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Abstract—Selective-dissolution techniques by ammonium oxalate (OX), dithionite-citrate-bicarbonate
(DCB), and dithionite-ethylenediaminetetraacetic acid (D-EDTA), and X-ray diffraction and Mossbauer
spectroscopy were used to identify and characterize iron oxides and oxyhydroxides in the <2-mm, <50-
um, and <2-u.m size fractions of a Mollisol from Bahi'a Blanca, Argentina. Iron compounds are present
at low concentrations in mixtures with quartz, Narrich fddspar, illite, interstratified illite-montmorillonite,
and traces of kaolinite. Total Fe and Al content increases as soil particle size decreases, from 4.3 and
133 wt. % in the <2-mm size fraction to 85 and 22.8 wt. % in the clay fraction (<2 um), respectively.
No more than 25—30% of the total Fe is associated with the crystalline and the amorphous Fe oxides.
Weekly ferromagnetic hematite and goethite were identified in the different fractions. These phases have
small particle szes and/or low crystalinity. They may aso have Al for Fe substitutions. Crystalline
magnetite or maghemite is rare. These Fe-rich phases are probably coating coarser particles.

The efficiency of Fe remova is highest for the D-EDTA treatment and least efficient for the OX method,
for dl fractions. The opposite is true for Al removal. Poorly crystalline hematite and goethite, which are
soluble in oxalate, are only present in the coarser fractions. Poorly crystalline and crystalline hematite
and goethite, which are soluble in DCB and EDTA, are present in coarser fractions, but do not occur in
the clay fraction. DCB treatment probably dissolves Al in the 2:1 type phyllosilicates occurring in this
s0il, whereas D-EDTA dissolves Fe in the hydroxy interlayers of the smectite minerals or in the silicate
phases.

Key Words—Ammonium-Oxaae Dissolution Treatment, Chemica Analysis, Dithionite-Citrate-Bicar-
bonate Dissolution Treatment, Dithionite-Ethylenediaminetetraacetic Acid Dissolution Treatment, Molli-
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INTRODUCTION

Iron oxides and other minerals, with portions of
their structure having a variable charge, are mgjor
components in many acid soils, and these materials
greatly affect soil adsorption. Soils from temperate re-
gions have minerals which have a permanent charge
rather than a variable charge on a portion of their
structure and these minerals dominate. In these soils,
many properties of soil adsorption are largely con-
trolled by the metal oxides and oxyhydroxides present
in the different soil fractions. In general, the amount
of adsorption depends on surface area, chemical com-
position, cation-exchange capacity (CEC), and the de-
gree of coating of the oxide or oxyhydroxide on the
phyllosilicate present (Kinniburgh and Jackson, 1981).

Although these oxides and oxyhydroxide com-
pounds have been extensively studied by numerous
authors in different soil types (Gangas et al, 1973,
Kodama et al, 1977; Bigham et al, 1978; Campbell
and Schwertmann, 1984; Vandenberghe et al, 1986),
thereis little chemical and mineralogica data available
on iron-oxide composition in Argentinian soils (Aguir-
re, 1987, Saragovi et al, 1994; Mijovilovich, 1997,
Mijovilovich et al, 1998).

Copyright © 2000, The Clay Minerds Society

As a group, Mollisols occur in regions of high soil
fertility and fair-to-adequate rainfall so that they prob-
ably comprise the world's most productive agricultural
soil. The soil described in our study, a drier Mollisol,
has weakly developed profiles (A, A,, and AC hori-
zons) with a solum thickness of 40 cm and a cacic
typicd horizon C.

Lack of aggregate stability, low amount of organic
matter, and high content of silt and fine sand produces
a structureless mass during drying, making cultivation
difficult or impossible until the profile is re-wetted.
This condition may be related to the presence of iron
oxides and oxyhydroxides, because these soil compo-
nents act to coat and bind agents among soil particles
(Aguirre, 1987).

Selective-dissolution techniques, X-ray diffraction
(XRD), and Mosshauer spectroscopy (MS) are com-
monly applied to identify soil iron oxides and oxy-
hydroxides. Iron oxides and oxyhydroxides may rep-
resent the smallest particle fraction present, and the
crystallinity of these phases may be very poor. These
characteristics demand very careful analysis involving
sensitive techniques for mineral identification. Iron ox-
ides showing poor crystallinity, for instance, yield
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Table 1. Physico-chemical properties of the A, horizon.

Parameter Values
pH! 7.5
pH? 6.3
Organic matter (%)? 2.9
CEC (cmol, kg')* 30.4
Sand (%)* 41.5
Coarse silt (20-50 um) (%)* 14.4
Fine silt (2-20 wm) (%)° 15.8
Clay (%)° 28.3
Specific surface area (m? g=')° 69.87

! Measured in water suspension.

2 Measured in 1 mol L-' KCI 1:2.5 soil/solution ratio.
* Walkey (1946): OM method.

4 Bower et al. (1952): CEC method.

> Robinson (1922): Pipette method.

¢ Carter et al. (1965): EGME method.

broad low-intensity XRD peaks, and these peaks
sometimes overlap with high-intensity peaks from sil-
icate minerals, thereby making identification and quan-
titative determination difficult.

In general, iron oxides are often concentrated in the
fine clay fraction. However, in some soils from Ar-
gentina (Aguirre, 1987; Mijovilovich, 1997; Mijovi-
lovich et al.,, 1998) and Brazil (Allan er al., 1988;
Goulart, 1994) magnetic compounds are almost entire-
ly found in the silt and sand fraction, thus making the
study of these coarser fractions important.

This paper reports results obtained by XRD, MS,
and selective chemical-dissolution techniques to study
iron-oxide and oxyhydroxide mineralogy in an Argen-
tinian soil. Iron-oxide mineralogy of this soil has not
been previously studied in detail. Relevant data from
all size fractions studied (<2 mm, <50 pum, and <2
pm) are presented.

MATERIALS AND METHODS
Samples

Surface soil samples (0-12 cm), representing the Ap
horizon of a Petrocalcic Haplustoll from Bahia Blanca,
Argentina, were used. Soil samples were air-dried,
ground, and passed through a 2-mm stainless steel
sieve to obtain the <2-mm size fraction; then ultra-
sonically dispersed in water and fractionated by stan-
dard sieve (50 wm) techniques to obtain the <50-pum
size fraction. The clay fraction (<2 pm) was obtained
by sedimentation techniques using Stoke’s law (Rob-
inson, 1922). Some physical and chemical properties
of the soil are listed in Table 1.

Chemical analysis

Total soil, silt, and clay-fraction samples were treat-
ed with chemical extractants as described below, pro-
ducing four subsamples for each fraction: (1) untreated
(UT), (2) acid ammonium oxalate (OX) treated, (3)
dithionite-citrate-bicarbonate (DCB) treated, and (4)
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dithionite-ethylenediaminetetraacetic acid (D-EDTA\)
treated. To extract poorly crystallized iron oxides, a
single 2-h treatment in darkness with OX was per-
formed (Schwertmann, 1964, 1973). For complete dis-
solution of all crystalline iron oxides and oxyhydrox-
ides, the DCB procedure of Mehra and Jackson (1960)
was performed four times sequentially using 1 g of
sodium dithionite in hot (353 K) sodium citrate and
sodium bicarbonate solution. The dissolving reagent
D-EDTA was also used for dissolution of crystalline
iron oxides (Rueda et al., 1992). D-EDTA treatment
was performed using 1 g of solid sodium dithionite,
in a 0.05 mol dm3, pH 5.5 Na,EDTA solution, under
N, atmosphere at 315 K. Residues were washed free
of excess salts and air-dried following each selective
dissolution treatment. :

Total iron and aluminum were determined after
complete dissolution of soil fractions in a Pt crucible
using the alkaline fusion method (Jackson, 1964). All
treatments were performed in triplicate and Fe and Al
contents in extracts were analyzed by atomic absorp-
tion spectroscopy (AAS).

X-ray diffraction

XRD studies were performed on each fraction, us-
ing CuKa (1.5406 ;\) radiation (45 kV, 35 mA) on a
Philips vertical goniometer in a range of 2° < 26 <
70°. The diffractometer was equipped with a 1° diver-
gence slit, a 0.1-mm receiving slit, and a monochro-
mator. Analysis using Fe radiation gave no additional
information. Additional patterns were obtained in the
20 = 20-35° range using CuKa radiation, a 0.01 26
step, and a counting time of 5 s per 20 increment.

The untreated clay fraction and residues from Mg
saturation followed by glycerol solvatation, and K sat-
uration followed by heating to 823 K (Jackson, 1979)
were examined from 26 = 2-30° using a 0.01 step and
a counting time of 30 s per 26 increment, using the
same equipment as above, at 36 kV, 18 mA, and with-
out a monochromator and using a Ni filter. Residues
from DCB and D-EDTA treatments, in powder form,
were glycerol solvated, calcined at 823 K, and then
similarly scanned.

Mossbauer spectroscopy

Mossbauer spectroscopy was performed on all sam-
ples at 300 and 15 K using a 25 mCi 5"Co source in
a Rh matrix. In preparing the Mossbauer absorbers,
special care was taken to use a “‘thin absorber” (Long
et al., 1983) and to eliminate ‘‘texture effects” (Erics-
son and Wippling, 1976). Reasonable fits using a Lor-
entzian-line shapes were obtained. A semiquantitative
Mossbauer analysis of Fe-containing phases was per-
formed by taking areas of subspectra as a measure for
Fe compound concentrations (Muir, 1968).

All absorbers were prepared by grinding of the 12
samples in an agate mortar using ~8 mg/cm? of Fe.
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Table 2. Dissolution analysis (wt. %) of the soil fractions used in this study.
Fraction 'Fe o Al,, Feycn Alpen *Feppnra Al ppra *Fe, ‘Al
<2 mm 0.248 0.304 0.722 0.153 1.272 0.102 4.20 13.32
<50 um 0.484 0.652 0.933 0.379 1.509 0.192 5.14 14.45
<2 pm 0.566 0916 1.430 0.472 2.150 0.388 8.53 22.85

I OX: Oxalate-extractable Fe and Al.

2 DCB: Dithionite-citrate-carbonate-extractable Fe and Al
3 D-EDTA: Dithionite-EDTA -extractable Fe and Al

4 Fe, = total iron, Al, = total aluminum.

Non-refined sugar was mixed with the samples to
avoid preferred orientation of powder crystallites.
Measurements using the magic angle were made to
minimize texture effects. Coarser soil-sample fractions
were further ground to obtain better homogeneity and
to improve the reliability of area results (Saragovi and
Mijovilovich, 1997). High counting rates (3-5 X 10°
counts/channel) were used, and a background correc-
tion was measured (Housley ef al,, 1964). Similar ex-
perimental conditions were maintained for all mea-
surements.

All spectra were fitted with the DIST3E program
(Vandenberghe, 1992), which uses hyperfine parame-
ter distributions. Two quadrupole doublet distributions
(D1 and D2) and two hyperfine field distributions (S1
and S2) were employed and the goodness-of-fit of
each distribution was determined by x? criteria. The
same range of values for the corresponding hyperfine
parameters, hyperfine magnetic field (H), and quad-
rupole splitting (QS) was used for all samples in each
distribution (S1, $2, D1, D2). When the temperature
was lowered, these ranges were changed accordingly.
For each subsample, relative populations of all four
distributions were computed from the fitted areas. To
compare results, areas of treated subsamples were nor-
malized to the area of the corresponding untreated
sample.

RESULTS
Chemical analysis

Chemical data of the different soil fractions are
summarized in Table 2. Total iron and aluminum con-
tent increases as soil-particle size decreases. Substan-
tial amounts of iron do not go into solution by treat-
ment with DCB and D-EDTA. No more than 25-30%
of the total iron is associated with crystalline and
amorphous iron oxides and/or oxyhydroxides. Fegy
values, accounting for <10% of total iron, indicate all
samples contain small amounts of poorly crystallized
oxalate-soluble Fe-oxides, magnetite, and maghemite.
Feox/Fepes (Feoxmcs) ratios vary between 0.34-0.52
indicating that better crystallized Fe-oxides are also
present.

The amount of DCB-extracted aluminum is greater
than for that obtained by D-EDTA extraction. Acid-
oxalate-extractable Al (Algy) is greater than DCB-

extractable Al (Alpcg) and D-EDTA-extractable Al
(Alp.gpra). The molar ratio Al/(Al + Fe) ranges from
0.11 (in <2-mm size soil fraction) to 0.22 (in <2-pm
size clay fraction) mol mol~!, according to the D-
EDTA values (Table 2). These results suggest the
presence of medium to high Al-substituted sites in
the soil iron oxides (Cornell and Schwertmann,
1996).

X-ray diffraction analysis

Iron-oxyhydroxide identification was difficult owing
to the low concentration and the overlap of reflections
from other phases present in the soil, particularly
quartz and feldspar. In the range of 26 = 20-35°, Fe-
oxides and oxyhydroxides secondary peaks do not
overlap with peaks from other phases in the soil. The
comparison of chemically treated and untreated sam-
ples allowed the identification of some iron oxides.
Despite the use of the backfill method for preparing
the sample, displacement of the 0.334-nm reflection of
quartz (~0.05 nm) was observed, thereby making the
application of differential XRD analysis difficult
(Schulze, 1981; Campbell and Schwertmann, 1984,
1985).

In all samples, large amounts of quartz (0.427,
0.334 nm), Na-rich feldspar (0.405, 0.324, 0.321,
0.250 nm), and illite (1.000, 0.334 nm) were observed.
The 0.334-nm peak was assigned mainly to quartz or
Na-rich feldspar because no additional mica reflections
occurred; no mica is present in this soil (Blanco and
Sénchez, 1995).

X-ray diffractograms from the size fractions of <2
mm, <50 pm, and <2 pm for both treated and un-
treated subsamples are shown in Figures 1-3. For the
size fractions of <50 pm, hematite and goethite were
identified; goethite in minor amounts. The intensities
of both hematite (0.269 and 0.368 nm) and goethite
(0.421 and 0.269 nm) peaks decrease with chemical
treatment. For patterns from the <2-mm size fraction,
only the 0.269-nm reflection corresponds to hematite
and minor amounts of goethite. In the untreated sam-
ple, the 0.329-nm reflection is assigned to lepidocro-
cite (intensity = 90%), but the absence of additional
reflections, in particular the 0.626-nm reflection,
makes this conclusion tentative. The possible presence
of lepidocrocite is not consistent with the assumed en-
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Figure 1. XRD patterns of <2-mm size soil fraction before
treatment and following selective dissolution by OX, DCB,
and D-EDTA treatments. G, goethite; L, lepidocrocite; H, he-
matite; M/M, maghemite/magnetite; I, illite; Q, quartz; F, Na-
rich feldspar; K, Kaolinite; I-M, interstratified illite-mont-
morillonite.

vironmental conditions of the soil (Aguirre, 1987;
Acebal, 1989).

In the size fractions of <2 mm and <50 um, the
0.297-nm reflection slightly decreased in intensity af-
ter the chemical treatments, suggesting the presence of
maghemite and/or magnetite. If maghemite and/or
magnetite are present, the most intense 0.253-0.251-
nm peaks would overlap those corresponding to feld-
spar. For the <2-um size fraction, patterns show the
presence of goethite and hematite peaks. The 0.269-

<50-)Jm

D-EOTA

[o]3=}

Intensity (arbitrary unit)

20 22 24 % 28 30 32 34 36 °26

Figure 2. XRD patterns of <50-p.m size soil fraction before
treatment and following selective dissolution by OX, DCB,
and D-EDTA treatments. Symbols as in Figure 1.
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Figure 3. XRD patterns of <2-pum size clay fraction before
treatment and following selective dissolution by OX, DCB,
and D-EDTA treatments. Symbols as in Figure 1.

nm reflection is just noticeable in untreated soil; DCB
and D-EDTA treatments remove this peak, causing a
relative increase in the intensities of quartz and phyl-
losilicate peaks.

Diffractograms of untreated, glycerol-solvated, and
calcined material from the <2-um size fraction are
shown in Figure 4. These patterns show the presence
of poorly crystalline materials, such as expandable
clays of the smectite group and randomly interstrati-
fied illite-montmorillonite (1.000--1.506 nm). In addi-
tion, illite (1.000 nm), traces of kaolinite (0.707 nm),
and non-clay minerals such as quartz (0.334, 0.427
nm) and Na-rich feldspar (0.324, 0.321, 0.405, 0.640,
0.250 nm) are also present. Diffractograms from un-
treated clay, glycerol-solvated, and calcined samples

<2-pm

CALCINED

Inbensity Grbitrary unit)

Figure 4. XRD patterns from the untreated clay fraction (<2
pm) and following glycerol solvation and calcination. Sym-
bols as in Figure 1.

-
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- DCB-TREATED
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INTERSTRATIFIED
GLYCEROL - SOLVATED

UNTREATED CLAY
F
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200 i 030 nm
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Figure S. XRD patterns from the untreated clay fraction (<2
wm), and after glycerol solvation and calcination following
dissolution by DCB treatment. Symbols as in Figure 1.

after DCB and D-EDTA treatments are shown in Fig-
ures 5 and 6.

Mdssbauer spectroscopy

Characteristic Mossbauer spectra are shown in Fig-
ure 7. Figure 8 shows hyperfine field distributions cor-
responding to the fitted spectrum of the DCB treated
<2-mm size fraction sample (Figure 7b). Fitted param-
eters at room temperature (RT) are presented in Table
3, where values of the maxima in the distribution pro-
files are expressed as Hy and QS,;. In cases where a
distribution has several similar maxima, all are given.
Isomer shift (IS) values are referred to a-Fe.

The paramagnetic doublets, D1 and D2, are caused
by Fe** and Fe?* ions, respectively, located in illite
and/or in montmorillonite (Rozenson and Heller-Kal-
lai, 1976; Coey, 1980; Murad and Wagner, 1994). A
kaolinite contribution to the Fe’* doublet is also pos-
sible. These quadrupolar distributions remain very
similar in shape and range when temperature is low-

D-EDTA - TREATED
<2-pm

CALCINED

Irkersity (arbitrary ueit)

UNTREATED CLAY
F

200 | 0.3 nm

5 0 15 20 b ‘28

Figure 6. XRD patterns from the untreated clay fraction (<2
wm), and after glycerol solvation and calcination following
dissolution by D-EDTA treatment. Symbols as in Figure 1.
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Figure 7. Room-temperature Mossbauer spectra of <2-mm

size fraction a) untreated sample, b) DCB-treated sample.
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Figure 8. Hyperfine field distributions corresponding to Fig-
ure 7b. Symbols: A = S1, ¢ = S2 in Figure 8a, and ® =
D1, A = D2 in Figure 8b.
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Table 3. Room-temperature Mdssbauer parameters. H values are in Tesla and QS and IS are in mm/s.

S1 s2 D1 D2
Hy Qs IS Qs 3 QSy IS QSy 1S
<2 mm
Untreated 50.4 -0.17 0.30 9, 30, 46 -0.13 0.37 0.50 0.28 1.9,2.7 1.12
OX-treated! 50.3 -0.10 0.26 9, 28, 46 -0.06 0.32 0.50 0.27 19,2.7 1.09
DCB-treated' 50.2 -0.13 0.25 9,24, 46 -0.18 0.28 0.50 0.28 1.9,2.7 1.05
D-EDTA-treated! 50.0 ~0.25 0.40 8, 30, 45 -0.24 0.48 0.50 0.38 2.0,2.7 1.26
<50 pm
Untreated 50.0 -0.23 0.60 8, 32,46 -0.11 0.57 0.50 0.45 1.9,2.7 1.30
OX-treated 9, 31, 35, 50 -0.20 0.48 # # 0.50 046 1.9,2.7 1.33
DCB-treated 9, 30, 50 -0.24 0.52 # # 0.40 045 2.0,2.7 1.38
D-EDTA-treated 50.0 ~0.13 0.44 # # 0.50 044 1.9,2.7 1.34
<2 um
Untreated 51.0 ~0.21 0.41 8, 26, 47 -0.28 0.38 0.50 0.39 2.2 1.39
OX-treated 51.0 -0.24 0.41 9, 28, 47 -0.17 0.42 045 039 2.2 1.42
DCB-treated 0.50 0.39 2.6 1.18
D-EDTA-treated 0.50 030 1.9,2.2 1.33

! OX-treated, DCB-treated, and D-EDTA-treated as in Table 2.

2Only one “‘S” distribution is used (see text).

ered, although QS2 shifts slightly to higher values.
Low-temperature results do not suggest the presence
of lepidocrocite and/or ferrihydrite, in agreement with
XRD data.

The magnetic components of the spectra were fitted
with two sextet distributions, S1 and S2 (Saragovi et
al.,, 1994). The S1 distribution is narrow, whereas S2
is a broad distribution. Hence, it is possible to model
the observed sharp lines with broad shoulders, thus
clarifying the assignments. The S1 parameters are as-
signed to Fe** ions in weakly ferromagnetic hematite
(Vandenberghe et al, 1990). When temperature is
lowered, the H,, value shifts to 52 T, the QS value
remains negative whereas the corresponding area does
not increase. The negative QS value indicates that the
Morin transition did not occur; this is consistent with
the degree of substitution of Al for Fe (Murad and
Schwertmann, 1986; Vandenberghe er al., 1990).

For the broad distribution of S2, parameters are in
agreement with goethite, magnetite and/or maghemite,
and hematite (Bowen, 1979; Murad, 1979; Murad and
Schwertmann, 1980; Bowen and Weed, 1984; Vanden-
berghe et al, 1990). Higher magnetic fields suggest
the presence of hematite and magnetite or maghemite;
the hematite is probably highly substituted and/or has
a small particle size (Mijovilovich, 1997). Traces of
magnetite or maghemite were isolated by magnetic
separation in the coarser fractions. The richest mag-
netic extract showed a negligible saturation magneti-
zation value, 1.6 o/JT-' kg~' (Mijovilovich, 1997; A.
Mijovilovich, pers. comm., 1998). These results indi-
cate that magnetite or maghemite contributions are
negligible. Low magnetic fields (=25 T) and an S2
distribution which becomes slightly narrower and
shifts to higher cut-off values when temperature is
lowered indicate the presence of goethite. Goethite has

a varying degree of crystallinity and/or Al substitution,
which makes its identification uncertain. In some cas-
es, only one S distribution is sufficient to describe the
spectra in which the peaks are broad. This S distri-
bution supports the conclusion that the samples con-
tain mostly poorly crystalline and/or medium to highly
Al-substituted goethite.

As noted above, a semiquantitative analysis of Fe-
bearing compounds is possible by taking subspectral
areas as proportional to concentrations. This analysis
allows the observation of selectivity and specificity
trends of chemical treatments used. The i" recoilless
fraction values (f) were not considered because the
same sample was analyzed by different treatments.
Note that in all samples, the background correction
value found was ~1.3. Table 4 shows the subspectral
areas and the total areas for each particle size relative
to the untreated sample area of the same size.

DISCUSSION

Hematite and goethite occur in this Mollisol, with
varying degrees of crystallinity and Al substitution.
Non-antiferromagnetic hematite and poorly crystalline
and medium to highly Al-substituted goethite are pre-
sent. Magnetite or maghemite is negligible. Illite and
interstratified illite-montmorillonite are present.

Variations in Alyy values (Table 2) are possibly re-
lated to the ability of acid-oxalate to dissolve certain
poorly crystallized minerals with short-range order.
(Jeanroy, 1983; Parfitt and Childs, 1988). Al,cg values
may reflect the ability of the DCB method to dissolve
greater amounts of Al, as noted by Ryan and
Gschwend (1991) for kaolinite and nontronite samples.
Dissolution of aluminum hydroxy interlayers must
also be considered.
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Table 4. Relative normalized areas in % from room temper-
ature calculations.

st $2!
Narrow Broad D1’ D2! Total
Sample sextet sextet Fe'~ Fe?+ Fe
<2 mm
Untreated 15 23 5t 11 100
OX-treated? 13 17 50 12 92
DCB-treated? 12 16 44 11 83
D-EDTA-treated? 9 11 30 14 64
<50 pm
Untreated 12 17 63 8 100
OX-treated 20 34 53 8 81
DCB-treated 21 # 46 8 75
D-EDTA-treated 9 # 51 8 68
<2 pm
Untreated 4 12 79 5 100
OX-treated 5 12 75 4 96
DCB-treated 76 8 84
D-EDTA-treated 70 5 75

! Assignments (see text): S1 = Weakly ferromagnetic he-
matite; S2 = mainly goethite + WF hematite; D1 and D2 =
paramagnetic Fe** and Fe?*, respectively.

2UT = untreated, OX-treated, DCB-treated, and D-EDTA-
treated as in Table 2.

3 Only one “S” distribution is used (see text).

Fep gpra values show that this method is more ef-
fective than the traditional DCB method for removing
Fe. This result may be related to the use of a lower
temperature and a N, atmosphere, which may prevent
the decomposition of the reductant agent. Apparently,
the iron, which is not brought into solution by DCB
and D-EDTA, occurs either in a silicate phase or as
an interlayer constituent of the hydroxy-interlayered 2:
1 type minerals (e.g., smectite, illite-smectite).

The calcined sample (Figure 4) did not show phases
with 1.0-nm peaks typical of smectite, which may be
related to the presence of Al (or Fe) hydroxy-interlayer
material. In contrast, in the DCB-treated sample (Fig-
ure 5), the calcination produces phases with layers of
1.0 nm, suggesting that the DCB treatment removed
interlayer material as was also reported by Jackson
(1979). However, D-EDTA treatment did not appar-
ently remove this hydroxy interlayer material (note the
lack of 1.0-nm peaks that would suggest collapse in
Figure 6). These observations are consistent with the
chemical data of the <2-um size fraction which show
that the DCB treatment extracts more Al than the D-
EDTA treatment. Comparison of XRD patterns (Fig-
ures 4-6) with values of Fe content derived from
chemical treatment (Table 2) suggests that the D-
EDTA treatment is both more effective and selective
over DCB to dissolve crystalline iron oxides. The D-
EDTA method is marginally more effective at remov-
ing iron-hydroxy interlayer structures over the DCB
method.

Acebal et al.
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The total-area values (Table 4) show an increase in
the Fe-extraction rate with OX, DCB, and D-EDTA
treatments, respectively. OX treatment removed the
least of the iron compounds with efficiency increasing
with DCB and D-EDTA. This trend is independent of
the fraction considered, although the extracted amount
varies in each fraction. In the <2-mm size fraction,
values are near 10, 20, and 40%, respectively, and in
the <2-pm size fraction, the values are ~5, 15, and
25%. Chemical analysis and MS results show that the
obtained Fey,/Fe, Fepcs/Fe,, and Fepgyra/Fe, ratios
present similar trends in all fractions. Some differenc-
es are noted with OX owing to the error involved in
the determination of small quantities.

OX decreases the S2 signals in coarser fractions
(Table 4), whereas OX treatment does not appreciably
affect the clay fraction (<2 pm). DCB and especially
the D-EDTA method also decreases the S1 and S2
signals, but these treatments suppress the magnetic
signal from the <2-pm size fraction. On the basis of
these results and the assignments given above, the fol-
lowing is concluded: (1) OX extracts some of the
poorly crystallized, small-sized, and/or Al-substituted
hematite and goethite (on the basis of the S2 signal).
(2) DCB and D-EDTA extract the small-sized and/or
poorly crystallized and Al-substituted hematite and
goethite (S2 signal). (3) DCB and D-EDTA extract
hematite which is less well crystallized and medium
Al-substituted (S1 signal). (4) D-EDTA is the most
efficient. Hematite with either no Al content or low Al
content is not present.

Chemical-treatment efficiency to extract soil iron
compounds is known to increase as particle size de-
creases (Cornell and Schwertmann, 1996). Table 4
shows that the efficiency of these chemical treatments
does not change drastically above the clay-size frac-
tion. Note that for the clay fraction, DCB and D-EDTA
eliminated the S1 and S2 signals. For the UT samples,
the S1 and S2 signals decreased with sieving (e.g., a
reduction in grain size) which suggests that some ox-
ides adhere to larger particles. Amorphous oxides (i.e.,
poor crystallinity and/or very small grain size) and Al-
substituted goethite and hematite extracted by the OX
method are apparently present in coarser fractions.
Coarser grain-size fractions contain both amorphous
and crystalline iron oxides that are extracted by the
DCB and D-EDTA methods. However, amorphous and
crystalline iron oxides do not occur in the clay frac-
tion.

These results suggest that weakly ferromagnetic he-
matite and goethite are probably adhering to coarse
particles as a coating, in agreement with previous ob-
servations (Aguirre, 1987). Although the grain sizes
of these oxides and oxyhydroxides are small, they are
not sufficiently small to show superparamagnetic be-
havior as indicated by the 15 K spectra. Hematites of
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<30-nm grain size should show superparamagnetic
behavior.

Note (Table 4) that the SI and S2 signals indicate
thet Fe*" was extracted from the sample and the para-
magnetic DI signal indicates this to a lesser extent;
the DI signal decreases in dl fractions, athough this
effect is more apparent after D-EDTA treatment. Since
superparamagnetic oxides do not occur at temperatures
as low as 15 K, this extracted paramagnetic Fe** must
originate in clay mineras. The methods of DCB and,
in particular, D-EDTA may be removing Fe from sil-
icate phases (including the clays) or minerals with hy-
droxy interlayers. The lack of collapse of the smectite
gter D-EDTA treatment (Figure 6) indicates that the
presence of Al is predominant over Fe in the hydroxy-
interlayer material. The possibility of the presence of
very low crystallinity and/or highly Al-substituted Fe
oxides can not be discarded because such phases may
be detected if temperatures <15 K were used in the
VIS experiments. On the basis of the D2 doublet, there

slittle Fe*" and it is not affected appreciably by chem-
ca treatment.
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