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Abstract. An analysis of the deformation conditions of lacustrine materials deposited at three sites in the vol-
canic valley of the Mexico City is presented. Currently geotechnical studies assume that compressibility of
granular materials decreases in depth due to the lithostatic load. That means that the deeper the sample the more
rigid is supposed to be, this assumption should be demonstrated by a decreased Compression Index (Cc) in depth.
Studies indicate that Mexico City clays exhibit brittle behaviour, and have high water content, low shear strength
and variable Cc values. Furthermore, groundwater withdrawal below the city causes a differential decrease in
pore pressure, which is related to the physical properties of granular materials (hydraulic conductivity, grain size
distribution) and conditions of formation. Our results show that Cc for fine grain materials (lacustrine) can be ver-
tically variable, particularly when soils and sediments are the product of different volcanic materials. Lateral and
vertical variations in the distribution of the fluvio-lacustrine materials, especially in basins with recent volcanic
activity, may be assessed by Cc index variations. These variations can also be related to differential deformation,
nucleation and propagation of fractures and need to be considered when modelling land subsidence.

1 Introduction

Mexico City is the best known example of land subsidence
in Mexico (Fig. 1). The city is located within the geologi-
cal province of the Transmexican Volcanic Belt (Ferrari et
al., 2012), over a desiccated lacustrine plain bounded by
faults and volcanic edifices. The near-surface lithology in the
Mexico basin is highly heterogeneous and includes fluvio-
lacustrine sediments with particle sizes varying from gravel,
sand, and silts to clays, with interbedded layers of pyroclastic
rocks and lava flows (Carredn-Freyre, 2010, Carredn-Freyre
et al., 2011). Analyses of groundwater withdrawal and of
the associated land subsidence have been documented sys-
tematically in Mexico City since the 1940s (Carrillo, 1947).
As a consequence of descending water level, the Basin of
Mexico has been divided in several clay bearing fluvio-

lacustrine sub-basins, which include Mexico City, Tlahuac-
Chalco, Texcoco, Xochimilco, and Zumpango basins.
Although subsidence in Mexico City is thought to be re-
lated to high compressibility rates of the clayey sequences
when the pore pressures decrease (Mesri et al., 1976), there is
a lack of systematic studies to explain the compositional and
mechanical behavior variations in clayey sequences and their
role on the estimation of vertical deformation. The Compres-
sion Index (Cc; Lambe and Whitman, 1969) is obtained from
the void ratio vs log of normal effective stress plot in con-
solidation tests (ASTM, 1994), and was developed for the
estimation of settlements for fine-grained deposits. The eval-
uation of vertical and lateral variations in the Compression
Index Cc may facilitate the assessment of the potential of
land subsidence in clay-bearing sequences. Several authors
(see Haigh et al., 2013; and references therein) found that Cc

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

32UapISCNS pue| 0] anp spsezey dlusbodolyiue pue [einjeu Jo uoebniw pue uonuanaid



274 D. Carredn-Freyre et al.: Analysis of the variation of the Cc of volcanic clays

99°300°W 99°00W 98°300°W

Location of the study area, % /ft;\
Basin of Mexico ( }
- NN -

SR 7

SIERRA DE
GUADALUPE

.| Legend
Elevation in meters
Sea level
5,500

- 3,000
-—

1,000
@  Drill borehole

c,,,f.’;’m og I Mexico basin
"aurzy, Wl

99°300°W 99°00°W 98°300°W B3

z

Figure 1. Location of the study areas in the Basin of Mexico
(black polygon), Iztapalapa and Tlahuac. The geotechnical bore-
hole locations are shown by blue circles: (A) La Cascada, (B) Lu-
cio Blanco, (C) Tlahuac. Lacustrine planes are shown in green and
volcanic structures in yellow and red. Grey lines indicate adminis-
trative boundaries.

can be correlated with water content, Atterberg Limits, and
void ratio variations (e¢). The presented analysis of the Cc
was made on silt and clayey deposits because of the strong
interdependence of water content and compressibility with
mineralogy, mechanical behaviour, and structure.

Three silty and clayey sequences, located in Iztapalapa and
Tlahuac localities (Fig. 1), are compared to identify the con-
ditions of formation and evolution that led to their physical
and mechanical properties. The systematic characterization
of these sequences included compressibility, grain size distri-
bution, mineralogy of clays (analyzed by X-ray diffraction),
water content, and other physical parameters.

2 Lacustrine deposits in the Iztapalapa and
Tlahuac-Chalco sub-basins

The near surface stratigraphy of Iztapalapa and Tlahuac ar-
eas comprise fluvial and lacustrine sequences (silt and clay
bearing) interbedded with tephra and lava (Zeevaert, 1953).
The main volcanic structures are the Sierra de Santa Catarina
volcanic complex, that separates the Iztapalapa and Thalhuac
sub-basins and, the Pefién del Marques located at the north
of the Iztapalapa plain. Weathering and hydrothermal alter-
ation of basaltic rocks and volcanic ashes generate different
types of clays (Hillier, 1995; Velde, 1995; Wada, 1987). The
influence of mineralogy composition of clays on the mechan-
ical behavior of lacustrine materials in Mexico City has been
widely studied (Diaz-Rodriguez et al., 1998; Peralta y Fabi,
1989). The physical characteristics and composition of the
lacustrine deposits have been documented from geotechnical
and geophysical surveys (Carredn-Freyre and Cerca 2006;

Proc. IAHS, 372, 273-279, 2015

Hernandez-Marin et al., 2005; Carre6n-Freyre et al., 2003).
Clays are metastable materials, their forming processes are
sequential and the existence of each type is restricted to spe-
cific temperature and time spans. The environmental condi-
tions of a lake are a consequence of its salinity, pH, water
depth, temperature, and water residence time (with restricted
drainage). These conditions varied dramatically in very short
periods because of the intense local volcanic activity (mafic
or silicic in composition, effusive and/or pyroclastic rocks)
in the sub-basins of the Basin of Mexico and their interac-
tion with the lake deposits. The water level of the former
lakes also played an important role to differentiate lacus-
trine conditions in adjacent sub-basins, such as lztapalapa
and Tlahuac.

A common clay mineral assumed to predominate in the
sediments of the Basin of Mexico is montmorillonite, from
the smectite family (Diaz Rodriguez, et al., 1998; Peralta
y Fabi, 1989), that is characterized by: (1) 2:1 crystalline
layered structure (2 tetrahedral sheets to 1 octahedral sheet)
(\Velde, 1995); (2) high values of plasticity and compress-
ibility index (Hernandez-Marin and Carredn-Freyre, 2002);
(3) large amounts of water retained in structure (generally
more than 100 %); and, (4) high solids density (2.5gcm—3).
Smectite formation is favored in lake areas with restricted
drainage and low saline-alkaline conditions (Hillier, 1995).
In such environments, iron (Fe) oxidizes and accumulates.
When the lake level increases, iron reduces and becomes
soluble forming green clay sequences (Carredn-Freyre et
al., 2006). Mafic minerals (e.g., olivine and pyroxene) from
volcanic rocks may form chlorite and talc. Moreover, al-
teration of pumicite-rich volcanic ashes produces allophane
and imogolite, clay minerals of low crystalline order hav-
ing a gel-like structure, low vertical compressibility, and sus-
ceptibility to shear deformation (Wesley, 2001). These ma-
terials have a characteristic amorphous spectrum (with no
specific clay reflexions) of X-Ray Difraction (XRD) analy-
sis (Carreon-Freyre et al., 2006). If the environmental con-
ditions favor dehydration, these materials become gibbsite,
halloysite, and talc (Velde, 1995). Heterogeneity of mineral
content (mica, pyroxene, and plagioclase) suggests a close
similarity with the volcanic source and less chemical equi-
librium. The close relation between mineralogical conditions
of the clayey materials, their ability to retain water, and their
compressibility has been doumented by Haigh et al. (2013),
Robinson (1999) and Warren and Rudolph (1997).

3 Characterization of the studied sequences

The three study sites were selected after detailed mapping of
the fluvio-lacustrine sediments and volcanic rocks. Geologi-
cal mapping was complemented with a topographic survey of
the sites with evidence of ground surface deformation, where
vertical displacements varied from 50cm to 3m. The dif-
ferent sites have approximately the same elevation. Samples
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Figure 2. Lithological correlation of three fluvio-lacustrine and volcanic sequences in the Iztapalpa (La Cascada and Lucio Blanco) and
Tlahuac sub-basins, obtained from geotechnical boreholes. Green ellipses indicate the location in depth of non-altered samples used for

physical and mechanical characterization (see Fig. 1 for location).

were collected through three geotechnical boreholes named
La Cascada (50 m depth), Lucio Blanco (15m depth), and
Tlahuac (30 m depth) (Figs. 1 and 2).

3.1 Physical properties and clay mineralogy

Physical properties of the collected samples were determined
in the Laboratorio de Edafologia and the Laboratorio de
Mecanica de Geosistemas (LAMG), of the Centro de Geo-
ciencias, UNAM. These determinations included: gravimet-
ric water content (Wgray %), grain-size distribution by siev-
ing and fine-grain distribution using the Bouyoucos densit-
ometer, organic matter content (%), and solid density (Ss)
by the pycnometer method. Particles with diameters smaller
than 2 microns were segregated from samples and dried at
room temperature. They were crushed in an agate mortar
and sieved with a 200 mesh. Carbonates were removed by
washing with buffer solution of sodium acetate-acetic acid
(Buhrke et al., 1998). Subsequently the samples were washed
with deionized water and mild sonic vibration was applied.
Particle dispersion was propitiated by the addition of sodium
hexametaphosphate. Samples for XRD analysis were pre-
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pared according to the standard methodology proposed by
Buhrke et al. (1998); and were analyzed at the Laboratorio
de Difraccidn de Rayos X, Centro de Fisica Aplicada y Tec-
nologia, UNAM. The microstructure of some samples were
also analyzed using a Scanning Electron Microscope (SEM)
and an Transmission Electron Microscope (TEM) in the Lab-
oratorio de Fluidos Corticales, Centro de Geociencias.

3.2 Mechanical properties: compressibility

More than 30 borehole samples were tested by the stan-
dard incremental consolidation method in order to deter-
mine their compressibility (Cc) and overconsolidation ratio
(OCR, overconsolidated having values > 1), but only 14 rep-
resentative samples are discussed in this work (Table 1 and
Figs. 2 and 3). Samples were classified according to the Uni-
fied Soil Classification System (USCS). Liquid limit (LL),
plastic limit (PL), and plasticity Index (PI) were determined.
Each type of soil has a certain water retention capacity and,
therefore, its plasticity index may reflect their mineralogical
condition. The pneumatic consolidometer used for the com-
pressibility tests (ASTM, 1998) included measurements of
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Table 1. Physical and mechanical characterization of the studied lacustrine sequences. Ss, solid density; Wyray, gravimetric water content;
GSD, Grain Size Distribution: C, Clay, M, Silt, S, Sand; eg and e, initial and final void ratio, OCR, Overconsolidation Ratio, Cc, Compress-
ibility Index, USCS, Unified Soil Classification System: MH, High Plasticity Silt, SM, Silty Sand.

Depth Ss Wgrav LL-PI/IP GSD e¢y—ef Ae OCR Cc USCS
m gecm— % % C/M/S

Tlahuac

6.0 2.20 106 74-59/15 14/60/26 2.5-2.1 0.4 13  0.69 MH
12.15 2.21 187 76-57/19 19/43/38 3.5-3.3 0.2 28 0.18 MH
17.05 2.27 228 123-90/33 11/32/57 5.3-24 29 1 256 MH
22.6 2.23 260 95-67/28 15/62/23 5.2-25 2.7 1 313 MH
229 2.05 260 136-90/46 15/62/23 7.6-3.2 4.4 1 340 MH
La Cascada

12.65 2.43 203 87-61/26  16/34/50 4.7-22 25 1.8 225 MH
14.65 2.53 45 - 7/15/78 0.8-0.7 0.1 3.7 014 SM
26.84 2.26 130 103-74/29 16/38/46 3.0-1.4 1.6 10 1.73 MH
L. Blanco

4.7 2.39 190 - 12/29/59 5.1-28 23 125 322 SM
5.6 2.26 234 103-74/29 24/29/47 0.8-0.0 0.8 55 1.26 MH
5.85 2.21 222 96-72/24 46/31/23 4.9-1.8 3.1 6.5 35 MH
115 2.23 213 75-59/16 19/36/45 3.2-1.8 14 205 1.1 MH
14.1 2.23 302 101-67/34 18/37/45 59-2.2 3.7 14 276 MH
14.8 2.36 120 59-47/12 6/41/53 2.9-1.7 1.2 3.6 147 SM

variations of axial pressure, back pressure, pore pressure and
displacement with electronic sensors (Hernandez-Marin and
Carredn-Freyre, 2002). The description of its operation and
data acquisition software is detailed in Flores et al. (2010).
Compression Index (Cc) and Overconsolidation Ratio (OCR)
were obtained from graphs of void ratio vs log effective
stress.

Results obtained for representative samples (14 out of
more than 30) of the three studied sequences are presented
in Table 1. Mostly, sediments are high plasticity silts (MH)
with some intercalations of uniform sand and gravel deposits
of black colour and ash layers (sandy silts) that correspond to
pyroclastic deposits. Water content varies from 0 to 100 % for
pyroclastic deposits and from 200 to 300 % for lacustrine de-
posits (Fig. 2). Variations of colour from red to olive green in-
dicate the oxidation or reduction of iron (Fe) present in clays.
Likely, local variations of pH, temperature, and salinity pro-
duced different clayey materials within the same depositional
environment. In the La Cascada samples green colours of the
clayey sediments denote a reduction condition indicating a
water cover. The Lucio Blanco site is located in a channel that
connected with the Texcoco sub-basin from the north within
the lacustrine area of lIztapalapa (Fig. 1). Variations of the
water level in the channel might have varied conditions from
dry to humid, and the presence of Fe and magnesium (Mg)
from basaltic rocks propitiated the crystallization of smec-
tite clays, such as montmorillonite. In the Tlahuac site, the
sequence is composed mainly by pumice and ash (silicic py-
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roclastic deposits) that rapidly generated fine grain materials,
rich in silica (SiO), and with a low level of crystallization.
The initial void ratio (eg) for each layer indicates the poten-
tial compressibility and is directly related to the grain size
and mineralogy.

Three samples from different lacustrine layers at 12, 14,
and 27 m depth in La Cascada borehole are overconsolidated.
The highest Cc value and the higher water content corre-
spond to the 12 m sample and the plasticity index (IP) is sim-
ilar to that of 27 m sample which has the lower Cc value (Ta-
ble 1, Fig. 3b). The sequence is interpreted to be formed by
clayey well crystallized lacustrine sediments.

In the Lucio Blanco borehole, six samples were tested
from 4.7,5.6, 5.85, 11.5, 14.1, and 14.8 m depth. The highest
Cc value corresponds to the 5.85 depth but does not present
the highest water content or IP. The lowest Cc value corre-
sponds to a sandy material that is a pyroclastic flow deposit
(Fig. 3c and d). Pyroclastic deposits in general behave as
non-cohesive potentially collapsible material. The sequence
was interpreted as a wetland area within a lake channel, the
red colour (oxidation) of the lacustrine deposits indicated
large variations of water level.

In the Tlahuac borehole, five samples were tested from 6,
12, 17, 22.6, and 22.9 m depth. The highest Cc value corre-
sponds to the deepest layer and the two lowest to the shal-
lower layers. Also in this case the most compressible layer
does not present the highest water content, neither the high-
est IP (Fig. 3a). The sequences is interpreted to be mainly
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Figure 3. Compressibility plots of samples from the three borehole
samples. (a) Five normally consolidated samples from 6 to 22.9m
depth in the Tlahuac site, only the material in the surface is over
consolidated and have the smaller Cc value and the deeper sam-
ples have the higher Cc values; (b) three over consolidated samples
from 12.6 to 26.8 m depth in La Cascada site, the lowest Cc value
is placed at 14 m depth and the highest at 12 m depth; (c and d) six
over consolidated samples from 4.7 to 14.8 m depth in the Lucio
Blanco site, the lower Cc value corresponds to a 11.5 m depth sam-
ple and the higher at 5.85m depth. Note also high variations in Cc
for the same depth (e.g. at 12 m depth: 0.18, 2.25, and 1.1) for the
different sequences.

formed by amorphous materials, formed by the alteration of
ashes, that may explain the apparently contradictory values.

3.3 Mineralogy

For better understanding of the Cc variations we carried out
XRD analysis in order to identify mineralogy; SEM and
TEM imaging to characterize structure. Figure 4 shows some
of the results for the Lucio Blanco and Tlahuac sites. The
XRD records of the sample from 14 m depth in the Lucio
Blanco site, show heterogeneous mineralogical composition
of the entire sample: mica, illite, anorthite, silica, talc, and
possibly nontronite. The clay fraction sample (after washing
salt) indicates the presence of montmorillonite and cristo-
balite (silica) (Fig. 4a). Anorthite, a calcium plagioclase, and
mica are minerals formed during volcanic eruptions that have
not been completely altered. Cristobalite may have a volcanic
origin or be part of the diatomaceous frustule (e.g., Marsal
and Mazari, 1959). The montmorillonite suggests saturated
conditions during its formation. The presence of talc indi-
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cates alteration of the basic volcanic minerals at high salinity
and temperatures below 100 °C (Velde, 1995).

The XRD record for the Tlahuac samples indicates the
presence of vermiculite which also is related to the alteration
of volcanic minerals (an example from 22 m depth is pre-
sented in Fig. 4a). Amorphous material and low-crystallized
materials cannot be identified by XRD but SEM and TEM
can identify such materials. The SEM image presented in
Fig. 4b corresponds to a silty clay from 6 m depth (Fig. 4b1),
and to a low crystallized material from 22 m depth (Fig. 4b1
and b2). The Fig. 4b3 was obtained using an TEM and shows
the lack of structure. This material is similar to allophane and
is a product of the alteration of acid volcanic ashes.

4 Discussion

The results of the physical characterization presented in this
paper indicate that the conditions of formation and the evo-
lution of lacustrine sequences control mechanical behaviour,
and ultimately differential subsidence in the Basin of Mex-
ico, and particularly in Mexico City. The silty-clay fraction
has a highly heterogeneous composition including partially
altered volcanic ash, illite, smectite, and allophane.

These materials are usually assumed to be highly com-
pressible and with low resistance to shear. However, com-
plex consolidation of these materials is also influenced by
the displacement of free water, adsorbed water and/or inter-
molecular water, which holding force is dependent on the
mineralogical characteristics of the solid phase. In such la-
custrine materials having a metastable structure and miner-
alogy the mechanical behavior cannot be represented only
by one plasticity or compressibility index. Lacustrine clay
heterogeneity due to changes in depositional environment
should be considered for a proper assessment of the com-
pressibility index variations. This parameter is the most im-
portant because it is widely used for the estimation of land
subsidence and, hence of the fracturing susceptibility of sed-
iments.

A common assumption is that Cc decreases with depth due
to lithostatic load; however, the analysis of the data presented
in this work suggest a different mechanical behaviour for the
lacustrine sediments. The mixture of silt and sand composed
of silica, talc, and plagioclase with smectite clays (montmo-
rillonite) presents variable consolidation conditions. Sandy
lenses are less compressible, although the silt and clay con-
tent is higher. For the case of Tlahuac, it should be noted
that the sand corresponds to pyroclastic materials composed
of pumice that may degrade and change structure in hundreds
or tens of years, and this explains the presence of low crystal-
lized materials in the whole sequence. These materials show
a lower plasticity than the smectites, higher contraction limits
and a brittle behavior. The lateral and vertical compressibil-
ity variations are one of the causes of the substantial differen-
tial deformation observed in the study area. The high water
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Figure 4. Characterization of the mineralogy and structure of clayey materials. (a) XRD analysis of clays from the Lucio Blanco site (14 m
depth) showing the montmorillonite signature and from Tlahuac (22 m depth) showing the signature of vermiculite and low crystallized
material; (b) SEM images from Tlahuac deposits: (b1), is a silty material at 6 m depth; (b2); is a low crystallized material at 22 m depth and,
the (b3) image, taken using an TEM, shows the lack of structure in material similar to allophane.

content values suggest that these materials have low shear
strength and fracture easily. Once fractured, the space cre-
ated is filled with material coming from the surface creating
a tensional state of stress that propitiates the propagation of
fracturing to the surface.

Furthermore, the studied silt-clay sequences are com-
monly interbedded with fluvial and pyroclastic granular ma-
terials and/or volcanic rocks, which increase the mechanical
heterogeneity of sequences and favours differential deforma-
tion. Fracturing of the subsurface in the Basin of Mexico,
(e.g. Iztapalapa and Tlahuac) might be provoked by several
factors, such as groundwater withdrawal and regional fault-
ing; nevertheless, the gradual deformation related to differ-
ential consolidation between the different types of fluvio-
lacustrine materials in volcanic areas also play an important
role and should be better studied.
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