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Abstract—Diagenesis of the Holocene-Pleistocene volcanogenic sediments of the Mexican Basin
produced, in strata of gravel and sand, 1H2O- and 2H2O-smectite, kaolinite, R3-2H2O-smectite
(0.75)-kaolinite, R1-2H2O-smectite (0.75)-kaolinite, R3-kaolinite (0.75)-2H2O-smectite and R1-1H2O-
smectite (0.75)-kaolinite. Smectite platelets were formed from volcanic glass by loss of Si4+. Partially-
formed platelets have Si4+ between 4.55 �4.10 a.p.f.u., Mg+Mn and the interlayer charge are relatively
uniform while VIAl+Fe3++Ti varies between 0.98 and 1.63 a.p.f.u. Almost fully transformed platelets have
Si4+ of 4.08 �4.04 a.p.f.u.; Mg+Mn and the interlayer charge decrease proportionally to increasing
VIAl+Fe3++Ti. Smectite-kaolinite mixed layers have octahedral occupancies of 2.01 �2.15 a.p.f.u., IVAl3+

0.09 �0.55 a.p.f.u. and interlayer charges about half that of smectite; structural formulae corresponding to
smectite (0.75 �0.80)-kaolinite indicate octahedral occupancy of 2.50 a.p.f.u., tetrahedral replacement
0 �0.31 a.p.f.u., and interlayer charge 0.24 �0.51 equivalents, some indicating interstratifications of
beidellite. Kaolinite is presumed to have formed from K-feldspar; smectite-kaolinite interstratifications
sustain the transformation of kaolinite to smectite in an increasingly siliceous high-cation environment. In
the mudstones of low-hydraulic conductivity and practically stagnant alkaline fluids, glass was
transformed to 2H2O-smectite lamellae of IVAl between 0 and 0.47 a.p.f.u., octahedral occupancy
1.70 �2.00 a.p.f.u. and interlayer charge of 0.23 �1.21 equivalents, some corresponding to beidellite. The
interlayer charge increases with IVAl and decreasing occupancy of the octahedral sheet; the abundance of
Mg+Mn is inverse to that of VIAl+Fe3++Ti.

Clay suspensions containing 1H2O- and 2H2O-smectite, kaolinite and R3-2H2O-smectite (0.75)-
kaolinite lead to low-energy edge-to-edge particle associations, non-Newtonian pseudoplastic behavior,
and maximum apparent viscosity of 180 Pa s at 0.008 s�1 followed by rapid descent. Clay fractions with
slightly larger 2H2O-smectite contents and smaller kaolinite contents reach maximum viscosity of
3611 Pa s at a shear rate of 0.0018 s�1 and of 3300 Pa s at 0.0024 s�1. They denote two high-energy face-
to-face particle associations, followed by slow descent of the apparent viscosity under viscous flow.
Suspensions change from elastic to viscous behavior at shear stresses of 1.03 and 5.91 Pa, respectively.
Clay suspension vibrated at a frequency of 1 Hz develops a shear storage dynamic modulus greater than the
shear dynamic loss modulus or the energy is preferentially stored, whereas at 5 Hz more energy is
dissipated than stored.
Key Words—Clay Mineralogy, Diagenesis, Recent Volcanogenics , Mexican Basin, Rheology.

INTRODUCTION

Young volcanogenic sediments form mudrocks char-
acterized by physical and chemical instability. Their
patterns of failure when under load frequently point to
non-uniform behavior that could be related to their
mineralogy and diagenesis. In older sediments, which
would normally be stable, diagenesis forms trioctahedral
smectite, Mg-rich chlorite, interstratified chlorite-smec-
tite and corrensite (Kübler, 1973; Kopp and Fallis, 1974;
Furbish, 1975; Almon et al., 1976; April, 1981; Pevear
and Whitney, 1982; Chang et al., 1986; Bodine and
Madsen, 1987; Inoue and Utada, 1991; Hillier 1993;
Jiang and Peacor, 1994; Barrenechea et al., 2000).
Between the low-temperature smectite and the high-
temperature chlorite there is a sequence of interstratified
chlorite-smectite and corrensite (Hutcheon et al., 1980;

Meunier et al., 1988; Hillier, 1993; Jiang and Peacor,
1994; Jiang et al., 1994). The transformation of smectite
to corrensite to chlorite has been described as contin-
uous, characterized by random and regular interstratifi-
cations (April, 1981; Bettison-Varga and Mackinnon,
1997), and as a series of discontinuous steps (Shau et al.,
1990; Hillier and Velde, 1991; Hillier, 1993; Schiffman
and Staudigel, 1995; Roberson, 1989).

Diagenesis in young sediments has not been so
completely documented, although the transformation of
volcanogenic sediments to smectite is known. Various
7 AÊ -layer minerals may occur with smectite, some of
which have been loosely referred to as 7 AÊ chlorite,
serpentine-like 7 AÊ layers, 7 AÊ layer or 7 AÊ clay (Jiang
et al., 1994; Karpova, 1969). Karpova (1969) described
an Fe-7 AÊ chlorite Ib(b = 90º) that transforms to Fe-14 AÊ

chlorite Ib(b = 90º) to Mg-Fe 14 AÊ chlorite IIb by burial
diagenesis, in terrigenous Carboniferous rocks. This Fe
7 AÊ chlorite could possibly be a high-Fe 14 AÊ chlorite or
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any of the 7 AÊ high-Fe minerals chamosite, berthierine
or even odinite (Brindley, 1982; Bailey, 1988a,b; Bailey
and Brown, 1982; Odin, 1985; Odin et al., 1988). It
could be presumed that, as in the case of trioctahedral
smectite, diagenesis to 7 AÊ layer minerals or to
dioctahedral smectite could be associated with inter-
stratified minerals of 7 AÊ layer-smectite, chlorite-
smectite or even with chlorite, distinct from those
developed under more intense stages of diagenesis. A
logical conclusion would be to expect dissimilar
mechanisms of diagenesis and mineral assemblages
within the pores and channels of the coarse ash and
sand, and in the less permeable fine ash and mudstones.
From the point of view of physical and chemical
stability, it would not be expected that the minor
occurrence of 7 AÊ layer minerals would modify sig-
nificantly the behavior of the sediments, which would
still depend on their principal clay component, smectite.
Based on the anomalous behavior of young sediments, it
may be postulated that variations in the precursor
minerals or in their diagenesis would result in distinct
clay minerals, unevenly distributed through a sedimen-
tary sequence with non-uniform physical behavior.
Management of the stability of the sediments would
require knowledge of their variation.

This paper will document the occurrence and
distribution of clay minerals, and diagenesis in the
volcanogenic sediments of the Recent-Pleistocene
depositional sequence of the Mexican Basin, Central
Mexico, and the significance of their physical behavior,
characterized by their shear rheology.

GEOGRAPHIC AND GEOLOGIC SETTING

The Mexican Basin extends between 19º00` and
20º15`` N latitude and 98º15` and 99º33` W longitude,
covering an area of 7160 km2 in central Mexico
(Figure 1). The Basin was formed in the Middle
Tertiary when active volcanism developed thick
sequences of basaltic andesite, andesite, dacite and latite
(dacitic and rhyolitic lavas of Cerro del Chiquihuite,
andesite flows of Sierras Nevada and Las Cruces,
andesitic series of Ixtlacihualt and Ajusco). Volcanic
activity decreased towards the end of the Miocene.
Tectonism associated with the Clarion fault disrupted the
crust along NNW �SSE fractures (Mooser, 1956a,b). In
the Pliocene, high rainfall created the abrupt relief of the
Middle and Upper Tertiary volcanic complexes and
resulted in extensive fluvial deposits intercalated with
strata of siltstone, lava flows and tuffs (Tarango
Formation). During the Pleistocene the climate was
humid and cold (Mooser, 1956a,b; Lopez-Ramos, 1979),
glaciers developed in the Ixtlacihualt and Popocatepetl
and large portions of the Tarango Formation were
destroyed. The area was covered with thick layers of
basalt and pumices (Chiconautla, Chimalhuacan and
Estrella) until intense lava effusions, 2000 m thick, from

the Chichinautzin closed the drainage at the south end of
the Basin. This was followed by extensive deposition of
air- and water-transported ashes that settled in the low
areas (Tacubaya Formation). The formation is character-
ized by intercalated strata of pyroclastic sands, thin
layers of sands with calcite and ashes that in the
lacustrine environment were transformed to the high-
swelling clays common to the Basin. Overlying the
Tacubaya Formation are the lacustrine sediments of the
Becerra Formation. The final eruptions were those of the
Xitli ~2400 years ago and of the Popocatepetl in 1920
(Mooser, 1956a,b; Gasca and Reyes, 1977; Lopez-
Ramos, 1979; Sistema Hidraulico del Distrito Federal,
1994).

A simplified stratigraphic column of the Mexican
Basin, which will be referred as the Basin, shows a
randomly distributed layered sequence of silt, mud, sand
and gravel. The thickness of the mud in the Becerra

Figure 1. Geological map of the Mexican Basin. QL, Quaternary
lacustrine deposits; Qal, Quaternary alluvial deposits; Qcb,
Quaternary lavas and tuffs of the Chichinautzin Group, basaltic;
Qb, Quaternary recent lavas; QP, Quaternary Pliocene basaltic
lavas and tuffs older than the Chichinautzin Group; Tpf, Tertiary
volcanic fans of the Tarango Formation; Tpel, Tertiary
tuffaceous and pumice-rich soils (from Mooser, 1956; Sistema
Hidraulico del Distrito Federal, 1994).
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Formation varies. It is ~100 m in the southeast areas of
Xochimilco and Chalco and northeast of Texcoco,
whereas to the northwest, in Atcapotzalco, it ranges
from 60 to 100 m, and in the remaining areas is 40 to
60 m thick. The sediments to be described are from
locations north (Charcos) and south (Tezonco) of the
Basin, in the Becerra and Tacubaya Formations
(Figure 1).

The mud retains large amounts of water, forms gels
that liquefy easily, is mechanically unstable, highly
compressible and swells substantially (Marsal and
Mazari, 1962). Other studies have described the hydro-
geology (Durazo and Farvolden, 1989), stratigraphy and
paleoenvironment of the southeastern part of the Basin
(Urrutia et al., 1994) and the distribution of heavy
metals (Ruiz-Fernandez, 1999). The clay has been
described as bentonitic but its mineralogy, swelling,
instability and other properties have not been adequately
resolved. It is the purpose of this paper to establish the
clay mineral content and diagenesis and their possible
influence on the physical and chemical stability of the
sediments, particularly on their mechanical and adsorp-
tive behavior.

SAMPLING AND METHODOLOGY

Samples were obtained from more than 20 drillholes
extended over the Basin down to depths of 324 m. Two
holes (Figure 1), located in the north (Charcos) and south
(Tezonco) areas of the Basin and represented by 155
samples each, and 17 were chosen to illustrate the
mineralogical details. They are black to brown mudstones
with >85 wt.% clay and gravels and sands with volcano-
clastic gravel-size fragments, lapilli, sand and ash and
~3 �20 wt.% clay. The average properties of the mud-
stones were reported to be: water content 400 wt.%, liquid
limit 1 �70, plastic limit 30 �80, cation exchange capacity
70 meq/100 g, deformation modulus 10.60 k/cm2 when
containing 50 �600 wt.% water, and compressive modulus
2 �8 k/cm2 (Marsal and Mazari, 1962).

The samples were prepared by ultrasonic dispersion
in deionized water, screening and sedimentation of the
fine silt and sand. The concentration of clay minerals
ranged between 3 and 85 wt.% of the bulk material,
which, in cases, restricted the availability of clay for
oriented slide preparation. Additionally, the strong
gelling of the clay made it practically impossible to
separate completely the very fine ash even after dilution,
prolonged settling, centrifugation and dispersion with
sodium hexametaphosphate. The <0.5 mm fraction, used
for the rheology studies, was separated by gravity
settling and successive centrifugation of the non-clay
components, without adding any chemicals. The
<0.5 mm fraction, used for the clay mineral analyses,
was prepared by dilution to a solid to water ratio of 1/20
and prolonged settling for 150 h followed by centrifuga-
tion to concentrate the suspension.

Samples for X-ray diffraction (XRD) studies were
prepared by dropping a few drops at a time of the thin
supernatant suspensions on glass slides until a translu-
cent layer was formed; the samples were kept moist at
all times, air dried to a wet condition. X-ray data were
collected in a Siemens D5000 diffractometer, using
CuKa radiation, scanning at 0.5º2y/min from 2 to 40º2y
and 60 to 65º2y; the relative humidity was not controlled
during the data collection but runs were duplicated on
freshly prepared wet samples. The resulting diffraction
patterns in some cases contained very minor peaks of
fine ash components, volcanic glass, fine-grained
plagioclase, K-feldspar and cristobalite. The correspond-
ing diffraction pattern of the fine ash separated from the
<2 mm material was subtracted from those of the
samples, by using the diffraction software, to improve
the data for the clay minerals. The subtraction was
limited to reduce the background and the broad 6 �14º2y
diffraction peak of glass without essentially affecting the
intensity of the 00l clay peaks. Experimental patterns of
the interstratified minerals were compared with those
calculated using NEWMOD (Reynolds and Reynolds,
1996). Simulated patterns were mixed in various
proportions to create composites similar to the experi-
mental patterns. However, strong differences between
the intensities of the 00l reflections of smectite, kaolinite
and smectite-kaolinite interstratifications did not allow
precise estimation of their abundance and limited the use
of the simulated patterns to the assessment of interplanar
distances, peak shapes and approximate mineral content.
These, plus the relative intensities of the characteristic
00l peaks, allowed us to estimate abundances by
differentiating between the most and least abundant
clay components.

Smectite and vermiculite were differentiated by
saturation with Mg and glycerol. Kaolinite was identi-
fied by its 001, 002 and 003 reflections that were not
shifted by glycol, and by the absence of the 14 AÊ

chlorite peak. Smectite was recognized as 1H2O- and
2H2O-smectite; glycolation was used to differentiate
smectite, chlorite, kaolinite and the interstratified
minerals. Broad diffraction bands extending from
6 �14º2y and 20 �30º2y characterized volcanic glass.
The occurrence of cristobalite was confirmed when its
101 peak at 4.04 AÊ , which coincides with the 201 peak
of plagioclase, was more intense than the 040 peak at
3.20 �3.21 AÊ of plagioclase and K-feldspar.

Morphology and chemical composition were studied
by scanning electron microscopy (SEM) coupled with
energy dispersive X-ray fluorescence spectrometry
(EDXRF) on fractured surfaces and on <2 mm and
<0.5 mm fractions freeze dried and sputtered with
graphite. The EDXRF was calibrated with orthoclase,
phlogopite, albite and kaolinite reference samples; no
additional provisions were taken to separate possible
contaminants. Structural formulae were calculated
respectively for the O10(OH)2 half-cell of montmorillon-
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ite, the (OH)6 cell of hydroxyl complexes (Güven, 1988;
Moore and Reynolds, 1997; Bailey, 1988a,b), and the
hypothetical Si4Al2.5O10(OH)3.5 for smectite (0.75)-
kaolinite mixed layers. Iron in smectite was calculated
as Fe3+, based on the dioctahedral character of smectite
as shown by chemical composition and the position of
the 060 reflection.

The rheology studies were performed on the <0.5 mm
fraction suspended in demineralized water, free of
chemical additives, at uniform solid/water ratios to
assure minimal effects of water entrapment among the
clay particles, and repeatedly centrifuged to eliminate
the non-clay components. Of the two suspensions
selected, one, from 26 m depth (Charcos), having
smectite, kaolinite, and interstratified kaolinite-smectite,
was dispersed as 15.45 wt.% solids in water; the second
suspension, from 60 m depth, containing more smectite
and less kaolinite, was dispersed at 14.02 wt.% solids in
water. Measurements were performed in a Bohlin
Controlled Stress Rheometer (Bohlin Instruments Ltd.,
England) using a stationary cup and rotating cylinder
assembly, at a constant temperature of 25ºC, vibrating
frequencies of 1 to 10 Hz. The measurements included
yield stress tests to evaluate flow behavior and
oscillatory tests to assess the shear dynamic response
by varying the stress linearly with time while vibrated at
distinct frequencies.

RESULTS

Upper strata of gravel and sand characterize the
sedimentary sequence in the northern area of the Basin
(Charcos), where clay is the minor component, inti-
mately associated with fine ash. This ash contains
volcanic glass, plagioclase, K-feldspar, cristobalite,
quartz and minor clay (Figure 2). Its diffraction pattern

(Figure 2) was subtracted from those of the samples
when needed to improve the resolution on the clay
minerals.

The clay minerals occurring in the Basin (Table 1)
are 1H2O- and 2H2O-smectite, kaolinite, interstratified
R1-1H2O-smectite (0.75)-kaolinite, R1-2H2O-smectite
(0.75)-kaolinite, R3-2H2O-smectite (0.75)-kaolinite,
R3-kaolinite (0.75)-2H2O-smectite and R3-kaolinite
(0.80)-2H2O-smectite. The smectite-kaolinite mixed
layers were recognized from patterns simulated with
NEWMOD (Reynolds and Reynolds, 1996); their
characteristic spacings are indicated in Table 2. The
relative abundance of the minerals (Table 1) was
estimated from the intensity of the 00l peaks in
experimental patterns and in simulated patterns of clay
composites. Among the mixed-layer minerals, R1-2H2O-
smectite (0.75)-kaolinite shows distinctive peaks at
24.51 and 10.96 AÊ ; additional reflections at 7.29 and
3.67 AÊ may overlap those of R3-kaolinite (0.75)-2H2O-
smectite. Reichweite R3 interstratifications are well
defined by peaks >27.12 AÊ . When there is 25% kaolin-

Figure 2. XRD pattern of the <2 mm fraction (Charcos) of fine
ash, showing glass (G), plagioclase (P), K-feldspar (KF), quartz
(Q), cristobalite (C) and clay minerals (Cl).

Table 1. Clay minerals of the Mexican Basin.

Depth (m) 1H-Sm1 2H-Sm K R1-K(0.25)- R3-K(0.25)- R3-K(0.75)- R1-K(0.25)-
2H-Sm 2H-Sm 2H-Sm 1H-Sm

8 XX XX X X X
10 X XX XX X
16 XXX X X X
18 XX XX X X
26 XXX XX X X
86 XXX X X
90 X XXX X X
148 XXX X
218 X
254 XXX X
262 XXX X
324 XXX XXX

1 1H-Sm, 1H2O-smectite; 2H-Sm, 2H2O-smectite; K, kaolinite; R1-K(0.25)-2H-Sm, R1-2H2O-smectite(0.75)-
kaolinite; R3-K(0.25)-2H-Sm, R3-2H2O-smectite(0.75)-kaolinite; R3-K(0.75)-2H-Sm, R3-kaolinite(0.75)-2H 2O-
smectite; R1-K(0.25)-1H-Sm, R1-1H2O-smectite(0.75)-kaolinite. The relative abundance of minerals is indicated
by XXX when most abundant and X when least abundant, as estimated from the intensities of the 00l peaks in
the experimental and in the simulated diffraction patterns. Analyses by XRD of the <0.5 mm fraction. Analyses of
the <2.0 mm fraction indicated glass, plagioclase, K-feldspar, cristobalite and quartz in most samples.
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ite, the peaks at 17.44, 13.37 and 3.08 AÊ are resolved
from those of smectite; when there is 75 �80%, larger
spacings occur at 18.96 �20.05, 12.25, 9.68 �9.79,
7.48 �7.25, 3.67 and 3.26 �3.28 AÊ . R1-1H2O-smectite
(0.75)-kaolinite has reflections at 11.23 and 3.14 AÊ near
the ~11 AÊ peak of R1-2H2O-smectite (0.75)-kaolinite
and the 3.10 AÊ peak of smectite.

2H2O-smectite, kaolinite, interstratified R1-2H2O-
smectite (0.75)-kaolinite, R3-2H2O-smectite (0.75)-
kaolinite and R3-kaolinite (0.75)/2H2O-smectite occur
at 8 �10 m depth (Table 1, Figure 3A,B) and 26 �90 m
(Figure 4A,B,C). The 2H2O-smectite is more abundant
than kaolinite or the mixed-layer minerals; adsorption of
ethylene glycol permitted differentiation of kaolinite
from smectite and interstratified minerals. At 16 �18 m
(Figure 3C,D), 1H2O-smectite predominates over
kaolinite, R3-2H2O-smectite (0.75)-kaolinite and R1-
1H2O-smectite (0.75)-kaolinite. At 26 and at 86 m
2H2O-smectite is more common than kaolinite and
interstratified R3-2H2O-smectite (0.75)-kaolinite,
which tend to decrease (Figure 4A,B). At 90 m, kaolin-
ite and interstratified kaolinite-smectite are less sig-
nificant (Figure 4C), and at 148 m they are practically
non-existent (Figure 4D). From 148 m and down to
324 m, 2H2O-smectite is essentially the single clay
component (Figure 4E). The minerals are dioctahedral,
d060 1.496�1.50 AÊ , but occasional weak reflections at
1.52 AÊ were recorded.

The mineralogical sequence is reversed in the south-
ern area of the Basin (Tezonco) where 46 m, from 14 to
60 m, of mudstones containing essentially 2H2O-smec-
tite rest upon thick (60 �286 m) strata of ash containing
minor smectite, kaolinite and interstratified smectite-
kaolinite.

The morphology of the <2 mm fraction is character-
ized, at 10 m, by volcanic glass, glass transforming to
pseudohexagonal platelets and high-Si spherical parti-
cles presumably of opal (Figure 5A). At 86 m, diatoms,
glass shards, plagioclase, glass transforming to hexago-

Table 2. Characteristic spacings (AÊ ) of interstratified smectite-kaolinite recognized in the Mexican Basin.

Measured1

R1 1H2O-smectite(0.75)-kaolinite 11.23 3.14
R1 2H2O-smectite(0.75)-kaolinite 24.51 10.96 7.29 3.67
R3 2H2O-smectite(0.75)-kaolinite 27.12 17.44 13.37 10.73 3.08
R3 kaolinite(0.75)-2H 2O-smectite 35.65 18.96 12.25 9.68 7.48 3.67 3.26
R3 kaolinite(0.80)-2H 2O-smectite 41.03 20.05 13.12 9.79 7.25 3.67 3.28

Calculated2

R1 1H2O-smectite(0.75)-kaolinite 11.47 3.16
R1 2H2O-smectite(0.75)-kaolinite 25.73 11.15 7.34 3.63
R3 2H2O-smectite(0.75)-kaolinite 26.27 17.48 13.18 10.49 3.07
R3 kaolinite(0.75)-2H 2O-smectite 35.31 18.39 12.20 9.20 7.32 3.64 3.30
R1 kaolinite(0.75)-Gly-smectite 28.66 7.78 3.47
R3 kaolinite(0.80)-Gly-smectite 19.88 13.12 7.66 3.48

1 Spacings measured experimentally
2 Spacings calculated using NEWMOD (Reynolds and Reynolds, 1996); calculation parameters are kaolinite, 1H2O- and
2H2O-smectite dioctahedral 0.3Fe, CuKa.

Figure 3. XRD patterns of the <0.5 mm fraction (Charcos):
(A) 8 m deep; (B) 10 m; (C) 16 m; (D) 18 m. S: 1H2O- or
2H2O-smectite; K: kaolinite; 1K2S: R1 2H2O-smectite (0.75)-
kaolinite; 3K7S: R3 kaolinite (0.75)-2H2O-smectite.
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nal platelets and hexagonal platelets of smectite are
recognized (Figure 5B,C) and, at 92 m, are smectite
platelets, plagioclase and glass (Figure 5D). At 188 m,
glass partially transformed to smectite is present
(Figure 5E), and, at 254 m, smectite lamellae occur
with glass partially altered to hexagonal platelets
(Figure 5F).

Analysis by EDXRF analyses of single fragments and
crystals selected by SEM indicate the occurrence of
glass (Table 3), pseudohexagonal platelets of partially
transformed glass (Table 4), glass almost totally trans-
formed to smectite (Table 5), smectite lamellae
(Table 6), interstratified smectite-kaolinite (Tables 7
and 8) and hydroxyl complexes (Table 9). The data do
not indicate a particular correlation with depth, although
some minerals are more common than others at certain
depths.

DISCUSSION

The principal clay minerals in the upper strata of
gravel and sand (Table 1, Figures 3 and 4) are 1H2O-
smectite and 2H2O-smectite, together with minor kaolin-
ite and interstratified smectite-kaolinite mixed layers
that do not occur in the lower mudstones. Kaolinite
could form from K-feldspar in the acid environment of
high hydraulic conductivity and permeability prevailing
in the gravel. Smectite was transformed from volcanic
glass. The recognition of 1H2O- and 2H2O-smectite
could be related to the lack of humidity control during
the XRD collection of data. However, the persistence of
the two smectite types in repeated analyses suggests a
possible dependence on the adsorbed cations, layer-
charge distribution or interstratifications of distinct
smectite layers (Newman and Brown, 1987; Newman,
1987; Moore and Reynolds, 1997).

Glass predominates in the gravel (Figure 5, Table 3).
It is high in SiO2 (Table 3), between 92.17 and
81.89 wt.%, average 85.24 wt.% SiO2, 0.54 TiO2, 8.10
Al2O3, 2.86 Fe2O3, 0.19 MnO, 1.20 MgO, 0.71 CaO,
0.46 Na2O and 0.69 K2O. One fragment (sample Ch81,
Table 3) contains 92.17 wt.% SiO2, close to chalcedony
or opal. There are some high-Si particles possibly of
opal; however, the diffraction data did not confirm the
occurrence of quartz or cristobalite in the <0.5 mm
fractions. The ratios of SiO2 to the remaining compo-
nents of glass are higher than those recognized for the
other associated minerals (Figure 6).

Figure 4. XRD patterns of the <0.5 mm fraction (Charcos):
(A) 26 m deep; (B) 86 m; (C) 90 m; (D) 148 m; (E) 254 m. S:
1H2O- or 2H2O-smecti te; K: kaolinite; 1K2S: R1 2H2O-
smectite (0.75)-kaolinite; 3K7S: R3 kaolinite (0.75)-2H2O-
smectite.

Table 3. Chemical composition (wt.%) of glass.

Sample1 Ch6 Ch12 Ch15 Ch17 Ch20 Ch81 Ch24 Ch25 Ch27 T2 T2 T4 Average
Depth (m) 10 10 10 10 10 10 10 10 10 60 63 77

SiO2 88.11 88.40 81.89 84.10 88.54 92.17 83.57 84.17 81.97 83.72 82.19 84.15 85.24
TiO2 0.55 0.16 1.08 0.54 0.45 0.58 0.95 0.33 0.83 0.36 0.63 0 0.54
Al2O3 6.35 6.96 11.56 9.69 6.99 3.90 7.37 8.10 9.84 8.41 9.98 8.03 8.10
Fe2O3 1.13 1.87 3.16 2.70 1.32 2.28 4.49 4.29 3.74 3.07 2.18 4.06 2.86
MnO 0.01 0.23 0 0.31 0 0.06 0.51 0.38 0.12 0.34 0.23 0.11 0.19
MgO 0.61 0.94 0.89 0.85 0.59 0.37 1.22 1.73 1.67 1.61 2.38 1.53 1.20
CaO 0.80 0.56 0.22 0.80 0.55 0.12 1.29 0.57 0.48 0.88 0.82 1.48 0.71
Na2O 0.74 0.64 0.45 0.50 0.61 0.52 0.11 0.17 0.80 0.60 0.43 0 0.46
K2O 1.70 0.24 0.76 0.51 0.96 0 0.50 0.27 0.55 1.02 1.17 0.64 0.69

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1 Analyses by EDXRF on fragments selected by SEM
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G la s s t r an s f o r m s t o h e x a g o n a l p l a t e l e t s
(Figure 5A,B,C,D,F). Their composition, calculated to
the O10(OH)2 montmorillonite half-cell, allows differ-
entiation between partially formed platelets, or in the
process of transformation from glass, with excess Si4+ of
4.55 �4.10 a.p.f.u. (atoms per formula unit) (Table 4)
and those platelets of Si4+ between 4.08 and 4.03 a.p.f.u.
(Table 5) almost fully transformed to smectite. Both
platelets (Tables 4 and 5) have ratios of SiO2 to other
components lower than those of glass (Table 3) that
conform to a linear correlation of decreasing SiO2 and
increasing octahedral components (Figure 6). There are
platelets high in Al2O3 (samples Ch18, Ch40, in Table 4;
T57, in Table 5), Fe2O3 (T72, in Table 5) and MgO
(Ch51, in Table 4).

Platelets with 4.55>Si4+>4.10 a.p.f.u., which are
predominant in the upper gravel, show, as expected, an
i n v e r s e c o r r e s p o n d e n c e b e t w e e n I V S i a n d
VIAl+Ti+Fe3++Mn+Mg (Figure 7A) that ends with the
highest occupancy of octahedral 2.0 a.p.f.u. per
4.0 a.p.f.u. tetrahedra. The established linear correlation
(Figure 7A) sustains the desilicification of glass towards
smectite. Octahedral Mg+Mn (Figure 7B) is approxi-
mately uniform between 0.38 and 0.10 a.p.f.u. for large
va riat ions of VIAl+Fe3++Ti between 0.98 and
1.65 a.p.f.u.; two samples high in Mg (Ch41 and Ch51,
Table 4) fall outside this range. The interlayer charge,
between 0.38 and 0.13, is independent of the composi-
tion of the octahedral sheet (Table 4, Figure 7C).
Platelets with 4.08 > Si4+ > 4.03 a.p.f.u. (Table 5)

Figure 5. SEM images of the <2 mm fraction (Charcos) showing: (A) 10 m deep, glass transforming to hexagonal platelets (gp), opal
(o); (B) 86 m, diatom (d), glass (g), plagioclase (pg), glass transforming to hexagonal platelets (gp); (C) 86 m, smectite platelets (s),
glass (g); (D) 92 m, smectite platelets (s), glass (g), plagioclase (pg); (E) 188 m, glass (g), smectite (s); (F) 254 m, smectite (s), glass
transforming to hexagonal platelets (gp). The horizontal bar represents 1 mm
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show an essentially constant correlation between the
tetrahedral and octahedral sheets (Figure 7), with
insufficient octahedral occupancy. In the octahedral
sheet there is a distinct inverse relation between
Mg+Mn and VIAl+Fe3++Ti (Figure 7B), similar to that
shown by smectite when decreasing the latter ions while
increasing the former. The straight line shown in
Figure 7B marks the limit below which smectite
platelets and lamellae (Table 6) and hexagonal platelets
(Table 5) keep the composition of their octahedral

sheets. The interlayer charge of these platelets
(Figure 7C) increases as the occupancy of the octahedral
sheet decreases, as in smectite.

In the lower mudstones, smectite lamellae are formed
directly from glass (Figure 5E,F). The compositions
shown (Table 6) indicate low ratios of SiO2 to the
octahedral components (Figure 6) that maintain linear
correlation with those of glass and the hexagonal
platelets. The tetrahedral sheet shows replacement and
there is low occupancy of the octahedral sheet

Table 4. Chemical composition (wt.%) of partially transformed glass.

Sample1 T62 T59 T52 Ch22 Ch41 Ch19 Ch9 Ch23 Ch37 Ch50
Depth (m) 2 2 2 10 10 10 10 10 10 18

SiO2 78.27 78.10 77.71 77.45 77.09 75.57 73.16 73.03 73.45 71.67
TiO2 0.15 0.11 0.27 0.45 0.29 0.21 0.43 0.61 0.82 0.73
Al2O3 12.03 12.18 12.22 13.74 13.86 15.34 15.70 15.57 17.46 12.70
Fe2O3 3.52 3.34 4.34 3.85 2.41 4.98 2.81 7.13 2.87 9.91
MnO 0 0.04 0.13 0.73 0 0.07 0.15 0.09 0.12 0.50
MgO 2.70 3.11 2.83 1.54 5.14 2.30 1.18 1.15 1.49 3.00
CaO 1.56 1.12 0.68 0.66 0.30 1.00 0.45 0.92 1.01 1.23
Na2O 0.56 1.05 0.76 0.70 0.77 0.52 0.94 0.45 0.76 0.25
K2O 1.21 0.95 1.08 0.88 0.15 0.98 5.18 1.05 2.02 0.79

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 4.55 4.54 4.53 4.51 4.45 4.38 4.36 4.31 4.31 4.26
VIAl3+ 0.83 0.83 0.84 0.94 0.94 1.05 1.10 1.08 1.21 0.89
Ti4+ 0.01 0 0.01 0.02 0.01 0.01 0.02 0.03 0.04 0.03
Fe3+ 0.15 0.15 0.19 0.17 0.10 0.22 0.13 0.32 0.13 0.44
Mn2+ 0 0 0.01 0.04 0 0 0.01 0 0.01 0.03
Mg2+ 0.23 0.27 0.25 0.13 0.44 0.20 0.10 0.10 0.13 0.27
S oct 1.22 1.26 1.29 1.30 1.50 1.48 1.36 1.53 1.50 1.66
Ca2+ 0.10 0.07 0.04 0.04 0.02 0.06 0.03 0.06 0.06 0.08
Na+ 0.06 0.12 0.09 0.08 0.09 0.06 0.11 0.05 0.09 0.03
K+ 0.09 0.07 0.08 0.07 0.01 0.07 0.39 0.08 0.15 0.06
Sinterlayer charge 0.35 0.33 0.25 0.23 0.13 0.26 0.56 0.25 0.36 0.25

Sample Ch51 Ch82 Ch42 Ch18 Ch16 Ch40 T56 T54 Average
Depth (m) 218 92 218 10 10 10 2 2

SiO2 71.75 71.42 71.86 71.13 69.41 70.78 69.02 68.52 73.20
TiO2 0.41 0.92 0.35 0.12 0.84 0.77 0.16 3.27 0.60
Al2O3 8.71 17.49 17.61 20.47 17.40 19.97 16.99 15.29 15.24
Fe2O3 3.50 6.71 4.28 4.85 7.87 2.32 6.30 6.80 4.67
MnO 0.33 0.11 0 0.16 0 0.03 0 0.03 0.14
MgO 13.88 1.62 1.13 1.12 1.54 3.73 4.24 2.72 3.02
CaO 0.68 0.94 3.06 0.75 0.99 0.88 1.36 1.57 1.06
Na2O 0.74 0.77 1.71 0.65 0.75 1.06 0.41 1.01 0.77
K2O 1.18 0.54 2.66 0.75 1.19 0.47 1.51 0.78 1.29

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 4.23 4.19 4.19 4.17 4.14 4.13 4.11 4.10 4.31
VIAl3+ 0.61 1.21 1.21 1.41 1.22 1.37 1.19 1.08 1.06
Ti4+ 0.02 0.04 0.02 0.01 0.04 0.03 0.01 0.15 0.03
Fe3+ 0.16 0.30 0.19 0.21 0.35 0.10 0.28 0.31 0.21
Mn2+ 0.02 0.01 0 0.01 0 0 0 0 0.01
Mg2+ 1.22 0.14 0.10 0.10 0.14 0.32 0.38 0.24 0.26
S oct 2.01 1.70 1.51 1.74 1.75 1.84 1.86 1.78 1.56
Ca2+ 0.04 0.06 0.19 0.05 0.06 0.05 0.09 0.10 0.07
Na+ 0.08 0.09 0.19 0.07 0.09 0.12 0.05 0.12 0.09
K+ 0.09 0.04 0.20 0.06 0.09 0.03 0.11 0.06 0.10
Sinterlayer charge 0.26 0.25 0.77 0.22 0.30 0.26 0.34 0.38 0.32

1 Analyses by EDXRF on platelets selected by SEM
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(Figure 7A). Among the octahedral ions, VIAl+Fe3++Ti
decrease as Mg+Mn increase; the correlation is linear,
different from that of the high Si4+ platelets but similar
to that of the low Si4+ ones (Figure 7B). The interlayer
charge increases with decreasing occupancy of the

octahedral sheet (Figure 7C); the highest charges are
associated with tetrahedral replacement by IVAl3+ in
addition to low occupancy of the octahedral sheet
( samples Ch29 , Ch47 and Ch28, in Table 6 ,
Figure 7C,D).

Table 5. Chemical composition (wt.%) of glass transformed to smectite.

Sample1 T65 T10 T66 T57 T67 T74 T72 T75 T73 T55 Average
Depth (m) 3 35 3 2 3 218 218 218 218 2

SiO2 69.04 68.54 68.22 69.51 67.88 68.00 66.20 66.99 65.57 67.64 68.04
TiO2 0.35 1.24 0.43 0.35 0.96 0.70 1.13 0.18 0.82 0.87 0.80
Al2O3 17.95 15.22 17.48 22.93 16.76 17.92 13.91 16.98 13.52 18.00 17.12
Fe2O3 3.41 2.96 4.13 3.64 5.99 5.28 13.84 6.35 9.69 6.37 6.11
MnO 0.25 0.15 0.23 0.18 0 0.23 0.04 0.09 0.09 0.13 0.12
MgO 5.80 8.36 5.85 1.63 4.44 4.04 1.92 5.01 4.08 4.43 4.31
CaO 1.19 1.33 1.25 1.28 2.21 1.31 1.85 1.08 1.46 1.01 1.36
Na2O 1.34 0.97 1.39 0 0.90 0.36 0.23 0.36 1.96 0.37 0.79
K2O 0.68 1.25 1.02 0.48 0.86 2.16 0.87 2.96 2.81 1.19 1.35

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 4.08 4.08 4.06 4.06 4.06 4.06 4.05 4.04 4.04 4.03 4.07
VIAl3+ 1.25 1.07 1.23 1.58 1.18 1.26 1.00 1.21 0.98 1.26 1.21
Ti4+ 0.02 0.06 0.02 0.02 0.04 0.03 0.05 0.01 0.04 0.04 0.04
Fe3+ 0.15 0.13 0.18 0.16 0.27 0.24 0.64 0.29 0.45 0.29 0.27
Mn2+ 0.01 0.01 0.01 0.01 0 0.01 0 0 0 0.01 0.01
Mg2+ 0.51 0.74 0.52 0.14 0.40 0.36 0.18 0.45 0.37 0.39 0.38
S oct 1.94 2.00 1.96 1.90 1.89 1.90 1.87 1.96 1.85 1.99 1.91
Ca2+ 0.08 0.08 0.08 0.08 0.14 0.08 0.12 0.07 0.10 0.06 0.09
Na+ 0.15 0.11 0.16 0 0.10 0.04 0.03 0.04 0.23 0.04 0.09
K+ 0.05 0.09 0.08 0.04 0.07 0.16 0.07 0.23 0.22 0.09 0.10
Sinterlayer charge 0.35 0.38 0.40 0.20 0.45 0.37 0.34 0.41 0.65 0.26 0.37

1 Analyses by EDXRF on platelets selected by SEM

Table 6. Chemical composition (wt.%) of smectite.

Sample1 Ch28 Ch43 Ch29 Ch47 T71 Ch7 T53 Ch32 Ch31 Ch48 Ch34 Average
Depth (m) 90 218 90 218 218 10 2 90 90 218 10

SiO2 55.99 59.25 62.30 62.19 65.49 64.96 65.73 66.36 66.81 66.24 67.27 65.26
TiO2 3.33 1.83 0.25 0.31 0.95 1.21 0.54 0.76 0.61 1.09 1.34 0.78
Al2O3 19.34 18.95 24.63 23.59 20.80 17.37 17.68 20.33 21.30 17.93 19.07 20.30
Fe2O3 10.18 14.73 1.96 2.42 8.45 11.56 4.79 6.17 4.81 5.73 5.30 5.69
MnO 1.00 0.01 0.07 0.07 0 0.14 0.45 0.14 0 0.45 0.10 0.16
MgO 1.69 0.70 0.85 2.21 2.16 1.20 4.43 1.51 0.52 2.44 3.70 2.11
CaO 5.14 2.28 5.42 5.29 0.83 1.63 4.03 1.98 2.26 3.71 1.48 2.96
Na2O 2.96 0.64 4.11 3.68 0.60 0.18 0.63 2.09 3.36 2.18 1.08 1.99
K2O 0.37 1.62 0.41 0.25 0.70 1.77 1.72 0.67 0.34 0.24 0.66 0.75

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 3.53 3.69 3.76 3.76 3.92 3.96 3.97 3.97 3.99 3.99 4.00 3.93
IVAl3+ 0.47 0.31 0.24 0.24 0.08 0.04 0.03 0.03 0.01 0.01 0 0.07
VIAl3+ 0.96 1.08 1.52 1.44 1.38 1.21 1.23 1.41 1.49 1.26 1.34 1.36
Ti4+ 0.16 0.09 0.01 0.01 0.04 0.06 0.02 0.03 0.03 0.05 0.06 0.04
Fe3+ 0.48 0.69 0.09 0.11 0.38 0.53 0.22 0.28 0.22 0.26 0.24 0.26
Mn2+ 0.05 0 0 0 0 0.01 0.02 0.01 0 0.02 0.01 0.01
Mg2+ 0.16 0.06 0.08 0.20 0.19 0.11 0.40 0.13 0.05 0.22 0.33 0.19
S oct 1.81 1.93 1.70 1.77 2.00 1.91 1.90 1.86 1.78 1.82 1.97 1.86
Ca2+ 0.35 0.15 0.35 0.34 0.05 0.11 0.26 0.13 0.14 0.24 0.09 0.19
Na+ 0.36 0.08 0.48 0.43 0.07 0.02 0.07 0.24 0.39 0.25 0.13 0.23
K+ 0.03 0.13 0.03 0.02 0.05 0.14 0.13 0.05 0.03 0.02 0.05 0.06
Sinterlayer charge 1.09 0.51 1.21 1.13 0.23 0.37 0.73 0.55 0.70 0.75 0.36 0.67

1Analyses by EDXRF on platelets selected by SEM
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The compositions shown for smectite (Table 6)
correspond with montmorillonite. Some compositions
(Ch28 and Ch43, in Table 6) have high contents of
IVAl3+ that are in the range of beidellite. There are
samples of high interlayer charge within the 0.2 �0.60
equivalents common to montmorillonite, but others
(samples Ch29, Ch47, Ch28, in Table 6) are near the
0.6 �0.9 values accepted for vermiculite (Suquet et al.,
1975, 1977; Güven, 1988). At these high values there is
not much difference in the swelling of the layers (Mering

and Pedro, 1969; Suquet and Pezerat, 1987, 1988). The
interlayer charge attains values >1.09 when IVAl3+ is
50.24 a.p.f.u. and the cation occupancy in the octahe-
dral sheet is 41.81 a.p.f.u.; it tends to decrease as the
occupancy of the octahedral sheet and Fe3+ increase
(Figure 7C,D). The predominant VIAl3+ confirms the
dioctahedral character of smectite.

There are lamellae (Table 7) of lower SiO2, higher
Al2O3, Fe2O3 and MgO, and lower CaO, Na2O and K2O
than expected for smectite. They maintain the same

Figure 6. Correlation between the tetrahedral and octahedral components of glass (*), glass partially transformed to hexagonal
platelets (~), smectite platelets (&), smectite lamellae and interstratified smectite-kaolinite (^), from the northern (Charcos: open
symbols) and southern (Tezonco: shaded symbols) areas. Straight lines mark the limits between the minerals.

Table 7. Chemical composition (wt.%) of interstratified smectite-kaolinite mixed layers.

Sample1 Ch30 Ch39 Ch46 Ch79 Ch45 Ch27 Ch44 T76 Ch84 T64 Ch80 Average
Depth (m) 90 10 218 86 218 90 218 218 92 2 86

SiO2 55.55 59.61 60.89 58.91 61.41 62.06 61.01 64.27 64.14 64.90 65.11 61.62
TiO2 2.35 2.24 1.00 2.51 0.98 0.82 2.00 0.90 0.74 0.13 0.56 1.29
Al2O3 22.85 23.53 23.25 15.42 24.71 24.30 17.44 20.66 17.07 19.46 20.12 20.80
Fe2O3 13.96 7.25 7.77 10.84 7.50 8.10 12.32 7.24 7.71 5.50 7.88 8.73
MnO 0.23 0.26 0.22 0.46 0 0.01 0.11 0 0.14 0.02 0.20 0.15
MgO 2.52 3.47 4.25 6.87 2.59 2.62 4.22 3.40 7.30 5.86 3.56 4.24
CaO 1.62 2.45 0.88 1.12 1.04 0.85 1.44 1.30 1.45 0.99 1.14 1.30
Na2O 0.11 1.12 1.15 0.49 1.01 0.60 0.72 0.91 0.41 1.15 0.75 0.77
K2O 0.82 0.06 0.60 3.38 0.75 0.63 0.75 1.32 1.05 1.99 0.68 1.09

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 3.45 3.61 3.68 3.69 3.69 3.72 3.75 3.87 3.88 3.90 3.91 3.74
IVAl3+ 0.55 0.39 0.32 0.31 0.31 0.28 0.25 0.13 0.12 0.10 0.09 0.26
VIAl3+ 1.12 1.29 1.33 0.83 1.45 1.44 1.02 1.33 1.10 1.29 1.33 1.23
Ti4+ 0.11 0.10 0.05 0.12 0.04 0.04 0.09 0.04 0.03 0.01 0.03 0.06
Fe3+ 0.65 0.33 0.35 0.51 0.34 0.37 0.57 0.33 0.35 0.25 0.36 0.40
Mn2+ 0.01 0.01 0.01 0.02 0 0 0.01 0 0.01 0 0.01 0.01
Mg2+ 0.23 0.31 0.38 0.64 0.23 0.23 0.39 0.30 0.66 0.53 0.32 0.38
S oct 2.13 2.05 2.13 2.13 2.06 2.08 2.07 2.01 2.15 2.07 2.04 2.08
Ca2+ 0.11 0.16 0.06 0.08 0.07 0.05 0.10 0.08 0.09 0.06 0.07 0.08
Na+ 0.01 0.13 0.13 0.06 0.12 0.07 0.09 0.11 0.05 0.13 0.09 0.09
K+ 0.06 0 0.05 0.27 0.06 0.05 0.06 0.10 0.08 0.15 0.05 0.08
Sinterlayer charge 0.29 0.45 0.29 0.48 0.31 0.23 0.34 0.38 0.32 0.42 0.29 0.34

1 Analyses by EDXRF on platelets selected by SEM
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linear correlation between SiO2 and the remaining
components observed for the other associated minerals
(Figure 6). Their structural formulae, calculated for the
smectite O10(OH)2 half-cell, indicate IVAl replacement
between 0.10 and 0.55 a.p.f.u. and octahedral occupancy
between 2.01 and 2.15 a.p.f.u., in excess of 2.0 (Table 7,
Figure 7A). The Mg+Mn to VIAl+Fe3++Ti correlation
follows the same pattern as for smectite (Figure 7B) but
for equal contents of VIAl+Fe3++Ti the values of
Mg+Mn are higher than expected for smectite, or they
fall above the straight line shown in Figure 7B. The
interlayer charges (Figure 7C,D) average 0.34, roughly
half of that shown by smectite. These lamellae
correspond with the interstratified smectite-kaolinite of
structural formula intermediate between those of smec-
tite and kaolinite. Structural formulae calculated for a
hypothetical interstratified R3-2H2O-smectite (0.75)-
kaolinite (Table 1) indicate (Table 8) tetrahedral repla-
cement (samples Ch30, Ch39, Ch46, Ch79, Ch45 and
Ch27 in Table 8), octahedral cations ~2.50 a.p.f.u. and
interlayer charges lower than those of smectite. Some
samples (T76m Ch84, T64 and Ch80 in Table 8) show
excess Si4+ and lower occupancy of the octahedral sheet.
Sample Ch30 may correspond with interstratifications of
beidellite and kaolinite.

Hydroxyl complexes (Table 9) were recognized at
16 m depth, where an acid environment of high
hydraulic conductivity and permeability prevailed.

The composition of the octahedral sheet allows
differentiation between the various minerals while
establishing their common origin. Preceding data

(Figures 6 and 7) illustrate differences among the
minerals. The ratios between Al3+, Fe3+ and Mg2+ are
essentially the same for glass, partially-transformed
glass, platelets, smectite and interstratified smectite-
kaolinite (Figure 8), clearly confirming their common
origin.

Kaolinite occurs, possibly formed from K-feldspar, in
the gravel strata where hydraulic conductivity and
permeability were high and the environment was acid,
rich in organic material, removing Si4+ from diatoms. In
the same strata, volcanic glass was simultaneously
transformed to hexagonal platelets of composition
tending towards smectite by removing Si and propor-
tionally enriching the octahedral cations. Mg+Mn were
partially dissolved from the glass or enriched at a lesser

Table 8. Chemical composition (wt.%) and structural formulae of interstratified smectite(0.75)-kaolinite.

Sample1 Ch30 Ch39 Ch46 Ch79 Ch45 Ch27 Ch44 T76 Ch84 T64 Ch80
Depth (m) 90 10 218 86 218 90 218 218 92 2 86

SiO2 55.55 59.61 60.89 58.91 61.41 62.06 61.01 64.27 64.14 64.90 65.11
TiO2 2.35 2.24 1.00 2.51 0.98 0.82 2.00 0.90 0.74 0.13 0.56
Al2O3 22.85 23.53 23.25 15.42 24.71 24.30 17.44 20.66 17.07 19.46 20.12
Fe2O3 13.96 7.25 7.77 10.84 7.50 8.10 12.32 7.24 7.71 5.50 7.88
MnO 0.23 0.26 0.22 0.46 0.00 0.01 0.11 0.00 0.14 0.02 0.20
MgO 2.52 3.47 4.25 6.87 2.59 2.62 4.22 3.40 7.30 5.86 3.56
CaO 1.62 2.45 0.88 1.12 1.04 0.85 1.44 1.30 1.45 0.99 1.14
Na2O 0.11 1.12 1.15 0.49 1.01 0.60 0.72 0.91 0.41 1.15 0.75
K2O 0.82 0.06 0.60 3.38 0.75 0.63 0.75 1.32 1.05 1.99 0.68

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si4+ 3.69 3.86 3.93 3.94 3.95 3.98 4.01 4.13 4.14 4.17 4.17
Al3+ 0.31 0.14 0.07 0.06 0.05 0.02 0.00 0.00 0.00 0.00 0.00
Al3+ 1.47 1.65 1.70 1.16 1.82 1.82 1.35 1.57 1.30 1.47 1.52
Ti4+ 0.12 0.11 0.05 0.13 0.05 0.04 0.10 0.04 0.04 0.01 0.03
Fe3+ 0.70 0.35 0.38 0.55 0.36 0.39 0.61 0.35 0.37 0.27 0.38
Mn2+ 0.01 0.01 0.01 0.03 0.00 0.00 0.01 0.00 0.01 0.00 0.01
Mg2+ 0.25 0.34 0.41 0.69 0.25 0.25 0.41 0.33 0.70 0.56 0.34
S oct 2.55 2.47 2.54 2.54 2.47 2.50 2.48 2.28 2.42 2.31 2.28
Ca2+ 0.11 0.17 0.06 0.08 0.07 0.06 0.10 0.09 0.10 0.07 0.08
Na+ 0.01 0.14 0.14 0.06 0.13 0.07 0.09 0.11 0.05 0.14 0.09
K+ 0.07 0.00 0.05 0.29 0.06 0.05 0.06 0.11 0.09 0.16 0.06
Sinterlayer charge 0.31 0.49 0.32 0.51 0.33 0.24 0.36 0.40 0.34 0.44 0.31

1 Analyses by EDXRF on platelets selected by SEM

Table 9. Chemical composition (wt.%) of hydroxyl
complexes.

Depth (m) 16 16
Sample 69 70

SiO2 0 0
TiO2 2.87 2.16
Al2O3 64.60 66.98
Fe2O3 10.00 15.91
MnO 1.62 0
MgO 7.15 5.31
CaO 6.69 2.91
Na2O 5.10 2.72
K2O 1.97 4.01

Total 100.00 100.00

Analyses by EDXRF on lamellae selected by SEM
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rate than Al+Fe+Ti. Interstratified smectite-kaolinite
mixed layers, formed in these strata, sustain the
transformation of kaolinite to smectite in a cation-
enriched environment more favorable to the latter. At
greater depths, in the mudstones, where hydraulic
conductivity was much lower and flow was practically
stagnant, glass was transformed directly to smectite
lamellae. Conditions of drought and falling lake level
favoring kaolinization (Hower et al., 1976; April, 1981)
could have developed. Smectite was formed (1) as
hexagonal platelets, from volcanic glass and plagioclase
in the high-permeability and hydraulic conductivity
environment of the gravel and sand strata; (2) as
irregular lamellae, from volcanic glass in the alkaline,
low-permeability environment of the mudstones; and
(3) from kaolinite via interstratified smectite-kaolinite.

The mineralogy of the clay fraction changes from
1H2O- and 2H2O-smectite, kaolinite and interstratified
smectite-kaolinite in the gravel to predominant 2H2O-
smectite in the mudstones; interlayer H2O, cations and
surface charge vary; smectite of distinct composition,
high-Al, Fe or Mg, and beidellite occur. The transforma-
tion of glass to smectite progresses with depth and the
morphology of smectite varies from platelets to lamel-

lae. The chemical and physical environments, the
chemical composition of minerals and fluids, the
hydraulic conductivity and the permeability change.
Thus it may be presumed that the physical behavior and
stability of the sediments would be non-uniform across
the Basin. The prevalence of dioctahedral smectite and

Figure 7. Compositional correlations between the tetrahedral and octahedral sheets of smectite: (A) (VIAl+Ti+Fe+Mn+Mg) vs. (Si);
(B) (Mg+Mn) vs. (VIAl+Fe3++Ti); (C) (interlayer charge) vs. (VIAl+ Fe3++Ti+Mn+Mg); (D) (interlayer charge) vs. (IVAl). ~: glass
partially transformed to hexagonal platelets; &: smectite platelets; ^: smectite lamellae and interstratified smectite-kaolinite, from
the northern (Charcos: open symbols) and southern (Tezonco: shaded symbols) areas. Straight lines mark the limits between the
minerals.

Figure 8. Correlation between the octahedral components of
glass (*), glass transforming to platelets (~), smectite platelets
(&), smectite lamellae and interstratified smectite-kaolinite
(^), from the northern (Charcos: open symbols) and southern
(Tezonco: closed symbols) areas.
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the absence of trioctahedral minerals and chlorite define
by themselves a physically and chemically unstable
system, opposed to the less expandable more mechani-
cally stable trioctahedral smectite-chlorite systems
known to occur in old sedimentary sequences (Jiang
and Peacor, 1994; Chang et al., 1986).

The physical behavior and stability of the clay
fractions was assessed with rheological analyses. The
rheological behavior of the clay particles depends on
their interaction or on their structure and surface
properties. The rheology of clay pastes, including
montmorillonite, has been discussed by others (van
Olphen, 1977; Brandenburg and Lagaly, 1988; Chen et
al., 1990; Heller and Keren, 2001). For the present

purposes, two suspensions were selected for analysis,
one, 26 m deep (Charco), having 1H2O- and 2H2O-
smectite, kaolinite, and R3-2H2O-smectite (0.75)-
kaolinite, dispersed 15.45 wt.% solids in water, and the
second, from 60 m depth, containing more 1H2O- and
2H2O-smectite, less kaolinite and R3-2H2O-smectite
(0.75)-kaolinite, dispersed 14.02 wt.% solids in water.

The flow curves (Figure 9A,B) show the variable
shear rate/shear stress ratio and apparent viscosity
(Figure 9C,D) that characterize non-Newtonian pseudo-
plastic behavior. The suspensions are thixotropic,
reversible sol-gel transformations, with viscosity
decreasing with shear but increasing upon rest. The
suspension with the 26 m clay maintains a linear shear

Figure 9. Flow curves of suspensions from the <2 mm clay fractions of sediments: (A,C) 26 m depth, 15.45 wt.% solids; (B,D) 60 m
depth, 14.02 wt.% solids. They indicate non-Newtonian viscoelastic behavior, edge-to-edge or edge-to-face particle association at
26 m and high-energy face-to-face association at 60 m.

Figure 10. Shear strain/shear stress ratios and shear relaxation modulus of suspensions from the <2 mm clay fractions: (A,C) 26 m
depth; (B,D), 60 m depth. The total elastic recoveries are 0.13 Pa�1 and 0.008 Pa�1, respectively.
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rate-shear stress correlation below 1.5 Pa and 0.01 s�1

(Figure 9A), whereas the apparent viscosity reaches a
maximum 180 Pa s at 0.008 s�1 followed by a rapid
descent (Figure 9C). The suspension of the 60 m clay
has, at shear rates below 0.0025 s�1, an approximately
linear relation with the shear stress that includes two
small broad bands attributed to two distinct forms of
particle-particle association (Figure 9B). Its viscosity
reaches a maximum of 3611 Pa s at a shear rate of
0.0016 s�1 and a second one of 3300 Pa s at 0.0024 s�1

shear, followed by a slow thinning descent (Figure 9D).
The 26 m clay requires high shear rates to produce low
shear and yield stresses and apparent viscosity, with
low-energy edge-to-face or edge-to-edge particle inter-
action and thick water films between them. The 60 m
clay develops, at low shear rates, high shear and yield
stresses and viscosity, gels more and fluidizes less than
the 26 m clay, in a face-to-face particle association of
high energy and thin water films. The apparent viscosity
decreases, when under viscous flow or at shear rates
above the yield stress, at much faster pace in the 26 m
clay (Figure 9C,D). Suspensions change from thickening
to thinning, or from elastic to viscous behavior,
respectively at shear stresses of 1.03 and 5.91 Pa. The
shear strain/shear stress ratios (Figure 10A,B) are

approximately linear within a short span of time; the
total elastic recoveries are 0.15 Pa �1 and 0.008 Pa �1

respectively for the 26 m and 60 m clays. Creep
compliance and the elastic part of the creep compliance
(J(t) �t/Z ) show minimal deviation from zero. The stress
relaxation modulus (G(t)), or reciprocal of the creep, are
markedly distinct and conform to viscoelastic behavior
(Figure 10C,D).

The 60 m clay suspension, under a stress increasing
linearly with time while the frequency of vibration
remained constant at 1 Hz, sufficiently small to assure
linear viscoelastic behavior, developed stress <20 Pa
(Figure 11A), shear modulus <5 Pa (Figure 11B) and
kinematic viscosity <0.8 Pa s (Figure 11C). When the
frequency of vibration was increased to 5 Hz the
suspension required lower strain <0.4 to develop higher
stress <80 Pa (Figure 11D), shear modulus <120 Pa
(Figure 11E) and kinematic viscosity <4.0 Pa s
(Figure 11F). At the low frequency of 1 Hz the shear
storage dynamic modulus G` is higher than the shear
dynamic loss modulus G`` (Figure 11B), or the energy is
stored preferentially, whereas at the higher frequency of
5 Hz (Figure 11E), more energy is dissipated as heat
than is stored. The dynamic response of the clay fraction
changes with the frequency of the applied vibration; at

Figure 11. Shear dynamic response of the <2 mm clay fraction, from 60 m depth, when subjected to linear modulated shearing stress
vibrating at frequencies of: (A,B,C) 1 Hz; (D,E,F) 5 Hz.
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higher frequencies energy tends to be dissipated whereas
at low frequencies it tends to be stored.

The rheological analyses of two clay fractions (1),
26 m deep, formed by 1H2O- and 2H2O-smectite,
kaolinite and interstratified R3-2H2O-smectite (0.75)-
kaolinite, and (2), 60 m deep, containing 2H2O-smectite,
slightly less 1H2O-smectite, kaolinite and R3-2H2O-
smectite (0.75)-kaolinite, have shown particle-particle
interactions of different energy and behavior. Although
both samples have the same minerals, small differences
in their contents may also imply differences in surface
charge, adsorbed water and cations, morphology and
surface area that affect particle interaction, physical
behavior and stability. The rheological data also indicate
that clay fractions have a heterogeneous non-uniform
behavior across the Basin. Depending on the distribution
and content of clays in the sediments, or on the ratio of
clay to non-clay components, differences in the behavior
of the clays would modify to an extent the behavior of
the bulk sediments.

CONCLUSIONS

Diagenesis of young sediments, in the Holocene-
Pleistocene volcanogenic sequence of the Mexican Basin,
was to smectite. In the gravel and sand strata, where fluids
were rich in organics and permeability and hydraulic
conductivity were high, smectite occurs in the forms of
1H2O- and 2H2O-smectite, associated with kaolinite, R3-
2H2O-smectite (0.75)-kaolinite and occasional R1-2H2O-
smectite (0.75)-kaolinite, R3-kaolinite (0.75)-2H2O-smec-
tite and R1-1H2O-smectite (0.75)-kaolinite.

Smectite platelets were formed in the gravel strata
from volcanic glass by gradual loss of Si4+ and
proportional enrichment in Al3+, Fe3+, Ti4+, Mg2+ and
Mn2+. When these platelets are still in the process of
transformation, they have between 4.55 and 4.10
Si4+ a.p.f.u., and Mg+Mn and the interlayer charge
remain approximately constant while VIAl+Fe3++Ti
varies between 1.0 and 1.62 a.p.f.u. Further transforma-
tion reduces the Si4+ contents to 4.08 �4.03 a.p.f.u., and
Mg+Mn and the interlayer charge decrease proportion-
ally with increasing VIAl+Fe3++Ti, as in smectite.
Interstratified smectite-kaolinite mixed layers are char-
a c t e r i z e d b y o c t a h e d r a l o c c u p a n c i e s o f
2.01 �2.15 a.p.f.u., IVAl3+ 0.09 �0.55 a.p.f.u. and inter-
layer charges about half of those of smectite. When the
structural formulae are computed for a hypothetical cell
Si4Al2.5 �2.4O10(OH)3.5-3.2, corresponding to smectite
(0.75 �0.80)-kaolini te , octahedra l occupancy is
~ 2 . 5 0 a . p . f . u . , t e t r a h e d r a l r e p l a c e m e n t i s
0 �0.31 a.p.f.u., and interlayer charges are 0.24 �0.51
equivalents, some pointing to interstratifications of
beidellite. The smectite-kaolinite interstratifications
suggest the transformation of kaolinite to smectite in a
high-cation environment is more favorable to the latter.
Kaolinite is presumed to have formed from K-feldspar.

In the mudstones, where permeability and hydraulic
conductivity were very low, and where high-cation
alkaline fluids were practically stagnant, glass was
transformed directly to 2H2O-smectite lamellae of IVAl
between 0 �0.47 a.p.f .u. , octahedra l occupancy
1.70 �2.00 and interlayer charge 0.23 �1.21 equivalents,
some corresponding to beidellite. The interlayer charge
increases with decreasing occupancy of the octahedral
sheet and with tetrahedral replacement; the abundance of
Mg+Mn is inverse to that of VIAl+Fe3++Ti. Kaolinite
and smectite-kaolinite interstratifications do not occur in
the mudstones. The Si4+ removed from the glass is in the
form of cristobalite almost through the complete
sequence. Smectite was formed from glass and plagio-
clase to pseudohexagonal platelets and from kaolinite
through smectite-kaolinite interstratifications in the
high-hydraulic conductivity gravel strata, and from
glass to irregular lamellae in the low-permeability
mudstones. Volcanic glass, partially transformed glass,
smectite platelets and lamellae, and interstratified
smectite-kaolinite mixed layers have common Al3+,
Fe3+ and Mg2+ ratios or common origin.

Rheological analyses of clay suspensions with slightly
higher contents of 1H2O-smectite and kaolinite lead to
low-energy edge-to-edge or edge-to-face particle associa-
tions, non-Newtonian pseudoplastic behavior, maximum
apparent viscosity of 180 Pa s at 0.008 s�1 followed by
rapid descent. Clay fractions with higher 2H2O-smectite
contents and lower kaolinite contents reach maximum
viscosity of 3611 Pa s at a shear rate of 0.0018 s�1, and
3300 Pa s at 0.0024 s�1. They denote two high-energy
probably face-to-face particle associations, followed by
slow descent of the apparent viscosity under viscous flow.
Suspensions change from elastic to viscous behavior,
respectively, at shear stresses of 1.03 and 5.91 Pa. Clay
suspension vibrated at a frequency of 1 Hz develops a
shear storage dynamic modulus greater than the shear
dynamic loss modulus or the energy is preferentially
stored, whereas at 5 Hz more energy is dissipated than
stored. The dynamic response of the clay fraction changes
with the frequency of the applied vibration: at higher
frequencies, energy tends to be dissipated whereas at low
frequencies it tends to be stored.

The composition and behavior of the clay fractions in
young basins, as in the Mexican Basin, is non-uniform
and heterogeneous, across the sequence. Differences in
swelling, physical, adsorption and chemical behaviors
are expected. Depending on the abundance and distribu-
tion of clay in the bulk sediments, the behavior of the
sediments will also be non-homogeneous.
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Kübler, B. (1973) La corrensite, indicateour possible de
milleux de sedimentation et du degree de transformation
d’un sediment. Bulletin Centre Recherche Pau-SNPA, 7,
543 �556.

Lopez-Ramos, E. (1979) Geologṍa de México, III. Universidad
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