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Abstract. Complexes formed between clay and soil organic
matter are important for carbon sequestration and for soil physi-
cal quality. Here, we use samples of loessial soil from South-East
Poland to explore the phenomenon of complexing in loess. Soil
samples were collected from a single catchment 8 years after the
introduction of strip tillage and their compositions were charac-
terized by traditional methods. Complexing was characterized in
terms of the content of non-complexed clay which was estimated
in two ways: firstly, by measurement of the content of readily-
dispersible clay (which was assumed to be the non-complexed
clay); and secondly, by calculation using algorithms that had been
developed and evaluated previously. The calculations were based
on the concept that, at carbon saturation, the clay/organic carbon
mass ratio is equal to n. The calculations were done with a range
of values of n. It was assumed that the correct value of n was
that which gave the greatest coefficient of correlation between the
measured values of clay dispersion and the predicted values of
non-complexed clay. For the loess used, the optimum value was
n=14.

K ey words: carbon sequestration, clay dispersion, com-
plexed organic matter, non-complexed clay, strip tillage

INTRODUCTION

The theory of complexing is based on the concept that
one unit (by mass) of clay can form a complex with » units of
organic carbon (OC) when n is the clay/organic carbon mass
ratio at carbon saturation. Here, the term complex is used
to describe a structure formed by bonding between the clay
particles and organic molecules. It is organic matter (OM)
that forms complexes, although it is OC that is usually mea-
sured in the laboratory and which is therefore used in most
calculations. We take the OM content to be equal to 1.724
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x OC, where OC is the organic carbon content and 1.724

is the mean value of the coefficient as found by Howard

(1965). In arable soils, the majority of the organic matter is

in decomposed, molecular forms. In this paper, we do not

consider partially-decomposed forms of organic matter
such as POM (particulate organic matter).

The structures produced in this complexing have no
stoichiometry because of the wide range of sizes and charge
distributions on both the clay particles and the organic
molecules. The clay-organic complex in soil has been found
to have a very small effective mean density of 170+40 kg m™
(Czyz and Dexter, 2016). This is a smaller density than that
of any other component of soil or of the whole soil. Such
a small value of density can come only from a very open
structure, perhaps similar to those of micelles or clathrates
(Manjaiah et al., 2010). This low density of complexes
provides an explanation for the observed decrease in soil
density with increasing concentration of OM. The com-
plexing stabilizes the clay and thereby gives it a degree of
protection against dispersion in water (Dexter et al., 2008;
Emerson et al., 1986; Hassink and Whitmore, 1997).
Dexter et al. (2008) showed that, whereas non-complexed
clay disperses readily in water, the complexed clay does
not. This is an explanation for the observed increase in soil
stability in water with increased content of OM.

Non-complexed clay may be estimated in two ways:

— experimentally: by adjusting the water content of soil
sub-samples in a standard way, adding a sub-sample
to a given volume of pure water, and then shaking the
resulting suspension with a small input of mechanical
energy. The amount of clay in suspension after 16 h of
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sedimentation is then measured by turbidimetry in terms
of the scattering of a light beam. It has been shown
experimentally that it is the non-complexed clay that is
readily-dispersible clay (RDC) (Dexter et al., 2011) and
— by calculation: the extent of complexing depends on
the mass concentrations of clay and OM in the soil.
Complexing results in the occurrence of complexed clay
(CC), non-complexed clay (NCC), complexed organic
carbon (COC) and non-complexed organic carbon
(NCOC). These can be calculated using the following
algorithms as introduced by Dexter et al. (2008):

CC=(n0OCQ) if nOC < clay), else CC = clay, )
NCC = (clay — CC) if (clay — CC) > 0, else NCC=0, (2)
COC = OCif (OC < clay/n), else COC = (clay/n), 3)

NCOC =(0C - COC) if (OC - COC)> 0, else NCOC = 0. (4)

A practical, working value of n = 10 for the soils
that they used was determined from clay dispersion mea-
surements by Dexter et al. (2008). This concept has been
evaluated independently by Schjenning et al. (2011) for
samples of 64 Danish soils and found to be valid. Getahun
et al. (2016) came to the same conclusion. Schjenning
et al. (2011) showed that this approach can also be used
with “fines 20’ (i.e. particles < 20 um) instead of clay. This
required a value of n = 20. However, for the purposes of
this paper we have used clay because values of clay con-
centration are more widely used and available.

A special case is when the clay and the OM are balanced
and when both NCC = 0 and NCOC = 0. This occurs when
the clay is saturated with OM; that is, when any additional
OM would not find any non-complexed clay with which
to form a complex. The pairs of Eqgs (1) and (2) and also
of Eqgs (3) and (4) give for the condition when saturation
occurs:

OC,, = clay/n. ®)]

We introduce a factor X that is useful for cases where
the OM is not sufficient to saturate the clay. In practice, this
is the case for most arable soils for which X < 1.0. Non-
tilled soils, such as permanent pasture can have X > 1.0,
which we call carbon super-saturation. The condition X >
1.0 can lead to peat formation. The phenomenon of carbon
saturation (X = 1.0) has been shown to occur in the field
(Schjenning et al., 2011; Stewart et al., 2007). Carbon sa-
turation X = 1.0 is found to produce optimum soil physical
quality as quantified by the index S = 0.05 (Dexter et al.,
2008). Non-complexed clay, NCC, reduces soil physical
quality by decreasing the soil stability in water, decreasing
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the soil friability, and by causing soil hard-setting and crust
formation (Kay and Dexter, 1992; Shanmuganathan and
Oades, 1982; Watts and Dexter, 1997).

We conjecture that complexing provides a degree of
physical/chemical protection of organic matter against
microbial decomposition. If this is true then we can say
that clay-organic complexing can play an important role
in carbon sequestration in soil. For example, complexed
OM is relatively stable against the energy inputs from
tillage (Watts and Dexter, 1997) whereas non-complexed
OM is not.

We may expect that the value of n will be different for
soils containing different clay minerals because of diffe-
rences in the specific surface areas and the surface charge
distributions. Also, it is possible that the different quality
of organic matter originating from different types of plants
may affect the value of n. However, within the relatively
small catchment area studied, we may reasonably expect
that these factors are not present.

In this paper, we focus specifically on clay-organic
complexing in a Haplic Luvisol formed on loess. Up until
now, there has not been any work that concentrates on
complexing in these soils. We approach this subject by con-
sidering the contents of clay and organic carbon in a set of
soil samples freshly collected from the field.

MATERIALS AND METHODS

Soil samples were collected in 2014 from a catchment
of 11.5 ha on a private farm used for cereal production at
Rogoéw in South-Eastern Poland. The position of the exper-
imental site was measured by GPS. The farm is in the loess
area of Dzialy Grabowieckie (Lublin Upland, Poland)
where the mean annual precipitation is 663 mm and the
mean air temperature is 8.3°C.

The catchment had been managed consistently for the
previous 8 years with a 3-year crop rotation: winter wheat,
rape, and maize with retention of crop residues. Prior to
these experiments, the catchment had been mouldboard
ploughed, but since the start of the experiment in 2006,
strip tillage had been practiced. Strip tillage is a conserva-
tion tillage system in which the soil is disturbed only where
the crop rows will be (Evans et al., 2010). The catchment
was mapped using GPS.

Soil samples were collected in Spring from a grid of 93
points in the catchment from 3 depth ranges (0-150, 150-
300, and 300-500 mm). This gave a total of 279 points x
depths. The points in the grid were spaced 20 m apart. At
each sampling point, samples were collected from a small
area (1 m®) for measurement of all physical and chemical
properties. The soil samples were collected from such small
areas in order to minimize variation in the properties mea-
sured at each point. It is a general principal in geostatistics
that, on average, variation increases with increasing dis-
tance between sampling points (Webster and Oliver, 2007).
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Because of differential erosion and deposition processes
in the catchment, the samples had a range of compositions.
The measurements were made using standard laboratory
methods as follows. Particle size distributions were mea-
sured by sedimentation by the pipette method. This enabled
the content of clay (mineral particles <2 pum) to be deter-
mined. Organic carbon measurements were measured by
wet oxidation. The measurements were done by sulfochro-
mic oxidation of organic carbon (ISO, 1998) followed by
titration of the excess of K,Cr,0, with FeSO,(NH,),SO,
6H,0. Gravimetric water contents were measured by
oven-drying at 105°C for 24 h. The samples were collected
with minimum disturbance and were stored until measure-
ment in a cool place at constant (field) water content.

The amount of readily-dispersible clay in water was
measured following a standard dilution and shaking pro-
cedure using turbidimetry. The turbidimeter readings were
expressed as NTU (Nephelometric Turbidity Units) and
were normalized by dividing by the concentration of the
original soil in the water to give NTU/(g I'"). For each soil
sample, 5 sub-samples were used. For each sub-sample about
5gofsoilwereweighedand placedin150 mlcalibrated plastic
bottles and then de-ionized water was added to make 125 ml.
It was important to maintain constant volume of the air bub-
ble in the bottles of 150-125 = 25 ml because this affects
the mechanical energy input. A larger air bubble increases
the energy input. It was also important to use samples that
had not dried because drying can reduce clay dispersion
(Dexter et al., 2011).

Thebottles were subjected to mechanical energy ina stan-
dardized way (four inversions end-over-end). The bottles
were then allowed to stand for 18 h so that the larger par-
ticles would sediment, leaving only dispersed colloids (in
this case, mostly clay) in suspension. A 30 ml sample of
this suspension was extracted by pipette from the centre
of each bottle and was transferred to a glass turbidity cell.
The turbidity measured, Trpe NTU/(g 1)), was assumed to
be proportional to the concentration of RDC in the sample.

At the same time, a further 5 sub-samples of each soil
sample were prepared for determination of total clay. In
this case, the same ratio of soil to water was used as before
but larger quantities were required to provide enough space
for a stirrer. About 18 g of soil were weighed and placed
in 750-1000 ml Berzelius glasses and were stirred inten-
sively with 500 ml distilled water for 30 min. Then 125 ml
from this suspension was poured into the plastic bottles
and allowed to stand for 18 h so that the larger particles
would sediment, leaving only colloids (clay) in suspension.
A 30 ml sample of this suspension was extracted by pipette
from the centre of each bottle and was transferred to a glass
turbidity cell. The turbidity measured, 7., (NTU/(g 1)),
was assumed to be proportional to the concentration of total
clay in the sample.
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The mass concentration of RDC (g kg™) in the sample
was calculated by multiplying the soil clay content (g kg™")
as measured in the laboratory using the standard sedimen-
tation method by the ratio (7Trpc/T.s)-

The turbidity of the suspensions in the turbidity cells was
measured by light-scattering using a Hach 2100AN ratio
turbidimeter (Hach Company, Loveland, Colorado, U.S.A.)
as illustrated in Czyz and Dexter (2008). This apparatus is
linear over a huge range of turbidities (manufacturer lite-
rature). Turbidity values are linearly proportional to the
concentration of colloids (clay) in suspension (Dexter and
Czyz,2000). The mass of soil in each sample was corrected
to dry mass for this calculation using the measured water
contents. Five replicates were used for each soil and depth
at each place. The total number of sub-samples that were
measured was 2790 (279 samples X 10 sub-samples). The
mean values for each of the 279 samples were used.

The turbidimeter was calibrated using the measure-
ments of the concentration of soil clay in suspension as
obtained from the analysis of particle size distribution,
clay, and the measured turbidities of the suspensions after
30 min intensive mechanical stirring, 73,. The clay contents
were in units of grammes of clay in suspension / kg water,
whereas the turbidimeter readings were in units of NTU/
(grammes of soil / kg water). The masses of soil were cor-
rected to dry mass using measured water contents.

For each sample, the proportion of clay that is readily-
dispersible, Pypc, was calculated as:

Proc=Troc ! Tclaya (6)

and the proportion of clay that is non-complexed, Pycc, was
calculated using Eqs (1 and 2) for a range of values of n for
each sample as:

Pyce = NCCANCC + CC) = NCClelay, (7)

Correlation coefficients between the 279 values of Pgp¢
and the corresponding 279 values of Py were calculated
for values of n in the range 1 to 20.

RESULTS AND DISCUSSION

The catchment included the point: latitude 50°47°57”
N and longitude 23°29°28” E which gives a representative
position of the experiment. We do not present a contour
map of the catchment because in this paper we consider soil
properties without reference to their position. The mean
concentrations of clay, organic carbon and RDC in the soil
samples are given in Table 1.

The results presented in Table 1 show that the soil from
Rogow is a silt loam (loess). According to the FAO sys-
tem of soil classification (FAO, 1988), the soil is a Haplic
Luvisol. A study on another loessial catchment in the same
part of Poland was done by Rejman (2013) and this may be
used for comparison. It can be seen in Table 1 that, where-
as, on average, the clay content is uniform with depth,
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the organic matter content is greatest near to the surface.
With mouldboard ploughing, the input of mechancal ener-
gy is considerable resulting in an increase in RDC and
corresponding loss of stability of the soil in water. With
mouldboard ploughing the intense mechanical disturbance
involved encourages tillage erosion and also the plough
layer becomes thoroughly mixed with the result that the
content of OC becomes uniform down to the depth of till-
age. In contrast, a system of reduced tillage, such as the
strip tillage used here, applies much less mechanical energy
to the soil thereby reducing tillage erosion. It also results
in greater concentration of organic matter (and hence OC)
adjacent to the soil surface thereby reducing the concen-
tration of NCC with consequent increased stability and
physical quality of this surface soil (Gate et al., 2002; Czyz
and Dexter, 2008). The increased stability in water of the
surface soil reduces its erodibility by water. It can be seen
that the type of tillage system used mainly modifies the dis-
tribution of organic matter with depth with consequences
for soil behaviour in the field.

The calibration equation of the turbidimeter was deter-
mined as:

clay = (5.11£0.26) Ty, ®)

where: the coefficient is the geometric mean of the values
obtained for the 279 soils separately.
The water contents of the soil samples used for mea-
surement of RDC ranged from:
—90-280 g (kg soil)’ (mean 197 g (kg soil)") in the depth
range 0-150 mm;
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— 110-250 g (kg soil)" (mean 190 g (kg soil)") in the depth
range 150-300 mm;

—100-260 g (kg soil)" (mean 197 g (kg soil)™) in the depth
range 300-500 mm.

These values of water content were sufficient for determi-

nation of RDC (Dexter et al., 2011).

As expected for soils formed on eolian deposits, the
soil is stone-free, and has a particle size distribution that,
on average, does not vary with depth as shown in Table 1
for the range of depths 0-500 mm. We conjecture that
variations in particle size distribution between individu-
al sampling points is a result of illuviation and erosional/
depositional processes including both water and tillage ero-
sion (Rejman, 2013).

The 279 values of the proportions of clay that is
non-complexed (measured as RDC by turbidimetry and cal-
culated using Eq. (6)) were compared with the 279 values
of the proportions of clay that is non-complexed (calculated
using Eq. (7)) for different values of n using Eqgs (1-4). This
comparison was done by examining the values of the cor-
relation coefficient, 7, between the two sets of data.

Figure 1 shows that the maximum value of correlation
coefficient occurred at n» = 14 and we assume that this is
the appropriate value to use in Eqgs (1-5). This is in con-
trast with Dexter et al. (2008) who used the value of n at
a pronounced inflection point in the curve of  against n for
the soils that they used. However, in the present work we
have not found any inflection point, but a maximum. We do
not understand why these results are different. A possible
explanation is that in the earlier work, a wide range of soil

Table 1. Mean compositions (g (kg soil)") of the examined soils at three depths. Numbers in parenthesis give the range of values

obtained experimentally

Particle size (mm)

ocC RDC
Sand (2-0.063) Silt (0.063-0.002) Clay (<0.002)
Depth i
(mm) g (kg soil)
Mean Mean Mean Mean Mean
SD SD SD SD SD
(min-max) (min-max) (min-max) (min-max) (min-max)
15 4 846 24 139 23 9.0 1.7 373 16.2
0-150
(8-26) (759-907) (84-222) (4.3-16.8) (13.0-99.7)
14 4 846 25 140 25 6.7 2.2 41.8 17.9
150-300
(8-26) (770-900) (90-213) (2.0-10.4) (14.2-88.1)
14 4 848 33 138 33 3.5 1.9 54.8 24.2
300-500
(8-28) (771-931) (60-220) (1.2-8.0) (11.9-127.0)

OC - soil organic carbon, RDC — readily-dispersible clay, SD — standard deviation.
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Fig. 1. Plot of the correlation coefficient, », between measured
suspension turbidities and the value of # used to estimate the con-
tents of complexed and non-complexed organic carbon and clay
using Eqs (1-4). Maximum correlation occurs at n = 14.

types and textures was used; whereas in the present work,
only one soil type was used. It was also found that the coef-
ficients of correlation, r, were greater in the earlier work
(typically » = 0.6) than in this work (typically » = 0.5).

The use of the value of n = 14 in combination with
measured clay and organic carbon concentrations enables
the concentrations of CC, NCC, COC and NCOC to be
estimated using Eqs (1-4). The use of this value of # in
combination with measured clay concentrations enables
the concentration of organic carbon at saturation to be
estimated using Eq. (5). Use of the values in Table 1
in combination with Eq. (5) shows that the surface layer
(0-150 mm) in this soil was close to saturation with organic
matter at the time of sampling. It is also possible to use
our results to estimate the carbon saturation deficit, OCy;,
based on the difference between the carbon concentrations
at saturation and the actual carbon concentrations. We may
write this as follows:

0Cur= 0C,,,— OC, )
where OC,,, may be obtained from Eq. (5). This provides
a practical way of estimating the additional amount of car-
bon that soil can sequester sustainably. This is important in
climate change research where it is required to quantify the
ability of soil to store carbon taken from the atmosphere by
photosynthesis thereby reducing global warming.
Future work could include studies of the effects of clay
— organic complexes on the physical behaviour of loessial
soils and the relationships with position in the landscape.
Also, some fundamental questions remain about the effects
of different clay minerals and organic matter from different
sources on complexing and on the resulting values of n.
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CONCLUSIONS

1. Correlations between measured values of readily-
dispersible clay and calculated values of non-complexed
clay provide us with a method to determine the value of .
The value of 7 is a measure of how much organic carbon is
complexed with unit mass of clay in the experimental soils.

2. The value n = 14 gave the maximum correlation
between the measured and the calculated values for the
loess soils studied.

3. For these loess soils, the average concentration of
organic carbon when the complex is saturated with orga-
nic matter is given as 0.07 clay (g kg™"). The surface layer of
this soil is close to saturation with organic matter. Organic
matter at concentrations smaller than this may be consid-
ered to be sequestered.

4. The theory and procedures described provide the
basis for the estimation of the carbon saturation deficit
which is the additional amount of carbon that soils can
sequester. This is important in relation to climate change
where the removal of carbon from the atmosphere is of vital
importance.
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