew and

1 \
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Kirkham (5) used the integrated form of Jenny's equation:

N
• • • • • • (3)

to test the agreement between theory and fact in long term

rotations in U.S.A. On Sanborn plots where corn was grown

continuously over 60 years,the values were: A = 73 Ib.N/ac./yr.,

r = 0.055 Ib.N/lbN/yr., and � , the equilibrium level =

r

1330 Ib.N/ac., while where corn received farmyard manure the

corresponding values were: 144, 0.054 and 2667 respectively.

On Morrow plots where corn was grown continuously over 36 years,

the values were:45, 0.022 and 2045 respectively. The same

authors also assumed that the amount of organic matter added in

a particular year which remained after any elapsed time, t,

could be expressed by the first order equation:

y • (4)=

where Y = the amount of organic matter remaining of any increment

addition A; t = time; r = rate of decomposition (and is

assumed to be constant); e = exponential base.

From equation 4, they further developed an expression representing

the average age, Zt, of the soil organic matter after any time

tt', viz:

5:
::: t

tAe
-rt

dt

Zt = ::: 0 . . . . . . . (5)

5:
== t -rt

Ae dt
::: 0

l
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They noted that if 't' was very large,the average age of the

organic matter should be approximately l/r. Thus,the estimated

average age of the organic matter of the Sanborn plots would be

about 20 years and of the Morrow plots about 50 years. USing

data from continuous wheat plots at the Lethbridge experimental

station, Alberta, these workers found 'r' to be 0.088% I%N Iyr.,

which is equivalent to an average age of about 11 years. Using

ages which Simonson (91) had obtained by carbon dating of soils,

Bartholomew and Kirkhan found 'r' to be extremely small

(<(.01). From this they concluded that all increments of

organic matter were not equally susceptible to decomposition.

They suggested that extensive study of the nature and magnitude

of the decomposition rates of the several fractions of soil organic

matter would be invaluable.

Woodruff (114), and Henin, Monnier and Turc (41),

modified Jenny's equation,making it more realistic by recognizing

the fact that different components of soil organic matter

decomposed at different rates. Thus equation 3 became:

N -r2tN2e +

A� (1 - e-r2t) + ••••• etc•••.. (6)
r2

Where the subscripts 1, 2, etc., refer to humus fractions with

different decomposition rates. Woodruff (114) using data from

Sanborn plots found the average rate of decomposition of the

j \



organic matter for cultivated crops, small grain, and non-

leguminous meadow crops to be 2%, 1% and 0.75% respectively.

Various workers have used isotopes in the laboratory

to investigate the dynamics of soil organic matter.

Jansson (45) conducted a six year pot experiment in which he

used oat plants and N15 labelled fertilizer to estimate the

rate of mineralization of organic nitrogen from soils. He

:found the .rat e to be small. Jansson then estimated the half-

life of the organic -N by assuming that the net mineralization

of organic matter -N was a biochemical reaction having first

order kinetics so that the half-life (t!) = 0.693, where k is

k

the velocity constant for the reaction. Jansson found the rate

of mineralization to be fairly constant and used an average of

the rates for the final five years of the experiment as an

estimate of k. Thus,he estimated the half-life of organic matter

-N to be about 15 to 30 years. Stewart � ale (lOO),in a green

house study employing N15-labelled fertilizer and such crops as

beets, barley and corn,noted that less than 50% of the N15

immobilized in organic matter forms was released for crop use

during four successive croppings. These authors had previously

shown (101) that the majority of the fertilizer-N immobilized

during incubation of straw with soil went into the non-distillable

acid-soluble -N fraction (acid hydrolysate). They found that

75% of the N taken up subsequently by the plants was derived

I \
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from this same fraction, also that N recently immobilized in

this fraction was used at a faster rate by plants than was

the N initially present in this fraction.

Isotopes, in addition to being used for estimating

turnover rates of soil organic matter, have been used for tracer

studies. The decomposition of organic materials in soil results

in the evolution of some gaseous products; some of the organic

matter joins the pool of 'nutritive' humus which turns over

fairly rapidly; the rest is partitioned among the more resistant

forms of humus (106). It is important to know how various

substances in fresh organic matter contribute to the different

humic substances and to their numerous building blocks, e.g.

sugars, phenols, and amino acids. This has been done by

labelling plant substances with isotopes, incorporating and

decomposing them in the soil, isolating the humic fractions,

hydrolysing these, and determining the isotopic enrichment of

components. Lynch��. (64) showed th�t Cl4-labelled lucerne

debris increased the polysaccharides in the fulvic acid fraction

while conifer remains increased the lignin content of humus.

Keefer and Mortensen (51) using C14-iabelled sugars, found that

most Cl4 occurred in the fu1vic acid polysaccharides. Simonart

and Mayaudon (90) have used Cl4-labelled organic substances and

plants and showed that all carbon compounds entered all fractions

of humus. They further found that readily decomposable substances
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like sugars, proteins and hemicelluloses contributed little to

soil organic matter since they decayed quickly,leaving only a

little in the more readily hydrolysable fractions. The more

resistant organic materials such as carotene, chlorophyll and

lignin contributed more to humu� particularly to the non

hydrolysable fractions.
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2.2 The carbon-dating method and its application to investigations

in soil science

This discussion gives a brief review of the theory

of the carbon-dating method, some of the probable sources of

error, and includes a review of literature where this technique

was applied to investigations in soil science.

2.2.1 Theory of the carbon-dating method

Bombardment of the atmosphere by cosmic rays from

outer space produces high energy secondary neutrons which react

readily with nitrogen atoms in the air (63). It was found,

that of the two isotopes of nitrogen (N14 = 99.62% abundance,

and N15 = O.38i abundance), N14 was the more reactive. Three

reactions could possiblY result; these were:

N14 +
1 £P14 + Hl •• (7)on = . . • . .

7 1

N14 + onl = £P12 + H3 • • • . . . • (8)7 1

14 1 Bll He4 • (9)'f + on
= + • • • • •

5 2

Since reaction 7 is the only one in which radioactive carbon

(c14) is produced, the other two possible reactions will not be

mentioned further.

The c14 is oxidized to C1402 in the atmosphere and

is mixed by winds With inert C1202, and C1302, which constitute

"
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about 99% and 1% of the C02 in the atmosphere respectively.

The C1402 along with the other two carbon isotopes is fixed

during photosynthesis by plants, and thus enters the biosphere.

Of the total CO2 photosynthesized, only one part in 1012 is

C1402• The radioactive carbon nucleus undergoes rearrangement

of its internal structure (decays) according to the following

reaction:

= B o • • • • • • • (10)+

The time required for one-half the original C14 atoms to

decay (half-life) has been found to be 5568 � 30 years (63).

In addition to the C14 transferred to the biosphere, a

significant amount remains in the atmosphere, and a large

amount is transferred to the hydrosphere. These three sources

constitute what is called the 'dynamic carbon reservoir' (63).

It was reasoned by scientists (63), that the average residence

time of a radio-carbon atom in any of these reservotrs was so

short in comparison to its half-life,that each atom would complete

the cycle of transfer from one reservoir to the other several

times throughout its lifetime. It was therefore predicted,

and later shown (63� that the distribution of radio-carbon

throughout the dynamic reservoir was fairly uniform. It was

also assumed that the cosmic ray intensity has been essentially

constant for at least 20,000 to 30,000 years and that the C14

concentration in the dynamic reservoir had not changed for a

long time (63). Libby (63) reasoned that if these assumptions
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were correct,then there should be an equilibrium between rate

of decay and rate of assimilation of radio-carbon atoms for

all living things while they were alive, but that when death

occurred,assimilation would stop and only radioactive decay

would continue. This meant that 5568 + 30 years after its

death,an organism would have lost half of its original C14

activity. This relationship may be expressed as follows:

-0.693t

5568

• • • • • • • 0 (11)

Where At = radio-carbon activity of the sample at any time (t)

after death

Ao = radio-carbon activity of the sample at death

e = base of natural log

5568 = half-life of C14 in years

If one assumes then that the carbon in the sample to be dated

had originally the same C14 activity as 'modern' carbon, then,

by measuring the radio-carbon activity of the sample to be dated

and that of a 'modern' reference sample, it is possible to

estimate the sample's age from equation 11. Libby (63)

substantiated the validity of this method by obtaining excellent

agreement between ages determined by the C14 method and known

ages of historically dated materials (Fig. 1). This agreement

has been verified many times by other laboratories using more

accurate methods (4).

r---',,'--" - , ,}
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Fig. 1. Predicted vs. observed radioactivities of samples
of mown age.

From: Radiocarbon Dating, W. F. Libby, University of

Chicago Press, 1955

2.2.2 Probable errors of the carbon-dating method and possible

corrections

Since its inception, the c14 method has become the

criterion against which all other methods of chronological

estimations of less than 50,000 years have been checked. However,

invariably sources of error have been unearthed which have led

to a questioning of the validity of some of the basic assumptions

of the method (4). These assumptions are: (i) that the c14

(---)
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cpncentration in the sample to be dated was originally the

same as that of similar material (modern standard) living

today; and (ii) that the C14 concentration in the carbon of

the sample has not been altered since formation, by any

process other than radioactive decay. A pre-requisite of

assumption (i) is,that the cosmic ray flux must have been

relatively constant over the past 30,000 years,and that there

has been isotopic uniformity throughout the active carbon

reservoir. The "Suess effect" (104), the "Nuclear bomb

effect" (15), and the "de Vries effect" (119), are all involved

here.

Constancy of cosmic r.ay flux, and Universal isotopic Uniformity

In genera� it is believed that over the past 20,000

to 30,000 years, the cosmic ray flux has been fairly uniform (63).

Willis, Tauber and Munnich (113) have recently verified that

it has been relatively constant for at least the last 1300 years.

However, there seem to be short term oscillations of the

radio-carbon concentration in the dynamic reservoir lasting about

150 to 200 years. The order of the oscillations varies from

about 0.3 to 1.0 per cent (i.e. an error of up to 80 years).

This short term variation was first noted by de Vries (119)

and was called the "de Vries effect". He correlated this

variation with climatic phenomenon and suggested that it differed

depending on the location on the earth's surface. The "de Vries

effect" will affect young samples much more than older samples.

( 1, _
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This effect is particularly important where high precision

(an error of < 100 years) is required.

Another factor affecting the constancy of cosmic

ray flux is the "suess effect". This has resulted from the

Industrial Revolution, which has caused large amounts of C14-

free carbon from coal and oil combustion to be incorporated

into the dynamic carbon reservoir. This led to a decrease in

the radio-carbon activity of present day organisms (prior to

nuclear bomb testing), thus, if carbon from such an organism

were used to measure Ao in equation 11 the age obtained for

the sample being dated would be too young. However, the use of

pre-1900 wood,or the National Bureau of Standards (N.B.S.)

oxalic acid standard to estimate Ao,eliminates any error due

to the "Buess effect" in archeological dating.

Nuclear bomb testing in the 1950's and early 1960's

led to an enhancement of the C14 concentration in the dynamic

reservoir (15). This would, in theor� cause a sample to appear

older than it should if contemporary samples were used to estimate

Ao in equation 11. The phenomenon was called the "bomb carbon

effect" and has, to date, more than compensated for the "Suess

effect" (15). Broecker and Olson (15) estimated the total

amount of bomb-produced C14 stored in living organic materials

(up to 1959) to be about 0.3 x 1027 atoms. They noted that

although this estimate was possibly subject to a large erro�

it was apparent that the quantity of bomb-produced C14 was

_-���-.-��:---'L ._.__ j



extremely small compared to the C14 already present, in the

organic reservoir.

Prior to the "bomb carbon effect'� the C14 method

was a relatively insensitive tool for measuring the mean life

of soil carbon, especially for soil organic fractions with

mean residence times of (250 years since this was almost

within the range of error of precise radio-carbon measurements.

To some extent this insensitivity was due to the "Suess effect",

but the countering of the latter by the "bomb carbon effect"

should mean an improved accuracy for such measurements to

better than 10% by 1964 (15). The resumption of nuclear bomb

testing might have invalidated the latter assumption to some

extent. The "bomb carbon effect" should also be of value to

soil scientists as a tool for large scale tracer studies.

Possible alteration of C14 concentration in samples by factors

other than radioactive decay

Olson and Broecker (74) have cited three ways in which

a sample's isotopic composition may be altered (assumption ii);

these are: (a) by isotopic exchange with environmental carbon;

(b) by isotopic fractionation; and (c) by contamination with

foreign carbon of different C14 concentration.

As noted by Libby (63), there is little likelihood of

isotopic exchange with environmental carbon as far as organic

materials are concerne�since the chances of the strongly

c=:':
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covalently bound carbon atoms of organic materials exchanging

with those of the inorganic molecules such as C02, COs,or

HC03 are extremely small.

Craig (20) was first to point out that carbOn

undergoes isotopic fractionation during various biological

processes e.g. photosynthesis. A good definition of isotopic

fractionation is given by Broecker and Olson (14),who said that,

"if in the transfer of a chemical element from one phase to

another the isotopic composition of the portion transferred

differs from that of its source, isotopic fractionation has

occurred during the process". A correction of the sample's

C14 activity can, however, be effected by normalization to a

common C13/C12 ratio (14). This involves an adjustment of the

sample's C14 activity to a level equivalent to the C13/C12

ratio of a hypothetical reservoir having a uniform composition

of the two stable carbon isotopes, C13 and Cl2 (14). This

correction was made possible by the finding of Rafter (80), that

the deviation in the C14lC12 ratio was approximately twice that

in the Cl3/Cl2 ratio.

The third way in which a sample's isotopic constitution

may be changed,is by contamination with foreign carbon of

different C14 concentration. The obvious sources of contamination

viz: lime, and rootlets are usually removed by acid pretreatment

(or prOPer samplingh and by mechanical methods respectively.

It is contaminants which are not as obvious e.g. partially

j
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decomposed organic matter which present difficulties. An even
,

more subtle example is carbon absorbed via the roots of plants.

Tracer experiments by Kursanov et ale (60) indicate that as

much as 20% of the carbon photosynthesized by bean seedlings

can be introduced through the roots. However, further work

by Stolwijk and Thimann (102) suggests that this figure is much

too high. Fuhr and Sauerbeck (37) used sunflower plants in

nutrient solution and applied humic acid, fulvic acid, and

water extracts from C14 labelled barley straw which had been

allowed to decompose for 70 dayS. They found the amount of

carbon taken up as CO2 via the roots to be insignificant

( (0.2% of the total carbon assimilated). The amount taken up

as nutrient was concentrated in the roots and was also very

negligible ( (0.4% of the total carbon applied). Overstreet

et ale (75) and Bhan � ale (7) reported a C02 uptake by plant

roots of about 2% of the total C02 assimilated by plant.

There is also the question of the fixation of soil

"respired" C02 during photosynthesis by growing plants,

especially under conditions of close to 100% canopy. Musgrave

and Moss (71), and Moss � ale (70), have investigated both

photosynthesiS and soil "respiration" for a corn crop under

field conditions, by using a portable, closed system, with an

infra-red gas analyzer for measuring C02 concentrations. They

found that in general, soil C02 production reached a minimum in

the early morning and a maximum in the late afternoon.

_. i-.--.-.--... -.- ......--.-----j
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The average rate of release was about 3.5 lbs. of 002 per acre

per hour. The authors noted that although the total C02
"

. "

resp1red by the soil in a 24-hour period was quite large,

most of the C02 was released during times when the plants

utilized little or no C02. Consequently,there was enough time

for soil C02 to be thoroughly mixed with atmospheric C02; thus,

soil CO2 did not accumulate under plant cover to any large extent.

In dating of wood, buried profiles, etc., by

archeologists and geologists, mobile organic constituents are

considered possible contaminants (74). However, they can hardly

be classified as such when dating soils since these components

are integral parts of the soil sample. The soil scientist is

interested in the mean residence time of the soil humus and the

relative age of components of a particular soil rather than the

absolute age, Therefore,the presence of younger fractions in a

sample does not invalidate his results. Olson and Broecker (74)

have drawn attention to the relative sensitivity of samples of

varying ages to small amounts of contamination. Figure 2 is a

graph showing the degree to which the true age of � sample would

,.(1
be altered if contaminated by different percentages of both

contemporary and older material (W. S. Broecker and J. L. Kulp,

1956). The graph shows that the closer the ages of the sample

and contaminant, the less significant will be the error in the

radio-carbon age. Since this graph was constructed primarily for

J



,

the enlightenment of workers in the field of Geology and

Archeology,the scale of C14 ages shown were much greater than

the mean residence time of organic matter in soils, However,

the principles it illustrates are applicable in the latter

case.

-- DEAD CARBON

Fig. 2. Effect of recent contamination of a sample with various

percentages of contemporary or dead carbon (Broecker and

Kulp, 1956)
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2.2., Review of soil science investigations involving the

carbon-dating method

To date, theee has been little work done where this

technique was used to investigate soil problems. ThiS lack of

usage of an obViously valuable tecbni�e stems from the fact

that: (a) the preparation of samples for carbon-dating is often

very time consuming, (b) the complicated methodics and

instrumentation involved have resulted in only a few carbon-

dating instruments being available for use throughout the world,

and (c) the humus of the soil profile is different from other

carbonaceous residues used for carbon-dating in that incorporation

of c14 from the atmosphere via plant residues continues at all

times and this makes interpretation of carbon-dating results for

humus very difficult. Most of the follOwing studies were

performed by workers whose prime interest was not soil science.

Broecker and Olson (15) in investigating potential

tracer applications of bomb-produced C14 to soil science studies,

found that the 'humic acids' (this included the fulvic acid

fraction) had a mean residence time of 50 to 250 years while the

residue after extraction Of the humic acids dated 2000 years.

The,y noted that a combination of these two fractions gave an age

close to that of the composite soil which was 1100 years. These

workers also collected the C02 evolved by a soil and found its

radioactivity to be slightly lower than that of plants formed
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during the previous year. They concluded that this C02 was

largely derived from the decay of the previous year's growth.

Tamm and Ostlund (107) found a progressive inCTease in age

With depth in a Podzol profile. The B horizon had a mean

residence time of 375 years. They concluded that since this

profile was located beneath a forest which was probably 9000

years old, the relatively young age of the oldest organic

matter was probably due to a continued breaking down of the

organic matter in the B horizon, with subsequent resynthesis

from SUbstances coming from above.

Simonson (91) has quoted ages ranging from 100 to

400 years for some cultivated soils in the North Central U.S.A.

He found evidence which pointed to a decrease in age due to

working the soil. His results were consistent with other

observations, which indicate that the bulk of the organic matter

added to soils decomposes and disappears rapidly.

Scholtes and Kirkham (87) have used the method for

Pleistocene Geological studies in Iowa. They dated a shattered

spruce log imbedded in Iowan till deposit, 25-feet below the

modern surface in a railroad cut and found its age to be 35,000

years. They also dated wood from a tree which was found covered

by silt 30-feet below the surface. They believe that this silt

was deposited by waters of the Cary glacier as it receded northward.

"
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The wood dated 14,000 years. These workers also determined the

age of Some peat strata in Iowa. Scho�tes and Kirkham were

therefore able to re-date more accurately some of the Post-

Pleistocene glaciers in Iowa which had previously been dated

by pollen analysis. Similar geological studies have been

carried out by Deckers and Baeyens (24). Recentl�Perrin

��. (79) dated the humic acid extract from a well-developed

and a less well-developed Podzol from the Breckland of East

Anglia. They found no significant differences in apparent age

between the two soils. They also estimated that podzolization

began in these soils as early as 2860 years ago.

[
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3. MATERIALS AND METHODS

3.1 Soils

Soil samples used in this study were all taken from

the Ap horizon except in the case of the Melfort soil where a

sample was also taken from the 6-1011 depth (Ab horizon). The

five Saskatchewan soils used are listed at tbe sub-group level

as follows: the Oxbow, and Melfort Orthic Black soils, the

Waitville Orthic Gray Wooded soil, the Regina Calcareous Dark

Brown soil, and the Elstow Orthic Dark Brown soil. Tbe Oxbow

and Waitville soils were developed on glacial till and the other

three soils on lacustrine parent material. The Melfort soil

sample was taken at the Canada Department of Agriculture Research

Station, Melfort, Saskatchewan; the Waitville and Oxbow soils

samples from a site located within a mile of each other and

about 100 miles west of Melfort, and the Elstow and Regina samples

were taken at Rosetown which is about 90 miles south of where

the Oxbow and Waitville samples were taken. Soil samples

belonging to the Dark Brown Chernozemic great group which were

obtained from the Canada Department of Agriculture Research

Station, Lethbridge, Alberta, were also used in this study.

Other particulars concerning the soils used in this study, e.g.

soil zone, location, per cent organic matter, etc., are listed

in Appendix A.

f__ -
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3.2 Soil treatment

Each soil sample was air dried and ground to pass through

a 2nnn. screen. Most of the straw and rootlets were carefully

removed by floatation. Tbe soil was dried and the remaining

undecomposed organic materials removed by hand picking under

a 20x binocular microscope. The soil was then ground to pass

through a 60 mesh screen.

3.3 Characterization of soils

The soils were characterized by determining the sand,

silt and clay contents by the pipette method, total carbon by

dry combustion, and inorganic carbon by decomposing the soil

carbonate with dilute acid (97). Inorganic carbon was negligible

in all cases, thus total carbon and organic carbon were regarded

as synonymous. Total nitrogen of the Melfort soil was

determined by the Kjeldabl method (97).

3.4 Fractionation of soils

The Meltort and Waitville soils were fractionated

according to the method of Tyurin (110), with modifications as

suggested by de Vries (29). Details of the method and names of the

fractions are shown in Figso 3 and 4. In order to characterize

the humic substances stabilized by calcium, the Humin I fraction,

Fig. 3, was acid treated in exactly the same way as the total

soil as shown in Fig. 4. The residue after acid treatment was

extracted with 005 N. NaOH, the pH of the NaOH extract adjusted

(
,
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to 2.0, and the humic acids (tcalciumthumates) isolated by

centrifugation. The centrifugate after removal of the 'calcium'

humates was combined with the acid extract from the treatment

of Humin I and this fraction called the 'calcium' fulvates.

Fig. 3. Fractionation scheme of Melfort and Waitville soils

showing 'mobile' Humic Acids

SOIL

0.5 N. NaOH, shake 20 hrs.,
centrifuge, wash with NaOH till

supernatant clear

Residue Centrifugate + washings

acidify to

pH 2.0 with HCl,
centrifuge

o
0.2 N. HCl + 70 C,
centrifuge, discard

washings,
dry < 500C

Humin I Black precipitate Yellow centrifugate

redissolve,
reprecipitate
dry < 500C

Humic Acids I('mobile' H.A.} Fulvic Acids I

I



i
SOIL

0.1 N HCl, 900C, 3 hrs.,
centrifuge, repeat treatment till test for Fe negative,combine centrifugates

(
I
j :

{

Fig. 4. Fractionation scheme of Melfort and Waitville soils showing 'Total' Humic Acids,and hydrolysis fractions of Melfort soil

Residue
0.5 N NaOH, shake 20 hrs.,
centrifuge, wash with NaOH
till supernatant clear

Combined Centrifugates

I dry < 50°C

Acid Extract

6 N HCl, 18 hrs.
centrifuge,
wash with water

0.2 N HCl + 70°C,
centrifuge, discard
washings,
dry < 500C

Centrifugates + washings
ACidify to pH 2.0 with HCl,
centrifuge

Humin II

centrifugates + washings

tdry ( 50°C
Humin II-hydrolysate

Black precipitate

redissolve, reprecipitate
dry < 50°C

Yellow centrifugate

I dry ( 50°C

Fulvic Acids II

Residue

Idry < 50°C

non-hydrolysable Humin II
Humic Acids II ('Total' H.A.)

II----------

�Residue
Centrifugates + washingsIdry < 50°C

J dry <: 500C

non-hydrolysable Humic Acids II Humic Acids II _ hydrolysate

°6 N HCl, 18 hrs. I 105 C (autoclave)
centrifuge, wash

iii
�
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The humic acids and humin fractions of the Melfort soil were

also hydrolyzed with 6 N HCl for 18 hours in an autoclave at

1050C (11). Small samples of Melfort and Waitville soils,

2g. and 4g. respectively, were used for quantitative fraction

ations. These fractions were dried in an oven at � 500C.

For carbon-dating purposes enough sample was fractionated so as

to yield at least 2.5g. of carbon for the smallest fraction.

These fractions were dried by means of a rotary evaporator and

vacuum pump. The fulVic acids which often required more than a

week for drying were stored in a frozen state to reduce microbial

decomposition.

3.5 Characterization of fractions

3.5.1 Spectral analysis:

Various humic acid and non-hydrolysable humic acid

fractions from the Melfort and Waitville soils were made up to

a concentration of O.Olg. carbon/litre with a pH of 7.0 by

dissolving appropriate amounts in 0.02 N NaHCO, solution and

making to volume with distilled water (57). The optical densities

of these solutions were determined between wavelengths 290 to

650 rop. on a Beckman D.U. spectrophotometer.

3.5.2 Determination of Fe, Al, and Ca extracted in each fraction:

Samples (2g. to 4g) were fractionated in the usual

manner and the following determinations made:

«
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Determination of Fe:

The fractions were digested with RNO, - HC104 as per

the method of Cheng et ale (18) and iron determined by the

Tiron method (45).

Determination of Al:

The fractions were digested with BF - HC104 and taken

up in 6 N HCI, etc., as per Jackson (45). Aluminum was then

determined using the aluminon method as modified by Hsu (43).

Determination of Ca:

The fractions were digested with a HF - 00104 mixture

and total calcium determined by the flame photometer (45).

3.5.' Determination of total carbon and total nitrogen:

Total carbon and total nitrogen in each fraction were

determined by the dry combustion, and Kjeldahl methods (97)

respectively. (Total nitrogen was determined on only the Melfort

soil fractions.)

3.6 Carbon-dating of samples

Fig. 5 shows a diagram of the conversion sequence for

carbon-dating of a soil sample. The procedure was similar for

all fractions dated.

The method used for counting the acetylene gas was

essentially that of Suess (103). A proportional counter with

a sensitive volume of 1 litre was used at first. The counter was

shielded by a cylinder of steel outside of which was an

antiCOincidence unit which was further shielded by several

(-
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inches of steel. In this way, the background was reduced to

about 8 c.p.m. Later,another counter with a sensitive volume

of 1.2 litre was used and the background in this case was

approximately 4 c.p.m. Each sample was stored in gas reservoirs

for at least a week before being counted for at least two

20-hour periods. The standard activity for modern carbon was

taken as 0.95 x the activity of the N.B.S. oxalic acid standard

for radiocarbon measurements.

PRE-TREATMENT COMBUSTION

ISoi I Sample
Burne r Furnace

1) 900·C CuO

PURIFICATION CONVERSION

o
o

(NH4)2 C03 r

j_srC12 �
Sr C 03• washed -i

o
Z

w

,e.!) Gloss
<t
a::
0 Bulb
....
en

Charcoal Dry ice
r-H H 0

�=--.&., ....&. Liquid V"� 2 + 2 ,etc.
N2 Traps

\'contaminants

COUNTING

Anticoincidence

proportional counter

Flow sheet showing preparation of sample; conversion to

acetylene, and determination of C14 activity



;.1 Normalization to a common Cl;/C12 ratio
Normalization required the determination of the

Cl;/C12 ratios of each humus sample, that of the N.B.S. o�alic

acid sample, and the N.B.S. Solenhofen standard. The per cent

Cl; in the CO2 gas produced by treating the strontium carbonate

(calcium carbonate in the case of the Solenhofen standard) from

each sample with 98� pbospboric acid was determined by mass

spectrometric analysis. Fig. 6 shows the apparatus which was

used for the generation and purification of the C02 gas.

4 B

Fig. 6. Generation and purification train for C02 gas
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In Fig. 6, A and B are Rittenberg flasks used as

generation unit and collector unit respectively. I, 2, and

3 are traps.

An appropriate amount of strontium carbonate

(75mg. to 10Omg.) was placed in one arm of A,and an excess (5cc.)

of 98% phosphoric acid pipetted into the other arm. The entire

unit was then evacuated to less than 0.5p Hg. Next, A waS

isolated from the remainder of the system and the reactants were

brought together by tilting A,which resulted in the evolution

of C02. The reaction was allowed to go to completion; this

usually took from 30 to 45 minutes. The gas was then moved into

trap I by cooling the latter with li.quid N2. Moisture was

removed from the gas by applying liquid N2 to trap 3,while

trap 2 was cooled by dry ice. By passing the gas to and fro

across the dry ice trap, the moisture in the gas was reduced to

a minimum. The CO2 was then frozen out in trap 3 and any

uncondensable gases pumped off. The vacuum pump was now cut off

from the system, the gas allowed to expan� and the pressure

measured on a Pirani vacuum gauge. The C02 was then frozen out

into B, disconnected, and transferred to the mass spectrometer

for determination of per cent abundance of Cl3 atoms.

An Associated Electrical Industries Limited mass-

spectrometer, Type MS 3 with a 900 sector of 10em. radius was

used for this analysis. The samples were analyzed against the

N.B.S. oxalic acid standard for carbon-dating, the latter having

1
The mass spectrometer analysis were conducted by Mr. J. Dyck
of the National Research Council Laboratory, Saskatoon

\

- 52 -



- 53 -

previously been calibrated against the N.B.S. Solenhofen lime

stone C13 standard. A factor was applied to the raw mass

spectrometer results to correct for: (a) fraction of mass 44

tail falling on mass 45, and (b) CO2 background in source.

The mass 46 peak was measured simultaneously with mass 45 and

44 peaks in order to correct for 017 contribution to the mass

45 peak (21). An example of the calculations involved in

normalizing the carbon-dating results is given in the appendix.

\
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4. RESULTS

4.1 Test of precision

4.1.1 Precision of the fractionati�n, carbon-dating and mass

spectrometric methods of analysis

Since soil organic matter is composed of a heterogenous

mixture of materials ranging from recent crop residues to the

comparatively old and resistant humus, fractionation of the organic

matter is an important pre-requisite to the study of soil humus.

This section deals with the reproducibility of the fractionation

methods employed in this study, both from a quantitative and a

carbon-dating standpoint. Table 1 shows a "balance sheet II of

the c14 activities of the three major fractions of the Melfort

soil organic matter�

Table 1. ''Balance sheet tJ of the c14 activities of fractions of
the organic matter of a Melfort soil

Fractions Humin Humic acids Fulvic acids Composite
Soil

(a) Mean c14 activity '*

(d.p.m. ) 12.53 � 0.10 12.42 � 0.07 13.50 � 0.14 13.09 � 0.10

(b) Carbon expressed
as � of total carbon
in soil 30.83 � 1.1 40.20 � 2.3 28.60 � 1.5 100

Net c14 activity
(a x b) 3.863 � 0.14 4.993 .:. 0.29 3.861 :!:. 0.21 13.09 :!:. 0.10

Sum of the net c14 activity of the Humin, Humic acids and

Fulvic ac ids 12.72 ! 0.;8

"The error term accompanying each value is the calculated standard

deviation.

-------,
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The C14 activity shown for each fraction is the mean from three

different fractionations, while the distribution of the total

carbon among the three fractions is the mean from ten different

fractionations. The mean per cent recovery (99.63 � 4%) was

very good considering the scope for error during fractionation

and total carbon determination. Since the results of the

quantitative determinations were obtained from the analysis of

2g. samples, and since there was the possibility that the larger

samples used for carbon-dating might yield a different quantitative

distribution upon fractionation, aliquots from each of the fractions

for carbon-dating were analysed as a check in one instance. The

results were as follows: Humin 30.6%, Humic acids 40.4%, Fulvic

acids 27.9%, and Total recovery 98.9%. The assumption that

semi-micro samples gave the Same quantitative fractionation as

macro samples therefore seemed justified.

The sum of the 'net' activity of the fractions, should

in theorY,equal the activity of the composite sample. As shown

in Table 1, the sum of the net activity of the fractions was

found to be 12.72 � 0.38,while the net activity of the composite

soil was 13.09 + 0.10. The sum of the net C14 activity of the

three fractions was therefore no different from that of the

composite soil at the 66% probability level. This attests to

the preCision of the techniqu�employed (sampling, fractionating,

counting and total carbon determination) and suggests that the

mean C14 activity of one of the fractions of a soil may be estimated

\
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by difference, providing the c14 activities of the other fractions

and of the composite sOil, and the distribution of the total

carbon between the three fractions is known. (An example of

sucb an estimation is sbown in tbe appendix). This type of

estimation sbould be especially useful for the soluble fractions

sucb as the fulvic acids and the bydrolysates where often up to

10 litres of tbe extracting solution bad to be dried in�

before dating procedures could be employed.

4.1.2 The precision of tbe mass spectrometer, gas generation

uni� and fractionation technique:

The apparent mean residence times obtained from the

carbon-dating of samples must be normalized before they can be

properly discussed. As pointed out in tbe review of literature,

normalization involves the determination of the C13/C12 ratio of

a sample by mass spectrometric analysis. As with the carbon-

dating technique, it was necessary to check the precision of the

mass spectrometer and C02 generation process before the C13/C12
ratios obtained could be used with any confidence.

In order to check the precision of the mass spectrometer

and the C02 generation process, the 8 C13 (see Result Section 4.2

for definition) was measured (3 replicates, conducted on 3

different d�s) for C02 gas produced from the N.B.S. ozelic acid

standard for carbon-dating vs. C02 gas from a sample of N.B.S.

Solenhofen standard for mass spectrometric analysis of C02. The

results are shown in Table 2.

--------------,
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Table 2. Variations in � C13 for the N .B.S. Oxalic acid standard
vs , the N .B.S. Solenbofen standard

Rep. 8' C13 (%0)

I ... 15.7

II ... 16.0

III ... 15.6

Mean ... l5.8io

Range 0.4%0

� C13 for each replicate represents the mean of 5 consecutive

determinations on the mass spectrometer. The variation within

these 5 determinations was usually less than 0.1%. The very small

range (0.4io) i.e. a variation of 2.5% indicated that both the

mass spectrometer and the C02 generation process were giving very

precise results. The above results also serve as a calibration

for the NoB.S. oxalic standard. The 3 C13 obtained for the N.B.S.

oxalic acid standard vs. the Solenbofen standard (-15.8%0) was in

line with results published by Craig (22) who analysed C02

prepared from the N.B.S. oxalic acid standards used by 13 carbon

dating laboratories and found the average g C13 to be -19.3%0 �

a range of 5.5%0.

Samples of the non-hydrolysable fraction of the humic

acids from two separate fractionations of the Melfort soil gave

g Cl3 relative to the N .B.S. oxalic acid standard as -5. fffoo and

-6.8%o(i.e. the mean = -6.2io and the range = 1.2%D). If the

variability due to the mass spectrometer and gas generation

------,
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process of 0.4%, is deducted, then the variability attributable

to the fractionation technique is 0.8%0. A similar check, this

time using the non-hydrolysable fraction of the humin, yielded
a much greater variability. 8 C13 in this case was -12.6�o and

-1.4�o for samples from two different fractionations (i.e. the

mean = -io.os, and the range 5.�o). It can be concluded from

these results that the error in 3 C13 which could result from

the combined effects of variation in fractionation of humus,

the C02 generation process, and the mass spectrometer determination

would be less than � 3%0. A g C13 of � 3%0 is equivalent to

about � 50 years. Thus errors from such sources will be insig-

nificant for older samples or for large differences, but for

young samples or small differences they might present some

difficulties.

Another check on the fractionation technique and the

entire mass spectrometric method of analysis can be obtained in

a similar manner to that shown in Table 1, except that here

C13/C12 ratios are Used instead of c14 activities.

Example: Let Nl, N2, N3' and N4 represent composite soil, humin,

humic acids, and fulVic acids respectively. Also let Wl, W2, and

W3 represent per cent humin, humic acids and fulv1c acids

respectively (i.e. Wl + W2 + W3 = 100). Then in theory the

following equation should hold:
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+ �_1_3/_C_l_2_)N...,....4__l.W3� + (C13/C12)�
Results obtained in checking this theory are shown in Table 3,

the calculations are shown in the appendix.

Table 3. "Balance sheet" of the per cent C13 of fractions of

the organic matter of the Melfort soil

Fractions Humin Humic acids Fulvic acids Composite soil

C13/C12 ratio 0.011154 0.011146 0.011159 0.011155

Carbon expressed
as % of total carbon 30.83
in soil (W)

40.20 28.60 100

( C13 ). W

C12 + C13
0.3401 0.4431 0.3160 1.1032

2�-12�1_�13B 1.0992

The difference between the sum of the per cent C13 in the fractions

and the per cent C13 in the composite soil was very small. The

latter calculations therefore serve to further SUbstantiate the

fairly high precision of the fractionation and mass spectrometric

methods used in this study.

\
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This section has therefore shown that the carbon

dating, fractionation, and mass spectrometric techniques are

fairly precise; it has also delineated the probable boundaries

for errors arising from lack of precision. The latter is

important for future discussion of differences in the mean

residence times of fractions and soils.

The mean residence time of the soil humus or a fraction

of the soil humus is defined as the equivalent age (t) of the

organic carbon in the sample, as calculated from equation 11.

The humus of the soil profile differs from other carbonaceous

residues usually utilized in carbon-dating procedures in that

incorporation of radiocarbon from the atmosphere via plant residues

continues at all times. Thu� the humus is composed of materials

ranging from the very old to the very young. The calculated

equivalent age (t) or mean residence time of the humus (or fraction

of the humus) is therefore the result of the net contribution of

many components of varying ages. The mean residence time is,

therefore, a measure of the length of time that a hypothetical

average component has resided in the particular soil or fraction,

and therefore,it reflects the relative stability of the humus

(or fraction of humus) under the conditions of its formation and

existence. It is important to note that (t) is not being used

as a measure of the absolute age of the humus or humus fraction.

\ \
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4.2 Factors affecting the accuracy of the carbon-dating method

Two factors which may affect the accuracy of the

results obtained from the carbon-dating analysis are (1) isotopic

fractionation of c14 and (2) the enhancement of the c14 activity

of present day organic residues as a consequence of nuclear

explosions. An objective of this study was to estimate the

possible corrections applicable to each sample's mean residence

time as a result of these two phenomena.

4.2.1 Correction for isotopic fractionation (Normalization)

As pointed out in the review of literature, isotopic

fractionation refers to the process whereby there is discrimination

against one atomic species of an element during the transfer of

this element fram one phase to another. In the case of carbon,

discrimination bas been found to occur in both cbemical and

biological reactions. It has been found that during the photo

synthetiC process plants exhibit a slight but definite preference

for C1202 over C1302 and c1402 (20). The discrimination against

c1402 is approximately twice as great as the discrimination against

C1302 (80). Since both C13 and C12 are stable isotopes, any

difference in tbe ratio of the concentrations of tbese isotopes

in the atmosphere relative to their ratio in the plant should be

due to preferential absorption of one isotope relative to the

other. � using a mass spectrometer to measure the relative

abundance of C13 in each phase it is possible to calculate J C13.

\



8 C13 (14) is defined as (Rsample
(

Rstandard) x 1000,
)Rstandard

where R = C13/C12 ratio as calculated from mass spectrometer

determinations. The units of �are always per mil (%0). The

reference standard usually used for the estimation of C13/Cl2

ratios by mass spectrometry is the N.B.S. Solenhofen limestone.

It is possible to calculate �C14 from the activities

obtained for the sample and N.B.S. oxalic radiocarbon standard

during carbon-dating analysis. � C14 is defined (14) as

(AsamPle - Astandard) x 1000,
( Astandard )

From S Cl4 it is possible to calculate the apparent mean

where A denotes C14 activity.

residence time of the sample. Since the plant discriminates

against the heavier isotope, C14, the apparent mean residence time

will be actually greater than the true mean residence time. To

correct this error it is necessary to adjust the g Cl4 results

to a common Cl3/C12 ratio (normalization), this involves the use

of the g C13 results; the normalized 8 Cl4 is denoted by the

symbol �)(14). An example of the entire calculation of & C13,

� C14, and L1 is shown in the appendix as are the primary data

used in the calculations.

Ideally, the same gas used in the determination of

� C14 should be used for the � C13 analysis, however, this would

have necessitated the conversion of the acetylene counting gas

back to C02. In view of the danger of working with acetylene and

the added time required to make such conversions an aliquot of
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the strontium carbonate used for the generation of the acetylene

counting gas was used for the production of the C02 gas for the

C13 analysis. In the calculation of S C13 the C13/C12 value

of the N.B.S. oxalic acid standard was used as Rstandard. Any

chemical isotopic fractionation occurring during the conversion

of SrC03 to acetylene would be the same for both the sample and

the N.B.S. oxalic acid radiocarbon standard.

It was not possible to determine the C13/C12 ratios

of all samples dated in this study; those for which C13/C12

ratios were determined are shown in Table 4. The normalization

of the samples resulted in an average decrease of about 100 years

in the apparent mean residence time of the soil organic matter,

and varied from a decrease of 85 years for the Humic acids-

hydrolysate to 166 years for the Melfort soil (6-10" depth).

Since the variation in �C13 for all the samples of soil origin

was very small (mean + range = -7.1 + 1.8%n) it was assumed that

all samples of soil origin had approximately the same S C13, and

that the mean 2 CI3(-7.I%D) could be used as an estimate of the

appropriate mean residence times of the samples which were not

analysed for � C13. Relative to the N.B.S. Solenhofen limestone

standard the cfc13 values of the soil samples varied from -21%0

to -26%D. In a similar study Broecker and Olson (15) obtained

almost identical SCl3 values. For example, they found S C13

to be -24.2%4 and -24.7%D for the humic acids and humin fractions

respectively.
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Table 4. The use of �C13 in the normalization of the apparent mean residence times

Sample

1\
g c14 (%D) Apparent mean 3 C13 re1. to � C13 rel.

resotime(yrs.) N.B.S. Solen- to N.B.S.
hofen stand. oxalic

acid stand.
(%0) (%.. )

A

( %0)

Normalized
mean res.

time (yrs.)

990 !. 60
" tt 6-10" II

Melf'ort soil 0-6" depth -ll5.5!. 6.0 - 7·3

Waitville soil

Oxbow II

- 23.1

- 26.3
- 22.6

-10.5

- 6.8

- 5.7
Fractions of Melf'ort soil

HuminII

Humicacids II

Fulvicacids II + Acid
Extract

-130.8 !. 7.7 1130!. 70

- 43.8 !. 7.6 360 !. 65

-120.5 !. 7.5 1030!. 70 - 21.5

-146.1 !. 6.3 1270!. 60

-154.8 !. 7.3 1350!. 65

- 23.9

- 23.6

.. 8.1

.. 7.8

.. 70.0 !. 11.5 585!. 95 - 23.0

.. 23.2

.. 7.2

- 7.4Non-hydrolysable Humin:n: -155.0!. 7.1 1350!. 60

Non-bydrol.ysable Humic
acid II

Humicacids II -

bydrolysate

1952Wheat sample

-171.2 !. 7.0 1510!. 65 - 22.6 .. 6.8

-102.59 !. 6.0

-112.65 !. 7.7

- 30.80 !. 7.6

-110.47!. 7.5

870 !. 50

960 !. 65

250 !. 60

940 !. 60

-132.26 !. 6.3 1140!. 50

-142.60 !. 7.3 1235!. 60

- 56.61 1:11. 5 470!. 90
-142.50 !. 7.1 1230 1: 60

-159.93 1: 7.0 1400 + 60

.. 3.0!. 6.3 25 !. 50

----

�

- 13.25 !. 6.3 110 + 60 .. 21.1 - 5.3

The%abundance of mass 45(C13)and the mass 46/44 ratio for each sample and corresponding standardareshown in Appendix C

- 20.0 - 4.2

I



The data in Table 4 may also be used as evidence as

to whether soil microorganisms discriminate against the heavier

isotopes of carbon. Sprensen (92) in attempting to explain why

the CO2 evolved from soil to which labelled barley straw had

been added,gave a higher specific activity than the C02 evolved

from combustion of the additives, postulated that this may have

been due to the discrimination of microorganisms against C14.

If the C13/C12 ratio of the Solenhofen limestone is used as the

standard for the C13/C12 ratio of the C02 of the atmosphere,

then the results obtained for the soil samples would indicate

that some discrimination did take place during the conversion

of atmospheric CO2 to humus carbon. This discrimination could

have occurred during the physiological processes of the plant,

or, during the transformation of the plant residues to humus,

To estimate the J C13or during both of these processes.

attributable to discrimination in the plant, the C02 from a

1952 wheat sample was analysed. Its � C13 relative to the

Solenhofen limestone was found to be -20%D. Craig has reported

(20) SC13 for plant materials to be -25%0 + 5%0. Thus £ Cl3

for plant materials is not appreciably different from the g Cl3

for samples of soil origin. This indicates that discrimination

due to the physiological processes of the plant could account

for the major part of the discrimination observed in this study.

It also strongly suggests that discrimination against Cl4 by

microorganisms is unlikely.
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4.2.2 The enhancement of the C14 activity of contemporary organic
residues as a consequence of nuclear explosions and its
effect on the mean residence time of soils

The advent of nuclear bomb testing in the atmosphere

has led to monitoring of the atmosphere to determine the increase

in its C14 activity. This is being carried out by most carbon

dating laboratories throughout the world. The c14 laboratory

at the Saskatchewan Research Council (S.R.C.) has found, for

instance, that the c14 activity of wheat in Saskatchewan has

1
doubled since 1955. The activity of the theoretical contem-

porary carbon (i.e. N.B.S. oxalic acid standard) as determined

in the S.R.C. counter is approximately 11 c.p.m. and that of

1963 wheat in the same counter approximately 22 c.p.m. Since

plant residues are incorporated into soils and form a part of

the soil organic matter, it seems reasonable to expect that this

highly radioactive material might in time lead to an enhancement

of the C14 activity of the soil humus and thus invalidate the

mean residence times obtained for soil organic matter. At the

same time, if the C14 activity of the soil humus was enbanced

considerably by this means, then this would be equivalent to a

large scale c14 tracer experiment which might be of assistance

in determining the destination of various organic components which

enter the soil. This is especially applicable for SOils or

fractions which are of fairly recent origin (less than 200 years).

1
Personal communication
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Table 5. The effect of bomb-produced c14 on the mean residence time of soil organic matter

Location and
Organic Normalized

�year sampled Association Great Soil Group Parental Material Texture Matter mean residence
(%) time (yrs.)

Sampled at Rosetown

1952 Regina Dark Brown Cherno- Glacial lacustrine Hvy.C. 5.0 460 � 75zemic

1964 Regina II n It

5.0 420 .:. 65
1964 Elstow tt tI

Si.C.L. 5.2 460 � 75

Sampled at Melfort

1962 Melfort Black Chernozemic Glacial lacustrine Si.C. 9.6 870 ! 50
1963 " II n It

9.5 785 :. 60

1964 " II It II

9.7 860 ! 75

',--
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Studies were therefore initiated to determine whether

the increased activity of plant residues would result in

erroneous estimations of the mean residence times of the soil

humus and, the possibility of applying the 'bomb carbon effect'

to tracer studies in Soil Science. The results obtained are

shown in Table 5. At the I a-Ievel of error there is no difference

between the 1952 and 1964 samples obtained from the same location

at Rosetown indicating no discernible effect of nuclear bomb

carbon on the mean residence times of soil organic matter. The

Melfort samples obtained from the same plot for three consecutive

years also showed no differences in the mean residence times over

the three years of sampling. Both studies therefore,indicate that

the error in mean residence time of soil organic matter resulting

from the 'bomb carbon effectf will be negligible, especially if

all undecomposed organic matter is removed prior to dating.

\
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4.3 The application of the carbon-dating method to studies in pedogenesis

�he soil is a result of the influence of climate,

parent rock, topography, plants, and the age of the land" ••••

• • • • Dokuchaev, 1879 (81). Thus, different combinations of

these factors have led to typeS of soils with differing

characteristics. These differences have been recognized and

they have been characterized both chemically and physically.

The soil organic matter is one feature which has received much

attention in this respect. For example, the humus of Chernozems

is much more persistent than is that of PodZols. This results

from various factors including the nature of the predominating

humic substances, the organo-mineral complexes, the microbial

population, etc. For example, the ratio of the aromatic:

aliphatic moeities in the humic acids of Chernozems is apparently

greater than that of Podzols; consequently, the humic acids of

Chernozems are less hydrophylic, less mobile, and eXhibit a

lower specific surface for reaction than do the humic acids of

Podzols (57). The types of organo-mineral substances prevalent

in a soil will determine to a great extent the relative persistence

of the organic matter in that soil. The A horizon of Chernozems

is rich in silicate clay minerals and calcium is the predominant

ion on the exchange complex; consequently, the humic substances

are saturated with calcium and are readily adsorbed to clay and

silt particles which they cement together, thereby promoting the

\



formation of very stable organo-mineral aggregates. In contrast,

the A horizon of the Podzol is relatively low in clays, is

predominantly base unsaturated, and contains a high percentage

of easily leached nonsilicate forms of Fe and AI; as a result,

any humic substances bound to these ions are easily lost.

With respect to the above mentioned properties, Gray-Wooded

soils (Derno-podzols, Sod-podzols) are intermediate to Podzols

and Chernozems. On the basis of these characteristics it may

therefore be postulated that in general the humus of the A horizon

of a Chernozem should be more persistent (stable) than that of a

Podzol, and that the humus of the Gray-Wooded soil should be

intermediate to that of the Chernozem and Rodzol. If this is

true, then the mean residence time of the humus of the A horizon

should decrease in order from Chernozems through Gray-Wooded

soils to Podzols.

The mean residence time of the total organic matter of

the two Black Orthic Chernozemic soils (Melfort and Oxbow) is

approximately 900 years (Table 6). Since the soils were obtained

from cultivated fields which contained recent crop residues with

a high C14 activity, either the majority of the soil carbon must

be very stable to yield such a high value, or very little of the

recently incorporated carbon has become a part of the soil humus.

The two Chernozemic soils, although on different parent materials,

showed a very marked similarity in mean residence time.

/

I \
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Table 6. The effect of vegetation and type of surface deposit on

the mean residence time of soil organic matter of a Podzolic

and two Chernozemic soils

Association Great Soil Group Parent Material Texture Organic Normalized
Matter res. time

% (yrs.)

Waitville Gray-Wooded Glacial Till CoL. 3.4 250 + 60
-

Podzolic

Oxbow Black-Cherno- Glacial Till CoLo 7.8 940 + 60

zemic

Melfort Black-Cherno- Glacial
zemic Lacustrine

0 - 6" Si.C. 9.6 870 + 50

6 - 10" si .c, 10.1 960 + 65

The Oxbow (Chernozem) and Waitville (Gray-Wooded) soils

were both developed on glacial till and were located within less

than two miles of each other but on different topographic positions

thereby resulting in a different type of vegetation. The organic

matter of the Oxbow soil had a much greater mean residence time than

the Waitville thus confirming the postulate previously advanced,

i.e. that the soil forming factors prevalent in Chernozemic soils

give rise to humus which is much more stable than that produced

under conditions which give rise to Gray-Wooded soils.

\
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4.4 The application of the carbon-dating method to studies

in soil fertility

In attempting to maintain or improve the fertility

levels of soils, soil scientists have invariably recommended

various cultural practices for use by farmers. Some of these

practices e.g. summerfa110wing, turning under succulent green

manure, including legumes in the rotation, etc., have been used,

and have often been reported to have varying effects upon crop

yields, soil microbial population, and even on the persistence

of soil humus. For example, some soil scientists (8, 16) have

claimed that the incorporation of fresh succulent organic residues

in soils, resulted in the decomposition of indigenous humus via

the "priming effect". In order to investigate the possibility

of measuring the significance of various cultural practices on

the persistence of soil hu�us, soil samples were obtained from

three, three-year rotational plots at the Canada Department of

Agriculture Research Station, Lethbridge, Alberta. These

rotations have been carried on since 1929 and differ primarily

in the method of maintaining the fallow and handling the stubble

from the first crops of Wheat. In one rotation (plots 1;, 14

and 15), wheat straw residues were incorporated; in another

rotation (plots 16, 11 and 18) the straw was burnt; and in the

third rotation (plots 19, 20 and 21) a soil improving crop

(sweet clover) was included in the rotation. Table 1 shows the

mean residence times of the organic matter of the plots studied,

together with other pertinent data. In theory, all the plots in
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a particular rotation should have the same mean residence time.

The variation in mean residence time between plots 19 and 20

was reasonably small (�65 years), but between plots 13, 14

and 15 it was very large (� 450 years). Because of the size

of the latter variation, it was difficult to make very

meaningful comparisons between the mean residence times

occurring under the different cultural practices.

Table 7. The effect of cultural practices on the mean residence

time of soil organic matter of a Dark Brown Chernozem

Crop Rotation Avg. yield Plot Organic Normalized mean

bulac No. Matter % res. time (yrs.)

Wheat on stubble 15.6 13 2.2 2400 + 80

Summerfallow 14 1.9 1515 + 95

Wheat on fallow 23.1 15 1.7 1970 + 70

Wheat on burnt

stubble 14.2 16

Summerfallow 17 2.5 1310 + 65

Wheat on fallow 22.7 18

Wheat & Sweet Clover 19.6 19 2.4 1430 + 75

Hay-Summerfa11ow 20 2.5 1560 + 75
-

Wheat on fallow 16.6 21

/ \
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4.5 Application of the carbon-dating method to studies in

soil biochemistry

In the characterization of soil organic matter, the

well known arbitrary fractions viZ., humin, humic acids, and

fulvic acids are the most commonly prepared. This is usually

done irrespective of whether the soil scientist assumes that

humus is composed of groups of substances having a common form

of structure, or that humus is merely an indeterminate mixture

of the more resistant organiC residues. Namerous workers

(26, 49, 57, 69, 86, 98) using the various chemical techniques

at their disposal have tried to characterize these fractions as

thoroughly as possible. They found evidence indicating that tbe

humic acid molecule was larger, more complex, more aromatic,

and less bydropbylic than was tbe fulvic acid molecule. It has

also been suggested by some scientists that the fulvic acid

molecule is the precursor of the humic acid molecule. If these

allegations are correct, then the humic acid molecules should be

more persistent in soils than sbould be the fulvic acid molecules.

Some workers have suggested (26, 57) that tbe humin fraction is

merelY a combination of humic acids and fulvic acids, and that

their resistance to extraction is due to their firm linkage with

the mineral part of the soil. This bas led to the assumption

that the humin is the most stable soil humus fraction. The

humic acids are known to be heterogenous. Springer (69) for

instance, separated the 'total' humic acids into 'gray' and

----------------�,
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'brown' humic acids by treatment with 2 N NaCl at pH 7.0;

the 'gray' humic acids coagulate while the 'brown' humic acids

stay in suspension. Tyurin (no� on the other hand,separated

the humic acids into 'mobile' humic acids and calcium-humates.

In general,the 'mobile' humic acids and 'brown' humic acids

may be regarded as synonymous, and similarly the calcium-humates

and 'gray' humic acids (54). Based on thetr chemical properties,

it has been suggested (54, 57, 84) that the 'mobile' humic acids

<'brown' humic acids) are less stable than the calcium-humates

('gray' humic acids). On the basis of the foregoing assertions,

the mean residence time (m.r.t.) of the fractions of a soil

should decrease in the following order: humin, humic acids,

fulvic acids, and the calcium-humates should have a greater mean

residence time than the 'mobile' humic acids.

The two most commonly used methods for the fractionation

of soil organic matter are Tyurin's method (nO) (i.e. decalcifi

cation with dilute acid followed by extraction with dilute sodium

hydroxide), and the sodium pyrophosphate method of Bremner and

Lees (10). Pyrophosphate is quite difficult to remove after

extraction (especially from the soluble fractions such as the

fulvic acids),and since the samples for carbon-dating must be

combusted, any residual phosphate would be converted to the hard

glaSs-like metaphosphate which would tend to occlude CO2 being

evolved by the sample. Tyurin's method also extracts larger

amounts of organic matter than does the pyrophosphate method�
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the former therefore seemed more appropriate since, except

for an alleged small amount of hydrolysis and auto-oxidation,

it satisfied all requirements fairly well. Preliminary studies

(see Appendix B) showed that there were no quantitative differences

in the fractions extracted by 0.1 N and 0.5 N NaOH, and since

the latter reduced difficulties due to clay dispersion considerably

it was used for all extractions in this study.

The fractions in this section are named I, II, III

(see Figs. 3 and 4) to facilitate subsequent discussion. Table 8

shows the results of the 'mobile' fractionation for both the

Melfort and Waitville soils. This fractionation involved the

direct extraction of the soil with 0.5 N NaOH and the precipitation

of the 'mobile' humic acids by adjusting the pH of the extract to

2.0. Most of the total carbon of the Melfort soil was found in

the Humin I fraction, 58�, the Humic acids I ('mobile' humic

acids) contained 26%, and the Fulvic acids I, 18�. The Waitville

soil, which had a much smaller organic carbon content (l.95�)

than the Melfort soil (5.6�), gave an almost identical analysis.

It was interesting to note that although the soils showed a

marked difference in their overall mean residence time

(Melfort 870 years, Waitville 250 years) they showed a similarity

in the pattern of the relative stability of their fractions.

For example in each soil the humin fraction had a much greater

..�



- 77 -

mean residence time than the humic acids ('mobile' humic acids)

fraction, the difference being about 350 years for the Melfort

and 250 years for the Waitville. The mean residence time of

the humic acids fraction of the Melfort was about 230 years

greater than that of the fulvic acids fraction, and for the

Waitville it was 35 years older. The very small difference

between the mean residence time of the 'mobile' humic acids

fraction and the fulvic acids fraction of the Waitville is

probably due to the fact that the mean residence time of the

'mobile' humic acids is already very small (85 years). The

results, Table 8, also show that the turnover of organic carbon

in all three fractions of the Waitville soil is more rapid than

that of even the most labile fraction of the Melfort soil since

the youngest fraction of the Melfort has a greater m.r.t. than

the most stable fraction of the Waitville.

Table 8. Mean residence times of fractions extracted by direct

treatment of Melfort and Waitville soils with 0.5 N NaOH

Melfort Soil Waitville Soil
Fraction

% of Total Normalized % of Total Normalized
Carbon m.r.t. (yrs.) Carbon m.r.t. (yrs.)

Humin I 58 1135 + 50 56 335 + 50

Humic acids I ('mobile T) 26 785 + 50 25 85 + 45

Fulvic acids I 18 555 + 45 17 50 + ?
'!i-.

Composite soil 100 870 + 50 100 250 + 60

.;c .

. This value was calculated, see appendix page .....,
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The m.r.t. of Fulvic acid I for the Waitville soil

was calculated from the per cent of the total organiC carbon

and the C14 activity of the other two Waitville fractions, and

of the composite soil. The calculated m.r.t. is therefore

subject to all the errors of precision of both the carbon-dating

and the fractionation methods, however, as shown in the "balance

sheet", Table 1, the estimate is a fairly reasonable one at the

1 a- level of error. In both soils, the organic matter of the

humin was more stable than that of the humic acids which was in

turn more stable than that of the fulvic ac tds., This, therefore,

provides positive evidence in support of the hypothesis previously

advanced.

Table 9. Mean residence times of fractions isolated from Melfort
and Waitville soils by acid pretreatment followed by
extraction with 0.5 N NaOH

Fraction
Melfort Soil Waitville Boil

% of Total Normalized % of Total Normalized
Carbon m.r.t. (yrs.) Carbon m.r.t. (yrs.)

Htunin II 30.8 1140 + 50 32.2 485 + 70
-

Humic acids II (ttotal') 40.3 1235 + 60 37.3 195 + 50

Fulvic acids II 14.8 495 + 60 13.2
-

Acid Extract 13.7 325 + 60 16.1

Acid Extract + Fulvic
acids II 28.5 470 + 60 29.3 0

Composite soil 100 870 + 50 100 250 + 60



As was found for the 'mobile' fractionation, Table 8,

the pattern of distribution of the total carbon among the various

fractions, Table 9, was quite similar for both the Melfort and

Waitville soils. This similarity in distribution of the organic

carbon among the fractions, even though both soils differed

considerably in organic matter content and mean residence time,

suggests that the distribution of the fractions might not be a

good criterion for the pedogenic classification of soils.

A comparison of the results in Tables 8 and 9, shows

that the various fractions of the soils underwent quantitative

changes as a result of the acid pretreatment (�tal' fractionation).

In both soils, the humin and fu1vic acids fractions decreased in

total carbon while the humic acids fraction increased. For

example, the Me1fort Humin I (58%) decreased to H�in II (31%);

Humic acids I (26%) increased to Humic acids II (40%); and

Fu1vic acids I (18%) decreased to Fulvic acids II (15%). The

acid pretreatment resulted in a new fraction, the Acid extract,

containing 14% of the total carbon in the Melfort soil.

The relative order of stability of the organic matter

in the fractions of the Waitville soil were the same for the

'total' fractionation as for the 1mobile' fractionation i.e.,

the humin fraction had the greatest m.r.t., the fulvic acids

plus acid extract fractions the smallest, and the humic acids

fraction was intermediate. In the case of the fractions of

the Me1fort soil there was little significant difference between

- 79 -
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the m.r.t.'s of the humin and humic acid fractions after acid

pretreatment. However, in checking the precision of the

fractionation and carbon-dating techniques the 'total'

fractionation was repeated several times and each time the

humic acids fraction waS found to be approximately 100 years

older than the humin fraction. Thu� for the Melfort fractions

after acid pretreatment, it was assumed that the humic acids

fraction was more stable than the humin fraction which was in

turn more stable than the fulvic acids plus acid extract fractions.

The order of stability of the Melfort fractions after acid

pretreatment was therefore contrary to that previously predicted

after consideration of the characteristics of the components of

each fraction.

After acid pretreatment,the m.r.t. of the humic acids

fraction of both soils increased significantly over what it was

for the 'mobile' humic acids. The increase in m.r.t. of the

humic acids fraction implies that the 'calcium' humates (i.e. the

extra humic acids solubilized as a result of the acid pretreatment),

must of necessity be significantly older than both Humic acids I

('mobile' humic acids) and Humic acids II ('mobile' humic acids

+ 'calcium' humates). In order to verify this observation,Humin I

of the Melfort soil Was acid treated (in a manner identical to

that for the total sOil as shown in Fig. 4) and then extracted

with 0.5 N NaOH. The NaOH extract thus contained the 'calcium'

humates and 'calcium' fulvates (Table 10).

1
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Table 10. Isolation of 'calcium' humates and fulvates from

Humin I of the Melfort soil, by means of acid

treatment followed by 0.5 N NaOH extraction

Fraction
Melfort Soil

% of Total Normalized
Carbon m.r.t. (yrs.)

'Calcium' humates 21.0 1410 + 95

'Calcium' fulvates 12.0

Humin III 26.0

Total 59.0

Humin I 58.0 1135 + 50

The 'calcium' humates had a mean residence time of

1410 years. Since the 'mobile' humic acids of the Melfort soil

had a m.r.t. of only 785 years, this may be considered as positive

evidence in support of the hypothesis previously advanced in which

it was suggested that the carbon of the 'calcium' humates was

much more stable than that of the 'mobile' humic acids.

The results in Table 10 also show that 74% of the humic

substances was extracted when the 'mobile' humic acids were

isolated before acid treatment, however, only 70% was extracted

when acid pretreatment was carried out on the entire soil (Table 9).
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The slight increase in material extracted was to be expected

since the prior extraction of the 'mobile' humic acids would

facilitate the dissolution of metals from the humin fraction

by the acid and thus release more humin carbon for subsequent

extraction by NaOH. The 'calcium' fulvates probably cOnstituted

a fair proportion of the carbon of the acid extract fraction.

Various workers (46, 64, 92, 100, 101) using labelled

organic materials and greenhouse studies have obtained results

which indicate that the recent organic residues when converted

to humus, first enter the hydrolysable portion of the humus, and

that this fraction also represents the 'nutritive' or 'actiVe'

humus, i.e. the fraction of the humus which readily sUPPlieS

such nutrients as nitrogen, phosphorus, sulphur, etc., to the

plants. If this is so, then the hydrolysate should be one of the

'youngest' fractions of the soil humus. To ascertain if this is

true, the Humic acids II and Humin II fractions of the Melfort

soil Were hydrolysed with 6 N Hel at 1050C in an autoclave

(Fig. 4), and the resulting fractions quantitatively determined

and carbon-dated. (Time did not permit a similar study of the

Waitville soil.) The results are shown in Table 11. Both the

humin and the humic acids hydrolysates each made up only 7% of

the total organic carbon; this gives an indication of how very

resistant the major portion of these fractions is. The humic

acids hydrolysate was composed almost entirely of modern carbon

as indicated by its very low m.r.t. The nonhydrolysable humic

\
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acids on the other hand were extremely stable. This suggests

that a very small fraction of the organic matter in the soil

turns over at a rapid rate and supplies various nutrients to

plants, while the major portion is more or less inert and is

probably more important in such processes as cation exchange,

formation of stable aggregates, etc.

Table 11. Normalized mean residence time and distribution of
carbon among the fractions resulting from the hydrolysis
of Humic acids II and Humin II of the Melfort soil

Fraction ojo of Total Normalized
Carbon m.r.t.

Humin II 30.8 1140 :!: 50

Non-bydrolysable Humin II 23.5 1230 :!: 60

Humin II - hydrolysate 7.3 465 ! 50

Humic acids II ('total') 40.3 1235 :!: 60

Non-hydrolysable Humic acids II 33.2 1400 + 60

Humic acids II - hydrolysate 7.1 25 :!: 50

The humin fraction upon hydrolysis produced fractions

which had m.r.t.'s much like that of the fulvic acids and 'total'

humic acids. For example, m.r.t. of the humin hydrolysate, like that

of the fulvic acids, was approximately 500 years, while that of the

r
"
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non-hydrolysable humin and of the 'total' humic acids were

each about 1230 years. Some workers have reported (57) th�t

by treating the humin fraction of a decalcified Chernozem w�th

5 N HN03 or 5 N H2S04 and then extracting with NaOH in the 4sual

manner, they isolated humic acids and fulvic acids. They i4rther

characterized the humic acids isolated in this waY, and the

humic aCids extracted from the decalcified soil, and found that

they were both very similar in properties. On tbis premis� it

may therefore be assumed that the similarity in stability of the

humin hydrolysate and fulvic acid fraction, and of the non�

hydrolysable humin and 'total' humic acids fraction, might not

be cOincidental; instead, it tends to support the theory tbat

the humin fraction is merely a combination of humic acids and

fulvic acids.

f
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4.6 Chemical characterization of the Melfort and Waitville soil

organic matter fractions

It was noted earlier that the divalent and trivalent

cations play a very important role in the stabilization of

soil organic matter and that these metals had to be extracted

to facilitate the release of the soil humic substances upon

treatment with NaOH. It was also mentioned that various workers

(56, 57, 59) regard the degree of condensability of the aromatic

nucleus of the humus of soils as a very significant characteristic.

The following stUdies were designed to (1) determine the amount

of iron, calcium, and aluminum extracted in the major fractions,

and (2) optically characterize some of the humic acids fractions

of the Melfort and Waitville soils.

4.6.1 Ca, Fe, and Al extracted with the organic matter fractions

of the Melfort and Waitville soils

Analysis of the fractions obtained from the direct

extraction of soil with NaOH shows (Table 12) that most of the

metallic ions still remained in the residue (fraction with which

humin carbon is associated). Of the metallic ions extracted and

recovered, more was located in the humic acids ('mobile' humic

acids) fraction than in the fulvic acids fraction.

r
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Table 12. Total Fe, AI, Ca extracted with organic matter fractions

of the Melfort and Waitville soils by direct NaOH treatment

M e 1 f 0 r t W a i t v i lIe
Fraction

% Fe % Al % Ca % Fe % Al % Ca

Residue=*" 96.5 87.5 92.0 84.5 90 81.5

Humic acids I 6.0 2.2 1.7 5.1 1.2 0.5

Fulvic acids I 0.7 0.7 N.D. 1.0 0.6 N.D.

Total 103.2 90.4 - 90.6 91.8 -

Composite soil (control) 100 100 100 100 100 100

% Metal in composite soil 2.80 5.60 1.18 1067 5.18 1.09

.:;:
Fraction with which the carbon of H�in I is associated

, \
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Table 13. Total Fe, AI, Ca extracted with organic matter fractions
of the Melfort and Waitville soils by acid pretreatment
followed by NaOH extraction

M e 1 f 0 r t W a i t v i lIe
Fraction

% Fe % Al % Ca % Fe % Al % Ca

Residue ''X,,' 63.0 82.0 44.0 55.5 85.5 62

Humic acids II 2.8 1.0 1.2 0.6 0.5 0.6

Fulvic acids II 0.6 0.4 N.D. 0.4 0.3 N.D.

Acid extract 37.0 7.7 34.8 33.5 4.9 17.4

Total 103.4 91.1 - 90.0 91.2 -

Composite soil (control) 100 100 100 100 100 100

% Metal in composite soil 2.80 5.60 1.18 1.67 5.18 1.09

'X:.
Fraction with which the carbon of Humin II is associated.

, \



After acid pretreatment (Table l3b the per cent

iron, calcium, and to a lesser extent aluminum in the residue,

humic acids, and fulvic acids decreased and the metallic ions

extracted were found in the Acid extract. The acid pretreatment,

surprisingly, extracted less than 60% of the total calcium from

each soil. The residual calcium in each soil is probably in

the form of feldspars since most of the exchangeable calcium

would have been extracted by the hot Hel. The calcium in the

Waitville soil seemed to be much more resistant to solubilization

by the acid pretreatment than was the calcium of the Melfort soil.

This is evidenced by the fact that about 55% of the calcium was

solubilized from the Melfort soil upon acid pretreatment while

only 40% was solubilized from the Waitville soil. This is

probably due to the fact that a greater percentage of the calcium

in the Melfort soil was present as exchangeable calcium than was

the case with the Waitville soil. Furthermore,the Waitville soil

probably has a higher percentage of feldspars than has the Melfort.

Finally, it should be noted from these results that wherever the

terms 'calcium' fulvates and 'calcium' humates have been used

to describe fractions, these terms have not been completely

correct since iron and aluminum are also extracted by the acid

pretreatment.

\

- 88 -



- 89 -

4.6.2 Optical studies of humic acids of the Melfort and Waitville soils

Several workers (25, 59, 83) have found that bumic

acids solutions obey the Beer-Lambert law. others (49) noted

that the humic acids solutions from different soil groups gave

similar absorption curves with a maximum in the ultra�olet and

a minimum in the infra-red region of the spectrum. S�ringer (51)
found the E4/E6 ratio (ratio of optical density at 465 mp to

that at 665 mv) of humic acids to be characteristic ot different

groups of soils. It has also been suggested that the E4/E6
ratio of humic acid solutions having the same carbon concentration

reflected the degree of condensation of their aromatic nucleus.

Kononova and Bel'chikova (56) and others (51, 59) baVe found that

as the 'aromatic nucleus' becomes more condensed the E4/E6 ratio
decreases. The probable chemical explanation of this phenomenon

is the fact that as an aromatic structure becomes more condensed

the wavelength of maximum absorption tends to shift from the near

ultraviolet to the visible part of the spectruml.
Humic acids samples from the Melfort and Waitville soils

were suspended in sodium bicarbonate solution and diluted with

distilled water to a concentration of 10 ppm organic carbon.

The optical densities (extinction coefficients) were determined

between wavelengths 350 and 650�. Curves of the optical density

vs. wavelength are shown in Figs. 7 and 8.

1
Personal communication with Dr. J.M. Pepper of the Department of
Chemistry, University of Saskatchewan, Saskatoon
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The curves were similar to those reported in the

literature (57, 59). They showed a gradual increase in optical

densi ty from the vLsLbLe to the near ultraviolet. There were

no shoulders or peaks; this is probably due to the fact that

humic acids consist of heterogenous, poorly defined organic

material. The optical density values of the humate solutions

of the Waitville soil (Fig. 8) increased in the order: 'mobile'

humic acids - 'total' humic acids and there was little difference

between the curves of the non-hydrolysable 'mobile' humic acids

and that of the non-hydrolysable 'total' humic acids. The order

was the same for similar fractions of the Melfort soil; however,

a curve for the 'calcium' humates was also included (Fig. 7) and

it seemed to be of a slightly different form compared to the

other curves. It was different in that although the absorption

above 450 mu was greater than in the case of the 'total' humic

acids and the 'mobile' humic acids, this trend did not continue

as anticipated; instea� it was found that the absorption between

wavelengths 450 and 350 mu was intermediate to that of the 'total'

humic acids and the 'mobile' humic acids. Each curve is the

product of numerous organic components in each fraction, consequently,

until more specific knowledge as to the nature of the humic acids

becomes available it will be difficult to make many meaningful

interpretations concerning the differences in these curves.

\
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Table 14. E465/E650 ratios, and corresponding normalized mean

residence times of humic acid fractions of Melfort

and Waitville soils

M e 1 for t W a i t v ill e

Fraction

E465/E650 Normalized E465/E650 Normalized
m.r.t. (yrs.) m.r.t. (yrs.)

Humic acids I

('mobile' ) 4.28 785 4.26 85

Humic acids II

('total') 3.14 1235 3.77 195

'Calcium ' humates 3.00 1410 N.D. N.D.

Non-hydro1ysable
Humic acids I 3.02 N.D. 3.69 N.D.

Non-hydro1ysable
Humic acids II 3.02 1400 3.60 N.D.

N.D. = not determined

E4/E6 ratios and the mean residence times of some of

the humic acids fractions of the Me1fort and Waitvi11e soils

(Table 14) are very interesting. The E4/E6 ratio of the Humic

acids II fraction of the Waitvi11e soil was slightly lower than

that reported in the literature for a similar soil. For example,

for a Derno-podzol (similar to the Waitville) Kononova reports (56)

E4/E6 of 4.3 while for the Waitville, Table 14, the Humic acids II

fraction was 3.77. A partial explanation of the lower E4/E6 values

obtained for the Waitville fraction lies in the fact that in this

/
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study optical density readings were only taken to wavelength

650 mu, consequently E4/E6 ratios as reported here represent

an E465/E650 ratio rather than the E465/E665 ratio usually

reported in the literature and, since the optical density values

decrease with increasing wavelength (see Figs. 7 and 8), this

would result in all E4/E6 ratios reported in this study being

slightly smaller than similar values where E465/E665 is used.

Since the 'mobile' humic acids has been reported as

having the least complex structure of the humic acids (57, 611

it was not surprising to find that this fraction had the widest

E4/E6 ratio viz. 4.28 for both soils. In contrast, the calcium

humates have been reported (57) as having a relatively complex

aromatic nucleus; they were therefore expected and found to have

a much lower E4/E6 ratio, viz., 3.00. Since Humic acids II

('total' humic acids) is essentially a composite of the 'mobile'

humic acids and the 'calcium' humates it was expected that the

degree of condensation of its aromatic nucleus, and its E4IE6

ratio would be intermediate to that of the latter two fractions.

This was found to be the case for the Melfort soil where the

E4IE6 ratio of Humic acids II was 3.14. The latter is in line

with published results (56) for Chernozems (3.0 to 3.5). For

the Waitville soil t�e E4/E6 ratio of the Humic acids II fraction
,

was smaller than that of the 'mobile' humic acids, however, the

'calcium' humates were not isolated from this soil, consequently

it is not known where the latter's E4IE6 ratio would have fallen

, \
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relative to that of the other two humic acid fractions.

Since upon hydrolysis of the humic acids the tendency is to

solubilize the less complex constituents such as sugars, amino

sugars, polysaccharides, and leave the more complex aromatic

components behind (11, 31, 33), it was assumed that the non

hydrolysable humic acid fractions would exhibit a relatively more

condensed 'aromatic'nucleus' than would their unhydrolysed sources.

This was found to be the case for the non-hydrolysable Humic acids II;

and the non-hydrolysable Humic acids I fractions of both soils as

can be seen from their low E4IE6 ratios which was 3.02 for both

the Melfort fractions and 3.69 and 3.60 respectively for the

Waitville fractions.

The curves for both of the non-hydrolysable humic acids

fractions of the Melfort soil, Fig. 7, were almost identical and

they had the same E4IE6 ratio. The same situation more or less

existed in the case of the Waitville soil, Fig. 8. It is

interesting to note that although the curve of the 'calcium'

humates was uncharacteristic relative to the curves of the 'mobile'

and 'total' humic acids, the E4IE6 ratios were very much as

expected,based on their nature.

/ -



5. DISCUSSION

5.1 Concept of �ean residence time'

In geological and archeological studies the carbon

dating of organic samples yield the absolute age of the material.

In such studies, preparation methods are devised to minimize

contamination of the samples by carbonaceous materials of a

different age from that of the carbon in the sample. For example,

recent organic residues are carefully removed by hand picking

and by acid-base pretreatment.

The objective of this study was not to obtain an

absolute age of the soil carbon, since this carbon is undoubtedly

composed of materials grading from the very old to the very young;

the younger carbon (in terms of residence time in the soil) is

as much an integral part of the humus as is the older carbon and

cannot be extracted and discarded. The only carbon components

of the soil that can be discarded are those not recognized as

an integral part of the humus, Le., lime and undecomposed plant

and animal residues. Thus' t' as calculated from equation 11 is,

(see page 32) in the soil studies, a measure of the length of time a

hypothetical average representative carbon atom of the particular

sample has 'resided' in the soil (mean residence time). The

m.r.t. reflects the relative stability of the humus carbon and

should therefore be a good parameter for measuring the effects

of different conditions of soil formation, cultural practices,

etc., on the persistence of carbon in soils.

(
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5.2 Factors affecting application of the carbon-dating method

to study of soil humus

There are several factors which may affect the accuracy

of the carbon-dating method. These factors must therefore be

assessed and appropriate corrections applied where necessary.

As with any study where a sample must be used to estimate the

qualities of the whole, there is always the possibility that

due to random variation the sample might not be representative.

A plot of soil may appear completely uniform on a macro basis,

yet when a careful study is made, the existence of considerable

differences in soil type may be revealed. Thus, meticulous care

must be observed in choosing the particular spot to be sampled.

Furthermore, soil is not homogenous; thus sampling is even more

difficult. The best way to minimize errors due to random

variation is to repeat the measurement several times and take

an average value. Unfortunately, the carbon-dating method is

very time consuming, thus if every measurement (or sampling)

must be repeated several times, a study such as this would be

impractical. Few replicates were therefore used in this study,

but meticulous care was taken in sampling and in preparing all

samples for carbon-dating. The mean residence times obtained

for the Melfort soil, Table 5, for samples taken in three

consecutive years demonstrate that with care, sampling is not a

limiting factor to the carbon-dating of soils.

(
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The radioactive decay of a nucleus is a random process

involving a fluctuation in the number of atoms disintegrating

during a given period of time. It is therefore unlikely that

during equal intervals of time equal numbers of atoms will

undergo decay. To minimize this error each sample was counted

for at least two 20-hour periods (i.e. about 12,000 counts).

The appropriate statistical estimation of this error for each

sample discussed in this study is included in the error term

shown with each mean residence time. This error together with

similar errors arising from (a) the fractionation of samples,

(b) the generation of C02 gas for the mass spectrometer analysis,

and (c) the precision of the mass spectrometer were discussed

in the Results section A, therefore they will not be discussed

further here.

De Vries (119) noted the occurrence of micro-variations

in the concentration of the radiocarbon in the dynamic reservoir.

He observed that this variation was correlated with climatic

phenomena and suggested that the amount of variation differed

depending on location on the earth's surface. The maximum error

from this source he found to be about 1% which is equivalent to

80 years at most. This factor will not be a source of error where

the mean residence times of fractions from a single soil are being

discussed, nor where samples have been taken from locations a few

miles apart, however, it might be a source of error in comparing

mean residence times of samples which were located far from each other.
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In the latter case it might be possible to estimate the magnitude

of the error due to the 'de Vries effect' by dating tree-ring

carbon which was deposited in the same year in trees located

near the respective locations sampled.

'Isotopic fractionation' has already been discussed

(see Sections 2.2.2 and 4.2.1). This factor will therefore be

dealt with only briefly. Isotopic fractionation was found to

represent one of the greater sources of error. However, if a

mass spectrometer is available, appropriate corrections can be

easily made. Corrections were made on all samples discussed in

this study, the average corrections resulting in a deduction of

approximately 115 years from the apparent mean residence time

of each sample.

Various workers (7, 37, 60, 75, 102) have obtained

different results concerning the amount of soil-C02 taken up via

plant roots. Amounts reported varied from less than 0.2% to as

high as 20% of the total C02 assimilated by the plant. Most soil

scientists tend to agree that the most likely estimate is that of

Overstreet � ale (75) of about zto. Other workers (70, 71) have

reported that soil 'respired' C02 is fixed by growing plants

during the photosynthetic process. The latter would be at its

maximum under conditions of close to 100% canopy. However, the

work of Musgrave � ale (11) has indicated that most of the C02

is 'reSPired' by the soil during periods when the plants are

utilizing little or no C02 thereby allowing enough time for thorough
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mixing of soil 'respired' CO2 with atmospheric C02' Furthermore,

Broecker and Olson (15) found the activity of the CO2 evolved

from soils to be only slightly less than that of the previous

year's plant materials. If it is assumed that only a small

percentage of the total plant CO2 comes directly from the soil,

and if the findings of Broecker and Olson are correct, then it

follows that the fixation of soil respired C02 by plants would

result in a negligible error in the accuracy of the mean residence

time of soil organic matter.
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Fig. 9. The effect of contamination with contemporary or dead carbon on the mean reSide�ce time of I.soil organic matter
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5.2.1 Effect of incorporation of 'young' or 'old' carbon on

the mean residence time of soil humus

In Section 2.2.2 a graph, Fig. 2, showing the degree

to which the 'true' age of a sample would be altered if the

sample was contaminated by different percentages of both

'contemporary' and older material was shown. This graph was

constructed primarily for the enlightenment of workers in the

field of Geology and Archeology, thus, the c14 ages shown were

much greater than the mean residence times of organic matter in

soils. A similar graph, Fig. 9, which is of greater significance

for soils studies was constructed. The mean residence times shown

in Fig. 9 include corrections for the Suess effect but not for

isotopic fractionation (Note: the word 'contemporary' in this

discussion refers to an activity of 95% of that of the N.B.S.

oxalic acid standard for carbon-dating and not to truly contemporary

organiC material. The latter will be referred to as 'present day

organic material'). The graph shows that contamination by dead

carbon produces a constant error for all samples irrespective

of the samples previous mean residence time, e.g. l� contamination

with dead carbon causes an error of 80 years for a 3000, 2000 or

100 year old sample. On the other hand, the effect of contamination

with 'contemporary' carbon is less pronounced (on an absolute basis)

as the sample's mean residence time becomes smaller. By

interpolation on the graph, Fig. 9, it can be shown that for
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samples with mean residence times of less than 3000 years,

contamination with l� contemporary carbon causes a maximum error

of about 35 years. Thus contamination of soil samples with

dead carbon is relatively more detrimental to studies in soil

science than is contamination with contemporary carbon. In

general 1% contamination can be assumed to equal an error of

no more than 80 years.

5.2.2 Effect of bomb-produced c14

The numerous hydrogen bomb explosions over the past

decade have increased the content of c14 in present day plants to

over twice that of the N.B.B. oxalic acid standard for carbon

dating. The results reported in Table 5 indicated, however, that

there is an apparent lag in the transfer of this radioactivity to

soil humus. Thus, at present the error in the mean residence time

of soil humus which may be attributed to the 'bomb carbon effect'

1s negligible. Tbis of course assumes that all undecomposed organic

materials are metiCUlously removed from the soil sample before

dating (as was the Case in this study). This also assumes that

all samples are at least slightly acid before they are burnt for

carbon�dating. Ii tbe sample is alkaline it will absorb C02 from

the atmosphere (at Present the latter has a relatively high c14

concentration) and result in a mean residence time which is much

lower than the tr\1e valueo

\

II
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5.2.3 Contamination due to unremoved unhumified organic matter

The fact that the Melfort and Rosetown soils,

Table 5, have not shown the effect of the increased radiocarbon

activity recorded in plants is probably due to (1) the relatively

high carbon content of these soils, (2) the low mean residence

time of the soils, and (3) the fact that most of the recent

organic matter disappears very rapidly from soils especially

those which are being cultivated. This fact can be easily

demonstrated (in theory) by calculating the resulting decrease

in mean residence time of Lethbridge and Melfort soil humus

which would accompany the incorporation of the plant residues

from an average wheat crop.

If all the wheat straw and rootlets were incorporated

into the soil the total carbon resulting from this source would

be about 1500 lbs/ac and 1000 lbs/ac for the Melfort and Lethbridge

soils respectively. Of this at least 70% decomposes (62) in the

first year. Assuming that all the remaining ;0% is in such a

form in the soil that it is not removed during the preparation

of the soil for carbon-dating then tbe amount of 1963 carbon in

tbe Me1fort is 450 Ibs.C/ac and in the Lethbridge 300 1bs.C/ac.
The total carbon in the Melfort soil (5.6%G) is 112,000 1bs/ac,

and in the Lethbridge soil (1.25%c) 25,000 lbs/ac. Thus the 1963

carbon constitutes 0.4% and 1.2% of the total carbon of the

Melfort and Lethbridge soils respectively. Since the radioactivity

of present day carbon has doubled, the net effect of the 1963

r:
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carbon would be twice as great i.e. the corresponding error on

Fig. 9, would be 0.8% for the Melfort soil and 2.4% for the

Lethbridge soil; this corresponds to a decrease of five years

and 40 years for the Melfort and Lethbridge soils respectively.

This 1s the effect of only one year's 'contamination' and the

increase in radiocarbon activity as a result of nuclear explosions

has lasted ten years, however, the error would not be ten times

as great because: (a) the increase in activity was not always as

high as that for 1963, and (b) the incorporated residues continued

to undergo further decomposition. It is apparent fram the above

calculations, however, that in general, the greater the original

mean residence time of the soil and the smaller its total carbon

the greater will be the relative effect of contamination due to

unremoved, unh�fied material. This probably is part of the

reason underlying the large variations obtained for plots 13,

14, and 15 from the Lethbridge fertility plots (Table 7).

5.2.4 Tbe "Suess effect"

The "Suess effect II results from a decrease in the c14

activity of contemporary carbon due to the burning of large

quantities of fossil carbon. This resulted in a potential source

of error which was avoided by using carbon from materials which

was laid down prior to the Industrial Revolution to estimate the

activity of contemporary carbon. The c14 activity of the latter

is determined in most radiocarbon laboratories by taking 95% of

(
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the activity of the N.B.B. oXalic acid standard for carbon-dating.

For archeological and geological measurements where the absolute

age is required and where all soluble organic materials are

usually extracted and discarded prior to dating, the use of the

N.B.S. standard eliminates all error due to the 'Suess effect'.

However, with soil samples, all fractions of the soil humuS are

dated, therefore if there is present in the sample, any carbon

which is more recent than the advent of the Industrial Revolution

but older than 10 years, then such carbon should have had an

Ao (see Equation 11) which was really less than that assumed

when the N.B.S. oxalic acid standard is used. In a cultivated

soil, it is reasonable to assume that the organic material formed

since the Industrial Revolution constitutes a very small fraction

of the total organic carbon. Moreover, the average decrease in

Ao due to the 'Suess effect' is only 2.6% (104). The error

resulting from not using the correct Ao to estimate the mean

residence time of this small fraction of the soil humus would

therefore be negligible.

It may be concluded from the foregoing discussion,

that providing sufficient care is taken in sampling and in

preparing samples, all the various errors discussed will fall

into two categories; those that are of negligible importance,

and those for which appropriate corrections can be applied.

Furthermore, boundaries can now be delineated outside which differences

will likely be significant. The estimated error associated with

\ (
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each mean residence time will result from (a) random variation

in counting (a maximum of about + 100 years); (b) uncertainty

in the estimation Of� C13 (about � 50 years); and (c) all other

minor sources of error (about + 50 years). The error term

associated with each mean residence time would therefore be at

most about + 200 years. Therefore,if a comparison is being made

between the mean residence times of two different samples, the

combined standard deviations would be�(200)2 + (200)2, which is

equivalent to � 280 years. This would mean that if the

difference between the mean residence times of the samples being

compared was more than 280 years,then the difference could be

regarded as significant. If the samples in question were located

some distance from each othe� then the 'de Vries effect' might

also be a significant source of error (i.e. a maximum error of

about + 50 years). The combined standard deviation in this case

would be about � 350 years. Values used in the above estimations

are maximum values (e.g. in this study the error due to variation

in counting was usually no more than + 60 years) consequently,

the estimated boundaries (+ 280 and + 350 years) were not ruways

strictly adhered to in interpreting the data in this study, and

differences smaller than the latter boundaries were often considered

as significant.
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5.3 Application of the carbon-dating method to studies in pedogenesis

The mean residence times Of the organic matter from

the Ap horizon of a Gray-Wooded Podzolic (Waitville), two Black

Chernozemic (Melfort and Oxbow), and three Dark Brown Chernozemic

(Regina, Elstow, Lethbridge) soils, can be used to illustrate

the application of the carbon-dating method to soil genesis studies.

The organic matter of the Lethbridge soils (Dark Brown Cbernozemic)
was much more persistent than that of any of the Saskatchewan soils,

as evidenced by the fact that mean residence times of the

Lethbridge soils were at least 400 years greater than that of

the oldest Saskatchewan soil. In general, this difference could

probably be attributed to any of (or a combination of) the

following three factors: (a) the differing soil forming factors

which prevail under the warmer climatic conditions in S.E. Alberta,

(b) the greater geological age of the Lethbridge area (the

Pleistocine glaciation receded much earlier from the Alberta site

than from the Saskatchewan sites studied)l, and (c) contamination

of the carbon of the Ap horizon with very old carbon.

In the case of the Saskatchewan soils, the Gray-Wooded

Podzolic and the two Black Chernozemic soils, Table 6, can be

assumed to have the same geological age, but the two Dark Brown

Chernozemic soils from Rosetown (S.E. Saskatchewan), Table 5,

should have a slightly greater geological age than the Gray-Wooded

Podzolic and Black Chernozemic soils (N. of Rosetown)l.

1
Personal communication with Dr. E. A. Christiansen of the Geology
Dept., Saskatchewan Research Council, Saskatoon, Sask.
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However, a comparison of the data in Tables 5 and 6 show that

the mean residence time of the Dark Brown Chernozemic soils

were much lower than that of the Black Chernozemic soils. This

could be due to any of several factors e.g. cultural practices,

pedogenesis, etc. More work is required before this problem can

be resolved.

The similarity of the mean residence time of the

organic matter in the Melfort and Oxbow soils, precludes the

possibility that a portion of the high organic matter content

in the Melfort soil was of preglacial origin. The latter soil

was developed on lacustrine parent material in the Carrot River

basin. This low lying area could presumably have been a swamp

for some time following the drainage of the lake and under these

conditions a rapid accumulation of organic matter would have

occurred; again, the similarity in mean residence time between

the Oxbow (developed on till) and the Melfort,refutes the

possibility that the high organic matter content of the Melfort

is a reflection of rapid carbon accumulation shortly after the

recession of the glacier. As in the case of the two Black

Chernozemic soils, there was no difference in the stability of

the humus of the two Dark Brown soils (Elstow and Regina) (Table 5).

It would seem ,therefore ,that differences at the Association level

of classification are not paralleled by differences in the

stability of humuS.
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The organic matter of tbe two Black Cbernozemic soils

was mucb more stable tban that of the Gray-Wooded Podzolic

soil (Waitville). This res�lt is in accord witb the views of

Kononova (57), who, after cOnsideration of the various factors

influencing soil formation Pointed out that tbe order of

stability of tbe organic matter in similar soils of the U.S.S.R.

decreased from Chernozems through Chestnuts (Dark Brown Chernozems)

to Derno-Podzols (Gray-Wooded Podzolic).

The carbon-dating method, when supported by other

chemical methods of analysis, shOWS considerable promdse as a

means of characterizing the organic matter fractions of soils

and for elucidating problems in soil genesis. For example, it

was noted in Section 4.5, that although the Waitville soil is

grouped with the Gray-Wooded Podzolic soils, and the Melfort soil

with the Black Chernozemic soils, the distribution of tbe carbon

between the humin, humic aCids, and fulvic acids was very

similar for both soils. Furthermore, both soils bad a humic

acids/fulvic acids ratio > 1 (fulvic acids in this case includes

both Fulvic acid II + Acid extract) which, according to tbe

Russian literature (57) would place both soils in the Chernozemic

great group. In contrast, the mean residence time of the organic

matter of the Ap horizon of these two soils differed markedly.

The organic carbon of the Melfort was much more stable (600 years

older) than that of the Waitville soil (Table 8). This evidence

strongly indicates that the two soils were not from the same

great soil group.

\
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The mean residence time data are supported by the

E4/E6 ratios obtained for the Melfort and Waitville soils.

These data placed the Melfort in the Chernozemic great s01l

group and the Waitville was very close to a Gray-Wooded Podzolic

soil. Therefore, these data also indicate that these soils were

from different great soil groups.

Further evidence in support of the view that the

Melfort and Waitville soils belong to the Chernozemic and Gray

Wooded Podzolic great soil groups respectively, can be obtained

from a consideration of the results in Tables 8 and 9. The humin

carbon of the Waitville soil decreased from 56 to 32% of the

total carbon in the soil as a result of acid pretreatment and

the mean residence time increased from 335 to 485 years. While

there was a similar decrease in carbon content in the Melfort

humin fraction, the mean residence time remained unchanged after

the acid pretreatment. The decrease in the humin carbon following

acid pretreatment is presumably due to the release of organic

compounds stabilized by calcium, iron, and aluminum; the humin

substances remaining are primarily stabilized by clays (57).

A comparison of the data obtained with and without acid pre

treatment suggests that in the Waitville soil the clay has a

greater stabilizing effect on humic carbon than do the metallic

ions; however, in the case of the Melfort soil the metallic ions

playas important a role in stabilizing humic carbon as does the

clay. This finding is in accord with views expressed in the

\
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literature (57) concerning the mode of stabilization of humic

substances in Chernozems (Melfort), and Derno-Podzols (Waitville).

It is suggested that in Chernozems, calcium and clays play an

equally important role in the stabilization of humic substances,

while in Derno-Podzols the calcium, although present, is more

soluble and plays a lesser role in this respect. On the basis

of the foregOing evidence it was therefore concluded that the

Waitville and Melfort soil samples were representatives of the

Gray-Wooded Podzols and the Chernozemic great soil groups

respectively. This conclusion agrees with results from work

done by Shields (89) in the Soil Science Department, UniverSity

of Saskatchewan, in which he used the same soils but a different

extracting reagent (pyrophosphate) and optical and chemical

methods of characterization.

The results in Table 14 indicated an inverse relation

ship between E4/E6 ratio and mean residence time of the humic

acid fractions of the Melfort soil. For example,the pattern of

variation of the E4/E6 ratios of the fractions was: nonhydrolysable

humic acids = 'calcium' humates < 'total' humic acids � 'mobile'

humic acids «( = less than; « = much less than); the

corresponding pattern of variation of the mean residence time of

the fractionS was: nonhydrolysable humic acids = fcalcium�

humates ) 'total' humic acids » tmobil� humic acids

( > = greater than; j> = much greater than) •

./

\



The correlation of E4IE6 ratio with mean residence

time may be interpreted in either of two ways: (a) that the more

condensed the aromatic nucleus of the humic acids the more

resistant to decomposition and therefore the more stable are

the humic acids; or (b) that as the humic acids persist longer

in soils,the aromatic nucleus becomes more condensed. All other

things being equal, it could be reasoned that on the basis of

differences in steric configuration,the component with the more

condensed aromatic nucleus should be more stable than the

component which had a more aliphatic type of structure. Thus

if organic matter decomposition is merely a chemical process

then interpretation (a) might be possible. However, decomposition

of soil organic matter is known to be primarily a microbiological

process and since there are numerous known soil organisms capable

of decomposing aromatic rings it is difficult to accept

interpretation (a). Although it has been reported in the

literature that the humic acids molecule becomes more complex,

and more aromatic (57) with time, there are no reports concerning

the change in degree of condensability of the aromatic nucleus

with time. However, it may be assumed that if the humic acids

molecules do become more aromatic with time they may also become

more condensed with time. At presen� therefore,interpretation (b)

seems to be the more feasible of the two.

r
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5.4 Application of the carbon-dating method to studies in

soil fertility

5.4.1 The effect of cultural practices on the relative stability

of the soil humus

The data for the Lethbridge plots, Table 7, revealed

no significant effect of rotation on the organic matter content

nor on grain yield after 30 years of treatment. The apparent

failure of the three rotational practices to produce marked

differences in yield and organic matter content can probably be

explained on the following basis: (1) in all the plots only a

small amount of organic residues were returned to the soil each

year (i.e. only stubble and rootlets); (2) in plots 16, 17 and

18 the stubble was burnt only once in every three years; and

(3) plots 19, 20 and 21 (the rotation which includes the legumes)

were cut for hay. In effect, therefore, the actual organic matter

return to the different plots may not have been markedly different.

Although there appears to be no apparent difference in

organic matter content or yield as a result of these cultural

treatments, it is not unlikely that the quality of the humus might

have been affected to a different extent. The mean residence

time of the organic matter of the plots from the three rotations

might reflect any such differences. Unfortunately, the results

obtained in one rotation (plots 13, 14 and 15) were quite erratic,

consequently the ensuing discussion has to be made with some

reservations until more work is done to clear up the discrepancies.
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Since the plots were close to each other it was assumed that

they all had the same mean residence time when the rotations

were initiated. The similarity in the mean residence time of

the organic matter in the rotation in which sweet clover was

included and in the rotation in which straw was burnt off,

indicates that the rate of turnover of organic matter in the

two rotations was essentially the same. However, the results

tend to indicate that in the rotation where straw was

incorporated,the rate of turnover of the organic matter was

slower than was the case in the other two rotations.

The fact that the organic matter in the rotation where

straw was incorporated in the fallow year seems more persistent

than that where sweet clover was incorporated could be explained

by the 'priming effect'. Numerous workers (8, 16, 40) have

reported that the incorporation of plant residues in soils often

lead to the eventual decomposition of the indigenous humus

('priming effect'). Since the straw would have a much wider

C/N ratio than the straw plus sweet clover, it is likely that

the rotation containing the latter would encourage a denser and

more active microbial population during the fallow year. Thus

the 'priming effect' could be expected to be more intense in the

rotation including sweet clover than in the one where only straw

was incorporated.

A possible explanation of the lower persistence of the

organic matter in the rotation where fallow was maintained by



burning the straw as against that in which the straw was

incorporated, may be found in the speculation of Birch and

Friend (9). They suggested that burning the crop residues would

result in desiccation of the surface soil and lead to the release

of bound organic matter, which would decompose more rapidly when

the soil is rewetted. If this is true,then the effect of burning

should be quite similar to the 'priming effect', and this might

explain the lower persistence of the organic matter in the

rotation in which burning was practised.

The plots with a slightly higher organic matter content

(plots 17, 19, and 20),also exhibited a lower mean residence time

than the plots with a lower organic matter content. If it is

assumed that the extra organic matter in plots 17, 19 and 20 is

relatively modern material e.g. partially decomposed organic

matter, then there is a possibility that at least part of the

observed difference in mean residence time between rotations and

also between plots could be attributed to the presence in them

of different quantities of partially decomposed organic matter.

However, from Fig. 9, it can be seen that a sizeable percentage

(about 10%) of the total carbon in the soil would have to be

present in the form of partially decomposed organic matter in

order to cause differences in mean residence time of several

hundred years. Thu� the differences observed in the Lethbridge

plots likely stem from other factors besides contamination.
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On the basis of the meagre results obtained to date,

the comparative data suggest that the three rotations do not

appear to have changed the relative quantity of the humus,

however, there are indications of changes in the quality of

the humus - further research should clarify these observations.

5.4.2 The application of the carbon-dating method to a study

of the dynamics of soil humus

In assessing the dynamics of soil humus turnover, one

of the main objectives is the derivation of a convenient, fairly

reliable method of predicting the quantity of a nutrient which

the humus may release over a period of time. If such an estimate

can be made, then the question of how much fertilizer to apply in

order to achieve a certain crop yield would be greatly facilitated.

Several workers have used results from long term field experi

ments (5, 114), and short term laboratory tracer experiments

(8, 46), to investigate the dynamics of soil organic matter

turnover. Tbese investigations have often resulted in the proposal

of mathematical equations, and in various general deductions

concerning this problem.

Bartholomew and Kirkham (5) developed an equation for

the average age of soil organic matter. In doing this, they

assumed: (a) that all increments and fractions of soil organic

matter were equally susceptible to decomposition, (b) that there

was an equal amount of organic matter added to the soil each year,

(
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and (c) that the decomposition of soil organiC matter obeyed

the laws of first order kinetics. Thus, if the amount of organic

matter added in a particular year was (A) and the amount of (A)

remaining after time (t) was (Y) then the following relationship:

y
-rt

Ae . . . • . • . • • . (4)

where (r) is the rate of decomposition of the organic matter should

be valid. On this basis, they reasoned that the average age (Zt)

of the organic matter after time (t) should be equivalent to

the sum of the products of Y x t for all increments of addition,

divided by the total amount of organic matter. Mathematicall�

this was expressed as follows:

J:
t

t A
-rt

dte •

Zt = 0

5:
t

Ae-rt . dt . . . . . . . (5)
0

The solution of equation 5 (See appendix for solution) yields

the following expression:

= e-rt(_ rt - 1) + 1

- r e-rt + r • • • • • • • (12)

It can be seen from equation l2,that as t� co

Bartholomew and Kirkham (5) therefore concluded that after a

very long time of turnover of soil organic matter its average

age would be approximately equivalent to the reciprocal of the

rate of turnover of the organic matter. These workers tested
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this relationship by using the average age of s011s which had

been carbon-dated by Simonson (91). From tbe results, they

concluded that soil organic matter must be composed of several

components which differed in their rate of decomposition.

The average age (z�) of each component of the sOil bumus can

be represented by a similar expression to that shown in

equation 12. For Saskatchewan soils, (t) is approximately

10,000 years (66). Thus Zt � llr for all components of the

humus of Saskatchewan soils, and it should be Possible to'
"

estimate (r) for each component if Zt of the Component is known.

Zt (average age) is more or less synonymous with m.r.t.; it

should therefore be possible to estimate the rate of turnover

of the humus carbon of soils by determining the m.r.t. of the

various humic components of these soils. As an example of how

such data could be applied to soil fertility problems, the

m.r.t's of the fractions of the Melfort soil were used to

estimate the yearly release of carbon and nitrogen from the

Melfort soil humus.

� assuming that the rate of turnover of the humus

obeyed the laws of first order kinetics, it was possible to

calculate the approximate amount of carbon and nitrogen released

by the soil humus per annum. The results (Table 15) show that

the humic acids hydrolysate accounted for 65% of the total carbon

and about 80% of the total nitrogen released by the soil humus.



This is because c/N ratio of this fraction is narrow, and the

rate of turnover very rapid in comparison to the other fractions.

Jenkinsonl has used a fraction similar to the Acid extract to

estimate the most active fraction of the soil organic matter;

if the findings of this study are correct, then it would seem

that the humic acid hydrolysate would give a better estimate of

the active humus. The total calculated nitrogen released from

the humus was 75 lbs/ac/yr. This amount does not include the

nitrogen released from straw and rootlets (these were removed

from soil samples prior to fractionation). The nitrogen from

straw and rootlets would be about 20 lbs/ac. assuming an average

wheat crop of ;0 bu/ac. Thus, by this method, the total nitrogen

released by the soil organic matter would be about 95 lbs/ac/yr.
Norman (73) estimated the nitrogen released by the average soil

during 8 growing season to be 100 lbs/ac. If the growing season

is considered to be about six months, then the calculated value

may be regarded as being low. The discrepancy between the

calculated and estimated values might be explained on the basis

of the inadequacy of the fractionation technique used. For

example, it is likely that if the fulvic acids fraction had been

hydrolysed in a similar manner to the humic acids it too would

have yielded a fraction similar to the humic acids hydrolysate

in rate of turnover.

1
Personal communication

(
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Table 15. Estimate of Carbon and Nitrogen released per annum from the humus of the Melfort soil

-

% of Mean rate carbon % of Estimated
Total Carbon of decomp. released Total Nitrogen nitrogen
carbon Ibs/ac. (r == yrs-l) per yr. nitrogen lbs/ac. released/yr.

Lba/'ac , Ibs/ac.

Humic acids-hydrolysate 7 7840 0.04 308 15.6 1500 60

Acid Extract 14 15680 0.003 47 20.1 1930 6

Humin hydrolysate +

Fulvic acids III 22 24640 0.002 52 37.5 3600 7

Non-hydrolysable Humic acids 33 36960 0.0007 26 14.7 1410 1

Non-hydrolysable Humin 24 26880 0.0008 43 12.1 1160 1

Total 100 112000 476 100 9600 75

i-'
I\:)
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This method of estimating the release of nitrogen from

the soil organic matter seems very promising; however, more

work along similar lines is required before it will be possible

to arrive at any definite conclusions. In future studies of this

nature, different types of soils should be examined; also, the

fractionation technique could probably be improved as indicated

above. Since the hydrolysate fraction seems to account for the

major fraction of the nitrogen released, the fractionation

technique for this type of study could probably be Simplified

by isolating the humic acids and fulvic acids hydrolysates,

determining their turnover rates and from this the nitrogen

released by these fractions. Elf multiplying the latter amount

by an appropriate factor, it should be possible to make a close

approximation of the total nitrogen released from the organic

matter fraction of the soil.

Some of the assumptions made throughout this section

might not be completely valid. However, if by using this type

of calculations it is found that the calculated results are highly

correlated to the observed nitrogen release under actual field

conditions, then the use of such a calculation in estimating

nitrogen release from soil humus would be fully justified.

(
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6. CONCLUSIONS

Several specific and a few general conclusions can

be drawn from this study:

6.1 Precision and accuracy of the carbon-dating method as

applied to soil science studies

It was demonstrated, that in general, the precision of

the analytical techniques employed in this study, e.g. fractionation,
counting of the radiocarbon activity, and mass spectrometry,

was not a limiting factor proViding sufficient care was t�en.

The interpretation of the results obtained by this technique ma�

be affected by such factors as: isotopic fractionation, bO�b_

produced c14, the 'Suess effect', 'de Vries effect', re-use of soil

C02 by plants, sampling, etc. In this study, it was demonstrated

that errors arising from these factors were either inSignificant

or, where significant, appropriate corrections could be made.

6.2 Application of the carbon-dating method to problems in

soil science

The carbon-dating method supported by chemical methods

of analysis shows promise of being a very useful tool for

resolving various soils problems which were formerly beyond the

scope of standard chemical and physical techniques. Some of

the findings of this study are as follows: (1) the classical

method of humus fractionation (i.e. acid-base extraction) yielded

fractions which differed significantly from each other with respect

(



to the relative stability of their carbon e.g. the humin carbon

was in general more stable than the humic acid carbon which was

in turn more stable than the fulvic acid carbon;

(2) the humic acids were not homogenous but composed of fractions

which differed in stability and degree of condensability of the

aromatic nucleus, e.g. 'calcium' humates were much more stable

and had a more condensed aromatic nucleus than the 'mobile'

humic acids;

(3) although the humic acids of the Chernozemic soil were very

stable at least one-sixth of its carbon, viz., acid-hydrolysate,

was found to be very active and probably accounted for most of

the nutrients released from the soil humus; and

(4) there were indications that the humin fraction of the soil

could be a combination of humic acids and fulvic acids as

suggested by some workers.

There were definite indications that the carbon-dating

method when supported by other chemical methods of analysis,could

prove very useful for resolving problems in soil genesis, e.g.

results from the carbon-dating and chemical methods of analysis

confirmed the importance of different types of organo-mineral

bonds in the stabilization of humus. From the soil fertility

standpoint,the results, although somewhat speculative at present,

showed promise of providing some answers as to the dynamics of

soil organic matter under different cultural practices and of

furnishing a mathematical method of estimating nutrient release

from soil humus. In genera� it can be therefore concluded that

J
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the carbon-dating method is a valid and useful technique for

studying problems associated with tbe relative persistence of

soil humus,especially in the fields of soil biochemistry, soil

genesis, and soil fertility.

(
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APPENDIX A

latacharacterizing the soils used in the experiment
!

Soil Soil Subgroup Parent Organi,
ssociation Zone Profile Material location Matter +) Sand Silt Clay

% % % %

S T R M ( 0.05mm) (.05-0.002mm) (

Waitvil1eGray-Wooded Orthic Gray-Wooded Glacial till 12 45 10 W3 3.4 37.2 39.2 23.6

OxbowBlack Orthic 'Black tI 25 44 10 W3 7.8 29·3 43.7 27.0

Melfort
" n Glacial

lacustrine 30 44 18 W2 9.6 11.0 42.3 46.7

ElstowDark Brown Orthic Dark Brown
" 15 30 15 W3 5.2 8.2 56.1 35.7

Regina
" Calcareous

II 11 30 15 W3 5.0 2.0 23.0 75

Lethbridge80i1s - Alberta

PlotNo.13Dark Brown Orthic Dark Brown Glacial Canada Dept.of Agr.
lacustrine Research Station 2.2 46.7 25.1 28.2

Lethbridge, Alta.

I!"14 "
11 " " 109 56.5 21.2 22.3

""15
" " " " 1.7 52.2 22.9 24.8

""17
" " " n 2.5 51.8 23.5 24.7

""19
" " " n 2.4 48.7 24.1 27.2

""20 "
" " II 2.5 45.4 26.7 27.9

8=Section R = Range (+) Organic matter = C x 1.72

T=Township M = Meridian

W=West
•
\.
\
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APPENDIX B

Comparison of results of fractionation of Melfort soil
- 0.5 M NaOH vs. 0.1 M NaOH

Fractions Acid pretreatment
0.1 M NaOH 0.5 M NaOH

'to Humin 31 31

% Humic ac ids 38 40

% Fulvic acids 17 16

% Ac id extract 14 15

Total 100 102

)



APPENDIX C

Mass spectrometer and c14 data for samples whose C13/C12 ratios were determined

Abundance Mass 8' C13 re1. c14 Activity 8C14 re1. to
Ll Normalized

Sample of mass 45 46/44 to N.B.S. (dIm) N.B.S. oxalic mean residence
atoms ratio oxalic acid acid (1,(,0) time (yrs.)

(%0) (%0)

fortsoil(0_61t) 1.17204 .00405 - 7.4% -115.5 .:t. 6.0 -102.59 .:t. 6.0
-

13.10 :!:. .07 870 .::. 50

.S.oxalicacid
standard 1.17930 .00403 14.81 + .06

'orfsoil(6-10 ") 1.18505 .00402 -10.5 12.69 :!:. .08 -130.8:!:. 7.7 -112.65 :!:. 7.7 960 :!:. 65

,S.oxa1icacid stand. 1.19305 .00400 14.60 + .08

�vi11esoil 1.18498 .00396 - 6.8 13.96 :!:. .08 - 43.8 :!:. 7.6 - 30.80 !. 7.6 250 .::. 60
i
IS.oxalicacid stand. 1.19297 .00403 14.60 + .08

i
1.17580 .00405 12.84 + .08 -120.5 :!:. 7.5 -110.47:!:. 7.5 940 :!:. 60rwsoil - 5.7

rs.Solenhofen stand. 1.19985 .00411 14.60 .::. .08

[ortSoilFractions

inII 1.17607 .00402 - 8.1 9.41 !. .06 -146.1 :!:. 6.3 -132.26 !. 6.3 1140 :!:. 50

!.S.oxa1icacid stand. 1.18636 .00406 11.02 !. .04

�iCAcidII 1.17608 .00410 - 7.8 12.34 !. .07 -154.8 !. 7.3 -142.60 :!:. 7.3 1235 :!:. 60

).S.oxa1icacid stand. 1.18422 .00405 14.60 :!:. .08

LvicAcidII + Acid
10.36 !. .09 - 56.61 :!:. 11.5 470 :!:. 90Extract 1.17638 .00399 - 7.2 - 70.0 :!:. 11.5



APPENDIX C

Mass spectrometer and c14 data for samples whose C13/C12 ratios were determined

Abundance Mass (j C13 rel. c14 Activity 8C14 re1. to
Ll Normalized

Sample of mass 45 46/44 to N.B.S. (dIm) N.B.S. oxalic mean residence
atoms ratio oxalic acid acid (%0) time (yrs.)

(%0) (%0)

Melfortsoil(0-6") 1.17204 .00405 - 7.4% 13.10 :t. .07 -115.5 .:!:. 6.0 -102.59 :t. 6.0 870 :t. 50
-

N.B.S.oxalicacid
standard 1.17930 .00403 14.81 + .06

Melfortsoil(6-10 ") 1.18505 .00402 -10.5 12.69 :t. .08 -130.8 .:!:. 7.7 -112.65 !. 7.7 900 !. 65

N.B.S.oxalicacid stand. 1019305 .00400 14.60 !. .08

Waitvillesoil 1.18498 .00396 - 6.8 13.96 !. .08 - 43.8 .:!:. 7.6 - 30.80 !. 7.6 250 .:!:. 60

N.B.S.oxa1icacid stand. 1.19297 .00403 14.60 :t. .08

Oxbowsoil 1.17580 .00405 - 5.7 12.84 .:!:. .08 -120.5 !. 7.5 -110.47.:!:. 7.5 940 .:!:. 60

N.B.S.Solenhofen stand. 1.19985 .00411 14.60 !. .08

Me1fortSoilFractions

HuminII 1.17607 .00402 - 8.1 9.41 .:!:. .06 -146.1 .:!:. 6.3 -132.26 .:!:. 6.3 1140 .:!:. 50

N.B.S.oxa1icacid stand. 1.18636 .00406 11.02 .:!:. .04

HumicAcidII 1.17608 .00410 - 7.8 12.34 .:!:. .07 -154•8:t. 7.3 -142.60 .:!:. 7.3 1235 !. 60

NoB.S.oxa1icacid stand. 1.18422 .00405 14.60 :t. .08

tFu1vicAcidII + Acid
10.36 .:!:. .09 - 56.61 :t. 11. 5 470 !. 90fExtract 1.17638 .00399 - 7.2 - 70.0 .:!:. 11.5

I
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ontinued

(gCl:; reI.% Abundance Mass C14 Activity (j C14 reI. to
Normalized

Sample of mass 45 46/44 to N.B.S. (dIm) N.B.S. oxalic c: mean residence

atoms ratio oxalic acid acid time (yrs.)

(%0) (%0) (%0) �
---

N.B.S.oxalicacid

standard 1.1846:; .0040:; 11.14 !. .09

Non-bydrolysable
HuminII 1.17407 .0040:; - 7.4 9.:;2 !. .06 -15500 !. 7.1 -142.50 !. 7.1 1230 !. 60

N.BoS.oxalicacid

stand. 1.18226 .00404 11.0:; !. .05

Non-bydrolysable
1400 + 60

Humicacid II 1.17670 .00404 - 6.8 9.:;9 !. .06 -171.2 !. 7.0 -159.9:; !. 7.0

NoBoS.oxalic acid

stand. 1.18469 .00410 11.:;:; !. .05

HumicAcidII

hydrolysate 1.16912 .0040:; - 5.:; 11.18 !. .07 -1:;.25 !. 6.:; - 3.0 !. 6.3 25 !. 50

N.B.SoSolenhofen

stand. 1.19:;11 .00411 11.:;:; !. .04
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APPENDIX D

c14 activities of samples whose C13/C12 ratios were not determined

c14 Activity of Un-normalized mean Normalized mean

Sample c14 Activity of N.B.S. oxalic acid residence time residence time

sample (d.p.m.) standard (d.p.m.) (yrs.) (yrs.)
\

E1stow (1964) 10.63 .:t:. .08 11.42 .:t:. .07 580 !. 80 460 !. 75
-

I

Regina (1952) 10.63 !. .06 11.42 .:t:. .07 580 .:t:. 90 460 !. 75

Regina (1964) 10.68 .:t:. .07 11.42 .:t:. .07 540 :!:. 70 420 :!:. 65

Melfort (1963) 9.85 !. .06 11.02 !. .04 900 .:t:. 60 785 :!:. 60

Melfort (1964) 10.11 .:t:. .08 11.42 .:t:. .07 980 :!:. 80 860 !. 75

Lethbridge soils

PlotNo. 13 10.67 .:t:. .10 14.60 .:t:. .08 2520 :!:. 90 2400 + 80

14 9.24 !. .07 11.32 .:t:. .11 1630 !. 105 1515 !. 95

15 8.81 .:t:. .05 11.42 !. .07 2085 .:t:. 75 1970 :!:. 70

17 9.56 .:t:. .06 11.42:!:. .07 1430 :!:. 70 1310 :!:. 65

19 9.42 !. .06
. 11.42 !. .07 1550 .:t:. 80 1430 !. 75

20 11.50 :!:. .09 14.17 :!:. .08 1675 :!:. 80 1560 !. 75

�
\
\



Continued

Sample c14 Activity of c14 Activity of Un-normalized mean Normalized mean
k

sample (d.p.m.) N.B.S. oxalic acid res idence- ;time residence time
standard (d.p.m.) (yrs. ) (yrs. )

\
--

Melfort soil fractions

Fulvic I 10.14 :t .05 11.02 :t .04 670 :t 50 555 ! 45

Fu1vic Acid II 10.51 !. .06 11.30 :t. .05 580 :!:. 65 495 ! 60

Acid Extract 10.42 :!:. .07 11.02 :t. .04 450 :t 60 325 :!:. 60

Humin I 9.44 :!:. .06 11.03 :!:. .05 1250-:!:. 60 1135 !. 50

Humic Acid I 9.85 !. .07 11.03 !. .05 900 :!:. 60 785 !. 50

'Calcium' humates 9.36 !. .08 11.32 :t. .11 1530 :!:. 105 1410 ! 95

Waitvi11e soil fractions

Humin I 10.72 !. .07 11.33 :!:. .04 445 :!:. 60 335 !. 50

Humic Acid I 11.05 :!:. .06 11.33 :!:. .04 200 :!:. 50 85 !. 45

Humin II 10.34 :!:. .09 11.14 !. .09 600 :!:. 90 485 !. 70

Humic Acid II 10.62 :!:. .07 11.03 :!:. .05 310 :!:. 55 195 ! 50

Fu1vic Ac id II + Ac id
Extract 11.12 :!:. .09 11.14 ! .09 0 0

*Since the C13/C12 ratio of these samples was not determined the average � C13 (7.� was used to

estimate the appropriate normalization. The latter was equivalent to a deduction of approximately
115 years.



APPENDIX E

Example of calculation of "balance sheet" using mass

spectrometer and fractionation results for Melfort soil

Nl ::: total soil; N2 humin; N3 ::: humic acids and

N4 ::: fulvic acids

WI ::: % humus; W2 = % humic acids, and

W3 ::: % fulvic acids (i.e. WI + W2 + W3 ::: 100).

From mass spectrometer data C13/C12 ratio of samples:

Nl ::: 1.1155 x 10-2

N2 ::: 1.1154 x 10-2

N3 = 1.1146 x 10-2

N4 ::: 1.1159 x 10-2

(Continued •••••••

From fractionation data per cent of total soil carbon present

in fraction:

WI ::: 30.83%

W2 = 40.20%

W3 ::: 28.60%

To convert C13/C12 ratio to C13 the following relationship
C12 + C13

is used:

C13 ::: C13/C12
1 + C13/C12C12 + C13

c- )



Substituting in above equation:

Therefore,

1.103

- 142 -

100 = (C13!C12)N2 X WI +

1 + (C13/C12)N2
1 + (C13/C12)Nl

(C13!C12)N3 X W +

-1-+-(-C-13-!-::""C-1-2-)N-3 2 (C13/C12)N4 WX 3
1 + (C13/C12)N4

0.011155 x 100 = 0.011154 x 30.83 +

1.01115 1.01115

0.011146 x 40.20 +

1.01115

0.011159 x 28.60
1.01116

0.3401 + 0.4431 + .3160 = 1.099

% difference = .004 x 100 = 0.36%
1.1

(
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APPENDIX F

Example of calculation of normalized mean residence time

Sample: Melfort soil (0-6")

(i) Calculation of � C13 from results of mass spectrometer analysis

% Abundance of

mass 45 atoms Mass 46/44 ratio

Melfort soil sample 1.17204 .00405

N.B.S. oxalic acid standard 1.17930 .00403

% Abundance = C13 x 100
-----

C13 + C12

To convert this to C13/C12, the % abundance is divided by

100 %Abundance, since algebraically:

C13 C13 C13/C121
C12 + C13C12 + C13

i<:
Thus C13/C12 for the Melfort soil sample = 1.17204

98.8828
0.011853

,�.
and C13/C12' for the N.B.S. oxalic acid = 1.17930

98.S207 = 0.011934

.� This ratio must be corrected for the contribution of the 017 atoms

to the mass 45 value, this was done by measuring 01S and calculating

017 according to the method of Craig (21). The equation used for

the calculation of 017 is:

1

[Rls(samp1e)]
"2

R1S(tank)
= R17(samp1e)

R17(tank)

(Continued .•••••
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Rl7

Since the soil sample and N.S.S. oxalic acid standard were

both burnt in a stream of tank oxygen the values published by

Craig (21) for R18 and Rl7 from tank source were used in this

calculation.

R18(tank) 410.3
-5

::;:: x 10

::;:: 755 x 10-6

::;:: 405 x 10-5

R17(tank)

R18 (Melfort)

R18(oxalic acid) ::;:: 403 x 10-5

Thus R17(Melfort) ::;:: 750 x 10-3

and R17(oxalic acid) ::;:: 748 x 10-3

The corrected C13/C12 for Melfort soil sample = 0.011853 - 0.00750

= .011103

and for the N.B.S. oxalic acid standard = 0.011186

g C13 IC13/C12(sample) - C13/C12(�'t'artdAr.d)l
� Cl3/C12(standard) �

x 1000=

::;:: ri].103 - 11 x 1000

1..:.1186 _j
1000= 992.6

= -7.4%.

(Continued ••••••

r

I )
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(ii) Calculation of g C14

$ C14 �(sample) - A(standard�
L A(standard) J

x 1000

where A ::: C14 activity

A(Melfort soil) 13.10 + .07
-

A(N.B.S. oxalic acid) 14.81 + .06
-

� C14 == 13.10 + .07 14.81 + .06
-

x 1000

14.81 + .06
-

::: -115.5 :!:. 6.0%0

(iii) Calculation of �

� C14 - [(2 J Cl3)(i +

[[2(-703) } r + (-li�o�1]
3C14)�1000 :_j

::: -115.5 + 6.0

-102.59 + 6.0 �
- "D

(iv) Calculation of the normalized m.r.t. in years from �

(s ::: sample; st. ::: standard)

c: ::: [AS - 1J1000Ast

_ ).t:
also As ::: Aste

-At
As ::: e or As 1

Ast Ast

As 1

1000 Ast

At
e 1

(Continued •••••

I
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and A + 1 = e

1000

where t� = 5568 years

1 (1 + .A ) X t-21t = - og
1000

or t = -log(l + �) x 18471.7 years
1000 )

For Melfort soil 6 = -102.59!.. 6.0

1 + � 0.8974 + .006
1000

Log(1 + �) = -0.0470 + .0026

1000

0.301

(t) = normalized mean residence time = 870 + 50 years

c-

- 146 -
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APPENDIX G

Example of t· .

Ies �mat�on of mean residence time of the Fulvic Acids

fraction of the Waitville soil

Humic Fulvic Composite
Humin I Acids I Acids I Soil

(a) % of total org. carbon 56.5 26.0 17.5 100

(b) C14 activity of
. .j<.

sample 10.72 11.05 11.10
.

10.85

Net C14 activity
.�.

(a x b) 6.05 2.87 1.93 10.85

. )(..
"deduced values

The net activity of Fulvic acids I = 10.85 - (6.05 + 2.87) = 1.93

•• the C14 activity of Fulvic acids I = 1.93 x 100 = 11.10

17.5

Assuming Ao(equation 11) to be the same for Fu1vic acids I as for

the other fractions i.e. 11.33 d.p.m.,

Then from equation 11, it can be shown that It' (un-normalized m.r.t.)

= 18500 (log Ao - log At)

Thus for Fulvic acids I, t = 18500 x 0.0089 = 165 years

Assuming g C13 to be -7.2%0 , (approximately -115 years)

Then normalized m.r.t. = 165 - 115 = 50 years.

)
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APPENDIX H

Calculation of the mean rate of decomposition Jr' from the

measured mean residence time

Bartholomew and Kirkham proposed the following equation

for average age (Zt):

-rt
Ae dt

t Ae-rt dt . . . . . . . . . . (5)

Where A = rate of addition of organic matter (constant)

r = rate of decomposition of organic matter (constant)

and t time

Integrating equation 5 yields:

-0 x r
e (0 - 1)
�

-rt
- e

r
(_�o )
r

=

-rt
- e

r

+ 1

r

Multiply by

=

( - rt - i ) + 1

-rt
- re + r (C::oJltinued ••••r -

, )



Substituting for t as t � ClIO

--

e (_00 - 1) + 1 = 0 + 1 =..L
_ 410

- re + r o + r r

Thus, as pointed out by Bartholomew and Kirkham (5)

Zt = 1 as ttl becomes very large.
r
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APPENDIX I

Use of the mean residence time of humic fractions to calculate

carbon and nitrogen released from soil humus per annum

Example: Melfort soil-humic acid hydrolysate fraction (m.r.t. = 25 years)

In the following calculations it will be assumed that

(1) the decomposition of the humic fractions obeys the laws of

1st order kinetics;

(2) the rate of decomposition 'r' of the fractions is equivalent

to the value obtained when calculated as per equation 5

(i) Calculation of carbon released per annum

= C -rt
oe Ct = carbon present after time 't'

Co = original carbon in fraction

t = 1 year

r = rate of decomposition (yr-l)

Co = 7% of 112,00 lbs/ac = 7840 lbs/ac

= 0.04 yr-l
= 7840 e-o·04

Carbon released per annum = Co = 308 lbs/ac

r

(Continued ••••••



(i1) Calculation of nitrogen released per annum

-rt
Nt = No e

No = 15.6% of 9600 lbs/ac = 1500 lbs/ac
r = 0.04 yr-l

Nt = 1500 e-O·04

Nitrogen released per annum = No - Nt = 59 lbs/ac

- 151 -
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