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Abstract: In sedimentary rocks, Fe-Al phosphate minerals occur in different rocks and depositional
environments. Herein, we present microcrystals of wavellite, crandallite, and cacoxenite from
pedogenic goethite pisoliths and nodules. Pisoliths and nodules are generally dominated by Fe oxides
and oxihydroxides. Frequently, pisoliths and nodules demonstrate high phosphatization and a
substantial contribution of allogenic detritus. The aim of our study is to present these remarkable
crystals found in goethites. We describe the geochemistry and mineralogy of the pisoliths and try
to interpret the possible paragenesis of the minerals. Loose ferruginous pisoliths and nodules are
separated from the red paleosol and analyzed using field emission scanning electron microscope
(FE-SEM) coupled with the energy dispersive X-ray detector (EDS), X-ray fluorescence spectroscopy
(XRF), and X-ray powder diffraction (XRD) methods. The studied paleosols are weathered in a
subtropical climate and the newly formed precipitation products, such as crandallite, wavellite,
cacoxenite, and goethite, accumulate during the weathering of apatite.
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1. Introduction

Several hundred phosphate minerals are known, virtually all of which are orthophosphates.
All known phosphate minerals (more than 150 species) are orthophosphates with monovalent, divalent,
or trivalent cations forming polyhedra and then usually tetrahedra (PO4) with quite complex crystal
chemistry [1,2]. In this study, we deal with three Fe phosphate minerals, namely cacoxenite, wavellite,
and crandallite.

Geologically, cacoxenite is a common secondary mineral associated with iron ores [3,4] and
phosphate ores [4,5]. More rarely, cacoxenite can be found in iron and manganese-bearing novaculites
and some iron-rich soils or beach sediments [6]. Cacoxenite can be found in more than 150 deposits
across the globe [3]. Cacoxenite, ideally (Fe3+,Al)25(PO4)17O6(OH)12·75(H2O), was first described by
Steinmann [7], and the mineral was found in Zaječov (Czech Republic).

Wavellite, preferably Al3(PO4)2(OH,F)3·5H2O, is a secondary Al phosphate occurring in Fe
deposits with large P contents. It is rarely found as well developed single crystals and shows typically
spherulitic aggregates composed of radiating acicular crystals [8]. The perfect cleavage of the crystal
is in the (110) plane and good cleavage in the (101) plane [8]. Although wavellite is one of the most
widespread secondary Al phosphates, studies on its crystal chemistry are rare. A working description
of the wavellite crystal structure was provided by Huminicki and Hawthorne [9] in their classification
of phosphate minerals.
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Crandallite is a calcium and aluminum hydroxy phosphate, part of the alunite supergroup of
minerals, and belongs to the plumbogummite group with −1c (single unit cell) [10]. Crandallite, ideally
CaAl3(PO4)2(OH)5·(H2O), is a trigonal mineral and found in considerable quantities in lateritic
phosphate rock deposits and forms compact cleavable or fibrous masses [11].

Phosphorus exists in mineral forms such as strengite, vivianite, and especially as apatite
minerals in soil parent rock (unaltered bedrock) [12]. Different factors, such as parent material,
weathering, transformation time, climate, organisms, and special processes involved in soil formation,
transform the primary minerals into stable pedogenic minerals in thermodynamic equilibrium [12].
Therefore, phosphorus from essential minerals is released into the soil solution. Modification of
aluminum and iron into oxides or oxyhydroxides creates new specific substituents for phosphorus
adsorption. The dynamic processes that include dissolution, precipitation, adsorption, and desorption
make a significant contribution to pedogenesis together with phosphate retention in iron oxide
systems [13–16]. Well-characterized iron and aluminum phosphates (e.g. strengite, vivianite) occur
in some ferralsols (oxisols) and lateritic, sesquioxide-rich soil horizons. They have turned out to be
more frequent together with a broad spectrum of other Fe-Al phosphates in paleosols, duricrusts, and
lateritic deposits [4,14,17,18]. For such cases where Fe abounds over Al, pisolitic iron ores (“Bohnerz”
or bean ores) developed under humid tropical to subtropical climatic conditions [19].

Goethite and hematite are the most common pedogenic iron oxides, accompanied by various
Fe oxides, such as lepidocrocite and maghemite in small quantities [20–23]. In humid and temperate
climates, ferrihydrite, and sometimes lepidocrocite, might be dominant pedogenic iron oxides [20–24].
As stated by Cornell and Schwertmann [24], the occurrence of goethite is favored by an acid pH and a
high organic matter content of the soil, which usually demonstrates a higher affinity for phosphate
relative to organic acids for goethite than for hematite [23,25].

Extrabasinal (allochthonous) deposits and soil profiles are rich in pisoliths and nodules in many
parts of the world [26–28], and quite common in most parts of the tropics and subtropics, in many
landscape positions ranging from unconsolidated colluvial pisolitic gravel deposits to cemented
duricrusts, and they may be associated with lateritic deep weathering [29]. Distinct ferruginous
sub-spherical grains have a wide range of compositions containing primarily iron sesquioxides,
aluminum and manganese oxides with variable combinations of clay minerals (mainly kaolinite),
titanium oxide, quartz, and other weathering-resistant minerals [30]. These materials occur from
sub-surface zones to the surface in deeply weathered terrains. Pisoliths and nodules are spheroidal
grains in soils 2–64 mm in size and comprising soil-particle aggregates, mineral particles such as
quartz, hematite/goethite, or lithic fragments [30]. Ferruginous pisoliths and nodules are a frequent
component of many catena and weathering profiles in the tropical and subtropical regions and also in
temperate regions [29,31–34]. These low-temperature geochemical sediments vary in size and genesis.
There are detrital and accretionary types, well-rounded and highly angular in shape [31]. Regarding
their size, the ooliths are the smallest grains (<2 mm in diameter), then there are the pisoliths (2–5 mm)
and nodules (5 mm up to 3 cm), and the biggest ones are concretions (>3 cm in diameter) [31,34].

The mineralogy of cacoxenite, wavellite, and crandallite, and their interrelationship with goethite,
is presented in this study, and based upon these investigations, the origin of the low-temperature
goethite–phosphate mineralization is discussed. A combination of chemical and mineralogical
techniques is used to interpret the paragenesis of these micro-sized minerals. Moreover, to our
knowledge, there is no work in the literature showing microscale cacoxenite, wavellite, and crandallite
crystals from pedogenic goethite pisoliths.

2. Materials and Methods

2.1. Characterization of Materials

Pedogenic goethite pisoliths and nodules (n = 7) were sampled from Pliocene–Lower Pleistocene
red clay deposits (paleosols) in the Carpathian Basin (Central Europe) [35,36]. Detailed information
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regarding the geological setting of these red paleosols can be seen in Kovács et al. [35,36]. Pisoliths are
2–5 mm, nodules are 5 mm up to 3 cm in diameter (Figure 1), with homogeneous goethitic composition
with internal mottles and syneresis cracks. Following Clarke and Chenoweth’s [31] classification,
these are syneresis, mottled, and homogeneous goethitic pisoliths.
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Figure 1. Examples of different size goethite pisoliths and nodules.

The host sediment, red clays and paleosols (ferralsols/oxisols), have a reddish-yellow
(7.5YR 7/6) or reddish-brown (5YR 5/4) color. The reddish color of paleosols is attributed to
hematite, the reddish-yellow (orange) is lepidocrocite, and the reddish-brown is ferrihydrite and/or
nanocrystalline Fe oxide, formed pedogenically or during early diagenesis as the result of dehydration
or dehydroxylation of Fe oxyhydroxides, or they may be inherited from the parent material [24,35,36].

2.2. Geochemical Analyses

Pisolith and nodule samples were analyzed for major and trace element abundances with X-ray
fluorescence spectrometry (XRF) using a Thermo ARL Advant’XP+ sequential XRF spectrometer in
the GeoAnalytical Laboratory of Washington State University, Pullman, WA, USA. Due to the specific
amount of sample needed for the analyses, the pisolith and nodule samples (from the given site)
were mixed and homogenized. In this case, the major element compositions are average results of
two-three samples from the given sites. The sample preparation procedures are described in detail by
Kovács et al. [36]. The major element concentrations are expressed as wt. %, volatile-free, with all the
iron expressed as Fe2O3. Loss on ignition (LOI) was obtained by weighing after 16 h of calcination at
900 ◦C. Analytical uncertainties are ±2% for the major elements (except Na2O).

2.3. X-Ray Diffraction

The XRD patterns on the pisoliths and nodules were collected using Cu-Kα radiation (40 kV,
15 mA) with a Rigaku MiniFlex 600 (Rigaku, Tokyo, Japan). Scans were made at room temperature
from 5 to 70◦ 2θ, with a step of 0.02/s. XRD scans were evaluated for quantitative phase composition
using a full profile fit procedure (XDB approach). The total amount of identified (crystalline) phases is
taken as 100%. Owing to the unknown proportion of amorphous components, the phase percentages
reflect only relative abundances. The measurement uncertainties are ±1%, due to the precise sample
preparation and measurement. The XDB method takes advantage of the fact that scale factors and
phase weights can be determined without the knowledge and refinement of structural parameters.
This software integrates the full profile fit with the mass balance approach and the specialized reference
datasets. Further details about the XDB method can be found in Feret [37].

Crystallite size estimation of the minerals was made using XDB software (Version 1.7, Aluterv-FKI Ltd.,
Budapest, Hungary). The crystallite size results can be seen in the Supplementary file. The results
were used for specific surface area (SSA) calculations.
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2.4. Scanning Electron Microscopy and Elemental Analysis

The surface morphology and chemical composition of the microcrystals and pisoliths/nodules
were studied using a field-emission scanning electron microscope (FE-SEM) FEI Quanta FEG 650 (FEI,
Hillsboro, OR, USA) and Jeol JSM-IT500HR (Jeol, Tokyo, Japan), coupled with an energy dispersive
X-ray (EDS) Jeol DrySD SDD detector (Jeol, Tokyo, Japan), and set at an accelerating voltage of
3.0–5.0–10.0 kV and at 500–200,000×magnification. The raw samples (without coating) were observed
both in high and low vacuum modes. New developments in energy dispersive X-ray spectrometry
(EDS) on scanning electron microscopes provide a more precise analytical opportunity for quantitative
and qualitative mineralogy characterization. Silicon drift energy dispersive X-ray detector (SDD)
technology, with its high count rates, good energy resolution, and large effective area, permits
characterizing minerals within seconds. Extended atomic databases included in the EDS software
improve the identification and quantification of elements with overlapping peaks, due to the thin
active layer which suppresses the Compton background [38–40].

3. Results

3.1. Mineralogy and Geochemistry of the Pedogenic Pisoliths

3.1.1. XRD Analysis

For quantitative mineralogical analysis, the XDB method was applied. Through bulk X-ray
powder diffraction analysis of selected pisoliths and nodules, several minerals were identified
(Figure 2). Goethite is the main mineral in pisoliths and nodules beside quartz, hematite muscovite,
and kaolinite.
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Figure 2. XRD patterns of the pisolith samples. Mu—muscovite; Kln—kaolinite; Gt—goethite;
Qtz—quartz; Hem—hematite. The numbers (12108, etc.) denote sample numbers. The intensity
scale is the same for all the patterns. (Individual XRD patterns with additional information are in the
Supplementary file).
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The Fe-hydroxides and Fe-oxides dominate in the samples, which is typical of aerobic environments.
The goethite content varies from 55% to 82%, and the hematite from 5% to 12% (Table 1).
The hematite/goethite ratio is very low (0.062–0.160) in the samples showing highly weathered source
sediment (paleosol). Clay minerals, such as kaolinite, indicate subtropical weathering of the parent
material. Detailed quantitative analyses by the XDB method can be found in the Supplementary file.

Table 1. Calculated goethite, hematite, and quartz content from mineral phases.

Sample Goethite (%) Hematite (%) Quartz (%)

12108 80.9 5.0 5.0
12109 82.6 7.5 0.5
12110 74.6 12.0 5.0
12111 55.7 7.0 13.0
12112 79.1 8.0 4.0
12113 77.3 5.0 5.0
12114 69.2 8.0 12.0

3.1.2. The Specific Surface Area (SSA) Estimation

The specific surface area of the minerals can be calculated using Formula (1) [41]. The SSA is
calculated for goethite and hematite in this study. The calculated results are in Table 2.

SSA = 6 × 103/Dp ρ, (1)

where Dp is the crystallite size, and ρ is the density of the mineral.

Table 2. The specific surface area of goethite and hematite.

Mineral Crystallite Size (nm) Density (g·cm−3) SSA (m2
·g−1)

Goethite 49 4.28 28.60
Hematite 49 5.26 23.27

It is important to note that the SSA calculations are based on tentative data. Both crystallite size
and density were estimated rather than measured. Crystallite sizes were calculated from XRD results,
and therefore these are the dimensions perpendicular to just one crystallographic direction dependent
on the peak chosen for calculations—and the Fe oxides in the nodules are not isometric. Density values
are for pure α-FeOOH and pure α-Fe2O3, without any admixtures, vacancies, adsorbed water, etc.

3.1.3. XRF Analysis

Results of the whole-rock XRF analysis of goethite pisoliths are shown in Table 3, where the
major and minor oxides are presented in weight percent (wt. %). There is a relatively high content
of Fe2O3 in the pisoliths, in contrast to the low concentrations of SiO2 and the alkaline earth metal
oxides such as CaO, MgO, Na2O, and K2O in the pisoliths (Table 3). This result demonstrates that the
soluble constituents (CaO, MgO, Na2O, and K2O) are leached, while the insoluble constituents (SiO2,
Al2O3, and Fe2O3) are accumulated as oxides/hydroxides during surface and sub-surface weathering
processes. Major element patterns (Fe2O3, SiO2, P2O5, and Al2O3) represent ~87–89% of all pisolith
contents, reflecting the predominance of goethite, hematite, quartz, and phyllosilicate. The iron oxide
(Fe2O3) content average is 68.14%, while MnO is very low, averaging 0.143%. TiO2, Na2O, CaO, MgO,
and K2O concentrations are lower than 1%. Comparing these results to the average paleosol chemical
content (see Table 3), we conclude that the pisoliths are depleted in SiO2, Al2O3, TiO2, MgO, and K2O,
and enriched in Fe2O3 and P2O5.
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Table 3. Major element compositions (wt. %) of pisolith samples (recalculated on a volatile-free basis).

Sample SiO2 Al2O3 Fe2O3 TiO2 CaO MgO MnO K2O Na2O P2O5 LOI **

12108 24.0 5.30 57.1 0.190 0.32 0.72 0.101 0.86 0.470 1.560 8.71
12109 6.0 1.48 80.3 0.111 0.26 0.58 0.037 0.32 0.015 1.071 9.10
12110 20.4 4.45 62.9 0.170 0.42 0.55 0.150 0.71 0.470 1.130 8.21
12111 24.2 5.40 57.5 0.230 0.68 0.95 0.072 0.89 0.440 1.170 8.07
12112 8.6 3.02 76.2 0.127 0.15 0.42 0.050 0.26 0.009 1.220 9.60
12113 17.3 4.05 65.0 0.200 0.79 0.39 0.043 0.75 0.170 1.460 9.99
12114 9.7 2.28 75.0 0.127 0.64 0.49 0.250 0.40 0.074 1.260 9.10

Average paleosols * 56.5 18.6 6.95 0.89 1.45 2.45 0.1 2.35 0.45 0.11 10.6

* Data from Kovács et al. [42]. ** Loss on ignition.

The loss on ignition (LOI) values of the samples was found to be within the range of 9.21–10.60%
(Table 3). The LOI is high due to dehydroxylation. The relatively higher LOI indicates the presence of
a high content of leachable matter during weathering, in other words, it indicates the highly altered
nature of the analyzed samples.

3.2. SEM-EDX Analysis

3.2.1. Goethite Pisoliths and Nodules

SEM micrographs show iron oxide crystallites within the grains, where the structure is massive
(Figure 3a and Figure 6a), while close to the pores they present remarkable growth patterns (goethite
palisades) (Figure 3b,c). Elemental mapping by EDS clearly shows the colloform rhythmites of pure
goethite (Figure 3a). Based on the chemical mapping results, the mammillary shape area (Figure 3a) is
ferriallophane (xAl2O3·yFe2O3·zSiO2·nH2O). Micromorphology (clusters of pseudohexagonal plates)
and elemental analyses indicate that the Al-dominated minerals are kaolinites (Figure 4). There are
some amounts of sodium and magnesium that are not usually present in kaolinite, but Figure 4 reveals
that both these elements are rather dispersed throughout the sample (also in Fe oxide-rich areas), and
only slightly concentrated in the Al-rich area (hence it might be related to e.g. sorption). Phosphates
seem enriched in micro-veins, as can be seen in Figure 3d.

3.2.2. Phosphate Minerals

Wavellite, crandallite, and cacoxenite crystals are restricted to vugs and solution cavities, they
stand out by their needle-shaped aggregates (Figures 5 and 6). The dimension of the vugs varied
between 50 and 100 µm diameter.

Wavellite microcrystals are ~20 µm long and have needles that form broom-like aggregates
(Figure 5a,b). Acicular crystals such as in our sample are rare, stout to long prismatic parallel to [001],
with {110} striated parallel to [001] (Figure 5b). Wavellite crystals belong to the space group Pcmn.
Non-oxygen elements detected by SEM-EDS were Al, P, Si (traces), and F (traces). Moreover, the EDS
scan indicated the absence of any other elements with Z > 3.

Crandallite shows acicular spherulites in vugs (Figure 5e). The size of the radial crystal sprays
is 4 µm diameter and the length of the needles is 2 µm (Figure 5f). The radial-fibrous structure with
trigonal prisms terminated by {0001} is rare. Crandallite crystals belong to the space group R3m.

Cacoxenite stands out by its needle-shaped aggregates (Figure 6b). Crystals are very thin, ranging
from 50 to 250 nm in thickness, and lengths of up to 10 µm are common in this mineral development
(Figure 6c). Cacoxenite occurs as hexagonal acicular prisms along {0001} (Figure 6e,f). All cacoxenite
crystallizes in the space group P63/m.
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Figure 3. SEM-EDX micrographs of pisoliths with a massive structure of goethite: (a) colloform
rhythmites in goethite; (b) close-up view of the mammillary-shape ferriallophane; (c) with feathery
fan-shaped arrangements of goethite (goethite palisades); (d) elemental mapping of the “b” surface
area. Fe—iron oxides; Al—clay minerals; P—phosphates.
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denominated in the common notation of Miller´s indices. 1 – botryoidal goethite surface.

4. Discussion

The studied samples were pisoliths and nodules with a size range of 2 mm to 3 cm, dominated
by goethite and hematite. These minerals are typical in terrestrial surficial conditions where the
primary process is chemical precipitation of iron oxides such as hematite, and oxyhydroxides such
as goethite and ferrihydrite, which displace, replace, and/or cement the original soil particles [31].
A concentric laminae fabric was not observed in any of the examined samples, (Figure 5a) which
indicates the development of pisoliths above the water table in the unsaturated zone. The analyzed
pisoliths and nodules have no protolith relics and contain less than 10–15% detrital grains, showing
homogeneous structures with mottled and syneresis fabrics (Figure 5a). The mottled texture resulted
from unmixing and reordering of metastable oxide and hydroxide phases, while syneresis cracks
and cavities were developed by dehydration of clay and Fe oxyhydroxides [31]. Fe minerals are
structurally enriched during pedogenesis and often incorporated into clay minerals [29,30,43,44].
The detected clay mineral in the samples was mainly kaolinite. According to our previous research
on these paleosols [35,36], the mean annual paleoprecipitation was 1100–1400 mm and the mean
annual paleotemperature was 13–15 ◦C. In such circumstances, fersiallisation and ferruginisation are
the most important processes during the diagenesis of the pisoliths and nodules. These mechanisms
take place when primary minerals are moderately weathered to release iron and to form 2:1 type clay
minerals (e.g., smectite group) and then the newly formed clay minerals replace metastable minerals in
the protolith. These minerals are later replaced by direct precipitation of goethite, leading finally to
complete ferruginisation with a 1:1 type clay mineral, such as kaolinite. Fersiallisation takes place in
subtropical climates with a dry season, whereas ferruginisation arises in warmer and more humid
climates. Cementation of the ferruginous particles can occur through precipitation of Fe minerals and
clays during a high groundwater stand from meniscus water films [31].
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In such a climate, soil weathering triggers dissolved phosphate from essential minerals to be
adsorbed by specific substituents of iron or aluminum oxides to form thermodynamically stable
complexes [16,45]. The high soil organic content (from water, rich in chelates) and low pH support
goethite occurrence [23,45]. Goethite generally has a higher relative affinity for phosphorus than
hematite due to its higher surface area (see Table 2) [25,45,46]. As opposed to kaolinite, goethite has a
much higher P adsorption capacity, because the higher surface charge and more positive charge (pHZPC

of goethite is at ca. 8–9) of the goethite and the ≡Fe–OH groups are scattered throughout the entire
surface of the goethite, whereas ≡Al–OH groups on the surface of kaolinite are situated solely at the
edges of the crystal structure [47]. Hydrolysis of aluminum and iron aqua ions into oxides, hydroxides,
or oxyhydroxides generates new functional groups for P adsorption [23]. During pedogenesis, Al has
two ranges of solubility, below pH 6 and above pH 8 [47,48]. In very acidic soils (<pH 3), monomeric
Al3+ is the dominant ion in solution [47,48]. Along with the rising pH, this ion becomes even more
significant. All forms of soluble Al reach a minimal solubility around pH 6.5 [47,48]. In acidic soils
such as ferralsols or oxisols (as the host paleosol of the pisoliths and nodules), the aluminum has higher
solubility, thus the pisoliths/nodules are depleted in Al (see in Table 3).

Phosphorus in wavellite mineralization is eventually originated from apatite mineral sources,
due to the leaching action of the groundwater (during deep weathering of the red paleosol) carrying
away CaO (from apatite) in solution. Al3+ with hydrolyzed OH– complexes (under acid conditions;
pH 3–6) is probably introduced from clay minerals (illite, kaolinite) combining with the P2O5 from
apatite, allowing wavellite development [49–51]. The phosphate speciation in solution is entirely
pH-dependent [49,52]. Low phosphate concentration results in the formation of crandallite and
wavellite [49,53]. Apatite was converted into crandallite in decreasing pH levels, with releasing
part of the Ca2+ and HPO4

2+ ions combined with dissolved Al [52,54]. The reaction of P2O5 with
iron, aluminum, and calcium arises over specific pH conditions [49]. The maximum adsorption of
phosphorus by Fe takes place at ~pH 3.5 and continues up to ~pH 5.5. Phosphorus sorption by Al
begins around pH 4, culminates at around pH 5.5, and scales down to zero around pH 7 [4,49,52].
Calcium fixation begins around pH 6 and rises above pH 9 [49]. Experiments on the mobility of
phosphorus and aluminum in tropical and subtropical deeply weathered deposits are consistent with
these constraints [49,55–58].

As stated by Wang et al. [59,60], Al varieties have a high chemical affinity for phosphorus.
The AlOHP precipitates may form in solution at pH 4.5 and be adsorbed on the goethite surfaces.
The key reactant to form Al-substituted cacoxenite or wavellite is the effect of changing Al3+ ion
concentrations at pH 4.5 [60]. Cacoxenite formed by the modification of a precursor phase [1,50]
and direct precipitation from interstitial waters is thermodynamically possible [1,6,50]. In this case,
cacoxenite precipitated by the sorption of dissolved P from meteoric water onto goethite and the clay
minerals performed as a base material for the formation of iron(III) oxide-hydroxides and provided a
source of Al for the cacoxenite.

Adsorption of phosphate onto goethite (Figure 3d) is proven by the relative high phosphate
contents of the pisoliths in contrast to the host paleosol (Table 3). This has been experimentally
studied by Gao and Mucci [61], who described the simultaneous adsorption of phosphate onto iron
oxyhydroxides. Following the pedological studies by Freese et al. [62] and Gustafsson [63], this type
of iron mineralization is part of the formation of acidic soils such as ferralsols or oxisols, which are
similar to the red paleosols of this work.

5. Conclusions

The studied red paleosols are weathered in a tropical/subtropical climate. In such conditions,
fersiallisation and ferruginisation are the most important processes during the diagenesis of the pisoliths
and nodules. The goethite pisoliths and nodules buried in paleosol have a homogeneous structure
with mottled and syneresis fabrics. The newly formed precipitation products, namely wavellite,
crandallite, and cacoxenite, accumulated into syneresis cracks and cavities during the weathering
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of apatite minerals. The phosphate availability is influenced by the distribution of phosphate at the
goethite-water interface. Moreover, the phosphate distribution during goethite-water interaction is
dependent on the solution composition, pH, and ionic strength. During the mineral paragenesis
of wavellite, crandallite, and cacoxenite, pH conditions in the range 4–6 are supposed to have
occurred. Such pH values may be expected under normal tropical/subtropical weathering conditions.
Well-crystalized goethite associated with Fe-Al phosphates evolved under near-ambient conditions
(buried in paleosol). This mineral assemblage formed and concentrated by chemical weathering
reactions at the earth’s surface is a typical residual mineral deposit.
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