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Relationship between macroscopic and microscopic behavior of soils is a difficult issue,
especially when dealing with complex properties such as structure or carbon sequestration,
but it is necessary for a suitable understanding of the agricultural soil quality. In this work, we
used the extended-DLVO theory to compute total energy of interaction between particles (kT),
of three soils over granodiorites. This parameter allows predicting the tendency to aggregate
formation at the colloidal scale, being the basis of soil structure. Furthermore, we characterized
the mechanism and adsorption capacity of humic molecules on mineral surfaces, and its
influence in the interaction energy, by means of the adsorption isotherms. The aim was to
compare first the effects of organic farming on conventionally managed soils and, second, to
compare these with a non-cultivated forest soil under Mediterranean climate. When total
energies are negative (particle attraction), or positive (particle repulsion) but near 0 kT (<100 kT),
then particle flocculation occurs and the structure at colloidal scale can be developed. Total
energy was less in the forest sample and greater in the soil of conventional groves, with
intermediate values in organic farming soil. This indicates a tendency toward particle
flocculation and more stability of the structure at colloidal scale in less disturbed soils,
agreeing with other soil physical properties such as the total porosity (50, 41 and 37% in
forest, organic and conventional plots, respectively) or the aggregate stability index (0.94, 0.73
and 0.66, respectively), which followed the same trend. Of the three components of the total
energy of interaction, the acid-base force was a key factor. This component, related with the
electron-donor component of surface free energy, γ−, yielded a strong attractive force
(−150 kT at 3 nm) when calcium solutions were analyzed for the forest soil. This indicates
a clear hydrophobic character of this sample. Because the mineralogical composition of the
samples is quite similar, hydrophobicity should be attributed to the organic carbon content of
the forest soil, which is much higher than that of the cultivated ones (12.03 vs. 1.44% and
0.88% in organic and conventional farms, respectively), proving to be an essential element for
the development of the structure at the colloidal level.
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1 INTRODUCTION

Soil structure consists of the spatial arrangement of soil particles
and aggregates through aggregation processes that operate at
several scales, resulting in a complex network of pores of multiple
sizes and shapes (Peng et al., 2015). Because it determines
porosity, the structure is a fundamental property that largely
determines all soil functions, such as CO2 sequestration or water
quality. Thus, soil structure should be considered a main
indicator of soil quality (Bunnemanm et al., 2018).

The structure deteriorates during conventional tillage,
because of physical stress caused by the tillage itself and
loss of organic matter from surface layers (Gomez et al.,
2003, Gomez et al., 2009). Karlen et al. (1997) indicated a
close relationship between the loss of soil organic matter
(SOM) and deterioration of the structure. Given this,
normative frameworks of the European Union (EC, 2005;
EC, 2011) reflect a change of management
recommendations from conventional agriculture to
conservation and organic farming, based on the adoption of
practices aimed at increasing soil organic matter, care of the
structure, and erosion control.

The processes of aggregation of the primary soil particles result
from both their spatial rearrangement caused by mechanical and
biogenic stresses, and chemical and physical interactions between
mineral surfaces (Bronick and Lal 2005). Among the latter are
flocculation and cementation, whose two processes are mediated
by chemical composition of the soil solution, which includes both
pH and balance between dissolved ions (Ca, Na, Al, etc.) and the
nature of mineral surfaces. The electric charge and electrostatic
interactions of these soil particles play a key role in the formation
of soil structure. These can be characterized by the zeta potential
(ζ) and surface free energy SFE (Somasundaran and
Krishnakumar 1997; Aranda et al., 2016; Calero et al., 2017).
According to Aranda et al. (2011), the soil electrical charge
depends on the soil parent material and geological material.
These interactions can be modeled through the Derjaguin,
Landau, Verwey and Overbeek (extended DLVO) theory (Van
Oss, 1994). Also, soil organic carbon (SOC) has a fundamental
role as modulator of the processes of flocculation between
mineral particles, being itself a potential highly charged colloid
and, therefore, involved in the flocculation/dispersion reactions.
This function between the aggregation and SOC is reciprocal,
because a sound structure is related to a greater capacity of carbon
retention in the soil (Six et al., 2002). Furthermore, the surface
physicochemical processes modeled by DLVO, such as
flocculation/dispersion, have a direct pedological expression
regarding soil structure, as a morphological and functional
property. Thus, it has been studied by both morphological
techniques of direct observation, among which the scanning
electron microscope (SEM) stands out, and as a chemical and
physical type, through the characterization of forces that join
particles and aggregates to each other, as demonstrated inMoleon
et al. (2015), Plaza et al. (2015); Aranda et al. (2015) and Calero
et al. (2017).

The aim of the present work was to study the influence of
organic agriculture on the soil structure at colloidal scale,

characterized by the energy of interaction between particles
and the SEM fabric of the soil.

2 MATERIALS AND METHODS

2.1 Materials
Andalusia (southern Spain) has the greatest production of olive
oil in the world. Olive groves occupy 15,000 km2, or 30% of the
suitable agricultural area. It is also the region with the largest
production quota in the world, surpassing 21% (CAP, 2015). The
historical extension of cultivation to mountain areas, mainly from
the first decades of the 20th century (Infante-Amate 2012), has
meant in the current context of maximum competitiveness a
substantial expansion of Andalusian olive groves into areas where
topographic or soil conditions do not allow effective
mechanization. This is especially relevant in Sierra Morena
mountain range, whose olive groves are in gravelly soils with
steep slopes and nutrient-poor acid soils (Alvarez et al., 2007).

Soil was sampled in the northeast of the province of Córdoba
(Andalusia), in the municipality of Obejo, near road CP-165 that
connects this townwith Pozoblanco (38.37°–38.13°N, 4.88°–4.72°W).
It is an area of moderate slopes (maximum 20%, average elevation
530m above sea level). The area of the Sierra Morena mountain
range is classified as “Pedroches Batolite” (granitoid complexes of
post-kinematic origin) with granodiorite lithology. Regarding land
use, the area has predominantly low-intensity conventional, rainfed
olive groves, where soils are subjected to tillage and agrochemicals,
and organic farms with no chemical fertilizer or pesticide addition
and long-term (>10 years) use of plant cover.

Three plots were selected as representative of the two types of
olive groves (conventional and organic), and one of natural soils in
the area: 1) a conventional olive grove with no plant cover, which
was under conventional tillage with frequent application of post-
emergence herbicides (glyphosate); 2) an organic olive grove with a
history of at least 10 years of spontaneous plant cover, which was
controlled only by mowing to from early to late spring, with no
chemical fertilizer or pesticide addition; 3) natural soil, under small
forest patches of oak and tall scrub (Quercus coccifera, Myrtus
communis, Rhamnus sp., Viburnun Tinus, Arbutus Unedo) present
in the sampling area. Samples were taken in the inter-canopy area
of groves; to ensure representativeness of the procedure, five
subsamples of disturbed soil from 0–5 cm depths was randomly
taken in each plot andmixed in a single composite sample, referred
to as forest sample (FS), conventional agriculture sample (CAS)
and organic agriculture sample (OAS), respectively. The
composited samples were used for physical, chemical and
mineralogical analyses, while one cylindrical core of 5 × 5 cm
size and a known volume (98.17 cm3) were sampled at the soil
surface of each plot to determine bulk density.

2.2 Methods
2.2.1 Soil Analysis and Mineralogy
Once in the laboratory, soil samples were spread and air-dried,
then uniformly and carefully mixed to create a bulk sample per
each plot. The bulk sample was sieved at 2 mm to obtain coarse
fragments and the fine earth fraction (<2 mm), which was
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submitted to the following analyses (Soil Conservation Service,
1972): texture by sieving and sedimentation (Robinson pipette);
particle density with a pycnometer; organic carbon by dichromate
oxidation; total nitrogen by the Kjeldahl method; CaCO3

equivalent by Bernard calcimeter; cation exchange capacity
(CEC) and exchangeable bases (Ca2+, Mg2+, K+ and Na+) by
the ammonium acetate-sodium acetate method (pH 7) and
measured by atomic absorption spectrometry; available
phosphorus (P) extracted with sodium bicarbonate solution
and determined by colorimetry (Olsen method), and pH by
potentiometry in a 1:1 suspension of fine earth:water. Water
retention at matric potentials of −33 kPa (field capacity) and
−1,500 kPa (permanent wilting point) was calculated by the
Richards membrane method, and plant available water (AWC)
from the difference between field capacity and permanent wilting
point, expressed in mm cm−1 (Lal and Shukla, 2004). Total
porosity was estimated from the particle and bulk density, and
macroporosity from total porosity less microporosity.
Microporosity was measured as volumetric water content
(cm3/cm3) at field capacity. Finally, the aggregate stability
index ASI of Kemper and Rosenau (1986) was determined by
means of a wet sieving apparatus (Eijkelkamp Agrisearch
Equipment, Giesbeek, Netherlands); ASI <1 signifies fewer
than 50% of 0.25-mm stable aggregates in the soil.

The clay fraction (<2 μm) was isolated by sedimentation,
after removing organic matter with a 15% H2O2 solution and
dispersing it with a 10% sodium polyphosphate solution, and
its specific surface area (SSA) measured by the ethylene glycol
monoethyl ether (EGME) method. CEC of the clay fraction
was measured by the ammonium acetate-sodium acetate
method (pH 7). Soil mineralogy of the fine earth and clay
fractions was determined by X-ray diffraction using a
Panalytical Empyrean diffractometer (Malvern Instruments,
Worchestershire, United Kingdom) with Cu Kα radiation at
35 kV. Fine earth X-ray mineralogy in the 3–50°2θ range was
determined by the disoriented powder method and
percentages of phyllosilicates and other minerals estimated
by calculating relative peak areas and applying the intensity
factors of Calero et al. (2009). Clay fraction mineralogy was
examined by the oriented aggregate method, following the
procedure described by Plaza et al. (2015) and Calero et al.
(2017): 1) the sample was dispersed in a 10% sodium
polyphosphate solution and stirred overnight to extract the
clay fraction (<2 μm) by sedimentation; 2) Fe was removed
from clay via the Mehra-Jackson procedure (Klute 1986), and
the resulting extract was measured by atomic absorption
spectrometry; 3) two replicate samples of the clay were
subjected to 1 N MgCl2 and 1 N KCl saturation for 48 h,
respectively, and later air-dried over a glass plate; 4) the
magnesium plate was solvated by ethylene-glycol (EG)
vapor for 24 h; 5) the potassium plate was heated at 520°C.
Minerals in the EG-oriented aggregates were identified with
the aid of the HighScore software (Malvern Instruments,
Worchestershire, United Kingdom), following the diagnostic
criteria of Velde and Barré (2010), and giving a semi-
quantitative estimate of their amounts by peak
decomposition (relative peak area, rpa).

2.2.2 Soil Scanning Electron Microscope Fabric
Soil fabric was examined by an SEM with acceleration voltage
25 kV (S-510; Hitachi Ltd., Tokyo, Japan), equipped with an
energy-dispersive X-ray detector (EDAX; Rontec GmbH, Berlin,
Germany). Fine earth was mounted on the sample holder with
colloidal silver and metallized with carbon deposited in two
orientations (20°–30°).

2.2.3 Soil Humus Characterization
Fractionation of SOM was done following the IHSS procedure
(Swift, 1996). Total extractable carbon for humic and non-humic
substances was extracted from soil by mechanically shaking the
samples in a 0.1 M NaOH and Na4P2O7 solution at pH 14 for
24 h at 60 C (1:10 w/v). The extracts were centrifuged and filtered
(Millipore 0.45-μm). Separation of the total extractable carbon
fraction into humic acids (HA) and fulvic acids (FA) was done by
precipitation with H2SO4 and purification with
polyvinylpolypyrrolidone to eliminate non-humic carbon,
respectively. The FA fraction was considered the soluble
carbon remaining from the humic extract, and the
corresponding HA/FA ratio was found. Finally, any remaining
carbon was considered the alkali-insoluble fraction of SOM
(HUMIN). Amounts of carbon in the above fractions were
quantified by wet combustion (Page et al., 1982). Visible
spectra from 400 to 800 nm of 0.2 mg C mL−1 HA solutions
(Kononova 1966) in 0.1 M NaHCO3 were recorded using a
computer-controlled Varian Cary 50 spectrophotometer with
Varian spectroscopy software WIN-UV. The samples were
measured directly in a glass cuvette with 1-cm optical path.
All spectra were smoothed using the Savitzky–Golay algorithm
with order-2 polynomial. The ratio of absorbance at 465 and
665 nm (E4/E6 ratio) and the second derivative were calculated
from the smoothed visible spectra.

2.2.4 Determination of Zeta-Potential (ζ)
The determination of ζ of the fine earth used was previously
described in Plaza et al. (2015), taking into account the following
parameters:

1) Type of cation used to prepare the solution. This was the first
parameter considered, setting a standard concentration of
10–3 M for the sodium, calcium, iron and aluminum
solutions (Wang and Revil, 2010).

2) Ionic strength of the solution. Subsequently, it was verified
whether ζ underwent variations according to the ionic
strength, with the aim of establishing the most suitable
concentration for the adsorption experiments. More and
less concentrated solutions than 10–3 M (10–2, 10–4 M) were
used only for mono- and divalent ions (sodium and calcium,
respectively).

3) The fine earth was exposed to a commercial HA of Sigma-
Aldrich brand with 39% C. Solutions were prepared with
such humic salt at concentrations of 1 mM of NaCl. For the
determination of ζ, a Zetasizer 3000HS (Malvern
Instruments, Worchestershire, United Kingdom)
was used.
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2.2.5 Determination of Surface Free Energy
Surface properties of the fine earth were determined using the
method described by Plaza et al. (2015) and Moleon et al.
(2015). In these works, the authors estimated the surface
properties by contact angle measurement of three liquids
(water, formamide and diodomethane) on the compressed
soil. This was performed with the aid of a goniometer NRL
C.A (Ramé-Hart Instrument Inc., New Jersey, United States).
For this experiment, the soil samples were treated with solutions
of sodium, calcium, iron and HA at 10–3 M. The samples were
dried at 323 °K for 24 h and subsequently held in a hydraulic
press at 1.5 × 104 kg cm−2 for 10 min. According to Van Oss
(1994) and Van Oss et al. (1988), we could obtain the dispersive
components Lifshitz–van der Waals (γLW) and non-dispersive
interaction of Lewis acid-base γAB through this technique, as
described in Plaza et al. (2015).

2.2.6 Determination of Energy of Interaction Through
DLVO-Extended Theory
The extended DLVO model considers three interactions, AB
(acid-base), LW (Lifshitz–van der Waals) and EL (electrical).
This model is mentioned in Moleon et al. (2015), where it is
explained that in any system composed of equal particles within
an aqueous suspension, the total interaction energy is:

ΔGTOT
131 � ΔGEL

131 + ΔGLW
131 + ΔGAB

131

where the electrical component is determined using the equation
of Durán et al. (1988), and the components LW and AB using the
model proposed by Van Oss (1994).

2.2.7 Batch Experiments
The fine earth of our soils was subjected to an HA solution
following the method of Moleon et al. (2015) and Plaza et al.
(2015). We used three cations, Na+, Ca2+ and Fe3+ to 10–3 M
strength. The fine earth was subjected to various concentrations of
HA (0.5 g/L) at three temperatures 283.15, 293.15 and 313.15 K.
Adsorption of HA by the soils was performed by differences in the
initial and final concentrations. For this purpose, a Hitachi
spectrometer (M Hitachi U2000; Hitachi Scientific Instruments,
Mountain View, California United States) was used at 554 nm,
following the instructions of Ramos-Tejada et al. (2003).

3 RESULTS AND DISCUSSION

3.1 Physical and Chemical Analysis of Soils
Physical and chemical properties of the studied soils are listed
in Table 1. They showed very large amounts of coarse
fragments (>50%), reaching almost 80% in the conventional
sample, and medium-to-coarse textures (sandy loam). Bulk
density in the cultivated samples (~1.50 g/cm3) was in accord
with these textures, but was remarkably low in the forest
(1.27 g/cm3), which may be explained by the high organic
carbon content (12.32%). Soil properties related with structure
quality (porosities and structural stability) had an increasing
trend from the conventional to forest sample. However, poor
macroporosity of the two cultivated soils (10%) should be

highlighted, which might reveal some compaction process,
even though their bulk densities were not too high for a
sandy loam texture. Moreover, the ASI reached in the
conventional sample was 0.66, a value characteristic of very
degraded soils (Klute, 1986).

The forest sample had a total carbon content much higher
than those of cultivated ones (0.88 and 1.44% for the
conventional and organic samples, respectively), which are
small or moderate values for Mediterranean soils. Other
indicators of chemical fertility (total nitrogen, exchangeable
potassium, calcium and magnesium, and CEC), probably due
to its close relationship with the SOC, followed the same
gradient; highest contents were in forest soil and the lowest
in conventional groves. Values of total nitrogen (≤1.0),
phosphorus (<4 ppm), potassium (<90 ppm) and cation
exchange capacity (≤10 cmol+ kg

−1) for the cultivated soils
were in accord with coarse textured samples, and were large
for the forest plot. pH values were relatively suitable (slightly
acidic), although olive trees have more affinity for pHs in the
basic range (Sys et al., 1991).

In general, the studied physical and chemical properties
indicate a low or very low agricultural potential (marginal),

TABLE 1 | Soil physical and chemical properties of soils.

Physical properties

Sample FS CAS OAS

C.F (%) 67 78 54
Sand (%) 63 65 56
Silt (%) 28 22 31
Clay (%) 9 13 13
Textural class - sl sl sl
Bulk Density (g cm−3) 1.27 1.59 1.49
W33 (%) 26.9 17 20.9
W1500 (%) 12.9 8.3 9.6
AWC (mm cm−1) 1.78 1.38 1.68
Total Porosity (%) 50 37 41
Macroporosity (%) 15 10 10
Microporosity (%) 34 27 31
ASI (p/p) 0.94 0.66 0.73

Chemical properties

Sample FS CAS OAS

SOC (%) 12.32 0.88 1.44
Total N (%) 0.6 0.02 0.1
C/N - 21 44 14
P avalaible (ppm) 18 3 2
K exchangeable (ppm) 492 25 87
Ca exchangeable (ppm) 2900 296 572
Mg exchangeable (ppm) 574 65 92
pH H2O - 6.47 6.17 6.44
CaCO3 eq (%) 2 2 1
CEC (cmol + kg−1) 22 7 10
Base saturation (%) 95 32 40

CF: coarse fragments; sl: sandy loam; W33: gravimetric water content at -33 kPa;
W1500: gravimetric water content at -1,500 kPa; ASI: aggregate stability index = A/B x
100, A: weight of soil stable macroaggregates (≥0.25 mm), B: weight of soil unstable
macroaggregates (≥0.25 mm); SOC: total soil organic carbon; CEC: cation exchange
capacity.
All % are expressed in weight (w/w), except Total Porosity, Macro and Microporosity,
which are in volume (v/v).
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which together with the slope indicates theses soils would work
better as pastures or forests.

3.2 Mineralogy of Soils
The disoriented powder mineralogy of the samples (Figure 1;
Table 2) was similar and strongly influenced by the parent rock
(granodiorite), with soils mainly formed by quartz (>50%) and
phyllosilicates (10–40%). Percentages of chlorite, goethite, and
potassium and calcium-sodium feldspar separately were <5% in
all samples, and no carbonates were identified. In Figure 2 and
Table 3 the mineralogical composition of the clay fraction in the
4–30 2θ° sector also was showed.

The forest sample presented mainly quartz (0.425-nm peak)
and phyllosilicates (0.445-nm peak) in the fine earth (Figure 1A).
The most important phyllosilicates in the clay fraction
(Figure 2A) was soil vermiculite (25% of rpa), a non-swelling
2:1 phase, so its diagnostic peak remained at 1.400 nm after glycol
solvation. In addition to pure vermiculite, a mixed-layer phase at
≈ 1.2 nm may be defined (23% of rpa), which we attributed to a
hydroxyl-interlayered vermiculite (HIV) with illite (Velde and
Barré 2010). The presence of HIV has been assumed because to
the partial collapse showed in the potassium samples. Other
major phases in the clay fraction were illite (1.000 nm, 14% of
rpa) and kaolinite (peak at 0.717 nm, 20% of rpa).

The fine earth of the organic sample (Figure 1B) was similar to
that of the forest, formed principally by quartz (peak 0.425 nm) and
phyllosilicates (peak 0.445 nm), although the main phases in the clay
fraction (Figure 2B) were illite (1.00 nm, 41% of rpa) and the HIV-
illitemixed layer (non-swelling peak at 1.13 nm in glycol, 18% of rpa).
Unlike the forest, the 1.40 nm peak was not very important, with a %
of vermiculite less than 10%. Finally, the sample of conventional olive
grove CAS (Figure 1C) was also formed mainly by quartz (peak
0.425 nm), but with a smaller percentage of phyllosilicates (13%) than
the two previous soils. This sample presents a composition of the clay
fraction quite similar to the forest, although the amount of
vermiculite (peak at 1.432 nm, 37% of rpa) was higher, and the
content of the HIV-illite mixed-layer (peak at 1.216 nm, 13% of rpa)
was the lowest of the three samples (Figure 2C). Important: the V/HI
mineral in K-air dryed sample (blue line) has been corrected for I/
HIV in the new Figure 2. The most important phyllosilicate after the
vermiculite was illite (1.00 nm, 23% of rpa), followed by kaolinite
(0.716 nm, 20% of rpa).

Regarding the surface properties of the clay (Table 4), only a
relative tendency to decreasing the SSA-EGME in the OAS soil
sample (148.73 m2 g−1) could be stated. This may agree with the
fact that vermiculite and interlayers have a higher SSA than that
of illite (Sawnhey, 1989). But in general, these soils were
mineralogically very similar, both in the fine earth and in the
clay fractions, and no clear trends as a function of soil
management were observed. Thus, differences in the colloidal
behavior of soils might attendmore to the organic fraction than to
the mineral one.

Table 5 shows the results of the humus fractionation. The total
humic fraction (THE) expressed a quantitative distribution
similar to other Mediterranean soils (Aranda and Oyonarte,
2006), although with very high levels in the case of forest
sample (total humic extract of 3.914 g C 100 g−1), especially
regarding the HA fraction (3.459 g C 100 g−1). The high
contents of the total humic fraction of the forest plot was
foreseeable, given the remarkable amount of total soil organic
carbon in this soil. In contrast to the HA fraction, extractable
humin was low in all samples. (≤0.005 g C 100 g−1). The HA/FA
ratios were equal to or greater than 2.0 in all soils, reaching 7.7 in
the forest. These were relatively high values that suggest a
tendency towards the solubilisation of low molecular weight
humic precursors. This could interfere with the mechanisms of
physical retention of the particulate fraction, decreasing the total
carbon sequestration capacity of soils (Aranda et al., 2011).

FIGURE 1 | DRX mineralogical composition of the fine-earth fraction
(<2 mm; DRX-disoriented powder) in the 0–50° 2θ. (A) forest sample, (B)
organic sample, (C) conventional sample. Phy: phyllosilicates, I: illite, Q:
quartz, Fk: potassium feldspar, K: kaolinite.
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The E4/E6 ratio (ratio of absorbances at 465 and 665 nm) can
be considered inversely proportional to the degree of
condensation and aromaticity of humic substances and with
their degree of humification (Stevenson, 1994). Forest sample
ratio was similar to other Mediterranean natural soils

(≈4.50–5.00), while in the cultivated ones they showed slightly
lower values (<4.00) (Aranda et al., 2011), but in general they
were high and indicated less aromatic condensation, presence of
smaller organic molecules and more aliphatic structures.

3.3 Zeta Potentials
The following figures show ζ obtained from the samples for the
10–3 M solutions of sodium (Figure 3A), calcium (Figure 3B)
and iron (Figure 3C).

In sodium solutions, we observed two groups according to their
behavior, one from forest sample and the other from organic and
conventional samples; The behavior of this second group was very
similar in all treatments. ζ is always negative, which is explained by
the predominance of 2:1 phyllosilicates in the soil colloidal fraction,
whose main source of electric charge is pH-independent
(isomorphic substitutions in the tetrahedral and octahedral layers
of phyllosilicates) (Sondi et al., 1996). However, a decrease of soil ζ
was observed with increasing pH, which can be attributed to both
deprotonation of the pH-dependent charges of the clays (OH−) and
the acidic functional groups of SOM (−COOH, −OH, and others).

Figure 3B shows the effect of divalent (CaCl2) ions produced
in ζ of the sample, which was negative in all pH ranges tested. The
results show that the calcium cation behaves like an indifferent
ion. This effect in vermiculites has been described by Lagaly
(2006), and Duman and Tunc (2008) in vermiculites, and by
Martínez et al. (2010) in illites. This behavior was attributed by
Lagaly (2006) to a small ratio of pH-dependent charges in 2:1
phyllosilicates (illite, smectite, and vermiculite) and to strong
particle aggregation caused by calcium.

The treatment with iron (Figure 3C) contrasted with the
samples treated with basic cations (calcium and sodium) so
that ζ had positive values at acidic pH. This is because of the
acidic nature of ferric salts, which is capable of protonating
strongly at pH lower than its isoelectric or zero-charge point,
indicating that these salts tend to be adsorbed onto particles,
beyond its absorption in the diffuse double layer. The of ζ value
of the system decreased from about +40 mV (+30 mV in FS,
+45 mV in CAS) to about +15 mV (+25 mV in CAS and OAS,
+5 mV in FS) for the natural soil pHs. This could be explained
by progressive adsorption of hydroxyl groups and the
formation of coordination compounds, which might mean
the iron is adsorbed in the form of Fe(OH)2

+ and Fe(OH)2
+

by solid surfaces (Plaza et al., 2015).

3.4 Effects of Commercial HA Addition on
Zeta Potential of Soils
The adsorption was carried out in solutions with ionic strength
10–3 M of NaCl (Figures 3D–F). The effects on ζ are shown
when adding HA to soils of the Sierra Morena. The adsorption
of humic acid can cause ζ variation of soil particles, owing to the
action of ionizable groups of humic acid (−COO-, −NH3

+, and
others). The samples for which ζ curves varied strongly (±5 mV)
showed a dependence on this behavior. The results show no
effect of HA adsorption on the organic sample (Figure 3E),
whereas there was an effect on the forest soil (Figure 3D), for

FIGURE 2 | DRX mineralogical composition of the clay fraction (<2 μm;
DRX- oriented aggregate) in the 4–30° 2θ. (A) forest sample, (B) organic
sample, (C) conventional sample. Black line =Mg air-dried, gray line = Mg-EG,
blue line = K air-dried, red line = K 520°C. V: vermiculite, HIV: hydroxyl-
interlayered vermiculite, I: Illite, K: kaolinite, Q: quartz.
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which ζ increased and in the soil with conventional management
(Figure 3F), for which ζ decreased. The increase of ζ (decrease in
absolute value) in the forest sample indicates that its surface
become less negative. This may have been caused by previous
saturation of their mineral surfaces, which could promote an
uptake of the added HA by organic molecules rather than bare
mineral surfaces and a change in electrophoretic behavior of the
same. Moreover, an excess of humic acids may cause in the
system the formation of micelles and consequent decrease of
negative charge (Ontiveros-Ortega et al., 1998). In another case,
an increase of negative charge is expected from the addition of
HA carboxyl groups to the system, as stated by Plaza et al.
(2015).

3.5 Surface Free Energies
The components of SFE for different ions and treatments with
humic acid are shown in Table 6. The soils had a monopolar

character, with values of the basic component (electron donor) γ−

much larger than those of the acid component (electron acceptor)
γ+, which tended toward zero. In Table 6 are also shown the
dispersive component of Lifshitz–van der Waals (γLW), whose
values are common in inorganic soils and similar to those given
by Hajnos et al. (2013). In addition, except for some values
reached by the forest sample, these are hydrophilic soils, given
that γ+ ≈ 0 and γ− > 28 mJ/m2, values typical of siliceous rock
(Ontiveros-Ortega et al., 2014; Moleon et al., 2015) and
established by van Oss and Giese (1995) as a hydrophobicity
threshold for soils rich in phyllosilicates. The most variable
component, considering the sample and the ionic treatment,
was γ−, from 15 mJ m−2 (FS, CaCl2), a value substantially
smaller than the hydrophobicity threshold, to 51 mJ m−2 (CAS,
FeCl3). γ

LW remained more constant, in a range between 40 and
49 mJ m−2. About the electrolytes effect, we can state that CaCl2
tended to produce a decrease in γ−, while iron and sodium
behaved in relatively similar ways. It is also interesting to
check the effect of HA addition on SFE. γ− did not show great
variation for HA-added soil (>5 mJ m−2), so the adsorption did
not substantially alter it.

Regarding soil management, the forest soil had a more
hydrophobic character than the cultivated ones, which

TABLE 2 | Mineralogical composition of the fine-earth fraction (<2 mm; DRX-disoriented powder, %).

Sample Phyll Q Goet Hem Chl FdK FdCa-Na Calcite Dol

FS 21 72 4 tr 1 tr 1 tr tr
CAS 13 82 3 tr 2 1 2 tr tr
OAS 35 57 3 tr 2 1 1 tr tr

Phyll: Phyllosilicates; Q: quartz; Goet: goethite; Hem: haematite; FdK: potassium feldspar; FdCa-Na; calcium-sodium feldspar; Chl: chlorite; Cal: calcite; Dol: dolomite. tr: traces (<1%).

TABLE 3 |Mineralogical composition of clay fraction (oriented aggregate. Mg-EG.
% relative peak area).

Sample V ML Illite Chl K Q FdK FdCa-Na

FS 25 23 14 6 20 9 4 tr
CAS 37 13 23 5 20 2 tr 1
OAS 9 18 41 4 14 11 tr 3

V: vermiculite; ML: mixed-layers; Chl: chlorite; K: kaolinite; Q: quartz; FdK: potassium
feldspar; FdCa-Na; calcium-sodium feldspar.

TABLE 4 | Surface properties of the clay fraction (<2 μm).

Sample SSA-EGME (m2 g−1) Fe2O3 (%) CEC (cmol + kg−1)

FS 201.29 10.25 14.71
CAS 186.98 9.19 8.70
OAS 148.73 5.68 13.51

SSA-EGME: specific surface area (ethylene glycol mono ethyl ether method); CEC:
cation exchange capacity.

TABLE 5 | Fractionation of the organic matter of samples.

Sample THE (g C 100 g−1) HA (g C 100 g−1) FA (g C 100 g−1) HA/FA HUMIN (g C 100 g−1) E4/E6

FS 3.914 3.459 0.449 7.7 0.005 4.69
CAS 0.178 0.117 0.058 2.0 0.003 3.1
OAS 0.309 0.219 0.090 2.4 0.001 3.31

THE: total humic extract; HA: humic acids; FA: fulvic acids; HUMIN: extractable humin.

TABLE 6 | Components of the surface free energy (SFE) of soils, for different
treatments.

Sample pH SFE (mJ m−2) Na+ Ca2+ Fe3+ Na+ + HA

FS 6.5 γLW 46.5 47.17 47.79 40.11
γ− 29.75 15.14 30.28 30.97
γ+ 0.65 0.43 0.7 0.811

CAS 6.2 γLW 46.5 46.8 46.8 46.152
γ− 45.6 46.8 51.04 47.45
γ+ 0.39 0.39 0.26 0.237

OAS 6.4 γLW 48.6 47.2 47.8 42.9
γ− 48.6 41.9 45.2 44.8
γ+ 0.18 0.56 0.27 0.32
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showed a similar wettability behavior. The hydrophobic
character was present in all ionic treatments (near the
aforementioned hydrophobicity threshold of 28 mJ m−2), but
was especially strong in calcium, reaching a value of highly

water-repellent materials (15 mJ m−2) (Ontiveros-Ortega et al.,
1998). On the contrary, cultivated soils showed clear
hydrophilicity, 45.6 and 48.6 mJ m−2 for conventional and
organic samples, respectively.

FIGURE 3 | (A) Zeta-potentials for 10–3 MNaCl solution. (B) Zeta-potentials for 10–3 MCaCl2 solution. (C) Zeta-potentials for 10
–3 M solution FeCl3. (D),(E) and (F)

Effect of addition of 0.5 g/L of commercial humic acid (HA) on the zeta-potential of soils (10–3 M NaCl). FS = forest sample, OAS = organic agriculture sample, CAS =
conventional agriculture sample.
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3.6 Total Surface Energies: Extended DLVO
Model and Interaction Between Soil
Particles as a Function of Ionic Solution
Figure 4 shows total interaction energies as a function of the
various ions, at ionic strength 10–3 M, and Figure 5 depicts total
energy components (EL, AB and LW) for the calcium- and iron-
treated soils.

Except for the forest sample in calcium solution
(Figure 4A), no primary energy minima can be discerned.
However, there were secondary energy minima with kT < 0
(attractive force) at H > 100 nm for all cations studied
(Figure 4D–F). In spite of their small values (<1 kT), these
secondary minima may justify colloidal aggregation in
samples with moderate total interaction energies, even in

FIGURE 4 | Total energies of interaction between particles according to different ionic solutions (10–3 M): (A) forest sample (pH 6.47); (B) organic sample (pH 6.44);
(C) conventional sample (pH 6.17); (D) secondary energy minimum for forest sample; (E) secondary energy minimum for organic sample; (F) secondary energyminimum
for conventional sample.
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FIGURE 5 | Components of total interaction energy at the soil pH: (A) forest sample, 10–3 M CaCl2 solution (pH 6.47); (B) organic sample, 10–3 M CaCl2 solution
(pH 6.44); (C) conventional sample, 10–3 M CaCl2 (pH 6.17); (D) forest sample, 10–3 M FeCl3 solution (pH 6.47) (E) organic sample, 10–3 M FeCl3 solution (pH 6.44); (F)
conventional sample, 10–3 M FeCl3 solution (pH 6.17). TOT, total energy; EL, electrostatic component; AB, acid–base component; LW, Lifshitz–van der Waals
component.

FIGURE 6 | SEM images of soil structure at colloidal scale. (A) forest sample (6300x): clay domains and clusters supported by filamentous structures of fungus
hypha; (B) organic sample (6300x); (C) conventional sample (5700x). Scale bar = 10 μm.
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the absence of primary minima when H approaches 0 nm
(Calero et al., 2017).

Setting the interaction energy to 10 nm, which properly
characterizes the tendency toward flocculation of particles in
colloidal systems according to (Ontiveros-Ortega et al., 1998), the
largest value in sodium solution was for the sample of
conventional groves (1,050 kT; Figure 4C), and the smallest
value was for sample of the forest (700 kT; Figure 4A). The
organic sample gave an intermediate value (900 kT; Figure 4B).
In the behavior with HA treatment in sodium solution for the
three samples, we observed variation of interaction energies in
accord with the ζ data shown in Figure 3, i.e., a decrease in forest
sample from 700 to 540 kT (Figure 4A) and an increase in
conventional sample from 1,050 to 1,175 kT (Figure 4C); the
organic sample was unaffected by HA addition (Figure 4B).
Because total energies were much greater than zero in all sodium
samples, including the HA-added ones, a strongly repulsive force
between particles can be presumed, so structural stability at
colloidal scale should be weak in these systems. The negative
effect of sodium on the structural stability of soils at colloidal scale
is widely known (Baumgarten et al., 2012).

The behavior of samples in calcium and iron solution was
noticeably different. They always produced a trend toward
the precipitation of suspended colloids (<350 kT), especially
in the forest plot, where the total energy at 10 nm was
<100 kT. This latter value may be considered a threshold
for energy barriers, where particles may have relatively high
probabilities of flocculation (Ontiveros-Ortega et al., 1998).
Furthermore, calcium should be considered the most relevant
cation for explaining colloidal behavior in field conditions.
This is because calcium was the dominant exchangeable base
in the three samples, although complex ions of iron or
aluminum, probably adsorbed onto particles, might be
relatively important in the cultivated soils, where base
saturation was <50% and pH ranged between 6.0 and 6.5
(Table 1).

Total energy in CaCl2 had the same value for the two cultivated
soils (150 kT, Figures 5B,C); however, there was an outstanding
difference for the forest sample because the total energy of
interaction became negative at small distance (H < 3 nm). Here,
this primary minimum of energy was determined not by the

cancellation of EL, but by the behavior of the AB component,
which gave negative values (−150 kT at 3 nm; Figure 5A). A
negative value of the AB component may be interpreted as an
attractive force caused by a reduction in hydration pressure of water-
repellent surfaces (Grasso et al., 2002). For cultivated soils, the AB
component remained positive (Figures 5B,C). Hence, the strong
tendency of colloids to flocculate predicted by the extended DLVO
model was mainly conditioned by the hydrophobicity of this soil.

In FeCl3, the forest sample also showed the smallest total
energy values (~0 kT; Figure 4A) of all soils. Because this was
determined by the ζ of iron solution (Figure 3C) and the
isoelectric point was reached in it at around soil pH (6.18),
the electrostatic repulsive force (EL) was canceled there
(Figure 5D). Then, the total energy remained as a balance
between the dispersive (LW) and AB components, which
cancelled each other at small distances. This explains the
virtually null value of total energy at H > 3 nm in FeCl3 for
the forest sample. The organic and conventional samples had
relatively similar total energies of 350 and 250 kT in iron solution,
respectively (Figures 5E,F).

Hydrophobicity of forest soil may be in agreement with results
of the SEM study (Figure 6), in which some biogenic activity,
likely fungus hyphae, was recognized (Figure 6A). The
relationship between acid pH, fungal activity and
hydrophobicity has been advance by our research group in
Aranda et al. (2016) and others (Maqbela and Mnkeni, 2009;
Fisher et al., 2010). Moreover, it is reasonable to establish a
relationship between SOM quality and hydrophobicity in this
sample. As indicated by the A4/A6 ratio in Table 5, humic
molecules in forest sample were less humified (larger E4/E6)
than in cultivated soils. Larger values of E4/E6 ratio have been
associated with the presence of smaller size organic molecules or
more aliphatic structures (Stevenson, 1994) which, in some cases,
has been associated with a greater hydrophobicity of the sample
(Di et al., 2016; Leone et al., 2017). This might also be related with
the potential saturation of colloidal surfaces in the forest sample,
explained above in view of the ζ behavior.

3.7 Adsorption Isotherms
Figure 7 shows adsorption isotherms 283.15, 293.15 and
313.15 K of the soils studied. In general, the isotherms

FIGURE 7 | Absorption isotherms for studied soils: 283 K (A), 293 K (B) and 313 K (C). FS = forest sample, OAS = organic agriculture sample, CAS = conventional
agriculture sample.
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conform to the Langmuir model, yielding saturation values
greater than 0.30–0.35 g of carbon added, although at higher
concentrations there was a tendency toward some desorption and
the curve decreases slightly.

This desorption is attributed to the fact that after reaching the
maximum value, it is caused by total coating of the surface by
HA, which gives rise to reactions between the HA radicals
(Ontiveros-Ortega et al., 1998). The obtained C adsorption
for the three soils had the order of the very acid (pH 4.37)
podzol studied by Vandenbruwane et al. (2007), and was much
less than that established by Saidy et al. (2013) for pure illite and
smectite.

In general, the conventional sample was the least adsorbent at
any temperature. This may be explained by the lower contents of
natural organic matter, which has been shown to be a
contributing factor to adsorption (Plaza et al., 2015). The
material with most adsorption at the three temperatures was
the organic sample, although it was very close to that of forest
sample. This confirms in part the finding above on the basis of ζ
curves.

4 CONCLUSION

Soils of the Sierra Morena can be considered marginal for olive
growth because of their slopes, thicknesses, stoniness and nutrient
poverty. Here, we compared physical, chemical and colloidal
properties of soil structure of a conventionally-managed olive
grove with those of an organic olive farm, relating both to a
natural soil under Mediterranean forest. The soil mineralogy
matched the granodiorite parent rock, formed mainly by quartz
(peak 0.425 nm) and phyllosilicates (peak 0.445 nm), showing a clay
fraction dominated by 2:1 phyllosilicates as illite, vermiculite, HIV
and their intergrades, with little differences between soils. ζ curves of
the fine earth fraction (<2mm) were negative (<0mV) in solutions
of mono- (potassium) and divalent- (calcium) cation, corresponding
to permanent charges of 2:1 phyllosilicates. However, in solutions of
trivalent cations (iron), ζ attained positive values (>0mV) at acid pH.

Structure behavior of the soil samples at colloidal scale where
characterized by total interaction energies, calculated according
the extended DLVO model. Total energies where lower in the
forest sample than in the cultivated soils, so the first showed a

greater tendency toward particle flocculation. This would be
related to the development of a more suitable pedological
structure, being in accordance with those physical properties,
such as the macroporosity of the soil or the structural stability
index, which reached their maximum value in the forest soil.
Specifically, in calcium solution, total energy of the forest sample
was clearly attractive at close distance (<0 kT at 10 nm). More
than by the electrostatic force, this was determined by the
negative value of the AB component, which was related to a
small value of the electron-donor component of surface free
energy γ− (15 mJ m−2). The latter implies a clear hydrophobic
character of the forest sample, whichmay have been caused by the
high content of organic matter in this soil, as well as by biogenic
activity shown by electron microscopy. In fact, SOC seems to be a
key property to explain the structure development at
colloidal scale.
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