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Abstract: In this investigation, we showed that high salinity promoted by hydrothermal inputs,
reducing conditions of sediments with high content in organic matter, and the occurrence of an
appropriate clay mineral precursor provide a suitable framework for low-temperature illitization
processes. We studied the sedimentary illitization process that occurs in carbonaceous sediments from
a lake with saline waters (Sochagota Lake, Colombia) located at a tropical latitude. Water isotopic
composition suggests that high salinity was produced by hydrothermal contribution. Materials accu-
mulated in the Sochagota Lake’s southern entrance are organic matter-poor sediments that contain
detrital kaolinite and quartz. On the other hand, materials formed at the central segment and near
the lake exit (north portion) are enriched in organic matter and characterized by the crystallization
of Fe-sulfides. X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), high
resolution transmission electron microscopy (HRTEM), and energy dispersive X-ray spectrometry
(EDX) data allowed for the identification of illite and illite-dioctahedral vermiculite mixed layers
(I-DV), which are absent in the southern sediments. High humidity and temperate climate caused
the formation of small-sized metastable intermediates of I-DV particles by the weathering of the
source rocks in the Sochagota Lake Basin. These particles were deposited in the low-energy lake
environments (middle and north part). The interaction of these sediments enriched in organic matter
with the saline waters of the lake enriched in hydrothermal K caused a reducing environment that
favored Fe mobilization processes and its incorporation to I-DV mixed layers that acted as mineral
precursor for fast low temperature illitization, revealing that in geothermal areas clays in lakes favor
a hydrothermal K uptake.

Keywords: Sochagota Lake; hydrothermal inputs; illite–dioctahedral vermiculite mixed layers; illiti-
zation

1. Introduction

There is increasing evidence that fast clay mineral reactions can act as important
element sinks in sedimentary and diagenetic processes. Thus, different clay mineral trans-
formations have been proposed to lead to long-term sequestration of elements (such as K or
Fe) in sedimentary, diagenetic, and hydrothermal settings [1,2]. Time and temperature are
the most important variables that control the mineral phases formed by burial diagenesis.
Extended time lapses combined with temperature increases are commonly required for
the crystallization of diagenetic minerals. However, reactive clay surfaces can influence
adsorption–desorption processes. The presence of high concentrations of elements able to
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be included in the clay structure affects the reaction rates, promoting an increase of clay
transformation speed [3]. In sedimentary and diagenetic systems, clay reactions can be
influenced by elevated water salinity and oxygen-depleted conditions that favor reducing
transformations (e.g., of Fe) mediated by microorganisms [4–6]. High concentration of
cations and biological activity are frequently due to specific sediment composition, hy-
drology, and climatic conditions, such as those that can be generated in saline lakes or
mangrove soils [6–9]. In these environments with hydrologically restricted conditions,
clays of detrital origin interact with high salinity waters, producing phase authigenesis.
Singer and Stoffers [10] revealed that K-enriched paleo-lake waters produced the diagenetic
transformation of smectite into illite in two East African lakes. Deconinck et al. [11,12] also
evidenced syndepositional smectite illitization in Purbeckian sediments under hypersaline
conditions. Eberl et al. [13] suggested that cycles of wetting and drying cycles can be
involved in the formation mechanism of illite.

The effect of high salinity waters on clays favors the modification of the octahedral
layer charge (through Fe reduction and Fe-Mg for Al substitution), producing the transfor-
mation of smectite to illite [14]. Deocampo [7] suggested that the interaction of clays with
K-rich waters can yield sedimentary illitization. In this paper, we study the illite formation
process in the Sochagota Lake (Paipa Colombia), a saline lake located in a geothermal
area [15].

In lakes from geothermal regions, the chemical evolution of the waters can be influ-
enced by hydrothermal inputs. Metals can be included in the geothermal systems from a
magmatic source and/or through dissolution of rocks processes (e.g., [16–19]). In volcanic
areas, fluid–rock (basaltic or rhyolitic) reactions play an important control on the compo-
sition of the hydrothermal waters. When the rocks are predominantly rhyolitic, such as
those of the Paipa volcano [20], the fluid chemical composition is mainly controlled by
water–rock interaction [21], producing high concentrations of alkaline elements. A later
discharge into rivers and lakes causes hydrothermally-modified waters that further react
with detrital minerals, which may result in singular sediment mineralogies.

Many mineral reactions at low temperature are not controlled by thermodynamics
but kinetics. Clay transformations such as the illitization process require not only sufficient
reaction time or cation availability but also an appropriate mineral precursor. Smectite
or illite–smectite mixed layers are the most frequently proposed clay precursors for illite
formation in sedimentary basins (e.g., [22]), paleosoils (e.g., [9]), and mangrove soils
(e.g., [8]). However, Dietel et al. [23] observed that the transformation to illite can also be
produced through illite–dioctahedral vermiculite (I-DV) interstratification.

This investigation characterizes the mineralogical changes taking place in the clays
from the Sochagota Lake sediments (Colombia). The detrital sediments are kaolinite-rich.
The waters are low-temperature and saline fluids with a hydrothermal input. The climate is
tropical to temperate, which allows for large organic matter accumulation in the sediments.
The aim of this study is to clarify whether I-DV could act as a mineral precursor in a fast
low-temperature illitization and to provide evidence of the relevant effect of clays on the
hydrothermal K uptake in lakes from geothermal areas.

2. Geological Context

We studied sediments from the Sochagota Lake, which is situated in the province of
Paipa at the Boyacá region (Colombia) (Figure 1). This lake has an extension of 1.7 km2.
A deepest point of 3.15 m can be observed. This lake is fed by the Salitre River from the
south entrance and forms a small artificial basin by the effect of a dam constructed at the
north border of the lake. The Sochagota Lake accumulates saline waters of hydrothermal
origin [24]. These waters are periodically discharged through the north exit of the dam into
the Chicamocha River (flowing from east to west), in which basin the Sochagota Lake is
included (Figure 2) [25,26]. The climate of the area can be classified as Cfb by the Köppen
system, corresponding to a climate of subtropical highland (height, 2496 m) under oceanic
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conditions. The average temperature of the Sochagota Lake region is around 15 ◦C, and
the rainfall is around 900 mm/y.
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From the geological perspective, the Sochagota Lake belongs to an important geother-
mal area that develops hydrothermal systems associated to volcanoes of the Andean
Cordillera intruding cretaceous sediments rich in silicates (Figure 2). The most important
outcrops as a source of sediments to the lake are rocks from the following formations:
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(a) Plaeners Formation (Cretaceous), made of intensely deformed radiolarites; (b) Los Pinos
Formation (Cretaceous), formed by siltstones and quartz sandstone beds; (c) Labor-Tierna
Formation (Cretaceous), made of coarse to fine-grained quartz sandstones; (d) Guaduas
Formation (Maastrichtian–Paleocene), with clays and siltstones that include abundant
intercalations of quartz sandstones; other siliceous cretaceous formations such as (e) Conejo
Formation, (f) Churuvita Formation, (g) Une Formation, and (h) Tibasosa Formation; (i) Bo-
gotá Formation (Late Paleocene–Early Eocene), consisting of quartz sandstones, siltstones
and clays; (j) Tilatá Formation (Pliocene-Pleistocene) that discordantly overlies the Creta-
ceous and Paleogene materials and is predominantly made of quartz-rich sandy levels with
beds of siltstones and clays; (k) Quaternary deposits of sands, silts, clays, and conglomer-
ates overlying the Tilatá Formation corresponding to the most recent alluvial, lacustrine,
and fluvio-lacustrine activity also deposited in the Chicamocha River Basin, mainly made of
kaolinite and quartz [25,26]. The southern part of the Sochagota Lake basin is occupied by
the Pliocene–Pleistocene acid pyroclastic deposits of the Paipa volcano (l in Figure 2) [20].
This volcanic building is characterized by the presence of a collapsed caldera that includes
hydrothermal vents associated to deep faults discharging SO4-Na-K-rich thermal waters
and Fe-rich cold waters [27]. These hydrothermal saline waters mixed with rain waters
flow from N to S through the Salitre River to feed the Sochagota Lake [24,27,28].

The Waters and Sediments of the Lake

Natural hydrothermal saline waters feed the Sochagota Lake at the south entrance
from El Salitre River [27]. These hydrothermal waters are mixed at the lake with rain surface
waters, causing waters to be rich in SO4

2− (around 2150 mg/L), Na+ (around 1500 mg/L),
and K+ (around 280 mg/L) [27,28]. The waters of the lake are alkaline (pH around 9.3)
and show very high electric conductivity (around 2500 µS/cm). Cifuentes et al. [27,28] sug-
gested that the mean values of δ34S (6.4‰) and δ18O (8.1‰) reveal an isotopic composition
of the water analogous to other hydrothermal waters (see e.g., [29,30]). Considering these
data and that evaporitic rocks are absent in the geological framework, Cifuentes et al. [27]
argued that hydrothermal inputs are responsible of the S-enrichment of the waters and its
high salinity.

Cifuentes et al. [28] documented an important variation in the geochemical distri-
bution of sediments in the Sochagota Lake. Sediments near the south entrance have
high contents of some elements commonly considered as detrital (Zr, Si, Al, Ti, and
Na) and show low organic-matter contents (Total Organic Carbon, TOC < 0.7 wt.%).
Cifuentes et al. [27,28] indicated that the deposit of this type of materials is related to the
prevalence of transport conditions over the deposit of particles due to the higher hydraulic
energy of the waters at this segment of the lake. The deposit of clay-rich sediments with
high contents of organic matter (values of TOC around 11 wt.%) is characteristic of the
deepest sections of the lake (located at the center and north parts). These sediments have
Eh (redox potential) near −150 mV and high contents in S and metal transition elements.
Cifuentes et al. [27,28] also showed that these materials contain Fe sulfide nanoparticles
enriched in heavy metals caused by sulfate reducing bacteria (SRB) activity.

The 20 points of sediment sampling in the lake are shown Figure 1. Cores up to 0.5 m
deep were collected using a standard stainless Shelby tube. Sediments from the entrance
of the lake (south segment) have light colors and a sandy aspect. Samples near the lake
exit (at the deepest parts located at the center and north) are dark, rich in very fine grain
fractions, and have a great amount of plant remains.

3. Methods

The drying of sediments was carried out at 45 ◦C for 72 h. Samples were ground,
and then the silt and clay fractions were separated and washed (eliminating salts) by wet
sieving. After successive washing with deionized water, the <0.2 µm fraction was separated
from the existing <2 µm fraction by consecutive cycles of centrifugation (10 to 15 times, at
4200 rpm for 20 min).
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We obtained X-ray diffraction (XRD) diagrams from random powders and oriented the
aggregates from the whole sample and from the <2 µm and <0.2 µm fractions. A dispersion
on a glass slide was used to make the oriented aggregates, which were treated in several
ways to identify expandable minerals. They were analyzed as air-dried, intercalated with
ethylene glycol (obtained in saturated environment at 60 ◦C for 24 h), intercalated with
glycerol (obtained in a saturated environment at 40 ◦C for 24 h), and heated at 300 ◦C during
1 h. The diffraction patterns were obtained with a PANalytical X’Pert Pro diffractometer
(CuKα radiation, 45 kV, 40 mA) equipped with an automatic slit and an X’Celerator solid-
state linear detector (University of Jaén, Spain). This detector continuously scans and
integrates the diffracted intensity in an arc of 2.1 ◦2θ. The conditions used were equivalent
to a 0.008 ◦2θ step increment and a 10 s/step counting time. Random powders as well as
air-dried oriented mounts were scanned from 3 to 65 ◦2θ, while all other samples were
scanned from 2 to 30 ◦2θ to identify expandable minerals.

A field emission scanning electron microscope (FESEM, Merlin Carl Zeiss, University
of Jaén) was used for textural and chemical observations. Polished sections of sediments
previously consolidated with a polyester resin were studied with backscattered electrons
(BSE). Secondary electron (SE) mode of unconsolidated sediment fragments were also used
for obtaining topographical images. Chemical analyses of minerals were obtained with an
Oxford Inca energy dispersive X-ray spectrometry (EDX) system.

A high resolution transmission electron microscopy (HRTEM) study of the nanometric
textural and compositional features was carried out on finely powdered samples. Selected
samples (according to the XRD and FESEM results) were finely ground and dispersed in
distilled water. After settling dispersion for some minutes to allow the coarser particles
to settle, a drop was deposited on Au or Cu grids coated with formvar resin. We used
two microscopes from the University of Granada: the HAADF FEI Titan G2 microscope,
operated at 300 kV, and the Philips CM20 microscope, operated at 200 kV. Quantitative
analyses of particles were acquired in scanning transmission mode (STEM) with an EDX
microanalysis system. A 100-s counting time was used, excluding Na and K, for which 15 s
of analysis were used to minimize alkali-loss and improve K and Na determinations [31].

4. Results
4.1. XRD Data

XRD patterns of random powders and oriented aggregates from the <2 µm and 0.2 size
fractions are shown in Figure 3 (samples from the southern part of the lake) and Figure 4
(samples from the deepest parts at the center and northern part of the lake).

Quartz and kaolinite are the dominant phases in the southern sediments. The presence
of kaolinite was documented by intense and sharp 7.18 Å and 3.57 Å reflections of the
<2 µm and <0.2 µm fractions patterns (Figure 3b,c). These peaks do not vary after ethylene
glycol treatment, indicating kaolinite–smectite mixed-layer minerals (K-S) were absent.

Random powders patterns from the central and northern sediments show a more
intense peak of phyllosilicates at 4.47 Å and a broad peak of low intensity around 10.20 Å
(Figure 4a). Oriented air-dried aggregates from the <2 µm fraction are characterized by
a broad and asymmetric peak with an abrupt side at 10 Å (Figure 4b). Ethylene glycol
treatment produces a more symmetric peak at 10 Å, and the presence of a zone of slightly
higher intensities around 16.50 Å d-spacings (Figure 4b). The abrupt right edge of the
10 Å peak and the 3.33 Å peak (which interferes with the 3.34 Å reflection of quartz) in the
air-dried pattern and the 10 Å symmetric peak in the ethylene glycol pattern (Figure 4b)
were interpreted as due to the presence of illite in the <2 µm fraction.
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Figure 4. Representative XRD diagrams of samples from the central and northern parts of the
Sochagota Lake. (a) Whole random powders. (b) Oriented aggregates of the <2 µm size fraction.
(c) Oriented aggregates of the <0.2 µm size fraction. AD: air-dried samples. EGC: samples treated
with ethylene-glycol. 300 ◦C: samples heated to 300 ◦C. Kln: kaolinite, I-DV: illite–dioctahedral
vermiculite mixed layers, Ilt: illite, Qz: quartz.

To characterize the nature of the phases that form the broad peak around 16.50 Å
in the ethylene glycol pattern of the <2 µm fraction, a detailed study of the <0.2 Å size
fraction was carried out (Figure 4c). In this size fraction, the intensity of the kaolinite
peaks decreases, and the 10 Å peak of illite was not observed in the air-dried patterns.
However, a broad peak around 10.9 Å was identified, suggesting the presence of mixed
layers. After ethylene glycol treatment, this peak decreases its intensity, and although part
of the peak slightly changes its position toward higher d-spacings, the characteristic peak of
the smectitic phases around 17 Å was not observed. The peak collapses to 10 Å after heating
to 300 ◦C. On the other hand, the peak does not change after glycerol treatment, which
ruled out a smectitic nature of the expansible component of the mixed layer. Therefore, the
partial swelling character with ethylene glycol and the collapse after 300 ◦C of the mixed
layer need to be explained by a vermiculitic component [32]. The chemical data obtained
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in TEM (see below) show that this vermiculitic component is dioctahedral, and hence I-DV
are present in the sediments from central and northern lake segments.

This I-DV mineral is rich in illite layers (85–90% illite layers) as indicated by the
intensity and minor modifications of the peak at ≈10 Å in the ethylene glycol samples and
also by the lack of a peak at ≈17 Å in the same samples. According to the relative peak
intensities, the I-DV mineral phase can be up to 50% of the <0.2 um fraction.

In summary, several facts can be highlighted from the above results. Sediments highly
rich in kaolinite are located in the southern part of the lake where illite is absent. In the
sediments from the north part of the lake, I-DV and illite are abundant in the <2 and
<0.2 µm fractions.

4.2. SEM-EDX Data

The light colored and compact sediments deposited at the south lake entrance are
characterized in the scanning electron microscope images by the presence of large crystals
of quartz (from 100 to 800 µm, Figure 5a) included in a phyllosilicate matrix rich in small
flakes of subhexagonal kaolinite (Figure 5b). Small amounts of K and Fe in the EDX spectra
of kaolinite can be associated to the adsorption of these elements from the interstitial
waters of the sediments of hydrothermal origin. Sediment micropores are cemented by
microcrystal aggregates of calcite (Figure 5c).
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Figure 5. FESEM images of samples from the southern entrance of the lake. (a) BSE image of grains
of quartz in a phyllosilicate matrix; (b) SE image of kaolinite aggregate crystals. (c) BSE image of
calcite filling sediment micropores. Phy: phyllosilicates, Kln: kaolinite, Qz: quartz, Cal: calcite.

The clay-rich matrix is predominant in the very fine grain sized sediments from the
central and northern areas (Figure 6a). The sediment matrix commonly contains long
plant fragments of up to 60 µm of diameter (Figure 6a). The SEM images show that clay
aggregates of massive aspect are frequent with EDX analyses, indicating the presence of K,
Fe, and a higher Si/Al ratio than in kaolinite (Figure 6b). Pyrite framboids are frequently
found in these areas (Figure 6a,c).
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Phy: phyllosilicates, Qz: quartz, OM: organic matter, Py: pyrite.

4.3. HRTEM-EDX Data

According to the grain morphology, the composition, and lattice fringe images, three
groups of clays can be identified through the HRTEM-EDX study of the Sochagota Lake
sediments. Selected compositions of these minerals are shown in Table 1.

Table 1. HRTEM-EDX chemical analyses. I-DV and illite standardized to O10(OH)2. Kaolinite standardized to O10(OH)8.
IVAl = (4 − Si).

Sample-
Analysis Si Al IV Al VI Fe Mg ∑ VI Ca K Na ∑ XII

Illite-dioctahedral vermiculite mixed layers (I-DV)
7-1 3.50 0.50 1.75 0.12 0.10 1.97 0.04 0.60 0.01 0.65
7-2 3.35 0.65 1.80 0.15 0.05 2.00 0.04 0.62 0.00 0.66
7-3 3.40 0.60 1.72 0.16 0.12 2.00 0.03 0.64 0.02 0.69
7-4 3.43 0.57 1.79 0.13 0.05 1.97 0.05 0.60 0.01 0.66
7-5 3.38 0.62 1.73 0.16 0.13 2.02 0.04 0.58 0.03 0.65
8-1 3.48 0.52 1.78 0.11 0.10 1.99 0.03 0.58 0.01 0.62
8-2 3.36 0.64 1.72 0.16 0.14 2.02 0.05 0.61 0.01 0.67
8-3 3.47 0.53 1.75 0.15 0.08 1.98 0.05 0.56 0.01 0.62
8-4 3.37 0.63 1.70 0.18 0.14 2.02 0.05 0.60 0.01 0.66
8-5 3.42 0.58 1.74 0.12 0.15 2.01 0.04 0.60 0.02 0.66
8-6 3.39 0.61 1.73 0.15 0.12 2.00 0.03 0.63 0.03 0.69
11-1 3.36 0.64 1.71 0.15 0.14 2.00 0.05 0.61 0.01 0.67
11-2 3.36 0.64 1.89 0.12 0.05 2.06 0.03 0.62 0.02 0.67
11-3 3.46 0.54 1.77 0.15 0.09 2.01 0.05 0.56 0.01 0.62
11-4 3.44 0.56 1.81 0.12 0.05 1.98 0.04 0.61 0.02 0.67
13-1 3.37 0.63 1.71 0.17 0.13 2.01 0.04 0.58 0.03 0.65
13-2 3.49 0.51 1.79 0.12 0.10 2.01 0.02 0.59 0.02 0.63
13-3 3.41 0.49 1.73 0.12 0.13 1.98 0.04 0.61 0.01 0.66
13-4 3.38 0.62 1.71 0.18 0.12 2.01 0.05 0.60 0.01 0.66
13-5 3.49 0.51 1.76 0.12 0.11 1.99 0.04 0.60 0.01 0.65
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Table 1. Cont.

Sample-
Analysis Si Al IV Al VI Fe Mg ∑ VI Ca K Na ∑ XII

Illite
7-1 3.36 0.64 1.59 0.31 0.1 2.00 0.00 0.68 0.06 0.74
7-2 3.30 0.7 1.57 0.29 0.16 2.02 0.03 0.7 0.04 0.77
7-3 3.33 0.67 1.55 0.32 0.14 2.01 0.02 0.7 0.04 0.76
8-1 3.39 0.61 1.62 0.24 0.12 1.98 0.01 0.71 0.03 0.75
8-2 3.37 0.63 1.58 0.3 0.12 2.00 0.01 0.71 0.03 0.75
11-1 3.32 0.68 1.56 0.3 0.15 2.01 0.03 0.69 0.03 0.75
11-2 3.34 0.66 1.56 0.31 0.14 2.01 0.02 0.69 0.05 0.76
13-1 3.38 0.62 1.62 0.25 0.11 1.98 0.01 0.7 0.02 0.73

Kaolinite
11-1 4.03 0.00 3.87 0.09 0.00 3.96 - - - -
11-2 4.00 0.00 3.94 0.05 0.00 3.99 - - - -
19-1 4.01 0.00 3.91 0.07 0.00 3.98 - - - -
20-1 4.02 0.00 3.92 0.08 0.00 4.00 - - - -
20-2 4.01 0.00 3.93 0.07 0.00 4.00 - - - -

Note: Al IV: tetrahedral Al; Al VI: octahedral Al; ∑ VI: total octahedral cations; ∑ XII: total interlayer cations.

Kaolinite pseudohexagonal crystals are predominant in the sediments from the south
entrance of the lake, although irregular crystals can also be observed with quartz grains
in the sediment matrix (Figure 7). However, the chemical compositions are very similar
in both types of grains (Table 1). Interlayer cations (K, Ca, and Na) are almost absent.
Kaolinite composition displays low values of iron in all analyzed grains (<0.1 atoms p.f.u.),
and magnesium was not detected.
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Figure 7. HRTEM pictures of sediments from the lake’s southern entrance. (a) Low-magnification
image displaying an aggregate of quartz and kaolinite. (b) Detail of pseudohexagonal crystals of
kaolinite. Kln: kaolinite, Qz: quartz.

Lake sediments from the center and the northern part also contain kaolinite, but they
are characterized by the presence of two additional groups of clays: (a) very fine grain
sized clay particles with irregular shapes forming massive aggregates (Figures 8 and 9) and
(b) coarser (up to 1 µm) subidiomorphic tabular to prismatic crystals (Figures 8 and 10).
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kaolinite, Qz: quartz, I-DV: illite-dioctahedral vermiculite mixed layers, Ilt: illite.
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Figure 9. HRTEM pictures showing I-DV details. (a) Textural image of I-DV aggregates. (b,e),
and (f) Lattice fringe images of I-DV flakes with some layers of 10 Å. (c,d) SAED patterns of I-DV
flakes showing 10 Å d-spacing diffraction peaks. Kln: kaolinite, Qz: quartz, I-DV: illite–dioctahedral
vermiculite mixed layers.
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the lake. (a) Textural image of illite in clay aggregates. (b) SAED pattern of illite. (c) HRTEM image
of illite showing wide areas of well-defined 10 Å lattice fringes. OM: organic matter, Ilt: illite.

The HRTEM and the selected area electron diffraction (SAED) images of the fine
particles show clay flakes where narrow areas with some and discontinuous layers of
10 Å alternate with zones where lattice fringes cannot be observed (Figure 9b–d). The
EDX chemical analyses of these particles revealed important contents of tetrahedral Al
(>0.50 a.p.f.u.) and small amounts of octahedral Fe (less than 0.18 a.p.f.u.) and Mg (less
than 0.1 a.p.f.u). The layer charge p.f.u. of these minerals oscillates between 0.69 and
0.72. K was found to be the dominant interlayer cation (0.58–0.64) in the clay composition,
indicating a high proportion of illitic layers. According to the high layer charge and high K
content, we relate these minerals with the illite-rich I-DV identified by XRD (Figure 4c). In
spite of the presence of the vermiculitic component, this mixed layer shows an octahedral
sum very near to 2 a.f.u, which suggests its dioctahedral character.

On the other hand, the SAED and HRTEM images of the tabular subidiomorphic
particles (Figure 10a) show wide areas with well-defined 10 Å lattice fringes (Figure 10b,c),
suggesting a higher crystallinity than that observed for the I-DV interstratifications. The
EDX composition of these crystals has higher Fe (0.24–0.31 a.p.f.u.) and K (0.68–0.71 a.p.f.u.)
than that of the I-DV minerals (Table 1). According to these features, we relate these particles
with the illite phase identified by XRD in the oriented aggregates of the <2 µm size fraction
(Figure 4b).

5. Discussion
5.1. Source Materials: Weathering and Transport

Sedimentary rocks of Cretaceous and Paleogene ages and the outcrops of acidic
vulcanites are the main geological materials in the surrounding areas of the Sochagota
Lake (Figure 2) [15], which develop highly weathered soils that are rich in kaolinite and
quartz, as expected for soils weathered under a subtropical highland oceanic climate.
Quevedo et al. [21] showed that very fine particles of I-DV minerals were formed in the
materials draining the Chicamocha River Basin (which also includes the Sochagota Lake
Basin) as a consequence of weathering transformations under the high humidity and
moderate climate in the Tunja region of Colombia. These materials also feed the Sochagota
Lake [15,28].

Yin et al. [33] indicated that the presence of weathering materials that include I-V has
been described in different areas, such as in the Appalachians [34], Greenland [35], New
Zealand [36], the Adirondacks [37], Virginia [38], Scotland [39], the Southern Taiga [40],
and South China [41].
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High humidity with chemical percolating environments favors the crystallization
of clays that include vermiculite layers [42]. Under these temperate climatic conditions,
the weathering of micaceous minerals can form vermiculitic mixed layers [36,38,39,43,44].
Vanderaveroet et al. [45,46] suggested that the I-V are the result of soil transformations of
primary minerals in a temperate climate.

Therefore, climatic conditions in the Sochagota Lake area could produce a partial
transformation of primary minerals to kaolinite and vermiculitic minerals as the main
clay minerals in the source materials draining the basin, and they favored the formation
of small-sized metastable intermediates of I-DV minerals, which were transported to the
deposit areas of the basin.

5.2. Detrital Deposit

Kaolinite is the prevalent clay from the floodplains of the global Chicamocha River
Basin and the Sochagota Lake Basin [25]. In fact, the Sochagota Lake drains to the Chi-
camocha River [15,25]. FESEM and HRTEM images as well as the sharp XRD peaks of the
Sochagota Lake sediments clearly indicate that kaolinite is the main detrital mineral of the
clay assemblage, especially in the zones of higher hydraulic energy, such as the southern
part of the lake characterized by the presence of sediments enriched in coarse grain size
fraction due to the prevalence of transport for the fine size fraction enriched in I-DV. We
did not find mineral evidence of the reaction of the detrital kaolinite to form K-S mixed
layers in the Sochagota Lake sediments. Andrade et al. [6] described this reaction in the
soils of Brazilian mangrove forests and indicated the importance of the high salinity of the
pore waters and the reducing conditions for this reaction to take place.

Quevedo et al. [25] documented the presence of small amounts of I-DV mixed layers
in the floodplain sediments and dam deposits of the Chicamocha River Basin (where
waters flow from east to west), suggesting that the small sized particles of I-DV were only
deposited in the very low hydraulic energy environments of the basin, whereas sediments
deposited under higher hydraulic energy conditions were characterized by the absence
of I-DV and high concentrations of bigger-sized kaolinite. A similar process can explain
the detrital mineral assemblage distribution in the Sochagota Lake, i.e., higher hydraulic
conditions at the south entrance of the lake (Figure 2) avoiding the deposit of the fine grain
sized I-DV and producing sediments enriched in kaolinite grains of larger size. When the
water flow loses energy in the deepest parts of the Sochagota Lake (center and northern
part), the deposit of the fine size particle fractions produces sediments enriched in I-DV.

5.3. Neoformation of Clay Minerals

An important clay assemblage change of the Chicamocha River sediments can be
observed after receiving the inputs from the Sochagota Lake: illite is absent in the sediments
from the eastern upper part of this Chicamocha River Basin located upstream the Sochagota
Lake, while traces of illite can be found in the western downstream sediments of the
Chicamocha River Basin [25] after including waters from the Sochagota Lake.

This evidence and our results on the distribution of illite and I-DV in the sediments of
the Sochagota Lake indicate that the interaction of the hydrothermal waters of the lake, en-
riched in K an Fe (see [15,27,28]), and the organic matter-rich sediments promoted changes
in the chemistry of clays from the sediments studied. In the central and northern parts of
the lake, a significant enrichment of I-DV mixed-layer minerals and an Fe-bearing illite can
be observed, which is absent in the southern sediments feeding the Sochagota Lake (and in
the eastern floodplains of the Chicamocha River Basin before the Sochagota Lake). Illite is
present in all samples of the northern and central areas of the Sochagota Lake, but it was not
detected in significant amount in the sediments of the south entrance of the lake (neither in
the sediments of the upper part of the Chicamocha River Basin, above the lake). Moreover,
Fe content is clearly higher in illite (0.24–0.31 a.p.f.u.) than in I-DV (0.11–0.18 a.p.f.u.). The
crystallization of illite is a common feature of the Sochagota Lake sediments enriched in or-
ganic matter with pyrite, mackinawite and S◦ [11,24]. Cifuentes et al. [11,24] have showed
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that the neoformation of the S-bearing phases was produced by sedimentary processes
that occurred under the saline and reduced conditions of the sediments (−150 eV), which
allowed for the fixation of elements of hydrothermal origin (such as S and other trace
metals, see Cifuentes et al. [24]) enriched in the lake water. These waters are also enriched
in hydrothermal potassium. Cuadros et al. [2] indicated that organic matter-rich sediments
(such as those of mangroves in tropical environments) can promote quick transforma-
tions of clays that favor K uptake under rapid sedimentation conditions, the percolation
of saline waters, the existence of Fe easily mobilized by oxidation–reduction reactions,
high activity of organisms, and the existence of precursors able to be transformed into
illite. Andrade et al. [6,8] suggested that Fe–illite was formed by the reaction of detrital
kaolinite through the formation of mixed-layer minerals in Brazilian mangrove sediments.
High concentrations of cations in saline waters and reducing conditions in soils triggered
this transformation [2,6,47]. However, in the Sochagota Lake sediments we did not find
any evidence of the dissolution of kaolinite or its transformation to mixed layers, which
excludes kaolinite as the clay mineral precursor to form illite.

However, the mineralogical composition of the sediments as well as the environmental
conditions provided by the hydrothermal input to the waters of the lake are consistent
with illitization reactions from I-DV mixed layers. I-DV can be an intermediate mineral
more reactive under extremely saline conditions than the vermiculitic and smectitic end
members [33]. The vermiculite to illite transformation could implicate the exchange
of hydrated cations for K+ [48–50]. Dietel et al. [23] described I-DV in very low grade
metamorphic rocks from Hungary. The characterization of this reported composition
suggested that such an interstratified phase could possibly act as an intermediate stage of a
steady illite conversion series. Skiba et al. [51] indicated that low hydration energy cations,
such as K+ or NH4

+, can be selectively adsorbed or fixed by vermiculite. Clays saturated
with NH4

+ produced the transformation of dioctahedral vermiculitic layers to form an
illite-like phase, which is frequently found in organic matter-rich sediments and soils.

The waters of the lake are enriched in K (more than 280 mg/L) of hydrothermal
origin [23,24]. Foersters et al. [52] suggested that the increase of potassium concentrations
controlled by the hydrochemistry of the paleolake from the Chew Bahir basin was an
important factor controlling the authigenic illitization of smectites, which was enhanced by
Al-by-Mg substitution in the octahedral sheet. In the Sochagota Lake samples, the presence
of a K (0.68–0.71 a.p.f.u.) and Fe (0.24–0.31 a.p.f.u.) rich phase suggests that Fe-bearing
illite appears to be the end product of the illitization process. Thus, high K concentration in
the waters of the lake and Fe uptake in the octahedral sheet can promote the illitization of
the precursor clays (I-DV). The incorporation of Fe during illitization should be produced
by the coupled substitutions of Al for Si in the tetrahedral sheet and of Mg and Fe for
Al in the octahedral sheet, promoting the incorporation of K to the interlayer. An I-DV
mixed-layer mineral that is progressively richer in K would be formed as an intermediate
in the reaction process. Interstratified clay minerals from the Sochagota lake sediments
are dominated by illite-rich phases. Andrade et al. [6] indicated that mixed-layer phases
with an intermediate composition of illite layers have a fast reaction rate towards more
illitic phases, which can also explain that the relatively high proportion of the illite-rich
interstratification of the studied sediments.

6. Conclusions

1. Illitization takes place in the Sochagota Lake (Tunja, Colombia). The mineral precursor
is detrital mixed-layer I-DV incorporated into the lake by the El Salitre River, which
discharges to the south of the lake. The illitization process within the lake is supported
by (a) the absence of illite in the sediments of both the El Salitre River, which feeds
the lake, and of the Chicamocha River, which receives water from the lake, above the
lake mouth, and (b) by the presence of illite both in the lake and in the Chichamocha
River below the lake mouth.
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2. TEM-EDS data revealed that neoformed illite has more Fe than I-DV, revealing that
the uptaking of Fe played an important role during the illitization process.

3. The chemistry of the lake water, which is enriched in K and Fe by hydrothermal input,
and the reducing conditions generated by the decay of abundant organic matter
caused Fe mobilization and the incorporation of K and Fe into detrital mixed-layer
I-DV. This low-temperature illitization process highlights the importance of clays in
the uptake of K from hydrothermal waters in geothermal areas.
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