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ABSTRACT: A mineralogical and microtextural study of Somosaguas Miocene deposits, located

in the Madrid Basin (western Madrid, Spain), was carried out using X-ray diffraction, scanning

electron microscopy, transmission electron microscopy and optical microscopy, whereas crystal

chemistry data were obtained by analytical electron microscopy-transmission electron microscopy

and electron icroprobe analysis. Four stratigraphic sections were studied, compising detrital rocks

representing intermediate and distal facies from alluvial fan deposits. The predominant source area of

these sediments was the granitic rocks of the Spanish Central System with a lesser contribution of

metamorphic rocks. Clayey arkoses are the most abundant rocks of these sections, typical of granite

alteration under warm, semi-arid climates. The mineralogy is characterized by phyllosilicates,

followed by feldspars and quartz. The data obtained reveal mineral mixtures of detrital (quartz,

feldspars, kaolinite, micas and chlorite), transformed (illite and beidellite) and neoformed

(montmorillonite) origin. Clay minerals resulted from interactions between detrital minerals and

meteoric waters. Two trends of degradation of micas are detected. The first shows a transition from

muscovites and dioctahedral illites, to beidellites. The other trend is defined by the biotite

degradation to beidellites with different layer charge and octahedral Fe content. Montmorillonites

were neoformed from the hydrolysis and weathering of primary minerals (feldspars and muscovite).

Magnesian clay minerals such as sepiolite, palygorskite and trioctahedral smectites, extremely

abundant in the centre of the basin, were not detected in Somosaguas sediments.
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The Tajo Basin is one of the intracratonic Cenozoic

basins of the Iberian Penı́nsula formed in relation to

the convergence between the African and European

plates (Vegas & Banda, 1982; De Vicente et al.,

1996a), the proto-Atlantic ocean formation and the

structuring of the Western Mediterranean Basin. All

these processes fit in the Alpine Orogeny dynamics.

The Tajo Basin has an approximately triangular

morphology, bordered by three mountain ranges

with different lithologies and origins: the Central

System at the north and west, the Iberian Range at

the east and the Toledo Mountains at the south.

During the Upper Paleogene it was subdivided into

two smaller basins by the North-South uplift of

Altomira Range (Alonso-Zarza et al., 2004),

leaving the Madrid Basin at the west and the

smaller Loranca Basin at the east. The basement of

the Madrid Basin broke during the Alpine Orogeny

(De Vicente et al., 1996a), and was subsequently

filled mainly with tertiary sediments, predominantly

of Paleogene age in depth and Neogene age at the

surface (Alonso-Zarza et al., 2004).
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FIG. 1. Location maps of the studied sediments. (a) Geological map showing the distribution of facies of the

Intermediate Unit of the Madrid Basin Miocene sediments (modified from Calvo et al. 1989). (b) Detail of the

studied area (Somosaguas).
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From a sedimentological point of view, the most

remarkable characteristic of the Neogene Madrid

deposits is their great variety of facies and the

complexity of lateral changes, due to very active

detrital sedimentation of materials from the erosion

of the surrounding mountain systems. The studied

deposits in the Somosaguas zone (western Madrid

Basin), dated as Middle Miocene (Aragonian &
14 m.y.; Luis & Hernando, 2000), belong to the

Intermediate Unit (Megı́as et al., 1982). From

bottom to top, the Intermediate Unit contains

detrital gypsum beds lying above karstic surfaces

on the underlying gypsum deposits (Lower Unit).

Above it, a change from sulphate to carbonate

sedimentation is recorded, followed finally by

significant progradation of detrital materials from

the northern and western borders toward the centre

of the basin (Ordóñez et al., 1983; Calvo et al.,

1984). These progradational alluvial fan systems

consist of several facies belts (Alonso-Zarza et al.,

2004). In their proximal zones, they consist of

conglomerates and coarse-grained arkosic sand-

stones; in middle zones, finer-grained arkosic

sandstones intercalated with lutites; in distal zones

the clayey levels dominate, with intercalations of

micaceous sands, gypsum and carbonates

(Lomoschitz et al., 1985). Micaceous sands have

been related to transitional facies between the

proximal and central areas, where levels of

carbonates were deposited in marsh or shallow

lake environments (Bustillo, 1976; Bustillo &

Bustillo, 1988; Bustillo & Capitán, 1990). The

most central facies of the Intermediate Unit contain

mainly detrital gypsum. These deposits contain

Mg-rich clays which are of great economic interest

(Regueiro et al., 2002).

The main factors that affected the genesis of the

Middle Miocene materials studied are: (1) a source

area mainly consisting of granitoids and gneiss

(Villaseca et al., 1993), (2) an active compressional

tectonic regime (De Vicente et al., 1996a,b), and

(3) a hot palaeoclimate with well marked seasons

(López-Martı́nez et al., 2000b).

The Somosaguas area, ~50 km from the NW

border of the Madrid basin, contains very inter-

esting palaeontological deposits discovered in 1989

and included in the Madrid Palaeontological

Catalog (carta paleontológica de Madrid). They

are the first Miocene deposits containing vertebrates

from the western area of the basin (López-Martı́nez

et al., 2000a; Polonio & López-Martı́nez, 2000). Up

to now, two deposits containing vertebrate fossils

have been discovered: Somosaguas North, rich in

macrovertebrates, and Somosaguas South, rich in

microvertebrates. These deposits are separated by a

non-fossiliferous deposit (López-Martı́nez et al.,

2000a; Polonio & López-Martı́nez, 2000).

The petrology and bulk mineralogy of the detrital

facies of the Intermediate Unit have been well

characterized at the northern, north-eastern and

eastern part of the Madrid basin (Alonso-Zarza et

al., 1990, 1992; Alonso-Zarza & Fort, 1991;

Rodrı́guez Aranda et al., 1991, among others).

Detailed mineralogical studies of detrital facies

from the western central zone of the Basin were

carried out by Dominguez-Diaz (1994) and

Dominguez-Diaz et al. (1996). The detrital

materials of the western area have not yet been

studied in detail. This is the major objective of the

present study, which also covers the detailed

mineralogical aspects of the Somosaguas deposits.

The mineralogical study of the clay minerals from

these sediments will aid understanding of the

sedimentary processes during deposition of the

Somosaguas deposits, as well as of the existence

of genetic relations between the different mineral

phases.

MATER IALS AND METHODS

The area studied is located in Pozuelo de Alarcón,

near the western margin of the Madrid City, in the

Somosaguas Campus of the Complutense University

of Madrid (Fig. 1a,b). In this area, the most

occidental vertebrate fossil site of the Madrid

region appears at the western edge of the Tajo

Basin, in arkosic sediments (Riba, 1959; Benayas et

al., 1960).

Four stratigraphic sections have been studied

(Fig 2). Different stratigraphic levels have been

distinguished based on lithological diversity, struc-

tural and textural features of the sediments, and

lateral continuity of the strata. Some levels have

been described as lens-shaped bodies with little

lateral continuity. Sixty samples representative of

the four stratigraphic sections were collected. After

grinding, chemical cementing agents were removed

and separation of clay fractions was performed

using methods suggested by Jackson (1975) and

Moore & Reynolds (1989). The organic matter was

oxidized by treating the carbonate-free samples

with 30% H2O2, and digestion in a water bath. The

cementing gypsum was eliminated by successive

washings with hot water.
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Mineralogical characterization was performed by

X-ray diffraction (XRD) using a Siemens D500

diffractometer with Cu-Ka radiation and a graphite
monochromator. Bulk mineralogy was studied using

random-powder specimens. Clay minerals were

studied in the fractions <20 mm, <2 mm and

<0.5 mm. The <2 mm clay fraction was obtained by

sedimentation from an aqueous suspension according

to Stokes’ Law, and the <0.5 mm fraction by

centrifugation. Oriented aggregates of air-dried

clay, treated with ethylene glycol and heated at

550ºC/2 h, were studied. Random powders were

scanned from 2�65º and oriented aggregates from
2�30º2y, at a 0.02º2y/s scan speed. Semiquantitative

FIG. 2. Stratigraphic sections of the Somosaguas sediments showing the three different intervals distinguished.

The numbers at the left of the sections indicate the sample name. The dashed lines indicate the correlation of the

intervals between the four sections.
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determination of clay minerals was made according

to Schultz’s (1964) method. Optical microscopy was

performed for petrographic study of detrital grains

(feldspars and rock fragments) and textural relations

among them.

Particle morphology and textural relationships

were studied by scanning electron microscopy

(SEM) and transmission electron microscopy

(TEM). Scanning electron microscopy was

performed on gold-coated broken surfaces of

representative samples, using a JEOL, JSM 6400

microscope, operating at 40 kV and equipped with

a Link System energy dispersive X-ray micro-

analyser (EDX). Transmission electron microscopy

was performed by depositing a drop of diluted

suspension on microscopic copper grids covered by

a collodion film.

The chemical composition of the clay minerals

was obtained by analytical electron microscopy

(AEM) with TEM, using a JEOL 2000 FX TEM

microscope equipped with a double-tilt sample

holder (up to a maximum of R45º) at an

acceleration voltage of 200 kV, with 0.5 mm zeta-

axis displacement and 0.31 nm point-to-point

resolution. The microscope incorporated an

OXFORD ISIS energy dispersive X-ray spectro-

meter (136 eV resolution at 5.39 keV).

Electron microprobe analyses (EMPA) of detrital

micas (predominantly biotites) were performed with

wavelengh dispersive electron microprobe analysis

(WDS-EPMA) on a JEOL JXA-8900M. Operating

conditions included an accelerating voltage of

15 kV, a beam current of 20 nA and a beam

diameter of 2�5 mm. The standards used are

described by Jarosewich et al. (1980). Micaceous

particles were hand picked from various sandy levels

of the deposit, and they were embedded in a resin,

cut in thin sections and coated with carbon. Several

analyses have been carried out in the larger mica

crystals to detect possible compositional variations.

Structural formulae of smectites and micas were

calculated on the basis of 22 oxygen atoms per unit

cell. Iron was considered as Fe2+ in the structural

formulae of micas and Fe3+ in smectites. However,

both can be present in the micas and smectites

studied. We have considered Fe2+ in micas because

usually Fe2+ is predominant in igneous or

metamorphic rocks, but it should be taken into

account that micas have undergone weathering

processes and the Fe2+ oxidizes partially to Fe3+.

Unlike micas, smectites here usually have a greater

proportion of Fe3+ than Fe2+.

RESULTS

The mineralogical and chemical study permitted

characterization of three intervals distinguished in

the four stratigraphic sections (López-Martı́nez et

al., 2000a; Mı́nguez Gandú, 2000; Fig. 2):

(1) The lower interval (T1) attributed to mud-

flow currents, consists of clayey arkoses topped by

a thin yellowish sandy clay level rich in micro-

vertebrate fossils;

(2) The intermediate, barren lacustrine interval

(T2), made up of intercalated layers of rippled

micaceous sands and brownish clays; occasionally

also channel-type arkosic lenses were found near

the top. This interval wedges out and disappears

towards the north of the area; and

(3) The upper interval (T3) of debris-flow

deposits, consists of coarse-grained arkoses with

large fossil bones. This interval fills an erosional

hiatus which affected T2.

Mineralogy

The three stratigraphic intervals consist mainly of

phyllosilicates (>50% of the total sample in all

cases), feldspars (anorthite-rich plagioclase, ortho-

clase and microcline) (15�40%) and quartz

(5�20%) (Table 1). Some levels also contain

calcite, rutile, tourmaline and apatite. Gypsum is

only present in the T1 interval. Rock fragments

only appear in the T3 interval, and are generally

made up of fine-grained plutonic and metamorphic

rocks (mainly granites, gneiss, slates and quart-

zites). The main phyllosilicates are smectites (in

some samples they constitute up to 90% of the clay

fraction) and coarse micas (biotite and muscovite).

Minor amounts of kaolinite are also present, as well

as small amounts of mixed-layer illite-smectite

(I-S), and highly altered chlorite. Mineralogy is

relatively constant both between and within the

different levels, although it changes in the different

size fractions since smectites usually concentrate in

the finer ones. Smectite abundance decreases and

illite and kaolinite abundance increases with

increasing particle size.

Mineral texture and morphology

In all lithologies, smectite forms typical honey-

comb, cornflake and rose-like textures (Fig. 3a,b).

The aggregates predominate in all lithologies,

while the isolated flakes are predominant in the
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brownish clay layers from T2. Sheets of open

micas are frequent (Fig. 3c) with smectites

growing on their edges and along fractures

(Fig 3d). Most feldspars are partially dissolved,

with smectite crystals growing on them, usually in

the form of coatings (Fig. 3e,f). The TEM images

allow the differentiation of two types of smectite

particles. The first has very thin curved layers with

warped edges and displays montmorillonite compo-

sition (Table 3, Fig. 4a), whereas the other type is

idiomorphic forming flat crystallites (Beidellite

composition, Fig. 4b). In many samples the

beidellite particles display rounded-edge morphol-

ogies (Fig. 4c).

TABLE 1. Mineralogical composition (%) of bulk samples and of the <20 mm, <2 mm and <0.5 mm fractions from

XRD. The values have been rounded to 5 or 0 terminations, reflecting error bars. s = contents smaller than 3%.

(Q = quartz; F = feldspars (potassium feldspar + plagioclase); Sm = smectites; I = illite; K = kaolinite).

<0.5 mm <2 mm <20 mm
Intervals Samples Lithology Q F Sm I K Sm I K Sm I K

T3

N-4

Arkoses ss

10 25 60 s 5 50 5 10 50 10 5
4-8 15 20 60 s 5 50 5 10 50 10 5
3-13 15 20 55 5 5 50 5 10 50 10 5
S-11 10 25 60 s 5 50 5 10 50 10 5

4-7 Transitional 10 25 55 5 5 5 5 5 50 10 5
3-12 arkoses 10 30 50 5 5 50 5 5 50 10 10

4-5 Canal 10 25 59 3 3 55 5 5 50 10 5

T2

N-2 5 15 75 s 5 65 5 10 60 10 10
4-6 5 15 70 5 5 65 5 10 65 5 10
4-3 5 15 70 5 5 65 5 10 60 10 10
3-10 5 15 70 5 5 65 5 10 60 10 10
3-8 5 15 70 5 5 65 5 10 60 10 10
3-6 Brownish 5 15 70 5 5 60 10 10 60 10 10
3-4 clays 5 15 70 5 5 60 10 10 60 10 10
3-2 5 15 70 s 10 65 5 10 60 10 10
S-9 5 15 70 s 10 65 5 10 60 10 10
S-7 5 15 70 5 5 65 5 10 60 10 10
S-5 5 15 65 5 10 60 10 10 60 10 10
S-3 5 15 70 5 5 65 5 10 60 10 10

N-3

Micaceous
sands

10 30 55 5 s 50 5 5 50 10 s
4-4 10 30 55 s 5 55 5 s 50 5 5
4-2 10 25 60 5 s 55 5 5 50 10 5
3-11 10 40 45 s 5 45 5 s 40 5 5
3-9 10 35 50 5 s 45 5 5 45 5 5
3-7 10 35 50 5 s 45 5 5 40 10 5
3-5 10 30 55 5 s 50 5 5 45 10 5
3-3 10 30 55 5 s 50 5 5 45 10 5
S-10 10 35 55 s s 45 5 5 45 5 5
S-8 10 35 50 5 s 45 5 5 45 5 5
S-6 10 35 50 5 s 45 5 5 40 10 5
S-4 10 30 55 5 s 50 5 5 45 10 5
S-2 10 30 55 5 s 50 5 5 45 10 5

T1

N-1a
Yellowish
clays

10 15 60 5 10 55 10 10 55 10 10
4-1a 10 15 60 5 10 55 10 10 55 15 5
S-1a 10 20 60 5 5 55 5 5 55 10 5

N-1 20 10 60 5 5 55 10 5 55 10 5
4-1 Clayey 15 15 60 5 5 50 10 10 50 15 5
3-1 arkoses 15 15 60 5 5 50 10 10 50 15 5
S-1 15 15 60 5 5 50 10 5 50 15 5
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Mineral chemistry

Micaceous and illitic compositions were obtained

from EMPA study of coarse mica. Both dioctahe-

dral and trioctahedral varieties are present.

Trioctahedral micas correspond to biotite but they

display large compositional variability (Table 2).

The predominant interlayer cation is K and they

display different layer charges as a result of

FIG. 3. SEM images of: (a) rose-shaped smectites; (b) small flakes of smectites covering detrital mineral surfaces;

(c) general aspect of the micaceous sands samples. The arrow indicates the presence of sheets of open micas;

(d) smectites growing on micas edges and fractures; (e) partial dissolution of feldspars and growth of smectites

over them; and (f) general aspect of the arkosic samples, showing the development of smectite coatings on

detrital grains.
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different alteration degrees. In places small layer

charges (1.94�1.25), typical of vermiculite, have
been observed. All possible intermediate stages

between mica and vermiculite layer charge can be

observed. Biotite crystals display a continuous

variation of Fe, Al and Mg content. Also,

dioctahedral micas were found. They display

considerable tetrahedral Al variation. The dioctahe-

dral micas are muscovites, and also display

important compositional variation. The tetrahedral

Al varies from muscovite to near fengitic micas

with low tetrahedral charge (layer charge from 1.86

to 0.85) (see Table 2).

The average structural formulae of smectites

obtained by AEM correspond to dioctahedral

smectites (Table 3). Both beidellitic and mont-

morollonitic end-members are present. Analysis

number 1 corresponds to montmorillonite because

of the dominant octahedral charge, whereas average

formulae 2 to 4 correspond to beidellites with

TABLE 2. Mean structural formulae of the Somosaguas micas, obtained by EMP analyses of isolated particles.

—————— Biotite —————— ————— Muscovite —————
Mean Mean
n = 88 St. Dv. Max Min n = 15 St. Dv. Max Min

Si 5.95 0.25 6.81 5.50 6.44 0.36 7.15 6.14
IVAl 2.05 0.25 2.50 1.19 1.56 0.36 1.86 0.85
VIAl 1.12 0.25 1.68 0.60 3.45 0.23 3.70 3.01
Mg 1.50 0.28 2.06 0.66 0.24 0.15 0.60 0.11
Ti 0.35 0.08 0.48 0.01 0.05 0.05 0.11 0.02
Mn 0.03 0.01 0.08 0.00 0.03 0.02 0.06 0.00
Fe2+ 2.27 0.28 2.86 1.66 0.31 0.10 0.50 0.16
SVIR 5.27 0.11 5.45 4.94 4.08 0.04 4.15 3.95
K 1.60 0.20 1.90 0.94 1.75 0.11 1.86 1.51
Ca 0.04 0.03 0.18 0.00 0.01 0.01 0.04 0.00
Na 0.02 1.01 0.08 0.00 0.11 0.07 0.19 0.00
C.L. 1.69 0.15 1.94 1.25 1.85 0.14 2.01 1.64

Number of cations on the basis of O20 (OH)2. S
VIR: Number of octahedral positions occupied for a unit cell.

C.L.: layer charge. St. Dv.: Standard deviation. Min: Minimum values. Max: Maximum values. n = number of
samples.

TABLE 3. Mean structural formulae from the Somosaguas smectites samples, obtained by AEM.

Montmorillonite Beidellite ———— Fe-rich beidellite ————
Mean Mean Mean Mean
n = 7 St. Dv. n = 18 St. Dv. n = 10 St. Dv. n =10 St. Dv.

Si 7.82 0.07 6.90 0.35 7.13 0.36 6.46 0.44
IVAl 0.18 0.07 1.10 0.35 0.87 0.36 1.54 0.44
VIA 3.02 0.12 3.54 0.40 2.91 0.24 1.57 0.58
Mg 0.92 0.06 0.36 0.24 0.59 0.16 1.26 0.50
Ti 0.00 0.00 0.01 0.01 0.02 0.02 0.12 0.13
Fe3+ 0.20 0.12 0.39 0.14 0.75 0.11 1.64 0.30
SVIR 4.14 0.04 4.29 0.10 4.28 0.15 4.59 0.21
K 0.03 0.01 0.27 0.31 0.17 0.14 0.74 0.36
Ca 0.33 0.02 0.13 0.07 0.24 0.11 0.10 0.06
Na 0.00 0.01 0.05 0.08 0.04 0.05 0.10 0.21
C.L. 0.68 0.05 0.55 0.25 0.63 0.19 0.91 0.24

Number of cations on the basis of O20 (OH)2. S
VIR: Number of octahedral positions occupied for a unit cell.

C.L.: layer charge for a unit cell. St. Dv.: Standard deviation. n = number of samples.
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dominant tetrahedral charge. Beidellites show great

compositional variability (see standard deviation,

Table 3), as a function of the Mg and Fe3+ content

and the type of the predominant interlayer cation (K

or Ca). Because of the large compositional

variability, three groups of beidellite were differ-

entiated on the basis of octahedral Fe contents.

Compositional limits were established as follows

(Brigatti & Poppi, 1981): (1) beidellites with

<0.6 Fe3+ atoms per unit cell (average number 2,

Table 3); (2) beidellites with 0.6 < Fe3+ < 1 atoms

per unit cell (average number 3, Table 3); and

(3) beidellites with Fe3+ > 1 atoms per unit cell

(average number 4, Table 3). Type 1 can be

considered beidellites, and those of types 2 and 3

can be considered Fe-rich beidellites. The Mg

contents and layer charge vary according to Fe

content and opposite to Al content. Furthermore,

some beidellites display a decrease in Fe and K and

a slight enrichment in Ca toward the edges of the

crystals. Ti is only found in beidellites.

D I SCUSS ION

The detrital materials studied have similar composi-

tion to the source materials, which were probably

derived from the Spanish Central System

(Guadarrama Range), as shown by the similar

mineralogical composition of the micas (both

dioctahedral and trioctahedral) of the Somosaguas

detrital deposits and the Guadarrama granitic rocks

(Aparicio et al., 1980; Huertas-Coronel, 1990;

Villaseca & Barbero, 1994). The detrital materials

show a close genetic relationship with the granitic

and high-grade metamorphic rocks from

Guadarrama Range, although occasional contribu-

tion of low-grade metamorphic rocks was found

too. The inherited detrital micas have undergone

important degradation processes. Also, slightly

altered rock fragments of gneiss, quartzite, shale

and phyllites, as well as small amounts of chlorites

have been found, confirming the aforementioned

source area materials.

The interpretation of XRD patterns, SEM, TEM,

EMPA and optical microscopy data from the

Somosaguas deposits reveals mineral mixtures of

detrital (inherited), transformed and neoformed

origin. In the area studied, clay minerals resulted

from interactions between Guadarrama rocks

(source area) and meteoric water. The most

abundant minerals are phyllosilicates, followed by

feldspars (Table 1). According to Pettijhon et al.

FIG. 4. TEM images showing typical smectite micromorphologies of the studied sediments. (a) Montmorillonite

particles show thin curved layers with warped edges. (b) Beidellites show platy morphologies very similar to that

of the micas. (c) Rounded beidellite particle.
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(1975), arkoses are typical products of granite

alteration in semiarid regions, with sporadic

torrential-type sediment transport. Rutile, tourma-

line and apatite reflect the source area composition,

since they are accessory minerals in the

Guadarrama Range rocks.

The clastic minerals are quartz, feldspars, micas,

kaolinite and chlorite. Some of these minerals have

been altered, as a result of weathering and

hydrolysis, either in the source area or during the

transport, and in the sedimentary basin as well. In

our samples the potassic feldspars (orthoclase and

microcline) and plagioclases show signs of dissolu-

tion processes (Fig. 3e and f). These processes

removal alkalis and alkaline earth elements for

formation of kaolinite. According to Wilson (2004),

plagioclases usually show a greater degradation

degree than the potassic feldspars, due to their low

stability in external conditions. In the studies

carried out by Nixon (1979) feldspars underwent

differential dissolution in energetically favourable

zones, such as twin planes, crystallographic defects,

fractures, etc. The alteration mechanism and the

sequence of feldspars transformation into clays are

controlled by dissolution-reprecipitation processes

(Tsuzuki & Kawabe, 1983; Drief et al., 2001). The

necessary conditions for transformation of feldspars

into kaolinite occurred presumably in the source

area (Spanish Central System), since kaolinite was

transported to the basin.

Detailed study of micas by EMPA and TEM

reveals that in most cases micas have been

degraded resulting in illitic or even vermiculitic

charges (Table 2), in accordance with Wilson

(2004). This process may be followed by entrance

of calcium in the interlayer space, finally yielding

dioctahedral smectites (Table 3), and rarely kaolin-

ite. In Fig. 5, interlayer potassium from all samples

is projected against total iron content, and

consequently two chemical trends can be distin-

guished. The first shows a transition from

muscovites and dioctahedral illites to beidellites.

The other trend is defined by the biotite degradation

to beidellites with different layer charge and

different octahedral Fe content. Figure 6 displays

the relationship between octahedral occupancy and

interlayer charge. Both dioctahedral and trioctahe-

dral domains can be observed, as well as a

continuous variation of the interlayer charge of

the clay minerals. In the first alteration stage,

interlayer potassium is partially lost, yielding illitic

charge to the micas (Figs 5 and 6); ferrous Fe

oxidizes to ferric Fe and an unbalanced charge is

produced, similar to the experiments of Wilson

(1975). The interlayer K of illitic charge micas is

replaced by hydrated interlayer cations and a small

rearrangement of the 2:1 structure is produced

through dissolution-precipitation mechanism

(Banfield & Eggleton, 1988; Drits et al., 1996;

Drief & Nieto, 2000). Thus, the separation between

the mica-type sheets increases and produces the

break-up of their weak joints (Ahn & Peacor,

1986), which results in crystalline units getting

progressively smaller as the exfoliation process

advances. In the intermediate alteration stage, I-S

mixed-layers are formed (Klimentidis, 1986; Veblen

et al., 1990; Velde, 2001). This alteration sequence

is of great interest because it reflects all the stages

FIG. 5. Interlayer K vs. total Fe plot from clay minerals of the Somosaguas sediments.
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of the degradation of these micas, and thus genetic

processes. Moreover it supports the palaeoambiental

data obtained up to now by palaeontological

studies.

The most abundant neoformed phyllosilicates in

the area studied are dioctahedral smectites, which

indicate an Al-rich source. The observed smectites

belong to two different groups, montmorillonites

mainly with octahedral charge and beidellites

mainly with tetrahedral charge (Table 3).

Montmorillonites have abundant octahedral Al

and limited tetrahedral charge. Calcium is the major

exchangeable cation, but limited interlayer K is also

present (Table 3). Thin transparent flakes with

warped edges are evident (Fig. 4a). The ‘house of

cards’ and ‘flake’ habits of montmorillonites

(Fig. 3b), along with the festooned edge morphol-

ogies distinguished by SEM (Fig. 3a), and the

coating of detrital grains (Fig. 3e,f) may indicate

that montmorillonites were formed in situ.

Therefore, they would be interpreted as neoformed

minerals, originating from hydrolysis and alteration

of primary feldspar and muscovite in the ponds

formed in distal zones of the alluvial fans.

Beidellite displays extensive compositional varia-

tion (Table 3), from Fe-Ti-rich to Fe-Ti-poor

composition (Fig. 5). The most Fe-rich crystals,

with Ti in octahedral positions, have different

crystal forms (Figs 4b,c) and are genetically

related to the trioctahedral micas of the source

area. The less ferric phases may correspond to more

advanced alteration stages of the same minerals or

proceed from alteration of dioctahedral micas. Most

of the Fe-rich beidellites have been described as

products of alteration of micas: firstly micas with

vermiculitic charge are formed, followed by Fe-rich

beidellites preserving the tetrahedral charge

(Badraoui et al., 1987; Badraoui & Bloom, 1990).

Under TEM, the Fe-richest phases are generally

rounded or with eroded edges (Fig. 4c). In many

cases they have mica-type morphologies (Fig. 4b),

which indicates transformation of one into the

other. The Fe-poor crystals are semi-transparent and

have more idiomorphic habits. Many of these

particles show a compositional zonation, with an

Fe-rich core and Fe-poor margins. This indicates an

alteration sequence from less altered members

richer in Fe, to more evolved Fe-poor ones. This

process involves a certain charge loss, leading to

the final formation of beidellites of lower interlayer

charge (Figs 5 and 6).

Titanium is present only in beidellites, since it

was present in the ferromagnesian minerals (mainly

biotite) from which beidellite formed. This fact

supports the idea that Fe-rich beidellites formed by

the biotite degradation, whereas montmorillonites

were formed in situ. The most abundant beidellites

in the coarse size fraction (studied by EMPA) are

those rich in Fe, whereas in the <2 mm fraction

(AEM) they are Fe-poor.

The aforementioned observations describe a

degradation process in which, initially, trioctahedral

mica begins to alter and fracture, starting from the

edges and the weakest zones of the crystal (Fig. 3c;

Banfield & Eggleton, 1988). The K ions are replaced

by hydrated ions (Drief & Nieto, 2000), and Fe2+

FIG. 6. Relationship between the number of octahedral cations and interlayer charge of the Somosaguas clay

minerals.
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transforms into Fe3+ (Gilkes et al., 1972), yielding

micas of lower layer charge (Figs 5 and 6). While

this process goes on, the total charge decreases

(Fig. 6; Wilson, 1975), until Fe-rich beidellites are

formed and small variations in the micaceous

structure and the tetrahedral charge are produced

(Gilkes et al., 1972). Subsequently, these particles

break up into smaller crystals with greater specific

surface area, so they alter more quickly and finally

become Fe-impoverished beidellites. These

processes, observed by electron microscopy,

(Gilkes et al., 1972; Banfield & Eggleton, 1988;

Drief & Nieto, 2000, among others) can be

recognized in the SEM and TEM images obtained

from the Somosaguas minerals and their respective

chemical compositions. In the coarser fractions,

inherited minerals predominate, whereas the concen-

tration of transformed and neoformed minerals

increases when the particle size diminishes.

The substantial compositional variations of beidel-

lites, mainly Fe, but also Mg and Al (Table 3 and

Figs 5 and 6) would indicate that some beidellites

proceed from trioctahedral micas (biotite) and others

from dioctahedral ones (muscovite) (Drief & Nieto,

2000), or may correspond to different mica alteration

stages. The Fe-richest members are most abundant,

and originate from biotite alteration. In Velde’s

diagram (Velde, 1985; Fig. 7), two alteration

sequences are distinguished in the Somosaguas

samples. On the one hand, a trend is observed

between muscovites, dioctahedral illites and some of

the beidellites. On the other hand, another trend is

defined by the degradation of the biotite to Fe-rich

beidellites, and finally to beidellites. The mixed-layer

I-S is the intermediate step in the transformation

process between micas and smectites (Velde, 2001).

According to Paquet (1969), smectites are

preferably formed in poorly drained soils with high

pH or in zones with sufficient Mg supply, since this

element favours the crystallization of smectites

(Tomita; 1970; Harder, 1972; Wilson, 1999; Fiore

et al., 2001). Basic cations and Si concentrate in

poorly drained conditions, and yield montmorillonite

neoformation irrespective of the climate (either

tropical humid or dry) (Paquet, 1969; Tardy, 1969;

Bocquier, 1971). Under sufficient drainage condi-

tions, micas are altered to vermiculites and not to

smectites, while in poorly drained conditions,

beidellites form from biotites and mixed-layer I-S

from muscovites (Aoudjit et al., 1995). The pH can

also change, since in well drained zones (geo-

morphological highs) the pH is more acid (close to

5), while in poorly drained zones (geomorphological

lows) the pH is neutral or slightly basic (close to 7),

which favours montmorillonite formation. Thus, in

well drained areas hydrolysis dominates and

aluminium hydroxides precipitate, while K is

washed out (Righi & Meunier, 1991). On the other

hand, in poorly drained zones, montmorillonite

neoformation results in the presence of Ca and Mg,

while feldspars are dissolved and kaolinite forms

(Aoudjit et al., 1995). Hence the formation of the

smectites present in the Somosaguas sediments is

indicative of relative poor drainage conditions.

CONCLUS IONS

The Al-rich clay minerals present in the

Somosaguas Miocene sediments have formed from

alteration of igneous and metamorphic rocks in the

source area. No compositional correlation exists

between them and the important deposits of

magnesian clays in the central part of Madrid

basin. Two mineralogical trends can be distin-

guished. One shows a clear evolution from

muscovites to dioctahedral illites and beidellites.

The other is defined by biotite, which was degraded

to Fe-rich beidellites and finally to beidellites. Both

trends are associated with an Fe and K loss, and

simultaneously with layer-charge reduction. Mixed-

layer I-S has been identified as the intermediate

step in the transformation process between micas

and smectites. This alteration sequence is of great

interest because it reflects all the stages of

degradation of micas and allows us to deduce

genetic processes as well as to support the

palaeoambiental data obtained so far by palaeonto-

logical studies.

FIG. 7. Representation of AEM and EMPA data after

Velde (1985). MR3 = Na+K+2Ca; 2R3 = (Al+Fe3+)/2;

3R2 = (Mg+Fe2+)/3.
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inorgánicos (Esquivias, Cuenca de Madrid). Boletı́n

Geológico y Minero, 99, 615�627.
Bustillo M.A. & Capitán J. (1990) Secuencias ópalo-

arcillosas en zona de borde de lago (Vicálvaro,

Cuenca del Tajo). Boletı́n Geológico y Minero, 101,

932�944.
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sedimentologı́a del Neógeno del sector centro

occidental de la Cuenca del Tajo. Tesis Doctoral.

Facultad de Ciencias Geológicas. Universidad

Complutense de Madrid, Spain, 309 pp.

Domı́nguez Dı́az M.C., Doval M., Garcı́a Romero E. &

Brell J.M. (1996) Análisis de los procesos de

formación de minerales de la unidad de arcosas de

la cuenca del Tajo. Geogaceta, 20, 1488�1491.
Drief A. & Nieto F. (2000) Chemical composition of

smectites formed in clastic sediments. Implications

Clay minerals of Somosaguas 199

http://www.ingentaconnect.com/content/external-references?article=0009-8604()34L.165[aid=210238]
http://www.ingentaconnect.com/content/external-references?article=0009-8604()34L.165[aid=210238]
http://www.ingentaconnect.com/content/external-references?article=0009-8558()30L.135[aid=210243]
http://www.ingentaconnect.com/content/external-references?article=0009-8558()30L.135[aid=210243]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()36L.307[aid=7881944]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()36L.307[aid=7881944]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()36L.307[aid=7881944]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()36L.307[aid=7881944]
http://www.ingentaconnect.com/content/external-references?article=0361-5995()54L.267[aid=6151959]
http://www.ingentaconnect.com/content/external-references?article=0361-5995()54L.267[aid=6151959]
http://www.ingentaconnect.com/content/external-references?article=0361-5995()51L.813[aid=1509968]
http://www.ingentaconnect.com/content/external-references?article=0361-5995()51L.813[aid=1509968]
http://www.ingentaconnect.com/content/external-references?article=0009-8604()36L.47[aid=210241]
http://www.ingentaconnect.com/content/external-references?article=0009-8558()16L.81[aid=5837302]
http://www.ingentaconnect.com/content/external-references?article=0009-8558()16L.81[aid=5837302]
http://www.ingentaconnect.com/content/external-references?article=0009-8558()16L.81[aid=5837302]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()32L.451[aid=7881943]
http://www.ingentaconnect.com/content/external-references?article=0367-0449()32L.451[aid=7881943]


for smectite-illite transformation. Clay Minerals, 35,

665�678.
Drief A., Nieto F. & Sanchez-Navas S. (2001)

Experimental clay-mineral formation from a sub-

volcanic rock by interaction with 1 M NaOH

solution at room temperature. Clays and Clay

Minerals, 49, 92�106.
Drits V.A., Salyn A.L. & Šuchá V. (1996) Structural
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(2002) Áridos, piedra natural y minerales indus-

triales. XI International Mining and Metallurgy

Congress, Zaragoza (Spain).

Riba O. (1959) Ensayo sobre la distribución de litofacies

del Terciario continental de la Cuenca del Tajo al W

de la Sierra de Altomira. Cursillos y Conferencias.

Instituto Lucas Mallada, 4, 171.

Righi D. & Meunier A. (1991) Characterization and

genetic interpretation of clays in acid brown soil

(Dystrochrept) developed in a granitic saprolite.

Clays and Clay Minerals, 39, 519�530.
Rodrı́guez Aranda J.P., Calvo J.P. & Ordoñez S. (1991)
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