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Stabilisation of soil organic carbon (SOC) is known to be affected by chemical adsorption of organic carbon
onto clay minerals and iron or aluminium hydrous-oxides. However, little information is available on the rel-
ative effects of different clay minerals in the presence or absence of different hydrous oxides. We examined
organic carbon stabilisation in an incubation experiment involving kaolinitic, illitic and smectitic clays with
and without added goethite. The effect of adding hydrous iron (Fe) oxides (goethite, haematite, ferrihydrite)
or imogolite to illitic clay only was studied in another experiment. Carbon (C) mineralisation, measured con-
tinuously over a 144-day incubation, was significantly influenced by clay mineralogy, with higher rates ob-
served in the presence of the kaolinitic than the illitic or smectitic clays. The presence of goethite reduced
C mineralisation in kaolinitic clay treatments but did not affect C mineralisation for illitic and smectitic clay
treatments. With regard to the influence of different hydrous oxides, only addition of ferrihydrite to illitic
clay reduced C mineralisation.
The dynamics of C mineralisation over the course of the incubation were also studied; a two-pool model con-
sisting of slowly and rapidly decomposing C pools provided a better fit than did a one-pool model. We intro-
duce a novel approach to a problem associated with such two-pool fits: identifying when the incubation is
long enough for the fitted variables to be reliable. Based on an analysis of two-pool model variables, we iden-
tified that SOC stabilisation in our systems was brought about by a decrease in the size of decomposable pools
rather than a decrease in the rates of decomposition of either pool. This implies that on sorption, a portion of
the organic matter is strongly protected from decomposition.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Stabilisation of soil organic carbon (SOC) through the interaction
of organic carbon with soil minerals is an important natural process
that slows SOC decomposition and reduces carbon dioxide emission
from soils. SOC stabilisation also has benefits for agricultural use
and crop productivity, due to the positive influence of organic carbon
on a range of soil physical, chemical, and biological properties. Organ-
ic C is stabilised in soils mainly through interaction with clay minerals
(Jones and Edwards, 1998; Mikutta et al., 2007). A number of studies
indicate that chemical adsorption plays an important role in this sta-
bilisation of organic carbon (e.g. Mikutta et al., 2007; Schneider et al.,
2010; Wagai and Mayer, 2007). For example, Saggar et al. (1996)
found that the amount of C remaining in soils following the addition
of 14C-labelled ryegrass was related to the surface area of soil clays.
In a subsequent study (Saggar et al., 1999), mineralisation of 14C-

labelled glucose was found to be higher in soils with lower surface
areas. In another study, the specific surface area (SSA) of clays was
reported to explain 66% and 97% of the variation in C content in fine
and coarse clay fractions of illitic soils, respectively (Kahle et al.,
2003).

Surface areas for sorption of carbon in soils are dependent on clay
mineralogy. Kaolinitic clays are 1:1 layer structured alumino-silicates
of low surface area and cation exchange capacity (CEC). Smectites are
expansible 2:1 layer silicates that have a high permanent negative
surface charge, a large surface area and a large CEC. Illitic clays are
non-expanding clay minerals that have CEC and surface areas smaller
than smectites but higher than kaolinites. Since different clay min-
erals have different specific surface areas, it is expected that the clay
mineral assemblage will influence the capacity of soils to protect
and store organic carbon.

Hydrous iron oxides also provide surface areas for organic carbon
sorption. Thus, it can be expected that their presence influence SOC
stabilisation. It is well documented that hydrous iron oxide contents
correlate significantly with soil carbon contents (Eusterhues et al.,
2005b; Kleber et al., 2005; Spielvogel et al., 2008; Wiseman and
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Puttmann, 2006). It has also been shown that removal of hydrous Al
and Fe oxides from soils reduces the sorption of dissolved organic car-
bon (e.g. Eusterheus et al., 2005a; Kaiser and Zech, 2000).

Most studies on the effect of clay mineral types and hydrous Fe ox-
ides on SOC adsorption and protection have been carried out using
natural soils. Many of these have used carbon mineralisation to quan-
tify the stabilisation of SOC (Bruun et al., 2010; Kirschbaum, 2000;
Schlesinger and Andrews, 2000). In these studies, results can be influ-
enced by other factors such as climate and land-use (Barthes et al.,
2008; Wattel-Koekkoek et al., 2003). There are few studies in which
carbon mineralisation has been measured in systems consisting of or-
ganic matter added to pure clays or hydrous oxides (Mikutta et al.,
2007; Schneider et al., 2010). This approach enables the stabilisation
potential of different clays and hydrous oxides to be directly
compared.

In this study, we explore the separate and combined effects of clay
mineralogy and hydrous oxide mineralogy on the rate of mineralisa-
tion of added plant-derived soluble organic matter. The aim was to
quantify these effects in systems with well-controlled mineral matri-
ces of increasing complexity in order to: (i) assess the effect of clay
mineralogy on SOC stabilisation, (ii) examine the effect of addition
an iron oxide (goethite) on the SOC stabilisation of clays differing in
mineralogy, and (iii) examine the effect of adding different hydrous
oxides or imogolite on the capability of a single clay mineral (illitic
clay) to protect organic carbon.

2. Materials and methods

2.1. Clay minerals and iron–aluminium oxide–hydroxides

Three clays (kaolinite, illite, smectite) were obtained from the col-
lection of clay minerals at CSIRO Land and Water, Adelaide, Australia.
The clays (except kaolinite, which was obtained as a fine powder)
were ground and then suspended in demineralised water. The
b2 μm fraction was collected by settling the suspended materials for
a period calculated using Stoke's law. Calcium chloride was added
to flocculate the suspended clay, and then the clay was dialysed
against deionised water until the electrical conductivity (EC) was
b10 mS cm−1 and finally freeze-dried.

Goethite (α-FeOOH) was produced as described by Atkinson et al.
(1967), by slowly neutralising a FeCl3 solution with NaOH and ageing
the precipitate at 55 °C for 3 d. Ferrihydrite (5Fe2O3·9H2O) was pre-
pared by neutralising a 0.1 M FeCl3 solution with NaOH
(Schwertmann and Cornell, 1991). Haematite (α-Fe2O3) was pro-
duced by ageing a suspension of fresh ferrihydrite at pH 7 and a tem-
perature of 90 °C (Schwertmann and Cornell, 1991). Imogolite
(Al2SiO3(OH)4) was prepared as described by Farmer et al. (1977),
by slowly neutralising a 0.125 M Na2SiO3·5H2O solution with a
0.25 M AlCl3·6H2O solution and ageing the precipitate at 80 °C for
3 d after adjusting the pH to 4.6 with NaOH. After thorough dialysis
against deionised water (until the EC was b30 μS cm−1), the minerals
were freeze-dried.

Clays coated with hydrous oxides and imogolite were prepared
through the precipitation of clay (30 g) with oxide–hydroxide (3 g)
in 0.01 M CaCl2. Separate samples of clay and hydrous oxide (goe-
thite, haematite, ferrihydrite) or imogolite were suspended in
0.01 M CaCl2 and the pH of the suspensions were adjusted to 6.0
with HCl or NaOH. The separate clay and hydrous oxide/imogolite
suspensions were combined, stirred, centrifuged at 5500 g for
10 min, and decanted carefully. The coated clays were then re-
suspended in demineralised water and centrifuged at 5500 g for
10 min. The re-suspension procedure was repeated until the EC of
the supernatant was b100 μS cm−1. The coated clays were freeze-
dried and then sieved to b200 μm.

Sand was prepared by suspending in 0.01 M CaCl2, with the pH ad-
justed to 6.0 with HCl or NaOH. The suspension of sand was allowed

to settle for 60 min, decanted carefully, and then washed by re-
suspending in deionised water. The sand was then oven-dried at
60 °C for 48 h.

2.2. Characterisation of clay minerals and hydrous oxides

Clay mineralogy was confirmed by X-ray diffraction (Siemens AG/
Bruker AXS D5000). The SSA of clay minerals, hydrous oxides and
imogolite was determined by nitrogen adsorption at 77 K and subse-
quent desorption of nitrogen with a Tristar 5-point BET-instrument
on freeze-dried samples.

2.3. Preparation and characterisation of organic carbon

Dissolved organic matter (DOM) was obtained by extracting ma-
ture medic (Medicago truncatula cv. Praggio) shoot residue, which
had been oven-dried and ground to b2 mm. The extraction was car-
ried out by suspending ground medic (30 g) in deionised water
(300 mL). The suspension was stirred, left to settle for 40 h, and
then the supernatant was decanted off and filtered through a 0.45-
μm membrane filter (Millipore Corporation, USA). The filtrate
contained 14.7 g C L−1 and 1.44 g N L−1 (determined by Thermalox
total organic C–total N analyser; Analytical Sciences Limited,
Cambridge). The pH and EC of the suspension were 5.5 and
7.6 mS cm−1, respectively.

A 250 mL aliquot of the solution was freeze-dried for organic car-
bon characterisation using solid-state 13C NMR spectroscopy. The
powdered, freeze-dried sample was packed in a 7 mm diameter cylin-
drical zirconia rotor with Kel-F caps and spun at the “magic angle”
(54.7°) at 6.5 kHz in a Doty Scientific supersonic MAS probe. A
solid-state 13C CP NMR spectrumwas obtained at a 13C resonance fre-
quency of 100.6 MHz on a Varian Unity INOVA 400 NMR spectrome-
ter. A ramped-pulse cross-polarisation pulse sequence was used
with a 1.0 ms contact time and a 2.0 s recycle delay. The 13C chemical
shifts were referenced to hexamethylbenzene at 17.36 ppm.

2.4. Incubation experiments

Two sets of incubation experiments were conducted: Experiment 1
to assess the effect of the addition of goethite on SOC stabilisation by
clays differing in mineralogy, and Experiment 2 to examine effect of
the addition of three different hydrous oxides (goethite, haematite,
and ferrihydrite) and imogolite on SOC stabilisation by the illitic
clay. In both experiments, treatments involved addition of hydrous
oxide or imogolite to clays in two different ways: dry mixing and
coating; the ratio of clay to hydrous oxide/imogolite in all experi-
ments was 10:1 (w:w).

Each clay or clay-hydrous oxide/imogolite mixture (0.90 g for clay
or 0.98 g for clay-hydrous oxide/imogolite) wasmixed homogenously
with soil inoculant (150 mg), and then combined gently with 17 g
sand in the PVC tube (radius 1.95 cm). The soil inoculant consisted
of a mixture of 29 Australian soils from a range of different environ-
ments that therefore contain a diverse range of microorganisms
adapted to different conditions and have a wide range of physiologi-
cal capabilities. The mixtures were then compacted to a give a depth
of 10 cm to obtain a bulk density of 1.5 mg m−3. Sufficient organic
matter solution was added to each PVC tube to provide a carbon con-
centration of 5 mg C g−1 sand–clay mix. Distilled water was added to
obtain 70% water-filled pore space (WFPS). The pH of sand and clay/
clay-oxides in the PVC tubes varied within one pH unit (6.5–7.5). The
PVC tubes were then transferred into 1 L Mason jars containing 5 mL
deionised water in a 20 mL plastic vial to maintain humidity. The jars
were sealed with air-tight lids with rubber septa to allow sampling of
gas from the jars and incubated in the dark at 22 °C for 144 days. For
each mixture of sand and clay, five replicate samples were prepared
and incubated.
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Released CO2–C was measured by determining the headspace CO2

concentrations within each jar, using a Servomex 1450 infra-red gas
analyser (Servomex, UK). Carbon dioxide was measured repeatedly
for each sample over the duration of the experiment. For each mea-
surement period, an initial measurement of the CO2 concentration
was taken immediately after sealing the jars and the second measure-
ment was conducted after the jars were incubated for a defined dura-
tion. After the second measurement, all jars were opened to replace
the CO2-enriched air inside the jars with fresh air. The amount of
CO2 released from each sample was calculated from the difference be-
tween the initial and final CO2 concentration obtained for each mea-
surement period.

2.5. Calculation of carbon mineralisation kinetics and statistical analysis

To quantify the kinetics of carbon mineralisation, cumulative
curves of CO2–C release over time were fitted to one-pool (Eq. (1))
and two-pool (Eq. (2)) C mineralisation models.

Ct ¼ Co 1−e−kt
� �

ð1Þ

Ct ¼ Cs 1−e−st
� �

þ Cf 1−e−f t
� �

ð2Þ

where Ct is the cumulative amount of C mineralised (mg C g−1 added
C) by time t; Co is the potentially mineralisable C (mg C g−1 added C);
k is the mineralisation rate constant of the mineralisable C (day−1);
Cs and Cf are the sizes of the slow and fast pools of mineralisable C
(mg C g−1 added C), respectively; and s and f are the corresponding
mineralisation rate constants for the slow and fast pools (day−1).
The models were fitted to the measured CO2–C mineralisation data
using the least-square non-linear curve fitting routine in Microsoft
Excel® (de Levie, 2001). The values of Co, k, Cs, Cf, s and f that gave
the smallest residual sums of squares (RSS) were retained. An F test,
described by Smernik and Oades (2000), was used to determine
whether a one-pool model or a two-pool model was the best for
each data set.

The ANOVA procedure of GenStat 11th Edition (Payne, 2008) was
used to compare the carbon mineralisation and variables of kinetical-
ly estimated pools of carbon. In the case of significance in ANOVAs,
means were compared by the Least Significant Difference (LSD) mul-
tiple comparison procedure at Pb0.05.

3. Results and discussion

3.1. Characteristics of clays and organic matter

The properties of the clays used in this experiment are sum-
marised in Table 1. The kaolinitic clay contained trace quantities of
muscovite, while the illitic and smectitic clays contained trace quan-
tities of quartz. The smectitic clay was composed mainly of the min-
erals nontronite and montmorillonite. Carbon and nitrogen contents
of all three clays were low (≤3.2 g kg−1 and≤0.2 g kg−1, respective-
ly). The smectitic clay had the highest CEC, reflecting the presence of

expandable phyllosilicate clay minerals, while the kaolinitic clay had
the lowest CEC.

The solid-state 13C CPMAS NMR spectrum of the DOM extract used
in this study indicated that it contained mostly alkyl (0–45 ppm),
O-alkyl (45–110 ppm) and carboxyl (160–220 ppm) carbon (Fig. 1).
In the O-alkyl region, there are three distinct peaks at 54, 62 and
72 ppm. The peak at 54 ppm is due to a combination of the signal of
methoxyl C of lignin and the α-C of proteins. The peaks at 62 and
72 ppm are predominantly due to C2, C3 and C5 carbon atoms of car-
bohydrates. In the carboxyl region, carboxyl, amide and ester groups
contribute to peak at 176 ppm. The small peak at 240 ppm is a spin-
ning sideband and can be attributed to carboxyl carbon. The DOM ex-
tract had a C:N ratio of 10, indicating an abundance of N-containing
compounds, which is consistent with the material being protein-
rich. The spectrum obtained from this water-extractable OM differs
from DOM found under natural conditions. For example, the NMR
spectra of DOM reported by Sanderman et al. (2008) have broader
resonances in the 0–40 ppm region and more signals in the 110–
165 ppm region, indicating the presence of a wide variety of alkyl C
and a higher amount of aromatic C in DOM from the field.

3.2. Effect of clay mineralogy and goethite addition on C mineralisation

The decomposition of organic matter in the presence of clays was
followed by measuring C mineralisation over an incubation period of
144 days. Analysis of variance revealed that cumulative C mineralisa-
tion was significantly (Pb0.05) affected by clay mineralogy and the
presence or absence of goethite. The method of hydrous oxide addi-
tion (coating or dry mixing) did not influence C mineralisation, sug-
gesting these alternate methods of preparation did not result in
materials with substantially different surface properties, at least in
terms of their ability to stabilise organic carbon. As the method of hy-
drous oxide addition had no significant effect, all values of C minera-
lisation presented represent averages across coating and dry mixing
treatments. The cumulative amount of C mineralised during the
144-day incubation ranged from 452 to 509 mg C g−1 added C
(Fig. 2).

For the clays without goethite addition, C mineralisation in the
presence of kaolinitic clay was significantly higher than in the pres-
ence of illitic or smectitic clays (Fig. 2b). These observations are con-
sistent with previous studies. Saggar et al. (1999) found that the
amount of C remaining after a 35-day incubation period was highest
in soils dominated by smectite and lowest in soils dominated by ver-
miculite and kaolinite. Differences in the rate of C mineralisation re-
flect differences in the specific surface area (SSA) of the clays
(Fig. 3). The higher SSA of the illitic and smectitic clays compared to
the kaolinitic clay have been suggested to enable more and/or stron-
ger SOC-clay interactions and thereby facilitate SOC stabilisation (von
Lützow et al., 2006; Wattel-Koekkoek et al., 2003).

Table 1
Properties of the clays.

Properties Kaolinite Illite Smectite

Clay mineralogy
Dominant Kaolinite Illite Smectite
Accessory Muscovite Quartz Quartz

Carbon (g kg−1) 0.3 3.2 1.3
Nitrogen (g kg−1) b0.05 0.2 0.2
CEC (cmol kg−1) 2.5 16.6 81.4
pH (H2O) 6.6 7.5 5.7

Fig. 1. Solid-state 13C NMR spectrum of DOC used in the experiment.
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The addition of goethite reduced C mineralisation, but the differ-
ence between clays with and without goethite addition was only sig-
nificant for the kaolinitic clay (Fig. 2). At the end of the incubation, the
cumulative amount of C mineralised from kaolinitic clay with goe-
thite addition was 11% lower than that without goethite addition.
This finding is similar to that reported by Bruun et al. (2010), who
concluded that hydrous Fe oxides affected SOC stabilisation in kaolin-
itic soils. Other studies also report that the presence of hydrous Fe ox-
ides in kaolinitic soils influences SOC stabilisation (Barthes et al.,
2008; Kleber et al., 2005). The fact that goethite addition to smectitic
clay did not change C mineralisation is in agreement with the sugges-
tion of Wiseman and Puttmann (2006) that interaction between
smectite and hydrous Fe oxides is not likely to be associated with
SOC stabilisation. This is also consistent with the finding of Fusi et
al. (1989), who found that the presence iron oxide coatings on clays
did not increase the sorption of proteins, even though the oxides in-
creased overall surface area.

The addition of goethite to kaolinitic clay almost doubled its SSA
(Fig. 3), which explains its increased capacity to adsorb organic car-
bon relative to kaolinite alone. In contrast, the SSA of illitic and smec-
titic clays decreased slightly with goethite addition (Fig. 3) and for
these clays the addition of goethite did not increase SOC stabilisation
(Fig. 2). Addition of goethite to illitic and smectitic clays can block re-
active sites of these clays, thus decreasing the capability of these clays
to adsorb C (Zhuang and Yu, 2002). This is offset by adsorption to the
goethite surfaces themselves. The situation is complicated by the fact
that the surfaces of clays are negatively charged, while hydrous ox-
ides generally have a positive charge. This will have implications for
the types of organic matter that are attracted to these different sur-
faces. For example, organic matter rich in positively charged groups
will have a stronger affinity for the negatively charged clay surfaces,
while negatively charged species will have a stronger affinity for
oxide surfaces. In our case, the overall effect was that oxide addition
resulted in little change in SOC stabilisation relative to the clays alone.

3.3. Effect of addition of different hydrous oxides and imogolite to illitic
clay on C mineralisation

Fig. 4 shows carbon mineralisation over the incubation period in
the presence of the illitic clay amended with different hydrous oxides
and imogolite. The cumulative amount of C mineralised during the
144-day incubation ranged from 450 to 487 mg C g−1 added C
(Fig. 4a). The addition of ferrihydrite to illitic clay resulted in a statis-
tically significant (Pb0.05) reduction (9%) in cumulative C minerali-
sation at the end of incubation (Fig. 4b). On the other hand, C
mineralisation was not significantly affected when haematite, goe-
thite or imogolite were added to the clay. This distinct behaviour of
ferrihydrite relative to the other minerals (haematite, goethite or
imogolite) reflects differences in the surface properties of the mineral
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associations. The association of clay-ferrihydrite resulted in an in-
crease in SSA, whereas the association of illitic clay with the other
minerals reduced SSA (Fig. 3).

Since the surface properties of hydrous oxides and imogolite are
largely different from those of the clay minerals, these coatings play
an important role in influencing the sorptive processes of carbon to
the coated clays. On a mass basis, the sorption of organic matter to
ferrihydrite has been reported to be 2.5 times higher than that of goe-
thite (Kaiser et al., 2007). Gimsing and Borggard (2007) showed that
the capacity of ferrihydrite to adsorb phosphate was ten times higher
than that of haematite. Because ferrihydrite has a larger capacity for
SOC sorption compared to the other coating minerals used, the addi-
tion of ferrihydrite to illitic clay was expected to provide the greatest
degree of SOC stabilisation, and thereby reduce C mineralisation.

3.4. Carbon mineralisation dynamics

In Sections 3.2 and 3.3, we compare differences in C mineralisation
at a single time, i.e. at the end of the 144-day incubations. In this sec-
tion, we compare the progress of C mineralisation throughout the
incubations.

One- and two-pool models of C mineralisation were used to fit the
CO2 release curves. A two-pool model with four fitted variables
(Eq. (2), Section 2.5) provided a better fit (Pb0.001) to the cumula-
tive C mineralisation data than a one-pool model with two fitted vari-
ables (Eq. (1), Section 2.5). The two-pool model provided excellent
fits with R2>0.999 for all data series (Table 2). Previous laboratory
incubation studies also found the two-pool model to be superior for
fitting the C mineralisation of added organic matter (Bowen et al.,
2009; Ribeiro et al., 2010; Wang et al., 2004). The simplest interpreta-
tion of this is that there are at least two fractions of organic C that are
mineralised at different rates. In reality, there will be multiple frac-
tions, but in most cases it will not be possible to include any more
than two pools in a fit, since each additional pool adds two fitted vari-
ables and solutions to three- and more component fits tend to be un-
stable, i.e. the values of the fitted variables become very sensitive to
random noise in the data. Even two-pool fits can be unstable, espe-
cially when the length of the incubation is not sufficient to properly
capture the decomposition of the slowly decaying pool.

Previous studies have used different incubation periods to predict
the size and rate of decomposition of pools of mineralisable C but do
not provide the criteria used to determine the incubation period
(Bowen et al., 2009; Chen et al., 2009; Ribeiro et al., 2010). In the pre-
sent study, we applied the two-pool model to accumulated data as
each new reading was taken from day-25 onwards. As our criterion

for the end-point of the incubation, we identified the point where
there was no statistical difference between any of the fitted variables
for two consecutive readings; in our case this occurred for readings at
114 and 144 days. Based on this criterion, C mineralisation data
obtained from the 144-day incubation experiment were used to pre-
dict the dynamics of C mineralisation.

Fig. 5 shows how each of the fitted variables varies with increasing
length of incubation. While the fitted values for the rapidly decom-
posing pool (Cf — pool size and f — decomposition rate) vary little,
the fitted values for the slowly decomposing pool (Cs — pool size
and s — decomposition rate) vary considerably. In particular, when
only data at short incubation times are included in the fit, the size
of the slowly decomposing pool (Cs) is usually overestimated while
its rate tends to be underestimated. It is only for the last two points
(114 and 144 days) that there is good agreement for all fitted vari-
ables. This stability in the values of fitted variables is required in
order to meaningfully compare them between treatments.

Results of fitting the full 144-daymineralisation record to the two-
pool C model are shown in Table 2. Comparing values for the
untreated clays, it is clear that the greater decomposition observed
for the kaolinitic clay can be attributed mainly to a larger slowly
decomposing pool. Presumably for the illitic and smectitic clays, this
organic C was not decomposed at all during the incubation period.
There were no significant differences between any of the fitted vari-
ables for the illitic and smectitic clays.

The decreased mineralisation of SOC upon goethite addition to the
kaolinitic clay was due to the reduced size of both slow (Cs) and fast
(Cf) pools of mineralisable C from 197 to 169 mg C g added C and
from 346 C to 310 mg C g−1 added C, respectively (Table 2), i.e. the
addition of goethite rendered a larger proportion of SOC virtually
undecomposable on the timeframe of the incubation. There were no
significant differences in the corresponding rates of decomposition
of each pool. For the illitic clay, goethite addition did not significantly
affect any of the fitted variables (Table 2). For the smectitic clay, the
presence of goethite resulted in significant increases in the minerali-
sation rate of both slowly and rapidly decomposing pools as well as a
decrease in the size of the rapidly decomposing pool (Table 2). The
net effect was no change in the amount of SOC decomposed after
144 days, relative to the smectitic clay without goethite addition.

In experiment 2, the addition of ferrihydrite to the illitic clay
resulted in the largest changes in fitted variables (Table 2). The size
of both slowly and rapidly decomposing pools decreased, implying
that the addition of ferrihydrite resulted in the protection of a larger
proportion of the added SOC. At the same time, the addition of ferri-
hydrite increased the rate of decomposition of the SOC remaining in
the decomposable pools, which partially offset the increase in SOC
mineralisation, especially early in the incubation. The addition of
the other iron oxides (goethite or haematite) had no significant effect
on any of the fitted variables, whereas the addition of imogolite in-
creased the rates of decomposition of both pools, but did not affect
the size of slowly decomposing pools. The net result for the addition
of imogolite was no significant change in SOC mineralisation after
144 days.

4. Conclusions

In this study, SOC stabilisation varied with clay mineralogy; smec-
tite, which has a higher surface area, stabilised more SOC than kaolin-
ite or illite. The addition of goethite to clays increased SOC
stabilisation, but the difference between clays with and without goe-
thite addition was only significant for the kaolinitic clay. This result
shows that the effect of hydrous Fe oxides on SOC stabilisation varies
with clay mineralogy. An inconsistent effect of the addition of differ-
ent hydrous Fe oxides on the SOC stabilisation of illitic clay shows
that SOC stabilisation is dependent on the type of hydrous Fe oxide.
Although these findings can partly be explained by differences in

Table 2
Results of two-pool fits to Cmineralisation data: Cs — amount of slowly decomposing C;
smineralisation rate constant of slowly decomposing C; Cf — amount of rapidly decom-
posing C; f mineralisation rate constant of rapidly decomposing C. Similar letters in
each column indicate no statistical difference between the treatments based on the
LSD at P b0.05.

Treatment mg CO2–C g−1 added C day−1 R2

Cs Cf s f

Experiment 1.
Kaolinite 197.4 a 346.3 a 0.016 b 0.205 c 0.999
Kaolinite–goethite 169.2 b 310.2 b 0.017 b 0.201 c 0.999
Illite 159.4 bcd 346.1 a 0.016 b 0.211 b 0.999
Illite–goethite 163.9 bc 338.3 a 0.016 b 0.218 ab 0.999
Smectite 148.3 d 335.8 a 0.017 b 0.210 bc 0.999
Smectite–goethite 153.1 d 317.0 b 0.023 a 0.223 a 0.999

Experiment 2.
Illite 159.4 a 346.1 a 0.016 b 0.211 b 0.999
Illite–ferrihydrite 144.4 b 309.8 b 0.025 a 0.261 a 0.999
Illite–goethite 163.9 a 338.3 a 0.016 b 0.218 b 0.999
Illite–haematite 166.6 a 338.1 a 0.017 b 0.210 b 0.999
Illite–imogolite 165.3 a 308.1 b 0.025 a 0.232 a 0.999
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surface area among the clays and clay-hydrous oxide mixtures, the
chemical nature of the surfaces also clearly plays an important role.
Further research, including detailed characterization of surface chem-
istry, is required to better understand these effects. It should also be
noted that other factors including the nature of dissolved organic
matter, the level of organic matter loading and the pH of the system
are also likely to influence the degree of stabilisation afforded by min-
eral surfaces.

Another finding of this study is that if the incubation period is not
long enough, the calculated sizes and mineralisation rates of C pools
change appreciably with time. In other words, the solution to the ki-
netic model of C mineralisation is unstable for short incubations. We
propose the point where there is no statistical difference between the
size of pools of mineralisable C and the rates of mineralisation for
two consecutive readings as the criterion for the end-point of the
incubation.
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Fig. 5. Changes in the size of fitted slowly and rapidly decomposing pools of C and their mineralisation rates for: (a) three clays differing in mineralogy with and without goethite
addition; and (b) illitic clay with and without Fe and Al oxide–hydroxide addition.
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In cases where the presence of iron oxide–hydroxides reduced C
mineralisation, the size of both slowly and rapidly decomposing
pools was reduced. This suggests that the influence of the association
between clays and hydrous oxides on SOC stabilisation occurs
through an increase in the size of the non-mineralisable C pool rather
than a slowing of the rate of the mineralisable C pools. This is consis-
tent with interactions between OM and clay minerals providing
strong stabilisation of a small fraction of the OM, but little protection
of the remainder.
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