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The effect of the pedo-climatic variation in qualitative and quantitative soil sesquioxide contents and soil phos-
phorus (P) sorption capacities has been studied. In four soils (samples from A horizons) located along a southern
Brazilian environmental gradient (EG) shown a decrease in crystallized iron oxides with the increase of altitude.
Hematite and goethite were found at low EG altitudes in association with low soil organic carbon content, and
goethite–ferrihydrite and gibbsite were found at high altitudes in association with high organic carbon content.
The adsorbed soil P (measured by the remaining P) was predicted by the goethite content, and the desorbed
P (measured by successive P extractions using anion exchange resin membranes) was predicted mainly by the
goethite and clay content. In subtropical soils, even a smooth environmental gradient could determine the
qualitative and quantitative iron and aluminum sesquioxide distributions that control soil P sorption capacities.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Environmental gradient studies can provide very powerful tools for
understanding soil weathering and properties primarily when they
occur over a similar parent material (Lair et al., 2009; Rasmussen
et al., 2010). According to the soil position on the landscape (i.e., the al-
titude, topography, and parent material) and soil weathering, several
mineral species can coexist in different proportions to provide specific
soil properties. Besides, the organic matter is also very sensitive to
these factors. One of the most important soil properties affected by
the mineral composition and organic matter content is the phosphate
(P) adsorption and desorption capacities, which play an important
role in both agronomic and environmental aspects (Bortoluzzi et al.,
2013). Thermodynamically, all P adsorbed into the soil can be desorbed
(Barrow, 1983); however, the kinetics of desorption ability depends
largely on the soil mineralogy, particularly the Fe and Al oxides, clay
and carbonates (Chintala et al., 2014).

Goethite, hematite, lepidocrocite, and ferrihydrite are themost com-
mon species in soils (Dixon and Weed, 1989), and their presence is in
accordance to the soil evolution conditions (Schwertmann and Kämpf,
1983; Kämpf et al., 2009). Ferrasols located near the Equator primarily
contain gibbsite, and tropical and subtropical Ferralsols primarily exhib-
it hematite, goethite, maghemite, and magnetite (Ferreira et al., 2003).
toluzzi).
Ferrihydrite and lepidocrocite are found in poorly drained soils
(Schwertmann and Kämpf, 1983), exhibiting higher P adsorption and
a faster adsorption rate (Wang et al., 2013). Goethite occurrence is fa-
vored by high soil organic carbon content and low pH (Kämpf et al.,
2009), and usually has a higher relative affinity for P than hematite
(Guzman et al., 1994). Compared to kaolinite, goethite has a much
higher P adsorption capacity, because the `Fe\OH groups are spread
over the entire surface of goethitewhile`Al\OH groups on the surface
of kaolinite are located exclusively at the edges of the crystal structure
(Wei et al., 2014). Even though, recent works show an unexpected
high contribution of clay minerals in P adsorption, especially in the
less acidic conditions (Devau et al., 2009).

In Southern Brazil, the main soils are primarily Ferralsol types,
and their mineralogy is dominated by large amounts of Fe and Al
sesquioxides, kaolinite-group clay minerals (Paduani et al., 2009), and
2:1 clay type with hydroxy-Al interlayers (Bortoluzzi et al., 2008;
Caner et al., 2014). These soils are acidic under natural conditions, facil-
itating specific P sorption, forming preferentially bidentate bindingwith
both iron (Kim et al., 2011) and aluminum oxides (Li et al., 2013). In a
numerical modeling study, Devau et al. (2009) showed that the concen-
tration of P adsorbed onto Al- and Fe-oxides increased in the acidic do-
mains, where these minerals contributed to as much as 50% of the total
adsorbed. Indeed, the P retention in tropical and subtropical soils by Fe
and Al oxides is one of the most limiting factors for crop production
(Igwe et al., 2010). De Mesquita Filho and Torrent (1993) showed that
in high weathered Ferralsols the P sorption is related most to the
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organic content that based upon mineralogy composition. However, in
extensive areas of the Paraná basin (Southern Brazil) under subtropical
condition, less weathered soils are found and their mineralogy is diver-
sified. Marked differences in soil sesquioxide mineral compositions
can occur in response to the environmental gradient in which the soil
phosphorus sorption phenomena should be studied. It is particularly
interesting because, regardless of the soil mineralogy, the phosphate
fertilization recommendation is based on the soil clay content alone
(Comissão de Química e Fertilidade do Solo — CQFS-RS/SC, 2004) and
the mineralogical approach makes up an excellent way in soil studies
under agronomic and environmental aspects (Bortoluzzi et al., 2013).

In this sense, the objectives of this work were to estimate how the
environmental gradient in the basaltic plateau of the Rio Grande do
Sul State of southern Brazil controls iron and aluminum sesquioxide
and clay mineral distribution in the soils, and the subsequent impact
of these quantities on soil phosphate adsorption and desorption capac-
ities. This approach may further elucidate the impact of soil mineralogy
on soil P sorption, which has both agricultural and environmental
importance.

2. Material and methods

2.1. Site descriptions and soil sampling

This study was conducted in the southern Paraná Basin, Rio Grande
do Sul State, Southern Brazil (Fig. 1). The geological formation is from
the Mesozoic era (volcanism). Basaltic flow thicknesses ranging from
20 to 1200 m occur at the bottom of the pile (western region) above
sedimentary rocks (sandstone), and alkaline basaltic lava flows are ob-
served at themiddle position; basaltic-andesite, rhyolite and rhyodacite
are on the top of the formation (eastern region).

The region experiences a subtropical humid climate and a wavy re-
lief covered with natural pastures in the upper portion of the landscape
with natural forest in the lower portion of the landscape. Table 1 shows
the main characteristics of the soil sampling sites, including geographic
location, soil/land use, profile attributes and, few soil attributes. The
soils are predominately developed on basaltic rock and they are classi-
fied as Latossolos and Cambissolos by the Brazilian System of Soil
Classification or Ferralsol/Cambisol in the World Reference Base for
Soil Resources (IUSSWorking Group, 2007). The soils are used as inten-
sive agriculture, but remains little areas with the natural vegetation or
with low anthropogenic pressure. The soils are highly weathered and
show deep profiles (1–4 m). They are well drained, with a horizon se-
quence that comprises A-Bw/Bi-C-R horizons or layers. The Bw horizon
is found in the Ferralsol and the Bi horizon is in the less developed
Fig. 1.Map showing the collection sites in the cont
Cambisol. Regosols (A horizon upper R) are only found in the steep
slopes.

Four sites under natural vegetation were chosen along the environ-
mental gradient from west to east in Rio Grande do Sul State (Fig. 1).
There are large variations in the environmental conditions (altitude,
mean annual temperature, and precipitation) across the gradient. The
altitude ranges from 220 to 1,080 m above sea level, the maximum air
temperature vary from 21 to 25.9 °C, and the total annual precipitation
ranges from 1 688 to 1 792 mm (Table 1).

In each site on the same soil type, three subsamples (approximately
5 kg of soil each) were collected with both preserved and non-
preserved structures. For each subsamples with non-preserved struc-
ture, 10 subsamples around a central point were collected at 0–20 cm
depth. The non-preserved structure samples were air-dried, and an
aliquot was sieved at 2 mm to obtain air-dried fine earth (ADFE).

2.2. Soil characterization

The soil color was estimated using a Munsell soil color chart. Total
organic carbon (TOC) content was determined by wet oxidation with
K2Cr2O7 and H2SO4 (Walkley and Black, 1934), with modifications
proposed by Tedesco et al. (1995). Briefly, 0.25 g of soil was weighted
in glass tubes (25.0 cm length × 2.5 cm diameter) with 10 mL
0.067 mol L−1 K2Cr2O7 and 15 mL H2SO4 concentrate. The tubes were
placed in a digestion block at 150 °C for 30 min. After, the content in
the tubeswas transferred to erlenmeyerswhere itwas added 80mLdis-
tilledwater. Then, the amount of Cr2O7

2- not reducedwas obtained by ti-
trationwith Fe2+ [0.2mol L−1 Fe(NH4)2(SO4)2.6H2O] in the presence of
ferroin indicator. Finally, the content of carbon obtained was corrected
to the content of carbon obtained by dry combustion (elementary ana-
lyzer) using the correction factor of 1.14, as proposed by Rheinheimer
et al. (2008). pH measurements were performed in a 1:1 soil:water
ratio. Exchangeable H+ + Al3+ were estimated by solving with the fol-
lowing equation:H+Al=e10.665 − 1.1483SMP/10 (Kaminski et al., 2001),
where SMP is the pH measurement in aqueous suspension using SMP
buffered solution at pH 7.5 (triethanolamine, paranitrophenol, K2CrO4,
Ca(CH3COO)2 and CaCl2.2H2O) (Shoemaker et al., 1961).

The particle size distribution was determined after chemical disper-
sion using NaOH solution (6% w/w) and mechanical shaking. The sand
fractions were separated by sieving and then weighed, and the silt and
clay fractionswere separated by sedimentation,with clay content quan-
tification by the pipette method. The soil bulk density was determined
soil with preserved structure, using volumetric rings (5 cm × 5 cm).
The total specific surface area (SA) was gravimetrically estimated
using ethylene glycol monoethyl ether (EGME) adsorption on the soil
ext of the: a) geological formation, b) altitude.



Table 1
Site locations, environmental characteristics and soil chemical and physical properties.

Explanatory variables Sites

Bom Jesus Vacaria Passo Fundo Santo Ângelo

SBJ SV SPF SSA

Climatic and topographic attributes
Geographic direction East West
Geographic coordinates 50° 26′ W

28° 39′ S
51° 01′ W
28° 25′ S

52° 28′ W
28° 19′ S

54° 25′ W
28° 15′ S

Altitude a.s.l., m 1080 900 590 220
Average max temperature, °C 21.0 21.6 24.4 25.9
Annual rainfall, mm 1792 1700 1661 1688

Soil characterization a

Soil types Cambisol Ferralsol Ferralsol Ferralsol
Alumic Alumic, ferric Dystric, humic Dystric, ferric

Horizon sequence A-Bi-R A-Bw-C A-Bw-C A-Bw-C
Lithology Rhyolite–basalt Basalt Basalt–sandstone Basalt
Profile positions
Predominant declivity, %

Hilltop
5–15

Hilltop
5–10

Hilltop
5–8

Hilltop
8–10

Soil use/vegetation Grassland/perennial crops Grassland Annual crops Annual crops Annual crops

General soil attributes
Soil sample colorsb 10YR 3/1 7.5YR 5/2 5YR 4/3 2.5YR 4/8
TOC, mg kg−1 42.7 ± 6.2 41.5 ± 3.8 30.6 ± 7.6 24.4 ± 7.6
Soil bulk density, Mg m−3 1.16 ± 0.15 1.66 ± 0.25 1.20 ± 0.17 1.54 ± 0.17
Specific surface area, m2 g−1 92.3 106.7 87.7 68.5

Particle size distribution
Sand, g kg−1 138 203 569 221
Silt, g kg−1 256 234 149 151
Clay, g kg−1 606 563 282 628

Chemical attributes
pH water, 1:1 v/v 4.5 5.2 4.8 5.6
H+ + Al3+, cmolc kg−1 10.4 2.9 3.1 2.0

a Soil profile characterization.
b Soil colorswere estimatedusing theMunsell color chart; a.s.l.means above sea level; and TOC is the total organic carbon content. Specific surface areameasured by EGME (Carter et al.,

1965).
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particles (Carter et al., 1965). The soil characterization is summarized in
Table 1.

2.3. Mineralogical analysis

The chemical elemental compositionwas determined by EnergyDis-
persive X-ray Fluorescence Spectroscopy (EDXRF) on a Shimadzu Ray
EDX-720 device. The samples were dried at 60 °C, milled in a mortar
and placed in containers with filters (3518 Mylar 0.25-mil, 6 μm).
Chemical elements are expressed in oxide mass percentages; those
with a relative contribution below 0.1% were not considered. In addi-
tion, the R3+/R3++R2++M+ (weathering index) was calculated ac-
cording to Meunier et al. (2013). For this purpose, M+ was calculated
by adding the Na+, K+, and 2Ca2+; R2+ was calculated by taking the
sum of Mn2+, Mg2+, and Fe(II), and R3+ was calculated by adding up
the Fe(III) and Al3+ (expressed in molar proportions).

Crystalline forms of Fe oxyhydroxides (Fed) were estimated by
extraction with dithionite–citrate–bicarbonate (DCB) (Mehra and
Jackson, 1960); amorphous and/or poorly crystallized forms of Fe
(Feo) were estimated by extractionwith 0.2mol L−1 ammonium oxalate
at pH 3 (Blakemore et al., 1987). Extracted elementswere determined by
ICP OES. The results are presented as Fed/Feo ratios and Fed–Feo values to
estimate well-crystallized Fe-oxides. Fractions lower than 50 μm were
also submitted for DCB treatment and named Ald b 50, Fed b 50, and
Sid b 50.

The soil clay fractions were analyzed by X-ray diffraction (XRD)
using a Philips diffractometer model PW1830/25 with CuKα radiation
(λ = 0.154 nm). The XRD patterns were performed on non-oriented
powder samples and recorded between 2 and 80°2θ.

Mössbauer measurements were performed on the clay fractions
at room temperature (RT) and at 20 K with a 57Co/Rh source on a
conventional Mössbauer spectrometer operating in constant accelera-
tion mode. A velocity calibration was performed at RT with a α-Fe
absorber; all isomer shifts (IS) are referred to this standard. The
Mössbauer spectra consist of a paramagnetic component (doublet)
mingled with a magnetic phase, and they are represented by a sub-
spectrum of six lines (sextet). The corresponding hyperfine parameters
were obtained from the followingfitting procedure: hyperfinemagnetic
field (Bhf), quadrupole splitting (EQ), and quadrupole doublet line
width (Lorentzian linewidth, Г). The doublet may be associated with
the presence of Fe in silicates (substituting Al with Fe in tetrahedral
sites) and/or the presence of iron oxides in a superparamagnetic state.

The magnetic fraction can be attributed to iron oxides present in the
samples. The relative contribution of themagnetic sub-spectrum (relative
surface area) varies fromone sample to another. In natural environments,
iron oxides often display a broad particle size distribution at the nanome-
ter scale that induces a phenomenon called superparamagnetism.
This phenomenon is characterized by the spontaneous reversal of the
magnetization direction of the particles, and it is directly associated
with their size. For example, superparamagnetism occurs at RT for
hematite particles smaller than 8 nm and for goethite particle smaller
than 20 nm (Murad, 2013).

2.4. P sorption phenomena: adsorption and desorption

The soil P maximum sorption capacity was performed by adding
5 ml of a solution containing 0.01 mol CaCl2 L−1 and 60 mg of P L−1 at
pH 5.5 (using K2HPO4 as the P source) into a centrifuge tube containing
0.5 g of soil. The samples, in triplicate, remained under continuous shak-
ing at 33 rpmwith an end-over-end agitator for 3 days at 20 °C (±2 °C),
in an adaptation from Alvarez et al. (2000). After P saturation, the sam-
ples were centrifuged at 5000 rpm for 15min to sediment the particles,



Table 2
Total chemical elements determined by X-ray fluorescence, and weathering indicators of
the soil types across an environmental gradient in southern Brazil.

Variable Site collection

Bom Jesus
SBJ

Vacaria
SV

Passo Fundo
SPF

Santo Ângelo
SSA

Total elements, %
SiO2 62.96 57.11 70.74 42.13
Al2O3 24.12 22.78 19.31 26.48
Fe2O3 8.71 14.66 5.67 24.02
TiO2 1.91 2.88 1.59 4.35
SO3 1.47 1.61 1.71 1.78
CaO 0.31 0.36 0.35 0.34
K2O 0.22 0.23 0.34 0.20
MnO 0.16 0.15 0.10 0.32
P2O5 0.14 0.22 0.18 0.37

Weathering indicatorsa

Fed, g kg−1 22.5 48.0 24.9 59.1
Feo, g kg−1 5.3 6.4 2.4 3.6
Fed–Feo, g kg−1 17.2 41.6 22.5 55.5
Feo/Fed ratio 0.24 0.13 0.10 0.06
Fed b 50, g kg−1b 16.1 19.7 2.7 37.3
Ald b 50, g kg−1 4.4 4.0 1.8 2.3
Sid b 50, g kg−1 0.33 0.20 0.25 0.38
M+, % 8.6 9.0 8.0 10.9
R+, % 2.5 1.3 0.8 3.7
R3+/R3++R2++M+c 0.96 0.93 0.90 0.95

a Each value represents themean of three replicates. Fed and Feowere extracted byDCB
and oxalate, respectively.

b Fed b 50, Ald b 50 and Sid b 50 are ion extracted in b 50 μm fraction.
c R3+/R3++R2++M+: weathering index, calculated following Meunier et al.

(2013); M+ is the sum of Na+, K+, 2Ca, expressed as a percentage of the concentration
(mmol) in relation to the total chemical elements; R2+ is the sum of the Mn2+, Mg2+;
and Fe(II) and R3+ is the sum of Fe(III) and Al3+, both expressed in a percentage of con-
centration (mmol) in relation to the total chemical elements.
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and the supernatant was then filtered at 0.22 μm to eliminate dispersed
fine particles. In the supernatant, the remaining P (Prem) was deter-
mined by spectrophotometry according to the method proposed by
Murphy and Riley (1962).

The P soil desorption capacity was subsequently estimated by suc-
cessive extractions with anion exchange resin (AER) membrane. All
tubes contained 0.5 g of soil and 15mLof osmosedwater (MilliQ® qual-
ity, at pH 9.0) received one AER membrane previously saturated with
NaHCO3 0.5 mol L−1. The suspensions were stirred for 18 h at 33 rpm
in an end-over-end stirrer at 20 °C (± 3 °C). The AER membranes
were then removed and washed with osmosed water flush and then
eluted at 10 ml HCl 0.5 mol L−1 for 30 min under agitation. Then, the
P concentrations in the acid extract were also determined asmentioned
early (Murphy and Riley, 1962). The AER, after P extraction,were regen-
erated by three successivewashingswith HCl 0.5mol L−1 and saturated
with with NaHCO3 0.5 mol L−1 for a new use. A total of seven P extrac-
tions were performed and a curve obtained with the cumulative values
of desorbed P (mg P kg−1 of soil) was fitted using the software SAS
(1992) with the following first-order kinetic equation as proposed by
McKean and Warren (1996):

Pdesorbed ¼ β − β − að Þe−ht ð1Þ

where β is the maximum amount desorbed or potentially available P, α
is the amount of P desorbed in the first extraction, λ is the desorption
rate constant, and t is the extraction time. The α and β parameters
were adjusted to the clay content (mg P kg−1 of clay). The easily
desorbable P was estimated as the ratio of α*100/β.

2.5. Statistical analysis

Pearson correlation coefficients (r) were performed among environ-
mental and soil attributes. The number of soils (n = 4) and repetitions
(n = 3) was low. Even though, we performed correlation analysis as
an exploratory analysis to evaluate some trends that were discussed in
the manuscript. The data will be presented and discussed in consider-
ation of the soil attributes to highlight the environmental gradient
conditions and the iron sesquioxide contents.

3. Results

3.1. Soil chemical attributes along the environmental gradient in southern
Brazil

The environmental gradient induced substantial variations in soil
attributes, such as the specific surface area (68.5 to 106.7 m2 g−1), the
pH in water (from 4.2 to 5.6), the potential acidity expressed by the ex-
changeable H++Al3+ (2.0 to 10.4 cmolc kg−1), soil bulk density (1.16
to 1.66 Mg m−3), and soil organic carbon (24.4 to 42.7 mg kg−1)
(Table 1). In general, the soil altitude across the environmental gradient
seems to be the main factor controlling the soil physical and chemical
attributes. The clay fraction dominated the particle size distribution
from soils, ranging from 282 to 628 g kg−1, except for the SPF site in
which the sand fraction is higher (569 g kg−1) because of the presence
of basalt and sandstone as parent material (Table 1). The soils located
at low altitudes (i.e., SPF and SSA sites) are predominantly red
(Hue b5YR), indicating the hematite presence, and the value/chroma
values observed were high (4/8) indicating the low OC content. At the
highest altitude (SBJ site), the yellow color (Hue 10YR) was predomi-
nant, indicating goethite presence, and the soils exhibited low value/
chroma values (3/1) because of their high OC content. The main total
chemical elements, in decreasing order, were SiO2, Al2O3, and Fe2O3,
with averages of 58.2%, 23.2%, and 13.3%, respectively. The concentra-
tions of CaO, K2O, and MnO were lower than 1%. Across the environ-
mental gradient, the values for SiO2 varied from 42.1% to 70.7%; for
Al2O3 they varied from 19.3% to 26.5%, and in Fe2O3, they varied from
5.7% to 24.0%. The other chemical element concentrations were all
lower than 5% (Table 2).

The soils from the SBJ and SV sites located at a high elevation exhib-
ited a Fe2O3 content of 8.7 and 14.7%, respectively, and the SSA site
located at the lowest altitude had a Fe2O3 content of 24.0%. The low
Feo/Fed ratios and high Fed–Feo values at the low altitude (i.e. SSA) indi-
cate the presence ofwell-crystallizedmineral such as hematite and goe-
thite. By contrast, high Feo/Fed ratios and low Fed–Feo valueswere noted
at the SBJ and SV sites, indicating the presence of poorly crystallized
forms of Fe sesquioxides. The Feo/Fed ratio tends increase with the in-
crease of altitude and rainfall regime (r = 0.91, P = 0.09 and r = 0.92,
P b 0.08). All samples exhibited low Sid b 50 and Ald b 50 values in the
b50 μm fraction. The Fed b 50 content in the b50 μm fraction was
lower than that of the air-dried fine-earth fraction (ADFE). A major
portion of the Fe form is represented by the very well-crystallized
form (Fed/Feo ratio and Fed-Feo; Table 2).

In Table 2, the R3+/R3++R2++M+ weathering index was always
higher than 0.9, demonstrating a high degree of soil weathering
(Meunier et al., 2013). In addition, this weathering index was affected
by the air temperature (r = −0.91; P = 0.09), rainfall regime (r =
0.94; P b 0.06), and Feo/Fed ratio (r = 0.97; P b 0.05). These findings
demonstrate that even under intense weathering conditions, there
was great variation in terms of soil chemical composition across the
environmental gradient, and they consequently may have different
iron mineral species.

3.2. Iron–aluminum sesquioxides in soils along the environmental gradient

Theminerals present in the soil samples were characterized by an
X-ray diffraction analysis of randomly oriented powders from clay
fractions (Fig. 2). All the XRD patterns showed intense peaks at
0.334, 0.424, and 0.182 nm, corresponding to quartz (Qz). Kaolinite
(K) was identified by peaks at 0.722, 0.362, and 0.149 nm. The broad
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peaks of kaolinite are indicative of the poorly ordered kaolinite that is a
common feature of clay minerals in tropical soils. Gibbsite (G) (0.485,
0.437, and 0.432 nm) was only found in the SBJ and SV samples. Rutile
(R) was found in the SSA and SV sites as indicated by the weak peaks at
0.325, 0.248, and 0.168 nm. All soil samples exhibited hematite (Hm) and
goethite (Gt), as identified by peak series at 0.368, 0.252, and 0.184 nm
and 0.420, 0.245, and 0.170 nm, respectively. The intensity of the peak at
0.269 nm gradually decreased from the SSA sample to the SBJ sample
(Fig. 2), which could be attributed to the superimposition of the [104]
peak of hematite and the [130] peak of goethite. Ferrihydrite (Fh), a poorly
ordered iron hydroxide, is identified by peaks at 0.255, 0.224, 0.198, 0.171,
and0.147nm,withpeakwidths and intensities depending on the degree of
crystallinity (Schwertmannet al., 1982). SBJ presentpeaks corresponding to
calcite (C) and dolomite (D) due to lime product application.

The identification and quantification of iron oxides by XRD analysis
are not easy, especially when they are present in mixtures with other
minerals such as quartz (Schwertmann et al., 1982). Mössbauer spec-
troscopy at room temperature (RT) and at 20 K was used to identify
the different forms of Fe hydroxides. The spectra were fitted using one
doublet and one sextet (Figs. 3 and4). The hyperfine parameters obtain-
ed from the fitting procedure (Table 3) indicate a quadrupole splitting
(EQ) associatedwith doublets ranging from0.57 to 0.61mms−1, and iso-
mer shifts (IS) ranging from 0.31 to 0.34 mm s−1. These values are con-
sistent with those obtained by Castelein et al. (2002) at RT for kaolinite
(EQ= 0.58mm s−1 and IS= 0.35mm s−1). Analyses of the quadrupole
doublet line width (Г) show values varying from 0.45 to 0.58 mm s−1.

To analyze the spectra recorded at 20 K, it was necessary to add a
sextet to the adjustment model proposed for the SSA and SPF samples
and two sextets for the SV and SBJ samples (Fig. 4). Table 3 summarizes
the hyperfine parameters obtained by the fitting procedure of these
spectra. The EQ values for the paramagnetic doublet at 20 K have values
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similar to those obtained at RT for each sample. This outcome supports
the interpretation that kaolinite is present in all soil samples, according
to the XRD patterns (Fig. 2). The magnetic component of the spectra at
RT can bewell-fitted using a single sextet, and it provides values for the
hyperfine parameters (Table 3) that are very close to those obtained for
the hematite found in the sand and silt fractions of Brazilian Ferralsols
(α-Fe2O3: Bhf ≈ 49 T, EQ = −0.18 mm s−1, IS = 0.38 mm s−1),
Table 3
Mössbauer parameters at room temperature and at 20 K of the soil types across an
environmental gradient in southern Brazil.

Sites ISa

mm s−1
EQb

mm s−1
Bhf

T
Γ
mm s−1

Subspectral
area
%

Composition

Mössbauer parameters at room temperature
SBJ: Bom Jesus 0.31 0.57 0.45 87.5 Doublet

0.30 −0.22 50.6 0.73 12.5 Sextet
SV: Vacaria 0.32 0.59 0.45 82.9 Doublet

0.33 −0.20 50.6 0.50 17.1 Sextet
SPF: Passo
Fundo

0.32 0.61 0.58 60.6 Doublet
0.30 −0.15 49.4 0.81 39.4 Sextet

SSA: Santo
Ângelo

0.34 0.59 0.51 33.0 Doublet
0.33 −0.16 49.2 0.91 67.0 Sextet

Mössbauer parameters at 20 K
SBJ: Bom Jesus 0.38 0.55 0.40 26.0 Doublet

0.38 −0.20 52.7 0.44 8.1 Hematite
0.42 −0.26 48.6 0.55 45.0 Goethite
0.45 0.00 43.2 0.70 20.9 Ferrihydrite

SV: Vacaria 0.41 0.55 0.45 15.1 Doublet
0.45 −0.20 52.8 0.46 11.1 Hematite
0.42 −0.26 49.0 0.50 46.5 Goethite
0.42 0.00 44.9 1.09 27.3 Ferrihydrite

SPF: Passo
Fundo

0.43 0.63 0.31 7.3 Doublet
0.43 −0.18 52.7 0.43 62.4 Hematite
0.43 −0.24 49.1 0.66 30.3 Goethite

SSA: Santo
Ângelo

0.41 0.52 0.33 6.6 Doublet
0.43 −0.17 52.7 0.44 61.1 Hematite
0.44 −0.22 49.2 0.66 32.3 Goethite

IS is the isomer shift; EQ is the quadrupole splitting. Bhf is the hyperfinemagneticfield; Γ is
the Lorentzian linewidth.
according to Ferreira et al. (2003). The large width line of the sextets in-
dicates low crystallinity concomitant with high Al substitution in hema-
tite. The hyperfine parameter values Bhf and EQ (Table 3) are associated
with two sextets, and they are in agreement with those obtained by
Wagner and Wagner (2004) for hematite (Bhf = 53.5 T, EQ =
−0.20 mm s−1) and goethite (Bhf = 50.6 T, EQ = −0.25 mm s−1).
This finding also confirms the presence of a wide particle size
distribution.

The third sextet used to fit the Mössbauer spectra for the SV and SBJ
samples show hyperfinemagnetic field values of 43 and 49 T, and EQ=
0mm s−1. This outcome could indicate the presence of ferrihydrite be-
cause of the poorly crystallized nanoparticles, according to Murad
(2013). The soil samples contain nanostructured iron sesquioxide
forms at 53.3% for the SPF site (doublet RT minus doublet 20 K), 61.1%
for the SV site, and 67.8% for the SBJ of the total iron, and the SSA sample
contains only 26.4%. The subspectral areas of the sextet corresponding
to hematite was 61.1%, 62.4%, 11.1%, and 8.1% for the SSA, SPF, SV, and
SBJ samples, respectively. The subspectral areas corresponding to the
sextet for goethite was 32.3%, 30.3%, 46.5%, and 45.0% for the SSA, SPF,
SV, and SBJ samples, respectively. However, the third sextet, correspond-
ing to ferrihydrite, exhibited subspectral areas of 27.3% and 20.9% in the
SV and SBJ samples, respectively. These outcomes demonstrate that the
hematite is dominating the SSA and SPF samples, and goethite dominates
the SV and SBJ samples. It is also important to note that in the SV and SBJ
samples, the ferrihydrite was found in concentrations larger than that of
hematite. The hematite content tends to increase with the decreasing of
altitude (r=−0.97; P b 0.05) andOC content (r=−0.96; P b 0.05). Fur-
thermore, ferrihydrite tends to increase with the increasing of OC (r =
0.94; P = 0.06) however they tend to decrease with the increasing of
maximum air temperature across the environmental gradient (r =
−0.94; P=0.06). The goethite and ferrihydrite oxide content are related
to the Feo content (r= 0.91; P= 0.09 and r= 0.95; P b 0.05).
3.3. Soil phosphorus sorption–desorption capacity along the environmental
gradient

The total P values, expressed in mg kg−1 of soil, were low
(b1615 mg kg−1 — Table 4) and close to the values found in the litera-
ture for tropical soils that generally ranged from 40 mg kg−1 (Kuczak
et al., 2006) to 1426mg kg−1 (Solomon et al., 2002). Moreover, avail-
able P was very low, representing only 0.3–2.4% of the total P
Table 4
Sesquioxide contents in soils samples collected across an environmental gradient in
southern Brazil.

Soil attributes Sites

Bom Jesus
SBJ

Vacaria
SV

Passo Fundo
SPF

Santo Ângelo
SSA

Sesquioxide contentsa

Hematite, g kg−1 49 62 176 384
Goethite, g kg−1 273 262 85 203
Ferrihydrite, g kg−1 127 154 0 0
Gibbsite Present Present – –

P forms
P (Mehlich-1), mg kg−1b 12.3 12.0 10.7 4.8
P (AER), mg kg−1c 14.0 17.0 18.7 5.2
P (AER), % of the total P 2.3 1.8 2.4 0.3
Total P, mg kg−1 soild 611 961 786 1615
Recovered P, %e 142 162 345 153

a Values for soil iron oxides were calculated based on the results of the Mössbauer
analysis and the clay content of each soil.

b Available P extracted by acid Mehlich-1 solution (0.05 mol L−1 HCl + 0.0125 mol L−1

H2SO4).
c Available P extracted in water by anion exchange resin membrane saturated with

NaHCO3 0.5 mol L−1 at pH 8.5.
d Total P estimated by X-ray fluorescence method.
e Amount of P adsorbed recovered by successive resin extractions.
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(Table 4). This finding is in agreement with the parent material com-
position and weathering status of the soils.

After contact the soil with 600mgkg−1 of P during three days, it was
performed the successive extractions with anion exchange resin. After
five P extractions the P desorption curves reached a plateau and after-
wards, very little additional P was extracted from the soil (Fig. 5). The
SPF site showed the lowest content of readily and potentially available
P. The amount of adsorbed P recovered by successive resin extractions
was approximately two times higher in the SPF site (345%) than in the
other soils (152% on average) (Table 4). Recovering capacity was higher
than the amount of P fixed indicating desorption of native P with the
successive resin extractions. The amount of native P desorbed by suc-
cessive resin extractions was 39, 29, 38, and 14% of the total P for SBJ,
SV, SPF, and SA, respectively. This amount of native P desorbed tends
to increase with the increasing of the percentage of total P available P
by AER (r= 0.99; P= 0.008). Through the adjustment to the clay con-
tent, the SPF site also showed the lowest level of adsorbed P, but it had
the highest values of readily and potentially available P (Figs. 5 and 6).
Despite the highest total P content in the SSA site (Table 4), this soil
adsorbed the highest quantities of P and had the lowest values of
desorbed P in the first (α) and potentially available P (Fig. 6).

The remaining (Prem) values ranged from 4 to 47.8 mg L−1 (Fig. 6).
The SPF site had a higher Prem value (47.8 mg L−1) and a lower fixed P
(122.5 mg kg−1), and the SBJ sample had the lowest Prem (4.0 mg L−1)
and the highest P-fixed value (559.9 mg kg−1) (Fig. 6).

The total P content tends to increasewith the increasing of Fed levels
(r = 0.91; P = 0.08). The soil clay content attribute alone tends to ex-
plain a negative relationship with Prem and recovered P (r = −0.94;
P = 0.06 and r = −0.99; P b 0.01). In addition, this attribute tends to
have a positive relationship with the fixed P and α parameter (r =
0.90; P = 0.09 and r = 0.96; P b 0.05). Goethite seemed to have the
greatest influence on P sorption (r = −0.97; P b 0.05). Similar to the
clay content, the goethite content explains the relation between Prem
and recovered P, with coefficients of r = −0.97 (P b 0.05) and r =
−0.94 (P= 0.06), respectively. Goethite positively explains the results
of the α and β parameters, with coefficients of r = 0.97 (P b 0.05) and
r = 0.99 (P b 0.01), respectively. The contents of Feo and Fed showed
no relationship with any P adsorption and desorption parameters, but
the Feo/Fed ratio showed high negative correlation with the easily
desorbable P ratio (r = −1.00; P b 0.01).

4. Discussion

Across the environmental gradient, the elevation, temperature,
and rainfall regime were the primary sensitive topo-climatic factors
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in southern Brazil. SBJ is the Bom Jesus site, SV is the Vacaria site, SPF is the Passo Fundo
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(Table 1). As the altitude increases from west to east, a slight increase
was observed in the rainfall regime, and the air temperature decreased
slightly. This set of conditions primarily resulted in an increase in the
soil OC content aswell as the Feo/Fed ratios and decreased Fed–Feo values
(Table 2). Crystallized Fe oxide (Fed) was predominant in all soils along
the environmental gradient; however, the occurrence of hematite, goe-
thite, and ferrihydrite varied as indicated by the Feo/Fed ratios. The he-
matite content decreased along the environmental gradient from west
to east, and the ferrihydrite (estimated by Mössbauer spectroscopy)
and gibbsite (estimated by XRD) only appear in the sites at the highest
elevation N 900 m asl (SV and SBJ) (Tables 1 and 2). The occurrence of
ferrihydrite was observed when the Feo/Fed ratios were higher than
0.13. Gibbsite occurred together with ferrihydrite, as also reported by
Wada and Aomine (1966) in volcanic-ash soils.

R3+/R3++R2++M+ values higher than 0.9 and with low base con-
tent (Table 2) confirm that soils located at low altitudes (b590 m
a.s.l.) are highly weathered. Despite the fact that all of the soils were
highly weathered, as demonstrated by the weathering indices in
Table 2, the OC content, qualitative and quantitative distribution of
iron and aluminum sesquioxides varied markedly across the environ-
mental gradient. For instance, the hematite content decreased with
the altitude at higher rainfall and OC content, and it increased with
higher temperatures at low elevations (Tables 1, 3, and 4). Conversely,
goethite and ferrihydrite showed inverse relations because the factors
that promote hematite formation are the same as those that inhibited fer-
rihydrite and goethite formation (Schwertmann andKämpf, 1983). In ad-
dition, high OC content may induce occasional reducing conditions that
favor the formation of goethite and inhibit hematite formation (Orrutea
et al., 2012) or promote its preferential dissolution (Jeanroy et al.,
1991). Thus, the SBJ and SV sites located at the highest elevations prefer-
entially contained goethite and ferrihydrite comparedwith hematite. The
SSA and SPF sites located at the lower elevation contained higher hema-
tite content, and no ferrihydrite and gibbsitewere found (Tables 3 and 4).

All soils exhibited a high potential to adsorb P (Fig. 6), which was
favored by the low soil pH, high clay and sesquioxide contents. The P ad-
sorption is primarily explained by the soil clay fraction contents, and
goethite content when it was adjusted to amounts of clay fraction
(Tables 1 to 3, and Fig. 6). Nevertheless, soils containing similar clay
content, i.e., SBJ and SSA, but located in the opposite sites along the en-
vironmental gradient, adsorbed different amounts of P (Table 1,
and Fig. 6). This behavior can be associated with the OC content
and/or iron–aluminum oxide content. It is well known that soils with
high total concentrations of organic carbon may decrease the P adsorp-
tion sites through competition exerted by organic acids of lowmolecu-
lar weights (Redel et al., 2007). However, even with an OC content that
was 1.8 times higher than that of the SSA soil, the SBJ soil showed a
phosphorus adsorption capacity that was 1.3 times higher. This finding
indicates that the iron–aluminum sesquioxide species play, here, a
major role in soil adsorption–desorption phenomena, and OC acts indi-
rectly on these species, determining the proportion of iron forms (Feo/
Fed and sesquioxide species soil composition). In addition, the SBJ and
SV soils located at high altitudes and containing a similar iron–alumi-
num sesquioxide assemblage (Tables 3 and 4) showed a high ability
to adsorb P (P-fixed) followed by the SSA and SPF sites (Fig. 6). Regard-
ing the P adsorption and desorption adjusted to the clay fraction con-
tent, the highest P fixation was also found in the SBJ soil, following the
SV and SSA soils. The SPF soil had the lowest P adsorption, but it
contained the highest amount of desorbed P as adjusted to the clay con-
tent (Fig. 6). Thus, the P behavior (regardless of the organicmatter con-
tent) indicates that iron-Al sesquioxide species adsorbed and desorbed
P differently. The soil's ability to desorb P was accurately predicted by
both clay and goethite content because their high positive correlation
coefficient.

In general, the soils exhibited high amounts of labile and potentially
labile P (α and β; Fig. 6). The SSA, SV, and SBJ soils desorbed an average
of 152% of the previously adsorbed P (Table 4), indicating total
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desorption of the P added plus part of the native P of the soils. However,
the SPF desorbed 3.45 times the amount of adsorbed P, meaning that
this soil desorbedmuchmore native P than the others soils. This finding
was primarily attributed to the low level of goethite soil content. These
results corroborated with the findings of Guzman et al. (1994), who
found that the P bioavailability is dependent on the nature of the iron
(hydr)oxides, and the P adsorbed by ferrihydrite and hematite is more
bioavailable than that adsorbed by goethite. Because ferrihydrite ex-
hibits poor crystallinity and high micropore volume (Wang et al.,
2013), it is expected to have a high phosphate adsorption and lowphos-
phate desorption. The SBJ and SV soils presented a similar sesquioxide
species assemblage, and theywere the only ones that presented ferrihy-
drite content. However, there was no correlation between ferrihydrite
and the amounts of P adsorbed and desorbed. It can be explained be-
cause under natural conditions, part of the ferrihydrite may be already
interacting with the soil organic matter, blocking the P adsorption
sites. If these soils are included in cropping systems with a decline of
soil organicmatter content, the P adsorption sites of ferrihydritewill be-
come available, and then they will adsorb larger amount of P, which in
turns will affect directly the amount of P fertilizer required to cultivate
theses soils.

5. Conclusions

This study showed that the environmental gradient conditions in a
Brazilian subtropical climate determine the qualitative and quantitative
occurrence of iron and aluminum oxy-hydroxides, even in soils with
pedogenic processes of intense weathering. These substantial differ-
ences in turn have a significant influence on the soil P adsorption and
desorption capacities.

The variation in altitude along the environmental gradient promotes
decreases in hematite, which were associated with the occurrence of
goethite and ferrihydrite because of the Feo/Fed and total organic carbon
content increases. In addition, soils from high altitudes (N900 m asl)
preferentially contain goethite, ferrihydrite, and gibbsite, and the hema-
tite species is preferentially found at low altitudes. The clay content
allows a good prediction of the soil P adsorption and desorption capac-
ities. Furthermore, the soil's ability to desorb P is also predicted by
goethite content.

Finally, even across an apparently smooth environmental gradient,
the variations in soil sesquioxide minerals as well as the dynamic of
theses after changes in soil organic matter contents due to soil crops
should be taken into account for adequate P fertilization and the poten-
tial P transfer from soils to aquatic systems.
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