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HIGH-CHARGE SMECTITE IN SPANISH “RANA” SOILS
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Abstruct—In a study of *‘rafia™ soils of central Spain, hydroxy-inlerlayered 2:1 ¢lay mincrals were iden-
lified in the upper horizons and high-charge smectite in the lower horizons, with kaolinite the most

abundant phyilosilicate. The high-charge smectite showed a basal spacing of 18 A
on K-saluration and air-drying. Tt is concentrated in the coarse fractions and

glycerol solvation and 10 A

on Mg-satnration and

appears Lo be basically a beidellite in the fine-sili [ractions and a monimorillonile in the clay [raclions.
Pre-existing illite was probably transformed into hydroxy-inierlayered 2:1 clays in the surface honzons,
whercas high-charge smectite formed in the deeper horizons. These minerals, which were apparently not
slable in the existing soil conditions, were the fArst stage in the degradation process of illite. The stable

mineral in these soil prohles was kaolinile.

Key Words — High-charge smeclile, Hydroxy-interlayer clays, Lllite. Layer charge, “Rana™ soils, Soil clay.

INTRODUCTION

The weathening of K' -bearing micas has been known
for some time to result in the formation of expandable
2:1 clay minerals. Bray {1937) pointed oul that the
removal of K from miea prodnces a beidellile-type
mineral having cation-exchange properties. The pro-
cess 15 usually interpretled as a mica-to-vermiculite-to-
smeclilec continuous sequence. According to Kiltrick
{1973}, vermiculite may transform from mica inilially,
but it is a fast-forming, unstable inlermediate, During
this transformation, interlayer K* is replaced by hy-
drated cations, and the layer charge is reduced (Fanning
et al., 1989).

Some artificial weathering studies, however, have
shown that micas have becn directly trausformed to
smectite (Huft], 1972; Robert, 1973). Smectites weath-
ered from micas are likely 1o be tetrahedrally substi-
tuled, approaching the beidellite end member in chem-
ical composition (Ozkan and Ross, 1979). They usually
show a behavior midway between those ol normal
smcetite and vermiculite, and have been called high-
charge smectite, low-charge vermiculile, or translor-
malion smeclite, High-charge smeclite has becn de-
fined as a smectile thal shows a basal spacing of 18 A
on Mg-saturation and glycerol-solvation and 10 A on
K-saturation and air drying (Egashira er af., 1982). High-
charge swelling phyllosilicates have been reported in
many solls as a weathering product of mica (Roberl ef
afl., 1974; Swoch and Sikora, 1976; Nash, 1979; Ega-
shira and Tsuda, 1983; Senkayi er af., 1983, 1985;
Badraoui et af,, 1987). The lormation ol high-charge
smectile may require dioctahedral mica, whereas trioc-
tahedral mica is likely 10 be trausformed into vermic-
ulitc (Egashira aud Tsuda, 1983). The importance of
the high-charge 2:1 minerals (or crop production has
recenily becu outlined by Chen er af. (1989) duc io
their capability for fixing NH,' aud K'.

Copyright £ 1991, The Clay Mincrals Socicly

The word “rafia” is used for alluvial-fan 1ype lor-
mations, Pliocene-Quaternary aged, originating from
shale-quarizite regions, and associated with significant
tectonic readjustments, which range [rom the phase of
levelling and filliug of Tertiary basins to the deepening
of the oldest terrace. Such areas are flal or have only
gently inclined surfaces; they coutain highly developed
s0ils having marked hydromorphic characteristics. In
Spain, such “rafia™ material covers an arca ol aboul
400,000 ha and is found in large areas of the Ibcrian
peninsula. Spanish “rafia”-type soils were studied by
Espejo (1985, 1987), Vicentc ef al. (1986), Rodrigucz-
Pascual et af (1987), Garcia-Gonzilez and Aragonescs
(1988, 1990), Sanchez-Camazano er al (1988), and
Aragoncses (19%0).

The aim ol the present paper is to report the occur-
rence ol high-charge smeetile in Spanish “raiia™ soils
and to relate the properties ol the smectite 10 its genesis
in an attempl 1o increase our understanding of the
proecsses of [ormation and development ol thesc [or-
matlions.

MATERIALS AND METHODS

The wouc sludicd 15 in the Province ol Guadalajara
in the northeast ccuter ol the Iberian peuinsula. The
study centred around the Membrillera, Robledo de
Corpes, Bustares, and Mcsa del Pino areas, subse-
queutly abbrevialed as ME, RC, BU, and MP, respec-
tively (Figure 1). The soil profiles in the last threc areas
were developed rom “rafia™ [ormations, whereas those
in ME area originated [rom materials that clearly do
nol belong 10 the oldest terrace or 1o rafia, but which
represents a transition area belween the so-called “up-
per-rafia’ (zones above 1100 m, RC, BU, and MP) and
“Jower-rafia” (vones below 930 m, southern ME). All
the profiles studied were deep, acidic, had marked hy-
dromorphic characieristics and low organic matier
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Figure 1. Map showing location of study area.

conteni, were usually very stony, especially on the sur-
face, aud showed a high degree of weatheriug {see also
Table 1}.

Samplcs werc 1aken [rom each horizon ol the four
studied profiles. The clay fraction (<2 pm) aud the
fing-silt [raction {2-8 um) were cxtracted by mcans of
sedimentation. The size fractious were ireated with
hydrogen pcroxide to eliminate the organic matter,

Aragoneses and Garcla-CGionzalez
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Three differeni treatments were carried out for Mg-
saluration of the clay and fine-silt fractions: (1) tniple
washing with 0.5 M Mg chloride; in the first treatment,
the sample was kept in contacl with the solution for
24 hr {sMg procedure); {2) double washiug with 1 M
Na acetate and then four times with 0.5 M Mg chloride
{Na-sMg procedure); the first treatment with each salt
lasted lor 24 hr; and (3) the samc as (2}, but keeping
the temperature at 70°C 1n a waler bath (70Na-sMg
procedure). All samples of the clay [raction and of the
fing-silt [raction containmng suhstantial smectite were
Mg-saturated using the normal procedure (sMg). The
other treatments were used only for those samples for
which the sMg procedure was not effective,

K-saturated samples ol the smeetite-rich horizons
were prepared by treating them twice with 1 M Na
acclate and then lour times with 1 M K chloride at
70°C (70Na-sK procedurc). Selected samples from the
surface horizons were K-saturated using the uormal
procedure {(sK) Lo obtain more information ahout pos-
siblc interlavered hvdroxide sheets.

Miueralogical identification was imade hy X-ray
powder diffraction (XRD), using a Philips PW1130
diffractometer equiped with a graphite mouochroma-
1or (CuKa radiation). XRID patterns were obtained from
Mg-saturated clay aud fine-silt [ractions ol cach sample
using: {1) random powder, and the [ollowing oriented
aggregales: (2) air drcd; (3) cthylenc-glyeol solvated;
{4 glycerol solvated; (5) heated 1o 300°C [or 3 hr; and
(6) heated 10 500°C [or 3 hr. For the K-sawurated sam-
ples, oricnted aggregatcs were recorded {1) air dried at
RH 33%; (2) ethylene-glycol solvated; and (3) glycerol
solvaled. Oriented specimens ol the non-homaoionic
clay and fine-silt fractions (natural untrcated samples)
were also studied.

Samples haviug a higher smectite couteut were also
analyzed lor the Hofmanu and Klecmen (1950) cffect.
They were washed three times with 1 M Li chloride
and then dialyzed 1o remove execss sall (sLi proce-
dure). XRI> patterns of air-dried and glycerol-soivated
specimcus were recorded. The samples were placed in
a porcelain crucible and heated Lo 270°C overnight
(270501 procedure), and X R patterns were recorded
again (Greene-Kelly test, 1953).

The fiue-sili fraction ol ouc horizou per profile was

Table 1. Main characleristics of the soil profiles,
Alutude  Demh Classification pH
Profile- {rm) (em) Prafile horizons (USDA, 1975} 1,0 125 Drainage
ME 975 150  Aul, Au2, Bts, E, Ulue Palexerall Strongly acid Poorly drained
Big, 2Bir
RC 1140 110 Ap, B, Big, BCur Aguultic Hapiudall  Very strongly acid Poarly drained
BUI 1180 73 A, AB, B, CBr Aguultic Hapludalf  Very strongly acid Impericerly draived
MP 1130 110 Ap, ABg, Bgl, Aquultic Hapludall  Sirongly acid Imperfectly 10 poorly
B2, BCr drained

' ME = Membrnillera, RC = Robledo de Corpes, BU = Busiares, MP = Mesa del Pino.
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treated with {1) sodium carbonate (Follett et /., 1965)
and (2) dithionite-citrate-bicarbonate {M¢hra and
Jackson, 196(), 1o eliminate all possible cemcnting
agents. After each treatmenl the clay fraction was sep-
arated. XRD patterns of the oricnted clay- and fine-
silt snbfractions were recorded: (1) air dried. (2) cth-
ylenc-glycol solvated, {3) heated 1o 300°C for 3 hr, and
{4y hcated to 500°C Jor 3 hr. Somc samplcs were pre-
vionsly Mg-saturaled using the 70Na-sMg procedure
described above.

Semiquantilative cstimations ol quartz, fcldspars,
goethiic, and 101al phyllosilicates were oblained from
XRD random powder patterns, integrating the area of
the dilfraction maxima at 4.26, 3.25, 4.16, and 4.44
A, respectively, and using lhe intensily factors given
by Schnliz {1564) and Biscaye (1965). Approximale
abundances of kaolinite, illite, paragonite, smectite, and
hydroxy-interlayered clay were estimaled in a similar
way, using the oricnted aggregate patierns; peak areas
at 7.2 {kaolinite), 10.0 (illite), 4.8 (paragonite), 16.9
and 14.1 A for ethylene glycolated samples (smectite
and hydroxy-interlayered clay) were measured. Thus,
given the method used, the values shown in Table 2
are not iruly gnantitative, but werc nsed only as an
internal measure.

RESULTS
Clay mineral identification

The XRD patterns of the Mg-saturated samples (sMg
procedure) indieate ithat kaolinite, illite, and 14-A min-
erals are the major components of the clay and fine-
silt fractions ofl the profiles. In the surface horizons the
14-A peak did not shift Lo lower angles when the sampie
was solvated with cthylene glycol or glycerol (Figure
2). Afier heating at 300°C, hat peak became a broad
band, slightly shificd Lo lower spacings, and disap-
pearcd afller healing at 500°C. This clearly indicates
the absence of chlorite. The K-saturated sample (sK
procedure) clearly showed the 14-A peak (Figure 2).
According to Robert (1975), all these lcainres indicate
the exisicnce of hydroxy-interlayered 2:1 clay minerals.

In the B horizons the 10-A peak of some samples
was markedly asymmetric lowards lower angles and
beccame more asymmetric when the sample was sol-
valed with organic compounds. For other samples,
peaks al aboul 1 1-12 A were noted (Figure 3), possibly
dne 1o eilher the presence of an intersiratificd mincral
or 1o the fact that Mg?" was not capable of substiluting
{or the interlayered cation in the smcectite minerals. To
clarify this situation, the samples that showcd broad
or diffuse reflcclions after Mg-saluration in the air-
dried pattern wcre Lreated by the Na-sMg proccdure.
Afler such a treatment (Figure 3), the 001 reflection
was found at lowcr angles, bnt in some samples not as
far as 14 A. The treatment was, therefore, repeated at
T0°C (70Na-sMg procedure). This produced a peak

High-charge smeciile in “rafa’ soils

MP profile
Ap horizon
Clay traction 14.08
100A

Natural

Natural «
glycerol

Mg-soturated

Mg - saturated
+ glycerol

K -saturated

K -saturated
+ glycerol

Natural 300°C

926, CuKe radiation

Figure 2. X-ray powder difltaction patterns of oriented ag-
gregales alier several trealmenits.

shifting to 14 A lor the air-dried, 17 A for the ethylene-
glycol-solvated, and 18 A for the glycerol-solvated
specimens {Fignre 3). Thuns, the sample probably con-
lained a smeclite in which the substitution of all in-
terlayercd cations hy Mg?* was achieved only by using
the 70Na-sMpg procedure,

The peaks at about 25 A in paticrns of the finc-sill
fraction of the BCr (MP profile) and 2Btr (ME profile)
horizouns, after the 70Na-sMg procedure, indicate the
presence of a small amonnt of regular interstratificd
mineral. The displacement of this pcak to 28 A after
glycerol solvation (Figure 3) suggests that this mineral
is a regnlar interstratified illite/smectite (I/5). Although
in the literature I/8 is ofien rcported as a mineral of
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Figure 3.

extremely small grain size {Srodon. 1980), here, il has
been f[ound in the fing-silt [raction only.

To oblain a better knowledge of Lthe smectite in these
soils, the samples were also studied in their natural
state. The XRD patterns ol most samples showed (Fig-
ure 3) cither an asymmetric peak at 10 A, with asym-
melry extending 1o 11 A, or a peak at about 11 A.
These data suggest the existence ol a K-smectiie. Thus,
the K content in these naitural samples may have been
responsible for the fact that the layers were collapsed,
thereby making exchange with other cations difficult.

To dctermine the location of calionic substitution,
samples of clay fractions were salurated with Li* and
heated overnight at 270°C, These samplcs showed no
expansion afier solvation with glyccrol (Figure 4), in-
dicaling that the charge in the smcctite of the clay
fraction was principally in the oclahcdral sheel. In con-
trast, the XRD patierns of Lhe smectile in the fine-silt
fractions showed a reflection or shoulderat 17.7 A after
solvation with glycerol. Thus, beidellite was probably
the domipnant smeetite in the fine-silt fraction, and
monumorillonile, in the clay [raction. Important dif
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MP profile

BCr horizon
Fine silt fraction

Natural

SMg
saturated

Na-SMg
saturated

70Na-SMg
saturated

TONa-5Mg
saturated « glycerol

[ A

1 1111
20 10 2
928 CuKo radiation

X-ray powder diffraciion paticrns of orienied aggregales alter several saturalion lrealments.

fercnces were noted, however, in the 10-A/17-A in-
lensity ratio of the sLi- and 270sLi-glycerol-solvated
fine-silt samples, suggesting that nol all the layer charge
was due 1o 1etrahedral substitution. Octahedral cation-
ic substitution must also have becn present. The layer
charge of natural 2:1 clay minerals is cominonly dis-
tribuled over boih sheets (Tsipursky and Drits, 1984).

The degree of collapse of the basal spacing by
K-saluration and air-drying at 54% RH as a critcrion
for differcntiating smectite from vermiculite (Harward
et al., 1969y was used in the present study. The collapse
of the smectite 10 10 A took place in the samples of
hoth the clay and fine-silt fractions (Figure 5). Thus,
the layer charge of this mineral was closer to that of
vermiculitec and greater than would be expected for a
typical smectite. The K-saturated mincral did not ex-
pand on ¢thylene-glycol solvalion, indicating that K-~
tightly fixed the layers. The mineral, therefore, behaved
like a smectite (peaks al 14.0 and 17.7 A for the Mg-
saturatcd air-dried and glycerol-solvated specimens,
respectively) having high charge, as demonstrated hy
the collapsing 10 10 A in the K-saturated air dricd al
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Figurc 4. Greene-Kelly test applied 1o several samples: A,

aller sLi procedure and glycerol solvation; B, alter 270sL1
procedure and glvcerol solvalion.

34% RH sample. Therefore, this mineral can be termed
as a high-charge smeclite {Egashira ¢f al.. 1982) having
montmorillonite and beidellite characters in the clay
and fine-silt fractions, respectively, This mineral was
morc abundant in the fine-silt than in the clay fraction,
ils proportion being greater in the non-surface horizons
ol the MP and BU profiles.

Semi-guantitative mineral compaosition

Table 2 shows the mineralogical composition ol the
[our profiles. The phyllosilicate conlent in the clay [rac-
1ion is high (76-93%), with a relatively high proportion
in the hne-silt fraction {33—75%). The qnartiz concen-
tralion decreases markedly with depth, inversely with
the phyllosilicale content. In the deeper horizons the
illite content is markedly less, whereas the kaolinile
conlenl is greater. An exccption is the eluvial E horizon
[rom the ME profile, whicli is wcll delincd and separate
from the other horizons because ol its grealer conlent
ol primary minerals, eompared wilh thosc in the un-
derlying B horizons (Garcia-Gonzilez and Aragonescs,
1988).

Goethile was the only crystalline iron oxide idenu-
fied in these soils, being concentrated in the fine [rac-
tions of the deep horizons. Small, rather uniform
amounts of paragonite werc also identified in (he ¢clay
fractions of the ME- and RC-profiles. as well as in the

Aragoneses and Garcia-Gonzalez
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Figurc 5. X-ray powder diffraction patterns of orieuted ag-

gregates of K-saluraled samples (70Na-sK procedure).

fine-silt fraction (Garcia-Gonzilez and Aragoneses,
1950).

The high phyllosilicate and smeclite concentrations
in 1he fine-silt fraclion might possibly have been dne
to the existence ol aggregating agents. Iron oxide par-
ticles, for example, can react with clay particles via
coulombic or non-coulombic forces (Schwertmann,
1988). On the other hand, siliccous and aluminous
ccmenls commonly bind clay particles into aggregalces
{Smith and Mitchcll, 1989). To ascertain the possible
cxisience of aggregaling agents, lwo lrcalmenls were
applied separately, one with the DCB reactive agent
and one wilh sodium carbonate (10 eliminate possible
iron oxide and/or aluminosiliceous binding agenis, re-
speclively). Four fine-sill samples, one horizon per pro-
file (Big2 of MP profile, BL of BU profile, BCir of RC
profile, and Btg ol ME profilc), were used. The DCB
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Table 3. Semiquantitative mineralogical composition {rel-
alive wi. % between samples) of fractions extracted [rom a
fine-sill fraclion afier Na<arbonale trealmenl,

Prafile! Horwson K L P s In
Remanent fine silt
BU BiL 19 19 — 28 -
ME 2Bir 26 kX tr 9 tr
MP BCr 25 10 - 22 4
RC BCir 27 47 4 17 —
Remanent clay
BU Bl 29 23 - i3 —
ME 2BIr 20 43 ir 5 -
MP BCr 23 7 — 32 3
RC BCLr 18 23 2 22 -

K = kaolinitc, [ = illite, P = paragonile, 8§ = smeclite,
In = intersiratified illite/smexiitc, — = not delected, Ir = trace.
! See Tablc 1 for abbreviations.

treatment did not produce a noticcable amount of clay
fraction. Thus, iron oxides were probably not acting
as cementing agents in these samples. The sodinm car-
bonate treatment, on the other hand, produced a con-
siderablc amount of ¢lay. The amount of high-charge
smeclite in the ¢lay and remaining finc-silt {ractions
(both coming {rom the fine silt, Table 3) indicates 1that
the accumulation of this mineral in the coarse fractions
was nol only due 10 the aggregating cfiect.

DISCUSSION

The high-charge smectite showed the following char-
acteristics: {1) highcr proportion in the fine silt than in
the clay fraction; (2) high charge; (3) difficult opening

coarsc fractions

L
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of the layers, possibly due 10 the existence ol interlam-
inar potasstum. All this suggests that 1this mineral was
formed by the transformation of the dioctahedral mica,
illitc (Robert et al., 1974; Senkayi et al., 1983, 1985;
Rilhlicke and Niederbudde, 1985). Thus, high-charge
smectite was apparenily an unstable mineral and ap-
peared in the initial transformation stages of ihe illite.
During weathering, the oclahedral charge increascd,
changing the smeclite character from beidellite {finc-
silt fraction) towards monumaorillonite {clay fraclion).

The hydroxy-intertayered 2:1 clay minerals may have
been formed from the iltile transformation (April et
al., 1986; Farmer et af., 1988) aud its presence (Tablc
2) may be resiricted to the surface horizons {(Barnhise!
and Berisch, 1989). Illitc was probably transformed
imo hydroxy-interlayered 2:1 clays in the surfacc ho-
rizons, whereas high-charge smectite was formed in the
deeper horizons.

The I/S mineral found in two of the profiles probably
rcprescnts a separate illite transformation. Srodoh and
Eberl {1984) suggesied that IS can form by the dcg-
radation of detrital illitic material. Removal of K' [rom
illite-containing soils leads 1o th¢ degradation of illite
and the formation of smectitc and inlerstratificd ma-
terial {Tributh et al., 1987).

The stable mineral in these soil conditious was ka-
olinite. Its small grain size suggests that it was formed
through a neoformation process {Koppi ef al., 1987),
although a transformation from micas or expandable
2:1 minerals cannot be discarded. To understand the
accurnulation of kaolinite in the B horizons, the illu-
vialion process should also be taken into account,

The mineralogical evolution of these soils could have
becen as follows:;

finc fractions

Mica-illitc - High-charge smectite* —High-charge smectitc**—kaolinite

*beidellitic character
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