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Abstract-The clay fraction of a Spodosol and its parent rock in the Apenninemountains 'of central ltaly 
werestudied by powder X-ray diffraction (XRD) and infrared (IR) spectroscopy,to eValuate the possibility 
of transformation of chlorite into low-charge expandable minerals. Results indicated that the main phyl
losilicate in the rock . wasa slightly weathered trioctahedral cblorite, rich in both Mg and Fe, together 
with dioctahedral mica and min(Jf amounts of kaolinite. In the BC horizon, chlorite has undergone partial 
transformation into 2 vermiculiticcomponents, in 1 of which the interlayer could be removed by hot 
Na-citrate treatment; thepresence of a regular interstratified mineral (high-charge corrensite} was also 
observed. Further changes inthe structure of chlorite were detecte4 in the BSlhorizon, becoming more 
evident towards the soil surface. Tbe first stage of weathering of chlorite involved Fe oxidation andpartial 
expulsion of Mg from the hydroxide sheet, followed by deposition of AI in the interlayer space. Iron is 
also removed from the interlayer sheet,possibly remaining, in the oxidized state, in . the 2: I octahedral 
sheet, and so contributing to the lowering of Ia.yer charge ~d transformation to adioctahedral structure. 
When approaching the surface, AI removal from the interlayers is enhanced by complexing agents, and 
further charge reduction leads 10 the formation of 2: 1 minerals with a smectite nature. lllite, because of 
its lowcontent in the soil clay fraction, contributes marginally to this weatheringsequence, forming the 
high chargedexpandable component observed in the Bhs horizon. At the soil surface, a randomly inter
stratified vermiculite/illite was detected,which probably originated from K fixation by the higher-charged 
expandable minerals. This study of weathering in a natural soil strongly supports the hypothesis, previ
ously ascertained by laboratory experiments, that chlorite can transform into a low-charge expandable 
mineral. 
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INTRODUCTION 

Since the reviews by Ross (1980) and Wilson 
(1986), the concept of a typical cJay mineral sequence 
for podzolic soils has become well-established. Such 
a typical sequence is characterized by the presence of 
chlorite and/or chlorite-vermiculite intergrades, suc
cessively referred to as "HIV" or "HIM", in the deep 
illuviation horizons and by the disappearing of such 
minerals, with the appearance of either vermiculite or 
smectite in the E horizon. The smectites in Spodosols 
were reported by Ross (1980) as having some prop
erties usually associated with vermiculites, this being 
due either to a relatively high layer charge and/or to 
concentration of the charge in the tetrahedral sheets. 

Subsequent work on identification of smectite and 
vermiculite, reviewed by Douglas (1989), has outlined 
the problems in discriminating these 2 minerals by 
conventional EG or glycerol solvation procedures, so 
it is likely that earlier authors were in fact considering 
a continuum between low-charge verrniculites and 
high-charge smectites, the interpretation depending on 
the procedure used or on small differences in actual 
charge. 

Ross (1980) discussed the commonly held view that 
chlorite absence from the E horizons of Spodosols was 
due to chlorite destruction, and pointed out how lab
oratory weathering experiments had demonstrated the 
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possibility of dioctahedral smectites forrning from 
chlorites through removal of hydroxy interlayers and 
reduction of layer charge. Successive experiments 
(Senkayi et a1. 1981) have further evidenced this pos
sibility. 

Formation of smectite, or EG-expandable verrnicu
lite, from hydroxy-interlayered minerals (HIM), these 
last originated by pedogenic intercalation of pre-exist
ing expandable phyllosilicates, has been reported 
(Malcolm et a1. 1969; April et a1. 1986). April et a1. 
(1986) also considered, as an alternative hypothesis, 
that the HIM minerals might never have formed in the 
surface horizons of the Spodosols they studied where 
the presence of organic acids would harnper Al de
position. 

Recent work on both Spodosols and environmen
tally associated Dystrochrepts (Righi and Meunier 
1991 ; Righi et a1. 1993) has again reported the pres
ence of smectite (identified by EG solvation) compo
nents in surface horizons, and of HIM in the B hori
zons. The authors have, in one case, traced possible 
origins to either chlorite or mica (Righi et al. 1993), 
while in the other case (Righi and Meunier 1991) they 
have attributed the genesis of the low-charge expand
able mineral to weathering of mica, although chlorite 
was present in the parent material. This last interpre
tation was based again on the concept of chlorite de-
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Table 1. Basic physico-chemical characters of the soil examined (profile 11). 

Hori· Limits Moist color 
zon cm (Munsell) Sand % Silt % Clay % 

E 1/1.5-3 lOYR312 52.9 28.8 18.3 
Bhs 1.5-317-8 5YR 3/2 48.7 30.9 20.4 
Bs l 7-8/20-21 7.5YR 4/4 41.2 31.5 27.3 
Bs2 20-21/27-28 7.5YR 4/4 44.4 37.6 18.0 
BC 27-28/60 lOYR 5/4 52.8 31.6 15.6 

t d = extractable by DCB. 
:j: 0 = extractable by acid NH4-oxalate. 
§ p = extractable by Na-pyrophosphate. 

struction in acid environments. The possibility of 
transformation of chlorite to smectite has, however, 
been demonstrated not only by laboratory experi
ments, but also in a natural soil, developing in a dif
ferent, but still severe, weathering environment (Her
billon and Makumbi 1975). 

Kaolinite is not a very common component of Spo
dosol clay fraction; Ross (1980) pointed out how this 
is in apparent disagreement with thermodynamic equi
librium calculations, and endorsed the view that this 
contrast is due to incomplete evolution, and then non
equilibrium, of soils that, in most cases, are geologi
cally young and develop in rather cool climates. 

Recently, a different point of view on the nature and 
weathering of HIMs was presented (Wada et a1. 1991; 
Cho and Mermut 1992). The interlayer materials of 
the minerals they studied was rich in Si and displayed 
some typical properties of kaolinite; Cho and Mermut 
(1992) found that the mineral evolved to a true 1:1 
layer silicate that the authors termed " halloysite" , on 
the basis of morphological evidence. 

The study of the clay mineralogy of a Spodosol in 
the Apennine mountains of central Italy may provide 
further knowledge about the possibility of transfor
mation of chlorite into low-charge expandable miner
als in this soil type. 

MATERIALS AND METHODS 

The soil under study is located on the southern slope 
of Tuscan-Emilian Apennines, lat 44°07'N, long 
1Q040'E; elevation is about 1200 m MSL; climate is 
rather cold and humid, with average annual rainfall of 
2552 mm and temperature of 6.7 oe. Summer temper
atures are much higher, about 15.9 °C diurnal average, 
and a pronounced dry period spans July and August, 
with a monthly rainfall average of 73 mm. 

In this area, soils develop from the Macigno for
mation, of Oligocene to Miocene age, a turbiditic se
quence made up of thick sandstone layers intercalated 
by thin mudstone ones (Dallan et al. 1981). Specifi
cally of interest to this study, soils develop on coarse 
drift, dominated by the sandstone component. 

Four soil profiles were excavated in a European 
beech (Fagus sylvatica) stand, approximately 120 y 

C ECEC Fedt Feo* Fep§ Al,t AU Alp§ 
pH org. emol" 
HP % kg- l g kg- ' 

3.4 9.2 6.7 9.1 4.8 4.4 1.9 2.4 2.0 
3.9 3.8 7 .5 15.7 10.5 8.2 3.7 4.4 3.8 
4.5 2.7 4.5 20.0 14.3 10.1 7 .0 6.1 6.0 
4.6 1.5 2.6 10.9 9.5 5 .0 6.6 7.1 6.0 
4.8 0 .7 2.0 6.5 4.8 2 .7 4.6 4.8 3.6 

old; 2 profiles were located within 1 m of a tree trunk 
and 2 at 1 to 2 m distance. All soil profiles were 10-
cated on a broad shoulder, with about 20% average 
slope; there are strong indications that the soils ex
amined have been subjected to significant erosion, as 
indicated by uncovering of old plants' collars and by 
the thinness and partial development of upper hori
zons. All soils were classified as Typic Haplorthods, 
though placed at the border with Inceptisols because 
of limited development of the upper diagnostic hori
zons; it appears to us that this situation can be asso
ciated with truncation of the profile, and that upper 
diagnostic horizons are now reforrning at the expense 
of the underlying ones. Routine rnineralogical char
acterization indicated similarity of all profiles; there
fore, in-depth investigations were carried out on 1 pro
file only, and are reported here. The main soil prop
erties are reported in Table 1. 

Fresh rock sampies were ground in an interval-op
erating mill to avoid heating. Soil clay «211m) was 
separated from the fine earth fraction by sedimenta
tion, after dispersion in water with addition of calgon 
as a dispersing agent; sampies from the surface hori
zons (E and Bhs) were pretreated with unbuffered hy
drogen peroxide to remove organic matter. Specimens 
were then Mg-saturated, washed free of chlorides and 
freeze-dried. 

The rock sampies were subjected to boiling in 6 N 
HCI for 30 min, to dissolve trioctahedral chlorite (Wil
son 1987). Removal of interlayer hydroxy polymers 
was carried out by a modification of the Tamura 
(1958) procedure, in which a contact time of 24 h 
without extractant renewal has been obtained by heat
ing the sampies in autoclave. 

X-ray patterns of ground rock and soil clay «211m) 
were obtained from sampies oriented on glass slides 
on a 3-kW Rigaku DIMAX III C diffractometer, 
equipped with a horizontal goniometer, a curved-beam 
graphite monochromator and Cu radiation. Slides were 
step-scanned either from 2 to 15 or from 2 to 35 °28, 
with steps of 0.02 °28 and counting time of 4 s. The 
following treatments were performed: ethylene glycol 
solvation and K-saturation, followed by heating for 2 
h at 350 and 550 oe. Random powder mounts were 
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Figure 1. X-ray patterns of ground parent rock, smoothed 
and corrected for Lorentz and polarization factors. "HCI-Trt." 
refers to sampie treated with boiling 1 N HCI: all other di
agnostic treatments were carried out on untreated sampie. 

prepared by backfilling Al holders and gently pressing 
over filter paper, from soil c1ays and both untreated 
and RCl-treated rock sampies. Random mounts were 
step-scanned at 0.02 °26 increments with 30-s counting 
time for examining the d(060) region of phyllosilicates 
and for more precise determination of peak positions, 
when necessary. 

Digitized X-ray data were routinely smoothed and 
corrected for Lorentz and polarization factors (Moore 
and Reynolds 1989). Peak separation and profile anal
ysis were carried out by an improved version of the 
program described by Enzo et al. (1988), which as
sumes single peaks to be described by a Pseudo-Voigt 
function (Howard and Preston 1989). Initial estimates 
of peak positions, intensities and widths at half-height 
are supplied to the software from visual exarnination 
of the X-ray pattern. The program reconstructs single 
peaks by fitting the envelope curve of overlapping 
peaks; the Marquardt algorithm is used in the im
proved version, instead of the simplex method used by 
Enzo et al. (1988). This procedure also outputs integral 
intensity (area) of each single peak. 

IR spectra of ground rock and soil c1ay «2 /Lm) 
were obtained on a Perkin-Elmer 880 spectrometer. 
Three kinds of spectra were recorded: 4000 to 400 
cm-1 on pellets made with 1 mg of sampie and 250 
mg of KBr (full); 4000 to 3000 cm-1 on the same 
pellets heated at 150°C to eliminate absorbed water 
(H); and 1400 to 400 cm-1 on pellets made with 0.3 
mg of sampie and 250 mg of KBr (RD). Differential 
spectra of the rock sampies were obtained by subtract
ing spectra of HCl-treated sampies from those of the 
untreated ones. 

RESULTS 

Characterization of Parent Rock Phyllosilicates 

X-ray diffractograms of the Mg-saturated and ori
ented rock sampie showed 3 peaks, at 1.44, 1.02 and 
0.72 nm (Figure 1). The latter one could be split by 
profile fitting into 2 components at 0.719 and 0.711 
nm. No modification was induced by K-saturation, 
while heating at 335°C resulted in a slight decrease 
of the intensity ratio between the 1.44- and the 
1.03-nm peaks. Upon heating at 550°C, the 1.44-nm 
peak was reinforced, while the 0.7-nm components 
disappeared. Treatment by HCl, followed by Mg sat
uration, resulted in disappearance of the 1.44-nm peak, 
while a small one remained at 0.7 nm (Figure 1). This 
behavior indicates the presence of a slightly weathered 
chlorite. Weathering is evidenced by the reduced ther
mal stability of d(OOI) at 335°C and by strong de
hydroxylation of the interlayer at 550 oe. The trioc
tahedral nature of the chlorite, inferred by easy dis
solution in HCl, is confirrned by observation of a 
d(060) peak at 0.153 nm that could be separated from 
the strong quartz interference, and which disappeared 
after HCl treatment. 

Other phyllosilicate components of the parent rock 
are rnica and a small amount of kaolinite, revealed by 
the small 0.7-nm peak in the HCl-treated sampie. The 
rnica component is dioctahedral, as revealed by a sig
nificant d(002) peak at about 0.5 nm and by the po
sition of the d(060) peak at 0.151 nm This component 
probably has an illitic nature, as inferred by its low 
stability in the soil (vide infra). 

An approximate structural forrnula for chlorite was 
estimated from positions and intensity ratios of the 
various basal reftections. Tetrahedral Al-for-Si substi
tution was obtained from the forrnula: 

d(OOl) = 14.648 A - 0.378x [1] 

where x = tetrahedral Al over 4 tetrahedral cations 
(Bailey 1975, Eq. 5). 

Total Al was then obtained from: 

d(OOl) = 14.52 A - 0.14x [2] 

where x total Al and Cr over 10 total cations 
(Bailey 1975, Eq. 3); Cr has been considered negli
gible. 
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Figure 2. IR spectra of soil c1ays «2 IJ-m) and differential IR spectra of HCI-soluble portion of parent rock. A) OH-stretching 
region, 1 mg 300 mg-I KBr, heated at 150 oe for 16 h; B) OH-bending and M-O region, 0.3 mg 300 mg-I KBr. 

Total Fe and Fe distribution were estimated as re
viewed by Brown and Brindley (1980); the degree of 
asymmetry, D, had to be estimated from the /(003)/ 
/(001) ratio, because of excess interference over the 
d(005) peak. Interference over the other peaks could 
be removed by peak separation, using comparison be
tween untreated and HCl-treated sampies as guidance. 
As no information could be obtained about the oxi
dation state of Fe considerable uncertainty remains; 
the formula below is the one that fits the relationship 
found by Foster (Weaver 1989) between octahedral oc
cupancy, number of trivalent octahedral cations and 
tetrahedral Al substitution: 

(Si3.28Alo.72)(Mg4.41,Fe2+ O.87,Fe3+ O.4IAlo.3 1)OIO(OH)8 [3] 

with D = 0.79, indicating significant concentration of 
Fe in the 2:1 layer. The formula is, of course, approx
imate only, due to the many assumptions involved. 

The differential IR spectra of the rock sampies are 
reported in Figures 2a and b; according to Farmer 
(1974), the positions of the OH-stretching bands, at 
3574 and 3417 ern-I, indicate an octahedral compo
sition that is consistent with that estimated by XRD. 
The Si-O region, between 950 and 1100 cm-1, is rather 
well-resolved; though the band position and intensity 
do not exactly match those reported for reference min
erals, such high resolutions are observed only for min
erals having low tetrahedral Al-for-Si substitution (van 
der Marel and Beutelspacher 1976). Furthermore, very 
little absorption was observed at both 820 and 760 
ern- I, the typical bands of tetrahedral AI-O vibrations: 

this may be explained only by the combirted effect of 
low tetrahedral Al and presence of Fe (Farmer 1974). 
It appears, then, that XRD and IR evidences are con
sistent in indicating low Al-for-Si substitution. 

In the OH-bending region (600-700 cm- I), a double 
feature appears at 650 and 694 cm- I; the lowest fre
quency band was attributed to octahedral Mg and Fe. 
The highest frequency band is commonly attributed to 
octahedral Al (Farmer 1974: van der Marel and Beu
telspacher 1976). This last interpretation is, however, 
in contrast with the number and position of the OH
stretching bands, which are quite different from those 
typical of high-Al chlorites (Farmer 1974; van der 
Marel and Beutelspacher 1976), with XRD results and 
also with the ease of dissolution in HCI, typical of 
trioctahedral chlorites. We can find no explanation for 
this; it is, however, to be noted that reference spectra 
for chlorites with low tetrahedral Al and containing 
significant amounts of Fe are, as far as we know, not 
available in literature. 

XRD Diffraction of Soil Clay Fraction 

The X-ray patterns of the BC horizon clay differ 
from those of the rock for the loss of thermal stability 
of the l.4-nm peak, which shifted to about 1.2 nm 
when heated at 550°C, indicating transformation of 
chlorite layers into vermiculite layers (Figure 3). Com
parison of the integrated intensities of the 1.4- and 
1.0-nm peaks indicated that chlorite and its weathering 
products are prevalent over illite in the soi! clay frac
tion. 
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Figure 3. X-ray patterns of soil cIays «2 j.Lm) from 4 horizons, smoothed and corrected for Lorentz and polarization factors. 
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The treatment with Na-citrate produced much bet
ter-resolved patterns, where several interesting features 
appeared (Figure 4). A weak peak at about 3.1 nm, 
present in both Mg-saturated and EG-solvated slides, 
indicates some regular interstratification of chlorite 
and vermiculite. The 1.4-nm peak split into 2 com
ponents after EG-solvation (Figure 5): a minor one 
retaining the 1.43-nm spacing of parent chlorite, and 
a major one, at 1.52 nm, indicating presence of ver
miculite layers. The -0.7-nm peak, in the EG-solvated 
pattern, needed 3 basic components to be fitted. A 
broad one at 0.757 nm, integral with the 1.52 nm peak, 
was attributed to the d(002) reflection of vermiculite; 
a small peak at 0.723 nm and a much more intense 
one at 0.712 nm could represent both chlorite d(002) 
and kaolinite, though it was difficult to assign them to 
one or the other. K-saturation caused a marked reduc
tion of intensity and a splitting of the 1.4-nm peak, 
with appearance of a broad reflection at - 1.1 nm; both 
features were absent in sampies not treated with Na
-citrate. Heating at 335°C determined a further general 
shift of peaks towards 1.0 nm, while a lA-nm com
ponent was still apparent. At 550 °C, both an enhanced 
chlorite d(OO I) reftection at 1.41 nm and a broad peak 
at 1.23 nm were visible, this last due to an interstrat
ification between chlorite and an intermediate weath
ering product having partial vermiculite character but 
being more resistant to heating. Intensity of the 1.0-nm 
peak progressively increased with higher heating tem
peratures. 

This combination of features indicates that, in the 
BC horizon, chlorite has partly transformed into 2 dif
ferent hydroxy-interlayered vermiculitic components; 
in fact, only the interlayer of 1 component could be 
removed by Na-citrate. This different sensitivity might 
result from different compositions; for example, Righi 
et al. (1993) found that Mg-interlayers were scarcely 
sensitive to Na-citrate, while AI-interlayers are known 
to be removed in this way. 

X-ray patterns of the clay fraction in the Bs2 hori
zon did not substantially differ from that of the un
derlying BC horizon, both before and after Na-citrate 
treatment, except for a reduction of intensity and a 
broadening of the illite peak at 1.0 nm, indicating that 
illite weathering was beginning at this level in the soi!. 

In the Bs1 horizon, the I.O-nm peak is reduced at 
trace level; heating at 335 °C resulted in a more pro
nounced shift of the l.4-nm peak towards 1.0 nm (Fig
ure 3), evidencing less occupation of vermiculite in
terlayers by hydroxy polymers (Barnhisel and Bertsch 
1989). 

In the Na-citrate treated sampIes, the 3.1-nm peak 
was no longer observable; residual reftections still re
mained at 1.4 and 1.2 nm after heat treatments, but of 
much lower intensities (Figure 4). These changes seem 
to point to a progressive disappearance of the chlorite 
layers and of the regular chlorite-vermiculite interstra-

tified mineral, a change frequently reported as a first 
stage in the weathering of chlorite (Senkayi et al. 
1981: Herbillon and Makumbi 1975). Also, the equi
librium between the main components of the 0.7-nm 
peak had changed. The component at 0.71 nm had 
strongly decreased, consistently with previous obser
vations indicating disappearing of chlorite; therefore, 
it is possible to identify the O.72-nm component as 
kaolinite that increases relatively to chlorite (Figure 6). 

Changes in mineralogy become more evident in the 
Bhs horizon (Figure 3). EG solvation caused the ap
pearance of a shoulder on the low-angle side of the 
1.4-nm peak, which could be resolved in a component 
with a d-spacing of 1.62 nm (Figure 7), a value con
sistent with a low-charge vermiculite (MacEwan and 
Wilson 1980; Douglas 1989). The l.O-nm peak was 
extremely broad, and a new peak that was insensitive 
to EG solvation appeared at about l.26 nm. This could 
indicate a random interstratified mica-vermiculite min
eral. The sensitivity of the 1.4-nm multi-component 
peak to K-saturation and heating was much increased, 
though almost full shift to 1.0 nm was obtained only 
with heating at 335 °C, indicating a decreased, but still 
present, interlayer occupation. 

Treatment with Na-citrate caused noticeable 
changes in X-ray traces (Figure 4). The EG-solvated 
sampie was characterized by a main component with 
a d-spacing of 1.71 nm and by a minor one at 1.51 
nm. The I.O-nm peak decreased at trace level and the 
1.2-nm component disappeared, the high-angle shoul
der of the 1.5-nm peak in the Mg-saturated sampie 
being actually resolved in a 1.4-nm component. The 
shift toward 1.0 nm after K-saturation was now much 
more evident, and collapse to 1.0 nm was complete 
after heating at 335 °C. The near absence of chloritic 
components at 1.4 nm in the 335 °C pattern, where the 
peak at 0.7 nm was still weH evident, leads to attribute 
this peak mainly to kaolinite. 

This series of characters suggests that the 2: I min
erals in this horizon include both smectitic and ver
miculitic layers, with hydroxy-interlayers that hinder 
their expansion properties; interlayer polymers appear 
to be mainly aluminous, as evidenced by their easy 
removal by Na-citrate. The nature of the 1.2-nm min
eral is unusual, in that its micaceous component 
seemed to have transformed to an expandable one after 
citrate treatment. 

In the E horizon, the trends and characters visible 
in the Bhs become better expressed (Figure 3). Reac
tivity to EG was increased; the integral intensity of the 
lower-charge component is now greater with respect 
to the higher-charge one, and its d-spacing reaches 
1.66 nm (Figure 8). The - 1.26-nm component was 
much more evident than in the Bhs, especially in the 
Mg-saturated condition, and appeared to expand 
slightly following EG-solvation, yielding a d-spacing 
of 1.28 nm as against 1.26 nm prior to solvation. The 
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Figure 4. X-ray patterns of soil clays «2 ILm) from 4 horizons, after Na-citrate treatment, smoothed and corrected for 
Lorentz and polarization factors. 
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Figure 5. Peak separation of the X-ray pattern of soil clay, BC horizon, after Na-citrate treatment, EG-solvated. Fulliines 
represent reconstructed peaks and fitted envelope curve; dots represent experimental data. Experimental traces previously 
corrected for Lorentz and polarization factors. 

reaction to K-saturation and heating was more marked, 
as the effect produced in the Bhs by heating at 335°C 
was here obtained at room temperature and a sharp 
L.O-nm peak was obtained after heating. 

The effect of Na-citrate treatment was similar, but 
more expressed, than in the Bhs (Figure 4); EG sol
vation yielded a single 1.71-nm peak, with only a very 
weak high-angle shoulder; the 1.26-nm component 
disappeared and full collapse to 1.0 nm was achieved 
by K-saturation. General characters of clay minerals 
in the E horizon thus appear similar to those of the 
Bhs horizon, the differences Iying in a more smectitic 
nature of the 2: 1 layers, in a larger amount of the 
unusual mica-vermiculite interlayered mineral and in 
a lower interlayer occupation by hydroxy-AI polymers. 

Analysis of the d(060) region in the various hori
zons showed how, in the BC horizon, both the 
O.154-nm peaks from trioctahedral minerals and the 
0.150-nm peaks from dioctahedral minerals were pres
ent, nO semiquantitative estimate being possible be
cause of the much higher relative intensity of mica's 
d(060) peaks with respect to those of chlorite. As
cending in the profile (Figure 9), the 0.154-nm peak 
decreases progressively, being reduced to trace level 
in the Bhs and completely disappearing in the E. The 
gradual nature of this evolution points to a progressive 

transformation from trioctahedral to dioctahedral 
structures, with increases in the contribution from ex
pandable dioctahedral 2: 1 minerals compensating for 
the fading out of illite. 

IR Spectroscopy of Soil Clay Fraction 

The IR spectra of the soil clay fractions showed a 
progressive evolution of the minerals from the BC ho
rizon upwards, generally consistent with the XRD 
data. 

In the OH-stretching region, it is possible to observe 
in the BC horizon the presence of an absorption band 
at about 3617 cm - I, not present in the parent rock 
(Figure 2a); according to Farmer (1974), this band re
sults from hydroxyl groups in the 2: 1 octahedral sheet. 
In the Bs2 horizon, the 3620-cm- 1 band increases in 
intensity, while the 3570-cm- 1 component, due to the 
interlayer hydroxide sheet, shifts to about 3580 cm-I, 
possibly due to a relative increase in the Mg contri
bution. In the Bsl, the major decrease in chlorite ob
served by XRD is further supported by the almost 
complete disappearance of the 3580-cm- 1 band, while 
a peak at about 3695 cm- I becomes visible; this last 
was attributed to kaolinite, after Farmer (1974). The 
only changes visible in the upper horizons are a de-
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Figure 6. Peak separation of the X-ray pattern of soil day, Bsl horizon, after Na-citrate treatment and EG-solvation, in the 
O.7-nm region. Same symbols as in Figure 5. 

crease of the 3430-cm~1 band and, in the E horizon, 
an increased intensity of the kaolinite peak. 

The modifications observable in the OR-deforma
tion region are progressive towards the surface (Figure 
2b); the OR-bending absorption from the chlorite hy
droxide sheet, around 650 crn- I , decreases, and dis
appears starting from the Bsl horizon. Among the 
bands attributable to AI-OR deformations, the one at 
915 crn- I first appears in the BC horizon, and increases 
progressively towards the surface, together with the 
other one at 691 cm- I , indicating growing proportions 
of dioctahedra1 layers. Few AI-O bands are observa
ble, except for a weak one at about 765 cm- I , in the 
upper horizons; on the other hand, the AlMgOR de
formation band at 840 cm- I that, according to Russell 
(1987), is typica1 of montmorillonite, is missing, so it 
is not possib1e to infer the nature of smectite from IR 
data. 

In general, there is a striking resemblance between 
the IR spectra and those obtained by Senkayi et al. 
(1981) during a sirnulated laboratory weathering of a 
chlorite to smectite. The evolution of the spectra with 
time in Senkayi et al. (1981) is matched by the evo
lution observed here ascending from the rock to the E 
horizon. Also, the data of Proust et al. (1986), relative 
to a saprolite, are very similar to those obtained here 
for the lower horizons. 

DISCUSSION 

The results obtained by both XRD and IR charac
terization of the soil clays allow a progressive trans
formation sequence for parent rock chlorite to be out
lined, consistent with other authors' results in both lab
oratory experiments and natural systems (Ross 1975: 
Ross and Kodama 1976: Rerbillon and Makumbi 
1975: Senkayi et al. 1981: Proust et al. 1986: Righi 
and Meunier 1991: Righi et al. 1993). 

The first stage of chlorite weathering takes place in 
the oxidizing, acid and non-complexing environment 
of the lower solum. This stage involves Fe oxidation, 
partial removal of the original, Mg-rich hydroxide 
sheet and deposition of Al in the partially accessible 
interlayer space. These processes are typical of this 
kind of environment, as also pointed out by the ex
periments of Vicente et al. (1977) and Righi et al. 
(1990). 

Some evidence that Fe is preferentially removed 
from the interlayer sheet is given by the shift to higher 
wavenumbers of the main interlayer OR-stretching 
band in the IR spectra from the Bs2 horizon, but this 
does not necessarily apply to the fate of Fe in the 2: 1 
layer. This Fe could be kept within the structure after 
oxidation (Senkayi et al. 1981; Proust et al. 1986), so 
contributing to layer charge reduction. The lower Fe 
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Figure 7. Peak separation of the X-ray pattern of soil clay, Bhs horizon, EG-solvated, 2.5 to 11 2e region. Same symbols 
as in Figure 5. 

content of the chlorite studied here, with respect to the 
one used by Senkayi et al. (1981), could lead to an 
initial weathering product having a relatively higher 
layer charge, as evidenced by faHure to expand after 
Na-citrate treatment and EG solvation. 

Another process known to take place in this weath
ering stage is the expulsion of Mg and, possibly, Fe, 
from the 2: 1 octahedral sheet, where they may be re
placed by Al. This process, together with Fe oxidation, 
causes a gradual change to a dioctahedral structure, 
stabilizing the mineral in the soil, and has been ob
served in both laboratory experiments (Ross 1975: Vi
cente et al. 1977: Senkayi et al. 1981) and natural sys
tems (Proust et al. 1986). This hypothesis is supported 
in this soil by the progressive increase in intensity of 
the 3620-cm- 1 and 915-cm- J IR absorption bands and 
by the decrease of the 0.l54-nm d(060) peak on going 
upwards in the profile. 

The migration of Al from tetrahedral to octahedral 
positions, having lower free energy in aqueous envi
ronments, was observed by Vicente et al. (1977); be
sides substituting divalent cations in the 2: 1 layer, the 
prevailing destination for this metal is the interlayer 
space. Our results showed that some Al accumulation 
in the interlayer takes pi ace as soon as this space is 
made accessible by the partial removal of the (mainly 

magnesian) hydroxide sheet of the parent chlorite; this 
was revealed by the possibility, already in the BC ho
rizon, of removing part of the interlayers by the Na
citrate treatment. This Al migration would tend to fur
ther decrease layer charge; however, it is also likely 
that part of the Al found in the interlayers is coming 
from the soil solution or the exchange complex, where 
significant amounts of Al are present in this kind of 
soi!. 

In the soil surface horizons, the appearance of or
ganic complexing agents modifies Al equilibria, fa
voring the solution phase; on the other hand, as the 
soil is subjected to significant erosion, surface hori
zons develop at the expense of the lower ones, and 
the modifications dictated by the different equilibria 
also involve minerals inherited from the lower solum. 
Consequently, Al interlayers in such minerals are re
moved, while the process of layer charge reduction 
continues, eventually bringing the 2: 1 minerals to a 
smectitic nature. This sequence is observable in the 
X-ray patterns of the clay fraction of the soil, where, 
approaching the surface, 2: 1 minerals become pro
gressively more able to collapse to 1.0 nm after K-sa
turation and to expand to 1.7 nm following EG sol
vati on. The presence of residual Al polymers in the 
interlayers of 2: 1 minerals in surface horizons is evi-
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Figure 8. Peak separation of the X-ray pattern of soil clay, E horizon, EG-solvated, 2.5 to 11 28 region. Same symbols as 
in Figure 5. 

denced by the effects of Na-citrate treatment on X-ray 
patterns. This supports the hypothesis that these min
erals originated in lower horizons, and are now mod
ified as a result of profile lowering by erosion, rather 
than having formed directly from the weathering of 
primary minerals in an upper horizon environment. 

The contribution of illite and its weathering prod
ucts to this sequence is not very clear. Illite is a sec
ondary component of the clay fraction, and its trans
formation probably follows a pathway similar to that 
of chlorite. Hlite appears to start weathering higher up 
in the profile than chlorite, where the bulk of the 2: 1 
expandable component is already present, and it is 
probably contributing to the formation of the higher
charged expandable components observed in the Bhs 
horizon. 

When considering the origin of the low-charge ex
pandable mineral in the surface horizons, some alter
native hypotheses have to be considered. The airborne 
dust hypothesis of Coen and Arnold (1972) does not 

fit with these soils, as 2 basic points of their reasoning, 
low clay content and scarcity of phyllosilicates in low
er solum and parent rock, are clearly absent. It is in
stead not possible to rule out completeIy the hypoth
esis that Al-interlayers never formed, or formed badly, 
in the upper horizons, where the low-charge mineral 
would then have forrned directly from chlorite weath
ering. This would be consistent with the kind of dif
ferentiation in chemical environments typical of pod
zolization; however, our interpretation concerning the 
evolution of the soil profile studied leads us to con
sider this hypothesis less probable. 

The random mica-verrniculite interlayered mineral, 
observed mainly in the E horizon and, to a lesser ex
tent, in the Bhs, deserves some special consideration. 
It is unlikely that this mineral represents an interrne
diate stage in the verrniculitization of illite, as its ap
pearance, in the Bhs, does not coincide with the main 
decrease of illite content taking place in the Bsl. This 
interlayered mineral is mostly represented in the E ho-

Figure 9. Evolution of the region containing d(060) peaks of clay minerals: a) BC horizon, b) Bs2 horizon, c) Bs l horizon, 
d) Bhs horizon, e) E horizon. The first peak on the left side is due to quartz; the second peak from the left in a) through d) 
is the - 1.54-nm d(06O) of trioctahedral structures, decreasing progressively and missing in e). The rightmost peak, increasing 
from a) to e), is the 1.50-nm d(060) peak of dioctahedral strucmres. 
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rizon, suggesting that its formation takes place mainly 
at the soil surface; an unusual feature of this mineral 
is the apparent loss of illite characters after Na-citrate 
treatment. 

Soil solution data (Carnicelli et al. 1994), relative 
to a nearby similar profile, have shown a sudden dis
appearance of K in the passage from the surface to the 
underneath horizons. These observations indicate that 
the illite-vermiculite interlayered mineral may result 
from partial K fixation by the higher-charged expand
ing components. Potassium, held less strongly than in 
true illites, could then be removed in the Na-citrate 
treatment, by enhanced exchange with Na due to the 
high temperatures and pressures of the treatment. The 
K-fixation process, promoted by wetting-drying cy
cles, was observed by Eberl et al. (1986), while Ross 
(1980) noted the generally high K selectivity of the 
clays in Spodosol surface horizons; frequent wetting 
and drying cycles actually take place in the surface 
horizons of the soil studied, in the warm spring-sum
mer period. 

Kaolinite is present in small amounts in the parent 
rock; interference from various d(002) reflections 
hampered semiquantitative estimates of its content in 
the clay fraction along the profile. A slight increase 
towards the surface cannot be excluded, but it is ne v
ertheless of minor importance. 

CONCLUSIONS 

The results of this investigation on a natural system 
substantially support the hypothesis of Ross (1980) re
garding the possibility of transformation of trioctahed
ral ferruginous chlorite into dioctahedral smectite in 
Spodosols. 

Up until now, this kind of transformation has been 
observed without ambiguity only in laboratory exper
iments or in different kinds of soil; the results obtained 
here have evidenced it in a less ambiguous manner, by 
observation of a weathering sequence in which inter
ference from mica minerals is reduced, thanks to their 
limited presence in the clay fraction. 
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