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Stellingen 

1. Hoe meer lading en oppervlak een kleimineraal heeft, des te groter de gemiddelde 
verblijftijd van de organische stof die ermee geassocieerd is. 

2. Organic matter(s)! 

3. Water is niet alleen H2O, het is hoogstens 00k H2O. 
A. van den Beukel. De dingen hebben hurt geheim. Gedachten over God, 
natuurkunde en de mens. 

4. Als tolerantie tot onverschilligheid wordt, is dit bederf van het beste. 
Onverschilligheid wordt gekenmerkt door wanhoop aan waarheid en rede, door 
isolement van het zelf, door verwaarlozing van de ander, en leidt om al deze 
redenen tot uitholling en ondermijning van samenleving en staat. 
naar: A.A. van Ruler. Theologisch werk I. 

5. De enorme populariteit van de Mattheiis Passion van J.S. Bach is in deze tijd van 
toenemende secularisering op z'n minst wonderlijk te noemen. 

6. Een orkest zonder celli is als een boom zonder bodem. 

7. Het meest leerzame onderdeel van congressen en symposia is de pauze tussen de 
lezingen. 

8. Het succes van de romancyclus "Het Bureau" van J.J. Voskuil is hieruit 
verklaarbaar, dat het lezen ervan voor ambtenaren en wetenschappers een groot 
feest der herkenning is. 

Stellingen behorend bij het proefschrift "Clay-associated organic matter in kaolinitic 
and smectitic soils" 

Esther Wattel-Koekkoek 



"But we have this treasure in jars of clay" 
The Bible, 2 Corinthians 4:7 
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Chapter 1 

Soil organic matter 
The primary source of soil organic matter is plant debris of all kinds, such as roots, dead leaves 
and branches that enter into the soil and are then biologically decomposed at variable rates 
(Duchaufour, 1977). Soil organic matter consist of a number of organic components of which the 
main are polysaccharides, proteins, (poly)phenols, lignin, lipids, aliphatic polymers and the 
decomposition products thereof. Classical studies on soil organic matter differentiate between 
humic and non-humic substances. Humic substances or humus is defined as "decomposed plant 
material that has been transformed to dark-colored partly aromatic, acidic, hydrophilic, 
molecularly flexible polyelectrolyte materials" (Van Breemen and Buurman, 1998), or 
"considerably altered amorphous organic matter" (Duchaufour, 1977). However, in reality a 
continuum exists between non-humified and humified fractions and therefore I prefer to speak of 
soil organic matter as a whole. 

Functions of soil organic matter 
The importance of organic matter research becomes clear when considering the different 
functions soil organic matter has on a global and local scale. 

Global carbon cycle 
The earth contains about 8 x 1022 g of carbon. All but a small portion is buried in sedimentary 
rocks, where it is found in organic compounds (20%) and carbonate (80%). Of all organic carbon 
present, only 40 x 1018 g C actively participates in the carbon cycle. Active organic carbon can 
be divided into three pools: C in oceans, in terrestrial plants, and in soils (Table 1.1). Although 
soil organic matter (SOM) forms a negligible pool as a carbon reservoir, it does play an essential 
role in the global carbon cycle. Because of the large flux of carbon going into the atmosphere 
when soil organic matter is decomposed, SOM is major source/sink for atmospheric carbon. 

Table 1.1 Source 
Active C Pools 
Organic C 
Soils 
Land plants 
Ocean 

Inorganic C 
Atmosphere 

, pool-size 
(10 l5g) 

and annual flux to atmosphere 

1500 
560 

38 000 

750 

(Schlesinger, 1997) 
Fluxes with respect to atmosphere (1015 g yr"') 
Plant to air 
Air to plant 
Soil to air 
Ocean to air 
Air to ocean 
Vegetation destruction 
Burning of fuels 

+ 60 
-120 
+ 60 
+ 90 
-92 
+ 1 
+ 6 

Local soil properties 
Soil organic matter is an important source of plant nutrients. When microbes mineralize organic 
matter, CO2 and nutrients such as N, P, S, and Ca are released. Furthermore, SOM increases the 
capacity to adsorb water. It also increases the structural stability of a soil e.g. by forming 
aggregates with mineral components. Furthermore, it contains reactive carbonyl, carboxyl, and 
hydroxyl groups, which influence the total cation exchange capacity of a soil (Zech et ah, 1997). 
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General introduction 

Organic matter content 
The amount of organic matter in a soil is a function of production (litter input) and 
decomposition. By relating soil carbon stocks with selected parameters using correlation analysis 
(Jenny, 1930 and 1941; Loomis and Connor, 1992; Scott et al, 1996; Sollins et al, 1996; Zech 
et al., 1997 and references cited therein), several factors have been identified that affect organic 
matter contents. The main factors are: 

• climate: temperature and precipitation. SOM content increases in a diminishing-returns 
relationship with rainfall and declines in a negative exponential relationship with increasing 
temperature. 

• pH of the soil. Under acidic circumstances microbial activity is relatively low, and thus the C 
stock increases with decreasing pH. 

• nutrient (N, P) status. Within an ecosystem, total soil P and N stocks show a positive 
correlation with total C stock. 

• soil moisture content. See oxygen availability. 
• oxygen availability. In an anaerobic environment C accumulates because most microbes need 

oxygen while decomposing SOM. 
• amount and quality of litter. Components such as aromatics and aliphatic biopolymers are 

relatively recalcitrant towards decomposition. Presence of plant species with high natural 
contents of these recalcitrant molecules may result in a relatively high amount of SOM. 

• texture/clay content: In general, soils with a higher clay content also have a higher SOM 
content. Clay can help form aggregates in which SOM is protected from microbial 
decomposition, and clay can chemically bind SOM. 

Decomposition models 
Several models have been constructed to predict organic matter dynamics (e.g. Parton et al., 
1987; Verberne et al, 1990; Coleman and Jenkinson, 1996; Smith et al, 1997; Falloon and 
Smith, 2000). They can be divided in empirical and mechanistic models. Most models are 
empirical in nature and contain a pool with a fast turnover and a pool with slow turnover. Factors 
that are used as input parameters in such models are water availability, temperature, pH, clay 
content/texture, soil N status, O2 availability, biomass, tillage factors, crop cover/growth period, 
quality and quantity of the litter residue (Falloon and Smith, 2000). One of the major limitations 
of these models is that the pools are based on theoretical entities rather than physically or 
chemically separable SOM fractions (Christensen, 2000). 

An example of a mechanistic model is the physical protection model by Hassink (1995), 
further elaborated by Hassink and Whitmore (1997). Hassink (1995) found that the physical 
capacity of a soil to preserve SOM is limited. Hassink and Whitmore (1997) developed a model 
in which the net rate of decomposition of SOM is related to the degree to which the (limited) 
protective capacity is already occupied. 

Neither in the mentioned studies on factors that affect organic matter content, nor in modeling 
studies, the effect of clay mineralogy on organic matter decomposition was taken into account. 
Some models do use clay content as input variable, and mostly this parameter is used to calculate 
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the size of the passive pool, which size increases with the amount of clay in a soil. However, the 
effect of clay mineralogy so far remained an unexplored area. 

Objective 
My objective is to study the long-term effect of different clay minerals on the dynamics of SOM 
in natural ecosystems. I chose kaolinite and smectite because 1) they have very different 
characteristics which will be discussed below, 2) they are characteristic for different major soil 
types in the world, and 3) soils can be found which clay-size fractions contain these minerals in 
almost pure form. 

Kaolinite and smectite 
Smectites are expandable 2:1 layer silicate minerals (Figure 1.1). The individual layers of 
smectite crystallites are composed of two tetrahedral silicon-oxide sheets sandwiching one 
octahedral aluminum-hydroxide sheet. Smectites have a high permanent surface charge, a large 
surface area, and a high cation exchange capacity (CEC). Kaolinites (Figure 1.2) are 1:1 layer 
structured alumino-silicates with a low surface area and a low CEC (Dixon and Weed, 1989). 

Figure 1.1 Crystal structure of smectite 
(Dixon and Weed, 1989). 

FOR A l 3 

Figure 1.2 Crystal structure of kaolinite (Dixon and 
Weed, 1989). 

HYDROXYL 
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General introduction 

The reactivity of clay minerals can be described on the basis of their active sites. These active 
sites, or surface functional groups, are defined by the geometrical arrangement of surface atoms 
and by their chemical composition, and can participate in different types of binding mechanisms. 
They are, in a somewhat artificial categorization (Mortland, 1970; Tate and Theng, 1980; 
Sposito, 1984; Johnston, 1996): 
1. siloxane ditrigonal cavity. The siloxane surface of a tetrahedral silica sheet consists of a 

layer of oxygen atoms arranged in a network of ditrigonal (hexagonal) cavities. The cavities 
have a diameter of about 0.26 nm. If there are no isomorphic cation substitutions to create 
deficits of positive charge (e.g. in kaolinite or in talc, not in smectites), the ditrigonal cavity 
functions as a very soft Lewis base (electron donor) and is likely to complex only neutral 
dipolar molecules, such as water molecules. These hydrogen bonds are not very stable, and 
the overall contribution of the neutral siloxane surface to SOM complexation is minimal due 
to the low specific surface area (SSA) of the minerals that have such a surface. 

2. isomorphic substitution sites. Isomorphic substitutions result in a permanent negative 
charge on the basal surfaces of 2:1 layer silicates (e.g. smectites). 

a. If isomorphic substitution of Al3+ by Fe2+ or Mg2+ occurs in the octahedral sheet, the 
resulting excess negative charge can distribute itself over the surface oxygen atoms of the 
silica tetrahedra. This distribution of negative charge enhances the Lewis base character of 
the ditrigonal cavity. The charge deficit is compensated for by the presence of exchangeable 
cations, in natural systems mainly Ca, Mg, Na and K. These mineral cations in turn can be 
replaced by organic cations such as quarternized nitrogen atoms in alkyl and aryl amines via 
cation exchange. The Lewis base character of the cavity also makes it possible to form 
complexes with dipolar molecules via hydrogen bonds. 

b. If substitution of Si4+ by Al3+ occurs in the tetrahedral sheet, the excess negative charge can 
distribute itself primarily over just the three surface oxygen atoms of one tetrahedron, 
allowing similar, but much stronger complexes as under a) with cations (e.g. K+ in 
vermiculite) and dipolar molecules. 

3. exchangeable cations near the surface. The exchangeable cations can form cation bridges 
between the negatively charged clay surface and an anionic or polar organic groups such as 
carboxylate, amines, carbonyl and alcoholic OH. 

4. polarized water molecules surrounding the exchangeable cations. Water molecules near 
exchangeable (mainly polyvalent) cations can become polarized, resulting in the formation of 
a Lewis acid. Amino, carboxylate, carbonyl, and alcoholic OH functional groups of organic 
compounds can form bonds with the polarized hydration water through water bridging. Other 
possible binding mechanisms are ligand exchange and protonation. The last involves 
donation of protons by the mineral surface to organic basic molecules, so that these become 
cationic. A source of reactive protons may be the hydrolysis of water molecules associated 
with exchangeable cations. 

5. surface hydroxyl group. The most abundant and most reactive surface functional group in 
soil clays is the hydroxyl group exposed on the outer periphery of a mineral (kaolinite and 
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smectite). Especially on the edges, exposed aluminol and silanol groups can become Lewis 
acid sites by coordinating to a water molecule. These groups can complex amines, 
heterocyclic N, carbonyl, and carboxyl through protonation, especially at low pH. 
Furthermore, this group can form an inner-sphere complex with a carboxylate group via 
ligand exchange. For clays with little or no isomorphic substitution (e.g. kaolinites), these 
pH-dependent sites are the principal source of reactivity. 

6. hydrophobic sites. Sorption of organic molecules on clay surfaces can impart a hydrophobic 
nature to the clay surface. Perhaps the most common example is the exchange of alkyl 
ammonium cations for inorganic cations on montmorrilonite. The presence of the organic 
cations creates a hydrophobic surface, to which other non-polar organic compounds can be 
bound through Van der Waals forces. 

7. microtopography of the surface: broken edges, depressions, intercalation, grooves, defects, 
pores, etc. 

Although the mechanisms described above are difficult to relate to a field situation as they 
cannot be measured directly, they are a useful tool in understanding the basic concepts of 
organo-mineral interactions. Here I use them to show possible differences between kaolinite and 
smectite in organic matter binding. 

Kaolinite has one outwardly exposed aluminum-hydroxide sheet, while smectite does not. 
Furthermore, kaolinite-dominated soils nearly always contain poly-oxyhydrates of iron. In the 
pH range of most soils, aluminum and iron hydroxide layers are positively charged, enabling 
kaolinite-dominated soils to complex organic matter through protonation and ligand exchange 
(see no. 2 above). 

Smectite has two outwardly exposed silicon-oxide sheets. Depending on the level and 
location of isomorphic substitution, the exposed siloxane sheets can participate in hydrogen 
bonding (no. 1). Parts of the siloxane sheets are inert. Because smectite has a large specific 
surface area, it can form many hydrophobic (Van der Waals) bonds with a-polar organic 
compounds, such as aromatic and alkyl carbon. Furthermore, smectite can form many cation-
and water-bridges due to the presence of a large number of polyvalent exchangeable cations at 
the clay surface (no. 4 and 5). Finally, because smectite is an expandable clay mineral, some 
organic molecules can be intercalated in its interlayers (Theng et al, 1986) (see no. 7). 

Considering the above described differences in specific surface area and reactive sites, it is likely 
that kaolinite and smectite will influence organic matter binding and decomposition differently 
and therefore form interesting research objects. 

To study differences in kaolinite- and smectite-associated organic matter, I focused on four 
aspects of organic matter: the amount, extractability (as a measure of the binding mechanism), 
chemical composition, and the mean residence time of SOM associated with/bound to 
kaolinite and smectite. In order to be able to study these aspects, the soils involved were first 
fractionated physically to separate clay minerals plus associated SOM. Below, I will first 
describe this physical fractionation process, and the soil samples that were used for this study. 
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Thereafter, I will for each of the four aspects, briefly discuss previous relevant research 
performed by other scientists, I will formulate a hypothesis based on the theoretical concepts 
discussed above and/or existing literature, and I will describe the methodology that I chose to test 
the hypothesis. 

Physical fractionation 
Soil organic matter can be physically fractionated on basis of size and density. Size fractionation 
yields micro- and macro aggregates (composed of primary soil particles held together) and 
primary soil particles (clay, silt, sand). The basic structural units are considered to be micro-
aggregates. They protect organic matter against microbial degradation (Christensen, 1996). To 
obtain primary particles, soils are usually dispersed ultrasonically (Elliott and Cambardella, 
1991; Christensen 1992, 1996). Excessive sonication can however produce undesirable artifacts 
(Morra etal,1991). 

Density fractionation yields a light and a heavy fraction; the light fraction consists largely of 
non-or partially decomposed plant residues that are not associated with soil minerals. The heavy 
fraction includes the mineral complexed SOM. During the last decade, aqueous solutions of 
inorganic salts such as sodium iodide, and sodium-polytungstate have been used progressively 
(Turchenek and Oades, 1979; Elliott and Cambardella, 1991; Christensen 1992,1996). 

As most clay minerals are present in the clay-size fraction, I first separated the clay-size 
fraction of each soil (chapters 2-5). All organic matter present in the clay-size fraction, is 
referred to in this thesis as clay-associated SOM 

In addition, in the experiments described in chapters 4 and 5, sodium iodide was used to 
separate the free organic matter in the clay-size fractions from the mineral-complexed SOM, also 
referred to in this thesis as clay-bound SOM. 

Soil samples 
For this study, two sets of soil samples were used. The first set was assembled from the 
International Soil Reference and Information Center (ISRIC, Wageningen, The Netherlands). It 
contained 12 soils from seven different countries: Brazil, Mali, Kenya, Mozambique, Nicaragua, 
Indonesia, and South Africa. Half of the soils had clay-size fractions dominated by kaolinite, the 
other half were dominated by smectite. The second set of samples was collected in April 1998 by 
Peter Buurman and myself west of Montepuez, Mozambique. It contained 10 soils, four of which 
clay-size fractions were dominated by smectite, and six by kaolinite. All soils used were under 
native savanna vegetation. 

Amount 
Previous studies show interesting trends regarding the carbon content of clay-size fractions that 
support the importance of clay. In general, fine textured soils have a higher organic C and N 
content than coarse textured soils when supplied with similar input of organic material. The 
difference is assumed to result from the greater physical protection of soil organic matter in fine-
textured soils (Christensen, 1992). 

It has also been observed that the C content of clay and silt fractions are much higher in 
sandy soils than in loams and clays (Christensen, 1992; Hassink et al., 1995). It has been 
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Chapter 1 

suggested that this is due to the fact that in sandy soils clay and silt particles are mainly present 
as individual particles, while in loams and clays the clay and silt particles are coagulated 
(Hassinkefa/., 1995). 

Schulten and Leinweber (2000) gathered from literature the carbon contents of clay-size 
fractions dominated by various clay minerals. They concluded that clay-size fractions rich in 
kaolinite often have small C contents (1-6%), while smectite-rich fractions contain C contents 
within a wide range (2-17%), with the highest contents in soils poor in clay. However, the 
history and land-use of the soils described is not stated and therefore it is difficult to generalize 
these conclusions. 

As the literature on the amount of carbon associated with different clay minerals is very limited 
(and for that reason an interesting area to explore), I will formulate my hypothesis on the basis of 
the theoretical concepts described before. They indicate that smectites have a larger surface area 
available to bind organic matter and a larger variety of active sites and binding mechanisms than 
kaolinites. Therefore, / hypothesize that smectite can bind a larger amount of carbon than 
kaolinite. This hypothesis was tested by measurement of the carbon content of the clay-size 
fractions with a CVN analyzer. 

Extractability 
In this study, chemical extractants have been used for two purposes. First, assuming that 
different chemical extractants dissolve different types of bonds, I used different extractants as a 
measure for the type of binding mechanisms between the clays and the SOM. Binding 
mechanisms cannot be measured directly, therefore I chose this indirect method. Second, in soils 
organic and inorganic constituents are often closely associated so that it is necessary to separate 
them before each can be examined in greater detail (see 'chemical composition'). This separation 
can be accomplished by extracting the SOM from the inorganic components (Schnitzer and 
Schuppli, 1989). 

The classical and still most widely used approach to extract SOM, is based on the solubility 
of humus in water at varying pH's. Humin is insoluble in base (pH 13). The remaining soluble 
part is subjected to pH 2 to separate material insoluble in acid (humic acid) and material soluble 
in acid (fulvic acid) (Beyer, 1996; Nierop, 1999). Another widely employed extractant is 
pyrophosphate (at various pH's), which forms complexes with the polyvalent cations (which 
keep the humic molecules flocculated) and thus solubilizes humus through ligand exchange 
(Schnitzer and Schuppli, 1989; Piccolo, 1990). NaOH and Na^O? yield high quantities of 
humic materials, but coextract a large amount of mineral contaminants that can be eliminated by 
a HC1/HF purification treatment. Other extractants frequently used are organic solvents such as 
w-hexane (Choudri and Stevenson, 1957; Schnitzer et al., 1988; Schnitzer and Schuppli, 1989). 
These can be used to extract hydrophobic components such as lipids. 
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General introduction 

On basis of the different characteristics of the clays described before, / hypothesize that 
kaolinite will bind organic matter relatively weakly via its surface hydroxyl groups, and that 
smectite will bind organic matter relatively strongly via its exchangeable cations. This 
hypothesis was tested indirectly applying a sequential extraction method using NaOH and 
thereafter Na4P2C>7 (Figure 1.3). I expected that smectite-bound organic matter would not 
dissolve in NaOH, but rather in Na4P207 as Na4P207 can attack SOM bound via exchangeable 
cations, and that kaolinite-bound SOM would dissolve in NaOH, which can deprotonate the 
Lewis acid sites of the hydroxyl groups (Choudri and Stevenson, 1957; Schnitzer and Schuppli, 
1989). 

soil 

sand silt 

r 

clay 

NaOH extract NaOH residue 

][ 
1 

Na4P207 extract I |Na4P207 residue 

Figure 1.3 Fractionation scheme. 

I also expected smectite to form relatively many hydrophobic bonds. The organic matter bound 
directly to the clay surface, can impart a hydrophobic nature to the clay surface (e.g. organic 
cations with non-polar 'tails'), enabling to complex non-polar organic compounds. However, I 
could not test this because all non-polar solvents are organic of nature and would therefore 
interfere with 14C measurements described below. 

Chemical composition 
In the past thirty years, the possibilities to analyze SOM at a detailed molecular level have 

increased tremendously through the development of methods like 13C nuclear magnetic 
resonance (13C NMR), pyrolysis gas chromatography mass spectrometry (Py-GC/MS) and 
Fourier Transform IR spectroscopy (FTIR) (Schnitzer and Schulten, 1995; Kogel-Knabner, 
1997; Schulten and Leinweber, 2000). Consequently, the amount of literature on the chemical 
composition of SOM in natural soils has increased tremendously. However, most studies are not 
useful for this research as the authors fail to describe the mineralogy of the soil samples used. 
Studies that do mention the soil's clay mineralogy, mainly concern smectitic soils. 

Theng et al. (1986) studied SOM with NMR in a micas-beidelite (smectite-type) spodosol 
and found that the clay-size fraction was very rich in polymethylene. They suggest 2:1 minerals 
can intercalate aliphatic chains. Arai et al (1996) analyzed the SOM of a combined NaOH/ 
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Na4P207 extract of a Vertisol, and contrary to Theng et al, they found that the NMR spectrum 
was dominated by aromatic carbon. Also, Leinweber et al. (1999) analyzed SOM in Vertisols 
with Py-GC/MS and found that the most abundant fragments were aromatics such as benzene, 
phenol, naphtalene. Furthermore, some pyridine, pyrroles, and aromatic nitriles were present. 
However, part of the aromatic carbon may also originate from charcoal (Skjemstad et al., 1996). 
Altogether existing literature shows contrasting results that need further study. 

The basic concepts on reactive sites mentioned earlier, indicate that although reaction 
mechanisms may vary between kaolinite and smectite, the functional groups of the organic 
molecules involved in the mechanisms are similar: both clays are likely to complex polar groups 
such as hydroxyl and carbonyl. These functional groups can occur on practically any organic 
compound, from proteins to polysaccharides. I therefore do not expect to find specific 
components on either one of the clays. / hypothesize that the chemical composition of kaolinite 
and smectite-bound SOM will not be different. 

I used Py-GC/MS and solid state 13C CPMAS NMR, to analyze the composition of the extracts, 
and where possible, the residues. The last depended on the ash content and the amount of 
paramagnetic ions present. Paramagnetics, such as Fe3+, can disturb the results as they influence 
the amount and type of carbon seen in 13C solid state NMR spectra of clay fractions (Oades et 
al, 1987). 

Mean residence time 
Several investigations in natural field situations have been performed on the effect of non
crystalline minerals on SOM turnover. Torn et al. (1997) found that the abundance of non
crystalline minerals (e.g. allophane) accounted for more than 40% of the variation in organic C 
content and turnover (A14C) in volcanic soils. Parfitt et al. (1997) simulated the turnover of C for 
Andisols and concluded that the pool of passive organic matter was very large, indicating that 
allophane has a stabilizing effect on a large part of the SOM in Andisols. 

As far as I know the effect of crystalline clay minerals on the turnover speed of organic 
carbon in a field situation has not been studied systematically before, and most research concerns 
single l4C datings of one soil profile. Theng et al. (1986) found that the carbon in a beidellite-
containing clay-size fraction had a 14C age of 5680 years. Arai et al. (1996) measured a 14C age 
of 4650 years B.P. for the organic matter in a combined NaOH/Na4P207 extract of a Vertisol. 
Hsieh (1992) measured l4C of the total soil and calculated the stable fraction with a two-pool 
model. He found that the slow pool of montmorrilonitic soils had a very long mean residence 
time of 850-3000 years. 

I have not come across 14C ages of the clay-size fraction of kaolinitic soils in literature. 
Bonde et al. (1992) used 813C to estimate turnover in size fractions of Oxisols (strongly-
weathered soils that contain kaolinite and iron(hydr)oxides) and found a mean residence time for 
the SOM in the clay-size fractions of about 59 years. Shang and Tiessen (1997) studied the 
stability of SOM in Oxisols using chemical oxidation, and found that the organic matter in a 
tropical Oxisol is quite labile, i.e. that there is no slow or residual C pool (Veldkamp, 1993). 
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General introduction 

Studies employing artificial mixtures of (crystalline) clay minerals and organic components, 
show strong evidence that organic matter decomposition is influenced by clay mineralogy. 
Organic fractions mixed with montmorrillonite show a relatively slow decomposition, while 
organic fractions mixed with kaolinite show a relatively fast turnover (Allison, 1949; Lynch, 
1956; Sorensen, 1975; Martin and Haider, 1986 and references cited therein; Quiquampoix, 
1987; d'Acqui et al., 1998). Saggar et al. (1994) and Saggar et al. (1996) used 14C labeled 
ryegrass to study short-term differences in SOM turnover between soils with different 
mineralogy, and found that SOM had a relatively large mean residence time in smectitic soils. 

Considering the above and the expectation that smectite can bind SOM relatively strongly 
compared to kaolinite (see extractability), I hypothesize that organic matter in smectitic soils has 
a relatively long mean residence time, and that organic matter in kaolinitic soils has a relatively 
short mean residence time. 

The main tools to measure and quantify organic matter decomposition are: respirometry, 
measuring changes in 813C associated with shifts from C3 to C4 type vegetations (e.g. E. 
Veldkamp, 1993), labeled 14C (e.g. Saggar et al., 1996), and measuring natural 14C (e.g. 
Trumbore et al., 1989). In this study, methods suitable for measuring short-term dynamics 
(respirometry or the use of labeled 14C) were not an option, as we expected residence times over 
a hundred years. Measuring 813C was also not an option, because to study the effect of clay 
mineralogy on SOM decomposition, factors like change in land use and vegetation had to be 
excluded and soils from natural systems were used only. 

I therefore used 14C age as a measure for SOM turnover. I assumed that in systems under 
native vegetation, such as the savanna in large parts of Africa, over the past thousands of years, 
an equilibrium has developed where SOM inputs and outputs are equal. In such systems the 14C 
age of the organic carbon equals the mean residence time. 

There are two ways to measure 14C: radiometric and by accelerated mass spectrometer 
(AMS). The last is the most expensive one, but has the advantage that small samples (of less than 
1 mg carbon) can be measured. 

Outline 
The outline of this thesis is as follows: 

Chapters 2 and 3 contain studies on kaolinite- and smectite-associated organic matter in soil 
from 8 different countries. Chapter 2 describes the amount and chemical composition and 
Chapter 3 the mean residence time of the clay-associated organic matter. 

Chapters 4 and 5 contain studies on kaolinite- and smectite-bound organic matter in soils 
from Mozambique. Parallel to chapters 2 and 3, chapter 4 describes the amount and chemical 
composition and chapter 5 the mean residence time of kaolinite and smectite-bound organic 
matter. Finally, in chapter 6,1 have synthesized the results. 

The individual chapters 2, 3, 4, and 5 have also been submitted as scientific papers. As a 
consequence, some parts are repeated among various sections. 
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Chapter 2 

Abstract 
In the global carbon cycle, soil organic matter (SOM) is a major source/sink of atmospheric 
carbon. Clay minerals stabilize part of the soil organic matter through mineral-organic matter 
binding. Stabilization of organic matter is essential for tropical soils. Since the climatic 
conditions of the tropics favor decomposition of organic matter, tropical soils would be very 
poor in organic matter without this stabilization process. This research aims at determining 
the effect of clay mineralogy on the amount and composition of organic matter that is bound 
to the mineral surface. We focused on organic matter that is associated with kaolinite and 
smectite. We characterized kaolinite- and smectite-associated SOM in soils from seven 
countries, employing 13C NMR spectroscopy and Py-GC/MS. 

The content of carbon in the total clay-size fraction showed no significant difference 
between kaolinitic and smectitic soils. This suggests that the total amount of organic carbon 
in the clay-size fraction is independent of the clay mineralogy. We first extracted the clay 
fraction with NaOH and thereafter with Na4P207. About half of the kaolinite-associated SOM 
was extractable by NaOH. In the smectitic soils, pyrophosphate extracted more organic 
carbon than did NaOH. The Py-GC/MS and NMR results indicate that kaolinite-associated 
SOM is enriched in polysaccharide products, while smectite-associated organic matter 
contains many aromatic compounds. We suggest that different clay minerals use different 
binding mechanisms to complex SOM. As a result, the composition of clay-associated 
organic matter would be influenced by the type of clay that is dominantly present in the soil. 

Introduction 
Of the inorganic constituents in soil, clay minerals are particularly important in the 
stabilization of organic compounds (Greenland, 1971; Martin and Haider, 1986; Theng and 
Tate, 1989; Hassink, 1995). Clay minerals have a high specific surface area and carry a 
charge, enabling them to bind, and thereby chemically stabilize, organic matter. Clay 
aggregates also provide micropores for the physical protection of SOM. 

The interactions between organic matter and clays have been reviewed by several authors 
(e.g. Mortland, 1986; Huang and Schnitzer, 1986; Oades et al, 1989; Theng and Tate, 1989; 
Christensen, 1996, Schulten et al., 1996). Various terms have been used to describe the 
resultant products, the most common being organo-mineral complexes (Christensen, 1996; 
Schulten et al, 1996), and associations (Schnitzer et al, 1988). These terms are frequently 
used interchangeably. For consistency the following definitions will be used here: 

Clay-associated organic matter is all organic matter present in the "clay-size" separate, 
both free and bound. 

Clay-complexed organic matter refers to organic matter bound to clay mineral surfaces, 
e.g. by Ca-bridging, or intercalation between clay layers (Theng and Tate, 1989). It is 
practically defined as the organic matter present in the heavy clay-size fraction after density 
fractionation of the clay-size fraction. 

Secondary organo-mineral associations, often referred to as aggregates (Christensen, 
1996), are involved in the physical protection of organic matter by occlusion. These 
associations are not further discussed in this paper. 

Previous research has mainly been concerned with characterizing the amount and 
composition of the organic matter in the clay-size fraction relative to that present in the other 
size fractions (Christensen, 1992 and references cited therein). Recently, Leinweber et al. 
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(1999) studied the molecular composition of SOM in smectite-dominated soils (Vertisols). 
However, their study concerned the total SOM fraction. As far as we know, the amount and 
composition of clay-associated SOM of soils with different mineralogy has not been 
compared systematically. Here we focus on the amount and composition of organic matter 
that is associated with kaolinite and smectite, two of the most common clay minerals at the 
earth's surface. 

Kaolinite and smectite have very different characteristics. Smectites are expansible 2:1 
layer silicate minerals. The individual layers of smectite crystallites are composed of two 
tetrahedral silicon-oxide sheets sandwiching one octahedral aluminum-hydroxide sheet. 
Smectites have a high permanent surface charge, a large surface area, and a high cation 
exchange capacity (CEC). Kaolinites are 1:1 layer structured alumino-silicates with a low 
surface area and a low CEC. 

To examine the composition of clay-associated organic matter it is necessary to separate it 
from the clay matrix, e.g. by extraction. Several extractants have been reported in the 
literature, such as H2O, NaOH, Na4P207, and n-hexane. We applied sequential extraction 
using NaOH followed by Na4P207. We chose NaOH because we expect it to extract mainly 
'free' (Choudri and Stevenson, 1957) and kaolinite-complexed organic components. NaOH 
deprotonates the aluminum-hydroxide edges of kaolinites, and part of the organic matter, 
thereby dissolving organic molecules. We chose Na^O? thereafter, because we expect it to 
form complexes with (exchangeable) polyvalent cations present at smectite surfaces, thereby 
breaking down the cation bridges between the exchangeable cations and organic matter 
(Choudri and Stevenson, 1957; Schnitzer and Schuppli, 1989). 

The objective of our investigation was to compare the amount and composition of kaolinite-
and smectite-associated soil organic matter in natural systems. We used six kaolinitic and six 
smectitic soils originating from various countries. 13C CPMAS NMR spectroscopy and Py-
GC/MS were applied to chemically analyze the associated SOM. 

Materials and Methods 
Samples 
We selected two groups of six soils (Table 2.1) from the collection of the International Soil 
Research and Information Center (ISRIC), Wageningen. One group contained soils with clay-
size fractions dominated by kaolinite clays, while the other group had clay-size fractions 
dominated by smectite clays. Clay mineralogy was determined by X-ray diffraction (XRD) of 
oriented samples of the clay-size fractions. The diffractograms were obtained on a Philips 
PW1820/PW1710 diffractometer, using a Co X-ray tube at 40 kV and 30 mA, with a 
focussing monochromator. The divergence slit was set at 1°, the receiving slit at 0.2 mm, and 
the anti-scatter slit at 1°. Peak areas of the clay minerals were measured to compare the 
(semi-quantitative) XRD diffractograms and reported in % of total peak area (Table 2.2). All 
samples contained small quantities of goethite and quartz. 

The kaolinitic soils originated from Brasil (BR1 and BR2), Kenya (LABEX6), Mali 
(ML1 and ML8), and Mozambique (MOC4). The smectitic soils originated from Indonesia 
(ID25), Kenya (KE66 and LABEX17), Nicaragua (NI9), and South Africa (ZA8 and ZA9). 
All the soils have a high base saturation, and were under natural savanna vegetation. We only 
used the SOM-rich surface horizons. 
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The samples were air-dried and passed through a 2-mm sieve. The pH, organic carbon 
content, CECSOii, and particle size distribution were measured during previous studies by the 
ISRIC. 

Table 2.2 Clay mineralogy measured by X-ray diffraction (relative peak area of diffractograms in %). 
Kaolinite Mica Smectite 

0 
0 
0 
0 

Kaolinite-dominated 
BR1 
BR2 
LABEX6 
ML1 
ML8 
MOC4 

Smectite-dominated 
1D25 
LABEX17 
NI9 
KE66 
ZA8 
ZA9 

92 
98 
95 
96 
99 
100 

1 
20 
0 
1 
21 
21 

8 
2 
5 
4 
0 
0 

0 
0 
0 
0 
0 
0 

99 
80 
100 
99 
79 
79 

Fractionation 
We used a combination of physical and chemical fractionation. Though clay minerals also 
occur in other size fractions, the largest part, with its associated organic matter, is in the clay-
size fraction (Christensen, 1992). Therefore, we first collected the clay-size (< 2um) fractions 
of all samples, using ultrasonic (full) dispersion and sedimentation. Secondly, the separated 
clay-size fraction was shaken in 0.5 M NaOH under nitrogen for 24 hours (0.5 L, soil : 
solution =1 : 10). We centrifuged the solution, and shook the residue with deionized water 
for 2 hours. After centrifugation, we acidified the combined supernatants to pH=l with a 
solution of 0.1 M HC1 and 0.3 M HF. Both the supernatant and the NaCH-residue were 
dialyzed to pH=6 against deionized water, and freeze-dried. Next, the NaOH-residue was 
shaken for 24 hours with 0.1 M Na4P2C>7 under nitrogen (soil: solution =1:10) . The solution 
was centrifuged, and the residue was shaken with deionized water for 2 hours. After 
centrifugation, we acidified the combined supernatants again to pH=l with a solution of 0.1 
M HC1 and 0.3 M HF. Both the supernatant and the pyrophosphate-residue were dialyzed and 
freeze-dried. We measured the amount of carbon in the clay-size fraction, the freeze-dried 
extracts, and the residue, using an Interscience elemental analyzer EA1108. 

I3C NMR spectroscopy 
We used Cross Polarization-Magic Angle Spinning (CP-MAS) solid-state 13C NMR 
spectroscopy to characterize the hydroxide- and pyrophosphate-extracts. The spectra were 
obtained on a Bruker AMX 400 spectrometer at a frequency of 100.628 MHz, with an 
acquisition time of 0.033 s. The residues were not measured because they contained large 
amounts of minerals that would have perturbed the spectra (Oades et al., 1987). The 
subdivision of the spectra follows the commonly used scheme (Hatcher, 1987; Kogel-
Knabner, 1992): aliphatic C (0-46 ppm), O-alkyl C (46-110 ppm), aromatic C (110-160 
ppm), and carbonylic C (160-210 ppm). To obtain semi-quantitative data the spectra were 
integrated using the integration routine of the spectrometer. 
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Py-GC/MS 
We used a Horizon Instruments Curie-Point pyrolyzer to pyrolyze the hydroxide- and 
pyrophosphate-extracts and residues. The samples were heated at 610 °C for 5 s in the 
instrument. The pyrolysis unit was connected to a Carlo Erba GC 8000 gas chromatograph 
and the products were separated by a silica column, using helium as carrier gas. The initial 
oven temperature (40 °C) was raised at a rate of 7 °C min'1 to 320 °C and maintained at that 
temperature for 20 min. The end of the GC column was connected to a Fisons MD 800 mass 
spectrometer (mass range m/z 45-650, ionization energy 70 eV). 

Results 
Carbon distribution 
The distribution of organic carbon over the fractions is presented in Table 2.3. The content of 
carbon in the clay-size fraction varied between 0.9 and 4.2% (mass fraction) with no 
significant difference between kaolinite- and smectite-rich soils. Between 45 and 70% of that 
carbon was recovered in the combined hydroxide and pyrophosphate extracts. The amount of 
carbon (g) per lOOg clay in the NaOH extracts is slightly larger for the kaolinitic soils than 
for the smectitic soils, while the opposite holds for the pyrophosphate extract. 

Table 2.3 Carbon distribution in the clay-size fraction and its extracts. *,Std = standard deviation 
Clay-size NaOH Na^O, NaOH Na4P207 Sum 
fraction extract extract extract extract Extracted 

Kaolinite 

BR1 

BR2 

LABEX6 

ML1 

ML8 

MOC4 

Average + Std* 

Smectite 

ID25 

KE66 

LABEX17 

NI9 

ZA8 

ZA9 

Average ± Std 

3.8 

2.3 

1.4 

2.1 

3.0 

3.0 

2.6 ±0.8 

0.9 

2.4 

1.3 

1.4 

4.2 

2.3 

2.1 ± 1.2 

gCperlOOg 

1.9 

1.0 

0.9 

0.7 

1.0 

1.5 

1.2 ±0.4 

0.02 

0.4 

0.1 

0.2 

0.9 

0.7 

0.4 ± 0.4 

clay 

0.4 

0.2 

0.1 

0.3 

0.4 

0.5 

0.3 ±0.1 

0.5 

1.2 

0.6 

0.5 

1.2 

0.4 

0.7 ± 0.4 

% fraction of C in clay 

50.8 

43.4 

64.0 

34.7 

32.1 

50.7 

46.0 ±11.8 

10.6 

9.5 

7.0 

15.0 

13.4 

17.1 

12.1 ±3.7 

61.4 

52.9 

71.0 

49.7 

45.5 

67.8 

58.1 + 10.3 

2.3 

16.6 

10.0 

11.0 

20.4 

30.2 

59.2 

49.0 

48.0 

34.3 

29.5 

15.9 

61.5 

65.6 

58.0 

45.3 

49.9 

46.1 

15.1+9.6 39.3 + 15.7 54.4 ±8.5 

26 



Amount and composition of clay-associated organic matter 

NaOH extracted 46% and pyrophosphate 12% of the organic carbon from the clay-size 
fraction of kaolinitic soils, while in the case of smectitic soils pyrophosphate extracted more 
C than did hydroxide. ANOVA single factor analysis (Neter et al, 1996) of the data of Table 
2.3 indicates that hydroxide extracts significantly more organic C from the clay-size fractions 
of kaolinitic soil than of smectitic soils (p = 0.002). By contrast, pyrophosphate extracts 
contain significantly more C in case of smectites than in case of kaolinites (p = 0.013). One 
exception to this trend is the smectitic sample ZA9, for which we found more carbon in the 
NaOH extract than in the pyrophosphate extract. 

The clay-size organic matter that was not extracted by either NaOH or Na4?207 may 
include both free organic matter that is not soluble in these reagents (e.g. plant remains, or 
charred material), and organic carbon that is bound very strongly to the clay. 

I3C NMR spectroscopy 
Figure 2.1 shows the 13C NMR spectra of the NaOH extracts of five kaolinitic soils 
(LABEX6 was not analyzed). The spectra are similar, except for MOC4, which had an extra 
peak at 127 ppm. The most pronounced signals are in the O-alkyl region: near 62, 72, and 
102 ppm. The 72 ppm signal is attributed to the ring carbons of carbohydrates while the 
signals near 102 and 62 ppm arise from the anomeric carbon and C-5 or C-6 carbon (CH2) of 
carbohydrate structures, respectively. In addition, the peak at 72 ppm shows a shoulder near 
55 ppm, which probably originates from carbon bound to nitrogen. Table 2.4 lists the 
integrated signal areas corresponding to the four carbon groups (aliphatic C, O-alkyl C, 
aromatic C, and carbonylic C). It also illustrates the relatively large signals of O-alkyl C in 
kaolinite NaOH extracts. The peak areas in the 13C NMR spectra do not reflect relative 
quantities, because the various functional groups have different relaxation times. The results 
in Table 2.4 can therefore be used only semi-quantitatively. 

The alkyl peak near 23 ppm originates from -CH3 (Figure 2.2). Signals at 30-32 ppm can 
be ascribed to -CH2 alkyl carbon in long chain polymethylene structures (e.g. fatty acids, 
waxes, aliphatic biopolymers). Furthermore, we found signals for C- or H-substituted 
aromatic carbon near 127 ppm and for carboxylic, amide or ester carbon near 174 ppm. The 
spectrum of MOC4 shows a much larger signal for aromatic C than the other spectra. 

The 13C NMR spectra of the NaOH extracts from the smectitic soils are shown in Figure 2.2. 
ZA9 did not give a clear signal, and therefore its spectrum was not recorded. We did not have 
sufficient material to run an NMR spectrum of ID25 and NI9. The two samples that we did 
measure were ZA8 and KE66. The spectrum of ZA8 has similar features to those of kaolinitic 
soils showing a strong signal from O-alkyl carbon, while that of KE66 has strong signals for 
carbonyl, aromatic, and alkyl C relative to ZA8. It is therefore not possible to draw general 
conclusions about the composition of NaOH extractable SOM of smectitic soils. 

Pyrophosphate appears to extract more carbonyl and aromatic C and less O-alkyl C from 
kaolinitic soils than does NaOH (Table 2.4 and Figure 2.3). Again, MOC4 shows a different 
behavior in that it gives a very strong aromatic signal. 

The 13C NMR spectra of the Na4P207 extracts from smectitic soils are shown in Figure 
2.4. Compared to the NaOH extracts, the most noticeable features are a weak signal in the O-
alkyl range and a strong signal in the aromatic and carbonyl range (Table 2.4), so the 
tendency is similar to kaolinite. There are, however, some variations among the samples. 
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Figure 2.1 13C CPMAS-NMR spectra of NaOH extracts (kaolinitic soils). 
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Figure 2.2 13C CPMAS-NMR spectra of NaOH extracts (smectitic soils). 
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Figure 2.3 l3C CPMAS-NMR spectra of Na4P207 extracts (kaolinitic soils). 
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Figure 2.4 l3C CPMAS-NMR spectra of Na4P2C>7 extracts (smectitic soils). 
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Table 2.4 Integrals of areas of different carbon groups measured by 13C-NMR (%). 

Kaolinite 
BR1 
BR2 
ML1 
ML8 
MOC4 

carbonyl 

8.3 
8.2 
11.4 
10.8 
16.7 

NaOH extract 

aromatic 

7.1 
7.0 
9.4 
8.7 
18.0 

O-alkyl 

67.9 
62.8 
61.9 
62.7 
51.1 

alkyl 

16.8 
22.0 
17.4 
17.8 
14.2 

carbonyl 

14.2 
16.0 
15.6 
12.5 
27.9 

Na4P207 extract 

aromatic 

14.6 
32.7 
14.0 
16.9 
36.9 

O-alkyl 

50.5 
40.5 
51.2 
44.9 
25.1 

alkyl 

20.8 
10.8 
19.2 
25.8 
10.2 

Average ±Std 11.113.5 10.014.6 61.316.2 17.612.8 17.216.123.0110.942.4110.617.316.7 

Smectite 
ID25 
KE66 
NI9 
ZA8 
ZA9 

Average 1 Std 

15.0 14.8 

11.0 8.8 

13.0 + 2.8 11.814.2 

46.5 23.8 

61.7 18.5 

54.1 + 10.7 21.1+3.7 

22.0 
17.8 
23.4 
19.1 
21.3 

20.7 + 2.3 

29.1 
33.5 
28.9 
44.1 
23.0 

31.7 + 7.8 

36.2 
32.0 
35.9 
22.5 
42.1 

33.717.2 

12.8 
16.7 
11.8 
19.1 
13.6 

14.813.0 

Py-GC/MS 
The 36 chromatograms were quite similar for a given combination of clay mineral and 
extractant/residue. So we will discuss only six pyrograms: the NaOH extract of the kaolinite-
rich ML1 sample, the Na4P2C>7 extract of the kaolinite-rich BR1 sample, the Na4P207-residue 
of the kaolinite-rich LABEX6 sample, the NaOH extract of the smectitic-rich ZA8 sample, 
the Na4P207 extract of the smectite-rich NI9 sample, and the NatP207-residue of the smectite-
rich LABEX17 sample. We summarized the assignments of peaks in Table 2.5 (page 36). 

NaOH extracts 
The pyrolysis results of the NaOH extracts of the kaolinitic and smectitic soils (Figure 2.5) 
are rather similar. In keeping with the NMR spectra, the extracts are dominated by 
polysaccharides (numbers 1 to 17 and 'Ps'). Polysaccharide-derived products identified in 
both pyrolysates are furans (2, 4, 5, 6, 11), anhydrosugars (13, 15), and dianhydrorhamnose 
(14) (Pouwels and Boon, 1990). Nitrogen-compounds in the pyrolysates of the NaOH 
extracts are identifiable with pyrroles (Nl, N3, N4), pyridine (N2), indole (N6) and 
benzeneacetonitrile (N7). Pyrroles are derived from proline and hydroxyproline, and 
pyridines from alanine, polypeptides, and chitin. Benzeneacetonitrile is a degradation product 
of phenylalanine (Schulten and Schnitzer, 1998, and references cited therein). 

Various aromatic moieties were detected, such as benzene (Al), toluene (A2), styrene 
(A3). Furthermore, phenol (PI), methylphenol (P2 and P3), dimethylphenol, (P4), 4-
vinylphenol (P5), guaiacols (L1-L3) and syringols (L4-L6) are present. Alkylbenzenes and 
alkylphenols can originate from lignin (Saiz-Jimenez and de Leeuw, 1986; Van der Hage et 
al, 1993) and/or from other polyphenols macromolecules. Toluene and (methyl)phenol may 
also have a protein origin (Saiz-Jimenez, 1996). Guaiacols and syringols are typical pyrolysis 
products of lignin (Nierop, 1999, and references cited therein). 

The aliphatic fraction of the pyrolysates consists of a homologous series of alkenes and 
alkanes ranging from C15 to C30. Aliphatic compounds that had large peaks in the pyrolysates 
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of the NaOH extract of ML1 (Figure 2.5), were fatty acids (Fl and F2) and steroids (F3 and 
F4). These peaks weakened in the pyrolysates of other kaolinitic and smectitic NaOH 
extracts. 

The NMR spectra of both extracts of MOC4 (kaolinite) indicated large amounts of aromatic 
C. Similarly, the corresponding chromatograms of the pyrolysis products had large peaks due 
to aromatic compounds such as benzene and toluene (not shown). The NMR spectrum of the 
NaOH extract of KE66 (smectite) gave large signals from carbonyl, aromatic, and aliphatic C 
compared to ZA8. The large peaks for toluene, phenol, and 2-methylphenol in the 
chromatogram of KE66 (not shown), are consistent with the NMR results. However, we did 
not find high contents of aliphatic and carbonyl carbon as the NMR spectrum indicated. 

In short the pyrolysis results of the NaOH extracts of both clays are largely similar. They 
show a variety of products derived from polysaccharides, proteins, lignin, and lipids. 

Na4P207 extracts 
Figure 2.6 shows the chromatograms of the pyrolysates of the Na4P207 extracts of kaolinite 
(top) and smectite (bottom). Peaks marked with an X are due to contaminants or compounds 
of unknown identity. The kaolinite extract clearly shows a larger number and stronger signals 
than its smectite counterpart, especially in the anhydrohexose-area ('S'), and among the 
peaks of other sugars (12, 14, and 15). The smectite extract has large peaks originating from 
2-furaldehyde (7), 5-methyl-2-furaldehyde (11), and levoglucosenone (13) and medium 
signals originating from 2-methyl furan (2), acetic acid (3), and (2H)-furan-3-one (5). 

We found few lignin-derived products: guaiacol (LI) (both clays) and a minor signal 
from syringol (L4) (smectite only). Na4P207 extracts of both clays contained fewer phenolic 
compounds than the NaOH extracts, but more (alkyl-)aromatic compounds, especially in case 
of smectite. Compared to the NaOH extract, the pyrogram of the smectite Na^Ov extract 
contained many aromatic peaks, such as styrene (A3), ethylbenzene (A4), naphtalene (A6), 1-
methyl-naphtalene (A8), and 2-ethenyl-naphtalene (A9). 

In both Na4P207 extracts, we identified homologous series of n-alkenes and n-alkanes, 
probably originating from aliphatic macromolecules (Nierop, 1998). 

The NMR spectrum of the Na4P207 extract of BR2 (not shown) showed relatively large 
amounts of aromatic C and relatively low amounts of alkyl C. This was confirmed by the 
presence of large peaks of aromatic pyrolysis products like benzene and toluene. 
Furthermore, the chromatogram of BR2 showed hardly any signs of aliphatic components, 
such as homologous series of n-alkenes and n-alkanes. 

The relatively large amounts of aromatic C indicated by NMR spectra of the Na4?207 
extract of ZA8 were confirmed by large peaks of aromatic pyrolysis products such as 
benzene, toluene, naphtalene, 2-methylnaphtalene, and 2-vinyl-naphtalene (GC trace not 
shown). 

We could not identify the source of the relatively high contents of O-alkyl carbon in 
ZA9's Na4P207 extract, because the chromatography failed for unknown reasons. 
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Figure 2.5 Pyrolysis-GC traces of the NaOH extracts of a kaolinitic and a smectitic soil. 
Numbers correspond to compounds listed in Table 2.5. 
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Figure 2.6 Pyrolysis-GC traces of the Na4P207 extracts of a kaolinitic and a smectitic soil. 
Numbers correspond to compounds listed in Table 2.5. 
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Table 2.5 Main pyrolysis products. Abp, aliphatic biopolymers; Ar, aromatic compounds; Lg, lignin; Lp, lipids; 
N-Ar, Nitrogen containing aromatic compounds; Ph, phenols; Ps, polysaccharides. 
No Compound Source Mass 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
S 

Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 

Fl 
F2 
F3 
F4 
F5 
F6 
F7 
Lp 

* 

LI 
L2 
L3 
L4 
L5 
L6 

Nl 
N2 
N3 
N4 
N5 
N6 
N7 
N8 

Furan 
2-Methylfuran 
Acetic acid 
2,5-Dimethylfuran 
(2H)-Furan-3-one 
3-Furaldehyde 
2-Furaldehyde 
2-Acetylfuran 
2,3-Dimethyl-5-furan-2-one 
2-(5H)-5-Methylfuranone 
5-Methyl-2-furaldehyde 
Dianhydrorhamnose 
Levoglucosenone 
1,4:3,6-Dianhydro-a-D-glucopyranose 
Anhydroglucosan (levoglucosan) 
4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one 
3,5-dihydroxy-2-methyl-(4H)-pyran-4-one 
Polysaccharide-derived products 

Benzene 
Toluene 
Styrene 
C2-benzene 
C4-benzene 
Naphtalene 
1 -Methy 1-naphtalene 
2-Vinyl-naphtalene 

Hexadecanoic acid 
Dioctyl ester hexanedioic acid 
3-P-Cholesta-4,6-dien-3-ol 
Stigmasta-3,5-dien-7-one 
Tetradecanoic acid 
Pentadecanoic acid 
Octadecanoic acid 
Lipid-derived product 
Alkene/alkane-pairs 

Guaiacol 
4-Methylguaiacol 
4-Vinylguaiacol 
Syringol 
4-Vinylsyringol 
4-Acetylguaiacol 

Pyrrole 
Pyridine 
3 -Methyl-1 H-pyrrole 
2-Ethyl-lH-pyrrole 
1 -Isocyano-2-methy lbenzene 
Indole 
Benzeneacetonitrile 
Diketodipyrrole 

Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 
Ps 

Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
Ar 
Ar 

Lp 
Lp 
Lp 
Lp 
Lp 
Lp 
Lp 
Lp 
Lp/Abp 

Lg 
Lg 
Lg 
Lg 
Lg 
Lg 

N-Ar 
N-Ar 
N-Ar 
N-Ar 
N-Ar 
N-Ar 
N-Ar 
N-Ar 

68 
82 
60 
96 
84 
96 
96 
110 
98 
98 
110 
128 
126 
144 
162 
114 
142 

78 
92 
104 
106 
134 
128 
142 
154 

256 
370 
384 
410 
228 
242 
284 

124 
138 
150 
154 
180 
166 

67 
79 
81 
95 
117 
117 
117 
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PI 
P2 
P3 
P4 
P5 
X 

Phenol 
2-Methylphenol 
3 and 4 Methylphenol 
Dimethylphenol 
4-Vinylphenol 
ARTIFACT 

Ph 
Ph 
Ph 
Ph 
Ph 

94 
108 
108 
122 
120 

The pyrolysis results indicate the pyrophosphate extracts of kaolinite-associated SOM are 
relatively rich in polysaccharides and pyrophosphate extracts of smectite-associated SOM are 
relatively rich in aromatic compounds. 

Na4P2C>7 residues 
The chromatograms of the pyrophosphate residues of both clay-types were completely 
dominated by aliphatic components, such as homologous series of n-alkenes and w-alkanes. 
All peaks occurred from 20 minutes (retention time) onwards, and therefore we omitted the 
first 20 minutes of the chromatogram (Figure 2.7). 

Kaoirttt residue 

J A N K lii kiwW 
->. Retention Time 

Figure 2.7 Pyrolysis-GC traces of the Na^O? residues of a kaolinitic and a smectitic soil. 
Numbers correspond to compounds listed in Table 2.5. 
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Discussion 
Carbon distribution 
The content of carbon in the clay-size fraction showed no significant difference between 
kaolinitic and smectitic soils. This suggests that the total amount of organic carbon in the 
clay-size fraction is independent of the clay mineralogy. In kaolinitic soils, more SOM was 
extracted by hydroxide than pyrophosphate, while the reverse was true for smectitic soils. 
Though we cannot rule out that a proportion of the extracted organic matter was not bound to 
clay, the different extraction efficiencies suggest that different binding mechanisms are 
operative in kaolinite-organic matter interactions than in smectite-organic matter interactions. 
As pyrophosphate forms complexes with polyvalent cations present at a clay surface, the high 
extractability of smectite-associated SOM by Na4?207 suggests smectitic clay minerals 
preferentially bind organic matter through cationic bridges. We do not know the binding 
mechanism(s) between kaolinite and its associated organic matter. 

We cannot explain why ZA9 gave more C in the hydroxide than in the pyrophosphate 
extract. 

The clay-size organic matter that is not extracted by NaOH and Na4?207 may include 
both free organic matter (e.g. hydrophobic components, or plant remains), and organic carbon 
that is bound very strongly by the clay. 

13C NMR spectroscopy and Py-GC/MS 
Table 2.6 presents the estimated relative importance of five groups of compounds for 
kaolinite- and smectite-associated SOM based on pyrolysis, NMR, and the carbon 
distribution. The associated SOM of both clays is dominated by aliphatic organic components 
such as alkanes and alkenes. These components were particularly visible in the pyrolysates of 
the residues. Alkenes and alkanes in pyrolysates are commonly attributed to insoluble, non-
hydrolyzable aliphatic polymers, such as cutan (Nip et al., 1986) and suberan (Tegelaar et al., 
1995) derived from above-ground plant tissues, such as cuticles and barks (de Leeuw and 
Largeau, 1993). They may also originate from suberan-like polymers in roots (Nierop, 1998). 
We could not determine whether the alkanes/alkenes were plant remains or humified organic 
compounds bound very strongly by the clay. Nor is it possible to say whether the preservation 
of these aliphatic compounds is strictly the effect of their "intrinsic recalcitrance" or due to 
interactions with clay minerals. For smectite the latter may be the case, and certainly when 
the aliphatic components are intercalated in the interlayers as Theng et al. (1986) have 
previously found. 

Table 2.6. Composition of kaolinite- and smectite-associated soil organic matter. 
Polysacch. Proteins Lipids Lignin Aromatics/Phenols 

Kaolinite +++ + ++++ + + 
Smectite ++ + ++++ + ++_ 

Furthermore, the results of both Py-GC/MS and NMR indicate that kaolinitic soils are 
relatively rich in polysaccharides, while smectitic soils contain relatively many aromatic and 
phenolic compounds. Our Py-GC/MS data of smectite-associated SOM agree with those of 
Leinweber et al. (1999). They found that the total SOM fraction of smectite-dominated soils 
contains relatively many aromatic products. 

We suggest that different clay minerals preserve different kinds of organic components. 
This might be because different binding mechanisms are operative in the clay-organic 
interaction. However, the compositional differences may also be caused by a difference in 
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hydrology. Kaolinite-dominated soils are generally found in higher areas of a landscape, and 
are well aerated. Under these conditions, organic matter can be mineralized easily, and 
turnover will be fast. Smectite-dominated soils are frequently found in depressions where 
water can stagnate regularly, limiting aeration of the soil. Under these circumstances, 
microbial activity is restricted, the turnover of organic matter reduced, and humified 
components may accumulate. We did not have kaolinitic and smectitic samples at our 
disposal with a similar hydrology to test this postulate. 

Conclusions 
We have analyzed the clay-associated organic matter of kaolinite- and smectite-rich soils 
originating from seven different countries. The results indicate that: 

• the content of carbon in the clay-size fraction showed no significant difference 
between kaolinitic and smectitic soils. This suggests that the amount of organic 
carbon in the clay-size fraction is independent of the clay mineralogy. 

• kaolinite-associated SOM was to a large extent extractable by NaOH. In the smectitic 
soils, pyrophosphate extracted more C than NaOH. It seems that smectitic clay 
minerals preferentially bind organic matter through cationic bridges. 

• the associated organic matter of both clays is dominated by aliphatic components that 
are not extractable by NaOH and Na4P207. 

• kaolinite-associated SOM is rich in polysaccharide products and smectite-associated 
SOM in aromatic compounds. We suggest that different clay minerals preserve 
different kinds of organic components. This might be because different binding 
mechanisms are operative in the clay-organic interaction although differences in soil 
hydrology and aeration may also contribute. 
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Abstract 
We analyzed the 14C activity of clay-associated organic matter of kaolinite- and smectite-
dominated soils from seven different countries. The soils originated from natural savanna 
systems. Assuming that carbon inputs and outputs are in equilibrium in such soils, we took the 
1 C age as mean residence time of the organic carbon. We corrected the 14C activity for the Suess 
effect, Bomb effect and difference between date of sampling and date of 14C measurement. 
Kaolinite-associated soil organic matter had a fast turnover (360 years on average). Smectite-
associated soil organic matter had a relatively slow turnover, with an average mean residence 
time for the whole clay-size fraction of 1100 years. Differences in turnover times between 
organic matter associated to kaolinite and smectite were significant. Multiple linear regression 
indicates that clay mineralogy is the main factor explaining differences in the mean residence 
time of the extracted soil organic matter. 

Introduction 
The past decades, the study of the carbon cycle has attracted great interest due to concern about 
global warming from the increasing atmospheric CO2 concentration. In the global C cycle, soil 
organic matter (SOM) is a major source/sink of atmospheric C. Soil organic matter is highly 
heterogeneous and consists of numerous components. These range from easily mineralizable 
sugars to recalcitrant aliphatics. Residence times of C in these soil organic compounds vary from 
a few minutes to thousands of years (Trumbore, 1993; Lichtfouse et al, 1995; Torn et al, 1997). 

Models that describe the carbon cycle usually differentiate between at least two pools of 
SOM, e.g. a labile and a stable pool. There is no method available to physically separate and 
quantify labile and stable SOM. Turnover times are usually estimated on the basis of 14C dating 
of fractions (e.g. Buyanovsky et al, 1994), modeling (e.g. Parton et al., 1988), changes in l3C 
signatures (e.g. Balesdent et al., 1988), or a combination of these methods. Labile SOM pools 
appear to have a mean residence time (MRT) of minutes to decades, and stable pools have a 
mean residence time of hundreds to thousands of years (Hsieh, 1992, and references cited 
therein). 

The large variations in turnover times of the stable pool, which makes up 35 to 90% of all 
SOM, are partly related to climatic conditions. The MRT of the stable pool is estimated to be in 
the range of 250 to 380 years in tropical soils, and 850 to 3000 years in temperate soils (Hsieh, 
1996). Furthermore, it is widely assumed that the variations in turnover times of stable SOM are 
related to interactions with mineral soil material, via physical and chemical stabilization 
(Greenland, 1971; Martin and Haider, 1986; Theng et al, 1992; Hassink, 1995; Hsieh, 1996; 
Parfitt et al, 1997; Torn et al, 1997; Romkens et al, 1998). 

In an earlier paper we studied the effect of clay mineralogy on the chemical composition of 
clay-associated SOM (Wattel-Koekkoek et al, 2001a). Here we will focus on the effect of 
mineralogy on the residence time of clay-associated SOM. We define clay-associated organic 
matter as all organic matter present in the clay-size separate, both free and bound (Wattel-
Koekkoek et al, 2001). We will restrict ourselves to the SOM associated with two of the most 
common clay minerals at the earth's surface: kaolinite and smectite. 

Kaolinite and smectite have very different characteristics. Kaolinite clays are non-expandable 
aluminum-silicates, built of a sheet of aluminum-hydroxide octahedra, bound to a silicium-oxide 
tetrahedral sheet. They show little isomorphic substitution and therefore have a low permanent 
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