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ABSTRACT

Two selective chemical treatments consisting of mixtures of (i) oxalic acid - ammonium oxalate at pH 3 (OX) and (ii) sodium citrate - ascorbic acid at pH 6 
(CA) were used to selectively remove minerals from clay fractions of four volcanic soils: one from an Ultisol and three Andisols, of the southern Chile. Chemical 
analysis shows that CA is more effective in removing iron from Ultisol, and OX extracts it more efficiently from Andisols. 6 K 57Fe-Mössbauer data indicate that 
OX tends to remove all magnetically ordered species with low hyperfine fields; CA has no clear effect on the removal of those or the identified iron oxides in these 
volcanic soil materials.

INTRODUCTION

Selective chemical dissolution treatments are useful, and in many 
circumstances essential, laboratory procedures in order to improve the 
mineralogical analysis of soil samples. However, no chemical extractive 
solution, whatever the chemical dissolution mechanism, is expected to 
completely dissolve certain groups of chemically related minerals, while 
leaving unaffected the other species. In soils, iron (oxyhydr)oxides very often 
occur as a continuum of inter-related mineral forms or assemblages of strongly 
cemented multiphase grains in heterogeneous systems, of a wide range of 
degree of crystallinity.

Cornell and Schwertmann1 reviewed the currently used methods for 
differential dissolution to concentrate and/or to selectively dissolve minerals. 
Such procedures in soil research are, however, still largely empirical. The 
following are the most conventional laboratory procedures. Sodium hydroxide 
is used to preferentially remove silicate and gibbsite2,3. Acid – ammonium 
oxalate (OX) is an effective and simple extraction method that has been widely 
used to dissolve magnetite4, dioctahedral layer silicates5, allophane, and, if 
the reaction is carried out in darkness, poorly crystallized6,7,8 or ‘active’ iron 
oxides9 in soils; citrate-bicarbonate-dithionite (CBD) also removes crystalline 
iron oxides10 and preferentially attacks pedogenic maghemite over lithogenic 
magnetite11.

Only a relatively limited number of works dedicated to the mineralogy 
of volcanic Chilean soils (mainly, Andisols and Ultisols) have been actually 
reported, despite their abundant and widespread occurrence in southern 
Chile and their actual and potential importance for agricultural practices. An 
important overview of volcanic soils in Chile was given by Besoaín12.

Regarding chemical methods for mineralogical analysis of volcanic 
Andisols and Ultisols, available reported data have been mainly focused on 
their pedological characterization, through the application of specific selective 
treatments13,14. OX and CBD treatments were first used to extract “active” forms 
of aluminum and iron, and results were taken as a criterion to characterize 
Andisols. More recent data in the scientific literature are specifically dedicated 
to the application of chemically selective treatments as ancillary methods for 
mineralogical studies of volcanic Chilean pedo-materials15,16,17,18, particularly 
of the two dominant soil orders, namely, Andisol and Ultisol.

The OX and CBD solutions were proposed and are conventionally used 
to remove “active” forms containing aluminum or iron from materials of 
pedosystems regardless of their origins. Reyes and Torrent19 found that an 
extractive solution of sodium citrate - ascorbic acid, at pH 6, generally can be 
used for the selective extraction of poorly crystalline iron oxides, even though 
ascorbate is a relatively weak reducing and complexing agent.

More recently, Pizarro et al.20 used OX treatments to specifically improve 
the Mössbauer spectra mineralogical analysis of volcanic materials. Those 
results, along with powder X-ray diffraction (XRD) data21 for the clay 
fractions, indicated that Andisols are characterized by high contents of poorly 
organized aluminosilicates and iron oxides. On the other hand, Ultisols, which 
are pedogenetically more developed than Andisols, have a mineralogy that is 
more typically characterized by crystalline compounds and higher iron oxides 
contents.

In the present work, two chemical treatments, namely (i) oxalic acid - 
ammonium oxalate at pH 3 (OX) and (ii) a mixture of sodium citrate – ascorbic 
acid at pH 6 (CA), were used as an attempt to verify their effectiveness in 
the selective dissolution of poorly crystalline iron oxides from clay fractions 
obtained from an Ultisol and three Andisols of southern Chile. The effects were 
monitored with Mössbauer spectroscopy and scanning electron microscopy 
(SEM) of the residual fractions and by chemical analysis of solutions after 
treatments, in order to help elucidate the chemical action on their main minerals, 
particularly on the dissolution of less-crystalline iron oxides.

MATERIAL AND METHODS
Soil profiles from land areas that were kept uncultivated for at least the 

last 30 years were sampled in four locations in southern Chile, as follows: 
(i) Ultisol from Collipulli (Soil Orders according to the United States Soil 
Taxonomy system22), (ii) Andisol from Diguillín, (iii) Andisol from Ralún, and 
(iv) Andisol from Freire. Identification, classification, and general pedological 
data for these soils are given in Table 1. The samples were collected from 20-
40 cm depth for Collipulli, Diguillín, and Freire and 7-20 cm depth for Ralún. 
They were sieved with a 2-mm sieve and stored at their characteristic field 
capacity, a measure of the maximum amount of water retained by the soil23. 
The particle size fractionation was carried out by dispersing about 30 g of each 
soil sample in distilled water and removing the clay fraction (φ < 2 μm) by 
sedimentation, according to the method of Jackson24,25.

Table 1. Main characteristics of the soil samples.

Sampling 
Site

Geographical 
coordenates Soil Order* Class

Altitude

(m)

Rainfall

(m year-1)
Annual mean 

temperature (ºC)

Collipulli 36º53`S 72º10`W Ultisol Fine, mesic, Paleumult 120 - 400 1.2 - 1.5 15.8

Diguillín 41º32`S 73º05`W Andisol Medial, thermic, Humic, Haploxerand 120 - 180 1.2 - 1.8 15.5

Ralún 38º57`S 72º36`W Andisol Medial, mesic, Acrudoxic Hapludand 600 - 1400 4.0 - 5.0 10.5

Freire 36º58`S 72º09`W Andisol Medial, mesic, Xeric, Placandept 80-100 1.5 - 2.0 14.6

*According to the United States Soil Taxonomy system22.
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Mineralogical Analysis
The Clay samples, from the Collipulli soil (Ultisol) only, were analyzed 

by Mössbauer spectroscopy, with data collected at room temperature 
(~298 K) and 6 K, in a constant acceleration transmission instrument with a 
~30 mCi 57Co/Rh source. The morphology was observed by SEM. Specific 
saturation magnetization measurements were performed with a portable soil 
magnetometer designed by Coey et al.26, for which the direct digital readings 
of the magnetic moment of soil materials were expressed in μJ T-1; the specific 
saturation magnetization (σ) was then calculated in J T-1 kg-1 for samples of 
known mass. In the present work, about 50 mg was used to obtain an averaged 
value from 20 readings per sample.

Chemical analyses and dissolution methods
The chemical composition of samples was determined by digesting 

about 0.1 g (analytical precision) of the dry sample with HF and aqua regia 
(10:1.5) in a microwave furnace at 110 °C during 30 min. After this procedure, 
the supernatant was separated by centrifuging at 10000 rpm and analyzed 
for Fe, Al, Si, and Ti with ICP-OES. The clay fractions of the volcanic soil 
samples were treated with two different solutions in order to extract the poorly 
crystallized iron oxides: (i) a single 4–h treatment, in darkness, with oxalic 
acid-ammonium oxalate (OX) at pH 3, according to Schwertmann7 and (ii) a 
single 16-h treatment, in darkness, with sodium citrate – ascorbic acid (CA), at 
pH 6, according to Reyes and Torrent19, using 0.05 mol L-1 ascorbic acid and 
0.2 mol L-1sodium citrate solutions.

RESULTS AND DISCUSSION

The spontaneous magnetization for these samples revealed (Table 2) that the 
Collipulli (Ultisol) soil sample, which has a relatively higher Fe content (Table 
3), is magnetic (soil: σ = 2.4 J T-1 kg-1; clay: σ = 1.2 J T-1 kg-1). This feature 
was also confirmed by the relatively strong attraction of the soil mass to a hand 
magnet. It also has relatively high clay content (52 mass%)20; the mineralogy of 
which is dominated by halloysite and kaolinite aluminosilicates15,21.

Table 2. Values of spontaneous magnetization for samples.

Sample
Soil Sand Silt Clay

J T-1 kg-1

Collipulli*

Diguillín
Ralún
Freire

2.40
0.61
0.46
0.45

1.70
1.31
0.79
Nd

1.26
0.28
0.21
0.35

1.20
0.17
0.17
0.20

*Magnetization data for the Collipulli samples from ref20.
Nd = Not determined.

Table 3. Chemical composition of the clay fractions for soil samples 
before (Untreated) and after sodium citrate-ascorbic acid (CA) and oxalic acid 
– ammonium oxalate (OX) treatments.

Sampling site Fe (wt%) Al (wt%) Si (wt%)

Untreated
Collipulli 5.6 4.2 13.6
Diguillín 3.9 8.6 10.2
Ralún 3.8 9.9 8.4
Freire 4.2 9.3 9.4

CA
Collipulli 1.89 1.54 1.07
Diguillín 0.97 1.50 0.36
Ralún Nd Nd Nd
Freire 2.39 1.86 0.50

OX
Collipulli 0.7 0.4 0.1
Diguillín 3.93 6.95 3.04
Ralún Nd Nd Nd
Freire 4.06 7.90 3.62

At room temperature Mössbauer spectra (Figure 1) for the clay fraction 
of the Collipulli soil (Ultisol) are rather complex, as is usually found for most 
soil clay materials, and generally consist of an intense central doublet, typically 
due to superparamagnetic iron (oxyhydr)oxides in very small particles and/or 
paramagnetic species such as structural iron in the phyllosilicates, along with 
a variable but usually incipient sextet contribution from magnetically ordered 
iron (oxyhydr)oxides.

Figure 1.- Room-temperature Mössbauer spectra for the Collipulli clay 
fraction, before (Untreated) and after CA- and OX- treatments.

The 6-K Mössbauer patterns (Figure 2), even though still complex with 
multiple subspectra, allow a better interpretation than the room-termperature 
spectra because most of the superparamagnetic relaxation effects are 
suppressed. The numerical curve-fitting method identified spectral contributions 
from magnetically ordered phases and involved two main steps: (i) a model-
independent approach which calculated a hyperfine field distribution, then (ii) 
on the basis of this information, the hyperfine parameters were estimated by 
considering the most probable magnetic fields, as indicated by the distribution 
probability profile, and fitting them with the theoretical Lorentzian-shaped 
resonance lines. Corresponding hyperfine parameters are presented in Table 4.

Nd= not determined.
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Figure 2.- 6 K Mössbauer spectra for the Collipulli clay fraction, before 
(Untreated) and after CA- and OX- treatments.

The Mössbauer hyperfine parameters are consistent with goethite, 
maghemite, and hematite iron oxides, along with some poorly crystalline iron-
bearing compounds, which may likely be of the oxyhydroxide group. The lower 
hyperfine fields observed in spectra of the untreated and CA-treated samples 
nearly disappear for the OX-treated sample. The relative area of hematite 
tends to decrease slightly but significantly, from 38 % (untreated) to 21 %, 
with CA, but decreased only to 32 % with OX treatment. Corresponding data 
for maghemite indicate that the OX treatment promotes a substantial increase 
in its relative amount, if the higher hyperfine field of 52.0 tesla can be safely 
interpreted as being due to Fe3+ in octahedral sites of the spinel structure. This 
interpretation, however, must be taken with some caution because numerical 
spectral resolution fails to produce a rigorously unique solution for such 
complex spectra.

The Andisols are darker and have lower iron contents than the Ultisol 
(Table 3). Organic matter content (expressed by the organic carbon) in the clay 
fractons ranges from 4.8 mass% to 11.5 mass% in the Andisols, whereas it is 
1.2 mass% in the Ultisol.

Andisols are relatively less developed soils than Ultisols, with higher 
proportions of poorly crystalline iron (oxyhydr)oxides and lower magnetic 
saturation measurements (for the present soil samples, σ < 1 J T-1 kg-1; Table 
2). Reported mineralogical compositions12,15 of these Andisols (Diguillín, 
Ralún and Freire) include allophone (>50 mass%); crystalline species such 
as halloysite, chlorite, gibbsite, and plagioclase account for not more than 
1 - 5 mass%. Organo-allophanic material was assumed to be at about 1-5 mass% 
in the Freire and <1 mass% in the Diguillín soils. All these data agree with the 
most expected general characteristics for volcanic Ultisols and Andisols15,21.

As far as the effects of these selective chemical treatments are concerned, 
the iron extracted with the OX treatment markedly exceeded that obtained with 
CA for the Andisol clay samples; but, for the Ultisol, the CA treatment was by 
far the most efficient to dissolving iron.

Similarly, Si and Al contents extracted with the OX treatment from the 
Andisol materials were much higher than that of the corresponding extraction 
with CA (Table 3). Si contents extracted with OX (Si-OX) have been used 
by some authors to estimate the proportion of para-allophane, allophone, and 
imogolite (X) contents of Andisols, according to the following expression14,27:

Table 4. 6 K - Mössbauer parameters for the untreated, and CA (sodium 
citrate – ascorbic acid) - and OX (oxalic acid – ammonium oxlate) - treated for 
the Collipulli clay samples. δ = isomer shift relative to Fe; ε = quadrupole 
shift; Bhf = hyperfine field; RA = relative area of the subspectrum. Fe(III) = any 
subspectrum due to (super)paramagnetic Fe3+; Gt = goethite; Hm = hematite; 
Mh = maghemite and “Lower Field” = any not-assigned subspectrum, for 
which the hyperfine field value is lower than those of the previous magnetically 
ordered phases. [ ] and { } stand, respectively, for iron in tetrahedral and 
octahedral sites of maghemite. Numbers in parentheses refer to errors over the 
last significant digit, estimated by the standard deviations of the corresponding 
parameters given by the least-square procedure.

Sample Subespectrum δ/mm s-

1
∆,ε/

mm s-1 Bhf/T RA/%

Untreated Fe(III) 0.45(2) 0.70(2) 11.2(4)
Gt 0.51(1) -0.26(2) 50.0(1) 18(4)
Hm 0.50(1) -0.20(1) 52.8(1) 28(3)
[Mh] 0.37(1) -0.03(3) 48.7(1) 5(1)
{Mh} 0.38(1) -0.03(2) 51.3(1) 8(2)
Lower Field 0.44(2) -0.16(4) 44.2(1) 12(3)
Lower Field 0.49(1) -0.23(2) 47.3(1) 19(4)

CA Fe(III) 0.44(1) 0.82(2) 11.8(4)
Gt 0.52(1) -0.21(2) 50.5(1) 22(4)
Hm 0.52(1) -0.17(2) 53.1(1) 21(3)
[Mh] 0.37(1) -0.05(2) 49.1(1) 5(1)
{Mh} 0.39(1) -0.02(3) 51.9(1) 8(2)
Lower Field 0.48(2) -0.03(4) 45.1(1) 13(3)
Lower Field 0.50(2) -0.20(2) 47.8(1) 20(5)

OX Fe(III) 0.50(*) 0.60(*) 10.3(6)
Gt 0.52(2) -0.28(*) 48.1(2) 30(4)
Hm 0.53(2) -0.18(*) 52.3(1) 32(3)
[Mh] 0.43(3) -0.0(*) 49(1) 11(2)
{Mh} 0.38(1) -0.0(*) 52.0(2) 18(2)

*Fixed value during least-squares fitting convergence

X = [Si-OX*2.8/14]*100.

The non-crystalline and para-crystalline phases (para-allophane, allophane 
and imogolite) content (X), so estimated from the Si value from Table 3, is 
2 mass% for the Collipulli clay fraction; for Andisol it is in excess of 50 mass%, 
as expected12.

Reyes and Torrent19 found differences between the OX and CA chemical 
treatments on Spodosol and Andisol samples, for which molar ratios of Si and 
Al were consistent with those expected for allophane. Different from CA, the 
OX treatment tends to dissolve preferentially allophane and imogolite.

Typical morphologies of the particles can be inferred by examining 
the SEM images of the clay samples (Figure 3). From these, both OX and 
CA treatments have roughly the same effect but CA is more efficient in 
preferentially dissolving finer particles. Grains from the sample treated with 
CA had sharper edges than those treated with OX. This may indicate CA tends 
to dissolve more fine particles from the surface of grain aggregates.  Mössbauer 
spectra at 6 K (Table 4 and Figure 2) revealed that the relative area of the 
hematite subspectrum for the CA-treated Ultisol clay sample was about 30 % 
lower than that after OX treatment.
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Figure 3.- Scanning Electron Microscopy for clay fractions of Collipulli 
(Utisol) and Diguillín (Andisol), Ralún (Andisol) and Freire (Andisol) soil 
samples, before (Untreated) and after treatments with oxalic acid - ammonium 
oxalate (OX) and sodium citrate - ascorbic acid (CA)

CONCLUSIONS

Because of their distinct mineralogical compositions, clay fractions 
from the investigated Ultisol and Andisols respond differently to selective 
dissolution treatments using oxalic acid - ammonium oxalate at pH 3 (OX) or 
sodium citrate - ascorbic acid at pH 6 (CA).

Chemical data revealed and electron microscopy images for clay fractions 
appear to confirm that CA is more effective in removing iron from Ultisol and 
OX is more efficient with Andisols.

57Fe Mössbauer measurements at 6 K indicated that OX tends to 
preferentially remove magnetically ordered species with low hyperfine fields; 
CA has no clear effect on removing those or the identified iron oxides in these 
volcanic soil materials.
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