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Abstract—The pink clays from the Tagus basin, Spain, were characterized by X-ray difracion (XRD),
infrared specwoscopy (IR), scaiming elecwon microscopy (SEM), and wansmission electon microscopy
(TEM). Chemical datsa were obwained by plasma emission specwoscopy and analytical elecwon microscopy
(AEM), and specific surface and cation-exchange capacity were measured also. The data indicate that
these pink clays are primarily stevensite. This Mg-rich smectite is characterized by poor crystallinity, a
high degree of swuctural disorder, sioctahedral character (pure magnesian), a very low camon-exchange
capacity, a very small crystl size (which generates an abnormally high specific surface area), and a
deficiency of octahedral casons. @n the basis of the very small crystal size, a large number of cdge
dislocations, the lack of periodicity (turbostratc) in the swucture, and a cellular (spherical) texture ob-
served by TEM, we consider this occurrence to be an early stage of cryswllizasion. Unlike other precursor
clay materials described in the literature, this clay is not an alteration of volcanic ash, but it was generated
by precipitation from a Si- and Mg-saturated medium.
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INTRODUCTION

The Tagus basin is an intramontane basin located in
the central Iberian Peninsula. The basin is partally
filled by Tertiary sediments deposited within a com-
plex system of alluvial fans. These sediments, distrib-
uted in a concentric pattern, are weathering products
of igneous, metamorphic, and calcareous rocks from
peripheral mountains. Detrital facies occur near the
margins of the basin, and the core of the basin is main-
ly saline, with intermediate zones consisting of mud-
flat facies. The nature, diswibution, and characteristics
of the different facies were described by Bellanca et
al. (1992), Calvo Sorando et al. (1989), Dominguez
Diaz (1994), and others.

The objective of this work is to study the “pink
clays”, which occur as interlayered strata in the
“Green Clays Unit” as defined by Brell er al. (1985).
They form part of the mud-flat facies (transition zone
of the alluvial-fans system). Previous mineralogical
studies (Brell er al., 1985, Doval et al., 1985, Garcia
Romero et al., 1990, Dominguez Diaz, 1994) showed
that the pink clays are mostly magnesian 2:1 phyllosil-
icates, similar to saponites belonging to the “Green
Clays Unit”’. However, details of the mineralogy, mi-
crostructure, and physico-chemical properties are dif-
ferent from saponite. The mineralogy of the pink clays
remains unclear although they have been studied by
¥-ray diffraction (XRD), infrared specwoscopy (IR),
and optical microscopy Brell et al. (1985) described
them as chlorite-smectite interstratified minerals. Con-
versely, Garcia Romero (1988) and Garcia Romero et
al. (1988, 1990) called them pure stevensite. Martin

de Vidales et al. (1988) showed that they are com-
posed of pure magnesian 2:1 phyllosilicates of “inter-
mediate character” between end-member kerolite and
a Mg-rich smectite phase. On the other hand, Martin
de Vidales et al. (1991) and Cuevas (1991) suggested
that the same clays were composed of kerolite-stev-
ensite interstratifications with variable stevensite con-
tent. Pozo et al. (1992, 1996) and Pozo and Casas
(1995) agreed that the clays contained kerolite-stev-
ensite interstratified minerals. This paper provides the
first ransmission electron microscopic (TEM) obser-
vations of these materials to better define the minerals
present.

MATERIAL AND METHODS

Sampling was performed in three profiles: at Ma-
gan, Esequivias, and Valdemoro villages (Figure 1)
where pink clays are interlayered between green sa-
ponitic clay layers. In general, the “Green Clays Unit”
is 810 m thick and is composed of massive or bio-
turbated green or greenish-grey clays with intercala-
tions of fining-upwards micaceous sands showing a
thin parallel lamination. These green clays, which are
mined commercially as bentonites, are mainly com-
posed of phyllosilicates with minor feldspar and
quartz. Most of these phyllosilicates (75-9€%) are
saponites with <10% illite (Garcia Romero et al
1988, 1990, Santiago Buey et al, 1998).

The interlayered pink-clay strata decrease in total
thickness from 1.5-2 m in the Esaquivias and Valde-
moro zones to a few centimeters in the south of the
basin (Magéan). They usually appear as massive beds,
with interlayered carbonates of little lateral continuity
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and become more abundant near the top (Garcia Rom-
ero et al., 1988, 1990).

Methodology

Mineralogical identification was performed by XRD
in a Philips 1130/90 diffractometer using CuKe radi-
ation and a graphite monochromator. Random powders
were scanned from 2 to 65 °20 at a 0.16 °20/s scan
speed and oriented aggregates (<2-pm size fraction)
were scanned from 2 to 18 °20 at a 0.33 °20/s scan
speed.

IR absorption spectra were obtained on a BIO RAD
SPC 3200 instrument, using the KBr pellet technique
from 4000 to 500 cm~!. Elemental analyses were per-
formed by plasma emission spectroscopy, using a Per-
kin-Elmer emission spectrometer, model Plasma II.
Previous to the analysis, solids were digested under
pressure in a nitric-hydrofluoric acid mixture, con-
tained in a polytetrafluoroethylene (PTFE) autoclave.
Additional elemental X-ray microanalyses from iso-
lated particles were obtained by analytical electron mi-
croscopy (AEM).

Information about the oxidation states of the iron
was obtained by Mossbauer spectroscopy. Room-tem-
perature (291 = 1 K) absorption spectra were obtained
with Mossbauer ““Perseus” spectrometer of Russian
origin. In this spectrometer, the stabilization and the
control of vibrator velocity are obtained via laser in-
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terferometer. A source of ¥Co in a Cr matrix was used.
The spectra were measured in the velocity interval =
mm/s—.

Particle morphology and texture were observed by
scanning electron microscopy (SEM). SEM observa-
tions were performed with a JEOL JSM6400 operated
at 20 kV and equipped with a Link eXLL X-ray energy
dispersive detector. Samples were air-dried and then
oven-dried at 40—60°C until constant weight. Finally,
and prior to observation, they were lightly coated with
gold.

TEM studies were performed with undisturbed
specimens that presumably retain original textures.
Oriented sections were prepared according to the
method of Tessier (1984) which minimizes dehydra-
tion during TEM observation. The resulting epoxy-
clay complexes are sectioned by ultramicrotomy (50
nm thick). The TEM observations were performed in
a JEM 2000FX microscope operated at 200 kV and
equipped with a Link AN10000 X-ray energy disper-
sive detector.

The exchange cations were extracted with NH,* and
the cation-exchange capacity (CEC) was calculated us-
ing distillation and measurement of NH,* by the Kjel-
daljh method, without removing soluble salts (Santos,
1979). The specific surface area was determined from
a Micrometritics ASAP 2010 analyzer, after outgas-
sing the sample at 110°C for 8 h to a residual pressure
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Figure 2. Representative XRD powder pattern of the pink

clays.

of 10~ mm Hg. The Brunauer-Emmett-Teller (BET)
method was used for the calculation (Brunauer ez al.,
1938).

RESULTS AND DISCUSSION

Figure 2 shows a representative XRD pattern where
a very broad diffraction effect at low angles can be
seen. This effect was also described by Martin de Vi-
dales er al. (1991). These authors assumed this phe-
nomenon is related to particle-size and textural fea-
tures (i.e., stacking disorder). This XRD powder pat-
tern is composed of (kkO) and (00I) broad and asym-
metrical bands instead of discrete reflections, which
may be related to the lack of three-dimensional peri-
odicity because of random rotations or translations be-
tween layers, giving rise to extensive stacking disor-
der. Also, partial hydration of the sample can produce
broadening of the basal reflections. The b-axis dimen-
sion estimated from the (060) reflection is 9.18 A,
which indicates the material is trioctahedral. No non-
clay minerals were detected.

Figure 3 shows a representative X-ray diffraction
pattern of the oriented clay aggregate of <2 pm (air-
dried, glycolated, and heated). Low-angle scattering
(=8.8 °20) is observed in all the cases. This band may
be produced by different interlayer materials in the
sample. Samples solvated with ethylene glycol swell
slightly. Also, when heated at 550°C, the spacings col-
lapse slightly. These phenomena are observed by the
displacement of the band towards lower or higher an-
gles, respectively. The 002 and higher peaks are miss-
ing in the pattern indicating the lack of periodic stack-
ing of layers along the [001] direction. The absence
of a well defined 001 reflection makes it impossible to
calculate a crystallinity index or mean crystal size. Al-
though the smectitic nature of the clays and the trioc-
tahedral character of the mineral can be determined by
XRD, the broad reflections (Martin de Vidales er al.,
1991) suggest that these materials have limited coher-
ent domains with a very small number of layers per
particle (i.e., poor crystallinity or high structural dis-
order).

The IR data show intense and complex OH-stretch-
ing bands (4000-3000 cm~!) owing to hydroxyl
groups and H,O molecules (Figure 4). These bands
indicate a large amount of H,O associated in different
ways with the structure, as is typical for minerals of

Kyisusju

AD.+EG.

AO. +550°C |

AO.

18 16 14 12 10 8 6 4 2
°20 (Cu Ko)

Figure 3. Representative XRD pattern of the oriented ag-
gregate of clay fraction <2 pm. Air-dried (O.A.), glycolated
(O.A. + EG), and heated (O.A. + 550°C).
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Figure 4. IR spectrum of the pink clays.



Table 1. Whole-rock chemical analyses of saponite, sepiolite, two stevensites, a saponite from the Tagus basin, and from

pink clay material studied here.

Oxide Saponite! Saponite? Sepiolite?
Si@, 48.96 55.60 54.56
Ti®, 0.20 0.62
ALe®, 7.30 13.52 0.99
Fe,®, 11.93 3.63 1.56
Fe® 1.24 091 0.88
Mn@® 0.04 3.02
Mg® 23.39 21.58 21.72
Ca® 2.42 0.93 0.00
Na,® 0.04 0.78 0.01
K.,® 0.06 230 0.02
H,® (+) 12 9.23
H,® (-) 4.45 7.92

Stevensite* Stevensite’ This study®
57.30 57.24 55I08 |12
0.07 £ 0.0005
2.13 £ 0.01
0.32 1.14 0.94 = 0.003
0.12 0.24 £ 0.003
0.21 0.75 0.01 £ 0.0001
27.47 27.89 2401 =02
0.97 0.38 0.01 = 0.004
0.03 0.03 = 0.003
0.03 0.04 £ 0.01
6.69 7.69 16.32
717 476

! Winnweiler, Pflaz, Germany (Quakernaat, 1970).
? Tagus basin, Spain (Sanwago Buey et al., 1998).
3 Akatani Mine (@tsuka et al., 1966).

4 Springfield (Faust and Murata, 1953).

5 Jersey City (Faust and Murata, 1953).

¢ Tagus basin, Spain (This paper, pink clays).

the smectite group. The spectrum in the OH region of
the unheated material shows a sharp absorption band
at 3677 cm™! and a broad band at 3382 cm~! with a
shoulder at 3626 cm~!. The absorption band at 3677
cm~! is assigned to the OH-stwretching vibration in
purely magnesian octahedral sheets (OH-Mg-Mg)
(Farmer, 1974; Van der Marel, 1976). The broad bands
at 3626 and 3382 cm~! are attributed to the OH-
swetching vibration of interlayer and hygroscopic H,0,
respectively. Absorption corresponding to the bending
vibration of H,O molecules (atmospheric moisture) oc-
curs at 1636 cm™! as a single band. In the lower fre-
equency region from 700 to 1200 cm~! the Si-O
stretching absorption appears at ~1050 cm™! as a
swong and broad band, which is common to silicates
(Faust et al., 1959). In addition to this band, the Si-
O-Mg bending band at 666 cm™~! was observed. From
the smectite group, stevensite is the only mineral
which exhibits this absorption band, but it is typical
of talc and sepiolite as well (Faust et al., 1959).

The OH-Mg-Mg stretching band at 3677 cm™' and
the Si-O-Mg bending band at 666 cm™' are related to
Mg in the octahedral sheet and correspond to a pure
magnesian smectite, sepiolite, or talc (Farmer, 1974,
Van der Marel, 1976). The total absence of Al-related
bands at 919-915 cm ' (Al-Al-OH) and 527-517 cm™!
(Si-O-Al) (Madejova et al.,, 1992, Vicente-Rodriguez
et al., 1996) suggests the absence or near absence of
saponite.

Chemical analyses obtained by plasma specwoscopy
are summarized in Table 1. For comparison, selected
analyses from the literature are presented also. The
pink clays studied in this work have a lower Mg con-
tent than talc and kerolite and higher Al content than
other stevensites.

Because the XRD data indicate that this material is
a nearly pure 2:1 phyllosilicate, the structural formula
was calculated based on O,,(OH), as: Siz ¢1O5(Al %, 3
Fei*y  Fe?ty osMg?*,16)(OH),(Mg, 4sNay 1K 41). This
formula corresponds to stevensite with an exwemely
low CEC (generated by a deficiency of octahedral cat-
ions in the swucture, and not by isomorphous substi-
tutions) or an interstratified clay. The latter possibility
agrees with Martin de Vidales et al. (1991), Cuevas
(1991), Pozo et al. (1992, 1996), and Pozo and Casas
(1995).

Because the whole-rock chemical analysis corre-
sponds to the entire sample and it is not possible to
exclude contamination by impurities not detected by
XRD, AEM analyses were performed on 68 isolated
particles to determine the distribution of elements be-
tween grains. Some heterogeneity of Si, Mg, Al and
Fe is observed between individual particles, indicating
a mixture of different minerals. Most of the analyses
(~85%) correspond to stevensite with a negligible
amount of aluminum in the tewrahedral sheet and a
deficiency of atoms (<<6) in octahedral coordination
(Faust et al., 1959). In addition, talc (~10%) and sap-
onite (~5%) particles were found. Chemical analyses
in wt. % for the purest particles of each of the three
minerals are listed in Table 2.

The presence of muscovite (<1%) and saponite
(~5%) generates most of the Al detected by plasma
spectroscopy in the whole rock. Some particles were
found with an anomalously high quantity of SiO, or
MgO as detected by AEM. This may be caused by
SiO, or Mg adsorbed on the surface of the particles
(Jones, 1985) or by Si0, and MgO as a coating.

Isolated particle analyses are represented in Figure
5. For comparison, the theoretical fields of trioctahed-



Table 2. Chemical analyses in wt. % for the purest particles
of stevensite, talc, and saponite found in the pink clays.

Oxide Stevensite Talc Saponite
Si0, 64.73 63.05 53.77
TiO,

ALO, 3.15 15.46
Fe,O, 2.11 6.51
FeO 0.52 1.63
MnO 36.94

MgO 24.68 15.48
CaO 1.58 2.63
Na,O 1.84 1.76
K,O 1.38 2.76

ral phyllosilicate minerals are given also. The grains
cluster in or near the theoretical compositions of talc,
stevensite, and saponite, respectively. Although some
particles have sepiolite composition, no fibrous parti-
cles were observed.

The CEC of the pink clays in 23 meq/100 g. This
exchange capacity is very low with respect to most
smectites, but is in accordance with other determina-
tions for stevensite. For example, Faust er al. (1959)
reported an exchange capacity of 37.6 meq/100 g and
Tettenhorst and Moore (1978) reported 30 meq/100 g
for the stevensites they studied. Partly in recognition
of a low CEC, Faust and Murata (1953) defined stev-
ensite as a mineral of the montmorillonite group, with
a low CEC arising from a deficiency in octahedral cat-
ions rather than from other isomorphous substitutions.
The main exchangeable cations are Mg (10.4 meq/100
g), Ca (9.8 meq/100 g), Na (1 meq/100 g), and K (0.4
meq/100g).

3R

Figure 5.

Temary Si-3R2-2R? diagram of analyses obtained
by analytical electron microscopy and showing the theoretical
field for trioctahedral minerals 3R> = [(Mg?* + Fe®*)/3], 2R?
= [(APB* + Fe**) — (Na® + K* + 2Ca?*))/2 (after Velde,
1985).

a) Random array of smectite particles (honeycomb
microstructure). b) Edge-to-edge and edge-to-face contacts
between particles. ¢) Spherical aggregates of particles.

Figure 6.

The specific-surface area obtained (N,-BET) is high
(392 m?%g) owing to external surfaces of the particles
(314 m?), and the remaining area (78 m?) corresponds
to internal (interlayer) surfaces. Thus, an extremely
small crystallite size is deduced, in agreement with
incipient crystal growth.

In general, a nearly isotropic fabric is observed,
formed by a random (non-oriented) array of very small
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