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In this research, we have investigated the illitization process in Quaternary calc-alkaline volcanic and
volcaniclastic rocks in the active Tinguiririca geothermal field (Andean Cordillera, central Chile). XRD, SEM,
and HRTEM/AEM techniques have been used to establish the illitization sequence and evaluate the influence of
the factors controlling themineral reaction and kinetics at low temperature (T). Analysed sampleswere collected
through a slimhole core up to 815m deep inwhich the T wasmeasured in situ (up to 230 °C at the bottom of the
drill core). Textural information indicates that the dioctahedral clays have replaced most of the vitreous
components. In contrast, plagioclase phenocrysts have only been partially and patchily albitized. The observed
replacements imply dissolution-crystallization processes. The illitization sequence detected by XRD is apparently
continuous from smectite to R3 I-S through R0 and R1, with a progressive increase in illite layers. HRTEM data
show a similar illitization trend. However, the high-resolution images reveal that the clays are more heteroge-
neous than the XRD patterns suggest, with the coexistence of different types of dioctahedral clays at the sample
level. They also indicate that the most abundant dioctahedral clays are smectite, R1 I-S, and illite. Therefore, the
XRD patterns are probably the result of a mixture of these phases plus accessory I-S mixed layers with higher
ordering (R N 1). Increasing T with depth would enhance the kinetic conditions necessary for illitization and
also favour the dissolution of the vitreous K-rich component and, locally the albitization of plagioclases. Both
processes release K, which, with the concomitant increase in T and K availability, enhances the crystallization
of clays progressively richer inK. Thus, at T ≤ 85 °C smectite crystallizes, at T N 85 °C the conditions are appropriate
for the crystallization of R1 I-S (withminor smectite+ R0 I-S), up to T ≥ 175 °C, where illite is themost abundant
and relatively stable phase.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The sequential smectite-to-illite reaction via mixed-layer minerals
(I-S) has been documented in low-temperature environments and is
commonly associated with burial diagenesis and hydrothermal
alteration. Most illitization studies report that, as I-S interstratified
clays become illitic, the interlayer arrangements change from random
(R0) to short-range (R1) ordered, and then to long-range (R3) ordered,
where R is the Reichweite parameter (Jagodzinski, 1949).

There aremany studies on the illitization process, although there are
disagreements on the smectite-to-illite reaction model. Classically,
smectite illitization in sedimentary basins has most often been
ias Experimentales, Universidad
ra del Valle, s/n, Ceuta, Spain.
described as a progressive illitization of smectite crystals (Weaver,
1960; Perry and Hower, 1970, 1972; Hower et al., 1976, among others).
In contrast, sequences formed by discrete phases, such as smectite, R1 I-
S, and illite, have been described in hydrothermal systems (e.g. Dong
et al., 1997, Tillick et al., 2001; Yan et al., 2001; Bauluz et al., 2002;
Inoue et al., 2004, 2005; Murakami et al., 2005, among others). These
observations suggest that the illitization mechanism may be multiple,
and two main types of transformation have therefore been proposed
(Altaner and Ylagan, 1997): (1) solid-state transformation (e.g. Hower
et al., 1976; Bell, 1986; Inoue et al., 1990; Amouric and Olives, 1991;
Lindgreen et al., 1991; Baronnet, 1992; Drits et al., 1997; Cuadros and
Altaner, 1998a, 1998b, among others) and (2) dissolution and crystalli-
zation (e.g. Ahn and Peacor, 1986; Inoue et al., 1987, 2004, 2005; Yau
et al., 1987; Eberl and Srodon, 1988; Dong et al., 1997; Tillick et al.,
2001; Yan et al., 2001; Bauluz et al., 2002; Murakami et al., 2005;
Arostegui et al., 2006; Ferrage et al., 2011; Nadeau et al., 1984, 1985,
among others). Regardless of the proposed mechanism for smectite
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illitization, there is agreement that this transformation and the crystal
chemistry of mixed-layer I-S depend on T, compositions of fluid, time,
and fluid/rock ratio during the formation of I-S minerals as well as the
chemical composition of the precursor materials (Altaner and Ylagan,
1997).

Improvements in our knowledge of the smectite-to-illite reaction
are important to understand the thermal evolution and maturity of
sedimentary basins and the thermal history of rocks in active and fossil
geothermal fields. Harvey and Browne (1991) observed two main
mixed-layer clay mineral transformations in the Wairakei active
geothermal system (New Zealand): the smectite to chlorite and the
smectite to illite transformations. Clay minerals are usually developed
in the shallower zone of active geothermal systems (Reyes, 1990).
Kaolinite, dickite and pyrophyllite can be developed under acid
conditions above upflow zones or from acid alteration within the
reservoir. On the other hand, smectites, chlorite and illite crystallize
under neutral pH conditions developing the clay cap zone that usually
limits the geothermal reservoir, characterized by a propyllitic alteration,
where trioctahedral chlorite is associated with variable amounts of
epidote, quartz and other Ca-silicates (e.g. Mas et al., 2006, between
others). Because the difference in conductivity between the clay-rich
alteration zone reservoir domains, the evolution from the clay cap to
the propyllitic zone could identified during the exploration phase in
active geothermal systems bymeans of geophysical survey, in particular
analysing the resistivity data. For this reason, the analysis of clay
minerals in drill core in active geothermal systems is one of the more
useful tools in any geothermal exploration program aimed to
understand geothermal systems in depth. Consequently clay minerals
study allow to constraint temperature and fluid evolution during
hydrothermal alteration and also the control of primary rock on the
fluid-flow during alteration. Moreover, hydrothermal alteration in ac-
tive geothermal systems took place over a relatively short period of
time and under variable fluid/rock ratio (e.g. Harvey and Browne,
1991; Inoue et al., 2004). Under these borderline constraints, smectite
to illite transition in geothermal systems seems to be mostly controlled
by temperature but also composition of precursor materials could
improve the illite formation. In this sense, Harvey and Browne (1991)
postulated about the strong control of permeability and fluid-flow on
the nature and sequence of clay minerals in active geothermal systems.
On the other hand, Ji and Browne (2000) concluded that illite crystallin-
ity in active geothermal fields is strongly controlled by T, but lithology,
potassium availability, and permeability also seem to be important
controls on illite formation. Inoue et al. (2004) studied I/S series during
geothermal alteration in felsic vitric volcaniclastic units and indicated
the influence of the fluid/rock ratio and fluid geochemistry (pH and
Na-rich solutions) in the illitization processes under geothermal condi-
tions. According to these authors, smectite illitization obeys Ostwald's
step rule as being a kinetically controlled transformation. Additionally,
knowledge of the illitization sequence has also contributed to better
understanding of how fault propagation occurs in crustal fault zones
and in subduction regions (e.g. Deng and Underwood, 2001; Dubacq
et al., 2010). In summary, different parameters seems to be controlling
the smectite to illite transformation, and the possibility to analyse a
continuous drill core from an active geothermal field is an unique
opportunity for revealing new hypothesis about this type of mixed-
layer evolution.

The study of the smectite-to-illite transformation in active geothermal
systems using samples from a continuous drillhole is a unique opportuni-
ty to better understand this mineral transformation under a high (and
known) geothermal gradient. In this paper, the illitization process has
been investigated in the Tinguiririca geothermal field (Andean Cordillera
of central Chile) combining X-ray diffraction (XRD), Scanning electron
microscopy (SEM) and High resolution transmission electronmicroscopy
(HRTEM) analyses in order to establish the illitization sequence and eval-
uate the influence of the different factors controlling themineral reaction
and the kinetics at low T. Vázquez et al. (2014) describe in this field the
smectite-to-illite reaction as being a consequence of the hydrothermal al-
teration of volcanic rocks. In order to thoroughly investigate the
illitization sequence, more detailed sampling was performed in the tran-
sition from the smectite to illite zones, and HRTEM techniques have been
used todistinguish the interlayer order of smectite and illite layers and es-
tablish the sequence and themechanismof illitization.Our newresults in-
form the illitization processes and the differentmechanisms that could be
involved.

2. Geological setting

Andean geothermal systems are mostly related with the volcanism
generated as a consequence of the subduction of the Nazca Plate under
the South America Plate. In the Chilean Andean Cordillera, over seventy
different geothermal fields are currently in the exploration stage by dif-
ferent private companies, and exploration drilling has been performed
in nine of these areas (Lahsen et al., 2015). The Tinguiririca geothermal
field, 150 km south-west of Santiago (central Chile), belongs to the
Chilean Andean volcanic arc. Surficial geothermal expressions in the
area (stem vents, bubbling mud pools, and flowing hot springs) are di-
rectly associated with the Tinguiririca Volcanic Complex (Clavero et al.,
2011). Recent volcanic activity in this complex (b1.1 Ma; Arcos et al.,
1988) has generated threemain volcanic cones (Tinguiririca, Fray Carlos,
and Montserrat) and several minor scoria cones, with the most recent
historic eruption at the beginning of the last century (Arcos et al.,
1988). The NNE alignment of these eruptive centres coincides with the
main NNE fault system observed in the area (Fig. 1), suggesting a strong
structural control both on themagmatic and also on the fluid-flow paths
in this section of the Chilean Andes. Moreover, recent passive seismic to-
mography data (Pavez et al., 2016) corroborate the primary role of this
NNE fault system in the mobility of hydrothermal fluids. The main sur-
face thermalmanifestations occurwest and southwest of the Tinguiririca
volcano (Fig. 1).Water and gas geochemistry sampled on surface togeth-
er with He isotope ratios suggest equilibrium temperatures in between
230 and N300 °C having a clear magmatic source, possibly of basaltic
composition (Clavero et al., 2011) related with active volcanoes of the
Tinguiririca Volcanic Complex.

In the summer of 2011, the first slimhole well (Pte-1) was drilled on
the southwestern flank of the Tinguiririca Complex, allowing the collec-
tion of altered rocks up to 813 m in depth. The borehole location by
Energia Andina company was based on geological and geophysical
(aeromagnetic, gravity and MT) survey previously done by this compa-
ny. Temperatures measured directly in the borehole indicate a high
thermal gradient at shallow depth (with a T close to 200 °C at a depth
of 450 m). This drillhole intersects Holocene–Pleistocene volcanic and
volcanoclastic rocks (calc-alkaline porphyritic basaltic to andesitic lava
flows with minor pyroclastic levels) related to the volcanism of the
Tinguiririca Volcanic Complex (Clavero et al., 2011, Droguett et al.,
2012). The volcanic rocks are composed primarily of calcic plagioclase,
clino and orthopyroxene, and minor olivine and magnetite phenocrysts
within an intersertal to hyalopilitic groundmass (Droguett et al., 2012).
Available whole-rock chemical data indicate a rather geochemical ho-
mogeneity of the mafic lavas of the Tinguiririca Volcanic Complex,
with SiO2 values ranging from 56 to 61 wt% and K2O in the 3–5 wt%
range (Arcos et al., 1988; Polanco et al., 2015), typical for calc-alkaline
Andean andesites and basaltic andesites.

In previous studies of samples from Pte-1 borehole, Droguett et al.
(2012) and Vázquez et al. (2014) described the alteration mineralogy
of the hydrothermal systems of the Tinguiririca as T-dependent.
Droguett et al. (2012) reported smectite and hematites to be the index
minerals of a shallow alteration zone. This hydrothermal assemblage
was considered an indicator of the so-called argillic alteration (from 0
to 410 m and 30 to 200 °C). These authors also identified epidote and
prehnite at the deepest levels (from 600 to 813 m and 200 to 250 °C),
developing a propylitic alteration consistent with almost neutral pH
fluid conditions. Hydrothermal minerals fill open spaces (voids and



Fig. 1. Geological map of the Tinguiririca geothermal field, showing the location of thermal surface manifestations, the hydrothermal alteration areas, and the location of the PTE-1 drill
core, simplified from Clavero et al. (2011).
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fractures) and also replace most of the primary rock-forming minerals
(mainly plagioclase and pyroxenes). Vázquez et al. (2014)
distinguished four alteration zones in the hydrothermal systems of the
Tinguiririca: (1) a shallow alteration zone dominated by smectite
(from 0 to 300 m and 30 to 100 °C); (2) an R1 I-S mixed layer zone
characterized by illitic-rich I-S mixed layers, high-charge corrensite,
and chlorite (from 262 to 410 m and 100–180 °C); (3) an R3 I-S
mixed-layer zonewith illite-rich I-Smixed layers, togetherwith chlorite
and high-charge corrensite (from 410 to 700 m and 200–220 °C); and
(4) a deep alteration zone, where chlorite and low-charge corrensite
are the main clay minerals, and I-S mixed layers are absent (from 700
to the bottom of the drillhole and from 220 to 250 °C).

3. Materials and methods

With the aimof analysing the illitization processes, six sampleswere
selected along borehole Pte-1 of the Tinguiririca geothermal field for I-S
mixed-layermineral characterization, using XRD, SEM, and HRTEM. The
samples were collected from 262 to 408m depth range (corresponding
to an80–180 °C T range), atwhichdepths the smectite to illite transition
was detected by XRD study (Vázquez et al., 2014). The main character-
istics of the selected samples are summarized in Table 1. The sample
labels correspond to their depth.

3.1. X-ray diffraction

The sampleswere crushedwith a laboratory jaw-crusher. The b2 μm
fraction was separated by centrifugation, and then smeared onto glass
slides. The XRD data were obtained with a Bruker D8 Advanced
diffractometer with Cu-Kα radiation and Bragg–Brentano geometry at
the University of Chile (Chile). Clay minerals in this fraction were
identified according to the position of the basal reflections on XRD
patterns of air-dried, ethylene-glycolated (EG) and heated (300 °C for
2 h). I-S mixed-layer clay minerals were identified and the respective
proportions of illite components determined according to Moore and
Reynolds (1997) criteria. Heat treatments were useful in identifying



Table 1
Drill hole sampling carried out in Pte-1 well along with clay mineralogy (XRD) and dioctahedral clays identified by TEM.

Sample (drilling depth) T (°C) Lithology XRD data TEM data

Sme Be I-S Chl LC-Corr Chl-Vrm

R % Ilt

262 80 Porphyritic andesite with amygdalus (+yr) X X - - Sme (+I1)
281 85 Argillized tuff

(+hem + pyr + cal)
R0 30 X X Sme (+I1 + I N 1)

282 85 Argillized tuff (+hem + pyr + cal) R0
R1

10
40
60

X X − I1 + Ilt (+Sme + I N 1)
− I1 + Sme

325 125 Argillized tuff
(+silica + pyr + cal)

R1 60 X X X I1 (+I N 1 + Ilt)

328 130 Argillized tuff (+silica + pyr + cal) R1 70 X X X –
408 175 Silicified tuff (+cal) R3 90 X X X Ilt (+I N 1)

Mineral abbreviations as suggested byWhitney and Evans (2010): Sme: Smectite, Be: berthierine I-S: Illite-Smectite mixed layers, Ilt: Illite, Chl: Chlorite, LC-Corr: Low-charge Corrensite,
Chl-Vrm: Chlorite-Vermiculite mixed layers, Pyr: Pyrite, Hem: Hematite, Cal: Calcite. Nomenclature for interstratifications in the TEM study as proposed by Bauluz et al. (2000).
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vermiculite layers in the chlorite mixed-layer phases. Overlapping
peaks of mixed-layer clay minerals were separated by decomposition
procedures using MacDiff 4.2.5 (Petschick, 2000).

3.2. Electron microscopy

Polished sections of the six samples were analysed by field emission
SEM (FESEM) at the University of Zaragoza (Spain) using backscattered
electron (BSE) and semi-quantitative analysis by energy-dispersive X-
ray (EDS) to obtain textural and chemical information. The accelerating
voltage was 4 to 15 kV with a beam current of 1–2 nÅ and a counting
time of 50 s for analysis. Sampleswere coatedwith carbon for BSE imag-
ing and EDS analysis.

Based on the XRD and SEM results, five samples were selected for
the HRTEM study. TEM, in combination with XRD, enhances the
characterization of clays and mixed-layer I-S minerals. TEM techniques
provide information on the nanotexture, crystal structure, and quantita-
tive chemical data from precise areas. An essential problem in the TEM
investigation of mixed-layer I-S minerals is the collapse of expandable
interlayers under high vacuum, which makes the distinction between
smectite and illite layers in I-S very difficult, if not impossible. Improve-
ments in imaging and sample preparation techniques have addressed
this problem by ensuring the permanent expansion of smectite
interlayers using LR white resin (Kim et al., 1995; Bauluz et al., 2000,
2002; Yan et al., 2001; Tillick et al., 2001) and using the imaging condi-
tions indicated by Guthrie and Veblen (1989a, 1989b, 1990). Samples
were treated with LR white resin following the procedure of Kim et al.
(1995) in order to prevent the collapse of smectite-like interlayers in
the vacuums of the ionmill and TEM, aswell as to facilitate the differen-
tiation of illite and smectite interlayers in TEM images. Great care was
taken to prevent direct contact with water during sample preparation
in order to avoid smectite expansion and resultant sample damage.
Sticky wax-backed thin sections were prepared and first examined by
optical microscopy. Typical areas were removed for TEM observation
via attached Cu washers, thinned in an ion mill, and carbon coated. In
order to identify areas of interest for the TEM study, the ion-milled sam-
ples were studied by FESEM. HRTEM observations were performed
using a Jeol-2000 FXII equipped with an Oxford instrument detector
(EDS) at the University of Zaragoza (Spain). The TEM was operated at
200 kV and a beamcurrent of 20mA. In order to obtain the imaging con-
ditions described by Guthrie and Veblen (1989a, 1989b, 1990),
through-focus series of images were obtained from 1000-Å underfocus
(approximate Scherzer defocus) to 1000-Å overfocus, in part to obtain
optimal contrast in I-S ordering (overfocus). However, because the
initial focus was controlled manually by minimizing contrast, small
deviations from exact underfocus or overfocus numbers were inevita-
ble. Individual particles of clay minerals were chemically analysed in a
Philips CM-20 scanning TEM (STEM) at the University of Granada
(Spain), working at 200 kV with a point-to-point resolution of 2.7 Å in
the TEM mode. Chemical compositions were obtained from powdered
portions, dispersed onto C-coated Au grids. We used the STEM mode
with a 50 Å beam diameter with an EDS microanalysis system.

3.3. Nomenclature for interstratifications

Ordering in interstratified I-S is ordinarily characterized by its
Reichweite value, on the basis of X-ray diffraction data. Such measure-
ments of I-S ordering represent long-range ordering averaged over all
the layers that scatter X-radiation. However, short-range ordering of in-
terlayers within I-S packets can be identified in TEM images. The
Reichweite nomenclature is therefore inappropriate for specific layer
sequences as observedby TEM. For thepurpose of this study,we employ
the nomenclature proposed by Bauluz et al. (2000), using the notation
In, where n is the number of illite-like layers associated with a given
smectite-like layer (i.e., IS-IS- layers are denoted as I1 units, ISI-ISI- as
I2 units). This nomenclature is analogous to the Reichweite nomencla-
ture, but applied only to specific layers. An ideal (rectorite) sample for
which R = 1, having 50% illite-like layers, is identical to a sequence of
I1 units, but a sequence for which R = 1 and I% N50% would consist
dominantly of I1 units, but would also have I2, I3… units (n N 1).

4. Results

4.1. X-ray diffraction

Clay minerals identified in the b2 μm fraction are shown in Table 1.
Smectite, berthierine, chlorite and mixed-layer minerals (such as I-S,
corrensite, and chlorite-vermiculite mixed layers) are the clay phases
identified in the samples. I-S mixed layers have been identified by
comparing the air-dried and ethylene glycol-treated specimens
(Fig. 2). The illite proportion in I-S was determined by the position of
the reflections near 9° to 11° 2θ (Fig. 3A) and near 16° to 17° 2θ
(Fig. 3B) and the R parameter by the position of the reflection from 5°
to 8.5° 2θ for EG-solvated preparations (Fig. 2). The coexistence of R0
and R1 I-S minerals has been observed in the XRD data of sample 282
(Fig. 2). Peak decomposition using MacDiff (Petschick, 2000) suggests
that the 001/002(EG) peak for I-S at 282 is comprised of overlapping
components at ~9.34, 8.99, and 8.53 Å (Fig. 3A); the 002/003 (EG)
peak can be decomposed into overlapping components at 5.59, 5.48,
and 5.36 Å (Fig. 3B).While peak decomposition likely does not produce
a unique solution, it is consistent with a mixture of R0 I-S 10% I, R0 I-S
40% I, and R1 I-S 60% I.

Chlorite-like phases have been detected in the illitization sequence.
Corrensite was identified by the presence of characteristic reflections
in EG treatments such as 31 Å, 15.5 Å, and 7.8 Å, which correspond to
(001) (002) and (004) reflections. Moreover, heat treatment at 300 °C



Fig. 2. XRD patterns corresponding to b2 μm oriented fractions of samples 262, 282, and
408.
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for 2 h shows one plateau with spacing ranging from 7 to 8 Å (Fig. 2),
which is interpreted as a convolution of 002 (~7 Å) of chlorite and
003 (~8 Å) of collapsed corrensite. Heat treatments also reveal the
presence of a chlorite-vermiculite mixed layer in some samples. The
peaks corresponding to such mixed-layers do not change with the EG
treatments, but collapse after heating to 300 °C (Moore and Reynolds,
1997). The presence of vermiculite layers generates significant changes
in the intensity and basal spacing of chlorite. Therefore, the 001 of
chlorite shows a spacing of 14.3 Å in air-dried samples, but the charac-
teristic peak of chlorite is found at 14.01 Å in heated samples.

The distribution of phyllosilicates along the illitization sequence
shows depth-based zoning. Dioctahedral smectite together with
berthierine are the main clay minerals in the shallowest sample.
Below, I-S mixed-layer minerals are the primary dioctahedral phase
and smectite is absent. The illite layers and ordering type of I-S minerals
increase with depth, from R0 I-S (30% I) at 281, the coexistence of two
R0 I-S (10 and 40% I) and R1 I-S (60% I) at 282, R1 I-S (60% I) at 325,
and R3 I-S (90% I) at 408. Chlorite appears together with I-S minerals,
but low-charge corrensite and chlorite-vermiculite along the sequence
is discontinuous (Table 1).

4.2. Scanning electron microscopy

Representative BSE images of the six samples are presented in Fig. 4.
Unaltered tuffs are composed of phenocrysts of Ca-rich plagioclase,
rounded fragments of volcanic glass, and a groundmass of Ca-rich
plagioclase and glass.

Sample 262 has a typical texture formed of volcanic glasses,
plagioclase phenocrysts, and matrix (Fig. 4A). Volcanic glass is
completely altered to smectite whereas plagioclase phenocryst
alteration is scarce. The clasts are imbedded in a matrix of minute
plagioclase microliths and clays with smectite-like composition that
probably replaced the original vitreous matrix (Fig. 4B). High-
magnification images of the matrix show that smectite packets exhibit
a curved (sometimes circular or semi-circular) lens-shaped morpholo-
gy, with no preferred orientation (Fig. 4C). Curved packets of smectite
with a discontinuous circular shape commonly surround cores. The
cores look empty, which probably indicates that the dissolution of the
amorphous material of the matrix was complete.

As illustrated in Fig. 4D–I, samples 281, 282, 325, 328, and 408
comprise plagioclase phenocrysts, Ti-magnetite and plagioclase as mi-
croliths, pseudomorphs of vitreous fragments with rounded morphol-
ogies replaced by dioctahedral clays (I-S and illite), and a clay-rich
matrix, that previously consisted on glass, also formed of mixed-layer
I-S and illites. Plagioclase phenocrystals in all the analysed samples
show scarce evidences of alteration. In the most altered samples (328
and 408), discrete silica phase (quartz) crystals and partially albitized
plagioclases have also been observed. The dioctahedral clays of the
matrix of these rocks have a filamentous texture indicating an in situ
crystallization.and are associated to Fe-rich chlorites, scarce apatite,
and primary relict Fe-Ti oxides.

The SEM study of the analysed samples shows that the vitreous
phases have been replaced by Sm, I/S or illite. In contrast, plagioclase
phenocrysts are only scarcely altered. Texture of the dioctahedral clays
reflect they crystallized directly from fluids.

4.2.1. Chemical composition of dioctahedral clays
Based on the EDS analyses, the clays in sample 262 are dioctahedral

smectites and can be classified asmontmorillonite (Fig. 5, Supplementa-
ry data). They have AlVI N Fe + Mg, low tetrahedral substitutions
(AlIV b 0.05 apfu), an interlayer charge of ~0.40 apfu, and interlayer po-
sitions occupied by Ca N K N Na. There are no significant compositional
differences among the smectites that replace plagioclases, glass clasts,
or the vitreous matrix. EDS analyses of clays from samples 281, 282,
325, 328, and 408 indicate that they are also dioctahedral clays. In all
cases, they are Al-rich clays with AlVI N Fe + Mg, and the interlayer
site is composed of Ca and K with very low Na contents. From the EDS
data (supplementary data) and XRD results, we infer that these clays
are different types of mixed-layer I-S and illitic phases.

Combining the XRD data and SEM/EDS analyses, we can conclude
that the composition of clays from sample 281 correspond to R0 I-S. In
sample 282, two types of compositions have been distinguished, those
forming a matrix with a similar composition to that of clays from 281
that would correspond to R0 I-S and the clays that pseudomorphize vit-
reous fragments corresponding to R1 I-S. The compositions of R1 I-S
have lower Si contents and larger interlayer charges in comparison to
R0 I-S (Fig. 5). According to XRD, I-S mixed layers of 325 and 328 corre-
spond to R1 I-S, and their compositions are similar to the R1 I-S from



Fig. 3. Decomposed XRD patterns of sample 282.

226 M. Vazquez et al. / Applied Clay Science 134 (2016) 221–234
sample 282, and themixed-layer I-S from sample 408 corresponds to R3
I-S and/or illites.

Fig. 5a shows that there is a decrease in the Si contents and an
increase in the interlayer charge and in the K contents with the alter-
ation grade, indicating progressive illitization from sample 262 to 408
(Supplementary data). The illitization produces, therefore, an increase
in the substitution of Si by Al, but with no significant changes in the
AlVI/Fe + Mg ratio.

The compositional variations in these dioctahedral clays are charac-
teristic ofmetastable phases formedunder low-temperature conditions.

4.2.2. Chemical composition of plagioclase phenocrysts
EDS analyses of plagioclase indicate that they have intermediate

compositions between anorthite and albite end-members. Fig. 5
shows the variations in the Ca vs Si content of the analyses. Most of
them plot forming a group that ranges from 2.47–2.72 apfu of Si and
0.29–0.56 apfu of Ca, and the average composition of the group
corresponds to Ab52 An44 Or3. This composition is consistent with the
interval composition of primary plagioclase in equilibriumwith basaltic
andesite to andesitic melts. In contrast, Si-rich and Ca-poor analyses,
plotting outside the primary group, correspond to totally or partially
albitized plagioclases from the most altered samples and probably
produced by geothermal alteration.

4.3. Transmission electron microscopy

TEM observations of the five analysed samples are described below
in order of increasing degree of illitization. A summary of the
dioctahedral clays and I-S depicted in the TEM images is shown in
Table 1.

4.3.1. Sample 262 (smectite)
As shown in Fig. 6A, this sample contains smectite with the typical

texture when it is formed by the replacement of volcanic glass. Smectite
exhibits straight, curved, and sometimes circular or semi-circular
packets, with no preferred orientation. The smectite is characterized
by discontinuous, wavy fringes with spacings from 12 Å to 14 Å (most
commonly 12–12.5 Å) and even the spacing varies through the layers
(Fig. 6B). The d values depend on the degree of dehydration and layer
collapse caused by interaction with the electron beam or the TEM or
ion-mill vacuums. There are abundant layer terminations and the
boundaries between packets are diffuse and appear to grade into the
matrix (Fig. 6B-C). No glass has been imaged, indicating it was probably
completely replaced by smectite.

SAED patterns show diffuse low-order 001 reflections, and non-00 l
reflections are ill-defined, non-periodic, and diffuse parallel to c* (inset
in Fig. 6B). They have characteristics of poorly crystalline smectite,
perhaps mixed with amorphous material.

Occasionally, the alternating dark and light contrast typical of
mixed-layer I-S (Guthrie and Veblen, 1989a, 1989b, 1990; Veblen
et al., 1990) has been noted. Moreover, these fringes have spacings
(21- to 22-Å periodicity) characteristic of the sum of illite- and
smectite-like layer spacings in R1 I-S (Kim et al., 1995; Dong et al.,
1997) (Fig. 6C). We use the term I1 for such individual units, as
described above.

4.3.2. Sample 281 (I-S R0 35)
TEM images of thematrix of this sample show thin curved packets of

smectite with thicknesses ranging between approximately 5 and 20 nm
(Fig. 7A). The morphologies imply that it precipitated directly from
interstitial fluids. Smectite has similar characteristics as in sample 262,
showing discontinuous, wavy fringes with spacings from 12 Å to 14 Å
(Fig. 7B). SAED patterns have diffuse low-order 001 reflections, and
non-00 l reflections are ill-defined, non-periodic, and diffuse parallel
to c* (inset in Fig. 7B). Additionally, there are some layers comprising
I1 (21- to 22-Å periodicity) and I2 (31- to 32-Å periodicity) units
(Fig. 7C and D).

4.3.3. Sample 282 (I-S R0 10 + I-S R0 40 + I-S R1 60)
As mentioned in the SEM results, EDS analyses have shown the

coexistence of two different types of mixed-layer I-S in this sample:
the matrix is formed by I-S R0 and the glassy fragments are replaced
by R1 I-S. Fig. 8A shows both types of clays and their textural relations.
Fig. 8B–C display TEM textural images of the areas indicated in the BSE
image shown in Fig. 8A.

I-S phases replacing glassy fragments show a fan-like texture
(Fig. 8B), whereas those of thematrix have afilamentous texture similar
to the matrix in sample 281 (Fig. 8C). Both texture suggest a direct
crystallization from hydrothermal fluids. As a consequence of texture
differences, the clay fabric of the matrix is more porous than in
fragments. HRTEM images show the coexistence of smectite (Fig. 8D)
and layers comprising I1 (21- to 22-Å periodicity) in the matrix. The
fragments consist of I1 units (Fig. 8E) and illite packets (Fig. 8F) with
only occasional smectite and I-S IN 1. As in lower-T samples, the



Fig. 4. SEM/BSE images of samples 262 (A–C), 281 (D), 282 (E), 325 (F), 328 (G), and 408 (H–I).
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boundaries of the smectite and I-S packets are diffuse, with abundant
layer terminations. In contrast, illite crystallites have straight lattice
fringes with constant 10-Å spacings. They are 10–15-nm thick with
relatively well-defined boundaries (Fig. 8F). SAED patterns of smectite
and I1 units are similar to those of smectite of lower-T samples with
diffuse low-order 001 reflections.
4.3.4. Sample 325 (I-S R1 60)
Clays from sample 325 have the filamentous, porous texture

described in previous samples (Fig. 9A). HRTEM images indicate that
they consist of areas rich in I1 units with accessory illite packets and
IN 1 (Fig. 9B-C). SAED patterns (insert in Fig. 9B and C) are consistent
with those of typical 1Md polytypism and are relatively better defined
than those of upper-level (lower T) samples.
4.3.5. Sample 408 (I-S R3 90)
Textural images indicate the hydrothermal dioctahedral clays are

randomly oriented (Fig. 10A), as shown in previous samples. HRTEM
images show that they are formed of nearly straight lattice fringes
with constant 10-Å spacings (Fig. 10B). They are 5–15 nm thick, with
relatively well-defined boundaries. Occasionally, I3 units have been
observed. SAED patterns of illite are characteristic of 1Md polytypism.
Fig. 10B shows some continuity among illite and plagioclase layers,
suggesting topotactic growth.
4.3.6. AEM analyses of dioctahedral clays
The chemical composition of the clays corresponds to dioctahedral

phases (Supplementary data). In some analyses, the octahedral charge
could be considered slightly higher than normal. This may be because



Fig. 5. SEM-EDS analyses of dioctahedral clays plotted on (A) the Si vs. interlayer charge graph, (B) the Fe+Mg− AlVI− AlIV graph, and (C) plagioclases: Si vs Ca. TEM-AEM compositions
of dioctahedral clays plotted on (D) the Fe + Mg− AlV − AlIV graph.
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all the Mg has been assigned to the octahedral layer, even though this
cation can also be present in part in the interlayer position. In the
absence of a valid distribution criterion, we have not attempted to
distribute the Mg between the two structural positions.

The two analytical techniques (SEM/EDS and TEM/AEM) have de-
fined similar trends of chemical composition evolution with depth
(Fig. 5). AEM analyses reveal smectite from sample 262 has slightly
lower Si contents (3.96–3.63 apfu) than the corresponding analyses
performed with EDS. AEM analyses also indicate that smectite has a
montmorillonite-nontronite composition with a significant beidellite
component. In general, for all the samples, the AEM chemical analyses
are clearly more heterogeneous at the sample level than those in EDS
(Fig. 5). AEM data correspond to chemical analyses of individual
particles of clay minerals instead of areas analysed by EDS in grain
minerals, in which, presumably, average compositions of the various
particles included in the analysed area are obtained, thereby reducing
the overall range of compositions.

Samples 281 to 408 show a trend of decreasing Si contents and in-
creasing interlayer charges, indicating a progressive illitization (Fig. 5).

5. Discussion

The Tinguiririca geothermal field, as analysed from the Pte-1 drill
core samples, evidences a typical alteration pattern with argillic
alteration in the upper part evolving to propylitic alteration in depth.
Clay minerals also show an evolution pattern typical of these high-
gradient geothermal alteration processes, with smectite being the
most stable phase in upper levels and evolving to illite and chlorite in
depth. Moreover, the smectite-to-illite sequence has been observed in
the samples collected from 262 to 408 m depth range and correspond-
ing to an 80–180 °C T range, revealing its progress undermetastable and
kinetically controlled conditions.

5.1. Comparison between XRD and electron microscopy data

The illitization sequence detected by XRD is apparently continuous
from smectite to R3 I-S through R0 and R1, with a progressive increase
in illite layers (Table 1). Hence, it reproduces the commonly described
sequence in the traditional literature for both hydrothermal and
diagenetic environments.

The TEM data show a similar illitization trend (Table 1). However,
the high-resolution images reveal that the analysed clays are more het-
erogeneous than the XRD patterns reflect, illustrating the coexistence of
different types of dioctahedral clays. The TEM images also indicate that
the most abundant dioctahedral clays are smectite, I1 I-S, and illite, so
the XRD patterns are probably the result of the mixture of these phases
plus accessory I-S mixed layers having higher ordering. Therefore, the
actual sequence is not as continuous as XRD seems to indicate. On the



Fig. 6. TEM images of sample 262. Low magnification (A) and lattice-fringe images and SAED patterns (B-C).
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other hand, the combination of SEM and TEM reveals that, in sample
282, clays formed from the glassy matrix are smectite and I1 I-S, and
those formed from vitreous clasts are I1 I-S plus illite.

Even though TEM images do not show abundant I0 or I3 I-S, their oc-
currence in minor proportions in the analysed samples cannot be
Fig. 7. TEM images of sample 281. Low magnification of the matrix (A) and lattic
discarded. A smectite layer impregnated with LR white resin collapses
to 11–13Å and it can therefore be complicated to distinguish illite layers
between predominant smectite. In the case of R3, differences in identi-
fication of this I-S between XRD and TEMmay be due to the fact that the
LR white resin cannot diffuse into interlayers, but only maintains the
e-fringe images and SAED patterns (B–C–D) showing smectite and I-S units.



Fig. 8. Electronmicroscopy images of sample 282. SEM/BSE image (A) showing the texture of clays that have replaced vitreous fragments (rectangle B) and the glassymatrix (rectangle C).
Low-magnification TEM images showing the texture of clays that have replaced vitreous fragments (B) and the glassymatrix (C). Lattice-fringe image corresponding to clays that form the
matrix (D) and vitreous fragments (E, F).
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dimensions of the untreated sample, in contrast to the action of ethyl-
ene glycol, as Bauluz et al. (2002) suggested. Additionally, we should
also consider that Guthrie and Veblen (1989a, 1989b, 1990) pointed
out it is sometimes not possible to obtain images that allow the differen-
tiation of smectite and illite layers, thus biasing the TEM results.

However, we are not aware of any TEM study describing predomi-
nant I0 or I3 ordering despite the large numbers of such studies of I-S
sequences; for instance, TEM observations similar to those of this
study were reported by Dong et al. (1997) and Bauluz et al. (2002). In
agreement with the present case, their results, which showed the
presence of smectite, illite, and (R = 1) I-S but not I0 I-S or I3 I-S,
were inconsistent with the XRD data reported for the same samples.

5.2. Changes in chemical composition of dioctahedral clays with illitization

The chemical composition of the analysed dioctahedral clays
indicates that they have higher Al contents in the octahedral sheet in
comparison to Mg and Fe. The most significant compositional trend
with illitization is the increase in Al in tetrahedral positions, which is
compensated by the increase in the interlayer charge. The interlayer
sites are mainly occupied by K and Ca, with an increasing K/Ca ratio
with illitization. Although analyses from different samples overlap
each other, there are clear differences between them in agreement
with the composition of the respective dominant clays (e.g. smectite,
R1 I-S, or illite), even in sample 282 in which smectite (or R0 I-S)
coexists with R1 I-S in different textural sites. The overlapping analyses
may be a consequence of chemical heterogeneity of the phases and the
coexistence of different kinds of phases at the sample level, but also of
the technique used for the analyses. The SEM electron beam has a spot
size larger than the clay particles, and each analysis includes a group
of particles. Therefore, it is equivalent to a type of physical averaging
of the various compositions found in the sample. AEM analysis,
performed in the TEM, tries to take advantage of its higher spatial
resolution to analyse individual particles and it has shown more clearly



Fig. 9. TEM images of sample 325. Low magnification (A), and lattice-fringe images and
SAED patterns (B\\C).

Fig. 10. TEM images of sample 408. Low-magnification (A) and lattice-fringe image and
SAED pattern (B).
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their heterogeneous nature. The differences revealed by the SEM analy-
ses are a consequence of the various possible combinations of the com-
position range detected by AEM. Although the variations shown by AEM
are higher than those of SEM, the two techniques show similar trends
and ranges, with the small differencesmotivated partly bymethodolog-
ical bias and partly by the possible inclusion ofminor quantities of other
mineral phases depending on the size of the analysed area.
5.3. Crystallization mechanism

One of the main topics in illitization sequences in active geothermal
systems concerns the precise mechanism that allows this clay mineral
evolution under a high gradient and under different fluid/rock ratios.
A recent paper from Beaufort et al. (2015) illustrates the different crys-
tallization mechanism in the chloritization processes through mixed-
layer mineral series in low-temperature geological systems. According
these authors, smectite to chlorite transition differs in diagenetic from
hydrothermal systems. The main conclusions of these authors about
the different crystallization mechanism are in relation with drastically
different heating rates, heat flow conditions and tectonism between ba-
sins under passive tectonic regime against geothermal systems in active
margins. In the Tinguiririca geothermal system, it is clear from our re-
sults that illitization is mostly T-controlled. However, as Inoue et al.
(2004) showed, illitization is also a kinetically controlled process that
occurs in active geothermal systems within a relatively short time.

TheBSE images of our samples show that the clasts of glasses and the
matrix, previously formed of glass, consist of dioctahedral clays. This
means that vitreous components have been completely replaced by
the clays (e.g. smectite, I-Smixed layers, and illite) afterfluid-rock inter-
actions. In contrast, crystalline components of the rocks show only
minor evidence of re-emplacement by clays (Fig. 4). The textures ob-
served in SEM provide evidence for clay crystallization from a fluid fol-
lowing the dissolution of precursor glassymetastable phases. Therefore,
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this study shows that the formation of I-S and illite phases did not
require precursor smectite; in all analysed samples, they form from
the dissolution of glass components and crystallization from fluids. In-
deed, transitions from smectite to I/S or Illite layers have been not ob-
served by HRTEM. The crystallization of smectite, I/S or illite in this
samplesmainly depends on the T of the hydrothermal fluid as other au-
thors reported in similar environments (Bauluz et al., 2002; Inoue et al.,
2004, 2005; Murakami et al., 2005, among others). The nature of the
alteration and the type of neoformed clays imply that the hydrothermal
alteration at the Tinguiririca geothermal field took place at low T
increasing with depth, as previous data show (Vázquez et al., 2014).

As mentioned above, the TEM data reflect that the alteration pro-
duces the crystallization of a discontinuous illitization sequence with
the formation of smectite, R1 I-S, and illite as themost abundant phases,
indicating that they are relativelymore stable than randommixed-layer
I-S. However, certain authors (Lippmann, 1982; Jiang et al., 1990;
Essene and Peacor, 1995) consider illite, I-S, and smectite to bemetasta-
ble phases in all occurrences in comparison to assemblages containing
muscovite, as shown by pelitic rocks approaching equilibrium at
greenschist-facies conditions. As we show in this study, these minerals
are chemically and texturally heterogeneous with a high degree of
disorder and their crystallization follows the Ostwald step rule (Morse
and Casey, 1988; Inoue et al., 2004). The crystallized phase at each
microsite in the sample depends on local factors such as the composi-
tion of the precursor and differences in T and/or fluid composition.

Although several mechanisms have been proposed for illitization,
two of them represent the extremes: layer-by-layer replacement and
bulk dissolution-crystallization. We have not observed any layer-to-
layer transition that would support layer-by-layer replacement. The hy-
drothermal fluid probably partially dissolves the original rock and the
clays simultaneously crystallize from the fluid. The fluid characteristics
(T and composition) favour the dissolution of the vitreous material,
which is more unstable and reactive than the crystalline components.

The illitization and the crystal chemistry of mixed-layer I-S depends
on the T, fluid composition, time, the fluid/rock ratio during the
formation of I-S minerals, and the chemical composition of the precur-
sor materials (Altaner and Ylagan, 1997). All these factors must be
considered at an extremely local scale due to the lack of equilibrium at
the sample level. Therefore, there is a predominant phase for each
sample, or at least for each textural position (e.g. sample 282), but
other phases can also be present depending on the aforementioned
local factors.

In the study case, The Tinguiririca geothermal field developed in
Holocene to Pliocene volcanic rocks related to K-rich calc-alkaline
lavas. A strong kinetic control seems to be involved in the illitization
sequence in this active geothermal system. Taken into account the age
of the altered volcanic rocks, the timing needed to achieve the
illitization mineral reaction must be in the order of 1 × 103 to 1 × 104

years, far away from the typical timing observed in sedimentary basins
(see Beaufort et al., 2015). Over these high heating rate conditions,
mineral reactions must be mostly out of equilibrium and there are
consequently two critical factors controlling the illitization process: T
availability and K availability (which favours the crystallization of
clays progressively richer in K). As previously mentioned, K2O values
in this type of calc-alkaline andesites and basaltic andesites ranges
from 3 to 5 wt%. (Arcos et al., 1988; Polanco et al., 2015). As expected
for a porphyritic lava composed by calcic plagioclase, clino and
orthopyroxene, and minor olivine and magnetite as phenocrysts, K2O
content must be mostly concentrated in the glassy intersertal to
hyalopilitic groundmass. However, plagioclase phenocrysts (with an
average composition of Ab52An44Or3) could also favoured the locally
formation of illite during albitization of plagioclase. At the shallow
zone of the drillhole (e.g. samples 262 and 281), the fluid T (T ≤ 85 °C)
is only able to hydrate and dissolve the volcanic glass. This dissolution
produces the release of low amounts of K, Ca, and Na and promotes
the crystallization of smectite phases (or R0 I-S). With depth, the fluid
T increases, becoming more reactive and more effective in dissolving
most of the glass and partially plagioclase phenocrysts. Altered glass
supplies enough K to thefluid to crystallize illite. Simultaneously, the in-
crease in T also promotes the local albitization of plagioclases, releasing
even more K to the system. Experimental works by Hövelmann et al.
(2010) have shown that the albitization of Ca-rich plagioclase is the re-
sult of an interface-coupled dissolution-reprecipitation mechanism.
Furthermore, the decrease in molar volume during the transformation
of Ca-rich plagioclase to albite is only about 1%, with this albitization
process consequently playing only aminor role in the generation of sec-
ondary porosity. Consequently, as shown by Hövelmann et al. (2010),
secondary porosity during albitization must be predominantly con-
trolled by the solubility differences of Ca-rich plagioclase and albite
with respect to the fluid. In accordancewith the conclusions of these au-
thors, because the amount of dissolving Ca-rich plagioclase exceeds the
amount of reprecipitating albite, secondary porositywould be improved
during albitization. Consequently, increased albitization enhances the
availability of K from primary Ca-rich plagioclase. Under these
conditions, the concomitant increase in T, the dissolution of K-rich
glassy material and the locally enhancement of the fluid/rock interac-
tion as a consequence of secondary porosity and K availability (both
from glass alteration and plagioclase albitization) are the main factors
favouring the crystallization of K-rich clays. Thus, at T ≥ 85 °C, the
conditions are appropriate for the crystallization of R1 I-S (with minor
smectite + R0 I-S). R1 I-S is a relatively stable phase up to T close to
170 °C. Finally, illite crystallizes at T ≥ 175 °C, being the most abundant
and stable phase at these temperatures.

In sample 282 (T = 85 °C), the transition from smectite to R1 I-S
starts, and R1 I-S coexists with smectite in the matrix and with illite in
fragments. This heterogeneity in the clay distribution probably indicate
that the characteristics of the precursor phases condition the replace-
ment process at very low temperature environments. The development
of different microsites in the rock (matrix and fragments) may be a
consequence of the diverse composition and/or particle size of the
precursor materials. These textures are an evidence of the lack of
equilibrium at the sample scale.

5.4. Geothermal implications

The transition from smectite to illite in geothermal systems happens
in the domain of argillic alteration, conforming the so-called clay cap un-
derlying the geothermal reservoir domain, characterized by a propyllitic
alteration. Numerous researchers have shown the importance of this
clay cap in the exploration stage of geothermal fields (e.g. Johnston
et al., 1992, between many others). Moreover, Ferrage et al. (2011) have
remarked on the importance of this illitization process to understand
the thermal history of rocks in active and fossil geothermalfields. Thepos-
sibility to study alteration samples from drill cores recovered in active
geothermal systems is a unique opportunity to contrast in-situ measured
drillholes with estimates based on mineralogical studies. Factors such as
T, lithology, fluid/rock ratio, and fluid geochemistry mainly control
(together with time) the intensity and nature of the alteration.
Consequently, the smectite-to-illite transition is not only controlled by
T, but also by kinetics. TEM images have shown differences in clays
where they formed from glass replacement, plagioclase overgrowth, or
directly precipitated in open spaces as pore filling.

Inoue et al. (2004, 2005) focussed the illitization sequence analysing
felsic volcaniclastic rocks from drill core samples of the Kakkonda
(Japan) geothermal system. Themain conclusions observed by these au-
thors in terms of the kinetic control on the smectite illitization seems to
be applicable to the Tinguiririca geothermal system, where the
illitization sequence has been studied in a more basic system
(andesites to basaltic andesites). In general terms, as evidenced with
our results, the illitization sequence observed is concordant with depth
and measured drillhole T. Nevertheless, the presence of phases out of
equilibrium suggests that the macroscopic interpretation of drillcore
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samples, or even non-detailed XRD studies, must be considered only as a
first-order estimation for T in the geothermal system.

6. Conclusions

The illitization process in the Tinguiririca geothermal field (central
Chile) has been studied using different methodologies. The XRD
approach suggests a continuous evolution from smectite to illite
throughout the I-S R0–I-S R1–I-S R3 transition, with an increase in the
illite layer percentage with depth (and T). Under TEM, a similar
illitization trend has been observed, with the clays being more
heterogeneous than the XRD patterns display, showing the coexistence
of different types of dioctahedral clays in the same sample. Our results
suggest consequently that the smectite-to-illite sequence is not as
continuous as XRD seems to indicate.

Concerning the crystallization mechanism, the textures observed
both by SEM and TEM indicate that clays crystallize from a fluid follow-
ing the dissolution of K-rich vitreous phases and also as overgrowths of
primary plagioclase. T and fluid composition favour the dissolution of
the vitreous materials, which are more unstable than the crystalline
components.

Finally, with respect to the different factors controlling the smectite-
to-illite transition, illitization depends on the T and composition of the
fluid, the fluid/rock ratio, and the composition of the precursor
materials. These factors must be considered at the local scale due to
the lack of equilibrium at the sample level. However, two critical factors
seem to be the first-order controls in this illitization sequence: T
availability and K availability deriving mainly from glass dissolution
and, locally, from Ca-rich plagioclase albitization.
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