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Abstract

This work aims to contribute to the interpretation of soil colors; mainly to identify the pigments that generate the greenish
colors in hydromorphic conditions (gley colors) in vertisols of the coastal plain of the Rio de la Plata estuary. These colors
are of cold hues, generally greenish (olive-gray), and occur in poorly drained soils with prolonged water accumulation.
For this purpose, samples of Bssg horizons of hydromorphic vertisols from the coastal plain of the Rio de la Plata estuary
were analyzed using routine and chemical analyses, Mossbauer spectroscopy, determination of rocks magnetic parameters,
X-ray diffraction, thermogravimetric and differential thermal analysis and petrographic-electronic microscopy. The pigments
associated with the gley colors of these soils are mainly due to ferric iron content, corresponding to minerals such as ferric
iron-rich smectites (nontronite/Fe-rich beidellite) and oxy-hydroxides like goethite, which colors range from green to yellow.
These minerals, combined with gray or black components, e.g., manganese compounds and/or organic matter, contribute to
the generation of the usual gley colors in the analyzed soils of the Pampean plain. The obtained data allows us to state that
it is a mistake to assing the olive color in hydromorphic soils to the presence of ferrous iron compounds, as it is traditionally
done. The oxidizing condition of iron is dominant in all the analyzed samples, integrating the composition of ferric iron-rich
clay minerals and oxy-hydroxides (goethite).
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Introduction

The color is one of the most relevant morphological prop-
erties in the study of soils (Nickerson et al. 1945). Thus, it
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The color of soils can be a property inherited or acquired
during pedogenesis (Gaucher 1971). Humus contributes
strongly to the soil pigmentation, making it darker (melani-
zation process), while oxides and oxy-hydroxides of ferric
iron provide a wide spectrum of colors varying from red to
yellow (rubefaction, lutefaction) (Gaucher 1971; Cornell and
Schwertmann 1996). Calcic carbonates or sulfates provide
whitish colors (leucinization), while the manganese oxide
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contributes to melanization (Gaucher 1971; Schulze et al.
1993). Traditionally, the color of soils has also been related
to the oxidation state of iron compounds. In this sense it
should be mentioned the work of Daniels et al. (1961),
which considers that the greenish to bluish colors are due to
the presence of ferrous iron.

Greenish colors (olive—gray) of hue 2.5Y and 5Y are
included between the so-called “gleyic properties” (IUSS
Working Group WRB, 2014). Originally the word “gley”
was used to refer to pedologenetic materials gray to green-
ish colors and related to waterlogged conditions (Vysotskiy
1905). Gleyic properties (also known as gley pattern; [USS
Working Group WRB 2006) refer to materials that were
under reducing conditions by an ascendant reducing agent
such as ground water table for a long time. The criteria to
recognize these properties are a) greenish, bluish or grayish
dominant colors (reductimorphic colors), b) red color should
not be over 2.5Y in Munsell system, and/or ¢) abundant iron/
manganese mottles. These characteristics are similar to the
so-called stagnic properties, where the reducing conditions
are linked to a descending reducing agent (stagnation of sur-
face water), and where abundant mottles, iron and manga-
nese concretions, and/or greenish, bluish or light gray colors
are observed (IUSS Working Group WRB, 2006, 2014).

Gleyic colors may appear, as well as stagnic properties,
on practically all WRB soil groups, although they are dis-
tinctive of specific groups, such as gleysols and stagnosols.
On the other hand, the United States of America classifica-
tion (Soil Survey Staff 2014a) indicates that these properties
are associated with soils in aquic moisture regimes (endo-
saturation or episaturation) in subgrups such as Aquerts,
Aqualfs, Aquults, Aquents, and Aquepts, among others.

The present contribution refers to gleying as the general
appearance of those soils with cold hue colors, generated
under deficient drainage and long periods of water stagna-
tion due to a rise of water table or superficial ponding. These
conditions are usually closely related to those of hydromor-
phic soils (Thorp and Smith 1949).

Concerning the origin of the pigments giving rise to the
greenish colors in hydromorphic soils (gley colors), many
proposals must be taken into account. The traditional expla-
nation relates them to the presence of ferrous iron com-
pounds (Daniels et al. 1961; Gaucher 1971; Retallack 2001),
including the green rust that belongs to a complex variety of
ferrous and ferric iron hydroxides, with anions such as CI~,
CO32‘ or SO42‘, among others (Cornell and Schwertmann
2003). The ferrous iron phosphate, called vivianite, was also
proposed as a generator of the greenish colors (Imbellone
et al. 2010). However, other authors indicated that the pres-
ence of ferrous iron is not strictly required for the generation
of these colors. Zaidelman and Nikiforova (1994) stated that
it could be related to the wash out of the non-compensated
iron in anaerobic conditions. Which was previously analyzed
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in detail by Vepraskas and Wilding (1983a, b), the later work
states the cold hue color is controlled by silicate particles,
without stain of ferric iron oxide or hydroxide. Bidegain
et al. (2005) working with rock magnetic parameters of
Pampean loess (La Plata, Argentina), found a total decay
in the ferrous iron concentration in gley horizons. Bartel
et al. (2005) mentioned the neoformation of more oxidized
compounds such as hematite or goethite in waterlogged soils
in one study carried out in argiudols. Besides, Vodyanitskii
et al. (2005) stated that it is possible that hydromorphic envi-
ronments facilitate the formation of hydrated species, such
as goethite (brownish to yellow). This would be done at the
expense of anhydrous oxide such as hematite, characterized
by its relatively high capacity to stain sediments and soils
with the reddish color. According to the obtained data, the
cold hues are due to a decrease of the red stain and increase
in the yellow component.

Aiming to contribute to the knowledge of the origin of
gley color in waterlogged soils as well as to better under-
standing the processes involved, several characteristic soils
of the coastal plain of Rio de la Plata estuary (Argentina)
were analyzed. All the techniques were focused in determin-
ing the oxidation degree of iron and its relationship with
the color of soils. The techniques applied were chemical
analysis, M0Ossbauer spectroscopy, measurements of mag-
netic parameters, X-ray diffraction, differential gravimetri-
cal thermal analysis, and optical-electron microscopy; they
were analyzed together to understand the role of iron in the
generation of gley colors.

Materials and methods
Soil samples

The analyzed soils, from the coastal plain in the Rio de la
Plata estuary in Buenos Aires province (Argentina) were
taken from a topographic low (below 5 m) (Fig. 1). They
correspond to hydromorphic vertisols, classified by Soil Tax-
onomy as Aquerts (Cappannini and Maurifio 1966; Giménez
et al. 2005; Imbellone et al. 2009; Imbellone and Mormeneo
2011). These soils are poorly developed, with clayey tex-
ture but with no evidence of clay downward movement by
pedogenesis (argilluviation). The sequence of horizons is
frequently of the type A-Bssgl-Bssg2 (Fig. 2a). Imbellone
and Mormeneo (2011) indicated intense hydromorphism,
with frequent water logging and water table close to the
ground level, providing episaturation and endosaturation
conditions depending on annual stations. They also have a
great variety of redoximorphic features, mainly low hue (hue
of 2.5Y and 5Y); and chroma equal or less than 2 and pres-
ence of Fe—Mn mottled and concretions mainly concentrated
in the top of the profile (in the contact zone between A and
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Fig.2 a Field photo of a representative soil profile (E1) and b thin section of a Bssg horizon under parallel nicols, respectively. Note in (b) the

gray—olive color typical of Fe-rich smectites

Bssgl horizons). The descriptions and analysis performed
by Imbellone and Mormeneo (2011) and other above-men-
tioned authors, allow us to classify these soils in WRB as
Haplic vertisols (mollic, gleyic, grumic, humic, stagnic).
Smectites and illite are the dominant minerals
(40-50 wt%), and kaolinite is about 10 wt% (Imbellone and
Mormeneo 2011; Gémez Samus et al. 2017a; Montes et al.
2019). The parental material are clays mainly of detrital

origin. They were deposited in an environment of very low
energy, in brackish of shallow water. The sedimentation
occurred at the same time as a flocculation processes in a
saltmarsh under both fresh and saltwater conditions, dur-
ing the late Holocene marine ingression (Cavallotto 1995;
Gomez Samus et al. 2017a).

The origin of the clays is mainly related to the erosion
of loessic soils, transported in suspension by streams that
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flowed to the coastal plain and a tidal input of Rio de la B )
Plata, and probably with clay and silt particles derived from g 3

. . o
Parand and Uruguay Rivers (Gémez Samus et al. 2017a). é; TR R ~-AR 88
It is considered that pedogenesis started at the same time - dae-mEm T aan
as clay deposition and continued once the saltmarsh was

. . T 4 4 n 0 A
clogged and the retraction of the coastline reached the pre- 2, I R - - B S SNEE-C
sent position (Gémez Samus et al. 2017a, 2020). Even when =
the parental material cannot be recognized in situ, Imbel- E
lone and Mormeneo (2011) considered it was reddish. This §D§ amneaz®s 02
is consistent with the reddish color (7.5YR) of the eroded S8 oS oo oo S oS
loess successions (Imbellone and Teruggi 1993), and with o
the fact that the color of the water with suspended materials, 7; —

. L . . 2RSS

n(?t only in the Rarana ?.nd Urugu'c}y Rivers but also .1n the 8% |sgsasssgose
Rio de la Plata, is reddish to reddish brown (Depetris and = .8 SRS IS R S IR S RN SR SRS
Griffin 1968).

For the present work seven different hydromorphic verti- Flo2ggrdegod
sols profiles were analyzed (Fig. 1). From the gley horizons S RN
(Bssg) ten soil samples were collected at depths that vary

. . ~|loe]laam w5 0O N 0 A
from 20 to 110 cm; the coordinates are shown in Table 1. R|=Z| S = = d B B O
» ~ | »n NN - = A AN AN - A
28
S |7
515 |z -
i = To R R B N N BN S Vo RN
Soil analyses zlold|222=232dSdd
N
The description of the gley horizons was done at the field, it 2 3
included the determination of wet color, texture and struc- 20 2
ture, as well as other relevant characteristics, such as vertic 5 | &
. . . 8 I
and redoximorphic features. Samples of approximately 1 kg 22 Q w <
. . RG] A A TF =@
were collected for laboratory tests. Besides, oriented sam- 512 FTA A= B T A > A
. . . . . = =
ples in Kubiena boxes were obtained for thin sections. S| = hhhdannndn
. . o

The laboratory standard tests comprised the determi- S
nation of dry color, grain size distribution, swelling test, E |z
organic matter content, pH and electric conductivity deter- iﬁ .§ ERE RN R
minations. The color was determined by comparison with g | Z A AMmMAMmM@mMMaA
the Munsell color chart (Munsell 1912) for both, wet color =
at the field and dry color in the laboratory. Additionally, g =
tv&./o representative (dry powder) samples were analyze@ E |2 —to®mog § S 2 o
with a BYK Gardner Portable Spectrophotometer to obtain 2| & CTTTTY YT IIN

: fot : : g A SR SFTSERIER
a strictly quantitative soil color record; the data was obtained 2
in the CIELab system. &b
Grain size distribution was performed with wet sieving =
. . . . § g — N S " O~ 0 & Sz
to estimate the amount of sand fraction, while silt and clay 3 (:n% SOOIV TDY
quantities were determined by the pipette analysis (Galen- g
hause, 1971; Soil Survey Staff, 2014b). Hydrogen peroxide =
y y Stafl, 2014b). Fydrogen p E o opoo0 o O
(H,0,; 30%) and hydrochloric acid (HCI; 1 M) were used to % =~ o T =35 " ©
eliminate organic binders and carbonate cementation, while % g § § § § § rl;
sodium hexametaphosphate [(NaPO;)4] dissolution at 5% ;’ E o‘: 2{2 é: E 3{\‘ E
was used as dispersive agent. Grain size intervals correspond g S A A
to UddenWentworth scale and the swelling grade of clays 8 &3 E E f,: 3‘: E 2 i
by means of the so called Free-Swell-Test was applied in all g £ o grneg £ g
the samples (Holtz and Gibbs 1956). The Walkley and Black z |8 g ; ; § ; ; g
(1934) humid combustion method was used (Van Reeuwijk =
2002) for the determination of organic matter content. The % N
I — N n N ©° ™~
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pH and electrical conductivity were determined in saturated
soil-paste extract, with 24 h rest.

Soils samples were examined by optical petrography
and electron microscopy to determine the mineralogy of
the different grains. Scanning electron microscopy (SEM)
images were taken with a JEOL-JCM 6000 coupled with
qualitative energy dispersive spectroscopy (EDS) and using
standard sample preparation (thin gold coat). Other techni-
cal resources used consisted in applying X ray fluorescence
(XRF), Mossbauer spectroscopy, measurement of magnetic
parameters measurements, X-ray diffraction (XRD), includ-
ing Greene-Kelly Test, and simultaneous differential thermal
and thermogravimetric analysis (DTA-TG).

The chemical analysis of all samples was done with a
spectrometer SPECTRO IQ. For every 5 g of sample it was
added a binder (Binder BM-0002 Fluxana) with a ratio of
5:1, to avoid the movement of the grains during handling.
Disk-shaped cubes were prepared with a diameter of 32 mm
and 3—5 mm thick with a 15 tn press for the determination
and quantification of Na, Mg, Al, Si, P, S, K, Ti, Mn and Fe,
expressed as oxide.

Maossbauer spectra (+ 12 mm/s) were obtained at room
temperature in a conventional constant acceleration spec-
trometer in transmission geometry using a °’CoRh source.
Calibration was performed by an a-Fe foil (12 pm thick) and
isomer shift was referred to this standard. The spectra fit-
tings were carried out using a program that allows hyperfine
magnetic fields and quadrupole splitting distributions. Sam-
ples were crushed and placed in plastic holders of 19 mm
diameter and 300 mg to ensure the optimal signal/noise ratio
(Long et al. 1983).

To determine the magnetic parameters, the dried and
crushed samples were placed in plastic cubic boxes of 2 cm
side and fixed with analytical sodium silicate. The magnetic
susceptibility in low (x;;) and high frequency () was
determined with a susceptibilimeter MS3 Bartington and a
sensor MS2B. Then, the factor dependent on the frequency
[F% =100 X (x3 — Xnp)/xie] Was calculated. pARM equip-
ment attached to an alternating magnetic field demagnetizer
(100 mT) and a minispin magnetometer (both Molspin Ltd.)
were used to determine the anhysteretic remanent magneti-
zation values (ARMj,r and ARMy,r). The anhysteretic
magnetic susceptibility (x ory) Was calculated. Curves of
isothermal remanent magnetization (IRM) were achieved
with a pulse magnetizer (ASC Scientific model IM-10-30),
the Molspin Ltd minispin magnetometer was used. Once
the maximum magnetization was reached (IRM, 4 1), apply-
ing reverse field, the coercivity remanence values (H,,) and
the coefficient S_;, (IRM, 4 1/IRM 34,,,1) Were obtained.
The concentration dependent parameters were standarized
by the sample mass (X, X arm> IRM, 47). Also, the mag-
netic susceptibility was determined with a MS2F sensor in
samples heated at different temperatures and air cooled, the

thermal process was done in an air-atmosphere for 2 h, at
temperatures of 20, 100, 250, 350, 450, 550, 650, 750, 850,
950 and 1050 °C.

Quantitative and qualitative XRD analysis of whole-rock
powders and oriented preparations of the clay fraction were
conducted using a Philips 3020 goniometer (Ni-filtered
CuKa radiation, 40 kV, 20 mA, without secondary mono-
chromator) and following the methodology described in
Gomez Samus et al. (2017a and references therein).

The identification of clay minerals and the number of
expandable layers within illite/smectite interstratified miner-
als were based on the position of characteristic reflexional
lines (Moore and Reynolds 1997). The test of Greene-Kelly
based on Li saturation, heating and glycerol solvation fol-
lowing sample preparation techniques described by Vol-
zone (1991) was used to differentiate montmorillonite from
other trioctahedral smectites such as iron-rich nontronite and
beidellite.

The samples used for XRD were also used for the DTA-
TG analysis; they were placed in PtRh crucibles in air
atmosphere with a flow of 50 ml/min. Samples were calci-
nated up to 1050 °C at a heating rate of 10 °C/min using a
Rigaku TG 8121.

Results
General characteristics of soil samples

Wet hue varies between 5Y and 2.5Y, while chroma is 2
(olive green) or less (Table 1) which is consistent with those
values indicated by Imbellone et al. (2009) for soil sam-
ples taken at depths between 10 and 115 cm. The values
obtained in the CIELab system were L=41.2; a=— 0.7,
b=12.2 (PC2) and L=51.1; a=— 0.6; b=7.6 (PC8); the
negative value of a component confirms that these are cold
colors. These colors, together with the hydromorphic char-
acteristics associated to endosaturation correspond to gleyic
properties (IUSS Working Group WRB, 2014). In the air-
dried samples the hue did not vary significantly, there was
only an increase of the brightness value and slight chroma
reduction. It should be noted that the color of the samples
was homogenous; however, some yellowish mottles were
observed. The thin section show a gray—olive color that was
also observed in the hand-samples. In addition, it is also pos-
sible to recognize areas with Fe-oxides depletion pedofea-
tures and Fe-oxides quasi-coatings concentrations (Fig. 2b)
(Stoops et al. 2010). SEM images have revealed aggregates
of clay particles disposed in a face-to-face arrangement that
indicate a detrital origin (Fig. 3a); however, the presence of
very small crystals may suggest authigenic origin or partial
transformation from clays or feldspar precursors (Fig. 3b).
EDS analyses show Si, Al, Ca, Na, K, Mg in conjunction

@ Springer



105 Page 6 of 15

Environmental Earth Sciences (2021) 80:105

SEl PC:-std.

‘[High-vac.

Fig.3 SEM-EDS images of the clays. a Domains of face-to-face par-
ticle arrangement (red arrows) that form long aggregates. Silt-size
quartz grains are floating in the clay-rich matrix. b Magnified view

with high Fe that probably represent the composition of Fe-
rich smectites (Fig. 3c).

The grain size distribution it is similar in all samples,
with high amount of clay (>65%) and little sand (<2%)
(Table 1); the textural type is clayey. The values obtained
were like those obtained by Cappannini and Maurifio (1966),
Giménez et al. (2005), Imbellone et al. (2009), Imbellone
and Mormeneo (2011) and Montes et al. (2013).

The values of swelling are very high (180% to 320%),
revealing an important presence of expandable minerals.

Organic matter is present in all the samples in low
amounts (< 1%); which is consistent with results reported
by other authors (Imbellone et al. 2009; and Montes et al.
2013).

Chemical composition and Mdssbauer spectroscopy

Regarding the chemical composition, SiO, and Al,O5 are
the prevailing elements and show great uniformity (Table 2).
In order of abundance, the Fe,O5 content ranges between
9 and 12%, whereas Na,O, K,0 and MgO show concen-
trations lower than 5%, with low variability. Whereas CaO
shows concentrations between 0.7 and 5.2%, which may be
related to local concentration of salt, such as bicarbonate or

15 kV
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Cl :
3200 | 2
2800
2400
“gzooo g
3
Q1600 |
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800 5|5

— FeKb

o — FeKa

T T T
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with randomly oriented clay particles. The presence of delicate clay
crystals (white arrows) suggests an authigenic origin. ¢ The EDS
spectrum of clay particles

sulphate. There were also found TiO,, SO;, PO,05 and MnO
even though in lower amounts (< 1.5%), as also reported by
Montes et al. (2019) for Mn oxide.

Mossbauer analysis revealed the presence of three iron
environments, two corresponding to Fe** and one to Fe?*
(Fig. 4; Table 3), as well as a paramagnetic relaxation site
(Murad 2010), which is associated with the existence of kao-
linite. The amount of ferric iron in all the samples is more
than 90% of the total iron content. Hyperfine parameters
of the doublets show values concordant with the presence
of smectite, illite and kaolinite. These results are consist-
ent with those obtained by Montes et al. (2012) at depths
between 30 and 50 cm. It is also in agreement with the
Mbossbauer data obtained in loess sequences of La Plata area
(Bidegain et al. 2004), that focused in studying the variation
of Fe** and Fe** in loess and paleosoils. The authors found
that the Fe?* concentration is four times lower in the pale-
osoils than in the loess layers.

Magnetic parameters
Values of the extensive magnetic parameters (X, X arm and

IRM, , 1) are homogenous and relatively low, despite the
high amount of iron (Table 4). Magnetic susceptibility ()

Table 2 Chemical elements

: ; Sample LOISS0 Na,0 MgO ALO, SiO, PO,0; SO, K,0 CaO TiO, MnO Fe,0,

expressed as oxides determined

by X-ray fluorescence of the PC1 153 418 418 1831 5349 042 026 290 235 086 0.1 12.00

Bssg horizons samples PC2 146 357 393 1822 5378 053 073 271 48 075 011 981
PC4 170 422 464 1941 4977 033 114 285 506 072 0.19 983
PC6 153 424 443 1904 5322 027 095 284 297 138 0.7 897
PC7 153 478 486 1931 5466 052 015 323 081 083 006 99
PC8 122 414 366 1827 5897 033 010 346 088 055 005 7.3
PCI0 1211 360 457 1875 5691 029 005 355 069 073 014 972
PCIl 135 334 386 174 5423 023 020 291 244 073 007 1179
Average 13.8 40 43 186 544 04 04 31 25 08 01 99

% % % % % % % % % % % %
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Fig.4 Mossbauer spectra of
PC1, PC4 and PC6. The open
circles represent the experi-
mental data. The solid red lines
are the result of the fitting as
described in the text

Table 3 Modssbauer hyperfine
parameters obtained from
Mbssbauer spectra fittings

Table 4 Magnetic parameters of
the samples of Bssg horizons

relative intensity

velocity (mm/s)

O Experimental Data Fe¥(1) Fe?*
Spectra Fittings Fe**(Il) PR
Sample  Fe’* (I) Fe’* (1) Fe?* Paramagnetic
relaxation

3 A FR d A FR S A FR 3 H FR

PC1 035 037 51+2 035 087 25+2 122 247 7+x1 037 60 17+2
PC4 036 036 51+3 037 091 25+3 1.14 263 7+1 043 60 18+2
PCo6 036 036 47+2 036 095 23+x2 119 258 9x1 043 60 21+2

8, A and H are the isomer shifts referred to Fe (mm/s), the quadrupole splitting (mm/s), and the magnetic
hyperfine field in T, respectively. Relative spectral area (%) of each Fe phase (FR) are also listed

Sample  x;; (10 m¥kg) X arm IRM, 47 F% (%) H, (mT) S;(adim) RRM (%)

10 m¥ (107 Am¥

kg) kg)
PC1 14.8 252 0.63 1.1 81.8 0.57 334
PC2 12.8 243 0.61 1.7 91.3 0.55 345
PC4 12.0 24.8 0.45 2.1 103.4 0.49 37.3
PC5 13.6 26.0 0.58 1.8 77.7 0.54 32.1
PC6 12.3 23.0 0.61 0.0 97 0.51 36.1
PC7 11.9 25.1 0.45 1.1 89.9 0.59 31.6
PC8 13.2 432 1.13 33 72.8 0.75 20.9
PC9 12.4 20.3 0.44 2.0 100.8 0.49 36.4
PC10 16.6 36.3 1.05 0.7 68 0.59 28.9
PCl11 18.7 34.0 0.95 3.6 83.1 0.57 32.3
PROM. 13.8 28.2 0.69 1.7 86.58 0.57 324
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is lower than 20 x 10~ m®/kg, while anhysteretic magnetic
susceptibility (¥ ory) and maximum isothermal remanent
magnetization (IRM, , 1) are lower than 40 X 10® m%/kg and
1.1x 1072 Am%/kg, respectively, for all the samples. Cor-
relation coefficient between x sy and IRM, 4 1 is highly
strong and positive (R=0.95), even though it is moderate
between x; and those parameters (R=0.54 and R=0.67,
respectively). Correlation coefficient between total iron and
X is moderate and positive (R=0.5), but null with x sgm
and IRM, 4 1. Such behavior might be related to the contribu-
tion of paramagnetic minerals in the x ; values obtained, but
those minerals do not participate in the X,y and IRM, 4 ¢
values. Regarding the susceptibility frequency dependent
factor (F%), values lower than 4%, such as those recorded

Q

in this work would indicate a low contribution of superpara-
magnetic magnetite (Dearing et al. 1996).

Frequency-dependent magnetic susceptibility values and
low susceptibility values of Pampean loess were compared
with those ones of China and Siberia (Bidegain et al. 2005).
The authors found that gleying during waterlog conditions
have removed much of the magnetic material from certain
stratigraphic intervals. Moreover, the depletion of the exten-
sive magnetic values in hydromorphic layers has clearly
been demonstrated in several loess profiles carried out in
the Pampean region (Bidegain et al. 2009).

IRM Acquisition curves (Fig. 5a) indicate satura-
tion in magnetic fields higher than 1000 mT, which is a
typical behavior of high coercivity substances such as

1.00 -
080 PCH
i ] e PC2
0.60 R
b ; \ = IRM Saturation PCé
2\ 0.40 " PCS
0.20 v of * PC8
H=68-100mT __&%y
E om0 o . e e PC?
E 0200 -0 250 200 150 v 80 20 600 1000 1400 1800 2200 2800 . pcg
X .040 mT mT PCo
- -0.60 « PC10
S=048.075 PC11
-0.80
1.00
50
— P01
— P2
— PCA
) e PC5
> 104
i‘ e PC
5 e PCT
s PC8
PC9
—— PC10
PC11
14
05
T T T T T T T T T T 2]
0 100 200 300 400 500 600 700 800 900 1000 1100

Temperature (°C)

Fig.5 a Acquisition of isothermal remanent magnetization curves
and back field of samples from the Bssg horizons. Note that satura-
tion begins at 1000 mT, which is a typical behavior of antiferromag-
netic substances. b Standardized magnetic susceptibility curves as a
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hematite—goethite (Thompson and Oldfield 1986). Rema-
nence coercivity (H,), S coefficient and residual remanent
magnetization (RRM) (Table 4) indicate an important par-
ticipation of high coercivity species as goethite.

Bartel et. al. (2005) applying magnetic parameters in the
study of argiudoll and epiaqualf soils of La Plata area, indi-
cate that the intrazonal soils such as the mentioned epia-
qualf, developed under conditions of high humidity. They
showed the same general susceptibility pattern than the
argiudoll soil but with much lower values. Furthermore, they
consider that this is a recent phenomenon—in geological
terms—of alteration (dissolution in aqueous environment)
of ferrimagnetic minerals (magnetite) and neoformation of
more oxidized compounds (Fe,O; and FeOOH) of the type
hematite, goethite.

Magnetic susceptibility curves in function of temperature
(Fig. 5b) showed mineralogic transformations that involve
the development and destruction of magnetic phases. The
gradual increase between 250 and 350 °C may be in con-
cordance with the dihydroxylation of iron oxy-hydroxides,
such as goethite and ferrihydrite and the resulting maghemite

formation (Eggleton and Fitzpatrick 1988; Ketterings et al.
2000; Barrén and Torrent 2002). For temperatures higher
than 350 °C, susceptibility decreases gradually until they
reach the lowest at temperatures between 550 and 750 °C,
which may correspond to hematite complete transformation
(Goémez Samus et al. 2017a, c). Susceptibility increases
together with temperature until it reaches the maximum
at 950 °C which could be related to Ca presence (Gémez
Samus et al. 2017b, c), and finally decreases..

X- ray diffraction

Diffraction patterns indicate a predominance of clay miner-
als (around 60%), while secondary mineral phases include
quartz, plagioclase and alkaline feldspar with minor propor-
tions of calcite and probably iron oxide hydroxide such as
goethite and ferrihydrite (Fig. 6, Table 5). Whole-rock dif-
fractograms show a hump between 24° and 32° 20 related to
mineral phases of low crystallinity or associated to amorphic
substances (Grathoff and Moore 1996). This feature is not
related to a high content of iron oxy-hydroxide, since there is

N
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Fig.6 X-ray diffractograms of bulk-powder of Bssg representative
samples (a) and oriented sample (b) with N: natural; G: glycol-24hs
and C: calcined-550 °C oriented preparations. Values are expressed in

A. ¢ Results of the Greeny Kelly test. Note the expansion of the Sm
peak after the Li-200 °C and glycerol (Gly) solvation

Table 5 Quantitative XRD analysis (bulk-rock samples) of the Bssg horizons obtained by Rietveld method

Sample Minerals
Smectite (+1I/S) Ilite Caolinite Quartz Feldspars Calcite Iron Oxy-
hydroxides
(goethite)
PC1 28.08 (1.14) 20.40 (0.97) 10.06 (0.87) 23.32(1.01) 16.31 (0.87) <2 <2
PC4 35.98 (2.05) 19.84 (1.05) 10.67 (1.23) 19.61 (1.29) 11.49 (1.17) 2.10(1.41) <2
PC6 32.69 (2.79) 23.95 (1.15) 10.71 (0.83) 18.23 (1.31) 12.97 (1.05) <2 <2

The values are expressed in wt% with their standard errors. Feldspars include plagioclase and alkaline feldspar, whereas Iron Oxy-hydroxides are

goethite and ferrihydrite

@ Springer



105 Page 10 of 15

Environmental Earth Sciences (2021) 80:105

no fluorescence associated to a background increase (Moore
and Reynolds 1997). The diffraction peaks corresponding
to 4.48 A, 2.57 A and 1.50 A are relatively wide, which
indicate low crystallinity or a high disorder degree indicat-
ing the predominance of smectite. The diffraction peak of
the plane 060 between 61.67° 26 and 62.22° 20 positioned
close to 1.49 A (Fig. 6a) and indicates the predominance of
dioctahedral clay minerals (Fig. 6a) equivalent to minerals
of the montmorillonite—beidellite series (Moore and Reyn-
olds 1997).

On the oriented natural samples patterns, the typical
reflections at 15 A, 10.00 A, 5.00 A and 3.33 A indicate the
presence of smectite besides of illite. Two other diffraction
lines of important intensity correspond to 7.15 Aand3.57 A
which denote the presence of kaolinite. The ethylene—glycol
salvation patterns show the displacement to 17.3 A typical
in smectites (Fig. 6b). However, diffraction lines at 8.66 A
and 5.60 A and around 3.33 A, suggest the existence of
illite/smectite (I/S) interstratified minerals, consistent with
Montes (2013), with high amount (80%) of expansive layers.
The non-swelling behavior and the collapse of the structure
after heating confirm the presence of kaolinite, while the
collapse of smectite-1/S shift to 9.99 A at the position of
illite. The samples treated with Li-200 °C-glycerol solvation
do not show the irreversible collapse of the structure due to
Li-ions moving into the vacant octahedral sites (Volzone
1991). The expansion of the structure giving a broad XRD
reflection at 17.9 A indicates the identification of beidellite-
nontronite clay minerals (Fig. 6¢).

DTA-TG

DTA and TG curves, such as those shown in Fig. 7, indi-
cate a first endothermic peak around 75 °C, with a mass
loss of 5-7%, from the beginning of the thermal process
until a temperature of around 150 °C. This process is attrib-
uted to adsorption water loss (hygroscopic) mainly from
clay minerals. There is a second endothermal peak around
260-280 °C along with a slight mass loss (<3%), associ-
ated to the dehydroxylation of iron oxy-hydroxides, such as
goethite (Romero Gémez et al. 2013). This suggests that an
important part of the high coercivity signal observed in the
magnetic characteristics correspond to hydrated species, par-
ticularly goethite. Between 400 and 410 °C, a slight inflexion
in the DTA curve is observed, which may correspond to an
exothermal peak of organic material combustion, which, as
previously mentioned, was found in relatively low amounts
(less than 1%). The second important endothermal peak was
registered between 480 and 495 °C, along with a mass loss
of 5-8%, due to dehydroxylation of clay minerals (Grim and
Rowland 1942; Frost et al. 2000). Finally, between 800 and
900 °C there is an inflexion of DTA curve, which might be
related to endothermic peaks, associated with calcite decar-
bonization, or exothermal peaks related to crystallization of
new anhydrous phases.

These results are consistent with the Fe-smectite pres-
ence. Taking into account that in Al-rich montmorillonite
dehydroxylation occurs around 600-700 °C, the incorpo-
ration of Fe®* in the crystalline structure (replacing AI**
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Fig. 7 Differential thermal (DT) and thermogravimetric (TG) analyses curves of PC6 sample
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in the octahedral layer), induces an important decreases to
400-500 °C for Fe-smectite (Grim and Rowland 1942; Frost
et al. 2000) as documented in the present work.

Discussion
Minerals with iron in gley horizons

The data analysis allows us to infer that goethite is the
prevailing iron oxide in the soil samples from the coastal
plain of the Rio de la Plata estuary. The pH conditions
close to neutral and Eh values around 0 V (Imbellone
et al. 2009) are consistent with the preservation, and even
with the authigenesis of goethite (Fig. 8). However, it is
not dismissed the possibility of other oxy-hydroxide par-
ticipation, such as ferrihydrite. Mossbauer spectra do not
show magnetic signal corresponding to goethite (sextets);
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Fig.8 pH vs. Eh graph after Skinner and Fitzpatric (1992). Note that
these parameters values for the Bssg horizons are plotted in the goe-
thite and ferrihydrite fields

therefore, goethite particles should be smaller than 15 nm
(Vandenberghe 1991).

The low amount of oxy-hydroxide (<3%) is not enough
to explain the high total iron concentration in the studied
samples. As previously mentioned, ferric iron is the domi-
nant Fe specie and it would be related mainly to minerals
with paramagnetic behavior. In this context, it is worth to
consider the composition of clay minerals, mainly smec-
tites followed by illite that based on the Greene-Kelly test
indicated the presence of iron-rich smectites (Fe-beid-
ellite/nontronite); also corroborated by the endothermic
peak in the DTA curve and magnetic values.

The iron incorporation on clay structures would be an
authigenic process, as mentioned for saltmarsh environ-
ments (de Souza- Junior et al. 2010), where cyclic changes
in the redox potential promote pyrite oxidation and the
subsequent nontronite neoformation, in presence of Si, Mg
and Al (Fernandez-Caliani et al. 2004). Although pyrite
was not detected, it is probable that it might had been
present during the Holocene saltmarsh that gave origin
to the parental material of these soils (Cavallotto 1995;
Gomez Samus et al. 2017a, 2020). Furthermore, it can-
not be dismissed that iron-rich smectite could be a conse-
quence of illite transformation, a process that occur in high
salinity conditions and redox variation in presence of iron
(Komadel et al. 1995; Velde and Church 1999). Therefore,
it is considered that iron-rich smectites are the result of a
combination of particular settings in an environment with
repeated wet—dry cycles, where Eh variations in a slightly
alkaline conditions would have favored the incorporation
of iron in the structure of smectites.

Considering Mossbauer spectra and previous analyzes
(Montes et al. 2016), illite would be the main Fe?* carrier.
However, there is a possibility that ferrous iron is found,
in small proportions, in minerals that could not be identi-
fied by these means. For example, framboidal pyrite, was
described in saltmarsh environments, like the one that gave
origin to the parental materials of the analyzed soils (Fer-
reira et al. 2007; Otero et al. 2009; Rios et al. 2018). Given
the presence of sulphur in chemical analysis, it is possible
to consider that pyrite constituted a mineral phase in the
sediments, which due to the change in pedogenic condi-
tions after the saltmarsh desiccation, may have oxidized
and a part of the iron included in smectites and sulfates
(Zhang and Evangelou 1996). Based on phosphorous exist-
ence, it is possible to consider the presence of ferrous iron
phosphate such as vivianite, usually found in anoxic soils
and sediments (Roden and Edmonds 1997). Finally, it is
worth mentioning that the existence of green rusts was dis-
missed due to the permanence of the hue once the sample
was dried. Its greenish blue component is easily oxidized
when exposed and turn reddish (Scheinost 2005).

@ Springer



105 Page 12 of 15

Environmental Earth Sciences (2021) 80:105

Ferric iron and gley colors in Pampean sediments

It is possible to consider two minerals as stains with ferric
iron that generate gley colors in hydromorphic vertisols of
Rio de la Plata coastal plain. On the one hand, iron-rich
smectites are green, olive green, greenish yellow to yellow
(Stucki 1988), such as the Fe-beidellite from weathered
volcanic rocks in Patagonia shown in Fig. 9a (Cravero
et al. 2014). On the other hand, goethite is usually yel-
low (Schwertmann and Fitzpatrick 1992; Scheinost 2005)
and is artificially created in paint industry (ferrite yellow)
(Lozano 1978). To illustrate it, acrylic paints were used to
reproduce the color pattern (Fig. 9b). This may be the way
in which goethite together with organic material or low
luminosity minerals, would contribute to greenish colors
of the soils.

Based on these considerations, the ferrous iron influence
in gley colors of hydromorphic vertisols of Rio de la Plata
coastal plain was rejected. Goethite effect on gley colors is
like that observed by Vodyanitskii et al. (2005, 2007), but
also, in these soils it is highlighted the influence of ferric
iron-rich smectites.

An important aspect to be pointed out refers to the par-
ticipation of ferric iron in gley horizons of loessic succes-
sions of Pampean loess (Bidegain et al. 1995, 1996), such as
shown in Fig. 10. The presence of hydromorphic paleosols
is common in these sequences which colors differ from the
typically reddish pampean loess (7.5YR) to greener hue (5Y)
(Imbellone and Teruggi 1993; Gémez Samus 2016). Studies
carried out in sequences of loess/paleosols of La Plata area,
allowed to determine that gley horizons presented lower
Fe?" concentration (0.02%) than the less pedogenized loess

Fig. 9 Photographs showing the color on Bssg horizons. a Fe-rich beidellite under the loupe (Sample courtesy of Fernanda Cravero). b Gley
colored pattern reproduced by acrylic paints, note that the darkening of the yellow paint is seen as green

Fig. 10 Typical Pampean loess profile on the Atlantic coast of Mar del Plata. Note the contrast between gley and reddish horizons
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layers (0.40%) (Bidegain et al. 1995, 1996). Moreover, in
those levels, where the content of titanomagnetites and fer-
rous iron increase, the highest susceptibility values (loess
layers) were obtained. Conversely, the gley horizons, with
lowest Fe>* content, show the lowest susceptibility values
(Bidegain and Rico 2004; Bidegain et al. 2005, 2009).

Conclusions

The current results allow us to reconsider some assump-
tions about the pigments that give rise to olive colors in soils
with gleyic and stagnic properties. The main statements that
stand out here are: (1) Ferric iron (Fe3*) bearing minerals
give the olive colors (gley) in the hydromorphic vertisols
of the coastal plain of the Rio de la Plata. (2) The min-
erals with ferric iron are Fe-rich smectites (Fe-Beidellite/
Nontronite) of green, olive green, greenish yellow to yellow
colors, as well as goethite, usually yellow. (3) This pattern
can be related to other olive-colored hydromorphic soils, for
instance in the loessic soils and paleosoils of the Pampean
region.
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